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Applicability of the following two-step reaction sequence was examined for conversion of organolithium and 
-magnesium compounds into lithium acetylides having two more carbon atoms: RLi or RMgBr + CF2= C C l2 * 
RGF=CCl2, RCF=CC12 +  n-C4H9Li -* RC=CLi. The reaction of RLi with CF2= C C l2 was accompanied by for
mation of RC1 as a result of the Cl-Li exchange to a widely varying extent depending on the nature of R. Between 
butyllithium and CF2= C C l2, only the Cl-Li exchange was observed, and the formation of 2,2-dichloro-l-fluoro- 
vinyllithium confirmed. The conversion of RCF=CCl2 into lithium acetylides proceeded with great ease in yields 
presumed to be nearly quantitative in typical cases. The resulting acetylides were treated with CF2= C C l2, and 
compounds of the type RC=CCF=CC12 were isolated in overall (from RH or RBr) yields up to 69% where R is 
phenyl, substituted phenyl (0-CH3O, p-CH30, p-CH3, p-Cl, p-Br, m-CF3), 1-naphthyl, 2-furyl, 2-thienyl, and fer- 
rocenyl. In some cases RC=CH  and R C =C C 02H were also isolated. For example, 2-ethynylthiophene was pre
pared from thiophene in an overall yield of 63%. Previously unreported 2-ethynylbenzothiazole was also obtained. 
Stepwise extension of the terminal acetylenic bond is possible in a similar method as illustrated in the synthesis 
of C6H5(C=C)„CF=CC12 (n = 2, 3, 4) from CeH5(C = C )„-iC F = C C l2 and rc-C4H9(C = C )2CF=CCl2 from n- 
C4H9C=C CF=CCl2. An efficient preparative method of l , l , l ,2-tetracholoro-2,2-difluoroethane, from which 
CF2= C C l2 is obtained by dechlorination, is described.

During the course o f a study o f nucleophilic reactions of 
fluorochloro olefins, we encountered a reaction which 
seemed to  have a potential synthetic utility for acetylenic 
com pounds. Thus, when /5,/3-dichloro-a-fluorostyrene was 
treated with phenyllithium, the expected fluorochlorostil- 
bene was not detected. Instead, the formation o f lithium 
phenylacetylide was indicated. As the starting com pound 
was obtained from phenyllithium 2 or from  phenylmag- 
nesium brom ide3 on treatment with l,l-d ich lo ro -2 ,2 -diflu- 
oroethylene (I ), the whole transformation is represented by 
the following sequence:

C6H 5Li (C6H 5M gBr) -  C6H 5C F = C C 1 2 -  C6H 5C = C L i

This suggested a general two-step conversion o f  organolith- 
iums 4 or Grignard reagents 5 into lithium acetylides 7 hav
ing two more carbon atoms. By a com bination o f existing 
methods an equivalent transformation generally requires 
many steps, though somewhat similar conversion o f 
RM gB r into R C =C C 1 using dichloroacetylene is reported .4 

Therefore, it was decided to examine the applicability o f 
the proposed sequence to various R  groups. This sequence 
may be com pared with a recently reported two-step conver
sion o f aldehydes into the corresponding acetylides having 
one more carbon atom .5

RCH O —  R C H = C B r 2 - »  R C ^ C L i

T he results described herein indicate that the proposed 
sequence is a convenient synthetic route to some types o f 
acetylenic com pounds as well as a useful m ethod for the 
stated conversion. It was also found that a similar method 
can be used for conversion o f a lithium acetylide into the 
corresponding lithium acetylide having an extra conjugated 
acetylenic bond.

Results and Discussion

Reaction of Organolithium Compounds with
C F 2= C C l 2 . Lithium  com pounds 4 were prepared from RH  
(2) and RBr (3) and added to ether solutions containing ex
cess 1 (Schem e I). The reactions occurred typically at —30 
°C . For com pletion o f the reaction the mixtures were al
lowed to warm to 0  °C  or refluxed for up to 4 h. T he inverse 
addition m ethod was used, except for 41 and 4m, in order to 
minimize the possibility o f  reaction o f the initially form ed 
6  with 4. The yields o f 6 obtained by distillation (in some 
cases by crystallization) are given in T able I. W hen 4 was 
prepared by  L i-B r  exchange from  the corresponding brom o 
com pounds (3) using butyllithium, it was necessary to keep 
the preparations cold in order to  avoid the formation o f 
R C 4H 9 - « . 6 The preparation o f  p-m ethoxyphenyllithium  
(4b) from p-brom oanisole (3b) is com plicated by the for
m ation o f 2-m ethoxy-5-brom ophenyllithium .7 From these 
com plications and from  the form ation o f side products
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Scheme I

RH
2

RBr
3

Rii
4

CF2=C C 12
1

RCF=CC12
6a-m

2n-C,H,Li

—► RMgBr 
5

a, R =  o-CH3OC6H4 e, R =  p-ClC6H4 i, R

b, R = p-C.H3OC6H4 f, R =  p-BrC6H4 i, R

c, R =  p-CH3C6H4 g, R =  m-CF A H ,  k, R

w a III o E R C = C — CF=CCI;
7a-m 8a-m except k

|h2° SCO» H+

r c = ch

/

8 III O o o

9d,f,h, j,k lOd, h,j

1, R =

d, R =  C6H5

(RC1), the route via 4 is considered inferior to the route via 
Grignard reagents 5 where bromo compounds 3 are used to 
prepare 6b -h . On the other hand, the preparation of 4 by 
lithiation8 and subsequent treatment with 1 is considered 
satisfactory as a route to 6a, 6i, 6j, and 6k.

2-Benzothiazolyllithium (4k) is reported to be unstable 
above —35 °C .9 Hence 1 was added to a solution of 4k at 
—70 °C, and the resulting mixture allowed to warm slowly. 
The yield of 6k was very low. However, it was found that 
the yield is greatly increased if the temperature is rapidly 
raised. This finding and subsequent experiments led to the 
procedure described in the Experimental Section.

Mixtures from lithiation of ferrocene in ether with butyl- 
lithium contained unchanged ferrocene, ferrocenyllithium
(41),10,11 l,T-ferrocenediyldilithium (4m),12,13 and a rela
tively large amount of unchanged butyllithium. Hence 
treatment with 1 afforded complex mixtures, from which 61 
was obtained as a red oil and 6m as red crystals. Isolation 
of 61 was more difficult since vaccum distillation could not 
be performed.14

Fe

4m, X =  Y =  Li 
6m. X =  Y =  CF=CC12 
7m, X =  Y =  C =C L i  
8m, X = Y =  C = C — CF=CC12 

11, X =  Cl; Y =  CF=CC1,

The side reaction observed is a Cl-Li exchange distinct 
from the substitution with elimination of lithium fluoride 
for the main reaction:

CF,=CC12 +  RLi 
1 4

substitution

Cl~Ii exchange

RCF=CC1, +  LiF 
6

CF2=CClLi +  RC1 
12

For example, chlorobenzene and p-chlorotoluene were iso
lated in 13% yield each besides a 60% yield of 6d and 58% 
yield of 6b. When 4h was prepared from 1-bromonaph- 
thalene (3h) with lithium in ether and treated with 1, the 
isolated yields (based on 3h) were as follows: naphthalene,

15%; 1-chloronaphthalene, 24%; 6h, 31%.15 These chloro 
compounds (RC1) could arise from secondary reactions of 6 
with 4. However, chloroacetylene 13 and acetylene 9 (from 
7 by hydrolysis), the coproducts of these possible reactions, 
were not detected though carefully sought by gas chroma
tography in each case.

6 +  4 — *■ RC=CC1 +  RC1 
13

13 +  4 — *• 7 +  RC1
Hence the present author sees no probable way of forma

tion of RC1 other than from the Cl-Li exchange between 1 
and 4.16 Further, the formation of l-chloro-2,2-difluoro- 
vinyllithium (12) was shown in the case of the reaction with 
phenyllithium (4d)17 as well as in the case of the reaction 
with butyllithium (vide infra). Therefore, it seems reason
able to conclude that the chloro compounds (RC1) were 
formed from the reactions of 1 and 4.16 In the cases of the 
reactions with 41 and 4m there were some indications of 
formation of chloroferrocene and l-chloro-T-(2,2-dichloro-
l-fluorovinyl)ferrocene (11). However, these products were 
not isolated. It is not certain either whether these were 
formed directly from 1. On the other hand, no evidence of 
formation of the products of the Cl-Li exchange was found 
in the cases of the reactions of 4i and 4j. From isolated 
yields of 6 and RC1 and from GC peak area ratios, the fol
lowing order of increasing proportion of the Cl-Li exchange 
can be presented:

4i, 4j < 4g, 4e < 4d, 4c, 4a < 4h <  n-C^gLi

As a rough trend it is suggested that the smaller the ex
tent of delocalization of the negative charge in the reagent 
the higher the proportion of the exchange. The importance 
of the steric factor is also suggested from the relatively high 
proportion of Cl-Li exchange in the reaction of 1-naphthyl- 
lithium (4h). If other factors are equal, a reagent having 
factors of higher steric hindrance would give a higher pro
portion of the Cl-Li exchange.

The reaction observed between 1 and butyllithium was 
Cl-Li exchange, and no evidence was found of formation of 
the substitution product (n-C4H 9C F =C C l2) or a secondary 
product derived from this compound. The formation of 1- 
chloro-2,2-difluorovinyllithium (12) was confirmed by iso
lation of the cyclohexanone adduct 14 in 62% yield. The ad
duct was unstable and decomposed to cyelohexylidenechlo- 
roacetyl fluoride (15) after standing for 1 day at room tern-
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perature. The corresponding acid (16) was isolated on fur
ther standing.

0
16

D ecom positions o f  this type are described in the litera
ture . 18 ’19 The above results also indicate that 1 is a good 
source of 1 2 , previously obtained from  l-ch loro -2 ,2 -difluo- 
roethylene with TV, TV-dipropyl lithium am ide .20

The exact fate o f  CF 2= C C lL i (12) in the presence o f  ex
cess 1  is not known, though the final product, an undistilla- 
ble, dark-colored substance, is thought to  have the struc
ture -(C F = C C 1 )„ - . In the presence o f  excess butyllitliium, 
however, 1 2  was found to be converted into 1 -hexynylli- 
thium (17) after an exotherm ic reaction.

1 —  12 —  n -C 4H 9C = C L i —  n -C 4H 9C ^ C C F = C C l2 

17 18

The reaction mixture yielded 18 on treatment with 1 . It 
should be noted that, although the reactions o f  1  with ex
cess butyllithium and with excess phenyllithium (4d I give 
similar acetylides (17 and 7d), the courses o f  form ation o f 
these are quite different from each other.

Reaction of Grignard Reagents with CF2= C C l2. Gri- 
gnard reagents 5 were prepared in ether from  the corre
sponding brom o com pounds (3), 1 was added, and the re
sulting mixtures were refluxed for 7 -20  h (not necessarily 
continuous). The yields o f  6  isolated by  distillation are in
cluded in Table I. N o side product was found except small 
amounts o f coupling com pounds (e.g., biphenyl), probably 
form ed during the preparations o f  5. The inverse addition 
m ethod was not required. Higher product yields, the ab
sence o f  side products (RC1), and sim plicity in experim en
tal procedure make this route (via 5) generally preferable 
to the route via 4 when a brom o com pound (3) is to  be used 
for the synthesis o f  6 .

The reactions o f  alkylmagnesium brom ides with 1  were 
found to  be com plex and have not yet been studied well, 
though preliminary experiments indicated com pounds o f  
the type R C F 2CCI2H as the main products (ca. 25% yield 
where R  = rc-C ^ g ).

Reaction of R C F=C C l2 with n-Butyllithium. A l
though, originally, the conversion o f 6d into 7d was discov
ered using phenyllithium as reagent, butyllithium was used 
for such purposes throughout in the present study. The re
actions seem ed to  proceed well at — 50 °C  and at even lower 
temperatures, though in some cases higher (subzero) tem 
peratures were used from  solubility considerations. There 
was observed no evidence o f  form ation o f side products. 
The resulting mixtures containing lithium acetylides (7) 
were treated with 1 , and com pounds o f the type 
R C = C C F = C C 1 2 (8 ) were isolated (Table I). However, 
com pound 8k could not be obtained although 2 -ethynyl- 
benzothiazole (9k) was isolated in 52% yield after hydroly
sis o f  7k. The reactions between lithium acetylides (7) and 
1 were slow below  20 °C  and conducted under refluxing 
conditions for 2 -7  h. In many cases the yields o f  form ation 
o f  7 from 6 were suspected to be practically quantitative. 
Quantitative form ation of ethynylbenzene (9d) from  6 d 
was confirm ed by determinations by gas chrom atography 
in duplicate experiments, in each o f  which butyllithium ( 2

Table I. Isolated Y ield“ * o f  R C F =C C 1 2 (6 ) and 
R C = C C F = C C 1 2 (8 )

Starting 
compd 
(2 or 3)

Yield c of 6 , %

R
Via

RLi (4)e
Via

RMgBr (5)
Yieldd 
o f 8 , %

a Anisole 41(2*) 80(2)
b p-Bromoanisole 32 76 (7) 76 (6 *)
c p-Bromotoluene 58 74 (12*) 80 (7*)
d Bromobenzene 60 (2 ) 85 (12*) 80(6)
e p-Bromochloro-

benzene
56 70 (14*) 87 (6 )

f p-Dibromoben-
zene

50 (21**) 79 (2*)

g m-Bromo-a,a,a-
trifluorotoluene

56 67 (20*) 81 (5*)

h 1  -Bromonaphthal- 
ene

31 82f (16*) 84(6)

i Furan 53 (4) 79 (5)
j Thiophene 81 (4) 84 (5)
k Benzothiazole 59 0
1 Ferrocene 19 (2 ) 61 (5)
m Ferrocene 39 (2) 2 2  (6 )

0 Based on charged starting material. b Total refluxing times
(h) with 1 in ether are indicated in parentheses; continuous
(unmarked), with one overnight interruption in 2  days (*),
with two overnight interruptions in 3 days (**). Where no par
enthesized figure is given, the reaction mixture was hydrolyzed 
without Tefluxing. 0 Overall yield from 2 or ?>. d Overall yield 
from 6. B Organolithiums 4 were obtained by reaction with 
ethereal butyllithium except that 4c, 4d, and 4h were obtained 
by reaction with cut pieces o f lithium. See ref 15 for 4h. f Ben
zene used as cosolvent.

Table II. Y ield" o f  R C = C H  (9) and R C = C C 0 2H (10) 
Obtained from  R C F = C C \ 2 (6 )

Compd Yield, %
Bp, °C 
(mm)

n20D or 
[mp, °C]

9d 77 1 0 0 * 50-52 (30) 1.5483
9f 58c 97* [61-65]
9h 44d 97e 105-106 (4) 1.6500
9j 78 55-56 (30) 1.5849
9k 52 [42-43]
lOd 84 [136.5-138.5]
lOh 77 [137-139]
lOj 72 [130-133] dec

0 Isolated yield unless otherwise stated. Overall yield from 6 . 
* Determined yield by gas chromatography. c Yield obtained 
as crystals. d A red balsamlike material, believed to be mainly 
a polymer of 9h, remained in the distillation pot. The weight 
corresponded to 96% of the weight of isolated 9h .e Yield of d i(l- 
naphthyl)butadiyne, mp 176-178 °C, obtained after treatment 
of crude 9h with cupric acetate hydrate in pyridine; mp
177.5-178.5 °C (90%) after recrystallization from benzene.

equiv plus) was added to an ethereal solution o f  6d contain
ing n -nonane as internal standard until the peak due to 
chloroethynylbenzene (13d) disappeared. Isolated yields o f  
9 and 10 are given in Table II.

The reactions o f  6  except 6 k, 61, and 6 m with butyllithi
um can be monitored by  gas chromatography. Each reac
tion mixture obtained after addition o f approxim ately 1  

equiv o f  butyllithium was found to  contain the unchanged 
starting material (6 ), an intermediate, and acetylene 9 
(after hydrolysis) besides butyl chloride. The intermediate 
is almost certainly a chloroethynyl com pound (13)21 though 
only chloroethynylbenzene (13d) was isolated and con 
firmed. In such a mixture the peak area o f  13 (the total 
areas o f  the three com ponents taken as 100%) was 70-85%
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where R  is phenyl or a substituted phenyl, about 55% 
where R  is 2-furyl or 2-thienyl, and approximately 20% 
where R  is 1 -naphthyl. Some o f  these chloroethynyl com 
pounds (13) may have only a limited stability under GC 
conditions. Chloroethynylferrocene (131) was not detected 
by GC although its existence was indicated by ir. The iso
lated yield o f  13d was 61%. It appears that the values o f  k i  
and k i  defined by the following reactions are comparable.

6 +  n-C4H9Li RC=CC1 +  LiF +  n-C4H8Cl
13

13 +  n-C4H3Li 7 +  /i-C4H9Cl

Specifically, for the reaction where R  is phenyl the ratio 
k i /k 2 was calculated to be 1 2  from  a determined com posi
tion (6d, 13%; 13d, 78%; 7d, 9% determined as 9d).22

The reaction o f 6f with butyllithium is interesting in that 
both  the B r-L i exchange and the C l-L i exchange23 are pos
sible. T he C l-L i exchange occurred exclusively unless ex
cess butyllithium was used. The determined yield o f  p -b ro - 
moethynylbenzene (9f) was 97%. In the gas chromatogram 
the remaining 3% was accounted for by the presence o f  13f 
and 9d (resulting from the dilithium com pound).

n-C,H9Ii I X-» p-LiC6H4C F =  CC12 

6  '— ► p-BrC6H4C s C C l  (13f)

1

l
HjO

p-LiC6H4C = C L i — 9d

W hen butyllithium had been added to an equimolar m ix
ture o f  bromobenzene and /3,/?-dichloro-a:-fluorostyrene 
(6d) until chloroethynylbenzene (13d) was almost unde
tectable ( < 1 %), the conversion o f brom obenzene was at 
most 5%. This means that the rate o f  the C l-L i exchange 
with 6d is at least 103 times the rate o f the B r-L i exchange 
with brom obenzene (considering k i /k 2 =  12 for 6d). These 
facts indicate the great ease with which the L i-C l ex
change23 occurs between 6  and butyllithium .24

Am ong the substitution in 1 , the C l-L i exchange in 1 , 
and the C l-L i exchange23 in 6 , similarities are notable in 
the transition states or intermediates, in each o f which a 
(partial) negative charge is stabilized by /3-fluorine and also 
by a-chlorine .25

4 + 1 — ► RCFjCCl,
TÎ-C/jHgLl or 4 + 1 — - CF2=C C 1
/2-C4H9L1 or 4 + 6 — ► RCF=CC1

The stabilizing effect o f fluorine toward a negative
charge at the 0  position has been recognized, though the 
mechanism o f  the stabilization is not unanimous .26

Extension of Terminal Acetylenic Bond. A formal ex 
tension o f the reaction sequence shown in Scheme I gives 
the reaction sequence shown in Scheme II. The applicabili
ty o f  this sequence was demonstrated using phenyl com 
pounds as examples. Thus treatment o f 8d with butyllithi
um followed by refluxing the resulting mixture with 1  a f
forded 19 in 84% yield. Similarly, 20 and 21 were obtained 
from 19 and 20, respectively, in the yields given above. 
These com pounds are all crystalline, and the structures are 
confirm ed by ir, uv, 19F N M R, and mass spectroscopy as 
well as by F and Cl elemental analysis data. The change in 
uv with increase in n is also consistent with the trend 
known for series o f  conjugated polynes.

Com pound 22 was similarly obtained in 78% yield from

Scheme II
R iC s s C L J j  — -  R (C ^ C )„_ 1CF=CC12 — *  R (C = C )„L i 

or
R (C = C )„_ iCF=CC12 — ► R (C = C )„L i — -

R (C ^C )„C F =C C 1 2

19, R =  C6H3; n =  2  (84% )
20, R =  C6H5; n =  3 (76)
21, R =  C6H5; n =  4 (33)

2 2 , R =  re-C4H9; n ~ 2  (78)

18, which in turn was prepared from  1 -hexyne by lithiation 
followed by  treatment with 1. The m ethod o f  extension o f 
the terminal acetylenic bond is thus shown to be applicable 
where R  is alkyl as well as where R  is aryl whereas the 
m ethod o f introduction o f the ethynyl group is not applica
ble at present where R  is alkyl.

Synthetic Merits. It appears that the present method is 
most suited for the preparation of lithium acetylides (sub
stituted ethynyllithiums) to be allowed to react further as 
such. Compounds of the type RCF=CCl2 are as effective 
precursors of lithium acetylides as are the corresponding 
terminal acetylenes in that the conversion with butyllithi
um (and probably with other reagents) can be performed 
under very mild conditions and, unless other portions of 
the molecules are susceptible to attack by the reagent, in 
practically quantitative yield. Instead of RC=CH, more 
stable RCF=CCl2 is isolated, purified, and stored until it is 
converted directly into the lithium acetylide, though 2 
equiv of butyllithium are required. The presence of butyl 
chloride (2 equiv) and lithium fluoride, which are formed 
as coproducts in the present route, is not expected to cause 
a serious detrimental effect in transformation to most de
rivatives. The use of a lower alkyllithium (in place of butyl
lithium) may be desirable in some cases.

W here RLi and/or RM gBr are easily obtainable, the 
present m ethod is suited even for the preparation o f  term i
nal acetylenes though R  is restricted to be aryl at present. 
For example, 2-ethynylthiophene (9j) was prepared in the 
present study from  thiophene in two steps in an overall 
yield o f  63%. This m ethod seems to be simpler than any o f 
the previously reported ones: via 2 -acetylthiophene ,27 via
2 -vinylthiophene,28b via 2 -iodothiophene ,29 via 5(2-thienyl)-
2-oxazolidone .30 Another example is the preparation o f 1- 
ethynylnaphthalene (9h) via the Grignard reagent from  
easily available 1-bromonaphthalene. A previous synthesis 
o f  9h from  another easily obtainable intermediate, 1-chlo- 
romethylnaphthalene, needed a considerable num ber o f 
steps .31 Though 1 -acetylnaphthalene can be converted into 
9h in two steps (action o f PCI5 followed by dehydrochlori
nation), availability o f  pure 1 -acetylnaphthalene, unlike 
that o f  2-acetylnaphthalene, is not high. Acetylene 9h may 
also be prepared in a good overall yield from  1 -naphthal- 
dehyde by Corey’s m ethod .5

Previous methods o f extension o f the terminal acetylenic 
bond by one or more acetylenic bonds are almost exclusive
ly by Cu(I)-catalyzed unsymmetrical coupling follow ed by 
elimination o f the protective group .32 -34  For example, 
Et3S iC = C B r was used in Cadiot-C hodkiew icz coupling to 
prepare A r (C = C )„S iE t3 , from  which A r (C = C )„H  in  = 2,
3) was generated by hydrolysis .33 For such stepwise exten
sion o f  terminal conjugated acetylenic bonds or more spe
cifically for the preparation o f m onosubstituted butadiynes 
and hexatriynes, the present m ethod seems to  be useful. 
T he lithium acetylides o f  terminal conjugated p oly 
acetylenes are probably m ost easily obtainable by the 
present method. However, some derivatives (e.g., carboxyl
ic acid) to be obtained from such lithium acetylides are also
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Table III. Physical Properties of Compounds Having
2,2-Dichloro-l-fluorovinyl Group“" c

9F

Compd Bp, °C (mm)
n 20D or 

[mp, °C]
v C = C ,d

cm - 1
NM R,e

ppm

6a 87-91 (5) 1.5523 1660 10.9
6b 121-123 (10) [25-26] -16 40 17.3
6c 126-126.5 (30) 1.5605 -1640 17.6
6d̂ 123-126 (60) 1.5625 1638 17.7
6e 132-133 (29) [36-37] -1630 18.6
6f 113-115 (10) [40-40.5] 1637 18.7
6g 126 (60) 1.4970 -1640 19.3
6h 99-103 (1) [45-46.5] 1648 6.9
6i 105-107 (80) 1.5418 -1640 34.4
6j 125 (48) 1.5981 1634 20.9
6k [81-83] 1624 24.9
61 8 1644 17.9
fira [84-85] 1636 19.4
8a [56-57] 1622 23.2
8b 123-125 (6 ) [39-40] 1625 23.2
8c 103-105 (5) 1.6032 1623 23.5
8d 111(1 0 ) 1.6043 1623 23.9
8e [69-70] 1623 24.3
8f [79-80] 1623 24.4
8g 112-113(9) 1.5407 1624 25.0
8h [37.5-38.5] 1620 23.7
8i 104-105 (20) 1.5910 1623 25.5
8j 105-106 (9) 1.6385 1618 24.2
81 [80.5-82] 1627 21.9
8m [122-123] 1622 23.1
18 96 (30) 1.4849 1623 2 2 .0
22 106-108 (8 ) 1.5559 1612 24.9
19 -1 6 0  (4) [65-66] 1609 25.7
20 [56-57.5] 1608 26.8
21 [67.5-68.5] 1604 27.4

a Satisfactory analytical results (<±0.3%  for F and <±0.4% 
for Cl) were obtained for all new compounds listed in the table. 
b A strong band assignable to ¡>C-F appeared at 968-988 cm - 1  
for each of the compounds listed in the table. For 6 h, 8g, or 8 i, 
an additional peak, somewhat less strong and probably not due 
to i/C-F, appeared at 956-966 cm-1 . c The j<C=C band for 
each of 8a-m  (except k) appeared at 2195-2205 cm-1 . The 
band for 8 i was accompanied by a somewhat stronger band at 
2180 cm-1 . The i/Cs=C bands (cm-1) for other compounds fol
low: 18, 2225; 22, 2230, 2150 (weak); 19, 2200; 20, 2165, 2100 
(weak), 2200 (weak); 21, 2125, 2170 (weak), 2200 (weak). 
d Neat for liquid and in KBr pellet for crystals. For 6 the in
tensity of the vinyl v C = C  is generally low. e 20% solution in 
benzene (upfield relative to external CF3CO2H). CF3 chemical 
shift —15.0 ppm for 6g and —15.1 ppm for 8g. f Bp 101 °C (12 
mm) reported in ref 2; bp 89-89.9 °C (10.5 mm) and n 26D  
1.5596 reported in ref 3. ° Difficult to measure n 20D; n 30D 
1.6416.

obtainable directly by Cadiot-C hodkiew icz coupling as well 
as by dehydrohalogenation reactions.

T he 2 ,2 -d ich loro-l-fluorovinyl group has spectroscopic 
features advantageous for characterization. In mass spectra 
o f  6 and 8 the parent peaks, confirm ed easily by the charac
teristic relative intensities o f isotope (Cl) peaks, were gen
erally the strongest peaks, and fragments derived from the 
parents by loss o f  one and two chlorines, respectively, were 
also clearly observed except for ferrocene derivatives. 
Structural correlation o f 19F N M R  chem ical shift and o f 
i>C=C frequency, as seen in T able III, may be useful for 
such purposes. Anomalies for 6 a and 6 h probably originate 
from steric repulsion by the m ethoxy group and by the peri 
hydrogen, respectively.

During the course o f  this investigation the following 
three cases have been noted as potentially hazardous: ( 1 ) 
distillation in one-flask preparation o f 9 j , 35 (2) distillation

stated in ref 14, (3) exotherm ic reaction described under 
the heading o f “ Reaction o f  CF2= C C l 2 with Excess Butyl- 
lithium ”  in the Experimental Section. The toxicity o f  1 
may be inferred to be com parable to  those o f  chloroacetyl 
chloride, methyl acrylate, etc . ,36 or to  be intermediate be
tween those o f  methyl dichloroacetate and methyl chloroa- 
cetate .37

Experimental Section

All melting and boiling points are uncorrected. I9F NMR spectra 
were recorded on a Hitachi R-20BK using trifluoroacetic acid as 
external standard. Uv spectra were recorded on a Perkin-Elmer 
202. Ir spectra were recorded on a Hitachi EPI-G3. Mass spectra 
were obtained on a Hitachi RMU-7. GC works were performed 
using a 4-m column of Silicon-DC 550. GC peak area ratios were 
obtained by weighing papers under curves. Quantitative analysis 
by GC was made on the basis of the assumed proportionality in 
peak height using reference solutions in each of which the ratio of 
the internal standard to the compound to be determined was equal 
or almost equal to that for the solution to be analyzed. Merck alu
mina (activity II—III) was used for elution chromatography. All re
actions of organolithium and -magnesium compounds were con
ducted under an atmosphere of nitrogen using a T-tube for nitro
gen inlet and outlet. Sodium-dried ether was exclusively used as 
reaction solvent except that benzene was added as cosolvent for 
the reaction of 5h with 1. Each stock solution (ca. 600 ml, ca. 520 g) 
of butyllithium was prepared from 1 mol of butyl bromide at about 
—20 °C, stored in a brown bottle at —20 °C, and used generally 
within a few months. The amount of butyllithium in a solution 
taken from a stock solution is expressed by the nominal amount 
calculated by weight assuming 100% yield from butyl bromide.
l,l-Dichloro-2,2-difluoroethylene (1) was obtained by dehalogena- 
tion of l , l , l ,2-tetrachloro-2,2-difluoroethane,38 which was pre
pared as described below, with zinc in ethanol, distilled twice from 
phosphorus pentoxide under nitrogen, stored in brown bottles at 
—20 °C, and used generally within several months after each prep
aration. Refluxing with 1 (bp 19 °C) was conducted using a con
denser circulated with ice water. Refluxing was discontinued over
night if indicated, for example, as “ refluxed for 20 h in 2 days” .

l,l,l,2-Tetrachloro-2,2-difluoroethane (Precursor of l).39 A 
mixture of l,l,2-trichloro-l,2,2-trifluoroethane (500 g, 2.67 mol; 
Daiflon S3, equivalent of Freon 113) and aluminum chloride (30 g, 
0.22 mol; powdered reagent usable directly, granular reagent us
able after brief grind) was refluxed for 3 h with vigorous mechani
cal stirring. Upon discontinuation of stirring and external heating, 
refluxing ceased temporarily but was resumed in a few minutes by 
the heat of isomerization (CF2CICFCI2 -*  CF3CCI3). After the re
fluxing became milder, the mixture was slowly stirred, and 
l,l,2,2-tetrachloro-l,2-difluoroethane (1027 g, 5.04 mol; Daiflon 
S2, equivalent of Freon 112) was added at such a rate that the in
ternal temperature was kept between 40 and 60 °C. Slow stirring 
was continued for an additional 50 min around 50 °C, external 
heating being applied toward the end of this period. Water (20 ml) 
was added with vigorous stirring, and the liquid portion of the re
sulting mixture, while warm, was transferred to a still pot by de
cantation. Fractional distillation afforded l,l,l-trichloro-2,2,2-tri- 
fluoroethane, bp 45-47 °C (388 g, 2.07 mol), and 1,1,1,2-tetra- 
chloro-2,2-difluoroethane, bp 92-93 °C (1019 g, 5.00 mol). The re
sults were essentially reproducible in more than 20 such prepara
tions though in some cases the yield of the tetrachlorodifluo- 
roethane was reduced to about 900 g by disproportionation 
(3CF2CICCI3 —- 2CF3CCI3 + CCI3CCI3). In no case was unisomer- 
ized l,l,2,2-tetrachloro-l,2-difluoroethane detected (I9F NMR).

Work-up procedures were performed by conventional methods 
of hydrolysis by ice plus hydrochloric acid (procedure A) or by ice 
or water (procedure B) followed by extraction in ether. Reaction 
mixtures resulting from magnesium compounds were satisfactorily 
worked up by the procedure A. On the other hand, when a reaction 
mixture containing lithium fluoride was shaken with an aqueous 
solution, phase separation was generally difficult or incomplete 
unless lithium fluoride was removed by suction filtration. The fil
tration was performed only with some difficulty in many cases, 
particularly in the procedure B and for larger scale experiments. In 
some cases of the work-up procedure B, a limited amount of water 
was added to the active reaction mixture, and the resulting mix
ture refluxed for 10 min-2 h as an attempt to reduce this difficulty. 
After cooling, filtration was performed, or only a rough separation 
was achieved by decantation. The ether solutions were dried over
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Na2S04, after washing with aqueous sodium bicarbonate in the 
cases of the procedure A. Aliquots were withdrawn and reserved. 
The remaining solution was generally evaporated using a rotary 
film evaporator. The fraction (e.g., 0.90) of the solution actually 
subjected to the isolation procedure is necessary for yield calcula
tion and given as “ 4-0.90” at the place where the yield of the main 
product is described. The amounts withdrawn for monitoring the 
reactions are neglected.

/3,/3-Dichloro-a-fiuoro-o-mctboxystyrene (6a). Anisole (0.75 
mol) was lithiated with butyllithium under refluxing conditions for 
a total of 12 h, and the resulting mixture added to a solution of 1. 
The yields of anisole, o-chloroanisole, and 6a isolated by distilla
tion were 15, 4, and 41%, respectively (excluding mixed fractions). 
The yields of these compounds determined by GC with a reserved 
aliquot after addition of ra-tetradecane as internal standard were 
21,19, and 52%, respectively.

1- (2,2-Dichloro-l-fluorovinyl)naphthalene (6h). To magne
sium ribbons (13.0 g, 0.53 g-atom) were added small portions of 1- 
bromonaphthalene (103.5 g, 0.500 mol) and ether (300 ml). After 
the reaction was initiated by scratching magnesium surfaces with a 
glass rod in twisting motions, the remaining portions were added 
over a period of 45 min with mechanical stirring. The resulting 
mixture was further refluxed for 30 min by external heating and 
diluted with benzene (100 ml). Upon addition of 1 (115 g, 0.87 mol) 
a mildly exothermic reaction occurred. Refluxing was maintained 
for 2 h without heating and for a total of an additional 14 h in 2 
days by external heating. Work-up (A) and fractional distillation 
afforded 94.7 g (4-0.96, 82%) of 6h, bp 99-103 °C (1 mm), which 
crystallized upon seeding. A sample recrystallized from ethanol 
melted at 45-46.5 °C: mass spectrum m/e (rel intensity) 240 (M+ 
for 2 35C1, 23), 205 (50), 170 (100), 102 (14). Without benzene cosol
vent the reaction rate was less than half.

2- (2,2-Dichloro-l-fluorovinyl)thiophene (6j). To a stirred, 
ice-cooled solution of thiophene (79.8 g, 0.95 mol) in ether (100 ml) 
was added ethereal butyllithium (600 ml, 1.00 mol). The resulting 
solution was refluxed for 30 min and added to a solution of 1 (150 
g, 1.13 mol) in ether (100 ml) over a period of 30 min at —20 to —30 
°C. After 4 h of refluxing 147 g (-s-0.97, 81%) of 6j, bp 125 °C (48 
mm), was obtained as the sole product: mass spectrum m/e (rel in
tensity) 196 (M+ for 2 35C1, 100), 161 (33), 126 (47), 117 (18), 81
(15).

2-(2,2-Dichloro-l-fluorovinyl)benzothiazole (6k). Benzothi- 
azole (67.6 g, 0.50 mol) was added dropwise to a stirred solution 
(500 ml) of butyllithium (0.50 mol) in ether over a period of 74 
min, during which time the internal temperature was kept between 
—70 and —75 °C by strong cooling with dry ice-acetone. Soon after 
the addition was complete, the resulting mixture was poured into 
an ice-cooled, stirred solution of 1 (125 g, 0.94 mol) in ether (200 
ml). The temperature rose quickly to 23 °C and began to descend 
in a few minutes. The ice bath was removed, and the resulting mix
ture stirred for an additional 10 min and worked up (A). Concen
tration of the resulting solution followed by filtration and washing 
with ethanol afforded 70 g (4-0.96, 59%) of 6k, mp 80-81.5 °C. The 
analytical sample, mp 81-82.5 °C, obtained after chromatography 
followed by recrystallization from ethanol was almost colorless: 
mass spectrum m/e (rel intensity) 247 (M+ for 2 35C1, 100), 212 (3), 
177 (16), 168 (13), 146 (5), 108 (33), 82 (15), 69 (40).

(2,2-Dichloro-l-fluorovinyl)ferrocene (61). An ether solution 
(800 ml) containing ferrocene (50.0 g, 0.269 mol) and butyllithium 
(0.34 mol) was left standing for 24 h at room temperature and 
cooled in a dry ice-acetone bath with mechanical stirring. To the 
resulting orange-red slurry was added 1 (88 g, 0.66 mol) in several 
portions keeping the internal temperature below —50 °C. From the 
product mixture obtained after 2 h of refluxing, work-up (A), and 
passage through an alumina (215 g) column as benzene solution, 
were removed orange crystals (19.7 g) of ferrocene. The rest of the 
material, which contained 61 (83%), 11 (4%), and 6m (13%) accord
ing to 19F NMR, was steam distilled (vacuum distillation could not 
be performed14): fractions 1-2 (1 1. of H2O), 10.2 g, ferrocene, 61 
(97%), 11 (3%); fractions 3-18 (9.6 1. of H20), 15.4 g, 61 (95%), 11 
(3.5%), 6m (1.5%); residue, 9.6 g, 61 (40%), 11 (8%), 6m (52%).

Ferrocene (4.5 g, total 48.4%) was isolated as crystals from frac
tions 1-2. The total weight of the fractions 3-18 (containing practi
cally no ferrocene) corresponds to 19% yield of 61 based on the ini
tially used ferrocene and to 37% yield based on the unrecovered 
ferrocene. The analytical sample of 61 was obtained by a repeated 
steam distillation of selected fractions obtained from similar runs. 
Samples of 61 obtained from chromatography had a tendency to be 
changed into an amorphous solid on standing whereas ones ob
tained in early stages of steam distillation were stable and re

mained as a red oil. The persistent impurity is thought to have the 
structure 11. The 19F NMR signal of this compound appeared be
tween those of 61 and 6m. In mass spectra of samples of 61 contain
ing this compound, small peaks consistent as the isotopic parent 
peaks of 11 were observed. Mass peaks of almost pure 61 follow: 
m/e (rel intensity) 298 (M+ for 2 36C1, 90), 171 (85), 153 (47), 152
(65), 123 (100).

l,l'-B is(2,2-dichloro-l-fluorovinyl)ferrocene (6m). An ethe
real solution (500 ml) containing ferrocene (25.0 g, 0.134 mol) and 
butyllithium (0.34 mol) was left standing for 86 h at room temper
ature and cooled in a dry ice-acetone bath with stirring. After ad
dition of 1 (61 g, 0.46 mol) the mixture was carefully allowed to 
warm to 18 °C in 1.5 h (exothermic around -3 0  °C), refluxed for 2 
h, and worked up (A). The resulting solution was concentrated and 
steam distilled (600 ml of condensed water) to give 5.8 g of crude 
ferrocene. The warm hexane solution of the residue was passed 
through a short alumina (138 g) column. The eluate (440 ml) was 
concentrated to ca. 100 ml and cooled to -2 0  °C giving 6m (20.1 g) 
as red crystals, mp 83-84.5 °C. The second crop (1.0 g, mp 78-79 
°C) increased the total yield to 39% (4-0.97). The compound was 
recrystallized from ethanol, mp 84-85 °C, m/e 410 (M+ for 4 3BC1). 
The material recovered from the mother liquor was steam distilled 
(350 ml of H2O), and the residue (11.9 g) chromatographed to give 
61 (5.3 g, 14%), which was, however, unstable (see the last part of 
the description for 61).

l,l-D ichloro-2-fluoro-4-phenyl-l-buten-3-vne (8d). To a
stirred, cooled solution of 6d (38.2 g, 0.200 mol) in ether (100 ml) 
was added ethereal butyllithium (260 ml, 0.45 mol) over a period of 
2 h at —60 °C. The temperature was allowed to rise to 0 °C in 1 h, 
1 (50 g, 0.38 mol) was added, and the resulting mixture was re
fluxed for 6 h and worked up (B). Fractional distillation afforded
32.6 g (4-0.95, 80%) of 8d: bp 111 °C (10 mm); m/e (rel intensity) 
214 (M+ for 2 36C1, 100), 179 (14), 160 (3), 144 (62). The ir spec
trum of the sample was indistinguishable from that of 8d obtained 
in 76% yield from ethynylbenzene (1.00 mol) after treatment with 
butyllithium and refluxing with 1 for 9 h.

p-Bi-omoethynyl benzene (9f). The ir (KBr) agreed with a pub
lished one40 except that our spectrum was devoid of three weak 
bands (4.32, 9.92, 12.35 m). Mass spectrum m/e (rel intensity) 182 
(M+ for 81Br, 99), 180 (M+ for 79Br, 100), 101 (65). Lit.41 mp 63 °C.

2-Ethynylthiophene (9j). To a stirred, cooled solution of 6j 
(59.1 g, 0.300 mol) in ether (100 ml) was added ethereal butyllithi
um (380 ml, 0.68 mol) over a period of 2 h at —40 to —60 °C. Work
up (A) and fractional distillation afforded 23.7 g (4-0.94, 78%) of 9j, 
bp 55-56 °C (30 mm), n 20D 1.5849 [lit.27 bp 31-33 °C (3 mm), n 20D 
1.5886; lit.28b bp 40 °C (12 mm), n 20D 1.5851; lit.30 bp 54-60 °C (20 
mm)].

2-Ethynylbenzothiazole (9k). To a stirred, cooled slurry of 6k 
(12.4 g, 0.050 mol) in ether (150 ml) was added ethereal butyllithi
um (70 ml, 0.114 mol) over a period of 40 min at about —50 °C. 
The solution obtained after work-up (B) was dried over Na2SC>4 
and evaporated. Steam distillation of the residual oil (7.3 g) afford
ed 3.46 g (4-0.84, 52%) of 9k, mp 39-41 °C. The compound, upon 
standing in the absence of solvent, had a tendency to be converted 
into fiberlike crystals: mp 42-43 °C; mass spectrum m/e (rel inten
sity) 159 (M+, 100), 108 (19), 70 (20); ir (KBr) 3420 (=CH ), 2105 
cm“ 1 (C=C).

Anal. Calcd for C9 H5 NS: C, 67.89; H, 3.17; N, 8.80. Found: C, 
67.94; H, 3.02; N, 8.89.

In a similar run where the whole mixture obtained after hydroly
sis was directly subjected to steam distillation, the yield of 9k was 
considerably lower, the major compound in later distilled fractions 
being 2-methylbenzothiazole, confirmed by comparison of the ir 
with that of an authentic sample. Apparently, 9k was converted 
(via hydration followed by decarbonylation) into 2-methylbenzo
thiazole during the steam distillation probably by the catalytic ac
tion of lithium hydroxide or fluoride.

Phenylpropiolic Acid (lOd). To a stirred solution of 6d (19.1 g,
0.100 mol) in ether (100 ml) was added ethereal butyllithium (130 
ml, 0.217 mol) around —50 °C. Pieces of dry ice (ca. 50 g) were 
added to the reaction mixture in several portions over a period of 
30 min, initially the temperature being kept below —20 °C by cool
ing. After addition of 120 ml of water, the whole mixture was shak
en vigorously and filtered in order to remove lithium fluoride. The 
aqueous layer was separated, washed with ether, and acidified 
(aqueous HC1). Filtration followed by drying afforded 12.2 g (84%) 
of lOd, mp 133-136 °C. The identity of a recrystallized sample, mp
136.5-138.5 °C, from carbon tetrachloride was confirmed by its un
depressed mixture melting point with an authentic sample (mp
137-138 °C).
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Chloroethynylbenzene (13d) was obtained in 61% yield from
0.30 mol of 6d and 0.31 mol of butyllithium, bp 70 °C (20 mm), 
n20D  1.5794 [lit.258 bp 65 °C (10 mm), rc20D  1.5783], The ir spec
trum was identical with a reported one.42

Reaction of CF2=CCl2 with Butyllithium Followed by Ad
dition to Cyclohexanone. To a stirred, well-cooled solution of 1 
(20 g, 0.15 mol) in ether (100 ml) were added ethereal butyllithium 
(65 ml, 0.102 mol) over a period of 25 min and then a solution of 
cyclohexanone (9.8 g, 0.10 mol) in ether (30 ml) over a period of 20 
min. A dark blue mixture resulted. The internal temperature was 
maintained around —70 °C during these additions and allowed to 
rise gradually to 17 °C in 1.7 h. The crude product obtained after 
work-up (B) followed by brief rotary evaporation indicated an AB 
pattern (4.7, 8.0 ppm, J = 22 Hz) in 19F NMR. Fractional distilla
tion was performed using a packed column washed with aqueous 
alkali with a small amount of potassium carbonate powder added 
in the still pot. l-(l-Chloro-2,2-difluorovinyI)cyclohexanol (14), bp
68-72 °C (8 mm) (12.4 g, 62%), was obtained in three fractions, the 
first two of which were contaminated with a small amount of cyclo
hexanone (lit.20 bp 72-75 °C). The fractions decomposed in succes
sion within a few hours after standing in stoppered flasks for 1 day 
at room temperature. When the decomposition occurred in each 
flask, the stopper was expelled and the content became hot gener
ating an irritating fume (presumed to be HF). These observations 
and the change in ir, disappearance of the 1728-cm_1 peak 
(CF2= C C 1-), and appearance of an 1800-cm_1 peak (acyl fluo
ride), are consistent with the transformation to 15. The decom
posed liquid samples changed to crystals of cyclohexylidenechloro- 
acetic acid (16) upon further standing for several months. After re- 
crystallization from hexane a total of 5.2 g (29%) of 16, mp 101-102 
°C, was collected: mass spectrum m/e (rel intensity) 176 (M+ for 
37C1, 9), 174 (M+ for 36C1, 31), 68 (100); ir (KBr) 2900 (carboxylic 
OH, br), 1690 (C = 0 ), 1618 cm' 1 (C=C).

Anal. Calcd for C8H n 0 2Cl: C, 55.02; H, 6.35; Cl, 20.3. Found: C, 
54.80; H, 6.16; Cl, 20.1.

Reaction of CF2=CCl2 with Excess Butyllithium. To a
stirred, cooled solution (600 ml) of butyllithium (1.00 mol) in ether 
was added a solution of 1 (42 g, 0.32 mol) in ether (50 ml) over a 
period of 30 min at —40 °C. A 1-ml portion of the reaction mixture 
boiled as soon as it was withdrawn to a vial. The remaining mix
ture was intended to be warmed slowly by adjusting the efficiency 
of cooling (dry ice-acetone bath). However, the temperature rise 
was uncontrollably rapid above —20 °C, the mixture boiled, and a 
partial content (estimated 100 ml) was lost from the top of the 
Dimroth condenser, circulated with ice-cooled water. GC indicated 
the formation of 1-hexyne and butyl chloride. After addition of 1 
(103 g, 0.77 mol) the resulting mixture was refluxed for a total of 
10 h in 2 days and worked up (B). Fractional distillation afforded 
18, bp 96-97.5 °C (30 mm), which was identical in ir and GC with 
the compound obtained as described below. The yield (30.3 g) cor
responds to 49% based on the initially added 1.

1.1- Dichloro-2-fluoro-l-octen-3-yne (18) was obtained in 78% 
yield from 0.62 mol of 1-hexyne after treatment with butyllithium 
followed by refluxing with 1 for 23 h in 3 days: mass spectrum m/e 
194 (M+ for 2 35C1).

1.1- Dichloro-2-fluoro-6-phenyl-l-hexene-3,5-diyne (19). To
a stirred solution of 8d (43.0 g, 0.200 mol) in ether (80 ml) was 
added ethereal butyllithium (250 ml, 0.45 mol) over a period of 1.4 
h at —50 °C. After 1 h the olefin 1 (50 g, 0.38 mol) was added, and 
the resulting mixture refluxed for 2 h and worked up (B). Recrys
tallization from ethanol afforded 40.2 g (84%) of 19, mp 64-65 °C. 
Purified samples were colorless: mp 65-66 °C; bp ca. 160 °C (4 
mm); mass spectrum m/e (rel intensity) 238 (M+ for 2 35C1, 43), 
203 (24), 184 (5), 168 (100).

1, l-D ich loro-2 -flu oro-10-phenyl-l-decene-3,5,7,9-tetrayne
(21). A solution of 20 (26.3 g, 0.100 mol) was added to ethereal bu
tyllithium below —60 °C, and the resulting mixture refluxed with 1 
for 1 h. A considerable amount of carbon powderlike materials was 
formed. Work-up (B), chromatography, and recrystallization from 
ethanol afforded 9.6 g (33%) of 21, mp 67-68 °C. Although this 
sample turned black in several months, recrystallization from eth
anol, after removal of carbonaceous materials by filtration, regen
erated beautiful, deep yellow needles, mp 67.5-68.5 °C, which 
showed only a slight change in appearance during storage at ambi
ent temperature for 20 months (in the dark): mass spectrum m/e 
(rel intensity) 286 (M+ for 2 35C1, 85), 253 (51), 251 (41), 216 (100).

Uv absorption maxima are given in terms of X, nm (log e). 6d: 
207 (4.10), 256 (4.13). 8d: 207 (4.20), 217 (4.16), 223 (4.14), 236
(4.00), 273 (4.28), 284 (4.36), 290 (shoulder), 301 (4.28). 19: 208 
(4.40), 218 (4.42), 231 (4.44), 253 (4.53), 265 (4.49), 274 (shoulder),

291 (4.29), 309 (4.44), 330 (4.39). 20: 205 (4.45), 224 (4.41), 251 
(4.65), 264 (4.86), 274 (4.78), 291 (4.77), 300 (shoulder), 320 (4.36), 
343 (4.49), 369 (4.35). 21: 209 (4.52), 277 (4.89), 292 (5.06), 301 
(shoulder), 315 (4.88), 325 (shoulder), 349 (4.32), 376 (4.37), 407 
(4.16). 18: 236 (4.17), 241 (shoulder), 247 (4.13). 22: 215 (4.49), 222
(4.53),.248 (3.84), 262 (4.15), 278 (4.35), 294 (4.29).

Registry No.—1, 79-35-6; 2a, 100-66-3; 2i, 110-00-9; 2j, 110-02- 
1; 2k, 95-16-9; 2 1,102-54-5; 3b, 104-92-7; 3c, 106-38-7; 3d, 108-86-1; 
3e, 106-39-8; 3f, 106-37-6; 3g, 402-43-7; 3h, 90-11-9; 4 (R = C4H9),
109-72-8; 4a, 31600-86-9; 4b, 14774-77-7; 4c, 2417-95-0; 4d, 591-
51-5; 4e, 14774-78-8; 4f, 22480-64-4; 4g, 368-49-0; 4h, 14474-59-0; 
4i, 2786-02-9; 4j, 2786-07-4; 4k, 39582-59-7; 41, 1271-15-4; 4m, 
33272-09-2; 6a, 342-57-4; 6b, 395-34-6; 6c, 58228-99-2; 6d, 394-99- 
0; 6e, 58229-00-8; 6f, 58229-01-9; 6g, 401-06-9; 6h, 58229-02-0; 6i, 
58229-03-1; 6j, 58229-04-2; 6k, 58229-05-3; 61, 58281-24-6; 6m, 
58281-25-7; 8a, 58229-06-4; 8b, 58229-07-5; 8c, 58229-08-6; 8d, 
58229-09-7; 8e, 58229-10-0; 8f, 58229-11-1; 8g, 58229-12-2; 8h, 
58229-13-3; 8i, 58229-14-4; 8j, 58229-15-5; 81, 58281-26-8; 8m, 
58281-27-9; 9d, 536-74-3; 9f, 766-96-1; 9h, 15727-65-8; 9j, 4298-52- 
6; 9k, 40176-80-5; lOd, 637-44-5; lOh, 4843-42-9; lOj, 4843-44-1; 
13d, 1483-82-5; 14, 27258-83-9; 15, 58229-16-6; 16, 58229-17-7; 18, 
58229-18-8; 19, 58229-19-9; 20, 58229-20-2; 21, 58229-21-3; 22, 
58229-22-4; l,l,l,2-tetrachloro-2,2-difluoroethane, 76-11-9; 1,1,2- 
trichloro-l,2,2-trifluoroethane, 76-13-1.
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a-Cyclopropyl aromatic hydrocarbons are conveniently prepared, in excellent yields, from aromatic carbonyl 
compounds by tandem cyclopropylation-reduction. By this procedure cyclopropyl benzyl alkoxides, generated in 
situ by cyclopropylation, are reduced by lithium-ammonia-ammonium chloride to the corresponding cyclopropyl 
aromatic hydrocarbons. Examples include cyclopropyl(4-ieri-butyl)phenylmethane (8) from 4-feri-butylbenzal- 
dehyde (1), 1-cyclopropyl-l-phenylethane (9) from acetophenone (2), 1-cyclopropylindan (10) from indanone (3), 
dicyclopropylphenylmethane (11) from cyclopropyl phenyl ketone (4), cyclopropyldiphenylmethane (12) from 
benzophenone (5), and l-cyclopropyl-l,3-diphenylpropane (13) from benzylideneacetophenone (6). Cyclopropyla
tion-reduction of phenyl vinyl ketone (7), in contrast, yielded 3-cyclopropyl-1-phenylpropane (14) via 1,4 addi 
tion. Carbon magnetic resonances were assigned to the cyclopropyl aromatic hydrocarbons. A comparison of the 
chemical shifts with those of model compounds possessing a hydrogen in place of the cyclopropyl group allowed 
the estimation of the following cyclopropyl substituent parameters: 17 ±  3.7 ppm (eight values) for a, 6.1 ±  1.3 
ppm (five values) for J, and —1.6 ±  0.8 ppm for the 7 position (four values). These shielding parameters are 
smaller but in the same direction as those for a phenyl group. Those compounds possessing a chiral or prochiral 
center adjacent to the cyclopropyl group exhibit chemical shift nonequivalence of the cyclopropyl methylene car
bons.

Synthesis. This laboratory has been exploring the po
tential applications of tandem alkylation-reduction of aro
matic carbonyl systems as a convenient method of prepar
ing aromatic hydrocarbons.2 The method involves the lith
ium-ammonia-ammonium chloride reduction of benzyl al
koxides generated in situ by alkylation. Since the entire se
quence is performed in the same reaction vessel without 
the isolation or purification of intermediates, the total syn
thesis consumes only a few hours and the isolated yield of 
the product is usually excellent.

The introduction of a cyclopropyl group at the a  position 
in an aromatic hydrocarbon is a very difficult task using 
classical procedures. After cyclopropylation of the requisite 
aromatic carbonyl system, for example, the «-cyclopropyl 
group would not be expected to survive the dehydration- 
hydrogenation4 sequence.5 On the other hand, our tandem 
alkylation-reduction procedure, using in this case cyclopro- 
pyllithium and an aromatic carbonyl compound, offered a 
potential method of preparing a-cyclopropyl aromatic hy
drocarbons.
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Table I. Cyclopropylation-Reduction of Aromatic Carbonyl Compounds

% yield

Carbonyl compd Cyclopropylation-reduction product Analytical“ Isolated*

4-iert-Butylbenzaldehyde ( 1 ) Cyclopropyl(4-fer/.-butyl)phenylmethane (8 ) 99 98
Acetophenone (2 ) 1-Cyclopropyl-l-phenylethane (9) 90 82
Indanone (3) 1-Cyclopropylindan (10) 85 79
Cyclopropyl phenyl ketone (4)c Dicyclopropylphenylmethane ( 1 1 ) 99 97
Benzophenone (5) Cyclopropyldiphenylmethane (12) 99 98
Benzylideneacetophenone (6 ) l-Cyclopropyl-l,3-diphenylpropane (13) 93 91
Phenyl vinyl ketone (7) 3-Cyclopropyl-l-phenylpropane (14) 60 51d

a Analyzed by GLC (% of volatiles). b Isolated by filtration column chromatography. c Owing to the low solubility of 4 in Et20 , 
TH F was used as the cosolvent. d The yield is low because o f the presence of polar and higher molecular weight material (polymer
ization of phenyl vinyl ketone) that was efficiently removed by filtration chromatography.

The general procedure adopted for this study was to gen
erate a cyclopropyl benzyl alkoxide in a m etal-am m onia re
action vessel6 by the addition o f the aromatic carbonyl 
com pound to  cyclopropyllithium , prepared in situ from  cy 
clopropyl brom ide and excess lithium, in ether. Am m onia is 
subsequently distilled into the vessel and then the resulting 
dark blue mixture is cautiously quenched with ammonium 
chloride. Table I is a listing o f  the aromatic carbonyl sys
tems that were subjected to this procedure. Cyclopropyla- 
tion-reduction  o f  the aromatic aldehyde and ketones 1-5 
afforded the corresponding «-cyclopropyl aromatic hydro
carbon in excellent isolated yields.

Since the a-eyclopropyl group does survive these reduc
tion conditions, one significant mechanistic conclusion is 
possible. During the reduction sequence, from  cyclopropyl 
benzyl alkoxide to  product, the intermediate cyclopropyl 
benzyl anion protonates exclu sively  at the benzylic posi
tion . 7

The cyclopropylation-reduction  o f  the «,/3-unsaturated 
aromatic ketones 6 and 7 requires som e additional com 
ments. T he saturated product 13 from  benzylideneaceto- 
phenone (6 ) was expected since benzylidene benzyl alkox- 
ides are reduced to benzyl alkoxides in lithium -am m onia.2c 
T he cyclopropylation-reduction  o f phenyl vinyl ketone (7 ) 8 

resulted in exclusive 1,4 addition o f the cyclopropyllithium  
yielding 3-cyclopropyl-l-phenylpropane (14) after reduc
tion. Since we were somewhat surprised by this result, the 
expected product from  1 , 2  addition and subsequent reduc
tion (1-cyclopropyl-l-phenylpropane, 15) was prepared by 
ethylation-reduction o f cyclopropyl phenyl ketone (4) .9 See 
Scheme I.

Scheme I

This synthetic study demonstrates that tandem cyclo
propylation-reduction  o f aromatic carbonyl systems is an 
extremely simple and efficient procedure for the synthesis 
o f  «-cyclopropyl aromatic hydrocarbons, com pounds that 
have been heretofore unavailable or difficult to prepare.

Carbon-13 Studies. The structural analysis o f  organic 
com pounds can be greatly facilitated by carbon magnetic 
resonance (13C N M R ) techniques. Essential to such analy
sis is the establishment o f  characteristic substituent chem i
cal shifts. W hile such shifts for alkyl and phenyl groups (as 
well as for a number o f other functional groups) are well 
docum ented ,10 to  our knowledge no such values are avail
able for the cyclopropyl substituent in hydrocarbons. The 
synthesis o f  cyclopropyl aromatic hydrocarbons in our lab
oratories made available a unique series o f  com pounds 
whose 13C N M R  spectra we here report. Based on the com 
parison o f  the 13C N M R  chem ical shifts o f  these com 
pounds with models in which the cyclopropyl group is re
placed by hydrogen, one can estimate the a, 0, and y  cyclo
propyl substituent shielding parameters.

Table II presents the results on the cyclopropyl hydro
carbons and the corresponding m odel com pounds. Distinc
tion between methyl, methylene, and methine carbons was 
achieved by the off-resonance decoupling technique. Spec
tra in the gated decoupling plus m ode (corresponding to  no 
decoupling but retaining the nuclear Overhauser enhance
ment) were also collected for com pounds 10, 13, and 14. 
T he only dubious assignment arose in the 0  and y  carbons 
o f  com pound 14 (both com plex multiplets). These assign
ments were made by comparisons with the other cyclopro
pyl com pounds. For clarity, the resonances o f the aliphatic, 
cyclopropyl, and phenyl regions will be discussed separate
ly-

Aliphatic Carbons. T he data in Table II presents the 
aliphatic carbon positions as 1, 2, and 3 from  the phenyl 
ring. Table III summarizes the effect o f  cyclopropyl substi
tution on the chem ical shifts. Clearly, the a  and 0  effects 
are deshielding and the 7  effect is weakly shielding. T h e a 
effects appear to fall roughly into two groups: 19 ±  1.5 ppm 
(com pounds 9, 10, 11, 14, and 16) and 15 ±  1.7 ppm  (com 
pounds 1 1 , 1 2 , 13, and 15) or overall 17 ±  3.7 ppm . Since 
the com pounds in the latter group have bulky substituents 
attached to  the benzylic carbon (especially com pounds 1 1  

and 1 2 ), the lower a effects in this group may reflect the 
sterically induced polarization o f the valence electrons 
caused by the sterically compressed system. This shielding 
effect opposes the deshielding electronic effect o f  the cyclo
propyl group. Such shielding has been observed for steri
cally perturbed carbon atoms in other spatially crowded 
m olecules . 11

T h e 0  effects appear to  be more uniform: 6.1 ±  1.3 ppm. 
In the molecules exhibiting both a  and 0  effects, those that15 4



1496 J. Org. Chem., Voi. 41, No. 9,1976 Hall, Sha, and Jordan

Table II. Carbon-13 Chemical Shifts of Cyclopropyl Aromatic Hydrocarbons and Model Compounds“

Aromatic Aliphatic Cyclopropyl

Compd c ¡ c P Co5 r  b'-'m Ci c 2 C3 CH c h 2 c h 2

Cyclopropylphenylmethane 142.1 125.8 128.3 128.3 40.4 11.9 4.7 4.7
(16)®

1 -Cyclopropyl-l-phenylethane 147.4 125.9 127.0 128.2 47.7 21.6 18.5 4.6 4.3
(9)

Dicyclopropylphenylmeth- 145.9 125.9 127.7 128.0 53.7 16.6 4.6 2.8
ane ( 1 1 )

Cyclopropyldiphenylmethane 145.1 126.0 128.1 128.1 55.7 16.7 5.3 5.3
( 1 2 )

1-Cyclopropylindan (10) 147.4d 126.4 124.4 50.1e 32.7 15.8 4.1 2.3
144.2 126.0 123.9 31.5

1 -Cyclopropyl-l,3-diphenyl- 145.5f 126.0 127.6 128.2 50.4® 38.2 17.7 5.5 3.6
propane (13) 142.5h 125.6 127.6 128.2 33.7

3-Cyclopropyl-l-phenylpro- 142.8 125.6 128.2 128.3 35.9 31.5 34.4 10.8 4.4 4.4
pane (14)

1  -Cyclopropyl- 1  -phenylpro- 145.9 125.8 127.6 128.1 52.8 29.6 12.2 17.3 5.6 3.5
pane (15) 

Toluene (17) 137.7 125.3 128.2 129.0 21.3
Ethylbenzene (18) 144.1 125.6 127.8 128.3 29.0 15.6
n-Propylbenzene (19) 142.6 125.7 128.2 128.5 38.2 24.7 13.9
Isopropylbenzene (20) 148.8 125.8 126.4 128.3 34.2 24.0
Diphenylmethane (21) 141.0 126.0 128.4 128.9 41.9
Indan (2 2 ) 1 143.9 125.9 124.2 32.3 25.3
1,3-Diphenylpropane (23) 142.2 125.7 128.3 128.3 35.4 32.9

“ The chemical shift values are expressed in 5 values (parts per million) relative to a Me4Si internal standard. h No attempt was 
made to discern the ortho and meta carbons. c Prepared by the lithium-ammonia-ammonium chloride reduction of cyclopropyl 
phenyl ketone [S. S. Hall and C.-K. Sha, Chem. Ind. (London), in press]. d C4 = 126.0, C5 = 123.9, Cg = 124.4, C7 — 126.4, Cs =
147.4, C9 = 144.2. e Ci = 50.1, C2 = 32.7, C3 = 31.5. < 1-Phenyl group. ® Ci = 50.4, C2 = 38.2, C3 = 33.7. h 3-Phenyl group. 1 Data 
taken from L. F. Johnson and W. C. Jankowski, “ Carbon-13 NM R Spectra” , Wiley-Interscience, New York, N.Y., 1972, p 342.

Table III. Shielding Effect of the Cyclopropyl Group on 
Aliphatic Carbons

5“ (cyclopropyl Sa (model
aromatic aromatic

hydrocarbon) hydrocarbon) A, ppm*

a effects

d effects

7  effects

40.4 (16) 21.3(17) 19.1
47.7 (9) 29.0 (18) 18.7
53.7 (11) 40.4 (16) 13.3C

21.3(17) 19.l d
55.7 (12) 41.9 (21) 13.8
50.1 (10) 32.3 (22) 17.8
50.4 (13) 35.4 (23) 15.0
34.4(14) 13.9 (19) 20.5
52.8 (15) 38.2 (19) 14.6
21.6 (9) 15.6 (18) 6 .0
32.7 (10) 25.3 (22) 7.4
38.2 (13) 32.9 (23) 5.3
31.5(14) 24.7 (19) 6 .8
29.6 (15) 24.7 (19) 4.9
31.5 (10) 32.3 (22) - 0 .8
33.7 (13) 35.4 (23) -1 .7
35.9(14) 38.2 (19) -2 .3
12.2 (15) 13.9 (19) -1 .7

0 The chemical shift values are expressed in S values (parts 
per million relative to a Me4Si internal standard). 6 Positive 
values indicate deshielding by cyclopropyl; negative values in
dicate shielding. c Represents the a effect of the second cyclo
propyl group. d Represents the a effect o f the first cyclopropyl 
group.

yield low a  parameters (com pounds 13 and 15) also yield 
low fi parameters. The 7  effects o f  the cyclopropyl group 
are small and, in contrast, shielding: - 1 . 6  ±  0 .8  ppm.

It is instructive to compare the effects o f  phenyl,12  cyclo
propyl, and alkyl groups : 13 23, 17, and 9 ppm  for a; 9.5, 6.1, 
and 9.4 ppm  for 0; and -2 .0 , -1 .6 ,  and -2 .5  ppm  for 7  pa
rameters, respectively. All three functional groups shield

the 3-carbon position and deshield the 1- and 2-carbon p o 
sitions. As can be seen, the substituent effect o f  the cyclo
propyl group is consistently smaller than that o f  the phenyl 
group.

Successive replacement o f  cyclopropyl groups for hydro
gens, in this study, indicates an a  effect o f  19.1 ppm  (tolu
ene, 17, to  cyclopropylphenylm ethane, 16) for the first and 
an a effect o f  13.3 ppm  (cyclopropylphenylm ethane, 16, to 
dicyclopropylphenylm ethane, 11) for the second. Similar 
trends and magnitudes have been previously observed in 
alcohols . 14 Successive replacement o f  hydrogens by cyclo 
propyl groups indicated an a  effect o f  17.9 ppm  (m ethanol 
to  cyclopropylcarbinol) for the first and an a  e ffect o f  14.7 
ppm  (cyclopropylcarbinol to dicyclopropylcarbinol) for the 
second with neat liquids. These comparisons are probably  
excellent examples o f  the effect o f  steric com pression 
shielding discussed previously. The differences between 
the first and the second a  e ffect in the two com parisons re
flect the shielding caused by the sterically induced polar
ization o f the valence electrons1 1  when introducing the sec
ond cyclopropyl group. Since the a carbon is more sterical
ly perturbed in dicyclopropylphenylm ethane ( 1 1 ) than in 
dicyclopropylcarbinol, this shielding is larger.

C y c lo p ro p y l C arbon s. T he m ost interesting features o f  
the cyclopropyl resonances are that usually they are the 
most highly shielded and that in all cases in which the ben- 
zylic carbon is chiral two distinct methylene resonances are 
observed. The differences between these anisochronous 
methylene carbons range from  ca. 0.3 to 2.1 ppm . T h is ph e
nomenon, com m on in proton magnetic resonance, was first 
docum ented in 13C N M R  in chiral isopropylalkylcarbinols 
and chiral alkanes containing an isopropyl group . 15  Chem i
cal shift nonequivalence o f the cyclopropyl methylene car
bons is also evident in dicyclopropylphenylm ethane ( 1 1 ). 
This nonequivalence is presumably due to the presence o f  
the prochiral benzylic center . 16  T he m ethine carbon in the



cyclopropyl group is quite susceptible to substituent ef
fects. As can be seen in Table II, its position ranges from
10.8 to 18.5 ppm.

Phenyl Carbons. The ipso phenyl carbon (C¡) and the 
para carbon (Cp) resonances could be rather unequivocally 
assigned. The ipso carbon resonance is invariably deshield- 
ed by the cyclopropyl group (a f i effect at C¡) by ca. 3.8 ±
0.6 ppm (seven cases available}. No attempt was made in 
this study to discern the ortho (C0) and meta (Cm) carbon 
resonances. In many cases they coincided.

Experimental Section17

General Comments. The entire reaction sequence was per
formed under a static argon (prepurified) atmosphere, which is 
connected by a T tube to the assembly and to a soda lime drying 
trap that is connected in series to an oil bubbler, and is operated at 
a moderate flow rate throughout the synthesis. All glassware was 
oven dried and cooled to room temperature in a large box desicca
tor, and then quickly assembled. Anhydrous ether was used direct
ly from freshly opened containers. Tetrahydrofuran (THF) was 
freshly distilled under nitrogen from LÍAIH4. Lithium wire (0.32 
cm, high purity, Foote Mineral Co.) was wiped free of oil, cut into 
small pieces, and rinsed in petroleum ether just prior to use. Cyclo
propyl bromide (99%, Aldrich Chemical Co.) was used without fur
ther purification. Anhydrous ammonia was distilled, through a 
tower of potassium hydroxide pellets, directly into the reaction 
vessel. Gas chromatography (GLC) analyses were performed on 
100 X 0.4 cm (i.d.) glass columns, packed either with 4% silicone 
gum rubber UCC-W-982 (methylvinyl) supported on 80-100 mesh 
HP Chromosorb W (AW, DMCS) or with 3% silicone gum rubber 
OV-17 (methylphenyl) supported on 80-100 mesh HP Chromosorb 
W, using a 40 ml/min carrier gas flow rate, with a Hewlett-Packard 
Model 7610A (flame detector) chromatograph. Purification of the 
product by column chromatography was accomplished on chroma
tographic grade activated alumina (80-325 mesh, Matheson Cole
man and Bell) by elution with petroleum ether. Evaporative distil
lations, sometimes necessary for microanalyses, were performed in 
a Kiigelrohr oven. The assigned structure of each product is con
sistent with the spectral data. Satisfactory composition analyses 
on all products were submitted to the Editor. The cyclopropyla- 
tion-reduction of 4-íerf-butylbenzaldehyde (1) is described, in de
tail, to illustrate the general procedure.

Cyclopropylation-Reduction of 4-tert-Butylbenzaldehyde
(1). Cyclopropyl(4-iert-butyl)phenylmethane (8). Into a 
metal-ammonia reaction vessel containing a stirred mixture of 280 
mg of lithium (40 mg-atoms, ca. 25 pieces) in 2 ml of anhydrous 
ether that was cooled by an ice bath was slowly added a solution of 
605 mg (5 mmol) of cyclopropyl bromide in 3 ml of ether. The reac
tion mixture slowly turned black. After the mixture was stirred at
0-5 °C for 1.5 h, it was cooled to ca. —70 °C (dry ice-acetone bath) 
and then a solution of 405 mg (2.5 mmol) of 4-iert-butylbenzal- 
dehyde (1) in 5 ml of ether was slowly added. The mixture was 
stirred for 1 h at —70 °C and then diluted with 10 ml of ether. Am
monia (ca. 40 ml) was carefully, to prevent excessive splattering, 
distilled into the mixture and the cooling bath removed. After 20 
min ca. 4 g of ammonium chloride was cautiously added18 (ca. 15 
min) to discharge the blue color and then the ammonia was al
lowed to evaporate. After the residue had been partitioned be
tween brine and ether, the organic phase was dried (MgS04), fil
tered, concentrated at water aspirator pressure at 30-40 °C, and 
then analyzed (GLC). Following column chromatography 461 mg 
(98%) of cyclopropyl(4-ferf-butyl)phenylmethane (8) was obtained 
as a colorless oil; ir (film) 3090, 3020, 2980, 2930, 1465,1370,1275, 
1020, 820 cm“ 1; NMR (60 MHz, CC14) S 7.26 (2 H, d, J  = 9 Hz),
7.10 (2 H, d, J  = 9 Hz), 2.48 (2 H, d, J  = 7 Hz), 1.29 (9 H, s), 1.12- 
0.61 (1 H, m), 0.61-0.30 (2 H, m), 0.30-0.04 (2 H, m); mass spec
trum m/e (rel intensity) 188 (M+, 14), 173 (100), 147 (46), 145 (26), 
132 (26), 131 (34), 117 (26), 115 (17), 91 (31), 55 (66), 41 (31).

l-Cyclopropyl-l-phenylethane (9): NMR (60 MHz, CCI4) h
7.10 (5 H, apparent s), 2.17-1.73 (1 H, m), 1.30 (3 H, d, J  = 6 Hz),
1.18-0.60 (1 H, m), 0.60-0.33 (2 H, m), 0.33-0.04 (2 H, m); mass 
spectrum m/e (rel intensity) 146 (M+, 11), 131 (63), 118 (61), 117 
(75), 105 (100), 104 (32), 91 (72), 79 (24), 77 (28).

1-Cyclopropylindan (10): NMR (100 MHz, CDCI3) <5 7.60-7.32 
(1 H, m), 7.32-7.03 (3 H, m), 3.10-2.59 (2 H, m), 2.59-2.24 (1 H, 
m), 2.24-1.88 (1 H, m), 1.84-1.53 (1 H, m), 1.10-0.65 (1 H, m), 
0.65-0.06 (4 H, m); mass spectrum m/e (rel intensity) 158 (M+, 
25), 130 (100), 129 (44), 117 (96), 115 (54), 91 (19), 51 (17), 39 (29!.
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Dicyclopropylphenylmethane (11): NMR (100 MHz, CDC13) 6
7.23 (5 H, s), 1.41 (1 H, t, J  = 8.5 Hz), 1.20-0.90 (2 H, m), 0.61-0.03 
(8 H, complex m); mass spectrum m/e (rel intensity) 172 (M+, 1), 
143 (59), 129 (100), 115 (28), 104 (99), 91 (52), 77 (29), 51 (41), 39
(69).

Cyclopropyldiphenylmethane ( 12): NMR (60 MHz, CCI4) b
7.16 (10 H, apparent s), 3.20 (1 H, d, J = 9.3 Hz), 1.62-0.90 (1 H,
m), 0.82-0.43 (2 H, m), 0.43-0.07 (2 H, m); mass spectrum m/e (rel 
intensity) 208 (M+, 3), 180 (73), 179 (36), 165 (33), 152 (12), 115
(17), 104 (100), 91 (24), 77 (17), 51 (24), 39 (25).

l-Cyclopropyl-l,3-diphenylpropane (13): NMR (60 MHz, 
CCI4) 5 7.18 (5 H, apparent s), 7.11 (5 H, apparent s), 2.70-2.30 (2 
H, m), 2.30-1.45 (3 H, m), 1.14-0.68 (1 H, m), 0.68-0.06 (4 H, com
plex m); mass spectrum m/e (rel intensity) 236 (M+, 12), 208 (2), 
207 (3), 195 (1), 193 (2), 145 (6), 132 (35), 131 (56), 117 (56), 104
(19), 91 (100).

3-Cyclopropyl-l-phenylpropane (14): NMR (100 MHz, 
CDCI3) 6 7.38-6.98 (5 H, m), 2.62 (2 H, t, J  = 7.5 Hz), 1.72 (2 H, 
apparent quintet, J = 7.5 and 7.1 Hz), 1.23 (2 H, quartet, J  = 7.1 
Hz), 0.86-0.50 (1 H, m), 0.50-0.29 (2 H, m), 0.29 to -0.06 (2 H, m); 
mass spectrum m/e (rel intensity) 160 (M+, 23), 131 (30), 117 (30), 
104 (40), 91 (100), 77 (10), 65 (16), 51 (13), 41 (30), 39 (23).

1 -Cyclopropyl- 1-phenylpropane (15):9 NMR (100 MHz, 
CDCI3) b 7.50-6.95 (5 H, m), 2.05-1.40 (3 H, m), 0.82 (3 H, t, J  = 7 
Hz) superimposed on 1.1-0.67 (1 H, m), 0.67-0.04 (4 H, complex 
m); mass spectrum m/e (rel intensity) 160 (M+, 10), 131 (100), 119
(12), 117 (38), 104 (28), 91 (78), 77 (12), 51 (12), 41 (12), 39 (12).

Carbon-13 Studies. All spectra were recorded on a JEOL 
Model JNM-PS-FT-100 fast Fourier transform NMR spectrome
ter at 25.2 MHz in the pulse Fourier transform mode. Sample 
tubes (10 mm) contained about 1.5 ml of CDCI3 solution of ca. 1 M 
hydrocarbon. A 45° pulse was used for an average of 500 scans per 
sample to achieve satisfactory signal-to-noise ratios. Chemical 
shifts were recorded by the Texas Instrument JEC-100 computer 
system against both internal tetramethylsilane (1% Me4Si) and the 
center peak of the CDCI3 triplet. The chemical shifts quoted are 
thought to be accurate to better than. ±0.1 ppm. Eight thousand 
data points were employed with a spectral width of 250 ppm. Ex
ponential window with a —5 setting was employed to improve the 
signal-to-noise ratio along with a Systematic Noise Reduction de
vice supplied by the JEOL Co., Cranford, N.J. A noise (broad band 
proton) decoupled spectrum was first collected for all compounds. 
Next off-resonance decoupling was employed on selected com
pounds to assure unequivocal assignments. On three compounds 
spectra were also run without decoupling (in the Gated Decoupling 
plus mode to retain the nuclear Overhauser enhancement) to allow 
observation of long-range coupling patterns.
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The 13C NMR spectra of a large number of stereochemically well-defined model compounds possessing heteroat
oms have been obtained and assigned. An analysis of the data provided the following conclusions: (1) hypereonjuga- 
tive rr-polarization is an important component of the net electronic effect of -CH 2X groups in the neutral ground 
state; (2) polar field effects play an important role in determining aryl 13C chemical shifts; and (3) the y shielding 
effect of second-row heteroatoms is a very general phenomenon.

In order to assess the relative importance of the possible 
modes of action of substituents in unsaturated systems (polar 
and 7r-electron effects) it is necessary to study a series of 
stereochemically well-defined model systems in which the 
capacity for the transmission of the electronic effects may be 
varied systematically. Recently, 19F NMR studies2-3 have 
shown that model systems 1,2, and 3 are of value in this regard

since here the CX a bond is constrained to a varying degree 
to the nodal plane of the adjacent i r  system, thus allowing the 
possible assessment of the relative importance of polar 
(field-inductive and c-inductive), rr-inductive (inductome- 
someric), and mesomeric or resonance (hyperconjugation) 
effects of substituted methyl groups (vide infra).

In an earlier paper4 we described a 13C chemical shift study 
of systems 1, 2, and 3 [where X  = Si(CH3)2] which helped to 
confirm our previous conclusions2 regarding the importance 
of metallohyperconjugation in the neutral ground state. Here 
we report an extension of our 13C NMR studies of these sys
tems to situations where X is an electronegative element or 
group (NH, NCH3, CO, O, CF2, S, and S02). The basic ob
jectives in this investigation were threefold. Firstly, we wanted 
to substantiate our recent proposals3 regarding the electronic 
behavior of -CH 2X  substituents where X  is electronegative: 
namely, that hyperconjugative electron withdrawal involving 
the CX a bond is an important mode of interaction of these 
groups in the neutral ground state. Secondly, we wanted to

examine the effect of pure polar contributions (field-inductive 
or electrostatic-field effects) on aryl 13C chemical shifts. 
Previously, this has been prevented because of the difficulty 
of separating polar and ir-electron effects in unsaturated 
systems where the substituent (X) is directly attached to the 
substrate, as well as a lack of suitable model compounds with 
well-defined stereochemistry.

Finally, we wished to assess further the generality of a 
phenomenon recently reported by Eliel and co-workers.5 Their 
13C NMR studies of a series of model alicyclic systems indicate 
that a carbon atom located anti or gauche to a second-row 
heteroatom in the 7  position generally resonates at a signifi
cantly higher field than an analogous nucleus anti or gauche 
to a methyl or methylene group, or to a third-row heteroatom. 
Furthermore, it was also observed that the incremental upfield 
shift for the anti carbon was generally greater than that for 
the gauche carbon. A 13C NMR study of systems 2 and 3 
should indicate whether this effect can also be transmitted to 
aromatic carbon centers which are 7  disposed to an externally 
located heteroatom.

Experimental Section

l3C Spectra. A Bruker Scientific, Inc. WH-90 Fourier transform 
spectrometer operating at 22.625 MHz was used to record the spectra. 
All samples were prepared in deuteriochloroform (0.5-1.0 M) with 
Me4Si as an internal reference.

Chemicals. Most of the compounds were known and thus were 
synthesized by well-established literature procedures: 1-phenylpro- 
pan-2-one,6 benzyldimethylamine,7 benzyl methyl sulfide,8 benzyl 
methyl sulfone,8 2-indanone,9 1,3-dihydroisobenzofuran,10 1,3- 
dihydroisoindole,11 Al-methyl-l,3-dihydroisoindole,u  1,3-dihydro- 
benzo[c]thiophene,12 l,3-dihydrobenzo[c]thiophene 2,2-dioxide,12
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2-tetralone,13 1,2,3,4-tetrahydroisoquinoline14 (and N-methyl de
rivative16), isoehroman,16 and isothiochroman.17 The latter compound 
was oxidized to l,2,3,4-tetrahydro-2-thionaphthalene 2,3-dioxide (rap 
164-165 °C) utilizing the procedure outlined for 1,3-dihydroben- 
zo[c]thiophene.12 Geminal difluoro derivatives of systems 1, 2, and 
3 (X = CF2) were synthesized from the corresponding ketones 
employing diethylaminosulfur trifluoride as the fluorinating agent.18 
Except for 6- or 7-fluoro-2-methyl-l,2,3,4-tetrahydroisoquinoline, 
all the necessary aryl fluorine analogues of 1,2, and 3 were available 
from, other studies.3’6-18 6-Fluoro-2-butyl-l)2,3,4-tetrahydroisoqui- 
noline was prepared from 4-fluoro-o-2-bromoethylbenzyl bromide 
and n-butylamine in acetone as described previously for the IV-methyl 
analogue.3 The n -butyl derivative was employed rather than the 
methyl analogue because it was easier to prepare in good yields.

Benzyl ethyl ether, re-propylbenzene, indan, and tetralin were 
commercially available.

Results

Since our recent 13C N M R  studies o f various phenyl de
rivatives,4’19 particularly benzocycloalkenes ,20 demonstrated 
convincingly that fluorine substitution is an effective and 
relatively simple strategy for 13C spectral assignments in such 
systems, and since all the necessary fluorine analogues o f  1 , 
2, and 3 were available from  previous investigations ,3’6’18’21 

we adopted this approach in order to unambiguously assign 
the aromatic region o f  the 13C spectra o f  systems 1, 2, and 3.

Fluorine substitution in the phenyl ring manifests itself in 
two important ways. Firstly, there is observed a characteristic 
regular pattern o f  13 C -19F coupling constants in the aromatic 
region o f  the proton-decoupled spectrum, lJ  (~ 2 4 5  Hz) »  
V  (^ 1 8 -2 0  Hz) >  3J  ( —6-9  H z) >  4J  (= d .5 -4  Hz). In addi
tion, coupling is generally observed (4J  nc __i;>F =; 2 H z) to any 
meta disposed external carbon center which is in a preferred 
“ zigzag”  array. A  consideration o f these data, together with 
signal intensities and the observed chemical shift patterns 
previously reported4’20 for 5-fluoroindan and 6 -fluorotetralin, 
leads to  the assignments listed in T ab le  I for the aiom atic 
carbons o f the various fluorine derivatives o f  1 ,2 , and 3. The 
assignments listed (Table I) for the aliphatic carbons were 
relatively straightforward for m ost o f  the com pounds, being 
based essentially on the known a  and ¡3 effects o f  the various 
elements or substituent groupings .22 However, it should be 
noted that for many o f the bicyclic derivatives (6 , 8,12,16, and
19-22) the expected coupling (4J  13c  . « f) to the meta disposed 
external carbon center, which would have im mediately iden
tified that particular carbon, was not resolved. Thus, the listed 
assignments for C7 and C9 (entries 6 , 8 , and 1 2 ) and C 7 and C 10 

(entries 19 and 20) could possibly be reversed. Unfortunately, 
the a and /J shifts o f  sulfur5’22 are such that the chemical shifts 
o f  C7 and C 10 in entries 19 and 20 are fairly similar. Incomplete 
spectra are listed for entries 9 ,13, and 18 because o f the lim 
ited amounts o f  these com pounds which remained from  our 
previous investigations .3 ’18 ,21 N o concerted effort was made 
to observe the remaining carbon resonances since they were 
not crucial for assigning the spectra o f the unfluorinated an
alogues.

Secondly, fluorine substitution induces a regular and pro
nounced effect on the 13C chemical shifts which is an added 
benefit with regard to the use o f  fluorine as an assignment 
strategy. The carbon bearing fluorine is quite deshielded (by 
>30 ppm), whereas carbons ortho to fluorine experience quite 
large upfield shifts (=¿14 ppm ). Carbons para to fluorine are 
also shielded by  a lesser amount (=¿5 ppm ) whereas meta 
carbons appear to  be always deshielded (1 -2  ppm ). A con 
sideration o f this inform ation, together with the data listed 
in Table I, leads to the assignments tabulated in Table II for 
systems 1,2, and 3. The assignments for the asterisked carbons 
are insecure and could possibly be reversed. It is o f interest 
to note that although the aromatic carbons for entries 18-22 
could be readily assigned on the data from one appropriately 
substituted fluorine derivative, two such derivatives were

required for the confident assignments listed for entries 23 
and 24. Here many o f the aromatic carbons absorb over a 
narrower range.

The spectra for 2 and 3 where X  = Si(CH 3 )2, which have 
been previously reported (measured as concentrated solutions 
in cyclohexane at 15.18 M H z ) ,4 were reexamined in DCI3 (0.5
M ) as solvent and are also listed in Table II (entries 16 and 25).

Discussion

It is well known that a manifold o f  factors determine the 
magnitude o f carbon chemical shifts .22’23’24 However, by 
confining comparisons o f chemical shifts to a closely related 
series o f  com pounds and, at the same time, to those carbons 
reasonably remote from the site o f  substitution such that 
steric, neighboring group, and bond order effects are not im 
portant, the 13C nucleus can be em ployed as a sensitive and 
reliable m onitor o f charge density fluctuations. This fact is 
clearly exemplified by a number o f successful empirical and 
theoretical correlations which have clearly established that 
para (or C4) 13C SCS27 o f  m onosubstituted benzenes accu
rately reflect the charge density at that position .24-26 Recent 
studies have shown that this close relationship between 13C 
SCS and charge density is also strongly adhered to at para (or 
C4) sites remote from  the substituent in disubstituted ben
zenes.19 However, various attempted correlations o f  meta (or 
C3, C5) carbon chemical shifts, which absorb over a narrow 
range and appear to be only marginally influenced by the 
electronic effect o f  a substituent, are much less satisfacto
ry . 24-26 Although meta carbon chem ical shifts are o f  lim ited 
value, they do assist in substantiating mesomeric phenomena, 
particularly for weak polar substituents,28 since it is generally 
observed that any substituent exercising a significant reso
nance com ponent clearly effects a chem ical shift differential 
between the meta and para carbon sites.

Thus, in the present context o f  trying to  assess the relative 
im portance o f hyperconjugation (<r-7r interactions involving 
the C X  cr bond) vs. x-inductive effects o f  -C H 2X  groups from 
the 13C chemical shifts o f 1,2, and 3, as well as the significance 
o f  polar field effects on aryl carbon chem ical shifts, the rele
vant carbon centers are C4 and € 3,5 in 1, C 4 and C 5 in 2, and 
C4 5 in 3. Since our recent 13C N M R  studies o f  benzocy
cloalkenes20 indicated clearly that the € 4,5 chem ical shifts in 
these systems are not very sensitive to ring size effects, we were 
confident that effects related to strain should not cloud the 
interpretation o f the C4 and C5 chem ical shifts o f  2  and 3 for 
most o f  the substituents (X ). However, our previous studies4 

o f  2  and 3, where X  is a large third-row  element [SiiCH s^], 
suggested the possibility that structural factors may com pli
cate the interpretation o f  the chemical shifts in terms o f  pure 
electronic phenomena where X  = S or SO2 in 2  and 3. We shall 
return to this point below.

The parent systems employed for computing the 13C SCS27 

o f the relevant carbon centers in 1 ,2 , and 3 are n-propylben- 
zene (1, where X  = CH 2), tetralin (2, where X  = CH 2), and 
indan (3, where X  =  CH 2), respectively. It is then assumed, 
as a first approximation, that these 13C SCS are reasonable 
monitors o f  the electronic behavior o f  the C X  a bond. This 
postulate is based essentially on two reasonable assumptions:
( 1 ) that the effects o f  CH and CC hyperconjugation are in
distinguishable in the ground states o f  neutral m olecules ;29 

and (2 ) that the extent to  which C H 2 can undergo hypercon- 
jugative electron release from its CH  bonds is the same for 
similar groups (X ) in each particular system.

Before considering the relative 13C SCS o f these various 
carbon centers (listed in Table III), it is pertinent to discuss 
the structural features inherent in these m odel systems which 
allow a definitive decision to be made on the involvem ent o f 
the C X  a bond in the electronic behavior o f  a -C H 2X  sub
stituent. From an examination o f Dreiding molecular models
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Table I. Carbon-13 Assignments0'6 of Fluorine-Substituted Derivatives of Systems 1, 2, and 3

Registry
no. Entry Compd C, c , c 3 c 4 c 5 c 6 ^7 C9

459-03-0 1 p-FC6H4- 130.4 131.2 115.5 162.0 115.5 131.2 49.7 205.9 29.2
CH2C (= 0 )C H 3 (3.7) (8 .5) (2 2 ) (244.1) (2 2 ) (8.5)

22.858325-14-7 2 p-FC6H4CH2CF2CH3 129.8 132.1 115.5 162.6 115.5 132.1 43.8 123.5
(broad) (8 .8 ) (20.6 ) (245.6) ( 20.6 ) (8 .8 ) (26.5) (239 .7 ) (27 .9 )

702-11-4 3 P"FC6H4CH2N(CH3), 134.9 130.5 115.0 162.1 115.0 130.5 63.6 45.2
(broad) (8 .6 ) ( 2 2 ) (245.5) (22 ) (8 .6 )

58.07116-50-9 4 p-FC 6H4CH2OCH3 134.1 129.6 115.3 162.5 115.3 129.6 74.0
(broad) (8 .6 ) ( 22 ) (244.5) ( 22 ) (8 .6 )

5925-83-7 5 p -f c 6h 4c h 2s o 2c h 3 124.1 132.5 116.1 163.2 116.1 132.5 60.2 39.1
(broad) (7.3) ( 2 2 ) (250.2) (22 ) (7.3)

57584-69-7 6 133.5 139.9 112.3 162.3 114.6 126.4 43.4 214.3 44.3
(broad) (8 .8 ) (22.1 ) (245.6) ( 22.1 ) (7.5) (broad)

57584-73-3 7 133.3 139.8 112.1 162.8 114.8 126.2 41.8 131.5 42.1
(broad) (10 .3 ) (23 .5 ) (244.1) (2 2 .1 ) (8 .8 ) (25 .0 ) (250) (26 .5 )

57584-70-0 8 PA t> 134.8 141.7 108.4 162.9 114.4 122.2 73.1 73.4
(broad) (10 .3 ) (23 .6 ) (244.1) (23 .5 ) (8 .8 )

57584-71-1 9 A X >
F

109.7
( 22.0 )

114.0
(23.5)

123.4
(10.3)

55831-05-5 10 Fx o 136.1 142.9 111.5 162.1 113.8 125.5 37.1 37.8
(broad) (7 .4) (22.1 ) (245.6) (22 .1 ) (8 .8 ) (2 .9)

58325-15-8 11

58325-16-9

29419-15-6

50396-63-9

58325-17-0 16°

57584-67-5 17

57584-68-6 18 F-

f G

50396-75-3 19 

50396-76-4 20

50396-79-7 21

144.4 127.7 159.1 113.1 128.8 120.2
(7 .3) (18 .3 ) (246 .6 ) (20 .7 ) (7 .3 ) (3 .6)

38.2

127.2 133.4
(broad) (8 .8 )

113.3 162.6
(22 .1 ) (248.6)

116.3 127.9 56.3
(23 .5 ) (8 .8 )

115.3 130.5 121.7 56.9
(19 .5 ) (7 .3) (3 .6) (2 .4)

135.5 132.4 129.0 113.5 161.7 114.9 44.8 209.2
(7.9) (3 .1) (7 .9 ) (21 .4 ) (248 .8 ) (22 .0 ) (1 .20)

130.6 135.4 115.3 161.5
(3 .1) (7 .3) (20 .8 ) (244.1)

„(CH,),CHS
130.7 136.5
(broad) ( 6 .1 )

114.8 161.5
(19 .5 ) (245.5)

113.2 125.9
(22 .0 ) (7.9)

112.7 127.9
(22 ) (8 .6)

67.7

58.3

33.9

57.0 
(broad)

53.0

38.1 27.7

65.0 28.5
( 1.2 )

55.8 29.4

127.6 136.4 115.0 161.8 113.8 130.6 37.5 123.1 30.8 27.1
(broad) (8 .8 ) (22 .1 ) (244 .1 ) (22 .1 ) (8 .4) (27 .2 ) (239 .7 ) (25 .0 ) (5 .9)

130.0 114.0
(8 .8 ) (20 .7 )

115.4 38.1
(22 .1 ) (27 .2 )

130.8 138.9
(“ 2.0) (7 .4)

115.8 161.5 112.9 129.1
(22 .1 ) (245 .6 ) (22 .1 ) (8 .8 )

28.7

136.9 132.4 130.6
(7.4) (2 .9 ) (8 .8 )

113.4 161.0 114.3 29.2
(20 .6 ) (245.6) (20.6)

124.5 135.7 115.9 162.6 114.8 131.7
(^ 2 .0 ) (7 .4 ) (22 .1 ) (248 .6 ) (22 .1 ) (8 .8 )

54.4

31.1 26.3
(25 .0 ) (5 .9)

25.9 30.6

26.5 29.7

49.3 28.4

50396-80-0 22 130.8 129.3 130.8 115.7 161.7 116.6 54.6
(7 .4) (2 .9) (7 .4) (20 .6 ) (245 .6 ) (22.1)

49.7 28.4

a Chemical shifts referenced to  Me„Si (±0.1 ppm ). Positive values indicate decreased shielding relative to Me4Si. 6 Values in 
parentheses are l3C—19 F couplings in hertz. The carbon numbering system is as shown on the structural formulas in the intro
duction. This system is for convenience only and bears no relation to  the numbering system em ployed for the systematic 
naming o f  these com pounds. c Chemical shifts for the A-butyl group are as follows. -C H ,aCH ,bC H ,cCH ,d : a, 50 .6; b, 29 .4; 
c, 20 .8; d, 14.1.
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Table II. Carbon-13 Assignments'3'0 of Systems 1, 2, and 3

Registry Carbons

no. Entry Compd c , c 3 c 3 c4 c 5 c6 c , c 8 c , cl0
103-65-1 1 PhCH2CH2CH3 142.7 128.3* 128.5* 125.7 128.5* 128.3* 38.2 24.7 13.9
103-79-7 2 PhCH2C (= 0 )C H 3 134.B 129.5 128.7 126.9 128.7 129.5 50.7 205.8 29.1

58325-18-1 3C PhCH2CF2CH3 134.1 130.5 128.7 127.5 128.7 130.5 44.5 123.7 22.8
(4 .4 ) (26 .5 ) (238 .2 ) (28 .0 )

103-83-3 4 PhCH3N(CH3)j 139.0 129.0 128.2 127.0 128.2 129.0 64.4 45.3
539-30-0 5 PhCH2OCH2CH3 138.8 127.6 128.3 127.4 128.3 127.6 72.7 65.7 15.2
766-92-7 6 PhCH2SCH3 138.3 128.8* 128.3* 126.8 128.3* 128.8* 38.2 14.7

3112-90-1 7 PhCH2S 0 2CH3 128.4 130.6 129.1 129.1 129.1 130.6 61.2 39.1
496-11-7 8 3, X  = CH2 144.1 144.1 124.4 126.0 126.0 124.4 32.9 25.4 32.9
496-12-8 9 3. X  = NH 141.9 141.9 122.1 126.4 126.4 122.1 52.9 52.9

3474-87-1 10 3, X  = NCH3 140.8 140.8 122.0 126.5 126.5 122.0 60.9 60.9 42.1
615-13-4 11 3, X  = C = 0 137.8 137.8 124.8 127.2 127.2 124.8 43.8 214.5 43.8

54265-06-4 12 3, X  = CF2 137.8 137.8 124.9 127.6 127.6 124.9 42.8 131.5 42.8
(4 .4 ) (4 .4 ) (26 .5 ) (250) (26 .5 )

496-14-0 13 3, X  = O 139.4 139.4 121.0 127.2 127.2 121.0 73.5 73.5
2471-92-3 14 3, X  = S 140.4 140.4 124.6 126.6 126.6 124.6 38.0 38.0
2471-91-2 15 3, X  = S 0 2 131.5 131.5 126.1 128.9 128.9 126.1 57.0 57.0
2474-87-6 16tf 3, X  = Si(CH3)2 142.2 142.2 129.2 125.6 125.6 129.2 21.3 21.3

119-64-2 17 2, X  = CH2 137.1 137.1 129.1 125.4 125.4 129.1 29.5 23.3 23.3 29.5
530-93-8 18 2, X  = C = 0 133.0 136.3 127.7 126.3* 126.2* 127.0 44.4 209.2 37.5 27.8

58325-19-2 19 2, X  = CF2 132.1 134.2 128.6 126.7* 126.5* 129.2 38.1 123.1 31.1 27.0
(broad) (27 ) (239 .7 ) (25) (5.9)

91-21-4 20 2, X  = NH 136.1 134.8 129.2 125.8* 125.6* 126.1 48.2 43.8 29.1
1612-65-3 21e 2, X  = NCH3 136.0 134.8 128.5 125.9* 125.4* 126.3 57.9 52.8 29.2

493-05-0 22 2, X  = O 135.0 133.2 128.8 126.3* 125.9* 124.3 67.8 65.2 28.3
4426-75-9 23 2, X  = S 135.0 136.7 129.1 126.7 126.1 127.6 29.1* 26.3 30.4*

18436-01-6 24 2, X  = S 0 2 129.0 133.5 129.0* 128.7* 127.7 130.0 55.x 49.9 28.0
5136-93-6 25d 2, X  = Si(CH3)2 138.2 141.7 129.5 124.9 126.3 127.9 20.9 11.7 29.6
a Chemical shifts referenced to Me4Si (±0.1 ppm ). Positive values indicate decreased shielding relative to Me4Si. Asterisked 

assignments could be reversed. b The carbon numbering system is as shown on the structural formulas in the introduction. 
c Values in parentheses are 13C—l9F couplings in hertz. d Chemical shift for Si(CH3)2, —2.4 ppm (16 ) and —2.1 ppm (25). 
e Chemical shift for NCH3, 46.0 ppm.

Table III. 13C Substituent Chemical Shifts (SCS)«

System

1 * 2C 3d
Substituent -----------------------  ----------------------  -------

X  C3>5 C4 C4 C5 C4>5

CO +0.2 +1.2 +0.9 +0.8 +1.2
CF2 +0.2 +1.8 +1.3 +1.1 +1.6
NH +0.4 +0.2 +0.4
NCH3 - 0 .3 +1.3 +0.5 +0.0 +0.5
0 - 0.2 +1.7 +0.9 +0.5 +1.2
s —0.2 +1.1 +1.3 +0.7 +0.6
s o 2 +0.6 +3.4 +3.3 +2.3 +2.9

Positive values imply a dow nfield shift relative to  the ap
propriate standard. b Relative to C3 (or C5) and C4 in n-pro- 
pylbenzene. c Relative to C4, C5 in tetralin. d Relative to  C4, 
C5 in indan.

it is readily seen that the geometries o f  the bicyclic systems 
2 and 3 are considerably more constrained than those o f  the 
m onocyclic analogues 1 in which the -C H 2X  group can be 
assumed to undergo free rotation. In system 2, where X  = 
CH 2, CO, CF 2 , NH, N C H 3, or 0 , the alicyclic ring is confor- 
mationally m obile, there being two freely interconvertible 
conformations in which the dihedral angle (0) (angle between 
the C jCvX plane and the plane o f the aromatic ring) is ±+25 
±  5° for C H 2, C F 2, N H , or N C H 3; ~ 1 5  ±  5° for O; and ^ 0 ° 
for CO. However, where X  = S or S 0 2 the models cannot be 
maintained in a half-chair-like conformation but prefer a rigid 
half-boat arrangement in which the dihedral angle (0) is ap
proximately 65 ±  5°. A consequence o f  the half-boat ar
rangement is that the benzylic hydrogens are eclipsed with H 3 

and Hg whereas they are staggered in the half-chair. This leads 
to “ perilike”  nonbonding interactions which appear to have 
a significant influence on the chemical shifts o f  remote carbon

positions (vide infra). It is important to note that our previous 
deductions2-4 from Dreiding models regarding the half-boat 
conform ation o f  2, where X  = S i(C H 3 )2, have subsequently 
been vindicated by x-ray crystallographic studies .30

For system 3, the models indicate essentially a coplanar 
situation where the C X  a bond lies in the nodal plane o f the 
adjacent ir system, i.e., the dihedral angle (0) is zero. Inter
estingly, recent structural studies3 1 on 3, where X  = SiPh2, 
indicate the possibility of substantial deviations (r+30°) away 
from  coplanarity o f  the C7X C 9 plane with respect to the aro
m atic ring.

Important consequences follow  from  this systematic vari
ation o f the geometrical relationship between the C X  cr bond 
and the adjacent aromatic ring within model systems 1 , 2, and
3. First, if  hyperconjugation is im portant, and if we neglect 
electrostatic-field effects, then according to the specific 
stereoelectronic requirements o f  this mechanism 29'32 (an 
approximate cosine dependence on the appropriate dihedral 
angle, cos 90° — 6) the relative magnitude o f  this interaction 
as monitored by  the 13C SCS should be C 4 (system 1 ) >  C 4 

(system 2) >  C4,5 (system 3) where X  = CO, CF2, NH, NCH 3, 
or O. However, where X  =  S or S 0 2, the order o f 13C SCS could 
be somewhat perturbed (1 ^  2 >  3 or 2 >  1 > 3 ) ,  depending 
on the magnitude o f the effective dihedral angle in the m o
nocyclic analogue 1. In addition, if hyperconjugation is sig
nificant then a chemical shift differential should be observed 
between C4 and Cas in system 1, and C4 and C5 in system 2. 
This should be particularly pronounced in the latter system 
where cos 90° -  9 is significant (X  = S or S 0 2), and marginally 
so where X  = CF2, NH, N CH 3 , or 0 .

If, on the other hand, the 7r-inductive effect29 (no angular 
dependence) is more im portant than hyperconjugation in 
effecting ^-polarization of the adjacent aromatic ring, then 
the electrical effect o f  the C X  a bond should be similar in all

p l l j
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systems for a particular substituent, i.e., in terms o f the rele
vant 13C SCS, C4 (system 1) ~  C4 (system 2 ) ~  C4,5 (system
3). However, since the x-inductive effect is indistinguishable 
from  mesomeric phenom ena in the way it polarizes a x  sys
tem ,29 a chemical shift differential should still be observed 
between C4 and C.3,5 in system 1, and C4 and C5 in system 2, 
as mentioned above for hyperconjugation.

Second, since the C X  a bonds lie in the plane o f the ring 
system in system 3, <x-x conjugation should play no role here 
in determining the chemical shifts. Hence, perturbations o f 
the chemical shift at C4,s can only be induced by a significant 
electrostatic-field or x-inductive effect. According to recent 
proposals ,33 the effect o f an electric field emanating from  a 
polar substituent (dipole or pole) on aryl 13C chem ical shifts 
can be interpreted on the basis o f nonlocalized  polarization 
(the x-inductive effect is a localized polarizing phenomenon) 
o f  the adjacent x-electron system such that significant elec
tron density variations only occur at the terminal carbon 
centers. Since the x  electrons should be polarized toward a 
positive charge, the polar field effect from  electronegative 
elements or groups (X ) will decrease the electron density at 
C4 in system 1 , C4 and C 5 in system 2 , and C4j5 in system 3, and 
thus lead to more positive 13C SCS at these remote probe sites. 
Intuitively, one would also expect that this x-polarization 
phenom enon should be dependent on the com ponent o f  the 
electric field in the plane o f the aromatic ring and, therefore, 
be most pronounced when the lines o f force emanating from 
a dipolar group are constrained to operate in the plane o f the 
aromatic ring, i.e., as in system 3. An examination o f molecular 
models indicates that in system 2  the dipole or group moments 
for the strong polar substituents (excluding X  =  N  or S) lie 
in a plane which makes a distinct angle (0 ) with the plane 
containing the aromatic ring: for X  = CO or CF2, <l> ~  40 ±  5°; 
and for X  =  SO 2, 0  ca 65 ±  5°. Only where X  = O in system 2 
does the plane containing the dipole almost coincide with the 
molecular plane ( 0  ex 15 ±  5°). Thus, a distinction between 
polar field and x-inductive effects can be made on the fo l
lowing basis. If the electrostatic-field effect predominates 
(neglecting hyperconjugation) then the relative magnitude 
o f the 13C SCS should be C4is (system 3; cos 0  =  1 ) >  C4 and 
C5 (system 2 ; cos 0  = 0.766) where X  =  CO or CF2; C4>5 (system 
3; cos 0  =  1) C4 and C5 (system 2; cos 0  = 0.966) where X  
=  O; and C4j5 (system 3; cos 0  = 1 ) »  C4 and C5 (system 2; cos 
0  = 0.423) where X  = SO 2.

If, on the other hand, the x-inductive effect is more im 
portant, then the 13C SCS o f C 5 in system 2 should be small 
for all the groups and the magnitude o f the C4 SCS in all the 
systems, which should parallel the polarity o f  the C X  a bond, 
will be similar for a particular substituent.

Since the direction and magnitude o f  the resultant dipole 
in system 1  depends upon the various rotamer populations in 
an unknown way, the data from this system are o f  little value 
for defining unambiguously polar field effects. However, it 
should be noted that if hyperconjugation is highly significant 
then the relative m agnitude o f the C4 SCS for 1  and 3 should 
be 1 »  3. This should be particularly pronounced for weak 
polar groups (X  = N  or S).

W e have already mentioned that the size o f  X  markedly 
influences the geometry o f system 2  and, according to our 
previous 13C N M R  studies on 2 where X  = S i(C H 3)2, the 13C 
SCS at remote sites in this system. Thus, it is inform ative at 
this stage to reevaluate the 13C SCS data from 2  (and 3), where 
X  = Si(CH 3)2, in the light o f  recent structural studies30’31 on 
these systems as well as the now-established im portance o f 
metallohyperconjugation in the ground state o f  neutral m ol
ecules.19 This should provide a firm basis for interpreting the 
data from  system 2 where X  = S or S 0 2 and thus allow the 
data for these groups to be discussed within the general 
framework. Based on tetralin and indan as the parent systems,

the 13C SCS (ppm ) for C4 and C5 in 2 (entry 25, Table II) and 
C4>5 in 3 (entry 16, Table II) are —0.5, +0.9, and —0.4, re
spectively. Tw o aspects o f this data deserve notice with regard 
to the validity o f  these systems as m odels for investigating 
electronic phenomena. First, the SCS at C 5 in 2 implies fairly 
strong electron withdrawal by the CSi <r bond, a result which 
is clearly contrary in magnitude and direction to expectations 
based on the established weak polar character o f  this 
bon d 19b’34 (a value o f  ca. zero  was expected). Second, the hy- 
perconjugative effect o f  the C -S i bond, as m onitored by the 
C4 SCS, is approximately the same in both  systems yet a 
simple cosine dependence o f  the o -x  interaction implies that 
the interaction in 2  should be approxim ately 2 .6  times that 
in 3 .35 W e believe that these anomalous results are a m ani
festation o f structural factors due to  “ perilike”  nonbonding 
interactions (vide supra) in the half-boat form  o f 2  which do 
not occur in the parent system (tetralin).

I f  we assume that this structural factor affects the chemical 
shifts equally at the C4 and C5 probe sites, then the m ost re
alistic measure o f the <r-x interaction o f the CSi a bond in 
system 2  is the difference between the 13C SCS at C4 and C 5 ,
i.e., —1.40 ppm. Based on a simple cosine dependence ,35 the 
maximum effect o f  the -C H 2Si(CH 3) 3 group in the phenyl ring 
in terms o f  a 13C SCS is then com puted to be —1.75 ppm . The 
experimental value4 o f  —1.50 ppm  is in excellent agreement 
with this prediction given that the relevant, effective dihedral 
angle in benzyltrimethylsilane is ca. 30° (based on the value 
determined for benzyltrimethylstannane from  carbon -tin  
coupling constants19). The calculated value for 3, where X  = 
Si(CH 3)2, is —0.5 ppm , which is also in excellent agreement 
with the experimental result (—0.4 ppm). Thus, it is clear from 
this analysis that although the 13C SCS at C4 and C5 in the 
half-boat arrangement o f  2  may be unreliable m onitors o f  
electrical phenom ena in an absolute sense, their difference 
provides a sound measure o f  hyperconjugative interactions. 
Since similar structural factors will perturb the chemical shifts 
at C4 and C5 in system 2 when X  =  S or S 0 2, then based on the 
relatively weak polar character o f  the CS a bond, the fact that 
the dipole moment is considerably out o f plane o f the aromatic 
ring ( 0  = 65 ±  5 °) and the chemical shift at C5 for silatetralin 
(entry 25, Table II), the 13C SCS at C5 in 2 where X  = S should 
be approximately zero. It follows then that a correction factor 
o f  —0.7 ppm  should be applied to the 13C SCS for C4 and C 5 

in system 2 where X  = S or S 0 2 (Table III) in order to provide 
approximate values that can be validly com pared with the 
other groups.

Examination o f the data listed in T able III indicates quite 
clearly that the 13C SCS o f the appropriate carbon centers for 
a large variety o f  groups (X ) in 1, 2, and 3 provide a distinct 
pattern consistent only in terms o f angular dependent elec
tronic mechanisms.36 It can be seen that in general the elec
tron-withdrawing ability o f  the C X  a bond in the various 
systems is in the order C4 (system 1 ) >  C4j5 (system 3) >  C 4 

(system 2) and C4ig (system 3) >  C5 (system 2 ). Furthermore, 
the differential between C4 and C5 in 2 is most significant 
when the dihedral angle is substantial (X  =  S or S 0 2). Based 
on our proposed criteria (vide supra), we believe that only 
com bined significant hyperconjugative and polar field effects 
can account for these observations. However, it is im portant 
to stress that since our arguments are based on geometries 
deduced from  molecular models it is im possible to estimate 
accurately the relative magnitude o f the inherent hypercon
jugative abilities o f  the various C X  bonds. T he qualitative 
order deduced from the data in Table III is S ~  S 0 2 ~  N  >  O 
>  CF 2 >  CO, which is in line with predictions from  the 19F 
N M R  studies .3’18 ’21 The im portance o f similar hyperconju
gative interactions in several other connections has been d e 
scribed elsewhere .3’37

Unfortunately, it is not possible to  distinguish from  N M R
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experiments such as those described here whether the a-w  
interactions involve charge redistribution with associated 
charge transfer.

Perhaps the most important aspect o f the data in Table III 
is the pronounced influence o f  polar field effects on aryl 13C 
chemical shifts. N ote the significant SCS for the very polar 
groups (CO, CF2 , 0 ,  and SO 2) in system 3 where structural 
factors should preclude hyperconjugative interactions.38 This 
was somewhat surprising since in m ost discussions o f aryl 13C 
SCS (remote carbon sites) it is tacitly assumed that mesomeric 
phenom ena are overwhelmingly more im portant than field 
effects. Apart from  the fact that no suitable studies had been 
performed on well-defined model systems, this situation seems 
to have arisen essentially from two well-established correla
tions :22 -2 5  (1) para 13C SCS (m onosubstituted benzenes) 
correlate better with <rp+ (6 6 % resonance) than crp (53% reso
nance); and (2) para 13C SCS (m onosubstituted benzenes) 
correlate as well with C N D O /2 calculated ir-charge densities 
as they do with total charge densities. M ore recently, an em 
pirical analysis by Schulman et al.39 has led to the conclusion 
that mesomeric effects are 41 times greater than field effects 
in their effect on aromatic 13C chem ical shifts.

An approximate estimate o f the relative importance of field 
vs. mesomeric effects on aryl 13C chem ical shifts can be o b 
tained from the 13C SCS for system 3 where X  = CF2 (+1.6 
ppm ; Table III) and the para SCS (+3.2  ppm ; CCI4)25 for the 
CF 3 substituent in trifluoromethylbenzene. If we make the 
very reasonable assumption that the SCS o f the form er is a 
minimum value for the electric field contribution to the total 
electronic effect by the latter substituent at the para position 
in trifluoromethylbenzene, then by utilizing the <ri and ur0 

values for the CF 3 substituent (0.45 and 0.08, respectively) 40 

it can be readily shown that mesomeric effects are approxi
mately five times greater than field effects in their effect on 
aromatic 13C chem ical shifts. Interestingly, a correlative 
analysis by the T aft dual substituent parameter (D SP) 
equation o f  para 13C SCS derived from  m onosubstituted 
benzenes leads to a similar conclusion .41

Tw o final features o f  the data listed in T able III, which re
flect on the way polar field effects perturb the 13C chemical 
shifts o f  remote aromatic carbon sites,42 are worthy o f  note. 
First, it can be seen that the formally meta C5 position in 
system 2  is significantly more affected by the electric field o f 
the strong polar substituents than the meta position in system
1. This confirms that only the chemical shifts o f the terminal 
carbon positions o f  the aromatic ring are markedly effected 
by electric field induced ir-polarization. Second, it is clear from 
the larger C4>5 SCS in system 3 com pared to C5 (and C4) in 2  

(particularly for X  = SO 2) that electric field induced ir-po- 
larization is m ore efficient when the lines o f  force emanating 
from  the dipole (or pole) are constrained to operate in the 
plane o f  the aromatic ring.

The shielding effects o f  carbon nuclei oriented anti (or syn) 
to the 7  heteroatoms in systems 2 and 3 are given in Table IV. 
It should be noted that whereas the 7  effects o f  N H , N C H 3, 
O, and S are referenced with respect to methylene, O in CO 
and F in CF2 are referenced with respect to hydrogen. H ow 
ever, since the 7  effect o f  m ethylene should be small in the 
configurations described here, all the values can be considered 
referenced to  a com m on standard, hydrogen. A  careful scru
tiny o f Dreiding molecular m odels indicates that the anti co- 
planar arrangement is well defined in system 3 where X  =  NH, 
N C H 3, O, CO, or S. Although there are minor deviations away 
from exact coplanarity where X  = NH, N H 3 , O, or CO in 
system 2  for the anti (and syn) arrangement, coplanarity is 
com pletely destroyed where X  = S since here the fused ring 
adopts a half-boat configuration. W here X  = CF2 , both fluo
rines are out o f plane by approxim ately 50° in the anti ar
rangement o f 3, but in system 2, the quasi-equatorial fluorine

Table IV. 7  Shielding Effects (ppm )a o f  Heteroatoms 
in Systems 2 and 3

System

Substituent 2
3

X Anti Syn Anti

NH —3.0& —2.3d —2.3f
n c h 3 —2.8Ö -2 .3 ^ - 2 . 4 /
0 —4 .8 Ö —3.9^ -3 .4 /
S —1.5* —0.4d +0 .2/
CO —4.1e - 1 . 7 e —6.3.?
c f 2 - 5 . 0 e —2.5e -6 .3 8

tt Negative values imply an upfield shift relative to  the ap-
propriate standard. b Relative to  C6 in tetralin. c Relative to
Cj in tetralin. d Relative to  C2 in tetralin. e Relative to C10 in 
tetralin. /R ela tive to C3 6 in indan. 8 Relative to C1>2 in 
indan.

is almost coplanar for the anti arrangement and roughly so for 
the syn.

Inspection o f the data in Table IV  clearly reveals that sec
ond-row  heteroatoms (N, O, F) in systems 2 and 3 cause sig
nificant upfield shifts in the resonance o f  anti- and syn-co- 
planar carbon nuclei, the effect being more pronounced for 
the anti than the syn conformational array. Furthermore, the 
anti 7  effect o f a third-row element (S) is almost negligible (X  
=  S; system 3). These observations are clearly in line with the 
recent observations reported by Eliel and co-workers6 from  
a 13C N M R  study o f a large number o f alicyclic derivatives. 
Thus, the generality o f  this phenom enon has clearly been 
extended since all the anti carbon centers in 2 and 3 are part 
o f an adjacent aromatic framework, i.e., sp2 hybridized carbon 
centers. The larger anti effects observed in 3 for O in CO and 
F in CF2 as compared to the same effects in 2 is not surprising 
since the chemical shifts o f the Ci and C 2 carbon centers in the 
former system are expected to be more sensitive206 (hybrid
ization effects) to the nature o f  X  in the smaller fused ring. 
Further, the significantly smaller anti effect for O in 3 as 
com pared to 2  could be a consequence o f com plicating strain 
effects in the former system .296

Although we do not wish to rehash in detail on the possible 
origin o f  the shielding 7  anti effect, since this has been ade
quately discussed by the previous workers ,5 we would like to 
com m ent briefly on the favored proposal, namely, direct hy
perconjugative transfer o f  charge from  the free-electron pairs 
on the heteroatom to the trans 7  atom. Eliel et al.5 failed to 
point out that C N D O /2 calculations43 indicate that the 
donation o f the free electrons on a heteroatom  by this m ech
anism in a (r-bonded framework go preferentially to the ft and 
not the 7  position, the latter being positively charged. In va
lence bond terminology, a no-bond resonance structure can 
be drawn to represent this. M ore recently, experimental evi
dence has been presented44 which appears to support the 
com putational result. Unfortunately, the myriad effects de 
termining the chem ical shifts o f  carbon sites proxim ate to 
substituents22’23’24 preclude any disentanglement o f  the hy
perconjugative mechanism at the ft position by 13C N M R . 
Thus, although we believe that hyperconjugative transfer o f 
charge is likely to be im portant in an indirect way (relay o f 
charge from  the ft to the 7  position), other mechanisms must 
also be contributing (field effects5 and 1,3-back-lobe inter
actions5) which are im possible to specify in any sort o f  quan
titative and predictable way. Interestingly, the anti 7  effect 
for 0  in SO 2 (system 3), where a very polar +S - 0 -  bond is 
involved, is —8.9 ppm  (referenced with respect to  C 1 2 in sys
tem 3 where X  =  S).
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Carbon-13 Nuclear Magnetic Resonance Analysis of the Reaction Products
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Carbon-13 NMR spectra of the acyclic and alicyclic diester and /}-methoxy ester products from the palladi- 
um(II)-catalyzed olefin carbonylation reaction are reported. Substituent effects were derived for the carbons of an 
alkyl chain containing two carbomethoxyl functions which demonstrate the importance of the steric environment 
on carbon-13 chemical shifts.

Carbon-13 nuclear magnetic resonance spectrometry 
(13C N M R ) is one o f the most powerful techniques avail
able for the study o f  the structure o f  organic molecules. 
This usefulness is based, in part, on empirical correlations 
o f  carbon-13 shieldings and molecular structure .2,3 In gen
eral, the effects o f  various substituents on the 13C

shieldings o f  neighboring carbons are found to be additive 
within families o f com pounds. Consequently, the positions 
o f  13C absorptions for related com pounds may often be pre
dicted with good precision in a wide variety o f  systems and 
can be valuable for signal assignments in the analysis o f 
com plex spectra.
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Generally, 13C shielding parameter sets have been de
rived from  the results for a series o f  m onosubstituted com 
pounds, while the com bined effects in di- and polysubst- 
ituted systems, with few exceptions ,4’5 have not been stud
ied in detail. In this paper, we report the results o f  a 13C 
N M R  study o f a series o f acyclic and alicyclic diesters and 
/j-m ethoxy esters obtained from  the transition metal cata
lyzed carbonylation reaction o f  olefins .5’6

Experimental Section

All diesters and /3-methoxy esters were obtained from the palla- 
dium(II)-catalyzed carbonylation reaction of olefins.6’7 Isolation 
and purification of the individual products were effected by pre
parative vapor phase chromatography. The carbon-13 nuclear 
magnetic resonance spectra (13C NMR) were measured on a Bruk- 
er HX-90E pulse Fourier transform NMR spectrometer equipped 
with an SPX high-power amplifier, a broad band decoupler, and a 
Model B-NC 12 computer. The spectrometer was operated at 22.63 
MHz with a 4-^s pulse duration (flip angle 30°), a 2-s pulse repeti
tion time, and an acquisition time of 0.819 s. Because of the small 
amounts of material available in most cases, the sample was placed 
in a 5-mm sample tube held concentrically inside the standard
10-mm sample tube and surrounded by deuterium oxide. In this 
way the sample was concentrated and a greater portion of comput
er memory was allotted to sample instead of deuteriochloroform. 
Spectra were taken on neat or chloroform-d solutions and were 
calibrated with tetramethylsilane as the internal reference. Several 
spectra taken on neat and 50% solutions in chloroform-d solutions 
of the same compound showed no solvent shift effects. Multiplici
ties and couplings were obtained directly from undecoupled spec
tra. Chemical shift assignments are based on multiplicities and the 
general pattern of shielding effects of substituents.2-3

Results and Discussion

The carbon-13 chemical shift data for the acyclic diester 
products obtained from  the pallad ium (II)-copper(II)-cata- 
lyzed carbonylation o f  selected a-olefins6,7 are listed in 
Table I. The assignment o f  individual signals in the spectra 
o f  the diesters is unambiguous and is based on off-reso
nance decoupling experiments and on the general pattern 
o f shielding effects o f  substituents (vide infra). The ali
phatic carbons o f the diester molecules studied absorb oyer 
a wide range, 10.7-58.9 ppm . The m ethoxyl carbons o f the 
ester functions are slightly deshielded with respect to 
methanol (~ + 2 .3  ppm ) absorbing at an average value of
51.6 ±  0.4 ppm . Interestingly, in only two cases were the 
chemical shifts o f  two nonequivalent methoxyl functions in 
the same molecule not accidentally overlapping.

Absorptions which were assigned to the carbonyl func
tion ranged from  169.3 to  177.0 ppm . The lower field values 
were observed for malonic esters while the higher field 
values were obtained from  adipic esters. The data, in addi
tion, suggest that a terminal carboxyl carbon is shielded 
com pared to  an internal carboxyl carbon by an average o f
2.5 ppm. This is probably the result o f  a slight deshielding 
influence that an additional ^ -carbon-carbon bond exerts 
at the internal carboxyl carbon.

Another interesting aspect o f  these data is the occur
rence o f magnetic nonequivalence. Thus, the 13C N M R  
data for the dl and meso diastereoisomers o f  dimethyl 2,3- 
dim ethylbutanedioate ( 1  and 2 , respectively) demonstrate 
the effect o f  the presence o f  two asymmetric centers in the 
molecule. All carbons, including the ester carbonyl and 
methoxyl, have different chemical shifts for the two diaste- 
reomers. Carbon-13 N M R  is therefore useful for detecting 
mixtures o f  diastereomers. In all, three diesters studied 
were found to be diastereomeric mixtures. These spectra 
were somewhat unusual in that several carbons which 
might be expected to give two signals were accidentally 
equivalent while in other cases carbons two or three bonds 
removed from the asymmetric center were nonequivalent.

T he substituent effects for the linear diesters given in 
Table I were determined by two methods. The change in 
chem ical shift with respect to  the parent alkane, A8 =  ¿„bsd 
— Sr h , is given in parentheses. A  second comparison was 
determined by calculating the chem ical shift difference o f  
the diester and the corresponding hydrocarbon wherein 
methyl groups take the place o f  ester functions. These cal
culations, A<5 = 50bsd — 5r c h 3, are given in brackets. Thus 
the chem ical shift o f  dim ethyl rc-propylsuccinate was com 
pared with those o f  pentane and 3-methylhexane, respec
tively. T he chemical shift data for the parent and methyl- 
substituted hydrocarbons were taken directly from  the lit
erature .8’9 Positive values in Table I indicate downfield 
shifts while negative values indicate upfield shifts.

T he substituent effects o f  the carbom ethoxyl group de
rived from  a series o f  terminal aliphatic monoesters by 
com parison with the parent alkane are a, +20; /?, +3; y ,  
—2.5; 5, + 0 .8 .3’10 W hen com pared with the m ethyl-substi
tuted parent alkane, the effects are determined as a, 
+11.35; ¡3, —6.90; 7 , —0.10 . 1 1  The shielding effects derived 
from  the branched dim ethyl esters in this study are com pli
cated, however, by the fact that the observed change in 
chem ical shift is usually the result o f  not one, but two sub
stituents. T he data suggest that these shielding effects are 
quite dependent upon steric and conform ational differ
ences. Although the general trends are qualitatively similar 
for all com pounds studied, often large quantitative differ
ences occur which are dependent upon substitution at or 
near a particular carbon. For instance, comparison o f the 
<5<>bsd — <5rh values for a carbon a(3 to two ester groups (i.e., 
for succinic esters) demonstrates that the terminal carbons 
are more highly deshielded than the internal carbons. An 
average substituent effect o f  21.7 ±  0.9 was the value for 
terminal carbons (C l)  and 17.7 ±  1.6 for internal carbons 
(C2). For all acyclic diesters studied, the average deshield
ing effect for a terminally substituted carbom ethoxyl group 
averaged 4.0 ppm  larger than the corresponding effect o f an 
internal ester substituent. The average deshielding at a 
carbon a(3 to two carbom ethoxyl groups calculated for 16 
carbon atoms by comparison with the parent alkane was
19.5 ppm  with a standard deviation o f  2.2 ppm . Thus com 
putation o f diester shielding effects in this manner is 
subject to rather large errors.

Shielding effect calculations based on the chem ical shift 
difference 50bsd — <5rch3> however, were found to give more 
consistent results. Substituent effects calculated by this 
m ethod are listed in Table II. In general, the standard de
viation is within 1 . 0  ppm  or less o f  the average value for a 
given disubstitution pattern. Comparison with the parent 
alkane yields a substituent effect in which two bulky ester 
functions have replaced two hydrogens. This m ethod gives 
satisfactory results for terminal monoesters but leads to 
large deviations for the branched diesters. The reliability o f  
the calculations in which the carbom ethoxyl groups have 
replaced methyl groups is probably based upon conform a
tional and rotational restrictions o f  the diester which are 
more closely related to those o f  the dim ethyl-substituted 
alkane (R C H 3) than to those o f  the parent alkane (RH ). 
The enhanced accuracy o f  this m ethod is therefore proba
bly the result o f a greater accountability for steric pertur
bations.

T he im portance o f  the steric environm ent on 13C 
shielding effects at a particular carbon is often reflected in 
these data. For instance, the ¡3y substituent effect is deter
m ined for all such carbons to be —4.6 ±  1.7 ppm . A (3y car
bon occurs in both succinic and glutaric esters and as either 
a secondary or tertiary carbon. W hen the secondary B y  car
bons are separated from  the tertiary B y  carbons to generate
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Table II. Carbon-13 Shielding Effects in Linear Diesters“

Substitution
Shielding

effect

No. o f  
measure

ments
Standard
deviation

aa + 25.0 2 0 . 1
0/3 +6.9 14 0.9
a y + 12.7 6 1 . 0
a b + 11.5 7 0.3
ßß - 7 . 4 7 2.3
ßyh - 4 . 6 15 1.7
ß l ‘ - 5 .7 9 1 . 2
ß y " - 3 .1 6 1 . 0
ß8 —4.1 2 1 . 0
ße - 5 . 6 3 0 .8
y'yb +1.5 6 1 . 0
yb +0.7 1 1 0 .6
y e +0.3 1
55 0 .0 1
8 e - 0 . 3 7 0.4
€€ - 0 . 1 1

“ A  carbon a  to  tw o ester functions is referred to  as aa, a 
carbon a  to  one ester function and ¡3 to another is referred 
to as a(i, etc. 6 Substituent effects in which a ferf-butyl 
group is involved are not included in these calculations.

two new parameters, fly ' and (3y", the standard deviation is 
reduced to 1.2 and 1.0 ppm , respectively. A significant 
standard deviation (2.3 ppm ) is observed also for the ¡3(3 
carbons. Although this substitution pattern occurs for ma- 
lonic and glutaric esters, no single substitution difference is 
readily apparent which simply explains the large range in 
values derived for this substituent effect. Another example 
o f  the importance o f steric effects is related to the shielding 
effects calculated from com pounds containing a te r t -butyl 
group. Nearly all carbons in these molecules showed devia
tion from  generally observable behavior. Often the devia
tion was so large that the substituent effect was excluded 
from the calculations o f  standard substituent effects 
(Table II).

There are several significant features to the correlations 
listed in Table II. All diester shielding effects are based 
upon a comparison with the shielding effects o f  two methyl 
groups. The data demonstrate that a carbon a to an ester 
function is strongly deshielded com pared with the methyl 
analogue. Slight deshielding is also observed for a y  carbon 
while a significant shielding effect at the ¡3 carbon is noted. 
The effects at the 8 and e carbons are quite small. Another 
aspect o f these shielding correlations concerns additivity 
relationships. Interestingly, the diester 13C shielding effects 
when calculated in this manner cannot be reduced to  sim 
ple m ono-substituent relationships. Thus, from  the a a  re
lationship a value o f  12.5 ppm  ( a a / 2 =  a )  m ay be estab
lished for a single a-substituent effect. Using the relation
ship a(3 — a  =  ¡3, then yields a /3-substituent effect o f  —5.6 
ppm. A ¡30 shielding effect (2/3 = (3) o f  —11.2 is therefore 
calculated from  this relationship which is com pared to an 
observed value o f —7.4 ppm . Therefore, when derived by 
comparison with the dim ethyl-substituted alkane, the 13C

shielding o f two ester functions must be considered as a 
unit effect rather than as the summation o f two separate 
effects.

The shielding effects given in Table II can be used to 
predict the chemical shifts o f  carbons in other diester m ole
cules. The chemical shifts for the appropriate dim ethyl- 
substituted com pound are obtained, the relative position o f  
each carbon to the two ester functions is determined, and 
the shielding effect value is added to the chem ical shift o f 
the carbons o f  the parent com pound. If the shifts for the 
m ethyl-substituted material are unavailable, an estimate 
may be obtained by empirical correlations .8 Thus, the 
chemical shifts for the ten aliphatic carbons o f  dim ethyl 
octylsuccinate were determined as shown in Table III. Sig
nificantly, the calculated value for each carbon is within 0.9 
ppm  o f the observed value.

In order to test the accuracy o f  this method, the chem ical 
shifts for 93 carbons from  15 diester m olecules were de 
rived by addition o f  appropriate parameters (T able II) to 
the calculated chem ical shift8 for each appropriate carbon 
o f the dim ethyl-substituted alkane. T he standard error o f  
estimation for a calculated chem ical shift for the diesters 
was 1.0 ppm. The agreement between the com puted values 
using this m ethod and the experimental values was excel
lent. In 81% o f the cases, the difference between experi
mental and predicted values was less than 1.0 ppm . In 87% 
o f the cases, the difference between predicted and experi
mental values was less than 1.5 ppm  and less than 2.0 ppm  
for 93% o f the cases. Importantly, deviations greater than
2 .0  ppm  were often the result o f  large deviation in the com 
putation o f  the chemical shift o f  the alkane.

The 13C chemical shift and shielding effect data for nine 
/3-methoxy esters are given in Table IV. Assignments are 
based upon off-resonance decoupling experiments and are 
consistent with the general pattern o f substituent effects. 
O f the aliphatic backbone, those carbons a (C 2 ) to the 
methoxyl function absorb the farthest downfield, 79.5 ±  2.9 
ppm . T he chem ical shift o f  C 2  o f the /3-methoxy esters is 
extremely dependent upon the nature o f  its alkyl substitu
ent, R.

R — CH— CH2—  CO,CH3

o c h 3

The chemical shift determined from  the isomeric 3- 
m ethoxyheptanotes is 78.2 ppm  for R = n-butyl, 81.6 ppm  
for R  = sec-butyl, 86.3 ppm  for R  = t e r t -butyl, and 76.4 
ppm  for R  = isobutyl. These results dem onstrate the de
shielding effect o f /3-methyl substituents (R  = sec-butyl 
and t e r t -butyl) and the shielding effect o f  7 -methyl sub
stituent (R  = isobutyl). Interestingly, however, methyl sub
stitution at C l (Table IV) has little effect on chemical shift.

The absorptions assigned to the m ethoxyl o f  the ester 
group averaged 51.2 ±  0.2 ppm  and were little changed 
from similar carbons o f the linear diesters. The ether m eth
oxyl carbons for the aliphatic com pounds studied absorbed

Table III. Calculation o f  13C Chemical Shifts for Dimethyl Octylsuccinate

c o 2c h 3

H 3C 0 2C— c , — C —  c 3— c —  c 5— c —  c 7— c 8—  c „ — c 10

C l C2 C3 C4 C5 C6 C7 C8 C9 CIO
RCH3“ 29.6 34.6 37.0 27.0 30.2 30.0 29.7 32.4 22.7 13.9
Substituent effect + 6.9 +6.9 - 5 . 7  b + 0.7 - 0 . 3 0 .0 0 .0 0 .0 0 .0 0 .0
Calculated 36.5 41.5 31.3 27.7 29.9 30.0 29.7 32.4 22.7 13.9
Observed 35.9 41.3 29.4 27.0 29.5 29.5 29.4 32.0 2 2 . 8 14.2
Difference - 0 .6 - 0 . 2 - 1 . 9 —0.7 - 0 . 4 - 0 . 5 - 0 . 3 - 0 . 4 + 0 . 1 +0.4

a Calculated chemical shifts8. * (3y’ substituent effect.
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an average o f 57.3 ±  1.2 ppm. The slight deshielding effect 
o f  8 methyl substituents is observed for R  =  sec - and tert- 
butyl and a very large shielding effect is noted for a 7 -phe
nyl (50.5 ppm ).

The 13C shielding data for the /3-methoxy esters are sum 
marized in Table V. Again, because o f consistency, the sub-

Table V. Carbon-13 Shielding Effects in ß-M ethoxy Esters

Carbon0 Shielding Deviation

a + 10.3 1 . 0

0 +43.6 0 .8
7  - 1 . 9

Position relative to  the ester function.
1 . 0

stituent effects were calculated by com parison with the 
m ethyl-substituted alkane. The results predictably dem on
strate the very large deshielding effect at the carbon a  to 
an oxygen (C2). In fact the ether group causes a 36.7-ppm 
larger downfield shift than does a carbom ethoxyl group. 
Similarly, the deshielding effect o f a /3 ether oxygen is 3.4 
ppm  larger than that o f a carbom ethoxyl group.

Carbon-13 chemical shift and shielding data for the se
ries o f  alicyclic diesters and /3-methoxy esters obtained 
from  the transition metal catalyzed olefin carbonylation re
action are summarized in Tables VI and VII, respectively. 
T he assignment o f  individual signals is straightforward and 
is based on the general pattern o f  shielding effects, decou 
pling experiments, and, in certain cases, relative peak in-

Table VI. Carbon-13 Chemical Shifts in Cyclic Diesters'2

Registry no.

35436-52-3

4841-91-2

1687-29-2

38312-27-5

54905-31-6

39590-04-0

6998-82-9

54905-30-5

54905-32-7

54339-19-4

noscH3

co .,ch3
cacHj

c o 2c h ,
m cH ,

C02CHj
fO ,CH ,

CO.CHj 
CO,CH„

co2ch ;,

Chemical shift, ppm

C l C2 C3 C4 C5
Ester
c h 3

Car-
bonyl(s)

51.3 40.2 28.9 36.0 51.7 173.1
(+ 2 1 .2 ) (+3.4) ( - 1 .2 ) ( - 2 .7 )

47.4 29.1 24.3 51.4 174.1
(+20.9) (+ 2 .6 ) ( - 2 .2 )
[+ 1 0 .0 ] [ - 3 .9 ] [ + 1.3]

42.7 26.4 24.0 51.5 173.9
(+14.9) ( - 1 .4 ) ( - 3 .8 )

[+7.7] [ - 5 .7 ] [ - 0 .3 ]
46.1 28.3 26.5 28.7 51.4 174.5

(+16.1) ( - 1 . 1 ) ( - 2 .9 ) ( - 0 .7 )

44.2 26.4 26.4 27.1 51.6 175.0
(+16 .4 ) ( - 1 .4 ) ( - 1 .4 ) ( - 0 .6 )

33.8 44.2 29.5 51.5 175.3
(+7.3) (+17 .7 } (+3.0)

[ - 1 0 .9 ] [+ 9 .1 ] [ - 4 .5 ]

31.3 42.6 28.6 25.0 51.6 175.3
(+3.5) (+14.8) (+0 .8 ) ( - 2 .8 )

[ - 1 4 .0 ] [+ 9 .2 ] [ - 7 .4 ] [ - 2 .0 ]

33.7 44.3 31.6 26.2 51.4 176.0
(+4.3) (+15.0) (+ 2 .2 ) ( - 3 .2 )

30.5
(+2.7)

43.6
(+15.8)

29.6
(+ 1 .8 )

24.1
( - 3 .7 )

26.8
( - 1 .0 )

51.6 176.8

43.2
(+7.8)

51.9
(+16.5)

29.0
(+3.2)

18.5
( - 2 .4 )

51.5 175.1

a 5 c ,  parts per million from  M e4Si, A 8 = (5 obsd — 6 RH) in parentheses, A5 = (5obsd — 5 RCh 3) in brackets.

Table VII. Carbon-13 Chemical Shifts in Cyclic /3-Methoxy Esters0

Chemical shift, ppm

Ether Ester
Registry no. C l C2 C3 C4 C5 C6 c h 3 CHj c = o

/-^>«C0 2CHä 50.3 85.6 32.1 23.5 28.7 57.0 51.8 175.9
54108-60-0 cc (+23.8) (+59.1) (+5.6) ( - 3 .0 ) (+ 2 .2 )

0CH3 [+7.8] [+ 43 .1 ] [ - 2 .8 ] [+ 0 .3 ] [ - 6 .2 ]
^ _ * co2ch:, 50.2 80.2 30.2 24.2 25.0 28.8 56.3 51.2 175.1

13640-66-9 cx (+22.4) (52 .4 ) (+2.4) ( - 3 .6 ) ( - 2 .8 ) (+ 1 .0 )
'OCR, [ + 1 0 .1 ] [+40 .1 ] [ - 6 .4 ] [ - 3 .2 ] [ - 2 .4 ] [ - 7 .8 ]

0 5 C, parts per million from  Me„Si, AS = (5obsd — 5 RH) in parentheses, AS = (5obsd — 5 RCh 3) in brackets.
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tensities. The absorptions assigned to the carbons o f the 
functional groups are generally similar to the chemical shift 
ranges for the acyclic systems. T he methoxyl group o f the 
ester functions absorbs at an average value o f  51.5 ±  0.2 
ppm  and the ether m ethoxyl at 56.6 ±  0.5 ppm . Analogous
ly, the absorptions o f  the carbonyl function for the 1 ,2 - 
diesters were observed at slightly lower field (174.1 ppm 
average) than those o f  the 1,3-diesters (175.9 ppm  average).

T he shielding results for the alicyclic diesters and me- 
thoxy esters also follow  the general trends established from  
the acyclic derivatives, although comparisons with the d i
methyl-substituted alkanes can only be made for the cyclo
pentane and cyclohexane derivatives. Large deviations 
from  predicted values based on acyclic substituent effects 
may result from  conform ational effects, intramolecular in
teractions, and variations in C -C -H  and C -C -C O 2R  bond 
angles, all o f  which are interrelated. The limited amount o f  
information available does not allow a determination o f the 
importance o f  each o f these contributions at the present 
time.
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Carbon-13 proton coupling constants for off-ring C-H bonds in eight ortho-substituted aromatic systems have 
been correlated with the divided substituent constants 01 and <x r 0 . The correlations are in general good and the 
parameters of the regression equation reveal predominant control by the inductive effect. The influences of hy
drogen bonding, steric inhibition of resonance, size of the substituent, and van der Waals forces are discussed. 
Carbon-13 chemical shifts for off-ring carbons in seven ortho-substituted aromatic systems have also been corre
lated with a t  and <t r °  but in only a few systems are the correlations good. Attempts to improve the correlations 
through removal of hydrogen-bonding substituents, variation of o r 0  for substituents with possible steric inhibi
tion of resonance, and addition of van der Waals radii, the Q parameter, and (E 2) to the regression equation are 
discussed.

The analysis o f  the chem ical and physical properties o f 
ortho-substituted aromatics is potentially exceedingly com 
plex. In addition to the conventional “ through-the-ring” 
electronic effects, there is the possibility o f interaction o f 
the substituent with the ortho site through its electrical 
field, by van der W aals forces, hydrogen bonding, or dative 
bonding, or by steric inhibition o f  resonance as well as 
other steric effects, to  mention just the more easily catego
rized effects and omitting, obviously, solvation effects. 
Consequently, it is not surprising that such systems have 
generally resisted analysis with the H am m ett equation. 
W hile no one set o f  ortho-substituent constants has been 
found to  be generally applicable, Charton has correlated 
reactivities and properties o f  many ortho-substituted sys
tems with the divided substituent constants 0 1 and ur0. 1

The present study is an attem pt to determine what sub
stituent constants or other empirical parameters will corre
late successfully with 13C chem ical shifts and i3C 'H  cou 

pling constants o f  off-ring carbons in ortho-substituted 
benzene derivatives. Since theoretical analyses o f  13 C -1H 
coupling constants point to a heavy dependence upon hy
bridization and effective nuclear charge ,2 it might be antic
ipated that correlations with inductive and resonance ef
fects would be successful. Carbon-13 chem ical shifts, how 
ever, appear to be sensitive to a greater number o f  factors, 
such as neighbor anisotropy effects, many o f which are still 
poorly understood .3

Experimental Section

Compounds. Most compounds were obtained commercially or 
prepared by standard procedures. Several, however, were previous
ly unknown. Methyl o-fluorophenyl sulfide, bp 51-55 °C (1.7 mm) 
(Anal. Calcd for C7H7FS: C, 59.12; H, 4.97. Found: C, 59.26; H, 
5.04), was prepared by methylation of the thiophenol with methyl 
iodide. TVjlV-Dimethyl-o-trifluoromethylaniline, bp 93 °C (17 mm) 
(Anal. Calcd for C9H 10F3N: C, 57.14; H, 5.33. Found: C, 56.85; H, 
5 .3 3 ), was obtained by methylation of o-trifluoromethylaniline
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Table I. Coupling Constants, J ( 13 C—Y ) ± 0.3 Hz, for

J & -
R Y X  = H F Cl Br I c h 3 CN n o 2 OCH 3 n h 2 N (CH 3) 2 C F 3 COCH,

o-N (C H 3)2 ‘ H 134.5 135.5 135.8 134.1 136.3 134.3 134.2 134.3
o-COCH3 ■H 127.2 128.4 128.4 128.8 128.0 127.1
o-SCH3 ‘ H 139.2 139.9 139.8 139.4 139.0 140.8 139.1 138.9
o -C H 2Cl ‘ H 150.3 152.7 152.1 150.5 155.4 153.1
p -COCH, ‘ H 127.2 128.4 128.2 128.8 128.0 127.1
2,6-(CH 3) 2 ‘ H 125.6 127.7 127.65 125.5 127.6 128.7 126.75 125.5 126.4
o-CF3 19p 271.7 274.0 273.7 273.7 272.9 271.8 273.6 272.8

a 30% in CC14.

