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M ASS SPECfklTi
NEW AND  IM PR O V E D -N O  PRICE INCREASE
The u til ity  o f the very successful k it o f Mass 
Spec standards offered by PCR, Inc. has been 
significantly extended by the in troduction of 
a f if th  triazine: tris(perfluorononyl)-s-triazine,
M.Wt. 1485. The k it now contains 
tw o grams each o f nine stan
dards and is available at the 
same low price. Write 
fo r fu rther details.
A v a ila b le  f ro m  s to c k :

18723-7 Mass Spec® K it Mark II $195.00

NEW MASS MARKERS
ULTR AM ARK™  443 
Bisjpentafluorophenyl ) 

phenyl phosphine 
(D e ca flu o ro trip h e n y l ' 

phosphine)
James W. Eichelberger, L.E. 
Harris, W.L. Budde, Anal. 
Chem. Vol. 47, No. 7, 995 
Available from stock: 
11898-4 Ultramark™ 443 

500mg—$25.00

PER 2 50  MASS SPEC
A  new higher boiling perfluorokerosenefor Mass 
Spec standardization. A  va ilab le  f ro m  s to c k :  

11919-8 PFK 250 Mass Spec 2g-$25.00

CROWN ETHERS FROM PCS
11922-2 Monobenzo-15-Crown-5

5g—$20.00; 25g—$65.00
11858- 8 D icyclohexyl-18-Crown-6 (puriss)

5g—$17.00; 25g—$60.00
Added to our existing line of high purity cyclic polyethers. 
11836-4 18-Crown-6 5g-$12 .50 ; 25g-$45.00 
11854-7 15-Crown-5 5g— $25.00; 25g—$100.00
11859- 6 Dibenzo-18-Crown-6 (puriss)

White microcrystalline solid
5g—$20.00; 25g-$63.0Q

NMR REQUIREMENTS
Standards fo r both 'H  and 19 F NMR
11850-5 Hexaflucrobenzene 25g—$30.00
15771-9 Hexaflucroacetone sesquideuterate

99.8% 10g ampoule—$22.50 
10103-0 Fluorotribromomethane

10g—$15.00; 50g—$52.00 
16060-6 2,2,2-T r if  luoroethanol 250g—$21.00
29200-3 Tetramethylsilane, NMR Grade

100g—$30.00
11857-0 Hexamethyldisiloxane, NMR Grade

25g—$12.00

ORDER DESK(904 )376-7522
Please order by name and number.

Minimum order $25.00

P C R , IN C O R P O R A T E D
P.O. Box 1466/Gainesville, F lorida 32602

PGRniDUCTS
SILANES

MASS SPEC 
STANDARDS

CROWN ETHERS

NMR STANDARDS

SPECIALTY GASES
ALKYL and ARYL 
HALIDES
DERIVATIZING
REAGENTS

NEW DER1VATIZIIG 
KITS FROM PCR
Each k it contains 25ml of six different re
agents selected for their widespread u til
ity. To assure the continued high quality, 
each reagent is packaged in a septum-seal
ed bottle.

11917- 2 Derivatizing Reagents K it I
1. Heptaf luorobutyric anhydride $98.50
2. Heptafluorobutyryl chloride
3. Trifluoroacetic acid (high purity)
4. Trimethylbromosilane
5. Hexamethyldisilazane
6. Trifluoroacetic anhydride
11918- 0 Derivatizing Reagents K it II
1. Heptafluorobutyric acid $98.50
2. Trifluoroacetic acid (high purity)
3. Trimethylchlorosilane
4. 1,1,3,3-Tetramethyldisilazane
5. Chloromethyldimethylchlorosilane
6. N,N-Diethylaminotrimethylsilane

Both Kits on one order— $190.00

NEW PRODUCTS
11923-0 Perfluorododecane 5g—$30.00; 25g—$120.00
11913- 1 Perfluorocyclopentane 5g—$90.00
11914- 9 Heptafluorobutylam ine 5g—$50.00; 25g—$170.00
11885-1 Perfluorohexadecane 5g—$25.00

KRYPTOFIX
A series of polyoxadiaza- 

macrobicyclics whose uses 
include:

Catalysts
Dissolution Studies 
Biological Applications 
NMR Analysis 
MASS SPEC Studies 

NEW LOWER PRICES 
Available from stock for 

your immediate use. 
12301-8 K rypto fix®  211 

$97.50/ml 
12193-9 K rypto fix®  221 

$55.50/ml 
11875-2 K rypto fix®  222 

$30.00/g

NEW ARRIVAL
Kryptofix® 222B

SPECIALTY BASES
High purity monomers for your specific 
needs, available from stock.

Speciality items:
12191-3 c/s-Difluoroethylene*

10g—$60.00
11842-2 1,1-Dibromodifluoroethylene*

25g—$35.00
12230-9 1,2-Dichloro-1,2-difluoroethyl- 

ene* 100g-$47.00
10020-6 1,1-Dichloro-2,2-difluoroethyl- 

ene* 100g-$55.00
11841-4 1-Bromo-2,2-difluoroethyl-

ene* 25g—$37.00
or Common Monomers 

10000-8 Bromotrifluoroethylene*
50g—$25.00

10010-7 Chlorotrifluoroethylene*
100g—$17.50

10100-6 Hexafluoropropene*
100g—$30.00

12290-3 Tetrafluoroethylene*
25g—$35.00; 100g-$75.00 

Whatever your fluorocarbon needs, ask 
us first.
‘ Non-returnable, no-deposit cylinders.

A v a ila b le  f ro m  s to c k  awaiting your application.

12452-9 K ryp to fix®  222B $50.00/g

K ryp to fix®  (Registered trademark o f E. Merck, Darmstadt, 
Germany) is distributed in the USA by PCR, Inc.
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F1500 2-Fluorophenyl isothiocyanate 25 g $57.00
F1501 3-Fluorophenyl isothiocyanate 10 g 67.00
F1502 4-Fluorophenyl isothiocyanate 10g 42.00
T2630 o-Trif 1 uoromethyIphenyl isoth iocyanate 10g 43.00
T2620 m-Trifluoromethylphenyl isothiocyanate 10 g 49.00
T2631 p-Trifluoromethy Iphenyl isothiocyanate 10g 55.00
D5035 p-Dimethylaminophenyl isothiocyanate 25 g 59.00
A1506-C 4-Acetylphenyl isothiocyanate 10 g 37.00
C3575 4-Cyanophenyl isothiocyanate 5g 39.00
Cl 162 2-Carbomethoxyphenyl isothiocyanate 10g 39.00
C1140 4-Carbethoxyphenyl isothiocyanate 10 g 39.00
C2061 2-Chloroethyl isothiocyanate 10 g 53.00
C2995 3-Chloropropyl isothiocyanate 10 g 53.00
D5065 3-(Dimethylamino)propyl isothiocyanate 25 g 53.00
M1401 2-Methoxyethyl isothiocyanate 25 g 47.00
P2299-B 2-Piperidinoethyl isothiocyanate 5g 39.00
E2555 1-Ethyl-3-piperidyl isothiocyanate 5g 47.00
P2297 3-Picolyl isothiocyanate 5g 54.00
P2640 /S-(2-Pyridylethyl) isothiocyanate 10g 49.00
B2195 Bis(4-isoth iocy anatopheny I ) su Itone 10g 33.00
W rite  fo r  a listing o f  over 2 0 0  iso thiocyanates available fro m  stock.

TRAN S W O R L D  CHEM ICALS | / \ JINCORPORATED U  U
P.O. BOX 4173 TELEPHONE: 1301) 949-1121 n  nWASHINGTON, D.C. 20015 H— JH

van't Hoff-Le Bel 
Centennial
ACS S ym posium  Series No. 12

O. B ertrand Ramsay, E d i t o r

A  s y m p o s iu m  s p o n s o r e d  b y  
th e  D iv is io n  o f  th e  H is t o r y  o f  
C h e m is t r y  o f  th e  A m e r ic a n  
C h e m ic a l  S o c ie ty .

An ideal resource for students, 
chemists, and history buffs alike, 
this fascinating volume celebrates 
the centenary of the birth of stereo
chemistry with an historical account 
of its concept and growth.

Thirteen papers discuss pre-van’t 
Hoff-Le Bel stereochemistry; the 
significance of models in stereo
chemistry; and developments in 
modern stereochemistry. Particular 
attention is devoted to:
• Gaudin and early 19th century stereo

chemistry; Wislicenus’s work with 
lactic acid

• objections to van’t Hoff’s ideas; a 
comparison of van’t Hoff's ideas with 
Le Bel’s; the origins of conformational 
analysis

• the Kekule models and the Baeyer 
Strain Theory; the science of Bischoff; 
stereochemical concepts in pharma
cology

Order from:
Special Issues Sales 
American Chemical Society 
1155 Sixteenth St., N.W. 
Washington, D.C. 20036

194 pages (1975) $14.95 clothbound 
ISBN 0-8412-0247-8. Postpaid in U.S 
and Canada, plus 40 cents elsewhere. 
(Prices subject to change without 
notice.)

p a p e
Wiped-Film 
Molecular S till
Pope Scientific’s Wiped-Film Molec
ular Still is an efficient device for 
short path vacuum distillation. By 
distributing the distilland as a thin 
film and propelling it downward with 
ra p id ly  revo lv in g  w ip e r b lades, 
Pope’s Wiped-Film Molecular Still 
can accommodate high molecular 
weight compounds which are labile 
when heated for long periods in 
conventional distillation methods.
From Vitamin recovery to the distil- 
larion of petroleum fractions, Pope’s 
Wiped-Film Molecular Still is a high
ly versatile laboratory instrument 
which features non-contaminating 
components, electric heating mantle 
or glass-jacketed for hot liquid or 
steam heating, controlled feed, large 
evaporative surface and more.
For more information write or call us 
direct.

A Bibliography of Molecular Stills 
and M o le cu la r D is ti lla tio n  (years 
1943-1975) will be sent to you free 
if requested on your organization 
letterhead.

p o p e  Scientific, Inc.
N90 W14337 Commerce Drive 
M eromonee Falls, W isconsin 53051 
Telephone: 251-9300 Area Code: 414 
Mailing Address —  P.O. Box 495
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Kryptofix» 222B

A GRAVE SUBJECT

Imagine a chemical tomb; a repository or resting place for ions 
and small molecules; a sort of molecular vault. What a fascinating 
idea! In 1969 Dietrich, Lehn, and Sauvage at the Université1 Louis 
Pasteur in Strassbourg, France reported just such a class of com
pounds. These were the macrobicyclic diamine crown ether crypts I, 
II and IV .1,2

The crypts form stable complexes (cryptâtes) with alkali and 
alkaline earth cations1' 7 much like the planar crown ether com
plexes extensively investigated by Pedersen.8 X-ray crystallog
raphic studies indicate 1:1 stoichiometry with the metal ion 
positioned in the center of the ligand cavity and bound to nitrogen as 
well as the oxygen hetero atoms.5"7 The rigid three dimensional 
crypts form much more stable complexes than the crowns as well as 
giving much greater selectivity between various cations. Table I lists 
stability constants of various cations with selected crypts4 and 
crowns9 in water at 25°. ,  „  _ ,

Ligand
Li Na

Log 10 Ks for Cations 
K Rb Cs Mg Ca Sr Ba

Kryptofix® ??? <2 3.0 5.3 4.3 <2 <  2 4.4 8.0 9.5
Kryptofix® 221 2.5 5.3 3.9 2.5 < 2 <  2 6.9 7.3 6.3
Kryptofix® 211 4.3 2.8 < 2 <2 <2 - 2.8 <2 <2
18 crown 6 0.80 2.03 1.56 0.99 - 0.50 2.72 3.87
15 crown 5 0.70 0.74 0.62 0.8 - 1.95 1.71
Dicyclohexyl

18 crown 6
cis syn cis 0.6 1.21 2.02 1.52 0.96
cis anti cis 0.69 1.63 0.87 0.9

The cryptâtes like the crown ether complexes have found synth
etic utility as catalysts for promoting reactions which would other
wise oe impractical or impossible. For example the hydrolysis of 
sterically hindered esters is greatly accelerated in the presence of 
the appropriate crypt or cryptate.

Dataforthe hydrolysis of methyl mesitoate are illustrated in table 
II.

TABLE II

0
The same system without Kryptofix® 222 gives little or no reac

tion even after 10 days. Fiuorene in the presence of potassium 
hydroxide and catalytic amounts of Kryptofix® 222 (0.0005 moles) in 
tetrahydrofuran is converted to the fluorenyl anion which may then 
be converted to fluorenone with oxygen.10

The remarkable selective complexing properties of the crypts 
render them suitable for a wide variety of interesting applications. 
The crypts are particularly useful in the concentration and separa
tion of lead, silver, thallium, transition metals, actinides, uranium, 
and platinum.10 The metals may be resurrected from the concen
trated or purified crypt complex by treatment with a proton acid, lewis 
acid, quarternization of the amine or oxidation to the N-oxide with 
peracids. Other interesting applications are the selective decorpora
tion of radioactive strontium, biological ion transport studies, and ion 
selective membrane electrodes. Interesting pharmacological 
activity has also been reported. For example N-alkylated Kryptofix® 
22 compounds reportedly show antitiviral activity against A2 in
fluenza virus in the Hermann chick fibroblast tissue culture screen.10 
Kryptofix® 222 reportedly inhibits catechol amine induced free fatty 
acid mobilization which suggests utility in the treatment of diabetes 
and hyperlipemia.10

A host of interesting new developments almost certainly lies 
ahead. If you can’t wait to get started on the next one drop us a line 
and we will forward a booklet containing additional information to 
help you along.
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Ligand Solvent Time Temp. Yield
none 1-propanol 5 hrs. 75° 0%
dicyclohexyl 

18 crown 6 toulene 31 hrs. 74° 58%
Kryptofix® 222 toluene 12 hrs. 25° 80%
Kryptofix® 222 DMSO 2 min. 25° 50%

Although the crown ethers are also effective in catalyzing the 
reaction it is quite evident that the crypts allow higher yields with 
shorter reaction times and milder conditions. The reaction of benzyl 
chlonde with potassium thiocyanate in the presence of 0.0001 mole 
of Kryptofix® 222 in chloroform for 6 days at room temperature gives 
an 80% yield of benzyl thiocyanate.

10. J. M. Lehn U. S. Patent 3,888,877 June 10, 1975.

1149 4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo [8.8.8] -
hexacosane (Kryptofix® 222, Crypt 222) Ig $28.95

3018 4,7,13,.16,21-Pentaoxa-1,10-diazabicyclo [8.8.5] -
tricosane (Kryptofix® 221, Crypt 221) Ig $53.95

3021 4,7,13,18-Tetraoxa-1,10-diazabicyclo [8.5.5.] -
eicosane (Kryptofix® 211, Crypt 211) Ig $95.95

3024 1,7,10,16-Tetraoxa-4,13-Diazacyclo-
octadecane (Kryptofix®22, Diaza-18-crown-6) Ig $13.95

3029 5,6-Benzo-4,7,13,16,21,24-Hexaoxa-1,10-diazabicyck> [8.8.8] -
hexacosane (Kryptofix® 222 B, Benzo crypt 222) Ig $48.95

Kryptofix® is a trade mark of E. Merck Darmstadt Germany

Kryptofix® 222

KSCN benzene a CH2SCN
B0%

WRITE FOR OUR CATALOG
PARISH CHEMICAL COMPANY

815 WEST COLUMBIA LANE, PROVO, UTAH 84601 (801)375-4943
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Directed lithiation of benzenes containing the substituent groups -N M e 2 , -C H 2 NM e2 , -C H 2 CH 2 NM e2 , 
-CON HM e, -O M e, -S 0 2 NM e2, - S 0 2 NHMe, -CFs, and -F  are well known. This investigation summarizes metala
tion o f a series o f para-substituted anisoles whereby the competative directed metalation ability of the methoxy 
group vs. the eight other cited substituents was measured. Certain of the ortho and meta isomers of these com 
pounds were also examined. In all instances a regiospecific metalation resulted such that the following ranking of 
directory substituents can be offered: -S 0 2 NM e2 , -SCLNHMe, -CON HM e, -C H 2NM e2 >  -O M e > 
-C H 2 CH 2 NM e2 , -N M E 2, -C F 3, -F . In order to assess the effect o f a para situated methoxy substituent upon benzyl 
proton acidity and benzoyl carbonyl electrophilicity, p-methoxy-IV,./V-dimethylbenzamide and the monomethyl 
derivative of p-methoxyphenylacetamide were treated with n-butyllithium. An ability o : the methoxy substituent 
of some of these anisoles to cause exclusion o f certain side reactions with n-butyllithium in these systems such as 
elimination of phenethylamines, nucleophilic substitution at the carbonyl in dimethylbenzamides, benzyne forma
tion in fluorobenzenes, and benzylic hydrogen abstraction in phenylacetamide derivatives was discovered. Finally, 
an examination o f the effect of tetramethylethylenediamine (TM EDA) upon the rate and orientation of metalation 
in the series of substituted anisoles was undertaken. Although this reagent had been found to be useful in control
ling the rate and selectivity in a number of “ random”  metalations, its usefulness in “ directed”  metalation reactions 
had not previously been systematically explored.

The ability of certain substituents on aromatic systems 
to direct metalation at a position ortho to the substituent 
(ortho-directed metalation) has been observed2  to be typical 
in a number of metalation reactions involving organolithium 
reagents. This phenomenon is of synthetic interest since such 
a procedure enables one to produce ortho disubstituted 
products virtually uncontaminated by meta or para iso
mers.

For the benzene aromatic system, the following substituent 
groups have been reported to direct the lithium atom to the 
ortho position upon metalation with n-butyllithium: -NM e2 , 3 

-C H 2 NMe2 , 4 -C H 2 CH2 NMe2 , 5  -O M e , 6 -CONH R , 7  

-SO 2 NHR , 8 -SO 2 NR9 ,9 -CF 3 , 1 0 ' 1 1  and -F . 1 2  Pertinent data 
concerning the metalation of these substituted benzenes1 3  are 
presented in Table I. Since a number of biological compounds 
contain aromatic systems with a methoxy or hydroxy sub
stituent along with various amine, carboxamide, and sulfon
amide substituents, 1 4  a knowledge of the relative ortho-di
recting abilities of the various substituents toward metalation 
would be of great utility in planning the synthesis of such 
compounds.

In three instances, data have appeared in the literature for 
para-substituted anisoles from which the relative directing 
ability of the methoxy group vs. a few other groups can be 
assessed. Klein and Hauser1 5  found that metalation of p- 
methoxy-A'.iV-dimeihylbenzylamine (4) gave exclusive 70% 
metalation ortho to the dimethylaminomethyl group based

upon the yield of benzophenone adduct. Metalation of the 
corresponding meta-substituted isomer gave, exclusively, 75% 
metalation at the position ortho to both substituents, indi
cating that steric effects apparently were negligible in this 
case. Narasimhan and Bhide1 6  later examined the metalation 
of p-, m -,  and o-methoxy-N,N-dimethylbenzylamine (4, 5, 
and 6 ) as a synthetic route to methoxy isoquinolines and found 
that, in agreement with the results of Hauser and co-workers, 
metalation of the para and meta isomers (4 and 5) occurred 
at the position ortho to the amine side chain, and at the po
sition mutually ortho to both substituents, respectively. 
Metalation of the ortho isomer (6 ) led to the observation that

. . the reaction took a complex course and no useful result 
was obtained”.

Narasimhan and Bhide1 6  also examined the metalation of 
the 0 -, m-, and p-methoxy-N-methylbenzamides as a possible 
route to methoxy isocoumarins and found that metalation of 
the para and meta isomers ( 1 0  and 1 1 ) occurred in good yields 
at the position ortho to the amide substituent, and at the po
sition mutually ortho to bcth substituents, respectively. Once 
again, however, “. . .  complications were encountered . . . ” with 
the ortho isomer.

Metalation of p-fluoroanisole with n-butyllithium1 7  gave 
upon carbonation 2-methoxy-5-fluorobenzoic acid in 13% 
yield whereas metalation with methyllithium1 8  gave a 17% 
yield of the same acid.

Although the relative directing ability of the methoxy group

3653
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Table I. M etalation o f  M on osu bstituted  B enzenes w ith n -Butyllith ium

Registry no. X E
n -B uL i/
substrate Solvent

M etalation 
period , h T em p, °C % yield R e f

121-69-7 -N M e 2 Ph2CO 1 . 0 H exane 1 2 6 8 56 3
103-83 -3 -C H 2 N M e2 Ph2CO 2 . 0 E ther/hexane 18 25 84 4

1126-71 -2 —C H 2 C H 2 N M e 2 Ph2CO 1 . 2 E ther/hexane 1 1 25 7 * 5
100-66 -3 -O M e C 0 2 1 . 0 E ther/hexane 2 1 35 65 6 , 1 1

613 -93 -4 —CON H M e Ph2CO 2 .5 * T H F /h exane 0.25 65 81 7
5 1 8 3-78 -8 —S 0 2NHMe Ph2CO 2.5 * T H F /h exane 0.25 0 82 8

14417 -01 -7 —S O ,N M e 2 P h 2CO 1 . 2 T H F /h exane 0 .25 0 82 9
98-08 -8 - c f 3 C 0 2 1.5 Ether 6 35 48 c 1 0

462 -06 -6 - F C 0 2 1 . 0 TH F 7 - 5 0 60 1 2

a A pparently  reaction  p roceed ed  to  give m ostly  styrene via elim ination. * A  m olar ratio o f  2 butyllith ium  to  1 substrate 
needed ow in g  to  form ation  o f  d ilith io in term ediate. c A lso  gave app roxim ately  8 % o f  m eta acid as p rod u ct.

vs. three other directing substituents could be qualitatively 
determined from the literature in a limited number of cases, 
it appeared worthwhile to examine the entire series of eight 
substituents vs. the methoxy substituent and, to some extent, 
assess the relative importance of coordination and electronic 
effects on the directing ability of the various substituents. In 
addition, examination of the ortho and meta isomers was 
deemed of interest because of the potential utility of this 
method as a route to a series of relatively inaccessible 1,2,3- 
trisubstituted benzenes.

The addition of TMEDA to the reaction mixture has ex
erted a profound influence upon the rate of metalation of 
benzene1 9  and toluene2 0  substrates. The effect of TMEDA 
upon the rate and site of metalation in some systems involving 
a heteroatom has been noted in a preliminary communica
tion. 2 1  Increased rates of ortho metalation were observed for 
dimethylbenzylamine, dimethylaniline, and anisole. In ad
dition the site of metalation for p - m e th o x y - N ,N -  dimethyl
benzylamine was altered from the usual site ortho to the amine 
side chain to the site ortho to the methoxy substituent by the 
addition of 1 equiv of TMEDA to the metalation reaction 
mixture.

A method for controlling the site of metalation at either the 
2  or 8  position of 1 -methoxynaphthalene by use of n-butyl - 
lithium/TMEDA has recently been described. 2 2  It was found 
that metalation of 1 -methoxynaphthalene with n-butyllith- 
ium in ether/hexane gave upon carbonation a 28% yield of 
carboxylic acid products consisting of 73% 2 metalation and 
27% 8  metalation. Under the same reaction conditions except 
that 1 equiv of TMEDA was present a product composition 
of 99.3% 2 metalation and 0.3% 8  metalation was obtained. The 
yield of l-methoxy-2 -naphthalenecarboxylic acid was in
creased to 60%. Similarly, increased rate as well as increased 
selectivity has been ncted23a upon using n -butyllithium/ 
TMEDA in the metalation of o -  and p-AfN-dimethyltolui- 
dines.

We would now like to report a comprehensive study of the 
ortho-directing ability of the methoxy substituent relative to 
other ortho-directing substituents in metalation reactions with 
n -butyllithium. Also discussed is the effect of TMEDA on the 
rate and course of the directed metalation reaction.

Results and Discussion

Since there are eight ortho-directing groups besides the 
methoxy group (-N M e2, -CHvNMev, -C H 2 CH2 NMe2, 
-CONHR, S 0 2 NHR, S 0 2 NR2, -CF3, and -F) a simple cal
culation shows that 24 substituted anisoles exist if all para, 
meta, and ortho isomers are considered. However, certain of 
the meta and ortho compounds were accessible only through

rather complicated synthetic routes and in most of these cases 
it was felt that examination of these compounds would lend 
little to the study. In all, 16 of the isomers including all the 
para isomers and representative meta and ortho compounds 
were prepared: p-, m-, and o-methoxy-A/,N -dimethylaniline 
(1, 2, and 3, respectively), p-, m -,  and o-methoxy-N',A'-di
methylbenzylamine (4, 5, and 6, respectively), p- and o-me- 
thoxy-/V,/V-dimethylphenethylamine (7 and 8 , respectively), 
p-, m-, and o-methoxy-/V-methylbenzamide (1 0 , 1 1 , and 1 2 , 
respectively), p-methoxy-iV-methylbenzenesulfonamide (15), 
p-methoxy-/V,/V-dimethylbenzenesulfonamide (16), p- 
methoxybenzotrifluoride (17), and p- and o-fluoroanisole (18 
and 19, respectively). These compounds were obtained by 
either the synthetic procedure or from the commercial source 
given in the Experimental Section. In addition 3-(p- 
methoxyphenyl)-7V,Af-dimethylpropylamine (9), p-me- 
thoxy-/V,/V-dimethylbenzamide (13), and p-methoxy- 
phenyl-IV-methylacetamide (14) were prepared. All com
pounds were metalated with n -butyllithium using 1  equiv of 
n -butyllithium except for the methoxy-7V-methylbenzamides 
(10, 11, 12), p-methoxy-iV-methylbenzenesulfonamide (15), 
and phenylacetamide (14). In these systems 2 equiv of n -  
butyllithium was used, since the first equivalent was com
pletely consumed in the abstraction of the amide proton. 
When conditions favoring metalation ortho to group one and 
those conditions favoring metalation ortho to group two of the 
disubstituted benzene were considerably different, the di- 
substituted benzene was metalated under both sets of con
ditions. However, as indicated in Tables II-IV, no appreciable 
change in orientation was brought about by this particular 
variance in the reaction conditions.

An examination of the effect of tetramethylethylenedi- 
amine upon the metalation reaction was accomplished by the 
addition of 1  equiv (with respect to the molar quantity of n -  
butyllithium or substrate) of this reagent to the reaction 
mixture. The n-butyllithium/TMEDA complex was first 
formed by dissolving TMEDA in the solvent and treating with 
n -butyllithium. Metalation was accomplished by adding the 
substrate to the rc-butyllithium/TMEDA complex solution. 
In the equations which follow, yields in parentheses are those 
using TMEDA.23b

Aminoanisoles [Substituents (CH2)nNMe2, n = 0, 1, 2,
3]. -N M e2. Metalation of IV,IV-dimethyl-p-anisidine (1 ) with 
n -butyllithium indicated that metalation proceeded in 71% 
yield at the position ortho to the methoxy group, judging from 
the condensation product with benzophenone. The site of 
metalation was determined by NMR analysis of the D20  hy
drolysis product. Although the NMR spectrum of anisidine 
1 did not exhibit an AA'BB' spectrum for the aromatic pro-
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Table II. Metalation Data for Aminoanisoles (1 —9)

C om pd X

M etalation  con d ition s

E lectrophile

% p rod u ct o rth o  to

A g en t 0 Tim e, h T em p, °C M eth oxy X  substituent

1 p-N M e, A 1 2 35 Ph2CO 71
1 p-N M ej A 1 2 35 D 20 85
1 p -N M e 2 A 2 1 35 d 2o 85
1 p -N M e 2 B 0.25 35 D ,0 2 2

1 p -N M e 2 B 5 35 D 20 45
1 p -N M e, B 1 2 35 d 2o 78
2 m -N M e 2 A 1 2 35 Ph2CO 7 1 *
2 m -N M e 2 B 1 2 35 Ph2CO 8 0 * 3 °
3 o-N M e 2 A 1 2 35 Ph2CO 56
3 o-N M e 2 B 1 2 35 Ph2CO 49
4 p -C H „N M e 2 A 24 27 P h 2CO 80
4 p -C H 2 N M e 2 A 24 27 D 20 70
4 p-C H .N M e 2 B 2 27 Ph2CO 55 7
4 p -C H 2 N M e 2 B 5 27 d 2o 48 18
4 p -C H 2 N M e 2 B 0.25 27 d 2o 37 18
4 p -C H 2 N M e 2 B 24 27 d 2o 16 5
5 m -C H 2 N M e2 A 2 27 Ph2CO 7 9 *
5 m -C H 2 N M e 2 B 0.5 27 Ph2CO 6 2 *
5 m -C H 2 N M e2 B 5 27 Ph2CO 54 *
6 o -C H 2 N M e 2 A 24 27 Ph2CO 3 0 -3 5 4 —1 0 c
6 o-C H „N M e 2 A 2 27 Ph2CO 58 < 5 °
6 o -C H ,N M e 2 B 5 27 Ph2CO 38 8 °
7 p -C H 2 CH 2 N M e 2 A 32 27 Ph2CO 60
7 p-C H „C H 2 N M e 2 A 28 27 d 2o 72
7 p -C H 2 C H 2N M e 2 B 2 27 d 2o 55
7 p -C H 2 C H 2 N M e 2 B 24 27 d 2o 23
8 o-C H „C H 2 N M e 2 A 28 27 P h 2CO d
8 o-C H 2 C H 2 N M e 2 A 2 27 Ph2CO d
8 o -C H 2 C H 2N M e 2 B 4 27 Ph2CO d
9 p-C H „C H 2 CH 2 N M e 2 A 24 27 Ph2CO 71
9 p -C H 2 C H 2 C H 2 N M e 2 A 2 27 D „0 26
9 p -C H 2 CH 2 CH 2 N M e 2 A 24 27 D 20 70
9 p-C H „C H 2 CH 2 N M e 2 B 0.25 27 d 2o 56
9 p -C H ,C H 2 CH 2 N M e 2 B 5 27 d 2o 64

a M etalation agents: A , 1 .0  equiv n--B uL i/equ iv substrate; ether--hexan e solvent; B, 1 .0  equiv rc-BuLi + 1.0 equ iv  T M E D A /
equiv substrate; ether—hexane solvent. * M etalation  occu rred  at position  betw een  tw o substituents. c These yields determ ined 
b y  N M R  data; p rod u ct n o t isolated. d C om p ou n d  6  apparently underw ent elim ination  to  give o-m eth oxystyren e .

tons, the quaternary m ethiodide salt o f  p-anisidine showed 
such a spectrum in the r 2.50 region. H ydrolysis o f  the lithio 
intermediate o f  N /N -dim ethyl-p-anisidine (1) with D 2O and 
subsequent treatment with methyl iodide gave a deuterated 
methiodide o f  compound 1 having 2.00 protons downfield and 
1.15 protons in the upfield portion o f the A A 'B B ' system. The 
downfield portion o f the spectrum was assigned to the protons 
ortho to the quaternary amine substituent due to its de
shielding effect. This result corresponded to an 85% yield o f 
metalation at the position ortho to the m ethoxy substitu
ent.

The addition o f T M E D A  to the metalation mixture had no 
effect upon the site o f  metalation and very little effect upon 
the yield o f ortho metalation as yields o f 22, 45, and 78% m e
talation ortho to the methoxy substituent were realized after 
metalation periods o f  0.25, 5, and 12 h, respectively. These 
yields were determined by the extent o f  N M R  signal attenu
ation after deuterolysis o f the lithio intermediate as described 
above. Products resulting from  metalation at the position

ortho to the dimethylamine substituent were not detected in 
any o f the experiments performed.

M etalation o f A^.N-dimethyl-m-anisidine (2) gave the an
ticipated result o f  metalation at the site mutually ortho to 
both substituents (eq 1). Condensation o f the lithio inter-

NMe,

1. n-BuLi

2. P h 2CO

3. H.,0
2 2a 71% (80%)

+

NMe,

CPhoOH

(1)

2b 0% (3%)

mediate o f  anisidine 2 with benzophenone gave as the sole 
product a 71% yield o f  2-diphenylhydroxymethyl-iV,Ar-di- 
m ethyl-m -anisidine (2a).

Determination o f  the orientation o f substituents in ben
zophenone condensation products such as 2a resulting from
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T able III. M etalation  D ata fo r  C arboxam idoanisoles (1 0 —14 ) and S u lfonam idoanisoles (1 5 , 16 )
X

1. /i-BuLi

2. electrophile (E)

OMe OMe

C om pd Substituent X

M etalation  con d ition s  

A gen t“  T im e, h T em p, °C E lectroph ile

% p rod u ct 
o r th o  to  X  
substituent

1 0 p-C O N H M e A 0.25 65 Ph2CO 47
1 0 p-C  ONHM e A 0.25 65 d 2o 40
1 0 p-C O N H M e A 24 65 d 2o 50
1 0 p-C O N H M e B 5 65 d 2o 60
1 1 m -CON H M e A 0.25 65 Ph2CO 48*
1 1 m -CON H M e B 1 65 Ph2CO 65*
1 2 o-C O N H M e A 5 65 Ph2CO 46
1 2 o-C O N H M e B 0.25 65 Ph2CO 23
1 2 o-C O N H M e B 1 65 Ph2CO 53
13 p -C O N M e 2 C 0.25 35 Ph2CO c
14 p -C H 2CON H M e A 0.5 27 D 20 d
14 p-C H 2CON H M e A 24 27 d 2o d
15 p-S O jN H M e A 0.5 0 - 5 Ph2CO 77
15 p - S 0 2NHMe A 0.5 0 - 5 D ,0 80
15 p - S 0 2NHMe Be 0.5 0 - 5 Ph jC O 50
15 p - S 0 2NHMe Be 0.5 0 - 5 D 20 65
16 p -S 0 2 N M e 2 D 0.5 0 - 5 Ph2CO 62
16 p - S 0 2 N M e 2 D 0.5 0 - 5 D 20 74
16 p - S 0 2 N M e2 E 1 . 0 27 d 2o f

“ M etalation  agents: A , 2 .0  equiv n -B u L i/equ iv  substrate, since first equivalent o f  base required to  abstract am ide p r o to n ; 
T H F —hexane solvent; B, 2 .0  equiv n -B uLi + 2 .0  equ iv  T M E D A /equ iv  substrate; T H F —hexane solven t; C, 1.0 equiv rc-BuLi/ 
equiv substrate; ether—hexane solvent; D, 1.0 equiv n -B u L i/equ iv  substrate; T H F —hexane solvent; E, 1.0 equiv n -B uLi + 1.0 
equiv T M E D A /equ iv  substrate; ether—hexane solvent. * M etalation  occu rred  at p os ition  betw een  tw o  substituents and p ro d 
uct isolated was the lactone w hich  ob v iou sly  arose from  the appropriate o rth o  carbinolam ide. c C om p ou n d  13 apparently  
underw ent n u cleop h ilic  d isplacem ent o f  am ide ca rb on y l t o  give 78%  yield  o f  p -m eth ox yva lerop h en on e . N o  ring m etalation  
p rodu cts  were detected . d C om p ou n d  14  gave m etalation  exclusively  at the ben zy l and am ide position . N o  ring m etalation  
was detected . e Solvent em p loyed  fo r  m etalation  using T M E D A  was ether—hexane rather than T H F —hexane. M etalations 
using T M E D A  in T H F —hexane gave n o  m etalated products. /U n d e r  these con d ition s  com p ou n d  16 apparently underw ent 
n u cleop h ilic  attack at the su lfonam ide linkage. N o  ring m etalation  p rodu cts  were detected .

Table IV . M etalation  D ata fo r  T riflu orom eth y l- and F luoroan isoles (1 7 —19 )

. M etalation  con d ition s  Pr°d u c t
Substituent ------------------------------------------------------------------------  o rth o  to

C om pd X A gent“ T im e, h T em p, °C E lectrophile m e th o x y

17 p -C F 3 A 6 35 Ph2CO 79
17 p -c f 3 A 6 35 D 20 92
17 p -c f 3 A 2 1 35 d 2o 90
17 p -c f 3 B 4 35 d 2o 90
18 p -F A 7 —50 C 0 2 b
18 p -F C 5 27 C 0 2 32
18 p -F B 5 27 C O , c
19 o-F C 5 27 C 0 2 d
19 o-F B 2 27 co 2 e

“ M etalation  agents: A , 1 .0  equ iv  rc-BuLi/equiv substrate; ether—h exane solvent; B, 1 .0  equ iv  rc-BuLi + 1 .0  equ iv  T M E D A / 
equiv substrate ; e th er-h ex a n e  solven t; C, 1 .0  equiv n -B u L i/equ iv  substrate; T H F -h e x a n e  solvent, * O nly starting flu oro - 
anisole was recovered . N o  m etalation  p rodu cts  were observed. “ N o m etalation  p rodu cts  were obta in ed . R ea ction  p rod u ct 
carried p h en olic  od or . d Base-soluble m aterial con ta in ed  36%  yield  o f  o -flu o ro p h e n o l apparently via n ucleop h ilic  attack at 
the m e th o x y  group. Starting flu oroan iso le  recovered  in 32%  yield . e Base-soluble m aterial con ta in ed  27%  yield  o f  o -flu o ro -  
phenol. Starting flu oroan iso le  recovered  in 44%  yield.

d irected  lith iation  o f  th e various anisoles was based largely 
on  an isotrop ic e ffects  exerted  b y  the d ip h en y lcarb in ol su b 
stituen t u pon  the proton s o f  orth o-s itu ated  substitu ents . 2 4  

A n u p fie ld  sh ift o f  at least 10 H z was d eem ed  su ffic ien t to  
id en tify  the substitu ent(s) o rth o  to  the d ip h en ylcarb in ol 
m oie ty  (T a b le  V ).

M eta lation  o f  anisid ine 2 using n - b u ty llith iu m /T M  E D A  
fo llow ed  b y  con den sation  w ith  ben zop h en on e  p ro d u ce d  a 
crude prod u ct w hich appeared to  be  a m ixture o f  tw o isom ers 
in a ratio o f  approxim ately  20:1. T h e  N M R  absorptions o f  the 
m ore abu n dan t isom er were iden tica l w ith  those o f  the
1,2 ,3-orien ted  carb in olam in e 2a. B ased on  d ata  re cord ed  in
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Table V . Proton Anisotropic Shifts (Relative to  
Monosubstituted Anisole) Due to  Introduction o f  

Diphenylcarbinol Substituent. Metalation Site 
Determination0

OMe

)mpd

Proton anisotropic shifts for
Inferred
position

o f
—CPh2OH-O M e —NMe2 CH2NMe2*

2a +28.5 +22.0 (R 2) R,
2b 0 +35.0 ( R 2) Rs
3a +34.0 + 13.5 (R , ) R s
4a + 8.5 +24.5 ( R 3) r 2
4b + 14.0 +7.5 ( R s) R,
6a +39.0 +1.0 (R J R s
6b +9.0 +14.5 (R, ) r 2

° All spectra obtained in CDC13; for  a further explanation 
o f  this technique see ref 24. 6 Anisotropic shifts reported 
for methylene protons.

Table V isomer 2b was identified as the 1,3,4 isomer. The 
products 2a and 2b were obtained in 80 and 3% yields, re
spectively.

Metalation of AI,1V-dimethyl-o-anisidine (3) with n-bu- 
tyllithium followed by condensation with benzophenone gave 
a crude product which was shown by its NMR spectrum to 
contain only one of two possible isomers. The product, ob
tained in 56% yield, was identified as 3-diphenylhydroxy- 
methyl-N,N -  dimethyl-o-anisidine (3a) on the basis of its 
NMR data (Table V).

Metalation of anisidine 3 using n-butyllithium/TMEDA 
produced a crude product after condensation with benzo
phenone that was shown by NMR analysis to contain only 
isomer 3a. The use of TMEDA did not appear to have any 
significant effect upon the yield of 3a as 49% of this product 
was obtained.

-C H 2NMe2. Results from the metalation of p-methoxy ̂  
A/,A/-dimethylbenzylamine (4) indicated agreement with 
previous work1 5 ’1 6  in that good yields of metalation exclusively 
at the position ortho to the amine side chain were obtained. 
Condensation of the lithio intermediate with benzophenone 
afforded an 80% yield of the benzophenone adduct ( 4a) (eq
2). The site of metalation in compound 4 has been verified in 
this study by application of our anisotropy technique (Table
V ) 2 4  and by hydrolyzing the lithio intermediate with D20  
followed by analysis of the NMR spectrum of the deuterated 
product. The NMR spectrum of amine 4 gave a well-resolved

CH2NMe2 CH2NMe2

Jl ^c p ii2o hV 1. n-BuLi

2. PlyCO

OMe OMe

4a 4

L n-BuLi/MEDA

2. P h 2CO

3. H ,0

(2 )

4b

AA'BB' system in the r 3.0 region for which the upfield proton 
signal was assigned to the protons ortho to the methoxy group. 
These assignments were based on a comparison with the NMR 
spectrum of p-methylanisole in which the upfield signal was 
assigned2 5  to the protons ortho to the methoxy group. The 
deuterated product obtained via metalation of amine 4 fol
lowed by hydrolysis with D20  showed attenuation of the 
downfield proton signal and broadening of the upfield signal 
indicating deuterium incorporation ortho to the amine side 
chain. Integration of relative signal intensities indicated 
deuterium incorporation of about 70% of one deuterium.

In addition to the above results it was discovered that the 
site of ring metalation in p-methoxy-/V,iV-dimethylbenzyl - 
amine (4) can actually be reversed through the use of tetra- 
methylethylenediamine (TMEDA). Metalation of amine 4 for 
5 h with the addition of 1 equiv of TMEDA gave 55% meta
lation at the position ortho to the methoxy group based on 
NMR integration of the D20  hydrolysis product. A small 
amount of deuterium incorporation at the position ortho to 
the amine side chain was also indicated.

Metalation of amine 4 with the n-butyllithium/TMEDA 
complex for 2  h followed by condensation with benzophenone 
gave products 4b and 4a in 55 and 7% yields, respectively (eq
2). This preferential metalation ortho to the methoxy group 
in the presence of TMEDA may reflect some manifestation 
of lower order coordination in this system when compared to 
n-butyllithium/ether or it simply may reflect metalation at 
the most acidic site of the substrate.

Identification of isomer 4b was based upon spectral and 
analytical data. The NMR data shown in Table XI (see 
paragraph at end of paper regarding supplementary material) 
indicated that the diphenylcarbinol substituent was situated 
at a ring position different than that of isomer 4a. The relative 
integration of the -OCH 3  and -C H 2-  protons of 4a and 4b 
were identical, indicating that metalation had not occurred 
at these positions. The anisotropic data shown in Table V were 
consistent with a compound having the diphenylcarbinol 
substituent situated at the position ortho to the methoxy. 
substituent.

Results obtained in the metalation of m -methoxy-N , N -  
dimethylbenzylamine (5) likewise indicated agreement with 
previous work1 5 ’ 1 6  in that good yields of metalation exclusively 
at the position mutually ortho to both the methoxy and the 
amine side chain were obtained. Condensation of the lithio 
intermediate with benzophenone gave the corresponding,
1,2,3-trisubstituted benzene product (5a) in 79% yield. This 
result indicated that the transition state involved in stabilizing 
metalation at the position ortho to the dimethylaminomethyl 
side chain apparently was not sterically hindered by the 
presence of the methoxy group. In fact the methoxy group 
apparently contributed to the stability of the intermediate to 
some extent; otherwise metalation would have proceeded at 
the position ortho to the amine side chain but para to the 
methoxy group. This result was somewhat surprising in view 
of a previous examination of the steric and conformational 
aspects of alkyl aryl ether metalations2 6  which had indicated 
that an increase in the steric bulk of the alkyl group resulted 
in a decrease in the overall rate of metalation.

As recorded in Table II, metalation of amine 5 in the pres
ence of TMEDA had no effect upon the site of metalation. 
Apparently the combined ortho-directing effects of 2 coor
dination by the dimethylaminomethyl substituent and in
ductive electron withdrawal by the methoxy substituent 
served to stabilize metalation at the position mutually ortho 
to both substituents to such an extent that an orientation 
reversal was not observed when the reaction was carried out 
in the presence of TMEDA.

Previous attempts to metalate o-methoxy- N , N - d i -  
methylbenzylamine (6 ) were reported to be unsuccessful. 1 6
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In this study amine 6  was observed to undergo metalation in 
good yield, primarily at the position ortho to the methoxy 
group, although small amounts of metalation were observed 
at the position ortho to the dimethylaminomethyl substituent 
(Table II).

Metalation of amine 6  for 24 h and condensation of the 
lithio intermediate with benzophenone gave a 30-35% yield 
of 3-diphenylhydroxymethyl-2-methoxy-lV,]V-dimethyl- 
benzylamine (6 a) and a 4-10% yield of another isomer, pre
sumably the corresponding 6  isomer 6 b. Isomer 6 b was not 
separated and characterized but was noted in the NMR 
spectrum of the reaction product; its structure is inferred from 
the data in Table V. Metalation of amine 6  for a period of 2 h 
gave 58% of 6 a and 5% of 6 b.

It is interesting to speculate as to the cause of domination 
of the methoxy group over the dimethylaminomethyl sub
stituent in its ability to direct ortho metalation in amine 6 . It 
has been suggested that n-butyllithium in ether exists as a 
tetramer2 7  as in structure I (n-butyl chains are also bonded

OEh,

Li
butyl /  

/
OEt,-

\

N y  butyl

Li------- Li-<— OEt,
/

Li

Î
OEt

I

c _ butylNMe2

NMe2 OEt2

n

butyl

X
OEt,

to the away faces of the pyramid). n-Butyllithium in an ether 
solution of TMEDA exists as a 1:1 complex that is monom
eric, 213 perhaps similar to structure II. Amine 6  is also capable 
of forming a 1 : 1  bidentate complex with rc-butyllithium as 
illustrated in structure III. Models show that the O-N distance 
in amine 6  is essentially identical with the N -N  distance in 
TMEDA. Para and meta amines 4 and 5 were incapable of 
such bidentate coordination; thus tetrameric n-butyllithium 
apparently effected metalation ortho to the dimethylami
nomethyl substituent. Metalation of amines 4 and 5 by mo
nomeric n-butyllithium generated in the presence of bidentate 
TMEDA occurred ortho to the methoxy group. In the case of 
methoxyamine 6  the possibility exists of the formation of 
monomeric n-butyllithium via complexation by the bidentate 
methoxyamine (III). As a result, metalation with or without 
TMEDA was observed to occur ortho to the methoxy group, 
the predicted site for metalation by monomeric n-butyllith- 
ium. This more basic, lower order coordinated metalating 
reagent may simply effect metalation at the most acidic site 
in the molecule, presumably in each case that ortho to the 
methoxy group.

The identification of amine 6 a was determined from a 
number of observations. The benzophenone condensation 
product exhibited an NMR spectrum for which data shown 
in Table V are consistent with the situation of the diphenyl - 
carbinol substituent ortho to the methoxy group. An ir spec
trum of the benzophenone condensation product of the lithio 
intermediate of amine 6  exhibited a sharp O-H stretching 
frequency indicative of a “free” hydroxyl group experiencing 
little hydrogen bonding. If the diphenylcarbinol substituent 
had been situated ortho to the dimethylaminomethyl group 
an ideal intramolecular hydrogen bonding situation would 
exist and a broad hydroxyl absorption should have been ob
served.

The methiodide salt of carbinolamine 6 a was formed and 
subjected to a temperature of 200 °C. Under these conditions 
the methiodide salts of corresponding isomers 4a and 5a cy-

clized to give the cyclic ethers. 1 5  The methiodide salt of car
binolamine 6 a gave no detectable cyclic ether under these 
conditions suggesting metalation at a site other than that 
ortho to the dimethylaminomethyl group.

-C H 2 CH2 NMe2 - The dimethylaminoethyl substituent has 
recently been demonstrated to be a good ortho-directing 
substituent as excellent yields of 2  metalation in N , N -  di- 
methylaminoethylferrocene were obtained. 2 8  The benzene 
analogue, N.N-dimethyl-if-phenethylamine, has been shown5  

to give small amounts of ortho metalation but the primary 
course of reaction with n-butyllithium was the elimination of 
the elements of dimethylamine to give a styrene residue. 
Apparently the acidity of the benzyl proton was sufficiently 
greater than that of the ortho proton that metalation occurred 
at the benzyl site to give a lithio intermediate capable of facile 
elimination of the dimethylamide anion.

It was hypothesized that a methoxy group situated at the 
para position of N,N-dimethylphenethylamine might suffi
ciently decrease the acidity of the benzyl proton to permit 
ortho metalation to compete effectively with the elimination 
reaction. Metalation of p  -methoxy-N , N -  dimethylpheneth- 
ylamine (7) with n-butyllithium in ether-hexane for 32 h gave 
60% metalation exclusively ortho to the m e th o x y  group, 
judging from the benzophenone condensation product. Hy
drolysis of the metalation mixture with D 2 O gave recovered 
amine 7 having 1.28 protons remaining (72% metalation) at 
the position ortho to the methoxy substituent. The NMR 
spectrum of amine 7 gave a well-resolved AA'BB' system in 
the t 3.1 region. In accord with the proton assignments of 
p-methylanisole, 2 5  which gives a similar AA'BB' system, the 
upfield proton resonance was assigned to the protons situated 
ortho to the methoxy substituent. This metalation result was 
of interest because it reflected the superior ability of the di
methylaminomethyl substituent over the dimethylaminoethyl 
substituent to direct metalation to the ortho position. No vinyl 
products were found, a situation which was also true for 
.'V,Af-dimethylaminoethylferrocene. 2 8

Earlier results had indicated that the methoxy substituent 
situated at the para position on a benzene ring played an im
portant role in decreasing the acidity of benzyl protons to such 
an extent that ring metalation could be effected. Results from 
the metalation of o-methylanisole2 9  indicated that an ortho- 
situated methoxy group may have an entirely different effect 
upon benzyl anion formation (eq 3). Metalation of o-meth-

OMe OMe OMe

IV IVa

ylanisole followed by carbonation reportedly gave equal 
amounts (although in low yield) of side-chain and ring meta- 
lated products. Although the authors did not elaborate upon 
the reasons for stabilization of the benzyl anion, it seemed 
plausible to consider stabilization via a five-membered coor
dinate ring as shown in structure IV. Stabilization simply by 
inductive electron withdrawal by oxygen (structure IVa) could 
also stabilize the benzyl anion.

Attempts to metalate o-methoxy-N.N-dimethyIpheneth- 
ylamine (8 ) gave no detectable ortho-metalation product. 
Compound 8  apparently underwent elimination to give a 
methoxystyrene residue as evidenced by ir data (band at 6 . 2
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n )  and NMR data (absence of -NM e 2  methyls and presence 
of vinyl proton absorptions). Presumably the o-methoxy 
substituent facilitated formation of the benzyl anion inter
mediate which could easily collapse to olefin with elimination 
of the dimethylamide anion (eq 4). Metalation of amine 8  with

n-butyllithium/TMEDA likewise gave no ortho metalation, 
judging from the absence of any diphenylcarbinol product 
after treatment of the reaction mixture .with benzophe- 
none.

-CH^CH^CH^NMe. The role of the methoxy group in de
creasing the acidity of benzyl protons was further illustrated 
in the case of 3-(p-methoxyphenyl)-/V,Af-dimethylpropyl- 
amine. Metalation of 3-phenyl-iV,7V-dimethylpropylamine 
and condensation of the lithio intermediate with benzophe- 
none has been reported to give the metalation product re
sulting from metalation exclusively at the benzyl position3 0  

(eq 5).

CH2CH,CH,NMe,

L rc-BuLi

2. Ph2CO

3. H.,0

CPh2OH

I
CH— CH2CH2NMe2

(5)

(6 )

Metalation of 3 -(p-met,hoxyphenyl)-/V,Ai-dimethylpro- 
pylamine (9) followed by condensation with benzophenone 
gave a 71% yield of carbinolamine 9a having the diphenyl
carbinol substituent situated on the ring ortho to the methoxy 
group (eq 6 ). No other isomeric products were detected. Proof 
of structure for the benzophenone condensation product 9a 
was based on NMR and analytical data recorded in Tables X  
and XI (see paragraph at end of paper regarding supple
mentary material). The site of metalation was determined by 
hydrolysis of the metalation mixture with D2 O and analysis 
of the AA'BB' system as was done previously for amines 4 and
7.

The use of TMEDA appeared to have no effect upon the 
orientation of metalation for phenethylamine 7 and phenyl- 
propylamine 9. As shown in Table II a significant increase in 
the rate of metalation of these amines was observed although 
extended metalation periods using TMEDA actually tended 
to decrease the yield of metalation of amine 1. Optimum pe
riods for metalation of amines of this type with TMEDA ap
peared to be 2-4 h.

Amide Anisóles (Substituents -CONHMe, -CONM e 2 , 
-CI^CON H M e). -CONHM e. Results from the metalation 
of p-methoxy-/V-methylbenzamide ( 1 0 ) indicated partial

agreement with previous work, 1 6  in that metalation was found 
to proceed in good yield exclusively at the position ortho to 
the carboxamide substituent. Under the experimental con
ditions employed (n-butyllithium in refluxing ether followed 
by condensation with benzophenone at room temperature) 
the carbinolamide 10a (mp 198 °C dec to expel a basic gas) was 
isolated as the sole product in 47% yield. Earlier reports1 6  

identified the corresponding lactone 1 0 b as the reaction 
product. However, upon heating carbinolamide 10a near 200 
°C essentially quantitative conversion to the lactone 1 0 b was 
observed (eq 7).

CONHMe

11, R =  H; R' =  OMe

CONHMe

11a

(? )

The ring proton NMR spectrum of amide 10 exhibited a 
well-resolved AA'BB' spectrum in which the upfield resonance 
was assigned to the protcns ortho to the methoxy group. The 
data for D20  incorporation listed in Table III were obtained 
from the NMR integration of the D20  hydrolysis products. 
Metalation of amide 10 using n-butyllithium/TMEDA pro
duced a slight increase in the amount of metalation ortho to 
the carboxamide substituent (60% metalation after 5 h).

Reexamination of the metalation of m-methoxy-TV- 
methylbenzamide (1 1 ) indicated agreement with a previous 
study1 6  in that a good yield of metalation exclusively at the 
position mutually ortho to both substituents was observed. 
Condensation of the lithio intermediate of amide 11 with 
benzophenone afforded Hie corresponding lactone lib  (48% 
yield) which, in view of the result for amide 1 0 , certainly arose 
from the corresponding carbinolamide 1 1 a. None of the iso
meric carbinolamide resulting from metalation at either of the 
other two possible metalation sites was observed.

It is interesting to note that although identical conditions 
were employed for both amides 1 0  and 1 1 , amide 1 0  gave the 
carbinolamide product 1 0 a while amide 1 1  gave the lactone 
product (lib). The difference in product appears to be an
other manifestation of the effect of a para-situated methoxy 
group. Apparently, the resonance effects of the methoxy group 
situated para to the carboxamide substituent decreased the 
electrophilicity of the carbonyl group and therefore discour
aged cyclization which would have involved nucleophilic 
substitution at the carbonyl. The methoxy substituent sit
uated meta to the carbonyl could not donate deactivating 
negative charge to the carbonyl and therefore cyclization via 
nucleophilic substitution occurred at room temperature.

Metalation of amide 11 with n-butyllithium/TMEDA re
sulted in a substantial increase in yield of metalation as a 65% 
yield of lactone lib  was obtained. No isomeric products re
sulting from metalation at either of the two possible metala
tion sites were observed.

It was reported in an earlier study1 6  that metalation of 0 - 
methoxy-N-methylbenzamide (1 2 ) gave extremely poor yields 
of metalation ortho to. the carboxamide substituent. Although 
the authors did not indicate the solvent employed for this 
experiment, it was presumed that THF was used since the 
metalation of IV-methylbenzamide was carried out in THF. 
Our attempts to metalate amide 12 in THF met with no suc
cess. However, attempts to metalate amide 12 in ether gave 
a fair yield (46% lactone 12b) which certainly arose via me
talation ortho to the carboxamide substituent (eq 8 ). Meta
lation of amide 12 using n-butyllithium/TMEDA gave a slight 
increase in yield (53%) cf the lactone product 12b.
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NMe,

.L i— CH2CH2CH2CH3

NMe,

0

V

'N — Me

" 0 ------ - Li— CH,CH,CiI2CH3

Li+

Me

VI

CONHMe 

OMe

to ;
12

Ph 0

1. .’i-BuLi Ph

2. Ph2CO
3. H20

,OMe

0 )
12b 48% (65%)

(8)

T he fact that m etalation o f amide 12 proceeded only in 
ether solvent, whereas that o f  isomeric amides 10 and 11 
proceeded in both  ether and TH F, would prom pt one to 
speculate that the ortho situation o f the m ethoxy and car
boxam ide substituents may have been responsible for this 
phenom enon. In the case o f  o-m ethoxy-/V,Ar-dim ethylben- 
zylamine (6) it was proposed that a com plex could be form ed 
with n -butyllithium in a manner similar to that with T M E D  A 
and therefore monomeric n -butyllithium was responsible for 
the observed metalation ortho to the m ethoxy substituent.

Rausch and Ciappenelli have shown31 that attempts to  e f
fect metalation using T M E D A  in T H F  have been unsuc
cessful. Although TH F often enhances the yield o f metalation 
as compared to ether solvent, certain organolithium reagents 
are reportedly32 relatively unstable in the presence o f  TH F.

Perhaps com plexation o f the type shown by structure VI 
is responsible for generation o f m onom eric butyllithium in 
these solvent systems, as is the case when n -butyllithium is 
com plexed with T M E D A  (structure V). Since metalation in 
T H F  by monom eric butyllithium com plexed with T M E D A  
is known to be unsuccessful, failure o f  metalation attempts 
in T H F  using monom eric butyllithium generated by com 
plexation with amide 12 might be anticipated.

-CO N M e2 and -CHoCONHMe. T he electron-donating 
effects o f the m ethoxy substituent situated at the para posi
tion o f  certain substituted benzenes was shown earlier in this 
study to decrease the acidity o f  benzyl protons and decrease 
the electrophilicity o f  the carbonyl group. These results 
prom pted an examination o f  the metalation o f p -m ethoxy- 
N, A1-d  i methyl ben zamide (13) and p-m ethoxyphenyl-fV- 
methylacetamide (14).

jV,.V-Dimethylbenzamide had been shown7 to undergo 
substitution with n -butyllithium to  form  valerophenone. It 
was anticipated that the p-m ethoxy  substituent would d e 
crease the electrophilicity o f  the carbonyl sufficiently to allow 
the directed ring metalation as an alternative course o f  reac
tion. However, excellent yields o f  p-m ethoxyvalerophenone 
were obtained upon treatment o f  amide 13 with n -butyllith
ium (eq 9). Apparently the electron-donating effect o f the 
para-situated m ethoxy substituent is not sufficient to dis-

CONHMe2 COC4H9

1. n-BuLi

2. Ph2C 0
3. H20

OMe

courage substitution at the amide carbonyl. N o products re
sulting from  ring metalation were observed.

In order to more accurately assess the effect o f  the para 
methoxy group upon benzyl proton acidity, the metalation o f 
p-m ethoxyphenyl-A '-m ethylacetam ide (14) was examined. 
As might be expected, metalation o f iV -m ethylphenylaceta- 
mide with 2 equiv o f  n-butyllithium  gave essentially quanti
tative metalation at the benzyl and amide proton sites. It was 
anticipated that the p-m ethoxy substituent would sufficiently 
decrease the benzyl proton acidity to  allow ring metalation 
either ortho to the amide or m ethoxy substituent in amide 14. 
However, the effect o f  the para-situated methoxy substituent 
was not sufficient to effect this result as near-quantitative 
metalation at the benzyl and amide protons o f amide 14 was 
observed judging from N M R  integration o f the D 2O hydrolysis 
products (eq 10).

D OD

CH2CNHMe CHCNMe

9

1. 2 equiv n-BuLi f /^ V |

2. D ,0
( 1 0 )

OMe OMe
14

Although the results obtained for p -m ethoxy-N ,N -  di- 
methylphenethylamine (7), 3 -(p-m ethoxy)-A ',A r-dim ethyl- 
propylam ine (9), and methoxy-iV-methylbenzamides 10,11, 
and 12 indicated that the para-situated methoxy substituent 
is capable o f  al tering the usual course o f  metalation in certain 
cases, apparently such influence is not sufficient to  allow the 
predominance o f ring metalation over alternate reaction 
routes for com pounds 13 and 14.

Sulfonamide Anisoles (Substituents - S 0 2NHMe, 
-S02NMe2>. -SC^NHMe. As shown in Table III, metalation 
o f  p-m ethoxy-A '-m ethylbenzenesulfonam ide (15) with n -  
butyllithium indicated that the methylsulfonam ide group 
predominated over the methoxy substituent in ortho-directing 
ability to afford good yields o f  4-m ethoxy-2-diphenylhy- 
droxym ethyl-N-m ethylbenzenesulfonam ide (15a). Carbi- 
nolsulfonamide 15a was not cyclized; rather identification o f 
the site o f  metalation was based on hydrolysis o f  the lithio 
intermediate o f  sulfonamide 15 with D20  and subsequent 
N M R  integration o f the deuterated product. Sulfonamide 15 
exhibited an N M R  spectrum having a well-resolved A A 'B B ' 
pattern representing the aromatic protons in the r 2.64 region. 
Based on the spectra o f  known com pounds, the dow nfield 
resonance was assigned to the protons ortho to  the sulfona
mide substituent. Hydrolysis o f  the lithio intermediate o f  
sulfonamide 15 gave a deuterated product having 1.20 protons 
downfield and 2.00 protons upfield in the A A 'B B ' system.

M etalation o f  amide 15 using n -buty llith ium /T M E D A  
brought about no change o f orientation o f metalation, al
though a slightly lower yield o f  carbinolsulfonam ide 15a was 
realized, possibly the result o f the use o f ether as solvent rather 
than TH F.

-S 0 2NMe2. As shown in Table III, metalation o f p -m e 
thoxy-A '.A '-dim ethylbenzenesulfonam ide (16) with n -b u 
tyllithium indicated that the dim ethylsulfonam ide substit
uent was a better ortho-directing substituent than the m e
thoxy substituent. P roof o f  the site o f  metalation was based 
on N M R  integration o f the deuterated product obtained from 
hydrolysis o f  the lithio intermediate o f  sulfonam ide 16 with 
D 20 . Sulfonam ide 16 exhibited an N M R  spectrum having a 
well-resolved A A 'B B ' pattern in the r 2.68 region representing 
the aromatic protons assignments for which were analogous 
to  those o f  sulfonamide 15.
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Table VI. Competitive Metalation o f  Para-Substituted
Anisóles

OMe

X
% metalation0

X  Position A  Position B

—CH2NMe2 0 (55 ) 80 (7 )
-CO NH M e 0 (0 ) 50 (60 )
—S 0 2NHMe 0 (0 ) 80 (65 )
—S 0 2NMe2 0 ( 0 ) 74 (0 )
—CH2CH2NMe2 7 2 (5 5 ) 0 ( 0 )
- c f 3 92 (90) 0 ( 0 )
-N M e, 8 5 (7 8 ) 0 ( 0 )
- F 32 (0 ) 0 ( 0 )

0 Yields for metalation using TM EDA are given in paren
theses. Maximum yields from  D 20  hydrolysis or benzo- 
phenone condensation are cited.

Attempts to metalate sulfonamide 16 with n-butyllith- 
ium/TMEDA were unsuccessful. Spectroscopic examination 
indicated that the n-butyl anion may have effected substi
tution at the sulfonamide linkage to give a sulfone derivative 
as evidenced by the presence of a nine-proton multiplet in the 
alkyl region of the NMR spectrum. This result was consistent 
with the observation that Af,iV-dimethylbenzamide was more 
susceptible to nucleophilic substitution at the carbonyl than 
was /V-methylbenzamide.7

Fluorinated Anisoles (Substituents -C F 3, -F ). -C F 3. 
Results obtained in the metalation of p-methoxybenzotri- 
fluoride (17) indicated that the methoxy substituent was a 
better ortho director than was the trifluoromethyl substituent. 
The site of metalation was determined by NMR analysis of 
the deuterated product obtained by hydrolysis of the lith- 
iointermediate of p-methoxybenzotrifluoride (17) with D2O. 
Compound 17 exhibited a well-resolved AA'BB' spectrum in 
the r 2.80 region representing the aromatic protons for which 
the downfield resonance was assigned to the protons ortho to 
the trifluoromethyl substituent. Judging from the data (Table
IV), TMEDA apparently had little effect upon the course of 
metalation for compound 17.

-F . Metalation of p-fluoroanisole (18) with n-butyllithium 
in THF at ambient temperature afforded 5-fluoro-2- 
methoxybenzoic acid (32%) upon carbonation with dry ice. 
p-Fluoroanisole was recovered in 42% yield and the crude 
product possessed a slight phenolic odor indicative of a small 
amount of decomposition to a phenolic product, perhaps p- 
fluorophenol. A previous study17 had reported a 13% yield of
5-fluoro-2-methoxybenzoic acid via metalation with n-bu
tyllithium.

It is interesting to note that the metalation of fluorobenzene 
itself was carried out at low temperatures (—50 °C) since 
benzyne formation to yield triphenylene occurs at room 
temperature.17 However, attempts to metalate p-fluoroanisole 
at —50 °C were unsuccessful and only starting material was 
recovered.

Metalation of p-fluoroanisole using n-butyllithium/ 
TMEDA followed by carbonation with dry ice gave no acid 
product except valeric acid. It is suggested that decomposition 
of the p-fluoroanisole to the corresponding phenol may ac
count for a portion of the loss of starting material. Although 
this product was not isolated, the reaction product carried a 
strong phenolic odor.

Metalation of o-fluoroanisole (19) with n-butyllithium gave 
no ring metalation under the conditions employed. This result

Table VII. Competitive Metalation o f  Meta-Substituted 
Anisoles

OMe

C

% metalation0
X Position B Position C

—CH2NMe2 79 (62 )
-CO NH M e 48 (65 )
—NMe2 7 1 (8 0 ) 0 (3 )

0 Yields for metalation using TM EDA are given in paren
theses. Maximum yields from  D 20  hydrolysis or benzo- 
phenone condensation are cited.

Table VIII. Competitive Metalation o f  Ortho-Substituted 
Anisoles

OMe

X  Position A Position B

-C H 2NMe2 58 (38 ) 5 ( 8 )
—CH2CH2NMe2
-CO N H M e 46 (53 )
-N M e2 56 (49)
- F

0 Yields for metalation using TM EDA are given in paren
theses. Maximum yields from  D 20  hydrolysis or benzophen- 
one condensation are cited.

was not surprising since our argument of bidentate chelation 
of certain ortho-substituted anisoles with n-butyllithium to 
form the monomeric complex could be extended to o-fluo- 
roanisole (structure VII). Earlier it was noted that attempts 
to metalate p-fluoroanisole with n-butyllithium/TMEDA 
gave no ring metalation but instead some phenolic product 
was formed.

Metalation of o-fluoroanisole gave a product identified by 
ir spectroscopy as o-fluorophenol in 36% yield along with 33% 
recovery of o-fluoroanisole (eq 11). Attempted metalation of

OMe

19 - 19a 36% (27%)

o-fluoroanisole with n-butyllithium/TMEDA gave a 27% yield 
of o-fluorophenol along with 44% recovery of starting material. 
No ring metalation products were detected in any of the ex
periments performed.

Conclusions

Tables VI-VIII provide a summary of metalation results
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Table IX. Preparation o f  Substituted Anisóles«

Com pd X % yield Mp or bp, °C  (m m ) Lit. mp or bp, °C  (mm) R ef

1 p-(N M e2) 29 mp 45—47 mp 4 8 -4 9 33, 40
2 m-(NMe2) 20 bp 1 1 9 -1 2 3  (17) bp 2 3 7 (7 6 0 ) 33, 44
3 o-(N M e2) 22 bp 8 6 -9 0  (16) bp 1 1 3 (1 8 ) 33
4 p-(CH 2NMe2) 74 bp 8 8 -9 0  (3 .5) bp 7 3 -7 7  (2 .0 ) 34, 36
5 m-(CH2NMe2) 80 bp 7 6 -7 8  (3) bp 1 0 1 -1 0 2  (9 .5) 35, 41
6 o-(C H 2NMe2) 70 bp 8 2 -8 4  (4) bp 1 1 3 (2 0 ) 35, 42
7 p-(CH 2CE 2NMe2) 75 bp 5 0 -5 2  (1 .0) bp 1 0 8 (1 1 ) 34
8 o-(C H 2CH2NMe2) 40 bp 1 0 1 -1 0 5 (3 ) 36
9 p-(CH 2CH2CH,NMe2) 80 bp 1 1 5 -1 1 7 (4 ) 30

10 p-(CONHMe) 95 mp 1 1 7 -1 1 9 mp 116 37
11 m-(CONHMe) 78 mp 66—68 mp 67—68 37, 38
12 o-(CONHM e) 84 bp 1 0 0 -1 0 5  (0 .3) bp 175 (14) 38
13 p-(CONHMe) 68 mp 41—42 mp 42 45
14 p-(C H 2CONHMe) 80 mp 96—97 38
15 p -(S 0 2NHMe) 83 mp 96—98.5 39
16 p -(S 0 2NMe2) 90 mp 7 2 -7 4 mp 7 1 -7 2 39
17 p-(C F j) 53 bp 1 6 6 -1 6 8  (760) bp 168.6 (760) 43

« NMR and ir data confirm ed the structures o f  these substituted anisole derivatives.

for the para-, meta-, and ortho-substituted anisoles examined 
in this study. On the basis of the para-substituted anisole re
sults it was found that the substituents having stronger 
ortho-directing ability than the methoxy group were the fol
lowing: -CH2NMe2, -CONHMe, -S 0 2NHMe, and
-S 0 2NMe2. Substituents which were inferior ortho directors 
relative to the methoxy group were the following: 
-CH2CH2NMe2, -CF3, -NMe2, and -F.

The ortho-directing ability of the methoxy, dimethylamino, 
and fluoro substituents apparently involved both coordination 
and inductive effects. If coordination effects alone were con
sidered the relative order of directing would be -NMe2 > 
-OCH;. > -F. Inductive and resonance effects would predict 
-F > -OCH3 > -NMe2. However, the observation that -OCH3 
> -NMe2, -F suggests that both effects may be operative in 
these cases.

The para-situated m ethoxy group was found to have a sig
nificant effect upon ( 1 ) benzyl proton acidities o f  compounds 
7 and 9 and (2) the carbonyl electrophilicity o f  amide 10.

TMEDA has been found to be effective in increasing the 
rate of certain ortho-directed metalation reactions and was 
shown in certain cases to alter the site of metalation.

Experimental Section
General. n-Butyllithium (1.6 M in hexane) used in the following 

reactions was purchased from the Foote Mineral Co. N,N,N',N'- 
Tetramethylethylenediamine (TMEDA) (bp 120-122 °C) was ob
tained from Aldrich Chemical Co. and was redistilled with the fraction 
bp 120.5-121.0 °C being collected. The redistilled TMEDA was stored 
over Linde 4A molecular sieves under an atmosphere of argon. The 
ether used as a reaction solvent was Matheson Coleman and Bell 
“ absolute” grade and was stored over Linde 4A molecular sieves. 
Tetrahydrofuran (THF) used as solvent was filtered through activated 
alumina immediately before use.

Elemental analyses were performed by Galbraith Laboratories, 
Knoxville, Tenn., Alfred Bernhardt Laboratories, Mulheim, West 
Germany, and Joseph Nemeth Laboratory, Urbana, 111. Melting points 
were determined on a Hoover melting point apparatus and are cor
rected. Column chromatographies were performed on Matheson 
Coleman and Bell activated alumina using redistilled solvents. Thin 
layer chromatographies were performed on E. Merck silica gel G using 
ethyl acetate as solvent.

All ir spectra were obtained on a Perkin-Elmer Model 137 Infracord 
using the 6.246-ii band of polystyrene as a reference. All NMR spectra 
were obtained on a Varian A-56/60 spectrometer using Me4Si as an 
internal standard. Integrations used to report deuterium incorpora
tion were accurate to ±0.04 proton, judging from the accuracy ob
tained for the integration of protons in known pure compounds.

All yields are expressed as percent conversion, i.e., no effort was 
made to assess the amount of recovered starting materials.

P rep aratio n  of Substituted Anisole D erivatives, 1 - 19 . Ami- 
noanisoles. A,A1-Dimethylar.isidines 1-3  were obtained in fair yield

by treatment of the corresponding anisidine with dimethyl sulfate.33 
p-Methoxy-JV,iV-dimethylbenzylamine (4) was prepared from the 
corresponding primary amine via the Eschweiler-Clark methylation 
reaction.34 The meta and ortho isomers, amines 5 and 6, were prepared 
by a procedure involving formation of the N.N-dimethylanisamides 
from the anisic acids and reduction of the amides36 to the corre
sponding benzylamines. p-Methoxy-./V,lV-dimethylphenethylamine
(7) was prepared via the Eschweiler-Clark methylation34 of the cor
responding primary amine. The ortho isomer 8 was obtained via a 
synthetic procedure involving metalation of anisole and condensation 
of the 2-lithio intermediate with ethylene oxide to give 2-(o- 
methoxyphenyl)ethanol conversion of the ethanol derivative to the 
bromide using PBr3 and conversion of the bromide to amine 8 using 
dimethylamine.36 Treatment of 3-(p-methoxyphenyl)propanol (Al
drich Chemical Co.) with PBrg and subsequent treatment of the in
termediate bromide with dimethylamine in ethanol36 gave 3-(p- 
methoxyphenyl)-lV,Af-dimethylpropylamine (9).

Amide Anisoles. ¡V,jV-Dimethylbenzamides 10-12 were pre
pared37,38 from the corresponding anisic acid using thionyl chloride 
to form the corresponding acid chloride and reaction of the acid 
chloride with methylamine. Amides 13 and 14 were prepared by usual 
procedures37 via p-anisyl chloride and 4-methoxyphenylacetyl 
chloride, respectively.

Sulfonam ide Anisoles. Sulfonamides 15 and 16 were prepared39 
by reaction of p-methoxybenzenesulfonyl chloride with methylamine 
and dimethylamine, respectively.

Fluorinated  Anisoles. p-Methoxybenzotrifluoride (17) was pre
pared by treatment of p-chlorobenzotrifluoride with sodium meth- 
oxide under pressure at 160 °. Fluoroanisoles 18 and 19 were pur
chased from Aldrich Chemical Co.

A complete summary of physical properties of the substituted an
isole derivatives is presented in Table IX.

General M etalation Procedure—Benzophenone Condensation 
and D20  Hydrolysis. Aminoanisoles (1-9). The amine was dissolved 
in dry ether (2 ml ether/mmol substrate) at room temperature under 
argon and 1 equiv of 1.6 M n-butyllithium in hexane was slowly added. 
After stirring for the period designated in Table II, a mixture of 
benzophenone (1.25 equiv) in dry ether was added at a rate sufficient 
to produce only slight reflux. The reaction solution was stirred for 4 
h and then hydrolyzed with water. The ether layer and ether extracts 
of the aqueous layer were combined and extracted with 10% HC1. The 
acid layer was separated and neutralized with solid NaOH. Ether 
extracts of the neutralized portion were dried over MgS04. After the 
ether had been removed under vacuum, unreacted starting amine (and 
TMEDA, where appropriate) was removed by vacuum distillation. 
The benzophenone condensation product was then purified by the 
appropriate procedure as designated in Table X.

The D20  hydrolysis products were formed by adding excess D20  
to the lithiation mixture, extracting with ether, and redistilling the 
recovered amine. The methiodide salt of the deuterated amine (1) was 
formed by stirring with an ether solution of excess methyl iodide for 
12 h. The white precipitate, mp 255 °C dec, was collected and re- 
crystallized from methanol.

When TMEDA was employed in the metalation reaction, the 
TMEDA/n-butyllithium complex was first formed by treating 
TMEDA in ether with 1 equiv of 1.6 M n-butyllithium in hexane.
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Table X . Physical Data“

Compd
%

yield Mp, °C Purification“

la 71 1 4 5 -1 4 6 A  (100%  ethanol)
2a 71 1 4 2 -1 4 3 A (95%  ethanol)
3a 56 1 0 1 -1 0 2 A  (100%  ethanol)
4a 80 1 2 8 -1 3 0 A  (100%  ethanol)
4b 55 8 8 -8 9 B b
5a 79 1 0 4 -1 0 4 .5 A  (100%  ethanol)
6a 58 bp 1 8 0 -1 9 0  (2 .0 ) C
7a 60 9 9 -1 0 1 A ( 100% ethanol)
9a 71 Oil

10a 47 198 dec at 200 A (tetrahydro-
furan)

lib 65 2 2 2 -2 2 4 A  (100%  ethanol)
12b 53 1 6 8 -1 7 0 D (5 0 :5 0  ben-

zene ligroin)
15a 77 1 6 5 -1 6 7 A  (100%  ethanol)
16a 62 1 5 0 -1 5 1 A  (100%  ethanol)
17a 79 1 0 4 -1 0 5 A  (heitane)

“ Purification procedures used: A  recrystallization; B, thin 
layer chrom atography; C, vacuum distillation; D, column 
chromatography (alumina with 6% H20 ) .  *TLC  on silica 
gel G gave tw o bands upon development with ethyl acetate: 
band 1 (R f  0 .63), 4a; band 2 Rj- 0 .39), 4b. c Satisfactory 
analytical data (±0.3%  for C, H, N, F, and S) were obtained 
and were submitted for review.

After stirring for 1 h an ether solution of the amine was added and the 
reaction continued as previously described.

The benzophenone condensation product mixture of amine 6 (1.0 
g, 0.003 mol) was treated with excess methyl iodide for 14 h at room 
temperature. The crystalline product was recrystallized from meth
anol to give yellow crystals, mp ~250 °C with decomposition. The 
methiodide was placed in a flask filled with argon and heated at
200-210 °C for 20 min. Boiling ether extracts of the reaction residue 
gave no cyclic ether, the product to be expected if the predominant 
isomer were the 6 isomer, 6b.

