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E D ITO RIAL

Readers of the Journal of Organic Chemistry (JOC) are probably aware that Chemi
cal Abstracts (CA) index names for specific chemical substances have been extensively 
revised beginning with the CA Volume 76 (January-June, 1972) indexes. This date cor
responds to the first volume of the ten-volume, five-year Ninth Collective Index (9CI) 
period (1972-1976). In the past such nomenclature changes have been detailed in pa
pers in JOC. Because of the magnitude of these changes and their accompanying expla
nations, such a publication is not possible in today’s JOC. The purpose of this editorial 
is to alert readers to the existence of the index name changes, to supply some of the 
reasons for the changes, and to point out where detailed descriptions of the changes 
may be found.

The most numerous and most obvious CA index name changes are the conversions of 
previously used trivial, author, and commercial substance names into more systematic 
names. While remaining generally within the framework of IUPAC and other existing 
nomenclature rules, the most systematic recommended names have been chosen for use 
in future CA Chemical Substance Indexes. These names are more easily derived from 
molecular structural diagrams and, therefore, are more quickly found by index users. 
Computer editing of index names and translation of these names into structural repre
sentations in the Chemical Abstracts Service computer-based information system are 
also aided substantially by the revisions. Thus, the former index names Anisole, Gen- 
tisic acid, and p-Toluidine are replaced by Benzene, methoxy-, Benzoic acid, 2,4-dihy- 
droxy-, and Benzenamine, 4-methyl-, respectively. When a nonsystematic name con
veys stereochemical information, it has often been retained; examples are Pregnane, d - 
Glucose, and Lanostane.

The 9CI changes include simplification of general name-selection rules and elimina
tion of special treatment for small classes of substances. Specific identifiable alloys, el
emental particles, enzymes, and mixtures of known substances are now indexed the 
same as conventional substances. All of the changes help provide a more consistent 
Chemical Substance Index.

The CA revised rules for naming chemical substances are described with examples in 
Section IV (120 pages) of the introduction to the CA Volume 76 Index Guide. This sec
tion, which includes a revised list of substituent prefixes (radicals) and a selective b ib 
liography of chemical nomenclature rules, is also available separately under the title 
“ Naming and Indexing of Chemical Substances for CHEMICAL ABSTRACTS during 
the Ninth Collective Period (1972-1976)”  from the Marketing Department, Chemical 
Abstracts Service, The Ohio State University, Columbus, Ohio 43210, for $5.00. The 
complete Index Guide itself, comprising cross-references for both substances and gener
al subjects (including those no longer used by CA), synonyms, and notes on where to 
find related subjects, has been thoroughly revised for Volume 76. Users of CA indexes 
will find it helpful to consult the Index Guide and its latest supplement (issued with 
Volume 77 and each odd-numbered Volume thereafter) before employing the individual 
indexes.

A publication version of the index name changes, together with comparisons of old 
and new names, appears in the February, 1974, issue of the Journal of Chemical Docu
mentation.

Russell J. Rowlett, Jr.
Editor, Chemical Abstracts Service
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Bis(l-propynyl)methanol (la), bis(phenylethynyl)methanol (lb), and tetrakis(l-propynyI)«thane-l,2-diol (10) 
are highly activated propargyl alcohols. Because of their sensitivity to acid, conversions of 1 to carbamate, 
ester, ether, and halide best proceed under neutral or basic conditions. Even so, disruptions of the diyne system 
are common, e .g ., the formation of 4-bromo-2,5-heptadiyne and 2-bromo-2,3-heptadien-5-yne from la, thermal 
cleavage of 10, and a base-catalyzed ynol to enone rearrangement of lb to l,5-diphenylpent-l-en-4-yn-3-one 
(14). It is shown that the conversion of 1,3-diphenylpropynol (15) to 1,3-diphenylpropenone (16) in the presence 
of base is another example of this rearrangement and that reactions which appear to be characteristic of the 
ynol (lb, 15) are probably those of the enone (14, 16). The question of conjugation in skipped 1,4-diynes is dis
cussed in the context of the uv spectra of several series and it is concluded that, in the diethynylmethanes, 
-carbinols, and ketones, the central function at the 3 carbon does transmit conjugation. The trialkylethynylcar- 
binols are anomalous in that their uv absorption bands are decidedly hypsochromic relative to all members of 
the diethynyl families.

In a skipped diyne, a methylene or other functionality is 
interposed between the two triple bonds. Such compounds 
could conceivably display properties that result from re
ciprocal effects of the alkyne and the middle group. Else
where we have reported on diethynylmethanes,2 diethynyl 
ketones,3 triethynylcarbinols, and related allenes.4 Here 
we examine the chemistry of the diethynylcarbinols (1).

Relatively few (ca. 12) skipped diynols are known.5'6 In 
their reactions, e.g., hydration or hydrogenation of the tri-. 
pie bond and oxidation or functional exchange of the hy
droxy group, these compounds appear to be unexceptional 
propargyl alcohols.5’6 However, because the “ propargylic” 
effect has been enhanced and vulnerable sites abound, we 
also find that competing processes are easily initiated. 
After describing a few “ standard”  processes we shall de
scribe an unusual rearrangement of certain ethynylcarbi- 
nols.

Carbinol Reactions. Reaction of 1 with phenyl isocyan
ate yielded the expected urethanes (2).7

erization of the initially formed adduct, 4-benzylidene-3- 
phenyl-5-phenylethynyl-2-oxazolidinone (eq 1).

We have also prepared esters of 1 under basic or neutral 
conditions, which preclude possible acid-catalyzed Meyer- 
Schuster rearrangements of ethynylcarbinols to a,(3-un
saturated ketones.8 It was possible to esterify lb  with ace
tyl chloride by refluxing them in benzene containing suffi
cient pyridine to neutralize the hydrochloric acid formed 
(eq 2), although la  was only partially esterified by benzo
yl chloride under these conditions. However, the alkyla
tion of preformed dipropynylmethyl alkoxide with a suit
able acid chloride was successful and we were able to pre
pare bis(l-propynyl)methyl m-bromobenzoate (5) in fair 
yield (eq 3).

lb +  MeCOCl —  ---------- - (PhC=C),CHOCOMe (2)
C6“ 6~C5HSN ^

1. NaH-THF
l a ------------------- -  (MeC=C),CHOCOC6Hj-3-Br (3)

2. 3-BrC6H3COCl

CgHg, 80'
(RC=C),CHOH +  PhNCO — —C„H,N

la, R = Me 55
b, R = Ph

PhC=C ;CH,Ph

Os^NPhT
o

( R C =C  kCHOCONHPh

Efforts to cyclize bis(l-propynyl)methyl N-phenylcarba- 
mate either thermally (ca. 130°) or under basic conditions 
(ca. 60°) led only to intractable tars or recovery of un
reacted carbamate. Likewise, bis(phenylethynyl)methyl 
A'-phenylcarhamate did not cyclize in refluxing xylene but 
formed 4-benzyl-3-phenyl-5-phenylethynyl-4-oxazolin-2- 
one (3) in refluxing methanolic sodium methoxide.7® This 
product presumably arises from the base-catalyzed isom

Ether formation was patterned on the ester syntheses 
and an example given by Liang.6

1. Na-C6H6
la -------------* (MeC= S eGHOMe (4)2, Mel

6

The diethynylhalomethanes could possibly lead to poly- 
ethynylated methanes, ethanes, or ethylenes. A recent re
port, for example, describing the conversion of bis(phenyl- 
ethynyl)methyl bromide into tetrakis(phenylethynyl)ethy- 
lene in the presence of potassium te r t-butoxide was en
couraging.9 We were able to prepare bis(phenylethynyl)- 
methyl bromide (7b) by treating lb  with phosphorus tri
bromide in absolute ether at 0° (eq 5). This bromide was a 
yellow solid which decomposed to a red tar upon standing 
for several hours at 25°. It was, however, found to be sta
ble indefinitely at -78°. Compound la  and phosphorus

739
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tribromide in absolute ether at 0° yielded an unstable oil 
which decomposed to a black tar within several hours at 
25°. Spectral analysis indicated that the oil was a mixture 
of 4-bromo-2,5-heptadiyne (7a, 98%) and 2-bromo-2,3- 
heptadien-5-yne (8a, 2%). If the bromination was carried 
out in the presence of pyridine, the ratio of the two prod
ucts changed to 1:1. Similar acetylene-allene rearrange
ments are known.10

Et20
1 +  PBr:, ------- * (R C=C )2CHBr +  RBrC=C=CHC=CR (5)

°° 7 8
a, R = Me
b, R = Ph

Attempts to separate the bromides (e.g., distillation or 
column chromatography) resulted only in their decompo
sition and partial hydrolysis to la , although they could be 
stored at —78° for several weeks without detectable de
composition.

We record observations on two of several reactions at
tempted with 7. The bromides from la  reacted only slow
ly with magnesium metal in ether at 25°. An aqueous 
quench of the reaction mixture after 24 hr gave starting 
bromides and small amounts of 2,5-heptadiyne (9) and 8a. 
When the reaction was repeated with 7b, a yellow solid 
containing at least three compounds (one major product 
and two minor products) precipitated from the reaction 
mixture after 1 hr. Since mass spectral analysis showed 
that the heaviest fragment had m j e  430 and the base peak 
had m / e  215, it is probable that the major product in the 
mixture was a species of molecular weight 430, perhaps 
l,l,2,2-tetrakis(phenylethynyl)ethane, which cleaves into 
two identical fragments of m / e  215 upon electron impact. 
The coupling process would then be

The presence of the second predicted product from this 
reaction, hept-2-en-5-yn-4-one (12), in the reaction mix
ture was inferred from the ir and nmr spectra of the prod
uct solution.

Even if diesters or dihalides are excluded, several at
tractive routes from a 1,2-glycol to an alkene are known. 
In one of these, our attempts to prepare the intermediate 
thionocarbonate from the glycol and l,l'-thiocarbonyldiim - 
idazole14 did not succeed. On the other hand, the carbon
ate formed readily but could not be converted to the alk
ene by the usual techniques.15

10 + ( n^ n ^ cq
A, 30 min

(MeC=C)2 J— y(C=CMe)j
O

o
13

(10)

Base-Catalyzed Rearrangements. Although base-cata
lyzed rearrangements of propargylic compounds are famil
iar in acetylene chemistry,2’10’16 we were rather surprised 
to find the following.

O 0

H C
hase \  /  \

lb — *- c=c
/  \  c \ p,Ph H Ph

trans-14 ( J HH = 16.1 Hz)

Ph (A\ / c=c * / \
H H

(11)

'Ph
ds-14 (J HH = 12.3 Hz)

One must credit Nineham and Raphael and Lappin 
with the discovery o f this rearrangement (eq 12, 13), even 
though Lappin was unable to isolate the phenyl aroyl ke
tone (eq 13).17 We have since located one other example 
(eq 14).18

M g  + 7b — *- (P h C = C ) ,C H C H (C = C P h ) ,2| + o t h e r  p r o d u c t s
m/e 430 ( 6)

With another reductant, namely Cr(II),11 7a gave 2,5- 
heptadiyne, and 7b gave a yellow solid, identical in all re
spects with that of eq 6.

7a +  C rSO j — >- ( M e C = G b C I |  (7 )
9

Tetraethynylglycols are analogs of 1 which were of in
terest to us as possible precursors of tetraethynylethylene. 
The sensitivity of 10, one of the two known glycols12 in 
this class (eq 8), precluded certain conversions.

M e C = C M g X  +  (C O O E tb  —  [ (M e C = C ),C .O H ], (8 )

10
In dilute aqueous acid the glycol was destroyed. Reac

tion of 10 with phosphorus tribromide gave only a com 
plex mixture of vinyl allenes, glycols, etc. Attempted es
terification with pyridine and benzyol chloride did not 
yield the expected diester but rather mixtures of the gly
col and half-esters; alternatively, treatment of 10 with 
butyllithium at -40 ° followed by addition of acetyl chlo
ride at 0° gave only small amounts of the desired diace
tate along with large quantities of tarry materials. In an 
attempt to condense 10 with benzaldehyde, their solution 
in toluene was heated at 110° over molecular sieves for 
several hours. From this mixture only dipropynyl ketone 
was isolable. This product may have formed by an oxy- 
Cope rearrangement, for which there is precedent among 
the diacetylenic glycols.13
MeC=C(OH)C—:C(C=CMe)2

i J f \
( 0

m V /Me— C %

(MeC=C)2CO
11
+

MeCH=CHCOC=CMe
12

(9)

base
PhCHOHC=CC02CH:) — >- PhC0CH=CHC02CH:, (12)

base
PhC =CCHOH Ar — * ( PhCH=CHCOAr) —

15. Ar = Ph 16, Ar =  Ph
PhCHO + CH-COAr (13)

base
HC =  CC= ( ’Cl lOHCH;,  ► [HC=CCH==CHCOCH-|] (14)

Earlier, Liang had reported that, in the presence of alco
holic potassium hydroxide, lb is converted into bis(phen- 
ylacetyl)methanol, (C6H5CH2CO)2CHOH,6 an altogether 
implausible transformation. Moreover, these reactions are 
clearly different from the known acid-catalyzed Meyer- 
Shuster rearrangement.8b

H 30  +
lb — *- PhCOCH=CHC=CPh (15)

17
The first indication that lb might undergo a base-cata

lyzed rearrangement arose during the triazole synthesis 
of eq 16.19 It was established that phenylethynyl f3-styryl

Ph. ,COCH=CHPh1. NaN3, DMF N ------<
lb -------- ---------* // W (16)

2. H ,0 + N. ,N
nN

H
18

ketone (14) yields the same triazole under similar condi
tions and that various bases, e.g., hydroxide, acetate, 
azide, and triethylamine, catalyzed the isomerization of 
lb to 14. In order to be sure that isomerization of lb actu
ally preceded triazole formation, we monitored reactions 
11 and 16 by ir or nmr. The ( bands are diagnostic in 
that rc =c (2205 cm -1 ) of lb is lost early in the reaction 
while VcmC (2255 cm -1 ) of 14 appears, then disappears. 
Thus it is probable that isomerization of lb to 14 is faster
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than triazole formation. Heated at reflux in triethylamine 
or in toluene in the presence of triethylamine for 24 hr, lb  
yields trans- 14 (>90% ); heated at 50° in an aprotic solvent 
in the presence of base, lb  yields cis- and trans-14. The 
cis and trans structural assignments of eq 11 are based on 
the observed nmr data.20

Finally, cis-14 is formed under kinetic control and is 
gradually converted to trans-14 (Table I). Moreover, the 
overall conversion of lb  to 14 increases as the aprotic sol
vents become more polar, in the order benzene ~  dioxane 
< THF < DMF < DMSO. At this stage it becomes neces
sary to examine possible mechanisms in order to provide a 
rationale for our observations and the kinds of experi
ments to be described later.

Three possible pathways were considered, that is, via a 
carbene, a monocarbanion, and a dicarbanion (eq 17). A 
trapping experiment in which lb  was treated with sodium 
hydride in the presence of an excess of olefin (cyclohex
ene, ethyl cinnamate, trans-stilbene) gave only starting 
material, 14, phenylacetylene, and unreacted olefin. 
These results indicated that the carbene mechanism prob
ably did not apply, although carbene mechanisms are 
known to operate under similar conditions in related pro- 
pargylic systems.21

Table I
R earrangem ent o f  D iphenylethynylcarbinol (lb ) in  
the Presence o f  T riethylam ine at 60° to  Give 3-Styryl 

Phenylethynyl K etone (14)

Solvent*
KCîHdsNJ, 

vol. %
Reaction 
time, hr

PhCH=CHCOC=CPh 
% trans6 % cis6

Benzene 4.8 1 0 C 2.5
Ethanol 4 .8 1 0 1 3.5
Dioxane 4.8 1 0 ~ 0 ~ 0
THF 4.8 1 0 5 5
THF 8.5 10 29 19
D M F 4.8 5 21 54
DM F 4.8 1 0 34 57
DMSO 4.8 1 0 79 16
TEA 100 3 . 5 15 18
TEA 100 15 80 14
TEA 100 72 96 0
«TH F, tetrahydrofuran; DM F, dimethylformamide;

DMSO, dimethyl sulfoxide;; TEA, triethylamine. 6 The
values obtained by comparing the intensities of nmr for 
ethylenic hydrogens and the alcohol hydrogen. c The sol
vent peaks partially overlap the.trans peak.

We also attempted to detect intermediates by nmr. 
Under typical rearrangement conditions, we added small

'  x U '- ----\y
- h2o/

/ B :
r  0 ^ h

1
OH

lb
1

_ P h C = C C H C = C P h _ PhC  = C C C = CPh

19 20/ s l

P h C = C ‘
-f

+  (P h C = = C C H O ) P h C = C C C = CPh

L _ Ib: 0 “
21

Incidentally, the phenylacetylene observed in eq 17 
arises from the decomposition of lb  under strongly basic 
conditions. This type of decomposition is simply the mi
croscopic reverse of éthynylation, and hence the usual 
products are the parent alkynyl and carbonyl com 
pounds.22 In the case of lb , the related phenylpropiolal- 
dehyde decomposes primarily to phenylacetylene under 
basic conditions.23 Phenylacetylene did not interfere with 
the product analysis, since its concentration was usually 
less than 5% of the total residual product mixture.

Treatment of lb  with sodium hydride in benzene fol
lowed by the addition of various substrates such as benz- 
aldehyde, acetone, methyl iodide, benzyl chloride, 
tétraméthylammonium iodide, ethyl cinnamate, ethyl 
bromoacetate, and acetyl chloride, gave, in every case ex
cept that of acetyl chloride, only lb , 14, and small 
amounts of phenylacetylene. The reaction with acetyl 
chloride, however, gave bis(phenylethynyl)methyl acetate 
(ca. 987c) along with small amounts of starting material, 
14, and phenylacetylene.

Reaction of lb  with a threefold excess of sodium hy
dride liberated only 1 equiv of hydrogen gas. Quenching 
this reaction mixture with deuterium oxide led to O-deu- 
terio-lb, which was identified by nmr. A quench with 
chlorotrimethylsilane gave 23 (977o) along with small 
amounts of phenylacetylene and another silylated product 
which was not identified.

(P h C = C ),C H O H
NaH

excess
( P h C = C ) 2CH O ~

19

MejSiCl

( PhC = C ) 2C H O SiM e3
23

(18)

Ph

H

\  -----------ÿO
^ C = C — c — C^CPh

22

h2o

P h C = C C C H = C H P h
II
0

14 (17)

amounts of sodium hydride to a solution of lb  in benzene 
and recorded the chemical shift of the a proton (R2CHOH 
+  R2CHO +  R2C O H ") after each portion reacted. The 
results were as follows (vCh in hertz, equivalents of NaH):
327.5, 0; 344, <0.5; 358, ~0.5; 368, >0.5; v disappears, 
~ 1 .

Since the resonance of the a proton moves downfield as 
the alkoxide concentration increases, the resonance of the 
alkoxide proton (3) may simply be overlapped by the aro
matic protons. When lb  was treated with n-butyllithium 
in ether-hexane at —80°, the nmr spectrum of the reac
tion mixture showed a sharp resonance at 434 Hz super
imposed on a broad, unresolved, presumably aromatic res
onance. When lb  was treated with dimsyl sodium in di
methyl sulfoxide at 25°, the resonance occurred at 424 Hz 
superimposed on a broad resonance. Thus, although we 
could not define the chemical shift of the a proton of 19 
precisely, its direction was downfield relative to the «-pro
ton resonance of the starting carbinol.

In passing, we note this relative downfield shift. The 
relative upfield shift of a proton at a carbanionic site 
(>C H ) is well known.24® The relative downfield shift of a 
proton ¡8 to the carbonionic center (> C H C < _ ) is docu
mented but less familiar.246 The analogy between the alk
oxide series (> C H O _ ) and this second carbanion is clear.

The preceding experiments indicated that the species 
which was present in highest concentration in the reaction 
mixture, or which was the most reactive, was 19. Appar
ently no carbanionic or dianionic species 20-22 were de
tectable, although conditions appeared to be favorable for 
their formation and subsequent reaction.25 Alternatively, 
one may speculate that, if 19-22 were intermediates, either
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T a b le  I I
R e a ctio n s of l ,3 -D ip h e n y l-2 -p r o p y n -l -o l  (15) or C h a lco n e  (16)

15 or 16
(g)

p-C7H7SH,
(g)

Base 
(ml or g)

Solvent
(ml)

Temp,
°C

Time,
hr

Product
(yield, %)

1 5  ( 2 . 1 7 ) 1 . 2 9 ( C 2H 5) 3N  (0 .5 0 ) D M F  (20) 14 0 3 O i l “
1 5  (2 .0 8 ) 1 . 2 4 D M S O  (20) 14 0 20 1 0  ( 3 .5 )
1 6  ( 3 . 0 1 ) 1 . 9 7 D M S O  (20) 1 3 0 20 ( p - C T U S j i .  ( 1 6 ) &
1 5  ( 1 . 0 ) ( C 2H 6) 3N  ( 0 .2 5 ) D M S O  (4) 14 0 10 9C
1 5  (3 .0 ) N a O H  (0 .5 0 ) D M F  (25) 2 5 3 O lig o m e r  ( 1 7 ) d
1 5  ( 3 .0 ) N a N 3 (0 .9 4 ) D M F  (30) 1 3 0 3 O lig o m e r  ( ~ 1 0 ) e

“ M a s s  s p e c tru m  sh o w s a  “ p a r e n t ”  m /e  3 3 2  (no 3 3 0 ) c o n s is te n t  w it h  10. 6 p - T o l y l  d is u lf id e , m p  4 6 -4 8 ° .  “ Id e n t if ie d  b y  m a s s  
s p e c t r a l c o m p a ris o n . d M p  2 5 4 - 2 5 5 ° .  e M p  1 8 8 - 1 8 9 ° .

the conversion rates exceeded the trapping rates by a fac
tor of ca. 1 0 2  or proton transfers between them occurred 
within ionic aggregates. Certainly, there is evidence to 
support intramolecular proton transfer, at least in the 
product-forming step, 26 since the kinetically controlled 
product in D M F  is cis-14. Secondly, 1,3-diphenylallyl an
ions possess significant rotational barriers. 27  Accordingly, 
species 24 depict proton transfers within bulky ionic clus
ters involving metallic alkoxide (R G  M + ) and triethyl- 
amine. If  in fact these selective proton transfers depict 
what happens, they are examples of C ram ’s conducted 
tour processes.26 As for the slower cis to trans isomeriza
tion of 14, this may or may not be base catalyzed; we did 
not investigate this point.

We did look into the scope of this rearrangement with 
other ethynyl alcohols. Although bis(teri-butylethynyl)- 
methanol in triethylamine at 70° in 20 hr and la  in D M F  
at 135° in 18 hr do not isomerize, 1,3-diphenylpropynol
(15) does isomerize in the presence of triethylamine at 
140° in D M F  (eq 13). Strong bases such as azide and sodi
um hydroxide and possibly protic solvents1711 convert 15 
into different oligomers, according to the reaction condi
tions. (As pointed out earlier, Lappin obtained cleavage 
products in eq 13 for several analogs of 15 .)17b Th us far, at 
least, the structural requirement for the ynol —* enone 
rearrangement seems to be that the substituents on the 
ethynyl carbinol be electron-withdrawing groups, e.g ., Ph.

A  number of other interesting conversions appear to de
pend on the rearrangement process. For example, 4 and 
p-toluenethiol in the presence of methanolic sodium 
methoxide at reflux yielded the single product, 1,5-diphe- 
nyl-2-(p-tolylthio)-l,4-pentadien-3-one (25). It was readily

4 +  p -C 7H 7S H (19)

found that 4 was essentially saponified in 2 -5  min in 
methanolic sodium methoxide. The nmr spectrum of the 
reaction mixture indicated the presence of lb  and 14 but 
no ester. We were also able to make 25 from both lb  and 
14 under the same reaction conditions. Hence the se
quence hydrolysis, isomerization, and addition is quite 
reasonable.

We have observed that at 180° in o-dichlorobenzene, 
both lb  and 14 give the same D iels-A lder adduct with te- 
tracyclone in the absence of added base.

P h  0

Here we are inclined to believe that lb  is first isomer- 
ized to 14, presumably in a polar process, and 14 leads to 
the adduct.

In  a reaction of p-toluenethiol with 15 in a solution of 
D M S O  and triethylamine, we obtained 1,3 -d ip h e n y l-l- 
(p-tolythio)-prop-l-en-3-one (27) (eq 21). It  appears that

Ph( p -C 7H 7S ) C = C H C H O H P h  

15 ^
^  16 -------------------------------------------- *  P h (p -C 7H 7S ) C = C H C O P h  (21)

27

amine is not essential in this curious synthesis but D M S O  
is. Replacement of D M S O  by D M F  as solvent in the reac
tion of 15 with p-toluenethiol in  the presence of triethyl
amine does not give 27. Clearly, overall rearrangement 
and  oxidation-reduction has occurred; alternative routes 
to the product are given in eq 2 1 . Now, D M S O  can func
tion as an oxidant, for we find that p-toluenethiol in an 

' excess of D M S O  yields di(p-tolyl) disulfide. It  is thus pos
sible that D M S O  promotes oxidation on either or both 
branches of eq 2 1 . Somewhat related examples in which 
thiyl radicals may be involved in oxidations have been re
ported, although redox processes involving interconver
sions of secondary alcohols and ketones seem most perti
nent.28 The results of several rearrangement conditions 
related to processes 13 and 21 are given in Table II.

To  summarize this section, we note that the base-cata
lyzed ynol —►  enone rearrangement (eq 1 1 -1 4 )  does not 
occur with alkyl ynols but appears to require at least a 
phenyl or extra ethynyl group to facilitate the formation 
of the anionic intermediates, e.g ., 19. A  number of 
strange-looking processes, eq 18 -2 1 , turn out to be 
straightforward once the basic rearrangement (eq 1 1 , 13) 
is accepted.

U ltravio let Spectra. The availability of a number of 
skipped diynes as well as adducts derived from 1  made a 
uv spectral study possible (Table I I I ) . 2 - 4 Here it was of 
special interest to see whether evidence for skipped conju
gation could be found, that is, whether the central group 
was “chromolatory. ” 29

Norm ally, Xmax for an alkyne is higher than Amax for 
the corresponding alkene .30  Thus, the data which are
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Table IIIUltraviolet Spectra of Acetylenes and Their Polyarylated Derivatives, Xmax (Log emax)“
R (RC=C) 2CHOH c (RCSOaCOH3 (R C =C )2C=O e 2-RPb<CeCOC=CR/ (2-RPh1C6)!CO«

C H .,  2 3 6  ( 1 . 9 5 ) E A
2 4 7  ( 1 . 9 5 )

re -C 4H 9 E A

f - C 4H 9 2 3 9 . 5  ( 2 .4 ) E A
2 5 1  ( 2 .4 )

C 6H 6 2 4 4  ( 4 .5 3 ) 2 4 6  ( 4 .7 3 )
2 5 3  (4 .5 6 ) 2 5 6  ( 4 .7 3 )
2 7 1  s h  ( 3 .3 3 ) 2 7 1  s h  ( 3 .7 9 )
2 7 8  s h  ( 3 .0 3 ) 2 7 8  s h  (3 .4 8 )

n-BuC=CCH2C=CCH 3!,’'‘ (HiC S O îCHî1’1'
2 2 5  ( 2 . 7 1 ) 2 3 9  (4 .9 5 )
2 3 2 . 5  (2 .6 6 ) 2 5 1  ( 5 .0 5 )
2 3 7  (2 .6 8 ) 2 6 4  ( 3 .2 3 )
2 5 2  (2 .4 8 ) 2 7 1 . 5  ( 3 . 1 2 )

2 7 8 . 5  (2 .9 6 )  
2 8 2  s h  ( 2 .5 5 )

2 3 6  ( 4 .0 ) 2 3 3  s h  ( 4 .7 2 )
2 4 7  ( 4 .0 ) 2 8 0  s h  (3 .8 6 )
2 3 9  (4 .0 8 ) 2 3 3  s h  (4 .6 6 ) 2 3 8  (4 .8 4 )
2 5 0  (4 .0 8 ) 2 7 8  s h  ( 3 .9 4 ) 2 9 5  (4 .0 8 )
2 3 9  ( 4 . 1 5 ) 2 3 0  ( 4 .6 3 )
2 5 0  ( 4 . 1 5 ) 2 7 0  s h  ( 3 .8 7 )  

2 7 8  s h  ( 3 .7 7 )
2 3 0  ( 4 .3 ) 2 4 0  s h  ( 4 .7 2 ) 2 4 2  s h  (4 .8 5 )
3 0 8  (4 .3 6 )  
3 2 1  (4 .3 6 )

28 0  s h  ( 4 .3 2 ) 2 7 8  s h  ( 4 .3 2 )

PhCH=CHCOC=CPh7 PhCH=CHCOC6Ph5i:
2 2 9 .5  ( 4 .2 2 ) 2 4 2  s h  ( 4 .5 1 )
2 9 0  s h  ( 4 .2 4 ) 2 7 9  s h  ( 4 . 1 7 )
3 2 0  (4 .4 0 ) 3 0 3  ( 4 . 2 1 )

°  E A  =  e n d  a b s o r p t io n ; s h  =  s h o u ld e r . T h e  s o lv e n t  w a s  e th a n o l, u n le s s  o th e rw is e  n o te d . b R e fe r e n c e  2 b . c R e g is t r y  n o .: 
R  =  Î - C 4H 9, 5 0 4 2 8 -3 9 -2 . d R e g is t r y  n o .: R  =  C 6H 5, 5 0 4 2 8 -4 0 -5 .e R e g is t r y  n o .: R  =  n - C 4H 9, 1 8 6 2 1 -5 6 -2 ;  R  =  i - C 4H 9, 3 5 8 4 5 -6 7 -1 ;  
R  =  C 6H 5, 1 5 8 1 4 -3 0 -9 .  /  R e g is t r y  n o .: R  =  C H 3, 5 0 2 7 8 -2 7 -8 ; R  =  r a -C 4H 0, 1 8 6 2 7 -9 2 -4 ; R  =  £ -C 4H 9, 5 0 4 2 8 -4 6 -1 ;  R  =  C 6H 3, 
5 0 2 7 8 -2 8 -9 . “ R e g is t r y  n o .: R  =  r e -C 4I I 9, 1 8 6 2 7 -9 5 -7 ;  R  =  C 6H 5, 1 8 6 2 7 -9 4 -6 . '‘ R e g is t r y  n o ., 5 0 4 2 8 -5 0 -7 . ‘ R e g is t r y  n o ., 
6 0 8 9 -0 8 -3 . > R e g is t r y  n o ., 1 6 1 2 1 -3 9 -4 .  k R e g is t r y  n o ., 5 0 4 2 8 -5 3 -0 .

given in Table I I I  show that the 1,4-diynes are in our 
accessible range. On the other hand, 1,4-dienes, which in 
clude 1,3-dimethylenecyclobutane, two aliéné trimers,31®
1,4-cyclohexadiene \ 270 nm (sh, log e -0 .5 ) , 224 (sh,
1.5 )  ],31b and 1,4-pentadiene [Xmax 18 1 nm (log e 4.0) ] , 32 

showed only end absorption, while the strained bicyclo- 
heptadiene showed several peaks of low intensity at Xmax 
205 nm (log e 3.32), 214 (3.17), 220 (2.94) . 33  We shall re
turn to this comparison shortly.

On the basis of negligible spectral changes between aryl- 
acetylenes and bis(arylethynyl)methanes and the large 
bathochromic shifts observed in the corresponding 1,3 - 
diynes, we concluded previously that conjugation effects 
in the diethynylmethanes were sm all .26  Since 2,5-decadi- 
yne2b (Table III)  does indeed show a bathochromic shift rel
ative to 1-butyne [Xmax 172 nm (log t 3.65)] or 1-octyne 
[Xmax 1.85 nm (log : 3.6), 225.5 (3.7) ] , 3 2 -34 it appears that 
there is substantial conjugation in a 1,4-diyne, which is 
effectively overwhelmed in the aryl alkynes. The introduc
tion of a hydroxyl group does not in general cause signifi
cant changes (Table II I) ;  the spectra of the bis(alkynyl)- 
carbinols are m uch like those of the 1,4-alkadiynes, and 
the spectra of the bis- and tris(phenylethynyl)carbinols 
are still very sim ilar to that of phenylacetylene.

B y contrast, the trialkylethynylcarbinols appear to be 
anomalous in that their spectra show only the end absorp
tion of simple alkynes (Table I I I ) . 3 0 ’3 2  T h is is all the more 
striking, since bicyclooctatriene has Xmax 208 nm (log t
3.05) and 239 (2.48);35 a bathochromic shift between di- 
vinyl- and diethynylmethane becomes hypsochromic be
tween trivinyl- and triethynylmethane. It  is the triethynyl- 
methane, of course, which poses the problem in that the 
expected trend from mono- through diethynylmethane is 
broken.

Facile rationalizations may be hazardous here, since re
fined Pariser-Parr calculations have proved to be inade
quate to reproduce observed spectral properties of bicyclo- 
heptadiene and bicyclooctatriene.33

The spectra of the diethynyl ketones have several inter
esting features (Table III) . Despite the presence of cross
conjugation, Xmax of the triple bond chromophore is hard
ly affected relative to that in the bis(alkylethynyl)m eth- 
anes or methanols, although the corresponding e values 
are substantially increased. On the other hand, the low-

intensity n —►  t t *  transition usually observed in the spec
tra of ketones, enones [ M e C H = C H C H G , Xmax 321 nm 
(log e 2.3)] and dienones [ (M e C H = C H ) 2 C O , Xmax 336 nm 
(log t 2.7)] was not in evidence. 3 0 ’368 T h is  may be ration
alized as follows: the presence of a triple bond in a conju
gated system does not appreciably alter Xmax but often 
decreases £max considerably; 30 the n —1►  w* transition is 
symmetry forbidden and usually of low intensity (emax 
—1 0 0 ); the cross-conjugation of the carbonyl chromophore 
between two double bonds can result in the total disap
pearance of the n — 1-  t t *  transition (possibly because the 7r 
system enforces planarity and inhibits the twisting needed 
to achieve a finite n —1► t t *  transition moment).30-36a The  
presence of an aryl group in lb restores normalcy in that 
more allowed transitions become available. Thus, the n —■► 
7 r *  absorption, which is typical of aryl-substituted a,(S- 
unsaturated carbonyl compounds, e.g., tran.s-1 ,3-diphenyl-
3-oxopentenyne (Table III) or bis(/3-styryl) ketone [Xmax 
330 nm (log £ 4.53) ] , 3 7  is now intense.

The absorption spectra of the D iels-A lder mono- and 
diadducts (Table III)  may be regarded in part as those of 
polysubstituted benzenes and in part as ketones more or 
less related to acetophenone or benzophenone.3 6 6 -38  Now, 
the single band (Xmax 251 nm) of biphenyl is comprised of 
the weak 4B 2 U -tAig (Xmax 262 nm) and the intense 1 B iu 
*— JAig (Xmax 208 nm) bands. The spectrum of hexaphen- 
ylbenzene, in which the outer phenyl groups are close 
(± 10 -2 5 °)  to perpendicular to the central ring, as in a 
paddlewheel, 39  clearly shows two intense peaks [Xmax 266 
nm (log £ 4.54) and 247 (4.75) ] . 40 Evidently all of our ad
ducts with the structural unit 2 -R P h 4 C 6-  possess an anal
ogous Xmax at ca. 278 and 235 nm. In  somewhat simpler 
systems, e.g., the triphenylbenzenes, spectral data in d i
cate that steric interference may reduce conjugation and 
give rise to hypsochromic shifts: 1,3 ,5 -, 1,2,4-, and 1,2 ,3 - 
triphenylbenzenes have Xmax 252 nm (f 58,000), 249
(33,000), and 239 (33,600), respectively.4 1  However, the 
benzenoid bands of the series 2 -R P h 4C 6 C O C = C R  appear 
to be relatively insensitive to changes in substituents 
(Table III) ; presumably the dominant effect is that of the 
four phenyl groups essentially locked almost perpendicu
lar to the central ring.

Benzophenone has a weak n -*  it* band [Xmax 333 nm 
(log £ 2.2)], a strong t t  -*■  t t *  band [Xmax 253 nm (log £
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Table IVInfrared Carbonyl »(CO) Bands of the Dialkynyl Ketones and Their Diels Alder Adducts“
Ketone v, cm-1 Ketone v, cm "1

( M e C = C ) 2C O 1 6 3 0 6 ( i - B u C = C ) 2C O 16 0 5
2 - M e P h 4C 6C O C =

C M e
1 6 5 5 2 - i - B u P h 4C 6C O C =

C B u - i
1 6 5 5

( P h C = C ) 2C O 16 0 5 ( r a - B u C = C ) 2C O 1 6 2 5 '
P h 5C 6C O C = C P h 16 4 5 2 - n - B u P h 4C 6C O C =

C B u -r a
1 6 5 5

( P h 5C 6) 2C O 16 7 0 ( 2 -r e -B u P h ;)  2C O 16 6 0

“ I n  K B r  p e lle ts , u n le s s  o th e rw is e  n o te d . b I n  C C 1 4. 
c N e a t .

4.20)], and end absorption.42 If  anything, the n -*• x* 
transition is slightly intensified with alkyl substitution in 
the benzophenones, as in 2,4,6,2',4',6/-hexakis(isopropyl)- 
benzophenone [Xmax 336 nm (log e 2.47)], although a 
minor reversal may be found in other series, e .g . ,  aceto
phenones or benzaldehydes.36b In general, however, strong 
deviation from coplanarity in the benzoyl moiety is re
flected in a diminished intensity, e .g . ,  2 ,2 '-di-tert-butyl- 
benzophenone [X 330 nm (log c 1.9)].42 If, as we suppose, 
the carbonyl group is close to perpendicular to the ring in 
our adducts, the intensity should approach zero, which is 
observed (Table III) . In  these adducts, the phenylethynyl 
group does not elicit (“bring out”) the n —►  7r*  transition, 
although the fi-styryl group in P  h 5 C  s C 0 C H = C H P h  does 
bring it in with high intensity (log e 4.21), albeit at lower 
wavelength (X 303 nm). Th is again indicates that the tri
ple bond conjugates less efficiently than the double 
bond .30

There is independent evidence that supports our picture 
of a balance between steric hindrance and conjugation in 
the D iels-A lder adducts. Briefly, conjugation lowers the 
normal ir stretching frequency of a carbonyl band. Several 
series of molecules in Table IV  illustrate the trend from 
“m axim um ” conjugation in the dialkynyl ketones through 
partial to “no” conjugation in the mono- and diadducts. 
For this group of compounds, the maximum - A v is 40 
and 65 cm - 1 , respectively, as one or both triple bonds 
flanking the carbonyl are converted to perphenylated rings 
(Table IV ).

Experimental Section
In fra red  sp e c tra  w ere re cord ed  on  a B e ck m a n  I R -8  s p e c tr o p h o 

to m e te r . S o lu tio n  sp ectra  w ere m easu red  in a m a tch e d  set o f  0 .1 - 
m m  so d iu m  ch lo r id e  or c a lc iu m  flu o rid e  ce lls . U ltra v io le t  and  
v is ib le  sp ectra  w ere re co rd e d  on  e ith er  a B e ck m a n  D K -2  or D B G  
sp e c tro p h o to m e te r . P ro ton  m a g n etic  reson a n ce  sp e c tra  w ere o b 
ta in e d  o n  a V arían  A -6 0  sp e c tro m e te r  an d  are rep orted  in  6 un its 
(p arts  p er m illio n ) re la tiv e  to  in tern a l te tra m e th y ls ila n e . T h e  r e 
p orted  lin e  freq u en cies  are e s t im a ted  to  be a ccu ra te  w ith in  0.5 
H z ; s, d , t, q , an d  m  are used  to  d es ign a te  s in g let, d o u b le t , tr i
p le t, q u a rtet, a n d  m u lt ip le t , re sp e ctiv e ly . M a ss  sp e c tra  w ere o b 
ta in e d  on  a V a r ía n  M A T  C H -7  in stru m en t at a p p ro x im a te ly  50 
e V . A ll rep orted  co m p o u n d s  w ere p u r ified  b y  sta n d a rd  tech n iq u es  
b e fore  th e  sp e c tra  w ere ta k en . A ll m e ltin g  p o in ts  w ere tak en  in 
glass ca p illa ry  tu b es  on  a M e l-T e m p  h ea ted  b lo ck  in stru m en t and  
are u n co rre c te d . M icro a n a ly se s  w ere p erform ed  b y  M -H -W  L a b o 
ratories, G a rd en  C ity , M ic h .

Materials. B is (l -p r o p y n y l)m e th a n o l  (la) w as p rep a red  from  
1 -p ro p y n y lm a g n e s iu m  b ro m id e  an d  e th y l fo rm a te 50 w ith  the 
m o d ifica t io n  th a t  th e  cou rse  o f  the  ex ch a n ge  rea ction  b etw een  
e th y lm a g n e s iu m  b ro m id e  an d  p rop y n e  w as m o n ito re d  b y  nm r. 
T h e  rea ction  w as a ssu m ed  to  b e  c o m p le te  w hen  the e th y lm a g 
n es iu m  b ro m id e  reson a n ce  [¿ (C H 2) =  - 0 .6 0 ]  b e ca m e  n eg lig ib le  
and  the p ro p y n y lm a g n e s iu m  b ro m id e  reson a n ce  [¿ (C H s ) =  1 .8 6 ] 
rea ch ed  m a x im u m  a m p litu d e , la h a d  m p  102-103° ( l i t .50 m p  
107°); ir (K B r )  3270, 2290, 2260, 2230 c m - 1; n m r (C D C 13) & 1 . 8 6  

(d , 6  H , J =  2.2 H z ), 2.66 (d , 1 H , J  = 6 . 8  H z ), 5.1 (m , 1  H , J  =
6 . 8  H z ).

B is (p h e n y le th y n y l)m e th a n o l (lb) w as p rep a red  fro m  p h en y l-

ethynylmagnesium bromide and ethyl formate.3® It had mp 84- 
86° ( l i t .3® mp 84-86°); ir (CC14) 3585, 2250, 1040, 10 20 , 1005 cm“ 1; 
nmr (CDCU) 6 3.0 (s, 1 H ), 5.5 (s, 1 H ), 7.3 (m, 10  H ).

1,3-Diphenylpropynol (15) w as o b ta in e d  from  p h e n y le th y n y l- 
m agn esiu m  b ro m id e  an d  b e n za ld e h y d e  as a y e llo w  o il (5 1 % ) :17b 
b p  165° (3 .0  m m ) ( lit .17b b p  168° (5  m m )] ; n m r ( C C I 4 ) 5 3 .99  (s , 1 
H ), 5.52 (s, 1  H ) , 7.7 (m , 1 0  H ) ; ir (C C U ) 3360, 2210, 2180, 1600, 
1592 c m “ 1.

Bis(phenylethynyl)methyl ¿V-Phenylcarbamate (2b). P h e n y l 
isocy a n a te  (4  m l, 0.037 m o l), lb (4  g, 0.017 m o l) , an d  p yr id in e  (1 
m l) w ere d isso lv ed  in  dry  ben zen e  (60  m l) a n d  stirred  fo r  18 hr at 
~ 2 5 ° .  T h is  so lu tio n  w as th en  p ou red  in to  c o ld , d ilu te  a ce t ic  a c id  
an d  e x tra cted  tw ice  w ith  ether. T h e  e x tra cts  w ere w a sh ed  w ith  
sa tu ra ted  so d iu m  b ica rb o n a te  so lu tio n  an d  th en  d ried  ov er  s o d i
u m  su lfa te . W o rk -u p  gave 3 .4 g o f  a w h ite  so lid , m p  125 -12 7°, 
from  ca rb o n  te tra ch lo r id e . T h e  a n a ly tica l sa m p le  h a d  m p  12 9 - 
130°, from  ca rb o n  te tra ch lo r id e  or ligro in : ir (K B r )  3410 (N H ), 
2235 ( C = C ) ,  1705 c m “ 1  ( C = 0 ) ;  n m r (C D C 13) 6 6 . 6  (s , 1  H ) , 6 .9  
(b ro a d , 1 H ), 7 .3  (m , 15 H ).

■ Anal. C a lcd  fo r  C 24 H 1 7 N 0 2: U. 82 .08 ; H , 4 .87 . F o u n d : C , 82 .34 ; 
H , 5 .11.

4-Benzyl-3-phenyl-5-phenylethynyl-4-oxazolin-2-one (3). A
m ixtu re  o f  2a  (1 .0  g, 2 .9  m m o l) a n d  sod iu m  m e th o x id e  (0 .76  g, 15 
m m o l) in  a b so lu te  m eth a n o l (5 0  m l) w as re flu x ed  for  3 hr an d  
th en  p ou red  in to  ice  w ater. T h e  so lu tion  w as ex tra c te d  w ith  ether 
(3 0 -m l p o rt io n s ), an d  the ex tra ct w as w ash ed  w ith  sa tu ra ted  salt 
s o lu tion  an d  d ried  w ith  so d iu m  su lfa te . R e m o v a l o f  th e  e th er  le ft  
a red  o il w h ich  w as ch ro m a to g ra p h e d  on  a lu m in a . W ith  e th e r -  
h exa n e  (4 :1 , v / v )  as th e  e lu tin g  so lv en t, th e  first fra c t io n s  y ie ld e d  
a y e llo w  o il w h ich  was re ch ro m a to g ra p h e d  on  a lu m in a  w ith  the  
sam e so lv en t. F rom  on e  o f  the  fra ction s  w e o b ta in e d  w h ite  n e e 
d les : m p  13 4 -13 6°; ir (K B r ) 2260 ( C = C ) ,  1775 ( C = 0 ) ,  1620 c m “ 1  

( C = C ) ;  n m r ( C D C I 3 ) d 4 .58  (s , 2 H ), 7 .1 -7 .6  (m , 15 H ) ; m ass 
sp e ctru m  m fe  (rel a b u n d a n ce ) 351 (P + , 100), 322 (1 0 ), 274 (2 0 ), 
215 (4 0 ), 91 (1 0 ).

Anal. C a lcd  for  C 2 4H 1 7 N 0 2: C , 82 .08 ; H , 4 .87 . F o u n d : C , 82 .28 ; 
H , 4 .91.

Bis(l-propynyl)methyl N-Phenylcarbamate (2a). P h en y l is o 
cy a n a te  ( 2 . 2  m l, 0 .06  m o l), la ( 1  g, 0 . 0 1  m o l) , an d  p y r id in e  ( 1  m l) 
w ere d isso lv ed  in  d ry  b en zen e  an d  re flu xed  fo r  20 hr. T h e  re su lt
ing  so lu tion  w as p ou red  in to  3%  a ce tic  a c id  at 0°, stirred , an d  e x 
tra cte d  w ith  ether. W o rk -u p  y ie ld e d  1.9 g o f  s o lid , w h ich  o n  re 
c ry sta lliza tio n  (lig ro in  or ca rb o n  te tra ch lo r id e ) or s u b lim a tio n  at 
80° (2  m m ) g ave  a w h ite  so lid : m p  8 4 -8 6 ° ; ir (K B r ) 3410 (N H ), 
2260, 2290, 2320 ( C = C ) ,  1705 c m “ 1  ( C = 0 ) ;  n m r (C D C I 3 ) <5 1 . 8  

(d , 6  H ), 6.1 (m , 1 H ), 7 .02  (b ro a d , 1 H ), 7 .35  (m , 5 H ) ; m ass 
sp ectru m  m/e  (re l a b u n d a n ce ) 227 (P + , 85 ), 182 (1 0 ), 91 (1 0 0 ).

Anal. C a lcd  for  C 1 4 H i 3 N 0 2: C , 73 .99 ; H , 5 .76 . F o u n d : C , 74 .34 ; 
H , 5 .65.

Methoxybis(l-propynyl)methane (6). D ip ro p y n y lca rb in o l (0 .5  
g) in  d ry  ben zen e  w as re flu xed  over  an ex cess  o f  fresh ly  cu t  s o d i
u m  m e ta l for  2 hr. T h e  u n rea cted  so d iu m  w as th en  re m o v e d  an d  
an excess  o f  m eth y l io d id e  w as a d d e d . A fte r  sta n d in g  at 25° fo r  5 
d a y s , the  re a ctio n  m ixtu re  w as filte red  and  th e  s o lv e n t  w as e v a p 
o ra ted . T h e  resu ltin g  y e llo w  oil w as ch ro m a to g ra p h e d  on  s ilica  gel 
w ith  b e n z e n e -ch lo ro fo rm  (1 :1 , v /v )  as e lu en t. T h re e  d is t in c t  
b a n d s  ap p ea red , o f  w h ich  the first e lu te d  co n ta in e d  th e  d esired  
m e th o x y  c o m p o u n d  as a y e llo w  o il: n m r ( C D C I 3 ) 6 1.85 (d , 6  H ),
3.35 (s , 3 H ), 4.81 (m , 1 H ) ; m ass sp e c tru m  mfe  (re l a b u n d a n ce ) 
122 (P + , 5 ), 91 (1 00 ), 65 (6 0 ), 47 (3 0 ), 39 (2 0 ).

Bis(phenylethynyl)methyl Acetate (4 ) . A c e ty l ch lo r id e  (2  m l, 
2 . 2  g, 28 m m o l) was a d d e d  d rop w ise  to  a so lu tio n  o f  lb ( 2  g, 8 .16  
m m o l) in  d ry  b en zen e  (40  m l) an d  dry  p yr id in e  (1  m l). T h is  s o lu 
t io n  w as re flu xed  for  1 2  hr an d  th en  p ou red  o n to  cru sh e d  ice. 
W o rk -u p , id e n tica l w ith  th at o f  the  b ro m o  ester (see  b e lo w ), 
y ie ld e d  2.1 g o f  c re a m -co lo re d  so lid : m p  6 5 -6 6 ° ; ir (th in  f i lm ) 2901 
(C H S), 2230 ( C = C ) ,  1750 ( C = 0 ) ,  1 2 2 0  c m “ 1  (C O ) ;  n m r  (C D C IS) 
5 2.15 (s , 3 H ), 6 . 6 6  (s, 1 H ) , 7 .5  (m , 10 H ).

Anal. C a lcd  for  C i 9H i 40 2: C , 83 .19 ; H , 5 .1 4 . F o u n d : C, 83 .10; 
H , 5 .18.

W h en  4 (0 .27  g) and  3 ,4 -x y lid in e  (0 .2 4  g ) w ere re flu xed  in 
m eth a n o l, rem ov a l o f  th e  m eth a n o l gave a red  o il w h ich  con sisted  
o f  u n rea cted  4, lb, and 14. P ro lo n g e d  re flu x  in  m eth an ol e v e n tu 
a lly  y ie ld e d  a sm a ll a m ou n t ( ~  15% ) o f  an  a d d u ct  o f  3 ,4 -x y lid in e  
an d  14. T h is  a p p e a re d  t o  be  a ty p ic a l a m in e -a lk y n e  a d d u c t , 3 
n a m ely , trans.trans-3,4 - ( M e ) 2 C 6H 3 N H C (P h )= C H C O C H = C H P h :  
ir (C H C I3 ) 3400 (N H ), 1610 ( C = 0 ) ,  1590, 1550 c m “ 1  ( 0 = 0 ;  nm r 
(C D C U ) 5 2 . 2  (s, 3 H ), 2 . 1  (s, 3 H ), 5 .5  (s, 1 H ).

Bis(l-propynyl)methyl m-Bromobenzoate (5 ) . T o  0 .3  g o f  so 
d iu m  h y d r id e  d isp ers ion  (5 0%  in  o il, w ashed  w ith  p e n ta n e  prior 
to  use) u n d er d ry  b en zen e  (5  m l) in a n itrogen  a tm o sp h e re  w as
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a d d ed  l a  (0 .5  g, 5 m m o l) . A fte r  a ll th e  so d iu m  h y d r id e  h a d  re a c t 
ed , th e  re a c tio n  m ix tu re  w as co o le d  t o  0 ° an d  a so lu tio n  o f  m -b ro - 
m o b e n z o y l ch lo r id e  (1 .1  g, 5 m m o l) in d ry  ben zen e  (2  m l) was 
a d d e d  d rop w ise . T h e  resu ltin g  su sp en sion  w as stirred  for  30 m in  
at 25° a n d  th en  p ou red  in to  ice  w ater. W o rk -u p  gave a y e llo w  oil 
w h ich  w as th en  ch ro m a to g ra p h e d  on  silica  gel w ith  lig ro in -b e n - 
zen e  (2 :1 , v / v )  as th e  e lu en t. T h is  y ie ld e d  w h ite  crysta ls : m p  8 8 -  
90° from  lig ro in ; ir (C C 14) 2265 ( C = C ) ,  1735 ( C = 0 ) ,  1250 c m ' 1  

(C O ) ; n m r (C D C 13) 5 1.85 (d , 6  H ) , 6 .25  (m , 1  H ) , 7 .1 -8 .3  (m , 4 
H ).

Anal. C a lcd  fo r  C i 4H „ B r 0 2: C , 57 .91 ; H , 3 .78 . F ou n d : C , 57 .78 ; 
H , 3.43.

4-Bromo-2,5-heptadiyne (7a) and 2-Bromo-2,3-heptadien-5- 
yne (8a). A  m ixtu re  o f  la (2  g, 20 m m o l) an d  p h osp h oru s  t r i
b ro m id e  (2  g, 7 .5  m m o l) in a b so lu te  eth er  (20  m l) w as stirred  at 
0 ° for  2  hr an d  th en  trea ted  w ith  sa tu ra ted  a q u eou s so d iu m  b ic a r 
b on a te  (100 m l) a t 0° fo r  15 m in . T h e  e th er  la yer  w as sep arated  
an d  th e  b ica rb o n a te  so lu tion  w as e x tra c te d  w ith  e th er  (2  X 20 
m l). T h e  co m b in e d  e x tra c t  w as d ried  ov er  m a g n esiu m  su lfa te  an d  
ev a p ora ted  to  y ie ld  a b r ig h t y e llo w  se m iso lid  w h ich  w as u n sta b le  
at 25° b u t  sta b le  at - 7 8 ° .  T h is  m ateria l con s is ted  o f  ca. 98%  7a 
and ca. 2%  8a b a sed  on  ir an d  n m r an a ly ses . In a se co n d  sy n th e 
sis, a m ixtu re  o f  la, p h osp h oru s  t r ib ro m id e , an d  d ry  p yr id in e  ( 1  

equ iv ) in a b so lu te  e th er  w as re flu xed  for 18 hr a n d  th en  p ou red  
o n to  ice . W o rk -u p  y ie ld e d  a y e llo w  sem iso lid  w h ich  w as sh ow n  by 
co m b in e d  ir an d  n m r an alyses to  c o n ta in  a 1 : 1  ra tio  o f  7a and 
8a. 7a had  ir (C C 14) 2320, 2270, 2255 ( C = C ) ,  630 c m - 1  (C B r ) and  
n o  O H  a b so rp t io n ; n m r  (C D C 13) & 1.88 (d , 6  H , J  =  2 .0  H z ), 5.17 
(m , 1  H , J  -  2 .0  H z ) ; m ass sp ectru m  m /e  (re l a b u n d a n ce ) 172 
(P + , 20), 170 (2 ), 92 (4 0 ), 91 (1 00 ), 90 (3 5 ), 89 (5 0 ), 65 (8 0 ), 39 
(5 0 ). 8a had  ir (C C 14) 2320, 2270, 2255 ( C = C ) ,  1945 ( C = C = C ) ,  
630 c m - 1  (C B r ) ; n m r (C D C 13) b 1.8, 5 .5  (m ).

2,5-Heptadiyne (9 ) . T o  1 eq u iv  o f  a q u e o u s  ch ro m iu m (II )  s u l
fa te 43 in a fla sk  sea led  u n d er  n itrogen  w ith  a serum  sto p p e r  w as 
in jected  1 g o f  7a in  10 m l o f  p e rox id e -free  te tra h yd ro fu ra n . T h e  
b lu e  co lo r  o f  ch ro m iu m (II )  w as im m e d ia te ly  d isch a rg ed  a n d  the 
rea ction  m ixtu re  w arm ed  u p . T h e  re a c tio n  m ix tu re  w as stirred  for 
5 m in , sa tu ra ted  w ith  a m m o n iu m  ch lo r id e , a n d  ex tra c te d  w ith  
ether. T h is  e x tra ct  w as w ashed  w ith  w ater, d ried  ov er  sod iu m  
su lfa te , an d  d is tille d  u n d er  n itrogen . T h e  residu e  (ca. 0 .5  m l) w as 
co o le d  to  - 7 8 °  an d  le ft  a t 0 .6  m m  fo r  15 m in . T h e  rem a in in g  o il, 
w h ich  a p p ea red  to  be m a in ly  th e  d es ired  h e p ta d iy n e  (ca. 9 5 % ), 
d isco lo re d  on  sta n d in g  at 25°, a lth ou gh  it a p p ea red  to  be  s ta b le  
in d e fin ite ly  at - 7 8 ° .  I t  had  ir (C C 14) 2240 ( C = C ) ,  1318 c m - 1  

( C = C C H 2C = C ) ;  n m r (C D C 13) b 1.75 (t , 6  H , J  =  2 .6 H z ), 3 .06  
(m , 2 H , J  =  2 .6  H z ) ; m ass sp e ctru m  m /e  (re l a b u n d a n ce ) 92 
(P + , 40 ), 91 (1 00 ), 65 (7 2 ), 47 (3 5 ), 39 (2 0 ).

T h e  e th y n y l-a lle n ic  (9 :1 ) b ro m id e  m ixtu re  (7a + 8a) w as tre a t 
ed  w ith  an excess  o f  m a g n esiu m  m eta l in  a b so lu te  e th er . T h is  
rea ction  m ixtu re  w as stirred  at 25° fo r  24 hr an d  th en  p ou red  in to  
c o ld , sa tu ra ted  a m m o n iu m  ch lor id e  so lu tio n . S ta n d a rd  w ork -u p  
y ie ld e d  an o il w h ich  con s is ted  o f  u n rea cted  b rom id es , 9 , an d  2 ,3- 
h e p ta d ie n -5 -y n e , as d e te rm in e d  b y  ir an d  n m r.

3-Bromo-l,5-diphenyl-l,4-pentadiyne (7b). A  so lu tion  o f  lb (6  

g, 26 m m o l) a n d  p h osp h oru s  t r ib ro m id e  (3  g, 11 m m o l) in  a b s o 
lu te  eth er  ( 1 0 0  m l) w as stirred  at 0 ° for 6  hr, and  th en  trea ted  
w ith  sa tu ra ted  a q u eou s  so d iu m  b ica rb o n a te  so lu tio n  a t  0° fo r  15 
m in . T h e  e th er  la yer  w as sep arated  a n d  th e  b ica rb o n a te  so lu tion  
w as ex tra c te d  w ith  eth er  (2  x  20 m l). T h e  c o m b in e d  e x tra ct  w as 
d ried  over  m a g n e s iu m  su lfa te , e v a p o ra te d  u n d er re d u ce d  pressure 
to  ca. 30 m l, an d  trea ted  w ith  lig ro in  (100 m l), an d  th e  resu ltin g  
so lu tion  w as h ea ted  gen tly  to  d rive  o f f  the  rem a in in g  eth er . W h en  
the resu lting  so lu tio n  w as co o le d  ra p id ly  t o  - 7 8 °  and  th e vessel 
w as scra tch ed  v ig orou sly , a so lid  p re c ip ita te d . T w o  re cry sta lliza 
tion s  from  hexa n e  y ie ld e d  a le m o n -y e llo w  so lid , m p  4 8 -4 9 °, w h ich  
c o u ld  be  stored  for  severa l w eeks at - 7 8 ° ,  b u t  w h ich  w as u n sta b le  
at 25°, tu rn ing  in to  a red  ta r  in ca. 8 -1 2  hr. T h e  so lid  h a d  ir 
(C C 14 ) 2300, 2260, 2240 ( C = C ) ,  630 c m “ 1  (C B r ), a n d  n o  O H  
b a n d s ; n m r ( C D C I 3 ) b 5 .8  (s , 1 H ), 7 .3  (m , 10 H ) ; m ass sp ectru m  
m/e  (re l a b u n d a n ce ) 296 (1 0 ), 294 (P + , 10), 216 (8 0 ), 215 (100), 
213 (7 5 ), 1 8 9 (2 0 ).

W h en  7b in T H F  w as trea ted  w ith  an excess  o f  ch ro m iu m (II ) 
su lfate  in  T H F -w a te r  u n d er n itrogen , the  b lu e  co lo r  o f  ch ro m i- 
u m (II) w as im m e d ia te ly  d isch a rg ed . E x tra c t io n  o f  th e  m ixtu re  
w ith  ether fo llo w e d  b y  rem ov a l o f  th e  e ther gave a red  o il w h ich  
crysta llized  u p o n  a d d it io n  o f  m eth a n o l to  g ive a y e llo w  so lid , m p  
90 -1 1 5  . T ic  o n  s ilica  (ch lo ro fo rm ) sh ow ed  on e  m a jor  an d  tw o  
m in or  co m p o n e n ts . C o lu m n  ch ro m a to g ra p h y  on  silica  gel or on  a 
c o lu m n  o f  s ilver  n itra te  on  s ilica  gel a lso fa iled  to  sep arate  the  
c o m p o n e n ts . T h e  ir sp e c tru m  o f  th is  so lid  sh ow ed  on ly  ty p ica l a r 
o m a tic  a b so rp tio n s . T h e  n m r sp ectru m  sh ow ed  an a ro m a tic  m u l-

t ip le t  at 6 7 .2  a lon g  w ith  a d o u b le t  a t  b 6 .1  a n d  a s in g let at 6 4 .3 . 
M a ss  sp ectra l d a ta  in d ica te d  a m o le cu la r  w eigh t o f  430, w ith  a 
base  p ea k  at m/e  215; l ,l ,2 ,2 -te tr a k is (p h e n y le th y n y l)e th a n e  
w ou ld  h a ve  P +  430.

W h en  7b (1 .5  g ) w as trea ted  w ith  m a g n esiu m  m eta l (0 .12  g) in 
a b so lu te  e th er  u n der n itrogen  a n d  stirred  at 25° for  1 hr. a  y e llo w  
p re c ip ita te  a p p ea red . S tirr in g  w as co n t in u e d  fo r  1 hr an d  the 
m ixtu re  w as q u e n ch e d  w ith  sa tu rated  a m m o n iu m  ch lo r id e  so lu 
tio n . W o rk -u p  y ie ld e d  a y e llo w  so lid  id e n t ica l in all resp ects  w ith  
th a t  o b ta in e d  from  ch ro m iu m (II ) re d u ctio n .

Tetrakis(l-propynyl)ethylene Glycol (10). T o  a co o le d  so lu 
t io n  o f  p ro p y n y lm a g n e s iu m  b ro m id e  in eth er  ( 1  M, p rep a red  from  
e th y lm a gn es iu m  b ro m id e  and  p ro p y n e ) w as a d d e d  an  etherea l 
so lu tion  o f  fresh ly  d is tille d  d ie th y l o x a la te  (3 6 .5  g, 0 .25  m o l) . 
A fte r  th e  a d d it io n  w as c o m p le te d , th e  re a c tio n  m ix tu re  was 
w arm ed  to  25°, stirred  overn ig h t, re flu xed  for  2 hr, a n d  fin a lly  
p ou red  in to  c o ld , sa tu rated  a m m o n iu m  ch lo r id e  so lu tio n . E x tr a c 
t io n  w ith  eth er  fo llo w e d  b y  w ork -u p  gave a y e llo w -w h ite  so lid  (25 
g, 5 0 % ), m p  15 3 -15 4° d e c  ( l i t .12® m p  15 0 -154° d e c ) ,  from  l ig ro in - 
b en zen e ; ir (C H C 13) 3540 (O H ), 2240 ( C = C ) ,  1135 c m “ 1  (C O ) ; 
n m r (C D C I3 ) b 1.92 (s , 12 H ), 3 .07  (s , 2 H ). A  so lu tio n  o f  th is  g ly 
c o l in to lu en e  w as re flu x ed  for  18 hr. R e m o v a l o f  th e  so lv e n t le ft  a 
red o il, w h ose  ir sp ectru m  had  b a n d s  at 2240, 1650, 1640, 1605, 
and  970 c m - 1. T h is  o il w as w orked  u p  t o  y ie ld  d ip ro p y n v l k e ton e , 
m p  7 5 -7 7 ° ( l i t .5c m p  7 8 -8 0 °), on  su b lim a tio n . T h e  ir b a n d s  at 
1650, 1605, an d  970 c m - 1  in d ica te  th e  p re se n ce  o f  h e p t -2 -e n -5 - 
y n -4 -o n e  (12) [ lit .44 ir (n e a t) 1650, 1600, a n d  960 c m - 1 ] in  the  
cru d e  p ro d u ct .

4,4,5,5-Tetrakis(l-propynyl)-l,3-dioxolan-2-one (13). A  s o lu 
tion  o f  1 0  (1 .06  g) an d  l , l '- c a r b o n y ld i im id a z o le  (0 . 6 6  g ) in  to lu en e  
(50  m l) w as re flu x e d  for  30 m in . T h e  re a ctio n  m ix tu re  w as co o le d  
to  25° an d  w ash ed  severa l t im es  w ith  w ater. A fte r  th e  to lu en e  
layer w as d rie d  w ith  so d iu m  su lfa te , th e  so lv e n t  w as re m o v e d  to  
g ive a b row n -ta n  so lid . T w o  recry sta lliza tion s  fro m  b e n z e n e -lig -  
ro in  (N o r it )  gave w h ite  crysta ls , m p  16 6 -16 8°, in  80%  y ie ld : ir 
( C H C I 3 ) 2260 ( C = C ) ,  1815 ( C = 0 ) ,  1160, 1000 c m “ 1  (C O ) ; n m r 
( C D C I 3 ) b 1.93 (s , 1 2  H ) .

Anal. C a lcd  for  C 1 5 H 1 2 0 3: C , 74 .99 ; H , 5 .0 3 . F o u n d : C , 75 .29 ; 
H , 4 .94.

Isomerization of Bis(phenylethynyl)methanol (lb) to 1,5- 
Diphenylpent-l-en-4-yn-3-one (1 4 ). A  so lu tion  o f  lb (1 .92  g, 8.27 
m m o l) a n d  sod iu m  a ce ta te  (0 .75  g) in D M F  (2 0  m l) w as w arm ed  
to  50° for  3 .5  hr and  th en  w ork ed  u p  to  g ive trans- 14 (0 .3 5  g, 18% ) 
as a w h ite  so lid , m p  69° ( l i t . 37 m p  6 9 -7 0 ° ) , from  p e tro le u m  ether; 
n m r (C D C 13) b 6 . 8  (d , 1 H , J  =  16.1 H z ), 7 .5  (m , 10 H ) 7 .9  (d , 1 
H , J  =  16.1 H z ); ir (C C 14) 2225 ( C = C ) ,  1660, 1650, ( C = 0 ) ,  1580 
( C = C ) ,  980 c m - 1  (tra n s  C = C ) .  A lte rn a tiv e ly , a so lu tio n  o f  lb (1 
g, 4.25 m m o l) in an h yd rou s tr ie th y la m in e  (40  m l) w as re flu xed  for 
24 hr. T h e  so lven t w as th en  re m o v e d  (R o to v a p ) an d  th e  o il was 
tak en  u p  in h ot lig ro in . U p on  co o lin g , th is  so lu tio n  d e p o s ite d  a 
y e llo w  so lid  (0 .8  g, 85 % ) o f  frares-14, m p  6 7 -6 8 ° .

T h e  s te re o ch e m ica l p re feren ce  o f  th e  rea rra n gem en t was 
ch e ck e d  as fo llow s. A  so lu tio n  o f  lb (1 .00  g, 4 .31  m m o l) an d  t r i
e th y la m in e  (0 .20  m l) in  D M F  (10 m l) w as ch a rg ed  in to  an a m 
p ou le  a n d  sea led . T h e  a m p o u le  w as h e a te d  at 50° for  5 hr, 
o p e n e d , and  an a lyzed  b y  nm r. T h e  p ro d u cts , ca. 29%  cis -1 4 , ca. 
1 2 %  trans-14, an d  u n ch a n ged  lb co u ld  b e  e s t im a te d  from  the 
p eak  areas o f  e th y le n ic  an d  tertia ry  ca rb o n  h y d rogen s . T h e  a c c u 
ra cy  o f  these  and  sim ila r  an alyses (T a b le  I) w as re d u ce d  at low er 
co n ce n tra tio n s  o f  th e  so lu tion  w h en  the so lv e n t  p ea k  (D M F ) in 
terfered . T h e  so lu tion  w as ev a p ora ted  u n d er v a cu u m  at 50° to  
leave  a y e llo w  o il, w h ich  was ch ro m a to g ra p h e d  on  s ilica  gel. C ar
b o n  te tra ch lor id e , as th e  first d e v e lo p in g  so lv en t, gave c is-14  (0 .24  
g, 2 4 % ); d ich lo ro m e th a n e -ca rb o n  te tra ch lo r id e  (3 :7 ) as th e  n ext 
so lv en t gave fran s-14  (0 .045  g, 4 .5 % ); f in a lly , d ich lo ro m e th a n e  as 
the  so lv e n t gave the u n ch a n ged  rea cta n t (0 .3 6  g, 3 6 % ). c is-14  had  
nm r (a ce to n e ) b 6 .40  (d , J  =  12.3 H z , 1 H ), 6 .28  (d , J  =  12.3 H z, 1 
H ), 7 .8 0 -7 .3 5  (m , 10 H ) ; ir (n e a t) 2220 ( C = C ) ,  1650, 1630 ( C = 0 ) ,  
1570 ( C = C ) ,  693 c m - 1  (c is  C = C ) ;  m ass sp e ctru m  m/e  232 (P + ) ,  
231, 203,202, 169, 168, 104, 76.

l-(2,4-Dinitrophenyl)-3-(/3-styryl)-5-phenylpyrazole. T o  a
b o ilin g  so lu tio n  o f  2 ,4 -d in itro p h e n y lh y d ra z in e  (0 .25  g) in  a c id ifie d  
e th a n o l (20  m l) w as a d d e d  a so lu tion  o f  14 (0 .3  g) in  e th an ol (10 
m l). T h e  so lid  (0 .89  g ), w h ich  fo rm e d  im m e d ia te ly , w as recry sta l
lized  from  a ce t ic  a c id  to  y ie ld  o ra n ge-red  n eed les : m p  2 3 2 -2 3 4 °; ir 
( C H C I 3 ) 1620 ( C = C ,  C = N ) ,  980 c m “ 1  (tran s C = C ) .

Anal. C a lcd  for C 2 3 H i 6N 40 4; C , 66 .98 ; H , 3 .91 . F ou n d : C, 
67 .32 ; H , 3 .88.

Trapping Experiments during the Conversion lb —  14. C o m 
p ou n d  lb (0 .5  g, 2 e q u iv ) in dry  b en zen e  w as a d d e d  to  so d iu m  h y 
d rid e  (0 .3  g, 50%  d isp ers ion  in o il, p rew a sh ed  w ith  p en ta n e )
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u n d er b en zen e  in a  n itrogen  a tm osp h ere . A fte r  b e in g  stirred  at 
25° for  1 0  m in  or u n til gas e v o lu tio n  cea sed , th e  rea ction  m ixture  
w as trea ted  in  d iffe re n t w ays.

1 . W h e n  ex cess  a b so lu te  e th an ol w as a d d e d  an d  th e  m ixture  
w as w ork ed  u p , th e  resu ltin g  o il con sisted  o f  lb an d  14 (2 :1 ) p lus 
a tra ce  o f  p h e n y la ce ty le n e , a cco rd in g  to  an  n m r an a lysis .

2. W h e n  th e  re a ctio n  m ix tu re  w as q u e n ch e d  w ith  D 2 O an d  f i l 
te red  th rou g h  so d iu m  su lfa te , e v a p o ra tio n  o f  the  so lv e n t gave an 
o ily  so lid  con s is t in g  o f  lb (9 0% ) and  14 (1 0 % ). S u b se q u e n t e x p e r i
m en ts  sh ow ed  th a t  d eu tera ted  lb ex ch a n ges  u p o n  co n ta c t  w ith  
the  so d iu m  su lfa te  u sed  h ere .

3. W h en  th e  re a ctio n  m ix tu re  w as q u e n ch e d  w ith  excess  ch lo ro - 
tr im eth y ls ila n e  at 0° an d  th e  rea ction  m ixtu re  w as stirred  fo r  30 
m in  at 25°, e v a p o ra tio n  o f  th e  so lv e n t gave an o il con s is t in g  o f  
95 %  23, 1%  u n re a cte d  lb, and 4% 14 by  ir an d  n m r an alysis . A t 
te m p ts  to  p u r ify  23 w ere u n su ccess fu l; ( P h C = C ) 2 C H O S i(C H 3 )3  

had  n m r (C D C I3 ) b 7 .3  (m , 10 H ) , 5 .72  (s , 1  H ) , 0 .3  (s , 9 H ) ; ir 
(C C 14) 2230 ( C = C ) ,  1250, 950 (S iC H 3), 1085 c m “ 1  (O S iC H 3).

4. W h e n  th e  re a ctio n  m ix tu re  w as q u e n ch e d  w ith  a ce ty l ch lo - 
r id e , a red  so lu tio n  a n d  a w h ite  p re c ip ita te  fo rm e d . T h e  solid  was 
filte re d  o f f  a n d  the so lv en t w as rem ov ed  to  g ive a red o il, w h ich  
co n s is te d  o f  b is (p h e n y le th y n y l)m e th y l a ce ta te  (9 8 % ), 14 (1 % ), 
an d  a tra ce  o f  p h e n y la ce ty le n e .

5. W h en  the rea ction  m ixtu re  was q u e n ch e d  w ith  o th e r  s u b 
stra tes  su ch  as b e n za ld e h y d e , a ce to n e , io d o m e th a n e , b e n zy l c h lo 
r id e , te tra m e th y la m m o n iu m  io d id e , e th y l c in n a m a te , an d  eth y l 
b ro m o a ce ta te  a n d  stirred  fo r  30 m in  at 25°, w ork -u p  gen era lly  
y ie ld e d  u n re a cte d  lb an d  14 in  v a ry in g  p rop ortion s  as w ell as 
1 -5 %  p h e n y la ce ty le n e .

In e x p e r im e n ts  in  w h ich  p o ss ib le  ca rb e n e  in term ed ia tes  w ere 
sou gh t, w e m o d ifie d  the  sta n d a rd  p ro ce d u re  s ligh tly : s o d iu m  h y 
d rid e  ( 1  e q u iv ) w as su sp en d ed  e ith er  in  dry  cy c lo h e x e n e  ( 1 0  m l) 
o r  in a so lu tio n  o f  tra n s-s tilb en e  in e th er  o r  in e th y l c in n a m a te  in 
b e n ze n e , an d  lb (0 .5  g) w as a d d e d  a t  0°. A fter  w ork -u p , on ly  lb, 
14 a n d  u n re a cte d  a lk en e c o u ld  b e  d e te c te d  a n d  iso la ted .

Other Observations Relevant to lb — 14. W h en  lb w as tre a t
ed  w ith  1 e q u iv  o f  n -b u ty llith iu m  in e th e r -h e x a n e  at - 7 8 ° ,  the 
n m r sp e ctru m  o f  th is  s o lu tion  sh ow ed  th a t  th e  a -C H  reson a n ce  o f  
la (S 5.5) had disappeared. Here O H  resonance (3 3 .0 } w as o b 
scu red  b y  the  so lv en t a n d  co u ld  n o t  b e  tra ce d . W h e n  lb w as 
trea ted  w ith  sod iu m  h y d r id e  ( 1  or  2  e q u iv ) in dry  b en zen e , o n ly  1  

equ iv  o f  h y d rogen  gas w as e v o lv ed , w ith in  ex p er im en ta l error. 
T h e  n m r sp ectru m  o f  th e  resu ltin g  d e e p -re d  so lu tion  sh ow ed  th at 
b o th  the  a -C H  (328 H z, 6 5 .5 ) and  th e  O H  reson a n ces  (129 H z , 5 
2.19) o f  lb had  d isa p p ea red  an d  a new  reson a n ce  at 416 H z (6 

6 .9 3 ) h a d  a p p ea red . T h is  reson a n ce  is a ttr ib u ted  t o  th e  a -C H  o f  
( P h C = C ) 2C H O -  (19).

l-(Pentaphenylphenyl)-3-phenylprop-2-en-l-one (26). T etra - 
cy c lo n e  (11 g, 0 .03  m o l) an d  lb (7 g, 0 .03  m o l) w ere re flu xed  in  0 - 
d ich lo ro b e n z e n e  u n der n itrogen  for  24 hr. T h e  resu ltin g  so lu tion  
w as co o le d  at —78° for  1 hr a n d  filte red . T h e  reta in ed  brow n  solid  
w as w ash ed  w ith  a ce to n e  un til the  w ash ings b e ca m e  co lorless . 
R ecry sta lliz a tio n  from  m e th y le n e  ch lo r id e -a c e to n e  gave 4 g o f  
c re a m -co lo re d  so lid , m p  33 5 -3 3 6 °. A ltern a tiv e ly , 14 an d  te tra cy - 
c lo n e  (1 :1 ) w ere re flu xed  in  x y len e  for  3 d a y s . A t  25°, a w h ite  solid  
c ry sta llized  o u t . O n e  recry sta lliza tion  fro m  m e th y le n e  c h lo r id e -  
a ce ton e  ga ve  a  w h ite  so lid : m p  33 5 -3 3 6 ° (sea led  tu b e ) ;  ir (K B r ) 
1640 ( C = 0 ) ,  1620 c m * 1  ( C ^ C ) ;  n m r (C D C I3 ) 6 6.33 (d , 1  H , J  = 
16 H z ), 6 .8 -7 .2 5  (m , 31 H ) ; m ass sp e c tru m  m /e  (re l a b u n d a n ce ) 
588 (P + , 100), 487 (2 0 ).

A n a l. C a lcd  for C 45H 3 2 0 :  C , 91 .8 ; H , 5 .48. F ou n d : C , 92 .08 ; H , 
5 .67.

l,5-L)iphenyl-2-(p-tolylthio)-l,4-pentadien-3-one (2 5 ). T o  a 
so lu tion  o f  b is (p h e n y le th y n y l)m e th y l a ce ta te  (0 2 .7  g, 1 m m ol) 
a n d  p -to lu e n e th io l  ( 0 . 1 2  g, 1  m m o l) in  a b so lu te  m eth a n o l ( 2 0  m l) 
w as a d d e d  a sa tu ra ted  so lu tion  o f  s od iu m  m e th o x id e  in  m eth an ol 
(5  m l). A fter  10 m in  at ca. 65° and  c o o lin g  to  25°, th e  reaction  
m ixtu re  d e p o s ite d  a y e llo w  p re c ip ita te . In  a se co n d  a p p ro a ch , a 
so lu tion  o f  lb (0 .23  g, 1 m m o l) an d  p -t o lu e n e th io l (0 .12  g, 1 
m m o l) in  a b so lu te  m eth a n o l w as trea ted  an d  w orked  u p  e sse n 
t ia lly  as a b o v e  to  g ive th e  sa m e  so lid . In  a th ird  a p p ro a ch , the 
sa m e  so lid  d ro p p e d  o u t  on  m ix in g  a sa tu rated  so lu tion  o f  m eth a - 
n o lic  so d iu m  m eth o x id e , a so lu tio n  o f  14 (0 .23  g, 1 m m o l), an d  p- 
to lu e n e th io l (0 .12  g, 1  m m o l) in  m e th a n o l. A ll o f  the  so lid  p ro d 
u c ts  w ere recry sta llized  from  m e th a n o l to  g ive ye llow  n eed les ; m p  
1 6 9 -17 1°; ir (C H C I3 ) 1665, 1650 ( C = 0 ,  c is  an d  T rans), 1590 c m " 1 

( C = C ) ;  n m r (C D C 13) 5 2.17 (s, 3 H ), 6 .9  (d , 1  H , J  =  16 H z ), 6.92 
(s , 1 H ), 7 .75  (d , 1 H , J  =  16 H z ), 7 .0 -7 .6  (m , 14 H ) ; m ass s p e c 
tru m  m / e  (rel a b u n d a n ce ) 356 (P + , 30 ), 279 (2 0 ), 249 (3 0 ), 225
(3 5 ), 181 (1 0 0 ), 131 (5 0 ), 103 (1 0 ), 91 (5 ).

A n a l. C a lcd  for  C 24H 2oO S : C , 80 .86 ; H , 5 .65. F ou n d : C , 81 .13 ; 
H , 5 .32.

Isomerization of l,3-Diphenyl-2-propyn-l-ol (15) to Phenyl 
d-Styryl Ketone (16). A n  a m p o u le  (25  m l) c o n ta in in g  15 (2  g, 9 .1 8  
m m o l), t r ie th y la m in e  (0 .4  m l), an d  D M S O  ( 1 0  m l) w as flu sh ed  
w ith  n itrogen , sea led , an d  h ea ted  at 140° fo r  10 hr. W o rk -u p  gave 
a brow n  o il w h ich  co n ta in e d  essen tia lly  15 an d  16 (ca . 10 % ), a c 
co rd in g  to  m ass sp ectra l an alysis. T o  sep arate  16 th e  o il w as d is 
so lv ed  in  D M F  (10 m l) an d  trea ted  w ith  p h e n y l iso cy a n a te  (1 .19  
g, 10 m m o l) a n d  stan n ou s ch lo r id e  (0 .050  g ). T h is  m ix tu re  w as 
h ea ted  at 1 0 0 ° for  2  hr, trea ted  w ith  m e th a n o l ( 2  m l), h e a te d  at 
1 0 0 ° for  an oth er  1  hr, c o o le d , an d  p o u re d  in to  w ater  ( 1 0  m l). 
W o rk -u p  a ffo rd e d  16 (0 .044  g, 2 .2 % ): m p  5 4 -5 6 °  ( l i t .45 m p  5 7 -  
5 8 °); n m r (C D C 13) 5 8 .1 0 -7 .7 5  (m ) ;  ir (C C 14) 1668, 1647, 1450 
c m ' 1.

T h e  resu lts o f  a n u m b e r  o f  o th er  s im ila r  e x p er im en ts  are g iven  
in T a b le  II. W e  d escrib e  the  last tw o  en tries  in som e d eta il. T h e  
p ro d u c t  so lu tio n  from  th e  sod iu m  h y d ro x id e  re a ctio n  w as p ou red  
in to  c o ld  w ater  (40  m l) an d  ex tra c te d  th ree  t im e s  w ith  ether (ca . 
100 m l). T h e  e th er  e x tra ct  was w ash ed  w ith  w ater. R e m o v a l o f  
h a lf  th e  eth er  (50  m l) gave a w h ite  so lid , w h ich  w as filte re d  o ff . 
T h e  so lid  w as re p re c ip ita te d  from  eth er  (y ie ld  0.51  g, 1 7 % ). T h e  
stru ctu re  o f  th is  m ateria l is u n k n ow n : m p  2 5 4 -2 5 5 °; n m r (C D C I3 ) 
b 6 .7 -7 .7  (m , ca. 35 H ) , 5 .44  (d , J  =  2.4 H z , 1 H , -O H ) ,  4 .0 -4 .7 4  
(m , 4  H ), 2 .2 5 -2 .6  (m , 2 H ) ; ir (N u jo l)  3480 (O H ), 1670 ( C = 0 ) ,  
1640 (C = 0  o r  C = C ) ,  1259, 1222, 1070, 1005, 977, 702 c m " 1; m ass 
sp e c tru m  P +  ca. 670.

T h e  p ro d u c t  so lu tio n  from  th e  az id e  re a ctio n  w as ex tra c te d  
w ith  e th er  a n d  d ried  t o  y ie ld  a w h ite  so lid . T h is  w as p u r ifie d  b y  
severa l rep re c ip ita tio n s  w ith  cy c lo h e x a n e  or eth er  (0 .3  g, 10% ). 
T h e  m o le cu la r  w eight o f  th e  p ro d u c t  co rre sp o n d s  to  th a t  o f  a 
d im e r  b u t th e  s tru ctu re  is u n k n ow n : m p  1 8 8 -19 1°; n m r (C D C I3 ) 5 
7 .9 0 -7 .2 5  (m , 22 H ) , 5 .32  (d , J  =  2.6 H z , 1 H ) , 4 .83  (d , J  = 2.6 
H z , 1  H ) ;  ir (C H C 13) 3030, 1680, 1658, 1597, 1495, 1450 c m " 1 .

l,3-Diphenyl-l-(p-tolylthio)-prop-l-en-3-one (27). A  so lu tio n  
o f  p -to lu e n e th io l (1 .24  g, 10 m m o l), 15 (2 .07  g, 10 m m o l) , a n d  t r i
e th y la m in e  (0 .5  m l) in D M S O  (20  m l) w as h e a te d  at 140° fo r  20 
hr, c o o le d , p ou red  in to  co ld  w ater  ( 2 0  m l), a n d  ex tra c te d  three 
t im es  w ith  eth er . T h e  eth er  e x tra c t  w as th en  w ash ed  w ith  w ater 
to  rem ove  D M S O  an d  tr ie th y la m in e . R e m o v a l o f  e ther le ft  27, a 
y e llo w  so lid  from  C C l 4 - C H C l 3  (1 :1 )  (0 .6 8 0  g, 21%): m p  179 -18 1°; 
nm r ( C D C 1 3) 5 8 .2 5 -7 .9 5  (m , 2 H ) , 7 .6 0 -6 .7 5  (m , 13 H ) ,  2 .18  (s , 3 
H ) ; ir ( C H C I 3 ) 1635, 1600, 1580, 1530 c m " 1.

A n a l.  C a lcd  fo r  C 2 2 H 1 8 O S : C, 79 .97 ; H , 5 .4 9 ; S , 9 .70 . F o u n d : C, 
80 .06 ; H , 5 .3 6 ; S , 9 .60.

Registry No.—la, 50428-54-1 ; lb, 15814-32-1 ; 2a, 50 428-56-3 ; 
2b, 50428-88-1 ; 3 , 50428-89-2 ; 4, 50428-57-4 ; 5, 50 428 -58 -5 ; 6 , 
50428-59-6 ; 7a, 50428-60-9 ; 7b, 27871-98-3 ; 8a, 50428 -62 -1 ; 9, 
50428-63-2 ; 10, 50428-64-3 ; 13, 50428-65-4 ; tra n s-1 4 , 37845-36-6 ; 
c ts -14, 50428-67-6 ; 14 a d d u ct , 50428-68-7 ; 15, 1817-49-8 ; 16, 94 -41 - 
7 ; 25, 50 428-71-2 ; 26, 50428-53-0 ; 27 , 50 428-73-4 ; l - (2 ,4 -d in it r o -  
p h e n y l)-3 -( /3 -s ty ry l)-5 -p h e n y lp y ra z o le , 50428-74-5 .
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Reactions Involving Electron Transfer. V. Reduction of Nonconjugated
A cetylenes13

Herbert O. House* and Edith Feng Kinlochlb

S ch o o l o f  C h em istry , G eorgia  In s t i tu te  o f  T ech n o lo g y , A tla n ta , G eorgia  30332  

R e c e iv e d  A u g u s t  8, 1973

T h e  re d u ctio n  o f  3 -h ex y n e  (9) a n d  o f  1 -h exyn e  (7) w ith  so lu tion s  o f  so d iu m  in  h ex a m e th y lp h o sp h o ra m id e  
(H M P )-te tra h y d ro fu r a n  (T H F ) m ixtu res has been  stu d ie d . In th e  a b sen ce  o f  an  a d d e d  p ro ton  d onor, th e  in te r 
nal a ce ty le n e  w as re d u ce d  to  m ixtu res o f  th e  2 -h exen es  28 an d  29 and th e  3 -h exen es  24 an d  25. H ow ever, in  the 
p resen ce  o f  a p ro ton  d on or , t -B u O H , on ly  the  3 -h e x e n e s  w ere p ro d u ce d . A t  low  tem p era tu re  ( - 3 3 ° )  in  the  p res 
en ce  o f  excess  N a  a n d  t -B u O H , > 9 5 %  o f  th e  o le fin  p ro d u c t  w as th e  trans isom er 24. A t higher tem p era tu res  (0 
or 25°) or e m p lo y in g  an inverse  a d d it io n  p roced u re  to  lim it  th e  N a co n ce n tra tio n , m ixtu res co n ta in in g  8 0 -9 0 %  
trans o le fin  24 an d  1 0 -2 0 %  c is  o le fin  25 w ere o b ta in e d . C o m p a ra b le  m ixtu res (7 7 -8 2 %  24 and 1 8 -23%  25) were 
fo rm ed  w h en  3 -ch lo ro -c¿s -3 -h e xe n e  w as red u ced  u n d er va r iou s  co n d it io n s  w ith  so lu tion s  o f  N a  an d  f -B u O H  in 
H M P -T H F . T h e se  resu lts are co m p a re d  w ith  re d u ctio n s  e ffe cte d  b y  so lu tion s  o f  N a  in  liq u id  N H 3 a n d  the r e a c 
t io n  p a th w a y s  op era tiv e  in  th ese  re d u ctio n s  are d iscu ssed .

A well-established synthetic route to trans symmetrical
ly disubstituted olefins 2 involves the reduction of disub- 
stituted acetylenes 1 with solutions of alkali metals (par
ticularly sodium) in liquid ammonia2'3 or with solutions 
of lithium in low molecular weight amines.3a’b It has been 
suggested20'*1 that the stereochemistry of this reduction 
process is attributable to the addition of two electrons to 
the linear acetylene 1 to form a nonlinear dianion that ad
opts the trans geometry indicated in structure 3 to mini
mize electrostatic repulsion between the two unshared 
electron pairs. The successive addition of two protons at 
rates more rapid than the relatively slow rate of inversion 
of the vinyl anion 44 would then account for the formation 
of the trans olefin 2 containing much less cis isomer than 
would be expected in an equilibrium mixture.

However, this process (Scheme I), involving two succes
sive electron transfers to the acetylene 1 to form the inter
mediate radical anion 5 and the dianion 3, is difficult to 
reconcile with polarographic studies of the electrochemi
cal reduction of acetylenes. Although acetylenes conjugat
ed with a carbonyl group5 or with one or two aryl groups6

Scheme I

R C ^ C R  — - R C = C R  
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;c=c¿ 3 H+
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\ c=c;

can be reduced electrochemically to the radical anion 5 in 
aprotic media (typically DMF or DM E with n.-Bu4N+ X~ 
as a supporting electrolyte) at relatively negative poten
tials ( -2 .0  to -2 .9  V vs. see), the formation of a free di
anion 3 is uncertain68'11 even in these cases where delocali
zation of negative change is possible. This uncertainty 
arises both because at the very negative potentials re
quired to reduce the.anion radical 5 to the dianion 3, 
competing reduction of the supporting electrolyte (n- 
Bu4N + X _ ) becomes substantial (at -2 .9  to -3 .0  V vs. 
see) and because the possible abstraction of either a hy
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drogen atom or a proton from the solvent by one of the in
termediates 3 or 5 may form more easily reduced inter
mediates.6® Nonconjugated acetylenes (1, R = alkyl or H) 
are normally considered inert to electrochemical reduction 
by a process that involves electron transfer to form an 
anion radical.6“1’7 We have examined the polarographic 
behavior of several acetylenes 6 - 1 0  as well as the strained 
cyclic acetylene 11.8 Solutions of the acetylenes 7-11 and 
n-Bu4N +BF,t-  in DMF exhibited no reduction waves 
other than reduction of the supporting electrolyte ( -3 .0  V 
vs. see) when examined either by conventional polarogra- 
phy or by cyclic voltammetry. Solutions of acetylene (6 ), 
which might be expected® to be reduced at potentials

R,C=CR2 CH2C=OCH2

6, R, =  R2 = H <MCHz)5-'
7, Ri = R2 = /1-C4H9
8, Ri = /i-C4H9; Rj = H
0, Ri =Ri4= C2H6

10, R, =R2=pC,,H9
0.1-0.2 *V less negative than the acetylenes 7-11 contain
ing one or two electron-donating alkyl substituents, exhib
ited a “ shoulder”  on the edge of the wave corresponding 
to reduction of the supporting electrolyte. This observa
tion suggests that the reduction potential (£ 1 /2 ) for acety
lene (6 ) is ca. -3 .0  V (vs. see) and that the alkyl-substi
tuted acetylenes 7-11 accept an electron (to form 5) only 
at potentials more negative than —3.0 V. When these ob
servations are considered in terms of the reduction poten
tial9 of a solution of sodium in hexamethylphosphoramide 
(-2 .9 6  V vs. see at 28°) or liquid ammonia (ca. -2 .3  V at 
-33 °), it is apparent that the reducing power of these so
dium solutions is at best barely adequate to reduce un
conjugated acetylenes 1 to the corresponding free radical 
anions 5 and is certainly inadequate to produce the corre
sponding free dianions 3. (Typically, the potential re
quired to form a dianion is 0.5-1.0 V more negative than 
the potential required to form an anion radical.) However, 
an alternative process that is not excluded by these reduc
tion potential values is the simultaneous addition of an 
electron and a Na+ cation (or equivalently, the addition 
of a Na atom) to form the organometallic intermediates 
such as 12, 13, and 14 (Scheme II). In studies of the re-

Scheme II

16

duction of diphenylacetylene (and other arylacetyl- 
enes)6b’e’10 there is evidence that solutions of dimetalated 
intermediates such as 16 are formed by reaction of the 
corresponding acetylene with an alkali metal at low tem 
peratures. Reaction of solutions of these dimetalated in

termediates with a proton (or deuteron) donor produced 
the corresponding trans olefins. 108 The interesting obser
vation was made that when the solid dilithio derivative 17 
was protonated only the cis olefin was formed; however if 
the solid cis dilithio derivative 17 was dissolved before 
protonation, a change in configuration occurred and the 
trans olefin was produced upon protonation . 108 The most 
reasonable interpretation o f these observations is to con
clude that if a disodio intermediate 13 is formed in the 
reaction solution, it will preferentially adopt the indicated 
trans configuration (minimizing electrostatic repulsion 
between the C-N a dipoles) and will react with a proton 
donor with retention of configuration4 to form a trans ole
fin. However, it is by no means clear that these studies 
implicating dimetalated intermediates such as 13 in the 
reduction of acetylenes conjugated with one or two aryl 
groups6b’e’10 are also applicable to the more difficultly re
ducible acetylenes containing only alkyl substituents. To 
explore this question further we have examined the reduc
tions of several alkyl-substituted acetylenes 7-10 with so
lutions of sodium in either hexamethylphosphoramide 
(H M P ) 1 1  or liquid NH3.

Previous studies of the reaction of carbon-carbon multi
ple bonds12  with solutions of Na in HMP are in seeming 
disagreement about the utility of these solutions. Larche- 
veque reported that several dialkylacetylenes 1 were not 
reduced but rather isomerized to terminal acetylenes by 
treatment with solutions of Na in HMP mixed with either 
THF or Et2 0 .12a However, in the presence of benzene as a 
cosolvent, these same reactants were reported to yield 
mixtures of a disubstituted olefin (stereochemistry not 
stated) and some terminal olefin .128 On the other hand, 
Whitesides and Ehmann found that solutions of Na in 
HMP containing f-BuOH as a cosolvent slowly reduced 
nonconjugated olefins to saturated hydrocarbons, and they 
also reported that this N a-H M P-t-BuOH  solution re
duced 3-hexyne (9) to a mixture of frans-3-hexene and 
hexane.12b We had found earlier9 that relatively stable so
lutions of Na in HM P-THF mixtures (3:2 v /v ) could be 
prepared and standardized by titration of these blue solu
tions to a colorless end point with pinacolone (stoichiome
try 1  g-atom of Na/m ol of pinacolone). Furthermore, 
these Na solutions reacted only very slowly with tertiary 
alcohols such as t-BuOH, so that reduction with the Na 
solutions could be carried out in the presence of t-BuOH 
as the proton donor. We initially examined the use of 
these Na solutions to reduce 5-decyne (7). Although this 
acetylene 7 was reduced to one or more olefins by reaction 
with solutions of Na in any of the solvent systems, liquid 
NH3, HM P-THF, or HM P-THF-t-BuOH, our attempts 
to analyze mixtures of some of the possible olefinic prod
ucts 18-21 by gas chromatography were not satisfactory. 
While the various cis and trans isomers were readily sepa
rable on a glpc column employing a solution o f A gN 0 3 in 
ethylene glycol as the liquid phase, our attempts to ana
lyze a mixture of the structural isomers 18 and 2 0  or 19 
and 21 (Scheme III) either by glpc analysis or spectro
scopic analysis were not satisfactory. 13 Consequently, all 
of our subsequent studies employed either the C10 acety
lene 10 or the C6 acetylenes 8 and 9. In these cases, ana
lytical procedures (glpc) were found that permitted sepa
ration of the C10 hydrocarbons 22, 23, and 26 and of the 
C6 hydrocarbons 24, 25, and 27-29.

From titrations involving the addition of 3-hexyne (9 ) to 
solutions of Na in HM P-THF, we found that the blue 
color of the Na solution was discharged by the addition of 
1 mol of the acetylene 9 to 2 g-atoms of Na. After hydroly
sis and isolation, the major products (see Table I) were 
the trans olefin 24 (9-19% yield) and two rearranged ma-
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Table I
Reaction o f the Acetylene 9 with Na in HMP-THF

Mmol 
o f  9

Mg-atoms 
o f  N a°

M m ol o f  
i-BuOH

Reaction
time,
min

Reaction
temp,

°C
Olefin

28
Olefin

24

---------Product yields, % —
Olefin Olefin 

29 25 Other6

2.7 8 30 -3 3 44 13 17
2.7 8 360 25 28 9 8 1
1.7 20 0.5 25 30 1 1 1 2 3% «-hexane0
3.6 7 .3d 0.5 25 63e 19 17
2.9 20 13 30 25 < 1 29 5 47% n -hexane
2.5 8 15 30 25 < 1 65 1 1
2.3 20 13 0.5 0 2 52 8
2 . 1 8 16 0.5 0 3 74 10
1 . 8 20 26 1 0 -3 3 2 77 3
2 . 6 8 15 30 -3 3 1 76
2 . 6 8 15 2 -3 3 2 95
1.9 30 26f 1 0 -3 3 < 1 75»
4.6 10.9d 2 1 . 8* 0.5 -3 3 < 1 58 2 2 2 % recovery of

acetylene 9
4.9 1 0 .6 " 1 8 .7 /’* 0.5 -3 3 < 1 38 3 28% recovery of

acetylene 9
6 .0 1 2 .5d 27 Inverse ad- — 2 0  to 2 54 5 24% recovery of

dition1' -4 0 acetylene 9
4.6 10.3d 27/ Inverse ad- -3 0  to < 1 56’ 6 1 0 % recovery of

dition' -4 0 acetylene 9
2.7 8 .6 d 30/ Inverse ad- 0 1 79* 9

dition1

° Unless otherwise noted, excess Na remained after the addition of the acetylene 9 until the reaction mixture was quenched 
with 1UO. b Unless otherwise noted, the separate analyses required to determine the yields of «-hexane and 1-hexyne (8) 
were not performed. 0 No 1-hexyne (8) was detected (glpc) in the reaction product. d In this experiment, all the Na was 
consumed before the solution was quenched. • After the reaction mixture had been quenched with D 20 , the product con
tained no deuterated species. /  f-BuOD was used in this experiment.» The olefin contained 8 6 % d. species and 14% di species. 
* In this experiment the f-BuOH (or Z-BuOU) was added with the acetylene 9 to the Na solution. * In this experiment the 
Na solution in H M P-TH F was added to the acetylene 9 and ¿-BuOH (or f-BuOD). » This olefin contained 6 6 % d-, species, 
31% di species, and 3% d0 species. * This olefin contained 46% d2 species, 39% di species, and 15% d0 species.

Scheme III

18, R = n-Bu 
2 2 , R=f-Bu 
24, R = Et 

ra-Pr H
> = C

H C5Hn-n

19, R = n-Bu 
23, R = i-Bu 
25, R = Et

n-Pr C5Hu-n

20 21
i-BuCH2CH2Bu-£ re-BuCH=CH2

26 27
n-Pr H n-Pr .CH

\
/ o II o /
\ c, ( x

H ch3 H H
28 29

f -B u C = C C (C H 3)2O H  i -B u C = C C (C H 3)2Cl

30 31

terials, the trans olefin 28 (28-63% yield) and the cis ole
fin 29 (8-17% yield). When one of these reaction mixtures 
was hydrolyzed with D 20 , no deuterium was incorporated 
in the major olefinic product 28. Consequently, we con
cluded, contrary to the report of Larcheveque, 128 that in
ternal acetylenes are reduced by solutions of Na in 
H M P-THF, and furthermore, that all stages of the reduc
tion (electron transfer and transfer of H+ or H-) are com 
plete before the reaction solutions are hydrolyzed. How
ever, in partial agreement with Larcheveque’s report, it is 
clear that in the absence of an added relatively acidic pro
ton donor, extensive base-catalyzed isomerization2a '3b' 14 
of the acetylene 9 to the allene 34 (and possibly to the 
acetylene 32) is occurring in competition with the reduc
tion process so that the rearranged olefins 28 and 29 are

produced in greater amounts than the expected olefin 24. 
Thus, in the absence of an added proton donor, the acety
lene 9 must be serving as a proton donor for one of the re-

CH3CH2C=CCH2CH3 3 =  [Cft,CH — C=CCH2CffJ_ ^
9 35

c h 3c h = c = c h :c h 2c h 3 c h 3c = c c h 2c h 2c h 3

34 32

duction intermediates (e.g., 12 or 14, Scheme II), result
ing in the formation of the anion 35. However, several 
facts indicate that one or both of the reaction solvents 
THF or HMP must also be donating a proton to at least 
one of the carbanionic intermediates (e.g., 12, 14, or 35) in 
the reaction mixture. The total yields of reduction prod
ucts 24, 25, and 28 (46-99%) and the failure to incorporate 
deuterium into the reduction product after quenching 
with D20  are inconsistent with a reaction process in 
which 1  mol of acetylene is reduced by reaction with 2  g- 
atoms of Na and an additional 2 mol of acetylene that 
serve only as proton donors. The titration results (2 g- 
atoms of Na consumed/mol of acetylene 9 added) are also 
incompatible with this scheme, since further reduction of 
the anion 35 with Na is unlikely. Consequently, the vari
ous carbanionic intermediates (e.g., 12, 14, or 35) must be 
abstracting a proton (or a hydrogen atom) from one or 
both of the solvents.66’15

The above results are in contrast to our observations 
when the more acidic terminal acetylene 8 was added to a 
solution of Na in HM P-THF. In this case, our titration 
data indicated that 2 g-atoms of Na were consumed for 
each 3 mol of acetylene 8 added, and the products ob
tained after hydrolysis were the olefin 27 (31% yield) and 
the acetylene 8 (63% recovery). Furthermore, when the 
reaction mixture was hydrolyzed with D20 , the recovered 
acetylene 8 was partially deuterated. (The relatively rapid
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H -D exchange of a terminal acetylene, R C =C D , during 
isolation and mass spectrométrie analysis clearly lowered 
the deuterium content of the recovered acetylene 8 in this 
experiment.) Thus, in this experiment two-thirds of the 
starting acetylene does serve as the proton donor in the 
reduction process, as indicated in the following equation.

3 rc-C4H 9C = C H  +  2N a — >• n-C 4H 9C H = C H 2 +  2n -C 4H9C = C ^ N a + 

8 27

The problem of isomerization of the starting acetylene 9 
to the aliéné 34 (or the acetylene 32) prior to reduction 
with Na in H M P-TH F was avoided by performing the re
duction in the presence of an excess of i-BuOH as a pro
ton donor. Although some of the Na in these reactions was 
also consumed by reaction with t-BuOH, this process was 
relatively slow, especially at low temperatures (-3 3 °), so 
that a total of 2.1-2.4 g-atoms of Na was consumed/mol of 
acetylene 9 added. The products of this reduction (see 
Table I) were the unrearranged olefins 24 (major product) 
and 25 (minor product) with at most only very minor 
amounts of the rearranged olefins 28 and 29. When these 
reductions with Na and i-RuOH in H M P-TH F were per
formed at -3 3 ° with relatively short reaction periods (2-5 
min) before quenching, the yield and composition of the 
olefinic product (>95% trans olefin 24) were comparable 
to those obtained in a reduction with Na in liquid NH3 . 
When this reduction with Na in HM P-THF was per
formed in the presence' of excess f-BuOD, the olefinic 
product 24 was largely dideuterated (86% d2 species and 
14% di species).

If the temperature used for reduction was raised from 
-3 3  to 0 or 25° or, particularly, if the reaction time was 
extended from 2 to 30 min or longer, then the further re- 
duction12b of the olefins 24 and 25 to n-hexane became a 
significant side reaction. The relative rates of the further 
reduction of the cis olefin 25 and the trans olefin 24 to n- 
hexane were approximately equal with Na and t-BuOH in 
HM P-THF. However, the rate of reduction of the termi
nal olefin 27 to n-hexane appeared to be much more 
rapid. Thus, the addition of the terminal acetylene 8 to a 
solution of Na and f-BuOH in H M P-TH F at 25° resulted 
in the formation of both n-hexane (53% yield) and 1-hex- 
ene (27, 28% yield) after a reaction period of ca. 1  min. 
Some indication that the rates of reduction of various acet
ylenes and olefins with Na and t-BuOH in H M P-TH F is 
influenced more by the steric effects rather than by the 
electrical effects of alkyl substituents was provided by the 
fact that the rate of reduction of di-feri-butylacetylene
(10) to the trans olefin 22 required 2-3 hr for completion 
and, even after 3 hr at 25°, only 2% of the olefin 22 had 
undergone further reduction to the hydrocarbon 26.

The proportions of trans olefin 24 to cis olefin 25 formed 
from reduction of the acetylene 9 were examined under 
several sets of reaction conditions. Since the relative rates 
of further reduction of these two olefins 24 and 25 to n- 
hexane were approximately equal, the occurrence of this 
side reaction in some of our studies did not alter substan
tially the proportions of the olefin present. The composi
tion of the mixture of olefins 24 and 25 obtained from re
ductions effected by adding the acetylene 9 to Na and t- 
BuOH in HM P-THF was clearly altered by the reaction 
temperature, the olefinic product containing 81-84% trans 
olefin 24 at 25°, 88-89% trans olefin 24 at 0°, and >98% 
trans olefin 24 at —33°. This latter value (>98% trans ole
fin 24) was also observed for the reduction of the acetylene 
9 with Na in liquid NH3 at -3 3 °. (Other data concerning 
the reduction of dialkylacetylenes with Li in liquid NH3 
at 25° 3c or Li in EtNH2 at 17° 3a suggest that at least

Scheme IV
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under some reaction conditions, the conversion of acetyl
enes to trans olefins can be stereoselective at tempera
tures above —33°).

All of the reductions discussed thus far were performed 
using what might be called the normal mode of addition 
in which the acetylene 9 was added, dropwise and with 
good mixing, to a solution that contained excess Na. 
These conditions should clearly be favorable to the imme
diate further reduction of radical intermediates such as 1 2  
or 15 to organosodium species such as 13 or 14. To exam
ine the stereochemical result under circumstances where 
an excess reducing agent was not present, an inverse addi
tion procedure was followed in which a solution of Na in 
H M P-TH F was added, dropwise and with good mixing, to 
a solution of the acetylene 9 and excess f-BuOH in THF. 
The Na solution was added at such a rate that after each 
drop of the Na solution had been added the blue color (in
dicating excess Na) was allowed to disappear before the 
next drop of Na solution was added. Thus, throughout the 
reaction reduction was occurring under conditions of ex
cess proton donor and a low concentration of reducing 
agent, conditions that clearly would be favorable to the 
generation of the vinyl radical intermediate 15. In all of 
these experiments (both at ca. —30 and 0 °) the olefin 
product contained 86-90% of the trans olefin 24. When i- 
BuOD was substituted for t-BuOH as the “ proton”  donor, 
the distribution of deuterium in the olefinic product 24 
(46-66% d2 species, 31-39% c?i species, and 3-15% do 
species) corresponded to significantly more monodeuterat- 
ed material than had been observed in a normal addition 
procedure (8 6% d2 and 14% d% species) in spite of the fact 
that a higher concentration of “ proton”  donor, t-BuOD, 
was present throughout the reaction. These results suggest 
that in the inverse addition procedure significant fractions 
of the olefins 24 and 25 are being formed by reaction of an 
intermediate vinyl radical 15 with the solvent to abstract 
a hydrogen atom.

Thus, our studies of the reduction of the acetylene 9 
with Na and f-BuOH in HM P-THF are compatible with a 
reaction path (Scneme IV) in which the acetylene 9 is



Reduction of Nonconjugated Acetylenes J. Org. Chem., Vol. 39, No. 6, 1974 751

Table II
Reduction o f  3-ChIoro-c¿s-3-hexene (40) with Sodium

------------ -—------ Product yields, %------------------------
Mmols Mg-atoms Mmol of Solvent Reaction time, Trans Cis
of 40 of Na i-BuOD (ml) min (temp, °C) olefin 24e olefin 25 Other®

1 . 4 30 17.5 HM P (30) + 10 47 (79)6 1 2 <1%  olefin 28
THF (20) ( -3 3 )

2 . 5 6.6 17.5 H M P (39) + 90, inverse 31 (81)' 6 <1%  olefin 28“
THF (26) addition

( -3 3 )
1 . 4 30 HM P (30) + 5 33 (81) 5 10% olefin 28 and

THF (20) ( -3 3 ) 5% olefin 29“
1 . 1 30 17.5 HM P (30) + 25 10 (77) 5 81% n-hexane

THF (20) (0)
1.3 in 4 ml of 30 N H 3 (15) 30 25 (48) 28 ~ 1 %  olefins 28

THF (-3 3 ) and 29
1.3 in 0.33 g of 30 N H 3 (15) 30 (26) (74) ~ 3 %  olefin 29 in

methylcyclo- ( -3 3 ) mixture
hexane

“ Unless otherwise noted, the yield o f n-hexane in these experiments was not determined. b The product contained 85% 
di species and 15% d0 species. '  The product contained 81% d1 species and 19% do species. “ No higher molecular weight 
products (i.e., Ci» hydrocarbons) were detected by glpc analysis. • % of olefin product in parentheses.

converted successively to a trans sodiovinyl radical 36 (or 
the equivalent nonlinear anion radical) 16 followed by pro
tonation to give the trans vinyl radical 37. At low temper
atures (—33°) in the presence of excess Na, the conversion 
of this trans radical 37 to the vinylsodium intermediate 38 
is apparently slightly more rapid than the conversion of 
the trans radical 37 to the cis radical 39 (and subsequent
ly to the cis vinylsodium compound 41) so that protona
tion yields predominantly the trans olefin 24. However, 
either lowering the Na concentration (retarding the rate of 
the conversion 37 —*• 38) or increasing the reaction tem
perature (increasing the rate of radical inversion 37 —1* 39) 
would be expected to increase the proportion of the cis 
olefin 25 in the product.

To examine this hypothesis further, it was o f interest to 
introduce one of the vinyl radicals 37 or 39 into our reac
tion solution in a different manner. Earlier stereochemical 
studies of alkyl-substituted vinyl radicals17  have indicated 
that these intermediates are nonlinear with a relatively 
low energy barrier to inversion. 178 Studies of the reduc
tion of stereoisomeric vinyl halides170-0 such as 40, 42, and 
43 have suggested that the rates of radical inversion (e.g., 
37 «=* 39) and the rates of electron transfer to such radicals 
(e.g., 37 —► 38 or 39 41) are comparable in magnitude.
Thus, when a solution of sodium naphthalenide in THF 
was added to a THF solution o f the cis chloro olefin 40 at 
0°, the olefinic product contained 31% of the cis olefin 25 
and 69% of the trans olefin 24.17b A similar electrochemi
cal reduction of the iodo olefin 42 produced a mixture 
containing 30% of the cis olefin 25 and 70% of the trans 
olefin 24.17c In each o f these studies, equilibration of the 
vinyl radicals was incomplete because reduction of the 
corresponding trans halo olefin (e.g., 43) produced olefin 
mixtures containing 85-94% of the trans olefin 24.17b-c 
These results are in contrast to an earlier study in which 
the addition of a solution of the cis chloro olefin 40 in 
methylcyclohexane to a cold (-3 3 °) solution of Na in liq
uid NH3 was reported1713 to yield only the cis olefin 25.