Table II. Correlations o f  (J x ~ J H ) with CTj, Or 0 for

R J Pi Pr X C r 'S'est Fe st C.L., %

c h 3 13C - ‘ H 4.65 0.45 0 . 1 0 0.08 0 . 9 4 7 0.44 34.4 99.9
o c h 3 , 3C - ‘ H 2.90 1.15 0.40 0.19 0 . 9 7 5 0 . 2 0 58.5 99.9
s c h 3 , 3C - ‘ H 1.95 1.35 0.69 0.06 0 . 9 3 3 0.27 16.7 99
c h 2ci 13C—‘ H 5.87 0.94 0.16 0.40 0.885 1.13 5.4 90
N(CH 3)2 13C—‘ H 2.80 1.04 0.37 - 0 .0 7 0.963 0.27 32.3 99 .75
CHO 13C—‘ H 2 2 . 8 6 9.50 0.42 0.40 0.975 1.72 48.7 99.9
COCH 3 13C - 'H 2.58 0 . 2 0 0.08 —0.06 0.968 0 . 2 2 22.5 97.5
Sn(CH 3) 3 13C - ‘ H 1.81 1.28 0.71 - 0 .1 3 0.958 0.19 2 2 . 1 99
c f 3 13C—19F 3.02 - 1 .4 8 —0.49 0 . 2 0 0.677 0.77 2 . 1 75
n h 2 15N - ‘ H 12.65 9.96 0.79 0 . 0 1 0.931 2.04 9.7 95
Sn(CH 3) 3 119 Sn—I3C 34.48 - 5 .0 5 - 0 .1 5 0.28 0.957 3.03 2 1 . 8 99

with trimethyl phosphate. The preparations of the aryltrimethyl- 
tin derivatives were described previously.4

Solvents were spectroquality. Chloroform was shaken with alu
mina to remove ethanol.

Coupling Constants. Carbon-13-proton coupling constants 
were obtained from the proton satellites on a Varían A-60D NMR 
spectrometer with the standard sidebanding technique (Hewlett- 
Packard Model 200CD audiooscillator and 522B electronic coun
ter). Carbon-13-fluorine coupling constants were obtained from 
13C spectra.

Chemical Shifts. Natural abundance 13C NMR spectra were re
corded on two spectrometers, both operating in the pulsed Fourier 
transform mode: ( 1 ) a modified Varían HA-100D spectrometer, 
operating at 25.14 MHz, equipped with a Digilab pulse and data 
system (FTS/NMR-3), described elsewhere,5 and (2) a Varian 
XL-100-15 spectrometer operating at 25.21 MHz, equipped with a 
Varian 620-f computer and data system. Samples run on the XL- 
10 0  were contained in 1 2 -mm o.d. tubes, with chloroform-d serving 
as solvent and field-frequency lock material. Compounds studied 
using the modified HA-100D spectrometer were contained in
8 -mm o.d. tubes which held coaxial inner cells containing CsFg, the 
19F lock substance.

Pseudorandom proton noise decoupling was employed with both 
spectrometers. All FT spectra were 8K or 16K transforms over 
spectral widths of 5000 Hz. Ambient probe temperature for both 
spectrometers was 39 °C.

Carbon chemical shifts were measured in parts per million rela
tive to 5% internal MeiSi. Positive values are deshielded relative to 
MeiSi. Spectra used to obtain both 13C -1H coupling constants and 
13C chemical shifts were obtained from 30% solutions (v/v for liq
uids, w/v for solids) in either carbon tetrachloride or chloroform.

Assignments of carbon resonances were based on proton unde
coupled spectra, additivity relationships, and literature values. 
Though not reported here, assignments were made for all ring car
bons and these chemical shift values may be obtained from the au
thors.

Regression Analyses. Multiple linear regression analyses were 
accomplished with the stepwise Biomedical computer program 
BMD02R.6 In all cases the dependent variable. was the difference 
between the value (either chemical shifts or coupling constants) 
for the substituted derivative and that of the parent unsubstituted 
aromatic. All statistical measures of fit except confidence levels 
were a portion of the output of the program.

R esu lts and D iscu ssion

C ou p lin g  C onstants. Carbon-13 proton coupling con 
stants for ortho-substituted toluenes, anisoles, benzal- 
dehydes ,7 and trimethylphenylstannanes8 have been re
ported previously. Coupling constants for ortho-substitut
ed A',jV-dimethylanilines, acetophenones, methyl phenyl 
sulfides, and benzyl chlorides are given in T able I. T he cou 
pling constant for the parent com pound in each series was 
subtracted from  the values for all members o f  the series 
and these substituent-induced values (J x - J h ) were then 
correlated with T a ft ’s <s\, <tr° values9 by  m ultiple linear re
gression. Table II contains the parameters for the regres
sion equation

J x - J n  -  p m  +  p r <tr° +  C  ( 1 )

where pi and pr  express the dependence upon the substitu
ent constants and C is the intercept o f  the or, <tr° plane 
with the J x - J h axis. The other parameters given in the 
table include n, the number o f  substituents correlated; X, 
the ratio o f  pr  to pi (see below); r, the m ultiple correlation 
coefficient; S est, the standard deviation o f  the residuals; 
F est, the F  level o f  the correlation; and C.L., the confidence 
level derived from  F est for the significance o f  the correla
tion . 10 An attem pt was made to include a basis set o f  sub
stituents in each correlation and T a ft ’s9 definition o f  basis 
set was adopted for this purpose.

An examination o f the confidence levels given in Table II 
reveals that all but one o f the 1 3 C -1H correlations are sig
nificant above the 95% confidence level. T he use o f  the F  
and R  values o f  Swain and Lupton 1 1  instead o f  <y\ and <tr° 
im proved the correlations very slightly in a few cases but 
yielded slightly poorer correlations in others. T he use o f 
other resonance parameters,9 such as o-r (ba ), cr+, and <tr_ , 
led to im proved correlations in some cases. For the to 
luenes, correlations with <?i and the following o-r  parame
ters gave the F  levels: ctr°, 34.4; ctr(ba ), 35.6; ctr+ , 34.8; ctr~,

-J
Oi

OO
-J

OT
OO

CO
Oi

OO
CO
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37.0. For the benzaldehydes: o r 0 , 48.7; (t r ( b a ) .  51.2; (i r + ,  
43.1; <t r ~ ,  54.5. For the anisóles: o r 0 , 58.5; o r r a ) ,  38.0; o r + , 
28.0; o r - ,  91.0. Thus, for these systems o r ~  gave slightly 
better correlations for two and an appreciably better corre
lation for the third. However, because o f  the heavy weight
ing o f N M R  data in the definition o f  <t r 0 , 9  this measure o f 
the resonance effect was used for all correlations.

Clearly, 13 C - 1H coupling constants in ortho-substituted 
aromatics can be adequately described in terms o f 07 and 
<tr°. As illustrated by the 15 N - 1H and 1 1 9 S n -13C coupling 
correlations given in Table II [15N - 1H data (in CHCI3) 
taken from  Axenrod and W ieder ;12  1 1 9 S n -13C data from 
Schaeffer and Zuckerman8] other couplings are apparently 
also well described by these parameters. This is not the 
case for the 13 C - 19F couplings, however. The correlation 
here is significant at only the 75% confidence level. Schust
er reports an excellent correlation (r = 1 .0 0 0 ) o f  four triflu- 
orotoluene couplings with trj and <tr+ but notes that sub
stituents with a —R  resonance effect (e.g., N H 2, N H A c, and 
OH) lead to  deviations from  the regression line . 13  T he dis
crepancy is probably due to the presence o f  different sub
stituents in the sets used for the correlations. Rem oval o f  
the amino derivative from our set increased the signifi
cance o f  the correlation to the 95% confidence level (pi =
2.88, pr =  - 2 .6 8 , X =  -0 .9 3 , r =  0.888, S est =  0.45, F eat =
7.5, n =  7).

In an attem pt to determine the effect o f  hydrogen bon d 
ing on the significance o f  the correlations, the value for the 
amino derivative was removed from  the anisóle, benzalde- 
hyde, acetophenone, and dim ethylaniline sets. After re
moval o f  this value the F  values and confidence levels are, 
for anisóles, 145.9, 99-9%; benzaldehydes, 41.9, 99.75%; ace
tophenones, 44.1, 97.5%; dimethylanilines, 23.4, 99%. Thus, 
removal o f  the value for the am ino derivative resulted in an 
im proved correlation for the anisóles and acetophenones. 
Whether the lack o f im provem ent for the other series is a 
result o f an insensitivity o f  the coupling constant to  hydro
gen bonding, conform ational obstruction to hydrogen 
bonding (for example, ortho-substituted acetophenones 
have the carbonyl oriented toward the ortho substituent , 14 

whereas the favored conform ation for many ortho benzal
dehydes has the oxygen away from  the substituent15), or 
some other characteristic o f  these systems that results in a 
good fit for the N H 2 derivative is not clear.

The effect o f  steric inhibition o f resonance on 7V-alkyl 
13C - 1H coupling constants in 2- and 2,6-disubstituted N -  
alkylanilines has been reported . 16 T he abstraction o f an e f
fect due to steric inhibition o f  resonance With multiple re
gression analysis is not as straightforward. The dim eth
ylanilines m ight be expected to yield poor correlations with 
< ri and <t r °  because o f  steric inhibition o f conjugation o f  the 
amino nitrogen with the benzene ring. However, for some 
substituents (e.g., N O 2), steric inhibition o f  resonance o f 
the substituent induced by  the dim ethylam ino group is also 
possible, and conjugation o f the substituent and the ortho 
site with the ring is not independent. In any event, the cor
relation with i n  and <t r °  for the dimethylanilines is quite 
good.

The toluenes present a system in which conjugation o f 
only the substituent can be sterically inhibited. In order to 
test the sensitivity o f  the correlation to this phenom enon, 
correlations were perform ed with o r 0  values for the d i
methylamino substituent ranging from  —0.52 to 0.00. T he 
resultant F  levels ranged: or0 =  —0.52, F  =  34.4; or0 = 
-0 .3 5 , F  =  36.7; <rR 0  = -0 .2 5 , F  = 38.4; <t r °  = 0.00, F  =
42.5. Thus, a decrease in the resonance contribution (elec
tron release) o f  the dim ethylamino group does result in an 
increase in the significance o f  the correlation.

Correlations were also perform ed for the 2 ,6 -dim ethyl se

ries (Table I). W ith substituents for which steric inhibition 
o f  resonance should be minimal (Br, I, CN, N H 2, H, CH 3 ) 
the correlation is significant at the 95% level (F’est =  13.4, r 
= 0.948) and the ratio o f  the pr  to  pi is low (pi =  4.28, pr  =
0.41, X = 0.096). The addition o f the nitro, methoxy, or d i
methylam ino substituent to  this set increases the signifi
cance o f  the correlation, although the correlation coeffi
cient is lower for m ethoxy (r = 0.947) and dim ethylamino 
(r =  0.925). A decrease in o r 0  for N (C H 3) 2 to 0.0 increases 
the F  level slightly from  11.8 to  13.3. W hen all o f  the sub
stituents are included, the correlation is significant at the 
99.75% confidence level (F est =  26.6, r =  0.948) and the 
ratio o f  pr  to pi is even lower (pi =  4.40, pr  =  —0.07, X = 
—0.016). Thus, the strong dependence on <j \  renders the 
correlations relatively insensitive to  steric inhibition o f res
onance even in the 2 ,6 -dim ethyl system.

Addition of Other Variables. The possibility that the 
addition o f other variables to the regression equation would 
im prove the correlation o f coupling constants was tested 
with three variables: V , the van der Waals radius; Q , the 
parameter defined by Hruska, Hutton, and Schaefer17  and 
believed to be related to the paramagnetic term in Ram 
sey’s equation 18 ’19 (and important, therefore, mainly in 
chem ical shifts, see below); and { E 2), presumably a m ea
sure o f  intramolecular dispersion forces (see below). The 
addition o f the third variable was judged to be significant 
when the confidence level for addition was equal to or 
greater than 95% as determined by the sequential F  test. 10 

The correlations with o r  o r 0 ,  and V  were perform ed on the 
toluenes, anisoles, and benzaldehydes using B on di’s20 van 
der Waals radii for the substituents F, Cl, Br, I, H, and O 
(radii o f  O CH 3 assumed to be that o f oxygen ) 21 and Char- 
ton ’s21 Vmax and V min for the CH 3 and N O 2 groups. The 
correlations o f  coupling constants with or o r 0 ,  and Q were 
run for all systems given in Table II, and correlations with 
o r  o r 0 ,  and ( E 2 )  were perform ed for the toluenes and ben
zaldehydes. The calculations o f values o f Q and (E 2) are 
discussed below.

Using the F add criteria for significance, only the 0 1 , or0, 
V  correlation (using either Vmax or V m;n for N O 2 and CH 3) 
for the anisoles (with V max, n =  8 , F est =  274, F add = 9.9, 
confidence level for addition =  95%) and the 0 1 , or0, Q cor
relation for the toluenes (n = 11, F est = 45.9, ,Fadd = 8.1, 
confidence level for addition = 97.5%) were significant. 
Hence, it appears that in general V, Q, and (E 2) are not 
significant determinants o f  variations in ortho coupling 
constants.

Composition of Electronic Effect. Coupling constants 
in ortho aromatics are apparently determined, therefore, 
by inductive and resonance effects. T he relative com posi
tion o f this electronic effect can be expressed in terms o f  X, 
the ratio o f  p r  to pi. The X values reported in Table II are 
all less than 1 .0 , indicating a predom inance o f the inductive 
effect for all systems studied. W ith few exceptions, the low 
est values o f  X for I3C - 'H  couplings appear in those sys
tems that contain the C -H  bond directly attached to the 
ring, e.g., the toluenes and benzyl chlorides. In systems like 
the anisoles, methyl phenyl sulfides, dimethylanilines, and 
trimethylphenylstannanes, the methyl group is further re
m oved from  the ring, the inductive effect is corresponding
ly attenuated, and X is therefore higher. The benzaldehydes 
and acetophenones are apparently exceptions to these gen
eralizations. In the benzaldehydes, the hydrogen is at
tached to a carbon capable o f  conjugation with the ring and 
X is, therefore, higher than in the toluenes. The low value 
for the acetophenones is not easily rationalized.

In order to compare the com position o f the ortho elec
tronic effect (as manifested by 13 C - 1H coupling constants) 
to that o f  the para electronic effect, coupling constant data
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Table III. Correlations o f  ( J x ~ ^h ) with o ¡, crR ° for

R J Pi Pr X C r $est F  est C.L., % n

c h 3 13C - ‘ H 1.94 1.30 0.67 - 0 .0 3 0.996 0.062 258.7 99.9 7
o c h 3 I3C - ‘ H 1.73 2.25 1.30 0.09 0.977 0.188 74.3 99.9 1 0

CHO 13C—3H 7.59 9.29 1 . 2 2 —0.70 0.978 0.823 64.4 99.9 9
c o c h 3 13C - 'H 0 .8 6 1.55 1.80 0 . 1 2 0.957 0.153 27.4 99.75 8

c f 3 13C - 19F 1.67 3.19 1.91 - 0 .3 3 0.970 0.344 39.9 99.9 8

n h 2 15N - 'H 8.43 13.33 1.58 - 0 .0 6 0.992 0.493 151.8 99.9 8

Sn(CH 3) 3 “ 9Sn—13C 15.10 9.08 0.60 0.37 0.987 0.702 74.8 99.9 7

Table IV. 13C Chemical Shifts (±0 .05 ppm ) for O ff-Ring Carbons o f
X

R X  = H F Cl Br I c h 3 CN n o 2 COCH3 OCH 3 n h 2 N (C H 3)2 C F 3

c h 3 21.42 14.36 19.98 22.84 28.04 19.66 20.35 20.25 16.23 17.17 18.33
o c h 3 54.99 56.03 55.87 55.99 56.16 54.98 56.52 55.48 55.73 55.36
CHO 192.33 187.15 189.47 191.34 192.61 188.33 189.49 194.13
N(CH 3) 2 40.30 44.01 44.22 42.12 43.06 41 .39 45.63
c f 3 124.62 122.77 122.84 122.14 122.07 123.50 125.18 124.33

«30%  in CDC13.

Table V . Correlations o f  (5 x _ 5 h ) with a j, 0 R ° for

X

R 5 Pi PR C r ®est Fest C.L., % n

c h 3 13C - 1 .4 4 7.69 0.44 0.465 3.59 1 . 1 50 i i
o c h 3 13C 2.18 —0.13 0.03 0.966 0.15 48.3 99.9 1 0
N(CH 3 ) 2 13C 2.24 0.34 2 . 1 2 0.347 2 . 1 0 0.3 < 50 7
CHO ,3C - 7 .5 3 —0.04 0.53 0.800 1.69 4.5 90 8
COCH3 13CO - 1 . 8 6 3.03 - 1 .7 2 0.453 1.59 0.65 < 5 0 8

, 3c h 3 —4.80 4.55 - 1 .4 2 0.708 1.54 2.5 75 8
Sn(CH 3) 3 13c 0.85 0.37 0.77 0.342 0.72 0.3 < 50 7
CF 3 13c - 4 .2 2 —0.63 0.06 0.955 0.41 25.7 99.75 8
n h 2 15N 2.55 2.06 - 0 .0 8 0.837 0.69 3.5 75 6
Sn(CH 3) 3 119Sn 28.98 34.50 0.93 0.990 1.74 103.5 > 99 .9 7

o f para-substituted systems were also correlated via eq 1  to 
<n and <rR°. Coupling constants for the toluenes ,22 ani
sóles ,22 and benzaldehydes23 were reported previously; con 
stants for the acetophenones are listed in Table I. Correla
tions for 13 C - 19F , 14 15 N - 1 H ,24 and U9S n - 13 C8 couplings 
were also performed. The results o f  the correlations are 
given in Table III, from which it is obvious that (a) the cor
relations are excellent in general, and (b) A is frequently 
greater than 1 . 0  and always higher than that for the ortho 
correlations. This latter conclusion is easily rationalized on 
the basis o f  an increased inductive effect resulting from the  
increased proxim ity o f  substituent and reaction site in the 
ortho derivatives and supports Charton’s1 conclusion that 
in general the com position o f the ortho and para electronic 
effects are different.

C h em ica l S h ift  C orre la tion s . T he offering carbon 
chem ical shifts reported in Table IV were correlated with 
< 7i and <7r °  according to the equation

Sx -S h  = p m  +  p r <j r °  +  C  (2)

These correlations are tabulated in Table V. Also given 
there are correlations for 13C shifts o f ortho-substituted 
acetophenones ,25 trimethylphenylstannanes,8 15N shifts for 
anilines (in C D C I3),12 and 119Sn shifts for trim ethylphenyl

stannanes.4 For only three systems, the anisóles, trifluoro- 
toluenes, and trimethylphenylstannanes, were the correla
tions significant above the 95% confidence level. Correla
tions with cri and the other resonance parameters for the 
toluenes, anisóles, and benzaldehydes produced the fo l
lowing F  levels: toluenes, <t r (b a ) ,  1-5; <rR_ , 0.95; <rR+, 1.2; an
isóles, <tR(ba), 43.7; <rR~, 47.2; <rR+, 48.9; benzaldehydes, 
° R ( B A ) ,  4.5; <rR , 4.5; <tr +, 4.9. Thus, for the anisóles and 
benzaldehydes <rR+ led to a slight im provem ent in the cor
relations, while for the toluenes o-r ( b a ) provided the best 
correlation (though differences are small).

The F  levels for the correlation o f (<5x -<5h ) for the ring 
carbons with crj and <rR° are presented in Table VI. T he pa 
rameters o f  eq 2 are given in Table VII for those correla
tions significant at or above the 95% confidence level. As is 
apparent from the table, correlations for C(5) are consis
tently good, while shifts at C(4) and C (6 ) occasionally a f
ford good correlations. The other ring carbons rarely exhib
it good correlations. These trends and the predom inance o f 
the resonance effect at C(5), the carbon para to the X  sub
stituent, are consistent with previous observations .26

The possible influence o f  hydrogen bonding between the 
substituent and the reaction site was examined by removal 
o f  the amino group from  the set o f  substituents for the ani-
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Table VI. F  Levels for Correlations o f  13C Ring Shifts with fjj, Or “ 0 and o j, ffR °, and Qb for
X

R C (l ) C(2) C(3) C(4) C(5) C (6 )
c h 3 0\, Or » 3.4 1 . 2 2 . 1 24.3 18.2 3.5

° b  a R °, Q 11.3 2 . 2 6 . 1 0 . 2 27.5 0 . 0 1
OCH3 ° i ,  o r 0 7.0 0.4 2 . 1 1.3 90.5 1.4

CHO
Oj, OR 0 , Q 6 .8 7.1 6 .0 11.4 4.0 3.8
° i > a R° 2.5 1 . 1 2 . 1 1 2 . 2 44.1 0.7
ah a R o, q 5.2 18.5 13.5 0.5 1 . 1 0 . 0 0 2

c f 3 0 1, °R ° 0.7 0.03 0 .6 4.1 17.0 6 .2
On ctr ° i  Q 0.4 0 . 1 0.7 1 . 6 1.9 6.5

N(CH3 )2 ° h  Or » 1 . 1 0.5 1 . 8 0 .2 85.2 0.4
Ob Or », Q 0.05 0 . 2 0.04 0.05 4.2 1.4

c o c h 3 Ob Or 0 1 . 8 0.3 0.09 0 . 2 49.2 7.8
Ob Or », Q 18.1 84.8 1 . 2 0.4 1 2 . 8 0.25

Sn(CH3)3 0 1 , Or » 1.3 8 .8 3.0 36.9 3.9 5.4

a Pest for ah Or «
Ob Or », Q 

correlations, b

9.1
Fadd for Oh o R°

1 . 8

, Q correlations.
1.9 2 . 6 16.9 1 2 . 2

Table VII. Correlations o f  (5 X—§ h ) ° f  Ring Carbons with ffj , (Tr ° Significant at or above the 95% Confidence Level

R Carbon Pi P r C r ’S’est Pest C.L., % n

CH3 C(4) 2.44 - 1 .9 7 0.16 0.927 0.27 24.3 99.9 1 1
C(5) 2.17 17.73 0.35 0.906 2.16 18.2 99.75 1 1

o c h 3 C (l) - 7 .6 7 16.15 - 0 .4 2 0.816 3.07 7.0 97.5 1 0
C(5) 5.34 20.96 - 0 .2 5 0.981 1 . 1 1 90.5 99.9 1 0

CHO C(4) 1.52 —4.25 - 0 .7 0 0.911 0.51 1 2 . 2 97.5 8
C(5) 6 .0 2 21.98 - 0 .4 5 0.973 1.48 44.1 99.9 8

c f 3 C(5) 4.29 16.51 —0.19 0.934 2.36 17.0 99 8
C (6 ) 3.51 —2.32 0.13 0.844 0.54 6 . 2 95 8

N(CH3)2 C(5) 3.18 15.81 - 0 .3 6 0.989 0.84 85.2 99.9 7
c o c h 3 C(5) - 6 .0 3 —21.13 0.48 0.976 1.34 49.2 99.9 8

C (6 ) 4.75 3.92 - 0 .8 9 0.870 1.06 7.8 97.5 8
Sn(CH3) 3 C(2) 10.80 -5 2 .0 3 0.09 0.903 7.06 8 .8 95 7

C(4) 2 . 2 1 - 2 .9 9 0 . 0 0 0.974 0.25 36.9 99.5 7

soles, benzaldehydes, and acetophenones. Neither the off- 
ring or C(5) correlations were im proved for the anisoles 
while both  the form yl carbon and C(5) correlations im 
proved (to the 95 and 99.9% confidence levels, respectively) 
for the benzaldehydes. Only the methyl correlation im 
proved (to the 90% confidence level) for the acetophenones. 
Thus the relationship between intramolecular hydrogen 
bonding and the significance o f  these correlations is uncer
tain. M oreover, there is in general no parallel between the 
results obtained for the coupling constant and chem ical 
shift correlations.

T he effect o f  steric inhibition o f resonance on 13C shift 
correlations was tested by perform ing the correlation with 
cri and <jr° for the toluenes using values ranging from  —0.52 
to —0.25 for <tr° for the dim ethylam ino group. A decrease 
in the absolute value o f <jr° resulted in a slight decrease in 
jPest, and thus there appears to be no evidence that steric 
inhibition o f resonance o f the N (C H 3 ) substituent has re
sulted in deviation from  the correlation plane for the to 
luenes.

A d d ition  o f  O th er  V a riab les. T he possibility o f  a rela
tion between size o f  the ortho substituent and 13C chem ical 
shift at the reaction site was tested by addition o f  the vari
able V  (vide supra) to the regression equation. Correlations 
to  cfj, <7r°, and V  were run for the toluenes, anisoles, and 
benzaldehydes. W hen either V mm or V max was used for 
CH 3 and N O 2 the addition o f V  for the off-ring carbons was 
not significant at the 95% confidence level. For the ring car
bons, the addition o f V  was significant at this level for C (6 ) 
o f  the anisoles and C(4) o f  the benzaldehydes using V m ax 

for -C H 3 and -N O 2, and C(4) o f  the toluenes, C (6 ) o f  the

anisoles, and C(4) o f  the benzaldehydes using i /min for 
-C H 3 and -N O 2. In  general, then, the addition o f V  to  the 
regression equation is not justified.

The Q parameter, defined by Hruska, H utton, and 
Schaefer17  as P /I r 3, where P  is the polarizability o f  the 
C -X  bond o f the ortho substituent, /  is the first ionization 
potential o f  the X  atom, and r is the C -X  bond length, has 
been applied with some success to proton , 17 ’27 -30  fluo
rine ,1 7 ’27 and carbon30 shifts in ortho or cis configurations. 
T he parameter has been related to the paramagnetic term 
in the Ramsey equation .17  T he F  levels for the addition o f 
Q to  eq 2 for the ring carbons are given in Table VI. The Q 
values were taken from  the com pilation o f  values for ortho 
substituents based on the proton shifts in various haloben- 
zenes.29 T he Q value for the NfCHoja group was calculated 
from  a least-squares plot o f  the C(3) proton chem ical shifts 
o f  2 -substituted chlorobenzenes vs. the Q value o f  the sub
stituents. T he proton shift for 2 -dim ethylam inochloroben- 
zene was taken from the work o f Goetz, Nerdel, and 
Rehsc .31

T he F add values reported in Table VI are significant at 
the 95% confidence level for the following carbons: to 
luenes, C (l), C(3), C(5); anisoles, C (l),  C(2), C(3), C(4); 
benzaldehydes, C (2 ), C(3); trifluorotoluenes, none; di- 
methylanilines, none; acetophenones, C ( l ) ,  C (2), C (5); tri- 
methylphenylstannanes, C(5), C (6 ). Hence, in three out o f 
the seven systems studied the addition o f Q is significant at 
the 9 5 % confidence level (in five out o f  seven the addition 
is significant at the 90% confidence level) for the carbon 
ortho to the substituent and attached to the reaction site, 
that is, C (l). In three out o f  seven systems the addition is
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Table VIII. Three Parameter (cĵ CTr 0, P) Correlations o f  (5 X - S H) for Off-Ring Carbons o f

R P Pi P R P P C r •̂ est ^est -f'add C-L-add n

c h 3 Q - 4 .8 4 - 1 .0 4 2.55 -6 .1 1 0.805 2 . 5 7 4 . 3 8.6 9 7 . 5 1 1

c h 3 (E 2> - 4 .6 6 15.84 1.45 - 1 .7 2 0.954 1 . 5 3 17.0 30.0 9 9 . 5 9

CHO (E2) —12.06 —0 . 0 1 0.83 —1.16 0.986 0.56 35.0 41.1 9 9 7

significant at the 95% level for the carbon bearing the sub
stituent. In three out o f seven systems the addition is sig
nificant at the 95% level for the other carbon, C(3), ortho to 
the substituent. The addition o f Q to the regression equa
tion is, therefore, significant for ortho carbons and those 
attached to the substituent in some cases but certainly not 
in all. For m ost correlations for which F a¿¿  is significant at 
the 95% level the overall correlation is also significant at 
that level. The correlations for C (2 ) and C(3) o f  the ani
sóles were significant at lower confidence levels.

Correlations o f  the off-ring carbons with <n, ar °, and Q 
were also perform ed. For only one system, the toluenes, 
was the addition o f  Q significant at the 95% confidence 
level. T he parameters o f  this overall poor correlation are 
given in Table VIII.

Another parameter used to correlate proton ,32 fluo
rine ,3 3 -3 5  and carbon32 chem ical shifts is the nonzero time 
average electric field, (E 2), generated by tim e dependent 
dipole mom ents in neighboring substituents. These van der 
Waals forces can be estimated by the equation33’36

q p t
m  = ^  (3)

r6

where P  is the polarizability o f  the substituent, I  is the first 
ionization potential, and r is the distance between the reac
tion site and the substituent. In calculating values o f  ( E 2) 
we have assumed P  to be the polarizability o f  the bond 
from  the ring to the first atom o f the substituent and the 
bond refractivities given by Sm ythe37 were converted to 
polarizabilities. The ionization potential was assumed to  be 
that o f the first atom o f  the substituent (e.g., 0  o f  O CH 3), 
and r was defined as the distance from  a carbon o f the 
ortho site to the center o f the bond from  the ring to the 
first atom o f the substituent. The distance r was calculated 
using simple geometry, bond lengths from  m odel com 
pounds ,38 and an angle o f  1 2 0 ° for all ring-substituent an
gles. For the anisóles, r was calculated for two conform a
tions: in one the methyl group is coplanar with the ring and 
oriented away front'the ortho substituent; in the other the 
methyl group is in a plane perpendicular to the ring. For 
the acetophenones, the configuration reported by M ontau- 
do et al. 14 was assumed to be constant throughout the se
ries. The distance r for the trimethylphenylstannanes was 
calculated for the methyl carbon in four conformations. In 
one, a reflection o f the methyl group on the tin-phenyl axis 
was used as an average position. In a second conformation, 
the methyl group was assumed to be in the plane o f the 
ring and away from  the ortho substituent, while in the 
third case it was oriented toward the substituent. In the 
fourth conformation, one methyl group is in the plane o f 
the ring and away from  the substituent and r is calculated 
to one o f the other methyl groups (toward the substituent) 
in that conformation.

The off-ring 13C and 119Sn shifts were then correlated to 
a\, <7r°, and ( E 2) for the toluenes, benzaldehydes, aceto
phenones, anisóles (two correlations, one for each confor
m ation), trimethylphenylstannanes (five correlations: four

conform ations for 13 C, one for 1 1 9 Sn). O f these, only two, 
the toluenes and benzaldehydes, resulted in a value for 
Fadd at or above the 95% confidence level. As is obvious 
from  Table VIII, these correlations are quite good and the 
addition o f ( E 2) clearly resulted in a significant im prove
ment.

It appears then that none o f the three parameter linear 
equations em ployed above can provide satisfactory correla
tions for a majority o f the systems studied. However, the 
electronic, “ paramagnetic” , and dispersion effects are not 
the only factors capable o f  influencing chem ical shifts. A 
recent review39 includes, in addition to  the factors d is
cussed above, the neighbor anisotropy, steric polarization, 
electric field, and solvent effects.

W hile the shielding due to the magnetic field produced 
by an ortho substituent can be calculated using the point- 
dipole approxim ation ,40 the necessary magnetic suscepti
bilities for the substituents are not accurately known. 
M oreover, the point-dipole approximation is valid only 
when the distance between the substituent and the reac
tion site is greater than the size o f  the bond or group pro
ducing the magnetic field.

The steric polarization effect has been placed on a quan
titative basis for gauche 1-4 carbon atom s ,41 but not for the 
interaction o f a carbon atom with a heteroatom  in the 7  p o 
sition (some o f which have recently been ascribed to hyper- 
conjugative interactions42).

The effect o f  an electric field generated by a polar sub
stituent on a chemical shift at the reaction site can be d e 
scribed by the Buckingham equation43 and involves two 
terms, one dependent upon the com ponent o f  the electric 
field along the bond direction at the reaction site, the other 
dependent upon the square o f  the electric field.

= - A E Z -  B E 2 (4)

Feeney, Sutcliffe, and W alker32 have assumed that the 
changes in 13C chemical shifts due to changes in E z and E 2 
are negligible in a series o f halogenated ethanes, owing pre
sumably to the similarity in the magnitudes o f  the bond d i
pole m om ent o f the C -X  bonds, coupled with the com pen
sating effect o f  the distance from  substituent to  the 13C nu
cleus and the magnitudes o f  the constants A  and B . Car
bon-13 shifts in some systems have been rationalized, how 
ever, in terms o f  the electric field m odel.39

The effect o f  solvent has also not been taken into ac
count. Chloroform  is known to produce shifts relative to 
solvents like C C I4  or cyclohexane, especially for com pounds 
capable o f  acceptor hydrogen bonding .3 T he magnitude o f 
these solvent interactions and their variations with substit
uent is at present im possible to predict.

Thus, it is possible that more accurate quantization o f  
factors such as neighbor anisotropy, solvent effects, etc., 
will yield im proved correlations and understanding o f  
ortho 13C shifts. It seems likely, however, that the 13C shifts 
o f  ortho derivatives must be described in terms o f a com 
plex mix o f factors, the com position o f which may vary 
from  substituent to substituent and from  system to  system.
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Carbon-13-proton (and other) couplings, on the other 
hand, can be described with fair success in terms o f  only 
the inductive and resonance substituent parameters.
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The carbon-13 NMR spectra of a number of sulfides and sulfones in the 9-thiabicyclo[3.3.1]nonane geometry 
are reported and discussed. Upon conversion of a sulfide to a sulfone, the carbons 7  to the oxygen experience up- 
field shifts; other substituent effects also are described. Incorporation of a 2,3 double bond into the bicyclic nucle
us induces an upfield shift of carbon 7 as a consequence of the relief of 5 transannular steric interactions. The ef
fects of the configuration of a 2 -hydroxyl group on chemical shifts are reported.

Carbon-13 nuclear magnetic resonance spectroscopy has 
evolved into a very powerful technique for structure eluci
dation in organic chem istry . 1 - 3  One o f  the m ost useful fea
tures o f  13C N M R  is that steric interactions generate signif
icant shielding or deshielding contributions to the reso
nance frequency o f  congested carbon atoms. Because o f 
this sensitive dependence o f the carbon chem ical shift upon 
molecular geometry, 13C N M R  is especially valuable in con 
formational analysis.4 Upon the replacement o f  a hydrogen 
atom with a functional group (including alkyl and aryl 
groups), the carbon bearing the functionality (the a  car
bon) and the carbon im mediately adjacent to the carbon 
containing the substituent (the jS carbon) usually experi
ence downfield shifts. On the other hand, the carbons 7  to 
the substituent usually exhibit upfield shifts. Grant and 
Cheney5 have proposed that “ the upfield shifts are due to 
(sterically) induced polarization o f charge along the H C 13  

bon d ”  when the 7  carbon is in a gauche relationship with 
the substituent.6 -1 2  For 7 -eclipsed nuclei (such as in cis- 
disubstituted olefins13  and ortho-disubstituted arom at
ics14), upfield shifts are also found , 15  presumably for sim i
lar steric reasons. W hile the upfield 7  steric argument has 
been very valuable in assignment o f  chemical shifts as well 
as a convenient indicator o f  spatially proximate groups, it 
should be em ployed with care since a substantial amount o f 
data has been presented for S steric effects which are uni
form ly dow nfield . 16 -18  M oreover, Eliel et al. recently have 
dem onstrated that appreciable upfield shifts are observed 
even when the 7  carbon and the substituent are in an anti- 
periplanar arrangement (thus precluding steric effects), 
but only when the substituent is a second row heteroatom 
(N, O, F ) . 19

W e have measured the 13C N M R  spectra o f  9-thiabicy- 
clo[3.3.1]nonane (1) and a number o f  its derivatives. In this 
report we describe the effects on the carbon chemical shifts 
o f  these bridged bicyclic substrates as a function o f  ( 1 ) the 
conversion o f  a sulfide to a sulfone, (2 ) the incorporation o f 
a 2,3 double bond into the bicyclo[3.3.1]nonyl geometry, 
and (3) the configuration o f a 2-hydroxyl group.

Results and Discussion

Effect of the Oxidation of Sulfur. For the transforma
tion shown in eq 1 , the introduction o f an oxygen on sulfur 
results in the 7 -gauche carbon 6  being shielded by 7.1 
ppm . 20 Similar 7 -gauche steric effects have been reported 
for trimethylene sulfites ,2 1 1,4-oxathiane ,22 and the parent 
thiane system .23

ác _6 =  142.7 5c _6 =  135.6

The 13C chemical shifts for the 9-thiabicyclo-
[3.3.1]nonanes we have studied are listed in T able I. A s
signments were made in the following manner. The 
shieldings o f  the parent sulfide 1  and sulfone 2  were appar
ent from  relative peak intensities and the splitting patterns 
observed in coupled spectra; the assignments are unam big
uous. For the 2,6-dichlorides (3 and 4) the known24 effects 
o f  an endo 2-chloride in the b icyclo [3.3.1]nonane system 
were em ployed in conjunction with coupled spectra to as
sign the signals to the proper carbons .25 W ith our data for 
com pounds 1-4, along with other inform ation for various 
bicyclo[3.2.1]oct-2-enes ,26 chem ical shift assignments for 
the carbons o f  the unsaturated sulfides and sulfones 5 -8  
follow ed in a straightforward way. In accord with the re
sults o f  Stothers et al. ,26 the lower field olefinic resonance 
is assigned to olefinic carbon 2 , adjacent to the bridgehead. 
In all cases, coupled spectra were obtained in order to d is
tinguish positively between the methylene and methine 
carbon atoms.

From  the data assembled in Table I, the substituent pa
rameters o f  transforming a sulfide to a sulfone in the 9- 
thiabicyclo[3.3.1]nonane system can be derived; they are 
summarized in Table II. The effect on the bridgehead car
bons (/? effect) is 2 0 .0  ppm, a value virtually identical with 
that reported for the 2 -thiabicyclo[2 .2 .2 ]octane system .24 

T he deshielding direction o f the /? effect reflects the greater 
electron-withdrawing inductive nature o f  the sulfonyl m oi
ety com pared to the sulfide group. T he 7  effects are 
shielding (presumably owing to gauche steric interactions) 
and are dependent upon the proxim ity o f  any chlorine 
atoms in the molecule. For the aliphatic 7  carbon atoms 
w ith ou t an a or  7  chlorine ( 7  aliphatic effect ty p e  I)  the 
sulfonyl oxygen produces upfield shifts o f  about —2.4 ppm ; 
this effect is in close agreement with that found for the 
conversion o f 1,4-oxathiane to 1,4-oxathiane 4,4-dioxide .22 

7  carbons w ith a 7  chlorine ( 7  aliphatic effect ty p e  II)  ex
perience upfield shifts o f  about —6 .6  ppm  upon oxidation 
to the dioxide. Aliphatic carbons with an a chlorine ( 7  ali
phatic effect ty p e  II I )  are shielded by approxim ately —5.1 
ppm  as a result o f  the sulfide to sulfone transformation. 
T he olefinic 7  carbons are shifted to higher field by 8.5 
ppm ; a similar shielding has been observed for the 2 -thiabi- 
cyclo[2.2.2]octene system .20 A t the present time we are un
able to offer a satisfactory explanation for the effect o f  
chlorine on the 7  aliphatic effects o f  types i l  and III. The S 
aliphatic effect is —2.5 ppm ; similar 5 oxidation effects 
have been reported for the production o f thiane 1 -oxide23 

from  thiane ,19 as well as for the conversions o f  hydrocar
bons to ketones in the bicyclo[3.3.1]nonyl,24’27 bicy- 
clo[3.2.1]octyl,26 and adamantyl1 1 ’28 systems. T he 5 olefinic 
effect ( 1 . 6  ppm ) is in substantial agreement with previous 
results. 20

In order to gain some insight o f  the effect o f  m onooxida-
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Table I. 13C Chemical Shifts for Various 9-Thiabicyclo[ 3.3.1 ] nonanes'2

CI Cl Cl Cl

Carbon ^
1 2 i ' ? ) (E >  { E > ( 5 }

6 5 4 

7( 0 ( E )
6 5 4

’( E ) 3 ( ¥ )
Cl

\ 8 1 2
h 8 1 2 "’OH >0H'

1 2 3 4 5 6 7 8 16 17

1 33.2 53.2 37.3 56.7 31.4 52.5 33.6 54.2 58.6 58.6
2 32.1 29.4 62.4 58.0 129.9 121.3 130.3 121.8 69.2 72.3
3 21.6 19.2 32.5 30.3 127.5 129.9 129.0 129.8 28.2 28.6
4 32.1 29.4 28.3 22.0 34.2 27.1 35.3 32.6 25.2 25.9
5 33.2 53.2 37.3 56.7 38.9 58.4 32.8 52.5 51.9 52.7
6 32.1 29.4 62.4 58.0 64.4 57.9 30.6 28.2 29.2 28.6
7 21.6 19.2 32.5 30.3 25.7 26.0 18.0 14.7 18.6 17.4
8 32.1 29.4 28.3 22.0 28.8 27.1 32.8 31.1 28.2 26.8

a In parts per million from  internal M e4Si for CDC13 solutions.

tion, the bicyclic sulfoxide 9 was also studied; its chemical 
shifts are shown with its structure. T he coupled spectrum

O

permits an unequivocal assignment for the bridgehead car
bons. The other assignments were based upon the data for 
thiane 1-oxide23 and 1,4-oxathiane 4-oxide .22 For the car
bons o f the ring in which the oxygen is axial, and 7  and 8 
effects are —11.7 and —2.1 ppm ; these values are very sim i
lar to those found for thiane 1-oxide (—12.3 and —1.8 ppm , 
respectively) . 19 ’23 For the carbons o f the ring in which the 
oxygen is equatorial, the 7  and 8 effects are —3.3 and —1.8 
ppm ; the corresponding values for the m onocyclic m odel 
are —4.5 and —1 . 8  ppm , respectively . 19 ’23 T he 7 -gauche e f
fect is a result o f steric interactions similar to  those exhib
ited in the sulfide to sulfone transformations described 
above, although the magnitude is substantially greater for 
the sulfoxide . 22 The 7 -anti effect is not unlike those re
ported by Eliel19 and may have the same origin. The ¡3 e f
fect (14.8 ppm ) is substantially less than those in the par
ent thiane system (15.9 ppm  for axial oxygen and 23.0 ppm  
for equatorial oxygen).

E ffe c t  o f  In co rp o ra tin g  a 2,3 D o u b le  B on d  in to  the 
9 -T h ia b icy clo [3 .3 .1 ]n on a n e  System . Introduction o f two 
axial methylene groups onto a six-m em bered ring in a 1,3 
fashion ( 1 0  —*• 1 1 ) should bring about an upfield shift o f  the

unsubstituted 7  carbon by approxim ately 1 0  ppm 6 -1 2  as a 
consequence o f the 7 -gauche steric effect. Tying the m eth
ylene groups together with another methylene unit pro
vides the bicyclo[3.3.1]nonane geom etry (11 —* 12) and 
adds a deshielding increm ent to  the chem ical shift o f the 
carbon atom under consideration as a result o f  the 8 steric 
effect. From the data collected in Table III, the overall e f
fect on the chem ical shift o f  the designated carbon for the 
conversion o f a (hetero)cyclohexyl substrate into a (9-het- 
ero)bicyclo[3.3.1] nonyl derivative is approxim ately -5 .3  
ppm , which implicates a 8 steric shift o f  about 4.7 ppm  (a 
value in good agreement with other reported 8 shifts16-18).

Table II. Substituent Parameters for Sulfide to  
Sulfone Conversion

Occur- Standard
Parameter« rences0 AS, ppm Range deviation

P c + 2 0 . 0 19.4 to  21.1 0.7
7  aliphatic I d —2.4 —1.7 to  —2.7 0.5
7  aliphatic II e - 6 .7 —6.3 to  - 7 . 1 0 .6
7  aliphatic III f —5.4 —4.4 to  —6.5 1.5
7  olefinic g - 8 .6 —8.5 to  —8 .6 0 . 1
0 aliphatic h - 2 .6 —2.2 to  —3.3 0 .6
5 olefinic i + 1 . 6 0.8 to  2.4 1 . 1

a See text for explanation o f  types, b The number o f  in-
dependent measurements, N , is used to  calculate the mean 
and standard deviation for each effect, c 1 -» 2, C -l, 5;
3 -* 4, C -l, 5; 5 -> 6 , C -l, 5; 7 -  8 , C -l, 5;JV= 6 . ¿ 1  -  2 , 
C-2, 4, 6, 8; 7 -  8, C-4, 6 , 8 ; N  = 4. * 3 -> 4, C-4, 8 ; 5 6,
C-4; N  = 2. N ot included is value o f —1.7 for 5 -^ 6 , C-8 . 
f  3 -+ 4, C-2, 6 ; 5 -> 6 , C-6 ; N  = 2. £5  -e 6 , C-2; 7 -  8 , C-2; 
N  = 2. & 1 -  2, C-3, 7 ; 3 ^ 4 ,  C-3, 7 ; 7 ^ 8 ,  C-7; N  = 3. N ot 
included is value o f  +0.3 for 5 -» 6, C-7. !'5  -> 6 , C-3; 7 -* 8 , 
C-3; N  = 2.

Elimination o f the transannular interaction inherent in 
the chair-chair conform ation o f  the bicyclo[3.3.1]nonane 
nucleus should remove the 8 steric com ponent o f  the en
cum bered carbons and induce an upfield shift. There are at 
least four ways o f eliminating or reducing the transannular
(5) steric interaction in bicyclo[3.3.1]nonanes: (1) conver
sion o f the [3.3.1]nucleus to  the [3.2.1]nucleus18a’26’27’30 (eq
2 ); (2 ) alteration o f the chair-chair to  chair-boat equilibri
um in favor o f  the latter18 ’3 1  (eq 3); (3) transformation o f a
3-m ethylene group to  a 3-keto group 18 -27 (eq  4); and (4) in
corporation o f a 2,3 double bond into the bicyclic nucleus 
(eq 5). Table IV contains examples pertinent to  the first 
three types o f  modifications (eq 2 -4 ). As can be seen, each

(2 )

(3)

(4)
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Table III. Effect on  the Chemical Shift o f  Designated 
Carbons for the Conversion o f  (H etero)cyclohexanes 

to  (9-H etero)bicyclo[3.3.1 ] nonanes0

Cyclohexyl Chemical B icyclononyl Chemical
com pd shift0 com pd shift0 AS

A A

/ A

A A

NOH,

/ O ' C *

/ O
s ^ r

25.I e

24.7 '

24.7 '

22 .8 d —4.9

20 .7d - 3 . 4

20.4° —6.2

18.8^ - 6 . 3

21 .6 £ —5.4 
2 0 .9 s  —6.1

21 .6 d —4.9

1 9 .5 / - 5 . 2

1 9 .8 / —4.9

" Chemical shifts o f  carbons denoted by •. 6 In parts per 
million from  Me4Si. c Reference 1. d Reference 27. e R ef
erence 18a. /  Reference 29. S Reference 18b. h Reference
19. ' Reference 23. /  This work.

Table IV. M odification o f  B icy clo [3 .3.1 ] nonanes 
to  Relieve Transannular Interactions"

Bicyclo-
En
try

[3 .3 .1 ]-
nonane

Chemical
shift6

M odified
com pd

Chemical
shift6 A5

1 < >> 2 2 .8 e < >1 19.1^ - 3 . 7

2 20.7" 17.4^ - 3 . 3

3 <SE> 20.4e <3 1 5 .9 / - 4 . 5

4 /cH^J 19.8e / can  V —OH\ y / 14 .5e - 5 . 3

5 ^ANCH^-OH 18.2e / : anchV --oh 
N— e— 1 c r

13 .0e - 5 . 2

6 2 1 .6 / <0 =PP^ = 0 1 8 .2 / - 3 . 4

7 <phH 2 0 .9 / 1 7 .1 / - 3 . 8

8 20.4e /  Cb ]n y = 0 16.1e —4.3

9 ^ A nch^  c r 18.4e / canchj= o 
\ /  /  C1- 14.8e - 3 . 6

a-b See Table III. c Reference 27. d Reference 26. e R ef
erence 18a. /  Reference 18b.

transformation produces an upfield shift o f  the sterically 
relieved carbon. Until now, there have been no examples o f  
the type o f transformation indicated in eq 5; our data are 
summarized in Table V  and are in accord with our predic
tion.

Table V . E ffect o f  Incorporation o f  a 2,3 D ouble Bond 
into the 9-T hiabicyclo[3 .3.1 ] nonane Nucleus2

Saturated Chemical Unsaturated Chemical
com pd shift6 com pd shift6 AS

( T ) 2 1 . 6 / s  \ 18.2 —3.4
v _ v _ /

/  sb, ) 19.2 /  so2 ) 14.7 - 4 . 5
\  y. / \ \ /
Cl Cl

Æ )
30.8e

< 5 >
26.0 - 4 . 8

">6 See Table III. c Reference 27.

It is o f  interest to point out the significance o f  the larger 
A5 values found for the 3-hydroxy-9-m ethyl-9-azabicyclo-
[3.3.1] nonane system (Table IV, entries 4 and 5) com pared 
to those found for all other examples o f  transannular steric 
relief (—5.3 ppm  vs. about —3.9 ppm , respectively). T he ad
ditional 1.4 ppm  upfield shift found for the granatanol d e 
rivatives can be attributed to the y-gauche steric interac
tion between the endo hydrogen on carbon 7 and the endo 
hydrogens at carbons 2 and 4 (see structure 13).18

CH3

O f additional significance is the resonance position o f the 
carbonyl carbon o f  pseudopelletierine m ethochloride 
(Table IV, entry 9). Jones and Hassan have dem onstrated 
that the chemical shift o f  the carbonyl carbon o f  the m eth- 
iodide o f  A /-m ethyl-4-piperidone is solvent dependent: in 
dim ethyl sulfoxide carbon 4 resonates at 201.7 ppm , a value 
typical for carbonyl carbons ;1 on the other hand, in water 
carbon 4 absorbs at 101.7 ppm , indicating that the carbonyl 
group exists as the hydrate .3 1 For the pseudopelletierine 
derivative 14 the carbonyl carbon resonates at 193.7 ppm  in 
water;27 thus hydrate form ation is insignificant because o f  
steric interactions o f  the endo hydroxyl group in conform a
tion 15a or the exo hydroxyl group in conform ation 15b.

Effect of the Configuration of a 2-Hydroxyl Group. 
W e have previously described the effects o f  the configura
tion o f a 3-hydroxyl substituent in the 9-azabicyclo-
[3.3.1]nonane and 9-phosphabicyclo[3.3.1]nonane systems 
on the chem ical shifts o f  the various carbon atom s . 18 Also 
o f  interest are the effects o f  the configuration o f  a 2 -hy
droxyl group. Thus, we measured the 13C N M R  spectra o f  
the hydroxyl sulfones 16 and 17; Tables I and V i contain
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Table VI. ,3C Substituent Parameters for 2-Hydroxyl-9-thiabicyclo[3.3.1 ] nonane 9,9-Dioxides
AS for carbon position*2

Compd 1 2 3 4 5 6 7 8

16 (endo OH) 5.4 39.8 9.0 - 4 . 2 - 1 . 3 —0 . 2 —0 . 6 - 1 . 2
17 (exo OH) 5.4 42.9 9.4 - 3 .5 - 0 . 5 - 0 .8 - 1 . 8 - 2 .6

a AS values are differences in chemical shifts (in parts per million) observed upon introduction o f  2 -hydroxyl group into 
parent sulfone 2 .

0

16

0

the pertinent chemical shift inform ation. Assignments were 
made on the basis o f  the w ell-docum ented substituent e f
fects o f  hydroxyl groups , 1 ’19 splitting patterns o f  coupled 
spectra, and with the aid o f  the other sulfone data obtained 
in the present investigation. Since the com pletion o f our 
study, a report on the configurational effects o f  a 2 -hydrox
yl group in the bicyclo[3.3.1]nonan-2-one system has ap
peared ;24 our data are com pletely com patible with those re
ported, but will not be elaborated here in view o f  the exten
sive discussion in the published account .24

Experimental Section
I3C NMR spectra were measured at 25.15 MHz with a JEOL 

JNM PS-100 spectrometer interfaced with a Nova 1200 computer 
operating in the 8K mode. “ Coupled spectra” were run fully cou
pled rather than off-resonance decoupled. All of the 9-thiabicyclo-
[3.3.1]nonane derivatives were run in deuteriochloroform with 
Me4Si as internal standard. In all cases 1 0 -mm tubes were em
ployed, and the sample concentrations were on the order of 0.5 M. 
With the exception of 17,32 all of the 9-thia substrates were pre
pared and purified according to literature procedures: l ,33 2 ,33 3,33 
4,33 6 ,34 7,34 8 ,34 9,33 and 16.34
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Benzobicyclo[3.3.1 ]non-2-enes. I.
Synthesis and Proton Magnetic Resonance Studies of 7-Substituted 
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A new family of benzobicyclo[3.3.1]non-2-enes was prepared by the acid-catalyzed ring closure of trans-3-ip- 
chlorobenzyl)-l,3,5,5-tetramethylcyelohexanol. The benzobicyclic hydrocarbon so formed was readily converted 
to a series of compounds endo and exo substituted at C-7, the benzylic methylene carbon. The endo and exo alco
hols and bromides all undergo rearrangements to yield a benzobicyclo[3.3. l]nona-2,8-diene and a benzobicyclo-
[3.2.l]nona-2,6 -diene. In the benzobicyclo[3.3.1]non-2-enes, the high-field proton chemical shifts (5h 0.05-0.36) of 
Mesc (the C-5 methyl group syn to the aromatic moiety) are primarily dependent upon aromatic ring current ef
fects. The shifts in a particular derivative are also affected significantly by the nature and stereochemistry of the 
substituent at the benzylic methylene carbon; substitution results in both upfield and downfield shifts. The meth
yl !H NMR substituent effects in the benzobicyclo[3.3.1]nonene systems compare well with those which occur in 
the superficially similar adamantane ring system, and this is taken to imply that the steric interactions inherent 
in both systems are similar, i.e., the cyclohexane ring in the benzobicyclo[3.3.I]nonenes is chairlike in shape.

Previous and current work in this laboratory has been 
concerned with the synthesis and N M R  studies o f  benzobi- 
cyclo[3.2.1]octenes such as l . 1

1

This family o f com pounds has proven interesting for a 
variety o f  N M R  spectral studies, particularly those con
cerning the perpendicular diamagnetic shielding associated 
with aromatic substituents (the so-called “ ring current”  e f
fect) . 2 In com pound 1, the proton resonance o f M e5C occurs 
at an unusually high field, <5 —0.15, owing to this methyl 
being in the shielding region o f the aromatic ring current.1 

Several chlorinated derivatives o f  1 also show proton shifts 
similar to  that o f the parent hydrocarbon .3 In naphtho an
alogues o f  1, the Me.v: resonance appears at even higher 
fields, the range observed being S —0.32 to —0.41, depend
ing on the particular case . 1 As an extension o f  these stud
ies, a new fam ily o f  chlorobenzobicyclo[3.3.1]nonenes such 
as 2  and derivatives have been synthesized and are now re
ported.

2

Tw o theories concerning “ ring current”  effects have been 
proposed: the classical theory o f Johnson and Bovey2a and 
the quantum mechanical theory o f M cW eeny.2b An exten
sion o f M cW eeny’s theory to include protons above the 
plane o f  the aromatic ring has recently been presented by 
Haigh.2c Predictions o f  the chemical shifts o f  protons in the
+ Taken in part from the Ph.D. Dissertation of M. J. Shapiro, Texas A&M 
University, 1974.
* Predoctoral Fellow of The Robert A. Welch Foundation.

plane o f the aromatic ring have met with considerable suc
cess. 211 However, the same m ethod does not predict the 
chem ical shifts o f  protons located above the ring with use
ful accuracy, as the chemical shifts are greatly underesti
m ated.2® Part o f  the problem  associated with such calcula
tions involves a lack o f experimental data on m odel com 
pounds o f well-defined geometries.

Since both the ring systems o f 1 and 2 are essentially 
rigid, they can serve as suitable models for calculations o f 
“ ring current shifts” . In addition, the benzobicyclo-
[3.3.1]nonene ring system 2 is strain-free (as judged from  
molecular models as well as from  aromatic ring coupling 
constant data) in virtue o f the additional carbon atom “ in
serted”  between C-3 and the aromatic ring (as in I). T here
fore, these benzobicyclo[3.3.1]nonenes allow the study o f 
perpendicular ring currents in systems which are not a f
fected by any possible ring strain. (The possible effects o f 
ring strain on aromatic ring current shifts remain to  be as
sessed.) In this new family o f com pounds, these perpendic
ular ring current effects are also studied at slightly d iffer
ent geometrical positions relative to the aromatic m oiety o f
1 .

Other reasons for the preparation and study o f this series 
o f  com pounds include ( 1 ) the investigation o f the effect 
that substitution at the benzylic carbon (C-7) has upon the 
chairlike nature o f  the cyclohexyl ring; (2 ) the examination 
o f the magnitude and direction o f the shifting effect o f 
other group (and bond) anisotropies, such as those o f  bro
mine and hydroxyl; and (3) the applicability o f  13C N M R  
substituent effects. This latter area will be reported sepa
rately, the present paper being confined to a discussion o f  
the synthesis, characterization, and N M R  studies o f  
this new class o f compounds.

Synthesis. It was decided to study the 4 '-chlorobenzobi- 
cyclo[3.3.1]non-2-enes rather than the unhalogenated ana
logue in order to obtain spectra whose aromatic proton pat
terns would be more conveniently analyzed, as well as to 
enhance desirable crystallinity in the com pounds. N o sub
stantial ring current shift changes are introduced by the 
chlorine, as assessed by a less extensive study o f  the un
chlorinated analogue.

The synthetic route used to obtain the parent com pound 
o f this family o f  benzobicyclo[3.3.1]nonenes, 2, is outlined 
in Scheme I. A two-step procedure was em ployed to pre
pare ketone 4 since the direct, copper(I)-catalyzed conju 
gate addition o f p-chlorobenzylm agnesium  chloride to iso-
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Table I. Proton Chemical Shifts (Sh ) for the Methyl Groups of the Benzobicyclo[3.3.1 ]non-2-enesa

Compd X Y ^Mesc ^Mest ¿>Me3 Sx 5y

2 H H 0.30 0.82 1 . 0 1 1.30 2.72 2.61
6 Br H 0.36 0 . 8 8 1.30* 1.32* 5.02
7 H Br 0 . 1 2 0.84 1.30* 1.35* 5.30
8 Br Br 0.25 0.92 1.56 1.34
9 H OH 0 . 1 1 0.82 1 . 0 2 1.30 4.40

1 0 OH H 0.23 0 . 8 8 1 . 1 0 1.30 4.44
1 1 CO 0.29 0.90 1 . 1 1 1.38
1 2 OMe OMe 0.05 0.89 1.26* 1.30* 3.67 3.00
13 OH Me 0 . 2 2 0.89 1.03 1.30 1.42

a Values refer to  5%  w /v solutions in carbon tetrachloride. * Assignments in same row may be reversed; see text.

Scheme I

phorone does not proceed in adequate yield (in either d i
ethyl ether or tetrahydrofuran as solvents). It was found 
that the direct copper(I)-catalyzed conjugate addition o f  
methyl Grignard to 3 proceeded in markedly superior yield 
(50%) when tetrahydrofuran (T H F ) was used as a solvent 
rather than diethyl ether (yield 11%). This parallels the 
dramatic im provem ent in the yield o f  conjugate addition 
product o f  phenylmagnesium brom ide and isophorone 
rather than the disappointing, negative results which ob 
tain when T H F  is used in an analogous a-naphthyl Gri
gnard addition to the same substrate .4 T h e nature of ".his 
solvent effect remains, for the time being, obscure.

Addition o f methylmagnesium brom ide to 4 yielded a 
single tertiary alcohol 5, mp 52-54 °C . T he isomer form ed 
is the alcohol which is expected by minimal steric interac
tion in the transition state (i.e., the alcohol having an axial 
hydroxyl and an equatorial benzyl m oiety), especially since 
the starting ketone has been shown via lanthanide-induced 
shift (LIS) data to be in a conform ation where the benzyl 
group is equatorially disposed .5 N o trace (i.e., <1% ) o f  the 
other alcohol isomer could be found. T he lack o f the other 
alcohol isomer is noteworthy in view o f  the results obtained 
when methylmagnesium brom ide is added to the 3-aryl-

3,5,5-trimethylcyclohexanones. In several such cases, both  
isomers are invariably produced in com parable yields .6 The 
stereochemical im plications o f  the present observation with 
4 are under investigation.

The parent benzobicyclononene, 2 , was prepared by the 
acid-catalyzed cyclization o f alcohol 5, similarly to the 
m ethod previously used to prepare the benzobicy- 
clo[3.2.1]octenes . 1 It was found that excellent yields (ca. 
80%) o f  the bicyclic hydrocarbon 2  could be obtained by 
adding the neat alcohol to trifluoroacetic acid heated to 60 
°C.

Com pound 2 was found to be very susceptible to bromi- 
nation at the benzylic methylene group (C-T). Thus, reac
tion with 1 . 2  molar equiv o f  bromine in carbon tetrachlo
ride yielded a mixture o f  two m onobrom inated products, 6 

and 7, and the gem -dibrom o com pound 8 , as shown below. 
The relative yields were 65, 30, and 5%, respectively.

T he dibrom o com pound, 8 , could be produced exclusive
ly either by brominating a mixture o f  6  and 7 or by adding 
an excess o f  bromine to 2 . In any event, 8 , mp 142-144 °C, 
is easily isolated by crystallization, but 6  and 7 could not be 
obtained separately in pure condition. (Spectral data for 
these com pounds, then, were obtained on mixtures o f  the 
two isomers.) Unsuccessful attempts to effect this separa
tion included distillation, crystallization, and column, thin 
layer, and gas chromatographies.

In the case o f  colum n chromatography the mixture o f 
m onobrom o com pounds reacted on the alumina (or other)



colum n to  yield an alcohol analogue, m p 133-134 °C , shown 
to be the exo isomer 9, as well as two olefinic hydrocarbons 
(vide infra). The exo nature o f  the hydroxyl m oiety in 9 is 
dem onstrated by the N M R  and LIS results presented 
below. T he endo-hydroxyl isomer is probably form ed on 
the colum n also, but is not isolated for reasons discussed 
below.
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The isomeric endo alcohol, 1 0 , mp 102-104 °C , was pre
pared in quantitative yield by the sodium borohydride re
duction o f the corresponding ketone 11, m p 74-75 °C, 
which itself was obtained in high yield by the acidic, aque
ous methanol hydrolysis o f  8 . W hen anhydrous conditions 
were maintained in the methanolysis o f  8 , the dim ethoxy 
ketal 12, mp 79-80 °C, was obtained.

The exo-endo isomeric relationship o f the two alcohols 9 
and 1 0  was established by oxidation to the same ketone, 1 1 . 
In addition, a single tertiary methyl alcohol 13, m p 79-80 
°C , analogous to 1 0 , was form ed on the addition o f methyl 
Grignard to 11. Only the one isomer is form ed, as expected 
for steric reasons.

T he structures o f  these benzobicyclo[3.3.1]non-2-ene de
rivatives are demonstrated by these and other chem ical in
terrelations as summarized in Scheme II, as well as by the 
detailed N M R  studies that follow  and the 13C N M R  re
sults to be presented anon.

Scheme II

10

As mentioned above, all attempts to  isolate the separate 
m onobrom o com pounds 6  and 7 by colum n chrom atogra
phy yielded two olefinic bicyclic hydrocarbons, 14 and 15, 
shown to derive from either o f  the alcohols 9 and 10. The 
same two olefins arise when either alcohol 9 or 10 is treated 
with p-toluenesulfonic acid in refluxing benzene.

Shapiro and Shapiro

The structures o f  olefins 14 and 15 are readily assigned 
on the basis o f  the mechanisms outlined in Schem e III, and 
by a detailed analysis o f  their observed N M R  spectral 
properties.

The first step in the formation o f 14 from  the initially 
form ed carbonium ion 16, giving ion 17, finds close analogy 
in the work o f Berson et al.7 The conversion o f  ion 17 to 
olefin 14 via ion 18, as well as the ring expansion o f ion 16 
to olefin 15, are, o f  course, com pletely unexceptional. The 
involvem ent o f  a carbonium ion intermediate in these reac
tions is further substantiated by the results o f  the treat
ment o f  9 or 10 with trifluoroacetic acid, whereby the same 
mixture o f  epimeric trifluoroacetates is obtained.

The absence o f alcohol 10 in the products o f  the chrom a
tographic decom position, then, is probably due to  its carbo
nium ion forming much more rapidly owing to steric relief 
in the transition state. Similar results are observed on the 
dehydration o f  axial and equatorial cyclohexanols .8

Results and Discussion

In this section are presented the methyl proton chem ical 
shifts, along with data for the benzylic protons, and that for 
selected aromatic shifts. The cyclohexane-ring methylene 
proton shifts were not obtainable because o f  extensive 
overlap with each other and the very small shifts between 
the different proton types. Similar problem s precluded the 
presentation o f the aromatic proton shifts in m ost o f the 
cases other than those cited herein. T he methyl and benzyl 
proton chem ical shifts for the benzobicyclo[3.3.1]non-2- 
enes are summarized in Table I.

The methyl proton resonances at highest and lowest 
fields are readily assigned to M e5c and M ej by analogy with 
the data o f  the benzobicyclo[3.2.1]octenes and their precur
sors. 1 T he high-field and low-field nature o f  these methyl 
shifts arise respectively from  the “ out-of-p lane”  diamag
netic and the “ in-plane”  paramagnetic ring current e f
fects .2

The two remaining methyl group shifts, found at essen
tially normal positions, may be assigned by a consideration 
o f substituent effects involving C-7. Regardless o f  the d e 
tailed weight o f  the different factors involved (vide infra), a 
substituent at C-7 would have a much greater effect on the 
resonance o f M e3 than it would have on Mest, for reasons o f  
proximity. T he other assignments in T able I, then, are 
based on the essential consistency o f one methyl resonance 
(5 0.84-0.92), which is then assigned to Mest- Because o f 
the small shift differences observed for the M ei and M e3 

resonances in 6 , 7, and 12, the assignments may be reversed 
for these compounds.

On the basis o f  the methyl shift assignments o f  T able I, 
the interesting variation o f the M esc chemical shift with the 
nature and orientation o f the C-7 substituent may be ex-
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Scheme III

16
+ H + Z - H ,0

16

amined. O f particular interest are the isomeric brom ides 6 

and 7 and the isomeric alcohols 9 and 10.
The use o f  lanthanide-induced shifts (LIS) permitted 

the assessment o f the orientation o f  the hydroxyl function 
in the two isomeric benzobicyclo[3.3.1]nonene alcohols 9 
and 10. Lanthanide shift reagent (LSR ) binding is expected 
to be more facile in the exo case 9 because the binding site 
is more accessible sterically. Therefore, the LIS observed in 
the exo alcohol should be larger than that observed for oth 
erwise com parable protons in the endo case, 10. In Table II 
are presented the LIS, as X values (slopes, in parts per m il
lion) for the methyl and benzyl proton types o f  9, 10, and
13. Although detailed analyses o f  LIS curves were not per
form ed for these com pounds, insight into the benzyl sub
stituent stereochemistry can be obtained by simple exami
nation o f X values, the initial slopes o f  the LIS doping 
curves .6 These semiquantitative experiments have been 
shown to be valid to explore stereochemical relationships. 
A larger X value has the significance o f  greater L SR  bind
ing— for the same functional group (here, hydroxyl)— thus 
affording a direct, albeit qualitative, assessment o f  steric 
hindrance at the binding site.

O f special interest is the LIS observed for H 7 , which is 
equidistant from  the binding site in 9 and 10. It was found 
that the LIS for this proton was substantially larger in one 
isomer (9) than in the other (10). Also, the M ei and M e3 X 
values were larger in the com pound having the larger H 7 X 
value. The com pound having the larger X value for H 7 , M ei, 
and M e3 is thus the exo isomer 9. Conversely, the consis
tently smaller X values observed for the other isomer sup
port its configurational assignment as the more hindered 
endo alcohol, as indicated in structure 10. Further support 
for these configurational assignments is found in the X-va- 
lue data for the tertiary alcohol analogue o f 10, viz., 13. For 
13, which must surely have the endo hydroxyl configura-

Table II. X Values (Slopes, ppm ) for M ethyl and Benzyl 
Protons o f  9, 10 and 13°

Compd Me, Me 3 M esc M est H x ,
9 0.50 1.36 0.55 0.31 3.54

1 0 0.30 0.87 0.61 0.23 2.42
13 0.33 0.82 0.44 0.33 1.93ft

a Values refer to  E u (fod )3-doped solutions in carbon tetra
chloride. b M e, (benzylic methyl group).

tion on mechanistic grounds, the X values resemble those o f 
10 much more closely than those o f  9, at least for the larger 
M ei and M e3 X values. These conclusions derived from  the 
LIS data are consistent with the chem ical origin o f  these 
com pounds, e.g., an endo alcohol is expected upon reduc
tion o f ketone 1 1 , via transfer o f  a hydride ion from the less 
hindered side o f  the molecule. Confirming the LIS and 
chem ical results, the isomer 9, assigned as exo, shows a sin
glet H 7 (benzylic) resonance as com pared to 10, assigned as 
endo, which shows a doublet signal for H 7 owing to slow ex
change occurring in the more sterically hindered hydroxyl 
function.

Assuming the stereochemical nature o f  the alcohols to  be 
correctly assigned and that hydroxyl and bromine are 
grossly similar in aspects such as electronic and steric ef
fects, the endo and exo structures (6  and 7, respectively) 
can be assigned for the brom o com pounds on the basis o f 
the proton chemical shift o f  M esc, i.e., the com pound hav
ing the higher field methyl resonance is the exo isomer.

The arom atic p roton  chem ical sh ifts and coupling con 
sta n ts  for two representative benzobicyclo[3.3.1]nonenes, 2 
and 8 , were obtained with the aid o f  the com puter program 
IT R C L . (IT R C L  is a two-part iterative com puter program 
similar to LA O CN 3,9 and is available as part o f  the N icolet 
1085 data system in our JEOL PFT-100 Fourier transform 
spectrometer system.) These 5 and J  values are summa
rized in Table III, along with the data for similar benzobi- 
cyclo[3.2.1]octenes, 1 and 19.

X

X X  =  H 
19, X =  Cl

A detailed study o f  the aromatic coupling constants and 
chemical shifts for most o f  the other benzobicyclo-
[3.3.1]nonenes could not be perform ed owing to insufficient 
separation o f  the chemical shifts which in some cases led to 
deceptively simple spectra, while in other cases, too  many 
unresolvable line frequencies were obtained. From  the cou 
pling constant data for 2  and 8 there is no evidence for ring 
strain in the bicyclo[3.3.1]nonenes analogous to that som e
times manifest in strained systems like the benzobicy- 
clo[3.2.1]octenes (cf. studies o f  Cooper and M anatt10® and 
Castellano and K ostelnik10b). However, even in such 
strained systems as 1 and 19, coupling constants are mark
edly substituent dependent, one chlorine serving to effect 
substantial changes which render the observed values near 
normal.

E va lu ation  o f  the C h em ica l S h ift  D ata . As must ob 
viously be the case, the proton chem ical shift data in Table 
I serve to confirm  that the benzobicyclo[3.3.1]nonenes all 
have essentially the same skeletal structure. T he problem, 
then, is how to account for the considerable variation ob-
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Table III . ' Chemical Shifts (§ h ) and Coupling Constants 
for 1 , 2, 8 , and 19

2 8 19« lb

3 7.24 7.09 6,92 6.93
4 7.06
5 7.03 7.19 7.06 7.06
6 6 .8 6 7.98 6.92 6.93

Coupling constants, Hz

V (3 ,4 ) 7.406
4J(3 ,5) 2.309 2.248 1.993 1.117
5J(3 ,6 ) 0.253 0.302 0.464 0.662
V (4 ,5 ) 7.497
4J(4 ,6) 1.117
3J( 5,6) 8.241 8.636 7.873 7.406

a B. L. Shapiro and G. R. Sullivan, unpublished data. 
b Taken from  the Ph.D. Dissertation o f  M. J. Gattuso,
Texas A&M University. 1970.

served for ¿MeSc with the nature and/or orientation o f the 
substituent at the benzylic carbon, C-7. For instance, not 
only is there a substantial difference, 0 . 1 2  ppm , in the pro
ton chem ical shift for Mer,c in 9 and 10 but it is particularly 
noteworthy that the Megc resonance in both o f  these com 
pounds have M e5C shifts at higher fields than that o f  the 
parent com pound 2, by 0.19 and 0.07 ppm , respectively.

It is convenient to  assess the changes in the Me.sc chem i
cal shift in terms o f the operation o f  one or more o f the 
three factors o f  eq 1

Aiobad =  Ai5e +  AS a  +  A5g  (1)

where A5e , AS a , and ASq  are respectively the changes in the 
chem ical shift due to electric field effects, anisotropy e f
fects, and geometry effects. The first two o f these effects 
are intended to have their usual connotations.

By “ geometry e ffect”  we mean the change in shift due to 
M e5C having its position relative to the aromatic ring al
tered because o f a change in steric crowding, here, because 
o f  the substituent at C-7. Since an upfield shift in the Mesc 
resonances is observed, it is assumed that this alteration 
would be in a direction which places Mep1(. closer to the face 
o f  the aromatic ring. An examination o f Dreiding models 
indicates that a m odest variability in the position o f this 
methyl group due to a flexing o f the cyclohexane ring is not 
energetically prohibitive.

In order to facilitate the discussion o f the factors in eq 1; 
the endo and exo isomer pairs 6 and 7 and 9 and 10 will be 
discussed separately. Let us consider the exo isomers 7 and 
9 first since it appears that their M er)C chem ical shifts can 
be the more easily understood. O f the three factors m en
tioned above, the “ geometry effect”  should be absent, be
cause the exo nature o f  the substituent introduces no new 
steric interactions vis-à-vis M e5C. In addition, since the 
C - 0  and C -B r bonds point away from  Me.sc, the electric 
field effect is probably small. By process o f  elimination, 
this leaves some anisotropic effect (either atom or bond an
isotropies) to be considered.

Anomalous shifts to higher field caused by the incorpo
ration o f  an electronegative atom for hydrogen in a m ole
cule are not without precedent, and have im portant struc
tural implications. Several examples exist, dating from  the 
earliest days o f  N M R , and although not com pletely under
stood, this effect has been attributed to the anisotropy o f  
the substituent. 1 1  Schleyer found that the chem ical shifts 
o f  protons in the & positions o f  1 -substituted adamantanes 
are anisotropy controlled, i.e., a p lot o f  substituent electro
negativity vs. 50bsd follows the order o f  the substituent 
atom  anisotropies, that is, shifts to higher field with in

creasing electronegativity .12  Similar shifts have been n o 
ticed in 2 -substituted adamantanes. 13  The A<5h value 
(where A5h =  ¿x — ¿2, negative values indicating upfield 
shifts) observed for the methylene protons at the <5 posi
tions in 1-hydroxyadamantane (—0.14 ppm ) and 1-bro- 
moadamantane (—0.05 ppm ) 12  com pare well with that 
found in 9 (—0.19 ppm ) and 7 (—0.18 ppm ), respectively. 
The bond pathway is different for the 1-substituted ada- 
mantane system than for 7 and 9, but the spatial relation
ships between the exo substituent and the protons whose 
resonances are affected are similar in both  types. Since an
isotropic field effects are transmitted through space, one 
might expect that the chemical shift change for these sys
tems would be similar, as is observed.

In any event, if  anisotropy and electric field effects are 
important, then one should be able to  predict the chem ical 
shift o f  M e5C using the additivity o f  substituent effects as, 
for example, in a dihydroxy-substituted com pound. A l
though this particular molecule does not exist, a very sim i
lar com pound, viz., the dim ethyl ketal 12, is in hand. Here 
the chem ical shift o f Mesc is <5 0.05 and compares to  a re
markable degree with the predicted value o f 8 0.04. This 
value is arrived at by adding the A5h values for 9 and 10 
and adding this number to the chemical shift observed for 
M e 5C in 2. Similarly, using the m onobrom o com pounds to 
predict the shift o f  Me.y. for the dibrom o com pound 8 , one 
obtains 8 0.14 vs. 8 0.25 observed. Although the predicted 
value in this example is not as accurate as the first case, it 
is in the right direction. Perhaps the discrepancy can be at 
least in part accounted for by effective anisotropy changes 
arising from  interactions between the two large and polari
zable bromine atoms.

T he observed shifts o f the M e5c resonance in the endo 
isomers 6  and 1 0  are much more difficult to evaluate b e 
cause all three factors, geometry, anisotropy, and electric 
field effects, may play an im portant role. Here, the endo 
substituent is close in space to Mesc. Thus, the position in 
space o f  M e5C might be somewhat altered, causing A5q to 
becom e important. However, since the Me=,c chem ical shift 
in the endo brom o com pound 6 is at lower field than that 
observed in both the endo hydroxy com pound 9 and the 
parent com pound 2 , the “ geometry effect”  is probably un
im portant in these endo-substituted com pounds also. A 
good m odel to assess the remaining two factors in eq 1  can 
be found in 2-hydroxyadamantane. Here an x-ray crystallo
graphic study has shown that the hydroxyl function does 
not perturb the adamantane skeleton . 14 For comparison 
with the benzobicyclo[3.3.1]nonenes, one is particularly in
terested in the induced shift changes at the 7  protons. As 
shown in the figure below, the spatial relationship between 
these protons and the functional group is very similar to 
that found (on a time-averaged basis) for the M esc protons 
in the en do-X  bicyclo[3.3.1]nonenes. It was found that a

6, X =  Bi- 
10, X =  OH

downfield shift was induced for the endo 7  proton (syn to 
the substituent X ) in the 2-substituted adamantane 20, 
while for the corresponding exo proton an upfield shift is 
observed . 13 I f  we make the crude but simplifying assump
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tion that the protons o f the methyl group Mesc, in the 
endo-substituted benzobicyclo[3.3.1]nonenes, are in analo
gous position to the endo proton o f 2 0  one-third o f  the time 
and in analogous position to the exo proton o f 2 0  two- 
thirds o f  the time, then one should be able to predict (using 
the data for 2 -substituted adamantanes13) the chemical 
shift o f  M e5C in the endo benzobicyclononenes. Doing so, 
one obtains a chem ical shift for Me-,,, o f  5 0.62 for 6  and 5
0.17 for 10. The direction predicted for the induced shifts 
o f  both o f these com pounds is consistent with that o b 
served, although the magnitude o f the change clearly indi
cates at least the operation o f  additional factors. In 10 
then, the anisotropic field effect is probably more im por
tant than the electric field effect (deshielding) and hence 
an upfield shift is observed. T he situation in 6  is probably 
reversed with the electric field effect dominating. Final 
analysis concerning the nature o f the At>Me5c awaits struc
ture determinations by x-ray crystallography, so as to per
mit assessment o f  the possible im portance o f the A¿g factor 
o f  eq 1 .

'H NMR Chemical Shifts and Assignments for Ben- 
zobicyclononene Derivatives. T he methyl proton chem i
cal shifts o f  14 and 15 are given in Table IV.

Table IV. Proton Chemical Shifts (5h ) 
for the Methyl Groups o f  14 and 15

M esc M e5t Me3 Me, Other

14 1.12 1.34 1.54 (Me, and Mes)
15 0.15 0.80 1.80 1.42

Assignments for the methyl protons in 14 were made by 
comparison with 2 , i.e., M ei and M e3 are in analogous posi
tions to M ei and M e3 in 2  and should have similar proton 
chemical shifts. The remaining doubly intense methyl reso
nance, <5 1.54, is assignable to the two olefinic methyl 
groups M e4 and Mes.

A similar procedure was used to assign methyl groups in
15. Here, M ei, M esc, and M est are in analogous positions to 
the three methyl groups in 2, and are readily assigned. The 
remaining methyl resonance at á 1.80 is therefore assigned 
to the olefinic methyl group Mes. The lower field resonance 
observed for this olefinic resonance as com pared to those 
found in 14 is consistent with this methyl being near the 
edge o f the aromatic ring.

Experimental Section

Capillary melting points were determined on a Mel-Temp melt
ing point apparatus. All boiling and melting points reported below 
are uncorrected. Infrared spectra were determined with a Beck
man Model IR 8 infrared recording spectrophotometer, calibrated 
by means of the 1603-cm"1 absorption of a polystyrene film. Mi
crocombustion analyses were performed by Galbraith Laborato
ries, Knoxville, Tenn.

All NMR spectra were run on a Varian HA-100 nuclear magnet
ic resonance spectrometer in the frequency sweep mode at an am
bient probe temperature of 30 °C. Shifts were measured on care
fully precalibrated chart paper and were estimated to be accurate 
to ± 0 .0 1 ppm or better.

The LAOCN3 and ITRCL analyses were carried out on samples 
vacuum degassed by means of several liquid nitrogen freeze-thaw 
cycles. Spectral parameters were obtained on an IBM 360-65 digi
tal computer in the double-precision mode or a Nicolet 1085 data 
system to a root mean square error of less than 0.05 Hz.

The mass spectral data were obtained with a Consolidated Elec
tronics Corp. Model 21-110B mass spectrometer, operated by Mr.
G. Gabel of the Texas A&M University Department of Biochemis
try.

3-(p-Chlorobenzyl)-5,5-dimethyl-2-cyclohexen-l-one (3).
To 24.0 g (1 g-atom) of magnesium shavings in 200 ml of anhy
drous ether was slowly added 170.0 g (1.05 mol) of p-chlorobenzyl 
chloride (Aldrich Chemical Co.) dissolved in 250 ml of ether. After

all the magnesium had reacted, 100 g (0.67 mol) of dimedone 
methyl ether (DME) in 100 ml of ether was added slowly. The re
action mixture became very viscous and yellow in color. Stirring 
was continued overnight and the yellowish solution was hydro
lyzed with 6 N hydrochloric acid. The solvent was removed and the 
crude product distilled. The fraction boiling at 130-144 °C (0.25 
Torr) was collected and proved to be greater than 90% pure 3, the 
impurity being p,p'-dichIorobibenzyl, yield 94.0 g (0.36 mol, 54%). 
This material was used without further purification. Recrystalliza
tion from hexane afforded pure material as needles: mp 84-85 °C; 
ir (CCLj) 1660 cm - 1  (C = 0  stretch); NMR (10% in CCI4) 5 (meth
yls) 0.94, & (benzylic H) 3.22, 5 (olefinic H) 5.80; mass spectrum 
m /e (rel intensitv) 248 (74, M+), 192 (100), 157 (50), 129 (50), 67
(32).

Anal. Calcd for C15H 17OCI: mol wt, 248.906788. Found: mol wt, 
248.907774.

3-(p-Chlorobenzyl)-3,5,5-trimethyIcyclohexanone (4). Ad
dition o f p-Chlorobenzylmagnesium Chloride to Isophorone.
To a flamed-out, 1000-ml, three-necked flask, equipped with a me
chanical stirrer, condenser, and dropping funnel, and swept with a 
slow stream of nitrogen, were added 12.0 g (0.5 g-atom) of magne
sium shavings and 300 ml of anhydrous ether. A solution of 80.0 g 
(0.5 mol) of p-chlorobenzyl chloride in 100 ml of ether was added 
dropwise with vigorous stirring over a period of 1 h. An additional 
1 0  g of the benzyl chloride was added to allow all of the magnesium 
turnings to react. The reaction mixture was allowed to reach room 
temperature, 1 .0  g ( 1  mol %) of freshly prepared cuprous chloride 
was added, and the resulting black solution stirred for 30 min. The 
reaction mixture was cooled by means of a dry ice-chloroform bath 
(maintained at ca. —40°), and stirred for 30 min. Isophorone (69.0 
g, 0.5 mol) in 100 ml of dry ether was added dropwise, while main
taining the cooling bath. After addition of the isophorone was com
plete, the reaction mixture was stirred for an additional 4 h and al
lowed to reach room temperature and stirring continued overnight. 
The solution at this time was still black in color. (It has been our 
experience that when this black color is absent, the reaction did 
not proceed in the desired manner.)

Hydrolysis was effected by the slow addition of a saturated 
aqueous ammonium chloride solution to the stirred mixture. The 
ether layer was decanted and the residue washed several times 
with 50-ml portions of ether; the combined ether extracts were 
dried and the solvent removed in vacuo. The resulting yellow oil 
was distilled through a short Vigreux column at reduced pressure 
until the head temperature reached 120 °C (0.05 Torr) to remove 
the diene by-products. Chromatography of the remaining crude 
material (ca. 75% pure) on neutral alumina afforded 10.0 g (0.036 
mol, 7.6%) of pure 4.

The above synthetic procedure was also performed using tetra- 
hydrofuran (THF) as the solvent. Analysis of the reaction product 
indicated that only p,p'-dichlorobibenzyl was formed from the 
coupling of the Grignard reagent.

Addition o f Methylmagnesium Bromide to 3. The Grignard 
reagent was prepared by the standard method starting with 12 .0  g 
(0.5 g-atom) of magnesium shavings in 200 ml of dry ether, to 
which methyl bromide was bubbled in until all the magnesium had 
reacted. [When commercially available methylmagnesium bromide 
(Alpha Chemical Co.) was used, the overall yield of 4 was reduced 
by one-half.] To the stirred solution was added 3 mol % of freshly 
prepared cuprous chloride. The reaction mixture was cooled in an 
ice-methanol bath (ca. —10 °C) for 1 h and then 70.0 g (0.28 mol) 
of 3 dissolved in ether was added dropwise with stirring. The reac
tion mixture was allowed to reach room temperature and stirred 
for an additional 36 h. Hydrolysis using cold dilute hydrochloric 
acid, separation of the organic layer, and evaporation in vacuo 
yielded a viscous yellow oil.

The crude reaction product was distilled at 0.025 Torr until the 
head temperature reached 110 °C, to remove dienes. The residue 
was chromatographed on neutral alumina, the ketone eluting in 
25% benzene-hexane solution, yield 8.3 g (0.028 mol, 11.3%).

The above procedure was modified using THF as the solvent 
and 10  mol % of cuprous chloride, which was added very slowly 
owing to a vigorous reaction. An orange color appeared on the sur
face of the reaction mixture upon contact with the cuprous chlo
ride but this color did not persist. Work-up in the usual fashion re
sulted in 4 being produced in 50% yield. This dramatic increase in 
yield is consistent with the observation (H. L. Pearce, in this labo
ratory) that the copper-catalyzed addition of phenylmagnesium 
bromide to isophorone using THF as the solvent proceeds in 95% 
yield while in ether only 30-40% yields are obtained.4 Ir (CCI4) 
1710 cm" 1 (C = 0  stretch); NMR (5% in CC14) i5 (methyls) 0.98,
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1.03, 1.06, b (methylene H) 1.51, 1.64, 1.94, 2.07, 2.19, 2.47, 2.64, b 
(aromatic H) 7.01, 7.20; mass spectrum: m /e (rel intensity) 264 (8, 
M +), 139 (43), 125 (90), 83 (70), 55 (100).

Anal. Calcd for C 1 6 H 2 1 OCI: mol wt, 264.128088. Found: mol wt, 
264.127473.

tra n s-3 -(p -C hlorobenzyl)-1,3,5,5 -tetramethyIcyclohexan- 
l-o l (5). To 60 ml of 3 M ethereal methylmagnesium bromide 
(commercially obtained solution) was added 4.0 g (0.015 mol) of 4 
in 50 ml of ether. The reaction mixture was stirred at room tem 
perature for 24 h, heated at gentle reflux for an additional 24 h, 
and hydrolyzed with a saturated ammonium chloride solution. 
After the ether layer was decanted, the solid residue was dissolved 
by addition o f cold dilute hydrochloric acid and the organic layer 
extracted into ether. This was necessary since the solid residue was 
found to contain considerable amounts of product. The crude 
product (4.2 g, 0.015 mol) was dissolved in hexane and colorless 
crystals were deposited upon cooling, 2.6 g (9.3 mmol, 62% isolat
ed), mp 52-54°: ir (CCI4 ) 3610 cm ” 1 (OH stretch); NM R (5% in 
CC14) b (methyls) 0.87, 1.25, 1.27, 1.27, 5 (benzylic H) 2.38; mass 
spectrum m /e (rel intensity) 280 (2, M +), 265 (6 ), 136 (100), 97 
(95), 43 (67).

Anal. Calcd for C 1 7H 2 5 OCI: mol wt, 280.159820. Found: mol wt, 
280.160242.

1.3.5.5- Tetram ethyl-4'-chloro- l',2 '-benzobicyclo[3.3.1 ]non- 
2'-ene (2). T o 100 ml of trifluoroacetic acid (TFA) heated to 60 °C 
was slowly added 40.0 g (0.17 mol) o f 5, resulting in a homogenous 
solution. (The reaction of 5 at room temperature proceeds very 
slowly.) The temperature was maintained for 1 h and the TFA was 
removed in vacuo. The crude product was chromatographed on 
neutral alumina and distilled at 112 °C (0.025 Torr) to yield 35.8 g 
(0.14 mol, 80%) of pure 2 as a pale yellow liquid: ir (CCI4) 2950, 
2900 cm - 1  (CH stretch); NM R (5% in CCI4) b (methyls) 0.30, 0.82, 
1.01, 1.30, (5 (benzylic H) 2.61, 2.72; mass spectrum m /e (rel inten
sity) 262 (8 , M+), 191 (100), 156 (33), 141 (41), 115 (22).

Anal. Calcd for C 17H 2 3 CI: mol wt, 262.14871. Found: mol wt, 
262.14819.

1.3.5.5- Tetram ethyl-7,7-dibrom o-4'-ehloro-l',2'-benzobicy- 
clo[3.3.1]non-2'-ene (8 ). To 11.1 g (0.042 mol) o f 2 in 50 ml o f car
bon tetrachloride, maintained at 50 °C, was added 18.2 g (0.12 
mol) o f bromine. The reaction mixture was allowed to stir over
night. After removal of the solvent and the excess bromine in 
vacuo, 16.7 g (0.04 mol, 95% yield) o f crystals were deposited. Re
crystallization from hexane afforded pure 8 : mp 142-144 °C; ir 
(CCI4 ) 2950 cm " 1 (CH stretch); NM R (5% in CCI4 ) 6 (methyls) 
0.25, 0.92, 1.34, 1.56; mass spectrum m/e (rel intensity) 341 (100), 
339 (85), 285 (45), 283 (38), 203 (92), 190 (73). A molecular ion 
peak for this compound could not be obtained even at low ioniza
tion voltages (cf. ref 15). The molecular weight determination was 
based upon the parent minus bromine peak (339). To this exact 
mass value was added the molecular weight of bromine for com 
parison with the calculated value.

Anal. Calcd for C i7H 2 iBr2Cl: mol wt, 417.96706. Found: mol wt, 
417.96851.

1.3.5.5- Tetramethyl-7(eni/o- or exo-)brom o-4'-chloro-l',2 '- 
benzobicyclo[3.3.l]non-2'-ene ( 6  and 7). An analogous proce
dure used to prepare 8  was used to prepare these compounds start
ing with 800 mg (3.1 mmol) o f 2 and 1.2 molar equiv o f bromine. 
The small amount of 8  (ca. 50 mg) which was formed was removed 
by crystallization from hexane, leaving 1.0 g (2.9 mmol) o f crude 
product, ca. 70:30 mixture of 6 and 7, respectively. All attempts at 
separating these compounds were unsuccessful. These attempts in
cluded chromatography on acidic, neutral, and basic alumina, sili
ca gel, and Florisil, gas chromatography, and short-path distilla
tion: NM R (10% in CC14) 0  (methyls) 0.36, 0.88, 1.30, 1.35 (6 ); 0.10, 
0.84, 1.30, 1.35 (7), S (benzylic H) 5.30 (6 ); 5.02 (7).

1.3.5.5- T etram eth y l-7 -k eto -4 '-ch loro -l',2 '-ben zob ieyclo - 
[3.3.1]non-2'-ene (11). The above compound was prepared by the 
hydrolysis o f 4.0 g (9.6 mmol) of 8  with excess aqueous K O H - 
methanol solution. This reaction mixture was heated for 2.5 h. The 
organic material was extracted into methylene chloride and the 
solvent removed in vacuo, yielding 11 quantitatively. An indepen
dent synthetic preparation involved the Jones oxidation1 6  o f either 
9 or 1 0 . Recrystallization from hexane yielded colorless crystals: 
mp 74-75 °C; ir (CC14) 1690 cm ” 1 ( 0 = 0  stretch); NM R (5% in 
CCU) S (methyls) 0.29, 0.90, 1 .1 1 , 1.38; mass spectrum m /e  (rel in
tensity) 276 ( 1 0 0 , M+), 261 (40), 243 (30), 206 (30), 191 (15).

Anal. Calcd for C 1 7 H 2 1 OCI: mol wt, 276.128069. Found: mol wt, 
276.128088.

1.3.5.5- Tetram ethyl-7-endo-hydroxy-4'-chloro-l',2 '-benzo- 
bicyclo[3.3.1]non-2'-ene (10). To 2.75 g (9.8 mmol) o f 11 in 50 ml

o f absolute ethanol was added an excess o f  sodium borohydride. 
The solution was stirred overnight and then diluted with an equal 
amount of water. The reaction mixture was extracted by ether and 
the solvent removed in vacuo to yield 2.64 g (9.5 mmol, 95%) o f 10. 
Recrystallization from hexane yielded colorless crystals: mp 102- 
104 °C; ir (CC14) 3620 cm " 1 (OH stretch); N M R (5% in CC14) b 
(methyls) 0.23 0.88, 1.10, 1.30, b (benzylic H) 4.44; mass spectrum 
m/e (rel intensity) 278 (100, M +), 245 (85), 243 (76) 207 (45), 181 
(90), 139 (32).

Anal. Calcd for C 1 7 H 2 3 OCI: mol wt, 278.14362. Found: mol wt, 
278.14421.

1.3.5.5- Tetram ethyl-7,7-dim ethoxy-4'-chIoro-l',2 '-benzobi- 
cyclo[3.3.1]non-2'-ene (12). T o 4.0 g (9.5 mmol) o f 8  in 150 ml o f 
anhydrous methanol was added 3.0 g (0.05 mol) o f fresh potassium 
hydroxide pellets and the resulting mixture refluxed for 25 h. Half 
o f the methanol was removed in vacuo and replaced by an equal 
amount of water. The organic material was extracted by three
1 0 0 -ml additions of CCU- The solvent was dried and removed in 
vacuo. Crystallization from anhydrous methanol gave 1.0 g (3.1 
mmol, 33%) of crystalline 12: mp 79-80 °C; ir (CC14) 2950 (CH 
stretch), 1150 cm " 1 (OCH 3  stretch); NM R (5% in CC14) b (methyls) 
0.05, 0.89, 1.26, 1.30, 3.00, 3.67; mass spectrum m /e (rel intensity) 
291 (100), 276 (30), 225 (27). See discussion concerning mass spec
trum of compound 8 .

Anal. Calcd for C 1 9H 2 7 O2 CI: mol wt, 322.16522. Found: mol wt, 
322.16299.

1.3 .5 .5 - Tetramethyl-7 -ex 0 -hydroxy-4 '-ch loro -l',2 '-benzobi- 
cyclo[3.3.1]non-2'-ene (9). This compound (108 mg) was isolated 
from the chromatography o f 800 mg of a mixture o f 6  and 7 on alu
mina by elution with a benzene-methanol solution. Recrystalliza
tion from hexane afforded crystals: mp 133-134 °C; ir (CCI4) 3580 
cm " 1 (OH stretch); NM R (5% in CC14) b (methyls) 0.11, 0.82, 1.02,
1.30, b (benzylic H) 4.40; mass spectrum m /e  (rel intensity) 278 
(100, M+), 245 (62), 243 (50), 207 (60), 181 (75), 139 (30).

Anal. Calcd for C 1 7 H 2 3 OCI: mol wt, 278.14362. Found: mol wt, 
278.14339.

l,3,5,5,7-Pentam ethyl-7-endo-hydroxy-4 '-ehloro-l',2 '-ben- 
zobicyclo[3.3.1]non-2'-ene (13). To 0.105 mol o f methylmagne
sium bromide solution was added 2.0 g (7.3 mmol) o f 11 and the re
action mixture allowed to stir for 3 h. Hydrolysis in the usual man
ner and removal of the ether yielded 2.1 g (7.2 mmol) o f crude 
product. This material was dissolved in hexane and upon cooling 
0.90 g (3.5 mmol, 47%) of crystals was isolated, mp 79-80 °C. The 
remaining 1 . 2  g o f viscous oil was chromatographed on alumina, 
but decomposed into unidentified material. Ir (CC14) 3570 cm " 1 

(OH stretch); NM R b (methyls) 0.22, 0.89, 1.03, 1.30, 1.42; mass 
spectrum m /e (rel intensity) 292 (2, M +), 277 (100), 221 (15), 203 
(10), 43 (23).

Anal. Calcd for C 1 8 H 2 5 OCI: mol wt, 292.159385. Found: mol wt, 
292.158804.

1.3.4.5- Tetram ethyl-4'-chloro-l',2'-benzobicyclo[3.3.1]nona- 
2',4-diene (14). T o 50 mg (0.18 mmol) o f 9 ( 10  may also be used) in 
30 ml o f dry benzene was added 50 mg o f p-toluenesulfonic acid. 
The reaction mixture was refluxed for 4 h and neutralized with a 
saturated sodium bicarbonate solution. The organic layer was re
moved and washed with another portion o f the base. After removal 
of the solvent, the crude product was dissolved in hexane and 
placed in the freezer, upon which time crystals were deposited: 
yield 42 mg (0.16 mmol, 89%) of pure 14, mp 99-101 °C; ir (CC14) 
2950, 2900 cm " 1 (CH stretch); N M R (5% in CC14) <5 (methyls) 1.12, 
1.34, 1.54, 1.54; mass spectrum m /e (rel intensity) 260 (96, M +), 
245 (100), 191 (6 6 ), 153 (30), 135 (19).

Anal. Calcd for C 1 7H 2 1 CI: mol wt, 260.133178. Found: mol wt, 
260.133759.

l,3,6,G-Tetramethyl-4'-chloro-l',2'-benzobicyclo[3.2.2]nona- 
2',2-diene (15). This compound (ca. 1 g) was isolated as a colorless 
liquid from the chromatography of 3.3 g of a mixture of 6 and 7 on 
alumina: ir (CC14) 2870 cm " 1 (CH stretch); N M R (5% in CCI4 ) b 
(methyls) 0.15, 0.80, 1.43, 1.80, b (benzylic H) 3.02; mass spectrum 
m /e (rel intensity) 260 (15, M+), 245 (33), 190 (100), 189 (80), 175 
(50), 152 (50).

Anal. Calcd for C 1 7 H 2 1 CI: mol wt, 260.13318. Found: mol wt, 
260.13350.
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Cleavage of the zero bridge is a major pathway in the oxymercuration of all bicyclo[3.1.0]hexanes examined. 
Though a 3-acetoxy substituent has no effect on the competition between peripheral and bridge C -C  bond cleav
age, a cis or trans 3-hydroxyl group markedly promotes the latter. Thus, oxymercuration-acetylation-demercura- 
tion of ciS-3-hydroxybicyclo[3.1.0]hexane (3b) gives mainly cis-l,3-diacetoxycyclohexane (83%). The intermediate 
mercurial from zero bridge cleavage o f 3b gives ci's-l,3-diacetoxy-Ci's-5-chlorocyclohexane upon reaction with 
chlorine in pyridine. Hence, the electrophilic addition leading to zero bridge cleavage involves inversion o f stereo
chemistry at the center o f electrophilic attack as well as at the center of nucleophilic attack.

This study o f the oxym ercuration o f bicyclic cyclopro
panes is part o f  our general examination o f  the utility o f  ox 
ymercuration reactions for the total synthesis o f  prosta
glandin endoperoxides . 1 These biological precursors o f 
prostaglandins are base-sensitive derivatives o f  2,3-dioxa- 
bicyclo[2.2.1)heptane. Peroxym ercuration o f olefins2 or cy 
clopropanes3 which can be perform ed under neutral or 
mildly acidic conditions is especially attractive for the syn
thesis o f  base-sensitive secondary alkyl peroxides. Since in
version o f configuration at the site o f nucleophilic attack is 
strongly favored for oxym ercuration o f cyclopropànes ,18  in 
tramolecular peroxymercuration o f  1  is expected to lead to 
2  by cleavage o f  a peripheral C -C  bond o f the three-mem-

1 2

+  HX

bered ring. M oreover, oxym ercuration o f  bicyclo[3.1.0]hex- 
ane is reported to result in the desired cleavage o f a periph
eral rather than bridge C -C  bond o f the three-membered 
ring .4 However, we now report that cleavage o f the bridge 
bond is a major pathway for oxym ercuration o f bicyclo- 
[3.1.0]hexanes. W e have also uncovered a novel neighboring 
group effect on the electrophilic cleavage o f a cyclopropane. 
Thus, some substituents prom ote almost exclusive cleavage 
o f the zero bridge in bicyclo[3.1.0]hexanes. M oreover, these 
bridge cleaving oxym ercurations are stereospecific and pro
vide an effective new route for the stereospecific synthesis 
o f  polysubstituted cyclohexanes.

Results

A. Syntheses of Oxymercuration Substrates and 
Products. Bicyclo[3.1.0]hexane (3a),5 cis-3-hydroxybicy- 
clo[3.1.0]hexane (3b),6 and cis-3-hydroxybicyclo{4.1.0]hept- 
ane (3c)7 were prepared by Sim m ons-Sm ith  methylenation 
o f  the corresponding olefins. Acetylation o f  3b gave the ac
etate (3d), irons-3-Hydroxybicyclo[3.1.0|hexane (3f)6 was

nY (CH2) Y (CH2)n

X = H  or OH 3a,X =  Y =  H;re =  l
n = lo r  2 b, X  =  OH; Y =  H; re =  1

c, X =  0H; Y =  H; re =  2
d, X =  OAc; Y =  H; re =  1
e ,  X ,Y  =  0,re =  l
f, X  =  H; Y =  OH; re =  1

obtained from  the cis epimer (3b) by oxidation to  the ke
tone (3e) with chromium trioxide-pyridine com plex in 
methylene chloride followed by reduction with aluminum 
isopropoxide in 2-propanol. cis-l,3 -D iacetoxycyclohexane 
(4b) and trans- 1,3-diacetoxycyclohexane (4c) were pre
pared by acetylation o f the com m ercially available diols. 
l,3-D iacetoxy-4-m ethylcyclopentane (5b) was prepared by

6  5b
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T able  I. P roduct D istributions from  O xym ercuration- 
A cetylation -D em ercuration  o f  B icyclo[3.1.0]hexanes

Product yields, %

m ercuric halide mixtures from  chloroform -ether gave iso- 
merically pure samples o f  cis-l-acetoxy-3-chlorom ercuricy- 
clohexane (9) and cis -1,3-diacetoxy-d.s -5-halomercuricy- 
clohexanes (10) from  3a and 3b, respectively. These struc-

Relative

Reactant 4a6 4bfc 4c6 5
Uver-

all

3a (H,H)“ 63 37 (a)fc 95
3b (OH,H) 92 I e 8 (b)° 91
3d (OAc,H) 59 2 C 39 (b)° 6 8

3f (H,OH) 5C 88 7 (c)fc 58

“ (X,Y). b a(H,H), b(OAc,H), c(H,OAc). c Maximum yield 
estimated by GC analysis of acetate mixture; not isolated.

reaction o f lithium dim ethylcuprate with frans-l-acetoxy-
3,4-epoxycyclopentane (6 ) 8 followed by acetylation o f the 
product hydroxy acetate.

B . O x y m ercu ra tion  R ea ction s. O x y m e rcu ra tio n - 
A ce ty la tio n -D e m e rcu ra tio n . Levina et al.4 reported that 
oxym ercuration o f  bicyclo[3.1.0]hexane (3a) with aqueous 
mercuric acetate gives, after treatment with KBr, a single 
crystalline product (60%) with an elemental com position 
CeH nO BrH g which was assumed to be 1 -bromom ercuri- 
methyl-2-hydroxycyclopentane. However, the moderate 
material balance vitiates the conclusion that electrophilic 
cleavage o f the three-membered ring occurs regiospecifical- 
ly at the peripheral rather than bridge C -C  bond. W e now 
report that acetylation o f  the crude oxymercurial from 3a 
with acetic anhydride in pyridine follow ed by demercura- 
tion with aqueous sodium borohydride gives a mixture o f 
two acetates in 95% overall yield. These are cyclohexyl ace
tate (4a) and 2-m ethylcyclopentyl acetate (5a). The rela
tive yields o f  these products as well as those from  similar 
treatment o f  the substituted bicyclic cyclopropanes 3b, 3d, 
and 3 f are given in Table I. Similar treatment o f  cis-3-hy- 
droxybicyclo[4.1.0]heptane (3c) gives a 4:6 mixture o f  two

HgBr

OAc

3a 9

HgX

3b 10a, X  =  Br
b, X =  Cl

tural assignments are based on an analysis o f  the XH N M R  
spectra o f  the halides obtained by reaction o f the m ercuri
als with halogen under conditions favoring com plete reten
tion o f configuration .9 Thus, tra n s-3-brom om ercuricyclo- 
hexyl acetate (9t) will favor a conform ation with an axial 
bromom ercuri group and an equatorial acetoxy group since 
the A  values for these groups are A  = O10  and 0.7 ,1 1  respec
tively. The C -l proton resonance o f the trans isomer will be 
shifted downfield from  the chemical shift observed for the 
corresponding proton in the cis isomer (9c) owing to de 
shielding by the axial bromom ercuri group .12 Since only a 
single resonance is observed for this proton in the oxym er
curation product, it follows that this product is only a sin
gle isomer. The similarity o f  the chemical shift for this pro
ton (54.90) to that o f  the corresponding proton in cyclohex
yl acetate (5 4.80) suggests structure 9c for the oxym ercura
tion product. This assignment is confirm ed below. Similar-

9t 9c

diacetates 7 and 8 in 98% yield. The structures indicated 
for these diacetates are assumed since a trans relationship 
between the methyl and vicinal acetate groups is expected 
from  the proclivity for inversion o f  configuration at the site 
o f  nucleophilic attack in oxymercuration o f cyclopropan
es. 2c The remaining acetate is assumed to be cis to the 
methyl group since the progenitors o f these groups, the 
methylene o f the cyclopropyl ring and the original hydroxyl 
group, were cis.

3c 7 8

Iso la tion  o f  C y c lo h e x y l M e rcu r ia ls  fro m  3a and 3b.
In order to provide further evidence for bridge cleavage in 
the oxymercuration o f  bicyclo[3.1.0]hexanes, mercurials 
from  zero bridge cleavage o f  bicyclo[3.1.0]hexane (3a) and 
c is -3-hydroxybicyclo[3.1.0]hexane (3b) were isolated. The 
crude organomercuric acetate product mixtures were con
verted into the respective organomercuric halides by reac
tion with potassium halide. Crystallization o f the organo-

ly, trans-5-halom ercuricyclohexyl c is -1 ,3-diacetate (11) 
will favor a conform ation with an axial halomercuri group 
and equatorial acetoxy groups. Again only a single reso

nance is found for the protons at C -l  and C-3. This 
suggests that the oxymercuration products are isomerically 
pure. The choice o f  structure 10 rather than 11 for the oxy 
mercuration product is supported by further transform a
tions outlined below.

Reaction o f 9c with bromine in pyridine gives c is -3-bro- 
m ocyclohexyl acetate ( 1 2 c) with retention o f  the configura
tion at C -3 .9 The chemical shift o f the C - l  proton reso
nance is S 4.66 compared to 5 4.80 for cyclohexyl acetate. 
T he corresponding proton in tra n s-3-brom ocyclohexyl ace
tate ( 1 2 t) is expected to absorb at considerably lower field



Oxymercuration of Bicyclo[3.1.0]hexanes J. Org. Chem., Vol. 41, No. 9, 1976 1531

9c 12c 12t

owing to deshielding o f the brom o group 13  for which A  =
0.4.“

Reaction o f «.s-5-chlorom ereuri-ci.s-l ,3-cyclohexyl diace
tate (10b) with chlorine in pyridine gives cis-5-ch loro-cis-
1,3-cyclohexyl diacetate (13c) with retention o f the config
uration at C -5 .9 The chemical shift o f  the C -l and C-3 pro-

HgCl

Cl H

H
13c 13t

ton resonance is 5 4.75 com pared to 5 4.70 in cis- 1,3-cyclo
hexyl diacetate, and 5 4.80 for cyclohexyl acetate. The cor
responding protons in tran s-5 -ch loro-l,3-cyclohexyl diace
tate are expected to absorb at considerably lower field 
owing to deshielding by the chloro group . 13

Unexpectedly, reaction o f  cis-5-brom om ercuricyclohexyl 
diacetate (10a) with bromine in pyridine gives an equal 
mixture o f  cis- and irans-5 -brom o-l,3 -cyclohexyl diace
tates (14c and 14t) with loss o f  configurational integrity at

HgBr

C-5. W e have no explanation for this lack o f stereospecifici
ty. Though nonstereospecific reactions o f  mercurials with 
halogen are com m on, such reactions with pyridine as sol
vent generally are stereospecific .9 T he chemical shifts o f 
the C -l , C-3, and C-5 XH N M R  absorptions in 14c and 14t 
are clearly discernible from  the spectrum o f the mixture. 
T he C -l and C-3 proton resonances in 14c occur at 5 4 .4 -
5.0 compared to  5 4.75 in 13c, S 4.70 in cis-1,3-cyclohexyl 
diacetate, and 5 4.80 for the C -l proton resonance in cyclo
hexyl acetate while the corresponding proton resonance for

14t is at considerably lower field (55.24) owing to  deshield
ing by the neighboring brom o group. Furthermore, the C-5 
proton absorption in 14t occurs at 5 4.4-5.0 which is consid
erably downfield from  the corresponding absorption (5 
3.93) in 14c in accord with the fact that equatorial proton 
resonances are about 0.45 ppm  downfield from  the corre
sponding axial proton resonances for cyclohexyl deriva
tives. 14

Discussion

A. Regioselectivity of Cyclopropane Cleavage in Bi- 
cyclo[3.1.0]hexanes. E lectrop h ilic  cleavage o f  the cyclo 
propa n e ring o f b icyclo[3 .1 .0 ]h exa n e  (3a) is not regiosp e- 
cific. Thus, M arkow nikoff addition with cleavage o f a p e 
ripheral cyclopropyl C -C  bond o f  3a accounts for only 37% 
o f  the oxym ercuration products. T he major product (4a) 
arises by anti-M arkow nikoff oxym ercuration with cleavage 
o f  the zero bridge bond o f  the cyclopropyl ring. W hile this 
behavior is unusual for oxym ercuration o f  cyclopropanes in 
general, 15  it is precedented for reactive cyclopropanes in 
strained systems. Thus, bicyclo[2.1.0]pentane (15) under
goes exclusively anti-M arkow nikoff oxym ercuration with 
rupture o f the highly reactive zero bridge bond o f the 
three-m em bered ring .4 In contrast, oxym ercuration o f bicy-

clo[4.1.0]heptane (16) results in exclusive M arkow nikoff 
addition with rupture o f  the peripheral C -C  bond o f the 
three mem bered ring .4 Clearly, the extent o f  zero bridge

cleavage in oxymercuration o f bicyclic cyclopropanes paral
lels the degree c f  ring strain in these molecules. The nonre- 
giospecific, borderline behavior o f  bicyclo[3.1.0]hexane (3a) 
observed in the present study is consistent with the behav
ior o f  the derivatives o f  3a in other electrophilic addition 
reactions. Acid-prom oted acetolysis o f  6 -m ethylbicyclo-
[3.1.0]hexanes (17) is nonregiospecific involving cleavage o f 
both bridge and peripheral C -C  bonds o f the three-m em 
bered ring in similar yields . 16 Lead tetraacetate17  and thal-

17

lium triacetate1715 cleave the three-m em bered ring o f bicy- 
clo[3.1.0]hexane (3a) nonregiospecifically while they regio- 
specifically cleave the zero bridge o f b icyclo[2 .1 .0 ]pentane 
15).

B. Stereoselectivity of Electrophilic Addition to the 
Zero Bridge in Bicyclo[3.1.0]hexanes. The carbon center 
undergoing nucleophilic attack generally undergoes inver
sion o f stereochemistry during oxym ercuration o f cyclopro
panes. 18 The data in Table I show that nucleophilic attack 
during zero bridge cleavage o f  3b, 3d, and 3f involves al
most exclusive inversion stereochemistry.

Cyclopropanes can undergo attack by electrophiles with 
either inversion or retention o f configuration at the carbon 
to which the electrophile becom es attached . 18 T he differ
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ence in energy for retention vs. inversion is small. In the 
present work, the mercurials 9 and 10 resulting from zero 
bridge cleavage in 3a and 3b were isolated in good yields by 
crystallization from  the reaction product mixtures. The 
mercurials are each a single isomer. T he formation o f minor 
amounts o f  isomeric mercurials cannot be ruled out since 
the material balance is not quantitative. Nevertheless the 
addition o f the electrophile involves predominant, if not 
exclusive, inversion o f configuration at the carbon undergo
ing electrophilic attack. In the case o f  3a, we assume that 
addition o f the nucleophile involves inversion o f configura
tion at carbon. The cis relationship o f the mercuribromide 
and acetate substituents in the bridge cleaved product (9) 
establishes an inversion pathway for attack by the electro
phile.

C. Neighboring Group Effect in Electrophilic Cleav
age of Cyclopropanes. The influence o f  substituents in 
determining the stereochemistry o f electrophilic addition 
during oxymercuration o f olefins is well known . 19 Thus, cy 
clohexenes with polar (Lewis base) substituents in the 4 
position undergo stereospecific and position specific oxy
mercuration .193 The mercuric group always adds to the 2 
position from the same side o f  the ring as the original sub
stituent while the nucleophile adds to the 1  position trans 
to the mercury. The stereoselectivity observed was attrib

uted to a com bination o f two factors: preferential diaxial 
opening o f an initial mercurinium ion through a chairlike 
transition state and preferential form ation o f a cis mercuri
nium ion owing to coordinative stabilization by the polar 
substituent. The position specificity is generally held to re
sult from  an inductive effect o f  the substituent. A similar, 
though less pronounced , 190 substituent effect was reported 
for the oxymercuration o f cyclohexenes with polar substit
uents in the 3 position . 1913 The im portance o f a coordinative 
interaction between polar substituent and mercury in d i
recting mercuration has been questioned.19f,g Such an in
teraction in the oxymercuration o f  cyclohex-2 -enols is ei
ther very small or nonexistent and the directing effect o f 
hydroxyl substituents in these systems can be accounted 
for by their effect on conformational equilibria. This con
clusion cannot be extrapolated to all unsaturated alcohols. 
In particular the operation o f  a product-determ ining coor
dinative interaction between substituents and mercury in 
oxym ercuration o f cyclohex-3 -en-l-ols is not doubted.

In the present study a novel effect o f  a neighboring hy
droxyl group was uncovered in which the substituent m od
erates the reaction pathway in oxymercuration o f cyclopro
panes. Thus, cleavage o f the three-membered ring during 
oxym ercuration o f bicyclo[3.1.0]hexane (3a) occurs nonre- 
giospecifically. Rupture o f  the zero bridge is slightly fa 
vored over rupture o f a peripheral C -C  bond. The reaction 
pathway is not changed by an acetate substituent in the 3 
position (i.e., 3d). In contrast, a hydroxyl group in the 3 p o 
sition profoundly alters the reaction pathway. Both cis- 
and irans-bicyclo[3.1.0]hexan-3-ol (3b and 3f) exhibit an 
unusually high proclivity toward anti-M arkow nikoff elec
trophilic addition resulting in selective cleavage o f the zero 
bridge bond o f the bicyclic cyclopropanes during oxym er
curation.

The endo methyl substituent in 17n increases the ring 
strain in this bicyclic cyclopropane relative to I7x, which 
has an exo methyl substituent. The direct relationship be
tween the extent o f zero bridge cleavage and ring strain was 
invoked to account for the greater proportion o f zero bridge

cleavage during acid-prom oted acetolysis o f  17n relative to 
that found for 17x.16

The cis 3-hydroxyl group in 3b might cause an increase 
in ring strain compared to 3a. However, such increased ring 
strain cannot account for the greater proportion o f zero 
bridge cleavage during oxymercuration observed for 3b rel
ative to 3a. A similar increase in ring strain should result 
from  the cis 3-acetoxy group in 3d. However, no increase in 
the extent o f  zero bridge cleavage is observed for oxym er
curation o f 3d compared with 3a. Furthermore, the trans
3-hydroxyl group in 3f also prom otes zero bridge cleavage 
relative to 3a. However, no increase in ring strain is expect
ed in 3f compared to 3a.

The hydroxyl group in 3b and 3f may exert its influence 
on the reaction pathway through coordination with the 
electrophile as postulated for the influence o f  the hydroxyl 
group in oxym ercuration o f cyclohex-3 -en-l-ols. Or the h y
droxyl group may interact with the attacking nucleophile 
by hydrogen bonding. It is not clear why such interactions 
with eith er  a cis or trans hydroxyl group would prom ote 
zero bridge cleavage. A satisfactory explanation o f the 
mechanistic basis o f this novel neighboring hydroxyl group 
effect must await further study.

Conclusion

Oxym ercuration-acetylation o f hydroxylated bicyclic cy 
clopropanes gives good to excellent yields o f  diacetoxy m er
curials. Cleavage o f  the zero bridge is a major pathway for 
all o f  the bicyclo[3.1.0]hexyl com pounds examined. An ace- 
toxy substituent in the 3 position has little effect on the 
com petition between cleavage o f the zero bridge and the 
peripheral cyclopropyl C -C  bonds. In sharp contrast, a 3- 
hydroxy substituent promotes almost exclusive cleavage o f 
the zero bridge, and the electrophilic addition involves pre
dom inant double inversion. Oxymercuration o f bicyclo-
[3.1.0] hexanes is thus a useful reaction for the stereospecif
ic synthesis o f  polysubstituted cyclohexanes. T he effect o f  
a neighboring hydroxyl group does not extend to  the next 
larger homologue. A 3-hydroxy substituent does not lead to 
zero bridge cleavage o f bicyclo[4.1.0]heptane.

Experimental Section
General. A n aly tica l g a s - liq u id  p h ase  c h ro m a to g ra p h y  w as p e r 

fo rm ed  w ith  a V arian  M odel 1400 flam e  io n iza tio n  d e te c to r  c h ro 
m ato g ra p h  u tiliz in g  a 15 f t  X  0.125 in. co lu m n  c o n ta in in g  15% 
F F A P  (F ree  F a t ty  A cid P h ase) on  C h ro m o so rb  P  a t  190° (co lu m n  
1). P re p a ra tiv e  G L C  was p e rfo rm e d  w ith  a V a ria n  M o del 202B  in 
s tru m e n t  u tiliz in g  a  10 f t  X  0.25 in. co lu m n  c o n ta in in g  10% D E G S  
(d ie th y le n e  glycol su cc in a te ) on  60 /80  C h ro m o so rb  P  a t  180 °C  
(co lum n 2) or a  10 f t  X  0.25 in. co lu m n  c o n ta in in g  10% F F A P  on 
60 /80 C h ro m o so rb  P  a t  180 °C  (co lu m n 3). P ro to n  m a g n e tic  re so 
n an ce  sp e c tra  w ere re co rd ed  w ith  a  V arian  A -60A  o r H A -100  F T  
sp e c tro m e te r  w ith  te tra m e th y ls ila n e  as in te rn a l  s ta n d a rd  (ex c ep t 
for m ercu ria ls) a n d  C D C I3 a s  so lv e n t u n le ss  in d ic a te d  o th e rw ise . 
M ass sp e c tra  w ere d e te rm in e d  w ith  a  D u  P o n t  M o d el 21-094 
G C -M S  w ith  c o m p u te r  analysis . B o iling  p o in ts  a re  u n co rrec te d . 
M e ltin g  p o in ts  w ere m ea su re d  w ith  a  T h o m a s-H o o v e r c ap illa ry  
m eltin g  p o in t a p p a ra tu s . M icro an a ly ses  w ere p e rfo rm e d  by 
C h em aly tic s , Inc ., T em p e , Ariz.

Materials. B icyclo[3 .1 .0 ]hexane (3a),5 « s-3 -h y d ro x y b ic y c lo -
[3.1.0] hex an e  (3b),6 tran s -3 -h y d ro x y b ic y c lo [3 .I .0 ]h e x a n e  (3f),6 cis-
3 -h y d ro xy b icyc lo [4 .1 .0 ]hep tan e  (3c),7 a n d  tr a n s -6 -oxab icyclo-
[3.1.0] h exan-3 -o l a c e ta te  (6 ) 8 w ere p re p a re d  by  re p o r te d  p ro c e 
d u res.

cis-3-Acetoxybicyclo[3.1.0Jhexane (3d). T h e  cis a lcohol 3b6
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(1.2 g, 12.2 mmol) was treated with acetic anhydride (3.68 g, 720 
mmol) and pyridine (2 ml). The resulting solution was heated at 60 
°C for 6 h and then stirred overnight at room temperature. The 
mixture was diluted with ether (50 ml) and washed with cold satu
rated aqueous NaHCO.g and cold 10 % HC1. The ether solution was 
dried (MgS04), filtered, and concentrated by rotary evaporation to 
give a colorless oil (1.7 g, 98%): JH NMR <5 0.40 (m, 2 H), 1.30 (m, 2 
H), 2.00 (s, 3 H), 1.80-2.50 (m, 4 H), 5.20 (t, 1 H, J  = 6.5 Hz); mass 
spectrum (70 eV) m /e  (rel intensity) 43 (74), 79 (57), 80 (100), 81 
(97), 140 (22).

eis-l,3-Diacetoxycyclohexane (4b). A commercial mixture of 
isomeric 1,3-cyclohexanediols (Aldrich) was acetylated as for 3d 
above. A sample of the pure cis isomer was obtained from the re
sulting mixture of acetates by preparative GLC (column 3): 'H 
NMR 8 2.0 (s, 6 H, OAc), 1.10-2.40 (m, 8 H, C 2 . 4, 5, 6 ), 4.70 (m, 2
H, C-l, 3). Relative retention times of the cis and trans isomers are
I. 2 and 1.0, respectively. Reduction of this diacetate with lithium 
aluminum hydride in ether afforded a diol which was identical (*H 
NMR) with authentic Ci's-l,3-cyclohexanedioI.20

trans- 1,3-Diaeetoxycyclohexane (4c). This was also isolated 
from the above mixture: 'H  NMR 8 1.5-2.9 (m, 8 H, C-2, 4, 5, 6 ),
2.0 (s, 6 H, OAc), 5.10 (m, 2 H, C-l, 3).

Oxymercuration-Acetylation-Demercuration o f Bicyclo-
[3.1.0]hexane (3a). To mercuric acetate (2.39 g, 7.50 mmol) was 
added 3a (600 mg, 7.31 mmol) and water (7 ml). The mixture was 
magnetically vigorously stirred in a stoppered flask for 24 h at 
room temperature. The water was removed in vacuo (2.5 mm) and 
the residual colorless oily solid was acetylated with an excess of 
acetic anhydride in pyridine (1 0 : 1  anhydride:mercurial) at ambient 
temperature over 24 h. Volatiles were removed in vacuo (2 mm) 
and the residual oil was reduced with NaBH4 (1 g) in water (10 ml) 
over 24 h. The product was extracted into ether (3 X 17 ml). The 
extract was washed with cold 10% HC1 followed by saturated aque
ous NaHC03, dried (MgS04), and filtered. Solvent was removed 
by distillation leaving a mixture of acetates (0.97 g, 98%). Analysis 
of the mixture by GLC (column 1 ) revealed two components in a 
ratio of 37:63 with relative retention times 1.00 and 1.36, respec
tively. The products were separated by preparative GLC (column 
2). The component of longer retention time was identified as cyclo
hexyl acetate by NMR spectrum and GLC retention time: 'H 
NMR 8 2.0 (s, 3 H, OAc), 1.1-2.35 (10 H), 4.80 (m, 1  H, C-l). The 
minor component, 2-methylcyclopentyl acetate (5a), was char
acterized as follows: NMR 8 0.90 (d, 3 H, J  = 6.5 Hz, methyl),
2.0 (s, 3 H, OAc), 1.30-2.20 (7 H), 4.65 (m, 1 H, C-l).

Anal. Calcd for CgH140 2: C, 67.61; H, 9.86. Found for 5a: C, 
67.77; H, 10.16.

Oxymercuration-Acetylation-Demercuration o f cis-B icy- 
clo[3.1.0]hexan-3-ol (3b). A mixture of mercuric acetate (1.69 g,
5.30 mmol) and 3b6 (500 mg, 5.10 mmol) in water (3 ml) was vigor
ously magnetically stirred at room temperature for 3 h. Water was 
then removed in vacuo (1 mm) to give 2.24 g of crude oily mercuri
al. This product was acetylated with acetic anhydride (1.1 ml, 50 
mmol) and pyridine (4 ml, 50 mmol) by stirring at room tempera
ture for 2 days. Volatile components of the resulting mixture were 
removed in vacuo ( 1  mm) and the residual oil was reduced with so
dium borohydride (1.5 g) in water by stirring for 3 h at room tem
perature. The products were extracted into ether (3 X 20 ml). The 
combined extracts were washed with aqueous 10% HC1 and then 
saturated aqueous NaHCOs, dried (MgS04), and filtered, and sol
vents were removed by rotary evaporation to give a mixture of ace
tates (0.92 g, 90%); GLC analysis (column 1 ) indicated three com
ponents with relative retention times 1.00, 1.27, and 1.55 in a ratio 
of 7.6:1.4:91.0, respectively. The two major components were iso
lated by preparative GLC (column 3) and identified as 4b (91% 
component) and 5b (8% component): LH NMR 8 1.10 (d, 3 H, J  =
6.4 Hz, methyl), 1.2-2.5 (5 H), 2.03 (s, 6 H, OAc), 4.84 (m, 1 H),
5.20 (m, 1 H). The minor component, which has a GLC retention 
time (column 1) identical with that of an authentic sample of 4c, 
was not isolated.

Oxymercuration-Acetylation-Demercuration of cfs-Bicy- 
clo[3.1.0]hexan-3-ol Acetate (3d). A mixture of mercuric acetate 
(2.58 g, 8.0 mmol) and 3d (1.10 g, 7.85 mmol) in water (3 ml) was 
vigorously stirred at room temperature for 20 h. Volatile compo
nents of the mixture were then removed in vacuo (2 mm). The resi
due was acetylated and demercurated as for 3b above to give a 
mixture of acetates ( 1 . 1  g, 68%) consisting of three components 
(GLC analysis on column 1 ) in a ratio of 39:2:59. The two major 
components were isolated by preparative GLC (column 3) and 
identified as 4b (59% component) and 5b (39% component). The 
minor component, which has a GLC retention time (column 1 )

identical with that of an authentic sample of 4c, was not isolated.
Oxymercuration-Acetylation-Demercuration o f fcrans-Bi- 

cyclo[3.1.0]hexan-3-ol (3f). A mixture of mercuric acetate (488 
mg, 1.55 mmol) and Sf6 (147 mg, 1.50 mmol) in water (2 ml) was 
vigorously magnetically stirred at room temperature for 20 h. The 
water was removed in vacuo (2 mm) and the residue acetylated 
and demercurated as for 3b above to give a mixture of acetates 
(175 mg, 58%) consisting of three components in a ratio of 7:88:5. 
The minor component, which has a GLC retention time (column 3) 
identical with that of 4b, was not isolated. The other two compo
nents were isolated by preparative GLC (column 3) and identified 
by !H NMR comparison with authentic samples. The major prod
uct (88% component) is 4c and the third product (7% component) 
is 5c.

cis-4-M cthyl-trans-1,3-cyclopentyl Diacetate (5b). Methyl- 
lithium (75 mmol) in ether (51 ml) was added dropwise under ni
trogen at 0 °C to a mechanically stirred suspension of Cul (7 g, 37 
mmol) in ether (340 ml). After stirring for 0.5 h, a clear gray solu
tion was obtained, trans-6-0xabicyclo[3.1.0]hexan-3-ol acetate (6,8
2.6 g, 18.7 mmol) was added in one portion. The resulting mixture 
was stirred at 0 °C for 12 h. Ice-cold aqueous 10% HC1 was then 
added dropwise. The organic phase was separated, washed with 
saturated aqueous sodium bicarbonate and then saturated aqueous 
sodium chloride, dried (MgS04), filtered, and concentrated by ro
tary evaporation. The residue was acetylated with acetic anhydride 
in pyridine to give crude 5b (1.2 g) as a yellow oil. Pure 5b was ob
tained by preparative GLC (column 2): *H NMR 8 1.10 (d, 3 H, J 
= 6.5 Hz, methyl), 1.2-2.5 (5 H), 2.03 (s, 6 H, OAc), 4.85 (m, 1  H),
5.20 (m, 1 H); mass spectrum (70 eV) m /e (rel intensity) 43 (100), 
80 (6 6 ), 81 (25), 140 (36), 200 (1).

Oxymercuration-Acetylation-Demercuration o f eis-Bicy- 
clo[4.1.0]heptan-3-ol (3c). A mixture of mercuric acetate (1.47 g, 
4.60 mmol) and 3c7 (500 mg, 4.47 mmol) in water (3 ml) was vigor
ously stirred magnetically. After 2 min the reaction mixture had 
become homogeneous and the mixture was stirred for an addition
al 1.5 h at room temperature. Volatile components of the reaction 
mixture were removed in vacuo ( 1  mm) and the residue was acety
lated and demercurated as for 3b above to give a mixture of ace
tates (0.94 g, 98%) consisting of two components in a ratio of 59:41 
with relative GLC retention times of 1.00 and 1.24, respectively 
(column 2). Pure samples were obtained by preparative GLC (col
umn 2, 185 °C) of diacetate I (59% component) and diacetate II 
(41% component). Diacetate I: *H NMR 8 0.94 (d, 3 H, J  = 5 Hz, 
methyl), 1.3-2.5 (7 H), 2.07 (2 s, 6 H, acetate methyls), 4.80 (m, 1 
H, a to OAc), 5.17 (m, 1 H, a to OAc).

Anal. Calcd for CnHig04: C, 61.68; H, 8.41. Found for I: C, 
61.52; H, 8.57. Diacetate II: *H NMR 8 0.94 (d, 3 H, J  =  5 Hz, 
methyl), 1.0-2.2 (7 H), 2.00 (s, 3 H, OAc), 2.05 (s, 3 H, OAc), 4.1 
-5.0 (2 H, a to OAc).

Anal. Calcd for CnHig04: C, 61.68; H, 8.41. Found for II: C, 
61.57; H, 8.62.

cis-3-Brom omercuricyclohexyl Acetate (9). Acetylated mer
curial was prepared from bicyclo[3.1.0]hexane (3a, 17.3 mmol) as 
described above. Chromatography of this product on 80-200 mesh 
silica gel (40 g) afforded a light yellow oil which was treated with a 
twofold excess of KBr in water. The reaction mixture was extract
ed with ether and the extract dried (MgS04) and filtered, and sol
vent was removed by rotary evaporation. The oily, semisolid resi
due was triturated with cold ether ( 10  ml) to leave white, crystal
line 9 (42%): mp 120.5-123.5 °C; *H NMR 8 (CH2C12 as internal 
standard) 1.5-2.3 (8 H, C-2, 4, 5, 6 ), 2.10 (s, 3 H, OAc), 2.85 (m, 1 
H, C-3), 4.90 (m, 1H.C-1).

Anal. Calcd for C8H 130 2HgBr: C, 22.79, H, 3.11. Found for 9: C, 
22.88; H, 3.08.

Reduction of the oily residue, obtained from concentration of 
the ether extract from the above trituration, with aqueous sodium 
borohydride gave mainly 2-methylcyclopentyl acetate (5a, 32%).

eis-5-Brom om ercuri-cis-l,3-cyclohexyl Diacetate (10a). 
Acetylated mercurial was prepared from c(s-bicyclo[3.1.0]hexan-
3-ol (3b, 5.1 mmol) as described above. Treatment with a twofold 
excess of KBr in water gave a white, crystalline precipitate which 
was collected by filtration with suction. The solid was dissolved in 
chloroform. The solution was dried (MgS04), filtered, and concen
trated. Crystallization of the residue from chloroform-ether gave 
10a as white needles: mp 141-142 °C (56%); ’ H NMR 8 (CH2C12 as 
internal standard) 1.84-2.25 (6 H, C-2, 4, 6 ), 2.10 (s, 6 H, OAc),
2.64 (q, 1 H, J =  4 Hz, C-5), 5.00 (quintet, 2 H, J  = 4 Hz, C-l, 3).

Anal. Calcd for C10Hi5O4HgBr:C, 25.04; H, 3.13. Found for 10a: 
C, 25.16; H, 2.83.

cis-5-Chlorom ercuri-cis-l,3-cyclohexyl Diacetate (10b).
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Acetylated mercurial from 3b was treated with a twofold excess of 
NaCl in water in analogy with the preparation of 10a above. It was 
characterized by the near identity of its NMR spectrum with that 
of 10a: 1H NMR <5 (CHCI3 as internal standard) 1.50-2.27 (5 H, 
C-2, 4, 6 ), 2.12 (s, 6 H, OAc), 2.60 (q, 1 H, J  = 4.5 Hz, C-5), 5.06 
(quintet, 2 H, J  = 3.7 Hz, C-l, 3).

3-Bromocyclohexyl Acetate (12). A solution of 3-bromomer- 
curicyclohexyl acetate (9, 1.0 g, 2.38 mmol) in anhydrous pyridine 
(4 ml) was treated dropwise with a solution of bromine (0.64 g, 4 
mmol) in pyridine (2  ml) at —40 °C. After the resulting mixture 
was stirred for 10 min, it was allowed to warm to 25 °C and then 
stirred for 1.5 h. Pyridine was removed by rotary evaporation and 
the oily solid residue was taken up in ether (50 ml). The solution 
was washed with saturated aqueous NaHCO.s and then with satu
rated aqueous CUSO4, dried (MgSC>4), and concentrated by rotary 
evaporation. The NMR spectrum of this crude material indicated 
almost pure 12. A pure sample was obtained by preparative GLC 
(column 2): 100 MHz JH NMR 5 1.0-2.4 (8 H, C-2, 4, 5, 6 ), 2.03 (s, 
3 H, OAc), 3.95 (tt, 1  H, -J = 4, 14 Hz, C-3), 4.66 (tt, 1 H, J  = 4,11 
Hz, C-l); mass spectrum (70 eV) m /e (rel intensity) 43 (92), 61
(11), 81 (100), 162 (7), 221 (63), 223 (58).

cis-5-Chloro-cis-l,3-cyclohexyl Diacetate (13c). A solution 
of chlorine (1.5 ml of 1.75 M) in CCI4 was added dropwise to a so
lution of cis-5-chloromercuri-ciS-l,3-cyclohexyl diacetate (10b, 385 
mg, 0.89 mmol) in pyridine (8 ml) at —40 °C under nitrogen. The 
resulting mixture was stirred at —40 °C for 1 h, then allowed to 
warm to room temperature and stirred for an additional 1 h. Sol
vents were removed by rotary evaporation and the residue was 
taken up in ether (50 ml). The solution was washed with saturated 
aqueous NaHCO.3 and then with saturated aqueous CuSC>4, dried 
(MgS04), filtered, and concentrated by rotary evaporation to give 
13c (121 mg, 58%): lH NMR 5 1.45 (d, 2 H, J =  11.5 Hz, C-4, 6 ), 
1.85 (d, 2 H, J  = 11.5 Hz, C-4, 6 ), 2.05 (s, 6 H, OAc), 2.1-2.8 (m, 2 
H, C-2), 3.84 (tt, 1 H, J =  4, 12 Hz, C-5), 4.75 (tt, 2 H, J = 4.3, 12 
Hz, C-l, 3); mass spectrum (70 eV) m /e (rel intensity) 43 (100), 79
(40), 96 (49), 97 (23), 114 (13), 138 (13), 139 (21), 174 (17), 234 (12), 
236 (4).

Bromination o f cJs-5-Brom om ercuri-c/s-l,3-cyclohexyl Di
acetate (10a). A solution of bromine (0.64 g, 4 mmol) in pyridine 
(2 ml) was added to a solution of 10a (1.5 g, 3.14 mmol) in pyridine 
(6 ml) at —40 °C under an atmosphere of dry nitrogen. After com
pletion of the addition the solution was warmed to room tempera
ture and stirred for 2.5 h. Pyridine and other volatiles were re
moved in vacuo (4 mm) and the oily residue was taken up in ether 
(100 ml). The solution was washed with saturated aqueous 
NaHCC>3 and then saturated aqueous CuSC>4, dried (MgS0 4 ), fil
tered, and concentrated by rotary evaporation. This material was 
passed through a column of 80-200 mesh silica gel ( 1 0  g) with chlo
roform as eluting solvent. Removal of solvent by rotary evapora
tion gave a mixture of isomeric 5-bromo-cis-l,3-cyclohexyl diace
tates (68%): >H NMR S 1.3-2.8 (6 H, C-2, 4, 6 ), 2.00 (s, 6 H, OAc), 
3.93 (tt, 0.5 H, J  = 4, 12 Hz, C-5 in cis-5-bromo), 4.4-5.0 (1.5 H, 
C-l, 3 in eis-5-bromo and C-5 in frans-5-bromo), 5.24 (tt, 1  H, J  =

4.5, 7.5 Hz, C-l, 3 in trans-5-bromo); mass spectrum (70 eV) m /e  
(rel intensity) 41 (28), 43 (100), 61 (36), 67 (23), 69 (31), 79 (58), 83
(39), 176 (31), 178 (29), 218 (30), 220 (31), 279 (25), 281 (25).
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Stereochemistry of Reactions of Silacyclobutanes
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Preparations and separations of geometric isomers and structural assignments based on NMR spectra are de
scribed for a number of 1-substituted 1,2-dimethylsilacyclobutanes. The stereochemical course for a number of 
reactions of these derivatives has been determined. There is a decided bias toward retention in the strained ring 
system even for reactions that are inversions in unstrained organosilanes; nevertheless, inversion can be observed 
to occur. Mechanistic possibilities are discussed, and an unusual temperature dependence of stereochemical out
come for Br2 cleavage of an aryl-silicon bond is described.

In recent years considerable attention has been devoted 
to stereochemical studies of reactions at nonmetal atoms 
incorporated in strained cyclic systems. Such studies have 
been particularly important in development of a compre

hensive rationalization of the relations between stereo
chemistry and mechanism in substitution reactions at four- 
coordinate phosphorus,1 and recently unusual stereochemi
cal outcomes for reactions at carbon atoms in small rings
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Table I. Stereochemistry of Reactions of 1,2-Dimethyl-1-silacyclobutanes

Predominant
Rxn no. Compd“ Z :E  ratio6 Reagent Product Z :E  ratio stereochemistry

1 R3S iC l(l) 40:60 LiAlH4 SiH (2) 59:41 Retention
RgSiCl (1) 22:78 LiAlH4 SiH (2) 80:20

2 RgSiCl (1) 30:70 ZnF2 SiF (3) 30:70
RgSiCl (1) 50:50 ZnF2 SiF (3) 30:70 Nonstereospecific

3 RsSiF (3) 30:70 LiAlH4 SiH (2) 68:32 Retention
4 R3SiOMe (4) 30:70 LiAlH4 SiH (2) 75:25 Retention
5 RaSiCl (1) 15:85 p-M eOC 6H4MgBr SiC6H 4OMe-p (5) 15:85 Retention

RsSiCl (1) 50:50 p -MeOCßH4MgBr SiC6H4OMe-p (5) 50:50
6 R3SiCl (1) 50:50 p-MeCßH4MgBr SiCßH4Me-p (6 ) 50:50
7 R 3SiC6H 4OMe-p (5) 50:50 HF RsSiF (3) 30:70 Nonstereospecific
8 R3SiH (2) 95:5 CC14-B z20 2 S iC l(l) 6:94 Retention

R3SiH 2:98 CC14-B z20 2 S iC l(l) 95:5
9 R3SiH (2) 80:20 CBr3H -B z20 2 SiBr (7) 30:70 Retention

R3SiH (2) 2:98 CBr3H -B z20 2 SiBr (7) 90:10

° R3Si equals 1,2-dimethyl-l-silacyclobutane. 6 Isomeric ratios for R.iSiH were determined by GLC, all others from relative in
tensities of the Si-Me absorptions in the NM R spectra.

have been both predicted2 and observed .3 W e now wish to 
report the results o f a number o f  transformations taking 
place at Si atoms in the strained silacyclobutane system.