Carboxam ide Anisóles (10-14). The same procedure was followed 
as for the amines above except that THF was used as solvent and the 
reaction temperature was that of the refluxing solvent, i.e., approxi
mately 65 °C. Two equivalents of n-butyllithium was required to ef
fect metalation for all compounds of this series except compound 13  
since the first equivalent would have been initially consumed in the 
abstraction of the amide proton. Metalation of 13 was attempted using 
only 1 equiv of n-butyllithium. Metalations using TMEDA were run 
in refluxing ether since all attempts to effect metalation using 
TMEDA in THF were unsuccessful.

p-Methoxy-N./V-dimethylbenzamide (13, 7.16 g, 0.04 mol) was 
dissolved in 80 ml of dry ether and treated with 1.6 M n-butyllithium 
(25 ml, 0.04 mol) at reflux under argon for 0.25 h. Benzophenone (7.28 
g, 0.04 mol) in 40 ml of dry ether was added to the cooled mixture and 
stirred for 4 h. A basic gas was expelled throughout the course of the 
reaction. The metalation mixture was hydrolyzed with HjO and ex
tracted with ether. The ether extracts were dried over MgSCh and 
stripped to give an oil shown to be a mixture of benzophenone and 
p-methoxyvalerophenone. A comparison of relative proton integra
tions indicated that 55% of the 10.8 g of total product mixture was 
p-methoxyvalerophenone. This corresponded to 5.95 g (78% yield) 
of p-methoxyvalerophenone. No metalation products were detect
ed.

Repetition of the above metalation procedure for carboxamide 14 
followed by D2O hydrolysis and NMR analysis of the deuterated 
product indicated 1.00 atom deuterium incorporation at the benzyl 
position and 0.70 atom deuterium incorporation at the -NH site.

Repetition of the above experiment except for a metalation time 
of 24 h gave 1.00 atom deuterium incorporation at the benzyl and -NH 
sites, judging from NMR integration of the deuterated product.

Sulfonam ide Anisóles (15 , 16). The same procedure as for the 
amides above was followed except that the metalation was performed 
at 0-5 °C. Upon condensation with benzophenone the reaction mix
ture was allowed to warm to room temperature. Sulfonamide 16 re
quired the use of only 1 equiv of n-butyllithium.

Fluorin ated  Anisóles (17 -19 ). The same procedure as for the 
amines above was followed except that the reaction mixture was re
fluxed in ether during the metalation step and cooled to room tem
perature during the benzophenone condensation step.

Using conditions favoring metalation of fluorobenzene,12 p-fluo- 
roanisole ( 18 ,6.30 g, 0.05 mob was dissolved in 100 ml of dry ether and 
cooled to —63 °C using a CHCR/liquid N2 slush. To the cooled solution 
was added 31.2 ml (0.05 mol) of 1.6 M n-butyllithium in hexane. The 
mixture was stirred at —63 °C for 7 h and then poured in portions into 
a dry ice/ether slurry under argon. After standing for 12 h the mixture 
was extracted with ether. The ether layer was extracted with 3 N 
NaOH and the basic layer separated and neutralized with 6 N HC1. 
Ether extracts of the neutralized layer were dried over MgSCU and 
stripped to yield 2.8 g (55% yield) of valeric acid. p-Fluoroanisole (5.5 
g, 84% recovery) was isolated from the base-insoluble portion.

Using conditions favoring metalation of anisole,6-11 p-fluoroanisole 
(3.15 g, 0.025 mol) was dissolved in 59 ml of dry THF under argon. To 
this solution was added 15.6 ml (0.025 mol) of 1.6 M n-butyllithium 
in hexane and the mixture stirred at room temperature for 5 h. The 
mixture was poured into a dry ice/ether slurry under argon. After the 
mixture had stood for 12 h, 50 ml of H20  was added and the mixture 
extracted with ether. Basic extraction of the ether-layer gave 1.35 g 
(32% yield) of pale yellow crystals of 5-fluoro-2-methoxybenzoic acid, 
mp 82-85 °C (lit.4B mp 87 °C). None of the isomeric product was ob
served. p-Fluoroanisole was recovered in 42% yield along with a small 
amount of material having a phenolic odor. After metalation using 
n-butyllithium/TMEDA in ether, a basic extraction of the ether layer 
produced some valeric acid but none of the fluoromethoxybenzoic acid 
products. Almost quantitative recovery of p-fluoroanisole along with 
a small amount of material having phenolic odor was obtained.

o-Fluoroanisole (19, 3.78 g, 0.03 mol) was dissolved in 60 ml of dry 
THF and treated with 1.6 M n-butyllithium (18.7 ml, 0.03 mol) in 
hexane for 5 h at room temperature under argon. The metalation 
mixture was poured into a dry ice/ether slurry and left to stand for 
12 h. A basic extraction of the ether layer produced a small amount 
of valeric acid along with 1.2 g (36% yield) of o-fluorophenol [bp 
180-185 °C (750 mm), lit.47 bp 46 °C (10 mm) . No fluoromethoxy
benzoic acid products were obtained and only 1.15 g (30%) of the o- 
fluoroanisole was recovered. After metalation using n-butyllith- 
ium/TMEDA in ether, a basic extraction of the ether layer produced 
some valeric acid along with 0.6 g (27% yield) of o-fluorophenol. Ap
proximately 1.1 g (44%) of o-fluoroanisole was recovered from the 
organic layer. No fluoromet.noxybenzoic acid products were detected 
in the product mixture.
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A unique regiospecific metalation of a substituted ferrocene has been observed in the lithiation of methoxymeth
ylferrocene (MMF, 1). Approximately equal amounts of 2- and l'-monometalated intermediates were produced 
as judged by derivatization experiments. Among the most interesting of the new compounds isolated were 2- and 
l'-chloromercurimethoxymethylferrocene (2-ClHg-MMF) and (l'-CIHg-MMF). l'-CIHg-MMF underwent a 
transmétalation reaction with n-butyllithium to produce a unique ferrocenyllithium derivative, namely, l'-lithio- 
methoxymethylferrocene (l'-Li-MMF). Also found to undergo 2 lithiation were ethyoxymethylferrocene (EMF,
5) and cr-methoxyethylferrocene (MEF, 6). These results are interpreted in terms of coordination of oxygen with 
a lithium ion in the metalated intermediate.

The displacement of a hydrogen atom from a carbon- 
hydrogen bond by an alkali metal to give an organometallic 
intermediate, i.e., metalation, has become of increasing in
terest to organic chemists. In recent years, the ability of certain 
groups on aromatic systems to direct lithiation at a position 
“ ortho” to the substituent has been demonstrated to be of 
synthetic utility, since such a procedure enables a chemist to 
produce “ortho” disubstituted products virtually uncon
taminated by other isomers.3 More recently, ortho metalation 
of aromatic systems by various transition metal derivatives 
has also received attention.4

Although many of the early reports focused on the directing 
ability of amines, several articles dealing with directed me
talation of aromatic ethers also appeared. Notable among 
these were the early studies of Gilman and co-workers on the 
directed lithiation of dibenzofuran, anisole, and related eth
ers.33 Subsequent papers by other workers have contained 
suggested mechanism (s)5a>b'6 and caveats50 for the observed 
ortho lithiation of aryl ethers and these contain estimates of

contributions of coordination by oxygen to the overall tran
sition state. In the preceding paper,1 the methoxy group was 
found to be intermediate in directing ability among the group 
of nine directing substituents studied. Moreover, the methoxy 
group has also been found to direct metalation in other sys
tems, namely, ferrocene7 and naphthalene.8 Some evidence 
for the importance of coordination in the mechanism of di
rected lithiation by the methoxy group has been inferred from 
the observed significant decrease in the extent of lithiation 
of the anisole nucleus by the presence of an ortho t e r t -butyl 
group.9

In our opinion, no unequivocal demonstration of a coordi
nating direction of lithiation by oxygen has ever been ac
complished. Such an example is provided herein, namely, the 
formation of 2-Li-MMF and T-Li-MMF upon metalation of 
MMF with n-butyllithium. Both the regiospecificity of the 
metalation (no 3 metalation) as well as the observation that 
the rate is much faster and the extent greater than metalation 
of ferrocene itself under these conditions10 dictate a decided
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Table I. Time Study of the Metalation of 
Methoxymethylferrocene (MMF) and Condensation with 

Benzonitrile
Metalation 
period, h

% 1,2-disubstituted 
product isolated

% l,l'-disubstituted 
product isolated

0.5 24.5 24.5
1 27.5 24.6
2 32.3 31.1
5 32.4 30.0

10 30.5 26.3
20 25.1 24.5

Scheme I

s Q > L i
Fe

2-Li-MMF

OMe

2-Li-MMF
PhCN

Fe OMe

<ñ/u
l'-Li-MMF

/ o C 0Me
- S ^ C O P h

Fe

influence o f the m ethoxym ethyl group on the course o f  the 
reaction. The fact that the oxygen atom is “ insulated”  from 
the ferrocene residue by the presence o f  a methylene group 
rules out significant contribution o f any type o f through-bond 
electronic effect to the mechanism. Only a coordination con 
tribution is left.

It is also interesting to note that no W ittig rearrangement 
products were detected during the course o f  these metalations. 
Such products have been isolated from  lithiation o f benzyl 
ethers.6

Results and Discussion
In the dimethylaminomethyl- , 1 13  dimethylaminoethyI-,llb 

and 7V-ethylcarboxamidoferrocene systems,12 metalation with 
n-butyl lithium resulted in partitioning between the 2 -meta- 
lated and 2,l'-dim etalated specie. For this reason, the ex
pected products from the lithiation o f M M F were to arise from
2-L i-M M F and 2,T -d iL i-M M F . In addition to products 
arising from the expected 2-lith io-M M F, concom itant 1' 
metalation occurred as indicated by the isolation o f six 1 '- 
substituted M M F ’s in from  11 to 35% yield. This significant 
T  metalation o f M M F  appears to be a unique metalation 
pattern which presents the possibility o f  a new route to 
l,T -heteroannular disubstituted ferrocenes. These observa
tions m odify somewhat an earlier com m unication o f ours13  

on this topic, a necessity which has already been alluded to in 
a paper by Valkovich, Gokel, and Ugi. 14

A time study o f the metalation o f M M F (Table I) indicated 
that the 2- and the T-lithio-M M F were formed at comparable 
rates and that these intermediates, once form ed, were stable 
within periods o f  from 0.5 to 20 h. Surprisingly, no significant 
amounts o f  products stemming from 2,T-dilithio-M M F were 
detected. These data were obtained by isolation o f the two 
monobenzoyl derivatives, 2-B -M M F  and l'-B -M M F , since 
these isomers could be cleanly separated on a chromatography 
column. The inferred reaction sequence is outlined in Scheme 
I.

Condensation with phenyl isocyanate gave a 28% yield o f 
2-(A L phenylcarboxam ido)m ethoxym ethylferrocene (2- 
P C -M M F ) and a 17.3% yield o f l'-W -ph en ylcarboxam ido)- 
m ethoxym ethylferrocene (l'-P C -M M F ). The lower yield 
observed in this reaction is more a dem onstration o f the d if
ficulty encountered in the purification o f these products than 
o f  the efficacy o f  the condensation itself.

The N M R  spectrum o f 2 -P C -M M F  displayed an AB 
quartet for the methylene protons. Magnetic nonequivalence 
o f  the methylene-group protons o f  1 ,2 -disubstituted ferro
cenes was first examined in detail by Smith, M cLesky, and 
Slocum 15  and renders support for the assignment o f  1,2 dis
position o f  the substituents in 2-PC -M M F. M agnetic non 
equivalence was not observed in the other 1 ,2 -disubstituted 
products because the resonances for the methylene protons 
were obscured by the resonances o f  the ferrocene moiety.

Condensation o f the lithio intermediates with benzophe- 
none was reexamined; this reaction also resulted in a mixture

2-B-MMF

4 o T OMe
Fe

^ C O P h  

l'-B-MMF

o f the products from  2 and 1' metalation. This is in contrast 
to our original report13 in which it was claimed that only 2  

lithiation o f M M F was observed. T he 1,1' structure for 1'- 
(a,a-diphenylhydroxym ethyl)m ethoxym ethylferrocene was 
assigned on the basis o f bs elemental analysis, which indicated 
that the com pound contained one diphenylhydroxym ethyl 
group per molecule, anc the absence o f  absorptions in the 9 
and 10 n region o f its ir spectrum. Absorptions at 9 and 10 n 
in the ir spectrum o f a substituted ferrocene are indicative o f 
the presence o f  at least one unsubstituted cyclopentadienyl 
ring . 16

The 1,2 structure for 2-(a,a-diphenylhydroxym ethyl)- 
m ethoxym ethylferrocene (2-D -M M F ) was assigned on the 
basis o f  its elemental analysis, the presence o f  absorptions at 
9 and 10 p in its ir spectrum , 16 and its identity with a sample 
o f  the known com pound prepared by a route involving the 2  

metalation o f dimethylaminomethylferrocene (D M A M F ).lla 
Since 2 metalation o f D M A M F  has been unequivocally de
m onstrated , 1 13  the identity o f  the carbinol ethers prepared 
by both routes provides additional proof o f  the 2  metalation 
o f  M M F (1). Scheme II outlines both routes used in the syn
thesis o f  2-D-M M F1.

MMF
n-BuLi

l'-Li-MMF
PhCN

Scheme II

— CH2NMe2

CH2NMe2 

^ — CPh2OH
Fe

2. Ph,CO

3. HjO

Fe

DMAMF

CH,+NMe,r ,CH>OMe

CPh2OH CPh2OH

Fe Fe

2-D-MMF

1. Ph,CO

2. H ,0

MMF (1)
n-BuLi

2-Li-MMF

In the condensation with carbon dioxide and subsequent 
reaction with diazomethane, only l'-(carbom ethoxy)hy- 
droxym ethylferrocene (l '-C -H M F ) was identified. Another
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Table II. Products from the Metalation of Methoxymethylferrocene (MMF) and Condensation with Various
Electrophilic Reagents

Condensing
agent

2  or 1 ' 
derivative

Metalation 
time, h

Condensation 
time, h

Yield,
1 , 2

%
1 ,1 '

PhCOPh -C P h2OH 2.5 4 32.5 34.9
HgCl2 -H gCl 5.0 16 37.5 33.0
PhCN -COPh 1 .0 2 32.4 30.0
PhNCO -CONHPh 2.0 16 28.8 17.3
1 . C 0 2 2 . CH2N 2 -C O ,M e“ 3.0 1 15.0
CH2CHoO N 0 2 - n o 2 2.5 2.5 10.7

“ Methoxymethyl group was hydrolyzed during course of reaction and workup to hydroxymethyl group.

product, presumably the 1 ,2 -disubstituted isomer, was iso
lated and an ir spectrum obtained, but the com pound proved 
to be too unstable for further analysis. It is not known whether 
the m ethoxym ethyl group in l '-C -H M F  was cleaved during 
carbonation, acidification, or chromatography o f the product. 
It is interesting to note here that other attempts to cleave the 
ether function o f several substituted methoxym ethylferro- 
cenes by acid or by reaction with lithium metal failed. The 
spontaneous cleavage which resulted in T -C -H M F  appears 
to  be a result o f  the inherent instability o f  this particular 
com pound relative to  its methyl ether under the reaction or 
isolation conditions utilized and does not constitute a general 
m ethod o f  cleavage for ferrocenylm ethyl ethers.

Another instance, where only the product resulting from 
1 ' metalation was isolated, was the condensation with ethyl 
nitrate to give F-nitromethoxymethylferrocene (F -N -M M F). 
The 1 ,1 '  structure was assigned on the basis o f  (1) an N M R  
spectrum which displayed two downfield two-proton triplets 
which were assigned to the four protons on the nitro-substi- 
tuted ring and (2) the absence o f  absorptions at 9 and 10 n in 
its ir spectrum. As was the case in the condensation with 
carbon dioxide, the isolation o f only the 1 ,1 '  derivative was 
probably due to the instability o f  the 1 ,2 -disubstituted com 
pound.

Derivatization with mercuric chloride produced 2-(chlo- 
rom ercuri)m ethoxym ethylferrocene (2-C lH g-M M F ) and 
l'-(chloromercuri)methoxymethylferrocene (l'-CIH g-M M F). 
These compounds were particularly interesting because they 
were stable, crystalline solids. M ore important, the isolation 
o f l'-C IH g-M M F  presented the possibility o f the synthesis o f 
l,l'-d isubstitu ted  ferrocenes uncontam inated by the corre
sponding 1,2-disubstituted com pound. It is known that the 
chloromercuri group in the ferrocene series can be transmet- 
alated by n-butyllithium  to give the corresponding lithio in
term ediate . 17

l'-C IH g-M M F  was transmetalated by treatment with n - 
butyllithium to give l '-L i-M M F  uncontam inated by the 2- 
lithio isomer as dem onstrated by derivatization with benzo- 
nitrile (Scheme III). N o materials other than M M F  and 1 '-

B -M M F  were isolated from  the chrom atographic workup 
procedure. Use o f l'-C IH g-M M F  as an intermediate in the 
synthesis o f  l,l'-d isu bstitu ted  ferrocenes thus appears fea
sible. Presumably, 2-C lH g-M M F could be utilized similar
ly-

In none o f  the metalations o f  M M F  were any products iso
lated which would have resulted from a Wittig rearrangement. 
Ustynyuk, Perevalova, and N esm eyanov 18 have shown that 
the ferrocenylmethyl group stabilizes a carbanionic center to 
a lesser extent than does the benzyl group. It appears that the 
ring metalated intermediates formed from lithiation o f M M F 
are more stable than the intermediate, a -L i-M M F , which 
would be formed prior to W ittig rearrangement. This is ex
actly the opposite o f  the stabilities o f  the anions in the cor
responding benzene compounds. 19 A  summary o f the products 
from  the metalation o f  M M F  can be found in Table II.

In order to investigate the electronic requirem ents for the 
metalation o f  ferrocenylm ethyl ethers, a num ber o f related 
compounds were prepared, treated with n-butyllithium, and 
condensed with electrophilic reagents. Phenoxym ethylfer- 
rocene (2 ) was allowed to react with n.-butyllithium for from

Fe
CH,OPh

Fe

S2?

CH —  0 OMe 

CPh2OH

2  to 2 2  h in several experiments, and was condensed with 
benzophenone or dry ice. From these reactions only phen- 
oxym ethylferrocene itself was recovered. An attem pt was 
made to increase the coordinating ability o f the phenoxy group 
by the placing o f a p-m ethoxy electron-donating group o f the 
phenyl nucleus. p-M ethoxyphenoxym ethylferrocene (3) was 
found to undergo metalation only in the benzene ring to give, 
upon condensation with benzophenone, the carbinol 4. It is 
probable that metalation took place ortho to  the m ethoxy 
group, since the m ethoxy group is a known director, but this 
assignment cannot be substantiated at present.

Scheme III Ethoxym ethylferrocene (EM F, 5) was metalated and con-
CH2OMe CH,OMe CHoOMe densed with benzophenone. The derivative was found to be

^ Q > H g C l
L rt-BuLi T-,-----------► Fe

¥ 2 -(a ,«-d iph en yl hydroxym ethyl )ethoxym ethylferrocene by 
its identity with a com pound previously studied in our

Fe +  Fe group .20 N o l'-substituted product was isolated from  this

S 2 ? ^ C ^ H g C l reaction.
Substitution o f one o f the a  hydrogens in M M F  as in the

MMF
1. n-BuLi
2. PhCN

1. n-BuLi
2. PhCN

,CH,OMe

< ^ > C O P h
Fe

¥
Fe

CH,OMe

COPh

com pound a-m ethoxyethylferrocene (6 ) apparently brought 
significant steric hindrance to the transition state for 2  m e
talation. Only a 1.7% yield o f  this lithio intermediate could be 
detected by carbonation . 21

Experimental Section
G eneral. All lithiation reactions were run under an atmosphere of 

argon. rc-Butyllithium (1.6 M in hexane) used in the following reac
tions was purchased from the Foote Mineral Co. N,N,N'N'-
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Tetramethylethylenediamine (TMEDA) (bp 120-122 °C) was ob
tained from Aldrich Chemical Co. and was redistilled. The fraction 
of bp 120.5-121.0 °C was collected and was stored over Linde 4A 
molecular sieves. Ether used as a reaction solvent was Matheson 
Coleman and Bell “ absolute” grade and was stored over Linde 4A 
molecular sieves.

Elemental analyses were performed by Galbraith Laboratories, 
Knoxville, Tenn., and Alfred Bernhardt Laboratory, Mulheim, West 
Germany. Melting points were determined on a Hoover melting point 
apparatus and were corrected. Column chromatographies were per
formed on Matheson Coleman and Bell activated alumina using 
distilled solvents.

All ir spectra were obtained on a Perkin-Elmer Model 137 Infracord 
spectrometer using the 6.246-jit band of polystyrene as a reference. 
NMR spectra were obtained on a Varian A-56/60 spectrometer and 
a Varian HA-100 using Me4Si as an internal standard. Physical data 
of the new compounds isolated can be found in Table III and ir and 
NMR spectral data for these compounds in Table IV (see paragraph 
at end of paper regarding supplementary material).

G eneral L ith iation and Condensation Procedure. Methoxy
methylferrocene (MMF, 5 mmol) in 100 ml of dry ether was treated 
dropwise with 8 mmol of 1.6 M n-butyllithium in hexane and meta- 
lation was allowed to proceed with stirring at 25 °C for 1-5 h. At this 
point, the condensing agent (8 mmol) in 25 ml of ether was added; the 
solution was then stirred for an additional 1-15 h. After hydrolysis 
with 25 ml of water, the aqueous layer was separated and extracted 
twice with ether and the combined ether extracts dried over anhy
drous MgS04. After removal of the ether the oils were chromato
graphed on alumina with methylene chloride/petroleum ether as el
uent.

Transm etalation o f l'-C IH g-M M F . Condensation w ith  Ben- 
zonitrile. l'-CIHg-MMF (0.46 g, 1.0 mmol) in dry ether was treated 
with 1 ml (1.6 mmol) of 1.6 M ra-butyllithium in hexane. The mixture 
was stirred for 1 h whereupon 0.3 g (3.0 mmol) of benzonitrile was 
introduced. After stirring for 2 h the reaction mixture was hydrolyzed 
with 20 ml of water. The aqueous and ether layers were separated, the 
aqueous layer extracted twice with ether, and the combined ether 
extracts dried over anhydrous MgS04. This solution was filtered and 
the solvent stripped under vacuum to afford a brown oil which was 
chromatographed on alumina II with CHgCL/petroleum ether as el
uent. MMF (0.15 g, 65%) was eluted with 10% C^CL/petroleum 
ether. A second fraction which was eluted with 30% CHoCL/petroleum 
ether gave a red oil upon removal of solvent. An ir spectrum of this 
oil was identical with that of l'-B-M MF prepared via the original 
lithiation route. The yield was 0.1 g (30%).

p-M ethoxyphenoxym ethylferrocene (3). A. P rep aratio n  of 
p-M ethoxyphenoxym ethylferrocene (3). p-Methoxyphenol (70.25 
g, 0.566 mol) in a minimum amount of dry ether was lithiated with 
100 ml (0.16 mol) of 1.6 M n-butyllithium in hexane. This solution 
was added to a mixture of the methiodide of dimethylaminomethyl- 
ferrocene (56.25 g, 0.146 mol)24 in 11. of water. The ether was evapo
rated, and the resulting mixture refluxed for 5 h and allowed to cool. 
This mixture was extracted several times with ether, and the com
bined extracts were washed with 5% NaOH solution.

After evaporation of this ether solution under vacuum, a solid was 
obtained which was recrystallized from hexane (yield 25.5%).

B . M etalation o f p-M ethoxyphenoxym ethylferrocene (3). 
Condensation w ith Benzophenone to Produce the D iphenyl- 
carbinol D erivative  4. p-Methoxyphenoxymethylferrocene (1.61 
g, 5.0 mmol) dissolved in 125 ml in dry ether was treated with 1.6 M 
n-butyllithium (3.1 ml, 4.8 mmol) in hexane. The mixture was stirred 
for 5.5 h, whereupon an ether solution of benzophenone (3.64 g, 20 
mmol) was added with stirring being continued overnight. Water was 
added and the layers were separated. The aqueous layer was extracted 
twice with ether and the combined ether extracts were dried over 
anhydrous MgS04. After filtration and stripping of the solvent, an 
oil was obtained which was chromatographed on alumina III with 
CHiCL/petroleum ether as eluent. After a forerun of benzophenone, 
a fraction was eluted with 10% CH2Cl2/90% petroleum ether which 
was found to be ether 3 (recovery 0.30 g, 19%). Fraction 2 which was 
eluted with 30% CH2Cl2/70% petroleum ether gave a yellow solid upon 
evaporation, mp 139-141 °C, after being chromatographed several 
times and then recrystallized from hexane (yield 0.25%). NMR and 
elemental analysis data indicated that condensation and, therefore, 
metalation had taken place on the benzene ring to produce diphen- 
ylcarbinol 4.

Lithiation of Ethoxym ethylferrocene (5). Condensation with 
Benzophenone to Produce 2 - (a, a -1) i p h e n ylhydroxvm othyl)- 
ethoxym ethylferrocene (2-D -EM F). EMF (2.44 g, 10 mmol) in 100 
ml of dry ether was treated with 10 ml (16 mmol) of 1.6 M n -butyl -

Table III. Physical Data

Registry
no. Compdc

Molecular
formula Mp, °C

59922-65-5 2-B-MMF Ci9Hi80 2Fe Oil
59922-66-6 l'-B -M M F Ci9H i80 2Fe Oil
59922-67-7 2-PC-MMF Ci9H 190 2NFe Oil
59922-68-8 l'-PC-M M F C i9H ]90 2NFe Oil
32914-68-4 2-D-MMF C25H2402Fe 109-111
51178-07-5 l'-D -M M F C25H2402Fe Oil
59922-69-9 l'-C -H M F Ci3Hi40,3Fe Oil
59922-70-2 l'-N -M M F C i2H n 0 3NFe 64-66
59922-'7l-3 l'-CIHg-MMF C12H 13OClHgFe 105.5-106.5
59922-'72-4 2-ClHg-MMF CioHl;iOClHgFe 152-154
59922-73-5 3 98-100
59922-79-1 4 139-141
59922-74-6 2-D-EMF 123-125.5
59922-75-7 2-ME-FCA 202 dec

° All materials except 2-D-EMF and 2-ME-FCA purified by 
column chromatography. ° Satisfactory analytical data (±0.3% 
for C, H, and in certain cases for N, Fe, and Cl) were obtained with 
the following exceptions; 2-D-MMF, Fe, 13.09 (13.55); 4, C, 73.24 
(73.67). Elemental analyses were not obtained for 2-PC-MMF, 
2-D-EMF, and 2-ME-FCA.

lithium in hexane. The mixture was stirred at room temperature for 
5 h. After this time, benzophenone (5.9 g, 32 mmol) in ether was added. 
After the solution had been stirred for 4 h, water was added, the layers 
separated, the aqueous layer extracted twice with ether, and the ether 
combined extracts dried over anhydrous MgS04. The solution was 
filtered and stripped of solvent with the resulting oil being crystallized 
by trituration with petroleum ether. A yellow solid was obtained (yield 
31%). Its ir spectrum was identical with that of a known sample of 
2-D-EMF.20

M etalation o f a-M eth o xyeth ylferrocen e (M E F , 6). Conden
sation w ith Carbon D ioxide to Produce 2-(a-M ethoxyethyl)- 
ferrocen e carbo xy lic  A cid  (2-M E -FC A ). MEF25 (4.9 g, 0.02 mol) 
in 200 ml of absolute ether was treated with 25 ml (0.04 mol) of 1.6 M 
n-butyllithium in hexane and the resulting solution stirred for 4 h. 
The reaction mixture was poured over dry ice/ether and after a time 
extracted with base. This basic solution was then washed with ether. 
The combined ether extracts were dried, filtered, and evaporated 
under vacuum. An oil was obtained which was redissolved in ether. 
Upon cooling this solution a precipitate appeared which was isolated 
by suction filtration. Ir and NMR data were consistent with the 
structure 2-(a-methoxyethyl)ferrocenecarboxylic acid (yield 17%). 
An analysis was not obtained.
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Directed Metalation Reactions. 8 . 1 Directed Metalation of
3-Mono- and 2,5-Disubstituted Thiophenes
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Regiospecific 2 metalation of thiophene has long been known. In this study we have examined the metalation 
with n-butyllithium of thiophenes containing a substituent that directs metalation such that a competition be
tween the directing properties of the sulfur and the substituted group was set up. Results were as follows; (1) 2-Sub- 
stituted thiophenes were lithiated in the 5 position, i.e., the sulfur atom controlled the site of metalation; (2) if the 
5 position was blocked, 3 lithiation was observed; (3) 3-substituted thiophenes were lithiated in the 2 position, a site 
common to the directing properties of both the substituent and the sulfur moiety. Each of these metalations was 
surprisingly regiospecific. These lithiation pathways were explored via a number of derivatization and cyclization 
experiments and can be utilized in the synthesis of a wide variety of 2,3-disubstituted thiophenes. An intriguing 
dimerization of A1,IV-dimethyl-3-thiophenecarboxamide (5) in the presence of n -butyllithium to 4,8-dehydro- 
benzo[l,2-6:4,5-b']dithiophene-4,8-dione (5a) was discovered.

Directed metalation o f  A^TV-dim ethyl benzylam ine ,3 its 
ferrocene analogue ,4 and a number o f  related amines with 
subsequent treatment with electrophilic reagents has provided 
a general route to a variety o f aromatic amines substituted 
exclusively in the 2 position .5 In the preceding paper o f  this 
series1 similar results are recorded for the directed lithiation 
o f methoxym ethylferrocene, thereby establishing unequivo
cally that the ether analogue o f  the dim ethylam inom ethyl 
group can also direct metalation. The 2-metalating ability o f 
the N-substituted carboxamide group on benzene6 and fer
rocene7 has also been reported. A generalized picture o f  these 
transformations is summarized in eq 1 .

n-BuLi

arom atic ring: 
benzene, naphthalene, 
ferrocene, ruthenocene

electrophile

substituent X
- C H 2N (C H 3)2, - C H 20 C H 3, 
—CO N H R'

The ability o f  the directed metalation reaction to  procuce 
ortho-disubstituted products uncontam inated by  other iso
mers would possess significant synthetic potential for other 
aromatic systems, notably heterocycles. In this study the 
utility o f  this m ethod for the preparation o f specific d i- and 
trisubstituted thiophenes is described. These results can be 
contrasted to those for the electrophilic substitution o f  th io
phenes. Generally for 2-substituted thiophenes, varying 
amounts o f 2,5- or 2,4-disubstituted compounds are obtained 
depending on the com petitive directing influence o f  the ring 
sulfur and the 2 substituent.8 T he yield o f  2,3-disubstituted 
thiophenes is im proved somewhat for 3-substituted com 
pounds containing ±1  +  M  substituents. For example, 3- 
m ethylthiophene gives upon acylation a mixture consisting 
o f  80% 3,2 isomer and 20% 3,5 isomer .9

Ideally, directed metalation o f  a 2-substituted thiophene 
to give a 3-lithio intermediate would be m ost desirable, since 
2 -substituted thiophenes are much more readily available as 
starting materials. In no instance during this study was this 
lithiation pattern for 2 -substituted thiophenes realized; rather 
5 metalation was observed. This suggests that the thiophene 
sulfur is a stronger director than the carboxamide and d i
methylaminomethyl groups, which are among the strongest 
directors known . 10 Likewise the 2-alkylsulfonamides were 
found to be weaker directors than the thiophene sulfur, al
though other reactions at times ensued upon metalation o f
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fV,Af-dialkyl-2-thiophenesulfonamides.u  Blocking the 5 p o 
sition with an alkyl group or a trimethylsilyl group served to 
eliminate com petition by the 5 position and 3 lithiation was 
then observed for several 2,5-disubstituted thiophenes. In
terestingly, a recent com m unication 12 has described 3 lithia
tion o f  thiophene in 2 - (2 ,-thienyl)pyridine, a surprising o b 
servation in view o f the results described herein.

For several substituents in the 3 position o f thiophene, d i
rected lithiation to the 2  position in high yield was ob 
served.

Results and Discussion

The com pound N ,N -dim ethyl-2-thenylam ine (2-D TA , 1) 
was initially chosen for this study since the dimethylami- 
nomethyl substituent was a well-known director and was 
easily attached to the thiophene nucleus. However, metalation 
o f this amine followed by condensation o f its lithio interme
diate with D 2O afforded an 8 8 % recovery o f what was found 
to be 5-deuterio-2-D TA (la) (eq 2). Presumably, interaction

^ a P N (C R ,, !’Ll> D^Q^CH2N(CH:!)2 (2)
S 2. DjO S

1 u

between the coordinating nitrogen and the lithium atom must 
be less important than factors tending to favor substitution 
adjacent to the sulfur atom. The reactivity o f  the 5 position 
in 2 -substituted thiophenes has been demonstrated by the fact 
that 2 -alkyl- , 13 -14 2 -m ethoxy - , 14 '15  2 -alkylthio - , 16 and 2 -alk- 
ylsulfonam ide11 derivatives o f thiophene are known to un
dergo metalation in the 5 position. 5-M ethyl- (2), 5-trim eth- 
ylsilyl- (lb), and 5-form yl-2-D TA (lc) were also prepared by 
5 lithiation (cf. Experimental Section).

Introduction o f  a blocking methyl group into the 5 position 
o f 2 -D T A  to give 5-m ethyl-2-D TA (2) allowed directed lith
iation in the 3 position to be easily effected. M etalation o f
5-m ethyl-2-D TA with n-butyllithium  followed by conden
sation with benzophenone gave a 65% yield o f  5-m ethyl-3- 
diphenylhydroxym ethyl-2-D TA (2a). The orientation o f 
substituents in compound 2a was verified by cyclization to the 
phthalan derivative 2c via treatment o f  the m ethiodide 2b 
with K N H 2 in liquid ammonia (Scheme I). Ir, N M R, and el-

Scheme I

CH:, CH,N(CH3>2s

1. rc-C.H„Li

2. (C6H,),CO CH.

C(CeH5)2OH

Q>-CH,N(CH:1)2
s

2a

c h 3i

CH,

C(C6H5)2OH

.03—CH,N<CH3h'rr  

2 b

1. K N H 2/ N H 5

2. monoglyme 
reflux 7 days

3. NH.C1

CH:1

c6H6

p
VS'

c6H5
o

emental analytical data supported the structure assigned 
phthalan 2c.

This result suggested a m odified route to 2,3-disubstituted 
thiophenes via directed metalation o f appropriate 2,5-di
substituted thiophenes where one substituent was a metala-

tion director and the other was not and in addition could be 
reversibly removed. Such a removable substituent might be 
the trimethylsilyl group which is easily cleaved in aromatic 
systems upon treatment with strong acids . 17 5-Trim ethylsi- 
ly l-2-D T A  (lb) was prepared, treated with n-butyllithium , 
and condensed with benzophenone; however, no condensation 
product was obtained. Failure o f  such a stratagem to provide 
a general route to 2,3-disubstituted thiophenes has also been 
reported for 5-trimethylsilyl-2-AT,Af- dialkyl thiophenesulfo- 
namides . 11

W ith these unsuccessful attempts to prepare 2,3-disubsti
tuted thiophenes a switch in emphasis to the study o f  the d i
rected metalation o f a number o f 3-substituted thiophenes was 
undertaken. Lithiation o f W ,IV-dim ethyl-3-thenylam ine 
(3-D TA, 3) with n-butyllithium  followed by condensation o f 
the lithio intermediate with dim ethylform am ide gave a 75% 
yield o f 2-form yl-3-D TA (3b) (Scheme II). The orientation

Scheme II
^CHNKCH.,),

( f ì f
S

1. n-C4H 9Li

2. H C O N ( C H 3)2

3

CH2N(CH3)2

CHO
3b

o f substituents in com pound 3b was confirm ed by their ox i
dation with K M n 0 4 to give the known 2,3-thiophenedicar- 
boxylic acid 18 in 21% yield. Cyclization o f  this diacid with 
acetic anhydride gave the 2,3-anhydride, also a known com 
pound 18 (Scheme II). An N M R  spectrum o f com pound 3b 
gave a well-resolved AB pattern for the two ring protons. The 
coupling constant for these protons was 5.0 Hz which falls in 
the region observed for a large number o f 2,3-disubstituted 
thiophenes. 19 Spin-spin coupling o f 1.0 Hz was also observed 
between the side-chain liydrogen o f the aldehyde group and 
the 5-position ring protcn. Studies by Gronowitz have shown 
that various 2 -thiophenecarboxaldehydes possess a J c h o  h ,  
= 1.05-1.40 H z . 19

The exclusive 2 lithiation observed for 3-D T A  indicated 
that nitrogen coordination with the metalating agent reen
forces ring sulfur coordination. At present, one can only 
speculate at what stage o f the metalation reaction nitrogen 
coordination becom es im portant or what is the structure o f 
the coordinated species. A com plex o f the organolithium 
tetramer and 3-D T A  containing a pseudO-six-membered 
chelated ring could conceivably be form ed by transfer o f the 
hydrogen at the 2 position o f 3-D T A  to a coordinated n -butyl 
group (Scheme III). Some inferential evidence for coordina
tion o f 3 -D T A  with butyllithium has recently been provided 
by Wiswanathan and W ilkie .20

2-Lithio-3-D TA was also treated with D 20 , benzophenone, 
benzonitrile, p-toluenesulfonyl chloride, and p-toluenesul- 
fonyl brom ide to form 2-deuterio- (3c), 2-diphenylhydroxy- 
methyl- (3a), 2-benzoyl- (3d), 2-chloro- (3e), and 2-brom o- 
(3f) 3-D TA, respectively. Physical and spectral data for these 
com pounds are summarized in Tables I and II, respectively 
(see paragraph at end o f  paper regarding supplementary 
material). N M R  spectra o f these products with the exception 
o f that for the 2 -benzoyl derivative exhibited well-resolved 
AB patterns for the twc thiophene ring protons. The coupling 
constant o f  these protons in each case was 5 Hz, exactly that 
observed for a large number o f 2,3-disubstituted thiophenes. 19 

For 2-benzoyl-3-D TA (3d) a resolved AB pattern for the 
thiophene ring protons was not observed owing to overlap with
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Table I. Physical Data of Substituted Thiophenes'

Registry
no. Compd % yield Mp or bp, °C (mm) Purification“

59906-28-4 lb 71 bp 65-67 (0.9)
59906-29-5 lc 40 bp 95-104 (2.5)
19260-96-9 2 86 108-110 B
59906-30-8 2a 65 117-118 A (100% ethanol)
59906-31-9 2b 98 194 A (100% ethanol)
32281-35-9 2c 45 117-119 A (1005 ethanol)
22601-13-4 3 42 bp 28-32 (0.12)
32281-32-6 3a 67 88-88.5 A (50:50 petroleum ether/ether,
32281-31-5 3b 75 bp 62-63 (0.03) 1 0 0 % ethanol)
32281-33-7 3d 54 bp 122-124 (0.5)
59906-32-0 3e 25 bp 31-32 (0.6)
59906-33-1 3f 32 bp 59-60 (1.3)
53229-44-0 4 38 bp 26 ( 0 .2 )
59906-34-2 4a 46 102-104 A (100% ethanol)
59906-35-3 4b 54 bp 122-124 (0.5)
59906-36-4 4c 61 bp 65-68 (0.03)
59906-37-5 5 6.76 bp 89-90 (0.5)
32281-36-0 5a 41 258-260 C (150 °C)
59906-38-6 6 13 115-117 A (100% ethanol)
59906-39-7 6a 55 107-110
59906-40-0 6b 23 172.5-173 dec A (50:50 methanol/THF)

“ Purification methods: A, recrystallization (solvent); B, steam distillation; C, sublimation (temperature). 6 Overall yield in five 
synthetic steps. c Satisfactory analytical data (±0.3% for C, H, and in some cases for N, S, and O) were obtained for compounds lb, 
lc, 2a, 2b, 2c, 3, 3a, 5a, 6, and 6b with the following exceptions: lc , S, 19.04 (19.39); 2b, C, 55.04 (54.66), H, 5.95 (5.42); 2c, C, 77.67
(78.05), O, 5.86 (5.47); 3a, N, 4.53 (4.15). Elemental analyses were not obtained for the remaining compounds.

Scheme III

0(C2H5) 2

the phenyl proton signals. However, indirect evidence for the 
site o f  the benzoyl substituent in 3b was obtained from  the 
observed downfield shift o f  the methylene resonance from r
7.03 in 3-D TA to r 6.40 in 3b. This large downfield shift would 
only be explicable if the benzoyl group were adjacent to the 
dimethylaminomethyl (D M A M ) group. From the metalation 
patterns observed thus far for thiophenes, the benzoyl group 
must be positioned at the far more reactive 2  position.

O f interest was the fact that the N M R  spectrum o f the 
benzophenone condensation product 3a exhibited a two- 
proton methylene resonance at r 7.03 (upfield r 0.45 from the 
methylene singlet in 3-D TA) and a six-proton methyl singlet 
o f  the two amine methyls at r  7.92 (upfield r 0.09 from  the 
same group in 3-D TA). These upfield shifts can be attributed 
to the anisotropic effect arising from the geminal phenyl 
groups situated adjacent to the D M A M  group and are diag
nostic o f the assigned substitution pattern . 10 '21

W ith the excellent directing ability o f  the D M A M  group in 
the 3 position o f thiophene successfully demonstrated, it was 
anticipated that the oxygen analogue would similarly coor

dinate with n-butyllithium  to afford significant concentra
tions o f  an oxygen-directed 2 -lithiothiophene. This was re
alized in the case o f 3-thenylmethyl ether (3-T M E , 4). M e
talation o f 3 -T M E  followed by condensation with benzophe
none, dim ethylformamide, and dim ethyl disulfide afforded 
good yields o f  com pounds 4a, 4b, and 4c, respectively (eq 3).

CH2OCH3

4

1. n-C4H 9Li

2. electrophile

CĤ JCH,

&
(3)

4a, R = C(C6H5)2OH
b, R = CHO
c, R = SCH3

Physical and spectral data for these com pounds are summ a
rized in Tables I and II (see paragraph at end o f paper re
garding supplementary material). N M R  spectra o f  4b and 4c 
exhibited well-resolved AB patterns for the two thiophene ring 
protons . 19 The values o f  J ab . in each case ca. 5.0 Hz, i.e., that 
expected for 2,3 disposition o f  the ring protons, substantiated 
the indicated substitution pattern o f  the substituents. For
2- diphenylhydroxym ethyl-3-TM E the thiophene ring proton 
resonances were obscured by the phenyl resonances but these 
same phenyls produced the expected anisotropic effect21 upon 
the adjacent m ethoxym ethyl substituent. The methylene 
protons in 4a exhibited a resonance at r 6.00 (upfield r 0.45 
from the methylene resonance in 3-TM E). Interestingly, this 
chem ical shift difference is exactly that found between 2 - 
diphenylhydroxym ethyl-3-D TA (3a) and 3-D T A  (3) itself. 
The terminal methyl resonance was shifted from r 6.63 in the
3- T M E  to r 6.92 in 2-d iphenylhydroxym ethyl-3-TM E (A = 
0.29 r).

In an attem pt to extend these results, /V,jV -dim ethyl-3- 
thiophenecarboxam ide (3-D TC, 5) was prepared and meta- 
lated. Before considering the results o f  its metalation, its 
multistep synthesis deserves some attention. One o f the most 
suitable methods for preparing 3-substituted thiophenes is 
that based on the use o f  3-brom othiophene. The synthetic 
route utilized is illustrated in Scheme IV.

A preliminary metalation o f 3-D TC followed by hydrolysis
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Table III. Experimental Conditions for the Metalation of Various Substituted Thiophenes

Compd
Substraterrc -BuLi: 
condensing agent Substituent

Condensing agent 
(E)

Metalation period, 
h

Condensation 
period, h Temp, °C

la 1:1:8 2-CH,NM e2 D20 7 0.5 25-35 (ambient)
lb 1:1.2:1.7 2-CH2NM ez M e3SiCl 1 12 25-35 (ambient)
lc 1:1.2:1.8 2-CH2NM e2 CHONMe2 12 12 25-35 (ambient)
2a 1:10:10 2-CH2NM e2; 5-Me Ph2CO 4 0.5 25-35 (ambient)
3a 1:1.2:1 3-CH2NM e2 Ph2CO 1 4 25-35 (ambient)
3b 1:1.2:1 3-CH2NM e2 CHONMe2 1 5 25-35 (ambient)
3c 1:1.2:6 3-CH2NM e2 D20 4 1 25-35 (ambient)
3d 1:1.1:1.1 3-CH2NM e2 PhCN 1 12 25-35 (ambient)
3e 1:1:1 3-CH2NM e2 p -C 7H7S 0 2Cl 1 3 -7 0
3f 1:1.2:1.4 3-CH2NM e2 p -C 7H7S 0 2Br 1 3 —70 warm to 25
4a 1:1.2:1.2 3-CH90Me Ph2CO 1 12 25-35 (ambient)
4b 1:1.1:2 3-CH2OMe CHONMe2 1 12 25-35 (ambient)
4c 1:1.1:2 3-CH2OMe M e2S2 1.5 5 25-35 (ambient)
6a 1:2.4:10 3-COHNMe d 2o 1 0.25 25-35 (ambient)
6b 1:2.1:1.2 3-CONHMe Ph2CO 3 7 25-35 (ambient)

thiophene + 3Br2

1. Mg, ether (C2H 5Br)2. dry ice
3. HjO

CON(CH3)2 1 . soci2
2. HN(CH3)2

5
Scheme V

failed to  return the original carboxamide. Instead, the lithio 
intermediate formed, presumably 5', condensed with itself to 
form  4 ,8 -dehydrobenzo[l,2 -6 :4 ,5 -b ']d ith iophene-4 ,8-d ione 
(5a) (Scheme V). The product was deduced to have the 
structure shown based on the following data: ( 1) molecular 
weight and elemental analysis were in accord with theory; (2) 
its N M R  spectrum exhibited two equivalent doublets for the 
ring protons at r 2.79 and 3.39 with a coupling constant o f  5.0 
H z.19 In addition a paper published after this work was com 
pleted has reported an independent synthesis o f  this qui- 
none.22

W ith the failure o f the 3-)V,N-dimethylcarboxamide group 
to effect utilizable metalation in the 2 position o f thiophene, 
our attention was turned to the possible use o f  the N -  
m ethylcarboxam ide group, for which there was ample prec
edent in other systems.6’7 It was anticipated that this sub
stituent would initially undergo N-m etalation with n-butyl- 
lithium thus deactivating the carbonyl group toward nucleo
philic attack. 2-Lithiation by a second equivalent o f  rc-bu- 
tyllithium might then be realized. M etalation o f  iV-methyl-
3-thiophenecarboxam ide (3-M TC , 6) with 2.2 equiv o f  base 
followed by hydrolysis with deuterium oxide gave a 55% re

covery o f 2-deuterio-3-M TC (6a). An N M R  spectrum o f the 
product showed an AB pattern for the two ring protons with 
J a b  = 5.0 Hz. In the spectrum o f 3-M T C  itself the downfield 
proton resonance centered at r 2.13 can be reasonably assigned 
to the proton adjacent to both the sulfur atom and the car
bonyl. This resonance was not detectable in the product 6a 
indicating incorporation o f one atom o f deuterium at the 2 
position o f 3-M TC.

Condensation o f  2-lith io-3-M TC  with benzophenone a f
forded a 23% yield o f  2-diphenylhydroxym ethyl-3-M TC (6b). 
The com pound’s structure was supported by both ir and N M R 
evidence. The location o f the diphenylhydroxym ethyl sub
stituent in the 2 position in this m olecule can, in addition to 
being inferred by the previously described deuteration ex
periment, be substantiated by the upfield shift (r 0.29) o f  the 
methyl group in this com pound vs. that o f  the unsubstituted 
amide, 3 -M T C .21

Experimental Section

General. All lithiation reactions were run under dry nitrogen or 
argon. n-Butyllithium (1.6 M in hexane) was purchased from Foote 
Mineral Co. 1V,N,N'N'-Tetramethylethylenediamine (TMEDA) was 
obtained from Aldrich Chemical Co. and stored over KOH pellets. 
Ethers used as reaction solvents were Matheson Coleman and Bell 
“ absolute” grade which was stored over Linde 3A molecular sieves 
or sodium metal and tetrahydrofuran (THF) which was distilled from 
lithium aluminum hydride immediately before use. Aldrich Chemical 
Co. was the supplier of thiophene and 3-methylthiophene. N-Bro- 
mosuccinimide and benzoyl peroxide were purchased from Matheson 
Coleman and Bell. The former reagent was recrystallized from H20  
immediately before use. Condensing reagents (benzonitrile, benzo
phenone, p-toluenesulfonyl chloride, and methyl disulfide) were 
supplied by Matheson Coleman and Bell. Dimethylformamide was 
purchased from Mallinckrodt Chemical Works and stored over Linde 
3A molecular sieves.

Elemental analyses were performed by Galbraith Laboratories, 
Knoxville, Tenn., and Alfred Bernhardt Laboratories, Mulheim, West 
Germany. Melting points were determined on a Hoover melting point 
apparatus and have been corrected. Ir spectra were obtained as Nujol 
mulls unless otherwise indicated on a Perkin-Elmer Model 137 In
fracord spectrometer using the 5.14- and 1 1.03-m bands of polystyrene 
as references. NMR spectra were obtained on a Varian A-56/60 
spectrometer using tetramethylsilane as an internal standard. Gas 
chromatographic analyses were performed on a Varian Aerograph 
Model 90-P gas chromatograph, using a 10-ft column packed with 6% 
Apiezon L on Chromosorb W.

General Metalation Procedure. The substrate was dissolved in 
dry ether (1 ml ether/mmol substrate) at room temperature under 
nitrogen and 1.6 M n-butyllithium in hexane was slowly added. After 
an appropriate period a condensing agent was added at such a rate 
as to produce only a slight exotherm. The reaction solution was stirred 
for a designated period and then with the exception of compound 3d 
hydrolyzed with water (dilute acid was used in the case of 3d). Exact 
conditions for each metalation are provided in Table III.
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Table IV. Study of the Extent of Metalation of N.N- 
Dimethyl-3-thenylamine (3) with Time

Metalation time, h Yield, g % Mp, CC

1 0.52 58 8 6 - 8 8

3 0.58 64 84-87
4 0.60 6 6 87-88
6 0.61 67 8 6 - 8 8

1 2 0.56 62 87-88

The workup procedure used for the hydrolyzed mixtures (with the 
exceptions described below) called for separating the ether layer, then 
combining it with ether extracts of the aqueous layer. The combined 
ether extracts were dried over MgS04 and stripped under vacuum. 
The condensation product was then purified by the appropriate 
procedure designated in Table I.

For compounds 2a, 3a, 3e, and 3f the ether layer and ether extracts 
of the aqueous layer were combined and extracted with 10% HC1. The 
acid layer was separated and neutralized with 10% NaOH. Ether ex
tracts of the neutralized portion were dried over MgS04. After the 
ether was removed under vacuum the condensation product was pu
rified as indicated in Table I.

Physical data for various substrates and metalation products are 
given in Table I. Ir and NMR data are provided in Table II (see 
paragraph at end of paper regarding supplementary material).

IV,IV-Dimethyl-2-thenylamine (2-DTA, 1). Thiophene was 
chloromethylated2:! to give 2 -chloromethylt,hiophene, bp 40-43 °C 
( 6  mm). 2-Chloromethylthiophene (30.2 g, 2.28 mol) was added 
dropwise to a fourfold excess of dimethylamine. Excess dimethyl- 
amine was evaporated and 1 0 0  ml of water and 1 0 0  ml of ether were 
added. The ether layer and two ether extracts of the aqueous layer 
were combined, dried over anhydrous MgS04, and stripped. A brown 
oil was obtained which was vacuum distilled to give 18.5 g (57%) of 
2 -DTA, bp 58-60 °C ( 8  mm) [lit. 2 4 60-61 °C (10 mm)].

5-MethyI-jV,iV-dimethyl-2-thenylamine (2). Aldehyde lc (8.0 
g, 0.047 mol) was reduced via the Wolff-Kishner reduction method. 
The product was steam distilled and the fraction boiling at 108-110 
°C collected. The yield was 6 . 6  g (8 6 %) of S-methyl-MiV-dimethyl- 
2 -thenylamine (2) [lit. 2 5 bp 33-84 °C (13 mm)).

Preparation o f the Methiodide (2b) of 5-Methyl-3-diphen- 
ylhydroxymethyl-2-DTA (2a). Carbinolamine 2a (1.30 g, 0.0027 
mol) was dissolved in 50 ml of acetonitrile and a large excess of methyl 
iodide (10.0 g, 0.070 mol) was added. After the reaction mixture was 
refluxed for 6  h, the solvent was stripped under reduced pressure to 
give 1.80 g (98%) of 5-methyl-3-diphenylhydroxymethyl-./V,./V,.N- 
trimethyl-2-thenyIammonium iodide (2b). An analytical sample, mp 
194 °C dec, was obtained after recrystallization from absolute etha
nol.

Cyclization o f Methiodide 2b to Produce Ether 2c. A solution 
of 0.004 mol of KNH-; in 175 ml of liquid NH3 was prepared from 
potassium metal (0.15 g, 0 004 mol) in the manner described by 
Hauser and Harris. 2 7 Methiodide 2b (1.15 g, 0.0024 mol) was added 
to the stirred solution. After 0.5 h, 50 ml of dry dimethoxyethane was 
added and the condenser was fitted with a CaCb drying tube. After 
the reaction mixture was refluxed for 7 days evolution of trimethyl- 
amine was no longer detected with litmus paper. Excess NH4 C1 was 
added followed by 100 ml of water. The organic layer was separated, 
dried over anhydrous MgS04, and stripped to give a light orange 
powder. Recrystallization from absolute ethanol gave 0.48 g (45%) of 
a white powder, mp 117-119 °C. The product was assigned structure 
2 c on the basis of its spectral and analytical data.

Preparation o f !V,iV-Dimethyl-3-thenylamine (3). A solution 
of 3-methylthiophene (44 g, 0.45 mol) and benzoyl peroxide (0.8 g) 
in 150 ml of dry CC14 (stored over molecular sieves) was brought to 
rapid reflux and a mixture of iV-bromosuccinimide (72 g, 0.4 mol) and 
benzoyl peroxide (0 . 8  g) was added portionwise as rapidly as the 
vigorous foaming would permit. As soon as the foaming from the last 
addition of IV-bromosuccinimide had subsided, the flask was cooled 
and the succinimide filtered off and washed with CC14. The filtrate 
was stripped under reduced pressure and the residue vacuum distilled 
at 0.12 mm to give 53.0 g (67%) of 3-(cr-bromomethyl)thiophene, bp
75-77 °C (1.0 mm) [lit. 2 8  7 5-78 °C (1.0 mm)]. Ir and NMR were in 
accord with the assigned structure. The 3-(«-bromomethyl)thiophene 
(10.0 g, 0.056 mol) was added dropwise to 150 ml (2.26 mol) of di
methylamine, then 1 0 0  ml of distilled water was added and the re
action mixture was refluxed for 1 h. After standing overnight, the 
crude product was extracted with ether. The ether extracts were 
combined, dried over anhydrous MgS04, and stripped of solvent.

Resulting was a light brown oil which was vacuum distilled at 0.12 mm 
and the fraction boiling between 28 and 32 °C collected. A yield of 7.9 
g (42%) of 3-DTA was obtained.

Metalation of !V,lV-Dimethyl-3-thenylamine (3). Time Study.
3-DTA was metalated over a period of 1,3,6 , and 12 h. Each run was 
carried out as follows.

To a solution of 3-DTA (0.41 g, 0.0028 mol) in 30 ml of dry ether was 
added 2.1 ml (0.0034 mol) of 1.6 M re-butyllithium. After stirring for 
between 1 and 12 h, benzophenone (1.24 g, 0.0028 mol) was added and 
the reaction mixture was stirred for 4 h. The mixture was hydrolyzed 
with H2O, the aqueous layer was separated and extracted with ether, 
and the combined ether extracts in turn were extracted with 10% HC1. 
The acidic extracts were carefully neutralized with NaOH and ex
tracted once again with ether. These ether extracts were dried over 
anhydrous MgS04 and stripped. After the resulting clear, viscous oil 
had stood overnight under a vacuum, a white solid crystallized. The 
crude solid was washed several times with petroleum ether.

Table IV gives the melting point and yield of product obtained for 
each run. The data indicate that metalation is essentially complete 
after 1 h.

2-Formyl-7V,jV-dimethyl-3-thenylamine (3b). 3-DTA (3, 0.67 
g, 0.0048 mol) was dissolved in 50 ml of dry ether at room temperature 
and 3.3 ml (0.0052 mol) of 1.6 M n-butyllithium in hexane was slowly 
added. After stirring for 1 h, dimethylformamide (0.70 g, 0.0096 mol) 
dissolved in 1 0  ml of dry ether was slowly added and the solution 
stirred for 5 h. To the resultant cloudy mixture 50 ml of water was 
added and the ether layer was separated, dried over anhydrous 
MgS04, and stripped. The resulting light brown oil was vacuum dis
tilled at 0.03 mm and the fraction boiling between 62 and 63 °C col
lected. A yield of 0.60 g (75%) of 2-formyl-3-DTA (3b) was ob
tained.

Oxidation of 2-Formyl-3-DTA (3b) to 2,3-Thiophenedicar- 
boxylic Acid. Carboxaldehyde 3b (1.1 g, 0.0065 mol) was added to 
20 ml of 0.5 N NaOH, the mixture was cooled to 20 °C, and KMn04 

(3.6 g, 0.023 mol) was slowly added with stirring. After stirring for an 
additional 1 h at room temperature, Na2S0 3  (0.5 g, 0.004 mol) was 
added, whereupon Mn0 2  precipitated and was filtered off; the re
maining reaction mixture was extracted twice with ether. The ether 
layer was separated, dried over anhydrous MgS04, and stripped of 
solvent. No unreacted starting material was recovered. After the 
aqueous layer had been acidified with 10% HC1, it was extracted with 
ether. These ether extracts were dried over anhydrous MgS04 and 
stripped to give 0.3 g (21%) of 2,3-thiophenedicarboxylic acid, mp 
268-270 °C (lit. 18 270 °C dec).

Formation of 2,3-Thiophenedicarboxylic Acid Anhydride 
(TCA). 2,3-Thiophenecarboxylic acid (0.23 g, 0.0013 mol) was treated 
with 4.8 ml (0.051 mol) of acetic anhydride and the solution refluxed 
for 30 min. Excess acetic anhydride was boiled off under reduced 
pressure. The resulting crude solid was sublimed at 85 °C (0.4 mm) 
to give 0.10 g (50%) of the anhydride, mp 137-138 °C (lit. 18 mp 140 
°C).

Preparation of 2-Chloro-AT,iV-diniethyl-3-thenylamine (3e).
3-DTA (3,1.1 g, 0.0078 mol) was dissolved in 50 ml of dry ether and
4.9 ml (0.0078 mol) of 1.6 M n-butyllithium was added. After stirring 
for 1 h, the reaction flask was placed in a dry ice-acetone bath and 
p-toluenesulfonyl chloride (1.48 g, 0.0078 mol) was slowly added. After 
stirring for 3 h at -70 °C, 100 ml of H2O was added. The aqueous layer 
was separated and extracted with ether and the combined ether ex
tracts extracted with 10% HC1. The combined acid extracts were 
carefully neutralized with NaOH and this neutralized solution was 
extracted with ether. The combined ether extracts were dried over 
anhydrous MgS04 and filtered and the solvent stripped under vac
uum. The resulting dark brown oil was vacuum distilled at 0.6 mm 
to give one fraction, bp 31-32 °C. A yield of 0.34 g (25%) of 2-chloro-
3-DTA (3e) was obtained. A similar synthesis of the 3-bromo analogue 
utilizing p-toluenesulfonyl bromide prepared by the method of Kovar 
et al. 2 9 yielded 2-bromo-3-DTA.

Preparation of 3-Thenyl Methyl Ether (4). Sodium methoxide 
was prepared by reacting sodium metal (2.3 g, 0.10 mol) with 100 ml 
of absolute methanol at room temperature. To this solution, 3-(a- 
bromomethyl)thiophene (10.5 g, 0.059 mol) was added and the re
sulting mixture was refluxed for 7 h. The mixture was concentrated 
to 20 ml and extracted with ether. The combined ether extracts were 
washed once with water, dried over anhydrous MgS04, and filtered 
and the solvent removed under vacuum. Distillation of the resultant 
oil gave 2.9 g (38%) of 3-TME (4), bp 26 °C (0.2 mm) [lit. 8 0  bp 65-67 
°C (17 mm)].

Preparation o f  ,iV,lV-Dimethyl-3-thiophenecarboxainide 
(3-DTC, 5). Thiophene (282 g, 3.35 mol) was treated with bromine 
(1620 g, 10.05 mol) in chloroform to give 876 g (82%) of 2,3,5-tribro-



Directed Metalation of Substituted Thiophenes J. Org. Chem., Vol. 41, No. 23,1976 3673

mothiophene, bp 150-152 °C (16 mm) [lit.31 bp 120-122 °C (11 mm)]. 
The latter compound (642 g, 2.0 mol) was debrominated by treatment 
with zinc (392 g, 6.0 mol) and 350 ml of acetic acid to give 233 g (72%) 
of 3-bromothiophene, which was isolated by steam distillation (lit.32 
bp 159-160 °C). The Grignard reagent was prepared via the en
trainment method by reacting 3-bromothiophene (40 g, 0.25 mol) with 
magnesium metal (36.5 g, 1.5 mol) and ethyl bromide (l38 g, 1.25 mol) 
in dry ether. After refluxing several hours the reaction mixture was 
poured over a dry ice/ether slurry. Workup gave 13 g (41%) of 3- 
thiophenecarboxylic acid, mp 136-137.5 °C (lit.33 mp 137.5-138.5 °C). 
The carboxylic acid (13 g, 0.102 mol) was treated with 37.7 g (0.329 
mol) of thionyl chloride to afford 9.1 g (62%) of 3-thenoyl chloride, 
mp 50-52 °C (lit.34 mp 51-52 °C). A solution of 2.5 g (0.017 mol) of
3-thenoyl chloride in 20 ml of benzene was slowly added to a large 
excess of dimethylamine. After stirring overnight the crude product 
was taken up in ether and washed once with water. The ether layer 
was dried over anhydrous MgSC>4 and stripped of solvent. The re
sultant oil was vacuum distilled at 0.5 mm to give a single fraction 
boiling at 89-90 °C. A yield of 1.2 g (45%) of 3-DTC (5) was ob
tained.

Metalation of iV,lV-Dimethyl-3-thiophenecarboxamide (5) and 
Hydrolysis with H20 . 3-DTC (5, 0.90 g, 0.0058 mol) in 50 ml of dry 
ether was treated with 4.0 ml (0.0066 mol) of 1.6 M re-butyllithium 
with stirring. After 10 min a light yellow precipitate formed. The re
action mixture was stirred for another 10 min and then hydrolyzed 
with water. A white, crystalline material precipitated from the re
sulting mixture which was isolated by filtration. Ether extracts of the 
aqueous layer did not give any further product. The filtered solid was 
sublimed at 150 °C (0.2 mm) to give 0.26 g (41%) of 4,8-dehydro- 
benzo[l,2-6:4,5-6']dithiophene-4,8-dione, mp 258-260 °C (lit. mp 
258-260 °C).22

iV-Methyl-3-thiophenecarboximide (3-MTC, 6). A solution of
3-thenoyl chloride (9.1 g, 0.062 mol) in 50 ml of benzene was added 
slowly to 31 g (0.40 mol) of 40% methylamine. After the reaction 
mixture was refluxed for 45 min, the benzene layer was separated, 
washed once with water, and dried over anhydrous MgSCh and the 
solvent stripped under vacuum. A white powder was obtained which 
was recrystallized from ethanol to give 1.1 g (13%) of 3-MTC (6), mp
115-117 °C.
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The reaction of Me2CuLi and n-Bu2CuLi with some 3-halo-2-acylaminoacrylic acid derivatives has been studied. 
Reaction of (Z)-3-bromo-2-(2-phenylacetamido)acrylic acid (1) with Me2CuLi yielded (Z)-2-(2-phenylacetamido) 
crotonic acid (3), while the reaction with rc-Bu2CuLi gave a 2:1 mixture of Z  and E isomers, 5 and 6, of 2-(2-phenyl- 
acetamido)hept-2-enoic acid. In each case, the reduction product, 2-(2-phenylacetamido)acrylic acid (4), was 
formed as a minor product. The (Z)-3-chloroacrylate 7, upon reaction with Me2CuLi, gave the (Z)-crotonate 8, 
while a 3:1 Z  to E mixture of the 3-bromoacryiates 9 and 10, yielded a product mixture of the (Z)- and (£)-croto- 
nates 8 and 11. These reactions thus occur by replacement of the vinylic halogen and proceed with complete or pre
dominant retention of configuration about the double bond.

The synthetic utility o f dialkylcopper lithium reagents, 
R 2CuLi, is well known 1 and o f current interest. R 2CuLi re
agents are known to undergo direct displacem ent o f  vinylic 
halogen by an alkyl group2 and also to e ffect conjugate addi
tion to enone systems. 3 W e have studied the reaction o f  
M e2CuLi and rc-Bu2CuLi with 3-halo-2-acylaminoacrylic acid 
derivatives as a possible route for preparation o f  dehydro
amino acids substituted in the /? position with various alkyl 
groups and to establish the stereochemical course o f  the re
action. The reaction o f  cuprate reagents with cyclic /3-halo- 
«,/3-unsaturated ketones recently has been reported .4

Br. .NHCOCH2Ph

/ C = C \  hr CO,R
1, R =  H
2, R =  Me

R . .NHCOCH2Ph
C = C ^

X 0 2R'

3, R =  Me; R' =  H
4, R  =  H; R' =  H
5, R  =  n-Bu; R ' =  H

tL .NHCOCH2Ph

/ C = C \BT X O ,R '
6, R =  re-Bu; R' =  H

Results and Discussion

Products of the Reaction. (Z )-3 -B rom o-2-(2 -phenyl- 
acetam idojacrylic acid ( l ) ,5 upon treatment with 5 equiv o f  
ethereal M e2CuLi in tetrahydrofuran at 0 °C , yielded a m ix
ture for which T L C  analysis revealed four com ponents, two 
o f which were present in minor amounts. The N M R  spectrum 
o f the mixture established the two major products to be the 
crotonic acid 3 o f  Z  configuration and the acrylic acid 46 in a 
3:1 ratio. Use o f only 2 equiv o f  M e2CuLi furnished a more 
homogeneous product mixture containing only small amounts 
o f  4, from  which 3 was obtained in 52% yield by one recrys
tallization from  ethyl acetate.

Isomerization has been reported to occur in reactions o f  
R 2CuLi with vinyl halides7 and a,/S-acetylenic esters,8 and 
likely proceeds via intermediate vinyl cuprates. T o  check if 
this were occurring, the reaction o f 1  with M e2CuLi was car
ried out at lower temperatures. N o reaction was observed at 
—78 °C  and it was necessary to raise the temperature to ap
proximately —40 °C  before significant reaction occurred. 
Then, only the Z  isomer was observed in the N M R  spectrum 
o f the product mixture. It should be pointed out that the Z  
isomer o f 2 -acylam inocrotonates has been reported9’10 to  be 
the more stable isomer. Thus, isomerization may not be o c 
curring in this case as the (Z)-3-brom oacrylates yield directly 
the more stable vinyl cuprate and, subsequently, crotonate 
o f  Z  configuration.

Treatm ent o f  the 3-brom oacrylic acid 1 with an excess o f 
n -B u 2CuLi in tetrahydrofuran-hexane at —40 °C gave a 
mixture com posed o f six components, four o f  which were 
identified as being the heptenoic acids 5 and 6 , the acrylic acid 
4, and recovered reactant 1. T he heptenoic acids 5 and 6 ty p 
ically comprised 30-60%  o f the product mixture and were 
present in an approximate ratio o f  2:1, respectively. T he acids 
5 and 6 were each separated, though in low yield, from  the 
product mixture by preparative TL C . The form ation o f the 
acrylic acid 4 in the above reactions, in which bromine has

been replaced by hydrogen, was not unexpected as similar 
reduction products resulting from  apparent halogen-m etal 
exchange reactions have been reported .2’7 ’1 1  Likewise, the 
nonstereospecificity as observed in reaction o f  1  with n -  
Bu ;CuLi has been observed previously in reactions o f  R 2CuLi 
with d-halo-a,d-unsaturated sulfones12  and ;3-acetoxy-a',d- 
unsaturated carbonyl com pounds . 13

M ethyl (Z )-2-acetam ido-3-chloroacrylate (7) underwent 
reaction with M e2CuLi in an analogous manner as 1 to  yield 
the (Z)-2-acetam idoacrylate 8 . W hen an approxim ate 3:1 
isomeric mixture o f the 3-bromoacrylates 9 and 10 was allowed 
to react with M e2CuLi, a mixture o f Z  and E  isomers 8  and 11 
was obtained. T he ratio o f  8:11 could not readily be deter
mined from the N M R  spectrum o f  the mixture; however, the 
Z  isomer 8 was the predominant product. T he reactions o f  1,
7 ,9 , and 10 thus appear to be stereospecific with retention o f 
configuration, a result consistent with previous studies . 2’7 ’14

x \ _ ^ N H A c ^ N H A c
c = c c = r

hr XCXMe x ^ ^C O iM e

7, X =  Cl 10 , X =  Br
8, X =  Me 11, X =  Me
9, X =  Br

The possibility exists that the above 3-alkyl products are 
formed by a sequence o f  conjugate addition and elimination 
rather than by substitution. Casey has proposed 13 an addi
tion-elim ination sequence in the reactions o f  R 2CuLi with 
/Lacetoxy-a',/5-unsaturated esters. W e have observed that the 
acrylic acid 4 did not undergo conjugate addition upon reac
tion with M e2CuLi, in agreement with previous results re
ported 15 for a,d-ethylenic carboxylic acids. Thus, unless the
3-brom o group in l has an effect o f  enhancing conjugate ad
dition, the above results, while not ruling out an add ition - 
elimination process, indicate that conjugate addition may not 
be a significant reaction pathway in this system. Also, for-
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Table I. Shift Values and Configurational Assignments 
for d-Haloacrylates

Chemical 
shift, 5,

Registry
no. Compd Solvent

of vinylic 
proton

Configu
ration

60084-43-7 9 CDCI3 7.17 Z
TFA 7.80

60084-44-8 10 CDCI3 7.48 E
TFA 7.51

60084-45-9 2 CDCI3 7.04 Z
TFA 7.77

60084-46-0 1 TFA 7.94 z
60084-47-1 7 CDCI3 6.97

TFA 7.55 z

mation o f the acrylate 4 in these reactions is consistent with 
at least a portion o f the reaction proceeding by a substitution 
process.

Stereochemistry of Reactants and Products. The
stereochemistry o f reactants and products involved in this 
study was established by use o f  N M R  spectroscopy. Previous 
studies9’16 have shown that for 2 -acylaminoacrylate or cro- 
tonate derivatives, a vinylic proton cis to the acylamino group 
is downfield com pared to a proton trans to  that function. In 
the preparation o f reactant 1 , only one geometrical isomer was 
obtained. Other 3-haloacrylic acids related to 1 that have been 
reported5’17  also appear to be single isomers o f  unspecified 
configuration. However, Kishi and co-workers18 recently ob 
tained a 2:1 mixture o f  the Z  and E  isomers 9 and 10. F ol
lowing K ishi’s procedure, we prepared 9 and 10 and have as
signed stereochemistry to these isomers based upon the shift 
positions o f  the vinylic protons. In agreement with the pre
vious assignment, 18 9 is o f  the Z  configuration and has the 
vinylic proton, being trans to the acylamino function, ab
sorbing at higher field relative to the olefinic shift position o f 
the E  isomer 10 (Table I).

Reactant 1 was converted to the m ethyl ester 2 by m ethyl- 
ation with dimethyl sulfate. Comparison o f the N M R  spectra 
o f 2, taken in both CDCI3 and trifluoroacetic acid (TFA), with 
those o f  9 and 10 established 2, and consequently 1, as being 
o f the Z  configuration. The Z  isomers 2, 7, and 9 all showed 
a significant downfield shift o f  the vinylic proton in T F A  
com pared to CDCI3 , as has been observed9 for the Z  isomers 
o f  crotonic acid derivatives (see Table I).

Relevant N M R  data and resulting stereochemical assign
ments for the 3-alkylacrylates prepared in this study are given 
in Table II. Configuration previously has been assigned9 to 
crotonates 8 and 11 in which the Z  isomer has both the vinylic 
and /3-methyl protons high field relative to the E  isomer when 
measured in CDCI3. As previously noted9 for spectra measured 
in T F A  as solvent, the relative positions o f  the /3-methyl pro
tons in the two geometrical isomers are unchanged, while the 
vinylic proton o f  the Z  isomer is shifted downfield and the 
corresponding proton in the E  isomer is shifted upfield. The 
net result is that the relative positions o f  the isomeric vinylic 
protons are switched in T F A  relative to their positions in 
CDCI3 and the Z  isomer now has the low -field vinyl absorp
tion. Since com pounds 3, 5, and 6 were insoluble in CDCI3 , 
their spectra were measured in T F A  as solvent. Comparison 
o f the chemical shift values o f 3 with 8 clearly showed 3 to have 
the Z  configuration. Likewise, the relative positions o f  the 
/3-methylene and vinylic protons in 5 and 6 readily allowed 
assignment o f  Z  and E  configuration, respectively, to these 
substances (see Table II).

Experimental Section

The melting points were measured on a Thomas-Hoover melting

Table II. Shift Values and Configurational Assignments 
for /3-Alkylacrylates

Chemical shift, <5

Registry /3-Me Vinylic Configu-
no. Compd Solvent or -CH2 H ration

60084-48-2 3 TFA 1.91 7.40 2
60084-49-3 5 TFA 2.24 7.34 X
60084-50-6 6 TFA 2.77 6.95 E
60027-59-0 8 CDCI3 1.71 6.72 z

TFA 1.85 7.18
60027-53-4 11 CDCI3 2.02 6.90 E

TFA 2.13 6.68

point apparatus and are uncorrected. Thin layer chromatography ■
done on commercially available silica gel plates with fluorescent in
dicator (Brinkman F-254 and 60F-254). Preparative TLC was done 
on 20 X 20 cm, 2-mm thick plates. The solvent systems used were A, 
CHC13-A cOH (95:5); B, CHCl3-MeOH-AcOH (10:5:1); C, CHCL- 
EtOH (1:1). The compounds were located under uv irradiation and 
with iodine vapor. The NMR spectra were determined on a Varian 
Associates XL-100-12,100 MHz, or Varian EM-360, 60 MHz, spec
trophotometer, with Me4S: as an internal reference. Solvents were 
removed in vacuo on a Buclii rotary evaporator. Elemental analyses 
were performed at M-H-W Laboratories, Garden City, Mich. Re
agents used were of reagent or spectroscopic grade.

The air-sensitive alkyllitnium and dialkylcopper lithium reagents 
were handled according to established techniques.19 The MeLi and 
n-BuLi solutions were purchased from Alfa Products and were used 
untitrated. Both solutions were stored at room temperature and the 
n-BuLi solution was stored in a desiccator. Ultrapure grade cuprous 
iodide was purchased from Ventron, Alfa Products, and stored in a 
desiccator. THF was distilled from LiAlH4 prior to use and stored over 
5A molecular sieve.

Reaction of 1 with Me2CuLi. To a three-neck round-bottom flask 
fitted with nitrogen inlet and outlet tubes and a septum capped ad
dition funnel was added 1.38 g (8.82 mmol) of anhydrous Cul. The 
reaction flask was flamed out both before and after the addition of 
the Cul and allowed to cool under a dry, oxygen-free nitrogen flow. 
THF (24.5 ml) was added to the flask and the resulting slurry was 
stirred magnetically and cooled to 0 °C in an ice bath. A solution of 
MeLi (11.0 ml of 1.65 M) in ether was added dropwise over 20 min to 
yield a light brown solution approximately 0.25 M in Me2CuLi. A 
solution of l 5 (0.500 g, 1.76 mmol) in 8.5 ml of THF was added over 
20 min and the reaction mixture was stirred at 0 °C for 1 h. The re
action was quenched by the addition of 2 ml of 3 N HC1. The mixture 
was allowed to warm to room temperature and was added with stirring 
to 125 ml of 3 N HC1, followed by extraction with 5 X 30 ml of CHCI3. 
The combined organic extracts were filtered by suction and dried over 
MgSCL with simultaneous treatment with charcoal. Following fil
tration, the solvent was removed in vacuo to yield 0.376 g of a white 
solid, mp 175-177 °C dec. TLC (solvent A) showed the presence of 
four components, two of which seemed to be present in minor 
amounts. NMR analysis of the crude product mixture established that 
the major components were the crotonic acid 3 and the acrylic acid 
4, these being present in a ratio of 3:1, respectively. No peaks were 
observed that could be assigned to the other geometrical isomer of 3. 
The identity of the acrylic acid 4 also was established by TLC com
parison with an authentic sample6 in three different solvent systems. 
The crotonic acid 3 was isolated by recrystallization from ethyl ace
tate; one recrystallization gave material melting at 194-195 °C dec 
and in a yield of 39%. This material still contained a small amount of 
4 as shown by TLC analysis. An analytical sample of 3 was prepared 
by additional recrystallizations from ethyl acetate: mp 198-199 °C 
dec; TLC Rf 0.17 (A), 0.69 (B); NMR (TFA) 6 1.91 (d, 3 H, CH:!, J = 
7 Hz), 4.01 (s, 2 H, CH2Ph), 7.40 (q, 1 H, vinyl, J = 1 Hz) overlapped 
with 7.46 (s, 5 H, Ph), 7.84 (s, 1 H, NH).

Anal. Calcd for Ci2H13N 03: C, 65.74; H, 5.98; N, 6.39. Found: C, 
65.44; H, 6.13; N, 6.17.

Reaction of 1 with 2 equiv of Me2CuLi as used above resulted in 
negligible formation of 4; one recrystallization of the product mixture 
from ethyl acetate gave crotonic acid 3 in 52% yield.

Treatment of 1 as above, except that the reaction was run at -78  
°C for 2 h in a dry ice-acetone bath, gave upon workup mainly re
covered reactant 1 as shown by TLC and NMR analysis. When the 
reaction was carried out at -4 0  to —50 °C and for reaction periods of 
45-90 min, the product mixture was composed of reactant 1 and the
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Z isomer 3. None of the E isomer was detected in the NMR spectrum 
of the product mixture.