We have examined the reduction of the cis chloro olefin 
40 with cold (-3 3 °) solutions of Na and t-BuOD in 
HM P-THF employing both normal and inverse addition 
procedures (see Table II). In all cases, the olefinic product 
contained 79-82% of the trans olefin 24 and this product 
24 (81-85% d \ species and 15-19% d0 species) had been 
formed primarily by “ protonation” of an organometallic 
(or anionic) intermediate. Since the cis chloro olefin 40 
recovered from an incomplete reduction did not contain a

significant amount of the trans isomer 43, we conclude 
that the reduction itself is not stereospecific under these 
conditions and one of the intermediates (probably 39) is 
equilibrating with its geometrical isomer (e.g., 37) at a 
rate competitive with the rate of electron transfer. Even 
when the chloro olefin 40 was reduced with solutions of 
Na in liquid N H3, we did not observe the high stereospec
ificity previously reported.1713 When the chloride 40 was 
reduced with Na and N H 3 employing THF as a cosolvent, 
the olefin product contained 48% of the trans olefin 24; 
employing methycyclohexane as a cosolvent, the olefin 
product contained 26% of the trans olefin 24 accompa
nying the major product, the cis isomer 25.

Thus, the results of our Na-HM P reductions indicated 
that even when a precursor such as the chloro olefin 40 is 
used to form the cis vinyl radical 39 as an initial interme
diate, subsequent partial equilibration, 39 «=* 37, is com
petitive with electron transfer and protonation so that a 
mixture of olefins containing ca. 80% of the trans isomer 
24 is obtained. Our results obtained on reduction of the 
acetylene 9 are understandable with the assumption that, 
at —33° in the presence of excess Na, an initially formed 
trans vinyl radical 37 is reduced and protonated to form 
the trans olefin 24 (>95% of the olefin mixture) at a rate 
slightly faster than equilibration of the vinyl radicals 37 
and 39. However, either an increase in the reaction tem
perature or a reduction in the Na concentration permits 
nearly complete equilibration o f the vinyl radicals 37 and 
39, leading to an olefin mixture containing 85-90% of the 
trans isomer 24.

Experimental Section18
Di-ferf-butylacetylene (10). P re v io u sly  described proce

dures19’20 yie ld ed  ie rt-b u ty lac ety le n e , bp 3 6 -3 8 °, u 25d  1.3738  [lit. 
bp 36 .4 -37 .8 ° (768.3 m m ),19 3 6 -4 0 °,20 n 20D 1.3736 21], th a t was 
converted20’22 successively to the carb in o l 30, n 25D 1.4303 ( l it .22 
m 38d  1.4 222), ir  (C C U )  3620, 3380 (unassociated and associated 
O H ), and 2230 c m " 1 ( C = C ) ,  n m r (C C U )  5 3.08 (1  H  s, O H ), 1.4 2 
[6 H  s, ( C H 3)2C], and 1.2 0  [9 H  s, ( C H 3)3C], the ace tyle n ic  ch lo 
ride 31, bp 6 3 -6 4 .5 ° (43 m m ), n25o 1.4320 [ lit .22 bp 8 1 -8 1 .5 °  (100 
m m ), n 20D 1.4343], ir  ( C C 1 4) 2235 c m " 1 ( C = C ) ,  n m r (C C U )  i  1.78 
[6 H  s, ( C H 3)2 C ] and 1 .2 1  [9 H  s, ( C H 3)3C ], and the crude acety
lene 10, bp 1 1 3 - 1 1 9 ° ,  w hich contained (ir  and nm r) sm a ll 
am ounts of o lefin ic im p u ritie s. T h is  crude pro duct was cooled in  
an ice bath  and B r 2  was added dropwise u n t il the red color per
sisted. T h e n  so lid  N a 2S 20 3 was added to consum e the excess B r 2 
and solid  K 2C 0 3 was added to consum e a n y a cid  present. R e d is 
t illa t io n  separated the pure acetylene 10: bp 1 1 1 - 1 1 2 . 5 °  (747 
m m ); n 25D 1.4027 [ lit .22 bp 1 1 1 ,9 °  (746 m m ); u 25d  1.4026]; ir 
(C C U ) no absorption for C = C  or C = C ;  u v  (9 5 %  E t O H )  sho u l
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ders at 232 (t 56) and 222 m/u (e 7 1)  w ith  end absorption (« 129 at 
2 10  m /t); n m r ( C C 1 4) b 1 .1 3  [singlet, ( C H 3 )3 C ]; m ass spectrum  
m /e  (rel in ten s ity), 138  (M ,+  36), 12 3  (100), 95 (20), 8 1  (81), 67
(2 1), 43 (25), and 4 1 (31).

Preparation of the Di-fert-butylethylenes 22 and 23 and the 
Ethane 26 .23 A  solution of the acetylene 10 in  E t O H  was h yd ro 
genated over a 5 %  P d / C  ca ta lyst at 2 5 ° (50 psi) to y ie ld  5 8 %  of 
the ethane 26: bp 13 6 °; re2 5 d  1.4039 [ l it . 2 2  bp 13 6 .2 -13 6 .4 ° (739 
m m ); re20d  1.4060]; n m r ( C C 1 4) b 1 .1 3  (4 H  s, C H 2) and 0.88 [18 H  
s, ( C H S) 3 C ]; m ass spectrum  m /e  (rel in ten sity) 14 2  (0.01, M  + ), 71
(34), 57 (100), 56 (47), 43 (19 ), 4 1 (28), 3 1  (74), and 27 (73).

A  solution of the acetylene 10 in  E t O H  was hydrogenated over 
R an e y n ic k e l ca ta lyst at 2 5 ° (40 p si). A fter 3 h r the hydrogenation 
was stopped to y ie ld  a hydrocarbon product, bp 1 1 5 -1 2 6 ° ,  w hich 
contained (glpc, s ilico n e gum , S E -3 0 , on Chrom osorb P ) the trans 
olefin 22  (ca . 5 0 % ) , the ethane 26 (co. 1 5 % ) ,  and the cis olefin  23 
( ca . 3 5 % ) .  E a c h  of these com ponents was collected (g lpc); the 
ethane 26 was id en tified  w ith  the p rev io u sly  described sam ple b y 
com parison of ir  spectra and glpc retention tim es.

T h e  trans olefin 22 ,was obtained as a colorless liq u id : re25D 
1.4091 ( l it .2 0  re20D  1 .4 116 ); ir  ( C C I 4 ) 975 c m " 1  (trans C H = C H ) ;  
u v  (9 5 %  E t O H )  end absorption (e 18 at 2 10  m /r); n m r ( C C I 4 ) b
0.96 [18 H  s, ( C H 3 )3 C [ and 5.26 (2 H  s, v in y l C H ) ;  m ass spectrum  
m /e  (rel in ten sity) 140 (10, M  + ), 12 5  (54), 84 (23), 83 (81), 70 
(80), 69 (100), 57 (52), 55 (43), an d  4 1 (46).

T h e  c is  olefin 23 was isolated as a colorless liq u id : n25D 1.4250 
( l it . 2 0 ' 2 2  re20D 1.4266); u v  (9 5 %  E t O H )  end absorption (e 204 at 
2 10  m p); n m r ( C C I 4 ) 6 5 .10  (2 H  s, v in y l C H )  and 1 . 1 1  [18 H  s, 
( C H 3 ) 3 C ] ; m ass spectrum  m /e  (rel in te n s ity) 140 (2 M + ) , 12 5
(2 1), 97 (2 )1, 84 (30), 83 (79), 70 (100), 69 (98), 57 (61), 55 (74), 43
(24), and 39 (2 1).

T o  analyze m ixtures co n tain in g  the d i-te rf -b u ty l d eriva tives 10, 
22, 2 3 , and 26, re-nonane was added as an  in tern a l standard  and 
the m ixtures were analyzed b y g lpc on equipm ent ca lib ra te d  w ith 
know n m ix tu res of au th entic sam ples. W ith  the glpc colum n used 
(silico ne gum , S E -3 0 , on Chrom osorb P ) the retention tim es fo l
low: acetylene 10, 12 .5  m in ; trans olefin  2 2 , 17 .6  m in ; ethane 26,
23.5 m in ; c is  o lefin 23, 30.4 m in ; re-nonane, 38.3 m in .

Preparation of 5-Decyne (7) and the 5-Decenes 18 and 19. 
T h e  sodium  acetylide prepared from  N a N H 2  and 1-h e xy n e  (8 ) in  
liq u id  N H 3 was a lk y la te d 2 4  w ith  re-B uB r to y ie ld  5 1 %  of 5-decyne
(7): bp 1 7 3 -1 7 5 ° ;  re2 5 d 1 .4 3 15  [ lit .24-: bp 176 ° (748 m m ), re25D
l .  4 3 11]; u v  (9 5 %  E t O H )  shoulder at 225 m p (e 56) w ith  end a b 
sorption ( t  75  at 2 10  m u ); n m r ( C C 1 4) 6 1 .9 -2 .3  (4 H  m, 
C = C C H 2), 1 .2 - 1 . 8  ( 8  H  m , C H 2), and 0 .8 -1 .2  ( 6  H  m, C H 3); 
m ass spectrum  m /e  (rel in ten s ity) 138 (23, M  + ), 96 (30), 95 (52), 
8 1 (100), 6 8  (30), 67 (31), 57 (55), 55 (6 6 ), 54 (45), 53 (29), 43 (32), 
and 4 1 (2 1).

R e d u ctio n 2411 of 5-decyne (7) w ith N a  in  liq u id  N H 3 y ie ld ed 
5 7 %  of trans-5-decene (18), bp 1 7 2 -1 7 3 .5 ° ,  re2 5 d  1.4228 [Iit.24b bp 
17 0 .2 ° (739 m m ), re2SD  1.4 2126 ], th a t contained (glpc) ca. 3 %  of 
the sta rtin g  acetylene 7: ir  (neat) 965 c m " 1  (trans C H = C H ) ;  uv 
(9 5 %  E t O H )  end absorption (f 13 7  at 2 10  m p); n m r ( C C 1 4) b 5 .2 -
5.6 (2 H  m , v in y l C H ) , 1 .7 -2 .3  (4 H  m , a lly l ic  C H 2), 0 .7 -1 .7  (14  H
m , a lip h a t ic  C H ) ;  m ass spectrum  m /e  (rel in ten sity) 140 (M + , 
25), 69 (37), 56 (47), 5 (100), 43 (24), and 4 1 (4 1). A  solution of 5- 
decyne (7) in  m ethanol was hydrogenated at 2 5 ° (1 atm ) over a 
5 %  P d / B a S O i ca ta ly st in  the presence of q u in o lin e  to y ie ld  5 0 %  
of e is-5-decene (19), bp 16 9 -17 0 °, re25d  1.4 276  [ lit .24» bp 16 9 .5 - 
169.6° (739 m m ), re2 5 d 1.42296], w hich  contained (glpc) 9 %  of the 
trans isom er 18. A  pure sam ple of the c is  isom er 19 was collected 
(g lpc): u v  (9 5 %  E t O H )  end absorption (t 50 at 210  m p); nm r 
( C C 1 4) 6 5 .32  (2 H  t , J  =  5 H z , v in y l C H ) ,  1 .8 -2 .4  (4 H  m , a lly lic  
C H 2), and 0 .8 -1 .8  (14  H  m , a lip h a t ic  C H ) ;  m ass spectrum  m /e  
(rel in ten sity) 140 (M + , 25), 70 (43), 69 (46), 56 (53), 55 (100), 43
(28), 4 2 (2 2 ) , and 4 1 (49).

F o r glpc a n a lys is  of m ixtures co n tain in g  the 5 -decyne (7), the
5-decenes 18 and 19, and re-decane, isopropylbenzene was added 
as an in tern a l stand ard  and the glpc equipm ent was ca lib ra ted  
w ith know n m ix tu res of a u th e ntic  sam ples. Fo r the g lpc colum n 
used (2 0 %  A g N 0 3  in  ethylene glycol suspended on Chrom osorb 
P ), the retention tim es follow: re-decane, 2 .3  m in ; trans olefin  18,
5.6 m in ; c is  o lefin 19, 10.6 m in ; isopropylbenzene, 16 .7  m in ; and 
acetylene 7, 28.6 m in .

Preparation of 1-Decyne and 1-Decene. S o d iu m  acetylid e  in  
liq u id  N H 3 was a lk y la te d 2 4  w ith  re-octyl brom ide to y ie ld  7 2 %  of 
1-d e cyn e : bp 1 7 2 -1 7 4 ° ;  re25p 1.4268 [ lit . 2 5  bp 17 4 °, re25p 1.4242]; ir  
(neat) 3320 (a cety len ic C H )  and 214 0  cm " 1  ( C ^ C ) ;  u v  (9 5 %  
E t O H )  end absorption (e 94 at 2 10  m p); n m r ( C C I 4 ) b 1 .9 -2 . 4  (2 
H  m , C = C C H 2), 1 .7 7  (1 H  t, J  =  2.5 H z , C = C H ) ,  and 0 .7 -1 .7  
(15  H  m , a lip h a tic  C H ) ;  m ass spectrum  m /e  (rel in ten sity) 81

(32), 67 (39), 55 (42), 43 (38), 4 1 (100), and 39 (38). A  so lution  of 
1-decyne in  M e O H  was hydrogenated at 2 2 .5 ° (1  atm ) over a 5 %  
P d / B a S 0 4  ca ta ly st in  the presence of q u in o lin e  to y ie ld  6 7 %  of a 
colorless liq u id  product, bp 17 0 -1 7 2 .5 ° ,  th a t contained (glpc) ca. 
8 0 %  of 1-decene and ca. 2 0 %  of other m in o r com ponents, some of 
w hich had retention tim es corresponding to those of 1-d e cyn e  and 
1 -decane. A  pure sam p le of 1-decene was obtained b y collectio n  
(glpc): re25d  1.4200 ( l it .26 bp 1 7 1 -1 7 3 ° ,  re20D  1.4 259 ); ir  ( C C 1 4) 1645 
( C = C )  and 925 c m - 1  ( C H = C H 2); u v  (9 5 %  E t O H )  end abso rp 
tion (e 130 at 2 10  m p); n m r ( C C 14) b 4 .7 -6 .0  (3 H  m , v in y l C H ) ,
1 .7 -2 .2  (2 H  m , a lly l ic  C H 2), and 0 .7 -1 .7  (15  H  m , a lip h a t ic  C H ) ;  
m ass spectrum  m /e  (rel in ten sity) 140 ( M + , 5), 70 (27), 69 (25), 
57 (34), 56 (47), 55 (57), and 4 1 (100).

Preparation of the 4-Decenes 20 and 2 1 .  re -B u ty ltr ip h e n y l- 
phosphonium  brom ide, m p 2 4 0 -2 4 1° ( l it .27 m p 2 4 2 -2 4 3 °), was 
converted to its  y lid e  w ith re -B u L i in  an eth er-hex ane m ix tu re. 
T h e  red solution of the phosphorus y lid e  was cooled to - 1 5 °  and 
then treated w ith  n -h e x a n a l in  E t 20 .  A fter rea ctio n  at 0° for 10  
m in  and subsequent isolation, 5 1 %  y ie ld  of a m ix tu re  of stereoiso- 
m eric 4-decenes 20 and 2 1 ,  bp 17 0 ° [ lit .28 bp 170 .6 ° (761 m m ), 
re20D 1.4243], was obtained. T h is  product contained (glpc, 2 0 %  
A g N 0 3 in  ethylene glycol on Chrom osorb P ) ca. 4 0 %  of the trans 
olefin 20 (retention tim e 6.6 m in ) and ca. 6 0 %  of the c is  o lefin  21 
(retention tim e  8.9 m in ). S am p les were collected (glpc) for spec
tra l ch a ra cteriza tio n . T h e  trans isom er 20 has the follow ing prop
erties: ir  (CCI4) 985 c m - 1  (trans C H = C H ) ;  n m r (C C U )  b 5 .1 -5 .5  
(2 H  m , v in y l C H ) , 1 .7 -2 .4  (4 H  m , a lly lic  C H 2), and 0 .7 -1 .7  (14 
H  m , a lip h a t ic  C H ) ;  m ass spectrum  m / e  (rel in ten s ity) 140 ( M + , 
5), 70 (22), 68 (35), 56 (40), 55 (9 1), 43 (3 1), 42 (26), 4 1 (100), and 
39 (36). T h e  c is  isom er 2 1  shows the follow ing peaks: n m r (CCI4) b
5.29 (2 H  t, J  =  5 H z , v in y l C H ) , 1 .8 -2 .3  (4 H  m , a lly l ic  C H 2), 
and 0 .7 -1 .8  (14  H  m , a lip h a tic  C H ) ;  m ass spectrum  m /e  (rel in 
ten sity) 140 (M + , 5) 70 (23), 69 (33), 56 (42), 55 (9 1), 43 (35), 42
(28), 4 1 (100), and 39 (37). A ltho ugh  the ir  spectra (neat) of the cis 
isom ers 19 and 2 1  and of the trans isom ers 18 and 20 d iffer s lig h t
ly  from  one another in  the fin g erp rint region, m ost spectroscopic 
properties of each p a ir  are s u ffic ie n tly  s im ila r  th a t q u a n tita tiv e  
a n a lys is  would be d iffic u lt . W e were unable  to resolve m ix tu res of 
19 and 2 1  or m ix tu res of 18 and 20 w ith  an y of the g lpc colum ns 
we exam ined.

Properties of the C6 Olefins and Acetylenes. C o m m e rc ia l 
sam ples of the follow ing olefins and acetylenes were purchased 
from  the sources ind ica te d : 8 ,29 32,30 9,29 25,30 24,31 29,30 28,31 
and 27.31 T h e  structure and p u rity  of each of these sam p les were 
confirm ed by glpc, ir, and m ass spectral a n a ly s is . T h e  n m r spec
tra of the va rio u s olefins 24, 25, 28, 29, a n d  30 were also deter
m ined to confirm  the structures and p u rity  of these m ateria ls .

O n a 4 .2 -m  glpc colum n, packed w ith  a so lution  of 2 0 %  A g N 0 3 
in  H O C H 2C H 2O H  suspended on Chrom osorb P , the retention 
tim es of the va rio u s com ponents follow: re-hexane, 1.8  m in ; m eth- 
y lcyclohexane (one in tern a l stand ard  used), 2 .1  m in ; tra ns olefin
28, 5 .1  m in ; trans olefin  24, 6.3 m in ; o lefin 27, 15 .5  m in ; c is  olefin
29, 14.8 m in ; cis  o lefin  25, 17.8  m in ; pinacolone (a second in tern a l 
standard  used), 25.8 m in ; acetylene 32, 39.8 m in ; and acetylene 9,
41.8  m in . T h e  te rm in a l acetylene 8 was not eluted from  th is  co l
um n. T h e  retention tim es of other com ponents em ployed as so l
vents in  the subsequently described reactions follow: pentane (a 
m ixture), 1 .2 -1 .8  m in ; re-octane, 3.9 m in ; and T H F ,  35.6 m in . On 
a second glpc co lum n (Carbo w ax 20 M  on Chrom osorb P ) used for 
a n a lys is  of the acetylene 8, the retention tim es of the various 
com ponents were: pentane (a m ix tu re), 1 .9 -3 .4  m in ; o lefin  27, 3.2  
m in ; acetylene 8, 13.9  m in ; T H F ,  18.6 m in ; p inacolone (an in te r 
n a l stand ard ), 38.9 m in ; and re-B u O H , 2 1.0  m in . O n th is  colum n, 
the retention tim es of the other C6 hydrocarbons follow : re-hex
ane, 3 .2  m in ; acetylene 9, 12 .5  m in ; acetylene 32, 16 .2  m in ; olefin 
24, 3.6 m in ; o lefin  25, 3.6 m in ; o lefin 28, 3.7 m in ; o lefin  29, 4 .1 
m in . T h e  glpc app aratus was ca lib ra te d  w ith  know n m ixtures of 
the in te rn a l stand ard s and the various C6 hydrocarbons.

Cyclononyne (11). Fro m  a sam ple of th is  acetylene8 containing 
several m in o r im p u ritie s, a pure sam p le of the acetylene 1 1  was 
collected (glpc, Carbow ax 20 M  on Chro m osorb P ) as a colorless 
liq u id : re25D 1.4872 ( lit . re23D 1.4880;32 re20D 1.489033); ir  ( C C 1 4) 
2260 and 2220 c m " 1 ( C = C ) ;  n m r ( C C 1 4) b 2 .0 -2 .4  (4 H  m , 
C H 2C = C C H 2) and 1 .5 -1 .9  (10  H  m , C H 2 ); m ass spectrum  m /e  
(rel in ten sity) 12 2  (M + , 4), 1 2 1  (23), 107 (45), 94 (87), 93 (93), 91 
(69), 8 1 (87), 80 (90), 79 (100), 77 (7 1), 67 (67), 54 (53), 53 (46), 41 
(49), and 39 (4 7).

Polarography. E it h e r  a conventional dropping H g  electrode or 
a sta tio na ry sph e rica l H g -co ated P t electrode, a saturated  calo
m el reference electrode w ith  in term ediate  sa lt bridges of aqueous 
1 M  N a N 0 3 and 0.5 M  E t 4N B F 4 in  D M F , and a P t  w ire counter
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electrode were em ployed w ith  the p re v io u sly  described34 a p p a ra 
tus. W ith  0.5 M  n -B u 4N B F 4 in  p u rifie d  D M F , the background 
current for either polaro graphic m easurem ents or c y c lic  v o lta m 
m etry becam e s ig n ifica n t in  the range - 2 .9 5  to -3 .0 0  V  (v s. see) 
corresponding to the red uctio n  of the re-Bu4N +  catio n . T h e  a d d i
tion of the va rio u s acetylenes 7, 8, 9, 10, 11, or 1-d e cyn e  to th is  
solution (concentrations ca. 1 0 - 2  M )  produced no v is ib le  red uc
tion wave. W hen H C = C H  was passed through the so lve n t-e le c
trolyte m ixture, the resu ltin g  polaro graphic scans differed from 
the background in  th a t app reciab le  current began to pass through 
the cell at ca. -2 .8 0  V  (v s . see) rather than at 3.00 V  when no 
H C = C H  was present. How ever, no separate red uctio n  wave 
could be resolved from  the background current. A tte m p ts23 to re
duce the acetylenes 7 or 10 w ith solutions of C r ( I I)  reagents35 [ei
ther C r S 0 4 in  aqueous M e O H  or ( e n ) 2 C r C I0 436 in  aqueous D M F ] 
for 1  h r at 2 5 ° resulted in  the recovery of the acetylenes, and none 
of the o lefin ic product 22  or 18 was detected (glpc a n a lys is).

Preparation and Standardization of Solutions of Na in 
HMP-THF. T h e  solvents were p u rifie d  b y d is t illin g  the T H F  
from  L iA lH 4 and d is t ill in g  the H M P  under reduced pressure from  
a blue solution of N a  in  H M P . T h e  H M P  was collected as a color
less liq u id , bp 8 5 -8 7 ° (3 m m ). T h e  N a  solutions were prepared by 
stirrin g  p u rified  H M P  w ith excess N a  slices u n t il the so lution  be
cam e blue (ca . 1 m in ). T h e n  su ffic ient p u rifie d  T H F  was added 
so that a 3 :2  (v /v )  ratio  of H M P  to T H F  was present and the re
su ltin g  m ixture  was stirred  at 25° for 1 .5 -2  h r. T h e  deep blue so
lu tio n , m ain ta in e d  co n tin u o u sly  under an anhydrous condition 
and a nitrogen atm osphere, was transferred w ith a sta in less steel 
ca n n u la  from  the o rig in a l flask  (co n ta in in g  excess N a ) to other 
flasks. A liq u o ts of th is  blue solution were titrated  at 2 5 ° to a co l
orless end p o in t by the dropwise a d d it io n  of either p inacolone 
(d istille d  from  C a H 2 , bp 106°) or freshly d ist ille d  propionic acid . 
E a c h  of these m ateria ls  reacts w ith  1 g-atom  of N a /m o l of co m 
pound.9 W hen aliq uo ts of the b lue N a  solution were titrated  at 
2 5 ° to a yellow  end po int w ith  a T H F  solution  of the enone, tran s- 
t - B u C H = C H C O B u - t , 8 1 .3  g-atom s of N a  was consum ed per mole 
of the enone. T h e  concentrations of these N a  solutions were in  the 
range 0 .19 2 -0 .2 3 6  m g-ato m  of N a  per gram  of solution.

W hen aliquots of th is  b lue N a  solution were titrated  at 2 5 ° w ith
5-decyne (7) to a red end point, 2 .2  g -atom s of N a /m o l of a ce ty
lene 7 was consum ed. S im ila r ly ,  t itra t io n  w ith  3-hexyne (9) to a 
red end p o int consum ed 2.0 g-atom s of N a /m o l of acetylene 9 and 
titratio n  w ith 1-h e xy n e  (8) to a colorless end po int consum ed 0.70 
g-atom  of N a /m o l of acetylene 8. A n  attem pted t itra t io n  w ith the 
acetylene 10 was not successful because ad d itio n  of excess a ce ty
lene 10 d id  not decolorize the b lue N a  solution.

Reduction of 3-Hexyne (9). A. With Na in Liquid NH3. T o  33 
m l of liq u id  NH3 (fresh ly d ist ille d  from  Na) was added 7.0 g (0.31 
g-atom ) of Na slices. T o  the resu ltin g  bronze-colored, cold ( - 3 3 ° )  
solution was added, dropw ise and w ith  s t irr in g  d u rin g  1  hr, a so
lu tio n  of 10.0 g (0 .122  m ol) of the acetylene 9 in  22 m l of THF. 
T h e  resu lting  solution was stirred  under reflux  for an a d d it io n a l 2 
hr and d ilu te d  w ith a so lution  of 0.4 m ol of NH3 in  50 m l of H2O 
and then the NH3 was allow ed to evaporate. T h e  organic layer 
was separated and the aqueous phase was extracted w ith pen
tane. T h e  com bined organic so lutions were washed successively 
w ith  aqueous 3 M  HC1, w ith aqueous NaHC0 3, and w ith H2O 
and then dried  over K2CO3. A fter m ethylcyclohexane (2.45 g) had 
been added as in tern a l stand ard , glpc a n a ly s is  ( A g N 0 3 in  HO- 
CH2CH2OH on Chrom osorb P ) in d ica te d  the o n ly product to be 
the trans olefin 24 (8 7 %  y ie ld ).

T h e  reduction was repeated b y a d d in g  to a cold ( - 3 3 ° )  solution 
of 0.2 g (8.7 m g-atom s) of N a  in  25 m l of liq u id  N H 3, dropwise 
and w ith s t irr in g  d u rin g  30 m in , a so lution  of 263 m g (3.2 m m ol) 
of the acetylene 9 and 2.8 g (38 m m ol) of t -B u O D  (from t -B u O K  
and D 20 9>12b) in  5 m l of T H F .  T h e  resu ltin g  m ix tu re  was stirred  
under reflux for 30 m in  and then subjected to the p rev io usly de
scribed iso lation  procedure. T h e  only product detected (glpc a n a l
ysis) was the trans olefin 24 ( 7 1 %  y ie ld ). A  collected (glpc) s a m 
ple of the tra n s olefin 24 contained 9 9 %  do  and 1 %  d 4 species 
w hich in d ica te d  ra p id  e q u ilib ra tio n  am ong the protons in  N H 3 
and f -B u O H .

B. With Na in HMP-THF. S o lutio ns of N a  in  24 m l of H M P
and 16 m l of T H F  were prepared as p rev io usly described em p lo y
ing the am o unt of N a  in d ica te d  in  T a b le  I .  A fter the N a  solution 
had been brought to the tem perature specified, the acetylene 9 
was added, dropw ise and w ith stirrin g , and the resu ltin g  m ixture 
was stirred  for the tim e  and at the tem perature specified in  T a b le  
I . T h e n  the solution  was quenched b y the ad d itio n  of either H 2 O 
or D 2 O and the resu ltin g  m ixture  was extracted w ith either pen
tane (for a n a lys is  of the olefin y ie ld s) or, in  one case, re-octane (to

determ ine the y ie ld  of re-hexane). K no w n am ounts of an in tern a l 
standard (either m ethylcyclohexane or p inacolone) were added 
and the m ixtures were subjected to g lpc a n a ly s is . Fo r a n a lys is  of 
the olefins and re-hexane, a glpc co lu m n  co n tain in g  A g N 0 3 in  
H O C H 2C H 2O H  on Chrom osorb P  was em ployed and a Carbow ax 
20 M  on Chrom osorb P  g lpc co lum n was used to estab lish  the a b 
sence in  the reaction m ix tu res of 1-h e xy n e  (8) and higher m olecu
la r  w eight ( i .e .,  C 1 2 ) products. I n  cases where certa in  products 
were exam ined for deuterium  content, th a t product was collected 
(glpc) and then subjected to m ass spectrom etric a n a ly s is . T h e  
product y ie ld s, determ ined w ith p rev io usly ca lib ra te d  glpc eq u ip 
m ent, are su m m arized  in  T a b le  I .  T h e  id en tities  of the o lefin ic 
products were established by com parison of glpc retention tim es 
and the m ass spectra of collected (glpc) sam p les w ith the corre
sponding properties of au th entic sam ples.

C .  With Na and t-BuOH in HMP-THF. T o  solutions co n ta in 
ing the am ounts of N a  and t -B u O H  (or t -B u O D ) in d ica te d  in 
T a b le  I  was added, dropwise and w ith stirr in g , e ither the pure 
acetylene 9 or a solution of the acetylene 9 in  T H F .  T h e  total 
am ounts of solvents used were 24 -3 0  m l of H M P  and 16 -2 0  m l of 
T H F  so th a t the ratio  of H M P - T H F  was 3 :2  ( v /v ) . A fter the 
acetylene 9 had been added at the tem perature in d ica te d , the re
su ltin g  so lution  was stirred  at the tem perature and at the tim e 
in d icated  and then quenched w ith H 2 O and extracted w ith pen
tane. A n  in tern a l standard  was added and the g lpc a n a ly s is  was 
performed as p rev io usly described to allow  ca lcu la tio n s  of the 
product y ie ld s  su m m arized  in  T a b le  I . In  one case where the y ie ld  
of re-hexane was determ ined, n -octane was used as the extraction 
solvent. T h e  id en tities  of the reaction products were established 
by com parison of g lpc retention tim es and the m ass spectra of 
collected (glpc) sam ples w ith the corresponding properties of a u 
thentic sam ples. W here deuterium  contents are ind icated, they 
were determ ined b y m ass spectrom etric a n a ly s is  of collected 
(glpc) sam ples.

In  certain  cases noted in  T a b le  I, the t -B u O H  (or f -B u O D ) was 
added w ith the acetylene 9 in  T H F  solution  to the reaction m ix 
ture. In  other cases noted in  T a b le  I  in v o lv in g  an inverse a d d itio n  
procedure, sta nd a rd ized  solutions of N a  in  H M P - T H F  were 
added to a solution of the acetylene 9 and t -B u O H  (or t -B u O D ) 
in  T H F .  In  these ad d itio n s, the N a  solution  was added dropwise 
at such  a rate th a t the blue color (from  excess N a ) was d is 
charged before the next drop of N a  solution  was added. A p p ro x i
m ately a 4 -h r period was required for these ad d itio n s.

A  num ber of representative product m ixtures were exam ined 
(glpc, Carbow ax 20 M  on Chrom osorb P ) for h igher m olecular 
weight C 1 2  products; one product m ix tu re  from  an inverse a d d i
tion procedure was also exam ined b y m ass spectrom etric a n a ly 
sis. In  no case were a n y C 1 2  products detected.

T h e  follow ing experim ent was perform ed to estab lish  the re la 
tive  rates of reduction of the cis  (25) and trans (24) olefins to re
hexane w ith N a  and t -B u O H  in  H M P - T H F .  A  so lution  (22.7 g) 
co n ta in in g  5.49 m g-atom s of N a  in  H M P - T H F  (3:2  v /v )  was 
added, dropwise and w ith  st irr in g  d u rin g  30 m in , to a cold (0°) 
solution of 195 m g (2.38 m m ol) of olefin  24, 147 m g (1.79  m m ol) of 
olefin 27 contained o n ly undeuterated m a te ria l and a collected 
dard) in  3 m l of T H F .  T h e  resu ltin g  solution  was p artitio ned be
tween H 20  and re-undecane and the organic phase was analyzed 
(glpc, A g N 0 3 in  H O C H 2 C H 2 O H  on Chrom osorb P ) . T h e  y ie ld  of 
re-hexane was 4 1 % .  T h e  ratio  of c is  o lefin  2 5 /tra n s  olefin 24 
changed from the in it ia l value, 0.75, to a f in a l va lu e  of 0.78. T h u s , 
the tra ns olefin 24 is reduced to re-hexane o nly s lig h tly  more ra p 
id ly  than the c is  olefin 25.

Reduction of 1-Hexyne (8). A. With Na in HMP-THF. T o
35.33 g of a solution co n ta in in g  6.82 m g-ato m s of N a  in  H M P -  
T H F  (3 :2  v /v )  at 2 5 ° was added, dropwise and w ith stirrin g , 802 
m g (9.78 m m ol) of the acetylene 8 w hich  ju s t  d ischarged the blue 
color. A fter the solution had been quenched by the ad d itio n  of 5 
m l of D 20 ,  the m ix tu re  was extracted w ith  pentane and an in te r
n a l standard  (pinacolone) was added to the organic solution. 
A n a ly s is  (glpc) in d ica ted  the product y ie ld s  to be 3 1 %  of olefin 33 
and 6 3 %  recovery of acetylene 8. A  collected (glpc) sam ple of the 
olefin  27 contained o n ly undeuterated m a te ria l and a collected 
(glpc) sam ple of the acetylene 8 contained (m ass spectrom etric 
a n alys is) 8 7 %  do species and 1 3 %  d 4 species.

B. With N a  in HMP-THF-i-BuOH. T o  a solution of 0.69 g 
(30 m g-atom s) of N a  and 0.96 g (13  m m ol) of f -B u O H  in  30 m l of 
H M P  and 18 m l of T H F  at 2 5 ° was added, dropw ise and w ith 
stirrin g , a solution of 0.96 g (13  m m ol) of t -B u O H  and 16 2  mg 
(1.97 m m ol) of the acetylene 8 in  2 m l of T H F .  T h e  resu ltin g  so lu 
tion was im m e d ia te ly  p artitio ned between H 20  and re-decane. 
A fter the ad d itio n  of an in tern a l stand ard  (m ethylcyclohexane),



754 J• Org. Chem., Vol. 39, No. 6, 1974 House and Kinloch

a n a lys is  (glpc) in d ica ted  th a t a ll the sta rtin g  acetylene 8 had 
been consum ed and th a t the product y ie ld s  were 5 3 %  n-hexane 
and 2 8 %  1 -hexene (27).

Reduction of the Acetylene 10. A ltho u g h  the p rev io usly de
scribed titra t io n  data  in d icated  that reaction of the acetylene 10 
w ith  N a  in  H M P - T H F  was very slow, the acetylene could be re
duced in  the presence of t -B u O H . T o  a solution of 0.40 g (17  m g- 
atom s) of N a  in  30 m l of H M P  was added a m ix tu re  of 0.58 g (4.2 
m m ol) of the acetylene 10 and 0.5 g (7 m m ol) of i -B u O D . T h e  re
su ltin g  solution Was stirred  at 2 5 ° and a d d it io n a l 0 .5-g  portions of 
i -B u O D  were added after 1.5  and after 3 h r. T h e  reaction m ixture 
was d ilu te d  w ith H 20  and then p artitio ned between pentane and 
H 2 O . T h e  organic la ye r was concentrated and the residue was 
d ist ille d  in  a sho rt-path  s t ill  (12 8 ° bath) to separate 0 .5 1 g (8 8 %) 
of the product as a colorless liq u id  co n ta in in g  (glpc, s ilicone 
S E -3 0  on Chrom osorb P) 9 8 %  of the trans olefin 22 and 2 %  of the 
hydrocarbon 26. A  collected (glpc) sam ple of the olefin 22 con
ta in ed  (m ass spectrom etric a n alys is) 1 2 %  do, 4 2 %  d\, and 4 6 %  d2 
species. In  another com parable  experim ent where excess water 
was added to quench the reaction m ixture im m e d ia te ly  after the 
ad d itio n  of the acetylene 10 and f -B u O D , the crude product con
tained (glpc a n a ly s is  w ith  n-nonane as an in tern a l standard) the 
recovered acetylene 10 ( 4 7 %  recovery) and the trans olefin 22 
( 2 2 %  y ie ld ). A  collected (glpc) sam ple of the olefin 22 contained 
2 2 %  d\ species and 7 8 %  ¿ 2  species. In  another experim ent a cold 
(0°) solution of N a  in  20 m l of H M P  was treated w ith 2 m l of t- 
B u O H  and then su ffic ient acetylene 10 (170  m g) was added to 
ju s t  d ischarge the blue color of the sodium . T h e  colorless solution 
was d ilu te d  w ith 20 m l of D 2 O and then subjected to the usual 
iso lation  and a n a lys is  procedure. T h e  ca lcu la te d  y ie ld s (glpc) 
were 6 8 %  olefin 22 and 9 %  acetylene 10. A  collected sam ple of the 
olefin 22 contained < 2 %  d\ species.

Reduction of the Acetylene 7 . A fter 3.508 g of a blue solution 
co n tain in g  1 . 1 1  m g-atom s of N a  in  H M P - T H F  (3:2 v /v )  at 2 5 ° had 
been titrated  to a red end point w ith  7 1  m g (0.52 m m ol) of the 
acetylene 7, the reaction m ixture  was quenched w ith H 20 ,  an in 
ternal stand ard  (isopropylbenzene) was added, and the m ixture 
was extracted w ith pentane. A n a ly s is  (glpc, A g N 0 3 in  
H O C H 2 C H 2 C H  on Chrom osorb P ) in d ica te d  the presence of one 
or both of the trans olefins 18 and 20 (retention tim e  6.0 m in , 2 3 %  
y ie ld ), isopropylbenzene (16 .5  m in ), and the acetylene 7 ( 3 1 %  re
covery). T h e  reaction was repeated adding  78 m g (0.56 m m ol) of 
the acetylene 7 to a solution of 2.0 g (87 m g-atom s) of N a  and 1.2  
g (15  m m ol) of t -B u O H  in  24 m l of H M P  and 16 m l of T H F  at 
2 5 °. T h e  product y ie ld s  were ca. 5 2 %  trans olefins 18 a n d /o r  20, 
ca. 1 4 %  c is  olefins 19 a n d /o r  21, and 3 %  n-decane.

Reduction of the Chloro Olefin 40. Fo llo w ing  previously des
crib e d 1™ - 37 procedures, trares-3-hexene (24) was converted to 
m eso-3,4-d ichlorohexane, bp 6 0 -6 3° (16  m m ), n 25D 1.4490 [ lit .17d 
bp 55 ° (15  m m ), re20d  1.4508], and th is  d ich lo rid e  was dehydro- 
ch lo rin a ted 17'1 w ith  K O H  in  f -B u O H  to y ie ld  the chloro olefin 40 
as a colorless liq u id , bp 1 1 8 -1 2 0 ° ,  re25D 1.4340 ( l it .17d bp 119 .6 °, 
re20D 1.4360). T h is  product contained (glpc, Carbow ax 20 M  on 
Chrom osorb P) the chloroolefin 40 (retention tim e 4 .1  m in ) a c 
com panied by ca. 3 %  of the stereoisom eric olefin 43 (3.6 m in ): ir  
(C C U ) 1650 c m ' 1 ( C = C ) ;  nm r ( C C 1 4) 5 5 .5 2  (1 H  t, J  =  7.6 H z, 
v in y l C H ) ,  1 .8 -2 .6  (4 H  m , a lly lic  C H 2), and 0 .8 -1 .3  (6 H , m, 
C H 3); m ass spectrum  m /e  (rel in ten sity  120  (14, M +  for 37C1), 
118  (40, M +  for 35C 1), 89 (45), 83 (73), 75 (25), 67 (48), 55 (100), 
5 3(36 ), 4 1 (7 1), and 39 (40).

T h e  red uctio ns of the chloro olefin 40 w ith  N a - H M P - T H F  so
lutions were perform ed by ad d in g  the chloro olefin 40, dropwise 
and w ith stirrin g , to solutions of N a  (and in  m ost cases i-B u O D )  
in  H M P - T H F  (3:2  v /v )  em plo ying  the q u a n titie s  and reaction 
tim es and tem peratures given in  T a b le  I I .  In  one experim ent in 
vo lv ing  an inverse ad d itio n , a stand ard ized  solution c f  N a  in 
H M P - T H F  was added, dropwise and w ith stirrin g , to a solution 
of the chloro olefin 40 and f -B u O D  in  T H F .  T h e  reaction solutions 
were then quenched w ith H 20  and extracted w ith pentane (or 
undecane if  an  a n a lys is  for re-hexane was desired). A fter the or
g anic solutions had been m ixed w ith a known weight of in ternal 
stand ard  (m ethylcyc ohexane), they were analyzed  (glpc, A g N 0 3 
in  H O C H 2C H 2O H  in  Chrom osorb P ) as p rev io usly described to 
give the y ie ld  data listed in  T a b le  I I .  C o llected (glpc) sam ples of 
the trans olefin 24 were analyzed  for deuterium  content by m ass 
spectrom etry. F o r  reductions in  liq u id  N H 3, solutions of the ch lo 
ro olefin 40 in  a cosolvent ( T H F  or m ethylcyclohexane) were 
added, dropwise and w ith stirrin g , to a solution of N a  in  liq u id  
N H 3. A fter the reaction tim e in d ica te d  (T a b le  I I) ,  the reaction 
m ixture was quenched w ith aqueous N H 4O H , p artitio ned be
tween H 20  and pentane, and then subjected to the p rev io usly de

scribed a n a ly t ic a l procedure to provide the y ie ld s  (or com posi
tions) listed  in  T a b le  I I .  T o  exam ine the p o s s ib ility  th a t the c is  
chloro olefin 40 was isom erized to the trans chloro olefin 43 more 
ra p id ly  than it  was reduced, 208 m g (1.79  m m ol) of the chloro o le
fin  40 and 1 .3  g (17 .5  m m ol) of i -B u O H  in  4 m l of T H F  was added 
to a cold ( - 3 3 ° )  solution of 0.69 g (30 m g-atom s) of N a  in  30 m l of 
H M P  and 20 m l of T H F  and the solution was quenched w ith  H 20  
w ith in  30 sec. How ever, even after th is  short reaction period, 
a n a lys is  (glpc, A g N 0 3 in  H O C H 2C H 2O H  on Chrom osorb P ) of a 
pentane solution of the reaction product in d ica te d  th a t red uctio n  
of the chloro olefin 40 (retention tim e 5.2  m in ) was com plete to 
give a m ix tu re  of the trans olefin 24 (4.5 m in , 8 2 %  of the olefin 
product) and the c is  olefin 25 (11 .9  m in , 1 8 %  of the o lefin  pro d
uct). Consequently, the reaction was repeated w ith in su ffic ie n t 
N a  for com plete reduction b y adding  a so lution  of 453 m g (3.84 
m m ol) of the chloro olefin 40 and 1.70  g (23 m m ol) of t -B u O H  in  4 
m l of T H F  to a cold ( - 3 3 ° )  solution of 40.7 m g (1 .7 7  m g-ato m s) of 
N a  in  30 m l of H M P  and 20 m l o f -T H F . T h e  resu ltin g  p ale  yellow  
solution was partitioned between pentane and H 20  and the or
ganic solution was analyzed (glpc, A g N 0 3 in  H 0 C H 2C H 20 H  on 
Chrom osorb P  and Carbow ax 20 M  on Chrom osorb P ) . A p p ro x i
m ately 7 5 %  of the unchanged chloro olefin 40 rem ained and the 
cis  chloro olefin 40 was contam inated w ith o n ly  ca. 4% of the 
trans isom er 43.
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T h e  substituted m eth yl c in na m ates 4 and 5 have provided a un ique system  for the study of va rio u s m ech a 
n is t ic  aspects of the n u c le o p h ilic  1 ,4  ad d itio n  of sodium  borohydride to a , /J-unsaturated esters. C o m p etitive  
rates of red uctio n  for two sets of m eth yl a -p h e n y l-tra n s -c in n a m a te s  (4), p ara -su b stitu te d  in  the a  and 0 rings, 
respectively, correlate lin e a r ly  w ith  H a m m e tt v p values. T h e  s im ila r it y  in  pa (1.74 ) and pp (1.44) in d ica te s that 
the tra n s itio n  state for h yd rid e  transfer occurs before s ig n ifica n t change in  geom etry of the a ,d -u n sa tu ra te d  ca r
bonyl system  occurs. C o m p etitive  rate studies for m eth yl « -(p a ra  substituted p h en yl)aerylates (2) and m ethyl 
o -p h e n y l-c is - and -trans-cro tonates (14  and 15) are corroborated b y the data  obtained for the cin nam ates.

Carbon-carbon double bonds conjugated with strong 
anion-stabilizing groups (e.g., COR, CO2R, CN, SO2R, 
NO2 ) have occasionally been observed to undergo reduc
tion with sodium borohydride.2-11 Although it, is recog
nized that sodium borohydride exhibits nucleophilic be
havior,3’4 little is known concerning the mechanism or 
even the general structural requirements for the occur
rence of such reactions.

This paper presents preliminary studies on the scope 
and mechanism of the borohydride reductions of carbon- 
carbon double bonds in a,/3-unsaturated esters. Although 
esters are less prone to undergo this type of reduction 
than are more electrophilic systems such as ketones or 
nitro compounds, reduction of the carbon-carbon unsatu
ration was not complicated (in the cases studied) by sig
nificant reduction of the ester function or by other side 
reactions.

a,(l-Unsaturated esters having an additional electron- 
withdrawing substituent at the a position [e.g., la -f)  are 
known to undergo facile carbon-carbon double bond re-

R  Y

R ' C 0 2C 2H 5 

1
a, R  = C H 3; R ' = H ; Y  =  C 0 2C 2H 5
b, R  =  R ' =  C H 3; Y  =  C 0 2C 2H 5
c, R  =  P h  or s u b s t itu te d  P h ;

R ' =  H ;  Y  =  C 0 2C 2H 5
d, R , R '  = ( C H 2)5; Y  = C N

e, R  =  R '  =  H ; Y  =  P h
f, R  =  R '  =  P h ; Y  =  C N

g, R  =  R '  =  P h ; Y  =  C 0 2C 2H 5
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Table I
Nmr Data for the Intermediate from the Reaction of Sodium Borohydride with Methyl

a-Phenyl-frares-einnamate“'6

c Ph Ph d
\  /

C = C
/  \

H CO2CH;
b a

4L

Ph OCHs a

c Ph— CH2 
b, b '

C = C
/  \

O - B -  Na +

10
a, S 3.75 (s)
b, S 7 .88 (s)
c, d, 5 6 .83-7.60 (m)

a, S 3.52 (s)
b, b 5 3.00 and 3.33 (d, d, J  =  14 Hz)
c, d, S 6 .72-7.62 (m)

“ Similar results were obtained with the a-(p-chlorophenyl) cinnamate (4o). b Shifts (parts per million) were obtained in 
DMSO-(/6 solution, relative to TMS.

X X

3
a, X = N O ,; b, X = Cl; c, X = F; d, X = H ; e, X = O C H 3

Y

C0 ,R
6

a, R  =  X  =  Y  =  H
b, R  =  X  =  H ; Y  =  N 0 2
c, R  =  X  =  H ; Y  =  C 0 2H
d, R  =  X  =  H ; Y  =  C l
e, R  =  X  =  H ; Y  =  O C H 3
f, R  =  Y  =  H ;  X  =  N 0 2
g, R  =  Y  =  H ; X  =  C 0 2H
h, R  =  Y  =  H ; X  =  C l
i, R  =  Y  =  H ; X  =  O C H 3
j, R  =  H ; X  =  O C H 3; Y  =  N 0 2

k, R  =  H ; X  =  O C H 3; Y  =  0 C H 3

l, X  =  Y  =  H ; R  =  C H 3
m , X  =  H ; Y  =  N 0 2; R  =  C H 3
n, X  =  H ; Y  =  C 0 2C H 3; R  =  C H 3
o, X  =  H ; Y  =  C l ;  R  =  C H 3
P, X  =  H ;  Y  =  O C H 3; R  =  C H 3
q, X  =  N 0 2; Y  =  H ; R  =  C H 3
r, X  =  C 0 2C H 3; Y  =  H ; R  =  C H 3
s, X  =  C l ;  Y  =  H ;  R  =  C H 3
t, X  =  O C H 3; Y  =  H ; R  =  C H 3
u, X  =  O C H 3; Y  =  N 0 2; R  =  C H 3
v, X  =  O C H g; Y  =  O C H 3; R  =  C H 3

duction with sodium borohydride in solvents such as alco
hols, dimethoxyethane, or diglyme.12 15

We have examined a number of a,/3-unsaturated esters 
in order to find systems of lower electrophilicity than the 
alkylidene cyanoacetates and malonates, but which would 
still be susceptible to borohydride reduction. As expected, 
simple a- or /3-alkyl acrylates such as methyl methacry
late, methyl crotonate, or methyl cyclopentene-l-carbox- 
ylate and /3-aryl acrylates such as methyl cinnamate and 
methyl p-nitrocinnamate were not reduced by sodium bo
rohydride in methanol at room temperature.16"17 How
ever, under similar conditions, the series of methyl a- 
(para substituted phenyl)acrylates (2a-c) were reduced 
cleanly to the dihydro esters 3a-e.18 Methyl a-(p-nitro- 
phenyl)acrylate (2a) was completely reduced in 1 min at 
-5 ° . This rate was qualitatively 100 times that observed 
for reduction of the p-methoxy ester 2e. The «-(para sub
stituted phenyl)-iran.s-cinnamat.es (41 pi were also pre
pared and all were found to undergo reduction with sodi
um borohydride in dimethoxyethane at room temperature. 
The time required for complete reduction ranged from 10 
min for 4m to more than 1 week for 4p. The stoichiometry 
of the reductions were shown to be 4:1 (ester:borohy- 
dride).

These reductions in aprotic solvent apparently occur by
1,4 addition of borohydride to provide intermediates of 
type 819 which undergo successive 1,4 additions to give 
the enol boronates (9) in which all four hydride hydrogens 
have been utilized.

0

C— C — OR
NaBH,

7
OR I OR

—  C — c = c C "  — <- —  C— C = C ^
: o b h  I I •() - n - i r N a ’
H H

8 9
The nmr spectrum for the product obtained by reaction 

of a 4:1 molar ratio of methyl a-phenyl-frans-cinnamate 
(41) to sodium borohydride in anhydrous DMSO-d6 solu
tion is consistent with the enol boronate structure 10. A 
comparison of the proton nmr data for this intermediate 
with that for the cinnamate 41 is presented in Table I. 
The methylene protons (b, b ' ) in structure 10 might be 
expected to exhibit magnetic nonequivalence owing to the 
conformational restraint placed on the benzyl group as a 
result of phenyl c to boronate and phenyl c to phenyl d in
teractions. The 14-Hz coupling observed for the pair of 
doublets at 3.00 and 3.33 ppm is within expectation for a 
geminally coupled methylene group adjacent to a 1  
bond.20 The alternate E  geometry for 10 was excluded 
from consideration owing to the steric strain which would 
be imposed by a phenyl group cis to the alkoxyboronate 
function.
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Table II
Nmr Data for Methyl 2-(p-Nitrophenyl)-3-phenylpropionates

Compel® C hem ical s h i f t , c pp m C ouplin g constant, H z

PhCHiCHAr Ha 3.02 t/ab = 15
1 Hb 3.38 = 8

c o 2c h 3 H0 3.97 J be = 6-7
6m

PhCH2CDAr
i

Ha
Hb

2.98
3.45 J ab = 14

c o 2c h 3
11

PhCHDCHAr4
1

C 0 2CH3

Ha
Hb
Ho

3.03
3.42
4.00

ace 
fJbe6

= 8  

= 8

12
“ Ar = p-nitrophenyl. s Shifts were determined in CC14 solutions relative to TMS. “ The methoxyl singlet appeared at

3.62 ppm. d Diastereomers. “ Peaks were broadened owing to geminal deuterium coupling.

Table III
Relative Rate Data for Sodium Borohydride Reductions

Compel“ Relative ïa te&
R ed u ction  tim e, 

mm P

Methyl «-(Para substituted phenyl)-¿rares-cinnamates (41-p)
N 0 2/C1 12.77 3
c o 2c h 3/ c i 2.63 15
C l/H 5.40“ 42, 50 +  1.74 4
OCHs/H 0.49 70, 100

Methyl «-Phenyl (para substituted phenyl )-irans-cinnamates (41, 4q-t)
NO2/H 14.05“ 25
C 0 2CH3/H 4.05“ 60
n o 2/ ci 4.77“ 60
c o 2c h 3/ c i 1.63 60 +  1 .4 4 '
C l/H 3.08 95, 60
OCH3/H 0.38 90

Methyl «-(Para substituted phenyl)acrylates (2b-e)
C l/H 4.31“ 20
C l/F 2.39“ 20 +  2.33
o c h 3/ h 0.25“'® 45

a Pairs were selected on the basis of relative rates of reduction and separability o f reactants and products by glpc. 6 Average 
for two runs. The relative rate for each run was determined from an average of five glpc injections. Response factors were 
very close to 1:1. Deviations between runs were <3 % of lower value. “ The difference between runs was 6.8%. 4 The standard 
error was 0.148; the correlation coefficient was 0.978. “ Results for a single run. The standard error was 0.116, with a cor
relation coefficient o f 0.978. 0 Relative rate was determined by nmr.

It is evident that enol boronates derived from «-aryl 
cinnamates might exhibit color due to the auxochromic 
effect of the divalent oxygen functions attached to the sty
rene type chromophore. However, it is also possible that 
these compounds would be colored due to the enolate ions 
which would be present due to some dissociation of the 
boronates. Johnson and Rickborn3 have provided evidence 
for dissociation of similar proposed intermediates ob
tained by reduction of a,/?-unsaturated aldehydes and ke
tones with sodium borohydride in isopropyl alcohol. A 
deep burgundy-colored intermediate was formed when so
dium borohydride was added to a solution of methyl a- 
(p-nitrophenyl)-fran.s'-cinnamate (4m) in anhydrous dime
thoxyethane or dimethyl sulfoxide solution. Colored inter
mediates were also observed for 4n (orange) and 2a (red) 
in dimethoxyethane. The intermediates from other a-aryl 
cinnamates were colorless to pale yellow, except for that 
from 4q which was pale orange. These intermediates were 
stable for weeks in sealed tubes; however, the colors faded 
quickly in moist air or when water was added. Such inter
mediates were not observed for reductions carried out in 
methanol owing to rapid solvolysis to the dihydro esters.

Chemical shifts and coupling constants for the aliphatic 
proton absorptions in the nmr spectrum of methyl 2-(p- 
nitrophenyl)-3-phenylpropionate (6m) (obtained by the 
sodium borohydride reduction of 4m in dimethoxyethane 
solution with subsequent hydrochloric acid work-up) are

listed in Table II. Referring to the pertinent Newman pro
jections (6m), it is apparent that Ha and Hb are diastereo-

Ph Ha

Ar = p-nitrophenyl 
6m

topic; however, as a consequence of rapid rotamer inter
conversion, they give rise to simple geminal AB coupling 
and vicinal coupling with H, ,21

Reduction of 4m with sodium borohydride in anhydrous 
dimethoxyethane, followed by deuterolysis with 2 N  deute
rium chloride in deuterium oxide and a parallel reaction 
employing sodium borodeuteride, followed by hydrochloric 
acid work-up, afforded the propionates 11 and 12 (Table
II) deuterated in the a  and /? positions, respectively. The 
a-deuteriopropionate (11) exhibited the expected simple 
geminal AB coupling. The /3-deuterio compound (12) 
showed the expected H c doublet, but the /3-proton reso
nance appeared as two AB doublets, indicating the pres
ence of diastereomers 12a and 12b (only one conformer of 
each is shown) in equal amounts. The same mixture of 
diastereomers was obtained from borodeuteride reduction
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of methyl a-(p-nitrophenyl)-ci's-cinnamate (5m). Similar
ly, identical mixtures were obtained from borodeuteride 
reduction of methyl «-phenyl-p-nitro-cis- and -trarcs-cin- 
namates (5q and 4q). Diastereomers are, of course, ex
pected to result from hydrolysis of the proposed enol boro
nate intermediates.

P h  Ph

( +  th e  e n an tio m e rs)

12 a  12 b

The «-aryl cinnamates provided an ideal system for 
mechanistic studies, since the electron availability at the 
a and /3 positions could be varied by use of substituents 
on either the a or (3 phenyl group. Hammett <rp correla
tions were obtained on two series of methyl a-phenyl- 
trans-cinnamates. In one series, the a phenyl group was 
unsubstituted while the para substituents on the d ring 
were varied (41, 4q-t). In the second series, the d phenyl 
group was held constant while the a ring was altered (41 
p). Competitive reductions of these cinnamates with sodi
um borohydride were carried out in anhydrous dimethoxy- 
ethane and the reaction mixtures were quenched with di
lute hydrochloric acid to provide the corresponding pro
pionates (6 ). Since quenching occurred instantly, the 
yields of propionates indicated the rates of formation of 
the boronate intermediates.

Table III lists relative rate data for the competitive re
ductions of the methyl «-(para substituted phenyl)-trans - 
cinnamates (41—p ). A Hammett plot of this data us. crp22 
was linear; p was +1.74. The data obtained from competi
tive reduction of the methyl a-phenyl-trans-cinnamates 
(41, 4q-t) are also given in Table III. The p value for this 
series was +1.44. Although it has not been determined 
whether the first hydride transfer in the reduction of cin
namates is rate determining, as has been observed in the 
borohydride reduction of ketones, 23 it appears likely that 
this is the case. In any event, the linear Hammett correla
tions obtained are indicative of a constancy of mechanism 
for the range of substituents employed in both cases.24 
This was further demonstrated by competitive reduction 
of methyl a-(p-nitrophenyl)-trans-p-methoxycinnamate 
(4u) vs. methyl a-(p-nitrophenyl)-trans-cinnamate (4m), 
which showed a linear aa +  as contribution .25 The rate 
factor (CH 3O /H ) was 0.381, comparing favorably to the 
predicted value of 0.357 (Table III).

Correlation of both sets of relative rate data with <rp are 
consistent with a rate-determining step involving hydride 
transfer to the carbon-carbon double bond in the cinna- 
mate. The magnitudes of p are indicative of substantial 
negative charge stabilization during this step .2 5 -26 The re
markable similarity in magnitudes of the p values suggests 
that the transition state for hydride transfer is attained 
before a considerable change in geometry of the cinna- 
mate occurs.

Competitive rate studies on the methyl «-(para substi
tuted phenyl) acrylates (2 a-e) were quite problematic 
owing to difficulty in obtaining a sufficient number of 
compounds in this series and their tendencies to polymer
ize. On the basis of three reactions carried out in metha
nol solution at —5° (Table III), a linear Hammett plot was 
obtained, p = +2.3. This value was in line with that an
ticipated from the p value of 1.74 obtained for the a-(para 
substituted phenyl)-irarts-cinnamates. The decreased p 
values observed for the cinnamates are explained by a cis-

stilbene type interaction of the aryl groups27 which pre
vents them from achieving maximum resonance interac
tion with the developing anion.

In the a-phenyl-trares-cinnamates, steric hindrance forc
es the a and /3 phenyl groups out of plane with the car
bon-carbon 7r bond, but has little effect on the carbo- 
metboxyl group, which can still achieve maximum conjuga- 
tive overlap. In the cis-cinnamate system, however, inter
action between the carbomethoxyl and /3-phenyl groups 
forces the ester function out of conjugation .27 The de
creased ability of the carbomethoxyl group to achieve cop
lanarity and thus stabilize incipient anion formation ap
pears to be the prime factor governing the differences in 
rates of reduction of cis- vs. frans-a-phenyl cinnamates. 
Reduction of methyl «-phenyl-trans-cinnamate (41) was 
slow (5.5% in 90 min); however, the cis isomer was not de- 
tectably (less than 0 .1 %) reduced under similar condi
tions. The methyl «-(p-nitrophenyl)cinnamates exhibited 
similar behavior. The trans isomer (4m) was completely 
reduced in less than 10  min, while the cis isomer required 
about 8 hr for complete reduction. Analogously, Truce 
and coworkers9 report that tran.s-l-mesityl-2 -(mesitylsul- 
fonyl)ethylene was reduced to the dihydrosulfone by sodi
um borohydride in diglyme. The cis isomer was inert to 
these conditions. In view of these results, the reported 
failure of diethyl diphenylmethylidenemalonate (Ig) to 
undergo borohydride reduction appears to be as much a 
consequence of steric hindrance to anion development as 
the proposed decreased electrophilicity of the (i carbon 
atom due to conjugation of the double bond with the /? 
phenyl group.13

In contrast to the failure of methyl a-phenyl-ci's-cinna- 
mate to undergo reduction, a-phenyl-cis-cinnamonitriie 
was easily reduced (40% in 90 min) by sodium borohy
dride in dimethoxyethane. Likewise, Knabe and cowork
ers7 have reported that the substituted a-phenylcinnamo- 
nitriles 13a-c undergo double-bond reduction in good

13a, R = R' = H
b, R  =  H ;  R '  =  O C H 3
c, R  =  C N ;  R '  =  O C H 3

yield upon heating with sodium borohydride in tetrahy- 
drofuran solution. In the cinnamonitrile cases, the sym
metrical nitrile function is not conformationally restricted 
to overlap.27 The nitrile function is, however, a somewhat 
better anion-stabilizing moiety than the ester function .28

Steric restraint of coplanarity of the carbomethoxyl 
function by a cis /3-methyl group is expected to be much 
less dramatic than that observed with a cis /3-phenyl 
group. Thus both the cis (14) and trans (15) isomers of 
methyl a-phenylcrotonate were found to undergo slow re
duction with sodium borohydride in methanol to yield 
methyl a-phenylbutyrate. Competitive rate studies in 
methanol showed the trans crotonate to be 2 .6  times more 
reactive than the cis isomer.

H  Ph H 3C  Ph

H:tC C0 2CH3 H C0 2CH:j
14 15
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Experimental Section29

R e a g e n ts. S o d iu m  borohydride (S B H )  and sodium  borodeuter- 
ide were obtained from  M atheson C o le m an  and B e ll and from 
Stohler Isotopes. In c ., respectively. a -P h e n y l-t r a n s -c in n a m ic  acid  
was purchased from  A ld r ic h  C h e m ic a l C o . D im ethoxyethane 
( D M E )  was refluxed over freshly cu t sodium  for several d ays and 
d istille d  from  ca lc iu m  h yd rid e  under n itrogen ju s t  prior to use. 
Solutions of S B H  in  anhydro us D M E  were sta nd a rd ized  b y t it r a 
tion w ith hyd ro chlo ric  a c id  to a M e th y l O range e n d p o in t . 30

P r e p a r a t io n  o f M e t h y l « - ( P a r a  su b s titu te d  p h e n y l)a c ry la te s  
( 2 a -e ) . Prep aratio n  of 2 a  was reported p re v io u sly ; 3 1  2b  e were 
prepared b y the procedure of D u tta  and B isw a s 3 2  for the p rep a ra 
tion of e th yl a -(p -m e th o x yp h e n yl)a c ry la te , except th a t the appro
priate m eth yl p ara -su b stitu te d  p h en yl acetates, sodium  m ethox- 
ide in  m ethanol, and d im e th y l oxalate were em ployed instead of 
the corresponding ethyl com pounds. N m r and g lpc a n a ly s is  of the 
crude products after sho rt-p ath  d is t illa t io n  in d ica te d  2 5 -4 0 %  
y ie ld s  of acrylates 2 b -e  co n tam in ated  w ith 1 5 -2 0 %  of the m ethyl 
p ara -su b stitu te d  p h en yl acetates. S m a ll sam ples of pure 2 b -e  
were obtained b y d is t illa t io n  of the crude products through a 
60-cm  p la tin u m  sp in n in g  band colum n. T h e  b o ilin g  points follow: 
2b, 78° (0.10  m m ); 2c, 5 7 ° (0 .11  m m ); 2d, 69° (0.76 m m ); 2e, 89° 
(0.10 m m ). T h e  n m r spectra were conclusive for the assigned 
structures . 3 3

R e d u c tio n  of A c r y la t e s  2a  e. S B H  (1 m m ol), was dissolved in  5 
m l of m ethanol at - 6 5 °  under nitrogen. A  so lution  of 1  m m ol of 
the acrylate  in  5 m l of m ethanol at - 6 5 °  was added and the solu 
tion was allowed to w arm  to room tem perature and was stirred 
for 2 h r longer. C o ld  0.4 N  H C 1  (25 m l) was added and the m ix 
ture was extracted four tim es w ith  2 5 -m l portions of ether. T h e  
com bined ether extract was washed w ith  N a H C C H  solution and 
tw ice w ith 2 5 -m l portions of water, then d ried  ( M g S 0 4), filtered, 
and evaporated through a V ig re u x  co lum n . T h e  propionates 3 a -e  
were p u rifie d  b y  evaporative  d is t illa t io n  (b ath  tem perature, pres
sure): 3 a , 1 16 ° (0 .15  m m ); 3b, 8 2 -8 6 ° ( 1 .2  m m ); 3c, 5 7 -6 5 ° (0.2 
m m ); 3d, 65° (0.25 m m ); 3e, 10 0 -12 0 ° (2 .1  m m ). S m a ll am ounts 
( 5 -1 0 % )  of residues were obtained in  each case. N m r and glpc 
a n a ly s is  in d ica ted  9 5 -1 0 0 %  ca rb o n-ca rb o n  double bond reductio n 
and the absence of other products. P re p a ra tiv e  glpc was. em 
ployed to obtain  a n a ly t ic a l sam ples of 3 a -e .33

C o m p e t it iv e  R e d u c tio n s  of the A c r y la t e s  2 b -e . T h re e  rea c
tions were conducted w ith  the p a irs  of a cry lates in d ic a te d . in  
T a b le  I I I .  M e th y l a -(p -n itro p h e n y l)a c ry la te  was om itted since its 
rate of reductio n was too fast to p e rm it q u a n tita tiv e  com parison 
w ith the other acry lates a v a ila b le .

A  solution of 0.35 m m ol of each of the in d ica te d  p a ir  of a c ry 
lates in  27.5  m l of m ethano l was prepared under nitrogen. T h e  so
lu tio n  was cooled to - 5 ° .  S B H  solution (prepared b y stirr in g  0.80 
m m o l of S B H  in  2.5 m l of m ethanol at - 5 °  for 2 m in ) was added 
in  one portion to the stirred  acrylate  solution. A fter stirr in g  at 
- 5 °  for the tim e in d ica te d  in  T a b le  I I I ,  the reaction was 
quenched w ith  30 m l of cold 1 N  H C 1 .  W o rk -u p  was carrie d  out as 
described above for red uctio n  of the in d iv id u a l a crylates. T h e  re l
ative rates for C l / H  and C l / F  were determ ined b y glpc a n alys is . 
T h e  C H 3 O / H  ratio  could not be determ ined in  th is  m anner owing 
to u n satisfacto ry resolution of a ll four peaks. S in ce  the v in y l pro
ton peaks in  the n m r spectrum  of a m ix tu re  of 2d and 2e were 
com pletely separated, the re lative  rate was determ ined from  the 
rate of d isappearance of these peaks. M esity len e  was em ployed as 
an in te rn a l concentration stand ard  to determ ine the am ounts of 
2d and 2e rem a in in g  after p a rt ia l red uctio n.

a -  a n d  ( M P a r a  su b stitu te d )-cv -p h e n yl-c (,s - or -t ra n s -c in n a m ic  
A c id s . T h e  tra n s -c in n a m ic  a c id s 4 b,34 4c, 4 d ,35 4e,34 4f,34 4g, 
4 h ,36 4 i,34 4 j,34 and 4 k34 were prepared b y tr ie th y la m in e -c a ta - 
lyzed condensation of the appropriate p ara -su b stitu te d  benzalde- 
hyde and ph en yla cetic  a c id  in  acetic an hyd rid e  so lution  according 
to the procedure of B u ck le s  and coworkers (recrysta llized  from 
m ethano l) . 3 7 ’ 38 Co m p o unds 4c, m p 1 9 1 -1 9 2 ° ,  and 4g, m p 304° 
(both obtained in  ~ 8 0  y ie ld ), a p p a ren tly  have not been reported 
previously. T h e  assigned structures were confirm ed by m icro a n a 
lyses on the corresponding m eth yl esters3 3  and b y n m r and ir 
spectroscopy.

T h e  c is -c in n a m ic  a cid s 5 a , 5b, and 5 f  were isolated from  the 
e q u ilib riu m  m ix tu res obtained b y  reflu x in g  the corresponding 
trans a cid s in  tr ie th y la m in e -a c e tic  an hyd rid e  so lution  for 3 h r . 34

P r e p a r a t io n  of the M e t h y l E s t e rs  o f the c is -  or f r a n s -C in - 
n a m ic  A c id s  ( 4 a - j ,  5 a , 5b, a n d  5f). A n  ice -co ld  solution of d iazo 
m ethane in  ether39  was added slow ly to a cold suspension or so lu 
tion of the appropriate a -  or /3 -(p a ra -s u b st itu te d )-« -p h e n y lc in - 
n a m ic  acid  in  25 m l of anhydro us ether u n t il evolution of nitrogen

ceased and excess d iazom ethane was v is ib ly  present. A fter s t ir 
ring  for 0.5 h r (ice bath), the ether so lution  was allow ed to warm  
to room tem perature and excess d iazom ethane was destroyed by 
a d d itio n  of a litt le  acetic a c id . T h e  ether so lution  was extracted 
w ith 50 m l of 1 0 %  N a 2 C C >3 solution, dried  ( M g S 0 4), and evapo
rated.

T h e  crude c in na m ates were rec rysta llize d  from hexane or 
m ethanol. T h e  y ie ld s  ranged from  89 to 9 6 % . T h e  m eltin g  points 
follow: 41, 7 2 -7 3 ° ;  51, liq u id ; 4m , 10 2 -1 0 3 ° ( l it . 40 10 4 °); 4n, 12 6 °; 
4o, 8 7 -8 8 °; 4p, 8 2 .5 -8 3 °; 5m , 1 0 1 -1 0 3 ° ;  4q, 13 9 -14 0 °; 5q, 14 9 -15 0 °; 
4 r, 10 4 -10 5 °; 4s, 10 5 -10 6 °; 4t, 7 3 -7 4 °; 4u, 1 1 3 - 1 1 4 ° ;  4v, 9 6 -9 7°. 
T h e  assigned structures were confirm ed b y e lem en tal a n a ly s is 33 

and b y  nm r and ir  spectroscopy.
S o d iu m  B o r o h y d r id e  R e d u c tio n  of the C in n a m a t e s  4 1 -v , 51, 

5m , a n d  5q. A  m ix tu re  of 1.0  m m o l of the p a rt ic u la r  m eth yl « -  
p h en ylc in n am a te, 1.0  m m ol (37.8 m g) of S B H , and 10  m l of a n 
hydrous D M E  was stirred  at room tem perature. A fter suffic ient 
tim e for com plete red uctio n (ranging from about 10  m in  for 4m to 
more than 1 week for 4p or 4t) the m ixture was n e u tra lized  w ith 1 
N  H C 1  and the solvent was rem oved in  va cu o . S a tu ra te d  aqueous 
N H 4 C I  solution (5 m l) was added and the m ix tu re  was extracted 
three tim es w ith  a total of 20 m l of chloroform . T h e  com bined ex
tract was dried  over M g S 0 4, concentrated, a n d  su b lim e d  or evap- 
o ra tiv ely  d ist ille d  at 1 0 0 -1 1 0 ° (0.1 m m ). Th e se  d ihydroesters were 
a ll  liq u id s  except 6m , m p 6 0 -6 1°; 6q, m p 7 8 -8 0 °; 6r, m p 6 3 -6 4 °; 
6t, m p 6 0 -6 1°; 6u, m p 7 3 -7 8 °. R eduction  of 4v was extrem ely 
slow— gc a n a ly s is  in d ica te d  th a t 6v was form ed in  o n ly  1 %  y ie ld  
after 2 weeks red uctio n tim e. T h e  d ih yd ro c in n am a te  structures 
were verified  b y m icro a n a ly sis 3 3  and nm r (data in  T a b le  I I  are 
ty p ic a l) spectroscopy. G lp c  in d ica ted  th a t these com pounds were 
the o nly reaction products in  a ll cases. T h is  was confirm ed b y tic.

C o m p e tit iv e  R e d u c tio n s  of M e th y l a -  o r  5 -( P a r a -s u b s t i -  
t u te d ) -a -p h e n y l- ir a rw -c in n a m a te s . F iv e  m illi l it e r s  of a sta n d a r
d ized solution co n ta in in g  5.67 m g (0 .15  m m ol) of S B H  in  a n h y 
drous D M E  was added to a stirred  solution of 0.33 m m o l each of 
the two c innam ates (T a b le  I I I)  in  2 m l of d ry D M E  at 2 5 °. A fter 
the reaction tim e ind ica te d , the reaction was quenched w ith a few 
drops of 2 N  H C 1 .  T h e  solvent was rem oved in  va cu o , 5 m l of s a t
urated N H 4C 1 so lution  was added, and the m ix tu re  was extracted 
three tim es w ith a to tal of 25 m l of ether; the com bined extract 
was dried  ( M g S 0 4) and evaporated before glpc a n a ly s is .

P r e p a r a t io n  of In te rm e d ia te s  fo r N m r  A n a ly s is  (T a b le  I ) .  
S am p les were prepared in  a glove box under nitrogen. A  solution 
of 4.33 m m ol of m eth yl a -p h e n y l-tra n s -c in n a m a te  (41) or the p -  
chlorophenyl ester (4o) in  2  m l of anhydrous D M S O -d 6 ( 1 %  
T M S )  was prepared in  a d ry  4 -m l septum -capped v ia l.  S o d ium  
borohydride (1.08 m m ol) was added and the sam ple was sealed 
and stirred  m a g n e tica lly  to effect solution. S a m p le s  were then 
transferred to o ven-dried  n m r tubes fitted  w ith  conventional 
polyethylene caps.

P r e p a r a t io n  of M e t h y l 2 -D e u t e r io -2 -( p -n it r o p h e n y l) -3 -p h e n - 
y lp ro p io n a te  ( 1 1 ) .  One m illim o le  (283 mg) of 4m was dissolved in  
20 m l of d ry  D M E  under nitrogen and 1 m m o l of S B H  was added. 
T h e  m ixture  was stirred  for 10  m in , then quenched w ith  a  few 
drops of 2 N  D C 1  in  D 2 O solution. T h e  solvent was evaporated in  
va cu o  at room tem perature. T h e  residue was extracted tw ice w ith
5 -m l portions of ether, and the com bined extract was d ried  over 
M g S 0 4 and evaporated in va cu o . T h e  crude pro duct was recrys
ta llize d  from hexane to y ie ld  206 m g (7 6 %  y ie ld ) of 1 1 ,  m p 5 8 -5 9 °. 
N m r data  for 1 1  are g iven in  T a b le  I I .

P r e p a r a t io n  of M e t h y l 2 -( p -N it ro p h e n y l) -3 -d e u te r io -3 -p h e n - 
y lp ro p io n a te  (12 ) . A  solution of 0.5 m m ol of m eth yl a -(p -n it r o - 
p h e n y l) -c is - or -tra n s-c in n a m a te  (4m or 5m ) was d issolved in  10 
m l of d ry  D M E  under nitrogen. A n  eq u im o la r am o unt of sodium  
borodeuteride was added and the m ix tu re  was stirred  at room 
tem perature (10  m in  for 4m , overnight for 5m ). A  few drops of 
water was then added and the solvent was evaporated in  va cu o  at 
room tem perature. W o rk -u p  was carried  out as described for the 
preparation of the 2 -deuterio  com pound ( 1 1 ) .  N m r  on the crude 
product (T a b le  I I)  in d ica te s th a t both reactions gave 1 : 1  m ixtures 
of the diastereom ers of 1 2 .

B o ro h y d r id e  R e d u c t io n  of « -P h e n y l-c is -c in n a m o n it r ile .  R e 
duction  of « -p h e n y l-c is -c in n a m o n itr ile  (K  and K  Laboratories) 
was carried  out for 1.5  hr at room tem perature, using  the 
am ounts and procedure described for the cin nam ates. T h e  crude 
product was exam ined b y glpc and by nm r and found to contain 
~ 4 0 %  2 ,3 -d ip h e n ylp ro p io n itrile .

P r e p a r a t io n  of M e th y l a -P h e n y l -c is -  a n d  -tra n s -cro to na tes 
(14 , 15 ). A  15 -g  sam ple of a -p h e n ylc ro to n ic  a c id 4 1  was esterified 
b y refluxing for 2 2  hr w ith  1 0 0  m l of a 1 0 %  solution of concentrat
ed H 2 S 0 4 in  m ethanol. T h e  crude product was poured into ice
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water and extracted into ether. The ether extract was washed 
with water, dried (MgSOri, evaporated, and distilled at 70-73° 
(0.3 mm) to give 6.8 g (42% yield) of a 9:91 mixture of methyl a- 
phenyl-eis- and -frarcs-crotonates (14 and 15, respectively). These 
isomers were separated by preparative glpc. The nmr spectrum of 
the trans-crotonate 15 had peaks at 1.68 (d, J  = 7 Hz, CH3), 3.58 
(s, OCH3), 7.08 ppm (q, J  = 7 Hz, =CH), partly obscured by the 
phenyl absorptions (7.05-7.40, m). Peaks for the eis-crotonate 14 
were at 1.96 (d, J  = 7 Hz, CH3), 3.65 (s, OCH3), 6.14 (q, J  = 7 
Hz, =CH), 7.05-7.40 ppm (m, phenyl).

Borohydride Reduction of the Crotonates 14 and 15. A solu
tion of 189 mg (5 mmol) of SBH in 20 ml of methanol was pre
pared under nitrogen at -78°. A solution of 881 mg (5 mmol) of 
methyl phenyl-cis- and -trans-crotonates (9:91) in 5 ml of metha
nol was added, the cooling bath was removed, and the mixture 
was stirred for 2 hr at room temperature (29°). Work-up with di
lute HC1, etc., as described for the acrylate reductions, followed 
by glpc analysis, indicated that ~ 20% reduction had occurred. 
The crude product was redissolved in methanol at 0° under nitro
gen, 0.5 g of SBH was added, and the mixture was allowed to 
warm to 25° over 1.25 hr. The solution was again cooled to 0° and 
another 0.5-g portion of SBH was added. The mixture was al
lowed to warm to 25° over 1.5 hr. Work-up with dilute HC1, etc., 
as before, gave 775 mg of colorless liquid. Glpc indicated that 15- 
20% unreacted crotonates (cis:trans ratio ca. 2:3) remained as 
well as a major and minor ( <5%) product. Samples of these prod
ucts were collected by glpc. The major product was methyl a- 
phenylbutyrate (16), confirmed by ir, uv, and microanalysis.33 
The minor product was 2-phenylbutanol (nmr).

Competitive Reduction of the Crotonates. A solution of 21 mg 
(0 .12  mmol) of a mixture of methyl a-phenyl-cis- and -trans-cro- 
tonate (41.7% cis, 58.3% trans) in 1 ml of methanol at 28° was 
treated with a total of 28.7 mg (0.75 mmol) of SBH, added in 
three portions at 1.25-hr intervals. After addition of a few drops of 
cold dilute HC1, work-up was carried out as described for the ac
rylate reductions. Glpc analysis on the crude product indicated 
that the trans-crotonate (15) was reduced 2.6 times faster than 
the cis isomer. Only a trace of 2-phenylbutanol was observed. Re
duction of a sample of eis-crotonate under similar conditions 
ruled out the possibility of cis-trans isomerization of starting ma
terial.
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50415,71-9; 3d, 31508-44-8; 3e, 50415-73-1; 4c, 50415-74-2; 4g, 
50415-75-3; 41, 36854-27-0; 4m, 23848-96-6; 4n, 50415-78-6; 4o, 
50415-79-7; 4p, 42443-25-4; 4q, 42443-21-0; 4r, 50415-82-2; 4s,
42307-43-7; 4t, 36854-29-2; 4u, 50415-61-7; 4v, 50415-62-8; 51,
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The Addition of Unsaturated Carbenes to Cyclic D ienes. Intram olecular 
Trapping of Trim ethylenem ethane D iradicals1
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E va n s  C h em is try  L a b o ra to ry , T h e  O hio S ta te  U n iversity , C o lu m b u s , O h io 43210  

R e c e iv e d  A u g u s t  16, 1973

T h e  a d d it io n  of cyclohexylidenecarbene (A ) generated in  s itu  b y  a lk a lin e  treatm ent of l-(JV -n itro so a ce ty la m i- 
n o m ethyl)cyclo hexano l (1) to cyclopentadiene (2), 1,4 -cyclo h exad ien e  (3), and b icyclo [2.2 .1]h ep ta d ie ne  (4) 
y ie ld s  4 -cyclo h ex ylid en e b icyclo [3 .1.0 ]h e x -2 -e n e  (5), 7 -cyclo h exylid en ebicyclo [4 .1.0 ]hep t-3-en e  (8), and 3 -c y c lo - 
h e x y lid e n e tricyc lo [3 .2 .1.0 2>4]oct-6-ene (9), respectively, in  6 5 -7 6 %  y ie ld s. O n  heating at 15 0 ° 9 rearranges to 3 - 
cyclo hexylidenetetracyclo [3.3.0 .02>8.04’6]octane (10). O x id a tio n  of 10 y ie ld s  tetracyclo[3.3.0.02 '8.04’6]octan-3-one 
(16).

The tendency of methylenecyclopropanes to afford a tri
methylenemethane diradicai on heating represents a phe
nomenon long of interest.3 Methods of preparing the req
uisite precursors, methylenecyclopropanes, have been 
summarized.4 In addition to the methods mentioned, the 
addition of unsaturated carbenes, generated from nitro- 
soxazolidones, to olefins provides another route.5 We un
dertook the work herein described to see whether an un
saturated carbene would react in a 1,2 (or other) manner 
with cyclic dienes and to observe any thermal rearrange
ments of the addition products.

In order to generate an unsaturated carbene, A, we 
chose the procedure in which a solution of the diene and 
l-(IV-nitrosoacetylaminoethyl)cyclohexanol (1) containing 
a catalytic amount of Aliquat 336® is treated with aqueous 
sodium hydroxide.7 The dienes were cyclopentadiene (2), 
1,4-cyclohexadiene (3), and bicyclo[2.2.1]heptadiene (4).

In the reaction involving 2 (eq 1) there was obtained a 
76% yield of 4-cyclohexylidenebicyclo[3.1.0]hex-2-ene (5),8 
a compound which cannot be initially formed by a 1,2 or a 
1,4 addition to the diene. We believe 5 is formed by a 1,2 
addition to yield 6-cyclohexylidenebicyclo[3.1.0]hex-2-ene 
(6), which is thermally unstable and rearranges readily to 
5. In our first experiment no attempt was made to keep 
the temperature down during distillation of the product. 
On repetition involving a work-up in which the tempera
ture was never higher than about 30°, the product was 
still entirely 5. Thus 6 rearranges readily to 5. The driving 
force for this trimethylenemethane diradicai type rear
rangement undoubtedly stems both from the steric strain 
in 6 and from the formation of the conjugated diene sys
tem in 5. We see no route by which the reactants can go 
directly to 5.9a ° h

c h 2n c o c h 3

I
N O

1

OH
several steps o

A  + Û -  [i0=0
2 6

In the reaction involving 3 (eq 2) there was obtained a 
65% yield of 7-cyclohexylidenebicyclo[4.1.0]hept-3-ene

(8),8 a compound which proved stable thermally at tem
peratures as high as 185°. At higher temperatures a com
plex mixture of hydrocarbons which was not studied in 
detail resulted.10 If a trimethylenemethane diradicai is 
formed, the olefinic bond present is not well enough ori
ented for homoallylic participation to allow for rearrange
ment.

In the reaction involving 4 (eq 3) there was obtained a 
69% yield of 3-cyclohexylidenetricyclo[3.2.1.02’4]oct-6-ene 
(9).8 On heating to 150° for 20 min rearrangement of 8 to 
3-cyclohexylidenetetracyclo[3.3.0.02’8.04’6]octane (10) re
sulted. No change in 10 resulted on longer heating at
190-200°

10

(3)

While our work was in progress the synthesis of 3-iso- 
propylidenetricyclo[3.2.1.02’4]oct-6-ene (11) in 12% yield 
by the addition of isopropylidenecarbene (B) to 4 as well 
as the flash thermolysis of 11 at 400° to give 3-isopropyli- 
denetetracyclo[3.3.0.02’8.04'6]octane (12) was reported.11 
We had also prepared 11 in 35% yield (not maximized) 
and shown that heating at 150° for 20 min converted 11 
smoothly to 12 (eq 4).

C H :,

B  1 1

(4)

12

We believe the rearrangements of 9 to 10 and of 11 to 12 
occur by trimethylenemethane diradicai paths as the con-
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certed cycloaddition alternative would involve a forbidden 
a 2S + W2S process.12

The facile participation of the 6,7-double bond of 9 in 
the trimethylenemethane diradicai type rearrangement of 
9 to 10 as contrasted to the lack of participation of the
3,4-double bond of 8 may be parallel to the acetolysis of 
exo-bicyclo[2.2.1]hept-2-en-5-yl tosylate (13), which occurs 
considerably more rapidly13 than the acetolysis of cyclo- 
hexen-4-yl tosylate14 (14). That the double bond in 14 
does not assist in the acetolysis is supported by the fact 
that the corresponding brosylate and cyclohexyl brosylate 
acetolyze at about the same rate.15 Furthermore the main 
product obtained from acetolysis of 13 is exo-7-acetoxytri- 
cyclo[2.2.1,02’6]heptane (15), whereas only acetoxycyclo- 
hexenes and cyclohexadienes are obtained from 14.15’16 
Thus, a consideration of the kinetics of solvolysis and the 
structure of the products obtained may be used as a crite
rion to determine if participation of an isolated double 
bond with a trimethylenemethane diradicai will occur in 
structures comparable to 6, 9, and 11.

7

Our results with the rearrangement of 9 to 10 may be 
compared with similar studies of intramolecular trapping 
of 1,3 diradicals17 as pointed out by a referee. Interesting
ly, the rearrangement of tricyclo[3.2.1.02’4]oct-6-ene (16) to 
17 takes place only on photolysis and not on pyrolysis,176 
in contrast to the thermal rearrangement of 9 to 10. On 
pyrolysis 16 gave three products,176 none of which was 17.

16 17  18

On oxidation 10 yields tetraeyclo[3.3.0.02’8.04-6]octan-
3-one (18), a ketone previously prepared18 by an entirely 
different route.

In conclusion we would like to emphasize that by the 
reaction of cyclic dienes with unsaturated carbenes of type 
A products in the polycyclic hydrocarbon area may readily 
be synthesized in one step. Furthermore, since such meth- 
ylenecyclopropyl structural units undergo thermal homo- 
lytic cleavage to trimethylenemethane diradicals, new 
complex polycyclic hydrocarbons may easily be obtained. 
The combination of these two steps allows for the elabora
tion of molecules which otherwise would require multiple 
step synthesis. Many interesting products may be predict
ed by proper choice of dienic and polyenic systems.

Experimental Section
P ro d u c t  A n a ly s is .  G lp c  analyses were perform ed on a W ilke n s 

Aerograph M o del A -700; co lum n (10  ft X \  in .) : 3 0 %  S E -3 0 , 45/60 
a /w  Chrom osorb A , h e liu m  flow 25 m l/m in . Proton m agnetic reso
nance (pm r) spectra were recorded on an A -60 n m r spectrom eter, 
V a r ia n  Associates, P a lo  A lto , C a lif .  A l l  sam ples were dissolved in  
carbon tetrachloride (C C I 4 ) ;  te tra m e th yls ilan e  ( T M S )  was used 
as an in te rn a l sta nd a rd ; ch e m ica l shifts are reported in  <5 values 
( T M S  =  0.0). M e lt in g  and b o ilin g  points are uncorrected. M e lt 
ing points were taken w ith  a T h o m a s-H o o v er m eltin g  po int a p p a 
ratu s. A ll  b o ilin g  points are approxim ate since the m a te ria l was 
ra p id ly  d ist ille d  in  order to avoid unw anted th e rm a l rearrange
m ents.

T h e  in  s itu  generation of a ll a lkylid enecarb en es described here 
follows a general procedure w hich begins w ith  the n itro satio n  of 
l-(a c e ty la m in o m e th y l)  alcohols.

l-( M -N it ro s o a c e ty la m in o m e th y l)c y c lo h e x a n o l ( 1 ) . A  so lutio n  
prepared by b u b b lin g  gaseous n itro sy l ch loride into  100 m l of 
cooled g la c ia l acetic a c id  u n t il 13 .2  g (0.2 m ol) had been absorbed 
was added dropwise d u rin g  45-60 m in  to a so lution  of 1 7 .1  g (0 .1 
m ol) of l-(A f-a c e ty la m in o m e th yl)cyc lo h e x a n o l,7 20 g of fresh ly  
fused potassium  acetate, and 2 g of phosphorus pentoxide in  100 
m l of g la c ia l acetic acid  cooled to p art cry s ta lliz a tio n . A fter 2 hr 
the m ix tu re  was allow ed to warm  to room tem perature and was 
then poured onto ice and m ethylene ch lo ride. T h e  organic la ye r 
was separated and washed th rice  w ith  ic e -w a te r. T h e  com bined 
aqueous fractions were neu tralized  w ith  sodium  b icarb o nate and 
back-extracted  w ith  m ethylene ch loride. T h e  organic portions 
were com bined and washed w ith  cold saturated N a H C C > 3 so lu 
tion, cold saturated N a C l so lution, and filtered  through a cone of 
anhydrous N a 2 SC>4 into a fla sk  im m ersed in  a n  ice b ath . T h e  
m ethylene chloride was rem oved under reduced pressure at or 
below room tem perature to afford 19 g (9 5 % ) of 1 as a yellow  o il 
w hich had no N H  absorption in  the ir  spectrum  and a strong 
band at 5.75 ¡x. Th ese  nitroso com pounds sho uld be used im m e d i
ately or stored for up  to 1  week in  m ethylene ch loride so lutio n  in  
the freezing com partm ent of a refrigerator.

G e n e ra t io n  of C y c lo h e x y lid c n e  C a rb e n e  A ;  Is o la t io n  o f A d 
d it io n  P r o d u c t s . In  a  ty p ic a l reaction a stirred  solution  held at 
- 1 0  to - 5 °  of 1 prepared from  4.3 g (25 m m ol) of l -( IV -a c e t y la m i- 
nom ethyl)cyclohexanol and 1  g of A liq u a t  336 ° in  50 m l of olefin 
was treated dropw ise over 30 m in  w ith  a so lution  of 1 .2  g (30 
m m ol) of sodium  hydroxide in  3 m l of water. T h e  theoretical v o l
um e of nitrogen was collected over w ater d u rin g  the a d d it io n  of 
the base. T h e  reaction m ixture  was d ilu te d  w ith  ether a n d  shaken 
w ith saturated N a C l.  T h e  organic la ye r was filtered  through a 
cone of anhydrous N a 2 S 0 4 , and the solvent was fra c tio n a lly  d is 
t ille d  at atm ospheric pressure in  a s m a ll to ta l-re flu x  p a rt ia l-ta k e - 
off co lum n in  order to recover excess olefin . T h e  residue was chro
m atographed through 50 g of W oelm  n e u tra l a lu m in a  (co lum n  250 
x  23 m m ) w ith  250 m l of pentane to rem ove A liq u a t  336. T h e  sol
vent was then fra ctio n a lly  d ist ille d  at atm ospheric pressure, and 
the residue was d ist ille d  at reduced pressure to afford the carbene 
adduct. Y ie ld s  are based on isolated m a te ria l obta ined after d is 
t illa t io n  and ca lcu la te d  from  the am o unt of l-(a c e ty la m in o m e th - 
y l)  alcohol used.

W hen ad d itio n  products from  a lk y lid e n e  carbenes and va lu a b le  
olefins are required, m oderate y ie ld s  (4 0 -5 0 % ) m ay be obtained 
b y u sing  o n ly 2 eq u ivalen ts of olefin  in  pentane as the solvent. 
Furtherm o re since a ll solvent rem oval processes in vo lve  fra ctio n al 
d is t illa t io n , the excess olefin m ay be recovered.

4 -C y c lo h e x y lid e n e b ic y c lo [3 .1 .0 ]h e x -2 -e n e  (5). T h e  above pro
cedure19 [from 50 m m o l of l-(A -a c e ty la m in o m e th y l)c y c lo h e x a n o l] 
afforded 6 .1  g (7 6 % )  of 5 ; bp 1 2 5 -1 3 0 °  (25 m m ); u v  m ax  (cyclo 
hexane) 260 m,u (e 24,500) [ lit .20 u v  m ax (ethanol) 257 m u  (e 
12,780)]; p m r 6.00 (m , 2, v in y l) , 2 .2 2  and 2.05 (m , 6, a lly lic ) , 1.58 
(m , 6, a lip h a tic ), 0.82 (trip let of doublets, 1 , exo cyclopropyl), 
and 0 .15  (q, 1 , endo cyclo p ro p yl); m ass spectrum  m /e  160.

A n a l .21 C a lc d  for C 1 2 H 1 6 : C , 90.0; H , 10.0. F o u n d : C , 90.3; H ,
10.0.

T h e  above procedure was repeated except th a t the cyclopenta- 
diene was d ilu te d  w ith  an equal volum e of pentane (to reduce 
d im eriza tio n) and the reaction m ixture  was never w arm ed above 
30°. T h e  solvents were evaporated at reduced pressure at or below 
room tem perature. T h e  f in a l product (5.2  g, 6 5 % ), w hich  was not 
d istille d  (pm r a n a lys is  showed no d icyclo p entadiene), was id e n t i
ca l w ith  the 5 obtained above. T h e  lower y ie ld  is  due to the loss 
incurred when the fra ctio n al d ist illa t io n  of solvent and excess cy - 
clopentadiene was om itted. S in ce  the p rim a ry  a d d u ct is a p p a r
ently  not stable  at room tem perature or som ew hat lower we m ade 
no further efforts to e lucidate its  structure.

T h e  structure of 5 was e lu cid ated 22 b y recording the p m r spec
tru m  on an H A  100 n m r in  frequency sweep m ode, locked in te r
n a lly  on chloroform . S in ce  irra d ia tio n  at 0.82 and 0 .15  had no ef
fect on the v in y l hydrogens (6.00), structure 6 is  e lim in a te d . F u r 
therm ore, the cyclopropyl hydrogens of 6 are a lly l ic  and are not 
expected to d isp la y  such h ig h -fie ld  s ig n a ls  as those observed. 
S tru ctu re  7 (in  ref 9) is  e lim in a te d  b y  the la c k  of sym m etry  ob
served in  the p m r and b y the fact th a t it  has no cyclo p ro p yl h y 
drogens.

7 -C y c lo h e x y lid e n e b ic y c lo [4 .1 .0 ]h e p t-3 -e n e  (8). T h e  above gen
eral procedure was used (for a 2 5 -m m o l run) to afford 2.8 g (6 5 % ) 
of 8: bp 8 5 -9 5 ° (1  m m ); p m r 5.38 (m , 2, v in y l) , 2.30 and 2 .19  (m , 
8, a lly lic ) , 1.5 0  and 1.38  (m , 8, a lip h a tic  and a lly l ic  cyclo p ro p yl); 
m ass spectrum  m /e  174.

A n a l. C a lc d  for C 1 3 H 1 8 : C , 89.7; H , 10.4. F o u n d : C ,  89.7; H , 
10.3.
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3 -C y c lo h e x y lid e n e tr ic y c lo [ 3 .2 .1 .0 2’4]o ct-6 -en e  (9). T h e  above 

general procedure was used (for a 2 5 -m m o l run) to afford 3.2  g 
(69%) of 9: bp 7 5 -8 0 ° ( < 1  m m ); p m r 6.20 (t, 2, H 6 and H 7, 
see n um b ering  in  9, eq 3), 2.83 (m , 2, H i  and H 5), 2 .1 2  (m , 4, 
a lly lic  on the cyclo hexylidene fragm ent), 1 .5 1  (m , 6, a lip h a t ic  on 
the cyclohexylidene fragm ent), 1.38  (d, 2, H 2  and H 4), and 0.93 
(m , 2, H 8). F u rth e r structure proof was based on the product ob
tained from  the th erm a l rearrangem ent and subsequent oxidation 
to L e B e l and L ie sem e r’s ketone.18

3 -Is o p ro p y lid e n e t r ic y c lo [3 .2 .1 .0 2’4]o ct-6 -e n e  ( 1 1 )  was prepared 
according to the general procedure (50 -m m o l run) except 5 ,5 -d i- 
m ethyl-A f-n itrosooxazo lidone5® was used as the isopropylidene- 
carbene precursor to afford 2.90 g (3 5 % )  of 1 1 :  bp 3 5 ° ( < 1  m m ); 
pm r 6.28 (t, 2, H 6 and H 7), 2.88 (m , 2, H i  and H 5), 1 .7 5  (t, 6, a l- 
ly lic  m ethyls), 1.40 (broad singlet, 2, H 2 and H 4), 0.98-0.88 (m , 2, 
H g); these data agree w ith  those reported.11

T h e r m a l T r e a t m e n t  o f 8. H e a tin g  8 neat for 10 m in  or 1 hr 
below 180° h a d  no effect on the p m r spectrum . W hen 8 was h eat
ed at 19 5°, it  q u ic k ly  darkened. A fter 10  m in  the v in y l and a lly lic  
signals in  the p m r spectrum  changed, the v in y ls  m oved to 8
5.9 5-5.80  and the a lly l ic  s ig n a ls  becam e very  broad. G lp c  in d ic a t 
ed th a t a good portion of the m a te ria l was no longer vo latile  and 
the vo latile  m a te ria l contained several com ponents.

3 -C y c lo h e x y lid e n e te tra c y c lo [3 .3 .0 .0 2 ’8.04’6]octane (10 ). A  
sam ple of 9 was heated for 20 m in  at 15 0 ° to afford 10 (q u a n tita 
tive b y glpc): bp 1 1 0 - 1 1 5 °  (1  m m ); p m r 2.3 (m , 4), series of peaks 
between 2.0 and 1 .2  (14  H ) , no sig na ls  below 2.4; m ass spectrum  
m /e  186.

Anal. C a lc d  for C i 4H 18: C , 90.3; H , 9 .7. Fo u n d : C , 90.6; H , 9.5.
T e tra cye lo [3 ..3 .0 .0 2 8.04 6]o c ta n -3 -o n c  (18). T o  a w ell-stirre d  

m ixture of 186 m g (1  m m ol) of 10 and 6 drops of A liq u a t-3 3 6 6 in  2 
m l of benzene and 4 m l of w ater was added 634 mg (4 m m ol) of 
potassium  perm anganate. T h e  suspension was stirred  for 2 h r at 
room tem perature, excess sodium  su lfite  was added, and the sus
pension was d ilu te d  w ith  ether and va cu u m  filtered  through C e l- 
ite (a n a ly t ic a l f ilte r  a id ) to rem ove m anganese dioxide. T h e  or
ganic la ye r was washed w ith  water, saturated sodium  chloride so
lu tio n , and filtered through a cone of anhydro us sodium  sulfate. 
F ra ctio n a l d is t illa t io n  of the solvents afforded an o il w hich  con
tained 72 m g of 18 (6 0 %) and cyclohexanone. T h e  te tra cyc lic  k e 
tone was shown to be id e n tic a l w ith  an a u th entic sam ple p ro v id 
ed b y D r . L e B e l: m p 6 8 -7 0 °; m m p  6 7 -6 9 °; ir  ( C C 1 4) 1730 cm - 1  
( C = 0 ) ;  m ass spectrum  m /e  120  [lit. m p 6 9 -7 1 ° ;  ir  ( C C 14) 1730 
c m - 1 ]; both ketones had id e n tic a l fragm entation  patterns in  the 
m ass spectrum .

3 -Is o p ro p y lid e n e te tra c y c lo [3 .3 .0 .0 2 ’8.04-6]octane (12 ) . A  sam 
ple of 11  was heated for 20 m in  at 15 0 ° to afford 12  (q u a n titative  
b y  glpc): p m r 1.70  (s, 6, a lly l ic  m eth yls), series of m u ltip le ts  from
2.09 to 1.35  (8 H ) , no absorption below 6 2 .10 ; these data  com pare 
w ith  those in  the lite ra tu re ;11  m ass spectrum  m/e  146; the com 
pound decolorizes B r 2 in  C C 1 4.

R e g is t r y  N o .— 1, 37150 -6 4 -4 ; 2 , 54 2-9 2-7; 3, 6 2 8 -4 1 -1 ; 4, 1 2 1 -  
46-0; 5, 50277-68-4; 8, 50277-69-5; 9, 50277-70-8 ; 10, 5 0 27 7 -7 1-9 ; 1 1 ,  
50 277-72-0 ; 12 , 42038-54-0; 18, 873-36-9; A , 20693-98-5; B , 26265-
75-8 ; l-(N -a c e ty la m in o m e th y l)c y c lo h e x a n o l, 3715 0 -6 3-3 .
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C y clo a d d itio n  reactions of pentam ethyleneketene to cyclopentadiene, d ihyd ro p yran , te tram eth yla llen e, d i-  
iso p ro p ylca rb o d iim id e, N -fe rt-b u ty lb e n z y lim in e , and ch lo ra l have been investigated as routes to spiro co m 
pounds. Pentam ethyleneketene is  form ed in  situ from the tr ie th y la m in e  dehydro chlorinatio n  of cyclohexanecar- 
boxyl ch lo rid e  and the z in c dehalogenation of o-brom ocyclohexanecarboxyl ch lo ride. D im e riz a tio n  is  a serious 
com peting reaction and reactive cyc lo a d d itio n  partners are necessary to successfu lly  com pete for the ketene.

The preparation and dimerization of pentamethylene- about 20 years ago.1 The preparation of this ketene by
ketene from cyclohexanecarboxyl chloride was reported cracking cyclohexanecarboxylic acid anhydride and prop-
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erties of the ketene have recently been described.2 There 
have been several recent reports on the dimerization and 
trimerization of this ketene and the chemistry of these oli
gomers.3' 5 However, cycloaddition reactions of the ketene 
have not received much attention. Wasserman and co
workers have just recently described the cycloaddition of 
pentamethyleneketene and ethoxyacetylene to yield a 
thermally unstable cycloadduct.6 The cycloaddition of 
this ketene and sulfur dioxide has also been recently re
ported.7

Pentamethyleneketene (I) is quite susceptible to dimer
ization; e.g., the reaction of cyclohexanecarboxyl chloride 
with triethylamine produces a good yield of the dimer, 
dispiro[5.1.5.1]tetradecane-7,14-dione. Therefore,-it seemed 
desirable to effect in  s itu  cycloadditions with reactive 
unsaturated compounds to successfully compete with the 
dimerization process. This is also the case with 
saturated pentamethyleneketene.8

We now wish to report on some in  situ  cycloaddition 
reactions of pentamethyleneketene to yield spiro[5.3]no- 
nanes.

The dehydrochlorination of cyclohexanecarboxyl chlo
ride with triethylamine in the presence of cyclopentadiene 
resulted in a 65% yield of the spiro[5.3]nonane (II) accom
panied by some ketene dimer. The optimum conditions 
appear to be the dropwise addition of the acid halide to a 
refluxing solution of triethylamine and cyclopentadiene in 
benzene and continued refluxing for about 20 hr. A reac
tion time of this length is necessary because the ketene is 
slowly formed from the acid halide and amine under these

0

II III
conditions. The use of chloroform as a solvent reduces the 
reaction time to about 8 hr. Complete separation of this 
cycloadduct from the dimer was not achieved. Conse
quently, hydrogenation to the corresponding saturated ke
tone, III, resulted in a compound which could be purified.

The cycloaddition of pentamethyleneketene with dihy- 
dropyran occurred readily and the cycloadduct was isolat
ed in 67% yield (IV). This adduct was also difficult to sep
arate from the ketene dimer and was reduced with sodium 
borohydride to the corresponding alcohol V, which was 
easily separated from the ketene dimer and thus com-

0

pletely characterized. Although two regioisomers of this 
cycloadduct are possible, only one was detected. The pres
ence of the bridgehead protons in the nmr at 5 4.1 and 3.3 
dictates that the isomer indicated is the one produced.9 
This is quite consistent with numerous other ketene cy
cloadditions where some charge separation in the transi
tion state is indicated.

Tetramethylallene cycloadded to pentamethyleneketene 
to yield an a,d-unsaturated spiro[5.3]nonane (VI) in 60% 
yield which was easily purified by recrystallization. Only 
one regioisomer was detected and this was the expected

I +

0

VI
a.d-unsaturated adduct, which is the only regioisomer 
that has been detected in these cycloadditions.10

We also investigated the cycloaddition of ethoxyacetyl
ene with pentamethyleneketene and found that while the 
cycloaddition occurred the cycloadduct was thermally un
stable (decomposition occurred upon vacuum distillation) 
as reported by Wasserman and coworkers.6

The in  situ  cycloaddition of pentamethyleneketene with 
diisopropylcarbodiimide and IV-tert-butylbenzylimine was 
also effected. These reactive imino compounds yielded the 
expected spiroimino-d-lactam in 51% yield (VII) and the 
spiro-d-lactam in 48% yield (VIII).

The dehydrochlorination of cyclohexanecarboxyl chlo
ride in the presence of chloral did not produce the expect
ed spiro 2-oxetanone. Triethylamine readily reacts with 
chloral, which complicates this in  s itu  cycloaddition, and 
numerous attempts with simultaneous and various orders 
of additions were unsuccessful. However, the zinc dehalo- 
genation of a-bromocyclohexanecarboxyl chloride in the 
presence of chloral produced a 45% yield of the spiro-2- 
oxetanone (IX ). This 2-oxetanone was quite resistant to 
decarboxylation, as are other 4-trichloromethyl-2-oxeta- 
nones.11 This method of generating pentamethyleneketene 
offers the advantage of not having a reactant which reacts 
with chloral, and also the by-product in this reaction, zinc 
halide etherate, activates the carbonyl compound for cy
cloaddition. The ketene dimer is also produced by this 
method of generation.

IX
The attempted cycloaddition of cyclohexene with pen

tamethyleneketene by both the dehydrohalogenation and 
dehalogenation methods were unsuccessful. It should be 
emphasized that all the successful cycloadditions de
scribed above involve activated unsaturated compounds. 
Pentamethyleneketene undergoes cycloaddition with acti
vated unsaturated compounds readily but the reaction is 
always accompanied with ketene dimer. Consequently, if 
unactivated olefins such as cyclohexene are employed, 
dimerization occurs completely at the expense of cycload
dition with the olefin. Other unsaturated compounds 
which were investigated with little or no success included 
phenylacetylene, 5-methylene-2-norbornene, ethyl thioiso- 
cyanate, quinone, p-chlorobenzaldehyde, and Al-phenyl- 
benzalaniline.

In summary, the generation of pentamethyleneketene 
by the dehydrohalogenation and/or dehalogenation meth
od in the presence of reactive unsaturated compounds 
gives a good yield of the [2 + 2] cycloaddition product, 
which is a spiro[5.3]nonane. All cycloadditions are accom
panied by ketene dimer. Unactivated or less reactive cy
cloaddition partners do not successfully compete with the 
dimerization process.
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Experimental Section
Proton n m r spectra were recorded on Jeolco M in im a r  6 0 -M H z 

and Jeolco P S -10 0  nm r spectrom eters em p lo yin g  te tra m e th yls il- 
ane as an  in te rn a l stand ard  and C C I 4 as the solvent unless other
wise noted. Solvents and tr ie th y la m in e  were d ist ille d  from so d i
um  and stored over L in d e  type 4 -A  m o le cu la r sieve. T e tra m e th y l- 
a llene was obtained b y the A lC 3 -c a ta lyze d  rearrangem ent of the 
tetram ethylcyclo b utadio ne d im e r of d im ethylketene followed by 
p yro lysis  over a hot w ire. N -t e r t -B u ty lb e n z y lim in e  w as prepared 
from benzaldehyde and fe rt-b u ty la m in e  according to standard  
procedure.

General Procedure for Preparation of Pentamethyleneketene 
by the Dehydrohalogenation Method. A  solution  of 0 .1  m ol of
cyclohexanecarboxyl ch loride in  50 m l of d ry  benzene was added 
dropwise to a reflux ing  solution  of 0 .15  m ol of tr ie th y la m in e  and 
0 .2 -0 .3  m ol of an  unsaturated com pound in  150 m l of dry ben
zene. A fter com pletion of the a d d itio n , reflu x in g  was continued 
for about 20 hr. T h e  am in e  sa lt was rem oved by filtra tio n  and 
washed w ith benzene. C o ncentratio n  afforded the crude cyc lo a d 
duct. V a cu u m  d is t illa t io n  or re c rysta lliza tio n  resulted in  p u r if ic a 
tion of the pentam ethyleneketene adduct.

Pentamethyleneketene Cyclopentadiene Adduct (II). T h is  
adduct was obtained ir. 6 5 %  y ie ld  at 6 7 -6 9 ° (0.1 m m ): ir  1767 
( C = 0 ) ,  and 16 0 1 c m “ 1 ( C = C ) ;  n m r 6 1.50  (m , 10  H ) ,  2 .4 2 (m , 2 
H ), 3 .15  (m , 1  H ), 3 .75  (two t or three d, 1 H ), and 5.70 (m , 2 H ).

A fter two d ist illa t io n s , th is  ad d uct contained a s m a ll am o unt of 
the ketene d im e r as an im p u r ity . Consequently, the cyclo ad d uct 
was hydrogenated in  ethanol under 50 psi of hydrgoen em plo ying 
p la tin u m  oxide as a c a ta lyst. A n  8 0 %  y ie ld  of the saturated spiro 
ketone (III)  resulted at 5 7 -5 8 ° (0.08 m m ): n m r S 1 .7  (m , 16 H ), 
2.52 (two t or three d, 1 H ) , and 3.65 (two t or three d, 1 H ) .

A n a l. C a lc d  for C 1 2 H 1 8 O : C , 80.89; H , 1 0 .1 1 .  Fo u n d : C , 80.63; 
H , 9.75.

Pentamethyleneketene Dihydropyran Cycloadduct (IV).
T h is  cyclo ad d uct was produced in  6 7 %  y ie ld  at 9 0 -9 2° (0.2 m m ): 
ir  1767 c m - 1  ( C = 0 ) ;  n m r 5 1.60 (m , 14 H ) , 3.30 (two d or three t, 
2 H ) , 3.80 (two t or three d, 1  H ) , and 4 .10  (d, 1  H ) .

T h is  com pound was also co ntam inated w ith the ketene d im er 
and was reduced w ith  so d iu m  borohydride in  ethano l. T h e  corre
sponding alcohol (V ) was recrysta llize d  from  ether: m p 5 3 -5 5 °; ir  
3450 c m - 1  (O H ); n m r 6 1.4 2  (m , 14 H ) , 2 .1 -2 .6  (s, H  of O H ), 2.43 
(m , 1 H ) , 3.30 (m , 1 H ) , and 3.80 (m , 3 H ) .

A n a l. C a lc d  for C 1 2 H 2 0 O 2 : C , 73.46; H , 10 .2 1 . Fo und: C , 73.28;
H , 9.99.

Pentamethyleneketene Tetramethylallene Cycloadduct (VI).
A  6 0 %  y ie ld  of a cry sta llin e  so lid  w hich was recrysta llize d  from 
ethanol was obtained: m p 4 7 -4 8 °; ir  172 5  ( C = 0 )  and 1639 c m " 1 
( C = C ) ;  nm r 5 1.2 8  (s, 6 H ) , 1.84  (s, 3 H ) , 2.08 (s, 3 H ) , and
I .  2 5 -2 .0  (m , 10  H ) ; the three singlets are out of the m u ltip le t at
1 .2 5 -2 .0 . T h e  ch e m ica l sh ift va lu es for the un eq uiva len t m ethyl 
protons attached to the v in y l lin k ag e  and the eq uivalen t m ethyl 
protons on the carbon are in  excellent agreem ent w ith  other te
tra m e th yla lle n e  ketene cyc lo a d d u cts.10'11

Pentamethyleneketene Diisopropylcarbodiimide Cycload
duct (VII). T h is  adduct was prepared in  5 1 %  y ie ld  and was re 
crysta llize d  from  ether: m p 8 3 -8 5 °; ir  18 18  ( C = 0 )  and 1686 c m " 1

( C = N ) ;  n m r 6 1.2 0  (d, 6  H ) , 1.48 (d, 6  H ) ,  1.94 (m , 10 H ) , and 
3.80 (m , 2 H ) .

A n a l. C a lc d  for C 1 4 H 2 4 O N 2 : C , 7 1 .19 ; H , 10 .18 ; N , 1 1 .8 6 . 
Fo und: C , 7 1 .3 1 ;  H , 10.56; N , 11.3 6 .

Pentamethyleneketene N --tert-Butylbenzylimine Adduct
(VIII). T h e  cyc lo a d d u ct was obtained in  4 8 %  y ie ld  and was re
crysta llize d  from  ether: m p 10 5 -10 6 °; ir  1748 c m - 1  ( C = 0 ) ;  nm r 
( C D C I 3 ) 5 1.30  (s)and 1.60 (m ) (accounts for 19 H ), 4.35 (s, 1  H ), 
and 7.30 (s, 5 H ).