Dubac and Mazerolles have reported the stereochemistry 
o f a number o f  reactions o f  2-m ethyl- and 3-m ethyl-1-sila
cyclobutanes, all reactions that were stereospecific being 
proposed to occur with retention o f  configuration .4 H ow 
ever, similar reactions in nonstrained systems also occur 
with retention .5®’5 The only stereochemical study in a 
strained cyclic system o f  a reaction that occurs with inver
sion in nonstrained systems is the reduction o f 1 -ch loro -l- 
a-naphthyl-l-silaacenaphthene .6 Som m er and co-workers 
observed retention o f  configuration in its reduction with 
LiA lH 4 and postulated that the stereochemical crossover is 
associated with angle strain at Si. In a preliminary com m u
nication we have reported a similar result in the silacyclo
butane ring system .7

R esu lts

A convenient route for synthesis o f  1-substituted 1,2- 
dim ethyl-1 -silacyclobutanes is through the chloro deriva
tive (1). T he preparation o f 1 from  (3-chlorobutyl)dichloro- 
methylsilane was reported by Dubac and Mazerolles to lead 
to a 36:64 mixture o f  the E  and Z  isomers, respectively.1® 
We reported that a 60:40 mixture o f  ( E ) -l  and (Z ) -l  was 
obtained . 7 The activity o f  the magnesium (ours being acti
vated by the m ethod o f Damrauer8) may account for this 
difference. Further study o f the reaction revealed that an 
85:15 mixture o f  (E ) - 1 and (Z ) - 1 was actually form ed which 
underwent isomerization on distillation at atmospheric 
pressure (probably owing to  traces o f ether at high tem per
ature9) leading to the 60:40 mixture. Indeed, attem pted 
separation o f  an 85:15 mixture o f  1 by spinning-band distil
lation led to  an approximately 50:50 mixture o f  the two iso
mers. The isomerization on distillation accounts for the 
various ratios o f  isomers used through this work and for the 
apparent enrichment o f  a mixture in ( E ) - 1 previously re
ported by this group .7

Table I gives the results o f  the stereochemistry o f  eight 
reactions o f  1 -substituted 1 ,2 -dim ethyl-l-siIacyclobu- 
tanes. The observation o f predom inant retention o f  config
uration in the reduction o f the chloro and fluoro derivatives 
(reactions 1 and 3) is contrary to the “ norm al”  stereochem 
istry o f inversion in these reactions; however, there has 
been a recent report o f retention in a fluorosilacyclohexane 
with fused aromatic rings,50 and racemization has also been 
reported to  occur in reduction o f 2 -fluoro-2 -a-naphthyl-2 - 
sila-l,2,3,4-tetrahydronaphthalene.5b Although only one 
isomeric ratio o f  the fluoro derivative 3 was available for re-

Table II. Stereochemistry of Bromination of 
1 -p-Anisyl- 1,2-dimethyl-1 -silacyclobutane

(E )-5 :(Z )-5
ratio Solvent

Temp,
°C

Product ratio 
(E )-7 :(Z )-7

50:50 CC14 -2 3 50:50
85:15 CCL, -2 3 45:55
50:50 Hexane-ether -9 8 30:70
85:15 Hexane-ether -9 8 20:80
50:50 CC14 -2 5 70:30
85:15 CC14 - 2 5 74:26

duction, it is apparent that the reaction is stereospecific 
since the equilibrium ratio o f  2 is known to be a 46:54 m ix
ture o f the Z  and E  isomers, respectively, from  isomeriza
tion o f both isomers in D M F containing K C N . 10 I f  the reac
tion were nonstereospecific the equilibrium ratio o f  2  would 
be a likely result, although any ratio is possible if  epimeri- 
zation o f starting materials or intermediates is possible. In 
the latter event, the reaction is unlikely to appear to be ste
reospecific. By similar reasoning the reduction o f the me- 
thoxy derivative 4 (reaction 4) is presumed to be stereospe
cific.

The retention o f configuration observed in the displace
m ent o f  chloride ion with p-anisylmagnesium brom ide (re
action 5) is contrary to the stereochemistry normally o b 
served in the reaction o f Grignard reagents with chlorosil- 
anes . 12 However, aryl Grignards often fail to  react with the 
sterically hindered chlorosilanes used in stereochemical 
studies12 and thus little is known o f  these reactions. One 
chlorosilane has been shown to give predom inant (56%) re
tention o f configuration when treated with phenylmag- 
nesium brom ide . 13

The reaction o f 1 with zinc fluoride (reaction 2) (repre
sented in Table I as being nonstereospecific) may have o c 
curred stereospecifically, the product then undergoing 
isomerization induced by halide ion. Evidence for the prod
uct ratio representing an equilibrium mixture was form a
tion o f the same ratio in both preparations (reactions 2  and
7) and by the failure to observe a change in the ratio when 
3 was dissolved in neat methanol. M ethanol has previously 
been shown to give racemization o f chiral fluorosilanes. 14

The desilylation o f 5 with anhydrous HF (reaction 7) 
represents the first reported cleavage o f  an aryl group from 
a silacyclobutane in com petition with the ring opening nor
mally observed with strong nucleophilic and electrophilic 
reagents. 15  R ing-opened products were the only ones o b 
served in reaction o f l-p -t o ly l - l ,2 -dim ethyl-l-silacyclobu- 
tane (6 ) with both HF and bromine (Scheme I). Some ring
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opening was also observed in the reaction o f  the anisyl de
rivative, 5, with HF. However the only product obtained in 
reaction o f 5 with bromine was l-b rom o-l,2 -d im eth y l-l-s i- 
lacyclobutane (7). The results o f  stereochemical studies o f 
this reaction are shown in Table II. Under the reaction con
ditions neither 5 nor 7 are isomerized at appreciable rates. 
T he equilibrium mixture o f (Z ) -7  and (£ )-7  at room tem 
perature is 44:56 as demonstrated by isomerization with 
hexamethylphosphoric triam ide.16 Although inversion o f 
configuration is probably the “ norm al”  stereochemistry of 
desilylations with brom ine,17 racemization has been o b 
served.18

Structural Assignments. The structures o f  the hydride 
derivatives (Z )-2  and (E ) -2  were assigned from  !H and 13C 
chem ical shifts. In many substituted cycloalkanes substitu
ents exert an influence on the chemical shifts o f  protons on 
an adjacent carbon that is stereospecific and greater when 
the substituent and proton are cis to one another than 
when they are trans.19 M ethyl groups generally show the 
effect o f  shielding cis protons on adjacent carbons,20 and in 
the E  isomer o f  2, shielding o f the proton on Si by the cis 
Cg-Me gives rise to a resonance at substantially higher field 
(5 4.42) than the Si-H  o f the Z  isomer (5 4.75). Also the
Si-M e and C 2-M e protons appear at higher field (slightly 
but consistently) in the Z  isomer where they are cis to one 
another. The proton on C2 could not be resolved from the 
other ring protons so that no useful coupling constant data 
are available nor could a nuclear Overhauser effect be de
termined. The stereochemical assignments were confirm ed 
by 13C chemical shifts for which a reasonably close analogy 
to the present system exists in a study o f m ethyl-substitut
ed phosphetanes.21 Steric interaction between the methyl 
groups o f the Z  isomer o f  2 gives rise to resonances at high
er field for both the Si-M e (5 —7.0) and the C2-M e 15.6) 
relative to the Si-M e (5 —2.3) and C2-M e (<5 17.3) o f  the E  
isomer. This high-field shift is also observed for the C2 res
onance o f the Z  isomer.

By reasoning similar to that applied to the hydrides, the 
structures o f  all other derivatives were assigned from the 
*H chemical shifts o f  the Si-M e. In each case, the E  isomer, 
where the Si-M e is cis to the C2-M e, gives rise to a reso
nance at higher field than the Z  isomer (Table III). The 
structures o f  the fluoride derivatives were confirm ed by 19F 
N M R. T he Si-F o f the Z  isomer o f 3 where it is cis to the 
C2-M e appears at a higher field than the Si-F o f the E  iso-

Table III. NMR Spectra of Derivatives of
l,2-Dimethyl-l-silacyclobutanea

Compd Si-Me C2-Me Si-H Si-F5 SiOMe

SiCl E 0 .5 9 1.12
S iC lZ 0.65 1.15
S iH Z 0.28 1.05 4.75
SiH E 0.32 1.11 4.42
SiF E 0.25 1.05 137.6
S iF Z 0.32 1.05 154.7
SiOMe E 0.10 3.40
SiOMe Z 0.15 3.48
SiBr E 0.67
SiB rZ 0.73
SiC6H4OMe E 0.55 1.18
SiC6H4OMe Z 0.57 1.03
SiC6H4Me E 0.50 1.14
SiC6H4Me Z 0.52 0.98

° Complete spectra, solvents, and reference compounds
given in the Experimental Section. b 19F NMR.

mer. In both aryl derivatives, 5 and 6, the Ca-Me o f  the Z  
isomer where it is cis to  the aryl group appears at substan
tially higher field than the C2-M e o f the E  isomer. Such 
diamagnetic anisotropic shifts are well known19’22 and have 
previously been observed in phenyl-substituted cyclic si
lanes.140 The structures o f  the chloride and brom ide deriv
atives were confirm ed by stereospecific synthesis from  the 
hydride isomers (reactions 8 and 9). Since these reactions 
proceed through a silyl radical intermediate,23 they can be 
presumed to occur with retention o f  configuration.

Only in the case o f the m ethoxide isomers are the struc
tural assignments questionable. In the isomer o f 4 assigned 
the Z  structure from the chem ical shifts o f  the Si-M e 
groups, the SiOM e which is presumably cis to  the Ü2-M e 
gave rise to a resonance at lower field than the SiOM e o f  
the E  isomer. T he structural assignments o f  4 made here 
are the same as those proposed by Dubac and M azerol- 
les4a,4c and are consistent with chem ical evidence. T he re
duction o f  4 undoubtedly occurs with retention o f  configu
ration since similar reactions o f  other alkoxysilanes occur 
with retention.5

Discussion

A simple rationalization o f the stereochemistry o f  reac
tions 1 and 3 -5  is possible. “ N orm al”  (SN 2-Si)5®’24 attack 
on the back side o f  Si (relative to  the leaving group) occurs 
with the same stereochemical constraints which are normal 
for SN2 attack on carbon, namely, the entering and leaving 
groups are apical and the other substituents equatorial. A t
tack on one o f  the other three faces o f  the approxim ate tet
rahedron about silicon (flank attack)25 leads preferentially 
to retention o f configuration. Flank attack can be induced 
by coordination o f the leaving group to som e portion o f the 
entering group (SNi-Si)5a’26 or, as in the angle strain cases, 
by the inability o f the substituents about Si to occupy their 
normal equatorial positions in the SN2-Si transition state 
because o f  prohibitive increases in angle strain.

An attractive rationalization o f the bias toward retention 
in the silacyclobutane reactions would be form ation o f a 
pentacoordinate intermediate by axial entry o f  the nucleo
phile. Conversion o f  the first intermediate to  other penta
coordinate intermediates can occur by turnstile rotation or 
Berry pseudorotation.1 A single turnstile rotation (T R ) fo l
lowed by loss o f  the leaving group would result in retention 
o f configuration. The same mechanism was postulated for 
the recently observed retention reaction o f  a cyclobutane3 
and has been applied numerous times in phosphorus chem 
istry.1 Furthermore, by analogy to arguments applied for
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phosphetanes ,27 the strained silacyclobutane ring m ight be 
expected to favor form ation o f  extracoordinate interm edi
ates and would be expected to span an axial and an equato
rial position in a trigonal bipyramid.

That this stereochemical rationalization is not a com 
plete description o f what can occur in small rings is abun
dantly clear from  previous observations o f  inversions or 
nonstereoselectivity occurring in four-m em bered P28a and 
S28b rings as well as the present observation o f tem pera
ture-dependent stereochemical outcom e in the bromina- 
tion o f the anisyl derivatives (5) in which inversion is o c 
curring at low temperature. The latter reaction presumably 
proceeds through a a com plex29 (Schem e II); however, the

Schem e II

M e

— Si— — OMe +  Br2 — ►

Me

actual situation cannot be so simple as Scheme II implies 
since the reaction in nonpolar solvents is second order in 
Br2.3° The occurrence o f  inversion could be explained on 
the basis o f  five-coordinate intermediates using an argu
ment similar to  that advanced by  Em sley28 and assigning a 
high equatoriophilicity to the benzenonium  ion group in in
termediate 15. This explanation would allow the four- 
membered ring to  retain its preferred axial-equatorial 
placem ent in a trigonal bipyramid. A  second scheme allow
ing inversion would be equatorial entry-equatorial depar
ture (perhaps synchronously, perhaps through an interme
diate) retaining the ring bonds axial-equatorial. T he possi
bility o f  equatorial attack must be taken seriously for Si, 
and also for other nonmetals, following the work o f Cor- 
riu .3 1 A third possibility for inversion would be apical 
placem ent o f  both entering and leaving groups, forcing the 
ring bonds to be diequatorial. In the five-coordinate hexa- 
fluoroacetone adducts o f 1 -substituted phosphetanes, free 
energies o f  activation have been measured for a pseudoro
tation which places the four-m em bered ring bonds diequa
torial.32 The activation free energy varies with the substitu
ent but is in the range o f 10-20 kcal/m ol. I f these figures 
can be considered to approximately represent the free-en- 
ergy difference between trigonal bipyramids which have 
four-m em bered ring bonds axial-equatorial and those 
where the bonds are diequatorial, then the latter can cer
tainly be generally considered unfavorable, but neverthe
less energetically accessible.

W e cannot at present distinguish among these possibili
ties, nor do any o f them afford a ready explanation o f the 
temperature dependence o f the stereochemical results. 
Com peting mechanistic pathways which show different 
temperature dependencies in their rates, com bined with 
normal temperature dependence o f  the com positions o f 
equilibrium mixtures, can certainly lead to a very com plex 
overall picture. The results are suggestive o f  a need for 
tem perature-dependency studies in other stereochemical 
investigations.

Experimental Section

Unless otherwise stated, all reactions were run in three-neck 
round-bottom flasks equipped with a magnetic stirrer, reflux con
denser, addition funnel, and thermometer. All glassware was flame 
dried and flushed with nitrogen prior to conducting the experi
ment under an atmosphere of nitrogen. All distillations were 
through a 7-cm Vigreux column unless stated otherwise. Commer
cial anhydrous ether was used as supplied. Methanol was dried 
over 3 A molecular sieves; carbon tetrachloride over 4 A molecular 
sieves. Nuclear magnetic resonance (NM R) spectra were obtained 
routinely on a Varian A-60A, Varian HA-100, or Varian CFT-20. 
Infrared (ir) spectra were recorded using a Perkin-Elmer Model 
137. A Perkin-Elmer Model 900 equipped with a flame ionization 
detector was used for routine gas-liquid partition chromatography 
(GLC). Preparative GLC was carried out using a Perkin-Elmer 
Model F-21. GLC-mass spectra were obtained on a Perkin-Elmer 
990 GLC interfaced through a Biemann-Watson separator to a H i
tachi Perkin-Elmer RM S-4 mass spectrometer. Mass spectra were 
taken at 70 eV and are reported as m/e (rel abundance).

Dichloro(3-chlorobutyl)methylsilane3S and l-m ethoxy-l,2-di- 
methyl-l-silacyelobutane4a’4c (4) were prepared as previously re
ported.

l-C h loro-l,2-d im eth yl-l-silaeyc lobu tan e (1). In a 1-1. three- 
neck flask equipped as usual was placed 21.9 g (0.900 g-atom) of 
40-mesh magnesium powder and 600 ml of ether. 1,2-Dibromo- 
ethane (3 ml) was added and the mixture refluxed for 15 min. To 
this activated magnesium was added dropwise 61.7 g (0.300 mol) o f 
(3-chlorobutyl)dichloromethylsilane in 40 ml of ether over an 8 -h 
period with refluxing. Refluxing was continued for 3 days and stir
ring at room temperature for 5 days.

The reaction mixture was filtered under nitrogen and the resi
due washed twice with ether. The solvent was removed by rapid 
distillation and the remaining liquid distilled to give 25.5 g (63% 
yield) o f 1: bp 61-65 °C (92-93 mm) [lit.4a bp 62-64 °C (110 mm)]; 
N M R (100 MHz) (CDC13, internal CHCI3 ) & 0.59 (s) and 0.65 (s) 
(total, 3 H), 1.12 (d) and 1.15 (d) (total, 3 H), 1.0-2.0 (m, 4 H), and
2.45 (m, 1 H). Relative intensities of 85:15 were observed for the 
singlets at 5 0.59 and 0.65, respectively. MS m/e 134 (13), 119 (6 ), 
108 (35), 106 (100), 92 (8 6 ), 78 (63), 63 (47), and metastables at
66.3, 64.7, and 57.3.

If the solvent was removed by slow distillation and the product 
distilled at 760 mrr. (bp 121-123 °C) a 75% yield was obtained of a 
60:40 mixture of (£ )- l and (Z)-\, respectively.

Keeping the reaction vessel in a cold bath at 4-6 °C during addi
tion of the silane and for 4 days, plus 7 days at 8-10 °C failed to in
crease the isomeric ratio above 85:15.

Attempted spinning band distillation of 1 at 760 mm resulted in 
isomerization to a 47:53 mixture of the two isomers. Spinning band 
distillation at 150 mm (bp 81-82 °C) failed to separate the isomers.

1,2-D im eth yl-l-silacyclobutane (2) (Reaction 1). In a 250-ml 
three-neck flask equipped as usual was placed 125 ml of ether and
2.30 g (0.242 g-atom of H) of crushed lithium aluminum hydride. 
To this stirred mixture was added 23.1 g (0.172 mol) o f a 60:40 
mixture o f (JE)-l and (Z)-l ,  respectively, in 30 ml of ether at a rate 
sufficient to maintain refluxing. Refluxing was continued 0.5 h 
after addition was complete.

After filtering, the reaction mixture was added to 150 ml o f ice 
water containing 30 g of ammonium chloride. The ether layer was 
washed once with 1 M aqueous ammonium chloride and twice with 
water, and dried over magnesium sulfate. Distillation gave 1.0.1 g 
(59% yield) o f 2, bp 84-87 °C [lit. 4 8  bp 85-87 °C (748 mm)].

Analysis by GLC using a 16 ft X 0.125 in. column of 15% Apiezon 
L on 60-80 mesh Chromosorb W  at 85 °C showed an impurity, 
10%, retention time o f 4.2 min, and the two isomers, (E)-2  and 
(Z)-2, retention times o f 4.7 and 5.3 min, 37 and 53% respectively 
(Z:E  ratio of 59:41). Similarly reduction of a 78:22 mixture o f (E ) -1 
and (Z ) -1 gave an 80:20 mixture o f (Z)-2 and (E)-2 as determined 
by GLC analysis o f the reaction mixture.

The isomers were separated by preparative GLC on a 64 X 0.75 
in. column of 10% Apiezon L on 60-80 mesh Chromosorb W  oper
ating at a temperature of 85 °C with a nitrogen flow rate of 270 
ml/min. The E  and Z  isomers had retention times of 6.4 and 7.2 
min, respectively. Attempted spinning band distillation o f 2 re
sulted in polymerization. N M R (100 MHz) (CDCI3 , internal 
Me4 Si) 2a: 5 0.28 (d, J  = 4 Hz, 3 H), 1.05 (d, 3 H), 0.76-1.95 (m, 4 
H), 2.45 (m, 1 H), and 4.75 (m, 1 H). 2b: S 0.32 (d, J  = 4 Hz, 3 H),
1.11 (d, 3 H), 0.58-1.87 (m, 4 H), 2.40 (m, 1 H), and 4.42 (m, 1 H). 
13C N M R (CHCI3 ) 2a: 6 -7 .0  (Si-Me), 9.0 (C4), 15.6 (C 2 -M e), 20.4 
(C2), and 29.6 (C3). 2b: S -2 .3  (Si-Me), 9.0 (C4), 17.3 (C2 -Me), 23.1
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(C2), and 28.4 (C3 ). Ir (film) 2900 s, 2 1 0 0  s, 1450 m, 1400 w, 1250 s, 
1180 w, 1130 m, 1060 m, 970 m, 920 s, 890 s, 855 s, and 730 cm - 1  s; 
mass spectrum m/e 100 (10), 85 (14), 72 (100), 58 (45), 43 (45), and 
a metastable at 51.8.

1.2 - D im eth yl-l-fluoro-l-silacyc lobu tan e (3) (Reaction 2).
In a 50-ml one-neck flask were placed 15.33 g (114 mmol) o f a 
70:30 mixture of (-E)-l and (Z )- 1 , respectively, and 9.0 g (87 mmol) 
o f anhydrous zinc fluoride. The flask was equipped with a magnet
ic stirrer and set for distillation. Distillation gave a fraction, bp
85-112 °C, which was combined with 9.0 g (87 mmol) o f fresh zinc 
fluoride and redistilled, the fraction bp 80-85 °C being collected. 
Redistillation of this fraction from 1.0 g o f fresh zinc fluoride gave
9.21 g (6 8 % yield) o f 3: bp 83-84 °C; N M R (CCI4 , internal benzene) 
6  0.25 (d, J  = 8  Hz) and 0.32 (d, J  = 8  Hz) (total o f 3 H), 1.05 (m, 3 
H), and 0.83-2.25 (m, 5 H); estimated relative intensities were 
70:30 for doublets at 0 0.25 and 0.32, respectively. 19F NM R 
(CFCI3 , solvent as reference) <5 137.6 (m) and 154.7 (m) (relative in
tensities of 75:25, respectively); MS m/e 118 (7), 103 (6 ), 90 (94), 77 
(77), 76 (100), 63 (50), 62 (92), 47 (83), and metastables at 42.8 and
50.2. Anal. Calcd for C5 H „F S i: C, 50.79; H, 9.38; Si, 23.78. Found: 
C, 50.59; H, 9.40; Si, 23.60.

A similar preparation using a 50:50 mixture of (-E)-l and (Z)-l 
gave a 70:30 mixture of (E )-3 and (Z)-3 as determined by NMR.

Reduction of 1,2-D im eth yl-l-flu o ro -l-silacyclo bu tan e  (R e
action 3). In an 8 -ml vial equipped with a magnetic stirrer were 
placed 45.6 mg (4.94 mg-atoms o f H) of LiAlH 4  and 5 ml o f ether. 
After equipping with a septum 0.50 g (4.2 mmol) o f a 70:30 mixture 
of (E )-3 and {Z)-3 was added via syringe and the mixture stirred 
for 15 min. GLC-mass spectrometry analysis showed that (Z )-3 
and (£ )-3  were formed in a 68:32 ratio.

Reduction o f 1,2 -D im eth yl-l-m eth oxy-l-silacyclob utane 
(Reaction 4). In an 8 -ml vial were placed 6.5 mg (0.73 mg-atoms 
of H) o f LiAlH 4  and 2.0 ml of ether. Through a septum 52 mg (0.40 
mmol) o f a 70:30 mixture o f (E )- and (Z)-l,2-dim ethyl-l-m ethoxy- 
1 -silacyclobutane was added via syringe and the mixture stirred 
for 0.5 h. GLC-mass spectrometry analysis showed that (Z)-2 and 
(E)-2 were formed in a 75:25 ratio.

1.2 - D im eth yl-l-(p -an isy l)-l-silacyclo b u tan e  (5) (Reaction
5). To a solution of 26.9 g (0.200 mol) o f a 50:50 mixture o f (-E)-l 
and (Z )-l in 100 ml of ether was added with stirring the top layer 
of a solution of p-anisylmagnesium bromide obtained from 39.0 g 
(0.208 mol) o f p-bromoanisole and 7.0 g (0.287 g-atom) of magne
sium turnings in 350 ml of ether. The lower layer was then added 
dropwise and the mixture stirred for 2  h under reflux.

The reaction mixture was hydrolyzed in 300 ml of ice water con
taining 20 g of ammonium chloride. The ether layer was washed 
once with water and dried over magnesium sulfate. After the sol
vent was removed, the remaining liquid was distilled, the fraction 
bp 80-86 °C (0.5 mm) was collected and redistilled to give 26.7 g 
(65% yield) o f a 50:50 mixture of (£ )-5  and (Z)-5, bp 72-76 °C (0.3 
mm). NM R (CH 2C12, solvent as reference) (100 MHz) 5 0.55 (s) 
and 0.57 (s) (total 3 H) (ca. 50:50), 1.03 (d, J  =  7 Hz) and 1.18 (d, J  
= 7 Hz) (total 3 H), 0.94-2.00 (m, 4 H), 2.55 (m, 1 H), 3.82 (s), and
3.83 (s) (total 3 H), 6.99 (m, 2 H), and 7.59 (m, 2 H); ir (film) 2900 
s, 1600 s, 1480 s, 1270 s, 1240 s, 1180 m, 1130 w, 1110 s, 1040 m, 965 
w, 915 w, 870 w, 850 m, and 780 cm - 1  m; mass spectrum m/e 206
(14), 191 (2), 178 (32), 164 (100), 151 (61), 135 (37), 134 (38), 121
(22), 119 (19), and metastable at 109.5. Anal. Calcd for C^HigOSi: 
C, 69.84; H, 8.79; Si, 13.61. Found: C, 69.91; H, 8.90; Si, 13.74.

Similarly, reaction of 4-methoxyphenylmagnesium bromide with 
an 85:15 mixture of ( £ ) - l  and (Z )-l , respectively, gave an 75% 
yield an 85:15 mixture o f (£ )-5  and (Z)-5, respectively.

1.2 - D im eth yl-l-(p -to ly l)-l-silacyclob utan e (6 ) (Reaction 6 ). 
T o 30.0 g (0.223 mol) o f a 50:50 mixture of (-E)-l and (Z)-l in 1 0 0  

ml o f ether was added dropwise a solution of p-tolylmagnesium 
bromide prepared from 42.0 g (0.245 mol) o f 4-bromotoluene and 
8.0 g (0.33 g-atom) of magnesium turnings in 400 ml of ether. After 
stirring under reflux for 1  h the mixture was hydrolyzed by addi
tion to 35 g o f ammonium chloride in 500 ml of ice water. The 
ether layer was washed once with water and dried over magnesium 
sulfate. After the solvent was removed, the remaining liquid was 
distilled to yield 29.0 g (6 8 % yield) o f a 50:50 mixture of (E )-6  and 
(Z)-6 , bp 73-75 °C (1.0 mm): NM R (CH 2 C12, solvent as reference) 
S 0.50 (s) and 0.52 (s) (total 3 H) (ca. 50:50), 0.98 (d, J  = 7 Hz) and
l .  14 (d, J  = 7 Hz) (total 3 H), 0.95-1.93 (m, 4 H), 2.37 (broad s, 3 
H), 2.31-2.61 (m, 1 H) 7.24 (m, 2 H), and 7.56 (m, 2 H); ir (film) 
2900 s, 1600 m, 1450 m, 1400 w, 1250 s, 1180 w, 1130 m, 1110 s, 970
m, 920 w, 870 m, 850 s, and 780 cm - 1  s; mass spectrum m/e 190
(16), 175 (1), 162 (45), 148 (100), 135 (67), 134 (45), 133 (73), 131 
(22), 119 (59), 105 (20), 93 (20), and metastables at 138.1 and 110.8.

Anal. Calcd for C i2 H i8 Si: C, 75.71; H, 9.53; Si, 14.76. Found: C, 
75.52; H, 9.43; Si, 15.00.

Reaction  o f 5 w ith  H F (Reaction 7). In a dry polyethylene test 
tube equipped with a polyethylene stopper was placed 5.8 g o f a 
50:50 mixture of (£ )-5  and (Z)-5. Anhydrous HF was bubbled 
through the neat compound for 2  h followed by nitrogen for 1  h. 
Distillation gave a fraction, 0.91 g, bp 78-83 °C, the N M R spec
trum of which showed chemical shifts characteristic o f (£ )-3  and 
(Z )-3 (ca. 70:30, respectively) and approximately an equal amount 
o f the product obtained from reaction of 6  with HF.

Stereospecific  P rep aratio n s o f l-C h lo ro -l,2-d im eth yl-l-s i- 
lacyclobutane from  1,2-D im eth yl-l-silacyclobutane (R eac
tion 8 ). In a 25-ml one-neck flask equipped with a condenser were 
placed 2.16 g (21.6 mmol) o f 95% isomerically pure (Z)-2, 17 ml 
(175 mmol) o f dry carbon tetrachloride, and 0.05 g o f benzoyl per
oxide. The mixture was held at 80 °C for 1  h, an additional 0.05 g 
of benzoyl peroxide added, and the mixture heated at 80 °C for 1 h 
longer. Analysis o f the reaction mixture by NM R showed a 94:6 
ratio of (£ )- l and (Z)-1. Distillation gave 1.63 g (56% yield) o f 94% 
isomerically pure (£ )-1 , bp 59-61 °C (89-90 mm).

Similarly, reaction of 0.178 g of 98% (E)-2, 1.0 ml of carbon tet
rachloride, and 0.02 g of benzoyl peroxide in an N M R tube at 80 
°C for 1 h gave >95% pure (Z)-2, as determined by N M R analysis 
o f the reaction mixture.

Stereospecific  Prep aratio n  of 7 from  2 (Reaction  9). In a dry
N M R tube were placed 0.02 g of benzoyl peroxide, 1.0 ml (2.89 g,
11.4 mmol) o f CBrsH, and 78 mg (0.78 mmol) o f an 80:20 mixture 
o f (Z)-2 and (E)-2. The mixture was then held at 80 °C  for 0.5 h. 
Analysis by NM R revealed that (£ )-7  and (Z )-7 were formed in a 
70:30 ratio, respectively.

Similarly, a 2:98 ratio of (Z)-2 and CE)-2 gave respectively (£ )-7  
and (Z)-7 in a 10:90 ratio.

R eaction  of 6  w ith  H F. In a dry polyethylene test tube 
equipped with a polyethylene stopper was placed via syringe 1.7 g 
of 6 . Anhydrous HF was bubbled through 6  for 3 h by use o f a 
stainless steel needle. After standing overnight nitrogen was bub
bled through the solution for 1 h. The reaction mixture was ana
lyzed directly: N M R (CC14, external Me4 Si’i 6 0.28 (t), 0.60-1.80 
(m), 2.31 (s), and 7.10 (s), the latter two chemical shifts character
istic of toluene; MS parent mass 138. The product probably was 
sec-butyl- and/or n-butyldifluoromethylsilane.

A similar reaction was stopped before all starting material was 
consumed. N M R analysis showed that no 3 was present.

Reaction  of 6  w ith Brom ine. T o 4.40 g (23.2 mmol) o f 6  in 10 
ml of CC14  held in an ice bath was added 3.7 g (23.2 mmol) o f bro
mine in 10 ml o f CC14. After addition was completed the solvent 
was removed by distillation under reduced pressure and the prod
uct distilled to give 4.5 g (55% yield) o f a clear liquid tentatively 
identified as a 2:1 mixture of bromo(3-bromobutyl)methyl(p-tol- 
yl)silane and bromo(3-bromo-l-m ethylpropyl)methyl(p-tolyl)si- 
lane: bp 105-135 °C (0.9 mm); NM R (CC14, internal Me4 Si) 5 0.76 
(s), 0.87-2.10 (m), 1.66 (d), 2.33 (s), 3.38 (m), 4.20 (m), 7.12 (d), and
7.46 (d).

l-B rom o-l,2-d im eth yl-l-silacyc lobu tane (7). In a one-neck 
1 0 0 -ml flask equipped with a magnetic stirrer and addition funnel 
were placed 10.4 g (50.5 mmol) o f a 50:50 mixture o f (E)-5  and 
(Z )-5 and 20 ml of carbon tetrachloride. Bromine (8.10 g, 50.5 
mmol) in 15 ml of carbon tetrachloride was added dropwise with 
stirring while keeping the flask in a dry ice-acetone bath at —50 to 
—55 °C. Distillation gave 7.50 g (83% yield) o f a 50:50 mixture of 
(E)-7 and (Z)-7: bp 70-71 °C ( 6 8  mm); N M R (CC14, internal ben
zene) <5 0.67 (s) and 0.73 (s) (total 3 H) (50:50), 1.06 (d, 3 H), and 
0.97-2.78 (m, 5 H); mass spectrum m/e 180 (15), 178 (16), 165 (6 ), 
163 (6 ), 152 (100), 150 (100), 138 (89), 136 (89), 124 (6 6 ), 122 (6 6 ), 
109 (56), 107 (55), 99 (8 ), 90 (6 8 ), 76 (6 6 ), and 62 (57). Anal. Calcd 
for C 5 Hn BrSi: C, 33.52; H, 6.19; Si, 15.69. Found: C, 33.64; H, 6.25; 
Si, 15.55.

Similarly, reaction of an 85:15 mixture of (£ )-5  and (Z)-5  led to 
a 64% yield of a 45:55 mixture of (E)-7 and (Z)-7, respectively.

R eaction  of 5 w ith Brom ine at —98 °C. In a 100-ml three-neck 
flask equipped with a mechanical stirrer, addition funnel, and 
thermometer were placed 5.48 g (26.6 mmol) o f an 85:15 mixture of 
(E )-5 and (Z )-5 and 50 ml of ether. The flask was placed in a 
methanol-liquid nitrogen slurry (—98 °C) ar.d 4.25 g (26.6 mmol) 
o f bromine in 1 0  ml of dry hexane was added dropwise over a 1 -h 
period. The mixture was stirred for 2 h as it warmed slowly to —78 
°C. Analysis by NMR showed only a trace o f starting material 
present and that (E)-7 and (Z)-7  were formed in ca. a 20:80 ratio 
respectively.

Similarly, reaction of a 50:50 mixture o f (£ )-5  and (Z)-5 gave a
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30:70 ratio of (E)-7  and (Z )-7.
R eaction o f 5 w ith Brom ine at Room T em perature. In a dry

NMR tube was placed via syringe 0.50 ml o f a 2.0 M solution of 5 
in CCI4  [E/Z ratio of 85:15). T o this solution was added via syringe 
0.50 ml of a 2.0 M solution o f Br2  in CCI4 . The Br2  color disap
peared immediately. Analysis o f the reaction mixture by NM R im
mediately after reaction showed that a 74:26 ratio o f (E )-7 and 
(Z)-7, respectively, were formed and all starting material was con
sumed.

Similarly, a 50:50 mixture o f (E )-5 and (Z )-5 gave a 70:30 ratio 
of (E)-7 and (Z)-7, respectively.

Acknowledgment. W e wish to thank the National 
Science Foundation and the Louisiana State University 
Council on Research for financial assistance and the Cities 
Service Oil Co. for a fellowship for B .G .M . 13C N M R  spec
tra data were obtained by M iss Barbara Ervine o f Varian 
Associates during the visit o f  the CFT-20 m obile laboratory 
on the Louisiana State University campus.

R e g istry  No.— (E )- l ,  52516-83-3; (Z ) - 1 , 52516-84-4; (E)-2, 
40726-02-1; (Z )-2 , 40726-01-0; (£ )-3 , 53477-23-9; (Z )-3 , 53477- 
24-0; (E )-4, 35741-84-5; (Z )-4 , 35741-83-4; (E)-5, 58241-19-3; 
(Z)-5, 58241-20-6; ( £ ) - 6 , 58241-21-7; (Z )- 6 , 58241-22-8; (E)-7, 
58241-23-9; (Z )-7 , 58241-24-0; 1,2-dibromoethane, 106-93-4; (3- 
chlorobutybdichloromethylsilane, 18145-84-1; p-bromoanisole, 
104-92-7; 4-bromotoluene, 106-38-7; HF, 7664-39-3; carbon tetra
chloride, 56-23-5; CBrsH, 75-25-2; bromine, 7726-95-6; bromo(3- 
bromobutyl)methyl(p-tolyl)silane, 58241-25-1; brom o(3-brom o-l- 
methylpropyl)methyl(p -tolybsilane, 58241-26-2.

References and Notes
(1) (a) F. H. Westheimer, Acc. Chem. Res., 1, 70 (1968); (b) F. Ramirez, 

ibid., 1, 168 (1968); (c) K. Mislow, ibid., 3, 321 (1970); (d) I. Ugi and F. 
Ramirez, Chem. B r„ 8, 198 (1972); (e) R. F. Hudson and C. Brown, Acc. 
Chem. Res., 5, 294 (1972); (f) P. Gillespie, F. Ramirez, I. Ugi, and D, 
Marquarding, Agnew. Chem., Int. Ed. Engl., 12, 91 (1973); (g) R. Luck- 
enbach, "Dynamic Stereochemistry of Pentaco-ordinated Phosphorus 
and Related Elements” . George Thieme Verlag, Stuttgart, 1973.

(2) W.-D. Stohrer, Chem. Ber., 107, 1795 (1974).
(3) T. EIGomati, D. Lenoir, and I. Ugi, Angew. Chem., Int. Ed. Engl., 14, 59 

(1975); see also H. Yamanaka, T. Yagi, K. Teramura, and T. Ando, 
Chem. Commun., 380 (1971); C. W. Jefford, U. Burger, M. H. Laffer, 
and T. Kabengele, Tetrahedron Lett., 2483 (1973); J. T. Groves and K.
W. Ma, ibid., 909 (1974). See, however, T. Vergnani, M. Karpf, L. 
Hoesch, and A. S. Dreiding, Helv. Chim. Acta, 58, 2524 (1975); C. A. 
Maryanoff, F. Ogura, and K. Mislow, Tetrahedron Lett., 4095 (1975).

(4) (a) J. Dubac, P. Mazerolles, and B. Serres, Tetrahedron Lett., 525 
(1972); (b) ibid., 3495 (1972); (c) Tetrahedron, 30, 749 (1974); (d) ibid., 
30, 759(1974).

(5) (a) L. Sommer, "Stereochemistry, Mechanism and Silicon” , McGraw- 
Hill, New York, N.Y., 1965; (b) R. Corriu and J. Massé, Bull. Soc. Chim. Fr„ 3491 (1969); (c) J. D. Citron, J. Organomet. Chem., 86, 359 (1975).

(6) L. Sommer and C. Roark, J. Am. Chem. Soc., 95, 969 (1973).
(7) B. G. McKinnie, N. S. Bhacca, F. K. Cartledge, and J. Fayssoux, J. Am. Chem. Soc., 96,2637,6819(1974).
(8) R. Damrauer, R. Davis, M. Burke, R. Karn, and G. Goodman, J. Organomet. Chem., 43, 121 (1972).
(9) R. Corriu, M. Leard, and J. Masse, Bull. Soc. Chim. Fr., 2555 (1968).

(10) This reaction appears to be specific for silacyclobutanes since the 
analogous silacyclopentane failed to isomerize at an appreciable 
ra te ."

(11) J. M. Wolcott and F. K. Cartledge, unpublished results.
(12) R. Corriu and G. Royo, J. Organomet. Chem., 40, 229 (1972).
(13) R. Corriu and J. P. Masse, Chem. Commun., 1373 (1968).
(14) (a) L. Sommer and P. Rodewald, J. Am. Chem. Soc., 85, 3898 (1963); 

(b) L. H. Sommer and D. L. Bauman, ibid., 91, 7045 (1969); (c) K. 
Tamao, M. Ishikawa, and M. Kumada, Chem. Commun., 73 (1969).

(15) R. Damrauer, Organomet. Chem. Rev. Sect. A, 67 (1972).
(16) (a) R. Corriu and M. Henner-Leard, J. Organomet. Chem., 64, 351

(1974) ; (b) R. Cor-iu and M. Henner, ibid., 74, 1 (1974).
(17) (a) C. Eaborn and O. Steward, J. Chem. Soc., 521 (1965); (b) L. H. Sum

mer, K. W. Michael, and W. D. Korte, J. Am. Chem. Soc., 89, 868 
(1967).

(18) R. W. Bott, C. Eaborn, and P. W. Jones, J. Organomet. Chem., 6, 484 
(1966).

(19) H. Booth, Prog. Nuci. Magn. Reson. Spectrosc., 5, 149 (1969).
(20) (a) F. A. L. Anet, J. Am. Chem. Soc., 84, 747 (1962); (b) E. L. Eliel, M. 

H. Gianni, T. H. Williams, and J. B. Stothers, Tetrahedron Lett., 741 
(1962); (c) H. Booth, Tetrahedron, 22, 615 (1966); (d) R. C. Fort and P. 
Schleyer, J. Org. Chem., 30, 789 (1965).

(21) G. A. Gray and S. E. Cremer, J. Org. Chem., 37, 3458 (1972).
(22) F. A. Bovey, “ Nuclear Magnetic Resonance Spectroscopy", Academic 

Press, New York, N.Y., 1969, p 64.
(23) (a) H. Sakurai, M. Murakami, and M. Kumada, J. Am. Chem. Soc., 91, 

519 (1969); (b) L. Sommer and L. A. Ulland, J. Org. Chem., 37, 3878 
(1972).

(24) L. H. Sommer, G. A. Parker, N. C. Lloyd, C. L. Frye, and K. W. Michael,J. Am. Chem. Soc., 89, 857 (1967).
(25) (a) C. Eaborn, “ Organosilicon Compounds” , Butterworths, London, 

1960; (b) L. H. Sommer and O. F. Bennett, J. Am. Chem. Soc., 79, 
1008 (1957).

(26) L. H. Sommer, J. McLick, and C. M. Golino, J. Am. Chem. Soc., 94, 669 
(1972).

(27) T. Koizumi and P. Haake, J. Am. Chem. Soc., 95, 8073 (1973).
(28) (a) D. J. H. Smith and S. Trippett, Chem. Commun., 855 (1969); J. R. 

Corfield, R. K. O'am, D. J. H. Smith, and S. Trippett, J. Chem. Soc., Perkin Trans. 1, 713 (1972); K. E. DeBruin, A. D. Padilla, and M. T. 
Campbell, J. Am. Chem. Soc., 95, 4681 (1973); J. Emsley, T. B. Middle- 
ton, and J. K. Williams, J. Chem. Soc., Dalton Trans., 633 (1974); (b) R. 
Tang and K. Mislow, J. Am. Chem. Soc., 91, 5644 (1969).

(29) C. Eaborn in “ Organometallic Compounds of the Group IV Elements” ! 
A. MacDiarmid, Ed., Vol. I, Part 1, Marcel Dekker, New York, N.Y., 
1968, p 407.

(30) R. A. Benkeserard A. Torkelson, J. Am. Chem. Soc., 76, 1252 (1954).
(31) R. Corriu, C. Guerin, and J. Masse, J. Chem. Soc., Chem. Commun., 75

(1975) .
(32) R. K. Oram and S. Trippett, J. Chem. Soc., Chem. Commun., 554 

(1972).
(33) M. A. Mamedov, I. M. Akhmedov, M. M. Guseinov, and S. I. Sadykh- 

zade, Zh. Obshch. Khim., 35, 461 (1965).

Stereospecific Synthesis of 6,c-10-Dimethyl(r-5-C 1 )spiro[4.5]dec-6-en-2-one 
and Its Conversion into (±)-a-Vetispirenex

Drury Caine,* Anibal A. Boucugnani, Sam T. Chao, J. Byron Dawson, and Paul F. Ingwalson

School of Chemistry, Georgia Institute of Technology, Atlanta, Georgia 30332 
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A stereospecific synthesis of the spiro enone 6  and its conversion into (db)-a-vetispirene is described. The photo
chemical rearrangement of the methoxy dienone 7 was employed as a key step to establish the spiro[4.5]decane ring 
system.

Interest in the synthesis o f  spirovetivane sesquiterpenes 
has been aroused since Marshall and co-workers reported that 
/3-vetivone is a member o f this group rather than a hydroaz- 
ulene derivative as originally reported .2 Recently, total syn
theses o f  (±)-/?-vetivone ( l ) ,20.3»-« (—)-/3-vetivone,3f (± )-h i- 
nesol (2a),3e’4a (L )-agarospirol (2b),5 ( —)-agarospirol,3f 
(±)-/3-vetispirene (3) ,3e’4b>6 and (±)-«-vetispirene (4)3e>4b have

been reported .7 In addition, relay syntheses o f  anhydro-/3- 
rotunol (5)8 from /1-rotunol9 and from  nootkatone 10 have ap
peared. Several general approaches to the spiro[4.5]decane 
ring skeleton o f these compounds also have been published . 11

An attractive approach to various spirovetivane sesqui
terpenes appeared to involve the synthesis o f  the spiro-
[4.5]dec-6-en-2-or.e 6 having the carbonyl group in the five-
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m em bered ring in the proper position for introduction o f an 
appropriate three-carbon side chain. In this paper we report 
the stereospecifiò synthesis o f 6 12 and its ready conversion into
(i)-a -v etisp iren e  (4) . 13

2a. R, -  C(CH:,)2OH;
R, =  H 

b, R, =  H;
R2 =  C id i :.OH

The route to 6  involved photochem ical rearrangement o f 
the 2-m ethoxy cross-conjugated cyclohexadienone 7 as a 
means o f establishing the spiro[4.5]decane system. Kropp has 
shown that the 2-methyl dienone 9 yields largely the spiro 
hydroxy ketone 10 on irradiation in aqueous acetic acid . 14 It

8 a, R =  H
b, R =  OAc

10

was anticipated that a methoxyl substituent would exert an 
influence similar to that o f a methyl substituent on the course 
o f  the photochem ical rearrangement and that 7 would also 
yield spiro[4.5]decane derivatives, e.g., 8 , on irradiation in 
protic solvents. 15 The synthesis o f 6  from 8 would then require
(1) the appropriate manipulation of the 2-m ethoxy-l-en-3-one 
system to obtain the ketone function at C-2, and (2 ) the in 
troduction o f the 6,7 double bond via an elimination reaction 
involving the C - 6  oxygen function. The methoxy dienone 7 was 
prepared from the octalone 11. 16 Treatm ent o f 11 with lead 
tetraacetate in acetic acid containing acetic anhydride yielded 
the acetoxy enone 12 (as a mixture o f C-2 epimers) in 44% 
yield .17  Compound 12 was hydrolyzed and air oxidized to the
2-hydroxy dienone 13 which was methylated by treatment 
with potassium ieri-butoxide in ierf-buty l alcohol followed 
by addition o f methyl iodide to produce 7 in 60% yield .18

Tw o somewhat different routes were em ployed for the 
conversion o f 7 into 6 . The first o f these is shown in Scheme
I. Irradiation o f  a 1% solution o f 7 in 45% aqueous acetic acid

Scheme I

OH

14

for 5 h using a 450-W  Hanovia high-pressure m ercury lamp 
housed in a quartz probe followed by chrom atography o f the 
crude photolysis mixture on silica gel afforded the spiro hy
droxy ketone 8 a in 28% yield. The spectral properties o f  the 
product were consistent with the assigned structure. T hey 
were quite similar to those reported for 1 0 14a if the expected 
changes resulting from introduction o f the C-10 methyl group 
and substitution o f  the m ethoxyl group for the C-2 methyl 
group were taken into account. In addition to 8 a, significant 
quantities o f unchanged starting material and the hydroxy 
dienone 13 were isolated. The yield o f 8 a was not im proved 
by the use o f a Pyrex probe to house the Hanovia lamp or by 
carrying out the irradiation with a Hanau NK6/20 lamp which 
emits most o f its light at 2537 A. The use o f  longer irradiation 
periods led to the isolation o f increased quantities o f 13, which 
apparently is produced by light-catalyzed hydrolysis o f  the 
enol ether function o f 7 . 19

On treatment o f 8 a with thionyl chloride in pyridine at 0 
°C , the spiro dienone 14 was isolated as the exclusive product 
in 36% yield. Com pound 14 was converted into the enol ether 
15 (82% overall yield) by reduction o f the carbonyl group with 
lithium aluminum hydride in ether (inverse addition), acet
ylation o f the resulting mixture o f  allylic alcohols with acetic 
anhydride in pyridine, and reductive cleavage o f the epimeric 
mixture o f  allylic acetates with lithium in ethylam ine .20-21 

Examination o f models o f the allylic anion that would be ex
pected to be involved as an intermediate in the reductive 
cleavage reaction indicates that protonation at the 3 position 
leading to 15 should be more favorable sterically than pro
tonation at the 1  position which would yield the corresponding
2,3 isomer. Hydrolysis o f  15 with oxalic acid in aqueous 
methanol afforded 6 in quantitative yield. The product 
showed ir absorption (film) at 1742 cm - 1  for a cyclopentanone 
and lower frequency bands in locations similar to those re
ported by Marshall and Johnson20 for the snone 16, the epimer 
o f 6 having the 1 -methylene group and the 1 0 -m ethyl group 
trans.The N M R  spectrum (CCI4) o f  6 showed a doublet (J  =  
6  Hz) at 5 0.93 for the 10-methyl group, a doublet (J  — 1.5 Hz) 
at 5 1.65 for the 6 -methyl group, and broad absorption (W i/g  
ca. 8  Hz) at S 5.38 for the C-7 olefinic proton. Interestingly, the
1 -methylene protons o f 6 appear to have alm ost identical 
chemical shifts for they give rise to a “ singlet”  at <5 2.15 at 60 
M Hz. This absorption appeared as two closely spaced peaks 
(separation <1 Hz) at 100 M H z and could be attributed to 
peaks 2 and 3 o f  an AB quartet centered at <5 2.15. In contrast, 
the 1-methylene protons o f 16 appear as a well-separated AB 
quartet.20
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Although the above route proved to be a feasible approach 
to 6 , the low yields obtained in the photolysis and dehydration 
steps prom pted investigation o f  another pathway which is 
shown in Scheme II. The conversion o f  7 into a spirocyclic

Scheme II
OAc

H O A c
CH;,0

0

8 b

L N aB H ,, EtOH

2. A e ,0 ,  Py

1  L i - C 2H.,NH2,

OAc

CH,0-

1 eq u iv  f-BuOH 

2. HO jC -C O jH , 

H 20 - C H :i0 H
6

system proceeded much more sm oothly when the irradiation 
was carried out in glacial rather than aqueous acetic acid. The 
absence o f  water elim inated the hydrolysis o f  7 to 13 and the 
efficiency o f  the photochem ical rearrangement process was 
improved significantly as well. Thus the acetoxy ketone 8b was 
obtained in 89% yield when a dilute solution o f  the dienone 
in glacial acetic acid was irradiated for 3 h using a 450-W  
Hanovia lamp housed in a Pyrex probe. Again, the spectral 
properties o f  8b clearly supported the assigned spirocyclic 
structure.

Although in the conversion o f photoproduct 8 a into 6 the
6,7 double bond was introduced as the first step in the se
quence, it appeared that a more efficient approach from  8b 
would first involve m odification o f the A  ring and then in
troduction o f  the B ring double bond as the last step in the 
sequence. Thus 8b was converted into a mixture o f  epimeric 
diacetates 17 in 81% yield by reduction with sodium borohy- 
dride in anhydrous ethanol follow ed by acetylation o f  the 
epim eric mixture o f  hydroxy acetates with acetic anhydride 
in pyridine. Treatm ent o f  17 with lithium in ethylamine 
containing 1  equiv o f  tert -butyl alcohol at — 78 °C  followed 
by hydrolysis o f  the crude reduction mixture with oxalic acid 
in aqueous methanol gave the hydroxy ketone 18 in 45% yield. 
A mixture o f  saturated ketones containing mainly cis-di- 
methyl com pound 19, which has been obtained as a degrada
tion product o f  /j-vetivone,2c was also isolated from  this se
quence. This product apparently arose from the enol ether 20 
which could have been produced by 0 -alkyl cleavage o f the 
tertiary acetate group. 0 -Alkyl cleavage reactions o f  tertiary 
acetates have been observed previously in m etal-am m onia 
reductions .22 However, in this case the pathway shown in 
Scheme III which involves the form ation and reductive 
cleavage o f the vinyl cyclopropane 2 1  provides a plausible 
mechanism for the conversion o f 17 into 20.

The enone 6 was prepared in ~65%  yield by dehydration o f 
18 with thionyl chloride in pyridine at 0 °C .23 Despite the 
occurrence o f  the side reaction involving hydrogenolysis o f the 
tertiary acetate group in the reduction step, the overall yield

Scheme III

20 19

o f 6 from  7 by the sequence shown in Scheme II was about 
20%. This was more than twice the yield o f  6  that was obtained 
by the route shown in Scheme I.

In order to prepare (± )-a -vetisp iren e (4) from  the spiro 
enone 6 it was necessary to introduce an isopropenyl group at 
C - 2  and to  form  the 1 , 2  double bond. It was found that this 
conversion could be accom plished directly by treatment o f  6 

with isopropenylmagnesium bromide in dry T H F  followed by 
chromatography o f the crude reaction mixture on silica gel 
(Grace, grade 950, mesh size 60-200). In this way the desired 
natural product 4 and the isomeric triene 22 were obtained in 
an approximately 3:2 ratio in 35% yield from 6 . Alternatively, 
if  the crude reaction mixture from the Grignard addition step 
was chromatographed on silica gel that had been prewashed 
with acetone a mixture o f  epim eric alcohols having spectral 
properties consistent with the structure 23 was isolated in 
approximately 40% yield. This mixture was dehydrated to give 
a 3:2 mixture o f  4 and 22 either on being stirred in a hexane 
solution with unwashed silica gel or by reaction with thionyl 
chloride in pyridine at 0 °C.

silica 

ge l or

2 2

The isomeric trienes were separated by preparative GLC 
using a Carbowax column. (±)-o:-Vetispirene was eluted first 
from  the colum n and it exhibited uv, ir, and N M R  spectral 
properties identical with those o f  the authentic material.24 

T he spectral properties o f  the triene 22 (see Experimental 
Section) were com pletely in accord with the assigned struc
ture.

The intermediate spiro ketone 6 clearly has utility for the 
synthesis o f  other members o f  the spirovetivane fam ily and 
studies along these lines are in progress.

Experimental Section25
tra n s-4 a ,8 -D im e th y l-3 -a c e to x y -3 ,4 ,5 ,6 ,7 ,8 -h e x a h y d ro -

2(4aJ?)-naphthalenone (12). To a solution of 72.6 g (0.41 mol) of 
1 1 1 6  in 800 ml of glacial acetic acid containing 60 ml o f acetic anhy
dride was added 300 g (0.68 mol) o f lead tetraacetate. The reaction 
mixture was heated at 60 °C with stirring under nitrogen for 36 h. 
Approximately 700 ml of acetic acid was then removed by distillation 
at reduced pressure using a water aspirator and 2 0 0  ml of water was 
added to the residue. The mixture was extracted with three 150-ml 
portions of ether and the combined ether extracts were neutralized 
by cautious addition o f solid sodium bicarbonate until the evolution 
of carbon dioxide ceased. The ethereal solution was then washed with 
two 1 0 0 -ml portions of water and dried over anhydrous sodium sul
fate. Removal of the solvent in vacuo gave a yellow oil which on dis
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tillation under reduced pressure.gave 31.0 g of a mixturé of 11 and the 
corresponding cross-conjugated dienone, trans-4a,8 -dimethyl-
5.6.7.8- tetrahydro-2(4aff)-naphthalenone, bp 80-120 °C (0.25 mm), 
and 42.8 g (44%) of 12 as a mixture of the 3a and 3/3 isomers: bp 
120-140 °C (0.25 mm); uv max (95% EtOH) 242 nm (i 12 600); ir 
(CHCI3) 1720 (acetate), 1691 («,/3-unsaturated ketone), and 1615 cm- 1  
(conjugated C=C ); NMR (CC14) S 1.05 (m, 3 H, 8 -CH3’s), 1.25 (s, 2 
H, 4a-CH3), 1.42 (s, 1  H, 4a-CH3), 2.03 (s, 3 H, 3-OAc), 5.25 (broad t, 
1 H, 3a- and 3/3-H), and 5.62 ppm (broad s, 1 H, 1-H).

Anal. Caled for CMH2o03: C, 71.15, H, 8.53. Found: C, 70.89, H, 8.40.
t r a n s -4 a ,8 -D im e th y l-3 -m e th o x y -5 ,6 ,7 ,8 -h e x a h y d ro -  

2(4aiT)-naphthalenone (7). To a solution of 42.8 g (0.18 mol) of 12 
in 300 ml of methyl alcohol was added a solution of 30.0 g (0.54 mol) 
of potassium hydroxide in 100 ml of water. While a slow stream of 
oxygen was being passed through the solution, it was stirred for 24 h 
at room temperature. Approximately 200 ml of methyl alcohol was 
removed by distillation in vacuo, and 150 ml of water was added to 
the residue. The aqueous phase was washed with three 50-ml portions 
of ether and acidified with dilute hydrochloric acid. The acidic mix
ture was extracted with three 75-ml portions of ether and the com
bined ether extracts were washed with a saturated solution of sodium 
chloride and dried over sodium sulfate. The ether was removed in 
vacuo to give 33.2 g (96%) of crude frares-4a,8-dimethyl-3-hydroxy-
5.6.7.8- tetrahydro-2-(4aif)-naphthalenone (13). Recrystallization 
of this material from ether-hexane gave an analytical sample: mp
100.5-101.5 °C; uv max (95% EtOH) 250 nm (f 14 000) and 288 (3350); 
NMR (CC14) S 1.17 (d, J  = 6 Hz, 3 H, 8 -CH3), 1.28 (s, 3 H, 4a-CH3), 
5.90 (s, 1 H, 4-H), 6.12 (d, J  = 1.7 Hz, 1-H), and 6.45 ppm (broad s, 1 
H, OH).

Anal. Caled for Ci2Hi60 2: C, 74.97; H, 8.39. Found: C, 74.85; H, 
8.43.

The crude product (33.0 g) from above was dissolved in 200 ml of 
tert-butyl alcohol and a solution of potassium tert-butoxide in tert- 
butyl alcohol (prepared from 28.5 g of potassium and 11. of terf-butyl 
alcohol) was added in a thin stream with stirring under nitrogen. The 
mixture was stirred for 2 h at room temperature and 142.0 g of methyl 
iodide was added. The mixture was stirred for 1  h at room temperature 
and then heated at reflux for 30 min. Approximately 500 ml of tert- 
butyl alcohol was removed by distillation and the residue was diluted 
with 700 ml of water and extracted with four 100-ml portions of ether. 
The combined ether extracts were washed with one 50-ml portion of 
1 0 % aqueous sodium hydroxide and dried over anhydrous sodium 
sulfate. Removal of the solvent in vacuo afforded an oil which solid
ified on standing. Recrystallization from ether-hexane gave 23.0 g 
(64%) of 7: mp 82.5-83.0 °C ; uv max (95% EtOH) 251 nm (t 11 300) 
and 285 (3300); ir (CHC13I 1655 (a,/J-unsaturated ketone), 1635 cm- 1  
(conjugated C=C); NMR (CCI4) 5 1.10 (d, J  = 6  Hz, 3 H, 8-CH3), 1.25 
(s, 3 H, 4a-CH3), 3.57 (s, 3 H, 3-OCH3), 5.74 (s, 1 H, 4-H), and 5.90 ppm 
(d, J  = 1.7 Hz, 1-H).

Anal. Caled for Ci3H 180 2: C, 75.69, H. 8.79. Found: C, 75.44; H, 8.61.
Irrad iatio n  o f 7. A. In Aqueous A cetic Acid. A solution of 12.0 

g of 7 in 1.51. of 45% aqueous acetic acid was irradiated for 5 h using 
a 450-W Hanovia lamp housed in a Pyrex probe. A stream of nitrogen 
was bubbled through the solution for 10  min prior to and during the 
entire irradiation period. The solvent was removed by lyophilization 
and the residue was chromatographed on 240 g of silica gel. Elution 
with 300 ml of each of hexane and 5,10, 20, and 30% ether-hexane 
yielded only traces of material and further elution with 300 ml each 
of 40 and 50% ether-hexane gave 1.23 g of 13. Elution with 900 ml each 
of 60 and 70% ether-hexane gave oily products having no clearly de
fined spectral characteristics while elution with 12 0 0  ml of 80% 
ether-hexane gave 2.35 g of 7. Finally, elution with 1 1. of ether and 
600 ml of 50% methanol-ether gave 2.93 g (28%, based upon unreco
vered starting material) of 8 a: bp 120-125 °C (bath temperature) (0.05 
mm); uv max (95% EtOH) 258 mm (e 8300); ir (CHCI3) 1711 (conju
gated cyclopentenone), 1626 (conjugated C=C), 1460, 1381, and 1351 
cm“ 1; NMR (CDCI3) b 0.72 (d ,J  = 6  Hz, 3 H, 10-CH3), 1.05 (s, 3 H, 
6«-CH3), 2.16 and 2.72 (AB quartet, J AB =  19.5 Hz, 2  H, 4-CH2), 3.75 
(s, 3 H, 2-OCH3), and 6.33 ppm (s, 1 H, 1-H).

Anal. Caled for Ci3H20O3: C, 69.94, H, 8.93. Found: C, 69.38, H, 8.70
B . In G lac ia l A cetic  A cid. A solution of 1.00 g (0.0049 mol) of 7 

in 290 ml of glacial acetic acid (freshly distilled from molecular sieves) 
was irradiated with a 450-W Hanovia lamp for 3 h using a Pyrex probe. 
The solution was agitated with a stream of nitrogen for 1 0  min prior 
to and during the entire irradiation period. The solution was washed 
into a 500-ml round-bottom flask with benzene and frozen, and the 
solvents were removed by lyophilization to leave light tan crystals. 
Recrystallization from ether gave 1.15 g (89%) of 8 b as white crystals: 
mp 123-124 °C; ir (CHC13) 1720 (ester C = 0 ), 1710 (conjugated cy
clopentenone), 1626 (conjugated C=C), 1460,1370,1255,1222,1169,

1128,1024,977, 940, and 755 cm x; NMR (CDC13) 5 0.72 (d, J =  6.5 
Hz, 3 H, IO-CH3), 1.37 (s, 3 H, 6 -CH3), 2.03 (s, S H, 6 -OAc), 2.16 and
2.69 (AB quartet, J a b  = 19.5 Hz, 2 H, 4-CH2), 3.77 (s, 3 H, 2-OCH3), 
and 6.22 (s, 1 H, 1-H).

Anal. Calcd for Ci5H220 4: C, 67.67; H, 8.27. Found: C, 67.52; H,_8.35.
6,c-10-D im eth yl-2-m eth oxy(i--5 -C 1 )sp iro[4 .5]dec-l,6 -d ien-

3-one(14).26 While the temperature was maintained below 7 “Cwith 
an ice-salt bath, 8 ml of thionyl chloride was added slowly to a solution 
of 2.26 g (0.101 mol) of 8 a in 40 ml of pyridine with stirring under ni
trogen. The reaction mixture was allowed to warm to room temper
ature and stirred for 30 min. It was then cooled below 20 °C and 5 ml 
of water was added dropwise with stirring while the temperature was 
maintained below 20 °C. An additional 50 ml of water was added and 
the mixture was extracted with three 50-ml portions of ether. The 
combined ethereal extracts were washed with a saturated solution of 
sodium chloride and dried over anhydrous sodium sulfate. The ether 
was removed in vacuo to give 0.76 g (36%) of 14: bp 110-115 °C (bath 
temperature ) (0.05 mm); uv max (95% EtOH) 256 nm (e 7900); ir 
(CHCI3) 1712 (conjugated cyclopentenone), 1632 (conjugated C=C ), 
1380,1349, and 982 cm "1; NMR (CC14) & 0.90 (d, J  = 6 Hz, 3 H, 10- 
CH3), 1.52 (broad s, 3 H, 6 -CH3), 2.20 and 2.32 (AB quartet, J a b  =  
19 Hz, 2 H, 4-CH2), 5.52 (m, 1 H, 7-H), and 6.22 (s, 1 H, 1 -H); mass 
spectrum (70 eV) mfe 206 (M+); exact mass calcd, 206.1307; found, 
206.1351.

Anal. Calcd for Ci3Hlg0 2: C, 75.69; H, 8.79. Found: C, 75.48; H, 8.60.
2-M ethoxy-6,c-10-dim ethyl(r-5-C 1 )spiro[4.5]deca-l,6-dienone

(15).26 A solution of 0.152 g (0.004 mol) of lithium aluminum hydride 
in 1 0  ml of anhydrous ether was added dropwise with stirring under 
nitrogen to a solution of 0.298 g (0.0014 mol) of 14 in 30 ml of ether 
at 0 °C. The reaction mixture was stirred for 2 h at 0 °C and for 1 h 
at room temperature. A saturated aqueous solution of sodium po
tassium tartrate was then added dropwise with stirring until no new 
precipitate was produced on the introduction of fresh reagent. The 
reaction mixture was filtered with suction and the filter cake was 
washed with ether. The ethereal filtrate and washings were dried over 
anhydrous sodium sulfate. The solvent was removed in vacuo to yield 
0.281 g (93%) of an oil. The spectral properties of this material showed 
that it was a ca. 1 : 1  mixture of C-3 epimers of 3-hydroxy-2-me- 
thoxy-6,c-10-dimethyl(r-5-C1)spiro[4.5]deca-l,6-diene:26 ir (CHCI3) 
3590 (OH) and 1649 cm’ 1 (C=C); NMR (CC14) b 0.80 and 0.88 (pair 
of d’s, J  = 6 Hz, 3 H, 10-CH3’s), 1.30 and 1.47 (pair of d ’s J  = 1.5 Hz, 
3 H, 6 -CH3’s), 3.60 (s, 3 H, 2-OCH3), 4.33 (s, 1 H, 1-H), 4.58 (broad t, 
J  = 5 Hz, 1  H, 3-H’s), and 5.32 ppm (broad s, 1  H, 7-H); exact mass 
calcd, 208.146; found, 208.142.

A solution of 0.511 g (0.0025 mol) of the above mixture of alcohols 
in 20 ml of dry pyridine was treated with 3.7 g of acetic anhydride and 
stirred at room temperature under nitrogen for 24 h. Water (4 ml) was 
added and stirring was continued for 1.5 h at room temperature. Forty 
milliliters of water was then added and the mixture was extracted with 
two 50-ml portions of ether. The ethereal solution was washed with 
aqueous sodium bicarbonate and saturated sodium chloride solutions 
and dried over sodium sulfate. Removal of the solvent in vacuo gave 
0.566 g (92%) of a colorless oil. The spectral properties of this material 
showed that it was a ca. 1 : 1  mixture of the C-3 epimers of 3-acetoxy-
2-methoxy-6,c-10-dimethyl(r-5-C1)spiro[4.5]deca-l,6-diene.2B This 
material showed ir (CHC13) 1726 (OAc), 1648 (C=C), 1366, and 1025 
cm“ 1; NMR (CC14) S 0.85 and 0.90 (pair of d’s, J  = 6 Hz, 3 H, 10- 
CH3’s), 1.52 and 1.60 (pair of d’s, J  = 1.5 Hz, 3 H, 6 -CH3’s), 1.97 (s, 
3 H, 3-OAc), 3.58 (s, 3 H, 2-OCH3), 4.55 (s, 1 H, 1 -H), 5.36 (m, 1 H,
7-H), and 5.40 and 5.56 ppm (pairs of t’s, 1 H, 3-H’s); exact mass calcd, 
250.157; found, 250.150.

A solution of 0.40 g (0.0057 g-atom) of lithium in ca. 20 ml of dry 
ethylamine was added dropwise with stirring under nitrogen to a so
lution of 0.316 g (0.0013 mol) o f the above mixture of allylic acetates 
in 20 ml of dry ethylamine at 16 °C. The addition was continued until 
the blue color of the metal-amine solution persisted for ca. 20  s after 
the introduction of a fresh drop of reagent. Then 1 g of ammonium 
chloride was added immediately. The ethylamine was allowed to 
evaporate and the residue was washed with 200 ml of ether. Removal 
of the ether gave 0.24 g (99%) of 15  as a yellow oil, bp 85-90 °C (bath 
temperature) (0.5 mm), which contained greater than 95% one com
ponent on GLC (column A).25 Compound 15  showed the following 
spectral properties: ir (CHCI3) 1645 (C=C), 1450, 1376, and 1352 
cm“ 1; NMR (CC14) S 0.78 (d, J  = 6 Hz, 3 H, 10-CH3), 1.49 (d, J  = 1.5 
Hz, 3 H, 6 -CH3), 3.45 (s, 3 H, 2-OCH3), 4.13 (t, J  = 1 Hz, 1  H, 1-H), 
and 5.20 (m, 1 H, 7-H); exact mass calcd, 192.151; found, 192.154.

3, t-6 -D iaceto xy-2-m eth o xy-c-6 ,c- 1 0 -d im eth yl (r-5 -C *)sp i-  
ro [4 .5]d ec-l-ene (17).26 A solution of 6.04 g (0.023 mol) of acetoxy 
ketone 8 b and 0.863 g (0.023 mol) of sodium borohydride in 60 ml of 
absolute ethanol was stirred in a 10 0 -m) round-bottom flask at room
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temperature for 48 h. Acetone (5 ml) was added, and the solution was 
stirred for 2 h. The solvents were removed in vacuo, and 100 ml each 
of ether and water were added to the residue. The layers were sepa
rated, the aqueous layer was extracted several times with 2 0 -ml por
tions of ether, and the combined organic layers were washed with 
water and dried. Removal of the solvent in vacuo afforded 5.95 g (98%) 
of a mixture of C-3 epimers of t-6-acetoxy-3-hydroxy-2-methoxy- 
c-O.c-lO-dimethyKr-S-C^spiro^.Sjdec-l-ene. Recrystallization from 
ether gave an analytical sample: mp 89-90 °C; ir (CHCI3) 3420 (OH), 
1725 (ester C = 0 ), 1648 (C =C ), 1447,1366,1250,1168,1143,1061, 
1040, 827, and 756 cm-1; NMR (CDCI3) <5 0.70 and 0.85 (pair of d ’s, 
J  =  6.5 Hz, 3 H, 10-CH3’s); 1.33 and 1.47 (pair of s’s, 3 H, 6 -CH3 ’s),
1.99 and 2.01 (pair of s’s, 3 H, 6 -OAc), 3.67 (s, 3 H, 2-OCH3), 4.43 and
4.46 (pair of s’s, 1 H, 1-H), and 4.57 (m, 1  H, 3-H’s); exact mass calcd, 
268.167; found, 268.163.

Anal. Calcd for C15H24O4: C, 67.16; H, 8.96. Found: C, 67.23; H, 9.02.
A solution of 2.78 g (0.0104 mol) of the above mixture in 40 ml of 

dry pyridine was treated with 8 g (0.078 mol) of acetic anhydride, and 
the solution was stirred under nitrogen at room temperature for 20  
h. The reaction mixutre was then cooled to 0 °C, 16 ml of water was 
added carefully, and stirring was continued for 2 h. The mixture was 
then poured into 10 0  ml of ether, the layers were separated, and the 
aqueous layer was extracted with 50 ml of ether. The combined or
ganic layers were washed with water and dried, and the solvents were 
removed in vacuo, leaving 3.3 g of pale yellow oil. Chromatography 
of this material on 60 g of silica gel using hexane-ether as eluent af
forded 2.66 g (83%) of a mixture of 3-epimers of the diacetate 17  (20% 
ether in hexane): ir (film) 1730 (ester C = 0 ), 1650 (C=C), 1446,1369, 
1245,1170,1145,1033,943, and 831 cm "1; NMR (CC14) 8 0.72 and 0.81 
(pair of d’s, J  = 6  Hz, 3 H, 10-CH3’s), 1.32 and 1.40 (pair of s’s, 3 H,
6 -CH3’s), 1.93 and 1.97 (pair of s’s, 6 H, C-3 and C -6  OAc’s), 3.63 (s, 
3 H, 2-OCH3), 4.60 (s, 1 H, 1-H), and 5.47 (pair of d ’s, J  =  4.4 Hz, 1
H, 3-H’s).

Anal. Calcd for ('nH^Or,: C, 65.81; H, 8.39. Found: C, 65.99; H, 8.36.
t-6-H ydroxy-c-6,c-10-dim ethyl(r-5-C 1 )spiro[4.5]decan-2-one

(18).26 In a 250-ml round-bottom flask equipped with magnetic stirrer, 
dropping funnel, and dry ice condenser 125 ml of ethylamine (freshly 
distilled from lithium) was collected under nitrogen. The ethylamine 
was cooled to —78 °C in a dry ice-acetone bath, and a solution of 1.00 
g (0.00323 mol) of 17  and 0.239 g (0.00323 mol) of dry tert-butyl al
cohol in 25 ml of dry ether was added. Then 0.1355 g (0.0194 g-atom) 
of lithium was added in small, freshly cut pieces. The mixture was 
stirred for 1.5 h, until the blue color of the lithium in ethylamine so
lution persisted. After 5 min of additional stirring, the mixture was 
filtered through glass wool into a flask containing 1  g of solid ammo
nium chloride, and the flask and funnel were rinsed with dry ether. 
The solvents were removed in vacuo, 50 ml each of ether and water 
were added to the residue, and the layers were separated. The aqueous 
layer was extracted with 50 ml of ether, the combined organic layers 
were washed with brine and dried, and the ether was removed to leave 
0.64 g of an oil which on the basis of NMR and GLC analysis (column 
A)25 appeared to be a 2:1 mixture of the desired hydroxy enol ether 
resulting from cleavage of the allylic acetoxyl group and the corre
sponding enol ether resulting from reductive cleavage of both the 
allylic and tertiary acetoxyl groups. This mixture showed the following 
spectral properties: ir (film) 3460 (OH), 1649 (C=C), 1460,1365,1226, 
1036, 920, and 805 cm -1; NMR (CDCI3) 8 0.78 (d, J  = 6 Hz, C -6  and 
C-10 CH3’s), 1.09 (s, C-10 CH3), 3.61 (s, 3 H, OCH3), and 4.31 ppm (s, 
1 H, vinyl H).

A solution prepared from 0.51 g (0.0024 mol) of the crude mixture 
from above, 0 . 1 1  g (0 .0 0 12 2  mol) of oxalic acid, and 2 2  ml of 60% 
aqueous methanol was stirred at room temperature for 30 min. Sat
urated sodium bicarbonate ( 1 2  ml) was added and the mixture was 
extracted with 50 ml of 1:1 benzene-ether. The organic extracts were 
washed and dried, and the solvents were removed in vacuo to give 
0.466 g of yellow oil. Chromatography on silica gel using hexane-ether 
as eluent afforded 0.151 g of ca. 4:1 mixture of 19 and the corre
sponding trans dimethyl ketone. The major component of this mixture 
was collected by GLC (column B)25 and exhibited identical spectral 
properties with those reported for 19  by Marshall and Johnson.20

Further elution with 25% ether in hexane gave 0.227 g (43%) of 18: 
ir (film) 3470 (OH), 1735 (C = 0 ), 1476,1458,1406,1378,1254,1170, 
1072, and 919 cm '1; NMR (CDCI3) 8 0.83 (d, J =  6.5 Hz, 3 H, IO-CH3),
I. 15 (s, 3 H, 6 -CH3), and 2.93 (s, 1 H, 6 -OH).

Anal. Calcd for Ci2H2o02: C, 73.47; H, 10.20. Found: C, 73.26; H, 
10.37.

6 ,c - 1 0 -D im ethyl(r-5 -C 1 )spiro[4 .5 ]dec-6 -en-2 -one (6 ). A. From
18. A solution of 0.224 g (0.00114 mol) of the hydroxy ketone 18 in 4 
ml of dry pyridine was placed in a 1 0 -ml round-bottom flask under 
nitrogen and was cooled to 0 °C in an ice—salt bath. The solution was

then treated with 0.5 ml of thionyl chloride dropwise while the tem
perature was maintained below 5 °C. After the addition was complete 
the solution was stirred at 0 °C for 75 min, and 6 ml of water was then 
added dropwise while the temperature of the reaction mixture was 
maintained between 5 and 15 °C. The mixture was extracted well with 
50 ml of ether, the extracts were washed with brine and dried, and the 
ether was removed to give 0.124 g (61%) of the ketone 6 . Distillation 
using a micro-Hickman apparatus afforded an analytical sample: bp
83-85 °C (bath temperature) (0.7 mm); ir (film) 1742 (C = 0 ), 1450, 
1407,1377,1159, 899, and 799 cm“ 1; NMR (CC14) 8 0.90 (d, J  = 6 Hz, 
3 H, IO-CH3), 1.65 (d, J  = 1.5 Hz, 3 H, 6 -CH3), 2.15 (AB quartet, JAB 
= 19 Hz, 2 H, 1-CH2), and 5.37 (s, W1/2 = 8 Hz, 1 H, 7-H).

Anal. Calcd for C12H 180: C, 80.90; H, 10.11. Found: C, 80.69; H,
10.12.

B . From  15. A solution of 0.260 g (0.0013 mol) of 15  in 10 ml of 
methanol containing 4 ml of water and 0.051 g (0.0005 mol) of oxalic 
acid was stirred at room temperature for 30 min. A saturated aqueous 
solution of sodium bicarbonate (5 ml) was added and the mixture was 
extracted with three 25-ml portions of 1:1 benzene-ether. The organic 
extracts were dried over sodium sulfate, and the solvent removed in 
vacuo to yield 0.253 g (100%) of 6 as a pale yellow oil, bp 85-88 °C 
(bath temperature) (1 mm), which was greater than 95% one compo
nent by GLC (column A)26 and exhibited the same spectral properties 
as those recorded above.

(±)-a-Vetispirene (4). To a mixture of 1.37 g (0.057 g-atom) of 
magnesium in 50 ml of dry THF (freshly distilled from LiAlH4) con
taining a trace of iodine and 15 drops of carbon tetrachloride was 
added dropwise with stirring under nitrogen 10.18 g (0.084 mol) of 
freshly distilled isopropenyl bromide. The rate of addition of the 
halide was adjusted to maintain gentle reflux of the solution during 
the addition period. When the addition was complete the reaction 
mixture was allowed to cool to room temperature and then cooled to 
3 °C in an ice bath. A solution of 1.13 g (0.0063 mol) of the spiro enone 
6 in 6.0 ml of dry THF was added dropwise with stirring under ni
trogen while the temperature of the reaction mixture was maintained 
below 5 °C. When the addition was complete the reaction mixture was 
stirred at room temperature for 2 h. An aqueous saturated solution 
of ammonium chloride (50 ml) was then added dropwise at such a rate 
that the temperature did not go above 50 °C. When the addition was 
complete the mixture was cooled to room temperature and extracted 
with two 100-ml portions of ether. The combined ether extracts were 
washed with 2% aqueous sodium bicarbonate and a saturated solution 
of sodium chloride and dried over magnesium sulfate. The ether was 
removed under reduced pressure and the residue was chromato
graphed on silica gel (Grace, grade 950, mesh size 60-200). Elution 
of the column with pentane yielded 0.24 g (35% based upon unreco
vered 6) of a colorless oil which by GLC analysis (column C) was found 
to be composed of (±)-o-vetispirene (4) and the isomeric triene 22 in 
a 3:2 ratio. Further elution of the column with 5% ether-pentane 
yielded 0.53 g of the starting ketone 6 . None of the expected mixture 
of epimeric alcohols 21 resulting from simple addition of the Grignard 
reagent to the ketone was isolated.

In another run starting with 0.15 g of 6, the crude reaction product 
was chromatographed on silica gel that had been prewashed with 
acetone and the acetone removed from the column by elution with 
hexane before addition of the sample. Elution of the column with 3% 
ether-hexane gave 0.06 g (~60% based upon unrecovered 6 ) of a 
mixture of epimeric alcohols (23). Further elution of the column with 
ether-hexane mixture gave 0.07 g of the starting ketone 6. The mix
ture of alcohols showed the following spectral properties: ir (film) 3450 
(OH), 1638 (C=C), 1450,1376,898, and 800 c u r 1; NMR (CCU) 5 0.90 
and 1.00 (pair of d’s, J  =  1.5 Hz, 3 H, 6 -CHs’s), 1.83 [d, J  =0.5 Hz, 3 
H, -C(CH 3)= C H 2], 4.73 [m, 1 H, -C(CH 3)= C H 2], 4.99 [m, 1 H, J  = 
0.5 Hz, -C(CH 3)= C H 2], and 5.26 (broad s, Wi/2 = 8 Hz, 1 H, 7-H); 
mass spectrum (70 eV) m/e 220 (M+), 202 (M+ — H20), 187 (M+ — 
H20, CH3), and 178 (M+ -  CH3CH =CH 2).

When a solution of approximately 0.100 g of the mixture of the al
cohols 23 in 20 ml of pentane was stirred with 6.0 g of unwashed silica 
gel for 16 h, GLC analysis of the recovered product revealed that de
hydration of 23 to produce a 3:2 mixture of 4 and 22 had occurred.

Thionyl chloride (0.092 ml) was added dropwise with stirring under 
nitrogen to a solution of 0.09 g (0.0004 mol) of the alcohol mixture 23 
in 2  ml of dry pyridine while the temperature was maintained at —5 
°C with an ice-salt bath. After the addition was complete the solution 
was stirred at - 5  °C for 35 min. Water (5 ml) was added dropwise with 
stirring while the temperature was maintained below 0 °C. The re
action mixture was extracted with three 1 0 -ml portions of ether and 
the combined ethereal extracts were washed with 1 0  ml of a saturated 
solution of aqueous sodium chloride and dried over sodium sulfate. 
Removal of the ether by fractional distillation gave 0.065 g (~80%)
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of a colorless oil which by GLC analysis (column C) contained 4 and 
22 in a ca. 3:2 ratio.

The isomeric trienes were separated by preparative GLC (column 
B). (±)-a- Vetispirene was eluted from the column first and the sample 
exhibited uv, ir, and NMR spectral properties identical with those 
of an authentic sample.24 The synthetic compound showed the fol
lowing spectral properties: uv max (95% EtOH) 238 nm (e 20 600); ir 
(CC14) 3085, 1774, 1630. 884 (C=CH 2); 3045, 3018, 1660, 1597 
(CH =C<, conjugated); 1379,1200, 1076,1060, and 841 cm“ 1; NMR 
(CC14) b 0.86 (d, J  ~  6 Hz, 3 H, IO-CH3), 1.54 (d, J  = 2 Hz, 3 H, 6 - 
CH3), 1.91 [d, J =  1 Hz, 3 H, C(CH3)=C H 2], ~2.50 (10-line multiplet, 
2 H, 3-CH2), 4.86 (br s, 2 H, = C H 2), 5.32 (m, 1 H, 7-H), and 5.45 (br 
s, W1/2 = 3.5 Hz, 1 H, 1-H); mass spectrum (70 eV) m/e 202 (M+). The 
material was shown to be homogeneous on GLC columns A,25 C,26 and 
D.25 The triene 22 showed uv max (95% EtOH) 237 nm (e 16 333); ir 
(CCL) 3090, 1770, 1635, 887 (C=CH 2), 3050, 3025, 1655, 1602 (- 
C H =C <), 1470,1455,1382,1265, and 976 cm“ 1; NMR (CC14) 5 0.85 
(d, J =  6 Hz, IO-CH3), 1.56 (d, J  = 2 Hz, 3 H, 6 -CH3), 1.88 [br s, 3 H, 
C(CH3)=C H 2], 4.82 [br s, 2H, C(CH3)=CH 2], 5.23 (m, 1 H, 7-H), 5.63 
(br s, W\/i = ~ 6  Hz, 1 H, 3-H); exact mass calcd, 202.1722; found, 
202.1728.

R e g istry  No.—4, 51196-11-3; 6 , 58406-60-3; 7, 58355-87-6; 8 a, 
58406-61-4; 8 b, 58384-56-8; 1 1 ,  58407-30-0; 3a-12 , 58355-88-7; 3/3- 
12,58355-89-8; 13, 58355-90-1; 14, 58355-91-2; 15, 58355-92-3; c-3-17, 
58355-93-4; t-3-17, 58406-62-5; 18, 58355-94-5; 22, 58355-95-6; c-3- 
OH-23, 58355-96-7; i-3-OH-23, 58406-63-6; c-3-hydroxy-2-me- 
thoxy-6,c-10-dimethyl(r-5-C1 )spiro[4.5]deca-l,6-diene, 58355-97-8; 
i-3-hydroxy-2-methoxy-6,c-10-dimethyl(r-5-C1 )spiro[4.5]deca-l,6- 
diene, 58406-64-7; 3c-acetoxy-2-methoxy-6,c-10-dimethyl(r-5- 
C'ispiro^.Sjdeca-l,6 -diene, 58355-98-9; i-3-acetoxy-2-methoxy- 
6 ,c-10-dimethyl(r-5-C1 )spiro[4.5]deca-l,6 -diene, 58406-65-8; t-6 - 
acetoxy-c-3-hydroxy-2-methoxy-c-6,c-10-dimethyl(r-5-C1)spiro-
[4.5]dec-l-ene, 58355-99-0; t-6-acetoxy-t-3-hydroxy-2-methoxy- 
c-6,c-10-dimethyl(r-5-Cl)spiro[4.5]dec-l-ene, 58406-66-9.
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Menthyl and neomenthyl chloride react with alkali metal diphenylphosphides to produce epimeric, tertiary 
phosphines with inversion of configuration. The stereochemistry and conformation of the products neomenthyldi- 
phenylphosphine (NMDPP) and menthyldiphenylphosphine (MDPP) were determined by XH NMR and 13C 
NMR spectroscopy. Conformational and configurational differences between NMDPP and MDPP are also re
flected in their behavior as chiral ligands in asymmetric homogeneous hydrogenation systems. Rh(I) complexes 
prepared from these epimers showed differences in both activity and the direction and degree of asymmetric in
duction when used as catalysts for the homogeneous hydrogenation of a-methylcinnamic acid.

found to be quite sluggish when compared with the reac
tion o f an unhindered secondary alkyl halide such as cyclo
hexyl chloride. Refluxing a mixture o f  1 with lithium di- 
phenylphosphide in a 1:1 molar ratio required at least 24 h 
to com pletely dissipate the characteristic red phosphide 
anion color while the reaction o f cyclohexyl chloride with 
lithium diphenylphosphide is com plete within 3 h. The re
action time can be reduced to about 1 2  h if a large excess o f  
the menthyl halide is used.

It is not yet clear if  the replacement o f  a halide bonded 
to a tetrahedral carbon with inversion o f configuration is a 
general phenomenon. The fact that lithium, sodium, and 
potassium diphenylphosphide give the same result indi
cates that the mechanism o f replacem ent is different for 
vinyl halides than for alkyl halides. This is true because a 
mixture o f  products is obtained with sodium diphenylphos
phide in the reaction o f  the vinylenebis dichlorides and (3- 
bromostyrenes. It cannot be definitively concluded that 
there is a displacem ent o f the alkyl halide by a “ diphenyl
phosphide ion”  because potassium diphenylphosphide, 
with its more ionic metal to phosphorus bond, is not as e f
fective as the sodio compound.

In another report, synthetic procedures for N M D P P  and 
M D P P  are detailed for the reaction o f sodium diphenyl
phosphide with the appropriate chloride .5 The choice o f so
dium diphenylphosphide was dictated by the results o f  
comparative yield experiments with lithium, sodium, and 
potassium diphenylphosphide and menthyl chloride. The 
N M D P P  yield ratios were 1:1.55:1.16, respectively, when 
the reactions were carried out according to  a standard pro
cedure .5

T he orientations o f  substituents occurring on the cyclo
hexane rings in 3, 5, 6 , and 7 were deduced by 4H N M R  and 
13C N M R  spectroscopy. The line widths o f  the 1H N M R  
resonances representing H-3 in 5 and 7 are much greater 
than those o f  H -3 in 3 and 6 because the multiplicity occur
ring in the former absorptions is caused by the spin-spin 
interactions o f  axial-axial as well as axial-equatorial pro
tons, whereas in the latter case the fine structure was due 
to  equatorial-axial and equatorial-equatorial couplings. 
T he JH N M R  data therefore indicate that the diphenyl 
phosphine and the diphenyl phosphine oxide groups occu 
py equatorial positions in 5 and 7 but axial orientations in 3 
and 6 .

In previously reported studies on the chemistry o f  lithi
um diphenylphosphide2 it has been established that vinyl 
halides undergo stereospecific displacem ent with retention 
o f configuration to  give vinyldiphenylphosphines. Thus, re
action o f  lithium diphenylphosphide with cis- and trans- 
1 ,2 -dichloroethanes leads to cis- and ira n s -l,2 -vinylenebis- 
diphenylphosphines, respectively ,3 while cis- and irons-/3- 
bromostyrenes provide cis- and irans-/3-styryldiphenyl- 
phosphines, respectively .4 Both o f  these results were estab
lished through characterization o f the corresponding phos
phine oxides. The latter work showed that the displace
ment occurred with retention o f configuration rather than 
by two successive inversions as would be possible in the for 
mer case.

W e now wish to report that nucleophilic replacement o f 
halide ion from  a saturated carbon by the diphenylphos
phide m oiety occurs with inversion o f configuration at car
bon as is found in normal SN2 displacements. Reaction o f 
menthyl chloride ( 1 ) or menthyl brom ide (2 ) with lithium, 
sodium, or potassium diphenylphosphide provided a com 
pound that has been shown by 220-M H z proton N M R  and 
by 13C N M R  to have the neom enthyldiphenylphosphine 
(N M D P P ) structure (3). Conversely, treatment o f  neom en
thyl chloride (4) with an alkali metal diphenylphosphide 
gives the epimeric menthyldiphenylphosphine (M D P P , 5). 
Oxidation o f 3 and 5 with 3% hydrogen peroxide produces 
the corresponding phosphine oxides 6 and 7, respectively, 
and N M R  spectra o f  the oxides confirm  the above stereo
chemical conclusions.

1, X =  Cl 7, X =  P h ,P = 0
2, X  =  Br 8 , X  =  OH 
5, X =  Ph2P 9, X =  H

3, X =  Ph2P
4, X  =  Cl
6, X =  Ph2P = 0

Reaction o f the menthyl and neomenthyl halides with 
lithium diphenylphosphide in refluxing T H F  solution was
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T able I. 25.2-M Hz 13C N M R  Sp ectra l D ata  fo r M enthyl and Neom enthyl Compounds

7 6

Carbon
atoms

5
Menthyl

phosphine0

3
Neomenthyl
phosphine

Menthyl
phosphine

oxide

Neomenthyl
phosphine

oxide
9

Menthane6
8

Menthol6

I 34.0 {2.5)c 27.7 (5.8) 33.6 (13.3) 28.5 (2.5) 36.0 32.2
2 37.9 (1.3) 39.5 (2.5) 36.6 (1.9) 38.6 (0.5) 33.4 45.9
3 38.2 (21.8) 35.8 (19.9) 39.6 (70.5) 37.0 (68.1) 30.2 71.2
4 45.7 (13.1) 50.3 (15.8) 43.8 (3.1) 50.5 (2.4) 44.4 50.7
5 25.9 (8 .8 ) 26.4 (9.8) 25.2 (12.0) 26.0 (1.7) 30.2 23.8
6 35.3 36.3 34.7 (1.3) 36.2 33.2 35.3
7 22.6 22.7 22.6 22 .8 22.8 22 .6

8 28.5 (20.5) 30.1 (9.6) 28.5 (3.2) 29.9 (2.5) 36.0 26.1
9 15.5 (1.2) 22.4 (1.2) 16.0 22.7 19.3 16.3

10 21.7 21.2 (0.9) 2 1 .8 21.4 19.3 21.3
0 Expressed in parts.per million relative to internal Me4Si. 6 Obtained from J. Jautelat, J. B. Grutzner, and J. D. Roberts, Proc. Natl. 

Acad. Sci. U.S.A., 65, 288 (1970), by converting the chemical shift data from (relative to CS2) to Me4Si by subtracting their value from 
192.8 ppm. c The 13C -31P coupling constants are recorded in parentheses. J  and & are estimated to be accurate to ±1 Hz or ±0.04 ppm.

13C N M R  spectral data not only confirm  the above con
clusions but also help resolve the location o f  the isopropyl 
group at C-4 and the secondary methyl group at C - l  in the 
four com pounds. These latter determinations were 
achieved by comparing the 13C chemical shifts o f  carbon 
atoms occurring in the four com pounds with those o f  m en
thol (8 ) and methane (9) and then correlating the 13C N M R  
spectral data with the well-known fact that the 1,3-diaxial 
type steric interaction causes upfield shifts in the reso
nances o f the interacting 13C nuclei. Comparison o f the 13C 
chem ical shift o f the methyl carbons C-7, -9, and - 1 0  (see 
Table I) indicates that they are very similar in 5, 7, and 8  

and, since the orientation o f the isopropyl and methyl 
groups in 8  is known to be equatorial, it is reasonable to as
sume that these groups in 5 and 2 must also occupy the 
same positions, namely equatorial. The upfield shifts o b 
served in the resonance positions o f  C-9, C-5, and C - 8  in 5, 
7, and 8  (see Table I) in relation to the 13C signals o f  re
spective carbon atoms in 9 are attributed to  the steric in
teractions as depicted in the structures o f  5 and 7 (see 
Chart I). In 3 and 6 where diphenylphosphine and diphen- 
ylphosphine oxide groups at C-3 have axial orientations, 
steric interactions between C-9 methyl and C-5 axial pro
tons (present in 5, 7, and 8 ) do not occur and as a result C-9 
resonances experience downfield shifts in 3 and 6 . These 
observations, coupled with the fact that the chemical shifts 
o f  C-7 and C-10 in 3 and 6 are very similar (see Table I) to 
those o f  the respective carbon atoms in 5, 7, and 8 , clearly 
suggest that the substituents at C -l  and C-4 in 3 and 6 

have the same stereochemistry as in 5, 3, 7, and 8 . The vari
ance o f  the resonance positions o f  C -l , C-5, and C -8  in 3 
and 6 as com pared to 5 and 7 (see Table I) is largely due to 
the various steric interactions represented in the conform a
tional drawings o f the respective com pounds (see Chart I). 
The dissimilarity in the chemical shifts o f  C-3, C-2, and C-4 
signals in 3, 5, 6 , 7, and 8 (see Table I) is due to the a  and ¡1, 
effects caused by differences in the electronegativities o f 
the substituents at C-3 as well as the steric interactions 
shown in Chart I.

The configurational and conform ational differences be
tween N M D P P (3) and M D P P  (5) are reflected in their be 
havior as ligands in homogeneous hydrogenation systems. 
Previously we reported that N M D P P  was effective as a 
chiral ligand in soluble Rh(I) hydrogenating com plexes .6 

Both N M D P P  and M D P P  have been utilized as ligands in 
asymmetric hydrosilylations catalyzed by metal com 
plexes .7 In the latter reaction they induce opposite chirali
ties.

T he reduction o f «-m ethylcinnam ic acid was studied in 
order to evaluate possible differences between these epim -

Chart I. C onform atio nal D raw ings o f  C om pound s Used 
in N M R  Stu d ies Show ing 1 ,3 -D ia x ia l T y p e  In teraction s

Ph Ph

5 3

eric ligands both with respect to the activity o f  W ilkinson- 
type hydrogenation catalysts derived from  them  and the 
chiral sense o f their asymmetric influence.

In order to prom ote appreciable reduction in a reason
able period o f time extended conditions (higher tem pera
ture and pressure) compared to the typical W ilkinson cata
lyst conditions were used. Extended conditions are neces
sary to ensure the reduction o f more hindered olefinic sub
strates. T o  further prom ote reduction, triethylam ine was 
added to the reaction to convert the substrate to  a carbox- 
ylate anion which is reduced more rapidly than the free 
acid .8 The precise reaction conditions are summarized in 
Chart II and in the Experimental Section.

In a 24-h period a Rh(I) catalyst (presum ably R h L 2*ClS 
in solution, where L* is the chiral tertiary phosphine ligand 
and S is a solvent molecule9) prepared from  N M D P P  pro
duced about 1.5 times the am ount o f reduction o f a- 
m ethylcinnamic acid as did a similar catalyst system from  
M D P P  (Chart II). The epimeric catalysts produced enan
tiomeric products and the percent enantiom eric excess (%



Chart II. Comparative Yields and Stereochemistries for 
Hydrogenations with NMDPP and MDPP Catalysts

Ph CH3 .
^ C = c ^  - L2RhC1S> PhCHZCH(CH3)C(X)H 

H COOH Hz
L* 24-h yield, % % ee

NMDPP 100 60(B)
MDPP 67 17 (S)

ee = % R  — % S  or vice versa) was more than three times 
greater for the N M D P P  catalyst.

The lower activity o f  the M D P P  catalyst may reflect a 
stronger binding o f the ligand to the rhodium in this case 
as compared to N M D P P . M odels suggest that the phos
phorus in M D P P  is less hindered than that in N M D P P  and 
therefore N M D P P  may dissociate more readily to give the 
coordinately unsaturated intermediate required for cata
lytic activity .10  This effect may be accentuated under the 
relatively high ligand loadings (L *:R h  = 15:1) used in these 
extended condition experiments.

E x p e r im e n t a l  S e c t io n

Lithium  diphenylphosphide was prepared from diphenylphos- 
phinous chloride and lithium metal in dry tetrahydrofuran (THF) 
solution under a nitrogen atmosphere following the method of Ag
uiar and Archibald.211

N eom enthyldiphenylphosphine (3) . 11 To a nitrogen-filled 
flask containing a solution of 6.01 g (0.035 mol) of (—)-menthyl 
chloride in 25 ml of THF was added 17 ml of a solution of lithium 
diphenylphosphide in THF prepared from 0.030 mol of diphenyl- 
phosphinous chloride and 0.12 mol of lithium. The mixture was re
fluxed for 26 h after which a yellow solution and a white precipi
tate had replaced the characteristic red color of the lithium di
phenylphosphide. The mixture was poured into 50 ml of water and 
the phosphine was extracted into ether. The ether solution was 
dried (Na2S0 4) and evaporated, and the residual oil was kept 
under nitrogen in a refrigerator for 60 h during which time crystals 
had separated. These were filtered and washed with methanol, 
yield 1.16 g (10%). In other preparations the phosphine was vacu
um distilled, bp 165-170 °C (0 .2  mm), then recrystallized repeat
edly from petroleum ether (bp 30-60 °C), ir rm0x (CHC13) 1432 
cm - 1  (no absorptions near 1180 or 1120 cm-1). The phosphine was 
further characterized as the benzylneomenthyldiphenylphospho- 
nium bromide prepared by reaction of 1 .2  g of the phosphine with
6.0 g of benzyl bromide for 14 h at ambient temperature followed 
by 3 h at reflux. The excess benzyl bromide was removed in vacuo 
and ether was added to the residue. A white solid formed which 
was recrystallized from benzene-acetonitrile, mp 220-223 °C, ir 
»Wx (CHCI3) 1437,1106 cm-1.

N eom enthyldiphenylphosphine O xide (6 ). To a nitrogen- 
filled flask containing 0.016 mol of lithium diphenylphosphide pre
pared from 0.35 g of lithium and 2.3 ml of diphenylphosphinous 
chloride in 30 ml of THF was added 2.0 g (0.012 mol) of (-)-m en- 
thyl chloride in 15 ml of THF. The solution was refluxed for 24 h 
until the characteristic red color of the phosphide had dissipated 
and a yellow solution containing a white precipitate remained. The 
mixture was poured into 50 ml of 3% hydrogen peroxide and the 
organic solvent phase was allowed to evaporate. Crystals formed at 
the phase interface which were filtered off and recrystallized from 
ethanol. The yield was 1.2 g, 31%. Further recrystallization from 
hexane-benzene provided the oxide having mp 217-221 °C, ir i^ax 
(CHCI3) 1433, 1175, 117 cm-1.

( £7)-a-M ethyleinnam ic A cid . 1 3  Benzaldehyde (106 g, 1 mol), 
sodium acetate (82.0 g, 1  mol), and propionic anhydride (160 g,
1.23 mol) were heated at reflux for 35 h. The reaction mixture was 
then poured onto ice and acidified with hydrochloric acid. The 
acid solution was extracted with ether. The ether extract was ex
tracted with 2 M sodium hydroxide solution and the basic extract 
was, in turn, washed with ether and then acidified. The crude 
product separated as an oil and was extracted into ether. The dther 
extract was washed with water, dried, and concentrated to give an 
oil which crystallized on standing. The crude acid was recrystal
lized from 60-80 °C petroleum ether in three crops, total yield
128.1 g (79%), mp 80-81 °C.

Asym m etric H ydrogenations. A homogeneous catalyst solu
tion was prepared by stirring (30 min) a mixture of

Diphenylphosphide Displacement at Saturated Carbon

[Rh(COD)Cl]212 (16.6 mg, 33.7 Mmol) and either NMDPP or 
MDPP (171 mg, 95% phosphine, 5% phosphine oxide, 0.5 mmol 
phosphine) in 1 : 1  (v/v) benzene-ethanol ( 10 0  ml, freshly deoxy- 
genated with nitrogen) under 3.5 atm of hydrogen. The prereduced 
catalyst solution was added to a solution of (E)-a-methylcinnamic 
acid (4.05 g, 25 mmol) and triethylamine (0.4 g, 4 mmol) in deoxy- 
genated 1 : 1  benzene-ethanol (100 ml). The resulting reaction mix
ture was hydrogenated at 300 psi and 60 ±  5° for 24 h.

H ydrogenation w ith  N M D P P  C atalyst. After the reduction 
period the reaction mixture was evaporated under vacuum and the 
residue was partitioned between 10% sodium hydroxide (50 ml) 
and methylene chloride (50 ml). The aqueous layer was separated, 
washed with ether and then acidified with hydrochloric acid. The 
acidified solution was extracted twice with 30-ml portions of ether. 
The combined ether extracts were dried (MgS04) and concentrat
ed to give a crude acid product (3.85 g, 94%). The NMR spectrum 
was that of 2-methyl-3-phenylpropanoic acid and there were no 
signals characteristic of unreduced substrate. The crude acid was 
distilled, bp 99-107 °C (0.4 mm), 3.7 g (90%), [ a ] 19D  -16.2 °C (c 
11.59, benzene), which corresponds to a 60% ee of the R isomer 
based on [ a ] 20D  27.02° for the pure enantiomer.14

H ydrogenation w ith M D P P C atalyst. This reduction was car
ried out in exactly the same manner as that with NMDPP. The 
crude acid product (3.9 g) was shown by NMR to contain about 
67% 2-methyl-3-phenylpropanoic acid and 33% unreacted a- 
methylcinnanic acid. The crude acid mixture was distilled, bp 
92-94 °C (0.02 nm), to give 1.8 g of a mixture containing 94.4% 2- 
methyl-3-phenylpropanoic acid and 5.6% starting material. This 
mixture had [ a ] 21D  +4.3° (c 11.08, benzene) which corresponds to 
15.9% ee, or 16.8% ee correcting for the amount of achiral starting 
material present on the assumption that it has only a dilution ef
fect on the rotation.
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The cycloadduct (a 1-halophospholenium halide) from butadiene and methylphosphonous dichlorice reacts 
smoothly with hydrogen sulfide to form l-methyl-3-phospholene sulfide, rearrangeable with base (in part) or acid 
(complete) to the isomeric 2 -phospholene sulfide. The chloroprene cycloadduct treated with H2S gave exclusively 
the 2 -phospholene sulfide; the chlorine was replaceable by methoxide ion to form the enol ether, which was easily 
hydrolyzed to l-methyl-3-phospholanone sulfide. The piperylene cycloadduct gave exclusively ci's-l,2-dimethyl-3- 
phospholene sulfide, and 1 -vinylcyclohexene gave a single bicyclic phospholene sulfide shown spectroscopically 
also to have cis structure. Likewise, l-(l-bromovinyl)cyclohexene gave a single sulfide stereoisomer, presumably 
cis. The hydrogen sulfide reaction therefore differs considerably from hydrolysis which gives variable mixtures of 
cis, trans isomers. 13C NMR spectra of several sulfides were determined; notable is the strong deshielding of the 3 
carbon of a 2 -phospholene sulfide, possibly a result of delocalization of the x  electrons into phosphorus d orbitals.

The McCormack cycloaddition2 of dienes with trivalent 
phosphorus halides has provided the major pathway to de
rivatives of the phospholene ring system for many years. The 
cycloadducts are generally hydrolyzed to the more stable 
phosphine oxides as a preliminary step before performing 
other chemical transformations. McCormack mentioned in 
one of his patents3 that phospholene sulfides were formed on 
addition of hydrogen sulfide to the cycloadducts, but only one 
example (from C6H 5PCl2 and isoprene) was given and the 
literature is devoid of any other mention of this reaction. We 
have previously examined the double bond4 and cis, trans 
isomerism5 in certain phospholene oxides formed from the 
McCormack adducts and now have applied our methods to 
the phospholene sulfides resulting from the hydrogen sulfide 
reaction. In working with the sulfides, we have found that they 
have much more desirable properties than the corresponding 
oxides. They are less polar, and accordingly have solubility 
in a more useful range of organic solvents. Furthermore, they 
are nonhygroscopic, and are quite easy to handle. The phos
pholene sulfides have also recently been approached by an
other route,6 the reaction of McCormack-derived phospholene 
oxides with phosphorus pentasulfide.

The butadiene-methylphosphonous dichloride adduct, as 
a slurry in benzene, reacted smoothly with gaseous hydrogen 
sulfide. A clear solution resulted when the reaction was com
plete. The solid sulfide (1) was recovered in 66% yield after 
recrystallization. The lH NMR spectrum agreed with that

+  CH,PCI2

1

reported by Moedritzer;6 it was very much like that of the 
oxide,4 and left no doubt that the double bond was in the 3 
position. Thus, the olefinic protons gave a 2 H doublet with 
the expected large coupling to 31P (28 Hz). As for the hy
drolysate of the same cycloadduct,4 there was no indication 
of any 2-phospholene isomer in the reaction product.

The double bond of 1 could be rearranged by heating with 
potassium ferf-butoxide. The product then consisted of a 1:1 
mixture of 1 and 2-phospholene sulfide 2. The oxide also is

2

reported to give such a mixture with the same base.6 However, 
heating 1 in 48% hydrogen bromide (in an unsuccessful at

tempt to add HBr to the double bond) gave virtually complete 
rearrangement to 2.

13C NM R spectra (Table I) of the isomers 1 and 2 reveal an 
important electronic effect of the thiophosphoryl group on the 
double bond; in the 2 isomer (2), the /1-olefinic carbon is de- 
shielded by 19.4 ppm relative to the a carbon. We believe that 
this is the first instance of the observation of this strong 13C 
effect for a vinyl phosphine sulfide. The effect is only slightly 
weaker than that in the corresponding phospholene oxide 
(23.8 ppm, Table I), and, as pointed out elsewhere,7 is con
sistent with diminished electron density on this carbon 
through delocalization of the ~ electrons into a phosphorus 
d orbital. The strong deshielding of all a carbons, as expected 
from the behavior of noncvclic phosphine sulfides,8 was ob
served. The large 31P -13C coupling constants for the a carbons 
aided greatly in all assignments made in this study.

The chloroprene-methylphosphonous dichloride cy
cloadduct has given varying results on hydrolysis, but gener
ally an isomer mixture rich in the 2-phospholene oxide is ob
tained.9 The reaction of this cycloadduct with hydrogen sul
fide has been found to be quite specific; only the 2 isomer (3)

was formed. Again the 4H NM R spectrum resembled that of 
the corresponding oxide; the methylene protons had well- 
separated chemical shifts, and the olefinic proton had weak 
allylic coupling to the methylenes at C-4, thus appearing as 
a doublet (2Jpc = 22 Hz) of triplets ( 4J h h  = 2 Hz).

A valuable property of the 3-chloro-2-phospholene oxide 
system has been the sensitivity of the chlorine to displacement 
by methoxide; this provides an enol ether readily hydrolyzed 
to the 3-keto phospholane oxide.9 The low electron density 
of the 3 position of a 2-phospholene sulfide as revealed by the 
13C NMR spectrum of 2 suggested that chlorine at this posi
tion might be displaceable as it is in the oxide, and this proved 
to be the case. The enol ether 4 was so obtained and was 
readily hydrolyzed to the ketone 5. Spectral examination of

3 4 5
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Table I. ,3C NMR Spectral Data o f  Some Phospholene Sulfides0

Compd C-2 C-3 C-4 C-5 p c h 3

38.9 (55 ) 127.6 (10 ) 127.6 (10) 38.9 (55 ) 20.6 (50)

127.9 (75) 147.3 (20) 31.6 (13) 30.3 (45) 22.8 (50 )

123.4 (75) 150.0 (40) 36.8 (s) 31.9 (55 ) 23.7 (50 )

126.9 (92 ) 150.6 (25) 29.5 (10 ) 24.5 (6 8 ) 17.4 ( 6 8 )

45.4 (55) 207.4 (15 ) 37.7 ( 8 ) 30.6 (50 ) 20.4 (52)

91.2 (92 ) 171.6 (40 )b 30.4 (s) 29.9 (60 ) 25.0 (50)

37.6 (55 ) 117.0 (5) 142.9 (10) 49.5 (55 ) 16.3 (50 )

38.6 (54 ) 115.2 (5) 143.5 (10) 45.0 (58 ) 20.9 (49)

14

a Chemical shifts in parts per million downfield from  external Me4Si. Values in parentheses are 3 1P—13C coupling constants 
in hertz. b OCH3 signal at 57.8 (s).

5 showed the absence of detectable amounts of the enol. This 
is a marked departure from the corresponding oxide, where 
substantial amounts of enol form are present.9 It is probable 
that the greatly reduced hydrogen-bonding ability of sulfur 
vs. oxygen is largely responsible for this difference; this 
property has been proposed as an important stabilizing effect 
in the keto oxide.9

The cycloadduct from piperylene on hydrolysis is known 
to give the 3-phospholene system but as a mixture of cis (6) 
and trans (7) isomers.5 When this cycloadduct was treated

i  chjpci2, 
2. h 2o

with hydrogen sulfide in the usual way, the product (8) con
sisted of only one stereoisomer; there was no detectable 
amount of the other isomer by either 'H  or 31P NM R spec
troscopy. That sulfide 8 was a 3-phospholene of cis structure 
was easily established by comparing it to the sulfides formed 
stereospecifically (retention10) on addition of sulfur to the 
corresponding isomeric phosphines 9 and 10. These had been 
separated and characterized in previous work.5 The phosphine 
known to have the cis structure (9) gave a sulfide identical with 
8, while the trans phosphine 10 gave a sulfide (11) of quite 
different properties.

10  11

The remarkable stereospecificity of the hydrogen sulfide 
reaction was observed in another case, that of the cycloadduct 
from 1-vinylcyclohexene.11 Again, trans (12) and cis (13) 3- 
phospholene isomers are possible from this reaction (and are 
observed in 2:3 ratio on hydrolysis), but only one sulfide iso
mer was obtained. The assignment of the position of the 
double bond was straightforward; there was only one olefinic 
proton in the NM R spectrum. It might be expected that the

12, X =  0  13, X =  0
14, X  =  S 15, X  =  S
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compound would have the cis structure 15, by analogy to the 
steric result from the piperylene adduct. This was established 
by removing sulfur with hexachlorodisilane, a reaction known 
to occur with retention,12 which produced a phosphine iden
tical with that of cis structure (16). This structure has been

established in another study.11 This proof was approached 
from the other direction as well; a trans-rich sample of the 
phosphine, also available from other work,11 was treated with 
sulfur (retention) to form a mixture of sulfides 14 and 15. The 
minor product (cis) of the reaction was identical with that 
obtained from the hydrogen sulfide reaction. Finally, the 13C 
NM R spectrum (Table I) contained a feature indicative of the 
isomer structure; as for the oxides,11 steric crowding in the cis 
isomer caused its PCH3 signal to be displaced several parts 
per million upfield.

The stereospecificity of the hydrogen sulfide reaction was 
observed in another bicyclic synthesis, that of a 3-bromo de
rivative (17). The reaction product again consisted of a single

Br

L CHjPCl,
2. H3S *

17

isomer, to which we feel safe in assigning the cis structure from 
the previous results.

That only the cis isomer is formed in the hydrogen sulfide 
reaction is a point of significance with regard to the mecha
nism of nucleophilic displacement of halogen from the 1- 
halophospholenium ion. The result does not derive from any 
instability of the trans isomer in the acidic medium; this point 
was checked by bubbling H 2S and HC1 through a benzene 
solution of 11 (trans) for 30 min, without effecting any con
version to cis isomer 8. The only other nucleophilic displace
ment reaction for which data are available is that of hydrolysis, 
which can give mixtures dominated by either the cis5,13 or 
trans11 isomers. Even for the same cycloadduct, the experi
mental conditions play an important role in determining the 
cis:trans ratio.5’13 From a recent observation14 that the cis 
form of l-phenyl-2,5-dimethyl-3-phospholene oxide rear
ranges to trans on standing, possibly through hydration to a 
pentacovalent dihydroxy form,15 we suggest that the initially 
formed oxide on hydrolysis in general may be cis, and that 
rearrangement to the less crowded trans form occurs to 
whatever extent is allowed by the reaction conditions. Thus, 
we propose that the hydrogen sulfide and hydrolysis reactions 
may proceed by the same kinetically controlled steric path
way, but the product of the former is more indicative of this 
pathway since it is not prone to rearrange in the medium used.

The 1-halophospholenium ions can exist as cis or trans 
forms, but NMR spectral data have shown that these rapidly 
equilibrate through a pentacovalent dihalide.5’13 The cis 
preference in sulfide formation would simply imply that one 
of the equilibrating isomeric halophospholenium ions reacts 
faster than the other. Whether it is the cis form, involving 
retention of configuration, or the trans, giving inversion, 
cannot be ascertained with the data so far at hand. Regardless

of the exact steric course, the cis-product preference in this 
nucleophilic displacement of the cycloadducts now seems 
established, and the reaction joins two others of the cycload
ducts for which a definite steric result can be expected: (1) 
dehalogenation to the phosphine with magnesium, which gives 
mostly the trans isomer,5 and (2) conversion to the oxide with 
liquid sulfur dioxide, which gives only the cis product.16

E x p e r im e n t a l  S e c t io n

G eneral. Melting points were taken on a Mel-Temp apparatus and 
are corrected; boiling points are uncorrected. All manipulations of 
phosphines were conducted under nitrogen in a glove bag. !H NMR 
spectra were taken with a JEOL MH-100 spectrometer; chemical 
shifts are relative to internal tetramethylsilane. 31P NMR spectra were 
obtained on a Bruker HFX-10 system at 36.43 MHz with proton noise 
decoupling; chemical shifts are referenced to 85% H3PO4, with positive 
shifts upfield, negative downfield. Proton noise-decoupled Fourier 
transform 13C NMR spectra (Table I) were also obtained on the 
Bruker spectrometer, at 22.62 MHz, utilizing CfFg in a 3-mm coaxial 
capillary as an external heteronuclear lock. Chemical shifts are given 
in parts per million downfield from Me4Si as zero. Methylphospho- 
nous dichloride was obtained from the Ethyl Corp. Elemental analyses 
were performed by commercial laboratories.

i-M ethyl-3-phospholene 1-Su lfid e  (1) . The cycloadduct (50 g, 
0.29 mol) prepared from 1,3-butadiene and methylphosphonous di
chloride4 was washed thoroughly with petroleum ether and suspended 
in 200 ml of dry benzene. Hydrogen sulfide gas was then bubbled 
through the stirred suspension until a clear solution resulted (about 
45 min). The solution was washed with 200 ml c f saturated NaHCC>3 
solution and then 200 ml of water. The benzene solution was dried 
(MgS04) and concentrated on the rotary evaporator. The residual 
gummy solid was recrystallized from cyclohexane to give 25.1 g of 1 
(66%) as colorless plates: mp 45-47 °C (lit.6 mp 46 °C); XH NMR 
(CDCla) S 1.82 (d, 2J ph = 13 Hz, PCH3), 2.73 (d, 2J PH = 10 Hz, 
-C H 2-), 5.87 (d, 3J ph = 28 Hz, = C H -); ir (Nujol) 1620 cm“ 1 (C=C); 
31P NMR (25% in CDCI3) 6 —54.8 (lit.6 for the same concentration run 
proton coupled, —52.3).

Anal. Calcd for C5H9PS: C, 45.45; H, 6.82; P, 23.48. Found: C, 45.50; 
H, 6.98; P, 23.34.

l-M ethyl-2-phospholene 1-Su lfid e  (2). A mixture of 1 g (75
mmol) of 1 and 25 ml of 48% HBr was refluxed under N2 for 8 h. The 
mixture was neutralized and extracted with ch.oroform (5 X 75 ml). 
The organic extracts were combined, dried (MgS04), and concen
trated. Analysis by 31P NMR spectroscopy showed the phospholene 
oxide composition to be 95% 2, 5% 1. Thick layer chromatography on 
silica gel with ether-petroleum ether (1:1) as eluent gave 0.49 g of pure
2 (49%) as a colorless oil: *H NMR (CDC13) <51.93 (d, zJ p h  = 12 Hz, 
PCH3), 2.10-2.65 (m, PCH2CH2), 2.75-3.15 (m, PCH2), 6.08-7.28 
(complex m, olefinic H); ir (neat) 1600 cm- 1  (C=C); 31P NMR (25% 
in CDCI3) S —65.5 (lit.6 for the same concentration run proton coupled, 
-62.5).

Compound 2 also resulted from base-catalyzed rearrangement. To 
a mixture of 1 g (75 mmol) of 1 in 50 ml of benzene was added 1 g of 
potassium tert-butoxide. The resulting mixture was refluxed for 24 
h. The benzene was washed with water (2 X 50 ml), dried (MgS04), 
and concentrated to give 0.7 g of a 50:50 mixture of 1 and 2 as deter
mined from the two PCH3 doublets (5 1.85 and 1.95, respectively).

3-C hloro-l-m ethyl-2-phospholene 1-Su lfid e  (3). The cycload
duct (67 g, 0.33 mol) prepared from methylphosphonous dichloride 
and chloroprene9 was washed with petroleum ether and suspended 
in 250 ml of dry benzene. Hydrogen sulfide was then bubbled through 
the suspension until all solid had dissolved (2 h). The benzene was 
washed with 20 0  ml of saturated NaHC03 solution and then 20 0  ml 
of water. The benzene solution was dried (MgSfifl) and concentrated. 
The resulting solid was recrystallized from ethanol to give 27.1 g of
3 (49%) as white needles: mp 68-69 °C; 4H NMR (CDC13) 5 1.91 (d, 
2J ph = 14 Hz, PCH3), 2.22-2.63 (m, PCH2CH2), 2.83-3.20 (m, PCH2),
6.15 (d of t, 2J ph = 22, 4J hh = 1-5 Hz, >C = C H -); ir (Nujol) 1610 
cm - 1 (C=C); 31P NMR (CDC13) 5 -58.5.

Anal. Calcd for C5H8C1PS: C, 36.04; H, 4.80; P, 18.57. Found: C, 
36.03; H, 4.89; P, 18.57.

l-M ethyI-3-m ethoxy-2-phospholene 1-Su lfid e  (4). To a stirred 
solution of sodium methoxide prepared from 1.27 g (0.055 g-atom) 
of sodium and 75 ml of methanol was added 8.6 g (0.05 mol) of chloride 
3 in 75 ml of methanol. The resulting solution was refluxed for 15 h. 
The solution was cooled and neutralized with concentrated hydro
chloric acid. The NaCI was filtered off and the solution was concen
trated on the rotary evaporator. The residual cil was distilled to give
3.8 g of 4 (47%): bp 118-120 °C (0.3 mm); iH NMR (CDC13) <51.85 (d,



V ph = 12 Hz, PCH3), 2.00-3.35 (m, 4, methylenes), 3.65 (s, OCH3),
4.88 (d, 2J ph = 25 Hz, =C H ); ir (neat) 1601 cm - 1 (C=C); 31P NMR 
(CDCI3) S -58.7.

l-M ethyl-3-phospholanone 1-Su lfid e  (5). To a mixture of 2 g 
(12 mmol) of enol ether 4 in 5 ml of water was added 6 drops of 3 N 
HC1. The stirred mixture was heated at 115 °C for 3.5 h under N2. The 
solution was then cooled in ice and the resulting precipitate was fil
tered off. Sublimation of this solid at 50 °C (0.01 mm) gave 1 g of 5 
(57%) as a white powder: mp 80-81 °C; XH NMR (CDC13) 5 1.89 (d, 
2J ph = 13 Hz, PCH3), 2.20-2.98 (m, 4, methylenes); ir (CCR) 1720 
cm - 1 (C = 0 ); 31P NMR (CDC13) -42.4.

Anal. Calcd for C5H9OPS: C, 40.54; H, 6.08; P, 20.95. Found: C, 
40.74; H, 6.15; P, 20.87.

cis-l,2-Dimethyl-3-phospholene 1-Su lfide (8 ). The cycloadduct 
(40 g, 0.22 mol) prepared from methylphosphonous dichloride and 
trans-piperylene was washed with petroleum ether and suspended 
in 200 ml of dry benzene. Hydrogen sulfide was bubbled through the 
stirred mixture until all solid dissolved (about 1 h). The benzene was 
then washed with 200 ml of saturated NaHCC>3 solution followed by 
200 ml of water. The benzene was dried (MgSCR) and concentrated. 
The residual solid was recrystallized from ethanol to give 12.5 g of 8 
(39%) as white needles: mp 50-51 °C; :H NMR (CDCI3) 1.24 (d of d, 
•Vph = 18, V hh = 7 Hz, C-CH3), 1.61 (d, 2J PH = 12 Hz), 2.65-3.20 
(m, CH2 and CH), 5.80 (d, 3J Ph = 26 Hz, =C H ); ir (Nujol) 1615 cm- 1  
(C=C); 31P NMR (C D C y  5 -63.4.

Anal. Calcd for C6HUPS: C, 49.32; H, 7.53; P, 21.23. Found: C, 49.51; 
H, 7.70; P, 21.20.

Reaction  o f the l,2-D im ethyl-3-phospholeneS 9 and 10 w ith 
Su lfu r. To a solution of 500 mg (4.4 mmol) of the cis isomer (9) in 50 
ml of dry benzene was added 500 mg of sulfur. The mixture was re
fluxed for 8 h. The excess sulfur was filtered off and the benzene re
moved on the rotary evaporator. The residue was recrystallized from 
ethanol to give 450 mg of 8 (70%), mp 49-50 °C; the 3H and 31P NMR 
and the ir spectra were identical with those reported above for com
pound 8.

The trans phosphine 10 was treated with sulfur in the same way and 
gave a different sulfide 11, mp 42-43 °C, 31P NMR (CDCI3) S —60.8.

cis-1-M ethyl-A3<!a)-2,4,5,f>,7,7a-hexahydro-lff-phosphindole 
1-Su lfid e  (15). The cycloadduct (20 g, 0.08 mol) prepared from 1 - 
vinylcyclohexene11 and methylphosphonous dichloiide was washed 
with petroleum ether and suspended in 150 ml of benzene. Hydrogen 
sulfide was bubbled through the stirred suspension for 1 h. The clear 
benzene solution was washed with saturated NaHC0 3  solution (200 
ml) and water (200 ml). The benzene was dried (MgSC>4) and con
centrated to an oil that solidified on cooling. Recrystallization from 
cyclohexane gave 7.8 g of 15 (46%) as white needles: mp 78-80 °C; 
NMR (CDCI3) & 1.65 (d, 2J ph = 12 Hz, PCH3), 1.2-2.9 (m, CH2 and 
CH), 5.42 (d, 3J ph = 29 Hz, =C H ); ir (Nujol) 1630 cm-1; 31P NMR 
(CDCI3) 5 -59.9.

Anal. Calcd for C9H 15PS: C, 58.06; H, 8.06; P, 16.67. Found: C, 57.87; 
H, 8.04; P, 16.86.

c i s - 1 -M ethyl-A 3 (3 a)-2,4,5,6,7,7a-hexahyd ro-1 Jf-phosphindole 
(16). To a solution of 600 mg (3.2 mmol) of 15  in 50 ml of dry benzene 
was added 3 ml (56 mmol) of hexachlorodisilane over a 30-min period. 
The solution was then refluxed for 4 h. The flask was cooled and 15 
ml of 30% NaOH solution was added. The layers were separated and 
the aqueous layer was extracted with benzene (3 X 25 ml). The ben
zene was dried (MgSCR) and distilled at atmospheric pressure. The 
residue was distilled at reduced pressure to give 250 mg of 16  (50%) 
as a colorless liquid: :H NMR (CDC13) <5 0.65 (d, V ph = 4 Hz, PCH3), 
0.90-2.65 (m, CH2 and CH), 5.22 (broad s, =C H ); 31P NMR (CDC13) 
5 +26.1.

The methiodide was prepared from a small portion of the phosphine 
by reaction with excess methyl iodide. Recrystallization from ether- 
methanol gave white crystals, mp 273 °C dec.
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Anal. Calcd for CioHjglP: C, 40.54; H, 6.08; P, 10.47. Found: C, 
40.65; H, 6.13; P, 10.32.

c is , tran s-l-M eth yl-A 3 (3 a)-2,4,5,6,7,7a-h exah yd ro -l fl-phos- 
phindole 1 -Sulfide. To 1 g (6.5 mmol) of a mixture of cis- (40%) and 
trans- (60%) 1 -methyl-A3<3a,-2 ,4,5,6,7,7a-hexahydro-lH-phosphin- 
doles (prepared by the trichlorosilane reduction of the corresponding 
oxides) 11 dissolved in 25 ml of benzene was added 1 g of sulfur. The 
resulting solution was refluxed for 1 2  h. The excess sulfur was filtered 
off and the benzene was evaporated. The remaining oil solidified and 
was recrystallized from ethanol to give 680 mg of a mixture of 14  and 
15  (56%) as white needles: mp 74-77 °C; XH NMR (CDCI3) & 1.65 (d, 
2J ph = 12 Hz, PCH3), 1.73 (d, 2J PH = 13 Hz, PCH3), 1.2-2.9 (m, CH2 
and CH), 5.38 (d, 2J PH = 29 Hz, = C H -); ir (Nujol) 1625 cm- 1  (C=C); 
31P NMR (CDCI3) 6 -58.0 ( 14 ,65%) and -59.8 (15, 35%).

Anal. Calcd for C9H 15PS: C, 58.06; H, 8.06; P, 16.67. Found: C, 58.03;
H, 8.24; P, 16.40.

3-Bromo-l-methyl-A:1<3a>-2,4,5,6,7,7a-hexahydro-l //-phos- 
phindole 1-Sulfide (17). The cycloadduct (25 g, 81.9 mmol) prepared 
from l-(l-bromovinyl)-l-cyclohexene17 and methylphosphonous 
dichloride was washed with petroleum ether and suspended in 10 0  
ml of dry benzene. Hydrogen sulfide was bubbled through the stirred 
suspension for 30 min. The resulting clear solution was then washed 

'with saturated NaHC03 solution and water (200 ml). The benzene 
was dried (MgSOi) and concentrated. The gummy residue was re
crystallized from ethanol to give 8.3 g of 17 (38%) as white crystals', 
mp 126-128 °C; JH NMR (CDC13) 5 1.70 (d, 2J PH = 13 Hz, PCH3),
I. 1-3.15 (m, CH2 and CH); ir (KBr) 1620 cm - 1  (C=C); 31P NMR 
(CDCI3) <5 -51.4.

Anal. Calcd for CgH^BrPS: C, 40.91; H, 4.92; P, 11.74. Found: C, 
40.79; H, 5.15; P, 11.83.

R e g istry  No.— 1, 52988-60-0; 2, 52988-61-1; 3, 58311-81-2; 4, 
58311-82-3; 5, 58311-83-4; 8 , 58311-84-5; 9 ,2329-12-6; 10, 2329-00-2; 
1 1 ,  58311-85-6; 14, 58311-86-7; 15, 58311-87-8; cis-16, 57065-71-1; 16 
methiodide, 57065-73-3; irons-16, 57065-72-2; 17, 58311-88-9; 1,3- 
butadiene, 106-99-0; methylphosphonous dichloride, 676-83-5; 
chloroprene, 126-99-8; trans- piperylene, 2004-70-8; 1-vinylcyclo- 
hexene, 2622-21-1; methyl iodide, 74-88-4; l-(l-brom ovinyl)-l-cy
clohexene, 57065-75-5.
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The reactions of 2 ,2 ,2 -triphenylethyl p-toluenesulfonate (1) with sodium alkoxide in methanol and ethanol so
lutions were studied at both 1 atm and 5000-5500 atm. In alcohol solution, solvolysis of 1 in the presence of a low 
concentration of base yielded quantitatively phenyl-migrated products, viz., 1 ,2 ,2 -triphenylethyl alkyl ether (2 ) 
and triphenylethylene (3). However, it was found that when the concentration of base was increased, the nucleo
philic substitution reaction (Sn 2) competed with the ionization reaction (Sn I)  and the products were found to be 
mixtures of 2, 3, and 2,2,2-triphenylethyl alkyl ether (4). The yield of the unrearranged product 4 was increased 
accordingly with the base concentration. However, the amount of 4 was found to be decreased by applying pres
sure to the system. The results indicated that the effect of pressure was greater on the solvolytic reaction chan on 
the nucleophilic substitution reaction. These results were explained in view of different activation volumes. In the 
solvolytic reactions of 1 , the amount of the rearranged ether product 2 was also found to be increased over the ole
fin product by the application of pressure. The result was accounted for by the contraction of volume of the sys
tem and the favorable structure of the transition state in the formation of the ether as compared to that of the 
transition state leading to olefin. When the compound I was treated with NaOH in water-dioxane solution, the 
nucleophilic substitution product, 2,2,2-triphenylethanol (5), was produced along with triphenylmethane (6). The 
source of compound 6 was found to be a further reaction of 5 with NaOH through a carbon-carbon cleavage pro
cess.

In recent years, the use o f  high pressure for the study o f 
organic chemistry has been increasing. 2 T he pressure d e 
pendence o f the rate constant o f  a reaction is (a In k/a  p )x  
=  —A V ^ /R T , where AV+ is the volum e o f  activation. If this 
volume is negative, i.e., the form ation o f  the transition 
state com plex from  the reactants results in overall contrac
tion, the rate constant k will be increased with increasing 
pressure .3

The effect o f  pressure on the rate o f  solvolytic and nu
cleophilic displacem ent reactions o f  alkyl halides has been 
investigated by a number o f workers.4’5 Generally, both re
actions were found to be enhanced by applying pressure to 
the reaction system.

Nucleophilic substitutions (Sn 2) on neopentyl carbon 
were found to be notoriously difficult although not im pos
sible under forcing conditions .6'7 A phenyl group is much 
bulkier than a methyl group and as a consequence the nu
cleophilic substitution reaction on the C i in the 2 ,2 ,2 -tri
phenylethyl system is expected to be much less favored 
than the same reaction in the neopentyl system. This possi
bility has never been investigated.

The solvolysis o f  2,2,2-triphenylethyl p-toluenesulfonate
( 1 ) is much faster than a similar solvolysis for neopentyl 
p-toluenesulfonate, cf. about 7000 times in acetic acid .8 

Com pound 1 is a highly substituted system and the relief o f  
steric strain at C2 in the ionization stage can account for 
the driving force leading to the enhanced rate. The bridged 
phenonium  ion or the phenyl-rearranged stable tertiary 
carbonium ion was proposed as the transition state .8“5 0 In 
methanol or ethanol solution 1  was solvolyzed in the pres
ence o f  a low concentration o f sodium alkoxide to  yield 
quantitatively the phenyl-m igrated products, viz., 1 ,2 ,2 -tri
phenylethyl methyl ether (2 a) or 1 ,2 ,2 -triphenyldiethyl 
ether (2b) and triphenylethylene (3) . 1 1  However, we have 
found that when the concentration o f R O N a was increased, 
the nucleophilic substitution reaction com peted with the 
ionization reaction. Thus, the products were found to be 
mixtures o f  2, 3 and either 2,2,2-triphenylethyl methyl 
ether (4a) or 2,2,2-triphenyldiethyl ether (4b). T he yield o f  
the unrearranged product 4a or 4b was increased accord
ingly with the base concentration.

This system presents an interesting case for the study o f

the effects o f  pressure on SN l and SN2 reactions, because 
the possibility o f backside nucleophilic attack by solvents 
and normal 1 , 2  elimination with base are both impossible. 
Therefore, the solvolysis o f  1 was investigated in alcohol 
containing NaOH or RONa at 1 atm and under high pres
sure.

R esults

S o lvolysis o f  2 ,2 ,2 -T rip h en yleth yl p -T o lu e n e su lfo n - 
ate (1) in the P resen ce  o f  B ase. Com pound 1 was solvo
lyzed in either dioxane-water or d ioxane-alcohol solution 
in the presence o f  NaOH or sodium alkoxide in the fo l
lowing manner. The reactants were placed in a T eflon  cap
sule (volum e 4 cm 3), which was subsequently heated to 
80-100 °C  for 20-25 h slightly above 1 atm pressure. W hen 
the reactions were carried out in Pyrex vessels, the base 
was found to react with the glass and the product distribu
tions were found to be different from those found when the 
reaction was carried out in a Teflon  vessel (see Experim en
tal Section). After the solvent was removed under reduced 
pressure, the solid was treated with H 20  and extracted 
with ether. The products were then analyzed by  GC and 
characterized by comparison with authentic samples. T yp i
cal results are summarized in Table I.

R ea ction s  o f  2 ,2 ,2 -T rip h en yleth an ol (5) w ith  Base. In 
order to find the source o f  triphenylmethane (G) produced 
in the reactions with NaOH (see Table I), 2,2,2-triphen
ylethanol (5) was allowed to react with various concentra
tions o f  NaOH. The products were analyzed as described 
above and typical results are summarized in Table II. It 
was found that 5 reacted further with NaOH to give a car
bon -carbon  bond cleavage product 6 . 12 The amount o f  6 

was found to increase with increasing concentrations o f  
NaOH and reaction temperature.

R ea ction s  o f  2 ,2 ,2 -T riphen yIethy l p -T o lu e n e su lfo n - 
ate (1) w ith  Sod ium  A lk ox id e  in  A lco h o l u n d er  1 A tm  
an d  H igh  P ressu re . In order to avoid com plications in 
volving the carbon-carbon cleavage o f 5 with NaOH, the 
reactions o f  1  were studied in detail in alcohol solution with 
the corresponding sodium alkoxide. The reactants were 
placed in T eflon  capsules which were then heated at 80-85 
°C  for 20-25 h under both 1  atm pressure and also at
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Table I. Effects of Base on the Solvolysis of 2,2,2-Triphenylethyl p-Toluenesulfonate ( l ) a

Products, %
Solvent Base (mmol) Temp, °C 2 3 4 5 7b

Dioxane-waterc NaOH (1) 90 55 45
Dioxan e-waterc NaOH (2) 90 47 17d 33
Dioxane-waterc NaOH (3) 90 35 30e 30
Dioxane-M eOHf MeONa (4) 1 0 0 48.2 46.6 5.2
Dioxane-M eOH 1 MeONa (8 ) 10 0 49.5 37.5 14.0
Dioxane-EtOH® EtONa (2 ) 1 0 0 37.5 59.5 3.0
Dioxane-EtOH^ EtONa (4) 1 0 0 32.4 54.9 12.7
Dioxane-EtOH# EtONa (8 ) 1 0 0 29.4 37.4 33.2

“ Tosylate (0.77 mmol) was used. b 1,1,2-Triphenylethanol (7). c Dioxane (3 ml) and H2O (1 ml) were used. d 2,2,2-Triphenyleth- 
anol (5) was further treated with NaOH to yield 3% triphenylmethane (G). e Triphenylmethane produced was ~5%. f Dioxane (2 
ml) and MeOH (2 ml) were used. * Dioxane (2 ml) and EtOH (2 ml) were used.

T a b le  I I .  R e a c tio n s  o f  2 ,2 ,2 -T rip h e n y le th a n o l (5) w ith  
N aO H ®

Run
no.

Reaction conditions Triphenyl
methane 

produced, %[NaOH], mol Temp, °C
Reaction 
time, h

9 0.023 80 24 7
h 0.023 1 0 0 24 23
13 0.050 1 0 0 24 30
15 0.070 10 0 24 45
17 0.070 130 24 1 0 0

0 The reactions were carried out in Teflon vessels. The ini-
tial concentration of 2,2,2-triphenylethanol was 0.004 mol in a 
mixed solvent system composed of dioxane (50 ml)-methanol 
(2 0  ml).

5000-5500 atm using the m ethod previously reported . 13  

Control experiments established that 3 was not further 
reacted under the reaction conditions. T he products were 
isolated as described above and analyzed by GC. Typical 
results are summarized in Table III.

D is c u s s io n

The effect o f  pressure on the rate o f  reaction in the liq 
uid phase is known to  be controlled by the volume change 
in the course o f  form ation o f the activated com plex. Evans 
and Polanyi14 suggested that the volume o f  activation 
(A V *) should be regarded as the sum o f  two terms. The 
structural term A V t*  is the change in volume o f  the react
ing molecules themselves when they form  the transition 
state, while the solvation term A l /2*  is the accompanying 
volum e change due to interactions o f  the surrounding m ol
ecules with the newly form ed charges in the transition 
state.

Generally, in SN l-type reactions o f  alkyl halides, the 
rate-determining step is an ionic process, and AV + was 
found to be negative, usually in the order o f  —15 to —25 
cm 3/m o l . 15  Since this ionization process implies bond 
cleavage, one m ight assume that A V * is positive. However, 
at the transition state, charges exert a powerful attractive 
force on the nearby solvent molecules, and as a result, the 
molecules in the solvated hull are denser than in the bulk 
solvent. Thus A V +’s for these kinds o f reactions generally 
have negative values since the A V ^ ’s play decisive roles in 
determining the signs and magnitudes o f  the A V ^ ’s.

In Sn 2 reactions such as the reaction o f  1 with RONa, 
there are no additional ions produced or destroyed. In the 
transition state, the charge is being transferred and is prob
ably dispersed somewhat. A fair num ber o f  such reactions 
have been studied and nearly all have volumes o f  activation 
between - 5  and —10 cm 3/m o l . 16 These negative volumes

were accounted for by decreasing the structural volume
A V i*.

The solvolysis rate o f  1 in dioxane-ethanol was found to 
be greatly enhanced by applying pressure. The reaction 
products were quantitatively the phenyl-rearranged com 
pounds, 2  and 3. The activation volum e for this system was 
found to be about —14 cm 'Vmol. 1 1  T he sign and magnitude 
o f this value are similar to  those for the solvolysis o f alkyl 
tosylate in which the transition states were suggested to 
have a large degree o f  charge delocalization .17  The struc
ture o f  the transition state for the solvolytic reaction o f  1  

may be considered to be a carbonium ion highly stabilized 
by resonance and in which the charge is dispersed through
out the phenyl rings. Thus, the activation volum e appears 
to be somewhat smaller than those associated with the sol
volysis o f  other alkyl tosylates.

T he reaction o f 1 in alcohol-dioxane with a high concen
tration o f RONa yielded the phenyl-unrearranged product 
4 as well as the rearranged products 2 and 3. The variance 
o f  the proportion o f the unrearranged product form ed with 
varying base (NaOH and RO N a) concentrations over a con 
siderable range suggests that product 4 resulted only from 
nucleophilic attack o f RO N a on Ci (Table I). Since the d i
rect measurement o f A E * for the Sn 2  reaction o f 1 is d iffi
cult because o f the accom panying solvolytic reaction, the 
reaction products were isolated and analyzed in order to 
find the pressure effects on the Sn 2 reaction.

As has been shown in Table III, the amounts o f  the rear
ranged products were increased at the expense o f  Sn 2  sub
stitution products by applying pressure on the system, cf. 
the relative ratio o f Sn I to Sn 2  reactions in ethanol-d iox- 
ane with 1  and 2 N sodium ethoxide under 5500 atm were 
increased respectively three- and fivefold over those under 
1 atm. These results indicate that the pressure effect on the 
Sn I reaction o f 1 is more pronounced than on the Sn 2 re
action. This may be accounted for by the developm ent o f  a 
highly ionic character at the transition state for the Sn I re
action and in which the solvation term for this reac
tion plays a decisive role. Thus, the phenyl-rearranged 
products were increased by applying pressure.

The amount o f  ether production in the solvolytic reac
tion was found *0 be increased com pared to  olefin form a
tion by applying pressure to the system; cf., the ratio o f  
ether to olefin form ation was increased from  3.3 to 10.5 in 
methanol with 16 m m ol o f  M eO N a and from  0.79 to 1.44 
with 8  m m ol o f  EtON a under 5500 atm (Table III). This 
phenom enon may be accounted for by tight solvation under 
pressure and probably the oxygen atom o f the alcohol is 
more closely attracted to the carbonium ion under high 
pressure than it would be at 1  atm. Therefore, the structure 
o f  the transition state under high pressure has rather more 
favorable conditions for ether form ation in contrast with
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Table III. Effects of Pressure on Sn I and Sn2 Reactions of 2,2,2-Triphenylethyl p-Toluenesulfonate ( l ) a with
Sodium Alkoxide in Alcohol

Reaction products, %

1  atm6 5500 atm

Alcohol Base (mmol) 2 3 4 Sn 1/Sn 2c 2 3 4 Sn 1/Sn 2‘

MeOH MeONa (4) 48.2 46.6 5.2 18.2 50.0 46.2 3.8 25.3
MeOH MeONa (8 ) 49.5 37.5 14.0 6 .2 52.3 38.7 9.0 1 0 .0

MeOH MeONa (16) 52.6 15.8 31.6 2 .2 79.1 7.5 13.4 6.5
EtOH EtONa (2) 37.5 59.5 3.0 32.3 62.0 37.0 < 1 .0 >99.0
EtOH EtONa (4) 32.4 54.9 12.7 6.7 60.9 34.5 4.6 2 1 .0

EtOH EtONa (8 ) 29.4 37.4 33.2 2.0 53.6 37.3 9.2 9.9
° Tosylate (0.77 mmol) was used for all reactions. All reactions were carried out at 80-85 °C. b The pressure was slightly higher 

than 1  atm in order to conduct the reaction above boiling points of the solvents. c The ratio of SNl to Sn 2 reaction products.

T a b le  IV . R e a ctio n s  o f 2 ,2 ,2 -T rip h e n y le th y l p -T o lu e n esu lfo n a te  ( 1)  w ith  So diu m  A lk o x id e  in  M eth an o l o r E th a n o l in
th e P y r e x  G la ss  V esse l

Products, %

Solvent Base (mmol) Temp, °C 2 3 4

Dioxane-MeOH MeONa (8 ) 1 0 0 50.8 48.1 1 . 1

Dioxane-MeOH MeONa (16) 1 0 0 54.2 19.4 26.4
Dioxane-EtOH EtONa (4) 1 0 0 33.0 60.5 6.5
Dioxane-EtOH EtONa (8 ) 10 0 36.8 45.0 18.2

olefin formation. In addition, the form ation o f ether in
volves the combination o f solvent and an ion, and as a re
sult the volume o f the system is expected to  decrease. On 
the other hand, the volum e for olefin form ation remains al
most unchanged. Therefore, form ation o f  the substitution 
product is more favorable than that o f  the elim ination re
action under high pressure.

E x p e r im e n t a l  S e c t io n

Melting points were obtained with a Thomas-Hoover capillary 
melting point apparatus and are uncorrected. The infrared absorp
tion spectra were determined on a Perkin-Elmer Model 521 spec
trophotometer and were calibrated using 6.23-p (1603 cm-1) band 
of polystyrene film. Nuclear magnetic resonance spectra were ob
tained with Varian A-60 and/or Varian HR-220 spectrometers 
using Me4Si as internal standard in chloroform-d or carbon tetra
chloride. Vapor phase chromatography analyses were performed 
on an Aerograph A-700 instrument, with a 10% SE-30 silicone rub
ber on Chromosorb W (80-100 mesh, 10 ft X 0.25 in. aluminum 
column). In quantitative analyses, areas under the peaks in the 
chromatogram were measured using either the cut-and-weigh 
method or with a K and E Model 4236M planimeter.

M ateria ls. 2,2,2-Triphenylacetic acid, triphenylethylene, and
1,1,2-triphenylethanol were purchased from Aldrich Chemical Co., 
Milwaukee, Wis. Dioxane of reagent grade was purified by distilla
tion and stored over sodium wire. In all cases, NMR and VPC were 
used to ensure a high degree of purity.

P rep aratio n  of 2 ,2,2-Triphenylethyl p-Toluenesulfonate
(1). 2,2,2-Triphenylacetic acid was reduced directly with lithium 
aluminum hydride in THF in the usual manner,19 producing the 
ethanol in 45% yield (0.10-mol scale), with mp 105-106 °C after re
crystallization from methanol (lit. mp 107 °C). The toluenesulfon- 
ate, mp 106 °C, was prepared in 48% yield by the standard proce
dure.20 Its NMR spectrum consisted of aromatic peaks between (5
7.0 and 7.6 (m, 19 H), CHo peak at & 4.9 (s, 2 H), and CH3 peak at <5
2.4 (s, 3 H).