R eaction  o f 1 w ith ii-B i^ C u L i. Anhydrous Cul (1.68 g, 8.82 
mmol), treated as above, was suspended in 27 ml of anhydrous THF 
and cooled to —40 °C in a dry ice-2-propanol bath. A solution of n -  
BuLi (8.5 ml of 2.1 M) in hexane was added dropwise over a 20-min 
period to produce a dark brown solution approximately 0.25 M in 
rr-Bu2CuLi. A solution of 1 '0.500 g, 1.76 mmol) in 10 ml of THF was 
added dropwise over 20 min. following which the reaction was allowed 
to proceed for an additional 1 h and then quenched at -4 0  °C by 
dropwise addition of 2.5 ml of 3 N HC1 over an 8-min period. The 
mixture was stirred for 10 min at —40 °C, after which the cooling bath 
was removed and the mixture allowed to warm to room temperature. 
The reaction mixture was poured with stirring into 120 ml of 3 N HC1 
and the resulting mixture was filtered by suction through a pad of 
Celite. The filtrate was extracted with 5 X 30 ml of CHC13 and the 
combined organic extracts were simultaneously treated with charcoal 
and dried over MgSC>4. After filtration, the solvent was removed in 
vacuo to give 0.414 g of a yellow solid, mp 140-155 °C dec. TLC (sol
vent A) showed the presence of six components, two of which were 
identified as being 1 and 4 by TLC comparison with authentic sam
ples. NMR analysis of the mixture showed it to consist of the hep- 
tenoic acids 5 and 6, the acrylic acid 4, the reactant 1, plus unidentified 
components. The ratio of 5:6, as measured from the NMR spectrum 
of the product mixture, varied in different runs from approximately 
2:1 to 3.6:1, with the total combined yield of 5 and 6 varying from 
30-60%. Compounds 5 and 6 were separated by preparative TLC using 
solvent A. Each 2-mm silica gel plate was treated by application of 
150 mg of sample in 1.5 ml of THF followed by multiple developments 
to effect separation. The appropriate bands were removed from each 
plate and extracted with three portions of MeOH. The extracts were 
filtered several times utilizing Celite to remove traces of silica gel and 
the solvent was removed in vacuo.

The lower band material proved to be the Z isomer and was ob
tained as a light yellow oil in 11% yield from 1, which after dissolution 
in CHC13, filtration, and evaporation of the filtrate in vacuo yielded 
a glassy solid. Trituration of this solid with ether followed by two re
crystallizations from 2-propanol gave a white solid, mp 205-206 °C 
dec. TLC and NMR analysis indicated this material to be homoge
neous; however, two attempts to obtain satisfactory analytical data 
were unsuccessful, each analysis varying from the other. TLC Rf 0.18 
(A), 0.35 (C); NMR (TFA) 5 0.95 (m, 3 H, CH3), 1.45 (m, 4 H, 
-CH2CH2-), 2.24 (q, 2 H, -CH2C = , J = 7 Hz), 4.00 (s, 2 H, -COCH*-),
7.34 (t, 1 H, vinyl, J = 7 Hz) overlapped with 7.46 (s, 5 H, Ph), 7.78 (s, 
1 H, NH).

The E isomer was isolated from an upper band of the preparative 
plate as a light yellow solid, mp 155-158.5 °C, 14% yield from 1. This 
material was recrystallized twice from water and dried in a vacuum 
desiccator over P2Os to give a white solid: mp 164-165 °C dec; /?/ 0.36 
(A), 0.50 (C); NMR (TFA) 5 1.0 (m, 3 H, CH3), 1.5 (m, 4 H, 
-CH 2CH2-), 2.77 (q, 2 H, -CH 2C = , J  = 7 Hz), 3.98 (s, 2 H, -COCH2),
6.95 (t, 1 H, vinyl, J = 7 Hz), 7.43 (m, 5 H, Ph), 8.06 (s, 1 H, NH).

Anal. Calcd for Ci5H19N 03: C, 68.94; H, 7.33; N, 5.36. Found: C, 
69.13; H, 7.20; N, 5.28.

M ethyl 3-Bromo~2-(2-phenylacetam ido)acrylate (2). Following 
the basic methylation procedure of Rothstein,20 a mixture of 1 (1.00 
g, 3.52 mmol), Na2C 03 (0.219 g, 2.07 mmol), NaOMe (0.223 g, 4.13 
mmol), and Me2S04 (0.67 g, 5.31 mmol) in 10 ml of anhydrous MeOH 
was heated at reflux for 1.75 h. After cooling to room temperature, 4 
ml of water was added, the mixture was stirred for 30 min and filtered 
by suction, and the solvent was removed in vacuo. The residue was 
extracted with three portions of CHC13 and the combined extract was 
dried over MgSCh. Filtration and removal of the solvent in vacuo gave
0.686 g (65%) of a pale yellow solid, mp 96-97.5 °C. Recrystallization 
from ether furnished product melting at 97.5-98 °C (lit.5 100-101 °C, 
prepared by esterification of 1 with diazomethane): Rf 0.40 (A); NMR 
(CDC13) <5 3.71 (s, 2 H, -CH,Ph), 3.78 (s, 3 H, OCH3), 6.92 (s, 1 H, NH),
7.04 (s, 1 H, vinyl), 7.36 (s, 5 H, Ph); NMR (TFA) 5 3.98 is, 2 H, 
-CH2Ph), 4.00 (s, 3 H, OCH3), 7.45 (s, 5 H, Ph), 7.74 (s, 1 H, NH), 7.77 
(s, 1 H, vinyl).

M ethyl 3-Chloro-2-acetam idoacrylate (7). In 500 ml of dry CCI4 
(stored over Linde 3A molecular sieves) was dissolved 28.6 g (20 mmol) 
of methyl 2-acetamidoacrylate.21 Chlorine gas was passed into the 
stirred solution at room temperature until a permanent yellow color 
developed, then the yellow solution was stirred for 10 min at room 
temperature. The solvent was removed in vacuo to yield a colorless
oil. The oil was dissolved in 500 ml of dry CH3CN (stored over Linde 
3A) and 23.2 g (20.7 mmol) of l,4-diazabicyclo[2.2.2]octane was added 
to the solution. The reaction mixture was stoppered and stirred for 
1 h at room temperature. The precipitated hydrochloride salt was

filtered and the solvent removed in vacuo to yield a brown precipitate. 
The precipitate was extracted three times with 100 ml of cold EtOAc 
and the combined extract filtered through Celite. The EtOAc was 
removed in vacuo to yield a brown oil which solidified upon standing 
overnight. The brown solid was recrystallized from Et20  to yield a 
white solid. Additional crops were obtained after treatment of the 
Et20  solution with Norit at room temperature. Recrystallization of 
the combined crops from Et20  afforded 7 in 41% yield (14.6 g): mp
96-97 °C; NMR (CDC13) 5 2.13 (s, 3 H, Ac), 3.83 (s, 3 H, Me ester), 7.00 
(s, 1 H, vinylic), and a broad band centered at 7.50 (1 H, NH).

Anal. Calcd for C6H8C1N03: C, 40.58; H, 4.54; N, 7.89. Found: C, 
40.64; H, 4.60; N, 7.88.

Reaction  o f /3-Chloroacrylate 7 w ith  M e2C u L i. A solution of 7 
(0.30 g, 1.69 mmol) in 5.2 ml of THF was added dropwise over a period 
of 10 min to 2 equiv of Me2CuLi, prepared as described above from 
0.64 g (3.36 mmol) of Cul and 4.1 ml (6.72 mmol) of 1.65 M ethereal 
MeLi, in 15 ml of THF at 0 °C. The reaction was allowed to proceed 
for 2 h at 0 °C and then the mixture was worked up as above except 
that the acidic aqueous phase was saturated with NaCl prior to ex
traction with CHC13. A light yellow oil (0.26 g) was obtained, the NMR 
spectrum of which, upon comparison with reported spectral data,9'10 
showed this material to be the Z isomer 8.

Prep aratio n  o f (Z )- and (E )-2-A cetam ido-3-brom oacrylic  
A cid  M ethyl E sters  (9 and 10). Following the method of Kishi,18 
methyl 2-acetamidoacrylate20 (0.50 g, 3.49 mmol) in 20 ml of CH2C12 
was treated dropwise with a solution of bromine in CH2C12 until a 
permanent color persisted. After stirring at room temperature for 10 
min, 0.39 g (3.48 mmol) of l,4-diazabicyclo[2.2.2]octane was added 
and the reaction mixture was stirred for an additional 40 min. The 
precipitate was filtered through Celite and the solvent removed in 
vacuo to yield an oil. The oil was dissolved in 75 ml of anhydrous Et20, 
the resulting precipitate was removed by filtration, and the solvent 
was removed in vacuo to yield 0.58 g of an oil. The NMR spectrum of 
this oil was consistent for a mixture of 9 and 10 in an approximate ratio 
of 3:1, plus other unidentified components. Preparative TLC using 
CHCl3-AcOH (95:5) as elutant effected separation of 9 and 10 for 
which the first and second bands above the origin corresponded to 
9 and 10, respectively: NMR (CDC13) (Z isomer) & 2.13 (s, 3 H, acetyl),
3.80 (s, 3 H, methyl ester), 7.10 (s superimposed on broad peak, 2 H, 
vinylic and amide protons); (E isomer) d 2.13 (s, 3 H, acetyl), 3.92 (s, 
3 H, methyl ester), 7.78 (broad s, 1 H, NH), 8.00 (s, 1 H, vinylic pro
ton). We have observed that the shift positions of the vinylic protons 
for mixtures of 9 and 10 were not reproducible among various samples; 
however, the relative positions of the vinylic protons for the two iso
mers did not change.

Reaction of a M ixture o f 9 and 10 with M e2C uLi. A 3:1 mixture 
of 9 and 10 (0.57 g, 2.57 mmol) was treated with 2 equiv of Me2CuLi 
in THF as described above for 7. An NMR spectrum of the crude re
action product showed both crotonates 8 and 11 to be present; a de
termination of the relative amounts of these isomers was not practical 
owing to the lack of separation between isomeric peaks and to overlap 
with absorption caused by impurities present in the sample.

Attem pted Conjugate Addition of M e2C u L i to A c ry lic  Acid
4. The acrylic acid 4 (0.500 g, 2.44 mmol) was treated with an excess 
of Me2CuLi in the same manner as described above for the reaction 
of Me2CuLi with the 3-bromoacrylic acid 1. Following workup, TLC 
and NMR analysis on the crude reaction mixture established that the 
reactant 4 was the major component with two other minor compo
nents being present. The NMR spectrum did not show any peaks 
assignable to an ethyl group, as would be expected for any products 
formed by conjugate addition.
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Whereas previously aromatic SRNl reactions were conducted almost exclusively in ammonia, it is now found that 
dimethyl sulfoxide is a good solvent for photostimulated reactions of diethyl phosphite ion, thiophenoxide ion, and 
acetone enolate, ion with iodobenzene. Yields in the iodobenzene-diethyl phosphite ion reaction were also high in 
acetonitrile and dimethylformamide and fairly good in feri-butyl alcohol, but poor in hexamethylphosphoric tri
amide and some other common dipolar, aprotic solvents. In tert -butylamine, attempted reactions with thiophenox
ide and acetone enolate ions were not very satisfactory, but iodobenzene as well as m-bromoiodobenzene underwent 
rapid photostimulated reaction with diethyl phosphite ion. In water, poor yields were obtained in photostimulated 
reactions of thiophenoxide ion with two substrates which were the more reactive of several tried.

The SRNl mechanism o f  aromatic substitution, first rec
ognized in 1970,2 involves radical and radical anion interm e
diates and electron transfer steps but the overall conséquence 
is that o f  nucleophilic substitution. A representative reaction 
is that o f  iodobenzene with potassium diethyl phosphite (eq
l ).3

O

I +  (EtO),PO“ K + P(OEt)2 +  KI (1)

1 2

Other nucleophiles successfully involved in aromatic Sr n I 
reactions include arenethiolate ions ,4 the amide ion ,2'5 ketone 
enolate ions,6 -10  a-cyanoalkyl carbanions,2’1 1  picolyl anions, 12  

and several carbanions o f  other sorts .8 The mechanism to l
erates substituents such as alkyl, alkoxy, and carboxylate 
(-C O O - ) groups and is remarkably insensitive to the steric 
effects o f  groups ortho to the site o f substitution. These re
actions usually require stimulation, for purposes o f  chain 
initiation, by photons or electrons.

The Sr n I mechanism o f  substitution was initially discerned 
for certain reactions at aliphatic sites by K ornblum 13 and 
Russell14 and their associates and has recently been reviewed 
as a mechanism o f substitution at saturated carbon by 
K ornblum . 15  As a radical chain mechanism, it involves initi
ation, propagation, and termination steps but, since the ini
tiation and termination steps are not very well understood and 
probably vary in character from  case to case, we sketch in 
Scheme I only the probable cycle o f propagation steps. In 
Scheme I, A rX  is a generalized aromatic substrate and Y~ a 
generalized nucleophile.

Liquid ammonia has been the solvent for nearly all the ar
omatic SRNl reactions reported from this laboratory. Bunnett 
and Sundberg9 did report a few experiments on the use o f

other solvents for the reaction o f brom obenzene with potas
sium acetone enolate. The investigations o f  Kornblum  and 
Russell and their co-workers were conducted mainly in dipolar 
aprotic solvents such as dimethylformamide (DM F), dimethyl 
sulfoxide (M e2SO), and hexamethylphosphoric triamide 
(H M P T ). In order to assess the utility o f  diverse solvents for 
aromatic SRNl reactions, we carried out the studies now de
scribed.

Scheme I

[ArX] ► Ar • + X “ (2)

Ar • + Y~ —* [ArY] •“ (3)

[ArY] •- + ArX — [ArX] • + ArY (4)

G enera l C onsiderations. An obvious requirement is that 
a solvent should dissolve the reactants, usually a nonpolar 
organic com pound and an alkali metal salt o f  an anionic nu
cleophile. Another, for photostimulated reactions, is that the 
solvent be transparent to the light which provokes reaction, 
which is probably about 300-380 nm.

M ost o f  the nucleophiles that have been successfully in
volved in aromatic SRNL reactions are highly basic. The 
acidity o f  the solvent must be low enough so that it does not 
protonate the nucleophile very much under the reaction 
conditions. Also, a rather acidic solvent m ight protonate one 
o f the radical anion intermediates, especially [ArY]-- , in the 
manner o f the Birch reduction . 16 Inasmuch as electron 
transfer steps are involved, solvents which accept electrons 
readily (e.g., nitrobenzene) or irreversibly (CCI4 ) are unlikely 
to be satisfactory.

Solvents with which aryl radicals can readily react, espe
cially to abstract hydrogen atoms, present a problem inasmuch 
as the by-product radicals from  hydrogen atom abstraction
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Table I. Photostim ulated R eaction  o f  Iodobenzene w ith Potassium Diethyl Phosphite in D iverse Solvents

Registry
no. Solvent

Irradiation 
time, h

Product yields, %
I -a  2 b

Color after 
irradiation

7664-41-7 Ammonia 0.75 99 96 Colorless
75-65-0 i-BuOH c 2.0 63 31 Nearly colorless

f-BuO H d 4.5 81 74 Nearly colorless
67-68-5 .Vle2SO 4.0 10 0 68 Pale yellow
90-72-2 DMF 4.5 94 63 Pale yellow-brown

680-31-9 HM PT 4.5 30 4 Yellow
75-05-8 c h 3c n 4.0 98 94 e Yellow

127-19-5 GH3CON(CH3)2 4.5 72 53 Pale gray
872-50-4 N-Methyl-2-pyrrolidone 4.5 24 10 Yellow-orange
110-71-4 CH3OCH,CH,OCH 3 4.5 73 56 Colorless

50% Me;;S() -50% t-BuOH 4.5 74 48 Pale yellow
126-33-0 Sulfolane^ 4.5 28 2 0  Ä Yellow

“ By titration with AgN03. b By isolation and weighing unless otherwise noted. c Mallinckrodt AR grade, without further purification. 
d Specially purified; see Experimental Section. e Yield by GLC, with phenanthrene as internal standard. !  Tetramethylenesulfone. 
* Yield estimated from GLC.

might not lead back into the propagation sequence. Whether 
hydrogen abstraction from  the solvent is a serious com plica
tion or not depends on the relative rates o f  two alternative 
pathways available to the aryl radical: reaction with nucleo
phile (step 3 ) to continue the propagation cycle, or reaction 
with solvent leading usually to termination. Methanol, which 
may be taken to represent alcohols with «-hydrogen  atoms, 
is a good hydrogen atom donor to aryl radicals and the 
methoxide ions present in basic methanol are better yet,1' but 
the by-product formaldehyde radical anions ( - C ^ O - ) can 
sometimes lead back into the SRNl propagation cycle . 18

Finally, important for preparative applications are practical 
considerations such as cost, ease o f purification, and conve
nience o f  product isolation.

R esults

further purification, iodide ion release during 2 -h irradiation 
was 51% but the yield o f  diphenyl sulfide was only 37%.

C6H 5I +  CfiH r,S -K +  - X  C6H 5 -S -C 6H 5 +  K I (5) 
Me2SO

The reaction o f  iodobenzene with acetone enolate ion (eq
6 ) was much faster; it was complete after 1-h irradiation. With 
a 4:1 ratio o f  enolate to iodobenzene, the yield o f  phenylace- 
tone was 81% and o f l,l-d iphenyl-2-propanone, 11%. A mere 
trace o f  benzene was detectable. W hen the ratio o f  enolate 
reagent to iodobenzene was 8 :1 , the yield o f  phenylacetone 
rose to 8 8% and only 4% of diphenylation occurred. In a further 
experiment with a 4:1 reactant ratio, 55% release o f  iodide ion 
was observed during only 1 2 -min irradiation, but remarkably 
a similar sample kept for 12 min in the dark furnished 31% o f 
iodide ion. A significant dark reaction is indicated.

R ea ction s  o f  Iod ob en zen e  w ith  P otassium  D ieth y l 
P h osp h ite  (eq  1). A series o f experiments is summarized in 
Table I. In these experiments iodobenzene and a twofold ex
cess o f  the nucleophile in the listed solvent in a Pyrex flask 
were exposed to the light o f “ 350-nm”  fluorescent lamps in 
a Rayonet photochemical reactor for the times shown. All the 
yields listed are based on iodobenzene provided at the be 
ginning o f the reaction.

It is noteworthy that iodide ion release was in excess o f 90% 
in ammonia, M e2SO, D M F, and acetonitrile. However, the 
yields o f diethyl phenylphosphonate (2 ) isolated from  reac
tions in M e2SO and D M F were appreciably lower. The reason, 
we believe, is that relatively large amounts o f water were used 
when the crude 2  was extracted into diethyl ether causing 
some losses o f 2  because o f its appreciable solubility in 
water.

The times o f irradiation chosen, m ostly 4.0 or 4.5 h, were 
rather long in order to provide reactions an ample opportunity 
to occur. They do not represent the results o f  optimization 
efforts. In the case o f solvent Me-jSO, subsequent quantitative 
studies19 show that under typical conditions reaction is 
com plete in 40 min or less.

Small amounts o f by-products were detected in some cases, 
notably in tert -butyl alcohol and acetonitrile solvents.

R ea ction s  in D im eth y l S u lfox id e . Iodobenzene was o b 
served to react with a 2.5-fold excess o f potassium thiophe- 
noxide during 2 -h irradiation to release 6 6 % o f iodide ion and 
form  65% o f diphenyl sulfide (eq 5), leaving 34% o f the iodo
benzene unreacted .20 N o by-products were detectable. An 
identical reaction mixture kept for 2  h in the dark underwent 
virtually no reaction. In an experiment o f  similar design, ex
cept that all reagents were used “ from  the sh e lf ’ without

C,:H,I +  C H ,= a
X T K +

CH,

h v

Me-2SO

o

C,H5— C H — C— <’H,

+  KI (6 )

R ea ction s in  fer f-B u ty la m in e  (t -B u N H 2). This solvent 
seemed attractive, a priori, because o f its low acidity and its 
lack o f hydrogen atoms readily abstractable by radicals. Its 
resemblance to ammonia is obvious, but it was expected better 
to dissolve organic compounds.

O f four nucleophiles that were tried, namely the diethyl 
phosphite, acetone enolate, thiophenoxide, and ferf-butyla- 
mide ions, only one underwent SRNl reactions satisfactorily 
in f-B u N H 2. Potassium diethyl phosphite reacted with io 
dobenzene during 60-min irradiation according to eq 1 , re
leasing 94% o f iodide ion and affording a 76% isolated yield o f
2. The same nucleophile reacted with m -brom oiodobenzene 
during 60-min irradiation to form  tetraethyl m -phenylene- 
bisphosphonate3 in high yield together with a small am ount 
o f diethyl m -brom ophenylphosphonate, liberating brom ide 
and iodide ions to  the extents o f  89 and 100%, respectively.

Because iodobenzene reacted with (E tO )2P O _ K+ so at
tractively in i-BuNH a, the reaction was investigated more 
closely in the hope that it might be suitable for quantitative 
study. W ith only eight o f the usual 16 lamps in place in the 
reactor, the reaction was nearly complete in 20 min. A plot o f 
percent iodide ion formed vs. time was nearly linear although 
there was a slight lag within the first 4 min in the manner o f 
an induction period. Such behavior indicates that the reaction 
is zero order in iodobenzene.

Nevertheless, there are disadvantages to this system for 
purposes o f  meticulous measurements. For one thing, solu-
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Table II. Photostimulated Reactions of Nucleophiles with Aromatic Substrates in Water Solution

Registry Irradiation Halide ior.
no. Substrate Nucleophile“ time, min yield, % Products and yields

98-04-4 CeHsNMeg+I- PhS-(930-69-8/) 150 Ph2S, 1%
19095-34-2 p-IC 6H4NM e3+I - P hS- 1 0 0 10 0 p-CeH 4(SPh)2, 12% 

p-PhSC 6H 4NM e3+I-, 38% 
p-PhSC 6H 4NM e2, trace 
p-IC,;H4NM e2) trace 
PhSSPh, trace

2532-17-4 o-IC6H 4COO~Na+ PhS- 180 1 1 b
2532-18-5 m-IC6H4CO O -N a+ PhS“ 180 1 2 b

60118-02-7 p-IC 6H 4CH2CO O -N a+ PhS- 20 0 26 b
60118-03-8 p-IC 6H 4OCH2CO O -N a+ PhS“ 180c 43 p-PhSC 6H 5OCH2COOH,d 6% 

C6H 5OCH2COOH, 4% 
p-IC 6H4OCH,COOH, 55%

p-IC 6H4NM e3+I- P hS02-
(873-55-2)

180 5 b

p-IC 6H4NM e3+I - c h 2n o 2-
(25854-38-0)

150 0 b

C6H sNMe3+I - c h 2n o 2- Na(Hgie C6H4CH2N 0 2, nil
p-IC 6H 4NM e3+I~ c h 2n o 2- Na(H g)e 5 b

“ Nucleophiles supplied as sodium salts. 6 Not investigated. c “ 300-nm” lamps used. d Isolated as the methyl ester. e Sodium amalgam, 
without irradiation, f Registry number.

Figure 1. Rates of halide ion release in photostimulated reaction of 
m-bromoiodobenzene with potassium diethyl phosphite in tert- 
butylamine.

tions o f  (E tO )2P O ~ K 1 in t-B uN H 2 were somewhat cloudy. 
Also, potassium iodide began to precipitate after about 15% 
reaction.

T he reaction o f m -brom oiodobenzene with (E tO )2P O _ K + 
in t-B uN H 2 was also observed closely. Samples were taken at 
intervals, quenched with acid, and analyzed for both bromide 
and iodide ions by potentiom etric titration. The results are 
presented in Figure 1. It is noteworthy that formation o f iodide 
and bromide ions was closely coupled, rather than sequential, 
with iodide ion being form ed in somewhat greater amount.

It was shown that i-B uN H 2 does not react with (EtO)2PHO, 
(E tO )2P O “ K +, or 2 under the conditions o f  our reactions.

Potassium and lithium acetone enolates, form ed in f-  
B uN H 2 by reaction o f  acetone with t-BuO K  and butyllithium, 
respectively, were soluble but reacted very slowly with iodo- 
benzene. During 200-min irradiation, reaction with the po 
tassium enolate form ed only 46% o f iodide ion together with 
31% o f phenylacetone. The lithium enolate, during 120-min 
exposure to light, generated only 29% o f  iodide ion and 18% 
o f phenylacetone.

Both ferf-butylam m onium  thiophenoxide and potassium 
thiophenoxide were found to be insoluble in f-B u N H 2. Irra

diation o f a mixture o f  the form er with iodobenzene in t -  
B uN H 2 gave only a trace o f  diphenyl sulfide. The lithium salt 
o f  thiophenol is soluble in i-B u N H 2 but irradiation o f a so
lution o f it and iodobenzene for 120 min gave only 36% o f io
dide ior_ and a low yield (about 1 2 %) o f diphenyl sulfide.

A solution o f lithium te r t -butylamide and iodobenzene in
i-B uN H 2 was irradiated for 70 min. Iodide ion release was 98% 
and an 82% isolated yield o f /V-ierf-butylaniline was obtained. 
However, our finding that quantitative release o f  iodide ion 
also occurred in the dark suggested that reaction occurred via 
the intermediacy o f benzyne .21 This interpretation was sup
ported by observation that lithium te r t -butylamide and 
bromomesitylene in i-B uN H 2, irradiated for 120 min, formed 
only 5% o f brom ide ion. Brom om esitylene is structurally un
able to  afford an aryne intermediate.

Reactions in Water. Investigations in this solvent were 
lim ited to substrates soluble in it.

Because water is rather acidic, only a few o f the nucleophiles 
that have been found reactive in aromatic Sr n I reactions can 
be provided in aqueous solution. M ost o f  our experiments, 
which are summarized in T able II, concerned thiophenoxide 
ion as nucleophile. A  few concerned the anion o f nitromethane, 
which is reported22 to react with phenyl radical in aqueous 
medium to form the radical anion o f phenylnitromethane. One 
experiment was perform ed with benzenesulfinate ion as nu
cleophile; its participation in aliphatic Sr n I reactions has 
been described ,23 although it has never been observed to en
gage in such substitutions at aromatic carbon.

The first experiment in Table II involves the photostim u
lated interaction o f thiophenoxide with phenyltrim ethylam- 
monium ion, which earlier7 was found to react with acetone 
enolate ion in ammonia, under irradiation, to form  phenyl
acetone. Scarcely any reaction occurred during 2.5-h illumi
nation, and only 1 % o f diphenyl sulfide was obtained.

In ammonia, p-iodophenyltrim ethylam m onium  ion (3)

5
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reacts with thiophenoxide ion under irradiation to form  bis- 
sulfide 5  in 9 5 % yield, both the iodine atom and the trimeth- 
ylammonio group being replaced .24 The same reaction in water 
(Table II) is less straightforward. Although the covalently 
bound iodine atom was released quantitatively, only 1 2 % o f 
5 was obtained together with 38% o f  p-thiophenoxyphenyl- 
trim ethylamm onium ion (4), which represents replacement 
o f the iodine atom only, and trace amounts o f  tertiary amines 
form ed by dem ethylation o f  3 and 4. M uch tar was formed, 
amounting to  about 20% o f the mass o f  the 3 used.

Upon being irradiated in the presence o f  thiophenoxide ion 
for 3 h or m ore, the anions o f  o - and m -iodobenzoic acid and 
o f p-iodophenylacetic acid released only about a quarter or 
less o f  their iodine atoms as iodide ion; other products were 
not sought. Under irradiation by “ 300-nm ”  lamps, the anion 
o f p-iodophenoxyacetic acid was somewhat more reactive, 43% 
o f iodide ion being form ed, but the yield o f  the thiophenoxy 
deiodination product was only 6 %. There was also 4% o f 
phenoxyacetic acid, the deiodination product, as well as 55% 
o f recovered starting material and some tar. Also with “ 300- 
nm ” illumination, sodium p-iodophenylacetate behaved very 
similarly.

A single attempt to observe a photostimulated substitution 
reaction between benzenesulfinate ion and p-iodophenyltri- 
methylammonium ion was fruitless. Likewise, no evidence o f 
substitution could be found from the interaction o f this sub
strate with the anion o f nitromethane, either under stimula
tion by photons or by electrons from  sodium amalgam. 
Phenyltrim ethylamm onium ion failed to form  phenylnitro- 
methane when exposed to the nitromethane anion in the 
presence o f  sodium amalgam.

Discussion

O f solvents for aromatic SRNl reactions other than am 
monia, M e2SO appears to be the best on the basis o f  evidence 
now available. Photostimulated reactions o f  iodobenzene with 
the diethyl phosphite, thiophenoxide, and acetone enolate 
ions, and o f brom obenzene with the last o f  these, all occur in 
high yield in M e2SO. In this laboratory M e2SO has becom e 
the solvent o f  choice for quantitative kinetic or photochemical 
studies.

There are some disadvantages to M e2SO. M ethods for its 
purification are laborious and there is evidence 19 that im 
purities in incom pletely purified M e2SO can significantly 
affect reaction rates or quantum yields. Also, product isolation 
from  M e2SO is rather inconvenient.

One o f the reasons that M e2SO is so satisfactory is its low 
reactivity as a hydrogen atom donor toward aryl radicals. O f 
more than 1 0 0  substances o f  diverse structure and functional 
type whose hydrogen donor reactivity toward phenyl radical 
was measured by Bridger and Russell,25 M e2SO was the least 
reactive but for one. M e2SO is a good solvent for organic 
com pounds as well as for many salts.

Nevertheless, ammonia is the solvent o f  choice for prepar
ative work. Its advantages include low cost, ease o f  purifica
tion, and convenience o f  product isolation, besides its favor
able chemical characteristics. T he special techniques for 
handling this low-boiling solvent ( -3 3  °C ) are easily learned 
and do not substantially interfere with its use for preparative 
purposes.

Although experience with other dipolar, aprotic solvents 
is limited mainly to reactions with diethyl phosphite ion, we 
consider the evidence in Table I to be very significant, at least 
insofar as the less satisfactory solvents are concerned, because 
SRNl reactions with this nucleophile are exceptionally fast 
and clean in ammonia and M e2SO. In the experiments o f 
Table I, a superb nucleophile was provided and irradiation was 
conducted for rather a long time; a solvent that fails to support

reaction in high yield under such conditions is truly un
promising.

T he unsatisfactoriness o f  H M P T  is especially worthy o f 
note. In another study ,9 bromobenzene and potassium acetone 
enolate failed to react in H M P T  during 65 min irradiation.

Acetonitrile and D M F stand out in Table I as rather good 
solvents, and merit further attention.

In teri-buty lamine solvent, the main difficulty appears to 
be the low solubility o f  many salts. Potassium diethyl phos
phite is, however, soluble, and its reactions with iodobenzene 
and m -brom oiodobenzene occurred rapidly and in high 
yield.

It is unclear why reactions in water (Table II) were so poor. 
Perhaps the identity o f  products which escaped isolation 
would provide a clue.

The fact that 3 afforded mainly 4 in water but m ainly 5 in 
ammonia24 may be taken to indicate that zwitterionic radical 
6  in ammonia almost exclusively expels trim ethylamine to 
yield the p-thiophenoxyphenyl radical, which continues to

6
form 5, whereas 6  in water preferentially transfers an electron 
to 3, leaving 4 as a stable product.

Experimental Section

Instrumentation. Melting points were taken on a Thomas-Hoover 
apparatus and are uncorrected. NMR spectra were determined on 
JEOL Minimar or Varian A-60A instruments. Infrared spectra were 
taken on a Perkin-Elmer 237B spectrometer. Gas chromatographic 
analyses were performed using a Hewlett-Packard 5750 flame ion
ization instrument, and reaction yields were calculated by standard 
methods using internal standards with peak areas suitably corrected 
for molar response. Iodide titrations were carried out potentiomet- 
rically using a Corning Model 7 pH meter with silver and glass elec
trodes. Photochemical reactions were carried out in a Rayonet Model 
RPR-100 reactor equipped normally with 16 “ 350-nm” lamps.

M aterials. Commercially available solvents and most reagents were 
purified prior to use by distillation or crystallization unless otherwise 
noted, tert -Butyl alcohol was repetitively partially frozen, the re
maining liquid discarded each time, then refluxed over sodium and 
distilled. Me2SO, DMF, HMPT, and 1,2-dimethoxyethane were dried 
over calcium hydride and distilled. Acetonitrile was distilled from 
phosphorus pentoxide. M.A-Dimethylacetamide and N-methyl-2- 
pyrrolidone were dried over CaS04 and distilled. Tetramethylen- 
esulfone was dried over BaO at 140 °C for 8 h and distilled. Com
mercial anhydrous ammonia was distilled from sodium directly into 
the reaction flask. £ert-Butylamine was freshly distilled prior to 
use.

Iodobenzene was dried and distilled, and stored protected from 
light. Diethyl phosphonate (Aldrich) was dried over CaH2 and dis
tilled. Thiophenol was freshly distilled each week. Spectrograde ac
etone was used without further purification.

Reactions of Iodobenzene with Potassium  D iethyl Phosphite. 
T yp ica l P rocedure. A 250-ml, three-neck flask equipped with 
magnetic stirrer, nitrogen inlet, and dry ice condenser was constantly 
swept with dry nitrogen. Potassium fert-butoxide (3.36 g, 0.03 mol) 
was placed in the flask and 120 ml of DMF was added. After the solid 
had dissolved, 4.15 g (0.03 mol) of diethyl phosphite was added, fol
lowed by 3.06 g (0.015 mol) of iodobenzene. The resulting clear and 
nearly colorless solution was irradiated in a Rayonet reactor for 4 h. 
The solution was concentrated to about 10 ml and taken up in 150 ml 
of ether and 20 ml of water. The organic layer was separated and the 
aqueous layer was extracted five more times with ether. The combined 
ether extracts were washed with 20 ml of saturated NaCl solution and 
dried (Na2S 04). After removal of the ether, the crude product was 
distilled to give 2.03 g (68%) of diethyl phenylphosphonate as a col
orless liquid: NMR êccu (Me4Si) 1.3 (t, 6 H), 4.1 (m, 4 H), and 7.4-7.9 
(m, 5 H, Ar); ir (film) \max 1250 (P = 0 ), and 1205 cm-1 (P-O-C).

The aqueous layer was acidified with 6 M nitric acid and titrated 
for iodide ion: 0.936 equiv of iodide ion was found per mole of iodo
benzene used.

R eactions in D im ethyl Su lfox ide. T yp ica l Proced ure. Potas
sium ferf-butoxide (2.30 g, 20.5 mmol) was placed in a nitrogen-
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flushed three-neck flask fitted with condenser and nitrogen inlet and 
50 ml of Me2SO was added. Acetone (1.16 g, 20 mmol) was added, 
followed by 500 mg (2.45 mmol) of iodobenzene. The solution turned 
yellow immediately. After irradiation for 60 min, the brown solution 
was cooled, diluted with water, and thrice extracted with ether. 
Analysis of the aqueous phase showed 2.46 mmol of iodide ion. The 
ether layer was analyzed by GLC (Carbowax 20M column, biphenyl 
internal standard), and phenylacetone (2.16 mmol, 88%) and 1,1- 
diphenylacetone (0.086 mmol, 3.5%) were found.

R eaction  o f Iodobenzene and Potassium  A cetone Enolate in 
ie ri-B u ty lam in e . T yp ica l Proced ure. Potassium feri-butoxide 
(2.30 g, 20.5 mmol) was dissolved in 50 ml of tert -butylamine, and 1.16 
g (20 mmol) of acetone and 1.00 g (4.90 mmol) of iodobenzene were 
added. The solution, under nitrogen atmosphere, was irradiated with 
300-nm lamps for 200 min. Ammonium nitrate (1.8 g) was added and 
the solvent was evaporated on a warm water bath. The product was 
taken up in ether and water and the aqueous phase was extracted with 
two further portions of ether. The combined ether fractions were dried 
(MgS04), and analyzed by GLC. The yield of phenylacetone was 1.5 
mmol (31%). Titration of the aqueous fraction with silver nitrate so
lution showed 0.46 equiv of iodide ion.

K inetic Procedure in tert-B utylam ine. In a nitrogen flushed 
flask was placed 1.68 g (15 mmol) of potassium ferf-butoxide and 125 
ml of ieri-butylamine and 2.00 g of diethyl phosphite was added. After 
the solid dissolved, aryl halide was added. Aliquots (5 ml) were 
transferred to screw-cap test tubes which were then flushed with ni
trogen and placed in a Rayonet reactor with a merry-go-round ap
paratus. The reactor was started and tubes were removed at timed 
intervals, quenched with ammonium nitrate, heated to remove sol
vent, and titrated for free halide ion.

Reaction of Iodobenzene and Lithium  tert-Butylam ide. To 50 
ml of ieri-butylamine under nitrogen was added 20 mmol of rt-bu 
tyllithium followed by 1.00 g (4.9 mmol) of iodobenzene. A 2.00-ml 
aliquot was removed and placed in a foil-wrapped screw-cap test tube 
to check the dark reaction. The solution was irradiated for 70 min and 
then diluted with water and extracted twice with ether. The combined 
ether fractions were washed with water (three times), dried, and 
concentrated. Distillation of the resulting oil gave N-tert-butylaniline 
(600 mg, 4.03 mmol, 82%): bp 69 °C (5 mm) [lit.26 92.5-93 °C (19.5 
mm)]; NMR 5cci4 (Me4Si) 1.27 (s, 9 H), 3.23 (s, broad, 1 H), and
6.5-7.2 (m, 5 H); ir (film) Xmax 690, 746,1224, 1500,1608, 2970, and 
3415 cm-1.

Titration of the aqueous layer showed 0.98 equiv of iodide ion.
The aliquot kept in the dark was worked up in a similar manner. 

Titration showed 1 equiv of iodide ion and GLC analysis showed only 
N-tert -butylaniline.

p-Iodophenyltrim ethylam m onium  iodide27 was prepared from 
p-iodo-Af.AT-dimethylaniline27 and methyl iodide in methanol. After 
refluxing for 6 h, the precipitated product was filtered and recrys
tallized twice from hot water: mp 196-198 °C dec; NMR (Me^SO-de) 
6 (Me4Si) 3.61 (s, 9 H), 7.78 (AB doublet, J = 9 Hz, 2 H), and 8.07 (AB 
doublet, 2 H).

Reaction of p-Iodophenyltrimethylammonium Iodide (3) with 
Sodium Thiophenoxide in W ater. To a solution of 3 (0.51 g, 1.31 
mmol) in 50 ml of doubly distilled water (heat) and 25 ml of 2 M so
dium hydroxide, thiophenol (1.25 g, 11.4 mmol) was added and the 
system was purged with nitrogen. A 2-ml aliquot was removed and 
wrapped with foil to check the dark reaction, and the remaining so
lution was irradiated for 180 min at 350 nm. After cooling, the yellow, 
turbid solution was extracted with ether (three times), and the com
bined ethereal fractions were dried and concentrated. There remained 
220 mg of a dark brown oil which was analyzed by GLC (SE-54 col
umn). At least eight peaks were observed and the following com
pounds identified: diphenyl sulfide (25 mg), p-di(thiophenoxy)ben- 
zene (5) (43.3 mg, 0.15 mmol, 12%), and small amounts (10-15 mg) 
of diphenyl disulfide, and p-thiophenoxy-A',iV-dimethylaniline. The 
latter compound was identified by acid extraction of the ether-soluble 
material. GLC analysis of the acid-soluble extract also revealed a trace 
of p-iodo-/V,/V-dimethylaniline.

The aqueous solution was acidified with acetic acid and extracted 
with ether (three times) to remove excess thiophenol. A 10-ml aliquot 
was titrated for iodide ion: 2.00 equiv of iodide was found. Titration 
of the foil-wrapped aliquot removed before irradiation (dark reaction) 
showed 1.02 equiv of iodide.

The water-soluble product of another experiment was isolated in 
two ways. (1) The aqueous solution was concentrated to about half 
its original volume and sodium iodide was added. A precipitate formed 
and the solution was filtered. Further concentration yielded two more 
portions of the water-soluble product. The product so obtained con
tained a mixture of compounds and was typically about 60% substi

tution product as judged by comparison of the Ph-S NMR singlet 
with the trimethylammonio peaks. The product was dissolved in 
Me2SO-d(; and methylene chloride was added as an internal standard. 
With this method of product isolation being used, 3.55 mmol of 3 
reacted to give 1.18 mmol (33%) of 4. The presence of this product was 
confirmed by comparison of spectra with those of an authentic sample. 
The other products were net identified. (2) Tetraphenylborate iso
lation:28 addition of an aqueous solution of sodium tetraphenylborate 
to the aqueous solution above gave an immediate precipitate of am
monium tetraphenylborate salts. The product isolated in this way was 
examined by NMR (MejSO-df,), and the amount of substitution 
product estimated by comparing the Ph-S singlet to the trimethy
lammonio peaks. The yield of substitution product observed in several 
experiments ranged from 2c to 38%.

p-T h ioph enoxy-N .N -d  m ethylanilin e. AfiV-Dimethylaniline 
(20.0 g, 0.165 mol) was dissolved in 200 ml of anhydrous ether under 
nitrogen. Benzenesulfenyl chloride (8.0 g, 0.055 mol) in 100 ml of ether 
was added slowly. After 1-2 min the solution became perceptibly 
lighter in color and anilinium hydrochloride began to precipitate. 
After 2-h refluxing, the ether was removed, water was added, and the 
residue was steam distilled tc remove the excess aniline. Upon cooling, 
the residue remaining solidified. It was taken up in ether, dried, and 
concentrated. Dilution with petroleum ether gave white crystals (6.8
g, 0.03 mol, 55%): mp 66.5-67 °C (lit.29 66-67 °C); ¿ecu (Me4Si) 2.97 
(s, 6 H), 7.15 (s, PhS, 5 H), 6.68 (AB doublet, 2 H), and 7.42 (AB 
doublet, J = 9 Hz, 2 H).

p-Thiophenoxyphenyltrim ethylam m onium  Iodide (4). p-
Thiophenoxy-N.N-dimethylaniline (2.0 g, 8.73 mmol) in 15 ml of 
methanol and methyl iodide (1.24 g, 8.73 mmol) were refluxed for 2
h. No precipitate appeared. The solution was cooled in ice water; 
crystals appeared as a rigid mass filling the liquid volume. NMR 
analysis of the solid showed only partial conversion to the quaternary 
ammonium salt. More methyl iodide was added (0.75 g) and the so
lution was refluxed for an additional 1 h. A few drops of 1 M sodium 
methoxide in methanol were added until the yellow color was dis
charged, and the product, which crystallized upon cooling, was fil
tered, washed with small portions of methanol and with ether, and 
dried. The yield was 0.95 g (2.56 mmol, 29%): mp 179.5-180.5 °C; 
NMR <5Me2SO-<*6 (Me4Si) 3.63 (s, 9 H), 7.40 (AB doublet, J  = 9 Hz, 2 
H), 7.52 (s, PhS, 5 H), and 8.00 (AB doublet, 2 H); ir Xmax (KBr) 699, 
752, 840, 935, 1015, 1130, 1400, 1445, 1480, 1495, 1590 and 3010 
cm-1.

Anal.30 Calcd for C i5H i8INS: C, 48.53; H, 4.89; S, 8.64. Found: C, 
48.25; H, 4.78; S, 8.90.

Reaction  of p-Iodophenoxyacetic Acid w ith Sodium Thio
phenoxide. 4-Iodophenoxyacetic acid (1.00 g, 3.60 mmol) in 125 ml 
of 0.8 M sodium hydroxide and thiophenol (2.5 g, 22.7 mmol) were 
irradiated under nitrogen for 3 h (300 nm). The solution was acidified 
and the thiophenol was extracted with three portions of ether. The 
combined ether extracts were dried and concentrated to give 1.04 g 
of an oily yellow solid. Titration of the aqueous layer indicated 0.433 
equiv of iodide (43% reaction). The acidic product was dissolved in 
methanol, a drop of concentrated sulfuric acid was added, and the 
solution was refluxed for 1 h, diluted with water, and extracted with 
ether. Concentration gave 0.97 g of a yellow oil. GLC analysis (SE-54 
column, 4 ft X 0.125 in.) showed three peaks: methyl p-iodophenox- 
yacetate (1.98 mmol, 55%), methyl phenoxyacetate (0.14 mmol, 4%), 
and methyl p-thiophenoxyphenoxyacetate (0.23 mmol, 6%). The 
methyl p-thiophenoxyphenoxyacetate was identified by preparative 
GLC isolation by means of a 3 ft X 0.25 in. 2.5% SE-54 column at 250 
°C. The material collected had NMR 5ccu (Me4Si) 3.75 (s, 3 H, 
OCH3), 4.55 (s, 2 H, CH2), 6.97 (AB doublet, J = 9 Hz, 2 H), 7.13 (s, 
5 H, PhS), and 7.38 (AB doublet, 2 H); ir Xmax (CC14) 826,1080,1210 
(broad), 1435,1495,1600,1751 cm“ 1 (C = 0 ); MS m/e 274 (M+), 201, 
184,109.

R eaction  o f p-Iodophenyltrim ethylam m onium  Iodide w ith 
Nitrom ethane Anion and Sodium Am algam .31 The iodide (500 mg,
1.29 mmol) was dissolved in 100 ml of 0.5 M sodium hydroxide. Ni
tromethane (1.13 g, 18.5 mmol) was added and the system purged with 
nitrogen. Sodium amalgam (2%, 2.0 g, 1.74 mmol) was added in small 
portions over about 25 min with vigorous mechanical stirring. After 
1 h of additional stirring, the solution was acidified with 10% sulfuric 
acid and extracted with ether. Analysis of the aqueous layer showed
1.05 equiv of iodide ion.

R egistry  No.— 1, 591-50-4; 2 ,1754-49-0; 4 ,60118-04-9; potassium 
diethyl phosphite, 54058-00-3; lithium teri-butylamide, 31828-54-9; 
N-ieri-butylaniline, 937-33-7; p-iodo-AflV-dimethylaniline, 698-70-4; 
p-thiophenoxy-N.jV-dimethylaniline, 42881-80-1; N,N-dimethyl- 
aniline, 121-69-7; benzenesulfenyl chloride, 931-59-9; p-iodo-
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phenoxyacetic acid, 1878-94-0; methyl-p-thiophenoxyphenoxyace-
tate, 60118-05-0.
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Chemical Consequences of Hydride Addition to Aromatic Olefins
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The scope and synthetic applications of hydride addition to aromatic olefins have been studied. Many aromatic 
olefins are reduced by LiAlH4 in tetrahydrofuran (THF), 1,2-dimethoxyethane, p-dioxane, or diglyme at 65-150 
°C. Hydride addition to 1,1-diarylethylenes is accelerated by THF and other solvents, as compared with diethyl 
ether, and by electron delocalizing or cyclic, relatively rigid, aromatic groups. Substituents which increase the elec
tron density at the double bond, or form steric hindrance, decelerate the hydride addition. o-MeO and especially 
o-Me2N groups accelerate the reaction, probably by coordination with the lithium ion and displacing solvent mole
cules in both the transition state and the generated carbanions. 2,2-Diarylpropanes are efficiently obtained from
1,1-diarylethylenes, LiAlH4, and anisole in THF, while 1,1-diarylethanes are produced in diglyme at 140-150 °C. 
A novel specific carbon-carbon bond formation is utilized for the diarylpropanes synthesis, involving methylation 
of the intermediate carbanions by anisole. Anthracene and phenanthrene are reduced by LiAlH4 in diglyme, the 
former giving eventually 9,9,10,10-tetramethyl-9,10-dihydroanthracene. cis-Stilbene undergoes competing reduc
tion and isomerization to irons-stilbene when heated with LiAlH4 in diglyme; the latter ultimately gives 1,2-di- 
phenylethane.

It has generally been accepted1’2 that nonfunctionalized 
aromatic olefins do not react with LiAlH4. The hydride ad
dition to dibenzofulvene3 has been interpreted as evidence for 
the high polarity of the exocyclic double bond of this special 
olefin. Transformation of cinnamyl alcohols to phenylcyclo- 
propanes,4 1-phenylpropyne to n-propylbenzene,4f cinnam- 
aldehyde to dihydrocinnamyl alcohol, and reduction of some 
unsaturated azabicyclic systems,5 effected by LiAlH4, have 
indicated that suitable functionalization of an olefin might 
enable hydride addition across a carbon-carbon double bond 
to occur. However, these latter reactions have been shown to 
be specific examples of intramolecular reactions.4® Recently, 
it has been found that aromatic compounds bearing an exo
cyclic double bond, such as substituted 9-methylenexanth- 
enes6 and methylenebenzanthrene,7 react with LiAlH4 under 
mild conditions. Furthermore, alternate aromatic olefins, such 
as 1,1-diphenylethylene,8’9 are converted by LiAlH4 in THF 
to the corresponding benzylic carbanions. Possible synthetic 
applications of these carbanions have briefly been outlined.8’10 
Similar findings have been reported11 for the reduction of 
some aromatic olefins with sodium bis(2-methoxyeth- 
oxy)aluminum hydride. We now wish to present new data12 
concerning the scope of hydride addition to aromatic olefins, 
substituent and solvent effects, and some synthetic applica
tions associated with this reaction.

Substituent and Geometry Effects. We have studied the 
hydride addition to aromatic olefins using LiAlH4 in several 
ethereal solvents and temperatures. Reaction progress was 
followed by XH NMR spectroscopy and final products were 
isolated, purified, and characterized by standard tech
niques.

Generally, substituents which increase the electron density 
at the double bond or cause steric hindrance decelerate the 
hydride addition to an aromatic olefin. Electron-delocalizing, 
and cyclic, relatively rigid aromatic groups accelerate the re
action. Half-lives of some representative olefins in the pres
ence of LiAlH4 in refluxing THF (65 °C) are given in Table 
I. The hydride addition to 1,1-di-o-anisylethylene (2) is con
siderably faster than it is to 1,1-di-p-anisylethylene (3) in 
refluxing THF. A similar ortho effect is exhibited by l-(o- 
anisyl)-l-phenylethylene10 and especially l-(o-dimethylam- 
inophenyl)-l-phenylethylene ( T i/2 31/T|/2 30 = 40).

This rate-enhancing phenomenon exhibited by o-MeO13 
and o-Me2N might be associated with the hydride attack (the 
“ activated complex”) as well as the stabilization of the gen
erated carbanion (the “product” ). The o-MeO group, e.g., 
might replace a solvent molecule14’18 in the transition state, 
thus placing the hydride closer to the double bond and con
sequently enhancing the reaction rate. Similarly, intramo
lecular stabilization could be extended to the carbanion by
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Table I. Half-Lives (h) of Olefins in the Presence of Excess 
LiAlH„ at 65 °C in THF

PhjC=CH2
1

,OMe

MeO.

MeO'

c r

:c= oh210

OMe 
2

iA,
&

3

C = C H 2 0.21 ± o .o i

.02

Ol XOj 014 * 001

:c =CH2 0 .03  ± 0 .008

Mê N.

O r
;c= ch2 8.5 ± 0.5

Table II. -Half-Lives (h) of Olefins in the Presence of 
Excess LiAlH4 at 150 “C in Diglyme

8
Ph Me

V V

1.0 ± 0.1

1.2 ± 0.1

1.2 ± 0.1

1.5 ±0 .1

0.40 ±0 .03

14 ± 1

Phw ph
A APh Ph

18 ± 1

Table III. Half-Lives (h) of 1,1-Diphenylethylene in the 
Presence of Excess LiAlH4 in Some Ethereal 

Solvents at 17 °C

Tetrahydrofuran 2.5 ±0 .1 p-Dioxane 22 ± 2
1,2- 3.5 ± 0.1 Diethyl ether » 5 0

Dimethoxyethane
Diglyme 6.5 ± 0.2 Anisole No reaction

after 50 h

formation o f a contact ion pair, such as the one shown in eq 
1 (see also later). T he more pronounced ortho effect o f  the 
M eoN group, as com pared with M eO, further substantiates

Ar
/

Me

I
OrLi+AlH«

C = C H ,

Me

O.
X i+ +  a ih 3 (1)

/ c \
Ar Me

the above interpretation, since the former is a stronger base 
than the latter.

Analogous contact ion pairs structures have been suggest
ed 14 for 9-(a;-m ethoxyethyl)- and 9-(a)-dim ethylam ino- 
ethyl)fluorenyllithium salts in TH F.

The data in Table I also suggest that the hydride addition 
rate is markedly influenced by the geometry o f the olefins. It 
should be noted that the steric factor is twofold. Apart from 
the straightforward steric hindrance to the hydride attack, the 
aromatic ring in the transition state should be properly ori
ented in order to effectively stabilize the generated carbanion. 
Orthogonal alignment o f  the aromatic ring with respect to the 
carbanion provides maximum resonance stabilization o f  the 
negative charge . 15

Another example o f  the geometry effect is offered by the 
stilbene isomers. «s-S tilbene is reduced to 1,2-diphenylethane 
by L iA lH 4 in diglyme faster than trans-stilbene when the 
reaction is started at 2 0  °C  and gradually heated to  150 °C. 
This is in accord with the reported 16 vinyl isotopic exchange 
for c is -stilbene, proceeding at a rate ca. 1 0  times faster than 
the exchange for irons-stilbene. However, the hydride addi
tion to cis-stilbene is com plicated by the base-catalyzed 17  

cis-trans isomerization. This hydride-induced isomerization 
becomes faster than the hydride addition to cis-stilbene at 150 
°C in diglyme; the half-life time with a large excess o f  LiA lH 4 

at 28 °C  in diglyme is 4 h.
The rate o f  hydride addition to aromatic olefins is sensitive 

to the substituents on the aromatic rings. M oreover, substit

uents on the double bond m ight even inhibit the reaction, as 
is the case with a-ierf-butylstyrene and l,l-d ip h en y l-2 - 
methylpropene. The substituents on the double bond induce 
both  steric and electronic effects which are not easily distin
guishable. However, some o f the more hydride-resistant o le
fins can be reduced by LiA lH 4 in diglyme at 140-165 °C. 
Comparative data are shown in Table II.

W hile cumene is easily prepared in a good yield by the 
LiAlH 4 reduction o f  «-methylstyrene (10) in diglyme, styrene 
itself is almost com pletely polymerized by the hydride in ei
ther T H F  or diglyme. Phenanthrene and especially anthra
cene represent aromatic hydrocarbons which can be reduced 
by LiA lH 4 in diglyme to  the corresponding 9,10-dihydro de
rivatives. However, anthracene yields eventually 9,9,10,10- 
tetram ethyl-9,10-dihydroanthracene (see later). T etra- 
phenylethylene (14) suffers a reductive cleavage,1 1  under our 
reaction conditions, and eventually m ethylation to yield 
mainly 2 ,2 -diphenylprcpane, together with 1 ,1 -diphenyl- 
ethane and 1 ,1 -d iphenylcyclopropane as by-products. 
1,1,2,2-Tetraphenylethane and diphenylmethane are inter
mediates in this reaction . 1 1  Consequently, it appears that the 
approaching hydride is capable o f  polarizing a nonpolar 
double bond conjugated with an aromatic ring, probably with 
the solvent participation.

Solvent Effects and Synthetic Applications. It has al
ready been noted9’10 that hydride addition to 1  is considerably 
faster in T H F  than it is n diethyl ether. W e have now exam
ined the relative rate o f  this reaction in several ethereal sol
vents. T he half-lives o f  1 in the presence o f  a large excess o f  
L iA lH 4 in several solvents under a dry nitrogen atmosphere 
at 17 °C are given in Table III. Hydride addition to 1 is fastest 
in TH F, while diethyl ether and especially anisole are less 
suitable or even inhibit the reaction, in the latter solvent.

This solvent effect implies that T H F  provides a better 
solvation o f  the transition state com plex associated with the 
hydride-induced polarization o f  the double bond and/or a 
better stabilization o f the intermediate benzylic carbanions. 
This is consistent with our observations8 that the highly re
active 9-methylenexanthenes and also the dibenzofulvenes 
do react with LiA lH 4 in diethyl ether. This view is in accord
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with a recent report18  which has revealed the form ation o f 
solvent separated ion pairs and triple ions for LiAlH 4 in THF, 
but larger aggregates o f  contact ion pairs appear to be formed 
for L iA lH 4 in diethyl ether. The solvent separated ion pairs 
o f  L iA lH 4 in T H F  would presumably be the more reactive 
species. It has also been suggested411 that intramolecular hy
dride transfer from  aluminum to an olefinic carbon is facili
tated by  stronger Lewis bases, probably through coordination 
with aluminum. Furthermore, evidence has been presented18 

for the ability o f  the oxygen o f the m ethoxy group to  coordi
nate the lithium ion and displace solvent molecules in ethereal 
solutions o f  L iA l(O M e)2H 2. This also substantiates our in
terpretation concerning the o-M eO  and M e2N  effects dis
cussed above.

The solvent for the hydride addition reaction is sometimes 
dictated by the olefin. However, the solvent and temperature 
m ight determine the reaction products. Proton abstraction 
from the solvent is a well-known 19 ’20 side reaction o f benzylic 
carbanions, regardless o f  their m ode o f formation. This re
action is usually described2 1 ’22 as «-m etalation  o f  the ether 
(solvent), followed by olefin and lithium alkoxide, e.g., for
m ation as shown in eq 2 .

RCH2CHzOR' +  Ar2MeCLi — *■ Ar2MeCH
15

+  RCHjCHOR' —  R C H =C H 2 +  LiOR' (2) 

Li

The deprotonation reaction, leading to 1,1-diarylethanes 
15, is almost as fast as the hydride addition reaction in diglyme 
at 150 °C . The blood-red benzhydrylic carbanions, initially 
form ed, were decolorized rapidly by proton abstraction from 
the diglyme, confirm ed by the absence o f  deuterium in the 
products after f)20  quenching o f  the reaction mixture. D e
protonation o f refluxing p-dioxane by these carbanions is ca. 
102 slower and that o f refluxing TH F is the slowest. It may well 
be mainly a temperature effect. T he fast deprotonation o f 
diglyme by the carbanions was used to a good advantage for 
the preparation o f  pure 15. This was especially im portant in 
the case o f  the anisylethylenes, where partial dem ethylation 
o f the M eO groups by the carbanions accom panied the hy
dride addition reaction in T H F  (see also later).

A different m ode o f cleavage for T H F ,23 not involving en- 
olate form ation, was revealed in the L iA lH 4 reduction o f  5 
through isolation o f the by-product 16.9 T he alcohol 16 could

have been form ed by a nucleophilic attack o f  the corre
sponding carbanion (or anion radical27) on the a  carbon o f 
T H F  as shown in eq 3. Stabilization o f the intermediate alk
oxide would support this type o f reaction. Indeed, during the 
hydride addition to the anisylethylenes, e.g., 2, in T H F, an 
appreciable quantity o f  2,2-di-o-anisylpropane (17) is formed 
together with 1 ,1 -di-o-hydroxyphenylethylene (18), after 
hydrolysis. This nucleophilic displacem ent o f  alkoxide, 
leading to a carbon-carbon bond form ation, does not occur 
with phenetole derivatives. Thus, 19 yields only the corre
sponding 1,1-diarylethane upon refluxing with L iAlH  j in ei
ther T H F  or p -dioxane for 24 h.

T he above specific dem ethylation reaction was used for 
syntheses o f  2,2-diarylpropanes, such as 17. W hile hydride 
addition to the aromatic olefins does not occur in anisole,4d 
it takes place in a T H F -anisole mixture. T he intermediate 
carbanions dem ethylate the anisole, giving eventually the 
corresponding 2 ,2 -diarylpropanes.

ArJVleC-^Vle— OPh — *• Ar2CMe2 +  PhO~ (4)

Partial dem ethylation o f diglyme by som e o f  the more 
crowded carbanions, competing with deprotonation, has also 
been found at elevated temperatures and relatively long re
action times. Consequently, 30% o f 1 ,2 ,2 -triphenylpropane 
and 17% o f  2,2-diphenylbutane were obtained in the reduc
tions o f  8  and 9 in diglyme at 150 °C , in addition to 70% o f
1,1,2-triphenylethane and 83% o f  1,1-diphenylpropane, re
spectively. Especially facile methylation by diglyme was found 
in the case o f  anthracene (9,9,10,10-tetram ethyl-9,10-dihy- 
droanthracene being the major product after 2 h at 150
°C ).

Other useful synthetic applications have also been briefly 
explored. Quenching the hydride addition reaction with solid 
C 0 2 leads to a carboxyl^ acid. Specifically labeled compounds 
are obtained by using LiA lD 4 instead o f  L iA lH 4 in the reac
tions described above. Alternatively, reductions with either 
L iA lH 4 or LiAlD 4 in T H F  followed by D 20  quenching lead to 
the corresponding m ono- or dideuterated derivatives. H ow 
ever, highly pure a-deuteration (by D 20  quenching) should 
be carried out in THF-<i8, thus avoiding contam ination 
through proton abstraction from  TH F.

The reactions o f  L iAlH 4 with 9-methylenexanthenes 20-22 
without exclusion o f air lead to dimerization o f the interm e
diate carbanions to 23-25, respectively. These dimerization 
reactions might proceed through oxygen-induced electron

21, X =  Me 23, X =  H
2 2 , X =  Br 24, X  =  Me

25, X =  Br

27, X =  F; R =  Me
28, X =  Br; R =  H

transfer in the carbanions to  anion radicals.22’24’25 A  side re
action involving dimer formation (2,2,3,3-tetraphenylbutane) 
in the LiA lH 4 reduction o f  1 has also been found .8 T h e ten 
dency o f  stabilized anion radicals to  dimerize has been re
ported .26
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We have already described6 two examples of hydride ad
dition to 26 and 27 eventually yielding a condensation product, 
such as 29. We now can add 28 to this reaction type, noting 
that diethyl ether should be used as the solvent, thus pre
venting partial hydrogenolysis of the aromatic bromide, oc
curring in THF. It has been suggested6 that the final con
densation step leading to the olefins such as 29 is a nucleo
philic displacement of chloride by an intermediate carbanion. 
In view of the possible anion radical nature of the intermedi
ates obtained upon hydride addition to aromatic olefins, the 
radical anion substitution mechanism27 might be involved in 
the above displacement reaction.

Experimental Section

All melting and boiling points are uncorrected. Organic solutions 
were dried over MgS04 and Na2C 03. The lH NMR spectra were de
termined at 60 MHz with a JEOL C-60 HL spectrometer in CC14 so
lution, unless otherwise stated. The chemical shift values are ex
pressed in b values (ppm) relative to Me4Si internal standard.

The mass spectra were obtained with an Hitachi (Perkin-Elmer) 
Model RMU-6. Unless otherwise stated all reactions involving LiAlH4 
or organometallic intermediates were performed under a dry nitrogen 
atmosphere. Elemental analyses found values for all the new com
pounds were within ±0.3% of the calculated values.

Compounds 1, 8-14, cis-stilbene, and styrene were commercially 
available. They were purified either by careful fractional distillation 
or recrystallization. 9-Methylenexanthenes were prepared as de
scribed elsewhere.28 1,1-Diarylethylenes were prepared from aryl 
Grignard29 reagents or aryllithium reagents30 which were obtained 
by the methods described in the references cited, and acetophenone 
or ethyl acetate, followed by dehydration with acetic anhydride. Al
ternatively, a diaryl ketone was added to an alkyl Grignard reagent, 
and the crude product was similarly dehydrated. The following two 
procedures are representative examples.

1 . 1 -  B is(o-ethoxyphenyl)ethene (19). An re-hexane solution of 
re-butyllithium (140 ml of 2 N) was added dropwise to a stirred solu
tion of 36.6 g of phenetole in 100 ml of dry THF and 120 ml of dry 
diethyl ether. The resulting mixture was refluxed for 2 h and cooled 
and then 12.8 g of ethyl acetate (distilled over P2O5) was added during 
30 min, followed by 1-h reflux. Usual workup gave a solid residue, a 
sample of which melted at 136° (EtOH). This crude alcohol, thus 
obtained, was refluxed for 5 h with 100 ml of acetic anhydride and then 
evaporated under reduced pressure.

The crude product yielded 26.5 g of 19 after recrystallization from 
EtOH: mp 99 °C; mol wt 268 (mass spectrum); b 0.98 (6 H, t, Me), 3.64 
(4 H, q, CH2), 5.28 (2 H, s, vinyl CH2), 6.40-7.10 (8 H, m, ArH).

5-M ethylene-5//-dibenzo[a,(/]cycloheptene (6). Methylmag- 
nesium iodide was prepared from 17 g of Mel and 2.9 g of finely di
vided Mg in 100 ml of diethyl ether. 5H-Dibenzo[a,d]cyclohepten-
5-one (20.6 g) in 50 ml of dry THF was added to the clear solution of 
the Grignard reagent, at 7-10 °C, with external cooling. The resulting 
solution was refluxed for 1 h and hydrolyzed with a cold aqueous so
lution of NH4C1. The usual workup gave the expected carbinol (mp
112-114 °C), which was refluxed for 2 h with 100 ml of acetic anhy
dride. Evaporation under reduced pressure and recrystallization from 
95% EtOH yielded 15 g of 6, mp 118 °C.31

H alf-Lives M easurem ents Procedure. The required solvent (30 
ml) and LiAlH4 (1.0 g) were equilibrated with magnetic stirring at a 
suitable temperature under a positive nitrogen pressure, and then 2.0 
g of an olefin was added. At various time intervals, a 0.5-ml aliquot 
of the reaction mixture was pipetted into 20 ml of chilled hydrochloric 
acid (1 N), or sodium hydroxide (3 N) in the case of an amino olefin, 
to quench the reaction. Extraction with CC14, drying over Na2C 03, 
evaporation, and dissolution in 0.5 ml of CC14 containing 1% Me4Si 
were followed by an NMR analysis. When diglyme was used as the 
solvent, the CC14 extract was dried over neutral alumina. Each half-life 
measurement was repeated at least twice.

1 . 1 -  D iphenylethane and 2,2 ,3,3-Tetraphenylbutane. 1,1-Di- 
phenylethylene (1,5.0 g), LiAlH4 (2.0 g), and 50 ml of dry THF were 
refluxed for 3 h, cooled, and decomposed slowly by adding to ice-cold 
1 N hydrochloric acid (200 ml). Extraction with CHCI3 followed by 
standard workup yielded 4.0 g of 1,1-diphenylethane:11 bp 85 °C (0.3 
mmHg); b 1.53 (3 H, d, Me, J = 7.0 Hz), 4.01 (1 H, q, CH, J  = 7.0 Hz),
7.03 (10 H, s, Ph).

The nonvolatile residue from the distillation yielded 0.5 g of
2,2,3,3-tetraphenylbutane, after recrystallization from EtOH: mp 122 
°C;32 b 1.96 (6 H, s, Me), 6.80-7.35 (20 H, m, Ph); mass spectrum m/e

(rel intensity) 362 (19, M+), 168 (100, Ci3H12+), 167 (23), 166 (20).
1 . 1 -  D iphenyl-2-deuterioethane. 1 (2.0 g) and LiAlD4 (0.5 g) in 

THF (20 ml) were treated as above, giving 1.5 g of the desired product: 
bp 87 °C (0.5 mmHg); b 1.56 (2 H, dt, CH2D, JHh = 7.0, J HD = 1.5 Hz),
4.05 (1 H, t, CH, J = 7.0 Hz), 7.10 (10 H, br s, Ph); mass spectrum m/e 
(rel intensity) 183 (29, M+), 167 [100, (M -  CH2D)+], 165 (26, 
C13H9+), 154 (24, C12Hio+).

1,1 -Bis(p-methoxyphenyl)ethane. LiAlH4 (0.5 g), 3 (2.0 g), and 
20 ml of diglyme were heated for 5 min at 140 °G, cooled, and de
composed with 100 ml of ice-cold 1 N hydrochloric acid. The product 
was extracted with CHC13, yielding, after recrystallization from EtOH,
1.7 g: mp 67 °C;33 b 1.57 (3 H, d, MeCH, J  = 7.0 Hz), 3.76 (6 H, s, 
MeO), 4.02 (1 H, q, CH, J  = 7.0 Hz), 6.73 (4 H, d, ArH, J  = 9.0 Hz),
7.05 (4 H, d, ArH, J  = 9.0 Hz); mass spectrum m/e (rel/intensity) 242 
(31, M+), 227 [100, (M -  Me)+],

1.1- Bis(p-methoxyphenyl)-2-deuterioethane. LiAlD4 (0.5 g), 
3 (2.0 g), and 20 ml of diglyme were treated as above, giving 1.6 g of 
deuterated product: mp 60 °C (EtOH); b 1.53 (2 H, dt, CH2D, 
J h h  = 7.0, J HD = 1.5 Hz), 3.62 (6 H, s, MeO), 4.00 (1 H, t, CH, J = 7.0 
Hz), 6.65 (4 H, d, ArH, J  = 9.0 Hz), 6.98 (4 H, d, ArH, J  = 9.0 Hz); 
mass spectrum m/e (rel intensity) 243 (28, M +), 227 [100, (M —
CH2D )‘ |.

5-M ethyl-5fT-dibenzo[a,</]cycloheptene. Diglyme (20 ml) and 
LiAlH4 (1.0 g) were held at 140 °C when 2.0 g of 6 were added. After 
2 min, the reaction mixture was rapidly cooled and 15 ml of ethyl ac
etate was added, followed by 50 ml of 1 N hydrochloric acid. Extrac
tion with 2 X 50 ml of re-hexane yielded 1.5 g of a 1:1 mixture of geo
metrical isomers, mp 56 °C iMeOH).34 A, b 1.28 (3 H, d, Meax, J = 7.0 
Hz), 4.07 (1 H, q, CH«i, J = 7.0 Hz), 6.78 (2 H, s, CH=CH), 7.14 (8 
H, m, ArH); B, 5 1.81 (3 H, d, Me64, J  = 7.0 Hz), 3.42 (1 H, q, CHax, J 
= 7.0 Hz), 7.00 (2 H, s, CH=CH), 7.14 (8 H, m, ArH); mass spectrum 
m/e (rel intensity) 206 (33, M +), 191 [100, (M — Me)+],

H ydride Addition to l,l-B is(o-m eth oxyp h en yl)eth en e (2) in 
T H F . 2 (4.0 g), LiAlH4 (2.0 g), and 100 ml of dry THF were refluxed 
for 24 h, cooled, and carefully decomposed with 200 ml of hydrochloric 
acid. The products were extracted with CHCI3 which was washed with 
aqueous NaOH. The organic extract yielded 2.0 g of 2,2-bis(o- 
methoxyphenyl)propane: mp 93 °C (EtOH); b 1.68 (6 H, s, MeC), 3.28 
(6 H, s, MeO), 6.60-7.40 (8 H. m, ArH); mass spectrum m/e (rel in
tensity) 256 (60, M+), 241 [37, (M -  Me)+], 133 (41), 121 (100), 105 
(65), 91 (50), 77 (28).

The NaOH solution was acidified and extracted with CHC13, giving 
0.4 g of l,l-bis(o-hydroxyphenyl)ethene (18): mp 134 °C (CC14); b 5.35 
(2 H, br s, HO, exchangeable with D20), 5.58 (2 H, s, CH2), 6.80-7.30 
(8 H, m, ArH); mass spectrum m/e (rel intensity) 212 (29, M+), 195 
[100, (M -  OH)+[.

2.2- Diphenylpropane. 1 (5.0 g), LiAlH4 (2.0 g), THF (50 ml), and 
anisole (50 ml) were refluxed for 4 h, cooled, and then decomposed 
as above, including washing of the extract with aqueous NaOH, from 
which phenol could be isolated. Distillation gave 4.5 g of 2,2-diphen- 
ylpropane:11 bp 90 °C (0.3 mmHg); b 1.61 (6 H, s, Me), 7.14 (10 H, s, 
Ph); mass spectrum m/e (rel intensity) 196 (30, M+), 181 [100, (M — 
Me)+[.

2-Phenyl-2-(p-m ethoxyphenyl)propane. This compound was 
prepared as described above, using l-phenyl-l-(p-methoxyphenyl)- 
ethene (4.0 g), LiAlH4 (2.0 g), THF (40 ml), and anisole (40 ml) and
6-h reflux: bp 115 °C (0.3 mmHg) (3.1 g); b 1.58 (6 H, s, MeC), 3.64 (3 
H, s, MeO), 6.50-7.15 (9 H, m, ArH); mass spectrum m/e (rel inten
sity) 226 (12, M+), 211 [37, (M -  Me)+], 181 (30), 167 (28), 165 (27), 
136 (32), 122 (91), 121 (100); 107 (36), 94 (25), 91 (45), 77 (61).

2.2- B is(o-ethoxyphenyl)propane was similarly prepared from 
19 (4.0 g), in 80% yield: mp 83 °C (EtOH); b 0.84 (6 H, t, MeCH2, J =
7.0 Hz), 1.65 (6 H, s, MeC), 3.52 (4 H, q, CH2, J  = 7.0 Hz), 6.45-7.40 
(8 H, m, ArH).

5 ,5-D im eth yl-5H -10 ,ll-d ih yd ro d ib enzo[a ,< i]cycloh ep tene.
5 (5.0 g), LiAlH4 (2.0 g), THF (40 ml), and anisole (40 ml) were re
fluxed for 2 h, cooled, and decomposed with 200 ml of 1 N hydrochloric 
acid. The products were extracted with CHC13, washed with aqueous 
NaOH, dried over Na2COs, and evaporated under reduced pressure. 
re-Hexane (15 ml) was added to the residue and upon cooling, 0.6 g 
of a solid separated and was filtered off. This solid, mp 102 °C (re
hexane), was identified as 5-m ethyl-5-(u>-hydroxybutyl)-5H- 
10 ,ll-d ih ydrodibenzo[a ,if]cycloh epten e: b 0.90-1.60 (5 H, m, 
CH2CH2 + HO), 1.88 (3 H, s, Me), 2.10-2.37 (2 H, m, CH2C), 2.72-3.70 
(4 H, m, 10;il-CH2CH2), 3.50 (2 H, t, CH20), 7.05-7.53 (8 H, m, ArH); 
mass spectrum m/e (rel intensity) 280 (1, M +), 207 [100, (M —
c 4h 90 )+].

The re-hexane solution yielded 4.0 g of the desired product as an 
oil: b 1.85 (6 H, s, Me), 3.28 (4 H, s, CH2), 6.90-7.50 (8 H, m, ArH); mass 
spectrum m/e (rel intensity) 222 (28, M+), 207 [100, (M — Me)+].
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This compound was further characterized by its transformation 
to 5,5-dim ethyl-5H -dibenzo[a,d]cycloheptene, as follows. The 
above dihydro derivative (3.0 g), N -bromosuccinimide (2.5 g), di
benzoyl peroxide (70 mg), and CCI4 (50 ml) were refluxed for 1.5 h. 
The bromination was accompanied by spontaneous dehydrobromi- 
nation. The filtered solution was washed with aqueous NaHC03, and 
with NaHS03, followed by water. The desired product (2.3 g) was 
obtained after elution with petroleum ether (bp 40-60 °C) from a 
short neutral alumina (20 g) column. It solidified upon standing: mp 
46 °C;34 5 1.65 (6 H, s, Me), 6.90 (2 H, s, CH=CH), 7.05-7.48 (8 H, m, 
ArH); mass spectrum m/e (rel intensity) 220 (31, M+), 205 [00, (M — 
Me)+[.

1,1,2-Triphenylethane and 1,2,2-Triphenylpropane. 8 (2.0 g), 
LiAlHU (1.0 g), and diglyme (40 ml) were refluxed for 1.5 h. Careful 
acid hydrolysis and extraction with CHCI3 yielded 1.9 g of a mixture 
from which 1,2,2-triphenylpropane crystallized upon addition of 
n -hexane (10 ml). Recrystallizations from n-hexane and then from 
EtOH gave 0.5 g of the pure compound: mp 115 °C;35 b 1.53 (3 H, s, 
Me), 3.40 (2 H, s, CH2), 6.50-7.20 (15 H, m, Ph); mass spectrum m/e 
(rel intensity) (M+ was not observed) 181 [100, (M — PhCH2)+], 167
(26), 103 (27). 1,1,2-Triphenylethane (1.1 g) was obtained from the 
original n -hexane solution upon evaporation and recrystallization 
from EtOH: mp 53 °C;36 5 3.30 (2 H, d, CH2, J  = 8.0 Hz), 4.15 (1 H, 
t, CH, J = 8.0 Hz), 7.15 (15 H, br s, ArH).

9 ,9 ,10 ,10-T etram eth yl-9 ,l0 -d ih yd roan th racen e. Anthracene 
(2.0 g), LiAlH4 (1.0 g), and diglyme (30 ml) were heated for 6 h at 150 
°C, cooled, and decomposed with 200 ml of 1 N hydrochloric acid. The 
crystalline product was collected by filtration and yielded 1.7 g: mp
166-167 °C37 after recrystallization from EtOH; 6 1.64 (12 H, s, Me),
7.00- 7.50 (8 H, m, ArH).24 NMR analysis of an aliquot of the reaction 
mixture, pipetted 0.5 h from the start, revealed that 9,10-dihydro- 
anthracene was the major component of the reaction mixture at that 
time: S 3.85 (4 H, s, CH2), 7.15 (8 H, m, ArH).

5-M eth y l-o ff-10,1 l-d ihydrodibenzo[a,(/]cycloheptene-5-car- 
boxylic Acid. 5 (2.0 g), LiAlH4 (0.5 g), and THF (40 ml) were refluxed 
for 40 min, cooled, and decomposed with solid C02. Acidification with 
1 N HC1, filtration, dissolution in 1 N NaOH, and acidification of the 
clear basic solution yielded 1.1 g of the desired acid: mp 260 °C 
(EtOH); 5 (CDCI3) 2.15 (3 H, br s, Me), 2.85-3.43 (4 H, m, CH2CH2),
7.00- 7.30 (8 H, m, ArH); mass spectrum m/e (rel intensity) 252 (17, 
M+), 237 [40, (M -  Me)+], 207 [100, (M -  C02H)+], 192 (25), 191 (26), 
129 (39), 91 (34).

Preparatio n  of 9,9'-Dim ethyl-9,9'-bixanthyls. The appropriate
9-methylenexanthene (2.0 g), LiAlH4 (1.0 g), and 50 ml of THF (or 
diethyl ether for the 2,7-dibromoxanthenes) were refluxed for 2 h 
without exclusion of air. The usual workup gave the following com
pounds.

A. 9,9 '-D im ethyl-9,9'-bixanthyl (23), mp 153 °C (EtOAc), was 
prepared in 75% yield from 20: b (CDCI3) 1.68 (6 H, s, Me), 6.40-7.20 
(16 H, m, ArH); mass spectrum m/e (rel intensity) 390 (2, M +), 195
(62), 194 (100), 181 (60), 165 (37).