A n a l.  C a lc d  for C ig H z s N O : C , 79.70; H , 9 .22; N , 5 .16 . Fo und: 
C , 80.00; H , 9.03; N , 5.08.

Pentamethyleneketene Chloral Adduct (IX). T o  a m ixture  of 
0.3 m ol of a ctivated z in c and 0.2 m ol of freshly d ist ille d  ch lo ra l in  
100 m l of d ry  ether co n tain in g  a trace of A I C I 3  w ith  vigorous s t ir 
ring  was added dropwise a solution of 0 . 1  m ol of a -b ro m o cyclo - 
hexanecarboxyl chloride in  15  m l of ether. A fte r the a d d itio n  was 
com plete, the reaction m ix tu re  was refluxed for 24 h r. T h e  u n 
reacted z inc was rem oved by filtra t io n  and the filtra te  was con
centrated on a rotatory evaporator. T h e  residue was extracted 
w ith three 5 0 -m l portions of C C I 4  to extract the cyc lo a d d u ct from 
the z in c h a lid e  etherate. T h e  com bined extracts were concentrat
ed and d ist ille d  under va cu u m . T h e  condensate so lid ified  and 
was re crysta llize d  from ethanol: m p 7 7 -7 8 °; ir  1837 c m " 1  ( C = 0 ) ;  
n m r S 1.80 (m , 10 H ) and 4.57 (s, 1 H ).

A n a l. C a lc d  for C 9 H H C I 3 O 2 : C , 41.94; H , 4 .27. Fo u n d : C , 41.78; 
H , 3.93.
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Behavior of ercdo-7-Aminomethylbicyclo[3.3.1]nonan-3-one under Reducing
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R e c e iv e d  O c to b e r  4, 1973

T h e  b ehavio r of e n d o -7 -am in o m e th ylb icyclo [3 .3 .1]n o n a n -3 -o n e  (1) tow ard va rio u s reducing agents was in v e s 
tigated. S o d iu m  borohydride gave a m ixture  of endo and exo alcohols (m a in ly  endo) whose ratio  va rie d  depend
ing upon the nature of the alcohol used as the m ed iu m . S o d iu m -a lc o h o l reduction provided the exo alcohol as 
esse n tia lly  the only product. W ith  hydrogenation in  ethanol in  the presence of R a n e y  n icke l, carbo nyl red u c
tion, N -a lk y la t io n , and red uctive c y c liz a tio n  occurred. E it h e r  m ono- or d ia lk y la t io n  on nitrogen took p lace de
pending upon the tem perature. T h e  cyc liza tio n  reaction produced N -eth y l-4 -a za h o m o a d am a n tan e . Conversion 
to the d ia m in e , « o -3 -a m in o -e re d o -7 -a m in o m e th ylb ic yc lo [3 .3 .1]n o n a n e , was effected b y s o d iu m -e th a n o l re d u c
tion of the oxim e of 1 .  M e c h a n is tic  and conform ational aspects are also treated.

There are relatively few uncomplicated routes for entry 
into the bicyclo[3.3.1]nonane series.4-6 A simple pathway 
was recently reported6'7 via rearrangement of l-N ,N -d i-  
chloroaminoadamantane in the presence of aluminum 
chloride. Subsequent exposure to aqueous acid afforded 
endo-7-aminomethylbicyclo[3.3.1]nonan-3-one (1) in 70- 
80% yield (eq 1). Prior work6-8 has shown that 1 can 
serve as a versatile precursor for a variety of derivatives in 
this series by reactions which generally take place in high 
yield.

The objective of the present work was to investigate the 
behavior of 1 under diverse reducing conditions. In addi
tion, attention was given to the stereochemical and mech
anistic aspects. In previous, related studies involving 1, 
Wolff-Kishner reduction6 provided endo-3-bicyclo-
[3.3.1]nonylmethylamine, and LiAlhU gave 4-azahomoad- 
amantane.7

Results and Discussion
Hydride Reduction. Initially, our attention was focused 

on reduction of 1 with sodium borohydride in various alco
holic solvents. In all cases, reaction provided an endo-exo 
mixture of en.do-7-aminomethylbicyclo[3.3.1]nonan-3-ols, 
generally in very good yields (eq 2). The ratio of 2 to 3, 
determined by glpc, was found to vary with change in sol
vent, but in all cases isomer 2 predominated as expected.

OH

endo O H  2, R  =  R ' =  H  4, R  =  H ; R ' » C ,H , 6. R  =  R ' =  0,11., 

exo O H  3, R = R '  =  H  5, R  =  H ; R ' =  C 2H 5 7, R  =  R ' =  0 ,11,

From Table I it can be seen that there is a systematic 
increase in the per cent of 2 as the solvent is changed 
from isopropyl alcohol to ethanol to methanol. A similar 
solvent effect was observed earlier for reduction of 3-cho- 
lestanone9 and tropinone.10 This type of correlation was 
attributed to formation of methoxyborohydrides in  situ.

Table I
R edu ction  o f  1 w ith  NaBH4

Solvent Yield, % 2:3 ratio

MeOH 90-95 95:5
M e0H -H 20 ° 40-50 95:5
95% EtOH 90-95 75:25
Absolute EtOH 90-95 75:25
i-PrOH 80-85 63:37
Pyridine 60-65 70:30
M eOH6 80-85 93:7

“ 1:1 molar ratio. 6 NaB(OCH3)3H as reducing agent.

These bulkier reducing entities would favor approach from 
the less hindered side of the carbonyl group. Thus, the 
predominance of 2 is rationalized in terms of steric control 
to attack by hydride resulting in the thermodynamically 
less stable isomer. The results in Table I are in accord 
with the relative acidities of /-PrOH, EtOH, and MeOH 
toward sodium borohydride. To test this hypothesis, sodi
um trimethoxyborohydride was used to reduce 1, giving 
essentially the same isomer ratio as did sodium borohy
dride in methanol, in line with the analogous result9 of 
Vail and Wheeler with 3-cholestanone. When NaBH4 was 
allowed to react with methanol for 0.5 hr before addition 
of 1, no reduction of the amino ketone occurred, indicat
ing that all of the hydrides were replaced by methoxyl 
groups. This type of exchange is well documented.11

A high degree of selectivity was also obtained when the 
acetamide of 1 was reduced with sodium borohydride in 
methanol. The resulting product was shown to be essen
tially 100% endo alcohol by hydrolysis and subsequent 
glpc analysis. The added bulk on nitrogen would lend ad
ditional driving force to exo attack by the reducing 
species.

Reduction with Sodium and Alcohols. Reduction of 1 
with sodium and ethanol provided 3 contaminated with 
substantial amounts of unchanged ketone which could be 
removed by conversion to the oxime followed by a simple 
extraction procedure. Similar results were obtained with 
isopropyl alcohol. However, best yields of 3 (75%) were 
realized with tert-butyl alcohol. It is evident that a de
creased rate of reaction between sodium and the alcohol 
(EtOH > i-PrOH > t-BuOH) produces an overall benefi
cial effect.

The pronounced selectivity merits comment. Dissolving 
metal reductions of this type are believed12 to involve ini
tial formation of an anion radical, which is then proton- 
ated (eq 3). Applying this concept to 1, one can visualize
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the existence of exo (8) and endo (9) forms of the anion 
radical.

One plausible route would entail intramolecular ab
straction of a proton which would be favored in the case of 
the exo form (8) (eq 4).

(4)

Alternatively, prior work12 has shown that the more 
stable alcohol is frequently the predominant product. Ap
parently, the generated alkoxide, e.g. 10, can interact 
with substrate ketone, similar to the Meerwein-Ponndorf- 
Verley reduction, to produce the isomeric alkoxide in an 
equilibrium situation which usually favors the more stable 
product (eq 5).

10 (endo) +  1 =f-*- io (exo) +  1 (5)

Catalytic Hydrogenation. When 1 was hydrogenated in 
ethanol with Raney nickel catalyst, products were ob 
tained resulting from carbonyl reduction, N-alkylation, 
and reductive cyclization. At 100° and about 2000 psi, 4 
and 5 were isolated in a ratio of 35:65. The ring-closed 
material was found to be iV-ethyl-4-azahomoadamantane 
(11c). In addition, a small amount of an unknown sub
stance was present.

11a, R = H
b, R =CH3
c, R = C2H5

Alcohols 4 and 5 were identified by comparison with au
thentic materials.13 The structure of 11c was established 
by spectral comparison with lib ,6 and by alternate syn
thesis involving reduction by LiAlH4 of the acetyl deriva
tive of 11a.

When the temperature of reaction was increased to 
130°, 11c and the minor, unidentified product were again 
produced. However, the N-alkylated alcohols were found 
to be a mixture of 6 and 7 in 4:96 ratio, whose structures 
were assigned on the basis of microanalyses, spectral evi
dence, and independent synthesis. The mass spectra dis
played a weak, parent peak at m /e  225 and a base peak at 
m /e  86. The presence of two Af-ethyl groups and the exo 
or endo configuration at C-3 are in accord with the nmr 
spectra. Dialkylation of 3 with ethyl iodide provided an 
alternate route to 7. Compound 6, as well as 7, was also 
prepared by acetylation of the iV-ethyl derivative13 of 1

with subsequent reduction by LiAlH.t. Temperatures of 
165-175° produced a complex mixture from hydrogenation.

It has been reported that N-alkylation during hydroge
nation of ketones containing primary or secondary amino 
groups is an undesirable side reaction when low molecular 
weight alcohols are present with Raney nickel catalyst.143 
Whereas this type of reaction occurred at 100-130° in our 
case, previous investigators used temperatures in excess of 
150° with their systems.14 In other, prior work,15 primary 
and secondary amines were found to undergo alkylation 
by alcohols and hydrogen at 180-250° in the presence of 
Raney nickel or copper chromite. Since tertiary alcohols 
did not function, the proposal was advanced that dehy
drogenation of the alcohol occurs, the resultant carbonyl 
compound reacts with the amine, and finally hydrogena
tion to the end product takes place. Excellent yields from 
reductive alkylation of pyridine bases with alcohols were 
realized with rhenium sulfide and hydrogen.16 A related 
example may be cited in the conversion of 2-amino-2- 
methyl-l-propanol to 2,2,5,5-tetramethylpiperazine on ex
posure to hydrogen and Raney nickel.17

The mechanistic scheme previously advanced14"16 
serves to rationalize the presence of 4, 5, 6, and 7. Three 
possible routes can be visualized for formation of l ie . Hy- 
drogenolysis might occur with la or the W-ethyl derivative 
of la. Alternatively, intramolecular dehydration of 1 could 
conceivably generate the strained bridgehead imine. Sub
sequent steps would consist of hydrogenation to 11a and 
then N-alkylation.

Stereochemistry. Amino alcohols 2 and 3 were identi
fied by microanalytical and spectral means. The nmr 
spectra were especially helpful in assigning exo and endo 
configurations to the hydroxyl functions as described13 for 
the corresponding A'-ethyl derivatives, 4 and 5. As antici
pated, 3 displayed a larger vicinal coupling constant for 
the C-3 carbinyl proton than did the endo isomer.

In addition, the nmr spectra indicate that 2 and 3 exist 
in different conformations. Most notable is the appear
ance of the CH2N signal, a singlet for 2 in contrast to a 
doublet for 3. Similar results were observed for 4 vs. 5 and 
6 vs. 7. Conformational preferences for bicyclo[3.3.1]no- 
nane derivatives have been discussed.4’13'18’19 Peters and 
coworkers provided18 a detailed treatment of the 3,7-di- 
substituted compounds, which is quite pertinent to the 
present work. Various conformations for the endo,endo 
case are illustrated.

NRR'

2,4, 6, a

OH
LdL

NRR'

NRR'

2,4,6, c 2,4,6, d
The principal contributors appear to be the chair-boat 

forms a and b. The double-boat conformation (c) seems to 
play an increasing role as the bulk of the substituents in
creases, and d purportedly participates to only a small ex
tent. For the corresponding exo alcohols, the population 
would mainly consist of the chair-boat forms.
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Possibilities for hydrogen bonding in our case may com
plicate the conformational picture. For 6 and 7 in chloro
form, both free and bonded absorptions (3600 and 3300 
c m '1, respectively) are present, whereas a neat sample of 
7 showed absorption in this region only at 3300 c m '1. M o
lecular models indicate that 2 might exist as a hydrogen- 
bonded monomer in conformation ' b  and as a hydrogen- 
bonded dimer in conformations a, b, and c. The exo iso
mers 3, 5, and 7, can apparently undergo only linear hy
drogen bonding.

Reduction to Diamine. Dissolving metal reduction20’21 
of the oxime of 1 with sodium and ethanol afforded exo-
3-amino-endo-7-aminomethylbicyclo[3.3.1]nonane (12) in 
reasonable yield.

N H ,

12

Since the free base was quite sensitive to atmospheric 
exposure, more complete characterization was carried out 
with the dibenzamide derivative. The rather sharp melt
ing points of the benzamide and the freshly purified 
amine suggest the presence o f essentially one isomeric 
form. The nmr data, including similarity to the spectra of 
3, 5, or 7, indicate an exo configuration for the 3-amino 
group. Hence, a mechanism analogous to that discussed 
(see above) for the corresponding reduction of 1 seems 
plausible.

Attempts to reduce the oxime with LiAlH4 in refluxing 
ether for periods up to 46 hr gave mostly unchanged start
ing material. The sluggishness of this type of reducing 
system has been noted previously.22 The Leuckart reac
tion was investigated as a possible direct method. Several 
runs under various conditions yielded only a small amount 
(about 10%) of the diamine, in addition to recovered 1.

Experimental Section
M e lt in g  points are uncorrected. In frared  spectra were obtained 

w ith  B e ck m a n  I R - 8 , IR -2 0 A , and P e r k in -E lm e r  137 instrum ents, 
ca lib ra te d  w ith  the 1 6 0 1 -c m '1 ban d  of p olystyrene. V a r ia n  T -6 0  
and H A - 100 in stru m en ts were used to o b ta in  n m r data, w h ich  are 
reported in  parts per m illio n  re lative  to te tra m e th yls ilan e  as in 
tern al stand ard . G a s  chrom atography was carried  out w ith  a V a r 
ia n  Aerograph in stru m en t (A -9 0 -P , 1700, or 1800) w ith  a 15  ft X 
0.25 in . co lum n of 1 5 %  Carbow ax 20M  and 1 0 %  N a O H  on C h ro - 
mosorb P  (30/60), or a 10 ft X 0.25 in . co lum n of 2 0 %  Carbow ax 
20M  and 1 0 %  N a O H  on Chrom osorb P  (30/60) at 2 2 5 °.

So lu tio n s were dried  over N a 2 S 0 4. S o d iu m  trim etho xyb o ro hy- 
dride was obtained from  A lfa  Ino rg anics. M icro a n alyse s were p er
form ed b y M ic ro -T e c h  Laboratories, S ko kie , 111., B a ro n  C o n s u lt
ing C o ., Orange, C o n n ., M r . A . G a s ie c k i, and M r. R . W h ite .

2 and .3 from 1 and Sodium Borohydride. T h e  follow ing proce
dure is  il lu stra tiv e . A  so lution  of 1 ( 8  g, 0.48 m ol) and N a B H 4 (2.3 
g, 0.06 m ol) in  1 0 0  m l of d ry  m ethanol was stirred  at room tem 
perature for 24 hr. T h e n  50 m l of 2 0 %  sa lin e  was added and s t ir 
rin g  was continued for a few m in u tes longer. A fter the vo latile  
m a te ria l was rem oved under reduced pressure, the residue was 
extracted w ith  m ethylene ch loride. T h e  com bined, dried  extract 
was freed of solvent to y ie ld  7 .7  g (9 5 % ) of a m ix tu re  of 2 and 3 as 
a w hite so lid  w hich  can be further p u rifie d  b y rec rysta lliza tio n  
from  cyclohexane a n d /o r  s u b lim a tio n  at 7 0 -8 0 ° ( < 1  m m ). T h e  
ra tio  of 2:3 was found to be 95:5 b y glpc. A n a ly t ic a l sam ples were 
obtained b y p reparative  g lpc followed b y su b lim a tio n .

A lco h o l 2 had m p 9 3 -9 4 .5 °; ir  ( C H C 1 3) 3650 and 3250 (N H , O H ) 
and 1 1 2 5  c m ' 1  (C O ) ; n m r ( C D C I 3 ) <5 4 .12  (m , 1 , J AX =  J bx  =  3 
H z , C H O H ) ,  2.54 (m , 2, C H 2 N ), 1.8  (m , 16, C H , C H 2, N H 2, O H ); 
m ass spectrum  m /e  (rel in ten sity) 169 (3), 15 2  (2), 1 5 1  (5), 30 
( 100) .

A n a l.  C a lc d  for C 1 0 H 1 9 N O : C , 70.96; H , 1 1 .3 1 ;  N , 8.27. Fo und: 
C , 7 1.2 9 ; H , 1 1 .4 2 , N , 8.19.

A lco h o l 3 had m p 10 7 -10 8 °; ir  ( C H C I 3 ) 3650 and 3250 ( N H , 
O H ) and 1050 c m ' 1  (C O ) ; n m r ( C D C 1 3) b 3 .9 1 (m , 1 , J a x  — 5, 
J b x  =  16 H z , C H O H ) ,  2.48 (d, 2, C H 2 N ), 1 .5  (m , 15 , C H ,  C H 2, 
N H 2, O H ); m ass spectrum  m /e  (rel in ten sity) 169 (2), 1 5 1  (6 ), 30 
( 100) .

A n a l. C a lc d  for C10H19NO: C , 70.96; H , 1 1 .3 1 ;  N , 8.27. F o u n d : 
C ,  70.74; H , 11.4 0 ; N , 8.04.

E s s e n t ia lly  the sam e procedure was em ployed when other a lco 
hols were used as solvents for the red uctio n of 1 .  Lesser q u a n titie s  
of 1  (generally 1 - 2  g) were used. A  d ry in g  tube was attached  to 
the app aratus when the solvent was anhyd ro us. A  control e x p e ri
m ent showed th a t the ratio  of 2 :3  was not s ig n if ic a n tly  a ltered 
d u rin g  the w ork-up and p u rifica tio n  procedures.

Reduction of 1 with Sodium Trimethoxyborohydride. T o  a 
solution of 1 (1  g, 0.006 m ol) in  25 m l of d ry  m ethanol was added
2.3 g (0.018 m ol) of sodium  trim ethoxyboro hydride in  one portion. 
T h e  m ix tu re  was stirred  for 12  hr, and th en  5 m l of 1 0 %  salin e  
was added, followed b y a few m in u tes of s tirr in g . T h e  solvents 
were rem oved under reduced pressure, the residue was extracted 
w ith C H 2 C I 2 , and then solvent was rem oved from  the dried  solu 
tion to y ie ld  crude alcohol product, 0.9 g (9 0 % ). G lp c  a n a ly s is  in 
d icated an  endo-exo ratio  of 93:7 for 2 :3 .

eredo-7-Acetamidomethy!bicyclo[3.3.1]nonan-3-one from 1. A  
m ixture of 1  (5 g, 0.03 m ol), anhydrous potassium  carbo nate ( 6  g, 
0.04 m ol), a n d  500 m l of d ry  benzene was cooled to 0 °. A cetyl 
chloride (5.3 g, 0.07 m ol) in  30 m l of d ry  benzene was added drop- 
wise w ith  s t irr in g  d u rin g  30 m in . T h e  m ix tu re  was then stirred  for 
1  h r  at 0 -1 0 °,  and then for 15  h r  at room tem perature. T h e  re su lt
ing so lid  was collected b y suctio n  filtra t io n  a n d  washed thorough
ly  w ith  hot benzene. T h e  filtra te  and benzene w ashings were co m 
bined and washed first w ith  1 0 %  K2CO3, next w ith  w ater, and 
then dried. R e m o v a l of benzene under reduced pressure gave a 
lig h t yellow  o il w hich  crysta llize d  on st irr in g  w ith  2 0  m l of petro
leum  ether (bp 6 0 -9 0 °). T h e  w hite so lid  was collected, washed 
w ith petroleum  ether, and rec rysta llize d  from  1 : 1  b enzen e-p etro 
leum  ether to give 4.2 g (6 8 % )  of the am id e : m p 1 1 3 - 1 1 4 ° ;  ir  
(K B r )  3310  (NH), 1700 (ketone), 1650 (am id e), and 1560 c m ' 1  

(NH); n m r (CDCI3) b 1.90 (s, 3, COCH3), 3.0 (t, 2, CH2N), 7 .13  
(s, 1 , N H ) .

A n a l. C a lc d  for C i 2 H i 9N 0 2: C , 6 8 .8 6 ; H , 9 .15 ; N , 6.69. Fo un d : 
C , 6 8 .8 6 ; H , 9 .2 1; N , 6.53.

endo,endo-7-Acetamidomethylbicyclo[3.3.1]nonan-3-ol. A  so
lu tio n  of the acetam ide of 1 (7 g, 0.033 m ol) in  70 m l of absolute 
m ethanol was cooled to 0 °. S o d iu m  borohydride (2.5  g. 0.067 m ol) 
was added d u rin g  10  m in . T h e  m ix tu re  was stirred  at ic e -b a th  
tem perature for 2 h r and then at room tem perature for 15  hr. 
A fter ad d itio n  of w ater (20 m l), the solvents were rem oved under 
reduced pressure, y ie ld in g  a clear o il w hich  so lid ifie d  upon a d d i
tion of 30 m l of water. T h e  so lid  was collected, dried, and repeat
ed ly crysta llize d  from  benzene to y ie ld  6 . 2  g (8 8 % )  of a w hite 
so lid: m p 16 5 -16 6 °; ir  (K B r )  3300-3100 (O H , N H ) , 1650 (am ide), 
and 1750 c m ' 1  (am id e); n m r ( C D 3 S O C D 3 ) S 1 .7 7  (s, 3, C O C H 3),
2.83 (broad s, 2, C H 2 N ), 4.0 (broad s, 1 , C H O H ) ,  4.27 (d, 1, O H ), 
7 .6 (b ro a d s, 1 , N H ) .

A n a l. C a lc d  for C i 2 H 2 i N 0 2: C ,  6 8 .21; H ,  10 .02; N , 6.63. Fo und: 
C , 68.44; H , 10 .2 1 , N , 6.56.

2 from Hydrolysis of the Acetamide of 2. A  suspension of the 
acetyl d e riva tive  of 2 (2 .1  g, 0 .01 m ol) in  200 m l of 1 0 %  N a O H  
was heated at reflux  u n t il com plete so lutio n  was a tta in ed  (1 .5  
hr). A fter an  a d d it io n a l 1 h r at reflu x , the m ixture  was cooled 
and extracted in  portions w ith  chloroform . R e m o v al of solvent 
from the com bined, dried  extract y ie ld ed  a clear o il w hich crys 
ta llize d  on standing. S u b lim a tio n  (80°, 0.3 m m ) gave 1 .3  g (7 7 % )  
of w hite so lid , m p 9 5 -9 6 °, w hich  was id e n tic a l (ir, nm r) w ith  2 
obtained from  1  and N a B H 4.

Reduction of I with Sodium and Alcohols. 1. Ethanol. In  a 
1 - 1 . f la sk  w ith  condenser and d ry in g  tube were p laced  1  ( 1 0  g, 0.06 
m ol) and 400 m l of absolute ethanol. T h e  so lutio n  was brought to 
reflux and kept there b y ad d itio n  of so d iu m  (16  g, 0.69 g-atom ) 
over a 2 -h r  period. W a ter (25 m l) was added and the vo latile  so l
vents were rem oved. T h e  residue was refluxed for 8  h r w ith  28 g of 
NH2OH-HCl and about 25C m l of 5 0 %  ethano l. T h e  ethanol was 
rem oved under reduced pressure, and 100 m l of 1 5 %  ca u stic  was 
added. A fter the solution was extracted w ith  CH2C12 in  portions, 
the d ried  extract was freed of solvent. T h e  residue was su b lim ed  
(80-85°, 0.3 m m ), y ie ld in g  4.5 g (4 5 % )  of 3. R e c ry sta lliz a tio n  from  
cyclohexane pro vided a pure sam p le : m p 1 1 4 - 1 1 6 ° ;  ir  (CHCI3) 
3600, 3250 (OH, NH), and 1050 c m ' 1  (CO); n m r (CDCI3) 5 2.46 
(d, 2, CH2N), 3.96 (m , 1, CHOH).

A n a l. C a lc d  for C10H19NO: C , 70.96; H , 1 1 .3 2 ; N , 8.28. Fo u n d : 
C , 70.70; H , 11.4 0 ; N , 8 .15 .
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2. I s o p r o p y l  A lc o h o l .  A  m ix tu re  o f  1  (3  g, 0 .018  m o l)  in  7 0 -7 5  
m l o f  d :ry  iso p ro p y l a lc o h o l w as w a rm ed  u n til so lu tio n  w as c o m 
p lete . S o d iu m  (4 .1  g) w as a d d e d  in  on e  p o rt io n , w h ich  ca u sed  the 
rea ction  m ix tu re  t o  re flu x  g e n t ly . A fte r  th e  in it ia l re a c tio n  h a d  
su b sid ed ' an  a d d it io n a l 2 g o f  s od iu m  a n d  25 m l o f  ¡-P r O H  w ere 
a d d e d . T h e  m ix tu re  w as k e p t  w arm  u n til a ll o f  th e  so d iu m  w as 
co n su m e  d  a n d  a  w h ite  p re c ip ita te  h a d  fo rm e d . W a te r  (50  m l) w as 
a d d e d  a n d  th e  so lv en ts  w ere re m o v e d . A n  a d d it io n a l 100 m l o f  
w ater w a s  a d d e d , a n d  th e  a q u eou s  so lu tio n  w as e x tra c te d  w ith  
C H 2C I2 i n p o rtio n s . E v a p o ra tio n  o f  s o lv e n t  le ft  2 .9  g o f  w h ite  so lid  
w h ich  w ais h e a te d  a t  re flu x  w ith  a  5 -m o la r  excess  o f  N H 2O H -H C l 
and  N aH C O .-j in  50%  e th a n o l ov ern ig h t. T h e  v o la t ile  so lven ts  
w ere r e m o v e d  a n d  th e  res id u e  w as m a d e  b a s ic  w ith  100 m l o f  33%  
ca u stic . T h e  b a s ic  so lu tio n  w as e x tra c te d  re p e a te d ly  w ith  
C H 2 CI2 . T h e  d ried  e x tr a c t  w as e v a p o ra te d  t o  g ive  a  w h ite  so lid , 
w h ich  was: su b lim e d  (8 0 -9 0 ° , 0 .2  m m ) t o  g iv e  1.5 g  (5 0 % ) o f  3 , m p  
115-117°. T h e  p ro d u c t  w as id e n t ica l (ir  a n d  n m r sp e c tra ) w ith  
th a t  ob ta ii ned from  th e  s o d iu m -e th a n o l re d u ct io n .

3 . te rt -1 3 u ty l A lc o h o l .  C o m p o u n d  1  (3  g, 0 .018 m o l)  w as d is 
so lved  in  1 200 m l o f  w a rm  ie r f -b u ty l  a lc o h o l. S o d iu m  (6 .2  g, 0.27 
g -a to m ) w  as a d d e d  in  tw o  eq u a l p o rt io n s  a t  1 -hr in terva ls . T h e  
rea ction  m  ix tu re  w as a g ita te d  w ith  gen tle  h ea tin g  u n til a ll o f  the 
sod iu m  w a s  c o n su m e d  (4 -5  h r ). A fte r  w ater  (4 0  m l) w as a d d ed , 
vo la tile  m a te r ia l  w as re m o v e d  u n d er  r e d u ce d  pressu re . W a ter  
( 1 0 0  m l) w a s  a d d e d  to  th e  residu e , a n d  th e  resu ltin g  so lu tion  w as 
ex tra cted  r a p e a te d ly  w ith  m e th y le n e  ch lo r id e . F o llo w in g  rem ov a l 
o f  so lven t, th e  w h ite , s o lid  resid u e  w as h e a te d  at re flu x  w ith  a 
1 0 -m o la r  ex cess o f  h y d ro x y la m in e  h y d ro ch lo r id e  a n d  so d iu m  b i 
ca rb on a te  i n  200 m l o f  50%  e th a n o l fo r  8 -9  hr. T h e  e th a n o l w as 
rem ov ed  u n d e r  re d u ce d  p ressure , a n d  th e n  50 m l o f  50%  N a O H  
an d  25 m l c if  w ater  w ere a d d e d . T h e  so lu tio n  w as e x tra c te d  r e 
p e a te d ly  w it h  m e th y le n e  ch lo r id e . T h e  c o m b in e d , d rie d  e x tra ct  
w as freed  o f  so lven t, le a v in g  a w h ite  so lid , w h ich  w as su b lim e d  
(85°, 0 .5  m m ) to  y ie ld  2 . 1  g (7 0 % ) o f  3 . C ry s ta lliz a t io n  fro m  c y c lo 
h exa n e  gave m a ter ia l m e lt in g  a t  1 1 5 -11 8°. T h e  ir a n d  n m r sp ectra  
w ere e ss e n t ia lly  id e n t ica l w ith  th o se  o f  th e  p ro d u c t  from  N a -  
E tO H  red u cti on .

H y d r o g e n a t io n  (NLC2H5OH) o f  1. 1. A t  100°. A n  a u to c la v e  
w as ch a rg ed  -w ith  1  (7  g, 0 .04  m o l) , R a n e y  n ick e l (1 0 -2 0  g ), an d  
100-125  m l o f ' a b so lu te  e th a n o l. T h e  re a c tio n  m ix tu re  w as a g ita t 
e d  a t  100° un c ler a h y d ro g e n  pressure  o f  18 00 -2 000  p s i fo r  a b o u t  24 
hr. T h e  c a t a ly s t  w as re m o v e d  b y  g ra v ity  filtra tio n  an d  w ashed  
w ith  a lco h o l. S o lv e n t  rem ov a l a ffo rd e d  an  in tra c ta b le , v iscou s  l iq 
u id . A fte r  a d d it io n  o f  ex cess  18%  HC1, e v a p o ra tio n  to  d ryn ess 
y ie ld ed  8 .4  g o f  w h ite  so lid . G lp c  an a lysis  (C a rb o w a x  2 0 M ), a fter 
con v ers ion  to  th e  free b a se , in d ica te d  th e  p resen ce  o f  4 a n d  5 
(3 9 -4 1 % ), 11c (4 9 -5 1 % ), a n d  an  u n id e n tif ie d  c o m p o n e n t  (8 -9 % ) . 
C o m p o u n d  4 vuas id e n t ifie d  b y  g lp c  p e a k  e n h a n ce m e n t  w ith  a u 
th e n tic  m a te r ia l . 1 3  C o m p o u n d  5 h a d  m p  13 1 -13 2 .5 ° a fter  p u r ifica 
t io n  b y  p re p a ra t iv e  g lp c  a n d  v a cu u m  su b lim a tio n  ( l i t . 1 3  m p
13 1 .5 -133 °). C o  m p o u n d  11 c, p u r ifie d  b y  p re p a ra tiv e  g lp c , h a d  b p  
250° (736 m m ) (u n co rre c te d , m icro  te ch n iq u e ); n2 iD 1.5090; n m r 
(C C U ) 8 1.0 (t, 3, C H 2 C H 3 ) ,  2 .58  (q , 2 , C H 2C H 3 ), 2 .75  (d , 2 , 
C H 2N ), 3 .0  (m , 1., C H N ), 1.67 (m , 13, rest o f  H ) .

Anal. C a lcd  f o r  C 1 2 H 2 i N :  C , 80 .38 ; H , 11 .81; N , 7 .81 . F o u n d : C , 
80 .51; H , 11 .71 ; H ,  7 .63.

1 1 cH C 1  h a d  m p  2 5 8 -26 0°.
Anal. C a lcd  f o r  C 1 2 H 22N C I: C , 66 .80 ; H , 10 .28; N , 6 .49 . F ou n d : 

C , 66 .56 ; H , 10.161 N , 6 .49.
2. A t  130°. T h e  p ro ce d u re  in  th e  p re ce d in g  se c tio n  w as fo llo w e d  

a t  130°. A fter  w o r k -u p , 6 . 6  g o f  h y d ro ch lo r id e  sa lt  w as o b ta in e d  
(from  5 g o f  1), w h ic h  w as tre a te d  w ith  ca u s tic . A fter  e x tra c tio n  
w ith  C H 2C I2 , s o lv e n t  re m o v a l from  th e  d rie d  e x tra c t  a ffo rd e d  a 
v isco u s  o il w h ich  tu rn ed  y e llo w  on  sta n d in g . G lp c  an a lysis  re 
v ea led  th e  fo l lo w in g  co m p o n e n ts  (%  co m p o s it io n ) : TV -ethyl-4-aza- 
h o m o a d a m a n ta n e  (5 0 -5 2 % ), u n id e n tif ie d  m a ter ia l (a b o u t  9 % ), 
a n d  a m ix tu re  o f  6  a n d  7 (3 9 -4 1 % ) in  a ra tio  o f  4 :96 .

C o m p o u n d  6  w a s  id e n t ifie d  b y  g lp c  p ea k  e n h a n ce m e n t  w ith  a u 
th e n t ic  m a ter ia l. (C o m p o u n d  7, p u r ifie d  b y  p rep a ra tiv e  g lp c  fo l 
low ed  b y  s u b lim a t io n  a t  6 0 -7 0 °  (0 .1  m m ), h a d  m p  6 9 .5 -7 1 .5 ° ; ir 
(C H C ls ) 3550, 3 3 5 0  (O H ), a n d  1050 c m - 1  (C O ) ; n m r (C D C I3 ) 8 

0.96 (t , 6 , C H 2C H >i), 2.21 (s , 1, e x ch a n g e a b le  w ith  D 2O ), 2.51 (q , 
4, C H 2 C H 3 ), 3 .95  ( m , 1, J AX =  5, J Bx  =  15 H z , C H O H ), 1.9 (m , 
rest o f  H ) ; m ass s p e c tr u m  m/e  (re l in ten s ity ) 22 (1 .4 ), 87 (1 3 ), 8 6  

(1 00 ), 58 (1 0 .3 ).
Anal. C a lcd  fo r  C 1 4 H 2 7 N O : C , 74 .61; H , 12 .08 ; N , 6 .2 1 . F ou n d : 

C , 74 .58 ; H , 11.88; 1st, 6 .22.
6  f r o m  lV -E t h y l -7 -a m in o m e t h y lb ic y c lo [3 .3 .1 ]n o n -3 -o n e .  T h e

synthesis  w as c a r r ie d  o u t  b y  a ce ty la tio n  (C H 3 C O C I -C 6H 6-  
C 5 H 5 N , ro o m  te m p e r a tu r e )  o f  th e  IV -ethyl d e r iv a t iv e 1 3  o f  1 , f o l 

low ed  b y  L iA lH 4 r e d u ct io n . G lp c  an a lys is  in d ica te d  th a t  6  an d  7 
w ere p resen t in  a ra tio  o f  72 :28 . T h e  e n d o  isom er  6  w as sep arated  
b y  p re p a ra tiv e  g lp c  a n d  th en  su b lim e d  u n d er  v a cu u m : m p  6 9 -  
70°; ir (C H C ls ) 3600 a n d  3300 (O H ), 1125 c m - 1  (C O ) ; n m r 
(C D C I3 ) 8 0 .99  (t, 6 , C H 2 C H 3 ), 1.53 (s , 1 , O H , e x ch a n g e a b le  w ith  
D 20 ) ,  2 .50  (q , 4, N C H 2C H 3 ), 4 .13  (m , 1 , J AX s  J BX =  3 H z, 
C H O H ); m ass sp e ctru m  m/e  (re l in te n s ity ) 225 (3 .5 ), 87 (1 3 ), 8 6  

(1 00 ), 58 (9 .9 ), 30 (8 .4 ).
Anal. C a lcd  fo r  C 1 4 H 27N O : C , 74 .61 ; H , 12.08; N , 6 .2 1 . F ou n d : 

C , 74 .35 ; H , 11 .87 ; N , 6 .16 .
7 f r o m  3 . C ru d e  3 (4  g ) from  th e  so d iu m -e th a n o l re d u ct io n  o f  1  

(4  g, 0 .023 m o l) w as d is so lv e d  in  30 m l o f  C H 2CI2 . A fte r  th e  a d d i
t io n  o f  2 ,6 -lu t id in e  (5 .35  g, 0 .05  m o l)  a n d  fresh ly  d is t ille d  e th y l i o 
d id e  (8 . 6  g, 0 .055 m o l) , th e  re a c tio n  m ixtu re  w as stirred  fo r  a b o u t 
8  hr at r o o m  tem p era tu re . S o d iu m  h y d ro x id e  (1 5% , 25 m l)  w as 
a d d e d , the  layers  w ere sep a ra ted , a n d  th e  b a s ic  p o r t io n  w as e x 
tra cted  w ith  severa l p o rt io n s  o f  C H 2CI2 . T h e  d ried , c o m b in e d  o r 
gan ic  fra c t io n  w as freed  o f  so lv e n t . T h e  d esired  p r o d u c t  w as se p a 
ra ted  fro m  th e  d ark  brow n  resid u e  b y  p rep a ra tiv e  g lp c . S u b lim a 
t io n  p ro v id e d  7 w h ich  w as id e n t ica l in  a ll resp ects  w ith  th e  co rre 
sp o n d in g  p ro d u c t  o b ta in e d  fro m  ca ta ly tic  h y d ro g e n a t io n  o f  1  at 
130°.

O x im e  o f  1. A  so lu tio n  o f  N a 2C 0 3  (2 .3  g, 0 .044  m o l) and  
IS ffib O H -H C l (3 .1  g, 0 .044 m o l)  in  20 m l o f  H 2 O w as re flu x ed  for  
5 m in  to  d ega s th e  so lu tio n . C o m p o u n d  1  (3 .7  g, 0 .022  m o l) in  20 
m l o f  95%  E tO H  w as a d d e d . A fte r  15 hr at re flu x , th e  so lven ts  
w ere r e m o v e d  u n d er  re d u ce d  pressure , a n d  th e  res id u e  w as e x 
tra cte d  w ith  h o t  b e n ze n e  a n d  p e tro le u m  e th er  (b p  3 0 -6 0 ° ) . T h e  
so lid  fro m  filtra tio n  o f  th e  co o le d , c o m b in e d  e x tra c t  w as recry s
ta llize d  from  b e n ze n e , 3 .4  g  (8 5 % ), m p  140 -14 1°. T h e  a n a ly tica l 
sa m p le  w as o b ta in e d  b y  su b lim a tio n  a t  9 0 -1 1 0 ° (0 .1  m m ) an d  re 
c ry sta lliza tio n  from  b e n ze n e , ir (K B r )  3 4 0 0 -3 2 0 0  (O H , N H ) a n d  
1665 c m - 1  (C N ) .

Anal. C a lcd  fo r  C i 0H 1 8 N 2 O : C , 65 .90 ; H , 9 .9 5 ; N , 15.37. F ou n d : 
C , 66 .16 ; H , 10 .08; N , 15.48.

1 2  f r o m  O x im e  o f  1. A  so lu tio n  o f  th e  o x im e  o f  1  (4 .3  g, 0.023 
m o l) in  60 m l o f  a b so lu te  e th a n o l w as d ega ssed  b y  b o ilin g  for  5 
m in . A fte r  h ea tin g  w as d is co n tin u e d , s o d iu m  (6  g, 0 .27  g -a to m ) 
w as a d d e d  so  as t o  m a in ta in  ra p id  re flu x . T h e  m ix tu re  w as then  
stirred  fo r  30 m in . W a te r  (30  m l) w as a d d e d , the  so lu tio n  was 
stirred  for  2 0 -3 0  m in , a n d  th e n  th e  co o le d  so lu tio n  w as ac id ified  
(litm u s) w ith  18%  H C1. A fter  th e  e th a n o l w as re m o v e d  u n d er re 
d u ce d  p ressure , th e  rem a in in g  a q u eou s  so lu tio n  w as b a s ifie d  w ith  
50%  ca u s tic . T h e  p ro d u c t  w as e x tra c te d  w ith  C H C I3 . R e m o v a l o f  
so lv en t from  th e  d ried  e x tra c t  u n d er  re d u ce d  pressure  p rov id ed  a 
so lid  w h ich  w as p u r ifie d  b y  s u b lim a tio n  at 4 0 -5 0 °  (0 .2  m m ) to  
y ie ld  2 .4 g (6 0 % ) o f  d ia m in e : m p  4 0 -4 2 ° ; ir (C H C I 3 ) 3500-3100 
(N H ) an d  1600 c m “ 1  (N H ); n m r (C D C I 3 ) 8 1.37 (s , 4, N H , e x 
ch a n g ea b le  w ith  D 2 O ), 2 .48  (d , 2, C H 2N ), 3 .02  (m , 1, C H N ), 1.4 
(m , rest o f  H ) . S in ce  th e  p ro d u c t  is v ery  sen sitiv e  t o  a tm osp h eric  
C O 2 , it  w as ch a ra cte rize d  as th e  d ib e n z a m id e  d e r iv a t iv e .

D ib e n z a m id e  o f  12. A fte r  fresh ly  su b lim e d  d ia m in e  12 (0 .52  g, 
0.003 m o l) w as d isso lv ed  in  20 m l o f  d ry  p y r id in e , 1 m l o f  b en zoy l 
ch lo r id e  w as a d d e d  d rop w ise  w ith  st irr in g . 7fhe so lu tion  w as 
stirred  a t  ro o m  tem p era tu re  for  15 m in  a n d  th e n  a t  6 0 -7 0 ° for  45 
m in . A fte r  th e  c o o le d  m ixtu re  w as p o u re d  in to  100 m l o f  w ater, 
the filte re d  so lid  w as recry sta llized  fro m  b e n ze n e , a ffo rd in g  0.74  g 
(7 0 % ) o f  th e  d ib e n z a m id e : m p  2 0 8 -2 0 9 °; ir (K B r )  3300 (N H ), 1650 
( C = 0 ) ,  a n d  1550 c m - 1  (N H ); n m r (C D C I 3 ) 8 3 .26  (t, 2, C H 2N ), 
4 .43  (b ro a d  s, 1, C H N ), 6 .10  (b ro a d  d , 1, N H ) , 6 .63  (b ro a d  m , 1, 
N H ), 7.41 (m , 5, A r ), 7 .80  (m , 5, A r ).

Anal. C a lcd  fo r  C 24H 28N 2 O 2 : C , 76 .55 ; H , 7 .5 1 ; N , 7 .44 . F ou n d : 
C , 76 .45 ; H , 7 .54 ; N , 7 .50.
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Studies Related to the Conversion of 9,10-Anthraquinones to Anthracenes

Thomas R. Criswell and Bruce H. Klanderman*

R esea rch  L a b o ra to ries , E a stm a n  K o d a k  C o m p a n y , R o ch es te r , N ew  Y ork 14650  

R e c e iv e d  A u g u s t  24, 1973

A  fa cile  m ethod for the conversion of ce rta in  9 ,10 -a n th ra q u in o n e s to anthracenes via  successive heterogeneo us 
alco h o lic  sodium  borohydride red uctio ns and dehydrations has been developed. S everal h a lo - and m e t h y l-s u b 
stitu ted  anthracenes have been prepared b y th is  procedure and the interm ed iate  9 ,10 -d ih y d ro x y -9, 10 -d ih y d i'o - 
anthracenes and anthrones have been isolated and characterized . I r  and nm r spectroscopy have been em plo y ed 
for d eterm in atio n  of the isom er d istr ib u tio n  of 9 ,10 -d ih yd ro x y-9 ,10 -d ih yd ro a n th ra ce n es and u n sym m e trica  l ly  
su bstitu ted  anthrones.

The reduction of an appropriately substituted anthra- 
quinone provides a potential route to many anthracene 
derivatives which are otherwise difficult to obtain. We 
wish to report that sodium borohydride in a lower alcohol 
is an effective reagent for this purpose. The intermediates 
formed during this reduction have been identified and 
their conformational and keto-enol relationships studied.

Sodium borohydride reduction of anthraquinones in di- 
glyme under widely different reaction conditions has been 
reported. In one instance,1 the difficult-to-purify products 
contained boron, whereas anthrahydroquinone was the 
product reported in the second case.2 Later investiga
tors3-4 claimed 35-50% yields of anthracenes for the re
duction of the corresponding anthraquinones in refluxing 
sodium borohydride-diglyme solutions. Evidence was also 
given for the formation of some anthracene derivatives 
(50-70%) when the reduction was run in the presence of 
boron trifluoride or aluminum chloride. Under these con
ditions, anthraquinone gave a mixture of anthracene and
9.10- dihydroanthracene. More recently,5-6 sodium borohy
dride in methanol has been used to obtain 9,10-dihydroxy -
9.10- dihydroanthracenes from the corresponding anthra
quinones. Reductions wherein lithium aluminum hydride 
has been used have given conflicting results.7-8

We have found that a three-step procedure involving 
two reduction-dehydration sequences using sodium boro
hydride in methanol or 2-propanol converts many an
thraquinones (1) to anthracenes (5) in a straightforward 
fashion, via the successive formation of 9,10-dihydroxy -
9.10- dihydro intermediates,, anthrones, and 9-hydroxy -
9.10- dihydro intermediates. The steps are schematically 
represented wherein X  represents one or more substitu
ents on either or both end rings.

5

Procedures described in the Experimental Section have 
been generalized and represent a skeletal framework from 
which one can adapt procedures for sp ecific anthraqui
nones. Table I lists the pertinent data for a number of an
thraquinones. An additional specific p rocedure for the 
synthesis of 1,4-dimethoxyanthracene (5 j) is included, be
cause the literature preparation9 for 5j is not readily re
producible in our hands. Compound 5j has been shown to 
be a useful diagnostic tool for detectin g the presence of 
benzyne intermediates,10 and satisfactory yields are not 
obtained by the general stepwise procedure discussed 
above.

The yield of 9,10-dihydroxy-9,10-dihydroanthracene (2a) 
was lower than the yields for 2 from s ubstituted anthra-
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Table ISodium Borohydride Reduction of Anthraquinones. Yields and Melting Points of Isolable Compounds
9,I0-Dihydroxy-9,10-

------ dihydroanthracene (2)----- - ✓---------------Anthrone (3)---------------> ,----- ------ Anthracene (5)------
Anthraquinone (1) Yield, % Mp, ° C a Yield, % Mp, °C Yield, %  Mp, °C

H (a) 65 158-1656 93 158-170' 78 213-2154
2-Methyl (b) 95 165-176' 54 116-124/ 24 206-207»
1,4-Dimethyl (c) 87 195-215* n.r.
2,7-Dimethyl (d) 88 195-197' 83 185-194* 94 233-235»
1-Chloro (e) n.r.
2-Chloro (f) 84 178-184' 97 184-189* 30 219-220'
1,5-Dichloro (g) 90 215-220“ 82 175-178“ 67 178-181'
1,8-Dichloro (h) 88 180-189p 98 223-233" 47 151-160'
l^ S ^ e^ -H exa ch loro3 (i) 84 230-235' n.r.
1,4-Dimethoxy (j) 95 141-143' 52 127-170' 62 134-136“

“ There is frequent disparity of melting points for 2 between the literature and the reported values in Table I, as well as 
between published reports. This may be due to the presence o f varying proportions o f cis-trans mixtures. See footnotes g and i. 
b Lit. mp 195°: C. Dufraisse and J. Houpillart, C. R. Acad. Sci., 205, 740 (1937). c Lit. mp 163-170°: W. R. Orndorff and 
C. L. Bliss, Amer. Chem. J ., 18, 453 (1896). d Lit. mp 218°: E. Clar, “ Polycyclic Hydrocarbons,”  Vol. 1, Academic Press, 
New York, N. Y., 1964, p 290. ' Satisfactory microanalytical data were obtained for this new compound. 1 Lit. mp 100°: H. 
Limpricht, Justus Liebigs Ann. Chem., 314, 237 (1900). " Lit. mp 203°: E. Bornstein, Ber., 15, 1820 (1882). h Lit. mp 241- 
242°: Y. Lepage, Bull. Soc. Chim. Fr., 1759 (1961). ' Lit. mp 171°: F. Mayer and H. Gunther, Ber., 63, 1455 (1930). ‘ L it .  mp 
240°•. V. L. Kravtsov, U kr. K h im . Zh., 29, 957 (1963). * Lit. mp 156°: E. B. Barnett and M. A. Matthews, J . Chem. Soc., 123, 
2549 (1923). 1 Lit. mp 215°: H. Schilling, Ber., 46, 1066 (1913). "  Cis isomer lit. mp 205-209°; trans isomer lit. mp 220-224° 
(ref 12). See also ref 11. n Lit, mp 178-180°: A. Eckert and R . Poliak, Monatsh. Chem., 38, 11 (1917). ° Lit. mp 185°: foot
note l. v Trans isomer lit. mp 160° yellow, 176° dec; cis isomer lit. mp 215° dec (ref 5). » l,8-Dichloro-9-anthrone lit, mp 167°: 
footnote k. 4,5-Dichloro-9-anthrone lit. mp 198°: E. B. Barnett, J. W. Cook, and M. A. Matthews, Reel. Trac. Chim. Pays- 
Bas, 45, 68 (1926). r Lit. mp 156°: footnote l. s Preparation similar to that of N. S. Dokunikhin, Z. Z. Moiseeva, and V. A. 
Mayatnikova, Zh. Org. Khim ., 2, 516, (1966). 1 Lit. mp 192° (ref 9). Value corrected to 152-153°: Y . Lepage, Ann. Chim. 
(Paris), 4, 1137 (1959). Compound 2j was obtained via the stepwise reduction procedure outlined in the Experimental 
Section. A specific preferred preparative scheme for compounds 3j and 5 j is also contained in the Experimental Section and 
the data for these compounds are included in Table I. “ Lit. mp 137° (ref 9).

quinones but notably higher than that from LiAlH4 reduc
tion .8 The synthetic advantage of sodium borohydride 
over LÌAIH4 is further indicated by the 1,5-dichloroan- 
thiaqUYnoYie reduction sequence. A 59% yield of 2 g was 
obtained1 1  by LiAlH4 reduction (20 days) of lg , while the 
sodium borohydride method gave 2g in 90% yield in 24 hr. 
The Meerwein-Ponndorf reduction of 1 to 2  occurs with 
poorer yields12 than those realized via sodium borohydride 
reduction. Also, the identity of the Meerwein-Ponndorf 
reduction product varied with the aluminum alkoxide 
used with a given anthraquinone. However, the Meer
wein-Ponndorf reduction of le  to 2e was successful, 
whereas 2 e could not be prepared via the sodium borohy
dride method despite several attempts. Compounds 2c 
and 2i could not be dehydrated to 3, possibly for steric 
reasons. Thus the sodium borohydride reduction of an- 
thraqumones described above may be the method of 
choice for the synthesis of some substituted anthracenes, 
but other reduction methods such as the zinc and ammo
nium hydroxide reduction may be preferable for other 
substituted anthracenes. 1 3 ’14 The nature and position of 
substituents seem to have a large effect upon the relative 
merits of a given method.

We have studied the isomeric distribution and the 
axial-equatorial conformation of the hydroxyl groups of 2 , 
as well as the position of the keto-enol equilibria of 3. 
Compound 2 can be considered a dibenzo-l,4-cyclohexa- 
diene and as such exists in the boat conformation with 
quasi-axial and equatorial hydroxyl groups.5 *1 5 ’16 The 
first treatment of the conformation of 2  employed infrared

analysis of C -0  stretching frequencies to assign hydroxyl- 
group orientation.5 Absorption at 1030-1060 cm - 1  was as
signed to equatorial hydroxyl groups and absorption at 
960-1000 cm - 1  to axial hydroxyl groups.5 Initially, we at
tempted to correlate the C -0  stretching frequencies as 
was done previously, 5 but our conclusions were inconsist
ent. A more recent report14 mentions the use of the O-H 
stretching region of infrared spectra for stereochemical 
analysis. Intramolecular hydrogen bonding indicative of 
cis isomers was evidenced by lower frequency broad ab
sorption, compared to higher frequency, less broad ab
sorption for nonhydrogen-bonded hydroxyl groups of trans 
isomers. We then used the O -H  stretching frequencies for 
primary stereochemical assignments, reinterpreted the 
C -0  stretching frequency assignments, and refined the 
assignments by use of the nmr data as described in the 
following.

The O-H  stretching region of the infrared spectra, ob
tained from KBr pressings, was used to determine the 
presence of hydrogen bonding16 which in turn indicated 
the presence of diaxial hydroxyl cis isomer, the only iso
mer in which hydrogen bonding (intramolecular) could 
occur between the hydroxyl groups. Absence of hydrogen 
bonding indicated trans isomer because of the impossibili
ty for intramolecular hydrogen bonding. Intramolecular 
hydrogen bonding would also be impossible for a diequa- 
torial hydroxyl cis isomer; however, ring conversion would 
give the equally or more stable diaxial hydroxyl cis iso
mer, especially for those compounds containing peri sub
stituents. The nmr spectra were then used in a more 
quantitative fashion to indicate the distribution of isomers 
in solution. A degree of uncertainty is inherent in the in
terpretation of the nmr spectra in the sense that assign
ment of the 9,10-proton absorptions to specific isomers is 
not readily possible, but the larger absorption in each case 
was given the same assignment as that obtained from the 
infrared spectra. A detailed discussion of the spectra fol
lows, along with additional comments on the spectral cor
relations and assignments.
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Table IINmr* and Ir6 Data for 2
9,10 Protons

after D>0 M ajor Infrared Assignment for
Compd Aromatic protons 9,10 Protons 9,10 H ydroxyl protons addition0 isomer, %  absorptiond major isomer'

2ae 2.40-2.91 (m, 8) 4.80 (s, 2) 4.47 (broad s, 2) 4.47
4.73

(s, 0.18) 
(s, 1.82)

91 3220 (s, broad) 
1030 (s)

Cis

2b 2.31-2.96 (m, 7) 4.42
4.69

(s, 0.55) 
(s, 1.45)

3.82 (broad s, 2) 4.42
4.69

(s, 0 .-55) 
(s, 1.45)

73 3250 (s, broad) 
1030 (s)

Cis

2c 2.36-2.95 (m, 6) 4.35 (broad s, 2)f  4.67 (broad s, 2)° 4.33 (s, 2 ) 100 3330 (s, broad) 
1040 (m)
990 (s)

Trans

2d 2.47-2.98 (m, 6) 4.47
4.73

(s, 0.36) 
(s, 1.64)

3 .91 (broad s, 2) 4.47
4.71

(s, 0.36) 
(s, 1.64)

82 3220 (s, broad) 
1030 (s)
1000 (w)

Cis

2f 2 .42-2 .87  (m, 7) 4.51
4.76

(s, 0.25) 
(s, 1.75)

3.71 (broad s, 2) 4.51
4.76

(s, 0.25) 
(s, 1.75)

88 3260 (s, broad) 
1035 (s)
990 (w)

Cis

2g 2,33-2.65 (m, 6) 4.18 (quartet, 4) 4.38 (s, 2) 100 3310 (s, broad) 
985 (s)

Trans

2h 2.33-2.71 (m, 6) 3.55
4.15

(d, 1) 
(d, 1)

3.45 (d, 1) 
4.30 (d, 1)

3.55
4.15

(s, I )6 
(s, 1)

100 3430 (s, broad) 
965 (s)

Trans

2i 2.22 (d, 2) 4.23
4.31

(s, 1.25) 
(s, 0.75)

5.70 (s, 0.75)
5.71 (s, 1.25)

4.19
4.28

(s, 1.25) 
(s, 0.75)

63 3420 (s, broad) 
990 (s)

Trans

2j 2.36-2 .76  (m, 6) 4.23 (t, 2) 4.84 (t, 2) 4.19
4.27

(s, 1.50) 
(s, 0.50)

75 3380 (s, broad) 
985 (s)

Trans

0 Chemical shift in r units vs. TM S, D M S0-d6 solvent (25 0 unless otherwise specified) with TM S or hexamethyldisiloxane 
(HMDSO) used as internal reference. fc Infrared absorption in cm “ 1. c Addition of D 20  caused elimination of 9,10-hydroxyl 
proton resonance a&ompanied by appearance of a DOH resonance in the range r 6.2-7.0 and did not alter aromatic proton 
chemical shift, d All OH absorption indicates some hydrogen bonding, because the infrared spectra were obtained in the solid 
state. The differences observed and assignments made relate, therefore, to relative amounts and types (intramolecular vs. 
intei’molecdlar) o f hydrogen bonding. ‘ Nmr spectra obtained at 110°. f  Coalesced triplet character. “ Coalesced doublet 
character. h The 9- and 10-proton absorptions for this compound are nonidentical because of the peri Cl location; therefore, 
the two absorptions do not represent two isomers. The nmr of 1,8-dichloroanthracene shows the 9 and 10 protons at r 0.99 and 
1.36, respectively.

The infrared spectra for 2a, 2b, 2d, and 2f showed 
broad O -H  stretch absorption centering below 3300 cm -1 
(see Figure 1 and Table II), indicative of cis isomers. 
Trans isomers were assigned to 2c, 2g, 2h, 2i, and 2j 
based on somewhat less broad absorption centering above 
3300 cm -1 . Obviously, smaller amounts of the other iso
mer in each case could not be ruled out for these com 
pounds in the solid state based on the infrared spectra. 
The spectrum for 2g shows a significant shoulder absorp
tion below 3300 cm “ 1 and may indicate intramolecular 
hydrogen bonding of the equatorial hydroxyl with the peri 
chlorine, especially since one hydroxyl of the trans isomer 
must be equatorial. For 2h, the equatorial hydroxyl need 
not be near the peri chlorines, and no hydrogen bonding is 
indicated. Because of the inconsistencies with the litera
ture concerning the assignment of C -0  absorptions as 
noted above, the appropriate regions of the infrared spec
tra were examined. Interestingly, with one exception (2c), 
a direct correlation, different from that postulated pre
viously,® existed between the cis and trans assignments 
and the position of absorption in the 1000 cm “ 1 region. 
The compounds given cis assignments (2a, 2b, 2d, and 2f) 
showed strong absorption between 1020 and 1050 cm “ 1 
and little or no absorption between 960 and 1000 cm -1 , 
whereas the compounds given trans assignments (2c, 2g, 2h, 2i, and 2j) gave strong absorption between 960 and 
1000 cm “ 1, and 2c showed additional significant absorp
tion between 1020 and 1050 cm -1 . In light of the rather 
good correlation, the absorption in the 1000-cm-1 region 
may indicate the “ depth” of the boat conformation as re
flected in the C -C -0  absorption. Thus, for cis isomers the 
boat form would be “ deeper”  with the ends drawn some
what closer due to hydrogen bonding.

Table II gives the nmr data for compounds 2. The rela
tive shapes and areas of the 9,10-proton absorption and
9,10-hydroxyl proton absorption coupled with the changes 
observed with the addition of deuterium oxide were useful

in obtaining a more quantitative estimate of the relative 
amounts of cis and trans isomers. Usually, the spectra of 
the samples treated with deuterium oxide were simpler to 
evaluate because of the elimination of 9,10-hydroxyl pro
ton absorption. Compounds 2a, 2b, 2d, and 2f were com 
posed of 73-91% cis isomer. The parent compound (2a) 
with no substituents had 91% cis isomer, compared with
72-88% for the /3-substituted compounds (2b, 2d, and 2f). 
These observations are in good accord with the comple
mentary observations of Cristol and coworkers,16 who re
ported cis diol as the major product for sodium borohiy- 
dride reduction of some anthraquinones with no peri sub
stituents. A similar correlation was observed for the dihy- 
droxydihydro compounds (2c, 2g, 2h, 2i, and 2j) formed 
from anthraquinones with peri substituents; trans isomers 
were obtained as 63-100% of the product. The intermedia
cy of oxanthrones (6) or the corresponding boron esters, as

H ^ ^ O Hoco
0
6

suggested by Cristol,16 and the subsequent stereochemical 
control by peri substituents nicely explain the stereo
chemistry of the major product. Note that for the 1,8-di- 
chloro compound, the high stereoselectivity can be ob 
tained only if the carbonyl group peri to the chlorines is 
reduced first. These arguments assume that isomeriza- 
tions (via a dihydroantareny 1 cation) have not occurred 
appreciably during work-up conditions.

Anthrones (3) are known to exist in solution as keto- 
enol equilibrium mixtures. The nmr results in Tabje III 
show the keto-enol ratios obtained in deuterated dimethyl 
sulfoxide and chloroform at the indicated temperatures.
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Table III Nmr‘ Data for 3
Methylene proton

Compd Temp, °C Solvent Aromatic proton resonance6 resonance c Keto:enol ratio

3a 1 1 0 DMSO-d6 1.62-2.77 (m, 9.2) 5.75 (s, 0.8) 40:60
25 CDCb 2.42-3 .58  (m, 8.4) 6.55 (s, 1.6)«* 80:203b 25 DMSO-de 1.55-3.19 (m, 8.5) 5.16 (s, 0.5) 25:75
25 CDCb 1.73-3.42 (m, 8.6) 5.42 (s, 0.4) 20:803d 25 DMSO-d6 1.76-3 .36  (m, 7.4) 5.36 (s, 0.6) 30:70
25 CDCb 1.77-3.39 (m, 7.4) 5.42 (s, 0.6) 30:703f 25 DMSO-rfe 1 .51-4.27 (m, 8.6) 5.09 (s, 0.4) 20:80
25 CDCb 1.67-3.29 (m, 8.5) 5.31 (s, 0.5) 25:753g 25 DMSO-d6 1.24-2.80 (m, 7.5) 4.89 (s, 0.5) 25:75
25 CDCb 1.25-2.83 (m, 7.6) 5.86 (s, 0.4) 20:803h 110 DMSO-cb 1.52-2.95 (m, 7 .5 )e 5.91 (s, 0.30) 15:85
55 CDCb 1.82-3.02 (m, 7 .0 ) / 5.98 (s, 1.0) 50:503j 25 DMSO-d6 2.40-3 .29  (m, 7.0) 4.89 (s, 1.0) 50:50
25 CDCb 2.18-3 .30  (m, 6.9) 4.86 (s, 1.1) 55:45

a Expressed in r units. 6 Addition of D 20  did not in general change aromatic proton resonances. Addition o f D 20  caused 
elimination of methylene proton (in equilibrium with the enol form) resonance accompanied by the appearance of a resonance 
due to DOH in the range r 5.71-7.05. d Addition of D 20  caused diminution of the intensity of the methylene proton resonance 
accompanied by the appearance of a resonance due to DOH. e In the aromatic region, a multiplet centered at r 1.60 (1.0 
peri H) was assigned to the 10-OH isomer, a multiplet centered at r 1.96 (0.5 peri H) was assigned to the 10-keto isomer, and 
a broad singlet at t 1.52 (0.5 H) was assigned to the 9 H of the 10-OH isomer. Addition o f D aO caused elimination of the 
latter peak. > In the aromatic region, a multiplet centered at r 1.92 (1.0 peri H) was assigned to the 10-keto isomer.

Compounds for which the spectra could be obtained at 
the same temperature in both solvents’ exhibit keto-enol 
equilibria ratios that are approximately the same in both 
solvents for a given compound. However, temperature 
seems to affect the equilibrium position markedly (3a and 
3h). One compound, 3h, is particularly interesting be
cause two different keto and two different enol forms can 
arise from the dehydration of 2h. Chart I indicates the ap
proximate amount of each isomer present in each solvent, 
based on assignments made with the nmr data in Table 
HI and the footnotes. (The spectra are somewhat ambigu
ous and the assignments are the most reasonable consis
tent with certain requirements, for example, the same 
ratio of structural isomers for each solvent.) Note that one 
keto form and both enol forms exist in significant 
amounts for each solvent. The favorable effect of hydrogen 
bonding for the 9-hydroxyl form is thus demonstrated by 
the absence of the 9-keto form. Peri substitution has some 
effect on the mode of dehydration for 2h to 3h as is evi
denced by the ~ 1 :2  ratio of 9- and 10-substituted an- 
thrones (3h).

Chart I
Cl 0  Cl 9 h h  9

O O à ò ò
H ^ H

0
DMSO-d6 /~ 0% - 20%
CDCI3 ~ 0% -50%

Cl OH Cl Cl H Cl

é ò ò

H OH
DMSO-d6 -30% -50%
CDCb -30% - 20%

Error: ± 10

Experimental Section
N m r  spectra were determ ined w ith  a B ru ke r sc ie n tif ic  H X -9 0  

spectrom eter in  D M S O -d 6 or C D C I 3  w ith  T M S  or H M D S  (hex- 
am eth yld is ilo x a ne) as in tern a l reference, and a ll va lu e s are nor-
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m alize d  w ith respect to T M S .  In frared  spectra were determ ined 
w ith  a B e ck m a n  I R - 1 2  spectrophotom eter; K B r  pressings (solid  
state) were used because m ost of the m ateria ls  were not soluble in  
good solvents for infrared studies.

Generalized Procedure for Anthraquinone Reductions. 1.
9,10-Dihydroxy-9,10-dihydroanthracenes. A n  anthraquinone 
(0 .0 8 -0 .10  m ol) was p laced  in  m ethanol (400-500 m l) and the re
s u ltin g  suspension was stirred  w hile cooling to 0 -5 °  w ith  an  ice 
b ath. S o lid  sodium  borohydride ( 1 3 - 1 5  g, 0 .35-0 .4 0  m ol) was 
added in  s m a ll portions to the suspension at su ch  a rate as to 
prevent a tem perature rise (30-60 m in ). D u rin g  continuous s t ir 
rin g  at 0 -5 °  (2 -4  hr), the reaction m ix tu re  assum ed an orange 
color and becam e n early  homogeneous, and often a w hite m ateria l 
p re cip itated . T h e  reaction m ix tu re  was poured into an  ice -w a ter 
m ixture  and stirred . T h e  w hite p recip itate  w hich form ed was col
lected, thoroughly w ashed w ith water, and a ir  dried, y ie ld  of 
pro duct 8 0 -9 0 % .

2. Conversion of 9,10-Dihydroxy-9,10-dihydroanthracenes to 
Anthrones. A  suspension of 4 g of 9 ,10 -d ih y d ro x y -9 ,10 -d ih y d ro a n - 
thracene in  hot 5 N  H C 1  (12 5  m l) was stirred  for 3 -6  hr. T h e  
w hite, suspended m ateria l g ra d u a lly  assum ed a yellow  color. T h e  
anthrone was collected b y filtra tio n , thoroughly w ashed w ith 
water, and d ried . R e c ry sta lliz a tio n  or tr itu ra tio n  afforded m a te ri
a l of greater p u rity , y ie ld  of anthrone 8 0 -9 5 % .

3. Conversion of Anthrones to Anthracenes. A n  anthrone 
(0 .0 8 -0 .10  m ol) was suspended in  2-pro panol (400-500 m l). After 
ad d itio n  of so d ium  borohydride (0.40-0.90 m ol), the reaction m ix 
ture was refluxed w ith  s tirr in g  for 2 4 -3 6  hr. T h e  reddish-brow n 
reaction m ixture was poured w ith s tirr in g  into ice w ater w hich 
had been purged w ith nitrogen. In  m ost instances, p re c ip itatio n  
of the desired anthracene occurred. A d d it io n  of d ilu te  acid  was 
necessary in  some instances in  order to decompose unreacted so
d iu m  borohydride and to induce p re c ip itatio n . T h e  yellow  solid 
was collected, washed thoroughly w ith  water, and a ir  dried. T h e  
d eh yd ratio n  of 4 is spontaneous under the reaction conditions, 
y ie ld  of crude anthracene 4 9 -8 0 % . A p p ro priate  rec rysta lliza tio n  
was necessary for p u rifica tio n  (ethanol or d ich lo ro m e th a n e -m e th - 
anol).

1.4- Dimethoxyanthraquinone (lj). Q u in iz a r in  (100 g, 0.42 
m ol), m eth yl p -to luenesulfonate (220 g, 1 .18  m ol), and sodium  
carbonate (70 g, 0.66 m ol) were com bined in  o-d ichlorobenzene 
(1.6  1.) and gently refluxed for 20 hr. T h e  reaction m ix tu re  was 
allow ed to cool to 9 5 -10 0 °, at w hich  tim e w ater (100 m l) was 
added dropwise ( 5 -1 0  m in ). T h e  m ix tu re  was steam  d ist ille d  to 
rem ove the solvent, and the p rec ip itate  w hich form ed was co llect
ed b y filtra t io n  and recrysta llize d  from ethanol, y ie ld  8 7 .1  g 
(7 8 % ) , m p 1 7 1 - 1 7 3 °  ( l it .17 m p 1 7 1 °) .

1.4- Dimethoxyanthracene. T o  a m ixture  of 50 g of 1 ,4 -d i-  
m ethoxyanthraquino ne in  750 m l of d ig lym e at 5 ° was added so
d iu m  borohydride (30 g) in  portions (15  m in ), and the m ixture 
was stirred  at 5 - 1 5 °  for 1.7 5  h r (total) before it  was added to a p 
p ro xim a te ly  2.5 1. of ice water. A n  ether la ye r was added, and 200 
m l of acetic acid  was then added ca refu lly . T h e  reaction m ixture 
(ap p ro xim ate ly  4 1.) was heated on a steam  b ath  for 4 hr. M u ch  
b u b b lin g  occurred as the m ixture was heated (at about 50°), and 
an orange precip itate  began to form . T h e  m ix tu re  was cooled

overnight, and the orange p recip itate  was filtered off, washed, 
and dried  to give 24.5 g (5 2 % ) , m p 1 2 7 -1 7 0 °,  of 1 ,4 -d im e th o x ya n - 
throne.

T o  a m ixture of 24.4 g of the anthrone in  375 m l of d ig lym e at
5 -1 0 °  was added sodium  borohydride (15  g). T h e  m ixture  was 
stirred  at 5 - 1 5 °  for 2 h r before it  was added to a pp ro x im ate ly  2.0
1. of ice water. A n  ether la ye r was added, and 125  m l of acetic 
acid  was then added ca refu .ly . T h e n  50 m l of concentrated hydro
ch lo ric  a c id  was added, and the m ix tu re  was stirred  at room tem 
perature for 2 hr. T h e  yellow  p recip itate  was rem oved b y f ilt r a 
tion and w ashed w ith w ater to give 20.7 g, m p 1 2 7 -1 3 2 ° .

R e c ry sta lliz a tio n  and p u rifica tio n  were effected b y  d isso lv in g  
the crude product in  100 m l of m ethylene ch lo rid e  and a d d in g  400 
m l of m ethanol dropwise. T h is  m ixture  was cooled and a yellow  
product was obtained (14  g, 6 2 % ) , m p 1 3 4 -13 6 °.
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2 -A z id o -3 -v in y l-l,4 -q u in o n e s  (1) th e rm a lly  undergo a facile  ring  closure to indolequinones (2). T h e  syn th etic  
u t ilit y  of th is  reaction is  illu stra te d  in  the synthesis of l,2 ,5 ,10 -te tra h y d ro -3 if-p y rro lo [l,2 -a ]b e n z o [/] in d o le -5 ,10 - 
dione (12 ), the naphthoquinone analog of the m itosene rin g  system . T h e  m echanism  of the th erm a l ring  closure 
is  also d iscussed and, based upon k in e tic  data, a concerted process is  suggested.

Azidoquinones are uniquely versatile synthetic reagents 
which are easily prepared and relatively stable under nor
mal laboratory conditions. They are penultamate precur
sors to a large variety of other compounds, e.g., a-cyanoal-

kylidene-A“ ’£-butenolides,3 2-cyano-4-cyclopentene-l,3 
diones,4 azepine-2,5-dion3S,5 diacyl cyanides,6 3-cyano-2 
aza-l,4-quinones,7 aminoquinones,8 cyanoketenes,9 4-ace 
foxy  -1,2-quinone-2-( W-acetyl) imines,10 trans, trans-1,4-
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diacetoxy-a's,cis-l,4-dicyano-l,3-butadienes10 and 2-al- 
kenyl-2,3-dihydroindole-4,7-diones.1:L Reported here are the 
results of an investigation of the thermal decomposition of
2-azido-3-vinyl-l,4-quinones (1), a reaction giving high 
yields of indolequinones (2). This transformation consti
tutes a new nonoxidative route to indolequinones, a ring 
system whose synthesis has been dominated by the Fremy 
salt (potassium nitrosodisulfonate)12 oxidations of var
iously substituted hydroxy and aminoindoles.13 Unfortu
nately, such substituted indoles cannot be obtained in 
good yields by any published methods and, of course, no 
substituents can reside on the indole nucleus which are 
labile to the oxidative conditions employed. These disad
vantages are circumvented by the nonoxidative thermal 
ring closure of the 2-azido-3-vinyl-l,4-quinones (la-f) re
ported here.

Synthetic Scope. Thermolysis of the azidoquinones 
(la-f) in refluxing benzene results in their smooth trans
formation to the respective indolequinones (2a-f) 
(Scheme I). In most cases these products precipitate from 
the cooled reaction solution in good to excellent yield and 
in a high state of purity.

The structures of the indolequinones (2a-f) are based 
primarily upon their analytical and spectral properties 
which are in good agreement with their formulations (Ex
perimental Section). Their ir spectra show particularly 
characteristic absorptions at 3400 cm -1 (NH) and 1675 
and 1645 cm -1 (C = 0 ) ,  and their nmr spectra show the 
proper absorptions and proton counts.

Interestingly, these ring closures can also be accom
plished under photolytic or acidic conditions. Photolysis 
of benzene solutions of the azidoquinones (la, lb, and Id) 
with 3600-Â light gave the respective indolequinones (2a, 
2b, and 2d). None of these reactions was allowed to go to 
completion since the precipitated product nearly filled the 
reaction tube after a few hours. However, if the recovered 
starting material is taken into account, the yields are 
nearly quantitative. When the quinones (la, lb, and Id) 
were decomposed in concentrated sulfuric acid at 0° the 
corresponding indolequinones (2a, 67%; 2b, 93%; and 2d, 
24%) were again isolated. This was a most unanticipated 
result since a ll other azidoquinones thus far studied rear
range under such acidic reaction conditions to y-cyanoal- 
kylidene-Aa’®-butenolides.3 The mechanism of the forma
tion of indolequinones under these acidic conditions is not 
clear. However, based upon analogy with the mechanism 
of butenolide formation3 the following sequence involving 
the intermediate iminodiazonium ion (3) is envisaged.

Scheme I

0

ch3

The synthesis of indolequinones as described herein is 
of particular utility since the starting materials are readi
ly available. Several routes are reported for the cons:ruc
tion of vinyl substituted quinones and hydroquinones;14

1

R, Rj
2a —CH3 
2b -CH2CH2CH3 
2c -CK/CH^CH,
2d -C 6H5
2e -  CH2 —(CH2h-OCOCH3 
2f -C 6H5

-C H =C H C H =C H - 
—CH==CHCH=CH—
—CH=CHCH=CH—
—CH=CHCH=CH -  
—CH =CH CH =CH - 

-CH.j — CH3

Scheme II

yield

90

81

87 

92

88 
66

0

+  ohcch2r .

T
L iw  JL

X a ~ RiR s ' l f  N3 R ]If OCOCE,

R, R, R,
a —CH3
b - ch2ch2ch3
c -CHyCH^CHj
d -C 6H5

-C H = C H C H = C H - 
—CH=CHCH=CH—
—C H =C H C H =C H - 
—CH=CH CH=CH— 

e —CH2—(CH2)j—OCOCH3 - ch= ch ch= ch -  
f — c6h5 —ch3 — ch3

these include (1) the decarboxylation of 2,5-dihydroxycin- 
namic acids,15 (2) the reduction of 2,5-dihydroxyacetophe- 
none and subsequent dehydration,15 (3) the reactions of 
Grignard reagents of hydroquinone diethers and ethylene 
oxide or acetaldehyde with subsequent dehydration,15 (4) 
the reactions of 3-chloromethyl-4-methoxy-2-methyl-l- 
naphthol pivalate which is converted into the triphenyl 
phosphonium salt and then to vinyl derivatives by the 
Wittig reaction,14 (5) the reactions o f l-hydroxy-4-me- 
thoxy-2-methyl-3-naphthaldehyde and an alkylidenetri- 
phenylphosphorane,14 (6) the condensation of aliphatic al
dehydes with 2-hydroxy-l,4-naphthoquinone in the pres
ence of a strong acid.16 For the study now reported, this 
last method was employed since the 2-hydroxyl moiety 
could be converted to the desired azide via the corre
sponding acetate and its subsequent displacement with 
azide ion (Scheme II). This synthesis provides a general 
approach to a large variety of 2-azido-3-vinyl-l,4-qui- 
nones, from 2-halo-3’4 or 2-acetoxy-3-vinyl-l,4-benzo- or 
-1,4-naphthoquinones, and, as a result, to the correspond
ing indolequinones.

Synthetic Utility. The mitomycins (7) constitute a 
synthetically challenging and biologically potent class of 
naturally occurring antineoplastic antibiotics.17 Several 
attempts directed toward their laboratory construction
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Table I
Rate of Decomposition of 

2-Azido-3-(l-propenyl)-l,4-naphthoquinone as a 
Function of Temperature and Solvent

Temp, °C Solvent Time, sec 1

6 4 .3 0 B e n z e n e 2 . 3 5  X  1 0 ~ 4
6 4 .3 0 C h lo r o b e n z e n e 2 . 2 0  X  1 0 - 4
6 4 .3 0 C h lo r o b e n z e n e 2 . 1 4  X  I O “ 4
6 4 .3 0 C h lo r o b e n z e n e 2 . 2 3  X  1 0 “ 4
5 3 .6 5 C h lo r o b e n z e n e 6 . 0 2  X  1 0 “ 6
5 3 .6 5 C h lo r o b e n z e n e 6 .0 6  X  1 0 “ 5
5 3 .6 5 C h lo r o b e n z e n e 5 . 9 3  X  l O " 6
8 1 . 3 8 C h lo r o b e n z e n e 1 . 3 9  X  1 0 ~ 3
8 1 . 3 8 C h lo r o b e n z e n e 1 . 5 5  X  1 0 “ 3
8 1 . 3 8 C h lo r o b e n z e n e 1 . 3 6  X  1 0 “ 3
6 4 .3 0 o -D ic h lo r o b e n z e n e 2 . 0 4  X  1 0 “ 4
6 4 .3 0 D im e t h y lf o r m a m id e 2 . 1 3  X  1 0 “ 4

have appeared,18 but, to date, such an objective has not 
been achieved.

R, r2 K

M ito m y c in  A H c h 3 c h 3o

A -M e th y lm ito m y c in c h 3 c h 3 c h 3o

M ito m ycin  B O H , H c h 3o

M ito m y c in  C H c h 3 n h 2

P o rfiro m y c in c h 3 c h 3 n h 2

7 -H y d ro x y p o rfiro m y c in c h 3 c h 3 O H

One beauty of the mitomycins lies in the fact that a 
reasonably well-documented mechanism for their biologi
cal action has been put forward.17 Extensive degradative 
studies have shown that for maximum biological potency 
the quinone nucleus and alkylating sites at C -l (aziridine) 
and C-10 (carbamoyl) are necessary.19 Therefore, detailed 
studies leading to versatile new ways in which such struc
tural features can be easily incorporated into the molecu
lar framework of the mitomycin and mitosene ring sys
tems are clearly warrented. Pivotal contributions have 
been made by the Lederle18a-b group who have reported 
the synthesis of 7-methoxymitosene (8),18b a mitomycin 
analog showing marked in vivo activity against gram (+ ) 
bacteria. More recently, 1-substituted 7-methoxymito- 
senes, prepared analogously to the Lederle synthesis, were 
described.180 Also, Carelli, Cardellini, and Morlaichi188 
have described the synthesis of 1-substituted 1,2,5,10-tet- 
rahydro-37i-pyrrolo[l,2-a]benzo[/]indole-5,10-diones (9) by

R =  N H 2 

R  =  O H

the Friedel-Crafts acylation of l-acetamido-l,2-dihydro- 
pyrrolizine with phthalic anhydride. One fundamental 
synthetic disadvantage of most of these reported synthetic 
approaches18 to the mitomycins and related mitosenes lies 
in the fact that the quinone nucleus is constructed during 
the sequence. This often requires oxidative conditions

which can cause the transformation to suffer in yields and 
selectivity.

The thermal ring closure of 2-azido-3-vinyl-l,4-quinones 
to indolequinones commences with the quinone nucleus 
intact. The utilization of this procedure for the elabora
tion of 12, the naphthoquinone analog of the mitosene ring 
system, in seven steps from commercially available start
ing materials is now presented. Hydrolysis of 2-(3-acetoxy- 
propyl)benzo[/]indole-4,9-dione (2e) in refluxing aqueous 
methanolic hydrogen chloride gave the alcohol 10 in 94% 
yield. Reaction o f this alcohol with p-toluenesulfonyl chlo
ride in pyridine gave the tosylate 11 in 57% yield which 
upon reaction with potassium tert-butoxide in tert-butyl 
alcohol gave 12 in 88% yield.

M echanism. The closest analogies upon which to con
sider a mechanistic pathway for the pyrolytic conversion 
of 2-azido-3-vinyl-l,4-quinones to indolequinones are the 
observed transformations of various ortho-substituted 
phenyl azides to heterocyclic systems. For those com 
pounds in which the ortho substituent has some type of 

unsaturation, a variety of mechanistic routes have 
been suggested. o-Styryl azides efficiently ring close to in
doles20 under thermal conditions and nitrenes have been 
suggested as intermediates (13).21 On the other hand, 2- 
azidobenzophenones cyclize to 3-phenylanthranils by a 
mechanism which apparently involves an initial cycload
dition of the azide group to the carbonyl moiety to give a 
triazole intermediate (14).22 Finally, a concerted pathway, 
involving anchimeric assistance, i.e., 15, is strongly sug
gested for the thermal conversion of o-nitrophenyl azides 
to furoxans.23 Consideration was given to these as well as 
to the feasibility of an azirine intermediate (16) which has

0
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S ch e m e  I I I

recently been shown to be generated in the thermal rear
rangement of 2-azido-3-alkyl-1,4-quinones to 2-cyano-2- 
alkyl-4-cyclopentene-l,3-diones.4

The mechanism for the thermal conversion of 2-az:do-
3-vinyl-l,4-quinones (1) to the corresponding heterocyclic 
quinones (2) which best fits the available data is outlined 
in Scheme III. This involves anchimeric assistance by the
3-vinyl group in nitrogen loss giving the intermediate (18) 
which then tautomerizes to the observed products (2).

The above mechanism is based primarily upon a kinetic 
investigation of the thermal conversion of 2-azido-3-(l- 
pentenyl)-1,4-naphthoquinone (lb) to 2-propylbenzo[/]in
dole-4,9-dione (2b). The azidoquinone lb was thermally 
decomposed and the rate of nitrogen evolution was mea
sured at three different temperatures and in several dif
ferent solvents. Virtually no solvent effect was observed 
on the rate of decomposition of lb even though the range 
in solvent dipole moments varied from 2.30 (benzene) to
37.60 D (dimethylformamide) (Table I). The activation 
parameters for this clean first-order process follow: A H *
= 25.64 kcal m ol-1 , AS* = +0.43 eu.

For a comparison, the rate of the thermal decomposi
tion of 2-azido-3-pentyl-l,4-naphthoquinone (19), the di- 
hydro analog of lb, was also measured. This azidoqui
none, now having a 3-alkyl substituent rather than a vinyl 
group, smoothly undergoes the known4 ring contraction 
giving 2-cyano-2-pentyl-l,3-indandione (20). In chloro
benzene at 72.19° the rate of this reaction is 32 times 
slower than that for lb under the same conditions. The 
vinyl group in lb thus plays a direct role in nitrogen loss, 
and this participation is envisaged as represented by 
structure 17.

The above experimental data are in good agreement 
with the mechanistic route outlined in Scheme III. A ni- 
trene intermediate cannot account for the rate enhance
ment of lb over 19. In addition, those reactions known to 
proceed via nitrenes show large positive enthalpies and 
entropies of activation. For example, the thermal decom
position of p-toluenesulfonyl azide, phenyl azide, and cy
clohexyl azide show respectively the following activation 
parameters: A H *  = 36.5 kcal m ol-1 , AS* = +7.0 eu (p- 
toluenesulfonyl azide);24 A H *  = 39.0 kcal m ol-1 , AS* = 
+18.7 eu (phenylazide);25 A H * = 47.5 kcal m ol-1 , AS* =

+32.0 eu (cyclohexyl azide).25 Comparison of these to 
A H * = 25.64 kcal m ol-1  and AS* = 0.43 eu for lb  argue 
against a nitrene mechanism for the thermal decomposi
tion of lb. The entropy of activation for this reaction is 
also not in agreement to that which would be. expected for 
a mechanism involving an intramolecular cycloaddition of 
the azide to the vinyl double bond giving a triazole analo
gous to 14. Such a process would be expected to show a 
large negative entropy of activation. For example, in the 
addition of phenyl azide to alkenes, values of —30 to —35 
eu have been reported.26 For an intramolecular process 
AS* would certainly be less negative but not actually pos
itive as is observed here. Indeed, the thermal conversion 
of 2-azidobenzophenones to 3-phenylanthranils has been 
shown to involve such an intramolecular 1,3-dipolar cy
cloaddition giving 14 and the observed entropies of activa
tion range from - 6  to -2 1  eu.22

A conceivable mechanism for the cyclization reaction 
reported here would involve the concerted formation of 
the azirine 21 followed by ring expansion and subsequent 
tautomerization to 2b. There are, in fact, literature prece
dents for these steps; i.e., 2-azido-3-alkyl-l,4-quinones 
rearrange to 2-cyano-2-alkyl-4-cyclopentene-l,3-diones via 
an initial rate-determining azirine formation step4 and 1- 
azido-1,3-butadienes thermally or photolytically decom
pose and rearrange to pyrroles via an intermediate vinyl 
substituted azirine.27 This mechanism would predict that

the activation parameters for the conversion of lb to 2b 
would be in the same range as those observed for the ring 
contraction of 2-azido-3-alkyl-l,4-quinones to 2-cyano-2- 
alkyl-4-cyclopentene-l,3-diones. This is in fact true; the 
enthalpies o f activation for this latter reaction range from 
26 to 27.6 kcal m ol-1 and the entropies of activation from 
-4 .6  to +1.6 eu.4 However, the above mechanism does 
not account for the fact that 2-azido-3-pentyl-l,4-naph- 
thoquinone (19) decomposes 32 times slower than 2- 
azido-3-(l-pentenyl)-l,4-naphthoquinone (lb), and for this 
reason the azirine mechanism is disregarded. This leaves 
as the most reasonable possibility, the mechanism out
lined in Scheme III. Such a process would be expected to 
show a moderate A H *  and a very small if not negative 
AS*. It should show little if any solvent effect and the ab
solute rate should be enhanced over that observed for the
2-alkyl series 19. As indicated above, all such criteria were 
experimentally verified.

Experimental Section
2 -M e th y lb e n z o [/]in d o le -4 ,9 -d io n e  (2 a ). A solution of 103.3 m g 

(0.432 m m ol) of 2 -a z id o -3 -( l-p ro p e n y l)-l,4 -n a p h th o q u in o n e  ( la )  
in  15  m l of anhydrous benzene was refluxed for 1  hr. U po n cooling 
to 5 ° the yellow  cry sta llin e  indole (2a) p rec ip itated  g iv in g  32.2  m g 
(9 0 %  y ie ld ), m p 30 4 -30 5 ° dec.

A n a l. C a lc d  for C i 3H 9N 0 2: C ,  73.9 2; H , 4.29; N , 6.63. Fo un d : 
C ,  7 3 .8 1; H , 4 .33; N , 6.76.
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C h a ra c te r is t ic  spectra l properties for 2 a  follow : ir  (N u jo l,
c m - 1 ) 3300, 1675, 1645; n m r ( D M S O -d 6, 5) 2 .3 1  s (3), 6.45 s (1 ),
7 .5 -  8 . 2  m  (4); u v  ( C H C 1 3, run) 26 1.5  ( 34.4 X 1 0 3).

2 -P ro p y lb e n z o [/J in d o le -4 ,9 -d io n e  (2b ). A  solution of 69.2 mg
(0.259 m m ol) of 2 -a z id o -3 -( l-p e n te n y l)-l,4 -n a p h th o q u in o n e  ( ib )  
in  10  m l of an hyd ro u s benzene was refluxed for 55 m in . T h e  so lu 
tion was then concentrated to 1  m l in va cu o  and cooled w hich re
su lted  in  the p re c ip ita tio n  of 50 m g ( 8 1 %  y ie ld ) of 2-pro pylbenzo- 
[/]indole-4 ,9 -d io ne (2b), m p, 2 1 1 - 2 1 2 ° .

A n a l. C a lc d  for C 1 5 H 1 3 N O 2 : C ,  7 5 .3 1; H , 5.44; N , 5.86. Fo und: 
C ,  75.05; H , 5.62; N , 5.90.

C h a ra c te ris tic  sp ectra l properties for 2b follow: ir  (N u jo l,
c m - 1 ) 3240, 1655, 1640; n m r ( D M S O -d 6, 6) 0 .91 t (3) J  =  6.5 H z,
1 . 3 -  1.9  m (2), 2 .3 -2 .8  m (2), 6.43 bs (1) , 7 .5 -8 .2  m (4); u v  ( C H C I 3 , 
nm) 26 3 .0 (3 2.4  X 103).

2 -D e c y lb e n z o [/] in d o le -4 ,9 -d io n e  (2 c). A  solution of 103.3 mg 
(0.283 m m ol) of 2 -a z id o -3 -( l-d o d e c e n y l)-l,4 -n a p th o q u in o n e  ( lc )  in  
10  m l of anhydro us benzene was refluxed for 5 hr. T h e  solution 
was cooled and 1 0  m l of petroleum  ether (bp 6 0 -110 °)  was added. 
U po n cooling at 5 ° for 12  h r, 72.7 mg (7 6 %  y ie ld ) of the in d o leq u i- 
none 2c p re c ip itate d  and was collected. T h e  m other liqu o r was 
concentrated in  va cu o  and the residue was recrysta llize d  from pe
troleum  ether g iv in g  10.3 m g of 2c. T h is  brought the total y ie ld  of
2 -d ecylb en zo [/]in d o le -4,9 -d io n e (2c) to 83 m g (8 7 %  y ie ld ), m p 
1 5 4 -1 5 5 ° .

A n a l. C a lc d  for C 2 2 H 2 7 N O 2 : C , 78.34; H , 8 .0 1; N , 4 .15 . Found: 
C , 78.46; H , 8 .0 1; N , 4 .18.

C h a ra c te r is t ic  spectral properties for 2 c  follow: ir  (N u jo l,
c m - 1 ) 3200, 1670; n m r ( C D C I 3 , 6 ) 0.85 t (3), 1 .1 0 -1 .4 7  m (16),
2 .4 1-2 .9 6  m (2 ), 6.59 bs ( 1 ), 7 .5 7 -8 .3 4  m (4); u v  ( C H C 1 3, nm )
262.0 (3 1.7  x  10 3).

2 -P h e n y lb e n z o [/] in d o le -4 ,9 -d io n e  (2d). A  solution of 536.7 mg 
(1.78  m m ol) of 2 -a z id o -3 -(2 -p h e n y lv in y l) -l,4 -n a p h th o q u in o n e  (Id ) 
in  50 m l of anhydro us benzene was refluxed for 2 hr. T h e  solution 
was then cooled to 5 ° and 446.8 m g (9 2 %  y ie ld ) of 2 -p henylb enzo - 
[/]indole-4,9 -d io ne (2d) was collected, m p 30 4 -30 5 ° dec.

A n a l. C a lc d  for C ig H n N C H : C , 7 9 .12 ; H , 4.03; N , 5 .13 . Fo und: 
C , 78.86; H , 4 .13 ; N , 5.03.

C h a ra c te r is t ic  spectra l properties for 2d follow: ir  (N u jo l, 
c m - 1 ) 3220, 1670, 1635; n m r (D M S O -d g , &) 7 .3 -8 . 2  m ; u v  ( C H C 1 3, 
nm ) 289.0 (32.8 X 103).

2 -(3 -A c e to x y p ro p y l)b e n z o [/] in d o le -4 ,9 -d io n e  (2e). A  solution 
of 100.9 m g (0 .31 m m ol) of 2 -a z id o -3 -(5 -a e e to x y -l-p e n te n y l) -l,4 - 
naphthoquinone ( le )  in  1 0  m l of anhydrous benzene was refluxed 
for 75 m in  and then cooled to 5 °. T h e  yellow  cry sta llin e  precip itate  
w hich form ed was collected and washed w ith  petroleum  ether. 
T h e  crysta ls  were then dried  to give 8 1.0  m g (8 8 %  y ie ld ) of 2 -(3 - 
acetoxypropyl)benzo[/]indole-4,9-dione (2e), m p 1 8 0 -1 8 1 °.

A n a l. C a lc d  for C 1 7 H 1 5 N O 4 : C , 68.69; H , 5.05; N , 4 .7 1. Fo und: 
C , 68.46; H , 4.85; N . 4.91.

C h a ra c te ris tic  spectral properties of 2e follow : ir  (N u jo l,
cm  ') 3140, 1730, 1670, 1640; n m r ( D M S O -d 6) 1 .7 1 -2 .2 4  m (2), 
1.99 s (3), 2 .7 1  t (2) J  =  7 H z , 4.00 t. (2) J  =  6.5, 7 .3 1  s (1) , 7 .6 2 -
8 .13  m  (4); u v  ( C H C I 3 , nm ) 261.0  (33.2 x  10 3).

5 ,6 -D im e t h y l-2 -p h e n y lin d o le -4 ,7 -d io n e  (2f). A  so lutio n  of 66.7 
m g (0.24 m m ol) of 2 -a z id o -3 -(2 -p h e n y lv in y l) -5 ,6 -d im e t h y l-l,4 - 
benzoquinone ( If )  in  7 m l of anhydrous benzene was refluxed for 
2 .2  hr. U pon cooling at 5 ° for several hours 29.8 m g (6 6 %  y ie ld ) of
5 .6 - d im e th y l-2 -p h e n y lin d o le -4 ,7 -d io n e  (2e) was collected, mp 
2 9 1-2 9 2 °.

A n a l. C a lc d  for C 1 6 H i 3 N 0 2: C ,  76.49; H , 5 .18 ; N , 5.58. Fo und: 
C , 76.00; H , 5 .23 ; N , 5.47.

C h a ra c te ris tic  spectral properties of 2e follow: ir  (N u jo l, c m 1 ) 
3260, 1670, 1640; n m r (D M S O -d 6) 1.98 s (6 ), 7.00 s (1) , 7 .3 2 -8 .0 7  
m (5); u v  ( C H C I 3 , nm ) 280.5 (36.0 x  103).

A c id -C a t a ly z e d  D e c o m p o s itio n  of 2 -A z id o -3 -( l-p r o p e n y l) -
1 .4 - n a p th o q u in o n e  ( la ) .  F o rm a t io n  of 2 -M e th y lb e n z o [/]m d o le - 
4 ,9 -d io n e  (2 a ). 2 -A z id o -3 -( l-p ro p e n y l) -l,4 -n a p h th o q u in o n e  ( la )  
(102.9  mg, 0.4 m m ol) was slow ly added in  very sm a ll portions to 
ra p id ly  stirred  cold (0 -5 °)  concentrated su lfu ric  a c id  (10  m l). T h e  
solution turned d a rk  and gas was evolved upon a d d it io n  of the 
azide. A fter com plete a d d itio n , the solution was stirred  for an a d 
d itio n a l 5 m in  and then poured into  water. T h e  resu ltin g  p re c ip i
tate (60.4 mg, 6 7 %  y ie ld ) was collected and shown to be 2- 
m ethy!benzo[/]indole-4,9 -d ione (2a) b y com parison of its spectral 
properties to those of an au th entic sam ple w hich was prepared as 
described above.

A c id -C a t a ly z e d  D e c o m p o s itio n  of 2 -A z id o -3 -( l-p e n t e n y l) -
1 .4 -  n a p th o q u in o n e  ( lb ) .  F o rm a t io n  of 2 -P ro p y lb e n z o [/] in d o le - 
4, 9 -d io n e  (2b ). 2 -A z id o -3 -( l-p e n te n y l)-l,4 -n a p h th o q u in o n e  ( lb )  
(10 1.2  mg, 0.38 m m ol) was slow ly added to cold (0 -5 °)  concen

trated su lfu ric  a c id  (10  m l). V ig oro us s t irr in g  was m a in ta in e d  
throughout the ad d itio n . After com plete a d d it io n , the reaction 
solution was stirred  an a d d it io n a l 5 m in  and then poured into 
water. T h e  resu ltin g  precip itate  (83.9 mg, 9 3 %  y ie ld ) was co llect
ed and shown to be 2-p ro pylb enzo [/]ind o le -4 ,9 -d io ne (2b) b y 
com parison of its  spectral properties to those of an authentic 
sam ple.

A c id -C a t a ly z e d  D e co m p o sitio n  of 2 -A z id o -3 -( 2 -p h e n y lv in y l) -
1 .4 - n a p h th o q u in o n e  ( Id ) . F o rm a t io n  o f 2 -P h e n y lb e n z o [/] in d o le - 
4 ,9 -d io n e  (2d ). 2 -A z id o -3 -(2 -p h e n y lv in y l) -l,4 -n a p h th o q u in o n e
(Id )  (110 .9  mg, 0.37 m m ol) was ground in  a m o rtar w ith  0.4 g of 
ca lc iu m  ch loride. T h is  m ixture  was then added in  very  s m a ll por
tions to 12  m l of ra p id ly  stirred  and cold (0 -5 °)  concentrated s u l
fu ric  a c id . T h e  ad d itio n  took 40 m in  and then the solution  was 
allowed to return to room tem perature w ith  continued s tirr in g . 
T h e  solution was then poured into  ice and the resu ltin g  p re c ip i
tate re crysta llize d  from  benzene to give 24.2 m g ( 2 4 %  y ie ld ) of 2 - 
phenylbenzo[/]indo le-4,9-d ione (2d), as d eterm ined b y com pariso n 
of its  spectral properties to those of an a u th entic sam ple.

P h o t o ly s is  o f 2 -A z id o -3 -( l-p r o p e n y l) - l ,4 -n a p h t h o q u in o n e
( l a )  . F o rm a t io n  of 2 -M e th y lb e n z o [/] in d o le -4 ,9 -d io n e  (2 a ). A  so
lutio n  of 130.6 m g (0.5 m m ol) of 2 -a z id o -3 -( l-p r o p e n y l) -l,4 -n a p h - 
thoquinone ( la )  in  15  m l of anhydrous benzene was irra d ia te d  
w ith 3600-A lig h t for 1  hr w hile  nitrogen was co n tin u o u sly  passed 
through the solution. T h e  solvent was then rem oved in  va cu o  and 
the residue analyzed  by nm r w hich  showed it  to be a m ix tu re  of 
staring  azide (3 0 % ) and 2 -m ethylben zo [/]in d o le -4 ,9 -d io n e (2a) 
(7 0 % ) . T r it u ra t io n  of the crude residue w ith  benzene gave 5 1 .7  m g 
(4 5 %  y ie ld ) of the indolequinone (2a ).

P h o t o ly s is  o f 2 -A z id o -3 -p e n te n y l-l,4 -n a p h t h o q u in o n e  ( lb ) .  
F o rm a t io n  of 2 -P ro p y lb e n z o [/] in d o le -4 ,9 -d io n e  (2b ). A  solution 
of 102.7 m g (0.39 m m ol) of 2 -a z id o -3 -p e n te n y l-l,4 -n a p h th o q u in o n e
( lb )  in  1 0  m l of anhydrous benzene was irra d ia te d  w ith  3600-A 
lig h t for 2.5  h r w hile  nitrogen was co n tin u o u sly  passed throeugh 
the solution. Petroleum  ether (4 m l) was then added and the so
lutio n  cooled for several hours. T h e  resu ltin g  p rec ip itate  (72.3 mg, 
7 9 %  y ie ld ) was shown to be 2-p ro pylb enzo [/]ind o le -4 ,9 -d io ne (2b) 
by com paring its  p h y sica l and spectral properties to those of an 
a uth entic sam ple.

P h o t o ly s is  of 2 -A z id o -3 -( 2 -p h e n y lv in y l) -l ,4 -n a p h t h o q u in o n e  
( Id ) . F o rm a t io n  of 2 -p h e n v lb e n z o [/]in d o le -4 ,9 -d io n e  (2d). A  so
lutio n  of 106.7 mg (0.35 m m ol) of 2 -a z id o -3 -(2 -p h e n y lv in y l) -l,4 - 
naphthoquinone (Id )  in  1 1  m l of benzene was irra d ia te d  for 45 
m in  w ith 3600-A lig h t w hile  nitrogen was co n tin u o u sly  passed 
through the solution. T h e  p recip itate  w h ich  form ed d u rin g  th is  
period was collected to give 29 .1 m g (3 0 %  y ie ld ) of 2-p h en ylb e n zo - 
[/]indole-4,9-dione (2d). T h e  m other liq u o r was concentrated in 
va cu o  and analyzed  b y n m r spectroscopy w hich  showed it  to be 
composed of ap p ro x im ate ly  5 0 %  sta rtin g  azide and 5 0 %  2d.

2 -A z id o -3 -( l-p r o p e n y l) -1 .4 -n a p h t h o q u in o n e  ( la ) .  T o  a so lu 
tion of 380 m g (1 .5  m m ol) of 2 -a c e to x y -3 -( l-p r o p e n y l) -l,4 -n a p h 
thoquinone (6 a)16 in  25 m l of 9 5 %  ethanol was added 98 mg 
(1.5  m m ol) of sodium  azide dissolved in  2 m l of water. T h e  reac
tion solution was stirred  overnight and then 50 m l of w ater was 
added g iv in g  an  orange p recip itate . R e c ry sta lliz a tio n  of th is  crys 
ta llin e  solid  gave 50 m g ( 1 4 %  y ie ld ) of 2 -a z id o -3 -( l-p r o p e n y l) -l,4 - 
naphthoquinone ( la ) ,  m p 1 1 2 °  dec.

C h a ra c te ris tic  spectral properties of la  follow: ir  (N u jo l, c m - 1 ) 
2100, 1645; n m r (CDCI3, <5) 1.98 doublet of doublets (3) J  =  6.2,
1.4  H z , 6.57 d (1) J  =  17  H z , 7 .10  m  (1) , 7 .6 -8 .3  m  (4).

2 -A z id o -3 -( l-p e n t e n y l) -l ,4 -n a p h t h o q u in o n e  ( lb ) .  A  solution 
of 2 .1  g (7.4 m m ol) of 2 -a c e to x y -3 -( l-p ro p e n y l) -l,4 -n a p h th o q u i
none (6b) in  200 m l of 9 5 %  ethano l was cooled to 5 ° a n d  0.53 g of 
sodium  azide in  5 m l of w ater was added. T h e  m ix tu re  was 
stirred  for 1 2  h r and then 2 0 0  m l of water was added and the m ix 
ture cooled at —5 ° for an a d d it io n a l 12  hr. T h e  resu ltin g  p re c ip i
tate was collected and recrysta llize d  from  a ch lo ro fo rm -m e th a 
no l-w ater m ix tu re  to give 0 .51 g (2 6 %  y ie ld ) of yellow  crysta llin e
2 -a z id o -3 -( l-p r o p e n y l) -l,4 -naphtho quinone ( lb ) , m p 7 0 -7 1 °  dec.

A n a l. C a lc d  for C js H is N s O a : C , 67.42; H , 4.87; N , 15.73.. 
Found: C , 67.27; H , 4 .77; N , 15.55.

C h a ra c te ris tic  spectral properties for lb  follow: ir  (N u jo l, 
c m - 1 ) 2105, 1660, 1625; n m r ( C D C 1 3, «) 0.94 t  (3 ) J  =  6 . 5  H z , 
1 .2 -1 .9  m (2), 2 .0 -2 .5  m (2), 6.48 bd (1) J  =  18 H z, 6 .8 -7 .4  m  (1) ,
7.5- 8.2 m (4); uv ( C H C 1 3, nm) 273.0 (24.8 X 103).

2 -( l-D o d e c e n y l) -3 -h y d r o x y -l,4 -n a p h t h o q u in o n e  (5c). A  so lu 
tion of 5.0 g (37.0 m m ol) of 2 -h y d ro x y -l,4 -n a p h th o q u in o n e  in  85 
m l of acetic acid  was w arm ed to 75 °, and 25 m l of concentrated 
h ydrochloric a c id  and 4 1 m l of dodecanal were added. T h e  re su lt
ing solution was ra p id ly  stirred  at 7 5 -8 0 ° for 30 m in  and then 
poured into 300 m l of water and allow ed to stand at am b ien t
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tem p erature for 6  hr. T h e  o ily  m ix tu re  was then extracted w ith 
300 m 1 of benzene. T h e  benzene solution was extracted w ith 1 %  
so d iu m  hydroxide (500 m l). T h is  b asic  so lutio n  was then washed 
twice w ith benzene, a c id ifie d , and f in a lly  extracted w ith  d ich lo ro - 
m et.hane. T h e  dried  (M g S O -i) d ichloro m ethane solution  was con
cen trated  in  va cu o  to give a brown o il w hich  was absorbed onto 70 
g of s i l ic a  gel. T h is  was then placed in  a Soxhlet extraction th im 
ble a nd extracted w ith petroleum  ether (30 -6 0 °) for 14 hr. E v a p o 
ra t io n  of the solvent gave 34 m g of the crude orange so lid  2 - ( l -  
d o d e< cen yl)-3 -h yd ro xy-l,4 -nap h th o q uin o n e, m p 6 5 -7 7 °. T h is  was 
then recrysta llized  from  benzene-petroleum  ether to give the pure 
prod uct. m p 9 1 -9 2 °.

C h a ra c te r is t ic  spectral properties of 5c follow : ir  (N u jo l, c m - 1 ) 
3500, 1670; n m r ( C D C 1 3, 5) 0.87 t (3) J  =  7 H z , 1 .1 2 -2 .5 6  m  (16),
2 .0 1 -2 .4 8  m  (2), 6.49 d (1) J  =  17  H z , 6 .8 0 -7 .27  m (1) , 7 .4 6 -8 .15  m
(4).

2 - A c e t o x y -3 -( l-d o d e c e n y l) - l,4 -n a p h th o q u in o n e  (6c). A  so lu 
tion of 34 m g (1.0  m m ol) of 2 -( l-d o d e c e n y l) -3 -h y d ro x y -l,4 -n a - 
phthoquinone in  1 2  m l each of acetic an hyd rid e  and p yrid in e  was 
allo  wed to stand at a m b ien t tem perature for 24 h r and then 
poured into ice. T h e  resu ltin g  p rec ip itate  was filtered  and washed 
wit] a 5 %  su lfu ric  a c id  and then w ater to give 20 m g ( 5 2 %  y ie ld ) of 
the acetate (6c). R e c ry sta lliz a tio n  from  ethanol gave pure 2-a ce - 
to x ;y -3 -(l-d o d e ce n y l)-l,4 -n a p h th o q u in o n e  (6c), m p 7 4 -7 6 °.

C h a ra c te r is t ic  spectral properties of 6c follow: ir  (N u jo l, c m - 1 ) 
177'0, 1670; n m r ( C D C I 3 , 5) 0.84 t (3) J  =  7 H z , 1 .1 2 -2 .5 6  m (16),
2 .0 3 -2 .4 9  m  (2), 2.36 s (3), 6 .7 9 -7 .3 2  m (2), 7 .5 3 -8 .18  m  (4).

l! -A z id o -3 -( l-d o d e c e n y l) - l,4 -n a p h t h o q u in o n e  ( lc ) .  a solution 
of 1.75  g (4.9 m m ol) of 2 -a c e to x y -3 -( l-d o d e c e n y l) -l,4 -n a p h th o q u i
none in  75 m l of 9 5 %  ethanol was treated w ith 0.5 g (7.7 m m ol) of 
so d iu m  azide in  1 m l of w ater. T h e  resu ltin g  d a rk  solution was 
stirre d  at room tem perature for 24 hr at - 5 ° .  T h e  resu lting  p re 
c ip ita te  was collected and re crysta llize d  from  ch lo ro fo rm -m e th a 
n o l (1:3 ) to give 30 m g ( 1 8 %  y ie ld ) of 2 -a z id o -3 -( l-d o d e c e n y l) -l,4 - 
naphthoquinone, m p 5 9 -6 0 °.

C h a ra c te ris tic  spectral properties of ( lc )  follows: ir  (N u jo l, 
cm  1 ) 2 110 , 1670; n m r ( C H C 1 3, 5) 0.88 t (3), 1 . 1 1 - 1 . 5 0  m  (16), 
2 .05-2.49 m  (2), 6.57 d (1) J  =  17  H z , 6 .9 8 -7.37 m (1), 7 .6 4 -8 .22  m  
(4 ); uv ( C H C I 3 , nm ) 273.0 (19.0  X  10 3).

2 -A z id o -3 -( 2 -p h e n y lv in y l) -l ,4 -n a p h t h o q u in o n e  ( Id ) . T o  a 
so lu tio n  of 2.0 g (6.3 m m ol) of 2 -a c e to x y -3 -(2 -p h e n y lv in y l) -l,4 - 
riaphtho quinone (6d) in  400 m l of 9 5 %  ethano l was added 455 m g (7 
rnm o l) of sodium  azide in  10  m l of water. T h e  resu ltin g  p re c ip i
ta te  (1.76  g) was rec rysta llize d  from  ch lo ro fo rm -m eth ano l to give
1 . 1  g (5 8 %  y ie ld ) of red c ry s ta llin e  2 -a z id o -3 -(2 -p h e n y lv in y l) -l,4 - 
naphthoquinone ( Id ) , m p 1 1 9 ° dec.

A n a l  C a lc d  for C ig H u N a O a : C ,  7 1.7 6 , H , 3.65; N , 13.95. 
Found: C , 7 1.5 6 ; H , 3 .77 ; N , 13.93.

C h a ra cte ristic  spectral properties of Id  follow: ir  (N u jo l, c m " 1 ) 
2105, 1655; n m r ( C D C 1 3, 6 ) 7 .1 -8 .3  m ; u v  ( C D C I 3 , nm ) 290.0 (30 
X 103).

2 -H y d r o x y -3 -( 5 -h y d r o x y - l -p e n t e n y l) - l ,4 -n a p h t h o q u in o n e  
(5e). A  solution of 10.0 g (75 m m ol) of 2 -h y d ro x y -l,4 -n a p h th o q u i- 
none in  175  m l of g la c ia l acetic a c id  was heated to 80° and ra p id ly  
stirred  w hile 30 m l of concentrated h yd ro ch lo ric  acid  and 40 m l 
(3.75 m m ol) of 5 -h yd ro xyp e n ta n al were added. A fter an in it ia l 
tem perature rise to 85° the so lution  was m a in ta in e d  at 7 5 -8 0 ° for 
20 m in  and then poured into 1 1. of water. T h e  resu lting  b la c k  oil 
was washed tw ice w ith 5 00-m l portions of 1 %  sodium  hydroxide. 
T h is  aqueous b asic solution was a c id ifie d  and then extracted 
twice w ith ether. E va p o ra tio n  of the ether extract gave 3.09 g 
( 1 6 %  y ie ld ) of the yellow -brow n 2 -h y d ro x y -3 -(5 -h y d ro x y -l-p e n te - 
n y l ) - l , 4-naphthoquinone (5e). T h is  so lid  could be used w ithout 
further p u rifica tio n . How ever, it  could be p u rie d  further by Soxhlet 
extraction using 30 -6 0 ° petroleum  ether to give 2 -h y d ro x y -3 -(5 - 
h y d ro x y -l-p e n te n y l) -l,4 -n a p h th o q u in o n e  as an orange solid , m p 
100-110°.

C h a ra c te ris tic  spectral properties of 5e follow: ir  (N u jo l, c m " 1 ) 
3470, 1675; n m r ( C D C 1 3, 5) 1.79  m  (2 ), 2.30 t (2 ) J  =  7 H z , 3.65 t
(2) J  =  6.5 H z , 6 .33 -7.0 4  m (2), 7 .4 8-8 .07 m  (4).

2 - A c e e t o x y - 3 - ( 5 -a c e t o x y - l -p e n t e n y l ) - l ,4 - n a p h t h o q u i n o n e  
(6 e ) . A  solution of crude 2 -h y d r o x y -3 -(5 -h y d r o x y -l-p e n te n y l) - l,4 - 
naphthoquinone (3.09 g, 11 .9  m m ol) in  40 m l of a 1 : 1  m ixture of 
acetic a n h y d rid e -p y rid in e  was allow ed to stand at am b ien t tem 
perature for 24 hr. It  was then poured into ice w ater and the re
su ltin g  p recip itate  was chrom atographed on 250 g of s ilic a  gel 
using dichlorom ethane as the eluent g iv in g  2.37 g (5 8 %  y ie ld ) of 
2 -a ce to x y-3 -(5 -a ce to x y-.l-p e n te n yl)-l,4 -n a p h th o q u in o n e  (6 e ), m p
7 5 -7 6 °.