T yp ica l Reaction Procedures o f 2 ,2 ,2-Triphenylethyl p- 
Toluenesulfonate (1) w ith Sodium A lkoxide in M ethanol or 
Ethanol Solutions. A mixture of 0.43 g (0.01 mol) o f 1 and various 
concentrations of sodium alkoxide or sodium hydroxide in 2 ml of 
alcohol and 2 ml of dioxane was prepared in a drybox. The solution 
thus prepared was placed in a Teflon capsule (1.8 cm i.d., 2 cm 
long), and the system was pressurized to 5000-5500 atm at 80-85 
°C for 20-25 h.18 The reaction mixture was quenched with H2O, 
extracted with ether, and then dried over anhydrous magnesium 
sulfate. After removal of the solvent on a rotary evaporator, the

concentrated product mixture was analyzed by VPC. Retention 
times of each peak were in good agreement wit-i those of authentic 
samples, 2, 3, and 4. Compounds 2 and 4 were synthesized by the 
method of Williamson.21 Each compound was identified by NMR, 
ir, and VPC.

In a control experiment, a solution of 2.56 g (0.01 mol) of tri
phenylethylene (3) in 4 ml of 50% absolute ethanol-50% dioxane 
(v/v), with 8 mmol of sodium ethoxide was placed in a Teflon cap
sule and subsequently pressurized at 120 °C for 48 h under 5000- 
5500 atm. NMR and VPC showed the presence only of the starting 
material 3.

T yp ica l R eaction  Procedures o f 2,2,2-Triphenylethanol (5) 
w ith  Sodium  H ydroxide. Compound 5 was treated with 0.023 mol 
of NaOH at 100 °C for 24 h in a Teflon vessel. Twenty-three per
cent of triphenylmethane was produced and was identified by 
NMR.

R eactions o f 2 ,2,2-Triphenylethyl p-Toluenesulfonate (1) 
w ith  Sodium A lkoxide in M ethanol or Ethanol in a P y re x  
G lass V essel. When reactions of 1 with various concentrations of 
sodium ethoxide in methanol or ethanol were done in Pyrex glass 
vessels, typical results are shown in Table IV. The Sn2 product 4 
was found to be decreased compared to that of the reaction carried 
out in a Teflon vessel (see Table I). The result indicated that 
RONa had reacted with Pyrex glass and decreased the base con
centration.

A c k n o w le d g m e n t . W e thank Mr. T . Yano for the pre
liminary experimental work in this investigation.
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Reaction of l,l-dibenzoyl-2,2-dimethylhydrazine with 2 equiv of methyl p-toluenesulfonate at 120-130 °C af
forded a mixture containing l,l,l-trimethyl-2 -benzoylhydrazinium p-toluenesulfonate, l,l,l-trimethyl-2 -a- 
methoxybenzylidenehydrazinium p-toluenesulfonate, benzoic anhydride, and p-toluenesulfonic acid. The reaction 
apparently proceeds via the intermediate formation of l,l,l-trimethyl-2 -benzoylhydrazinium hydroxide inner salt 
[CijHsCONN+fMeia] and benzoyl p-toluenesulfonate.

Hinman has reported that l,l-d ib en zoy l-2 ,2 -dim ethylhy- 
drazine ( 1 ) affords debenzoylated products on reduction with 
lithium aluminum hydride 1 and hydrogenolysis with Raney 
nickel. 2 This paper reports additional examples o f deacylation 
reactions o f  1 .

W e have found 1 to be unreactive to alkylation with methyl 
iodide but reaction with 2  equiv o f  methyl p-toluenesulfonate 
at 120-130 °C  afforded a mixture o f  salts consisting of
l ,l ,l-tr im e th y l-2 -benzoylhydrazinium  p-toluenesulfonate
(4) and l,l,l-trimethyl-2-a-methoxybenzylidenehydrazinium 
p-toluenesulfonate (5). T h e 4:5 ratio varied from  0.4 to  1.5 
with the O-methylated material (5) predominating when the 
reaction was conducted on a degassed reaction mixture util
izing methyl p-toluenesulfonate that had been freed o f acid 
impurities. Nonionic products were found to consist o f benzoic 
anhydride and p-toluenesulfonic acid. Ethyl benzoate and 
benzoic acid (probably originating from  benzoic anhydride) 
were also isolated when the reaction mixture was worked up 
in ethanol.

The structure o f salt 5 was established by its synthesis from 
the reaction o f  l ,l,l-tr im e th y l-2 -benzoylhydrazinium h y
droxide inner salt (2) with methyl p -toluenesulfonate .3 Salt 
4 was recovered unchanged after prolonged treatment with 
methyl p-toluenesulfonate at 1 2 0  °C.

The above results suggest that reaction o f  1 and methyl 
p-toluenesulfonate initially affords l,l,l-tr im e th y l-2 -ben- 
zoylhydrazinium hydroxide inner salt (2 ) and benzoyl p -to - 
luenesulfonate (3). Once form ed, 2  may then com petitively 
undergo either O-methylation to give 5 or protonation (most 
likely by p-toluenesulfonic acid) to give 4. T he mixed anhy
dride (3) was prepared by the m ethod o f Overberger and 
Sarlo4 and was found to be thermally unstable. W hen heated 
at 120 °C 3 was transformed to benzoic anhydride and p -to l- 
uenesulfonic acid, which are products also isolated from  the 
reaction o f 1 and methyl p-toluenesulfonate. The latter results 
may be accounted for by disproportionation5 o f  3 to p -tolu - 
enesulfonic anhydride and benzoic anhydride followed by 
selective hydrolysis o f  p-toluenesulfonic anhydride by m ois
ture .6

(QHsCO^NNiCHah +  4 -MeC6H4S0 3Me 
1

C6H5CONN(Me)3 +  C6H6CO,S02C6H5 

2 3

H A ^  C6H5CONHN(Me)3 TsCT 
4

M eOTs

C6H5C(O M e)=N N(M e)3 TsCT

3 — ► (C6H5C0)20  +  (4-CH3C6H4S 02)20

W e have been unable to isolate the aminimide 2  from a re
action involving molar equivalents o f 1  and methyl p - t o 
luenesulfonate. The latter experim ent afforded a mixture 
consisting o f  30% o f 5 and 13% o f 4 (based on recovered 1). 
Thus, the evidence for the intermediacy o f 2 must be based 
on the isolation o f its transformation products, 4 and 5. A 
possible pathway for the conversion o f  1  to 2  may involve a 
cyclic transition state in which N -m ethylation and dében
zoylation occur in a concerted manner as indicated below.

C6H6CON— N(Me)2

C6H5 Ts

W e have also found that 1 is converted to n -butyl benzoate 
(54%) and l,l-dim ethyl-2-benzoylhydrazine in refluxing 1- 
butanol.7

E x p e r im e n t a l  S e c t io n

Melting points are uncorrected and were determined with a Mel- 
Temp apparatus. NMR spectra were determined on a Perkin-Elmer 
R-20 spectrometer utilizing hexamethyldisiloxane as an internal 
standard.

R eaction  of l,l-D ibenzoyl-2,2-dim ethylhydrazine (1) with 
M ethyl p-Toluenesulfonate. Identification o f 1 ,1,1-T rim e th y l-
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2-benzoylhydrazinium p-Toluenesulfonate (4) and 1,1,1-Tri- 
methyl-2-a-methoxybenzylidenehydrazinium Tosylate (5). An
ether solution of methyl p-toluenesulfonate was washed with several 
portions of 10% Na2C0 3  solution and then dried over MgS04. A 10% 
methanolic solution of the ester treated as described above had pH
7.2. The base-treated ester (16.01 g, 0.086 mol) was added to 11.43 g 
(0.043 mol) of 1,1 -dibenzoyl-2,2-dimethylhydrazine ( l ).8 The mixture 
was-frozen in liquid nitrogen, evacuated on a mercury diffusion pump, 
sealed, and heated at 128 °C for 12 h. The dark mixture was added 
with stirring to 1 1. of dry ether. The ether-insoluble material was 
dissolved in 50 ml of warm absolute ethanol, decolorized with Darco, 
and diluted with 600 ml of dry ether. Filtration of the insoluble ma
terial afforded 9.98 g of a mixture consisting of 70% of 5 and 30% of 
4, mp 106-109 °C. The composition of the mixture was obtained by 
comparison of the integrated intensity ratios of the -OMe NMR signal 
of 5 with the p-methyl signal of the p-toluenesulfonate ion. The 
(Me)aN+ signal of 4 appeared as a sharp side peak (5 3.82) on the 
(Me)3N+ signal of 5.

The salts were efficiently separated by fractional crystallization. 
In a separate experiment utilizing 10.0 g of 1 and 14 g of unwashed 
methyl p-toluenesulfonate, the ether-insoluble material was dissolved 
in 50 ml of absolute ethanol, decolorized, and treated with 100 ml of 
dry ether. Crude 4 (3.52 g) precipitated as white crystals, mp 171-174 
°C. Recrystallization from ethanol-ether afforded white crystals, mp 
180-181 °C (lit.9 mp 179-181 °C). Identity was established by ele
mental analysis and comparison of the NMR and ir spectra with those 
of an authentic sample.

The filtrate from the isolation of 4 was diluted with 800 ml of an
hydrous ether. The crude methoxy compound (5) precipitated as a 
hygroscopic solid (2.3 g). Recrystallization from ethanol-ether gave 
white crystals: mp 127-128 °C; NMR (CDC13) S 2.20 (s, 3), 3.34 (s, 3), 
3.90 (s, 9), 6.95-7.68 (m, 9).

Anal. Calcd for Ci8H24N20 4S: C, 59.31; H, 6.64; N, 7.68; S, 8.80; 
MeO, 8.51. Found: C, 59.15; H, 6.48; N, 7.50; S, 8.78; MeO, 8.25.

The salt obtained above was identical (ir, NMR) with 5 obtained 
by the following procedure. A mixture consisting of 2.0 g of 1,1,1-tri- 
methyl-2 -benzoylhydrazinium hydroxide inner salt (2 ) 10 and 2 .2  g 
of methyl p-toluenesulfonate was heated for 2 h at 120 °C. Dilution 
with ether gave crude 5 (2.8 g), mp 122-125 °C.

Identification o f Nonionic Components. In a separate reaction 
(17.0 g of methyl p-toluenesulfonate, 12.1 g of 1, heated for 12 h at 123 
°C in an N2 atmosphere), the filtrate remaining after precipitation 
of 4 and 5 from ethanol-ether as described above was evaporated to 
a liquid (9.3 g).

The above mixture was dissolved in 50 ml of chloroform and ex
tracted with two 1 0 -ml portions of 10 % Na2C0 3  solution. Acidification 
of the aqueous solution afforded 0.6  g of crude benzoic acid (by ir), 
mp 116-120 °C.

The presence of ethyl benzoate in the liquid mixture remaining 
after evaporation of the chloroform extracts was demonstrated by 
NMR and GLC retention time. Distillation of 5.23 g of the mixture 
afforded 0.8 g of pure ethyl benzoate (by NMR and ir), bp 44 °C (0.25 
mm).

A solution consisting of 2.0  g of the crude liquid mixture (obtained 
from a separate experiment) dissolved in 1 2  ml of chloroform was

extracted with two 10-ml portions of water. Evaporation of the 
aqueous extract afforded 0.64 g of semisolid hydrated p -toluenesul- 
fonic acid which was identified by its ir and NMR spectra.

The ether-soluble material (6.65 g) from the above reaction was 
found to consist of a mixture of starting materials (by NMR) and 
benzoic anhydride. The presence of benzoic anhydride was demon
strated by its Rf value (TLC on silica gel, developing solvent benzene), 
by hydrolysis to benzoic acid, and by the following procedure. The 
mixture (6.5 g) was stirred with 20 ml of 10% NaOH for 4 h. The 
aqueous solution was extracted with chloroform and acidified to 
precipitate 1.8 6  g of crude benzoic acid (by ir), mp 97-98 °C. No 
benzoic acid could be detected (by TLC) prior to hydrolysis.

Thermal Decomposition of Benzoyl p-Toluenesulfonate (3). 
The crude anhydride (2.0 g) was heated at 124 °C for 12 h in a tube 
that was purged with nitrogen and stoppered. The dark, tarry residue 
was treated with chloroform. The chloroform-insoluble material was 
found to consist mainly of crude hydrated p-toluenesulfonic acid (by 
NMR and ir). Several minor impurity peaks were noted in the NMR 
spectrum (Me2SO-de)- The chloroform-soluble material was estab
lished to be benzoic anhydride (by NMR and ir) which was contam
inated with a small amount of p-toluenesulfonic acid.

Reaction of I, l-Bibenzoyl-2,2-dimethylhydrazine (1) with 
1-Butanol. A solution containing 10 g of 1 in 50 ml of 1-butanol was 
heated under reflux for 12 h. After removal of the excess 1-butanol 
by distillation at reduced pressure, the residue was extracted with 
water (4 X 20 ml). The water-insoluble material was diluted with ether 
and dried (MgS04). Vacuum distillation of the ether-soluble residue 
afforded 3.6 g (54%) of pure n-butyl benzoate (by ir), bp 132-133 °C 
(22 mm). Evaporation of the aqueous washings gave a quantitative 
yield of l,l-dimethyl-2-benzoylhydrazine (by ir), mp 104-106 °C (lit.8 
mp 106-107 °C).
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A Hammett correlation (using a~ constants) for the reactions of a-bromc- and a-iodobenzyl phenyl sulfones 
with sodium arenesulfinates in aqueous dimethylformamide has yielded p values of +6.20 and +6.27, respectively. 
A similar study of the reactions of a-bromo- and a-iodo-p-cyanobenzyl phenyl sulfones with substituted sodium 
arenesulfinates showed that the logarithms of the second-order rate constants gave linear correlations with a+ 
constants to yield p values of —2.57 and —1.69, respectively. The order of reactivity in the reactions of sodium 
benzenesulfinate with the a-halo-p-nitrobenzyl phenyl sulfones is kBr > ki »  feci, but a-iodobenzyl phenyl sul- 
fone reacts significantly faster than a-bromobenzyl phenyl sulfone with the nitrogen nucleophile 1,5-diazabicyclo- 
[4.3.0]non-o-ene (DBN).

The reactions of a-halobenzyl phenyl sulfones with triar- 
ylphosphines in aqueous dimethylformamide (DMP) have 
been investigated in detail.2,3 This reaction (eq 1) can be 
characterized as a bimolecular nucleophilic displacement 
by the phosphine on the halogen atom in 1 to yield a carb- 
anion-halophosphonium ion pair (3) which subsequently is 
rapidly hydrolyzed by water to give the observed products 
(eq 1).

slow
A rCH XS02Ph +  Ar'3P — ► [ArCHS02Ph]-[Ar'3PX] +

1 2 3
fast

— >■ ArCH2S 0 2Ph +  Ar'gPO +  H X  (1) 
h 2o  4

Reaction 1 is characterized by several interesting fea
tures which distinguish it from normal nucleophilic dis
placement reactions: (a) kuv/k] ratios are greater than 
one;2-4 (b) the Hammett p values associated with the reac
tions of triphenylphosphine with 1 correlate with o~ con
stants and for X  =  Br and X  =  I are quite large (ca. +6');2
(c) the Hammett p values associated with 2 in reaction 1 
correlate with a constants and for 1, Ar =  m-CNC^H^ X  = 
Br and I, the p’s are ca. —3.3 These data indicate that this 
reaction is very sensitive to changes in the substituents on 
both the nucleophile and the electrophile; this sensitivity 
was attributed to the high degree of bond making and bond 
breaking in the transition state of the first step in reaction 
l .2' 4

«-Halo sulfones react with a variety of nucleophiles in 
protic solvents via nucleophilic attack on the halogen atom 
to give the reduced sulfones 4, but to date only triarylphos- 
phines have been studied extensively. We now report on 
the kinetics of the reactions of the a-halo sulfones 1 with 
arenesulfinates in aqueous DMF. These reactions (eq 2) 
follow a pathway similar to eq 1, but in eq 2, the reaction 
involves nucleophilic displacement on a halogen atom by a 
sulfur nucleophile.

slow
A rC H X S02Ph +  Ar'SO ,“ —

1 5
fast

[ArCHS02Ph] -A r 'S 0 2X  — -► 4 +  A r'S03~ +  H X  (2)
h 2o

R e s u lt s  a n d  D is c u s s io n

The reactions of sodium benezenesulfinate (5, Ar' =  Ph) 
with the «-halo sulfones were run in 90% (v/v) aqueous 
DMF, and the rates were measured by titration for liberat
ed halide ion. The kinetic data are given in Tables I and II. 
The reactions were shown to follow second-order kinetics, 
first order each in sulfone and benzenesulfinate. The pre
sumed benzenesulfonyl halide intermediates were shown to

react under the reaction conditions at rates much greater 
than those associated with the sulfones 1 (see Experimental 
Section). The «-chloro sulfones (1, X  = Cl) reacted consid
erably slower with sodium benzenesulfinate, and only rate 
data for «-chloro-p-nitrobenzyl phenyl sulfone were deter
mined.

A comparison of the rate data in Table II with those re
ported earlier for the reaction of 1 with triphenylphosphine 
in 90% aqueous DM F2 shows that triphenylphosphine 
reacts ca. 102 times faster with the «-bromo sulfones and 
ca. 10 times faster with the «-iodo sulfones than does sodi
um benzenesulfinate. a-Chloro-p-nitrobenzyl phenyl sul
fone reacts 13 times faster with triphenylphosphine than 
with sodium benzenesulfinate in 90% aqueous DMF at 25 
°C.

Hammett op plots of the data in Table II give good cor
relations with o~ constants which is consistent with the in
termediacy of a carbanion (eq 2) and agrees with the data 
reported previously for the reactions of 1 with triphenyl
phosphine.2 The p values for the bromides and iodides for 
reaction 2 are +6.27 (r = 0.996) and +6.20 (r = 0.997), re
spectively. They are comparable to those p values reported 
for the reactions of 1 with triphenylphosphine: (Br) p = 
+5.97 and (I) p =  +6.29.2 The AH+’s for reaction 2 (see 
Table II) are about 6 -8  kcal/mol higher than the AH+’s as
sociated with reaction 1; however, the A S*’s are about
10-15 eu less negative for reaction 2 than reaction 1. This 
increase in AS* for reaction 2 (cf. reaction 1) is expected 
since in reaction 1 charges are being created in the transi
tion state (hence a high ordering of the polar solvent mole
cules),5 whereas in reaction 2, the charge is being dispersed 
in the transition state.

As in the reactions with triarylphosphines,2-4 the a- 
bromo sulfones proved to be more reactive than the a-iodo 
sulfones toward sodium benzenesulfinate. The absolute dif
ference in reactivity between the bromides and iodides for 
reactions 1 and 2 are remarkably similar (ca. an order of 
magnitude) which is surprising in view of the difference in 
nucleophiles. The diminished reactivity of the iodides (cf. 
the bromo sulfones) is probably due to the weak sulfur-io
dine bond (cf. the significantly stronger sulfur-bromine 
bond) being formed in the transition state.6 This implies 
that the use of a nucleophile in which the incipient nucleo
phile-iodine bend being formed differs little in strength 
from the analogous nucleophile-bromine bond might lead 
to a “ normal” order of reactivity, i.e., the iodides reacting 
faster than the bromides.7 The bond dissociation energies 
of the nitrogen trihalides7 suggest that nitrogen nucleo
philes might show a different order of reactivity than the 
phosphines or the sulfinates. However, since amines are 
significantly harder bases8 than phosphines or sulfinates,
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T a b le  I. R a te  C o n stan ts fo r  the R e a ctio n s  o f a -H alo b en zy l P h e n y l S u lfo n e s, Y C fJI iC H X O a P h , w ith  So diu m
B en z e n e su lfin a te  in  90% A q u eou s D M F

Registry no. X Y Temp, °C (±0.1°) 103 k% M 1 s 1

41037-81-4 Br m-Cl 80.0 0.576 ±  0.049
90.0 1.29 ±  C.04

10 0 .0 3.47 ± C .13
41037-82-5 Br m-CN 60.0 1.63 ±  C

70.0 4.20 ±  C.01
80.0 10.9 ±  0.03

56571-78-9 Br p-CH 3S 0 2 30.0 1 . 1 2  ±  0 .0 1

40.0 3.35 ±  0.12
50.0 9.67 ±  0.29

41037-83-6 Br p-CN 2 0 .0 0.840 ±  0.040
30.0 2.56 ±  0.16
40.0 7.55 ±  0.01

41037-84-7 Br p -N 0 2 10 .0 123 ± 4
0.0 43.9 ±  1.0

- 10 .0 0 13.4 ±  0.2
41037-86-9 I m-Cl 70.0 0.194 ±  0.003

80.0 0.723 ±  0.016
90.0 1.56 ±  0.02

41037-87-0 I m-CN 60.0 0.443 ±  0.017
70.0 1.28 ±  0 .0 1

80.0 4.47 ±  0.35
58311-76-5 I p-CH 3S 0 2 30.0 0.617 ±  0.03

40.0 2.05 ±  0.04
40.0 6.06 ±  0.05

41037-88-1 I p-CN 30.0 1.01 ±  0.05
40.0 5.41 ±  0.47
50.0 10.3 ±  0

41037-89-2 I P-NO 2 0.0 10.3 ±  1.4
10 .0 33.4 ±  1.5
20 .0 82.4 ±  0.2

7693-38-1 Cl p -N 0 2 80.0 0.833 ±  0.003
90.0 1.55 ±  0.04

10 0 .0 4.69 ±  0.07

T a b le  I I .  R a te  C o n stan ts and  A ctiv a tio n  P a ra m e te rs  fo r  th e R e a c tio n  o f  a -H alo b en zy l P h e n y l S u lfo n e s,
Y C 6H 4 C H X S 0 2 P h , w ith  Sodium  B en z e n e su lfin a te  in  90% A queous D M F  a t 25 °C

X Y a ¿25, M - 1 S“ 1 A H *, kcal/mol AS*, eu

Br m -Cl 1.16 X 10-« 22.9 ±  1.2 -12 .0  ±  3.3
m-CN 3.14 X lO“ 5 21.6 ±  0.3 -9 .7  ±  1.0
P-SO2CH3 6.21 X lO“ 4 20.4 ±  0.3 -7 .7  ±  1.0
p-CN 1.49 X 10~ 3 19.4 ±  0.4 -9 .1  ±  1.4
p -N 0 2 5.41 X 10" 1 15.8 ±  0.3 -9 .0  ±  1.0

r m -Cl 6.84 X lO- 7 25.3 ±  0.3 -5 .3  ±  0.7
m-CN 3.54 X 10-° 26.4 ±  1.0 + 1.9 ±  3.0
p -S 0 2CH3 3.35 X lO“ 4 2 1 . 6  ± 0 .1 -4 .1  ±  0.3
p-CN 6.27 X 10~ 4 22.1 ±  0.5 -1 .9  ±  1.5
p -N 0 2 1.37 X 10- 1 16.0 ±  1 . 1 -9 .3  ±  3.7

Cl p -N 0 2 2.15 X 10“ 6 2 2 .0  ±  0 .2 -14 .0  ±  0.9

a The a constants used in the Hammett plots are those derived from the ionization of phenols except for the p -C H 3S 0 2 group.
The a values for the P-CH 3SO2 group is 0.82 which was obtained from a related study (see ref 1 ).

typical amines are unreactive in this type o f reaction, al
though some vicinal dihalides may undergo dehalogenation 
via nucleophilic displacem ent on an iodine9 or brom ine 10 

atom by nitrogen nucleophiles . 1 1  W e have found that the 
bicyclic amidines such as l,5-diazabicydo[4.3.0jnon-5-ene 
(D B N ) are considerably more reactive in reactions involv
ing nucleophilic displacements on halogen atoms than are 
typical amines; this increased reactivity is probably due to 
the enhanced polarizability o f  the bicyclic am idines . 12 The 
ff-iodo sulfones reacted considerably faster than the a- 
brom o sulfones with DBN. Thus, at am bient temperatures, 
the reaction o f D BN  with a-iodobenzyl phenyl sulfone in 
90% aqueous D M F was com plete within 3 h to  give the re
duced sulfone 4 (Ar = Ph), while under these conditions, 
a -brom obenzyl phenyl sulfone gave only recovered starting

material. However, at 40° the more reactive o-brom o-m - 
cyanobenzyl phenyl sulfone did react with D B N  to  give the 
reduced sulfone 4. The degree o f  bond making between the 
nitrogen and halogen atoms in the transition state for this 
reaction is no doubt less9 than the corresponding degree o f  
bond making for the transition states o f  step one in reac
tions 1  and 2 ,2 -4  and this in part accounts for the divergent 
behavior o f  D B N  vs. the phosphine and sulfinate nucleo
philes .13

The large positive p values associated with the « -b rom o  
and a -iodo sulfones in reaction 2 , Ar'SO^-  = Ph,S02~, are 
indicative o f  a carbanion-like transition, i.e., nearly com 
plete carbon-halogen bond cleavage .2 In order to  ascertain 
the degree o f  sulfur-halogen bond making in the transition 
state, a study o f the variation o f rates with a change in
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Table III. Kinetic Data for the Reactions of a-Halo-p- 
cyanobenzyl Phenyl Sulfones, p-NCCsHrCilXSOgPh, with 

Sodium Arenesulfinates, YCel^SC^Na, in 90% Aqueous 
DMF

X Y
Temp, °C 

( ± 0 .1 °) 103 fe2, M _ I s_1

Br p-Cl 50.0 1.52 ±  0.07
60.0 3.88 ±  0.14
70.0 12.4 ±  0.19

Br P-CH 3 2 0 .0 0.510 ±  0.018
30.0 1.53 ±  0.09
40.0 4.13 ±  0.18

Br p-C H 3C (= 0 )N H 30.0 10.7 ±  0.6
40.0 30.6 ±  1.2
50.0 62.1 ±  1 .8

Br p-C H 30 30.0 9.55 ±  0.08
40.0 26.7 ±  0.7
50.0 65.3 ±  1.8

I p-Cl 50.0 1.69 ±  0.01
60.0 4.17 ±  0.15
70.0 10.4 ±  0.4

I P-CH 3 2 0 .0 0.346 ±  0.034
30.0 1.52 ±  0.15
40.0 5.92 ±  0.17

I p-C H 3C (= 0 )N H 30.0 4.23 ±  0.18
40.0 1 2 . 1  ±  0 .2

50.0 27.5 ±  0.3
I P-CH 3O 2 0 .0 2.24 ±  0.01

30.0 8.71 ±  0.12
40.0 21.3 ±  0

structure o f  the arenesulfinates was undertaken (Tables III 
and IV). The data in Table IV  give good Ham m ett plots 
and show significantly better correlations with a* values14 

com pared with normal a~ values: 1 (Ar =  P -C N C 6H 4; X  = 
Br), p *  = -2 .5 7  (r = 0.999), pa =  -4 .1 8  (r =  0.931);15 1 (Ar 
= p -C N C 6H 4; X  =  I), pa+ =  -1 .6 9  (r =  0.998), pa =  -2 .7 8  (r 
= 0.945) . 15  These p values can be contrasted with those as
sociated with reaction 1  in which the substituents were var
ied on the ring positions o f  the triarylphosphines .3 These 
latter p values (eq 1) are ca. - 3  with the one associated 
with the n -iodo sulfone being slightly larger than the p 
value for the a-brom o sulfone. W here these two systems 
differ significantly is that for the phosphines (eq 1 ), the 
change in rates correlates better with the normal Ham m ett 
a constants, whereas for eq 2  the change in rates with a 
change in the aryl substituents in the arenesulfinates corre
lates with <r+ constants m uch better than with normal a 
values (vide supra).

H am mett ap studies o f  arenesulfinates have consistently 
shown better correlations with a constants rather than a*  
constants. Those studies reported in the literature include

bimolecular nucleophilic displacements (Sn 2 reactions) on 
carbon 16 and oxygen 17  atoms, M ichael additions to acrylo
nitrile , 18 and correlation o f S - 0  stretching frequencies in 
the ir spectra c f  substituted sodium arenesulfinates.19 In 
all these studies, the p values are ca. — 1  indicating that 
they are not as sensitive to substituent changes as are the 
reactions we are reporting. Although additional Ham mett 
type studies o f  Sn 2 reactions on halogen atoms with ar- 
enesulfinate nucleophiles have not been reported, several 
studies dealing with the reactivity o f  meta- and para-sub- 
stituted thioanisoles toward Af-chloro sulfonam ides20 and 
molecular brom ine21 (reactions which involve nucleophilic 
displacem ent by a sulfur atom on a halogen atom) have 
been reported. These p values were found to be on the 
order o f  —3.5 and were derived from  a correlation o f rates 
with normal a constants rather than <r+ constants. A l
though the sulfinate anion in these cited studies does not 
appear to function as an electron-accepting group (via reso
nance), the sulfonyl group in sulfones under suitable condi
tions can operate as a strong resonance accepting group .22 

For example, for a series o f  para-substituted aryl sulfones, 
the square root o f  the integrated intensities o f  the sym m et
ric and asymmetric S - 0  bond stretching frequencies corre
late with <j+ constants .23 Since we are suggesting that the 
transition state for reaction 2  lies very close to complete 
sulfur-halogen bond formation, it is reasonable that a 
structure-reactivity correlation might resemble more close
ly those observed for sulfones (and sulfonyl halides) than 
those associated with arenesulfinates.

E x p erim en ta l S ection

The syntheses of the a-halo sulfones have been reported pre
viously.2 The sodium arenesulfinates were prepared by the method 
of Smiles and Bere24 and were recrystallized from ethanol. The ki
netic procedure followed that reported earlier2 except that the 
final concentrations of the sulfones were 0.001 M, and the concen
trations of the sodium arenesulfinates ranged from 0.01 to 0.2 M. 
Aliquots (ca. 5 ml) of sample were quenched with water26 and ti
trated against standard silver nitrate solutions using a Sargent- 
Welch recording titrator Model D equipped with a Corning Silver 
billet and Sargent calomel electrodes which were interposed by a 
potassium nitrate-agar salt bridge. Preparative runs for reaction 2 
were made for the reactions of a-chloro-, a-bromo-, and «-iodo-p- 
nitrobenzyl phenyl sulfones with sodium benezenesulfinate at ca. 
80 °C for 1 half-life. Upon workup, each reaction mixture yielded a 
solution which was shown by NMR spectroscopy to be a 50:50 mix
ture of starting a-halo sulfone 1 and reduced sulfone 4. The sul
fones were isolated by preparative TLC (silica gel, methylene chlo
ride) and identified by ir, melting point, and mixture melting 
point.

Reaction  o f a-Brom o-m -cyanobenzyl Phenyl Su lfone w ith 
l,5-Diazabicyclo[4.3.0]non-5-ene (D B N ). To a solution of 1.00 g 
(2.98 mmol) of the a-halo sulfone in 40 ml of 90% aqueous DMF 
was added 0.40 g (3.22 mmol) of DBN (Aldrich) in 2 ml of 90%

Table IV. Rate Constants and Activation Parameters for the Reaction of a-Halobenzyl Phenyl Sulfones, 
p-CNCfilliCHXSCUPh, with Sodium Arenesulfinates, YC6H4S02Na, in 90% Aqueous DMF at 25 °C

Registry no. X Y° 2, M 1 s 1 A H *, kcal/mol AS*, eu

14752-66-0 Br p-Cl 7.11 X 10~ 5 22.5 ±  1.0 - 1 .8  ±  0.8

824-79-3 P-CH 3 8.89 X lO- 4 18.5 ±  0.4 -1 0  ±  1.5
15898-43-8 p-CH 3C (= 0 )N H 6.95 X lO- 3 16.5 ±  0.6 -1 3  ± 1 .9
6462-50-6 P-CH 3 0 1.60 X 10“ 2 16.9 ±  0.3 -7 .7  +  0.9

873-55-2 p-H 1.49 X lO“ 3 19.4 ±  0.4 -9 .1  ±  1.4
I p-Cl 1.23 X 10“ 4 19.4 ±  0.4 - 1 1  ±  1

p-CHg 7.33 X lO“ 4 25.3 ±  0.9 1 2  ± 3
p-CH 3C (= 0 )N H 2.62 X lO- 3 17.6 ±  0.4 - 1 1  ±  1

p-CHgO 4.31 X lO“ 3 2 0 .0  ±  0 .1 - 2 . 1  ± 0 .1

p-H 6.27 X lO“ 4 22.1 ±  0.5 -1 .9  ±  1.7

a The <r+ constants used in the Hammett plots are given in ref 14 except for the acetamido group. The a* constant for
CH 3CONH is reported by S. dem enti and P. Linda, J. Chem. Soc., Perkin Trans. 2, 1887 (1973).



1560 J. Org. Chem., Vol. 41, No. 9,1976 Kornblum et al.

aqueous DMF. The solution was heated at 40 °C for 10 h. The ad
dition of water resulted in the formation of a brown precipitate. 
The precipitate was redissolved in methylene chloride and the so
lution dried (MgSOd and decolorized with neutral Norit. Meth
ylene chloride was removed in vacuo and crystallization from 
methylene chloride-hexane gave 631 mg (83%) of m-cyanobenzyl 
phenyl sulfone. The product identification was made by compari
son with an authentic sample.2

Reaction  o f o-Iodo- and a-Brom obenzyl Phenyl Sulfones 
w ith  D B N . To 200 mg (0.56 mmol) of a-iodobenzyl phenyl sulfone 
in 6 ml of 90% aqueous DMF at room temperature was added 200 
mg (1.01 mmol) of DBN. The reaction was followed by TLC (silica 
gel, methylene chloride). After 3 h the reaction was complete. 
Water was added, and the mixture was extracted twice with 20-ml 
portions of methylene chloride, washed once with water, and dried 
(MgSOd- The solvent was removed in vacuo. Crystallization from 
methylene chloride-hexane gave 80 mg (62%) of benzyl phenyl sul
fone. Identification was made by comparison with an authentic 
sample.2 Under similar conditions, a-bromobenzyl phenyl sulfone 
gave only recovered starting material.

R eaction o f Benzenesulfonyl H alides in Aqueous D M F. So
lutions of benzenesulfonyl chloride and benzenesulfonyl bromide 
(~0.001 M) in 90% aqueous DMF were monitored in a Freas con
ductivity cell with conductance readings taken with a Barnstead 
conductivity bridge, Model PM-70CB.2 The rate of increase in 
conductivity for the bromide was too fast to follow at 25 °C and 
crude data for benzenesulfonyl chloride showed that it reacted 
> 1 0 3 times faster than a-chloro-p-nitrobenzyl phenyl sulfone 
reacted with 0.2 M sodium benzenesulfinate in 90% aqueous DMF 
at 25 °C.
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Nitrobenzenes substituted by a variety of electron-withdrawing groups readily undergo nucleophilic displace
ment of the nitro group at 25°C if the reaction is conducted in hexamethylphosphoramide (HMPA). The yields of 
pure products are excellent.

Nucleophilic displacem ent o f  a nitro group from a ben 
zene ring carrying only one activating group, e.g., the pro
cess o f  eq 1, has, in the past, rarely been observed . 1 Recent
ly, however, Beck and his colleagues2 have shown that 
when a dipolar aprotic solvent (D M F) is employed the dis
placem ent o f  a nitro group by mercaptide ions occurs readi
ly at room  temperature and that processes such as that o f

+  CH30~ — *

OCH3

CN

+  NO,“ (D
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eq 23 are synthetically very valuable. In 1974 Knudsen and 
Snyder4 reported that anions derived from  aldoximes are

+  “ S—  c h 2c o 2c h 3

S— CH2C02CH,

j j ^ p  C02CH:i

2

(2 )

able to replace the nitro group o f monosubstituted nitro
benzenes, e.g., p-nitrobenzonitrile ( 1 ), ultimately giving 
phenols. Here again the reactions are conducted at room 
temperature in a dipolar aprotic solvent, dim ethyl sulfox
ide, and the yields are very good.

Over the past ten years, in connection with a study o f 
substitution reactions which proceed via radical anion in
termediates ,5 a number o f  otherwise inaccessible con- 
pounds have been synthesized in this laboratory from  read
ily available nitroaromatics simply by displacing the nitro 
group. For example, the reaction o f eq 3 is com plete in 12 h 
at 25 °C and gives an 82% yield.

N02

+  (CH3)2C— N02Li+ 

CN

Nitrobenzenes substituted by six different electron-with
drawing groups have been studied and a variety o f  nucleo
philes have been employed. The use o f  dipolar aprotic sol
vents makes it feasible to carry out these reactions at 25 °C  
and, while the matter has not been studied extensively, it 
appears that these displacements occur most readily in 
hexamethylphosphoramide (H M P A ), less rapidly in 
M e 2SO, and still less rapidly in DM F. Our results are sum
marized in Table I; it should be emphasized that the yields 
given there refer to pure, isolated, products.

A nice example o f  the value in synthesis o f  these pro
cesses is the two-step conversion o f the readily available 
p -dinitrobenzene into the tertiary nitrosulfone 3 in 64% 
overall yield (eq 4).

n o 2
1

s c h 3 n o 2

0  +  CH3S“ Na+

+1

Ò
T

o = s = o o = s = o SCH;

0
—

0
—

p

17 %

61 %

(5)

W hen 4-nitrophenyl phenyl sulfone is treated with the 
sodium salt o f  methyl mercaptan the reaction is com plete

in 15 min and two products are isolated (eq 5). This is the 
only instance in which two com petitive processes were de
tected.

E x p erim en ta l S e c tio n 6

The substituted nitrobenzenes employed in this work were com
mercial products, purified by recrystallization or sublimation. 
Crystalline, analytically pure salts were used inasmuch as they 
were available from other studies; it is highly probable that equally 
good results will be obtained with salts prepared in situ. The vari
ous salts were prepared as described in the literature: the lithium 
salts of 2 -nitropropane and 2 -nitrobutane,7 sodium phenoxide,8 
the sodium salt of methyl mercaptan.9 The sodium salts of thio- 
phenol and benzyl mercaptan were prepared as described for p- 
chlorothiophenol.7 Commercial sodium benzenesulfinate was re
crystallized from ethanol.10 As noted above, the success of these 
reactions is, in good part, due to the use of HMPA as the solvent. 
HMPA should be handled with great care since it has recently 
been found to cause cancer in laboratory animals [Chem. Eng. 
News, 17 (Sept 29, 1975)].11

General Procedure. The synthesis of p-cyano-a-nitrocumene 
(the reaction of eq 3) is illustrative. Under nitrogen, a mixture of
1.48 g (10 mmol) of p-nitrobenzonitrile and 1.90 g (20 mmol) of the 
lithium salt of 2-nitropropane was dissolved in 20 ml of HMPA 
and the dark red solution was stirred for 12 h at 25 °C after which 
it was poured intc ice water and extracted with benzene. The ben
zene extract was washed with water and dried, and the solvent was 
removed under reduced pressure. The orange residue, mp 55-59 
°C, 1.78 g, was chromatographed on acid-washed alumina (Merck) 
and then recrystallized from pentane. In this way 1.56 g (82% 
yield) of colorless p-cyano-a-nitrocumene, mp 59.5-60.5 °C, was 
obtained:12 NMR (CDCI3) 5 2.0 (s, 6 H) and 7.6 (m, 4 H).

Anal. Calcd for CioH100 2N2: C, 63.15; H, 5.30; N, 14.73. Found: 
C, 63.22; H, 5.14; N, 14.71.

4-Benzoyl-a-nitrocumene. 4-Nitrobenzophenone (2.06 g, 9.07 
mmol), the lithium salt of 2-nitropropane (4.76 g, 50 mmol), 40 ml 
of HMPA, and a reaction time of 24 h were employed. Workup 
gave 2.19 g of a dark orange solid, mp 60-69 °C, which was chro
matographed on silica gel and then recrystallized from hexane to 
give 1.91 g (78% yield) of 4-benzoyl-a-nitrocumene: mp 69.5-70.5 
°C; NMR (CDCb) 5 2.0 (s, 6 H), 7.3-7.9 (m, 9 H); ir (KBr) 6.0 
(C = 0 ), 6.52 and 7.55 g (N 02).

Anal. Calcd for C16H 15O3N: C, 71.36; H, 5.61; N, 5.20. Found: C, 
71.54; H, 5.79; N, 5.33.

4-Phenoxybenzophenone. 4-Nitrobenzophenone (1.18 g, 5 
mmol), sodium phenoxide (2.90 g, 25 mmol), and 40 ml of HMPA 
and a reaction time of 24 h were employed. The crude, an orange 
oil (1.50 g), when chromatographed on acid-washed alumina, af
forded 1.14 g (83% yield) of 4-phenoxybenzophenone, mp 69-70 °C 
(lit. 13 mp 71 °C).

Anal. Calcd for C19H 140 2: C, 83.19; H, 5.14. Found: C, 83.04; H,
4.99.

4-(Thiobenzyl)benzophenone. Here 1.18 g (5 mmol) of 4-nitro- 
benzophenone, 0.75 g (5.1 mmol) of the sodium salt of benzyl, mer
captan, and 10 ml of HMPA (reaction time 10 min) were em
ployed. The crude product was chromatographed on acid-washed 
alumina and then recrystallized from methanol. An 82% yield (1.25 
g) of 4-(thiobenzvl)benzophenone, mp 83-84 °C (lit.14 mp 84.5-
85.4 °C), was obtained.

Anal. Calcd for C2oH i6OS: C, 78.90; H, 5.29; S, 10.53. Found: C, 
78.93; H, 5.46; S, 10.32.

Ethyl p-Ethoxy benzoate. Ethyl p-nitrobenzoate (9.8 g, 50 
mmol), sodium ethoxide (3.74 g, 55 mmol), and 50 ml of HMPA 
were employed; reaction time was 30 min. The crude product was a 
red oil which on distillation through a short column afforded 7.95 g 
(81% yield) of ethyl p-ethoxybenzoate; bp 79-81 °C (0.22 mm) 
[lit. 15 bp 145-146 °C (13 mm)], n 19D 1.5179 (lit. 16 n 20D 1.5181). Ir 
and NMR spectra were identical with those in Sadtler.

Ethyl p-(Thiobenzyl)benzoate. Ethyl p-nitrobenzoate (0.98 g, 
5 mmol), sodium benzyl mercaptide (0.80 g, 5.5 mmol), 10 ml of 
HMPA, and a 30-min reaction time were employed. Chromatogra
phy of the crude product (mp 53-56 °C) on silica gel afforded 1.20 
g (8 8% yield) of ethyl p-(thiobenzyl)benzoate, mp 57-58 °C (lit.17 
mp 60 °C).

Anal. Calcd for Ci6H 160 2S: C, 70.55; H, 5.92; S, 11.77. Found: C, 
70.31; H, 5.88; S, 11.53.

4-Carbomethoxy-a-nitroeumene. Methyl p-nitrobenzoate 
(1.81 g, 10 mmol), the lithium salt of 2-nitropropane (4.75 g, 50 
mmol), and 33 ml of HMPA were employed; reaction time was 84
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Table I. Compounds Synthesized by the Displacement of an Aromatic Nitro Group at 25 °C«

Nitroaromatic em ployed Nucleophile em ployed Product Registry no.
Yield,

%*>
Reaction

time

o  n o 2

4-Nitrobenzophenone (CH 3)2C— N 0 2Li+ Ph— — CHj 58324-79-1 78 24 h

4-Nitrobenzophenone PhO"Na+

0  1 

ph— c — ° — ph 

0

Ph— C— SCH.Ph

6317-73-3 83 24 h

4-N itrobenzophenone PhCH2S-Na+ 26960-79-2 82 1 0  min

Ethyl p-nitrobenzoate EtCTNa+

0

EtOC— 0Et 

0

EtOC— SCH;Ph

23676-09-7 31 30 min

Ethyl p-nitrobenzoate PhCH2S"Na+ 58324-80-4 38 30 min

0  n o 2

MeOCl— ^  ^ — C— CH2Methyl p-nitrobenzoate (CH 3)2C— N 0 2Li+ 58324-81-5 60 84 h

ch3

n o 2

p-Nitrobenzonitrile (CH 3)2C— N 0 2Li+ NC— ( ^ y ~ - c — CHj

CH,
0

Nc- 0 ~ f “ ph
0

58324-82-6 82 1 2  h

p-Nitrobenzonitrile P h S 0 2"N a+ 28525-13-5 67 48 he

o -Dinitrobenzene P h S 0 2-Na+
O i - ph

NO., °

31515-43-2 85 1.5 h

o-Dinitrobenzene PhS-Na+ Q - s - P h 4171-83-9 80 18 hd

i
NO,

m-Dinitrobenzene CH30-N a+ OCH„

r
555-03-3 83 16 h

m-Dinitrobenzene PhS"Na+ sph

NO,

37984-02-4 8 8 24 h

N02

p-Dinitrobenzene (CH 3)2C— N 0 2Li+ 0 2N— C— €H3 3276-35-5 75 3 h  e .f

CH,
NO,

p-Dinitrobenzene CH 3C— N 0 2Li+ 0 2N - ^ ^ - 4 _ Et

1
58324-83-7 84 8  he

Et CH,
0

0,N—<f~\—s — PhW  ||
0

p-Dinitrobenzene P h S 0 2-Na+ 1146-39-0 84 50 he

p-Dinitrobenzene PhS"Na+ SPh

0 no2

0  CH3 

0
1 / = \  

Ph~ f _ s J

952-97-6 96 24 hd

4-Nitrophenyl’phenyl
sulfone

(CH 3)2C— N 0 2Li+ 58324-84-8 76 1 2  h

4-Nitrophenyl phenyl 
sulfone

CH 3S-Na+ 58324-85-9 6 U 15 min
0
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Table I (C on tin u ed )

Yield, Reaction
Nitroaromatic em ployed Nucleophile em ployed Product Registry no. % b time

r  f
3,5-Bis(trifluoromethyl)-

nitrobenzene
(CH 3)2C— N 0 2Li+ O t ^ " 1

1 1
cf; ch-

58324-86-0 70 b 4 h

CF,
r

3,5-Bis(trifluoromethyl)- PhS~Na+ Q ^ 3 - Ph 58324-87-1 92 6  hd
nitrobenzene |

CF;i
a Unless otherwise noted all reactions were carried out in HMPA at 25 °C. b Pure, isolated, product. c A t 80 °C. d Reaction 

probably com plete in much shorter time. e In M e2SO. / I n  DMF the reaction requires 65 h. 8 A  17% yield o f  4-nitrophenyl 
methyl sulfide was also isolated. * A  5% yield o f  3,5-bis(trifluoromethyl)aniline was also isolated.

h. The crude, an orange oil, when chromatographed on silica gel 
and then recrystallized from pentane afforded 1.34 g (60% yield) of
4-carbomethoxy-a-nitrocumene: mp 50-51 °C; NMR (CDCI3) 5 2.0 
(s, 6 H), 3.91 (s, 3 H), 7.5 (d, 2 H), and 8.1 (d, 2 H).

Anal. Calcd for CnH 13N 04: C, 59.19; H, 5.87; N, 6.27. Found: C, 
59.42; H, 5.98; N, 6.17.

4-Cyanophenyl Phenyl Sulfone. Here 1.04 g (7 mmol) of p- 
nitrobenzonitrile, 5.74 g (35 mmol) of sodium benzenesulfinate, 20 
ml of HMPA, and a reaction time of 48 h at 80 °C were employed. 
Workup gave 1.37 g of a brown solid (mp 115-123 °C) which was 
passed through a short column of acid-washed alumina and then 
recrystallized from carbon tetrachloride to give 0.95 g of 4-cyano- 
phenyl phenyl sulfone, mp 125-126° (lit.18 mp 126 °C). The moth
er liquor was evaporated to dryness and the residue chromato
graphed to afford an additional 0.18 g of product, mp 124-125 °C. 
Total yield of 4-cyanophenyl phenyl sulfone was 67%.

Anal. Calcd for Ci3H90 2NS: C, 64.20; H, 3.70; N, 5.76; S, 13.16; 
mol wt, 243.2. Found: C, 64.31; H, 3.63; N, 5.63; S, 13.42; mol wt, 
247.1.

2-N itrophenyl Phenyl Su lfone. Under nitrogen, a mixture of
2.02 g (12 mmol) of o-dinitrobenzene and 2.2 g (13.2 mmol) of sodi
um benzenesulfinate was dissolved in 20 ml of HMPA. The result
ing orange solution was stirred for 1.5 h at 25 °C after which it was 
poured into ice water. The solid collected (mp 142-145 °C) was re
crystallized twice from absolute ethanol to afford 2.67 g (85% 
yield) of 2-nitrophenyl phenyl sulfone, mp 145-146 °C (lit.19 mp 
145 °C).

2- N itrophenyl Phenyl Su lfid e . 0 -Dinitrobenzene (1.01 g, 6 
mmol), sodium thiophenoxide (1.58 g, 12 mmol), 10 ml of HMPA, 
and a reaction time of 18 h were employed. Chromatography of the 
crude product (mp 70-74 °C) on acid-washed alumina afforded
1.11 g (80% yield) of 2-nitrophenyl phenyl sulfide, mp 78-79 °C 
(lit.20 mp 79 °C).

m -N itroanisole. m-Dinitrobenzene (2.01 g, 12 mmol), sodium 
methoxide (0.82 g, 15 mmol), and 40 ml of HMPA were employed; 
reaction time was 16 h. Chromatography of the crude product on 
silica gel afforded 1.52 g (83% yield) of m-nitroanisole: mp 36-37 
°C; NMR (CDCI3) <5 3.88 (s, 3 H), 7.10-7.92 (m, 4 H).

3- N itrophenyl Phenyl Su lfide. m-Dinitrobenzene (1.01 g, 6 
mmol), sodium thiophenoxide (1.58 g, 12 mmol), 60 ml of HMPA, 
and a reaction time of 24 h were employed. Chromatography of the 
brown oil on acid-washed alumina afforded 1 . 2 1  g (88% yield) of
3-nitrophenyl phenyl sulfide: mp 40.5-41.5 °C (lit.21 mp 42.5 °C); 
NMR (CDCI3) 6 7.18-7.62 m, 7 H), 7.76-8.13 (m, 2 H).

a.p-D initroeum ene. p-Dinitrobenzene (10.1 g, 60 mmol), the 
lithium salt of 2-nitropropane (6.3 g, 66 mmol), and 95 ml of 
Me2SO were employed; reaction time was 3 h. Two recrystalliza
tions of the crude product (mp 62-67 °C) from hexane-benzene af
forded 9.5 g (75% yield) of a,p-dinitrocumene, mp 67-68 °C (lit.22 
mp 69-70 °C).

2-(p-N itrophenyl)-2-nitrobutane. p-Dinitrobenzene (97.7 g, 
0.582 mol), the lithium salt of 2-nitrobutane (68.7 g, 0.624 mol), 
and 1 1. of Me2SO were employed as above (reaction time 8 h). 
Chromatography of the brown oil on acid-washed alumina afford
ed 109 g (84% yield) of 2-(p-nitrophenyl)-2-nitrobutane, mp 44.5-
45.5 °C. A sample was distilled for microanalysis, bp 130-131 °C 
(0 . 1 1  mm).

Anal. Calcd for CioHi2N20 4 : C, 53.53; H, 5.40; N, 12.49. Found: 
C, 53.43; H, 5.45; N, 12.47.

4-N itrophenyl Ph enyl Sulfone. p-Dinitrobenzene (10.5 g, 62.5 
mmol), sodium benzenesulfinate (11.3 g, 6 8.8  mmol), and 100 ml of 
Me2SO were employed as above (reaction time 50 h). Two recrys
tallizations from absolute ethanol afforded 13.82 g (84% yield) of
4-nitrophenyl phenyl sulfone, mp 139-140 °C (lit.23 mp 140, 142 
°C).

4-N itrophenyl Ph enyl Su lfide, p-Dinitrobenzene (1.01 g, 6.0 
mmol), sodium thiophenoxide (2.38 g, 18 mmol), and 30 ml or 
HMPA were employed (reaction time 24 h). Chromatography on 
acid-washed alumina afforded 1.32 g (96% yield) of 4-nitrophenyl 
phenyl sulfide: mp 52.5-53 °C (lit.24 mp 54.5, 55 °C); NMR (CCI4) 
a 7.1 (d, 2 H), 7.4 (s, 5 H), 7.9 (d, 2 H).

4-Phenylsulfonyl-a-n itrocum ene. To a solution of 4-nitrophe- 
nyl phenyl sulfone (13.15 g, 50 mmol) in 100 ml of HMPA, under 
nitrogen, was added 9.3 g (98 mmol) of the lithium salt of 2-nitro
propane. The deep purple solution was stirred at 25 °C for 13 h 
after which it was poured into water and extracted with benzene. 
The benzene extract was washed with water, dried over anhydrous 
MgS04, and evaporated. Two recrystallizations from absolute eth
anol afforded 11.58 g (76% yield) of 4-phenylsulfonyl-a-nitrocu- 
mene, mp 117-117.5 °C.

Anal. Calcd for Ci5H 15N 0 4S: C 59.03; H, 4.92; N, 4.59; S, 10.49. 
Found: C, 59.13; H, 4.97; N, 4.50; S, 10.41.

4-Thiom ethoxyphenyl Phenyl Su lfone. 4-Nitrophenyl phenyl 
sulfone (1.58 g, 6 mmol), sodium methyl mercaptide (0.428 g, 6.1 
mmol), 15 ml of HMPA, and a reaction time of 15 min were em
ployed. Chromatography on silica gel (benzene-ether fractions) 
followed by recrystallization from absolute methanol afforded 0.96 
g (61% yield) of 4-thiomethoxyphenyl phenyl sulfone: mp 110-111 
°C (lit.25 mp 115 °C); NMR (CDC13) <5 2.42 (s, 3 H), 7.2-8.05 (m, 9 
H).

Anal. Calcd for Ci3H i20 2S2: C, 59.09; H, 4.58; S, 24.23. Found: C, 
59.18; H, 4.54; S, 24.21.

From the hexane-benzene fractions of chromatography was iso
lated 0.172 g (17% yield) of p-nitrophenyl methyl sulfide: mp
69-70 °C (lit.26 mp 71-72 °C); NMR (CDC13) 5 2.52 (s, 3 H), 7.3 (d, 
2 H), 8.12 id, 2 Hi.

Anal. Calcd for C7H7NS: C, 49.71; H, 4.17; N, 8.28; S, 18.92. 
Found: C, 49.84; H, 4.28; N, 8.15; S, 19.01.

3.5- B is(trifluorom ethyl)-a-n itrocum ene. 3,5-Bis(trifluc- 
romethyl)nitrobenzene (20.5 g, 80 mmol), the lithium salt of 2-ni
tropropane (8.2 g, 86 mmol), and 100 ml of HMPA were employed; 
reaction time was 4 h. The crude product was recrystallized from 
hexane to give 9.7 g of 3,5-bis(trifluoromethyl)-o:-nitrocumene, mp
54.5-55 °C. An additional 6.8 g of product was obtained by chro
matographing the residue obtained upon evaporation of the moth
er liquor on acid-washed alumina; total yield was 70%.

Anal. Calcd for C„H,,F6N 02: C, 43.87; H, 3.01; N, 4.65; F, 37.84. 
Found: C, 43.98; H, 3.11; N, 4.65; F, 37.80.

3 .5 - B is(trifluorom ethyl)phenyl Ph enyl Su lfid e . 3,5-Bis(tri- 
fluoromethyl)nitrobenzene (1.03 g, 4 mmol), sodium thiophenox
ide (1.06 g, 8 mmol), and 5 ml of HMPA were employed; reaction 
time was 6 h. Short-path distillation of the orange oil obtained af
forded 1.18 g (92% yield) of pale yellow oil, bp 87-89 °C (0.6 mm.', 
n 19D  1.5093.
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Anal. Calcd for Ci4H8F6S: C, 52.17; H, 2.51; S, 9.94; mol wt,
322.2. Found: C, 52.15; H, 2.55; S, 9.81; mol wt, 324.6.
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The specific ortho metalation of piperonal and 6 -bromopiperonal cyclohexylimine is discussed. Typical reactions 
of the lithio and cuprous organometallics are explored.

Since the observations o f  Hauser2 concerning the stabiliz
ing effect o f a neighboring tertiary amine on the stability o f 
ortho-lithiated aryls, this type o f reaction has been applied 
to monosubstituted am ides ,3 oxazolines ,4 and imines.5. R eiff 
has observed5 that when acetophenone cyclohexylim ine is 
treated with n-butyllithium  (n-BuL i) in ether at —78 °C, 
addition to the imine is the major reaction pathway with minor 
quantities o f  dilithioimine derived from  metalation at both 
the methyl group and the ortho position.

W e have observed in the instance o f  piperonal cyclohexy- 
lime (la ) that reaction with n-BuLi in tetrahydrofuran (THF) 
at 0 °C  afforded products o f  imine addition. W hen the tem 
perature was lowered to —78 °C , only lithiation at the 2 posi
tion ( lb )  was observed, since low-temperature deuteration 
provided 2 -deuteriopiperonal cyclohexylim ine (Id ) with a 
characteristic ortho-coupling pattern in its N M R  spectrum .6 

W hen 6 -brom opiperonal cyclohexylim ine (2e) was lithiated 
at —78 °C, the N M R  spectrum o f the deuterium oxide 
quenched product indicated that deuteration had occurred 
exclusively at the 6 position (2d). However, when the 6 -lith- 
iated imine was allowed to warm to ambient temperature and 
then quenched with iodine at the same temperature or at —78 
°C, only the 2-iodoimine I f  was observed. Thus, the 2 position 
o f imine la  is the site o f  kinetic and thermodynamic lithiation 
due to the electron-withdrawing effect o f the adjacent oxygen 
atom. In the latter case, metal-halogen exchange is the kinetic

1

a, R =  H ;Z = N C 6Hu
b, R = Li;Z = NC6H„
c, R = Cul; Z = NC6Hu
d, R = D; Z = NC6Hu
e, R =  Br; Z =  NCgHn
f, R = I; Z = NC6Hn

process rather than C - 2  deprotonation .7 The equilibration is 
thought to be prom oted  by  pipercnal cycloh exy li
mine acting as a proton source. Although a sufficient excess 
o f  butyllithium was used in control runs to  ensure the m eta
lation o f  all o f  the piperonalimine, exchange still occurred. 
This may im ply a disproportionation in which 2 m ol o f  6 - 
lithiated imine affords 2 ,6 -dilithiated imine and piperonali
mine, thereby generating the necessary exchange medium. 
Alternatively, decom position (i.e., oxidation and hydrogen 
abstraction from  T H F) would also generate piperonalimine.

Both ortho-lithiated imines were subjected to alkylation 
with allyl brom ide and methyl iodide. The data in Table I 
under entries A  and B indicate that méthylation is virtually

g, R =  I; Z =  O
h, R =  CH3; Z =  0
i ,  R =  CH2C H = C H 2;Z  =  0
j, R =  C02H; Z =  0

k, R =  C02CH3; Z =  0
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Table I

Yields,“ % (% piperonal)

Conditions lh 2 h l i 2 i

A 61 (0 ) 79(1) 61 (1 2 ) 57 (31)
B 69 (9) 6 6  (2 ) 11(59) 56 (18)
C 94 (4)fc 8 6  (5) 71 (1)“ 53 ( l ) d
D 61 (15) 6 6  (9) 62 (5) 61 (3)

A: BuLi (—78 °C); R X  (—78 °C, 3 h); warm to room temperature; 
H 20 ; H30 +
B: BuLi ( -7 8  °C); R X  ( -7 8  °C, 3 h); MeOH (-7 8  °C); warm to 
room temperature; H 30 +
C: BuLi (—78 °C); Cui; R X  (—78 °C, 3 h); warm to room tem
perature; H 20 ; H 30 +
D: BuLi (-7 8  °C); Cui; R X  (-7 8  °C, 3 h); MeOH (-7 8  °C); warm 
to room temperature; H30 +

“ Yields are absolute and unless specified are determined by 
GLC and corrected for differences in thermal conductivity. 
b Sublimed. c Distilled. d Identified as its semicarbazone.

Table II

Yield, %

Electrophile From lb From 2b

d 2o 1 0 0 “ 1 0 0 “
h 60 b 646

C 0 2 546 436
CICOzMe 6 8 ft 6 fc'c

NM R analysis, percent conversion. h Isolated. c Compie:
reaction mixture.

complete at —78 °C, while in the allyl bromide alkylation the 
conversion is not as effective. In the particular case o f  2-al- 
lylpiperonal ( l i ) ,  the reaction (condition B) is only 11% com 
plete.

When the ortho-lithiated ¡mines were treated with Cul8 at 
—78 °C, a green suspension was formed which showed a more 
pronounced effect on the allyl brom ide alkylation yield than 
in the absence o f copper. Although a change in mechanism for 
the methyl iodide alkylations cannot be inferred from these 
data, the copper(I)-allyl bromide alkylations suggest oxidative 
addition9 as the mode o f alkylation. It was observed that upon 
allowing the cuprous ¡mine 2 c  to warm to room  temperature 
followed by treatment with allyl brom ide, only a minor 
amount o f  the 2 -allyl product was obtained, indicating that 
2 c is less prone to rearrange than its lithium counterpart, 2 b.

In addition to the alkylation reactions, the lithiated ¡mines 
could be iodinated, carboxylated, and carbom ethoxylated as 
outlined in Table II.

The direct form ation o f the 2-lithiated ¡mine lb  is not a 
general reaction. M etalation o f m-m ethoxybenzaldehyde 
cyclohexylim ine with BuLi at —78 °C  gave only addition to 
the imine. T he freely rotating m ethoxyl group provides suf
ficient steric inhibition to deprotonation, allowing the imine 
addition to be the preferred reaction pathway. This difficulty 
is avoided in the case o f  piperonalimine since the ether func
tions are constrained from rotation. D irect metalation o f
3,4,5-trimethoxybenzaldehyde failed to result in ortho m e
talation as was expected, but the lithiated imine could be 
successfully generated by m etal-halogen exchange o f  the 
corresponding bromoimine.

Myristicinaldehyde (5-methoxypiperonal) cyclohexylimine, 
which has both the attributes o f  piperonal and m -m ethoxy- 
benzaldehyde ¡mines, was metalated to the extent o f 60% 
(deuterium quench) at only one o f  the two ortho positions. 
Although the chem ical shifts o f  the two signals could not be

assigned with certainty, the selectivity could be observed by 
internal calibration with the methylenedioxy function and was 
inferred from  the prior results to be the 2  position (adjacent 
to the methylenedioxy group) as opposed to the 6  position 
which was metalated.

E x p erim en ta l S ection

Melting points (corrected) were determined on a Fisher-Johns 
apparatus. Elemental analyses were performed by Atlantic Microlabs, 
Atlanta, Ga. NMR spectra were determined on a Joelco Minimar 
100-MHz or Perkin-Elmer R-32 90-MHz spectrometer, using Me4Si 
(S) as an internal standard. Gas chromatographic analyses were per
formed on a Varian 90-P instrument (TC) using a 6 ft X  0.25 in. 20% 
SE-30 on Anakrom 60/70 SD column. Tetrahydrofuran was distilled 
from sodium benzophenone ketyl. All glassware was flame dried under 
Ns. Solutions and solvents were transferred via syringe through serum 
caps.

P rep aratio n  of Cyclohexylim ines. The ¡mines were prepared 
from the aldehydes ( 1 .0  equiv) and cyclohexylamine (1 .2  equiv, dis
tilled) in benzene solution by azeotropic removal of water. Recrys
tallization from methanol or distillation provided the ¡mines in 80- 
90% yield.

P iperonal C yclohexylim ine (la ) : mp 62.5-63.5 °C (lit.10 65-66 
°C); NMR (CDCla) <5 1.15-2.0 (10 H, m), 3.15 (1 H, br s, =NCH ), 5.92 
(2 H, s, OCH20), 6.80 (1 H, d, J = 8 Hz, H-5), 7.10 (1 H, dd, J  =  1.5, 
8 Hz, H-6 ), 7.38 (1H, d, J  = 1.5 Hz, H-2), and 8.19 (1H, s, -C H = N -).

6 -Brom opiperonal C yclohexylim ine (2e): white needles, mp
127.5-128.5 °C (85% yield); NMR (CDC13) 5 1.23-1.84 (10 H, m), 3.25 
(1 H, br s), 5.97 (2 H, s), 6.97 (1 H, s), 7.52 (1 H, s), and 8.54 (1 H, s).

Anal. Calcd for CuHi6BrN02: C, 54.20; H, 5.20; Br, 25.76; N, 4.52. 
Found: C, 54.08; H, 5.26; Br, 25.67; N, 4.58.

m -M ethoxybenzaldehyde C yclohexylim ine: bp 120-123 °C 
(0.01 mm); NMR (CDCI3) <5 1.15-2.00 (10 H, m), 3.15 (1 H, br s), 3.81 
(3 H, s), 6.85-7.05 <1 H, m, aryl), 7.20-7.38 (3 H, m, aryl), and 8.27 (1 
H, s).

Anal. Calcd for Ci4H 19NO: C, 77.38; H, 8.81; N, 6.45. Found: C, 
77.28; H, 8.80; N, 6.50.

M yristicinaldehyde Cyclohexylim ine: mp 72-73 °C; NMR 
(CDCI3) 5 1.21-1.93 (10 H, m), 3.15 (1 H, br s), 3.93 (3 H, s), 5.99 (2 H, 
s), 6.94 (2 H, s), and 8.15 (1 H, s).

Anal. Calcd for Ci5H 19N 03: C, 68.94: H, 7.33; N, 5.36. Found: C, 
68.85; H, 7.39; N, 5.34.

Typical M etalation Procedure. In a flame-dried flask equipped 
with a serum cap was placed 2 mmol of imine in 15 ml of THF and the 
mixture was cooled to —78 °C with a C0 2 -acetone bath. To the stirred 
solution was added a solution of 2.1 mmol of re-BuLi-hexane (Alfa- 
Ventron) over 1 min via syringe through the serum cap. A yellow color 
appeared upon introduction of the n-BuLi. After stirring for 15 min 
at —78 °C  the ortho-metalated imine was ready for further reactions.

2-D euteriopiperonal C yclohexylim ine (Id). Imine lb  was 
treated with 0.2 ml of D20  and allowed to warm to room temperature. 
The solution was poured into water, extracted with ether, dried over 
MgS04, filtered, and evaporated, providing a crystalline solid Id. The 
NMR spectrum showed the complete disappearance of the c> 7.38 
resonance and the loss of meta coupling in the 5 7.10 doublet, indi
cating quantitative deuteration at C-2.

In a similar fashion 2b provided 2d which showed no resonance at 
<5 7.10 and singlets at <5 6.80 and 7.38 in its NMR spectrum.

2-Iodopiperonal Cyclohexylim ine (If). Iodination. To a solution 
of the metalated imine lb  at -7 8  °C was added dropwise a solution 
of 762 mg (3.0 mmol) of iodine in 5 ml of THF. The iodine color was 
immediately discharged upon contact with the solution. The addition 
was continued until the iodine color persisted. The solution was 
warmed to room temperature, poured into water, extracted with ether, 
washed with saturated aqueous Na2S0 3 , dried (MgS04), filtered, and 
concentrated. Two crystallizations of the residue from ether-petro
leum ether afforded 432 mg (60%) of I f  as colorless prisims: mp 
167-168.5 °C; NMR (CDCI3) <5 1.15-2.00 (10 H, m), 3.26 (1 H, br s),
6.04 (2 H, s), 6.75 (1 H, d, J =  8 Hz), 7.55 (1 H, d, J  = 8  Hz), and 8.34 
(1 H, s).

Anal. Calcd for Ci4H 16IN02: C, 47.07; H, 4.52; I, 35.53; N, 3.92. 
Found: C, 46.85; H, 4.59; I, 35.38; N, 3.97.

Hydrolysis was effected by vigorously stirring 245 mg (0.69 mmol) 
of imine I f  in 15 ml of CH2C12 and 15 ml of 1 0 % aqueous HC1 for 2 
days. The organic layer was washed with 5% aqueous NaHC03, dried 
(MgS04), filtered, and concentrated, providing 150 mg of solid. Re
crystallization from methanol afforded 93 mg (48%) of lg  as white 
needles: mp 135-136 °C; NMR (CDCI3) & 6.15 (2 H, s), 6.84 (1 H, d, 
J  = 9 Hz), 7.62 (1 H, d, J  = 9 Hz), and 9.89 (1 H, s).
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Anal. Calcd for C8H5I03: C, 34.81; H, 1.83; I, 45.98. Found: C, 34.84; 
H, 1.87; I, 45.86.

The 6 -lithiated imine 2b afforded 459 mg (64%) of 2f as white 
needles from MeOH: mp 157-157.5 °C; NMR (CDCI3) 5 1.15-2.00 (10 
H, m), 3.25 (1 H, br s), 5.99 (2 H, s), 7.26 (1 H, s), 7.53 (1 H, s), and 8.38 
(1 H, s).

Anal. Calcd for Ci4H 16IN02: C, 47.07; H, 4.52; I, 35.53; N, 3.92. 
Found: C, 47.01; H, 4.54; I, 35.44; N, 3.89.

Aldehyde 2g was formed (vide supra) in 46% yield from imine 2f: 
mp 108.5-110.5 °C (MeOH) (lit.11 I l l  °C); NMR (CDC13) « 6.08 (2 
H, s), 7.31 (1 H, s). 7.34 (1 H, s), and 9.86 (1 H, s).

2-Methylpiperonal (lh ) (Method A). To a stirred solution of 
imine lb  at —78 °C was added dropwise over 1  min 454 mg (3.2 mmol) 
of distilled methyl iodide dissolved in 3 ml of THF. The solution was 
stirred for 3 h at —78 °C and then allowed to warm to room temper
ature. The reaction mixture was worked up (vide supra) to afford 491 
mg of light yellow solid. Hydrolysis provided, upon recrystallization 
from hexane, aldehyde lh in 61% overall yield: mp 73-74.5 °C (lit.12
74-75 °C); NMR (CDCI3) S 2.55 (3 H, s, CH3), 6.08 (2  H, s), 6.82 ( 1  H, 
d, J  = 8 Hz), 7.39 (1 H, d, J  =  8 Hz), and 10.03 (1 H, s).

Method C. To a stirred solution of metalated imine 2b at —78 °C 
was added 381 mg (2.0 mmol) of cuprous iodide (as Cul, Alfa-Ventron) 
producing after 1  h a gray-green suspension.

After methylation as in method A, the reaction mixture was poured 
into H20, ether was added, and the mixture was shaken and filtered 
in vacuo through a Celite pad to remove suspended copper salts. The 
layers were separated and the organic layer extracted twice with ether. 
The combined organic extracts were washed with 5% NH4OH, dried 
(MgS04), filtered, and concentrated. Hydrolysis afforded a solid 
which upon sublimation (60 °C, 1 mm) provided a 98% recovery of 
material (94% lh, 4% piperonal by GLC).

The lithiated imine 2b provided (via method A) 2h contaminated 
with piperonal; recrystallization (petroleum ether) afforded product 
in two crops (79%). Sublimation (55 °C, 1 mm) of the first crop (147 
mg) gave 132 mg of pure 6 -methylpiperonal (2h): mp 86-87.5 °C (lit.13
86-87 °C); NMR (CiX’D  5 2.61 (3 H, s), 6.01 (2 H, s), 6.69 (1 H, s), 7.29 
(1 H, s), and 10.18 (1 H, s).

2-Allylpiperonal (li) (Method C). To the copper reagent lc  (vide 
supra) at —78 °C was added 411 mg (3.4 mmol) of allyl bromide and 
the mixture was stirred for 3 h at —78 °C. After warming to room 
temperature and workup an oil was obtained. Distillation (bulb to 
bulb) provided 271 mg (72%) of 2-allylpiperonal (li): bp 122 °C (3 
mm); NMR (CD CU  S 3.76 (2 H, d, J  = 6 Hz), 5.07 ( 1  H, m, = C H 2),
4.94 (1 H, m, = C H 2), 6.03 (1 H, m), 6.03 (2 H, s), 6.77 (1 H, d, J  = 8 
Hz), 7.36 (1 H, d, J  = 8 Hz).

Anal. Calcd for C1 1H 10O3: C, 69.46; H, 5.30. Found: C, 69.21; H, 5.36.
In a similar fashion 6 -allylpiperonal (2i) was prepared as a crude 

oil: NMR (CDCI3, FT) S 6.02 (2 H, s), 6.71 (1 H, s), 7.31 (2 H, s), and
10.11 (1 H, s). Semicarbazone, mp 193-195 °C (lit.14 mp 195 °C).

Anal. Calcd for Ci2Hi3N3C>3 (semicarbazone): C, 58.29; H, 5.30; N,
16.99. Found: C, 58.34; H, 5.32; N, 17.00.

Methyl 2-Formyl-5,fi-methylenedioxybenzoate (lk ). To the 
lithiated imine lb  at —78 °C was added dropwise 368 mg (3.9 mmol) 
of freshly distilled methyl chloroformate (from CaC03) dissolved in 
3 ml of THF. The yellow color of the solution was discharged. Upon 
warming to room temperature, the solution was poured into water, 
extracted with ether, washed with saturated aqueous NaHC03, dried 
(MgS04), filtered, and concentrated. The residual oil (644 mg) was 
preabsorbed on silica gel and eluted from a silica gel column (30/1) 
with 300 ml of benzene saturated with water, affording 54 mg of oil 
containing piperonal (GLC). The 5% ether-wet benzene eluent (100 
ml) gave 338 mg of solid. Recrystallization from ether-petroleum ether

provided the ester lk  (68%): mp 105.5-106.5 °C; NMR (CDC13) 5 3.97 
(3 H, s), 6.15 (2 H, s), 6.97 (1 H, d, J  = 9 Hz), 7.50 (1 H, d, J  = 9 Hz), 
and 10.09 (1 H, s).

Anal. Calcd for Ci0H8O5: C, 57.50; H, 3.87. Found: C, 57.76; H, 3.86. 
2-Formyl-5,6-methylenedioxybenzoic Acid (lj) . To 2 mmol of 

lithiated imine lb was added several chunks of dry ice, the yellow color 
of the solution being immediately discharged. After warming to room 
temperature, 15 ml of 10% HC1 and 15 ml of ether were added and the 
mixture stirred overnight. The organic layers were separated, ex
tracted with 10% aqueous KOH, acidified with concentrated HC1 in 
the cold, and thoroughly extracted with ethyl acetate, dried, filtered, 
and concentrated, providing 211 mg (54%) of acid upon recrystalli
zation from water: mp 164.5-165.5 °C (lit.15 155 °C); ir (CHC13) 1763 
cm - 1  (lactol); NMR (acetone-dg) « 3.8 (1 H, br s, lactol -OH, D20  
exchange), 6.22 (2 H, s) 7.1-7.3 (2 H, m, aryl). Methylation with 
CH2N2 provided ester lk, mp 103.5-105.5 °C.

In a similar fashion, 2-formyl-4,5-methylenedioxybenzoic acid (2j) 
was prepared from 2 b (43%): mp 165-165.5 °C (lit. 16 167 °C); ir 
(CHCI3) 1775 cm- 1  (lactol); NMR (acetone-dg) ô 2.9 (1 H, br s, lactol 
OH, D20  exchange), 6.21 (2 H. s), 6.60 (1 H, br 3, methine), and 7.19 
(1 H, s, aryl).
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Pyrolysis of either l-cyano-l-(trifluoromethyl)-2,2,2-trifluoroethyl chloroformate (2a) in an inert atmosphere, 
or bis[l-cyano-l-(trifluoromethyl)-2 ,2 ,2 -trifluoroethyl] sulfite (6 ) in an atmosphere of SOCI2 leads to 2 -(trifluoro- 
methyl)-2-chloro-3,3,3-trifluoropropionitrile (9), which is a potential precursor to perfluoromethyacrylonitrile. 
Since the sulfite 6 is readily prepared from the cyanohydrin of hexafluoroacetone, the described procedure pro
vides access to perfluoromethacrylic acid derivatives from hexafluoroacetone. Thermal decomposition of sulfite 6 
in an inert atmosphere leads to perfluorinated tertiary alkyl derivatives not otherwise available. Possible mecha
nisms for these reactions are discussed.

When hexafluoroacetone reacts with a nucleophile such 
as HCN, adducts o f  type 1 are formed. Substitution o f  the 
hydroxy group in cyanohydrin 1  by a halide ion might pro
vide access to bis(trifluorom ethyl)ketene and perfluo
romethacrylic acid which are now available only from ex
tremely toxic 1 perfluoroisobutene .2 Unfortunately, owing 
to the electronic and steric effects, such a nucleophilic sub
stitution is ruled out. It was therefore decided to study the 
thermal decom position o f chloroform ate 2 a, chlorosulfite 
2 b, and dichlorophosphite 2 c.
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R esu lts and D iscu ssion

R e a ctio n  o f  C y an oh yd rin  1 w ith  P h osgen e , T h ion y l 
C h lor id e , and P h osp h oru s T r ich lo r id e . Cyanohydrin 1  

[pfia (OH) =  4.1]7 failed to react with either o f  the above 
chlorides, while methyl 2 -hydroxy-2 -(trifluorom ethyl)-
3,3,3-trifluoropropionate (3) [pAfa (OH) =  7.7] 3 did react 
partially with SOCI2 and quantitatively with PCI3 . T here
fore, it can be concluded that any alcohol with pK a ~  6  or 
lower will not react with phosgene, thionyl chloride, and 
phosphorus trichloride if  no base is present.

Addition o f  the sodium salt o f  cyanohydrin 1 to an excess 
o f  phosgene in ether at —60 °C yielded a mixture o f chloro
formate 2a and a smaller am ount o f carbonate 4. T he prod
ucts could be separated by distillation. An attem pt to pre
pare chlorosulfite 2 b and dichlorophosphite 2 c  in a similar 
way using excess thionyl chloride or phosphorus trichloride 
gave quantitative yields o f  sulfite 6 and phosphite 5 even at 
- 7 0  °C.

A possible reason for the difference in the reactivity o f 
phosgene as com pared with thionyl chloride and phospho
rus trichloride may be based on two effects: (a) the anion o f 
cyanohydrin 1  is more strongly electron withdrawing and, 
therefore, a better leaving group than chloride ion; (b) the 
oxygen o f  the cyanohydrin 1  is capable o f  more extensive (p 
- »  d )„  dative bonding to sulfur and phosphorus than chlo
rine. If the first chloride ion in phosgene is displaced by cy 
anohydrin anion, any further substitution will only ex
change one cyanohydrin anion for another one. Therefore, 
the major product is the chloroform ate 2a. In the case o f 
thionyl chloride or phosphorus trichloride, the introduction

o f the cyanohydrin group into the m olecule will increase 
the reactivity o f  the molecule toward further nucleophilic 
substitution. However, cyanohydrin becom es a poorer leav
ing group than chlorine since the strength o f the O -S  or
O -P  bonds is increased by (p-^-d)T dative bonding. There
fore, the second chlorine will be replaced more readily than 
the first chlorine in SOCI2 or PCI3. As a result only sulfite 6 

and phosphite 5 are isolated even if an excess o f  SOCI2 or 
PCI3 is present.
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P y ro ly sis  o f  C h lo ro fo rm a te  2a. Chloroform ate 2a was 
pyrolyzed in a flow reactor. A conversion o f 40% was 
achieved only at a temperature o f  500 °C  and contact time 
o f 51 s. The gaseous products were separated by gas chro
matography and identified by infrared and mass spectrom 
etry. The main com ponents were hexafluoroacetone and 
cyanogen chloride. The minor com ponents were the desired
2-chloro-2-(trifluorom ethyl)-3,3,3-trifluoropropionitrile (9) 
and carbon dioxide. The products can be accounted for by 
two reaction pathways (Scheme I).

The products are form ed either by the decom position o f 
radical 7 (step 2) or by the com bination o f radicals in step
4.

The extremely high temperature required for therm oly
sis o f chloroform ate 2 a and the predom inant form ation o f 
hexafluoroacetone led to the conclusion that in the chloro
formate 2a the strength o f the >C -O C O C l bond was great
er than the strength o f the > C O -C O C l bond. In order to 
avoid form ation o f  hexafluoroacetone, a group Y  in 1 with 
more electron-withdrawing power must be employed. Sul
fite 6 was expected to fulfill the requirement.

P y ro ly sis  o f  S u lfite  6 . Pyrolysis o f  sulfite 6 was studied 
at temperatures o f  290-410 °C. As before, gaseous products 
were separated by gas chromatography and analyzed by in
frared and mass spectra. The following com pounds were 
identified: hexafluoroacetone, sulfur dioxide, equal molar 
quantities o f  perfluoropivalonitrile (10) and 2-oxo-3,3,3-tri- 
fluoropropionitrile ( 1 1 ), and traces o f  trifluoroacetonitrile 
and trifluoroacetyl fluoride. The pyrolysis products are sta
ble to 500 °C  and are primary products.
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T he form ation o f  the main products in pyrolysis o f  sul
fite 6 can be explained either by a radical mechanism 
(Scheme II) similar to that suggested for pyrolysis o f  chlo- 
roformate 2a or by a concerted mechanism (eq 1 ).
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In order to distinguish between the two possible m echa
nisms, sulfite 6 was pyrolyzed in an excess o f  thionyl ch lo
ride. T hionyl chloride may react with sulfite 6  via a four- 
center mechanism (eq 2 ) and form  chlorosulfite 2 b at tem 
peratures lower than that necessary for pyrolysis o f  sulfite 
6 . Chlorosulfite 2b would then decom pose immediately to
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nitrile 9 via radical 8 . If thionyl chloride does not react with 
sulfite 6 at temperatures below 300 °C, it will be decom 
posed4 into SO 2, SClo, CI2, and other fragments. Chlorine 
will then function as a trap for radical 8 (Scheme II). A 
large excess o f  thionyl chloride would then give only nitrile 
9 and no perfluoropivalonitrile 10. If the concerted m echa
nism (eq 1 ) is the main reaction path for pyrolysis o f  sulfite 
6 , then no, or a very small am ount of, nitrile 9 would be ex
pected to form at temperatures above 300 °C.

W hen a mixture o f sulfite 6 and an excess o f  thionyl 
chloride was pyrolyzed at temperatures below 300 °C, the 
sulfite 6  was recovered unchanged. However, substantial 
decom position o f thionyl chloride to a mixture o f  sulfur 
dioxide, sulfur dichloride, and chlorine was observed. 
W hen the same mixture o f  sulfite 6 and thionyl chloride 
was subjected to pyrolysis at temperatures above 300 °C, 
hexafluoroacetone, sulfur dioxide, and 2 -chloro-2 -(trifluo-
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rom ethyl)-3,3,3-trifluoropropionitrile (9) were the main 
products.

Since the thermolysis o f sulfite 6  in an excess o f thionyl 
chloride does not occur at temperatures lower than that re
quired for pyrolysis o f the same sulfite in an inert atm o
sphere, the chlorosulfite 2 b can be excluded as the interm e
diate. N o perfluoropivalonitrile was form ed in the presence 
o f  thionyl chloride; therefore, the concerted mechanism (eq 
1 ) is ruled out and we conclude that the radical path 
(Scheme II) is responsible for the product formation.

E xperim en ta l S ection

Gas chromatography was carried out on a 6 ft X 0.25 in. column 
packed with 207 QF-1 on Chromosorb W at ambient temperature. 
All mass spectra were obtained on A. E. I. MS 902 using 70 eV 
electron energy. Interpretation was aided by high-resolution accu
rate mass measurement.

Sodium  Sa lt  o f C yanohydrin 1. The salt was prepared by a 
procedure similar to that described by Filler and Schure.3 Sodium 
cyanide (270 g, 5.5 mol) was suspended in ether (2.5 1.) in a 5-1. 
flask fitted with a manometer, a mechanical stirrer, and a gas inlet 
tube. The flask was evacuated until ether started to boil. Hexaflu
oroacetone was introduced until a pressure of 740 mmHg was 
achieved. The stirrer was started and the pressure kept constant 
by adjusting the valve on the container of hexafluoroacetone. 
When the required amount of hexafluoroacetone (900 g, 5.42 mol) 
was consumed, the rate of hexafluoroacetone uptake dropped to 
zero. The solvent was evaporated under vacuum, leaving behind 
the product (1170 g, 5.42 mol).

2-H yd roxy-2-(trifiuorom eth yl)-3 ,3 ,3-trifluoropropion itrile .
The sodium salt of cyanohydrin I (53.8 g, 0.25 mol) was suspended 
in ether (200 ml). Dry HC1 (9.1 g, 0.25 mol) was introduced with si
multaneous external cooling by ice. The salts were filtered off and 
the mixture distilled on a 30 TP column. The product, bp 108 °C 
(lit.5 107.5 °C), was obtained in a quantitative yield.

C hloroform ate 2a. The synthesis and isolation were carried out 
in an argon atmosphere. A solution of phosgene (100 g, 1 mol) in 
ether (400 ml) was cooled to —60 °C and the sodium salt of cya
nohydrin 1 (100 g, 0.465 mol) was added in 10 min with vigorous 
stirring. The stirring was continued for 2 h at —60 °C. The reaction 
mixture was allowed to warm to room temperature and the salts 
were filtered off. At this moment the ir showed only one C = 0  
band at 5.5 g. which corresponds to chloroformate 2a. Distillation 
of the filtrate afforded three fractions. The first fraction, bp 84 °C 
(32.1 g), corresponds to chloroformate 2a: ir 4.4 (w, CN), 5.5 n (s, 
C = 0 ); mass spectrum m /e 255 (C5C1F6N0 2) and 220 (C5FGNO2). 
The second fraction (17.2 g), bp 90-125 °C, is a mixture of chloro
formate 2a, cyanohydrin 1 , and carbonate 4. The third fraction 
(49.9 g), bp 127-128 °C, mp 48-49 °C, corresponds to carbonate 4, 
ir 4.45 (CN, m) and 5.45 ¡i (C = 0 , s). Both chloroformate 2a and



carbonate 4 are hygroscopic and if not stored under inert atmo
sphere they are hydrolyzed to cyanohydrin 1 .

Sulfite 6 . A solution o f thionyl chloride (100 ml) in ether (300 
ml) was cooled under argon to —60 °C. The sodium salt o f cya
nohydrin 1 (100 g, 0.465 mol) was added slowly with vigorous stir
ring. The stirring was continued for 2 h at —60 °C. The reaction 
mixture was allowed to warm to room temperature. The salts 
formed were filtered under argon and the filtrate was distilled. 
Only sulfite 6  (61 g, 60%), bp 139-141 °C, was obtained, ir 4.42 (m, 
CN), 7.8 - 8 . 2  g [vs, C 0 S (0 )0 C ]. Hydrolysis with 1 equiv o f water 
gave 1  equiv of S 0 2  and 2  equiv o f cyanohydrin 1 .

[l-(Trifluoromethyl)-l-methylcarboxy-2,2,2-trifluoroethy- 
loxyjdichlorophosphite. A mixture of methyl 2-hydroxy-2-(tri- 
fluoromethyl)-3,3,3-trifluoropropionate (19.0 g) and phosphorus 
trichloride (24.5 g) was refluxed and the disappearance of the O -H  
bond was followed by ir. After 25 h, the excess of PCI3 was re
moved by distillation and the product (quantitative yield) distilled 
at 171-173°C: ir 3.38 (s, C -H ), 5.65 g  (s, C = 0 ) ;  MS m/e 326 
(CsHgClaFsOsP), 291 (C5 H 3 C1F6 0 3 P), 256 (C5 H 3 F6 0 3 P), 189 
(C 5 H 2F5 O2 ).

Pyrolysis. The thermal decomposition of chloroformate 2a and 
sulfite 6  was studied in a quartz flow reactor either empty (230 ml) 
or filled with quartz chips. The empty volume of the reactor was 
100 ml. The flow of carrier gas (argon) was 0.5 ml/s. The com 
pounds 2 a, 6, or a mixture o f 6 and thionyl chloride were added 
from a syringe driven by a motor at a constant speed. The products 
were collected in a trap cooled by a dry ice-acetone mixture at 
— 80 °C.

Chloroformate 2a. When chloroformate 2a (5.0 g) was allowed 
to react for 15 min at 400 °C, the chloroformate 2a was recovered 
unchanged. Under the same conditions, at 500 °C, 3 g (60%) of 
chloroformate 2a was recovered. The gaseous compounds were 
separated into two fractions and then analyzed by gas chromatog
raphy. The major fraction (1.2 g) contained hexafluoroacetone: ir
5.5 (m, C = 0 ) ,  7.5 (m), 7.8-8.3 (vs), 10.35 (s), 12.9 (w), 14.0 g (s); 
mass spectra m/e 166 (C3 FeO), 147 (C 3F 5 O), and CO 2 ; ir 2.7 (dou
blet, m), 4.3 g (s). The second fraction (0.6 g) contained mainly 2- 
chloro-2-(trifluoromethyl)-3,3,3-trifluoropropionitrile as shown by 
GC: ir 4.4 (m, CN), 7.8 (vs), 8.10 (vs), 9.3 (s), 10.55 (s), 13.3 (m),
14.0 g (s); and mass spectra m/e 192 (C4 F5 NCI), 157 (C 4F5 N), 142 
(C 3F3 NC1), 123 (C 3F 2NCI). Cyanogen chloride was also present in 
small quantities, ir 4.6 g  (CN).

Sulfite 6 . The thermolysis o f sulfite was studied at tempera
tures of 290-410 °C. As an example the experiment carried out at 
330 ±  10 °C in a reactor filled with glass chips is described in de
tail. Pyrolysis o f 17.2 g o f sulfite 6  yielded 16.5 g o f a mixture from 
which 12.7 g (73.6% conversion) was volatile products with boiling 
points lower than 30 °C. The residue (3.8 g) was shown by GC and 
ir to be the starting sulfite 6 . A small portion o f the volatile prod
uct was separated by GC into six fractions. Each fraction was col
lected in an ir cell and analyzed by ir and mass spectrometry. The 
following components were identified. Trifluoroacetyl fluoride: ir
5.25 (s, C = 0 ) ,  7.55 (m), 8 . 0  (s), 8.3 (s), 9.15 g (s). Trifluoroacetoni- 
trile: ir 4.45 (m, CN), 8.3 g (v s ). Hexafluoroacetone: ir and mass 
spectrum as above. Perfluoropivalonitrile: ir 4.7 (s, CN), 8.1 (m),
8.7 (s), 9.0 (s), 10.1 g (m); mass spectrum m/e 245 (C5 F9 N). Sulfur 
dioxide: ir 4.0 (w), 4.3 (vs), 7.3-7 . 6  (vs), 8 . 6  (s), 8 . 8  g  (s); mass spec
trum m/e 64 (SO2 ). 2-Oxo-3,3,3-trifluoropropionitrile: ir 4.55 (m, 
CN), 5.67 (s, C = 0 ) ,  7.7 (m), 7.9 (m), 8.15 (vs), 8.45 (vs), 9.85 g (vs); 
mass spectrum m/e 123 (C3 F3 NO), 104 (C 3 F2 NO), 97 (C 2 F3 O), 54 
(C2 NO). The unused volatile material (10.4 g) was bubbled 
through distilled water. Pure perfluoropivalonitrile (4.4 g, 71.2%) 
was isolated, as shown by GC and mass spectra.

Mixture of Sulfite 6 and Thionyl Chloride. The pyrolysis o f 
sulfite 6  in the presence of an excess o f thionyl chloride was stud
ied at 400, 350, and 300 °C. At 400 and 350 °C the sulfite conver
sion was complete. As an example the run at 300 °C is described in 
detail. In 15 min a mixture of sulfite 6  (11.0 g, 0.025 mol) and

2-(Trifluoromethyl)-2-hydroxy-3,3,3-trifluoropropionitrile

thionyl chloride (8.3 g, 0.069 mol) was passed through the reactor. 
The products (18.0 g) were trapped at -70  °C. The gaseous prod
ucts (9.2 g) were separated by distillation. The residue (8 .8  g) was a 
mixture of thionyl chloride and sulfite 6 . The gaseous materials 
were separated by GC into three major peaks of about equimolar 
quantities and one minor peak (~5% of the third fraction). The 
fractions were collected in gas infrared cells and analyzed by in
frared and mass spectroscopy. The first fraction was shown to be 
hexafluoroacetone. The second fraction was sulfur dioxide. The 
third fraction corresponded to 2-chloro-2-(trifIuoromethyl)-3,3,3- 
trifluoropropionitrile (9). Hexafluoroacetone and the nitrile 9 were 
present in a molar ratio of 1:0.84.

Perfluoropivalam ide. A crude mixture of products (29.0 g) 
from pyrolysis of sulfite 6  at 400 °C was introduced into a flask 
containing 140 ml of concentrated sulfuric acid and heated to 130 
°C. The flask was equipped with a dry ice condenser. Reflux was 
continued for 8  h while the bath was kept at 150 °C. The volatile 
portions were collected (19.5 g) and analyzed by ir after separation 
by GC. The volatile portions contained unreacted perfluoropi
valonitrile, sulfur dioxide, and tracés of trifluoroacetyl fluoride. 
Hexafluoroacetone and 2-oxo-3,3,3-trifluoropropionitrile were con
sumed. The residual sulfuric acid solution was distilled, affording 
0.5 g of colorless crystals: mp 139 °C; mass spectrum m/e 263 
(C5H2F9NO), 179 (C4HF60), 1 13  (C3F 4H), 1 1 2  (C3F4), 92 
(C2F 2NO), 91 (C3K F 2O). Both the melting point of 139 °C (lit.6 

mp 138 °C) and the mass spectrum correspond to perfluoropi
valamide.

2-Chloro-2-(trifluorom ethyl)-3,3,3-trifluoropropionic Acid.
The crude volatile products (7.6 g) from pyrolysis of a mixture of 
thionyl chloride and sulfite 6  were added to concentrated sulfuric 
acid (80 ml) in a stainless steel container. The reaction mixture 
was stirred and heated to 180 °C for 30 min. The volatile portions 
(2 . 2  g) were collected and shown by GC to contain the unreacted 
2-chloro-2-(trifluornmethyl)-3,3,3-trifIuoropropionitrile, small 
amounts of sulfur dioxide, and traces of hexafluoroacetone. Distil
lation of the residual sulfuric acid yielded hygroscopic, colorless 
crystals (2 . 1  g): bp 138-140 °C; mp 67-70 °C; MS m/e 186 
(C3 HC1F6), 44 (CO2); 4.30 mequiv COnH/g (theory 4.34 mequiv 
C 0 2H/g).
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Thermolyses of sterically hindered V-vinylimino-2,6-lutidinium ylides (3a and 3b) afforded 2,6-lutidine, indoles 
(5a and 5b), oxazoles (6 a and 6 b), phenylacetates (7a and 7b), and phenylcyanoacetates (8 a and 8 b) in fairly good 
yields, while their photolyses gave 2,6-lutidine, a six-membered mesoionic compound (9), isonitriles (10a and 10b), 
and an azirine (11a ). The reactions of the V-ylides (3a and 3b) with ethyl propiolate afforded the rearranged vinyl- 
pyridine derivatives (4a and 4b) in 40 and 51% yields, respectively. Structural elucidation of these products was 
mainly accomplished by their chemical conversions and by comparisons with authentic samples. Some mechanisms 
for these reactions are also discussed.

Various types o f  pyridinium V -ylides have been synthe
sized in recent years, and their dipolar1 and nucleophilic 
reactivities1! ’2 are well documented. In some reactions o f these
V -y lides, ylidic bond fissions were often observed, and 
products derived from the resulting reactive species such as 
carbenes and nitrenes were detected .3 However, such de
com position o f the pyridinium V -y lides has been an unde
sirable side reaction in most cases. Recent interest in azirine 
chemistry4 prom pted us to investigate the possibility o f o b 
taining vinylnitrene intermediates by this process. In this 
paper, we wish to report the preparation o f  V -vinylim inopy- 
ridinium ylides designed for this purpose and their thermal 
and photochem ical behavior.

Results and Discussion

Preparation of Pyridinium V-Ylides (3a-e). N -(3- 
Alkoxycarbonyl-3-phenylvinylim ino)-2,6-lutidinium  ylides 
(3a and 3b) were prepared from the reactions o f 2,6-lutidinium
V -im in e hydriodide (la) with ethyl ethoxy- (2a) and methyl 
methoxymethylenephenylacetate (2b). These com pounds 
were selected as models, because the ylide bond might be 
weakened by steric hindrance o f 2  and 6  substituents on the 
pyridine ring3b and the generated vinylnitrene would be 
trapped intramolecularly by the phenyl and/or the alkoxy- 
carbonyl groups in the N substituent.3e'5 V -V inylim inopyri- 
dinium ylide (3c) was similarly prepared from  pyridinium 
V -im ine hydriodide (lb) and ethoxym ethylene com pound 
(2a) for comparison o f  its reactivity with those o f  2 ,6 -lutidi
nium ylides (3a and 3b). In order to determine the stereo
chemistry on the vinyl group in the V -ylides 3a-c, we carried 
out the reactions o f  the V -y lides 3a and 3b with ethyl pro
piolate and obtained the expected rearranged products (4a 
and 4b)6 in 40 and 51% yields, respectively. Since no hydrogen

bonding between the amino and the two ester carbonyl groups 
o f the rearranged com pounds (4a and 4b) was observed in 
their ir and N M R  spectra (see Experimental Section), the 
configuration o f these groups in the divinylamine m oiety was 
concluded to  be both trans. From this, the cis configuration 
o f  the iminopyridinium and phenyl groups in the parent V -  
ylides (3a and 3b) was deduced, since this kind o f  rearrange
ment o f  V-vinylim inopyridinium  ylide has been proposed to 
proceed with retention o f the configuration o f the exocyclic 
V -y in yl group .63 These results are shown in Scheme I.

The stereochemical assignment was also supported by the 
consideration o f thermal behavior o f  these V -ylides as will be 
indicated below.

Thermolysis and Photolysis of V-Ylides 3a-c. W hen 
V -ylides 3a and 3b were thermolyzed in refluxing xylene, the 
sm ooth generation o f expected 2 ,6 -lutidine with disappear
ance o f the V -y lides was observed by thin layer chrom atog
raphy. After evaporation o f xylene and 2.6-lutidine from  the 
reaction mixture, separation o f the residue gave three types 
o f products, a crystalline compound (5a, mp 122-124 °C, 10%, 
and 5b, mp 147-148 °C, 7%), and two oily compounds (6a, 31% 
and 7a, 30%, and 6b, 32% and 7b, 2 %), respectively (Scheme
II). Furthermore, another product (8a and 8b) was detected 
from  the reaction mixture by gas chromatography, but the 
yields were exceedingly small. On the other hand, photolysis 
o f  V -ylide 3a in benzene afforded a crystalline compound (9, 
mp 226-228 °C, 15%), and an oily mixture (10a and 11a, 44%), 
and that o f  V -y lid e  3b gave only oily product (10b, 37%) to 
gether with trace amount o f compound 9, except the formation 
o f considerable amounts o f  2,6-lutidine. W hen the V -y lides 
3a and 3b were irradiated in benzene in the presence o f  a 
sensitizer such as benzophenone, com pounds 10a and 10b 
were obtained exclusively with decreased irradiation time.3c
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In contrast with N -ylides 3a and 3b, N -  vlide 3c, thermally and 
photochem ically, gave only com plex mixtures and isolation 
o f significant product from them was unsuccessful.

T he structures o f  these com pounds ( 5, 6, 9-11) were deter
mined by their elemental and spectral analyses and by com 
parisons with authentic samples, and those o f  com pounds 7 
and 8  by gas chrom atographic identification. Com pound 5a, 
for example, was assigned to be 3-ethoxycarbonylindole, be 
cause the ir spectrum exhibited a secondary amino absorption 
at 3210 cm - 1  and a strong carbonyl absorption at 1655 cm -1 , 
and the N M R  spectrum showed signals at 5 7.27 (3 H, m), 7.84 
(1 H, d), 8.18 (1 H, m), and 9.26 (1 H, br s, NH) attributable 
to the indole skeleton. The melting points o f  the products (5a 
and 5b) were, o f  course, well coincident with those reported 
by Peterson et al.7 Com pounds 6a and 6b were determined to 
be 5-alkoxy-4-phenyloxazole derivatives, but not the isomeric 
isoxazoles, by comparisons with samples prepared in vefy good 
yields by isomerization8 o f  the corresponding isonitriles (10a 
and 10b), which were photochem ically generated from  N -  
ylides 3a and 3b. The spectral data o f com pounds 6a and 6b 
were also com pletely in accord with those reported in the lit
erature .9 Com pounds 10a and 10b showed each one charac
teristic isonitrile absorption at 2170 cm - 1  in the ir spectra, and 
respective singlet signal at 8 5.30 (10a) and 5.32 (10b) due to 
exchangeable methine proton by keto-enol tautomerization 
in the N M R  spectra. In addition, conversion o f  these com 
pounds (10a and 10b) to oxazoles 6a and 6b on thermolysis 
and to formamide derivatives 12a and 12b by treatment with

acetic acid supported the assignments as ethyl (10a) and 
methyl phenylisocyanoacetate (10b) (Scheme III).

Crystalline com pound 9 showed a largely shifted carbonyl 
absorption at 1560 cm - 1  in the ir spectrum, and only aromatic 
proton multiplets in the range o f 8 7.23-7.98 (9 H) and one 
methyl proton singlet at 8 2.81 in the N M R  spectrum. The 
presence o f  the methyl group derived from  the 2 ,6 -lutidine 
moiety exhibited that compound 9 is not a product from ylidic 
bond fission. Further inform ation for this structure was o b 
tained by its uv spectral inspection: this compound (9) has two 
maximum absorptions in ethanol at 282 (e 4.63 X 104) and 332 
nm (c 1.29 X 104). The former absorption at 282 nm is the same 
as that at 282 nm (e 2.39 X 104) o f the TV-ylide 3a and also those 
at 275-290 nm characteristics o f  various IV-vinyliminopyri- 
dinium ylide structures.lh>6a From these results, com pound 
9 was assigned to be a six-m em bered m esoionic com pound 
possessing a diazanaphthalene skeleton .10 Com pound 11a 
exhibited a singlet signal at 8 9.81 characteristic o f  the 2- 
methine proton in the 1 -azirine derivative , 1 1  but several at
tem pts to isolate it were unsuccessful.

Mechanism. Possible mechanisms for these reactions are 
summarized in Schemes IV  and V.

Except mesoionic compound 9, all o f the products (5-8,10, 
and 11) may be form ed via vinylnitrene intermediates (13) 
from ylidic bond fission o f the N -ylides 3a and 3b. Indoles 5a 
and 5b should be form ed by direct insertion o f  the nitrenes 
13a and 13b to the cis-faced aromatic carbon-hydrogen bond 
rather than ring enlargement o f  the azirine intermediates 1 la
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and l i b ,4 because other possible products, isoxazoles, could 
not be detected in the reaction mixture. Oxazoles 6a and 6 b 
seem to  be produced via 1,3-dipolar cycloaddition between 
hydrogen cyanide and alkoxycarbonylphenylcarbenes (14a 
and 14b), both which were generated by thermal fragmenta
tion o f the azirines 11a and l i b .  Such a fragmentation o f 2- 
unsubstituted 1 -azirine12  and similar cycloadditions o f  acyl- 
carbenes with nitriles13 were reported, while thermal prepa
ration o f  oxazoles via vinylnitrenes and 1-azirines was not. In 
addition, the isolation o f  phenylacetates 7a add 7b seems to 
be clear proof o f  intervention o f the carbenes 14. T he form a
tion o f  nitriles such as com pounds 8 a and 8 b has been o b 
served usually in thermal decom position o f vinyl azides pos
sessing an acyl group .14 The photochem ical path o f azirine to 
isonitrile was already established by Hafner et al. 12 -15  and 
facile thermal isomerization o f various acyl-substituted iso

nitriles to oxazoles8 has been also well known. On the other 
hand, possible paths o f  7V-ylide to m esoionic com pound (9) 
may be initiated by photochem ical cis-trans isom erization 111 

o f the vinyl group o f IV-ylide 3, and proceeds via cyclization 
o f diazahexatriene com ponent (16 or 17) with elim ination. 
Similar mechanisms were proposed for some reactions . 16

Experimental Section

M e ltin g  p o in ts  w ere m ea su re d  w ith  a  Y an ag im o to  m ic ro m e ltin g  
p o in t a p p a ra tu s  a n d  a re  un co rrec ted . M icroanalyses w ere p e rfo rm e d  
on  a  P e rk in -E lm e r 240 e lem en ta l analyzer. T h e  N M R  sp e c tra  w ere  
d e te rm in e d  w ith  a  JE O L  JN M -4 H -1 0 0  s p e c tro m e te r  in d e u te r -  
ioch loroform  w ith  te tra m e th y ls ila n e  as a n  in te rn a l  s ta n d a rd . T h e  
chem ica l sh if ts  a re  e x p re ssed  in  S va lues. T h e  ir  a n d  uv  sp e c tra  w ere 
ta k e n  w ith  a  JA S C O  D S-301 a n d  a  H ita c h i E P S -2 A  sp e c tro p h o to m 
e te r.

P rep aratio n  of IV-Vinylim inopyridinium  Y lid es (3a~c). Gen-



e ra l Procedure. A mixture of alkoxyatropate (2a or 2b) and small 
excess of pyridinium TV-imine hydriodide ( la  or lb) was stirred with 
potassium carbonate in ethanol or methanol at room temperature for 
2 days. The insoluble substances were removed from the reaction 
mixture by filtration and the fíltrate was concentrated in vacuo. After 
the separation of the residue by column chromatography (alumina) 
recrystallization from dichloromethane-ether-n-hexane gave pure 
TV-ylides 3a-c .

TV- (3-Ethoxycarbonyl-3-phenylvinylimino)-2,6-lutidinium ylide 
(3a)'. orange prisms, 73%, mp 107-109 °C; v (KBr) 1640 and 1525 cm-1; 
b (CDCls) 1 .2 2  (3 H, t, J  = 7.0 Hz), 2.64 (6 H, s), 4.11 (2 H, q, J =  7.0 
Hz), 6.8-7.7 (8 H, m), and 7.94 (1 H, s); Amax (EtOH) 282 nm (« 2.39 
X  104).

Anal. Caled for C18H20N2O2: C, 72.95; H, 6.80; N, 9.45. Found: C, 
72.95; H, 6.71; N, 9.50.

TV-(3-Methoxycarbonyl-3-phenylvinylimino)-2,6-lutidinium ylide 
(3b): orange prisms, 70%, mp 131-133 °C; v (KBr) 1630 and 1500 cm-1; 
<5 (CDCI3) 2.60 (6 H, s), 3.60 (3 H, s), 6.8-7.7 (8 H, m), and 7.82 (1 H, 
s).

Anal. Caled for C17H i8N20 2 : C, 72.32; H, 6.43; N, 9.92. Found: C, 
72.34; H, 6.52; N, 9.86.

!V-(3-Ethoxycarbonyl-3-phenylvinylimino)pyridinium ylide (3c): 
red prisms, 97%, mp 119-121 °C; v (KBr) 1640 and 1520 cm-1; S 
(CDCI3) 1.27 (3 H, t, J  = 7.0 Hz), 4.16 (2 H, q, J  = 7.0 Hz), 6.9-7.6 (8 
H, m), 8.1-8.3 (2 H, m), and 8.40 (1 H, s).

Anal. Caled for C16H 16N20 2: C, 71.62; H, 6.01; N, 10.44. Found: C, 
71.54; H, 5.97; N, 10.60.

Reactions o f TV-Y lides 3a and 3b w ith  E th y l P ropiolate. G en
eral Procedure. A mixture of the TV-ylide (1.5 mmol) and ethyl 
propiolate (147 mg, 1.5 mmol) was stirred in benzene (25 ml) at room 
temperature for 2 days. After evaporation of the solvent from the 
reaction mixture the residue was separated by preparative thin layer 
chromatography (Merck Kieselgel GF254). Recrystallization of the 
crude product from dichloromethane-ether-n-hexane gave pale 
yellow plates.

4a: 235 mg (40%); mp 104-106 °C; p (KBr) 3310, 1680, and 1605 
cm -1; & (CDCls) 1.22 (6 H, t, J  = 7.0 Hz), 2.27 (3 H, s), 2.46 (3 H, s), 
4.20 (4 H, q, J  = 7.0 Hz), 6.34 (1 H, br t, J  = 12.0 Hz, NH), 6.8-7.4 (7 
H, m), 7.20 (1 H, d, J  = 12.0 Hz), and 7.24 ( lH ,d ,J =  12.0 Hz).

Anal. Caled for C23H26N2O4: C, 70.03; H, 6.64; N, 7.10. Found: C, 
70.01; H, 6.82; N, 7.03.

4b: 290 mg (51%); mp 144-145 °C; v (KBr) 3310, 1680, and 1610 
cm“ 1; S (CDCls) 1.19 (3 H, t, J  = 7.0 Hz), 2.26 (3 H, s), 2.45 (3 H, s),
3.69 (3 H, s), 4.18 (2 H, q, J  =  7.0 Hz), 6.32 ( 1  H, br t, J  = 12.0 Hz, NH),
6.8-7.4 (7 H, m), 7.73 (1 H, d, J  =  12.0 Hz), and 7.75 (1 H, d, J  = 12.0 
Hz).

Anal. Caled for C22H24N2O4: C, 69.45; H. 6.36; N, 7.36. Found: C, 
69.41; H, 6.40; N, 7.19.

Therm olysis o f TV-Y lid es 3a and 3b. TV- Ylide (1.5 mmol) was 
thermolyzed in refluxing xylene solution (25 ml) for 30 min and then 
the reaction mixture was concentrated in vacuo. The separation of 
the residue by preparative thin layer chromatography afforded the 
following compounds.

From 3a, 3 -ethoxycarbonylindole (5a), 10%, mp 122-124 °C (lit.7 
119-123 °C), v (KBr) 3210 and 1655 cm -1, b (CDCls) 1-40 (3 H, t, J  
=  7.0 Hz), 4.37 (2 H, q, J  = 7.0 Hz), 7.27 (3 H, m), 7.84 (1 H, d, J  = 3.0 
Hz), 8.18 (1 H, m), and 9.26 (1 H, br s, NH); 5-ethoxy-4-phenyloxazole 
(6 a), 31%, colorless oil, v (neat) 1645 cm-1, <5 (CDCI3) 1.42 (3 H, t, J  
=  7.0 Hz), 4.29 (2 H, q, J =  7.0 Hz), 7.38 (1 H, s), and 7.1-7.8 (5 H, m); 
ethyl phenylacetate (7a), 30%; and ethyl phenylcyanoacetate (8 a), 
trace.

From 3b: 3 -methoxycarbonylindole (5b), 7%,mp 147-148°C (lit.7 
144-145.6 °C), v (KBr) 3200 and 1655 cm -1; 5-methoxy-4-phen- 
yloxazole (6 b), 32%, colorless oil, v (neat) 1640 cm-1, b (CDCI3) 4.02 
(3 H, s), 7.45 (1 H, s), and 1.2-1.% (5 H, m); methyl phenylacetate (7b), 
2%; and methyl phenylcyanoacetate (8 b), trace.

The structures of these compounds (5-6) were determined by 
comparisons with physical and spectral data of authentic samples and 
those of compounds 7-8 by gas chromatographic identification.

When TV-ylide 3c was treated under the same condition, only a 
complex mixture was obtained.

Photolysis o f TV-Y lides 3a and 3b. A benzene solution (100 ml) 
of TV-ylide (1 mmol) was irradiated under a nitrogen atmosphere with 
a high-pressure mercury lamp through a Pyrex filter for 2-3 h. The 
reaction mixture was concentrated in vacuo and then the residue was 
separated by preparative thin layer chromatography.

From 3a: diazanaphthalene (9), 15%, mp 226-228 °C (from di- 
chloromethane-ether-n-hexane), v (KBr) 1560 cm-1, Amax (EtOH) 
282 (t 4.63 X  1 0 4) and 332 nm (< 1.29 X  104), b (C D C I3) 2.81 (3 H, s), 
7.66 (1 H, s), and 7.2-8.0 (8 H, m) (Anal. Caled for C15H 12N0O: C,
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76.25; H, 5.12; N, 11.86. Found: C, 76.13; H, 5.28; N, 11.78); ethyl 
phenylisocyanoacetate (10a), ca. 34%, colorless oil, v (neat) 2170 and 
1745 cm "1, b (CDCls) 1.20 (3 H, t, J  = 7.0 Hz), 4.16 (2 H, q ,J  =  7.0 Hz),
5.30 ( 1  H, s), and 7.36 (5 H, m) (Anal. Calcd for C1 1H 1 1NO2: C, 69.82; 
H, 5.86; N, 7.40. Found: C, 69.42; H, 5.91; N, 7.20); 3-ethoxycar- 
bonyl-3-phenyl-l-azirine (11a), ca. 10%, pale yellow oil, b (CDCI3) 1.20 
(3 H, t, J  = 7.0 Hz), 4.16 (2 H, q, J  = 7.0 Hz), 7.36 (5 H, m), and 9.81 
(1 H, s) .17

From 3b: 9; trace, methyl phenylisocyanoacetate (10b), 37%, col
orless oil, v (neat) 2170 and 1750 cm-1, 5 (CDCI3) 3.73 (3 H, s), 5.32 
(1 H, s), and 7.38 (5 H, m).

Anal. Calcd for C10H9NO2: C, 68.56; H, 5.18; N, 8.00. Found: C, 
68.22; H, 5.23; N, 7.74.

When the TV-ylides 3a and 3b were irradiated in benzene in the 
presence of benzophenone (twofold moles), isonitriles (10a, 36%, and 
10b, 37%) were obtained exclusively with decrease of irradiation time 
(ca. 15 min).

In contrast with TV-ylides 3a and 3b, TV-ylide 3c gave only a complex 
mixture on its irradiation.

Therm olysis o f Isonitriles 10a and 10b. When isonitriles 10a and 
1 0 b were heated in refluxing toluene for ca. 5 h, they rearranged to 
the corresponding cxazoles (6 a and 6 b) in 89 and 94% yields, respec
tively. These compounds were identical with those (6 a and 6 b) pre
pared by the thermolysis of TV-ylides 3a and 3b.

H ydro lysis of Ison itriles 10a and 10b. Treatment of isonitriles 
10a and 10b with 99% acetic acfd for 1 day afforded the corresponding 
formamide derivatives (12a  and 12b) in 78 and 85% yields.

TV-Formylphenylglycine ethyl ester (12a): colorless oil; V (neat) 
3240, 1735, and 1670 cm“ 1; b (CDC13) 1.14 (3 H, t, J  = 7.0 Hz), 4.14 
(2 H, q, J  = 7.0 Hz), 5.60 (1 H, d, J  =  7.5 Hz), 7.25 (1 H, br, NH), 7.28 
(5 H, s), and 8.10 (1 H, d, J  = 1.0 Hz).

IV-Formylphenylglycine methyl ester (12b): colorless needles (from 
dichloromethane-n-hexane); mp 84-85 °C; v (KBr) 3320, 1730, and 
1670 cm -1; b (C D C I3) 3.64 (3 H, s), 5.58 ( 1  H, d, J  = 7.0 Hz), 7.25 (1  
H, br, NH), 7.26 (5 H, s), and 8.09 (1 H, d, J  = 1.0 Hz).

Anal. Calcd for CioHn N 03: C, 6 2 .1 6 ; H, 5.74; N, 7.25. Found: C, 
62.04; H, 5.76; N, 6.92.

R e g istry  No,— la , 36012-28-9; lb , 6295-87-0; 2a, 15937-27-6; 2b, 
6460-86-2; 3a, 58298-83-2; 3b, 58298-84-3; 3c, 58298-85-4; 4a, 
58298-86-5; 4b, 58298-87-6; 5a, 776-41-0; 5b, 942-24-5; 9 ,58298-88-7; 
10a, 39533-31-8; 10b, 39533-32-9; 1 1 a ,  58298-89-8; 12a, 34641-48-0; 
12b , 58298-90-1; ethyl propiolate, 623-47-2.
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Synthesis of C7 Alkylated 7-Deaminocephalosporin Derivates
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Several 7-alkyl cephalosporins lacking the 7-amino function have been prepared by treatment of the 7-diazo 
derivatives of cephalosporanic acid tert-butyl esters with a variety of trialkylboranes and a dialkylborane. Mix
tures of a- and (3-substituted cephalosporin tert-butyl esters were formed. These were hydrolyzed to the free 
acids. Biological screening of the free acids (as a and (3 mixtures) showed little or no antimicrobal activity except 
for the 7-methyleneadamantyldeacetoxycephalosporanic acid. A new, very mild method of oxidation of the sulfur 
atom in the cephalosporins was discovered. Sulfoxides were isolated from the alkylation reaction.

In recent years intensive research has been carried out in 
order to obtain m odified cephalosporins with improved 
properties .1 Several groups have attem pted m odifications 
at the C7 positions o f  cephalosporins . lb ’2 As far as we know 
no cephalosporins3 are known in which the 7-amino func
tion has been replaced by an alkyl or functionalized alkyl 
group .3 By introducing such alkyl groups the lipophilic 
character o f  the molecule, and consequently its penetrating 
ability4 into the cell wall, changes. The purpose o f  the re
search reported here was to synthesize; alkylated cephalo - 
sporins lacking the amino function at the /3-Iactam C7 car
bon, and to  determine the effect o f this change on biologi
cal activity.

Results and Discussion

In order to introduce an alkyl side chain at C7 , in fact the 
replacement o f  an amino by a methylene group, we made 
use o f the reaction o f trialkylboranes with diazo esters,53 a 
reaction which we found to be applicable to diazo amides 
also. For example, the reaction o f trioctylborane with l - (a -  
diazoglycyl)piperidine in aqueous tetrahydrofuran gave the 
amide 1  in almost quantitative yield6 (Scheme I).

Scheme I

NHjChJ n̂  \ -  HN0; > NfCH^l/ \ }  CH3(CH2) i O
3—/  \—' THF/HjO Y—f

J
R - CHflCH2>7-

The diazotization o f the p-toluenesulfonic acid salt o f 7- 
am inodeacetoxycephalosporanic acid tert -butyl ester (2 , 
Scheme II) and 7-aminocephalosporanic acid te r t -butyl 
ester (4, Scheme IV) was carried out in a mixture o f  m eth
ylene chloride and water.8 It was possible to isolate the 
diazo cephem  3 in 80% and 5 in 60-80%  yield. Both com 
pounds are yellow, crystalline solids, o f  which 5  could be 
obtained analytically pure. The alkylation o f  3 with trieth
yl- and trioctylborane was only successful within a tem per
ature range from  - 4 0  to - 8 0  °C  (Scheme II). A t tem pera
tures higher than —40 °C , no products with intact /3-lactam 
ring were formed. The am ount o f water was o f crucial im 

portance to the course o f the reaction .5 W ith more than 30 
equiv o f  water, based on diazo cephem 3, no /3-lactam con 
taining products could be isolated. W ith  20-30 equiv o f 
water, sulfoxide 8 was formed. It could be shown that the 
latter was not produced during oxidative work-up.

Scheme II

co2 r’ co2
6 R ;C 2Hs-  . F?-t-Bu 8
7 R- CH3(CH2)2 , r' z t-Bu
9 R= C2H5-  , r' - H -

10 R= CH3(CH2)- ,Rl -  H-

Using minor amounts o f  water (5-20 equiv) a mixture o f 
6 and 8 was form ed, while alkylation in the presence o f  1 - 5  

equiv o f  water gave the cephem  ester 6 as the sole product. 
T he alkylated cephem esters 6  and 7 are both  relatively un
stable liquids and difficult to purify. Treatm ent o f  6  and 7  

with trifluoroacetic acid afforded the acids 9 and 10, which 
are stable for a few days at —20 °C.

Diborane reacts with alkenes containing bulky groups to 
the dialkylborane stage only .7 Since dialkylm onochlorobo- 
ranes with bulky alkyl groups react rapidly with diazo es
ters ,9 we used m onochloroborane as reagent to transform 
methyleneadamantane into the dim ethyleneadam antylmo- 
nochloroborane 11. Alkylation o f 3 with 1 1  gave two prod
ucts 12 and 14, in the statistical ratio 2:110 (Schem e III). 
The products were separated by repeated chromatography.
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Scheme III

11

13 r\  H-

7-epi-Chlorodeacetoxycephalosporanic acid ferì-butyl 
ester (14) was identical with the compound that was 
formed by treating 3 with hydrochloric acid in tetrahydro- 
furan. Treatment of 12 with trifluoroacetic acid afforded 
the acid 13 in 85% yield.

In introducing a functionalized alkyl group at the C7 po
sition we were restricted in the choice of the appropriate 
substituted alkenes. First, diborane may react with the 
double bond, with a functional group in the alkene, or with 
both.11 Second, the addition at the double bond is in
fluenced by directing effects caused by the functional 
group.12’13 3-Butenyl benzoate (15) was treated with dibo
rane to give tri(4-benzoyloxybutyl)borane (16). Reaction of 
16 with 7-diazocephalosporanic acid tert -butyl ester (5) 
gave the C7 alkylated cephem ester 17 (Scheme IV). Al-

0 r  ci

Scheme IV 
N

co2 —

though alkaline hydrogen peroxide oxidation-hydrolysis10 
of 16 revealed 15% addition of the boron at the 7 carbon 
atom of 15, no alkylated cephem ester could be detected 
which was formed by migration of this secondary alkyl 
group from boron to the C 7  carbon atom. Treatment of the 
ester 17 with trifluoroacetic acid gave the alkylated ce- 
phalosporanic acid 18, which was isolated as the sodium 
salt.

The same procedure was not successful for introduction 
of the N-butylbenzamide group (Scheme V). Treatment of 
diazo cephem ester 5 with 2.5 equiv of tri[4-(Af-benzoyl)- 
butylamino] borane (20) gave no alkylated cephem ester 21, 
but we recovered 50% diazo compound 5, after separating

h2nch2ch2ch—ch2

j BA
2J (H^NHjiCHjV-J B\5

the latter from the alcohols14 formed during the oxidative 
work-up from borane 20. We believe that chelate ring for
mation between the amide nitrogen and the boron atom in 
20 reduces the Lewis acid character of the borane and pre
vents alkylation.

To circumvent this problem an alternative approach was 
tried, in which the trialkylborane 22 reacts with 5 to give
23. Aqueous hydrochloric acid in tetrahydrofuran11 was 
needed to hydrolyze the amine-boron hydride complex to 
the free amine; however, no 24 or any other compound with 
an intact (3-lactam ring was formed. Apparently the (3-lac- 
tam does not survive these hydrolysis conditions. The al
kylation of the diazo cephem esters 3 and 5 gave rise to a 
mixture of two alkylated products with cis and trans con
figuration at the 6 and 7 position of the (3-lactam ring. This 
ratio could easily be estimated with NMR spectroscopy, by 
integration of the two doublet signals of the C6 proton, cis 
J  =  5 Hz and trans J  = 2.5 Hz, which are separated by 30 
Hz. The data are summarized in Table I. Deblocking of the 
t e r t -butyl esters with trifluoroacetic acid does not affect 
this cis-trans ratio. The presence of the A3 cephem nucleus 
was confirmed by the remaining NMR data.

No detailed study has been published about the mecha
nism of the reaction of trialkylboranes with diazo com
pounds, but it appears likely that the reaction involved 
first a coordination of the borane with the diazo compound 
to produce the quaternary boron intermediate 25 (eq 1).

25

This is followed by loss of nitrogen from 25 with either sub
sequent or concurrent migration of an alkyl moiety (eq 2).

- N 2 R 2 B

— N'-..
(2 )

Hydrolysis of intermediate 26 with water gives the desired 
product (eq 3, path A). Alternatively, it is possible that in-
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Table I

Compd Yield, % Cis, %

6 90 33
7 80 30
8 2 2 33
9 90 33
1 0 85 30
1 2 31 6

13 85 6

17 85 , ~ 2

18 85 ~ 2

termediate 26 exists in the isomeric enol-borinate form 15  

(path B), which is rapidly hydrolyzed to the product.

In cephalosporins the thermodynamically more stable 
form  is the trans-substituted (3-lactam ring, probably be 
cause the 7 substituents are more crowded in the 6  than in 
the a  configuration . 16 The a  side o f  the molecule is the 
least hindered side. Thus the main product in the addition 
o f the trialkylboranes to the diazo cephems 3 and 5 should 
be the «-substituted alkyl cephalosporin. Neither kinetic 
nor thermodynamic control appears to  be able to  influence 
this result. This is in fact the case. Using trialkylboranes 
with bulkier alkyl groups (Table I), we found an increasing 
form ation o f the trans-substituted cephalosporins. Until 
now we have been unsuccessful in changing the cis-trans 
ratio in favor o f  the cis epimer, the latter in all probability 
being the configuration which may show biological activi
ty . 17 -18

Formation o f the cephem sulfoxide 8 seems to be the 
first example o f  oxidation o f  sulfur with a trialkylborane- 
water mixture.

W e believe that it is the addition com plex o f sulfur with 
the trialkylborane that reacts with water (eq 4). Hydrogen 
gas was shown to be present by GLC.

The alkylated cephalosporins described here were tested 
for antimicrobial activity in vitro. The cis-trans mixtures 
were tested as such, because we were unable to separate the 
isomers. Only the methyleneadam antyldeacetoxycephalos- 
poranic acid showed a low but definite activity against 
some gram-positive organism. M inimum inhibitory concen
tration (M IC) values: S trep tococcu s h aem olyticu s, 12.5; 
Sarcinea lútea, 6.5; H a em op h ilu s suis, 50.

Experimental Section

The JH NMR spectra were determined on a Varían T60 spec
trometer. Chemical shifts are relative to Me4Si. Infrared spectra 
were recorded on a Perkin-Elmer 125 or 257 and Unicam Sp200. 
The mass spectra were obtained on a AEI MS 902 mass spectrome
ter. Column chromatography was carried out on aluminum oxide 
“ activ neutral” from Merck and silica gel 60-120 mesh from BDH. 
Merck silica gel PF 254 was used for preparative thin layer chro

matography. Melting points are uncorrected. Tetrahydrofuran was 
freshly destilled from LiAlH4 under a nitrogen atmosphere. We 
thank the Squibb Institute for Medical Research for a generous 
supply of 7-ADCA and some financial support to one of us 
(J.S.W.).

1-Glycylpiperidine. A solution of 9.5 g (3.4 mmol) of l-(lV-ben- 
zyloxycarbonylglycyl)piperidine19 in 10 0  ml of methanol was hy- 
drogenolyzed in the presence of 900 mg of 10% palladium on car
bon at room temperature and atmospheric pressure until the up
take of hydrogen had ceased. The solution was evaporated to 25 ml 
and the catalyst was removed by centrifugation. Evaporation to 
dryness in vacuo gave 5 g of colorless oil, which was distilled to give
4.6 g (3.2 mmol, 95%) of 1 -glycylpiperidine: bp 84-85 °C (3 
mmHg); ir (neat) 3400, 1600 cm-1; NMR (CDCD 5 1.3-1.7 (8 H),
3.2-3.6 (6 H). Anal. Calcd for C7H 14N20 : C 59.07; H, 9.93; N, 19.71. 
Found: C, 59,13; H, 9.93; N, 19.35.

l-(a-DiazoacetyI)piperidine. A solution of 500 mg (3.52 mmol) 
of 1 -glycylpiperidine in 20 ml of CHCI3 was refluxed during 15 min 
with 540 mg of isoamyl nitrite and 720 mg of acetic acid. The yel
low solution was diluted with 20 ml of CHCI3, cooled, and washed 
with 5 ml of 1 N H2SO4, 5 ml of water; 5 ml of saturated aqueous 
NaHC0 3 , and twice with 5 ml of water. After drying (Na2S 0 4) and 
evaporation to dryness in vacuo, the yellow residue was purified by 
column chromatography on aluminum monoxide activity III, using 
ether as eluent. 1 (a-Diazoacetyl)piperidine was isolated as a yel
low oil (400 mg, 2.6  mmol, 70%): ir (CH2CI2) 2180, 1600 cm-1; 
NMR (CDCI3) 6 5.2 (3 H), 3.1-3.4 (4 H), 1.2-1.7 (6 H).

1-Caprylpiperidine (1). To a solution of 0.35 mmol of trioctyl- 
borane20 in 9 ml of dry THF was added 0.1 ml of water and 46 mg 
(0.30 mmol) of l-(a  diazoacetyl)piperidine. After 3 h at 35 °C 1 ml 
of 30% hydrogen peroxide was added and the colorless solution was 
washed with brine solution (3 X 5  ml). GLC analysis indicated 92% 
yield of 1. Isolation was carried out with preparative GLC, column 
6 ft X 0.5 in. SE-30: n20D 1.4720; ir (CH2C12) 1630 c m '1; NMR 
(CDCI3) 3 0.85 (3 H), 1.55 (14 H), 1.65 (6 H); 2.20 (2 H), 3.3 (4 H). 
Compound 1 was identical in all aspects with an authentic sample.

p-Toluenesulfonic Acid Salt of 7-Aminodeacetoxycephalo- 
sporanic Acid tert-Butyl Ester (2).To 1.35 g(5 mmol) of 7-ami- 
nodeacetoxycephalosporanic acid tert-butyl ester25 in 50 ml of 
ether was added a solution of 1 .0  g (1 . 1  equiv) of p-toluenesulfonic 
acid monohydrate in 5 ml of ether and 5 ml of THF. The salt 2 
precipitated immediately. After standing in the cold for 1 h the 
salt was isolated and recrystallized from hot acetonitrile to give 2 .1  
g (95%) of white salt 2: mp 175.5 °C dec (preheated block); ir 
(Nujol) 3200-2600, 1670, 1620, 1650, 1600, 1540 cm“ 1. Anal. Calcd 
for C19H26N2S2O6: C, 51.56; H, 5.92; N, 6.33; S, 14.49. Found: C, 
51.02; H, 5.95; N, 6.06; S, 14.15.

7-Diazodeacetoxycephalosporanic Acid tert-Butyl Ester 
(3). A mixture of 265 mg (0.6 mmol) of compound 2, 1.5 g of sodi
um nitrite, 60 ml of CHC12, and 60 ml of ice water was stirred vig
orously and cooled in an ice bath. After 5 min 180 mg (0.95 mmol) 
of p-toluenesulfonic acid monohydrate was added to this mixture 
gradually over a period of 20  min and stirring was continued for 1 0  
min. The yellow mixture was transferred to an ice-cold separatory 
funnel and the organic layer was washed twice with 1 0 -ml portions 
of brine solution. After drying (Na2S 04) and evaporation in vacuo 
to dryness, the residual yellow oil was purified by column chroma
tography on 6 g of aluminum oxide activity III with CH2CI2 as el
uent. Evaporation gave the diazocephem ester 3, as a yellow oil 
which solidified: mp 42-43 °C dec; ir (CH2C12) 2090, 1760, 1700, 
1260 cm "1; NMR (CDC12) 5 5.6 (s, C6 H), 3.31 (AB q, J  = 10 Hz, 
C2CH2), 2 .1  (s, CH3), 1.5 (s, £-Bu).

7-Ethyldeacetoxycephalosporanic Acid tert-Butyl Ester
(6 ). A three-necked 50-ml flask, equipped with two pressure-equa
lized dropping funnels and a thermometer, was flushed with nitro
gen. The flask was charged with 5 ml of dry THF and cooled to 
-6 5  °C. One dropping funnel was filled with a solution of 113 mg 
(0.40 mmol) of diazo cephem ester 3 in 10 ml of dry THF. The sec
ond dropping funnel was filled with 0.8 mi (2 equiv) of 1.008 M 
triethylborane in THF, 10 ml of THF, and 0.03 ml of water. Both 
solutions were added at the same rate to the THF over a period of 
5 min, keeping the temperature at -6 5  °C. The solution was al
lowed to come to —45 °C and 5 drops of 30% hydrogen peroxide 
was added. When the temperature had reached —15 °C, the mix
ture was washed in a separatory funnel with brine solution (3 X 7 
ml). The almost colorless organic layer was cooled, diluted with 30 
ml of CH2CI2, and dried (Na2S04). After evaporation to dryness, 
the residual oil was purified by column chromatography with 7 g of 
silica gel, deactivated with 0.8 ml of water, with CH2C12 as eluent. 
Evaporation of the first 30 ml gave 1 1 0  mg (0.38 mmol, 90%) of oil
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6. Preparative thin layer chromatography with CH2Cl2- 5% ether 
afforded analytically pure 6 : ir (CH2CI2) 1770, 1720 c m '1; NMR 
(CDCI3) 8 4.84 (d, J  = 5 Hz, C6 H), 4.40 (d, J  = 2.5 Hz, C6 H), 3.30 
(AB q, J  = 18 Hz, C2 CH2), 3.5 (m, C7 H), 3.08 (m, C7 H), 2.05 (s, 
CH3), 1.85 (m, -CH 2-), 1.55 (s, i-Bu), 1.15 (t, J  = 7 Hz, CH3); mass 
spectrum m/e 283, 255, 228, 199, 158,157, 140,139, 57. Anal. Calcd 
for C14H21NSO3: C, 59.34; H, 7.47; N, 4.94; 8 11.31. Found: C, 
58.92; H, 7.45; N, 4.82; & 11.20. Uv Amax (MeOH) 265 nmR 6600).

7-Ethyldeacetoxycephalosporanic Acid (9). Compound 6 (85 
mg, 0.3 mmol) was stirred with 2.5 ml of trifluoroacetic acid during 
5 min at room temperature. Evaporation in vacuo at 10~ 2 mmHg 
gave a light brown colored residue, which was triturated with dry 
pentane. After evaporation of the pentane, the solid was taken up 
in 1  ml of CH2C12 and dropped into 15 ml of dry ether. This solu
tion was cooled for 30 min at —20 °C. A little brown solid was re
moved by centrifugation and the supernatant liquid was evapo
rated. The remaining solid was dissolved in 1  ml of CH2C12 and 
added with stirring to 50 ml of dry pentane. Compound 9 (63 mg, 
0.27 mmol, 90%) was isolated as a pale yellow, amorphous solid: 
mp 70-78 °C; ir (CH2C12) 3600-2500,1760,1720,1630 c m '1; NMR 
(CDCI3) 8 9.1 (s, COOH), 4.9 (d, J  =  5 Hz, C6 H), 4.45 (d, J  = 2.5 
Hz, C6 H), 3.4 (AB q, J  = 18 Hz, C2 CH2), 3.65 (m, C7 H), 3.15 (m, 
C7 H), 2 .2  (s, CH3), 1.9 (m, -CH 2-), 1.1 (~t, -CH 3, J  = 7 Hz); mass 
spectrum calcd, m/e 227.061; found, m/e 227.054.

7 -Ethyldeacetoxycephalosporanic Acid tert-Butyi Ester
S-Oxide (8 ). To a solution of 0.4 mmol of triethylborane in 15 ml 
of dry THF under nitrogen atmosphere was added 0.35 ml of 
water. The mixture was cooled to —60 °C and 113 mg (0.4 mmol) of 
diazo cephem ester 3 in 10 ml of dry THF was added over a period 
of 10 min. The work-up procedure was the same as described for 6 . 
The isolated colorless oil was submitted to preparative silica gel 
thin layer chromatography using ether-CH2Cl2 (1:2) as eluent. 
Compound 8 was isolated as an oil (24 g, 0.08 mmol, 20%), which 
was crystallized from CH2Cl2-pentane as a white solid: mp 141— 
145 °C; ir (CH2C12) 1780, 1720,1050 cm“ *; 'H  NMR (CDC13) 8 4.6 
(d, J  = 5 Hz), 4.2 (d, J  = 2 Hz, C6 H), 3.1-3.9 (C2 CH2, C7 H), 2.05 
(s, CH3), 1.7-1.9 (m, -CH 2-) , 1.5 (s, i-Bu), 1.0-1.3 (t, CH3); mass 
spectrum calcd, m/e 299.119; found, m/e 299.118. Hydrogen was 
proved in the gas evolving from the reaction mixture by GLC, col
umn 6  ft X 0.5 in., molecular sieves 5 A, 80 °C.

7-Octyldeacetoxycephalosporanic Acid terf-Rutyl Ester
(7). The procedure for the preparation of 6 was followed, using 
trioctylborane as alkylating agent. Compound 7 was isolated in 
80% yield after column chromatography on silica gel, deactivated 
with 10% water. Analytically pure material was obtained by pre
parative silica gel thin layer chromatography with CH2Cl2-5% 
ether as eluent: ir (CH2C12) 1770, 1715 cm-1; NMR (CDC13) 8 4.88 
(d, J  = 5 Hz, C6 H), 4.42 (d, J  = 2.5 Hz, C6 H), 3.30 (AB q, J  = 18 
Hz, C2 CH2), 3.5 (m, C7 H), 3.18 (m, C7 H), 2 .1  (s, CH3), 1.6 (s, t- 
Bu), 2.3 (octyl, 12 H), 1.0 (CH3); mass spectrum m/e 367, 339, 283, 
158, 157, 140, 139, 57. Anal. Calcd for C2oHg3NS03: C, 65.35; H, 
9.05; N, 3.81; S, 8.72. Found: C, 65.04; H, 9.05; N, 3.85; S, 8.51. Uv 
Amax (EtOH) 267 nm (e 6600).

7-Octyldeacetoxycephalosporanic Acid (10). The procedure 
for the preparation of 9 was followed. Acid 10 was isolated as an oil 
in 85% yield: ir (CH2C12) 1760, 1720, 1630 cm“ 1; NMR (CDC13) 8
9.0 (s, COOH), 4.90 (d, J  = 5 Hz, C6 H), 4.45 (J = 2.5 Hz, C6 H),
3.4 (AB q, J  = 18 Hz, C2 CH2), 2.2 (s, CH3), 1.55 (m, -CH 2-), 1.3 
(octyl, 12 H), 0.9 (CH3). Determination of the exact mass was not 
possible, because the molecular ion peak was lacking in the mass 
spectrum.

7-Methyleneadamantyldeacetoxycephalosporanic Acid 
tert-Butyl Ester (12). A solution of 120 mg (0.43 mmol) of diazo 
cephem ester 3 in 10 ml of dry ether (distilled from LiAlHi) and a 
freshly prepared solution of 2 equiv of borane 1 1  in 1 0  ml of dry 
ether were added at the same rate to each other, keeping the tem
perature at —80 °C. After 5 min 0.06 ml of MeOH was added, fol
lowed by about 1.5 ml of triethylamine to neutralize the mixture. 
After the mixture was allowed to come to —10 °C, the latter was 
washed with brine solution (3 X 5  ml). The organic layer was dried 
(Na2S0<i) and evaporated to dryness in vacuo. By preparative sili
ca gel thin layer chromatography with CH2C12 as eluent a mixture 
of 12 and 14 was isolated as an oil (114 mg). Repeated thin layer 
chromatography of this oil with benzene-acetone (9.75:0.25) gave 
54 mg (0.13 mmol, 31%) of compound 12, crystallized from 
CHCl3-pentane: mp 160-165.5 °C; ir (CH2C12) 1760, 1710 c m '1; 
NMR (CDCls) S 4.8 (d, J  = 5 Hz, C6 H), 4.35 (d, J  = 2 Hz, Ce H),
3.28 (AB q, J  =  18 Hz, C2 CH2), 2.0 (s, CH3), 1.8 (methyleneadam- 
antyl), 1 .5 5  (s, i-Bu). Anal. Calcd for C23H33NS03: C, 68.62; H, 
8.01; S, 7.97. Found C, 67.07; H, 8.13; S, 7.99. Mass spectrum exact

mass calcd, m /e 403.218; found, m /e  403.218. At the same time 22  
mg of compound 14 was isolated as an oil: ir (CH2C12) 1780, 1710 
c m '1; NMR (CDCls) 8 4.68 (d, J  = 1.5 Hz, C7 H), 4.58 (d, J  = 1.5 
Hz, C6 H), 3.3 (AB q, J  = 18 Hz, C2 CH2), 2.05 (s, CH3), 1.5 (s, t- 
Bu); mass spectrum m/e 289/291 (2:1), 233, 235, 205, 207. The 
spectra of 14 were identical with the spectra of a sample prepared 
by treating diazo cephem ester 3 (100 mg) with 1 ml of concentrat
ed HC1 in 15 ml of THF at 0  °C during 3 min.

7-Methyleneadamantyldeacetoxycephalosporanic Acid 
(13). Compound 12 (40 mg, 0 .2 2  mmol) was stirred with 0.8  ml of 
trifluoroacetic acid at room temperature during 5 min. Evapora
tion gave a light yellow syrup, which was crystallized from 
CH2Cl2-pentane to give 30 mg (0.085 mmol, 85%) of white, crystal
line 13: mp >200 CC dec; (CH2C12) 1770, 1720 cm“ 1; mass spec
trum exact mass calcd, m /e 347.155; found, m /e 347.157.

7-Diazocephalosporanic Acid tert-Butyl Ester (5). 7-Amino- 
cephalosporanic acid tert-butyl ester (4,2b 164 mg, 0.5 mmol) was 
diazotized in a mixture of 50 ml of CH2C12 and 50 ml of ice water 
with 1.5 g of sodium nitrite and 95 mg of p-TSA-H 20. After 5 min 
a total amount of 138 mg (0.77 mmol) of p -TSA-H 20  was added 
over a period of 37 min and stirring was continued for 3 min. The 
same work-up procedure as described for the synthesis of 3 was 
followed. Compound 5 (128-141 mg, 64-83%)21 was isolated as a 
yellow solid, which was crystallized from CH2Cl2-petroleum ether 
(40-.60); mp 99-99.5 °C dec; ir (CH2C12) 2180, 1765, 1730, 1710, 
1635 cm“ 1; NMR (CDC13) 8 5.5 (s, C6 H), 4.83 (AB q, J  = 18 Hz, C2 
CH2), 2.03 (s, CH3), 1.52 (s, i-Bu). Anal. Calcd for C14Hi7N30 5S: 
C, 49.54; H, 5.05; N, 12.38; S, 9.45. Found C, 49.98; H, 5.12; N, 
12.28; S, 9.33.

Tri(4-benzoyloxybutyl)borane (16). To a solution of 422 mg 
(2.46 mmol) of 3-butenyl benzoate in 4 ml of dry THF was added 
4.85 ml (0.85 mmol} of diborane in THF at a temperature of —10 
°C. After stirring for 1  h at —10 °C and 30 min at room tempera
ture, the excess of diborane was destroyed with 0.03 ml of water. 
This solution was used as such for the synthesis of 17.

7-(4-Benzoyloxybutyl)cephalosporanic Acid tert-Butyl
Ester (17). The procedure for the synthesis of 6 was followed, ex
cept that a solution of 5 was alkylated with borane 16. Compound 
17 was isolated as a colorless oil in 85% yield by preparative silica 
gel thin layer chromatography with CH2C12-10% ether as eluent. 
Despite extensive efforts, 17 could not be obtained in analytically 
pure form: ir (CH2C12) 3100, 1770, 1700-1740, 1640, 1600, 1580 
cm-1; NMR (CDCI3) 5 7.9-7.4 (aromatic protons), 4.8 (AB q, J  = 
12 Hz, C3 CH2), ~4.55 (d, J  = 5 Hz, C6 H), 4.35 (d, J  = 2.5 Hz, C6 
H), 4.25 (~t, -CH 20), 3.32 (AB q, J  = 18 Hz, C2 CH2), 2.0 (s, CH3), 
1.55-1.9 (m, 6 H), 1.5 (s, i-Bu), ~3.6 (m, C7H), ~3.1 (m, C7 H); 
mass spectrum m /e 433 (M+ — 56), 374, 155, 115, 78, 71, 57; uv 
Amax (95% EtOH) 265 nm (e 7100), 228 (14 000).