B. 2,2',7,7',9,9'-H exam ethyl-9,9'-bixanthyl (24), mp 145 °C 
(EtOH), was prepared in 60% yield from 2 1: 5 (CDCI3) 1.52 (6 H, br 
s, 9,9'-Me), 2.16 (12 H, s, MeAr), 6.43 (4 H, br s, H-1,8), 6.86 (4 H, d, 
H-4,5), 7.04 (4 H, dd, H-3,6) ( J h h  = 7.0 and 2.0 Hz, respectively); mass 
spetrum m/e (rel intensity) 446 (1, M+), 223 (100, M/2+), 222 (68, 
C16H140 +), 209 (57, C15H130+).

C. 2,2',7,7'-Tetrabrom o-9,9'-dim ethyl-9,9 '-bixanthyl (25), mp
167 °C (EtOAc), was prepared from 22, in 50% yield: b (CDCI3) 1.73 
(3 H, s, Me), 1.80 (3 H, s, Me), 6.95-7.80 (12 H, m, ArH).

2,7-D ibrom o-9-(2',7'-dibrom o-9'-m ethyl)xanthylm ethylenex- 
anthene (29). This compound, mp 202 °C (MeOH-EtOAc), was 
prepared by the usual procedure, under N2 atmosphere, from 28, in 
50% yield: 5 (CDC13) 1.78 (3 H, s, Me), 6.40 (1 H, s, H -ll), 6.80-7.50 
(11 H, m, Ar-H), 7.90 (1 H, d, H-l).

2-Phenylpropane. 10 (5.0 g), LiAlH4 (2.0 g), and diglyme (40 ml) 
were heated for 3 h at 150 °C, cooled, and decomposed with 200 ml 
of 1 N HC1. Extraction with hexane (100 ml), drying over neutral 
alumina, and distillation gave 3.1 g of 2-phenylpropane: bp 152 °C; 
a 1.24 (6 H, d, Me, J = 7.0 Hz), 2.39 (1H, septet, CH, J  = 7.0 Hz), 7.25 
(5 H, br s, Ph).

Only a trace of phenylethane could be detected by lH NMR spec
troscopy upon application of this procedure to styrene. Changing the 
solvent to THF mainly gave again polymerization of styrene.

Reduction of Tetraphenylethene (14) with LiA lH 4 in Diglyme. 
14 (2.0 g), LiAlH4 (1.0 g), and diglyme (30 ml) were heated at 150 °C. 
At various time intervals, a 1.0-ml aliquot of the reaction mixture was 
pipetted into 20 ml of chilled 1 N HC1. Extraction with CC14, drying 
over Na2CC>3 and neutral alumina, evaporation, and dissolution in 
0.5 ml of CC14 were followed by an NMR analysis. Representative

Table IV . Products Form ed  fro m  1 4  and L iA lH 4 at 1 5 0  °C  
along the R eactio n  Coordinate

Time 
from 

start, h

Consump
tion o f  
14 ,%

Com pd, m ol %

Ph2-
CHCHPh2 PhjCHMe Ph2CMe2 Phx ]Ph

18 50 31 53 6 10
28 60 3 36 36 25

120 100 1 5 71 23

results are given in Table IV.
9,10-D ihydrophenanthrene. 13  (5.0 g), LiAlH4 (2.5 g), and di

glyme (30 ml) were refluxed for 36 h, cooled, and decomposed with 
200 ml of 1 N HC1. Extraction with 2 X 50 ml of CHC13, drying over 
neutral alumina (20 g), and fractional distillation yielded 9,10-dihy- 
drophenanthrene (3.5 g): bp 180 °C (25 mmHg); S 2.84 (4 H, s, CH2)
7.20-7.85 (8 H, m, ArH).

R e g istry  No.— 1, 530-48-3; 2, 28358-60-3; 3, 4356-69-8; 4, 2919-
19-9; 5 ,2732-90-3; 6, 2975-79-3; 7 ,39799-27-4; 8 ,58-72-0; 9 ,778-66-5; 
10, 98-83-9; 1 1 , 103-30-0; 1 2 ,120-12-7; 1 3 ,85-01-8; 1 4 ,632-51-9; 17,
56751-16-7; 18, 56751-18-9; 19, 56751-13-4; 20, 55164-22-2; 2 1,
55164-24-4; 22, 55164-25-5; 23, 55164-28-8; 24, 60047-59-0; 25,
60047-60-1; 28, 55517-21-0; 29, 60047-61-2; 30, 10482-83-4; 3 1 ,
22057-80-3; phenetole, 103-73-1; ethyl acetate, 141-78-6; 5ff-diben- 
zo[a,d]cyclohepten-5-one, 2222-33-5; 1,1-diphenylethane, 103-29-7; 
LiAlH4, 16853-85-3; 2,2,3,3-tetraphenylbutane, 10496-82-9; 1,1- 
diphenyl-2-deuterioethane, 4416-97-1; LiAlD4, 14128-54-2; 1,1- 
bis(p-methoxyphenyl)ethane, 10543-21-2; l,l-bis(p-m ethoxy- 
phenyl)-2-deuterioethane, 60047-62-3; 5-methyl-5H-dibenzo- 
[a,d]cycloheptene, 56175-82-7; 2,2-diphenylpropane, 778-22-3; 2- 
phenyl-2-(p-methoxyphenyl)propane, 6623-93-4; l-phenyl-l-(p- 
methoxyphenyl)ethene, 4333-75-9; 2,2-bis(o-ethoxyphenyl)propane, 
60047-63-4; 5,5-dimethyl-5H-10,ll-dihydrodibenzo[a,ci]cycloheptene, 
60047-64-5; 5-methyl-5-(a)-hydroxybutyl)-5//-10,ll-dihydrodiben- 
zo[a,d]cycloheptene, 60047-65-6; 5,5-dimethyl-5H-dibenzo- 
[a,d]cycloheptene, 50356-63-3; 1,1,2-triphenylethane, 1520-42-9;
1,2,2-triphenylpropane, 16874-18-9; 9,9,10,10-tetramethyl-9,10- 
dihydroanthracene, 24269-10-1; 5-methyl-5fiT-10,ll-dihydrodiben- 
zo[a,d]cycloheptene-5-carboxylic acid, 60047-66-7; 2-phenylpropane,
98-82-8.
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The photoinduced transformation of ethyl ]V-phenylcarbamate (1) to ethyl o -aminobenzoate (2), ethyl p-amino- 
benzoate (3), and aniline (4) is concentration dependent. At low concentrations, aniline is the exclusive nonpolym- 
eric product. At higher concentrations of 1, all three products are observed with 2 predominant, but the photoyield 
is reduced. The results are attributed to the formation of hydrogen-bonded aggregations at higher concentrations 
which favors similar rearrangement as observed in photo-Fries reactions and to the photolability of 3 and 4.

Since the initial discovery o f the photo-Fries rearrange
ment by Anderson and Reese in I960,1 similar reactions are 
found to be fairly general for aromatic systems linked to  a 
carbonyl or sulfonyl group through a heteroatom, particularly 
O, N, or S. Scheme I depicts the overall reaction types ob-

Scheme I

X  =  —0 —-, —NR—, —S—, 
Y =  R—, R C 0 -, ROCO— 

RSQr-etc.

solvent cage

solven t photo-Fries products

photo degradation product

served along with the generally accepted mechanism involving 
initial light induced hom olytic cleavage o f  the X - Y  bond 
followed by rearrangement o f  the resulting biradical to  the 
observed ortho and para products. In addition, cleavage 
products resulting from  hydrogen atom abstraction by the 
intermediate radicals usually accom pany the rearrangement 
products. However, the absence o f  crossover products20 has 
led to the suggestion2® that the rearrangements proceed by 
intramolecular 1,3 and 1,5 sigm atropic shifts, but this inter

pretation has been questioned .3 On the other hand, the ab
sence o f  crossover products from  radicals may be explained 
if  such intermediates are trapped in a solvent cage .4 The 
degradation products resulting from  hydrogen abstraction 
evidently result from escape o f the radicals from the cage. This 
is consistent with the observation that the ratio o f  rear
rangement to degradation products is enhanced in viscous 
solvents in which the cage should be more efficient.5-6 In fact, 
no degradation products were observed at all in a polyethylene 
matrix .7

Our interest in the photodegradation o f polyurethanes 
prom pted this present investigation o f the photochem istry 
o f  ethyl N -phenylcarbam ate ( 1 ) as a m odel representative. 
Irradiation o f  1 under a variety o f  conditions has been pre
viously reported8 -1 2  to afford a combination o f photoinduced 
rearrangements and photodegradation products as summa
rized in Table I. As seen, the percent conversion o f  1 is con
sistently low and the ratio o f  degradation to rearrangement 
products appears to be nearly independent o f solvent viscosity 
and irradiation time.

Recently, Schwetlick and co-workers1 1 -13 -14 have examined 
the photoproducts carefully for a variety o f  N -phenylcar- 
bamates and measured the quantum yields in different sol
vents. Their results were ascribed to a com bination o f  N -C  
bond cleavage (Scheme I) and C - 0  bond cleavage which af
fords an amido radical which further dissociates to the anilino 
radical and carbon monoxide; the form er eventually gives 
aniline and/or polymers.

A systematic analysis o f  the concentration dependence o f 
the carbamates on the overall photoyields and relative ratios 
o f  the photoproducts has not been attem pted. Such an in
vestigation should provide clues as to the nature o f  the in
termediates and whether the process is concerted or one in
volving biradical intermediates. Secondly, the photostabilities 
o f  the products have not been investigated. Recent work 16 on
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Table I. Irradiation o f  Ethyl N-Phenylcarbamate (1)

Irradr.
source0

Time, h 
(tem p, °C) Concn o f 1 % convn

B 96 (25 ) 0.25 M (f-BuOH) 5
A 95 (65) 0.066 M (C2H5OH) 14
A 48 (60) Molten, under 0 2 7
B 6 ( 2 0 ) 1.5 X 10 ' 2 

(several solvents)
1 7 -3 0

C 8 (25) 10~2 (¿-PrOH) 8

% yields6

2 3 4 Others R ef

53 14 10 8
37 8 30 9
37 3 34 A zo compd 10

2 4 -4 3 1 6 -3 4 5 -1 9 11

23 29 24 12
0 Source A, low-pressure Hg lamp; source B, medium-pressure Hg lam p;source C, high-pressure Hg lamp. 6 The percent 

yields were determined by GLC.

Table II. Photolysis0 o f  Ethyl N-Phenylcarbamate (1)

Yield, %b Solvent
% conver- --------------------------------------------- % loss0 dimers 5, 6

Entry Solvent Concn, M Time, h sion o f 1 2 3 4 o f 1 (m ole ratio)^

A. Neutral Medium

1 Ethanol 10-3 3 99 0 0 Tr 99 5 ( 9 )
2 Ethanol 1 0 "3 2 4 99 0 0 0 99 5 ( 9 )
3 Ethanol 2 X 1 0 " 3 10 5 6 .7 0 0 Tr 5 6 .7 5 ( 9 )
4 Ethanol 3 . 5 ( 1 0 - 3 ) 24 60 0 0 Tr 60 5 ( 9 )
5 Ethanol 6 X 1 0 ~ 3 24 45 2 .5 0 .5 1 41
6 Ethanol 10 "2 3 6 29 2 .5 1 .5 1 13
7 Ethanol 1 0 "2 24 20 3 3 1 13 5 ( 9 )
8 Ethanol 5 X 1 0 ~ 2 24 7
9 Cyclohexane 1 0 '3 24 99 0 0 0 99 6 ( 0 . 5 )

10 Cyclohexane 2 . 5 ( 1 0 -3 ) 24 74 21 16 4 33 6 ( 0 . 5 )
11 Cyclohexane 5 X 1 0 " 3 24 55 10 7 2 36 6 ( 0 . 5 )
12 Cyclohexane 10 "2 24 32 7 4 1 20 6 ( 0 . 4 )
13 Cyclohexane 2 X 1 0 ' 2 24 18 4 3 2 8 6
14 Cyclohexane 5 X 1 0 “ 2 24 8 2 2 2 2 6

B. Acid Medium
15 Ethanol 3 . 3 ( 1 0 ~ 2) 7 2 7 2 0.8 2 2
16 Ethanol 8 X 1 0 " 2 7 2 4 0.8 0.2 1 2
17 Cyclohexane 5 X IO' 3 7 2 16 2.3 1 7 .5 5
18 Cyclohexane 5 X 1 0 ~ 3 7 2 15 4 0 6 5
0 Photolysis was carried out in cell o f  100-ml capacity under nitrogen. A  Hanovia low-pressure mercury lamp (90%  emis

sion at 2537 A ) was used and the temperature varied from  42 to  48 °C. 6 Based on  the internal standard used during GLC 
analysis. (See Experimental Section.) c Percent loss is the difference between the percent conversion o f  1 and the com bined 
percentage yields o f  2, 3, and 4 and it is indicative o f  the polym eric material form ed from  1. d Mole ratio refers to  the num
ber o f  moles o f  meso- and dl-2,3-butanediol (5 ) or cyclohexylcyclohexane (6 ) form ed per m ole o f  1 converted.

the photolysis o f  aniline has dem onstrated a two-electron 
ionization process giving rise to anilinium ion and solvated 
electrons.

In order to gain further insight into the above questions, a 
systematic investigation o f the photolysis o f  1  was undertaken 
in the polar protic solvent ethanol and the nonpolar aprotic 
solvent cyclohexane.

Results and Discussion

As a initial probe, a 5 X 10~ 5 M  solution o f 1 in ethanol was 
irradiated at 2537 À using uv spectroscopy to  m onitor the 
disappearance o f starting material. Surprisingly, in contrast 
to reports o f  others, at 42 °C  the half-life for conversion o f 1 
was only ca. 2.5 h. Even more unexpectedly, the photorear- 
rangec products 2 and 3 were com pletely absent as evident 
from the lack o f characteristic absorptions at 330 and 290 nm, 
respectively. Concentration o f the reaction solution and 
subsequent analysis by G LC indicated trace amounts o f  ani

line (4) but no evidence for 2  and 3. T he bulk o f the products 
appeared to be nonvolatile, colored, polymeric materials which 
could not be characterized.

In view o f the divergence o f the above results from  t io se  
previously reported, the concentration dependence o f the 
conversion o f 1 was followed by  GLC and the results sum 
marized in Table II. In 10~ 3 to  3.5 X 1 0 - 3  M  ethanolic solu
tions, 1 was completely consumed within 24 h but only aniline
(4) was produced and only in trace quantities with no evidence 
for rearrangement products 2 and 3. However, significant 
amounts o f  m eso - and d/-2,3-butanediol (5) were detected, 
apparently arising from dimerization o f solvent (vide infra). 
As the concentration o f 1 in ethanol was increased (to 6  X 10- 3  

M ), photoinduced rearrangement products began to appear 
with the ortho (2) predominating. As the concentration o f  1 
was further increased, the yield o f  the para product 3  im 
proved; however, the yield o f  aniline was essentially constant 
at about 1%. In addition, the percent conversion o f 1 dra-
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Table III. Relative Photostabilities3 of Aromatic Amines
Solvent
dimer

En
try Amine Solvent Concn, M

%
lost6

(mole
ratio)3

1 2 Ethanol 5 X 1 (T 3 12 5 (trace)
2 2 Cyclo- 1 0 '2 2 None

hexane
3 3 Ethanol 5 X 1 0 '3 86 5 (3 .0)
4 3 Cyclo- 10~2 43 6 (0.2)

hexane
5 4 Ethanol 1 0 "2 100 5 (1 .9 )
6 4 Cyclo- 1 0 '2 90 6 (0 .025)

hexane
7 1 97

2 Ethanol 4 X 10~3 9
3 each 65
4 99

8 2 1
3 Cyclo- 4 X 1 0 "3 16
4 hexane each 63

3 Photolysis was carried out in a cell o f  100-ml capacity 
under nitrogen for 24 h. A  Hanovia low-pressure mercury 
lamp (90% emission at 2537 A ) was used. The temperature 
varied from  42 to 48 °C. 6 Based on the internal standard 
used during GLC analysis. (See Experimental Section.) 
c Mole ratio refers to the number o f moles o f m eso- and dl- 
2,3-butanediol (5) or cyclohexylcyclohexane (6 ) form ed per 
mole o f  amine destroyed.

matically dropped as photo-Fries products 2 and 3 began to 
appear.

In cyclohexane, similar results were obtained except that 
photoproducts 2 and 3 began to appear at lower concentra
tions (2.5 X 10~3); solvent dimer [cyclohexylcyclohexane (6 )] 
was also produced.

Ostensibly, the form ation o f  dim eric products 5 and 6 is 
indicative o f  hydrogen abstraction from  ethanol and cyclo
hexane, respectively. Photoinduced rearrangement products 
do not involve hydrogen abstraction from  solvent, but the 
formation o f aniline from  anilino radicals does. The miniscule 
amounts o f  aniline produced implies that it is probably con 
sumed in a subsequent polymerization step as illustrated in 
Scheme II.

Scheme II
CH3CHOHCHOHCH3 

meso +  dl

NH,
+  CH3CHOH

hyf

,NH.

polymers

P  +  o

0 - 0 0

Indeed, under identical photolytic conditions, aniline in 
ethanol was completely destroyed forming polymeric products 
and 2,3-butanediols (5); 2 mol o f  5 were produced per mole o f 
4 (Table III, entry 5). In cyclohexane, the disappearance o f 
aniline occurred more slowly and 6 was produced only in small 
quantities (Table III, entry 6 ). Ethyl p-aminobenzoate (3) also

reacted under photolysis (entries 3  and 4 ,  Table III). However, 
the ortho isomer 2  was quite stable with only ca. 2  and 1 2 % 
losses o f 2  observed in cyclohexane and ethanol, respectively 
(Table III, entries 1 and 2). Similarly, irradiation o f a mixture 
o f  1, 2, 3, and 4 resulted in the com plete destruction o f 4 in 
ethanol (64% in cyclohexane) and, again, the least affected 
com pound was the ortho derivative 2 (entries 7 and 8 , Table
III). From these observations, it appears that the photoin
duced rearrangement products previously reported are not 
the primary products o f  photolysis and further, the predom 
inance o f the ortho isomer 2  is evidently an artifact, arising 
from selective destruction o f the para product and o f aniline. 
The mechanism for the photodestruction o f aniline in ethanol 
(at 77 K ) has been investigated by A lfim ov 16 and appears to 
involve a two-quanta photoionization process to  yield anil- 
inium ions and solvated electrons. The latter, upon warming, 
produced CH 3CHOH radicals which were identified by EPR. 
In our case, these radicals evidently dimerize to observed 
m eso - and dZ-butanedicls (5). Ethyl p-am inobenzoate (3) 
probably undergoes a similar reaction, but is considerably 
deactivated by the electron-withdrawing ester group. The 
unusual photostability o f  2  can be accounted for in terms o f 
a mechanism involving prototropy rather than ionization as 
with 3 and 4. Photolysis o f  2  may result in the transfer o f a 
proton from the amine nitrogen to the carbonyl oxygen giving 
rise to the unstable im ino enol which spontaneously reverses 
back to 2 in a thermal process. Similar processes are well 
known in a num ber o f  ortho-substituted aromatic sys
tem s . 16

Photostability o f 2  also provides a handle for estimating the 
lower concentration lim it for 1  at which the rearrangement 
pathway begins to operate (ca. 6 X  1 0 - 3  M  in ethanol and ca.
2 . 5  X  1 0 - 3  M  in cyclohexane). Since 2  is absent at lower con
centrations, a concerted sigm atropic mechanism for pho
toinduced rearrangement may be ruled out since intram o
lecular process should be quite com petitive at low concen
trations.

The direct formation o f aniline from 1 at low concentrations 
was dem onstrated by trapping the primary photolysis prod
ucts in the presence o f HC1 as the amine salts which prevents 
subsequent decay. As expected, aniline is the major product 
during the photolysis o f  1 in ethanol in the presence o f  HC1 
even in concentration ranges as high as 3 . 3  X  1 0 ~ 2 and 8 . 0  X
1 0 - 2  M  (Table II, entries 15 and 16). In cyclohexane, in the 
same concentration ranges, rearrangement com petes more 
efficiently with photodegradation to aniline (Table II, entries 
1 7  and 1 8 ) .

T he low yields o f  photoproducts at higher concentrations 
o f  1  may arise from  self-quenching o f  a triplet excited state. 
Such a state has been implicated by Beachell and Chang10 on 
the basis that the oxygen absorption rate o f  1  during photol
ysis was enhanced by triplet sensitizers. 106 In fact, the pho
toreaction o f 1  was suppressed in the presence o f  a triplet 
quencher (naphthalene) even at low dilution. The theoretical 
rationale for triplet state participation in the photo-Fries 
rearrangement has been provided recently by Dauben, Salem, 
and T urro . 17

In N-substituted anilines, the rate o f  form ation as well as 
the lifetime o f the triplet states18 is increased com pared to 
those in aniline. In 1, a triplet excited state geometry will aid 
in weakening the N -C  bond through hyperconjugative effect 
o f  the 7r electrons o f the benzene ring. (See Scheme III.) Such 
a bond weakening is not possible in the singlet excited state. 
However, the longer lifetim e also makes the triplet state 
vulnerable to possible self-quenching by other nonexcited 
molecules o f  1. T he amine products 2 ,3 , and 4 should also be 
efficient as triplet quenchers . 19

At low concentrations (10~ 3 M ) the reactant molecules are 
solvent separated and the efficiency o f a bimolecular
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Scheme III

quenching process will decrease accordingly. The bond 
cleavage at N -C O  bond can now occur producing the anilino 
and ethyl carboxylate radicals. The anilino radical may ab
stract a hydrogen from  the solvent forming aniline while the 
carboxylate radical probably undergoes further cleavage 
producing carbon dioxide and ethyl radicals. This process is 
exotherm ic by 7 k ca l/m ol1 1  (activation energy o f ca. 1 kcal/ 
m ol20). T he ethyl radical is converted principally to ethylene, 
hydrogen, and methane . 1 1

A t higher concentration, 1 forms cyclic hydrogen-bonded 
dimers as well as chain polymers. This aspect has been studied 
in detail by Zharkov and Rudnevskii.21

In hydrogen-bonded aggregates there is greater scope for 
photo-Fries type rearrangement; however, there is also an 
increased possibility for self-quenching. Thus, the appearance 
o f the photorearrangement products is accom panied by a 
corresponding decrease in photoyields (Table II). Further, 1 
will form  hydrogen-bonded clusters at a lower concentration 
in apolar solvents such as cyclohexane than in the polar protic 
solvent ethanol. Thus, rearrangement products should appear 
at lower concentration levels in cyclohexane than in ethanol 
and this is indeed observed.

The above mechanistic details are presented in Scheme III. 
T he results seem best accommodated by the assumption that 
an equilibrium exists between the monomers and hydrogen- 
bonded polymers o f  1  which controls the product distribution. 
Viscosity seems to  play a minor role. At low concentrations 
monomers predominate. T he num ber o f  photons per mole o f

1  is high and the percentage conversion o f 1  is also substan
tial.23 Aniline is the only product form ed in substantial 
quantities but it is destroyed in a subsequent photochem ical 
step. As the concentration o f 1 increases, the equilibrium shifts 
in favor o f  hydrogen-bonded clusters and photo-Fries prod 
ucts begin to form. However, bimolecular quenching also b e 
comes efficient and the photoyield goes down; the number o f 
photons per mole o f  1 also decreases. Such a decrease not only 
cuts down the yield o f  products but also their subsequent 
photodestruction. (See Table III, entries 7 and 8 .) A t long 
exposure times, the percentage o f the ortho isomer 2  will in 
crease relative to 3 and 4 because o f its optical stability. A 
steady state mechanism will operate maintaining the con 
centrations o f  3 and 4 at a constant level.

Sum m ary. Am ong com pounds undergoing photoinduced 
rearrangement, ethyl N -phenylcarbamate ( 1 ) is apparently 
a special case. The extent o f photoconversion is concentration 
dependent possibly because o f the involvem ent o f  a triplet 
excited state. At low concentrations, only aniline (4) is formed 
through hydrogen abstraction from  surrounding solvent 
molecules. At higher concentrations, 1 forms hydrogen- 
bonded clusters which undergo essentially photo-Fries type 
rearrangement; however, these clusters are also vulnerable to 
self-quenching and hence the photoyields are low. Unless 
protonated by an acid, aniline is com pletely decom posed to 
polymeric material in a subsequent photoionization process. 
Ethyl p-am inobenzoate (3) is also degraded, but to  a smaller 
extent. The ortho isomer 2 is however stable probably because
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o f  its conversion to  a conjugated im ino enol which cannot 
undergo photoionization. It is unlikely that 2 and 3 are formed 
in concerted sigmatropic rearrangements.

Experimental Section

Commercial ethyl N -phenylcarbamate was decolorized by activated 
carbon in refluxing ethanol and purified by sublimation, mp 52 °C 
(lit.10 52 °C). Aniline and ethyl o-aminobenzoate was distilled before 
use and ethyl p-aminobenzoate was purified by crystallization in 
ethanol. A mixture of meso- and dZ-2,3-butanediol was prepared by 
the reduction of 2,3-butanedione with lithium aluminum hydride in 
refluxing ether.

Photochemical Apparatus. A 100-ml photocell was employed 
which was provided with a 24/40 joint for inserting a Hanovia low- 
pressure mercury lamp (2.5 W) emitting 90% of radiations of 2537 A. 
The cell was provided with an air-tight condenser and flushed with 
nitrogen before and during photolysis. The solution in the cell was 
stirred magnetically. The cell was wrapped in aluminum foil.

After photolysis, the solution was concentrated24 on a rotary 
evaporator and was directly analyzed in a gas chromatograph using 
a 6-ft 20% Carbowax (20M) column (0.125 in. diameter) operating 
between 170 and 210 °C. Sulfolane was used as an internal standard 
whenever necessary and the response ratios were evaluated from pure 
authentic samples. The experimental results are summarized in Table 
II. When photolyzed in the presence of an acid (usually HC1,10“ 1 M) 
the photoproducts were basified and extracted with ether. The ether 
solution was dried (MgS04), concentrated, and analyzed as before.

Kinetic Runs. The photocell was similar to the one described 
above. A 5 X 10-5 solution of 1 in ethanol was taken in the flask and 
photolyzed over a period of 24 h. Samples (5 ml) were withdrawn 
periodically by means of a syringe and the uv spectrum recorded for 
each sample. From the change in the absorbance at 2340-2350 A, the 
rate of disappearance of I was evaluated to be 4.587 ±  0.178 X 10-3 
min-1 corresponding to a half-life of 2.5 h.

The output of the lamp was determined with an uranyl oxalate 
actinometry according to'the method of McLaren and Schugar.22 The 
quantum yield was of the order of 0.45.
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The action of trimethyl phosphate (TMP) on cytosine, thymine, uracil, adenine, and guanine has been examined 
in a homogeneous aqueous phase at 25-60 °C, pH 9-12. All these nucleic acid-bases underwent methylation reac
tions, showing the following reactivity order on the methylating site in each base: cytosine, N -l > N-3; thymine and 
uracil, N -l ~  N-3; adenine, N-9 ~  N-3 > N-7, N -l; guanine, N -l 2; N-7 > N-3 > N-9, 0-6. These results and reac
tions of monomethylated bases with TMP suggested TMP as an useful modifying agent for nucleic acids. The use 
of TMP as additives for commercial products was also considered briefly.

The direct N-alkylation o f  basic moieties o f  nucleic acids 
has been the subject o f  considerable chem ical and biological 
interest in recent years. Such reactions may be not only useful 
in a synthetic point o f  view but also relevant to  the study o f 
mutagenic and carcinogenic effects which occur in living 
systems caused by alkylating agent.

Various alkylating agents have been em ployed in such in 
vestigations such as nitrogen 1 ’2 and sulfur3’4 mustards as well 
as diazoalkanes,5’6 alkyl esters o f sulfurous oxy acids,7 -1 3  alkyl 
halides, 14 -16  and others . 17 -2 0

However, there have been no alkylation studies with tri
methyl phosphate (T M P ), although T M P  has been shown

recently to cause mutagenic effects in male m ice21 as well as 
in Neurospora .22 In vivo, T M P  has been reported to function 
as alkylating agent, degrading in the rat to dimethyl hydrogen 
phosphate with formation o f S-m ethylcysteine as an urinary 
m etabolite .23 It would, therefore, be interesting to study the 
reactivity o f  T M P  toward nucleic acids, their components, and 
other natural products.

W ith these aspects in mind, we have studied the reactivity 
o f  T M P , showing previously N -m ethylation o f  imidazoles, 
purines, and pyrimidines upon fusing these bases in T M P  at 
160-220 °C .24’25 Aside from  its synthetic utility, however, this 
procedure would be too  vigorous for the study o f the action



3692 J. Org. Chem., Vol. 41, No. 23,1976 Yamauchi, Tanabe, and Kinoshita

Table I. Product Distribution in the Reactions of Pyrimidines and Purines with Trimethyl Phosphate (TMP)°

Spectroscopic yield, % e______ Isolated^
Xmax (log ()d 25 °C 37 °C 60 °C yield, Registry

Base Product6 pH Rfc at pH 7 24 h 48 h 10 h 24 h 10 h 24 h % no.

Cytosine 1-Methyl-C (4) 11-12 0.41 275.0 (4.02) 34 48 33 40 36 41 28 1122-47-0
(1) 1,3-Dimethyl-C (5) 0.08 281.5 (3.98) 0 0 0 0 0 0 9 6749-87-7

1,3-Dimethyl-U (11) 0.80 267.0 (3.92) 0 0 0 0 5 10 12 874-14-6
(Cytosine) 0.19 267.0 (3.79) 61 46 66 57 55 40

Thymine 1-Methyl-T (6) 9-10 0.62 273.0 (3.99) 13 16 14 21 18 23 12 4160-72-9
(2) 3-Methyl-T (8) 0.82 266.0 (3.85) 12 14 14 15 16 18 17 4160-77-4

1,3-Dimethyl-T (10) 0.88 272.0 (3.97) 7 17 6 18 31 36 52 4401-71-2
(Thymine) 0.20 265.0 (3.90) 55 41 63 42 32 20

Uracil (3) 1-Methyl-U (7) 9-10 0.58 267.5 (3.93) 13 20 16 21 20 21 12 615-77-0
3-Methyl-U (9)g 0.74 260.0 (3.87) 12 17 15 17 18 18 13 608-34-4
1,3-Dimethyl-U (11) 0.88 267.0 (3.92) 7 17 6 18 31 36 5
(Uracil) 0.26 260.0 (3.91) 60 33 57 36 25 17

Adenine 3-Methyl-A (13) 9-10 0.51 0.28 274.0 (4.01) 27 34 20 25 29 23 6 5142-23-4
(12) 7-Methyl-A (15) 0.18 0.09 269.0A" 0 6 5 5 3 2 935-69-3

9-Methyl-A (14) 0.74 0.46 263.0 (4.09) 28 34 24 30 32 28 27 700-00-5
AT6,9-Dimethyl-A (16) 0.84 0.58 268.0 (4.10) 0 4 0 2 10 10 10 2009-52-1
3,7-Dimethyl-A (17) 
Imidazole ring-opened

0.02 0.01 278.01-'* 0 0 0 0 6 14 60065-12-5

lV6,7,9-trimethyl-A 0.18 0.04 263.5-' 0 3 4 5 4 6 1 49581-54-6
(18)
(Adenine) 0.55 0.31 260.0 (4.13) 32 13 34 19 3 2

Guanine 1-Methyl-G (23) 11-12 0.08 0.33 250.0 (3.87) 27 30 20 1 938-85-2
(22) .

7-Methyl-G (24) 0.15 0.47
274.5 (3.77)
250.0s
283.5A'1

0 10 0 578-76-7

1,7-Dimethyl-G (25) 0.23 0.65 253.0 (3.76)
284.0 (3.81)

10 8 15 2 26758-00-9

3,7-Dimethyl-G (26) 0.10 0.53 270.0 (3.76) 11 12 16 10 19143-67-0
Imidazole ring-opened 0.23 269.0 (4.22)' Tr Tr 7 20 60065-13-6

1,7,9-trimethyl-G (27) 
0 6,3,7-Trimethyl-G (28) 0.34 (3.82) m 

269.0
Tr Tr 5 4 60065-14-7

(Guanine) 245.0 (4.04)
274.0 (3.92)

17 14 6

a Reaction size: a base i0.90 mmol) +  TM P (10.80 mmol) +  H 2O (5 ml) at 25 °C; a base (1.80 mmol) +  TM P (5.40 mmol) +  H 2O 
(5 ml) at 37 and 60 °C. b C, T, U, A, and G refer to cytosine, thymine, uracil, adenine, and guanine rings, respectively. c Aluminum 
oxide TLC, solvent C for reaction mixtures o f thymine and uracil; silica gel TLC, solvent D for the reaction mixture of cytosine; solvent 
D (left Rf) and solvent C (right Rf) for the reaction mixture of adenine; solvent B (left Rf) and solvent E (right Rf) for the reaction 
mixture o f guanine. d Ultraviolet spectra in acidic (pH 1) and basic (pH 13) conditions were identical with those reported in literatures 
cited in the Experimental Section. c Tr refers to a trace yield, f Yields based on isolated amounts o f products. Reactions were carried 
out using a large excess of TM P; see Experimental Section for details. s Mp 189.5-191 °C (EtOH-ether) (lit.40 174-175 °C). h Xmax
274.0 nm (pH 1), 269.0 (pH 13) [G. B. Elion, J. Org. Chem., 27, 2478 (1962): Xmax 274 nm (pH 1), 270 (pH 13)]. ; Xmax 281.0 nm (pH
13) [lit.27 Xmax 277 nm (pE  7) and 281 (pH 13) ] .1 Xmax 269.0 nm (pH 1), 261.0 (pH 13) [ref 12 reports Xmax 271 nm (pH 1) and 260 (pH 
13) for the imidazole ring-opened lV6,7-dimethyladenosine]. k Xmax 251.5 and 272.0s nm (pH 1) [W. Pfleider, Justus Liebigs Ann. 
Chem., 647,167 (1961), reports Xmax 250 and 270s nm (pH 1); 248,s 283 (pH 7)]. Rf o f the authentic sample: 0.15 (solvent B) and 0.47 
(solvent E). 'Xmax 269.0 nm (4.33) (pH 1) and 269.0 (4.21) (pH 13). m Xmax 267.0 nm (3.90) (pH 1) and 291.0 (3.72) (pH 13). " Compound 
was not isolated. sShoulder.

o f  T M P  on many natural products, where milder conditions 
are required.

This paper presents reactions o f  T M P  with nitrogen het
erocycles o f nucleic acids in an aqueous solution o f pH  9-12 
at 25-60 °C , revealing facile methylation o f these bases. 
Whereas other alkylating agents such as mentioned above are 
little soluble in water, T M P  is miscible freely with water and 
allowed alkylation reactions to be run in a homogeneous 
aqueous phase for the first time.

Following are the characterization o f products from  reac
tions o f cytosine (1), thymine (2), uracil (3), adenine (12), and 
guanine (22). The reactivity o f  these nucleic acid-bases will 
be also com pared qualitatively in the succeeding section and 
discussed in terms o f selective alkylation by  T M P .

Results and Discussion

Reactions were generally carried out at 25,37, and 60 °C  by 
mixing a base and T M P  in water at an appropriate pH  (pH
9-11 for 2 ,3 , and 12 and pH  11-12 for 1 and 22). Although the

relatively high pH was used for 1 and 22 to overcom e the low 
solubility o f  these bases, hydrolysis o f  T M P  was slow even 
under this condition. For example, when the same molar 
mixture o f  T M P  and water as in the alkylation reaction was 
kept at 37 and 60 °C for 24 h at pH 11, the extent o f  hydrolysis 
o f  the ester was about 3 and 10%, respectively. T he decom 
position o f the ester was virtually negligible between pH  9 and 
10.

Products were separated by a combination o f extraction and 
colum n chromatography. Alkylation sites were determined 
m ost conveniently by ultraviolet, N M R , and mass spectra. 
Other physical constants (Rf, melting point, elemental anal
ysis, etc.) were also em ployed for the identification o f  prod 
ucts.

Cytosine (1), Thymine (2), and Uracil (3 ). Alkyl halides 
in dimethyl sulfoxide in the presence o f  potassium hydroxide26 
and dim ethyl sulfate in dim ethylform am ide or dim ethyl- 
acetamide11 have been m ost frequently utilized for the direct 
alkylation o f  these pyrimidines. These reagents convert 1 to
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Table II. Reactions of Monomethylpyrimidines and -purines with Trimethyl Phosphate (TMP)0

Yield, % b
Reactant Product 7 h 14 h 24 h

1-Methylcytosine (4) 1,3-Dimethyluracil (11) Tr Tr 4(95)
1-Methyluracil (7) 1 1 15 (83) 23 (73) 37 (60)
3-Methyluracil (9) 1 1 12 (84) 24 (73) 40 (55)
3-Methyladenine (13) 3,7-Dimethyladenine (17) 8(77) 11 (74) 14 (70)
9-Methyladenine (14) N 1,9-Dimethyladenine (21) Tr Tr 2(94)

7V6,9-Dimethyladenine (16) Tr Tr 3
a Reaction size: 4, 7, 9, and 13 (0.127 mmol) + TM P (0.371 mmol) +  H20  (0.35 ml); 14 (0.127 mmol) +  TM P (0.74 mmol) + H20  

(0.70 ml). pH used: 9.5-10.0 (NaOH). Reaction temperature: 37 °C for reactions o f 4 ,7 ,9 , and 14; and 60 °C for the reaction of 13. b Tr 
refers to a trace yield. The percentage of the starting monomethyl bases unreacted are shown :n parentheses.

a mixture o f  3-alkyl (major) and 1,3-dialkyl derivatives10 and 
2 and 3 generally to  a mixture o f  1-alkyl and 1,3-dialkyl de
rivatives.

The present m ethod with T M P  in a water phase gave re
sults somewhat different from  these reactions. Table I sum
marizes the distribution o f products at various reaction times 
and temperature. Thus, cytosine (1) was substituted at the 
N -l position mainly to produce 1-m ethylcytosine (4) with a 
small amount o f  1,3-dimethyluracil (11). Upon using a large

NH,

° A ïf 0 «^Tsr

n h 2 n h

1 c h , I
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0
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excess o f  T M P , 1,3-dimethylcytosine (5) was isolated in ad
dition to these products. 3-M ethylcytosine was not formed in 
the present reaction. M éthylation o f the exocyclic 4-N H 2 and 
C20  groups was not observed, either. The occurrence o f  a 
substantial amount o f  1 1  may be attributed to the hydrolysis 
o f  5. Indeed, an authentic sample o f  5 was transformed to 11 
under comparable conditions. T he alternative form ation o f 
11, e.g., the deamination o f  1 or 4 and the subsequent m éth
ylation at the N-3 position o f the resulting uracil derivatives 
(2 or 7), would be less likely as the source o f 11 since both 1 and 
4 are fairly stable under the present reaction condition, 
undergoing deamination to  the extent o f  only 1 - 2 %.

Thym ine (2) and uracil (3), on the other hand, were sub
stituted at both the N -l  and N-3 positions to  give a mixture 
o f  1-methyl (6  and 7), 3-m ethyl (8  and 9), and 1,3-dimethyl 
(10 and 11) derivatives. M éthylation o f  the C20  and C 40  
groups was not observed at all. As depicted in Table I, the

distribution o f these products is similar in both  2 and 3.
T he controlled experiments revealed that the yield o f  11 

from  methylation o f 7 is approximately equal to that from  9 
(see Table II). T M P , thus, appears to be attacked at the N -l 
and N-3 positions o f 2 and 3 equally to produce m onom ethyl 
derivatives (7 and 9), both o f  which are then remethylated to 
afford 1,3-dimethyl derivatives at similar rates. Upon using 
a large excess o f T M P , 19 and 11 were isolated in semiquan- 
titative yields. The synthetic utility o f  the facile methylation 
o f 6 and 7 will be discussed later in General Remarks.

A den in e  (12). Alkylation o f 12 has been conducted with 
various alkylating agents such as dim ethyl sulfate, diazo
methane, alkyl halides, etc. Accumulating data show that the 
alkylation sites are influenced a great deal by solvent, pH, 
steric factors, temperature, etc. It, however, has been generally 
observed that the N -3 position is alkylated preferentially to 
the N-9 position under neutral conditions ,7’8'17,27 whereas 
under basic conditions the N-9-substituted product is formed 
mainly with the conform ation o f  N -3-substituted ade
nine . 15,20’28

The present reaction o f adenine (12) with T M P  took place 
smoothly to generate about six ultraviolet-absorbing products 
(13-18, see Table I). Com pounds 13 and 14, which were major 
products obtained in comparable yields, and 16 were identified 
as 3-m ethyl-, 9-m ethyl-, and N 6,9-dimethyladenines, re
spectively, through their known physical constants. Products 
15 and 17 could not be isolated but were identified tentatively 
as 7-m ethyl- and 3,7-dimethyladenines, respectively, based 
on their ultraviolet spectra which had close resemblances to 
those o f  the assigned com pounds. At low temperatures the 
yields o f  these products were negligible as shown in Table I, 
but the formation o f 17 increased considerably at 60 °C  and 
appeared to accom pany the consum ption o f 13 and 15. The 
reaction o f  13 and T M P  also afforded 17 as the chief product 
under comparable conditions. These results coincide with 
Leonard’s observation that N -3-substituted adenine is al
kylated mainly at the N-7 position and vice versa .27

Product (18) was generated in a small yield; it had an ul
traviolet spectrum similar to that o f  imidazole ring-opened 
AT6-m ethyl-7-ethyladenosine . 12  T he mass spectrum showed 
ion peaks at m /e  195 (M*+), 166 (M  — NH CHo), 137 [M — 
N (C H 3)CH O], etc. From these, 18 was identified as 4,6- 
di(m ethylam ino)-5-m ethylform am idopyrim idine. Its pre
cursor may be Ar6 ,7,9-trimethyladenine (19), in which the 
electrophilic C -8  position would be attacked by hydroxyl ions 
to undergo imidazole ring-opening reaction via 2 0 .

Although 1,9-dimethyladenine (21) was not detected in the 
reaction mixture, its formation via 14 would be expected from 
the very basic and nucleophilic nature o f  the N - l  position in 
9 -alkyladenine .14,29,30 Actually, the reaction o f 14 and T M P  
produced 21 and 16 in com parable yields (see Table II). The 
coproduct (16) may be derived from  the Dim roth rearrange
ment o f  alkali-labile 2 1  rather than the direct methylation at 
the 6 -N H 2 group .31
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17

NH2

18

The above results thus show that adenine (12) is methylated 
with T M P  at the N-3 and N-9 positions mainly. Méthylation 
o f the N -l and N -7 positions provide relatively small contri
bution to the overall reactions but tend to increase with a rise 
o f  reaction temperature, generating di- and trimethylated 
derivatives.

Guanine (2 2 ). The guanine m oiety has been established 
as a prime target in the alkylation o f D N A  by alkylating 
agents. However, the present knowledge o f  alkylation o f  22 
is limited. Pal reported four products in the reaction with ethyl 
methanesulfonate at pH  12 but identified only 7-ethylguan- 
ine.7 Reiner and Zamenhof used dimethyl and diethyl sulfates 
at pH  10.8 and assigned one o f the products as 7-m ethyl- 
guanine (24) on a spectrom etric basis, but several other 
products were not identified .9 Robins et al., on the other hand, 
found a quantitative form ation o f 7,9-dimethylguanine with 
dim ethyl sulfate in dim ethylacetam ide .8

In the present reaction o f 22 with T M P  at pH  11-12, six 
ultraviolet-absorbing products were observed by thin layer 
chromatography o f the reaction mixture (23-28, see Table I). 
One o f the spots (com pound 24), which was seen when the 
reaction was carried out at 37 °C  for 24 h as shown in Table 
I, was assigned as 7-methylguanine (24) based on the ultra
violet spectrum o f  the aqueous extract. 7-Methylguanine (24) 
is rather reactive and appears to undergo further méthylation

O
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reaction (vide infra). The other products were all isolated to 
give 1-methylguanine (23, a major product) and 1,7-dimethyl- 
and 3,7-dimethylguanines (25 and 26) both in substantial 
yields. Here, the structure o f 26 was determined from its N M R  
spectrum and conversion to 3,7-dimethylxanthine (theo
brom ine) through nitrous acid treatment. T he structure o f  a 
minor product (27) was established as 2-am ino-l,6-dihydro- 
l-m ethyl-4-m ethylam ino-5-Ar-m ethylform am ido-6-oxopy- 
rimidine from the N M R  spectrum and its resemblance in the 
ultraviolet spectrum to that o f  imidazole ring-opened 1,7- 
dim ethylguanosine .13  1,7,9-Trimethylguanine (29) may be 
considered as the precursor o f  27, being attacked by hydroxyl 
ion at the C -8  position in a similar way as the formation o f 18. 
Another minor product (28) was brightly fluorescent under 
ultraviolet light and was stable under alkaline conditions, 
suggesting a nonpolar 0 6-methyl derivative. The N M R  
spectrum in deuteriochloroform  showed three singlets each 
integrating as three protons at 2.40, 2.55, and 3.60 ppm , and 
a singlet integrating as one protone at 7.55 ppm , indicating 
attachment o f  two methyl groups on nitrogen atoms and one 
methyl group on an oxygen atom. The mass spectrum showed 
m /e  193 (M -+) and 136 (M  — CH 3OCN), which may suggest 
the absence o f  a methyl group on the N -l  position. These 
considerations leave 0 6,3,7-trimethylguanine as the m ost 
possible structure for 28. T he form ation o f  O6,3,9-trim ethyl- 
guanine would be hindered sterically since the 3-m ethyl and 
9-m ethyl groups are situated in peri position to each other.

The yield distributions o f  products m entioned above in
dicate that the N -l  position o f  guanine (22) is comparative to 
or more reactive than the N-7 position followed by the N-7 and 
N-3 positions in m éthylation with T M P , although the N-7 
position was believed to be the most susceptible site with other 
alkylating agents even under alkaline medium.

General Remarks

The present procedure allowed us to carry out methylation 
reactions o f  nucleic acid-bases in homogeneous aqueous phase 
owing to  water-soluble and stable properties o f  T M P . M ost
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other alkylating agents are relatively short lived under an 
aqueous environment or insoluble in water, and reactions are 
generally performed in an organic solvent or a mixture of water 
and an organic solvent. These characteristics of TMP would 
favor its use for the alkylation reactions of water-soluble 
compounds.

In the present reactions, TMP was found to alkylate the 
major heterocyclic moieties of nucleic acids. Inspection of 
Table I shows the reactivity of heterocycles in the following 
qualitative order based on the consumption of the starting 
materials: adenine (12) > guanine (22) > uracil (3) ~  thymine
(2) > cytosine (1). In each of these bases, the first methylation 
occurs in the following order: adenine, N-9 ~  N-3 > N-7, N-l; 
guanine, N -l £ N-7 > N-3 > N-9, 0-6; uracil, N -l ~  N-3; 
thymine, N -l ~  N-3; cytosine, N -l > N-3.

These results and distribution of products may indicate that
(1) the successive methylation of 1-methyluracil and -thymine 
(6 and 7) to 1,3-dimethyl derivatives (10 and 11) takes place 
easily, but (2) that conversion of 1-methylcytosine (4) and of 
9-methyladenine (14) to dimethyl derivatives occur very 
slowly; (3) guanine (22), on the other hand, appears to undergo 
a fast methylation to produce mono- and dimethyl derivatives. 
Aspects 1 and 2 were ascertained in control experiments (see 
Table II). Facile methylation of 9-alkylguanine with TMP was 
confirmed by the rapid formation of 1-methyl- and 1,7-di- 
methylguanosines from guanosine.32 The above differences 
in the methylation of bases might be useful for the modifica
tion of nucleic acids and their components, allowing especially 
selective methylation of thymidine and uridine both at the 
N-3 position.

In addition to N-methylation, O-6-methylation of guanine
(22), which is seen in the formation of 28, might be noteworthy 
from the physiological point of view despite its low yield, be
cause O-6-alkylation of guanine residues in nucleic acids has 
been considered to be the cause of powerful mutagenic effects 
through an atypical base pairing.33 The present results of 
above-mentioned N- and 0-methylations may, thus, em
phasize the careful consideration for the employment of TMP 
as food additives and for other purposes.34

The kinetics and mechanisms of the present reactions have 
not been examined, but methylation may take place most 
likely in a bimolecular fashion between the anionic forms of 
the bases and TMP under the present conditions. Here, TMP 
reacts with the bases efficiently in an alkaline pH range and 
uses one of its three methyl groups for methylation, being 
converted to dimethyl hydrogen phosphate, which no longer 
exhibits alkylating properties.

Experimental Section
Melting points were uncorrected. Ultraviolet spectra were measured 

with a Hitachi 3T spectrometer. 4H NMR spectra were recorded on 
a Hitachi Perkin-Elmer R-20 spectrometer with a dilute solution in 
deuteriochloroform, deuterioxide, or dimethyl sulfoxide-dg and tet- 
ramethylsilane as an internal or an external standard. Mass spectra 
were obtained using Atlas CH-4B and JEOL 01SG-2 spectrome
ters.

Thin layer chromatography was performed on silica gel [GF254 (type 
60), Merck] or aluminum oxide [PF254 (type 150), Merck] using a 
mixture of chloroform and methanol in the following volume ratio: 
solvent A, 9:1; B, 7:1; C, 5:1; and D, 5:2, or solvent E, 1-propanol- 
concentrated ammonium hydroxide, 5:1. Column chromatography 
was carried out using silica gel (Merck, art. 7734, 70-230 mesh) or 
aluminum oxide (Merck, art. 1097).

Commercially available cytosine, thymine, uracil, adenine, and 
guanine were used without further purification. Trimethyl phosphate 
(TMP) was distilled prior to use.

Determination of Product Distribution in the Reaction Mix
ture of a Base and TMP. The base (1.80 or 0.90 mmol) was dissolved 
in aqueous sodium hydroxide solution of pH 9-12 (5.0 ml) and the 
solution was treated with TMP (5.40 or 10.80 mmol) at a specified 
reaction temperature as shown in Table I. The pH of the solution was

maintained in the same level with occasional addition of 1 N aqueous 
sodium hydroxide. Two or three aliquots of 3 pi of each of the reaction 
mixtures were spotted on a thin layer chromatogram after 10 24, and 
48 h. The plate was developed immediately after spotting, using sol
vent D for 1, C for 2,3, and 12, and E for 22. The product spots were 
then scraped individually from the plate in order to extract Hie sub
stance from the spot with water (3 ml). Absorbancy of the solution 
was recorded at the respective Xmax. The yield of the product at each 
reaction time was calculated from the equation 100eaA/tpA°, where 
£a and ep are molecular absorbancies of the starting base and that of 
the product, and A0 and A are the absorbancies of the starting base 
at zero time and that of the product at a suitable reaction time.

The products and their distributions in the reaction mixtures are 
summarized in Table I. Control experiments were performed for bases 
(4,7,9,13, and 14) in a similar way as mentioned above. The reaction 
size, conditions, and results are described in Table II.

Isolation of Products. The reactions of bases and TMP were 
carried out in a manner similar to that mentioned above. Following 
are reaction sizes and isolation procedures. The mobilities (Rf) in thin 
layer chromatography are shown in Table I with references on the 
ultraviolet spectral peak at pH 7 used for identification. Ultraviolet 
spectra at pH 1 and 13 as well as the melting points of all known 
compounds agreed in most cases with literature values. The NMR 
spectra were obtained in all compounds and coincided with the as
signed structures. Yields are calculated after recrystallization and are 
based on the isolated amounts of products.

Cytosine (1). The base (1.00 g, 9.01 mmol), TMP (3.75 g, 26.79 
mmol), and water (15 ml) were mixed at pH 9-10,60 °C for 24 h. The 
reaction mixture was extracted with chloroform (100 ml). The organic 
extract was concentrated and mixed with n -hexane (20 ml) -,o afford
1.3- dimethyluracil (10) as crystals: 0.15 g (12%); mp 123-125 °C 
(EtOH-water) (lit.35 mp 120-121 °C). The water layer was concen
trated and the residue was applied to a silica gel column (1.5 X 60 cm). 
Elution with chloroform-methanol (5:2 v/v) provided 1-methylcy
tosine and then 1,3-dimethylcytosine as the dimethyl hydrogen 
phosphate salts (0.55 and 0.17 g, respectively). The salts were subse
quently treated with an anionic exchange resin (Dowex 1 X 8, 200-400 
mesh, OH-  form). Elution with water gave the free form of 1-meth- 
ylcytosine (4,0.31 g, 28%); mp 298-300 °C (water) (lit.36 299-300 °C>.
1.3- Dimethylcytosine (5) was obtained subsequently, 0.11 g (9%), mp
149-152 °C (sublimed) (lit.11 145 °C).

Thymine (2). The base (2.20 g, 17.46 mmol), TMP (7.50 g, 53.57 
mmol) and water (30 ml) were mixed at pH 9.5-10.5, 60 °C for 24 h. 
The reaction mixture was neutralized with concentrated hydrochloric 
acid and the resulting solution was kept at 3 °C for 24 h to give 1- 
methylthymine (6, 0.12 g, 5%) as crystals, mp 282 °C (water) (lit.37 
280-282 °C). The mother iiquor was concentrated under reduced 
pressure to give the residue, which was then separated by aluminum 
oxide chromatography (2 X 40 cm), using chloroform-methanol (10:1 
v/v) as a solvent. Twenty-five milliliters of the eluate was collected 
in each tube to give the following products. Fractions 1-2: 1,3-di- 
methylthymine (10,1.39 g, 52%), mp 157-159 °C (EtOH-water) (lit.37 
155 °C). Fractions 3-7: 3-methylthymine (8, 0.42 g, 17%), mp 211-212 
°C (EtOH) (lit.38 209-210 °C). Fractions 10-19:1-methylthymine (6, 
0.17 g, 7%).

Uracil (3). After a mixture of uracil (1.00 g, 8.93 mmol) and TMP 
(7.50 g, 53.57 mmol) in water (11 ml) was warmed at pH 9-11,60 °C 
for 48 h, the following products were obtained after treating the re
action mixture in a manner similar to that mentioned in thymine: 
1-methyluracil (7), 0.13 g (12%), mp 232-234 °C (EtOH-water) (lit.39 
233-234 °C); 3-methyluracil (9), 0.15 g (13%), mp 189.5-191 °C 
(EtOH-ether) (lit.40 174-175 °C); 1,3-dimethyluracil (11), 0.06 g 
(5%).

Adenine (12). The base (1.22 g, 9.04 mmol), TMP (3.75 g, 26.79 
mmol), and water (10 ml) were mixed at pH 10-11,60 °C for 24 h. The 
reaction mixture was adjusted to pH 14 by the addition of 4 N sodium 
hydroxide and allowed to stand at room temperature for 24 h, pre
cipitating 9-methyladenine (14) as crystals, 0.31 g (23%), mp 307-313 
°C dec (EtOH-water) (lit.41 310 °C). The mother liquor was con
centrated to give a residue which was subsequently mixed with eth
anol (50 ml) and separated from undissolved substances. The residue 
which was obtained after concentrating the alcoholic solution was then 
divided into a chloroform-soluble part (A) and -insoluble part (B).

Part A was treated by a silica gel column (1 X 60 cm). Elution with 
chloroform-methanol (7:1 \/v) provided first N6,9-dimethyladenine 
(16,0.15 g, 10%); mp 193-195 °C (benzene-EtOH) (lit.41 190-191 °C), 
then 14 (0.06 g, 4%). The subsequent elution with the same solvent 
afforded the imidazole ring-opened N 6,7,9-trimethyladenine (18,0.02
g. 1%): mp 224-226 °C (chlcroform); mass spectrum (75 eV) m/e 195 
(molecular ion, 32), 181 (71), 163 (37), 153 (100), 137 (46), 123 (25),
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109 (40), 95 (42), 82 (20), and 67 (19). The ultraviolet spectrum of 18 
was almost identical with that of the imidazole ring-opened iV6,7- 
dimethyladenosine as footnoted in Table I.

Part B was treated similarly by a silica gel column (1 X 60 cm) using 
the same developing solvent to give 14 (0.02 g, 1%) followed by 3- 
methyladenine (13, 0.08 g, 6%), mp 295-301 °C dec (water) (lit,42 
309-312 °C).

Guanine (22). The base (2.62 g, 17.35 mmol) was suspended in a 
solution of TMP (15.00 g, 107.14 mmol) and water (50 ml, pH 13). 
During stirring at 60 °C, a homogeneous solution was obtained, 
showing a pH of 11.5-12.0. After 24 h, the reaction mixture was neu
tralized with concentrated hydrochloric acid to give a precipitate. The 
mother liquor, after extracting out unreacted TMP with chloroform, 
was combined with the aqueous washings of the above precipitate with 
hot water. The solution was then concentrated as much as possible. 
The resulting residue was applied to a silica gel chromatography 
column (3 X 50 cm) and eluted using chloroform-methanol (10:1 v/v) 
as a developing solvent. Twenty-five milliliters of the eluate was 
collected in each tube to provide the following products.

Fraction 12-16: 0 6,3,7-trimethylguanine (28); 0.14 g (4%); mp 201 
°C (EtOH); mass spectrum (75 eV) m/e 193 (molecular ion, 100), 178
(9), 164 (28), 149 (13), 138 (23), 136 (18), 124 (19), 109 (31), 96 (15), 
82 (29), and 67 (34); NMR o (CDC13) 2.40 (s, N3- or N7-CH3,'3), 2.55 
(s, N7- or N3-CH3, 3), 3.60 (s, OCH3, 3), 7.53 (s, H8, 1), 7.55 (broad s, 
NH, 1).

Anal. Calcd for CgHuHsOrO.SHaO: C, 46.29; H, 6.08; N, 33.75. 
Found: C, 46.31; H, 5.54; N, 33.38.

Fractions 18-A8:1,7-dimethylguanine (25), 0.06 g (2%), mp 312-315 
°C (EtOH-water) (lit.36 330-331 °C).

Fractions 54-60: imidazole ring-opened 1,7,9-trimethylguanine (27); 
0.74 g (20%); mp 254.5-256.5 °C (EtOH-water); NMR (Me2SO-de) 
5 2.70 (d, 6-N-CH3, J  = 5 Hz), 3.11 (s, 1-N-CH3, 3), 6.35 (q, 6-NH, 1, 
J = 5 Hz), 6.93 (broad s, NH2, 2), 7.65 (s, CHO, 1).

AnaL Calcd for CsHisNr.OrHaO: C, 41.91; H, 6.60; N, 30.55. Found: 
C, 41.70; H, 6.26; N, 30.52.

Fractions 63-84: 3,7-dimethylguanine (26), 0.33 g (10%), mp 
327-333 °C dec (EtOH-water) (lit.43 328-330 °C).

Fractions 98-140: 1-methylguanine (23), 0.02 g (1%), mp 370 °C 
(water) (lit.41 350 °C).

The identification of 26 was also performed by converting it into 
the xanthine derivative; e.g., a mixture of 26 (0.01 g) and sodium ni
trite (0,01 g in 3 ml of 4 N hydrochloric acid) was warmed at 60 °C for 
30 min. The silica gel thin layer chromatogram of the reaction mixture 
showed a single spot which had the same mobility as that of 3,7- 
dimethylxanthine [0.54 with solvent A and 0.70 with a mixture of 
acetone and methanol (5:1)]. The ultraviolet spectra of the extracted 
aqueous solution of the spot were identical with those of the authentic 
sample at pH 1,7, and 13.

Registry No.— 1, 71-30-7; 2, 65-71-4; 3, 66-22-8; 12, 73-24-5; 22,
73-40-5.
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Aspartic acid has been pyrolyzed under a slow stream of nitrogen at temperatures ranging from 350 to 650 °C. 
Succinic acid was the major nonvolatile acid product observed, with maximum yield (12%) at 650 °C. Aspartic acid-
4- 13C at 500 °C gave succinic acid with unchanged 13C enrichment. Fumaric acid and maleic acid are possible inter
mediates in this transformation. Fumaric acid, mixed with alanine and pyrolyzed, was converted in part to succinic 
acid. A plausible reaction path for the formation of succinic acid in this work is proposed, and the possible relevance 
of the present work to certain other pyrolysis reactions is discussed. A minor product of the pyrolysis of aspartic 
acid at 400 °C and higher temperatures was dimethylmaleic anhydride; under the same conditions alanine gave 
negligible amounts of dimethylmaleic anhydride. Pyrolysis of mixtures of alanine and aspartic acid gave a sevenfold 
or better improvement in the yield of dimethylmaleic anhydride, and the yield of this product was essentially un
changed when aspartic acid was replaced by fumaric acid in the mixed pyrolysis. Carbon-13 tracer experiments 
were used to establish the stoichiometry of the mixed pyrolysis reaction leading to dimethylmaleic anhydride. 
These experiments showed also that the carboxyl carbon atoms of aspartic acid become equivalent at some stage 
of the reaction. Evidence is presented for a close relationship between the formation of dimethylmaleic anhydride 
from alanine and aspartic acid or fumaric acid and the reduction of fumaric acid to succinic acid by alanine at ele
vated temperatures. A reaction scheme is presented to account for the I3C distribution in the products.

Succinic acid has been observed as a product of pyrolysis 
of ovalbumin at reduced pressure,1 and as a product of py
rolysis of malic acid and of sodium lactate, using nitrogen as 
a carrier gas.2 Further, succinic acid has been observed as a 
constituent of cigarette smoke3 and cigar smoke4 in quantities 
suggesting that it originates, in part, from pyrolysis reactions. 
As will be seen from the work reported here, likely precursors 
of the pyrolysis-generated succinic acid are malic acid and 
aspartic acid. We have found that succinic acid is the major 
nonvolatile acid product observed in the pyrolysis of aspartic 
acid.5

The diversity of starting materials leading to succinic acid 
in pyrolysis reactions suggests the possibility that succinic acid 
can be formed by recombination of -CH2C02H fragments, 
following carbon-carbon bond dissociation at elevated tem
perature in appropriate starting materials. We have carried 
out some pyrolysis experiments with 13C-labeled aspartic acid 
that were designed to show to what extent succinic acid may 
be formed by such reaction from aspartic acid.

Dimethylmaleic anhydride was noted as a minor product 
in the conversion of aspartic acid to succinic acid and also in 
the course of using our controlled pyrolysis apparatus6 to 
study pyrolysis of soy protein and an amino acid mixture 
having the same amino acid composition. These findings 
stirred our interest because the material pyrolyzed contained 
no carbon skeletons corresponding to that of dimethylmaleic 
anhydride and also because of the possible relevance of this 
finding to food preparation at high temperature and to to
bacco smoking. Further, the pyrogenesis of dimethylmaleic 
anhydride from aspartic acid, and from alanine mixed with 
aspartic acid or fumaric acid, might provide evidence on the 
mode of formation of succinic acid in these same reactions and 
in certain other reactions leading to succinic acid, such as the 
pyrolysis of malic acid,7 the dry distillation of ovalbumin,8 and 
in tobacco smoking.9’10

At 350 °C, DL-aspartic acid was converted mainly into 
brown, amorphous polyaspartic acid.11 Pyrolysis with ex
tensive decomposition and carbonization became pronounced 
by 400 °C in our apparatus, and at 650 °C, the carbonlike 
residue amounted to 25% of the weight of the starting material 
Succinic acid was the major nonvolatile acid product, observed 
as its dimethyl ester in gas-liquid chromatography (GLC). 
The yield of succinic acid increased with increasing temper
ature of pyrolysis up to our highest temperature, 650 °C

(Table I). Fumaric acid and maleic acid were observed as very 
minor products in this work. Our methyl esterification pro
cedure for GLC estimation of nonvolatile acids was inappro
priate for oxalic acid and other acids whose esters are easily 
hydrolyzed, but dimethyl oxalate was observed in our product 
mixtures, usually in trace amount. The four identified di
methyl esters accounted for 97 ±  1% of the total area under 
product elution peaks.

Pyrolysis of aspartic acid-413C, 13.4 ±  1.0% 13C enrichment, 
at 500 °C gave succinic acid-13C with 13C enrichment 
unchanged within experimental error (Table II). To the extent 
that succinic acid was produced by recombination of 
•CH213C 02H fragments. 13C enrichment would be increased 
and some succinic acid- 7,4- 13C2 would be formed. The results 
of measurements summarized in Table II show, to the con
trary, that such a reaction path was negligible. Nor did fumaric 
acid or maleic acid from aspartic acid-4- 13C show any signif
icant difference in 13C enrichment from that of the parent 
compound. Pyrolysis at 500 °C of a mixture of alanine and 
aspartic acid-4- 13C (60/40 mol/mol) also gave succinic acid- 
13C and fumaric acid-13C without significant changes in 13C 
enrichment from that of aspartic acid.

Some experiments were designed to test the possibility that 
fumaric acid and/or maleic acid were involved as intermedi
ates in the conversion of aspartic acid to succinic acid. A 
mixture of aspartic acid and fumaric acid (86/14 mol/mol) was 
pyrolyzed at 500 °C. The yield of succinic acid from this re
action was 24% greater than that obtained from aspartic acid 
alone under the same conditions (Table III). In another ex
periment alanine containing 21 mol % fumaric acid on pyrol
ysis at 600 °C gave a n%  yield of succinic acid (based on 
starting fumaric acid), substantially better than that from a 
mixture of alanine and aspartic acid under the same condi
tions (Table IV). Since alanine alone gave no succinic acid or 
fumaric acid on pyrolysis, it can be seen from these experi
ments that fumaric acid can be reduced to succinic acid by an 
a-amino acid at elevated temperatures. Pyrolysis at 600 °C 
of a mixture of alanine and maleic anhydride gave a mixture 
of nonvolatile acids qualitatively similar to that from pyrolysis 
of aspartic acid, as judged by GLC examination of their tri- 
methylsilyl esters.

In a control experiment, pyrolysis of fumaric acid a* 600 °C 
gave fumaric acid (40% recovery as dimethyl ester) and maleic 
acid (46% yield as dimethyl ester).
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Table I. Pyrolysis o f  Aspartic Acid Table III. Pyrolysis o f  Aspartic Acid Mixtures at 500 °C

Temp,
°C

Yields o f  dicarboxylic acid products, m m ol11

Succinic Fumaric Maleic Total

350 0.7 » 0.3* 0.04» 1.0»
400 3.6 0.4 0.06 4.0
500 5.5 1.1 0.09 6.7
600 5.7 0.9 0.09 6.7
600 5.6» 0.1» 0 .02» 5.7
650 6.2 0.4 0.05 6.7
a Yields, mmol per 100 m m ol o f  starting aspartic acid, 

were estimated by gas—liquid chromatography o f  dimethyl 
ester mixtures using an internal standard and comparing 
with known mixtures. » Based on unrecovered starting ma
terial. c Am orphous polyaspartic acid, obtained from  the 
experiment at 350 °C, was em ployed in this experiment.

Yields o f  dicarboxylic 
acids, m m ol0

Second com ponent Succinic Fumaric Maleic

None 5.5 1.1 0.09
Fumaric acid, 14 mol % 6.8 2.8 » 0.00
Alanine, 60 mol % 5.4 0.2 0.00

a See corresponding footn ote , Table I. » Percentage re
covery.

Table IV . Pyrolysis o f  Alanine Mixtures at 600 °C

_ , Yields o f  dicarboxylic acids, m m ol13
Second -------------------------------------------------------------

com ponent Succinic Fumaric Maleic

Table II. Mass Spectrom etry Results for  Aspartic--!-13C 
A cid and for Succinic, Fumaric, and Maleic A cid  Products 

from  Pyrolysis at 500 °C, Examined as D imethyl Esters

Excess
M/z Assignment 13C,a %

M+ (not CH30 2C*CH2CH2C 0 2CH3+
observed)

1 1 5 ,1 1 6 c h 3o 2c * c h 2c h 2c o + 12.5 ± 0.8»
87, 88 c h 3o 2c * c h 2c h 2+ 7.2 ± 0.8
M+ c h 3o 2c * c h = c h c o 2c h 3+ 14.0 ± 0.3»

(trans)
85, 86 c h 3o 2c * c h = c h + 6.5 ± 0.6
M+ (not c h 3o 2c * c h = c h c o 2c h 3+

observed) (cis)
1 1 3 ,1 1 4 c h 3o 2c * c h = c h c o + 13.3 ± 0.3
85, 86 c h 3o 2c * c h = c h + 6.5 ± 0.6
M+ (not c h 3o 2c * c h 2c h n h 2c o 2c h 3+

observed)
1 0 2 ,1 0 3 c h 3o 2c * c h 2c h = n h 2+ 14.7 ± 0.8
88 , 89 c h 3o 2c c h = n h 2+ 1.1 ± 0.2

a Percentage 13C together with standard deviation o f five 
or m ore measurements, corrected for natural 13C abundance 
and mass spectrometer background by comparison with cor
responding unenriched materials. b Results for the product 
from  pyrolysis o f  aspartic-4-13C acid alone were indis
tinguishable from  those obtained for the corresponding 
product from alanine mixed with aspartic-4-13C acid, within 
experimental uncertainty. Both results are included here.

A t elevated temperatures benzilic acid undergoes decom 
position to diphenylacetic acid, benzophenone, and carbon 
dioxide.12 Since carbon m onoxide was not produced in this 
reaction, the benzophenone product could not have been 
form ed by the familiar decarbonylation route. At somewhat 
lower temperatures, benzilic acid underwent dehydration to 
the cyclic ether anhydride 1,13>14 and when 1 was heated above 
250 °C , it decom posed into carbon dioxide, benzophenone, 
and diphenylketene13 (eq 1).

Ph. 0

- C - /

<  >
Ph2C—

0
1

Phzc = c = 0  +  Ph2C= 0  +  CO, (1)

The dehydration o f benzilic acid to 1 follow ed by decom 
position o f 1 accounts very well for the overall decomposition 
o f benzilic acid at elevated temperatures, since water produced 
in the first step can react with diphenylketene to give the 
observed diphenylacetic acid.

M andelic acid undergoes decarbonylation to produce 
benzaldehyde and carbon m onoxide.15 H urd16’17 has shown

None 0.0 0.0 0.0
Aspartic acid, 4.7 0.1 0.0

40 mol %
Fumaric acid, 7.3 * 1.7» 0.0

21 mol %
Succinic acid, 88» 0.0 0.0

20 m ol %
a See corresponding footn ote , Table I . » mmol per 100

mmol o f  unrecovered fumaric acid. c Percentage recovery.

that thermal decom position o f m andelic acid also produces 
phenylacetic acid and carbon dioxide. Further, H urd and 
Raterink prepared an ether anhydride from  mandelic acid, 
analogous to 1, and showed that it decom posed at 250 °C  in 
the manner o f 1, in part.17

The a-hydroxy acid to  ether anhydride to  ketene pathway 
established for the formation o f diphenylacetic and phenyl
acetic acids (above) can be applied to the formation o f succinic 
acid from  malic acid by pyrolysis: reversible dehydration o f 
malic acid to  fumaric acid occurs at elevated tem perature,18 
and the required cyclic ether anhydride intermediate is a 
plausible product resulting from addition o f malic acid to the 
carbon-carbon  double bond o f fumaric acid (or maleic acid) 
followed by dehydration. An analogous pathway seems rea
sonable for the form ation o f  succinic acid from  aspartic acid 
(partial deamination o f aspartic acid to  fumaric acid followed 
by addition o f aspartic acid to the fumaric acid produced) and 
from  alanine plus fumaric acid. In the latter case, the hy
pothesized cyclic intermediate 2 is unsymmetrical and alter
native modes o f  decom position are possible (eq 2 and 3).

CH,CH-

HN

H0,CCH,CH-
1 >

c h 3c h = n h

+
co2
+

h o 2c c h 2c h ==c = o

l
c h 2— c h 2

A - s ,

(2)

2 —  CH3C H = C = 0  +  C02 +  H 02CCH2C H = N H  (3)

In the present work the yield o f  succinic acid from  am or
phous polyaspartic acid was almost as good as that from  as
partic acid itself under the same conditions (Table I). C on
sequently, it seems reasonable to extend the proposed reaction 
path, with slight m odification, to account for the form ation 
o f  fatty acids and succinic acid in the pyrolysis o f  ovalbum 
in.1

On the basis o f  the proposed reaction path, the overall re-
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Table V. Dimethylmaleic Anhydride from  Aspartic 
A cid by  Pyrolysis

Temp, °C Y ield ,0 %

400 0.06
500 0.10
600 0.09
600 0 .05c
650 0.06

0 Yields were estimated by means o f  gas—liquid chrom a
tography, using an internal standard and com parison with 
known mixtures. b Calculated on the basis o f  the reaction, 
2 aspartic acid -*■ dimethylmaleic anhydride + 2NH3 + H20  
+ 2 C 0 2. c Am orphous polyaspartic acid was em ployed in 
this experiment.

Table VI. Dimethylmaleic Anhydride from  Mixtures 
Containing Alanine

Temp, °C Second com ponent Y ield,0 %

Ph— C— C
3 - X  H,0 +  I ) 0  (6)

Ph—  C —  C
\

0

In the pyrolysis reactions reported herein, succinic acid and 
dimethylmaleic anhydride were produced together, or neither 
was produced (pyrolysis o f  alanine alone). In the reactions 
leading to both products, fumaric acid was either present in 
the mixture pyrolyzed or it could be produced from  aspartic 
acid by loss o f  ammonia (Tables V  and VI). In these reactions 
a cyclic imino anhydride (4) analogous to 3 could be produced 
as a transitory intermediate by addition o f a-amino acid to the 
carbon-carbon double bond o f  fumaric acid (or, possibly, 
maleic acid). Thermal decom position o f 4 could produce both 
succinic anhydride, eq 7, and disubstituted maleic anhydride, 
eq 8.

600 None <0.04& 0
//

RCHC
500 Aspartic acid (40 m ol %) 0.67c
600 Aspartic acid (40 m ol %) 0.67°
600 Fumaric acid (21 m ol %) 0.63d /  \

0 See corresponding footn ote  o f  Table I. b This upper 
limit was calculated on the basis o f  the supposed reaction, 2 
alanine -»■ dimethylmaleic anhydride + 2NH3 + H20 . c Basis: 
aspartic acid + alanine dimethylmaleic anhydride. d Basis: 
fumaric acid + alanine — dimethylmaleic anhydride.

HN O 
\  /

h o ,c c h 2c h c
\

0

action leading to succinic acid from aspartic acid by pyrolysis 
is, after hydrolysis, as shown in eq 4.

NH2

H 02CCH2C H = C 0  +  RCH =N H
+

CO,X

c h 2-

CH2— C

O

<
>
\

0 (7)
a, R =  H 02CCH2
b, R =  CH3

H20  +  2 H 02CCH2CHC02H

—  H 02CCH2CH2C02H +  (CH-jCHO +  2C0, +  2NH:J) (4)

Assuming the stoichiom etry o f  eq 4, the yield o f  succinic 
acid from  aspartic acid at 650 °C  was 12.4%.

The yields o f  dimethylmaleic anhydride obtained at several 
temperatures from  aspartic acid are given in Table V. P yrol
ysis o f alanine alone gave a negligible yield o f  dimethylmaleic 
anhydride but alanine exerted a remarkable effect on the yield 
o f  dim ethylmaleic anhydride from  aspartic acid (Table VI). 
Further, we observed that the yield o f  dim ethylmaleic anhy
dride obtained from  the pyrolysis o f  alanine mixed with fu 
maric acid was comparable to that obtained from the pyrolysis 
o f  alanine-aspartic acid mixture. There is a striking parallel 
between the yields o f  dim ethylmaleic anhydride and yields 
o f succinic acid for most o f these reactions,19 and we suspected 
a close relationship between the reaction paths leading to 
succinic acid and dim ethylm aleic anhydride, involving one 
or more com m on intermediates.

A  possible clue to the m ode o f  form ation o f both succinic 
acid and dimethylmaleic anhydride in our pyrolysis reactions 
is furnished by results obtained by Hurd and Raterink17 in the 
thermal decom position o f the cyclic ether anhydride 3. The 
weight o f  evidence indicated strongly that m ost o f the prod
ucts form ed from  3 arose from  the two reactions, eq 5 and 
6.16-17

Ph o
\  /

CH— C< >
Ph— CH— C

\
0

X -  PhCH =CO  +  C02 +  PhCHO (5)

RC— C
4 *• NH3 +  J ) 0  (8)

HO,CCH2C - C
\

0
5

a, R =  HO,CCCH2
b, R =  CH3

Because 5 is a iky-unsaturated acid it would be expected 
to  undergo decarboxylation readily and give rise to relatively 
volatile dim ethylmaleic anhydride.

Added alanine increases the yield o f  dim ethylmaleic an
hydride from  aspartic acid (Tables V and VI) but does not 
increase the yield o f  succinic acid from  aspartic acid. This 
effect o f  added alanine on the yield o f  dim ethylmaleic anhy
dride from  aspartic acid suggests that the rate o f  reaction 8 
relative to that o f  reaction 7 is m ore favorable for 4b than for 
4a. Accordingly, our interpretation o f the m ode o f  form ation 
o f dim ethylmaleic anhydride leads to the expectation that 
most o f  the dim ethylmaleic anhydride produced in the py 
rolysis o f  alanine-aspartic acid mixtures arises from  the ad
dition o f alanine to fumaric acid and/or maleic acid derived 
from aspartic acid, followed by dehydration to 4b and thermal 
decom position o f  4b to  5b.

Carbon-13 tracer experiments were designed to test the 
major points o f  the above interpretation o f the form ation o f 
dim ethylmaleic anhydride from  alanine-aspartic acid m ix
tures: the correct reaction stoichiom etry can be established; 
and it can be determined whether or not the carboxyl carbon 
atoms o f aspartic acid actually becom e equivalent at some 
stage o f reaction prior tc decarboxylation.
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Table VII. Carbon-13 Labeled Dimethylmaleic Anhydride from  Labeled Mixtures o f  Am ino Acids at 500 °C: (a) 
Alanine-3-'3C and Unenriched Aspartic Acid, 60 /40  m ol %; (b ) Aspartic-4-13C Acid and Unenriched Alanine, 40 /60  m ol %

Labeled com ponent ________Dimethylmaleic anhydride_______
o f  mixture M/z 126, 127 M/z 82, 83

C*H 3CHNH2C 0 2H 

Excess 13Ca 18.6±0.8% i>

H 0 2C*CH2CHNH2C 0 2H

Excess , 3C« 13.4 ± 1.0% 6.7 ± 0.7% 3.2 ± 0.6%
«Percentage l3C together with the standard deviation o f  five or more measurements, corrected for natural ,3C abundance 

and mass spectrometer background by  comparison with the corresponding unenriched material. 6 Measurements made on  the 
methyl N-acetylester. c Measurements made on dim ethyl esters o f  the starting amino acid and derived succinic, fumaric, and 
maleic acids.