A n a l. C a lc d  for C i 9 H i 8 0 6: C , 66.67; H , 5.26. Fo u n d : C , 66.93; 
H , 5.38.

C h a ra c te ris tic  spectral properties for 6e follow: ir  (N u jo l, c m - 1 ) 
1760, 1730, 1670; n m r ( C D C I 3 , 5) 1.80 m (2), 2.02 s (3), 2.29 t (2) J  
=  6.5 H z , 2.38 s (3), 4.07 t (2) J  =  6.5 H z , 6 .18 -7 .2 2  m  (2), 7 .5 1 -  
8 .13  m  (4). .

2 -A z id o -3 -( 5 -a c e t o x y -l-p e n t e n y l) -l,4 -n a p h t h o q u in o n e  ( le ) . A
solution of 1.5 3  g (4.48 m m ol) of 2 -a c e to x y -3 -(5 -a c e to x y -l-p e n te - 
n y l)-l,4 -n a p h th o q u in o n e  (6 e) in  23 m l of 9 5 %  ethanol was treated 
w ith 1.4 5  g (22.4 m m ol) of sodium  azide in  5 m l of w ater. T h e  so
lu tio n  was cooled to - 5 °  and allow ed to stand for 12  hr. T h e  re
su ltin g  yellow  crysta llin e  so lid  was collected g iv in g  400 m g ( 2 7 %  
y ie ld ) of 2 -a z id o -3 -(5 -a c e to x y -l-p e n te n y l) -l,4 -n a p h th o q u in o n e
( le )  , m p 4 1 -4 2 ° .

C h a ra cte ristic  spectra l properties of le  follow: ir  (N u jo l, c m - 1 ) 
2100, 1725, 1670; n m r (CDCI3, 5) 1 .5 8 -2 .0 1  m (2 ), 2.03 s (3), 2.29 t. 
(2) J  =  6.5 H z , 4.09 t (2) J  =  6.5 H z , 6 .3 0 -7 .3 1 m (2), 7 .5 2 -8 .1 3  m 
(4).

2 ,3 -D im e t h y l-5 -h y d r o x y -6 -( 2 -p h e n y lv in y l) - l ,4 -b e n z o q u in o n e  
(5f). A  solution of 2 ,3 -d im e th y l-5 -h y d ro x y -l,4 -b e n z o q u in o n e  (4.20 
g, 27.6 m m ol) in  85 m l of g la c ia l acetic a c id  was vigorously stirred  
at 75 ° w hile 14 .2  m l of concentrated su lfu ric  acid  and a so lutio n  of 
16 .2  m l of concentrated su lfu ric  a cid , 16.2 m l of p h en v lac etal- 
dehyde, and 16.2 m l of 9 5 %  ethano l was added. A fter 20 m in  at 
7 5 -8 0 ° the reaction solution was poured into water (800 m l). T h e  
resu ltin g  residue was washed several tim es w ith water, dissolved 
in  benzene, and then extracted w ith  500 m l of 1 %  sodium  h yd ro x 
ide. U pon a c id ific a tio n  3.60 g ( 5 1 %  y ie ld ) of purp le  2 ,3 -d im e th y l-
5 - h y d ro x y -6 -(2 -p h e n y lv in y l)-l,4 -b e n z o q u in o n e  (5f) was collected. 
R e cry sta lliza tio n  from  benzene-petroleum  ether gave the pure 
product, m p 16 5 -16 7 °.

A nal. C a lc d  for C 1 6 H 1 4 O 3 : C ,  75.59; H , 5 .5 1. Fo u n d : C , 7 5 .71; 
H , 5.64.

C h a ra cte ristic  spectral properties of 5 f follow : ir  (N u jo l, c m " 1 ) 
3350, 1625; n m r ( C D C 1 3, i )  2.03 s (6 ), 5 .27 s ( 1 ), 7 .0 1-7 .9 8  m (7).

2 -A c e t o x y -5 ,6 -d im e t h y l-3 -( 2 -p h e n y lv in y l) - l ,4 -b e n z o q u in o n e  
(6f). A  solution of 3.60 g (14 .2  m m ol) of 2 ,3 -d im e th y l-5 -h y d ro x y -
6 - (2 -p h e n y lv in y l) -l,4 -b e n z o q u in o n e  (5f) in  10  m l of a cetic a n h y 
d r id e -p y r id in e  ( 1 : 1 ) was allowed to stand at a m b ien t tem perature 
for 12  hr and then poured into water. T h e  resu ltin g  residue was 
chrom atographed on 300 g of s ilic a  gel u s in g  d ichloro m ethane as 
the eluent to give 90 m g ( 1 2 %  y ie ld ) of 2 -a c e to x y -5 ,6 -d im e th y l-3 - 
(2 -p h e n y lv in y l) -l,4 -b e n z o q u in o n e  (6f), m p 1 4 5 -14 6 °.

A n a l. C a lc d  for C ig H ie C q : C , 72.97; H , 5 .4 1. F o u n d : C , 72.64; 
H , 5.80.

C h a ra cte ristic  spectra l properties of 6f follow: ir  (N u jo l, c m " 1 ) 
1670, 1650; n m r ( C D C 1 3, &) 2.05 s (6 ), 2.38 s (3), 6 .8 4 -7 .9 1 m  (7); 
uv ( C H C I 3 , nm ) 274.5 (19.6 X 103).

2 -A z id o -5 ,6 -d im e t h y l -3 -( 2 -p h e n y lv in y l) - l ,4 -b e n z o q u in o n e
( lf )  . A  solution of 942 m g (3 .1  m m ol) of 2 -a ce to x y -5 ,6 -d im e th y l-
3 -(2 -p h e n y lv in y l)-l,4 -b e n z o q u in o n e  (6f) in  75 m l of 9 5 %  ethanol 
was treated w ith 228 m g (3.5 m m ol) of sodium  azide in  7 m l of 
water. It  was then cooled to —5 ° and allow ed to stand  overnight. 
T h e  p recip itate  w hich  had formed was collected to give q u a n tita 
t iv e ly  the crude azid e. R e cry sta llizatio n  from  ch lo ro fo rm -m e th a - 
n o l-w ater gave pure 2 -a z id o -5 ,6 -d im e th y l-3 -(2 -p h e n y lv in y l) -l,4 - 
benzoquinone ( If ) , m p 8 7-8 8 ° dec.

C h a ra cte ristic  spectral properties for I f  follow: ir  (N u jo l, c m " 1 ) 
2100, 1645; n m r ( C D C I 3 , 5) 2.06 s (6 ), 7 .0 2 -8 .15  m  (7).

2 -(3 -H y d ro x y p ro p y l)b e n z o [/] in d o le -4 ,9 -d io n e  (10 ). A  suspen
sion of 2-(3-aceto xypro p yl)b enzo [/]ind o le-4 ,9 -d io ne (19 7.3  g, 0.66 
m ol) in  20 m l of m ethanol, 4 m l of water, and 8  drops of concen
trated hyd ro chlo ric  acid  was refluxed for 2 hr. It  was then poured 
into water and cooled at - 5 °  for 12  hr. T h e  resu ltin g  yellow  c ry s 
ta llin e  p recip itate  was collected to give 158.9 m g (9 4 %  y ie ld ) of 
2 -(3 -hyd ro x yp ro pyl)b enzo [/]in d o le -4 ,9 -d io n e (10), m p 2 1 4 -2 1 6 ° .

A n a l. C a lc d  for C 1 5 H i 3 N 0 3: C , 70.59; H , 5 .10 ; N , 5.49. Fo u n d : 
C , 70.46; H , 5.03; N , 5.22.

C h a ra c te ris tic  spectral properties of 10 follows: ir  (N u jo l, c m " 1 ) 
3400, 3200, 1670, 1640; n m r ( D M S O -d 6, 5) 1.9 4 -2 .3 7  m (2 ), 2.82 t 
(2) J  =  7 H z , 3.66 t (2 ) J  =  6.5 H z . 6.52 s (1) , 7 .6 7 -8 .28  m (4); uv 
( C H C I 3 , nm ) 262.5 (33.5 X  103).

2 -(3 -T o s y lp ro p y l)b e n z o [/] in d o le -4 ,9 -d io n e  ( 1 1 ) .  A  solution of
68.4 m g (0.27 m m ol) of 2 -(3 -hyd ro x yp ro pyl)b enzo [/]in d o le -4 ,9 - 
dione (10) and 108.3 m g (0.57 m m ol) of p -to lu en e su lfo n yl chloride 
in  1  m l of anhydrous p yrid in e  was allowed to stand at am bient 
tem perature for 24 hr. T h e  reaction solution was then poured into 
water and the resu ltin g  yellow  crysta llin e  precip itate  was co llect
ed to give 62.8 m g ( 5 7 %  y ie ld ) of 2 -(3 -to sylp ro pvl)b en zo [/]in d o le - 
4,9-dione ( 1 1 ) ,  m p 2 1 0 -2 1 1 ° .

T h e  infrared spectrum  (N u jo l) showed ch a ra cteristic  absorp
tions at 3250, 1645, and 117 5  cm  '.

l ,2 ,5 ,1 0 -T e t r a h y d r o -3 H -p y r r o lo [ l,2 -a ] b e n z o [ /] in d o le -5 ,1 0 -
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dione (12). 2 -( 3 -T o s y lp r o p y l) b e n z o [/] in d o le -4 ,7 -d io n e  (0.0628 g, 
0 .0 0 0 15 4  m o l)  w as a d d e d  u n d e r  n itro g e n  to a  s o lu t io n  c o n s is t in g  of 
p o t a s s iu m  (0.0060 g, 0 .0 0 0 15 4  m o l) d iss o lv e d  in  1 .5  m l o f d r y  tert- 
b u t y l  a lc o h o l. T h e  r e s u lt in g  p u rp le  su s p e n s io n  w as m a g n e t ic a lly  
s t ir re d  fo r 24 h r. A t  t h is  t im e  th e  y e llo w -g re e n  s u s p e n s io n  w as 
p o u re d  in to  10  m l o f w a te r. T h e  re s id u e  w as c o lle cte d  b y  f ilt r a t io n  
a n d  w ash e d  w ith  w a te r to  g iv e  0 .0 3 22  g (8 8 %  y ie ld )  og b e n z o [/]- 
p y r r o l id in y l[ l ,2 -o ] in d o le -4 ,7 -d io n e ,  m p  1 8 1 - 1 8 4 ° .  A n  a n a ly t ic a l  
s a m p le , m p  1 8 8 -1 8 9 °,  w as o b ta in e d  b y  re c r y s t a lliz a t io n  fro m  
c h lo ro fo rm -p e tro le u m  e th e r.

A n a l. C a lc d  fo r C 1 5 H 1 1 N O 2 : C ,  7 5 .9 5 ; H ,  4.64, N , 5 .9 1 .  F o u n d : 
C ,  7 5 .7 6 ; H ,  4.6 0; N , 6 .0 2.

C h a r a c t e r is t ic  s p e c tra l p ro p e rt ie s  o f 12 fo llo w : ir  ( N u jo l,  c m " 1 ) 
16 6 0; n m r  ( C D C 1 3, 5) 2 .3 3 -3 .0 7  m  (4), 4 .3 3  t  ( 2  ) J  =  6 .5  H z ,  6 .4 1 s
(1) , 7.54-8.35 m (4); uv ( C H C 1 3, nm) 262.0 (33.5 X 103).

2-Acetoxy-3-pentyl-l,4-naphthoquinone. 2 -H y d r o x y -3 -p e n t y l-
1 . 4 -  n a p h th o q u in o n e 16  ( 10 .0  g, 0.039 m o l) w a s su sp e n d e d  in  40 m l 
e a ch  o f a c e t ic  a n h y d r id e  a n d  p y r id in e . T h is  s o lu t io n  w as a llo w e d  
to s ta n d  o v e rn ig h t  a t  ro o m  te m p é ra tu re . I t  w as th e n  p o u re d  in to  
ic e -w a t e r  a n d  e x tra c te d  w it h  e th e r. T h e  e th e r la y e r  w as w ashed  
w ith  5 %  s u lfu r ic  a c id  s o lu t io n  a n d  w it h  w a te r a n d  th e n  d rie d  o ve r 
a n h y d ro u s  m a g n e s iu m  s u lfa te . F i lt r a t io n  a n d  e v a p o ra tio n  o f the 
s o lv e n t gave  a  red  s e m is o lid . T h is  w as d is s o lv e d  in  a n  e q u a l v o l
u m e  ( a p p ro x im a t e ly  50 m l)  o f h o t 9 5 %  e th a n o l a n d  coo led in  the 
fre e ze r. T h e  y e llo w  c r y s t a ls  w ere c o lle cte d  a n d  d r ie d  to g ive  7 .0  g. 
( 6 3 %  y ie ld )  o f 2 -a c e t o x y -3 -p e n t y l- l ,4 -n a p h t h o q u in o n e . T h is  w as 
r e c r y s t a lliz e d  fro m  e th a n o l to g iv e  the c le a n  p ro d u c t, m p  5 6 -5 7 °.

A n a l. C a lc d  for C 1 7 H 1 8 0 4: C ,  7 1 .3 3 ;  H ,  6 .29 . F o u n d : C ,  7 1 .2 7 ;  
H ,  6 .3 3 .

C h a r a c t e r is t ic  s p e c tra l p ro p e rt ie s  o f 2 -a c e t o x y -3 -p e n t y l- l ,4 -  
n a p h th o q u in o n e  fo llo w : ir  ( N u jo l,  c m " 1 ) 16 7 0 ; n m r (CDCI3, ô) 
0.89 t (3 ) J  =  6 H z ,  1 .0 8 -1 .6 8  m  (6 ), 2 .4 0  s (3), 2 .4 9  q  (2) J  =  6  H z ,  
7 .6 3 -8 .3 0  m  (4).

2-Azido-3-pentyl-l,4-naphthoquinone (19). 2 -A c e t o x y -3 -
p e n t y l-1 ,4 -n a p h t h o q u in o n e  ( 3 .1  g, 0 .0 1 1  m o l) w as d iss o lv e d  in  30 
m l o f 9 5 %  e th a n o l b y  h e a t in g . W h e n  th e  s o lu t io n  h a d  coo led to 
ro om  te m p e ra tu re  s o d iu m  a z id e  (0 .7 2  g, 0 .0 1 1  m o l) in  3 m l of 
w ate r w as a d d e d  s lo w ly  w ith  s w ir lin g . T h e  s o lu t io n  tu rn e d  d a r k  
a n d  w as a llo w e d  to sta n d  a t  ro o m  te m p e ra tu re  for 10  m in . T h e  
s o lu t io n  w as th e n  p u t  in to  th e  re fr ig e ra to r for 18  h r. T h e  p r e c ip i
ta te  w h ic h  fo rm e d  w as c o lle cte d , w ash e d  w it h  a l i it le  m e t h a n o l-  
w a te r ( 5 :1 ) ,  a n d  d r ie d . T h is  gave  1 .5  g ( 5 1 %  y ie ld )  o f y e llo w  2 - 
a z id o -3 -p e n t y l- l ,4 -n a p h th o q u in o n e  (19). T h is  w as re c ry s t a lliz e d  
fro m  e th a n o l a n d  w a te r to g iv e  th e  c le a n  p ro d u c t, m p  6 4 -6 6 °.

C h a r a c t e r is t ic  s p e c tra l p ro p e rt ie s  o f 19 fo llo w : i r  ( N u jo l,  c m " 1 ) 
16 7 0  a n d  16 4 0 ; n m r ( C D C 1 3, 5) 0.90 t  (3) J  =  6  H z ,  1 . 1 2 - 1 . 7 4  m  
(6 ), 2 . 5 8 1 (2) J  =  7 H z ,  7 .6 4 -8 .3 0  m  (4).

2-Cyano-2-pentyl-l,3-indandione (20). 2 - A z id o -3 -p e n t y l- l ,4 -  
n a p h th o q u in o n e  ( 0 .1 2 1 0  g, 0.00045 m o l) w as re flu x e d  in  15  m l of 
d ry  be n zen e  for 18  h r. T h e  s o lu t io n  w as th e n  r o ta ry  e v a p o ra te d  to 
a  b ro w n -g o ld  o il.  T h is  re s id u e  w as th e n  c h ro m a to g ra p h e d  on a  s i l 
ic a  gel c o lu m n  w ith  be n zen e  a s th e  so lv e n t . A  l ig h t  y e llo w  b a n d  
ca m e  o ff f ir s t  a n d  w as d is c a rd e d . T h is  w as fo llo w e d  b y  a n o th e r 
y e llo w  b a n d  w h ic h  u p o n  e v a p o ra tio n  o f th e  s o lv e n t gave  0.0800 g 
( 7 4 %  y ie ld )  o f 2 -c y a n o -2 -p e n t y l- l ,3 - in d a n d io n e  a s a  l ig h t  brow n 
o il.  T h is  w as r e c ry s t a lliz e d  w ith  g re a t d if f ic u lt y  fro m  p e tro le u m  
e th e r to g iv e  the c le a n  w h ite  p ro d u c t, m p  3 0 .5 - 3 1 ° .

C h a r a c t e r is t ic  sp e c tra l p ro p e rt ie s  o f 20  fo llo w : ir  (n e a t, c m " 1 ) 
2230 , 17 5 5 , 17 3 0 ; n m r  ( C D C I 3 , 6 ) 0.85 t  (3 ), 1 .0 6 -1 .6 8  m  (6 ), 2 . 1 0  q
( 2 )  , 8.04 s (4 ). T h e s e  d a t a  are  a n a lo g o u s to  tho se  re p o rte d  for 2 - 
c y a n o -2 -m e t h y l- l ,3 - in d a n d io n e  w h ic h  w as p re p a re d  b y  th e  t h e r 
m o ly s is  o f 2 -a z id o -3 -m e t h y l- l ,4 -n a p h t h o q u in o n e .4

Procedure for the Kinetic Runs of 2-Azido-3-(l-pentenyl)-
1.4- naphthoquinone and 2-Azido-3-pentyl-l,4-naphthoquinone. 
T h e  a p p a ra t u s  u se d  w as t h a t  d e s c r ib e d  b y  M a r t in  a n d  T im b e r -  
la k e .28  T h e  s o lv e n t ( 10  ml) w as e q u ilib ra t e d  in  th e  c o n sta n t t e m 
p e ra tu re  b a t h  w ith  th e  sy ste m  open to th e  a tm o sp h e re  a n d  th e n  
0.08 g (0.0003 m o l) o f 2 -a z id o -3 -( l -p e n t e n y l) - l ,4 -n a p h t h o q u in o n e  
or 0.06 g (0.0002 m o l) o f 2 -a z id o -3 -p e n t y l- l ,4 -n a p h t h o q u in o n e  d is 
so lve d  in  0 .5  m l o f th e  s o lv e n t w as in je c t e d . N itro g e n  w as b u b b le d  
th ro u g h  th e  s o lu t io n  fo r 90 sec before th e  sy ste m  w as c lo se d  a n d  
th e  ra te  o f th e  in c r e a s in g  p re ssu re  re c o rd e d . T h e  re a c t io n  w as a l 
low ed to go to c o m p le tio n  in  o rd e r to o b t a in  a  . T h e  ra te  c o n 
sta n ts  w ere o b ta in e d  b y  h a v in g  a  c o m p u te r p ro g ra m  p lo t  f irs t  the 
n a t u r a l lo g a r ith m  o f th e  q u a n t it y  ( P r -  P )  vs.  t im e  a n d  th e n

determ ine the slope of th is  lin e . T h e  program  also ran  a le a st- 
squares fit  of the points and varied  the Pm va lu e  in  order ito ob 
ta in  the sm a llest d eviatio n . T h e  azidoquinones used were p u re  as 
determ ined b y  th e ir m elting  point, and the solvents em p lo yed  
were p u rifie d  im m e d ia te ly  before use.

R e g is t r y  N o .— la ,  4 22 4 4 -9 1-7 ; lb ,  42244-92-8; l c ,  4 224 4-9 3-9 ; 
Id , 42244-94-0; le ,  4 224 4 -9 5 -1; I f ,  42244-96-2; 2 a , 4 22 4 4 -9 7 -3 ; 2b,
42244- 98-4; 2c, 42244-99-5; 2d, 4 22 0 7 -7 1-6 ; 2e, 4 2 2 4 5 -0 0 -1 ; 2f,
4224 5- 0 1 -2 ; 5c, 49827-67-0; 5e, 4 9827-68-1; 5f, 49827-69-2; 6a,
49827-70-5; 6b, 4 9 8 27-71-6 ; 6c, 4 9 8 27-72-7; 6d, 49827-73-8 ; 6e,
49827-74-9; 6f, 49827-75-0; 10, 42245-03-4; 11, 4 224 5-0 2-3 ; 12,
42245-04-5; 19, 49827-78-3; 20, 49827-79-4; 2 -h y d r o x y -l,4 -n a p h th o - 
quinone, 8 3 -7 2-7 ; dodecanal, 1 12 -5 4 -9 ; 5 -h yd ro x yp e n ta n al, 4 2 2 1 -
03-8; 2 ,3 -d im e th y l-5 -h y d ro x y -l,4 -b e n z o q u in o n e , 1760-68.5; p h e - 
nylacetald ehyd e, 12 2 -7 8 -1 ; 2 -a c e to x y -3 -p e n ty l-l,4 -n a p h th o q u in  one, 
49827-81-8 ; 2 -h yd ro x y -3 -p e n ty l-l,4 -n a p h th o q u in o n e , 4 12 4 5 -5 3 -8 .
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R e a r r a n g e m e n ts  o f  A z id o q u in o n e s . X I I I .  S y n th e s is  o f

2 -A Ik e n y l-2 ,3 -d ih y d r o in d o le -4 ,7 -d io n e s

2 -A z id o -l,4 -q u in o n e s  w h ich  are u n su b stitu ted  at position 3 react w ith  a cy c lic  and c y c lic  dienes upon p h o to ly
sis w ith  3600-A lig h t  to give 2 -a lk e n y l-2 ,3 -d ih y d ro in d o le -4 ,7 -d io n e s . T h e  syn th etic  scope of th is  new reaction as 
w ell as its  m echanism  are d iscussed.

The preceding manuscript describes the facile thermal 
ring closure o f 2-azido-3-vinyl-l,4-quinones to 2-alkyl- (or 
aryl-) indole-4,7-diones (indolequinones).3 Described here is 
a related synthetic transformation which results in the 
formation of 2-alkenyl-2,3-dihydroindole-4,7-diones. Spe
cifically, photolysis of azidoquinones (1) in the presence of 
various 1,3-dienes (2) results directly in the formation of 
the heterocyclic quinones (3), a transformation without 
precedent in quinone chemistry as well as in the photo
chemistry of organic azides. The general synthetic scope of 
this transformation is outlined by the equations shown in 
Scheme I which describe the reactions of 2-azido-5-fert- 
butyl-l,4-benzoquinone, 2-azido-5-methyl-l,4-benzoquin- 
one and 2-azido-l,4-naphthoquinone with acyclic and cyclic 
dienes.

Scheme I

R, R* r 3 R, Rs r 6 % yields'
3a H C (C H 3)3 c h 3 H H H 96

3b H C ( C H 3)3 H c h 3 H H 73
3c H CXCH 3)3 c h 3 H H c h 3 66

3d H C ( C H 3) 3 H c h 3 c h 3 H 53

3e E c h 3 c h 3 H H H 40

3f H c h 3 H c h 3 c h 3 H 84

3g c c h 3 H H H 72

3h H c h 3 c h 3 H 82

The transformation which are shown are conveniently 
run by irradiating an oxygen-free benzene solution of the 
azidoquinone and diene (1:10) with 3600-A light for sever
al hours. The heterocyclic quinone products function as 
internal filters for the incident irradiation, and, as a re
sult, the reactions were not generally run to completion. 
The resulting intensely colored dihydroindolequinones 
were isolated by column chromatography on silica gel 
using benzene-petroleum ether (5:1) as the eluent. The 
structures of these products are all based upon their spec
tral and analytical properties (Experimental Section) 
which are in good agreement with their formulations.

All o f the reactions are regiospecific, giving only those 
isomers having the alkenyl group at the 2 position. This 
assignment is easily made on the basis of the chemical

7, 7 4 %

shifts, spin-spin coupling, and proton count of the absorp
tion due to the proton at position 2 (Experimental Sec
tion).

The reaction is stereospecific, with reference to the al- 
kene double bond, only when the acyclic diene employed 
was trans-l,3-pentadiene. In this case, the azidoquinones
(1) all gave only one detectable isomer, i.e., 3a, 3e, and 
3g, respectively, in which the 2-propenyl group maintains 
its trans geometry. This assignment of trans stereochemis
try for the alkene group in 3a, 3e, and 3g is based upon a 
computer similation of their nmr spectra.® The best fit for

3g
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the vinyl proton region was obtained when the coupling 
constant between the alkenyl protons ( '/HaHb) was 15.47 
Hz, which is completely in agreement with the trans ge
ometry.6

The reactions of the azidoquinones (1) with all other 
acyclic dienes employed gave the corresponding 2,3-dihy- 
droindole-4,7-diones in a stereoselective manner. That is,
2-azido-5-terf-butyl-l,4-benzoquinone photolytically reacts 
with ms-1,3-pentadiene to give 3a and its cis 2-alkene 
isomer in a ratio of 1.0:1.3, respectively. Further, the 
reactions of the above azidoquinones (1) with trans, trans- 
and/or cis,cis-2,4-hexadiene provide a most interesting 
dual stereochemical problem which now concerns the ge
ometry of the 2-propenyl group as well as the stereochemi
cal relationship of this moiety to the 3-methyl substitu
ent. Isomerization of the carbon-carbon double bond is 
again observed. The predominant geometry of this alkene 
moiety in the product is the same as that of the corre
sponding alkene bond in the starting diene. More exciting 
is the fact that the major isomer(s) always has a cis re la
tionship between the substituents at the 2 and 3 positions, 
regardless of the stereochemistry of the starting diene. 
Concerning this point, 2-azido-5-terf-butyl-l,4-benzoqui- 
none reacts with trans,trans-2,4-hexadiene to give the iso
meric pairs, trans-2,3-dihydro-ciS- and -trans-2-propenyl-
5-tert-butylindole-4,7-dione (8) and cis-2,3-dihydro-cis- 
and -frans-2-propenyl-5-tert-butylindole-4,7-dione (9) in 
a relative ratio of 1.0:3.5, respectively. Interestingly, the 
same azidoquinone gives 8 and 9 in a relative ratio of 
1.0:6.7, respectively, when treated with cis, cis-2,4-hexa- 
diene under the same conditions. In a like manner, 2- 
azido-5-methyl-l,4-benzoquinone reacts photolytically 
with cis,cis-2,4-hexadiene giving 10 and 11 in a ratio of 
1.0:4.5 and 2-azido-l,4-naphthoquinone reacts with the 
same diene giving 12 and 13 in a relative ratio of 1.0:1.4, 
respectively. The ratios of the cis to trans 2-propenyl 
stereochemistry as determined from their nmr spectra, in 
each of these respective isomeric pairs, are as follows: 8-9, 
1.0:1.6 from trans,trans-2,4-hexadiene; 8-9, 1.0:0.16 from 
cis,cis-2,4-hexadiene; 10-11, 1.0:0.48 from cis,cis-2,4-hexa
diene; 12-13, 1.0:0.81 from cts,cis-2,4-hexadiene.

There are conceivably four geometric isomers in each of 
the above pairs, i.e., cis-cis, cis-trans, trans-cis, and 
trans-trans. It is assumed that all four isomers are pres
ent. However, all attempted separations failed (glc, tic, 
recrystallization, sublimation). The nmr spectrum of each 
purified isomeric mixture did show absorptions for cis and 
trans 2-propenyl and cis and trans 3-methyl, and the 
above stereochemical assignments are based upon inter
pretations of these spectra. For example, a computer sim
ulation of the vinyl region of the nmr spectrum obtained 
on the mixture of 8 and 9, shown by nmr to be 86% en
riched in the isomer or isomers having one stereochemical 
form of the 2-propenyl group, gave the best fit when the 
coupling constant was 10.51 Hz. Such a value is in good 
accord with cis geometry.12 Also, decoupling experiments 
were carried out on this same mixture which was shown 
by the ratio of the two 3-methyl absorptions to be 87% en
riched in the isomer or isomers having either a cis or a 
trans 2,3 relationship. These decoupling experiments indi
cate a cis 2,3 configuration in the major isomer(s). That 
is, irradiation of the 3-methyl absorption revealed that the 
coupling constant between the protons at the 2 and 3 po
sitions in the major isomer(s) was equal to 7 Hz. A cou
pling constant of this magnitude is consistent for adjacent 
protons having a dihedral angle of 20 or 150° 8 which is in 
accord for only the cis relationship. Analogous decoupling 
of the mixture of 8 and 9, obtained from the reaction of
2-azido-5-ferf-butyl-l,4-benzoquinone with trans, trans-

0

9
1.07a: 3 A 1a 

1.07b: 6,77b

0

11
L 0 :4.5

2,4-hexadiene again showed the major isomer(s) to also 
have the cis configuration between the 2,3 substituents. 
The trans 2-propenyl methyl group in the 8 and 9 isomeric 
mixture absorbs at 0.25 ppm upfield from that of the cis. 
Also, the 3-methyl in the major cis 2,3 isomer(s) absorbs
0.1 ppm downfield from that of the trans. Analogous dif
ferences were observed in the spectra of the 10 and 11 and 
12 and 13 mixtures, and it is upon these data that their 
indicated stereochemical assignments have been made.

Not all attempts to extend the synthetic scope of this 
reaction have met with success. Electron rich alkenes 
such as dihydropyran, furan, and cyclopentene failed to 
react. The electron deficient alkene, diethyl maleate, also 
was unreactive. The same was true for the electron poor 
dienes such as trans, tran.s-l,4-dicarbomethoxy-l,3-butadi- 
ene and trans, trans-1,4-diacetoxy-l,4-dicyano-l,3-butadi- 
ene.9 Concerning the quinone component, the reaction ap
pears to be limited to those azidoquinones which are un
substituted at the position adjacent to the azide group. 
For example, photolysis of 2-azido-3-methyl-l,4-naphtho- 
quinone in the presence of excess 1,3-pentadiene gave only
2-cyano-2-methyl-l,3-indandione.10 This intramolecular
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Scheme II

rearrangement can be induced either thermally or photo- 
lytically and has previously been discussed.10

M echanism. A mechanism for the formation of the 2- 
alkenyl-2,3-dihydroindole-4,7-diones, which is generally 
consistent with the available data, is outlined in Scheme
II. Such a mechanism describes an unsensitized, photolyt- 
ic, nonconcerted cycloaddition of the azidoquinone to the 
diene to give the intermediate A2-triazoline (15), which 
collapses to product via the betaine intermediate 16. This 
mechanism nicely accounts for the observed stereoselecti
vity o f the reaction. That is, the diradical (or zwitterion) 
intermediate 14 could allow for the partial isomerization 
of the allyl double bond. This diradical could then ring 
close to give, as the major isomer, the A2-triazoline inter
mediate 15 having the ring substituents in the more stable 
trans orientation. Such a trans stereochemical conse
quence would, of course, be expected to be independent of 
the stereochemistry of the starting diene. Thermal cleav
age of the triazoline to the diazonium betaine 16 has pre
cedence11 and such a species could then undergo back-side 
displacement of nitrogen as indicated to give the cis-2,3- 
dihydroindoles (17) as the major products.12 Not only 
does the diradical 14 account for 2-propenyl isomerization 
but it also rationalizes the regiospecificity of the reaction. 
That is, one would certainly predict that 14, which ulti
mately leads to the 2-propenyl substitution pattern, is 
also the most stable possible diradical (or zwitterion) in
termediate. In addition, the photolytic cycloaddition of an 
azide (in )  to an alkene double bond (zr2) would be expect
ed to be a nonconcerted process on the basis of orbital 
symmetry and thus involve a two-step sequence.

It is possible that the diradical 14 maintains the stereo
chemical integrity of the allyl radical and that the ob-

Figure 1 . R ate of nitrogen evolution for the p h o to lytic  conversion 
of 2 -a z id o -5 -te rf-b u ty l-l,4 -b e n z o q u in o n e  and 1,3 -p e n ta d ie n e  to 5 -
te rt-b u ty l-2 ,3 -d ih y d ro -2 -p ro p e n y lin d o le -4 ,7 -d io n e : (-------- ) quinone
in  neat diene, ( - - - - ) ! %  so lution  of quinone and diene in  benzene.

served 2-propenyl isomerization results from secondary 
photochemical processes. That is, this isomerization may 
come from photochemical excitation of the alkene double 
bond in the product indoles 17. The facts that allylic radi
cals, generated by other routes, have been shown to be 
stereochemically stable13 and that intramolecular triplet 
energy transfer between a carbonyl and an alkene chromo- 
phore can result in alkene isomerization14 are in agree
ment with this possibility.

The formation of the indoles 17 is indeed initiated 
by an unsensitized photochemical process. This was es
tablished by the observation that 2-azido-5-terf-butyl-
1,4-benzoquinone did .not react with 1,3-pentadiene under 
thermal conditions (ambient temperature) in the dark. 
However, photolysis of these components in either ben
zene or cyclohexane with 3600 A light or with light greater 
than 4000 A (sun lamp through a glass filter) readily re
sulted in 2,3-dihydroindole-4,7-dione formation. These 
latter experiments unambiguously rule out the possibility 
that light is initially being absorbed by either the diene or 
the benzene solvent since neither absorb light of such en
ergy.

A nitrene intermediate in this reaction has been ruled 
out. Not only would such a species be inconsistent with 
the observed stereospecificity, it is also eliminated on the 
basis of kinetic studies. When 2-azido-5-terf-butyl- 1,4- 
ben zoquinone was photolyzed in neat 1,3-pentadiene the 
rate of nitrogen evolution was observed to initially follow 
first-order kinetics. However, when the rate of nitrogen 
evolution was determined for a 1% solution of the same 
azidoquinone in benzene, in the presence o f an equimolar 
amount of 1,3-pentadiene, it deviated markedly from first 
order giving an “ s”  shaped curve when nitrogen pressure 
was plotted against time (Figure 1). The im portan t con
clusion derived from  this study is tha t the diene concen
tra tion  affects the rate of nitrogen evolution. The diene 
must therefore interact, before the step which involves the 
loss of nitrogen. The mechanism outlined in Scheme I il
lustrates such a possible interaction, i.e., excited quinone 
reacting with ground state diene. Other possibilities exist. 
For example, excited quinone could conceivably sensitize 
the diene to its triplet state which could then react with 
ground-state quinone. In either event, the A2-triazoline
(15) would be generated as the penultimate precursor to 
the indolequinones (17).

All attempts to spectroscopically detect the intermedi
ate triazoline 15 failed. However, this is not surprising in 
view of the fact that such A2-triazolines carrying a strong 
electron-withdrawing substituent at the 1 position are 
quite unstable, even at room temperature and below, and 
readily cleave to the diazonium betaines analogous to 16 
which then proceed to products. For example, the triazo
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line formed by reaction of benzoyl azide with norbornene 
decomposes at 40° and the analogous triazoline formed 
when benzenesulfoyl azide reacts with norbornene has yet 
to be detected.15 The triazoline from 2,4-dinitrophenyl 
azide and norbornene could just be isolated while that 
from picryl azide could not be seen but its formation was 
established on kinetic grounds.16“18

These data are all in agreement with the mechanistic 
sequence outlined in Scheme II. One novel feature of this 
transformation is the photolytic cycloaddition of an organ
ic azide to a carbon-carbon double bond. Such a reaction 
is certainly well known in the thermal chemistry of azides 
but appears to be without precedent under photolytic con
ditions.

Experimental Section
5-tert-Butyl-2,3-dihydro-2-ir<ms-( l-propenyl)indole-4,7-dione 

(3a). A solution  of 1.0  g (0.005 m ol) of 2 -a z id o -5 -ie r t -b u t y l-l,4 - 
benzoquinone and 5.0 m l (0.05 m ol) of tra n s -l,3 -p e n ta d ie n e  in  50 
m l of benzene was deoxygenated b y b u b b lin g  nitrogen through it  
for 15  m in . N itrogen was co ntinuo usly passed through the reac
tio n  solution as it  was irra d ia te d  for 3 h r w ith  a 3600-A lig h t 
source . 1 9  Petro leum  ether (10  m l, bp 30-60) was then added and 
the deep p urp le  solution was chrom atographed on 1 2 0  g of s ilic a  
gel using  benzene-petroleum  ether (5 :1)  as the e luent. T h e  first 
yellow  ban d  off the co lum n was the sta rtin g  azidoquinone (0.45 g, 
4 5 %  recovery). T h e  next was a lig h t p u rp le  com pound, 0.01 g, 
w hich  was not id en tifie d . F in a l ly  0.63 g ( 5 3 %  y ie ld ) of 5 -te r t -  
b u ty l-2 ,3 -d ih y d ro -2 -ira n s -( l-p ro p e n y l) in d o le -4 ,7 -d io n e  (3a) was 
obtained as a d a rk  p urp le  cry sta llin e  so lid , m p 7 2 -7 3 ° .  T h is  was 
followed by 0.01 g of 2 -a m in o -5 -fe rf-b u ty l-l,4 -b e n z o q u in o n e . 20  

T a k in g  the recovered sta rtin g  azidoquinone into account, the 
y ie ld  of 5 -te rt-b u ty l-2 ,3 -d ih y d ro -2 -( fra n s -l-p ro p e n y l) in d o le -4 ,7 - 
dione (3a) was 9 6 % .

A n a l. C a lc d  for C 1 5 H 1 9 N O 2 : C , 73.4 7; H , 7.76; N , 5 .7 1 . Fo un d : 
C , 73 .2 3 ; H , 7 .8 1, N , 5.62.

C h a ra c te ris tic  spectral properties of 3a follow: ir  (N u jo l, c m “ 1 ) 
3300, 1670; n m r ( C D C 1 3, 5) 1 .2 3  s (9), 1.65 broad d (3) J  =  5 H z , 
4 .18 -4 .6 2  m (1) , 4 .70-4.98 b (1) , 5 .5 4 -5 .7 8  m  (2), 6.30 s ( 1 ) ; uv 
( C H C I 3 , nm ) 28 1.5  ( 1 1 .5  x  10 3).

5-tert-Butyl-2,3-dihydro-2-(cis- and -trans-l-propenyl)indole-
4,7-diones. Reaction of 2-Azido-5-terf-butyl-l,4-benzoquinone 
with c is-1,3-Pen tadiene. A  deoxygenated solution  of 0.2014 g 
(0 . 0 0 1  m ol) of the azidoquinone and 1 . 0  m l (0 . 0 1  m ol) of c is -1 ,3 - 
pentadiene in  2 0  m l of benzene was irra d ia te d  w ith 3600 A  lig h t 
for 105 m in . T o  th is  solution was added 2 m l of petroleum  ether 
and then it  was chrom atographed on 130 g of s ilic a  gel using  ben
zene-petroleum  ether as the e luent. T h is  gave 0.1006 g (5 0 % ) re
covery of the azidoquinone and 0.0881 g (3 7 % )  of the m ix tu re  of
5 -ie r t -b u t y l-2 ,3 -d ih y d ro -2 -(c is - and -trcm s-l-p ro p e n yl) in d o le -4 ,7 - 
dione, m p 7 8 -7 9 °. T h e  stereochem istry of the 2 -p ro pen yl group 
was shown by n m r to be 4 4 %  trans and 5 6 %  c is. A ttem pted sepa
ration  of these geometric isom ers by th in -la y e r  and gas ch ro m a
tography, rec rysta lliza tio n , or su b lim a tio n  were unsuccessful. 
T a k in g  into account the am o unt of recovered sta rtin g  a zid o q u i
none, the y ie ld  of th is  isom eric m ix tu re  of in d o le-4,7-d io n es was 
7 3 % .

A n a l. C a lc d  for C i 5 H 1 9 N 0 2: C , 73.4 7; H , 7.76; N , 5 .7 1 . Fo und: 
C ,  73.23; H , 8.03; N , 5.61.

C h a ra c te ris tic  spectra l properties follow: ir  (N u jo l) 3200, 1670; 
n m r ( C D C I 3 , 5) 1.30  s (9), 1.80 and 1.83 two sets of doublets (3) J  
=  5 H z , 2 .3 6 -3 .4 3  m  (2), 4 .65-4.80 m  (1) , 4 .8 1-4 .9 2  b (1) , 5 .4 3 -5 .6 5  
m  (2); 6.32 s ( 1 ) ; uv ( C H C 1 3, nm ) 28 1.0  (10 .3  X 10 3).

2,3-Dihydro-5-methyl-2-( t r a n s -l-propenyl)indole-4,7-dione 
(3e). A  deoxygenated solution  of 0 .315 7 g (0.002 m ol) of 2 -a zid o -
5 -m e th yl-l,4 -b e n zo q u in o n e  and 2.0 m l (0.02 m ol) of frares-1,3- 
pentadiene in  30 m l of anhydrous benzene was irra d ia te d  for 4.25 
hr w ith  3600-A lig h t. C hro m ato g rap hy of the reaction solution on 
130  g of s ilic a  gel as described above gave 0.0344 g ( 1 1 % )  starting  
azidoquinone and 0.1387 g (3 5 % )  of the blue 2 ,3 -d ih y d ro -5 - 
m e th y l-2 - (tra n s -1 -propeny 1) in d o le-4,7-d io n e (3e), m p 8 6 -8 7°. 
T a k in g  into  account the am o unt of recovered sta rtin g  a z id o q u i
none the y ie ld  of 3e was 4 0 % .

A n a l. C a lc d  for C 1 2 H 1 3 N O 2 : C , 70.94; H , 6.40; N , 6.90. Fo und: 
C , 7 1 .3 3 ; H , 6.70; N , 6.94.

C h a ra c te r is t ic  spectra l properties for 3e follow: ir  (N u jo l, c m “ 1 ) 
3300, 1655, 1635; n m r ( C D C I 3 , 5) 1.69 d (3) J  =  5 H z , 2.03 d (3) J  
=  1.5  H z , 2 .4 4 -3 .38  m (2), 4 .2 3 -4 .6 2  m  (1) , 4 .65-5.69 b (1) , 5 .4 6 -

5.67 m  (2), 6.25 q ( 1 )  J  =  1 .5  H z ; u v  ( C H C I 3 , n m ) 273.5  (7.6 x
103).

2,3-Dihydro-2-( i r o n s - 1 -propeny l)benzo[/]indole-4,9-dione 
(3g). A  deoxygenated solution of 0.2090 g (0.001 m ol) of 2 -a z id o -
1 ,4 -naphthoquino ne and 1 . 0  m l (0 . 0 1  m ol) of tra n s-1 ,3-pentadiene 
in  2 0  m l of anhydrous benzene was irra d ia te d  w ith  3600 A  lig h t 
for 2 hr. T h e  deep purple  reaction solution was worked up chro- 
m a to g ra p h ica lly  as described above to give 0 .10 15  g (4 9 % ) of re
covered sta rtin g  azidoquinone and 0.0936 g (3 7 % )  of deep purple  
c r y s t a l l in e  2 ,3 -d ih yd ro -2-(tra re s-l-p ro p e n yl)b e n zo [/]in d o le -4 ,9 - 
dione (3g), m p 1 4 3 -14 4 °. T a k in g  into  account the recovered s ta rt
ing azidoquinone, the y ie ld  of 3g was 7 2 % .

A n a l. C a lc d  for C 1 5 H 1 3 N O 2 : C , 7 5 .3 1 ; H , 5.44; N , 5.86. F o u n d : 
C ,  75.42; H , 5.42; N , 5.73.

C h a ra c te r is t ic  spectral properties of 3g follow: ir  (N u jo l, c m - 1 ) 
3280, 1670; n m r ( C D C 1 3) 6 ) 1.69 d (3) J  =  4.0 H z , 2 .5 7 -3 .5 2  m  (2 ), 
4 .24-4.80  m (1) , 5 .0 3 -5 .3 2  b (1) , 5 .4 7 -5 .7 7  m  (2), 7 .4 2 -8 .10  m  (4); 
u v  ( C H C I 3 , n m ) 278.5 (23.7 x  103).

5- tert-Butyl-2,3-dihydro-2,3-(l,3-pentadieno)indole-4,7-dione
(5). A deoxygenated solution of 0.2091 g (0.001 m ol) of 2 -a z id o -5 - 
te rf-b u ty l-l,4 -b e n zo q u in o n e  and 2.0 m l of cyclo h ep tatrien e  in  20 
m l of anhydrous benzene was irra d ia te d  w ith  3600-A lig h t for 6  

hr. C hro m ato g rap hy of the resu ltin g  p urp le  reactio n  so lu tio n  on 
120 g of s ilic a  gel using  benzene-petroleum  ether (5 :1)  as the e l
uent gave 0.0523 g (2 5 % )  of recovered azidoquino ne and 0.0594 g 
(2 2 % )  of the in d o le-4 ,7-d io n e d eriva tive  5, m p 6 0 -6 2 °. T a k in g  into 
account the am o unt of recovered sta rtin g  azidoquino ne, the y ie ld  
of 5 was 2 9 % .

C h a ra c te ris tic  spectral properties of 5 follow: ir  (N u jo l, c m " 1 ) 
3400, 1670; n m r ( C D C 1 3) 6 ) 1 .2 7  s (9), 2 .0 4 -2.0 7  m  (2 ), 3 .0 6 -3 .3 7  m  
(1) , 3 .4 3 -3 .8 3  m  (1) , 4 .08-4.50 b (1) , 5 .6 2 -5 .9 5  m (4), 6.30 s ( 1 ) ;  uv 
(CHCI3, nm ) 284.0 (9.99 x  ID 3).

6- Methyl-3,4,4a,9a-tetrahydrocarbazole-5,8-dione (6 ). A  so
lu tio n  of 0.2984 g (0.0018 m ol) of 2 -a z id o -5 -te rt -b u ty l-l,4 -b e n z o - 
quinone and 3.0 m l of 1,3 -cyclo h ex ad iene  in  30 m l of anhydrous 
benzene was irra d ia te d  for 4 h r w ith 3600-A lig h t. C h ro m a to g ra 
p h y of the reaction solution on 130  g of s ilic a  gel u s in g  b enzen e- 
petroleum  ether (5 :1)  gave 0.0366 g ( 1 2 % )  of recovered startin g  
azidoquinone and 0.1263 (2 4 % )  of the carbazole d e riva tive  6 , m p 
1 1 6 - 1 1 7 ° .  T a k in g  into account the am o unt of recovered sta rtin g  
azidoquinone, the y ie ld  of 6 -m e th yl-3 ,4 ,4 a ,9 a -te tra h yd ro c a rb a - 
zole-5,8-d ione (6 ) was 3 7 % .

A n a l. C a lc d  for C 1 3 H 1 3 N O 2 : C , 72.56; H , 6.05, N , 6 .5 1. F o u n d : 
C , 72.6 2; H , 6 .23; N , 6.38.

C h a ra c te ris tic  spectral properties of 6  follow: ir  (N u jo l, c m - 1 ) 
3250, 1670, 1630; n m r ( C D C 1 3, 6) 1 .8 1 -2 .1 4  m (4), 2.03 d (3) J  =
1.5  H z , 3 .19 -3 .6 3  m  (1) , 4 .10 -4 .4 0  m  (1) , 4 .7 3 -5 .17  b (1) , 5.49-6.08 
m (2 ) 6.28 q (1) J  =  1 .5  H z ; u v ( C H C I 3 , nm ) 2805 ( 1 1 .5  x  10 3).

3,4,4a,lla-Tetrahydrobenzo[g]carbazole-5,10-dione (7). A 
deoxygenated solution of 0 .2017 g (0.001 m ol) of 2 -a z id o -l,4 -n a p h - 
thoquinone and 1.0  m l of 1.3 -cyclo h e x ad ie ne  in  20 m l of a n h y 
drous benzene was irra d ia te d  w ith  3600-A lig h t  for 3 h r. C h ro m a 
tography of the resu ltin g  deep p urp le  so lution  on 1 2 0  g of s ilic a  
gel using  benzene-petroleum  ether (5 :1)  gave 0.0995 g (4 9 % ) of re
covered sta rtin g  azidoquinone and 0.0955 g (8 8 % )  of the carbazole 
d erivative  7, m p 16 4 -16 5 °. T a k in g  into account the am ount of re 
covered sta rtin g  m ateria l, the y ie ld  of 3 ,4 ,4 a ,lla -te tra h y d ro b e n - 
zo[g]carbazole-5,10-dione (7) was 7 4 % .

A n a l. C a lc d  for C i 6H 1 3 N 0 2 : C , 76.49; H , 5 .18 ; N , 5.58. Fo u n d : 
C , 76.39; H , 5.39; N , 5.47.

C h a ra c te ris tic  spectral properties for 7 follow: ir  (N u jo l, c m “ 1 ) 
3250, 1675; n m r ( C D C 1 3, 6 ) 1 .8 3 -2 .2 7  m  (4), 3 .3 4 -3 .7 5  m  (1), 
4 .17 -4 .5 2  m  (1) , 5 .0 0 -5 .5 2  b (1) , 5 .5 3 -6 .3 3  m  (2), 7 .4 8 -8 .25  m (4); 
u v  ( C H C I 3 , nm ) 279.5 (18.8 x  1 0 3).

5-ieri-Butyl-2,3-dihydro-3-methyl-2-(l-propenyl)indole-4,7- 
dione. Isomeric Mixture of 8 and 9 from trans, tra n s -2,4-Hexa- 
diene. A  deoxygenated solution of 0.2049 g (0.001 m ol) of 2 -a zid o -
5 -te rt-b u ty l-l,4 -b e n z o q u in o n e  and 1.0  m l (0.009 m ol) of 
trans, tra n s-2,4 -hexadiene in  2 0  m l of anhydro us benzene was ir r a 
d iated  for 125  m in  w ith  3600-A lig h t. C h ro m ato g rap h y of the re
su ltin g  deep p urp le  so lution  on 1 2 0  g of s il ic a  gel using  b enzene- 
petroleum  ether (5 :1)  gave 0.0400 g (2 0 % )  of recovered a z id o q u i
none and 0 .1339 g ( 5 2 % )  of the 5 -t e r i-b u t y l-2 ,3 -d ih y d ro -3 -m e th y l- 
2 -(l-p ro p e n y l)in d o le -4 ,7 -d io n e  as a m ix tu re  of isom ers. T h e  n m r 
spectra of th is  p urp le  o il showed it  to be com posed of two types of 
isom ers, those d iffering  in  stereochem istry of the 2 -p ro p enyl group 
(3 9 %  c is  and 6 1 %  trans 1 .0 :1 .6 )  and those d iffering  in  stereo
ch e m istry  of the 2 ,3 -d ih yd ro in d o le  rin g  ( 2 2 %  trans a n d  7 8 %  cis). 
S ep aratio n  of these four isom ers could not be acco m p lished. T a k 
ing into account the am o unt of recovered sta rtin g  azidoquinone,
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the y ie ld  of the isom eric m ix tu re  of in d o le-4 ,7-d io n e d erivatives 
was 8 1 % .

C h a ra cte ristic  spectral properties of th is  8 and 9 m ixture  fo l
low: ir  (N u jo l, c m - 1 ) 3400, 1670; n m r ( D M S O -d 6, 5) 1.2 4  broad s 
(9), 1.03 and 1.2 4  two sets of doublets in  ratio  of 1 .6 :1 .0 , respec
t iv e ly , (3) J  =  6.5 H z , 1.69 and 1.7 3  two sets of doublets in  ratio  
of 1.0 :3 ,5 , respectively, (3) J  =  5 H z , 2 .6 5 -3 .14  m (1) , 3 .6 7 -4 .0 1 m 
(1) , 5 .4 7 -7 .79  m  (2), 6 .18  s (1) ; uv ( C H C 1 3, nm ) 28 1.5  (10 .3  X 
103).

5-£er£-Butyl-2,3-dihydro-3-methyl-2-(l-propenyl)indole-4,7- 
dione. Isomeric Mixture of 8 and 9 from cts,cis-2-4-Hexadiene.
A  deoxygenated solution of 0 .2 2 21 g (0.001 m ol) of 2 -a z id o -5 -te rt- 
b u ty l-l,4 -b e n zo q u in o n e  and 1.0  m l (0.009 m ol) of c is ,c is -2 ,4 -h e x a - 
diene in  20 m l of anhydrous benzene was irra d ia te d  for 2 h r w ith 
3600-A lig h t. C hro m ato g rap hy of the resu ltin g  deep purple  so lu 
tio n  in  120 g of s ilic a  gel using  benzene-petroleum  ether (5 :1) as 
the eluent gave only a trace am o unt of sta rtin g  azidoquinone and 
0 .1618  g (6 6 % ) of the 5 -£ e r£ -b u ty l-2 ,3 -d ih y d ro -3 -m e th y l-2 -( l-p ro - 
p enyl)ind o le-4 ,7-d io n e as a m ix tu re  of isom ers, m p 7 1 -7 3 ° .  T h e  
n m r spectrum  of th is  m ix tu re  showed it  to be composed of two 
types of isom ers, those d iffering  in  stereochem istry of the 2-pro pe- 
n y l group (8 6 %  cis, 1 4 %  tra ns; 1.0 :0 .16 ) and those d iffering  in  
stereochem istry of the 2 ,3 -d ih yd ro in d o le  r in g  ( 1 3 %  trans, 8 7 %  c is; 
0 .16 :1.0 ).

A nal. C a lc d  for C i 6H 2 iN 0 2: C , 74 .13 ; H , 8 .1 1 ;  N , 5 .4 1. Fo und: 
C ,  74.06; H , 8 .1 1 ;  N , 5 .14 .

C h a ra cte ristic  spectral properties for th is  8 and 9 m ixture  fo l
low: ir  (N u jo l, c m - 1 ) 3300, 1670; n m r (D M S O -d 6 , 6) 1.2 4  s (9), 
1.03 and 1.2 4  two sets of doublets in  a ratio  of 1.0 :0 .16 , respective
ly , (3) J  =  6.5 H z , 1.69 and 1 .7 3  two sets of doublets in  a ratio  of 
6 .7:1.0 , respectively, (3) J  =  5 H z , 2 .6 8 -3 .14  m  (1), 4 .09-4.40 m 
(1) , 5 .20 -5 .8 8  m (2), 6.18  s ( 1 ) ; uv ( C H C 1 3, nm ) 282.5 ( 1 1 .8  x  
103).

2.3- Dihydro-3,5-dimethyl-2-(l-propenyl)indole-4,7-dione. 
Isomeric Mixture of 10 and 11 from c is ,c is -2,4-Hexadiene. A
deoxygenated solution of 0.2058 g (0.0013 m ol) of 2 -a z id o -5 - 
m eth yl-l,4 -b e n zo q u in o n e  and 2.0 m l (0.018 m ol) of c is ,c is -2 ,4 -h e x - 
adiene in  30 m l of anhydrous benzene was irra d ia te d  w ith 3600-A 
lig h t for 4 hr. Chro m ato g rap hy of the resu lting  p urp le  solution on 
130 g of s ilic a  gel using  benzene-petroleum  ether (5 :1) as the e l
uent gave 0.0188 g (9 % )  of recovered azidoquinone and 0 .2218  g 
( 8 1 % )  of the 2 ,3 -d ih y d ro -3 ,5 -d im e th y l-2 -( l-p ro p e n y l) in d o le -4 ,7 - 
dione as a m ixture of isom ers 10 and 11, m p 9 8 -9 9 °. T h e  nm r 
spectrum  of th is  product showed it  to consist of two types of iso 
mers, those d iffering  in  the stereochem istry of the 2-p ro penyl 
group (6 7 %  c is, 3 3 %  tra n s; 1.0:0.48) and those d iffering  in  stereo
chem istry of the 2 ,3 -d ih yd ro in d o le  rin g  ( 1 8 %  trans, 8 2 %  c is; 
1.0 :4 .5). Th ese  four isom ers, i.e ., t ra n s -tra n s, tra n s -c is , c is -c is , 
c is -tra n s , could  not be separated. T a k in g  into account the 
am ount of recovered sta rtin g  azidoquinone the y ie ld  of the 10 and 
1 1  m ixture was 8 4 % .

C h a ra cte ristic  spectral properties of th is  10 and 11 isom eric 
m ixture follow: ir  (N u jo l, c m - 1 ) 3300, 1660; n m r ( C D C 1 3, 5) 1 . 1 1  
and 1 .3 2  two sets of doublets in  a ratio  4 .5 :1.0 , respectively, (3) J  
=  7 H z , 1.6 7 a n d  1 .7 1  two sets of doublets in  a ratio  of 3 .4 :1.0 , re
spectively , (3) J  =  5 H z , 2.02 d (3) J  =  1 .5  H z , 2 .8 8 -3 .33  m (1) , 
4 .12 -4 .4 5  m  (1) , 4 .72 -5 .0 3  b (1) , 5 .3 9 -5 .8 7  m  (2), 6.27 g (1) J  =  1.5  
H z ; u v  ( C H C 1 3, n m ) 280.0 ( 1 1 .9  x  103).

2.3- Dihydro-3-methyl-2-(l-propenyl)benzo[/]indole-4,9-dione. 
Isomeric Mixture of 12 and 13 from cts,cis-2,4-Hexadiene. A  
deoxygenated solution  of 0.2065 g (0.001 m ol) of 2 -a z id o -l,4 -n a p h 
thoquinone and 1.0  m l (0.009) of c is ,c is -2 ,4 -h e x a d ien e  in  20 m l 
of anhydrous benzene was irra d ia te d  w ith 3600-A lig h t for 3 hr. 
Chro m atog raphy of the resu ltin g  red solution on 120 g of s ilic a  gel 
using  benzene-petroleum  ether (5 :1)  as the eluent gave 0.0972 g 
(47%) of recovered azidoquinone and 0 .114  g (4 4 % ) of the red 2 ,3 - 
d ih yd ro -3 -m e th yl-2 -(l-p ro p e n yl)b e n zo [/] in d o le -4 ,9 -d io n e  as an 
isom eric m ixture, m p 10 6 -10 8 °. T h e  n m r spectrum  of th is  product 
showed it  to be composed of two types of isom ers, those differing 
in  stereochem istry at the 2 -p ro pen yl group ( 5 5 %  c is, 4 5 %  tra ns; 
1.0 :0 .81) and those d ifferin g  in  stereochem istry at the 2,3 -in d o le  
ring  positions ( 4 1 %  trans, 5 9 %  c is; 1 .0 :1 .4 ) . A ttem p ts to separate 
these four isom ers fa ile d . T a k in g  into  account the am o unt of re
covered sta rtin g  azidoquino ne the y ie ld  of 2 ,3 -d ih y d ro -3 -m e th y l- 
2 -(l-pro p en yl)b en zo [/]in d o le-4 ,9 -d io n e was 8 2 % .

C h ara cte ristic  spectral properties of th is  12 and 13 m ixture fo l
low: ir  (N u jo l, c m “ 1 ) 3400, 1675, 1630; n m r ( C D C 1 3, S) 1 .1 7  and 
1.4 2  two sets of doublets in  ratio  of 1 .0 :1 .4 , respectively, (3) J  =  7 
H z , 1 .7 1  and 1.7 5  two sets of doublets in  ratio  of 1 .2 :1 .0 , respec
t iv e ly , (3) J  =  5 H z , 2 .9 7-3 .6 4  m (1) , 4 .19 -5 .5 0  m  (1) , 4 .9 2 -5 .13  b

(I) , 5.45-5.76 m (2), 7.47-8.13 m (4); uv (CHC13, nm) 279.0 (21.9 
X 103).

Photolysis of 2-Azido-5-£er£-butyl-l,4-benzoquinone in the 
Presence of 1,3-Pentadiene Using Cyclohexane as Solvent. A
deoxygenated solution of 2-azido-5-£er£-butyl-l,4-benzoquinone 
(0.1 g, 0.0005 mol) in 10 ml of anhydrous cyclohexane was irra
diated with 3600-Â light. The product 2,3-dihydro-5-£er£-butyl-2- 
(l-propenyl)indole-4,7-dione was detected by thin-layer chroma
tography. After a few hours, the thin-layer chromatograms were 
identical in appearance with those obtained from the same reac
tion when benzene was employed as the solvent.

Photolysis of 2-Azido-5-£er£-butyl-l,4-benzoquinone in the 
Presence of 1,3-Pentadiene Using Benzene as the Solvent and 
Light of >4000 A. A deoxygenated solution of 0.1 g (0.0005 mol) 
of 2-azido-5-£er£-butyl-l,4-benzoquinone and 0.5 ml of 1,3-penta- 
diene in 10 ml of anhydrous benzene was irradiated with a sun
lamp (Sylvania, 250 W) through a Coming 3-73 glass filter which 
cuts off light below 4000 A. After a few hours the thin-layer chro
matograms showed appreciable buildup of the 2,3-dihydro-5-£er£- 
butyl-2-(l-propenyl)indole-4,7-dione.

Kinetics. The apparatus used was a modified version of that 
reported by Weyler.21 Rather than a reaction vessel which was 
suspended in a constant temperature bath, a water jacketed sam
ple tube was used in which 31.50° water was circulated during the 
kinetic run. The 2-azido-5-£er£-butyl-l,4-benzoquinone (0.05 g, 
0.25 mmol) was dissolved in 7 ml of dry benzene and injected into 
the sample tube. An equal molar amount of 1,3-pentadiene was 
then added. The sample was deoxygenated by bubbling nitrogen 
through it for 15 min and then the system was closed. The cover 
over the ultraviolet lamps was removed and the rate of increasing 
pressure was recorded. In order to obtain a P  infinity value the 
reaction was allowed to go to completion. All the samples used 
were pure as determined by their melting points. In addition to 
the above, two runs were done in which the 2-azido-5-£er£-butyl-
1,4-benzoquinone was dissolved in 7 ml of the neat 1,3-pentadiene 
rather than the benzene.

Registry No.—la, 27977-24-8; le, 27977-26-0; lg, 15707-29-6; 
cis-2a, 1574-41-0; trans-2a, 2004-70-8; cis, cis-2c, 6108-61-8; trans,- 
trans-2c, 5194-51-4; cis-3a, 49827-80-7; trans-Sa, 49827-83-0; 3e, 
49827-84-1; 3g, 49827-85-2; 5, 49827-86-3; 6 , 49827-87-4; 7, 49827- 
88-5; 8-9, 49827-89-6; 10-11, 49827-90-9; 12 13, 49827-91-0; cyclo- 
heptatriene, 544-25-2; 1,3-cyclohexadiene, 592-57-4.
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1,1 '-Azobisformamide. II. Thermal Decomposition. Kinetics, Products, and
Decomposition Mechanism

John E . Herweh* and Richard M . Fantazier 

A rm stro n g  C ork C o m p a n y , R esea rch  and  D e v e lo p m e n t  C en ter , L a n ca ster , P en n sy lv a n ia  17604

R e c e iv e d  N o v e m b e r  15, 1973

T h e  th erm a l decom position of l,l'-a z o b is fo rm a m id e  (A B F A )  has been investigated in  D M S O  solution over 
the tem perature range 8 6 -1 1 5 ° .  T h e  decom position products at 1 1 5 °  are N 2  (0.886 m o l/m o l of A B F A ) , C O  
(0.376), b iurea (0 .132), b iu re t (0.228), urea (0.386), and cya n u ric  a c id  (0.008). T h e  decom position follows first- 
order k in e tics  for a n y given experim ent, although a threefold increase in  the ca lcu la ted  rate constant was found 
over the range of in it ia l concentrations from  0.005 to 0.50 M . A c tiv a tio n  param eters were ca lcu la ted  as follows: 
A H *  =  27.4 ±  0.5 k c a l/m o l; A S *  -  8.3 eu. T h e  results are consistent w ith  a decom position m echanism  in v o lv 
in g  therm al isom erization  of A B F A  to c is -A B F A . c is -A B F A  p r im a r ily  undergoes cyc llza tio n  to 1 ,2 ,4 -tr ia z o lin e -
3,5 -d ione and, in  ad d itio n, co m p etitive ly, undergoes hom olysis to produce nitrogen and a p a ir  of form am oyl 
ra d ic a ls . Fo rm a m o yl ra d ica ls  add re a d ily  to A B F A  to produce trisfo rm a m o ylhyd ra zin e  ( T F H )  as an unstable  
in term ediate  w hich decom poses to b iurea and iso cyan ic a cid . l,2 ,4 -T r ia z o lin e -3 ,5 -d io n e  is  also unstable, y ie ld 
in g  nitrogen, carbon m onoxide, and urea.

The thermal decomposition of aliphatic azo compounds 
occurs by a generally predictable course to yield molecular 
nitrogen and a pair of free radicals.1 For most azo com
pounds, induced decomposition in solution is not a signifi
cant pathway; however, cage reactions can be important 
in reducing the efficiency of free-radical production.2 D i-  
arylazo compounds, on the other hand, are remarkably 
stable to both thermal and photochemical decomposition 
and are not generally considered useful sources of free 
radicals.18

The in itial step in the decomposition of a-carbonylazo  
compounds is frequently formulated as a homolysis with 
loss of nitrogen.1 ’3 However, secondary reactions of free- 
radical intermediates play a significant role in the reac
tion course. In  the case of dibenzoyldiimide, homolytic 
decomposition accounts for about 5 0 %  of the starting m a
terial. The remaining diimide is consumed by secondary 
reactions with the intermediate benzoyl radicals.4

In  another case, dimethyl azodicarboxylate decomposes 
in dodecane at 12 0 -17 0 ° to yield only 7 %  nitrogen.38 D e
spite the low yield of nitrogen, the results are consistent 
with a radical mechanism, since it was shown that the 
major reaction is polymerization, initiated by radicals.

Prior to the current study, only a single example of an 
azoformamide decomposing in solution had been report
ed.30 2-Cyano-2-propylazoformamide had been used as a 
radical initiator at about 100°. The nitrogen yield was 
quantitative and the efficiency of radical production was 
60%. Traces of carbon monoxide were found, suggesting a 
slight amount of decarbonylation of the formamoyl radi
cal.

Me2C(CN )N =N C(0)N H 2 —* Me2CCN +  N, +  -C(0)NH2
Published work on the thermal decomposition of 1 , 1 ' -  

azobisformamide (A B FA ) is limited to its high-tempera- 
ture decomposition in the solid state or in heterogeneous 
systems.5 Its decomposition mechanism has not been ex
amined in detail nor have any studies been conducted in 
solution. The absence of published information concerning 
the decomposition of A B F A  in solution at moderate tem
peratures makes it difficult to establish a detailed mecha
nism. B y analogy with the known thermal decomposition 
pathways for a-carbonylazo compounds, it is possible to 
suggest an initial step involving homolysis with loss of n i
trogen and the formation of a pair of formamoyl radicals. 
Reaction products should then be determined by subse
quent reactions of these radicals. However, information on 
the chemistry of formamoyl radicals is quite sparse,6’7

thereby leaving little basis for judging their ultimate fate. 
In view of this, our primary objective was to determine 
the mechanism of thermal decomposition of A B F A  in so
lution by product analysis, reaction kinetics, and various 
complementary studies and, in doing so, also provide in 
formation concerning the behavior of formamoyl radicals.

Results
Kinetic Studies by Spectrophotometry. The rate of 

decomposition of A B F A  was studied prim arily in dimethyl 
sulfoxide (DM SO ) and to some extent in dimethylforma- 
mide (D M F), hexamethylphosphoryltriamide (H M P T ), 
and formamide. The rate of disappearance of A B F A  was 
determined spectrophotometrically by following the de
crease in intensity of the azo-group absorption at 423 nm  
(Table I). In  all these cases, first-order kinetics were 
found through 2 -3  half-lives. The first-order rate constant 
increases slightly with increasing initial concentration; a 
threefold increase in rate results from a hundredfold in 
crease in initial concentration. The rate data for 0 .0 16 -
0.018 M  solutions of A B F A  in D M S O  at 86.0, 100.3, and 
115 .3 ° were used to calculate activation parameters (Table
I).

A less comprehensive study of A B F A  decomposition k i
netics in other solvents was made, the results of which are 
also included in Table I. In this series, considerably wider 
variations are evident. At comparable concentrations, the 
rate of disappearance of A B F A  is faster in D M F  and sub
stantially faster in formamide compared with D M S O . 
Nonlinear first-order plots were obtained in these sol
vents. Product studies „ndicated that a reaction occurs 
between A B F A  and D M F , and presumably with form
amide as well. Dilution of the D M S O  with o-dichloroben- 
zene (40:60), however, results in a rate decrease relative to 
the rate in D M S O . Th is is reasonably attributed to a de
crease in solvent polarity. In  H M P T , the rate of decompo
sition of A B F A  is roughly one-third that in D M S O .

Kinetic Studies by Nitrogen Evolution. The second 
approach to kinetic information was through gas-evolution 
studies, usually done in conjunction with reaction-product 
studies. Rate data were obtained from the volume of n i
trogen collected as a function of time (see Experim ental 
Section). The rate constants are listed in Table II.

The trend found with gas-evolution kinetics generally 
follows that obtained from spectrophotometric data, the 
rate constant increasing slightly with increasing initial 
concentration. N .N .N '.N '-Tetram e th ylazo b isfo rm am id e  
(T M A B F A ) was used as a free-radical trap in one kinetic
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Table I
Spectrophotometric Rate Data for the Thermal 

Decomposition of ABFA in DMSO and 
Various Other Solvents“

Tem p,
°C Solvent

Initial
concn,

M

First-order rate constant, 
m in '"1 X  103

8 6 .0 D M S O 0 .0 1 8 0 .3 2 9  ±  0 .0 0 8 s (3)
D M F 0 . 0 1 8 0 .9 3 9  ±  0 .0 3 4 «
F o r m a m id e 0 .0 1 8 5 . 5 5  ±  0 .0 6
D M S O 0 .3 4 0 .5 4  ±  0 .0 0 4

1 0 0 .3 D M S O 0 .0 1 6 1 . 6 3  ±  0 .0 6  (3)
D M F 0 .0 1 4 3 .44«
D M S O 0 .3 8 2 . 5 0  ±  0 . 0 1

1 1 5 . 3 D M S O 0 .0 0 5 4 . 0 1  ±  0 .6 6  (2)
D M S O 0 .0 1 8 6 .0 6  ±  0 .2 8  (6)
H M P T 0 . 0 1 7 2 . 3 0  ±  0 .0 3
D M F 0 .0 1 8 6 .8 2  ±  0 . 1 1 «
D M S O 0 . 1 7 8 .8 8  ±  0 . 1 3  (2)
D M S O  +  O D C B /  

(4 0 :6 0 )
0 .0 1 8 4 .8 2  ±  0 .0 6

F o r m a m id e 0 .0 1 8 1 2 1  ±  4 5 ’
D M S O 0 .3 4 1 0 . 5 7  ± 0 . 9  (2)
D M S O 0 .5 0 1 1 . 3 5  ±  0 .3 0  (2)

°  Activation parameters for 0.018 M  A B F A  in D M SO : 
E a =  27.4 ±  0.5 kcal/m ol; AS* =  —8.3 eu. b Average 
deviation from the mean. e Num ber of individual experi
ments. d Standard deviation; reported for single runs. 
• Nonlinear plot. / O D C B  =  o-dichlorobenzene, 0 Very 
rapid reaction, approximate rate constant; plot is not 
linear.

experiment, since it is structurally sim ilar to A B F A  and 
was found to be relatively stable under the reaction condi
tions. When T M A B F A  was added to A B F A  in equimolar 
amount, the rate of nitrogen evolution in D M SO  was re
duced by half. When H M P T  was used as the solvent, the 
rate of nitrogen evolution was also half that found in 
D M SO .

Reaction Products from Thermolysis of A B F A . Th er
molysis of A B F A  in D M S O  yields the following products: 
nitrogen, carbon monoxide, biurea, biuret, urea, and cy- 
anuric acid and carbon dioxide in minor amounts. The 
ratio of nitrogen to carbon monoxide is 2.0 ±  0.5:1.0  in all 
cases. Product analyses were carried out for all the de
compositions in which rate data by gas evolution were ob
tained. These results are summarized in Table III. No 
ammonia or other basic volatiles were detected.

At 86° some trisformamoylhydrazine (T F H ),  
(H aN CO )2 N N H C O N H 2 , was detected. The yield of biuret 
was relatively constant throughout. At 1 15 °,  the yield of 
urea increased with increasing initial concentration of 
A B F A . The yield of biurea appears to be slightly in
fluenced by changes in both temperature and initial 
A B F A  concentration. To obtain some indication of the se
quence of product formation, a reaction was run to 50 %  
completion. The nitrogen to carbon monoxide ratio was 
2:1 , and the amounts of biurea and biuret, when extrapo
lated, approached values obtained at 10 0 %  decomposition. 
The level of urea, however, was quite low, indicating that 
its formation may be a major process in the latter stages 
of the thermolysis or that it is being consumed in itially. 
Sm all amounts of T F H  were also found.

These results were supported by nmr analysis of A B F A -  
D M SO  reaction mixtures quenched from 11 5 °  at different 
time intervals. The nmr analysis also indicated a relative
ly rapid buildup of biurea and biuret during the first half- 
life (ca. 77 m in). Urea was also present. However, its for
mation was relatively slow until the latter stages of the 
thermolysis.

In D M F , nitrogen and carbon monoxide values were 
higher than in D M S O . However, the nitrogen to carbon

Table II
Gas-Evolution Rate Data for the Decomposition of 

ABFA in DMSO and Various Other Solvents

Temp,
°C

Initial
concn,

M

Solvent and 
conditions

First-order rate 
constant, m in -1 X 103

8 6 .0 0 .3 4 D M S O -f o r m a m id e 2 . 2 6 ± 0 . 1 6 «
8 6 .0 0 . 5 2 D M S O 0 .7 9 ±  0 . 0 1

1 0 0 .3 0 .3 4 D M S O 2 . 6 3 ±  0 .0 6
1 0 0 . 1 0 . 5 2 D M S O 2 . 2 5 ± 0 . 1 8
1 1 5  .3 0 . 1 7 D M S O 6 .3 8 ±  0 1 6 s (2)«

0 . 1 7 D M F 4 .8 6 ±  0 .0 3
0 .3 4 D M S O 8 . 3 2 ± 0 . 1 5  (4)

1 1 5 . 5 0 .3 4 D M S O ,  0 .3 4  M  
T M A B F A

4 .2 6

1 1 5 . 2 0 .3 4 H M P T 4 . 3 3 ± 0 . 1 0
1 1 5 . 3 0 . 5 2 D M S O 8 .5 5 ±  0 .6 4  (3)

“ Standard deviation, reported for single experiments. 
6 Average deviation from the mean. « Number of experi
ments.

monoxide ratio was essentially unchanged (Table III, Run 
No. 8). O f further interest was the isolation of N ,N - di- 
methylurea, which indicated solvent participation in the 
thermolysis process and suggested the possible involve
ment of radical species. In H M P T  as a reaction solvent, 
the yields of carbon monoxide and biuret were higher and 
that of biurea lower than in D M S O  under comparable 
conditions (Table III, Run No. 9). The higher carbon 
monoxide values obtained in H M P T  and in D M F  lend 
some support to a suspected interaction of carbon monox
ide with D M S O . T h is matter will be considered presently.

Thermolysis of ABFA in the Presence of TMABFA. 
T M A B F A  was added as a probe for free radicals (Table  
III, Run No. 10). It  has been demonstrated that forma- 
moyl radicals, expected reaction intermediates, will add 
readily to T M A B F A  to yield l-form am oyl-l,2-bis(Af,lV/- 
dimethylcarbamoyl)hydrazine ( 1 ) .7 Furthermore, T M A B F A

Me2N CON= N CONMe, + -CONIL — ►
TMABFA

Me,NCON(CONH2)NCONMe2 ^  Me2NCON(CONH2)NHCONMe2
1

is relatively stable under the conditions imposed (see 
Experim ental Section). The addition of T M A B F A  re
sulted in a nitrogen to carbon monoxide ratio well within 
the range observed in its absence; however, the amounts 
of nitrogen and carbon monoxide were high. A portion of 
the increased nitrogen is attributed to some decomposi
tion of T M A B F A . The urea value was low, and the biurea 
was virtually eliminated. Furthermore, l,2 -b is(iV ,N -d i- 
methylcarbamoyl)hydrazine (2) was found as a major 
product.

Chemistry of the Formamoyl Radical. We have re
cently reported the facile addition of formamoyl radicals 
to a-carbonylazo compounds by a simple radical-chain  
process.7 In the case of A B F A , using excess formamide 
and benzoyl peroxide (BPO ) initiator at 80°, the major 
pi'oduct was trisformamoylhydrazine (T F H , 86% yield). In  
the absence of B PO , 8 3 %  of the A B F A  was recovered. 
When this latter reaction was repeated at 114  ±  2°, the 
major reaction products were biurea (40.5%), isocyanic 
acid (5 6 .1%  isolated as cyanuric acid), urea (23%), and bi
uret (12 .5 % ).

B y way of obtaining additional evidence for the partici
pation of formamoyl radicals in the thermolysis, A B F A  
was decomposed in D M SO  in the present of formamide. 
Kinetic data indicated an appreciable rate enhancement 
of A B F A  decomposition in formamide compared with that 
in D M S O  (Table I). In  the present case, a mixed solvent
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Table IIIReaction Products from Thermolysis of ABF A
—D ecom position  p roducts , m o l/m o l o f A B FA ----------------------------

T em p , f A B F A ],
°C  m m ol S o lven t

C oncn,
M n 2 c o a C O 2 B iu rea  B iu re t U rea

C yanuric
acid

1 86 129.4 DMSO 0.52 0.672 0.320 0.195s 0.189 0.260 0.056
2 100.3 77.5 DMSO 0.35 k k k 0.168 0.232 0.387 0.065
3 100.1 129.2 DMSO 0.52 0.765 0.421 0.026 0.192 0.200 0.252 0.049
4 115.3 43.0 DMSO 0.17 0.872 0.495 0.007 0.072 0.226 0.300 0.021
5 « 115.3 83.4 DMSO 0.34 0.886 0.376 0.019 0.132 0.228 0.386 0.008

( ±  0.007) ( ±  0.003) (± 0 .0 0 3 ) ( ±  0.003) (± 0 .0 1 0 ) (± 0 .0 1 7 )
6 115.3 129.6 DMSO 0.52 0.900 0.463 0.008 0.115 0.252 0.453 0.037
7d 115.4 129.2 DMSO 0.52 0.666 0.383 0.110e 0.194 0.162 0.025
8 115.2 43.5 DMF 0.17 0.919 0.623 0.025 O.O5 5 / 0.207 0.391
9 115.2 86.2 HMPT 0.34 0.867 0.510 0.002 0.055 0.412 0.354

10 115.5 86.4 DMSO" 0.34 1.081 0.634 0.006* 0.237 0.293 0.052
11 86.0 86.4 DMSO* 0.35’ 0.492 0.212 0.301’ 0.217 0.119 0.036

» CO values are ca. 10% low; see ref 14. b TFH (0.021 mol) and ABFA (0.077 mol) were other products isolated. c Values
for all reaction products are averages obtained from three identical reactions; average deviation of mean is noted. Decom 
position carried to 50% completion; values reported fo r reaction products result from extrapolation o f actual yields to 100% 
dec. e TFH  (0.054 mol) was also identified among the decomposition products. 1 tV,AT-Dimethylurea (0.041 mol) also present. 
« TM ABFA present (86.4 mmol). h l,2-Bis(lV,lV-dimethylcarbainoyl)hydrazine (2, 0.223 mol) and TM ABFA (0.616 mol) were 
among the decomposition products.' Formamide present (86.2 mmol) . ' ABFA (0.070 mol) present. k Not determined.

(DMSO-formamide) system was used in order to enhance 
the solubility of ABFA. The nitrogen and carbon monox
ide yields were significantly lower than those obtained in 
the absence of formamide under comparable conditions 
(Table III, Run No. 11). By the same token, the amount 
of biurea formed was quite high.

Control Reactions. The following reactions were car
ried out to determine the stability of various reaction 
products and postulated intermediates.

After heating urea in DMSO at 115° for 17 hr, >90% 
was recovered. A maximum of ca. 0.5% biuret was found, 
indicative of a low degree of dissociation.

Heating a solution of biuret in DMSO at 115° resulted 
in a recovery of 47% of the starting material. Of the re
maining biuret (53%), approximately 29% was accounted 
for as urea; undetermined amounts of cyanuric acid were 
also present. Since the dissociation of biuret to urea and 
isocyanic acid is reversible, in the current case the trimer- 
ization of isocyanic acid causes the process to shift away 
from biuret.

Upon heating at 115°, biurea was essentially unaffected, 
88.3% being recovered. Small amounts of urea and biuret 
were found, accounting for at least 6% of the starting ma
terial.

On heating TFH in DMSO (115°), it dissociated to 
give biurea (78%) and isocyanic acid (94%) along with 
small amounts of urea (15%) and biuret (5%).

In an attempt to trap isocyanic acid formed from the 
thermolysis of TFH, equimolar amounts of urea and TFH 
were heated under thermolysis conditions. Isocyanic acid 
was formed, as evidenced by the presence of cyanuric 
acid. However, reaction with urea occurred only to a rela
tively minor extent; 88% of the isocyanic acid trimerized.

Thermolysis of Substituted Azobisformamides. 
AC, N, N ', AC'-Tctramcthylazobisformamidc (TMABFA).
The decomposition of TMABFA in DMSO at 115.6° was 
extremely slow, as judged by the rate of nitrogen evolu
tion. After prolonged heating (8 days), only 30.1% of the 
available azo nitrogen was accounted for as molecular ni
trogen. The amount of carbon monoxide formed during 
this time was negligible (ca. 1.1%). Analysis of the non
volatile decomposition products by nmr indicated the 
presence of TMABFA (ca. 60% starting TMABFA) and a 
second component, accounting for ca. 10% of the TMABFA, 
that has tentatively been identified as tris(lV,iV-di-

methylcarbamoyl)hydrazine (3, see Experimental Sec
tion).

HN-----NH
! I

OCx  /CO 
N

MesNCONH N( CONMe2 ), Et EtNHCONHN( CONHEt )2
3 4 5

iVjiV-Diethylazobisformamide (DEABFA). Thermol
ysis of DEABFA at 115.6° in DMSO followed first-order 
kinetics (k = 2.22 ±  0.03 X 10~3 min^1, f0.5 = 311.3 min) 
as determined by rate of nitrogen evolution. Nitrogen 
(29.8%) was the only volatile decomposition product 
found. The major nonvolatile decomposition product, ac
counting for 45% of the DEABFA, was 4-ethylurazole (4), 
identified by comparison with authentic material. Nmr 
spectral analysis of the remaining tar-like thermolysis 
product suggested the presence of trisCV-ethylcarbam- 
oyl)hydrazine (5) as a major component (see Experi
mental Section).

Discussion
To a first approximation, the thermal decomposition of 

ABFA was expected to follow a simple, homolytic path
way to yield molecular nitrogen and a pair of formamoyl 
radicals.

H2NCON=NCONH2 — *- H,NCO ±  N, + H2NCO

In practice, only 70-90% (86-115°) of the calculated 
amount of nitrogen was accounted for. The deficiency in 
azo nitrogen is generally accounted for by the yield of the 
reduced azo compounds biurea (Table III). Carbon mon
oxide was a significant decomposition product (0.32-0.46 
m ol/m ol of ABFA) which, within the framework of a free- 
radical decomposition mechanism, might arise from de- 
carbonylation of the formamoyl radicals. Ammonia, a pos
sible by-product of the decarbonylation, was not detected.

In DMSO, the decomposition of ABFA exhibits 
straight-line, first-order kinetic plots and only at relative
ly high initial concentrations was any slight curvature 
noted. The calculated rate constant increased with in
creasing initial concentration. However, this change was 
quite small; a hundredfold increase in ABFA concentra
tion resulted in less thar. a threefold increase in the calcu
lated rate constant (Table I). We will return to this point
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below. It is noteworthy that for a given concentration of 
ABF A, the rate constant determined spectrophotometri- 
cally (disappearance of the azo group) was consistently 
larger than that calculated from nitrogen-evolution data. 
These results, and the less than quantitative nitrogen 
yields, indicate that other processes are consuming ABFA 
by pathways which do not yield nitrogen.

A free-radical mechanism for the decomposition of 
ABFA requires that reactions of formamoyl radicals be 
considered. Except for their addition to certain olefins,6 
little has been reported regarding their reactivity. Radi
cal-radical coupling to produce oxamide does not occur 
under our conditions, since oxamide was not found. Hy
drogen abstraction from solvent, or other source, by for
mamoyl radicals to yield formamide is considered of 
minor importance. While small amounts of formamide 
could have been lost during our work-up procedures, sig
nificant yields of formamide are clearly excluded by the 
material balance, which renders good accounting for all 
but 10-15% of the formamoyl moieties.

The question of induced decomposition bears consider
ation despite the fact that it is not normally considered a 
major factor in the homolysis of azo compounds.2 Our ki
netic data suggest the contribution of a process resem
bling induced decomposition. Specifically, a slight decom
position-rate enhancement occurs at higher initial concen
trations in DMSO. However, in DMF and formamide, the 
results suggest that decomposition induced by solvent 
radicals may play a more significant role. The first-order 
kinetic plots in DMF were not linear and, although the 
decomposition products were not significantly altered 
compared with DMSO, a new product, N.N-dimethyl- 
urea, was found in small amounts.8 Very large rate acceler
ations ’were observed in formamide (Table I). The low sol
ubility of ABFA in this solvent precluded detailed product 
analysis. Thus, the decomposition in formamide must be 
regarded as incompletely characterized at this time. In 
DMSO with formamide added, the decomposition was 
also enhanced (compare the first two entries in Table II), 
and the product distribution was altered compared with 
decomposition in DMSO alone (see Table III).

The experimental data which suggest the occurrence of 
induced decomposition of ABFA in DMSO might also be 
attributed to a simple addition of formamoyl radicals to 
the azo bond of ABFA. Indeed, the rate accelerations ob
served are evident primarily in the spectrophotometric 
data rather than in nitrogen-evolution data. It has been 
shown that both ABFA and TM ABFA undergo formamoyl- 
ation by a free-radical chain reaction in formamide, ini
tiated by benzoyl peroxide at 80°.7 With ABFA, TFH was 
obtained in 86.4% yield. In the present study, consider-

H2NCO +  ABFA — * (H2NCO),N-NCONH, ^  THF

able evidence was obtained for the addition of formamoyl 
radicals to ABFA. In two experiments, one at 86° and the 
other at 115° (after 50% decomposition), TFH was identi
fied among the products (Table III, Runs No. 1 and 7). A 
control reaction indicated that TFH is not stable at ca. 
115°, and decomposes to biurea and isocyanic acid (which 
trimerizes to cyanuric acid). Both biurea and cyanuric

(H,NCO)2NNHCONH., ------->- H,NCONHNHCONH> + HNCO
'  DMSO

TFH
acid are ABFA decomposition products (Table III), whose 
presence is attributed to the breakdown of TFH. This is 
further supported hy the results obtained in the presence 
of added formamide (Table III, Run No. 11). In this case, 
the yield of biurea increased significantly, indicating, by

inference, an increase in the amount of TFH formed as an 
intermediate.

Finally, the addition of TMABFA provided further sup
port for this scheme. The results (Table III, Run No. 10 to 
be compared with Run No. 5) show that biurea is virtual
ly eliminated as a product and the corresponding reduced 
TMABFA, l,2-bis(./V,N-dimethylcarbamoyl)hydrazine (2), 
is obtained, from which we conclude that TM ABFA suc
cessfully scavenges formamoyl radicals by the reaction 
below.

H2NCO +  TMABFA
Me2NCONH(CONH,)CONMe2

MejNCONHNHCONMe, +  HNCO
The thermal decomposition of TMABFA and DEABFA 

in DMSO was examined only briefly. In both cases, evi
dence was obtained for an analogous addition of the corre
sponding substituted carbamoyl radical to the azo com 
pounds. TMABFA yields a minor product tentatively 
identified as the expected addition product, tris(N ,N - 
dimethylcarbamoyl)hydrazine (3), whose formation may 
be rationalized by the reactions below. Similarly, DEABFA

TMABFA -DMg0> Me2NCO + N2 +  Me2NCO

Me2NCO +  TMABFA —♦ (Me2NCO),NNHCONMe2 
RH

3
yielded a component whose nmr spectrum was consis
tent with the analogous addition product, tris(A'-etbylcar- 
bamoyl)hydrazine (5).

Thus, we conclude from these results that the addition 
of formamoyl radicals (or substituted carbamoyl radicals) 
to azobisformamides is a relatively important process 
under the reaction conditions imposed in our work. To 
gain further insight into the chemistry of formamoyl radi
cals, we examined the decomposition of ABFA in the 
presence of added cumene and styrene. Cumene had es
sentially no effect on either the decomposition rate or 
reaction products. In addition, no evidence was found for 
bicumyl, suggesting that hydrogen-atom abstraction from 
cumene is not an important reaction of formamoyl radi
cals.

Styrene was introduced into the ABFA-DM SO system, 
since formamoyl radicals are known to add to olefins.6 
The styrene was introduced at two levels, 50 mol % and in 
a tenfold excess relative to ABFA. In neither case could 
an adduct comprising styrene and formamoyl fragments 
be isolated. The azodicarboxylates are known to react 
with styrene to furnish cycloaddition products,9 but no 
such products were identified in the case of ABFA. The 
decomposition products were the same as those obtained 
in the absence of styrene. The presence of styrene caused 
no significant change in reaction kinetics. The rate con
stant at both levels of styrene was only slightly higher 
than those obtained for comparable runs in the absence of 
styrene.

To examine the formamoyl radical further, ABFA was 
decomposed in the presence of several polymerizable vinyl 
monomers, selected on the basis of their recognized ease 
of polymerization by free-radicals initiators. In general, 
the results were inconclusive. Styrene was not polymer
ized; rather, its thermal polymerization appeared to be 
inhibited by ABFA. Methyl methacrylate was converted 
to a low molecular weight polymer both in the presence of 
ABFA and in the control reaction without ABFA. Acrylo
nitrile was polymerized to a very low conversion only, 
while styrene-methylmethacrylate (1:1 mol ratio) failed to 
yield polymer. These results do not preclude the existence
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of formamoyl-radical intermediates. However, they indi
cate that formamoyl radicals may not be effective poly
merization initiators under these conditions.

The formation o f two major decomposition products 
from ABFA, carbon monoxide and urea, is difficult to ra
tionalize from a free-radical decomposition mechanism. If 
formamoyl radicals and nitrogen are the only primary de
composition products, then carbon monoxide must result 
from deearbonylation of the formamoyl radicals. However, 
by analogy with the reported behavior of acyl radicals, de- 
carbonylation is not expected to be a major pathway at 
115°.10 Moreover, 2-cyano-2-propylazoformamide yields 
only traces of carbon monoxide in solution at 100°, indi
cating very minor deearbonylation.30 We note further that 
neither TMABFA nor DEABFA yields more than traces of 
carbon monoxide at 115° in DMSO, although the decom
position products as noted above indicated that substitut
ed carbamoyl radicals were produced. If neither ethylcar- 
bamoyl nor dimethylcarbamoyl radicals exhibit any ten
dency to lose carbon monoxide at 115°, then, reasonably, 
formamoyl radicals would also be expected to be stable 
with respect to deearbonylation under the same condi
tions.11 Finally, we note that, if deearbonylation were a 
significant process, the by-product would be amino radi
cals. Assuming that these energetic species were pro
duced, they would be expected to abstract protons vigor
ously from almost any available source, to yield ammonia. 
We have found no evidence of ammonia among our reac
tion products.

Urea, the other major decomposition product, is like
wise very difficult to rationalize by a free-radical mecha
nism.12 Furthermore, only m inor amounts of urea were 
obtained from control reactions. This serves to indicate 
that the quantities of urea found cannot be explained as 
arising solely from other decomposition products. There
fore, it became evident that other reaction pathways 
would have to be considered to rationalize our results. We 
subsequently directed our attention to the results obtained 
from the photolysis of ABFA, which have been reported 
earlier.13

These results could not be accommodated by a free-rad
ical process, but rather were shown to involve cis-trans 
isomerization of ABFA. Decomposition was the result of 
thermal reactions of cis-ABFA, specifically cyclization 
to the unstable l,2,4-triazoline-3,5-dione (as its ammo
nium salt 6) followed by its thermal decomposition to ni
trogen, carbon monoxide, and urea.

H 2N C O  C O N H ,

A B F A  N = N  — ■

N H
/  \

o = c ^  ^ c = o  +  n h 3

N = N

N ~

0 = C ^ /  N ' = o  +  n h 44 

N = N

N 2 +  C O  +  H .N C O N H , ( o r N H 4N C O )

The photochemical decomposition of ABFA provides a 
completely rational pathway to urea, carbon monoxide, 
and nitrogen. Since the key reaction in photolysis is isom
erization of ABFA, there is expected to be a parallel ther
mal isomerization with the same consequences, namely 
cyclization followed by decomposition to nitrogen, carbon 
monoxide, and urea. This pathway accounts for those

products which are not accommodated by a simple, free- 
radical mechanism. Moreover, the contribution of this de
composition route may be measured by the yield of carbon 
monoxide.14 This analysis leads to the conclusion that the 
nonradical pathway is the predominant route in the ther
mal decomposition of ABFA. However, this reaction 
course does not exclude, but rather complements, the ho
molysis pathway as described above. In addition to the 
arguments presented in support o f a free-radical addition 
to ABFA, and the case against deearbonylation of the for
mamoyl radical, the yield of nitrogen in all experiments 
exceeds that of carbon monoxide by an amount greater 
than can be explained through loss of carbon monoxide by 
reaction with DM SO .14 The route which produces carbon 
monoxide yields an equivalent amount of nitrogen. The 
excess nitrogen must arise from another pathway, namely, 
homolysis of cis-ABFA.

The decomposition mechanism consistent with these re
sults is presented in Scheme I. The primary step involves 
thermal isomerization to cis-ABFA (eq 1), which then 
undergoes cyclization to l,2,4-triazoline-3,5-dione or its 
ammonium salt (6). This reaction has been shown to 
occur exclusively at room temperature and below.15 Under 
the reaction conditions imposed in this study, however, 
cis-ABFA may decompose homolytically in competition 
with the cyclization reaction (eq 2). Recent reports by 
Porter16 have provided specific examples of thermally un
stable cis azo compounds, and our results are readily ac
commodated by this pathway.17 The subsequent decom
position of l,2,4-triazoline-3,5-dione to nitrogen, carbon 
monoxide, and urea (eq 3) has already been docu
mented.13 Therefore, the rem aining reaction products 
must be accounted for by reactions of formamoyl radicals, 
or by secondary reactions of products.

S ch em e  I

h 2n c o . H ,N C O 3 0 N H ,
\

N = N \
? /c

N = N  (1)
C O N H ,

k 2 H 2N C O - +  N 2

H ,N C O  C O N H 2
\  /

N = N

N , +  C O  +  H ,N C O N H ,

^  N H
/  \

0 = C  C = 0  +  N H 3
\ /

N — N

(2)

(3)

N“ NH4+

0 = C / /  \ l = 0
\ /
N = N

H2NCON=NCONH, +  H,NCO- (H2NCO)2NNCONH, (4)
h 
su

HNCO +  H2NCONHNHCONH2 *—  (H2NCO)2NNHCONH3 (5) 

l UNCO + SH H,NCHO +  S-

3 H N C O

H O . N . .O H

NV N
O H

The facile addition of formamoyl radicals to ABFA con
stitutes a major reaction of these radicals (eq 4). This leads 
to the unstable intermediate trisformamoylhydrazine,
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which decomposes to biurea and isocyanic acid (eq 5). This 
sequence has also been studied independently and has been 
reported elsewhere by us.7

An analysis of this mechanism in terms of the decompo
sition kinetics provides further supporting evidence. 
Based on our prior studies we can reasonably conclude 
that both the cyclization o f cis-ABFA and the subsequent 
decomposition of the cyclic intermediate are fast with re
spect to -d [A B F A ]/d f, the overall rate o f disappearance 
of ABFA. Furthermore, the homolysis of cìs-ABFA must 
also be relatively fast to be competitive with the cycliza
tion. Therefore, the rate of decomposition should be large
ly determined by the rate of isomerization. The entropy of 
activation was calculated to be —8.3 eu (Table I), consis
tent with the notion of a more highly ordered transition 
state. Considering the decomposition mechanism (Scheme
I), the rate of disappearance of ABFA is given by

^ d [ ^ F A ]  = /Z][-ABFA-j +  fe4[ABFA][H ,N CO] 
di

Steady-state approximations are made for [H2NCO] and 
[cis-ABFA], i.e., d[H2N C O ]/dt = 0 and d[cis-ABFA]/di =
0.18 This yields the following rate expression.

- d [ABFA]
dt =  ¿.[AB FA] +

( g f r r - i ^ r

[ABFA] +  | [S H ]

Qualitatively, this rate equation may be interpreted as 
representing a first-order process with a perturbation that 
is between first order and second order in ABFA. Our 
rate data indicated a first-order process within any given 
experiment, although the calculated rate constant be
comes slightly larger at higher initial concentrations. 
Product data indicate that ¿ 2 / ^ 3  ^  2; i.e., the cyclization 
reaction contributes twice as much to the decomposition 
of cis-ABFA as the homolysis. This simplifies the rate 
equation to that below.

-d [A B F A ]
df

¡¿ .[A B F A ]2
¿.[AB FA] H------------------------7--------

[ABFA] +  g [S H ]

Using a combination of numeric integration and nonlin
ear regression, this equation was found to be consistent 
with all the kinetic data obtained at 115.3° in DMSO over 
the range of initial ABFA concentrations of 0.005-0.50 M 
for values of ¿ 1  = 8.26 X 10"3 and (k6/k i )  X [SH] = 12.1. 
The term [SH], the concentration of DMSO, is assumed 
to be a constant and equal to 12.8. This gives the result 
k6/k i  = 0.9.

The calculated value of fej compares favorably with the 
values reported in Table I. Of greater interest is the ratio 
k6/k±, which is close to unity and indicates, qualitatively, 
that the addition of formamoyl radicals to ABFA (¿4) is 
competitive with their reaction with solvent (¿6)- Unfor
tunately, absolute rate constants are not available for ei
ther of these reactions.

The decomposition mechanism proposed (Scheme I) ad
equately accounts for all the products except biuret. Since 
our accounting for the azo nitrogen as molecular nitrogen 
and biurea is consistently good, it follows that biuret can
not be a primary decomposition product but rather must 
be the result of secondary reactions. One reasonable 
source is the reaction between urea and isocyanic acid. 
The latter product was shown to result from the decompo
sition of TFH.

H 2N C O N H 2 +  H N C O  — ►  H 2N C O N H C O N H 2

The control reactions also showed that biuret is pro
duced in small amounts from urea, TFH, and biurea. We 
must conclude that there is no unique pathway to biuret.

As a concluding result we note the findings of our work 
on the substituted azobisformamides, TMABFA, and 
DEABFA. The proposed two-pathway decomposition 
mechanism led us to conclude that carbon monoxide re
sults only from the cyclic route. TMABFA is not capable 
of undergoing cyclization, while with DEABFA a stable, 
cyclic product was isolated. Carbon monoxide was not a 
significant product in either case.

Experimental Section
General. Ultraviolet spectra were recorded on a Beckman 

DK-2A spectrophotometer. Infrared spectra were recorded on a 
Perkin-Elmer 451 infrared spectrophotometer. Nmr spectra were 
recorded on a Jeolco Model JNM-4H-100 (using TMS as an inter
nal standard). Elemental analyses were performed by Galbraith 
Laboratories, Inc., Knoxville, Tenn. Melting points were deter
mined in open capillary tubes on a Mel-Temp apparatus and are 
uncorrected.

Materials. The source and any purification of ABFA, urea, and 
biuret, as well as preparations of N,N,N ',N '-tetramethylazobis- 
formamide (TMABFA), iV,A'-diethylazobisformamide (DEABFA), 
and 4-ethylurazole (4), were previously described.13 Biurea 
(Eastman Organic Chemicals), cyanuric acid, and urazole (from 
Aldrich Chemical Co.) were dried in vacuo (in the presence of 
P2O5) prior to use.

Solvents. Reagent-grade solvents were dried by appropriate 
means and were purified by distillation prior to use.

Miscellaneous Reagents. Styrene, methyl methacrylate 
(MMA), and acrylonitrile (AN) were freshly distilled just prior to 
use. Cumene was purified by the methods of Bartlett and cowork
ers.19

Typical Thermolysis Reaction (Table III, Run No. 6). ABFA 
(15.0407 g, 129.6 mmol) was placed in a 250-ml volumetric flask 
and DMSO was added to bring the liquid level to the calibration 
mark. Solution of the ABFA was achieved by heating the mixture 
to 40-50°. The solution was added to the reactor mounted in a 
constant-temperature bath,20 and a slight nitrogen pressure was 
maintained until the bath temperature was reached.21 The nitro
gen flow was terminated and the system was opened to the gas 
train.22 The volume of nitrogen evolved was taken from the gas 
buret at definite time intervals until no further volume change 
occurred. A total of 2650 ml (118.0 mmol)23,24 of nitrogen was 
evolved.

The reactor and gas train were purged with nitrogen for several 
minutes, after which time the reactor was disconnected from the 
gas train and removed from the bath. Examination of the gas- 
train components indicated that no basic volatiles {e.g., ammo
nia) were evolved. In addition, the carbon dioxide produced from 
thermolysis and that formed via oxidation of the carbon monox
ide were determined as 1.0 and 60.0 mmol, respectively.

The essentially colorless reaction mixture, after cooling to room 
temperature, contained some white, crystalline solid that was fil
tered. The filter cake was washed consecutively with fresh DMSO 
and ether. The dried filter cake (0.699 g) was identified as biurea 
(6.0 mmol) by melting point (251-254° dec) and its ir spectrum. 
The combined DMSO filtrate and washings were flash distilled in 
vacuo (0.5 mm, pot <95°), yielding a gummy white solid residue 
(10.33 g). The solid residue was triturated with portions of hot 
methanol.25 The soluble fraction (7.41 g) consisted of urea (3.08 g, 
51.3 mmol), biuret (2.7 g, 26.2 mmol), and DMSO as determined by 
nmr.26

The methanol insolubles (3.37 g) were triturated with hot water 
and filtered. The dried filter cake (0.79 g) was identified as biurea 
(8.2 mmol). The aqueous filtrate was evaporated to dryness and 
dried in vacuo (P2O5) to give (as determined by nmr26) 2.48 g of a 
solid consisting of urea (0.44 g, 7.3 mmol), biurea (0.1 g, 0.85 
mmol), biuret (0.66 g, 6.4 mmol), and cyanuric acid (0.62 g, 4.8 
mmol).

The results of other reactions conducted in DMSO, DMF, 
HMPT, formamide, and added TMABFA are summarized in 
Table III.

Kinetics by Ultraviolet Spectrophotometry. The rate of dis
appearance in ABFA in DMSO was followed by the decrease in 
the absorbance of the azo group at its maximum (423 nm in 
DMSO). Beer’s law was followed over the concentration range of
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the m easurem ents (5 X 1 0 -4  to 2 X 1 0 ~ 2 M ) ; a p lo t of absorbance 
vs. concentration yie ld ed  a stra ig h t lin e  w ith  a slope of 5 1 .1  1. 
m o l- 1 . T h is  va lue  was taken as the extin ctio n  coefficient for 
A B F A  in  D M S O .

Fo r k in e tic  experim ents, a stock solution of the appropriate 
concentration was prepared. T h e  solution  was im m ersed in  the o il 
bath  and allow ed to eq u ilib ra te  for 10  m in . A  sam ple was re
m oved and im m e d ia te ly  quenched in  ice. T h is  sam p le was de
fined as zero on the tim e  scale. Subsequent sam ples were re
m oved p e rio d ic a lly  and treated in  lik e  m an n er and a ll sam ples 
were stored in  ice, protected from  lig h t. In  general, sam ples were 
rem oved at the rate of four or five per h a lf -life  for the first two 
h a lf-liv e s , then less frequently afterw ards. T h e  f in a l sam ple at 
the com pletion of the reaction (“ in f in ity  sa m p le ” ) was rem oved 
after 8 h a lf-liv e s  or longer.

W hen a ll the sam ples from  a given experim ent were obtained, 
they were rem oved from the ice and allow ed to w arm  to room 
tem perature, protected from  lig h t. T h e  absorbance of each sam 
ple was then determ ined in  the fo llow ing w ay. F o r experim ents in  
w hich  the in it ia l A B F A  concentration was 0 .0 1-0 .0 2  M , the sam 
ples were transferred d ire ctly  to 1 .0 -c m  quartz spectrophotom eter 
cells and th e ir  spectra were recorded in  the region of the A B F A  
m a x im u m  at 423 n m . Fo r in it ia l concentrations less th a n  0.01 M , 
2.0 -cm  cells were used, w hile  for solutions m ore concentrated than 
0.02 M , the sam ples were either u n ifo rm ly  d ilu te d  to the range 
where 1.0 -c m  ce lls  could be used or 0 .1 -c m  ce lls  were em ployed.

T h e  absorbance at the m a x im u m  was determ ined for each 
sam ple, m easured against pure D M S O  as the reference, and a p 
propriate corrections for solvent interference a pp lied . T h is  t y p i
c a lly  am ounted to less than 0.003 absorbance u n it . T h e  converted 
“ in f in it y ” -sa m p le  absorbance was g enerally  in d ist in g u ish a b le  
from zero.

T h e  absorbance data  at each tim e in terva l for each com plete 
run  were then used to ca lcu la te  a rate constant. T h e  first-order 
rate constant was ca lcu la te d  from the slope of a p lot of In (A t -  
A ° ° )  vs. t im e, where A t =  absorbance of the solution at any given 
tim e and A ®  =  absorbance after a p p ro x im ate ly  8 h a lf -liv e s  or 
m ore.

Kinetics from Gas-Evolution Data. T h e  nitrogen evolved d u r
ing the decom position of A B F A  was collected over w ater in  a ca.
2.5 -1. gas buret. T h e  raw  data  consisted of buret readings as a 
functio n  of tim e  and the f in a l ( in fin ity )  buret reading. E a c h  v o l
um e reading was corrected to sta nd a rd  conditions by the id eal 
gas equation.

T h e  first-o rd er rate constant was ca lcu la te d  from  the slope of a 
plot of In  -  Vc)] vs. t im e, where V  is  the f in a l buret read 
ing corrected to S T P  and Vt is  the corrected volum e at a n y given 
tim e. T h e  m ethod of least squares was used to ca lcu la te  the slope.27

Activation Parameters. T h e  a ctiv a tio n  energy is ca lcu la ted  
from  the slope of a p lot of In k vs. 1/ T  and the preexponential is de
term ined b y the intercept.

T h e  entropy of a ctiva tio n  (A S * ) is ca lcu la te d  from the equa
tio n 28

AS* =  4.576 log( A /T )  -  49.203

T h is  was ca lcu la te d  for each tem perature and an average value 
taken.

Thermolysis of iV,iV'-Diethylazobisformamide (DEABFA).
D E A B F A  (10.0  g, 0.058 m ol) in  150 m l of D M S O  was heated at 
1 15 .6 ° in  a therm ostated b ath ; gas evolution was m onitored as 
described p re v io u sly  for A B F A . A fter 22 hr, gas evolution  had 
ceased. T h e  o nly v o latile  product was n itrogen (0.017 m ol, 2 9 .8 % ).

T h e  d ark am ber colored reaction m ix tu re  was flash  d ist ille d  
( < 0 .1  m m , pot < 8 0 °), lea v in g  a viscous am ber residue. T r it u r a t 
ing th is  residue w ith chloroform  (total volum e 75 m l) left 3.3 g 
(0.026 m ol) of 4 -eth ylurazo le  (4), id en tified  b y m eltin g  point 
(19 0 -19 5 °) , m ix tu re  m eltin g  p o in t w ith  au th entic 4, and its nm r 
spectrum : n m r ( D M S O -d 6) 6 1.08 (t, 3 H ) , 3.35 (q, 2 H ) , 10.0 
ppm  (s, broad, 1  H ) .

T h e  chloroform  filtra te  was concentrated to dryness, y ie ld in g  
an organe-red ta r (6 .17  g). A n  n m r spectrum  of the chloroform - 
soluble fractio n  (6 .17  g) in d icated  traces of 4 -e th ylu razo le  (4) 
a n d /o r  D E A B F A .  T h e  spectrum  suggested th a t tris(A f-e th y lc ar- 
b a m o yl)h yd ra zin e  (5) was the m ajor com ponent: n m r (D M S O -d e ) 
5 0.96 (t), 1.03 (t), 2.94 (q), 3.01 (q), 8 .14  (s, broad). T h e  additio n  
of A fN '-d ie t h y lu re a  or sp a rin g ly  soluble (V .N '-d ie th y lh y d ra z o b is- 
fo rm am ide fa iled  to enhance the sig nals due to the m ajo r com po
nent.

Thermolysis of N, N, N', iV'-Tetramethylazobisformamide
(TMABFA). T M A B F A  (14.8 g, 0.086 m ol) in  250 m ol of D M S O  
was heated at 1 1 5 .6 ° in  a m anner s im ila r  to th a t described above. 
A fter 8 days, the reaction was term in ated . T h e  v o la tile  products 
were nitrogen (0.026 m ol, 3 0 .1 % )  and carbon m onoxide (0.001 
m ol, 1 . 1 % ) .  T h e  d a rk  red to am ber reaction m ix tu re  was flash 
d ist ille d  (0.1 m m , pot tem perature < 8 0 °) and left a d a rk  am ber 
o il th a t so lid ifie d  on cooling to room tem perature. A n  n m r spec
tru m  (D M S O -d 6) of the resid u al sem iso lid  (15.08 g) in d ica te d  the 
presence of T M A B F A  (c a . 9.0 g, 0.050 m ol) and w hat has been 
te n ta tive ly  id en tifie d  as ir is( iV ,iV -d im e th y lc a rb a m o y l)h y d ra z in e  
(3, ca. 2 .5  g, 0 .010  m ol) ,29
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s-Triazolo[4,3-b]pyridazine (I), when irradiated in methanol and the reaction mixture was heated to 250°, gave 
nearly a 50:50 mixture of 7-methyl- and 8-methyl-s-triazolo[4,3-i>]pyridazines (Va and Via). There was no reac
tion when I was irradiated in tetradeuteriomethanol. Similar products were isolated in ethanol. The intermedi
ate mixture when I reacted with isopropyl alcohol decomposed on heating to 7-isopropyl- and 8-isopropyl-s-tria- 
zolo[4,3-/]pyridazines (Vc and Vic) and 7,8-dihydro-s-triazolo[4,3-6]pyridazine (VII). Product VII resulted from 
a reverse aldol-type condensation reaction. Imidazo[l,2-6]pyridazine (II) did not react when irradiated in meth
anol. In acidified methanol and in the presence of benzophenone, II reacted to give 8-hydroxymethylimidazo[l,2-
6]pyridazine (X) and a trace of the 8-methyl product (XI).

There have been numerous studies of the photochemical 
alkylation reactions of N-heterocyclic aromatic com 
pounds. Stermitz and coworkers2 first reported that, when 
N-heterocyclic aromatic compounds were photolyzed in 
acidified ethanol, ethyl-substituted compounds were 
formed. They.showed that the reaction proceeded through 
an n,Tr* triplet state much like the photoreduction of 
benzophenone.3 The ethyl group was attached to carbon 2 
(next to nitrogen) or carbon 4.2 In the absence of acid, the 
corresponding hydroxyethyl products formed.4 Other 
workers have shown that photoalkylation also takes place 
in ethers* and amines.6’7

We have irradiated s-triazolo[4,3-b]pyridazine (I) in 
methanol and have found that the reaction mixture yield
ed 7-methyl- and 8-methyl-s-triazolo[4,3-b]pyridazines 
(Va and Via) in nearly equal amounts upon heating to 
250°. No reaction took place when I was irradiated in 
tetradeuteriomethanol. When I was irradiated in ethanol 
and the reaction mixture heated, 7-ethyl- and 8-ethyl-s- 
triazolo[4,3-6]pyridazines (Vb and VIb) were isolated with 
a ratio of 1:2. The reaction mixture of the irradiation of I 
in isopropyl alcohol gave 7-isopropyl- and 8-isopropyl-s- 
triazolo[4,3-6]pyridazines (Vc and Vic) and 7,8-dihydro- 
s-triazolo[4,3-b]pyridazine (VII) in a ratio of 2:3:5, respec
tively, when heated. In each of these reactions, analysis of 
the crude reaction mixture indicated that the correspond
ing 7- and 8-hydroxyalkyl-7,8-dihydro-s-triazolo(4,3-b]py- 
ridazines (Illa-c and IVa-c) were the initial products (see 
Scheme I). 7,8-Dimethyl-s-triazolo[4,3-b]pyridazine (VIII)

was the only product when the reaction mixture from the 
irradiation of Va in methanol was heated to 250°.