Sodium 7-(4-Benzoyloxybutyl)eephalosporanate (18). The 
same procedure as for the preparation of 9 was followed. From 100 
mg (0.20 mmol) of ester 17, 90 mg of 7-(4-benzoyloxybutyl)ce- 
phalosporanic acid was isolated as an amorphous solid: ir (CH2C12) 
3300-2500, 1775, 1730, 1700,1600, 1580,1560 cm“ 1; NMR (CDCI3) 
8 7.9-7.4 (aromatic protons), 4.85 (AB q, J  =  12 Hz, C3 CH2), 
~4.55 (d, J  = 5 Hz, C6H), -4.32 (d, J  = 2.5 Hz, C6 H), 4.25 (t, 
-C H 20), 3.3 (AB q ,J  =18 Hz, C2 CH2), 2.0 (s, CH3), 1.5-2.0 (m, 6 
H). Estimation of the exact mass was not possible, because the mo
lecular ion peak was lacking in the mass spectrum. Purification 
was effected by converting the acid into the sodium salt 18. The 
latter was isolated in 85% yield by lyophilization of an aqueous so
lution of pH 7.5: mp 150 °C dec; uv Amax (H20 ) 230, 260 nm; ir 
(Nujol) 1770,1730,1349-1600, 1580 cm“ 1.

Registry No—1, 5299-66-1; 2, 58249-90-4; 3, 58249-91-5; 4, 
6187-87-7; 5, 58249-92-6; 6, 58249-93-7; 7, 58249-94-8; 8 , 58249-95- 
9; 9, 58249-96-0; 10, 58249-97-1; 11, 58249-98-2; 12, 58249-99-3; 13, 
58250-00-3; 14, 58250-01-4; 15, 18203-32-2; 16, 58250-02-5; 17, 
58250-03-6; 18, 58250-04-7; 1-glycylpiperidine, 5649-08-1; 1-(N- 
benzyloxycarbonylglycyl)piperidine, 3886-37 -1; 1 - («-diazoacetyl) - 
piperidine, 24761-87-3; trioctylborane, 3248-78-0; 7-aminodeace- 
toxycephalosporanic acid tert-butyl ester, 33610-06-9; triethylbo
rane, 97-94-9; 7-(4-benzoyIoxybutyl)cephalosporanic acid, 58250-
05-8.
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Three aziridines, (Z)-l-butyl-, (Z)-l-benzyl-, and (Z)-l-(4-chlorophenyl)-2,3-diphenylaziridine, have been pre
pared and their reaction with nitrous acid in acetic acid studied. The principal product of the Af-alkylaziridine ni
trosation has been assigned the structure of an Af-alkylnitrosenamine, a new type of compound, on the basis of its 
chemical and spectroscopic behavior (including high-resolution MS and 1H and 13C NMR). Acid-catalyzed hy
drolysis of (£ )-l ,2 -diphenyl-l-(N-butyl)nitrosaminoethene gave benzoin in addition to the expected benzyl phe
nyl ketone. Other products from the nitrosation were benzaldehyde and ihrco-l,2-diphenyl-2-(N-butyl)nitrosam- 
inoethyl acetate. The reaction of the M-arylaziridine with nitrous acid gave these latter two types o f products, and 
AM-chlorophenylbenzamide among others. Mechanisms which accommodate these findings are discussed.

Since the discovery o f the facile nitrous oxide extrusion 
reaction o f  N -nitroso aziridines1 this transformation (eq 1)

has been o f  considerable synthetic and theoretical inter
est.2 7 W oodward and H offm ann presented the reaction as 
an example o f  a nonlinear cheletropic cycloreversion in ex
plaining the observation o f  both facile extrusion and reten
tion o f stereochemistry .8 In principle two modes o f  decom 
position are open to the IV-nitroso aziridines, a linear con- 
rotatory process and the observed disrotatory transforma-

4 5 6 7

tion, although geometric factors allow only this latter mode 
o f decom position. In order to explain the stability o f  N -n i-  
troso-3-pyrroline 4 and the nitrous oxide adduct o f  cyclooc- 
tatetraene 5 M ock and Isaac9 have postulated that unlike 
other nitrosamines the amino nitrogen o f N -n itroso aziri- 
dine exists in a tetrahedral array 6 which uniquely predis
poses it to cheletropic fragmentation. Exam ination o f the 
correlation diagram o f M ock  and Isaac has led us to consid
er the fate o f  the related species 7 where the unshared pair 
is coordinated with an alkyl or aryl cation. It appears that 
such a species is capable o f facile decom position to an ole
fin and [R— N ^ N ^ O -1]. A  species akin to  7, the trialkylni- 
trosammonium ion 8 , has been shown by Smith and L oep p 
ky 10 to lie on the pathway for the nitrosative cleavage o f 
alkyl tertiary amines. This reaction, which has been period
ically rediscovered over the past 1 0 0  years,1 1  proceeds by 
th e m echanism  depicted  in Scheme I. In this paper we

Scheme I

RaTJ +  HN02 R/N— N = 0  + H20

R2C =N R ; +  NOH

h 2o

l/N— N = 0   -------R/NH, +  R .C =0
" 4-

0 .
H

R jC —NR2' 

8

HNO.
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Scheme II

10

present our studies of the nitrosation of certain 1-alkyl- 
and l-aryl-2,3-diphenylaziridines which we presupposed 
might decompose through a species such as 7 (Scheme II, 
path F) to give either olefin via RNiO+ extrusion or alkyl 
nitrogen cleavage as depicted in Scheme II, paths A and B. 
Added impetus to this research has come fron concern over 
the carcinogenic properties of some nitrosamines which can 
be produced in the stomach from nitrite and secondary or 
tertiary amines present in foodstuffs or drugs.12

Results

Because of advantages in their handling and purification 
we chose to utilize 1-substituted 2,3-diphenylaziridines in 
this study and their synthesis by well-established methods 
is outlined in the Experimental Section. The general mode 
of aziridine ring construction utilized in this work involved 
the ring closure of the appropriate /3-chloro secondary 
amines. This method produced only the Z-l-substituted
2,3-diphenylaziridines 9a-c since the precursors to the cor-

9a,R = «-C4H9 
b,R = CHzPh

C’ R = ~ ( ( ^ ) — C 1

responding trans aziridines, the erythro /3-chloro amines, 
could not be produced from either of the diastereomeric 
amino alcohols. A variety of reagents and reaction condi
tions produced only the threo /3-chloro amines.

Although 1-unsubstituted aziridines have been nitrosat- 
ed with NOC1, we initiated our studies with an investiga
tion of the reaction of 9a with nitrous acid in 60% acetic 
acid buffered to pH 4 with sodium acetate at 90 °C because 
these are the conditions which have been employed in the 
nitrosation of other tertiary amines.10 The products of this

transformation, which were separated and purified by 
chromatography on alumina, were determined to be threo-
l ,2-diphenyl-2-(jV-n-butyl)nitrosaminoethyl acetate (10a) 
and threo- l,2-diphenyl-2-(AT-n-butyl)nitrosaminoethanol
(11) in 97% combined yield (eq 2). The alcohol 11 was

10, R = OAc
11, R = H

(2 )

found to arise from the ester 10a in the course of the work
up procedure. The key to the identity of these products was 
given by their analyses, spectral data, and independent 
synthesis, which are given in the Experimental Section.

Since the products of this transformation are similar to 
those expected from the solvolytic ring opening of the aziri
dine in acetic acid we chose to examine the fate of 9a in the 
reaction media in the absence of sodium nitrite. Treatment 
of 9a with 60% acetic acid and sodium acetate at pH 4 and 
90 °C resulted in its complete conversion to the threo 
amino acetate 12 (E = H) in 2.5 h as monitored by NMR. 
This result is not unexpected,13 and as has been observed 
for similar cases is found to occur with inversion of configu
ration at carbon as is depicted in eq 3 where E+ = H+. The 
ring opening under nitrosating conditions proceeded slight
ly more rapidly than it did in the absence of NaNC>2. It is 
therefore possible that the opening is induced by nitrosam- 
monium formation (eq 3, E+ = NO+) as well as by protona-
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12,E =  H

tion. It is just as likely, however, that nitrosation occurred 
after acid-catalyzed ring opening and for this reason we 
sought conditions which would permit the unambiguous 
study o f  aziridine nitrosation.

Our attention was next directed at glacial acetic acid as a 
suitable solvent for the aziridine and the generation o f ni
trous acid. W e found that 9a could be recovered quantita
tively after dissolution in glacial acetic acid for 2.25 h at 25 
°C . W hile such conditions do not induce aziridine ring 
opening, the “ end o f reaction”  conditions from  the addition 
o f aqueous sodium nitrite are not expected to be as hospi
table to the aziridine for they begin to approximate the 
buffered aqueous acetic acid used previously (eq 4).

2HOAc +  2N aN 0 2 —  H 20  4- 2NaOAc +  N 0 2 +  NO (4)
A

By making the extravagant assumption that all o f  the n i
trite added to glacial acetic acid is consumed as shown in 
eq 4 we prepared a solution o f the aziridine in this “ end o f 
the reaction”  media bv adding the appropriate am ount o f  
water and sodium acetate and followed the fate o f  the aziri
dine by N M R. The half-life o f  the aziridine under these 
conditions was 12.75 h and the product isolated after 24 
days o f  reaction was the threo amino acetate 1 2 .

Since the degradation o f the aziridine under these condi
tions was not rapid we undertook the study o f  the nitrosa
tion o f 3.5% (wt) solution o f 9a in glacial acetic acid. After a 
reaction time o f 2.5 h three products were separated from 
the reaction mixture (Scheme II, paths C, E, and S). The 
minor com ponents o f  this mixture were benzaldehyde (19% 
yield based on GLC) and the threo nitrosamino acetate 10a 
(yield 20%). The major product (yield 62%) o f this transfor
mation proved to be a substance o f novel structure and un
usual properties to which we have assigned the structure o f 
(E )-l,2 -d ip h en y l-l-(A r-butyl)nitrosaminoethene (13a). T o  
the extent o f  our knowledge this is the first nitrosenamine 
to be reported although allusions to them have been made 
in the literature . 14 -15  1 rs structure is based on the spectro
scopic and chemical data presented below.

The com pound 13a is a white, crystalline solid (mp
91-92 °C ), insoluble in acid and base and analyzing for 
Ci8H 2oN20 . The fact that the two phenyl groups and the 
n -butyl group have traversed the reaction course intact was 
indicated by both the 4H and 13C N M R  spectra o f  13a, the 
details o f  which are given in the Experimental Section. The 
enamine functionality o f  13a was indicated by the ir spec
trum (1650 cm -1 , w), the uv spectrum (227 nm, e 1.3 X 104, 
and 285 nm, t 1.5 X 104) in comparison with spectra o f 
known enamines and enamides16 -2 0  (223-222 and 278-312 
nm ), and its 4H and 13C N M R  spectra. The XH N M R  o f  13a 
exhibited a nonexchangeable singlet at 8 7.9 which was as
signed to the vinyl hydrogen in 13a. This signal is a full 1

Scheme III

PhCH =CPh +  C4H9N20 ' PhC =C Ph +  Q H ^ O H  
+ +*

m/e 179 m/e 178

m/e 250 m/e 263

ppm  downfield from  the vinyl hydrogen o f structurally 
similar enamides18 -19 and this effect is thought to  be p ro
duced by the deshielding o f the nitroso function  (vide 
infra). T he 13C N M R  o f 13a exhibited eight peaks in the re
gion 8 128.78-148.27 and the lowest field peak was assigned 
to the nitrogen bearing carbon on the basis o f  decoupling 
experiments which showed it to be a quaternary carbon 
and upon comparison with the spectrum o f 1 -pyrrolidino-
1,2-diphenylethene (C -l, 8 148.64). T he nitrosamino fu nc
tionality was suggested by the intense ir absorption in the 
region 1300-1500 cm -1 , the mass spectrum, which showed 
peaks due to parent minus OH and parent minus NO, and 
the 13C spectrum. T he nitrogen-bound carbon o f  13a reso
nates at 8 53.05 which compares favorably with values o f  8
59.9 and 50.4 observed for dibutylnitrosam ine .25

The cis arrangement o f  the phenyl groups in 13a is based 
on its mode o f formation (vide infra), the extreme deshield
ing o f its vinyl hydrogen, its uv spectrum in com parison 
with those o f  similar com pounds ,16 -2 0  and particularly its 
mass spectrum. High-resolution mass spectrom etry o f 13a 
confirm ed the empirical formula and gave as the m ost sig
nificant spectral feature a base peak m /e  178 having the 
formula C 14H 10 assigned the radical cation o f  diphenylac- 
etylene. This fragment and the second most abundant ion, 
the stilbene cation (m /e  179), are envisioned to arise by the 
processes shown in Scheme III .27 All o f the peaks found in 
the mass spectrum o f stilbene and diphenylacetylene were 
found in the mass spectrum o f 13a.28 The facile M cL aff- 
erty-type rearrangement o f  the parent ion to give the d i
phenylacetylene radical cation is strongly suggestive o f  the 
cis ene geometry.

W hile the extensive spectroscopic data convincingly sup
port the structure assigned to 13a its reactivity was surpris
ing but none the less corroborative and our cursory investi
gation o f its m ost interesting chemistry has dem onstrated 
the lack o f extensive skeletal rearrangements such as phe-

C4H,
I '

P1N / n " n
0 HO OI

P h ^ T l

13a

O
+  H,0 h 2s o , PhCCHoPh +  PhCHCPh (5) 

14 15

nyl migrations. The acid-catalyzed hydrolysis o f  13a gave, 
in addition to the expected product, benzyl phenyl ketone
(14), a good yield o f  benzoin 15. T he chem istry o f  13a dif-
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fered from that of other enamides and enamines in other 
ways as well, since it did not react with Br2/CCl4 or H2/Pt. 
Furthermore, 13a failed to give a positive Liebermann’s 
AZ-nitroso test and does not give any indication of isomeriz- 
ing under acidic or basic conditions to the iminooxime 16 as

13a

(6)

does its trans isomer.15,29 Numerous attempts to synthesize 
13a by independent routes have not yet met with success.29 
Our synthetic efforts have been frustrated by our inability 
to obtain the precursor erythro /?-chloronitrosamine (vide 
supra).

In addition to our investigation of the nitrosation of the 
AAbutylaziridine 9a we also examined the reaction of (Z )-
1-benzyl-2,3-diphenylaziridine (9b) with sodium nitrite in 
glacial acetic acid. This transformation proceeded in much 
the same manner as we have described for 14a to give benz- 
aldehyde (18%), (F)-l-Al-benzylnitrosamino-l,2-diphenyl- 
ethane (13b, 49%), threo-l,2-diphenyl-2-AI-benzylnitrosa- 
minoethyl acetate (10b, 18%), and an additional compound 
characterized as Ar-benzyl-Ar-(1,2-diphenyl-2-acetoxyeth- 
yl)ethanamide (19, 4%). We have also made a cursory, pre
liminary investigation of the nitrosation reaction of (Z )- l -  
(4-chlorophenyl)-2,3-diphenylaziridine (9c) in glacial acetic 
acid. Even though our study of this transformation is not 
completed, it is worth mentioning because it appears to 
take a course different from the nitrosation of the Ai-alk- 
ylaziridines. From a mixture of seven compounds produced 
in this transformation we have isolated and characterized 
benzaldehyde, threo- 1,2-di phenyl-2-A1-(4-chlorophenyl ) ni- 
trosaminoethyl acetate (10c), and At-4-chlorophenylbenza- 
mide (17, R = 4-CIC6H4). A preliminary investigation of 
the reaction of 9a with nitrosyl chloride has revealed the 
existence of numerous products and the reaction is under 
further study.

Discussion

Perhaps the most striking feature to arise from our ex
amination of the nitrosation of 1-substituted aziridines is 
the finding that the reaction proceeds neither by the path 
(F, Scheme II) taken by their 1-unsubstituted counterparts 
nor by the route elucidated for the nitrosation of tertiary 
amines (A and B, Scheme IV). A new mode of tertiary 
amine nitrosation has been uncovered, and we will now 
consider the probable origin of the various products. The 
product whose mode of formation is most easily dealt with 
is the threo nitrosamino acetate 10. The production of only 
the threo diastereomer dictates that this compound be 
formed from the aziridine with inversion of one of the car
bons as is indicated in Scheme II (path S). Even though we 
found conditions under which the aziridine was nitrosated 
much more rapidly than it underwent acid-catalyzed ring 
opening, the observation that this latter process occurs 
with the same stereochemical result will not permit the 
conclusion that 10 is formed solely by N-nitrosation fol
lowed by nucleophilic ring opening by acetate. The addi
tion of aqueous sodium nitrite to glacial acetic acid pro
duces an environment toward the end of reaction which is 
more favorable to acid-catalyzed ring opening. We are un
able without kinetic data to determine if 10 was formed by 
nitrosation before or after ring opening.

The elimination of acetic acid from the nitrosamino ace-

Ph.

Scheme IV 
R R
I I

N  *  PV 5 n : ^ .
■■ -  ! • + i

,H —  OH

Ph H
0

ph' T hA H

R

P N ^ N H  - h 2n o +
Ph

il'A
H

x h

OH

OH
I

PhCCHPh
II

+NH

H,0i
OH
I

PhCCHPh +  RNH,
II
0

tate 10 provides an appealing path for the formation of the 
W-nitrosoenamine 13. We must argue against this route for 
the formation of 13, however, because the subjection of 10a 
to the reaction and work-up conditions for the formation of 
13a did not produce 13a. Furthermore, we were unable to 
induce the formation of 13a from 10a by either pyrolysis or 
elimination catalyzed by sodium acetate or stronger bases. 
Indeed, the anti elimination of acetic acid from 10a would 
produce the trans nitrosenamine. A more reasonable path 
for the formation of 13a is depicted in Scheme II, path E. 
The nitrosenamine stereochemistry is indicative of its for
mation by a simple, acetate-induced E-2 type ring opening 
of the nitrosammonium ion 7. An alternate route involves a 
ring expansion of uncertain stereochemistry to 18 and 
would surely lead to other products as well.

18

The details of the origin of the benzaldehyde in these re
actions is a subject of current research in our laboratories 
but we will make few observations here. We presume that 
each aziridine taking the aldehyde cleavage route produces 
a single molecule of benzaldehyde. With this assumption 
our material balance is 96% for the reaction of 9a. There 
may be more than one nitrogenous product from this path
way. The only clue we have to the origin of benzaldehyde 
comes from the nitrosation of 9c which gave the benzamide 
17 as well. A possible path to these products is given in 
Scheme II, path C. Nitrosation is envisioned to occur at the 
aziridine C-C bond assisted by the nitrogen unshared pair. 
The resulting a-nitroso iminium salt isomerizes and hydro
lyzes in the media to the observed products. There are, of 
course, alternative routes.

Our data and the preceding analysis of the 2,3-diphe
nylaziridine nitrosation lead us to conclude that less than 
20% of the reaction proceeds via C-nitrosation and 82% of 
the aziridine is consumed by N-nitrosation. The nitrosam
monium ion so produced is destroyed stereospecifically in a 
classical elimination (76%)-substitution (24%) competition. 
Although we have not followed the relative product yields
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T able I. Physical P roperties o f  Aziridines and Their 
Precursors

Series Mp or bp, °C Yield, % Registry no.

a n -Butyl

Amino Ketones 

226-228 90 7253-85-2

c
HCla

p-Chloro- 164-165.5 91 58268-09-0

a

phenyl

Amino Alcohols (Erythro) 

n-Butyl 131-133 78,86 58268-10-3
c p-Chloro- 109-110 96 58268-11-4

b
phenyl

Benzyl 154-156 92 58268-12-5
a n -Butyl 60.5-61.5 85 58268-13-6

a

(threo)

Amino Chlorides (Threo) 

rt-Butyl 214-215 69 58268-14-7

c
HClb

p-Chloro- 140 53 58268-15-8

b
phenyl HC1 

Benzyl HC1 175-177 35 58268-16-9

9a n-Butylc-e

Aziridines (Cis) 

126-127 (0.1 90 58268-17-0

9c p-Chloro-
mm)

89-90.5 73 58268-18-1

9b
phenyl

Benzyld 52.5-53.5 76 42136-65-2

a Free base is an oil. b Anal. Calcd: C, 66.67; H, 7.15; N, 4.32.
Found: C, 66.75; H, 7.13; N, 4.23. c Anal. Calcd: C, 8 6 .0 0 ; H, 
8.42; N, 5.57. Found: C, 86.21; H, 8.40; N, 5.59. d Anal. Calcd: 
•C, 88.38; H, 6.71; N, 4.91. Found: C, 88.50; H, 6.82; N, 4.86. 
e rc20D 1.5510.

(10 and 13) o f this com petition as a function o f time it is 
well known that where elimination and substitution reac
tions are in com petition elimination can be favored by the 
em ploym ent o f  stronger base. As acetic acid is diluted with 
water the acetate ion becom es a weaker base and this may 
explain why nitrosenamine form ation is favored in the m e
dium  having the higher acetic acid content.

Our study o f 1-substituted aziridine nitrosation is not far 
enough advanced to determine why the reaction did not 
take paths A, B, or F o f  Scheme II. Phenyl substitution on 
the aziridine ring certainly aids the processes observed 
whereas intramolecular elimination (Schem e II, paths A  or 
B) is not expected to  be facile in small rings and is particu
larly im peded if NO and H  are not syn to  one another.

Finally we must com m ent on the unusual chem ical prop
erties o f  the nitrosenamine. Although our work on these 
substances is far from  com plete the hydrolysis o f  13a re
veals a m ode o f reaction which has not previously been re
ported for enamines or enamides. T he form ation o f  benzoin 
upon acidic hydrolysis requires that this oxidation be ac
com panied by  the reduction o f the nitrogen-containing 
fragment. Although we have not isolated a nitrogen-bearing 
fragment from  the hydrolysis mixture as yet a plausible 
m ode o f benzoin form ation is depicted below. T he reaction 
is perceived to occur by nucleophilic attack o f water on the 
alkenyl carbon which is assisted by protonation on the ni- 
troso oxygen and fission o f the N -N  bond (Schem e IV). It 
has been dem onstrated that the m ost nucleophilic site (and 
presumably the most basic site as well) in nitrosamines is 
the nitroso oxygen30 and this fact accom panied by the well- 
known resistance o f  nitrosamines to  hydrolysis and the 
elimination o f NO as N O -  or N O H  accounts for the pre
dom inance o f  the benzoin-form ing reaction path. T he for 

m ation o f benzyl phenyl ketone by  the m ore usual m ode o f  
enamine hydrolysis requires protonation on carbon and ac
ceptance o f the positive charge by the amino (am ide) n itro
gen and must be preceded in enamide hydrolysis by the 
amide hydrolysis to generate the secondary enamine which 
then hydrolyzes. The specific nature o f  this hydrolysis is 
being further explored.

In conclusion our initial studies o f  aziridine nitrosation 
have dem onstrated a new mode o f  tertiary amine nitrosa
tion which warrants further investigation. W e have d iscov
ered an enamine with unusual properties and further ex
ploration will allow us to  evaluate its synthetic utility and 
provide us with an understanding o f its reactivity.

Experimental Section

Boiling points and melting points are uncorrected. Microanaly
ses were performed by Galbraith Laboratories, Inc., Knoxville, 
Tenn. Infrared spectra were taken on a Perkin-Elmer 237B grating 
infrared spectrometer and NMR spectra were taken on a Varian 
A-60 or a Bruker HX90 spectrometer. 13C NMR spectra were mea
sured by pulse FT spectroscopy utilizing a Nicolet 1083 computer, 
and all chemical shifts are referenced to internal MeiSi. GLC was 
performed on a Microtek 2000 GCR using a 20% SE column on 
Chromosorb W with anisole as an internal standard. TLC was per
formed with Eastman silica gel plates with fluorescent indicator 
and developed with a solution of 5% ethyl acetate in petroleum 
ether “ F” , unless otherwise noted. Uv spectra were taken of cyclo
hexane solutions on a Cary 15 uv-visible spectrometer. Mass spec
tra were recorded on a CEC 21-110 mass spectrometer at 70 eV 
utilizing perfluorokerosene in the peak matching.

Synthesis of Aziridines. Aziridines were prepared by the meth
ods given below for n -butyl series. Their physical properties and 
those of their precursors are given in Table I.

Method A. erythro-1,2-Diphenyl-2-(JV-n-butylamino)etha- 
nol. eryihro-l,2-Diphenyl-2-(lV-n-butylamino)ethanol was pre
pared from irans-stilbene oxide according to the method of Lutz, 
Freek, and Murphey31 to give a 78% yield: mp 131-133 °C (lit.13 
134-135 °C); NMR (CDC13) 6 7.15 (s, 1 0 , phenyl), 4.82 (d,' 1 , 
-NCHPh, J  =  5.5 Hz), 3.88 (d, 1, PhCHOH, J  =  5.5 Hz), 2.48 (t,
1.6, -NCH2- ,  J  = 6.5 Hz), 0.62-1.70 (m, 7.4, -CH 2CH2CH3).

Method B. To 41.17 g (0.136 mol) of « - (N-n- huty 1 am ino)benzy 1 
phenyl ketone hydrochloride in 300 m! of ethanol was added drop- 
wise 4.6 g (0.121 mol, 0.484 equiv) of sodium borohydride in 125 ml 
of ethanol. The mixture was refluxed for 2  h, cooled, and poured 
into an excess of water. The crystals were collected and recrystal
lized from ethanol to give 31.14 g (82%) of eryfhro-l,2-diphenyi-2- 
(N-ra-butylamino)ethanol: mp 132.5-134 °C (lit.31 134-135 °C); 
NMR identical with that of the erythro-l,2-diphenyl-2-(AT-n-but- 
ylamino)ethanol prepared by method A.

a-(TV-n-Butylamino)benzyl Phenyl Ketone. a-(JV-n-Butyl- 
amino)benzyl phenyl ketone was prepared according to the litera
ture method and collected as the hydrochloride (56%), a white 
solid: mp 226-228 °C (lit.31 184-186 °C); ir (Nujol) (as the hydro
chloride) 2375 (NH) and 1690 cm' 1 (ketone); NMR (CDC13) (as 
the free base) & 6.9-8.3 (m, 10, phenyl), 5.39 (s, 0.6, NH, exchange
able in D20), 4.15 (s, 1 .1 , PhCH C=0), 2.3-3.8 (m, 1 .8 , -NHCH 2-), 
0.6-2.0 (m, 7.3, -CH 2CH2CH3).

threo-l,2-Diphenyl-2-(JV-n-butylamino)ethanol. threo-1,2- 
Diphenyl-2-(!V-n-butylamino)ethanol was prepared by the litera
ture method31 and collected in 58% yield as the hydrochloride, mp 
184-185 °C (lit.31 181-182 °C). Shaking a portion of the hydro
chloride with 10 % sodium carbonate solution followed by extrac
tion with ether, concentration, and recrystallization from 30-60 °C 
petroleum ether gave the free base, mp 60.5-61.5 °C (lit.31 63-64 
°C).

ihreo-l,2-Diphenyl-2-(JV-n-butylamino)ethyl Chloride.
This amino chloride was prepared by a method following that of 
Taylor, Owen, and Whittaker.32 A 300-ml single-neck round-bot
tom flask fitted with a magnetic stirrer was charged with 31.1 g 
(0.116 mol) of erythro-l,2-diphenyl-2-(AT-n-butylammo)ethanol in 
104 ml of dry chloroform. Phosphorus pentachloride (28 g, 0.13 
mol) was added slowly to the stirred mixture. A strongly exother
mic reaction ensued. The resulting mixture was cooled and the 
precipitate was collected. Recrystallization of the crude product 
from ethanol gave 32.7 g (87.5%) of a white solid as the hydrochlo
ride: mp 214-215 °C; ir 3400 cm“ 1 (weak, -NH); NMR (CDCI3) S
7.08 (s, 10, phenyl), 4.95 (d, 1, PhCHN-, J  = 9.5 Hz), 4.03 (d, 1 ,
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Table II. Nitrosation of Aziridines. Experimental Details

Expt.
no. Compd

Wt, 
g (mol)

Solvent
(ml)

Wt., g N aN 02 
(H20 , ml)

Temp,
°C

Reaction 
time, h

% yield 
of 10

% yield 
of 13

% yield 
ofPhCH O

Other products 
(% yield)

1 9a 27 60% HO Ac“ 69 90 2.5 10 10 12
(0.11) (500) (100) (88)

2 9a 8 HOAc 22 25 2.5 20.2 62.1 19.2
(0.032) (216) (30)

3 9b 2.54 HOAc 6.15 25 2 18% 49 18 19
(8.9 X IO-3) (61) (8) (4)

4b 9c 5 HOAc 12 25 2 Undetd 19 17
(0.0164) (120) (20) (?)

a 68 g o f sodium acetate added. b 31% starting material recovered.

PhCHCl, J  = 9.5 Hz), 2.3-3.1 (m, 2, NCH2- ) ,  0.7-1.7 (m, 7.5, 
-CH 2CH2CH3).

Anal. Calcd for Ci8H23NC12: C, 66.67; H, 7.15; N, 4.32. Found: C, 
66.75; H, 7.13; N, 4.23.

Hydrolysis of threo-l,2-Diphenyl-2-(N-n-butylamino)ethyl 
Chloride. The hydrolysis of the chloride was undertaken in order 
to establish unequivocally its stereochemistry and that of the aziri- 
dine 9a. The hydrochloride (5.2 g, 0.016 mol) was placed in a 500- 
ml single-neck round-bottom flask fitted with a condenser, and 
350 ml of a saturated sodium hydrogen carbonate solution was 
added. The mixture was refluxed for 16 h, cooled, and washed four 
times with ether. The ethereal extracts were combined, dried, and 
concentrated. The resulting solid was recrystallized from ethanol 
to give a white solid in good yield, mp 131-134 °C, undepressed by 
addition of an authentic sample of eryihro-l,2 -diphenyl-2 -(N-n.- 
butylamino)ethanol.

(.Z)-l-n-Butyl-2,3-diphenyIaziridine (9a). Following the 
method of Taylor, Owen, and Whittaker,32 a 3-1. three-neck round- 
bottom flask was fitted with a reflux condenser and a mechanical 
stirrer and 129 g (0.40 mol) of £hreo-l,2-diphenyl-2-(AT-n-butyl- 
amino)ethyl chloride hydrochloride was placed therein. After the 
addition of 2 . 1 2  1. of 2 2% alcoholic potassium hydroxide, the 
stirred reaction mixture was heated at reflux for 1.5 h, then cooled 
and poured into 3 1. of water. The resulting mixture was extracted 
with ether and concentrated and the resulting wet oil taken up in 
benzene and dried. The benzene solution was filtered, concentrat
ed, and distilled in vacuo, giving 86.5 g (8 6 .6%) of a colorless liquid: 
bp 114-116 °C (0.1 mm); mp 32.0-35.5 °C; ra25D 1.5510; ir (neat) 
3040, 2945, 1615, 1505, 1460, 1420, 1380, 1030, 760, 700 cm“ 1; 
NMR Ô 7.05 (s, 10, phenyl), 2.78 (s, 2, PhCH-), 2.6 (t, 1.6, -NCHa-, 
J  = 6.5 Hz), 0.65-2.00 (m, 7.4, -C H 2CH2CH3). The NMR spec
trum was not temperature dependent down to —50 °C.

Nitrosation of Aziridines. The general procedure for the nitro
sation of the aziridine involved its dissolution in the acidic solvent 
and stirring while a 10 M excess of saturated sodium nitrite solu
tion was added dropwise and the solution stirred at the prescribed 
temperature for the time noted along with quantities in Table II.

Work-up involved pouring the reaction mixture into twice the 
volume of water followed by extraction with five portions of 
CHC13, drying, and removal of the CHCI3 after analysis for benzal- 
dehyde. GC analysis for benzaldehyde was performed by adding a 
known quantity of anisole to a known volume of the reaction mix
ture and the determination of the benzaldehyde yield was made 
from the corresponding peak areas via a calibration curve. The re
action mixture or a weighed portion thereof was chromatographed 
on silica gel by eluting with 20% ethyl acetate-petroleum ether. 
The details of product characterization are given below for each 
experiment.

Experiment 1. Nitrosation of 9a. The CHC13 solution was 
subjected to GC analysis and the presence of a trace of butanal 
found, which was confirmed by its conversion to its 2,4-dinitro- 
phenylhydrazone, mp 118-122 °C (lit.33 1 23 °C). Column chroma
tography gave threo-1 ,2 -diphenyl-2 -(/V-n-butylnitrosoamino)ethyl 
acetate (10a, 10 %); mp 135-136.5 °C; Liebermann nitroso test34 
positive; ir (CCU) no -OH, or -NH, 1750 cm - 1  (ester carbonyl), 
1470, 1439, 1280, and 1030 (weak, possibly associated with N - 
NO) ;35 NMR (CDC13) b 7.30 (s, 10, phenyl), 6.70 (d, 1, PhCHN- 
NO, J =  10.5 Hz), 5.80 (d, 1, AcOCHPh, J  = 10.5 Hz), 2.90-4.10 
(broad m, 2, -CH 2N-NO), 1.94 (s, 3, acetate), and 0.65-1.70 (m, 7, 
-CH 2CH2CH3).

Synthesis of 10a. A 100-ml single-neck round-bottom flask fit
ted with a magnetic stirrer and drying tube was charged with 3.7 g 
(0.012 mol) of threo- l,2-diphenyl-2-(N-n-butyIamino)ethanol and

22.4 ml of freshly distilled acetyl chloride. The mixture was al
lowed to stir for 24 h at room temperature. The resulting crystals 
were filtered off and recrystallized from acetonitrile to give 3.15 g 
(74.5%) of product as the hydrochloride: mp 190.5-191.5 °C; ir 
(Nujol) 2700 (NH-HC1), 1750 cm“ 1 (ester carbonyl); NMR (CDC13) 
a 7.40 (m, 10, phenyl), 6.45 (d, 1, PhCHOAc, J  = 10 Hz), 4.30-4.80 
(d, 1 , PhCHNH-HCl, J  = 10 Hz), 2.92 (m, 1.6, -CH 2NH-HC1), 2.39 
(s, 3, acetate), 0.65-2.30 (m, 7.4, -CH 2CH2CH3).

A 50-ml test tube equipped with a magnetic stirrer was charged 
with 0.153 g (0.00044 mol) of ffereo-l,2-diphenyl-2-()V-rc-butylami- 
no)ethyl acetate hydrochloride and 1.3 ml of water. Sodium nitrite 
(0.4 g) in 1.3 ml of water was added in portions while stirring con
tinued.36 The mixture was stirred at room temperature for 1.5 h, 
then diluted with water and extracted with ether. The ethereal so
lution was dried overnight (sodium sulfate), then filtered and 
stripped of solvent at room temperature to give 0.14 g (30%) of 
£hreo-l,2 -diphenyl-2 -(N-n-butylnitrosamino)ethyl acetate as 
white crystals: mp 136.5-137.5 °C; mmp with 10a (expt 1) 135-136 
°C; Liebermann nitroso test positive.

Anal. Calcd for C2oH24N20 3: C, 70.65; H, 7.12; N, 8.14. Found: C, 
70.36; H, 7.34; N, 8.09.

threo- l,2-Diphenyl-2-(N-n-butylnitrosamino)ethanol (12): 7.27 
g; mp 79.0-79.2 °C; Liebermann nitroso test positive; ir (CCI4) 
3400 (-OH), no carbonyl, 1480, 1440, 1285, and 1030 cm - 1  (weak, 
possibly associated with N-NO); NMR (CDC13) 5 7.21 (s, 10, phe
nyl), 5.64 (d, 0.94, PhCHN-NO, J  = 9 Hz), 5.11 (d, 0.94, 
PhCHOH, J  = 9 Hz), 2.77-4.11 (m, 2.98, -C H 2N-NO), 0.50-1.56 
(m, 7.1, -CH 2CH2CH3).

Anal. Calcd for CisH22N20 2: C, 72.54; H, 7.51; N, 9.36. Found: C, 
72.70; H, 7.44; N, 9 40.

Conversion of 12 to 10a. threo-l,2-Diphenyl-2-(N-n- butylni- 
trosamino)ethanol (12), isolated from the reaction of 9a with ni
trous acid, was converted to £hreo-l,2 -diphenyl-2 -(N-n-butylni- 
trosamino)ethyl acetate (1 0 a) as follows:37 1 .0  g of the nitrosamino 
alcohol was added to 10 ml of dry pyridine in a 50-ml one-neck 
round-bottom flask fitted with a reflux condenser. Four grams of 
freshly distilled acetic anhydride was added through the condenser 
and the solution was refluxed for 5 min. The mixture was cooled 
and poured into SO ml of ice water. The solid was filtered off, 
washed with 2% hydrochloric acid solution, and recrystallized from 
ethanol to give a white solid, mp 139-140 °C, mixture melting 
point with 10a 139-140 °C.

Experiment 2. Nitrosation of 9a in Glacial Acetic Acid.
Chromatography c f 9.44 g of reaction mixture provided the fol
lowing compounds.

13a: 5.79 g (62.1% of crude product mixture); mp 91.5-92.5 °C; ir 
(CC14) no -NH, -OH, carbonyl, 1479, 1439, 1290, 1041 cm“ 1 (weak, 
may be associated with N-NO); NMR (CDC13) b 7.90 [s, 0.965, 
H C=C(Ph)N-NO , 6.82-7.55 (m, 10, phenyl, 3.60 (t, 1.93, 
-C H 2N-NO, J =  7 Hz), 0.70-1.95 (m, 7.21, -CH 2CH2CH3); 13C 
NMR assignments are given below in parts per million relative to
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Me4Si = 0; uv 227 nm (e 1.3 X 104), 285 (1.5 X 104); Br2/CCl4, no 
color loss; KMnCR, slow reaction; Liebermann nitroso test, nega
tive. Anal. Caled for Ci8H20N2O: C, 77.11; H, 7.19; N, 9.99. Found: 
C, 76.97; H, 7.10; N, 9.83.

Mass spectrum m /e (rel intensity): 281 (9), 280 (40), 279 (4.6), 
264 (5), 263 (3), 262 (3), 250 (3), 237 (7), 224 (2), 221 (3), 208 (2), 
207 (2), 206 (2), 196 (4), 195 (8 ), 194 (8), 193 (9), 180 (12). 179 (73), 
178 (100), 177 (18), 176 (15), 175 (5), 174 (13), 169 (6 ), 167 (37), 166
(5), 165 (10), 159 (5), 153 (5), 152 (19), 151 (9), 132 (10), 131 (53), 
126 (3), 119 (5), 118 (13), 115 (13), 105 (11), 104 (25), 103 (7), 102
(3), 91 19), 89 (6 ), 77 (14), 76 (6 ), 63 (3), 57 (5), 51 (10), 39 (5). Pre
cise mass data (formula, observed mass, calculated mass): 
C i8N20N2O, 280.1565, 280.1576; Ci3Hn, 167.085658, 167.086071; 
C i2H8, 152.061113, 152.062597; C8H7N2, 131.060125, 131.060920; 
C7H6N, 104.049648,104.050022.

10a: 1.91 g (2 0 .2%); mp 136-137 °C; mixture melting point with 
threo-l ,2 -diphenyl-2 -(iV-n-butylnitrosamino)ethyl acetate unde
pressed.

Benzaldehyde. An aliquot of the original chloroform extract 
was examined by GC for volatile compounds and benzaldehyde 
was found in 19.2% yield, based on the starting aziridine using the 
method previously given. Treatment of the extract with 2,4-dini- 
trophenylhydrazine gave benzaldehyde 2,4-dinitrophenylhydra- 
zone, mp 235-236 °C (lit.38 2 37 °C).

Experiment 3. Nitrosation of 9b in Acetic Acid. Chromatog
raphy gave threo-l ,2 -diphenyl-2 -(N-benzylnitrosamino)ethyl ace
tate (10b): mp 121.5-121.9 °C; ir (Nujol) no -OH, -NH, 1723,1733 
cm - 1  (ester carbonyl); NMR (CDC13) 5 6.88-7.45 (m, 15, phenyl),
6.70 (d. 1.08, PhCHN-NO, J  = 10.5 Hz), 5.40 (d, 1.08, PhCHOAc, 
J  = 10.5 Hz), 5.31 (d, 0.75, PhCH2N-NO, J  =  15 Hz), 1.92 (s, 2.66, 
acetate).

Anal. Caled for C23H22N20 3: C, 73.78; H, 5.92; N, 7.48. Found: C, 
73.57; H, 6.05; N, 7.33.

(/?)-. ,2-Diphenyl-l-(Ar-benzylnitrosamino)ethene (13b): 1.38 g 
(4.4 X 10“ 3 mol, 49%); mp 97.5-98 °C; ir (Nujol) no -NH, -OH, or 
carbonyl, 1474, 1440, 1305 cm- 1  (possibly associated with N = 0 ); 
NMR 1CDCI3) 5 7.95 [s, 0.78, HC(Ph)=C(Ph)N(R)NO], 6.78-7.47 
(m, 15, phenyl), 4.80 (s, 1.69, PhCH2N-NO).

Anal. Caled for C21Hi8N20: C, 80.23; H, 5.77; N, 8.91. Found: C, 
80.41; H, 5.91; N, 8.83.

Benzaldehyde assayed by the previous method, yield 18%.
19: tentatively identified by its spectra as N-benzyl-N-(l,2-di- 

phenyl-2-acetoxyethyl)ethanamide: 0.15 g; ir (neat oil) 3375 (weak, 
broad), 1730, 1685 cm- 1  (carbonyl); NMR (CDCI3) 6 7.07-8.19 (m, 
phenyl), 6.94 (s), 6.91 (d, J  = 10.5 Hz), 5.22 (d, J  = 10.5 Hz), 5.08 
(d, J  = 15 Hz), 3.90 (d, J  = 15 Hz), 2.20 (s), 1.71 (s).

Experiment 4. Nitrosation of 9c in Acetic Acid. l-(4-Chlo- 
ro)phenyl-2,3-diphenylaziridine (5.0 g, 0.0164 mol) was nitrosated 
in glacial acetic acid in the usual manner. A solid was filtered from 
the reaction mixture and the supernatant liquid extracted in chlo
roform as before. The odor of benzaldehyde was noted as is the 
usual case in these reactions. The solid filtered off proved to be un
reacted starting material (1.55 g, 31%) (NMR identical, mixture 
melting point undepressed, 86.5-88.5 °C, mp of starting material
87-88 °C). GC assay for benzaldehyde showed the yield of this 
compound to be 19.1%.

threo- l,2-Diphenyl-2-(IV-4-chlorophenylnitrosamino)ethyl ace
tate (19c) was observed (same R f  as the authentic compound).

N-4-Chlorophenylbenzamide (34) was isolated: mp 183.5-184 
°C; ir (Nujol) 3330 (-NH), 1645 cm- 1  (amide); mixture melting 
point 184-187 °C (lit.39 192 °C); TLC R ,  identical.

Control Reaction of (Z)-l-n-Butyl-2,.3-diphenylaziridine 
with Hot Buffered 60% Aqueous Acetic Acid. A solution of 1.5 
g of the aziridine 9a in 29 ml of 60% aqueous acetic acid buffered 
to pH 4-5 with sodium acetate was heated to 90 °C on a steam 
bath in a 1 0 0 -ml three-neck round-bottomed flask fitted with a 
condenser, mechanical stirrer, and dropping funnel. At 90 °C, 5.6 
ml of water was added slowly through the dropping funnel. At the 
end of 1  h, all of the aziridine had disappeared (TLC). Heating was 
continued for a total of 2.5 h. Work-up was performed as in the ni
trosation reaction. The product was an oil, threo- l,2-diphenyl-2- 
(IV-n-butylamino)ethyl acetate: 1.88 g; ir (neat) 3325 (-OH or 
-NH), 1750 (ester carbonyl, weak), and 1630 cm-1, identical with 
the spectrum for threo-l,2-diphenyI-2-(N-n-butylamino)ethyl ac
etate; NMR S 7.29 (d, 10, phenyl), 5.45 (d, 0.46, J  = 7.5 Hz), 5.00 
(d, 0.46, J  = 7.5 Hz), 4.58 (d, 0.40, J  = 8.5 Hz), 3.61 (d, 0.40, J  =
8.5 Hz), 2.81-3.22 (m, 1.03), 2.26-2.70 (m, 0.91), 2.03 (s, 1.84, ace
tate), 0.48-1.92 (m, 7.75. -CH 2CH2CH3).

Reaction of (Z)-l-n-Butyl-2,3-diphenylaziridine with Gla
cial Acetic Acid. The fate of the aziridine 9a in glacial acetic acid

at room temperature was monitored by following the changes in 
the aziridine ring protons in the NMR. The peak corresponding to 
the ring protons was unchanged and undiminished after a 1 -h peri
od.

In a separate experiment, 1.0 g of the aziridine 9a was dissolved 
in 25 ml of glacial acetic acid and stirred for 2.5 h at room temper
ature. Following the standard work-up, ir and TLC demonstrated 
the product to be unchanged starting material. No ring-opening 
products were observed and 1 .0  g of the aziridine was recovered.

Lifetime Study of (Z)-l-n-Butyl-2,3-diphenylaziridine 
under Conditions Corresponding to the End of the Nitrosa
tion Reaction in Glacial Acetic Acid. A solution corresponding 
to that obtained after the total decomposition and loss of nitrous 
acid under the glacial acetic acid nitrosating conditions was pre
pared by mixing 2.61 g of sodium acetate, 3.24 g of water, and 20.8 
g of glacial acetic acid. Under the conditions of the reaction 0.8 g of 
the aziridine should be added but this is too little to allow the ring 
protons to be seen conveniently in the NMR spectrum. Instead,
1.25 g of the aziridine was added to give a satisfactory NMR signal. 
The aziridine dissolved slowly. The 4H NMR was followed for 13 h 
and the ratio of the integrated intensities of the phenyl to aziridine 
ring protons obtained.

Table III. Kinetics of Solvolysis of 9a under “End of the 
Reaction Conditions”

Time, min Ratio6 Time, min Ratio6

1 0 1 0 :1 .6 8 125 10:1.27
2 0 10:1.52 150 10:1.17
50 10:1.62 765 1 0 :1 .0 2
75 10:1.34

0 As followed by JH NM R at 35 °C. 6 Aromatic to aziridine 
ring hydrogens.

The portion of the reaction mixture that was not used for the 
NMR study was allowed to stand for 24 days, at which time the 
now lavender solution was neutralized with 1 0 % sodium carbonate 
solution and subjected to the standard work-up. The oily product 
possessed the following spectral properties: ir (neat) 3370 (-OH or 
-NH), 1735 (ester), 1620 cm“ 1 (amine); NMR (CDC13) 5 6.83-7.50 
(m, 10, phenyl), 5.42 (d, 0.75, PhCHN, J  =  7.5 Hz), 5.02 (d, 0.75, 
PhCHOAc, J  = 7.5 Hz), 3.00 (m, 1.27 NCHj-), 2.01 (s, 2 .2 , ace
tate), 0.45-1.58 (m, 7.3, -CH 2CH2CH3).

Stability of 13a and 10a under the Reaction Conditions. 
(A)-1,2-Diphenyl-1 -(iV-n-butylnitrosamino)ethene (13a, 0.5 g) was 
placed in 13.5 ml of glacial acetic acid and treated with 2.37 g of so
dium nitrite in 1.87 g of water, added all at once. The solution was 
stirred for 2 h, then given the standard work-up to yield 0.5 g of 
unchanged starting material, mp 88-89 °C.

Similarly, 0.5 g of threo-l ,2 -diphenyl-2 -(iV-n-butylnitrosami- 
no)ethyl acetate (1 0 a) was treated to the reaction conditions above 
with 0.47 g of unchanged starting material isolated at the end of 2 
h, mp 133-135 °C.

Hydrolysis of (£7)- 1 ,2 -Diphenyl-l-(N-n-buty lnitrosami- 
no)ethene (13a) in Acidic Dioxane. The N -nitrosenamine 13a 
(1.0 g, 0.0036 mol) was taken up in a solution of 45.5 ml of dioxane,
22.5 ml of water, and 3.0 ml of concentrated sulfuric acid and re
fluxed for 47 h. The reaction mixture was poured into excess water 
and extracted into ether. The ether extract was spotted on freshly 
prepared silica gel TLC plates and run against starting material, 
benzoin, and benzyl phenyl ketone in 5% ethyl acetate-petroleum 
ether F. The TLC showed no spots due to 13a and only those of 
benzoin ( R f  0.065), benzyl phenyl ketone ( R f  0.325), and 13a ( R f  
0.45). After drying the ether was stripped to give a solid-oil mix
ture. Removal of the solid and recrystallization from ethanol gave 
benzoin (0.25 g, 37%), mp 129-130 °C (lit.40 129.5-130.5 °C). The 
oil and the stripped filtrate from the crystallization were chroma
tographed on silica gel to give benzyl phenyl ketone which was 
identified as its 2,4 dinitrophenylhydrazone, mp 198-199 °C (lit.41 
204 °C).

Synthesis of 1,2,Diphenyl-1-pyrrolidinoethene. This enam- 
ine was prepared from benzyl phenyl ketone and pyrrolidine by 
the method of Dulou et al,17 and its properties agreed with those 
reported for it: ir C=C , 1610 cm-1; uv 227 nm (c 1.25 X 104), 312 
(1.98 X 104); 'H  NMR > C = C H - 5 5.32; 13C NMR assignments 
given below.
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Registry No.— 10a, 582G8-19-2; 10b, 58268-20-5; 10e, 58268-
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acetate HCl, 58268-26-1; ihreo-l,2-diphenyl-2-(lV-re-butylami- 
no)ethyl acetate, 58268-27-2; 1,2-diphenyl-l-pyrrolidinoethane, 
58268-28-3.
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The Configuration1 of Nicotine. A Nuclear Magnetic Resonance Study
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Radiofrequency irradiation of the IV-methyl group in nicotine at pD values of 11.0, 5.0, and 0.8 caused nuclear 
Overhauser enhancements (NOE) of the pyridyl protons and the C-2' and C-5' protons on the pyrrolidine ring. 
However, irradiation of the tV-methyl group at 3.13 ppm of nicotine in trifluoroacetic acid solution (TFA) did not 
cause an NOE on the pyridyl protons but rather on the C-2' and C-5'0 protons. In TFA, the rate of deprotonation 
of nicotinium diacid salts is slow compared to the NMR time scale, and the peak at 3.13 ppm is attributed to the 
nicotinium salt in which the IV-methyl group is trans to the pyridine ring. A second singlet at 2.82 ppm is attributed 
to the nicotinium salt in which the IV-methyl group is cis to the pyridine ring. These assignments were established 
by NMR studies in mixtures of TFA-TFA-d. These results are interpreted in terms of nitrogen protonation-depro- 
tonation-pyramidal inversion equilibria and the complexities of NOE studies on configurationally mobile systems. 
The rates of inversion and proton relaxation are considered. It is estimated that nicotine-free base exists with its
IV-methyl group preferentially (90.9 ±  0.9%) trans to th

The configuration1 of nicotine and nicotine acid salts has 
been a topic of concern for many years.2*9 Nicotine structural 
analysis indicates two unknown features: the orientation of 
the IV-methyl group and the relative position of the pyridine 
and pyrrolidine rings. Experimental determination of these 
two structural parameters is complicated by the likelihood of 
low energy barriers to change.10 We now report the results of 
our studies which show that the preferred (>90%) configu
ration of the IV-methyl group in nicotine is 1' (R) (i.e., trans 
to the pyridine ring) under a variety of experimental condi
tions.

Recently, Chynoweth, Ternai, Simeral, and Maciel8 con
cluded on the basis of their NMR studies of nicotine in CDCI3 
and D2O “that the N-methyl group is preferentially on the 
same side of the pyrrolidine ring as the pyridine ring” . That 
conclusion8 contrasted with perturbative configuration in
teraction calculations performed by Pullman, Courriere, and

ridine ring by gas-phase kinetic quenching experiments.

Coubeils,7® which indicated that 1 (see Scheme I) was ap
proximately 4 kcal/mol more stable than 2.11 Other investi
gators2̂  based their configurational assignments on (1) steric 
evaluations using space-filling models or (2) déméthylation 
studies of nicotine TV'-oxide. Any conclusion based on these 
latter two criteria meets with severe criticism.12 Finally, Koo 
and Kim5 have reported the x-ray analysis of a crystal of ni
cotine dihydriodide in which the IV-methyl group was in a 
trans configuration with respect to the pyridine ring (cf. 3). 
However, the crystalline sample was undoubtedly prepared 
under conditions in which the equilibria shown in Scheme I 
were operative, and it is theoretically possible that a minor 
component, or one of a number of components, crystallized. 
In addition, conclusions based on x-ray data of a solid cannot 
necessarily be applied to the conformation or configuration 
of the same molecule in solution, especially if protonation- 
deprotonation reactions are occurring in solution.14
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Table I. NOE Studies o f  N icotine 0

Sample
description Figure

Position irradiated, 
ppm Proton irradiated^

Position observed, 
ppm

Proton
observed

%
enhancement®

pD 11.0° 1 2.16 N -C H 3 of 8.52 2,6 1 0 .8

1 2 7.98 4 1 0 .0

pD 5.0“ 2 2 .8 8 N -C H 3 of 8.69 2,6 5.9 (4)b
5 <=s 6 4 10.9 (10)fc

pD 0.8° 3 2.98 N-CH3 of 9.00 2,4,6 8 .1
3 ^ 1 4.00 5'a 5

3.58 57? 5
Trifluoroacetic 4 3.13 N -C H 3 of 9.36 2,4,6 0

acid-d 3 d 4.90 2' 13
4.28 5 'a 3
3.58 5 7 ? 1 1

2 2 % DC1 f,g 3.13 N -C H 3 of 9.36 2 ,4,6 0
3d 4.90 2' 12.5

4.28 5'a 3
3.58 5'd 1 1

° Acidity was adjusted with D2SO4 in D2O. b Data from ref 8. c See Experimental Section for instrumental details. d See text for 
discussion of assignments. e Enhancements reported are based on total number of protons in the multiplet observed and not on the 
number of protons expected to be enhanced, f Essentially identical with Figure 4. g Similar results were found with concentrated DC1.
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Results and Discussion

A knowledge of the intramolecular distance between the 
A"-methyl group and the pyridine ring would be sufficient to 
uniquely determine the cis-trans nature of the IV-methyl 
group in nicotine. Recently, the intramolecular nuclear Ov- 
erhauser effect (NOE) has been utilized to determine intra
molecular distances between atoms.15 This technique mea
sures an area change of the NMR signal of one atom when a 
second radiofrequency field is applied at the resonance fre

Figure 1. NMR spectra of nicotine, pD 11, at 100 MHz.

2 .8 8  ppm

Figure 2. NMR spectra of nicotine, pD 5.0,100 MHz. At this pD, only 
the pyrrolidine nitrogen is protonated.

quency of another atom. Since the magnitude of the area in
crease is strongly dependent on the intramolecular distance 
between the atoms involved (1/r6 dependency), structural 
information is often obtainable.

Ternai et al.8 attempted to utilize the intramolecular NOE 
data from nicotine to determine structural information. Table 
I summarizes their results and includes our data as well (see 
Figures 1-4). At pD >0.8, irradiation of the IV-methyl group 
clearly results in a substantial NOE signal enhancement of 
the 2- and 4-pyridyl protons. Molecular models indicate that
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2.98ppm

Figure 3. NMR spectra of nicotine, pD 0.8, at 100 MHz. At this pD, 
both nitrogens are protonated but deprotonation is extremely rapid 
compared to the NMR time scale.

Figure 4. NMR spectra of nicotine in trifluoroacetic acid-d at 100 
MHz. In this solvent, both nitrogens are protonated and deprotona- 
tion is slow compared to the NMR time scale.

only in 2 is the methyl group of nicotine-free base sufficiently 
close to the pyridine ring protons to cause an NOE. These 
considerations led Ternai et al.8 to conclude that 2 is the 
predominant stereoisomer of nicotine-free base in solution.

However, for systems in which conformational or configu
rational equilibria are possible, the rate of interchange must 
be considered. This was elegantly demonstrated by Saunders 
and Bell,16 who considered the NOE of dimethylformamide
(7). At 90 °C, the two methyl signals are separated by 0.15

H CH3 CIS
\ /

C ---------N
^  \

O CH3 TRAMS

7
ppm; however, NOE studies showed that irradiation of each 
signal independently resulted in equal enhancements (28%) 
of the formyl proton. It is expected that the methyl group cis 
to the formyl proton should show an NOE and that the trans 
methyl group is too distant to cause an enhancement. Indeed, 
at 31 °C, the NOE for the trans methyl was almost zero, but 
as the temperature was raised the enhancement increased to 
the limiting value of 28%. This phenomenon is explained by
(1) spin saturation of the trans methyl group; (2) tempera
ture-dependent rotation about the amide linkage, thereby 
effectively interchanging methyl groups; and (3) spin-spin 
interaction and NOE enhancement. Thus, in a mobile system, 
the observation of an NOE is not sufficient evidence on which 
to base conformational or configurational preference.15’16

3,13 ppm 
h J = 5.2hz

Figure 5. NMR spectra of nicotine in trifluoroacetic acid at 100 MHz.

These considerations indicate that the observed NOE en
hancements of nicotine discussed above (see Table I, pD >0.8) 
could be a phenomenological effect of a conformationally or 
configurationally mobile system. We, therefore, investigated 
the NOE of nicotine at various acidities since it is well known17 
that the rate of deprotonation and nitrogen inversion can be 
markedly decreased by increasing acid concentration.

The NMR of nicotine in trifluoroacetic acid-d (TFA-d) is 
shown in Figure 4. In this solvent, the rates of deprotonation 
(4 —<• S —► 2 and 3 — 5 -»  l) have been slowed considerably. 
Indeed, careful inspection of Figure 4 reveals a singlet at 2.82 
ppm which can be attributed to the methyl group in 4 in ad
dition to a singlet at 3.13 ppm for the methyl group in 3. Ac
cumulation of multiple repetitive scans of nicotine in TFA-d 
allows the observation of a multiplet at 5.50 ppm which cor
responds to the proton at C-27 of 4 in addition to a multiplet 
at 4.90 ppm for the C-27 proton in 3.24

To establish that the resonance at 2.82 ppm is due to the 
methyl group in 4, the NMR of nicotine was run in TFA 
(Figure 5) and in mixtures of TFA-d and TFA (Figure 6). The 
methyl group of 8 should appear as a doublet while the methyl 
group of 9 should be a singlet. The combination of 8 and 9 in

H D
8 9

solution produces a triplet (the combination of a singlet and 
a doublet) at 3.13 ppm and a triplet at 2.82 ppm (Figure 6) in 
which the ratio of the doublet area to the singlet area is equal 
to the ratio of TFA to TFA-d (see Figure 6).24

Thus, increasing the acidity of the nicotine solution effec
tively freezes out, relative to the NMR time scale, the two 
diastereomeric nicotine acid salts, 3 and 4. The similarities of 
this to the often utilized variable-temperature NMR experi
ments are readily apparent.

Table I shows the results of NOE experiments performed 
on the nicotine-strong acid mixtures. Irradiation of the N -  
methyl group singlet at 3.13 ppm resulted in no area en
hancement in the pyridyl proton region, indicating that the 
methyl group at 3.13 ppm is trans to the pyridine ring, i.e., this 
methyl group is from 3. However, large NOE (>11%) were 
observed for two of the three protons a  to the prrrolidine ni
trogen (4.90 and 3.58 ppm) when the 3.13-ppm singlet was 
irradiated.

The multiplet at 4.90 ppm was assigned to the C-27 proton 
of 3 using both decoupling experiments and chemical shift
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J= 5.2Hz

evaluations. W hen a decoupling frequency was applied to the 
C -3 ' and C -4 ' proton region, the m ultiplet at 4.90 ppm  was 
simplified to a doublet with a coupling constant o f  8 .8  Hz due 
to coupling with the proton on the protonated nitrogen (H - 
C -N -H  coupling). Under these decoupling conditions, mul
tiplets at 3.58 and 4.28 ppm  approximated somewhat complex 
A B M  patterns due to geminal coupling and H -C -N -H  cou
pling. The signal at 3.58 ppm was assigned to the C-5'/3 proton

X =  H , D  o r  n i t r o g e n  lo n e  p a i r  

1 0

(cf. 10) because o f the observed NOE. Furthermore, quanti
tative N M R  shift analysis o f  nicotine with increasing acid 
concentration confirm these assignments. T he observation 
o f  an NOE for the C-2' and C-5'/3 protons and the failure to 
observe an NOE for the pyridyl or C -5 'a  protons confirm  the 
assignment o f the 3.13-ppm singlet as the resonance from the 
methyl group o f  3.

An NOE enhancement in the pyridyl protons was observed 
when the m inor methyl group singlet at 2.82 ppm  was irradi
ated, but evaluation o f  this N O E is hampered since the pyr
rolidine resonances appear in the 2.5 -3 .2-ppm  region and an 
NO E would be expected from  these protons on the pyridyl 
protons.

Further confirmation o f the trans configuration o f  the major 
isomer can be obtained by considering the relative chemical 
shifts o f  the large (3.13 ppm ) and small (2.82 ppm ) methyl 
groups and the large (4.90 ppm ) and small (5.50 ppm ) C-2' 
protons in the 3-4 mixture. Examination o f  space-filling 
models reveals that in the cis orientation, the methyl group 
is much closer to the face o f  the pyridine ring than in the trans 
orientation in which the methyl group appears to be almost 
antiperiplanar to the pyridine ring. The anisotropic magnetic 
field generated by the circulating it electrons in the aromatic 
ring would therefore be expected to shield the cis methyl group 
near the face o f  the pyridine ring, resulting in an upfield shift 
for that methyl group.18® In fact, this is observed for the 
smaller methyl group, i.e., the methyl group in 4. A similar 
argument can be made for the relative positions o f the C-2' 
proton and the N -m ethyl group, since it is established that 
a methyl group is capable o f  shielding protons in close prox

3.13 ppm

Whidby and Seeman

r*i j=5.2 hi

Figure 6B. NMR spectra of nicotine in 1:1 trifluoroacetic acid-tri- 
fluoroacetic acid-d at 100 MHz.

imity to itself.18b Comparing 3 and 4, the methyl group is 
closer to the C -2 '  proton in 3 than in 4, and the C -2 ' proton o f 
3 would be expected to be upfield relative to the C -2 ' proton 
o f 4.

T he NO E experiments in strong acid were also perform ed 
in 2 2 % DC1 and 38% DC1 (see Table I). T he results obtained 
in these solvents were essentially identical with the NO E 
found (or not found) in TFA. These duplicate experiments 
were necessary to evaluate the possible complications o f  T F A  
as solvent in N M R  relaxation studies. It is known 19  that the 
19F dipoles o f  the solvent T F A  are large and could provide a 
com peting relaxation mechanism for the pyridine ring pro
tons, thereby short-circuiting any excess polarization o f  these 
protons produced by saturating the IV-methyl group. H ow 
ever, the similarity o f  the results in the nonfluorinated sol
vents and the observation o f  NO E for som e o f  the protons in 
T F A -d  mitigate against this com plication.

These results reemphasize the im portance o f considering 
rate processes in NO E measurements involving systems 
possessing configurational or conformational m obility. In the 
case at hand, saturation o f the N -m ethyl resonance will result 
in an NOE for the pyridine protons only if  these protons are 
relaxed to a significant extent by the m ethyl protons. For n i
cotine, an NO E would be observed even if the methyl group 
spends only a very small portion o f its time in the cis orien
tation, given the simultaneous condition that relaxation by 
other mechanisms is insufficient to com pletely relax the 
methyl group when it is trans to  the pyridine ring .15

This explanation applies when nitrogen inversion is rapid 
relative to 1 / T i itrans for the methyl proton, otherwise the 
methyl protons would have sufficient time to return to spin 
equilibrium. This is the case for nicotine in neutral, basic, or 
mildly acidic solutions. For example, we have determined that 
1 /Ti,trans is 0.75 s - 1  in concentrated DC1 solution. Proton re
laxation rates are com m only slow. W e have attem pted to 
freeze out nicotine using low-tem perature N M R  techniques, 
but even at —145 °C  (in CF2CI2) we observed no line broad
ening o f the iV-methyl group. Nitrogen atomic inversion is well 
known to be a very facile process,17® and E £ for related IV-alkyl 
pyrrolidines have been found to be less than 1 2  kcal/m ol, and 
should be even more facile a process for nicotine owing to 
steric acceleration o f  inversion.17® The fact that the acidity 
o f  the nicotine medium must be very high in order to slow 
down the 3 «=t 4 interconversion (see above) is indicative o f  an 
exceedingly low E a.20

At the other extreme, the observation o f two methyl groups 
and two C-2' protons in the nicotine-T F A -d solutions clearly 
indicates that the deprotonation -inversion -protonation  
processes have been slowed down considerably. However, the
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observation of two sets of signals is not inherently sufficient 
to make transfer of spin saturation inefficient. The time scales 
for NOE and collescence phenomenon are different. Coales
cence is related to the frequency difference of the protons in 
their different orientations while NOE phenomena are related 
to the Ti of these protons.16

We have evaluated the low inversion rate conditions in four 
fashions. First, when the nicotine-DCl mixture is irradiated 
at 4.90 ppm, corresponding to the C-2' proton in 3, no decrease 
in the area of the multiplet at 5.50 ppm corresponding to the 
C-2' proton of 4 was observed. Thus, spin saturation is not 
transferred under these conditions from 3 to 4. Apparently, 
the relaxation time is short enough not to allow transfer of 
saturation.

Second, when the nicotine-DCl mixture was irradiated at
3.13 ppm (cf. above), only the C-2' and C-5'/3 protons were 
enhanced. The C -5'a  proton did not show an NOE. If the de
protonation-inversion-protonation processes were occurring 
with an overall rate of the same order of magnitude of the rate 
of relaxation, an NOE would have been expected for all three 
of these protons (cf. experiments of nicotine pD 0.8).

Third, when a sample of nicotine is treated with 1:1 
D2S04-TFA-d,21 a mixture of diastereomers 9 is formed. 
Subsequent treatment with 1:1 H2S04-TFA  allows a crude 
determination of the deprotonation-inversion rate by an 
analysis of the rate of transformation of 9 —► 8. After 120 h, no 
NMR evidence for the formation of 8 was observed. Under 
these conditions, the deprotonation-inversion rate is many 
orders of magnitude slower than l/T i,trans-

Fourth, when a crystalline sample of isomerically pure 
tran s-nicotine dihydriodide (3)14 was dissolved in concen
trated DC1, H-D exchange at the pyrrolidine nitrogen was 
observed by following the disappearance of the doublet and 
appearance of the singlet at 3.13 ppm, i.e., 8 —*- 9. This H-D 
exchange was essentially complete after 1 h. However, even 
after 4 h, cis -nicotine dideuterioiodide was not formed under 
these conditions, as judged by the absence of both the C-2' 
proton at 5.50 ppm and the N'-methyl group at 2.82 ppm. 
Upon addition of D20  to this solution (to form approximately 
22% DC1), a significant quantity (~ 10%) of 4 formed within 
15 min. Thus, in concentrated DC1, a solvent less acidic than 
either TFA, sulfuric acid, or TFA-sulfuric acid mixtures used 
above, the nicotinium salt is capable of deprotonation to form 
the amine followed by reprotonation without nitrogen in
version. This is not unexpected as the rate constant for ni
trogen inversion is slower than the rate constant for proton
ation.

Thus, the accumulated evidence proves that 3 and 4 formed 
in the nicotine-concentrated DC1 or TFA mixtures have rates 
of deprotonation and inversion sufficiently less than their 
respective 1/Ti’s, thereby satisfying the conditions necessary 
for the NOE studies at low interconversion rates.

The ratio of 3:4 can be used to determine the ratio of 1:2 if 
protonation to form 3 and 4 occurs faster than deprotonation 
and inversion.22 Kinetically controlled protonation conditions 
can be met since (1) protonation can be made effectively ir
reversible by adjusting the acidity of the solution and (2) by 
quenching the amine with acid in the gas phase. The former 
criterion has been demonstrated in TFA-d-D2S04 by mea
suring the conversion of 9 —» 8. The latter condition removes 
the objection of reversible protonation at the interface of the 
acidic and basic phases during the mixing process.

A dilute stream of nicotine vapor in argon was mixed with 
hydrogen chloride gas. A solid, crystalline mass of nicotine 
dihydrochloride 8 was formed at the region of mixing and this 
was treated with D2S04-TFA-d (1:20) under anhydrous 
conditions. The failure to observe 9 after 20 h proves that the 
deprotonation-inversion processes do not interfere with this 
analysis. Careful integration of the C-2' protons of 3 and 4

allowed determination of the ratio 3:4 = 1:2 = 10:1. Thus, ni
cotine in the vapor phase is 90.9 ±  0.9% 1.

The relative concentrations of 1-6 (cf. Scheme I) under 
various conditions may well be important in the evaluation 
of the chemical behavior of nicotine. However, this work is also 
pertinent to the conformational and configurational analysis 
of many other alkaloid bases which possess a substituted ni
trogen atom capable of facile pyramidal inversion.23 Spec
troscopic techniques are well geared to solving the complex 
questions of conformational and configurational analysis, but 
caution is the keynote in any such analysis.

In summary, we have demonstrated (1) that nicotine exists 
90% in the V  (R ) configuration; and (2) that the use of the 
NOE for determining nitrogen configuration must be evalu
ated under slow inversion conditions relative to the appro
priate relaxation conditions.24

Experimental Section

The NMR spectra of nicotine (5% v/v) at various acidities were 
recorded on a Varian XL-100 operating at 100 MHz. The spectrom
eter was operated in the pulse Fourier transform mode, using a Digilab 
data system (FTS/NMR-3) and pulse unit. The samples used for the 
NOE measurements were thoroughly degassed by at least five 
freeze-pump-thaw cycles. The power from the decoupler was held 
at a minimum since the pyrrolidine proton resonances were close to 
the N -methyl resonance. The pD of the D2 0 -nicotine solutions was 
determined on a Corning Digital 110 line operated pH meter 
standardized with NBS buffer solutions.
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The reaction of l-phenyl-l,2 -propanedione (I) with methylguanidine (II) at —10 °C yielded 2-amino-4,5-dihy- 
droxy-l,5-dimethyl-4-phenylimidazoline (Ilia) in methanol and 2-amino-4,5-dihydroxy-l,4-dimethyl-5-phenylim- 
idazoline (Illb) in ethanol. Catalytic hydrogenation of the reaction mixture of I and II in methanol produced 2- 
methylamino-4(5)-methyl-5(4)-phenylimidazole (Vic). Ilia and Illb were converted to 2-amino-5-chloromethyl-l- 
methyl-4-phenyl- and 2-amino-4-chloromethyl-l-methyl-5-phenylimidazoles (Va and Vb) by concentrated hydro
chloric acid treatment. Va and Vb produced 2-amino-l,5-dimethyl-4-phenyl- and 2-amino-l,4-dimethyl-5-phenyl- 
imidazoles (Via and VIb) by catalytic hydrogenation and 2-amino-5-ethoxymethyl-4-phenyl- and 2-amino-4- 
ethoxymethyl-5-phenylimidazoles (Vila and Vllb) by ethanolysis. 2-Amino-5-hydroxymethyl-l-methyl-4-phenyl- 
imidazole (Villa) was obtained by hydrolysis of Va in dilute hydrochloric acid.

W e have previously reported that 2-(disubstituted 
am ino)-4-m ethyl-5-phenyl-4ff-im idazoles, produced in good 
yields by the reaction o f l-phenyl-l,2 -propanedione with
1,1-disubstituted guanidines in methanol at —10 °C, are useful 
as intermediates for synthesizing various 2-(disubstituted 
am ino)im idazoles.1 W e have now explored the synthesis o f
2-am ino-l-m ethyl- and 2-m ethylaminoimidazoles by the 
application o f this m ethod to methylguanidine.

T he reaction o f  l-ph en yl-l,2 -propan ed ion e  (I) and 
methylguanidine (II) in methanol at —10 °C  yielded a white 
powder, mp 54.5-55 °C  dec (A -l) , with molecular formula 
C n H i5N 3 0 2 -CH30 H. This material showed absorption bands 
at 1650 and 1570 cm -1 , which may be assigned to a 417-imid
azole ring.1 W hen the reaction mixture was hydrogenated in 
the presence o f  P t catalyst without isolation o f A - l ,  2-meth- 
ylam ino-4(5)-m ethyl-5(4)-phenylim idazole (V ic) was o b 
tained. The N M R spectrum o f V ic exhibited a doublet for the 
jV-methyl protons due to coupling with the proton on the same 
nitrogen atom. Ir and mass spectral and elemental analyses 
were consistent with this structure. Accordingly, one o f the 
possible structures for A - l  was 2-methylamino-477-imidazole
(IV ) but this structure was inconsistent with the observed 
mass spectral fragmentation pattern. The mass spectrum o f 
A - l  lacked the M + — C6H 5CN fragment ion characteristic for
2-(disubstituted amino)-477-imidazoles.1 The abundant ions 
in the mass spectrum o f A - l  were those o f  m /e  105 (22%, 
C e H 5 C = 0 +) and 104 (59%, CfiHgC^NVH ). Neither ion is 
conspicuous in 2-(disubstituted am ino)-417-imidazoles1 but 
the former ion is abundant in 2-alkyl-4,5-dihydroxyim idazo- 
lines.2 T he mass spectral behavior o f  the latter com pound is 
consistent with the fact that they are liable to decom pose to 
starting materials.3’4 The above spectral evidence strongly 
suggests 4,5-dihydroxyimidazoline (IIIc) as the structure o f 
A - l ;  however, additional evidence did not support this 
structure, but rather the structure Ilia. Measuring N M R  and 
uv spectra o f  A - l  was im possible because o f  quick decom po

sition o f A - l  in the usual solvents, although they are obvious 
m ethods o f  establishing the structure o f  A -l .

Reaction o f I and II in ethanol rather than methanol 
unexpectedly gave a different unstable com pound, m p 45-47 
°C  dec (B -l) . T he abundance (8 6 %) o f the m /e  105 ion in the 
mass spectrum o f  B - l  together with elemental and ir analysis 
suggests either Ilia  or I llb  as its structure. The structures o f  
A - l  and B - l  were unraveled from  the following series exper
iments. Treatment o f  B - l  hydrochloride (prepared by treating 
B - l  with a small am ount o f  concentrated hydrochloric acid 
at —10 °C ) with concentrated hydrochloric acid at room 
temperature gave a new com pound B-2 as colorless prisms, 
mp 251 °C dec. The ir, N M R, and mass spectral and elemental 
analyses o f  B -2 were consistent with 1-m ethylimidazole Va 
or Vb. Treatment o f  A - l  with concentrated hydrochloric acid 
at —10 °C and then at room temperature precipitated colorless 
needles, mp 238-240 °C  dec (A-2). On the basis o f  elemental 
and spectral data, A-2 was determined to be Va or Vb but 
isomeric to B-2. The N M R  spectrum o f A-2 showed an NCH 3 

absorption at 8 3.73, which is consistent with that reported for 
the 1-methyl protons in 1-methylimidazoles (8 3.42-4.05).5 
T he chemical shift o f  AI-methyl protons on the 2-amino ni- 
trogen'in 2 -(disubstituted amino)imidazoles is reported to be 
8 2.96-3.30.1 M oreover, the ir spectrum o f A -2 showed a m e
dium  peak at 1540 cm - 1  (8 N H 2).

Hydrogenation o f A - l  in the presence o f  P t catalyst yielded 
pale yellow prisms, mp 225 °C  dec (A-3). Similar treatment 
o f  B-2 afforded yellow plates, mp 226-227 °C  dec (B-3). T he 
N M R  N C H 3 proton signals for these substances were con 
sistent with the 1-methylimidazole structure. However, in 
their mass spectra, the relative intensity o f  the m /e  118 
(C6H 5C = N +CH 3) fragment ion was 8.3% in B-3 but only 1.2% 
in A -l . On the other hand, the m /e  56 (C H 3C = N +C H 3) ion 
was observed (13%) in A-3 but not in B-3. On the basis o f  these 
observations, it was established that A-3 is 2-am ino-l,5 - 
dim ethyl-4-phenylim idazole (V ia) and B-3 is 2-am ino-l,4 -
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dimethyl-5-phenylimidazole (VIb). This is the first synthesis 
of two isomeric 1-substituted 2-aminoimidazoles having two 
different substituents at the 4 and 5 positions. From the 
foregoing discussions it is concluded that A-2 is 2-amino-5- 
chloromethyl-l-methyl-4-phenylimidazole (Va) and B-2 is
2-amino-4-chloromethyl-l-methyl-5-phenylimidazole (Vb). 
Accordingly A-l is 2-amino-l,5-dimethyl-4,5-dihydroxy-4- 
phenylimidazoline (Ilia) rather than IIIc and B-l is 2- 
amino-l,4-dimethyl-4,5-dihydroxy-5-phenylimidazoline 
(Illb).

Ilia is stable at room temperature for 1 month, but Illb 
easily decomposes to a brown oil within 2-3 h. This might be 
ascribed to the strain of the ring due to the steric interaction 
between the I-CH3 and 5-phenyl groups. Though 4//-im id
azole (IV) was not isolated in these experiments, the existence 
of IV in the reaction mixture is beyond doubt, since hydro
genation of said mixture gave the corresponding reduced 
compound VIc. It could arise via a benzylic alcohol hydroge- 
nolysis and dehydration of IIIc. However, the formation of VIc

m e

OH
C H -

C..H

H
-N

) — NHCH,
-N

H

VIc

via this route is not probable on the basis of the fact that 2- 
methoxy-, 2-alkyl-, and 2-aryl-4,5-dihydroxy-4(5)-methyl- 
5(4)-phenylimidazolines are not amenable to hydrogenation.6 
Interestingly, Ilia was converted to Illb when suspended in

ethanol at —10 °C and similarly Illb suspended in methanol 
yielded Ilia. The experimental results described above indi
cate that the reaction products Ilia, Illb, IIIc, and IV exist in 
equilibrium in the reaction mixture of I with II. Ilia and Illb 
may be the primary products because of low solubility in their 
respective reaction solvents.

We have previously reported that a plausible mechanism 
for the formation of 4(5)-chloromethylimidazoles by the re
action of 2-(disubstituted amino)-4-hydroxy-4/f-imidazoles 
with concentrated hydrochloric acid is the formation of pro- 
tonated diazafulvene followed by nucleophilic attack of 
chloride ion at the 6 position of the diazafulvene.1

R, H

H H - <
CHC1

N ^ .NH

/ \
Ri R>

The mechanism of formation of Va and Vb from Ilia and 
Illb is analogous to the one mentioned above, since protona
tion and dehydration of Ilia and Illb may produce cations 
Ilia' and Illb'

Ilia' mb'
It is known7'8 that 4(5)-chloromethylimidazoles are highly 

reactive and their hydrolysis proceeds through an interme
diate carbonium cation (protonated diazafulvene) rather than 
a neutral diazafulvene. Va and Vb were also highly reactive 
and heating in ethanol at 60 °C in a short time easily gave the 
corresponding 5(4)-ethoxymethylimidazoles (Vila and Vllb). 
Hydrolysis of Va with dilute hydrochloric acid afforded 
5(4)-hydroxymethylimidazole (Villa) in good yield but VUIb 
was not obtained in the case of Vb. Hydroxymethyl compound 
Villa changed to Vb by treatment with concentrated hydro
chloric acid.

Experimental Section

Melting points were determined in capillary tubes and are uncor
rected. Ir spectra were obtained on a Hitachi spectrophotometer 
EPI-G2 as KBr tablets and the following abbreviation were used: s 
= strong; m = medium; v = very; sh = shoulder. NMR spectra were 
obtained on a Varian T-60 (60 MHz) spectrometer or Hitachi R-24 
(60 MHz) spectrometer in the solvent indicated. Chemical shifts are 
reported relative to MeiSi. The mass spectra were determined on a 
Japan Electron Optics JMS-OIS high-resolution mass spectrometer 
operating with an ionizing energy of 70 eV by the direct inlet proce
dure.

1- Methylguanidine (II). 1-Methylguanidine hydrosulfate 
(%H2S0 4 )9 (0.265 g, 3 mmol) was dissolved in a solution of 0.112 g (2.8 
mmol) of sodium hydroxide in 10  ml of metjianol, the precipitated 
sodium sulfate was filtered off, and the filtrate was concentrated to 
dryness under reduced pressure. The residue was extracted with 6 ml 
of 2 -propanol and the extract was concentrated to dryness under re
duced pressure to give 0.187 g (92%) of II, hygroscopic needles, mp 
123-125 QC.

2- Amino-4,5-dihydroxy-l,5-dimethyl-4-phenylimidazoline
(Ilia ). A. A solution of 0.365 g (5 mmol) of II in 7 ml of methanol
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and a solution of 0.740 g (5 mmol) of l-phenyl-l,2-propanedione (I) 
in 3 ml of methanol were cooled at about —10 °C (bath temperature) 
and mixed. The mixture was stirred at this temperature for 10 min. 
The resulting precipitates were collected, washed twice with 1 ml each 
of cold methanol, and dried over phosphorus pentoxide under reduced 
pressure for 1 day to give a white powder, 0.920 g (72%): mp 54.5-55 
°C dec; ir 3650 (w, OH), 3250 (vs, NH), 1650 and 1573 (vs and s, im
idazoline ring or NH2), 1115 (s, C—O), 763 and 698 cm - 1  (s and s, 
C6H5); mass spectrum m /e (rel intensity) 203 (37, M+ — H2O), 188 
(1 0 0 , M+ -  H20  -  CH3), 148 (9, C6H5COCOCH3+), 105 (2 2 , 
C6H5C = 0 +), 104 (59, C6H5C=N+H), 57 (84, CH3NHC=N+H), 43 
(25, CH3C = 0+ ).

Anal. Calcd for CnH 15N30 2-CH30H: C, 56.90; H, 7.56; N, 16.59. 
Found: C, 57.16; H, 7.56; N, 16.98.

B. A solution of 0.22 g (0.7 mmol) of Illb in 2 ml of cooled methanol 
was allowed to stand for 30 min at about —10  °C. The resulting pre
cipitates were collected and dried under reduced pressure for 3 h to 
give 0.05 g (28%) of Ilia. Its ir spectrum was identical with that of Ilia.

2-Am ino-4,5-dihydroxy-1,4-dimethyl-5-phenylimidazoline 
(Illb ). A. A solution of 0.365 g (5 mmol) of II in 6 ml of ethanol and 
a solution of 0.740 g (5 mmol) of I in 2 ml of ethanol were cooled at 
about —1 0  °C (bath temperature) and mixed. The mixture was 
maintained at this temperature for 30 min. The resulting precipitates 
were collected, washed with 1 0  ml of cold ethanol and then with 10  
ml of cold ether, and dried over phosphorus pentoxide under reduced 
pressure for 1 h below 25 °C to give colorless needles, 0.925 g (64%): 
mp 45-47 °C dec; ir 3220 (s, NH), 1680, 1640, and 1595 (s, s, and vs, 
imidazoline ring), 1585 (vs, ring or NH2), 1130 (s, C-O), 760 and 700 
cm- 1  (s and s, C6H5); mass spectrum m /e (rel intensity) 203 (46, M+ 
-  H20), 188 (100, M+ -  H20  -  CH3), 148 (7, C6H5COCOCH3+), 105 
(8 6 , C6H5C = 0 +), 104 (6 6 , C6H5C = N +H), 103 (25, C6H5C=N +), 57 
(75, CH3NHC=N+H), 43 129, CH3C = 0 +).

Anal. Calcd for CnH 15N30 2-%C2H50 H: C, 57.91; H, 8.43; N, 14.47. 
Found: C, 57.30; H, 8.05; N, 14.34.

B. A suspension of 0.20 g (0.8 mmol) of Ilia in 7.3 ml of cooled 
ethanol was allowed to stand for 4 h at about —10 °C. The resulting 
precipitates were collected and dried over silica gel for 3 h in an 
evacuated glass tube kept in a refrigerator to give 0.06 g (21%) of Illb. 
Its ir spectrum was identical with that of Illb.

I llb  HC1. To 1.01 g (3.5 mmol) of Illb cooled at about —10 °C was 
added 1 .8  ml of cooled concentrated hydrochloric acid and the reac
tion mixture maintained at this temperature for 30 min. The resulting 
precipitates were filtered, washed with 0.5 ml of cold concentrated 
hydrochloric acid, and dried over phosphorus pentoxide under re
duced pressure for 1 day at room temperature to give 0.36 g (40%) of 
a white powder: mp 1 1 1  °C sinter, 126 °C dec; ir 3300 and 3200 (vs sh 
and vs, NH and OH), 1685 and 1620 (vs and m, imidazolinium ring), 
1590 (s, NH2 or imidazolinium ring), 1140,1120, and 1 1 0 0  (m, m, and 
s, C-O), 750 and 695 cm - 1  (s and s, C6H5); mass spectrum m /e (rel 
intensity) 148 (30, C6H5COCOCH3+), 105 (100, C6H5C = 0 +), 77 (74, 
C6H6+), 73 (10, H N=C(N H 2)NHCH3+), 43 (25, CH3C^O+); NMR 
(CD3OD) 6 1.00 (s, 3, CH3), 2.83 (s, 3, NCH3), 7.38 (s, 5, C6H5).

Anal. Calcd for C1 !H15N30 2 -HC1: C, 51.26; H, 6.25; N, 16.30. Found: 
C, 51.02; H, 5.97; N, 16.29.

2-Amino-5-chloromethyl-l-methyl-4-phenylimidazole (Va) 
Hydrochloride. A. To Ilia (1.26 g, 5 mmol) cooled at about —10 °C 
was added 5.3 ml of cooled, concentrated hydrochloric acid and the 
mixture stirred for 2-3 min at this temperature. Then the reaction 
mixture was allowed to stand for 1 h at room temperature. The re
sulting precipitates were collected on a glass filter, washed three times 
with 0.7 ml each of concentrated hydrochloric acid, and dried over 
phosphorus pentoxide to yield 1.14 g (82%) of Va HC1-H20, colorless 
needles: mp 238-239 °C dec; ir 3370,3300, and 3150 (s, s, and vs, NH2), 
1680 (vs, imidazolium ring!, 1540 (m, NH2), 1280 (m, CH2C1), 650 
cm- 1 (m, C-Cl); NMR (CF3COOD) 5 3.73 (s, 3, CH3N), 4.66 (s, 2, 
CH2C1), 7.60 (s, 5, C6H5).

Anal. Calcd for Ch H 12N3C1-HC1-H20: C, 47.83; H, 5.47; N, 15.21. 
Found: C, 47.80; H, 5.83; N, 15.30.

B. A solution of 25 mg (0.1 mmol) of Villa HC1 in 0.1 ml of con
centrated hydrochloric acid was kept for 10  min at room temperature. 
The resulting precipitates were collected and dried over phosphorus 
pentoxide under reduced pressure for 1  day to give 18 mg (66%) of Va 
HC1-H20, colorless needles, mp 240 °C dec.

2-Amino-4-chloromethyl-l-methyl-5-phenylimidazole (Vb) 
Hydrochloride. A solution of 0.358 g (1.3 mmol) of Illb HC1 in 0.7 
ml of concentrated hydrochloric acid was kept for 20  min at room 
temperature. The resulting precipitates were collected on a glass filter, 
washed twice with 0 .1  ml each of concentrated hydrochloric acid, and 
dried over phosphorus pentoxide under reduced pressure for 1  day 
to give 0.24 g (67%) of Vb HC1, colorless plates: mp 249-250 °C dec;

ir 3280 and 3100 (s and vs, NH2), 1680 (vs, imidazolium ring), 1540 
(m, NH2), 1270 (s, CHjCl), 770 and 700 (s and s, C6HS), 670 cm“ 1 (s, 
CC1); NMR (CF3COOD) <5 3.45 (s, 3, NCH3) 4.47 (s, 2, CH2C1),
7.20- 7.78 (m, 5, C6H5).

Anal. Calcd for CnHi2N3Cl-HCl: C, 51.18; H, 5.08; N, 16.28. Found: 
C, 51.18; 5.28; N, 16.29.

2-A m ino-l,5-dim ethyl-4-phenylim idazoIe (V ia) H ydrochlo
ride. Phenylimidazole Va hydrochloride (%H20 ) (5.34 g, 20 mmol) 
obtained by drying Va HC1-H20  at 100 °C in vacuo for 2 h was hy
drogenated in 80 ml of dry DMF in the presence of 0.53 g of P t0 2 at 
room temperature. After completion of the hydrogenation, the cata
lyst was filtered off, and the solvent was removed by vacuum distil
lation. The resulting residue was dissolved in 80 ml of water, and a 
small amount of insoluble substance was filtered off. The filtrate was 
concentrated to dryness under reduced pressure and dried over 
phosphorus pentoxide in vacuo for 2 days to give a hygroscopic, yel
lowish powder. The powder was dissolved in a small amount of 15% 
methanol in chloroform, and the solution was charged onto a column 
(made of 175 g of 200 mesh Wako-gel 55 mm diameter) and then 
eluted with the same solvent mixture. After the fastest yellowish band 
(110 ml) had been removed, a faintly yellow main band (about 500 ml) 
was collected, the solvent was removed, and the residue was dried over 
phosphorus pentoxide under reduced pressure for 1 day to yield 2.64 
g (58%) of crude Via HC1, a hygroscopic, yellowish powder. The 
powder was dissolved in 21 ml of ethanol and after 40 ml of ether was 
added the solution was allowed to stand for 5 h at room temperature 
to give 1.79 g (40%) of Via HC1, yellowish prisms, mp 223-225 °C dec. 
One recrystallization from etaanol and ether gave an analytical 
sample, yellowish prisms: mp 225 °C dec; ir 3100 (vs, NH2), 1680 (vs, 
imidazolium ring), 1560 (m, NH2), 775 and 700 cm- 1  (s and m, C6H5); 
NMR (CDC13 + Me2SO-d6) <5 2.28 (s, 3, C-CH3), 3.52 (s, 3, NCH3),
7.20- 7.70 (m, 7, C6H5 and NH2); mass spectrum m/e (rel intensity) 
187 (100, M+), 172 (15, M+ -  CH3), 144 (11, M+ -  NCNH2 -  H), 131 
(12, M+ -  H N =C=N CH 3), 130 (12, M+ -  H N =C=N CH 3 -  H), 103 
(14, C6H5CN+), 56 (13, CH3C=N CH 3+).

Anal. Calcd for CnH 13N3-HCl: C, 59.06; H, 6.31; N, 18.78. Found: 
C, 58.87; H, 6.03; N, 18.60. Use of Va HC1-H20  instead of Va HC1- 
‘¿H 20  decreased the yield to 30% (crude), because of the formation 
of Villa. Attempted complete dehydration of Va HC1-H20  resulted 
in decomposition of Va.

2-Am ino-l,4-dim ethyl-5-phenylim idazole (VIb) H ydrochlo
ride. Phenylimidazole Vb hydrochloride (0.426 g, 1.6 mmol) in 20 ml 
of THF was hydrogenated in the presence of 0.04 g of P t0 2 at room 
temperature. After completion of the hydrogenation, 10 ml of meth
anol was added and the catalyst filtered off. The filtrate was evapo
rated to dryness and allowed to stand for 1  day at room temperature. 
To the crystalline residue was added 8 ml of THF and the resulting 
crystals were collected, washed twice with 1 ml each of THF, and dried 
over phosphorus pentoxide under reduced pressure for 1  day to give 
0.292 g (81%) of VIb HC1, yellowish plates, mp 227-231 °C. One re- 
crystallization from ethanol and ether gave an analytical sample, 
yellowish plates: mp 228-230 °C dec; ir 3100 (vs, NH2), 1675 (vs, im
idazolium ring), 1560 (m, NH2), 775 and 715 cm - 1  (m and s, CsH5); 
NMR (CDC13) 6 2.15 (s, 3, C-CH3), 3.47 (s, 3, NCH3), 7.10-7.45 (m, 
5, C6H5), 7.53 (s, 2, NH2); mass spectrum m/e (rel intensity) 187 (100, 
M+), 172 (25, M+ -  UH i). 144 (13, M+ -  NCNH- -  H), 131 (20, M+ 
-  H N =C =N C H 3), 130 (13, M+ -  H N =C =N C H 3 -  H), 103 (8 , 
C6H5CN+).

Anal. Calcd for Ch H i3N3*HC1: C, 59.06; H, 6.31; N, 18.78. Found: 
C, 58.93; H, 6.15; N, 18.59.

2-M ethyIam ino-4(5)-m ethyI-5(4)-phenylim idazoIe (V ic) 
Hydrochloride. A solution of II (0.14 g, 2 mmol) in 10 ml of methanol 
and a solution of I (0.29 g, 2 mmol) in 10 ml of methanol were cooled 
to about -1 0  °C (bath temperature) and then mixed. The solution 
was hydrogenated in the presence of 10 0  mg of Pt02 while cooling with 
ice-water. Immediately after completion of the hydrogenation, 0 .1  
ml of concentrated hydrochloric acid was added to the reaction mix
ture, the catalyst filtered off, and the filtrate evaporated to dryness 
under reduced pressure at about 30 °C. The residue was dissolved in 
2 ml of ethanol and about 50 ml of ether added until white opacity was 
observed in the solution. The mixture was kept for 2 weeks in a re
frigerator to give 0.19 g (37%) of Via HC1, colorless needles, mp 
185-186 °C. One recrystallization from ethanol and ether in the same 
manner as above yielded pure Via HC1: mp 188.5-189 °C; ir 2950 (vs, 
NH), 1675,1655,1625, and 920 cm- 1  (vs, s sh, m sh, and m, imidazo
lium ring); NMR (CDCla) S 2.40 (s, 3, CH3), 3.16 (d, J  = 5 Hz, 3, 
CH3NH), 6.93 (broad q, J = 5 Hz, 1, CH3NH).

Anal. Calcd for Cn H 13N3-HCi: C, 59.05; H, 6.30; N, 18.78. Found: 
C, 58.77; H, 6.04; N, 18.86.

2-Amino-5-ethoxym ethyl-1 -methyl-4-phenylimidazole (V ila)



Hydrochloride. A solution of 55 mg (0.2 mmol) of Va HC1-H20  in 10 
ml of ethanol was warmed at 60 °C for 5 min and the mixture was 
concentrated to about 2 ml under reduced pressure. To the concen
trate was added 3 ml of ether and the solution was allowed to stand 
for 1 day. The resulting precipitates were collected by filtration, 
washed with 5 ml of ether, and dried over phosphorus pentoxide under 
reduced pressure to give 45 mg (80%) of Vila HCbH20, colorless 
needles: mp 119 °C dec; ir 3350 and 3150 (vs and vs, NH2), 1680 (vs, 
imidazolium ring), 1540 (m, NH2), 1095 (vs, C-O-C), 770 and 700 
cm“ 1 (m and s, C6H6); NMR (CF3COOD) 5 1.36 (t, J  = 7 Hz, 3, 
OCH2CH3), 3.75 (s, 3, NCH3), 4.70 (s, 2 , CH2OC2H5), 4.85 (q, J  = 7 
Hz, 2, OCH2CH3), 7.60 (s, 5, CgH s); mass spectrum m /e  (rel intensity) 
231 (16, M+), 186 (1 0 0 , M+ -  OC2H5).

Anal. Calcd for Ci3Hi7N30-HC1-H20: C, 54.63; H, 7.05; N, 14.70. 
Found: C, 54.58; H, 7.24; N, 14.48.

2-Amino-4-ethoxymethyl-l-methyl-5-phenylimidazole (Vllb) 
Hydrochloride. In the same manner as Vila 0.258 g (1 mmol) of Vb 
HC1 gave 0.150 g (57%) of Vllb, pale yellow needles, mp 164 °C ef
fervescence, 246-250 °C dec. Two recrystallization from ethanol and 
ether afforded colorless plates: mp 171 °C effervescence, 249 °C dec; 
ir 3260 and 3100 (s and vs, NH2), 1675 (vs, imidazolium ring), 1540 
(m, NH2), 1100 (s, C-O-C), 775 and 700 cm' 1 (m and s, C6H5); NMR 
(CDCI3) b 1.18 (t, J  = 7 Hz, 3, OCH2OH3), 3.50 (q, J  = 7 Hz, 2, 
OCH2CH3), 3.55 (s, 3, NCH3), 4.28 (s, 2 , CH2OC2H5), 7.10-7.70 (broad 
s, 5, C6H5); mass spectrum m /e (rel intensity) 231 (44, M+), 186 (100, 
M+ -  C2H50), 103 (23, C6H6C = N +), 45 (76, CH3CH =0+H ).

Anal. Calcd for CL3HI7N;)0-HC1-V2H20: C, 56.43; H, 6.91; N, 15.14. 
Found: C, 56.88; H, 6.53; N, 15.23.

2-Amino-5-hydroxymethyl-l-methyl-4-phenylimidazoIe 
(Villa) Hydrochloride. Compound Va HC1-H20  (0.552 g, 2 mmol) 
was dissolved in 6.0 ml of 2% hydrochloric acid at 60 °C. After standing

AT-Monoalkylbispidines and N,N'- Dialkylbispidines

for 1  day in a refrigerator, the precipitates were collected and washed 
twice with 0.3 ml each of 2% hydrochloric acid to give 0.373 g (72%) 
of Villa HC1, pale pink needles, mp 70 °C sinter, 96 °C. One recrys
tallization from 2% hydrochloric acid gave colorless needles: mp 70 
°C sinter, 10 2  °C; ir 3300 and 3120 (vs and vs, NH2), 1675 (vs, im
idazolium ring). 1555 (m, NH2), 1025 or 10 0 0  (s and s, C-O), 785 and 
710 cm“ 1 (s and s, C6H5); NMR (Me2SO-d6) b 3.60 (s, 3, NCH3), 4.46 
(s, 2, CH2OH), 5.50 (broad, about 1 , CH2OH), 7.50 (s, 5, C6H5), 7.80 
(s, 2, NH2).

Anal. Calcd for CnHi3N30-HCl-2H20: C, 47.91; H, 6.57; N, 15.24. 
Found: C, 47.02; H, 6.20; N, 15.52.

Registry No.—1,579-07-7; II, 471-29-4; II %H2S04, 598-12-9; Ilia, 
58325-27-2; 111b, 58325-28-3; Illb HC1, 58325-29-4; Va HC1, 58325- 
30-7; Vb HC1,58325-31-8; Via HC1,58325-32-9; VIb HC1,58325-33-0; 
Vic HC1, 58325-34-1; Vila HC1, 58325-35-2; Vllb HC1, 58325-36-3; 
Villa HC1, 58325-37-4.
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Analogues of Sparteine. II. Synthesis of IV-Monoalkylbispidines and
IV,IV'-Dialkylbispidines
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The structural and physiochemical similarity of the bicyclic diamine bispidine (1 ) to the antiarrhythmic-oxyto- 
cic agent sparteine (2 ) prompted the development of synthetic routes to bispidines containing substituents on one 
or both nitrogens, for studies directed toward elucidation of optimum molecular characteristics required for spar
teine-like bioactivity. Condensation of N-substituted 4-piperidones with benzylamine and formaldehyde, followed 
by modified Wolff-Kishner reduction of the resulting diamino ketones (8 ) furnished hydrogenolytically labile in
termediates (11) which were converted to N-alkylbispidines (12). Alkylation of these last compounds by formation 
and reduction of amides (15) or by selective alkylation of the secondary amine functions afforded several N ,N '-di
alkylbispidines (3).

Investigations concerning the synthesis and reactivity 
o f  the bicyclic amine bispidine ( 1 ) have been reported by  a 
number o f  groups . 1  Although bispidine itself is not naturally 
occurring, the bispidine moiety constitutes the B and C rings 
o f  the C-15 lupine alkaloid sparteine (2 ) . 2 As a result, both 
com pounds have similar physical properties: they are strong 
bases3 and form  com plexes with certain divalent metal ca
tions. lb ’4

1 2

Sparteine has been shown to  affect muscular activity, 
especially the myocardium (heart) and myometrium (uterus) .5 

Its chemical and physical similarity to bispidine prompted our

* Professor Smissman died on July 14,1974.
* Address correspondence to School of Pharmacy* The University of Georgia, 

Athens, Ga. 30602.

efforts to develop facile synthetic routes to N-alkylbispidines 
(3, R 2 =  H) and N ,N '-dialkylbispidines (3) for pharmacologic 
studies.

3
Bispidine was originally prepared in six steps from  pyri- 

dine-3,5-dicarboxylic acid ester.la Difficulties encountered 
in attem pted conversion o f 1  to 3 (R , =  R 2 = CH 3) le and the 
number of steps required prompted us to  investigate alternate 
routes for preparation o f  3.

The syntheses o f  various 1,5-dicarboalkoxybispidinones6 

and 1,5-diarylbispidinones7 (4) and 2,4,6,8-tetraarylbispidi- 
nones8 (5) via M annich condensations have been reported 
(Schem e I). Reductive removal o f  the carbonyl group in the 
N-substituted condensation products (e.g., 4, R| =  H, or 5, R 3 

= R 4 = H) would constitute a two-step synthesis o f  3. Alter
natively, formation o f 4 (R i = COOC 2H 5) followed by hy-
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2K3CHO 
NH,

0

Scheme I

2R.CH0

- „  
Rs H R3

and reacted with hydrazine only under vigorous conditions. 
This relative inertness may be due to an amide-like character 
of these compounds. The 1,3-diazadamantanone 10 is of 
similar reactivity for this postulated reason.14 Amino ketones 
8a,b were, however, reduced without difficulty under modified 
Wolff-Kishner conditions15 to give bicyclic amines lla ,b.

r
RN

\_ I NH

Ri = aryl, COOC.,Ĥ  R¡¡=aryl, alkyl; R3 = aryl; R4 = aryl

drolysis and decarboxylation would furnish the intermediate 
diamino ketones which could then be reduced to the desired 
compounds. [Decarboxylation of the related base (6a) in 
boiling 20% HC1 gave amino ketone 6b in 67% yield.9] How-

R

6a, R = COOC2H5 
b,R = H

ever, condensation of acetonedicarboxylic acid ester with 
formaldehyde and methylamine (Scheme I, Ri = COOCH3; 
R2 = CH3) afforded a small amount of the piperidone 7 ac
companied by polymeric products; the respective bicyclic 
diamine 4 was not detected. Use of acetone itself in this con
densation failed to give any tractable products. In contrast, 
the condensation of Af-methyl-4-piperidone with parafor
maldehyde and methylamine furnished diamino ketone 8a 
in low yield (Scheme II).10 Comparable yields of some closely

Scheme II

R,N \ = 0  R,N 'W )N R !
\___ /  2HCH0 \ /  /

8a,R1=R2 = CH3
b ,  Rj =CH3; RO CH AR,
c,  R1 = ̂ -C4H9;R2=CH2C6H5

related bicyclic amino ketones (9) have been obtained utilizing 
analogous double Mannich condensations starting with cy-

9, n  =  0-2

lla,R = CH3, 12a, R = CH3
b, R = n-C4H9 b. R = re-C4H9

Hydrogenolytic removal of the benzyl groups in lla ,b  uti
lizing 10% palladium on carbon16 afforded the Af-monoalk- 
ylbispidines 12a,b.

Attempted catalytic débenzylation of bridge-substituted 
bispidine 8b gave amino alcohol 13, and similar treatment of 
1417 gave only the product of C -0  bond cleavage.18 This sug
gested that iV-benzylbispidines are adsorbed exo prior to C-N 
bond fission, as expected from inspection of molecular models 
of these compounds,

13, R, = Rj = H
14, R1 = CeH5;R2 = CH2C6H5

The N-alkylbispidines 12a,b were converted to the N,N'- 
disubstituted analogues by (a) acylation followed by lithium 
aluminum hydride reduction of the resulting amides or (b) 
selective alkylation of the secondary amine groups.

It had been anticipated that hydride reduction of IV-acyl- 
IV'-alkylbispidines (15), prepared readily from the appropriate 
iV-alkylbispidines and acid chlorides or anhydrides, would not 
constitute a feasible approach owing to the demonstrated 
susceptibility of the probable reduction intermediates, im- 
monium ions 16, to cyclization.lc Reductive alkylation of 12a,b 
was not attempted for this reason. However, AT-benzoyl-AT'- 
rc-butylbispidine (15c) was reduced with LiAlH4 to afford l ib  
cleanly in 83% yield. Less favorable results were obtained in 
the reductions of amides 15a,b with LÌAIH4. Reduction of 15b 
gave a mixture of products containing the desired diamine and 
a substantial amount of deacylated starting material (12a). 
Reduction of formamide 15a gave a low yield of diamine ac-

cloalkanones instead of iV-methyl-4-piperidone.11 The use of 
benzylamine as the primary amine (Scheme II, R2 = 
CH2C6H5) resulted in a decrease in reaction time and more 
satisfactory yields of bicyclic amino ketones 8b,c without the 
production of significant amounts of other condensation 
products. This is consistent with earlier work which showed 
that benzylamine reacts more readily with formaldehyde and 
ketones than do most primary amines.12’13

Amino ketones 8a,b failed to react with carbonyl reagents,

15a,R1 = CH3;R2= H
b, R1 = R2=CHs
c, R4 =n-Bu; R2 = C6H5 16
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T ab le  I. Products o f  A lk y la tio n  o f  A m ide A nions o f  iV A lkylb ispid ines

Anion
o f Alkyl halide

Yield,
%

EIMS, m /e M onoacid salts

M B Mp, °C Crystn solvent Ref Registry no.
12a CH3I 1 0 0 154 58 2 2 7 -2 2 9  deca Ethanol 1 0 , 2 2 14789-40-3
12a C2 H9Br 74 168 58 189—1 9 0 a Acetone 23, d
12a n-C4 H9 Br 1 0 0 129—131 b Ethyl acetate— d

ether
12a c-C6 H , , CH, Br 75 236 58 1 6 3 .5 -1 6 6 Acetone d

decc
12b n-C4 H9Br 1 0 0 94.5—9 5 .5 a Ethyl acetate— d

petroleum
ether

a Perchlorate salt. 6 H ydrobrom ice salt. c Hydrochloride salt. d Elemental analysis agreed within 0.4% in carbon, hydrogen, 
and nitrogen.

Table II. Proton M agnetic R eson ance Sp ectral A n alysis o f  JV .A '-D ialkylb isp id in es0

/— V aRtN > NR,
\___

R j, R 2

C2Hs, CH3

1.00, 3 H, t (7)
1.45, 2 H, t (3 )
1.75, 2 H, m
2.15, 3 H, s
2.2, 4 H, dd (10.5 , 4)
2.3, 2 H, q (7 )
2.7, 4 H, dd (10.5, 3)

n-C4H9, CH3

0.9, 3 H, t (6 ) 
1 .1 5 -1 .6 0 , 8 H, m

2.1, 3 H, s

c-c 6h , , c h 2, c h 3

0.83—1.91, 15 H, m

2.08, 2 H. d ( 6 )
2.15, 3 H. s
2.2—2.8, 8  H, m

n-C4H „ n-C4H9

0.93, 6  H, t (6 )
1 .1 7 -1 .6 3 , 10 H, m 
1.82, 2 H, m

2.1—2.3, 8 H, m

2.68, 4 H, dd (10, 3)

2.1—2.45, 6  H, m 

2.5—2.9, 4 H, m
a Spectra were taken using benzene as solvent. Chemical shifts are in parts per million relative to  internal tetramethylsilane.

companied by several impurities. Diborane reduction 19 o f 15c 
proceeded with com plete reaction o f  starting material. H ow 
ever, the borane-am ine com plex that had form ed could not 
be readily decom posed .20

Since it appeared that AfJV'-dialkylbispidines could not be 
synthesized from  alkyl amides 15 without complications, an 
alternate m ethod was used to prepare these compounds. 
Treatm ent o f  12a or 12b with an equimolar amount o f  
methyllithium in the cold2 1 generated amide anions 17, which

reacted readily with various alkyl halides to afford N -n -  
butyl-iV '-alkylbispidines and iV-methyl-AP-alkylbispidines
(3) in 74-100% yields (Tables I and II).

Experimental Section

Melting points were taken on a Thomas-Hoover capillary melting 
point apparatus and are uncorrected. Infrared spectra (ir) were taken 
on Beckman IR 10, IR 33, and Perkin-Elmer 727 spectrophotometers. 
Nuclear magnetic resonance spectra (NMR) were obtained using 
Varían A-60A and T-60 spectrometers with tetramethylsilane as in
ternal standard. Electron impact mass spectra (EIMS) were recorded 
using Finnegan 1015 and Varian CH5 spectrometers, at 70 eV unless 
otherwise indicated. Elemental analysis were obtained on a Hew
lett-Packard 185 C, H, N analyzer, and from Midwest Microlab, Inc., 
Indianapolis, Ind. Analytical gas-liquid chromatography (GLC) was 
performed with a F & M 810 gas chromatograph using dual column 
flame ionization detection; carrier gas helium (55 ml/min); detector 
gases hydrogen (55 ml/min), compressed air (250 ml/min); columns 
6  ft X 0.125 in. stainless steel containing Dowfax 9N9 KOH supported 
on 80-100 mesh acid-washed DMCS-treated HP Chromosorb G; in
strument temperatures, injection port (210 °C), detector (225 °C), 
oven (125-170 °C isothermal). The GLC-EIMS experiment was 
conducted using the columns and conditions described above, on a 
Varian Aerograph 1700 gas chromatograph interfaced with the Varian 
CH5 mass spectrometer.

Free bases were prepared from salts by partitioning the salt between 
ether and 10% aqueous sodium hydroxide. In the case of water-in- 
soluble salts (perchlorates of aromatic ring containing bispidines) 
ethanol was added to the mixture to increase the rate of equilibration.

Perchlorate salts were prepared by treating ice-cold ethereal so
lutions of the amines with excess 70% perchloric acid-ethanol (1:1); 
the resulting precipitates were filtered and washed with ether. This 
method afforded diperchlorate salts, except in the case of the aro
matic-ring-containing bispidines which yielded monoperchlorates. 
Monoperchlorates (and other monoacid salts) were prepared by the 
procedure of Leonard and co-workers.3

Workup of Organic Extracts. Unless otherwise stated, solutions 
were dried with anhydrous sodium sulfate, filtered, and concentrated 
at a rotary evaporator using a Buchler water aspirator at water bath 
temperatures of 40 °C or less.

iV-Benzyl-JV'-alkylbispidinones (8b,c). A. General Procedure.
The synthesis of A-benzyl-A'-methylbispidinone (8b) is typical. To 
a suspension of 45 g (1.5 mol) of paraformaldehyde in 500 ml of 
methanol was added 21.5 g (0.2 mol) of benzylamine in 100 ml of 
methanol, which had previously been neutralized with 1 2  g (0.2 mol) 
of glacial acetic acid. A solution of 22.5 g (0.2 mol) of JV-methyl-4- 
piperidone (freshly distilled) in 10 0  ml of methanol was neutralized 
with 1 2  g (0 .2  mol) of glacial acetic acid and added in increments to 
the magnetically stirred contents of the reaction flask over a period 
of 5 days. After stirring for an additional 15 days, the solvent was 
distilled in vacuo and the residual oil partitioned between 250 ml of 
water and 200 ml of chloroform. The chloroform was removed and 
discarded and the aqueous phase was reextracted with 10 0  ml of 
chloroform which was also discarded. To the aqueous phase was added 
10 0  ml of ice-cold 20% aqueous sodium hydroxide, and the resulting 
suspension was extracted with five 200-ml portions of ether. The 
combined extracts gave 21.6 g (44%) of an amber oil which crystallized 
on standing. A small amount of this material was placed in a mi- 
crosublimator and evacuated at 20 mm (70 °C) for 48 h. The product 
was collected (15 mg) as white crystals: mp 60-61 °C; ir (KBr) 3.24 
(w, aromatic CH), 3.38 (s), 3.56 (s, Bohlmann bands), 5.76 (s), 5.83 (s, 
C = 0 ), 6.85, 7.41, 9.17, 9.62, 13.7, 14.5 n; NMR (CDC13) 6 2.3 (s, 3, 
NCH3), 3.5 (s, 2, NCH2Ph), 7.2 (s, 5, C6H5), 2.2-3.2 (m, 10, remaining 
protons); EIMS n /e  244 (M), 58 (B).

The monoperchlorate salt was precipitated from ether, washed with 
water, and crystallized from acetone-ethyl acetate, mp 1 1 0 - 1 1 2  °C.

Anal. Calcd for Ci5H21C1N20 5 -H20 : C, 49.66; H, 6.39; N, 7.71. 
Found: C, 49.30; H, 6.53; N, 7.30.
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B. jV-Benzyl-TV'-n-butylbispidinone (8c) was prepared in 38% 
yield by the above procedure. It could not be induced to crystallize: 
ir (CCU) 3.24 (w), 3.40 (s), 3.62 (s), 5.71 (s), 5.83 m (shoulder); NMR 
(CCI4) b 0.92 (t .J  = 6  Hz, 3, CCH3), 1.06-1.67 (m, 6 , CCH2CH2C),
2.23-3.33 (m, 12, NCH2 and bridgehead CH), 3.47 (s, 2, NCHoPh), 7.30 
(s, 5, C6H5).

Catalytic Debenzylation o f 8b. To a solution of 2.5 g (10 mmol) 
of 8b in 20 ml of glacial acetic acid containing 1 ml of 70% aqueous 
perchloric acid was added 0.2 g of 10% palladium on carbon. The 
suspension was stirred under 1  atm of hydrogen for 8 h, filtered, and 
the filtrate concentrated, giving 2.5 g of 13 as a cream-colored powder. 
The free base was prepared from 0.3 g of this salt: ir (NaCl) 3.03 \i (s, 
broad, NH and OH), no absorption between 5.7 and 5.9 NMR 
(CCI4) S 2.1 (s, 3, NCH3), no peaks are seen further than 3.1 ppm 
downfieid.

Attempted Synthesis o f 1,5-Dicarbomethoxy-3,7-dimethyl-
3,7-diazabicyclo[3.3.1]nonan-9-one (4). The method for the 
preparation of 6a from l,3-dicarbethoxycyclohexan-2-one was used,24 
starting instead with acetonedicarboxylic acid dimethyl ester and 
twice the molar quantities of methylamine and formaldehyde. The 
crude product, analyzed by GLC-EIMS, consisted primarily of the 
starting keto diester accompanied by a small quantity of monoamino 
ketodiamide 7 (m /e 229).

AT-Benzyl-JV'-alkylbispidines (11a,b). A. General Procedure.
The reduction of amino ketone 8b to give JV-benzyl-N-'methyl- 
bispidine (11a) is typical. A magnetically stirred solution of 50 g (1 
mol) of hydrazine hydrate, 49 g (0.2 mol) of 8b, and 500 ml of trieth
ylene glycol, maintained under nitrogen, was heated to 60 °C, and 50 
g of 85% potassium hydroxide (pellets) was added. The yellow solution 
was stirred and refluxed (145 °C) for 4 h; then a Dean-Stark trap was 
inserted, and 59 ml of distillate was removed. The cooled contents of 
the reaction flask were poured into 50 ml of cold water, and the mix
ture was extracted with four 50-ml portions of ether. The combined 
extracts afforded 35.9 g (78%) of an amber liquid. Treatment of 2 g 
of this base with excess perchloric acid furnished the monoperchlorate 
of 11a, white plates from acetone-ethyl acetate, 0.4 g, mp 145-147 °C.

Anal. Caled for Ci5H23C1N20 4: C, 54.46; H, 7.01; N, 8.47. Found: 
C, 54.19; H, 6.97; N, 8.23.

The free base was prepared from this salt as a colorless oil: ir (neat)
3.25 (w, aromatic, CH), 3.40 (s), 3.58 (s, Bohlmann bands), 6.70, 6.85,
7.30, 7.84,8.85,9.01,9.40,10.0,13.5,13.9,14.5 M; NMR (CDC13) S 1.45 
(t, J  = 3 Hz, 2, CH2 bridge), 1.90 (m, 2, bridgehead CH), 2.2-2.6 (m, 
4, exo-NCH), 2.75 (dd, J 1 = 11 Hz, J 2 not resolved, 4, eno’o-NCH),
3.40 (s, 3, NCH2Ph), 7.3 (s, 5, C6H5); EIMS m /e 230 (M), 58 (B).

B. IV-Benzyl-iV'-n-butylbispidine ( l ib ) .  This was prepared in 
68% yield from 8c by use of the general procedure. The monoper
chlorate salt crystallized from water-methanol, mp 142-143 °C.

Anal. Caled for Ci8H29C1N20 4: C, 57.99; H, 7.83; N, 7.51. Found: 
C, 57.67, H, 8.03; N, 7.46.

This salt was converted to the free base: ir (CC14) 3.24 (w), 3.40 (s),
3.62 m (s, trans bands); NMR (CCI4) S 0.95 (t, J  = 6 Hz, 3, CCH3),
1.20-1.67 (m, 6 , CCH2CH2C and CH2 bridge), 1.85 (m, 2, bridgehead 
CH), 2.28 (m, 6 , exo-NCH and NCH2 of re-Bu), 2.73 (d, J =  10 Hz 4, 
endo-NCH), 3.40 (s, 2, NCH2Ph), 7.03 (s, 5, C6H5); EIMS m /e 272 
(M), 58 IB).

Catalytic Debenzylation of 11a,b. A. IV-Methylbispidine (12a).
A suspension of 5 g of 10% palladium on carbon in 30 ml of 85% acetic 
acid was stirred under 1  atm of hydrogen until uptake ceased. This 
suspension was then added to a solution of 33.9 g (0.24 mol) of N - 
benzyl-lV'-methylbispidine in 120 ml of 85% acetic acid. The mixture 
was shaken under 50 psi of hydrogen until uptake ceased—5 h at 
ambient temperature. The catalyst was filtered and the solvent was 
removed at the oil pump. The residual oil was ice cooled and 110 ml 
of ice-cold 10% aqueous sodium hydroxide was added. The mixture 
was extracted with four 200-ml portions of ether. The combined ex
tracts afforded 20.05 g (97%) of a mobile yellow liquid: bp 97-99 °C 
(28 mm), ir (neat) 3.11 (w, NH), 3.45 (s), 3.57 M (s); NMR (CsHe) b 1.33 
(m, 2, CH2 bridge), 1.50 (m, 2, bridgehead CH), 1.98 (s, 3, NCH3), 2.18 
(d, J  = 11 Hz, 2, exo-NCH adjacent to NCH3), 2.75 (d, J  = 11 Hz, 2, 
endo-NCH adjacent to NCH3), 2.93 (m, 4, NCH2 adjacent to NH); 
EIMS m /e 140 (M), 44 (B). The monoperchlorate separated from 
ethanol-benzene-Skellysolve B as fine white crystals, mp 200-205 
°C.

Anal. Caled for C8Hi7C1N20 4 : C, 39.92; H, 7.12; Cl, 14.73; N, 11.64. 
Found: C, 40.12, H, 7.37; Cl, 14.66; N, 11.62.

B. IV-n-Butylbispidine (12b). This was synthesized from 29.6 g 
(0.109 mol) of l ib  in 100% yield via the method described in A. Dis
tillation furnished the pure compound, a water-white, mobile liquid: 
bp 62-68 °C (0 .2  mm); ir (CCI4) 2.98 (w, NH), 3.41 (s), 3.63 (s), 6.90,

7.78, 9.09,10.6 p; NMR (C6D6) b 0.92 (t, J  =  6 Hz, 3, CCHg), 1.33 (m, 
6 , CCH2CH2C and CH2 bridge), 1.58 (m, 2, bridgehead CH), 2.13 (m, 
4, exo-NCH adjacentto N-re-Bu, and NCH2C3H7), 2.87 (dd, J\ = 11 
Hz, J 2 not resolved, 2, endo-NCH adjacent to IV-ra-Bu), 3.00 (m, 4, 
NCH2 adjacent to NH); EIMS m /e 182 (M), 58 (B). Addition of sat
urated ethanolic picric acid to a cold ethereal solution of this base 
afforded the monopicrate which separated at once as fine yellow 
needles: mp 98-100 °C (softening at 80 °C).

Anal. Calcd for Ci7H2sN5 0 7: C, 49.63; H, 6.13; N, 17.02. Found: C, 
49.74; H, 6.30; N, 16.67.

Hydrogenolysis of 3-Methyl-7-benzyl-9-phenyl-3,7-diazabi- 
cyclo[3.3.1]nonan-9-ol (14). A solution of 390 mg (1 mmol) of 14 in 
40 ml of ethanol was adjusted to pH 3 with ethanolic hydrogen chlo
ride and shaken with 0.1 g of 10% palladium on carbon for 22 h. The 
catalyst was then filtered and the solvent was removed in vacuo. The 
residue was partitioned between 5 ml of 10% aqueous sodium hy
droxide and 25 ml of ether. The aqueous phase was extracted with an 
additional 25-ml portion of ether, and the combined extracts were 
worked up to give 0.25 g (79%) of a yellow oil: NMR (CDC13) b 3.53 (s, 
2, CH2Ph), 7.2 (m, 10, CeHg). Use of 80% aqueous acetic acid as the 
reaction solvent resulted in no change in the appearance of the NMR 
spectrum of the product.

Preparation of jVjlV'-Dialkylbispidines by Selective Alkylation 
o f IV-Alkylbispidines. A solution of 6 mmol of 12a or 12b in 10 ml 
of dry tetrahydrofuran, magnetically stirred under nitrogen, was 
cooled to —10 °C and an equimolar amount of ethereal methyllithium 
(1.3-1.6 M) was added. After stirring for 2 min, a solution of 6 mmol 
of the appropriate alkyl halide in 5 ml of dry tetrahydrofuran was 
added dropwise to the brown reaction solution. Completion of addi
tion discharged the color, and after warming to room temperature and 
stirring for 2 h, the reaction solution was concentrated in vacuo, and 
the product was worked up with ether and 5% aqueous sodium hy
droxide. Characterization of compounds prepared by this method is 
summarized in Tables I and II.

Synthesis and Reduction o f  IV-Acyl-IV'-alkylbispidines 
(15a-c). Treatment of N-methylbispidine with acetic-formic anhy
dride26 or acetic anhydride in dry chloroform under routine conditions 
gave 15a and 15b, respectively. IV-n-Butylbispidine gave 15c on 
treatment with benzoyl chloride. Purity of ca. 100% was confirmed 
by GLC; the ir spectra exhibited strong amide carbonyl absorbtion.

Reduction was carried out as follows. The amide (1-2 mmol) was 
dissolved in 2-3 ml of tetrahydrofuran. The resulting solution, mag
netically stirred and maintained under nitrogen, was treated with 2-3 
ml of a ca. 1 0 % solution of lithium aluminum hydride in tetrahydro
furan. The suspension was refluxed for 17-24 h, after which time the 
excess hydride was destroyed with saturated aqueous ammonium 
chloride and wet tetrahydrofuran. Filtration and concentration gave 
the crude products which were analyzed by GLC. Amide 15c gave a 
product in 83% yield and >95% purity whose ir and NMR spectra were 
identical with those of a known sample of bicyclic amine lib . Re
duction of 15b resulted in a 90% yield of a product containing eight 
parts of IV-ethyl-lV'-methyl-, one part of IV-methylbispidine, and one 
part of an unidentified substance. The identities of IV-ethyl-IV'- 
methyl- and IV-methylbispidine were verified by simultaneous GLC 
with authentic samples. The formamide 15a furnished only 29% of 
a mixture containing six parts of N,N'~ dimethylbispidine, one part 
of IV-methylbispidine (retention times coincided with those of au
thentic samples), and a total of three parts of two unknown compo
nents.
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Reactions of Cytidine with 7-Bromomethylbenz[a]anthracene, 
Benzyl Bromide, and p-Methoxybenzyl Bromide. Ratio of Amino to 3
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Alkylation of cytidine in dimethylacetamide by 7-bromomethylbenz[a]anthracene (1), benzyl bromide, and p- 
methoxybenzyl bromide afforded the 3-substituted cytidines in good yield. The identity of these products has 
been confirmed by spectroscopic studies and chemical transformations. Deamination of 3-(benz[a]anthryl-7- 
methyl)cytidine by nitrous acid or sodium bisulfite afforded the corresponding uridine derivative, which was also 
prepared from uridine and 1. Alkylation of cytidine by the above halides in aqueous solution led to the formation 
of 3- and N4-substituted products. The structure of the latter was established by unequivoval synthesis from 
2,,3',5'-tri-0-benzoyl-4-thiouridine and the appropriate benzylic amines. The alkylation reactions in aqueous so
lution went in low overall yield. 3-Substitution of cytidine predominated in the case of benzyl bromide, and N4 
substitution with p-methoxybenzyl bromide, while both types of product were formed in almost equal amounts 
with 1. Substitution at N4 of cytidine appears to be correlated with the ability of the reagent to accommodate a 
positive charge, which leads to thermodynamic rather than kinetic control of the reaction.

Alkylation o f  the heterocyclic bases o f  the nucleic acids 
generally proceeds m ost rapidly at the pyridine-type ring 
nitrogen atoms. The m ost reactive positions in nucleosides 
are the 7 position o f guanosine, 1 position o f adenine, and 3 
position o f cytosine. Similar results are obtained in single 
stranded nucleic acids .2’3 One striking exception to this 
rule was reported by Dipple and co-workers in studies with 
the carcinogenic alkylating agent, 7-brom om ethylbenz-
[a]anthracene .4 Alkylation by this reagent in dim ethylacet
amide was in accord with the usual pattern described 
above. In aqueous solution, however, alkylation o f nucleo
sides and polynucleotides proceeded mainly on the amino 
group o f guanine, adenine, and possibly cytosine. The pos

sible im portance o f  amino group alkylation to carcinogene
sis was pointed out by the above authors. M ore recently, 
another author has suggested that amino group substitu
tion is a significant process in the reaction o f another car
cinogen, N -acetoxy -A -acety l-2 -am inofluorene, with D N A .5

W e have further investigated the reactions o f  cytidine 
with 7-brom om ethylbenz[a]anthracene (1) and with benzyl 
brom ide and p-m ethoxybenzyl brom ide. One objective was 
to  confirm  the structure o f  the reaction product form ed by 
1 in an aqueous solution and in dim ethylacetam ide. The 
position o f  substitution on alkylation o f a nucleic acid com 
ponent is usually assigned on the basis o f  ultraviolet spec
troscopy .2 This technique is inapplicable in reactions in-
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volving 1  because the reagent has its own very strong ultra
violet absorption. W e have used this opportunity to  dem 
onstrate other methods o f  structure determination. A noth
er purpose o f  this study was to understand more about the 
factors that direct a particular alkylating agent to the 
am ino group o f  a nucleic acid com ponent, rather than to  a 
pyridine-type ring nitrogen. Cytidine was selected as a 
m odel in this study because o f  its sim plicity— it contains 
just one o f each type o f reactive site.

Syntheses o f N 4- and 3-Substituted Cytidines. It was 
desirable to  have authentic samples o f  N 4-substituted cyti
dines as reference com pounds. These com pounds were pre
pared by reaction o f 2/,3/,5,-tri-0-benzoyl-4-thiouridine
(2 ) 6 with benzylamine, p-m ethoxybenzylam ine, and 7-ami- 
nomethylbenz[a]anthracene. In the case o f  the synthesis o f 
3c, a subsequent treatment with ammonia was necessary to 
com plete the removal o f  the O-benzoyl groups. It was also 
possible to prepare 3a directly from  cytidine by bisulfite- 
catalyzed transamination with benzylamine. This proce
dure failed in the case o f  3c.

s NIICHjAr
I

N ii
o ^ NJ

R R
2, R =  2',3',-5-tri-O-benzoyl- 3, R =  /7-D-ribof uranosyl

/?-D-ribofuranosyl a, Ar =  C6H5

b, Ar =  p-CH3OC6H4

c, Ar =  7 -benz[a]anthryl

The preparation o f  3-benzylcytidine (4a) by direct reac
tion o f cytidine with benzyl brom ide in dim ethylacetamide 
had previously been reported .8 T he assignment o f  structure 
was based largely on ultraviolet spectroscopic properties. 
W e now found that the reaction o f cytidine with p -m ethox- 
ybenzyl brom ide went similarly to give a com pound with 
properties closely comparable to those o f  4a. W e assigned 
the structure 3-p-m ethoxybenzylcytidine (4b) to this prod
uct. T he reaction product o f  cytidine with 7-brom om ethyl- 
benz[a]anthracene4 could not be characterized by ultravio
let spectroscopy, for reasons discussed above. It differed in 
its properties from  the authentic sample o f  3c, prepared as 
described above.

AxCHjBr
C^GONtCH^

n h 2

R =  d-D-ribofuranosyl 4a, Ar =  C6H5

b, Ar =  p-CH3OC6H4-
c, Ar =  7-benz[a]anthryl

T o  demonstrate a chem ical m ethod for distinguishing 
ring- from  am ino-substituted product, applicable when ref
erence com pounds are not available, the following transfor
mations were run. Deamination o f 4c was successful, using 
either nitrous acid9 or sodium bisulfite . 10 The product re
tained the benzanthryl residue, and was also preparable by 
the reaction o f 7-brom om ethylbenz [a ] anthracene with uri
dine. It was assigned structure 5.

The assignment o f  4c and 5 as 3-substituted nucleosides 
was further supported by the following evidence. Their 
N M R  spectra show the retention o f H -5 and H -6 . Com 
pound 4c migrated as a cation upon paper electrophoresis 
at pH  7. The infrared spectra o f  4a-c were quite similar in 
the carbonyl region, all three com pounds containing a band

Table I. Yield of Substituted Cytidine Derivatives“

Solvent, %

Alkylating Position Dimethylacet- Aqueous
agent substituted amide buffer

Benzyl bromide 3 95 0.62
N4 0 0.09

p-M ethoxyben- 3 83 0

zyl bromide
N4 0 0.14

7-Bromomethy- 3 51 0.18
lbenzjajanth-
racene

N 4 1 . 1 0.14
a The conditions (temperature, reactant ratio) used in the 

aqueous reactions differed from those in dimethylacetamide. 
See the Experimental Section for complete details.

at 5.75-5.8 p, not present in 2a-c. T he absorbance due to 
the CH 2 group in the N M R  spectra o f  4a-c was about 0 .6 -
0.75 r further downfield than the corresponding absorb
ance in 3a-c. An additional structural possibility, not com 
pletely excluded by this evidence, is 0 -2  substitution in 4c 
and 5. Reaction at this position o f cytosine has no prece
dent in nucleic acid chemistry, however ,2 and this structure 
is quite unlikely as a major reaction product.

0 “

ArCH,Br

. ArCH2N '
or NaHS03 . A n -

R0 '

4c  5, R =  /J-D-ribofuranosyl;
Ar =  7-bena[a]anthryl

Product Distribution on Alkylation in Dimethyl
acetamide and Water. W ith authentic samples now avail
able as reference com pounds, it was possible to study the 
relative yields o f  3- vs. N 4-substituted cytidine upon alkyl
ation o f  cytidine in dim ethylacetamide, and in a buffered 
aqueous solution, pH  5.5. W ith our technique, we were able 
to detect as little as 0.1% yield o f  a product. T he results are 
presented in Table I. It can be seen that the total yield o f  
products was good in the reactions conducted in dim ethyl
acetamide. In water, however, the yield o f  alkylated prod 
ucts was less than 1 %, which undoubtedly is due to com pe
tition by the solvent for the alkylating agent. These results 
are com parable to those recently reported for alkylation o f  
cytidine by ethyl methanesulfonate and diethyl sulfate in 
aqueous solution . 1 1

The results o f  the alkylation study in dim ethylacetam ide 
with all three bromides was generally in accord with obser
vation previously reported .4 T he sole new feature was that 
a small amount o f  N 4 substitution (relative to  3 substitu
tion) was observed in the case o f  7-brom om ethylbenz[a]an- 
thracene. The results :n aqueous solution provide a striking 
contrast. The introduction o f a m ethoxyl group into the 
para position o f benzyl brom ide altered the product distri
bution from  7:1 in favor o f  3 substitution to exclusive 
(within the limits o f  our technique) N 4 substitution. The 
case o f  brom om ethylbenz [a] anthracene fell in between
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these extremes, with 3 substitution slightly ahead o f N 4 

substitution. This contrasts with the results o f  D ipple et 
al. ,4,12 who suggested that amino substitution was the prin
cipal reaction, at the nucleoside level as well as with nucleic 
acids.

Some studies were also perform ed on the methylation o f  
cytidine in an organic solvent, and aqueous buffer. This 
was done to com pare our results with those o f  other work
ers, who generally have not observed m onoalkylation at N 4, 
except in strongly alkaline solution. In fact, even when a 
large excess o f  dim ethyl sulfate was used, no 7V4-m ethylcy- 
tidine was detected. 3-M ethylcytidine was obtained in 77% 
yield in dim ethylform am ide, and in 64% yield in an aque
ous buffer, under these conditions.

The results o f  Sun and Singer1 1  on the ethylation o f  cyti
dine should be considered in connection with our results. 
The ratio o f  3- to N 4-substituted product was about 20:1 in 
dimethyl sulfoxide, and 5.5:1 in neutral aqueous solution.

W e wished to consider the possibility that the N 4-substi- 
tuted products observed by us were form ed by intram olec
ular Dimroth rearrangement13  o f  the 3-substituted prod
ucts. This process has been observed when 3-substituted 
cytosines were heated in alkali, 14 or in a mixture o f  acetic 
anhydride and acetic acid .15  This process seemed unlikely 
in our case, as it would also have been expected in the 
methylation reaction, where no am ine-substituted product 
was observed. In fact, no rearrangement was observed when 
4b and 4c were allowed to stand under the aqueous reac
tion conditions. A t 85%, pH  4.7, a small am ount o f  rear
rangement to 3b and 3c was observed. T he major product, 
under those conditions, was cytidine. This form ation o f  cy 
tidine suggested that the rearrangement observed was not 
Dimroth, but by an intermolecular path, similar to that 
produced on heating 3-benzylhypoxanthine .16

It is apparent that the conditions which favor substitu
tion on the amino group relative to the ring nitrogen in cy 
tidine are those which favor the developm ent o f  a positive 
charge on the alkylating agent: stabilization o f  the devel
oping carbonium  ion (com pare p-m ethoxybenzyl brom ide 
to benzyl brom ide) and an aqueous rather than a less polar 
solvent. As suggested by Dipple and co-workers ,4 this first- 
order process resembles acylation. T he therm odynam ically 
more stable am ino-substituted product is form ed. The neu
tral product formed after 3 substitution is in the less stable 
amino tautomeric form  o f cytidine.

Our results provide additional inform ation on the factors 
that control amino group substitution in nucleosides. The 
biological significance o f  this event remains undetermined.

Experimental Section
Melting points are uncorrected. Ultraviolet spectra were deter

mined on a Cary 15 spectrophotometer, infrared spectra with a 
Perkin-Elmer Model 137 spectrophotometer, and NMR spectra 
with a Varian XL-100 instrument using tetramethylsilane (t 10.00) 
as standard. Mass spectra were determined at 70 eV with Varian 
M -6 6  and CEC 21-110B spectrometers. Thin layer chromatogra
phy was performed on Avicel mecrocrystalline cellulose TG-101 
(FMC Corp.) and on precoated silica gel plates (E. Merck). Plates 
were visualized with a uv lamp equipped with a short-wavelength 
filter. Microanalyses were performed by Spang Microanalytical 
Laboratory, Ann Arbor, Mich.

Preparation o f JV4-Benzylcytidine (3a). A. From 2',3',5'-Tri- 
O-benzoyl-4-thiouridine. A mixture of 228 mg (0.396 mmol) of 
2',3,,5'-tri-0-benzoyl-4-thiouridine6 (2) and 2.26 ml (24.0 mmol) of 
benzylamine in 6 ml of absolute ethanol was heated for 2 2  h at 10 0  
°C in a sealed vial. The solvents were then removed under vacuum, 
and 40 ml of water was added to the resulting heavy liquid. The 
aqueous layer was extracted repeatedly with benzene, then freeze 
dried to afford a light yellow solid. This product was worked up by 
preparative TLC in methanol-benzene (3:7). The major band (R f
0.20) afforded 111 mg of a light yellow glass. This material was dis

solved in methanol-2-propanol (2:3) and filtered. The solvents 
were evaporated, and the solid triturated with ether to afford 40 
mg (29%) of an amorphous solid, which could not be crystallized: 
Amax (pH 2) R) 285 nm (16 400), Amax (pH 7) 238, 273 nm; NMR 
(CD3OD) r 2.07 (1 H, d, J  = 8 Hz, H6) 2.71 (5 H, s, C6H5), 4.00- 
4.20 (2 H, m, H5, HD, 5.42 (2 H, s, CH2), 5.78-6.08 (3 H, m, H2S 
Hy, HD, 6.10-6.30 (2 H, m, Hs-); ir (KBr) 6.03, 6.36, 6.60 ¡i\ mass 
spectrum m /e calcd for C16H 19N3O5, 333.1325; found, 333.1303.

Anal. Calcd for Ci6H19N30 s.H20: C, 54.70; H, 6.03; N, H.95. 
Found: C, 55.39; H, 5.65; N, 11.99.

B. Preparation o f 3a from Cytidine. Cytidine (48.6 mg, 0.20 
mmol), benzylamine (0.44 ml, 4.0 mmol), and 5 ml of aqueous sodi
um bisulfite were combined. Thé pH was adjusted to 7.2 with 6  N 
NaOH, and the final volume of solution was brought to 12.5 ml by 
addition of water. The solution was heated at 45 °C for 138 h. The 
pH was adjusted to 10.7 by addition of concentrated N H 4OH, and 
the solution was stirred for 10 min. The solvents were evaporated 
to give a white powder. The powder was dissolved in water, and the 
solution was absorbed onto 10 0  ml of cation exchange resin 
(Dowex A.G. 50W-X8), H+ form. The column was washed with 
water and then eluted with 1.5 N N H4OH. The purity of fractions 
was checked by TLC on cellulose in acetonitrile-0.1 M NH4CI (9:1) 
( R f  0.13 for cytidine, 0.67 for 3a). Earlier fractions were contami
nated with cytidine, later fractions with a fluorescent impurity. 
The pure middle fractions were evaporated to afford 17.3 mg (26%) 
of 3a as a glass. The R f  (above) of 3a and NMR were identical with 
those of the product prepared by another route.

Ar4-(p-M ethoxybenzyl)cytidine (3b). The first procedure list
ed above for 3a was employed, starting from 230 mg (0.40) mmol of 
2,,3',5,-tri-0-benzoyl-4-thiouridine and 3.28 ml (25.2 mmol) of p- 
methoxybenzylamine. After preparative TLC on silica in metha
nol-benzene (3:7), the product ( R f  0.37) was recrystallized from 
ethanol-ethyl acetate to yield 67 mg (44%) of a solid: Amax (pH 2) 
R) 283 nm (16 600); Amax (pH 7) 273 nm; NMR (CD3OD) r 2.10 (1 
H, d, J  = 8 Hz, He), 2.76 (2 H, d, J  = 8 Hz, aromatic), 3.16 (2 H, d, 
J  = 8 Hz, aromatic), 4.06-4.20 (2  H, m, Hs, HD, 5.50 (2  H, s, CH2), 
5.78-6.08 (3 H, m, Hy, H3-, HD, 6.10-6.28 (5 H, m, OCH3, HD; ir 
(KBr) 6.03, 6.36, 6.60 p; mass spectrum m /e 231 (base + H+), 121 
(CH3OC7H6+).

Anal. Calcd for C17H2iN30 6-H20: C, 53.53; H, 6.08; N, 1 1 .0 2 . 
Found: C, 53.79; H, 6.09; N, 10.50.

Art-(Benz[a]anthryl-7-methyl)eytidine (3c). A mixture of 
115 mg (0.20 mmol) of 2',3',5,-tri-0-benzoyl-4-thiouridine6 (2) and 
257 mg (1 mmol) of 7-aminomethylbenz[a]anthracene4 in 8 ml of 
absolute ethanol was heated for 42 h at 100 °C in a sealed vial. The 
solvent was evaporated and the residue was dissolved in 8 ml of 
methanol. Dry ammonia gas was passed through the solution at 25 
°C for 3 h. The suspension was filtered and washed with methanol. 
The filtrate was concentrated and worked up by preparative TLC 
on silica in methanol-benzene (3:7). The product ( R f  0.45) was 
triturated with ethyl acetate, washed with ether, and recrystallized 
from ethanol-water to yield 44 mg (45%) of light yellow crystals: 
mp 175-177 °C; Amax (MeOH) R) 260 nm (38 700), 270 (52 800), 
280 (88 700), 291 (106 000), 319 (5100), 335 (8600), 351 (12 300), 
369 (7900), 388 (900); NMR (CD3OD) r 0.6-2.6 (12 H, m, He + aro
matic), 4.05 (1 H, d, J  = 3 Hz, HD, 4.20 ( 1  H, d, J  = 8 Hz, H5),
4.55 (2 H, s, CH2), 5.60-6.60 (5 H, m, H2<, Hy, H4-, HD; ir (KBr)
6.01,6.40, 6.62 ft.

Anal. Calcd for C28H26N30 5-H20: C, 67.05; H, 5.43; N, 8.38. 
Found: C, 66.95; H, 5.35; N, 8.28.

3-Benzylcytidine Hydrobromide (4a). This compound was 
prepared by the method of Brookes et al.8 and had its melting 
point and uv in accord with those listed: NMR (CD3OD) r 1.47 (1 
H, d, J  = 8 Hz, H6), 2.65 (5 H, s, C6H5), 3.71 (1 H, d, J =  8 Hz, H5), 
4.10 (1 H, d, J  = 2 Hz, Hr ), 4.67 (2 H, s, CH2), 5.73-6.03 (3 H, m, 
Hy, H3', HD, 6.04-6.21 (2 H, m, H5-); ir (KBr) 5.75, 6 .0 1 , 6.46 fi.

3-p-Methoxybenzylcytidine Hydrobromide (4b). To a sus
pension of cytidine (243 mg, 1 mmol) in 4 ml of dry dimethylacet- 
amide was added 605 mg (3 mmol) of p-methoxybenzyl bromide.17 
The mixture was heated in a sealed tube at 32 °C for 72 h. To the 
mixture were added acetone (8 ml), ethyl acetate (80 ml), and then 
ether, to the point where the solution became cloudy. The solution 
was allowed to stand at 25 °C for 16 h. The gummy solid which de
posited was triturated with ether, then worked up by preparative 
TLC on cellulose in 2 -propanol-water (8:2). The product ( R f  0.66) 
was purified by recrystallization from ethanol-ethyl acetate to 
yield 228 mg (51%) of 4b: mp 176-177°; Amax (pH 2) R) 280 nm 
(13 500); Amax (pH 11.5) 268 nm; NMR (CD3OD) r 1.47 (1 H, d, J  
=  8 Hz, H6), 2.69 (2 H, d, J  = 8 Hz, aromatic), 3.07 (2 H, d, J  = 8 
Hz, aromatic), 3.73 (1 H, d, J  =■ 8 Hz, H5), 4.08 (1 H, d, J  = 2 Hz,
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Hr ), 4.75 (2  H, s, CH2), 5.70-6.04 (3 H, m, H2-, Hs', H4'), 6.05-6.33 
(5 H, m, OCHs at 6.23, H5'); ir (KBr) 5.75,6.03,6.50,6.60 M.