Mass spectrom etry results for two 13C tracer experiments 
on the formation o f dimethylmaleic anhydride from mixtures 
o f  alanine and aspartic acid are summarized in Table VII. 
Alanine-3- 13C mixed with unlabeled aspartic acid and pyro- 
lyzed at 500 °C  produced dimethylmaleic anhydride having 
the same excess 13C as the starting alanine (reaction a, Table 
VII). This result shows "hat dim ethylmaleic anhydride was 
produced exclusively from  one molecule o f  alanine and one 
molecule o f  aspartic acid.

Aspartic-4- 13C acid was mixed with unlabeled alanine and 
pyrolyzed at 500 °C. The dimethylmaleic anhydride obtained 
from  this reaction contained one-half the excess 13C o f the 
starting aspartic acid (Table VII, reaction b). This result 
confirmed the reaction stoichiometry found in the first tracer 
experiment, above, and also showed that the two carboxyl 
carbon atoms o f aspartic acid do becom e equivalent at some 
stage o f the reaction leading to dimethylmaleic anhydride, in 
agreement with the belief that fumaric acid and/or maleic acid 
is an intermediate.

It has been shown above that fumaric acid can be reduced 
to succinic acid by alanine at elevated temperatures, and fu 
maric acid and/or maleic acid has been im plicated as an in
termediate in the formation o f succinic acid from aspartic acid 
by pyrolysis. T he apparent close relationship, indicated by 
the present results, between succinic acid form ation and for
mation o f substituted maleic anhydride suggests that at least 
small amounts o f  substituted maleic anhydrides may be 
formed in certain other high-temperature reactions that have 
been reported to produce succinic acid.10

Experimental Section

Materials. DL-Aspartic acid, a commercial sample of good quality 
by 1H NMR analysis, was further purified by recrystalliztion from 
water. DL-Alanine was similarly analyzed and purified. Maleic acid 
was obtained from maleic anhydride by recrystallization from water. 
Commercial 99+% fumaric acid was used without further purification. 
Dimethyl esters used for comparison purposes were prepared by 
standard methods and purified by distillation, except dimethyl oxa
late, which was a commercial sample.

DL-Aspartic-4-13C acid was obtained from Merck Sharp and 
Dohme Canada Ltd. and was diluted by recrystallization from water 
with added unlabeled aspartic acid.

L-Alanine-3-13C was obtained from Merck Sharp and Dohme 
Canada Ltd. and was diluted with unlabeled DI,-alanine. An aqueous 
solution of the diluted alanine-3- 13C, containing excess L isomer, was 
evaporated to dryness; the residue was ground in a mortar and stored 
over anhydrous calcium chloride.

Methyl DL-2-Acetaminopropionate. DL-Alanine (1.0 g, 11 mmol) 
was esterified, using absolute methanol and excess hydrogen chloride. 
Most of the solvent was removed by azeotropic distillation with 
benzene. The last of the solvent was removed at reduced pressure in

a rotary evaporator, then the residue was dissolved in dilute sodium 
carbonate solution and treated with excess acetic anhydride, added 
in small portions with vigorous shaking. Water and acetic acid were 
removed at reduced pressure with a rotary evaporator and the residue 
was extracted with several small portions of chloroform. Chloroform 
was replaced by petroleum ether and the product was crystallized and 
recrystallized from ether-petroleum ether with cooling, and stored 
in a vacuum desiccator over anhydrous calcium chloride. The hy
groscopic product melted at 40-43 °C, placed on the hot stage at 30 
°C and heated rapidly, 0.71 g (45%): mass spectrum m/e 145, M +; 114, 
(M — 31)+; 86, (M — 59)+. The 'H  NMR spectrum in Me2SO-de was 
appropriate for the expected structure.

S, ppm No. of protons Assignment

1.3 doublet 3
1.8 singlet 3
3.6 singlet 3
4.4 quartet 1

c h 3c h
CH3CO
c h 3o
c h 3c h

The L isomer of methyl 2-acetaminopropionate is reported to be 
an oil.20

Methyl 2-Acetaminopropionate-3-13C. Carbon-13 labeled 
acetylalanine methyl ester, containing excess L isomer, was prepared 
from alanine-3-13C as described for the corresponding unlabeled 
material, above. The chloroform extract of product was evaporated 
to give a slightly discolored oil which crystallized at room temperature 
in a vacuum desiccator over anhydrous calcium chloride.

Apparatus. The pyrolysis equipment used in this work has been 
described elsewhere.6 The material to be pyrolyzed (2 g, powdered) 
was distributed as evenly as possible over a length of 100 cm in an
11-mm o.d. quartz tube. The tube was mounted on a rack, slightly 
declined from the horizontal. A small, ice-cooled trap was attached 
to the pyrolysis tube at the lower end, and a stream of nitrogen (60 
ml/min) was passed through the tube to flush air and to serve as a 
carrier. Pyrolysis was accomplished by means of a mobile furnace 
which was motor driven along the rack at a rate of 1.35 cm/min.

Pyrolysis. The pyrolysis of aspartic acid and of alanine-aspartic 
acid mixtures at 400 °C and higher was accompanied by extensive 
carbonization and evolution of gases. Pyrolyzate preceded the furnace, 
being reheated by the furnace, and gradually moving down the py
rolysis tube. Very little condensate, mostly water droplets, collected 
in the cold trap. Pyrolyzate was washed from the tube with dilute 
aqueous sodium hydroxide, a little methanol, again with dilute alkali 
and, finally, with water.

Analysis. Methanol and most of the water were distilled from the 
trap and pyrolysis tube washings, above, and the concentrated alkaline 
solution was heated under reflux for a period of 24-48 h. This ex
tended alkaline hydrolysis is designed to convert succinic acid de
rivatives to succinate for subsequent conversion to methyl succinate. 
Distillation was resumed and continued (with addition of water to the 
pot, if necessary) until the distillate was colorless, odorless, and 
neutral (discarded). The contents of the pot were acidified with hy
drochloric acid and filtered and the acidic solution was submitted to 
continuous ether extraction (5-7 days). The residue obtained by
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evaporation of ether from the extract was dried by azeotropic distil
lation of water with benzene, then esterified with absolute methanol 
(50 ml) and concentrated sulfuric acid (1 ml). Most of the methanol 
was removed from the reaction mixture by codistillation with benzene 
and the mixture was neutralized with cold aqueous sodium carbonate 
solution. The aqueous layer was saturated with salt and extracted 
repeatedly with benzene. The combined benzene extracts were washed 
with water, dried, and concentrated by distillation of most of the 
solvent. In GLC examination21 of product mixtures from aspartic acid, 
the esters of oxalic, fumaric, succinic, and maleic acids accounted for 
97 ±  1% of the area under product elution peaks. A measured amount 
of dimethyl citraconate was added as an internal standard to ester 
mixtures for quantitative estimation of products.

Dimethyl esters of oxalic, fumaric, and succinic acids accounted 
for 70 ±  1% of the area under elution peaks in GLC of product mix
tures from alanine-aspartic acid pyrolysis; several unidentified minor 
and trace products from alanine accounted for the remaining area. 
Dimethyl fumarate was used as an internal standard for quantitative 
estimation of dimethyl succinate. Results of GLC examination of the 
product mixture obtained from pyrolysis of alanine-fumaric acid were 
similar to those described for alanine-aspartic acid mixtures.

The identities of dimethyl esters of nonvolatile acid products were 
confirmed by isolation in preparative GLC21 and comparison of their 
mass spectra with those of authentic samples and, except for dimethyl 
maleate, by means of infrared spectra and melting points.

In actual-scale control experiments, mixtures of succinic and fu
maric acids were carried through the analytical procedure described 
above. The amounts of succinic and fumaric acids observed as di
methyl esters in GLC were 84 ±  2 and 82 ±  9% and the yield data for 
succinic and fumaric acids given in Tables I, III, and IV have been 
corrected accordingly. In a similar control experiment, not to scale, 
only moderate loss of maleic acid occurred during the analytical 
procedure; yields of this trace product were corrected using the 
somewhat arbitrary correction factor of 1.2.

Dimethylmaleic anhydride was removed from the hydrolyzed py- 
rolyzate by distillation with steam prior to continuous ether extraction 
of the nonvolatile acid products of pyrolysis. Gas-liquid chromatog
raphy of the organic material extracted from the steam distillate gave 
several trace peaks and one major elution peak, which corresponded 
in retention time to that of a purified sample of dimethylmaleic an
hydride obtained from Aldrich Chemical Co. Dimethylmaleic anhy
dride was isolated by means of preparative GLC and its identity was 
confirmed by comparison of its mass spectrum, infrared spectrum, 
and melting point with those of authentic material.

Carbon-13 assays were done by the Mass Spectroscopy Center of 
the University of Kentucky.
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Starting with the phenylketopolystyrene-1% divinylbenzene intermediate, two routes have been compared for 
the synthesis of phenylaminomethylpolystyrene-1% divinylbenzene (benzhydrylamine-type polymer), useful for 
the preparation of C-terminal amide peptides by solid-phase synthesis. The desired primary amine containing 
polymer can best be obtained via the Leuckart reaction, while reduction of the oxime intermediate with metal hy
drides leads to a large percentage of secondary amine. The Demjanov reaction has been adapted for the analysis 
of primary and secondary amine content of the polymers. Anisylaminomethylpolystryrene-1% divinylbenzene has 
also been synthesized by the Leuckart reaction, characterized with respect to primary and secondary amine con
tent, and its usefulness illustrated by the synthesis of the hypothalamic hormone, ThyroLberin (TRH), and a series 
of model peptides.

In 1970 Pietta and M arshall2 introduced into solid-phase resin), which attaches the growing peptide chain via a C-ter- 
peptide synthesis3 a resin based upon a phenylam inom eth- minal amide bond to the polym eric support. The advantage
ylpolystyrene-2% divinylbenzene structure (benzhydrylamine over the utilization o f a benzyl ester type linkage4 for the
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synthesis o f  peptides terminating in a carboxamide are the 
elimination o f transesterification5 8 and the possibility for the 
direct synthesis o f  peptides with a C-terminal carboxamide 
m oiety containing aspartic and/or glutamic acid residues in 
the peptide chain.

A literature survey indicates that most syntheses using 
benzhydrylamine resin deal with the preparation o f  T R H , 
L H -R H , calcitonin, oxytocin, and their respective analogues, 
all o f  which terminate in either glycinamide or prolin- 
amide.9' 15 Fortunately, peptides terminating in these two 
residues are removed from the benzhydrylamine resin in high 
yield by treatment with HF. However, experiences in our 
tides with a C-terminal phenylalanine residue are removed 
from  benzhydrylamine resins at a low yield o f  25-30%, al
though Pietta et al.18 report a yield o f 57% with the crude 
C-term inal tetrapeptide o f  gastrin, T rp -M et-A sp -P h e- 
N H 2.

The reason for the low yields obtained resides in the method 
recom m ended for the preparation o f the benzhydrylamine 
resin. Pietta et al-9 favor the synthesis o f  the benzhydrylamine 
resin via an oxime derivative which is reduced by metal hy
dride, although two additional routes starting with the 
phenylketo derivative o f  polystyrene-1%  (or 2%) divinyl- 
benzene copolymer have been explored (Figure 1). The route

NaBH< HONH,
HCOjH
HCOjNH,

@ - ® - ch@ - r © - ^ ch@ - r

OH

IHB \  
2.NH, N

NHCHO

Cone HCI

/■ N-OH

/  Li AIH« or 
/ N oAIHjIOCHj CHjOCHj)

@ - @ k :h<Q>-r R = H or och3

Figure 1. Synthetic routes to benzhydrylamine resin. The pathway 
indicated in solid lines was preferred in this study.

styrene-1% divinylbenzene copolymer (see Figure 1). For our 
work we have concentrated on the Leuckart and oxim e re
duction routes.

Three samples o f  benzhydrylamine resin were prepared 
from the same benzoylated polystyrene. One portion was 
converted to the oxime derivative and then reduced with Vi- 
tride according to the procedure described by Pietta et al.9 
Another sample o f  the oxime was subjected to Vitride re
duction using a reversed sequence addition o f reagents. A third 
portion o f the benzoylated polystyrene was subjected to 
Leuckart reduction, followed by hydrolysis o f  the form yl- 
amine. The three products were analyzed for primary and 
secondary amine content by an adaptation o f the Dem janov 
reaction.22

Primary amine will react with the nitrous acid to evolve N 2 
and generate a secondary alcohol. Secondary amine will not 
diazotize but will nitrosate to yield a nitrosoamine derivative 
(Scheme I). Clearly, the nitrogen content o f the polymer after

Scheme I

f ^ D >
NH,

OH

® h 0 > -  CH2NH

NO

diazotization is a direct measure o f the secondary amine 
content. Subtraction o f the secondary amine value from  the 
total amine yields the primary amine content o f  the resin.

The formation o f secondary amine as a by-product c f  the 
hydride reduction o f acetophenone oxime was first reported 
by Smith et al.19 It was later suggested that hydroxylamines 
are intermediates in the hydride reduction o f oximes.20'13 We 
prefer the explanation o f Graham and W illiams24 for the re
duction o f oximes with hydrides, which proceeds via the metal 
com plex shown in Scheme II. In this case, the aluminate ion

via the oxime may not have been the best choice, since it is a 
priori suspect to deleterious rearrangements. It has been re
ported19-20 that the reduction o f oximes can be accompanied 
by rearrangement involving a Curtius-type intermediate to 
give secondary amines, from  which the final peptide cannot 
be removed by HF treatment.21

Another problem concerns the rate o f  acid-catalyzed 
cleavage o f  the peptide amide from the benzhydrylamine 
resin. The rate is directly proportional to the stability o f  the 
resultant carbonium ion on the polymer. Therefore, a p -an i- 
syl-substituted resin— rather than a phenyl-substituted 
resin— would be expected to facilitate the release o f  the p ep
tide amide.

In view o f the above considerations the preparation and 
properties o f  benzhydrylamine resins, including the p -m e- 
thoxy derivative,2-18 were studied in some detail. The suit
ability o f p-methoxybenzhydrylamine resin for the synthesis 
o f  peptides terminating in a carboxamide is investigated.

Results and Discussion

There are three synthetic routes to benzhydrylamine resin, 
starting from the com m on intermediate, phenylketo deriva
tive, prepared by the Friedel-Crafts benzoylation o f  poly

Scheme II

T r
® J > ® Æ , F b ® —  C = N :

II -  Ì <
:N:

H H
II

^ N :
AIO

/
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is displaced either by attack o f hydride ion (primary amine 
form ation) or by phenyl migration (secondary amine form a
tion). The results in Table I clearly indicate th a ; the 
benzhydrylamine resin prepared via reduction o f the oxime 
intermediate contains substantial amounts o f  secondary 
amine, while the resin with the highest primary amine content 
is obtained by the Leuckart reaction. For this reason, the p - 
methoxybenzhydrylamine polymer evaluated in this study 
for its usefulness in peptide synthesis was prepared v:a the 
Leuckart reduction o f the p-anisoylated polystyrene-1%  d i
vinylbenzene copolym er. The resin obtained containec only 
0.02 mequiv o f  secondary amine per gram o f polym er and 0.6 
m equiv/g o f  primary amine.
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Table I. Comparison of Benzhydrylamine Resin Prepared by Leuckart Reaction or Oxime Reduction

Nitrogen Secondary Primary
Nitrogen, Total amine, after amine, amine,

Resin % mequiv/g diazotization, % mequiv/g mequiv/g

Oxime I 1.33 0.95 1.40 0.50 0.45
Oxime II 1.36 0.97 1.70 0.61 0.36
Leuckart 1.22 0.87 0.06 0.02 0.85

Table II. Dipeptide Synthesis on p-Methoxybenzhydrylamine Resin

Acid hydrolysis of

Ninhydrin test
C-Terminal Ninhydrin test dipeptide resin
amino acid after second C-terminal

C-Terminal protected after 1st concn, coupling step residue, Ala concn,
amino acid residue coupling step pmol/mg with Boc-Ala pmol/mg pmol/mg

Box-Gly Negative 0.46 Negative 0.45 0.47
Boc-Pro Negative 0.47 Negative 0.48 0.49
Boc-Phe Negative 0.45 Negative 0.46 0.45
Boc-Val Negative 0.53 Negative 0.51 0.49

Boc-Glu(OBzl) Negative 0.47 Negative 0.51 0.46

Botrlle'G In-AsrrO Bzl

H e _Gln - Asn-NHü-HF

Figure 2. Methods of preparation of Ile-Gln-Asn-NH2 by classical 
and solid-phase procedures.

A selected number of model dipeptides were synthesized 
on the p-methoxybenzhydrylamine resin in order to test for 
stability of the C-terminal amide bond during the removal of 
the iV-ferf-butyloxycarbonyl group with 33% v/v trifluo- 
roacetic acid in methylene chloride. Samples of resin substi
tuted with the first N-portected amino acid (X) were 
subjected to acid hydrolysis and amino acid analysis25 as were 
the Boc-Ala-X-resin dipeptide products. From the results 
listed in Table II it is apparent that the C-terminal amide 
bond is stable to Boc-deprotection conditions. All of the five 
protected amino acids investigated substituted on the resin 
with ease and in high yields.

In view of the reported low recovery from benzhydrylamine 
resin17’18 of peptides terminating in phenylalanine the Boc- 
Ala-Phe-p-methoxybenzhydrylamine polymer was subjected 
to treatment with anhydrous HF. The dipeptide Ala-Phe- 
NH2*HF was recovered in 92% yield. The substitution level 
on the resin for Phe is 0.45 mequiv/g and for Ala 0.46 mequiv/g 
(Table II). After HF cleavage of the dipeptide, the residue 
resin was subjected to acid hydrolysis25 and amino acid 
analysis. The amino acid levels found are Phe, 0.02 mequiv/g; 
Ala, 0.02 mequiv/g. This is indicative of at least a 95% cleavage 
of dipeptide from the resin.

To further demonstrate the usefulness of the p-methoxy- 
benzhydrylamine resin, the synthesis of the hypothalamic 
hormone Thyroliberin (TRH)26 was undertaken. The syn
thetic hormone was recovered in 78% yield after purification, 
and had a biological activity identical with that of the TRH 
standard when tested in the in vitro rat pituitary assay.27

The p-methoxybenzhydrylamine resin was further evalu
ated by introducing the first amino acid residue onto the resin 
via an activated ester condensation. The derivative synthe
sized was Boc-Ile-Gln-Asn-resin and the crude tripeptide was 
recovered in 94% yield, 65% after crystallization from water/
2-propanol. Inasmuch as Ile-Gln-Asn-NH2 is a possible can
didate in our continued search for the MSH-releasing fac

tor28’29 it was deemed necessary to confirm the physical 
chemical properties of the tripeptide prepared by an inde
pendent method using classical peptide synthesis (Figure 2). 
The benzyl ester Boc-Ile-Gln-Asn-OBzl30 was converted to 
the amide with ammonia in methanol and then deprotected 
with HF in the presence of anisole. Both classical and solid- 
phase products were identical.

Experimental Section

p-Anisoylation of Copolystyrene-1 % Divinylbenzene. To a
stirred suspension of 50 g of polystyrene resin cross-linked with 1% 
divinylbenzene (Bio-Beads. X -l, 200-400 mesh, Bio-Rad Corp., 
Richmond, Calif.) in 500 ml of nitrobenzene at 10 °C were added si
multaneously solutions of anhydrous aluminum chloride (21.4 g, 0.16 
mol) in 75 ml of nitrobenzene and p-anisoyl chloride (13.7 g, 0.086 
mol) in 50 ml of nitrobenzene. The mixture was heated to 35 °C for 
4 h and cooled to 10 °C. HC1 [4 N, 250 ml) was added, and the mixture 
was then heated to 60 °C, diluted with 250 ml of water, and stirred 
for an additional 5 min. The solid was recovered by suction filtration. 
The resin was then washed with tetrahydrofuran (500 ml), tetrahy- 
drofuran-water (1:1 v/v) (500 ml), water (500 ml), water-methanol 
(1:1 v/v) (500 ml), and methanol (500 ml) and dried in vacuo at 45 °C. 
Recovery was 58.5 g; the product exhibited a strong carbonyl ab
sorption at 1675 cm-1 (KBr pellet).

Anisylformylaminomethylpolystyrene-l % Divinylbenzene 
(Leuckart Reaction). The p-anisoylated Bio-Beads (58.5 g), am
monium formate (165 g), formamide (200 ml), 88% formic acid (250 
ml), and nitrobenzene (600 ml) were added to a 2-1., three-necked, 
round-bottomed flask, fitted with a mechanical stirrer, thermometer, 
and a Dean-Stark recovery trap. The reaction mixture was heated to 
165-175 °C while stirring. After 2 h 50 ml of 88% formic acid was 
added and another 50 ml of 88% formic acid every hour. After a total 
of 5 h the reaction mixture was cooled to room temperature and the 
solid isolated by filtration, washed with tetrahydrofuran (750 ml), 
tetrahydrofuran-ethanol (1:1 v/v) (750 ml), and ethanol (750 ml).

Anisylaminomethylpolystyrene-1 % Divinylbenzene. The 
Leuckart reaction product, still wet with ethanol, was suspended in 
400 ml of ethanol. Concentrated HC1 (175 ml) was added and the 
mixture was stirred under reflux for 2 h. After cooling to room tem
perature, the solid was collected by filtration and washed by sus
pension for several hours in ethanol (4 X 250 ml) until the wash gave 
a negative silver chloride test. The polymer was dried to a constant 
weight (59.9 g). The p-methoxybenzhydrylamine resin contains 0.87% 
nitrogen, which is equivalent to 0.62 mequiv amine/g resin.

Determination of Secondary Amine Content of p-Methoxy- 
benzhydrylamine Resin (Demjanov Reaction). One gram of the 
above described resin was suspended in 200 ml of p-dioxane and 2 N 
HC1 (60 ml) was added with stirring over 30 min. Sodium nitrite (0,69 
g, 0.01 mol) in water (20 ml) was added and the reaction mixture was 
then stirred at room temperature for 2 h. The product was recovered 
by filtration and washed with chloroform (50 ml) and methanol (150
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ml), and then air dried. The resin was ninhydrin negative (31). Ele
mental analysis for nitrogen gave a value of 0.07% N, which corre
sponds to 0.02 mequiv of secondary amine/g resin.

Comparison of Leuckart Reaction vs. Oxime Reduction in the 
Preparation of Benzhydrylamine Resins. Benzoylated copol- 
ystyrene-1% divinylbenzene was prepared as described for the p- 
anisoylated resin. Benzoylated resin (15g) was converted to the oxime 
by the method described by Pietta et al.9 Two aliquots of the resulting 
oxime were then reduced with bis(2-methoxyethoxy)aluminum hy
dride (Vitride) in benzene using two modes of addition: (1) addition 
of oxime resin to a stirred excess Vitride solution in benzene, and (2) 
addition of Vitride solution to a stirred suspension of excess oxime 
resin in benzene. The third aliquot of benzoylated resin was converted 
to benzhydrylamine resin by the Leuckart reaction described above. 
The resulting products were analyzed for total amine content, 
subjected to the Demjanov reaction, and analyzed for secondary amine 
content (Table I).

Preparation of Dipeptides on p-Methoxybenzhydrylamine 
Resin. In a 100-ml solid-phase reaction vessel (Schwarz-Mann), 3 g 
of p-methoxybenzhydrylamine hydrochloride resin (0.62 mequiv 
amine/g polymer) was shaken with 35 ml of 10% v/v IV,IV- diisopro- 
pylethylamine in CH2CI2 for 10 min. After removal of the base the 
resin was treated with 4.66 mequiv of the appropriate tert-butyl- 
oxycarbonyl amino acid (2.5-fold excess) in 20 ml of CH2CI2 and 0.96 
g (4.66 mequiv) of DCCI in 20 ml of the same solvent for 40 min at 
room temperature. The resin was washed with 35-ml portions each 
of 25% acetic acid in CH2CI2, twice with CHC13, and twice with 
CH2CI2. In the instances when the ninhydrin test was positive, the 
coupling was repeated using a 1.16-fold excess. In case of a negative 
ninhydrin test a 150-mg sample was withdrawn for amino acid anal
ysis.

The Boc protecting group was removed by treatment of the resin 
with 35 ml of 33% (v/v) trifluoroacetic acid-methylene chloride for 
45 min at room temperature After treatment with two 35-ml portions 
of A/./V-diisopropylethylamine-CH2Cl2 (8% by volume) for 10 min, 
the resin was washed with 35-ml portions each of CHCI3 and CH2CI2. 
The deprotected resin was treated with tert-butyloxycarbonylalanine 
(0.88 g, 4.66 mequiv) in 20 ml of CH2CI2 and DCCI (0.96 g, 4.66 me
quiv) in 20 ml of the same solvent for 40 min at room temperature. The 
resin was then washed as previously described, a small sample 
subjected to the ninhydrin test,31 and recoupling was performed if 
necessary. A sample of dipeptide-substituted resin was hydrolyzed 
in 1:1 propionic acid-concentrated HC1 at 135 °C for 4 h25 and ana
lyzed for amino acid content (see Table II).

Cleavage with HF of Alanylphenylalanine Amide from p- 
Methoxybenzhydrylamine Resin. Boc-Ala-Phe-resin (1.25 g) was 
placed in a Teflon cleavage vessel, 6.5 ml of anisole was added, and 
20 ml of anhydrous HF was collected. The mixture was stirred for 45 
min at room temperature The HF was removed under reduced 
pressure and the resin dried in vacuo to remove the anisole. The di
peptide was extracted with 4% aqueous acetic acid (50 ml). Lyophi- 
lization of the extract yielded 111 mg (92%) of dipeptide amide hy
drogen fluoride salt; TLC (n-BuOH-AcOH-H20, 4:1:1) shows one 
spot, Rf 0.37 as revealed by chloride tolidine reagent.32 Anal. Calcd 
for C12Hi8N30 2F-H20: C, 52.7; H, 7.38; N, 15.4. Found: C, 52.5; H, 
7.20; N, 15.1. Amino acid analysis after 16 h of hydrolysis in 1:1 pro
pionic acid-concentrated HC1 at 135 °C gave the following molar 
ratios: Phe, 1.0; Ala, 0.98.

Z-L-PyrogIutamyl-iVlm-tosyl-L-histidyl-L-proIyl-p-methoxy- 
benzhydrylamine Resin. Boc-proline-substituted resin (5 g) pre
pared as described (Table II) was utilized for the preparation of the 
hormone. The following cycles of deprotection, neutralization, and 
coupling were carried out for the introduction of each of the other two 
residues (His, <Glu) in the peptide: (1) cleavage of the Boc group by 
two successive treatments with 40 ml of 33% trifluoroacetic acid in 
CH2CI2 for 45 min at room temperature; (2) one wash with 40 ml of 
CH2CI2; (3) treatment with three 40-ml portions of iV,iV-diisopro- 
pylethylamine in CH2CI2 (8% by volume); (4) addition of 7.76 mequiv 
(2.5-fold excess) of Boc-Ahm-tosyl-His in 20 ml of CH2CI2 and 5 min 
of shaking; (5) addition of 7.76 mequiv of DCCI in 20 ml of CH2CI2 
followed by overnight reaction period; (6) one wash with 40 ml of 25% 
acetic acid in CH2CI2; (7) one wash with 40 ml of CHCI3; (8) ninhydrin 
test (if negative, go to step 9); (9) repetition of steps 1-8, this time 
coupling Z-<Glu, 7.76 mequiv; (10) one wash with 40 ml of anhydrous 
ethanol. After air drying 6.37 g of resin tripeptide was recovered.

L-Pyroglutamyl-L-histidyl-L-proline Amide (TRH). Z-<Glu- 
Allm-tosyl-His-Pro-NH2 (1.29 g) was removed from the resin with HF 
as described above. The resin-peptide mixture was washed with an
hydrous ethyl ether (3 X 25 ml) and the peptide extracted with 40 ml 
of MeOH. Evaporation of solvent yielded 189 mg of crude tripeptide.

The hormone was purified on a silica gel column (13 g, 12 X 2 cm) by 
elution with MeOH-CHCL (3:7 v/v). Yield of TRH was 132 mg (78%). 
The Rf on TLC was within experimental error when compared with 
an authentic sample in three different solvent systems: Rf 0.24 (n- 
BuOH-AcOH-EtOAc-H20, 1:1:1:1); Rs 0.63 (CHCl3-M eO H - 
NH4OH, 6:4.5:2); and Rf 0.40 (EtOH-H20 , 7:3); [a ]24D -4 0 ° (c 1, 
MeOH). Amino acid analysis after 24 h of hydrolysis with 6 N HC1 
gave the following molar ratios: Pro, 1.0; Glu, 1.0; His, 0.99; and NH3, 
0.95.

Boc-L-Isoleucyl-L-glutaminyl-L-asparaginyl-p-methoxy- 
benzyhydrylamine Resin. The p-methoxybenzhydrylamine hy
drochloride resin (5 g) was shaken with 45 ml of 10% by volume 
A/N-diisopropylethylamine in CH2C12 for 10 min. After removal of 
the base the resin was treated with 4.6 g (fourfold excess) of Boc- 
Asn-ONp and 0.4 g of IV-hydroxybenzotriazole in 75 ml of N- 
methyl-2-pyrrolidone for 16 h. The resin was washed with 70-ml 
portions each of CH2C12, absolute ethanol, 25% acetic acid in CH2C12, 
and CH2C12. The Boc protecting group was removed by treatment 
with 70 ml of 33% by volume trifluoroacetic acid in CH2C12 for 45 min 
at 23 °C. After treatment with two 70-ml portions of )V,Al-diisopro- 
pylethylamine-CH2Cl2 (8% by volume) for 10 min the resin was 
washed with two 70-ml portions of CH2C12. Next the peptide chain 
was elongated using Boc-Gln-ONp as acylating agent under the 
conditions described above. After 16 h the resin dipeptide gave a faint 
positive ninhydrin test. Hence, the resin dipeptide was acylated with 
acetic anhydride (1 ml) in the presence of (V.iV-diisopropylethylamine 
(1 ml) in Af-methyl-2-pyrrolidone (75 ml) for 60 min. After acylation 
the resin dipeptide gave a negative ninhydrin test. The resin dipeptide 
was then carried through a deprotection and base treatment cycle. 
The following cycles were carried out for the coupling of Boc-Ile (at 
a 2.5-fold excess): a solution of Boc-Ile (7.75 mequiv, 1.86 g) and N- 
hydroxybenzotriazole (1.57 g, 11.6 mequiv) in 50 ml of N-methyl- 
2-pyrrolidone was added to the resin dipeptide and shaken for 10 min. 
At this point a solution of DCCI (1.60 g, 7.75 mequiv) in 20 ml of 
CH2CI2 was added to the mixture while shaking was continued for 4
h. Since the ninhydrin test was positive a second coupling was carried 
out using Boc-Ile (1.20 g, 5 mequiv) and N-hydroxybenzotriazole (1 
g, 7.5 mequiv) in 50 ml of lV-methyl-2-pyrrolidone followed by DCCI 
(1 g, 5 mequiv) as described. Shaking continued for 4 h until the 
ninhydrin test was negative. The tripeptide resin was washed with 
70-ml portions of lV-methyl-2-pyrrolidone, CHCI3, anhydrous ethanol, 
and twice with CH2C12. The resin tripeptide was then dried in vacuo 
(5.95 g, 93%).

L-Isoleucyl-L-glutaminyl-L-asparaginamide‘HF. Boc-Ile- 
Gln-Asn-resin (1.3 g) was placed in a Teflon cleavage vessel and 4 ml 
of anisole was added. Treatment with 20 ml of anhydrous HF for 45 
min with stirring at 0 °C liberated the peptide amide which was iso
lated as described above. Yield of crude product was 240 mg (94% 
based on the substitution level of the starting resin). Crystallization 
from water/2-propanol gave 164 mg (65%): Rf 0.19 (n-BuOH- 
AcOH-H20, 3:1:1); Rf 0.42 (n-Bu0H -Ac0H -Pyr-H 20, 15:3:10:6); 
Rf 0.35 (EtOH-H20, 7:3); [a ]23D -4 0 ° (c  0.65,1 N AcOH).

Amino acid analysis of a sample hydrolyzed for 22 h with 6 N HC1 
gave the following molar ratios: Asp, 1.0; Glu, 1.0; lie, 0.93; and NH3, 
2.8.

Boc-L-Isoleucyl-L-glutaminyl-L-asparaginamide. Amidation 
of Boc-Ile-Gln-Asn-OBzl (375 mg, 0.67 mequiv) gave 300 mg (94.5%) 
of product: mp 232-234 °C; [a ]24D -10 ° (c  1, AcOH); Rf 0.39 (n- 
BuOH-AcOH-H20, 4:1:1). Anal. Calcd for C2oH36N60 7-y,MeOH: C, 
50.4; H, 7.84; N, 17.2. Found: C, 50.6; H, 7.98; N, 17.1.

L-Isoleucyl-L-glutaminyl-L-asparaginamide HF. Boc-Ile- 
Gln-Asn-NH2 (250 mg, 0.53 mequiv) was suspended in 2 ml of pure 
anisole and subjected to HF deprotection for 10 min at 0 °C by the 
method described above. After evaporation of the HF-anisole, the 
residue was dissolved in 20 ml of water, the aqueous solution washed 
with ethyl ether (2 X 20 ml), and the product recrystallized from 
water/2-propanol (190 mg, 91.9%): Rf 0.19 (n-BuOH-AcOH-H20, 
3:1:1); Rf 0.42 (re-Bu0H-Ac0H-Pyr-H20, 15:3:10:6); Rf 0.35 
(Et0H -H 20, 7:3); [a ]24D -4 1 ° (c  0.75, 1 N AcOH). Amino acid 
analysis of a sample hydrolyzed for 22 h with 6 N HC1 gave the fol
lowing molar ratios: Asp, 1.0; Glu, 1.0; lie, 0.98; and NH3, 3.0.
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A number of synthetic approaches to the biosynthetically important 10-epieudesmane sesquiterpene inter
medeol (1) have been explored. Reduction of epi-a-cyperone (6) with lithium-ammonia and oxidation of the inter
mediate enolate gave acetoxy ketone 9 as the major product. However, 9 could not be deoxygenated to intermedeol. 
Reduction of 6 with lithium in ammonia followed by trapping of the derived enolate with diethyl chlorophosphate 
gave enol phosphate ester 11. Hydrogenolysis of 11 gave a mixture of three hydrocarbons, 3,4, and 12, while hydro- 
genolysis of the related enol phosphate 13 gave only one olefin (15) on reduction. The synthesis of 1 from a-agarofu- 
ran (18l was accomplished by the sequence conversion to the 3,4-oxide (19), reduction of 19 to 4/3-hydroxydihydro- 
agarofuran (20), and lithium-ethylenediamine reduction of 20 to diol 23, which on partial dehydration afforded int
ermedeol (1). The C-4 epimer of intermedeol, 5, was synthesized from 10-epieudesma-4,11-diene (3) by epoxidation 
to 24, dissolving metal reduction of which gave 5. The structure of 24 was confirmed by its conversion to 4«-hy- 
droxydihydroagarofuran and that of 5 by reduction to the dihydro compound (26), which was synthesized by an al
ternate route.

In the generally accepted biosynthetic schem e1 for the 
nonisoprenoid noctkatone-valencene group o f sesquiterpenes,
1 0 -epieudesmanes, such as interm edeol ( l ) , 2 lO -epi-7 -eu- 
desmol (10 -ep ieudesm -4-en -ll-ol, 2 ) ,3 and the isomeric 10- 
epieudesmadienes (3 and 4)4 play a key role. These com 
pounds can all, at least in principle, undergo the carbonium 
ion type rearrangement suggested many years ago by  R ob in 
son for the biosynthesis o f  eremophilone from  a eudesmane 
precursor .5 In addition, at the time when this work was ini

tiated, an additional sesquiterpenoid alcohol, “ paradisiol”  (5), 
the C-4 epimer o f intermedeol, had been reported .6 However, 
the infrared spectrum o f “ paradisiol”  and intermedeol indi
cated that these com pounds were identical, and subsequent 
synthetic and N M R  studies showed that interm edeol was 
correctly represented by structure l ,2c as originally suggested 
by Zalkow.2a Subsequent direct comparison showed that these 
com pounds are in fact identical.7

T he obvious starting point for a synthesis o f  either inter-
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m edeol (1) or “ paradisiol”  (5) is epi-a-cyperone (10-epieu- 
desm a-4,ll-dien-3-one, 6), the well-known annélation product 
o f  dihydrocarvone and ethyl vinyl ketone.8 This molecule 
contains all 15 carbon atoms present in the desired products, 
has the requisite stereochemistry at C-7 and C-10, and is 
functionalized in a manner which should facilitate the ste
reoselective synthesis o f  1 and/or 5.

\ H
R1

1, R =  OH;R‘ =  CHj 
5,R =  CH:1; R ‘ =  OH

H
4. R =  H
7, R =  OAc 
1 L R = 0 2P(0C:,H5),

AcO O '  ^

12

13. R =  0,P(0C2H5)2 
15, R =  H

14

19 20, R =  OH; R1 =  CH:,
25, R =CH ;i;R> =OH

21

22 23 24

26

The initial approach to these sesquiterpenes introduced the 
correct stereochemistry at C-5 by lithium-ammonia reduction 
o f  enone 6 to the enolate anion. In an effort to effect oxygen
ation at C-4, the enolate was oxidized with lead tetraacetate9 
to give a mixture o f products. Repeated chromatography o f 
this mixture gave, in poor yield, a crystalline acetoxy ketone 
and a hydroxy ketone. The presence o f  relatively low field

methyl singlets in their N M R  spectra indicated that both  
com pounds were oxygenated at C-4. T hey did not, however, 
have the same stereochemistry at this center since alkaline 
hydrolysis o f the acetoxy ketone gave a ketol different from  
that obtained from  the original reaction mixture. T he stere
ochemistry o f these compounds was resolved as follows: first, 
the same acetoxy ketone could be obtained in a three-step 
sequence by lithium -am m onia reduction o f  ketone 6 to the 
enolate and trapping this anion with acetic anhydride to give 
enol acetate 7. Treatm ent o f  7 with m -chloroperbenzoic acid 
in ether10 gave an unstable epoxy acetate, which on mild acid 
treatment gave the acetoxy ketone. By analogy with the 
acid-catalyzed rearrangement o f  the epoxy acetate derived 
from 3-acetoxy-2-cholestene,u  the configuration o f the C-4 
acetate group in the acetoxy ketone should be opposite to that 
o f the C-3 acetate in the precursor epoxide. Normal steric 
arguments lead to the conclusion that attack o f peracid should 
occur from  the less hindered /3 face o f  7 leading to structure 
8 for the epoxy acetate, and 9, 4 /t-acetoxy-5-epi-10-epieu- 
desm -ll-en -3 -on e , for the derived ketone.

A second factor indicating that 9 has the indicated stereo
chemistry follows from the observation that basic hydrolysis 
o f  the acetate gives a hydroxy ketone (10) in which the N M R  
signal for the angular methyl group appears at very slightly 
higher field (0.03 ppm) than that o f the corresponding acetate
(9). This is expected if  the oxygen functionalities are both 
equatorial as they are in 9 and 1G.12 The hydroxy ketone o b 
tained from the original lead tetracetate oxidation was d if
ferent from 10, and on the basis o f  its spectral properties is 
probably the C-4 epimer o f  10.

A  number o f attempts were made to remove the oxygen 
atom at C-3 in 9 and 10, including attempted formation o f the 
ethylene thioketal o f  9 and reduction o f  9 and 10 to mixtures 
o f diols followed by formation o f  the 3-tosylate or -mesylate. 
In all cases either no reaction occurred or gross mixtures were 
obtained.

In a second approach to intermedeol, enone 6 was converted 
to enol phosphate ester 11 in an attempt to prepare diene 4.13 
Hydrogenolysis o f  11 with lithium -ethylam ine led to partial 
reduction o f the isolated double bond, while the use o f  lith 
ium-ammonia gave a mixture o f  three dienes. The best results 
from the latter reductions were obtained using sod ium - 
am m onia-ierf -butyl alcohol for a short period o f time, giving 
a mixture containing 42% o f  4. Repeated preparative GLC 
gave pure 4, the properties o f which agree with those reported 
for the natural product.4 The major component o f this mixture 
(46%) had spectral properties consistent with those reported 
for 10-epieudesma-4,11-diene (3).4 The minor com ponent o f  
the mixture (12%) was assigned the structure 4-epi-10- 
epieudesma-5,11-diene 112) on the basis o f  its N M R  spectrum, 
which shows a methyl doublet {J  =  6 Hz) at 8 0.92, a methyl 
singlet at <5 1.00, the doubly allylic proton at C-7 as a multiplet 
at 8 2.52, and a one-proton vinyl quartet at 8 4.90. The stere
ochemistry at C-4 (equatorial methyl) is assigned on the basis 
o f  thermodynamic stability and the relatively small (6 Hz) 
coupling constant for the secondary methyl group.14

Although the lithium -ethylam ine reduction o f enol phos
phate esters has been reported to proceed with virtually 
com plete regiospecificity,13 apparently the use o f  ammonia 
as a medium for these reactions leads to the equilibration o f 
an intermediate carbanion. That the reduction is regiospecific 
in ethylamine was confirmed when it was found that the enol 
phosphate ester (13) derived from 10-epieudesm -4-en-3-one
(14) was reduced cleanly with lith ium -terf-butyl alcohol in 
this medium to give 5-epi-10-epieudesm -3-one (15).

Controlled oxidation o f  diene 4 gave 3/3,4/3-oxido-5-epi-
10-epieudesm -ll-ene (16) in good yield and greater than 70% 
purity;15 however, following the disclosure by Zalkow16 that 
a synthesis o f  intermedeol had been accom plished by the
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lithium aluminum hydride reduction of epoxide 16, this syn
thetic approach was abandoned.

In connection with some other work, the oxidation of 10- 
epieudesm-4-ene-3,ll-diol (17)17 with Jones reagent was at
tempted. However, rather than the expected ketone, the major 
product of this reaction was a-agarofuran (18).17-18 Although 
the conversion of 17 and 18 by mild acid treatment has been 
reported,18 the use of Jones reagent gives a product which is 
considerably cleaner than that obtained by the Canadian 
group.19 Conversion of a-agarofuran to the 3/8,4/3-oxide (19),20 
followed by lithium aluminum hydride reduction, gave a 5:1 
mixture of isomeric alcohols. The major product of the re
duction was assigned the structure 4/3-hydroxydihydro- 
agarofuran (20) on the basis of its NMR spectrum (see Ex
perimental Section), while the minor component of the mix
ture was assumed to be the 3/1-hydroxy isomer (21) from 
similar considerations and its oxidation to the known 3-ke- 
tone.18 The equatorial nature of the hydroxyl group in alcohol 
20 was confirmed through its dehydration with thionyl chlo
ride in pyridine to give /3-agarofuran (22)21 as the major 
product. It is noteworthy that reduction of epoxide 19 gives 
less than 20% of the product arising from normal trans diaxial 
opening of the oxide, while the epoxide which is a precursor 
to intermedeol gives ca. 60% of the axial secondary alcohol 
under similar conditions.15

Following the conditions used for the cleavage of the tet- 
rahydrofuran ring of a-agarofuran,20 reduction of alcohol 20 
with lithium-ethylenediamine afforded as the major product 
a diol, assigned the structure 5-epi-10-epieudesma-4/3,ll-diol
(23) on the basis of its NMR spectrum (see Experimental 
Section) and its preparation from natural intermedeol2a’b>22 
by oxidation with m-chloroperbenzoic acid and reduction of 
the resulting mixture of epimeric 11,12-epoxides with lithium 
aluminum hydride.

A number of attempts were made to selectively function
alize diol 23 in order to achieve a regioselective synthesis of 
intermedeol; unfortunately, this goal could not be achieved. 
However, dehydration of 23 using von Rudloff s procedure23 
gave a mixture of five compounds, of which intermedeol was 
the principal component. Pure intermedeol, identical in all 
respects with natural material, could be isolated from this 
mixture by careful chromatography.

As noted above, at the time these studies were initiated, the 
C-4 epimer of intermedeol, 5-epi-10-epieudesm-ll-en-4a-ol
(5), was considered to be a naturally occurring sesquiterpene.6 
Although this compound has subsequently been shown to be 
intermedeol,20’7 its synthesis remains of interest since a 
compound of this structure is a plausible natural product, 
because it is a substance having the structural and stereo
chemical features of a compound which could be found in 
nature. Also samples of 5 were needed for reference in con
nection with other work. Since alcohol 5 has an axial hydroxyl 
group, the obvious method of synthesis would involve reduc
tive cleavage of an epoxide, either the 3a,4a-epoxide derived 
from diene 4, or the 4a,5a-epoxide derived from diene 3. In 
view of the problems encountered in preparing quantities of 
pure 4, the latter approach was chosen.

10-Epieudesma-4,11-diene (3) occurs naturally and has 
been synthesized by desulfurization of the thioketal of enone
6.4 In an alternative approach, the mixture of epimeric alco
hols obtained by reduction of enone 617 was converted to the 
mixed acetates, which were then reduced to 3 by lithium in 
ammonia in an overall yield of 84% from enone 6. Treatment 
of diene 3 with 1 equiv of m-chloroperbenzoic acid gave the 
desired epoxide (24). The a orentation of the oxirane ring is 
based on analogy with the reported epoxidation of the dihydro 
derivative of 3,24 and the conversion of 24 to 4a-hydroxy- 
dihydroagarofuran (25). This conversion was effected by re
action of epoxide 29 with m-chloroperbenzoic acid to give the

bis epoxide and reduction under mild conditions to the 
4a,5a-oxido-ll-ol which on treatment with toluenesulfonic 
acid gave 25.

Reduction of epoxide 24 with lithium-ammonia gave a 
single tertiary alcohol which on the basis of its NMR spectrum 
was either 5 or its C-5 epimer. That this alcohol was in fact 5 
was confirmed by hydrogenation to 5-epi-10-epieudesman- 
4a-ol (26), a compound which had been synthesized earlier 
during the work leading to the confirmation of the identity of 
“ paradisiol” and intermedeol.20 Alcohol 26 of known stereo
chemistry at both C-4 and C-5 was prepared from olefin 15 by 
conversion to the bromohydrin, a reaction known to occur by 
trans-diaxial addition of bromine and hydroxyl, and subse
quent reduction with lithium aluminum hydride.20

Experimental Section25
3-Acetoxy-5-epi-10-epieudesma-3,11-diene (7). A solution of

1.55 g of 10-epieudesma-4,ll-dien-3-one (6)8 in 20 ml of dry ether and 
100 ml of liquid ammonia was reduced with lithium to the enolate of
5-epi-10-epieudesm-ll-en-3-one as described below. The ammonia 
was replaced by 75 ml of dry benzene, and 30 ml of acetic anhydride 
was added slowly. The reaction mixture was stirred under nitrogen 
at room temperature for 1 h and poured into aqueous sodium bicar
bonate, the aqueous layer was drawn off, washed with water and brine, 
and dried, and the solvent was removed at reduced pressure to give 
1.343 g of yellow oil. This oil was dissolved in hexane-benzene (2:1) 
and chromatographed on Woelm silica gel. Elution with benzene gave 
0.577 g of enol acetate 7 as a colorless liquid: ir 1755,1687 cm-1; NMR 
6 0.91 (s, 3 H, CH3), 1.45 (s, 3 H, CH3C = ), 1.72 (s, 3 H, CH3C = ), 2.10 
(s, 3 H, CH3CO), 4.84 (m, 2 H, CH2= ) .  For analysis, a small sample 
of this material was distilled at 130-140 °C (bath temperature, 0.1 
mm).

Anal. Calcd for Ci7H260 2: C, 77.82; H, 9.99. Found: C, 77.93; H,
9.85.

i/3-Acetoxy-5-epi-10-epieudesm-l l-en-3-one (9). A. A solution 
of 0.725 g of 10-epieudesma-4,ll-dien-3-one (6) in 15 ml of dry ether 
was added to ca. 50 ml of dry distilled liquid ammonia. Lithium rib
bon, just sufficient to impart a permanent blue color, was added and 
the reaction mixture was stirred at reflux for 50 min. The ammonia 
was evaporated in a stream of dry nitrogen while 50 ml of dry benzene 
was added. Following the removal of the ammonia, 5.10 g of freshly 
dried lead tetraacetate was added in portions and the reaction mixture 
was stirred at room temperature in a nitrogen atmosphere for 1.5 h. 
The reaction mixture was filtered through Celite, washed with water 
and brine, and dried and the solvent was removed at reduced pressure 
to give 0.541 g of yellow oil. The crude product was dissolved in hex
ane-benzene (1:1) and chromatographed on 35 g of Woelm activity 
III neutral alumina. Elution with these solvents gave 0.173 g of a 
mixture of 4-epi-5-epi-10-epieudesm-ll-en-3-one and the starting 
dienone, while elution with benzene afforded 0.106 g of crude acetoxy 
ketone. A total of 1.704 g of material obtained in this manner from 
three runs was combined, dissolved in benzene, and chromatographed 
on 75 g of Woelm activity I silica gel. Elution with benzene-ethyl ac
etate (9:1) gave 1.345 g of an oil, which although homogeneous to TLC 
(silica gel G, benzene-ethyl acetate, 8:1) was obviously a mixture from 
the NMR spectrum. This mixture was distilled, bp 150-160 °C (bath 
temperature, 0.15 mm) to give 0.661 g of a mixture of essentially the 
same composition, which was taken up in benzene-hexane (1:1) and 
chromatographed on 30 g of Woelm activity II neutral alumina. The 
first fractions eluted with these solvents gave mixtures of unreacted 
ketone and the desired acetoxy ketone, while later fractions afforded 
0.065 g of pure material as a crystalline solid. Recrystallization from 
aqueous methanol gave the analytical sample: mp 90-91 °C; mass 
spectrum m/e (rel intensity) 278 (7), 236 (29), 235 (38), 219 (30), 218 
(100); ir 1735,1640, 879 c m '1; NMR 5 1.22 (s, 3 H, CH3), 1.40 [s, 3 H, 
C(OCOCH3)CH3], 1.72 (br s, 3 H, CH3C = ), 2.01 (s, 3 H, CH3C 02), 
4.62, 4.72 (m, 1 H each, C=C H 2).

Anal. Calcd for CI7H260 3: C, 73.35; H, 9.41. Found: C, 73.51; H, 
9.52.

The later benzene fractions and benzene-methylene chloride (4:1) 
gave 0.047 g of an oil, which on the basis of its spectral properties was 
identified as 4a-hydroxy-5-epi-10-epieudesm-ll-en-3-one: mass 
spectrum m/e (rel intensity) 236 (7), 219 (18), 218 (75), 203 (55), 193
(15), 190 (15), 179 (21), 175 (100), 162 (23), 161 (29), 149 (23), 148 (29), 
147 (28); ir 3520,1701,1638 cm“ 1; NMR 5 1.20 (s, 3 H, CH3), 1.25 (s, 
3 H, CHgCO), 1.72 (br s, CH3C = ), 4.90 (br s, 2 H, CH2= ) .

B. To a stirred solution of 0.538 g of 3-acetoxy-5-epi-10-epieu- 
desma-3,11-diene (7) in 15 ml of ether at 0°C was added slowly a so
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lution of 0.496 g of m-chloroperbenzoic acid (72%) in 10 ml of ether. 
The reaction mixture was stirred at ambient temperature for 24 h, 
then shaken with successive portions of 10% aqueous sodium bisulfite, 
saturated sodium bicarbonate, water, and brine, and dried, and the 
solvent was removed at reduced pressure with gentle warming. The 
resulting yellow oil showed a carbonyl peak in the ir at 1755 cm-1, and 
was, without purification, taken up in 15 ml of chloroform, treated 
with 0.025 g of toluenesulfonic acid, and stirred at room temperature 
for 18 h. The reaction mixture was washed with successive portions 
of saturated aqueous sodium bicarbonate and brine and dried and the 
solvent was removed to give 0.379 g of yellow oil, which was dissolved 
in benzene and chromatographed on Woelm silica gel. Elution with 
benzene-ethyl acetate (9:1) gave 0.140 g of acetoxy ketone 9.

4/9-Hydroxy-5-epi-10-epieudesm-ll-en-3-one (10). A solution 
of 0.157 g of acetoxy ketone 9 in 10 ml of 1% methanolic potassium 
hydroxide was heated at reflux in a nitrogen atmosphere for 18 h. The 
reaction mixture was cooled, diluted with water, and extracted with 
methylene chloride. The extract was washed with water and brine and 
dried, and the solvent was removed to give 0.100 g of a yellow oil. TLC 
(silica gel G, benzene-ethyl acetate, 8:1) indicated that this material 
was almost exclusively one compound and it was purified by dissolving 
it in benzene-ethyl acetate (8:1) and filtering it through 3 g of Woelm 
silica gel to give 0.059 g of a pale vellow oil: ir 3636,1712 cm-1; mass 
spectrum m/e (rel intensity) 236 (17), 219 (58), 218 (75), 204 (25), 193 
(100), 175 (75); NMR 5 1.22 (s, 6 H, CH3), 1.75 (m, 3 H, CH3C = ), 4.82 
(m, 2 H, CH2= ) .

Deoxygenation of 10-Epieudesma-4,ll-dien-3-one. To 125 ml
of redistilled liquid ammonia was added a solution of 5.21 g of 10- 
epieudesma-4,ll-dien-3-one (6) in 40 ml of dry ether. Sufficient 
lithium ribbon to impart a permanent blue color was added and the 
mixture stirred at reflux for 0.5 h. An additional 75 ml of dry ether was 
added and the ammonia was evaporated with gentle warming using 
a stream of dry nitrogen. During the evaporation of ammonia, suffi
cient ether was added to maintain a volume of ca. 100 ml. A solution 
of 10 ml of diethyl chlorophosphate in 75 ml of dry ether was added 
and the reaction mixture stirred at room temperature for 1 h. The 
phosphate ester was isolated by pouring the reaction mixture into 
water, drawing off the aqueous layer, washing the ethereal solution 
with successive portions of saturated aqueous sodium bicarbonate 
and brine, drying, and removing the solvent in vacuo with gentle 
warming. The crude phosphate ester showed characteristic infrared 
absorption at 1070 cm-1; TLC indicated the presence of 5-epi-10- 
epieudesm-ll-en-3-one as the only major impurity and this material 
was reduced without additional purification.

The crude phosphate ester was dissolved in a mixture of 75 ml of 
dry ether and 75 ml of dry tert- butyl alcohol and added to ca. 500 ml 
of redistilled liquid ammonia. To this solution was added 2.30 g of 
sodium and the reaction mixture stirred at reflux 8 min. The reaction 
was quenched by the addition of 100 ml of ethanol and the ammonia 
was removed in a stream of nitrogen. The residue was taken up in 
hexane and water, the aqueous phase drawn off, the hexane extracts 
washed with water and 13% hydrochloric acid and dried, and the 
solvent removed to give 3 66 g of yellow oil, which was dissolved in 
hexane and chromatographed on 110 g of Merck basic alumina. Elu
tion with hexane gave 1.15 g of a mixture of hydrocarbons which upon 
GLC (OV-17, 200 °C) showed the presence of three compounds, in 
a ratio of 12:46:42 in order of increasing retention time. A small 
quantity of the mixture was separated by preparative GLC for char
acterization to give respectively 4-epi-10-epieudesma-5,11-diene
(12), NMR 6 0.92 (d, 3 H, J = 6 Hz, CH3CH), 1.00 (s, 3 H, CH3), 1.78 
(d, 3 H, J  = 1 Hz, CH3C = ), 2.52 (m, 1 H, H-7), 4.45 (m, 2 H, CH2= ) ,  
4.90 (q, J  = 4 Hz, H-6);26 10-epieudesma-4,11 -diene (3), identical 
with the material described below and the properties of which agree 
with those reported;4 and 5-epi-10-epieudesma-3,11-diene (4), the 
ir and NMR spectra of woich agree with those reported by Klein,4 
mass spectrum m/e (rel intensity) 204 (47), 189 (67), 161 (100).

5-Epi-10-epieudesm-3-ene (15). 10-Epieudesm-4-en-3-one (14) 
was treated with lithium and liquid ammonia followed by diethyl 
chlorophosphate as described in the deoxygenation of 10-epieu- 
desma-4,ll-dien-3-one (vide supra). The crude enol phosphate ester 
derived from 4.51 g of ketone was taken up in 20 ml of dry ether and 
40 ml of dry tert-butyl alcohol and added to ca. 150 ml of redistilled 
ethyl amine. Sufficient lithium ribbon was added to impart a perma
nent blue color and the reaction mixture stirred at reflux for an ad
ditional 10 min. The reaction was quenched with ethanol and the 
ethylamine evaporated in a stream of nitrogen. The residue was taken 
up in hexane, washed with successive portions of water, 10% hydro
chloric acid, and 10% sodium carbonate, and dried and the solvent was 
removed at reduced pressure to give 2.80 g of pale yellow oil. The crude 
reaction product was taken up in hexane and chromatographed on

90 g of Merck alumina. Elution with hexane gave 1.13 of olefin 15 as 
a colorless oil: mass spectrum m/e (rel intensity) 206 (50), 191 (100), 
177 (17), 163 (29), 151 (12); NMR S 0.85 (s, 3 H, CH3), 0.90 (d, 6 H, J 
= 7 Hz, isopropyl), 1.60 (br s, 3 H, CH3C=CH ), 5.30 (m, 1 H, 
CH3C=CH). GLC (OV-17,190 °C) indicated that this material was 
contaminated with a small amount (total, 17%) of three other com
pounds. For analysis a small quantity of the olefin was rechromato
graphed on Merck alumina.

Anal. Calcd for CI6H26: C, 87.30; H, 12.70. Found: C, 87.27; H,
12.68.

Further elution with hexane gave 0.35 g of 4-epi-5-epi-10-epieu- 
desman-3-one as a waxy solid, mp 66-69 °C, after recrystallization 
from petroleum ether. The enantiomer is reported to melt at 66-67 
°C.27 The 2,4-dinitrophenylhydrazone had mp 224-226 °C after re
crystallization from ethanol-ethyl acetate (lit. mp 222 °C for the 
enantiomer27).

3/3,4|8-Oxido-5-epi-10-epieudesin-ll-ene (16). To a solution of 
0.047 g of diene 4 in 3 ml of methylene chloride at 0 °C was added 
dropwise a solution of 0.049 g of m-chloroperbenzoic acid in 5 ml of 
the same solvent. The reaction mixture was stirred at 0 °C for 0.75 
h and the excess peracid destroyed with 10% aqueous sodium bisulfite. 
The organic layer was drawn off and washed with successive portions 
of 5% aqueous sodium bicarbonate, water, and brine. After drying and 
removing the solvent at reduced pressure there was obtained 0.44 g 
of an oil which TLC (silica gel G, benzene-hexane, 1:1) showed to be 
contaminated with traces of another compound. No effort was made 
to purify this material. However, it had the expected spectral prop
erties: mass spectrum m/e (rel intensity) 220 (10), 219 (52), 205 (100); 
NMR 5 0.80 (s, 3 H, CH3), 1.16 (s, 3 H, CH3CO), 1.68 (br s, CH3C = ),
2.77 (t, 1 H, J  = 2 Hz, CHO), 4.55 (m, 2 H, CH2= ) .

a-Agarofuran (18). To a solution of 10.6 g of 10-epieudesm-4- 
ene-3,ll-diol17 in 100 ml of permanganate stable acetone was added 
dropwise during 4 h 12 ml of Jones reagent. Dilution with water and 
extraction with ether gave 7.60 g of a-agarofuran, bp 69-72 °C (0.05 
mm), the spectral properties of which were identical with those re
ported by Marshall.17

Lithium Aluminum Hydride Reduction of 3/3,4 -̂Epoxydihy- 
dro-a-agarofuran. A solution of 4.80 g of epoxide 1920 in 100 ml of 
dry ether was added dropwise during 30 min to a stirred slurry of 1.20 
g of lithium aluminum hydride in 100 ml of dry ether at —18 °C. The 
mixture was stirred for a further 4 h at this temperature and the 
product isolated in the usual manner. The oily crude material was 
found to be a 5:1 mixture of isomeric alcohols by GLC and was chro
matographed on 50 g of neutral alumina. Elution with 5% benzene in 
pentane gave 3.0 g of 4/3-hydroxydihydroagarofuran (20), bp 90 
°C (0.05 mm), as the major product: ir 3575 cm-1; NMR 5 1.10 (s, 3
H, CH3), 1.19 (s, 3 H, CH3), 1.24 (3 H, CH3), 1.38 (s, 3 H, CH3).

Anal. Calcd for CisH ê.CL: C, 75.59; H, 10.98. Found: C, 75.82; H,
10.90.

Continued elution with benzene-pentane mixtures containing in
creasing proportions of benzene yielded eventually 3/S-hydroxy- 
dihydroagarofuran (21): bp 100 °C (0.05 mm); ir 3520 cm-1; NMR 
& 0.95 (d, 3 H, J = 5 Hz, CH3CH), 1.05 (s, 3 H, CH3), 1.19 (s, 3 H, CH3),
I. 31 (s, 3 H, CH3), 3.58 (m, W U2 = 8 Hz, CHOH).

Anal. Calcd for Ci5H260 2: C, 75.59; H, 10.98. Found: C, 75.82; H,
10.90.

Oxidation of 0.025 g of alcohol 21 with Jones reagent and isolation 
of the product in the usual manner gave 0.014 g of 3-ketoagarofuran, 
mp 120-121 °C (lit. mp 124 °C18). The spectral properties are in 
agreement with those reported for this compound.18

/S-Agarofuran (22). A solution of 0.240 g of 4/5-hydroxydihydro- 
agarofuran (20) in 5 ml of dry pyridine at 0 °C was treated with 0.65 
ml of thionyl chloride. After 1.5 h the mixture was poured into ice- 
water and extracted with ether, and the product was isolated in the 
usual manner. The material so obtained was a mixture of 0- and a- 
agarofuran in an 8:1 ratio by GLC. Chromatography on neutral alu
mina and elution with pentane gave /3-agarofuran, bp 90 °C (0.05 mm), 
the spectral properties of which are consonant with those of authentic 
material.20

5-Epi-10-epieudesma-4(3,l 1-diol (23). A. To a stirred solution 
of 0.300 g of 4/3-alcohol 20 in 25 ml of dry, distilled ethylenediamine 
at 100 °C was added in portions, under nitrogen, 0.300 g of lithium 
metal. The mixture was heated at reflux for 1 h, cooled, poured into 
water, and extracted with ether. The residue was chromatographed 
on 30 g of neutral alumina. Elution with benzene gave a small amount 
of lO-epi-y-eudesmol. Elution with ether gave a compound, pre
sumably the 4/3,5/3-diol, which reacted readily with periodic acid: ir 
3425 cm "1; NMR 6 0.87 (d, 3 H, J  = 6 Hz), 0.90 (d, 3 H, J  = 6 Hz, 
isopropyl), 1.08 (s, 3 H, CH3), 1.24 (s, 3 H, CH3).

Finally, elution with ethyl acetate yielded 0.150 g of the desired
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4/3,11-diol (23) which crystallized from pentane in plates: mp 110-111 
°C; ir (Nujol) 3455 c m '1; NMR 6 0.90 (s, 3 H, CH3), 1.09 (s, 3 H, CH3),
1.29 [s, 6 H, (CH3)2COH]; (pyr) 6 0.93 (s, 3 H, CH3), 1.25 (s, 3 H, CH3),
I. 40 [s, 6 H, (CH3)2COH],

Anal. Calcd for Ci5H280 2: C, 74.94; H, 11.76. Found: C, 75.10; H,
II. 54.

B. A solution of 0.050 g of intermedeol (1), isolated from “I” strain 
Bothriochloa intermedia,22 was stirred with 1 equiv of m-chloro- 
perbenzoic acid in 10 ml of chloroform for 18 h at 0 °C. The reaction 
mixture was washed with cold 5% aqueous sodium hydroxide, water, 
and brine, dried, and concentrated under reduced pressure to give 
0.040 g of crude epoxy alcohol: ir 3460 cm“ 1; no olefinic absorbance. 
This material was dissolved in 5 ml of ether and added to a slurry of 
0.075 g of lithium aluminum hydride in 10 ml of ether and added to 
a slurry of 0.075 g of lithium aluminum hydride in 10 ml of ether and 
stirred at room temperature for 18 h. The excess hydride was de
composed with water and the residue thoroughly extracted with ether. 
The combined ether extracts were dried and concentrated under re
duced pressure to give 0.035 g of diol 23. The spectral and chroma
tographic (GL, TLC) properties of this material were identical with 
those described in A above.

5-Epi-10-epieudesm-l l-en-4/3-ol (Intermedeol, 1). A mixture 
of 0.800 g of diol 23 and 3.2 g of 2% quinoline on alumina23 was heated 
at a bath temperature of 192 °C for 2 h. Isolation of the products with 
ether gave 0.710 g of a viscous oil which GLC showed to be a mixture 
of five compounds. The retention time of the principal component 
(33%) of this mixture corresponded to that of intermedeol. The mix
ture was chromatographed on 25 g of activity I basic alumina and 
elution with benzene gave 0.160 g of a mixture enriched in inter
medeol. Rechromatography of this mixture on 2.5 g of Woelm silica 
gel and elution with hexane-benzene (4:1) gave 0.045 g of intermedeol 
of ca. 90% purity. Evaporative distillation followed by chromatogra
phy on 1.0 g of Woelm silica gel (elution with hexane-benzene, 9:1) 
gave 0.020 g of material, homogeneous to GLC and TLC, and which 
had spectral and chromatographic properties identical with those of 
natural intermedeol (1).

3-Acetoxy-10-epieudesma-4,11-diene. A solution of 2.65 g of
10-epieudesma-4,ll-dien-3-ol17 in 25 ml of dry pyridine was treated 
with 3.4 ml of acetic anhydride and kept at ambient temperature 
under nitrogen for 18 h. Dilution with water and extraction with ether 
gave 2.90 g of acetate: bp 120 °C (bath, 0.05 mm); ir 1735,1645,1275, 
885 cm“ 1; NMR <51.10 (s, 3 H, CH3), 1.57 (s, 3 H, CH3C =C ), 1.67 (s, 
3 H, CH3C=-C), 2.20 (s, 3 H, CH3CO), 4.70 (s, 2 H, = C H 2).

Anal. Calcd for Cn H260 2: C, 77.82; H, 9.99. Found: C, 77.67; H,
10.06.

10-Epieudesma-4,11-diene (3). A solution of 1.84 g of the acetate 
mixture described above in 70 ml of dry ether was added dropwise 
during 10 min to a stirred solution of 0.35 g of lithium metal in 150 ml 
of liquid ammonia. After a further 20 min, ammonium chloride was 
added and the ammonia allowed to evaporate. Water was added and 
the diene isolated with ether. Distillation, bp 100 °C (bath, 0.05 mm), 
gave 1.29 g of material, the spectral data for which are in agreement 
with those reported.4

Anal. Calcd for Ci5H24: C, 88.16; H, 11.84. Found: C, 88.14; H, 
11.87.

4a,5a-Oxido-10-epieudesm-ll-ene (24). m-Chloroperbenzoic 
acid (1 equiv) was added portionwise during 15 min to a stirred so
lution of 0.240 g of diene 3 in 20 ml of methylene chloride at 0 °C. 
Stirring was continued at room temperature for a further 45 min, and 
the solution was washed with cold 5% aqueous sodium hydroxide, 
water, and brine, dried, and concentrated. The oil residue was chro
matographed on 8.0 g of Woelm activity III neutral alumina. Elution 
with hexane-benzene (9:1) gave 0.175 g of epoxide 24: bp 95 °C (bath, 
0.05 mm); ir 1641, 882 cm-1; NMR b 1.02 (s, 3 H, CH3), 1.18 (s, 3 H, 
CH3CO), 1.70 (s, 3 H, CH3C = ), 4.97 (s, 2 H, CH2= C ).

Anal. Calcd for Ci5H240 : C, 81.76; H, 10.98. Found: C, 81.83; H,
11.07.

4a-Hydroxydihydroagarofuran (25). To a solution of 0.220 g of 
epoxide 24 in 20 ml of methylene chloride was added a solution of 
0.240 g of m -chloroperbenzoic acid in 20 ml of the same solvent and 
the mixture kept at room temperature for 18 h. The solution was 
washed with dilute alkali, brine, and water, then dried and concen
trated to yield 0.225 g of diepoxide: NMR <5 1.00 (s, 3 H, CH3), 1.27 [m, 
6 H, (CH3)2CO], The crude product in 5 ml of dry ether was treated 
with 0.100 g of lithium aluminum hydride in 10 ml of ether for 6 h at 
room temperature. Isolation of the product in the usual manner gave 
an oil which was dissolved in 10 ml of benzene, treated with a crystal 
of p-toluenesulfonic acid monohydrate, and stirred at room tem
perature for 5 days. Evaporation of the benzene in vacuo gave a 
semicrystalline mass which crystallized from hexane to give 0.075 g

of material, mp 125-126 °C (lit. mp 130-131 °C21), alone or mixed with 
an authentic sample of 4a-hydroxydihydroagarofuran.

5-Epi-10-epieudesm-ll-en-4a-ol (5). A solution of 0.300 g of 
epoxide 24 in 30 ml of dry ether was added during 10 min to a solution 
of 0.300 g of lithium metal in 100 ml of liquid ammonia and the mix
ture stirred for 2 h at reflux. Ammonium chloride was added and the 
ammonia allowed to evaporate. The residue was leached several times 
with ether and the extracts evaporated to yield 0.300 g of an oily res
idue which was chromatographed on 20 g of Woelm activity III neutral 
alumina. Elution with benzene afforded 0.175 g of alcohol 5: bp 110 
°C (bath, 0.05 mm); ir 3590,1640,885 cm“ 1; NMR b 1.05 (s, 3 H, CH3),
I. 13 (s, 3 H, CH3COH), 1.72 (s, 3 H, CH3C = ), 4.90 (m, 2 H, CH2= ) ;  
NMR (pyr) 5 1.25 (s, 3 H), 1.73 (s, 3 H).

Anal. Calcd for C15H26O: C, 81.02; H, 11.79. Found: C, 81.07; H,
II. 83.

5-Epi-10-epieudesman-4a-ol (26). A. A solution of 0.22 g of al
cohol 5 in 50 ml of ethanol was shaken in hydrogen with 0.040 g of 
Adams catalyst at room temperature and pressure until absorption 
of hydrogen ceased. The suspension was filtered and the filtrate 
concentrated to leave 0.165 g of alcohol 26: bp 100 °C (bath, 0.05 mm); 
mass spectrum m/e (rel intensity) 109 (100), 121 (59), 123 (36), 135
(44), 138 (69), 139 (62), 150 (33), 163 (79), 181 (95), 191 (72), 206 (23), 
209 (72), 224 (10); NMR 5 0.85 (d, 6 H, J = 5.5 Hz, isopropyl), 1.10 (s, 
3 H, CH3COH); (pyr) 6 0.87 (d, J = 5.5 Hz), 1.25 (s, 3 H), 1.30 (s, 3 
H).

Anal. Calcd for CisHjgO: C, 80.29; H, 12.58. Found: C, 80.31; H,
12.83.

B. To a chilled (0 °C) solution of 0.717 g of 5-epi-10-epieudesm-
3-ene (15) in 25 ml of tetrahydrofuran containing 5 ml of water and
2.5 ml of 8% aqueous perchloric acid was added, with stirring, 1.40 g 
of IV-bromosuccinimide. The reaction mixture was allowed to warm 
to room temperature, stirred for 3 h, and poured into water. The re
sulting suspension was extracted with ether, and the extracts were 
washed with successive portions of 10% aqueous sodium bisulfite, 
sodium carbonate, and brine. After drying, the solvent was removed 
at reduced pressure and 40 °C to give a yellow oil. TLC, IR, and NMR 
indicated the presence of unreacted olefin as well as bromohydrin, 
and the crude reaction mixture was reduced directly by dissolving it 
in 100 ml of dry ether, adding 0.7 g of lithium aluminum hydride, and 
stirring at room temperature for 18 h. The reaction mixture was cooled 
to 0 °C and the excess hydride was decomposed with ice water. The 
ethereal solution was decanted from the precipitated aluminum salts, 
washed with brine, and dried and the solvent removed at reduced 
pressure to give 0.763 g of an oil, which was dissolved in hexane and 
chromatographed on Merck alumina. Elution with hexane-benzene 
(7:2) gave 0.169 g of dihydroparadisiol as a colorless oil. Although this 
material was homogeneous to TLC and GLC (SE-30, 200 °C), the 
mass spectrum indicated that it was contaminated with unreduced 
bromohydrin. Pure material, identical with that described in part A 
above, was obtained by distillation at 130 °C (bath, 0.2 mm) and re- 
chromatography.
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The 10-epieudesmanes (—)-7/3,10a-selina-4,11-diene (I) and (+)-5(?/i,10a-selina-3,11-diene (II) were synthesized 
from 10«-selina-4,ll-dien-3-one (VI) and natural (~)-7)3,10/3-selina-4,11-diene (I) was further converted into inter
medeol (IV). Intermedeol (IV) was transformed into 5/3/i,10a-eudesmol (XI). On treatment with boron trifluoride 
etherate, neointermedeol (XV), a close relative of intermedeol, gave 5-selinene, while with thionyl chloride in ben
zene selina-4,11-diene was obtained.

The recent isolation o f the dienes (—)-7|3,10a-selina-
4,11-diene (I) and (+)-5<3H,7/3,10a-selina-3,11-diene (II) from 
D ip terocarp us alatus R oxb.3 and (—)-5/8,7/3,10a-selina- 
4(14),11-diene (III) from  A ristolochia indica Linn.4 are o f 
particular interest since they can be visualized as arising 
biogenetically simply by dehydration o f intermedeol (IV), the

II, A3<4I,5/?H
III, A 4,H’,5/?H

first member o f  this family to  be reported.5 In fact, diene III 
was first prepared in 1962,5b’6 by pyrolysis o f  intermedeol 
acetate, but was not recognized as such since, at that time, the 
configuration at C-7 was thought to be 70H.5a The grapefruit 
constituent paradisol7 is now known to be identical with int
ermedeol8 and a direct comparison o f the dehydration product 
o f  paradisol7 with natural III has shown their identity.4 Only 
a few other related 10-epieudesmanes have been reported,9'10 
but this group o f sesquiterpenes appears to play an important 
role as biogenetic precursors to the valencanes and spirove- 
tivanes.11’12 Marshall and Andersen12 have concluded from  
the literature on constituents o f  eudalene-yielding essential 
oils that (1) 10-epieudesmanes are more prone to rearrange
ment and (2) rearrangements always occur from a eudesmane 
with cis related methyl groupings. These observations were

valencanes

I
spiro veti vanes

explained by postulating that relief o f  the strain associated 
with an axial isopropyl grouping and a 1,3-diaxial m ethyl in 
teraction provides substantial driving force for the rear
rangements.12

W e now report the synthesis o f  I (21%) and II (13%) together 
with isomer V  (37%) by a modified W olff-K ishner reduction13 
o f the previously reported dienone V I14 and the further con-

V
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version of natural II into intermedeol (IV). The reaction 
conditions were selected to give the maximum amount of 
double bond migration. I and II were identical by ir and NMR 
spectra and by gas chromatography on three columns with 
authentic samples. 15 Diene V was characterized by its ele
mental analysis, mass spectrum, and by its ir (v 1635, 880 
cm“ 1) and NMR [5 0.87 (3 H), 1.65-1.73 (6 H), 4.72 (2 H), 5.30 
(1 H)] spectra. The preference for protonation of the inter
mediate anion of the hydrazone at C-5 to give cis fused V may 
be explained as follows. If it is assumed that the orbital at C-5 
is sp3, presumed in the case of metal ammonia reductions of 
a,/3-unsaturated ketones,16 then continuous overlap with the 
C-4 sp2 orbital can be maintained by an a-oriented (cis to C-10 
methyl) C-5 orbital. This orientation would be expected to be 
preferred over the (3 orientation (leading to II) since the former 
intermediate, after protonation at C-5, would lead to an all
chair arrangement with an equatorial C-7 isopropenyl group 
whereas the latter case would lead to the less favorable B-ring 
twist-boat conformation. Grundon, Henbest, and Scott17 
showed that by using a modification of the Wolff-Kishner 
reduction procedure involving potassium feri-butoxide in 
refluxing toluene, double bond migration in a,/3-unsaturated 
ketones could be minimized and, in particular, by using the 
preformed semicarbazone of cholest-4-en-3-one, essentially 
pure cholest-4-ene was obtained in high yield. When the 
semicarbazone of VI was subjected to these conditions, the 
only product detected by gas chromatography and isolation 
was I, the unrearranged diene.

Epoxidation of natural II15 with m-chloroperbenzoic acid 
(1  molar equiv) in methylene chloride gave a mixture in which 
a single epoxide predominated (~80% of products) .18 At
tempted separation of this epoxide mixture by chromatog
raphy on silica gel led to disappearance of epoxides and for
mation of a ketone, presumably VII, as the major product. 
Therefore, the epoxide mixture was reduced with LiAlH4 in 
THF at 60 °C and only after 16 h were the epoxides consumed. 
Gas chromatographic analysis indicated the presence of three 
products in the approximate ratio of 1.5:4.3:1.0. The most 
abundant product was eluted with benzene/hexane (~ 1 :1 ) 
from an alumina column and was shown to be alcohol VIII by 
its spectral properties and its conversion to the known ketone 
VII3’14 by Jones oxidation. The second most abundant re
duction product was eluted from the alumina column prior 
to alcohol VIII, but repeated chromatography over alumina 
failed to provide it in completely pure form. An analytically 
pure sample was obtained by preparative gas chromatography 
and it was found to be identical by ir, NMR, and gas chro
matography with natural intermedeol (IV).5 This represents 
the first reported synthesis of intermedeol. 19 When inter
medeol was first isolated56 we were surprised that it showed 
two bands of equal strength in its ir spectrum at 890 and 910 
cm-1; the presence of both these bands has been verified in 
the spectrum of pure synthetic intermedeol.