When irradiated in acidified methanol and in the pres
ence of benzophenone, I did not give Va or Via but gave 
the dimethyl acetal of 8-formyl-s-triazolo[4,3-b]pyridazine 
(IX). Imidazo[l,2-b]pyridazine (II) reacted with methanol 
in the presence of acid and benzophenone to give a good 
yield of 8-hydroxymethylimidazo[l,2-b]pyridazine (X ) and 
a trace of the 8-methyl product (XI). In the absence of 
acid and benzophenone, II did not react.

Results and Discussion
The starting material was dissolved in the appropriate 

solvent and irradiated until no starting material was left 
in solution. The solvent was then removed and the 
gummy material was analyzed by nuclear magnetic reso
nance (nmr) spectroscopy and separated by vpc (250° 
inlet temperature) or thin layer chromatography (tic). 
The products were compared with authentic samples 
where possible or analyzed by nmr, infrared (ir), and mass 
spectrometry. The reactions are shown in Scheme I.

The structures of the products were consistent with 
their spectra. The nmr spectra for compounds I and II and 
their derivatives are very distinctive.8-10 The doubled 
doublet at 5 7.17 observed for the hydrogen at position 7 
in the nmr spectrum of I8 was not observed in the spectra 
of compounds V a-c. The nmr spectra of compounds X  
and XI also did not show the octet at 5 7.95 which was at
tributed to the hydrogen at position 8 in compound II.9
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Scheme I Scheme II

Ia.X = Y = H
b, X = CH3; Y = H
c, X = Y = CH;,
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CH.„

N
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.N 
I

+ CHjOH

Compound VII was soluble in water and exhibited an nmr 
spectrum which was the same as that for authentic 7,8- 
dihydro-s-triazolo[4,3-b]pyridazine, which we prepared by 
a different process.

Compound IX exhibited a small parent peak at m /e  194 
in the mass spectrum. Acetals usually have small parent 
peaks.11 A large metastable (M -  CH2O) peak was ob
served. Generally, dimethyl acetals have large (M -  
CH3 0 )+ peaks.11 Methyl ethers, on the other hand, have 
large (M -  CH20 ) peaks which have been attributed to 
the loss of formaldehyde.12 8-Dimethylaminoimidazo[l,2- 
6]pyridazine, a structurally similar compound, has been 
observed to have a large (M -  NCHs)+ peak but no [M — 
N(CH3)2]+ peak in the mass spectrum.13 The second 
methyl group probably migrated to the nitrogen in posi
tion 1. This same type of phenomenon could be taking 
place with compound IX  wherein a hydrogen migrates 
from a methyl to nitrogen and a neutral formaldehyde 
molecule is lost.

CH;iO.

+ H.C=0

The initial photochemical reaction of I led to mixtures 
of what we believe are the 7- and 8-hydroxyalkyl-7,8-dihy
dro products III and IV. These products were not isolated; 
however, the nmr spectra of the crude mixtures were very 
characteristic. Peaks at 5 8.6 and 7.7 are indicative of hy
drogens at positions 3 and 6, respectively. The peaks at <5
3.5-2.7 can be attributed to the hydrogens in the 7 and 8 
positions and the peak area always equated to three hy
drogens. The hydroxy hydrogen peak in the case of the 
mixture of IIIc and IVc appeared at <5 4.75 and was ex
changeable in deuterated water. The remaining alkyl 
group was also observed in each spectra. The relative 
amounts of III and IV changed from 50:50 in the methanol

reaction to 20:80 in the isopropyl reaction. The two meth
yls in compound IVc were not equivalent. The separation 
of the two peaks in hexadeuteriodimethyl sulfoxide was
0.32 Hz at room temperature but decreased to 0.22 Hz at 
150°. The nonequivalence of the methyls can be attributed 
to hindrance in rotation about the alkyl carbon-carbon 8 
bond due to hydrogen bonding between the hydroxy group 
and the nitrogen in position 1. Also at 150° a new peak at 5
2.12 appeared and increased with increasing time. The 
addition of a trace of acetone increased the size of this 
peak.

When the above-mentioned reaction mixtures were 
heated at 250°, the 7- and 8-alkyl products were formed. 
In the case of the 2-propanol reaction, compound VII was 
also formed as the major product. This product had to be 
formed from IVc, which was the major intermediate. Ace
tone was also a product of the thermal reaction, as shown 
by its presence in the hot dimethyl sulfoxide solution.

The photoreaction probably involves an excited state 
wherein the 5 and 8 positions of I are activated toward 
radical reactions (may be like XII in Scheme II). The ex
cited intermediate then abstracts a hydrogen atom from 
the alcohol either in position 8 to give XIII or in position 5 
to give XVI. Resonance form XIV reacts with the hydroxy 
methyl radical to give Ilia, while XVI leads to IVa. Each 
of these hydroxyalkyl intermediates dehydrates and rearo
matizes in heat to give the observed alkyl products Va 
and Via. When the hydroxyalkyl compound IVc is heated, 
a reverse aldol-type condensation reaction competes with 
dehydration to give VII and acetone. The reverse aldo- 
type condensation reaction is most pronounced in the case 
of IVc (a trace of VII may have formed from IVb) because 
tertiary alcohols undergo this reaction more readily than 
do secondary or primary alcohols.14
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The change in the ratio of III to IV as the alcohol is 
changed from methanol (50:50 ratio) to 2-propanol (20:80 
ratio) is interesting. The reactive intermediate (XII) 
should not be different in the two cases. Since the first 
step is probably hydrogen abstraction by XII, this could 
indicate that the pair of electrons on nitrogen 1 create 
more steric hindrance than the hydrogen on carbon 3.

Failure of compound I to react in tetradeuteriomethanol 
is surprising. To the best of our knowledge, this is the first 
example of an isotope effect in a photoalkylation reaction.

The reactions in acidified methanol were expected to 
yield methyl-substituted products as previously observed 
for this reaction with other N-heterocyclic compounds.2 
The dimethyl acetal (product IX) probably derived from 
the corresponding hydroxymethyl compound. The alde
hyde could have formed by oxidation of the hydroxymeth
yl compound. Formation of the acetal would then be ex
pected in acidified methanol.

We expected at least some 6-substituted products. None 
was detected. These results closely parallel radical addi
tion to these compounds. Both I and II reacted with radi
cals to give mainly 8-substituted products with some in 
position 7 but very little in position 6 N 10

The fact that neither II nor the structurally similar 
tetrazolop ,5-b|pyridazine X IX  reacted with metha
nol in the absence of sensitizer is consistent with other 
studies of these compounds. We have previously reported 
that I reacted readily with cyclohexene to form photocy
cloaddition products wherein the alkene added to the 1,8 
positions of I with a concurrent opening of the N 4-N s 
bond.15-16 Neither II nor X IX  reacted to form those prod
ucts.15’16 It is also known that II and X IX  are not as reac
tive toward radical reactions as I.10

XIX

Experimental Section
Materials and Apparatus. A ll  startin g  m ateria ls , com pounds

I , 8 I I , 17 and V ia , 8 were prepared in  th is  lab o rato ry. A ll  infrared 
(ir) spectra were obtained on a P e r k in -E lm e r  M odel 137 spectro
photom eter. A  J O E L  J N M  C 6 0 -H L  spectrom eter was used to ob
ta in  the n u clear m agnetic resonance (nm r) spectra. A  V a r ia n  
M odel 1800 tem perature-prog ram m ing  vapor phase chrom ato
graph (vpc) u sin g  a 5 ft x  0.25 in . sta in less steel co lum n packed 
w ith 1 0 %  S E -3 0  on 80 /10 0  m esh Chrom osorb G /A W  was em 
ployed for a ll separations. T h e  m ass spectra were obtained on a 
C E C -2 0 -1 1 0  C  h ig h-resolution  m ass spectrom eter. A  Rayonet 
photochem ical reactor w ith  3600-A la m p s was used for a ll  ir r a 
d iations.

7,8-Dihydro-s-triazolo[4,3-h]pyridazine (VII). A  solution of
6 -ch lo ro -s-triazo lo [4,3-i>]p yrid azine8 (1.56  g) in  70 m l of m ethanol 
was treated w ith  1  m l of concentrated a m m o n ia  and 0 .15  g of 1 0 %  
p a lla d iu m  on charcoal. T h e  m ix tu re  was stirred  in  an atm osphere 
of hydrogen under norm al pressure for 6 days. T h e  ca ta lyst was 
filtered and the filtra te  was evaporated under vacu u m  alm ost to 
dryness. T h e  residue was treated w ith  a so lution  of 20 m l of 5 %  
aqueous sodium  hydroxide and extracted five tim es w ith chloro
form . T h e  com bined extracts were washed w ith water and dried 
over anhydrous m agnesium  sulfate. U pon evaporation of the so l
vent, the residue (0.92 g) was found by n m r a n a ly s is  to consist of
7 ,8 -d ih yd ro -s -tria zo lo [4 ,3 -6 )p yrid a zin e  ( V I I ,  7 5 % )  and s- 
tria zo lo [4,3-6 ]pyrid azine  (I, 2 5 % ) .  S evera l rec rysta lliza tio n s  from 
ethanol gave pure V I I :  m p 13 2 °; nm r b 8.60 (s, H3), 7.70 (t, He),
3.20 (m, 8 -C H 2), and 2.80 (m , 7 - C H 2 ).

A nal. C a lc d  for C 5H 6N 4: C ,  4 9 .17 ; H , 4.95; N , 45.81. Fo u n d : C , 
49.30; H , 5 .18 ; N , 45.89.

Irradiation of I in Methanol. Com pound I (0.20 g, 1 .7  mrr.ol) 
in  15  m l of m ethanol was irrad ia ted  in  a Pyrex tube for 40 hr. 
T h in  layer chrom atography (tic) showed th a t no sta rtin g  m ateria l 
rem ained in  the so lution. T h e  solvent was rem oved under v a c u 
um , lea v in g  a yellow  gum  (0.25 g). T h e  n m r spectrum  of th is  m a 
te ria l exh ibited  peaks at b 8.65 (s, 1), 7.65 (s, 1), 3.85 (d, 2, J  =  5

H z), and 3 .5 -2 .7  (m , 3). T h is  m ateria l could not be further p u r i
fied. W hen the m ateria l was heated to 250° for 10  m in  and then 
su blim ed  at 250° (1 m m ), a m ixture  (4 0 %  overall y ie ld ) of 7 - and
8 -m e th yl-s -tria zo lo (4 ,3 -h ]p yrid a z in e  (V a  and V ia )  resulted. T h e  
products were isolated by vpc, y ie ld in g  V a  ( 1 8 % )  and V ia  (2 2 % ) . 
T h e  products exh ibited  ir  and nm r spectra w hich  were id e n tica l 
w ith those of auth entic sa m p le s . 8

Irradiation of I in Ethanol. A  m ix tu re  of I  and 10 0 %  ethanol 
was irrad ia te d  as above, y ie ld in g  0.27 g of a yellow  gum . T h e  nm r 
of th is  m a te ria l contained peaks at 6 8.4 (d, 1) , 7.6  (s, 1) , 4.3 (m , 
1 -2 ) ,  3 .5 -2 .7  (m , 3), and 1 .5 -1 .0  (m , 4). P e a k  areas were im p re 
cise. W h e n  heated to 250° for 10  m in  and su b lim ed  at 250° ( 1  

m m ), a w hite sem isolid  formed (3 5 %  o verall y ie ld ). T h re e  peaks 
were isolated on the vpc. P eak 1  (9 % ) proved to be sta rtin g  m ate
r ia l, com pound I . P e a k  2 ( 1 8 % , com pound V Ib )  exh ibited  the fo l
low ing spectra: n m r S 9 .1 1  (s, 1, H 3), 8 .27 (d, 1 , J  =  7 ±  1 H z, 
H 6), 6.90 (d, 1 , J  =  8  ±  1 H z , H 7), 3 .18  (q, 2 , C H 2), 1.4 7 (t, 3, 
C H 3 ); m ass spectrum  m /e  (rel in ten sity) 148 (M  + , 8 6 ), 147 (100), 
120 (25), 93 (14 ), 65 (7); m ol wt ca lcd  for C 7 H 8 N 4, 148.07489; 
found, 148.07588.

P eak 3 (8 % )  (com pound V b ) exhibited  the fo llow ing spectra: 
nm r 6 9.07 (s, 1 , H 3), 8.27 (d, 1 , J  =  2.5  ±  0.5 H z , H e), 7.85 (d, 1 , 
J  =  1.5  ±  0.5 H z , Hg), 3 .2  (m , im p u rity ) , 2.80 (q, 2, C H 2), 1.38  (t, 
3, C H 3); m ass spectrum  m /e  (rel in ten sity) 148 ( M + , 100), 147 
(12 ), 133 (10), 120 (5); m ol wt ca lcd  for C 7 H g N 4, 148.07489; found, 
148.07559.

Irradiation of I in 2-Propanol. A  solution of I  in  2-propanol 
was irrad ia te d  as above, y ie ld in g  0 .21 g of a yellow  gum . T h e  gum  
exhibited n m r peaks ( C D C 1 3) at b 8.58 (s, 1) , 7.80 (m , 1) , 4.75 (s, 
1, exchanged w ith D 2 0 ), 3 .5 -2 .8  (m , 3), 1 .4 1  (s, 3), and 1.26  (s, 3). 
T h e  la tte r two peaks appeared at b 1 .3 2  and 1.00  in  hexadeuterio- 
d im e th yl sulfoxide and changed to 1.34  and 1 .1 2  at 15 0 °. A lso  at 
150 °, a new peak appeared in  the n m r spectrum  at 6 2 .1 2 . T h is  
peak was increased when a trace of acetone was added. T h e  gum, 
when heated to 280° for 10 m in  and su b lim ed  at 250° (1 m m ), 
y ield ed a w hite sem iso lid  (2 9 % ) . T h e  sem iso lid  gave three peaks 
in  the vpc w ith  a ratio  of 14 :12 :7 4 . P eak 1 proved to be starting  
m ateria l, com pound I . P e a k  2 (com pound V ic )  e xh ib ited  the fo l
low ing spectra: n m r 6 9.01 (s, 1, H 3), 8 .19  (d, 1, J  =  8  H z, He), 
6.82 (d, 1 , J  =  7 H z , H 7), 3.63 (m , 1 , C H ) ,  1 .5 1  (d, 6 , J  =  6  H z, 
C H 3); m ass spectrum  m / e  (rel in ten sity) 163 (33), 162 ( M + , 84), 
148 (24), 147 (100), 138 (33), 136 (36), 120 (6 6 ); m ol wt ca lcd  for 
C 8H i 0 N 4, 162.09054; found, 162.09051.

P e a k 3 (com pounds V c  and V II)  exh ibited  an n m r spectrum  as 
follows: 5 9 .21 (s, 1), 8.60 (s, com pound V II ) ,  8.42 (d, 1 , J  =  4 H z), 
7.97 (d, 1, J  =  3 H z ), 7.70 (m , com pound V I I ) ,  3 .3 0 -2 .8 0  (m , co m 
pound V II) ,  1.4 2  (d, 6 , J  =  6  H z ). T h e  ratio  of V c  to V I I  was 1:3 . 
W hen the solution was extracted w ith  water, the n m r peaks at b 
8.60 and 7.70 and m ost of the m u ltip le t at 6 3 .3 0 -2 .8 0  were re
moved from  the spectrum . Those peaks were the sam e as those 
exhibited  b y au th entic V I I  as shown above. T h e  new spectrum  
showed peaks at b 9 .2 1 (s, 1, H 3), 8.42 (d, 1, J  -  4 H z , H e), 7.97 
(d, 1 , J  =  3 H z , H 8), 3 .1 2  (m , 1, C H ) , 1.4 2  (d, 6 , J  =  7 H z , C H 3). 
T h e  m ass spectrum  of p u rified  V c  exhibited  peaks at m /e  (rel in 
tensity) 162 (M  + , 10), 149 (33), 148 (33), 147 (100); m ol wt calcd 
for C g H i0N 4, 162.09054; found, 162.09051.

Irradiation of Va in Methanol. A  solution  of V a  in  m ethanol 
was irrad ia ted  as above. A  w hite solid  separated, 0.04 g, m p 2 0 0- 
204°. T h e  so lid  was insoluble  in  a ll norm al n m r solvents. S u b li
m ation  of the solid  at 250° (1 m m ) gave a w hite so lid  w hich 
proved to be com pound V I I I s and some im p u r ity . T h is  m ateria l 
gave o n ly com pound V I I I  when subject to separation on the vp c.

Irradiation of I and Benzophenone in Acidified Methanol. 
Com pound I  (0.72 g, 6  m m ol), 1.09 g ( 6  m m ol) of benzophenone, 
and 300 m l of 2 %  hyd ro chlo ric  a c id  in  m ethanol were saturated 
w ith nitrogen and irrad ia te d  for 65 hr. N itrogen was sparged 
through the solution throughout the irra d ia tio n . T h e  solvent was 
then rem oved under va cu u m , 50 m l of w ater was added, and the 
resu lting  aqueous solution was extracted three tim es w ith  5 0-m l 
portions of ether to y ie ld  the neutral fraction. T h is  fraction was 
found to co ntain  benzophenone and m eth yl benzoate . 1 8  T h e  re
m ain in g  aqueous phase was m ade b asic b y ad d in g  so lid  sodium  
hydroxide and extracted co ntinuo usly for 24 hr. T h e  ether extract 
was dried over anhydrous sodium  sulfate  and evaporated to give 
0.35 g of a gum m y m ateria l. T h e  g u m m y m a te ria l was dissolved 
in m ethylene chloride and separated on a p reparative  s ilic a  gel 
th in  la ye r p late using  ch loroform -m ethano l (9:1) for developm ent. 
Tw o fractions were isolated. F ra ctio n  1 (100 m g) proved to be 
starting  com pound I. F ra ctio n  2, 36 m g ( 5 % )  (com pound I X ) ,  was 
su b lim ed  at 160° (20 m m ): nm r S 9 .10  (s, 1 , H 3), 8.30 (d, 1 , J  =  4 
H z, H 6), 7.68 (d, 1 , J  =  4 H z, H 7), 5.88 (s, 1, C H ) , 3.50 (s, 6 ,
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OCH3); m ass spectrum  m / e  (rel in ten sity) 164 ( M + -  30, 67), 163
(22), 149 (100); m ol wt ca lcd  for C 8H 1 0 N 4 O 2  ( M + -  30), 
164.06780; found, 164.06882.

Irradiation of II and Benzophenone in Acidified Methanol. A
m ixture  of II, benzophenone, and a cid ifie d  m ethanol was ir ra d ia t 
ed as in  the preceding experim ent. T h e  n eu tra l fraction yie ld ed  
benzophenone and m eth yl benzoate18 as above. T h e  b asic fra c 
tion y ie ld ed  0.55 g of a g um m y so lid . M o st of th is  d issolved in  5 
m l of m ethylene ch loride, leaving  110  mg of a w hite so lid . T h e  
so lid  was su b lim ed  at 17 0 ° (20 m m ) to give com pound X :  ir  3200 
c m “ 1 (O H ); n m r b 8.22 (d, 1 , J  =  6 H z , H 6), 7.88 (s, 1 , H 3), 7.62 
(s, 1 , H 2), 6.98 (d, 1 , J  =  5 H z , H 7), 5.09 (s, 2, C H 2O H ), 3.05 (s,
I ,  exchanged w ith D 20 ,  O H ).

A n a l  C a lc d  f o r C 7H 7N 30 : N , 28 .17. Fo u n d : N , 27 .9 1.
T h e  rem a in in g  gum m y m ateria l, w hich was soluble in  m eth y

lene chloride, was chrom atographed on 50 g of a lu m in a  u sin g  in 
creasing am ounts of chloroform  in  petroleum  ether (bp 30 -6 0 °) as 
eluent. F ra ctio n s 19 -2 2  contained 95 m g of startin g  I I  and 10  mg 
( > 1 % )  of X I  ( ir  and n m r were the sam e as those of an authentic 
sam p le10). F ra ctio n s 5 1 -6 0  were further separated on a prepara
tive  s ilic a  gel t ic  p late to y ie ld  60 m g of X .  T h is  gave a total y ie ld  
of 170  m g ( 2 2 % )  of X .

Miscellaneous Irradiations. N o reaction was observed when I I  
or te tra zo lo [l,5 -a ]p yrid a zin e  ( X I X )  were irrad ia te d  in  m ethanol. 
N o reaction was observed when I  was irrad ia te d  in  tetradeuter- 
iom ethanol for over 40 hr or in  t e r t -b u ty l alcohol.
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3-Aryl-l,3,5,5-tetramethylcyclohexanols. Preparation and Stereochemical 
Characterization by Proton Nuclear Magnetic Resonance1

Bernard L. Shapiro,* Milton D. Johnston, Jr.,Za and Michael J. Shapiro2b

D e p a r tm e n t  o f  C h em istry , T ex a s  A  & M  U n iversity , C o lleg e  S ta tion , T ex a s  77843 

R e ce iv ed  A u g u s t  27, 1973

A  series of cis and trans isom ers of 3 -a ry l-l,3 ,5 ,5 -te tra m e th y lc y c lo h e x a n o ls  (the 3 -a ry l substituent being p h e
n y l, o-, m -  or p -m e th o xyp h e n yl, p -ch lo ro p h e n y l, or a -n a th th y l)  was prepared; the separated isom ers were ch a ra c
terized by detailed  proton nm r studies. Th ese  studies includ ed  an extensive ch aracterizatio n  of stereochem istry 
by m eans of la n th a n id e -in d u ce d  sh ifts ( L IS ) ,  p r im a r ily  u sing  E u ( F O D ) 3, and by tem perature v a ria tio n . T h e  re
sults of these studies are consistent w ith  the existence of biased m obile e q u ilib ria  between two c h a ir -lik e  confor
m e d . T h e  extent of b ia s in g  is m u ch  greater in  the cis alcohols th a n  in  the trans, w ith the b ia sin g  being toward 
an a x ia l d isposition  of the h yd ro xyl group (w ith the cis a ry l substituent also enjoying an a x ia l o ientation). L IS  
data are used to exam ine the possible m ech an ism s involved in  a ry l ring  bond rotation processes in  these h ig h ly  
hindered system s. T h e  va ry in g  steric requirem ents and resulting L I S  v a ria tio n s  (in c lu d in g  the observation of 
num erous u p fie ld  eu ro p iu m -in d u ced  L IS )  are investigated using  ortho, m eta, or para substituents; these studies 
also provide stru ctu ra lly  s im ila r  cases for probing sh ift reagent com plexation of two sites of g reatly d iffering 
b asic it ie s. A n  a d d itio n a l conform ational b iasing, caused by E u ( F O D ) 3, was observed in  the cis o -a n is y l alcohol 
d erivative .

For some time now, we have studied a number of
3,3,5,5-tetrasubstituted (and other) cyclohexanones,3 of 
the type of structure 1, where X  is a substituent other

A r

1

than hydrogen and Ar is an aryl moiety. Also, we have 
studied various alcohols as well as other compounds4 de
rived in turn from these ketones. It was found for the cy

clohexanones that, when one of the four substituents is an 
aryl group, this substituent uniformly exhibits a strong 
tendency to adopt an axial orientation in preference to a 
methyl group being in the analogous disposition.3® Previ
ous reports have dealt with several consequences of this 
structural preference, the chemistry, the special nmr 
spectroscopic observations, and the LIS (lanthanide-in
duced shifts) in these systems.311 In addition to findings 
previously described, we have noted that, in ketones con
taining an axial phenyl or axial para-substituted phenyl 
substituent, the two ortho and the two meta hydrogens 
appear equivalent on the nmr time scale. It is of interest, 
then, to obtain an understanding of the process(es) that 
permits the observed equilibration of these energetically
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identical conformers, shown for example by structures 2a 
and 2b.

It is also relevant to see whether a similar time-aver
aged equivalencing of aryl rotamers such as 2a and 2b oc
curs for the more hindered axial cyclohexano/.s, and it will 
be shown that such averaging is indeed the case. For 
instance, cis-3-(p-anisyl)-l,3,5,5-tetramethylcyclohexanol 
(vide in fra ) shows an aryl hydrogen nmr spectrum of the 
AA 'BB ' type (rather than the ABCD type which could 
arise from an aromatic ring in a fixed orientation), not 
only at room temperature, but even down to -7 5 ° . Even 
more striking is the observation that the A A 'B B ' nature of 
this spectrum is retained even when the chemical shift 
difference for these aryl protons is increased by addition 
of Eu(FOD )3 (vide in fra ) to ten times the undoped-spec- 
trum shift difference; this corresponds to complete rota
tional averaging of shifts even at an hypothetical 1000- 
MHz spectrometer frequency, at which processes of one- 
tenth the rate, i.e., ~ 1 .5  kcal/m ol lower energy, would be 
detectable.

There were, in addition, several other reasons for pre
paring and studying this series of compounds. The first 
reason was to investigate any possible aromatic substitu
ent effects on the observed high-field methyl chemical 
shift of the syn C-5 methyl group of the cis isomers rela
tive to the shift induced by an unsubstituted phenyl. Al
though ring current induced shifts have been investigated 
quite extensively for protons lying in or near the aromatic 
ring plane, few data are available for out-of-plane, dia
magnetic shifts (however, see ref 4a). An accurate knowl
edge of these ring current effects for a wide variety of aro
matic substituents is potentially of great use in structural 
analysis, and such findings have important implications 
for the spectral studies of biologically interesting sys
tems.5 The second reason was to make an exploratory 
study of the LIS observed in cases where there are two 
binding sites of markedly different basicity in the mole
cule— a strongly binding alcohol function and a much 
more weakly binding aryloxy group. The third reason was 
to study the effects of 3-aryl substituents with different 
electronic and steric natures on flattened, chair-like cyclo
hexane rings and on the axial us. equatorial preference of 
an aromatic substituent. Finally, these methoxyphenyl 
compounds provide valuable synthetic intermediates for 
conversion to a variety of benzobicyclic hydrocarbons 
analogous to previously reported compounds of synthetic 
and theoretical interest because of their very high-field 
methyl resonances (5 —0.15 to —0.38).4a

This report, then, will be concerned with the detailed 
analysis of the aromatic and aliphatic parts of the proton 
nmr spectra of these compounds, with special emphasis 
placed on the variety o f stereochemical information con
tained therein.

Compound Identification and Nomenclature. To facil
itate a clear and simple discussion of these compounds we 
have adopted the use of abbreviations for compound 
names6 rather than constant referral to Roman numerals. 
The cis or trans naming o f these compounds refers to 
whether the aryl group at C-3 is cis or trans to the hy
droxyl group at C -l. As shown in Figure 1, the designation 
o f the protons in both the cis and trans isomers is as fol-

c is

Figure 1. Proton designations for the cis (3a and 3b) and trans 
(3c and 3d) alcohol isomers where the aryl moiety (Ar) is CeH5, 
P-CIC6H4, p-OMeCeH4, m-OMeCefL, o-OMeCeHL, or a-CiohC.
lows: (1) in the m ajor conformer, protons a, c, and e are 
equatorial and cis to the hydroxyl group whereas protons 
b, d, and f  are axial and trans to the hydroxyl; (2) methyl 
groups are labeled with respect to their disposition rela
tive to the aromatic ring, such that Me5c is always cis and 
Me5t is always trans to the aryl moiety. This is consistent 
with our previous reports on these compounds and is a 
useful designation, since M eSc is always the group most 
influenced by the anisotropy of the aromatic ring.

Preparation and Characterization of Compounds. In 
all cases, the individual cis and trans isomers were readily 
separated by chromatography from the mixture of alcohols 
obtained by the addition of methylmagnesium bromide to 
the corresponding cyclohexanone.3b The expected tertiary 
alcohol nature of these compounds was confirmed in the 
usual fashion, as well as by the extensive proton nmr 
studies to be described. The cis and trans identification of 
the isomeric tertiary alcohols so obtained was readily ac
complished by means of proton nmr spectroscopy. In the 
cis alcohols, the most immediate evidence of an axially 
disposed aromatic ring (as the sole or highly predominant 
conformer) is the observation of a methyl chemical shift 
(Me5c) at markedly high field,33 resulting from the per
pendicular ring current shielding effect suffered by the 
methyl in a conformation like 3a. Although these methyl 
(Me5c) shifts occur at sufficiently high field to permit 
ready identification of isomers, they are in fact at signifi
cantly lower fields than those in their precursor ketones. 
This fact is readily consistent only with the axial disposi
tion of the hydroxyl function, such that the electric field 
effect deshielding caused by the oxygen is felt at a syn- 
axial methyl group, M e5o. The axial-hydroxyl, equatorial- 
aryl nature of the trans isomers was deduced in an analo
gous fashion. These structural assignments are consistent 
with expectations based on the principles of conforma
tional analysis.

LIS Methodology. A considerable amount of work has 
appeared on the mechanism involved in lanthanide shift 
reagent (LSR)-substrate binding.7,8 As in most cases of 
chemical interest, it is clear that we are dealing here with 
time-averaged spectra of the “ fast-exchange”  type, where 
the observed shift, 50bsd, of a given proton is a concentra
tion-weighted average of the shifts of the individual 
species in solution (S, LS, LS2 , vide infra).

It has been shown that the observed concentration de
pendence of the LIS for compounds of these types requires 
at least a two-step equilibrium model8 with four parame-
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Table I
do Values Observed and Slope Values“ Derived for Methyl Protons, from LIS Data 

Using Eu (FOD)3 at 30°, CC14 Solution
-Cis alcohols (3a i=* 3b)----------------------------- - ---------------------------- Trans alcohols (3c -t 3d)

PhOH PCOH PAOH MAOH OAOH aNOH PhOH PCOH PAOH MAOH OAOH aNOH
(50361- (50361- (50361- (50361- (50361- (33875- (50361- (50361- (50361- (50361- (50361- (33875-
38-1)b 40-5) 42-7) 44-9) 46-1) 98-8) 39-2) 41-6) 43-8) 45-0) 47-2) 97-7)

Me¡, 0.66 0 . 6 6 0.67 0.70 0.67 0.48 1.29 1.29 1 . 2 5 1.27 1.24 1.38
M es 1.08 1.06 1.04 1.08 1.16 1.59 1.51 1.49 1 . 4 4 1.48 1.54 1.91
Meat 0.90 0.90 0.88 0.90 0.87 0.90 0.90 0.90 0 . 8 8 0.90 0.87 0.92
M ^ 1.18 1.21 1.16 1.18 1.16 1.24 1.25 1.22 1.19 1.22 1.17 1.24

Meso 6.56 6.36 5.78 5.70 5.74 5.79 4.40 4.54 4.48 4.42 5.13 6.16
Me¡ 3.62 3.38 3.20 3.64 4.66 3.47 4.32 4.42 4.40 4.38 5.25 6.60
Mest 3.99 3.98 3.44 3.54 3.42 3.84 4.01 3.96 4.22 4.02 3.99 4.12
Mei 16.68 16.28 14.92 15.40 10.10 16.28 12.59 12.06 13.18 12.44 13.14 13.29

° In parts per million. 6 Registry no.

Table II
So Values Observed and Slope Values“ Derived for Methylene Protons, from LIS Data 

Using Eu(FOD)j at 30°, CCL Solution
-Cis alcohols (3a <=* 3b)------------------------------ % ---------------------- --------Trans alcohols (3c 3d)-

PhOH PCOH PAOH MAOH OAOH aNOH PhOH PCOH PAOH MAOH OAOH aNOH

a 2.62 2.62 2.62 2.64 2.90 2.92 1 . 9 5 1.90 1.89 1.92 2.05 2.25
e 1.37 1.38 1.42 1.45 1.43 1.42 1 . 5 4 1.52 1.55 1.53 1.50 1.62
b 1.21 1.22 1.28 1.27 1.17 1.48 1.72 1.64 1.66 1.68 1.80 1.92
f 1.25 1.25 1.19 1.19 1.19 1.24 1.21 1.21 1.21 1.19 1.21 1.32
c 2.39 2.33 2.34 2.39 2.90 2.80 1.78 1.78 1.74 1.79 1.89 2.16
d 1.18 1.27 1.20 1.22 1.03 1.36 1.57 1.49 1.52 1.52 1.64 1.80

a 14.43 14.40 12.86 13.98 15.80 13.45 15.63 15.68 16.70 15.62 15.73 16.73
e 15.81 15.78 14.24 14.90 13.06 15.85 16.02 15.48 16.76 15.90 16.90 17.25
b 9.24 8.76 8.00 8.52 8.44 9.17 12.83 12.56 13.66 12.64 12.61 11.62
f 9.10 9.02 8.06 8.70 7.06 9.25 12.25 11.60 12.96 11.96 12.24 11.07
c 5.18 4.98 4.66 4.92 5.90 5.14 5.14 5.06 5.40 5.04 5.38 6.28
d 6.37 6.10 5.56 5.92 6.18 5.94 5.05 5.14 5.36 5.14 5.88 6.28

a In parts per million.

ters being necessary to describe fully the observed shifts, 
as shown in eq 1, where K 1 and K 2 are the equilibrium

L +  S LS (K „  A,)
L S  +  S LS, (K it A2)

constants for association and Ai and A2 are the incremen
tal shifts of the pure LS and LS2 species, respectively. 
Both A i and A2 are intrinsic functions of the LS and LS2 
species, and have been shown8 to be related directly to 
the observed initial slope (X) of a 5obsd os. p (=  L o/S 0 
where Lo = the total molar LSR concentration and So = 
the total substrate molarity) plot, by

X =
d(A6)
‘ dp

A,
S„ K ,

+  2 A, (2)

In the incremental dilution, constant So method em
ployed in this work, the slope observed up to p < ca. 0.4 is 
a linear combination of Ai and A2. If K 2 be very small, 
both terms in the equation are required. However, when 
K 2 is large, X is simply 2A2 to an excellent degree of ap
proximation. We have found that the term containing A3 
is dominant for tertiary alcohols; these findings will be 
presented elsewhere. Although sufficient “ contamination” 
of the slope by A2 enters in so as to preclude the slopes as 
being suitable numbers for a rigorous structure calcula
tion, the X values are more than adequate for the present 
purposes. Even though two binding sites are available in 
each molecule, the two-step mechanism is still valid 
owing to LSR binding at the hydroxyl being much greater 
than the binding to (aryl) methoxy. The LSR interaction 
with the methoxy group will be discussed later.

Thus in the discussion which follows, we will be using X 
values for incorporation into the pseudo-contact shift 
equation,9 which may then be conveniently expressed as

Xj =  m  cos- 6», -  1 )(RC 3) (3)

where k is a collection of constants, 6, is the angle describ
ing the position of the proton i relative to the principle 
magnetic axis of the LSR, and Ri is taken as a proton- 
lanthanide ion distance. Parenthetically, one should note 
that the constant, k, has different values depending upon 
which parameter is being fitted [i.e., \ u observed shifts, 
(Ai)i, (A2)i, etc.]. The Xj values, then, may be used for as
sessments of molecular geometry, viz., to distinguish be
tween the relative importance of two or more specific geo
m etric  possibilities. Rather than attempting to fit the 
structures in a fully rigorous parametric fit to eq 3, we 
shall simply compare the magnitudes of X for protons 
symmetrically disposed to the alcohol oxygen, and there
fore to the metal of the LSR,

It may be pointed out that, by the incremental dilution, 
constant-So method employed here, the Xj values are de
termined experimentally to very high precision: for doping 
levels expressed by p < ca. 0.4, a linear least-squares re
gression analysis yields a correlation coefficient always 
greater than 0.99 for any acceptable set of data (usually 
>0.999) and it is useful in obtaining 80 values (the chemi
cal shifts in the absence of LSR) of partially obscured or 
strongly coupled protcns.3bao Values of this coefficient 
less than ca. 0.98 are most often caused by “ scavenging”  
(i.e., binding by strongly basic impurities),10 and are 
cause for rejection of the data of a particular experiment.

Results and Discussion
In Tables I—III are presented the So values (either ob

served or obtained by extrapolation) and X values for the 
methyl, methylene, and aromatic protons, respectively, 
for the alcohol isomers. The X values refer to 0.15 M  sub-
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Table III
5<s Values Observed and Slope Values“ Derived for Aromatic Protons, from LIS Data 

Using Eu(FOD)s at 30°, CC14 Solution

PhOH
------------- Cis alcohols (3a <=* 3b)—
PCOH PAOH MAOH OAOH aNOH PhOH

--------------Trans alcohols (3c <=* 3d)
PCOH PAOH MAOH OAOH aNOH

2 7 . 4 5 7.42 7.35 7.09 7.59 7.88 7.32 7.18 7.22 6.88 7.18 b
3 7 . 2 2 7.14 6.70 7.10 6.80 7.27 7.21 7.21 6.72 7.11 7.05 b
4 7.05 6.58 7.07 7.56 7.05 6.57 b b
5 7.22 7.14 6.80 7.72 7.21 7.21 6.72 b b
6 7.45 7.42 7.16 7.32 7.18 7.22 6.83
OMe 3.71 3.74 3.84 3.72 3.75 3.82
2 3.99 3.28 3.50 4.14 5.74 6.69 3.59 3.51 3.82 3.68 4.19 4.45
3 -3 .5 2 -4 .3 0 -3 .1 0 -3 .9 4 -3 .4 6 -7 .7 6 1.20 1.36 1.72 1.42 1.48
4 -2 .5 6 -1 .2 6 -1 .1 4 -1 .9 8 1.40 1.22
5 - 3  .52 -4 .3 0 -3 .1 0 0.76 -0 .4 5 1.20 1.36 1.72
6 3.93 3.28 3.50 5.30 3.59 3.51 3.82 3.76
OMe -1 .7 0 -1 .5 4 1.40 1.02 0.96 1.50

“ In parts per million. h Résonances obscured owing to complex multiplets.

strate solutions in CCI4, at 30° and, except where noted, 
doped with Eu(FOD)3 . Coupling constants (2J Hh and 
4JHh) were typical in magnitude for a cyclohexane chair 
structure, but were not measured precisely, for they are of 
little utility for the present purposes. It should be noted 
that the specific assignments given do not rest on any in
terpretation of the relative LIS magnitudes, but are of 
course consistent with these. Rather, the assignments fol
low unambiguously from the undoped shifts (c/. ref 3b) 
and the multiplicity and relative widths of the individual 
signals seen in the LIS-dispersed spectra. The methylene 
assignments were confirmed by the appropriate spin-de
coupling experiments.

Cis Alcohols. Aliphatic Protons. Inspection of the <50 
values of Table I immediately permits the conclusion that 
the structures of the various cis alcohols do not vary ap
preciably, at least for the substituted phenyl alcohols, 
from one to the other. For example, one may note the 
constancy of the chemical shift of a given type of methyl. 
The exceptions of Me3 and M e5c in cis-aNOH clearly 
arise from the additional ring-current and anisotropy ef
fects associated with ring B of the a-naphthyl system. A 
similar trend is observed on a qualitative examination of 
the methylene 5o values (Table II). It is also of some theo
retical interest here that the Me5c chemical shift cannot 
be used to distinguish between the various substituted 
phenyl groups on C-3. The correlations observed for the 
aryl anisotropy and alterations in it caused by various 
substituent groups have also been of interest in other 
types of compounds studied in our work. For instance, in 
a closely related system where all the aromatic hydrogen 
atoms are replaced by chlorine, no substantial difference 
in the upfield shifts experienced by M e5c was observed.11

This similarity of structure is also evident from the ob
served X values. An important aspect of these values is 
the consistent pairing of proton types equivalently dis
posed about a pseudo-symmetry plane (i.e., a plane pass
ing through the hydroxyl group, C -l, and C-4), viz., a and 
e, b and f, as well as M e3 and M e5t. This complementary 
pairing of the methylene protons and equatorial methyl 
protons is consistent with the results obtained on the ke
tone precursors of these alcohols and is most readily ra
tionalized in terms of a flattened cyclohexanoid ring sys
tem which possesses chair-like symmetry and shape. (The 
complementary pairing of the LIS would be unlikely for 
otherwise plausible twist-boat conformations, without nu
merous fortuitous shift averagings.)

This view is supported both by the similarity of the 
slopes obtained for proton d and for Mesc, and by four- 
bond couplings of proton a (and proton e) to proton c

without analogous proton b -d  and proton f-d  couplings.
The observed flattening distortion to this ring is caused 

by a syn-axial compression (“ reflex effect” ) between the 
two large axial substituents at C-3 and C-5. This deforma
tion appears to have only lateral, rather than longitudinal, 
twisting components; that is, the axial C-3 and C-5 sub
stituents move away from each other along the normal of 
the O -C 1 -C 4 plane. In the case of 3-(p-chlorophenyl)-
3,5,5-trimethylcyclohexanone (PCK), LIS-based conclu
sions about such a structural feature in the liquid state 
are found precisely mirrored in the carefully determined 
solid-state structure.12 The present LIS data suggest 
strongly that similar considerations should apply to the 
cyclohexanols.

We turn now to a more detailed examination of the X 
values obtained for the cis alcohols. Looking first at the 
methyls at the C-3 and C-5 cyclohexyl ring positions, it is 
clear that Me5c consistently has larger X values than do 
the equatorial M e3 and Mest. The reverse behavior is no
ticed for the methylene protons at C-2 and C-6 (Table II), 
with the equatorial protons havig the larger LIS. In addi
tion, as previously observed for the ketones,3b proton d 
has a similar X value to Me5C. This presumably results 
from the flattening of the chair due to the reflex effect.

In cis-OAOH there is somewhat of a departure from the 
similarity of the LIS experienced for complementary pro
ton pairs. An example of this deviation can be observed 
on examination of the X values for M e3 and Me5t. A rea
sonable explanation of this difference involves the orienta
tion of the aryl substituent. From the ¿>0 values in Table 
II, it is readily observed that the proton c resonance for 
cis-OAOH is abnormally downfield in comparison with 
the other phenyl-type compounds, but displays a similar 
shift to the analogous proton of cis-aNOH. For cis-aNOH 
this downfield shift has been explained33 by ring B of the 
a-naphthyl system spending a considerable amount of 
time near proton c, its edge effect (and associated para
magnetic anisotropy) causing the observed downfield dis
placement. A similar orientation of the o-anisyl ring 
would place the oxygen of the methoxy group near proton 
c, causing deshielding resulting from the electric field ef
fect of the oxygen.13 Proton d is piobably placed in the 
shielding region of the oxygen anisotropy and/or the aro
matic ring, and the resonance shifted upfield. The LIS re
sults for cis-OAOH can then most readily be accommo
dated by a biased rotation of the aromatic ring, upon ad
dition of Eu(FOD)3, to a conformer in which the methoxy 
group is oriented toward the hydroxy group. In such an 
orientation, a bidentate chelate species could be formed 
with the LSR, as depicted in Figure 2.
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Figure 2. B id en ta te  chelate com plex for c is -O A O H .

Inspection of molecular models serves to confirm the 
steric reasonableness of this proposal. Such binding prob
ably causes the LSR to move slightly away from the 0 -  
C 1-C 4  pseudo-symmetry plane closer to protons a and b 
than to protons e and f, and similarly closer to M e3 than 
to M e5t. The observed A values are consistent with this 
notion, as is the absence of this effect in the other cis al
cohols. (These arguments require only a reasonable simi
larity in the O -E u-H  angles, so that the observed differ
ences are sensitive primarily only to the R, 3 distance 
term of eq 3.) Although this effect of bidentate chelation 
appears to be small, it becomes more important to the ob
served LIS of cis-OAOH at lower temperatures, as dis
cussed later.

It is interesting that the above-described rotation of cis- 
OAOH and subsequent chelation is not observable when 
Eu(DPM )3 is used as the LSR, as indicated by the A 
values of the complementary proton pairs (Table IV). A 
possible explanation lies in the fact that Eu(DPM )3 is a 
weaker Lewis acid than Eu(FOD>3 with, therefore, far 
smaller binding to the weakly basic methoxy oxygen. The 
larger magnitude for the LIS produced by Eu(DPM )3 is 
consistent with our previous findings.14

Arom atic Protons. The aromatic resonances show LIS 
behavior much different from that observed for the other 
protons discussed above. The observation of up fie ld  shifts 
is noteworthy owing to the important stereochemical im
plications associated with them.4b’15 Such shifts are pre
dicted by the pseudo-contact equation, the direction of 
the shift change being a consequence of the molecular ge
ometry of the system studied, as required by the angle- 
dependent term of eq 3. These LIS to high field were first 
observed in cis-aNOH4b and serve to further confirm the 
axial disposition and the rotational preference of such an 
aromatic moiety. The similar structures of ci's-aNOH and 
the other cis alcohols here suggest that upfield LIS might 
be observed. In fact, it was found that the A values for 
protons at the phenyl ring positions 3 and 4 have negative 
(upfield) shifts (see Table III). (Analogous downfield 
shifts induced by Pr(DPM )3 for protons 3 and 4 in cis- 
PAOH were observed.) As previously mentioned, protons 
2 and 6 are nmr equivalent, as are protons 3 and 5. Exam
ination of Dreiding models and the precise X-ray crystal
lographic structure of PCK indicate that it may be diffi
cult for the aryl protons, such as 2 and 6, in the phenyl or 
para-substituted aromatic rings to become equivalent 
simply by rotation of the aromatic ring in a single aryl- 
axial conformer such as indicated in 2a.

Shapiro, Johnston, and Shapiro

4a 4b
Figure 3. O rie n ta tio n s of the two low -energy rotam ers in  the case 
of ph en yl or p a ra - or m eta-sub stituted  ph en yl a ry l su bstituen ts.

A method for estimating the rotational orientation of 
the aryl substituent was developed for the analogous ke
tones and is also applicable here. The model assumes that 
the energy minima for aryl rotation occur when the aro
matic ring is parallel (or nearly so) to the C 2 -C 3  cyclohex
ane ring bond, and that, if this be so, one may be able to 
neglect other orientations to a fair degree of approxima
tion. Thus for phenyl or para-substituted phenyl, there is 
an equal population of rotamers 2a and 2b. Now in ortho- 
or meta-substituted compounds, if protons 2 and 3 have 
LIS similar to those of protons 6 and 5, respectively, it is 
assumed that the aromatic moiety does not show substan
tial biasing toward one rotamer or another as indicated by 
structures 2a and 2b. Since, for steric reasons, cis-aNOH 
is capable of only one low-energy orientation (that which 
places ring B of the naphthyl system near proton c), it 
serves as a good model. In a system in which there is no 
single preferred aryl orientation, the LIS experienced by 
protons 2 and 3 should be about one-half those observed 
for the cis-aNOH, since they are in an analogous position, 
for one-half the time. Actually, considering protons 2 and 6, 
this is due to an averaging of a large downfield LIS occurring 
from an orientation of the aromatic ring such as in 4a with a 
small downfield shift occurring in 4b (see Figure 3).

Thus these LIS’s for protons 2 and 6 are mainly due to 
the R r 3 term of eq 3, since the variation in cos2 8 is not 
substantial between these two rotamers. Similarly, for 
proton 3 and 5, a large upfie ld  shift is averaged with a 
small downfield shift; hence the observed results. Pre
viously it was shown that cis-OAOH is capable of existing 
in two descrete orientations with the minor one facilitated 
by the methoxy interaction with the LSR. Judging from 
the LIS of proton 2, the aryl group behaves so as to be 
hindered in rotation mere like the a-naphthyl group in 
cis-aNOH.

The molecular dynamics by which protons 2 and 6 (as 
well as 3 and 5) are made equivalent is worthy of com 
ment. For reasons previously mentioned the simple rota
tion of an unsubstituted (or para-substituted) phenyl ring 
might be energetically prohibitive even for the reflex ef
fect flattened cyclohexanone or cyclohexane rings. Such a 
view would seem to require that aryl rotation occur in the 
cyclohexane ring inverted conformer 3b which, of course, 
need not be present to a major extent if the aryl rotation 
barrier in 3b be markedly less than that for the 3a ^  3b 
interconversion, as is reasonable.

Table IV
A Values'1 Observed fo r  cis-OAOH Using E u(D P M )3 [Eu(FOD)3 Values in  Parentheses fo r  C om parison ]

Me, Me, Melo Meet a e b f c d Hs Hs H4 Hs OMe

2 0 .2 0  5 .6 6  8 .6 6  5 .4 8  2 1 . 3 4  2 1 . 8 5  1 3 . 9 4  1 4 . 2 8  8 .2 4  8 .7 4  1 3 . 1 4  - 8 . 0 4  - 2 . 2 6  ~ 0  0 .3 9
( 1 0 . 1 0 )  (4 .6 6 )  ( 5 .7 4 )  ( 3 .4 2 )  ( 1 5 .8 0 )  ( 1 3 .0 6 )  (8 .4 4 )  (7 .0 6 )  (5 .9 0 )  ( 6 .1 8 )  ( 5 .7 4 )  ( - 3 . 4 6 )  ( - 1 . 1 4 )  ( 0 .7 6 )  ( 1 .4 0 )

“ In parts per million.
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An alternative mechanism involving a “ gearing”  of aryl 
rotation with some cyclohexane ring flexing process re
mains to be considered, for such a process seems consis
tent with both the experimental evidence now available 
and with the known lowered ring inversion barriers in
1,1,3,3-polysubstituted cyclohexane rings.16

LSR -M ethoxy Interaction. Although a relatively 
minor effect overall, methoxy binding is important in 
order to understand more completely the LIS observed for 
the aromatic proton types. Since an excellent comparison 
exists between cis-PAOH and cf's-PCOH, the only differ
ence in these being chlorine vs. methoxy, any interactions 
resulting from methoxy binding should be directly observ
able. It was found that the LIS of protons 3 and 5 in cis- 
PAOH is of significantly smaller magnitude than that for 
the 3,5 pair in cis-PCOH. This observation is in accord 
with the methoxy group acting as a secondary binding site 
in competition with complexation at the hydroxyl group. 
(The probability of complexation occurring at both sites 
simultaneously is, of course, negligible.) Even a small in
teraction by the methoxy should cause the LIS of the cy
clohexyl proton shifts to be reduced, as observed on com
paring the X values for cis-PCOH vs. cts-PAOH. Addition
ally, when the LSR is bound to the methoxy group, only 
the closer ring protons 3 and 5 are afforded a substantially 
enhanced downfield shift. It is the above interaction 
which probably causes the large differences in the LIS of 
protons 2 and 6 in cis-MAOH and the downfield shift of 
proton 5 in cis-OAOH. Finally, it is noticed at high dop
ing levels (p a; 3) that, when a limiting shift is approached 
for even greatly shifted resonances (X > 12 ppm), the me
thoxy resonance continues to be altered in value (now 
with a downfield LIS for crs-PAOH and cis-MAOH). The 
resonances of the protons adjacent to the methoxy also 
continue to be shifted downfield. The direct effect of the 
LSR-methoxy interaction on the cyclohexane ring proton 
shifts is negligible.

Trans Alcohols. All of the LIS observed for the trans 
alcohols are to lower field and, like their cis isomers, show 
similar X values for the symmetry-paired proton types. 
Except for trans-aNOH and trans-OAOH, the difference 
between the LIS magnitude for equatorial and axial pro
ton types is markedly smaller than was obtained for the 
cis isomers. Considering first only the methylene protons 
at C-2 and C-6, the average differences were found to be
3.28, 3.50, 3.42, and 3.54 ppm for trans-PhOH, -PCOH, 
-PAOH, and -MAOH, respectively, 4.39 ppm for the trans- 
OAOH, and 6.14 ppm for trans-aNOH. In comparison, the 
average difference observed in the cis isomers was 5.85 
ppm, clearly indicating that, at least for the first four 
trans isomers, some additional interaction must be occur
ring so as to tend to equalize the X values of the C-2 and 
C-6 protons.

As indicated above, in trans-aNOH two methyls (Me3 
and Me5t) have similar X values of considerably larger 
magnitude than that of M e5c. This observation is in ac
cord only with an axially disposed hydroxyl group and an 
equatorial aromatic ring and is similar to the results ob 
tained in the cis isomers. In trans-OAOH the difference in 
the X values for these methyl protons is not as large as in 
trans-aNOH. However, in the other trans alcohols, despite 
the similar LIS for the symmetry-paired cyclohexyl pro
tons, all three methyls have nearly identical LIS. It is our 
present view that this unexpected result probably origi
nates from the presence of a less biased equilibrium mix
ture of the two possible chair conformers which now both 
contribute significantly to the time-averaged structure.

These equilibria can be illustrated schematically by eq 
4, where A is the axial-OH conformer, E is the equatorial- 
OH conformer (the structures of A and E are given in Fig-

A +  L * > ALIf 11
E +  L 5=^ EL

ure 1, 3c and 3d, respectively), and AL and EL are the re
spective complexed species. It appears from our data that 
A and E each form their own complex with the LSR. The 
results cannot be explained by an alteration of the above 
equilibria where the formation of EL must arise from the 
prior formation of AL {i.e., equilibration between AL and 
EL is much less important than equilibration between A 
and E). Conversely, AL and EL may not be long lived 
enough to undergo interconversion. It should be noted 
that any equatorial conformer present would bind more 
readily to the LSR then would the axial (OH) confor
mer.17

An alternative possibility (ref 18) which should be con
sidered involves the a p rio ri reasonable contribution from 
twist-boat and/or boat forms in the trans isomer. We feel 
that such involvements may be neglected as less probable 
than the above explanation, for the following reasons. The 
first reason is that, as with the cis isomers, there is 
marked symmetry pairing of the slopes observed for pro
tons a-f. Any reasonable twist-boat or boat form would 
destroy the possibility of the observed symmetry pairing 
of the X values, in the absence of several coincidences of 
shift averaging, plus the requirement that this coinciden
tal averaging be uniform for the several cases where sym
metry pairing is observed. The second reason is that, 
again as in the case of the cis isomers, the observation of 
line-width variations or actually observed long-range cou
plings for protons a, c, and e, but not for b, d, and f, 
suggest strongly that any time-averaged structure par
takes very little of the nonchair conformation.

The data, then, serve to indicate that the A ^  E and 
subsequently the E +  L ^  EL equilibria are not impor
tant for trans-aNOH, moderately important for' trans- 
OAOH, and quite significant for trans-PhOH, -PCOH, 
-PAOH, and -MAOH. For instance, considering M e3 , 
Me5c, and Me51, it was found that the M e3 (or Megc) to 
Me5, X ratio (Table I) averaged to 1.61 for trans-aNOH, to
1.30 for -OAOH, and to only 1.09 for the other trans alco
hols, trans-PhOH, -PCOH, -PAOH, and -MAOH. (Addi
tionally, it may be noted that a qualitative experiment 
where the aryl substituent was p-tolyl yielded results sim
ilar to those of the latter group of compounds.) Since the 
normal trends still predominate in these latter compounds 
[LIS of equatorial protons (of 3c) are greater than axial 
protons at C-2 and C-6], it is necessary that the AL com
plex always be predominant.

When the conformer with an equatorial hydroxyl is 
present to a significant amount as part of an equilibrium 
mixture, such as in trans-PAOH, its effects on the behav
ior of the LIS can be predicted. In a recent study of 4- 
tert-butylcyclohexanol19 it was found that the difference 
between the LIS for the axial and equatorial protons on 
C-2 and C-6 in the trans isomer (equatorial OH) is less 
than for the cis isomer (axial OH). A similar result was 
noticed for protons in the C-3 and C-5 positions but with 
the axial protons of the trans isomer having a larger LIS. 
The relationsip of these results to our system is instruc
tive. If an equatorially disposed hydroxyl conformer were 
present to any significant extent, the LIS differences in 
protons a, b, e, and f would become less than the LIS dif
ferences observed for the same protons in the cis alcohols, 
which appear to be much more conformationally pure. 
Similarly, the differences in Me,,,., Me5t, and M e3 should 
become smaller. Also, in the trans-fert-butylcyclohexanol, 
H i has a LIS less than the LIS of H i of the cis isomer.
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Variable-Temperature LIS Data Slope Values“ Derived for Methyl Groups [Eu(FOD)3, CS> Solution]
.-------------------------------------------Ketones and cis alcohols-------------------------------------------- '---------------------- Trans alcohols---------------

Table V

PAK6 MAKC OAK6 PAOH MAOH OAOH PCOH PAOH MAOH OAOH PCOH

M e ! 3 .0 0 3 .6 3 - 0 . 5 1 3 .6 0 2 .7 8 3 .0 7 2 .4 5 2 . 7 6
M e 5c 1 . 3 3 1 . 1 2 1 . 3 0 1 . 0 7 1 . 0 0 0 .9 1 1 . 5 3 0 .4 4 0 .3 8 0 .4 2 0 .4 9
M e 3 0 .3 7 0 . 2 1 0 .4 5 0 .5 3 0 .6 4 0 .9 2 0 .5 5 0 . 4 1 0 .4 4 0 . 5 1 0 .4 5
M e it 0 .5 4 0 .4 6 0 .6 4 0 .6 5 0 .6 8 0 .3 9 0 . 8 1 0 .6 9 0 .7 4 0 .4 9 0 .7 0

« I n  p a r ts  p e r m il l io n .  6 3 -( p -A n is y l) -3 ,5 ,5 -t r im e t h y lc y c lo h e x a n o n e .  1 3 -( m -A n is y l) -3 ,5 ,5 -t r im e t h y lc y c lo h e x a n o n e .  d 3 -( o - 
A n is y l) -3 ,5 ,5 -t r im e t h y lc y c lo h e x a n o n e .

Table VI“
Variable-Temperature LIS Data Slope Values6 Derived for Methylene Protons [Eu(FOD);i, CS2 Solution]

-Ketones and cis alcohols----------------------------------------- > ----------------------Trans alcohols-
PAK MAK OAK PAOH MAOH OAOH PCOH PAOH MAOH OAOH PCOH

a 2 .60 i .9 3 2 .7 9 2 .4 5 2 .4 5 2 .7 7 2 .7 4 2 . 2 6 2 . 5 2 l .9 8 2 .4 8
e 2 .80 2 . 1 2 3 .39 2 .49 2 .7 5 0 .60 3 .2 7 2 .7 9 3 . 1 6 2 .06 2 .7 0
b 1 .60 1 .2 0 1 .8 5 1 .6 3 1 .86 1 . 2 1 1 .7 5 2 . 3 5 2 . 5 6 1 .7 8 2 .3 4
f 1 .69 1 .4 4 1 .9 8 1 .6 6 1 .86 0 .40 1 .9 7 2 .4 6 2 .6 9 2 .00 2 .4 6
c 0 .8 1 0 .7 8 0 .9 4 0 .84 0 .9 0 0 .9 0 1 .0 2 0 .6 5 0 . 7 2 0 .5 7 0 .7 2
d 0 .9 4 0 .7 9 1 .08 1 .0 4 1 .0 7 1 .08 1 .2 0 0 .7 3 0 .8 3 0 .6 2 0 .7 2

“ S e e  fo o tn o te s  to  T a b le  V .  h I n  p a r t s  p e r  m il l io n .

Table VII"
Variable-Temperature LIS Data Slope Values6 Derived for Aromatic Protons [Eui'FOD):,, CS> Solution]

------------------------------------------ Ketones and cis alcohols------------------------------------------- - -------------------- Trans alcohols--------------
PAK MAK OAK PAOH MAOH OAOH PCOH PAOH MAOH OAOH PCOH

2 1 . 7 5 1 . 3 4 3 . 2 6 0 .3 2 0 .3 6 1 . 0 0 0 . 2 7 0 .5 3 0 .2 4 0 .5 3 0 . 5 2
3 0 . 3 1 0 .3 6 c - 0 . 9 8 - 1 . 3 1 - 0 . 0 5 - 1 . 0 8 0 . 2 2 0 .2 6 c 0 .2 0
4 0 .4 3 c - 0 . 5 3 0 . 0 1 0 .0 0 c
5 0 . 3 1 c - 0 . 9 8 0 .3 5 - 1 . 0 8 0 . 2 2 c c 0 .2 0
6 1 . 7 5 2 . 5 1 0 .3 2 1 . 1 5 0 . 2 7 0 .5 3 c 0 . 5 2
O M e 0 .0 0 0 .3 7 0 . 4 0 - 0 . 4 1 - 0 . 5 9 0 . 5 9 0 . 1 6 0 . 1 6 0 . 2 4

S ee  fo o tn o te s  to  T a b le s  I V .  6 I n  p a r t s  p e r  m il l io n .  c R e s o n a n c e  o b s c u re d  o w in g  to  c o m p le x  m u lt ip le t s .

Therefore, the LIS of M ei in the trans alcohols should be 
less than that obtained for the cis isomers. The LIS mag
nitudes for protons a, e, b, and f in the trans alcohols are 
seen to be similar to those observed in the corresponding 
ketones (where the average A values for protons a, e, b, 
and f  are 16.54, 16.18, 14.18, and 14.46 ppm, respectively). 
This is not surprising, since if an equilibrium mixture of 
A and E existed the LSR would behave, on the average, as 
if it were near the plane bisecting the M ei-C -l-O H  angle 
and in a position similar to where the LSR is believed to 
be for the ketones.3b

Substantial involvement of the equatorial-OH confor- 
mer in the trans alcohols may be rationalized by an exam
ination of the relative energies in each conformer, as indi
cated in the diagram below. The major factors involved in

5a 5b

comparing the two conformers are as follows: in 5a there 
are two 1,3-diaxial methyl-hydroxyl (1) interactions and 
one aromatic-cyclohexane ring (k) while in 5b there are 
two 1,3-diaxial aromatic-methyl interactions (n) and one 
methyl-cyclohexane ring (m). It can be assumed that the 
other steric interactions in these two compounds are ap
proximately the same. Allinger20 recently calculated that, 
in l-(phenyl)-l,3,3-trimethylcyclohexane, the conformer 
with an axial phenyl group is favored by 3.3 kcal/mol. It

can then be calculated that the difference in energy be
tween these two systems is approximately 1.15 kcal/m ol 
or about 85% in favor of the conformer with the axial hy
droxyl.21 Qualitative estimates of the relative amount of 
each conformer present by LIS data are made difficult by 
the LIS not only depending on the ratio of components in 
solution, but on the respective association equilibrium 
constants of each conformer. Although 5b may be present 
to a lesser degree, it would be a proportionally larger con
tributor to the observed LIS because of the stronger LSR 
binding of equatorial us. axial hydroxyl groups.17

A possible reason for frares-aNOH and -OAOH prefer
ring 5a to a greater extent than do the other trans alcohols 
involves the steric nature of each of these aromatic sub
stituents. In 5b, the aromatic ring is axial, and, as seen 
from the data on the cis isomers of aNOH and OAOH, is 
capable of only one low-energy orientation of the aryl sub
stituent, resulting in a loss of entropy. Owing to the simi
lar energies of 5a and 5b this relatively small factor now 
becomes important and results in the observed trends.

Temperature Effects. To obtain a further under
standing of rotational behavior of the aromatic substitu
ent and the conformational mobility of these compounds, 
the nmr spectra of the LSR-doped and undoped ketones 
and alcohols were studied as a function of temperature. 
Virtually no change was observed in any of the undoped 
trans alcohols over the temperature range studied (43 to 
-75°). The ketones and cis alcohols did exhibit some rela
tively minor changes in their spectra on decreasing tem
perature; the only significant change was in the chemical 
shift of Me5c, where on the average an upfie ld  shift 
change of 0.1 ppm was observed. This upfield shift in the 
ketones and cis alcohols is consistent with an even greater
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biasing of the chair-to-chair equilibrium (shown in Figure
1) such that the population of the conformer having the 
axially substituted aryl moiety is enhanced. The overall 
effect, then, would be to keep M e5C in the face of the aro
matic ring for a greater fraction of the time.

Although studies involving LSR have been very numer
ous,22 the temperature dependence of these solutions has 
received comparatively little attention.23 Investigations 
have shown that the magnitude of the LIS increases with 
decreasing temperature, and behavior opposite to this 
probably arises from changes in the steric requirement of 
the lanthanide,23c hence its binding position. In this study 
the concentrations of the substrate solutions were pre
pared as close as possible to the concentrations used in 
the incremental dilution method. The p value of 0.3 was 
chosen so that it was in the linear portion of the LIS 
curve, ensuring that the shifts induced by varying the 
temperature would be of the largest magnitude. The 
slopes obtained [(<5ds — 8o)/p where 5ds is the chemical 
shift of proton in the LSR doped solution] in CS2 solu
tions at ambient temperature were found to be very simi
lar to those obtained from the incremental dilution meth
od, indicating that both the lanthanide complexation 
equilibria and the binding position are similar for both 
solvents. This finding is consistent with other recently 
published results.24

In the LSR-doped solutions (see Tables V-VII), the ke
tones and cis alcohols, as expected, showed trends similar 
in the temperature dependence of their LIS to those ex
hibited in the incremental dilution data. For instance, the 
average Mesc to M e3 A values in cis-MAOH is 1.55 ppm 
for the incremental dilution method vs. 1.50 ppm for the 
temperature-dependence data, suggesting that the average 
binding position in these alcohols (except for cts-OAOH) 
is not affected very much by the variation of temperature. 
If any change in this binding position does occur, it is 
probably along the symmetry plane previously described, 
since symmetry-paired protons still show similar LIS (see 
Tables V-VII)."

An interesting result was obtained from the variable- 
temperature study of ds-OAOH. Except for Mei, all of 
the proton types show the usual downfield shifts with de
creasing temperature. Surprisingly, M ei showed an up- 
fie ld  shift (M ei in all the other alcohols shows the largest 
downfield shifts). Again one must consider the orientation 
of the aromatic ring to understand this anomaly. As the 
temperature is lowered, the rotamer where the methoxy 
group points toward the hydroxy group becomes very im
portant. This orientation and subsequent chelation could 
well change the binding position of the LSR, causing the 
E u-O -M ei angle to be greater than ~55°, the angle at 
which the angle term in eq 3 requires an upfield LIS. Ad
ditionally, this new LSR position is responsible for the 
now very large differences between the LIS of protons a 
and e as well as b and f  (see Table V I).

The temperature dependence of the LIS of the trans al
cohols exhibits the normal downfield shifts for all proton 
types. Additionally, the observed values for the tempera
ture-dependent LIS follow the same trends as did the LIS 
obtained for the incremental dilution data. Since trans- 
«N OH behaves very differently from the other trans alco
hols, it will be discussed first. As previously found, M e3 
and M e5t have A values larger (by an average ratio of 1.79) 
than that of M e5c. This is indicative of a compound hav
ing an axial OH as pictured in 3c, and compares well with 
the axial to equatorial methyl A ratios in the cis isomers.

In the incremental dilution data, trans-OAOH was an 
intermediate example of the biasing o f the equilibria 
shown. It is seen that now Me3, M esi, and Me5c. have 
nearly identical LIS. Finally, for frarcs-PCOH, -PAOH,

and -MAOH, the LIS of Mesc is 1.60 times larger than for 
Me3 and Me5t, and “ axial” methyls of 3c. Similar trends 
are observed for the methylene protons for all o f the trans 
alcohols.

Experimental Section
cis- and irarcs-3-(Aryl)-l,3,5,5-tetramethylcyclohexan-l-oIs.

A mixture of approximately 60:40 cis (3a) to trans (3c) cvclohexa- 
nols was obtained in quantitative yield from the reaction (at re
flux, for ca. 2 days) of the corresponding 3-(aryl)-3,5,5-trimethyl- 
cyclohexanone3b with excess ethereal méthylmagnésium bromide. 
These isomers were cleanly separated by column chromatography 
on silica by elution with a 5% hexane-acetone mixture, the cis 
isomer eluting much more rapidly. Satisfactory combustion anal
yses were obtained for the alcohols.

All nmr spectra were run on a Varían HA-100 nuclear magnetic 
resonance spectrometer in the frequency sweep mode. Shifts were 
measured on carefully precalibrated chart paper and are estimat
ed to be accurate to ±0.01 ppm or better. Temperature was var
ied using a standard Varian Associates variable-temperature 
probe and controller; the temperature was determined using 
methanol in the standard fashion.

The LSR used (unless otherwise noted) was europium(III) tris-
l,l,l,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedione, denoted as 
Eu(FOD)3. For comparison of LIS values from one compound to 
another, it is essential to use carefully purified LSR and to start 
with a very pure substrate (especially one dry and solvent free). 
In our experience, Eu(FOD)s supplied by Merck Sharp and 
Dohme is suitable. For each run, the LSR was sublimed in vacuo 
and stored for at least 24 hr over P4O10 in vacuo. The solvent em
ployed for all samples was molecular sieve dried CCL or CS2; the 
latter was used for the variable-temperature data (owing to the 
insolubility of the solutes in CCI4 at lower temperatures). All 
substrates were stored over CaSCL or P4O10 in a vacuum desicca
tor prior to use.

The method used in the LSR runs was the incremental dilu
tion, constant So technique described in detail by Shapiro and 
Johnston.8 All regression analyses were performed on a Hewlett- 
Packard Model 9100B programmable calculator with ten signifi
cant figure precision. The fits were optimized in terms of maxim
izing the correlation coefficient, R.
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Carbon-13 Nuclear Magnetic Resonance. Conformation in Some
1,3-Dioxacycloheptanes

Michael H. Gianni,* 1 Jose Saavedra, 1 James Savoy, 1 and Henry G. Kuivila2
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R e c e iv e d  S e p te m b e r  14, 1973

T h e  ca rb o n -13  n u clear m agnetic resonance ch e m ica l shifts for some 1,3 -d io x acyclo h ep tan es are reported. T h e  
chem ical shifts for the rin g  carbons are affected h y  the positions and conform ations of the substituents. S u b stitu e n t 
shift param eters can be transferred from 1,3 -d io x an e s and cycloheptanes to 1,3 -d io x acyclo h ep tan es. B u lk y  su b 
stituents in  the 2, 4, and 7 positions of the 1,3 -d io x acyclo h ep tan es do litt le  to reduce the num ber of a v a ila b le  low - 
energy conform ations.

Carbon-13 nuclear magnetic resonance is a potent tool 
for conformational analysis because carbon-13 chemical 
shift substituent parameters reflect both substituent and 
conformational effects. Appropriate substituent parame
ters can be obtained not only in cyclohexanes, 3 but also in 
cycloheptanes4 and 1,3-dioxanes,5 provided that the ef
fects of oxygen substitution in the six-membered ring and 
of pseudo-rotation of the seven-membered ring are taken 
into account.

Encouraged by previous work,3-® we undertook a study 
of carbon-13 substituent effects in some 1,3-dioxacyclo
heptanes in an effort to extend the correlations to this 
ring system and to provide a basis for conformational as
signment therein.

Conformational analysis of cyclohexane6 and 1,3-diox- 
ane® is facilitated by the absence of a low-energy pseudo- 
rotational barrier and the availability of only one low-en
ergy conformation. The interpretation of conformational 
data for cyclopentanes, 7 1,3-dioxolanes,8 cycloheptanes,4 
and l,3-dioxacycloheptanelb is made more difficult by 
the availability of numerous low-energy conformations 
and by the low-energy pseudo-rotational barriers for each 
of these compounds, with the result that in these systems 
one must think in terms of conformational arrays.

The geometry of 1,3-dioxacycloheptane has been dis
cussed previously and comparisons were made with cyclo
hexanes, cycloheptanes, and l,3-dioxanes:lb there are four 
distinct chair conformations for 1,3-dioxacycloheptane 
compared to one for each of the other compounds; the
1,3-COC distance is small owing to the shorter carbon- 
oxygen bond (compared to the CCC distance); 1,3-diaxial 
M e-H  interactions are more severe (as in the 1,3-diox
anes)9 ’10 than in cyclohexane and cycloheptane; 10 and the

4.7- diaxial M e-H  interaction is more severe than that in 
cycloheptane. Accordingly, an additional objective of 
these studies was to test whether these more severe inter
actions could be used to advantage to produce compounds 
with only one or two low-energy conformations in the con
formational array. Therefore the synthesis of 1,3-dioxacy
cloheptanes with a number of bulky substituents properly 
located to take advantage of the decreased 1,3-diaxial and
4.7- diaxial distances was undertaken.

The carbon-13 spectra were recorded at ambient tem
peratures at which the rates of interconversions of the 
conformations were fast. Therefore the chemical shifts are 
average values to which each of the conformations con
tributes according to its population.

The carbon-13 chemical shifts for a series of 1,3-dioxa
cycloheptanes are summarized in Table I. The assign
ments of the carbon-13 resonances were made on the basis 
of relative intensities, comparisons with chemical shifts 
for 1,3-dioxanes, 5 '1 1  and comparison with values for 1,3- 
dioxacyclohept-5-ene. 1

The chemical shift assignments are reasonably straight
forward. The ierf-butyl methyl carbons were readily dis
tinguished from methyl groups substituted directly on the 
ring by signal intensity. The signal of the quaternary car
bon of the ferf-butyl group was distinguished from those 
for C5 and Ce by its reduced intensity. 12  The chemical 
shifts for C5 and C6 were readily assigned, since they were 
the only ones without parallel in the spectrum of 1,3-diox- 
acyclohept-5-ene. The signals assigned to C2 , C4, and C7 
correspond to the chemical shifts for C2, C4, and C6 in
1,3-dioxanes.

Some important generalizations may be drawn from 
Table I. The difference in geometry between a seven- and
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Table I
Carbon-13 Chemical Shifts for Some 1,3-Dioxacycloheptanes"

Entry Compd C2 C< C7 Cs Ce 2Ccb Bum. Me
i 1,3-Dioxacyeloheptane 94.67 67.24 30.05

(96.77) (68.71) (27.95)
i l cis-4,7-Dimethyl- 94.07 75.89 33.76 22.36

h i trans-4,7-Dimethyl 91.95 72.39 36.51 22.58
IV cis-2-í-Butyl 4-methyl- 108.70 76.98 70.68 36.70 28.31 36.64 25.10 22.32

(107.26) (72.49) (33.69) (35.06) (24.95) (21.92)
V írans-2-í-Buty 1-4-methyl- 106.39 71.23 66.87 36.64 29.50 36.21 25.36 22.32

VI r-2-tert-~Butyl-cis-4,cis-l - 108.88 75.12 33.79 35.72 25.10 22.65
dimethyl-

VII r-2-terí-Butyl-c¿s-4,írans- 105.60 70.54 77.90 36.64 35.90 25.24 22.65
7-dimethyl-

V i l i 5,5-Dimethyl- 94.64 75.93 63.05 34.68 44.15 25.73
(96.22) (79.10) (31.71) (23.20)

IX 2-terf-Butyl-5,5-dimethyl- 110.24 78.47 64.14 36.68 43.67 35.05 24.82 25.33, 25.08
(108.41) (77.31) (30.13) (34.99) (25.17) (23.36, 22.18)

X 4-Methyl- 93.50 75.32 66.80 36.93 29.29 22.51
X I 5-Methyl- 94.65 72.40 64.84 34.95 38.44 17.27

X II 2-¿erí-Butyl- 109.94 68.70 29.71 36.51 25.21
(107.83) (66.92) (26.37) (35.23) (25.01)

“ All values are in parts per million downfield from internal TMS. Parenthetical values are from ref 5. 1 The quaternary 
carbon of the feri-butyl group.

six-membered ring has little effect on the chemical shifts 
of the ring carbons. The chemical shifts of 1,3-dioxane 
and 1,3-dioxacycloheptane differ by not more than 3 ppm. 
Those for substituent groups are within ± 2  ppm.

The chemical shifts of the quarternary carbon of the 
teri-butyl group are remarkably constant and give no in
dication of a major contribution from an axially oriented 
ierf-butyl group. The same conclusion is drawn from the 
narrow range of the chemical shifts for the methyl carbon 
of the fert-butyl group. A steric compression at the meth
yl carbon of the feri-butyl group must result in a para
magnetic shift for that carbon as well as for the particular 
ring or substituent carbon. There is no indication of any 
major paramagnetic shift for the tert-butyl carbons; thus 
conformations with axial tert-butyl groups are excluded .5

Contrary to the reports for the cyclohexanes and the
1.3- dioxanes, the chemical shifts for the substituent meth
yl groups do not indicate a conformational preference. 
This is certainly due to conformational averaging; for ex
ample, there are two methyl absorptions for 2 -tert-butyl-
5,5-dimethyl-l,3-dioxacycloheptane but chemical shift 
difference is only 0.2 ppm. The difference between the 
chemical shift for an axial and equatorial methyl carbon 
is greater than 1 ppm for the 1,3-dioxanes and 3 ppm for 
the cyclohexanes.

Configurational Assignments. Configurations for 
entries II-V have been previously established. 111 The 2,5- 
hexanediol which was used for the preparation of cis-4,7- 
dimethyl-l,3-dioxacycloheptane and frans-4,7-dimethyl-
1.3- dioxacycloheptane was shown to contain 80% of the 
meso iosmer and 20% racemate. The meso diol gave the 
cis isomer and the racemate gave the trans isomer.lb The 
meso diol also gave the r-2-ierf-butyl-cis-4,cis-7-dimethyl-
1.3- dioxacycloheptane in reaction with trimethylacetal- 
dehyde while the racemic diol gave the r-2 -tert-butyl-cis- 
4,trans-7-dimethyl-l,3-dioxacycloheptane. 13 The proton 
magnetic resonance spectra are consistent with this as
signment. The cis-4,trans-7 isomer has absorptions at r
6.43 and 6.04 for the protons on C4 and C7, consistent 
with nonequivalency at these positions, while the cis- 
4,cis-7 isomer had only one absorption at r 6.21. In addi
tion the C2 proton absorption of the cis-4,trans-7 isomer is 
at lower field, r 5.74, than that of the cis-4,cis-7 isomer, r
5.92. This is consistent with the data for cis-2-terf-butyl-
4-methyl-l,3-dioxacycloheptane (r 5.89) and trans-2-tert- 
butyl-4 -methyl-1 ,3 -dioxacycloheptane (r 5.83). The car

bon-13 data are also consistent with these assignments. 
The carbon-13 chemical shift of C2 in r-2 -iert-butyl-as- 
4, fnms-7-dimethyl-1,3-dioxacycloheptane is 3.3 ppm up- 
field from the same absorption for the cis-4,cis-7 isomer. 
This is consistent with a 1,3-Me-H interaction at C2 for 
the cis-4,trans-7 isomer. There are no conformations for 
the cis-4,cis-7 isomer in which the methyl groups contrib
ute a paramagnetic3 shift at C2 . In addition the cis- 
4,trans-7 isomer gives different chemical shifts for C4 
(70.54) and Ci7 (77.90), which is consistent with the pro
ton nmr data, while the cis-4,cis-7 isomer has only one ab
sorption for C4 and C7 (75.12 ppm) indicating equivalency 
for these positions. 15

Conformational Assignments. Table II lists the car
bon-13 chemical shift substituent effects produced by sub
stitution on 1,3-dioxacycloheptane. Table III summarizes 
these same effects but lists them as to their origin, i.e., a, 
3, 7 , 5, and also lists substituent effects produced by sub
stitution in 2-tert-butyl-1,3-dioxacycloheptane and 4- 
methyl-l,3-dioxacycloheptane. The values in brackets are 
from corresponding cycloheptanes and the values in pa
rentheses are from corresponding 1,3-dioxanes.

The a  and 3 effects are consistent with those for cyclo
hexane, cycloheptane, and 1,3-dioxane. The correlation in 
the direction (sign) of these substituent effects is excellent 
but the magnitude of the values shows some variation. 
The a effect of -8 .08  ppm for a 4-methyl substituent 
compares favorably with -6 .7  ppm for methylcyclohep- 
tane and -5 .96  ppm for methylcyclohexane. The 3 effect 
of - 6.88 ppm is also reasonable when compared to -9 .3  
ppm for methylcycloheptane and -9 .03  ppm for methyl
cyclohexane. The values for the 5-methyl substituent 
agree somewhat more closely.

Substitution of a geminal dimethyl group gives a values 
of -4 .63 , -3 .76, —5.1, and -3 .1  ppm for 5,5-dimethyl-
1,3-dioxacycloheptane, 5,5-dimethyl-l,3-dioxane, 1,1-di- 
methylcycloheptane, and 1 ,1 -dimethylcyclohexane, re
spectively. The 3 effects are —8.69 (—14.10), —10.39, 
-14 .4 , and -12 .7  ppm for the same sequence. The a and 
3 effects are in remarkably good agreement. The change 
in geometry and substitution of two oxygen atoms in the 
ring does not prohibit the use of these parameters for the 
assignment of chemical shifts. Their utility in the assign
ment of conformation, however, appears questionable. No 
clear correlation with the degree of axial substitution is 
apparent. The 7  and & effects do however, appear to corre-
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Table II
Carbon-13 Chemical Shift Substitutent Effects for Some 1,3-Dioxacycloheptanes“ 4

Entry Compd C(2) C(4) C(5) C(6) C(7)

i 4-M ethyl- +  1.17 - 8 .0 8 - 6 .88 +  0 .76 +  0 .44
2 5-M ethyl- +  0 .02 - 5 .1 6 - 4 .9 0 - 8 .3 9 +  2 .40
3 cts-4,7-Dimethyl- +  0 .60 - 8 .6 5 - 3 .7 1 - 3 .7 1 - 8 .6 5

( +  0 .7 ) ( - 4 . 9 ) ( - 1 4 .0 ) ( - 4 . 9 )
4 fr<ms-4,7-Dimethyl- +  2.72 - 5 .1 5 - 6 .4 6 - 6 . 4 6 - 5 . 1 5

( +  7.2) ( - 0 .0) ( - 1 0 .7 )
5 5,5-Dim ethyl- +  0 .03 - 8 .6 9 - 4 .6 3 -1 4 .1 0 +  4 .19
6 2-ferf-Butyl- -1 5 .2 7 - 1 .4 6 +  0 .34 +  0 .34 - 1 . 4 6
7 2-ierf-Butyl-5,5-dimethyl- -1 5 .5 7 -1 1 .2 3 - 6 .6 3 - 1 3 .6 2 +  3 .10
8 c¿s-2-£erf-Butyl-4-methyl- -1 4 .0 3 - 9 .7 4 - 6 .6 5 +  1.74 - 3 . 4 4
9 tr<ms-2-fert-Butyl-4-methyl- -1 1 .7 2 - 3 .9 9 - 6 .5 9 +  0 .55 +  0 .37

10 r-2-£ert-Butyl-c¿s-4,c¿s-7-dimethyl- -1 4 .2 1 - 7 .8 8 - 3 .7 4 - 3 . 7 4 - 7 . 8 8
11 r-2-íerí-Butyl-c¿s-4,frans-7- -1 0 .9 3 - 3 .3 0 - 6 .5 9 - 6 .5 9 - 10.66

dimethyl-

a All values are in parts per million calculated from 1,3-dioxacycloheptane. 4 Values in parentheses are for the corresponding
1,3-dioxanes from ref 11. A  negative value indicates a signal downfield from the reference carbon.

Table III
Carbon-13 Chemical Shift Substituent Effects Produced by Substitution on l,3-Dioxacycloheptane,a

4-Methyl-1,3-dioxacycloheptane,4 and 2-teri-Butyl-l ,3-dioxacycloheptane'
Compd a 7 8

4- M ethyl-a
5- M ethyl-“ 
2-ferf-Butyl-»
5,5-D im ethyl-“

cts-4,7-Dim ethyl- 4

trans-4,7-D im ethyl-6

- 8 . 0 8  [ — 6 . 7 ]d 
- 4 . 9 0
-1 5 .2 7  ( - 1 1 .0 6 ) '  
- 4 . 6 3  ( - 3 .7 6 )  

[ - 5 . 1 ]
- 9 . 0 9  [ - 5 . 3 ]  

- 5 . 5 9  [ - 6 . 3 ]

2-ferf-Butyl-5,5-dim ethyl-r —6.97  ( — 3.76)

cis-2-terf-Butyl-4-m ethyl-' —8.28 ( — 5.55)

irares-2-fert-Butyl-4-methyl- c —2.56
r-2-íerí-Butyl-c¿s-4,c¿s-7- —6.42

dimethyl
r-2-ter¿-Butyl-c¿s-4,tmns-7- —1.84, —9.20

dim ethyl-'

- 6 .88  [ - 9 . 3 ]  
- 5 .1 6 ,  - 8 .3 9

- 8 .6 9 ,  - 1 4 .1 0  
( -1 0 .3 9 )  [ - 1 4 .4 ]  

- 4 . 4 7  [ - 6 .6 ,
_g 5 j
- 7 .2 2  [ - 9 . 7  or 
- 7 . 9 ]
- 9 .7 7 ,  - 1 3 .9 6  

( -1 0 .3 9 )
- 7 .0 0  ( - 7 .3 2 )

- 7 .1 4
- 4 .0 8

- 6 .9 3

1.17, - 0 . 7 6  [1.3] 
2 .40
- 1 . 4 6  (1 .79)
4 .19  [4 .4]

3.17, - 0 .5 7  
[4.0, - 0 . 1 ]

0 .42 , 1 .55 [2 .8, 
0 .9 ]
4 .56

1.40, 1.24 
(0.51, 0 .57) 

0 .21, 3.55 
1.06

4.34

0 .4 4  [ - 0 . 7 ]
0.02
0 .3 4  (1 .58)
0 .03  (0.55) [ - 2 . 6 ]

- 2 . 5 7  [0.7, - 0 . 9 ]

2 .93  [0 .7 , - 0 . 3 ]  

- 0 .3 0  ( - 0 .5 8 )  

- 1 .9 8

1.93

“ Taken from chemical shifts compared to 1,3-dioxacycloheptane. 4 Chemical shifts compared to 4-m ethyl-l,3 -dioxacyclo- 
heptane. “ Chemical shifts compared to 2-ieri-butyl-l,3-dioxacycloheptane. d Values for cycloheptanes taken from ref 4. 
* Values for 1,3-dioxanes taken from  ref 5.

late with the degree of axial character in a conformational 
array.

The relation of the y effect to conformation is probably 
the best understood of the chemical shift substituent pa
rameters.3'5’7 It reflects a paramagnetic shift due to a
1.3- diaxial steric compression. The <5 effects reflect the 
same type of interaction for the 4,7-diaxial compression 
found in cycloheptanes and 1,3-dioxacycloheptanes.

The y  shift substituent parameter indicates that there 
are more conformations with axial-like methyl groups for 
the cis isomer of 4,7-dimethyl-l,3-dioxacycloheptane than 
there are for the trans isomer. It is also evident that 
traris-2-tert-butyl-4-methyl- and r-2+ert-butyl-cis-4,trans-
7-dimethyl-l,3-dioxacycloheptane have a higher popula
tion of methyl axial conformers than the corresponding cis 
isomers.

It is evident from the data that the chemical shifts and 
the substituent shift parameters parallel those found for 
other systems. As expected, the data for the substituted
1.3- dioxacycloheptanes studied here fail to indicate the 
presence of a single, highly populous conformation. The 
data are capable of signaling the presence of conforma
tions with axial-like methyl groups and the absence of 
conformations with axial-like terf-butyl groups but do not 
indicate the total conformational picture.

Experimental Section
Proton nmr spectra were recovered on a Varian A-60A instru

ment. Samples were run as 10% solutions in carbon tetrachloride. 
All chemical shifts are reported in r units. The carbon-13 nmr 
spectra were recorded at 25.15 MHz on a HA-100D nmr spectrom
eter interfaced to a Digilab NMR-FTS-3 pulse and data system. 
The samples were neat liquids. The number of data points was 
8K  or 16K as required to obtain satisfactory resolution. Spectra 
were recorded with broad-band decoupling. All chemical shifts 
were referenced to internal TMS and reported in parts per mil
lion. All mje values were determined on a AEI MS-9 high-resolu
tion mass spectrometer. Separations were carried out on a Hewl
ett-Packard F & M 5752 gas chromatograph. The infrared spectra 
were recorded on a Beckman IR-8 instrument and the absorption 
values are reported in microns.

The preparation of 1,3-dioxacycloheptane, 4,7-dimethyl-l,3- 
dioxacycloheptane, 2-ferf-fcutyl-4-methyl-l,3-dioxacycloheptane,
4-methyl-l,3-dioxacycloheptane, and 5-methyl-1,3-dioxacyclohep
tane were previously described.1

2-terf-Butyl-l,3-dioxacycloheptane. The general procedure for 
the preparation of these compounds is that of Branncock and 
Lappin.16 The preparation of 2-terf-butyl-l,3-dioxacycloheptane 
is described as a representative example. A mixture of 1.4 g (0.1 
mol) of 1,4-butanediol, 8.6 g (0.1 mol) of pivaldehyde, 100 ml of 
benzene, and 50 mg of p-toluenesulfonic acid was refluxed using a 
Dean-Stark distillation trap. The reaction was terminated when
1.5 ml of water was evolved. The mixture was distilled under vac
uum to give a 74% yield of the desired product: bp 28-30° (0.1
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Torr); ir (neat) 3.23, 3.33, 6.56, 6.76, 8.22, and 9.30 proton nmr 
(CC14) r 5.96 (HC*), 6.31 (HCi.r), 8.51 (HC5,6); m/e 101 (parent 
-  tert-butyl).

2-tert-Butyl-4,7-dimethyl-l,3-dioxacycloheptane. The mix
ture of isomers distilled at 26° (0.3 Torr). The isomers were sepa
rated by glpc (8-ft 10% Apiezon-Chromosorb column) and the 
cis,cis isomer was the first peak: ir (neat) 3.38, 3.43, 3.50, 6.93,
8.78, 9.05 m; proton nmr (CCU) r 5.95 (HC2), 6.21 (HC7), 8.36 
(HC5, HCe), 8.83 (CH3), 9.12 (feri-butyl); m/e 130 (parent -  
tert-butyl). The cis,trans isomer was the second peak: proton nmr 
r 5.94 (HC2), 6.43 (HC4), 6.04 (HC7), 8.36 (HC5.6), 8.86, 8.83 
(CH3), 9.12 (tert-butyl); m/e 130 (parent -  tert-butyl).

5,5-Dimethyl-l,3-dioxacycloheptane. This compound was pre
pared in 75% yield from 2,2-dimethyl-l,4-butanediol and paraform
aldehyde. The physical properties follow: bp 28° (0.3 Torr); pro
ton nmr r 5.28 (HC2), 6.68 (HC4), 6.31 (HC7), 8.53 (HC6), 9.10 
(CH3); m/e 130 (parent peak).

2-fert-Butyl-5,5-dimethyl-l,3-dioxacycloheptane. This com
pound was prepared in 57% yield from 2,2-dimethyl-l,4-butane- 
diol and pivaldehyde: bp 22° (0.05 Torr); proton nmr r 5.83 
(HC2), 6.30, 6.80 (HC4, J = 11.5 Hz), 8.52 (HCg), 9.02, 9.16 
(CH3), 9.12 (tert-butyl); m/e 186 (parent peak).
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Chemistry of the Sulfur-Nitrogen Bond. VII.1 Rearrangement of 
Sulfenimines (S-Aryl Thiooximes) to /3-Keto Sulfides. Attempted Synthesis

of Benzo[b] thiophenes
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Attempts to rearrange sulfenimines 2 (X = S) to benzo[6]thiophenes are described. The major reaction is 
cleavage of the S-N bond. Sulfenimines in the presence of benzoyl chloride and l,5-diazobicyclo[4.2.0]non-5-ene 
(DBN) rearrange to 2-benzamido-l-(arylthio)alkenes 11 and 13. These compounds are readily hydrolyzed to 0- 
keto sulfides. An intermolecular rearrangement involving a sulfenyl chloride is proposed to account for the for
mation of these products.

The synthesis of substituted indoles 1 (X = NH) in
volves a one-step rearrangement of the readily available 
phenylhydrazone 2 (X = NH). This rearrangement is 
known as the Fisher indole synthesis and is the primary 
synthetic route to these compounds.3 Benzofurans 1 (X =
O) have been prepared from the O-phenyl oxime ethers 2

(X = O).4,5 These rearrangements are effected by heating 
the hydrazone or oxime ether in the presence of a Lewis 
acid or concentrated hydrochloric acid.3 5 The rate-deter
mining step is believed to involve a tautomerism of the 
hydrazone (or oxime ether) to the ene-hydrazine (ene- 
ether) followed by cyclization.3’6

The synthesis of substituted benzo[6]thiophenes 1 (X 
= S), however, generally involves multistep synthetic 
routes.7 It would be convenient, therefore, if similar syn
thetic routes from the corresponding sulfenimines, 2 (X =
S), were available for the synthesis of substituted ben- 
zo[£>jthiophenes. Recently we reported a convenient one- 
step synthesis of sulfenimines, 2 (X = S), from silver ni
trate, aromatic disulfides, ammonia and aldehydes, and 
ketones.1,8

Kaminsky, Shavel, and Meltzer reported an attempt to 
rearrange cyclohexanone sulfenimines 3a,b, using concen
trated hydrochloric acid, to the corresponding benzo[b]-

ArS— N = < ^ >

3a, Ar = 4-nitrophenyl
b, Ar = 2-pyridyl
c, Ar = 2-benzothiazole

(ArS), +  
4 5
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Table I
Reaction of Sulfenimines and Related Compounds

Compd Reaction conditions Products (yield)

Table II
Reaction of Sulfenimines with Benzoyl 

Chloride and DBN Followed by Hydrolysis

6a B F 3 ether; reflux 7a (~100)
Acetic acid, reflux 7a (45); 8a (~3)
HC1- alcohol, reflux 7a (90); 8a (~3)
Absolute alcohol-N aO H N R
D B N  benzene, reflux N R
Aqueous alcohol-N aO H ; C H jI6 9 (65)
Aqueous alcohol-N aO H ; C H 3I c 7a (25); 9 (26)
Benzoyl chloride—D BN -benzene 11a (21); 7a (3)

6d Benzoyl chloride-D B N -benzene lid  (22)
12a Benzoyl chloride-D B N -benzene 13a (26)
12b Benzoyl chloride-D B N -benzene 13b (22)
11a W ater-alcohol, reflux 8a (100)“
lid W ater-alcohol, reflux 8d (95)
13a W ater-alcohol, reflux 14a (97) d
13b W ater-alcohol, reflux 14b (93)

“ Reference 12. b Reaction time 15 hr. ' Reaction time 7 
hr. d P. Faller and P. Cagniant, Bull. Soc. Chim. Fr., 30 
(1962).

Sulfenimine Solvent; Products (yield)

6a Benzene 8a (33), 7a (8)
6b Benzene 8b (34),“ 7b (3)
6d Benzene 8d (40)
12a Benzene 14a (32), 7a (13)
12b Benzene 14b (36-45)
6c +  12b Benzene 8a (19), 8c (22),6 14a 

(21), 14c (23)c
6d Cyclohexene 8d (42), 15 (13), 16 (21)

“ Reference 12. b A. Boehringer, E. Boehringer, I. Lie-
brecht, and J. Liebrecht, British Patent 721,263 (1955); 
Chem. Abstr., 50, 4217 (1956). c P. Cagniant, P. Faller, and 
D . Cagniant, Bull. Soc. Chim. Fr., 3055 (1966).

ArSN=C(CH3)2 + RCC1 — » ArSN— CCI ---- » ArSNC=CH2

thiophene.5 The major product isolated was the disulfide, 
4, and a low yield of /f-keto sulfide 5. A mechanism for 
this rearrangement was not proposed.

Electron-withdrawing groups on the phenyl ring are 
known to slow the rate of indolization of cyclohexanone 
phenylhydrazone9 and in some cases completely inhibit 
the reaction.10 The sulfur-nitrogen bond in sulfenamides 
is cleaved by acid to give disulfides.11 We felt, therefore, 
that a more detailed investigation of the use of sulfenim
ines to prepare benzo[6]thiophenes was warranted. In this 
paper we report the results of that investigation.

Initial attempts to effect the rearrangement of sulfen
imines to benzo[i>]thiophenes were performed with ace
tone benzenesulfenimine 6a. This sulfenimine does not

0 = C  CH3 C = 0
I I
R R

10
Treatment of 6a with benzoyl chloride and DBN in re

fluxing benzene produced an oil from which 2-benzamido-
l-(phenylthio)propene (11a) was obtained. A small 
amount of the disulfide 7a was also isolated. Sulfenimine 
6d under these conditions gave lid , and sulfenimines 
12a,b, prepared from 2-butanone, gave 13a,b, respectively 
(Table I).

o
II.

XC„H4SN=C(CH3)2
contain electron-withdrawing groups and the reaction 
products are readily identified by glc techniques.

0

XC6H4SN=C(CH3)2 (XC(,H4S)2 + XC.1 IjSCH.CCH,
6a, X = H 7a 8a

Treatment of 6a with zinc chloride, silver nitrate, and 
mercuric chloride in refluxing ether produced no reaction. 
Boron trifluoride etherate gave a quantitative yield of di
sulfide 7a. Acids such as acetic acid and concentrated hy
drochloride primarily gave disulfide 7a but also some of 
the d-keto sulfide 8a12 was detected.

Bases such as sodium hydroxide in absolute ethanol or
l,5-diazabicyclo[4.3.0]non-5-ene (DBN) in benzene had no 
effect on the sulfenimine. When 6a was treated with 
aqueous ethanolic sodium hydroxide followed by methyl 
iodide, a 65% yield of methyl phenyl sulfone (9) was ob-

6a, X = H
b, X = 4CH3
c, X = 4C1
d, X = 3NO.

0 0
II HX) II

xc6:h4s NH—■c— c6h5 ——  XC6H4S(T12CCH:

~ C\ 8 a, X =  H
H CH, b, X =  4CE,

lia, X =  H c, X =  4C1oZcoIIX-d d, X =  3N02

0
ch3 0 II
1 II CR .NHCCJL

,SN==CC,H5 CACCI > = c ^
■' HX)

X = H XC„H4S ch3
, X = 3N02 13a, X =  H

b, X = 3N02

6a + Na0H/CH3CH20H/H20 —* [C6H5S02"] C6H5S02CH3
9

tained. The initial reaction probably involves hydrolysis of 
the sulfenimine to give the disulfide. Subsequent attack of 
hydroxide on the disulfide would give the sulfinic acid.13 
Shorter reaction times gave mixtures of disulfide and sul
fone. Phenyl disulfide (7a), under the reaction conditions, 
gave a good yield of the sulfone. These results are summa
rized in Table I.

Acid chlorides are reported to add to the C-N double 
bond of ¡mines to give addition products.14 Consequently, 
if a similar reaction occurs with sulfenimines, it may be 
possible by treatment of the adduct with base to prepare 
the required ene-sulfenamide 10.

0
II

xc6h4schcch3
I
CH:,

14a, X = H
b, X = 3NO,
c. X= 4C1

Enamides lla ,d , and 13a,b were quantitatively hydro
lyzed to /3-keto sulfides 8a,d, .and 14a,b, respectively 
(Table I). Since the enamides decomposed in the gas 
chromatograph, for analytical purposes the reaction mix
ture was hydrolyzed and the resulting ketones analyzed by 
gas chromatography. These results are summarized in 
Table II.
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m o l a r  r a t i o

Figure 1. V a ria tion  o f  in d u ce d  sh ift  w ith  m o la r  ra tio  E u ( fo d )3-  
su bstra te  for  en a m id e  13b an d  lid .

Structural proof of the enamides 11a, lid , and 13a,b 
was based on their elemental analysis and infrared and 
nmr spectra. The infrared spectra of the enamides showed 
absorption at 3260-80 cm-1 (NH) and 1650-40 cm“ 1 
(C = 0 ). Compounds 11a and 13a showed strong absorp
tion at 1520 cm“ 1 (amide II band). This region was ob
scured in lid  and 13b as a result of the presence of the 
nitro group.

The proton nmr spectra of the enamides further sup
ports the proposed structures. The methyl groups in en
amides 11a and l ib  appeared as doublets at b 2.65 (J  =  1.3 
Hz). The coupling constant of 1.3 Hz does not permit an 
unambiguous assignment of the enamides structure to the 
Z  configuration since the 1,3 hydrogen-methyl coupling 
constant in (E ) -  and (Z)-2-methyl-2-butenoic acid has 
been reported to be 1.43 and 1.28 Hz, respectively.15 Shift 
reagent experiments with Eu(fod)3 do, however, suggest 
that 11a and lid  have the Z  configuration (v ide  infra).

The methyl groups in enamides 13a,b also appeared as 
doublets at 5 2.5 and 1.9 with a coupling constant of 1.5 
Hz. This coupling constant agrees with that observed for 
(Z)-2-methyl-2-butenoic acid15 and suggests that 13a and 
13b have the E  configuration.

Further support for this interpretation is obtained from 
shift reagent experiments using Eu(fod)3 . Assuming that 
Eu(fod) 3  is associated with the lone pair of electrons of 
the carbonyl16 group, then a large induced chemical shift 
is expected for the CH3,a in 13b and is observed (Figure
1). A similar magnitude for the induced shift for CH3b is 
anticipated provided 13b has the E  configuration. Figure 1

0 0
II

C H ,. N H — C — C6H 5
b

A rS  CH

A rS  N H — C — C6H 5

H CH;,

13b, F  A r  =  3 -n it r o p h e n y l  l i d ,  Z

shows that the induced shift for CH3b is nearly identical 
with that observed for CH3a. If, however, 13b had the Z  
configuration it would not be possible for the shift reagent 
to come into close proximity to CH3b and a much smaller 
shift would be expected. These results along with the cou
pling constant support the assignment of E  configuration 
to 13a,b.

A similar argument may now be used to assign the Z  
configuration to 11a and lib . As anticipated a large in
duced shift for CH3c in lid , similar to the shifts obtained 
for CH3a and CH3b in 13b, was observed. If lid  were in 
the E  configuration where the proton Hd would be 
brought into close proximity to the shift reagent, a large

induced shift would be expected. Figure 1 shows only a 
relatively small shift was observed for Ha. These results 
suggest that 1 la and 1 Id have the Z  configuration.

The /J-keto sulfides 8a-d and 14a-c were identified by 
comparison of their properties with authentic samples 
prepared by procedures reported in the literature or syn
thesized independently.

Mechanism. An attractive mechanism for the 
rearrangment of sulfenimines to enamides is an intramo
lecular rearrangment involving the ene-sulfenamide 10. 
Such a rearrangment would be analogous to the rear
rangement of arenesulfenanilides to o- and p-aminodi- 
phenyl sulfides.17-18 Recently we have shown that this 
rearrangment is intramolecular.18

D’Amico has reported that, when 2-benzothiazolesul- 
fenamide (ArSNH2) was allowed to react with cyclohexa
none and base for 1 week, 5c was obtained in good yield.19 
If the reaction was stopped after 0.5 hr the sulfenimine 3c 
was obtained. An intramolecular rearrangement involving 
tautomerism of the sulfenimine, 3c, to the ene-sulfenam
ide was suggested.

To test for an intramolecular rearrangment under our 
reaction conditions, crossover experiments were per
formed. Sulfenimines 6c and 12a were refluxed together in 
benzene with DBN and benzoyl chloride. The reaction 
mixture was hydrolyzed and analyzed by glc. The four 
possible /3-keto sulfides, 8a, 8c, 14a, and 14c, were formed 
in about equal amounts (Table II). This experiment clear
ly demonstrates that the rearrangment of sulfenimines to 
enamides cannot be intramolecular but must follow some 
intermolecular pathway.

When sulfenimine 6d was reacted with DBN-benzoyl 
chloride in cyclohexene followed by hydrolysis, /3-keto sul
fide 8d and addition products 15 and 16 were obtained 
(Table II). Identification of 15 and 16 was based on com
parison of their spectral properties with authentic sam
ples.

S A r  S A r

Compound 15 was prepared from 3-nitrobenzenesulfenyl 
chloride20 and cyclohexene. Hydrolysis of 15 with ethanol 
and water gave 16 which was isolated as the phenylure- 
thane. Sulfenyl halides are known to add exclusively trans 
to alkenes,21 and anchimeric assistance to hydrolysis by 
the adjacent sulfur atom22 would lead to the suggested 
stereochemistry in 15 and 16.

A sulfenyl halide is a probable intermediate in the rear
rangement of sulfenimines to enamides under these condi
tions. Consistent with these results is the mechanism pro
posed in Scheme I.

Benzoyl chloride reacts with the sulfenimines to give 
adduct 17. The chloride ion rather than adding across the 
C-N double bond attacks the more reactive S-N bond to 
give the sulfenyl chloride, 18, and enamide, 19. The S-N 
bond in sulfenamides is known to be readily attacked by 
nucleophiles8-23 and sulfenyl chlorides react with ketones 
to give d-keto sulfides.12-24 Addition presumably occurs 
across the enolized ketone.

Enamides such as 19 have been reported and they deco
lorize bromine and add hydrogen.25 Addition of the sul
fenyl chloride 18 to 19 would yield 20 and subsequent 
reaction of the chloride with DBN results in the enamidè
21. In all reactions only one isomer was detected.26 A sim-
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Scheme I

0

ArSN— ü i'C if ) +  C',11 CCI — ► [ArSN =üCH ,).('i :

C = 0

0

C A
17

A rSC l +  [C 6H 5C N H C = C H 2]

18 !
CH,

19
0  C H , O C H ,

Il I DBN » I
C„H5C N H C C H ,S A r ------ *  C6H 5C N H C = C H S A r

t 21
Cl

20

ilar mechanism can be used to explain the rearrangement 
of sulfenimines 3a,b to/3-keto sulfides 5a,b.5

Since our finding that the rearrangement of sulfenim
ines to ¡8*keto sulfides was intermolecular and conflicted 
with the results obtained by D’Amico,19 we decided to 
reinvestigate his results. 2-Benzothiazolesulfenamide 
(ArSNtD) was allowed to react with base and cyclohexa
none according to the experimental procedure reported by 
D’Amico. A good yield of the /3-keto sulfide 5c was ob
tained. D ’Amico’s mechanism, however, required the sul- 
fenimine 3c act as an intermediate in the rearrangement. 
When 3c was subjected to the reaction conditions only 
starting material was obtained; the sulfide, 5c, was not 
detected.

Sulfenamides have recently been shown to react with 
compounds containing activated methylene groups to give 
mono- and disulfenylated products.8 These reactions pre
sumably involve attack of the conjugate base of the active 
methylene compound on the S-N bond of the sulfenam- 
ide. 3-Nitrobenzenesulfenamide, for example, reacts with 
acetylacetone to give 3-(3-nitrophenyl)-2,4-pentanedione.1 
D’Amico’s reaction may well be a member of this class of 
reactions.

The inability to effect the rearrangment of sulfenimines 
2 (X = S) to benzo[6]thiophenes 1 (X = S) under acid 
and base conditions most probably reflects the lack of for
mation of the ene-sulfenamide required for cyclization. 
The major reaction of sulfenimines with acids and bases is 
cleavage of the sulfur-nitrogen bond. In this respect, the 
chemistry of the sulfur-nitrogen bond in sulfenimines par
allels the chemistry of the sulfur-nitrogen bond in sul
fenamides.8

Experimental Section
S u lfen im in es  6a, 6b, 6d, a n d  12b w ere p rep a red  from  the corre 

sp o n d in g  d isu lfid es  as p rev iou s ly  d e s c r ib e d . 1  M e lt in g  p o in ts  w ere 
m easu red  on  a F ish e r -J o h n s  a p p a ra tu s . P ro to n  n m r sp ectra  w ere 
m easu red  on  a V a r ia n  A -6 0 A  in stru m en t, an d  in frared  sp ectra  
w ere m easu red  on  a P e rk in -E lm e r  457 sp ectrom eter . G as c h r o m a 
to g ra p h ic  a n a lyses w ere o b ta in e d  on  a P erk in -E lm er  900 gas ch ro 
m a to g ra p h  u sin g  a 6  ft  3%  O V -1  or O V -1 7  on  80 -1 0 0  m esh  C hro- 
m o so rb  W  (regu lar) co lu m n . T h e  an alyses w ere p e r fo rm e d  b y  
co m p a r iso n  o f  p eak  areas w ith  stan d ard  so lu tion s  o f  the  rea ction  
p rod u cts .

Acetone 4-Tolylsulfenimine (6b). S u lfen im in e  6b w as p rep ared  
as p rev iou sly  d e s c r ib e d 1  from  5 .0  g (0 .02  m o l) o f  p -t o ly l  d isu lfid e  
to  g ive  a fter cry sta lliz a t io n  from  p e n ta n e -e th e r  2 .4  g (6 5% ) o f  
w h ite  n e ed les : m p  4 1 -2 ° ; n m r (C D C I 3 ) 5 2.1 (d , J  = 4 H z, 6  H , 
C H 3), 2 .3  (s, 3 H , C H 3), an d  7 .3 (q , 4 H ).

Anal.  C a lcd  for  C n A a N S :  C , 67 .04; H , 7 .26 . F o u n d : C , 66 .85 ;
H , 6 .94.

2-Butanone Benzenesulfenimine (12a). S u lfe n im in e  12a w as 
p rep ared  from  5 .0  g (0 .023 m o l) o f  p h en y l d isu lfid e  as p rev iou s ly  
d e s c r ib e d 1 to  g ive , a fter w ash ing  at 0° w ith  a 5%  HC1 so lu tion  
sa tu ra ted  w ith  N a 2 S 0 4, an  o il w h ich  w as d is tille d  g iv in g  3 .5  g 
(8 8 % ) o f  a co lo r less  o il: b p  79 -81° (0 .04  m m ); ir (th in  fi lm ) 1615 
c m - 1  ( 0 = N ) ;  n m r (C D C 13), sa m p le  co n ta in s  b o th  the  E  a n d  Z  
fo rm s , 1  5 1.1 (q , 3 H ), 2 .0  (d , 3 H ), 2 .2  (q , 2 H), 7.4 (m , 4 H); 
m ass sp e c tru m  m /e  (rel in ten s ity ), 179 (46) M , 109 (100) M - 
C 4H 8N . A  sa tis fa ctory  e lem en ta l an a lysis  c o u ld  n o t  be  o b ta in e d . 
See  referen ce  1.

Reaction of Sulfenimine 6a with Acid and Lewis Acids. S u l
fe n im in e  6a, 2.0 g (0 .012 m o l), w as a llo w e d  to  re a c t  w ith  5 m l o f  
b oron  tr iflu or id e  ethera te  at - 7 8 °  or re flu x ed  w ith  10 m l o f  c o n 
ce n tra te d  HC1 or g la c ia l a ce t ic  a c id  fo r  20 m in . W a te r  w as a d d e d  
and  the re a ctio n  m ixtu re  e x tra c te d  w ith  ether (3 X 50 m l) an d  
d ried  ov er  M g S 0 4. T h e  so lven t w as re m o v e d  an d  the resid u e  d is 
so lved  in m eth y len e  ch lo r id e  an d  a n a ly ze d  b y  gas ch ro m a to g ra 
p hy .

Reaction of Sulfenimine 6a with Alcoholic Sodium Hydrox
ide. In a 100-m l th re e -n e ck e d  flask  e q u ip p e d  w ith  a m a g n e t ic  stir 
bar a n d  re flu x  con d en ser  w as p la ce d  2 .0 g (0 .012 m o l) o f  6a in  25 
m l o f  75%  a q u eou s  e th a n o l co n ta in in g  0 .74  g (0 .024  m o l) o f  s o d i
um  h y d ro x id e . A fter  th e  rea ction  m ixtu re  w as re flu x ed  fo r  the 
sp e c ifie d  t im e  p e rio d  (T a b le  I), the  so lu tio n  w as co o le d , 5 m l o f  
m eth y l io d id e  a d d e d , an d  the re a ctio n  m ixtu re  re flu xed  fo r  1  hr. 
T h e  re a ctio n  m ixtu re  w as d ilu te d  w ith  w ater an d  ex tra c te d  w ith  
ether (3 X 50 m l). A fter  dry in g  over M g S 0 4 th e  eth er  so lv e n t w as 
re m o v e d  to  g ive  an o il w h ich  w as c ry sta llize d  from  p e n ta n e -e th a 
n o l to  g ive 1.2 g (6 5% ) o f  w h ite  p la tes , m p  8 8 -9 °  ( l i t .2 7  m p  8 8 °), 
id e n tifie d  as m e th y l p h en y l su lfon e  (9 ).

General Procedure for the Rearrangment of Sulfenimines to 
Enamides with Benzoyl Chloride and DBN. In a 100-m l th re e 
n e ck e d  flask  e q u ip p e d  w ith  m a g n etic  stir bar, re flu x  co n d e n se r  
w ith  d ry in g  tu b e , and  d ro p p in g  fu n n e l w ere p la ce d  0.03  m o l o f  the  
a p p ro p r ia te  su lfen im in e  an d  3 .7  g (0 .03  m o l) o f  D B N  (A ld r ich ) in 
30 m l o f  d ry  b en zen e . T h e  re a ctio n  m ixtu re  w as h e a te d  to  reflux  
and  4 .2  g (0 .03  m o l) o f  b e n zo y l ch lo r id e  in 20 m l o f  b e n ze n e  a d d e d  
ra p id ly . A fter  re flu x in g  the  re a ctio n  m ixtu re  fo r  15 hr the so lu tion  
w as co o le d  to  room  tem p era tu re  an d  w ash ed  w ith  w a ter  (4  X 20 
m l) fo llo w e d  b y  w ash ing  w ith  20 m l o f  an  ic e -c o ld  2 %  HC1 s o lu 
t io n  sa tu ra ted  w ith  N a 2 S 0 4. A fter d ry in g  ov er  M g S 0 4 th e  so lv e n t 
w as rem ov ed  to  g ive  the en a m id e .