3-(Benz[a]anthryl-7-methyl)cytidine Hydrobromide (4e). 
This compound was prepared by the method of Dipple et al.4 from 
300 mg (1.23 mmol) of cytidine and 450 mg (1.4 mmol) of 7-bro- 
momethylbenz[a]anthracene.18 Purification of the product was 
performed by preparative TLC on cellulose with 1-butanol-water 
(86:14). The-yield of recrystallized product was 242 mg (35%): mp 
177-179 °C (lit.4 177-179 °C); Amax (MeOH) («) 260 nm (37 100), 
270 (45 400), 281 (74 100), 292 (89 000), 320 (5800), 336 (8300), 353 
(9800), 370 (7400), and 388 (2500); NMR (Me2SO-d6 + D20 ) r 
0.36-2.46 (12 H, m, aromatic and He), 3.50 (1 H, d, J  = 8 Hz, H5'), 
3.92 (2 H, s, CH2), 4.62 (1 H, d, J  = 3 Hz, Hr), 5.96-6.46 (5 H, m, 
H2', H3S Hr, H5'); ir (KBr) 5.80,6.00, 6.52 M.

Preparation o f 3-(Benz[a]anthryl-7-methyl)uridine (5) 
from 4c. A. Nitrous Acid. Sodium, nitrite (560 mg, 8.12 mmol) 
was added over 30 min at 25 °C to a solution of 70 mg (0.124 
mmol) of 4c in 7 ml of aqueous acetic acid. The reaction mixture 
was stirred at 5 °C for 16 h. The precipitate that appeared was fil
tered and washed with water. This product was separated from 
contaminating starting material by preparative TLC on cellulose 
using 1-butanol-water (86:14), and recrvstallized from absolute 
ethanol to give 21 mg (35%) of 5: no sharp melting point; Amax 
(MeOH) 260, 270, 280, 291, 321, 336, 352, 369, and 388 nm; NMR 
(Me2SO-de) r 0.4-2.60 (12 H, m, aromatic + He), 3.96 (2 H, s, 
CH2), 4.13 (1 H, d, J  =  8 Hz, Hg), 4.36 (1 H, d, J  = 3 Hz, Hr), 
4.60-5.20 (3 H, m, H2<, H3<, H4<), 5.90-6.60 (5 H, m, Hg- + OH); ir 
(KBr) 5.82, 6.05 mass spectrum m / e  484 (M+); TLC on silica, R f  
0.41 (methanol-benzene, 3:7), 0.26 (acetone); TLC on cellulose, R f  
0.69 (2-propanol-water, 8:2).

Anal. Calcd for C28H24N206-H20: C, 66.92; H, 5.22; N, 5.58. 
Found: C, 66.57; H, 4.80; N, 5.71.

B. Sodium Bisulfite. A suspension of 10 mg (0.017 mmol) of 4c 
in 2.5 ml of 2.26 M NaHS03 solution, pH 5.0, was stirred at 37 °C 
for 22 h. The pH was adjusted to 11.5 by addition of Na2H P04 and 
NaOH, and the reaction mixture stirred for an additional 1 h. The 
pH was then adjusted to 1 by addition of 6 N HC1, and a stream of 
nitrogen was passed through to remove sulfur dioxide. NaOH was 
added, to change the pH to 7, and the precipitate, which contained 
starting material and product, was filtered. The work-up by pre
parative TLC was conducted in the same manner as in the nitrous 
acid reaction. The R f  values and uv spectrum of the product were 
identical with those of the product in the nitrous acid reaction. 
The yield (estimated spectrophotometrically) was 53%.

Preparation o f 3-(Benz[a]anthryl-7-methyl)uridine (5) 
from Uridine. To a suspension of 20 mg (0.41 mmol) of sodium 
hydride (50% dispersion in oil) in 1 ml of dry dimethylformamide 
was added 100 mg (0.41 mmol) of uridine. The mixture was heated 
under N2 for 3 h at 70 °C, and 158 mg (0.49 mmol) of 7-bro- 
momethylbenz[a]anthracene in 2 ml of dry dimethylformamide 
was added. The reaction mixture was stirred under N2 at 70 °C for 
20 h, and the solvents were evaporated under vacuum. The residue 
was worked up by preparative TLC on silica in methanol-benzene 
(3:7). A crude yield of 87 mg (44%) of yellow, partly crystalline ma
terial, R f  0.48, was obtained. A pure sample, identical in ir (KBr) 
and R f  with 5 preprared from 4c, was obtained.

Reaction o f Cytidine with Benzylic Bromides in Aqueous 
Buffer. Product Distribution Studies. To 100 mg (0.41 mmol) of 
cytidine dissolved in 45 ml of 0.01 M sodium acetate buffer, pH
5.5, was added 0.5 mmol of either benzyl bromide (as a solution), 
p-methoxybenzyl bromide (as a solution), or 7-bromomethyl- 
benz[a]anthracene (as a suspension, in 5 ml of acetone), over a 30- 
min period. The reaction mixtures were stirred at room tempera
ture for 7 days and then freeze dried. The resulting powders were 
extracted in methanol and worked up by preparative thin layer 
chromatography: on cellulose in 2 -propanol-water (8 :2 ) for the 
benzyl bromide reaction, on cellulose in acetonitrite-0.1 M NH4C1 
(9:1) for the p-methoxybenzyl bromide reaction, and on silica with 
methanol-benzene (3:7) for the 7-bromomethylbenz[a¡anthracene

reaction. The following are the R f  values of the marker compounds 
run to locate the products: 4a, 0.45; 3a, 0.78; 4b, 0.25; 3b, 0.42; 4c, 
0.25; 3c, 0.48. The identity of each compound was confirmed by its 
uv spectrum and R f  on TLC in a different solvent system.

Reaction o f Cytidine with Benzylic Bromides in Dimethyl- 
acetamide. Produet Distribution Studies. Cytidine (20 mg, 0.8 
mmol) and an approximately twofold excess of each of the benzylic 
halides were allowed to react for 24 h at 38 °C in dry dimethylacet- 
amide. The reaction mixtures were worked up by preparative TLC 
following the procedures used in the aqueous reactions.

Reaction o f Cytidine with Dimethyl Sulfate in Dimethyl
formamide. To a suspension of 400 mg (1.64 mmol) of cytidine in 
4 ml of dry dimethylformamide was added 1.6 ml (16 mmol) of di
methyl sulfate. The mixture was heated for 45 min at 40 °C. On 
addition of 10.4 ml of methanol and 25 ml of ethyl acetate, a pre
cipitate appeared. The melting point, R f ,  and uv spectrum of this 
substance were identical with those reported for 3-methylcytidine 
methosulfate,19 yield 450 mg (77%). The mother liquor was con
centrated under vacuum, neutralized with dilute ammonia, and 
worked up by preparative TLC on cellulose in 1-butanol-water- 
concentrated NH4OH (86:14:1). A number of weak bands were ob
served by uv, but none corresponded in R f  to an authentic marker 
of NLmethylcytidine.7

Reaction of Cytidine with Dimethyl Sulfate in Aqueous 
Buffer. To a solution of 50 mg (0.21 mmol) of cytidine in 4 ml of 
0.05 M sodium acetate buffer, pH 5.5, was added 0.4 ml (4.3 mmol) 
of dimethyl sulfate. The reaction mixture was stirred at 25 °C for 1  
h, with occasional addition of NaOH to maintain the pH at 5.0. 
The reaction mixture was examined by TLC on cellulose in 1-buta- 
nol-water-concentrated NH4OH (86:14:1). Spots were observed 
that were identified by R f  and uv as 3-methylcytidine (R f  0.34, 
yield 64%) and unreacted cytidine ( R f  0.15). No spot correspond
ing in R f  to a marker of Af4-methylcytidine was observed.

Registry No.— 1, 24961-39-5; 2, 15049-50-0; 3a, 58343-13-8; 3b, 
58343-14-9; 3c, 58343-15-0; 4a, 22423-32-1; 4b, 58343-16-1; 4c, 
58343-17-2; 5, 58343-18-3; benzylamine, 100-46-9; cytidine, 65-46- 
3; p-methoxybenzylamine, 2393-23-9; 7-aminomethylbenz[a]an- 
thracene, 58343-19-4; p-methoxybenzyl bromide, 2746-25-0; uri
dine, 58-96-8; benzyl bromide, 100-39-0; dimethyl sulfate, 77-78-1.
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9(10— 19)Abeo steroids combine structural features of both normal and 19-nor steroids. Starting with the 
known seco steroid (1) the total synthesis of the title compounds is described. Stereochemical assignments in 
9(10— 19)afeeo-estradiol (13) and its 3-methyl ether (9) are made by x-ray analysis of the 17-ketone (11).

One of the outstanding classes of oral contraceptives are 
the 19-nortestosterone derivatives. These are used in com
bination with estrogens and the formulated drugs suffer 
from side effects.1 Steroidal estrogens are known to have 
postcoital antifertility effect, which could not be separated 
from the estrogenic activity in primates.2 The 
9(10— 19)abeo steroids3 represent a hybrid between normal 
and 19-nor steroids combining structural features of both 
types. It is hoped that abeo estrogens would retain the anti
fertility properties acting as modified estrogens with re
duced hormonal effects. To that end the preparation of 
abeo analogues of estradiol was undertaken and the results 
are reported here.

The two synthetic approaches reported4-7 for the abeo- 
steroid nucleus are not general and do not lend themselves 
to preparing various types of abeo estrogens for biological 
evaluation. Both methods start with naturally occurring 
steroids where the 19-methyl group is functionalized and is 
subsequently incorporated into ring B by a rearrangement. 
Our total synthetic approach started with the known opti
cally active seco steroid ( l )7,8 (Scheme I). Condensation of 
this ketone with the ylide derived from methoxymeth- 
ylenetriphenylphosphonium chloride resulted in the for
mation of the enol ether (2) which consisted of a mixture of 
two geometric isomers as evidenced by the methoxy group 
signals in the lH NM R spectrum. Cyclization of 2 to the 
abeo-steroid nucleus was effected either by trifluoroacetic 
acid or p-toluenesulfonic acid. While the former furnished 
a mixture of the 17/3-alcohol (3) and its trifluoroacetic ester
(4) , the latter furnished the uncleaved 17-ieri-butyl ether
(5) .

Evidence for the cyclized structure rested upon spectral 
data as well as elemental analysis. The ultraviolet spectrum 
had a maximum similar to that reported for substituted 
styrenes.9 In addition, the aromatic pattern in the 1H NM R  
spectrum was similar to related steroid structures.10 These 
data rule out cyclization at the position ortho to the me
thoxy group.

Oxidation of the alcohol (3) with chromic acid and 3,5- 
dimethylpyrazole11 furnished the corresponding 17-ketone
(6) . This upon treatment with lithium acetylide-ethylene- 
diamine complex12 in dioxane gave the corresponding 17a- 
ethynyl derivative (7). Boron tribromide treatment of 5 re
sulted in the estratetraene (8).

Catalytic hydrogenation of 3 over palladium on charcoal 
resulted in the uptake of 1 mol of hydrogen and furnished a 
mixture of two isomeric compounds at C-9; the major iso
mer was suspected to be the 9a isomer (9) by analogy with 
results obtained on the steroid nucleus.7 However, when 3 
was reduced with sodium in liquid ammonia13 a single

Scheme I

J
X

9, X =  OH,... H
10, X =  O-i-Bu,... H
11, X =  O
12, X =  OH, ...Cs=CH

OH

X

3, X =  OH,... H
4, X =  OCOCF* ... H
5, X =  O-i-Bu, ...H
6, X =  0
7, X =  OH,... C =C H

l
OH

product was isolated which was identical with the major 
isomer obtained earlier. Similarly, reduction of 5 furnished 
the corresponding dihydro compound (10) as the only 
product in good yield.

Confirmation of the stereochemistry at C-9 came from 
x-ray analysis of the 17-keto derivative (11) (vide infra). 
Treatment of 11 with lithium acetylide-ethylenediamine 
complex gave 17a-ethynyl 9(10 »19)abeo-estradiol methyl 
ether (12). 9(10— 19)ai>eo-Estradiol was obtained by simul
taneous cleavage with boron tribromide of the 3-methyl 
and 17-ieri-butyl ethers in compound 10.

X-Ray Analysis of Compound 11. Single crystals were 
grown by evaporation of a petroleum ether-ethanol solu
tion. The crystal data follow: space group P 2i, a = 13.424 
Â, b = 8.847 Â, c = 7.172 Â, .0 =  91.26°, V = 851.5 Â3. The 
intensities of 2619 diffraction spectra were measured, of
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which 1036 had intensity greater than twice the back
ground. The crystal structure was solved by direct meth
ods.14’15 The structure was refined by full-matrix least- 
squares techniques and all hydrogen atoms were located in 
Fourier difference syntheses. The final reliability index (R) 
was 5.7%. The a configuration of the hydrogen substituent 
at C-9 was unambigously defined as illustrated in Figure 1. 
A complete structure report will be published elsewhere.

Experimental Section
Melting points (uncorrected) were determined with a Thomas- 

Hoover capillary apparatus. Optical rotations were obtained on a 
Perkin-Elmer 141 polarimeter. 1H NMR spectra were determined 
on a Varian A-60 or on a JEOLCO C-60-HL spectrometer using 
CDCI3 and Me4Si. Mass spectral fragmentations were obtained 
from either a Perkin-Elmer RMV-6E or CEC 24-104 mass spec
trometer. Microanalyses were performed by Microanalysis, Inc., 
Marshallton, Del. Compounds 2 -13  had acceptable carbon and hy
drogen analyses. All evaporations were carried out in vacuo using a 
water aspirator and solutions were dried over anhydrous magne
sium sulfate. Column chromatography utilized Brinkmann silica 
gel 60 (70-230 mesh ASTM).

(lS,3aS,4S,7aS)-l-tert-Butoxy-5-m ethoxym ethylene-4-[2- 
(3-methoxyphenyl)ethyl]-7a-methyIhexahydroindan (2).
Methoxymethylenetriphenylphosphonium chloride (2.5 g, 7.3 
mmol) was suspended in anhydrous ether (100 ml) under a stream 
of nitrogen. The suspension was cooled to —35 °C and phenylli- 
thium (1.7 M, 4.23 ml) was introduced. A red color was formed in
stantly. After stirring at that temperature for 0.5 h, an ether solu
tion (15 ml) of the ketone 1 (1.12 g, 3.0 mmol) was introduced and 
the reaction mixture was allowed to stir at —35 °C for 0.5 h, after 
which it was allowed to warm up to room temperature. Water (50 
ml) was then added and the organic layer was separated and dried. 
The residue obtained after evaporation was placed on a dry silica 
gel column. Hexane elution furnished the product as an oil (0.98 g, 
80%): NMR 6 0.98 (3 H, s), 3.2-3.5 (1 H, m), 3.53-3.56 (3 H, sin
glets), 3.78 (3 H, s), 5.83 (1 H, m), 6.66-7.42 (4 H, m).

(+)-17d-Hydroxy-3-methoxy-9(10—>19)afceo-estra- 
l,3,5(10),9(19)-tetraene (3) and 3-Methoxy-l 7/3-trifluoroace- 
toxy-9(10—19)aheo-estra-l,3,5(10),9(19)-tetraene (4). The enol 
ether (2, 110 mg, 0.28 mmol) was dissolved in trifluoracetic acid 
(1.0 ml) and the resulting dark solution was allowed to stand at 
room temperature for 0.5 h. Water (10 ml) was added and the solu
tion was neutralized with aqueous sodium hydroxide. Ether ex
traction gave a gum (98 mg) whose thin layer chromatographic 
analysis (ether-hexane, 4:6) showed two spots, the upper minor 
compound (Rf 0.9) and a lower major spot (Rf 0.3). The pure com
pounds were obtained by column chromatography eluting with a 
1:1 mixture of ether-hexane and collecting 10-ml fractions. Frac
tion 2 contained compound 4 (20 mg, 17%): mp 168-170 °C; NMR 
<5 1.0 (3 H, s), 4.5-5.0 (1 H, m), 3.78 (3 H, s), 6.3 (1 H, m), 6.5-7.1 (3 
H, m).

Fractions 3-7 contained the parent alcohol 3 (80 mg, 95%): mp
90-92 °C; [ a ] 25D  +  3.85° (c 0.26, CHC13); NMR S 0.83 (3 H, s), 
3.33-3.75 (1 H, m), 3.7 (3 H, s), 6.18 (1 H, m), 6.52-7.1 (3 H, m); uv 
(EtOH) Amax 270 nm (log r 4.29).

In later experiments the reaction mixture was treated with 10%

aqueous methanolic sodium hydroxide with subsequent isolation 
of the alcohol 3 only.

( +  )-17/3- tert-B uto xy-3-m etho xy-9(10—>-19)afeeo-estra- 
1,3,5(10),9(19)-tetraene (5). To a solution of 2 (5.07 g, 13 mmol) 
in benzene (100 ml) was added a catalytic amount of p-toluenesul- 
fonic acid (100 mg) and the solution was refluxed for 0.5 h. The re
action mixture was evaporated to dryness and the residue was dis
solved in ether (300 ml). The ether solution was washed once with 
water, dried, and evaporated to dryness to give a yellowish gum 
(4.2 g, 90%). The analytical sample was obtained from methanol: 
mp 66-69 °C; [a]25D +45,63° (c 1.03, CHC13); NMR <5 0.87 (3 H, s), 
1.11 (9 H, s), 4.5-5.0 (1 H, m), 3.7 (3 H, s), 6.18 (1 H, m), 6.52-7.1 
(3 H, m).

(+)-3-Methoxy-9(10—>19)aheo-estra-l,3,5(10),9(19)-tetraen- 
17-one (6). 3,5-Dimethylpyrazole (580 mg) was added to a suspen
sion of chromic acid (600 mg) in methylene chloride (40 ml), and 
the mixture was stirred at room temperature, under nitrogen, for 
15 min. To this solution was added the alcohol 3 (617 mg, 2 mmol) 
dissolved in methylene chloride (10 ml) and the resulting mixture 
was stirred at room temperature for 0.5 h. Evaporation of the or
ganic solvent was followed by ether extraction. The concentrated 
extract was passed through a short silica gel column (5% ether- 
hexane) to give a gum (415 mg, 70%). The analytical sample was 
obtained from ether-hexane; mp 154-156 °C, [ a ] 25D  +156.00° ( c  

0.605, CHCls).
( +  ) -17 a -E th y n y l-3 -m e th o x y -9 (10 — 19 )a h e o -e stra - 

1,3,5(10),9(19)-tetraen-17-ol (7). To a saturated solution of ace
tone-free acetylene in dioxane (20 ml) was added, with stirring, 
lithium acetylide-ethylenediamine complex (1.1 g) followed by a 
solution of the ketone G (207 mg, 0.7 mmol) in anhydrous dioxane 
(10 ml). During the addition and for 2 h thereafter a stream of ace
tone-free acetylene was passed through the reaction mixture. Stir
ring was then continued in a closed system for 2 days. An aqueous 
solution of ammonium chloride was added slowly and the aqueous 
layer was extracted with ether several times. The combined ex
tracts were dried and evaporated to dryness to give a brown semi
solid (150 mg) which gave the analytical sample upon crystalliza
tion from methanol-water: mp 167-169 °C; [ a ] 25D  +37.140° (c 
0.14, CHCI3); ir (KBr) 3500 (OH), 3340 cm-1 (C=CH ); mass spec
trum rale 322 (M+), 296 (M+ — C2H2), 187.

(+)-9(19)-Dehydro-9{10—19)aieo-estradiol (8). A solution of 
compound 5 (360 mg, 1.0 mmol) in methylene chloride (10 ml) was 
cooled in a dry ice-acetone bath and was treated with boron tri
bromide (0.4 mg). The reaction mixture was gradually warmed up 
to room temperature and was stirred at this temperature for 1 h. 
Water was added and the organic layer was separated, dried, and 
evaporated to dryness to give a gum which consisted of a mixture 
of two compound (TLC). The lower spot was isolated by dry col
umn chromatography (ether-hexane, 1:1) (153 mg, 54%). The ana
lytical sample was obtained from acetone-hexane: mp 224-230 °C; 
[ a ] 25D  +60.11° (c 0.18, MeOH); mass spectrum m/e 284 (M+), 266 
(M+ -  H20), 145.

(+)-9(10—<-19)aheo-EstradioI 3-Methyl Ether (9). A solution 
of the alcohol 3 (1.65 g, 5.5 mmol) in methanol (200 ml) was hydro
genated over 10% palladium on charcoal (0.5 g) in a Parr apparatus 
at 40 psi overnight. Filtration of the catalyst and evaporation gave 
a solid (1.4 g) which consisted of a mixture of two compounds. Col
umn chromatography of the residue using ether-hexane (1:1) fur
nished the major compound (783 mg), mp 119-120 °C.

The same compound was obtained by hydrolysis of the tert- 
butyl ether 10 with trifluoracetic acid as described for the prepara
tion of 3: [ a ] 25D  +23.14° ( c  0.60, CHCI3); NMR 5 0.83 (3 H, s),
3.5-3.7 (1 H, m), 3.78 (3 H, s), 6.52-7.3 (3 H, m).

(+) - 1 7/S- tert-Butoxy-3-m ethoxy-9( 10— 19) aheo-estra- 
l,3,5(10)-triene (10). A solution of compound 5 (211 mg, 0.6 
mmol) in dry tetrahydrofuran (40 ml) was added with stirring to a 
solution of sodium (138 mg, 6 mmol) in liquid ammonia (100 ml). 
After stirring for 5 min, an additional amount of sodium (138 mg) 
was added and the stirring was continued for 0.5 h. Ammonium 
chloride (1.0 g) was added in small portions. After evaporation of 
ammonia, water (15 ml) was added and the solution was extracted 
with ether. Evaporation of the dried ether extract gave a crystal
line residue (218 mg, 100%). Recrystallization from methanol gave 
the analytical sample: mp 122-126 °C; [ a ] 25D  +52.69° ( c  0.99, 
CHCI3); mass spectrum m/e 356 (M+), 300 (M+ — CiHg); NMR 5 
0.76 (3 H, s), 1.11 (9 H, s), 3.0-3.3 (1 H, m), 3.75 (3 H, s), 6.52-7.1 
(3 H, m).

(+)-9(10—-19)aheo-Estrone 3-Methyl Ether (11). Jones re
agent (1 ml) was added dropwise to a cooled solution of the alcohol 
9 (157 mg, 0.52 mmol) in acetone (30 ml). Stirring was continued
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for another 20 min. Evaporation of acetone was followed by parti
tioning the residue between chloroform and water followed by the 
usual work-up. Filtration of the residue on a silica gel column (1:1 
ether-hexane) gave the compound (62 mg, 40%); mp 152-153 °C; 
[«]26d +120.47° (c 1.07, CHC13); NMR Ô 0.92 (3 H, s), 3.73 (3 H, s), 
6.52-7.1 (3 H, m).

(+ ) - 1 7 a - E t h y n y l - 9 ( 1 0 —» 1 9 )a h e o -e s t r a d io l  3 -M e t h y l  E th e r
(12). The procedure employed here is essentially the same as that 
described for the preparation of 7. Thus the ketone 11 (570 mg, 1.9 
mmol) was treated with lithium acetylide-ethylenediamine com
plex (3.0 g) in anhydrous dioxane (15 ml). The product was ob
tained from methanol-water (315 mg, 51%): mp 154-156 °C [a]25D 
+5.52° (c 1.31, CHCI3); NMR 5 0.93 (3 H, s ), 2.5 (1 H, s), 3.8 (3 H, 
s), 6.55-7.1 (3 H, m).

( + ) - 9 ( 1 0 — 1 9 )a h e o -E s t r a d io l  (1 3 ) . Although this compound 
was prepared from the alcohol 9, direct hydrolysis of compound 10 
gave better yields. Thus, under similar reaction conditions to those 
reported for the preparation of 8, compound 10 (48 mg, 0.13 mmol) 
was treated with boron tribromide (0.1 ml) in methylene chloride 
(5 ml). The work-up furnished a residue (29 mg, 78%) which gave 
the analytical sample upon crystallization from methanol: mp 
234-238 °C; ir (KBr) 3550, 3250 cm-1; mass spectrum rale 286 
(M+).

Acknowledgment. This work was supported by a con
tract from the National Institutes of Child Health and 
Human Development, NOl-HD-2-2709. We are grateful to 
Drs. Gabriel Saucy and Noal Cohen of Hoffmann-La Roche 
for providing us with generous gifts of valuable intermedi
ates. The able technical assistance of Mr. August J. Zabbo 
is also acknowledged.

R e g is t r y  N o .— 1, 53016-36-7; 2, 58281-62-2; 3, 58281-63-3; 4, 
58281-64-4; 5, 58281-65-5; 6, 58281-66-6; 7, 58281-67-7; 8, 58281- 
68-8; 9, 58281-69-9; 10, 58281-70-2; 11, 58281-71-3; 12, 58281-72-4; 
13, 58281-73-5; methoxymethylenetriphenylphosphonium chlo
ride, 4009-98-7.

References and Notes
(1) R. Doll and M. P. Vessey, Br. Med. Bull., 26, 33 (1970).
(2) J. P. Bennett, ‘ Chemical C ontraception", Columbia University Press, 

New York, N.Y. 1974, pp 101-107.
(3) The use o t the prefix abeo in the rest o f the paper refers to  9(10—► 19) 

abeo.
(4) S. M. Kupchan and E. Abushanab, Tetrahedron Lett., 3075 (1965).
(5) S. M. Kupchan, E. Abushanab, K. T. Shamasundar, and A. W. By, J. Am. 

Chem. Soc., 89, 6327 (1967).
(6) F. Kohen, L. K. Lala, W. VanBever, and R. E. Counsell, Chem. Com

mun., 347 (1969).
(7) F. Kohen, W. VanBever, and R. E. Counsell, J. Org. Chem., 35, 2272 

(1970).
(8) N. Cohen, B. L. Banner, W. F. Eichel, D. R. Parrish, G. Saucy, J. M. Cas

sai, W. Meier, and A. Fürst, J. Org. Chem., 40, 681 (1975).
(9) U. Eder, G. Haffer, J. Ruppert, G. Sauer, and R. W iechert, German 

Offen. 2 253 088(1974).
(10) D. E. Bays, R. C. Cookson, and S. M ackenzie, J. Chem. Soc. B, 215 

(1967); W. E. Eachmann and J. Controulis, J. Am. Chem. Soc., 73, 
2636(1951).

(11) Varian NMR Spectra Catalogue, Spectrum No. 343.
(12) E. J. Corey and G. W. J. Fleet, Tetrahedron Lett., 4499 (1973).
(13) T. W. Huffman and P. G. Arapakos, J. Org. Chem., 30, 1604 (1965).
(14) G. H. Douglas, J. M. H. Graves, D. Hartley, G. A. Hughs, B. J. McLough- 

lin, J. Sidall, and H. Smith, J. Chem. Soc., 5072 (1963).
(15) G. T. DeTitta, J. AÍ. Edmonds, D. A. Langs, and H. Hauptman, Acta Crys- 

tallogr., Sect. A, in press.
(16) G. Germain, P. Main, and M. M. W oolfson, Acta Crystallogr., Sect. A, 

27, 368(1971).

A g a r id o x in , a  M u sh r o o m  M e ta b o lite . Iso la tio n , S tr u c tu r e , an d  S y n th e sis

Albert Szent-Gyorgyi

Laboratory of the Institute for Muscle Research, Marine Biological Laboratory, Woods Hole, Massachusetts 02543

Rack H. Chung, Michael J. Boyajian, and Max Tishler*

Wesleyan University, Middletown, Connecticut 06457 

Byron H. Arison, Erwin F. Schoenewaldt, and James J. Wittick 

Merck Sharp and Dohme Research Laboratories, Rahway, New Jersey 07065 

Received November 4,1975

Agaridoxin, a strongly autoxidizable substance, was isolated from the common mushroom Agaricus campestris. 
Its structure was established, largely by NMR, mass spectroscopy, uv spectroscopy, and polarography, to be 3,4- 
dihydroxy-(y-L-glutamyl)anilide (1). This metabolite was synthesized starting with the reaction between 3,4-(iso- 
propylidenedioxy)aniline (5) and AT-phthaloylglutamic anhydride (6). The resulting substituted phthalimide (7) 
was converted into (y-L-glutamyl)-3,4-(isopropylidenedioxy)anilide (9) by treatment with hydrazine in ethanol. 
Removal of the isopropylidene protecting group by use of boron trichloride gave agaridoxin in good yield.

The isolation of 4-hydroxy(y-L-glutamyl)anilide from 
the gill tissue of Agaricus bisporus,1 its enzymatic conversion 
to the sulfhydryl enzyme inhibitor, AMy-L-glutamyl)am- 
ino-3,4-benzoquinone,2 and the direct isolation of the quinone 
from this mushroom have recently been described. We wish 
to report the isolation, identification, and confirmatory syn
thesis of the putative intermediate, 3,4-dihydroxy(y-L-glu- 
tamyl)anilide (1), obtained from the very closely related 
species Agaricus campestris. Our interest in 1 resulted from 
a long and continual search by one of us (A.S.-G.) for com
pounds with low electron affinity3 which would autoxidize 
readily and would be expected to suppress cell division. Since 
we observed that aqueous extracts of Agaricus campestris 
(var. bifidis) autoxidized rapidly, the isolation of the substance

responsible for this reaction was undertaken. The autoxida- 
tion was markedly promoted by manganese salts with the 
development of a red color, a reaction used to follow the iso
lation of the mushroom factor. We now wish to report on the 
isolation, identification and synthesis of this substance which 
we named agaridoxin.

Agaridoxin was isolated from a methanol extract of the 
powdered mushroom by treating with lead acetate, separating 
from insolubles, concentrating to dryness, and subjecting the 
residue in aqueous solutions to Sephadex G10 chromatog
raphy.

Primary identification studies led us to believe that agari
doxin was a dihydroxy(7 -glutamyl)anilide represented by 1 
or 2. This conclusion was based on NMR, gas-liquid chro-
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matography-mass spectrographic analysis, ir, and elemental 
analyses. The NM R spectral parameters of agaridoxin in D20  
(Varian HA-100 spectrometer) are listed in Table I. Signals 
at 5 3.82, 2.57, and 2.24 indicated the presence of a 
>CH CH 2CH2-moiety. The suspicion that this grouping 
represented a glutamyl residue was virtually confirmed when 
it was observed that the methine signal exhibited a pH de
pendency typical of the a proton in amino acids. The ir spec
trum showed a sharp absorption at 3380 cm-1 indicating a 
peptide linkage. The aromatic resonances between 5 6.81 and
7.02 indicated a 1,2,4-trisubstituted system having one or more 
electron-donating substituents. Two of these were tentatively 
considered to be hydroxyls on the basis of the chemical shifts 
of the aromatic protons and the ease of autoxidation shown 
by the compound. Since the disposition of the hydroxyl groups 
would not be definitively assigned from the NM R spectrum, 
we resorted to comparisons of the polarographic and uv 
spectrographic behavior of agaridoxin with those of the model 
compounds L-3,4-dihydroxy-a-methylphenylalanine (3) and
3,4-dihydroxyacetanilide (4) and p-hydroquinone. Polaro-

N H 2
3 4

grams of agaridoxin and the model compounds in pH 5 acetate 
buffer are shown in Table II. Clearly, agaridoxin resembles
3,4-dihydroxyacetanilide in its oxidation properties. The uv 
comparison of agaridoxin and 4 in Table III confirms assign
ment of the hydroxyl groups in the 3,4 positions.

The combined gas-liquid chromatography and mass 
spectrometry was carried out on the tetratrimethylsilyl de
rivative of agaridoxin which was prepared by heating a mix
ture of 1 and bis(trimethylsilyl)trifluoroacetamide in aceto
nitrile at 105 °C for 15 min. Only one component was observed 
on the gas chromatogram. This component gave a mass 
spectrum with strong signals at m/e 614 [M+, corresponding 
to the molecular weight of the tetratrimethylsilyl (TMSi) 
derivative of 1 with fragmentation peaks at m/e 497 
(COsTMSi), 396 [CH(C02TMSi)NHTMS)] and the base peak 
m/e 383 [M -  231, loss of CH2= C (C 0 2TMSi)NHTMSi], and 
571 (M+ -  CH3CO), fragments expected to be lost from TMSi 
derivatives of amino acids.

Confirmation of the glutamyl moiety was obtained from the 
acid hydrolysate of agaridoxin (6 N HC1, 111 °C, 20 h) by 
Spinco analysis. Thin layer chromatography in two systems 
showed glutamic acid to be the sole ninhydrin-positive amino 
acid in the molecule. The acid hydrolysate, passed through 
a column of Pittsburg OL Carbon to remove aromatics, was 
compared by optical rotatory dispersion with a sample of L- 
glutamine that had been similarly hydrolyzed and treated. 
The ORD curves were essentially identical. Thus, agaridoxin

Table I. N M R  Parameters and Assignments for 
Agaridoxin (in D 20 )

5“ Multiplicity6 Assignment

7.02 (d) (J = 2.0) Aromatic
6.89 (d) (J = 8.5) Aromatic
6.81 (d,d) (J = 8.5, 2.0) Aromatic
3.82 (t) (J = 6.0) CH
2.57 (t) (J = 7.5) c h 2c = o
2.24 (q) (J = 6.0, 7.5) c h 2c

“ Relative to internal DSS. 6d = doublet, t — triplet, q — 
quartet.

Table I I .  Polarographic Data for 1, 3, 4, and 
Hydroquinone

Compd E1/2, V vs. SCE

3 0.24
Agaridoxin 0.18

4 0.18
p-Hydroquinone 0.13

Table I I I .  Uv Data for 1 and 4

Imaxj nm e m̂ax , nm € € /(

1 285 4240 248 9670 2.28
4 285 3460 246 8100 2.34

contains a glutamine moiety with the natural L  configuration 
and is 3,4-dihydroxy(y-L-glutamyl)anilide (structure 1).

The synthesis of agaridoxin involves the formation of a 
peptide bond between the 7 -carboxyl group of glutamic acid 
and the amino group of 4-aminopyrocatechol. This scheme 
entails the usual problems of peptide synthesis: protection of 
some functional groups, peptide formation, and removal of 
the protective groups. The starting materials of our successful 
synthesis were isopropylidene-3,4-dioxyaniline (5) and the 
anhydride of IV-phthaloyl-L-glutamic acid (6) and the scheme 
that we employed is outlined in Scheme I. The anhydride 6 
was prepared by acetic anhydride* 4 treatment of N-phthal- 
oyl-L-glutamic acid which in turn was prepared from N -car- 
boethoxyphthalimide and L-glutamic acid by the elegant 
method of Nefkens, Tesser, and Nivard,5 a sequence shown 
by them to take place without significant racemization.

The reaction of iV-phthaloyl-nr,-glutamic anhydride with 
various nucleophilic reagents has been extensively investi
gated,4-7 and the results indicate that cleavage of the anhy
dride ring to form 7 derivatives is a general occurrence. Thus, 
the condensation of the aniline 5 and the anhydride 6 in ether 
at room temperature provided 7  in 90% yield. Treatment of 
this acid 7  with methyl fluorosulfonate or diazomethane 
yielded a methyl ester 8, which gave a three-proton singlet at 
<5 3.70 in the NM R spectrum. In addition, the character of the 
compound was further verified by the appearance of the cor
rected molecular ion (m/e 438) in the mass spectrum as well 
as by its elemental analysis.

Removal of the phthaloyl group was accomplished by 
boiling an ethanol solution of hydrazine hydrate6 and the 
phthaloyl acid 7 for 2 h. The amino acid 9 was readily sepa
rated from the reaction mixture in 71% yield.

Removal of the isopropylidene protecting group by treat
ment with acidic, aqueous, or alcoholic medium is generally 
a facile process. However, this process could not be applied 
in our case, owing to the sensitive amide group. Ordinary 
conditions for hydrolysis of the acetal group also brought 
about cleavage of the amide portion of the molecule. It is 
worthy of note that N-formylaminopyrocatechol was obtained
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when the amino acid 9 was refluxed with 97% formic acid for
0.5 h, and that even at room temperature the amide group was 
cleaved. Success was finally achieved by use of boron tri
chloride, a reagent proving to be a useful Lewis acid,8’9 and 
superior in some instances to boron trifluoride and boron 
tribromide. The latter two reagents gave intractable mixtures 
in our case.

Selective cleavage of aromatic methyl ethers with boron 
trichloride has been utilized by several workers.10“12 Likewise, 
the use of boron trichloride as a reagent for the cleavage of 
cyclic acetals of hexitols has been studied.13 However, removal 
of an isopropylidene group with this reagent has not been 
reported.

Amino acid 9 on treatment with boron trichloride in 
methylene chloride at room temperature followed by workup 
with minimum air exposure yielded agaridoxin in 80% yield. 
The synthetic product was identical in physical properties, 
including spectral behavior, with the natural substance. In 
addition, the JV-acetyl dimethoxy methyl ester 10 obtained 
by treating the synthetic agaridoxin with diazomethane fol
lowed by reaction with acetic anhydride and pyridine was 
identical with the compound obtained from the natural aga
ridoxin by the same sequence of reactions.

It is interesting to note that while agaridoxin showed no 
antitumor activity in our animal tests y-L-glutaminyl-4- 
hydroxybenzene and 7-L-glutaminyl-3,4-benzoquinone were 
recently found to have interesting biological activities.14 They 
appear to be involved in the initiation and maintenance of 
dormancy of the mushroom spores and to possess modest 
bactericidal action against a variety of microorganisms.

E x p e rim e n ta l Section

Melting points were determined with a Mel-Temp apparatus and 
are uncorrected. Infrared (ir) spectra were recorded on a Perkin-Elmer 
137 spectrophotometer; only bands characteristic of the functional

groups present are reported. The nuclear magnetic resonance (NMR) 
spectra were obtained with a Varian Model A-60 and HA-100 spec
trometer. Tetramethylsilane was employed as the internal reference, 
except where noted. Ultraviolet (uv) spectra were taken on a Per
kin-Elmer 202 spectrophotometer. GLC-mass spectra were carried 
out on a LKB 9000 instrument and the polarography was done with 
a Melabs Pulse Polarographie Analyzer, Model CP A3.

Except where noted solvents were reagent grade and were used as 
received. In all work-up procedures, the drying process involved 
swirling over anhydrous magnesium sulfate and filtering prior to 
evaporation.

Isolation of Agaridoxin (1). Fresh mushrooms, Agaricus cam- 
pestris, were frozen by storage in a deep freeze refrigerator, pulverized 
using a hammer-mincer, and dropped directly into methanol (90 1. 
for 45-kg lots) containing 0.1% formic acid. The brei was homogenized 
by agitation and the solid was then separated on a drum centrifuge 
lined with a wire net and cheese cloth. To the somewhat turbid filtrate, 
21. of 50% lead acetate was added and the precipitate was allowed to 
settle overnight.

The supernatant was clarified on a Sharpies supercentrifuge, and 
the sediment filtered on a large Büchner funnel. The combined clear 
filtrates were concentrated at reduced pressure to 4.51. on a thin-film 
evaporator and further concentrated on a flash evaporator to 1 1. 
Three volumes of methanol were added to the aqueous concentrate 
and the resulting solution stored overnight at 0 °C. The supernatant 
was decanted, and the sediment filtered and washed with methanol. 
To the combined filtrates and washings was added 500 ml of 50% lead 
acetate and enough sodium hydroxide to bring the pH of the liquid 
to 8.5. The precipitate was quickly separated on a laboratory model 
Sharpies and the pH of the liquid adjusted to 3-4 with sulfuric acid. 
After storage at 0 °C overnight, the clear liquid was concentrated to 
a sticky gum. To eliminate excess acid (acetic and formic), the residue 
was stored in a vacuum desiccator containing NaOH pellets. Even
tually the dried material was dissolved in a small volume of water and 
passed twice through a Sephadex G10 column. The active material 
was contained in the fourth void volume. The elution was followed 
by adding 1 drop of 0.1 M manganese acetate solution to 0.5-ml 
samples and then neutralizing the solution with sodium bicarbonate. 
The developing red color indicated the presence of agaridoxin. The 
eluate was concentrated and the solid residue was recrystallized by 
dissolving in a minimum of water and adding several volumes of
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methanol, mp 218-221 °C. About 3 g was obtained from 1 ton of 
mushrooms.

Agaridoxin was obtained as a grayish-white powder which darkened 
on storage in air. It gives a beautiful blue color with ferric chloride. 
NMR data are summarized in Table I; ir, sharp absorption at 3380 
cm-1 (CONH-), broad band 3200-2400 cm-1, multiple absorption 
1650-1500 cm-1. The hydrochloride showed absorption at 1720 cm-1 
(COOH) and bands at 1640-1660 and 1510 cm-1 (CONH-); polaro- 
graphic and uv data are summarized in Tables II and III. For mass 
spectral studies a sample was silylated (0.5 mg heated in a mixture 
of 50 n 1 of bis(trimethylsilyl)trifluoroacetamide and 50 pi of aceto
nitrile at 105 °C for 15 min) and examined by combined gas-liquid 
chromatography and mass spectrometry with the LKB Model 9000 
instrument; GLC operating conditions, 6 ft X 3.5 mm i.d. glass spiral 
column, 2% SE-30 stationary phase on 100-120 mesh acid-washed and 
silanized Gas Chrom T, 180 °C, 25 ml/min flow rate; MS operating 
conditions, 70 eV ionizing potential, 270 °C ion source temperature, 
50-pA filament current, 3.5-kV accelerating potential; MS data in 
discussion section.

Anal. Calcd for CnHi4N20 5: C, 51.97; H, 5.52; N, 11.03. Found; C, 
51.59; H, 5.58; N, 10.92.

3.4- Dihydroxyacetanilide.15 A solution of 4-nitropyrocatechol 
(4.49 g, 32.2 mmol) in 50 ml of absolute ethanol was hydrogenated at 
40 psig over 0.25 g of 5% Pd/C. Hydrogenation was complete in 1 h. 
The mixture was filtered from the catalyst and evaporated in vacuo 
to an oily residue. Acetic anhydride (3.64 ml) was added to the residue 
and allowed to stand for 1 h at room temperature. The reaction mix
ture was quenched by addition of 3 ml of water, evaporated to an oil 
in vacuo, and dissolved in 30 ml of water containing 0.2 g of Na2S03 
to yield 4.3 g (80%) of dark but well-formed crystals. Recrystallization 
from 25 ml of water containing 0.4 g of Na2S 03 and using 0.6 g of 
Darco G-60 for decolorization yielded 2.768 g (51.5% overall yield) of
3,4-dihydroxyacetanilide (mp 171-173 °C with softening at 167 °C) 
with satisfactory elemental analysis. The NMR spectrum confirmed 
the absence of O-acetate and the aromatic portion of the spectrum 
was superimposable on that of agaridoxin.

N-Phthaloy] (y-L-glutamyl) -3,4- (isopropylidenedioxy) anilide 
(7). To a partially dissolved solution of 26 g (0.1 mol) of IV-phthal- 
oyl-L-glutamic anhydride4-5’16 (6) in 500 ml of absolute ether was 
added dropwise a solution of 17 g (0.1 mol) of 3,4-(isopropyli- 
denedioxy)aniline17 (5) in dry ether at room temperature. The mixture 
was stirred at room temperature for 40 min. The yellowish solid was 
filtered and recrystallized from ethyl acetate and dimethoxyethane 
to give 32 g (76%) of pale yellow solid: mp 132-134 °C; NMR 
(CDCl3-NM e2SO-d6, 1:1) 5 1.6 (6 H, s), 2.45 (4 H, m), 4.95 (1 H, m),
6.75 and 7.1 (3 H? m), and 7.87 (4 H, s).

Anal. Calcd for C22H20N2O7: C, 62.26; H, 4.75; N, 6.60. Found: C, 
62.27; H, 15.15; N, 6.61.

Ar-Phthaloyl(y-I.-glutamyl)-3,4-(isopropylidenedioxy)anilide 
Methyl Ester (8). Equimolar amounts of the acid 7 and methyl flu- 
orosulfonate were refluxed for 1 h in ethanol. Following the work-up, 
a quantitative yield of ester 8 was obtained. Recrystallization from 
benzene gave a yellow solid: mp 148-149 °C; NMR (CDCI3) <5 1.6 (6 
H, s), 2.5 (4 H, m), 3.75 (3 H, s), 6.9 (1 H, s), 6.4 and 7.1 (3 H, m), and
7.75 (4 H, narrow multiplet); mass spectrum (70 eV) m/e 438 (parent).

(7-L-Glutamyl)-3,4-(isopropylidenedioxy)anilide (9). To a
solution of 7.58 g (0.179 mol) of purified phthaloyl acid 7 in 300 ml of 
absolute ethanol was added 1 g (0.2 mol) of hydrazine hydrate at room 
temperature. The reaction mixture was refluxed for 2 h, and ethanol 
was removed on a rotary evaporator. The white residue was taken up 
in 60 ml of 5% HC1 at ice bath temperature and after standing for 30 
min, the solid IV.lV'-phthaloyl hydrazide was separated by filtration. 
The filtrate was made alkaline with ammonium hydroxide solution 
at 0 °C to give 3.75 g (71%) of amino acid 9, mp 185-191 °C. An ana
lytical sample was recrystallized from water-methanol: mp 194-195 
°C; mass spectrum (based on trisilylated compound of amino acid 5) 
m/e (rel intensity) 510 (7), 495 (13.4), 393 (42.5), 292 (39), 279 (100), 
164 (17), 116 (22.8), 73 (74).

Anal. Calcd for C14H18N20 5: C, 57.14; H, 6.16; N, 9.52. Found: C, 
57.52; H, 6.03; N, 10.07.

3.4- Dihydroxy-lV-formylaniline (11). A mixture of 400 mg (1.36 
mmol) of amino acid acetal 9 and 7 ml of 97% formic acid was refluxed 
for 0.5 h. The mixture was allowed to cool and was then poured over 
crushed ice. Thorough extraction with ethyl acetate and concentration 
in vacuo yielded 116 mg (55%) of IV-formyl product as a grayish solid 
which became crystalline on triturating with ethyl acetate: mp 
182-183 °C; NMR (Me2SO-d6)« 6.7 (2 H, m), 7.24 (1 H, s), 8.3 (2 H, 
m). 9.5 (1 H, s); mass spectrum (70eV) m/e (rel intensity) 153 (100), 
125 (50), 79 (35); uv (H20 ) 285 nm (e 3650) and 247 (8960).

Agaridoxin (3,4-Dihydroxy-(j3-L-glutamyl)anilide, 1). Boron

trichloride (tenfold excess) was bubbled into methylene chloride (50 
ml) at 0°C. To this solution was added in portions 1 g (0.0034 mol) of 
acetal 9. The suspension was stirred for 4 h at room temperature. Most 
of the excess boron trichloride was then removed by blowing nitrogen 
gas into the reaction flask. Finally, solvent was removed on a rotary 
evaporator until a completely dry white residue remained in the flask. 
Methanol was added at 0 °C and was removed in vacuo at room 
temperature. The darkish residue was taken up in 95% ethanol and 
basified with triethylamine or ammonium hydroxide solution. The 
solvent was then removed under reduced pressure at room tempera
ture and the residue was triturated with 95% ethanol to yield 690 mg 
(80%) of agaridoxin as a grayish solid (mp 215-219 °C). This was re
crystallized by dissolving in a minimum amount of water containing 
100 mg of sodium bisulfite, adding an equal volume of methanol, and 
chilling in a refrigerator giving a grayish solid: mp 220-221 °C, mixture 
melting point with natural unchanged; NMR (D20, DSS as internal 
reference) b 2.24 (2 H, q), 2.57 (2 H, t), 3.82 (1 H, t), 6.81 (1 H, dd), 6.89 
(1 H, dd), 7.02 (1 H, d); uv Ammi (H20) 285 nm (c 4240) and 248 (9670).

Anal. Calcd for C nH uN ^s: C, 51.97; H, 5.55; N, 11.02. Found: C, 
51.87, H, 5.49; N, 10.79.

The NMR of the synthetic preparation was identical with that of 
the natural product. The NMR spectrum of a 1:1 mixture of the two 
solutions was indistinguishable from the individual curves.

7V-(4-Acetylamino-4-carbomethoxybutyryl)-3,4-dimethox- 
yaniline (10). To 200 mg of agaridoxin solid was added methanolic 
hydrogen chloride at 0 °C. Solvent was then completely removed in 
vacuo at room temperature. The residue was taken up in methanol 
and treated with excess diazomethane at 0 °C. The solvent was 
evaporated and the residue stirred with acetic anhydride and pyridine 
at room temperature for 10 h. After removal of the excess acetic an
hydride and pyridine, the product was dissolved in ethyl acetate and 
washed first with 5% HC1 and then saturated NaHC03 solution. 
Drying and evaporation of ethyl acetate provided a thick oil. The 
white solid product was obtained by crystallization from a minimum 
amount of ethyl acetate at freezer temperature: mp 169-171 °C; NMR 
(C D C I3) 8 2.05 (3 H, s), 2.25 (4 H, m), 3.7 (3 H, s), 3.83 (6 H, s), 6.8 (3 
H, m). A sample prepared from natural agaridoxin was identical in 
all respects with the synthetic product.
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Using the fast reaction technique of pulse radiolysis and kinetic absorption spectrophotometry, the one-elec
tron reductions of pterin (Pt), 3-methylpterin (3-Me-Pt), and folic acid (PH) were studied in aqueous solutions, 
over the pH range 0-14. The hydrated electron and the acetone ketyl radical were used as reducing agents. The 
reaction rate constants of eaq-  with these compounds were 1-3 X 1010 M-1 s-1. The reaction rate constants of the 
(CH3)2COH radical with these compounds were markedly dependent on pH and the dissociation constants of the 
molecules. The intermediates formed from the one-electron reduction of these pterins have characteristic absorp
tion spectra in the uv and visible regions. These spectra are dependent upon pH and from the change in absorb
ance with pH at fixed wavelengths, the ionization constants of the free radicals were derived. For pterin, for ex
ample, the .PtH42+, -PtH3+, -PtH2, -PtH- , and -Pt2- species are postulated with pK a (radical) values of 2.3, 6.6,
8.1, and 10.3, respectively. Furthermore, over certain pH ranges, the spectra of some of the intermediates change 
with time. This change was found to he due to protonation reactions by H+, pterin, and H 2 PO 4 - , with rate con
stants of ~2.1 X 1010, 7.2 X 108, and.3.1 X 108 M -1 s-1, respectively. The N3 proton in pterin was shown to be in
volved in the protonation reaction of the intermediates, since 3-methylpterin could not protonate the initial tran
sient species formed. Schemes of reactions are suggested to interpret the nature of the transient species observed. 
These results are discussed and compared to recent work on the one-electron reduction of aromatic nitrogen het
erocyclic compounds.

Pteridines, in particular the 2-am ino-4-hydroxy deriva
tives (pterin), are widely distributed in biological systems. 
Folic acid,2-4 a vitamin o f  the B group, is converted in vivo

pterin

0
folic acid [G =  NHCH(COO“ )CH2CH2COOH]

through a series of enzymic transformations into a coen
zyme form. The folic acid coenzymes catalyze reactions 
concerned with the metabolism of nucleic acids and pro
teins. A deficiency of folic acid leads to the failure to syn
thesize the purines and thymine required for DNA synthe
sis.

In aqueous solutions the folate ion exists5 in an unfolded 
extended conform ation. However, at high concentrations 
and temperature (not the conditions used in this work) fo 
late ions are involved in intermolecular association consist
ing o f a vertical stacking interaction.

Pterin and folic acid can easily be reduced by a variety o f 
reducing agents to the corresponding dihydro and tetrahy- 
dro derivatives in the pyrazine ring o f the molecule. The 
coenzym e form o f  folic acid is the 5,6,7,8-tetrahydrofolic 
acid. Free-radical intermediates have been suggested6-8 
both  in the chem ical oxidation o f reduced pterins by air, 
H 2O2, or Fe3+ and in the enzym ic oxidation o f reduced 
pterin by  phenylalanine hydroxylase.

No systematic investigations appear to have been carried 
out on the nature o f  the radical intermediates produced 
from the one-electron reduction o f pterin and folic acid (or 
the one-electron oxidation o f the reduced pterins). Present
ed below are the results obtained on the one-electron re
duction in water o f  pterin, 3-m ethylpterin, and folic acid by 
hydrated electrons, eaq- , the acetone ketyl radical, 
(C H 3)2COH, and other donor radicals. The fast reaction 
technique o f pulse radiolysis and kinetic absorption spec
trophotom etry was used to m onitor and study the free-rad
ical intermediates produced.

E x p e r i m e n t a l  S e c t i o n

The pulse radiolysis experimental set-up and conditions used 
have been described elsewhere.9' 11

The radiation chemistry of water produces eaq , hydroxyl radi
cals, and H atoms

H20 -------- * eaq-  (2.8), OH (2.8), and H (0.6)

where the numbers in parentheses are the G values (yields of radi
cals produced per 100 eV of energy absorbed). In part I of this se
ries11 details and explanations have been given for the choice of 
the experimental conditions used. Briefly, one-electron reduction 
by eaq-  was carried out in aqueous solutions containing ~1.0 M 
tert-butyl alcohol and saturated with argon. The j3 alcohol radical 
produced9 from this alcohol was found not to interfere with the ob
servations reported below. One-electron reduction by electron 
transfer from the (CH3)2COH radical was carried out in 1-2 M iso-
propyl alcohol in solutions saturated with N20  gas.

OH + (CH3)2CHOH — (CH3)2COH + H20  (1)

eaq-  + N20  — N2 + OH + OH-  (2)

eaq-  + H+ ->• H (3)

H + (CH3)2CHOH — H2 + (CH3)2COH (4)

In acid solutions, eaq-  are converted to H atoms which generate 
(CH3)2COH radicals, reactions 3 and 4. Similar reactions were em
ployed to generate other donor radicals in water.

All the chemicals used were the highest purity research grade 
available commercially, and were obtained from Calbiochem. Al
drich, and Sigma Chemicals. The reagents used were obtained 
from Baker & Adamson, Mallinckrodt, and Eastman Chemicals. 
Solutions were buffered with HCIO4, KOH, and various amounts 
of phosphates and tetraborate. The concentrations of buffer and 
substrate used were strictly controlled, since these affected the 
protonation reactions of the free-radical intermediates produced.

The stability in acid and basic solutions of the compounds used 
was checked in every case. The transient optical absorption spec
tra presented below were corrected for depletion of the substrate 
at the appropriate wavelengths and pH. The extinction coeffi
cients derived were based on the G values for eaq-  and OH, and 
the KCNS radiation dosimetry.9

Results and Discussion

T he reaction rate constants o f  eaq~ with pterin (P tH ), 3- 
methylpterin (3-M e-P t), and folic acid (FH ) in aqueous so
lutions were determined by monitoring the decay kinetics 
o f  eaq~ at 700 nm. From  the pseudo-first-order decays, the 
second-order rate constants were determined and are given 
in Table I. These rates are close to being diffusion con 
trolled as was found for pyrim idines,12-13 pyrazine,13 and 
various aromatic diazines.13
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Table I. Reaction Rate Constants of eaq with Pterin, Folic Acid, and Related Compounds in Water“

Registry no. Compd P#a pH Ionic form fe(eaq-  +  S ) ,M -1s - l i

2236-60-4 Pterin, PtH 2.27, 7.92 6.5 PtH 2.5 X 1010
11.5 P f 1.9 X 1010

941-90-2 3-Methylpterin, 3-Me-Pt 2.27 7.7 3-Me-Pt 2.9 X 1010
59-30-3 Folic acid, FH -2 .3 , 8.26 6.0 FH 2.2 X 1010

12.0 F - 1.1 X 1010
91-18-9 Pteridine, Pt 4.1 6.0 Pt 3.0 X 101Oc

“ Determined in presence of —0.5 M i-BuOH by monitoring decay kinetics o f eaq at 700 nm. b Values to ±10%. c At pH 6.0, 78% 
present in water as pteridine.

Table II. Rate Constants of Electron Transfer Processes to Pterin and Folic Acid by Various Electron Donors in Water

System pH Ionic form Electron donor“ k(electron transfer), M ' s 1/

Pterin, PtH 0.8 PtH2+ CH2OH6 9.0 X 107
7.0 PtH CH2OHe « I O 7

13.0 P f c h 2o - 6.0 X IO8
7.0 PtH c h 3Ch o h 6 3.7 X IO7

13.0 P t- CH3CH O - 1.2 X IO9
0.8 PtH2+ (CH3)2COH 2.0 X IO9
7.0 PtH (CH3)2COH 4.5 X 10«
9.4 P f (CH3)2COH<’ « I O 7

13.0 P t- (CH3)2CO - 1.5 X IO9
7.0 PtH •C02- 4.6 X IO8
9.5-13.0 P t- •co2- e « I O 7

3-Methylpterin, 0.8 3-Me-PtH+ CH2OHc 6.0 X IO7
3-M e-Pt 6.3 3-Me-Pt CH3CHOHd 3.2 X IO7

0.8 3-Me-PtH+ (CH3)2COH 1.9 X IO9
7.0 3-Me-Pt (CH3)2COH 2.9 X IO8

Folic acid, FH -0 .5 f h 2+ (CH3)2COH 1.1 X IO9
6.0 FH (CH3)2COH 4.0 X IO8

Pteridine, Pt 6.0 Pt c h 2o h 3.6 X IO8
° —100% electron transfer was found, unless stated otherwise. 6 —40% electron transfer. c ~45% electron transfer. d ~55% elec

tron transfer. e No electron transfer observed under experimental conditions used. I The k values where partial electron transfer 
occurs were calculated as described in ref 14.

Pterin and folic acid undergo keto-en ol tautomerism 
with a consequent small reduction in alkaline solution o f  
the reaction rate constants with eaq-  (Table I). This reduc
tion in the rate is less than that observed12 for the enol 
form  o f the pyrimidines, and may simply be due to a lower 
encounter rate for like-charged reactants. These results 
suggest that the pyrazine ring in pterin and folic acid can 
be effectively reduced by eaq~.

Pteridine is unstable in aqueous solution and undergoes 
partial covalent hydration (—22% at the pH  o f the experi
ment). The rate constant given in Table I is the overall 
value for the mixture o f the anhydrous and hydrated forms.

The reaction rate constants o f  (CH 3)2COH  (and other 
organic radicals) with pterins were determined by following 
the formation kinetics o f  the radical intermediates p ro
duced from  this electron transfer reaction at the appropri
ate wavelengths. The rate constants were found, Table II, 
to  be dependent on the state o f  protonation and the nature 
o f  the substituents in pterin.

The efficiencies for the one-electron reduction o f sub
strates by (CH 3)2COH and the rate constants for this reac
tion have recently been interpreted, in a number o f sys
tems, on the basis o f  the redox potentials o f the substrates 
and the kinetic potential14 o f  the (CH 3)2COH  radical, E^01 
-  —0.82 V. The 7?01 values in the literature for pterin 
(PtH ) are -0 .3 9  and -0 .5 7  V  for the PtH  and Pt~ forms, 
respectively.15 These values have to  be more negative 
('— 0.8 and — 1.0 V for PtH  and P t- , respectively), if one 
is to  interpret the data in Table II on the basis o f the redox 
potentials o f  the donors and acceptors.

Pterin. T he one-electron reduction o f pterin (PtH , p K ax 
= 2.27, pK a2 =  7.92) by  eaq_ in 2.5 X 10~4 M  aqueous solu

tions forms short-lived free radicals which absorb in the 
visible and uv regions o f  the spectrum, Figure 1. A t pH  5.2, 
a transient species (T i) with maxim a16 at —355 and ~ 440 
nm is produced immediately after the 30-ns electron pulse. 
This transient absorption changes with tim e and at —5 ms 
after the pulse a species (T 2) with Amax ~  258, 328, and 448 
nm is observed. It can be noted that for the T 2 transient 
the band in the visible region is red shifted and that in the 
uv region is blue shifted, with respect to the corresponding 
bands o f  the T i transient. Similar changes are found on re
action o f  eaq~ with pterin at pH  7.2, Figure 1 (b) and Table
III. At pH 9.2 and 11.7 only one transient absorption is o b 
served at each pH, Figure 1 (c), at the time resolution (r 
—0.2 ms) available.

In neutral solutions at pH  7.2, the transient species 
form ed by electron transfer from  the (C H 3)2COH  radical 
were found to be identical with the T 2 species form ed from  
the reaction o f eaq_ with pterin. In acid solutions, eaq~ 
react very fast with protons, reaction 3. Therefore, one- 
electron reduction o f  pterin at pH 0.35 was brought about 
by the reaction o f (CH 3)2CO H  with P tH 2+. Figure 2 and 
Table III give the results.

T he changes in the optical absorption o f the transient 
species Ti and T 2 with pH  have been titrated at fixed 
wavelengths. The titration curves are shown in Figure 3. 
Ionization constants for the T x radicals o f  ~ 6.5 and —8.4 , 
and p X a values o f  2.3, 6.6, 8.1, and 10.3 for the T 2 radicals 
(see Table III), were found.

The time dependence for the change from the T j  to the 
T 2 species (whenever both species were observed under the 
experimental conditions used) was found to depend on the 
presence and concentration o f proton donors, HA:
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Table III. Absorption Maxima, Extinction Coefficients, Ionization Constants, and Decay Kinetics of the Radicals 
Produced by Reaction of eaq"  with Pterin and Folic Acid in Water

pK a (radical)

Substrate“ pH Ionic form Transient ^maxj nm e, mM 1 cm 1 2k, M _1 s_1 Ti T 2 (or T)

Pterin, PtH 0.35 PtH2+ 'pè 260, 320, 350,450 22.0, 4.0,4.2, 4.4 1.1 X 108 6 2.3
(2.27, 7.92) 5.2 PtH Ti -35 5 , -4 4 0 4.3, 1.6 -6 .5

t 2 -2 5 8 , 328, 448 19.5, 4.7, 3.5 5.4 X 108 b 6.6
7.2 PtH +  Pt~ T, -3 5 5 , -4 4 0 4.3,1.4 -8 .4

t 2 255, 325, 460 21.4, 4.6, 2.1 1.8 X 108ft 8.1
9.2 Pt~ T -25 2 , 355, 480 22.0, 5.5, 2.3 1.0 X 108 10.3
11.7 P t" T -2 5 2 , 358, 435 14.0, 4.8,1.6 5.5 X 107 *

3-Methyl- 0.35 3-M e-PtH+ pò 335, 460 3.9, 3.5 6.1 X 107 b 3.1
pterin, 5.2 3-Me-Pt Ti -3 7 2 5.4 -7 .6
3-Me-Pt t 2 -45 7 , <355 3.0 1.6 X 108 b 7.7
(2.27) 8.3, 9.2 3-Me-Pt t 2 365 5.4 6.3 X 107 b

Folic acid, 0.5 f h 2+ pife <260, 465 28.0, 4.2 8.1 X 106 b - 1.0
FH 5.2 FH Ti -27 8 , 360, -4 4 0 25.0, 6.2.1.9 -6 .5

(—1.6,d 8.26) T 2 -27 8 , 360, 460 25.0, 5.5, 3.7 4.4 X 107 b - 6.6
7.2 FH T, 280, 355 22.0, 6.4

t 2 350, 435 5.6, 2.5 1.1 X 108Ä - 8.0
9.4 F - Ti -2 5 8 , -2 9 0 , 365 23.0, 23.0, 7.7 -8 .4

t 2 -2 5 8 , -29 0 , 360 23.0, 23.0,7.0 5.7 X 107 -1 0 .3
11.9 F - t 255, 29Ó, 365, -4 4 0 21.5, 22.5, 7.2, 2.6 3.0 X IO7 6

“ Values in parentheses are pK a of the substrate. b Transient produced by electron transfer from (CHm̂ COH. c At pH 13.0 by 
electron transfer from (CH3)2ÓO~. d Spectrophotometrically determined in this work.

Figure 1. Absorption spectra of transient species (Ti and T 2) pro
duced from the one-electron reduction of pterin by ea<!~ in water. 
Bands A and B were determined in solutions containing 2.5 X 10-4 
M pterin (—5 X 10-5 M used for determining bands C), 0.5 M t- 
BuOH, 2 mM buffer (see text), and argon (1 atm). Dark symbols 
represent initial transient Ti (absorbance read —0.5 ns after the 
pulse) and open symbols are for transient T2 (absorbance read at 
~5 ns after the pulse): (a) at pH 5.2, (b) at pH 7.2. and (c) at pH 
9.2, □, and pH 11.7, O. Total dose ~4.0 krad/pulse.

HA
Tr — *- T 2 (5)

The presence of H +, H 2P O 4“  buffer, and pterin itself was 
found to accelerate reaction 5. Figure 4 shows the results 
for protonation o f T i  by pterin, and Table IV the rate con 
stants for various proton donors. T he fe(Ti +  H A —*• T 2 +  
A - ) rate constants in solutions containing more than one 
proton donor were determined by multilinear regression 
analysis, using a H ewlett-Packard calculator M odel 9830. 
Protonation o f  T i radicals by H + gave A5 —'2.1 X 1010 M _1 
s-1 , while for H 2PO 4-  k$ =  3.1 X 108 M _1 s_1.

Figure 2. Absorption spectra of transient species produced from 
the one-electron reduction of pterin by (CHabCOH radicals at pH 
0.35. Aqueous solutions contained 2.5 X 10-4 M pterin (~5 X 10-5 
M for band C), 1.0 M isopropyl alcohol and argon (1 atm). Total 
dose ~1.3 krad/pulse.

Evidence that the > N 3H group in pterin itself can act as 
the proton donor can be seen from  the absence o f  protona
tion when 3-m ethylpterin was used instead (see Figure 4 
and Table IV), under otherwise identical experimental con
ditions. This is probably the first time that it has been 
clearly demonstrated that a substrate can act as a proton 
donor to a radical species. Similar results17 have been o b 
tained for the protonation o f  the corresponding T 1 radical 
from lumazine.

Based on the above results (and the results given below 
for 3-methylpterin) the following scheme o f  reactions is 
tentatively suggested for a com plex m olecule such as pterin 
(and, below, for 3-M e-P t and FH) with at least four d iffer
ent reactive sites for reduction. Other schemes consistent 
with the experimental facts can also be written. The one 
given below was chosen on the basis that pyrazines are 
known13 to be readily reduced, and the reduced forms o f  
pterins are in the pyrazine ring.

Based on ESR data, Ehrenberg et al.6 have inferred that 
the free-radical species produced by reduction o f  pterins in
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Table IV. Rate Constants for Protonation of Electron 
Adducts (Ti Transients) of Pterin and Folic Acid by 

Various Proton Donors in Water

X

System
monitored,

nm
Proton donor, 

HA
&(Ti + HA),

M _1 s_1 0

Pterin, 455 H3O+ ~2.1 X 1010
PtH 455 h 2p o 4- 3.1 X 10®

455 PtH 7.2 X 10®
460 H20 ~3.0 X 103

3-Methyl- 460 h 3o + 2.2 X 1010
pterin, 460 h 2p o 4- 3.8 X 10®
3-'Me-Pt 460 3-Me-Pt 0

460 h 2o ~3.0 X 103
Folic 465 H3O+ 5.9 X 1010

acid, 465 H2PO4- 1.0 X 10®
FH 465 FH 1.5 X 10®

465 H20 ~4.0 X 103

° Rate for the first (lowest pH) T i species, determined by
multilinear regression analysis of observed protonation rates at 
different concentrations of H30+, H2P 04_ , and substrate.

acidic media is a pyrazyl dihydro radical cation (•PtH3+). 
In the time scale employed for ESR experiments, only 
longer lived species, e.g., the T 2 species, would be present. 
Hence, we have postulated the T 2 species to be primarily 
pyrazyl radicals. The scheme presented below takes into 
consideration the possibility that the initial site for the 
one-electron reduction of pterins may be in the pyrimidine 
part of the molecule, giving the Ti species, as was previous
ly shown18 for the one-electron reduction of pyrimidines.

Ionization Constants of the T 2 Species. The first pro
tonation of pyrazine occurs at pKa = 0.65, while in pterin 
the fusion of the isocytosine ring shifts it to a pKa = —3. 
The dihydro cation radical of pyrazine was found13 to have 
a pK a = 10.5, and the base-weakening effect of the isocyt
osine ring can be expected to shift the pK & of the pyrazyl 
radical in pterin to lower pH values. The pKa = 6.6 for the 
•PtH3+ radical is attributed to this step. The pKa (radical) 
values of 2.3 and 8.1 are close to those of the parent mole
cule, and are therefore attributed to the same ionization 
steps as in pterin.

Figure 3. Dependence upon pH of the absorbance of the transient 
species T j and T2 monitored at 450 and 470 nm. Solutions con
tained 2.5 X 10~4 M pterin, 0.5 M f-BuOH, and argon (1 atm). 
Total dose ~15 krad/pulse.

The pKa = 10.3 for the -PtH " radical to give species 
•Pt2- is tentatively suggested, and is consistent with the 
absence of a pKa (radical) = 10.3 in the case of 3-methyl- 
pterin; see below.

Ionization Constants of the Ti Species. In the pH
range 5.2-7.2, the addition of an electron to PtH is postu
lated to occur in the pyrimidine ring to give the ketyl radi
cal and radical anion (see Scheme I). The pKa -43.5 is close



Pterin and Folic Acid J. Org. Chem., Vol. 41, No. 9,1976 16t 1

Figure 4. Dependence of the rate of protonation of Ti species to 
form T 2 species upon the concentration of (a) pterin, •, 0.5 M (- 
BuOH, 1 mM H2PC>4_, pH 6.3; (b) 3-methylpterin, ■, 0.5 M t- 
BuOH, 0.2 mM H2P04~, pH 5.1; and (c) folic acid, ▲, 1.0 M t- 
BuOH, 1 mM H2PO4- ,  pH 6.3.

0 2 4 6 8 10 12 14
PH

Figure 5. Dependence upon pH of the electron transfer reaction of 
(CH3)2COH radicals to pterin and 3-methylpterin in water: (a) 
rate constants for electron transfer to pterin, O, and 3-methyl pter
in, A; (b) percentage efficiency for electron transfer to pterin. So
lutions contained 2.5 X 10-4 M solutes, 1.0 M isopropyl alcohol, 
argon (1 atm), and total dose ~2 krad/pulse.

to those of similar radicals derived from various pyrimi
dines18 and guanine.19

Reactivity toward (CHa^COH Radicals. Figure 5 (a) 
shows that the rate constant for the reaction of (CH3)2COH  
radicals with pterin is strongly dependent on pH and the 
state of protonation of pterins and the acetone ketyl radi
cals. Apparent pK a values are observed in Figure 5 (a) 
which reflect the pKa = 2.3 and 7.9 for PtH2+ and PtH, 
and pK& ~  12.2 the ionization constant of the (CH3)2COH 
radical.20 Figure 5 (b) demonstrates that the percentage ef
ficiency for electron transfer from (CH3)2COH radicals to 
the Pt”  form of pterin is almost zero, indicating that the

Figure 6. Absorption spectra of transient species (Ti and T2) pro
duced from the one-electron reduction of 3-methylpterin in water. 
Solutions contained 5.0 X 10~4 M 3-Me-pterin, 0.5 M i-BuOH (or 
1.0 M isopropyl alcohol), 2 mM buffer, and argon (1 atm). Dark 
symbols represent initial transient Ti (absorbance read ~0.5 tis 
after the pulse) and open symbols represent T 2 transients (absorb
ance read at ~5 us after the pulse), (a) reduction by (CH3)2COH 
radicals, pH 0.35, 1.2 krad/pulse; (b) reduction by eaq~ at pH 5.2 
(~4 krad/pulse). Insert, dependence upon pH of the rate of elec
tron transfer from (CH3)2COH radicals to 3-Me-Pt, N20-saturated 
solutionsi(1.2 krad/pulse);(c) reduction by.eaq_ at pH8.3 (~4 krad/ 
pulse). Insert, dependence upon pH of the absorbance of T 2 at 460 
nm, produced by electron transfer from (CH3)2COH (1.2 krad/ 
pulse); and of Ti and T2 transients at 500 nm, produced from reac
tion with eaq~ (~6 krad/pulse).

redox potential of Pt-  is much more negative than the ki
netic potential14 Ek01 =  —0.82 V of (CH3)2COH. The kinet
ic potentials of the (CH3)2CO_ and CH3CHO-  radicals are 
< —1.0 V  and explain the 100% transfer from these radicals 
to Pt~.

3-Methylpterin. 3-Methylpterin (pKa = 2.3) was found 
to be unstable at pH >11.0. One-electron reduction of this 
compound was brought about by eaq-  and acetone ketyl 
radicals. The (CH3)2COH radicals were found to reduce 3- 
M e-Pt and 3-M e-PtH+ with 100% efficiency, and reaction 
rate constants of 2.9 X 108 and 1.9 X 109 M -1 s_1, respec
tively (see Tables I and II), were obtained.

The absorption spectra of the free-radical intermediates 
produced at pH 0.35, 5.2, and 8.3 are shown in Figure 6. At 
pH 5.2, an initial (Tj) transient species is observed whose 
spectrum changes with time to give a second (T2) transient 
species. The change from the T i to the T 2 species is accel
erated in the presence of good proton donors. Table IV 
shows the rate constants for this protonation reaction by 
H 30 +  and H 2P 0 4_ . No protonation by 3-Me-Pt itself oc
curred, supporting the statement made above for pterin 
that the N 3H hydrogen in pterin is a proton donor.

The changes with pH for the absorbances of these radi
cals at fixed wavelengths are shown in Figure 6 and Table
III. pK a values of ~7.6 for the Ti species and 3.1 and 7.7 for 
the T 2 species have been observed.

Scheme II shows the reactions suggested to occur in this 
system. The initial (Ti) species observed at pH 5.2 is as
cribed to a ketyl radical— 3-Me-Pt(OH)— which on proton
ation to give the T 2 species forms predominantly a pyrazyl 
type of radical, 3-M e-PtH2+. Since this molecule cannot 
undergo keto-enol tautomerism, ionization of the above 
radical is suggested to form 3-Me-PtH. Further ionization
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Scheme II. 3-Methylpterin (3-Me-Pt)

Figure 8. Absorption spectra of transient species (Ti and T 2) pro
duced from the one-electron reduction of folic acid in water. Solu
tions contained 2.0 X 10-4 M folic acid (5 X 10-5 M at X < 360 
nm). (a) 1.0 M isopropyl alcohol, pH 0.5, argon (1 atm), and 1.5 
krad/pulse. Dark symbols represent Ti species (absorbance read at 
~0.5 ¡us) and open symbols represent T2 species (absorbance read 
at ~5 fis ).

of the latter radical presumably occurs at pH >  11.0, a pH 
region which could not be examined owing to the instabili
ty of 3-Me-Pt itself.

Folic Acid. The reactivity of folic acid toward the one- 
electron reducing agents is quite similar to that of pterin; 
see Tables I and II. The spectral and physicochemical 
properties of the free-radical intermediates produced are

Figure 7. Absorption spectra of transient species (Ti and T2) pro
duced from the one-electron reduction of folic acid by eaq~ in water. 
Solutions contained 2.0 X 10-4 M folic acid (5.0 X 10-5 M at X < 
320 nm), 0.5 M f-BuOH, 2 raM buffer, and argon (1 atm). Dark 
symbols represent Ti species (absorbance read at ~0.5 fis )  and 
open symbols represent T 2 species (absorbance read at ~5 fis ): (a) 
at pH 7.2; (b) at pH 9.4, insert, change in absorbance of T i species 
with pH; and (c) at pH 11.9, insert, change in absorbance of T 2 
species with pH. Total dose ~4 krad/pulse.

X, nm
Figure 9. Absorbance spectra of transient species produced from 
the reaction of OH radicals with folic acid (10—4 M, N20-saturated 
aqueous solution) at pH 5.1, A, and pH 10.5, O. Total dose ~7 
krad/pulse.

also similar to those observed from pterin (Figures 7 and 8 
and Table III). This is not surprising since the side chain at 
the C6 position is not expected to have a strong influence 
on the reduction or spectral characteristics of the transient 
species formed.

At pH 5.2, 7.2, and 9.4, the absorption spectra of the ini
tial (Ti) transient species formed change with time. Pro
tonation of Ti gives rise to the T 2 species formed at a later 
time after the pulse. Table IV shows the rate constants for 
the protonation of the Ti species formed at pH 5.2 by 
H30+ , H2P 0 4~, and folic acid itself. These rate constants 
are somewhat different from those observed for pterin. No 
explanation is presently available.

The scheme of reactions tentatively suggested for folic 
acid is shown in Scheme III. The nature of the radical in
termediates and their ionization constants are similar to 
those for pterin.

Reaction with OH Radicals. The reaction of hydroxyl 
radicals with aromatic compounds is less specific than that 
of eaq_ — addition to the ring can occur at various positions. 
The reaction rate constants of OH radicals with folic acid
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at pH 5.1 and 10.5 were determined by monitoring the for
mation kinetics of the transient species produced from this 
reaction, Figure 9. The k (OH +  FH) =  9.6 X 109 M “ 1 s-1 
at pH 5.1 and k (OH +  F_ ) =  1.2 X 1010 M “ 1 s' 1 at pH
10.5. No change was observed in the absorption spectra of 
this intermediate from pH 5.1 to 10.5 (Figure 9). The OH 
radicals presumably add at the pyrimidine, pyrazine, and 
p-aminobenzoic acid rings. In addition some abstraction of 
an H atom from the glutamic acid side chain may occur. 
The radicals decay by second-order kinetics with 2k =  2.9 
X 10s M -1 s-1 at pH 5.1 and 2k =  6.0 X 107 M -1 s-1 at pH
10.5.

Conclusions

The nature of the free-radical intermediates formed 
from the one-electron reduction of pterin, 3-methylpterin, 
and folic acid in water at different pH values have been 
suggested. Schemes of reactions have been proposed.

These intermediates decay by second-order kinetics, 
with rate constants that range from ^ lO 7 to ~ 5  X 108 M -1  
s-1 ; see Table III. Disproportionation reactions of these 
free radicals presumably occur with the formation of the 
corresponding dihydropyrazine derivatives. No transient 
spectra were observed from the decay of the T 2 species (or 
T  species when no Ti species were observed).

The intermediates formed appear to be good reducing 
agents. For example, the -PtH_ and -Pt2- radicals have 
been found to reduce anthraquinone 2,6-disulfonate (E01 =  
—0.184 V) with efficient formation of the -AQ“ radical 
anion, with k ~  109 M -1 s-1 for the electron transfer pro
cess.
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The addition of hydroxyl ions to substituted benzaldehydes according to the reaction ArCHO +  OH-  <=± Ar- 
CH (0H )0-  is used to establish J -  acidity scales in water-ethanol and water-Me2S0  mixtures containing sodium 
hydroxide as a base. Both in water-ethanol and in water-Me2SO mixtures the pK  values of the addition reaction 
are linearly correlated with the Hammett substituent constants. The reaction constant p is independent of the sol
vent composition, confirming that substituted benzaldehydes form a suitable set of J- indicators for hydroxide so
lutions in water-ethanol and water-Me2SO mixtures of different composition. J -  scales, representing J -  as a func
tion of the sodium hydroxide concentration, are only slightly affected by the presence of ethanol up to 90 vol %. 
Similarly the J -  value of 0.01 or 0.1 M sodium hydroxide shows only a very small increase on increasing the ethanol 
content from 90 to 98 vol %. The effect of Me2SO is much more pronounced especially at concentrations higher than 
80 vol %, but this effect is very much smaller than that of the Me2SO percentage on H -  values based on proton ab
straction from anilines.

Basicity scales for strongly alkaline aqueous solutions of 
alkali metal and quaternary ammonium hydroxides seem to 
be reasonably well established both for reactions involving 
dissociation of protons2 (H_) and for reactions which result 
in addition of hydroxyl ions3 (J - ).

In organic solvents, the acidity function H -, based on hy
drogen ion abstraction from neutral indicator acids, in solu
tions of alkali metal alkoxides in various alcohols,2 and the 
acidity J -  function (denoted as Hr~), based on additions of 
methoxides and ethoxides to neutral indicator acids, in di
methyl sulfoxide-methanol and ethanol mixtures4 have been 
reported. These scales involve arbitrary choice of water as the 
solvent for determination of the dissociation constant of the 
anchoring acid.

For mixtures of organic solvents with water, the available 
information2 is derived only from reactions involving disso
ciation of hydrogen ion, leading to acidity function H -. 
Measurements for solutions containing a constant concen
tration of a base and a varying ratio of water and the organic 
solvent were carried out using sodium alkoxides as bases in 
mixtures of water and alcohols5 as well as tétraméthylam
monium hydroxide as the base in mixtures of water with 
pyridine,6 tetramethylenesulfone,6 and dimethyl sulfoxide.6’7 
When 0.005 M  sodium ethoxide was used, a relatively modest 
increase of the value of H -  (from 11.74 to 13.35) was observed5 
on increasing the ethanol concentration from 0 to 100 mol %. 
In solutions containing 0.011 M  tétraméthylammonium hy
droxide and increasing dimethyl sulfoxide (Me2SO) concen
tration, the increase in the value of H -  was found to be much 
more dramatic, from 12.0 in water to 26 in 99.5 mol % Me2SO. 
The increase in the value of H -  with Me2SO concentration 
was smaller at concentrations below 85 mol %, but very steep 
at higher Me2SO concentrations.7

Substituted benzaldehydes have been proved to be a useful 
series of acid-base indicators for reactions involving addition 
of hydroxide ions in strongly alkaline aqueous media,3 and it 
seemed logical to extend their use to solutions of sodium hy
droxide in water-ethanol and water-Me2SO mixtures. In the 
first case, it was of interest whether the competition between 
addition of hydroxide and ethoxide ions will be reflected in 
the dependence of the J _  function on ethanol concentration. 
In the case of water-Me2SO mixtures, it was considered of 
importance to investigate whether the radical change at higher 
Me2SO concentrations, observed for H -  values and attributed 
to changes in solvation of the hydroxide ion, will be observed 
for the addition reaction as well.

In addition to determination of the J_ function at constant 
sodium hydroxide concentration (0.01 M) and varying ethanol

or Me2SO content, measurements were carried out which 
made possible the definition of acidity function J _  in solutions 
containing fixed percentages of the organic solvent component 
and varying concentrations of sodium hydroxide. Such scales 
provide the possibility of preparing solutions of known J -  in 
mixtures containing a given concentration of the organic 
component and thus seem to be of practical importance (e.g., 
for electroanalytical measurements). They have rarely been 
reported, even for the H -  function.

Furthermore, equilibrium constants K 2 for the formation 
of the adduct corresponding to the reaction

ArCHO +  OH-  —  ArCH(OH)Cr (1)

were determined by the overlap procedure in solutions con
taining fixed concentrations of the organic component and the 
effect of solvent composition on the Hammett reaction con
stant p was followed.

E x p e r i m e n t a l  S e c t i o n

Most of the benzaldehydes employed were obtained from Aldrich 
Chemical Co., Milwaukee, Wis. Purity was checked chromatograph- 
ically and by measurement of boiling or melting points. The few 
benzaldehydes the purity of which proved to be unsatisfactory were 
recrystallized from ether or ethanol solutions.

Two sets of 0.01 M stock solutions of the benzaldehydes were pre
pared, one in absolute ethanol and one in Me2SO, to be used for the 
experiments in water-ethanol and water-Me2SO mixtures, respec
tively. Both Me2SO (Baker Chemical Co.) and ethanol were used 
without purification.

Sodium hydroxide stock solutions were prepared of three different 
concentrations, viz., 0.1, 1.0, and 10 M. The 0.1 and 1.0 M solutions 
were obtained by diluting Baker reagent grade Dilut-it standardized 
solutions. The 10 M solution was prepared by dilution of 50% “Baker 
Analyzed” sodium hydroxide (18.86 M). Carbonate-free water was 
used for all dilutions and the solutions were protected from contact 
with air.

Uv spectra were recorded with a Unicam-SP-800-A (Pye Unicam, 
Cambridge, England) recording spectrophotometer, using matched 
quartz cells (10 mm optical path).

All solutions used for the measurement of spectra were prepared 
by mixing adequate volumes of the hydroxide and benzaldehyde stock 
solutions together with an appropriate amount of water and ethanol 
or Me2SO. All these solutions were made up to a total volume of 10 
ml.

In the majority of cases, the absorbance at 250-280 nm was mea
sured in solutions containing 1 X 10-4 M of the benzaldehyde studied. 
In solutions containing higher concentrations of Me2SO, these ben- 
zenoid absorption bands were overlapped by a cutoff due to solvent 
absorption. In those cases, the absorbance corresponding to n-ir* 
transition of the carbonyl group at 290-310 nm was measured. Be
cause of the lower extinction coefficient of this absorption band, 
measurements were then carried out in 5 X 10-4 M benzaldehyde 
solutions.
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Table I. pK2 Values for Substituted Benzaldehydes in Water-Ethanol Mixtures

Registry
no. Benzaldehyde G*“

1% EtOH 10% EtOH 50% EtOH 90% EtOH

pK 2 p k 2 A6 p K 2 Ab p k 2 Ab

555-16-8 P-NCV +0.78 -1 .05 -1 .26 0.21 -1 .28  0.23 -1 .84 0.79
10203-08-4 3,5-diClc +0.74 -0.91 -0 .97 0.06
99-61-6 m -N 02<: +0.71 -0.81 - 1.11 0.30 -1 .06  0.25 - 1.11 0.30
24964-64-5 m-CNc + 0.68 -0 .64 -0 .79 0.15 -0 .85  0.21 -0 .95 0.31
105-07-7 p-C N c + 0.66 -0 .84 - 1.01 0.17 -1 .25 0.41
6287-38-3 3,4-diCl +0.60 -0 .19
455-19-6 p -c f 3 +0.55 -0 .32 -0 .46 0.14 -0 .68  0.36 - 0.88 0.56
454-89-7 m-CF3 +0.41 -0 .07
587-04-2 m-Cl +0.37 + 0.12 -0 .26 0.38 -0 .05  0.17 -0 .46 0.58
456-48-4 m-F +0.34 + 0.22 -0 .03 0.25 0.00 0.22 -0 .41 0.63
104-88-1 p-Cl +0.23 +0.54 +0.27 0.27 +0.27 0.27 - 0.11 0.65
58325-13-6 p-C O O - +0.13 +0.38
591-31-1 m-OCH3 + 0.11 +0.76 +0.55 0.21
459-57-4 p-F +0.06 +0.09 +0.43 0.56
100-52-7 H 0.00 +1.05 +0.48 0.57
620-23-5 m-CH3 -0 .07 +1.18
104-87-0 p -c h 3 -0 .17 +  1.48
123-11-5 p-OCHs -0 .27 +2.04
38144-52-4 m -0 ~ -0.71 + 2.12

“ Hammett substituent constants.18 b A = pK 2 (H20 ) — pK 2 (solvent mixture). c pK 2 values of these compounds were obtained
by extrapolation of a [log (CA r C H ( O H ) A r C H o )  ~  fog CNaOIi] VS C n 3OH plot to CNaOH = 0.

Table II. pK2 Values for Substituted Benzaldehydes in Water-Me2SO Mixtures

10% M e2SO 50% M e2SO 80% M e2SO 90% M e2SO

Benzaldehyde P ^ 2 A“ P k 2 A“ pK 2 A° P k 2 Aa

p -N 0 26 -1 .14 0.0.9 -1 .29 0.24 -2.03 0.98 -2 .35 1.30
m -N 026 -0 .94 0.13
m-CN* -0 .90 0.26
p-CN^ -0 .92 0.08 - 1.10 0.26 -1.67 0.83 -2 .18 1.34
p -c f 3 -0 .43 0.11 -0 .67 0.35 — 1.27c 0.95 — 1.64° 1.32
m-Cl 0.00 0.12 - 0.21 0.33 —1.21c (1.33)
m-F -0 .09 0.32
p-Cl +0.49 0.06 +0.28 0.26
m-OCH3 +0.64 0.12
H + 0.86 0.19
m-CH3 + 1.20 ( - 0.02)

° A = pK 2 (H2O) — p A 2 (mixed solvent). h For these compounds, pK 2 was found by extrapolation of the [log (CArCH(OH)O-/CArCH0) 
— log CNaOtt] plot. c Determined in 5 X 10-4 M  benzaldehyde solutions.

The ionization ratios CAiCH(0H)0-/CArCH0 needed were calculated 
from experimentally accessible absorbancies, using expression 2

0 Ar CH( 0H) 0~/ 0  Ar CHO = (Ao ~ A)/(A  — Ar) (2)

where Ao is the absorbance of the benzaldehyde solution at such a 
hydroxyl ion concentration or in a buffer of such a pH that no addition 
of OH-  to benzaldehyde occurs and Ar is the residual absorbance in 
a solution where all of the benzaldehyde is present as the anion Ar- 
CH(0H)0~. A is the absorbance at the given OH”  concentration. 
Unless otherwise stated, the values of A, Ao, and A r were measured 
at the wavelength of maximum benzenoid absorption (250-280 nm). 
The value of Ar was usually obtained by an extrapolation procedure.

Values of CArCH(OH)0-/CArCHO for each benzaldehyde derivative 
were measured at 10-15 different sodium hydroxide concentrations 
in solutions containing fixed ethanol or Me2SO concentrations ranging 
from 1 to 90 vol %. Since spectra obtained in the presence of 1% eth
anol were indistinguishable from spectra recorded in purely aqueous 
solutions, it was possible to use absorbancies obtained in 1% ethanolic 
solutions for the calculation of pK2 (H20 ) values. Ionization ratios 
were also determined in benzaldehyde solutions containing a constant 
concentration of sodium hydroxide (0.01 M) and an ethanol or Me2SO 
content which was varied between 1 and 98 vol %.

The addition of ethanol appears to have an appreciable influence 
on the absorptivity of substituted benzaldehydes. Generally the molar 
absorptivity decreases by about 40% when increasing the ethanol 
content of the solution from 1 to 90 vol %. Moreover, there is a slight 
shift of both the benzenoid and the carbonyl band to shorter wave
lengths. These changes must be taken into consideration when ab

sorbancies in solutions containing varying concentrations of ethanol 
are compared. No such effects were observed in the study of solutions 
containing varying amounts of Me2SO.

Unless otherwise stated spectra were time independent over the
3-5 min needed for recording the spectra.

Results
X>K2 Values. Attention has been paid first to the values of 

equilibrium constant K 2 of substituted benzaldehydes in in
dividual mixed solvents with reference to a standard state 
in those particular solvents. For this purpose, ratios of 
CArCH(OH)0-/CArCHO were determined in each solvent mixture 
as a function of hydroxide concentration. For benzaldehydes 
with electronegative substituents, the value of the equilibrium 
constant K 2 defined as

K 2 = (t' A r C H (O H) O-/f- A rC H () C o H -  )
x  (/ArCH(OH)0~//ArCHo/oH~) (3)

can be obtained by extrapolation of the plot of [log 
(CatCH (OH)0-/CArCHo) — log C nsiOh] against concentration 
of sodium hydroxide to f̂ NaOH = 0 (i.e., p =  0).

For benzaldehydes with higher p /f2 values, the overlap 
procedure8 can be used. Values obtained by both procedures 
in the individual solvent mixtures are summarized in Tables 
I and II.



1616 J. Org. Chem., Vol. 41, No. 9,1976 Pouw and Zuman

Table I I I .  J _  o f  Solutions o f  NaOH in H20-E t0 H

J_ =  14 +  pK 2 (as determined in water) +  log Croh-/C r

CnhOH J_ (1% EtOH)
J -  (10% 
EtOH)

J -  (50% 
EtOH)

J -  (90% 
EtOH)

0.01 11.91
0.05 12.74
0.1 13.07 13.20 13.57 13.41
0.2 13.45 13.66 13.73 13.92
0.3 13.68 13.80 13.86 14.14
0.4 13.89 13.94 14.00 14.27
0.5 13.97 14.04 14.14 14.41
0.6 14.04 14.12 14.22 14.53
0.7 14.10 14.20 14.28 14.60
0.8 14.18 14.22 14.34 14.67
0.9 14.24 14.30 14.40 14.73
1.0 14.28 14.34 14.48 14.77
1.32 14.95
1.5 14.52 14.56 14.70
1.89 15.15
2.0 14.69 14.72 14.80
2.5 14.85 14.92 14.96
3.0 14.95 15.06 15.16
3.5 15.08 15.22
4.0 15.20 15.38
4.5 15.32 15.50
5.0 15.47 15.62
6.0 15.69
7.0 15.69
8.0 16.16
9.0 16.34

10.0 16.54
11.0 17.20
12.0 17.45

In every solvent system studied, P-K2 values above a certain 
limit (dependent on the solvent system) could not be mea
sured owing to either limited solubility of sodium hydroxide 
or changes of the spectra with time indicating competitive 
processes at high organic solvent concentrations.

Variations in the differences, A, between pif2 (H20 ) and 
pK 2 (mixed solvent) for each individual solvent composition 
are relatively small (Tables I  and I I ) ,  indicating that reaction 
1 for different substituted benzaldehydes is almost equally 
influenced by the change in solvent composition. This fact, 
together with the existing evidence3 that for aqueous hy
droxide solutions substituted benzaldehydes form a suitable 
set of J-  indicators, proves that it is indeed justified to use 
substituted benzaldehydes also for the establishment of J _  
scales in water-ethanol and water-Me2SO mixtures.

J _ for Hydroxide Solutions in Aqueous Ethanol. From 
the pK 2 (H20 ) values and values of log CArCH(OH)0-/CArCHO 
at a given Coh-  in a given solvent mixture, it is possible to 
calculate J _  values for the solvent mixture under consider
ation using the definition

J -  =  P +  pK 2 (H20 )  +  log (4)
UArCHO

where pKw is the autoprotolytic constant of water. This def
inition expresses J _  values with reference to a standard state 
in pure water and therefore basicities of sodium hydroxide 
solutions in mixed solvents can be compared to basicities of 
sodium hydroxide solutions in water by J _  values.

Calculated values (Table I I I )  of J _  in ethanol-water mix
tures show a dependence on sodium hydroxide concentration 
(Figure 1) resembling that in water.

To investigate the influence of ethanol concentrations 
higher than 90 vol % on the values of the J _  function, two se
ries of measurements were carried out in which the sodium 
hydroxide concentration was kept constant at 0.01 and 0.1 M,

Figure 1. Dependence of the J_ acidity function on sodium hydroxide 
concentration in water-ethanol mixtures of different composition: 
curve 1 (O), 1 vol % EtOH; curve 2 (•), 10 vol % EtOH; curve 3 (3), 
50 vol % EtOH; curve 4 (9), 90 vol % EtOH.

Figure 2. Influence of ethanol on the J- value of 0.01 M (curve 1) and 
0.1 M (curve 2) sodium hydroxide. The two points of curve 3 are taken 
from Figure 1 for 1 M sodium hydroxide.

respectively, and the concentration of ethanol changed, using 
p-nitrobenzaldehyde (for the 0.01 M NaOH solutions) and 
m-trifluoromethyl- and m-chlorobenzaldéhyde (for the 0.1 
M NaOH solutions) as indicators. After correction for medium 
effects caused by ethanol, the slight decrease in benzenoid 
absorption observed resulted in a small increase in J _  with 
increasing ethanol concentration (Figure 2), paralleling the
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1 3  5 7

Figure 3. Dependence of the J- acidity function on sodium hydroxide 
concentration in water-Me2SO mixtures of different composition. 
Curves 1 and 6: aqueous solutions. Curves 2 and 7 (O): 10 vol % 
Me2SO. Curves 3 and 8 (•): 50 vol % MezSO. Curve 4 (©): 80 vol % 
Me2SO. Curve 5 (3): 90 vol % Me2SO. The [NaOH] scale on top of the 
figure refers to curves 6, 7, and 8, the one on the bottom to curves 1, 
2, 3, 4, and 5.

trend calculated for 1 M  sodium hydroxide solutions from 
Figure 1.

J_ for Hydroxide Solutions in Aqueous Me2 SO. J _
values for solutions containing fixed amounts of M e2SO and 
varying sodium hydroxide concentrations were determined 
(Table IV) using eq 4 and show a similar trend for all Me2SO 
concentrations investigated (Figure 3).

The effect of Me2SO contents above 90 vol % was studied 
in mixtures where the sodium hydroxide concentration was 
kept constant at 0.01 M and the Me2SO content varied, p- 
Nitro-, p-cyano-, p-trifluoromethyl-, m-chloro-, m-fluoro-, 
p -chlorobenzaldéhydes and m -anisaldéhyde were used as 
indicators. At Me2SO concentrations higher than 90 vol %, 
some of the spectra (particularly those of m-Cl, m-F, p-Cl, and 
m-OCH3 benzaldehyde) became time dependent and ex
trapolation of absorbance measurements to zero time became 
necessary. Hence, the calculated J _ values displayed a larger 
average deviation (Table V) at these higher Me2SO concen
trations. Below 80 vol % MezSO the average deviation was 
hardly ever higher than 0.05. The dependence of J _ on Me2SO 
concentration was compared with that of H -  (Figure 4).

Discussion
Structural Effects and Solvent. The effect of solvent on 

the equilibrium of reaction 1 can be first discussed in terms 
of effects on the susceptibility to substituent effects. The 
values of pK% characterizing this equilibrium, are a satisfac
torily linear function of the Hammett constants <rx as shown 
by the values of the correlation coefficient r (Table VI). The 
values of reaction constant p are practically independent of

Table IV . J -  of Solutions of N aO H  in \Vater-M e2SO 
M ixtures

CNaOH
J -  (10% 
Me2SO)

J -  (50% 
Me2SO)

J -  (80% J -  (90% 
CnbOH MezSO) MezSO)

0.01 12.08 12.23 0.001 11.93
0.02 12.43 12.60 0.002 12.66
0.03 12.54 12.79 0.003 12.79
0.04 12.75 12.94 0.004 13.10
0.05 12.82 13.04 0.005 12.67 13.22
0.06 12.89 13.11 0.006 13.20
0.07 12.98 13.31 0.007 13.24
0.1 13.22 13.35 0.008 13.24
0.2 13.47 13.63 0.01 13.09 13.45
0.3 13.78 13.84 0.02 13.46 13.89
0.4 13.92 13.95 0.03 13.68
0.5 13.99 14.07 0.04 13.98 14.27
0.6 14.01 14.19 0.06 14.37
0.7 14.12 14.21 0.07 14.65
0.8 14.17 14.25
0.9 14.24 14.35
1.0 14.38 14.40
1.5 14.61 14.67
2.5 14.76
2.0 14.97
3.0 15.07
3.5 15.17
4.0 15.33
4.5 15.37
5.0 15.46

Table V . J_  in \V ater-M e2SO M ixtures 1Containing 0.01
M N aO H

% Me2SO Average
(v/v) J - na deviation Indicators used

50 12.26 2 0.04 P-NO2, p-CN
80 12.97 2 0.09 P-NO2, p-CN
90 13.48 6 0.13 p -N 02,p-CN ,p-C F3,6

m-Cl,'6 m-F,6 p-Cl
91 13.58 3 0.11 m-Cl,6 m-F,6p-Cl
92 13.77 4 0.16 P-CF3,6 m-Cl,6 m-F,6p-

Cl
93 13.84 3 0.12 m-Cl,b m-F,b p-C\
94 13.98 4 0.09 m-Cl,6 m-F,6 p-Cl, m-

OCH3b
95 14.08 4 0.14 p-CN, m-Cl,6 m-F,6p-Cl
96 14.28 4 0.11 m-Cl,6 m-F,6 p-Cl, m-

OCH3b
97 14.62 4 0.18 m-Cl,6 m-F,6 p-Cl, m-

OCH3b
98 15.07 3 0.06 m-F,6p- Cl, m-OCHs6

° Number of measurements. 6 Measurements with these
compounds were carried out in 5 X 10“'4 M benzaldehyde solution.

the ethanol concentration (Table VI), as was already indicated 
by the almost constant value of the differences A between pK? 
(H 2O) and pK2 (mixed solvent) for a given composition of the 
mixed solvent (Table I). The same situation is indicated for 
Me2SO mixtures (Table II) by the small variations in A for any 
given solvent composition. The number of accessible pK2 
values was in this case too small to allow a meaningful deter
mination of reaction constants p. The structural dependence 
for various water-ethanol mixtures is thus represented by a 
set of parallel lines. The shifts between these lines are given 
by the difference between the pK2H values (pK  of reaction 1 
for the unsubstituted benzaldehyde) in the different solvent 
mixtures.

Provided that the influence of the water-ethanol compo
sition on the reaction involving addition of hydroxyl ions to 
benzaldehydes can be characterized by any parameter Y, (the
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Figure 4. Acidity functions H - (curve 1) and J -  (curve 2) for 
water-Me2S0  mixtures containing 0.01 M base (tétraméthylammo
nium hydroxide in case of H -  and sodium hydroxide in case of J-).

application of Y _ used for benzoic acid dissociations in eth
anol-water mixtures9 might be doubtful), application of the 
relation p y t — p y 0 =  C(Y; — Yo) would indicate that the value 
of C (0.638 for benzoic acids9 and —0.573 for anilines10) is close 
to zero for the benzaldehyde reaction (1).

The Validity of the J_ Function. For aqueous sodium 
hydroxide solutions the validity of the J _ function, describing 
the basicity of a solution by its ability to add hydroxyl ions to 
a carbonyl group to form an anion of the geminal diol, has been 
proved earlier.3 For all substituted benzaldehydes studied 
both in water-ethanol and water-dimethyl sulfoxide (Me2SO), 
the value of log (CArCH(OH)0-/CArCHo) determined from ab
sorbance measurements was found to be a linear function of 
the J -  function with a slope varying between 0.95 and 1.05 in 
the region of J -  values where measurements were possible. 
The Cannizzaro reaction or other consecutive processes did 
not affect the measurements at 25 °C  except in solutions 
containing the highest concentrations of Me2SO. Careful 
measurements with derivatives bearing electronegative sub
stituents did not indicate any evidence for formation of di
anions of the geminal diol [ArCHdUU). Hence it can be 
concluded that benzaldehydes are simpler indicators than 
cyanostilbenes,4 where competition of carbanion formation, 
even if evidently not predominant, cannot be completely ex
cluded. The behavior of the benzaldehydes is also simpler than 
that of nitroaromatic compounds where measurements of 
equilibria leading to the formation of Meisenheimer com
plexes were complicated by consecutive reactions,11 by uptake 
of a second hydroxyl ion,12a or by complicated changes in the 
absorption spectra.12

Comparison of Aqueous and Water-Ethanol Solutions, 
The effect of the presence of ethanol in aqueous solutions of

Table VI. Influence of Ethanol Percentage on the Free 
Energy Relationship pKz = —pox +  pK f

%
EtOH
(v/v) Pa

Std 
dev 
in p P K f b

Std 
dev 

in pK f nc rd

1 2.65 0.09 1.08 0.05 18 -0.987
10 2.58 0.17 0.82 0.10 10 -0.984
50 2.84 0.18 0.97 0.11 7 -0.991
90 2.58 0.20 0.52 0.11 10 -0.973

a Reaction constant. b pit 2 for the unsubstituted benzaldehyde. 
c Number of measurements. d Linear correlation coefficient.

sodium hydroxide is generally speaking, small. This is shown 
by the similar shape of the dependence of J _  on sodium hy
droxide concentration (Figure 1) and by the small differences 
in J _  values obtained at the different constant ethanol con
centrations up to 90 vol % (Table III). Even when the con
centration of sodium hydroxide was kept constant (e.g., 0.1
M), the difference between J -  values in 90 vol % ethanol and 
98 vol % ethanol was only 0.16 J _ units (Figure 2). In this 
range of ethanol concentrations, it is necessary to consider the 
competitive influence of ethoxide ions, the addition of which 
would result in a decrease of the C6H 5CO absorbance indis
tinguishable from the decrease due to hydroxyl ion addition. 
In 90 vol % ethanol, the ratio of hydroxide and ethoxide con
centrations is about 1:1, while in 98 vol % ethanol, it is possible 
to extrapolate13 that about 90% of the base will be present as 
the ethoxide ion.

The relatively modest increase in the value of the J -  
function when increasing the ethanol content of a sodium 
hydroxide solution from 90 to 98 vol % indicates that either 
the nucleophilic reactivity of the ethoxide ion under these 
conditions does not differ substantially from that of the hy
droxide ion while solvation of the hydroxide ion and the 
geminal diol anion is similar to solvation of the ethoxide ion 
and the hemiacetal anion, or that compensation of effects 
takes place.

The procedure by which Yagil and Anbar calculated theo
retical H -  values1415 can be applied to the J -  function as well 
and leads to

J - = 14 +  log Coh-  -  n log Ch2o (5)

where Ch2o is the free water concentration and n can be 
considered148 either as the hydration number of the hydroxide 
ion or as the difference in hydration numbers between 
(ArCHO +  OH- ) and ArCH(OH)0- . Calculations of J_ with 
n = 3 and n =  4 were made for aqueous sodium hydroxide 
solutions, using for Ch2o the expression Ch2o =  d — 0.001 (18n 
+  40)Coh-  in which d is the density of the solution (Table
VII). Comparison of the calculated values with the experi
mental J -  values for aqueous sodium hydroxide solutions 
seems to indicate a change in n with the concentration of so
dium hydroxide. In solutions which are 2 M  in sodium hy
droxide or less, the best agreement between calculated and 
experimental J _  values if obtained for n larger than 4, be
tween 3 and 5 M  for n = 4, and between 6 and 8 M  for 3 >  n 
>  4. Although the results for aqueous sodium hydroxide so
lutions with concentrations between 9 and 11 M also suggest 
a value of n between 3 and 4, it is more likely that in this 
concentration range a further dehydration takes place causing 
an increase in the activity of the OH-  ion. Under those cir
cumstances, it is no longer appropriate to calculate J _  values 
by formula 5, which only takes into account the mass action 
effect of the decrease in free water concentration.

An attempt to apply eq 5 to the calculation of J -  values in 
ethanol-water mixtures containing base, using the expression
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Table VII. Theoretical and Experimental Values of J  for 
Aqueous NaOH Solutions

CNaOH J-  (exp) J -  (theor)„=3a J_ (theor)n=4a

1 14.28 14.08 14.12
2 14.69 14.46 14.58
3 14.95 14.73 14.90
4 15.20 14.95 15.20
5 15.47 15.16 15.51
6 15.69 15.35 15.82
7 15.96 15.56 16.17
8 16.16 15.78 16.58
9 16.34 16.01 17.09

10 16.64 16.27 17.71
11 17.20 16.50 18.61
12 17.45

a J -  (theor) = 14 + log C o h -  — n log C h 2o where C h 2o -  d —
0.001 (18n +  40) Cqh-  (d is density of the solution).

Ch2o = d — O.OOICoh — (18n +  40) — 0.0079* (* is the volume 
percentage of ethanol present), failed especially for the higher 
ethanol percentages where it led to J -  values considerably 
higher than actually found. This again indicates that the de
crease in free water concentration which takes place on adding 
increasing amounts of ethanol is largely compensated for by 
the fact that the ethanol in many respects displays a behavior 
similar to the water it replaces.

Comparison of Aqueous and Water-Me2 SO Solutions. 
The increase in J _  with increasing Me2SO concentration 
cannot be ascribed to a change in one single physical or 
chemical property. It is necessary to consider the change in 
dielectric constant, the effect of hydrogen bonding between 
Me2SO and water (particularly at high Me2SO concentra
tions), the change in water activity, dispersion interactions, 
and the effect of M e2S 0  on the structure of water and on the 
hydration of the hydroxide ion. These aspects of the increase 
in the basicity of solutions containing a constant amount of 
base with increasing Me2SO content have been adequately 
discussed by Dolman and Stewart.7

The question which needs some further discussion is why 
the effect of Me2SO concentration on the J_ acidity function 
describing hydroxide ion addition to benzaldehydes is con
siderably smaller (Figure 4) than the effect on the H -  function 
obtained from measurements involving proton abstraction 
from anilines and diphenylamines.

Some idea about the origin of this difference might be ob
tained by comparing the expression for H~14a

H -  =  14 +  log Coh-  — (n +  1) log <jh2o +  log (6)
/  A-

with a similar expression which can be derived for the J~ 
function:

J -  -  14 +  log coh—  n log <ih2o +  log ; ArCH°^ °H (7)
/ArCH(OH)0-

From 6 and 7, the difference between / / _  and J _  is found to 
be

H - — J - =  -lo g  aH2o +  log ^  -  log - - /ArCHO
/A - / ArCH(OH)0~

Using available information on activity of water in water- 
Me2SO mixture,15 the value H _ — J -  +  log an2o is larger than 
zero, which indicates that the ratio / h a / / a - ,  for the H_ indi
cator acids, is considerably larger than the ratio of / a i-c h o /  
/ArCH(0H)O- for the benzaldehydes used as J _  indicators. 
Probably this difference in activity coefficient ratios is due 
to a larger extent of charge delocalization in the A~ anion 
compared to the geminal diol anion, which causes an extra 
stabilization of A~ (manifested by a decrease in / a-)  by dis
persion interaction with Me2SO.

The acidity function J_ (denoted as J m) for addition of 
methoxide ions to benzaldehydes16 increases also much less 
steeply with base concentration than acidity function obtained 
for additions of methoxide ion to polynitrobenzenes17 or a- 
cyanostilbenes.4

The foregoing considerations confirmed that the acidity 
function approach to the properties of strongly acidic or 
strongly alkaline media leads to acidity scales which not only 
depend on the investigated solvent system but also on the 
nature of the indicators used.
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The reaction of butadiene dianion, hexatriene dianion, 2-methyleneallyl dianion, and 2-methylenepentadienyl 
dianion with dihalides X(CH2)i^tX gave, in variable yield, products with three-to seven-membered rings as well 
as some acyclic products. The predominant cyclic products generally came from initial alkylation at the most neg
atively charged carbon of the dianion to give the most stable monoanion intermediate, followed by cyclization to 
give the smallest ring possible. These reactions appear to provide the most convenient route to some of the ob
served products.

The reaction of a carbanion with an alkyl halide is one of 
the most commonly used carbon-carbon bond-forming re
actions. Recently delocalized dicarbanions 1-4 have been 
prepared and shown to react in good yield with 2 equiv of 
alkyl halide.1 The current study was undertaken to deter
mine the feasibility of treating dianions 1-4 with dihalides 
to give a series of cyclic hydrocarbons, some of which are 
currently available only by multistep procedures using un
usual starting materials.2

+0.07 -0.18 -0.47 -0.42 -0.28 -0.37

1 2  3 4

Results
Dianions 1-4 were prepared in 25-90% yield as crystal

line dilithium salts solvated with two tetramethylethyl- 
enediamine (TMEDA) molecules3 by metalating the appro
priate alkene or diene.1 Although dianion yields would have 
been higher if the dianion in the supefnàtent liquid were 
included, it was considered desirable to avoid contamina
tion from the intermediate monoanion which remains in 
solution. The salts of 1 and 3 had not been crystallized pre
viously.

The dihalides used were CICHgCl, ICH2I, and 
BriCHjla-iBr. To favor ring formation over polymeriza
tion, high dilution techniques were indicated. After it was 
determined in one case that simultaneous addition of di
lute solutions of the two reactants to a large volume of vig
orously stirred solvent5 gave only slightly better yields than 
adding a dilute dianion solution to a vigorously stirred 0.1 
M dihalide solution, the latter technique was employed.

The products obtained are summarized in Table I. They 
were isolated by distillation and preparative GC, and char
acterized by 1H NM R, mass spectrometry, and in many 
cases by comparison with authentic samples. The E config
urations of 8b and 8c were demonstrated by oxidation to 
(E)-cycbpentane-l,2-dicarboxylic acid6 and (E)-cyclohex- 
ane-l,2-dicarboxylie acid,7 respectively. The 1,2-divinylcy- 
clopropane isolated must have the E configuration as 
shown in 8a since it is stable to at least 125 °C, whereas the 
Z isomer Cope rearranges above 0 °C .8

During the reactions involving 2 prepared by dimetalat- 
ing 1,5-hexadiene with n-butyllithium, l-methyl-3-n- 
butylcyclopentane (14a) was noted among the products. 
That this is a minor by-product in the dimetalation step 
was shown by isolating it in 7% yield from the mother li
quors from the preparation of 2. Similarly, when ferf-bu- 
tyllithium was substituted for n-butyllithium, l-methyl-3- 
tert-butylcyclopentane (14b) was formed in 7% yield. 
These reactions may occur as follows, or perhaps with the 
first two steps concerted:

14a, R =  «-butyl 
b, R =  ferf-butyl

Discussion
Of the products listed in Table I, 5a-c, 7a-c, 8a-c, 

lla -b , 12a-c, and 13, with three- to seven-membered rings, 
were from the desired reactions. Where total yields of these 
cyclization products were low, it was not due to the forma
tion of further isomeric cyclization products (e.g., cyclopen- 
tene in the first reaction), but to side reactions. Most of the 
by-products were higher boiling and no doubt arose from 
two intermolecu.lar alkylations rather than an intermolecu- 
lar alkylation followed by an intramolecular one; these side 
reactions could have been lessened by employing higher 
dilution.

The diethylations of these same four dianions1 are far 
from perfect models for these cyclizations, especially in the 
case of 2, which gives only 1,4 and 1,6 diethylation, but only
1,2 and 3,4 dialkylation in its cyclic reactions. However, it 
might be expected that the formation of the first carbon- 
carbon bond would occur with essentially the same distri
bution over the carbons of the dianion, whereas in the sec
ond alkylation, the distribution pattern could differ greatly 
between the intermolecular and intramolecular cases. The 
diethylation products could in all cases be rationalized by 
initial attack at an end of the dianion system to give the 
most stable monoanion intermediate, e.g., pentadienyl 
anion 15a from 2.1 However, although no 3,4-diethyl-l,5- 
hexadiene was found in the diethylation of 2, 8a-c, the 
analogous cyclic products, were found in significant 
amounts and prove that some of the initial alkylation of 2 
by a dihalide occurs at carbon 3, the site of second highest 
electron density,9 giving an ene-allylanion intermediate 
15b. Probably some of the 81% of diethylation products of

15a 15b

2 which could have come from initial attack at either car
bon 1 or 3 similarly came from initial attack at carbon 3 
rather than all at 1 as was previously assumed. All of the 
cyclization products other than 8a-c can be rationalized as 
coming from initial alkylation at the most negatively 
charged carbon of the dianion to give the most stable mo
noanion intermediate, followed by cyclization to give the 
smaller of two possible ring sizes, i.e., three rather than
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Starting
Materials

Table 1. Isolated Products and Yields

ICHaI_________________ Br(CH2)2Br_______________  Br(CH2)3Br Br(CH2)4BrCA
5a, 3% 
6a, 7% 6a, 33%

7a, 20%a 
6b, 10% 6b, 61%<c
8a, 8%A A
9, 5% 
10a, 6% 10a, 70%

C M
5b, 8% 5c, 3%

O - ^
7b, 8% 7c, 0.6%cC CC
8b, 9%

A

8c, 4%

AO
l la , 96%

O
l ib ,  15%

4 A
12a, 14% 12b, 23%

10b, 10% 10b, 100% 13, 5% 12c, 5%
“ In this case, C1CH2C1 was used instead of ICH2I; yields of these products might have been higher with ICH2I. Other prod

ucts included chlorobenzene (5%), 2,4,6-octatriene (3%), and 1,3,5-octatriene (2%).

five, four than six, five than seven, six than eight, and seven 
than nine. 12b and 13 can arise via competing cyclizations 
of the same precursor to give the same size ring.

Instead of giving cyclization products, ethylene dibro
mide (and to a minor extent, the methylene halides) oxi
dized the dianions, giving two halide ions, 1 mol of ethyl
ene, and, in relatively high yield, 6a, 6b, 10a, or 10b, ob
tained by the loss of two electrons from the dianion. These 
reactions may proceed by displacement on bromine as indi
cated below for 4:

These displacements on bromine occur readily with eth
ylene dibromide because the leaving group is bromide ion, 
and most of the time this dihalide is in the anti conforma
tion, favoring this reaction and hindering displacement on 
carbon. Only the E  stereoisomer of 6b10 was observed, 
probably reflecting a very large predominance of E config
uration for the central bond of 2.1>4 Dianions are oxidized 
similarly by I2, but the yield of 6b from 2 with I2 was only 
8%, probably because 6b reacts further with I2.

The methylene halides are sufficiently acidic to proton- 
ate these dianions, especially the very basic 1 and 3. Yields 
of diprotonation products from 1-4 were 30, 10, 60, and 
15%, respectively. With methylene chloride, 4 gave a 25% 
yield of diprotonation products and virtually no 10b or 12a. 
An unusual product from 3 was 2-methyl-l-butene (9), ap
parently formed by alkylation of the monoanion with 
methyl iodide formed from methylene iodide.

Among the unexpected products was chlorobenzene, ob
tained in 5% yield from the reaction of 2 with methylene 
chloride; this is reminiscent of the formation of biphenyl

(77% yield) by heating 3-phenylhexatriene dianion at 60 
°C .U Other unusual products from the reaction of 2 with 
methylene chloride were 1,3,5- and 2,4,6-octatrienes (2 and 
3%, respectively).

Owing to the shortness of these syntheses and the ease in 
separating the products (most side reactions lead to higher 
molecular weight substances readily removed by distilla
tion), these reactions may serve as the most convenient 
ways of preparing some of these substances. For example, 
the previous syntheses of 8a,12 8b,13 and 8c13 each required 
many steps. 6b was prepared previously in considerably 
lower yield by a several-step procedure which gives a mix
ture of stereoisomers rather than E only.14 10b and its 
thermolysis product 3-methylenecyclopentene may be 
more readily prepared by the procedure described herein 
than by earlier methods.15 7b, 12a, 12b, and 12c have to 
our knowledge not been prepared previously.

Experimental Section

All solvents and starting alkenes were distilled from either CaH 
or LIAIH4 and stored under argon over molecular sieves. The 
gases, (2 )-2-butene and isobutylene, were distilled from lecture 
bottles just prior to use and not further purified. re-Butyllithium 
and tert-butyllithium solutions in hexane or pentane were used as 
received from Alfa Inorganics. Columns for preparative GC were
15-25 ft X 0.25 in., packed with 20% Carbowax 20M on Chromo- 
sorb P, and operated at 50-160 °C.

Preparation of Dicarbanions 1-4. Each dianion was prepared 
and crystallized in 18 X 150 mm test tubes filled with argon and 
tightly capped with a rubber septum. To these tubes was added
10.0 ml (24 mmol) of 2.4 M n-butyllithium. The tubes were cooled 
in an ice-acetone bath and 3.6 ml (24 mmol) of anhydrous 
TMEDA was added. Upon warming to room temperature, the 
white, crystalline 1:1 complex dissolved whereupon 12 mmol of the 
corresponding precursor alkene was added via syringe. This mix
ture was set aside at room temperature until crystallization was 
complete. Just prior to use, the crystallized dianion was purified 
by removing the supernatent solution by syringe, washing the resi
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due with hexane (optional), and drying in a stream of dry argon. 
The yield, necessary for the determination of the amount of dihal
ide to be used, was determined by weighing the dried anion. The 
precursor, crystallization time, solvent(s), and yield for each di
anion follow: 1 [(Z)-2-butene; 3-5 weeks; TMEDA; 25-35%] ;16 2 
(1,5-hexadiene; overnight; TMEDA or THF or ether; 80-90%); 3 
(isobutylene; 3-7 days; TMEDA or THF; 50-70%); 4 (2-methyl-
1,4-pentadiene; 2-4 weeks; TMEDA or THF; 30-40%).

Reaction o f Dianions 1-4 with Dihalides. To an argon-filled, 
septum-capped, 250-ml round-bottomed flask equipped with a 
magnetic stirring bar and cooled by a dry ice-acetone bath was 
added 30-50 ml of anhydrous solvent and a 10% excess of dihalide. 
The solvent used depended on the properties of the desired prod
ucts. For products boiling below 50 °C (5a, 6a, 9, and 10a) dibutyl 
ether was used. Diethyl ether was suitable for materials boiling 
above 50 °C, while THF and hexane were used for products with 
boiling points above 90 °C.

The reaction was conducted with rapid stirring at —78 °C by 
adding dianion solution dropwise via syringe through the septum 
cap. Dibutyl ether tended to crystallize at these temperatures but 
this problem was avoided by either conducting the reaction rapidly 
or warming to no higher than —50 °C. The product was worked up 
in different ways depending on the product’s boiling point. The 
low-boiling 5a, 6a, 9, and 10a were isolated by fractional distilla
tion through a short Vigreux column, collecting all material until 
the distillation head temperature exceeded 100 °C. A slow stream 
of argon swept out further product, which was collected in a series 
of traps cooled in acetone-dry ice baths. The crude product was 
further purified by preparative GC. Products boiling above 50 °C 
were worked up by quenching with 20 ml of water unless the sol
vent was THF. The organic layer was separated and the aqueous 
phase was discarded after being extracted with 2 X 15 ml of ether. 
The combined organic phases were washed with dilute sulfuric 
acid to extract amines. An emulsion generally formed when the 
washings became acidic but the problem could be minimized by 
making the acid wash emulsion slightly basic, separating the aque
ous phase and backwashing it with 2 X 15 ml of ether, combining 
the organic phases and extracting the combined solution with one 
final 10-ml wash of dilute sulfuric acid. If an emulsion still formed, 
it was separated by centrifuging. The organic layer was then 
washed with water, recentrifuged if necessary, and the separated 
organic layer washed with 5% aqueous sodium bicarbonate. The 
product solution was dried over sodium hydroxide pellets and fil
tered into a round-bottomed distillation flask and the solvent was 
removed by careful fractional distillation through a 3-ft tantalum 
wire column. When solvent removal was nearly complete, the dis
tillation was interrupted, the residue was cooled and drawn into a 
syringe, and the material was flash distilled under vacuum. The 
purified product, free from polymer, was collected in a dry ice 
cooled trap and was suitable for preparative GC.

If THF was used as the initial solvent, the aqueous workup was 
avoided since much of the product was carried into the aqueous 
washes and thereby lost. Instead the crude reaction product was 
fractionally distilled, removing further THF by periodically add
ing spectrograde hexane and continuing the distillation until all 
THF had codistilled. The cooled residue was then diluted with 20 
ml of ether and worked up as described in the preceding para
graph.

The structure of 7b was deduced from its spectral properties:17 
MS m/e 122 (m), 107, 93, 79, 67 (base); NMR S 6.3 (ddd, 1, J = 8.5,
9.5, 16.5 Hz), 5.9 (m, 2), 5.0 (dd, 1, J = 2.0, 16.5 Hz), 4.9 (dd, 1 ,J  = 
2.0, 9.5 Hz), 2.4 (m, 1), 1.6 (m, 8).

For 12a: NMR b 6.0 (ddd, 1, J  = 7.0, 9.5, 17.0 Hz), 5.1 (d, 1, J =
17.0 Hz), 5.1 (d, 1, J = 9.5 Hz), 4.9 (m, 2), 3.7 (m, 1), 2.7 (m, 2), 2.1 
(m, 2).

Anal. Calcd for C7H10: C, 89.29; H, 10.71. Found: C, 89.13; H, 
10.57.

For 12b: MS m/e 122 (m), 107, 93, 79 (base), 67; NMR b 6.0 
(ddd, 1, J  = 7.0, 9.0, 18.0 Hz), 5.1 (dd, 1, J  = 2.0, 9.0 Hz), 5.1 (dd,
I, J  = 2.0, 18.0 Hz), 4.8 (m, 2), 2.8 (m, 1), 2.3 (m, 2), 1.7 (m, 6).

Anal. Calcd for C9HU: C, 88.45; H, 11.55. Found: C, 88.36; H,
II. 51.

The structure of 12c was deduced from the similarity of its 
NMR spectrum to those of 12a and 12b.17 For 12c: NMR b 6.0 
(ddd, 1, J  = 6.0, 9.5, 17.5 Hz), 5.1 (d, 1, J = 9.5 Hz), 5.1 (d, 1, J  =
17.5 Hz), 5.0 (m, 2), 3.1 (m, 1), 2.3 (m, 2), 1.8 (m, 8).

Preparation o f Compounds 14a and 14b. The reaction was set 
up as for the preparation of dianion 2, using ra-butyllithium for 
preparing 14a and tert-butyllithium for 14b. After 12 h at room 
temperature, the dark red-black liquid was removed by a syringe 
and quenched into 30 ml of water. The organic layer was separated 
and treated as above to remove impurities except that the flash 
distillation was unnecessary. Starting with 1.0 g (12 mmol) of 1,5- 
hexadiene, the yield of both 14a and 14b after preparative GC was 
115 mg (7%).

Stereochemistry o f 8b and 8c. According to the method of 
Arai and Crawford,12 58.5 mg (0.48 mmol) of 8b was added to a 
septum-capped 50-ml Erlenmeyer flask containing a stirring bar,
1.65 g (7.67 mmol) of sodium periodate, 20 mg (0.13 mmol) of po
tassium permanganate, and 45 ml of water. After 6 days, the reac
tion was worked up by filtering off the inorganic solids, extracting 
the organic phase exhaustively with ether, evaporating the ether, 
and dissolving the solid residue in 1 ml of hot water. In a few days 
crystals of acid formed which had mp 160-162 °C [lit. for (Z )-l,2- 
cyclopentanedicarboxylic acid, 139-140 °C; (£ )- l ,2-cyelopen- 
tanedicarboxylic acid, 162-163 °C].6 These crystals showed no 
melting point depression on mixing with an authentic sample of 
(jE)-l,2-cyclopentanedicarboxylic acid.

The identical procedure using 65.5 mg (0.48 mmol) of 8c gave 
product with mp 223-226 °C [lit. for ((Z)-l,2-cyclohexanedicar- 
boxylic acid, 192 °C; (E)-l,2-cyclohexanedicarboxylic acid, 227- 
229 °C].6-7

A c k n o w l e d g m e n t .  F in a n c ia l s u p p o r t f ro m  th e  N a t io n a l 
S c ience F o u n d a tio n  (G P -3 8 0 7 0 X ) is g ra te fu l ly  a c k n o w l
edged.

Registry No.— 1, 53721-70-3; 2, 53721-71-4; 3, 53721-69-0; 4, 
53721-72-5; 7b, 58298-55-8; 12a, 58298-56-9; 12b, 19995-92-7; 12c, 
58298-57-0; (Z)-2-butene, 590-18-1; 1,5-hexadiene, 592-42-7; iso
butylene, 115-11-7, 2-methyl-l,4-pentadiene, 763-30-4; ICH2I, 75-
11-6; Br(CH2)2Br, 106-93-4; Br(CH2)3Br, 109-64-8; Br(CH2)4Br,
110-52-1.
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The infrared carbonyl-stretching frequencies for para-substituted phenyl allylacetates (set I), para-substituted 
phenyl diphenylacetates (set II), para-substituted phenyl allyldiphenylacetates (set III), phenyl acetate, phenyl 
allylphenylacetate, and phenyl propyldiphenylacetate were determined in carbon tetrachloride and chloroform. 
In the sets studied the values obtained are shown to correlate with Hammett substituent constants for the ring 
substituent. Using phenyl acetate as the basis for comparison, it was found that increasing the methyl substitu
tion by alkyl or aryl substituents causes lowering of the infrared carbonyl-stretching frequency.

It is known that the 7 ,¿-unsaturated acids and their de
rivatives react with electrophilic reagents giving rise to 
¿-substituted 7 -lactones.3"5

X2 + ch2= c h c h 2

0 CR2
c

OR'

X

X +  CH,CH— CH,

,i+ ,CR2

V
s+ ll 

OR'

CHjCH— CH2 +  X — R'

0  CR,
V

0

It was shown in a qualitative way that an increase of 
electron density on the carbonyl group6 and/or the pres
ence of substituents at the a position of the carboxylic 
acids7,8 increases the rate of the lactonization.

Our infrared investigations were undertaken in order to 
obtain quantitative information pertinent to the electronic 
effects on the carbonyl-stretching frequencies of phenyl al
lylacetates caused by substituents on the para position of 
the benzene ring and by the substitution at the a position 
of the carboxylic acids.

Experimental Section
Materials. Allylacetic acid, diphenylacetic acid, and phenyl ace

tate were obtained commercially and were either redistilled or re
crystallized before use. Allyldiphenylacetic acid and phenyl allyl
phenylacetate (XVII) were synthesized according to known proce
dures.5

Preparation of Para-Substituted Phenyl Allylacetates. p-
Nitrophenyl allylacetate (I), p-bromophenyl allylacetate (II), phe
nyl allylacetate (III), p-methoxyphenyl allylacetate (IV), and p- 
tolyl allylacetate (V) were synthesized according to known proce
dures.5 Compound II, yield 79%. Anal. Calcd: C, 52.21; H, 4.35. 
Found: C, 51.21; H, 4.58. Bp 94-95 °C (0.12 Torr); ir absorption 
(film) 3100, 1760, 1660, 1600, 1490, 1220, 1015, 840, and 520 cm "1.

Preparation of Para-Substituted Phenyl Diphenylacetates. 
The diphenylacetic acid (0.10 mol) with 0.20 mol of thionyl chlo
ride were heated until the evolution of gases ceased. After the ex
cess of thionyl chloride was removed by distillation, 0.10 mol of the 
corresponding phenol was added and the mixture heated for 2-3 h. 
The product was washed with cold 10% sodium hydroxide solution 
and water, and extracted with ether; solvent was evaporated. The 
crude ester was recrystallized from methanol (Table I).

Preparation of Para-Substituted Phenyl Allyldiphenylace
tates. p-Bromophenyl allyldiphenylacetate (XII), phenyl allyldi- 
phenylacetate (XIII), p-methoxyphenyl allyldiphenylacetate 
(XIV), and p-tolyl allyldiphenylacetate (XV) were prepared by the 
following method. A solution of 11 mmol of n-butyllithium (solu

tion 2 M in hexane) was added to a solution of 12 mmol of isopro- 
pylcyclohexylamme (ICA) in 30 ml of THF at —5 °C. The reaction 
mixture was cooled to —78 °C. A solution of 10 mmol of the ester 
(p-bromophenyl, phenyl, p-methoxyphenyl, and p-tolyl diphenyl- 
acetate) in 10 mmol of THF was added slowly. After 15 min, 10 ml 
of Me2SO was added and the solution stirred for 15 min. Allyl bro
mide (15 mmol) was then added in one portion. After stirring at 
—78 °C for 2 h and then at room temperature for 2 h followed by 
distillation of the solvent, the residue was poured into water and 
extracted with petroleum ether. The ether solution was washed 
with 10% HC1 cold and with water. After removal of the petroleum 
ether, the crude ester was obtained and distilled or recrystallized 
from methanol (Table II).

Phenyl n-propyldiphenylacetate (XVI) was prepared as above, 
employing phenyl diphenylacetate and n-propyl bromide. Com
pound XVI, yield 91%, mp 69-70 °C. Anal. Calcd: C, 83.58; H, 7.18. 
Found: C, 83.60; H, 6.71. Ir absorption (KBr) 3100-2860, 1746, 
1595-1590, 1495-1485, 1210, 1100 cm“ 1; >H NMR absorption 
(CC14) 0.67-1.43, 2.20-2.60, 6.67-7.50, and 7.35 ppm. p-Nitrophe- 
nyl allyldiphenylacetate (XI) was prepared by heating 12 mmol of 
allyldiphenylacetic acid with 71 mmol of thionyl chloride until the 
evolution of gases ceased. After the excess of thionyl chloride was 
removed by distillation, 14 ml of carbon tetrachloride and a solu
tion of 42 mmol of p-nitrophenol in 28 ml of pyridine was added. 
The reaction mixture was kept at room temperature for 5 days. 
The product was washed with cold 10% cupric sulfate solution and 
extracted with ether. The ether solution was washed with 10% so
dium hydroxide solution and water. The crude ester was obtained 
by distillation. This was recrystallized from methanol, yield 96%, 
mp 116-118 °C. Anal. Calcd: C, 73.98; H, 5.13. Found: C, 73.95; H,
5.05. Ir absorption (KBr) 3110-2860, 1759, 1640, 1590-1490, 1550, 
1345, 1200, and 885 cm-1; JH NMR absorption 3.22, 4.76-5.20,
5.23-6.00, 7.02, 7.32, 8-17 ppm.

Infrared Spectroscopy. Ir spectra (cm-1) were measured in 
carbon tetrachloride and in chloroform (0.040, 0.060, and 0.080 M) 
on a Perkin-Elmer Model 457 grating spectrometer. The carbonyl 
region was scanned slowly, and spectra were recorded in triplicate, 
at a chart speed of 50 cm- 1/min, between 1900 and 1500 cm-1. Cal
ibration and paper alignment difficulties were minimized by re
cording the 1583.1-cm-1 polystyrene band on each spectrum. The 
transmittance minima given are the average of nine readings (on 
triplicate runs). The carbonyl absorption band had a symmetric 
shape that simplified the determination of its position in the spec
trum. The standard deviation, S, was calculated for each com
pound. The carbonyl stretching frequency was not modified signif
icantly dependent on the concentration (examples are shown in 
Table III). ‘ H NMR spectra were recorded on carbon tetrachloride 
solutions on a Varian Model T-60 spectrometer with an internal 
Me4Si reference. Melting points were determined on a Kofler hot 
stage apparatus and are uncorrected.

Results
Preparation of Esters. Esters from allylacetic acid and 

diphenylacetic acid were prepared by the usual method of 
converting the respective acids into their chlorides by reac
tion with thionyl chloride, followed by reaction with the 
appropriate phenol.5 The reaction of the allyldiphenylacet
ic acid with thionyl chloride, followed by reaction with 
para-substituted phenol, has produced impure esters of 
difficult purification, except for the p-nitrophenyl allyldi
phenylacetate. Esters from that acid have been prepared
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Table I. Yield and Characterization of Para-Substituted Phenyl Diphenylacetates
Prepared from Diphenylacetic Acid and Para-Substituted Phenols

Com pd Substituent Yield, % Mp, °C Ir** »'max. cm ‘ 'H  NMR,« ppm

VI p-Nitro 66 8 9 -9 1 « 1762, 1620 5.11, 7.11, 7.27, 8.12
V II / p-Brom o 70 6 1 -6 3 1 7 5 0 ,1 5 9 0 5.08, 6.87, 7.27, 7.37
VIII Unsubstituted 91 6 5 -6 6 * 1 7 4 4 ,1 5 9 0 5.16, 6 .8 3 -7 .4 0 , 7.31
I X / p-M ethoxy 91 1 0 1 -1 0 2 1751, 1600 3.73, 5.13, 6 .6 7 -7 .0 0 , 7.30
X p-M ethyl 91 7 6 -7 8 « 1 7 5 1 ,1 6 0 0 2.30, 5.12, 6.83, 7.07, 7.30

a Lit.9 8 9 -9 0  °C. 6 Lit.9 6 6 -6 7  °C. « Lit.9 7 6 -7 8  °C. d KBr. « Taken in carbon tetrachloride, f  Satisfactory com bustion 
analytical data for C and H (±0.4% ) were reported for these com pounds.

Table II. Yield o f  Allylation o f  Para-Substituted Phenyl Diphenylacetates, 
and Characterization o f  the Para-Substituted Phenyl Allyldiphenylacetates Formed

Com pd Substituent Yield, % Mp, °C »'max, cm 1 ‘ H NM R,& ppm

XII« p-Brom o 90 7 6 -7 7 1 7 5 9 ,1 6 3 0 3.20, 4 .7 3 -5 .2 0 , 5 .2 7 -6 .0 0 , 6.73, 7.27
XIII Unsubstituted 91 40—42d 1 7 5 3 ,1 6 3 0 3.21, 4 .7 3 -5 .1 7 , 5 .3 3 -6 .0 0 , 6 .7 3 -7 .5 0
XIV« p-M ethoxy 97 7 1 -7 3 1759, 1630 3.20, 3.73, 4 .7 1 -5 .1 5 , 5 .2 8 -6 .0 0 , 7.75
X V « p-M ethyl 93 5 4 -5 5 1 7 5 6 ,1 6 0 0 2.30, 3.22, 4 .6 8 -5 .2 2 , 5 .2 5 -6 .0 0 , 6.70

a KBr. b Taken in carbon tetrachloride. « Satisfactory com bustion analytical data for C and H (0.04% ) were reported for 
these com pounds. d Lit. 5 40—42 °C.

Table III. Carbonyl-Stretching Frequencies (cm  ' )  o f  Phenyl Allylacetate (III), Phenyl Diphenylacetate (VIII), 
and Phenyl Allyldiphenylacetate (X III) in Carbon Tetrachloride and Chloroform , as Function o f  the Concentration

Conen, M

III VIII XIII

CC14 HCC13 CC14 HCCI3 CC14 HCC14

0.040 1765.3 1753.1 1773.4 1765.4 1754.8 1748.4
1765.5 1753.7 1774.6 1765.0 1754.2 1748.0
1765.5 1754.3 1773.8 1765.4 1755.2 1748.4
1765.3 1755.1 1748.5

0.060 1765.3 1753.5 1773.9 1765.3
1765.3 1753.2 1773.9 1765.2
1765.4 1753.7 1774.5 1765.1
1765.2 1753.4

0.080 1765.6 1752.8 1773.6 1765.6 1754.8 1748.6
1765.0 1753.5 1773.9 1765.9 1755.3 1748.8
1764.9 1753.4 1774.4 1765.3 1755.0 1748.9
1765.3 1755.0 1748.4

vm 1765.3 Vm 1753.5 Vm 1774.0 vm 1765.4 Vm 1754.9 vm 1748.5
S = 0.2 S = 0.4 S = 0.4 S = 0.3 S = 0.3 S = 0.3

by allylation of the para-substituted phenylic esters of the 
diphenylacetic acid, using as a base lithium isopropylcyclo- 
hexylamide.11 The same method was used to introduce the 
n -propyl radical into the phenyl diphenylacetate. Alkyla
tions were done with excellent yields, obtaining pure 
monoalkylated esters (Table II).

Infrared Spectroscopy. The position of the carbonyl 
group absorption band in carbon tetrachloride and in chlo
roform has been determined for each one of the esters syn
thesized, viz., set I, p-nitrophenyl (I), p-bromophenyl (II), 
phenyl (III), p-methoxyphenyl (IV), and p-tolyl allylace- 
tates (V); set II, p-nitrophenyl (VI), p-bromophenyl (VII), 
phenyl (VIII), p-methoxyphenyl (IX), and p-tolyl dipheny
lacetates (X); set III, p-nitrophenyl (XI), p-bromophenyl 
(XII), phenyl (XIII), p-methoxyphenyl (XIV), and p-tolyl 
allyldiphenylacetates (XV), phenyl propyldiphenylacetate 
(XVI), phenyl allylphenylacetate (XVII), and phenyl ace
tate (XVIII).

These determinations were obtained as described in the 
Experimental Section. Frequency values (cm-1 ) deter
mined for the three series of esters are shown in Table IV.

As can be seen in Table IV, the electron-attracting 
groups shift the absorption band to higher frequency 
values (cm-1 ), as compared with the unsubstituted com
pound, in the three series studied. An opposite shift is ob
served in the compounds with substituent groups that sup
ply electrons. In the three tables it can also be observed 
that the values of carbonyl absorption frequency deter
mined in carbon tetrachloride are greater than the values

determined in chloroform. As usually higher frequencies 
are found in nonpolar solvents (carbon tetrachloride) than 
in polar solvents (chloroform), this behavior was to be ex
pected.11'12

Inspection of Table V shows that substitution of one hy
drogen atom of the methyl group in phenyl acetate by the 
allyl radical shifts the carbonyl absorption to lower fre
quency. When two hydrogen atoms are substituted by radi
cals (phenyl diphenylacetates or phenyl allylphenylace- 
tates), an even greater shift to lower frequency is observed. 
A still greater shift is observed when all three hydrogen 
atoms are substituted (phenyl propyldiphenylacetate and 
phenyl allyldiphenylacetate).

Discussion

Hammett’s Equation Application. Freedman13 deter
mined the absorption frequencies of the carbonyl group in 
a series of meta- and para-substituted phenyl acetates, in 
both carbon tetrachloride and chloroform as solvent. He 
tried to correlate the results with the Hammett a values, 
but the points indicated on the graph were scattered, indi
cating only a tendency of an increase of frequency with a. 
To explain the behavior observed with the meta- and para- 
substituted phenyl acetates, Freedman concluded that the 
electronic effect was transmitted from the substituent 
group to the carbonyl by the inductive effect. The reso
nance effect would not be transmitted, or it would be trans
mitted with little intensity, owing to the lack of the needed 
coplanarity. Considering that in the para-substituted phe-
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Table IV. Carbonyl Absorption (cm 1) for Para-Substituted Phenyl Allylacetates (Set I), 
Para-Substituted Phenyl Diphenylacetates (Set II), and Para-Substituted Phenyl Allyldiphenylacetates (Set III)

CC14 HCClj
Substituent À a m A va

Para-Substituted Phenyl Allylacetates

p -N 0 2 1774.4 ± 0.2 9.1 ± 0.3 1762.4 ± 0.4 8.9 ± 0.4
p-Br 1766.9 ± 0.3 1.6 ± 0.4 1756.5 + 0.3 3.0 ± 0.4
H 1765.3 ± 0.2 0.0 1753.5 ± 0.5 0.0
p-O CH 3 1761.3 ± 0.3 - 4 . 0  ± 0.4 1749.6 ± 0.3 - 3 . 9  ± 0.4
p-CH 3 1762.8 ± 0.2 - 2 . 5  ± 0.3 1752.7 ± 0.2 - 0 . 8  ± 0.3

Para-Substituted Phenyl Diphenylacetates

p-NCb 1774.0  ± 0.4 10.3 t 0.4 1765.4 ± 0.3 9.0 ± 0.4
p-Br 1764.7 ± 0.2 1.0 ± 0.2 1759.7 ± 0.1 3.3 ± 0.2
H 1763.7 ± 0.1 0.0 1756.4 ± 0.2 0.0
P-OCH3 1762 .Ö ± 0.4 —1.7 ± 0.4 1754.2 ± 0.6 —2.2 ± 0.6
p- ch 3 1761.6 ± 0.2 - 2.1 ± 0.2 1753.7 ± 0.1 - 2 . 7  ± 0.2

Para-Substituted Phenyl Allyldiphenylacetates

p -n o 2 1760.5 ± 0.4 5.6 ± 0.5 1757.2 ± 0.2 8.7 ± 0.4
p-Br 1755.6 ± 0.1 0.7 ± 0.3 1750.0 ± 0.2 1.5 ± 0.4
H 1754.9 ± 0.3 0.0 1748.5 ± 0.3 0.0
P-OCH3 1751.3 ± 0.2 - 3 . 6  ± 0.4 1747.2 ± 0.5 —1.3 ± 0.6
p-CH 3 1750.8 ± 0.4 - 4 . 1  ± 0.5 1747.4 ± 0.4 - 2 . 1  ± 0.5

a A,, = pR — VH

Table V . Carbonyl Absorptions (cm  ' )  o f  a-Substituted Phenyl Acetates, R jR 2R 3C—C 0 2C6Hs

CC14 HCClj

R , R 2 r 3 ^m -crn- 1 A v f m , c m 1 Ap

H H H 1767.4 ± 0.3 0.0 1765.1 ± 0.3 0.0
H H H 2C = C H C H 2 1765.3 ± 0.2 - 2 . 1  ± 0.4 1753.5 ± 0.5 —11.6 ± 0.6
H C 6H s c 6h 5 1763.7 ± 0.1 - 3 . 7  ± 0.3 1756.4 ± 0.2 - 8 . 7  ± 0.4
H C6H5 H2C = C H C H 2 1760.7 ± 0.2 —6.7 ± 0.4 1753.9 ± 0.2 - 1 1 .2  ± 0.4
c 6h 5 c 6h 5 h 3c - c h , c h -2 1755.8 ± 0.4 —11.6 ± 0.5 1749.2 ± 0.2 - 1 5 .9  ± 0.4
c 6h s c 6h 5 h 2c = c h c h 2 1754.9 ± 0.3 - 1 2 .5  ± 0.4 1748.5 ± 0.3 - 1 6 .6  ± 0.4

nyl acetates there has been a great predominance of the in
ductive effect, it seemed to us that Hammett’s equation 
might be applied using <rn values. We calculated the corre
lation Coefficient (r) between the values determined by 
Freedman for the meta- and para-substituted phenyl ace
tates in carbon tetrachloride and in chloroform and the 
values <rn. We found the value 0.81, which is hot satisfacto
ry according to the criterion proposed bÿ Jaffé.14

More recently, Cohen and Takahashi15 determined the 
carbonyl absorption frequencies of polysubstituted phenyl 
hydrocinnamates. These authors proposed that the carbon
yl electronic density would depend on the electronic effects 
(inductive and resonance) that the substituting group 
would exercise on the carbon C -l. So the carbonyl stretch
ing frequency values would be better correlated to. the 
values of a°. With the values determined by Cohen and Ta
kahashi, we calculated the correlation coefficients achieved 
by applying Hammett’s equation to the esters p-nitrophe- 
nyl, p-bromophenyl, phenyl, tolyl, and p-methoxyphenyl 
hydrocinnamates, that is, for the esters corresponding to 
the ones synthesized by us in accordance with the values of 
a, <xn, and <r° obtaining the values 0.992, 0.997, and 0.998, 
respectively. We have therefore verified that Hammett’s 
equation fits in perfectly with the values determined by the 
two authors for the esters mentioned above, using any of 
the above mentioned a values.