Regiospecific epoxidation of II at the more nucleophilic C-3, 
C-4 double bond was to be expected,20 and an examination of 
Dreiding models clearly indicated that the ft face (trans to 
C-10 Me) is less sterically encumbered. Thus, it is assumed 
that the major epoxide of II is the /3-epoxide. However, this 
epoxide has no low-energy pathway available to it for reduc
tion by lithium aluminum hydride, and indeed this reaction 
proceeded at a surprisingly slow rate as indicated above. Al
cohol VIII must arise either by axial nucleophilic attack from 
the a  side at the highly hindered C-4 tertiary position, or the 
epoxide undergoes prior rearrangement to the C-3 ketone, 
catalyzed by a Lewis acid impurity, which in turn is reduced.21 
Indeed, addition of AICI3 to the solution enhanced the rate of 
formation of alcohol VIII. Intermedeol is produced by hydride 
attack at the secondary C-3 position, but in order for there to 
be axial epoxide opening an A-ring boat conformation would

be involved (presumably the B ring is also in a boat confor
mation).

An attempt was made to synthesize intermedeol from VI 
by reductive acylation with lithium/ammonia/ieri -butyl al
cohol and trapping with acetic anhydride to give enol acetate 
IX, followed by epoxidation with m-chloroperbenzoic acid and

alkaline hydrolysis to give X and finally conversion of X  to 
intermedeol. Enol acetate IX was obtained, as expected, in a 
yield of about 65% and its NMR spectrum showed the char
acteristic C-4 methyl group at 5 1.43.22 The ir spectrum of IX 
was analogous to that reported for its A2 isomer.23 Epoxidation 
of IX appeared to proceed without difficulty and the crude 
epoxide was hydrolyzed with aqueous ethanolic potassium 
hydroxide24 to give X, in poor yield, after chromatography on 
alumina.25 However, no means was found to efficiently remove 
the C-3 carbonyl group without disturbing the C-4 hydroxyl 
group or C -ll double bond.

Intermedeol has been converted into 5/377,lOa-eudesmol
(XI), a material not yet found in nature but presumably an 
important biogenetic precursor, 11 as follows. Oxidation with 
potassium permanganate-sodium periodate gave XII as 
previously described.53 Ketol XII was dehydrated to the ex- 
ocyclic olefin with phosphorus oxychloride in pyridine, then 
addition of méthylmagnésium iodide and the usual workup 
gave, after chromatography, 5/3/7,lOa-eudesmol (XI), which 
was similar to but distinguishable from the natural product 
/3-eudesmol (XIII) by thin layer and gas chromatography.26

Insufficient quantities of intermedeol (IV) and XI have thus 
far been available to study their in vitro conversion to spiro- 
vetivanes and valencanes, as postulated in the biogenesis of 
these substances. 11 ’12

Recently Brooks and Keates27 provided in vivo support for 
the original Robinson postulation28 that the C-5 methyl group 
in eremophilane sesquiterpenes arises by migration from C-10 
in a precursor of the eudesmanoid skeletal type as outlined 
for petasin (XIV). Therefore, we attempted an in vitro sim
ulation of this biogenetic pathway using neointermedeol (XV), 
a close relative of intermedeol, previously isolated by us from 
a different race of the same plant species that yielded inter
medeol.29 As mentioned above, Marshall and Andersen12 
postulated that in vivo a C-10 — C-5 methyl migration always 
occurs from a eudesmane with cis related methyl groups. 
However, in neointermedeol where the C-4 hydroxyl group 
is instead cis to the C-10 methyl group, the concerted sequence 
of trans anti parallel shifts (—) a  C -l H; /3 C-10 Me —► /3 C-5 
Me; a  C-5 H -*• a  C-4 H; ( - )  fi C-4 OH are possible. In the 
event, exposure to boron trifluoride etherate for 3 min resulted 
in the conversion of neointermedeol into ¿-selinene (Selina-
4,6-diene) in excellent yield while treatment with thionyl
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chloride in benzene gave selina-4 ,ll-d iene as the major 
product. The latter was identified by the similarity o f  its ir and 
N M R  spectra to those previously reported30 and the almost 
identity o f  its N M R  spectrum with that o f  its 10 epimer I. 
However, in the latter case there was indication that a 
“ biogenetic type”  rearrangement did occur to a small extent, 
involving either a C-10 —*■ C-5 methyl migration to give either 
eremophilene (X V I) or its isomer 7a7i-erem ophila-9,11- 
diene (X V II)31 or rearrangement to a spirovetivane. W hile

XV XVI, A1<10)
XVII,A9(10>

chromatography failed to yield the minor “ biogenetic type”  
product in pure form, fractions enriched in this product were 
obtained in which the N M R  spectra showed high-field methyl 
doublets and broad olefinic signals at about 6 5.3.31>32 A 
number o f unsuccessful attempts to effect the in vitro con
version o f  an eudesmanoid type precursor into an eremophi- 
lane type sesquiterpene have been recorded.33 The only re
ported successful example o f  a C-10 C-5 methyl migration
in an eudesmanoid precursor involved the formic acid-acetone 
treatment o f  epoxydihydroalantolactone (X V III).34 M ore

recently, H ochstetler35 has shown that 2,2,8,8,10-penta- 
m ethyl-l(9)-octalin  undergoes acid-catalyzed rearrangement 
via both a spiro [4.5] decalyl cation system and an angular 
methyl migration. Thus, in vitro “ biogenetic type”  rear
rangements o f simple eudesmanes (or 10-epieudesmanes) to 
eremophilanes (or valencanes) or spirovetivanes are not 
readily accom plished and may, in fact, require very rigid 
conform ation features as present in the more highly substi
tuted derivatives. In vivo this conform ational rigidity could 
be enzyme controlled.

Experimental Section36

7$,lOa-Selina-4,11-diene, 5j3if,7|8,10a-Selina-3,l1-diene, and 
5aii,7d,10a-Selina-3,11-diene (V). Ketone VI (4.8 g)14 and 8  ml of 
hydrazine hydrate (64% in water) were dissolved in 350 ml of freshly 
distilled triethylene glycol. To this was added a solution prepared by 
dissolving 7.6 g of potassium hydroxide in 100 ml of triethyiene glycol. 
The combined solution was heated at 100 °C for 30 min, then the 
temperature raised to 210 °C over a period of 30 min, where it was 
maintained for 1 h, during which time hydrazine and water distilled 
out of the solution.13 Extraction with petroleum ether (bp 30-60 °C), 
washing with water, drying (MgS04), and concentration gave 4.24 g 
of product which by gas chromatography (Carbowax 20M column) 
was shown to be composed of, in order of elution, 37% V, 21% I, and 
13% II. Repeated column chromatography on 10% silver nitrate-silica 
gel columns provided analytically pure samples of the three dienes

which were eluted with 10% benzene in petroleum ether in the order 
II, V, and finally 1.1 and II were identical with authentic samples3-15 
of I and II by gas chromatography (Carbowax 20M column) alone and 
on admixture, and by superposition of their ir, NMR, and mass 
spectra. Infrared and NMR spectra of I and II have been previously 
reported.3

Wolff-Kishner reduction of the semicarbazone of VI under the 
conditions of Grunwald et al.17 gave only I. Thus, 1.0 g of semicarba- 
zone VI (mp 177-180 °C, lit.14 mp 177 °C) and 0.8 g of potassium 
tert-butoxide were added to 15 ml of toluene and the solution was 
refluxed for 90 h. Nitrogen evolution (~89% theoretical) appeared to 
cease after 68 h. The solution was neutralized with hydrochloric acid 
and extracted with ether. After the usual workup, gas chromatography 
and NMR analysis of the crude product indicated the presence of only
I. As previously, an analytically pure sample of I was prepared and 
was identical with I prepared as described above.

Diene V, which showed a single peak by gas chromatography, ex
hibited the following properties: bp 70 °C (0.1 mm) (bath); mass 
spectrum 204.1889 (calcd, 204.1878); ir rmax (neat) 1645 and 890 cm-1; 
‘H NMR 5 (CDC13) 0.88 (3 H, s), 1.66-1.75 (6 H, m), 4.72 (2 H, m), 5.30 
(1 H, m).

Synthesis of Intermedeol (IV). To a solution containing 0.994 
g of II15 (88.5% purity by gas chromatography) in 25 ml of methylene 
chloride at —10 °C was added dropwise a solution containing 0.944 
g of m-chloroperbenzoic acid in 25 ml of methylene chloride at 0 to 
-10  °C over a period of 5 min. Gas chromatography indicated reaction 
to be complete after an additional 20 min of stirring. The methylene 
chloride solution was then washed successively with a saturated so
dium sulfite solution, a sodium bicarbonate solution, then a saturated 
brine solution. Drying (MgS04) and concentration with a rotary 
evaporator gave 0.997 g of the crude epoxide product, gas chromato
graphic analysis (ratio of peak areas) of which indicated approxi
mately 71% of a single product, <5% unreacted II, and a number of 
other components, none of which were present in excess of 5%:18 cmax 
(film) 880 cm“ 1; <5 (CC14) 4.88 (m).

To a solution of 10 ml of tetrahydrofuran, distilled from lithium 
aluminum hydride, containing 98 mg of the above-mentioned epoxide 
mixture at 58 °C, was added dropwise (over a period of 30 min) a so
lution prepared by vigorously stirring 103 mg of lithium aluminum 
hydride in 10 ml of dry tetrahydrofuran. Gas chromatographic anal
ysis showed disappearance of starting material only after 16 h, when 
the reaction mixture was quenched with a solution of sodium potas
sium tartrate, then extracted with ether. Drying and concentration 
with a rotary evaporator gave 107 mg of crude product, gas chroma
tographic analysis of which indicated three major products in the ratio 
15:23:62, in the order of increasing retention time. The second most 
abundant constituent showed the same retention time as intermedeol
(IV) by gas chromatography. The analytical sample of intermedeol 
was only obtained after repeated chromatography on neutral alumina 
(activity I) followed by preparative gas chromatography (Carbowax 
20M column). The intermedeol thus obtained was identical with the 
natural product by ir and NMR spectral comparisons, and in gas 
chromatographic retention time alone and on admixture.5

The most abundant product, VIII, was eluted from the alumina 
column after intermedeol in benzene/hexane (1:1): 5 (CC14) 0.83 (3 
H, s), 0.95 (3 H, d, J  = 6 Hz), 1.68 (3 H, s), 3.68 (1 H, m), 4.83 (2 H, m). 
Oxidation of VIII with Jones reagent gave ketone VII, mp 43-45 °C 
(lit.3 mp 49.5-50 °C), identical by ir and NMR spectra with the spectra 
of an authentic sample prepared by reduction of VI with lithium in 
liquid ammonia as previously described.14

Attempted Conversion of VI into Intermedeol. Preparation 
of Ketol X. Ketone VI14 (5.45 g, 0.025 mol) and 1.85 g (0.025 mol) of 
ieri-butyl alcohol were dissolved in 50 ml of anhydrous ether. This 
solution was added dropwise, over a period of 1 h, to a solution of 250 
ml of liquid ammonia to which 0.38 g (0.55 g-atom) of lithium had 
been added. After stirring for an additional 1 h, the ammonia was 
allowed to evaporate under anhydrous conditions and when evapo
ration seemed to cease, 25 ml of anhydrous ether was added to the 
residue and this solution was allowed to evaporate in a hood. This 
procedure was repeated in order to remove the last traces of ammonia 
and finally the residue was taken up in 50 ml of anhydrous ether and 
this ethereal solution, after vigorous stirring, was slowly dropped (30 
min) into 25.5 g (0.25 mol) of freshly distilled acetic anhydride at room 
temperature under a nitrogen atmosphere. After stirring for an ad
ditional 30 min, this solution was rapidly added to a two-phase system 
of 150 ml of pentane and 150 ml of a saturated sodium bicarbonate 
solution at 0-5 °C. Solid sodium bicarbonate was added, over a period 
of 2-3 h, while the temperature was maintained below 5 °C until 
neutralization was complete. The layers were separated, the aqueous 
layer was filtered and then extracted with pentane, and the combined
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pentane layers were washed sequentially with sodium bicarbonate 
solution, then saturated brine solution, and finally dried and evapo
rated to give a crude residue of 6.36 g. Gas chromatography (Carbowax 
20 M column) showed in order of increasing retention time 9% of an 
unidentified substance, 16% VII, 4% unidentified substance, 65% IX, 
and 6% VI (ratio of peak areas). Chromatography on Merck acid- 
washed alumina (activity II) gave enol acetate IX in the petroleum 
ether eluent, ketone VII in the petroleum ether-benzene (9:1) eluent, 
and the «/i-unsaturated ketone VI in the petroleum ether-benzene 
(1:1) to benzene eluents. Hot box distillation gave the analytical 
sample of IX: bp 100-110 °C (bath) (0.1 mm); xmax (neat) 1750,1685, 
1640,1220, 892 cm "1; b (CC14) 0.92 (3 H, s), 1.43 (3 H, m), 1.72 (3 H, 
m), 2.03 (3 H, s), 4.85 (2 H, b); positive plain ORD curve.

Anal. Calcd for C17H26O2: C, 77.81; H, 9.99. Found C, 77.55; H,
9.90.

To 3.02 g of crude enol acetate in 150 ml of dry chilled ether, 2.37 
g of m-chloroperbenzoic acid (83.8%) in 40 ml of dry ether was added. 
After 14 h at 5 °C, gas chromatography showed that little enol acetate 
had been consumed and the solution was therefore left at 25 °C in the 
dark for 25 h. Ether was removed with the rotary evaporator and 
addition of 50 ml of petroleum ether resulted in precipitation of m- 
chlorobenzoic acid, which was removed by filtration. Evaporation of 
the petroleum ether gave a quantitative yield of crude product: 5 
(CCI4) 1.32,1.73,2.02,2.06,4.85. Gas chromatography suggested de
composition on the column and the crude epoxide was used without 
further purification. To a solution containing the above crude epoxide 
in 100 ml of ethanol was added a solution prepared by dissolving 5 g 
of potassium hydroxide in 25 ml of ethanol and 3 ml of water. The 
entire solution was stirred at 60 °C for 2 h, then most of the alcohol 
was removed at reduced pressure and 100 ml of water was added to 
the residue, which was then extracted with ether. Washing with brine, 
drying over magnesium sulfate, and evaporation of the ether gave 
crude product in 95% yield. Gas chromatographic analysis of the crude 
product indicated the presence of seven products with the hydroxy 
ketone composing only about 20% of the mixture (based on peak 
areas). Chromatography on Merck acid-washed alumina (activity II) 
gave the hydroxy ketone in the benzene eluent as a viscous gum: bp
110-115 °C (0.1 mm) (bath); xmax (neat) 3477,1714,1661,1637,1069, 
1052, and 895 cm“ 1; 5 (CC14) 1.16 (3 H, s), 1.18 (3 H, s), 1.73 (3 H, m),
4.86 (2 H, b).

Attempted preparation of the thioketol of X  appeared, by NMR 
analysis, to result in at least partial migration of the isopropenyl 
double bond, and reduction of the crude product with Raney nickel 
gave no product corresponding to intermedeol by gas chromatographic 
analysis. Reduction of X  with lithium aluminum hydride in ether 
resulted in disappearance of the carbonyl group, as detected by ir, but 
the product could not be converted into the desired secondary tos- 
ylate, the characteristic isopropenyl double bond peak at 890 cm-1 
in the ir having disappeared. Regardless, lithium aluminum hydride 
reduction of this crude product likewise gave no material with the 
retention time of intermedeol by gas chromatography.

Conversion of Intermedeol (IV) into 5/317,lOa-Eudesmol (XI). 
Intermedeol (0.134 g) was dissolved in 65 ml of ferf-butyl alcohol and 
a solution of 1.02 g of sodium periodate, 0.252 g of potassium car
bonate, and 0.03 g of potassium permanganate in 70 ml of water was 
added with stirring at room temperature. After stirring for 17 h, 120 
ml of water was added to the solution which was then extracted with 
benzene. The combined organic layers were washed with water, then 
dried over magnesium sulfate. Evaporation of the solvent gave 0.105 
g of a yellow oil, which was distilled to give ~80% (peak area, gas 
chromatography) of ketol XII: bp 115 °C (0.3 mm) (bath); xmax (neat) 
3440, 1705,1455,1380,1285, and 910 cm“ 1; b (CDCI3) 0.92 (3 H, s),
1.10 (3 H, s), 2.18 (3 H, s).

The ketol was dehydrated as follows. To ketol (0.120 g) dissolved 
in 4 ml of dry pyridine was added 0.3 ml of phosphorus oxychloride. 
After mixing, the homogeneous solution was allowed to stand at room 
temperature for 20 h, then poured over 40 g of ice and the resulting 
mixture extracted with ether. The ether extracts were washed with 
water, 2% hydrochloric acid, and again with water until neutral and 
finally dried over magnesium sulfate, then filtered and evaporated 
to give 0.111 g of the enone: cmax (neat) 1710,1450,1378,1284, and 887 
cm“ 1; b (CDCI3) 0.73 (3 H, s), 2.13 (3 H, s), 4.42 and 4.73 (2 H, m).

5/177,lOa-Eudesmol (XI) was prepared from the above enone as 
follows. To 0.275 g of magnesium turnings in 2 ml of dry ether was 
added 0.1 ml of methyl iodide to initiate the reaction, after which 1.60 
g of methyl iodide in 5 ml of dry ether was added drop by drop. An
other 2 ml of dry ether was added and after an additional 15 min of 
stirring, 0.11 g of the above-mentioned enone dissolved in 5 ml of ether 
was added and the entire solution refluxed for 6 h. The reaction was 
quenched with a saturated ammonium chloride solution and the

mixture was thoroughly extracted with ether. After washing with 
water and drying, evaporation of the ether extract gave 0.089 g of 
crude XI (~85% purity by peak areas in gas chromatography).

Chromatography on silica gel gave XI in the hexane-ether (98:2) 
eluent and distillation, bp 105-110 °C (0.2 mm) (bath), gave a colorless 
liquid which crystallized on standing, mp 45-50 °C. Further chro
matography on alumina (activity II) gave material of mp 62-66 °C 
in the benzene-ether (1:1) eluent. This alcohol (XI) was shown to be 
homogeneous by thin layer chromatography (silica gel, 95:5 chloro
form-ether) and by gas chromatography on a 3% QF-1 column and 
not to be identical with an authentic sample of /J-eudesmol (XIII):
[а] 25D -17.5° (c 5.00, CHC13); xmflx (neat) 3420,1640,1450,1380, and 
890 cm "1; xmax (CC14) 3610,1640,1455,1380, and 888 cm“ 1; b (CDCI3) 
0.76 (3 H, s), 1.26 (6 H, s), 4.51 and 4.76 (2 H, m); mass spectrum 
204.1880 (calcd for M+ -  HzO, 204.1878).26

Anal. Calcd for Ci5H260: C, 81.08; H, 11.71. Found: C, 81.18; H,
11.83.

Dehydration of Neointermedeol. A. Reaction with Boron 
Trifluoride Etherate. Neointermedeol29 (118 mg) was dissolved in
2.5 ml of dry benzene and to this solution was added 0.25 ml of freshly 
distilled boron triifluoride etherate. After stirring at room tempera
ture for 3 min, 5 ml of water was added, the layers separated, the 
aqueous layer further extracted with ether, and the combined organic 
layers washed with water, dried, and concentrated on the rotary 
evaporator to give 108 mg of crude product, gas chromatograph and 
NMR of which indicated the presence of approximately 90% 5-seli- 
nene. Distillation gave pure 6-selinene (bp 130 °C, 0.06 mm) which 
was identified by its uv and ir spectra37 and NMR spectrum: 5 (CDCI3) 
0.98 (3 H, s), 1.10 (6 H, d, J  = 6.5 Hz), 6.2 (1 H, s).

B. Reaction with Thionyl Chloride. Neointermedeol29 (250 mg) 
was dissolved in 5 ml of dry benzene to which was added 100 mg of 
pyridine. After cooling to 5 °C 1.35 g of thionyl chloride was added. 
After maintaining the solution at 10-20 °C for 90 min, it was poured 
into an aqueous bicarbonate solution which was extracted with ether. 
The usual workup gave 0.25 g of crude product, gas chromatography 
of which showed the absence of starting material but the appearance 
of one major and two minor peaks of lower retention time. Chroma
tography on a silver nitrate-silica column gave selina-4,11-diene: b 
(CDCI3) 1.05 (3 H, s), 1.62 (3 H, s), 1.75 (3 H, s), 4.75 (2 H, m); xmax 
(neat) 1640, 887 cm "1.*  Further elution yielded fractions containing 
predominantly selina-4,11-diene as determined by gas chromatog
raphy and NMR but the NMR spectra showed the presence of high- 
field doublets at ~b 0.9 and a broad signal at ~o 5.3.31’32

Registry No.—I, 28290-20-2; II, 60132-29-8; IV, 60064-79-1; V, 
60132-30-1; VI, 2303-31-3; VIII, 60132-31-2; IX, 60064-80-4; X, 
60064-81-5; XI, 60132-32-3; XII, 60132-33-4; XII enone analogue, 
60064-82-6; XV, 5945-72-2.
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The synthesis of a tetracyclic analogue (2) of the heteroyohimbine alkaloid ajmalicine (1) is described. The syn
thesis makes use of a novel alternative to the Korte reaction for the preparation of the dihydropyran ester portion 
(11) of the molecule.

A number of syntheses of indole alkaloid analogues lack
ing the pyrrole ring of the natural products has been reported.1 
These syntheses were undertaken either with the aim of ob
taining medicinally useful substances or as model studies for 
the synthesis of the natural alkaloids. With the former goal 
in mind it appeared worthwhile to prepare such a tetracyclic 
version of the heteroyohimbine alkaloid ajmalicine ( l)2 as a 
potential hypotensive agent.

We selected 2 as our target, reasoning that it could be pre
pared from the intermediate 3, used in van Tamelen’s emetine 
synthesis,3 by applying the methods developed for the syn
thesis of ajmalicine from the corresponding indole-containing 
intermediate 4, described in the same paper.3

Reduction of 3 with sodium borohydride in aqueous po
tassium hydroxide gave the hydroxy acid 5. The NMR spec
trum of this substance showed that it was a 50:50 mixture of 
the two epimeric alcohols [a methyl doublet at b 1.26 ( J  =  6.75 
Hz) collaped on irradiation at b 4,71, while a doublet at b 1.30 
(J = 6.20 Hz) collapsed on irradiation at b 4.29],

The lactone 6 was prepared from 5 either with 1-cyclo- 
hexyl-3-(2-morpholinylethyl)carbodiimide metho-p-to-

5 6

luenesulfonate in pyridine or with ethanolic hydrogen chlo
ride. One recrystallization of the crude lactone gave material 
which was a single isomer (NMR), presumably having the 
configuration indicated by analogy with van Tamelen’s pen- 
tacyclic lactone 7 which was converted to ajmalicine.3 Sur

prisingly, although a variety of conditions was tried, treatment 
of 6 with triphenylmethylsodium in dioxane followed by ad
dition of methyl formate did not lead to the formation of the 
a-hydroxymethylene lactone, van Tamelen found that the 
lactone 7 underwent condensation under these conditions.3 
Conceivably, in the case of 7, proton abstraction a  to the 
carbonyl group was facilitated by an intramolecular process 
involving initial deprotonation of the indole N-H.

We had intended to complete the synthesis of 2 by making 
use of the Korte reaction,4 which involves treatment of a hy- 
droxymethylene lactone 8 with methanolic HC1 at room
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temperature to give an a-formyl-5-hydroxy ester 9. This then 
cyclizes to the acetal 10. Elimination of methanol with po- 
lyphosphoric acid4 or with methanolic HC13 at the reflux gives 
the dihydropyran ester 11.

An alternative to this procedure was obviously required. We 
realized that the ring-opened intermediate 9 is merely the 
hydroxymethylene derivative of the hydroxy ester corre
sponding to the original lactone, and we therefore decided to 
attempt to complete the synthesis of 2 via the hydroxy ester
12. This substance was obtained by treatment of 5 with dia
zomethane. Again, as in the case of the lactone, one recrys
tallization gave material which was a single isomer (NMR). 
Condensation of 12 with methyl formate was readily achieved, 
and gave the hydroxymethylene derivative 13, which was not 
purified. Cyclization to the acetal 14 was effected with

methanolic hydrogen chloride. Cyclization was accompanied 
by some elimination of methanol (to give 2) but elimination 
was not increased by prolonging the reaction time. More 
complete elimination leading to isolation of 2 was achieved 
by refluxing a solution of 14 and p-toluenesulfonic acid in 
chloroform using a sulfuric acid trap to absorb the methanol 
produced in the reaction. The product was converted to the 
hydrochloride; one recrystallization gave analytically pure 
material.

The NMR spectrum of the purified product indicated that 
the substance was stereochemically homogeneous; in partic
ular the methyl doublet at 51.16 (J  = 6.5 Hz) was very similar 
to that reported by Shamma and Richey5 for ajmalicine (§
1.16, J  = 6.7 Hz), whereas in raumitorine (15), an alkaloid 
stereochemically identical with ajmalicine except for the 
orientation of the methyl group, the doublet appears at 5 1.29.6 
In synthetic 19-epiajmalicine7 the doublet is at 5 1.33 (J = 6.5

Hz). The configuration of the remaining three asymmetric 
centers of 2 must be as shown, as the substance was prepared 
from 3 which in turn was converted to emetine by van Tam- 
elen.3 The presence of complex bands in the ir between 2700 
and 2900 cm-1 confirmed the trans nature of the quinolizidine 
system in 2.8 The mass spectrum of 2 was analogous to that 
of ajmalicine.9 The only important difference (apart from the 
obvious shift in molecular weight of the fragment ions) was 
the low intensity of the m/e 177 peak of 2 relative to the cor
responding peak (m/e 156) of ajmalicine. These peaks pre
sumably arise from reverse Diels-Alder fragmentation of the 
tetrahydropyridine rings of 2 and ajmalicine. Such a process 
would appear to be more favorable in the case where the indole 
double bond was involved.

The ajmalicine analogue 2 demonstrated significant hy
potensive activity in the anesthetized cat and dog when ad
ministered intraduodenally at 30 mgAg; however, the hypo
tension was accompanied by an unacceptable level of CNS 
stimulation.

Experimental Section

Ir spectra were recorded on a Perkin-Elmer 137 spectrophotometer 
and NM R spectra on a Varían A-60D spectrometer in Me2 SO-d(; so
lution.

2-Carboxymethyl-3-(l-hydroxyethyl)-9,10-dimethoxy- 
t,3,4,6,7,llb-hexahydro-2H-benzo[a]quinolizine Hydrochloride 
(5 HC1). A solution of 3 (30 g) and sodium borohydride (11.7 g) in 
water (550 ml), adjusted to pH 11 with KOH, was refluxed for 25 h. 
After cooling, the solution was made acidic (pH 2) with concentrated 
HC1 and the solvent removed on the rotary evaporator. The residue 
was extracted with boiling ethanol to give 29.2 g of 5 hydrochloride, 
mp 250-262 °C. The melting point was unchanged after recrystalli
zation from water.

Anal. Caled for C 1 9 H 2 8 CINO5 : C, 59.14; H, 7.31; N, 3.64; Cl, 9.19. 
Found: C, 59.05; H, 7.13; N, 3.56; Cl, 9.06.

2,3-Dimethoxy-9-methyl-5,8,8a, 11,12,12a, 13,13a-octahy- 
dro-6//,9/f-benzo[a]pyrano[3,4-g]quinolizin-l 1-one (6 ). Method
A. A solution o f 5 HC1 (2.8 g) and l-cyclohexyl-3-(2-m orpholin- 
ylethyl)carbodiimide metho-p-toluenesulfonate (3.6 g) in pyridine 
(400 ml, freshly distilled from KOH) was maintained at 100 °C for
4.5 h under a nitrogen atmosphere. The reaction mixture was evap
orated under reduced pressure and the resulting oil dried for 17 h at 
20 °C (0.05 mm). The residue was dissolved in CHCI3  (150 ml) and 
extracted with 5% H2SO4 (3 X 50 ml). The combined acid extracts 
were washed with CHCI3  (2 X 10 ml), then neutralized with solid 
NaHCOg and extracted with CHCI3  (3 X 75 ml). The CHCI3  solution 
was dried (NaaSOfl and evaporated to give the lactone as an oil (1.5 
g) which crystallized on treatment with ethyl acetate. This material 
was apparently a mixture o f 6  and the epimer with the methyl group 
in the (1 configuration, with 6  predominating: NM R 6 1.36 (d, J  = 6 . 6  

Hz) more intense than 6  1.42 (d, J  = 6 . 6  Hz). Recrystallization from 
ethanol gave 6  (0.7 g): mp 211-214 °C; N M R 5 1.36 (d, J  =  6 . 6  Hz).

Anal. Caled for C19H25NO4: C, 6 8 .8 6 ; H, 7.60; N, 4.23. Found: C, 
6 8 .6 6 ; H, 7.89; N, 4.43.

Method B. A solution of 5 HC1 (2.0 g) in 5% ethanolic HC1 was re
fluxed for 2.5 h. The reaction mixture was evaporated to dryness, 
dissolved in water (200 ml), made basic by the addition of solid K 2 CO3 , 
and extracted with CHCI3  (2 X 150 ml). The CHCI3  solution was dried 
(Na2 S0 4) and evaporated to give the lactone as a colorless oil (0.7 g) 
which crystallized on treatment with ethyl acetate. Recrystallization 
from ethanol gave 6  (0.6 g), mp 211-214 °C, identical with the material 
obtained using method A.

2-Carbomethoxymethyl-3-(l-hydroxyethyl)-9,10-dime- 
thoxy-1,3,4,6,7,1 lb-hexahydro-2H-benzo[a]quinolizine (12). A 
solution o f diazomethane in ether1 0  ( 1 0 0  ml), prepared from N -m - 
trosomethylurea (10.3 g), was added to a solution of 5 HC1 (6.4 g) in
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methanol (75 ml) at 0-5 °C. After 18 h at room temperature, the so
lution was heated on the steam bath until ether boiled mildly and then 
the solvent was removed on the rotary evaporator. The residue (6.8 
g) was dissolved in ether/CHCl3 (1:1,300 ml) and extracted with 2% 
K2CO3 (300 ml). The organic layer was dried over anhydrous K2CO3 
and evaporated to give 4.2 g of 12. This material was dissolved in 
methanol (10 ml) and excess methanolic HC1 added. Evaporation and 
recrystallization of the residue from methanol/benzene gave 12 HC1 
as the hydrate: 2.0 g; mp 142-144 °C; NMR b 1.14 (d, 3, J  = 6.6 Hz),
3.66 (s, 3), 3.78 (s, 6), 6.8 (s, 2).

Anal. Calcd for C20H32CINO6: C, 57.44; H, 7.72; N, 3.35; Cl, 8.48; 
H20 , 4.34. Found: C, 57.05, H, 7.82; N, 3.31; Cl, 8.26; H20, 4.56.

12-Carbomethoxy-2,3,ll-trimethoxy-9-methyl-5,8,8a,ll,- 
12,12a,13,13a-octahydro-6fi,9J3r-benzo[a]pyrano[3,4-g']quino- 
lizine (14). A solution of triphenylmethylsodium in ether11 was pre
pared from triphenylmethyl chloride (42 g) in anhydrous ether (1000 
ml). This was added under nitrogen pressure to a solution of 12 (6.1 
g) in dry dioxane12 (150 mi) at 15 °C until the deep red color of tri
phenylmethylsodium persisted. Methyl formate (4.8 g) was added and 
the solution stirred for 16 h while the ice water cooling bath warmed 
to room temperature. The entire mixture was poured into 2.4 M HC1 
(320 ml). The aqueous layer was extracted with ether (2 X 300 ml) and 
evaporated to dryness under reduced pressure and the resulting solid 
azeotroped twice with methanol. The residue (11.1 g) containing crude 
product and inorganic material was dissolved in 3.4% methanolic HC1 
(38 g) and refluxed for 3.5 h. The reaction mixture was evaporated to 
dryness and the residue distributed between ether (200 ml) and 5% 
PCCOr (100 ml). The aqueous layer was separated and extracted with 
ether (2 X 100 ml). The combined ether solutions were dried over 
anhydrous K2CO3 and evaporated to give 3.9 g of 14.

12-Carbomethoxy-2,3-dimethoxy-9-methyl-5,8,8a,12a,13,- 
l3a-hexahydro-6ff,9//-benzo[a]pyrano[.3,4-gJquinolizine Hy
drochloride (2 HC1). A solution of 14 (3.9 g) and p-toluenesulfonic 
acid (2.3 g) in C H C I3 (350 ml) was azeotroped for 120 h using a 
Dean-Stark apparatus containing concentrated H 2S O 4 (20 ml) in the 
trap. The reaction mixture was poured into 5% K 2C O 3 (100 ml). The 
C H C I3 layer was separated and the aqueous layer extracted with 
C H C I3 (2 X 100 ml). The combined C H C I3 solutions were dried over 
anhydrous K 2C O 3 and the solvent removed on the rotary evaporator. 
The crude oil was triturated with benzene to give four crops of crys
talline material. Infrared spectroscopy indicated that three crops (1.8 
g) consisted essentially of the desired compound. Intense bands at 
1680 and 1600 cm-1 indicated the carbonyl and the conjugated double 
bond, respectively, of the desired compound; a small band at 1725 
cm-1 indicated the presence of an impurity. The remaining crop of 
material (164 mg) showed strong absorption at 1725 cm-1 and was

not combined with the above material for purification as the hydro
chloride. The 1.8-g sample described above and 4.2 g of material ob
tained from 16 g of 14 in five separate reactions were combined and 
dissolved in ether (900 ml). The solution was dried (Na2SC>4) and the 
hydrochloride salt was precipitated with anhydrous hydrogen chlo
ride. The entire mixture was evaporated under reduced pressure and 
the remaining semisolid recrystallized from methanol/ether to give
3.7 g of 2 HC1 as the two-thirds hydrate, mp 181-186 °C.

Anal. Calcd for C2iH28C1N05-%H20 : C, 59.81; H, 7.07; N, 3.31; Cl, 
8.31; H20, 2.82. Found: C, 60.10; H, 7.06; N, 3.41; Cl, 8.47; H20,
2.55.
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Stereospecific Synthesis of the Four 20,22-Epoxycholesterols 
and of (Z)-20(22)-Dehydrocholesterol1
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(20R,22S)-, (201? ,221?)-, and (20S,221?)-epoxycholesterol have been synthesized stereospecifically from 
(201?,221?)-, (201?,22S)-, and (20S,22S)-3/3,20,22-trihydroxycholest-5-ene 3/3-acetate (4a, 5a, and 2 1 ), respectively, 
via their 22-mesylates. (Z)-20(22)-Dehydrocholesterol has been prepared by pyrolysis of the 1,3-dioxolane deriva
tive of (20f?,22S’)-3/3,20,22-trihydroxycholest-5-ene 3/3-acetate (5a). The stereoselective oxidations of (l?)-3/3-ace- 
toxy-5,20(22)-cholestadiene with m-chloroperbenzoic acid gave (20S,22S)-20,22-epoxycholesterol (after hydroge- 
nolysis of the 3/3-acetate) and with osmium tetroxide yielded 21. A total stereoselectivity has been obtained in the 
synthesis of the glycol (20f?,22f?)-3/3,20,22-trihydroxycholest-5-ene 3/3-acetate (4a) from the aldehyde (20f?)-3/3- 
acetoxy-20-tetrahydropyranyloxypregn-5-ene-20-carbaldehyde (10b) by an isoamylmagnesium bromide Grignard 
reaction.

In continuation o f our work3-5 on the mechanism o f the 
biochemical conversion o f cholesterol to pregnenolone and in 
view o f suggestions6-8 that 20,22-epoxycholesterol (la-d)9 and 
20(22)-dehydrocholesterol (2a,b)9 are obligatory interm edi
ates in the biochem ical transformation o f  cholesterol to

pregnenolone, mediated by mitochondrial preparations o f  the 
rat adrenal cortex, it appeared im portant to prepare such 
sterols by stereospecific syntheses. There is no mention o f the 
configuration o f either the 20,22 double bond or o f  the
20,22-epoxide by these authors.6-8 H ow ever, since



Synthesis of the Four 20,22-Epoxycholesterols J. Org. C hem ., Vol. 41, N o. 2 3 ,1 9 7 6  3717

(20I?,22I?)-20,22-dihydroxycholesterol (4b) is a proven in
termediate3’4 immediately before the appearance of preg
nenolone, it is tempting to speculate that if (a) 20 (2 2 )-dehy
drocholesterol and 20 ,2 2 -epoxycholesterol are “ essential in
termediates” , as claimed by Kraaipoel et al.,6“8 and if (b) these- 
biochemical reactions proceed similarly to the chemical in
terconversions we present, then this would suggest the se
quence (Z)-20,22-dehydrocholesterol —► (207?,22S)-20,22- 
epoxycholesterol -*• (20I?,2 2I?)-2 0 ,2 2 -dihydroxycholesterol. 
We have tested these two putative intermediates, the E  olefin 
2b, and the three other 2 0 ,2 2 -epoxides lb, lc, and Id and

la , 207?, 22S; R = H
b, 20R, 227?; R = H
c, 2 OS, 22S; R = H
d, 20S, 207?; R = H
e, 207?, 227?; R = Ac
f, 2OS, 22S; R = Ac

2a, R, = H; R 2 = C 5H , ,; R 3 = H
b, R, = CSH, i ; R 2 = H; R 3 = H
c, R, = H; R 2 = C 5H n ; R 3 = A c
d, R , = C5Hu ; R 2 = H; R 3 = A c

found them not to be involved as intermediates in the me
tabolism of cholesterol to pregnenolone. A preliminary report 
concerning this has already appeared.10 Since the epoxides 
and olefins can be synthesized stereoselectively via the cor
responding 1 ,2 -glycols,11 ’12 we concentrated our efforts on the 
syntheses of these diols.

On the basis of our previous work,13 we devised a synthetic 
route for 4a and 5a as shown in Scheme I.

Reduction of the acetate 3b13 with sodium borohydride gave 
the isomeric alcohols 4a and 5a in a ratio of 1:6 (85% yield), 
which could readily be separated by HPLC. Lithium alumi
num hydride reduction of 4a and of 5a gave the known triols13 
4b and 5b. Since this scheme was not suited for the prepara
tion of large amounts of the more desirable 22R  isomer 4b, an 
alternate method, which had already been applied to the 
synthesis of crustecdysone,14 was applied to the synthesis of 
4b. As outlined in Scheme II, treatment of pregnenolone ac
etate (6), first with acetone cyanohydrin and then with dihy- 
dropyran, gave a crude product which was separated15 by 
fractional crystallization into the pure 207? isomer 7b13 and 
the 20S isomer 8b. The isomer 7b underwent a normal Gri- 
gnard reaction to give 3a. In the case of the isomer 8b, how
ever, the Grignard reaction led exclusively to a reductive 
cleavage of the C-20 hydroxy function to give (20/?)-3/?-ace- 
toxycholest-5-en-22-one (lib). The cyanohydrin 7b was re
duced with diisobutylaluminum hydride to yield the imine 
which was then hydrolyzed to the aldehyde 10a. Acetylation 
of 10a with pyridine-acetic anhydride gave the acetate 10b 
in 45% overall yield. The product showed ir absorption at 2680 
and 1695 (-CHO), 1720 and 1245 (-COOCH3), 1025 and 960

Scheme I

3a, R  = H 
b, R = A c

1. MsCl l.MsCl
2 . KOH 2.KO H

la lb

cm- 1  (THP ether). The NMR spectrum gave signals at 9.75 
(s, 1 H, -CHO), 4.67 (m, 1 H, -OCHO-), 1.0 2  (C-19 methyl), 
0.78 ppm (C-18 methyl). Treatment of the aldehyde 10b with 
isoamylmagnesium bromide at —70 °C gave three products 
(see Experimental Section) from which the desired product 
12 could be isolated. The ir spectrum of 12 showed absorption 
at 3350 (-OH), 1720 and 1245 (-COOCH3), 1025 and 960 cm“ 1 
(THP ether) and the NMR spectrum (100 MHz) revealed the 
completed side chain 0.85 and 0.91 (26/27-CH3), 2.02 
(-OCOCH3), and 4.75 ppm (-OCHO-). The mass spec
trum showed peaks at m/e 444 (M+ — 102), 429 (M+ — 117), 
426 (M+ — 120), 384 (M+ — 162), 85 (base peak). Removal of 
the tetrahydropyranyl protective group of 1 2  with dilute hy
drochloric acid gave the acetate glycol 4a. For routine syn
theses crude 12  was converted, without purification of inter
mediates, to 4a, which was readily obtained pure by prepar
ative TLC. However, the reaction of the 20S aldehyde with 
isoamylmagnesium bromide, under the same conditions as 
used for 1 2 , yielded a galaxy of unidentified products which 
were not further investigated.

The epoxides la and lb were synthesized by conventional 
procedures. Treatment of (207?,227?)-20,22-dihydroxychol- 
esterol 3/7-acetate (4a) and (207?,22S)-20,22-dihydroxychol- 
esterol 3/7-acetate (5a) with freshly distilled methanesulfonyl 
chloride in pyridine gave the 2 2 -mesylates which were directly 
converted by aqueous potassium hydroxide treatment to the 
corresponding epoxides la and lb, in yields of 66 and 80%, 
respectively. The mass spectra of these epoxides showed major 
peaks at m/e 400 (M+, base peak), 385 (M+ — 15), 382 (M+ —
18). The products had a strong ir absorption at 3350 cm- 1  
(-OH) and the NMR spectra gave a characteristic signal for 
la at 2.7 (22-H) and at 2.65 ppm (22-H) for lb.

In addition to the already known (E)-20(22)-dehydrocho
lesterol16 18 we sought the corresponding Z isomer 2a. This 
was prepared according to Scheme III.

Following the procedure of Eastwood et al.,19’20 the glycol 
5a was reacted with triethyl orthoformate to give the 1,3- 
dioxolane 13, which, without further purification, was pyro- 
lyzed at reduced pressure under acidic conditions. The re
sulting acetate 2c was hydrogenolyzed with lithium aluminum 
hydride to give 2a in an overall yield of 45%. Table I shows the
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Scheme II

7a, R = H 8 a, R = H
b, R = THP b, R = THP

I I
OTHP OTHP

10a, R = H 
b, R = A c

l

11a, R, = H; R 2 = OTHP; R 3 = CHO
b, R, = H; R 2 = H; R 3 = OCC5H,,
c, R, = A c; R 2 = H; R 3 = OCC5H,

Scheme III

striking differences in melting point and the proton reso
nances o f  the N M R  spectra o f  2c and o f 2d, a difference also 
borne out by their 13C N M R spectra.2 1 In addition an alternate 
synthesis (Scheme IV) was carried out in order to provide la
beled substrates for biological experiments . 10

The known (Z )- and (£’)-20(22)-dehydro ketones22 14a and 
17a were treated with methylenetriphenylphosphorane to give 
their respective 20(22),25-dienes, 14b and 17b. Selective hy
drogenation o f the terminal double bond over tris(triphen- 
ylphosphine)rhodium  chloride gave the desired E  isomer 16 
and the Z  isomer 15, which were hydrolyzed to 2b and 2a 
under the condition o f M cK ennis .23 This reduction was also 
carried out with tritium (experimental details will be given 
in a subsequent com m unication) to give the 25,26-tritiated 
products 2 0  and 2 2 , respectively.

Olefins 2a and 2b were each selectively oxidized with m -  
chloroperbenzoic acid. The oxidation o f the E  olefin gave two 
epoxides lb and lc in the ratio o f  2:3. Only after acetylation

Table I

5, ppm

18-Me 21-Me 22-H M p ,°C

lb 0.80 2.65 135-137
lc 0 .6 8 2.82 123-125
2 c 0.69 1.72 5.29 82-83
2 d 0.54 1.61 5.15 123-125

could the mixture be separated on preparative TL C . Their 
respective configurations were established by comparison with 
the epoxide lb o f  known configuration, since it was derived 
from  the known glycol 5a.24 The N M R  spectra o f  these two 
epoxides (from 2b) show different signals for the I 8 -CH 3 and 
for the 22-H (see Table I). As opposed to the epoxidation o f  
the E  isomer 2b, the Z  isomer 2a gave only one epoxide upon 
treatment with m -chloroper benzoic acid. This product had 
the 20 R ,2 2S  configuration and was identical in all respects 
with an authentic sample o f  la, obtained from 4a (Scheme I). 
The stereospecific attack o f  the 20(22) double bond o f  this 
reaction can readily be explained by steric hindrance . 1 1 ’25 

Selective oxidation o f 2d with osmium tetroxide follow ed by 
hydrolysis o f  the form ed osmates with aqueous sodium  b i
sulfite in pyridine gave (2 0 R ,2 2 R )-  and (20S .22 S )- 
3d,20,22-trihydroxycholest-5-ene 3/3-acetate (4a and 21) (76% 
yield) in a ratio o f  1:13. Their configurations were established 
by comparison with an authentic sample o f 4a in Scheme I and 
the proton chemical shifts o f  2 I-C H 3 define the C-20 config
uration .26 These two glycols were separated by H PLC and the
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Scheme IV

20S,22S glycol 21 was converted, as indicated in Scheme I, to 
the epoxide Id.

Experimental Section
General. Low-resolution mass spectra were measured with either 

a LKB 9000 mass spectrometer or Finnigan 1015 mass spectrometer. 
NMR spectra, reported in parts per million, were obtained in CDCI3 
solution using tetramethylsilane as internal reference. The 60-MHz 
NMR spectra were taken on a Varian Associates DA-60 spectrometer, 
and the 100-MHz NMR spectra were run on a Varian Associates 
HA-100 spectrometer. The microanalyses were performed by 
Schwarzkopf Microanalytical Laboratory, Woodside, N.Y., and In- 
stranal Laboratory, Inc., Rensselaer, N.Y. All melting points reported 
are uncorrected.

All preparative thin layer chromatography (TLC) plates were 20 
X 20 cm, and 1000-mm thick silica gel.

Anhydrous tetrahydrofuran was prepared by distillation from 
lithium aluminum hydride. Anhydrous dimethyl sulfoxide was ob
tained by vacuum distillation from calcium hydride into 4A molecular 
sieves. Anhydrous methylene chloride was provided by washing with 
concentrated sulfuric acid, then with aqueous potassium carbonate 
and water, followed by drying over calcium chloride, and distillation 
from P2O5.

NaBHi Reduction of Acetate Ketol 3b to Alcohols 4a and 5a.
To the stirred solution of 1.6 g of 3b13 in 35 ml of tetrahydrofuran and 
20 ml of methanol in an ice bath, 314 mg of sodium borohydride was 
added slowly. The mixture was then stirred for 30 min in the ice bath 
and at 25 °C for 2 h. After dilute hydrochloric acid solution had been 
added to consume the excess hydride, the reaction mixture was poured 
into ice water. The resulting precipitate was filtered, washed with 
water, and dried to give 1.55 g of a mixture of alcohols, which were 
separated by HPLC. This separation was carried out in methylene 
chloride-methanol (1:4) on 2 X 8 ft Bondapak C18/Porasil B column. 
The 22R and 22S isomers, 4a and 5a, were completely resolved in two 
recycles in a ratio of 1:6. The former had the longer retention time, 
and the smaller R/.

4a had mp 192-194 °C; NMR <) (60 MHz) 5.37 (m, 1 H, C-6 proton),
4.60 (m, 1 H, C-3 proton), 3.40 (m, 1 H, C-22 proton), 2.03 (s, 3 H,

CH3COO-), 1.23 (s, 3 H, C-21 methyl), 1.03 (s, 3 H, C-19 methyl), 0.92 
(d, 6 H, J = 6 Hz, C-26 and C-27 methyls), 0.88 ppm (s, 3 H, C-18 
methyl).

Anal. Calcd for C29H48O4: C, 75.60; H, 10.50. Found: C, 75.48; H, 
10.47.

5a had mp 182-184 °C; NMR b (60 MHz) 5.37 (m, 1 H, C-6 proton),
4.60 (m, 1 H, C-3 proton), 3.23 (m, 1 H, C-22 proton), 2.03 (s, 3 H, 
CH3COO-), 1.27 (s, 3 H, C-21 methyl), 1.03 (s, 3 H, C-19 methyl), 0.92 
(d, 6 H, J = 6 Hz, C-26 and C-27 methyls), 0.88 ppm (s, 3 H, C-18 
methyl).

Anal. Calcd for C29H48O4: C, 75.60; H, 10.50. Found: C, 75.41; H,
10.23.

(20ft)-3d-Acetoxy-20-(2'-tetrahydropyranyloxy)pregn-5-ene-
20-carbonitrile (7b) and (20S)-3/3-Acetoxy-20-(2'-tetrahydro- 
pyranyloxy)pregn-5-ene-20-carbonitrile (8 b). A mixture of 6  (50 
g), potassium cyanide (5 g), and 230 ml of acetone cyanohydrin was 
stirred for 3 h at room temperature and poured into 750 ml of water. 
The resulting precipitate was filtered and washed with water-acetic 
acid (49:1), ethanol, and ether-hexane (1:5), and dried in a vacuum 
desiccator overnight to give 40 g of mixture of 7a and 8 a.

To a cooled solution of crude cyanohydrin mixture (40 g) and p- 
toluenesulfonic acid (800 mg) in 450 ml of anhydrous tetrahydrofuran 
was added 50 ml of dihydropyran. The mixture was allowed to stand 
overnight, poured into cold saturated sodium bicarbonate solution, 
and extracted thoroughly with methylene chloride. The combined 
extracts were dried (NaoSCL) and evaporated in vacuo to give 50 g of 
nitriles 7b and 8 b in ca. 1:1 ratio, as well as a small amount of un
changed cyanohydrin which could be removed by recrystallizations 
from methanol. The combined crystals were then recrystallized from 
cyclohexane to enrich the 20R isomer 7b in the crystal portion and 
the 20S isomer in the filtrate. Pure 7b could be obtained by five to 
eight recrystallizations from cyclohexane. The 20S isomer enriched 
mixture was recrystallized from methanol (four to six times) to give 
pure 8 b. 8 b had a greater Rf than 7b (2% ethyl acetate in benzene as 
eluent).

7b had mp 219-222 °C; NMR b (60 MHz) 5.37 (m, 1 H, C-6 proton),
5.08 (m, 1 H, -OCHO-), 4.60 (m. 1 H, C-3 proton), 2.03 (s, 3 H, 
CH3COO-), 1.60 (s, 3 H, C-21 methyl), 1.03 ppm (s, 6 H, C-18 and C-19 
methyls).
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8 b had mp 179-180 °C; NMR b (60 MHz) 5.37 (m, 1 H, C-6  proton),
5.13 (m, 1  H, -OCHO-), 4.60 (m, 1 H, C-3 proton), 2.03 (s, 3 H, 
CH3COO-), 1.63 (s, 3 H, C-21 methyl), 1.03 (s, 3 H, C-19 methyl), 0.97 
ppm (s, 3 H, C-18 methyl).

Anal. Calcd for C29H43NO4: C, 74.16; H, 9.23; N, 2.98. Found: C, 
73.94; H, 9.16; N, 3.21.

(20ii)-3/S-Acetoxy-20-(2'-tetrahydropyranyloxy)pregn-5-ene- 
20-carbaldehyde (10b). To a solution of 2 g of 7b in 150 ml of an
hydrous ether and 60 ml of anhydrous benzene at -70  °C, 20 ml of a 
2 0 % solution of diisobutylaluminum hydride in hexane was slowly 
added with a syringe and under a nitrogen atmosphere. The resulting 
solution was stirred for 16 h at room temperature. The aluminum 
complex was decomposed by cautious addition of a cold 2 N sodium 
hydroxide solution in the ice bath and the mixture was stirred for an 
additional 30 min at room temperature. The ether layer was separated 
from the aqueous layer which was extracted with ether. The ethereal 
extract was filtered with the aid of Celite, dried (Na2S 0 4 ), and 
evaporated in vacuo. To the resulting residue in 10 ml of ethanol, 2 
ml of acetic acid and 3.5 ml of water were added while stirring for 30 
min at room temperature. Then the mixture was diluted with water 
and the resulting precipitate filtered and washed thoroughly with 
water. After drying 1.24 g of hydroxy aldehyde 10a was obtained which 
was sufficiently homogeneous on TLC to be converted to 10b: NMR 
b (60 MHz) 9.75 (s, 1 H, -CHO), 5.37 (m, 1 H, C-6  proton), 4.67 (m, 
1  H, -OCHO-), 1.34 (s, 3 H, C-21 methyl), 1.02 (s, 3 H, C-19 methyl),
0.78 ppm (s, 3 H, C-18 methyl).

The acetate aldehyde 10b was prepared by dissolving 10a in 10 ml 
of pyridine and 1 ml of acetic anhydride. The solution was allowed 
to stand overnight at room temperature, after which time it was 
dumped into ice. By recrystallization from methanol 0.9 g was ob
tained: 15 1- 15 3  °C; NMR 5 (60 MHz) 9.72 (s, 1 H, -CHO), 5.37 (m, 
1 H, C -6  proton), 4.67 (m, 1  H, -OCHO-) 4.58 (m, 1 H, C-3 proton),
2.03 (s, 3 H, CH3COO-), 1.34 (s, 3 H, C-21 methyl), 1 . 0 2  (s, 3 H, C-19 
methyl), 0.78 ppm (s, 3 H, C-18 methyl).

Anal. Calcd for C29H44G5: C, 73.69; H, 9.38. Found: C, 73.69; H.
9.50.

(20S)-3/3-Hydroxy-20-(2'-tetrahydropyranyloxy)pregn-5-ene- 
20-carbaldehyde (11a). The solution of 2 g of 8 b in 150 ml of anhy
drous ether was converted to 1 . 1  g of 1 la in the same manner as de
scribed for 10b: mp 1 13 - 1 16  °C; ir (KBr pellet) 3540 (OH), 1710  and 
2680 (0 = 0 ) , 1025 and 960 cm' 1 (THP ether); NMR S (60 MHz) 9.73 
(s, 1 H, -CHO), 5.37 (m, 1 H C-6  proton), 4.67 (m, 1 H, -OCHO-), 1.42 
(s, 3 H, C-21 methyl), 1.00 (s, 3 H, C-19 methyl), 0.78 ppm (s, 3 H, C-18 
methyl).

Anal. Calcd for C27H42O4: C, 75.31; H, 9.83. Found: C, 75.29; H,
9.69.

(20R,22R)-3d,20,22-Trihydroxycholest-5-ene 3/3-Acetate (4a) 
from 10b. To a stirred solution of 1 0 b (300 mg) in 30 ml of anhydrous 
methylene chloride, cooled to —70 °C under a nitrogen atmosphere, 
was added dropwise over a period of 5 min 30 ml of a solution of iso- 
amylmagnesium bromide, which was prepared from 500 mg of mag
nesium, 3.5 ml of isoamyl bromide, and 15 ml of anhydrous ether, and 
in the end the ether was replaced by dry methylene chloride (40 ml). 
Then the dry ice bath was removed and immediately 15 ml of satu
rated sodium sulfate solution was added dropwise. After stirring at 
room temperature for 30 min, the mixture was dried (Na2S 0 4) and 
filtered through a Celite plug, and the solvent evaporated in vacuo 
to give 360 mg of crude oily alcohol 12. An aliquot of the crude product 
was purified on a preparative TLC (15% acetone in hexane as eluent), 
revealing three compounds in a ratio of 1 :1 2 : 2  (in order of increased 
polarity). The least polar fraction was identical with starting material 
10b in all aspects. The middle fraction 12 had NMR 5 (100 MHz) 5.37 
(m, 1 H, C-6  proton), 4.75 (m, 1 H, -OCHO-), 2.02 (s, 3 H, CH3COO-),
1.28 (s, 3 H, C-21 methyl), 1.01 (s, 3 H, C-19 methyl), 0.88 (d, 6  H, J 
= 6  Hz C-26 and C-27 methyls), 0.80 ppm (s, 3 H,13-18 methyl); mass 
spectrum (70 eV) m/e 459 (M+ — 85), 442 (M+ -  102), 427 (M+ — 117), 
424 (M+ -  120), 382 (M+ -  162), 85 (base peak).

Anal. Calcd for C34H56O5: C, 74.95; H, 10.36. Found: C, 74.89; H,
10.93.

The most polar fraction 9 had NMR 6 (60 MHz) 5.37 (m, 1 H, C-6  

proton), 4.73 (m, 1 H, -OCHO-), 3.72 and 3.23 (2 d, 2 H, J = 12 Hz, 
-CH 2OH), 2.03 (s, 3 H, CH3COO-), 1.37 (s, 3 H, C-21 methyl), 1.03 
(s, 3 H, C-19 methyl), 0.80 ppm (s, 3 H, C-18 methyl).

To the solution of crude 12 in 4 ml of TH F-H 2O (9:1) 0.05 N hy
drochloric acid solution was added until it became turbid. The mixture 
was stirred for 2 0  h and pcured into cold saturated sodium bicar
bonate solution. The mixture was extracted with methylene chloride 
and back-washed with saturated sodium chloride solution and water. 
The organic layer was dried (Na2SC>4) and evaporated in vacuo. The 
crude product was cleaned on preparative TLC (20% acetone in

hexane as eluent) to give 70 mg of 4a which was identical with the 
authentic sample (Scheme I) in all aspects.

Grignard Reaction of 8 b with Isoamylmagnesium Bromide 
(11c). Following the method of Chaudhuri et al. , 24 2 g of 8 b was 
reacted with isoamylmagnesium bromide and the resulting imine was 
hydrolyzed in acetic acid and benzene. The crude product lib, 
without further purification, was acetylated in the usual manner. 
Recrystallization from methanol gave 650 mg of 1 1 c 27 with mp 
139-140 °C, and identical ir and NMR spectra with a sample of au
thentic material.

(20R,22S)-20,22-Epoxycholesterol (la) and (20R,22R)- 
20,22-Epoxycholesterol (lb). To the ice-cold solution of 200 mg of 
acetate glycol 4a in 1.5 ml of pyridine was added 0.14 ml of meth- 
anesulfonyl chloride (freshly distilled at atmospheric pressure). The 
solution was kept in the ice bath for 1 0  min and at room temperature 
for 20 min. Then the solution of 380 mg of potassium hydroxide in 3 
ml of water was added and, after heating under reflux for 30 min, the 
solution was cooled to room temperature and slowly diluted with 
water. The precipitate was filtered, washed thoroughly with water, 
and dried to give 194 mg of crude epoxide. Purification by preparative 
TLC (15% acetone in hexane at eluent), followed by recrystallization 
from methanol, gave 115  mg of la: mp 113 - 114  °C; NMR b (100 MHz) 
5.37 (m, 1  H, C-6  proton), 3.50 (m, 1  H, C-3 proton), 2.68 (m, 1  H, C-22 
proton), 1.28 (s, 3 H, C-21 methyl), 1.01 (s, 3 H, C-19 methyl), 0.89 (d, 
6  H, J = 6  Hz, C-26 and C-27 methyls), 0.79 ppm (s, 3 H, C-18 methyl); 
mass spectrum (22.5 eV) M+ m/e 400 (base peak).

Anal. Calcd for C27H44O2: C, 80.94; H, 11.07. Found: C, 80.68; H,
10.86.

Conversion of 5a to lb. When 200 mg of 5a was treated in the same 
manner as described above, 140 mg of epoxide lb  was obtained: mp 
135-137  °C; NMR b (60 MHz) 5.37 (m, 1 H, C-6  proton), 3.50 (m, 1
H, C-3 proton), 2.65 (m, 1 H, C-22 proton), 1.33 (s, 3 H, C-21 methyl),
I. 03 (s, 3 H, C-19 methyl), 0.92 (d, 6  H, J  = 6  Hz, C-26 and C-27 
methyls), 0.80 ppm (s, 3 H, C-18 methyl); mass spectrum (22.5 eV) 
M+ m/e 400 (base peak).

Anal. Calcd for C27H44O2: C, 80.94; H, 11.07. Found: C, 80.94; H,
10.81.

(Z)-3/3-Hydroxycholesta-5,20(22)-diene (2a). A solution of ac
etate glycol 5a (500 mg), ethyl orthoformate (4 ml), and benzoic acid 
(10 mg) was stirred at 110  °C for 3 h. To the crude 1,3-dioxolane 13, 
after evaporation of the solvent in vacuo, 1 0 0  mg of benzoic acid was 
added. The mixture was heated at 170-175 °C for 15  min at 5 Torr. 
After cooling, the oily product was dissolved in ether and the solution 
was washed with saturated sodium bicarbonate solution, dried 
(Na2S 0 4), and evaporated in vacuo. The crude product was purified 
by column chromatography over alumina. Elution with hexane gave 
220 mg of olefin 2c. An analytical sample was prepared by recrystal
lization from methanol: mp 82-83 °C; NMR b (60 MHz) 5.37 (m, 1 H, 
C-6  proton), 5.29 (m, 1 H, C-22 proton), 4.60 (m, 1 H, C-3 proton), 2.03 
(s, 3 H, CH3COO-) 1.72 (s, 3 H, C-21 methyl), 1.03 (s, 3 H, C-19 
methyl), 0.88 (d, 6  H, J = 6  Hz, C-26 and C-27 methyls), 0.69 ppm (s, 
3 H, C-18 methyl).

Anal. Calcd for C29H46O2: C, 81.63; H, 10.87. Found: C, 81.76; H, 
10.71.

2 a was prepared by the addition of 2 0 0  mg of 2 c in 1 0  ml of anhy
drous ether to 25 mg of LiAlH4 in 15 ml of anhydrous ether and stir
ring at reflux for 30 min under anhydrous conditions. The excess 
hydride was decomposed by cautious addition of 2 N sodium hy
droxide solution. Finally the precipitate was filtered with the aid of 
Celite and washed with methylene chloride. Evaporation of the sol
vent gave 172 mg of syrup which failed to crystallize: NMR b (100 
MHz) 5.37 (m, 1 h, C-6  proton), 5.29 (m, 1  H, C-22 proton), 3.50 (m, 
1 H, C-3 proton), 1.72 (s, 3 H, C-21 methyl), 1.03 (s, 3 H, C-19 methyl), 
0.88 (d, 6  H, J  = 6  Hz, C-26 and C-27 methyls), 0.69 ppm (s, 3 H, C-18 
methyl).

Anal. Calcd for C27H440: C, 84.31; H, 11.53. Found: C, 84.38; H,
11.53.

(Z)-6/3*Methoxy-3a,5-cyclo-5a-cholesta-20(22),25-diene (14b) 
and (E)-6/3-Methoxy-3a,5-cyclo-5ç<-cholesta-20(22),25-diene 
(17b). A mixture of 78 mg of 54.3% sodium hydride mineral oil dis
persion in 1.4 ml of anhydrous dimethyl sulfoxide was stirred at 70 
°C under a nitrogen atmosphere until no hydrogen evolution could 
be detected. The mixture was cooled to room temperature and a so
lution of 0.63 g of methyltriphenylphosphonium bromide in 5 ml of 
anhydrous dimethyl sulfoxide was added, immediately producing a 
yellowish solution. Then a solution of 350 mg of 14a22 in 2 ml of an
hydrous tetrahydrofuran was added and the resulting mixture was 
stirred at 60 °C for 3 h. The reaction mixture was then cooled and 
poured into ice water. The mixture was extracted thoroughly with
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hexane and the combined extracts were washed with water and sat
urated sodium chloride solution, dried (Na2S 04), and evaporated in 
vacuo. The residue was purified by column chromatography over 
alumina. Elution with hexane gave 240 mg of oily diene 14b: NMR 
6 (60 MHz) 5.30 (m, 1 H, C-22 proton), 4.70 (s, 2 H, >C = C H 2), 3.35 
(s, 3 H, -OCH3), 2.78 (m, 1 H, >CHOMe), 1.73 (s, 6 H, C-21 and C-26 
methyls), 1.03 (s, 3 H, C-19 methyl), 0.72 (s, 3 H, C-18 methyl), 
0.30-0.67 ppm (m, 3 H, cyclopropyl); mass spectrum (22.5 eV) m/e 
396 (M+), 381 (M+ -  15), 364 (M+ -  32), 349 (M+ -  47), 285 (M+ -
111), 253 (base peak, M+ -  143).

Anal. Calcd for C28H440: C, 84.78; H, 11.18. Found: C, 84.67; H,
11.11.

Conversion of 17a to 17b. When 350 mg of 17a was treated in the 
same manner as described above, 200 mg of 17b was obtained as oil: 
NMR a (60 MHz) 5.18 (m, 1 H, C-22 proton), 4.70 (s, 2 H, >C =C H 2),
3.32 (s, 3 H, -OCH3), 2.78 (m, 1 H, >CHOCH3), 1.73 (s, 3 H, C-27 
methyl), 1.65 (s, 3 H, C-21 methyl), 1.03 (s, 3 H, C-19 methyl), 0.58 
(s, 3 H, C-18 methyl), 0.30-0.67 ppm (m, 3 H, cvclopropyl); mass 
spectrum (22.5 eV) m/e 396 (M+), 381 (M+ -  15), 364 (M+ -  32), 349 
(M+ -  47), 285 (M+ -  111), 253 (base peak, M+ -  143).

Anal. Calcd for C28H44O: C, 84.78; H, 11.18. Found: C, 84.99; H,
11.26.

(Z)-6|8-Methoxy-3a,5-cyclo-5a-cholest-20(22)-ene (15) and 
(i?)-6/J-Methoxy-3a,5-cyclo-5a-cholest-20(22)-ene (16). To a
solution of 160 mg of diene 14b in 2.5 ml of benzene, 25 mg of tris- 
(triphenylphosphine)rhodium chloride was added and the homoge
neous solution was stirred under an atmosphere of hydrogen and 
stopped when the theoretical amount of hydrogen had been absorbed 
(ca. 6 h). The solution was filtered through a dry column of 15 g of 
alumina. The column was washed with hexane and the combined 
solvent fractions were evaporated in vacuo to give 90 mg of 15: NMR 
S (100 MHz) 5.30 (m, 1 H, C-22 proton), 3.33 (s, 3 H. -OCH3), 2.78 (m, 
1 H, >CHOMe), 1.70 (s, 3 H, C-21 methyl), 1.02 (s, 3 H, C-19 methyl), 
0.87 (d ,6 H ,J  = 6 Hz, C-26 and C-27 methyls), 3.70 (s, 3 H, C-18 
methyl), 0.30-0.67 ppm (m, 3 H, cyclopropyl).

Anal. Calcd for C2gH460: C, 84.35; H, 11.63. Found: C, 84.58; H,
11.64.

E olefin 16 was prepared from 17b in the manner described above 
for the Z isomer (60% yield): NMR 5 (60 MHz) 5.20 (m, 1 H, C-22 
proton), 3.35 (s, 3 H, -OCH3), 2.78 (m, 1 H, >CHOMe). 1.30 (s, 3 H, 
C-21 methyl), 1.03 (s, 3 H, C-19 methyl), 0.92 (d, 6 H, J = 6 Hz, C-26 
and C-27 methyls), 0.58 (s, 3 H, C-18 methyl), 0.30-0.67 ppm (m, 3 
H, cyclopropyl).

Anal. Calcd for C28H460: C, 84.35; H, 11.63. Found: C, 84.24; H, 
11.57.

(Z)-3|8-Hydroxycholesta-5,20(22)-diene (2a) and (JE)-3/3- 
Hydroxycholesta-5,20(22)-diene (2b). To 2 ml of dioxane con
taining 1.5 ml of water at room temperature under a nitrogen atmo
sphere, 100 mg of 15 in 1.1 ml of dioxane was added and the mixture 
heated to 80-85 °C until it became homogeneous. Then 5.5 mg of 
p -toluenesulfonic acid was added and heating was continued at 80 
°C for 6 h. The reaction mixture was cooled, poured into saturated 
sodium bicarbonate solution, and extracted with ether. The ethereal 
extract was washed with water, and dried (Na2S04). The residue, after 
removal of the solvent in vacuo, was purified by preparative TLC (10% 
ethyl acetate in benzene as eluent) to give 87 mg of oily diene 2a which 
was identical in all respects with the material from Scheme III.

The E diene 2b16~18 was prepared in the same manner as described 
above to give the known product in 89% yield.

Selective Oxidation of 2b with m-Chloroperbenzoic Acid, lb 
and lc. To a cold solution of 450 mg of diene 2d in 9 ml of methylene 
chloride, 200 mg of m-chloroperbenzoic acid in 9 ml of methylene 
chloride was added. The mixture was allowed to stand for 20 h at 0-2 
°C and then was transferred to a separatory funnel with the aid of 
more methylene chloride. The organic layer'was washed with 2 N 
sodium hydroxide solution, water, and brine, and dried (Na2S04). The 
residue, after removal of solvent in vacuo, was purified by preparative 
TLC (5% acetone in hexane) to give 147 mg of le and 219 mg of If. The 
former had the greater Rf. An analytical sample was prepared by re
crystallization from methanol.

le had mp 103-104 °C; NMR b (60 MHz) 5.37 (m, 1 H, C-6 proton),
4.60 (m, 1 H, C-3 proton), 2.63 (m, 1 h, C-22 proton), 2.03 (s, 3 H, 
CH3COO-), 1.32 (s, 3 H, C-21 methyl), 1.03 (s, 3 H, C-19 methyl), 0.90 
(d, 6 H, J = 6 Hz, C-26 and C-27 methyls), 0.80 ppm (s, 3 H, C-18 
methyl).

Anal. Calcd for C29H460 3: C, 78.68; H, 10.47. Found: C, 78.91; H,
10.49.

If had mp 91-93 °C; NMR b (60 MHz) 5.37 (m, 1 H, C-6 proton),
4.60 (m, 1 H, C-3 proton), 2.82 (m, 1 H, C-22 proton), 2.03 (s, 3 H, 
CH3COO-), 1.30 (s, 3 H, C-21 methyl), 1.03 (s, 3 H. C-19 methyl), 0.90

(d, 6 H, J = 6 Hz, C-26 and C-27 methyls), 0.68 ppm (s, 3 H, C-18 
methyl).

Anal. Calcd for C29H460 3: C, 78.68; H, 10.47. Found: C, 78.79; H,
10.39.

lc  was prepared by treating If with lithium aluminum hydride in 
the same manner as described for 2a (92% yield). An analytical sample 
was prepared by recrystallization from methanol: mp 123-125 °C; 
NMR b (60 MHz) 5.73 (m, 1 H, C-6 proton), 3.50 (m, 1 H, C-3 proton),
2.82 (m, 1 H, C-22 proton), 1.30 (s, 3 H, C-21 methyl), 1.02 (s, 1 H, C-19 
methyl), 0.92 (d, 6 H, J = 6 Hz, C-26 and C-27 methyls), 0.68 ppm (s, 
3 H, C-18 methyl).

Anal. Calcd for C27H440 2: C, 80.94; H, 11.07. Found: C, 80.92; H, 
11.13.

Oxidation of 2a to la with m-Chloroperbenzoic Acid. 2a (150 
mg) was oxidized with m-chloroperbenzoic acid in the same manner 
as described above. The crude product was purified by preparative 
TLC to give 102 mg of la which was identical with the authentic 
sample in all aspects.

(20S,22S)-20,22-Dihydroxycholesterol 3/S-Acetate (21). A
mixture of 1.7 g of 2d and 1 g of Os04 in 70 ml of anhydrous ether was 
allowed to stand at room temperature for 19 h. Then the solvent was 
evaporated in vacuo. To this mixture was added 100 ml of pyridine 
and 3.5 g of sodium bisulfite in 80 ml of water, and stirred at room 
temperature for 18 h. This mixture was poured into water and ex
tracted with ether. The ethereal extract was washed with 2 N hy
drochloric acid solution, saturated sodium bicarbonate solution, and 
water, and dried (Na2S04). Purification on preparative TLC (20% 
acetone in hexane as eluent) gave 1.4 g of glycol mixture 21 and 4a 
which were separated by HPLC in a ratio of 13:1 in the same system 
as described for 4a and 5a. The former had the shorter retention time. 
An analytical sample was prepared by recrystallization from metha
nol: mp 175-178 °C; NMR b (60 MHz) 5.37 (m, 1H, C-6 proton), 4.60 
(m, 1 H, C-3 proton), 3.72 (m, 1 H, C-22 proton), 2.03 (s, 3 H, 
CH3COO-), 1.07 (s, 3 H, C-21 methyl), 1.03 (s, 3 H, C-19 methyl), 0.90 
(d ,6 H ,J  = 6 Hz, C-26 and C-27 methyls), 0.88 ppm (s, 3 H, C-18 
methyl).

Anal. Calcd for C29H4804: C, 75.60; H, 10.50. Found: C, 75.81; H,
10.30.

Epoxide Id was prepared from 21 (300 mg) in the same manner as 
described in Scheme I. Purification by preparative TLC (15% acetone 
in hexane as eluent) gave 185 mg of epoxide Id. An analytical sample 
was prepared by recrystallization from methanol: mp 133-135 °C; 
NMR b (100 MHz) 5.37 (m, 1 H, C-6 proton), 3.50 (m, 1 H, C-3 pro
ton), 2.45 (m, 1 H, C-22 proton), 1.30 (s, 3 H, C-21 methyl), 1.01 (s, 3 
H, C-19 methyl), 0.90 (s, 3 H, C-18 methyl), 0.89 ppm (d, 6 H, J  = 6 
Hz, C-26 and C-27 methyls).

Anal. Calcd for C27H4402: C, 80.94; H, 11.07. Found: C, 80.90; H,
10.91.
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A series of 9-R-9,10-dihydrophenanthrenes [R = CH3, CN, C(CH3)3, COCH3, C 02CH3, C 02CH2CH3, OH, 
Si(CH3)3] as well as two related 5,6-dihydrochrysenes, are studied by NMR analysis of the three spin Hg, Hi0, H jo- 
system. The coupling constants thus obtained are then used to determine the conformational preferences of these 
mobile ring systems with regard to the location of substituents in pseudoaxial or pseudoequatorial positions. All 
substitutes except cyano were found to preferentially adopt the pseudoaxial conformation.

The majority of studies concerned with the stereochemis
try of 1,3-cyclohexadiene ring systems (1-3) have dealt with0 6 0

1 2

derivatives of 1,2-dihydronaphthalene (2).1 5 In the case of 
1-substituted 1,2-dihydronaphthalenes, NMR investigations 
into the equilibrium between 4a' and 4e' were carried out by 
computer analysis of the ABC spectra resulting from the 
benzylic and allylic protons.2-4 In both 4a' and 4e' the protons

Hb and He interact in a pseudoaxial/pseudoequatorial rela
tionship and the spin interactions are equivalent, leading to 
a J ae coupling constant which is independent of the position 
of equilibrium, and values of 6.8 Hz have been determined.2 
On the other hand, protons Ha and He interact as pseudo- 
equatorial/pseudoequatorial in 4a' and pseudoaxial/pseu- 
doaxial in 4e', and the time average value of this coupling 
constant is directly related to the conformational populations. 
Thus, using values of J aa = 16 and J ee = 2 Hz, and the rela
tionship

J  A C  %Je e  T  (1  x ) e / aa ( 1 )

the fraction (x) of the conformations with the group in the

pseudoaxial position was calculated for a number of R 
groups.4

Although the 9,10-dihydrophenanthrene system (3) would 
appear to be closely related, discrepancies have been noted 
in comparing coupling constant data with the dihydro
naphthalenes. Thus, one report1 based on 13C satellite reso
nances provides values of 8.3 and 5.8 Hz for 3, presumably 
corresponding to the average %(J aa + Jee) value (9.4 in 2) and 
to J ae (7.0 in 2), respectively. Furthermore, 9,10-dihydro-
4,5-dimethylphenanthrene shows %(Jaa + J ee) = 10.59 and 
J ae =  3.97 Hz,6 whereas the values for 9-dimethylamino-
9,10-dihydro-4,5-dimethylphenanthrene are %(Jaa + Jee) = 
7.92 and J ae = 3.5 Hz.7 Katritzky et al.2 have suggested that 
the contrast between 1,2-dihydronaphthalene and 9,10- 
dihydrophenanthrene may be due to differences in dihedral 
angles, although de la Mare et al.5 have presumed approxi
mately equal dihedral angles for both systems in a more recent 
NMR study. Furthermore, these latter workers have suggested 
that their coupling constant data for cis- and trans-9-ace- 
toxy-10-chloro-9,10-dihydrophenanthrene compare favorably 
with the corresponding values for 9-dimethylamino-9,10- 
dihydro-4,5-dimethylphenanthrene when electronegativities 
are taken into account. However, a recent NMR investigation6 
on 9,10-dihydro-4,5-dimethylphenanthrene itself has sug
gested a much larger dihedral angle between the benzene rings 
in this system as a result of 4- and 5-methyl steric interac
tion.

We now report NMR special analysis of a series of 9-sub- 
stituted 9,10-dihydrophenanthrenes (5a' — 5e'). These 
studies were conducted in order to obtain accurate coupling 
constant data for comparison with the 1,2-dihydronaphtha
lene ring system and to determine the conformational pref
erences of the 9 substituents.

Since Hg and Hio are dipseudoequatorial in 5a' and di- 
pseudoaxial in 5e', c/9,10 is expected to reflect the relative 
contributions from each conformation. On the other hand, Hg
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Table I. NM R  Data for 9-R-9,10-Dihydrophenanthrenes a

Registry Rms % pseudo-
no. R (solvent) b ^ 9,10 J  9,10' J  10,10' ¿9 ¿10 ¿10' error ârom> PPm axialc

56666-55-8 CN (CC14) 9.89 6.37 -14.57 223.66 175.25 178.90 0.026 7.3, 7.8 44
52978-94-6 CH3 (CS2) 5.24 6.70 -14.73 213.71 213.01 247.47 7.1, 7.6 77
60084-36-8 C(CH3)3 (CD3CN) 1.50 7.11 -16.57 160.93 190.93 182.10 0.100 7.2 100
60084-37-9 COCH3 (CC14) 3.81 6.02 -15.38 223.63 199.19 188.06 0.095 7.25, 7.7 86
32892-19-6 CO2CH3 (CC14) 5.76 6.64 -15.40 223.00 177.95 192.28 0.023 7.05, 7.5 73
60084-38-0 C02CH2CH3 (CCI4) 5.38 6.86 -14.57 216.25 174.64 186.08 0.022 7.05, 7.5 75
60084-39-1 OH e (CDCI3) 2.9 5.9 -15 .2 287.0 183.0 183.0 7.3, 7.8 94
56465-93-1 Si(CH3)3 (CDCI3) 1.95 6.79 -15 .5 144.0 172.3 196.8 7.3, 7.8 100

° 60 MHz unless otherwise indicated. b In many cases, S \o and ho' were nearly identical, and several solvents were tried to maximize 
the difference.c See ref 4b. d 100 MHz, methyl decoupled (this analysis was performed by Professor J. B. Stothers) . e Chemical shift 
data provided for CDCI3 solution, J  values determined after addition of Eu(fod)3.