2-Benzamido-l-(phenylthio)propene (11a). R e c ry s ta lliz a tio n  
from  e th a n o l gave 1.7 g (2 1% ) o f  w h ite  cry sta ls : m p  1 0 8 -1 0 9 °; ir 
(K B r ) 3260 (N H ), 1645 c m - 1  ( 0 = 0 ) ;  n m r (C D C 13) 5 2.1 (d , J  =
I .  3 H z , 3 H , C H 3), 5 .4  (d , J  = 1.3 H z, 1 H ), 7 .5  (m , 10 H ).

Anal.  C a lcd  fo r  C i 6H 1 5 N O S : C , 71 .35 ; H , 5 .61 . F o u n d : C , 71 .10;
H , 5.35.

2-Benzamido-l-(3-nitrophenyl)propene (lid ). C rysta lliza tion  
from  e th a n o l gave 2.1 g (2 2% ) o f  y e llo w  n eed les : m p  12 3 -1 2 4 °; ir 
(K B r ) 3260 (N H ), 1650 c m - 1 ( 0 = 0 ) ;  n m r (C D C 13) S 2 .2  (d , J  =
I .  3 H z , 3 H , C H 3), 5 .4  (d , J  =  1.3 H z , 1  H ) , 7 .4  (m , 9 H ).

Anal. C a lcd  for  C 16 H 1 4 N 2 0 3 S: C , 61 .13 ; H , 4 .48. F ou n d : C , 
61 .28; H , 4 .46.

2-Benzamido-3-(phenylthio)butene (13a). C rys ta lliza tion  from  
e th a n o l gave 2 .3  g (2 6% ) o f  w h ite  cry sta ls : m p  1 2 5 -12 6°; ir (K B r ) 
3290 (N H ), 1650 c m -  1 (C O ) ; n m r fC D C l2) 5 1 .9  (d , J  =  1.5 H z , 3 
H , C H 3), 2 .4  (d , J  = 1.5 H z, 3 H , C H 3), 7 .3  (m , 10 H ).

Anal.  C a lcd  for  C i 7H i 7 NC<S: C , 72 .08 ; H , 6.0 . F ou n d : 71 .82 ; H , 
5 .72.

2-Benzamido-3-(3-nitrophenylthio)butene (13b). T h e  en a m id e  
w as su b lim e d  at 150° (2 m m ) a n d  cry sta lliz e d  fro m  e th a n o l to  
g ive  2 .2 g (2 2% ) o f  y e llo w  n eed les : m p  16 1 -1 6 2 °; ir (K B r ) 3280 
(N H ), 1650 c m - 1  ( C = 0 ) ;  n m r (C D C 13) <5 2 .2  (d , J  =  1.5 H z , 3 H , 
C H 3), 2 .5  (d , J  =  1.5 H z, 3 H , C H 3), 7.4 (m , 9 H ).

Anal.  C a lcd  for  C 1 7 H 16 N 2 0 3S : C , 62 .2 ; H , 4 .87. F ou n d : C , 
61 .73; H , 4 .77.

Hydrolysis of Enamides. In a 100-m l fla sk  e q u ip p e d  w ith  m a g 
n etic  stir b a r  an d  reflu x  con d en ser  w as p la ce d  0 . 0 2  m o l o f  th e  a p 
p rop ria te  e n a m id e  in 25 m l o f  75%  a q u eou s  eth an ol. A fter  r e flu x 
ing the re a ctio n  m ixtu re  for  5 m in  th e  so lv e n t w as r e m o v e d  u n d er 
v a cu u m  a n d  the residu e  d isso lv ed  in  eth er  an d  d ried  over  M g S 0 4. 
T h e  so lv en t w as re m o v e d  an d  th e  residu e  red isso lved  in  m e th y 
lene ch lo r id e  and  a n a ly zed  b y  g lc .

General Procedure for the Hydrolysis of the Sulfenimine, 
DBN, Benzoyl Chloride Reaction Mixture. T h e  su lfe n im in e , 
b e n zo y l ch lor id e , an d  D B N  w ere rea cted  as d e scr ib e d  a b o v e  in 
d ry  b en zen e  or cy c lo h e x e n e  (T a b le  II). A fter  sep a ra tin g  th e  so l
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vent from the DBN residue the latter was dissolved in water. 
After extracting the aqueous solution with benzene (3 X  50 ml) 
the organic solvents were combined and washed with water and 
the solvent removed under vacuum. The residue was dissolved in 
7 5 %  aqueous ethanol and refluxed for 5 min, the solvent removed, 
and the residue redissoived in ether and dried over M gS04. The 
solvent was removed and the residue dissolved in methylene chlo
ride and analyzed by glc.

Preparation of /?-Keto Sulfides 8d and 14b. 3-Nitrophenyl di
sulfide, 5.0 g (0.016 mol), was placed in 250 ml of absolute ethanol 
in a 500 ml three-necked flask equipped with mechanical stirrer, 
reflux condenser with nitrogen inlet, and dropping funnel. Sodi
um metal, 0.7 g (0.033 mol), was added and the reaction mixture 
stirred under N2 until the sodium had dissolved. The reaction 
mixture was then heated to reflux and an equivalent amount of 
2-chloroacetone (Eastman) or 3-chlorobutanone28 was added 
dropwise. The reaction mixture was refluxed for 3 hr, the precipi
tated salts removed by filtration, and the solvent evaporated. 
The resulting oil was distilled or crystallized.

2- (3-Nitrophenylthio)acetone (8d). Crystallization from ether- 
pentane gave 4.5 g (45%) of yellow needles: mp 61-62°; ir (KBr) 
1700 cm- 1 (0 = 0 ) ;  nmr (CDC13) <5 2.3 (s, 3 H, CH3), 3.8 (s, 2 H, 
CH2), 7.2- 8.2 (m, 4 H).

Anal. Calcd as the 2,4-DNPH (mp 138-140°) for CisHiaNsOeS: 
C, 46.04, H, 3.32. Found: C, 47.79; H, 3.27.

3- (3-Nitrophenylthio)-2-butanone (14b). The oil was distilled 
at 180° (0.05 mm) to give 4.7 g (65%) of a yellow oil: ir (thin film) 
1720 cm- 1 (0 = 0 ) ;  nmr (CDC13) 5 1.4 (d, J = 7 Hz, 3 H, CH3),
2.3 (s, 3 H, CH3), 3.9 (q, J  = 7 Hz, 1 H), 7.9 (m, 4 H).

Anal. Calcd as the 2,4-DNPH (mp 132-133°) for C16H15N506S: 
C, 47.43, H, 3.70. Found: C, 47.70; H, 3.37.

2-(3-Nitrophenylthio)chlorocyclohexane (15). In a 250-ml 
three-necked flask equipped with gas inlet, addition funnel, mag
netic stir bar, and reflux condenser with drying tube was placed
5.0 g (0.016 mol) of 3-nitrophenyl disulfide in 50 ml of dry methy
lene chloride. The reaction was cooled to 0° and dry chlorine gas 
was passed through the solution for 15 min followed by dry nitro
gen for 30 min. Anhydrous aluminum chloride, 0.5 g (0.004 mol), 
was added followed by dropwise addition of 5 ml of cyclohexene 
in 25 ml of methylene chloride. After refluxing the reaction mix
ture for 4 hr water was added and the organic layer dried over 
MgSOi. The solvent was removed and the resulting oil chromato
graphed on Florisil. Elution with pentane-benzene (1:3) gave 8.0 
g (94%) of an oil identified as 15: nmr (CDC13) 5 1.2- 2.3 (m, 8 H, 
cyclohexane ring), 3.4 (m, 1 H), 4.0 (m, 1 H), 7.6 (m, 4 H).

Anal, Calcd for C12H14CINO2S: C, 53.03; H, 5.19. Found: C, 
53.13; H, 5.46.

2-(3-Nitrophenylthio)cyclohexanol (16). In a 100-ml Cask 
equipped with a magnetic stir bar and reflux condenser was 
placed 8.0 g of the crude chloride, 15, in 75% aqueous ethanol. 
After refluxing for 1 hr the solvent was removed under vacuum 
and the residue dissolved in ether and dried over MgSC>4. After 
removal of the solvent the residue was chromatographed on Flor
isil. Elution with pentane-benzene (1:3) gave 2.0 g (25%) of an oil 
identified as 15. Further elution with benzene gave 4.0 g (54%) of 
an oil: ir (thin film) 3400 cm- 1 (broad, OH); nmr (CDCI3) 5 1.1-
2.3 (m, 8 H), 2.6-3.6 (broad, m, 3 H), 7.7 (m, 4 H).

Anal. Calcd for the phenylurethane (mp 94-95°) for 
Ci9H20N2O4S: C, 61.30; H, 5.37. Found: C, 61.11; H, 5.20.

Reaction of Cyclohexanone 2-Benzothiazolesulfenimine (3c) 
with Base. Sulfenimine 3c, 0 .1  g (0.0004 mol), in 0 .2  ml of 0 .2  N 
sodium hydroxide and 0 .5  ml of water in 25  ml of ethanol, was 
allowed to stand for 1 week at room temperature. The reaction 
mixture was than diluted with water and extracted with ether (3 
X  50 ml). After drying over M gS04, the solvent was evaporated 
to give 0.09 g (90%)) of 5c, mp 10 6 ° (lit.19 mp 1 0 6 -1 0 7 °) .

Shift Reagent Experiments. The enamides, 0.74-1.1 mmol, 
were dissolved in dry CDC13 to which was added an appropriate 
amount of tris(l, 1,1,2,2,3,3-heptafluoro-7,7-dimethyl-3,5-octanedi- 
onato)europvam, Eu(fod)3 (Aid-rich). Induced chemical shifts were 
measured relative to internal TMS.
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Base-catalyzed cylizations of 2-acetamico-2,6-dideoxy-6-nitro-a-D-gluco- (and -i.-ido-) thiofuranosides with 
subsequent hydrogenations have given two known inosadiamines—streptamine and myo-inosadiamme-1,3—and 
two previously unknown optically active inosdiamines—lL-m.yo-inosadiamine-1,5 and tL-epi-inosadiamine-1,3. 
Starting from myo-inosadiamine-1,3, 2-deoxystreptamine was synthesized in three steps. Neosamines B and C 
have also been prepared. The structures of all new compounds were determined by '.heir nmr spectra and the 
reaction sequences.

Neomycin remains one of the clinically important anti
biotics.4 When structural studies on this antibiotic, actu
ally a complex of antibiotics including neomycins B and 
C, neamine (neomycin A),4 and others,5 were nearly com
pleted, we commenced an investigation of the mode of 
biosynthesis of these antibiotics.6 Although commercially 
available labeled compounds (glucose-7-14C, glucose-6- 
14C, glucosamine-1-14C, ribose-7-14C) sufficed for studies 
of early steps in the biosynthesis, specifically labeled units 
from the antibiotics themselves were desirable for studies 
of later steps. These units include deoxystreptamine (28), 
neosamine C (9b), and neosamine B (24). The synthesis of 
these three moieties of neomycin B, again specifically la
beled but with stable isotopes, was also desirable for our 
study of their mass spectra.

A potentially useful method for introducing label into 
the three units would involve the condensation of nitro- 
methane-14C with an aldehyde generated by cleavage be
tween C-5 and C-6 of glucosamine in the furanose form. 
This route could lead to neosamines B and C labeled at 
C-6 and, after cyclization, to deoxystreptamine labeled at 
a ring carbon bearing an amino group. Some of the syn
thetic operations described have, in fact, been reported 
earlier by the Wolfrom group in their synthesis of strep
tamine.7 In the present report we describe our investiga
tion of the nitromethane condensation route. This report 
includes the syntheses of neosamine C-6-14C and deoxy
streptamine-7-14C, of the unequivocal synthesis of neos
amine B, and of the preparation of a number of new di- 
aminocyclitols of potential utility as substrates for incor
poration into hybrimycins.8’9

Synthesis of 6-Nitro Sugar Derivatives. Since the 
yields reported by Wolfrom in his synthesis of strept
amine, especially in the base-catalyzed cyclization of the 
nitro sugar, were too low to use those procedures directly 
for our purpose, our first goal was to obtain the aldehy- 
dothiofuranoside intermediate 4a in a pure crystalline 
state, for the purpose of improving the yield in the base- 
catalyzed condensation reaction with nitromethane. Fol
lowing Wolfrom’s procedure,7’10 2-acetamido-2-deoxy-D- 
glucose diethyl dithioacetal (1) was converted by treat
ment with mercuric chloride followed by acetylation to 
ethyl 2-acetamido-3,5,6-tri-0-acetyl-2-deoxy-l-thio-a-D- 
glucofuranoside (2a) in 55% yield (Figure 1). A second iso
mer was isolated in pure form by fractional crystallization 
and chromatography from this reaction mixture. This was 
assigned the structure ethyl 2-acetamido-3,4,6-tri-0-ace- 
tyl-2-deoxy-l-thio-/3-D-glucopyranoside (3b) (6% yield). In 
addition, a mixture of 3b and the corresponding ir-D-glu- 
copyranoside (3a) was obtained in 7% yield.

The three compounds (2a, 3a, and 3b) were indicated 
to be isomeric by elemental analyses and mass spectral 
behavior. Both 2a and 3a gave molecular ions at m/e 391,

that for 3a being inferred from the spectrum of the mix
ture of 3a and 3b since the latter compound did not give a 
molecular ion peak. The highest mass ion in the spectrum 
of 3b was at m/e 332 (M -  OAc), but its trimethylsilyl 
derivative gave a strong ion at m/e 448 (M — C H 3). The 
melting point, 184-186°, and rotation, [a]28D —56° (c 1, 
C H C I3), of 3b identify it as the second isomer reported by 
Wolfrom, et al. [lit. mp 179-180°, M 22d  -42° (c 2, 
C H C I3)],7 who assigned to it the /3-D-glucofuranoside struc
ture (2b). However, the nmr spectrum of 3b (see Experi

mental Section) identifies it as a glucopyranose derivative, 
with trans-diaxial coupling of all ring protons. The chemical 
shifts and coupling patterns of the protons of 2a are quite 
different (see Experimental Section), in agreement with 
those expected for a furanoside. The purity of 3a did not 
allow complete assignment of chemical shifts and cou
pling constants to its protons, but the anomeric proton 
was apparent, at 5 5.75 (J = 5.7 Hz).

O-Deacetylation of 2a with sodium methoxide in abso
lute methanol followed by oxidative cleavage between C-5 
and C-6 with sodium metaperiodate113 gave ethyl 2-acet- 
amido-2-deoxy-l-thio-a-D-xy(o-pentodialdo-l,4-furanoside 
(4a), which was crystallized from ethanol to give its crys
talline ethanol solvate, 4b. Both the solvate and 4a appar
ently exist as a hemiacetal, perhaps a dimer of the type 
described by Schaffer and Isbell for 1,2-O-isopropylidene-
o-D-xyto-pentodialdo-l,4-furanoside.llb No aldehyde car
bonyl absorption was found in their infrared spectra, and 
both the nmr spectra contained little or no aldehyde ab
sorption but displayed absorption for an extra hemiacetal 
proton at 5 5.4 (one proton). The solvate 4b contained 
ethoxyl group absorption at 5 3.72 (q) and 1.21 (t). Reduc
tion of 4b with sodium borohydride in aqueous solution 
gave ethyl 2-acetamido-2-deoxy-l-thio-a-D-xylofuranoside
(5).lla The yields of 1, 2a, and 4b were 60, 65, and 71%, 
respectively, in their individual preparative steps. Thus, 
the overall yield of 4b from N-acetylglucosamine was 29%.

Treatment of 4b with an equimolar amount of nitro
methane in the presence of sodium methoxide catalyst at
0-5° yielded two crystalline condensation products which 
could be separated either by fractional crystallization 
from absolute ethanol or on a specially prepared silica gel 
column.123 Compound 7, shown below to be the D-gluco 
isomer, was isolated in 23% yield from 4b (16% from 2a) 
and had mp 115-118°; compound 6, the L-ido isomer, was
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Table I
Nmr Methyl Absorptions o f  PeracetyI-l,3-inosadiamines

Configuration Chemical shift, ò a Solvent^ R ef

scyllo-1,3 (11) 1.94 (4), 1.75 (2) D This work
1.90 (4), 1.70 (2) D 43
2.03 (2), 1.98 (2), 1.91 (2) C 43
2.06 (4), 1.92 (2) W 43

myo-1,3 (12) 2.19, 1.96 (2), 1.94, 1.78 (2) D This work
2.14, 1.92 (2), 1.89, 1.74 (2) D 43
2.26, 2.06 (2), 2.03, 1.90 (2) C 43

13 2.32, 2.15, 1.93 (4), 1.73 D This work
2.38, 2.33, 2.03 (2), 2.00 (2), 1.92 C This work
2.37, 2.32, 2.04 (2), 2.00 (2), 1.93 C 12b

myo-1,5 (18) 2.13, 1.93, 1.89 (2), 1.76, 1.71 D This work
epi-1,3 (19) 2.16, 2.12, 1.97, 1.88, 1.80, 1.77 D This work

2.19, 2.14, 2.04, 1.97, 1.92, 1.89 C This work
muco-1,3 2.08, 2.05, 2.00 (3), 1.96 C 16
myo-2,4 2.10, 2.05 (2), 2.01 (2), 1.93 W 42
chiro-1,3 2.16, 2.04 (3), 1.98 (2) c 16
chiro-1,5 2.18, 2.01 (3), 1.98 (2) c 16

° Number of methyl groups indicated in parentheses; one except as noted. 6 D = DMSO-d6; C = CDC13; W = DzO.

isolated in 32% yield from 4b (23% from 2a) and had mp 
206-208°.

Since isolation and purification of the low melting iso
mer (7) lowered its yield, an alternative sequence was em
ployed in which fractional crystallization from ethanol 
gave the chromatographically pure high melting isomer 6 
in 15% yield from 4b, and the syrupy product obtained on 
evaporating the mother liquor, rich in 7, was subjected 
directly to the next hydrolysis, involving a slight excess of 
mercuric chloride in hot water. This afforded the crystal
line 2-acetamido-2,6-dideoxy-6-nitro-D-glucopyranose (8) 
in 35% yield. Compound 8, identified by elemental analy
ses and infrared spectrum, was hydrogenated over plati
num in acidic solution to give an oil (9a), which was hy
drolyzed with 6 N  hydrochloric acid to afford (almost 
quantitatively) 2,6-diamino-2,6-dideoxy-D-glucose (9b), 
also identified as its crystalline di-iV-aeetyl derivative 
(9c). The synthesis of diaminoglucose assigns the low 
melting isomer as ethyl 2-acetamido-2,6-dideoxy-6-nitro-
1- thio-a-D-glucofuranoside (7); thus, the high melting iso
mer is the /3-L-idofuranoside (6). Earlier work7 had not as
signed the stereochemistry of the two isomers.

Barium Hydroxide Cyclizations of 6-Nitro Sugars. 
Next, the base-catalyzed cyclization of the higher melting
2- acetamido-2,6-dideoxy-6-nitrohexose7 was reexamined. 
The thioethyl group of 6 was hydrolyzed by mercuric chlo
ride and the nitro sugar formed (10, Figure 1) was not iso
lated but was subjected to alkaline condensation using 
barium hydroxide at room temperature (Figure 2). The 
mixture of nitro compounds obtained was isolated as an 
amorphous mixture of barium salts which was hydroge
nated in acidic solution over a platinum catalyst. The re
sultant diaminocyclitol derivatives were acetylated to give 
a mixture, from which three compounds were isolated by 
fractional crystallization from ethanol. Two of the deriva
tives obtained from 6 after the barium hydroxide cycliza
tion were readily identified as hexaacetylstreptamine (11) 
and hexaacetyl-myo-inosadiamine-1,3 (12) by their melt
ing point behavior and infrared spectra, as well as by the 
chemical shifts of their acetyl protons (Table I). The nmr 
spectra (Table I) of the third product, 13, showed peaks 
for seven acetyl methyl groups at positions reported ear
lier for heptaacetylstreptamine,12b and the mass spectrum 
contained a protonated molecular ion at m/e 473.177 (M 
+ H)+ appropriate for a heptaacetylinosadiamine, with a 
much more intense ion at m/e 412 (M — HO Ac). The 
structure of 13 was confirmed by its hydrolysis to strep- 
tamine.

Compounds 11, 12, and 13 were obtained in 10, 11, and 
6% yields, respectively, from 6; the total yield of myo-in- 
osadiamine derivatives is thus 11% and of scyllo- 16%. It is 
of some interest to note here that the Wolfrom group iso
lated two products from the higher melting isomer in their 
streptamine synthesis, in very poor but approximately 
equal yields.7 One was shown to be streptamine. From the 
optical inactivity of streptamine and Fischer’s results,13 
which indicated that alkaline carbonyl reactions give only 
trans configurations, Wolfrom, Olin, and Polglase7 de
duced the configuration of streptamine as the all-trans 
isomer of 1,3-inosadiamine. They did not report the rota
tion of the second isomer and tentatively assigned to it the 
muco-1,3 configuration which would be the other product 
containing only trans configurations at the new asymmet
ric centers. However, had they observed that the second 
isomer, isolated from the reaction mixture in yield similar 
to that of streptamine, was also optically inactive, they 
could not have assigned the configuration of streptamine, 
although their assignment was subsequently shown to be 
correct by X-ray14 and nmr15 evidence.

The crystalline hydrolysis product 8, from the D-gluco 
isomer 7, was also subjected to barium hydroxide cata
lyzed cyclization, followed by reduction and acetylation 
(Figure 2). Two hexaacetylinosadiamines were isolated 
from the reaction mixture and were identified as hexa
acetylstreptamine (II) and hexaacetyl-myo-inosadiamine-
1,3 (12), respectively. The third product (13) was not iso
lated.

The isolation of 11 and 12 from 8 as well as from 6 re
quires an inversion of the stereochemistry found at C-5 in
8. This could occur in the nitro sugars, but isomerization 
of the sugar would require loss of nitromethane and recon
densation. Thus, it seems more likely that the isomeriza
tion occurs after cyclization to the nitrocylitol.

Sodium Methoxide Cyclization of 6-Nitro Sugars. 
The crude syrupy nitro sugar (10) obtained by hydrolysis 
of 6 with mercuric chloride was dissolved in absolute 
methanol and treated with an equimolar amount of sodi
um methoxide at 0-5° for 12 hr (Figure 2). Work-up 
yielded crude, crystalline 15, which on recrystallization 
from methanol afforded the pure isomer in 67% yield. The 
structure of 15 was established by its hydrogenation to the 
corresponding inosadiamine, which on acetylation gave 
hexaacetyl-myo-inosadiamine-1,3 (12). No evidence was 
found for isomeric nitrocyclitols or hexaacetylinosadiam
ines. Thus, this base appears to be much more selective in 
catalyzing cyclizations than barium hydroxide. It is also of
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(4a unsolvated)

(not isolated)
Figure 1. Synthesis of derivatives of 6-nitro-2-acetamido sugars from /V-acetylglucosamine diethyl dhhioacetal (1).

14 + 15 —  2 ) a » II + 12

(not isolated)
Figure 2. Preparation of diamino inositols from the D-g/ueo-6-nitro sugar derivative 8 and the i.-ido-6-nitro sugar derivative 10. Conditions 
(1) Pt, H2, HC1; (2) Ac20, C5H5N.
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Figure 3. Synthesis of neosamine B (24) from iV-acetylglucosamine diethyl dithioacetal (1).

interest that the preferred isomer is not that which is pre
sumably most stable, the all-trans scyllo isomer 14. Ap
parently some degree of kinetic control obtains.

When compound 8 was dissolved in absolute methanol 
and treated with equimolar sodium methoxide at 0-5° 
for 12 hr (Figure 2), work-up afforded a mixture of N- 
acetylnitrodeoxyinosamines—lL-5-acetamido-l,5-dideoxy-
1-nitro-myo-inositol (16) and lL-l-acetamido-l,3-dideoxy-
3-nitro-epi-inositol (17)— in 72% combined yield. The 
mixture of 16 and 17 was hydrogenated catalytically and 
subsequent acetylation gave a mixture of hexaacetylinosa- 
diamines, which could be separated by fractional crystal
lization from ethanol to afford lL-hexa-N, O-acetyl-myo- 
inosadiamine-1,5 (18) and lL-hexa-N, O-acetyl-epi-inosadi- 
amine-1,3 (19) in 67 and 15% yields, respectively, from 
the mixture of 16 and 17. In a separate experiment nitro- 
inositol 16 was purified and converted separately to 18.

In assigning the stereochemistry o f 18 and 19 it was first 
assumed that the configurations at C-2, C-3, and C-4 of 
D-glucosamine must be retained and substituents at these 
positions of the inosadiamines must all be trans to one an
other. W ith that restriction there are eight theoretically 
possible isomers obtainable from the reaction,13 six opti
cally active form s— lL-m yo-1,5, lL-m yo-2,4, lL-epi-1,3, 
lL-chiro-1,3, lD-chiro-1,5, and lL-m uco-1,3— and two meso 
forms— scyllo-1,3 and m yo-1,3. Six isomers have been pre
viously reported, at least as racem ates.16-20

Nmr spectra of 18 and 19 were determined in dimethyl 
sulfoxide-<i6, the solvent which gives the most reliable in
formation relative to axial us. equatorial acetoxyl and ac- 
etamido groups.43 The nmr spectrum (Table I) of 18 in 
DMSO-d6 showed five sharp signals with relative intensi
ties of 1:1:2:1:1 at 8 2.13, 1.93, 1.89, 1.76, and 1.71, respec
tively. These can be ascribed to one axial acetoxyl group, 
three equatorial acetoxyl groups, and two equatorial acet- 
amido groups, respectively.19 Of the six optically active 
inosadiamines above, only the myo-1,5 configuration 
would satisfy these spectral data.

The nmr spectrum (Table I) of 19 in DMSO-d6 showed 
six signals with relative intensities of 1:1:1:1:1:1 at 8 2.16,
2.12, 1.97, 1.88, 1.80, and 1.77, respectively. These can be 
assigned as two axial acetoxyl groups, two equatorial ace
toxyl groups, and two equatorial acetamido groups, re
spectively.19 Therefore, compound 19 is assigned the epi-
1,3 configuration.

The configurations of the inosadiamines obtained from 
the sodium methoxide cyclizations at low temperature (0- 
5°) indicate that in this reaction, in contrast to the bar
ium hydroxide reactions, isomerization of the nitroinosi- 
tols (or nitro sugars) does not take place and that the orig
inal configuration at C-5 of the sugars is preserved during 
the reaction.

Synthesis of Neosamine B. In an attempt to prepare 
neosamine B, compound 6 was hydrolyzed in the presence 
of mercuric chloride. A thin layer chromatogram of the 
crude hydrolyzate showed a single major spot, along with 
a trace of starting material. An attempt was made to pur
ify the nitro sugar (10) on a silica gel column; elution with 
chloroform containing 20% methanol gave homogeneous 
crystals accounting for a 77% yield. Although elemental 
analyses and an infrared spectrum were satisfactory for a 
nitroacetamido sugar, the compound’s mobility in tic was 
quite different from that of the original crude product. 
When the crystalline material was hydrogenated catalyti
cally, compounds 11 and 12 were obtained after subse
quent acetylation, in 9 and 78% yields, respectively. Ap
parently the crude L-ido nitro sugar had cyclized on the 
chromatographic column, to afford cyclitols, mainly of the 
myo-1,3 configuration.22 The crystals isolated must then 
have been composed of lL-l-acetamido-l,3-dideoxy-3- 
nitro-scydo-inositol (14) and lL-l-acetamido-l,3-dideoxy-
3-nitro-myo-inositol (15) in the approximate ratio of 1:9.

Several additional attempts were made to prepare neo
samine B from the 1-thio-L-idofuranoside. For instance, on 
hydrogenation of the crude nitro sugar (10) in acidic me
dium or on direct methanolysis of 6 in the presence of aci
dic catalyst and subsequent hydrogenation, neosamine B 
was sometimes detected by paper chromatography. How
ever, many by-products, usually aminocyclitols, were also 
formed and the results were inconclusive.

In an effort to find an alternative route to neosamine B, 
that shown in Figure 3 was devised. Whitehouse and 
Kent23 have reported the synthesis of methyl 2-acet- 
amido-2-deoxy-d-D-glucofuranoside by treatment of 1 with 
mercuric chloride in anhydrous methanol. When this 
preparation was repeated in the present study, the prod
uct could not be crystallized and paper chromatography 
revealed the presence of two major components and traces 
of four NH-containing impurities. This mixture was sepa
rated by chromatography over charcoal; the major compo
nent was isolated in 30% yield, but could not be crystal
lized, although it was homogeneous by paper chromatog
raphy. Presumably it was a mixture of a and 3 anomers
(20), not distinguishable by paper chromatographic tech
niques. Analytical periodate oxidation demonstrated a 
very rapid I-mol uptake of oxidant, with formation of 
formaldehyde as expected for the furanoside structure.23

Glycol cleavage was accomplished on a preparative 
scale with a slight excess of sodium metaperiodate in 
aqueous solution. The deionized reaction mixture was 
strongly reducing to AHP, indicating the presence of the 
intermediate aldehyde (21). No attempt was made to iso
late this aldehyde; rather, it was immediately condensed 
with excess nitromethane under basic catalysis to give the
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Table II
Comparison of Natural and Synthetic 2,6--Diamino -2,6 -dideoxy -L-idose

Synthetic Neosamine B Ref

Dihydrochloride (24), [a]D 
N-Acetyl derivative

+  23.9° (c 1.9, H20) +  17.5° (c 0.9, H20) 24

[a ]D +  7.0° (c 1.9, H20) +  5.0°, +6 .0° (c 1.0, H»0) 25
Ru PEaAW" 0.59 0.59
Ru BAW 415“ 0.44 0.45
Mg, borate electrophoresis“ 0.42 0.42
Mp, p-nitrophenylhydrazone 211-215 06 215-21806 25

“ See Experimental Section for details. b Mmp 212-217°.
crude mixture of epimers (22), in 86% yield. In view of the 
possible instability of the 6-nitro isomers and the facile 
separation procedure available for the final product di
amines, it was decided to postpone epimer separation 
until the last stages of the synthesis. Accordingly, half of 
the crude mixture was immediately hydrogenated over 
Raney nickel. The crude primary amine mixture (23) gave 
a very strongly positive test with ninhydrin and on vigor
ous acidic hydrolysis gave a mixture of mono- and di
amino sugars, which was separated into three diamine com
ponents (peaks I, II, III) by ion-exchange chromatography. 
The first (and major) diamine component was chromato
graphed over cellulose as its N- acetyl derivative to give 
two fractions. One of these was identified as 2,6-diacet- 
amido-2,6-dideoxy-D-glucose (9c) by comparison of optical 
activity, melting point, and paper chromatographic be
havior with those of an authentic sample of diacetylneo- 
samine C (9c). This was isolated in 9% crude yield, with 
3% obtained in crystalline form, based on the starting 
methyl furanoside 20. The other N-acetylated component 
of peak I, isolated as a glass in approximately 7% yield, 
has not been identified. It resembled a diacetamidohexitol 
in its paper chromatographic mobility and lack of reaction 
with AHP, but was different from 2,6-diacetamido-2,6- 
dideoxy-D-glucitol in optical activity.

The second diamino component from the ion-exchange 
column (peak II), isolated as a glass in less than 1% yield, 
also behaved after N-acetylation as a diacetamidohexitol 
in paper chromatography and color tests. Insufficient ma
terial was available for further purification or comparison 
with known diacetamidohexitols.

The third diamine component (peak III), 2,6-diamino-
2.6- dideoxy-L-idose dihydrochloride (24), was obtained in 
5% yield as a hygroscopic glass. This product was ninhy
drin and AHP positive, indicative of the primary amine 
and reducing carbohydrate functions expected. Its point of 
elution on the gradient elution chromatography curve near
2.6- diamino-2,6-dideoxy-D-glucose indicates that there are 
two amino groups per molecule. L-Ido stereochemistry was 
adduced for this material on the basis of its mode of for
mation.

The synthetic material was compared with natural neos- 
amine B as summarized in Table II: optical activity of 
the dihydrochloride; optical activity of the Af-acetyl deriv
ative; mobility of the borate complexes of the A-acetyl 
derivatives in electrophoresis, a technique previously 
shown27 to be extremely sensitive to conformational dif
ferences; paper chromatographic behaviors of the ,/V-acetyl 
derivatives; and melting point behavior of the .ZV-acetyl 
derivatives.

Synthesis of Neosamine C-6’-14C and 2-Deoxystrep- 
tamine-f-14C. Synthetic methods developed in previous 
sections of the present report appeared to lend themselves 
well to the preparation o f specifically labeled subunits of 
the neom ycins, and these expectations have already been 
realized for neosamine C and deoxystreptamine.

Neosamine C-6-14C was prepared by the route shown in 
Figure 1 via compounds 4b and 8. Label was introduced

via nitromethane-14C. The overall yield of labeled 8 was 
34% (from 4b) and that of crude neosamine C-6-14C (la
beled 9b) was 56% (from 8).

Suami, et al.,26-27 recently reported a two-step synthe
sis of 2-deoxystreptamine (28) starting from myo-inosadi- 
amine 1,3-dihydrochloride (25) and we have followed that 
route in the preparation of labeled 28 from 6. Labeled 12 
was prepared as shown in Figure 2, by the silica gel cycli- 
zation. The hexaacetate 12 was easily hydrolyzed with 
boiling 6 N  hydrochloric acid to give the dihydrochloride 
25 in 96% yield. Under conditions slightly modified from

OR

R N H

25 , R  =  R ' =  H ; R "  =  O H
26, R  =  A c; R ' =  Br; R "  =  H
27, R  =  A c; R ' =  R "  =  H
28, R  =  R ' =  R " = H

those earlier reported,26’27 we obtained a somewhat better 
yield (81%) in the introduction of bromine into 25. De- 
bromination was effected by treating pentaacetyl-2- 
bromo-2-deoxystreptamine (26) with zinc, acetic anhy
dride, and water at room temperature to give pentaacetyl-
2-deoxystreptamine (27) in 82% yield. Compound 27 was 
hydrolyzed with boiling 6 N  hydrochloric acid to give 
deoxystreptamine dihydrochloride (28) in 96% yield. The 
overall yield (based on labeled nitromethane) was 5.0%.

Experimental Section28
2-Acetamido-2-deoxy-n-glucose diethyl dithioacetal (1) w as

p re p a re d  fro m  50 .0  g o f  2 -a ce ta m id o -2 -d e o x y -D -g lu co s e , m p  2 0 5 - 
208° d e c  [lit . 34 m p  20 3 -20 5° (d e c )] , b y  th e  p ro ce d u re  o f  W o lfro m  
an d  A n n o 35 e x ce p t  th a t  residu al lead  ca rb o n a te  w as re m o v e d  b y  
A m b e rlite  M B -3  resin , an d  the filtra te  w as co n ce n tra te d  to  y ie ld
18.7 g o f  crysta llin e  1, m p  128 -12 9°, [o]27d - 3 0 .5 °  (c  0 .96 , H 2 O ) 
[lit . 35 m p  1 3 0 -13 1°; [a]23D - 3 5 °  (c  4 .0 , H 2 0 ) ] .  T h e  m o th e r  liqu or  
y ie ld e d  an a d d it io n a l 26 .0  g o f  the  d ie th y l d ith io a ce ta l, m p  12 4 - 
127°. T h e  to ta l y ie ld  o f  1 w as th u s  64% .

Reaction of 2-acetamido-2-deoxy-D-glucose diethyl dithio
acetal ( 1 ) with mercuric chloride w as carried  o u t  a c co rd in g  to  the 
p roced u re  d e scrib e d  b y  W o lfro m , e t  a i . ,7 -l la  e m p lo y in g  10.0 g o f  1 
an d  fresh ly  p rep a red  m ercu r ic  o x id e . 36 T h e  a ce ty la te d  p ro d u ct  
b e g a n  to  crysta llize  w h en  it w as p ou red  in to  ice  an d  w ater. T h e  
cry sta ls  w ere filte red  a n d  w ashed  w ith  w ater ; th e  y ie ld  w as 6 .8 8  g 
o f  e th y l 2 -a c e ta m id o -3 ,5 ,6 -t r i -0 -a ce ty l-2 -d e o x y -l - th io -« -D -g lu c o -  
fu ra n osid e  (2a), m p  123 -12 5°. R e cry sta lliz a tio n  from  e th a n o l an d  
w ater  gave p ure  n eed les : 6 .09  g ; m p  1 2 4 -1 2 5 °; [a]28D + 1 4 7 °  (c
3.95, C H C I3 ) [lit . 7 m p  12 4 .5 -1 2 5 .5 °; M 23d + 1 4 0 °  (c 4.0, C H C I3 )]. 
T h e  m oth er  liqu or  w as e v a p o ra te d  a n d  e x tra c te d  w ith  ch lo ro fo rm  
to  g ive  a  se co n d  cro p  o f  cry sta ls , 0 .90  g, m p  12 0 -1 2 2 °. R e c ry s ta lli
za tion  gave p ure  crysta ls , 0.63 g, m p  1 2 3 -12 4°. T h e  to ta l y ie ld  o f  
a s lig h tly  im p u re  2a w as th u s  7.78  g (6 5 % ), th a t  o f  p ure  cry sta ls
6.72  g (5 6 % ). T h e  n m r sp ectru m  (C D C 13) o f  2a co n ta in e d  th e  fo l 
low in g  a b so rp tio n s , w ith  a ss ign m en ts co n firm e d  b y  sp in  d e c o u 
p lin g : S 1.29 (t, 3 , J =  7.2 H z, S C C H 3), 2.01 (s, 6 , C O C H 3), 2.06 
(s, 6 , C O C H 3 ), 2 .66  (q , 2 , J  =  7 .2  H z , S C H 2), 4 .13  ( d o f d ,  J =  13.0,
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5.8 Hz, H-4), 4.49 (m, 2, H-6), 4.57 (m, J  = 7.8, 6.0, 4.1 Hz, H-2), 
5.28 (m, H-5), 5.45 (d of d, J = 5.8, 4.1 Hz, H-3), 5.72 (d, J  = 6.0 
Hz, H-l), 6.70 (d, J = 7.8 Hz, NH). The infrared spectrum 
(Nujol) contained a strong band at 1750 cm- 1 not found in the 
spectrum of 1.

The mother liquor from the second crop of 2a was concentrated 
to ca. 30 ml, and the mixture was kept for 3 days at room tem
perature. The precipitated crystals were collected by filtration 
and washed with a little water; yield 0.83 g (7%) of a mixture of 
ethyl 2-acetamido-3,4,6-tri-0-acetyl-2-deoxy-l-thio-a- (and (3-) -d- 
glucopyranosides (3a and 3b, respectively; mainly 3b), mp 153- 
158°. Recrystallization from ethanol and water gave 0.62 g (5%) of 
colorless needles, mp 158-160°, [«]28d - 6° (c 1, CDCI3). The nmr 
spectrum (CDCI3) was the same as that of pure 3b (see below) 
except for the following peaks due to minor amounts of 3a: 5 1.29 
(t, SCCH3), 2.70 (q, SCH2), 5.75 (d, J  = 5.7 Hz, H-l).

Anal. Calcd for CieH^NOgS: C, 49.09; H, 6.44; N, 3.58; S, 
8.19; mol wt, 391. Found: C, 49.11; H, 6.47; N, 3.53; S, 8.19; mol 
wt, 391 (mass spectrum).

The mother liquor from the preceding crystallization was fur
ther concentrated to 3.4 g of syrup, most of which (3 g) was chro
matographed over Celite employing benzene-ethanol (99:1, v/v) 
as development solvent, extrusion, alkaline permanganate detec
tion,37 and elution with acetone to yield 0.69 g (6%) of 3b, mp 
165-173°. Recrystallization from ethanol-water gave 0.43 g (4%) 
of 3b, mp 184-186°, [a]28D —56° (c 1, CDCI3). The nmr spectrum 
(CDCI3) of 3b contained the following absorptions, with assign
ments confirmed in part by spin decoupling: 5 1.26 (t, 3, J = 7.4 
Hz, SCCH3), 1.93 (s, 3), 2.02 (s, 6), 2.07 (s, 3), 2.72 (q, 2, J  = 7.4 
Hz, SCH2), 3.78 (m, H-5), 4.10 (m, H-2), 4.23 (m, 2, H-6), 4.75 
(d, J  = 10.0 Hz, H-l), 5.11 (t, J = 10.0 Hz, H-3), 5.31 (t, J = 9.0 
Hz, H-4), 6.35 (d, J = 9.4 Hz, NH).

Anal Calcd for CudfeNOgS: C, 49.09; H, 6.44; N, 3.58; S, 
8.19. Found: C, 48.93; H, 6.36; N, 3.67; S, 8.46.

A sample of the /3-D-glucopyranoside 3b (97.8 mg) was dissolved 
in absolute methanol (2 ml), and sodium (25 mg) was added. The 
solution was allowed to stand for 2 hr at room temperature, and 
then was neutralized with Amberlite IR-120 (H+) cation-ex
change resin, filtered, and concentrated to a syrup which crystal
lized on removal of the last traces of methanol under reduced 
pressure. Thin layer chromatography [silica gel G, benzene-meth
anol (8:2)] showed a single spot, Rt 0.14. A mixture of 25 mg of 
this de-O-acetylated product, 1 ml of barium oxide dried pyri
dine, and 0.5 ml of N, 0-bis(trimethylsilyl)acetamide in a 5-dram 
vial fitted with a Teflon-lined screw cap was allowed to stand at 
room temperature with occasional shaking until the N-acetyl 
derivative had entirely dissolved. Excess silylating reagent and 
solvent were evaporated in a stream of dry nitrogen, the residue 
was dissolved in sodium-dried hexane, and the solution was evap
orated in a stream of dry nitrogen. The residue was stored in 
vacuo over phosphorus pentoxide at about 40° for 10 hr, mp 164- 
168° dec. The mass spectrum contained a peak at m/e 448 (M -
CHS).

Ethyl 2-acetamido-2-deoxy-l-thio-a-D-xy/o-pentodialdo-l,4- 
furanoside (4a) and its ethanol solvate (4b) were prepared by a 
modification of the procedure of Wolfrom and Winkley11* from 
1.957 g of 2a. Tic [silica gel G, benzene-methanol (8:2)] showed a 
single spot, Rf 0.26, for the intermediate from deacetylation of 4a. 
After periodate cleavage, barium chloride treatment, and filtra
tion, the filtrate was evaporated under reduced pressure to a 
crude residue which was dried by codistillation with absolute eth
anol several times and then dissolved in 30 ml of absolute etha
nol. The solution was kept in a refrigerator for 3 hr, filtered, and 
evaporated to a crystalline residue. Tic on silica gel G showed a 
major spot at Rt 0.63 and a minor spot at 0.31 in chloroform- 
methanol (17:3). The crude crystals were recrystallized from eth
anol-ether to give 0.985 g (71%) of ethyl 2-acetamido-2-deoxy-l- 
thio-a-D-ry/o-pentodialdo-l,4-furanoside ethanol solvate (4b): 
white needles, mp 132-133°, [a]24D +165° (c 0.65, CH3OH), tic Rt 
0.63 (silica gel G). The nmr spectrum (D20 ) of 4b contained sig
nals at 5 5.7 (H-l), 5.4 (H-5), 4.7-3.9 (H-2, H-3, H-4), 3.72 (q, 
-OCH2CH3), 2.75 (q, -SCH2CH3), 2.00 (s, NCOCH3), 1.28 (t, 
-SCH2CH3), 1.21 (t, -OCH2CH3). Addition of ethanol to the 
nmr solution enhanced the signals at 3.72 and 1.21. The nmr 
spectra of 4b in acetone-dg and dimethyl sulfoxide-d6 both 
showed only a trace of aldehyde proton absorption. The total 
yield of 4b was 0.985 g (71%).

Anal Calcd for CsdHsNCHS-CzHsOH: C, 47.31;. H, 7.58; N, 
5.02; S, 11.45; mol wt, 141. Calcd for (CgHisNO-iSR^C^HsOH: 
mol wt, 187. Found: C, 47.39; H, 7.08; N, 5.01; S, 11.77; mol wt, 
203 (osmometric, in acetone).

When 4b was dried at 100° (5 mm) over phosphorus pentoxide, 
it slowly melted to a glass, whose nmr spectrum (CDCI3) lacked 
the signals at 6 3.72 and 1.21 but otherwise was identical with the 
nmr spectrum (CDCI3) of 4b.

Ethyl 2-acetamido-2-deoxy-1 -thio-a-D-xylofuranoside (5) was
prepared by the procedure of Wolfrom and Winkley11* but 
employing 92 mg of purified 4b. The yield was 28 mg (35%) of 5, 
mp 158-160° after sintering at 156°, [ a ] 30D +236° (c 0.60, water) 
[lit.11* mp 153-155°, [a]22n +212 ±  3° (c 6.45, water)]. The moth
er liquor yielded 38 mg (48%) of 5, mp 150-157° after sintering at 
145°. The total yield was 83%.

Preparation of Ethyl 2-Acetamido-6-nitro-2,6-dideoxy-l- 
thio-jJ-L-ido- and -a-D-glucofuranosides (6 and 7). A. From 4b.
Compound 4b (2.22 g) was dissolved in 95% ethanol (42 ml), and 
equimolar nitromethane (0.555 ml) was added to the solution. 
The solution was cooled in an ice bath, and an equimolar amount 
of sodium methoxide (20% solution in absolute methanol) was 
added dropwise under agitation. The reaction was stirred 30 min 
at the same temperature and then allowed to stand in a refrigera
tor for 18 hr. The slightly yellow solution was neutralized with 
Amberlite IR-120 (H+) and then evaporated under reduced pres
sure to yield a crystalline residue which showed two major spots 
on tic [silica gel G, chloroform-methanol (19:1)]. One recrystalli
zation from hot absolute ethanol gave colorless needles (6), mp 
184-192° dec, which tic showed to be contaminated by a small 
amount of the D-gluco isomer (7). Further recrystallization from 
the same solvent gave almost pure L-ido isomer (6) (0.925 g, 32%, 
based on nitromethane), mp 206-208° dec, [<x]24d +176° (c 2, 
methanol [lit.7 mp 190-193°, [a]26D +171° (c 2, methanol)].

Anal Calcd for C10H18N2O6S: C, 40.80; H, 6.16; N, 9.52; S,
10.89. Found: C, 41.03; H, 6.04; N, 9.43; S, 10.91.

An oily product was obtained on evaporation of the mother li
quor. Thin layer chromatography showed that it consisted mainly 
of the D-gluco isomer (7). Column chromatography (silica gel; 
chloroform containing 5% methanol) of the crude oily product 
gave pure crystalline 7 (0.670 mg, 23%), mp 115-118° (lit.7 114— 
115°).

Anal. Calcd for CioHxsNaOgS: C, 40.80; H, 6.16; N, 9.52; S,
10.89. Found: C, 41.08; H, 6.24; N, 9.38; S, 10.76.

B. From 2a. The procedure of Wolfrom and Winkley11* was 
employed for the deacetylation of 2a (1.957 g) and periodate oxi
dation as far as the removal of barium iodate by filtration. The 
fdtrate and washings were combined and concentrated in vacuo 
to a thick oil, which was azeotroped several times with absolute 
ethanol, freed of sodium chloride by precipitation with ethanol, 
and filtered. The filtrate was concentrated in vacuo to a thick 
syrup which was dissolved in 10 ml of 95% ethanol and cooled to 
0-5°. Nitromethane (2 ml) was added, followed, dropwise, by a 
solution of 2 N  sodium methoxide in methanol to pH 11. The 
reaction mixture stood 15 hr at 0-5° and 3 hr at room tempera
ture, Amberlite IR-120 (H+) ion-exchange resin (~ 8  g) was added 
to remove sodium ions, and the product was concentrated to a 
thick yellow oil weighing 1.40 g.

The crude material was chromatographed by the method of 
Bhalla,12* employing a column 4.7 X 25 cm packed with 250 g of 
silica gel and developed with chloroform-methanol (17:3). Two 
zones, located by iodine vapor about 7-8 cm from the origin, were 
removed. Elution of the adsorbent from the upper region (faster 
moving band) yielded a yellow material which on careful crystal
lization from a small volume of ethanol gave 0.185 g (13%) of 6, 
mp 206-208° dec, [a]24D +176° (c 2, methanol).

Elution of the slower moving band gave on careful crystalliza
tion from chloroform-benzene-di-n-butyl ether (2:1:2, volume) 
0.169 g (12%) of 7, mp 115-116°.

Preparation of Ethyl 2-Acetamido-6-nitro-2,6-dideoxy-l- 
thio-p-i.-idofuranoside (6) and 2-Acetamido-6-nitro-2,6-dide- 
oxy-D-glucopyranose (8) from 4b. Nitromethane (1.335 g) was 
added to a solution of 6.12 g of 4b in 95% ethanol (97 ml) at 0-5°, 
then 10.9 ml of 2 N  sodium methoxide in methanol was added 
drop by drop during 15 min with stirring. The reaction mixture 
stood 16 hr in a refrigerator, then was neutralized with Dowex 
50W-X8 (H+) and evaporated under reduced pressure to give a 
crystalline residue. Tic [silica gel G, chloroform-methanol (19:1)] 
showed two main spots running near one another, with traces of 
impurities. Recrystallization from absolute ethanol gave three 
crops weighing 0.894 g (mp 190-194° dec), 0.724 g (mp 184-192° 
dec), and 0.299 g (mp 180-190° dec), respectively. Tic [silica gel 
G, chloroform-methanol (85:15)] showed that the first crop (ex
cept for two trace contaminants at Rr 0.53 and 0.28) was almost 
pure 6 but that the second and third crops were somewhat con
taminated, with three spots at Rt 0.53, 0.36, and 0.28. Fractional
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crystallization then gave pure G: 978 mg (15%); mp 206-208° dec; 
[«]24d + 176° (c 2, CH3OH).

All the mother liquors were combined and evaporated to give a 
thick oily residue which was dissolved in 70 ml of water and 
warmed to 50-60°. When 4.0 g of mercuric chloride in 140 ml of 
water was added, fine white crystals of ethylmercaptomercuric 
chloride precipitated immediately. The reaction mixture stood at 
room temperature for 12 hr; then the precipitate was filtered and 
the filtrate was stirred with 5.0 g of fresh silver acetate for 2-3 hr. 
White crystals of silver chloride were removed by centrifugation. 
Excess silver acetate was removed by passing hydrogen sulfide 
through the filtrate for 25 min, the resulting black precipitate was 
removed by filtration through Celite, and the filtrate was evapo
rated under reduced pressure to afford a crystalline residue. The 
crystals were digested with methanol and chloroform and filtered; 
yield, 1.043 g. Second and third crops were obtained from the 
mother liquor; weight, 0.668 and 0.231 g, respectively. Tic showed 
a single spot for each crop. The total yield of 8 was 1.942 g (35%). 
Recrystallization from methanol and chloroform gave the analyti
cal sample, mp 193-195° dec, [ a ] 18D +71° (5 min) —*■ +49° (10 hr) 
(c 1.0, water).

Anal. Calcd for C8H14N20 7: C, 38.40; H, 5.64; N, 11.20. Found: 
C, 38.01; H, 5.67; N, 11.32.

Ethyl 2-acetamido-2,6-dideoxy-6-nitro-l-thio-/3-i,-idofuran- 
oside-6-14C (G) and 6-nitro-6-deoxy-/V-acetyl-D-glucosamine-6- 
14C (8) were prepared as described in the preceding section, from 
3.82 g of 5b and 25.6 mg of nitromethane-14C (2.38 mCi/mmol) di
luted with 978.9 mg of cold nitromethane. The first and second 
crops of crystals from ethanol (890 mg and 449 mg, respectively) 
were combined and recrystallized from ethanol to give needles 
(707 mg, 15%). Tic showed a single spot, for 6. Evaporation of the 
mother liquors and hydrolysis of the residue with mercuric chlo
ride (3.2 g) as in the preceding section gave crude crystals of 8 
(1.387 g, 34%). The radioactivity of the recrystallized material 
was 52.5 gCi/mmol.

Hexaacetylinosadiamines from Ethyl 2-Acetamido-6-nitro-
2,6-dideoxy-l-thio-(i-L-idofuranoside (G). A. Barium Hydroxide 
Catalyzed Cyclization. The method of Wolfram7 was employed 
directly to hydrolyze 6 (287.2 mg) with mercuric chloride (260 
mg). The resultant crude oily nitro sugar (10) was then subjected 
to barium hydroxide catalyzed cyclization, again following the 
method of Wolfram except that the barium hydroxide solution 
was neutralized with Amberlite IR-120 (H+) after 1-2 days. The 
crude barium salt of mixed nitrodeoxyinosamines was hydrogen
ated over 200 mg of platinum catalyst, and the mixture of hexa- 
and heptaacetylinosadiamines was separated by multiple frac
tional recrystallization from ethanol: hexaacetylstreptamine (11),
42.5 mg (10%), mp 237-245°, identical with an authentic sam
ple;38 hexaacetyl-myo-inosadiamine-1,3 (12). 47.3 mg (11%), mp 
287-289° (lit.21 283.5-285°), infrared spectrum superimposable on 
that of an authentic sample;21 and heptaacetylstreptamine (13),
23.9 mg (6%), mp 240-252° (lit.116 258-259°); the total yield was 
27%.

In addition to the M + H ion, compound 13 also gave strong 
ions at m /e  455.1674 (M +  H — H2O, calcd 455.1665), m/e  
429.1509 (M -  COCH3, calcd 429.1509), and m/e 412.1477 (M -  
HOAc, calcd 412.1481), as well as a weak peak at m /e  514.1788 
(calcd 514.1798), indicative of a small amount of octaacetylinosa- 
diamine impurity. The ir spectrum showed bands at 1750, 1700, 
1680, and 1650 cm-1 . Hydrolysis of 10 mg of 13 with 6 N hydro
chloric acid for 2 hr on the steam bath, followed by neutraliza
tion, gave a product which gave identical tic behavior with that 
of streptamine (/?f 0.66) but differed from that of myo-inosadi- 
amine-1,3 (Rr 0.58).

B. Sodium Methoxide Catalyzed Cyclization. A solution of 6 
(285 mg) in water (73 ml) was hydrolyzed with mercuric chloride 
(275 mg) according to the Wolfram procedure.7 The crude hydro- 
lyzate was dissolved in absolute methanol (35 ml) and cooled to 
0-5°, then 1 ml of a 1 N  solution of sodium methoxide in metha
nol was added. The solution stood in a refrigerator overnight, 
then was neutralized with Dowex 50W-X8 (H+) and evaporated 
in vacuo to give a crystalline residue of li.-l-acetamido-l,3-dide- 
oxy-3-nitro-myo-inositol (15). The crystals were digested with 
chloroform and methanol and collected by filtration; yield 0.163 g 
(67%), mp 208-213° dec. The analytical sample was obtained by 
recrystallization from ethanol; plates, mp 207-210° dec or needles, 
mp 210-215° dec, [o ]2 1 d  +95° (c 1.0, water).

Anal. Calcd for C8H i4N20 7: C, 38.40; H, 5.64; N, 11.20. Found: 
C, 38.60; H, 5.52; N, 11.26.

A solution of 157.9 mg of crude 15 in 15 ml of water containing 
5 ml of 0.5 N hydrochloric acid was hydrogenated over platinum

catalyst. The resultant crystalline amine hydrochloride was treat
ed with acetic anhydride and pyridine to afford 221.5 mg (82%) of 
hexaacetyl-myo-inosadiamine-1,3 (12).

C. Silica Gel Catalyzed Cyclization. Compound 6 (452 mg) 
was dissolved in 110 ml of water and treated with 412 mg of mer
curic chloride in water (27 ml) at 50-60°. The crude hydrolyzate 
was chromatographed on a silica gel column (30 g) packed with 
chloroform-methanol (4:1), eluting with chloroform-methanol 
(3:1). The fractions which showed a single spot on tic (silica gel) 
were collected and evaporated. The major fraction, a white crys
talline powder, mp 202-206°, contained a mixture of 14 and 15 
(280 mg, 77% based on unrecovered 6); the minor fraction con
tained 24 mg of 6. A 106-mg portion of the mixture of 14 and 15 
was dissolved in water (10 ml) containing 3 ml of 0.5 N  hydro
chloric acid and hydrogenated over platinum for 4.5 hr; hydrogen 
uptake was 32 ml. The catalyst was filtered and the filtrate was 
evaporated in vacuo to give a white crystalline residue. The resi
due was treated overnight with a mixture of 5 ml of acetic anhy
dride and 5 ml of pyridine. The reaction mixture was evaporated 
in vacuo and a trace of acetic anhydride and pyridine were re
moved by codistillation with ethanol and toluene. The partly 
crystallized oil was triturated with 10 ml of methanol to give 17 
mg (9%) of 11. The mother liquor was evaporated, and the resi
due was crystallized from ethanol to afford 143 mg (78%) of 12, 
which contained a trace of 11.

D. Silica Gel Catalyzed Cyclization to Give Hexaacetyl- 
streptamine-f-14C ( 11) and Hexaacetyl-myo-inosadiamine-1,3-
7-14C (12) from 6. The sample of 14C-labeled 6 (707 mg) prepared 
above was hydrolyzed with mercuric chloride (687 mg) and chro
matographed on silica gel as described in the preceding section to 
give a white crystalline powder (labeled 14 and 15, 398 mg, 66%). 
The powder was hydrogenated (uptake 120 ml), and the product 
was worked up as in the preceding section to give 561 mg (54%) of 
crude crystals, which were recrystallized from chloroform to yield
89.3 mg (9%) of pure crystalline labeled 11. The mother liquor 
was evaporated and the residue was recrystallized from ethanol to 
afford 354 mg (34%) of pure crystalline labeled 12.

E. “ Spontaneous Cyclization.”  Compound 6 was hydrolyzed 
with mercuric chloride to give a 30% yield of a crystalline prod
uct, mp 210-213°, single spot on tic at the position of the 6-nitro- 
N-acetylhexose (10). A 38.5-mg portion of 10 was catalytically hy
drogenated to an oil (single spot on tic), which was N-acetylated 
to give 13 mg of a colorless, crystalline di-N-acetyl derivative, mp 
320-323°. The mother liquor was evaporated to yield an oily prod
uct which was treated with acetic anhydride and pyridine to give 
a white powder, sintering 235-240°. The infrared spectrum of this 
compound was superimposable on that of authentic hexaacetyT 
streptamine ( 11).

Hexaacetylinosadiamines from 2-Acetamido-2,6-dideoxy-6- 
nitro-D-glucose (8). A. Barium Hydroxide Catalyzed Cycliza 
tion. A mixture of 255 mg of 8, 5 ml of water, and 5 ml of 0.2 N 
barium hydroxide solution was allowed to stand at room temper
ature for 20 hr. Hydrogenation, acetylation, and work-up were as 
described above. The products isolated were 31 mg (7%) of hexaa
cetylstreptamine (11) and 38.3 mg (9%) of hexaacetyl-myo-inosa- 
diamine-1,3 (12).

B. Sodium Methoxide Catalyzed Cyclization. 1. Isolation of
1G and Its Conversion to 18. A solution of 672 mg of 8 in 105 ml 
of absolute methanol was cooled to 0-5°, and then 2.75 ml of 1 N 
sodium methoxide in absolute methanol was added, with stirring. 
The reaction mixture was kept in a refrigerator overnight, neu
tralized with Dowex 50W-X8 (H+) and filtered. The filtrate was 
evaporated under reduced pressure to give a crystalline residue of
5-acetamido-l,5-dideoxy-l-nitro-L-myo-inositol (16). Recrystalli
zation from ethanol gave fine needles: 244 mg (36%); mp 190.5- 
193° dec; [o ]24d + 19° (c, 1.05. H20).

Anal. Calcd for C8H14N20 7: C, 38.40; H, 5.64; N, 11.20. Found: 
C, 38.32; H, 5.67; N, 11.27.

The nitroinositol (16, 105 mg) was then hydrogenated in 11 ml 
of water containing 2 ml of 0.5 N  hydrochloric acid in the pres
ence of platinum catalyst at room temperature. Hydrogen uptake 
(23 ml) ceased after 3 hr. The catalyst was filtered, and the fil
trate was evaporated under reduced pressure to give a white crys
talline residue which was allowed to stand overnight with acetic 
anhydride (7 ml) and pyridine (7 ml) at room temperature and 
then was heated on a steam bath for 30 min. The reaction mix
ture was evaporated under reduced pressure; remaining traces of 
pyridine were removed by codistillation with toluene. The crys
talline residue of li,-hexaacetyl-myo-inosadiamine-l,5 (18) was 
digested with ethanol and the crystals were collected by filtra
tion; yield 145 mg (81%), mp 284.5-285.5°. Recrystallization from
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ethanol gave the analytical sample: mp 285.5-286.5°; (a]20D +1° 
(c 1.0, pyridine); [a]20D + 8° (c 1.0, water).

Anal Calcd for Ci8H26N2Oi0: C, 50.23; H, 6.09; N, 6.51. 
Found: C, 50.62; H, 6.26; N, 6.78.

2. Direct Conversion to 18 and 19. A solution of 1.52 g of 8 in 
240 ml of absolute methanol was cooled by ice while 6.2 ml of 1 N 
sodium methoxide in methanol was added drop by drop, with 
shaking. The reaction mixture was allowed to stand in a refriger
ator overnight, then was neutralized with Dowex 50W-X8 (H+), 
and evaporated under reduced pressure to afford a crystalline 
product. The crystals were digested with 5 ml of ethanol, filtered, 
and washed with a mixture of ethanol and ether; needles, 1.17 g 
(72%), mp 169-173° dec after sintering at 140°. The crude nitro- 
deoxyinosamine (0.934 g) was hydrogenated and acetylated as de
scribed in run 1 to yield 842 mg (52%) of 18, mp 282-284°, identi
fied by the infrared spectrum.

The mother liquor was evaporated in vacuo and the oily residue 
was dissolved in chloroform and chromatographed over alumina. 
Elution with chloroform gave a thick oily product which crystal
lized gradually after 1 or 2 weeks. The crystalline mass was di
gested with a small amount of ethanol, filtered, and washed with 
a mixture of ether and ethanol to give 194 mg (7%) of 
lL-hexa-A,0-acetyl-epi-inosadiamine-l,3 (19) as colorless needles. 
The crystals were recrystallized from ethanol-ether to afford fine 
needles, mp 149-152°. The crystals contain 1 mol of water of crys
tallization, while the anhydrous product is hygroscopic, [«]18d 
+31° (c 1.1, chloroform).

Anal. Calcd for C ,8H26N2Oio-H20 : C, 48.21; H, 6.29; N, 6.28. 
Found: C, 48.24; H, 6.59; N, 6.38.

myo-Inosadiamine-1,3 Dihydrochloride. A solution of 479 mg 
of hexaacetyl-myo-inosadiamine-1,3 (12) was heated in 6 A  hy
drochloric acid on a boiling water bath for 2 hr and then evapo
rated under reduced pressure to a crystalline residue. Crystalliza
tion from ethanol-water gave 270 mg (93%) of myo-inosadiamine-
1,3 dihydrochloride; recrystallization yielded the analytically pure 
sample, mp 222-240.5° (lit.21 221-241.5°). The infrared spectrum 
was superimposable on that of an authentic sample.21

myo-Inosadiamine-l,3-l-14C Dihydrochloride. Hexaacetyl- 
myo-inosadiamine-l,3-l-14C (12, 567 mg) was heated for 2 hr with 
30 ml of refluxing 6 N  hydrochloric acid. The reaction mixture 
was evaporated in vacuo and a trace of hydrochloric acid was re
moved by repeated codistillation with water. The glassy residue 
was triturated with water and ethanol to afford fine needles [291 
mg (88%) after drying over phosphorus pentoxide in vacuo at 
100°].

Preparation of Di-A-acetyl neosamine C from 7. The crystal
line D-g/uco-nitrothiofuranoside (7) was hydrolyzed with mercuric 
chloride in aqueous solution to give colorless crystals (8), mp 
180-183°, in 70% yield. The crude nitro sugar (8), which showed a 
single spot on tic, was hydrogenated in an acidic solution in the 
presence of platinum catalyst to give an oily product, which 
showed a single spot on paper chromatography (f?r 0.19, BPW 
643). The crude product was converted to its di-A-acetyl deriva
tive (9c), which was identified as di-A-acetylneosamine C by its 
paper chromatographic behavior (iff 0.32, BEW 415; fir 0.51, 
BPW 643). A trace of di-A-acetylneosamine B could also be de
tected by paper chromatography (fir 0.48, BEW 415; fir 0.54, 
BPW 643).

Di-A-acetylneosamine C-6-14C was prepared from labeled 8 
by the micro N-acetylation method: mp 200-207°; ffr 0.52 (BPW); 
radioactivity, 53.0,uCi/mmol.

Neosamine C-6-l iC Dihydrochloride (9b). A sample of labeled 
8 (298.3 mg) was hydrogenated over platinum at room tempera
ture in 30 ml of water containing 12 ml of 0.5 A  hydrochloric acid. 
Hydrogen uptake (85 ml) ceased after 3 hr, the catalyst was fil
tered, and the filtrate was evaporated in vacuo to an oily residue. 
The residue was heated in 6 A  hydrochloric acid (20 ml) at reflux 
for 2 hr. After it had been decolorized with carbon, the solution 
was evaporated in vacuo and dried by codistillation with absolute 
ethanol; the crude dihydrochloride (9b) weighed 167 mg (56%). 
The product was purified by preparative thin layer chromatogra
phy (cellulose powder, 15 g, 20 x 20 cm plate, BAW 221). Spots 
were detected by ninhydrin spray. Radioactivity of the sample 
was 54.8 /uCi/mmol. The purity of chromatographed 9b was de
termined by paper chromatography of its di-A-acetyl derivative 
(9a) obtained by the microacetylation technique. Paper chroma
tography showed one major spot, fif 0.51, and a minor spot, fir 
0.61, in BPW 643. By radioanalysis, the relative intensities of the 
spots were 91.7 and 8.3%, respectively.

Methyl 2-Acetamido-2-deoxy-D-glucofuranoside (20). A slur
ry of 20.1 g of mercuric oxide, 24.9 g of mercuric chloride, and 14.9

g of A-acetylglucosamine diethyl dithioacetal (1) in 150 ml of 
methanol was stirred at room temperature for 6 hr and then 
treated with 6 ml of pyridine, stirred briefly in an ice bath, and 
filtered through Celite. The filtrate was shaken over liquid mer
cury for 60 hr. After the precipitate had settled, the yellow 
methanolic solution was decanted and filtered. Additional metha
nol was used to wash the mercury and salts. Evaporation of sol
vent from the combined filtrates left 9.6 g of a yellow gum, which 
was triturated with 200 ml of boiling 2-propanol. The resultant 
solution was filtered while hot and then evaporated to a thick oil, 
which was dissolved in methanol, filtered, and assayed by paper 
chromatography. The major CLOR-positive component of the 
mixture had fir 0.63 in PEaW (Rnag 1.39), a minor component 
had fif 0.54, and trace components had fif 0.33, 0.47, 0.70, and 
0.78. The respective fif values in BEW are 0.45, 0.35, 0.08, 0.26,
0.51, and 0.62.

A portion (620 mg) of the crude methyl furanoside mixture was 
chromatographed over a charcoal-Celite column (30 X 420 mm), 
eluting with 5% ethanol in water. The 20-ml fractions were ana
lyzed by CLOR and residue weight. The first half of the major 
peak (tubes 43 through 59) contained the methyl pyranoside and 
furanoside; the balance (tubes 60 through 100) contained nearly 
pure furanoside (fir 0.63, BEW). Combination of tubes 60-100, 
and removal of solvent, gave 260 mg (30%, based on 1) of methyl
2-acetamido-2-deoxy-D-glucofuranoside (20), homogeneous by 
paper chromatography. A second pure methyl furanoside peak 
was obtained by washing the column with 7.5% ethanol in water. 
All efforts to crystallize this compound were unsuccessful.

Quantitative periodate oxidation by the method of Argoudelis39 
showed a 1-mol uptake in 7 min with slight subsequent overox
idation. Chromotropic acid determination39 of formaldehyde fro- 
mation, using mannitol as a standard, showed 0.72 to 0.80 mol of 
formaldehyde produced per mole of sample oxidized.

Preparation of Neosamines B and C (24 and 10) from 20. A 
solution of 1.47 g (6.17 mmol) of methyl 2-acetamido-2-deoxy-D- 
glucofuranoside (20) and 1.47 g (6.80 mmol) of sodium metaper
iodate in 40 ml of water was kept at 0-5° for 1 hr and then 
dripped slowly through a column containing 20 ml (12.5 mequiv) 
of Amberlite MB-3 mixed bed (H+ and OH- ) ion-exchange resin. 
The pale yellow eluate was strongly AHP-reducing at first, gradu
ally decreasing in intensity as the column was washed with 1 1. of 
water. Removal of the water under reduced pressure at 40° left 21 
as a yellow syrup which was dried by repeated evaporation from 
methanolic solution; weight 1.58 g.

The thick syrup of crude 21 dissolved in 20 ml of absolute etha
nol and 20 ml of nitromethane was chilled; sodium methoxide in 
absolute ethanol was then added until the sugar solution gave an 
alkaline test (pH 8 to 9) when applied to moist pH test paper. 
The stoppered flask was refrigerated at 10° for 33 hr and then a 
large excess of dry Dowex-50 (H+ form) ion-exchange resin was 
stirred in. The resin was removed by filtration and washed well 
with methanol. The pale yellow filtrate was freed of solvent and 
the residue was dried over phosphorus pentoxide in vacuo to give
1.40 g (86% based on 20) of a yellow glass assumed to be a mix
ture (22) of C-5 epimers of the 6-nitrofuranoside.

Half of this yellow glass was hydrogenated at atmospheric pres
sure in aqueous solution over approximately 2 g of Raney nickel. 
Hydrogen uptake amounted to only 115 ml (57.5% of theory) in 40 
hr. The catalyst was removed by filtration and washed liberally 
with water. The combined filtrate and washings, strongly ninhy- 
drin-positive, were freed of solvent and dried, leaving 549 mg of 
crude 23 as a yellow-brown syrup.

This was dissolved in 40 ml of 1.5 A  hydrochloric acid and 
heated 4 hr at 50°, then 2 hr at 95-100°. The dark brown solution 
was slurried a few minutes with charcoal and filtered. The clear, 
almost colorless, filtrate was freed of solvent and dried over sodi
um hydroxide to 450 mg of a glass which retained the odor of hy
drochloric acid.

A small sample of this was N-acetylated in phosphate buffer 
and subjected to paper electrophoresis: Mg 0.18, 0.29, and 0.55 (in 
decreasing order of intensity to AHP), corresponding to A ,A '-di- 
acetylneosamine C (Mg 0.20), A-acetylglucosamine (Ms 0.30), 
and A, A'-diacetylneosamine B (Mg 0.56), respectively.

The crude amine mixture was gradient eluted (0.5 to 2.0 A  hy
drochloric acid) from a 50-ml column of Dowex-50 (H+ form) 
resin. Semiquantitative NIN colorimetry showed three peaks, 
which were collected, freed of solvent, and assayed separately.

Peak I yielded 168 mg of a glass, [a]28D +52.0° (c 1.68. water), 
which was N-acetylated by the phosphate method and analyzed 
by paper chromatography and electrophoresis. This mixture was 
combined with an equal amount of corresponding material from a
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se co n d  run  a n d  sep a ra ted  b y  ce llu lose  p o w d e r  ch ro m a to g ra p h y  
w ith  B A W  415. T w o  C L O R -p o s it iv e  fra c t io n s  w ere  o b ta in e d .

S o lv e n t  re m o v a l from  the first  fra c t io n  gave 146 m g  (9 % , b a sed  
on  20) o f  a g lass, [a ]28D + 2 9 .5 °  (c  2, w ater), Rt o f  0.52 in P E a A W , 
R,  0 .4 0  in B A W  415 (C L O R  sp ra y ). C rys ta lliza tion  from  e th a n o l-  
eth er  gave , a fter p ro lon g ed  stan d in g , 50 m g  (3 % ) o f  co lo rless  n e e 
d les: m p  21 1 -21 4° d e c ; [a ]25d + 3 2 °  (c  1.06, w ater) [ lit .40 m p  20 9 - 
215° d e c ; [oi]d  + 3 6 °  (c  0 .7 , w ater)]. A  m ixtu re  m e ltin g  p o in t  w ith  
a u th e n t ic  2 ,6 -d ia ce ta m id o -2 ,6 -d id e o x y -D -g lu co se  (9a) sh ow ed  no 
d ep ress ion .

S o lv e n t  re m o v a l from  the secon d  fra c t io n  from  p eak  I gave
121.5 m g  o f  a g lass: [a]28D + 1 8 °  (c  2, w a ter ), A H P -n e g a tiv e , Rf 
0 .44  in P E a A W  (C L O R )41 (7 %  from  20, b a sed  on  a d ia ce ta m id o - 
d id e o x y h e x ito l s tru ctu re ).

E v a p o ra tio n  o f  p ea k  III an d  ex ten sive  d ry in g  over  so d iu m  h y 
d ro x id e  a t  0 .2  m m  le ft  38 m g  (5 % ) o f  2 ,6 -d ia m in o -2 ,6 -d id e o x y -L - 
id ose  d ih y d ro ch lo r id e  (24) as a g lass, [a]28D + 2 3 .9 °  (c  1.9, w ater) 
[ lit .24 [a jo  + 1 7 .5 °  (c  0.9 , w a ter )]. T re a tm e n t  w ith  a ce t ic  a n h y 
d rid e  a n d  p h osp h a te  so lu tion  gave th e  A -a c e t y l  d eriv a tiv e , w h ich  
w as p u r ifie d  b y  p rep a ra tive  p a p er  ch ro m a to g ra p h y  in  B A W  415 
to  g ive  a g lass; 20 .6  m g, [a ]25D + 7 .0 °  (c  1.9, w ater) [lit .25 [at> + 5 °  
(c  1, w a te r )]. E lectrop h ores is  in bora te  so lu tio n  o f  a ltern ate  sp ots  
o f  the  sy n th e t ic  m ateria l an d  (V ,./V '-d iacety ln eosam in e  B  sh ow ed  
n o  d iffe re n tia tio n , M g 0 .42 . A p p ro x im a te ly  6 m g  o f  the N -a ce ty l-  
a ted  d e riv a tiv e  w as con v e r te d  to  its p -n itr o p h e n y lh y d ra zo n e  w ith  
6 m g  o f  p -n itro p h e n y lh y d ra z in e  in b o ilin g  m e th a n o l. C ry s ta lliza 
t io n  from  m e th a n o l an d  a b so lu te  e th a n o l gave sm a ll y e llo w  n ee 
d les , m p  21 1 -2 1 5 ° d e c  [lit. m p  for  M N '-d ia c e ty ln e o s a m in e  B  p - 
n itro p h e n y lh y d ra zo n e  21 5 -218° d e c 25]. A  m ixtu re  m e ltin g  p o in t  
w ith  an a u th e n tic  sa m p le  ha d  m p  21 2 -21 7° d ec.

Pentaacetyl-2-bromo-2-deoxystreptamine (26). A n h y d rou s  
m y o -in o sa d ia m in e -1 ,3  d ih y d ro ch lo r id e  (25, 882 m g, d ried  over 
p h osp h oru s  p e n to x id e  in  vacuo at 100°, o b ta in e d  b y  h y d ro lys is  o f  
12 in  re flu x in g  6 N  h y d ro ch lo r ic  a c id ) , a ce ty l b ro m id e  (1 .2 m l), 
a n d  a ce t ic  a n h y d rid e  (2 .6  m l) w ere h ea ted  in  a sea led  tu b e  at 
140° fo r  5 hr. T h e  tu b e  w as co o le d , then  o p e n e d  ca re fu lly  a n d  e th 
an ol (6  m l) w as a d d e d  g ra d u a lly  w ith  c o o lin g  in an ice  ba th . T h e  
m ix tu re  w as a llow ed  to  stand  in  a re fr igera tor  overn igh t, e v a p o 
ra ted  in  vacuo to  a g lassy  residu e, th en  d ried  th orou g h ly  in a v a c 
u u m  d e s icca to r . A c e t ic  a n h y d rid e  (15 m l) a n d  p yr id in e  (15 m l) 
w ere a d d e d , an d  the m ixtu re  s to o d  at room  tem p era tu re  for  10 hr. 
C o lorless  crysta ls  w ere filte red  an d  w ash ed  w ith  p y r id in e , an d  the 
filtra te  and  w ash in g  w ere c o m b in e d  an d  ev a p o ra te d  in  vacuo to 
a ffo rd  a w h ite  so lid  residu e, w h ich  w as re cry sta llized  from  e th an ol 
to  g ive  p e n ta a ce ty l-2 -b ro m o -2 -d e o x y s tre p ta m in e  (26) as co lorless  
n eed les  (660 m g, 4 2 % ), m p  25 7 -25 8 .5 ° d e c  ( l i t .27 25 6 .5 -2 5 8 .5 °  d e c ) . 
A  se co n d  cro p  o f  crysta ls  (270 m g, 17 % ), m p  25 5 -2 5 6 ° d ec , w as 
o b ta in e d  from  the m oth er  liqu or. T h e  m oth er  liqu or  w as fin a lly  
d ilu te d  w ith  m eth a n ol, trea ted  w ith  A m b e rlite  IR A -40 0  (h y d ro x 
ide  p h a se ), c o n ce n tra te d , and  passed  th rou gh  an a c t iv a te d  a lu m i
n a  co lu m n . E lu tion  w ith  ch lo ro fo rm  y ie ld e d  a th ird  cro p  o f  cry s 
ta ls (240 m g, 15% ), m p  24 5 -2 5 2 ° d ec . T h e  se co n d  an d  th ird  
b a tch e s  o f  crysta ls  w ere c o m b in e d  an d  re cry sta llized  from  e th an ol 
to  g ive  co lorless  n eed les  (367 m g, 2 3 % ), m p  2 5 7 -2 5 8 .5 °  d e c . T h e  
to ta l y ie ld  o f  21 w as thus 1.027 g (6 5 % ). T h e  ir sp ectra  o f  the 
three  crop s  o f  crysta ls  w ere all su p e r im p o sa b le  on  th at o f  an  a u 
th e n t ic  sa m p le .27

Pentaacetyl-2-bromo-2-deoxystreptamine-/-14C (26). A n h y 
d rou s m y o - in o s a d ia m in e - l ,3 -7 -14C d ih y d ro ch lo r id e  (25-14C, 290 
m g, o b ta in e d  b y  h y d ro lys is  o f  la b e le d  12) w as h ea ted  in a sea led  
tu b e  w ith  a ce ty l b ro m id e  (0.41 m l) a n d  a ce t ic  a n h y d rid e  (0.88 
m l) an d  w ork ed  u p  as d e scr ib e d  in the p re ce d in g  se c tio n  for the 
u n la b e le d  co m p o u n d . T h e  first cro p  w eigh ed  221 m g (42%), the 
se co n d  cro p  139 (27%), an d  the th ird  crop  64 m g (to ta l y ie ld  81%), 
m p  257-258.5° d ec.

Pentaacetyl-2-deoxystreptamine (27). A  slurry  o f  p e n ta a ce ty l- 
2 -b ro m o -2 -d e o x y s tre p ta m in e  (26, 440 m g) and  a ce tic  a n h y d rid e  
(15 .4  m l) w as stirred  v igorou sly  w ith  p u lv e r iz e d  z in c  m eta l (7 .8  
g ). W a ter  (0 .38  m l) w as a d d e d  a fter  1 an d  2 hr, stirring  w as c o n 
t in u ed  fo r  1 hr longer, an d  th e  rem a in in g  so lid s  w ere filte red  and  
w a sh ed  th orou g h ly  w ith  a ce t ic  a n h y d rid e . T h e  filtra te  an d  w a sh 
ings w ere th en  co m b in e d  a n d  e v a p o ra te d  u n d er re d u ce d  pressure 
to  a cry sta llin e  residu e  w h ich  w as recry sta llized  from  e th a n o l to  
g ive  fin e  crysta ls , 269.5  m g  (7 4 % ), m p  32 2 -3 2 3 ° ( l i t .27 m p  a b ove  
30 0°). T h e  in frared  sp ectru m  w as su p e r im p o sa b le  on  th a t  o f  an 
a u th e n tic  s a m p le .27

Pentaacetyl-2-deoxystreptanune-7-14C (27). A  slu rry  o f  la 
b e le d  26 (220 m g ), a ce t ic  a n h y d rid e  (7 .7  m l), an d  p u lverized  z in c 
(3 .9  g ) w as trea ted  as for  th e  u n la b e le d  m ateria l in  th e  p reced in g  
se c tio n . T h e  recry sta llized  p ro d u c t  w e ig h ed  149.9 m g  (8 2 % ), m p  
32 2 -3 2 3 °. T h e  ir sp e c tru m  w as su p e r im p o sa b le  on  th a t  o f  an a u 

th e n t ic  sa m p le  d eriv ed  from  n e o m y c in  B . R a d io a c t iv ity  o f  the  
sa m p le  w as 5 3 .2 p C i/m m o l.

2-Deoxystreptamine Dihydrochloride (28). A m ixtu re  o f  p en - 
ta a ce ty l-2 -d e o x y s tre p ta m in e  (27, 129 m g) a n d  6 N  h y d r o ch lo r ic  
a c id  (15 m l) w as h ea ted  at reflu x  fo r  2 hr a n d  th en  e v a p o ra te d  
u n d er re d u ce d  pressure to g ive  a th ick  o il, w h ich  c ry sta lliz e d  
g ra d u a lly  d u rin g  cod is t illa t io n  w ith  e th a n o l. T h e  cry sta ls  w ere d i 
gested  w ith  e th a n o l an d  co lle cte d  b y  filtra tio n ; y ie ld  77 .9  m g  
(9 6 % ). T h e  in fra red  sp ectru m  w as su p e r im p o sa b le  on  th a t  o f  an  
a u th e n tic  sa m p le .27

2-Deoxystreptamine-i-14C Dihydrochloride (28). L a b e le d  27 
(129 m g) w as h y d ro lyze d  w ith  6 N  h y d ro ch lo r ic  a c id  (15 m l) an d  
w ork ed  u p  as in the  p reced in g  se c tio n ; y ie ld  79 .4  m g  (9 6 % ). T ic  
(ce llu lo se  p ow d er , B A W  221) sh ow ed  a sin gle  sp o t . R a d io a c t iv ity  
o f  the  sa m p le  w as 5 0 .6 p C i/m m o l.
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T h e  W it t ig  re a ctio n  o f  ( f ? ) -3 -m e th o x y ca rb o n y l-2 -m e th y la lly ltr ip h e n y lp h o sp h o n iu m  b ro m id e  w ith  n -h ex a n a l 
fu rn ish ed  a ll fou r  g e o m e tr ic  isom ers o f  m eth y l 3 -m e th y l-2 ,4 -d e ca d ie n o a te , th e  n orm a l « - c o n d e n s a t io n  p ro d u ct , 
an d  b o th  g e o m e tr ic  isom ers o f  m e th y l 2 -is o p ro p e n y l-2 -o cte n o a te , the  u n p re ce d e n te d  y  -co n d e n s a t io n  p ro d u ct . 
T h e  a:y  p ro d u c t  ra tio  va ried  fro m  1:9 to  9:1 in resp on se  to  the  tertia ry  a m in e  base  an d  th e  g rou p  IIB  m eta l h a 
lid e  presen t. In con tra st, the  a n a log ou s  trans p h o sp h o n a te  p ro v id e d  o n ly  the  tra n s-2 ,tran s-4  an d  the c is -2 ,tra n s- 
4 isom ers o f  th e  a -c o n d e n s a t io n  p ro d u c t  in 6 :1 ra tio .

Aldehydes normally condense with allylic phosphonium 
ylides at the ylide a-carbon atom.1“8 The Wittig reaction 
of rc-hexanal with the stabilized allylic phosphonium ylide 
3, however, generates not only all four geometric isomers 
of methyl 3-methyl-2,4-decadienoate (1), the normal a- 
condensation product, but also both geometric isomers of 
methyl 2-isopropenyl 2-octenoate (2), the unprecedented
7 -condensation product. Under the appropriate reaction 
conditions, either ester can be produced in >90% relative 
yield.

CH3 OCR,

at equilibrium was 7e:7z = 47:53. Treatment of the trans 
phosphonium salt 7e with excess sodium hydroxide fur-

XCH2 ch3
4e, X =  OH 
5e, X =  0 3P 
6e, X =  Br
7e, X = P +(C6H5)3Br_ 
8e, X =  PO(OC2H6)2

H ^ C Q jC H a

X
ch3 x c h 2

6z, X =  Br 
7z ,X  =  P+(C6H5)3Br 
8z, X = PO(OC2H5)2

C5HuCHO +  (C6H5)3PCH=OCH==CCT — ►
a y

3
c h 3 ch2= c ch 3

c5h uc h = c h c = c h co2c h 3 +  c5h uc h = cco .,c h 3 
1 2

The crystalline trans phosphonium bromide2’3 7e was 
obtained in 84% yield on heating equimolar quantities of 
methyl 4-bromo-3-methyl-2-butenoate (6e:6z = 86:14) and 
triphenylphosphine in acetonitrile. This salt slowly isom- 
erized in dry dimethyl sulfoxide near 25°; the isomer ratio

nished the phosphonium ylide 3 as yellow crystals in 68% 
yield. A CDCI3 solution of this ylide near 25° contained 
two isomeric species in 2:1 ratio. The major and minor 
species are assigned the structures 3z and 3e, respectively,
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T a b le  I
In fra re d , N m r, an d  G lc  D ata  fo r  E sters 1 an d  2

CH:i C5Hu
l z z

co ,c h 3

H ,A  CHaH:
2 e

C02CH3

Hr CHaHb
2 z

------- Nmr (CCI4), 5 (ppm), multiplicity, and J  (Hz)-----------------•—'
—Ir, Xmax (CCli), n (intensity) CCHi OCHs HA h b HC

Compd FC=0 Ĉ=C v—CH.a (b s, 3 H) (s, 3 H) (b s) (1H) (1 H) Glc6

le e 5 .8 1  (s) 6 .1 0  (w), 6 .1 9  (m) 10 .36  (m) 2 .2 5 3 .65 5 .6 3 6 .0 8 , s 6 .0 8 , m 100
le z 5 .7 9  (s) 6 .1 1  (w), 6 .2 4  (w) 2 .2 3 3 .6 6 5 .6 3 5 .8 5 , d, 12 5 .5 5 , d, 12, t, 7 61
lz e 5 .8 1  (s) 6 .1 0  (m), 6 .2 4  (to) 10 .22  (to) 1 .97 3 .6 4 5 .5 5 7 .6 3 , d, 15 .5 6 .0 5 , d, 1 5 .5 , t, 7 91
lz z 1 .80 3 .71 7 .4 0 , m 65
2e 5 .7 8  (s) 6 .1 2  (w) 11 .09  (m) 1 .85 3 .67 4 .6 8 5 .0 7 , b s 6 .6 9 , t, 7 .5 38
2z 5 .7 6  (s) 6 .1 5  (w) 1 1 .26  (m) 1 .87 3 .73 4 .8 0 4 .9 2 , b s 5 .7 1 , t, 7 .5 42

“ E t h y l e n i c  o u t - o f - p la n e  w a g g in g  m o d e .  6 R e l a t i v e  r e t e n t i o n  t im e  o n  c o lu m n  A  a t  1 7 0 ° :  t h e  r e t e n t i o n  t im e  o f  le e  w a s  2 8 .1  
m in .

T a b le  II
F o r m a t io n  o f  th e  E sters 1 a n d  2 fr o m  th e  T ra n s P h o s p h o n iu m  Salt 7e an d  ra-Hexanal

,————*—-Reactan 
Amine

„ '
DMF6 Time,0 hr Yield, %

Relative glc yield, % 
lze lzz 1:2Halide lee lez 2e 2z

3 d 0 . 5 6 5 1 2 7 17 6 4 7 1 0 4 2 : 5 7
D B N ,  1 .0 5 1 . 5 2 . 3 73» n 1 6 1 2 4 4 0 1 2 4 3 :5 2
D B N ,  1 . 0 Z n C lo , 1 . 0 2 . 0 4 8 7 2 2 9 9 5 4 3 7 1 6 4 7 : 5 3
D B N ,  1 . 0 C d l 2, 1 . 0 2 . 0 5 0 7 6 2 3 1 5 11 13 2 7 11 6 2 : 3 8
D B N ,  1 . 0 C d l 2, 2 . 0 2 . 0 4 5 6 8 35 2 0 1 6 2 1 4 2 9 2 : 6
D I E A ,  1 . 0 C d l 2, 1 . 0 4 . 0 12 2 6 4 5 2 0 2 1 4 4 1 9 0 : 5
D B N ,  1 . 0 H g C l 2, 1 . 0 2 . 0 5 0 7 4 4 1 0 5 5 5 3 2 0 2 4 : 7 3
D I E A ,  1 .0 5 1 . 0 170 f 7 4 2 2 3 2 6 8 2 2 9 : 9 0
D I E A ,  1 .0 1 2 . 0 37 0 » 7 5 3 2 2 1 6 9 2 3 8 : 9 2

“ M i l l im o le s  p e r  m i l l im o le  o f  re -h e x a n a l. 6 M i l l i l i t e r s  o f  d r y  d i m e t h y l f o r m a m id e  p e r  m i l l im o le  o f  n -h e x a n a l .  c C le a r  y e l l o w -  
o r a n g e  s o lu t i o n  o f  n - h e x a n a l  (1 .0 0  m m o l ) ,  7e (1 .0 0  m m o l ) ,  a m in e ,  a n d  h a l id e  in  D M F  w a s  s t ir r e d  a t  2 5 ° ,  e x c e p t  a s  n o t e d .  
d S o lu t i o n  o f  t h e  y l id e  3  (1 .1 2  m m o l )  a n d  w -h e x a n a l  (1 .0 0  m m o l )  in  C H 2C 12 (1 2  m l ) .  e S u b s t i t u t i o n  o f  d r y  d i m e t h y l  s u l f o x id e  
f o r  D M F  g a v e  a  p r o d u c t  m ix t u r e  o f  i d e n t i c a l  c o m p o s i t i o n  in  5 7 %  y ie ld ,  t  T h e  s a lt  7e (1 .1 0  m m o l )  r e m a in e d  u n d is s o lv e d  in  
p a r t  f o r  a b o u t  2 6  h r . » R e a c t i o n  t e m p e r a t u r e  w a s  0 - 5 ° ;  t h e  m ix t u r e  r e m a in e d  h e t e r o g e n e o u s  f o r  s e v e r a l  d a y s .

in analogy with the conformers observed by Howe5 for the 
homologous O-ethyl phosphonium ylide.6

Reaction of n-hexanal with a dichloromethane solution 
of the phosphorane 3 for 30 min at 25° afforded in 65% 
yield a mixture of six isomeric esters. Preparative gas-liq
uid chromatography provided five fractions, four of which 
contained >93% of a single isomer by glc assay; the fifth 
fraction consisted of the esters lez and lzz in the ratio 
84:14. Each fraction was characterized by infrared and 
nmr spectroscopy; the distinguishing data are given in 
Table I.7 Isomers of the linearly conjugated dienoate 1 ex
hibited two olefinic stretching vibrations; both isomers of 
the cross-conjugated dienoate 2 showed only one. The out- 
of-plane wagging deformation of the ethylenic hydrogens 
was observed near 10.3 /x for the vicinal trans-4 hydrogens 
of lee and lze and near 11.2 ¡i for the isopropenyl methy
lene groups of 2e and 2z. The methoxycarbonyl group 
deshielded proton HB of the cis-2 isomers of 1, the C(3)- 
methyl protons of the trans-2 isomers of 1, and the He 
proton of 2e and the trans-4 isomers of 1.

The same six isomers were formed in essentially the 
same ratio both from the preformed ylide 3 and by gener
ation of this ylide in situ by deprotonation of the trans 
phosphonium bromide 7e with l,5-diaza-5-bicyclo-
[4.3.0]nonene (DBN) in dimethylformamide (DMF) (see 
Table II). The presence of zinc chloride caused little 
change in this product ratio. Cadmium iodide, however, 
favored formation of the «-condensation product; ester 1 
constituted more than 90% of the product mixture when

diisopropylethylamine (DIEA) was used with an equimo
lar amount of cadmium iodide or when DBN was em
ployed with 2 equiv of the iodide. In contrast, the cross- 
conjugated ester 2 comprised 73% of the product mixture 
when DBN was used with an equimolar amount of mercu
ric chloride. Finally, when a DMF slurry of the crystal
line, sparingly soluble trans phosphonium salt 7e was 
treated with n-hexanal and the weaker base DIEA, the y- 
condensation product 2 was formed in >90% relative yield 
at both 0 and 25°.

Substantial precedent1 exists for formation of the ci- 
condensation product 1 by electrophilic attack of rc-hexa- 
nal at the a carbon of ylide 3 and fragmentation of the ad
duct via a cyclic four-center phosphorane. Formally, gen
eration of the y -condensation product 2 involves electro
philic attack of rc-hexanal at the y carbon and double
bond formation with loss of triphenylphosphine oxide. 
Three possible mechanisms for y condensation are shown 
in Scheme I. Path A would involve allylic rearrangement 
of the triphenylphosphorus moiety before normal Wittig 
condensation. Thus isomerization of the allylic ylide 3 via 
the phosphonium salts 7 and 9 would give the ylide 10, 
which would condense with the aldehyde through the cy
clic four-center phosphorane 12.8 Path B would involve 
attachment of n-hexanal to the y carbon of allylic ylide
3,9 tautomerization of the initial adduct 13, allylic rear
rangement of the triphenylphosphorus group of the adduct 
14, and elimination of triphenylphosphine oxide from the 
resulting betaine 11 as in path A. Finally, path C would
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Scheme I
X “ CH,

X “  CH,
(c6h 6)3p ; .CO,CH, Path \  H,C

CO,CH,

a y 
7

l î

CH, 0 “
(C6h5)3p ;

(c6h5)3p ;

(C6H5),P+ c h c 6h „

0 "
14

I
CH,

co2c h 3
path C

(C6H5)3P+ h  
9

I t
ch3 o c h .

H,C ' 0 ~
(C6h5)3p

10

j  CsH„CH0 

CH,
1 .C0,CH,

H2C / \  
(C6H5)3P+ ch c5h „

0 "
11

CH,
1 C02CH,

h 2ct X
(C6H5),P CHC,HU

12

| —(C6H5)3PO

CH,

VI C0,CH,

(Q H ^ pW h QH,, h c * )3P0 HzC
0  LHCsHn
15 2

avoid the unprecedented allylic rearrangement of the tri- 
phenylphosphorus group required by path A or B. Thus 
the zwitterion 14 obtained by tautomerization of the ini
tial 7 adduct 13 would directly fragment to the observed
7 -condensation product 2 and triphenylphosphine oxide 
via the cyclic six-center phosphorane 15. The present data 
are explicable by competition of any of these pathways for 
7 condensation with the usual Wittig pathway for a con
densation.

Aldehydes normally condense with stabilized phospho
nate carbanions to form predominantly the trans ole
fin.10’11 Pattenden and Weedon12 reported that the allylic 
trans phosphonate 8e condenses position specifically and 
stereospecifically with trans-géranial and benzaldehyde to 
form only the all-trans esters. In contrast, the allylic cis 
phosphonate 8z was observed to condense position specifi
cally but not stereospecifically with propanal, benzalde
hyde, and trans-geranial; in each case the product ratio of 
the cis-2,trans-4 isomer to the trans-2,trans-4 isomer was 
1:3.

The trans phosphonate12 8e is formed in 96% yield by 
heating an equimolar mixture of the trans bromo ester 6e 
and triethyl phosphite at 165-170° for 5 min. The stereo
chemical purity of the phosphonate is strictly dependent 
on that of the bromo ester, since neither compound is isom-

Table III
Form ation o f  the Brom o Ester 6e from  the 

Hydroxy Ester 4e via the Phosphite 5e
-P roduct d istribu tion ,6 m ol % —,

Time, hr (temp, °C)° 4e 5e 6 e

1 . 3  (0) 26 49 25
6 . 0  (0) 4 55 41

1 3 .5  (0) 2 46 52
19  (0) 0 39 61
3 2  (0) 0 25 75
32  (0 ) , 12  (20) 0 10 90

“ Solution of 4e (3.0 mmol), PBr3 (1.1 mmol), and ether 
(30 ml) under argon.6 By nmr assay.

erized under the conditions of this Arbuzov reaction.13 
Free-radical bromination1419 of methyl 3-methylbute- 
noate with lV-bromosuccinimide afforded a mixture of the 
starting ester, the trans bromo ester 6e, the cis bromo 
ester 6z, and methyl 4-bromo-3-bromomethyl-2-butenoate
(16) in the ratio 12:42:37:11 by nmr assay. Fractional dis
tillation of this mixture through a Teflon spinning band 
column provided the pure trans bromo ester in 17% yield. 
Alternatively, free-radical bromination of 3-methyl-2-bu- 
tenoic acid afforded a similar mixture of bromo acids from 
which the trans bromo acid can be obtained either by 
crystallization19 from hydrocarbon solvents or by selective 
lactonization20 of the cis bromo acids with aqueous alkali; 
subsequent esterification furnishes the trans bromo ester 
6e in low overall yield. As both of these routes require the 
purification of lachrymatory allylic bromides that can 
cause pronounced dermatitis on contact with the skin, a 
third route to the trans bromo ester was developed that 
avoids the purification of allylic bromide intermediates.

The trans hydroxy ester 4e, prepared in good yield by 
the method of Epstein and Sonntag,21 was treated22 with 
phosphorus tribromide in 1:1 ether-hexane for 6 hr at 25° 
to produce the pure trans bromo ester 6e in 83% yield.23 
This reaction proceeds via the trans phosphite 5e, which 
is formed in ether faster than it is converted to the bro
mide (Table III). The trans bromo ester prepared :n this 
manner contained none of the cis isomer by nmr assay.

Treatment of the trans phosphonate 8e with rc-hexanal 
and lithium diisopropylamide for 6 hr below —50° provid
ed isomers lee and lze in the ratio 86:14, respectively. 
The 4,5 double bond was formed stereospecifically, 
since neither of the cis-4 isomers was detected :n the 
product mixture. The partial loss of the trans-2 stereo
chemistry is evidently due to the nature of the phos
phonate carbanion, since the recovered phosphonate 5 
was extensively isomerized (cis:trans 63:37). Under care
fully selected conditions, however, loss of the trans-2 
stereochemistry can be suppressed. Thus during the syn
thesis24 of the dehydro analog 18 of the C18-Cecropia juve
nile hormone, Wittig reaction of the trans phosphonate 8e 
with the appropriate aldehyde provided the trans-2,trans- 
4,trans-6,cis-10 isomer of the tetraene 17 in about 99% pu
rity under carefully chosen reaction conditions.
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T a b le  IV
N m r D ata  fo r  E igh t C o m p o u n d s  o f  th e  T y p e  X C H 2C (C H 3) = C H C 0 2C H 3

Compd X

----------------------------------- Chemical shift (ppm), multiplicity, and coupling constant (H z)--------------------------------
CCHs OCHs CH3 = C H
(3 H) (3 H) (2 H) (1 H) X

4e OH 2 .02, d, 1 3.67, s 4.05, d, 2 5.90, m 4.65, s, 1 H
5e 0 3P 2.13, b, s 3.69, s 4.54, b d, 9 5.90, m
6e Br 2.26, d, 1 .5 3.69, s 3.95, s 5.89, b s
7e P (C 6H 5) 3Br 2 .02, d, 3, d, 1 3.62, s 5.04, b d, 16 5.87, b d, 5 7 .6 -8 .1 , m, 15 H
8e PO (O C 2H 5)2 2 .25, d, 3 .4 , d, 1 .3 3.65, s 2.67, d, 23 .5, d, 0 .7 6.74, b d, 5 .5 1.29, 6 H , t, 7 .0 ;

4 .06, 4 H , d,
8 .5 , q, 7 .0

6z Br 2 .05, d, 1 .5 3.69, s 4.54, s 5.70, b s
7z P (C 6H 5) 3Br 2 .12, d, 3 .5 , d, 1 3.37, s 5.53, b d, 18 5.86, b d, 5 7 .6 - 8 .1, m, 15 H
8z PO (O C 2H 5)2 2.03, d, 3 .6 , d, 3 3.65, s 3.37, b d, 24 .5 6.74, b d, 5 .5 1.27, 6 H, t, 7 .0 ;

4 . 0 3 ,  4  H ,  d ,  8 , 
q, 7 .0

Experimental Section
M e ltin g  p o in ts  a n d  b o ilin g  p o in ts  are u n co rre c te d . In frared  

sp e c tra  w ere re co rd e d  on  a P e rk in -E lm e r  M o d e l 137 In fra cord  
sp e c tro p h o to m e te r . N u c le a r  m a g n e tic  reson a n ce  (n m r) sp ectra  
w ere m easu red  w ith  a  V a r ia n  A sso c ia te s  A -6 0  sp ectrom eter ; 
ch e m ica l sh ifts  are expressed  in p arts  per m illio n  (p p m ) d o w n - 
fie ld  fro m  in tern a l te tra m eth y ls ila n e  (b  =  b ro a d ). T h e  in frared  
a n d  n m r sp ectra  w ere ob se rv e d  in CCI4 so lu tion . M a ss  sp ectra  
w ere  o b se rv e d  in these  la b ora tor ies  w ith  an A E I-M S  9 sp e c tro m e 
ter a t  70 eV .

A n a ly t ica l  g a s - l iq u id  p hase ch ro m a to g ra p h y  (g lc ) w as p e r 
fo rm e d  w ith  co lu m n  A , a sta in less -stee l c o lu m n  (15 ft  X 0 .125 in .) 
con ta in in g  10%  C arb ow a x  20 M  on  D ia to p o r t  S  (8 0 -1 0 0  m e sh ), on  
a H e w le tt -P a ck a rd  (F  &  M ) research  gas ch ro m a to g ra p h , M o d e l 
5750, using  fla m e  ion iza tion  d e te c to rs  an d  p rep u rified  n itrogen  
(30  m l /m in )  as the  carrier gas. P ro d u c t  p ercen ta g es  w ere c a lc u 
la ted  from  p ea k -a rea  ra tios  w ith o u t  co rre c t io n  for  d e te c to r  re
sp on se . P rep a ra tiv e  g lc  w as c o n d u c te d  w ith  co lu m n  B, a brass 
c o lu m n  (12 ft  x  0 .375 in .) co n ta in in g  16%  C a rb o w a x  20M  on  D ia 
to p o r t  S (6 0 -8 0  m e sh ), on  a W ilk in s  A erogra p h  M o d e l A -70 0  in 
s tru m en t u s in g  th erm a l c o n d u c t iv ity  d e te c to rs  an d  h e liu m  (200 
m l /m in )  as the  carrier gas.

D iiso p ro p y la m in e  an d  h e x a m e th y lp h o sp h o r ic  tr ia m id e  
(H M P A ) w ere d ried  b y  d is tilla t io n  from  ca lc iu m  h y d r id e ; te- 
tra h y d ro fu ra n  (T H F ) w as fresh ly  d is tille d  fro m  lith iu m  a lu m i
n u m  h y d r id e ; an d  n -h ex a n a l, b p  3 2 -3 4 ° (1 T o rr ), w as fresh ly  d is 
t ille d  from  so d iu m  su lfa te .

Methyl (E)-4-Bromo-3-methyl-2-butenoate (6e). A. Bromi- 
nation of Methyl 3-Methyl-2-butenoate. IV -B ro m o su ccin im id e  
(4 6 .0  g, 0 .258 m o l) w as a d d e d  to  a so lu tion  o f  m eth y l 3 -m e th y l-2 - 
b u te n o a te , b p  73 .5° (88  T o rr ) (28 .5  g, 0 .250 m o l) , and  a z o b is (is o - 
b u ty ro n itr ile ) (0 .41 g, 2 .5  m m o l) in CCI4 (250 m l). T h e  slurry  w as 
h e a te d  a t  re flu x  for  10 hr, c o o le d , an d  filte red  to  rem ove  so lid  su c- 
c in im id e  (25 .43  g, 99%  y ie ld ) . T h e  filtra te  co n ta in e d  fou r esters 
b y  n m r assay , c o m p o u n d  (re l m o l % ) : th e  trans b ro m o  ester 6e
(4 2 ), the  c is  b ro m o  ester 6z (37), th e  d ib ro m o  ester 16 (1 1 ), an d  
th e  sta rtin g  ester (10 ). It  w as freed  o f  so lv en t ar.d d is tille d  
th rou g h  a 4 5 -cm  sta in less-stee l s p in n in g -b a n d  co lu m n  to  p ro v id e  
th e  b ro m o  ester 6 (E :Z  =  23 :77, 12.4 g, 26%  y ie ld ) , b p 25 56 (2 .2 
T o r r )-6 4 °  (3 .5  T o rr ). A s th e  isom ers o f  6 w ere  n o t  sep a ra ted  un der 
these  c o n d itio n s , the  u n d is tille d  m a ter ia l w as filte red  a n d  d is 
t ille d  w ith o u t  co lu m n  to  g ive  a co lo rless  liq u id  (26 .2  g, 51%  y ie ld ), 
b p  4 0 -7 0 °  (0 .1  T o rr ), con s is t in g  o f  6e:6z:16 (7 1 :1 2 :1 7 ).

T h is  m ix tu re  w as re d is t illed  a t  re d u ce d  pressure th rou g h  an 
a n n u la r  6 0 -cm  T e flo n  sp in n in g -b a n d  co lu m n . T h e  first fra c t io n  
(0 .2  g, 4%  y ie ld ) w as th e  cis  b ro m o  ester 6z, pure b y  n m r assay : 
b p  8 3 -8 9 °  (9  T o r r ); ir 5 .79  (s, C = 0 ) ,  6 .07  (m , C = C ) ,  6.94 (w , sh ), 
6 .99  (m ), 7 .29  (m , C C H 3), 7 .40  (m , C 0 2C H 3), 7 .88  (m , sh ), 8.00 
(s, C O ), 8 .22  (m ), 8.41 (m ), 8 .62  ( v s /C O ) ,  9 .60  (m ), 10.07 (w ), 
10.82 (w ), 11.25 (w , sh ), a n d  11.58 fi (m ) ; nm r, see T a b le  IV ; m ass 
sp e c tru m  m /e  191.9875 (c a lc d  fo r  C e H 9B r 0 2, 191.9786).

A fter  m a n y  in term ed ia te  fra c t io n s , several fra ct ion s  a ffo rd ed  
the trans b ro m o  ester 6e (8 .0  g, 16 .5%  y ie ld ) , p ure  b y  n m r assay, 
as a co lo r less  liq u id : b p  6 7 -6 8 ° (0 .45  T o rr ) [ lit .19 b p  8 2 -8 3 °  (10 
T o r r )] ;  ir 5 .78  (s, 0 = 0 ) ,  6 .08  (m , C = C ) ,  6.99 (m ), 7 .26  (w, 
CCH3), 7 .39  (m , CO2CH3), 7.81 (w ), 8.11 (s, CO), 8.27 (m ), 8.62 
(vs, CO), 8.81 (m ), 9 .66  (m ), 10 .78 (w ), 11.31 (w ), an d  1,1.63n (w ); 
n m r, see T a b le  IV ; m ass sp e c tru m  m /e  191.9781 (c a lc d  for 
C 6H 9B r 0 2, 191.9786).

T h e  res id u a l r e d -b la ck  liq u id  (9 .5  g) w as m o stly  4 -h y d ro x y -3 - 
m e th y l-2 -b u te n o ic  a c id  la cton e  (19) a n d  4 -h y d ro x y -3 -b ro m o -

m e th y l-2 -b u te n o ic  a c id  la c to n e  ( 2 0 ) b y  ir an d  n m r ch a ra c te r iz a t io n : 
ir 5 .59  (s, C = 0 ) ,  5 .69  (vs, 0 = 0 ) ,  a n d  6 .08  m (w , C = C ) .  T h e y  
w ere e v id e n tly  fo rm e d  d u rin g  d is tilla t io n  b y  th erm a l e lim in a t io n  
o f  C H 3B r fro m  th e  cis  b ro m o  ester 6z an d  the d ib r o m o  ester  16, 
re sp e ctiv e ly . N m r  d a ta  fo r  16 fo llo w : 3 .74  (s, 3, O C H 3), 4 .1 6  (s , 2 , 
trans C H 2), 4 .74  (s, 2, c is  C H 2), an d  6.07 p p m  (m , 1, C H = C ) .  
19 n m r: 2.11 (b  s, 3, C H 3), 4 .69  (b  s, 2, C H 2 0 ) ,  a n d  5.74  p p m  (m , 
1, C H = C )  ( l i t .2 1  2 .12, 4 .73, an d  5.78  p p m ). 20 n m r: 4 .34  (b  s, 2, 
C H 2 0 ) ,  5 .90  (b  s, 2, C H 2 B r), a n d  6.07 p p m  (m , 1, C F P = C ).

B. Bromination of Methyl (E)-4-IIydroxy-3-methyl-2-bute- 
noate (4e). A  so lu tion  o f  the trans h y d ro x y  ester2 1  4e, b p  77° 
(0 .27  T o rr ), in  h exa n e  (100 m l) a n d  eth er  (100 m l) w as stirred  
u n d er argon  at - 1 0 ° an d  w as trea ted  d rop w ise  over  2  m in  w ith  
p h osp h orou s  t r ib ro m id e  (3 .0  g, 1.11 m m o l, 1.1 e q u iv ). T h e  so lu 
t io n  w as stirred  in the  d a rx  for  6 .0  hr at 25°, w a sh ed  w ith  a q u eou s  
sod iu m  b ica rb o n a te  an d  brin e , d ried , an d  freed  o f  so lv en t. T h e  
residu a l co lo rless  liq u id  (4 .90  g, 83%  y ie ld ) , the  p ure  trans b ro m o  
ester 6e b y  n m r assa y , 26 w as used  w ith o u t fu rth er  p u r ifica tio n .

(E ) -3 -Methoxycarbony 1-2-methylally ltriphenylphosphonium 
Bromide (7e). A  so lu tion  o f  th e  b ro m o  ester 6 (E :Z  =  86 :14 ; 3.01 
g, 15.6 m m o l) an d  tr ip h e n y lp h o sp h in e  (4 .10  g, 15 .6 m m o l) in  a ce 
ton itr ile  (50  m l) w as h ea ted  at re flu x  fo r  20 m in , c o o le d , a n d  a l
low ed  to  sta n d  at 25° for 6  hr. A  w h ite , cry sta llin e  so lid  w as o b 
ta in e d  in  tw o  crop s  (3 .44  a n d  1.72 g, 84%  co m b in e d  y ie ld ) th at 
w as th e  p ure  trans p h o sp h o n iu m  b ro m id e  b y  n m r assay : m p  
183-184° w ith  p rior  sin terin g  an d  d e co m p o s it io n  to  a red  liq u id  
( l i t .2 m p  160°, l i t .3 m p  179°); ir 5.82 (s, C = 0 ) ,  6 .09  (m , C = C ) ,  
6.20, 6 .31, an d  6.77 (a ll w ), 6 .98  (v s ), 7 .26  an d  7.39  (w ), 8 .2  (s, 
b ro a d ), 8 .70  (s ) , 9 .02  (v s ), 9 .7  (w ), 10.02 (m ), 11.36 (w ), an d  1 4 .7 5 /u 
(s, C 6H 5 ); n m r, see T a b le  IV .

D ilu tio n  o f  the  rem a in in g  so lu tion  w ith  h exa n e  p re c ip ita te d  a 
w h ite  so lid , a b o u t 90%  o f  w h ich  w as the cis  p h o sp h o n iu m  b ro 
m id e  7z b y  n m r assay ; for  n m r, see T a b le  IV .

A n  0.22  M  so lu tion  o f  trans p h o sp h o n iu m  b ro m id e  7e in d ry  
d im e th y l su lfo x id e  w as k e p t near 25°; th e  isom er ra tio  a fter 7 an d  
31 d a ys  w as E :Z  = 47 :53  b y  nm r assay.

(3-Methoxycarbonyl-2-methylallylidene)triphenylphospho- 
rane (3). A  so lu tion  o f  th e  trans p h o sp h o n iu m  b ro m id e  7e (0 .495 
g, 1.09 m m o l) in  a ce ton itr ile  (5 m l) w as sh ak en  w ith  40%  a q u eou s  
so d iu m  h y d ro x id e  (1 .0  m l) for  5 m in . T h e  organ ic  p h ase  w as 
w ash ed  w ith  brin e  (1 m l) an d  freed  o f  so lven t. T h e  res id u a l v is 
cou s orange liq u id  (0 .36  g) w as cry sta lliz e d  from  eth y l a ce ta te  to 
fu rn ish  y e llo w  crysta ls  (0 .275 g, 68%  y ie ld ) th a t  s in tered  near 120° 
an d  m e lte d  near 135° to  a d eep  red liq u id . A  so lu tio n  o f  these 
cry sta ls  in  C D C 13 co n ta in e d  tw o  isom ers in  2 :1  ra t io  b y  n m r sp e c 
tro s co p y : b ro a d e n e d  m e th y l sin glets at 1.67 (C C H 3, m a jo r ), 2.50 
(C C H 3, m in o r ), 3 .40  (OCH3, m in or), a n d  3 .57  p p m  (O C H 3, 
m a jo r ), o le fin ic  m u lt ip le ts  at 3 .2 -3 .7  a n d  4 .6 -5 .0  p p m , an d  an ar
o m a tic  m u lt ip le t  at 7 .1 -7 .9  p p m .