We could satisfactorily apply Hammett’s equation for 
the carbonyl group absorption frequencies on our three se
ries of esters for a, as well as for o-n and <r°. (See Table VI 
and Figure 1). Values of a, an, and a° were taken from the 
compilation of Ritchie and Sager.16 It can be observed in 
Table VI that correlation coefficients do not permit a judg

ment as to which one of the <r value series bur results fit 
best. It can be observed that values of p, ‘pu and p° are 
slightly greater in Carbon tetrachloride than in chloroform; 
this signifies that the sensitivity of the carbonyl absorption 
frequency to the para groups is a little higher in carbon tet
rachloride than in chloroform. This slight difference ob
served could be attributed to a greater sensitivity of the 
carbonyl frequency to the substituents in nonpolar sol
vents.

Effects of the Introduction of Substituting Groups 
in the a  Position of the Acetic Acid Phenylic Esters on 
the Carbonyl Stretching Frequency. The shift to lower 
frequency caused by the substitution of the methyl radical 
hydrogens of the phenyl acetate by alkyl of aryl radicals 
can have various explanations. (1) An inductive effect due 
to the radicals. The phenyl group exerts only a small induc
tive effect (—1). If this effect is significant, the phenyl 
group’s presence in the a position would shift the carbonyl 
absorption band to higher frequency. The shift in the same 
direction, but of smaller magnitude, would be observed in 
the presence of the allyl radical. The propyl radical, on the 
other hand, exerts a small +1 inductive effect causing a 
shift to the lower frequency values. The observations made 
do not agree with these considerations. (2) Interaction be
tween the carboxyl group and the double bond of the allyl 
radical. Conformational analysis of these esters shows that 
successive introduction of substituents in the a position 
causes greater stability to the conformation that has the 
carbonyl group and the double bond closer; this would fa
cilitate a possible interaction between these two groups 
which would be reflected in the carbonyl absorption posi
tion. The more stable conformation in the phenyl n -propyl-
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O'
Figure 1. Correlation of carbonyl-stretching frequencies (cm-1) for para-substituted phenyl ally-acetates (set I), para-substituted phenyl 
diphenylacetates (set II), and para-substituted phenyl allyldiphenylacetates (set III) with a in carbon tetrachloride (•) and in chloroform 
(O).

Table VI. Correlations between the Carbonyl Absorptions 
(cm 1 ) of Para-Substituted Phenyl Allylacetates (Set I), 

Para-Substituted Diphenylacetates (Set II), and 
Para-Substituted Allyldiphenylacetates (Set III), 

and the Hammett Substituent Constants

Best fit linear equation Solvent r pa

Para-Substituted Phenyl Allylacetates

V = 1764.8 + 12.2 O CCI4 0.996 12.2
v = 1764.0 + 13.2 O n CC14 0.981 13.2
v = 1764.2 + 13.5 no CC14 0.986 13.5
V = 1753.6 + 11.5 CT HCC13 0.989 11.5
V =  1753.0 + 12.3 CTn H ccb 0.967 12.3
V =  1753.2 + 12.7 CT« Hcclj 0.976 12.7

Para-Substituted Phenyl Diphenylacetates

v = 1763.8 + 11.8 CT CC14 0.969 11.8
v =  1763.1 + 13.1 CTn CC14 0.978 13.1
v=  1763.4 + 13.2 CTO CC14 0.970 13.2
v=  1756.6 + 11.4 CT HCC13 0.991 11.4
v =  1755.8 + 12.6 CTn H cclj 0.995 12.6
v = 1756.1 + 12.9 CTO HCCL 0.998 12.9

Para- Substituted Phenyl Allyldiphenylacetates

v = 1753.6 + 9.1 CT CC14 0.972 9.1
v=  1753.0 + 9.9 an CC14 0.959 9.9
v = 1753.2 + 10.2 CT« CC14 0.968 10.2
v = 1748.7 + 10.1 a HCCI3 0.998 10.1
v = 1748.0 + 11.3 an HCClj 0.989 11.3
v = 1748.3 + 11.4 cto HCC13 0.983 11.4
a Hammett’s p value is dimensionless. In this work it has 

the dimension o f  cm -1 as is com m on in the literature in 
spectroscopic comparison (See ref 11 and 15).

diphenylacetate is the one that has the carbonyl and the 
ethyl radical closer. This n-propyldiphenylacetate is satu
rated and serves as a saturated model to compare with the 
allyl-substituted esters. However, the position of the car
bonyl absorption band of the saturated model is very close 
to the phenyl allyldiphenylacetate’s. These results seem to 
indicate that there is no interaction between the carboxyl 
and the vinyl groups, or, if there is some interaction, it has 
no influence on the carbonyl frequency. These observations 
agree with those which were established by Leonard and

Owens,17 who observed that transannular interaction be
tween C = C  and C = 0  groups in cyclic ketones is not de
tected by infrared spectroscopy. (3) The effect of changing 
angles on adjacent bonds. It has been shown18 with aliphat
ic esters that it is not necessary to distort the carbonyl 
group valency angles in order to accommodate groups 
linked to it. Bowden et al.19 suggest that interactions in
volving the methoxyl group are small even in the methyl 
propyldiphenylacetate. (4) Mass effect result of the carbon
yl substituent in a, as successive substituting groups are in
troduced into a carbon. The importance of this effect has 
been suggested by various authors.18-20 Thus, it has been 
observed that the carbonyl band position shifts to lower 
frequency upon deuteration of the methyl acetate.20 We 
suggest, then, that shifts of ir band to lower frequency ob
served in carbonyl groups when hydrogen atoms of the a 
carbon of the phenyl acetate are substituted can be due a 
mass effect.
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The chlorométhylation of benzene and alkylbenzenes was studied with bis(chloromethyl) ether, l,4-bis(chloro- 
methoxy)butane, l-chloro-4-chloromethoxybutane, and formaldehyde derivatives. Relative rate data of chloro
méthylations compared to benzene as well as isomer distributions were determined. The mechanisms of the reac
tions are considered in view of the experimental data. Preparative aspects of the novel chlorométhylations with
l,4-bis(chloromethoxy)butane and l-chloro-4-chloromethoxybutane are also discussed.

Since the discovery of the chlorométhylation reaction by 
Grassi-Cristaldi and Maselli,2 mechanistic studies have cen
tered on establishing the role of formaldehyde in the reaction.3 
It is now generally accepted that the electrophilic reagent in 
chlorométhylations in aqueous or polar solvents (such as 
glacial HOAc) is the hydroxycarbenium ion (protonated 
formaldehyde, CH2+= O H ).3’4 Interestingly, however, in our 
recent work5 protonated chloromethyl alcohol, C1CH20+H 2, 
was obtained as a stable species, thus indicating its possible 
significance in chlorométhylations.

It was reported by Brown and Nelson6 that chlorométhy
lation shows high substrate and positional selectivity. The 
competitive rate between toluene and benzene in chloro
méthylation with paraformaldehyde, HC1 gas, and ZnCl2 in 
glacial acetic acid solution at 65 °C was found to be 112, with 
an ortho/para ratio of 0.54. At the same time they claimed that 
previously reported investigations of chlorométhylation re
actions,7 showing low substrate selectivity, while maintaining 
high positional selectivity, were found to be unreproducible.

We have previously reported8 that electrophilic aromatic 
substitution reactions generally can display variable substrate 
selectivity, not necessarily showing substantial loss of posi
tional selectivity, as evidenced by generally low meta isomer 
contents observed in substitution of toluene.

We wish to report now related observations of the chloro
méthylation of benzene and alkylbenzenes with bis (chloro
methyl) ether, l,4-bis(chloromethoxy)butane, l-chloro-4- 
chloromethoxybutane, and formaldehyde derivatives. The 
varied chlorométhylations cannot be characterized by a single 
selected value of substrate and positional selectivity, which 
can vary widely depending on specific reaction systems and 
conditions used.

Results and Discussion
Chlorométhylation with Bis(chloromethyl) Ether.

Since reproducible kinetic data cannot be obtained in heter
ogeneous systems, it was decided to confine our studies to 
those chloromethylating agents which displayed good solu
bility in aromatic hydrocarbons or in a common solvent, thus 
allowing homogeneous reaction conditions. After preliminary

experiments with paraformaldehyde in a number of solvent 
systems, it was discarded in favor of bis(chloromethyl) ether, 
which displays good solubility in aromatic hydrocarbons. 
Bis(chloromethyl) ether has found extensive use in the chlo
rométhylation of aromatic compounds and was generally as
sumed to generate monomeric formaldehyde in situ, which 
then reacts analogously to paraformaldehyde or aqueous 
formaldehyde.3 Our work shows, however (vide infra), that 
this is not the real reaction mechanism of chlorométhylation 
with bis(chloromethyl) ether or other halomethyl ethers.

Early in our study it was realized that improved analytical 
methods were necessary for quantitative analysis of chloro- 
methylated products formed in the reaction mixtures. Pre
vious studies have relied on titrimetric methods, ir spectros
copy, or on analysis after isolating and subsequently con
verting the chloromethylated products by reduction with 
LiAlH4 and uv analysis of the resultant methylarenes (utilized 
for example by Brown and Nelson6). We have developed a 
suitable GLC method to obtain unequivocal data of product 
compositions, which permits the reaction mixture to be ana
lyzed directly for chloromethylated products (i.e., benzyl 
chloride and methylbenzyl chlorides). Product compositions 
could thus be directly determined with an accuracy of better 
than 1%.

With the choice of chloromethylating agent decided upon 
and using as solvent excess of neat aromatics, it was then 
necessary to select a suitable catalyst for the chlorométhyla
tion reactions to be studied. In our initial studies, zinc chloride 
was used because of the general utility it has enjoyed in 
chlorométhylations. Its solubility in aromatic hydrocarbons, 
however, is pocr, and we found that only after the chloro
methyl ether was added to a slurry of aromatic hydrocarbon 
and zinc chloride did the zinc chloride go into solution. Con
sequently stannic chloride was chosen as a catalyst for the 
chlorométhylation studies. It is a highly soluble catalyst, and 
generally not so active as to cause secondary reactions (i.e., 
condensation of chloromethylated products and excess aro
matics to give diarylmethanes). Finally, our studies were 
carried out at 65 °C to allow comparison with the work of 
Brown and Nelson,6 which was carried out at this temperature.
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A summary of the results of chlorométhylation of benzene and 
methylbenzenes with bis(chloromethyl) ether and stannic 
chloride catalyst is given in Table I.

Table I I .  Preparative Chlorométhylation of Benzene 
and Methylbenzenes

% yield of chloromethylarene

Table I. Competitive Chlorométhylation of Benzene and 
Methylbenzenes with Bis(chlorom ethyl) Ether (B CM E)"

Registry Time, kc6H5s/ Isomer
no. Substrate min hc6H6b distribution

71-43-2 c 6h 6 1.0
108-88-3 c 6h 5c h 3 100c 16.2 0-, 42%; m-, 3%;

p - ,  55%
10d 15.5 o-, 44%; m-, 2%;

p - ,  54%
95-47-6 o-(CH3)2- 25 31.3 4-Chloromethyl-

c 6h 4 o-xylene 97% 
3-Chloromethyl-

o-xylene 3%
108-38-3 m-(C Hs)2- 25 40.1 4-Chloromethyl-

c 6h 4 o-xylene 10
106-42-3 P-(CH3)2- 25 24.3 2-Chloromethyl-

c 6h 4 p -xylene 10

“ All reactions run at 65 °C with ArH:PhH:BCME:SnCh mole 
ratios of 10:10:1:0.75. 6 From direct GLC analysis (see text and 
Experimental Section). c Shorter reaction times did not yield 
sufficient product for reliable analysis. d Reaction run with AgBFs 
in place of SnCl4; BCME/AgBF4 = 1/0.1 (m/m).

The competitive method of kinetic evaluation of relative 
reaction rates was employed in our studies. The basis of this 
method lies in assuming that the substituting agent present 
competes for two aromatic substrates.

It is seen from Table 1 that the positional (regio-) selectivity 
is high in the chlorométhylation of toluene, with only 2-3%  
of the meta isomer formed in the reaction. The substrate se
lectivity over benzene k toiuene/& ben zene is 15.5-16.2. The 
ortho/para ratio of 0.77 (assuming no significant ortho steric 
hindrance) indicates that conjugative stabilization by the 
methyl group in the transition state is not excessive (vide 
infra).

It is noted that the chlorométhylation of the isomeric xy
lenes proceeds only modestly faster than that of toluene. 
Despite the diminishing substrate selectivity behavior of in
creasingly nucleophilic aromatics, the positional selectivity 
as shown in the case of o -xylene stays high (97% of 4-chloro- 
methoxy- and 3% of 3-chloromethyl-o-xylene). Thus, no dif
fusion (or encounter) controlled reaction leading directly in 
a single step to isomeric products can be involved and it is 
suggested, as previously discussed,8 that the reactions proceed 
through separate consecutive steps defining substrate and 
positional selectivity.8 The substrate reactivity of the reactions 
thus can reach the encounter controlled limit, while regiose- 
lectivity stays high.

Chlorométhylation with l,4-Bis(chloromethoxy)bu- 
tane and 1 -ChIoro-4-chloromethoxybutane. We reported 
recently preliminary findings to have found in l-chloro-4- 
chloromethoxybutane and l,4-bis(chloromethoxy)butane, 
respectively, extremely effective new chloromethylating 
agents of wide utility.9 At the same time the substantially 
decreased volatility of these reagents decreases the danger 
associated with the use of more volatile chloromethyl ethers, 
which are powerful carcinogens.

Preparative results of the tin(IV) chloride catalyzed chlo
rométhylation of benzene and methylbenzenes are summa
rized in Table II (yields of isolated chloromethylarenes are 
given).

l-Chloro-4-halomethoxybutanes and l,4-bis(halo- 
methoxy)butanes in their Friedel-Crafts halomethylation

With l,4-bis(chloro- With l-chloro-4-chloro- 
Arene me thoxy) butane methoxybutane

Benzene 43 50
Toluene 53 44
p-Xylene 41 41
m-Xylene 51 55
Mesitylene 60 70

reactions act, owing to strong oxygen participation in the 
developing carbocationic substituting agents, as incipient 
halomethyltetrahydrofuranonium ions, i.e., reactive Meer- 
wein-type oxonium ions. Tetrahydrofuran formed as by
product of the reaction complexes the Lewis acid catalyst and 
greatly diminishes formation of diarylmethane by-products. 
The existence of the corresponding ehloromethyltetrahy- 
drofuranonium ion was proven by preparing the novel oxo-

H2C— CH2

H2C CH2C1(0CH2X) gnCl, °r ZnBr2)
\  OAK

i
CH,X

l2X)

-H X /- C H .O

R SnCl4

nium ion under stable ion conditions in sulfur dioxide solu
tions with antimony(V) chloride at —50 °C. The 'H  NM R  
parameters are as shown.

CTLX

H2C— CK, SnCl

h 2c  c h A ck
V

S+P
rCH?X

C1CRh— < / " ]___ 12.A/lQ/o6.43(s)
2.75 

5.38 (m) 
(m)

s b c v

l,4-Bis(chloromethoxy)- and l-chloro-4-chloromethoxy- 
butane are capable of chloromethylating aromatics under mild 
conditions, and are well suited for reaction mechanism studies.

The competitive chlorométhylation of benzene and alkyl- 
benzenes was carried out, giving results similar to those ob
tained for bis (chloromethyl) ether. The results obtained are 
shown in Table III. The most obvious conclusion from com
parison of Tables I and III is that the reaction mechanism 
must be similar in both cases.

An interesting feature of these reactions is that their steric 
requirements are not as stringent as those of bis(chloromethyl) 
ether (compare for example yields of 2,3-dimethylbenzyl 
chloride in Table III vs. Table I).

It may be seen from Table III that the chlorométhylation 
of toluene with bis(chloromethoxy)butane at 65 °C gives an 
isomer distribution identical with that found at 35 °C, indi
cating no temperature dependence of the isomeric products, 
i.e., no isomerization (which would, however, not prevent some
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Table I I I .  Competitive Chlorom éthylation of Benzene 
and Alkylbenzenes with l,4-Bis(chlorom ethoxy)butane

Substrate
Time,
min

^CsHsR/
kc^i6b

Isomer
distribution, %b

c 6h 6 1.0
c 6h 5c h 3 25 21.0 0-, 45; m-, 4; p-, 51

100c 22.2 0-, 43; m-, 3; p-, 54
0-(CH3)2C6H4 12.5 23.6 4-Chloromethyl-o - 

xylene 94 
3-Chloromethyl-o- 

xylene 6
m-(CH3)2C6H4 12.5 34.5 4-Chloromethyl- 

m- xylene 100
p-(CH3)2C6H4 12.5 21.5 2-Chloromethyl- 

p-xylene 100

° All reactions run at 65 °C with ArH:PhH:BCMB:SnCl4 = 
10:10:1:0.1 (m/m). b Determined by GLC. c This reaction run at 
35 °C.

Table IV . Relative Rate of the Chlorométhylation of 
Benzene and Toluene as a Function of T h e ir Varyin g  

Ratios in  Competition Experim ents

Mole ratio Observed product ratios
C6HSCH3/C6H6 of toluene/benzene &t/&b

1/1 21.0 21.0
1/5 4.1 20.5
1/10 2.4 24.0

isomerization within the arenium ion type intermediates prior 
to their deprotonation).

A small kinetic hydrogen isotope effect was found in the 
reaction of bis(chloromethoxy)butane with hexadeuter- 
iobenzene compared to benzene at 35 °C.

^CeHe/^CeDe =  1-4

This observation is in line with the absence of primary isotope 
effects in studied Friedel-Crafts type alkylations.

Competition experiments were also carried out with various 
toluene/benzene mole ratios. The dependence of the relative 
rate upon aromatic hydrocarbon concentration is shown in 
Table IV. These values compare well with each other and in
dicate first-order dependence in aromatic hydrocarbons.

In the study of the chlorométhylations it was observed that 
change in catalyst concentration has a marked effect on the 
selectivities of the reactions. Higher catalyst concentrations 
favor a more reactive reaction system, whereas increasingly 
smaller amounts of catalyst have the opposite effect. To study 
this effect a series of reactions were run with benzene and 
toluene in competition in which the amount of catalyst (SnCLt) 
used in the reactions was systematically varied. The reactions 
were sampled at varying intervals, and the relative rate con
stants, ktoluene/̂ benzene, were obtained by extrapolating these 
measurements to zero time. The data are shown in Table V.

It is apparent from these data that a significant change 
occurs with changes in catalyst concentration. What was ini
tially a rather low substrate selectivity reaction has become 
extremely substrate selective. At the same time the ortho/para 
isomer ratios also show a continuous decrease. This again 
suggests, as had related work from this laboratory, that the 
position of the transition state of highest energy in aromatic 
substitutions is not a fixed one, and depending upon reaction 
conditions it can either lie early (x-complex-like) or late (t- 
complex- or arenium-ion-like) on the reaction coordinate. 
Further, these results suggest that there is a continuum of 
substrate and positional selectivity and mean that no single 
selected set of substrate and positional selectivity values can 
be used to characterize chlorométhylation reactions.

Table V . V ariatio n of the Selectivity of 
Chlorom éthylation of Toluene and Benzene with Catalyst 

Concentration

10~5 M 
SnCl4

^ tolu en e/ 
& benzene

Chloromethyltoluenes

%
ortho

%
meta

%
para o-/p-

100 21 45 4 55 0.83
68.6 41 37 3 60 0.61
34.3 56 36 2 62 0.58

7.68 317 32.5 1.5 66 0.49

Table V I. Relative Reactivities of Methylbenzenes and
Benzene in  Chlorométhylations at Low (3.84 X IO-5  M)

S n C l4 Concentration

Substrate ^ArH /fephH

C6H6 1
c 6h 4c h 3 370
p-(CH3)2C6H4 1 200
o-(C H 3)2C 6H 4 2 700
m-(CH3)2C6H4 27 000

On obtaining these results the question of substrate selec
tivity in reactive hydrocarbons such as xylenes was also further 
studied. In view of the seemingly significant substrate dis
crimination for toluene displayed under low catalyst con
centration, these substrates should also show a much en
hanced reactivity over benzene. Indeed, in these chloro
méthylation reactions xylenes could only be compared with 
benzene via the indirect comparison with toluene, owing to 
the greatly enhanced reactivity of the xylenes. The results are 
summarized in Table VI.

It can be seen from these data that the chlorométhylation 
reactions show increasing substrate selectivity with lower 
catalyst concentration (note m -xylene is 27 000 times more 
reactive than benzene) with simultaneous decrease of the 
ortho/para isomer ratio. There is also a decrease of meta 
substitution (from 4 to 1.5%).

Having observed chlorométhylations with chloromethyl 
ethers which do not always display the high substrate, high 
positional selectivity characteristics reported by Brown and 
Nelson,6 it was also felt necessary to extend our studies to 
formaldehyde systems to clarify any discrepancies which 
might exist, and to see if modification of the reaction condi
tions would vary the substrate selectivity. With regard to the 
latter point, the work of Ogata and Okano4 suggested that 
increasing the acidity of the reaction mixture might accom
plish this, since they found a strong dependence of the rate 
of chlorométhylation of mesitylene with aqueous formalde
hyde on the Hammett acidity function.

In order to use a source of formaldehyde which is soluble 
in aromatic solvents and which would not be prone to secon
dary reactions with chloromethylated products, paraformal
dehyde and dialkyl formais were considered unsuitable. The 
reactions were accordingly carried out with s-trioxane as a 
source of formaldehyde. Since it was necessary to have a highly 
soluble proton acid catalyst, a solution of SnCLt saturated with 
HC1 was used. In some experiments the use of s-tetraoxane 
was also attempted. This highly soluble cyclic tetramer of 
formaldehyde has recently become available.10 However, s- 
tetraoxane was found to be rapidly depolymerized in the 
presence of acid and gives via repolymerization insoluble 
paraformaldehyde.

The repetition of the work of Brown and Nelson6 was also 
considered necessary, because it was felt possible that in their 
pre-gas-liquid chromatography analytical method used they 
may have encountered difficulties in the analysis of reaction
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Table V I I .  Competitive Chlorométhylation of Benzene 
and Toluene with Formaldéhyde Dérivatives

Isomer distribution, %
Reagent/catalyst kphM J  ---------------------------------------

(mole ratio) fephH° Ortho Meta Para

Trioxane/SnCL6 (5/1) 63 37 2 61
Trioxane/SnCL6 (0.9/1) 7.8 55 5 40
Paraform/ZnCl2c d (6/1) 28.2 4.3 4 53
Paraform/ZnCL'1 (6/ 1) 40.3 40 3 57
Paraform/ZnCL” (6/ 1) 112 35 2 64

° Analysis by GLC. 6 Mole ratio PhMe:PhH:s-trioxane = 12: 
12:1 at 65 °C (excess aromatic used as solvent). c Paraform = 
paraformaldehyde. d From the same reaction; fourth entry 
subjected to more extensive workup (both run at 65 °C in glacial 
acetic acid solvent; see text and note e ) . e Data of H. C. Brown and
K. L. Nelson, J. Am. Chem. Soc., 75, 6292 (1953).

products, particularly when considering the necessity o f  in 
direct uv spectroscopic analysis, after first converting the 
chloromethylated products to methylarenes by reduction with 
LiAlFL. T o  this end their procedure for the competitive 
chlorom éthylation o f  benzene and toluene was repeated. For 
convenience the quantities o f  materials and the reaction time 
were reduced by a factor o f  20 (while keeping molar ratios 
identical) and gaseous HC1 was used from  a lecture bottle 
(Matheson). The reaction mixture was divided into two parts 
for analysis. One part was washed with ice water, dried over 
CaS04, and analyzed by the direct GLC analytical m ethod 
developed in our work for benzyl chlorides and methylbenzyl 
chlorides (see Experimental Section). The other portion was 
carried through the identical workup reported by Brown and 
Nelson: washings with ice water and with 10% aqueous p o 
tassium carbonate, extraction o f  washings with petroleum 
ether, drying o f  organic materials over calcium chloride- 
potassium carbonate, and removal o f the petroleum ether and 
excess hydrocarbon by distillation at atmospheric pressure 
and at 95 mm. This portion was then analyzed by the same 
G LC m ethod as used throughout in our work in contrast to 
Brown and Nelson’s method o f reducing the benzyl chlorides 
with LiAlFL to the corresponding methylbenzenes followed 
by uv spectroscopic analysis. It was necessary to dilute sam
ples with carbon tetrachloride prior to GLC analysis, but this 
in no way affected the product com position.

The results o f  the chlorom éthylation reactions with form 
aldehyde derivatives are summarized in Table VII.

Turning first to the reactions with s-trioxane, it can be seen 
that the chlorométhylations are indeed highly dependent on 
acidity (catalyst concentration) o f the reaction systems. The 
fact that increased acidity has decreased the relative rate o f 
reactions (cf. k^0\uenek benzene 63 vs. 7.8, with a 5.5-fold de
crease in acid concentration) and also causes significant 
changes in the isomer distribution clearly indicates that at 
high acidity the reactivity o f  the system is higher than that 
observed at low acidity. This is com patible with an equilib
rium -controlled increase in the concentration o f  the hy- 
droxycarbenium or chlorom ethyloxonium  ion, which would 
be expected to react more rapidly than a form aldehyde-pro
ton acid complex. There is further evidence o f  this in the 
ortho/para ratios o f  the two reactions. In the low  acidity re
action the methyl group plays a greater role in stabilizing the 
arenium -ion- (or cr-complex) -like transition state by conju 
gation, and the para isomer predominates (o-/p- =  0.63). This 
conjugative stabilization is less important in the high-acidity 
case where in the earlier transition state o f  aronium ion (or 
ir-complex) nature the electrophile requires less contribution 
o f the aromatic it electrons. As a consequence inductive sta
bilization predominates and the ortho/para ratio is high (1.38).

W hile the determination o f  the isomer distribution in the 
chlorométhylation reactions was accurate (they are considered 
to be accurate to 1%), it is not possible to  exclude som e in 
tramolecular isomerization in the arenium type transition 
states prior to deprotonation. This can be o f  significance, 
particularly in reactions with high catalyst concentrations, 
and affect the results through thermodynamically controlled 
factors.

Returning to  the repetition o f  the B row n-N elson  experi
ments, it may be seen that there is less significant difference 
in the distribution o f  methylbenzyl chloride isomers from  
either the simple workup and direct GLC analysis (third entry, 
Table VII) or the original more elaborate workup (fourth 
entry, Table VII) or from  the results Brown and N elson re
ported (fifth entry, Table VII). These differences he probably 
within experimental error o f  the m ethods used. Clearly, 
however, the same cannot be said o f  the relative rates deter
mined from  product com positions obtained from  the two 
different workup procedures. The m ost probable explanation 
lies in the difficulty o f  separating chloromethylated products 
from  excess aromatics by distillation without losses o f  the 
former, a factor obviously seriously affecting the data o f 
Brown and Nelson. Judging from the difference in fe toluene/ 
£  benzene between these experiments, the removal o f  solvent 
causes som e loss o f  the more volatile benzyl chloride. In fact, 
when the aromatic hydrocarbon forerun obtained from  the 
Brow n-N elson workup procedure was subjected to  G LC 
analysis, a significant amount o f  benzyl chloride was found 
in it. T he m ore benzyl chloride lost, the higher the apparent 
Value o f feaj-ene/ls benzene-

C o n c l u s i o n s

The paucity o f  mechanistic inform ation about the ch loro
méthylation reaction led previously to som ewhat contradic
tory results. In our studies we have been able to show that a 
wide range o f  selectivity exists for chlorom éthylations with 
varying reaction conditions and, therefore, no single set o f  data 
can characterize all electrophilic chlorométhylation reactions. 
It is clear from our studies that toluene remains predom i
nantly ortho/para directing in all chlorométhylations with the 
change in meta substitution ranging from  1.5 to  5%, with si
multaneous substrate selectivity, i.e., k^/kp ratio changes 
ranging from  15 to 320.

E x p e r i m e n t a l  S e c t i o n

Reagents. Aromatic hydrocarbons were of the highest purity 
available and were dried over molecular sieves prior to use. Benzene, 
toluene, alkylbenzenes, and all solvents used were spectral or highest 
purity grade, dried over molecular sieves. Stannic chloride was ACS 
reagent quality. Bis(chloromethyl) ether (Eastman Kodak) was ob
tained in sealed glass ampules (100 g). These ampules were open in 
a drybox, and the reagent was stored in and dispensed from Teflon 
bottles. l,4-Bis(chloromethoxy)butane and l-chloro-4-chloro- 
methoxybutane were prepared as reported.9

Warning! Bis(chloromethyl) ether11 and l,4-bis(chlorome- 
thoxy)butane are toxic even in small quantities. In addition, bis- 
(chloromethyl) ether has been shown to be a powerful carcinogen.12 
Because of its higher boiling point at atmosphere pressure, 1,4-bis- 
(chloromethoxy) butane is considered a lesser inhalation hazard than 
bis(chloromethyl) ether, but all chloromethyl ethers (as well as other 
haloalkyl ethers and difunctional haloalkyl compounds such as 
haloalkyl tosylates, alcohols, etc) should be stored and dispensed in 
a fume hood, using rubber gloves and eye protection. Concentrated 
aqueous NaOH solution was used to hydrolyze material before dis
posal.

Equipment Used. Flasks and pipets used to contain and dispense 
the reagents were cleaned with FUSCb-KaC^Cb solution, rinsed with 
distilled water, and dried in an oven. Kinetic measurements were 
carried out in thermostated solutions using a Haake F4291 circulating 
bath fitted with immersion heater and thermoregulator. This bath 
was capable of maintaining temperature with a precision of better 
than ±0.1 °C.
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Chlorométhylation Reactions. Reaction mixtures were prepared 
in clean glassware in a fume hood. In competitive studies, 0.05 mol 
of each aromatic was weighed into a flask and to it was added (cali
brated Pasteur pipet) 0.005 mol of the reagent under study. The de
sired volume of a 0.5 M solution of SnCLi in cyclohexane (1.00 ml =
0.0005 mol of SnCLi) was added and the flask transferred to the con
stant-temperature bath. After a predetermined heating period to 
allow the reactants to come to the bath temperature, the similarly 
prepared and thermostated solution of the chloromethylating agent 
was than added with good stirring. The mixtures were either quenched 
after a specified time or periodically sampled, as described previously.

G L C  analysis of products (Aerograph 1200 with flame ionization 
detector) was carried out using the following columns: 15 ft X 0.125 
in. in 5% bentone-34 + 1% DC-200, 60/80 mesh Chromosorb W, 
acid-washed (for separation of benzyl chloride and isomeric methyl- 
benzyl chlorides) and 5 ft X 0.125 in. 5% SE-30,80/120 mesh silanized 
acid-washed Chromosorb W (for separating dimethylbenzyl chlo
rides). Both columns gave good baseline separation allowing quan
titative determination of isomers.

Calculation of product concentration was by the relative response 
method, and competitive rate ratios were determined from product 
ratios.
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The olefin metathesis catalytic system WClf; -EtAlCQ in an aromatic solvent promotes both olefin metathesis 
and solvent alkylation reactions. The yields of these two competitive reactions strongly depend on the relative 
concentration of the three compounds of the system (olefin, solvent, catalyst), with a marked dependence on the x 
donor ability of the aromatic solvent; moreover, our catalytic conditions can promote exclusive formation of mo- 
nosubstituted benzenes at the thermodynamic equilibrium. The mechanism proposed involves competitive coor
dination equilibria of the solvent and of the olefin as the key step.

The use of \VCl6-EtAlCl2 as a catalytic system for olefin 
metathesis reactions has been described by several groups.1 
This catalyst, which is also a strong Lewis acid, can conse
quently promote a variety of cationic reactions such as pro
totropic isomerizations,2 oligomerization of olefins,3 and al
kylation of aromatic solvents.4

However, neither the specificity nor the optimal condi
tions for the competition between metathesis and cationic
like reactions have been thoroughly investigated; it is the 
goal of this paper to study the parameters which govern 
this competition between metathesis and alkylation pro
cesses.

Experimental Section
All solvent and olefins (trans-2-pentene, £rares-4-octene, 1-oc- 

tene, and 1-dodecene) were dried over Li AIR, or CaH2 before dis
tillation and the operations were conducted under an inert atmo
sphere (argon).

Ethylaluminum dichloride (Fluka), obtained as a 50% solution 
in hexane, was diluted (after titration) with the appropriate 
amount of hexane to obtain 0.2 M solutions.

Tungsten hexachloride (Fluka) was purified by sublimation of 
the volatile impurities (WOCLi, WO2CI2) before dissolution in the 
aromatic solvents, respectively benzene; 0-, m-, p-xylenes; 1,2,4

and 1,3,5-trimethylbenzenes; and finally o-dichlorobenzene. The 
solutions obtained (0.05 M) are intensively colored: benzene, violet 
blue; toluene, blue; xylenes, green blue; trimethylbenzenes, green; 
dichlorobenzene, brown.

The different components were injected into the reaction vessel 
through a septum, together with an internal VPC standard (cy
clooctane or undecane).

The solution of olefin in the suitable aromatic solvent was 
cooled to 5 °C and the appropriate amount of the aromatic solu
tion of WC16 was added, immediately followed by the solution of 
EtAlCl2 in hexane with a molar ratio A1 to W kept equal to 4. After 
1 min of reaction time, the system was quenched with water.

Quantitative VPC analysis was performed using a silicone col
umn (20% SE-30 on Chromosorb 80/100) (flame ionization detec
tor) and the yields calculated by comparison with the internal 
standard.

The different olefins and alkylated products have been identi
fied by comparison with standard products which have been ob
tained from Fluka or by the following classical reaction sequence: 
addition of the suitable Grignard reagent on the corresponding a- 
ketoalkylbenzene gives a tertiary alcohol which is dehydrated on 
p-toluenesulfonic acid to a phenylalkene. Subsequent hydrogena
tion of the olefin on Raney nickel gives the required phenylalkane.

Moreover, some of the alkylated products have been isolated by 
preparative GLC and analyzed by mass spectrometry which shows 
a fragmentation pattern characteristic of alkylbenzenes; for in-
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Y ie ld s C / .)

Figure 1. Yields of metathesis and alkylations reactions vs. molar 
ratio 2-pentene/WCl6 for a constant molar ratio benzene/WOL = 200.

stance, the 2-, 3- and 4-phenyloctanes have a parent peak at m/e 
190 (C14H22) in addition to groups of peaks differing by 14 (CH2) 
mass units.6

Results

1. Alkylation-M etathesis Competition in Benzene.
We have already observed that the yields of metathesis or 
alkylated products depend on the ratios benzene to olefin, 
olefin to catalyst, and benzene to catalyst.6

Figure 1 reports the results obtained for a variation of 
the olefin concentration (with a constant ratio of benzene 
to catalyst). We have also previously reported6 the influ
ence of the variations of the concentration of the catalyst 
(for a constant ratio C.;H<;/olefm) on the relative yields of 
metathesis and alkylated products. In both cases, S-shaped 
curves are obtained and Figure 2 sums up the overall situa
tion observed for the CfiHf;-2-pentene system.

It appears that both metathesis and alkylation reactions 
are competitive over a large range of concentrations, and 
that alkylation reactions increase with an increase of either 
the concentration of the catalyst or of the benzene to olefin 
ratio.

These results are given for a reaction time of 1 min. 
Longer times slowly increase the yields in alkylated prod
ucts at the expense of metathesis, as indicated in Table I.

The composition of the mixture remains practically un
altered for several days after quenching with water.

2. Influence of the Nature of the Aromatic Solvent. 
Besides the relative concentration of the components of the 
system, the competition between alkylation and metathesis 
is greatly affected by the x-donor ability of the aromatic 
molecule used as solvent.7 Increasing yields in alkylated 
compounds are observed in going from benzene to toluene, 
xylenes, and trimethylbenzenes (Table II).

On the other hand, our catalytic system does not alkylate
o-dichlorobenzene; we then observe the formation of satu
rated polymers resulting from a cationic polymerization of 
the olefin, and only traces of alkylated products.

3. Distribution of the Alkylated Products. High con
centrations of catalyst and large solvent/olefin ratios thus 
favor the alkylation of the aromatic solvent. If the latter is 
large enough, monoalkylated products are exclusively 
formed, which correspond to a thermodynamic equilibrium 
as calculated for molar ratio benzene/2-pentene larger than
4.

A similar effect has been noted by Popov8 with a NiCl2-  
EtAlCL catalytic system although it is not always observed.

(a) EtAlCl2 alone or the mixture WCl^-EtAlCL (the ole
fin being added to the preformed catalyst in benzene) give 
mixtures of mono- and polyalkylated benzenes, no change 
in product with time being observed (Table III, A and B).

(b) With WC16 alone at 50 °C or WCl6-EtAlCl2 (order of

M olar ratio 
b e n z e n e  2- p e n te n e

Figure 2. Competitive metathesis and alkylation reactions (after 1 
min of reaction time).

addition: benzene, olefin, WC16, and finally EtAlClg) di- 
and polyalkylated products quickly disappear to give ex
clusively monoalkylbenzenes (Table III, C, D, and E).

Moreover, the thermodynamic distribution between 
monoalkylated products (in terms of isomers branching) 
does not depend on the position of the double bond in the 
original olefin (Table III, D, E).

Under the same catalytic conditions, independently pre
pared polyalkylbenzenes are quickly transformed to 
monoalkylbenzenes (Table III, F), but monoalkylbenzenes 
remain unaffected.

So there is a definite redistribution of polysubstituted 
benzenes to monoalkylated ones and the kinetics of this 
transalkylation reaction depend on the molar ratio of aro
matic compound to olefin. For a ratio benzene/4-octene =  
4, a quantitative formation of monoalkylated products is 
observed after a few days, but the same result is obtained 
in a few minutes if the ratio is increased up to 20 (Table III, 
D, G);

This potentially interesting alkylation redistribution 
process has been applied to industrial synthesis such as the 
preparation of monododecylbenzenes (detergent chemis
try) and of monoethylbenzene (preparation of styrene). In
deed, 1-dodecene yields monoalkylbenzenes in a few min
utes at room temperature (100% yield) when molar ratios 
benzene/olefin =  20 and olefin/catalyst =  50.

On the other hand, benzene and ethylene (molar ratio =  
3, ethylene/catalyst = 50) give polyethylene (25%) and a 
mixture of mono- and polyethylbenzenes (75%) at room 
temperature. A few days at 60 °C increase the yield in eth
ylbenzene up to about 85%, but some diethylbenzenes and 
polymers remain present.

Discussion

It is well known that the active catalyst resulting from 
reaction of W C16 with EtAlCl2 is a polynuclear species 
where both tungsten and aluminum atoms are associated 
via ¿¿-chloride and/or ¿¿-alkyl bonding.9

Moreover, the coordination of olefins10 or of aromatic 
molecules11 to tungsten carbonyl complexes or halogenides 
(WCle and WFe)12 has been investigated. It was shown 
that, at least in the latter case, a rapid exchange process ac
tually takes place.12b>d

On the other hand, we have studied the electronic spec
tra of WClg in aromatic solvents such as, e.g., 1,2,4-trimeth- 
ylbenzene, which shows three bands: two of these (355 and
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2-pentene benzene A1--------------- — zOU ---------------- — 5 —  — 4
WC16 2-pentene W

Table I. Yields of Metathesis and Alkylation Reactions

Time,
min

Metathesis, %

Alkylation, %

Monoalkylbenzenes

Di- and 
alkylbenzenes2-Butene 2-Pentene 3-Hexene PI1 -C4 Ph-C5 Ph-C6 poly;

0 loo
5 16 36 16 5 2 1 4 2

10 0 15 26 16 6 27 7 4
2400 1 1 2 0  1 2 8 33 1 1 5

Table II. Relative Yields o f  M etathesis and Alkylation R eactions in  Function o f  the Arom atic M olecu le (R eaction  Tim e
1 min at 5 °C)

Molar ratios

Registry 2-Pentene Aromatic Aromatic Yields of Yields of
no. Aromatic compd WC16 WC16 2 -pentene metathesis, % alkylation, %

71-43-2 Benzene 50 2 0 0 4 0 1 0 0
10 0 2 0 0 2 65 35
2 0 0 2 0 0 1 90 1 0
300 2 0 0 0 .6 6 94 6

108-88-3 Toluene 1 0 0 2 0 0 2 0 1 0 0
150 2 0 0 1.3 13 87
2 0 0 2 0 0 1 67 33
300 2 0 0 0 .6 6 92 8

95-47-6 0 -Xylene 50 2 0 0 4 0 1 0 0
1 0 0 2 0 0 2 5 95
2 0 0 2 0 0 1 42 58
300 2 0 0 0 .6 6 70 30

108-38-3 m -Xylene 1 0 0 2 0 0 2 0 1 0 0
2 0 0 2 0 0 1 33 67
400 2 0 0 0.5 80 20
800 2 0 0 0.25 94 6

106-42-3 p-Xylene 1 0 0 2 0 0 2 0 1 0 0
2 0 0 2 0 0 1 52 48
300 2 0 0 0.65 72 28
400 2 0 0 0.5 81 19
800 2 0 0 0.25 96 4

95-63-6 Pseudocumene 10 0 2 0 0 2 0 1 0 0
(1,2,4-tri- 2 0 0 2 0 0 1 1 99
methylbenzene) 400 2 0 0 0.5 30 70

800 2 0 0 0.25 61 39
108-67-8 Mesitylene (1,3,5-tri- 10 0 2 0 0 2 0 1 0 0

methylbenzene) 400 2 0 0 0.5 24 76
600 2 0 0 0.33 34 66

1 2 0 0 2 0 0 0.16 67 33

460 nm, «355 6300 and £460 380 1. m ol - 1  cm -1 ) correspond to 
electronic transitions o f  the WCle m olecules as observed in 
an inert solvent9d’13 and the third one (570 nm, 6570 690 1. 
m ol- 1  cm -1 ) is assumed to be a charge transfer band from 
the aromatic molecule to the metal. The form ation o f such 
com plexes is also supported by the different colors o f the 
aromatic solutions (see Experimental Section).

M oreover, the coordination between the tungsten and 
the olefinic or aromatic molecules should be strengthened 
by a lowering o f  the oxidation state by EtAlC l29 [W  (VI) is 
reduced to W (V ) or (IV)] owing to an increased back -bond
ing o f the tungsten to  the ligands.

The form ation o f  a com plex between the tungsten atom 
and the olefin in an aromatic solution thus involves a com 
petition for the coordination sites o f  the metal. T he relative 
im portance o f both tungsten-olefin  and tungsten-arom at
ics complexes depends on the relative stability constants

for their formation. This general problem  is indeed a very 
com plex one and has been reported by some authors which 
explains such com petition by  qualitative H SA B theory . 14

T he evolution o f  both olefin-tungsten and arom atics- 
tungsten complexes can respectively give metathesis or al
kylation reactions. From  a kinetic point o f  view these two 
reactions depend on the absolute concentrations and on the 
partial kinetic orders o f  the species in solution. Partial ki
netic orders for metathesis are d ifficult to  estimate with ac
curacy but activation energies o f  6 - 8  kcal/m ol have been 
found for this reaction .15  On the other hand, values o f 
about 10-16 kcal/m ol are generally accepted for the alkyla
tion o f benzene16  by secondary carbénium ions; o f  course, 
these values are given for quite different experimental con
ditions and they must be considered only as a crude indica
tion. Nevertheless, a metathesis process should be lower in 
energy than an alkylation one.
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Table III. Alkylation Reactions of Benzene®

Monooctylbenzenes, %

Polyoctyl-
Molar ratio Molar ratio 

benzene/olefin olefin/catalyst (1) Time, min P h - c = g & P h - C c g Ph-C-C4
Dioctylben- 

zenes, %
benzenes,

%

A 30 2 0 1-1400 23 16 2 2 29 1 0

B 20 60 1 27 2 2 29 2 0 2

15 29 2 2 34 14 1

1400 29 23 31 16 1

C 30 30 900 42 28 29 1

D 2 0 50 0.5 37 28 33 2

1 38 27 32 3
1 0 40 27 33

1400 44 27 29
E 2 0 50 5 50 27 2 1 2

2 0 48 26 26
1400 43 33 24

F 20 50 0 18 17 2 0 33 1 2

5 23 14 23 31 9
2 0 24 2 1 25 24 6

190 42 25 33
1400 46 27 27

G 4 50 3 24 16 2 1 35 4
45 25 15 2 1 39

1400 37 23 29 1 1
4300 40 25 33 2

“ All reactions are performed at room temperature, except for WClg alone for which a temperature of 50 °C is necessary to pro
mote alkylation. Benzene and 4-octene are respectively used as the aromatic substrate and the olefin (except for experiment E 
where the olefin is 1-octene). (1) Molar ratio olefin/catalyst is calculated from the concentration of olefin and WCi« in the system. 
Nevertheless, for case A, this molar ratio is based on olefin and C2H5AICI2 concentrations. (A) The catalytic system used is 
C2H5AICI2 alone. (B) Catalytic system: WCI6-C2H5AICI2 with addition order aromatic +  WClg +  C2H5AICI2 +  olefin. (C) Catalytic 
system: WClg alone. (D -G ) Catalytic system: WCI6-C2H5AICI2 with addition order aromatic +  olefin +  WC16 +  C2H5AICI2.

The mechanism o f  olefin metathesis reaction probably 
involves some tungsten-carbene com plexes form ed by al
kylation o f the tungsten atom in interaction with the orga- 
noaluminum com pound. Such tungsten-carbene com plex 
would react with a probably ^-coordinated olefin via a 
four-atom  m etallocycle .9a’17

On the opposite, the coordination o f one aromatic m ole
cule on the tungsten com plex prevents metathesis and pro
motes the alkylation reaction through a com pletely differ
ent pathway which would involve electrophilic substitution 
o f aromatics by a secondary carbénium ion 18  and yields 
m ono- and polyalkylated products for which the therm ody
namic equilibrium depends on the initial molar ratio aro
matic com pound/olefin . W hen this ratio is greater than 4, 
monoalkylated products are exclusively formed.

The relative yields o f  metathesis and alkylation reactions 
thus depend on two parameters: the relative stability con 
stants o f  the tungsten-olefin  or aromatics it com plexes and 
the relative rates o f  the alkylation and metathesis reac
tions.

T he im portance o f the therm odynam ic stability o f  the ir 
com plexes is strongly supported by  the results quoted in 
T able II which show that the alkylation yields increase 
with the donor character o f  the aromatic ligand (for a con
stant molar ratio o f  olefin to  aromatics), reflecting so the 
enhancement o f  the thermodynamic stability o f  the tr com 
plexes. On the other hand, the alkylation yields do not de 
pend on the relative positions o f  the methyl substituents; 
for instance, there is almost no change in the relative reac
tivity o f  0-, m -, and p-xylenes. Therefore, in opposition to 
classical cationic alkylation o f  aromatics which takes place 
generally through a rr-type mechanism (characterized by a 
very large substituent effect) , 19 our result is in agreement 
with the form ation o f a 7r tungsten-arom atics com plex as 
the rate-determ ining  step for the alkylation reaction.

The W C I 6 - C 2 H 5 A IC I 2  system is therefore a very active 
and very selective catalyst for both metathesis and alkyla
tion reactions: the relative importance of these two com
peting problems depends on the relative concentrations of 
the different components in the reaction mixture. More
over, under the conditions which lead exclusively to alkyla
tion, the WCI6- C 2H 5AICI2 catalytic system is also very effi
cient for reaching rapidly the thermodynamic equilibrium 
between the different alkylated isomers.

Registry No.—C2H5A1C12, 563-43-9; WC16, 13283-01-7; trons-
2-pentene, 646-04-8; trans-4-octene, 14850-23-8; 1-octene, 111-66- 
0; 1-dodecene, 112-41-4; ethylene, 74-85-1.
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Perturbation molecular orbital theory is used to explain the homoconjugation interactions in systems in which 
the respective frontier molecular orbitals of the ir moieties are of opposite symmetry. The theory predicts a hyp- 
sochromic shift in the uv wavelength maximum for such systems from reference compounds. No cases of unam
biguous bathochromic \max shifts were found in the literature to contrast with the theory’s prediction. Inductive 
effects and hyperconjugation were not the origin of the hypsochromic shifts. The prediction of uv data and photo
electron spectroscopy concerning through-space interactions is compared.

H om oconjugation between nonconjugated 7r-electron 
systems has received considerable attention over the last 
decade . 1 M ore recently, through-bond and hyperconjuga
tion interactions have been shown to  have an im portant 
role in certain cases. lc_e’2 The use o f  perturbation m olecu
lar orbital theory to explain the hom oconjugation in sys
tems in which the respective frontier molecular orbitals 
(M O ’s) o f  the 7r moieties are o f  the same symmetry was 
dem onstrated by H ofm ann et al.ld’e Recently, we used the 
perturbation molecular orbital approach to explain the 
novel substituent effect in the D iels-A lder reaction b e 
tween 1-(substituted phenyl)-3,4-dim ethylenepyrrolidine, 
hom oconjugated diene, and acrolein .3 T h e respective fron

tier M O ’s o f  the it moieties o f  this exocyclic diene are o f op 
posite symmetry (symm etric or asymmetric) with respect 
to the plane of symmetry which bisects the molecule. In 
this paper a general theory for predicting the effect o f  h o
m oconjugation on the energy separation o f the frontier 
M O ’s o f  7r moieties whose respective frontier M O ’s are o f 
opposite symmetry is developed.

Theory
The fundamentals o f  perturbation molecular orbital 

theory are as follows. (1) W hen two molecular orbitals in

teract (the molecular orbitals must be o f  the same symm e
try), the lower energy molecular orbital is stabilized and 
the higher energy molecular orbital is destabilized. (2 ) The 
smaller the energy separation between the interacting m o
lecular orbitals, the greater the interaction.

The application o f this theory to hom oconjugation sys
tems with ir moieties, whose respective frontier M O ’s are o f 
opposite symmetry with respect to the plane o f  symmetry 
which bisects the molecule, will be first illustrated by the 
exocyclic dienes 1,2-dimethylenecyclopentane (1) and 3,4- 
dim ethylenepyrrolidine (2). The relative energies o f  the

frontier M O ’s o f  1 and 2  are determined from  orbital inter
action diagrams o f the C N D O /2 frontier M O ’s o f 2,3-di- 
m ethyl-1 ,3 -butadiene with those o f  methane4 and am m o
nia. In 1, both  frontier M O ’s o f  methane (4-m ethylene m oi
ety) interact with the LU M O  o f  the hyperconjugated buta
diene (Figure 1 ). T he interaction between the a* and the 
LUM O -butadiene is more important; thus, a small de
crease in the LU M O  energy o f 1 is expected as com pared to 
c is -2,3-dim ethyl-l,3-butadiene. However, the substitution 
o f  a heteroatom as in 2 for the 4-m ethylene m oiety o f  1 will 
replace the above molecular orbital interactions with a sin
gle molecular orbital interaction between the nonbonded
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Figure 1. Relative energies of the frontier MO’s of 1,2-dimethy- 
lenecyclopentane from the interaction of the CNDO/2 frontier 
MO’s of methane and 2,3-dimethyl-l,3-butadiene.

Figure 2. Relative energies of the frontier MO’s of 3,4-dimethy- 
lenepyrrolidine from the interaction of the CNDO/2 frontier MO’s 
of ammonia and 2,3-dimethyl-l,3-butadiene.
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Figure 3. Relative energies of the frontier MO’s of 1,2-dimethy- 
lenecyclohexane from the interaction of the CNDO/2 frontier 
MO’s of ethane and 2,3-dimethyl-l,3-butadiene.
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Figure 4. Relative energies of frontier MO’s of 1,2-dimethylene- 
4-cyclohexene from the interaction of the CNDO/2 frontier MO’s 
of ethylene and 2,3-dimethyl-l,3-butadiene.

orbital5 o f the heteroatom and the LU M O  o f  the hvpercon- 
jugated butadiene (Figure 2). This M O interaction will 
raise the LU M O  o f  2 in energy as com pared to c is -2,3-di- 
methyl-1,3-butadiene. Consequently, 2 is predicted to have 
a greater energy separation between its frontier M O ’s than 
is 1.

T o  provide additional assurance that the above postu
lated effect is present, the relative energies o f  the frontier 
M O ’s o f  these exocyclic dienes were also determined from  
orbital interaction diagrams o f the C N D O /2 frontier M O ’s 
o f  butadiene with those o f  propane and dimethylamine. 
The M O interactions between the frontier M O ’s o f  these 
com pounds were also such as to produce a greater energy 
separation between the frontier M O ’s o f  2. T he H OM O o f 
both  dimethylamine and propane interacted only with the 
LU M O  o f butadiene. This interaction was greater with d i
methylamine because its H O M O  (—0.498 au) was o f  consid
erably higher energy than the H O M O  (—0.570 au) o f pro
pane. Also, the calculations predict that dimethylamine has 
one less unoccupied M O than does propane and the absent 
unoccupied M O corresponds to the LU M O  (0.275 au) o f 
p rop a n e  which by sym m etry in tera cts  w ith th e  LU M O  o f  
butadiene.

Another situation which is encountered frequently is the 
repjacement o f  an ethane m oiety with an ethylene moiety 
as in i,2-dim ethylenecyclohexane (3) and 1,2-dimethylene-
4-cyclohexene (4). The respective C N D O /2 frontier M O ’s 
o f  ethane6 and ethylene are o f  opposite symmetry with re

spect to a symmetry plane that is perpendicular to and b i
sects the carbon-carbon bond o f the molecule. The 
HOM O-ethane m oiety interacts with the H O M O -hyper- 
conjugated butadiene and the LU M O -ethane m oiety inter
acts with the LUM O-hyperconjugated butadiene in 3; con 
sequently, the energy separation between the frontier M O ’s 
o f  3 is expected to be less than that o f c is -2,3-dim ethyl-
1,3-butadiene (Figure 3). In 4, the H OM O-ethylene m oiety 
in tera cts  with th e  LUM O-hyperconjugated butadiene and 
the LU M O -ethylene moiety interacts with the H O M O - 
hyperconjugated butadiene; consequently, the frontier M O 
energy separation o f  4 is expected to be greater than that o f 
c is -2,3-dim ethyl-l,3-butadiene (Figure 4). Thus, the re
placem ent o f  an ethane m oiety with an ethylene m oiety as 
in 3 and 4 is predicted to increase the energy separation be 
tween the frontier M O ’s o f  the diene moiety.

C N D O /2 calculations7 on various m odel systems predict 
the above discussed M O interactions. The C N D O /2 calcu
lations were carried cut on ethane, ethylene, 1,2-dimethy- 
lenecyclohexane, l,2-dim ethylene-4-cyclohexene, methane, 
water, ammonia, hydrogen sulfide, 2,3-d im ethyl-l,3 -buta
diene, 1 ,2 -d im eth y len ecyclop en ta n e , 3 ,4 -d im eth y len ete -  
trahydrofuran, 3,4-dimethylenepyrrolidine, and 3,4-di- 
methylenethiophane.

The energy o f uv transitions are calculated in SCF m eth
ods from eq l . 8

A E =  t,  -  e, -  Jj j  +  2 Kj j  (1)

In this expression, tj and «, are the energies o f  an occupied 
M O and an unoccupied M O, respectively, while Jy and K ij 
are the coulom b and exchange integrals which account for 
the difference in electron repulsion in the ground and ex-3 4
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cited states. Consequently, hom oconjugation o f the type 
discussed can be verified experimentally by hypsochrom ic 
Xmax shifts from  reference com pounds if  the two-electron 
effects are smaller or reinforce the one-electron effects.

Results and Discussion

Experimental data in Table I indicate the possibility o f  a 
small hypsochrom ic Amax shift in 5 and 6 from  the reference 
com pounds 1 and 7, while 3,4-dimethylenethiophan.e (8) 
exhibits a larger Amax shift. Furthermore, when the non- 
bonded electrons o f  the sulfur o f  8 becom e bonded in a sul- 
fone group (9) and a sulfoxide group (10), the expected 
bathochrom ic shift is observed.

8
Amax 240nm

H om oconjugation is also observed in the thiophene sys
tem (Table 1). A  hypsochrom ic shift o f 12, nm  is observed 
for l//,3 //-th ie n o [3 ,4 -c ] thiophene (11) from  the reference 
com pound, cyclopenta[c]thiophene (12). W hen the sulfur 
heteroatom is oxidized to the sulfone (13), the expected 
bathochrom ic shift is again observed. However, hom ocon
jugation is not observed with the nitrogen and oxygen het
eroatoms, 14 and 15.

0 2

11 12 13
Xmax 232nm Xmax 244nm Amax 244nm

T he larger \max shift observed in the diene and the th io
phene moieties that are hom oconjugated with sulfur rather 
than with nitrogen and oxygen is probably due to the great
er overlap between the nonbonded x  orbital o f  sulfur and 
the carbon 2p orbitals o f  the thiophene and the diene 
moieties. In support o f  this hypothesis, Schm idt and 
Schweig observed by photoelectron spectroscopy a large 
through-space interaction between the x  moieties o f  2,5- 
dihydrothiophene, but none in 2,5-dihydrofuran.9 Also, the 
C N D O /2 resonance and overlap integrals at 2.5 and 3.0 A 
support this hypothesis (Table II).10 Experimental ioniza
tion potentials o f  model com pounds o f  the heteroatom 
moieties rule out the orbital energies as the origin o f  the 
larger shifts.11’12 Also, C N D O /2 calculations predict an in 
teraction between the d orbitals o f  the sulfur m oiety and 
the frontier M O ’s o f  the thiophene and the diene moieties. 
This additional interaction could also contribute to  the 
larger Amax shifts.

H yperconjugation and inductive effects could  be the ori
gin o f  the hypsochrom ic shifts observed in the exocyclic 
diene and thiophene systems. I f  they were, an even larger 
hypsochrom ic Amax shift would be expected in 3,4-bis(eth- 
ylthio)m ethylthiophene (16) from  the reference com pound

EtS SEt 
/  \

16
Xm„  246 nm

12. However, a bathochrom ic shift is observed. Further
more, the oxidation o f  the hom oconjugation sulfur to a sul
fone gave a bathochrom ic shift in both  systems as would be 
expected if  through-space orbital interactions are the ori
gin o f  the Amax shifts. Also, the replacem ent o f  the m eth
ylene group with a heteroatom  should give the hypso
chrom ic Amax shifts in every case if  hyperconjugation and 
inductive effects are its origin. This is expected because the 
overlap between the orbitals o f  the heteroatom s and the 
adjacent methylene groups is significant in all cases. The 
C N D O /2 resonance and overlap integrals at 1.5 Â support 
this hypothesis (Table II).10

The predicted hypsochrom ic Amax shift was not observed 
in the cyclohexane system (3, 4, 17) because o f  the nonpla
narity o f  the diene m oiety13 o f  1,2-dim ethylenecyclohexane 
whose effect dominates the possible hom oconjugation. 
However, hom oconjugation is observed in the analogous bi- 
cyclo[2.2.1]heptane system (18-23) in which the diene m oi
ety is rigidly held in the cisoid planar conform ation.

18 19
Xma,; 248 nm Amax 240nm

In the bicyclo[2.2.2]octane and tricyclo[4.2.2.02'5]deeane 
systems, the hypsochrom ic shift is small or not present 
when the diene m oiety is hom oconjugated with one double 
bond m oiety (24-28). However, a 10-nm hypsochrom ic 
shift is observed by Butler and Snow 14 when the diene m oi
ety is hom oconjugated with two double bond moieties (29).

The predicted hypsochrom ic Amax shift is observed in the 
bicyclo[4.2.1]nona-2,4-diene and 2,4,7-triene systems. T he 
hom oconjugated com pounds 32-34 have shorter wave
length maxima than the reference com pound, bicyclo-
[4.2.1]nona-2,4-diene (30). Furthermore, the smaller shift

30 31 32
Am.ix 259nm Amax 257nm Amnx 248nm

observed when electron-withdrawing groups are attached 
to the nitrogen heteroatom is expected since these groups 
lower the energy o f the nonbonded orbital o f  the heteroa
tom  thereby decreasing its interaction with the LU M O  o f 
the diene m oiety. T h e hom oconjugated com pounds 35-38 
also have shorter wavelength maxima than the reference 
com pound, bicyclo[4.2.1]nona-2,4,7-triene (31). T he pre
dicted hom oconjugation interaction in the bicyclo-
[4.2.1]diene system is in contrast to photoelectron data 
wHich has been interpreted as indicating no hom oconjuga
tion between the it m oieties.15 Furthermore, comparison o f 
the wavelength maxima in com pounds 30 and 31 indicates 
no significant hom oconjugation interactions between the ir
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Table I. Ultraviolet Spectral Data of Homoconjugated and Reference Compounds

No. Compd Xmax, nm (e) Solvent Ref

1 1,2-Dimethylenecyclopentane 243 CeH 12 a
248 (10 500) Isooctane b

3 1,2-Dimethylenecyclohexane 218 (7602) No solvent given c
220 (6375) 95% EtOH d

4 l,2-Dimethylene-4-cyclohexene 216 No solvent given e
219 (5340) 95% EtOH d

5 3,4-Dimethylenetetrahydrofuran 244 (9820) Isooctane a
6 l-Methyl-3,4-dimethylenepyrrolidine 245 (8700) Isooctane f
7 l,2-Dimethylene-3-methylcyclopentane 248(8510) Isooctane b
8 3,4-Dimethylenethiophane 240 (6000) 95% EtOH g
9 3,4-Dimethylenethiophane 1,1 -dioxide 244 (6680) 95% EtOH g

10 3,4-Dimethylenethiophane 1-oxide 244 (6150) 95% EtOH g
11 lif,3.fi-Thieno[3,4-c]thiophene 232(6100) 95% EtOH h
12 Cy clopenta [c ] thiophene 244 (7370) 95% EtOH i
13 l/i,3H-Thieno[3,4-c]thiophene 2,2-dioxide 244 (6400) 95% EtOH j
14 4 H ,6 H -5-Ethylthieno[3,4-e ¡pyrrole 242.5 (6200);

232.5 (5900) 95% EtOH i
15 1H,3H -Thieno[3,4-c]furan 244 (6600) 95% EtOH k
16 3,4-Bis[(ethylthio)methyl]thiophene 246 (5600) 95% EtOH h
17 l,2-Dimethylene-4-methyl 4-cyclohexene 218(5340) 95% EtOH d
18 2,3-Dimethylenebicyclo[2.2.1)heptane 248 (10 600) c6h 12 a

249 (11 510) No solvent given c
248 (8900) EtOH i

19 2,3-Dimethylenebicyclo[2.2.1]hept-5-ene 241 (9560) 95% EtOH d, m
240 (8900) EtOH l

20 7-Isopropylidene-2,3-dimethylenebicyclo- 246 (12 900) EtOH l
[2.2.1]hept-5-ene

21 7-Isopropylidene-2,3-dimethylenebicyclo- 250 (1200) EtOH l
[2.2.1]heptane

22 2,3-Dimethylenebicyclo[2.2.1]hept-5-ene- 241.5 (9550) EtOH l
7-spiro-l'-cyclopropane

23 2,3-Dimethylenebicyclo[2.2.1]heptane- 247.5 (9300) EtOH l
7-spiro-l'-cyclopropane

24 2,3-Dimethylenebicyclo[2.2.2]octane 247 (10 000) 95% EtOH d
249 (8390) 
247 (7600);

No solvent given C

252(7600) EtOH l
25 2,3-Dimethylenebicyclo[2.2.2]oct-5-ene 253 (6650) No solvent given m

246 (8100); 
252(8100) EtOH i

26 2,3-DimethyIene-5-methyl-8-isopropyl- 246 (8350) 95% EtOH d
bicyclo[2.2.2]oct-5-ene

27 9,10-Dimethylenetricyclo[4.2.2.02'5]deca- 247 (7900) EtOH l
3,7-diene

28 9,10-Dimethylenetricyclo[4.2.2.02’5]dec- 249.5 8300) EtOH l
3-ene

29 2,3-Dimethylenebicyclo[2.2.2]octa- 242 (9100) c6h 12 l
5,7-diene

30 Bicyclo[4.2.1]nona-2,4-diene 259 EtOH n
31 Bicyclo[4.2.l]nona-2,4,7-triene 259 (2691); 

268 (2455); 
278 sh (1349) C6H i2 0
257 No solvent given p

32 9-Azabicyclo[4.2.1|nona-2,4-diene 248 (2200) CH3CN q
33 Af-Cyano-9-azabicyclo[4.2.l]nona-2,4-diene 257 (4630) c h 3c n q
34 lV-Carbamoyl-9-azabicyclo[4.2.1] 255(1500) c h 3c n q

nona-2,4-diene
35 9-Azabicyclo[4.2.1jnona-2,4,7-triene 245 (2300) c6h 12 q
36 iV-Cyano-9-azabicyclo[4.2.l]nona- 255 c h 3c n r

2,4,7-triene
37 N- Carbamoyf-9-azabicyclo[4.2.1 jnona- 255(1980) CHgOH q

2,4,7-triene
38 N- Carboethoxy-9-azabicyclo [4.2.1] nona- 252 (2200) c6h I2 q

2,4,7-triene
39 Bicyclo[4.2.1]nona-2,4,7-trien-9-one 267 (3000); 

276 (2800); 
320 (630) CH3OH s

40 Bicyelo[4.2.1]nona-2,4-dien-9-one 264 (3300);
313 (500) CHgOH s
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Footnotes to Table I

° W. J. Bailey and S. S. Miller, J. Org. Chem., 28, 802 (1963), and references cited therein. b A. T. Blomquist, J. Wolinsky, Y. C. 
Meinwald, and D. T. Longone, J. Am . Chem. Soc., 78, 6057 (1956). c K. Alder and H. Molls, Chem. Ber., 89, 1960 (1956). d J. M. 
Garrett, Ph.D. Thesis, University of Texas, Austin, Texas, 1966. e C. S. Manuel and E. E. Ryder, J. Am . Chem. Soc., 77, 66 (1955). 
 ̂Y. Gaoni, Tetrahedron Lett., 2361 (1973). ® S. Sadeh and Y. Gaoni, ibid., 2365 (1973). “ H. Wynberg and D. J. Zwanenbury, J. 

Org. Chem., 29, 1919 (1964). 1 D. W. H. MacDowell, T. B. Patrick, B. K. Frame, and D. L. Ellison, J. Org. Chem., 32, 1226 (1967). 
i D. J. Zwanenburg and H. Wynberg, J. Org. Chem., 34, 333 (1969). k D. J. Zwaner.burg and H. Wynberg, J. Org. Chem., 34, 340
(1969). 1 Reference 13. m K. Alder, S. Hartung, and O. Netz, Chem. Ber., 90, 1 (1957). " C. W. Jefford and F. Delay, H elv. Chim. 
Acta, 56, 1083 (1973). 0 H. Tsuruta, K. Kurabayashi, and T. Mukai, Tetrahedron L ett., 3775 (1967). P L. G. Cannell, Tetrahedron  
L ett., 5967 (1966). i A. G. Anastassiou and R. P. Cellura, J. Org. Chem., 37, 3126 (1972). r A. G. Anastassiou, J. Am . Chem. Soc., 
90,1527 (1968).s D. I. Schuster and C. W. Kim, J. Org. Chem., 40, 505 (1975).

Table II. CNDO/2 Resonance (jS) and Overlap (S) Integrals“

P7T, pir overlap per, per overlap

r, Â  S c N Seo Ses —dcN - ß c o  —ßc s S c N Seo Ses -ßCN — ß c o  —ßcs

1.5 0.1573 0.1197 0.2579 3.618 3.112 5.048 0.3094 0.2711 0.3455 7.116 7.049 6.763
2.5 0.0173 0.0108 0.0416 0.398 0.281 0.814 0.0859 0.0589 0.1705 1.976 1.531 3.338
3.0 0.0051 0.0029 0.0144 0.117 0.075 0.282 0.0331 0.0205 0.0804 0.761 0.533 1.574

“ Resonance integral is in eV.

moieties o f  31. In this case, the uv data and photoelectron 
data are consistent.16

T o  further demonstrate the usefulness o f  the uv wave
length maximum method, this approach will be applied to 
com pounds 39 and 40 in which a bathochrom ic Xmax shift is 
observed when com pared respectively to reference com 
pounds, 31 and 30. This shift must originate from  the orbit

0
I

0
I

iJ o
39 40

^max 267 nm Amax 264 nm

al interaction o f the asymmetric nonbonding rr orbital o f  
the oxygen and the asymmetric H O M O  o f the diene be
cause the other through-space interactions, LU M O -diene 
with H O M O -carbonyl and L U M O -diene with L U M O -car- 
bonyl, have opposite effects on the H O M O -L U M O  diene 
energy separation.17 Further, the nonbonded ir orbital 
must be o f  lower energy than the H O M O  o f  the diene since 
the shift is bathochrom ic. Analysis o f  39 by photoelectron 
spectroscopy confirm s this rationale.18

Conclusion

The theoretical approach presented in this paper ac
counts for the hypsochrom ic Amax shifts observed in many 
hom oconjugation systems. In no case was an unambiguous 
bathochrom ic Amax shift found in the literature to  contrast 
with the theory’s prediction. Inductive effects and changes 
in hyperconjugation do not appear to significantly alter the 
frontier orbital separation o f the m oieties.19 Also, the d e 
tection o f  through-space interactions appeared to be just as 
reliable with the uv m ethod as with photoelectron spectros
copy and the uv m ethod has an advantage in that changes 
in the energy level o f  unoccupied M O ’s can be detected. F i
nally, since the stabilization obtained from  the hom oconju
gation is small (< 2  keal/m ol), steric effects will reduce this 
interaction in som e cases.
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In connection with our investigation of the chiroptical 
properties of 2-arylcyclohexanols and 2-arylcyclohexylam- 
ines, we have observed significant differences in the CD 
spectra of chiral cis-2-(o-bromophenyl)cyclohexylamine 
when measured in methanol and in isooctane but no such 
differences were found with the trans isomer.2 These obser
vations made it important to obtain unequivocal proof of 
the absolute configuration of these compounds. This was 
accomplished by single-crystal x-ray diffraction analysis of 
2, the menthoxyacetamide of (-t-)-trans-2-(o-bromophe- 
nyl)cyclohexylamine (1), and by relating the absolute con-

figuration of (—)-cis-2-(o-bromophenyl)cyclohexylamine
(5) chemically to that of 1 by the method described in 
Scheme I.

The resolution of the amines via their menthoxyacetam- 
ides has been reported previously.3 The crystalline men
thoxyacetamide 2, which yields the (+ ) amine 1 upon hy
drolysis,3 proved ideally suited for single-crystal x-ray dif
fraction analysis since it allowed the determination of the 
absolute configuration both from the anomalous dispersion 
of the bromine and from the known configuration of the 
(—)-menthol moiety.4 The crystal structure analysis of 2 
unequivocally shows that the absolute configuration of the 
(+ ) amine 1 is (1S,2R). Since (lS ,2f?)-(+ )-l and the (-)-c is  
amine 5 are both obtained from (+)-2-(o-bromophenyl)cy- 
clohexanone (3) by the reactions outlined in Scheme I, the 
absolute configuration of the (-)-c is  amine 5 is established 
as (li2,2/2) and that of the (+) ketone 3 as (R). This also es
tablishes the absolute configurations of the nitro interme
diates ( lR,2R)-(—)-cis-6 and (lS,2R)-(+)-tr<ms-7, and it 
confirms the original assignment of the absolute configura
tions of (lS,2S)-(+)-cia-2-(o-bromophenyl)cyclohexanol, 
(lS ,2>S)-( +  )-c£s-2-(o-brom ophenyl)cyclohexylam ine,

Scheme I

m-chloroper- 
benzoic acid

I  NaHCCt

(IS  ,2S) - (+) -cis- 2- (o -bromophenyl) -1 -azidocyclohexane, 
and (li?,2S )-(—)-irons-2-(o-bromophenyl)cyclohexanol,
which were made on the basis of the CD spectrum of the 
common precursor (S)-(—)-2-(o-bromophenyl)cyclohexa- 
none,5 the enantiomer of 3.

The menthoxyacetamide 2 crystallizes in the monoclinic 
space group P2\ with two independent molecules in the 
asymmetric unit. Perspective drawings6 of the two crystal- 
lographically independent molecules of 2 are shown in Fig
ure 1. The two conformations adopted by this molecule in 
the crystalline state are similar but not identical. In both 
conformations, the cyclohexane rings of the amine and 
menthol moieties are in the chair form with all substituents 
equatorial. In addition, the N -C -C -0  grouping of the men
thoxyacetamide moiety is syn planar in both conformations 
(torsion angles of —10.5 and —3.9° in molecules A and B, 
respectively). The major conformational differences in the 
two crystallographically independent molecules appear in 
the rotational orientations of the aromatic and menthoxy
acetamide groups with respect to the cyclohexylamine ring. 
Thus, in conformation B the aromatic ring is nearly per
pendicular (94°) to the mean plane of the cyclohexane ring 
of the amine, while in conformation A the aromatic ring is 
tilted 26° from perpendicular (64° from the mean plane of 
the cyclohexane ring); see Figure 2. The o-bromo substitu
ent is on the axial side of C2 in both conformations and in 
conformation A, where the rings are highly skewed, this 
substituent is directed away from the amide group on C l. 
The torsion angle about the C -N  bond of the C 2 -C 1 -N -

1640
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Figure 1. Perspective drawings of the two crystallographicaliy independent molecules of 2 from the x-ray data.

A B
Figure 2. Conformations of the phenyl ring in the crystallographi
caliy independent molecules of 2 (projection down the phenyl-C2 
bond).

C = 0  grouping is 141° in conformation A and 169° in con
formation B. This results in the menthoxyacetamide group 
being tilted further away from the aromatic ring in confor
mation B than in conformation A. All other differences in 
torsion angle are less than 10°.

The conformations adopted by molecules in solution are 
of significant importance to their chiroptical properties. 
While the conformational parameters observed for a mole
cule in the crystalline state are a complicated function of 
inter- and intramolecular forces, they do represent energy 
minima, and thus are conformations which are likely to be 
of importance in' solution. It is therefore of interest that 
one of the major conformational differences in the two 
crystallographicaliy independent molecules of 2 is the rota
tional orientation of the aromatic ring with respect to the 
cyclohexylamine ring. Solvent-induced changes in the rela
tive populations of this type of rotamer are not unexpected 
and could account for the solvent inversion of the sign of 
the Cotton effect observed in the CD spectra of the cis 
amine 5.

Experimental Section

The amide 2, C24H36N02Br, [o ] d  -7 3 ° (CHCI3),3 crystallizes 
from n -hexane in space group P2i with the following crystal data: 
a = 13.748 ±  0.004 A; b = 18.739 ±  0.004 A; c = 9.876 ±  0.002 A; 0 
= 110.74 ±  0.02°; Dm = 1.27 g/em3 (flotation in CsCl solution); 
Pealed = 1-26 g/cm3 (Z = 4 molecules/unit cell). Systematic absen
ces were observed for OkO with k = 2n + 1. The alternate space 
group choice P2i/m was rejected by the known chiral asymmetry 
of the molecule. X-ray intensities were measured on a Picker 
FACS-1 four-circle diffractometer using the ui/26 scan technique 
and Nb-filtered Mo radiation (7 = 0.71069 A). Intensities to 26 = 
50°, corresponding to an interplanar spacing of 0.83 A, were re
corded from a crystal which had been cut to cubic shape with edges 
approximately 0.33 mm. A total of 4592 independent reflections 
were measured, of which 3816 had intensities greater than twice 
the standard deviation of their measurement. No absorption cor
rections were applied, and structure amplitudes were obtained 
from the intensities in the usual manner. A sharpened, origin-re
moved three-dimensional Patterson synthesis enabled the posi
tions of the two unique bromine atoms to be located and the coor
dinates of the 54 other nonhydrogen atoms comprising the two

molecules in the asymmetric unit were determined from subse
quent electron-density maps based on phases calculated from the 
bromine positions. The positional and anisotropic thermal param
eters of all the atoms were refined using a full-matrix least-squares 
procedure with weights taken as Vw = I/o-f7 until a discrepancy 
factor, R, of 0.064 was achieved.8 Up to this point, the normal bro
mine scattering curve, f ° Br, was used with no correction for anoma
lous scattering of the x rays by the bromine atoms. At this stage, 
the absolute configuration of the molecule was determined by 
applying the true bromine scattering curve including anomalous 
scattering effects, /Br = /°Br + A/'ar + iAf'Br- Structure factors 
were calculated9 for molecules with atom coordinates x, y, z and 
for molecules with atom coordinates —x, —y, — z; that is, structure 
factors were calculated for both possible optical isomers. The con
ventional discrepancy factor R was 0.070 for one structure and
0.073 for its enantiomer. This difference is highly significant10 and 
the absolute configuration for this molecule is unambiguously es
tablished as the one giving the lower R. An independent verifica
tion for this assignment of absolute configuration is that the abso
lute configuration of the (—)-menthol moiety of the structure pro
ducing the lower R is in agreement with the known absolute con
figuration of (—)-menthol.4

Although the positions of all 72 hydrogen atoms in the asymmet
ric unit could be either located in a difference Fourier map or cal
culated from the positions of the carbon atoms, they have not been 
included in the calculations since the additional significance does 
not compensate for the added cost of refinement for a structure of 
this size, (See paragraph at end of paper regarding supplementary 
material.)

Melting points were determined on a Fisher-Johns apparatus 
and are uncorrected. Specific rotations were measured at ambient 
temperature with a Rudolph polarimeter using a sodium lamp. In
frared spectra were obtained with a Beckman 1R-5A or 1R-20 
spectrometer and -H NMR spectra on a Varian A-60 or T-60 spec
trometer using tetramethylsilane as internal reference.

Chiral cis- and tr<ms-2-(o-bromophenyl)cyclohexylamines and 
their (—)-menthoxyacetamides have been reported previously.3

(S)-(+)-2-(o-Bromophenyl)cyclohexanone Oxime. A solu
tion of 0.45 g (1.78 mmol) of (S )-(—)-2-(o-bromophenyl)cyclohexa- 
none6 ([o]d —15°), 0.25 g (3.56 mmol) of hydroxylamine hydro
chloride, and 0.245 g (1.78 mmol) of potassium carbonate in 50 ml 
of methanol was heated to reflux for 2 h, cooled, and added to 125 
ml of ice water. Filtration and recrystallization from 95% ethanol 
gave 0.39 g of colorless, crystalline product, mp 160-161 °C, [<x]d 
+ 39° (c 2, methanol).

(/?)-( —)-2-(o-Bromophenyl)cyclohexanone Oxime (4). In
the preparation of 4 from 3 ( [ « ¡D  +15°) 85% ethanol was used as 
solvent instead of methanol and the recovered oxime had about 
67% of the specific rotation of the (+) enantiomer described above, 
[a ]D  —26° (c 1, methanol), mp 160-161 °C.

( 1 R , 2 jR) - ( —)- eis-2-( o-Bromophenyl)nitrocy clohexane (6).
This compound was obtained by a modified version of the known 
methods for peracid oxidation of oximes.11 A mixture of 0.125 g 
(0.47 mmol) of 4 ([a]D  -2 6 °), 0.025 g (0.42 mmol) o f  urea, 0.075 g 
(0.068 mmol) of hydroquinone, and 0.5 g of dibasic sodium phos
phate in 25 ml of acetonitrile was heated to reflux and a solution of
0.61 g of m-chloroperbenzoic acid (about 80% purity) in 25 ml of 
acetonitrile was added to the refluxing mixture over a period of 90 
min. Refluxing was continued for 4 h. The solvent was removed 
under reduced pressure, water was added, and the aqueous mix
ture was extracted with dichloromethane. The dichloromethane 
solution was washed successively with 10% sodium bisulfite solu
tion, saturated sodium bicarbonate solution, and water, and dried
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over sodium sulfate. Removal of the solvent gave 0.165 g of dark oil 
which was chromatographed on deactivated silica gel (6% H2O), 
using chloroform in hexane as eluting solvent (chloroform was in
creased from 5 to 20%), to yield 0.036 g (27%) of colorless solid: mp 
69.5-70 °C (mp of racemic3 is 82-83 °C); [ a ] D  —71° (c 6, chloro
form); NMR (CCU) 6 5.00 (m, 1, W 1/2 = 9.5 Hz, H -l), 3.37 (td, 1, 
J 2 3a ~  1 3 . ~  J 2,3e ~  3.5 Hz, H-2). The ir and NMR spectra are 
identical with those of racemic 6.3 In the absence o f hydroquinone 
the yield of 6 was less than 15%. The above conditions, in the ab
sence of hydroquinone, yielded about 90% of cis-2-phenylnitrocy- 
clohexane from 2-phenylcyclohexanone oxime.

(lS ,2J?)-( +  )-trans-2-(o-Brom ophenyl)nitrocyclohexane  
(7). Isomerization of 6 by refluxing in methanol with a catalytic 
amount of sodium bicarbonate yielded 7: mp 81-81.5 °C (mp of ra
cemic3 is 82-83 °C); [o]n +48° (c 5, chloroform); NMR (CCU) & 
4.80 (dt, 1, Jh2 ~  J i,sa ~  11.2, J 1,6. ~  4.2 Hz, H -l), 3.70 (dt, 1, J2,1 
~  J 2l3a ~  11.2, J2,3a ~  4 Hz, H-2). The ir and NMR spectra are 
identical with those of racemic 7.3

(lR,2R)-(-)-c/s-2-(0'Brom ophenyl)cyclohexylam inc (5). 
This compound was obtained by the reduction of 6 with iron in 
acetic acid as described for the racemic compound,3 [ a ] D  —76° ( c  
3, methanol) (69% optical purity compared to resolved amine3). 
The ir and NMR spectra are identical with those o f racemic 5.3

(lS,2R)-(+)-trans-2-(o-Brom ophenyl)cyclohexylamine (1). 
This compound was obtained by the reduction of 7 with iron in 
acetic acid as described for the racemic compound,3 [<*]D +37° (c 
2, methanol) (66% optical purity compared to resolved amine3). 
The ir and NMR spectra are identical with those of racemic l.3

The optical purity of 1 and 5 obtained by Scheme I, compared to 
1 and 5 obtained by resolution via the menthoxyacetamides,3 indi
cates that the oxime 4 and the nitro compounds 6 and 7 also have 
optical purities of about 67% and that the (+) oxime, [ a ] D  +39°, is 
essentially optically pure.

Registry No.—1, 30808-90-3; 2, 30808-84-5; 3, 58342-33-9; 4, 
58298-49-0; 5, 3080-92-5; 6, 58342-34-0; 7, 58342-35-1; (S)-(+)-2- 
(o-bromophenyl)cyclohexanone oxime, 58298-50-3; (S)-(—)-2-(o- 
bromophenyl)cyclohexanone, 31916-20-8; hydroxylamine hydro
chloride, 5470-11-1.

Reaction of Lactones and Thiolactones 
with 2-Amino-2-methyl-1 -propanol. 

Synthesis of 2-Substituted 2-Oxazolines

Samuel P. McManus,*1“ P. Judson Kelly,lb 
William J. Patterson,1“ and Charles U. Pittman, Jr.Id

Departments of Chemistry, The University of Alabama 
in Huntsville, Huntsville, Alabama 35807, 

Oakwood College, Huntsville, Alabama 35805, 
University of Alabama, University, Alabama 35486, 

and Materials and Processes Laboratory, 
Marshall Space Flight Center, Huntsville, Alabama 35812

Received October 6,1975

One of the simplest and least expensive preparative pro
cedures for 2-oxazolines involves the reaction of an amino 
alcohol with a carboxylic acid2,3 as exemplified in eq 1 with 
acetic acid and 2-amino-2-methyl-l-propanol (1). The reac-

Me
y — (y-Me +  MeC02H 

HO7 NH2 
1

a
- 2 H 20

Me

/
° Y n

-Me

Me

(1)

tion is assumed to proceed through successive steps involv
ing the salt 2 and the amide 3.

i

Me
Me

/
HO +NH3 

M eCOr 
2

r
HO

i

Me
Me

NHCOMe
3

Supplementary Material Available. A listing of the fractional 
atomic coordinates and thermal parameters for the (—)-methoxya- 
cetamide of (lS,2R)-(+)-trans-2-(o-bromophenyl)cyclohexyl- 
amine (2 pages). Ordering information is given on any current 
masthead page.
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We describe a process similar to that shown in eq 1 
which uses a lactone instead of the carboxylic acid. The 
product is a functionalized 2-oxazoline derivative. Thus, 
y-butyrolactone (4a), 5-valerolactone (4b), and e-caprolac- 
tone (4c), and the methylated derivatives of y-butyrolac- 
tone 4d and 4e react with 1 to give the respective 2-substi- 
tuted 4,4-dimethyl-2-oxazoline derivatives, 5a-e. e-Capro- 
lactone reacted quantitatively, as determined by GC analy
sis, and gave a 60% yield of analytically pure product. 
Yields from the other lactones ranged from 11 to 65%.4

RCH 0  1

(CH2)„— CHR'
4a, n =  1; R =  R' =  H

b, a =  2; R =  R' =  H
c ,  a =  3 ;R  =  R' =  H
d, a =  1; R =  Me; R' =  H
e, a =  1; R =  H; R' =  Me

Me

RCH(CH2)„CHOH 
5a, a =  1; R =  R' =  H
b ,  a =  2 ;R  =  R' =  H
c ,  a =  3 ;R  =  R' =  H
d, a =  1; R =  Me; R' -  H
e, a =  1; R =  H; R' =  Me

Steric factors in the lactone slowed the conversion rates 
measureably. The a- or y-methyl-substituted lactones 4d 
and 4e reacted about half as fast as y-butyrolactone. More 
severe steric factors made reaction progress very slow. 
Thus, 2,2-diphenylbutyrolactone was recovered unchanged 
after 8 days at reflux with the amino alcohol in xylene.

The reaction was extended to preparation of the ketoox- 
azoline 5f and the mercaptooxazoline 5g by the utilization 
of «-angelicalactone (4f) and of y-thiobutyrolactone (4g). 
The yields and the spectral and physical properties of all of 
the oxazolines are shown in Tables I and II.
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ĉ coco
O  O  CO O  O  03 I> 
03 O  O  d  O  00 00

O  CO CO O  00 lO
• ^ H 0 0 O a 3  00 ^
od cd -d id o i cd id
IßCOCC T fiO C O iß

, ST bO
CO O  O  ©  O  O
co cq co 3  co oo co
tß CO CO I iß  vß CO
^  ^  ^  oo ^  ^  ^
H  H  H  iß  H  H  H

-—sin in G3 m
O  o  co CO
w Tt< CO 'W' w w '" - ''co o  o  m m m t>

I I I I I I I
t> CM O  ^  O  tF
t> ©  O  t> t -  05 l>

m m o r f  n o c e
C O I N C O C O H I M ^

O N  00t>
oo 03 m  m
I I §  1 1

m m r ;  m o
CD ^  Tf

cd > ü
^  rfl IO
s- ' i n

û0 -h> fi U fi 03
a a  a

ttoin

>> >» >> 
x  x  x 
0  0  0  ^ 5h H

73 73 73 
t>>

co ^  m  dh cô cò co

fi C3 03 03
.2 «  s  «4P •• 4P J-hfi 7? 03 Ü

ft
>- 0 - 2  «

■ft Ü  .£  J5
oo
* g . 2 ö
“ ■ S t? «

- I l o
Z B oZ, 
** & g K03tH 4P0> fi C

73 ,jg O

0 73
1  gH fi
» 5  
o  g4P —<
2 «— .c• • 4P

J o

| . §  ccj 3̂
-  cd

«3 5̂
o  _>> o

• r-f ftH
c  ®
I  a

cd
fi 03

fi CßO o> 
'X fi cß 73 fi fi -Û > fi 73 
fi 03O -+-SO fi 
03 3  
rfi O
'^ ' f i  >> o

w ^  03 
N f i f i  

*“  03 ■+* 
03 
Ofi

w 03
f i -fi

fi„  O
«
0  o  

^  a*Cß «?C/2 fi
n  «  2

o

J sfi rH

’ s  °O Q)
fi

03 T2 ** dX3.tÌ C33
g  % «<
2 ft ^
G S T3 ’

.2 8 «Cß fi5h q
S -2 s-
— bu Ç
o.S
°  &• -  g  TJ .
2 ° g o3 !> O1 No m fiX ~  x
S,H CÖ 73 0  03 .+J .H «H■p o fi o

C3 fi Jm
fi 73 fi O f i  o ù c  o *■■ - fi fi a
a -r7r  ̂N
«  ® t! M•S s 60.5 
5 'E « >o 3 w o
03 —I firj «m fi fi

p  0  f i ' ̂ fi fi
.2 2  a 2
B ..2  S S
c  >h +3 a

'fi o  M 0c  °  fi a  
'5  pJ -ù e
S § £ o
0 3 fi 0  Ü 
^ X O o fi03 £h -Q _
S ft c 50  CO •-H■p f i  !>ü Q3 i5 JO 3fi fi 4PCß0 <y

Oh ̂ 2
03

73 03
in lo ^

>> >i«w ®*+J-U US O
3  3  S -  fi 
J3-P — 2
(N rH ^ “’T1
>> >s 2  5  
x  x  -9 a
o o r i ïU, H I gj

■ ex ) o  2  
>, >s X œ

s a o s

<u
•£ T3 „fißr0
^  03 fi y
0 fi 2.S3 Oh 03
w ^ C 
^ 2 ?  c  ss
2  73 2  °
S f g i

2  c  ^  «fi Cd

: 0) u o3 
Oh
s

fi .
cdficd

O  0
Ü  ’■Q

tH c
tß ,2

c  "5 ^  ?0 [>j fi
f i  «  ’4S g o 

g  o  c^ 03 fi
03 ^fi 32 SS

3 ^
PQ .2

-2
0  
fi 

fi3

1
03fi

a
oN
X

O
fi
o
cd4Pcc

Q
tó
S

afi
cd

SJH y
O h 4P £  I

Xr
I

o

Il gU u

a
O h

s
o

o

Cj 73
00 O
in
4P 'V
<N CO—'
co CD
m rH
co rH

y—s
rH in
CD CD
4P 73 cß
CM CO CO'—' v—' ^
CD m  05
in rH O
co* r-i CM

rH q
CD CD ^-s
4P-S « a  s
CM CM rH CM'—' '—' ^
^  <Jì 05 t> I>
CD CO in m  m
CO tH cd cd cm’ 

00
-̂v x—v -̂>st> -̂S
fi 03 O
*  CO 05 £  S  *s S

CM rH rH g  CM CM CM CM
1 1

00 Ti1 O ? n in m  05 co
00 ^  CO w t >  M CO 05
rH rH rH H  rH CM H

00 M O i>  oo q
CD CD I> .^ t >  i> t>

CI  ̂ -4P 4P 4P SO 4P 4P 4P
CM CM 04 rH CM CM CM'—' '—̂  ̂—'  ̂ '—'
03 in cq co cm in
CO CM C<i CD CO I> CO
CM CM CM CM CM CM CM

Cß Cß Cß Cß Cß
rH rH tH rH rH'—̂  ̂ —' '—̂ 'VP
rH 05 rH O  05
05 CD t> CD rH
-d 'MW

Cß Cß Cß Cß Cß Cß Cß
CM CM CM CM CM CM CM^^ '—' '—̂ V ^ 'P W 'P
CM 00 CD 00 00 CO t>
05 00 00 oo oo q  oo
c6 c6 c6 c6 c6 c6 oi

Cß Cß Cß Cß Cß Cß Cß
CD CD CD CD CD CD CD'—' s—' '—'
05 CM CM CO CO I> co
CM H  rH CM CM rH rH
H  H  H tH rH rH rH

o  o  m O  O  00 o
tH CO CM 7  CO H  CD
co co CO co co i> in
CO CO CO CO CO rH CM

t> co o oo m  o  o
CD CD CD in cd t> t>
CO CD CD CD CD CD CD
H  H  H rH r—1 rH tH

cd a  « 'O flj<w ïifl
m  m m in m  m  m

03
a  ’ 
H  .
CO ■

a
fi
o

73
II

' 73

r» Cß
cd •-
sucd vh 

J3 «  cd -fi

O fi
K. f it>ì 4P 4P Cß
*W fi
& 3 
.a  »
c  c

 ̂ ft 
c  2 
■2 8  
Cd X34P fi>H fi 03 Cd
.2
° - 3  

a  a
*  fi 
fi s
oCß tß' fi

O03

cd On , 5-H
*~3 «H-4

• O 
01

fi g

« g  
’S 2,
•a fi dfi o e
> -fi ’ fi

.2 -S -g
0 w M
B i f f i  « 5  7  
S s iIh (DCs,
2  ¡3
e a  c

W3

-a .2  -g
r= g  7  
5  = B
tu «  “° 

^ > 0  
ai «  Il
g t b Ofi t> 
.^03 •Cß rH fi

2  «S

a  ’>  <NCß4P 4P Qfi fi ^03 -3 fi
0 E dco fi
f i c o
C '¡rt o
^ e  fi-X £ Oh
-2 Jg U3
cd cd CO 
■ 8 < 0  
3 = «  7Oh O 4P
«  g  g

'cß 4P



1644 J. Org. C hem ., Vol. 41, N o. 9 ,1 9 7 6 Notes

Me
5f

SH
5g

The recent work o f M eyers and M ihelich5 suggests the 
possible use o f  this procedure in the conversion o f  lactones 
to their alkylated forms and possibly in the preparation o f 
asymmetric derivatives. For this purpose other amino alco
hols may be o f  interest.6

Experimental Section

Elemental analyses were by Galbraith Laboratories, Knoxville, 
Tenn. Melting points and boiling points are uncorrected. Ir spectra 
were recorded on a Beckman IR-10 spectrometer and NMR were 
recorded as 10-20% solutions in CDCI3 at 90 MHz with a tetra- 
methylsilane internal reference on a Bruker HFX-90 instrument.

All starting compounds and solvents were obtained from Aldrich 
Chemical Co. and were used without further purification.

The procedure below is typical. All reactions were monitored by 
infrared or by GC to determine the extent of reaction based on 
consumed lactone. Reactions were typically run for 48 h or until 
the volume of the aqueous layer in the Dean-Stark trap reached a 
maximum.

It was determined that the amino alcohol 1 was slowly distilling 
(bp 165 °C) as the reaction proceeded. This obviously could affect 
the percent conversion values (see Table I) when a 1:1 ratio of the 
amino alcoholdactone is used. Actually, the effect was negligible 
with 4c and 4f owing to the high reactivity of the lactones. With 
the other lactones, even at an amino alcoholdactone ratio of 2:1, 
the reactivities of the lactones were such that amino alcohol distil
lation affected percent conversion (Table 1) as determined by the 
amount of lactone remaining (GC and quantitative ir measure
ments). This can be dealt with in two ways. In the case of -y-butyr- 
olactone, with toluene as the solvent a successful reaction was 
achieved but at the expense of reaction time. On the other hand, 
the use of xylene allows a faster reaction (1-4 days for the range of 
lactones evaluated) and leads to, no real losses since the amino al
cohol, lactone, and xylene can be recycled by fractionation. Hence 
we prefer the latter method although one might want to explore 
the options for optimum conditions for an amino alcohol-lactone 
pair. We have not optimized conditions for any compounds re
ported here. A typical run for a 2:1 amino alcoholdactone ratio is 
given below.

2-(3-Hydroxypropyl)-4,4-dimethyl-2-oxazoline (5a). To a
500-ml single-necked flask fitted with a magnetic stirrer, Dean- 
Stark trap, and condenser were added y-butyrolactone (24.1 g, 
0.29 mol), 2-amino-2-methyl-l-propanol (50.0 g, 0.56 mol), and xy
lene (100 ml). The mixture was stirred and refluxed gently, just al
lowing the xylene-water azeotrope to distill. The volume of the 
aqueous layer in the Dean-Stark trap with time was 5.5 ml at 5.75 
h, 7.3 ml at 7.75 h, 12.3 ml at 15 h, 16.2 ml at 22 h, and 21 ml at 45 
h. The reaction was stopped at 45 h. Analysis by GC indicated 80% 
conversion of the lactone. The xylene was removed on a rotary 
evaporator and the residue was distilled to yield 2-(3-hydroxypro- 
pyl)-4,4-dimethyl-2-oxazoline, bp 74-78 °C (0.5 mm), which' still 
contained some lactone (GC). Distillation on an adiabatic spinning 
band column with a reflux ratio of 10/1 yielded 2-(3-hydroxypro- 
pyl)-4,4-dimethyl-2-oxazoline (65% yield based on conversion of 
lactone): bp 77-78 °C (0.5 mm); purity (GLC) 99.6%; ir (NaCl 
plates) 3310 (O-H), 2960, 2875, 1667 (C=N ), 1460, 1363, 1164,

1065, 1038, 945, 819, and 775 cm-1. Other analytical data are 
shown in Tables I and II.
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Trifluoromethylthiocopper.1 A Reagent for the 
Introduction of the Trifluoromethylthio Group 

into Aromatic Nuclei
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The trifluoromethylthio and trifhioromethylsulfonyl groups 
are im portant nuclear substituents in the preparation o f p o 
tential new dyes,2 medicinal agents,3 and novel heterocyclic 
systems.4 At present, there are two standard procedures for 
the introduction o f a trifluorom ethylthio group into an aro
m atic nucleus. T he first m ethod requires a photoinitiated 
chlorination o f  an aryl methyl sulfide side chain, follow ed by 
reaction with antimony trifluoride5 (eq 1).

ArSCH3 '+  Cl2 ArSCCl, ArSCF3 (1)

The second method uses trifluoromethanesulfenyl chloride 
in either qne o f two ways. In one procedure6 (eq 2), reaction 
o f an aryl Grignard reagent with trifluoromethanesulfenyl 
chloride gives the desired aryl trifluorom ethyl sulfide, while 
in the other procedure7 (eq 3), reaction o f activated aromatic 
derivatives, such as anilines, with trifluoromethanesulfenyl 
chloride leads to para-substituted aryl trifluorom ethyl sul
fides. When higher temperatures and Lewis acid catalysts are 
used, less activated aryl derivatives undergo reaction, but 
mixtures o f  aryl trifluoromethyl sulfide isomers are obtained.

ArMgX +  CF3SCI — *  ArSCF3 +  (ArH +  ArCl) (2) 

C6H5N(CH3)2 +  CF3SCI — ►

•N(CH3)2 +  C6H5N(CH3)2.HC1 (3)
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Alkyl trifluoromethyl sulfides have been prepared from the 
reaction o f bis(trifluorom ethylthio)m ercury8 or trifluoro- 
methylthiosilver9'10 with alkyl iodides. Also, trifluorometh- 
ylthiosilver has been used to  prepare benzyl trifluorom ethyl 
sulfides from benzyl iodides.10 As an extension o f this type o f 
reaction, we wish .to report that the reaction o f trifluoro- 
m ethylthiocopper with aryl brom ides and iodides provides 
a convenient, one-step route to the synthesis o f  aryl trifluo
rom ethyl sulfides. This procedure offers a num ber o f advan
tages over existing processes, in that (1) the aromatic nucleus 
may contain electron-donating or electron-withdrawing 
groups, (2) Grignard sensitive groups may be present in the 
molecule, (3) pure ortho, meta, and para isomers are obtained 
from  the reaction o f  trifluorom ethylthioeopper with the re
spective ortho, meta, and para aromatic brom ide or iodide 
derivative, (4) yields o f  products range from  good (60%) to 
excellent (100%), and (5) selective halide displacements are 
possible since aromatic iodides react at a significantly lower 
temperature than do aromatic bromides while aryl chlorides 
do not react.

Ethyl p-(trifluoromethylthio)benzoate (4) is formed in 90% 
yield (98.4% pure by G LC) when ethyl p  -iodobenzoate (3) is 
allowed to  react with trifluorom ethylthioeopper (2) formed 
by the reaction o f copper with bis(trifluorom ethylthio)m er- 
cury ( l ) .11 Bis(trifhiorom ethylthio)m ercury, alone, does not

Hg(SCF3)2 +  Cu — * CuSCF3 +  Hg 

1 2

CuSCF3 +  I- 

2

r \ ■c o 2c2h 5

3

•c o2c2h 5

4

react with 3. The copper reagent 2 does not need to  be pre
pared prior to the condensation reaction. Indeed, a product 
o f  com parable yield and purity is obtained when 2 is form ed 
in situ during reaction. Since the efficiency o f preparing 2 from 
1 is not known, excess copper and 1 (and, therefore, 2) were

Hg(SCF3)2 +  Cu +

1
3

c f 3s — — c o 2c 2h 5

4

used in the general reaction conditions. Em pirically, it has 
been found that a ratio o f  2 mol o f  1 per m ole o f  aryl iodide or 
brom ide gives good to  excellent yields o f  products. These 
products are often o f sufficient purity to be used directly in 
subsequent reactions, as, for example, oxidation to the tri- 
fluorom ethylsulfonyl derivatives. Both 1 and 2 are known to 
form  very stable com plexes with a variety o f  com pounds, in 
cluding amines.11 For this reason, a ratio o f  3 mol o f  1 per mole 
o f  substrate was used for amines as in examples 12 and 13, 
T able I.

The scope and utility o f  the reaction o f aryl iodides and 
brom ides with trifluorom ethylthioeopper is illustrated in 
T able I. Examination o f  Table I shows that the aromatic nu
cleus may contain electron-withdrawing or electron-donating 
groups. Pure ortho-, meta-, and para-substituted aryl triflu
orom ethyl sulfides are obtained from  ortho-, meta-, and 
para-substituted aryl iodides or bromides. T he yield and 
purity o f  the crude, isolated products are often greater than 
90%. Also, disubstitution o f p-diiodobenzene occurs readily 
as does selective replacement o f iodine in p-chloroiodoben- 
zene.

Because o f  the operational ease and efficiency o f the p ro
cess, trifluorom ethylthioeopper appears to be a desirable re-
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agent for the introduction o f the trifluorom ethylthio group 
into aromatic nuclei.

Experimental Section

Melting points were determined on a Thomas-Hoover Unimelt 
capillary melting point apparatus and are uncorrected. Boiling points 
are uncorrected. NMR spectra were determined on a Varian T-60 
spectrometer with CDCI3 as a solvent. Proton chemical shifts are 
relative tc tetramethylsilane as an internal standard, while fluorine 
chemical shifts are relative to fluorotrichloromethane. Gas-liquid 
chromatographic analyses were carried out on a Hewlett-Packard 
Model 57C-0 A/3370B gas chromatograph using a column (6 ft X 2 mm) 
packed with 1% OV-17 on 100/120 Gas-Chrom Q.

Copper metal (electrolytic dust), purified, was purchased from 
Fisher Scientific Co. Bis(trifluoromethylthio)mercury was prepared 
by the method of Man, Coffman, and Muetterties.11 The mercuric 
fluoride used in this preparation was purchased from Ozark-Ma- 
honing Company, Tulsa, Okla. Caution: The toxicity of bis(trifluo- 
romethylthio)mercury has been reported.11 All reactions involving 
this reagent should be carried out in a well-ventilated hood.

Ethyl-p-(trifluoromethylthio)benzoate. Example 2. An inti
mate mixture of 21.87 g (0.0543 mol) of bis(trifluoromethylthio)- 
mercury and 12.53 g (0.197 mol) of copper dust was heated at 80-100 
°C until development of a bright orange color. Heating was continued 
at 150 °C for 0.5 h. After cooling, 7.50 g (0.027 mol) of ethyl p-iodo- 
benzoate and 30 ml of DMF were added to the copper-colored residue, 
and the mixture was stirred and heated at 110-120 °C for 3 h. The 
cooled dark reaction mixture was poured into 500 ml of water and 200 
ml of benzene. After stirring vigorously, the mixture was filtered 
through Celite, and the filter cake was washed with hot benzene. The 
combined benzene phases were washed with water, dried (MgS04), 
and filtered. The benzene was removed on a rotary evaporator to give 
6.10 g (90%) of ethyl p-(trifluoromethylthio)benzoate that was 98.4% 
pure by GLC.

General Procedure for the Preparation of Neutral Aryl T r i-  
fluoromethyl Sulfides. Ethyl o-(Trifluoromethylthio)benzoate. 
Example 6. A mixture of 15.0 g (0.0543 mol) of ethyl o-iodobenzoate, 
43.78 g (0.1087 mol) of Hg(SCF3)2, 25.07 g (0.395 mol) of copper dust, 
and 60 ml of DMF was stirred and heated at 110-120 °C for 1 h. The 
reaction mixture was worked up as in example 2 to give a quantitative 
yield of ethyl 0-(trifluoromethylthio)benzoate that was 97.9% pure 
by GLC. The slight yellow color of this crude product was removed 
by distillation, bp 70-71 °C (0.7 mm), n25D 1.4879.

A solution of 5.0 g of ethyl o-(trifluoromethylthio)benzoate, 30 ml 
of ethanol, and 20 ml of 10% sodium hydroxide was refluxed for 1.5 
h. After cooling, the solution was acidified with 6 N hydrochloric acid. 
The product was collected by filtration, dried, and recrystallized from 
a mixture of 60% hexane-40% benzene to give o-(trifluoromethyl- 
thio)benzoic acid, mp 119-121 °C.

Anal. Calcd for C8H5F30 2S: C, 43.24; H. 2.27; F, 25.65. Found: C, 
43.31; H, 2.30; F. 25.86.

General Procedure for the Preparation of Basic Aryl T r i-  
fluoromethyl Sulfides. 3-Trifluoromethylthiopyridine. Example
13. A mixture of 5.0 g (0.024 mol) of 3-iodopyridine,17 29.48 g (0.0732 
mol) of bis(trifluoromethylthio)mercury, 16.96 g (0.267 mol) of copper 
dust, and 50 ml of DMF was stirred and heated at 110-120 °C for 3 
h. After cooling in an ice bath, 100 ml of ether and 50 ml of 5 N sodium 
hydroxide were added and the mixture was stirred overnight at room 
temperature. The mixture was filtered through Celite, and the 
aqueous phase was separated and extracted with two 100-ml portions 
of ether. All of the ether phases were combined, washed with three 
100-ml portions of water, dried (MgS04), and filtered, and the ether 
removed on a rotary evaporator. The yield of crude 3-trifluorometh- 
ylthiopyridine was 4.15 g (95%) that was 83.5% pure by GLC. The 
product was purified by distillation, bp 150-151 °C, n 25D 1.4676. The 
JH NMR (CDCI3) showed three multiplets centered at S 7.42 (1 H),
8.08 (1 H), and 8.83 (2 H), while the fluorine spectrum showed a sharp 
singlet at S 41.9.

Anal. Calcd for C6H4F3NS: C, 40.22; H. 2.25; N, 7.82; F, 31.82; S,
17.89. Found: C, 39.79; H, 2.42; N, 7.79; F, 31.53; S, 17.80.
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The oxidations o f  phenols in neutral aromatic solvents 
by sodium bismuthate has been shown to proceed by  one- 
electron oxidation.1 The principal products o f  such oxida
tions o f  2,6-xylenol and related phenols were the corre
sponding polyphenylene oxides. When the reaction solvent 
was changed to acetic acid, no polym er was detected. The 
oxidation products for 2,6-xylenol were 2-acetoxy-2,6-di- 
m ethylcyclohexadien-3,5-one (I) and 3,3',5,5'-tetram ethyl- 
diphenoquinone (II). A two-electron oxidation may be in 
ferred from  the acetoxy product. Adler, Holm berg, and 
Ryrfors have reported that the oxidation o f  mesitol (2,4,6- 
trim ethylphenol) in aqueous acetic acid with sodium bis
muthate produced acetoxylated cyclohexadienone prod 
ucts, which were similar to those form ed by periodate, a 
two-electron oxidant.2 Adderley and Hewgill noted that so 
dium bismuthate in acetic acid and lead tetraacetate in 
nonpolar solvents had the same effects on the oxidations o f
2-brom o-5(6)-tert-butyl-4-m ethoxyphenols.3 Additional 
results on this change o f sodium bismuthate from  a one- 
electron oxidant to a two-electron oxidant are given to fur
ther clarify this drastic product change.

The oxidation o f 2,6-xylenol in benzene by sodium bis
muthate affords the polyphenylene oxide in yields o f  70 to  
SOTo.1 W hen the phenol was dissolved in a 6% (w /v) solution 
o f acetic acid in benzene and oxidized with sodium  bis
muthate at reflux temperature, the yield o f  polym er de-
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OH

II
creased to 20% and the yield o f  diphenoquinone II was 37%. 
Usually, little or no II was recovered from  bismuthate oxi
dations in benzene. W hen the acetic acid content o f  the sol
vent was increased to  12%, the yield o f  II was 15% and the 
yield o f  isolated I was 64%. N o polymer was detected. A p 
proximately similar values were obtained when the solvent 
was glacial acetic acid.

In order to ascertain if  acidic bismuthate could oxidize a 
possible radical intermediate in two one-electron oxidation 
steps, the oxidations o f  2,4 ,6-tri-ferf-butylphenol (III) were 
carried out. The corresponding stable phenoxyl (IV) was 
the product o f  bismuthate oxidation in benzene. 1W hen the 
solvent was changed to  glacial acetic acid, the oxidation 
products were 2,4,6-tri-teri-butyl-4-acetoxycyclohexadien-
2,5-one (V), 2,4 ,6-tri-terf-butyl-6-acetoxycyclohexadien-
2,4-one (V I), and bis(l,3 ,5-tri-ierf-butyl-2 ,5-cyclohexa- 
dien-4-one) 1-peroxide (VII) in yields o f  62, 22, and 5%, re
spectively. T he molar oxidant to phenol ratio was 3:1.

OH O-

v n

W hen this same ratio was used in the generation o f the blue 
phenoxyl IV  in benzene under a nitrogen atmosphere, addi
tion o f acetic acid brought about a color discharge. A dd i
tion o f acetic acid to  benzene solutions o f  phenoxyl IV 
without the bismuthate gave no such color discharge. The 
isolated products and yields from  the color discharging ex

periment were V  (54%), VI (19%), and VII (5%). The simi
lar yield values support the possibility that the phenoxyl 
IV  is an intermediate in the acidic oxidation. T o  test the 
notion that peroxide VII was not a precursor for V  and VI 
by a reaction with acetic acid, VII was treated with acetic 
acid under the same conditions o f  the previous two experi
ments. T he only product was 2,6 -d i-iert-butyl-l,4 -benzo- 
quinone (VIII) in 16% yield. Cyclohexadienones V and VI 
were not detected and the peroxide was recovered in 61% 
yield. The source o f  the oxygen for the peroxide was proba
bly the decom position o f bismuthate during the reaction. 
This decom position with oxygen evolution has been shown 
to  be very vigorous at higher tem peratures.1

In order to test if  acidic bismuthate delivered a hydroxyl 
radical to the phenoxyl IV to  give intermediates such as
2,4,6-tri-ierf - butyl-4-hydroxycyclohexadien-2,5-one (IX ) 
which might have reacted with acetic acid to give V, au
thentic IX  was treated with acetic acid. Com pound IX  was 
recovered in 89% yield.

T he acetic acid medium is not acidic enough to induce an 
aryoxyl disproportionation to the corresponding cationic 
species, a source for V  and VI, and a neutral phenol as pro
posed in a general way by W aters.4 Rather, there is an in
crease in oxidation potential o f  the oxidant. In this case, so 
dium bismuthate is converted to an unknown bismuth 
species which is able to remove an electron from  the stable 
phenoxyl IV, whose intermediacy in an overall two-electron 
process is consistent with the observations.

Experimental Section

Materials and instruments were the same as those of the prior 
report.1

2.6- Xylenol Oxidation. Sodium bismuthate (33.0 g, 0.118 mol) 
was added to a solution of 2,6-xylenol (4.1 g, 0.033 mol) in 100 ml 
of glacial acetic acid. The mixture was stirred for 3 days at room 
temperature. The mixture was filtered and the residual sodium 
bismuthate was washed with small quantities of acetic acid. The 
combined acetic acid solutions were diluted with water to a volume 
of 500 ml and extracted several times with ether. The extracts were 
neutralized with dilute NaHCOa solution and dried. The ether was 
stripped to a crude oil (2.65 g) which was subjected to dry column 
chromatography (silica gel-chloroform). The main isolated band 
weighed 1.7 g (38% yield). It melted at 35 °C and its infrared spec
trum was identical with that of I.5 The other bands were also com
pound I. The mass spectrum showed a base peak of m/e 36 and a 
parent ion of 5% m/e 180. The residual bismuthate was washed 
with ether, dried, and treated with concentrated HC1. A red solid 
weighing 0.63 g (15% yield) remained and was identified as II.6

2.4.6- Tri-tert-butylphenol Oxidation. The reaction condi
tions and ratios were as above for 2,6-xylenol. The filtrate was 
mixed with 150 ml of benzene and 150 ml of water. The benzene 
layer was washed with a NaHOOn solution. The dried benzene was 
removed to give an oil which was chromatographed on silica gel 
with petroleum ether and benzene as eluents. The first band was 
identified as V bv an infrared spectrum7 and weighed 6.59 g (62% 
yield), NMR (CDC13) 6 0.95 (s, 9 H), 1.21 (s, 18 H), 2.05 (s, 3 H), 
and 6.45 (s, 2 H). The base peak in the mass spectrum was m/e 
220; no parent peak was observed. A second band weighed 2.30 g 
(22% yield) and melted at 97.5-99 °C after crystallization from 
methanol-water. It was identified as VI, NMR (CDCI3) d 0.98 (s, 9 
H), 1.12 (s, 9 H), 1.21 (s, 9 H), 2.05 (s, 3 H), 5.8 (d, 1 H), and 6.85 
(d, 1 H). The base peak in the mass spectrum was m/e 222; a par
ent peak at m/e E20 (1%) was observed. The dried recovered sodi
um bismuthate was dissolved in concentrated HC1. The residue 
weighed 0.45 g (5% yield) and was identified as peroxide VII, which 
after methanol crystallization melted at 142-144 °C.8

2.4.6- Tri-tert-butylphenoxyl Oxidation. Sodium bismuthate 
(66.0 g, 0.236 mol) was added to a solution of 2,4,6-tri-teri-butyl- 
phenol (8.73 g, 0.033 mol) in 100 ml of benzene. The mixture was 
held under a nitrogen atmosphere while being stirred for 20 h at 
room temperature. To this mixture was added 250 ml of glacial 
acetic acid while the nitrogen atmosphere was maintained. After 
20 min the dark blue color faded completely to a pale green. The 
mixture was worked up in the same manner as above to give 5.75 g 
of V (54%), 2.02 g of VI (19%), and 0.470 g of VII (5.4%).



1648 J. Org. C hem ., Vol. 41, N o. 9 ,1 9 7 6 Notes

Stability of 2,4,6-Tri-tert-butylphenol in Acetic Acid. Sodi
um bismuthate (33.0 g, 0.118 mol) was added to a solution of III 
(8.73 g, 0.033 mol) in 50 ml of benzene. The mixture was stirred for 
6 h at room temperature under nitrogen. The mixture was filtered 
rapidly. The dark blue filtrate was mixed with 100 ml of glacial 
acetic acid and kept under nitrogen for 2 weeks. The color persist
ed until the nitrogen supply was exhausted.

Stability of Hydroxycyclohexadienone IX  in Acetic Acid. 
Compound IX was prepared from 2,4,6-tri-ieri-butyl-4-nitrocyclo- 
hexadien-2,5-one9 by the method of Muller and Ley.10 In 5 ml of 
glacial acetic acid was dissolved 0.330 g of IX. The solution was 
kept at room temperature for 3 days. The solution was poured into 
75 ml of water. The precipitate was filtered, dried, and weighed at 
0.294 g (89%) and found to be identical with the starting material 
by an infrared spectrum and mixture melting point determination.

Registry No.—I, 7218-21-5; II, 4906-22-3; III, 732-26-3; IV, 
2525-39-5; V, 20778-61-4; VI, 20778-58-9; VII, 1975-14-0; VIII, 
719-22-2; IX, 4971-61-3; sodium bismuthate, 12125-43-8; 2,6-xyle- 
nol, 573-26-1; 2,4,6-tri-ieri-butyl-4-nitrocyclohexadien-2,5-one, 
1665-87-8.
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dium bicarbonate (to neutralize the acetic acid form ed 
which otherwise gave side reactions with 2),6 we could, 
however, increase the yield o f 2 to 80% (VPC analysis o f  the 
reaction mixture). Furthermore, the resulting reaction m ix
ture, containing also some residual 1 (87% conversion7), 
could be used, after filtration from  the salts, directly for 
the reaction with cupric chloride.

In preliminary attempts to convert 2 to useful precursors 
o f  4 we speculated that 2, by free-radical reaction with te r t-  
butyl hypochlorite, could give 4-chloro-3,4-epoxy-3- 
m ethyl-1-butene (5)8 and that the latter, by rearrangement 
(possibly in situ),9 could afford either 3 or its Z  stereoiso
mer (6) or the constitutional isomer 2-chloro-2-m ethyl-3- 
butenal (7).

6 7

In fact, after gas-phase reaction10 over alumina o f an 
equim olar mixture o f  211 and te r t -butyl hypochlorite 
(added dropwise, from  the top, to  a heated (125 °C ) colum n 
charged with alumina pellets, using nitrogen as carrier gas 
and collecting the product at the bottom  o f  the colum n in a 
liquid air cooled trap), VPC  analysis o f  the reaction m ix
ture revealed form ation o f a product (37% yield) with the 
same retention time as 3. T he same analysis revealed also 
form ation o f a product (37% yield) with retention time as 
for (E )-2-m ethylcrotonaldehyde (8). Structures 3 and 8 for

8

Received June 30,1975

A key intermediate in the Pom m er industrial synthesis 
o f  vitamin A  acetate from  ö-ionone is (£ )-4 -acetoxy-2 - 
methylcrotonaldehyde (4).1 However, the known syntheses 
o f  the latter derivative are multistep and/or low-yield pro
cedures.1 4

The scope o f  the present paper is to report a more effi
cient route to 4 involving epoxidation o f isoprene (1) with 
peracetic acid to 3,4-epoxy-3-m ethyl-l-butene (2) followed 
by oxidative chlorination o f  the latter with cupric chloride 
to afford CE)-4-chloro-2-m ethylcrotonaldehyde (3), a 
known direct precursor o f  4.2

CH;1COOOH

1

OHC

CuCl,

3 4

Although the peracetic acid epoxidation o f 1 to 2 has 
been already described, the yield claimed is only 42%.s By 
using a m odified procedure, i.e., carrying out the reaction 
at about 5 °C  in chloroform  solution in the presence o f  so

these two products were confirm ed by  the N M R  and ir 
spectra and the boiling points o f  the com pounds isolated, 
in low yields, by fractionation. Derivative 8, the rearrange
m ent product o f 2, was obtained in quantitative yields 
when the gas-phase reaction o f 2 over alumina was carried 
out in the absence o f  the hypochlorite. On the other hand, 
when 8 was treated with the hypochlorite under the condi
tions used for 2, no 3 was produced, supporting the inter
mediate form ation o f 5, rather than 8, in the reaction o f 2 
with the hypochlorite to give 3.

Although it is known that by oxidative chlorination with 
cupric chloride 8 can be converted to 3 in moderate yields,4 
we thought that a more direct and possibly more efficient 
synthesis o f 3 (or 6) from 2 might be achieved by  reaction 
o f  2 itself with cupric chloride. T o  our knowledge, oxidative 
halogenation o f an epoxide with a cupric halide has no 
precedent in the literature.12 W e speculated, however, that 
reaction o f 2 with cupric chloride could afford 3 (or 6), e i
ther via rearrangement in situ (cupric chloride acting as a 
Lewis acid catalyst) o f  2 to 8 (or to its Z  stereoisomer) or 
via cupric alcohólate 9.

In fact, when the chloroform  solution o f  2 obtained from  
the peracetic acid epoxidation o f  1 was treated, after addi
tion o f  an equal volume o f ethyl acetate,13 with cupric ch lo
ride in the presence o f lithium chloride,14 VPC analysis o f  
the organic extracts revealed form ation o f  a major product 
(80% yield) with the same retention time as 3. T he reten
tion time o f  the only by-product (20% yield) was as for 8.
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2 +  CuCl,

Ck XI 
'X u 'f¿1^

( c i

Cl' '0 Cl -HCl

H- h “ J

3 (or 6) +  Cu°

Cu +  CuCk 2CuCl

Structures 3 and 8 for these two products were confirmed 
by the NM R and ir spectra and the boiling points of the 
isolated pure compounds. However, for the acétoxylation15 
step the isolated crude 3 (78% pure, yield corrected for pure 
3: 80%) was not distilled since the impurities consisted 
mainly of residual solvents and the distillation resulted in 
considerable decomposition of the product (57% yield). The 
acétoxylation afforded, after removal of low-boiling im
purities from the isolated crude product, a 90% yield of 4, 
which did not require distillation, being already quite pure 
(95%).

When 2 was treated with cupric chloride in chloroform- 
ethyl acetate in the absence of lithium chloride the reaction 
was quite slower (2.5 h instead of 10-15 min), the amount 
of 8 formed was practically the same (23%), and the purity 
as well as the yield of the isolated crude 3 were somewhat 
lower (70% purity, 72% corrected yield). The yield of the 
distilled 3 was 50%.

By treatment of 8 with cupric chloride in the presence 
(or absence) of lithium chloride and in chloroform-ethyl 
acetate solution, using the same reaction conditions as for 
2, the starting material was recovered practically un
changed.16 Therefore, in the oxidative chlorination of 2 to 3 
under these conditions the intermediacy of 8 can be exclud
ed and the formation of the latter attributed only to a side 
reaction.

Finally, when the cuprous and lithium chlorides recov
ered together from the oxidative chlorination of 2 were sub
mitted to air oxidation in aqueous hydrogen chloride (to re
generate the cupric chloride) and recycled several times, 
the yields of 3 (and 8) remained unchanged.

In conclusion, peracetic acid epoxidation of 1 followed by 
cupric chloride oxidative halogénation of the resulting solu
tion and final acétoxylation of the crude 3 represents, on 
comparison with the previously known syntheses,1-4 the 
most efficient route to 4.

Experimental Section
Materials. Isoprene obtained from Fluka (purum a) was puri

fied by distillation over sodium; 82% peracetic acid was prepared 
according to Swern.17

General. Gas chromatography-mass spectrometry analysis was 
performed with a Varian MAT 111 instrument under the following 
conditions: 6 ft X 0.125 in. 3% OV-1 on Chromosorb W (80-100 
mesh) column, at 40 °C for 3 min then 40 —*• 180 °C (20 °C/min) 
and with 24 ml/min of He; ionizing energy, 70 eV. Quantitative 
VPC analyses were performed. with a Hewlett-Packard Model 
7620-A gas chromatograph equipped with a thermal conductivity 
detector. The following columns were employed: (A) 10 ft X 0.125 
in. 10% Carbowax 20M on silanized Chromosorb G (60-80 mesh); 
(B) 6 ft X 0.125 in. 4% SE-30 on silanized Chromosorb G (60-80 
mesh). The 60-MHz NMR spectra were recorded on a Varian T-60 
spectrometer with tetramethylsilane as internal standard. The fol
lowing designations were used: s, singlet; dt, doublet of triplets; dq, 
doublet of quartets; tq, triplet of quartets; qq, quartet of quartets. 
The ir spectra were taken with a Perkin-Elmer 457 spectrometer.

3,4-Epoxy-3-methyl-l-butene (2). To a solution of 20.4 g (0.30 
mol) of 1 in 240 ml of chloroform was added 30.2 g (0.36 mol) of 
NaHCCk and a trace of radical inhibitor 2,6-di-ferf-butyl-4-meth- 
ylphenol. To the stirred suspension was added dropwise over a 6-h 
period under ice-bath cooling and N2 atmosphere 27.8 ml of 82% 
peracetic acid (corresponding to 0.30 mol of peracid). After an ad
ditional 24 h of stirring under the same conditions, the undissolved 
salts were removed, by filtration. Gas chromatography-mass spec
trometry analysis of the filtrate confirmed structure 2 for the reac
tion products on comparing its mass spectrum, m/e 84 (9), 83 (14), 
69 (16), 55 (98), 53 (42), 43 (96), 41 (22), 39 (100), 29 (61), and 27
(41), to the one of authentic 2 (prepared as cited under ref 11). 
Quantitative VPC analysis (column A at 70 —<■ 180 °C (30 °C/min) 
and with 60 ml/min of He, using n-octane as internal standard) of 
the filtrate revealed that 2 was formed in 80% yield and that 13% 
of the charged 1 was still present in the solution. This solution was 
used directly for the preparation of 3 by reaction syith cupric chlo
ride.

(JJ)-4-Chloro-2-methylcrotonaldehyde (3). To the chloro
form solution obtained from the epoxidation of 1 and containing
20.2 g (0.24 mol) of 2 was added 240 ml of ethyl acetate followed by
81.6 g (0.48 mol) of CuCl2-2H20  and 10.0 g (0.24 mol) of LiCl. The 
mixture was refluxed (90 °C bath temperature) for about 15 min 
and then poured onto 240 g of ice. After filtration from the CuCl, 
the organic phase was separated and the aqueous layer extracted 
with 240 ml of hexane. The combined organic extracts were 
washed to neutrality with water and dried (Na2SQ,t). Quantitative 
VPC analysis (column B at 60 °C for 1 min then 60 -*  200 °C (30 
°C/min) and with 15 ml/min of He, using re-octane as internal 
standard) of the organic solution revealed formation of 3 and 8 in 
80 and 20% yield, respectively. The greater part of the solvents and 
the aldehyde 8 were then distilled from the organic solution by 
concentration, first at 10-20 mm and room temperature and final
ly at 120 mm and 40 °C bath temperature (in both cases the distil
lation was monitored by VPC to prevent distillation of 3), leaving a 
residue, 29 g, of crude 3 (78% pure by VPC, the balance to 100% 
being mainly residual solvents; corresponding to an 80% corrected 
yield). Distillation of the crude product gave 16.2 g (57%) of 95% 
pure (VPC) 3: bp 39-42 °C (0.5 mm) [lit.18 41-43 °C (0.5 mm)]; 
NMR (CDCI3) -  0.57 (s, CHO), 3.43 (tq, J  = 6.5 and 1.5 Hz, 
C=CH ), 5.67 (dq, J = 6.5 and 1 Hz, CH2CI), 8.23 (dt, J — 1.5 and 
1 Hz, CH3); ir (film) 2710,1685,1645 cm-1.

When the distillates obtained in the isolation of the crude 3 (see 
above) from a few runs were combined and concentrated first at 
atmospheric pressure and 85 °C bath temperature (until incipient 
distillation of 8, VPC monitoring) and then at 40 mm and 0 °C (to 
a 1:1 mixture of 8 and ethyl acetate, VPC monitoring), and the res
idue distilled at atmospheric pressure, some pure 8 could be ob
tained: bp. 116-117 °C (lit.19 116.2 °C); NMR and ir spectra identi
cal with the ones reported in literature for 8.20’21

When the oxidative chlorination with CuCl2-2H20  of the chloro
form solution of 2 was repeated in the absence of LiCl, 3 and 8 
were formed, after 2.5 h reflux, in 72 and 23% yields, respectively 
(quantitative VPC analysis of the organic extracts). The yields of 
the isolated, 70% pure, 3 amounted to 72% (corrected for pure 3) 
and the one of distilled, 95% pure, 3 to 50%.

Acetoxylation of 11.85 g of the 78% pure 3 (corresponding to 
0.078 mol of 3) dissolved in 100 ml of anhydrous ethanol was car
ried out with 8.42 g (0.086 mol) of potassium acetate keeping the 
mixture at reflux for 3 h. From the cooled (0 °C) mixture the pre
cipitated KC1 was removed by filtration, the filtrate concentrated 
under vacuum, and the residue taken up in ether in order to dis
solve the product from residual KC1: Evaporation of the solvent 
from the filtered solution gave, after removal of low-boiling im
purities at 2-3 mm and room temperature, 10.5 g (90%, based on 
0.078 mol of 3) of 4, which did not require distillation, being al
ready quite pure (95% by VPC using column B at 80 —► 180 °C (10 
°C/min) with 15 ml/min of He and re-decane as internal standard). 
The NMR and ir spectra and the boiling point of the product ob
tained were identical with the ones reported in the literature for 
4,22 - "
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It is well documented that picrotoxinin (la) is the potent 
analeptic component of picrotoxin.1 In order to modify the 
analeptic properties of la, we were interested in the intro
duction of a basic nitrogen moiety in the picrotoxinin mole
cule. Picrotoxinin possesses an epoxide ring which should 
theoretically be opened with amines or other nucleophiles, 
but is known to be very resistant to intermolecular nucleo
philic attack. This unusual feature of the picrotoxinin 
structure is explained on the basis of shielding of the epox
ide ring from rearward attack by the lactone groupings. 
However, the close proximity of the axial C-6 a-hydroxyl 
group to the C-4 a-isopropenyl group in 1 suggested to us 
that the 8,9-epoxide of picrotoxinin (i.e., 2a) would be 
prone to nucleophilic attack due to participation by the C-6

hydroxyl group in oxirane ring opening. Indeed, this was 
found to be the case since epoxidation of la  with m-chloro- 
perbenzoic acid in methylene chloride followed by aqueous 
work-up resulted in a mixture of the desired epoxide 2a 
and the glycol 4d. It is interesting to note that previous 
workers have reported similar problems in the synthesis of 
this epoxide.2 In contrast, no difficulty was experienced in 
the epoxidation of picrotoxinin 6-acetate (lb) to give 2b by 
the same procedure. Hence picrotoxinin epoxide (2a) ap
pears to be much more reactive than 2b. Because of this re
activity the epoxide 2a was not isolated in pure form but 
was used, after a modified work-up procedure, directly in 
subsequent reactions with amines. On treatment of 2a with 
pyrrolidine or diethylamine at room temperature, the cor
responding amine derivatives 4a and 4b were obtained 
whereas chloroform reflux conditions were required to ob
tain 4c from 2b with diethylamine.

la, R =  H (picrotcxinin) 2a, R =  H
b, R =  COCH3 b, R =  COCHjj

b, R =H ;R '=N (C 2H5)2
c, R =  COCH3;R' =  N(C2H5)2
d, R =  H; R' =  OH
e, R =  H; R' =  H (picrotin)

The ease of opening of the epoxide in 2a with amines to 
yield compounds of type 4 can be ascribed to the neigh
boring 6-hydroxyl group participation in an “anionic” pro
cess. Only a few examples of such participation are known 
such as the neighboring hydroxy group participation in the 
alkaline hydrolysis of esters3-5 and more recently the open
ing of epoxides by nucleophiles in steroids.6 Neighboring 
group participation in “cationic” reactions, on the other 
hand, has been known for many years and is well under- 
stood.3-7’8

The structural assignment of these compounds (4a-c) 
seems secure on the basis of spectral data. The NM R spec
tra of 4a and 4b are compared in Table I with those of pi
crotoxinin (la) and picrotin (4e). The NM R spectra of the 
latter two important compounds have apparently not been 
reported previously. Infrared spectra of the amines show 
that the lactone groupings are maintained in the picrotoxi
nin epoxide molecule during reaction with amines. The 
mass spectrum of 4a showed principal ions at m/e 380 (M  
+  1)+, 379 (M-+), 280,128, and 84 (base). The base peak at 
m/e 84 and the peak at m/e 128 correspond to the ions i 
and ii, respectively, both of which confirm the presence and
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Proton

HNn

Table I. NMR Assignments o f  Picrotoxin Derivatives (S , acetone-d6) 

Picrotoxinin ( la ) Picrotin (4e) 4a

-iN

a Multiplet partially obscured.

1.6—1.9, m; 2 .6—2.9, m

4b

C2 5.08, d 4.88, d 4.91, d 4 .90, d
^2,3 = 4 ^1,3 = 3.5 Jt , 3 = 3.5 J7 3 = 3.5

C3 5.23, dd 5.08, ddd 5.11, du 5 .Ï2 , dd

n
^2,3 ~ «̂ 3 4 “  4

3.6, b \
Jt,3 = 3.5; </3 4 = 4.0, J3,s = 1 J2t3= 3 .5 ;«A3 4 = 5.0

\
V2 ,3 = 3.5 ; d3|4 = 4.

c 5 3.0, d«j 2 .8—3.1, m l 2.6—3.2, m a > srHCO1COc4

C7 1 .21 ,8 1.22, s 1 .2 3 ,s 1 .2 3 ,s
C9 4.98, bs 1.49, s 2.80, s 2.66
C10 1.94, bs 1.46, s 1.46, s 1.43, s
Cn a, 1.86, d“ 

ß, 2.88, dd
a, 1.87, d J =  15 
ß, 2.82, d d ; J ltiIt = 15;

a, 1.98, d* J ~  15 a, 2.02, d J ~  15
ß, 2.82, dd« ß, 2.83, dd*

^ n ,n  = 15;
Ju, 12 = 3.5 
3.60, d; J ,j = 3.5

= 3.5
^11,12 ~ 3.5 
3.58, d ; , ,  = 3.5

1,11 ~  15;
V11,12 ~  3.5 
3.60, d; J , , 12 = 3.c „ 3.58, d; </,, 12 = 3.5 

5.52-, 5.87, 2 bsOH 2.87, bs 4.37,’ b 4.8, i>

.99, t )  

.69, q j J =  7.0

establish the position o f  the pyrrolidine m oiety in 4a. The 
peak at m /e  280 is rationalized as arising from  5 as shown.

Similarly, the mass spectrum o f  4b showed principal ions at 
m /e  381 (M -+), 282, 130, and 86 (base) indicating a frag
mentation pattern identical with that o f  4a, the increase in 
mass by 2 units being due to the substitution o f pyrrolidine 
by diethylamine moiety.

A different course o f  reaction takes place on treatment o f  
picrotoxinin acetate (lb) with isopropylamine at room  tem 
perature for 16 h, which results in an attack on the C-14 
lactone with concom itant opening o f the C-15 lactone to 
form  the amide 3, similar to the form ation o f hydroxy-a- 
picrotoxinic acid from  6-acetylpicrotin with dilute alkali.9

Experimental Section

Melting points are uncorrected and were determined on a 
Thomas-Hoover capillary melting point apparatus. NMR spectra 
were measured on a Varian T-60 spectrometer and ir spectra were 
determined on a Perkin-Elmer Model 700 instrument.

8,9-Epoxy picrotoxinin 6-Acetate (2b). To a solution of 2.34 g 
(0.007 mol) of picrotoxinin 6-acetate10 in 50 ml of methylene chlo
ride was added a solution of 1.21 g (0.007 mol) of m-chloroperben- 
zoic acid (85%) in 50 ml of methylene chloride and the mixture was 
refluxed for 24 h. After cooling, a 10% aqueous solution of sodium 
sulfite was added and the organic layer was separated. The aque
ous layer was twice extracted with methylene chloride and the 
combined extracts were washed with bicarbonate solution followed 
with water and dried. After evaporation of the solvent in vacuo, a 
white solid was obtained which was crystallized from chloroform- 
methanol mixture to give colorless needles: mp 175-177 °C; NMR 
(CDCls) & 1.43 (6 H, s, Ci CH3, C8 CH3), 2.08 (3 H, s, acetate), 2.10 
(1 H, d, J n  u  = 15.5 Hz, Cu  Ha), 2.54, 2.78 (2 H, AB, J  = 4.4 Hz, 
C9 H2), 3.30 (1 H, dd, </4,s = 4.5, J 3,5 = 5.0 Hz, C4 H), 3.57 (1 H, dd, 
J 11,11 = 15.5, J  11,12 = 3.5 Hz, Cu H/J), 3.72 (1 H, d, J 4,6 = 4.5 Hz,

C5H), 3.79 (1 H, d, Jii.ia = 3.5 Hz, Ci2 H), 4.63 (1 H, d, J23 = 3.5 
Hz, C2 H), 5.02 (1 H, dd, J 2,s = 3.5, J 3,4 = 5.0 Hz, C3 H); ir (KBr) 
1790 (lactone), 1735 (acetate), 860, 830 cm-1 (epoxide). Anal. 
Calcd for Ci7H1E0 8: C, 58.25; H, 5.18. Found: C, 58.04; H, 5.32.

8,9-Epoxypicrotoxinin (2a). To a solution of 2.34 g (0.008 mol) 
of picrotoxinin in 50 ml of methylene chloride was added a solu
tion of 1.38 g (0.008 mol) of m-chloroperbenzoic acid (85%) in 40 
ml of methylene chloride and the mixture was refluxed for 27 h. 
After cooling, solid sodium sulfite was added to the mixture and 
stirred for 0.5 h. The solution was filtered and evaporated to leave 
a white solid: mp 100-105 °C; ir (KBr) 3450 (OH), 1800,1770 (lac
tones), 860, 830 cm-1 (epoxide). Without further purification, this 
material was used in subsequent reactions with amines. When the 
epoxide 2a was worked up as 2b (aqueous work-up) a consider
able amount of glycol 4d was formed2 (positive periodate test).

JV-Isopropylpicrotoxininamide 6-Acetate (3). A mixture of 
0.33 g (0.001 mol) of picrotoxinin 6-acetate (lb) and 3 ml of isopro
pylamine was stirred at room temperature. After 16 h, the product 
was evaporated in vacuo and the residue was purified by prepara
tive TLC (2-mm thick silica gel, Merck, ether) to yield a gum: 
NMR (CDC13) S 1.13 [d, J  = 6.5, Hz, CH(CH3)2], 1.37 (s, Ch CH3),
1.79 (bs, C8 CH3), 1.90 (s, acetate), 2.3-2.7 (bm, Cu H2), 3.77 s,
3.95 d, J  = 2 Hz, 3.7-4.3 m [C5 H, C12 H, C4 H, CH(CH3)2], 4.53 
(bs, exchangeable, OH), 4.59 (d, J  = 5.5 Hz, C3 H), 5.00 (b=C H 2),
5.52 (s, C2 H), 6.33 (d, J = 8 Hz, exchangeable, NH); ir (CHC13) 
3430 (OH), 1760 (6-lactone), 1740 (acetate), 1665 (amide), 1520, 
1380, 1280, 1065, 1055 cm-1. Anal. Calcd for C20H27NO7: C, 61.05; 
H, 6.92; N. 3.56. Found: C, 61.11; H, 6.79; N, 3.51.

8-Hydroxy-9-pyrrolidinopicrotoxinin (4a). To 0.462 g 
(0.0015 mol) of 8,9-epoxypicrotoxinin, an excess of pyrrolidine was 
added and the orange-colored solution was stirred at room temper
ature for 1 h. The pyrrolidine was removed in vacuo and 5 ml of 4 
N hydrochloric acid was added. After filtration the solution was 
extracted with ether. The acid solution was neutralized with sodi
um bicarbonate and extracted with chloroform. The combined 
chloroform extracts were washed, dried, and evaporated to leave a 
solid. It was purified by preparative TLC (2-mm thick silica gel, 
Merck, 20% methanol-chloroform) followed by crystallization 
from chloroform-ether to yield colorless crystals: mp 149-151 °C; 
NMR (see Table I); mass spectrum m/e (rel intensity) 380 (0.21), 
379 (0.18), 364 (0.95), 280 (6.86), 128 (3.63), 84 (100); ir (KBr) 3400 
(OH), 1790 (five-membered lactone), 1140, 980 cm-1. Anal Calcd 
for Ci9H26N0 7: C, 60.15; H, 6.64; N, 3.69. Found: C, 60.09, H, 6.65; 
N, 3.58.

8-Hydroxy-9-diethylaminopicrotoxinin (4b). To 0.616 g 
(0.002 mol) of 8,9-epoxypicrotoxinin, an excess of diethylamine 
was added and Hie orange solution was stirred at room tempera
ture for 0.5 h. After evaporation in vacuo and similar work-up as in 
4a, a solid was obtained which was purified by preparative TLC 
(2-mm thick silica gel, Merck, 20% methanol-chloroform): mp 
78-81 °C; NMR (see Table I); mass spectrum m/e (rel intensity) 
382 (0.62), 381 (0.45), 366 (1.82), 282 (18.0), 130 (6.37), 86 (100), ir 
(CHCls) 3400 (OH), 1800 (7 -lactone), 1300,1260,1140,1000 cm "1.
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8-Hydroxy-9-diethylaminopicrotoxinin 6-Acetate (4c). To a
solution of 0.35 g (0.001 mol) of 2b in 12 ml of chloroform contain
ing a catalytic amount of p-toluenesulfonic acid was added 4 ml of 
diethylamine. After refluxing for 3 h, the solvent was removed and 
dilute hydrochloric acid was added. The mixture was extracted 
with ethyl acetate and the acid solution was evaporated in vacuo to 
leave a gummy solid: NMR (CDCI3) 5 0.98 (t, J — 7.0 Hz, 
NCH2CH3), 1.33 (à, Ci CH3), 1.40 (s, C8 CHS), 2.10 (s, acetate),
2.09 (d, J ii;n  = Î5 Hz, Cn Ha), 2.40 (s, C9H2), 2.65 (q, J = 7.0 Hz, 
NCH2CH3), 3.3 (m, C4 H), 3.59 (dd, Ju n = 15, Ju 12 = 3.5 Hz, Cu 
Hd), 3.73-3.87 (m, C6 H, C8 H), 4.93-5.13 (m, C2 H, C3H); ir (KBr) 
3450 (OH), 1790 (7-lactone), 1730 (acetate), 1260, 1160, 1000 cm "1. 
Anal. Calcd for C2iH29N0 8 -HC1: C, 54.84; H, 6.59; N, 3.04, Cl, 7.71. 
Found: C, 55.27; H, 6.90; N, 3.17; Cl, 7.80.
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From the reduction o f  pregnenolone (la and 2a) and 
other 20-keto steroids as well as from other data, it has 
been concluded1 that rotation about the 17(20) bond can 
occur and that the preferred conform ation at the time o f 
reaction is dependent on certain structural factors. Lithium 
aluminum hydride reduction o f  pregnenolone, for instance, 
yields a 2:1 mixture o f  the 20-hydroxy epimers.2'3 As pre
dicted qualitatively by Cram’s rule, the dom inant epimer is 
the one derived by «-sid e  attack o f the reagent on conform - 
er la in which C-21 is cis oriented relative to C-13. Surpris
ingly, however, the Grignard reaction o f the same ketone is 
reported4-6 to be com pletely stereospecific, yielding only 
the product from  conform er la, which led us to a reinvesti
gation o f this problem.