H,0- H9
5a' 5e'

R =  CHa, CN, C(CH3)3, COCH3, C02CHa, CO/iH2CH:l, OH, Si(CH3)3

and H10' are related as pseudoequatorial/pseudoaxial in both 
5a' and 5e', so that J 940' should be constant and independent 
of the position of the equilibrium. The values of J 9,10 and J 9,10' 
were determined by computer analysis8 of the three spin (ABC 
or ABX) system, and in each case the value closest to 6.8 Hz 
(Jpa.pe in 1,2-dihydronaphthalene) was assigned as 5/ 9,10'. As 
an example, this region of the NMR spectrum for 9-te r t-butyl 
is shown in Figure 1. It is interesting to note the rather striking 
difference in complexity when CD3CN was used as solvent 
(trace b), and this is due (primarily) to an upfleld shift of H 10' 
relative to CCI4 as solvent (trace a). Fortunately, in all cases 
one of the J  values was within 0.9 Hz of 6.8 (and usually 
closer), and the other value ranged from 1.50 for f ert-butyl 
to 9.89 Hz for cyano. The data are summarized in Table I, and 
it should be noted that in contrast to the cyclohexane ring 
system, the axial and equatorial protons cannot be distin
guished on the basis of chemical shift alone, since there is 
considerable variation in whether H1(l or H) 0' appears at higher 
field.

In calculating the percent of the conformations with the 
group pseudoaxial using eq 1 , we employed the values of J pa,pa 
= 16 and J pe,pe = 2 Hz used for the 1,2-dihydronaphtha- 
lenes.2-4 This seemed valid, since the values for J pa,pe corre
spond so closely between the two systems, and 5 with R = 
Si(CH3)3 shows 5/ pe,pe =  1-95. Although we classify both the 
trimethylsilyl and tert-butyl derivatives as 10 0% axial, we 
prefer to use the trimethylsilyl Jpe,pe value since the t e r t -butyl 
group may be causing some distortion (e.g., the larger J  10,10' 
value). It is interesting to note that the value of 73% pseu
doaxial for R = C0 2 CH3 compares very favorably with a value 
of 74% determined previously for l,4-dicarbomethoxy-l,4- 
dihydronaphthalene.4

The observed pseudoaxial preference of benzylic substit
uents in 5 can be attributed to destabilization of the pseu- 
doequatorial position by the adjacent aryl proton (i.e., peri 
interaction) and the absence of additional steric effects (cf.
1,3 interactions in cyclohexanes). Similar factors appear to 
govern the conformational properties of the related 1 ,2 - and
1,4-dihydronaphthalene and the 9,10-dihydroanthracene9>10 
ring systems. As compared to the other substituents, the cyano 
group (5, R = CN) provides significantly different results, and 
seems to show a slight pseudoequatorial preference. However, 
when one takes into account the very small conformational

Figure 1. Partial NMR spectrum (benzylic protons; Hg, Hio, Hxo ) 
of 9-tert-butyl-9,10-dihydrophenanthrene: (a) in CCR; (b) in CD3CN 
(lower trace is theoretical).

free-energy difference (A  value = 0.2 ) 11 for cyano, it is ap
parent that the aforementioned peri interaction will be greatly 
reduced. In fact, 2-substituted 1,2-dihydronaphthalenes, in 
which peri interactions are absent, show pseudoequatorial 
group preference,4 and it may be inferred that this will be the 
general conformational preference in the absence of addi
tional, important steric effects. In this regard, it should be 
noted that vicinal coupling constants are dependent on group 
electronegativities as well as bond angle.12’13 On the other 
hand, such corrections are not expected to cause significant 
changes in these results, because the effects of electronega
tivities on values of J pa,pa and J pe,pe used in the calculation 
must be small since the variation in J pa,Pe is less than 1.0 
Hz.4b

The 9-hydroxyl compound (5, R = OH) exhibits a pseu
doaxial preference (94%) unexpectedly high in comparison to 
the conformational free-energy differences usually found for 
hydroxy,11 and also the 5/ 9,10' value of 5.9 Hz represents the 
largest deviation from the 6.8 Hz value of the compounds 
studied. It should be noted, however, that the NMR spectrum 
of this compound showed simply a doublet and triplet for the
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benzylic protons (under a variety o f  solvent conditions) and 
E u (fcd )3 was added until an A B X  pattern resulted; although 
shift reagents did not affect coupling constants or conform a
tions in 1,4-cyclohexadienes14 (as determined by certain 
measurements before and after addition), it cannot be certain 
in this case whether such effects are taking place.

W e also examined the N M R  spectra o f  the related com 
pounds o f  6-m ethyl- and trans-5,6-dim ethyl-5,6-dihydro- 
chrysene (6 and 7). Since the values for J 5,6 were small in both

6, R5 =  H; R6 =  CH,
7, R5 =  lb  =  CH:,

cases [6, J 5,6 =  1.91 (J H',6 = 6.0); 7, J 5 6 = 1.6 Hz] it would 
appear that the pseudoaxial for 6 and dipseudoaxial for 7 are 
the exclusive conform ations o f  these systems. This is not 
surprising, o f  course, in view o f the added steric interaction 
with the additional benzene ring as com pared to 9-m ethyl-5, 
which itself indicates 77%, pseudoaxial preference.

Since we have been observing time-averaged spectra re
sulting from a rapid ring inversion process, these spectra may 
be expected to be temperature dependent. In fact, we have 
observed a number o f these com pounds at lowered tem pera
ture (CS2), and there is no significant change until crystalli
zation takes place (e.g., R  =  OH, —25 °C ; R  =  CO2C H 2CH 3, 
—50 °C ; R  =  CN, —75°C). However, in view o f the fact that 
the barrier to ring inversion in cis-9,10-dialkyl-9,10-dihy- 
drophenanthrenes is not large,15 it was not unexpected that 
this process cannot be “ frozen out”  in temperature ranges 
which maintain solubility.

Synthesis o f  the majority o f the dihydrophenanthrenes for 
this study was accom plished through m etal-am m onia re
duction o f the corresponding phenanthrenes. Although the 
cyano, acetyl, and carboxylate groups are known to  be sus
ceptible to reduction by alkali metals in liquid ammonia, 
com petitive reduction was not a serious problem  under the 
conditions employed. The method appears to be quite general, 
and several 9-R-9,10-dihydrophenanthrenes (R  = phenyl, 
carboxyl, benzyl) not included in Table I (owing to problem s 
in interpretation o f the N M R  spectra) were also synthesized 
by  this method.

Experimental Section
Material and Methods. 9-Methyl-9,10-dihydrophenanthrene was 

synthesized through reduction of 9-methylphenanthrene with lithium 
in ammonia in the presence of colloidal iron.16 9,10-Dihydrophen- 
anthrene-9-carboxylic acid was prepared by reduction of phenan- 
threne-9-carboxylic acid with sodium in ammonia.17 9-Acetyl-, 9- 
cyano-, and 9-bromophenanthrene were purchased from the Aldrich 
Chemical Co. 9-Phenylphenanthrene was synthesized through pho- 
tocyclization of triphenylethylene.18 Microanalyses for C, H, and N 
where appropriate for all new compounds were obtained and were 
correct in ±0.3%.

NMR spectra were recorded at 60 MHz on a JEOL C60HL, and 
at 270 MHz on a Bruker Hx-270. The 270-MHz spectra were used in 
certain cases to estimate coupling constants, and the NMR data 
provided in Table I are from 60-MHz spectra usually coupled with 
computer simulation. The LAOCN 3 program (QCPE, Indiana Uni
versity) was used on either a CD6600 or IBM 360 computer. Line 
positions were determined using a Hewlett-Packard 5301A frequency 
counter.

Reactions in Liquid Ammonia. The general procedures developed 
in prior studies19 for the controlled reduction of polycyclic aromatic 
compounds were employed. The recommended precautions for the 
exclusion of moisture, air, peroxides in ethereal solvents, and ferrous 
metal salts in ammonia were scrupulously observed, and products

were isolated rapidly by partition between ether and water.
2-Cyano-9,10-dihydrophenanthrene. A solution of 9-cyano- 

phenanthrene (2.03 g, 10 mmol) in tetrahydrofuran (100 ml) followed 
by lithium wire (174 mg, 22 mmol) were added to 200 ml of refluxing 
ammonia, affording a red-purple solution. After 30 min, reaction was 
quenched with solid NH4C1 (20 g) and worked up conventionally to 
yield 9-cyano-9,10-dihydrophenanthrene (1.85 g, 90%) as a yellow oil 
which crystallized from CCI4 as a colorless solid, mp 83-84 °C.

9-Acetyl-9,10-dihydrophenanthrene. Reduction of 9-acetyl- 
phenanthrene (1.10 g, 5 mmol) with lithium (76 mg, 11 mmol) in ether 
(100 ml) and ammonia (150 ml) at —33 °C afforded a dark green so
lution. Reaction was quenched after 4 min by addition of NH4C1 (20 
g) and worked up in the usual manner to yield 1.13 g of a colorless 
solid. Chromatography on silica gel and elution with benzene-hexane 
(1:2) gave pure 9-acetyl-9,10-dihydrophenanthrene (578 mg, 52%) as 
a pale yellow oil, ir (CC14) 1705 cm-1 (CO). Several minor products 
also obtained were not identified.

Treatment of the ketone (371 mg) with p-toluenesulfonic acid (30 
mg) and ethylene glycol (10 ml) in dry benzene (30 ml) at reflux for 
6 h furnished after workup the corresponding ketal (436 mg, 97%). 
Crystallization from methanol afforded pure 9-(l-ethylenedioxy- 
ethyl)-9,10-dihydrophenanthrene as white needles (401 mg, 90%), mp
83.5-85 °C. The latter (273 mg) was reconverted quantitatively to
9-acetyl-9,10-dihydrophenanthrene on heating in aqueous acetone 
(5%) in the presence of p-toluensulfonic acid (20 mg) at reflux tem
perature for 1 h.

Methyl 9,10-Dihydrophenanthrene-9-carboxylate. Methyl 
phenanthrene-9-carboxylate was synthesized from the parent acid 
by reaction with thionyl chloride following a conventional procedure. 
Recrystallization of the crude ester from methanol afforded the pure 
methyl ester (76%) as white needles: mp 118-119 °C (lit.20 118-119 
°C); NMR (CC14) S 3.97 (s, 3, CH3), 7.42-8.0 (m, 6, H,.2.3.6,7,s), 8.37 (s, 
1, H,o), and 8.50-9.2 ppm (m, 2, H4,5); GLC on a 5 ft X 6.125 in. column 
of 1.5% OV 101 at 195 °C gave a single sharp peak.

Reduction of the methyl ester (313 mg, 133 mmol) with lithium (20 
mg, 2.9 mmol) in ether (30 ml) and ammonia (80 ml) at —40 °C gave 
a dark green solution. Reaction was quenched after 15 min by solid 
NH4C1 (20 g) and worked up in the usual manner. Chromatography 
of the solid product (311 mg) on silica gel and elution with benzene- 
chloroform (1:3) gave pure methyl 9,10-dihydrophenanthrene-9- 
carboxylate (179 mg, 52—) as a pale yellow oil. The NMR spectrum 
matched that reported;21 GLC on 1.5% OV 101 gave a single sharp 
peak.

Ethyl 9,10-Dihydrophenanthrene-9-carboxylate. Ethyl 
phenanthrene-9-carboxylate was synthesized by the same method 
as the methyl ester. Purification was effected by chromatography on 
silica gel eluted with acetone. The pure ethyl ester (98%) was obtained 
as an oil: NMR (CCI4) 5 1.43 (t, 3, J = 7.0 Hz, CH3), 4.40 (q, 2, J  = 7.0 
Hz, CH2), 7.35-7.90 (m, 6, H,,2.3.6.7.8), 8.26 (s, 1, H,0), and 8.34-8.94 
ppm (m, 2, H4 5); GLC on 1.5% OV 101 gave a single sharp peak.

Reduction of the ethyl ester (555 mg) by the method employed for 
the methyl ester gave pure ethyl 9,10-dihydrophenanthrene-9-car- 
boxylate as a colorless oil (188 mg, 34%); GLC analysis showed a single 
sharp peak.

9-Trimethylsilyl-9,10-dihydrophenanthrene. 9-Trimethylsil- 
ylphenanthrene was synthesized from 9-bromophenanthrene (2.57 
g, 10 mmol) via reaction with n-butyllithium and chlorotrimethylsi- 
lane. The method of Eaborn22 was employed except that reaction with 
the lithium reagent was conducted at room temperature, rather than 
reflux, and a larger excess of the silane was employed. The crude 
product was chromatographed on silica gel eluted with hexane to 
furnish pure 9-trimethylsilylphenanthrene (82%) as an oil which 
crystallized on standing: NMR (CCI4) 5 0.50 (s, 9, CH3), 7.37-8.20 (m, 
6, H,,2,3,6,7,81, 7.87 (s, 1, H,o), and 8.30-8.67 (m, 2, H4>5).

A solution of 9-trimethylsilylphenanthrene (1.33 g, 5.3 mmol) in 
ether (80 ml) was added to 150 ml of refluxing ammonia, followed by 
lithium wire (84 mg, 12 mmol). Reaction was quenched after 10 min 
by addition of NH4C1 (20 g) to the dark green solution. Chromatog
raphy of the product on Florisil furnished pure 9-trimethylsilyl-
9,10-dihydrophenanthrene as a colorless oil, mass spectrum (70 eV) 
m/e 252.

9-Hydroxy-9,10-dihydrophenanthrene. Phenanthrene 9,10- 
oxide23 (400 mg, 2 mmol) was treated with LiAlH4 (160 mg, 4 mmol) 
in refluxing ether (30 ml) for 40 min, then 100 ml of water and 1 ml 
of acetic were added. Conventional workup gave 9-hydroxy-9,10- 
dihydrophenanthrene (397 mg, 98%) essentially pure by NMR. Re
crystallization from benzene-hexane gave the analytical sample as 
white needles, mp 105-106 °C.

9-Phenyl-9,10-dihydrophenanthrene. Reduction of 9-phenyl- 
phenanthrene (200 mg, 0.8 mmol) with lithium in ether and ammonia
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at -7 8  °C by the standard method19 gave 9-phenyl-9,10-dihydro- 
phenanthrene (200 mg, 99%) as a colorless oil which solidified on 
standing, mp 80-82 °C. Chromatography on Florisil gave the ana
lytical sample, mp 82-83 °C.

9-Benzyl-9,10-dihydrophenanthrene. 9-Benzylphenanthrene 
was prepared from 9-bromophenanthrene through reaction of the 
Grignard derivative with benzyl chloride.24 Reduction of 9-benzyl- 
phenanthrene with lithium in ammonia in the presence of colloidal 
iron under conditions similar to those employed with the 9-methyl 
analogue16 gave 9-benzyl-9,10-dihydrophenanthrene (94%) as oil. 
Chromatography on silica gel effected removal of residual starting 
material and furnished the pure title compound.

9 -tert-Butyl-9,10-dihydrophenanthrene. 9-terf-Butylphen- 
anthrene was synthesized through reaction of phenanthrene 9,10- 
oxide23 with tert -butyllithium followed by acid-catalyzed dehydra
tion. Complete purification required several chromatographies on 
silica gel impregnated with trinitrofluorenone.25 The pure 9-tert- 
butylphenanthrene had mp 64-65 °C (lit.26 64-65 °C).

Reduction of 9-fert-butylphenanthrene (234 mg, 1 mmol) with 
lithium in ether and ammonia by the standard method have an oil 
containing 9-tert -butyl-9,10-dihydrophenanthrene and recovered 
starting material (7:3). Chromatography twice on neutral alumina and 
elution with hexane gave pure 9-tert-butyl-9,10-dihydrophenanthrene 
(86 mg, 35%) free of the parent aromatic hydrocarbon.

5-Methyl- and 5,6-Dimethyl-5,6-dihydrochrysene. The method 
for the reductive methylation of chrysene previously reported27 was 
modified to improve the yield. A solution of chrysene (2.74 g, 12 mmol) 
in THF (200 ml) was added to 100 ml of refluxing ammonia. Sodium 
metal (220 mg, 14 mmol) was added, and the resulting deep blue so
lution was stirred for 4 min, then methyl bromide was bubbled into 
the solution for 2 min, followed by NH4CI (20 g). Conventional workup 
afforded 2.31 g of a solid. Chromatography on neutral alumina eluted 
with hexane gave initially 5,6-dimethyl-5,6-dihydrochrysene as a 
minor product. Recrystallization from chloroform-hexane gave the 
pure dimethyl compound as a white solid, mp 104-106 °C. Further 
elution with hexane furnished pure 5-methyl-5,6-dihydrochrysene 
(1.57 g, 93%) as a colorless solid, mp 132-133 °C.
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Syntheses and Absolute Configurations of Tricyclo[4.3.0.03’7]nonane 
(“Brexane”), 3-Oxatricyclo[4.3.0.04>9]nonane (“3-Oxabrexane” ), 

and Tricyclo[4.2.0.03 ’7 ]octan-2-one (“Norbrexan-2-one” ) 1
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(—)-(lS,3S,6R,7R)-Brexane (tricyclo[4.3.0.03'7]nonane) (3) was prepared from (+)-(li?,4fi,7S>-7-syn-methoxy- 
carbonylbicyclo[2.2.1]heptan-2-one (12). Examination of the circular dichroism curve of the intermediate, ( - ) -  
brexan-2-one (tricyclo[4.3.0.03-7]nonan-2-one) (4), which exhibited a (—) Cotton effect, confirmed the absolute con
figuration. Starting from (—)-(lS,4S,7fi)-7-syn-methoxycarbonylbicyclo[2.2.1]heptan-2-one (16), 3-oxabrexane 
(3-oxatricyclo[4.3.0.04’9]nonane) (5), and norbrexan-2-one (tricyclo[4.2.0.03’7]octan-2-one) (6) were synthesized in 
optically active forms.

A feature common to tricyclo[4.4.0.03'8]decane (“twis- recently reported from our laboratory, is the “twist carbon 
tane”)2 (1) and tricyclo[4.3.0.03'8]nonane (“twist-brendane”)3 frame” inherent to their gyrochiral4 cage-shaped molecules
(2), whose preparations in optically active forms have been (D2 and C2 symmetry, respectively). These twisted carbon
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skeletons are undoubtedly responsible for their rather large 
optical rotations for hydrocarbon,5 and we have been suc
cessful at correlating their signs of rotation to the senses of 
twist in their carbon frameworks.6 In highly symmetrical 
twistane (1), we find five “ frozen” twist-boat six-membered 
rings with identical direction of twist and two types of meth
ylene group. Removal of one of these methylene groups gives

1 2 3

A 5 6
-1«-

rise to two lower homologues: twist-brendane (2) and tricy- 
clo[4.3.0.03'7]nonane (“brexane”)7 (3), respectively. Although 
these cage-shaped tricyclic compounds (2 and 3) share a 
similar geometrical feature, both belonging to C2 point group, 
twist-brendane (2) has a twisted seven-membered ring along 
C2 axis interlocked with an oppositely twisted six-membered 
ring along the axis perpendicular to the C2 axis, whereas 
brexane (3) has a five-membered ring twisted along the C2 axis 
with an eight-membered ring of the opposite sense of twist. 
As a part of our continuing effort toward syntheses of high 
symmetry chiral cage-shaped molecules8 in optically active 
forms as well as determination of their absolute configura
tions, we are interested in comparison of the chiroptical 
properties between these two types of cage-shaped com
pounds. Moreover, these stereochemical interests, information 
on the absolute configuration of (-)-brexan-2-one (4), which 
is one of the precursor of our synthesis of (—)-brexane (3), is 
indispensable for our recent investigation on the phyto
chemical conversion of cage-shaped compounds.9 In this paper 
we describe the syntheses and absolute configuration deter
minations of optically active (—)-brexane (3) and (—)- 
brexan-2-one (4) together with the preparation of 3-oxatri- 
cyclo[4.3.0.04'9]nonane (“ 3-oxabrexane” )10 (5) and tri- 
cyclo[4.2.0.03i7]octan-2-one (“norbrexan-2-one”)11 (6) in op
tically active forms.

Results and Discussion
Synthesis of (—)-Brexane (3). Isomerization with 75% 

sulfuric acid12 converted (+)-(lR,2R,4R)-endo-2-carboxy- 
bicyclo[2.2.1]hept-5-ene (7)13 into a mixture of the endo and 
exo lactone (8 and 9) which was then hydrolyzed with 2 N  
sodium hydroxide to yield a mixture of sodium salts of the 
corresponding hydroxy acids (10 and 11).

Marked difference observed in their lactonization rates 
furnished a means to their separation: adjustment of the pH 
of the hydrolysate to 5 made the endo acid (10) readily lac- 
tonize to give 8, [o]14D +2.2°, whereas the exo acid (11) re
mained intact. Permanganate oxidation followed by esterifi
cation with diazomethane converted the exo acid (11) into the 
keto ester (12), [a]13D +2.6°. Stereochemical correlations 
between the starting material (7) and the lactones (8 and 9) 
could be deduced by postulating (1) participation of the 
nonclassical ions (13 and 14)14 and (2) their conversions into 
lactones (8 and 9), respectively, on intramolecular nucleophilic 
attack by carboxyl group via stereochemically most favored 
paths. This correlation indicated the (lR,4R,7S)-configura- 
tion for (+)-7-.syn-methoxycarbonylbicyclo[2.2.1]heptan-

Scheme I

2-one (12), and this assignment of configuration was sup
ported by the circular dichroism curves of (—)-brexan-2-one
(4) prepared from (+) keto ester 12 (vide infra).

Since carrying out the synthesis of optically active brexane 
required the optically active keto ester 12 in substantial 
quantity, we divert attention from the above approach to the 
second one in which optical resolution was performed on the 
racemic 7-syn-carboxybicyclo[2.2.1]heptan-2-one (15). The 
acid (15) was prepared from a mixture of racemic endo and 
exo isomers of 2-carboxybicyclo[2.2.1]hept-5-ene (7) by the 
same procedure described above. Optical resolution of the 
bieyclic carboxylic acid (15) was accomplished via cinchoni- 
dine salts, and the separated enantiomeric acids were esteri- 
fied with diazomethane to afford (—) methyl ester (16), [a]17D 
—11.6°, and (+) methyl ester (12), [a]13D +3.47°. Since our 
plan to build the tricyclic framework was the intramolecular 
alkylation of the bicyclic keto mesylate (17b), modification 
of the carboxylate group was our next step, which was 
straightforwardly carried out as depicted in Scheme II.15

Scheme II

12 18a. H = C02CHj 
18b, R = CHjOH 
18p, R = CĤOTs 
I8d, R = CH2CN 
l8e, R = CHgCOgH 
JL8f, R = CH2C07CĤ 
18g, R = CH2CH20H

l?a, R = CH20H
17b, R = CH-OMs
17c, R = CO„CH- - j- '  ̂ 3

After protection of the keto group of the (+) methyl ester
(12) by ketalization with ethylene glycol, the resultant ketal 
ester (18a) was reduced with lithium aluminum hydride to 
afford the alcohol (18b) which was further converted into the
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nitrile (18d) via the tosylate (18c). Heating of the nitrile (18d) 
with potassium hydroxide in ethylene glycol led to the for
mation of the carboxylic acid (18e) which was not isolated but 
was converted into the methyl ester (18f) with diazomethane. 
Hydride reduction of 18f and removal of the protecting group 
with 5% sulfuric acid furnished the keto alcohol (17a). After 
the keto mesylate (17b) derived from 17a was heated with 
sodium hydride in dimethylformamide for 17 h, the ring clo
sure product was purified by chromatography to give (—)- 
tricyclo[4.3.0.03>7]nonan-2-one (“brexan-2-one”) (4), bp 116 
°C (20 mm), [a]14D —201°. Wolff-Kishner reduction of 
(—)-brexan-2-one (4) completed the synthesis of (—)-brexane 
(3), H 15D -9 4 .3 °.

Syntheses of 3-Oxabrexane (5) and Norbrexan-2-one
(6). We now divert our attention from the tricyclo[4.3.0.03’7]- 
nonane series of compounds to preparation of optically active 
norbrexan-2-one (6), a lower homologue of brexan-2-one (4). 
This time again, our choice among synthetic approachs was 
intramolecular alkylation of the bicyclic keto tosylate (19).

Scheme III

20b R = OTs

After lithium aluminum hydride reduction of (—)- 
(\S,4S,1R) keto ester (16) (the enantiomer of 12), the resulting 
diol (20a) was treated with 1 equiv of tosyl chloride in cold 
pyridine to secure the monotosylate (20b). Silica gel chro
matography of the reaction mixture revealed, besides the 
expected monotosylate (20b), the formation of a compound 
CgH^O, mp 63-64 °C, [ap°D —168°. The ir, NMR, and mass 
spectral evidences all indicate that this compound is (—)-3- 
oxabrexane (5) whose racemate10 was reported to melt at
64-65°C. Oxidation of the monotosylate (20b) with Jones 
reagent to the keto tosylate (19) and treatment of the latter 
with sodium hydride in dimethylformamide gave an oil, bp 
60 °C (20 mm), whose parent peak in the mass spectrum was 
122. The CD spectrum (to be discussed later) and the ir 
spectrum, which lacked olefinic peaks and showed a carbonyl 
peak at 1754 cm-1 , indicated the tricyclic structure 6 for this 
product. Although the yield of this cyclization was found to 
be rather low (yield 3.5%), it is relevant to note here that 
similar attempted intramolecular alkylations have failed in 
the compounds 21 (n = 1 and 2).

Scheme IV

24,3b and 2516), prepared in our laboratory from the inter
mediates with known absolute configurations, indicated that

the sign of the CD curve due to n-ir* transition around 300 nm 
can be predicted by applying the octant rule to the “outer 
ring” 17 in the projection formula which holds the carbonyl 
group at the “ point of twist” .18 Applying this generalization 
to (—)-brexan-2-one (4) with CD absorptions at 294 ([0] —7.24 
X 103) and 300 nm ([9] —7.36 X 103), we had the absolute 
configuration 26 for this tricyclic ketone, which was found

compatible with our assignment of (IR,4R,1S) configuration 
to the (+) bicyclic keto ester (12) by chemical correlation. 
These facts eventually lead to the absolute configuration 27, 
(—)-(lS,3S,6R,7R)-tricyclo[4.3.0.03'7]nonane, for (—)-brexane
(3), and the absolute configurations 5 and 6, respectively, to 
(—)-3-oxabrexane and norbrexan-2-one both prepared from 
(—)-(lS,4S,7R) bicyclic keto ester (16) as shown in Scheme
III .

The conclusion was further supported by the (+) sign ob
served in the CD curve of norbrexan-2-one (6), which is 
compatible with the prediction derived from application of 
the octant rule to its projection formula 28.

28

Finally, attention is called to the Cotton effects of the in
termediate bicyclic keto carboxylates (12 and 17c). Applica
tion of the octant rule to the projection formula 29, with a

/fCH2)n<x>°̂
CHjOMs 

21

Chiroptical Properties and Absolute Configurations.
CD spectral analyses of the various tricyclic ketones (22,2 23,3a

29

plausible assumption that the substitution at C7 should make 
a predominant contribution, suggests that these bicyclic ke
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tones would give positive Cotton effects, which was found in 
agreement with our observations.

Experimental Section
Infrared spectral data were obtained from a Hitachi EPI-S2 spec

trophotometer. Nuclear magnetic resonance spectra were obtained 
from a JNM-MH-100 spectrometer. Ultraviolet spectra were recorded 
on a Beckman DB spectrometer. Optical rotations were measured with 
a JASOO-DIP-SL automatic polarimeter. Circular dichroism data 
were measured on a JASCO J-20 spectropolarimeter with a CD at
tachment. Elemental analyses were determined on a Yanagimoto 
CHN-Corder type II. All melting points and boiling points are un
corrected.

Hydration of (+)-ennfo-2-Carboxybicyclo[2.2.1]hept-5-ene
(7) . ( +)-erado-2-Carboxybicyclo[2.2.1]hept-5-ene (7), [a ]15D +72.1° 
(10.0 g, 0.0724 mol), was mixed with 75% sulfuric acid and the mixture 
was agitated for 4 h at room temperature. After pouring onto 1 kg of 
ice, it was extracted continuously for 3 days with ether and the extract 
was washed with saturated sodium bicarbonate solution. This alkaline 
solution was extracted continuously for 2 days with ether. Both 
ethereal extracts were combined, washed with water, and dried over 
magnesium sulfate. Removal of the solvent gave a mixture of lactones 
(8 and 9) (3.46 g, yield 34%). This mixture (2.52 g, 0.0182 mol) was 
mixed with 13 ml of 2 N sodium hydroxide solution and it was agitated 
for 1 h at room temperature. The pH of the clear solution was adjusted 
to 5 with concentrated sulfuric acid. After the solution had stood for 
10 min at room temperature, the pH of the solution was then adjusted 
to 8 with solid sodium bicarbonate. The slightly alkaline solution was 
extracted continuously for 3 days with ether. The extract was dried 
over magnesium sulfate and removal of the solvent gave endo lactone
(8) which was purified by sublimation to yield 1.65 g of 8, mp 148-151 
°C (racemate12 mp 157-158 °C), [a ]14D +2.2° (c 1.58, ethanol).

Anal. Calcd for C8Hi0O2: C, 69.54; H, 7.30. Found: C, 69.35; H,
7.32.

The alkaline solution was acidified with concentrated hydrochloric 
acid and extracted with ether. The extract was washed with water and 
dried over magnesium sulfate. Removal of the solvent gave hydroxy 
acid 11 (0.77 g). This was used for the succeeding reaction without 
further purification.

(+)-7-sy n -Methoxycarbonylbicyclo[2.2.1 ]heptan-2-one (12).
Hydroxy acid 11 (0.77 g, 4.93 mmol) was dissolved in water (8 ml) with 
potassium hydroxide (0.40 g). A solution of potassium permanganate 
(1.10 g, 7.00 mmol) in water (13 ml) was added to the solution and then 
it was stirred for 3 h at room temperature. A few milliliters of ethanol 
were then added to the mixture to decompose excess of potassium 
permanganate and manganese dioxide was filtered off. The filtrate 
was acidified with sulfuric acid and extracted with ether. The extract 
was washed with water and dried over magnesium sulfate. After fil
tration of magnesium sulfate, the ethereal solution was treated with 
excess of diazomethane in ether. After working up as usual, the solvent 
was evaporated and the residue was distilled to give keto ester 12 (0.36 
g, yield 43%): bp 98 °C (5 mm); [a ]13D + 2 .6 ° (c 1.17, ethanol); CD (c
1.01 X 10~2, isooctane) [0] (nm) 0 (265), +3 .10  X 102 sh (293), +4.71 
X 102  (302), +3.62 X 102 (313), 0 (330).

Anal. Calcd for C9H120 3: C, 64.37; H, 7.19. Found: C, 64.05; H,
7.27.

Optical Resolution of 7-syn-Carboxybicyclo[2.2.1]heptan- 
2-one (15). Racemic 7-syrc-carboxybicyclo[2.2.1] heptan-2-one (15) 
was prepared by the procedure reported previously.12 A salt from the 
carboxylic acid (62.5 g, 0.405 mol) with cinchonidine (119 g, 0.405 mol) 
was systematically recrystallized from acetone. The levorotatory salt 
(50.2 g, yield 28%), mp 155-157° dec, [a ]15D -72.5° (c 0.614, ethanol), 
was obtained as a sparingly soluble crystal, which was treated with 
5% sodium hydroxide solution at room temperature. After filtration 
of cinchonidine, the filtrate was acidified with hydrochloric acid and 
extracted with ether. The extract was washed with water and dried 
over magnesium sulfate. Removal of the solvent gave a solid which 
was esterified with diazomethane in ether by the usual manner. The 
methyl ester was distilled to yield (+) methyl ester 12 (16.8 g): bp 
138-141 °C (13 mm); [<*]13d  +3.47° (c 1.60, ethanol); ir (neat film) 
1750,1725,1440, 1298,1200, and 1145 cm“ 1; NMR (CC14) 5 1.4-2.0 
(m, 5 H), 2.1-2.4 (m, 1 H), 2.62-2.72 (m, 2 H), 2.75-2.88 (m, 1 H), and 
3.64 (s, 3 H); CD (c 8.23 X 10-3, isooctane) [0] (nm) 0 (264), +4.01 X 
102 sh (292.5), +5.89 X 102 (302), + 4.62 X 102 (313), 0 (332); uvmax 
(isooctane) 284 nm (t 17.0), 290 (17.5), 300 sh (16.0).

Anal. Calcd for C9Hi20 3: C, 64.27; H, 7.19. Found: C, 64.09; H,
7.26.

Condensation of the mother liquor of the cinchonidine salt gave 
the levorotatory salt (21.1 g, yield 12%), mp 193-195 °C dec, [a ]18D

—89.7° (c 0.836, ethanol). This was treated by the same manner de
scribed above to yield (—) methyl ester 16 (6.05 g), bp 109-111 °C (5 
mm), [a ]17D —11.6° (c 1.08, ethanol).

Anal. Calcd for C9Hi203: C, 64.27; H, 7.19. Found: C, 63.91; H, 
7.29.

(+)-2-Ethylenedioxy-7-syn-methoxyearbonylbicyclo[2.2.1 ]- 
heptane (18a). To a boiling solution of (+) methyl ester 12 (16.4 g, 
0.0976 mol) and p-toluenesulfonic acid (100 mg) in benzene (500 ml) 
was added dropwise ethylene glycol (13 ml) during 2 h, and the mix
ture was refluxed for an additional 7 h. After cooling to room tem
perature, the reaction mixture was washed with saturated sodium 
bicarbonate solution and water and dried over magnesium sulfate. 
After evaporation of the solvent, the residue was distilled to yield 18a 
(18.6 g, yield 90%): bp 124-128 °C (5 mm); [<x]14D +27.2° (c 1.10, 
ethanol); ir (neat film) 1730,1335,1218,1190, and 958 cm-1.

Anal. Calcd for C11H16O4: C, 62.25; H, 7.60. Found: C, 62.50; H,
7.64.

(+)-2-Ethylenedioxy-7-syn-hydroxymethylbicyclo[2.2.1]- 
heptane (18b). A solution of (+) ketal ester 18a (18.6 g, 0.0877 mol) 
in dry ether (350 ml) was added dropwise to a suspension of lithium 
aluminum hydride (3.40 g, 0.0894 mol) in dry ether (200 ml). After 
refluxing for 5 h, the reaction complex was decomposed with saturated 
ammonium chloride solution with ice cooling. Inorganic solids were 
filtered off, and the filtrate was dried over magnesium sulfate. After 
removal of the solvent, the residue was distilled to yield 18b (15.7 g, 
yield 97%): bp 136-138 °C (5 mm); [a ]16D +0.26° (c 3.08, ethanol); ir 
(neat film) 3350,1330,1118,1080,1020, and 950 cm "1.

Anal. Calcd for C10H16O3: C, 65.19; H, 8.75. Found: C, 64.93; H,
8.86.

( -  )-2-Ethylenedioxy-7-syn -cyanomethyIbicyclo[2.2.1 ]hep- 
tane (18d). To a stirred solution of (+)-18b (15.7 g, 0.0853 mol) in dry 
pyridine (50 ml) was added p-toluenesulfonyl chloride (21.1 g, 0.110 
mol) with ice cooling, and stirring was continued for 6 h at this tem
perature. The mixture was poured onto ice and acidified with hy
drochloric acid, followed by extraction with ether. The extract was 
washed with dilute hydrochloric acid, saturated sodium bicarbonate 
solution and water and dried over magnesium sulfate. Removal of the 
solvent gave an oily tosylate (18c) which was dissolved in dry dimethyl 
sulfoxide (85 ml). After addition of sodium cyanide (8.00 g, 0.163 mol), 
the reaction mixture was stirred for 18 h at 90 °C. A solid was filtered 
off and the filtrate was concentrated under reduced pressure. The 
residue was poured onto ice and extracted with ether. The extract was 
washed with 5% hydrochloric acid, saturated sodium bicarbonate 
solution, and water and dried over magnesium sulfate. After evapo
ration of the solvent, the residue was distilled to yield 18d (12.4 g, yield 
75%): bp 135-138 °C (5 mm); [a ]16D —8.19° (c 0.830, ethanol); ir (neat 
film) 2250, 1335, 1118, 1082, 1015, and 950 cm -'; NMR (CC14) S
1.3-1.9 (m, 6 H), 1.95-2.22 (m, 3 H), 2.45 (s, 1 H), 2.58-2.60 (d, 1 H), 
and 3.73-3.88 (m, 4 H).

Anal. Calcd for C „H i50 2N: C, 68.37; H, 7.82; N, 7.25. Found: C, 
68.07; H, 7.75; N, 7.31.

(+)-2-Ethylenedioxy-7-syn-methoxycarbonylmethylbicy- 
clo[2.2.1]heptane (18f). A mixture of (—)-nitrile 18d (12.4 g, 0.0604 
mol) and potassium hydroxide (10.8 g, 0.193 mol) in ethylene glycol 
(80 ml) was heated for 6 h at 155 °C. After cooling to room tempera
ture, it was diluted with water and washed with either to remove un
saponified materials. The water layer was acidified with hydrochloric 
acid and extracted with ether. The extract was washed with water and 
dried over magnesium sulfate. Removal of the solvent gave an oily 
product (12.8 g) which, without further purification, was dissolved 
in dry ether (300 ml). To this solution was added dropwise an excess 
of a solution of diazomethane in ether with ice cooling. After an usual 
working up, the product was distilled to yield 18f (13.2 g. yield 91%): 
bp 135-139 °C (5 mm); [a ]14D + 0.77° (c 2.05, ethanol); ir (neat film) 
1735,1435,1330,1210,1170,1080,1020, and 950 cm“ 1.

Anal. Calcd for C12H180 4: C, 63.70; H, 8.02. Found: C, 63.44; H,
8.02.

(-)-7-syn-MethoxycarbonylmethylbicycIo[2.2.1 ]heptan-2-one 
(17c). A mixture of (+) ketal ester 18f (1.53 g, 6.77 mmol) and 5% 
aqueous sulfuric acid (10 ml) was stirred for 15 h at room temperature 
and then extracted with ether. The extract was washed with saturated 
sodium bicarbonate solution and water, and dried over sodium sulfate. 
After evaporation of the solvent, the residue was distilled to give 17c 
(789 mg, yield 64%): bp 125-127 °C (5 mm); [a ] lsD -1.04° (c 1.92, 
ethanol); ir (neat film) 173.5,1438,1290,1255, and 1175 cm "1; CD (c
3.60 X 10"2, isooctane) [6] (nm) - 6.66 X 10 (274), 0 (283), +4.05 X 102 
sh (298), +6.77 X 102 (308), +6.00 X 102 (318.5), 0 (340); uv max 
(isooctane) 275 nm sh (e 18.0), 283 (21.4), 296 (22.2), 305 nm (20.3).

Anal. Calcd for Ci0H14O3: C, 65.91; H, 7.74. Found: C, 66.10; H,
7.72.
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( -  )-2-Ethylenedioxy-7-syn - (2-hydroxyethyl) bicyclo[2.2.1 ]- 
heptane (18g). A solution of (+) methyl ester 18f (11.4 g, 0.0504 mol) 
in dry ether (200 ml) was added to a suspension of lithium aluminum 
hydride (1.90 g, 0.0500 mol) in dry ether (100 ml) over 90 min, and the 
mixture was refluxed for an additional 5.5 h. After saturated ammo
nium chloride solution was added to the chilled mixture, inorganic 
solid was filtered off and the filtrate was dried over magnesium sulfate. 
After evaporation of the solvent, the residue was distilled to yield 18g 
(9.71 g, yield 97%): bp 143-146 °C (5 mm); [a ]15D -6.51° (c 1.92, 
ethanol); ir (neat film) 3400, 1330, 1118, 1080, 1050, and 1020 
cm-1.

Anal. Calcd for Cn H180 3: C, 66.64; H, 9.15. Found: C, 66.74; H, 
9.29.

(+)-7-syn-(2-Hydroxyethyl)bicyclo[2.2.1]heptan-2-one (17a).
A mixture of (—) ketal alcohol 18g (4.56 g, 0.0231 mol) and 5% sulfuric 
acid (30 ml) was agitated for 15 h at room temperature and then ex
tracted with ether. The extract was washed with saturated sodium 
bicarbonate solution and water and dried over sodium sulfate. After 
evaporation of the solvent, the residue was distilled to give 17a (2.49 
g, yield 70%): bp 146-150 °C (5 mm); [a ]15D +1.84° (c 1.23, ethanol); 
ir (neat film) 3400,1735, and 1050 cm-1.

Anal. Calcd for C9Hi40 2: C, 70.10; H, 9.15. Found: C, 69.98; H, 
9.31.

(-)-Brexan-2-one (4). To a solution of (+) keto alcohol 17a (2.28 
g, 0.0148 mol) in dry pyridine ( 8  ml) was added methanesulfonyl 
chloride (3.38 g, 0.0295 mol) at 0 -5  °C and then the mixture was 
stirred for 6 h at this temperature. After being kept overnight at room 
temperature, the mixture was poured onto ice. It was acidified with 
hydrochloric acid and extracted with chloroform. The extract was 
washed with 5% hydrochloric acid, saturated sodium bicarbonate 
solution, and water and dried over sodium sulfate. Removal of the 
solvent gave mesylate 17b (2.63 g), which was, without further puri
fication, dissolved in dimethylformamide (30 ml). This solution was 
added dropwise to a suspension of sodium hydride (1.00 g, 0.415 mol) 
in dimethylformamide (20 ml) and the mixture was stirred for 17 h 
at 60 °C under a nitrogen atmosphere. After cooling with ice, the re
action mixture was poured onto ice and extracted with ether. The 
extract was washed with 5% hydrochloric acid, saturated sodium bi
carbonate solution, and water and dried over magnesium sulfate. After 
evaporation of the solvent, the residue was chromatographed on 
neutral alumina (Woelm, activity III). Fractions eluted with pen
tane-ether (9:1 volume) were distilled to yield (-)-brexan-2-one (4) 
(966 mg, yield 48% based on 17a): bp 116 °C (20 mm); [a ]u D -2 0 1 °  
(c 0.677, ethanol); ir (neat film) 1838,1742,1070, and 770 cm -1; NMR 
(CC14) 6 1.56 (s, 1  H), 1.65-1.75 (m, 3 H), 1.75-1.85 (m, 1  H), and 
2.24-2.35 (m, 4 H); CD (c 3.29 X 10-3 , isooctane) [0] (nm) 0 (241), 
-7 .2 4  X  103 (294), -7 .3 6  X 103 (300), -4 .5 6  X  103 sh (311.5), 0 (332); 
uv max (isooctane) 281 nm sh (c 17.9), 290 (21.3), 300 (19.8).

Anal. Calcd for C9H120: C, 79.37; H, 8.88. Found: C, 79.06; H,
8.85.

(—)-Brexane (3). A mixture of (—)-brexan-2-one (4,480 mg, 3.53 
mmol), potassium hydroxide (0.26 g), 80% hydrazine hydrate (0.4 ml), 
and triethylene glycol (4 ml) was heated for 1.5 h at 160 °C and then 
for an additional 3 h at 200-210 °C. After cooling to room tempera
ture, the reaction mixture was poured onto ice and extracted with 
pentane. The extract was washed with water and dried over magne
sium sulfate. After careful evaporation of the solvent, the residue was 
chromatographed on neutral alumina (Woelm, activity III). The first 
fraction eluted with pentane was concentrated to give (—)-brexane 
(3,90 mg, yield 21%): [ o ] 15D —94.3° (c  0.214, ethanol); ir (neat film) 
2950, 2880,1462, and 1308 cm-1; mass spectrum m/e 122 (M+).

Anal. Calcd for C9Hi4: C, 88.45; H, 11.55. Found: C, 88.34; H,
11.56.

(-)-7-syn-Hydroxym ethylbicyclo[2.2.1]heptan-2-ol (20a). A
solution of (—) methyl ester 1G (2.55 g, 0.0152 mol) in dry ether 
(60 ml) was added dropwise to a suspension of lithium aluminum 
hydride (1.00 g, 0.0263 mol) in dry ether (30 ml), and the mixture was 
refluxed for 5 h. After cooling with ice, saturated ammonium chloride 
solution was added to the chilled reaction mixture and inorganic solids 
were filtered off. The filtrate was dried over sodium sulfate and the 
solvent was evaporated. The residue was distilled to give (—) diol 20a 
(1.25 g, yield 58%), bp 138-140 °C (5 mm), [a ]18D —4.90° (c 1.62, 
ethanol).

Anal. Calcd for C8H140 2: C, 67.57; H, 9.93. Found: C, 67.25; H, 
9.94.

(-)-3-Oxabrexane (5) and (+ ) Tosylate (19). To a solution of 
( - )  diol 20a (2.69 g, 0.0189 mol) in dry pyridine (10 ml) was added 
p-toluenesulfonyl chloride (3.60 g, 0.0189 mol) at 0-5 °C, and the 
mixture was agitated for 3 h at this temperature. After being kept 
overnight at room temperature, the mixture was poured onto ice. It

was acidified with hydrochloric acid and extracted with ether. The 
extract was washed with 5% hydrochloric acid, saturated sodium bi
carbonate solution, and water and dried over sodium sulfate. After 
evaporation of the solvent, the residue was chromatographed on silica 
gel. The fractions eluted with pentane-ether (4:1 volume) gave a wax, 
which was sublimed at 38-45 °C (20 mm) to yield (—)-3-oxabrexane 
(5, 43 mg, yield 1.7%): mp 63-64 °C (in a sealed tube); [cr]20D —168° 
(c 1.10, ethanol); ir (KBr) 1305, 1100, 1028, 970, 932, 880, and 845 
cm -1; NMR (CDC13) <5 1.08-1.78 (m, 6 H), 2.10-2.35 (m, 3 H), 3.64-
3.95 (m, 2 H), and 4.03-4.15 (m, 1 H); mass spectrum m/e 124 
(M+).

Anal. Calcd for C8H120: C, 77.37; H, 9.74. Found: C, 77.13; H,
9.61.

From the fractions which came out with ether, an oily tosylate (20b,
3.33 g) was obtained. This was dissolved in acetone (45 ml) and 8 N 
Jones reagent was added dropwise to the solution at 0-5 °C until 
red-brown color persisted. After stirring for 1.5 h at this temperature, 
the mixture was diluted with water (50 ml) and extracted with ether. 
The extract was washed with saturated sodium bicarbonate solution 
and water and dried over sodium sulfate. Evaporation of the solvent 
yielded (+) keto tosylate 19 (3.07 g, yield 55%): [a ]21D +8.7° (c  0.757, 
ethanol); ir (neat film) 1728,1354,1174, and 961 cm-1.

This tosylate (19) was, without further purification, used for the 
cyclization reaction to norbrexan-2-one (G).

Norbrexan-2-one (6). A solution of (+) tosylate 19 (3.07 g, 0.0104 
mol) in dimethylformamide (30 ml) was added under a nitrogen at
mosphere dropwise to a suspension of sodium hydride (2.00 g, 0.0833 
mol) in dimethylformamide (20 ml), and the mixture was stirred for
63.5 h at 60 °C and for an additional 13 h at 80 °C. After addition of 
methanol (7 ml) with ice cooling, the reaction mixture was poured onto 
ice and extracted with ether. The extract was washed with 5% hy
drochloric acid, saturated sodium bicarbonate solution, and water and 
dried over sodium sulfate. After evaporation of the solvent, the residue 
was chromatographed on neutral alumina (Woelm, activity III). The 
fractions eluted with pentane gave an oily product, which was distilled 
to give norbrexan-2-one (6,44 mg, yield 3.5%): bp 60 °C (bath tem
perature) (20 mm); ir (neat film) 1754,1100,1030,975, and 880 cm-1; 
mass spectrum m/e 122 (M+); CD (c 7.05 X 10-3, isooctane) [0] (nm) 
0 (241), +3.73 X 103 sh (287), +3.98 X 103 (293), +4.00 X 103 (296), 
+2.46 X 103 sh (306), 0 (325).

Registry No.—3, 60133-47-3; 4, 60133-48-4; 5, 60133-49-5; 6,
60133-50-8; 7 ,58001-99-3; 8,60133-51-9; 9,60133-52-0; 1 1 ,60104-05-4; 
12, 60133-53-1; (±)-15, 60104-06-5; (—)-15 salt, 60133-55-3; 16, 
60133-56-4; 17a, 60104-07-6; 17b, 60133-57-5; 17c, 60133-58-6; 18a, 
60104-08-7; 18b, 60104-09-8; 18c, 60104-10-1; 18d, 60104-11-2; 18f, 
60104-12-3; 18g, 60104-13-4; 19, 60104-14-5; 20a, 60104-15-6; 20b, 
60104-16-7.
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Bicyclo[3.2.1]octan-3-one (4) was brominated with JV-bromosuccinimide (NBS) and benzoyl peroxide in carbon 
tetrachloride to give axial 2-bromobicyclo[3.2.1]octan-3-one (3a) but no equatorial isomer (3e). The Favorskii rear
rangement of axial bromo ketone 3a with sodium methoxide in methanol gives only small amounts of Favorskii ring 
contraction compared to its benzo analogue 2-bromobenzo[6,7]bicyclo[3.2.1]oct-6-en-3-one (la). The major reac
tion of bromo ketone 3a is halide displacement by methoxide ion. The facile rearrangement of la is explained in 
two ways. Inductive withdrawal of the aromatic ring could stabilize enolate 7 and at the same time retard the solvo- 
lytic side reaction by destabilizing ion 15. Secondly, bishomoantiaromaticity may contribute to the instability of 
ion 15. Zwitterion 9 is also bishomoantiaromatic, causing a more rapid and less reversible ring closure to the cyclo- 
propanone.

The Favorskii rearrangement has been the subject of in
tensive research since its discovery in 1894.1 Monocyclic ring 
contraction in this base-catalyzed rearrangement of «-halo 
ketones is well known. However, rearrangement of bicyclic 
systems has been studied to a lesser extent, with some notable 
successful rearrangements2 and other more negative results.3 
Until recently only bridgehead halogenated compounds have 
been tried. Wilt and Rasmussen4 were the first to study a 
substrate having halogen at a position other than a bridge
head. Reaction of axial or equatorial 2-bromobenzo[6,7]bi- 
cyclo[3.2.1]oct-6-en-3-one (la  and le) with sodium methoxide 
in either methanol or 1,2-dimethoxyethane (glyme) proceeded 
smoothly to a mixture of exo and endo epimers of methyl 
benzonorbornene-2-carboxylate (2x and 2n).

le

An examination of the literature of this rearrangement in 
bicyclic rings leaves one confused and unable to predict 
whether new examples might be synthetically viable. Previous 
work has not centered on a study of the synthetic usefulness 
and breadth of this rearrangement. Of the examples cited 
above, all except one4 had bridgehead halogens. All of the 
carbonyl groups except two2"-4 were located in a one-carbon 
bridge. Only a few ring sizes have been studied, especially the
[3.3.1] and the [2.2.1] skeletons. With the exception of two 
papers20'4 very little mechanistic work has been reported.

For these reasons we decided to embark on a study of this

rearrangement in a number of different bicyclic bromo ke
tones to determine the effect of ring size, the effect of a 
bridgehead vs. a nonbridgehead a halogen or a ' hydrogen, and 
the effect of unsaturation on the success of these rearrange
ments.

Succeeding papers will deal with the first two mentioned 
effects, but we wish to report an unusual result of unsaturation 
which appeared when we attempted a Favorskii rearrange
ment of the aliphatic analogue of bromo ketone la , axial 2- 
bromobicyclo[3.2.1]octan-3-one (3a).

Axial bromo ketone 3a and its equatorial isomer 3e have 
been prepared by Waegell and Jefford, but 3e was said to be 
unstable. A mixture of these two isomers along with a dibro
mide was formed when bicyclo[3.2.1]octan-3-one (4) was

Rr2
---------►  3a +  3e +  dibromide
HOAc

treated with bromine in acetic acid.5 Since the benzo bromo 
ketone 1 gave essentially the same product composition 
whether the axial or equatorial isomer was used,4 it was de
cided to prepare pure axial bromo ketone 3a to simplify the 
study. These bicyclic bromo ketones probably equilibrate 
rapidly in basic solution, as evidenced by rapid deuteration 
of the parent ketones bicyclo[3.2.1]octan-3-one (4) and 
benzo[6,7]bicyclo[3.2.1]oct-6-en-3-one with sodium methoxide 
in methanol-d4.
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Table I. Products of Bromo Ketones la and 
3a in NaOCH3/C H 3OH

Table I I.  Partial NMR Analysis of Methoxy 
Ketones 6a and 6e in 8 (CCI4)

% products“
Bromo
ketone

NaOCH., 
concn,M

Exo
ester

Endo
ester

Ax CH30  
ketone

Eq CH30  
ketone

la 6 2.0 54 14
3ac 2.0 9.6 0.4 5 74
la ft 0.1 44 0
3a' 0.1 0 0 100 0

“ Percentages are based on total area by gas chromatographic
analysis. b Reference 4. Other products were not identified but 
included methoxy ketones. c This study. At 2 M base, 11% un
identified products were found.

N-Bromosuccinimide (NBS) and benzoyl peroxide in car
bon tetrachloride was chosen as the brominating agent since 
it was found to react in the benzo analogue to form only axial 
bromo ketone la .4 Likewise bromination of ketone 4 under 
these conditions gave axial product 3a. No evidence of equa
torial isomer 3e was found.

Bromo ketone 3a was submitted to Favorskii conditions 
exactly the same as for la  (2 M  sodium methoxide in metha
nol, 25 °C, 4 h). Although the benzo analogue la  gave a Fa
vorskii yield of 70% (56:14 mixture of exo:endo esters 2x and 
2n) plus other products including methoxy ketones, the ali
phatic bromo ketone 3a gave only 9.6% methyl norbornane- 
exo-2-carboxylate (the Favorskii product 5x) and 0.4% endo 
isomer 5n, while the major reaction was halide displacement 
to give 5% axial 2-methoxybicyclo[3.2.1]octan-3-one (6a) and 
74% equatorial 2-methoxybicyclo[3.2.1]octan-3-one (6e).

NaOCH,
3a -------------

CM,OH

6a 6e
5% 74% 11%

The Favorskii esters 5x and 5n were compared with au
thentic samples. The two methoxy ketones were assigned 
configurations on the basis of their NM R spectra which are 
discussed in the next section.

The reaction of bromo ketone 3a was also studied in 0.1 M  
sodium methoxide/methanol. A summary of the products of 
aromatic bromo ketone la  and aliphatic bromo ketone 3a at 
both base concentrations is given in Table I.

Note that at each base concentration there is more Favor- 
skii rearrangement occurring for aromatic bromo ketone la  
compared to aliphatic bromo ketone 3a and that the per
centage of Favorskii rearrangement is increased with more 
concentrated base.

Synthetically, a much better Favorskii rearrangement oc
curs when sodium methoxide in glyme is used. Both bromo 
ketones give increased amounts of rearrangement with this 
aprotic solvent. Bromo ketone 3a gave exo and endo esters 5x 
and 5n exclusively in a ratio of 76:24 with glyme.

Discussion
The assignment of axial and equatorial configurations to 

methoxy ketones 6a and 6c was aided by the excellent NMR

Methoxy
ketone CHOCH3 OCH3

6a 3.0-3.2 (eq) 3.21 (ax)
6e 3.4-3.6 (ax) 3.42 (eq)

analysis of a series of substituted cyclohexanones studied by 
Jefford and Waegell.5,6 Although it is true that in simple cy
clohexane derivatives axial protons often absorb upfield from 
equatorial protons,7 cyclohexanones have a axial protons 
which are downfield compared to a equatorial protons.8 Jef
ford and Waegell found that the equatorial bromo ketone 3e 
has an a axial proton at 8 4.68 (CCl4)6b and therefore follows 
this general rule for cyclohexanones, since this is downfield 
compared to the a equatorial proton of axial bromo ketone 3a 
appearing at 8 3.96 (CCl4).6b'9 Wilt and Rasmussen found that 
the benzo bromo ketones la and le follow this generality. The 
a axial proton of equatorial bromo ketone le appears at 8 4.93 
(CDCI3), downfield from the a equatorial proton of axial 
bromo ketone la  located at 8 4.23 (CDCI3).4 So there is good 
precedent for assigning a axial and equatorial configurations 
by chemical shift not only on cyclohexanones but more par
ticularly bicyclo[3.2.1]octan-3-ones.

By this analysis one product was found to be equatorial 
methoxy ketone 6e, since its a axial proton is further down- 
field at 8 3.4-3.6 than the a equatorial proton of axial methoxy 
ketone 6a, which appears at 8 3.0-3.2 (see Table II). Exami
nation of the methoxy protons of compounds 6a and 6e, 
however, show that they are outside the dominating magnetic 
influence of the carbonyl, being farther removed, and the 
equatorial methoxy protons are farther downfield than the 
axial methoxy protons (6 3.42 vs. 3.21).

The results of the reaction of bromo ketones la  and 3a are 
outlined in the most recent mechanism for the Favorskii re
arrangement (Chart I). This incorporates current work by 
Bordwell,10 House,11 and Smissman.12 The important inter
mediates in the present concept of the Favorskii rearrange
ment are enolates such as 7 and 8, zwitterions like 9 and 10, 
and cyclopropanones exemplified by 11 and 12. The com
peting solvolysis is usually thought of as taking place through 
enol allylic halides such as 13 and 14 and allylic ions like 15 
and 16. Higher base concentrations or use of unsolvated bases 
(in glyme) help formation of enolates rather than enol allylic 
halides. Larger percentages of Favorskii products result. Low 
base concentrations favor the alternative formation of me
thoxy ketones at the expense of the rearrangement. Our re
sults substantiate this mechanism.

But if bromo ketones la  and 3a are compared, it is noted 
that aliphatic bromo ketone 3a does not as readily undergo 
the Favorskii rearrangement with sodium methoxide/meth
anol as the aromatic bromo ketone la. This can be explained 
most logically in one of two ways.

One possibility for the larger percentages of Favorskii 
product in the benzo analogue is an inductive withdrawal of 
electron density by the aromatic ring. This may substantially 
increase the acidity of the a' hydrogen by stabilizing enolate 
7 compared to 8. The inductive withdrawing effect of aromatic 
rings is well documented for a variety of reaction types and 
substrates,13 including benzonorbornenes14 and benzonor- 
bornadienes.15 Aromatic electron withdrawal would also re
tard ionization of the bromide and make ion 15 less stable than
16. Favorskii product formation would be more favored in the 
aromatic bromo ketone.

A second explanation differs in degree from the first. Ion 
15 is bishomoantiaromatic but 16 is not. This would desta
bilize 15 dramatically and would favor the Favorskii product. 
The antiaromatic character of zwitterion 9 also may be a factor
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Chart I

in the product distribution. Although 9 may be more slowly 
formed relative to 10, it would have a very short lifetime and 
would rapidly and less reversibly ring close to cyclopropanone 
11. The ring closure of 10 to 12 would be slower and more re
versible. This would explain the greater percentages of Fa- 
vorskii products in the benzo analogue.

Precedence for bishomoantiaromatic character in this ring 
system is reported by Winstein,16 who studied the solvolysis 
of p-nitrobenzoates 17 and 18 in aqueous acetone.

17 18
The presence of the additional double bond in 17 is mark

edly rate retarding, with exo- 17 solvolyzing 235 times slower 
than exo -18. Winstein suggested that “the rate retardation 
is probably even larger than can be ascribed to the rate-re
tarding inductive effect of the second olefinic group.” He 
suggested that 17 solvolyzes very slowly because it forms the 
unstable ion 19 which is bishomoantiaromatic, whereas 18 
yields the allyl ion 20. Hart17 has studied the rearrangement

19 20

of the nonamethyl derivative of ion 19 by NMR and has drawn 
attention to “the importance of bishomoantiaromaticity as 
a factor in these rearrangements.” Bishomoantiaromatic ion 
19 is analogous to 9 and 15 and ion 20 is similar to 10 and
16.

Stereochemical results with bromo ketone 3a are strongly 
analogous to Winstein’s work with exo-p -nitrobenzoate 18. 
In dilute base the axial product is formed preferentially by 
stepwise loss of the axial bromine, formation of ion 16, and 
attack by methoxide on the axial side stereospecifically. 
Likewise, solvolysis of p-nitrobenzoate 18 proceeded stereo
specifically and with retention.16 Only in the more concen
trated base does 6e predominate and this could be formed by 
epimerization of 6a. Epimerization studies in 2 M sodium 
methoxide showed that the axial and equatorial methoxy 
ketones 6a and 6e readily equilibrate.

Experimental Section
Melting and boiling points are uncorrected. The melting points were 

taken in capillaries in a Thomas-Hoover apparatus. The following 
instruments were used: Varian T-60 NMR spectrometer, Perkin- 
Elmer 727 infrared spectrophotometer, and a Varian Aerograph 
Model 700 Autoprep gas chromatograph. NMR data are given in parts 
per million (S) relative to internal Me4Si, with the usual splitting 
abbreviations followed by number of protons and interpretation. Only 
significant ir absorptions are listed in cm "1. Gas chromatography was 
performed on an SE-30 or QF-1 column with helium carrier gas. Mi
croanalyses were performed by Micro-Tech Laboratories, Skokie,
111.

Bicyclo[3.2.1]octan-3-one (4). This ketone was prepared from 
norbornene by the method of Jefford et al.18

Axial 2-Bromobicyclo[3.2.1]octan-3-one (3a). Ketone 4 (8.68 
g, 0.0700 mol), iV-bromosuccinimide (freshly recrystallized from
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water, 12.40 g, 0.0700 mol), benzoyl peroxide (0.96 g), and carbon 
tetrachloride (60 ml) were refluxed for 22 h. White succinimide began 
precipitating after 1 h, and a dark mixture was obtained after the full 
heating period. The mixture was cooled in an ice bath and the suc
cinimide was suction filtered (6.48 g, 0.0654 mol, 94%, mp 123-126 °C, 
lit.19 mp 125-126 °C). The precipitate was washed with chilled carbon 
tetrachloride (2 X 50 ml). The combined filtrate was washed twice 
with 10% sodium bicarbonate and once with water, dried with mag
nesium sulfate, and rotary evaporated. Gas chromatographic analysis 
(SE-30, 192 °C, 56 ml/min) showed unreacted ketone 4 and bromi- 
nated product in a 31:69 ratio. Addition of more NBS (4.96 g) and 
further reflux and workup still left some ketone 4 in a 21:79 ratio. 
Short-path distillation gave a small forerun of 4 which was scraped 
from the condenser followed by bromo ketone 3a as a white solid 
which crystallized in the receiving flask (7.66 g, 0.0378 mol, 54%), bp 
80-95 °C (0.25 mm). Further purification gave bp 65-71 °C (0.19-0.25 
mm), mp 50-51 °C (lit.0 mp 49-50 °C). No evidence was obtained for 
any equatorial isomer 3e being formed.

Reaction of Bromo Ketone 3a with 2 M Sodium Methoxide in 
Methanol. A solution of sodium methoxide in methanol (2 M, 150 ml) 
was stirred with bromo ketone 3a (1.56 g, 0.00768 mol, 96.3% pure by 
VPC) at 25 °C for 4 h. A pale yellow color was apparent at the end of 
this time. The solution was chilled to 0 °C and neutralized with glacial 
acetic acid. Ether (750 ml) was added and the mixture was cooled in 
a freezer overnight. The sodium acetate was suction filtered and 
washed with ether (150 ml). The ether was rotary evaporated. High 
vacuum caused the residue to solidify because of a small amount of 
sodium acetate still present. Ether (10 ml) was added and the solid 
was gravity filtered and washed with ice-cold ether (20 ml). Evapo
ration of the solvent from the filtrate gave a yellow oil (0.87 g, 0.00565 
mol, 74% isolated yield based on CgHi4C>2).

Preparative gas chromatography (QF-1, 192 °C, 60 ml/min) was 
used to separate the products of the reaction. The products and per
centages are given in order of increasing retention times: 10% methyl 
norbornane-2-carboxylate (5x and 5n), 5% axial 2-methoxy- 
bicyclo[3.2.1]octan-3-one (6a), and 74% equatorial 2-methoxybicy- 
clo[3.2.1]octan-3-one (6e). Two other peaks were not identified: 8%, 
overlapping partially with methoxy ketone 6e, and 3%, of longer re
tention time. The same column at 115 °C separated 5x and 5n in a 96:4 
ratio.

The exo ester 5x was compared to an authentic sample prepared 
below and was found to agree in retention time and spectral proper
ties. The peak assigned as the endo ester 5n had a retention time 
identical with that of the authentic compound, but spectral properties 
were not taken owing to the small amount of this product.

The axial methoxy ketone 6a was a colorless liquid: ir (neat) 3000, 
2950, 2900 (C-H), 1715 (C = 0), 1450,1405,1330,1170, and 1065 cm“ 1 
(C-O); NMR (CC1„) 6 3.21 (s, 3, CH30), 3.0-3.2 (m, 1, CHOCH3),
1.2-2.8 (m, 10).

Anal. Calcd for C9H14O2: C, 70.10; H, 9.15. Found: C, 69.53; H,
9.27.

A light orange 2,4-dinitrophenylhydrazone was recrystallized three 
times from ethanol, mp 189-191 °C.

Anal. Calcd for C isH i8N405: N, 16.76. Found: N, 16.69.
The equatorial methoxy ketone 6e was a colorless liquid: ir (neat) 

3050, 2970, 2920 (C-H), 1740 (0 = 0 ) , 1460,1200,1120,1100 (C-O), 
1060,1020, and 910 cm -'; NMR (CC14) 6 3.4-3.6 (m, 1, CHOCH3), 3.42 
(s, 3, CH3O), 2.1-2.6 (m, 4, CH2C= 0  and two bridgehead H), 1.4-1.8 
(m, 6).

Anal. Calcd for C9Hi40 2: C, 70.10; H, 9.15. Found: C, 69.90; H,
9.22.

A light orange 2,4-dinitrophenylhydrazone was recrystallized from 
ethanol six times, mp 147-149 °C.

Anal. Calcd for C,sH18N40 5: N, 16.76. Found: N„ 17.04.
Reaction of Bromo Ketone 3a with 0.1 M Sodium Methoxide 

in Methanol. A solution of sodium methoxide in methanol (0.1 M, 
20 ml) was stirred with bromo ketone 3a (0.20 g, 0.00100 mol) at 25 
°C for 4 h. The solution was not basic at the end of this time. Acetic 
acid (3 drops) and ether (80 ml) were added but no precipitate was 
obtained. The residue was rotary evaporated and analyzed by VPC 
(QF-1, 191 °C 60 ml/min) and NMR. Only axial methoxy ketone 6a 
was present.

Reaction of Bromo Ketone 3a with Sodium Methoxide in 
Glyme. A suspension of sodium methoxide (0.28 g, 0.00522 mol) and 
bromo ketone 3a, (0.20 g, 0.00100 mol) in glyme (8 ml) was stirred 
magnetically for 1 h at 25 °C. A brown color was formed after 5 min. 
The mixture was cooled in an ice bath and acetic acid (17 drops) was 
added to neutralize the base. Addition of ether (80 ml) precipitated 
the salt, which was suction filtered and washed with ether (50 ml). 
Rotary evaporation left a residue which was analyzed by VPC (QF-1,

115 °C, 60 ml/min). Only esters 5x and 5n were obtained in a ratio of 
76:24.

Epimerization of Methoxy Ketones 6a and 6e. A small sample 
of 6a was stirred with sodium methoxide in methanol (2 M, 20 ml) and 
processed as before. VPC analysis (QF-1,189 °C, 60 ml/min) showed 
three peaks, identified as 6a (13%), 63 (82%), and a third compound 
(5%) having a retention time identical with that of the extra, un
identified peak observed in the Favorskii studies.

Epimerization of equatorial methoxy ketone 6e was studied in 
similar fashion to give 6a (7%), 6e (86%), and the same unidentified 
trace product (7%).

Methyl Norbornane-2-carboxylate (5x and 5n). The exo and
endo esters 5x and 5n were prepared as 69:31 mixture starting with 
norbornane-2-carbonitrile (Aldrich Chemical Co.) by the normal 
methods of hydrolysis to the acids20 and esterification via diazo
methane,21 bp 42-44 °C (0.62-0.71 mm), lit.22 bp 77 °C (10 mm) for 
5x and 76-77 °C (11 mm) for 5n. They are easily distinguished by 
VPC retention times and by the NMR chemical shift of the methyl 
protons (6 3.58 for 5x and 5 3.60 for 5n in CC14).22

Deuteration Studies of Bicyclo[3.2.1]octan-3-one (4) and 
Benzo[6,7]bicyclo[3.2.1]oct-6-en-3-one. The ketone (~0.1 g) was 
dissolved in CD3 OD (0.5 ml) and 1 drop of 2 M NaOCH 3 in CD3 OD 
was added. Both ketones behaved similarly by exchanging two of the 
four a hydrogens within the first 2 min, the time required to place the 
sample in the NMR probe and integrate the spectrum. The other two 
a protons exchanged gradually over about 6 h.
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Synthetic schemes have been developed which allow the preparation of endo-6-methyl-exo-bicyclo[3.1.0]hex-
6-yl triflate (2) and endo-7-methyl-exo-bicyclo[4.1.0]hept-7-yl triflate (3). Synthesis of the latter involved a cop
per-catalyzed addition of ethyl diazopropionate to cyclohexene which give principally the exo-carboethoxy cyclo
propanation product 17. Similar stereoselectivity was seen in the addition to cyclopentene. Solvolysis rates of 1- 
methyl cyclopropyl triflate, 1, 2, and 3 were rapid in acetic acid at room temperature. Relative rates were 0.95,1.0, 
and 8.8, respectively. Solvolysis of 2 was suggested to involve the unopened 6-methylbicyclo[3.1.0]hex-6-yl cation, 
25, which rapidly rearranged to an allylic cation before capture of nucleophile could occur. a-Methyl/hydrogen rate 
ratios were smaller than expected in view of the stabilization demands of an unopened cyclopropyl cation. In con
trast 3 gave unopened products on acetolysis. Product and rate data were interpreted in terms of a slightly opened 
allylic cation, 31, with charge residing essentially at the 7 position. Triflate 1 gave only isobutylene on solvolysis in 
aqueous diglyme containing sodium borohydride.

Cyclopropyl substrates tend to undergo ionization with 
concerted ring opening to give allylic or partially opened allylic 
cationic systems.1 Unopened cyclopropyl cations result only 
when groups capable of contributing greatly to cationic sta
bility are present.2 Recently3 we have shown that concerted 
opening of cyclopropyl systems can be completely blocked in 
the ionization step by the incorporation of a bicyclo[2.2.1] 
system fused to the cyclopropyl system trans to the leaving 
group. Electrocyclic opening could also be prevented if olefinic 
or cyclopropyl participating groups were suitably posi
tioned.3’4 While the substitution products in these systems 
were completely in accordance with cationic rearrangement 
processes, the response of ionization rate to solvent ionizing 
power was quite small. Substrate m values5 were in the range 
of the nucleophilic mechanism seen for primary substrates. 
The suggestion offered was that the low response to solvent 
ionizing power was in part due to the triflate leaving group and 
also reflected less than “ normal” charge development in the 
transition state for ionization of cyclopropyl triflates.

In order to further support this suggestion, we sought to use 
the methyl group as a probe for charge development in de
veloping cyclopropyl cations. We also sought to employ the 
methyl group as a neighboring group to evaluate its effec
tiveness in thwarting electrocyclic ring opening during ion
ization. We report here the results of these studies of cc-met hyl 
substitution in a series of cyclopropyl triflates.

Synthetic Aspects. Of immediate interest was the prepa
ration of triflates 1, 2, and 3. The preparation of 1 has been

3

previously described.4 Triflate 2 was prepared as shown in 
Scheme I. The reaction of chloromethylketene, generated 
from 2-chloropropionyl bromide and triethylamine, and cy- 
clopentadiene led to the known mixture of chloromethylbi- 
cyclo[3.2.0]heptenones, 4 and 5.6 Chloro ketone 4 was ste- 
reospecifically ring contracted with lithium hydroxide to 
endo-6-methyl-exo-bicyclo[3.1.0]hex-2-ene-6-carboxylic acid
(6) using the procedure of Garin and Cammack.7 Catalytic 
hydrogenation of the methyl ester of 6 or the unsaturated 
methyl ketone derived by treatment of 6 with methyllithium 
gave partial reduction of the cyclopropane ring along with the 
olefinic linkage. To avoid the cyclopropane bond reduction, 
it was necessary to carry out the hydrogenation on the free acid 
using platinum oxide as catalyst. Conversion of the saturated 
acid 8 to the corresponding methyl ketone 9 was accomplished 
by treatment with methyllithium. A primary side product of 
this transformation was the tertiary alcohol derived from 
addition of methyllithium to 9. It has been suggested8 that a 
major source of tertiary alcohol in the preparation of ketones 
from acids and organolithium reagents is the addition of un
reacted excess organolithium reagent to the ketonic product 
during the hydrolysis of intermediate, RaClOLi)^. In the 
preparation of 9, and for many analogous transformations 
which we have carried out, this problem can be circumvented. 
Following the suggestion of Jorgenson,8b we have destroyed 
the excess methyllithium by the addition of ethyl acetate to 
the reaction mixture prior to the addition of water. With this 
procedure tertiary alcohol formation is negligible.

exo-Methyl ketone 9 shows a carbonyl stretching frequency 
of 1684 cm-1. This compares to a value of 1702 cm "1 for the 
isomeric endomethyl ketone 13. These significant differences 
are in line with the decreased conjugation of the carbonyl 
group with the cyclopropyl system in 13, and a resultant car
bonyl shift to higher energy, as a result of steric factors. Ap-1 2
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Scheme I

9,R = CH3 13, R = CH,
15, R = OEt 14, R = OEt

parently conjugation in 13 is lessened owing to an unfavorable 
steric interaction of the endo-acetyl group with the fused ring 
system. Distortion from the preferred conformation necessary 
for maximal conjugation with the cyclopropyl system, as 
shown above, results in an increased carbonyl stretching fre
quency. Similar trends are seen in the ethyl esters 14 and 15 
derived from the corresponding acids by alkylation of the 
carboxylate salts with ethyl iodide in dimethyl sulfoxide. Exo 
ester 15 has a carbonyl stretching frequency of 1717 cm-1 
while the value for endo ester 14 is 1727 cm-1.

The remainder of the synthetic sequence shown in Scheme 
I to triflate 2 was analogous to procedures previously de
scribed.

The approach to the synthesis of triflate 3 was undertaken 
in terms of a carboethoxymethylcarbene addition to cyclo
hexene. Singlet carboethoxymethylcarbene is expected to 
yield ethyl acrylate via simple intramolecular hydrogen 
transfer to the carbenic center. Hence the addition was at
tempted by way of the triplet state which is known to add to 
isobutylene to give cyclopropane derivatives.9 Benzophe- 
none-sensitized photolysis of ethyl diazopropionate in cy
clohexene gave small amounts of the desired cyclopropanation 
product 17. However, the major product was the radical dimer,
16. Hydrogen atom abstraction from cyclohexene apparently 
occurs in preference to addition of triplet carboethoxymeth
ylcarbene to cyclohexene. This approach to synthetically 
useful amounts of 17 was therefore abandoned.

The copper-catalyzed addition of ethyl diazoacetate to 
cyclohexene has been thoroughly investigated and found to 
give a predominance of exo- 7-carboethoxybicyclo[4.1.0] - 
heptane.10 We have found that the copper acetylacetonate 
catalyzed addition of ethyl diazopropionate to cyclohexene 
gives cyclopropanation products 17 and 18 along with larger 
amounts of the formal carbene dimers 19. The exo-carbo- 
ethoxy adduct 17 was the predominant isomer. The stereo
chemistry of this cyclopropanation product was suggested by 
the analogous reaction of cyclopentene. The copper acetyl-

acetonate catalyzed reaction of ethyl diazopropionate with 
cyclopentene gave a 6:1 mixture of exo- and endo-6-carbo- 
ethoxy-6-methylbicyclo[3.1.0]hexane (15 and 14). Product 
identification in this case was made by spectral comparison 
with authentic samples independently prepared as shown in 
Scheme I. The predominance of the exo-carboethoxy isomer 
15 in the reaction with cyclopentene suggested a similar ste
reochemical pathway for cyclohexene.

Proof of the stereochemistry of 17 was accomplished by 
saponification to give endo-7-methyl-exo-bicyclo[4.1.0]hep- 
tane-7-carboxylic acid (20), which could be prepared inde
pendently as shown in Scheme II. The known addition of 
chloromethylketene to 1,3-cyclohexadiene gave a mixture of 
cycloadducts 21 and 23.11 Chloroketene 21 was separated and 
stereospecifically ring contracted with lithium hydroxide to 
give the unsaturated acid 23. This acid could be hydrogenated 
to give a product identical with that obtained by saponifica
tion of 17.

The stereochemical results of the copper-catalyzed addition 
of ethyl diazopropionate to cyclopentene and cyclohexene 
were unexpected in view of the steric requirements of a methyl 
group vs. the carboethoxy group. Conformational equilibria 
suggest that a methyl group is sterically more bulky than the 
carboethoxy group. On this basis, the conclusion must be that 
some feature other than steric bulk of the two groups controls 
the stereochemical outcome of the copper complexed car
boethoxymethylcarbene addition to cyclopentene and cy
clohexene. This stereoselectivity, which is not in accord with 
steric factors, is not unprecedented. Endo (syn) stereoselec
tivity is seen in the addition of phenylcarbene,12 chlorocar- 
bene,13 and phenylthiocarbene14 (or carbenoid species), 
among others, to olefins. Electronic factors in the transition 
state, which outweigh steric factors, are suggested to account 
for some cases of syn stereoselectivity.12 Opposing electronic 
factors, and not solely steric effects, may control both car- 
boethoxycarbene and carboethoxymethylcarbene (as copper 
complexes) addition to olefins giving exo (anti) stereoselec
tivity. The remainder of the synthetic sequence to triflate 3 
is shown in Scheme II.