Diethyl {E) -3-Methoxycarbonyl-2-methylallylphosphonate
(8e). A  m ix tu re  o f  th e  trans b ro m o  ester  6e (1 .67  g, 8 .65  m m o l) 
an d  re d is t illed  trie th y l p h o sp h ite  (1 .45  g, 8.7 m m o l) w as h e a te d  
at 16 5-170° fo r  5 m in . T h e  resu ltin g  m ateria l w as v a c u u m  d is 
t ille d  th rou g h  a 5 -cm  V igreu x  c o lu m n  to  p rov id e  the tra n s p h o s - 
p h o n a te  8e (2 .09  g, 9 6 % ), p ure  b y  n m r a ssa y ,27 as a co lo r le ss  l iq 
u id : b p  112° (0 .12  T o rr ), 11 7-119° (0 .35  T o rr ) [ lit .28 b p  11 8 -12 0° 
(0 .55  T o rr ), l i t .29 b p  120-122° (0 .6  T o r r )] ; ir 5 .79  (s , C = 0 ) ,  6.05 
(m , C = C ) ,  6 .99  (m ), 7.21 (m ), 7 .38  (m ), 7 .99  (s ), 8 .27  (s ) , 8 .6 8  (s),
9.11 (m ), 9 .47  (s), 9.71 (v s ), 10.35 (s), a n d  11.38 fi (m ) ;  n m r, see 
T a b le  IV ; m ass sp ectru m  m /e  250.0968 (c a lc d  fo r  C io H ig O sP , 
250 .0970). '
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Isomerization of the Phosphonate 8. A. With Lithium Diiso- 
propylamide. A  so lu tio n  o f  d iis o p ro p y la m in e  (1 .081 g, 10.7 m m o l) 
in d ry  te tra h yd ro fu ra n  (12 m l) w as c o o le d  u n d er  argon  to  - 7 5 ° ,  
trea ted  w ith  1.60 M  rc-bu ty llith iu m  in  p e n ta n e  (F o o te  M in era l 
C o .; 6 .25  m l, 10 .0 m m o l), a n d  w a rm ed  to  0°. T h e  p h o sp h o n a te  8 
(E:Z  =  55 :45 ; 2 .47  g, 9 .90  m m o l) w as a d d e d , w h ich  im m e d ia te ly  
co lo re d  the  so lu tion  a d e e p  b lo o d -r e d . A fte r  10 m in  a t  0° p a rt o f  
th is  so lu tio n  w as a d d e d  to  3 M  a q u eou s  a m m o n iu m  ch lo r id e ; e x 
tra ctiv e  w ork -u p  fu rn ish ed  th e  isom ers  o f  p h o sp h o n a te  8 in  the 
ra t io  E :Z  =  35 :65  b y  n m r assay . A fter  13 hr at 0° or 15 hr a t  0° 
a n d  10 hr at 30°, th e  isom er ra tio  w as E :Z  =  23 :77.

B. With Heat. T h e  p h o sp h o n a te  8 (E :Z  = 86 :14) w as sea led  
u n d er argon in  a glass tu b e  a n d  h e a te d  a t  130° fo r  10 hr; th e  iso 
m er ratio  o f  th e  re co v e re d  p h o sp h o n a te  w as E :Z  =  77 :23  b y  nm r 
assay.

Methyl 3-Methyl-2,4-decadienoate (1) and Methyl 2-Isopro- 
penyl-2-octenoate (2). S o lid  tra n s p h o sp h o n iu m  b ro m id e  7e (1 .000  
g, 2 .20  m m o l) a n d  a so lu tio n  o f  l ,5 -d ia z a -5 -b ic y c lo [4 .3 .0 ]n o n e n e  
(0 .25  m l, 2.1 m m o l) in  d ry  d im e th y lfo rm a m id e  (2 .0  m l) w as 
stirred  u n d er argon  for  5 m in  a t  25°. T h e  resu ltin g  c lea r  orange 
so lu tio n  w as trea ted  w ith  n -h e x a n a l (0 .24  m l, 2 .0  m m o l) , stirred  
at 25° fo r  2.3 hr, d ilu te d  w ith  2 :1  h e x a n e -d ich lo ro m e th a n e  (30 
m l), w ash ed  w ith  0 .5  M  a q u eou s  h y d ro ch lo r ic  a c id , w ater, 0 .5  M  
a q u eou s sod iu m  b ica rb o n a te , a n d  brin e  (25 m l e a ch ), d r ied , and  
freed  o f  so lven t. T h e  so lid  residu e , w h ich  co n ta in e d  m u ch  tri- 
p h e n y lp h o sp h in e  o x id e , w as tritu ra ted  w ith  hexa n e  (fou r  3 -m l 
p ortion s). T h e  h exa n e  tr itu ra te  w as filte red , freed  o f  so lven t, and  
retr itu ra ted  w ith  h exa n e  (th ree  1 -m l p o rt io n s ) . T h e  triturate  was 
filte red  an d  freed  o f  so lv e n t to  fu rn ish  a c lear  y e llo w  liq u id  (0 .287 
g, 73% ) th a t  w as a  m ix tu re  o f  the  ester 1 (fo u r  isom ers) an d  the 
ester 2 (tw o  isom ers ) b y  n m r assay . B y  g lc  assay  th is  m ixtu re  
co n ta in e d  the six  isom ers in  th e  ra tio  lee :lez :lze :lzz :2e:2z =  
1 1 :16 :1 2 :4 :40 :1 2 . T h e  resu lts  o f  e igh t re la te d  e x p er im en ts  are 
g iv en  in  T a b le  II.

T h e  p ro d u c t  m ix tu res  fro m  severa l e x p e r im e n ts  w ere p o o le d  
a n d  sep arated  b y  p rep a ra tiv e  g lc  on  c o lu m n  B  at 150° in to  five  
fra ct ion s  th a t  w ere assayed  b y  a n a ly tica l g lc  on  co lu m n  A  at 170°, 
isom er (re l % ) : lee (96) a n d  lze (4 ); lez (84 ) an d  lzz (1 4 ); lze (94) 
an d  lee (6 ); 2e (93) an d  2z (7 ); 2z (98 ) a n d  2e (2 ). D ia g n o stic  d a ta  
fro m  the in fra red  a n d  n m r sp e c tra  o f  th ese  fra c tio n s  are g iv en  in 
T a b le  I. T h e  first  fou r  fra c t io n s  gave m ass sp e c tra l m o le cu la r  ions 
a t  m /e  196.1452, 196.1450, 196.1443, a n d  196.1439, re sp ectiv e ly  
(c a lc d  for  C 1 2 H 20O 2 , m /e  196.1463).

Methyl 2-Isopropenyl-2-octenoate (2). S o lid  trans p h o sp h o n i
u m  b ro m id e  7e (1 ,000  g, 2 .20  m m o l) an d  a so lu tio n  o f  d iiso p ro p y l- 
e th y la m in e  (0 .400  m l, 21.1 m m o l) an d  n -h e x a n a i (0 .24  m l, 2 .0  
m m o l) in d ry  d im e th y lfo rm a m id e  (2 .0  m l) w ere stirred  u n der 
argon at 25° fo r  170 hr. A fter  26 hr th e  in it ia l slurry b e ca m e  a 
clear y e llo w  so lu tion . T h e  re a c tio n  w as w ork ed  u p  as d e scr ib e d  in 
th e  p rev iou s  ex p e r im e n t to  p ro v id e  a c lea r  ligh t y e llo w  liq u id  
(0 .288  g, 74%  y ie ld ) th a t  co n s is te d  o f  the  tra n s isom er 2e, th e  cis 
isom er 2z, an d  isom ers o f  th e  ester 1 in  th e  ra tio  68 :22 :9 , re sp e c 
t ive ly , b y  g lc  assay .

Methyl (E,E)~ and (Z,E)-3-Methyl-2,4-decadienoate (lee and 
lze). A  so lu tion  o f  d iis o p ro p y la m in e  (0 .528  g, 5 .24  m m o l) in  dry 
T H F  (5 .0  m l) w as stirred  at - 7 5 °  u n d er  a rgon  a n d  trea ted  w ith
1.60 M  ra -butyllith iu m  in  p e n ta n e  (3 .1 m l, 4 .95  m m o l) . T h e  so lu 
tion  w as w a rm e d  to  - 6 0 ° ,  d ilu te d  w ith  d ry  H M P A  (5 .0  m l), and  
trea ted  w ith  a so lu tio n  o f  n -h e x a n a l (0 .400  g, 4 .00  m m o l) a n d  the 
trans p h o sp h o n a te  8e (1 .10  g, 4 .40  m m o l) in  T H F  (16 m l) and  
H M P A  (5  m l) p re co o le d  to  - 7 0 ° .  T h e  re a c tio n  so lu tion  w as 
stirred  for  6 .0  hr at - 6 0  to  - 5 0 °  (9 :1  a ce to n it r ile -a ce to n e  slu rry), 
p o u re d  in to  0 .5  M  a q u eou s  so d iu m  b ica rb o n a te  (50 m l), an d  e x 
t ra cte d  w ith  1:1 h e x a n e -e th e r . T h e  ex tra c ts  w ere  w ash ed  w ith  0 .5 
M  a q u e o u s  sod iu m  b ica r b o n a te  a n d  brin e , d ried , an d  freed  o f  so l
v en t.

T h e  resu ltin g  c lear y e llo w  liq u id  (1 .04  g ) co n ta in e d  the p h o s 
p h o n a te  8 an d  tw o  isom ers  o f  th e  ester 1 (lee:lze = 9 :1 ) b y  nm r 
assay . It w as sep a ra ted  in to  tw o  fra c tio n s  b y  ch ro m a to g ra p h y  on  
a 2 .0 -m m  layer o f  M e rck  s ilica  gel using  d ich lo ro m e th a n e  as e l
u en t a n d  u v  v isu a liza tio n . T h e  fa ster  m o v in g  liq u id  (Rs 0 .4 5 -0 .7 5 , 
0 .128 g, 13%  re co v e ry ) w as th e  p h o sp h o n a te  8 (E :Z  =  37 :63 ) b y  
n m r assay . T h e  slow er m o v in g  liq u id  (Rt 0 -0 .4 5 , 0 .378  g, 48%

yield) consisted of only two isomers of the ester 1 in the ratio 
lee:lze = 86:14 by glc assay.

Registry No.— lee, 50428-75-6; lez, 50428-76-7; lze, 50428-77-8; 
lzz, 50428-78-9; 2e, 50428-79-0; 2z, 50428-80-3; 3e, 50432-30-9; 3z, 
50432-31-0; 4e, 13866-57-4; 5e, 50428-82-5; 6e, 19041-17-9; 6z, 
27652-13-7; 7e, 50557-81-8; 7z, 50557-82-9; 8e, 19945-56-3; 8z, 
19945-48-3; 16, 50428-87-0.
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Tosylhydrazones 1-6 undergo oxidation -o tosylazoalkenes in mild conditions using phenyltrimethylammon
ium perbromide followed by basic treatment effected in situ. A mechanistic pathway of the reaction is pro
posed. The procedure appears to be a convenient method for preparing tosylazoalkenes.

Tosylazoalkenes are a new class of unstable compounds 
that have been the subject of considerable study2 10 and 
have been proposed as intermediates in a number of or
ganic reactions.11-16

The preparation of tosylazoalkenes by treatment with 
alkali of tosylhydrazones of the corresponding ketones and 
aldehydes containing a leaving group on the a carbon is 
an established preparative reaction.2.5-8.10

All attempts to isolate brominated intermediates from 
the reactions performed between tosylhydrazones 1-5 and 
PTBA were unsuccessful. However, when the reaction of 6 
with 1 mol of PTAB was performed at -20°, the corre
sponding n-bromo ketone tosylhydrazone 7 was isolated in 
55% yield. The reactions performed with 2 mol of PTAB 
at room temperature gave the a,«'-dibromo ketone tos
ylhydrazone 8 in 83% yield (see Experimental Section).

However, using some a-halo carbonyl compounds, sub
stitution and/or dehydrohalogenation has been observed 
as reported for a-halo ketones upon treatment with am
monia or primary or secondary amines.17’18 

Herein we wish to report that aldehyde and ketone tos
ylhydrazones can be directly converted into tosylazoal
kenes in fair to good yields in mild conditions using phe
nyltrimethylammonium perbromide (PTAB) followed by 
basic treatment effected in situ.

R' R'

Some results given by our process are shown in Table I 
where the yields refer to analytically pure products ob
tained by crystallization from reactions in tetrahydrofu- 
ran.

Phenyltrimethylammonium perbromide (PTAB) is a 
mild and extremely efficient reagent for the a-bromina- 
tion of ketones and cyclic ketals.19-25

However, all attempts to oxidize tosylhydrazones to 
tosylazoalkenes performed with molecular bromine, diox- 
ane dibromide, and iV-bromosuccinimide in a range of sol
vents failed.

Tosylhydrazones of nonenolizable ketones such as ben- 
zophenone did not react with PTAB. When 1,3-diphenyl- 
propanone tosylhydrazone (2) was treated with 2 mol of 
PTAB, it was possible to isolate bromotosylazoalkene 2b 
after basic treatment of the reaction mixture. Tosylazoal- 
kene 6a was prepared by reaction of 3,3,5,5-tetramethyl- 
cyclohexanone tosylhydrazone (6) with 1 mol of PTAB at 
—20°. At room temperature, 6 gave bromotosylazoalkene 
6b also using only 1 mol of PTAB; the yield of 6b was in
creased when 2 mol of PTAB was used.

Compound 7 dissolved in tetrahydrofuran and added 
with another mole of PTAB gave dibromo derivative 8 in 
87% yield. Compounds 7 and 8 underwent 1,4-dehydrobro- 
mination by treatment with an aqueous solution of sodi
um carbonate to afford tosylazoalkenes 6a and 6b.

The detailed mechanism of the oxidation of enolizable 
ketone and aldehyde tosylhydrazones with PTAB and 
basic treatment has not been established; however, in 
order to explain the above results and observations, the 
following reaction sequence is proposed for this new reac
tion of tosylhydrazones (Scheme I).

Scheme I

This reaction of tosylhydrazones with PTAB appears 
similar to the acid-catalyzed bromination of enolizable 
ketones.26 The isomerization of tosylhydrazones to ene 
hydrazine tautomers can be considered the key step of the 
reaction and the formation of a,a'-dibromo derivatives 
can be rationalized assuming a further acid-catalyzed 
bromination on the other side of the keto imino group.27

The basic treatment performed after addition of 1 or 2 
mol of PTAB to tosylhydrazone dissolved in tetrahydrofu-
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N o. Tosylhydrazones (N N H T s )= X  N o.

X
II

1 P hC H 2CPh l a
X
II

2 P hC H 2C C H 2Ph 2a

6b

Table I
T  osylazoal kenes

N = N T s
I

P h C H = C P h
N = N T s
I

P h C H = C C H 2Ph
N = N T s
I

P h C H = C C H B rP h
N = N T s

rPh),c=CH

P T A B , m ol M p, °C , dec Yield, %

1 84-85 65

1 84-85 60

2 90-92 72

1 82 72

1 138 75

1 54-55 64

1“ 87 82

2 85-86 74

° Reaction performed at —20°.

ran induces a 1,4 elimination of hydrogen bromide to give 
tosylazoalkene or bromotosylazoalkene.

This new route to tosylazoalkenes is remarkable for its 
simplicity. Easily accessible starting materials such as tos- 
ylhydrazones and PTAB are used. The reactions are per
formed under mild conditions and generally are free from 
reaction by-products which might interfere with easy iso
lation of the tosylazoalkenes.

Experimental Section
All melting points are uncorrected. Spectra were recorded on 

Perkin-Elmer 257, Unicam SP-800, and Joel C 60 HL spectrome
ters. Nmr spectra were recorded using TMS as internal standard. 
Microanalyses were performed using the C, H, N, Analyzer Model 
185 of the Hewlett-Packard Co. Deoxybenzoin, 1,3-diphenylpro- 
panone, diphenylacetaldehyde, cydohexanecarboxaldehyde,
S,3,5,5-tetîamethy\cyclohexanone, and tosylhydrazine ate com
mercial materials. 9-Formylfluorene28 and phenyltrimethylam- 
monium perbromide (PTAB)19’20 were prepared as previously re
ported. Analytical grade tetrahydrofuran was purified by the 
standard method.29

Preparation of Tosylhydrazones. General Procedure. The tos- 
ylhydrazones 1-6 were readily prepared in good yields from the 
carbonyl compounds by addition of equimolar quantities of tos- 
ylhydrazine in methanol or ethanol at temperatures not exceed
ing 50° (1-2 hr). The corresponding tosylhydrazone, which crys
tallized from the solution after cooling, was isolated by filtration, 
dried in vacuo, and used in the next step without further purifi
cation. An analytical sample was prepared by recrystallization 
from methanol or ethanol. These derivatives all showed ir absorp
tion (KBr) at approximately 3200, 1600, 1360, 1170, and 820 
cm-1.

Deoxybenzoin Tosylhydrazone (1). Deoxybenzoin gave 1 in 
87% yield, mp 141-142°.

Anal. Calcd for C21H20N20 2S: C, 69.21; H, 5.53; N, 7.69. 
Found: C, 69.30; H, 5.85; N, 7.31.

1,3-Diphenylpropanone Tosylhydrazone (2). 1,3-Diphenylpro- 
panone gave 2 in 85% yield, mp 183-184°.

Anal. Calcd for C22H22N20 2S: C, 69.82; H, 5.86; N, 7.40. 
Found: C, 69.90; H, 5.85; N, 7.31.

Diphenylacetaldehyde Tosylhydrazone (3). Diphenylacetal
dehyde gave 3 in 87% yield, mp 143-145°.

Anal. Calcd for C2iH20N2O2S: C, 69.21; H, 5.53; N, 7.69. 
Found: C, 69.12; H, 5.46; N, 7.83.

9-Formylfluorene Tosylhydrazone (4). 9-Formylfluorene28 
gave 4 in94% yield, mp 169-170°.

Anal. Calcd for C21H18N202S: C, 69.60; H, 4.85; N, 7.73. 
Found: C, 69.58; H, 4.81; N, 7.79.

Cydohexanecarboxaldehyde Tosylhydrazone (5). Cyclohexa- 
necarboxaldehyde gave 5 in 95% yield, mp 99-100°.

Anal. Calcd for Ci4H2oN20 2S; C, 59.98; H, 7.19; N, 9.99. 
Found: C, 59.81; H, 7.05; N, 9.88.

3,3,5,5-Tetramethylcyclohexanone Tosylhydrazone (6).
3,3,5,5-Tetramethylcyclohexanone gave 6 in 87% yield, mp 160- 
162°.

Anal. Calcd for C1TH26N20 2S: C, 63.33; H, 8.13; N, 8.69. 
Found: C, 63.39; H, 8.17; N, 8.56.

Preparation of Tosylazoalkenes. General Procedure. A solu
tion containing 1.0 X 10“ 2 mol of tosylhydrazone in anhydrous 
tetrahydrofuran (100 ml) was stirred at room temperature under 
nitrogen and PTAB (1 or 2 equiv) was slowly added. The orange 
color of PTAB rapidly disappeared and phenyltrimethylammon- 
ium salt precipitated. After another 10 min, diethyl ether was 
added and the mixture was shaken with a saturated aqueous so
lution of sodium carbonate. A yellow color rapidly appeared. The 
layers were separated and the resulting ethereal solution was 
dried (Na2S 04) and concentrated under reduced pressure at a 
temperature not exceeding 40°. Generally the crystallization of 
tosylazoalkenes was accomplished by addition of n-hexane.

Tosylazostilbene (la). Tosylhydrazone 1 (3.64 g, 1.0 x 10 2 
mol) by reaction with PTAB (3.79 g, 1.0 x 10-2 mol) gave la (2.3 
g, 65% yield), mp 95° dec; spectroscopic data are in agreement 
with those recorded on a sample independently prepared.8

Anal. Calcd for C21H18N20 2S: C, 69.60; H, 5.0; N, 7.73. Found: 
C, 69.85; H, 4.95; N, 7.83.

2- Tosylazo-l,3-diphenylpropene (2a). Tosylhydrazone 2 (3.78 
g, 1 x 10' 2 mol) with PTAB (3.79 g, 1.0 X 10' 2 mol) gave 2a 
(2.25 g, 65% yield), mp 84-85° dec; spectroscopic data are in 
agreement with those recorded on a sample independently pre
pared.8

Anal. Calcd for C22H2oN20 2S: C, 70.2; H, 5.36; N, 7.44. Found: 
C, 69.86; H, 5.05; N, 7.68.

3- Bromo-l,3-diphenyl-2-tosylazoprop-l-ene (2b). 1,3-Diphe- 
nylpropanone tosylhydrazone (2) (3.78 g, 1.0 X 1 0 '2 mol) was dis
solved in anhydrous tetrahydrofuran (100 ml) and stirred at room 
temperature. PTAB (7.58 g, 2 X 10' 2 mol) was added during a
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period of 30 min. After another 10 min, the mixture was treated 
as reported above and an orange product was isolated (3.30 g, 
72% yield): mp 90-92° dec; uv max (CeH6) 363 mp (r 13,100); 
nmr (CDCI3) 6 7.85-7.00 (m, 15 H, aromatic and 1 vinylic pro
tons), 6.27 (s, 1 H, -CHBr), 2.47 (s, 3 H, p-CH3C6H4).

Anal. Calcd for C22H19BrN20 2S: C, 58.02; H, 4.16; N, 6.29: 
Found: C, 58.18; H, 4.25; N, 6.21.

2,2-Diphenyl-l-tosylazoethylene (3a). Tosylhydrazone 3 (3.64 
g, 1.0 x 10- 1 mol) with PTAB (3.79 g, 1.0 X 10-2 mol) gave 3a 
(2.60 g, 72% yield), mp 82° dec; spectroscopic data are in agree
ment with those recorded on a sample independently prepared.9

Anal. Calcd for C2iHi8N20 2S: C, 69.61; H, 4.97; N, 7.73. 
Found: C, 69.56; H, 5.05; N, 7.78.

9-Tosylazomethylenefluorene (4a). Tosylhydrazone 4 (3.62 g,
1.0 X 10- 2 mol) with PTAB (3.79 g, 1.0 x 10" 2 mol) gave 4a (2.79 
g, 75% yield): mp 138° dec; uv max (CHCI3) 227 mp (e 22,100); 
nmr (CDCI3) 6 7.9-7.1 (m, 13 H, aromatic and 1 vinylic protons).
2.5 (s,3H ,p-C H 3C6H4).

Anal. Calcd for C2iH 16N20 2S: C, 69.99; H, 4.48; N, 7.77. 
Found: C, 69.73; H, 4.52; N, 7.81.

Tosylazomethylenecyclohexane (5a). Tosylhydrazone 5 (2.8 g,
1.0 x 10' 2 mol) with PTAB (3.79 g, 1.0 X 10- 2 mol) gave 5a (1.8 
g, 64% yield): mp 53-54° dec; uv max (n-hexane) 280 mp (t 
15,000) and 420 (80); nmr (CDC13) 6 7.55 (AA'BB' pattern, 4 H, J  
= 8 Hz, p-CeH4), 3.5 (s, 1 H, vinylic proton), 2.45 (s, 3 H, p- 
CH3C6H4), 2.00-1.00 (m, 10 H, other aliphatic protons).

Anal. Calcd for Ci4H18N20 2S: C, 60.42; H, 6.52; N, 10.07. 
Found: C, 60.36; H, 6.60; N, 10.12.

2-Bromo-3,3,5,5-tetramethylcyclohexanone Tosylhydrazone
(7). 3,3,5,5-Tetramethylcyclohexanone tosylhydrazone (3.22 g, 1.0 
X 10- 2 mol) was dissolved in anhydrous tetrahydrofuran (100 ml) 
and stirred at -20°. PTAB (3.79 g, 1.0 X 10 2 mol) was added 
during a period of 15 min. After another 10 min, the precipitate 
was collected by filtration and the resulting solution was evapo
rated under reduced pressure at a temperature not exceeding 40°. 
The residue was dissolved with diethyl ether, and methanol was 
added until precipitation of a white product occurred. The crys
tals of 7 were collected and dried (2.20 g, 557o yield): mp 122-123° 
dec; nmr (CDCI3 ) <5 8.18 (broad s, 1 H, -S 0 2NH-), 7.50 (AA'BB' 
pattern, 4 H, J = 8 Hz, p-CeH4), 4.35 (s, 1 H, -CHBr), 2.40 (s, 3 
H, p-CH3CeH4), 2.42-2.17 (AB systems, q, 2 H, |JAB| = 14 Hz, 
C6 H2, partially overlapped with singlet of CH3CeH4), 1.72-1.12 
(AB system, q, 2 H, |JAb| = 14 Hz, C4H2, partially overlapped 
with signals of methyl protons), 1.1-0.7 (m, 12 H, methyl pro
tons) .

Anal. Calcd for Ci7H24N20 2S: C, 63.16; H, 7.50; N, 8.75. Found: 
Found: C, 50.98; H, 6.52; N, 6.99.

3,3,5,5-Tetramethyl-l-tosylazocyclohexene (6a). The ethereal 
solution of 7 (4.0 g, 1.0 X 10- 2 mol) was shaken with a saturated 
aqueous solution of sodium carbonate and then washed several 
times with water,, dried (Na2S 04), and filtered. The ether was 
evaporated and a yellow compound, 6a, was obtained by addition 
of re-hexane (2.62 g, yield 82%); mp 87° dec; uv max (re-hexane) 
275 m/u (f 20,000); nmr (CC14) d 7.40 (AA'BB' pattern, 4 H, J  =
7.5 Hz, p-CeH4), 6.60 (s, 1 H, vinylic proton), 2.45 (s, 3 H, p- 
CH3C6H4), 2.00 (s, 2 H, C6 H2) 1.40 (s, 2 H, C4 H2), 1.15 [s, 6 H, 
C3 (CH3)2], TOO [s, 6 H, C5 (CH3)2],

Anal. Calcd for C17H24N20 2S: C, 63.16; H, 7.50; N, 8.75. Found: 
C, 63.22; H,7.38; N, 8.87.

6-Bromo-3,3,5-5-tetramethyltosylazocyclohex-l-ene (6b). Tos
ylhydrazone 6 (3.22 g, 1.0 x 10- 2 mol) with PTAB (7.58 g, 2.0 x 
10- 2 mol) gave 6b (2.86 g, 74% yield): mp 85-86° dec; uv max (re
hexane) 2.79 mu (e 17,300) and 420 (125); nmr (CC14) 6 7.5 
(AA'BB' pattern, 4 H, J = 8 Hz, p-CeH4), 6.7 (s, 1 H, vinylic 
proton), 4.5 (m, 1 H, -CHBr), 2.5 (s, 3 H, p-CH3C6H4), 1.98-1.32 
(AB system, q, 2 H, |JAn| = 14 Hz: C4 H2, partially overlapped 
with other aliphatic protons), 1.3-1.0 (m, 18 H, other aliphatic 
protons).

Anal. Calcd for C i7H23BrN20 2S: C, 51.13; H, 5.77; N, 7.01. 
Found: C, 51.43; H, 5.82; N, 7.14.

The same reaction performed at room temperature using 1 
equiv of PTAB gave a 30% yield of 6b.

2,6-Dibromo-3,3,5,5-tetramethylcyclohexanone Tosylhydra
zone (8). 3,3,5,5-Tetramethylcyclohexanone tosylhydrazone (3.22 
g, 1.0 X 10~2 mol) was dissolved in anhydrous tetrahydrofuran

(100 ml) and stirred at room temperature. PTAB (7.58 g, 2.0 X 
10- 2 mol) was added during a period of 15 min. After another 10 
min, the precipitate was collected and the solution was evapo
rated under reduced pressure at a temperature not exceeding 40°. 
The residue was dissolved with diethyl ether and allowed to stand 
in a refrigerator until precipitation of a white product occurred. 
The crystals of 8 were collected and dried (4.08 g, yield 85%): mp 
112-113° dec; nmr (CDC13) 6 7,50 (AA'BB' pattern, 4 H. J = 8 
Hz, p-CeH4), 7.67 (broad a partially covered by AA'BB' pattern, 
1 H, -SO 2NH-), 5.05 (s, 1 H, C6 HBr), 4.7 (m, 1 H, C2 HBr), 2.40 
(s, 3 H, p-CH3C6H4), 1.42 (AB system, q, 2 H, |JAB| = 15 Hz, C4 
H2), 1.3-0.2 (m, 12 H, other aliphatic protons).

Anal Calcd for Ci7H24Br2N80 2S: C, 42.50; H, 5.00; N, 5.84. 
Found: C, 42.63; H, 4.91; N, 5.91.

The same reaction performed on compound 6 using 1 mol of 
PTAB at room temperature gave a 35% yield of 8.

Dehydrobromination of 8. The ethereal solution of 8 was 
shaken with a saturated aqueous solution of sodium carbonate, 
washed several times with water, dried (Na2S 04), and filtered, 
and after evaporation of the solvent, afforded compound 6b (83% 
yield).
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Treatment of 3,6-dibenzotricyclo[3.3.0.02-8]octadiene (1) with chromyl chloride involves reaction of the cyclo
propane ring in the hydrocarbon. The nature of.the products depends upon the ratio of reactants and upon the 
solvent. With limited amounts of chromyl chloride, in carbon tetrachloride, 2-(3-indenyl)benzaldehyde (2) is 
the principal product, while, in acetone, 8-chloro-3,6-dibenzo-2-bicyclo[3.3.0]octadienone (4) is the principal 
product. With excess chromyl chloride, in carbon tetrachloride, 2 is not isolated, but 4 and 3,6-dibenzo-2,8-bicy- 
clo[3.3.0]octadienedione (5) are formed in modest amounts; in acetone these are major products. The unconju
gated cyclopropane 6,8-dibenzotricycloj3.2.2.02-4]nonadiene (11) is substantially less reactive toward chromyl 
chloride than is 1; reaction under forcing conditions leads to 9,10-anthraquinone. These results are discussed 
briefly.

Our interest in the stereochemistry and mechanisms of 
electrophilic additions to cyclopropanes2 led us to consid
er whether chromyl chloride might add to cyclopropanes, 
a reaction which, to the best of our knowledge, has not 
been reported. This reagent, which is best known for the 
oxidation of methylarenes to arenecarboxaldehydes,3 also 
reacts readily with olefins. Although reactions with ter- 
penes had been studied by Etard4 and by Henderson5 
with confusing results (mixtures of ketones, aldehydes, 
and chlorinated compounds, generally of unidentified 
structures, were observed), it was not until study was car
ried out6 with simpler olefins that the reaction course 
began to become clear. Additions of chromyl chloride in 
carbon tetrachloride led to «-chlorohydrins of such reg- 
ioselectivity that it can be assumed that chromyl chloride 
donates an electrophilic oxygen species and a nucleophilic 
chloride ion; i.e., the product has the opposite orientation 
of that of hypochlorous acid addition. Subsequent studies 
by several groups,7-8 most notably that of Freeman, have 
expanded our original findings6 and have brought this 
complex system to a new stage of understanding and utili
ty. Thus it is now clear9 that carbonyl compounds result 
from hydride or alkide migrations from carbenium-ion in
termediates.

3,6-Dibenzotricyclo[3.3.0.02'8]octadiene (1) has been a 
useful cyclopropane for our studies23 of electrophilic addi
tions, as, in simple additions, the stereochemistry of both 
electrophilic and nucleophilic attack can be observed, 
with all additions proceeding with C-2-C-8 bond cleavage. 
When 1 was treated with chromyl chloride (mole/mole) in 
carbon tetrachloride at 0°, the reaction occurred as rapid
ly as the chromyl chloride was added. After 20 min, the 
reaction was quenched (aqueous sodium bisulfite or zinc). 
The product mixture was examined by nmr spectroscopy 
and by isolation. The principal product was shown to be
2-(3'-indenyl)benzaldehyde (2), characterized by spectral 
properties and by oxidation to 3, accompanied by unreact
ed 1 and by trace amounts of anti-8-chloro-3,6-dibenzo-2- 
bicyclo[3.3.0]octadienone (4), as well as of other unidenti
fied products.

0  0  0
5

Recently, the reaction of olefins with an excess of 
chromyl chloride in acetone was reported to give excellent 
yields of a-chloro ketones.10 Using this procedure, we ob
tained three products from 1; the chloro ketone 4 and the 
diketone 5 were formed in about 30% yield each, with per
haps 5% of 2 indicated by pmr analysis of the product 
mixture.

The results described above demonstrate that the cyclo
propane ring in 1 is sensitive to attack by chromyl chlo
ride. While the formation of 4 demonstrates that at least 
that portion of attack by nucleophile which gives 4 pro
ceeds with inversion, the formation of 2 or of 4 gives no 
information regarding the stereochemistry of electrophilic 
attack. For this reason we decided to try the Sharpless 
procedure, but without an excess of chromyl chloride, in 
the hope that chlorohydrins could be obtained. However, 
when 2.0 mmol of 1 was treated with 0.70 mmol of chrom
yl chloride in acetone-carbon tetrachloride, no chlorohy- 
drin was obtained, a substantial amount of 1 was recov
ered, and no diketone 5 was formed. The principal prod
uct was the chloro ketone 4.

While the facts available do not permit detailed mecha
nistic considerations, it seems possible to assume that ad
dition of chromyl chloride to 1 gives a 1:1 addition prod
uct similar to that with olefins,11 e.g., 6 or 7, or perhaps 
the equivalent ion pairs, i.e., species with one or more 
chloride ions separated. The formation of chloro ketone 4 
seems attributable to ring opening of 6 or 7 (or their 
equivalents) by chloride ion, giving 8, which by further 
oxidation-reduction is transformed to 4. The benzylic car
bon atom in 4 is then oxidized by excess Cr(VI) in acetone 
to 5. These processes would appear to be the principal 
modes of reaction in acetone.

In carbon tetrachloride, however, 6 or 7 must be trans
formed to 9, which by bond migration and cleavage of the 
oxygen-chromium bond becomes the aldehyde 2. When4
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excess chromyl chloride is present, 2 is not found (pre
sum ably it is further oxidized by excess reagent), and a 
mixture o f at least nine com pounds results. W e have not 
attem pted the identification of these substances, except 
for 4 and 5.

The nature o f the products identified in these reactions, 
and, in particular, the absence o f chlorohydrin species 10, 
do not permit us to learn anything about the stereochem
istry o f electrophilic attack,12 so that our experiments 
only demonstrate that cyclopropane rings may react with 
chrom yl chloride. 1 is a very reactive cyclopropane, being 
activated by two benzene rings, and we therefore decided 
to look at the unconjugated cyclopropane 6,8-dibenzotri- 
cyclo[3.2.2.02i4]nonadiene (11). It was com pletely inert to 
chromyl chloride in 5.5 hr at 0°, and, when treated at room 
temperature for 5 days, 61% of 11 was recovered and the 
only reaction product which was found was 9,10-anthra- 
quinone (60% based upon 11 consum ed). Clearly in this 
case the primary reaction products are oxidized more rap
idly than is the cyclopropane ring.

Experimental Section
Reaction of 1 with Chromyl Chloride in Carbon Tetrachlo

ride. A  so lu tion  o f  520 m g  (2 .5  m m o l) o f  l 13 in  25 m l o f  ca rb on  
te tra ch lor id e  w as co o le d  to  0 °. T h e n  450 m g  (2 .4  m m o l) o f  ch ro m 
yl ch lor id e  ( C r 0 2C l2) in 3 m l o f  ca rb o n  te tra ch lo r id e  w as a d d ed  
d rop w ise  w ith  stirring  an d  co o lin g . T h e  so lu tio n  w as stirred  at 0° 
for  20 m in , an d  40 m l o f  a 2 .3 %  a q u eou s  so lu tio n  o f  so d iu m  b is u l
fite  w as a d d ed  fo llo w e d  b y  a d d it io n a l s tirring  fo r  1 hr at 0°. T h e  
so lu tio n  w as d ilu te d  w ith  ca rb o n  te tra ch lo r id e , w ashed  tw o  t im es 
w ith  sa tu ra ted  a q u eou s  sod iu m  ch lor id e , a n d  d ried  over  m a g n e 
siu m  su lfa te  an d  th e  so lv en t w as re m o v e d  in  vacuo. C o lu m n  ch ro 
m a tog ra p h y  on  s ilica  gel e lu ted  w ith  25%  b e n z e n e -p e tro le u m  
ether (b p  6 0 -7 0 °) y ie ld e d  210 m g (3 8% ) o f  2 - (3 '- in d e n y l)b e n z a l-  
d eh y d e  (2 ): p m r (C D C 13) 6 5.86  (1 H , t, H -3 ), 6 .62  (1 H , d , d, 
H -2 ), 6 .92  (1 H , d , d , H - l ) ,  7 .1 -8 .0  (8 H , m , a ro m a tics ) , 10.22 (1 
H , s, a ld eh y d e  H ), J 2 ,3  =  2, =  2, J i , 2 =  5 .5 H z ; m o l w t (m ass
sp e c tru m ) 220 (ca lcd , 220).

A  se co n d  sam p le  o f  210 m g o f  1 in  ca rb o n  te tra ch lo r id e  w as 
trea ted  as a b ove . H ow ever, 0 .10  g o f  z in c  w as a d d e d  rather th an  
sod iu m  b isu lfite  to  re d u ce  any rem a in in g  o x id iz in g  agen t. T h e  
m ixtu re  w as stirred  for  5 m in , th en  40 m l o f  ice  w ater w as a d d ed  
an d  stirring  w as co n t in u e d  for 20 m in . T h e  rest o f  th e  w ork -u p  
was id e n tica l w ith  th a t  d e scrib e d  a b o v e . P m r an a lysis  o f  the 
cru d e  re a ctio n  m ixtu re  sh ow ed  essen tia lly  th e  sam e p ro d u c t  c o m 
p o s it io n  as a b ove . In som e  e x p er im en ts  tra ce  a m o u n ts  o f  the  ch lo - 
ro k eton e  4 (see  b e low ) w ere n o te d .

Reaction of 1 with Excess Chromyl Chloride in Carbon Tet
rachloride. A  so lu tion  o f  255 m g  (1 .25  m m o l) o f  1 in  12.5 m l o f  
ca rb on  te tra ch lor id e  w as co o le d  to  0°. T h e n  404 m g (2 .6  m m o l) o f  
ch rom y l ch lo r id e  in 8 m l o f  ca rb on  te tra ch lo r id e  w as a d d e d  d rop - 
wise w ith  stirr in g  an d  co o lin g . T h e  so lu tio n  w as stirred  at 0° for 
20 m in , and  250 m g  o f  z in c  p o w d e r  w as a d d e d . T h e  m ixtu re  w as 
stirred  fo r  15 m in , th en  25 m l o f  ice  w ater  w as a d d e d  an d  stirring  
w as c o n t in u e d  for  30 m in . T h e  m ixtu re  w as red -ora n g e  at th is  
p o in t  an d  en ou gh  2 .3 %  a q u eou s  so d iu m  b isu lfite  was a d d e d  w ith  
stirr in g  to  co m p le te  th e  re d u ct io n  o f  a n y  rem a in in g  o x id iz in g  
agen t. T h e  m ixtu re  w as filte red  throu gh  ¿ e l i t e  to  break  u p  the 
th ick  em u ls io n  a n d  tra nsferred  to  a sep a ra tory  fu n n e l. T h e  ye llow  
org a n ic  layer w as q u ick ly  w ash ed  w ith  d ilu te  a q u eou s so d iu m  b i 
su lfite  fo llo w e d  b y  sa tu ra ted  a q u eou s sod iu m  ch lor id e  an d  d ried  
o v er  a n h y d rou s  sod iu m  su lfa te . R e m o v a l o f  the  so lv e n t in  vacuo 
a fford ed  a p in k  o ily  residu e.

T h e  residu e  w as tak en  u p  in  a sm all v o lu m e  o f  ca rb o n  te tra 
ch lo r id e  a n d  p re c ip ita te d  w ith  hexa n e  to  g ive 67 m g  (2 3 % ) o f  3 ,6 - 
d ib e n z o -2 ,8 -b icy c lo [3 .3 .0 ]o c ta d ie n e d io n e  (5 ), m p  25 6 -25 8° d ec  
( l it .2a m p  2 5 7 -2 5 9 °).

T h e  m oth er liq u ors  w ere c o n ce n tra te d  an d  e x a m in e d  b y  tic , 
w h ich  revea led  e igh t a d d itio n a l p rod u cts , on e  o f  w h ich  w as id e n 

tified as exo-8-chloro-3,6-dibenzo-2-bicyclo[3.3.0]octadienone (4) 
by its Rf value compared with that of an authentic sample.

The complex product mixture was examined further by pmr 
spectrometry, which confirmed the presence of 4 as the principal 
component of the mother liquor mixture (see below). 2 was not 
observed in the mixture, and the remaining products were not 
identified.

Oxidation of 2 with Jones Reagent. Treatment of 2 with 
Jones reagent14 in acetone at 0° gave 2-(3'-indenyl)benzoic acid
(3), mp 141-142° after several recrystallizations from aqueous 
ethanol.

Anal. Calcd for Ci6Hi20 2: C, 81.33; H, 5.12, mol wt, 236. 
Found: C, 81.21; H, 5.11, mol wt, 236 (mass spectrum).

Reaction of 3,6-Dibenzotricyclo[3.3.0.02’8]octadiene (1) with 
Chromyl Chloride in Acetone.10 A solution of 203 mg (0.9 mmol) 
of 1 in 15 ml of acetone (distilled from KM11O4) was cooled to 
-75°. Then 349 mg (2.25 mmol) of chromyl chloride in 3 ml of 
carbon tetrachloride was added dropwise with cooling and stir
ring. The solution was stirred at —75° lor 90 min and then al
lowed to come to room temperature for 2 hr. The mixture was 
poured into an ice-cold solution of 360 mg (3.6 mmol) of sodium 
bisulfite in 11 ml of water and stirred for 30 min. The mixture 
was extracted two times with petroleum ether-ethyl acetate 
(50:50 v/v), washed with water and saturated aqueous sodium 
chloride, and dried over sodium sulfate. The solvent was removed 
in vacuo to give a solid residue. The residue was taken up in a 
minimal amount of hot benzene and treated with petroleum ether 
to give 68 mg (32%) of 3,6-dibenzo-2,8-bicyclo[3.3.0]octadi- 
enedione (5), mp 255-257°, mol wt, 234 (mass spectrum).

The mother liquors afforded 64 mg (28%) of exo-8-chloro-3,6- 
dibenzo-2-bicyclo[3.3.0]octadienone (4): mp 120-121° (lit.15 mp 
120-121.5°) after recrystallization from petroleum ether (bp 30- 
65°); pmr (CDC13) 5 3.82 (1 H, d, d, H-l), 5.15 (1 H, d, H-5), 5.8 
(1, H, d, H-8), 7.2-8.0 (8 H, m, aromatics), J i,5 = 6.5, Ji.g = 1.3 
Hz.

Reaction of 6,8-Dibenzotricyclo[3.2.2.02’4]nonadiene (11) 
with Chromyl Chloride in Carbon Tetrachloride. A solution of 
273 mg (1.25 mmol) of l l 16 in 15 ml of carbon tetrachloride was 
treated with 194 mg (1.25 mmol) of chromyl chloride in carbon 
tetrachloride at room temperature. The solution was stirred at 
room temperature for 5 days, poured into 20 ml of 2.3% aqueous 
sodium bisulfite, and stirred for 1 hr. The aqueous layer was ex
tracted with carbon tetrachloride, the organic phases were com
bined, dried over magnesium sulfate, and filtered, and solvent 
was removed in vacuo. The residue obtained was placed on pre
parative-scale tic plates (E. Merck, silica gel G, 20 X 20 X 0.5 
cm) and eluted with benzene-methanol (98:2). Two bands were 
observed with uv light; the more mobile band afforded 168 mg 
(61%) of recovered 11, while the other band gave 60 mg of 9,10- 
anthraquinone, mp 283° (lit.17 mp 286°), mol wt (mass spectrum) 
208 (calcd, 208).
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Ionic bromination of 5-(difluoromethylene)-6,6-difluoro-2-norbornene (I) in methylene dichloride at 25° gave 
l-(bromodifluoromethyl)-3-bromo-7,7-difluorotricyclo[2.2.1.02’6heptane (2) and 2,7-dibromo-5,5-difluoro-6-(di- 
fluoromethylene)norbomane in the ratio of 4:1. In contrast, free-radical bromination gave 29% 2, 22% exo-2- 
bromo-erado-3-bromo-5-(difluoromethylene)-6,6-difluoronorbomane, and 49% e*o-cis-2,3-dibromo-5-(difluo- 
romethylene)-6,6'difluoronorbornane. The nature of the ionic and free-radical intermediates is discussed. Domi
nant homoallylic participation from the exocyclic difluoromethylene moiety is further support for the stability 
of a-fluorinated electron-deficient carbon.

Previous investigations from this laboratory have dem
onstrated the importance of 7 -fluorine polar and steric ef
fects on additions to the norbornene double bond.1-3 In 
particular, fluorine substituents at the 5,6 positions deac
tivate the norbornene double bond toward electrophilic 
addition and only free-radical addition is observed. Fur
thermore, 5,6-endo fluorine substituents shield the endo 
side of the system from attack in comparison with norbor
nene itself.

These studies are extended here to a more complex 
molecule, 5-(difluoromethylene)-6,6-difluoro-2-norbornene
(I).2 Unlike other fluorinated norbornenes, e.g., 5,5,6,6- 
tetrafluoro- or 5,5,6-trifluoro-2-norbornene, 1 readily 
undergoes ionic bromination. The importance of homoal
lylic participation from the difluoromethylene moiety will 
be discussed.

Free-radical bromination of 1 was also investigated. Stud
ies with other methylenenorbornenes have shown that 
products can arise from initial radical attack at either the 
exocyclic4-6 or endocyclic double bond,7 and homoconju
gate addition is often observed.6 In this regard, the free 
bromination product distribution was examined and also 
compared with the ionic addition results.

Results
Olefin 1 rapidly consumed bromine in methylene di

chloride solvent in the dark and under oxygen at 25° 
(ionic conditions) to afford a mixture of 79% 2 and 21% 3 
by glpc.

Bromination of 1 under free-radical conditions2 gave a 
mixture of 38% 2, 3.5% 3, 18% 4, and 40.5% 5 by glpc and 
nmr analysis (see Experimental Section). With the as
sumption that 3 arose only via an ionic pathway (vide 
infra), 17% superimposed ionic reaction was present. Cor
rection of the observed results gave a free-radical product 
distribution of 29% 2, 22% 4, and 49% 5.

The reported dibromides accounted for >98% of the ob
served products. No 1,2-dibromides resulting from addi
tion across the difluoromethylene functionality were de
tected in either the ionic or free-radical reaction. All di
bromides were stable to the reaction and analytical condi
tions, and the respective product distributions are those of 
the kinetically controlled addition reactions.

Structural Assignments. The respective dibromide 
structures were established by *H and 19F nmr and ir 
analyses. Appropriate double-resonance experiments at 
100 and 220 MHz allowed for the assignment of long-range 
couplings. The chemical shift data are presented in Table I.

The dibromide 2 gave a narrow downfield resonance at 5
4.41 for a single proton geminal to bromine (Figure 1). 
The bridgehead proton H4 appeared at 5 2.46 and the cy
clopropane ring protons H2 and He gave an unresolved 
singlet at 5 2.21. Irradiation of H3 revealed a 1.3 Hz cou
pling with proton Hsa. The characteristic 19F AB multi- 
plet of the geminal vinyl fluorines was absent and a nar
row triplet (Jff =  4 Hz) was observed at 0 42.0 for the 
fluorines adjacent to bromine. The absence of a C=CF2 
double bond stretching frequency at 1760-1777 cm-1 , 
which was observed for I and 3-5, and the characteristic8 
ir bands observed at 828, 833, and 867 cm- 1 further con
firmed the nortricyclene structure.

The 100-MHz spectrum of dibromide 3 is shown in Fig
ure 2. Irradiation of the upfield protons Hat, Ha, at 5 2.63 
and 2.70 collapsed the H2 triplet (J  = 6.5 Hz) at 5 4.04 to 
a broad singlet. Irradiation of the allylic proton Hi at 5
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Figure 1. Nmr spectrum (100 MHz) of l-(bromodifluoromethyl)- 
3-bromo-7,7-difluorotricyclo[2.2.1.02’6]heptane (2).

Figure 2. Nmr Spectrum (100 MHz) of 2,7-dibromq-5,5-difluoro- 
6- (difluoromethylene)norbornane (3).

3.43 did not perturb the H2 or H ^, Hai resonances. The 
proton adjacent to bromine at 8 4.04 therefore is endo and 
vicinal to Hi and not H4. The higher field methine proton 
H4 exhibited a complex multiplet resulting from 4-5 Hz 
proton and fluorine couplings. Proton H7 exhibited no ap
preciable coupling and appeared as an unresolved singlet 
at 8 4.26. A strong ir band at 1767 cm” 1 confirmed the re
tained difluoromethylene functionality.

The assignment of structure 4 was more complicated, 
since isomers 2 and 4 could not be efficiently separated by 
glpc (see Experimental Section). The 2:1 mixture of 2:4 
was examined (Figure 3). Careful integration of the down- 
field 8 4.4 multiplet indicated that one proton adjacent to 
bromine in 4 overlaps with H3 in 2. A second proton gemi- 
nal to bromine appeared at 8 4.14, while the bridgehead 
protons appeared at 8 2.88 and 3.21. At 220 MHz the 
downfield 8 4.4 proton could not be resolved. Double irra
diation of the 8 4.4 and 4.14 multiplets sharpened the 8
3.21 multiplet while the 8 2.88 multiplet was unaffected. 
This establishes coupling between the allylic proton H4 
and an exo proton. Proton H2 at 8 4.14 is an apparent 
doublet of triplets which resulted from 3.4 Hz H2H3, ~2 
Hz H2H7, and ~ 2  Hz H2F6 couplings. Proton H2 is there
fore endo and the magnitude of H2H3 coupling is consis
tent with a trans orientation of the vicinal protons.2’9 12 
These results agree with structure 4 and not with the 
trans isomer having an exo proton vicinal to Hi. The di
fluoromethylene moiety was confirmed by 19F nmr and ir 
(1775 cm -1, C =C F2).

Dibromide 5 gave a characteristic2 AB multiplet with J 
= 6.9 Hz for cis-oriented protons H2,H3 (Figure 4). A 
long-range H2,3H7a coupling of 2 Hz established the cis- 
endo stereochemistry of H2,H3. The retained exocyclic 
double bond was established by 19F nmr and ir (1760 
cm” 1, C =C F2)

Discussion
The reactivity of 1 toward ionic bromination when 

compared with other fluorinated norbornenes2 and the 
dominant homoallylic participation of the exocyclic fluo
rinated double bond are support for the stability of a-fluo-

Table I
Chemical Shifts“ for Dibromides in 

Carbon Tetrachloride
Nucleus 2 3 4 5

H, 3.43 2 .88 2 .96
h 2 2.2V 4.04 4 .14
H 3„ 4.41 2.70 (4.35,

4 .5 6 )“
h 3x 2.63 ~ 4 .4 d
h 4 2.46 2.85 3.21 3.29
H-5a, Usa 2 .3 5 ,2 .5 7
He 2 .2 D
Hva, H 7a 4.26 2 .0 -2 .2d 1 .9 6 ,1 .3 7
Föx, Fän (98.1,

106.7)
Fflxj Fön (95.5, (98.2,

114.2) 113.8)
F 7x) F 7n (115.8,

120.8)
Fa 42.0 (78.8, (79.5, (79.5,

79.8) 81.7) 80.8)

« All proton chemical shifts are reported in parts per
million (5) relative to internal tetramethylsilane. All fluo
rine chemical shifts are in parts per million (<t>) relative to 
fluorotrichloromethane (F - l l )  internal standard. All values 
refer to the high-field side o f F - l l .  6 H 2, H 6 not resolved. 
c Values in parentheses indicate respective resonances un
assigned. d N ot determined accurately owing to interfer
ences.

rinated electron-deficient carbon. The proposed reaction 
intermediates are shown in Scheme I.13

Scheme I

\  /

Preferential attack of electrophile occurs on the endocy- 
clic double bond at the 2 position followed by charge delo
calization through homoallylic (2a) or a participation 
(3a). Initial attack at the 3 position would generate posi
tive charge 7 to the geminal fluorines, which is known to 
be unfavorable.2 Furthermore, initial attack on the exocy
clic double bond is unlikely owing to the known unreacti
vity of related fluoro olefins to electrophilic addition.14’15 
Such attack followed by synchronous homoallylic partici
pation would again unfavorably position positive charge 7 
to the geminal fluorines. Therefore, major product 2 arises 
from preferred intermediate 2a.

The effects of fluorine substitution on carbonium ion 
stabilities is a recent topic of interest.16-21 Stabilization is 
possible through p-7r overlap of the fluorine 2p lone-pair 
electrons into the vacant carbon p orbital, whereas the 
electronegativity of fluorine relative to hydrogen serves to 
destabilize positive charge on carbon. The stabilizing in
fluence of fluorine substitution has been demonstrated 
theoretically16’17 and experimentally.18-22 Postulation of 
2a as the preferred intermediate is therefore reasonable. 
The regiospecific addition to 1 is also noteworthy. Several
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Figure 3. Nmr spectrum (100 Mz) of 2 and exo-2-bromo-emio-3- 
bromo-5-(difluoromethylene)-6,6-difluoronorbomane (4) (2:1 mix
ture).

Figure 4. Nmr spectrum (100 MHz) of exo-cts-2,3-dibromo-5-(di- 
fluoromethyIene)-6,6-difluoronorbomane (5).

examples of electrophilic additions to fluoro olefins that 
proceed in accordance with the double-bond polarity are 
known.14’15 However, strongly polarized olefins e.g., 1,1- 
difluoroethylene,23 are required for unequivocal electro
philic addition, and regiospecific addition is guaranteed in 
these instances, which, a priori, is not the case for l .24

These results contrast with the free-radical addition. 
Free-radical attack occurs initially on the internal double 
bond of 1 from the exo direction to give 8 or 9. Subse
quent attack by a chain-propagating bromine molecule on 
8 occurs from the exo side to give 5. Such stereochemical 
control by endo fluorine substituents has been demon
strated.1' 3 Attack on 9 gives 4, and rearrangement prior to 
bromine attack leads to 2. The nearly equivalent amounts 
of (2 + 4) and 5 formed suggests that there is no prefer
ence for the formation of radical 9 or subsequent homoal- 
lylic participation.25'26

Experimental Section
All melting and boiling points are uncorrected. The gas chro

matography work was performed as before2 with a 6 ft x  0.375 in. 
20% QF-1 fluorosilicone on 60/80 Chromosorb P column. The JH 
and 19F nmr spectra and decoupling experiments followed previ
ous procedures.2’27 Olefin 1 was available from a previous study.2 
The free-radical and ionic reaction experimental procedures have 
been described in detail.2’27

Ionic Bromination. A solution of 1.78 g (10 mmol) of 1 in 9 ml 
of methylene dichloride was brominated under ionic conditions 
with 1.60 g (10 mmol) of bromine in 1 ml of methylene dichloride. 
Work-up afforded a quantitative yield of a mixture of 79% l-(bro- 
modifluoromethyl)-3-bromo-7,7-difluorotricyclo[2f2.1.02’6]heptane
(2) and 21% 2,7-dibromo-5,5-difluoro-6-(difluoromethylene)nor- 
bomane (3) by glpc (150°). Collection of the 9.4- (2) and 11.7-min
(3) peaks via preparative glpc gave pure 2, an oil, and 3, mp 55-

57°. A cold pentane wash gave an analytical sample of 3, mp
58.5-60°.

Anal. Calcd for C8H8Br2F4: C, 28.43; H, 1.79; Br, 47.29. Found 
(2): C, 28.69; H, 1.87; Br, 47.20; (3): C, 28.41; H, 1.70.

The reaction was scaled up fivefold and distillation of the prod
uct mixture afforded 14.3 g of product, by 73-76° (4 mm). The cut 
with bp 73° (4 mm) was pure 2; the 75-76° cut contained ~  46% 3.

Free-Radical Bromination. Bromination of 10 mmol of 1 with 
10 mmol of bromine under free-radical conditions gave a quanti
tative yield of crude dibromides. Glpc (150°) revealed three peaks 
with respective retention times of 9.4, ~9.8, and 11.8 min. The
9.4- and 9.8-min peak products (56%) were collected together, and 
the 11.8-min peak product (44%) was collected separately. Exam
ination of the first collection by and 19F nmr and ir indicated 
a mixture of 68% 2 and 32% 4. The 11.8-min retention time mate
rial, mp 46-49°, was a mixture of 92% 5 and 8% 3 by 19F and 7H 
nmr. Several washings with cold pentane gave pure 5, mp 51-53°.

Anal. Found (2 +  4): C; 28.71; H, 1.80; (5): C; 28.64; H, 1.78.

Registry No.—1, 39037-72-4; 2, 50357-81-8; 3, 50357-82-9; 4, 
50357-83-0; 5,50357-84-1.
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The direct anti-Markovnikov esterification of monosubstituted alkenes can be achieved in excellent yields 
under very mild reaction conditions using a hydroboration-mercuration-iodination sequence. Hydroboration 
with “ borane”  and subsequent mercuration wbh a variety of mercuric carboxylates gives excellent yields of the 
corresponding primary alkylmercuric carboxylates. In situ iodination generates alkyl iodides which under the 
reaction conditions are rapidly transformed into primary esters. This procedure does not permit the synthesis of 
esters derived from very strong carboxylic acids or more highly substituted alkenes.

Although the addition of carboxylic acids to alkenes 
proceeds readily in accordance with Markovnikov’s rule 
(eq l ) ,2 there presently appear to be no convenient, direct

0,CR'

RC H =C H 2 — ► RCHCH, (1)

synthetic methods available for the anti-Markovnikov es
terification of alkenes (eq 2). We wish to report that

RC H =C H 2 — ► RCH2CH20 2CR' (2)

monosubstituted olefins can be directly converted under 
very mild reaction conditions to the corresponding pri
mary esters in excellent yield by a sequence involving hy- 
droboration-mercuration-iodination.

Results and Discussion
We recently reported a convenient method for the con

version of terminal alkenes into primary alkylmercuric 
salts via hydroboration-mercuration (eq 3, 4).3 At the

3RCH=CH2 +  BH3 —  (RCH2CH2)3B (3)

(RCH2CH2)3B 4- 3Hg(OAc)2 —  3RCH2CH2HgOAc +  B(OAc)3 (4)

same time, Tufariello and Hovey reported that in situ 
bromination of these organomercurials provides a conve
nient method for the anti-Markovnikov hydrobromination 
of alkenes (eq 5).4 We have observed, however, that the in

RCH =CH 2
1/3BH, Hg(OAc)2 Br2 RCH2CH2Br (5)

situ iodination of these same organomercurials does not 
afford the corresponding alkyl iodides, but provides excel
lent yields of the primary alkyl acetates instead! In view 
of this surprising result we have examined the reaction 
more closely and wish now to report the details of that 
study.

The reaction conditions necessary for the conversion of 
monosubstituted olefins into esters are extremely mild. 
Both the hydroboration reaction and the subsequent mer
curation of the resultant primary trialkylboranes are very 
facile reactions requiring only minutes at room tempera
ture.3 The addition of iodine directly to the reaction mix
ture results in the rapid decolorization of the iodine and 
the formation of the corresponding primary esters in ex
cellent yield. For example, treatment of a tetrahydrofuran 
(THF) solution of tri-n-butylborane5 with 3 equiv of mer
curic acetate and iodine results in an 81% yield of n-butyl 
acetate and 3% of n-butyl iodide. The alkyl iodide com
pletely disappears if a 5-10% excess of mercuric acetate is 
used. Substitution of diglyme for THF results in a more 
rapid decolorization of iodine and a 93% yield of pure n- 
butyl acetate. The use of diglyme seems to lead to uni
formly higher yields. Using diglyme as described above,

we have been able to convert a number of different mono
substituted alkenes into esters in excellent yields. Fur
thermore, the reaction is not limited to the synthesis of 
acetates alone. Indeed, mercuric n-butyrate and mercuric 
benzoate also give excellent yields of the corresponding 
esters. Some representative conversions are summarized 
in Table I.

Several limitations to this reaction have been observed. 
Although mercuric acetate, mercuric n-butyrate, and 
mercuric benzoate give excellent yields of esters, mercuric 
trifluoroacetate gives only very poor yields. Thus, esters of 
very strong acids may not be accommodated by this reac
tion sequence. Furthermore, although all monosubstituted 
alkenes, including 3,3-dimethyl-l-butene, give excellent 
yields under our reaction conditions, disubstituted termi
nal alkenes such as isobutylene give only very poor yields 
and are generally contaminated with large amounts of the 
corresponding iodide. Finally, trialkylboranes derived from 
internal olefins do not readily react with mercuric carbox
ylates.6 Thus, this procedure appears limited to the syn
thesis of esters derived from weaker carboxylic acids and 
monosubstituted olefins.

In view of the tremendous difference in the products of 
bromination and iodination of the same organomercurials 
under essentially identical reaction conditions, we have 
taken a closer look at both of these reactions. It is well 
known that the halogénation of organomercurials gives the 
corresponding alkyl halides.7 This we have confirmed in 
the case of n-butylmercuric acetate. However, in situ 
bromination of the n-butylmercuric acetate obtained 
undeT our reaction conditions leads to n-butyl bromide 
contaminated with about 10% of n-butyl acetate. This re
sult, plus the fact that minor amounts of iodide were evi
dent in our reactions when only stoichiometric amounts of 
mercuric acetate were used, strongly suggested to us that 
we must first be forming the alkyl iodide, which was rap
idly transformed into the ester. In fact, immediate glpc 
analysis of the reaction mixture obtained from treatment 
of tri-n-butylborane with mercuric acetate and iodine in
dicated significant amounts of n-butyl iodide which rapid
ly disappeared.

It is obvious that the other product of the mercuration 
reaction, namely the boron tricarboxylate, is playing a 
major role in this reaction. This was confirmed by the fol
lowing experiments. After the mercuration of tri-n-butyl
borane, addition of methanol (24 hr) and subsequent io- 
dination gave only a 7% yield of n-butyl acetate and a 
63% yield of n-butyl iodide. The methanol presumably re
moves the boron triacetate (eq 6). Furthermore, the hy-

B(020CH3)3 +  3HOCH, —♦ B<OCH3)3 +  3H02CCH3 (6)
droboration-mercuration iodination of 1-decene using di- 
cyclohexylborane gives only about a 20% yield of n-decyl
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Table I
The Anti-Markovnikov Esterification of Alkenes

V  3BH3 Hg(0zR')2 I2
RCH—CH= ---- s-------------->------>  RCH2CH20 2CR'

Registry no. Alkene® Registry no. Mercuric carboxylate Ester Y ield ,6 %

74-85-1 Ethylene 1600-27-7 Mercuric acetate Ethyl acetate 92
13257-51-7 Mercuric trifluoroacetate Ethyl trifluoroacetate 17
19348-32-4 Mercuric butyrate Ethyl butyrate 97 (88)
583-15-3 Mercuric benzoate Ethyl benzoate 86

106-98-9 1-Butene Mercuric acetate re-Butyl acetate 93 (84)
Mercuric butyrate re-Butyl butyrate 84

115-11-7 Isobutylene Mercuric acetate Isobutyl acetate 30“
563-45-1 3-Methyl-l-butene Mercuric acetate Isoamyl acetate 88
558-37-2 3,3-Dimethyl-l-butene Mercuric acetate 3,3-Dimethyl-l-butyl acetate 73
872-05-9 1-Decene Mercuric acetate re-Decyl acetate 89
“ Reference 5. 6 Glpc yield (isolated yield). c Contains approximately 20% isobutyl iodide.

acetate and 70-80% of re-decyl iodide (eq 7). Thus, dicy- 
clohexylboron acetate is evidently also ineffective in con-

re-C8H17C H =C H 2 HgtOAc>2 n-C10H21I (7)

verting the organomercurial into the ester upon iodina- 
tion.

The following mechanism seems most consistent with 
these observations (eq 8-12).

3B €H =CH 2 +  BH3 — (RCH2CH2)aB (8)

(RCH2CH2>3B +  3Hg(02GR')2 —

RCH2CH2Hg0 2CR, +  Bt02CR')3 (9)

RCH2CH2H g02CR' +  I2 —  RCH2CH2I +  IHg02CR' (10) 

IHg02CR' +  B(02CR')3 — IHgB(02CR')4 (11)

IHgB(02CR,)4 +  RCH2CH2I — ►

RCH2CH20 2CR' +  Hgl2 +  B (02CR')3 (12)

Equations 8-10 are all well-known reactions. The pres
ence of the boron tricarboxylate presumably formed in the 
mercuration step (eq 9) has been shown to be vital to the 
overall conversion of organomercurial to ester. We suggest 
that this compound reacts with the iodomercuric carbox- 
ylate present from the iodination step (eq 10) to form a 
species, iodomercuric boron tetracarboxylate (eq 11), ca
pable of displacing the iodide of the alkyl iodide by a car- 
boxylate group (eq 12). The boron tricarboxylate actually 
serves as a catalyst in this reaction, since it is regenerated 
in the displacement step (eq 12).

The following observations lend support to this mecha
nism. The addition of lithium iodide to the organomercu
rial prior to iodination results in high yields of alkyl io
dide, not acetate.8 Presumably the alkylmercuric iodide is 
formed. Upon iodination one then obtains mercuric iodide 
incapable of abstracting another iodide from the alkyl io
dide (eq 13, 14). Furthermore, treatment of tri-re-butylbo-

RCH2CH2Hg02CR' +  Lil — * RCH2CH2HgI +  Li02CR' (13)

RCH2CH2HgI +  I2 — ► RCH2CH2I +  Hgl2 (14)

rane with only 1 equiv of mercuric acetate results in the 
rapid formation of di-n-butylmercury.9 Iodination of this 
reaction mixture gives a 98% yield of n-butyl iodide and 
no re-butyl acetate (eq 15). At no time is any mercuric ac-
(re-C4H<,)3B +  Hg(OAc)2 +  2I2 — *■

2n-C4tt,I +  Hgl2 +  re-C4H9B(OAc)2 (15)

etate derivative present upon iodination. Only mercuric 
iodide can be formed by the iodination of di-re-butylmer- 
cury.

We have also attempted to reproduce the reactions out
lined in eq 11 and 12. Mercuric acetate is relatively insol
uble in THF. Addition of 1 equiv of mercuric iodide re
sults in a clear solution, suggesting the formation of io
domercuric acetate. Treatment with n-butyl iodide for 24 
hr at room temperature gave only a 9% yield of n-butyl 
acetate, but addition of 10% of boron triacetate (prepared 
from “ borane” and acetic acid) gave a 55% yield of ester. 
Similarly, mercuric acetate does not react in 24 hr with 
n-butyl iodide at room temperature, but gives an 88% 
yield of n-butyl acetate in a little over 1 hr in the presence 
of 10% boron triacetate (eq 16).10 On the other hand, iso-

B(OAc)3
CH3CH2CH2CH2I +  Hg(OAc)2 ----------- -

CH3CH2CH2CH2OAc +  IHgOAc (16)

butyl iodide gives only a very poor yield of isobutyl ace
tate under these same conditions, thus explaining our ear
lier poor results with isobutylene. Mercuric trifluoroace- 
tate also yields very little of the corresponding ester, n- 
Butyl bromide fails to react at all under identical condi
tions. This result explains the vast difference in products 
in the bromination and iodination reaction sequences. We 
are currently exploring the scope of these alkyl halide es
terification reactions and will report on this work shortly.

Thus, the many unusual observations made during the 
course of this investigation on the hydroboration-mercu- 
ration-iodination of alkenes are all consistent with the 
mechanism outlined above. In view of the many reactions 
actually involved in this reaction sequence, it is indeed 
amazing that such excellent yields of esters can be ob
tained. Each step from alkene to organoborane, organo
mercurial, alkyl iodide, and finally ester must be proceed
ing in near quantitative yield.

Experimental Section
Materials. Most materials, solvents, and chemicals used have 

been described previously.3 Trietbylborane and tri-n-butylboiane 
were used directly as obtained from Callery Chemical Co. The 
preparations of mercuric re-butyrate, benzoate, and trifluoroace- 
tate have been described previously.® Mercuric benzoate is best 
dried over phosphorus pentoxide under a high vacuum for several 
days.

Hydroboration-Mercuration-Iodination of Representative 
Alkenes. Although the hydroboration-mercuration of all alkenes 
using both “ borane” and dicyclohexylborane has been described 
previously,3 the following synthesis of re-butyl acetate is illustra
tive. A dry 300-ml flask equipped with septum inlet, pressure
equalizing addition funnel, and magnetic stirrer was flushed with 
nitrogen and maintained under a static pressure of gas. To 100 ml 
of 0.33 M  tri-re-butylborane (8.13 ml = 33.3 mmol) in diglyme was 
added at 0° 35.06 g (110 mmol) of mercuric acetate while back- 
flushing with nitrogen. After stirring for 10 min at 0°, 55 ml (110 
mmol) of a solution of 2 M  iodine in diglyme was slowly added. 
The resulting solution was stirred overnight at room temperature.
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Addition of ether, decolorization of excess iodine with aqueous so
dium thiosulfate, washing with 5 X 100 ml of 5 Ai potassium io
dide or 3 M  sodium thiosulfate (to remove mercuric iodide) and 2 
x  100 mi of saturated sodium bicarbonate, decolorization with 
activated carbon, and drying over anhydrous sodium sulfate gave 
a solution which upon distillation yielded 9.82 g (84%) of r.-butyl 
acetate.

All yields determined by glpc analysis were run in a similar 
fashion on a 10-mmol scale using a suitable hydrocarbon internal 
standard. The exact experimental procedures used for hydrobora- 
tion-mercuration are those reported earlier.3 THF is readily re
moved under vacuum and replaced by dry diglyme. In those reac
tions in which diglyme interferes with the distillation of the de
sired ester, THF is recommended as a reaction solvent, although 
slightly lower yields are generally obtained.

All organoboranes prepared from monosubstituted alkenes by 
hydroboration in THF possess 6% of sec-alkylboron groups which 
will not react.3 Thus 10% less mercuric acetate and iodine were 
used and all yields were based on available primary alkylboron 
groups.

The Boron Triacetate Catalyzed Conversion of « Butyl Io
dide to Acetate. Ten milliliters of 0.1 M  boron triacetate was 
prepared by addition of-0.42 ml (1 mmol) of 2.4 M  “ borane” in 
THF to 9.4 ml of THF containing 0.18 g (3.0 mmol) of acetic acid 
at —78°. After removal of the cold bath, this solution was stirred 
for 3 hr at room temperature. To this solution was added 1.84 g 
(10 mmol) of re-butyl iodide, the appropriate amount of mercuric 
acetate (5 or 10 mmol) and/or mercuric iodide (5 mmol), and 0.8

ml of nonane as an internal standard. Glpc analysis indicated the 
extent of reaction.
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The overall dissociation constants K j  of ethyl benzoylacetate and p-methoxy, -methyl, -chloro, and -cyano 
derivatives were evaluated spectrophotometrically and polarographically, and [enol]/[keto] ratios were mea
sured by titration with bromine. Values of the dissociation constants of the keto (X j) and enol (K2) forms were 
isolated; like polarographic half-wave potentials, they were shown to be linear functions of Hammett substitu
ent constants o p -x -

In alkaline solutions of /3-keto esters, the keto and enol 
forms dissociate to give a common conjugate base, the 
carbanion enolate (eq 1). When spectrophotometry is used

XCÄCOCH ^O O Qft +  B

1*
XC6H4COCHCOOC2H5 +  BH+ (la)

I
XC6H4C=CHCOOC2H6 +  BH+ (lb)

0 “

V
XC6H4C=CHCOOC2H5 +  B

OH

for the study of such an equilibrium, the only condition 
which must be fulfilled is that the equilibrium must be 
established before the spectrum is recorded. However, 
with methods such as bromination, which involve a chem
ical interaction of either the keto form or the enol, it is 
essential that the establishment of the keto-enol equilib
rium be slow in comparison with the competing reaction. 
Information on the rate of establishment of this equilibri

um, which is of interest with respect to the general reac
tivity of the carbonyl compound, can be obtained by po- 
larography. Using accepted criteria,1 it is possible to show 
whether the limiting current is governed by diffusion or 
by the rate of chemical reaction. If, for a system at equi
librium, the limiting current of one species is diffusion 
controlled, the rate of establishment of the equilibrium 
must be much lower than the rate of the mass transport 
by diffusion. This has been found to be true for unsubsti
tuted ethyl benzoylacetate.2

It was of interest to investigate phenyl-substituted ben
zoylacetates to follow the substituent effects on the acid- 
base and keto-enol equilibria and to show whether the 
presence of substituents affects the relatively slow rate of 
establishment of equilibrium 1.

In view of the nature of system 1, it seemed preferable 
to attempt first separation of the two acid dissociation 
constants Ki and K2 from experimental data rather than 
to try to express the substituent effects on the [enol]/ 
[keto] ratio.

Values of K% and K2 are usually not directly accessible 
to measurement, but they can be calculated from two 
kinds of measurable quantities; The first of these is the 
value of the overall acid-base dissociation constant , 
defined by the expression Ks = [carbanion enolate] 
[H+]/([keto form] + [enol form]). The value of K s is re-
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Figure 1. Dependence of absorption spectra of ï x 10 4 M  p-  
methylbenzoyl acetate on pH. Buffers used: (1) borate, pH 9.1; 
(2) borate, pH 10.1; (3) phosphate, pH 11.1; (4) phosphate, pH 
11.4.

lated to the dissociation constants K1 and K2 by the 
equation Kz = K1K 2/(K1 + K2). The other accessible 
value is the ratio [enol form]/[keto form], which is equal 
to the ratio of K1/K2.

It may be pointed out that, contrary to some traditional 
belief, the [enol]/[keto] ratio is pH independent. As the 
pH increases,3 the sum of concentrations [enol] +  [keto] 
decreases. Simultaneously the concentration of the carb- 
anion enolate increases, and the ratio of the sum of the 
[enol] + [keto] to the concentration of the anion changes. 
A plot of the concentration of any of these three forms 
(enol, keto, or carbanion enolate) against pH has the 
shape of a simple dissociation curve with an inflexion 
point at pH = pKs .

The [enol]/[keto] ratio is most conveniently evaluated 
at a pH value low enough to render the concentration of 
the ambident anion negligible and maximize the concen
trations of the keto and enol forms.

From the values of Kz and the ratio [enol]/[keto], it is 
possible4 to calculate the value of K\ by means of the ex
pression = Ks (1 + [enol]/[keto]), then to calculate 
that of K 2 from Ki and the expression K2 = Ki([keto]/ 
enol]). If in aqueous solutions the keto form strongly pre
dominates, so that [enol] < <  [keto], then the measured 
value of K2 is practically equal to K\.

To apply this treatment to substituted ethyl benzoyl
acetates, it was first necessary to determine corresponding 
values of Ks . Both spectrophotometric and polarographic 
measurements were used for this purpose. Titration with 
bromine was used to evaluate the ratio [enol]/[keto], tak
ing advantage of the fact that the keto-enol equilibrium is 
slowly established.

Results and Discussion
At pH < 8 ethyl benzoylacetates show an intensive 7r —► 

7r* absorption band at about 200 nm and a very weak n —* 
7r* band at 290-320 nm. A third, intensive band corre
sponding to the benzenoid absorption of the C6H5CO 
grouping was observed at 250-280 nm. In alkaline media 
the carbanion enolate XC6H4COCHCOOC2H5 •*-*• 
XC6H4C(0~) = CHCOOC2H5 shows an intensive 7r —1► ir* 
absorption band at short wavelengths, a medium-intensity 
benzenoid band at 230-250 nm, and an intensive band at 
305-325 nm which is characteristic for carbanion enolates. 
Spectral data are summarized in Table I.

Spectra recorded at different pH values show an isos- 
bestic point (Figure 1) provided that they are obtained 
within 5 min after mixing of the stock solution with the 
buffer. At higher pH values the spectra change during the
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Table III
Separation o f  Dissociation Constants o f  the Keto (Ki) and Enol (K?) Forms o f  Substituted Benzoylacetates

Substituent <r K  X K)-“  %  enol [enol]«/[keto] ¿G6 X 10 -" K ic X 10~10

p -o c h 3 -0 .2 7 0.158 15.6 0..18 0.104 0..187
p-C H 3 -0 .1 7 0.316 15.9 0. 19 0.198 0, 376
H 0 0.447 12.3 0..14 0.364 0 ,310
p-Cl 0.23 1.31 13.2 0 .15 1.00 1 .50
p-CN 0.66 8.90 14.3 0. 17 6.12 10 .4

[Enol]/ [keto] = x . / j c . 1 k 2 = K z  (1 +  Ienol]/[keto])/([enol]/[keto]). ‘ Ki = K j [enol]/Iketo].

Figure 2. Dependence of absorbance at 320 nm (100 A /Amax) and 
polarographic limiting currents (100 ¿/¿max) of p-chlorobenzoyl 
acetate on pH. The value for ¿max was measured at pH 8, that for 
Amax at pH 11. Experimental points, theoretical curves.

first hour because of hydrolysis, which was particularly 
important in the case of the p-cyano derivative.

The absorbance of a freshly prepared solution measured 
at the wavelength of the absorption maximum of either 
the carbanion enolate or the benzenoid band of the keto 
form plotted against pH shows a dependence in the shape 
of a dissociation curve of a monobasic acid (in Figure 2 
the deviation at pH 10.75 is due to hydrolysis). Values of 
pife determined from such curves are given in Table II.

Polarographic current-voltage curves, obtained with 
dropping mercury electrode, show one two-electron ca
thodic wave at pH ~  8 which corresponds to the reduc
tion of the unprotonated carbonyl group.2 At pH > 8, a 
plot of the height of this wave against pH has shape of a 
dissociation curve decreasing with increasing pH, which 
corresponds to a monobasic acid (Figure 2). At pH 11, 
where the current i is less than 15% as large as at pH ~  8, 
the wave height is directly proportional to the square root 
of the height of the mercury column, which indicates that 
the current is diffusion controlled. Hence the limiting cur
rents are a linear function of the bulk concentration of the 
keto form over the entire pH range studied. Conditions 
are thus fulfilled for the use of the wave height measure
ment for determination of pKz values.5

The values of pKz obtained from the pH dependence of 
polarographic and spectrophotometric data were in very 
good agreement (Table II).

The facts that polarographic limiting currents were dif
fusion controlled and that the polarographic and spectro
photometric values coincide indicate that the keto form is 
comparatively slowly regenerated from the carbanion eno
late when the equilibrium between them is perturbed by

Figure 3 . Dependences of the o verall a c id  d isso ciatio n  constant 
(p ffz ) and half-w ave potential (1E 1 /2 ) on H a m m e tt su bstitu en t 
constants ax- pKs values, c irc les; Ei/2 (vs. see), fu ll po ints.

the electroreduction of the former. More specifically, it 
can be deduced6 that the second-order rate constant for 
the protonation of the carbanion enolate on carbon must 
be smaller than about 4 X IO9 1. mol 1 s e c '1 for the p- 
cyanobenzoyl acetate or smaller than about 7 X 1010
l.m ol'1 sec-1 forp-methcxybenzoyl acetate.

Polarographic curves of these compounds show an ad
sorption prewave, which is separated from the main wave 
only at pH < 5. At higher pH values, in the pH region 
where height of the main wave decreases, the adsorption 
process could be detected only through its effect on the 
shape of the instantaneous current-time curves recorded 
at potentials near the foot of the wave. The portion of the 
wave which is governed by adsorption is less dependent on 
pH than the diffusion-controlled portion at more negative 
potentials. This effect contributed to deviations of experi
mental points from the theoretical shape of the dissocia
tion curve at higher pH values (e.g., at pH 10.75, Figure 
2).

Whereas limiting currents of most of the waves were 
parallel with the potential axis even in the pH range 
where the wave height was observed to decrease, a defor
mation (a trough) was observed on the limiting current of 
ethyl p-cyanobenzoylacetate. This deformation has been 
attributed to adsorption. Since the wave remains diffusion 
controlled in its unaffected portion, the origin of this pro
cess must be different from the surface phenomena ac
companying kinetic currents.7

The values of pKz obtained either spectrophotometri- 
cally or polarographically for para-substituted ethyl ben
zoylacetates are a linear function of Hammett substituent 
constants <j p - x  (Figure 3) and the reaction constant p is
1.84 (r = 0.992). Attempts to correlate the values of pKz 
with (7+p-x were much less satisfactory. Comparison of 
the values of the reaction constant for the bases Ar- 
COCH- and ArCOQ' for which p = 1.0 by definition in
dicates that the carbanicn enolate is more susceptible to
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Figure 4. Dependence of the d isso ciatio n  constant of the keto 
form  (pKt) and the enol form  ( P K 2 ) on H a m m e tt substituent 
constants <rx .

the transmission of substituent effects than the carboxyl- 
ate ion by a factor of about 1.5.

Polarographic half-wave potentials of all benzoylace
tates investigated in this study are shifted by about 45-50 
mV/pH to more negative potentials with increasing pH. 
The linear plots were practically parallel at pH < pKz , 
showing that the value of ana remains approximately con
stant within the reaction series. At higher pH values the 
half-wave potentials of the p-methoxy and p-methyl de
rivatives became pH independent. The intersection of the 
two linear portions, at pH 10.35 for P-OCH3 and at pH
10.25 for p-CH3, respectively, were observed at somewhat 
smaller pH values than corresponds to pK s . For the other 
derivatives, the adsorption prewaves that were present at 
pH > pK  made the measured values of half-wave poten
tials less accurate and reliable at higher pH values.

For a study of the substituent effects, the half-wave po
tentials measured at any pH value below 10 were suitable, 
because the plots of half-wave potentials against pH were 
parallel in this pH region. The half-wave potentials are a 
linear function8 of Hammett substituent constants <rp.x 
(Figure 3). The susceptibility of the molecule to substitu
ent effects (pr = 0.29 V; r = 0.983) is of the order of mag
nitude which would be predicted8 {pv  ~0.3 V) from the 
Pv-E q relationship for a system where the unsubstituted 
parent compound is reduced at about -1 .4  V vs. see.

Unlike the pKs values and half-wave potentials, the 
ratio [enol]/[keto] does not seem to show any noticeable 
correlation with substituent constants <tp_x (Table HI). 
This may be due to the small variations of these ratios 
with substituents. The enol concentrations found in solu
tions containing 10% ethanol are somewhat higher than 
the value reported9 for aqueous solutions. This is in agree
ment with the prediction of the linear free energy rela
tionship expressing solvent effects on such equilibria.10 
Nevertheless, when the dissociation constants (Figure 4) 
of the keto form (Ki) and enol form (K2) are evaluated 
separately as described in the introduction, the values of 
pKi (r = 0.996) and pK2 (r = 0.998) show an excellent 
correlation with substituent constants <rp_x . Identical

values of the reaction constant (p = 1.84) were deter
mined for the two reaction series.

This indicates that the introduction of a substituent ex
erts its predominant effect on the electron density distri
bution on the carbanion enolate rather than on that of ei
ther on the keto or the enol form. Comparison of the indi
vidual contributions indicates that changes in the value of 
the dissociation constant of the keto form axe predomi
nantly due to the changes in the value of Kx and are al
most unaffected by the relatively small changes in the 
value of the [enol]/[keto] ratio.

On comparing the results presented here with the frac
tions of the keto form reported11 in neat substituted ethyl 
benzoylacetates, it can be concluded that the larger varia
tions observed in neat compounds than in solutions are 
probably chiefly due to the effect of the change in solvent 
rather than to the substituent effect in the solute. A neat 
compound should be regarded as a solution of the given 
compound in the same compound as solvent. The role of a 
strong solvent effect might explain why the correlation of 
the log ([enol]/[keto]) was reported11 to be better with 
<rx+ than with trx . Our results for dilute solutions of 0- 
keto esters can be compared with those for dilute solu
tions of /3-diketones.12 Although variations in the ratios 
[enol]/[keto] are relatively small also for substituted ben- 
zoylacetones, the differences, e.g., between the unsubsti
tuted parent compound (34% enol form) and the p-chloro 
derivative (35.5%), are comparable with those observed for 
benzoylacetates (Table III). As values of Kx are not avail
able for benzoylacetones, it is difficult to distinguish the 
origin of the individual contributions as expressed by the 
values of dissociation constants K\ and K 2. Nevertheless, 
from the reported linear dependence of log ([enol]/[keto]) 
on a (even though r is only 0.952), it is possible to assume 
that the variation in [enol]/[keto] ratios of /3-dike tones is 
more affected by introducing a meta or para substituent 
than we have found it to be for /3-keto esters.

Experimental Section
Synthesis. T h e  procedure of R a th k e 1 3 - 1 4  has been found to be 

superior to C la is e n  condensation 1 5  for preparation  of ethyl ben
zoylacetates substituted  on the p h en yl ring.

General Procedure. In  a d ry  2 5 0 -m l round-bottom  flask  
equipped w ith  a m ag netic stirrer and a m ercury b ubbler, 14 .1  g of 
IV -iso p ro p ylcyclo h exylam id e  was added dropwise under N 2  to 30 g 
of a  1  M solution of n -b u ty llith iu m  in  hexane. A fter 10  m in , the 
hexane was rem oved b y reduced pressure and 50 m l of tetra hy- 
drofuran was added to the residue.

A fter cooling in  a D ry  Ice -a ce to n e  b ath, 4.4 g (50 m m ol) of 
ethyl acetate was added dropwise over 5 m in , followed after 10 
m in  b y 50 m m ol of the substituted  benzoyl ch lo rid e. A fte r anoth
er 10  m in , 30 m l of 2 0 %  H C 1  was q u ic k ly  added to quench the 
reaction.

A fter w arm ing  to room tem perature and ad d in g  enough water 
to dissolve the L i C l  form ed, the tetrahyd ro furan  was separated 
and the rem a in in g  aqueous phase was w ashed w ith  ether. T h e  
com bined te tra hyd ro fu ra n -e th e r m ix tu re  was d ried  a n d  evapo
rated off. T h e  residue was dissolved in  50 m l of absolute ethanol, 
and a saturated solution  of C u ( O A c ) 2  was added u n t il no more 
p recip itate  form ed. A fter f ilte rin g  and w ashing the so lid  w ith  eth
anol, enough 1 0 %  acetic a c id  to d issolve the p re c ip itate  was 
added along w ith  50 m l of ether. T h e  organic la ye r was separated 
off, w ashed w ith  H 2 O  a n d  w ith  satu ra ted  N a H C O s , a n d  th en  re
moved b y evaporation.

T h e  residue was recrysta llize d  from  petroleum  ether (bp 3 0 - 
6 0 °)-e th e r if  so lid , or d ist ille d  under reduced pressure if  liq u id . 
A ll  com pounds gave p h y s ic a l and spectra l properties in  agree
m ent w ith  the reported values.

T h e  y ie ld s  follow: p -C l  ( 1 0 % ) ,  P - C H 3  (4 0 % ), p -C N  (9 0 % ), p - 
O C H 3  (5 0 % ). E t h y l p -cyanobenzo ylacetate, p rev io u sly  unreport
ed, form ed yellow  crysta ls, m p 6 3 -6 4 ° (uncorrected).

Spectra. E le ctro n ic  spectra of 1 x  lO ^ 4 A f aqueous solutions of 
e th yl benzoylacetates, co n ta in in g  1 0 %  ethanol and sim p le  borate 
or phosphate buffers, were recorded in  a 1 0 -m m  q u a rtz ce ll using
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a U n ic a m  SP800 spectrophotom eter. T h e  spectra were recorded 
w ith in  2 m in  after preparation  of the so lution. T h e  absorbance 
was obtained by com parison w ith  a b la n k  co n ta in in g  the p a rt ic u 
la r  buffer and 1 0 %  ethanol alone.

P o la r o g ra p h y . Po laro g rap h ic i - E  curves were recorded in  so lu 
tions p laced in  a K a lo u se k -ty p e  ce ll w ith  separated reference c a l
om el electrode, u s in g  a dropping m ercury electrode w ith  t1 = 3.4 
sec (at 0.0 V )  and m  =  2 .1  m g /sec, b y  m eans of a  S arg e n t-W e lch  
M a rk  X V T  polarograph.

N in e  m illil it e r s  of a s im p le  borate or carbonate buffer was 
transferred in to  the ce ll and deaerated b y a stream  of nitrogen for 
2 m in ; then 1 m l of a  2 X 10 “ 3 M  stock so lution  of the corre
sponding e th yl benzoylacetate in  ethanol was added. A fter deae
ratio n  for another 45 sec the polarographic curve was recorded. 
A ll  buffer solutions were checked for im p u ritie s.

K e to  E n o l T it r a t io n s .  In  the m odified M e ye r t itra t io n ,16 50 m l 
of 2 x  10 “ 3 M  benzoylacetate in  1 0 %  ethanol was c h ille d  and 
treated w ith  10 m l of a solution of brom ine in  1 0 %  ethanol, fo l
lowed im m e d ia te ly  b y 10  m l of a  1 0 %  so lution  of /3-naphthol. 
After 2 m in , 50 m l of 0 .1  N  potassium  io dide solution  was added, 
and the m ix tu re  was w arm ed up to room tem perature and t it r a t 
ed w ith  sta nd a rd  th iosu lfate  so lution. E n d  po ints tended to fade 
after a few m inutes.
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N o t e s

Medium Effects in the Acid-Catalyzed Hydrolysis of
Phenylacetohydroxamic Acid in Aqueous Sulfolane

D . C . B e rn d t

D e p a r tm e n t  o f  C h em istry , W es tern  M ich ig a n  U n iversity , 
K a la m a zo o , M ich ig a n  49001

R e c e iv e d  J u ly  23, 1973

Tetramethylene sulfone (sulfolane) is a typical dipolar 
aprotic solvent. Inspection of the data of Tommila and co
workers1 on aqueous sulfolane mixtures reveals a rather 
special relationship, namely, that these mixtures approxi
mate regular solutions2 in which the entropy of mixing is 
nearly that of ideal mixtures. This result is unexpected for 
mixtures of polar substances such as sulfolane and water 
and might lead to interesting solvent effects upon reactiv
ity. In addition there appear to be no studies of acid-cata
lyzed hydrolyses in these media. Consequently, a study of 
the effect of aqueous sulfolane mixtures on an acid-cata
lyzed hydrolysis reaction has been carried out.

The kinetics of acid-catalyzed hydrolysis of phenylace
tohydroxamic acid in various aqueous sulfolane mixtures 
has been studied and the results are listed in Table I.

The accepted mechanism3-5 for acid-catalyzed hydroly
sis of hydroxamic acids is represented by eq 1 and 2.

R C O N H O H  +  IT - = £ =  R C (O H )N H O H  (1)

R C (O H )N H O H  +  H 20  A -  R C 0 2H  +  H 3N O H  (2)

Under pseudo-first-order conditions (excess catalytic acid 
and water) the observed first-order rate constant, k, is 
given by eq 3 for the above mechanism where K  is an

k =  fe2tf[H +][H20 ]"  (3)

equilibrium constant and k2 is a rate constant. The order 
of reaction with respect to catalytic acid has been estab
lished previously3-5 for the conditions employed in this

study. Since sulfolane is a very weak base,6 the hydrated 
proton is the catalytic acid under the conditions em
ployed. The order with respect to water, n, will be one for 
the above mechanism unless there is a difference between 
the number of water molecules hydrogen bonded in the 
transition state and in the initial state. As the concentra
tion of water is varied (with pseudo-first-order conditions 
maintained) in the presence of a nonreactive cosolvent, 
the rate changes as a result of general solvent effects as 
well as a result of differing water concentrations, as shown 
in eq3.

If the solvent effect is only a dielectric constant effect, 
then a graph of log fe/[H20 }n us. the reciprocal of the di
electric constant would yield a straight line. This relation
ship was tested for the data at 50.5 and 70.3° for n = 0,1, 
and 2. Dielectric constants for 50 and 70° were obtained 
by interpolation of the extensive data of Tommila and co
workers.1 Curves resulted in all cases with the same 
trends obtained for the data at 50.5° (ionic strength 0.240 
M) and at 70.3° (ionic strength 0.0479 M). Two ionic 
strengths were investigated, since in principle the ionic 
strength as well as the dielectric effect influence the reac
tion rates, although in practice the ionic strength effect is 
very small for this type of reaction and rate constants 
need not be extrapolated to zero ionic strength to test for 
dielectric constant correlations.7 Reynaud8 has deter
mined pKa values for some carboxylic acids and pK  
(BH+) values for some amines in aqueous sulfolane. 
Graphs of his values us. the reciprocal of the dielectric 
constant yield essentially straight-line relationships.

A possible relationship between the observed pseudo- 
first-order constant, k , and the mole fraction of sulfolane, 
Ns, in the solvent is given in eq 4 and 5 where n, a, and b are

k
log =  aN s +  b (4)

or
log k =  n log[H20 ] +  aN s +  b (5)
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Mole fraction

Table I
Kinetic Data for Hydrolysis of

Phenylacetohydroxamic Acid in Aqueous Sulfolane

Wt % sulfolane of sulfolane [Water], M [HCl], N Temp, °C 105 k ,a sec -1

0 0 55.51 0.240 50.5 4.12
32.58 0.0675 39.98 0.240 50.5 4.58
52.50 0.142 29.55 0.240 50.5 5.63
70.20 0.261 19.33 0.240 50.5 8.13
95.80 0.774 2.90 0.240 50.5 23.2

0 0 55.51 0.0479 70.3 4.45
34.92 0.0744 38.46 0.0479 70.3 5.03
49.09 0.126 31.56 0.0479 70.3 5.83
67.89 0.241 20.80 0.0479 70.3 8.02
88.57 0.537 7.785 0.0479 70.3 19.8

“Average pseudo-first-order rate constant.

constants. A least-squares multiple regression analysis of 
the data at 70.3° in Table I yields a value of 0.82 for n, the 
order with respect to water. The coefficient of multiple 
regression for eq 5 is 1.000 to three significant figures. Figure 
1 shows a graph of this data for log ̂ /[FkO] vs. mole fraction 
sulfolane where n is taken to be 1. An excellent linear re
lationship results. This represents a range of 0-88.6 wt % 
sulfolane (0-0.54 mol fraction sulfolane). A graph of log 
A/[HaO] vs. mole fraction sulfolane for the data at 50.5° 
(0-95.8 wt %, 0-0.77 mol fraction sulfolane) is linear but 
not as exact as Figure 1.

Figure 1. Log ft/[H20] as a function of mole fraction of sulfolane 
for hydrolysis of phenylacetohydroxamic acid in aqueous sulfo
lane mixtures 0.0479 N  with respect to HC1 at 70.3°.

Equation 4 is a linear free-energy relationship. Koppel 
and Palm9 have discussed in detail linear free-energy rela
tionships in solvent effects. A linear relationship between 
log k and the mole fraction of one component of a binary 
solvent system is predicted under certain conditions, 
namely, that the nonspecific and specific solvent-solute 
interactions of each solvent component are invariable (in
cluding the absence of shifts in solvation equilibria) 
throughout the range of solvent composition involved. 
Koppel and Palm9 consider two types of nonspecific sol
vent effects, dielectric effects and polarizability interac
tions. Since a linear relationship between log fe/[H20] and 
the reciprocal of the dielectric constant does not exist for 
this system (see above) and since the reciprocal of the di
electric constant is not linear in mole fraction sulfolane, 
dielectric effects can be discounted in the system reported 
herein.

It is noteworthy that linear relationships between log k 
and mole fraction sulfolane are not evident in the alkaline 
hydrolysis of dimethylacetylacetone10 or in the alkaline 
hydrolysis of benzoate esters11 in aqueous sulfolane.

Experimental Section
Phenylacetohydroxamic acid has been described previously.5 

Sulfolane was distilled at low pressure from sodium hydroxide 
pellets, n30D 1.4816 (lit.12 1.4820). All solutions were prepared 
with double-distilled water with concentrations referred to ambi
ent temperature. The kinetic measurements were made and the 
rate constants were calculated as described before.5 Initial con
centration of phenylacetohydroxamic acid for rate measurements 
at 50.5° was 0.0120 M and for those at 70.3° was 0.00600 M. Aver
age deviation from the mean for average rate constants in Table I 
is less than 1.5%.

Registry No.—Phenylacetohydroxamic acid, 5330-97-2. 
References and Notes

(1) E. Tommila, E. Lindell, M. Virtalaine, and R. Laakso, Suom. Kemist- 
ilehtiB , 42, 95 (1969).

(2) J. H. Hildebrand and R. L. Scott, “ Regular Solutions," Prentice-Hall, 
Englewood Cliffs, N. J., 1962.

(3) D. C. Berndt and R. L. Fuller, J. Org. Chem., 31, 3312 (1966).
(4) A. J. Buglass, K. Hudson, and J. G. Tillett, J. Chem. Soc. B, 123

(1971) .
(5) D. C. Berndt and J. K. Sharp, J. Org. Chem., 38, 396 (1973).
(6) S. K. Hall and E. A. Robinson, Can. J. Chem., 42, 1113 (1964).
(7) E. S. Amis, “Solvent Effects on Reaction Rates and Mechanisms," 

Academic Press, New York, N. Y., 1966, p 33.
(8) R. Reynaud, Bull. Soc. Chim. Fr., 4597 (1967).
(9) I. A. Koppel and V. A. Palm, "Advances In Linear Free Energy Re

lationships," N. B. Chapman and J. Shorter, Ed., Plenum Press, 
New York, N. Y., 1972, Chapter 5.

(10) J. P. Calmon and J. L. Canavy, J. Chem. Soc., Perkin Trans. 2, 972
(1972) .

(11) E. Tommila and J. Martlnmaa, Suom. Kemistilehti B. 40, 216 
(1967).

(12) J. W. Vaughn and C. F. Hawkins, J. Chem. Eng. Data, 9, 140 
(1964).
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The role of ortho substituents in chemical reactivity is 
complicated by several factors which may contribute to 
the reactivity effect of these substituents.2,3 Empirical 
correlation schemes are useful for systematizing the data 
and for comparison of effects in related systems which will 
lead to further understanding of reactivity parameters and 
reaction mechanisms. The Pavelich-Taft equation (eq 1)

log k/k0 =  p*o* +  5ES (1)

is based upon reactions of esters and was developed for 
analysis of systems in which steric effects are expected to 
be present.2,3
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Table I
Hydrolysis Rates of 2-Substituted Benzohydroxamic 

Acids in 0.G05 M  Hydrochloric Acid at 90.0°

Registry no. 2 Substituent 105 kn — Log k
— Log k 
(calcd) h

31791-97-6 Methoxy 2 1 .5 3.668 3.669
50357-86-3 Ethoxy 16 .4 3.785 3.772
17 5 12 -7 3 -1 Methyl 2 .5 3 4.597 4 .6 11
17512 -69 -5 Chloro 1 .8 2 4.740 4.796
50357-88-5 Bromo 1.00 5.000 4.941

° Average 
culated from

pseudo-first-order 
eq 4.

rate constant, sec 1 C a l-

In eq 1, <r* is the polar contribution and Es the steric 
contribution of the substituent to relative reactivity, p* 
and 5 are proportionality constants which indicate the 
susceptibility of the reaction system to the substituent ef
fects measured by the <r* and Es parameters, respectively. 
Equation 1 has been successfully applied to various ali
phatic and ortho-substituted benzene systems (with p* or 
5 equal to zero in some instances) and has been the 
subject of a recent review.2

The acid-catalyzed hydrolyses of aliphatic amides4 and 
ortho-substituted benzamides® are well correlated by the 
Es parameter alone; i.e., polar effects are zero or nearly so 
in these systems. Reactivities in the acid-catalyzed hy
drolysis of a series of aliphatic hydroxamic acids were re
cently determined and are not correlated by Es alone.6 
Equation 1 provides a fair correlation between these reac
tivities and a* and Es with p* and 8 of comparable magni
tude but of opposite sign. Consequently, polar effects are 
not zero in the acidic hydrolysis of aliphatic hydroxamic 
acids6 in contrast to the amide hydrolyses.

Equation 1 should be applicable to the hydrolysis of 
acyl compounds following the bimolecular mechanism2’3 
which is the accepted mechanism for the hydrolysis of 
amides7 and hydroxamic6,8-9 acids (eq 2 and 3) at moder
ate acidity.

RCONHOH +  H+ ^  RC(OH)NHOH (2)

RC(OH)NHOH +  H20 — ► RCO,H + H3NOH (3)

This paper reports a study of the acid-catalyzed hydrol
ysis of a series of ortho-substituted benzohydroxamic acids 
at moderate acidity. The results are in Table I. Included 
are log k values calculated from eq 4 where k is a pseudo- 
first-order rate constant directly proportional to the cata
lytic acid concentration under these conditions.6,8,9

log k =  —0.868<ro* +  0.759£s -  4.611 (4)
The parameters of eq 4 were calculated by the method 

of least squares.10 The ortho methyl group is the reference 
substituent with the ortho polar substituent constant, <j„ *, 
scale3 adjusted accordingly (range —0.22 to +0.38). Es 
values (range 0-0.99) for ortho substituents3 with methyl 
as the reference substituent are applied in eq 4. The cor
relation coefficient10 is 0.998. The F test10 for statistical 
significance indicates that the correlation by eq 4 is sig
nificant at the 1% level, a very satisfactory result. Figure 
1 illustrates the correlation graphically.

The correlation by eq 4 extends the range of usefulness 
of eq 1 as well as indicating that eq 1 is applicable to hy
droxamic acid reactivities and that the substituent effects 
studied in this system are adequately represented by the 
a0* and Es parameters. Since p*a0* and 8ES measure the 
contribution of polar and steric effects, respectively, these 
quantities may be used to compare polar and steric effects 
of the substituents relative to methyl. Examination of 
these quantities reveals that the polar effect is greater

Figure 1. Experimental log k corrected for steric effects, 8ES, 
plotted as a function of <r0*. The line is the least-squares line (eq 
4).

than the steric effect for chloro and bromo while the re
verse is true for the methoxy and ethoxy substituents rela
tive to methyl. This result is in contrast to the acid-cata
lyzed hydrolysis of amides,4’5 in which only steric effects 
as measured by Es are significant.

The rate constants in Table I are overall rate constants,
i.e., a composite for steps 2 and 3; consequently, p* and 
8 are for the overall process. Since p* < 0 in eq 4, elec
tron-donating groups accelerate the rate compared to that 
of the reference compound, 2-methylbenzohydroxamic 
acid. This is consistent with the greater electronegativity 
of hydroxyl compared to hydrogen in changing from am
ides to hydroxamic acids, provided that the polar effect on 
the protonation step (eq 2) is greater than the polar effect 
for nucleophilic attack by water on the protonated inter
mediate (eq 3). The positive value of 8 means that the 
rate is decelerated as Es becomes smaller; smaller Es 
values presumably correspond to increasing effective ste
ric bulk,2’3 although a resonance contribution is probably 
present.2 In any event, the substituent effects in the pres
ent system parallel those in the system which defines aa* 
and Es. Analogous results with respect to polar and steric 
effects were observed in the acid-catalyzed hydrolysis of 
aliphatic hydroxamic acids.6

Experimental Section
All hydroxamic acids exhibited positive ferric chloride tests. All 

analyses were performed by Galbraith Laboratories, Inc., Knox
ville, Tenn.

2-Chloro- and 2-methylbenzohydroxamic acids were prepared 
from the corresponding substituted benzoyl chlorides according to 
the method of Jones and Hurd.11 2-Chlorobenzohydroxamic acid, 
crystallized from toluene, had mp 159.5-160.1 (lit.12 mp 158- 
159°). 2-Methylbenzohydroxamic acid, crystallized from ethyl ac
etate, had mp 130.5-131°. Anal. Calcd for CsH9N02: C, 63.56; H„ 
6.00; N, 9.27. Found: C, 63.82; H, 6.14; N, 9.18.

2-Bromo-, 2-methoxy-, and 2-ethoxybenzohydroxamic acids 
were prepared from the correspondingly substituted methyl ben
zoates by adaptations of the “ Organic Syntheses” procedure13 
and crystallized from 3:7 (v/v) ethanol-water. 2-Bromobenzohy- 
droxamic acid had mp 177.5-178.5° (lit.12 mp 178-180°). 2- 
Methoxybenzohydroxamic acid had mp 124-126°. Anal. Calcd for 
CsH9N03: C, 57.48; H, 5.43; N, 8.38. Found: C, 57.65; H, 5.28; N, 
8.44. 2-Ethoxybenzohydroxamic acid had mp 124-125.5°. Anal. 
Calcd for C9HuN03: C, 59.65; H, 6.13; N, 7.73. Found: C, 59.76; 
H, 6.29; N, 7.66.

The 0.605 M hydrochloric acid was prepared from double-dis
tilled water and standardized by titration. The kinetic measure
ments were made by the spectrophotometric method reported 
previously8 employing a Beckman DU spectrophotometer set at 
520 nm. Pseudo-first-order rate constants were obtained from the
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slope of the appropriate graph8 with the numerical values com
puted by least squares.

The rate constants in Table I are the average of three to four 
runs for each compound. Average deviation from the mean is less 
than 4.5%. Temperature control was ±0.05°. Initial concentration 
of hydroxamic acids in the kinetics runs was 0.012 M .

Acknowledgment. The authors wish to thank J. R. 
McDowell for the preparation of two hydroxamic acids.
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Ketones with geminal triple bonds (1) are vulnerable to 
attack at several sites. As is the case with the more com
mon monoethynyl ketones, additions of nucleophiles,2-10 
electrophiles,11’12 dienes,2 and dipolarophiles13 to 1 have 
been observed. These were particularly interesting to us 
when both ethynyl groups became involved in conversions 
to families such as cyclopentenones, thiolenones, (5-tria- 
zolyl)isoxazoles, (pyrazolyl)pyrazoles, etc.2,7 To expand 
this still relatively unfamiliar area, we investigated the 
chemistry of 1 with emphasis on la.

(RC=C)2C = 0  
la. R = CH3
b, R = C6H5

Those reactions of la which proceed as expected will 
simply be mentioned, while those with new features will 
be described.2’3’6 Thus, with primary or secondary 
amines, la yields isolable monoadducts which may be cy- 
clized to pyridones; with hydrazines and la, the monoad
duct may not always be isolable but the cyclization can 
usually be made to take place; with thiols, la yields sym
metrical diadducts; with tetracyclone, la forms a Diels- 
Alder monoadduct.

The reaction of diethynyl ketones with thiourea and 
substituted thioureas occurs readily but often unpredict- 
ably. Penta-l,4-diyn-3-one is reported to react with 
iV, (V'-diphenylthiourea to give an adduct of unspecified 
structure.5 Compound lb reacted with both thiourea and 
A^N'-diphenylthiourea to give the same dihydrothiophene 
derivative,2 but la reacted with thiourea to give 2,6-di- 
methyl-4H-thiopyran-4-one as the only isolable product 
(eql).

la + (H2N)20 = S  —* (1)

Our reaction conditions are quite different from the for
mally similar addition of hydrogen sulfide to lb, which 
proceeds in a bomb at 180° to give an analogous thiopyra- 
none.11

While not defined in every detail, the course of the ad
ditions of alcohols or water to 1 has been clarified. With lb Russian workers have recently shown that a monoal- 
koxy adduct of 1 as well as the products of eq 2 may be 
formed.4 In the presence of acid the y-pyrone is generally 
the major product.12
1 + R'OH —*

[RC(OR')=CH]2C = 0  + + (RC0CH2)2C = 0  (2)

When la was treated with sodium ethoxide in ethanol, 
the only isolable product was 2,6-diethoxyhepta-2,5-dien-
4-one, but with sodium methoxide in methanol, a 3:2 mix
ture of 2,6-dimethyl-4-pyrone and 2,6-dimethoxyhepta-
2,5-dien-4-one was produced. The pyrone presumably 
arises from the slow acid-catalyzed hydrolysis of the bis- 
(enol) ether to 2,4,6-heptanetrione, which then sponta
neously condenses under the reaction conditions to give 
the pyrone. Indeed, la yields 2,6-dimethyl-4-pyrone upon 
treatment with aqueous acid.12

Additions of Grignard reagents to the carbonyl group 
are possible, but additions of other carbon nucleophiles to 
1 have varying success.2 9 In the case of la these additions 
are usually foiled by its sensitivity to the strongly basic 
conditions usually employed in such reactions. This prob
lem was circumvented by employing inverse addition of 
the anions of diethyl malonate and ethyl cyanoacetate in 
solution to a cold solution of la.

la + NaRCHCOnEt

R = C02Et, CN

(3)

The mode of attack and the resulting products are typi
cal of monoethynyl ketones.2 Under similar reaction con
ditions, lb reacts with carbon nucleophiles to give exclu
sively cyclopentenones.2

Experimental Section
For general details see ref 1, 2, and 14. la had mp 80-81° (lit.6a 

mp 78-80°); ir (CC14) 2260, 2230, 1630 cm-1; nmr (CC14) 5 2.05 (s, 
6 H). lb had mp 65° (lit.2 mp 64-66°); ir (CCL,) 2240, 2180, 1605 
cm-1.

3-Propynyl-5-methylpyrazole. To a solution of la (0.5 g) in 10 
ml of methanol at 0°, hydrazine hydrate (1 ml) was added drop- 
wise. Work-up followed by chromatography (twice) on silica gel 
with ether-chloroform (2:1, v/v) gave a yellow solid: mp 93.5- 
94.5°; ir (CHC13) 3490 (NH), 2230 (C=C), 1580, 1465, 1410 cm-1; 
nmr (CDC13) 5 2.0 (s, 3 H), 2.4 (s, 3 H), 6.0 (s, 1 H), 12.1 (broad, 
1H).

Anal. Calcd for C7HgN2: C, 69.97; H, 6.76. Found: C, 69.86; H, 
6.75.

2,4-Dinitrophenylhydrazone of la, as orange needles from 
ethyl acetate, had mp 201-203°; ir (KBr) 3220 (NH), 2220 
(C=C), 1618 cm-1 (C=N); nmr (CDC13) 6 2.1 (s, 3 H), 2.3 (s, 3 
H), 8.6 (m, 3 H), 12.0 (broad, 1 H).

Anal. Calcd for C13H10N404: C, 54.54; H, 3.57. Found: C, 
54.55; H, 3.05.

l-(2,4-Dinitrophenyl)-3-propynyl-5-methylpyrazole. A solu
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tion of sodium methoxide (0.2 g) in methanol (20 ml) and the 
above DNP (0.25 g) was heated to boiling. Water (10 ml) precipi
tated a solid which was recrystallized twice from absolute ethanol 
to give silky yellow needles (0.2 g): mp 137-139°; ir (KBr) 2230, 
1610, 1550 cm“ 1; nmr (CDCI3) 5 2.0 (s, 3 H), 2.2 (s, 3 H), 6.4 (s, 1 
H), 8.12 (m, 3 H).

Anal Calcd for C13H10N4O4: C, 54.54; H, 3.57. Found: C, 
54.33; H, 3.36.

2-(o-Carboxyanilino)-hept-2-en-5-yn-4-one. A solution of la 
(0.5 g) and anthranilic acid (0.64 g) in absolute ethanol was re
fluxed for 1 hr. Work-up and recrystallization from chloroform 
gave a yellow solid whose melting point could not be determined 
since ring closure to the pyridone occurred on slow heating: ir 
(KBr) 2240, 2280 (CMC), 1700 (C02H), 1610 (C=0), 1570 cm“ 1 
(C=C); nmr (DMSO) 3 2.0 (s, 6 H), 5.5 (s, 1 H), 7.6 (m, 4 H), 8.3 
(s, 1 H), 12.9 (broad, 1 H).

Anal, Calcd for C14H13NO3: C, 69.13; H, 5.39. Found: C, 68.77; 
H, 5.23.

Ar-(o-Carboxyphenyl)-2,6-dimethyl-4-pyridone. 2-(o-Carboxy- 
anilino)-hept-2-en-5-yn-4-one (0.5 g) was suspended in xylene (50 
ml) and refluxed for 4 hr. Filtration of the cooled reaction mix
ture gave white crystals (0.5 g) from methanol: mp 360° dec; ir 
(KBr) 3100 (OH), 1690 (C02H), 1650 cm“ 1 (C=0); nmr (H2S04, 
external TMS) 3 2.8 (s), 7.7 (s), 8.6 (m): neut equiv 244 ± 2.