Since the angular methyl group on C-13 should direct at
tack o f the large Grignard reagent to the a face o f  the ste
roid, the product com position from the reaction o f preg
nenolone acetate (la and 2a) should indicate what the con 
formational equilibrium is about the 17(20) bond in the ke- 
ton ic starting material. The «-hydroxy  product (3) must be 
derived from  the cis conform er (la) with the methyl group

OH OH

2b lb

toward C-13 and the /3-hydroxy product (4) from  the trans 
conform er (2a) with the methyl group away from  C-13. W e 
have found that both epimers are indeed form ed which 
implies that an equilibrium does exist between both  con- 
formers as expected from  the work on reductions. Our data 
also show that conform er la  is present in the greater 
am ount at the m om ent o f reaction, since the a  epim er (3) 
was present in greater amount in the product mixture, and 
this is in agreement with deductions based on dipole m o
m ent measurements7 and application o f the axial halo ke
tone rule.8

W hile the cis conform er (la) will yield the 20a epimer (3 
from  la) when the incoming group is Cg, the 20/3 epimer (4 
from  lb) should be form ed when the incom ing group is Ci. 
Furthermore, examination o f molecular m odels reveals that 
the trans conform er should be destabilized when the alkyl 
group is increased in size .owing to interaction o f C-22 with 
C-16, and the ratio o f  cis to  trans conform er should in
crease, i.e., the ratio o f  lb to 2b should be greater than that 
o f  la to  2a. These conclusions require that 20-keto-21-nor- 
cholesteryl acetate, which is tantam ount to 21-isovaleryl- 
pregnenolone acetate, should exist with conform er lb  being 
present in larger amount com pared to  conform er 2b than is 
so for conform er la compared to 2a in the pregnenolone 
case. The observed facts from the respective Grignard reac
tions are in agreement, since we find that the 20)3 epimer is 
form ed in much greater amount from  21-isovalerylpregne- 
nolorte than is the 20a epimer from  pregnenolone. T he 
ratio o f  20/3 to 20a epimer in the form er case is 10:1.0 while 
the inverse ratio in the latter case is only 1.7:1.0.

In the N M R  spectra o f  the 20a- and 20/3-hydroxycholest- 
erols .(3 and 4, respectively) the signals for C-18 are exactly 
the same. The downfield chem ical shift com pared to cho
lesterol is 5 0.19 which agrees with expectation9 for a 1,3- 
diaxial relationship between the 20-hydroxy group and 
C-18. Such a relationship coincides with the conform ations 
o f  each o f  the epimers which would result from  Grignard 
reagent attack on the ketone conform ers (3 from  la or 2b 
and 4 from  lb or 2a). T he spectrum thus implies conform a
tional preference leading to the structure o f  the 20-hydrox- 
ycholesterol I being “ frozen”  in the conform ation existing 
at the end o f the reaction. The 20a-hydroxy epimer (3)
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consequently bears the C6 group on the right, while in the
200-hydroxy epimer (4) the C6 group must be on the left. 
Further weight to this conclusion is given by the fact that 
C-21 would be in a different environment in the two epim- 
ers, and the NM R signals for this carbon atom differ (by &
0.15) in the two cases.

We conclude from these various facts that rotation about 
the 17(20) bond occurs when C-20 is in the trigonal state. 
However, when C-20 is tetrahedral and fully substituted, 
conformational preference is enhanced. It is interesting 
that in the presence of two substituents on C-20 with the 
same structure, the addition of restricted rotation could 
confer asymmetry. This has actually been observed10 with
2O-methyl-2O-(2-hydroxyethoxy)pregn-5-ene-30,17-diol. 
Despite the fact that C-20 bears two methyl groups, the 
substance exists as two separable isomers, and they have 
spectroscopic properties consistent with the ether group 
lying toward or away from C-13.

Experimental Section
The NMR spectra were performed in 2% solutions of deuterated 

chloroform at ambient temperature on a 220-MHz instrument 
through the services of Morgan-Schaffer of Montreal, Canada, who 
also supplied the mass spectral data. Melting points were deter
mined on a Kofler hot stage. Gas-liquid chromatography was per
formed on a column of 1% of nitrile silicone gum (XE-60) on Chro- 
mosorb W in a 6-ft U-tube at 235 °C.

Grignard Reaction with Pregnenolone Acetate (3 and 4 
from la  and 2a). A benzene solution of pregnenolone acetate was 
added to 4-methylvalerylmagnesium bromide in ether. After the 
reaction had subsided the mixture was refluxed for 2 h. The prod
uct was acetylated (Ac20-pyridine, room temperature) and sub
mitted to GLC analysis. Two substances were present with reten
tion times relative to cholesteryl acetate of 2.07 and 1.95 in a ratio 
of 1.8:1.0 based on peak heights. The NMR spectrum also showed 
the presence of two substances, one with a C-21 signal at S 1.28 and 
the other with the analogous signal at 5 1.13 in a ratio of about 1.6: 
1.0. The major component was 20«-hydroxycholesteryl acetate (3) 
and the minor one 200-hydroxycholesteryl acetate (4) as shown by 
a comparison of the retention times and NMR values with those of 
authentic samples which are described in what follows.

The product mixture was crystallized from ethanol, and the pre
cipitate was recrystallized several times, giving 5.1 g (from 14.6 g of 
pregnenolone acetate) of authentic 20a-hydroxycholesteryl acetate
(3) with a retention time relative to cholesteryl acetate of 2.07. The 
melting point (153-155 °C), NMR spectrum [5 0.87 (d, J  = 6 Hz, 6 
H, C-26 and C-27), 0.87 (s, 3 H, C-18), 1.03 (s, 3 H, C-19), and 1.28 
(s, 3 H, C-21)], and mass spectrum [m/e 384 (M+ — CH3COOH, 
61%), 366 (384 -  H20 , 88%), 351 (366 -  CH3, 63%), 299 (384 -  
C6H13, 100%), 281 (299 -  H20, 86%), 256 (87%), 253 (46%), 241 
(37%), 228 (61%), 213 (73%), and 211 (52%)] were in agreement 
with the corresponding values for the product (20«-hydroxycho- 
lesteryl acetate) reported earlier.5,6 The free alcohol derived from 
hydrolysis (KOH in methanol, 10 min at reflux) of the 20n-hydrox- 
ycholesteryl acetate melted at 133-134 °C, <5 0.87 (d, J = 6 Hz, 
C-26 and C-27), 0.86 (s, C-18), 1.01 (s, C-19), and 1.28 (s, C-21) as 
previously reported.5 Although the mother liquor from the first 
crystallization of the 20«-hydroxycholesteryl acetate was enriched 
in the 0 epimer, attempts to obtain the latter pure by concentra
tion and recrystallizations of the succeeding crops of crystals 
failed. The best material was a mixture in which the 0 epimer had 
twice the concentration of the a epimer by GLC analysis.

Grignard Reaction with 20-Keto-21-norcholesteryl Acetate 
(3 and 4 from lb  and 2b). Authentic 200-hydroxyeholesteryl ace
tate (4) was prepared by the Grignard reaction of 20-keto-21-nor- 
cholesteryl acetate with methylmagnesium iodide. This reaction is 
reported5 to give both epimers in a ratio of about 1:10 (a to 0). The 
GLC analysis of our reaction product was in agreement with this. 
After acetylation, chromatography on alumina, and crystallization 
from methanol the 0 epimer (530 mg from 1.04 g of ketone) had a 
retention time relative to cholesteryl acetate of 1.95. Its melting 
point (110-111 °C), NMR spectrum [5 0.88 (d, J = 6 Hz, 6 H, C-26 
and C-27), 0.87 (s, 3 H, C-18), 1.03 (s, 3 H, C-19), and 1.13 (s, 3 H, 
C-21)], and mass spectrum [m/e 384 (M+ — CH3COOH, 33%), 366 
(384 -  H20, 89%), 351 (366 -  CH3, 77%), 299 (384 -  C6Hi3, 40%), 
281 (299 -  H20, 100%), 256 (65%), 253 (50%), 241 (32%), 228 (84%),

213 (90%), and 211 (63%)] agreed with the literature.5,6 The free al
cohol melted at 115-117 °C as previously reported.5 Since the 
melting point of the 0 epimer is much lower than that of the a ep
imer, it is not surprising that the 0 epimer was missed by earlier 
workers in the Grignard reaction with pregnenolone. It was easily 
isolated only when the a epimer was present in very small concen
tration.
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A program in our laboratory required the synthesis o f  
tripeptides containing proline or 4-fluoroproline1 as the 
central amino acid residue and an N-term inal group which 
biased the conform ational equilibrium shown in eq 1

0
II

O

C y c -
1

-Trp /— v C— Trp

1
c

1
C

/  % ^R 0 0  R

a b
Trp =  tryptophan

strongly in favor o f  one conform er. A recent ! H NM R study 
has demonstrated that pivaloylproline exists as essentially 
one rotational isomer.2 This corresponds to R =  (CH3)3C in 
eq 1, and we reasoned that 2-methylalanine [R =  
(CH3)2CNH3+] as the N-terminal would provide a tripep
tide which meets the above specification since the pivaloyl 
and 2-methylalanyl groups would be expected to  be nearly 
isosteric. Our attempts to  synthesize 2-m ethylalanyl-L-pro- 
lyl-L-tryptophan and 2-m ethylalanyl-4-fIuoro-L-prolyl-L- 
tryptophan by conventional m ethods did  not cleanly afford 
these tripeptidss but culminated, instead, in the results de
scribed here.

Results

The protected tripeptide, carbobenzyloxy-2-m ethyla- 
lanyl-L-prolyl-L-tryptophan (I), was synthesized in ade-
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quate yields by standard m ethods.3 Attem pts to remove 
the carbobenzyloxy (Cbz) group by hydrogenolysis at room 
temperature or 0 °C  did not generate the expected tripep
tide but rather a mixture o f  the diketopiperazine (II) and 
tryptophan (Trp). T he reaction was followed by T L C  and

0
+  Trp (2)

II
appeared to be com plete within several minutes. The dis
appearance o f the protected tripeptide occurred simulta
neously with the appearance o f a spot (R f 0.63) which could 
readily be identified as L-tryptophan by com parison to an 
authentic sample. A second product (Rf 0.72) was ninhy- 
drin negative and stained only slightly with iodine. A third 
com ponent (R f 0.49), ninhydrin positive, was observed in 
low amounts. Attem pts to  isolate and identify this latter 
material were unsuccessful but comparison o f the Rf to 
those o f  glycylprolyltryptophan (Rf 0.50) and alanylprolyl- 
tryptophan (Rf 0.51) suggested that this spot may have 
represented the desired tripeptide.

The 1H N M R  spectrum o f the reaction product mixture 
in basic D 20  indicated, by signal positions and relative in
tensities, the presence o f  the three amino acids that were 
initially linked in the starting material. Several extractions 
o f this sample with deuteriochloroform  left an aqueous so
lution containing predominantly free tryptophan, as shown 
by the !H N M R  spectrum. The com bined organic extracts 
gave a 1H  N M R  spectrum which exhibited resonances as
signable to 2-methylalanine and proline and a resonance at 
~ 7 .5  ppm  from M e4Si assigned to amide protons. A  mass 
spectrum o f  the extracted material showed a molecular ion 
at m /e  182; the molecular weight o f  2-m ethylalanylprolyl- 
diketopiperazine (II) is 182.2. Thus, although the antici
pated tripeptide may initially form during hydrogenolysis, 
it must rapidly react to give free tryptophan and II.

Similar results were obtained in attempts to reduce car- 
bobenzyloxy -2 -m ethy la lan yl-cis-4 -flu oro-L -proly l-L -tryp - 
tophan and carbobenzyloxy-2-m ethylalanyl-tran.s-4-flu- 
oro-L-prolyl-L-tryptophan; T L C  analysis o f  the reaction 
mixtures indicated that the same decom position reaction 
had occurred as observed with the nonfluorinated pro
tected tripeptide. However, carbobenzyloxyglycylprolyl- 
tryptophan and carbobenzyloxyalanylprolyltryptophan (R  
=  NHvCH-2 and N H 2C H C H 3 respectively, in eq 1) both re
duced sm oothly to the expected tripeptides under our con 
ditions.

Carbobenzyloxy-2-m ethylalanylprolyltryptophan also 
was treated with a solution o f hydrogen brom ide in glacial 
acetic acid at room  temperature. T L C  o f the residue ob 
tained upon removal o f the reaction medium showed a nin- 
hydrin-positive spot at R f 0.47 which might correspond to 
the hoped-for tripeptide. However, an unidentified broad 
band (Rf 0 .3-0.4), intensely stained by iodine but ninhy
drin negative, was also apparent.

O
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Discussion

Previous synthetic studies have indicated that steric h in 
drance can be a major problem  in the chem istry o f  2- 
methylalanine and some atypical results have been de 
scribed.4’5 M any examples o f peptide cleavages are known 
when peptides or their derivatives are subjected to cond i
tions used to form  cyclic peptides; these conditions include 
high temperatures and solvents such as pyridine, phenol, 
and se c -butyl alcohol. Cyclization o f this type can be par
ticularly prevalent when proline or sarcosine are present.6’7 
However, the reaction described here occurs under very 
mild conditions and is apparently without precedent.

It seems likely that the ability o f  gem -dim ethyl groups to 
enhance the rate o f cyclization reactions by  “ stereopopula
tion control” 8,9 plays a role in the reaction o f the 2-m eth- 
ylalanylpeptides reported here. Consideration o f  space-fill
ing models o f  2-m ethylalanylprolyltryptophan suggests 
that in rotational isomer b the gem -dim ethyl group could 
force a free amino group very close to  the carbonyl carbon 
o f  the proline-tryptophan peptide bond, thus favoring the 
form ation o f a tetrahedral intermediate at this position. 
Expulsion o f tryptophan from  the intermediate would lead 
to the diketopiperazine observed. Conform er b  is expected 
to be present in low, but not zero, concentration.2

W e have abandoned attempts to obtain the title com 
pound and its fluorinated analogues since it seems likely 
that, even if  these materials could be prepared and puri
fied, they would decom pose according to  eq 2 in aqueous 
solution.

Experimental Section10

2-Methylalanine (Baker), L-proline (Mann), L-tryptophan 
(Mann), carbobenzyloxy chloride (Aldrich), and dicyclohexylcar- 
bodiimide (Aldrich) were used as obtained from commercial 
sources. The cis and trans isomers of 4-fluoroproline were pre
pared by the method of Gottlieb et al.1 as previously described.11 
Preparation of carbobenzyloxy-2-methylalanine followed pub
lished procedures;5 amino acid methyl ester hydrochlorides were 
prepared with methanolic HC1.12

CarbobenzyIoxy-2-methylalanyI-L-proIine Methyl Ester. 
To a solution of proline methyl ester hydrochloride (1.65 g, 0.010 
mol) in 15 ml of dichloromethane was added triethylamine (1.4 
ml), and the solution was mixed with a solution of carbobenzyloxy- 
2-methylalanine (2.60 g, 0.011 mol) in 15 ml of dichloromethane at 
0 °C. Then dicyclohexylcarbodiimide (2.10 g, 0.010 mol) was added 
and the solution was stirred overnight at room temperature. Dicy- 
clohexylurea was removed by filtration, and the filtrate was 
washed with 1 M HC1, water, and 1 M sodium bicarbonate, and fi
nally dried over anhydrous sodium sulfate. The solvent was evapo
rated in vacuo to yield 2.86 g (82%) of the protected dipeptide as 
an oily product. Additional dicyclohexylurea was removed by dis
solving the oil in ethyl acetate and filtering. A NMR spectrum 
(CDCI3) of the crude oil showed S 1.5 (doublet, 6 H), 1.8 (broad 
band, 4 H), 3.6 [broad band, 5 H including a singlet at 3.6 ppm (~3 
H)j, 4.5 (broad peak, ~1 H), 5.1 (singlet, 2 H), 6.2 (broad singlet, 1 
H), and 7.1 (singlet, ~5 H).

Carbobenzyloxy-2-methylalanyl-L-proline. Crude carboben- 
zyloxy-2-methylalanyl-L-proline methyl ester (1.02 g, 0.015 mol) 
was dissolved in 10 ml of methanol, and 1.0 ml of 4 M NaOH was 
added. The resultant solution was let stand for 16 h at room tem
perature. At the end of this time, the solution was diluted with 20 
ml of water and extracted with ether. The ether layer was discard
ed. The aqueous layer was acidifed with concentrated HC1 and ex
tracted twice with ethyl acetate. The organic layer was washed 
with saturated NaCl solution and dried over anhydrous sodium 
sulfate, and the solvent was evaporated to yield 0.70 g (72%) of the 
oily carbobenzyloxy dipeptide. The NMR spectrum (CDCL) of 
the crude oil showed the disappearance of the singlet (3 H) at 3.6 
ppm, but the rest of the spectrum was virtually the same as that of 
the corresponding carbobenzyloxy dipeptide methyl ester.

Carbobenzyloxy-2-m ethylalanyl-L-prolyl-L-tryptophan  
Methyl Ester. The preceding crude carbobenzyloxy dipeptide was 
coupled to tryptophan methyl ester hydrochloride by the same 
procedure described above for formation of the 2-methylalanyl-
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prolyl peptide bond. The product was recrystallized from chloro
form to obtain white crystals, mp 155-156 °C. The 'H NMR spec
trum in CD3OD had resonances at 5 1.5 (doublet, 6 H), 1.8 (broad 
multiplet, 4 H), 3.6 (singlet, 3 H), 5.1 (singlet, 2 H), and 7.3 [multi- 
plet, 10 H, including a singlet in the center (~5 H)]; other peaks 
were obscured by residual protons in the solvent.

Carbobenzyloxy-2-methylalanyI-L-proIyl-L-tryptophan was 
prepared from the above carbobenzyloxy tripeptide methyl ester 
in the same manner as was done at the dipeptide stage of the syn
thesis. The product was obtained in 82% yield and was recrystal
lized from methanol to afford white crystals, mp 158-159 °C. The 
mass spectrum exhibited a parent ion at m/e 520 and the 'H NMR 
spectrum, in acetone-d6, showed signals at 5 1.5 (broad singlet, 6 
H), 1.8 (multiplet partially obscured by residual solvent peaks), 3.3 
(singlet, 3 H), 3.5-4.7 (broad complex region, 6 H), 5.0 (singlet, 2 
H), and 7.2 [complex multiplet, 10 H, including a singlet in the 
center (~5 H)]. The singlet at 3.3 ppm (3 H) represents a solvating 
molecule of methanol found in the crystalline material.

Anal. Calcd for C28H32N406-CH30 H: C, 63.03; H, 6.57. Found: 
C, 62.94; H, 6.29.

Carbobenzyloxy-2-m ethylalanyl-c/s-4-fluoro-L-proIyl-L- 
tryptophan and carbobenzyloxy-2-methylalanyl-irans-4-flu- 
oro-L-prolyl-L-tryptophan were prepared by exactly the same 
methods as the unfluorinated carbobenzyloxy tripeptide described 
above. As in the unfluorinated case, the cis- and frares-4-fluo- 
roprolyl peptide derivatives afforded carbobenzyloxy dipeptide 
methyl esters (85 and 78%, respectively) and carbobenzyloxy di
peptides (70 and 73%, respectively) which were oils, whereas the 
carbobenzyloxy tripeptide methyl esters (79% mp 109.5-111 °C, 
and 76%, mp 158-159 °C, respectively) and carbobenzyloxy tripep
tides (80%, mp 190-191 °C, and 85%, mp 126-127 °C, respectively) 
were crystalline. Each step in these syntheses went smoothly, and 
1H NMR spectra were consistent with the expected products at 
each step. The 'H  NMR spectrum of the protected tripeptide con
taining ci's-fluoroproline showed signals at 8 1.4 (unsymmetrical 
doublet, 6 H), 2.1-2.6 (broad band, 2 H), 5.6 (broad peak, 0.5 H), 
and 7.2 (broad, complex multiplet, 10 H). A number of peaks, some 
partially obscured by signals from residual protons of the solvent 
and spinning side bands, were observed between 8 3.0 and 5.0. The 
1H NMR spectrum (CD3OD) of the corresponding trans isomer 
had 8 1.4 (doublet, 6 H), 1.8-2.5 (broad multiplet, 2 H), 2.7-4.9 (a 
number of resonances, many partially obscured by residual solvent 
signals and spinning side bands), 5.0 (singlet, 2 H), 6.0 (broad 
peak, 0.5 H), and 7.2 (broad complex multiplet, 10 H).

Carbobenzyloxyglycyl-L-prolyl-L-tryptophan was synthe
sized from carbobenzyloxyglycyl-L-proline (Sigma) by the same re
actions described above, affording the carbobenzyloxy tripeptide 
methyl ester in 75% yield and carbobenzyloxy tripeptide in 79% 
yield. Both products were solids upon exhaustive evaporation of 
solvent, but could not be recrystallized, possibly because of traces 
of dicyclohexylurea present. The impure carbobenzyloxy tripep
tide product had a 'H  NMR spectrum (CDC13) containing signals 
at 8 5.0 (singlet, 2 H), 6.0 (broad peak, 1 H), and 7.1 (complex mul
tiplet, 10 H).

Carbobenzyloxy-L-alanyl-L-prolyl-L-tryptophan was syn
thesized from carbobenzyloxy-L-alanyl-L-proline (Sigma) by reac
tions similar to those used above. The saponification of the methyl 
ester resulted in a solid rather than an oily precipitate on addition 
of concentrated HC1. This solid was not readily extracted into 
ethyl acetate and was collected by vacuum filtration, washed with 
cold water, and dried (mp 171-173 °C). NMR (CD3OD) of this 
unpurified solid had 8 1.2 (doublet, 3 H), 1.9 (broad band, 4 H), 5.0 
(singlet, 2 H), and 7.3 (complex multiplet, 10 H). The solvent sig
nals made accurate integration of other parts of the spectrum un
reliable.

Hydrogenolyses of the carbobenzyloxy tripeptides were carried 
out by bubbling H2 through a magnetically stirred solution of 0.4 
mmol of the material in 14 ml of methanol; ~100 mg of 10% Pd/C 
was used as the catalyst.

The peptide syntheses and hydrogenolyses were monitored by 
TLC using Eastman Chromogram silica gel plates developed with 
a mixture of 1-butanol (63 ml), glacial acetic acid (23 ml), and 
water (14 ml). Plates were visualized with ninhydrin spray and io
dine vapor.

*H NMR spectra were recorded on a Varian Associates T-60 or 
HA-100 spectrometer using, as appropriate, deuterium oxide, ace- 
tone-dg, deuteriochloroform, or deuterated methanol as solvents; 
chemical shifts are given relative to tetramethylsilane. Mass spec
tra were determined with an AEI MS-902 mass spectrometer. Mi
croanalyses were performed by Chemalytics, Inc., Tempe, Ariz.
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D iels-A lder cycloadditions o f  trans,trans- 1,4-diacetoxy- 
butadiene (1) with electrophilic olefins provide one valu
able source o f  highly oxygenated six-m em bered carbo- 
cycles1 which we have had occasion to  explore. In this note 
we disclose further details regarding the reactivity o f  1 as a 
diene com ponent. W e also describe the outcom e o f experi
ments which bring im portant new results to bear on some 
previously described cycloadditions.

The condensation o f 1 with acrylic acid and its esters has 
been the subject o f  some debate, focusing on the stereo
chem istry o f  the adduct 2.2- 4 Com prehensive N M R  spec
troscopic data have been gathered by Raphael,5 Hill,6 and 
Smissman7 in support o f  the all-cis stereochemistry (shown 
in 2) predicted from  an endo transition state. W e have pre-
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OAc

OAc
1 2,R =  COCH3

3, R =  H
4

pared this adduct (mp 141-143 °C ) and now present ch em 
ical evidence consistent with the all-eis assignment.

Saponification o f 2 (10% NaOH, 0 °C , 2 h) proceeds 
w ithout elim ination to  afford th e d ih yd roxy  acid 3. W h en  
subjected to p-toluenesulfonic acid in chlorobenzene at re
flux 3 is transform ed into the bicyclic y-lactone 4 in 85% 
yield after distillation. Consistent with its structure, 4 
form s a customary dibrom o derivative 5 and can as well be 
oxidized (Jones reagent) cleanly to the bicyclic enone 6.

This lactonization thus provides chemical affirmation o f 
the stereochemical assignment in 2.

W e have also investigated for the first time addition o f 1 
with more highly functionalized acrylate derivatives. A l
though 1 with fumaric acid affords only phthalic anhydride 
under a variety o f  conditions, the ene-tetraester 7 can be

OAc
CH.O.C

1 +
CO,CH:,

COjCH;,

I  CO,CH3 
OAc

obtained in 76% yield (recrystallized) after boiling an equi
molar mixture o f  1 and dim ethyl fumarate in xylene for 24 
h. Surprisingly the crude reaction mixture gives no evi
dence o f  any arom atic by-p rodu cts. Hill has reported the  
utility o f  1 in constructing substituted aromatic rings by d i
rect cycloaddition with acetylenic dienophiles and subse
quent elimination o f acetic acid.8 In that work, a mixture o f 
1 and dim ethyl acetylenedicarboxylate when heated at 110 
°C  (no solvent) furnished 8. W e have repeated this experi
ment in toluene at reflux (50 h) and found, in contrast, that 
a 70% (distilled) yield o f  the cyclohexadiene 9 may be ob-

OAc
CO,CH:,

COjCH;,
-HOAc

1 +

CO..CH;,

COjCH.

OAc

OAc

tained consistently. E fforts to extend this useful 1,4-cyclo- 
hexadiene synthesis to propiolic acid and ethyl propiolate 
were far less successful. In both cases numerous products in 
addition to diene were formed. None o f these was acetylsal- 
icylic acid (ethyl ester) or m  -acetoxybenzoic acid (ethyl 
ester), the expected aromatic derivatives.

As part o f  another project we required the previously un
prepared adduct o f  1 with phenylm aleic anhydride.9 This

10

bicyclic anhydride 10 (mp 160—162 °C) could be isolated in 
52% yield (xylene, reflux) as a mixture (ca. 10:1) o f  unas
signed stereoisomers which were separable by high-pres
sure liquid chromatography. In other cycloadditions we 
have surveyed for purposes o f  natural product synthesis, no 
reaction could be engendered between 1 and ethyl cinna- 
mate, ethyl p-nitrocinnam ate, or cinnamoyl chloride.

Experimental Section

Melting points were determined in capillaries and are uncorrect
ed. NMR spectra were recorded on a Varían A-60A spectrometer 
with tetramethylsilane as an internal standard. Infrared spectra 
were determined on a Perkin-Elmer 137 spectrophotometer. Mass 
spectra were carried out using a computerized AEI MS-902 instru
ment. Microanalyses were performed by Galbraith Laboratories, 
Knoxville, Tenn.

a/I-cis-2,5-Dihydroxycyclohex-3-enecarboxylic acid (3).
a//-cis-2,5-Diacetoxycyclohex-3-enecarboxylic acid (2,3 1.00 g, 4.13 
mmol) was stirred with 10% aqueous NaOH solution (10 ml) at 0 
°C for 2 h. While cold, the solution was acidified to pH 3 (10% 
H2SO4) and washed with three 25-ml portions of ether. The aque
ous layer was evaporated to dryness under vacuum (0.5 mmHg) 
and the residue stirred overnight with 50 ml of distilled THF. The 
supernatant was dried (MgS04), filtered through Celite, and con
centrated to yield 0.524 g (80%) of 3, mp 155-157 °C after tritura
tion with cold ether: NMR S (DzO) 5.90 (d, 2 H, J  = 2 Hz), 4.1-4.5 
(m, 2 H), 2.78 (d of t, 1 H, J  = 12, 4, 3 Hz), 1.28-2.33 (complex m, 2 
H); ir (nujol) 3.15. 5.76, 5.99 ¡i.

Anal. Caled for C7H10O4: C, 53.2; H, 6.4. Found: C, 53.2; H, 6.4.
Preparation of 6-Oxo-7-oxabieyclo[3.2.1]oct-2-en-4-ol (4).

A 50-ml round-bottom flask containing 3 (0.097 g, 0.615 mmol) 
and a trace (<1 mg) of p-toluenesulfonic acid was fitted with a 
Soxhlet extractor containing a thimble half-filled with CaH2. The 
apparatus was flushed with N2, then chlorobenzene (30 ml, deaer
ated for 15 min in a stream of N2) added. The mixture was heated 
at reflux for 6 h. After removal of solvent at reduced pressure the 
residue was stirred with solid NaHCO;¡ in CHC13 for 30 min and 
filtered, and the filtrate was concentrated. Kugelrohr distillation 
(140 °C, 0.2 mm) afforded 0.073 g (85%) of lactone 4 as a colorless 
solid: mp 79-84 °C; NMR b (CDCI3) 6.33 (d of d, 1 H, J  = 9, 5 Hz), 
5.91 (broad d, 1 H, J  = 9 Hz), 4.83 (broad d, 1 H, J  = 5 Hz), 4.68 
(m, 1 H), 3.78 (s, 1 H, hydroxyl), 3.10 (t, 1 H, J = 5 Hz), 2.55 (d of 
t, 1 H, J = 12, 5 Hz), 2.11 (d, 1 H, J  = 12 Hz); ir (CHCI3) 5.63 M; 
mass spectrum (Cl, methane) m/e 141 (M + 1), 123 (base).

Anal. Caled for C7H8O3: C, 60.0; H, 5.8. Found: C, 60.0; H, 5.7.
Preparation of 4,6-Dioxo-7-oxabicyclo[3.2.1]oct-2-ene (6). 

Oxidation of 4. A solution of the lactone 4 (0.047 g, 0.336 mmol) in 
acetone (5 ml) was chilled to 0 °C. Standard Jones reagent was 
added dropwise until the red color of the reagent persisted. Excess 
oxidant was destroyed with isopropyl alcohol, then sufficient water 
added to dissolve the chromium salts. Three ether extractions af
forded 0.023 g (50%) of the enone as a yellow oil: NMR b (CDCI3) 
7.42 (d of d, 1 H, J  = 10, 5 Hz), 6.01 (d, 1 H, J = 10 Hz), 5.17 
(broad t, 1 H), 3.64 (m, 1 H), 2.89 (m, 2 H); ir (film) 5.60, 5.88 g.

Cycloaddition of 1 with dimethyl fumarate. A solution of di
methyl fumarate (1.695 g, 11.76 mmol) and l 10 (2.000 g, 11.76 
mmol) in deaerated xylene (50 ml) was heated at reflux for 24 h 
under N2. Removal of the solvent at reduced pressure, then crys
tallization of the residue from 1:2 benzene-hexane afforded 2,812 g 
(76%) of 7 as fine, colorless needles: mp 129-131 °C; NMR b 
(CDCI3) 5.98 (m, 2 H), 5.62 (m, 2 H), 3.72 and 3.71 (overlapping 
singlets, 6 H), 3.18 (d of d, 2 H, J = 6, 1.5, 1.5 Hz), 2.10 (s, 3 H),
2.00 (s, 3 H); ir (CHCI3) 5.75 M.

Anal. Caled for Ci4H180 8: C, 53.5; H, 5.8. Found: C, 53.6; H, 5.7.
Cycloaddition of 1 with Dimethyl Acetylenedicarboxylate.

Dimethyl acetylenedicarboxylate (0.302 g, 2.14 mmol) and 1 (0.200 
g, 1.18 mmol) were dissolved in deaerated toluene (15 ml) and the 
solution heated at reflux under N2 for 48 h. Removal of the solvent 
at reduced pressure followed by Kugelrohr distillation (100-150 °C
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at 0.1 mm) from a base-washed flask yielded 0.355 g (70%) of color
less oil which solidified on standing in the freezer (mp 56-61 °C): 
NMR 5 (CDC13) 6.08 (a, 4 H), 3.85 (s, 6 H), 2.12 (s, 6 H); ir (CHC13)
5.75,-6.05 y; mass spectrum (Cl, methane) m/e 313 (M + 1), 222 
(base). After one recrystallization. from 2:1 cyclohexane-hexane 
the. adduct 9 had mp 64-67° (recovery 56%). <■' .

Anal. Calcd fpr C14Hi60 8: C, 53.8; H, 5.2. Found: C, 54.1; H, 5.2.
Cycloaddition of 1 with Phenylmal.eic Anhydride. Phenyl- 

maleic anhydride (0.870 g, 5.0 mmol) and 1 (0.750 g, 5.0 mmol) in 
xylene (25 ml, deaerated) were heated at reflux under N2 for 40 h. 
Removal of the solvent at reduced pressure followed by crystalliza
tion (1:2 benzene-hexane) gave 0.900 g (50%) of 10 as fine, pale 
yellow needles: mp 160-162 °C; NMR 5 (CDC13) 7.46 (s, 5 H), 6.20 
(d, 2 H, J  = 2 Hz), 5.72 (d of d, 1 H, J = 8, 2 Hz), 5.64 (d, 1 H , J -  
2 Hz), 4.19 (d, 1 H, J  = 8 Hz), 2.20 (s, 3 H); 2.05 (s, 3 H); ir (CHCI3
5.36, 5,58, 5.71 y; mass spectrum m,/e 284 (M — 60), 43 (base).

Anal. Calcd for Ci8H i60 7: C, 62.8; H, 4.7. Found: C, 63.0; H, 4.6.
Analysis of this product by high-pressure liquid chromatogra

phy11 (Porasil, eluting with CH2CI2) indicated two isomers with 
the major (ca. 10:1) having a longer retention time.
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The preparation of tetrahydroisoquinolines devoid of 
substituents in one of the aromatic rings, such as le and 2e, 
by standard methods was recently described.1 We now re
port the novel synthesis of related compounds based on the 
preferential O-demethylenation of dimethoxymethylenedi- 
oxy-substituted isoquinolines with boron trichloride2 fol
lowed by elimination of the resulting catechol function via 
hydrogenolysis of the bistetrazoyl ether intermediate.3

To demonstrate the feasibility. of removing a catechol 
function from a tetrahydroisoquinoline, the dimethoxyca- 
techol lb4 was treated with 2 equiv of 5-chloro-l-phenyl- 
1 H-tetrazole in refluxing acetone containing anhydrous 
K 2CO3 to furnish 70% of the bistetrazoyl ether lc . Hydro
genation of lc  in acetic acid over Pd/C then provided 80%

of the known6 dimethoxy-substituted tetrahydroisoquino
line Id.

In applying this procedure to the selective removal of a 
methylenedioxy group from an isoquinoline, the dimethox- 
ymethylenedioxy tetrahydroprotoberberine 2a, obtained 
by borohydride reduction of the commercially available al
kaloid berberine,6 was O-demethylenated with 2 mol of 
boron trichloride in methylene chloride to provide 95% of 
the known7 dimethoxycatechol 2b. Etherification of 2b 
with ,5-chloro-l -phenyl-lH-tetrazole gave 95% of the biste
trazoyl ether, 2c which was then hydrogenblyzed to form 
64% of the dimethoxy tetrahydroprotoberberine 2d (58% 
overall from 2a).
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R, Ra
a - och2o - Me
b OH OH Me
c * * Me
d H H Me
e H H H

C6H,

Finally, to test whether hydrogenolysis of an optically 
active substrate would cause. racemization, the (+)-di- 
methoxydiphenolic phthalide 3b, obtained in 81% yield by 
treating the alkaloid (—)-(3-hydrastine (3a) with boron tri
chloride,2 was converted into the (+ ) -bistetrazoyl ether 3c 
(85% yield). Catalytic hydrogenation of 3c in the presence 
of Pd/C then afforded 90% of the (—)-dimethoxyphthalide 
3d whose 1R,9£> configuration was indicated by its NMR, 
ORD, and CD spectra.

Based on the above transformations, the novel elimina
tion of a methylenedioxy group from a dimethoxymethy- 
lenedioxy isocuinoline has provided a facile route to a di
methoxy-substituted benzylisoquinoline, a tetrahydropro
toberberine, and a p h t h a 1 i d e i s o q u i n o I i n e. The method ap
pears to be applicable to secondary as well as tertiary 
amines and in the instant example did not affect the chiral 
centers of the substrate. Extension of this approach to 
other optically active isoquinolines is presently under in
vestigation.

Experimental Section8
6 ,7 -B is(l-p h e n y l-l H -tetrazol-5-yloxy)-l-(3,4-d im eth oxy- 

benzyl)-l,2,3,4-tetrahydroisoquinoline Hydrochloride (lc  
HC1). A mixture of 5.3 g (15 mmol) of 6,7-dihydroxy-l-(3,4-di- 
methoxybenzyl)-l,2,3,4-tetrahydroisoquinoline hydrochloride5 (lb  
HC1), 6 g (30 mmol) of 5-chloro-l-phenyl-IH-tetrazole, and 6.8 g 
(50 mmol) of anhydrous potassium carbonate in 300 ml of acetone 
was stirred and refluxed for 48 h, cooled, and filtered. The filtrate 
was evaporated, and the- residue dissolved in ethanolic hydrogen 
chloride, evaporated, and crystallized from acetonitrile to give 6.6 
g (70%) of lc  HC1: mp 192-193 °C; NMR & 2.8-3.8 (m, 6, 3 CH2),
3.73 (s, 6, 2 OCH3), 4.48 (m, 1, CH), 6.81 (m, 3, aromatic), 7.48, 7.51 
(2 s, 10, aromatic), 7.80, 7.90 (2 s, 2, aromatic)..

Anal. Calcd for C32H29N90 4-HC1: C, 59.68; H, 4.68; N, 19.70. 
Found: C, 59.24: H, 4.80; N, 19.28.
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l-(3,4-Dim ethoxybenzyl)-l,2,3,4-tetrahydroisoquinoline  
Hydrochloride (Id HC1). A solution of 4 g (6.6 mmol) of lc  in 200 
ml of acetic acid was hydrogenated at 50 psi in the presence of 2 g 
of 10% Pd/C at 40 °C in a Parr apparatus for 17 h and filtered. The 
filtrate was evaporated, the residue distributed between a mixture 
of 100 ml of 2 N hydrochloric acid and ethyl acetate, and the or
ganic layer washed with 100 ml of water. The aqueous layers were 
combined, rendered alkaline with 10% sodium hydroxide, and ex
tracted with ethyl acetate, and the organic phase was acidified 
with ethanolic hydrogen chloride, and evaporated. The residue was 
crystallized from a mixture of ethanol and ether to give 1.7 g (80%) 
of Id HC1, mp 228-230 °C, identical in mixture melting point, 
TLC, and NMR with authentic Id HC1.4

2 ,3-B is(l-p h en yl-lii-tetra zo l-5 -y lo xy)-9 ,10 -d im eth o xy- 
5,6,13,13a-tetrahydro-8if-dibenzo[a,g']quinolizine Hydrobro
mide (2c H Br). To a solution of 6.8 g (20 mmol) of (i)-canadine6 
(2a) in 200 ml of methylene chloride at room temperature was 
added 48 ml of a methylene chloride solution containing 4.8 g (40 
mmol) of boron trichloride. After storage overnight, 50 ml of meth
anol was added over 15 min, the mixture evaporated, and the resi
due crystallized from methanol to give 5.8 g (80%) of 2,3-dihy- 
droxy-9,10-dimethoxy-5,6,13,13a-tetrahydro-8H-dibenzo[a,g]qui- 
nolizine hydrochloride (2b HC1): mp 259-261 °C; NMR 6 2.6-3.7 
(m, 8, 4 CH2), 3.77, 3.79 (2 s, 6, 2 OCH3), 4.2-4.8 (m, 1, CH), 6.08 
(s, 1, aromatic), 6.15 (s, 1, aromatic), 7.01 (s, 2, aromatic), 8.91, 9.15 
(b, 2, 2 OH).

Neutralization of the above hydrochloride followed by acidifica
tion with hvdriodic acid and crystallization from methanol afford
ed 2b HI, mp 200-202 °C (lit.7 mp 201-203 °C).

In a manner similar to the procedure for lc  HC1, 3.3 g (10 mmol) 
of 2b HC1, 4 g (20 mmol) of 5-chloro-l-phenyl-lH-tetrazole and 4.5 
g (33 mmol) of anhydrous potassium carbonate in 200 ml of ace
tone afforded 6.5 g (95%) of 2c HBr: mp 205-207 °C (from acetoni
trile); NMR <5 2.9-4.2 (m, 6, 3 CH2), 3.80 (s, 6, 2 OCH3), 4.2-5.2 (m, 
3, CH2 + CH), 7.04 (s, 2, aromatic), 7.50, 7.53 (2 s, 10, aromatic),
7.84, 8.02 (2 s, 2, aromatic).

Anal. Calcd for C33H29N90 4-HBr: C, 56.90; H, 4.34; N, 18.10. 
Found: C, 56.89; H, 4.33; N, 18.35.

9,10-Dimethoxy-5,6,13,13a-tetrahydro-8H-dibenzo[a,g']- 
quinolizine Hydrochloride (2d HC1). By the procedure given for 
the preparation of Id HC1, 10 g (16 mmol) of 2c in 200 ml of acetic 
acid was hydrogenated in the presence of 3 g of 10% Pd/C to give 3 
g (64%) of 2d HC1: mp 234-235 °C (from ethanol); NMR S 2.7-3.9 
(m, 6, 3 CH2), 3.76, 3.78 (2 s, 6, 2 OCH3), 4.45 (b, 3, +NCH2C6H6 + 
CH), 6.99 (s, 2, aromatic), 7.24 (s, 2, aromatic), 7.38 (b, 2, aromat
ic), 12.0 (b, 1,NH+).

Anal. Calcd for Ci9H21N 02-HCl: C, 68.77; H, 6.68; N, 4.22. 
Found: C, 68.54; H, 6.69; N, 4.35.

(+)-l(Ji)-l-[3(S)-6,7-Dim ethoxyphthalidyl]-2-m ethyl-6,7- 
bis( 1 -phenyl-1 ff-tetrazol-5-yloxy) - 1 ,2,3,4-tetrahydr oisoquin- 
oline (3c). In a manner similar to the procedure for lc  HC1, 11 g 
(30 mmol) of (+)-l-(R)-[6,7-dimethoxy-3-(S)-phthalidyl]-6,7-di- 
hydroxy-2-methyl-l,2,3,4-tetrahydroisoquinoline hydrochloride2 
(3b HC1), 12 g (66 mmol) of 5-chloro-l-phenyl-lH-tetrazole, and 9 
g (66 mmol) of anhydrous potassium carbonate in 600 ml of ace
tone provided, after crystallization from ethyl acetate, 16.7 g (85%) 
of 3c: mp 162-163 °C; [<*]d  +9.0° (c 0.5, CHC13); NMR (CDC13) 6 
2.20-3.36 (m, 4, CH2CH2), 2.60 (s, 3, NCH3), 3.9, 4.03 (2 s, 3 each, 2 
OCH3), 4.08, 5.58 (AB, 2, -Jvic = 4 Hz, CHCH), 6.86, 7.18 (AB, 2, 
J ortho = 8.5 Hz, aromatic), 7.18 (s, 1, aromatic), 7.39, 7.43 (2 s, 10, 
aromatic), 7.56 (s, 1, aromatic); uv max 220 nm (« 53 000), 235 
(11 900) (infl), 278 (2700) (infl), 310 (4400); ORD (c 0.659, 50% 
MeOH in 0.1 N HC1) [0]6sc +920°, [0]589 + 320°, [4>]250 +75 000° 
(pk), [</>]2i8 -300 000° (tr); CD (c 0.659, 50% MeOH in 0.1 N HC1)
[0]s48 0, [0]3i8 -3200, [0j29O 0, [0]276 +11 500, [0]232 + 23 2 5 00, [0]219 
0, [0]205 -290 000, [0]2OO -185 000.

Anal. Calcd for C34H29N90 6: C, 61.91; H, 4.43; N, 19.11. Found: 
C, 62.03; H, 4.36; N, 19.23.

( -) -l-(R )-[3 (S )-6 ,7 -D im e th o x y p h th a lid y l] -2 -m e th y l- 
1,2,3,4-tetrahydroisoquinoline (3d). By the procedure given for 
the preparation of Id HC1, 7 g (10 mmol) of 3c in 200 ml of acetic 
acid was hydrogenated in the presence of 3 g of 10% Pd/C to give, 
after crystallization from a mixture of ether and petroleum ether 
(bp 30-60 °C), 3.1 g (90%) of 3d: mp 89-90 °C; [a ]D  -27.4° (c 0.5, 
CHCla); NMR (CDC13) S 2.10-3.00 (m, 4, CH2CH2), 2.56 (s, 3, 
NCH3), 4.00 (2 s, 3 each, 2 OCH3),4.10, 5.52 (AB, 2, Jvic = 4 Hz, 
CHCH), 6.28, 7.00 (AB, j mtho = 8.5 Hz, aromatic), 6.90 (m, 1, aro
matic), 7.12 (m, 3, aromatic); uv max 209 nm (t 36 500), 263 (1130) 
(sh), 272 (1150), 310 (4150); ORD (c 0.679, MeOH) [0]65O +220°,
[0]589 +275°, [<t>]420 + 5 1 0°, [</>]4oo +520°, [0l38o +470°, [<p]305

+5300°, [0]294 +7400° (pk), [0]283 + 7 100° (tr), [</>]23i +45 000° 
(pk), [</>]209 -137 500° (tr); CD (c 0.679, MeOH) [0]365 0, [0]3i5 
-6500, [fl]285 -1000, [0]258 -  4100, [0]25o 0, [0]236 +35 000, [0]22O 
+118 750, [0 ]2O7 0, [0 ]2OO -81  250.

Anal. Calcd for C20H2iNO4: C, 70.78; H, 6.24; N, 4.13. Found: C, 
70.55; H, 6.27; N, 4.03.
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H ydrogen bonding in the m onoanions o f dicarboxylic 
acids has received much study since Brown and M cDaniel 
suggested that extraordinarily high K\/K2 ratios arise from  
it.1 Eberson and W adso2 concluded that it is responsible 
for ratios greater than about 10 000, and Dygert, Muzii, 
and Saroff3 proposed that it m ight be im portant in com 
pounds with ratios larger than 1200.

Proton transfer rates confirm this interpretation. Eyring 
and co-workers have studied two families o f  dicarboxylic 
acids, and found that the rate o f  proton removal by hy
droxide ion from  the monoanion is inversely related to the 
strength o f the hydrogen bond.4 W ith dialkyl substituted 
malonic acids, the hydrogen bond strength is seemingly 
closely related to the bulk o f the substituent groups. T he 
diisopropyl com pound has the greatest K 1/ K 2 ratio and the 
smallest k{ for proton removal. It was suggested that 
spreading the angle between the alkyl groups results in d e 
creasing the angle between the carboxyl groups, and that 
“ closing the jaws”  produces a stronger hydrogen bond.4*5

In this connection, a study o f 1,1-cyclopropanedicarbox- 
ylic acid seemed o f interest. X -ray crystallography has re-
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Table I. Calculated Rate Constants, 25 °C, fi = 0.1 M (KNO3)

k{ X 10 8, l./mol s kf X 10 8, l./mol s
pH Total acid" X 104 Total indicator6 X 10® r X 104, sc uncorrd ae corr7

8.14 2.610 5.439 2.65 1.07 1.10 2.17
8.33 5.150 8.000 1.91 1.11 1.06 2.20
8.37 5.150 12.23 2.06 1.11 1.47 2.57
8.37 5.150 17.29 2.02 1.13 2.08 3.18
8.39 5.150 10.299 2.09 1.14 1.17 2.33
8.44 2.610 5.439 3.72 1.31 0.54 1.90
8.52 5.208 4.786 2.62 1.14 0.38 1.53
8.62 5.208 2.393 2.73 1.31 0.14 1.47
8.66 2.604 4.786 3.89 1.72 0.24 2.02
8.69 2.604 8.000 3.83 1.80 0.37 2.25
8.80 2.083 2.393 4.48 1.93 0.08 2.01
8.84 2.604 2.393 4.08 1.89 0.07 1.96
8.84 1.572 2.393 4.46 2.25 0.07 2.31

0 Total acid = [A2-] +  [HA"] + 
three runs. d Calculated from eq 4.

[H2A], b Cresol red; pK  (/u = 0.1) = 8.20 (ref 4b). c Each relaxation time is an average of at 
e Correction factor defined in eq 2. f Calculated from eq 2.

vealed an angle o f  118.3° between the carboxyl groups in 
this com pound,5 as contrasted to a corresponding angle o f  
110° in malonic acid.6 This angle should be even less in the 
disubstituted malonic acids. The results o f  a temperature 
jum p study o f eq 1 are presented here.

0

is. ,c— 0«. *, | \ X ’° r
X  -  ,.'H + OH- ^  + H20  (1)

^  C— O ^  CO,
II
0

Experimental Section
1,1-Cyclopropanedicarboxylic acid was prepared by saponifica

tion of the commercially available (Aldrich) diethyl ester. Recrys
tallization from ethyl acetate-petroleum ether (bp 36-60 °C) gave 
white crystals, mp 140-140.5 °C (lit.7 mp 136 °C). All other re
agents were commercially available reagent grade materials that 
were used without further purification.

Solutions for measurement were prepared by mixing appropri
ate aliquots of 1.0 M potassium nitrate, ~1 X 10~2 M 1,1-cyclopro- 
panedicarboxylic acid, and ~1 X 10-4 M indicator solution, and di
luting with distilled, demineralized, freshly boiled water. The pH 
was adjusted by addition of a few drops of ~0.1 N sodium hydrox
ide. Stock solutions of cresol red were prepared in 95% ethanol. 
Final solutions thus contained ~0.5% (volume) ethanol, which was 
shown to have no effect on the heating time constant, and were 0.1 
M in potassium nitrate. Final concentrations are shown in Table I. 
A portion of the solution for measurement was transferred to a 
tightly capped vial and thermostatted at 25 °C. The pH was re
corded by means of a calibrated Orion 801 digital meter and a Sar
gent combination electrode. The remainder of the solution was 
thermostatted at 18 °C prior to the temperature jump experiment.

Temperature jump measurements were performed at 573 nm, 
the Xmax for cresol red, with a Durrum Instruments Model D-150 
rapid kinetics spectrophotometer. Nominal jumps of 7 °C were ef
fected. All analyses gave correlation coefficients of better than 
—0.99. Each relaxation time reported is the average of at least 
three measurements. The individual runs usually agreed to better 
than ±7%, and never exceeded ±15% deviation from the mean.

“ Mixed” ionization constants were determined potentiometri- 
cally using a glass electrode and a calomel reference in solutions 
prepared so that m = 0.1 M (potassium nitrate) at the midpoint of 
the titration.8 Calculations were done as outlined by Albert and 
Serjeant.9 Duplicate runs to establish p ifj1 using carbonate-free 
0.1 N potassium hydroxide showed a scatter of ±0.02 pK  units, 
while triplicate runs for p u s i n g  carbonate-free 1.0 N potassium 
hydroxide gave a scatter of ± 0.01 pK  units.

Results and Discussion
German, Jeffrey, and Vogel reported therm odynam ic pK  

values o f  p K 1 =  1.82 and p K j  = 7.43 for 1,1-cyclo-

propanedicarboxylic acid.10 The corresponding values o f 
the “ m ixed”  p K ’s at n = 0.1 M  have now been found to be 
p K ?  =  1.61 ±  0.02 and pK f  =  7.316 ±  0.01. The K 1/ K 2 
ratio (“ m ixed”  constants) is therefore 509 000.

Rate constants for the forward reaction o f  eq 1 were eval
uated using the coupled indicating equilibrium technique 
that has been detailed by Eigen and Kruse,11 and elabo
rated by Eyring and co-workers.4 The expression relating 
reaction time to rate constant is given in eq 2

r - 1 =  fe; ( [H A -] / ( l  +  « )  +  [O H -] +  K J K 2) (2)

in which K w is the ion product o f  water, K 2 is the second 
ionization constant o f  the acid, and a  is the correction term 
[H In_ ] /(K w +  [OH- ]). T he correction term allows for the 
perturbation o f the coupled indicating equilibrium shown 
in eq 3

H In - +  O H " ^  In2"  +  H 20  (3)

and K in refers to the equilibrium constant for this reaction. 
As has been noted,4b-u  when a is small (< ~ 0 .5 ) the correc
tion is small; but as a increases there is an apparent ten
dency for overcorrection. The uncorrected rate constants 
obtained from  eq 4

r - 1 = M [H A -]  +  [OH - ] +  K J K 2) (4)

were shown to be satisfactory with two families o f  com 
pounds.4

Table I contains the results o f  13 runs made using a vari
ety o f  concentrations. T hat the calculated rate constants 
belong to eq 1 can be inferred from  the lack o f indicator ef
fects on the relaxation time. Entries 2 -5  represent runs at 
constant total acid and pH  with varying indicator concen
trations. T he relaxation times for these runs agree quite 
closely, however, suggesting that the indicator is not in
volved in the rate-determining step. The slight upward 
drift o f  the uncorrected rate constants as the pH  is in
creased is thought to be insignificant, considering the wide 
variations o f  concentrations employed. The monoanion to 
hydroxide ion concentration ratio ranges from  32.7 at the 
lowest pH  to  0.87 at the highest.

The best value o f kf can be obtained by use o f  eq 4. A 
p lot for all points o f  1 /r  vs. [H A- ] +  [OH - ] gives a straight 
line (correlation coefficient =  0.989) with least-squares 
slope o f  8.0 X 107 l./m ol s. In close agreement, a plot o f 1/r 
vs. [H A~]/(1 +  2 ) +  [OH- ] (eq 2), using the eight points for 
which a  <  0.55, gives a straight line (correlation coefficient 
= 0.987) with slope o f 9.0 X 107 l./m ol s. The inclusion o f all 
points in this latter plot results in a correlation coefficient
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o f  only 0.722, indicating once again the inadequacy o f the 
correction term when it is large.

Both  the K\lK<i ratio and the kf value place 1,1-cyclopro- 
panedicarboxylic acid in the same position within the series 
o f  substituted malohic acids previously studied. This find
ing reaffirms that the K\lK<i ratio and the k f value are both 
reflections o f  the hydrogen bond strength in the m onoan
ion, but suggests that the hydrogen bond strength is not 
necessarily related to the angle between the carboxyl 
groups.

Registry No.— 1,1-Cyclopropanedicarboxylic acid, 598-10-7; 
monoanion of 1,1-cyclopropanedicarboxylic acid, 58325-50-1.
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Fluoroanthracene and 9,10-difluoroanthracene Eire valuable 
molecules for investigations in magnetic resonance and pho- 
tochemistry.1-2'3 These aryl fluorides are not readily prepared 
by the Schiemann reaction or its modifications.4 Thus, the 
first successful preparation of 9-fluoroanthracene from 9- 
aminoanthracene used nitric oxide as the diazotization re
agent.5 However, 9-aminoanthracene is readily oxidized and 
widely variable amounts of the desired diazonium salt are 
obtained.6 Dewar and Michl circumvented this problem by 
the use of 9-amino-l,2,3,4,5,6,7,8-octahydroanthracene as the 
starting material for conversion to 9-fluoro-l,2,3,4,5,6,7,8- 
octahydroanthracene and thence to 9-fluoroanthracene by 
dehydrogenation.2 However, a new difficulty arises in the 
application of their procedure for the synthesis of 9,10-di
fluoroanthracene because charged substituents in the 10 po
sition greatly enhance the rate of hydrolysis of
l,2,3,4,5,6,7,8-octahydroanthracene-9-diazonium tetrafluo- 
roborate.7 We wish to report a route, Chart I, for the synthesis 
of 9,10-difluoroanthracene in which these hydrolysis reactions 
are minimized. This known compound was previously ob
tained in less than 1% yield as a by-product in the reaction of 
fluorobenzyne with furan8 and in 5% yield by the reaction of 
sulfur tetrafluoride with anthraquinone to yield 9,9,10,10- 
tetrafluoro-9,10-dihydroanthracene followed by iron gauze 
catalyzed defluorination.9

Octahydroanthracene (1) was converted to the diamine 3 
in good yield using known procedures.10 Not unexpectedly,

Chart I

n o 2 n h 2

F F

6 7

the treatment of 3 in aqueous media with nitrous acid pre
pared from either sulfuric, hydrochloric, or fluoroboric acid 
led to small yields of octahydroanthraquinone as the only 
isolable product. This reaction was incomplete because the 
salts of 3 are insoluble in the aqueous media. The use of tet- 
rahydrofuran as a cosolvent provided the quinone in excellent 
yield. As noted, the diazpnium ions of duridines are unstable 
in water;7 this problem is compounded in the diazonium de
rivatives. of 3 with their activating ammonium and diazo 
groups. We were able to circumvent this difficulty through a 
reduction in the polar character of the medium using ethanol 
as a solvent and isoamyl nitrite as the diazotization agent in 
the presence of excess 48% fluoroboric acid. Under these 
conditions, 3 was cleanly and rapidly converted to 4 which 
precipitated. This salt is stable and may be stored for several 
weeks. Salt 4 was decomposed thermally in vacuo to give 5, 
which is a useful intermediate for the preparation of many 
other fluoroanthracenes. Compound 5 was diazotized by the 
procedure used for 3. The product, 6, was precipitated by the 
addition of ether. Diazonium salt 6 is unstable and cannot be 
stored for more than 1 day without noticeable deterioration. 
Thermal decomposition of 6 in vacuo gave 7 in 90% yield. 
Dehydrogenation of 7 with dicyanodichloroquinone proceeded 
successfully to yield 57% of 9,10-difluoroanthracene.

Experimental Section
All melting points are corrected. Varian equipment was used to 

record the NMR spectra at 60 or 100 MHz with tetramethylsilane as 
an internal reference and fluorine NMR spectra at 56.4 or 94.1 MHz. 
Infrared and ultraviolet spectra were recorded with Beckman IR-10 
and Cary 14 instruments,, respectively. Octahydroanthracene (Co
lumbia Organic Chemicals Co.) was used without further purification. 
Microanalyses were performed by Micro-Tech Laboratories, Skokie,
111.

9,l0-Dinitro-l,2,3,4,5,6,7,8-octahydroanthracerie (2). Chloro
form (900 ml) and concentrated sulfuric acid (450 ml) were added to 
a flask fitted with a mechanical stirrer, thermometer, and addition 
funnel. The mixture was cooled to —20 °C and 100% nitric acid (27 
ml) was added cautiously. A solution of octahydroanthracene (27.0 
g, 0.145 mol) in chloroform (150 ml) was added dropwise to the stirred 
acid mixture over 30 min maintaining the temperature below —10 °C. 
The resulting dark red mixture was stirred for 15 min longer, poured 
onto ice, and extracted with chloroform (6 X 300 ml). The extracts 
were combined, washed to neutrality with saturated sodium bicar
bonate solution, and dried over magnesium sulfate. The solvent was 
removed in vacuo. The residue was suspended in ethanol (500 ml) and
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heated to reflux. After cooling the product was collected and washed 
repeatedly with cold ethanol. Air drying provided light tan crystals 
of 2 [29.2 g, 73%, mp 302-305 °C (lit.10 mp 305 °G)j: NMR (CDCI3)
6 1.73 (m, 8 H), 2.54 (m, 8 H); ir (KBr) 1540 (s, N-O), 1375 cm" 1 (s, 
N-O).

9.10- Diamino-l,2,3,4,5,6,7,8-octahydroanthracene (3). A hot
solution of stannous chloride dihydrate (143 g, 630 mmol) in con
centrated hydrochloric acid (180 ml) was cautiously added to a re
fluxing solution of 2 (15.0 g, 54 mmol) in glacial acetic acid (635 ml). 
The mixture refluxed vigorously during the addition of the tin solu
tion. The mixture was refluxed for 18 h. The tin salt was collected after 
the reaction mixture was cooled to ambient temperature. The crude 
solid was washed repeatedly with ether and air dried. The dry tin salt 
was taken up in 20% sodium hydroxide solution (400 ml). The liber
ated amine was extracted into methylene chloride (3 X 200 ml). The 
extracts were washed thoroughly with water and dried over magne
sium sulfate. Removal of the solvent yielded golden crystals of 3 [9.3 
g, 79%, mp 188-189 °C (lit.10188-189 °0)]: NMR (CDCI3) 5 1.82 (m, 
8 H), 2.46 (m, 8 H), 3.13 (s, br, 4 H); ir (KBr) 3300, 3400 (m, N-H), 
1640 cm-1 (s, N-H).

l,2,3,4,5,6,7,8-Octahydroanthracene-9-ammonium-10-diazo- 
nium Fluoroborate (4). A solution of 3 (10.8 g, 50 mmol) in ethanol 
(100 ml) and 48% fluoroboric acid (54.0 g) was cooled to —5 °C. The 
vigorously stirred purple solution was diazotized by the dropwise 
addition of isoamyl nitrite (14.0 g, 120 mmol) with the temperature 
kept below 0 °C. The mixture became greenish-yellow as a precipitate 
formed. Ten minutes after the addition was complete cold ether (250 
ml) was added and the stirring maintained for 5 min longer. The 
bright yellow crystals were collected and washed thoroughly with cold 
ether. Air drying provided 4 (11.6 g, 58%, mp 160 °C dec); NMR 
(CDCI3) 6 1.97 (m, 8 H), 2.58 (m, 8 H); 19F NMR (CDC13) +148.2 ppm 
(s, br) relative to external CFCI3; ir (KBr) 3360 (s, N-H), 2160 (s, 
+N=N), 1660 (s, N-H), 1570 (s, N-H), 1050 cm- 1 (s, br, B-F).

9-Fluoro-l,2,3,4,5,6,7,8-octahydroaiithracene-10-ammoniuin 
Fluoroborate (5). A mixture of 4 (11.7 g, 29 mmol) and sand (120 g) 
was decomposed in a sublimator at 1 Torr and 160 °C over 8 h to yield 
colorless crystals of 5 (6.9 g, 78%, mp 180-182 °C dec): NMR (CDCI3)
5 1.81 (m, 8 H), 2.70 (m, 8 H), 6.42 (s, 3 H); 19F NMR (Me2SO) +120.4 
(s), +146.2 ppm (s), relative to external CFCI3; ir (KBr) 3230 (s, N-H), 
1585 (s, N-H), 1510 (m, N-H), 1080 cm“ 1 (s, br, B-F).

The fluoro amine was liberated by the treatment of 5 with excess 
potassium hydroxide in ethanol. 9-Fluoro-10-amino-l,2,3,4,5,6,-
7,8-octahydroanthracene (mp 107-109 °C) was obtained in quanti
tative yield: NMR (CDCI3) & 1.82 (m, 8 H), 2.58 (m, 8 H), 3.37 (s, br, 
2 H); 19F NMR (CDCI3) +131.1 ppm (s), relative to external CFCI3; 
ir (KBr) 3490,3300 (s, N-H), 2960 (s, C-H), 1660 (s, N-H), 1070 cm“ 1 
(s, C-F); mass spectrum m/e calcd for Ch HisNF, 219.1422; found, 
219.1429; m/e (rel intensity) 219 (100), 218 (13), 217 (12), 203 (6), 191
(24), 190 (7), 176 (10), 161 (7).

Anal. Calcd for Ci4H18NF: C[ 76.68; H. 8.27; N, 6.38; F, 8.66. Found: 
C, 76.91; H, 8.34; N, 6.34; F, 8.59.

9-Fluoro-l,2,3,4,5,6,7,8-octahydroanthracene-10-diazonium 
Fluoroborate (6). A suspension of 5 (6.0 g, 19.5 mmol) in ether (55 
ml) containing 48% fluoroboric acid (6.5 g) was cooled to —5 °C . The 
vigorously stirred mixture was diazotized by dropwise addition of 
isoamyl nitrite (6.5 g, 56 mmol) maintaining the temperature below 
0 °C. Stirring and cooling were maintained for 30 min following the 
addition during which time the mixture became homogeneous. Cold 
ether (500 ml) was added and the mixture stirred vigorously for 5 min 
longer. The yellow precipitate was filtered, washed with cold ether, 
and quickly air dried to yield 6 (5.5 g, 89%, mp 100 °C dec): ir (KBr) 
2240 (s, +N =N ), 1060 cm-1 (s, br, B-F). Because it was unstable, this 
salt was promptly converted to 7.

9.10- Difluoro-l,2,3,4,5,6,7,8-octahydroanthracene (7). A mix
ture of 6 (6.6 g, 21 mmol) and sand (66 g) was decomposed in a subli
mator at 1 Torr and 100 °C for 12 h to give colorless crystals of 7 [4.16 
g, 90%, mp 145-146 °C (sealed tube)]: NMR (CDCI3) 5 1.73 (m, 8 H),
2.56 (m, 8 H); 19F NMR (CDCI3) +126.2 ppm (s), relative to external 
CFCI3; ir (KBr) 1040 (s, C-F), 960, 835 cm“ 1 (s, C-H); mass spectrum 
m/e calcd for C14H16F2, 222.1219; found. 222.1222; m/e (rel intensity) 
222 (100), 221 (9), 220 (8), 194 (89), 193 (12), 181 (17), 180 (20), 179
(24), 178 (6), 177 (14), 167 (6), 165 (16), 164 (13), 151 (10), 146 (7), 133
(6).

Anal. Calcd for C14Hi6F2: C, 75.65; H, 7.26; F, 17.10. Found: C, 75.81; 
H, 7.32; F, 17.00.

9.10- Difluoroanthracene (8). A solution of 7 (4.6 g, 19 mmol) and
2,3-dichloro-5,6-dicyano-l,4-benzoquinone (18.4 g, 81 mmol) in tol
uene (184 ml) was refluxed under nitrogen for 8 h. The solution was 
cooled and filtered. The filtrate was concentrated prior to chroma
tography on neutral alumina (5 X 25 cm) with benzene. Removal of

the solvent provided long yellow needles of 8 [2.58 g, 57%, mp 164-165 
°C (lit.8 170-172 ®C)[: NMR (CDC13) 5 7.51 (m, 4 H), 8.22 (m, 4 H); 
19F NMR (CDCI3) +131.9 ppm (m), relative to external CFCI3; ir 
(KBr) 1030 (s ,, C-F), 1370, 745 cm-1 (s, C-H); mass spectrum m/e 
calcd for CuHsF2, 214.0693; found, 214.0622; m/e (rel intensity) 214 
(100), 107 (9), 94 (5). Recrystallization of the product from ethanol 
did not alter the melting point. Consequently, an analysis was ob
tained.

Anal. Calcd for C14H8F2: C, 78.50; H, 3.76; F, 17.74. Found: C, 78.36; 
H, 3.82; F, 17.55.
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Synthesis of 1-Azacycl[3.2.2]azine
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Som e time ago,1 we expanded the chem istry o f  Boekel- 
heide’s2 cycl[3.2.2]azine (1) to include the synthesis o f  1,4- 
diazacycl[3.2.2]azine (2). This com pound, in strong contrast

1 2

to the acid stability o f  1, is readily hydrolyzed to 5-amm oim- 
idazo[l,2-o]pyridine-3-carboxaldehyde. In addition to this 
derivative, we recently described3 the synthesis o f  2-azacy- 
cl[3.2.2]azine (3) and established, among other chemical 
properties, that this ring system is stable to aqueous acid.

These hydrolytic results prom pted us to  prepare 1-azacy- 
cl[3.2.2]azine (4), a com pound o f “ intermediate”  structure 
between 1 and 2.

3 4

Results and Discussion
An application o f the techniques developed for the synthesis 

o f 2-azacycl[3.2.2]azine (3) to 5-methylimidazo[l,2-a]pyridine
(5) afforded the desired com pound as outlined in Scheme I.



1662 J. Org. C hem ., Vol. 41, N o. 9 ,1 9 7 6 Notes

Table I. ‘ H NMR Spectral Parameters o f  Some C ycl[3 .2 .2  Jazines“

1, X =  Y =  Z =  CH
2 ,  X = C H ; Y  =  Z =  N
3, Y =  Z =  CH; X =  N
4, X =  Y =  CH; Z =  N

Chemical shifts, T
Com pd H, h 2 h 3 h 4 H s h 6 H,

1 2.81 2.50 2.50 2.81 2.14 2.41 2.14
2 1.30 1.30 1 . 8 8 1 . 8 8 1 . 8 8

3 1.55 2.35 2.70 2.04 2.49 2.18
4 1.42 2.34 2.54 2.06 2 . 0 2 1.91
6 0.90 2.14 1.06 1.40 1.30*
8 1.05 1.82 2 . 0 0 multiplet centered at 1 .36c

10 1.46 2.30 2.04 1.90 2 . 0 0

Coupling constants, Hz
1 J¡6 -  8.0, J l 2 -= 4.2
2 J56 = 8.0
3 5̂6 “  7.8, J62 - 7.0, J3t -= 4.7, Jl 4 = 1.0
4 J S6 ~  Ji.n -  y -U> J34 “  4 -a
6 J 56 -  8 .0 , t/67 - 8 .0

10 ¿su ~ 8-0, J61 = 8 .0

a Dilute solutions in CDC13. b TF A A  solvent. c D20  solvent.

The structures o f compound 4 and its synthetic precursors (6  

and 7) were established in the usual manner (synthetic se
quence, elemental and mass spectral analyses).

A comparison o f  the 1H N M R  spectrum o f 1-azacy- 
cl[3.2.2]azine (4) with that o f cycl[3.2.2]azine (1) demonstrates 
the anisotropic peri effect on N - l  upon the chem ical shift o f 
H-7 (0.23 ppm  deshielding). This effect has been estimated 
to be about —0.15 to —0.20 ppm in quinolines, polyazaindenes, 
and related ring systems.4

The generally more deshielded chem ical shifts o f  H-3 and 
H-4 simply reflect the “ electron drift”  into the imidazole 
portion o f  the l-azacycl[3.2.2]azine (4) in comparison to the 
symmetrical cyc l[3.2.2]azine (1). Another point o f  interest, 
implying more isolated double bond character for C3-C 4, is 
the fact the J 34 (4.8 Hz) is larger in com pound 4 than in 
com pound 1. This coupling constant is consistent with an 
estimated bond order o f O.8 .6

Geom etry-optim ized M IN D O / 2  calculations5 gave the 
following ground-state parameters for com pound 4:

6
MINDO/2 total electron densities7 

( exclusive of Is’)

N-l =  5.16 
C-2  =  3.88 
C-3 =  3.96 
C-4 =  4.13 
C-5 =  4.01 
C-6 =  3.98 
C-7 =  4.05 

N-ll =  4.91

The m ost significant observations o f  these calculations, as 
applied to this work, are that C3-C 4 is the shortest carbon -

carbon double bond and that C-2 is the m ost electropositive 
carbon atom in the ring system. The former observation is 
consistent with our comments regarding the nature o f  C3- C 4 

in the 2-azacycl[3.2.2]azine— as a rather “ isolated”  double 
bond.

Thus, we suggest that the ground-state structure o f 1 -aza- 
cycl[3.2.2]azine is, perhaps, best represented by formulation 
11.

That the central nitrogen atom is not significantly involved 
in the delocalization is evident from the fact that its charge 
density is 4.91 (exclusive o f  the Is2 electrons).

Brom ination o f  com pound 4 affords a m onobrom o deriva-
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11

ti ve whose XH N M R  spectrum (see T able I) clearly identifier 
it as the 4-brom o derivative (10). This is, o f  course, in agree
ment with the results o f  electrophilic substitution studies on 
cycl[3.2.2]azine and on its 2-aza derivative.2

M ethylation o f com pound 4, as expected, affords a N -  
methyl quaternary salt (8) (see Table I). T he 1H N M R  spec
trum o f this com pound is essentially superimposable upon 
that o f the parent compound 4 in aqueous acid. The intriguing 
result is that the l-azacyl[3.2.2]azine (4) is stable to  aqueous 
acid, in contrast to  the great acid lability o f  the 1,4-diaza an
alogue 2.

If we consider the m onoprotonated forms o f  com pounds 2 
and 4 (structures 12 and 13), as being initially formed, the acid

13

etc.

lability o f  the H C = N -  bond, an ¡mine in 12, as com pared to 
the - C H = C H -  bond in 13, is understandable. Thus, the hy
drolytic instability o f the protonated diazacyl[3.2.2]azine (12) 
as com pared to the monoazacycl[3.2.2]azine (13) is readily 
explained.

azine (205 mg, 77%) as a low-melting solid. The picrate of compound 
4 was obtained, mp 218-220 °C, and was analyzed. Anal. Calcd for 
C15H9N5O7: C, 48.52; H, 2.42; N, 18.87. Pound: C, 48.42; H, 2.20; N, 
18.35.

N\ -Methyl- l-azacycl[3.2.2]azinium Iodide (8). To a solution 
of l-azacycl[3.2.2]azine (50 mg, 0.35 mmol) in 10 ml of reagent-grade 
acetone was added 0.5 ml of CH3I. The resulting solution was allowed 
to stand at room temperature for 15 h. The crystalline precipitate was 
collected and washed with 5 ml of cold reagent-grade acetone to yield 
N i-methyl-l-azacycl[3.2.2]azinium iodide (85 mg, 84%) as a brick-red 
solid, mp 142-144 °C. Anal. Calcd for C10H9N2I: C, 42.24; H, 3.16; N,
9.86. Found: C, 42.05; H, 2.89; N, 9.50.

4-Bromo-l-azacycI[3.2.2]azine (10). To a solution of 1-azacy- 
cl[3.2.2]azine (100 mg, 0.70 mmol) in 10 ml of CHCI3 was added N- 
bromosuccinimide (0.310 mg, 1.75 mmol). The resulting solution was 
stirred for 5 h at room temperature and filtered, and the filtrate was 
evaporated to dryness. The residue was placed on a short (5 cm) alu
mina column (grade III) and eluted with benzene. Evaporation of the 
benzene afforded a yellow solid which was sublimed to yield 95 mg 
(62.1%) of 4-bromo-l-azacycl[3.2.2]azine, mp 81-82 °C. Anal. Calcd 
for C9H6N2Br: C, 48.87; H, 2.26; N, 12.67. Found: C, 48.51; H, 2.05; 
N, 12.48.

Registry No.— 1, 209-81-4; 2, 10558-77-7; 3, 54384-90-6; 4, 209- 
83-6; 4 picrate, 58374-91-7; 5,933-69-7; 6,58374-92-8; 7,58374-93-9; 
8,58374-94-0; 10,58374-95-1.
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Reactions of Dichlorine Heptoxide with Olefins1

Experimental Section8

4-Formyl-l-azacycl[3.2.2]azine (6). To a stirred solution of 45 
ml of 2 M BuLi (0.908 mol) in 20 ml of sodium-dried tetrahydrofuran 
(THF) was added tetramethylethylenediamine (TMEDA, 10.53 g, 
0.0908 mol) under a N2 atmosphere and at —15 °C. 5-Methylim- 
idazo[l,2-a]pyridine (5.00 g, 0.0379 mol) in 30 ml of dried THF was 
then added to the solution. After 1 min, a solution of dry dimethyl- 
formamide (5.52 g, 0.0758 mol) in 30 ml of THF was added all at once. 
The resulting blue-green solution was stirred for an additional 30 min, 
after which time 100 ml of water was added to the reaction mixture. 
The mixture was extracted with CHCI3 (3 X 150 ml), the combined 
extracts were dried over anhydrous Na2CC>3 and filtered, and the 
solvent was evaporated in vacuo. The resulting brown solid was 
chromatographed over A120 3 (grade III) and eluted with benzene. 
Evaporation of the solvent afforded a yellow solid which was recrys
tallized from chloroform to yield 0.580 g (9%), mp 210-212 °C. Anal. 
Calcd for Ci0H6N2O: C, 70.59; H, 3.52; N, 16.47. Found: C, 70.35; H, 
3.40; N, 16.22.

l-Azacycl[3.2.2]azine-4-carboxylic Acid (7). To a solution of
4-formyl-l-azacycl[3.2.2]azine (0.10 g, 0.588 mmol) in 10 ml of acetone 
was added 5 ml of water. Solid KMnO,t (220 mg, 1.4 mmol) was added 
all at once, and the resulting solution was stirred for 1 h. The solution 
was treated with a small amount of solid NaHS03 and filtered through 
a Celite pad. The filtrate was evaporated in vacuo to approximately 
5 ml and carefully acidified with 2 N HCI. The white precipitate was 
filtered and dried to yield 85 mg (75%) of l-azacycl[3.2.2]azine-4- 
carboxylic acid, which decomposes at its melting point (318-320 °C).

1-Azacyel[3.2.2]azine (4). In a 10-ml distillation flask fitted with 
a short path condenser was placed a mixture of l-azacycl[3.2.2]az- 
ine-4-carboxylic acid (0.350 g, 1.88 mmol) and Cu powder (400 mg). 
The flask and its contents were heated with a flame until a greenish 
liquid collected on the walls of the flask and condenser. The liquid 
was collected by dissolving it in CHCI3. The CHCI3 solution was 
placed on a short (5 cm) alumina column (grade III) and eluted with 
CHCI3. Evaporation of the CHCI3 eluent afforded l-azacycl[3.2.2]-

Kurt Baum
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Dichlorine heptoxide in carbon tetrachloride is a conve
niently accessible perchlorylation reagent, and its reactions 
with alcohols,2 amines,3 ethers,4 and alkyl iodides5 have been 
described. As a continuation o f this study o f the utility o f  the 
reagent the present investigation deals with its reactions with 
olefins.

Propene was found to react with dichlorine heptoxide in 
carbon tetrachloride to give isopropyl perchlorate (32%) and
l-ch loro-2 -propyl perchlorate (17%). The yields o f  these im 
pact sensitive materials were determined by N M R  using a 
quantitative internal standard. Isopropyl perchlorate was 
identified by spectral comparison with an authentic sample.2 
A  sample o f  l-chloro-2 -propyl perchlorate was isolated and 
analyzed, and the com pound was also synthesized indepen
dently from l-chloro-2 -propanol and dichlorine heptoxide.

C120,
CH2= C H C H 3 -------- CHT’HCH.j +  CHTHCH.Cl

CC14 j j
OCIO3 OCIO3

|c i2o,

CH3CH0HCH2C1

cis-2-Butene reacted with dichlorine heptoxide to give 3- 
chloro-2-butyl perchlorate (30%), 3-keto-2-butyl perchlorate 
(2%), and 2,3-butane diperchlorate (5%). W hen the reaction
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was repeated with added lithium perchlorate in suspension, 
the yield o f  3-keto-2-butyl perchlorate was increased to 20%, 
but the other products were unaffected. The 2,3-butane d i
perchlorate was identified spectrally by comparison with the 
com pound prepared from  2-butene oxide and dichlorine 
heptoxide.4 T he other products were isolated by GLC and 
characterized. T he isolation o f  3-keto-2-butyI perchlorate is 
particularly noteworthy in that it is the first reported example 
o f  a carbonyl com pound with a covalent perchlorate group.

CH, CH,
I I

H C=CH  CH3CH(0C103)CH( OClOJCRj +
0
II

CH3CHC1CH(0C103)CH, +  CH3CCH(0C10j)CH3

trans -2-Butene gave the same product mixture that cis-
2- butene did, with the exception o f the stereochemistry o f  the
3- chloro-2-butyl perchlorate. This product from  the two ole
fins was distinguishable by GLC, and in each case only one 
isomer was observed. Structural assignments were made by 
synthesizing 3-chloro-2-butyl perchlorate from  dichlorine 
heptoxide and 3-chloro-2-butanol o f  known configuration. 
Lucas and Garner6 showed that the addition o f hydrochloric 
acid to the 2-butene oxides is stereospecifieally a trans addi
tion; c is -2-butene oxide gives th reo -3-chloro-2-butanol and 
tra n s-2-butene oxide gives ery th ro -3-chloro-2-butanol. The 
reaction o f dichlorine heptoxide with alcohols should not a f
fect the carbon stereochemistry. It was found that the 3- 
chloro-2-butyl perchlorate thus prepared from cts-2-butene 
oxide was identical with that obtained from cis-2-butene and 
dichlorine heptoxide, and that from tran s-2-butene oxide was 
identical with the irons-2-butene product. Thus, the form a
tion o f 3-chloro-2-butyl perchlorate from  2-butene and d i
chlorine heptoxide is a trans addition.

A completely substituted olefin, 2,3-dimethyl-2-butene, was 
also examined. A product insoluble in carbon tetrachloride 
was o b ta in e d  that was id e n tified  as a mixture o f  2,2-diper- 
chloratopropane and 2,2-dimethyl-3,3-diperchloratobutane. 
The former was prepared previously from  acetone and per
chloric acid,7 and the latter was characterized by the proximity 
o f  the N M R  chemical shift o f  the methyl adjacent to the 
perchlorates to that o f 2,2-diperchloratopropane. Treating 
the mixture in methylene chloride with sodium bicarbonate 
gave acetone and pinacolone.

ClA
(CH3)2C=C(CH 3)2 — ^

(CiyAOClO;,), +  CH3C(0C103),C(CH3)3

Both 2,2-diperchloratopropane and 2,2-dim ethyl-3,3-di- 
perchloratobutane were prepared, in yields o f  70 and 52%, 
respectively, from the ketones and dichlorine heptoxide in 
carbon tetrachloride. This reaction is more convenient and 
provides higher yields than the anhydrous perchloric acid 
m ethod ' for preparing ¿'em-diperchlorates.

R2C = 0  +  C120 7 —  R,C(0C103)2

Electronegatively substituted olefins were unreactive with 
dichlorine heptoxide in carbon tetrachloride. Thus, 1,1-di- 
fluoroethylene and allyl chloride gave only trace amounts o f
1,1-difluoroethyl perchlorate and l-ch loro-2 -propyl per
chlorate, respectively, the perchloric acid adducts, apparently 
resulting from the spurious introduction o f water. The yields 
o f  these perchlorates were increased to 76 and 91%, respec
tively by introducing water into the reaction mixture. Under 
these conditions, propene gave a 65% yield o f  isopropyl per
chlorate and a 10% yield o f  l-ch loro-2 -propyl perchlorate.

Ethylene was also unreactive with dichlorine heptoxide, but 
with water added, a 63% yield o f  ethyl perchlorate was o b 
tained. The addition o f water to the dichlorine heptoxide so
lution is an experimentally convenient source o f  small 
amounts o f  anhydrous perchloric acid for additions to olefins 
under mild conditions.

c ia .HjO
c h 2= c f 2 — ^  CH3CF20C103 

CH2==CHCH2C1 —  CHjCHlOClOjjCHjCl

CH2=CHCH3 — ► (CH3)2CH0C103 +  CH3CH(0C103)CH2C1 
CH2= C H 2 —  CH3CH20Ci03

A yellow gas soluble in carbon tetrachloride that causes 
N M R  signal broadening, presumably chlorine dioxide, was 
generally observed in the olefin-dichlorine heptoxide reaction 
mixtures. This com pound would be form ed when dichlorine 
heptoxide functions as an oxidizing agent; oxidation products 
have been observed previously in dichlorine heptoxide reac
tions.4’5 Chlorine dioxide has been reported8 to  react with 
olefins to give 2-chloro alcohols formed by trans additions, as 
well as epoxides and other oxidation products. This compound 
provides a possible route to the observed products from 2- 
butene, although other mechanisms are possible. T he for 
m ation o f the diperchlorate from the epoxide has been re
ported previously.4 The oxidation reactions also provide water, 
leading to  perchloric acid adducts. The products from  2,3- 
dimethyl-2-butene are also attributable to oxidation reactions. 
Pinacolone would be obtained by the pinacol rearrangement 
o f  the epoxide or glycol, and acetone would be form ed by an 
oxidative cleavage similar to the well-known reactions o f  pe
riodic acid.

Experimental Section

NMR spectra were recorded with a Varian T-60 spectrometer and 
ir spectra were recorded with a Perkin-Elmer 700 spectrometer. A 
Varian 920 chromatograph was used for GLC determinations.

Dichlorine heptoxide was utilized as a 0.3 M reagent in carbon 
tetrachloride, prepared by the previously described method2. Caution: 
alkyl perchlorates are sensitive explosives if not diluted with solvent, 
and previously noted precautions should be observed.2

Reaction of Propene with Dichlorine Heptoxide. Dichlorine 
heptoxide in carbon tetrachloride (2 ml, 0.6 mmol) was placed in a 
25-ml flask with a magnetic stirrer and fitted with a stopcock syringe 
adapter. Air was partially removed by syringe and 3 ml (0.6 mmol) 
of propene was added. The mixture was stirred for 24 h. A yellow gas 
soluble in carbon tetrachloride, presumably C102, was removed by 
a brief application of vacuum. NMR analysis of the carbon tetra
chloride solution showed isopropyl perchlorate (32% yield) and 1- 
chloro-2-propyl perchlorate (17%). Isopropyl perchlorate was iden
tified by comparison with an authentic sample.2 An analytical sample 
of l-chloro-2-propyl perchlorate was isolated by GLC (5 ft X 0.25 in. 
column of 12% QF-1 on Chromosorb W, 60 °C): NMR (CCI4) 6 1.62 
(d ,3 H ,J  = 6Hz,CH3) ,3.67 (d ,2H ,«/ = 7 Hz,CH2) and5.17 (m, 1 H, 
CH); ir (CC14) 1005,1230, and 1265 cm“ 1.

Anal. Calcd for C3Hf;Cl;,04: C, 20.37; H, 3.42. Found: C, 20.08; H,
3.11.

l-Chloro-2-propyl Perchlorate. A 2:1 mixture of l-chloro-2- 
propanol and 2-chloro-l-propanol was prepared from propylene oxide 
and hydrochloric acid by the reported method.9 A sample of 1- 
chloro-2-propanol, the major component, was isolated by GLC (8 ft 
X 0.375 in. column of 12% QF-1 on Chromosorb W, 70 °C). The 
compound (0.012 ml) was stirred with 1 ml of 0.3 M dichlorine hep
toxide in carbon tetrachloride for 16 h. The solution was washed with 
water and dried over sodium sulfate. The product was identical 
(NMR, ir, and GLC) with the product from propene.

Reaction of cis-2-Butene with Dichlorine Heptoxide. Di
chlorine heptoxide (0.6 mmol) and cis-2-butene (0.6 mmol) were al
lowed to react for 4 h by the procedure used with propene. Analysis 
by NMR based on methyl signals showed 0.18 mmol (30%) of 3- 
chloro-2-butyl perchlorate and 0.012 mmol (2%) of 3-keto-2-butyl 
perchlorate. A similar reaction with 0.5 g of lithium perchlorate added 
gave the same yield of 3-chloro-2-butyl perchlorate but 0.12 mmol 
(20%) of 3-keto-2-butyl perchlorate.
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Sufficient products for identification were obtained by adding 30 
mmol of a's-2-butene to a mixture of 100 ml of 0.3 M dichlorine hep
toxide in carbon tetrachloride and 10 g of lithium perchlorate at 0 °C. 
After 2 h of stirring at ambient temperature, the solution was washed 
with water, dried over sodium sulfate, and passed through a 2 X 32 
cm slurry-packed column of silica gel. The product was eluted with 
carbon tetrachloride and the eluent was monitored by NMR. The
3-chloro-2-butyl perchlorate was contained in the first 100 ml of el
uent. The next 50 ml contained no product, and the following 250 ml 
contained 3-keto-2-butyl perchlorate. The solutions of both com
pounds were concentrated to 25 ml by vacuum distillation with a 
Holzmann column, and analytical samples were isolated by GLC. The 
solution containing the 3-chloro-2-butyl perchlorate was distilled at 
ambient temperature into a —78 °C receiver at 20-0.1 mm. The resi
due, dissolved in carbon tetrachloride, was shown by NMR to contain
1.5 mmol (5%) of 2,3-butane diperchlorate.4 3-Chloro-2-butyl per
chlorate was isolated from the distillate by GLC using a 5 ft X 0.25 
in. column of 12% QF-1 on Chromosorb W, 100 ml/min helium, 70 °C, 
15 min: NMR (CCLi) S 1.55 (d, 3 H, J = 6 Hz, CHC1CH3), 1.58 (d, 3
H, J  = 6 Hz, CHCIO4CH3), 4.25 (m, 1 H, CHC1), and 5.05 (m, 1 H, 
CHCIO4); ir (CCI4) 1230 and 1265 cm-1; the mass spectrum showed 
peaks at m/e 63,65 (C2H4C1), 91,93 (C4H8C1), 127,129 (C2H4CIO4), 
and 175,177,179 (C3H5CI2O4).

A sample of 3-keto-2-butyl perchlorate was isolated from its carbon 
tetrachloride solution by GLC (5 ft X 0.25 in. column of 12% QF-1 on 
Chromosorb W, 100 ml/min He, 90 °C, 10 min retention time): NMR 
(CCI4) S 1.61 (d, 3 H, J  = 7 Hz, CH3CH), 2.30 (s, 3 H, CH3CO), and
5.12 (q, 1 H, J  = 7 Hz, CHCH3); ir (CCD 1720 (0 = 0 ), 1020,1240, and 
1270 cm“ 1 (C104).

Anal. Calcd for C4H7CIO5: C, 28.17; H, 4.13. Found: C, 28.32; H, 
4.10.

Reaction o f trans-2-Butene with D ichlorine Heptoxide. The
reaction of trans-2-butene with dichlorine heptoxide proceeded in 
the same manner as that of ei.s-2-butene, and the product mixtures 
were indistinguishable with the exception of the stereochemistry of 
the 3-chloro-2-butyl perchlorate. Its GC retention time was 16 min, 
compared to 15 min for the product from a's-2-butene described 
above.

3-Chloro-2-butyl Perchlorates. Preparative GLC of commercial
2-butene, oxide, a mixture of cis and trans isomers (0.375 in. X 12 ft 
column of 12% QF-1 on Chromosorb W, 100 ml/min He, 24 °C) gave 
irons-2-butene oxide, retention time 20 min, n20D 1.3741 (reported10 
n20D 1.3736), and cis-2-butene oxide, retention time 26 min, n20D
I. 3821 (reported10 n20D 1.3826). To 0.015 ml of irans-2-butene oxide 
and to 0.030 ml of crs-2-butene oxide, each in a GC collection tube, 
was added 0.15 ml of concentrated hydrochloric acid at 0 °C, and the 
mixtures were kept at ambient temperature for 1 h. Each product was 
extracted with 0.1 ml of methylene chloride after 0.15 ml of water was 
added. The crude chlorohydrins, 0.008 ml from irans-2-butene oxide 
and 0.02 ml from cis-2-butene oxide, were each added to 1 ml of 0.3 
M dichlorine heptoxide in carbon tetrachloride. After 24 h, each re
action mixture was washed with 0.5 ml of water and dried over sodium 
sulfate. NMR showed only 3-chloro-2-butyl perchlorate. Mixed GLC 
showed that the product from cis-2-butene oxide was identical with 
that from cis-2-butene and dichlorine heptoxide, and the product 
from irons-2-butene oxide was identical with that from trans-2- 
butene and dichlorine heptoxide.

Reaction o f 2,3-Dimethyl-2-butene with Dichlorine Heptox
ide. 2,3-Dimethyl-2-butene (0.0708 g, 0.84 mmol) was added to 15 ml

of 0.3 M dichlorine heptoxide at —10 °C. The mixture was kept at —10 
°C for 18 h in order to allow the product to separate, although the 
reaction appeared to be substantially complete in 1 h. The liquid 
product, lighter than carbon tetrachloride, was separated. The NMR 
spectrum (CDCI3) showed only prominent peaks assigned to 2,2- 
diperchloratoprcpane7 and to 2,2-dimethyl-3,3-diperchloratobutane. 
Quantitative NMR using chloroform as a standard and CD3N 02 as 
solvent because of higher product solubility showed 0.195 mmol 
(11.6% based on 2 mol per mole olefin) of 2,2-diperchloratopropane 
and 0.195 mmol (23%) of 2,2-dimethyl-3,3-diperchloratobutane.

Reaction o f Ketones with Dichlorine Heptoxide. Acetone (0.044 
ml, 0.60 mmol) was added to 3 ml of 0.3 M dichlorine heptoxide in 
carbon tetrachloride at —5 °C. A separate liquid phase formed im
mediately, NMR (CDCI3) 6 2.59 (s), identical with that reported for
2.2- diperchloratopropane.7 The yield, 70%, was determined by 
quantitative NMR allowing a similar reaction mixture to stand for 
18 h at -2 0  °C, removing the carbon tetrachloride by syringe, and 
dissolving the product in 1 ml of CD3N 0 2: 5 2.61.

By the same procedure, pinacolone gave 2,2-dimethyl-3,3-diper- 
chloratobutane (52%): NMR (CDCI3) 5 1.28 (s, 9 H), 2.48 (s, 3 H); 
NMR (CD3N 02) 6 1.33 (s, 9 H), 2.67 (s, 3 H).

Reactions of Olefins with Perchloric Acid. Water (0.0080 g, 0.44 
mmol) was stirred with 2 ml of 0.3 M dichlorine heptoxide in carbon 
tetrachloride for 30 min in a 25-ml flask fitted with a syringe valve. 
The flask was evacuated partially and 0.6 mmol of 1,1-difluoroethy- 
lene was added by syringe. NMR analysis using chlorobenzene as a 
quantitative reference showed only 1,1-difluoroethyl perchlorate (0.46 
mmol, 76%): 7H NMR (CCI4) ò 1.95 (t, J  = 14 Hz); fluorine NMR <f>
69.52 (q, J = 14 Hz); ir (CC14) 1390 (m), 1280 (vs), 1200 (s), 1150 (s), 
1130 (s), 1030 (s), 970 (s), and 920 cm“ 1 (s).

By this procedure, propene gave isopropyl perchlorate (65%) and
1- chloro-2-propyl perchlorate (10%) in 24 h.

Allyl chloride gave l-chloro-2-propyl perchlorate (91%) in 24 h by 
this procedure.

Ethylene gave ethyl perchlorate2 (63%) in 24 h.

Registry No.— CI2O7, 10294-48-1; propene, 115-07-1; 1-chloro-
2- propyl perchlorate, 58426-27-0; l-chloro-2-propanol, 127-00-4; 
cis-2-butene, 590-18-1; 3-chloro-2-butyl perchlorate, 58426-28-1;
3- keto-2-butyl perchlorate, 58,426-29-2; trans-2-butene, 624-64-6; 
frans-2-butene oxide, 21490-63-1; a's-2-butene oxide, 1758-33-4;
2.3- dimethyl-2-butene, 563-79-1; acetone, 67-64-1; pinacolone, 75- 
97-8; 2,2-dimethyl-3,3-diperchloratobutene, 58426-30-5; 1,1-difluo- 
roethylene, 75-38-7; 1,1-difluoroethyl perchlorate, 58426-31-6; allyl 
chloride, 107-05-1; ethylene, 74-85-1; 2,2-diperchloratopropane, 
28078-46-8; ethyl perchlorate, 22750-93-2; isopropyl perchlorate, 
52936-33-1.
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C o m m u n i c a t i o n s

Steric Acceleration in Dialkyldiazene 
(Azoalkane) Decompositions. 21

S um m ary: Rates of decomposition of several highly branched 
dialkyldiazenes have been determined; these data support a 
concerted mechanism of decomposition and show that tertiary 
alkyl radicals can be generated thermally at temperatures 
below 100 °C.

Sir: It has been shown that dialkyldiazenes are sensitive 
probes of radical stability and that structural changes can 
bring about pronounced rate enhancements.1 ’2 Furthermore, 
these rate enhancements can be separated into electronic 
(resonance and inductive) and steric effects.3 The latter were 
recognized as being important contributors in the work of 
Overberger and co-workers4 and have more recently been 
examined by others.5,6 In particular, we were intrigued by the 
idea that these steric effects could be enlarged to the point that 
alkyl radicals could be generated at relatively low tempera
tures, temperatures comparable with those used for azobis- 
isobutyronitrile (AIBN) in itiated  reactions. T h ese  radical 
precursors might then be useful as polymer initiators without 
introducing “ toxic dusting” problems.7

Rate constants for fert-butyl(2,4,4-trimethyl-2-pen- 
tyl)diazene (2), iert-butyl(2,2,4,6,6-pentamethyl-4-heptyl)- 
diazene (3), and bis(2,2,4,6,6-pentamethyl-4-heptyl)diazene
(5) chosen for this purpose are listed in Table I. Their acti
vation parameters along with those for 1 and 4 reported earlier 
are shown in Table II. The previous study6 was shown to be 
most consistent with a concerted decomposition mechanism 
because substitution of a methyl hydrogen in 1 with a t e r t -  
butyl group (2 ) gave a relative rate of decomposition inter
mediate to 1 and 4, the latter having hydrogens replaced by 
te r i -b u ty l  groups on both sides. This effect would not be ex
pected for a stepwise decomposition.6 The same argument can 
be advanced here in comparing 1,3, and 5. The unsymmetrical 
analog (3) is once again intermediate in rate between the 
symmetrical analogs 1 and 5.

It is interesting to note that there appears to be a dilution 
effect as the number of t e r t -butyl replacements is monoton- 
ically increased. Thus a replacement on one side (2) and two 
replacements (one on each side, 4) lower AG* 100 by successive

increments of 2.7 kcal mol-1. However, two replacements on 
the same side (3) does not have the same effect as one re
placement on each side; AAGijoo of 1-3 = 4.5 kcal mol- 1  while 
AAGliooof 1-4 = 5.4 kcal mol- 1  (i.e., AG^ooof 3 that of 4). 
It is, however, not unexpected to find a lack of additive energy 
since the steric requirements o f these groups should be dif
ferent. Even so, correction for this dilution still predicts that 
6 would decompose approximately seven times faster than 
AIBN8 and work is progressing toward a test of this prediction.

Comparison of steric acceleration in diazenes with those of 
perester decompositions is also informative. Table III shows 
the much greater sensitivity of diazenes toward steric changes, 
a result recognized earlier and reconfirmed here.9 -11 Table III 
also contains a comparison of solvolytic rate data with diazene 
thermolyses. These results are in complete agreement with 
Rüchardt’s conclusion that steric requirements in solvolysis 
and diazene thermolyses are linearly related.5

A c k n o w le d g m e n t .  T h e  authors wish to  thank the Petro
leum Research Fund, administered by the American Chemical 
Society, and the Army Research Office for support of this

Table I. Rate Constants for 2, 3 and 5
Compd Temp, °C k X 104, sec 1 Compd Temp, “C k X 104, sec 1 Compd

2 155.0 1.61 3 140.0 1.93 5
160.0 2.52 145.4 3.29
165.7 4.75 150.1 5.29
170.0 7.25 155.1 8.20
175.0 11.9 160.0 12.9
180.0 19.8 164.8 21.8

Temp, °C k X  104, sec-1

100.1 3.03
105.1 5.03
109.2 7.62
115.0 15.1
120.1 24.8
125.0 39.0

Table II. Activation Parameters for 1, 2, 3, 4 and 5

Compd Rei rate, 100 “ C A H t , kcal m ol-1 A S't, eu A G Í, 100 °C
1 1
2 35
3 402
4 1320
5 57000

42.2 ± 0.3° 16.1 ± 0 .6“ 36.2
38.1 ± 0.6 12.3 ± 1.3 33.5
33.8 ± 0.6 5.7 ± 1.4 31.7
31.7 ± 0.6 V 2.4 ± 1 .4 V 30.8
30.0 ± 0.5 5.2 ± 1.2 28.1

“ J C. Martin and J. W. Timberlake, J. Am. Chem. Soc., 92, 978 (1970). »R eference 3. * J. W. Timberlake and M L 
Hodges, J. Am. Chem., 95, 634 (1973). ' '
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Table III. Comparison of Diazenes, iert-Butyl Peresters, 
and Alkyl Chlorides

RCl,a
Rc o 3- rel rate,

RN=NR, C(CH3)3, 25 °C
rel rate, rel rate, (80%

R 100 °C 25 °C ethanol)
(CH3)3C - 1 l b 1

/C H ,
(CH3)3CCH2C^ 35 4 .1  b 2 1

c h 3
n,T /C H 2C(CH3)3
(JhLCiT- 57000 5.7C 580

^CH2C(CH3)3

aE. N. Peters and H. C. Brown, J. A m . Chem. S oc., 97, 
2892 (1975). * Reference 11. «^Professor T. T. Tidwell, 
private communication.

project. The authors are grateful to Professors T. Tidwell and
C. Ruchardt for unpublished results and useful discussions.
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Iron Chloride-Sodium Hydride System
as New Reducing Reagents of Carbonyl Compounds

S u m m a ry: Iron(II or III) chloride and sodium hydride in 
tetrahydrofuran provide an effective reagent system for the 
reduction of ketones and aldehydes to the corresponding 
alcohols under mild conditions.

Sir: Recently much attention has been paid toward reduc
ing reagents consisting of a mixture of metal compounds. 
For example, an addition of metal salts to metal hydrides is 
known to modify the reducing ability.1 Further, the re
agents consisting of TiCl3-LiAlH42 or n-BuLi-WClea have 
been demonstrated to be effective for the reductive cou
pling of carbonyl compounds to olefins and the reduction 
of epoxides to olefins. We have also described the deoxyge
nation of epoxides to olefins with FeCl3-n-BuLi system 
using the strong affinity of iron to oxygen atom.4 We now 
report the iron chloride-sodium hydride systems as effec
tive reagents for the reduction of ketones and aldehydes to 
the corresponding alcohols under mild reaction conditions.

Sodium hydride is known as a strong base to abstract a 
proton from a carbonyl compound giving an enolate anion, 
but has, in general, little reducing ability for carbonyl com
pounds. A few exceptions reported so far are reductions of 
nonenolizable ketones under such drastic conditions as re-

Table I. Reduction of Carbonyl Compounds

RCOR'— -Clj— aH-> RCHR'
I

OH

R R'

FeCla-NaH“ FeClz-NaH5

Time,
h

Yield of 
alcohol,c

%
Time,

h

Yield of 
alcohol,0

%

Ph Me 30 82 45 72
Ph Ph 43 81 45 0
n-C6Hi3 Me 42 75 48 88

-(CH2)6- 24 75 30 77
Ph H 24 85 48 48
n-C7Hi5 H 24 79 24 77

0 Typically, a solution of iron(III) chloride (14 mg equiv) in 
THF (20 ml) was added to a suspension of sodium hydride (42 
mg equiv) in THF (5 ml), and the mixture was stirred for 4 h at 
room temperature under an atmosphere of argon. Then a solu
tion of a carbonyl compound (2 mmol) in THF (2 ml) was 
added and stirring was continued at room temperature. 
b Iron(II) chloride (20 mg equiv) and sodium hydride (40 mg 
equiv) were mixed in THF (15 ml) at 0-5 °C; then a solution of 
carbonyl compound (2 mmol) in THF (2 ml) was added with 
continuous stirring at the same temperature. c Yields were de
termined by GLC.

fluxing with sodium hydride in xylene5 or as heating in an 
aprotic solvent.6 Reductions of usual carbonyl compounds, 
however, were observed when they were added at room 
temperature to the yellow suspension generated by addi
tion of iron(III) chloride to sodium hydride in tetrahydro
furan (THF). Table I reveals that the reagent is effective 
for aromatic aldehydes and ketones as well as aliphatic car
bonyl compounds. The molar ratio of the hydride to the 
chloride seriously affected the yields of alcohols. The best 
result was obtained with the ratio of sodium hydride to 
iron(III) chloride being 3:1 and, above or below this ratio, 
diminished yields of alcohols were observed. It is important 
to note that the reducing procedure is specific, since no al
cohol formation was observed when sodium hydride was 
added to a solution of a carbonyl compound and iron(III) 
chloride.

The reducing system was prepared as follows. To a 
stirred solution of sodium hydride in THF, was added 
dropwise a solution of iron(III) chloride in THF. Evolution 
of molecular hydrogen was observed and a yellow suspen
sion was obtained after one third the amount of hydrogen 
based on the hydride used was evolved. The stability of the 
reducing reagent depends on the solvent used. Ether can
not be used as a solvent, since fast decomposition of the re
ducing reagent prevents the reduction. Even in the case of 
using THF as the solvent, further evolution of hydrogen 
was observed when carbonyl compounds were added to the 
suspension. Thus, to obtain satisfactory results, an excess 
of the reducing reagent to carbonyl compounds was neces
sary. The reaction mixture became dark as the reduction 
proceeded. Ahhough the reducing species is not exactly 
identified at present, it is considered to be some kind of 
iron hydride,7 because no formation of coupling product,
i.e., glycol derivatives,8 which were obtained by the reduc
tion of carbonyl compounds with lower valent metal com
pound,9 were observed in the reduction.

It is interesting to note that the use of iron(II) chloride in 
place of iron(III) chloride in the reduction gave different 
results. 10 As shown in Table I, the reduction of enolizable 
aliphatic carbonyl compounds with iron(II) chloride11-so- 
dium hydride system in THF gave also the corresponding
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alcohols in good yields, but the reaction manner and the re
activity are different from those of the reduction with iron-
(III) chloride-sodium hydride system. For example, the re
duction was smoothly carried out at 0-5 °C with the iron- 
ill) chloride-sodium hydride system consisting of 2 :1  ratio 
of the hydride and the chloride, since the reducing species 
decompose easily with the evolution of hydrogen at room 
temperature to lower the yields of alcohols. Moreover, in 
the case of nonenolizable aromatic carbonyl compounds, a 
clear-cut difference was observed between the reactivities 
of the reducing reagents prepared from trivalent and diva
lent iron chloride. With iron(II) chloride-sodium hydride 
system, benzophenone was not reduced and benzaldehyde 
gave the reductive coupling product, 1 ,2 -diphenylethylene 
glycol, in a 22% yield, along with benzyl alcohol in a 48% 
yield. This suggests that one of the reduction routes may 
proceed via anion radical intermediates, similar to that of 
the reduction of carbonyl compounds with the FeCl3-n - 
BuLi system.9

In any case, complex species are considered to act as re
ducing reagent in the above reaction system, but it is of in
terest to note that the reducing ability of sodium hydride is 
modified by using with iron chloride.
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The Cyclopropane Route to Trans-Fused y-Lactones

S um m ary: Suitably activated cyclopropanes can be converted 
to 7 -lactones with inversion of configuration by solvolysis in 
aqueous acetone.

Sir: The usual route from olefins to trans Y-lactones involves 
epoxidation followed by nucleophilic attack by an equivalent 
of acetic acid carbanion.1 ’2 Our findings concerning the re
markable electrophilic properties of spiroactivated cyclo
propanes3' 5 suggested the feasibility of a conceptually dif
ferent approach, wherein systems of the type 1 would be 
opened by hydroxide or an equivalent thereof. Clearly, the 
success of such a scheme depends, critically, on a stereospecific 
inversion result during the ring opening. A further require
ment is that the ring opening be faster than hydrolytic

cleavage of the activating acylal linkage. Below we report the 
results of testing this new approach in simple model systems. 
These results show that the two conditions cited above can be 
met and suggest that activated cyclopropanes may be of utility 
in the synthesis of the trans-fused y-lactonic compounds 
present in a variety of biologically important natural prod
ucts.6-8

| ,,+OH")

H R

f>c
W '' 'N* 

1 K
i '"*0620̂ 8" 
Y

When the parent cyclopropane acylal 24 was heated with 
2:1 acetone-water under reflux for 40 h, there was obtained 
upon evaporation of the solvents, a 9:1 mixture (NMR anal
ysis) of 3-carboxybutyrolactone (4) and cyclopropane-1,1- 
dicarboxylic acid (5). Thus, with water as the nucleophile, ring 
cleavage is faster than acylal cleavage to a synthetically usable 
extent. Presumably, the spiroacylal functions as an active ester 
in the cyclization of 3, the initially formed 1,5 adduct, to 
produce the observed 4. Compound 3 itself was not detected 
under these conditions.

Without purification, the total reaction mixture was 
subjected to «-methylenation: (i) formalin-diethylamine; (ii) 
sodium acetate-acetic acid.9 The well-known a-methylene- 
butyrolactone (6)8 was obtained in 40% yield from 2.

An insight into the stereochemical course of the process was 
gained by studying the solvolysis of spiroacylal 9. The starting 
material for its preparation was the known 7,7-dicarbo- 
methoxynorcarane (7) .10 This was converted to diacid11 8. 
Reaction of 8 with isopropenyl acetate-sulfuric acid at 0 °C4 
gave 9, 12 mp 87-88 °C, in 51% yield. Heating compound 9 with 
2:1 acetone-water under reflux for 7 h gave, in one step, the 
a-carboxylactone l l 1 characterized as its methyl ester 1 2 , 13 
mp 81-83 °C.

The yield from 9 —► 12 (purified by silica gel chromatogra
phy) is 65%. That 11 and 12 are, in fact, trans fused was shown 
by conversion of the former by the Mannich procedure9 to the 
a-methylenelactone 13, identical with an authentic sample 
provided by Professor Grieco.

The stereochemical course of the ring opening has thus been 
shown to involve inversion of configuration by solvent (water). 
It will be noted that Hudrlik14 observed retention of config
uration in the rearrangement of cyclopropropylcarbinyl sys
tems of the type 14. This was explained by postulating intra-
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molecular capture of the electron-deficient homoallylic carbon 
by the proximate ester oxygen.

Ziegler15 was the first to demonstrate inversion of config
uration in the course of acetolysis of the cyclopropylcarbinyl 
system, 15. While this result is potentially of considerable 
interest in the control of stereochemistry of oxygen func
tionality adjacent to «-methylenelactones, 16 we believe that 
the transformation of 9 —► 11 represents the first instance of 
using activated cyclopropanes for the de novo synthesis of a
7 -lactone in the trans series.

Parenthetically it will be noted that the cyclization of 10 —► 
1 1  is apparently17 uncatalyzed and is occurring under condi
tions which must be regarded as quite mild for the closure of 
a trans-fused 7 -lactone.2 Again this is suggestive of particu
larly strong acylating powers of the cyclic acylal linkage.

A finer understanding of the stereochemical pathway of the 
solvolytic opening of spiroactivated cyclopropanes was pos
sible in the context of the conformationally defined tra n s 
deca lm  system, 18. tra n s- A2-Octalin was converted to the 
cyclopropane derivative 1612 (76%) by the action of dimethyl 
diazomalonate under the influence of copper bronze (3 equiv 
of diazo compound to 1 equiv of olefin, 150 °C). This was hy
drolyzed to give diacid 17, mp 195-197 °C,12a in 83% yield, 
which was converted to 18,12 mp 145-148 °C, in 82% yield via 
isopropenyl acetate.4

Compound 18 was heated in 1:1 acetone-water for 24 h 
under reflux. NMR analysis indicated the presence of two or 
more acidic components. Accordingly, the total reaction 
mixture was heated in pyridine2 under reflux for 0.5 h thereby 
achieving decarboxylation. At this stage, an acidic product, 
identified as 2 0 , mp 117-120 °C (lit.2 mp 116-117 °C), was 
isolated in 60% yield. A neutral product, mp 52-53 °C, shown 
to be Johnson’s boat lactone 21 (lit.2 49.6 °C) was isolated in 
30% yield. Although an authentic sample of 21 by the original 
method of synthesis2 was not available, the lactone so pro
duced was identical with the same compound obtained from 
the opening of the epoxide, 2 2 ,2 with diethyl ethoxyethyn- 
ylalane.18 Furthermore, 21 was also obtained by the cyclization 
of 20 by the method of Johnson (tosyl acid-xylene, reflux 30 
min).

It is seen that a minimum of 90% of the solvolysis of 18 can 
be accounted for in terms of stereospecific opening of the ac
tivated cyclopropane to give trans-diaxial substitution. This 
is followed primarily by decarboxylation of the diacid pro
duced by hydrolysis of the resultant acylal, 19. To a small (but 
remarkable) extent, the acylal undergoes lactonization prior 
to the decarboxylation step with pyridine.

Application of this stereoelectronically specific conversion 
of fused spiroactivated cyclopropanes to trans-fused 7 -lac
tones will be studied.
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Functionalized Alanes for the Conversion o f 
Epoxides to Trans-Fused 7 -Lactones

S u m m a ry: Aluminum derivatives of ieri-butylacetate and 
ethoxyacetylene have been shown to be useful for the opening 
of oxidocycloalkanes.

Sir: In view of the large number of biologically active natural 
products containing trans-fused 7 -lactones, 1’2 a general 
method of reaching such systems via oxidocycloalkanes could 
be useful. The traditional route involves the opening of an
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epoxide with an equivalent of carbanionic acetate and lac- 
tonization after suitable unravelling.

The usual nucleophile employed in such epoxide openings 
is malonic ester enolate.3’4 Such ring openings [cf. cyclohexane 
oxides (1 )] proceed with inversion of configuration, eventually 
furnishing the trans relationship of OH and CH2CO2R re
quired for generation of a trans-fused 7 -lactone. Johnson’s 
elegant demonstration of trans-diaxial opening of the con- 
formationally definable 2,3-oxido-frans-decalin4 (2 ) provides 
further stereochemical insight into this reaction. However, 
a major weakness of the malonic ester enolate method of ep
oxide openings is the rather harsh conditions required even 
with unencumbered substrates such as 1 and 2. Thus, it is not 
surprising that this method has not been successfully em
ployed with more complicated epoxides.

2,

Other carbanionic acetate equivalents have been employed 
in epoxide openings. Dilithio trimethylsilylacetate reacts with 
simple epoxides but appears to fail to open compound l .5 
Dilithio thiophenylacetate does open compound 1 but in 
rather modest yield.6 Dilithio acetate itself may have potential 
with more hindered epoxides, though the yield of opening of 
compound 1 , even under relatively forcing conditions, is 
somewhat discouraging.7’8

The first phase of our study involved the attempted reaction 
of lithium ieri-butylacetate (Rathke’s salt 3)9 and lithium 
ethoxyacetylide (4) with compound 1. In our hands, the re
action of 3 + 1 afforded compound 5 in a maximum of 8% yield 
(toluene, room temperature, 12 h). The use of the more polar 
solvent, dimethoxyethane (DME), furnished only a 5% yield. 
The results of the reaction of 1 and 4 were even more dis
couraging in that no detectable amounts of 6 were noted.10

In view of the impressive success recorded by the Fried 
school in the opening of hindered epoxides with dialkylalk- 
ynylalanes,1 1 ’12 it was of interest to study the application of 
this technology to the problem at hand. Treatment of 2.5 equiv 
of 3 with 2.5 equiv of diethylaluminum chloride in toluene (3 
ml/mmol of lithium salt) at —40 °C led to the instantaneous 
deposition of lithium chloride. Reaction of this system, 
maintained at —30-40 °C for 6 h, with 1 gave a 34% yield of 5.13 
The stereochemistry of 5 was demonstrated by its transfor
mation to the known3 7 in 85% yield upon reaction with tosyl 
acid/benzene under reflux for 15 h.

Since there is no reaction between 1  and 3 under these 
conditions, and, in view of the method of formation,11 it seems 
reasonable to conclude that the active specie is, in fact, di- 
ethylcarbo-ierf-butoxymethylalane (8). The yield of 5 was 
raised to 68% by allowing the reaction mixture containing 1 
and 8 to warm to ambience where it was maintained for 6 h.

Although the chemistry of this interesting aluminum eno

late14 remains to be explored, this reagent does not constitute 
a satisfactory general acetic acid equivalent for opening hin
dered epoxides. For instance, attempted reaction of 8 with
2 ,3 -oxido-a-cholestane (9) fails, leading to 86% recovered 
epoxy steroid. Attempts to increase reactivity by heating led 
to apparently rapid decomposition of the organometallic 
system.

i  ♦ Et2AlCI ------ *■ E^AICHjCOj'bu ♦ LiCI

8

^C O
a L^  — > MR.

Treatment of lithium ethoxyacetylide (2.5 equiv, generated 
from the reaction of 2.5 equiv of n-butyllithium in hexane with
2.5 equiv of ethoxyacetylene) with 2.5 equiv of diethylchlo- 
roalane in toluene at —40 °C (2 ml/mmol of lithium salt) again 
led to the deposition of lithium chloride. Treatment of 10, so 
produced, with 1, from —40 to —30 °C for 6 h, followed by 
quenching with aqueous sodium bicarbonate at that tem
perature, gave, after chromatography on silica gel, a 66% yield 
of tra n s -2-ethoxyethynylcyclohexanol13 (6) and 5% tra ns -
2 -carbethoxymethylcyclohexanol ( l l ) .13a>15 The yield of the 
process was substantially improved (80% 6 and 10 % 1 1 ) by 
allowing the temperature of the reaction of 10  and 1 to warm 
from —40 °C to ambience, where it was maintained for 6 h. If 
analytically pure 6 is not needed, the crude yield of essentially 
pure compound is 95%.

The stereochemistry of 6 was demonstrated by its conver
sion (88%) to 7 upon reaction with tosyl acid toluene under 
reflux. The mechanism of this transformation has not been 
determined. There may be enough water present to effect the 
conversion of 6 —» 1 1  and the latter may be the active acylating 
specie. Alternatively, cyclization of 6 may give a cyclic ketene 
acetal which is cleaved by aventitious water. Finally, 6 may 
suffer protonation followed by de-ethylation to give a ketene. 
The latter could well cyclize to give the observed 7.

Alternatively, treatment of 6 with ethanolic HC1 afforded 
a quantitative yield of 11. The latter was converted in 90% 
yield to 7 by the action of tosyl acid-benzene under reflux.

4 * E1,AICI —-> Et,AICE£-OEt — »  6 (95%)
“  -40 -rt ~

TsOH 
A '

II

T h*

A clear trans-diaxial pathway was demonstrated in the re
action of 10 with 2. There was produced an 80% yield of 
ethoxyethynylcarbinol 12 after 15 h (—40 °C to room tem
perature). Compound 1 2  was converted to m e th y l  ester 1316 
upon reaction with methanolic HC1. The latter was saponified

fi
15
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with methanolic KOH to give the known acid,4 14, mp 114-116 
°C which was converted to the known4 boat lactone system 
15, mp 49-51 °C (lit. 4 49.6 °C). No evidence for the formation 
of stereoisomers of 13 could be detected.

Reaction of 10 with 2,3-oxido-a-cholestane (9) under these 
conditions gave a 63% yield of 16,13 mp 92-93 °C, [a]D (CHCI3 ) 
+4.7°. The epoxide was recovered to the extent of 15%. The 
diaxial nature of 16 was confirmed through the NMR spec
trum1 7  of its derived acetate, 17,13a mp 112-114 °C. Treatment 
of 17 with methanolic HC1 gave the methyl ester 18,13>16 mp
163-164 °C, [« ]D  (CHCI3 ) +32.0°, in 85% yield. The latter was 
converted to the pentacyclic steroidal lactone 19,I3a mp 
165-167 °C, [cv] d  (CHCI3 ) +31.7°, in 73% yield by the forcing 
conditions of Johnson4 (tosyl acid-xylene, reflux).

16 X = C=C-0Et; Y = OH 
£  X * C=C-0£L Y * OAc 
18 X • CHgCOgMe; Y = OH

It is thus seen that this method of cleavage occurs in a 
stereoelectronically specific trans-diaxial fashion. The efficacy 
and stereoelectronic specificity of the method are not seriously 
disrupted by a 1,3-diaxial interaction with an angular methyl 
group. Other applications of these aluminum bound synthetic 
equivalents of acetic acid carbanion are currently under in
vestigation.

Acknowledgments. This research was supported by PHS 
Grant CA-12107-12. NMR services were maintained on in
strumentation supported by RR-00292-06. Support from the 
Hoffmann-La Roche Company is gratefully acknowledged.

Supplementary Material Available. Experimental procedures 
for these reactions (6 pages). Ordering information is given on any 
current masthead page.

References and Notes

(1 j K. Nakanishi,T. Goto, S. Ito, S. Natori, and S. Nozoe, “ Natural Products” , 
Vol. 1, Academic Press, New York, N.Y.-Tokyo, 1974, Chapter 3.

(2) S. M. Kupchan, M. A. Eakin, and A. M. Thomas, J. Med. Chem., 14, 1147 
(1971),

(3) M. S. Newman and C. A. Vander Wert, J. Am. Chem. Soc., 67, 233 (1945).
(4) W. S. Johnson, V. J. Bauer, J. L. Margrave, M. A. Frisch, L  H. Dryer, and 

W. R. Hubbard, J. Am. Chem. Soc., 83, 606 (1961).
(5) P. A. Griecoand C. L. Wang, J. Chem. Soc., Chem. Commun., 714(1975).
(6) K. Iwai, M. Kawai, H. Kosugi, and H. Uda, Chem. Lett., 385 (1974).
(7) P. L. Creger, J. Org. Chem., 37, 1907 (1972).
(8) T. Fujita, S. Watanabe, and K. Suga, Aust. J. Chem., 27, 2205 (1974).
(9) M. W. Rathke and D. F. Sullivan, J. Am. Chem. Soc., 95, 3050 (1972).

(10) For the successful reaction of lithium ethoxyacetylide with simple terminal 
epoxides, see J. Link, P. Vermeer, J. G. Kooiman, J. Meljer, L. Brandsma, 
and J. F. Arens, Reel. Trav. Chim. Pays-Bas, 93, 92 (1974).

(11) (a) J. Fried, C. H. Lin, and S. H. Ford, Tetrahedron Lett., 1379 (1969); (b) 
J. Fried and J. C. Sih, ibid., 3899 (1973).

(12) The first preparation of an alane derivative of ethoxyacetylene was achieved 
in the laboratories of Professor Fried. The reagent was used in a successful 
opening of cyclopentane oxide. This successful reaction was described 
by J. Fried, M. Mehra, C. Lin. W. Kao, and P. Dalven in the Ann. N. Y. Acad, 
s ci., 180, 38 (1971). The resultant frans-ethoxyethynyl functions was 
converted to CHjCHO by partial reduction of the triple bond followed by 
hydrolysis of the resultant enol ether. We thank Professor Fried for apprising 
us of his experimental procedures.

(13) The structure and homogeneity of this compound was established by (a) 
Its ir, NMR, and mass spectra; (b) C and H combustion analysis was within 
0.4% of theory.

(14) For the generation of aluminum enolates by the Ni(acac)2 -catalyzed con
jugate addition of trlmethyl aluminum to enones, see E. A. Jeffrey, A. 
Meisters, and T. Mole, J. Organometal. Chem., 74, 365 (1974).

(15) Compound 11 Is an artifact produced on chromatography of the labile 
ethynyl ether 6.

(16) We have found that treatment of the frans-2-hydroxyethynyl ethers 12 and 
16 with ostensibly anhydrous HCI-methanol gives cleanly the methyl esters. 
We are, at present, unable to define the mechanism of this transformation. 
It may involve the presence of adventitious water, leading to a mixing of 
methyl and ethyl esters followed by transesterification of the latter In favor 
of the former. Alternatively, it may be the consequence of protonation 
followed by déméthylation giving rise to a ketone intermediate. The latter

is then captured by the solvent, methanol, to give the observed methyl ester. 
In any case, it is a useful method for transforming ethoxyethynyl ethers, 
arising from the commercially available ethoxyacetylene, Into methyl esters 
which tend to be more easily crystalline and more readily amenable to NMR 
analysis.

(17) The resonance of the methlne proton at C3  In compound 16 Is obscured 
by overlap with the methylene protons of the ethoxy group. However, In 
the derived acetate 17 the resonance (CDCI3 ) is seen as a multiplet cen
tered at <5 5 ppm with a line width at half-height of 5 Hz, clearly Indicative 
of an equatorial proton. The /? stereochemistry of the X group in compounds 
16-18 follows from inversion of the a  stereochemistry of the epoxide.

S. Danishefsky,* T. Kitahara, M. Tsai, J. Dynak
D e p a r tm e n t  o f  C h e m is t r y ,  U n iv e r s i t y  o f  P i t t s b u r g h  

P i t t s b u r g h ,  P e n n s y lv a n ia  1 5 260  

R e c e iv e d  J a n u a r y  9 ,1 9 7 6

Carbon-13 Magnetic Resonance.
Downfield Shifts Induced by M(CH3)3 (M = Si, Ge,
Sn, Pb) at the 7  Position and Antiperiplanar 
to the Carbon-13 Center

S u m m a r y :  Carbon-13 NMR spectra of certain cycloalkyl 
derivatives of group 4B have been obtained, and the chemical 
shifts of 7  carbons are discussed in terms of geometrical array 
and possible electronic interactions.

S ir :  The 7  effect (the usually u p f ie ld  shift of a resonance for 
a carbon-13 nucleus gauche to another carbon or heteroatom 
at the 7  position) is generally ascribed to steric compression 
which polarizes the C-H bonds causing shielding of the carbon 
nucleus. 1  When heteroatoms are incorporated, it was recog
nized2 - 4  some years ago that significant upfield 7  shifts may 
occur when such heteroatoms are anti to the carbon nucleus. 
More recently, Eliel and co-workers5  established that a carbon 
nucleus anti to a second t o w  heteroatom (N, O, F) in the 7  

positions generally resonates at higher field than when anti 
to methyl or methylene. The nature of this shielding mecha
nism is not established, but Eliel5  favored interaction of free 
electron pairs (on N, O, F) with the C a- C p  bond, resulting in 
a type of “conjugative” transfer of electron density to the C7  

region. On the other hand, Heumann and Kolshorn, 6 from 
their studies of 2-substituted bicyclo[3.3.1]nonan-9-ones, 
suggested that '“electronically induced” anti 7  effects were 
associated with back-lobe overlap, as originally outlined by 
Grutzner and Roberts. 2  Our studies of the 13C spectra of 
geometrically well-defined cycloalkyl derivatives of group 4B 
elements have provided values for the 7  effects of M(CH3 ) 3  

(M = Si, Ge, Sn, Pb) in gauche and antiperiplanar arrays. 
These data are particularly pertinent to the mechanism of the 
anti 7  effect, but also make available a further assignment 
criterion for the spectra of the group 4B derived systems.

The chemical shift data for cyclohexyl7  and certain nor- 
bornyltin compounds8 are assembled in Table I, together with 
relevant information on the bicyclo[2.2.2]octyltin system.9 The 
values in parentheses are the substituent chemical shifts and 
the 7  effects are italicized. For the tin compounds, the 7  effects 
are substantially downfield in anti arrangements (where steric 
compression cannot be important) and largest at Ce, in the 
exo-2-norbornyl compound (+3.9 ppm). Where steric com
pression is operative, e.g., in the axial conformer7  of cyclohexyl 
trimethylstannane, the 7  effect is upfield, perhaps as ex
pected. The 7  effect of Sn(CH3 ) 3  attached to a bridgehead 
position (in the bicyclo[2 .2 .2 ] octyl system) is still significantly 
downfield (+2.4 ppm), in contrast to the observation5  that the 
normally upfield anti 7  effect of fluorine becomes downfield 
in such a situation. 1 0

The equatorial cyclohexyl derivatives1 1  of group 4B exhibit 
anti 7  effects that are significantly downfield, i.e., from + 0.8 
ppm for C(CH3 )3 4 to +3.06 ppm for Pb(CH3)3. It is instructive
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Carbon Number

Substituents 1 2 3 4 5 6 7 Other

Table I. Carbon-13 Chemical Shifts« of Some Group 4B Substituted Cycloalkyl Systems

R'

Â :
4 2

R ’ = H; R  = H 27.0 27.0 27.0 27.0 27.0 27.0
R 1 = H; R  = C(CH3)3 48.9 28.2 27.8 27.2 27.8 28.2 32.7, 27.7

(+21.9) (+ 1 .2 ) (+0.8) (+0 .2 ) (+0.8) (+ 1 .2 )
R 1 = H; R  = Si(CH3)3& 26.39 27.49 28.25 27.14 28.25 27.49 —3.56

( -0 .6 1 ) (+0.49) (+1.25) (+0.14) (+1.25) (+0.49)
R 1 = H; R  = G e(CH 3)3c 27.90 28.74 28.31 27.06 28.31 28.74 - 4 .5 0

(+0.9) (+1.74) (+1-31) (+0.06) (+1.31) (+1.74)
R 1 = H; R = Sn(CH3)3 24.75 30.87 •28.98 26.93 28.98 30.87 -1 1 .9 2

(—2.25) (+3.87) (+1.98) ( - 0 .0 7 ) (+1.98) (+3.87)
R 1 =Sn(C H 3)3;R  = H nl nl 25.89 nl 25.89 nl - 9 .1 8

( - 1 .1 1 ) ( -1 .1 1 )
R 1 = H; R  = Pb(CH3)3 35.04 33.66 30.06 26.75 30.06 33.66 —5.31

(+8.04) (+ 6 .6 6 ) (+3.06) (—0.25) (+3.06) (+6 .6 6 )
R 1 Pb(CH3)3; R = H 38.72 32.19 25.88 26.75 25.88 32.19 - 3 .1 8

(+11.72) (+5.19) (—1.12)
7

( -0 .2 5 )

4

( - 1 .1 2 ) (+5.19)

/ s  [1 y

R
R ‘ = H ; R  = H 36.8 30.1 30.1 36.8 30.1 30.1 38.7
R 1 = Sn(CH3)3; R = H 40.3 27.6 37.6 34.9 29.5 34.0 38.6 —10.8

(+3.5) ( - 2 .5 ) (+7.5) ( - 1 .9 ) ( - 0 .6 ) (+3.9) ( - 0 .1 )
R 1 = H , R  = Sn(CH3)3 40.9 28.7 33.8 36.9 30.3 30.1 40.9 - 10.2

(+4.1) ( - 1 .4 ) ( - 3 .8 ) (+2.0) (+0 .8 ) 0 (+2.2)

© * fc ©

R  = Hd 44.1 26.7 26.7
R

44.1
R = Sn(CH3)3 43.0 30.7 29.1 44.8 e

( - 1 .1 ) (+4.0) (+2.4) (+0.7)

a For 10% solutions in CDC13 referenced to  internal TMS. nl means not located. 7  effects are italicized. * The assignments 
for C2>6 and C3 s could be reversed, but this reversal does not alter any arguments. The listed values provide a m ore reason
able periodic response in the C3 5 chemical shifts. « Confirmed by examination o f  the (2 ,6 ) deuterated analogue. d Arbi
trary numbering system. «Reference 9.

to consider how this trend is accommodated by the possible 
mechanisms of the anti y  effect given the present under
standing of the periodic properties of the elements in their 
compounds. The hyperconjugative mechanism suggested by 
Eliel5 for atoms bearing free electron pairs could be applied 
to the lower members (i.e., Si downward) and would result in 
deshielding at C y, as observed. This would necessitate inter
action of a vacant orbital, of ir or pseudo-ir symmetry on the 
central atom, and could conceivably be nd or C-M cr* in na
ture.12 The degree of hyperconjugative interaction would then 
be reciprocal function of the energy difference between this 
i r  orbital and the C-C bonding level, to a rough approximation. 
As the interaction between a vacant “ i r  level”  on Si and ad
jacent ir systems is not large,13 it is difficult to envisage sig
nificant interaction with a <7 level. Even if it were, we would 
expect a greater effect for Si, as the evidence13“15 is that ir 
bonding is more efficient for this element, presumably owing 
to better energy and radial matching of the interacting or
bitals. 16

We are left to consider the original “ back-lobe overlap” 
idea,2 which is also favored by a planar “zig-zag” or “W” array. 
Larger downfield 7  effects then are related to a number of 
factors, including electronegativity, regulating the nature of 
the C-M a bond. This explanation is consistent with the much

enhanced 7  effect (+3.9 ppm) at C6 in the exo-2-norbornyltin 
compounds apparently because the C2-C 1-C 6 angle is smaller, 
promoting the back-lobe interaction. It is of importance to 
note that vicinal 117 '119Sn-13C coupling is maximized8 for a 
dihedral angle of 180°, and back-lobe transmission is a strong 
possibility. Furthermore, the vicinal coupling to C6 in e x o -
2 -norbornyltrimethylstannane appears to be the largest 
measured for a RSniCFDa system.8 Eliel noted5 that anti 7  
effects did not extend to third row elements (e.g., chlorine), 
whereas such (deshielding) effects become more pronounced 
as group 4B is descended. It is possible that different blends 
of factors are involved in the two situations, and further ex
perimental and theoretical efforts are required. In the 
meantime, it is essential to note that, for some substituents, 
7  effects of possibly variable sign but comparable magnitude 
may be encountered, depending on geometrical factors.
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Lead Tetrabenzoate Oxidation of 
Trimethylsilyl Enol Ethers

S u m m a ry: A high yield, regiospecific procedure for the 
preparation of a-benzoyloxy carbonyl compounds is reported.

Sir: We wish to report that the reaction of trimethylsilyl enol 
ethers, 1, with lead tetrabenzoate (LTB), followed by treat
ment with triethylammonium fluoride, affords a-benzoyloxy 
carbonyl compounds, 2, in excellent yield (eq 1). Previous

OSiMe,

1. LTB R

2. Et3NHF

interest in the introduction of an acyloxy group adjacent to 
the carbonyl moiety has centered mainly upon the use of lead 
tetraacetate (LTA) .1 Enolizable ketones react with LTA in 
refluxing benzene to produce a-acetoxy ketones in moderate 
yield,2 but the reaction is limited by the concurrent production 
of diacetates2® and rearrangement products.3 The latter 
problem is a major deterrent in the use of LTA for the for
mation of a-acetoxy aldehydes4 and no high yield method for 
the synthesis of these useful intermediates has as yet been 
reported.5 Boron trifluoride has been employed to catalyze 
the LTA reaction with ketones,6 and, in one instance, an en- 
olate has been successfully trapped by LTA .7 Other ap
proaches have used the reactions of enamines with LTA8 and 
thallium triacetate,9 but both methods are of limited pre
parative value. The reaction of mercuric acetate with ketones 
also affords the corresponding acetoxy derivative, but the 
method lacks regiospecificity. 10 Electrochemical procedures 
for the introduction of acetoxy groups have also been inves
tigated.11 Recently, we have shown that 1 reacts with LTA to 
afford excellent yields of a-acetoxy ketones,12’13 but this 
method when applied to the trimethylsilyl enol ethers of al
dehydes results in the production of glycolic acid as well as 
acetic acid derivatives.14

Representative examples of the LTB method are shown in 
Table I. The individual entries serve to point out the advan
tages of the procedure. All of the yields shown in Table I are 
quite acceptable, and the yields obtained for the production 
of 2a~d are comparable with those obtained via LTA treat
ment of la-d to afford the corresponding a-acetoxy ketones.12 
The successful preparation of 2f, 2g, and 2h indicates the 
generality of the method as applied to the synthesis of a - 
benzoyloxy aldehydes. NMR analyses of crude reaction 
mixtures evidenced that no rearrangement products (a-ben- 
zoyloxy ketones) were present. 15 The mildness of the proce
dure is exemplified by the isolation of 21 and 2h. Heating of 
2h resulted in the loss of benzoic acid and formation of cin- 
namaldehyde. Pyrolysis of 2 is currently being studied as an 
entry into regiospecifically generated a,j3-unsaturated car
bonyl systems. That the m eth od  provides a regiospecific 
synthesis of 2  from ketones, via 1 , is noted by the production 
of 2j,16 2k,17 21, and 2m. The selectivity of LTB for the enol 
double bond in lm to form 2 m is in line with the reactivity of 
this linkage toward ozone13d and the Simmons-Smith re
agent18 in the presence of other unsaturation in 1. Further, no 
evidence was obtained for the formation of cyclization prod
ucts from lm, a reaction noted in the reaction of 1,5-penta- 
diene with LTA .19

The general mechanism for the formation of 2 from 1 ap
pears to be analogous to that observed in the treatment of 1 
with LTA, in which the initial step of the reaction is the pro
duction of a diacetate.12 In the present case, 1 reacts with LTB 
to form the dibenzoate 3.20 Subsequent attack by fluoride 
ion21 frees the a-benzoyloxy compound, 2 (Scheme I).

OSiMe3 

,R'
R'

R"

LTB

Scheme I

CF

EtjNHF

PhC02H +  R
R"

OCOPh 

R'
+  FSiMe,

R'
1

2 2
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Table I.

la, b

OSiMe3

la, '  R -  H
lb, ' R = Cl
lc, ' R -  OCH;,
Id,' R -  F 
OSiMej

lh"'

Oxidation o f  Trimethylsilyl Enol Ethers, 1, With Lead Tetrabenzoate

Isolated 2a. * Isolated 2a,*
(% yield) la ,* ________ (% yield)

2a(99), R = H 
2b (96), R =  Cl 
2c (90), R -  0CH3 
2d(97), R = F

0
/̂N -̂OCOPh

2e(77)

2f(90)
O

2g(97)
0

2 h (87)

OSiMej

lm'

0

2ks (92)
0

2m (92)

a All com pounds have ir, NMR, and mass spectral properties consistent with the proposed structures. * All new com pounds 
show C and H analyses within ±0.3% o f  theoretical. c Prepared by the m ethod o f  H. O. House, L. J. Czuba, M. Gall, and 
H. D. Olmstead, J. Org. Chem., 34, 2324 (1969). ^Mixture o f  E and Z isomers. e Prepared by the m ethod o f  R. K. Beckman, 
Jr., J. Am. Chem. Soc., 96, 6179 (1974). /M ixture containing 75% 1:1 mixture o f  c;s-2j and trans-2j and 25% unidentified 
isom er; see r e f 16. S Isolated as a 2:1 m ixture o f  trans-2k and cis- 2k; see ref 17.

The following is a typical experimental procedure. A solution of 2 
mmol of LTB22 in 30 ml of dry methylene chloride was cooled to 0 °C 
(ice bath) and treated with 2 mmol of li (addition time ~30 sec). After
0.5 hr of stirring at room temperature, the resulting slurry was filtered 
to remove lead dibenzoate, and the solution thus obtained was treated 
with 6 mmol of triethylammonium fluoride.21 The resulting solution 
was stirred at room temperature for 8 hr and then washed sequentially 
with 20 ml of 50% aqueous sodium carbonate solution, 20 ml of 1.5 N 
hydrochloric acid, and 20 ml of saturated sodium bicarbonate solution. 
After drying over anhydrous magnesium sulfate and filtration, solvent 
was removed in vacuo and the residue crystallized from ether to afford 
a 91% yield of 2i, mp 86-87 °C (lit.23 mp 85-86 °C).
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P e p tid e  R e a g e n ts
It is in the Aldrich tradition to offer a wide variety of in

termediates and reagents to the synthetic chemist. For pep
tide synthesis,1 we offer one or two reagents for each peptide 
coupling method described in the literature. Since each 
method has its advantages and disadvantages, a variety of 
reagents is necessary.

We offer isobutyl and ethyl chloroformâtes for the classic 
“mixed anhydride” method.2 Generally, isobutyl chlorofor- 
mate is preferred for the synthesis of peptides of moderate to 
high molecular weights, and ethyl chloroformateforthe syn
thesis of dipeptides.3 The carbodiimide method2 is another 
versatile and convenient method. The very popular DCC 
(A,A'-dicyclohexylcarbodiimide) is a highly reactive coup
ling agent and can be used in solid-phase peptide synthesis 
(SPPS). The related reagents, l-cyclohexyI-3-(2-morpho- 
linoethyl)carbodiimide metho-p-toluenesulfonate (mor- 
pho-CDl) and l-(3-dimethylaminopropyl)-3-ethylcarbodi- 
imide hydrochloride, are water-soluble diimides which per
mit simplified purification of the peptide products because 
the corresponding ureas are water-soluble. Racemization in 
the DCC method can be minimized or completely suppressed 
by usingan additive,1 such as A-hydroxysuccinimide,* A-hy- 
droxyphthalimide, A-hydroxypiperidine or 1-hydroxyben- 
zotriazole. The last-named compound is exceptionally good 
at suppressing racemization, prohibiting A-acylurea forma
tion and improving yields of high-purity peptides.4 These ad
ditives can, of course, be used in SPPS.1

The use of DCC-pentachlorophenol (DCC-PCP) and 
DCC-pentafluorophenol (DCC-PFP) complexes in the 
preparation of acylpeptide-PCP and -PFP active esters,5 as 
well as other uses6 of DCC, has been described.

Another versatile reagent, EEDQ ( A-ethoxycarbonyl-2- 
ethoxy-l,2-dihydroquinoline), has many more advantages: it 
gives volatile and easily-removable by-products, there is 
practically no racem ization, and it is useful with O-unpro- 
tected hydroxy amino acids. EEDQ and its more reactive 
analog, IIDQ (2-isobutoxy-I-isobutoxycarbonyl-l,2-dihy- 
droquinoline),7 another Aldrich first, can also be used for 
SPPS. Woodward’s Reagents K and L offer similar advan
tages: they afford water-soluble by-products, yields are high 
and they are useful with Ounprotected hydroxy amino 
acids.

An oxidation-reduction condensation method8 employs 
Aldrithiol-2 (2,2'-dipyridyl disulfide) and triphenylphos- 
phine as coupling reagents. This system can be used in a 
variety of solvents at a wide range of temperature, affords 
high yields with little racemization,8 and can be used in

SPPS.9
Other reagents include trimethylacetyl chloride, 10 tri- 

phenylphosphine with CCI4 or CBr4,n triphenyl phosphite 
and imidazole, 12 1 , l'-carbonyldiimidazole,2 a,a-dichloro- 
methyl methyl ether, 1 chloroacetonitrile,*1p-nitrophenyl tri- 
fluoroacetate,* 13 2 -hydroxypyridine*14 and 2 -mercapto- 
pyridine.* 15

Listed below are six of the many peptide reagents we offer. 
Please send for a free list and/or consult our current Catalog- 
Handbook for packaging and pricing information on the rea
gents and blocked amino acids.

•Active ester reagents
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14,304-9 Aldrithiol-2...................... 5g S10.85; 25g $36.05
(  10,640-2 l-Cyclohexyl-3-(2-morpholino-.........25g $23.00

ethyl)carbodiimide metho-p-toluene- 
sulfonate (morpho-CDI)

D8.000-2 A, A-Dicyclohexylcarbodiimide......... 25g $3.00
100g $10.00; 1kg $45.00; 10kg $320.00

15,207-2 EEDQ.............................25g $7.20; 100g $18.95
E4526-0 A-Ethyl-5-phenylisoxazolium-........... 5g $19.80

3-sulfonate (Woodward’s 30g $79.20
Reagent K)

17,824-1 IIDQ..... .........................25g $7.20; 100g $18.95
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