Anal. Calcd for C14H13NO3: C, 69.13; H, 5.39. Found: C, 69.09; 
H, 5.30.

lV-(m-Carboxyphenyl)-2,6-dimethyl-4-pyridone. Dipropynyl 
ketone (0.25 g) and m-aminobenzoie acid (0.34 g) were dissolved 
in absolute ethanol and heated at ca. 65° for 20 min. Removal of 
the solvent gave a nearly quantitative yield of the adduct, 2-(m- 
carboxyanilino)hept-2-en-5-yn-4-one: mp 143-145°; ir (KBr) 2260, 
2230 (CM)), 1690 (C02H), 1620 (C=0), 1570 cm-1 (C=C). This 
adduct (0.5 g) was heated as a suspension in refluSing xylene (30 
ml) for 6 hr. Filtration of the cooled reaction mixture gave a gray 
solid: mp 333° dec from methanol; ir (KBr) 3100 (OH), 1710 
(C02H), 1640 cm '1 (C=0); nmr (H2SO4, external TMS) 5 2.9 
(s), 7.8 (s), 8.5 (m), 9.0 (m); neut equiv 242 ± 2.

Anal. Calcd for C14H13NO3: C, 69.13; H, 5.39. Found: C, 69.13; 
H, 5.23.

2-(3,4-Xylidino)-hept-2-en-5-yn-4-one. A solution of la (0.4 g) 
and 3,4-xylidine (0.48 g) in 30 ml of absolute ethanol was boiled 
on a steam bath for 5 min. On cooling in ice, 0.95 g of a solid was 
deposited. Two recrystallizations from ethanol (Norit) gave yel
low needles (0.6 g): mp 107.5-108.5°; ir (KBr) 2280, 2240 (C=C), 
1595 (C=0), 1540 cm“ 1 (C=C); nmr (CDCI3) 3 1.95 (s, 6 H),
2.25 (s, 6 H), 5.3 (s, 1H), 7.0 (m, 3 H), 12.4 (broad, 1 H).

Anal. Calcd for C15H17NO: C, 79.26; H, 7.54. Found: C, 79.36; 
H, 7.25.

Af-(3,4-Dimethylphenyl)-2,6-dimethyl-4-pyridone. 2-(3,4-Xy- 
lidino)-hept-2-en-5-yn-4-one (0.3 g) in 20 ml of xylene was re
fluxed for 19 hr and the resulting solution was cooled and poured 
into ligroin at 0°. This yielded 0.3 g of a white-gray solid: mp 
199-200°; ir (KBr) 1645 cm '1 (C=0); nmr (CDC13) 3 1.95 (s, 6 
H), 2.35 (s, 6 H), 6.2 (s, 2 H), 7.1 (m, 3 H).

Anal. Calcd for C15H17NO: C, 79.26; H, 7.54. Found: C, 79.18; 
H, 7.25.

2.6- Bis(o-aminobenzenethio)liepta-2,5-dien-4-one. Dipropyn
yl ketone (0.25 g) and o-aminobenzenethiol (0.65 g) were dissolved 
in 20 ml of methanol. To this solution was added dropwise with 
stirring 1 ml of a saturated solution of sodium methoxide in 
methanol. Within seconds, a light yellow solid precipitated out. 
The solid was collected and recrystallized twice from absolute 
ethanol to give 0.4 g of yellow needles which melted at 154-160°, 
presumably because of cis-trans isomerization: ir (CHCI3) 3500, 
3400 (NH), 1615 (C=0), 1560 cm“ 1 (CMC); nmr (CDCI3) 5 1.9 
(d, 6 H), 4.05 (broad, 4 H), 6.3 (q, 2 H), 6.75 (m, 4 H), 7.25 (m, 4 
H).

Anal. Calcd for Ci9H2oN2S20: C, 64.0; H, 5.66. Found: C, 
63.84; H, 5.71.

2.6- Bis(p-tolylthio)hepta-2,5-dien-4-one. This compound, 
which isomerizes on heating to 130°, was prepared in the same 
manner as above: mp 188-189°; ir (CHC13) 1625 (C=0), 1560 
cm -1 (C=C); nmr (CDC13) 3 1.9 (d, 6 H), 2.4 (s, 6 H), 6.25 (q, 2 
H), 7.25 (m, 8 H).

Anal. Calcd for C2iH22S20: C, 71.14; H, 6.26. Found: C, 71.13; 
H, 6.12.

2.6- Bis(p-cfalorobenzenethio)hepta-2,5-dien-4-one. This com
pound, which isomerizes on heating to 130°, was prepared in the 
same manner as above: mp 187-188°; ir (CHCI3) 1630 (C=0), 
1560 cm-1 (C=C); nmr (CDC13) 3 1.9 (d, 6 H), 6.35 (q, 2 H), 7.45 
(m, 8 H).

Anal. Calcd for C19Hi6Cl2S20: C, 57.72; H, 4.08. Found: C, 
57.57; H, 4.01.

2.6- Diethoxyhepta-2,5-dien-4-one. To a freshly prepared solu
tion of sodium ethoxide (0.4 g of sodium metal in 20 ml of abso
lute ethanol) was added dropwise a solution of la (0.75 g) in 15 
ml of absolute ethanol. The resulting solution was refluxed for 8 
hr and then poured into ice water. Vigorous stirring of this mix
ture produced a precipitate which was then filtered off and re
crystallized from chloroform-ligroin. Two further recrystalliza
tions from isopropyl alcohol-water gave white needles: mp 91-93°; 
ir (CHCI3) 1665 (C=0), 1585 (CMC), 1068 cm“ 1 (C=CO); nmr 
(CDCI3) 3 1.35 (t, 3 H), 2.3 (s, 6 H), 3.85 (q, 4 H), 5.4 (s, 2 H).

Anal. Calcd for CuHis03: C, 66.65; H, 9.15. Found: C, 66.99; 
H, 9.34.

2.6- Dimethoxyhepta-2,5-dien-4-one and 2,6-Dimethyl-4-py- 
rone. A solution of la (0.5 g) in 30 ml of freshly prepared metha- 
nolic sodium methoxide (0.2 g of Na) was refluxed for 24 hr and 
then poured into water. Ether extraction gave a yellow oil which 
proved to be an inseparable mixture of dienone and pyrone. The 
dienone had nmr (CDC13) 3 2.35 (s, 6 H), 3.65 (s, 6 H), 5.14 (s, 2 
H); the pyrone12 had nmr (CDCI3) 3 2.25 (s, 6 H), 6.06 (s, 2 H).

2.6- Dimethyl-4H-thiapyran-4-one. A solution of la (0.5 g) and 
thiourea (0.35 g) in 15 ml of dry DMF was allowed to stand at 
room temperature for 14 hr. The reaction mixture was then 
poured into ice water and extracted with chloroform. Work-up 
yielded a reddish-brown semisolid, which after two sublimations 
at 75° (0.3 mm) gave a solid: mp 104° (lit.15 mp 104°); ir (CCI4) 
1625 (C=0), 1595 cm“ 1 (CMC); nmr (CDCI3) 3 2.35 (s, 6 H), 6.7 
(s,2H).

4-Methylhepta-2,5-diyn-4-ol. A freshly prepared solution of 
methylmagnesium iodide (10 mmol, 1.58 g, prepared from 0.25 g 
of magnesium metal and 1.34 g of iodomethane) in ether was 
added dropwise to a solution of la (1.0 g, 10 mmol) in ether at 0°. 
The resulting yellow-brown suspension was then refluxed for 30 
min and poured into an excess of cold, saturated ammonium 
chloride solution. Work-up gave white needles (0.3 g): mp 37-38° 
from ligroin-carbon tetrachloride (lit.9,10 mp 35°); ir (CC14) 3675 
(free OH), 3435 (H-bonded OH), 2275 (C=C), 1230, 1325 cm"1 
(CO); nmr (CCU) 3 1.62 (s, 3 H), 1.83 (s, 6 H), 3.08 (broad, 1H).

3-Cyano-4-methyl-6-propynyl-2ii-pyran-2-one. A solution of 
freshly prepared sodioethvl cyanoacetate [ethyl cyanoacetate 
(0.54 g) and excess sodium hydride (50% dispersion in oil, washed 
with pentane before use)] ir. benzene-DMF (1:1) was added drop- 
wise to a solution of la (0.5 g) in dry benzene (10 ml) at 5°. The 
dark red solution was stirred at 25° for 90 min, poured into ice- 
cold 2% acetic acid, and extracted with chloroform (3 X 100 ml). 
The extracts were washed in turn with water, saturated sodium 
bicarbonate, and saturated salt solution and finally filtered 
through anhydrous sodium sulfate. Removal of the chloroform 
yielded a viscous, dark red oil which was chromatographed on sil
ica gel with chloroform as the eluting solvent. The middle frac
tions gave a reddish solid, which on recrystallization from ligroin- 
chloroform and sublimation at 95° (0.5 mm) yielded a yellow 
solid: mp 137-138°; ir (CHC13) 2265, 2250 (C=N, CM)), 1745 
(C=0), 1615, 1540 (C=C). 1120 (=CO), 640 cm '1 (cis C M ); 
nmr (CDCI3) 3 2.2 (s, 3 H), 2.45 (s, 3 H), 6.65 (s, 1 H).

Anal. Calcd for CioH7N02: C, 69.36; H, 4.08. Found: C, 69.12;
H, 4.12.

3-Carboethoxy-4-methyl-6-propynyl-2ff-pyran-2-one. A 
freshly prepared solution of diethylsodio malonate [0.8 g of di
ethyl malonate and 0.3 g of sodium hydride dispersion (50% in 
oil, washed with pentane before use)] in dry benzene was added 
dropwise to a solution of la (0.5 g) in benzene at 5° under a nitro
gen atmosphere. When the addition was completed, the mixture 
was stirred at 5° for 30 min and then poured into cold 2% acetic 
acid. Work-up yielded a red oil which was chromatographed on 
silica gel with ligroin-ethyl acetate (2:1) as the eluting solvent. 
The late fractions yielded the pure pyranone as a yellow oil: ir 
(CCU) 2225 (CMC), 1745 (C=0), 1630 (CMC). 1265 cm-1 (CO); 
nmr (CDC13) 3 1.37 (t, 3 H), 2.07 (s, 3 H), 2.2 (s, 3 H), 4.38 (q, 2 
H), 6.2 (s, 1 H); mass spectrum m/e (rel intensity) 220 (P+, 70), 
192 (100), 175 (70), 164(70), 148 (50), 120 (50).

l-(2-Methyl-3,4,5,6-tetraphenylphenyl)-but-2-yn-l-Qne. Di
propynyl ketone (1.0 g) and tetracyclone (3.85 g) were refluxed in
o-dichlorobenzene under nitrogen for 24 hr. The reaction mixture 
was then poured into 100 mi of hexane, cooled to -80° for 5 min, 
and then allowed to stand at 0° for 1 hr. The solid (2 g) which de
posited was recrystallized from hexane-dichloromethane to give
I. 0 g of an off-white solid: mp 234-235°; ir (KBr) 2200 (CM)), 
1650 cm -1 (C M ); nmr (CDC13) 3 1.78 (s, 3 H), 2.16 (s, 3 H),
6.78 (d, 10 H), 7.07 (s, 10 H); uv (99.5% ethanol) Xmax 280 nm (e
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7300), 236(33,200).
Anal. Calcd for C35H26O: C, 90.87; H, 5.67. Found: C, 90.79; H,

5.94.
l-(Pentaphenylphenyl)-3-phenylprop-2-yn-l-one. Diphenyl 

ethynyl ketone (1.15 g) and tetracyclone (1.9 g) were refluxed in
o-dichlorobenzene under nitrogen for 24 hr. The resulting brown- 
red solution was cooled to 25°, poured into cold hexane (100 ml), 
and kept at 0° for 2 hr. The brown solid which precipitated was 
recrystallized several times from dichloromethane-methanol to 
give 1.0 g of an off-white solid: mp 279-281°; ir (KBr) 2210 
(C=C), 1645 cm-1 (C=0); nmr (CDC13) 6 6.86, 7.1, 7.25 (m, 10 
H); uv (ethanol) \max 310 nm (f 12,400), 280 (20,500), 240
(51,700), 226 (49,000); mol wt (osmometric in benzene) 585 (calcd, 
587).

Anal. Calcd for C45H30O: C, 92.12; H, 5.15. Found: C, 91.95; H, 
5.14.

Registry N o—la, 34793-66-3; la 2,4-DNP, 50278-05-2; lb, 
15814-30-9; 3-propynyi-5-methylpyrazole, 50278-07-4; hydrazine 
hydrate, 10217-52-4; 2,4-dinitrophenyl)-3-propynyl-5-methylpyra- 
zole, 50278-08-5 ; 2-(o-carboxyanilino)hept-2-en-5-yn-4-one, 50278-
09-6; anthranilic acid, 118-92-3; JV-(o-carboxyphenyl)-2,8-di- 
methyl-4-pyridone, 50278-10-9; m-aminobenzolic acid, 99-05-8; 
lV-(/n-carboxyphenyl)-2,6-dimethyl-4-pyridone, 50278-11-0; 2-(m- 
carboxyanilino)hept-2-en-5-yn-4-one, 50278-12-1; 2-(3,4-xylidino)- 
hept-2-en-5-yn-4-one, 50278-13-2 ; 3,4-xylidine, 95-64-7; N-(3,4- 
dimethylphenyl)-2,6-dimethylpyridone, 50278-14-3; 2,6-bis(o'-ami- 
nobenzenethio)hepta-2,5-dien-4-one, 50278-15-4; o-aminobenzene- 
thiol, 137-07-5; 2,6-bis(p-tolylthio)hepta-2,5-dien-4-one, 50278-
16-5; p-toluenethiol, 106-45-6; 2,6-bis(p-chlorobenzenethio)hepta-
2,5-dien-4-one, 50278-17-6; p-chlorobenzenethiol, 106-54-6; 2,6-di- 
ethoxy-2,5-dien-4-one, 50278-18-7; 2,6-dimethoxy-2,5-dien-4-one, 
50278-19-8; 2,6-dimethyl-4-pyrone, 1004-36-0; 2,6-dimethyl-4ii- 
thiapyran-4-one, 1073-80-9; 4-methylhepta-2,5-diyn-4-ol, 32156-
89-1; iodomethane, 74-88-4; thiourea, 62-56-6; sodioethyl cyano- 
acetate, 18852-51-2; 3-cyano-4-methyl-6-propynyl-2H-pyran-2-one, 
50278-24-5; diethylsodio malonate, 996-82-7; 3-carboethoxy-4- 
methyl-6-propynyl-2H-pyran-2-one, 50278-26-7; o-dichlorobenzene,
95-50-1; l-(2-methyl-3,4,5,6-tetraphenyl)but-2-yn-l-one, 50278-27- 
8; l-(pentaphenylphenyl)-3-phenyiprop-2-yn-l-one, 50278-28-9; te
tracyclone, 479-33-4.
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The Photochemistry of (-)-trans-Verbenone Epoxide 

Thomas Gibson
T h e  P r o c te r  &  G a m b le  C om p a n y , M ia m i V a lley  L a b o ra to ries , 

C in cin n a ti, O h io  45239

R e c e iv e d  A u g u s t  24, 1973

In pursuance of our interest in the development of 
methods for the synthesis of compounds of the bicyclo-

[2.1.1]hexane series,1’2 we have turned our attention to 
the ring contraction of bicyclo[3.1.1]heptanes.

Two methods have been developed previously based on 
this model, one of which involved the photochemical ring 
contraction of the diazo ketone l ,3 while the other utilized 
the base-catalyzed rearrangement of cts-pinene glycol mo- 
notosylate (2) A®

A reaction which has received relatively little attention 
as a ring contraction method is the photochemical rear
rangement of a,¡3-epoxy ketones. Extensive studies of this 
reaction in steroid systems have shown that /3-diketones 
can be generated in good yields, where product formation 
occurs by stereospecific shift of a /3 substituent to the a 
position.6 Generally, yields are better in those systems 
which form readily enolizable /3-diketones, as nonenolic 
diketones are relatively susceptible to further photochemi
cal reaction by photocleavage processes.7

The possibility that the photochemical rearrangement 
of a,/3-epoxy ketones might be useful for the generation of 
the strained bicyclo[2.1.1]hexanone ring system was sup
ported by the reasonably efficient ring contraction of the 
epoxy ketone 3 to the cyclobutanone 4.8 Verbenone epox
ide (5) appeared to be a convenient compound to examine 
as a test of the hypothesis, especially with regard to com
petition between transfer of the methyl group to give com
pound 6 and ring contraction to give 7.

3

Results
Irradiation of a solution of ( — )-59 (ca. 0.01 M) in pen

tane or benzene with a 450-W medium-pressure mercury 
arc lamp for 12 hr produced a mixture of starting material 
and three volatile products in 50% yield. Analysis by gas 
chromatography showed that starting material comprised 
56% of the mixture. Isolation of the products by prepara
tive glc and analysis by spectroscopic methods allowed the 
identification of the enol lactone 8 (30%), its isomer 9 
(2%), and an inseparable 3:1 mixture of the ring-contract
ed diketones 7 (12%). The enol lactone 8, mp 46-47°,
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Table I
Time, Yield,“

+

showed infrared bands at 5,61 and 5.89 m, and nmr signals 
at r 8.34 and 5.47. The latter signals, which appear as a 
doublet and a quartet, can be atributed to the protons of 
the methyl group on the double bond and to the olefinic 
proton, respectively. The isomeric enol lactone 9 showed 
similar data. The assignment of configuration to 8 and-9 is 
based on the chemical shifts of the olefinic protons. Using 
the additive increment values determined by Matter, et 
al.,10 the chemical shifts for the olefinic protons in 8 and 9 
were calculated to be r 5.16 and 4.93, respectively. The 
observed values of t 5.47 and 4.79 for the major and minor 
products are in relatively good agreement with these 
values.

The mixture of isomers 7 showed two maxima in the 
carbonyl region of the infrared spectrum at 5.68 and 5.86 
lx. These values are in good agreement with those expect
ed for the isolated carbonyl groups in the bicyclo-
[2.1.1]hexanone2 and acetyl moieties, respectively. That 
no extensive enolization of the two carbonyl groups in 7 
occurs is reasonable in view of the difficulty of introduc
tion of a double bond into the bicyclohexane framework.11 
The presence of a mixture of epimers in 7 was indicated 
by the nmr spectrum, which showed, among other signals, 
two singlets at r 9.03 and 9.29 with relative weights of 3:1, 
respectively. These are assigned to the endo methyl 
groups in the two isomers, but we could not find a suffi
cient precedent to assist in the specific assignment to the 
two isomers.12 All attempts to separate the two diketones 
by glc methods were unsuccessful.

Further evidence for the structures of compounds 7-9 
was obtained as follows. Treatment of the enol lactone 8, 
isolated by preparative glc and contaminated with about 
25% of verbenone epoxide, with sodium methoxide in an
hydrous methanol produced the keto esters 10 and 11 in

0 0

10

r U Y  + n £ Y
C 0 2Me C 0 2Me

12 13
good yield in a ratio of approximately 2:1. The verbenone 
epoxide was recovered unchanged, and its unreactivity 
under these conditions was confirmed by a control experi
ment. Treatment of the mixture of isomers 7 under simi
lar conditions produced the keto esters 12 and 13 in a 
ratio of 7:3. Since the keto esters are formed under equili
brating conditions, it is expected that the pseudo-diequa- 
torial cis isomers should predominate, and the ratios of 
products observed in these reactions are closely similar to 
those obtained in similar systems. For example, the equi

Solvent Conen, M hr % 5 8 9 7

Benzene6' 4.5 X 10“ 2 12 50 56 30 2 12
Benzene6'“'“ 1.6 X 10 2 12 78 16 71 6 7
Acetonitrile6 d ' 4.8 X 10“ 2 100 70 19 46 4 31
Acetonitrile41 3.1 X IO 2 72 80 83 17

“ Distilled volatile product. Relative proportions of in
dividual products were determined by area measurement of 
glc peaks. 6 450-W mercury lamp, Hanovia 679-A36.c Vycor. 
d Pyrex. • 4 equiv of 1,3-pentadiene added. 1 300-nm lamps in 
Rayonet reactor.

librium mixture of methyl cis- and trans-pinonate is re
ported to contain 75% of the cis isomer.13 The nmr spec
tra of the isomeric keto esters are also in good agreement 
with their assignments. Subramanian and Krishna Rao 
have established the effects of substituents in 2,2-dimeth
yl 1,3-disubstituted cyclobutanes on the chemical shifts of 
the quaternary methyl groups.13 Application of the rules 
derivable from their data to the keto esters 10-13 shows 
that in each instance the cis diequatorial isomer is formed 
in major amount. A detailed presentation of the spectro
scopic data for all isolated compounds is given in the Ex
perimental Section.

In an effort to detect the transient formation of the di
ketone 6 which would result from methyl transfer, the irra
diation of verbenone epoxide was carried out in the pres
ence of a 3-molar excess of 1,3-pentadiene. Previous'work 
on similar systems has shown that conversion of nonenolic 
d-diketones to enol lactones proceeds by way of the n-7r* 
triplet state and can be quenched by 1,3-pentadiene.7 
However, we could obtain no evidence for the formation of 
6 under these conditions, although it was found that the 
formation of products 7-9 took place more cleanly and 
rapidly. Furthermore, when the light was filtered with a 
Pyrex sleeve, the rate of disappearance of verbenone epox
ide dropped considerably, but the relative yield of the 
ring-contraction products increased. Finally, when the ir
radiation was performed with a bank of lamps emitting at 
300 nm, only the ring-contracted diketones were formed, 
although very slowly. The results are presented in Table I.

Discussion
No direct evidence could be obtained for the formation 

of the /3-diketone 6 during the course of the irradiations. 
The inability to quench the formation of the enol lactones 
with 1,3-pentadiene shows that, if 6 is indeed an interme
diate in this process, it either does not rearrange by way 
of a triplet excited state or the reaction is very rapid with 
respect to the quenching process.14 However, support for 
the presence of a symmetrical intermediate such as 6 was 
provided by the lack of optical rotation of 8. Assuming 
that 6 is an intermediate, its photocleavage would gener
ate the diradical 14. Rotation of the methyl group at the

15
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radical site of 14 during conversion to diradical 15 should 
occur in such a way as to minimize interaction with the 
bulky gem-dimethyl substituted bridge, leading to the 
trans stereochemistry as depicted. Closure would then 
generate 8 as the initial product in agreement with the 
stereochemical conclusion reached on the basis of the nmr 
spectra.

The apparent photostability of 7 under these conditions 
is surprising, since nonenolic /3-diketones such as these are 
generally observed to be much more reactive than their 
enolic counterparts. Also, since transfer of the substituent 
has been shown to be stereospecific in rigid systems,6 only 
the trans isomer would be expected to form in the rear
rangement. One possible process by which epimerization 
could occur would involve photocleavage of the C2-C3 
bond of 7 followed by rotation of the C3-C4 bond and re
combination. This process gains some support from the 
observation that the base peak in the high-resolution mass 
spectrum of the mixture of diketones results from loss of 
carbon monoxide, which can be most easily rationalized 
by formation of the bicyclo[l.l.l]pentane derivative 16. In 
fact, a monoketone with molecular ion corresponding to 
that of 16 was isolated in trace amount from one irradia
tion run, but too little material was obtained to determine 
its structure. No compound with structure 17, the product 
which would result from a process analogous to the rear
rangement of 6, was observed in any of these experiments. 
The lack of formation of the bicyclohexanone 18 during 
methoxide treatment of 7 is easily rationalized by the lack 
of stabilization of the enolate anion in the strained ring 
system, by the same argument as that applied to the in
terpretation of the infrared spectra of these compounds.

Experimental Section16
In a typical irradiation, a solution of 0.965 g of verbenone epox

ide, [a]D — 114°, in 130 ml of pentane was irradiated through 
Vycor glassware with a 450-W medium-pressure mercury arc 
lamp for 12 hr. The solution was flushed with argon for 0.5 hr be
fore irradiation and maintained under argon for the duration of 
the reaction. Removal of solvent and bulb-to-bulb distillation of 
the residue gave 0.465 g, bp (bath) 65-75° (1.2 mm). Gc analysis 
on the SE-30 column showed the presence of a leading shoulder 
under the verbenone epoxide peak and two resolved peaks, the 
latter two being formed in about 30 and 2%, respectively. On the 
BDS column only two peaks appeared in the ratio of 88:12. Ver
benone epoxide under these conditions exhibits no decomposition. 
Collection of the three peaks by preparative gc gave samples for 
analysis.

Peak 1 (SE-30) was a mixture of verbenone epoxide and 7.
Peak 2 (SE-30) was 8 (30%), isolated as a solid. Sublimation 

gave material with mp 46-47°, [«]n ~0°, ir 3.27, 5.61, 5.89, and
9.61 p, and a molecular ion at m/e 166. The nmr spectrum 
showed signals at r 9.05 (3 H, s), 8,67 (3 H, s), 8.34 (3 H, d, J =
6.8 Hz), 8.30 (1 H, d, J = 10 Hz), 1.2-1 A (2 H, m), 5.47 (1 H, q, J 
= 6.8 Hz), and 7.48 (1 H, q, J = 5.2 Hz). Anal. Calcd for 
C10H14O2: C, 72.26; H, 8.49. Found: C, 72.20; H, 8.40.

Peak 3 (SE-30) was 9 (2%), a liquid: ir 5.63, 5.90, and 9.50 m; 
molecular ion at m/e 166.1005 (calcd for C10H14O2, 166.0994); 
and nmr signals at r 9.03 (3 H, s), 8.59 (3 H, s), 8.41 (3 H, d, J = 
7 Hz), 8.27 (1 H, d, J = 9.6 Hz), 7.37 (1 H, dd, J = 9.6, 5.8 Hz),
7.22 (1 H, t, J = 5.8 Hz), 6.88 (1 H, t, J = 5.8 Hz), and 4.78 (1 H, 
q,J= 7 Hz).

Peak 1 (BDS) was a mixture of verbenone epoxide and 8.
Peak 2 (BDS) was 7 (12%), a liquid: ir 5.68 and 5.86 m; molecular 

ion at m/e 166.0989 (C10H14O2); and nmr signals at r 9.29 and
9.03 (3 H, 2 s, ratio 1:3), 8.72 (1 H, d, J = 9 Hz), 8.59 (3 H, s),
8.45 (1 H, d, J = 8 Hz), 7.68 and 7.63 (3 H, 2 s, ratio 3:1), 7.43 (3 
H, m), 6.88 and 6.58 (1H, s and d, J = 5 Hz, ratio 1:3).

Sodium Methoxide Cleavage of 8. To a solution of ca. 0.2 g.of 
sodium in 2 ml of dry methanol was added 0.100 g of 8, which had 
been isolated by preparative gc and which was contaminated 
with about 20% of verbenone epoxide. The solution was brought 
to reflux for 2 hr, cooled, diluted with ether, washed with saturat
ed NaHCOa solution, and dried over MgS04. Removal of solvent 
gave 0.072 g of oil, which was shown by gc analysis on the BDS 
column to be composed of three materials in the ratio of 
21:25:54. The minor constituent was identified as verbenone epox
ide. The 25% constituent (11) showed ir bands at 5.76 and 5.85 p, 
a molecular ion at m/e 198.1275 (calcd for CnHig03, 198.1256), 
and nmr signals at r 8.95 (3 H, t, J = 7.2 Hz), 8.92 (3 H, s), 8.79 
(3 H, s), 7.68 (2, H, q, J = 7.2 Hz), 7.23 (1 H, dd, J = 6.0, 8.5 
Hz), 6.90 (1 H, dd, J = 6.7, 8.5 Hz), and 6.31 (3 H, s). The major 
constituent (10) showed ir bands at 5.75 and 5.85 p, a molecular 
ion at m/e 198.1240 (C11H18O3), and nmr signals at r 9.14 (3 H, 
s), 8.96 (3 H, t, J = 7 Hz), 8.59 (3 H, s), 7.0-8.25 (6 H), and 6.34 
(3 H, s).

Sodium Methoxide Cleavage of 7. To a solution of ca. 0.2 g of 
sodium in 1 ml of methanol was added 37.4 mg of a mixture of 
isomers of 7 isolated by preparative glc. After reflux for 2 hr, the 
solution was cooled, diluted with ether, and washed with saturat
ed NaHCOs solution. After drying over MgS04, the solvent was 
carefully evaporated to give 28.6 mg of yellow oil. Gc analysis on 
the BDS column showed the presence of two peaks in a ratio of 
7:3, both of which were isolated by preparative gc. The minor 
constituent (13) showed ir bands at 5.78 and 5.83 a, a molecular 
ion at m/e 198.1231 (C11H18O3), and nmr signals at t 8.95 (3 H. 
s), 8.92 (3 H, s), 8.35 (1 H, m), 7.88 (3 H, s), 7.49 (2 H, m), 7.2-
7.7 (3 H), and 6.34 (3 H, s). The major constituent (12) showed ir 
bands at 5.77 and 5.84 p, a molecular ion at m/e 198.1263 
(C11H18O3), and nmr signals at t 9.12 (3 H, s), 8.78 (3 H, s), 7.90 
(3 H, s), 7.6-8.2 (3 H), 7.57 (2 H, d, J = 2 Hz), 7.26 (1 H, dd, J = 
10 and 7.8 Hz), and 6.38 (3 H, s).

Registry No.—(— )-5, 33967-70-3; 7 (epimer A), 49830-06-0; 7 
(epimerB), 49830-07-1; 8,49830-08-2; 9,49830-09-3; 10,49830-10-6; 
11,49830-11-7; 12,49830-12-8; 13,49830-13-9.
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In an approach to the total synthesis of the hydroazu- 
lenic sesquiterpene velleral,1 we set out to find a method 
of preparing compound 1. Ketones with the bicyclo-
[4.3.1]decan-10-one skeleton have been synthesized from 
cycloheptanones2 and by a cycloalkylation reaction of a 
propyl-2-tetralone with a l,2-bis(chloromethyl)benzene 
using sodium hydride as base.3 However, an attempt by 
us to prepare compound 4 by a similar base-induced cyc
loalkylation of 2-methylcyclohexanone yielded a complex 
mixture. In the present case the relative kinetic acidities 
of the a-methine and «-methylene protons can presum
ably account for the failure of the method, since spiro 
compounds could be formed if the first alkylation step 
does not take place at the methine carbon atom.

1
We now wish to report a new method of reasonably gen

eral applicability which gives fair to excellent yields of the 
four bicyclic ketones shown in Scheme I. We considered 
the possibility of forming the specific enolate 2a by the 
convenient procedure used by House, Gall, and Olmstead4 
for the preparation of 2,2-dialkylated ketones. These au
thors reported that the lithium ierf-butoxide formed in 
the reaction caused some dialkylation. However, the lithi
um tert-butoxide can very suitably function as the base 
required in the second step of a cycloalkylation sequence 
using a reactive 1,4-dihalide as alkylating agent.

Reactions with 7 yielding 8 and 9 gave lower yields, 
partly owing to reaction of 2 mol of enolate with 1 mol of 
dichloride (by-product vpc-mass spectrum: M+ 276, 
C18H22O2). The preparation of 7 includes a hydrogenation 
of but-2-yne-l,4-diol to cis-but-2-ene-l,4-diol. It may be 
noted that this can be done excellently with a method (Pd 
on BaS04 in pyridine) indicated without experimental de
tails by Fieser and Fieser5 (though not mentioned in a re
cent review article6) .

Ketones such as 8 and 9 can be suitable synthetic pre
cursors for stereospecific preparations, for instance of cis-
2,6-dialkylcyclohexanones, which are otherwise difficult to 
prepare free of the trans isomer and for syntheses of nine- 
membered ring compounds.3 The present cycloalkylation 
method may be less suitable for some acyclic ketones be
cause of the difficulty of obtaining the proper trisubsti- 
tuted enol acetate.4

Experimental Section
Vpc was carried out on a 1.5 m X 3.1 mm XE-60 column (2% 

on Chromosorb G, 100-120 mesh) at 130-180°. Melting points are 
uncorrected. Nmr spectra were recorded on a Varian T-60 instru
ment and mass spectra on a LKB 1100 instrument (70 eV). Ir 
spectra refer to liquid films unless otherwise stated.

l-Acetoxy-2-methylcyclohexene (2) was prepared according to 
House, et al.,* 4,4-dimethylcyclohexanone according to Conia and 
Le Craz, 7 and 3,4-bis(chloromethyl)furan (G) and cis-l,4-dichloro- 
but-2 -ene8 (7) (from cis-but-2-ene-l,4-diol) according to Novitskii, 
et al.9

Scheme I

6

2-Methoxycarbonyl-4,4-dimethylcyclohexanone was prepared 
following a method of Corey, Mitra, and Uda: 10 yield 93%; bp
46.5-47° (0.2 mm); n22D 1.4819; ir 1752, 1720 (C = 0  of keto form), 
1660, 1622 cm - 1  (C = 0  and C=C of enol form); nmr (CDCI3) 5 
3.77 (s, 3), 2.26 (t, 2, J  = 7 Hz), 2.02 (s, 2), 1.42 (t, 2, J  = 7 Hz), 
0.97 (s, 6).

Anal. Calcd for C16H20N4O6 (dinitrophenylhydrazone): C, 52.7; 
H, 5.5; N, 15.4. Found: C, 52.7; H, 5.5; N, 15.2.

The dinitrophenylhydrazone had mp 154-156° (EtOAc-EtOH- 
H20).

2-Methoxycarbonyl-2,4,4-trimethylcyclohexanone was pre
pared by the general procedure of Ritchie and Taylor: 11 yield 
83%; bp 56-57° (0.3 mm); n 23D  1.4585; ir 1730, 1745 (C =0), 1395, 
1375 cm ' 1 (gem-CH3); nmr (CDC13) 6 3.74 (s, 3), 1.27 (s, 3), 1.08 
(s, 3), 1.00 (s, 3).

Anal. Calcd for C17H22N4O6 (dinitrophenylhydrazone): C, 54.0; 
H, 5.9; N, 14.8. Found: C, 53.9; H, 5.8; N, 14.7.
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The dinitrophenylhydrazone had mp 152-154° (EtOAc-EtOH- 
H20).

2,4,4-Trimethylcyclohexanone12 was prepared by the general 
procedure of Ritchie and Taylor: 11 yield 79%; bp 76-77° (15 mm); 
n22d 1.4481; ir 1718 (C =0), 1390, 1370 cm ' 1 (gem-CH3); nmr 
(CDCls) 6 1.23 (s, 3), 1 .0 1  (s, 6), 0.95 (d, 3, J  = 7 Hz).

The dinitrophenylhydrazone had mp 150-151° (ethanol) (lit.12 
mp 149-150°).

l-Acetoxy-2,4,4-trimethylcyclohexene (5) was prepared fol
lowing the general procedure of House, et al, :4 yield 90%; bp
92.5-93.5° (15 mm); n22D 1.4514; ir 1760 (C =0), 1715 (C=C), 
1390, 1370 cm ' 1 (gem-CH3); nmr (CDC13) 6 2 .1 2  (s, 3), 0.98 (s, 6).

Anal. Calcd for CnHig02: C, 72.5; H, 10.0. Found: C, 72.4; H,
9.9.

l,2-Bis(chloromethyl)benzene13 (3). Phthalyl alcohol (6.9 g, 
0.05 mol) and triphenylphosphine (27.0 g, 0.103 mol) were re
fluxed in 200 ml of dry carbon tetrachloride for 22 hr. 14 The reac
tion mixture was cooled to 0° and poured into petroleum ether 
(400 ml, bp 40-60°) to complete the precipitation of triphenyl
phosphine oxide. Filtration, evaporation, and distillation gave 
pure l,2-bis(chloromethyl)benzene: yield 5.2 g (61%); bp 55-56° 
(0.3 mm); mp 55-56° (lit.11 mp 54-55°); nmr (CDCI3) 5 7.34 (s, 4),
4.74 (s, 4).

cis-But-2-ene-l,4-diol15 was prepared by hydrogenation of but-
2-yne-l,4-diol (20.0 g) in 300 ml of pyridine (5% Pd on BaSO*, 1.0 
g)5 in 88% yield.

General Cycloalkylation Procedure. Methyllithium in ether 
(21 mmol) was added to 50 ml of dimethoxyethane (DME) and 
the bulk of the ether was removed under reduced pressure. The 
enol acetate (10 mmol) in 5 ml of DME was added dropwise to 
the methyllithium solution containing a white precipitate (0°, 
slow N2 stream, magnetic stirring). After 15 min the reaction 
mixture was heated to 60° to dissolve the lithium terf-butoxide. 
The dichloride (10 mmol) in 5 ml of DME was added in one lot. 
After ca. 5 min the reaction was complete (vpc and nmr; pro
longed reaction time did not affect the yield significantly) and the 
reaction mixture was poured into an ice-cooled mixture of 5% so
dium bicarbonate solution (100 ml) and pentane (50 ml). The 
water phase was extracted with pentane (2 X 50 ml), the com
bined pentane extracts were dried (Na2S0 4 ), and the solvent was 
evaporated to yield the crude reaction product.

1.8.8- Trimethylfuro[3,4-c]bicyclo[4.3.1]decan-10-one (1) was 
prepared from 5 and 6. The crude reaction product (yield >95%) 
was practically pure 1 (nmr, ir). Sublimation in vacuo gave an 
analytical sample: mp 108-110°; ir (KBr) 3125, 3100 (furan), 1697 
( C = 0 ), 1393, 1378 (gem-CH3), 878 cm - 1  (furan); nmr (CDCI3) 6
7.30 (s, 2), 1.27 (s, 3), 0.98 (s, 3), 0.92 (s, 3); mass spectrum m/e 
232 (M+).

Anal Calcd for Ci5H20O2: C, 77.6; H, 8.7. Found: C, 77.5; H,
8.7.

l-Methyl-3,4-benzobicyclo[4:3.1]decan-10-one (4) was pre
pared from 2 and 3. The crude reaction product (yield >95%) was 
almost pure 4 (nmr). Distillation gave a colorless oil which crys
tallized on cooling: yield 65%; bp 110-112° (0.4 mm); mp 64-65.5°; 
n 21D  1.5555; ir 3030 (aromatic CH), 1708 (C =0), 750 c m '1; nmr 
(CDCI3) 5 7.06 (s, 4), 1.08 (s, 3); mass spectrum m/e 214 (M + ).

Anal Calcd for C15Hi80: C, 84.1; H, 8.5 Found: C, 84.1; H, 8.5.
1.8.8- Trimethylbicyclo[4.3.1]dec-3-en-10-one (8) was prepared 

from 5 and 7. The crude reaction product was chromatographed 
on silica (50 g) with methylene chloride as eluent to give 8 in 35% 
yield: n25o 1.4913; ir 1706 cm - 1  (C = 0); nmr (CDCI3) 5 5.93-5.70 
(m, 2), 3.10-2.55 (m, 1, J  = 4.4 Hz), 1.20 (s, 3), 0.93 (s, 3), 0.87 (s, 
3); mass spectrum m/e 192 (M+).

Anal Calcd for Ci3H20O: C, 81.2; H, 10.5. Found: C, 80.9; H, 
10.3.

l-Methylbicyclo[4.3.1 ldec-3-en- 10-one (9) was prepared from 2 
and 7. The crude reaction product was chromatographed on silica 
(50 g) with methylene chloride as eluent to give 9 in 34% yeild: bp 
59-60° (0.4 mm); re26d 1.4998; ir 1710 cm" 1 (C = 0); nmr (CDC13) 
b 5.92-5.67 (m, 2), 1.11 (s, 3); mass spectrum m/e 164 (M + ).

Anal. Calcd for Ci7H20N4O4 (dinitrophenylhydrazone): C, 59.3; 
H, 5.9; N, 16.3. Found: C, 59.6; H, 5.8; N, 16.2.

The dinitrophenylhydrazone had mp 177-179° (EtOAc-EtOH- 
H20).
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The reaction of SbCls with simple olefins was reported 
recently.1 The reaction yielded vicinal dichloroalkanes by 
a cis addition, as evidenced by the formation of cis-1,2- 
dichlorocyclohexane from cyclohexene, presumably by a 
concerted pathway.

We report here on the reaction of SbCls and 1,3-butadi- 
ene (BDN) to produce dichlorobutene (DCB) isomers. 
This reaction is strongly stereoselective toward the forma
tion of 2 when compared to the reaction of molecular

H Cl Cl H\ _ C/ H
1 1 1 / C'

■C— CH— CH2 C1H2C CH2C1
1 2

C1H2C ^  h

/ c = c \
H CH2C1

3
chlorine and butadiene under similar conditions. The lat
ter reaction has been studied previously,2 and data indi
cate only trace quantities of 2. These data have been con
firmed by our work, using conditions and apparatus com-
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Table I
SbCl5 +  BDN Reactions'*

✓—Reaction temp, °C—- 
Low  High

r
Run No. Solvent 1 2 3 Remarks

1 CH 2CI2 -2 6 - 5 38.3 23.5 38.2 Mole fraction BDN = 0.5 (SbCls 
added neat).

2 CH2C12 -1 9 -1 0 23.8 40.9 35.3 Run as in footnote a except shielded 
from ambient light in lab.

3 CH,Cl> -1 9 -1 3 26.3 37.9 35.8 Run as in footnote a.
4 CH 2CI2 -2 2 -1 2 25.6 23.6 50.8 Reverse addition mode. BDN added 

to SbCh solution.
5 CH2CI2 -2 6 -1 3 35.1 40.1 24.8 Concentration of both reactants was 

about V 2 that in footnote a.
6 CCh - 8 - 1 33.0 33.5 33.5 Temperature was higher to avoid freez

ing CCI4. Run as in footnote a.
7 CHCl.i -2 0 -1 1 38.4 26.5 35.1 Run as in footnote a.

" General reaction conditions were 0.1 mol of BDN +  0.5 mol of solvent (mole fraction BDN = 0.17) with a solution of 
50% by volume SbCh in same solvent added dropwise until 0.02 mol of SbCh had been added. Equipment was not shielded 
from ambient light in lab. System was under dry N 3 and essentially anhydrous. b Area per cent by gc normalized to DCB. 
Results were reported at 20% theoretical BDN conversion. Samples taken at lower conversions during each experiment did 
not show significant variation.

Table II
C1‘2 +  BDN Reaction in CH2CI2"

Mole
ratio o f Reaction temp, °C --------DCB isomers,h %— -

CI2/BDN Low High 1 2 3

0.085 - 2 1 -1 2 5 4 . 3 0 . 4 4 5 . 3
0.17 - 2 0 -1 5 5 3 . 5 o r 4 5 . 8
0.22 - 2 0 -1 2 5 3 . 8 0 . 8 4 5 . 4

“ General reaction conditions were 0.1 mol of BDN +  0.5 
mol of CH2CI2, with Cl2 bubbled into solution in stepwise 
fashion and snap samples taken with gc syringe. '* For com
parison, vapor-phase reaction of BDN +  CI2 at about 150° 
produces approximately 36% of 1, 17% of 2, and 47% of 3. 
See also P. M. Colling, Diss. Abstr., 24, 3977 (1964).

Table III
Cli +  BDN Reaction in Various Solvents

--------- DCB isomers,® %-
Solvent 1 2 3

CHCh 61.0 0 . 7 38.3
CCh 42.4 0 . 7 56.9
c h 3o h 61.6 0 . 0 38.4
c h 3c n 50.7 0 . 0 49.3
CHCLCHCh 57.1 42.9
CHsCCh 48.2 0 . 6 51.2
dACHoClCHClCHClCH,Cl 47.0 0 . 8 52.2

0 General reaction conditions same as in Table II, foot
note a.

parable to those used for study of the SbCls reaction.3 
Earlier work has shown that liquid-phase reaction of CI2 
and butadiene in a wide variety of solvents has no signifi
cant effect on the relative amount of 2 produced.4

Data for the current study are presented in Tables I-V. 
In view of equilibrium data, product isomer ratios appear 
to be kinetically controlled. A possible intermediate for 
the formation of 2 is suggested in Figure 1. Conductivity 
data imply that SbCls does not have significant ionic 
character in the solvents employed (i.e., SbCU+ and 
SbCl6- are insignificant). Monomeric SbCl5, as a trigonal 
bipyramid, could interact with cisoid butadiene and result 
in transfer of two chlorine atoms to the diene in which the 
addition occurs antarafacially, e.g., trans to the butadiene 
molecular plane. The orbital symmetry of the intermedi
ate for the antarafacial 1,4 addition to butadiene (i.e., 
participation of the highest occupied molecular orbital in 
butadiene) is similar to the orbital symmetry for a con
certed suprafacial, or cis 1,2 addition to cyclohexene. Su- 
prafacial 1,4 addition would be symmetry forbidden. In-

Table IV
Dichlorobutene Isomer Equilibrium Data

Compd Equil at 60°, % Equil at 105°, %

1 17 24
2 6 8
3 77 6 8

Table V
Conductivity of SbCh Solutions (/¿mhos)

Soin,
Solvent 50%  by  volume

CHjCh 1.10 1.25
CCh 0.00 0.10
CHCh 0.10

volvement of various combinations of axial and equatorial 
bonds of SbCls may be invoked to obtain reasonably good 
intermediate stereochemistry, employing a very simple 
approximation using covalent radii5 (Figure 2). For exam
ple, axial-equatorial participation may be reasonable for a 
concerted suprafacial 1,2 addition to form 1, equatorial- 
equatorial for a concerted antarafacial 1,4 addition to ci
soid butadiene to form 2, and axial-axial for formation of
3.

To substantiate this mechanism SbCls was treated with 
trans, trans-2,4-hexadiene. The addition of molecular chlo
rine to this diene has been studied in detail6 and closely 
resembles the addition of molecular chlorine to butadiene. 
However, repeated attempts to add chlorine to the hexa- 
diene by means of SbCls led to complete formation of 
polymeric substances.

Dependency of isomer ratio on the solvent employed, 
order of reactant mixing, and reactant concentration was 
observed. All solvents tested showed an overwhelming 
preference for 2 compared to the CI2 and butadiene reac
tion. CH2CI2 gave the highest selectivity under the same 
reaction conditions. Order of reactant mixing appears im
portant, since reversing the addition mode (i.e., addition 
of butadiene to SbCls solution) while maintaining other 
reaction conditions essentially the same reduced the con
centration of 2 by almost a factor of 2 while showing an 
increase in 3 (run 4). It is believed that this change in iso
mer ratio is not due to preferential overchlorination of the 
dichlorobutene isomers. The increase of 3 may be caused 
by its formation by an intermolecular mechanism which 
would be favored in the presence of excess SbCl5 encoun
tered in the reverse addition mode.
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Figure 1. In term ed iate  for the form ation of e ¿s -l,4 -d ich lo ro b u - 
tene-2 .

Two experiments point to reactant concentration as 
possible factor in isomer selectivity. The experiment in 
which the butadiene concentration was relatively high 
(mole fraction = 0.5) and SbCl5 was added neat indicated 
relatively low 2. Another' experiment in which the concen
tration of both reactants were reduced by a factor of 2 rel
ative to normal conditions in Table I had no significant 
effect on 2, but the relative amount of 1 increased at the 
expense of 3. In both cases, where chlorination occurred in 
the presence of relatively high concentrations of SbClr> 
(i . e neat SbCls addition and reverse mixing of reac
tants), the isomer selectivity toward 2 was reduced.

The reaction mixture is stable toward isomerization. A 
sample remained at ambient lab conditions for 4 days 
with no significant change in the dichlorobutene isomer 
ratio. The presence of ambient light in the lab had no sig
nificant effect. The existence of the dichlorobutene iso
mers in the reaction mixture was determined by gc reten
tion times relative to known isomer mixtures and verified 
semiquantitatively by nmr [multiplets at 3.6 and 4.0 ppm 
characteristic of terminal and allylic CH2CI groups in 1 
and (2 + 3), respectively]. Experiments were performed to 
demonstrate that alteration of the dichlorobutene isomer 
ratio does not occur either in the gc or by prolonged expo
sure to SbCl3, a likely reaction product. The reaction 
product from one of the chlorinations in CH2CI2 was 
mixed at the 50% level with a solution of known dichloro
butene isomer ratio and analyzed by gc with no significant 
difference observed. This virtually eliminated the possi
bility of isomerization catalysis by an unidentified reac
tion product. Solutions of known isomer ratio were dis
solved in SbCl3 + CH2CI2 solutions in proportions compa
rable to those encountered in the chlorination experi
ments, allowed to stand at room temperature for several 
hours, and analyzed by gc. No significant change in iso
mer ratio was observed.

Experimental Section
S o lven ts em ployed were of Spectrograde q u a lity . CH2CI2 was 

su p p lie d  b y  F isch e r S c ie n tific  C o ., CHCI3 and C C U  by M atheson 
C o le m an  and B e ll, as was 1 ,3 -b u ta d ie n e , in stru m e n t grade lecture 
bottle. S b C l5 was supplied  b y A lp h a  Ino rg anic.

K a r l  F is c h e r reagent titra t io n , em ployed to m easure the 
am ount of w ater in  1 ,3 -b u ta d ie n e  and solvents, y ie ld ed  the fo l
low ing: butadiene, < 1 0  p pm ; C H 2 C I 2 , 39 p pm ; C C U , 27 ppm ; 
and C H C I 3 , 330 p p m . G c  a n a lys is  was as follows: butadiene, 
9 9 .9 7 % ; C H 2 C I 2 , 9 9 .9 % ; C C U , 9 8 .8 % ; and C H C 1 3, 9 9 .0 %  p u rity . 
T h e  reaction system  was m a in ta in e d  anhydrous by p urging and 
b lanketing  w ith  nitrogen h av in g  a w ater content of less than 
0 .0 0 1 %  b y w eight.

C o n d u ctiv ity  data  (T a b le  V )  c le a rly  in d ica te  th a t S b C ir, was 
essentially  anhydrous.

T h e  dichlorobutene isom er e q u ilib riu m  d a ta 7  (T a b le  IV )  were 
obtained from  the follow ing sta rtin g  m ix tu res: 1, 0 % ;  2, 5 % ;  3,

Figure 2. A p p ro xim ate m o lecu la r d im ensio ns of S b C U .

9 5 % ; and from  1, 9 5 % ; 2 and 3 com bined 1 % ;  im p u ritie s, m a in ly  
d ichlorobutanes, 4 % .

Registry No.— C h lo rin e , 7782-50-5; 1 ,3 -b u tad ie n e , 106-99-0; a n 
tim o ny pentachlo ride, 76 4 7-18 -9 ; c is -l,4 -d ic h lo ro b u te n e -2 , 1476-
1 1 -5 .

References and Notes
(1) S. Uemura, O. Sasaki, and M. Okano, Chem. Commun., 1064

(1971).
(2) M. L. Poutsma, J. Org. Chem., 31, 4167 (1966), and references 

cited therein.
(3) R. P. Vignes, unpublished data (see Table II).
(4) R. P. Vignes, unpublished data (see Table III).
(5) F. A. Cotton and G. Wilkinson, “ Advanced Inorganic Chemistry,” 3rd 

ed, Wiley, New York, N. Y., 1972.
(6) M. S. Edmondson, Diss. Abstr., 3914 (1971).
(7) D. D. Wild, private communication.

Solvolysis of Xanthenyl and Fluorenyl Ion Pairs in
1,2-Dimethoxyethane

H . E .  Zaugg* and R . J . M ich a e ls

R esea rch  D iv ision , A b b o t t  L a b ora tories ,
N o r th  C h ica go, Illinois  60064

R e c e iv e d  S e p te m b e r  6, 1973

An ostensibly routine attempt to prepare the xanthenyl- 
methylamine derivative 4 from the corresponding amide 1 
by hydride reduction in hot 1,2-dimethoxyethane (DME) 
led instead to an 83% yield of 9.9-dimethylxanthene (2),
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Table IReactions of Xanthene with DME + Base“

Mol
ratio /--- -Product composition, % b----

Base base: 5 2 7 5

LÌAIH4 2:1 >90 0 <10
LÌAIH4 1:1 54 30 16
n-BuLi 1:1 26 36 38
rc-BuLi 3:1 30 40 30
NaH 2:1 9 13 78

° AH reaction mixtures (0.01 mol of 5) were stirred and 
heated under reflux for 20 hr. 6 Yields of total product 
were 90-95 %.

identical with material prepared1 by a more conventional 
method. In contrast, when ethyl ether was used as solvent 
a nearly quantitative yield of the expected product 4 was 
obtained. Because a solvent effect of this kind had not 
been noted previously, a more detailed study was under
taken.2

Further investigation of the reaction in hot DME led to 
the additional isolation of a minor amount (17%) of the 
di(methylxanthenyl)ethane derivative 3. With LiAlD4 in
stead of LiAlH4 neither deuterated nor nondeuterated 3 
could be detected. However, 60% of the dimethylxanthene 
had one (and only one) methyl group completely deuterat
ed. In cold (25°) DME with LiAlH4, neither 2 nor 3 could 
be detected. Rather, the unmethylated xanthene 5 and 
the unmethylated dixanthylethane 6 were the only prod
ucts formed in appreciable quantity. Therefore, attention 
was turned to the reactions of xanthene itself with various 
strong bases in hot DME. Results are summarized in 
Table I.

With xanthene as the starting material neither of the 
two dimeric compounds (3, 6) could be detected (tic, 
nmr) in the reaction mixture. The only observable prod
ucts (in addition to unreacted xanthene) were monometh- 
ylxanthene 7 and dimethylxanthene 2.

To test the generality of the reaction, fluorene also was 
treated with LiAlH4 in hot DME. Under conditions that 
were optimum for dimethylation of xanthene (2:1 mol 
ratio), fluorene was monomethylated to the extent of only 
20%, and barely dimethylated at all (~5% ).

In all of the reactions leading to methylated products, 
the reaction mixtures initially developed deep red colors 
characteristic of the xanthenyl (or fluorenyl) carbanion. 
The color (sometimes with green fluorescence) usually 
persisted throughout the reaction, but was discharged on 
work-up.

Discussion
Four items of evidence suggest that the ethylene group 

in 3 and 6 originates from a reductive dimerization of the 
amide 1 and not from the ethylene moiety of DME. (1) 
The dimers are formed only from I and not from xanthene
(5). (2) Dimer 6 is formed from amide 1 even at room 
temperature. Under these conditions no obvious solvent 
participation in the form of méthylation is observed. (3) 
No 9-(d-methoxyethyl)xanthene is detectable in any of the 
reactions even though this would be a more likely product 
than 6 if the ethylene moiety in 6 were indeed derived 
from the solvent. (4) Although 3 (either deuterated or 
nondeuterated) was not formed from 1 with LiAlD4 in hot

DME, the production of major amounts of trideuterated 2 
under these conditions clearly shows that carbonyl reduc
tion does indeed compete with the fragmentation process 
leading to xanthene (5).

Several- conclusions are indicated by the data of Table
I. The variation in product composition with change in 
cation strongly suggests the involvement of ion pairs. Fur
thermore, methylation is best promoted by the cations 
most able to coordinate with an oxygen atom of DME 
(i.e., LiAl"+ > Li+ > Na+). The complex cations derived 
from LiAlH4 assist most efficiently in the removal of the 
oxygen atom from a solvent methyl group as it is being 
attacked by the xanthenyl anion. Also, a relatively high 
order of nucleophilic reactivity seems to be required in the 
carbanion. The oxygen atom in xanthene destabilizes the 
corresponding carbanion relative to the fluorenyl anion 
with the result that, under comparable conditions, the 
xanthenyl anion is solvolyzed in DME to a much greater 
extent.

Finally, in view of the well-known4 tendency of the fluo
renyl anion (and presumably xanthenyl also) to form sol- 
vent-separated ion pairs in DME, it is tempting to suggest 
that such species are intimately involved in these solvo- 
lyses. They provide, in the ground state, the precise ter
nary system necessary for the “ push-pull” mechanism 
suggested above.5

Experimental Section7
9,9-Dimethylxanthene (2) from l-Methyl-4-xanthen-9-ylcar- 

bonylpiperazine (1). To a stirred suspension of LiAlH4 (9.8 g, 
0.26'mol) in DME (250 ml) was added dropwise a warm (35-45°) 
solution of 1 (40.3 g, 0.13 mol)8 in DME (200 ml). The resulting 
deep-red solution was stirred and heated under reflux for 18 hr, 
during which time the color changed to a dark fluorescent green. 
To the cooled, stirred reaction mixture was added dropwise. suc
cessively, 30 ml of H2O, 30 ml of 50% aqueous NaOH, and 30 ml 
of H20. The mixture was then stirred and heated under reflux for 
0.5 hr and the hot DME solution was decanted from the gelati
nous precipitate, which was washed with ether several times by 
decantation. The combined solutions were concentrated to dry
ness by distillation and the neutral residue (25.8 g) was distilled 
under reduced pressure to give 22.6 g (83%) of 2: bp 114-115° (0.6 
mm); n 25D  1.5954; ir (CHCI3) 890, 1580, and 1605 cm-1; nmr 
(CDCI3) d 1.57 (s, 6, CH3), 7.05 (m, 6, ArH), and 7.43 ppm (m, 2, 
ArH) [lit.1 ir (CHCI3) 878, 1575, and 1600 cm -1; nmr (CDCI3) &
1.57 (s, 6 ), 7.02 (m, 6), and 7.47 ppm (m, 2)].

Anal. Calcd for C15H14O: C, 85.68; H, 6.71; O, 7.61. Found: C, 
85.99; H, 6.65; O, 7.80.

l-Methyl-4-xanthen-9-ylmethylpiperazine (4) from 1. When 
diethyl ether (250 ml) was substituted for DME in the foregoing 
procedure using 0.03 mol of 1 and heating under reflux for 48 hr, 
no red color developed, and a quantitative yield of crude basic 
product, mp 75-78°, was obtained. Recrystallization from hexane 
gave pure 4 (83% yield), mp 80-81°.

Anal. Calcd for Ci9H22N20: C, 77.51; H, 7.53; N, 9.52. Found: 
C, 77.46; H, 7.65; N, 9.46.

Dihydrochloride of 4 had mp 241-242° (from ethanol).
Anal. Calcd for Ci9H24Cl2N20 : C, 62.13; H, 6.58; N, 7.62. 

Found: C, 61.91; H, 6.58; N, 7.83.
l,2-Di(9-methylxanthen-9-yl)ethane (3). To a stirred suspen

sion of L1AIH4 (0.8 g, 0.02 mol) in DME (20 ml), under an atmo
sphere of N2, solid 1 (3.08 g, 0.01 mol) was added in one portion. 
More DME (10 ml) was added and the red solution was stirred 
and heated under reflux for 22 hr. The reaction mixture was 
worked up in the usual way, but the neutral product (2.14 g) was 
not distilled. Rather it was kept in a vacuum oven overnight at 
60°, during which time colorless prisms crystallized from the liq
uid dimethylxanthene (2 ) that constituted the bulk of the total 
product (1.95 g) as indicated both by tic and nmr. The crystals 
were collected at the filter, washed with 95% ethanol, and recrys
tallized from benzene to give 0.35 g (17%) of pure 3: mp 163-165°; 
ir (CDCI3) 1040 (w), 1110 (w), 1270 (s), 1330 (s), 1450 (s), 1470 (s), 
1495 (s), 1590 (m), and 1615 cm" 1 (w); nmr (CDC13) 6 1.32 (s, 6 , 
CH3), 1.52 (s, 4, CH2), and 7.08 ppm (m, 16, ArH); high-resolu
tion m /e  of molecular ion, 418.1930 (calcd for C30H26O2, 
418.1933).
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Anal. Calcd for C30H26O2: C, 86.09; H, 6.26. Found: C, 86.34; 
H, 6.33.

Xanthene (5) and l,2-Dixanthen-9-ylethane (6) from 1. The
foregoing procedure was repeated except that the reactants were 
combined at ice-bath temperature and then stirred at room tem
perature for 24 hr. The crude product was separated into a glassy 
basic (0.20 g) and a semisolid neutral (1.44 g) fraction. Tritura
tion of the neutral fraction with pentane followed by successive 
recrystallizations from cyclohexane (10 ml) and 2-butanone (3 
ml) gave 0.10 g of pure 6: mp 209-211°; ir (CHC13) 900 (m), 1100 
(w), 1125 (w), 1260 (s), 1315 (m), 1465 (s), 1485 (s), 1585 (m), and 
1605 cm-1 (w); nmr (CDC13) <5 1.53 (m, 4, CH2), 3.80 (m, 2, CH), 
and 7.00 ppm (m, 16, ArH); high-resolution m/e of molecular ion, 
390.1603 (calcd for C28H22O2, 390.1620).

Anal Calcd for C28H22O2: C, 86.12; H, 5.68. Found: C, 86.17;
H, 5.81.

Combined residues (1.2 g) obtained from all mother liquors 
were dissolved in hot cyclohexane and chromatographed on a sili
ca gel column (15 x 380 mm) using cyclohexane (500 ml) for elu
tion. Concentration of the eluate to dryness in a rotary evaporator 
gave 0.30 g of white powder, mp 98-99°, identical (mixture melt
ing point, ir, and nmr) with xanthene (5).

Reaction of the Amide 1 with L1AID4. When 1 was treated 
with LiAlD4 in place of LiAlH4 in hot DME exactly as described 
above for the preparation of 3, there was obtained 1.93 g (92%) of 
a crude liquid product from which no solid deposited on standing. 
The nmr spectrum showed the presence of a single methyl species 
(5 1.57 ppm) corresponding to 2 (no other peaks outside the aro
matic region). However, the ratio of aromatic to methyl protons 
was roughly 2:1 instead of the 4:3 ratio required for pure 2, 
suggesting the presence of deuterated material. (Treatment of a 
sample with excess rc-BuLi in DME did not give a deep red color, 
thus eliminating 9,9-dideuterioxanthene as a possible compo
nent.) The nmr spectrum of a distilled sample of the product 
(>90% distillable) was nearly identical with that of the crude 
material. The pertinent mass spectrum follows: m/e (rel intensi
ty) 213 (12), 210 (8), 198 (40), 195 (100). Of these four peaks only 
m/e 210 and 195 appeared in the mass spectrum of pure 2. Thus, 
the nmr and mass spectra are uniquely consistent for a mixture 
composed of 40% 2 and 60% of the analog containing one com
pletely deuterated methyl group.

Reaction of Xanthene with TJAIH4 in DME. A 1.82-g (0.01 
mol) sample of xanthene (5) was treated with L1A1H4 (0.80 g, 0.02 
mol) in hot DME in the usual way (20 hr under reflux). Work-up 
of the deep red reaction mixture gave 1.79 g (86% yield based on
2) of light yellow oil consisting of >90% of dimethylxanthene 2 
(by nmr). No peaks corresponding to 3 or 6 were observable in the 
nmr spectrum. The only sign of an impurity in the spectrum was 
a slight integral at 3.97 ppm corresponding to the presence of no 
more than 5-10% of starting xanthene (5).

When the reactants were stirred at room temperature for 20 hr, 
unchanged xanthene was recovered quantitatively.

When equimolar quantities (0.01 mol each) of the reactants 
were heated under reflux in DME for 20 hr, the nmr spectrum of 
the total product (1.86 g), essentially completely distillable in the 
boiling range of 2, showed the presence of 9-methylxanthene (7) [6
I. 40 (d, J = 7 Hz, CH3) and 4.01 ppm (q, J = 7 Hz, CH)] in ad
dition to 2 and 5. From the peak integrations the composition of 
the mixture could be calculated as 54% 2, 30% 7, and 16% 5. (In a 
second identical experiment the calculated composition was 55, 
29, and 16%, respectively.)

Because 9-methylxanthene is unreported in the literature, fur
ther characterization was carried out. A 200-/ig sample of the 
product mixture was subjected to high-pressure liquid chromatog
raphy in a Waters Associates Model ALC 202/401 instrument. A 4 
ft X 0.125 in. column packed with Cis/Corasil was used with 
40:60 CH3CN-H2O as solvent at a flow rate of 1.0 ml/min. Using 
ultraviolet (254 nm) detection, three well-resolved peaks were ob
tained, the first (18.6 min) and the third (30.6 min) corresponding 
to those observed for pure 5 and 2, respectively. The eluate corre
sponding to the middle peak (23.6 min) was collected and the so
lute was analyzed in the high-resolution mass spectrometer: m/e 
of molecular ion, 196.0859 [calcd for C14Hi20 ( i .e ., 7), 196.0888].

Reactions of Xanthene with n-BuLi and NaH in DME. Xan
thene (0.01 mol) was heated under reflux in DME for 20 hr in the 
presence of these bases and worked up in the usual way. Product 
composition was determined by nmr. Results are summarized in 
Table I.

Reaction of Fluorene with LiAlHi in DME. Treatment of a 
0.01-mol sample of fluorene with LiAlH4 (0.02 mol) in hot DME

for 23 hr gave an oily solid (937o recovery) whose nmr spectrum 
(CDCI3) showed peaks for unreacted fluorene [5 3.87 (CH2)], 9- 
methylfluorene [5 1.48 (d, CH3, J = 7 H z ) and ~3.88-3.90 ppm 
(q, half obscured by fluorene peak, CH, J = 7 H z )] [lit.9 nmr 
(CDCI3) & 1.48 and 3.90 ppm (J = 7.5 H z)] and 9,9-dimethylfluo- 
rene [5 1.45 ppm (s, CH3)] [lit.1 nmr (CDC13) 6 1.45 ppm]. De
spite the close proximity of the methyl peaks, the composition of 
the mixture could be estimated as 75% fluorene, 20% monometh- 
ylfluorene, and 5% dimethylfluorepe. A sample of the mixture was 
submitted to high-resolution mass spectral analysis: m/e of mo
lecular ions, 166.0773 [calcd for C13H10 (fluorene), 166.0782]; 
180.0922 [calcd for C14H12 (methylfluorene), 180.0939]; 194.1094 
[calcd for C15H14 (dimethylfluorene), 194.1096]. Peak heights of 
the molecular ions, respectively, were in the ratio 75:22:3, in es
sential agreement with the nmr analysis.

Registry No.—1, 50507-10-3; 2, 19814-75-6; 3, 50507-13-6; 4, 
50507-11-4; 4 dihydrochloride, 50507-12-5; 5, 92-83-1; 6, 50507-14- 
7; 7, 38731-93-0; fluorene, 86-73-7; 9-methylfluorene, 2523-37-7; 
9,9-dimethylfluorene, 4569-45-3.
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Thiobenzophenone has been found to undergo facile 
photochemical addition to diverse types of olefins to af
ford, in some cases, 1:1 adducts (thietanes) and in others 
2:1 thione olefin adducts (1,4-dithianes) depending on the 
exact structure of the olefinic substrate.1,2 The factors 
governing the course of the reaction are both steric and 
electronic. In the case of 1,3-dienes a third type of reac
tion course, 1,4 addition of the thioketone to the diene 
system, is most often observed, with thietanes being found 
in some instances.3

The recent demonstration4 that the 1:1 photoproduct 
from benzoquinone and cyclooctatetraene (COT) results 
from 1,4 rather than 1,2 addition to COT, as had been 
originally supposed,5 prompts us to record our observa
tions on the photochemical addition of thiobenzophenone 
to cyclooctatetraene, 6,6-diphenylfulvene, acenaphthy
lene, and norbomadiene.
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Irradiation of thiobenzophenone (1) with light of >340 
nm in excess COT gave a single product, the 1,4 adduct 2, 
in 58% yield. Its structure was assigned on the basis of 
spectral and analytical data. Of particular help in decid
ing between 2  and the isomeric structure 3  was informa
tion from the 220-MHz nmr spectrum of the adduct. At 
this frequency the bridgehead hydrogens appeared as two 
nonoverlapping apparent triplets of J = 4.2 and 3.6 Hz at 
t 5.84 and 5.98, respectively. The lack of mutual coupling 
seen (and substantiated by appropriate decoupling experi
ments on 2  and on the corresponding sulfone, 4 ) 6 is in ac
cord with structure 2, in which the two bridgehead hydro
gens should both be strongly coupled to the two adjacent 
vinyl hydrogens, but not with structure 3 ,  in which the 
bridgehead hydrogens are on adjacent carbons and have a 
dihedral angle near 0°, and should therefore be mutually 
coupled.

2 3

Irradiation of 1 with 6,6-diphenylfulvene gave a modest 
yield of 1:1 adduct, assigned structure 5 on the basis of its 
uv and nmr spectral properties. The uv absorption maxi
mum (298 nm, e 22,000) is reasonably similar to that ex
hibited by the parent 3-benzyhydrylidenecyclopentene,7 
but quite different from that expected for a 1,1-diphenyl- 
ethylene chromophore which would be present in a 1,4- 
addition product. [For 1,1-diphenylethylene, Amax is 251 
nm (f 10,500).] The nmr chemical shifts and splitting con
stants of the four hydrogens of 5  derived from the fulvene 
ring system (see Experimental Section) show a strong re
semblance to the data reported for the [2 + 2] cycload
duct of dichloroketene and diphenylfulvene.8 The orienta
tion of 5  is assigned on the basis of the very close corre
spondence of the couplings between the four aliphatic hy
drogens and those of the ketene adducts of diphenylful
vene described in ref 8. The complete parameters were 
elucidated by means of decoupling experiments on 5 and 
on the corresponding sulfone, 6. The orientation of 5  is 
that predicted by analogy with known reactions of ful- 
venes with radicals or radical-like reagents which proceed 
via initial attack at the 2 position of the fulvene ring.9

Addition of 1 to acenaphthylene gave a low yield of the 
expected 1:1 adduct, 7, identified on the basis of spectral 
and analytical data. The remainder of the starting com
pounds were converted to intractable material. No well- 
defined product could be isolated from irradiated solu
tions of 1 and norbornadiene.

No reaction was observed when cyclooctatetraene, di
phenylfulvene, or acenaphthylene were treated in the dark 
with solutions of thiobenzophenone. Thus, the products

described here are of photochemical, and not thermal, ori
gin. In previous studies of the addition of free radicals and 
radical-like species to cyclooctatetraene, it has been found 
that 2-cyano-2-propyl radicals,10® N204,9c and N2F410b all 
add in 1,4 fashion. Photoexcited thiobenzophenone can 
now be added to this list of reagents.

Experimental Section
Infrared spectra were run on a Perkin-Elmer Model 257 instru

ment and nmr spectra on either a Varian A-60 or HR-220 spec
trometer. Mass spectra were obtained at 70 eV on a Consolidated 
Model 202-1.

Melting points are uncorrected. Irradiations were performed on 
argon-flushed solutions using light from a Hanovia 450-W me
dium-pressure mercury arc, filtered through uranium glass 
(transmits >330nm).

Photochemical Reaction of Thiobenzophenone (1) with Cy
clooctatetraene. A solution of thiobenzophenone (3.3 g, 16 mmol) 
in freshly distilled cyclooctatetraene (120 ml) was irradiated in 
the standard manner for 6 hr, during which time the color of the 
reaction mixture changed from blue-green to deep orange. Excess 
COT was removed by distillation at reduced pressure [bp 28-34° 
(8 mm)] and the residue was dissolved in benzene-hexane and 
cooled to —15°. During 2 days, a total of 2.6 g (58%) of adduct 2 
precipitated as a tan solid. Recrystallization of this material from 
3:1 hexane-benzene at 0°, keeping the solution under argon, gave 
pure 2 as off-white needles: mp 162-163.5°; ir (KBr) 1600 (w), 
1448 (m), 1495 (m), 758 (s), 740 (s), 700 cm“ 1 (s); nmr (CDC13, 
220 MHz) r 2.5-2.9 (10 H, m), 4.05 (4 H, m), 4.42 (2 H, m), 5.90 
(2 H, 2 t, J = 4.2 and 3.6 Hz); uv max (EtOH) 261 nm (e 4300) 
and 300 (sh, 1200); mass spectrum m/e (rel intensity) 303 (P + 1, 
20), 302 (P, 72), 205 (5), 198 (98), 167 (100), 165 (100), 121 (88), 
104 (95), and 91 (82). Anal. Calcd for C2iHi8S: C, 83.47; H, 5.96. 
Found: C, 83.64; H, 5.87.

Oxidation of Sulfide 2 to Sulfone 4. A solution of 2 (0.30 g, 1.0 
mmol) and m-chloroperbenzoic acid (0.20 g, 1.0 mmol) in methy
lene chloride (8 ml) was allowed to stand at room temperature for 
20 hr. The solution was then washed three times with 10% sodium 
carbonate solution, followed by two washings with water. After 
drying of the solution and evaporation of the solvent, the residue 
was recrystallized from chloroform-hexane to give sulfone 4 as 
white needles: mp 203-204° (0.22 g, 65%); ir (KBr) 1290 and 1108 
cm '1; nmr (CDC13) r 2.4-2.8 (10 H, m) 3.8-4.3 (6 H, m), 5.53 (1
H, t, J = 4.5 Hz), 5.99 (1 H, t, J = 3.8 Hz); mass spectrum m/e 
(rel intensity) 334 (P, 1), 270 (36), 193 (91), 192 (100). 191 (89), 
179, (63), and 178(160).

Photochemical Addition of 1 to 6,6-Diphenylfulvene. A solu
tion of 1 (1.0 g, 5 mmol) and 6,6-diphenylfulvene (2.2 g, 9.5 
mmol) in benzene (120 ml) was irradiated under the standard 
conditions for 5 hr. After evaporation of the solvent, the brownish 
residue was triturated with hexane-benzene and allowed to stand 
overnight. Filtration of the slurry gave 1.4 g of tan solid, mp 142- 
146°. Two recrystallizations of this material from 2:1 hexane-ben
zene at -5° gave adduct 5 as off-white rhombs: mp 147-148° (1.1 
g); uv (EtOH) 298 nm (e 22,100); nmr (CDC13) r 2.6-3.0 (20 H, 
m), 3.54 (1 H, d of m, J = 5.6 Hz), 4.31 (1 H, 2 d, J = 5.6, J' =
3.0 Hz), 5.11 (1 H, m), and 5.55 (d, J = 5.6 Hz); mass spectrum 
m/e (rel intensity) 428 (P, 0.2), 230 (5), 186 (12), 185 (16), 91 (48), 
78 (100). Anal. Calcd for C31H24S: C, 86.95; H, 5.60. Found: C, 
86.90; H, 5.43.

Oxidation of Adduct 5 to Sulfone 6. To a solution of 5 (0.43 g,
I. 0 mmol) in methylene chloride (10 ml) was added over 30 min a 
solution of m-chloroperbenzoic acid (85%, 0.40 g, 2 mmol). The 
reaction mixture was stirred at room temperature for 20 hr, then 
washed three times with 5% sodium bicarbonate and once with 
water and dried. Evaporation of the solvent and recrystallization 
of the residue from chloroform-hexane gave the sulfone 6 as color
less needles: mp 107-108; ir (KBr) 1298 and 1130 cm-1; nmr 
(CDC13) r 2.5-2.S (20 H, m), 3.38 (1 H, HY, 2 d, J = 6.8, J' = 2.0 
Hz), 4.03 (1 H, Hx, 2 d, J = 6.8, J' = 0.9 Hz), 4.56 (1 H, HB, 2 d, 
J = 7.2, J' = 0.9 Hz), and 5.26 (1 H, HA, 2 t, J = 7.2, J' = 2.3 Hz). 
Decoupling led to the following assignments: JXY ~ 6.8, JAY = 
-2.0, JAX = 2.3, JBX -  0.9, and Jab = 7.2 Hz. Anal. Calcd for 
C3iH24S02: C, 80.91; H, 5.21. Found: C, 80.60; H, 5.07.

Photochemical Reaction of 1 with Acenaphthylene. A solu
tion of 1 (1.5 g) and acenaphthylene (3.0 g) in benzene (120 ml) 
was irradiated in the usual fashion for 5 hr. The residue remaining 
after evaporation of the solvent was chromatographed on a col
umn of activity I alumina (2.0 X 25 cm). Elution with 25% ben
zene-hexane gave two fractions containing an off-white solid,
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which after recrystallization from benzene-hexane gave adduct 7 
as white prisms: mp 217-218° (0.18 g, 7%); nmr (CDEls) r 2.4-2.9 
(16 H, m), 5.5 and 5.7 (2 H, AB, J s  7 Hz); mass spectrum m/e 
(rel intensity) 350 (34, P), 317 (20), 239, (27), 198 (19), 152 (100), 
and 78 (55). Anal. Calcd for CjsHigS: C, 85.74; H, 5.15. Found: 
C, 85.56; H, 5.31.
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Standard procedures for esterification are usually not 
adequate for the synthesis of esters of tertiary alcohols.2 
Although several methods have been developed, they ei
ther suffer from lack of generality or present new disad
vantages.3 For example, procedures utilizing such interme
diates as acid chlorides4 or trialkyloxonium salts5 require 
additional synthetic and purification steps, with conse
quent decreases in yield.

The finding that phenyl benzoate readily reacts with 
potassium 2-propoxide in liquid ammonia to give 2-propyl 
benzoate in high yield6 prompted us to investigate the 
generality of the reaction. It offered promise as a method 
for the preparation of benzoate esters of tertiary alcohols. 
Accordingly we did a few experiments, now reported, 
which demonstrate the practicability of the method.

Operationally, the method involves two steps. First, 
phenol is converted to the desired benzoic ester through 
reaction with an appropiate benzoic acid in toluene, cata
lyzed by boric-sulfuric acid7 (eq 1). This reaction gives 
good yields with all the acids so far studied (70-90%).

ArC02H + PhOH —*■ ArC02Ph + H,0 (1)
Second, the phenyl benzoate so obtained reacts with the 

potassium salt of the desired tertiary alcohol in liquid am-

Table ITransesterification of Phenyl Benzoates by Alkoxide Ions in Liquid Ammonia
ArCOsR

yield,
%Ar Mmol R Mmol

c 6h 6 41 fert-Butyl 42 91“
35 Isopropyl 39 92“
85 tert- Amyl 88 62“
13 ierf-Amyl 26 86“
75 Isobutyl 90 89“
5 re-Butyl6 9 90“

o-CH3OC6H4 5 tert-Butyl 10 76'
9 tert-Amyl 30 83'

3,5-(N02)2C6H3 6 ierf-Butyl 13 0“
7n-ClC6H4 8.5 ferf-Butyl 25 80'

“ Determined by glpc. b Potassium ferf-butoxide (9 
mmol) also was present. No feri-butyl benzoate was found. 
c Isolated and weighed.

monia, giving an alkyl benzoate and potassium phenoxide
(eq 2).

ArC02Ph + RO~ — ArC02R + PhCT (2)

Potassium alkoxides are readily formed in situ by the 
iron-catalyzed reaction of potassium metal with tertiary 
alcohols in liquid ammonia.8

The second step is quite fast, and the conversion is 
complete in about 45 min. As expected, with primary al
cohols the transesterification is even faster, as was dem
onstrated by an experiment in which equal amounts of 
primary and tertiary alkoxides were allowed to compete 
with phenyl benzoate. No tertiary ester was found, but ca. 
90% of the primary ester was formed. In the cases we have 
examined the yields of the second step are 80-90%. Re
sults obtained are summarized in Table I.

In the second step, two main factors cause the reaction 
to proceed in the desired direction. First, the phenoxide 
anion is a better leaving group (lower pKa) that any ali
phatic alkoxide. Second, potassium phenoxide appears to 
be less soluble in the reaction medium; we observed that 
at the end of the reaction a white precipitate is present, 
presumably potassium phenoxide.

Among others, this method has the advantage that the 
two operational steps are easy to perform, quickly, and 
since the solvent is ammonia the product is easily isolated 
from the reaction mixture. Small-scale preparations are 
feasible with this method because the reaction is very 
clean and the corresponding benzamide (2-10%) is the 
only contaminating product. This impurity is very easy to 
remove (see Experimental Section).

Substituents such as alkoxy and halogen in the aromat
ic moiety survive, as probably would also alkyl, aryl, and 
aryloxy groups. Also, alcohols sensitive to heat or acids 
would survive under our reaction conditions.

When an attempt was made to utilize phenyl 3,5-dini- 
trobenzoate in this synthesis, a deep red color was formed 
immediately after mixing the reagents, probably due to 
(T-complex formation,9 and no transestérification product 
was found.

Experimental Section
Phenyl benzoates were prepared by the method of Lawrence.7 

The structures of the esters were established by melting point, 
nmr, ir, and agreement of physical constants with published 
data. Benzoic acids were all commercially available materials. 
Boiling and melting points are uncorrected. Infrared spectra were 
recorded on a Beckman IR-8 spectrophotometer. Nuclear magnet
ic resonance spectra were recorded on a Varian T-60 spectrome
ter, using carbon tetrachloride as solvent and TMS as internal 
standard. Gas chromatographic analyses were performed on an F
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&  M  B io m e d ica l G a s  Chro m atograph M odel 400, and y ie ld s were 
obtained u sin g  b ip h e n yl as in te rn a l standard  w ith  appropiate 
corrections being m ade for re lative  response factors. A  4 ft X 
in . co lum n packed w ith  4 %  s ilico n  rubber S E -3 0  on 60/80 C h ro - 
mosdrb P  was used.

Transesterification of Phenyl Benzoates with Alkoxides. A
procedure for transesterificatio n  of ph en yl benzoate w ith p o tassi
um  tert-b uto x id e  is  representative. D r ie d  liq u id  am m o nia  from  a 
co m m ercia l cy lin d e r was condensed in  a three-necked, ro un d -b o t
tom ed f la s k  (1  1.) fitted  w ith a co ld -finger condenser co n tain in g  
so lid  C O 2  in  m eth yl alcohol and a m agnetic stirrer and was con
sta n tly  swept b y a slow stream  of d ry N 2 . P o tassiu m  m etal (0.042 
m ol) was added, and the te rt-b u ty l alcohol (0.042 m ol) was added 
dropwise followed by the a d d itio n  of a s m a ll am o unt ( 2 -5  m g) of 
solid  ferric chloride to cata lyze the form ation of potassium  ter t-  
butoxide. (C a u tio n : very  litt le  ca ta lyst should be used because 
the reaction can  becom e v io len t.) W ith o u t ferric  ch loride the for
m ation of potassium  iert-b u to xid e  is rem a rk a b ly  slow; 2 -3  h r are 
necessary for com pletion. S o lid  ph en yl benzoate (0 .041  m ol) was 
then added at once w ith stirrin g , and after 50 m in  the reaction 
solution was quenched b y the a d d itio n  of am m o nium  chloride. 
T h e  a m m o n ia  was then allowed to evaporate. W ater and ether 
were added and the two layers were separated. T h e  aqueous 
phase was extracted w ith  ether and the com bined ether extracts 
were washed w ith 1 0 %  sodium  hydroxide solution  to rem ove p h e
nol. T h is  was further washed w ith water u n t il neutral and dried 
over anhydrous sodium  sulfate. A  s m a ll portion of the ether ex
tract was exam ined by glpc, and te rf-b u ty l benzoate ( 9 1 % )  to
gether w ith  unreacted ph en yl benzoate (3 % )  were id en tified . T h e  
ether was rem oved and the residue was d ist ille d  in  va cu o , y ie ld 
ing 6.52 g (7 7 % )  of t e r t -b u ty l benzoate, bp 1 0 8 -1 1 0 ° (20 m m ), 9 7 %  
pure b y  glpc, and the structure was confirm ed b y n m r and ir . T h e  
residue after d is t illa t io n  was washed w ith  pentane, and the re
m a in in g  white precip itate  was id en tified  as benzam ide ( 3 %  y ie ld ) 
by its  m elting  point (12 6 -12 8 °) , nm r, and ir  com pared w ith those 
of an a u th entic sam ple. In  sm a ll-sca le  p reparations (5 -8  m m ol) 
the procedure was the sam e but the crude product was dissolved 
in  pentane and the undissolved benzam ide was rem oved before 
glpc a n a lys is .

Properties of Alkyl Benzoic Esters. 2-p ro p yl benzoate had bp 
9 3-9 6 ° (19  m m ), n m r 5 1.28  (d, J  =  6.3 H z , 6 H ) , 5 .12  (septet, J  =
6.3 H z , 1 H ), 7 .2  (m , 3 H ) , and 7.9 (m , 2 H ) . te rt-B u ty l benzoate 
had bp 1 0 8 -1 1 0 °  (20 m m ), n m r 5 1.56  (s, 9 H ) , 7.4 (m , 3 H), and 8.0

(m, 2 H). tert-Amyl benzoate had bp 120-122° (20 mm), nmr 5 
0.97 (t, J = 7 Hz, 3 H), 1.53 (s, 6 H), 1.91 (q, J = 7 Hz, 2 H), 7.4 
(m, 3 H), and 8.0 (m, 2 H). Isobutyl benzoate had bp 114-117° 
(20 mm), nmr Ô 0.97 (d, J = 6.7 Hz, 6 H), 2.02 (m, 1 H), 4.10 (d, 
J = 6.7 Hz, 2 H), 7.4 (m, 3 H), 8.0 (m, 2 H). n-Butyl benzoate 
had nmr a 0.93 (m, 3 H), 1.2-1.8 (m, 4 H), 4.24 (“ t” , 2 H), 7.4 (m, 
3 H), and 8.0 (m, 2 H). fert-Butyl 2-methoxybenzoate had nmr 5
1.90 (s, 9 H), 3.72 (s, 3 H), 6.8-7.8 (m, 4 H). iert-Amyl 2-methox- 
ybenzoate had nmr 0.97 (t, J = 7 Hz, 3 H), 1.52 (s, 6 H), 1.89 (q, 
J  = 7 Hz, 2 H), 3.74 (s, 3 H), 6.8-7.8 (m, 4 H). tert-Butyl m-chlo- 
robenzoate had bp 123-125° (18 mm), nmr ó 1.58 (s, 9 H), 7.2-8.0 
(m, 4 H).
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C o m m u n ic a t io n s

Kinetics of Formation of Alkyl Grignard Reagents.Evidence for Rate-Determining Electron Transfer1
Summary: A technique for obtaining relative rates of 
reaction of organic halides with metallic magnesium has 
been developed, and rate data obtained using this tech
nique have been interpreted to indicate that the rate-de
termining step for formation of alkyl Grignard reagents 
involves electron transfer from the metal to alkyl halide.

Sir: The mechanism of the reactions between alkyl ha
lides and metallic magnesium in ethereal solvents has 
proved difficult to investigate, in part because in this, as 
in other surface processes, the influence of the structure of 
the organic reactant on the rate of the reaction is not easi
ly characterized using absolute kinetics techniques.2 Or
ganic radicals have been implicated as intermediates in 
these reactions by stereochemical,3 CIDNP,4 and product5 
studies, but the relevance of these radicals to the princi
pal reaction path leading to Grignard reagent, the 
strength of their interaction with the magnesium surface, 
and the nature of the rate-determining step for the overall 
reaction remain unsolved problems. Here we report that 
reliable relative rate data for these reactions may be ob
tained using competition techniques and present evidence 
suggesting that electron transfer from magnesium to the 
alkyl halide occurs in the rate-limiting step.

The principal difficulty in studying the kinetics of the 
reaction of an alkyl halide, RX, with magnesium is that of 
accounting for the unknown and variable effective surface 
area of the metal (SMg). We have hypothesized that an 
expression having the form of eq 1 might prove adequate 
to describe this reaction. If this hypothesis is correct, it 
should be possible to write precisely analogous expressions 
(eq 1 and 2) containing the same value of SMg for two

d(RjX)/df — ^i(RiX) (1)

-d (R ,X )/d t =  ¿2(R ,X)"SMg (2)

ln[(R1X),/(R1X)„] =  (k jk 2) In [(R2X ),/(R 2X)„] (3)

structurally similar organic halides competing in the same 
reaction mixture for a common magnesium surface. As
suming that a -  1, a simple expression (eq 3) containing 
no term in magnesium is obtained by dividing eq 1 by eq
2 and integrating. We find experimentally that plots of eq
3 are linear to >65% consumption of alkyl halide,6’7 and 
that values of k\/kz obtained from these plots are sensibly 
independent of the quanity and type of magnesium used, 
the starting concentration of alkyl halide, the presence of 
magnesium salts in the reacting solutions, and the pres
ence of small quantities of water or oxygen intentionally 
added to the solutions; these values were reproducible 
within ±10%. Thus, eq 3 appears to describe adequately 
the kinetic behavior of a mixture of two alkyl halides 
competing for a single magnesium surface.

Comparison of the Tate-structure profile produced by 
the kinetic data generated using this procedure (Figure 1) 
with profiles for reactions proceeding by Sn2 and anionic 
mechanisms establishes that the rate of the Grignard 
reaction is much less sensitive to the structure of the or
ganic moiety than are members of these classes of reac
tions8 and confirms that the transition state for the for
mation of alkyl Grignard reagents is not similar to transi
tion states typical of these classes. The exceptionally

Figure 1. Rate-structure profiles for representative Sn2 and an
ionic reactions, and for the reactions (diethyl ether, 0°) of organic 
halides, RX, with metallic magnesium and with tri-n-butyltin hy
dride (hr, AIBN). Unless indicated otherwise, X = Br.

small influence of the structure of the organic moiety on 
the rate of reaction is compatible with a diffusion-con
trolled reaction; however the absolute rates of the Gri
gnard reactions are less than diffusion controlled.6 Since 
these observations exclude heterolytic and diffusion-limit
ed mechanisms for the reaction, and since the predomi
nant loss of stereochemistry at carbon observed by others3 
on reaction of diasteriomeric alkyl halides with magne
sium argues against concerted insertion of a surface mag
nesium atom (Mgs) into a carbon-halogen bond (1), two 
basic types of transition states for the reaction remain to 
be considered. One (2) would resemble an alkyl halide 
radical anion, produced by one-electron reduction of the 
alkyl halide by the metal; a second (3) would approximate 
an alkyl radical, either free or surface-bound, and might 
be generated by abstraction of a halogen atom by the 
magnesium surface or by decomposition of 2.

Mgs 
/ \

R----- Br RBr “  R' Br— Mgf
1 2 3

Generalizable reaction-rate profiles for radical reactions 
are difficult to obtain, since many methods of generating 
radicals—including, in principle, the reaction considered 
here—impose polar character on their transition states.9 
We have used the reduction of alkyl halides with tri-n- 
butyltin hydride10 to model 3 (Figures 1 and 2) and find 
that, although the rates of both the tin hydride and Gri
gnard reactions are relatively insensitive to variations in 
structure, only a poor correlation exists between them: the 
latter are significantly less responsive to changes in struc
ture than are the former, and, while the structure-rate 
profiles for the two reactions are similar in general form, 
they differ markedly at specific compounds. To estimate
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Figure 2. T h e  re lative  rates of reactions of a lk y l h a lid es w ith 
m agnesium  correlate better w ith  half-w ave potentials for th e ir re
duction at a dropping m ercu ry electrode th a n  w ith  th e ir rates of 
reaction w ith  tr i-n -b u t y lt in  h yd rid e. In  th is  figure, p rim a ry  h a 
lides are represented by • , secondary by ■ ,  the single tertia ry  
h a lid e  b y A ,  and phenyl, in c lu d ed  on the plot for com parison, by
O.

the energy required to convert RX to RX-~ (2), we have 
used half-wave potentials, £1/2, for reduction of alkyl ha
lides.11 For a reaction generating 2, the log of the rate of 
electron transfer to RX at constant potential should be 
approximately proportional to E\ 2* provided, as we ob
serve, that the rate is not diffusion limited. The cor
relation between log (feRx/^EtBr) from the Grignard reac
tions and £1/2 for the corresponding alkyl bromides is 
again not particularly close over the limited range of com
pounds for which consistent electrochemical data are 
available, but appears better than that characterizing the 
tri-n-butyltin hydride reductions.12’13

These rate studies indicate that the rate-determining 
transition state in the formation of an alkyl Grignard re
agent does not involve a heterolytic fission of the C-X 
bond, nor is it diffusion limited. The superiority of the 
correlation of log (feRx/hEtBr)Mg with £  1/2 to that with 
log(feRx/^EtBr)triBusnH suggests, but does not prove, that 2 
rather than 3 describes the transition state for the reac
tion. Evidence implicating 2 as an intermediate in the for
mation of Grignard reagents has been described by oth
ers,3’4 but these data have not been sufficient to charac
terize the rate-determining step, or, in the instance of 
CEDNP experiments, to establish that the 2 lies along the 
principal reaction path leading to product.
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An Unusual Simmons-Smith Reaction Affording 
Noncyclopropyl Compounds. A New Route to

2-Methylenecyeloalkanols from Silyl Alkenyl Ethers1

Summary: Reaction of silyl cycloalkenyl ethers under a 
certain Simmons-Smith reaction conditions gives silyl 
ethers of 2-methylenecycloalkanols, and these noncyclo
propyl products have been shown to arise by the isomer
ization of initially produced silyl cyclopropyl ethers with 
zinc iodide which is formed during the course of Sim
mons-Smith reaction.

S u p p le m e n ta ry  M a t e r ia l  A v a ila b le .  E x p e rim e n ta l procedures 
used to obta in  the da ta  sum m arized  in  F ig u re  1, and a represen
tative  p lot of exp erim ental data  according to eq 3, w ill appear fo l
low ing th is  a rtic le  in  the m icro film  ad d itio n  of th is  jo u rn a l. P h o 
tocopies of the supp lem entary m a te ria l from  th is  paper only or 
m icrofiche (105 x  148 m m , 24 x  red uctio n, negatives) containing 
a ll of the supp lem entary m a te ria l for the papers in  th is  issue m ay 
be obtained from  the Jo u rn a ls  D ep artm ent, A m e rica n  C h e m ica l 
Society, 1 15 5  16th S t., N .W ., W ashingto n, D . C .  20036. R e m it 
check or m oney order for $3.00 for photocopy or $2.00 for m icro 
fiche, referring to code num ber JO C -7 4 -8 5 7 .
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Sir: During the course of our study on the synthesis of cy
clopropanols,2 we found an interesting and unusual Sim
mons-Smith reaction which gave noncyclopropyl com
pounds.

The reaction of trimethylsilyl cycloalkenyl ethers l 3 
(0.05 mol) with methylene iodide (0.08 mol) and zinc-cop
per couple4 (0.16 mol) in 110 ml of anhydrous ether at 34° 
for 40 hr (procedure A) gave the silyl cyclopropyl ethers 2 
as expected. A dramatical change of the product was ob
served by merely changing the amount of the solvent in 
this reaction (Scheme I). When the same reaction was 
carried out using 40 ml of anhydrous ether as a solvent 
while keeping all other reaction variables unchanged (pro-
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Table I
Normal and Unusual Sim ons-Sm ith Reactions
Compd Procedure Product Yield, % a Purity, %

la A 2a 76 >976
la B 3a 71 100
lb A 2b 71 >926
lb B 3b 68 100

" Isolated by distillation. 6 Impurities included were the
starting olefin 1 and the isomeric product 3, which could be 
easily removed.

cedure B), the products obtained were trimethylsilyl 
ethers of 2-methylenecycloalkan-l-ols 3: 3a, bp 60-61° (18 
mm), ir (direct) 1666 cm “ 1, nmr (CC14) 5 4.26 (1 H, CH) 
and 4.85 (2 H, = C H 2); 3b, bp 60-65° (10 mm), ir (direct) 
1660 cm^1, nmr (CCU) 5 3.90 (1 H, CH) and 4.62 and 4.75 
(2 H, =C H 2). The results are summarized in Table I. 
Both procedures A and B gave reproducible results and 
worked well on larger (fourfold) and smaller (one fifth) 
reaction scales. Under the reaction conditions of proce
dure B, lb  gave no trace of a spiro compound 6 which 
would result from further cyclopropanation of 3b. How
ever, 6 was obtained in 42% yield in addition to 3b (14%)

Me3SiO Me3SiO

6 7
under more forcing reaction condition, i.e., when addi
tional methylene iodide (0.13 mol), zinc-copper couple 
(0.26 mol), and ether (15 ml) were added at 40 hr and the 
reaction was continued for another 24 hr.

Scheme I
Me3SiO HO

ito

5

To clarify the nature of the unusual Simmons-Smith 
reaction, the product distribution was followed as a func
tion of time by glc. This revealed that the reaction of lb 
using procedure B did afford cyclopropyl ether 2b as the 
initial product. Its concentration increased with the de
crease in that of lb; it reached maximum concentration 
after about 5 hr and then decreased with concomitant in
crease in the concentration of 3b. This clearly demon
strates that 3b is obtained by in situ isomerization of the 
initial product 2b. This isomerization has been shown to 
be caused by zinc iodide which is produced during the 
course of the Simmons-Smith reaction. In a control ex
periment, cyclopropyl ether 2b (0.01 mol) was treated 
with zinc iodide (0.01 mol) in 7 ml"of ether at 34° for 40 hr 
to give a mixture containing 2b (12%) and 3b (88%). On 
the other hand, when 35 ml of the same solvent was used 
3b was not formed; 2b was recovered unchanged.

Just as 2 have been converted to cyclopropanols 4,2 so 
the silyl ethers 3 can be hydrolyzed to 2-methylenecycloal
kan-l-ols5 (5) in quantitative yields by treating 3 (0.01

mol) with a mixture of 30 ml of CH3OH and 3 ml of 1 N  
NaOH at room temperature for 3 hr. Thus, the above-de
scribed unusual Simmons-Smith reaction provides a new 
convenient synthetic route to 2-methylenecycloalkan-l-ols6 
whose synthesis is otherwise somewhat troublesome.5’7

By procedure B 2-methylene compounds similar to 3 
were also obtained from 4-methyl and 4-terf-butyl deriva
tives of lb, but no unusual product was detected in the 
case of 1-trimethylsiloxycyclohept-l-ene and 1-trimeth- 
ylsiloxy-5,6-benzocyclohex-l-ene.8 The product obtained 
from l-trimethylsiloxy-6-methylcyclohex-l-ene contained 
both the cyclopropanated and the allylic compounds.

It is tentatively assumed that the isomerization of 2 
with zinc iodide proceeds via an intermediate 7.9 Internal 
strain of 2 and stabilization of the positive charge in 7 by 
the siloxy group would account for the ease of the isomer
ization. The reasons why procedure A and B give different 
results is not clear at this time. It could be attributed to 
the difference of coordination pattern around the zinc 
atom or merely to the function of reaction rate (i.e., con
centration of the reactants).

There has been no report,10 to our knowledge, on the 
formation of noncyclopropyl compound by the reaction of 
an olefin under Simmons-Smith reaction conditions. The 
present results suggest that one should be very careful to 
identify products of the Simmons-Smith reaction, at least 
in the case of enol ethers. Indeed, preliminary result in 
this laboratory shows that 1-ethoxycyclohex-l-ene also 
gives l-ethoxy-2-methylenecyclohexane. Further study of 
the scope and limitation, as well as mechanism, of this 
unusual Simmons-Smith reaction is in progress.
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The Effect of Solvent on the Regioselectivity of Cycloaddition of Diazomethane to the Thione Group in Adamantanethione
Summary: The A2-l,2,3-thiadiazoline to A3-l,3,4-thiadia- 
zoline product ratio for the cycloaddition of diazomethane 
to the thione group in adamantanethione is highly depen
dent on the reaction solvent.

Sir: The cycloaddition of diazomethane to each of the 
C =S  groups in 1 (X = S, ethereal solution) proceeds re- 
giospecifically to yield cis- and trans-bis-A3-l,3,4-thiadia- 
zolines 2.1 Treatment of 1 (X = 0 , ether solution) with an 
ethereal solution of diazomethane also leads to the regios- 
pecific cycloadduct 3.2 On the other hand, cycloaddition 
of diazomethane to the C =S  group in adamantanethione
(4) in ether occurs in a regioselective manner. The A3-
1,3,4-thiadiazoline 5 to A2-l,2,3-thiadiazoline 6 product 
ratio was found to be ~ 3  when the reaction was carried 
out in ether.1

We now wish to report that the 5 to 6 product distribu
tion found in the cycloaddition of diazomethane to the 
C =S  group in 4 is highly dependent on the solvent which 
is used in the reaction. The results of this study are tabu
lated in Table I.

Table IDiazomethane Cycloadditions to the C=S Group of 
4 in Various Solvents

Solvent0 % A3 (5)6 % A3 (6) E rc

Petroleum ether 87 13
Ether 80 20 34.6
Benzene 76 24 34.5
Methylene chloride 58 42 41.1
Ethanol3 41 59 51.9
Methylene chloride® 40 60 41.1
Acetonitrile-^ 32 68 46.0
Methanol9 30 70 55.5
Methanol4 22 78 55,5

“ Solutions of 4 (0.12 M) were cooled to 0°. An alcohol- 
free ethereal solution of diazomethane was prepared from 
Diazald. The cold diazomethane solution was added drop- 
wise to the orange thione solutions. The reaction appeared 
to be instantaneous. The solvent was removed under re
duced pressure with cooling. The residue was dissolved in 
CDCI3 and the pmr recorded. b Thiadiazolines 5 and 6 ex
hibit singlets at S 5.8 and f> 5.0, respectively. The percent
ages are based on area integrations of these singlets. c Sol
vent polarity parameter; see C. Reichardt, Angeur. Chem., 
Int. Ed. Engl., 4, 29 (1965). dA  0.03 M  solution of 4 at 
22° was treated with a cold, ethereal solution of diazo
methane. * A 0.12 M  solution of 4 was treated with a meth
ylene chloride solution of diazomethane. ' A 0.03 M  solu
tion of 4 at 0°. The reaction was also performed at room 
temperature and the same product ratio was found. » A 
0.04 M  solution of 4 at 0°. * A 0.03 M  solution of 4 (0°) was 
treated with a methylene chloride solution of diazomethane.

Treatment of dithione 1 (X = S) in a methanol solution 
(0°) with an ethereal solution of diazomethane leads to 
the same isomeric mixture of thiadiazolines 2 as is ob
tained when the reaction is performed in ether as solvent. 
Similarly, treatment of the thione ketone 7 in ether or 
methanol as solvent (0°) leads only to the A3-l,3,4-thiadi- 
azoline 8. No evidence for the other regioisomers could be 
found in the pmr spectra of the products from either of 
these compounds.

The mechanistic aspects of 1,3-dipolar cycloadditions 
have been the subject of much debate3,4 and theoretical 
treatment.5

As a dipolarophile the C =S  bond exhibits high reactivi
ty.1“3 Other cycloadditions to substrates with C = S  bonds 
such as aliphatic thiones,6 thiobenzophenone,7 thion 
esters,6,8 dithio esters,6,9 and phenyl isothiocyanate10 
have been reported.

The exclusive formation of A3-l,3,4-thiadiazolines from 
1 (X = S), 1 (X = O), and 7 (independent of solvent polar
ity) is perhaps due to steric control of approach of the diazo
methane to the thione group.1,30 However, in 4 models 
seem to indicate a somewhat more accessible thione 
group. Either directional approach of the diazomethane is 
possible. The dominance of the A2 isomer in polar sol
vents might be due to the fact that the alignment of di
poles for the transition state leading to this isomer has a 
greater overall moment than the alternative transition 
state.11

It is not clear to us whether the regiospecificity found in 
1 (X = S), 1 (X = O), and 7 or the varying regioselectivity 
found.in 4 as a function of the solvent could have been pre
dicted via the HOMO LUMO model recently proposed by 
Houk and coworkers.5 The question must be asked as to 
whether other dipolar cycloadditions might show regioiso- 
meric product variations which depend on solvent.50
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Synthetic Approach to New Organoborane Structures 
via the a-Bromination of Borapolycyelanes

Summary: The light-induced reaction of bromine with bo- 
rapolycyclanes (1, 2, 3) in the presence of water provides 
an entry into polycyclic organoborane intermediates with 
interesting new structures and to the organic derivatives 
into which they may be converted.

Sir: A simple six-membered boracyclane can undergo ring 
contraction to produce a five-membered carbocyclic boron 
intermediate by photochemical reaction with bromine in 
the presence of water.1 The reaction proceeds through a 
rapid, selective a-bromination, followed by a facile migra
tion of the B C bond from boron to carbon.2 This devel
opment makes possible the synthesis of carbocyclic struc
tures from the corresponding straight-chain dienes.

We now wish to report that the reaction is applicable to 
much more complex systems. Thus, its application to rep
resentative borapolycyelanes (1, 2, 3)3 proceeds satisfacto
rily and provides an entry to interesting new organoborane 
structures (4, 6, 8) and to the organic derivatives into 
which such boron compounds can be converted (5, 7, 9).

For example, treatment of 9-boradecalin (1) with bro
mine in the presence of light and water provides 6-hy
droxy-6-boraspiro[4.5]decane (4). The structure of 4 was 
confirmed by oxidation with alkaline hydrogen peroxide to
l-(4-hydroxybutyl)cyclopentanol4 (eq 1), in an overall 
yield of 50%. It is evident that the a-bromination occurs 
selectively at the a tertiary hydrogen atom, rather than at 
the a secondary position.

Similarly, the a-bromination of cfs.cfs, frans-perhydro- 
9b-boraphenylene (2) proceeds selectively at the tertiary

position. Hydrolysis-oxidation in the usual manner pro
vides bicyclo[7.3.0]dodecane-l,5-diol4 in 70% yield cia the

polycyclic borane intermediate, 13-hydroxy-13-boratricy- 
clo[7.3.1.01'5]tridecane (6) (eq 2).

The case of 9-methoxy-9-borabicyclo[3.3.1]nonane (3) is 
of special interest. It was recently established that the a- 
bromination of 5-isopropyl-9-borabicyclo[3.3.1]nonane oc
curs almost exclusively at the a position of the isopropyl 
group.5 No significant attack occurs at the a bridgehead 
positions. Consequently, it was uncertain whether a- 
bromination in 3 would be feasible.

In fact the bromination, albeit somewhat more sluggish 
than the other cases, proceeds satisfactorily, producing 
the m-bicyclo[3.3.0]octane-l-boronic acid (8), readily oxi
dized to cis-bicyclo[3.3.0]octan-l-ol6 (9) in a yield of 65% 
(eq 3). Although the bromo intermediate was not isolated, 
it is evident that bridgehead substitution must have taken 
place in view of the structures of the products (8,9).

H,0

a 4 > ®
O H

8 9
The reaction is accompanied by the formation of cy

clooctane 1,5-epoxide7 (12) in 227c yield. This product 
may arise from a competing attack of hydrogen bromide 
on the bromination intermediate to form 10 (eq 4). Pmr 
examination of the reaction mixture reveals the presence 
of a methine proton (4.05-4.50 ppm in CCU) assigned to 
10. The integral area ratio of the spectrum reveals that 
the reaction proceeds 707o through path 3 and 307c 
through path 4.

The following procedure for the preparation of cis-bicy- 
clo[3.3.0]octan-l-ol is representative. A dry 300-ml flask, 
equipped with a septum inlet, thermometer well, pres
sure-equalizing dropping funnel, reflux condenser, and 
magnetic stirrer, was flushed with dry nitrogen and main
tained under a positive nitrogen pressure. The flask was 
cooled to 0-5° and charged with 4.56 g (30 mmol) of pure
9-methoxy-9-borabicyclo[3.3.1]nonane,8 40 ml of methy
lene chloride, and 30 ml of water. Bromine (1.65 ml, 30 
mmol) in 20 ml of methylene chloride was slowly added at
0-5° over 1.5 hr. After the bromine color disappeared, so
dium hydroxide solution (6 N, 15 ml), ethanol (60 ml), 
and aqueous hydrogen peroxide (307o, 10 ml) were added 
at 0-5°. The mixture was then refluxed for 1 hr. The or-
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ganic layer was separated and dried over anhydrous potas
sium carbonate. Glpc analysis revealed a 65% yield of cis- 
bicyclo[3.3.0]octan-l-ol and a 22% yield of cyclooctane
1,5-epoxide. Distillation gave 2.07 g (55%) of cis-bicy- 
clo[3.3.0]octan-l-ol: bp 82-83° (15 mm), p-nitrobenzoate 
mp 123.5-124.5° (lit.6 124-124.8°).

The carbonylation9 and dichloromethyl methyl ether 
(DCME) reactions10 convert such polycyclic organobo- 
ranes to other structures. The difference in these alterna
tive synthetic routes is indicated by eq 5. Consequently, it

0

is now possible to proceed from the same intermediate to 
different boron derivatives and to the organic structures to 
which they can be converted.
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A n O utstandi ng  N e O r g a n i c  Text!
ELEMENTARY ORGANIC CHEMISTRY

ELEMENTARY ORGANIC CHEMISTRY has been tailored for a 
one-semester or two-quarter course, and is especially designed to 
meet the needs of bioscience majors. As Dr. Moore states in his 
preface, "The uses, occurrences and functions of organic 
compounds are a valid and important part of a non-majors course, 
and should not be merely a diversion to heighten interest.”

J A M E S  A .  M O O R E
University of Delaware

sMir
' i f Saunders Golden Series in Chemistry

With this in mind, such topics as structure-property relationships of 
polymers, carbon resources, uses and abuses of aromatic halides, 
textile dyes and finishes and a fifteen page discussion of drugs are 
presented as the chemistry unfolds.

The organization is traditional; but a unified treatment of alcohols, 
thiols and amines, a de-emphasis of preparative methods, and a 
willingness to abandon such archaic topics as the Wurtz reaction 
are typical of the fresh approach that characterizes this excellent 
new text.

The reactions have been carefully selected to illustrate fundamental 
principles, and are treated in full detail. In Dr. Moore’s view, “ the 
student deserves a full explanation of the reactions that he is 
expected to know, and a minimum of distractions from minor 
asides."

The tone of the book is set by the following statement from the 
introduction, “ The same principles and search for basic knowledge 
and new structures of matter that led to stronger plastics and more 
potent insecticides will also be looked to for polymers and 
detergents that are more readily biodegradable, and drugs and 
pesticides with more selective biological activity.”
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E LE M E N TA R Y  O R G A N IC  C H E M IS TR Y
This soft cover manual provides detailed solutions to all the 
problems in ELEMENTARY ORGANIC CHEMISTRY. It is intended 
primarily for purchase by students to enable them to use the 
numerous problems in the text in efficient and profitable self-study.
Order code 6534.
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Aldrich Unknown Kits
Each A ldrich  unknow n kit contains 50 com pou n d s carefully selected for  suitability as un
know ns in courses on  identification experim ents such as that in M o o re ’ s E X P E R IM E N T A L  
E L E M E N T A R Y  O R G A N IC  C H E M IS T R Y . The kits range in level o f  difficulty. Kits A  and 
B contain  six functional group  types. Kits C , D , and E contain  a broader selection o f  
com pou n ds. Included in each kit is a com plete set o f  ir and nm r spectra on  8 W  x  11" sheets 
suitable fo r  preparing student copies. F or kits D  and E, 13C nm r data are also provided. A ll 
chem icals are provided in convenient 100-500gram packages, with labels that list handling 
and storage precautions, disposal m ethods, physical constants, our ow n  batch num ber and 
code num ber that corresponds to the spectra.

The spectra  illustrated  h ere  are a b ou t h a lf  the  

size o f  th ose  p ro v id ed  with th e  kits.

F or a limited time these kits will be
sold at 20%  o f f  our regular cata log  
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Sale price

Z  10,094-3 K it A $152.84
Z  10,095-1 Kit B 170.64
Z 10 ,097-8 Kit C 171.60
ZIO ,098-6 Kit D 221.24
ZIO ,099-4 K it E 236.00

Spectra can b e  ord ered  separately
at a p r ice  o f  $25.00/set.

W rite or call fo r  com plete details on  
each kit.
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EXPERIMENTAL ELEMENTARY ORGANIC CHEMISTRY
by JAMES A. M OORE, University o f  Delaware

A  N e w  L a b o r a t o r y  M a n u a l  f r o m  S a u n d e r s !

This laboratory  manual has been  designed  w ith specia l atten
tion given  to practica lity  and e co n o m y  fo r  large grou ps o f  
relatively in experien ced  students. C lear and com p lete  e x 
planations are g iven  fo r  all p roced u res . N ew  experim ents 
fo r  a cou rse  at this level include: A n alysis  o f  D rugs by 
T L C . L iqu id  C ry sta ls , C ro ss  D y e in g , and M in ico lu m n  
C hrom atograph y.
A n im portant feature is a fu ll-fledged  experim ent on  identifi
cation  o f  unknow ns using infrared and nm r spectra , now  
practical for  large o r  small cla sses  with the A ldrich  U nknow n 
Kits and S pectra . The co m p o u n d s  in kits A  and B w ere 
se lected  specifica lly  fo r  this b o o k — perm itting sim ple d e 
rivatives with a small list o f  reagents.
A bou t 175 pages, illustrated, soft co v e r . R eady A pril. O rder 
co d e  6 5 3 1-4.

List o f  Experiments
Physical Properties of Organic Compounds
Crystallization
Distillation
Extraction
Chromatography
Analysis of Drugs by TLC
Steam Distillation
Isolation of Caffeine
Reactivity in Substitution Reactions
Reactions of Alcohols
Aromatic Substitution
The Grignard Reaction
Sulfanilamide
Chemistry of Milk
Carbohydrates
Proteins and Amino Acids
Lipids
Dyes and Dyeing 
Infrared and NMR Spectra 
Identification of Unknowns
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