Solvolytic Studies. Triflates 1, 2, and 3 proved to be quite 
reactive. Solvolytic studies were carried out at room temper
ature in acetic acid. Rate data are given in Table I. In acetic 
acid, triflate 2 gave 2-methylcyclohex-2-enyl acetate (27) as 
the only product. Even the very nucleophilic borohydride 
anion cannot intercept structurally unrearranged products. 
Solvolysis in aqueous diglyme containing sodium borohydride
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Scheme II
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gave 1-methylcyclohexene (28) as the only product. The 
mechanistic scheme suggested involves formation of the un
opened tertiary cyclopropyl cation 25 as the first intermediate. 
The products suggest that rearrangement of 25 to allylic cation 
26 occurs.

A potential intermediate that must be considered is a par
tially opened allylic cation such as 29. Schleyer1 has postulated

OAc

28

that analogous intermediates intervene in the solvolysis of 
exo-bicyclo[3.1.0]hex-6-yl triflate and exo-bicyclo[4.1.0]- 
hept-7-yl tosylate. Rate and product data were completely in 
line with neither trans allylic cations nor cyclopropyl cation 
intermediates. To account for rate data and products of re
tained ring structure and stereochemistry, partially opened 
allylic cation intermediates were suggested. Theoretical cal
culations also support the viability of such intermediates.lc

None of the retained acetate 10, which would be expected 
from a partially opened allylic cation such as 29, is observed. 
Apparently opening of 25 by the allowed disrotatory mode to 
give 26 is the most rapid process even in the presence of bor- 
ohydride anion.15 While solvolysis of exo-bicyclo[3.1.0] hex-
6 -yl triflate is suggested to occur via a partially opened allylic 
cation,10 the methyl group appears to be completely effective 
in blocking the analogous partial opening of triflate 2 during 
the ionization process.

As a sidelight to this investigation, it was found that while 
borohydride cannot successfully intercept cation 25, it does 
succeed in capturing the 1-phenylcyclopropyl cation. Previous 
studies20 have shown that solvolysis of 1-phenylcyclopropyl 
tosylate in acetic acid gave only allylic products. These results 
can be interpreted in terms of a stepwise process leading to 
the 2-phenylallyl cation (via the 1-phenylcyclopropyl cation) 
or possibly a concerted pathway giving the allylic cation di
rectly. We have found that solvolysis of 1-phenylcyclopropyl 
tosylate in aqueous diglyme containing sodium borohydride 
gives a hydrocarbon mixture consisting of «-methylstyrene 
(3.7 parts) and phenylcyclopropane (1 part). These results 
show that borohydride is nucleophilic enough to intercept 
some 1-phenylcyclopropyl cations before opening to the allylic 
cation can occur and provide strong evidence for the discrete 
intermediacy of the 1-phenylcyclopropyl cation.

Comparison of the rate of solvolysis of endo-6-methyl- 
exo-bicyclo[3.1.0]hex-6-yl triflate (2) with exo- 
bicyclo[3.1.0]hex-6-yl triflate gives an a-methyl/hydrogen 
ratio of 107-56. This compares to a value of 108 suggested by 
Schleyer16 as a standard value for secondary substrates. This 
value is slightly less than the suggested “ normal” value. What 
is the origin of this slight discrepancy? The rationale that 
immediately comes to mind is the fact that solvolysis of exo- 
bicyclo[3.1.0]hex-6-yl triflate is a assisted by partial frag
mentation of the internal cyclopropane bond, yielding a par
tially opened allylic cation as the initial intermediate. This 
fact should result in a less than normal a-methyl/hydrogen 
rate ratio.

The observed a-methyl/hydrogen ratio of 107 56 is also not 
out of line with the suggestion that transition state charge 
development in the ionization of cyclopropyl triflates is less 
than normal.18 The demand for stabilization on an a-methyl 
group should be enormous in the extremely unstable cyclo
propyl cation. As such, the suggested a-methyl/hydrogen ratio 
of 108 may not reflect the true demand of an unopened cy
clopropyl cation. It would not be unreasonable to expect an 
a-methyl/hydrogen ratio of greater than 108 owing to this 
larger than normal demand for stabilization in the unopened 
cyclopropyl cation. The observed value of 107-56 may reflect 
an early transition state as well as the u-assisted solvolysis of 
exobicyclo[3.1.0]hex-6-yl triflate.

Consider next the acetolysis of endo- 7-methyl-exo- bicy- 
clo[4.1.0]hept-7-yl triflate (3). The rate of acetolysis is only 
slightly faster (8.8 times) than that of 2. This compares to a 
rate difference of greater than 5000 for the unmethylated 
analogues.4’18 However, a product study shows that only 
endo-7-methyl-exo-bicyclo[4.1.0]hept-7-yl acetate (30) is 
produced from 3 in acetic acid. We prefer the mechanistic 
scheme shown involving partially opened allylic cation 31 as 
the key intermediate. If tertiary cyclopropyl cation 32 were 
involved, rapid opening to give an allylic cation, and hence an25 26
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Table I. Rates of Solvolysis in Acetic Acid—0.1 M Sodium Acetate
Registry

no. Com pd fc25° s 1 fcrel
feR = C H 3/ 

k R =  H
R

60153-71-1
25327-17-7

'OTf
R = CH3 
R = H

(5.82 ± 0 .01) X 1 0 -  
1.61 X 1 0 “ 12 “ ,b

60153-72-2
60153-73-3

60153-74-4
25324-42-1

R = CH3 
R = H

R = CH3 
R = H

(5.11 ± 0 .00) X 1 0 -  
6.32 X 1 0 -  a’ c

(5 .52 ± 0 .04) x lO "5 
4.35 X 1 0 - a’ b

a Extrapolated value. b Reference 17. c Reference 4. d For tosylates; ref la .

1.0 107-6

8.8 1 0 3-9

0.95 103-1
(1 0 3-°)d

allylic acetate product, would be expected. The opening of 32 
might not be as rapid as the comparable opening of 25, which 
even the nucleophilic borohydride cannot intercept. However, 
opening of 32 should be faster than solvent capture by the 
relatively nonnucleophilic (vs. borohydride) acetic acid sol
vent.

The small rate enhancement, relative to 2, seen in the ace- 
tolysis of 3 is also consistent with a small amount of a assis
tance. In the intermediate partially opened cation 31, charge 
should reside essentially at the tertiary center. Internal bond 
fragmentation should be minimal, but enough to prevent 
disrotatory opening to give an allylic cation. This is borne out 
by the formation of only acetate 30 in which configuration is 
maintained and no diacetate products analogous to those 
produced in the acetolysis of exo- bicyclo[4.1.0] hept-7-y 1 
tosylate. While methyl substitution can completely offset a 
participation in the exo-bicyclo[3.1.0]hex-6-yl system, similar 
substitution is apparently not sufficient to offset the larger 
amount of a assistance in bicyclo[4.1.0]hept-7-yl sub
strates.

Interpretation of rate and product data in the solvolysis of 
1-methylcyclopropyl triflate (1) is less straightforward. Sol
volysis in aqueous diglyme containing sodium borohydride 
gave isobutylene (33) as the sole product. Either a stepwise

> —  CH:1 
+

36

formation of allylic cation 35 or a concerted ionization-ring 
opening is consistent with formation of this product. Bor
ohydride may not be nucleophilic enough to trap unrearranged 
cation 34 or 34 may be completely bypassed in favor of 35. As 
in the case of cyclopropyl tosylate, product analysis does not 
allow a distinction.

In terms of rate, 1-methylcyclopropyl triflate (1) solvolyses 
at the same rate as endo-6-methylbicyclo[3.1.0]hex-6-yl tri
flate (2). Triflate 2 is suggested to give a completely unopened 
tertiary cyclopropyl cation. A similar postulate that unopened 
cation 34 is involved in solvolysis of 1 may seem compelling. 
The «-methyl group can offset all of the u participation in 2 
and most of such participation in 3. It is not unreasonable to 
expect that all or most of the a participation in 1 should also 
be offset by «-methyl substitution. However, we cannot use 
solely rate data to implicate 34 and to rule out 35 as being 
formed directly from 1. Steric rate acceleration in solvolysis 
of 2 may be involved along with a n-assisted solvolysis of I (via 
transition state 36). The equal solvolysis rates could therefore 
be fortuitous. The first intermediate in solvolysis of I could 
be allylic cation 35. In any case, there should be less demand 
for a participation in solvolysis of 1 than in unsubstituted 
cyclopropyl triflate. It would therefore not be unreasonable 
to expect that the transition state for ionization of 1 should 
have less cyclopropane bond fragmentation than in solvolysis 
of unsubstituted cyclopropyl triflate. The negligible rate 
difference between 1 and 2, as compared to a 3 X 104 difference 
between cyclopropyl triflate and bicyclo[3.1.0]hex-6-yl triflate, 
bears this out.

Experimental Section

NMR spectra were recorded on a Varian A-60A spectrometer. Mass 
spectra were recorded on an AEI Scientific Apparatus MS 902 spec
trometer. Infrared spectra were recorded on a Perkin-Elmer 457 
spectrometer or a Perkin-Elmer Infracord spectrometer.

1-Methylcyclopropyl Triflate (1). Triflate 1 was prepared as 
previously described.4

entfo-6-Methyl-exo-bicyclo[3.1.0]hexane-6-carboxylic Acid
(8). Unsaturated acid 6 (3.0 g) was added to a mixture of 100 mg of 
platinum oxide (previously reduced by shaking with hydrogen at 50 
psi) and 25 ml of absolute ether. The mixture was hydrogenated (Parr 
hydrogenator) at 36 psi for 90 min and filtered through Celite and the 
solvent was removed by rotary evaporator. The yield of crude acid was
2.95 g (98%): mp 70-75 °C; NMR (CCU) 6 2.2-1.4 (8 H, m), 1.14 (3 H, 
s); mass spectroscopic molecular weight, 140.0841 (calcd for C8H12O2, 
140.0837).

exo-6-Acetyl-endo-6-methylbicyclo[3.1.0]hexane (9). Car
boxylic acid 8 (2.5 g) was dissolved in 12 ml of ether and the solution 
was cooled to 0 °C. Methyllithium (17.5 ml of a 2.06 M solution) was 
diluted with 20 ml of absolute ether and added dropwise over a 15-min
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p e r io d  t o  th e  c o o le d  so lu tio n . T h e  m ix tu re  w as th en  re flu x e d  fo r  70 
m in  an d  2 g  o f  e th y l a ce ta te  was ca re fu lly  a d d e d . T h e  m ixtu re  was 
th en  p o u re d  in to  w ater an d  th e  organ ic  p hase sep arated , w ashed  w ith  
saturated  sod ium  ch lorid e  so lu tion , and d ried  over  an hydrou s sod ium  
su lfa te . T h e  so lv e n t  w as r e m o v e d  b y  d is tilla t io n  th rou g h  a V igreu x  
co lu m n  and the residu e w as d istilled  throu gh  a sh ort-p a th  con d en ser  
to  g ive 2.346 g (95% ) o f  keton e  9: b p  6 9 -7 1  ° C  ( 2 .8  m m ); N M R  (C C I4)
5 2.01 (3  H , s ), 2 .0 -1 .3  ( 8  H , m ), 1.17 (3 H , s ); m ass s p e c tro s c o p ic  m o 
lecu lar  w eigh t, 138.1046 (ca lcd  fo r  C 9H 1 4 0 , 138.1045).

endo-6-M ethyl-exo-bicyclo[3.1.0]hex-6-yl Acetate (10). 
P e ro x y tr if lu o ro a ce tic  a c id , p re p a re d  fro m  0 .79  g  o f  90%  h y d rogen  
p e ro x id e  a n d  7 .4 g o f  tr if lu o ro a ce tic  a n h y d rid e  in  8  m l o f  m eth y len e  
ch loride , w as a d d ed  d ropw ise  over a 1 0 -m in  p eriod  to  a  stirred m ixture  
o f  1.62 g  o f  k e to n e  9, 21 g o f  d ib a s ic  p o ta ss iu m  p h o sp h a te , a n d  25 m l 
o f  m e th y le n e  ch lo r id e . T h e  m ix tu re  w as re flu x e d  fo r  1 h a n d  stirred  
at ro o m  tem peratu re  for  3 h. T h e  m ixture was then  taken u p  in to  ether 
a n d  w ater. T h e  org a n ic  p h ase  w as w ash ed  w ith  d ilu te  p o ta ss iu m  
ca rb o n a te  so lu tio n  an d  d r ie d  ov er  sod iu m  su lfa te . S o lv e n ts  w ere r e 
m o ve d  b y  d istilla tion  throu gh  a  V igreu x  co lu m n  an d  th e  residu e was 
d is tille d  th rou g h  a sh o rt -p a th  con d e n se r  to  g ive  1.607 g (89% ) o f  a c 
e ta te  10: b p  5 6 -6 4  ° C  (3.1 m m ); N M R  (CCL,) 5 1 .8 8  (3  H , s ), 2 .0 -1 .3  
( 8  H , m ), 1.30 (3  H , s ); m ass sp ec tro sco p ic  m olecu la r  w eight, 154.0986 
(ca lcd  fo r  C 9H 14O 2 , 154.0994).

endo-6-Methyl-exo-bicyelo[3.1.0]hex-6-yl Triflate (2 ) .  A
m ix tu re  o f  1.365 g o f  a ce ta te  10 an d  1 0  m l o f  e th er  w as c o o le d  to  0  °C  
as 10 m l o f  2.3 M  m e th y llith iu m  w as a d d e d  d rop w ise . A fte r  15 m in , 
excess  e th y l a cetate  w as then  a d d ed  to  th e  m ixtu re . T h e  m ixtu re  was 
th en  co o le d  t o  - 7 8  °C  an d  w ater was a d d ed  d rop w ise . A fter  w arm ing 
t o  a b o u t  10 °C , th e  org a n ic  p h ase  w as sep a ra ted , w ash ed  w ith  sa tu 
ra ted  so d iu m  c h lo r id e  so lu tio n , an d  d ried  o v e r  sod iu m  su lfa te . S o l
v en ts  w ere  re m o v e d  b y  w ater  asp ira tor. T h e  c ru d e  a lco h o l 1 1 ,0 .8 8  g 
(8 8 % ), w as used  d ire c t ly  in  th e  n e x t  step .

A  so lu tion  o f  3.75 g o f  tr iflu orom eth a n esu lfon ic  an h yd rid e  in 15 m l 
o f  p y r id in e  w as c o o le d  to  —5 ° C  a n d  a so lu tio n  o f  a lc o h o l 11 (0 .88  g) 
in 5 m l o f  ether was a d d ed  d rop w ise  w ith  stirring. A fter  storin g at —10 
° C  fo r  4 .25  h , th e  m ixtu re  w as ra p id ly  tak en  u p  in to  c o ld  w ater  an d  
ether. T h e  eth er  e x tra c t  w as ra p id ly  w ash ed  in  su cce ss io n  w ith  c o ld  
w ater, c o ld  d ilu te  h y d ro ch lo r ic  a c id , an d  c o ld  sa tu ra ted  sod iu m  
ch lo r id e  so lu tio n . A fte r  d ry in g  ov er  a n h y d rou s  sod iu m  su lfa te , s o l 
v en ts  w ere re m o v e d  b y  d is tilla t ion  th rou g h  a  V ig re u x  co lu m n . C are 
w as tak en  so  th a t  th e  tem p era tu re  o f  th e  so lu tio n  d id  n o t  e x ce e d  50 
°C . T h e  res id u e  w as d is tille d  t o  g ive  1.483 g (77%  b a se d  o n  c ru d e  a l
c o h o l 11) o f  tr if la te  2: b p  4 1 -4 2  ° C  (0 .35  m m ); N M R  (C C I4 ) 5 2 .1 -1 .6  
( 8  H , m ), 1.63 (3 H , s).

endo-6-Carbomethoxy-exo-6-methylbicyclo[3.1.0]hex-2-ene
(7 ) .  S o d iu m  m e th o x id e  w as p re p a re d  fro m  5.2 g o f  so d iu m  a n d  120 
m l o f  a b so lu te  m eth a n o l. C h lo ro  k e to n e  56 (7 .11  g ), w h ich  w as se p a 
rated  fro m  th e  isom eric  ch lo ro  k eton e  4 b y  fraction a l d istilla tion , was 
a d d e d  t o  th e  so lu tio n  co o le d  t o  0  °C . T h e  m ix tu re  w as b ro u g h t t o  r e 
flu x  fo r  2.5 h , c o o le d , an d  tak en  u p  in to  eth er  an d  w ater. T h e  organ ic 
e x tra ct  w as sep arated  an d  th e  a q u eou s  p h ase  w as e x tra c te d  w ith  a n 
oth er  p ortion  o f  ether. T h e  com b in ed  ether extracts w ere w ashed w ith 
w ater a n d  sa tu ra ted  so d iu m  ch lo r id e  so lu tio n  a n d  d r ie d  o v er  a n h y 
d rou s sod iu m  su lfate. S o lven ts  w ere rem ov ed  b y  d istilla tion  throu gh  
a V ig re u x  co lu m n . T h e  resid u e  w as d is tille d  to  g ive  6 .35  g (92% ) o f  
ester 7, b p  6 0 -6 2  °C  (5  m m ) [lit . 19 b p  6 0 -6 2  ° C  ( 2  m m )].

exo-6-Methylbicyclo[3.1.0]hexane-endo-6-carboxylic Acid 
(12). A  m ix tu re  o f  120 m g  o f  p la tin u m  o x id e , 50 m l o f  e th er , an d  6.25  
g  o f  u n saturated  ester 7 was h yd rogen ated  (P arr  h y d rogen a tor) at 40 
p si fo r  2 h. A fte r  f ilte r in g  th rou g h  C e lite , so lv en ts  w ere r e m o v e d  b y  
d is tilla t io n  th rou g h  a  V ig re u x  co lu m n . T h e  res id u e  w as d is tille d  to  
g ive  6.20 g (99% ) o f  th e  saturated  m eth y l ester: b p  5 5 -5 7  °C  (3 .5 m m ); 
N M R  (CC14) <5 3.58 (3  H , s ) , 2 .1 0 -1 .2 5  ( 8  H , m ), 1.18 (3  H , s).

A  so lu tion  o f  5.4 g o f  p ota ssiu m  h y d rox id e , 30 m l o f  w ater, 30 m l o f  
m eth an ol, an d  6 .1  g o f  the  saturated  m eth yl ester p rep ared  a b ove  was 
re flu x e d  fo r  6  h. M o s t  o f  th e  m e th a n o l w as r e m o v e d  b y  d istilla t ion . 
T h e  aqu eou s so lu tion  w as ex tracted  w ith  p en tan e  an d  then  a d d e d  to  
a so lu tion  o f  8  m l o f  con cen tra ted  h y d ro ch lo ric  a cid  in  2 0  m l o f  water. 
T h e  p re c ip ita te  w as c o lle c te d  o n  a  B u ch n e r  fu n n e l a n d  d rie d  u n der 
vacu u m  to  g ive 3.86 g (70% ) o f  sa turated  a c id  12: m p  7 6 -7 8  °C ; N M R  
(C C I4 ) 6 12.33 (1 H , s ), 2 .2 -1 .3 5  ( 8  H , m ), 1.25 (3  H , s ); m ass s p e c tr o 
s co p ic  m o lecu la r  w eigh t, 140.0846 (ca lcd  fo r  C 8H 12O 2 , 140.0837).

endo-6-Acetyl-exo-6-methylbicyclo[3.1.0]hexane (13). T h e  
p ro ce d u re  w as an a logou s  t o  th e  p rep a ra tion  o f  th e  ep im e r ic  m eth y l 
k e ton e  9. T h e  y ie ld  o f  13 o b ta in e d  fr o m  1.0 g  o f  12 a n d  10 m l o f  2.06 
M  m ethyllith ium  was 0.741 g  (75% ): b p  7 0 -7 3  °C  ( 8  m m ); N M R  (CCI4)
6 2 .08  (3  H , s ) , 2 .0 0 -1 .2 0  ( 8  H , m ), 1.13 (3  H , s ); m ass s p e c tro s co p ic  
m o lecu la r  w eigh t, 138.1046 (ca lcd  fo r  C 9H 14O , 138.1045).

endo-6-Carboethoxy-exo-6-methylbicyclo[3.1.0]hexane (14). 
A  so lu tion  o f  0 .25  g o f  a c id  12 in  3 m l o f  M e 2S O  w as tre a te d  w ith  0 .15

g  o f  sod iu m  m eth ox id e  fo llo w e d  b y  0 .7  g o f  e th y l iod id e . T h e  m ix tu re  
w as stirred  at ap p rox im a te ly  35 °C  fo r  3 h . A fte r  an a q u eou s w ork u p , 
d istilla tion  gave 0.277 g (92% ) o f  ethyl ester 14: b p  5 1 -5 2  ° C  (1.1 m m ); 
N M R  (CC14) 5 4 .06  (2  H , q , J  =  7 H z ), 2 .1 0 -1 .0 0  (1 4  H , m ) w ith  a 
tr ip le t, J = 7 H z, a t  5 1.24 a n d  a s in g let a t  <5 1.17; m ass s p e c tr o s c o p ic  
m o le cu la r  w eigh t, 168.1154 (ca lcd  fo r  C 10H 16O 2, 168 .1150).

exo-6-Carboethoxy-en<fo-6-methylbicyclo[3.1.0]hexane (15). 
A  so lu tion  o f  0.23 g o f  a c id  8 in  2.8 m l o f  M e 2SO  w as trea ted  w ith  0 .15  
g o f  sod iu m  m eth ox id e  fo llo w e d  b y  0.7 g o f  e th y l iod id e . T h e  m ixtu re  
was stirred  at a p p rox im a te ly  35 °C  fo r  3 h. A fter  an a q u eou s w ork u p , 
d istillation  gave 0.239 g  (87% ) o f  ethyl ester 15: b p  6 5 -6 9  °C  (1.1 m m ); 
N M R  (CC14) 6 3.96 (2  H , q , J  =  7 H z ), 2 .2 0 -1 .5 0  (8  H , m ), 1.18 (3  H , 
t, J = 7 H z ), 1.08 (3  H , s): m ass s p e c tro s co p ic  m o le cu la r  w eigh t, 
168.1154 (ca lcd  fo r  C 10H 16O 2 , 168.1150).

Copper Acetonylacetonate Catalyzed Addition of Ethyl D i
azopropionate to Cyclohexene. C op p er  acety lacetonate  (40  m g) was 
d issolved  in 21 m l o f  refluxing  cycloh exen e. A  so lu tion  o f  2.1 g o f  e thy l 
d ia zo p ro p io n a te  in  10 m l o f  c y c lo h e x e n e  w as a d d e d  d ro p w ise  o v e r  a 
1-h  p eriod . N itro g e n  e v o lu tio n  w as rap id  a fter  th e  so lu tio n  c o lo r  
ch a n ged  fr o m  b lu e  t o  b row n . M o s t  o f  th e  c y c lo h e x e n e  w as r e m o v e d  
b y  d is tilla t ion  a n d  th e  residu e  w as tak en  u p  in to  e th er  a n d  w ashed  
w ith  d ilu te  h y d ro ch lo r ic  acid . A fte r  d ry in g  o v e r  a n h y d rou s  sod iu m  
su lfa te , so lv en ts  w ere  re m o v e d  b y  d istilla t ion . T h e  res id u e  w as d is 
tilled  through  a  sh ort-p ath  cond enser to  give 0.97 g, b p  8 5 -1 0 5  ° C  (1.7 
m m ). G as ch ro m a to g ra p h ic  an alysis o n  a 4 - ft  10%  S E -5 4  o n  C h ro - 
m o so rb  P  c o lu m n  at 140 ° C  sh ow ed  fo u r  m a jo r  p ro d u cts . A  0 .8 3 -g  
p o r t io n  o f  th e  d istilla te  was d isso lv ed  in 12 m l o f  m e th a n o l a n d  o z o 
nized  exhaustively  at —78 °C . A  m ixture  o f  sod iu m  iod id e  an d  sod ium  
th io su lfa te  in  w ater w as th en  a d d ed . A fte r  s tirring  a t  r o o m  te m p e ra 
tu re  fo r  5 m in  th e  m ix tu re  w as ex tra c te d  w ith  eth er . A fte r  d ry in g , 
so lvents  w ere rem oved  b y  d istilla tion . T h e  residu e w as d is tille d  a t  1.7 
m m  to  give 0.291 g o f  p roducts. G as chrom a tograp h ic  analysis sh ow ed  
non e  o f  th e  tw o  p rod u cts  o f  in term ediate reten tion  tim e. In  a separate 
run , th e  p ro d u c ts  o f  in term ed ia te  r e te n tio n  t im e  w ere iso la te d  b y  
p rep a ra tive  gas ch ro m a to g ra p h y  an d  sh ow n  to  b e  e th y l esters  o f  d i- 
m eth y lm a le ic  a n d  d im e th y lfu m a ric  a c id s  (1 9 ). S a m p les  o f  th e  tw o  
a d d it io n  p ro d u cts , a fter  ozon o ly s is , w ere  iso la ted  b y  p re p a ra tiv e  gas 
ch rom a tog ra p h y . M ass sp ectra l an alysis  sh ow s m/e 182 fo r  b o th  
p ro d u cts . T h e  ra tio  o f  17 to  18 w as a p p ro x im a te ly  7:1 . E ster  17 had  
th e  fo llow in g  N M R  (CC14): S 4 .00  (2 H , q , J =  7 H z ), 1 .8 -1 .0  (16  H , m ) 
w ith  a  tr ip le t, J = 7 H z , a t  & 1.21 a n d  a s in g le t  a t  d 1.17.

Copper Acetylacetonate Catalyzed Addition of Ethyl Diazo
propionate to Cyclopentene. A  5 0 -m g  p o r t io n  o f  c o p p e r  a c e ty la c 
e ton ate  was p artia lly  d isso lved  in 21 m l o f  re flu x in g  cy c lo p e n te n e  an d  
a  so lu tio n  o f  2 .0  g  o f  e th y l d ia zo p ro p io n a te  w as a d d e d  d ro p w ise  o v er  
a 6 -h  p e r io d  o f  th e  re flu x in g  m ixtu re . A fte r  re flu x in g  fo r  48  h , m o s t  
o f  th e  cy c lo p e n te n e  w as re m o v e d  b y  d is tilla t io n . T h e  res id u e  w as 
d istilled  th rou g h  a  sh o rt -p a th  c o n d e n se r  t o  g ive  0 .85  g  o f  a p ro d u c t  
m ixture, b p  8 0 -9 7  °C  (1.1 m m ). G as chrom a tograp h ic  analysis show ed  
fou r p roducts. T h e  p rod u cts  o f  longest reten tion  tim e w ere eth y l esters 
o f  d im e th y lm a le ic  an d  d im e th y lfu rm a ric  a cid s. A  2 0 0 -m g  sa m p le  o f  
the  p rod u ct  m ixture  was d issolved  in 3.5 m l o f  m eth an ol and  ozon ized  
exh a u stive ly  at —78 °C . T h e  w o rk u p  w as th e  sam e as p re v io u s ly  d e 
scr ib ed . A fte r  rem ov a l o f  th e  so lven ts  b y  d is tilla t io n , sa m p les  o f  th e  
tw o  rem a in in g  p ro d u cts  w ere  iso la ted  b y  p rep a ra tiv e  gas c h ro m a 
tography. Infrared  spectral com p arison  show ed th at th e  m a jor  isom er 
o f  longer reten tion  tim e was identica l w ith  ester 15. T h e  m inor isom er 
o f  sh orter  re te n tio n  t im e  w as id en tica l w ith  14. T h e  ra tio  o f  15 t o  14 
w as a p p ro x im a te ly  6:1.

ezj</o-7-Methyl-exo-bieyclo[4.1.0]hept-2-ene-7-carboxylic 
Acid (23). A  118-m g sa m p le  o f  c h lo ro  k e ton e  21, iso la ted  b y  p re p a r 
ative gas chrom atograp hy , was stirred  w ith  95 m g o f  lith ium  h yd rox id e  
in  1.3 m l o f  w ater. T h e  so lu tion  was a d d e d  to  d ilu te  h y d ro ch lo r ic  a c id  
and extracted  w ith  ether. A fter  drying  over  sod iu m  sulfate, th e  so lvent 
w as rem oved  b y  rota ry  evap ora tor . T h e  y ie ld  o f  cru d e  a c id  w as 72 m g 
(68% ): m p  8 2 -8 4  °C ; N M R  (CCI4 ) 6 5.79 (2 H , m ), 2 .5 -1 .6  (6  H , m ), 1.33 
(3  H , s ); m ass s p e c tro s co p ic  m o le cu la r  w eigh t, 152.0840 (ca lcd  fo r  
C 9H 120 2, 152.0837).

endo-7-MethyI-exo-bicyclo[4.1.0]heptane-7-carboxylic Acid
(20). A  0 .2 91 -g  sa m p le  o f  the  ester  m ix tu re  o b ta in e d  b y  a d d it io n  o f  
ca rb o e th o x y m e th y lca rb e n e  t o  cy c lo h e x e n e  w as h e a te d  a t  re flu x  fo r  
3 h w ith  0 .2  g o f  p o ta ss iu m  h y d ro x id e  in  3 m l o f  w ater  a n d  3 m l o f  
m eth anol. M o s t  o f  th e  m eth an ol was rem ov ed  b y  d istilla tion  a n d  th e  
so lu tion  w as extracted  w ith  a p ortion  o f  ether. T h e  aqueous ph ase was 
a d d e d  to  c o ld  d ilu te  h y d ro ch lo r ic  a c id  a n d  th e  p re c ip ita te d  a c id  20 
w as co lle cted  and  air d ried . T h e  y ie ld  o f  a c id  20 w as 0.169 g  (69% ): m p
8 9 -9 3  °C ; N M R  (CC14) d 2 .2 -1 .0  (1 0  H , m ), 1.19 (3  H , s ); m ass 
s p e c tro s co p ic  m o lecu la r  w eight, 154.0992 ■ (ca lcd  fo r  C 9H 14O 2 , 
154.0994).

A  26 0 -m g  sa m p le  o f  u n satu rated  a c id  23  w as d is so lv e d  in  10 m l o f
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ether and 20 mg of platinum oxide was added. The mixture was hy
drogenated at 36 psi for 1 h and filtered through Celite and the solvent 
was removed by rotary evaporator. Infrared and NMR spectra of the 
product were identical with those of the acid obtained by saponifi
cation of ester 17.

exo-7-AcetyI-eniio-7-methylbicyclo[4.1.0]heptane (24). A
169-mg sample of acid 20 was dissolved in 3 ml of ether and cooled to 
0 °C. A 1.5-ml portion of 1.8 M methyllithium, diluted to 4 ml with 
ether, was added dropwise. The mixture was refluxed for 90 min, then 
excess ethyl acetate was added. Water was then added, the aqueous 
phase was separated and dried over anhydrous sodium sulfate, and 
solvents were removed by distillation. The residue was distilled to give 
141 mg (85%) of ketone 24: bp 75 °C (1.2 mm); NMR (CC14) 6 2.03 (3
H, s), 1.75-1.1 (13 H, m) with singlet at 5 1.26.

endo-7-Methyl-exo-bicyclo[4.1.0]hept-7-yl Acetate (30). A
203-mg sample of ketone 24 in 2 ml of methylene chloride was refluxed 
for 1 h with peroxytrifluoroacetic acid prepared from 116 mg of 90% 
hydrogen peroxide, 993 mg of trifluoroacetic anhydride, and 1 ml of 
methylene chloride with 2.82 g of dibasic potassium phosphate. An 
aqueous workup gave, upon distillation, 176 mg (78%) of acetate 30: 
bp 60 °C (1 mm); NMR (CCR) 5 1.85 (3 H, s), 1.8-0.9 (10 H, m), 1.38 
(3 H, s); mass spectroscopic molecular weight, 168.1154 (calcd for 
CioHi60 2, 168.1150).

endo-7-Methyl-exo-bicyclo[4.1.0]hept-7-yl Triflate (3). A 
solution of 200 mg of acetate 30 in 3 ml of ether was cooled to 0 °C and
I. 75 ml of 1.8 M methyllithium was added dropwise. The mixture was 
then cooled to —78 °C and water was added. After warming to about 
10 °C, the organic phase was separated, washed with saturated sodium 
chloride, and dried over anhydrous sodium sulfate. Solvent was re
moved by rotary evaporator. The residue was dissolved in a small 
amount of ether and added to a solution of 0.6 g of trifluoromethan- 
esulfonic anhydride in 3 ml of pyridine at —5 °C. After 3 h, the mixture 
was worked up in the usual manner as rapidly as possible using cold 
aqueous washes. After the organic extract was dried over anhydrous 
sodium sulfate, the solvent was removed by distillation through a 
Vigreux column. The temperature was not allowed to rise above about 
40 °C. The residue was distilled to give 0.197 g (64%) of triflate 3: bp
46-48 °C (0.4 mm); NMR (CC14) 5 1.70 (3 H, s), 1.95-1.05 (10 H, m). 
Triflate 3 was stored at —5 °C and used as soon as possible after 
preparation.

Solvolysis of endo-6-Methyl-exo-bicyclo[3.1.0]hex-6-yl T r i
flate (2) in Acetic Acid. A solution of 0.266 g of triflate 2 in 10 ml of 
acetic acid containing 0.1 g of acetic anhydride and 0.124 g of sodium 
acetate was held at room temperature for 9 h and then heated at 50 
°C for 2 h. The mixture was then poured into water and extracted with 
two portions of ether. The combined extracts were washed with water 
and dilute potassium carbonate and dried over anhydrous sodium 
sulfate. Solvents were removed by distillation through a Vigreux 
column and the residue was distilled to give 0.149 g (89%) of acetate 
30: bp 83 °C (15 mm); NMR (CC14) b 5.62 (1 H, m), 5.15 (1 H, m), 1.99 
(3 H, s), 2.2-1.5 (9 H, m); mass spectroscopic molecular weight, 154 
(calcd for C9IT4O2, 154).

Solvolysis of en</o-6-Methyl-exo-bicyclo[3.1.0]hex-6-yl T r i
flate (2) in Aqueous Diglyme Containing Sodium Borohydride.
A solution was prepared from 8 ml of water, 25 ml of diglyme, 0.4 g 
of sodium hydroxide, and 2 g of sodium borohydride. Triflate 2 (0.53 
g) was added to 16 ml of this mixture and the solution was stirred at 
40 °C for 5 h. The mixture was poured into water and extracted with 
pentane. The organic extract was washed with water and dried over 
anhydrous sodium sulfate. The pentane was removed by distillation 
through a Vigreux column. The residue was distilled at atmospheric 
pressure. The infrared spectrum of the distillate (CCI4) was identical 
with that of an authentic sample of 1-methylcyclohexene (Satler 
spectrum no. 3387). The NMR spectrum showed no trace of 6- 
methylbicyclo[3.1.0] hexane.

Solvolysis of endo-7-M ethyl-exo-bicyclo[4.1.0]hept-7-yl

Triflate (3) in Acetic Acid. A 95-mg sample of triflate 3 was dis
solved in 5 ml of acetic acid containing 0.1 M sodium acetate and 1% 
acetic anhydride. After 25 h, the mixture was poured into water and 
extracted with ether. Acetic acid was removed by washing with dilute 
potassium carbonate and the ether was dried over anhydrous sodium 
sulfate. Solvent was removed by distillation through a Vigreux col
umn. The residue was distilled through a short-path condenser to give 
49 mg (80%) of an acetate, homogeneous by gas chromatography, and 
identical spectrally with acetate 30, prepared by the Baeyer-Villiger 
oxidation of ketone 24.

Solvolysis of 1-Methylcyclopropyl Triflate (1) in Aqueous 
Diglyme Containing Sodium Borohydride. Triflate 1 (1.0 g) was 
added to a solution of 2 g of sodium borohydride and 0.3 g of sodium 
hydroxide in 6 ml of water and 21 ml of diglyme. A distillation head 
was attached along with a receiver cooled to —78 °C. The solution was 
heated to approximately 60 °C. A portion of the distillate was trans
ferred to a cooled (—78 °C) NMR tube by allowing the flask containing 
the crude distillate to warm. The NMR spectrum showed only iso
butylene with no trace of 1-methylcyclopropane.

Registry No.—5, 13363-88-7; 6, 29782-06-7; 7, 36964-16-6; 8, 
54235-92-6; 9, 60153-75-5; 10, 60153-76-6; 11, 60153-77-7; 12, 
54235-93-7; 12 methyl ester, 58808-26-7; 13, 60153-78-8; 14, 60153-
79-9; 15, 60153-80-2; 17 ,60153-81-3; 18 ,60153-82-4; 20, 60153-83-5; 
21, 56084-87-8; 23, 55999-11-6; 24, 60153-84-6; 30, 59514-82-8; 
peroxytrifluoroacetic acid, 359-48-8; trifluoromethanesulfonic an
hydride, 358-23-6; ethyl iodide, 75-03-6; cyclohexene, 110-83-8: ethyl 
diazopropionate, 6111-99-5; cyclopentene, 142-29-0.
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«-Deuterium isotope effects have been measured for solvolysis of cyclopropyl triflate (1), exo-bicyclo[4.1.0]hept-
7-yl triflate (2), exo-bicyclo[3.1.0]hex-6-yl triflate (3), and ercdo-tricyclo[3.2.1.02’4]oct-exo-3-yl triflate (4) in acetic 
acid. The respective values are 1.07,1.08,1.18, and 1.24. These values are discussed in terms of increasing cyclopro
pyl cationic character in the cationic intermediates. )3-Deuterium isotope effects were determined for 1-methyl cy
clopropyl triflate (8) and endo-6-methyl-exo-bicyclo[3.1.0]hex-6-yl triflate (9). Values were 1.12 and 1.42, respec
tively. The former value was considered to implicate a concerted ionization ring opening in 8. The latter value was 
consistent with a stepwise ionization, ring opening mechanism for 9. The /3 effect of 1.42 was considered small in 
view of the instability of the cation derived from 9 and rationalized in terms of an early transition state.

Secondary deuterium isotope effects have been used ex
tensively in the study of solvolytic displacement reactions.1 
As tools for mechanistic diagnosis, they have proven to be 
quite useful. Our interest in cyclopropyl systems2 has led us 
to use a and ¡3 secondary deuterium isotope effects as probes 
into mechanisms of solvolysis of cyclopropyl triflates. Pre
viously, in a series of cyclopropyl triflates, rate responses to 
changing solvent ionizing power were quite small.2b In systems 
where neighboring group participation was possible, rate en
hancements were also relatively small.2 These results sug
gested an early transition state with little charge development. 
We have therefore introduced an «  deuterium into a series of 
cyclopropyl triflates to see if such substitution could reveal 
any information as to the degree of charge development and 
distribution in the transition state for ionization of these 
systems. We have also measured the (3 effects in two tertiary 
cyclopropyl triflates. The results of these studies and their 
mechanistic implications are now reported.

«-Deuterium  Isotope Effects. The «-deuterium isotope 
effect has been discussed extensively.1’3 A value of around 
unity or slightly inverse is found for substrates solvolyzing by 
a purely nucleophilic mechanism. In contrast, compounds 
which solvolyze by “borderline” or limiting mechanisms show 
progressively increasing a-deuterium isotope effects. A 
maximum value of about 1.23 has been suggested by Shiner3a 
for the limiting solvolysis of a sulfonate ester. This value is a 
function of leaving group, being 1.125 for an alkyl bromide.3® 
The phenomenon of neighboring group participation will also 
result in a lowering of the «  effects relative to the maximum 
value for a limiting solvolysis.1’4 The «  effect gives some 
measure of the hybridization changes and charge development 
in the transition state.

Deuterated triflates lb -4b  were prepared to measure the 
«  effect. The undeuterated triflates la -4 a  had all been pre-

R R

la, R =  H 2a, R =  H 3a, R =  H
b, R =  D b, R =  D b, R =  D

4a, R =  H 
b, R =  D

Scheme I
H D

0  0  
5 6

7
pared previously.2’5 The «-deuterated analogues were pre
pared by base-catalyzed exchange of the methyl ketones as 
shown in Scheme I. In general, exchange of the cyclopropyl 
proton was quite slow. These findings were in agreement with 
the previous observations of slow exchange of “activated” 
cyclopropyl protons.6 In fact, the trideuterated ketone 6 could 
be isolated, uncontaminated with the tetradeuterated ketone,
7. Additionally, treatment of exo-7-carbomethoxybiey- 
clo[4.1.0]heptane with excess lithium diisopropylamide at —78 
to 0 °C followed by quenching with deuterium oxide gave no 
deuterium incorporation in the recovered ester. Although the 
methyl ketones exchanged more rapidly than the corre
sponding methyl esters, in general, much more strenuous 
conditions were required for exchange of the cyclopropyl 
proton than the methyl protons. Cyclopropyl methyl ketone 
exchanged the ring proton faster than the corresponding bi- 
cyclic ketones. This implies a steric effect in which the fused 
ring system retards attack of base on the cyclopropyl proton. 
Conversion of the deuterated ketones to deuterated triflates 
lb -4b  was accomplished as outlined in Scheme I.
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Table I. Rates of Solvolysis in Acetic Acid-0.1 M Sodium Acetate

Registry
no. Compd Temp, °C k, s 1 kn/kD

2 5 3 5 4 - 4 2 - 1 la 9 0 .0 ( 1 .2 4  ±  0 .0 0 )  X  1 0 “ 4 1 .0 7  ±  0 .0 1
6 0 1 5 3 - 8 5 - 7 lb 9 0 .0 ( 1 .1 6  ±  0 .0 1 )  X  1 0 ~ 4
6 0 1 5 3 - 7 3 - 3 2a 8 0 .0 ( 7 .6 1  ±  0 .0 5 )  X  1 0 “ 5 1 .0 8  ±  0 .0 1
6 0 1 5 3 - 8 6 - 8 2b 8 0 .0 ( 7 .0 5  ±  0 .0 2 )  X  1 0 “ 5
2 5 3 2 7 - 1 7 - 7 3a 1 5 0 .0 ( 2 .8 5  ±  0 .0 4 )  X  1 0 “ 5 1 .1 8  ±  0 .0 2
6 0 1 6 8 - 7 9 - 8 3b 1 5 0 .0 ( 2 .4 1  ±  0 .0 1 )  X  1 0 ~ 5
5 6 5 1 4 - 0 4 - 6 4a 1 4 0 .0 ( 4 .3 0  ±  0 .0 3 )  X  1 0 ~ 5 1 .2 4  ±  0 .0 1
6 0 1 8 4 - 5 8 - 9 4b 1 4 0 .0 ( 3 .4 7  ±  0 .0 1 )  X  1 0 " 5

Table II . Rates of Solvolysis in Acetic A cid -0 .1 M Sodium Acetate

Registry
no. Compd Temp, °C k, s 1 6 h/&d

6 0 1 5 3 - 7 4 - 4 8a 2 5 .0 (5 .5 2  ±  0 .0 4 )  X  1 0 “ 5 1.12 ±  0 .0 1
6 0 1 5 3 - 8 7 - 9 8b 2 5 .0 ( 4 .9 4  ±  0 .0 3 )  X  1 0 “ 5
6 0 1 5 3 - 7 1 - 1 9a 2 5 .0 ( 5 .8 2  ±  0 .0 1 )  X  1 0 ~ 5 1 .4 2  ±  0 .0 2
6 0 1 5 3 - 8 8 - 0 9b 2 5 .0 ( 4 .1 1  ±  0 .0 5 )  X  lO “ 5

Table I gives «-deuterium isotope effects determined in 
acetic acid. The a effect appears to increase systematically as 
the degree of allylic cation character in the first cationic in
termediate decreases. The relatively small value of the «  effect
(1.07) seen in cyclopropyl triflate (1) is in line with Schleyer’s 
suggestion of an allylic cation as the first intermediate with 
transition state charge residing at all three positions.5’7 
Significant sigma assistance also accounts for the reduced 
«-deuterium isotope effect (1.08) seen in exo-bicyclo-
[4.1.0]hept-7-yl triflate (2), in which a partially opened allylic 
cation has been proposed as the first intermediate.8 The 
magnitude of the isotope effect implies that substantial charge 
resides at the allylic positions.

exo-Bicyclo[3.1.0]hex-6-yl triflate (3) is also suggested to 
give a partially opened allylic cation as the first cationic in
termediate.5’81’ However, because of strain in such a cation, 
internal cyclopropane bond fragmentation is minimal and 
charge should reside largely at the 6 position. This proposal 
is borne out by the increased «-deuterium isotope effect (1.18) 
seen in 3.

Triflate 4 has been suggested to undergo solvolysis to give 
a discrete cyclopropyl cationic intermediate with no opening 
of the internal cyclopropane bond.23 The observed «  effect is 
1.24. This value is in conformity with the value of 1.23 sug
gested by Shiner33 as maximum for a sulfonate ester. However, 
is this « effect to be expected in a solvolysis which gives a cy
clopropyl cationic intermediate? Other evidence may indicate 
otherwise. Schiavelli9 has measured the «-deuterium isotope 
effect for solvolysis of a bromoallene in which the hybridiza
tion change is sp2 —► sp. The value of the «  effect was 1.22, a 
value larger than the proposed maximum value of 1.125 for 
an sp3 —1► sp2 hybridization change in the limiting solvolysis 
of alkyl bromides. This increased isotope effect was ration
alized in terms of exchange equilibrium constants which 
predict a larger «  effect for an sp2 —*■ sp hybridization 
change.

The bonding in cyclopropane has been discussed in terms 
of carbon sp2-5 hybridization of the C -H  bonds.10 This ac
counts for, among other things, the increased acidity of cy
clopropanes relative to less strained analogues. The overall 
hybridization change in ionization of triflate 4 should there
fore be from sp2-5 -*■ sp1-5. Although pertinent exchange 
equilibrium constants are not available, it would not be un
reasonable to expect that the maximum «  effect for this pro
cess should be between the maximum effect suggested by 
Shiner (1.23) and the maximum effect for an sp2 —*■ sp change 
(1.17 X 1.23).

As such the value of 1.24 observed for triflate 4 may be 
smaller than “normal” considering the hybridization changes 
involved. This could reflect the early transition state proposed 
for cyclopropyl triflates suggested on the basis of low response 
to solvent ionizing po^ver.

/3-Deuterium Isotope Effects. The /3-deuterium isotope 
effect is thought to arise from a decreased C -D  hyperconju- 
gative interaction relative to C -H  hyperconjugation.33 At
tempts have been made to attribute this effect, as well as the 
«  effect, to solely steric factors.11 Shiner has pointed out the 
shortcomings of these suggestions33 and steric contributions 
to the /3 effect are considered only small factors.12 Represen
tative values for limiting solvolyses are 1.22 for «-phenethyl 
chloride13 and 1.48 for 2-methyl-2-adamantyl chloride.14 As 
with the a effect, neighboring group participation decreases 
the /3 effect.15’20

Deuterated triflates 8b and 9b were prepared by variations 
of known procedures.16 Reaction of methylmagnesium io- 
dide-dn with 1,3-dichloroacetone followed by ethylmagnesium 
bromide and ferric chloride gave l-methyl-d:!-cyclopropanol,17 
which was converted to triflate 8b. Triflate 9b was prepared

R

K  O ^ O T f
OTf

8a, R =  CH;, 9a, R =  CH,
b. R =  CD, b, R =  CD,

via the bromomethyl-d, ketone, cyclopentadiene adduct18 as 
shown in Scheme II. Separation of the isomers 10 and 11 was 
accomplished by distillation and conversion of bromo ketone 
10 to acid 12 was analogous to ring contraction of the chloro 
ketone.19 Conversion of 12 to triflate 9b was straightfor
ward.

Scheme II

CD,CD,Br CD3CD3C02H ■ — -  » CD.CDCQBr
'  2. C02 2. PBr3 |

Br



3742 J. Org. Chem., Vol. 41, No. 23,1976 Creary

Table II gives 0-deuterium isotope effects for solvolysis of 
triflates 8 and 9 in acetic acid. Previously, product and rate 
data did not allow assignment of a mechanistic pathway in the 
solvolysis of 8a.16 Only olefinic products were observed which 
could have arisen by stepwise or concerted processes. The 
magnitude of the ,3-deuterium isotope effect in the solvolysis 
of 8 is relatively small. This small value (1.12) supports a sigma 
assisted, concerted ionization, ring opening mechanism in 
preference to the formation of the 1-methylcyclopropyl cation 
as a discrete intermediate. Sigma assistance in 8 should be 
greatly reduced relative to the unsubstituted cyclopropyl 
system, 1, even though allylic cations are the first intermedi
ates produced in both cases. Apparently even a small amount 
of participation by the fragmenting cyclopropane bond gives 
a reduction in the 0-deuterium isotope effect. The important 
feature is that the 0 effect of 1.12 is not consistent with a dis
crete cyclopropyl cationic intermediate.

Product studies have implicated the unopened 6-methyl- 
bicyclo[3.1.0]hex-6-yl cation (10) in the solvolysis of 9.16 The 
ring opened products obtained support a stepwise process in 
which the initially formed cation 10 rapidly opens to the 2- 
methylcyclohexenyl cation 11. The measured 0 isotope effect

is 1.42, a value significantly larger than the value for 1-methyl 
cyclopropyl triflate (8). A question arises concerning the 
normalcy of this value. We believe that this value is quite small 
in view of the system under consideration. Firstly, the uno
pened cyclopropyl cation, which is involved in the solvolysis 
of 9, is quite unstable and hence should demand an unusually 
large amount of hyperconjugative stabilization. A standard 
system such as 2-methyl-2-adamantyl chloride, which gives 
a 0 effect of 1.48,14 would not reflect the true demand of cation
10. One of the largest 0-deuterium isotope effects (1.86-2.33) 
has been observed in the solvolysis of 7-methyl-7-norbornyl 
tosylate.14’20’21 This large value was presumed to result from 
the large demand for stabilization by the relatively unstable
7-norbornyl cation. More recently, Shiner and Sunko14’22 have 
analyzed this effect in terms of a-methyl/o-hydrogen rate 
ratios. Their conclusion, in light of a “predicted” 0 isotope 
effect of 1.49, was that the measured isotope effect was un
usually large and may be a result of partial rate determining 
elimination at an ion phir stage. Regardless of which value is 
a “ normal” isotope effect in the 7-methylnorbornyl system, 
the demand for hyperconjugative stabilization in a cyclopropyl 
cation should certainly be larger than in the 2-adamantyl or 
the 7-norbornyl system.

Secondly, consider the relative solvolysis rates of 8a and 9a. 
Rates are approximately the same. The implication on the 
basis of the 0 effect is that the rate of 8a is enhanced by a 
participation. If this is true then 9a must also be enhanced to 
account for the similarity in rate. Examination of molecular 
models suggests that steric factors are responsible for this rate 
enhancement in 9a. Although steric factors are considered, 
in general, to contribute little to the 0 effect,3®’12 we feel that 
a solvolytic steric isotope effect cannot be ruled out in very 
congested systems. That such effects can operate has been 
shown recently in solvolysis of 2-fert-butyl-2-adamantyl p- 
nitrobenzoate.24 We can only speculate as to the magnitude 
of a steric isotope effect in 9, but clearly it should complement 
the hyperconjugative effect.

Considering the demand for stabilization by the cyclopropyl 
cation 10, and the possibility of an enhancing steric isotope

effect, the measured 0-deuterium isotope effect of 1.42 in 
triflate 9 must be considered quite small. Moreover, this value 
conforms to the implication2*5 that the solvolysis of cyclopropyl 
triflates leads to an early transition state. The 0-deuterium 
isotope effect is not as large as one might naively expect since, 
in such a transition state, charge development is relatively 
small. Hence there is decreased demand for hyperconjugative 
stabilization relative to a later transition state, and a decreased 
0 effect.

Experimental Section
Base-Catalyzed Exchange of Cyclopropyl Methyl Ketone.

Cyclopropyl methyl ketone (Aldrich Chemical Co.) (3.0 g) was dis
solved in 3 ml of methanol-di and 10 ml of deuterium oxide containing
1.7 g of sodium methoxide. The mixture was refluxed for 40 h and 
extracted with two portions of pentane. The extracts were washed 
with a portion of water and solvents were removed by distillation 
through a glass helice packed column. The residue was distilled 
through a short-path condenser and the distillate was recycled under 
the same conditions. After an identical workup, the residue was iso
lated by distillation through a short-path condenser to give 0.781 g 
of tetradeuterated cyclopropyl methyl ketone. Mass spectral analysis 
showed complete exchange of the cyclopropyl proton.

Base-Catalyzed Exchange of Polycyclic Methyl Ketones. 7- 
Acetylbicyclo[4.1.0]heptane, 6-acetylbicyclo[3.1.0]hexane, and exo-
3-acetyl-endo-tricyclo[3.2.1.02’4]octane (5) were prepared by reaction 
of the corresponding carboxylic acids with methyllithium. The ex
change reaction of ketone 5 was representative. A mixture of 0.68 g 
of ketone 5, 0.17 g of sodium methoxide, 27 ml of methanol-di, and 
20 ml of deuterium oxide was refluxed for 4 h. After an aqueous 
workup, 0.63 g of ketone 6 was isolated by distillation through a 
short-path condenser. Mass spectral and NMR data indicated no 
deuterium incorporation of the cyclopropyl proton and complete 
exchange of the methyl protons. Treatment of a 1.5-g sample of ketone 
5 with 12 ml of deuterium oxide, 15 ml of methanol-di, and 2.6 g of 
sodium methoxide at 120-130 °C in sealed tubes for 10 h gave deu- 
terated ketone 7. Mass spectral data indicated complete exchange of 
the cyclopropyl proton. Infrared spectra of ketones 5, 6, and 7 show 
substantial differences.

Treatment of 1.55 g of exo-7-acetylbicyclo[4.1.0]heptane with 2 g 
of sodium methoxide in 20 ml of methanol-d i and 20 ml of deuterium 
oxide at reflux for 18 h gave complete exchange of the methyl protons 
but only about 50% exchange of the cyclopropyl proton. The ketone 
was recycled for 44.5 h at 100 °C in sealed tubes under the same 
conditions. Mass spectral analysis showed complete exchange of the 
cyclopropyl proton.

Treatment of 1.7 g of exo-/endo-6-acetylbicyclo[3.1.0]hexane with
2.4 g of sodium methoxide in 24 ml of methanol-d i and 22 ml of deu
terium oxide for 18 h at reflux gave incomplete exchange of the cy
clopropyl proton. Recycling at 100 °C for 42 h gave complete ex
change.

Conversion of Cyclopropyl Methyl Ketones to Triflates.
Conversion of deuterated methyl ketones to the corresponding ace
tates was accomplished by oxidation with peroxytrifluoroacetic acid 
in methylene chloride25 using procedures analogous to oxidation of 
the protio analogues. Treatment of the acetates with methyllithium 
in ether followed by reaction of the resulting alcohol with trifluoro- 
methanesulfonic anhydride in pyridine gave the triflate derivative. 
The following procedure was typical. A mixture of 1.0 g of exo-7- 
acetylbicyclo[4.1.0]heptane-d4 and 13.8 g of dibasic potassium 
phosphate in 18 ml of methylene chloride was treated with peracid 
prepared from 0.52 g of 90% hydrogen peroxide and 4.87 g of trifluo- 
roacetic anhydride in 5 ml of methylene chloride. The mixture was 
refluxed for 1 h and 45 min. After an aqueous workup, distillation gave
0.912 g (82%) of exo-7-acetoxybicyclo[4.1.0]heptane-d4.

A solution of 0.8 g of acetate in 6 ml of ether was cleaved with 7 ml 
of 1.8 M methyllithium in ether. After cooling to —78 °C, water was 
added and the mixture was warmed to about 15 °C. The organic phase 
was separated, washed with water, and dried, and the solvent was 
removed by rotary evaporator. The crude alcohol was converted di
rectly to triflate 2b by treatment with a solution of 2.5 g of trifluoro- 
methanesulfonic anhydride in 10 ml of pyridine at 0 °C. After 5 h at 
0 °C, an aqueous workup gave 1.059 g (85%) of triflate 2b, bp 58 °C 
(1.2 mm).

Preparation of 1-Methyl-d3-cyclopropanol. The procedure was 
analogous to the procedure of DePuy26 using methylmagnesium io- 
dide-ds prepared from 10.0 g of methyl iodide-d4 (Aldrich Chemical 
Co.; 99+ atom % D). The yield of product was 1.7 g (42%), bp 56-60 
°C (80 mm).
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Preparation of 2-Bromopropionyl Bromide-dj. Ethyl bro-
mide-d.-, (10.0 g) (Merck and Co., Inc., 99 atom % D) was converted 
to ethylmagnesium bromide-ds with 2.7 g of magnesium in 60 ml of 
ether. Carbonation by addition to excess carbon dioxide gave 4.64 g 
(68%) of propionic acid-dg. Conversion to 2-bromopropionic acid-d4 
was accomplished by treatment with 10.0 g of bromine and 0.5 ml of 
phosphorus trichloride at 80-95 °C for 6 h. The crude bromo acid was 
treated with 15.9 g of phosphorus tribromide and the mixture was 
refluxed for 30 min. The crude product was distilled through a Vigreux 
column. After a small forerun of propionyl bromide, 16.2 g of a mixture 
of 2-bromopropionyl bromide-d4 and an unknown impurity was ob
tained, bp 55-61 °C (16 mm).

Preparation of Bromo Ketones 10 and 11. The procedure was 
essentially that of Brady and Roe.18 The 2-bromopropionyl bromide 
mixture obtained above in 30 ml of hexane was added over a 1.5-h 
period to a solution of 9.5 g of triethylamine in 65 ml of cyclopenta- 
diene and 70 ml of hexane at room temperature. After filtration and 
an aqueous workup, the crude residue was distilled through a Vigreux 
column. The first fraction, bp 69.5-73 °C (1.3 mm), 1.69 g, was about 
77% exo bromo ketone 10. The second fraction, bp 73-80 °C (1.3 mm),
2.83 g, was about 70% endo bromo ketone 11.

Preparation of endo-6-MethyI-</:t-exo-bicyclo[3.1.0]hex-2- 
enecarboxylic Acid (12). A 1.69-g sample of the bromo ketone 
mixture enriched in exo bromo ketone 10 was vigorously stirred for 
2 h at room temperature with a solution of 1.13 g of lithium hydroxide 
in 11.5 ml of water. The solution was extracted with ether and the 
aqueous phase was added to a cold hydrochloric acid solution. The 
precipitate was collected and air dried giving 0.879 g (75%) of acid 12, 
mp 65-70 °C. Conversion of 12 to triflate 9b was completely analogous 
to the preparation of 9a.16

Kinetic Procedure. The procedure was followed as previously 
described.23 For runs at 25 °C, the time was recorded when the end 
points of the titrations were reached. The rate constants reported 
represent the average of a minimum of two determinations.

Registry No.—5, 56552-97-7; 10, 60153-89-1; 1 1 , 60208-18-6; 12, 
60184-59-0; trifluoromethanesulfonic anhydride, 358-23-6; 1- 
methyl-ds-cyclopropanol, 60153-90-4; 2-bromopropionyl bromide-d4, 
60153-91-5; ethyl bromide-dg, 3675-63-6; propionic acid-dg, 60153-
92-6; 2-bromopropionic acid-d4, 60153-93-7; cyclopropyl methyl ke
tone, 765-43-5; 7-acetylbicyclo[4.1.0]heptene, 10330-36-6; exo-6- 
acetylbicyclo[3.1.0]hexane, 10330-37-7; endo-6-acetylbicyclo[3.1.0]- 
hexane, 60153-94-8.
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The condensation of thianaphthen-2-one and aromatic aldehydes gave the corresponding 3-benzylidenethiana- 
phthen-2-ones (2). Treatment of the benzylidene derivatives with ethanolic potassium hydroxide followed by acidi
fication gave 2-aryl-2,3-dihydrothianaphthene-3-carboxylic acids (3a-c), while refluxing the benzylidene deriva
tives with methanol gave the methyl 2-aryl-2,3-dihydrothianaphthene-3-carboxylates (3d, 3e) (benzylidene thio
lactone rearrangement). Oxidation of the dihydro acids and esters with DDQ (2,3-dichloro-5,6-dicyano-l,4-qui- 
none) gave the corresponding 2-arylthianaphthene-3-carboxylic acids and esters (4a-d).

Earlier studies in these laboratories on the condensation 
of thianaphthen-2-one (1) with salicylaldéhydes1’2 led us to 
investigate the condensation of simple aryl aldehydes with 1 
as a route to 3-benzylidenethianaphthen-2-ones (2). In the 
only prior report on such derivatives, Marschalk synthesized 
(Scheme I) 3-(2-methoxybenzylidene)thianaphthen-3-one 
(2a) which he claimed underwent hydrolytic scission to the 
mercaptostilbenecarboxylic acid (A) (Ar =  0 -CH3OC6H4).3 
Having previously established the facile internal Michael

addition of thiols to similarly activated double bonds,1’2 we 
have reinvestigated Marschalk’s claim and have found that 
the actual product is 2-(2-methoxyphenyl)-2,3-dihydrothia- 
naphthene-3-carboxylic acid (3a).4 This transformation of 2 
to 3 resembles the well-known a-acyllactone rearrangement. 
However, there is no precedent for an a-benzylidenelactone 
undergoing this rearrangement, and other related a-exocyclic 
unsaturated lactones apparently experience only ring cleavage 
to hydroxy acid derivatives5 (Scheme II). The enhanced nu-
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Scheme I

cleophilicity of a thiol (or thiolate) apparently accounts for 
this special reaction of benzylidene thiolactones.

We wish to report a general procedure for the preparation 
of 3-benzylidenethianaphthen-2-ones (2), their unique rear
rangement to 2-aryl-2,3-dihydrothianaphthene-3-carboxylic 
acids and esters (3) (benzylidene thiolactone rearrangement), 
and the subsequent oxidation of these dihydro derivatives to 
2-aryIthianaphthene-3-carboxylic acids and esters (4).

Benzylidene Derivatives (2a-g). 3-Benzylidenethiana- 
phthen-2-ones were readily prepared by condensation, at ice 
bath temperatures, of 1 and an aryl aldehyde in ethanol con
taining a catalytic amount of piperidine. Reactions effected 
by heating did not yield pure products and sometimes led to 
mixtures of the rearranged 2-aryl-2,3-dihydrothianaphth- 
ene-3-carboxylates and other anomalous products.

The benzylidenes obtained (Table I) were yellow to red in 
color and displayed characteristic carbonyl absorptions at 
1685 ±  5 cm-1 . In the NMR, the vinylic protons appear within 
the aromatic complex and the downfield position of these vinyl 
resonances implies the more thermodynamically favored trans

Scheme II
Acyllactone rearrangement 

OH

X = O, S, NH
R R

configuration (vinyl proton cis to carbonyl). Previous reports 
in closely related systems indicated a greater anisotropic de
shielding for trans vinyls than for similar cis isomers.6’7’8

Benzylidene Thiolactone Rearrangement. Conversion 
of 3-Benzylidenethianaphthen-2-ones to 2-Aryl-2,3- 
dihydrothianaphthene-3-carboxylic Acids and Esters 
(3a-e). The hydrolytic ring opening of 3-benzylidenethiana- 
phthen-2-ones with alcoholic potassium hydroxide followed 
by acidification provided a convenient high-yield synthesis 
of the previously unknown 2-aryl-2,3-dihydrothianaphth- 
ene-3-carboxylic acids (3a-c). These dihydro acids (Table II) 
were readily identified by their NM R spectra, the methinyl 
protons appearing as downfield doublets with J = 6 -9  Hz.9 
2-(4-Nitrophenyl)-2,3-dihydrothianaphthene-3-carboxylic 
acid could not be obtained by the benzylidene thiolactone 
rearrangement. The reaction of 3-(4-nitrobenzylidene)thi- 
anaphthen-2-one (2g) with ethanolic potassium hydroxide 
gave a large amount of carbonaceous material from which was 
isolated, in low yield (33%), a compound identified as 5. The 
azoxy compound apparently arises from the ethanolysis of the 
thiolactone to the dihydro ester which undergoes concomitant 
oxidation-reduction. In retrospect, the formation of the azoxy 
compound seems reasonable since alcohols readily open 
thiolactones (vide infra) and nitrobenzene is readily converted 
to azoxybenzene by refluxing in ethanolic potassium hy
droxide.10-11

The benzylidene thiolactone rearrangement was further 
extended to the preparation of the previously unknown 
methyl 2-aryl-2,3-dihydrothianaphthene-3-carboxylates (3d, 
3e) by refluxing the corresponding 3-benzylidene thiolactones 
in methanol with a catalytic amount of piperidine. The di
hydro esters (Table II) were also easily identified by their

Table l,a 3-Benzylidenethianaphthen-2-ones

R-i

'R 3

0

Registry no. Compd R, r 2 r 3 % yield M p ,°C

55757-17-0 2a H H OCH, 65 9 6 .5 -9 8 .5  (lit. 9 6 -9 8 )6
55757-19-2 2b - o c h 2o - H 54 1 6 2 .0 -1 6 2 .5
60224-05-7 2c o c h 3

N(CH3)2
H o c h 3 83 1 4 6 .5 -1 4 8 .0

60224-06-8 2d H H 75 1 6 0 .0 -1 6 3 .0  (lit. 164—1 6 5 )0
60224-07-9 2e OH H o c h 3 84 1 7 3 .0 -1 7 5 .0
60224-08-0 2f Cl H H 86 1 3 7 .0 -1 3 8 .0
60224-09-1 2g n o 2 H H 80 15 5 .0 -1 5 7 .0

aSatisfactory analytical data [±0.3%  for C, H, S (N )] were obtained on all new com pounds listed. *C. Marschalk, J. Prakt. 
Chern., 8 8 ,2 2 7  (1913).
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Table II.a 2-Aryl-2,3-dihydrothianaphthene-3-carboxylates

Registry no. Compd R, r 2 r 3 % yield Mp, °C

55757-18-1 3a H H OCH3 H 84 1 3 9 .0 -1 4 0 .0  (lit. 1 3 4 -1 3 6 )*
55757-21-6 3b -O C H 20 - H H 78 1 8 6 .0 -1 8 7 .5
60224-10-4 3c OCH, H OCH3 H 77 1 6 3 .0 -1 6 4 .0
60224-11-5 3d N(CH 3)2 H H c h 3 85 1 1 1 .5 -1 1 2 .5
60224-12-6 3e - o c h 2o - H c h 3 60 1 0 4 .0 -1 0 5 .0

“ Satisfactory analytical data [ + 0.3% for C, H, S (N )] were obtained on all new com pounds listed. *C. Marschalk, J. Prakt. 
Chem., 88, 227 (1913).

Table III.11 2-Arylthianaphthene-3-carboxylatesc c o o r 4a
1 r2
R,

4

Registry no. Compd R, r 2 r 3 R4 % yield M p, 0 C

60224-13-7 4a H H o c h 3 H 66 2 2 7 .5 -2 2 9 .0
60224-14-8 4b OCH3 H o c h 3 H 46 2 2 6 .0 -2 2 7 .0
60224-15-9 4c N(CH3)2 H H c h 3 55 1 3 0 .5 -1 3 1 .5
60224-16-0 4d - o c h 2o - H c h 3 82 8 5 .0 -8 6 .0

6774-41-0 4e H H H H 33* 1 8 5 .5 -1 8 9 .0  (lit. 1 8 8 -1 8 9 )“
“ Satisfactory analytical data [±0.3%  for C, H, S (N )] were obtained on all new com pounds listed. * Prepared directly with

out isolation or purification o f  intermediate; see text for experimental m ethod. “ A. Chow et al., -J. Med. Chem., 9, 551 
(1966).

NMR spectra which showed the methinyl protons, as in the 
case of the dihydro acids, as characteristic downfield dou
blets.

2-Arylthianaphthene-3-carboxylic Acids and Esters
(4a-e). The 2-aryl-2,3-dihydrothianaphthene-3-carboxylic 
acids and esters obtained from the benzylidene thiolactone 
rearrangement were oxidized with DDQ in benzene to the 
corresponding 2-arylthianaphthene-3-carboxylic acids and 
esters (4a-d). The fully oxidized products (Table I I I )  were 
characterized by the disappearance of the methinyl protons 
in the NMR and a shift of carbonyl frequencies in the infrared. 
The combined rearrangement and oxidation sequence rep
resents a new and general two-step synthesis of these acids and 
esters. Previous syntheses of these compounds have involved 
multistep reactions.12’13

Finally, as further evidence for the structure of the rear
rangement products, a literature compound, 2-phenylthi- 
anaphthene-3-carboxylic acid (4e), was prepared.13 This in
volved the direct condensation and rearrngement of 1 and 
benzaldehyde to methyl 2-phenyl-2,3-dihydrothianaphth- 
ene-3-carboxylate. The crude ester was oxidized and subse
quently hydrolyzed to 2-phenylthianaphthene-3-carboxylic 
acid.

Experimental Section
Infrared spectra were recorded on a Beckman IR 33 spectropho

tometer as Nujol mulls or in solution using 0.1-mm sodium chloride 
liquid cells. NMR spectra were obtained on a Hitachi Perkin-Elmer 
R-20A spectrometer with tetramethylsilane as the internal stan
dard.

Microanalyses were performed by Dr. G. I. Robertson, Jr., Florham

Park, N.J. Melting points were determined on a Thomas-Hoover 
melting point apparatus and are uncorrected.

Procedure for the Preparation of 3-Benzylidenethia- 
naphthen-2-ones (2a-g). A solution or slurry of 1.00 g (6.6 mmol) 
of thianaphthen-2-one1415 and the aromatic aldehyde (6.6 mmol) in 
5 ml of absolute ethanol was cooled in an ice bath. Piperidine (3-7 
drops) was added and stirring with ice bath cooling was continued for
3-8 h. The reaction mixture was then refrigerated overnight. Filtration 
and washing with cold 95% EtOH gave the crude product. Recrys
tallization from 95% EtOH gave the analytically pure benzylidene with 
the exception that 2e was recrystallized from CH.iCN.

Procedure for the Preparation of 2-Aryl-2,3-dihydrothia- 
naphthene-3-carboxylic Acids (3a-c). A solution or slurry of 3-4 
mmol of the requisite benzylidene (2a-c) in 60 ml of absolute ethanol 
was treated with 10 ml of ethanolic KOH (0.7 g/10 ml). Any undis
solved solid was soon solubilized and the initially intense orange to 
red color of the solution lightened. The solvent was removed in vacuo 
and the crude white potassium salt of the product was dissolved in 
a minimum of cold distilled water (10-25 ml) and acidified by drop- 
wise addition of concentrated HC1 to an oil which solidified on 
scratching.

2-(2-Methoxyphenyl)-2,3-dihydrothianaphthene-3-carboxylic 
Acid (3a). Recrystallization of the crude material, prepared as above, 
from benzene-petroleum ether (60-110 °C) gave 84% of white solid, 
mp 138.0-139.0 °C (lit. 134-136 °C).3 An additional recrystallization 
gave 57%: mp 139.0-140.0 °C; NMR (CDC13) S 3.82 (s, 3 H, OCH3),
4.50 (d, 1 H, J  = 6 Hz, CHCO), 5.75 (d, 1 H, J = 6 Hz, CHS), 6.62-7.80 
(m, 8 H, ArH), 11.02 (s, 1 H, OH); ir (CHCI3) 3400-2400 (br), 1700 
cm-1.

2-(3,4-Methylenedioxyphenyl)-2,3-dihydrothianaphthene- 
3-carboxylic Acid (3b). The crude product was recrystallized from 
benzene-petroleum ether (60-110 °C) to yield 78% of a white, fluffy 
solid, mp 185.5-187.0 °C. Recrystallization from benzene-petroleum 
ether gave a fluffy, white analytical sample: mp 186.0-187.5 °C; NMR 
(acetone-de) S 4.48 (d, 1 H, J = 9 Hz, CHCO), 5.40 (d , lH ,J  = 9 Hz,
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.CHS), 5.95 (s, 2  H. 0CH2 0), 6.58-7.48 (m, 7 H, ArH), 8.20-9.10 
(broad, 1 H, OH, exchangeable with D20); ir (Nujol) 3400-2400 (br), 
1695 cm*1.

2-(2,4-Dimethoxyphenyl)-2,3-dihydrothianaphthene-3-car- 
boxylic Acid (3c). Recrystallization from ethanol-water gave 77% 
of fine, yellow crystals: mp 163.0-164.0 °C; NMR (Me2 SO-d6 ) i 3.73 
and 3.82 (two singlets of equal intensity, 6  H, OCH3 ), 4.55 (d, 1 H, J 
= 6  Hz, CHCO), 5.57 (d, 1 H, J = 6  Hz, CHS), 6.30-6.70 (m, 2 H, ArH), 
6.90-7 70 [m, 6  H, ArH, one proton (COOH) exchangeable with D2 0]; 
ir (CHCI3 ) 3400-2400 (br), 1700 cm“ 1.

Preparation of Methyl 2-Aryl-2,3-dihydrothianaphthene-
3-carboxylates. Methyl 2-(4-Dimethylaminophenyl)-2,3-dihy- 
drothianaphthene-3-carboxylate (3d). A slurry of 1.00 g (6 . 6  mmol) 
of 1 and 0.99 g (6 . 6  mmcl) of p-dimethylaminobenzaldehyde in 5 ml 
of absolute ethanol was cooled in an ice bath prior to the addition of 
10 drops of piperidine. A deep red solution resulted after approxi
mately 20 min and at the end of 3 h blood red crystals of the benzyli- 
dene (2d) had separated. The reaction mixture was evaporated and 
the benzylidene was suspended in 30 ml of MeOH containing 2 ml of 
piperidine. After 20 h of reflux, an orange solution had formed which 
upon evaporation gave a light orange solid. Recrystallization from 
MeOH yielded 1.75 g (85%) of white crystals (3d): mp 109-110 °C; 
NMR (CDCI3 ) b 2.87 [s, 6  H, N(CH3)2], 3.68 (s, 3 H, OCH3 ), 4.48 (d, 
1 H, J = 9 Hz, CHCO), 5.42 (d, 1 H, J = 9 Hz, CHS), 6.43-7.52 (m, 8  

H, ArH); ir (CHCI3 ) 1730 cm-1. An analytical sample of 3d was pre
pared by recrystallization from MeOH: 1.40 g (6 8 %) of stout, white 
needles, mp 111.5-112.5 °C.

Methyl 2-(3,4-M ethylenedioxyphenyl)-2,3-dihydrothia- 
naphthene-3-carboxyIate (3e). Five drops of piperidine was added 
to a chilled solution of 1 . 0 0  g (6 . 6  mmol) of 1 and 1 . 0 0  g (6 . 6  mmol) of 
piperc nal in 5 ml of absolute ethanol. A gummy orange solid was ev
ident at the end of 2.5 h of stirring. Rotary evaporation gave the crude 
benzylidene (2b) which was dissolved in 20 ml of MeOH containing 
1 ml o: piperidine. After 5 h of reflux, rotary evaporation gave a yellow 
solid which was recrystallized from MeOH and air dried to 1.25 g 
(60%) of white crystals (3e): mp 102.0-103.0 °C; NMR (CDCI3 ) b 3.73 
(s, 3 H, OCH3 ), 4.38 (d, 1 H, J = 9 Hz, CHCO), 5.37 (d, 1 H, J = 9 Hz, 
CHS), 5.87 (s, 2 H, OCH2 0), 6.53-7.50 (m, 7 H, ArH); ir (CHCI3 ) 1730 
cm-1. Recrystallization from methanol gave the analytical sample, 
mp 1C4.0-105.0 °C.

Procedure for the Preparation of 2-Arylthianaphthene-3- 
carboxylic Acids (4a, 4b). A solution of equimolar amounts (2.0-2.5 
mmol) of the dihydro acid, either 3a or 3c, and DDQ in 20 ml of ben
zene was refluxed with stirring for 22 h. The hydroquinone was re
moved by hot filtration and the filtrate evaporated to approximately 
10 ml. Chilling gave the dehydrogenated product which was recrys
tallized once from benzene to analytical purity, see Table III. 4a, ir 
(Nujol) 3200-2400, 1665 cm“ 1; 4b, ir (Nujol) 3200-2400, 1670 
cm-1.

Procedure for Preparation of Methyl 2-Arylthianaphthene- 
3-carboxylate (4c, 4d). Equimolar amounts (3.5 mmol) of DDQ and 
either 3d or 3e were refluxed with stirring in 15 ml of anhydrous 
benzene for 18 h. The hydroquinone which had precipitated was fil
tered from the hot solution and rotary evaporation yielded a gummy 
oil. Trituration and subsequent recrystallization from MeOH gave 
the title compounds.

Methyl 2-(4-Dim ethylam inophenyl)thianaphthene-3-car- 
boxylate (4c). Recrystallization from methanol gave 55% of yellow 
solid '4c): mp 130.5-131.5 °C; NMR (CDCI3 ) h 2.90 (s, 6  H, NCH,),
3.78 (s, 3 H, OCH3), 6.50-8.40 (m, 8  H, ArH); ir (CHCI3 ) 1705 
cm-1.

Methyl 2-(3,4-Methylenedioxyphenyl)thianaphthene-3- 
carbcxylate (4d). Recrystallization from methanol gave 82% of fluffy 
cream-colored solid (4d), mp 84.0-85.0 °C. A second recrystallization 
from methanol yielded 63% of cream solid: mp 85.0-86.0 °C; NMR 
(CDCI3 ) 5 3.82 (s, 3 H, OCH3), 5.98 (s, 2  H, 0CH2 0), 6.90-8.50 (m, 7 
H, ArH); ir (CHCI3 ) 1710 cm“ 1.

Preparation of 2-Phenylthianaphthene-3-carboxylic Acid 
(4e). A solution of 1.00 g (6 . 6  mmol) of thianaphthen-2-one and 0.70 
g (6 . 6  mmol) of benzaldehyde with 1 ml of triethylamine in 1 0  ml of 
methanol was refluxed for 6  h. Evaporation in vacuo gave the crude 
methyl dihydro ester as a brown oil: NMR (CDCI3 ) b 3.62 (s, 3 H, 
OCH3 ), 4.43 (d, 1 H, J = 8  Hz), 5.42 (d, 1 H, J = 8  Hz), methinyl 
characteristic of the 2,3-dihydro system; ir (neat) 1735 cm-1. The 
crude dihydro ester was then refluxed with 1.47 g (6.5 mmol) of DDQ

in 20 ml of benzene for 14 h. The brown hydroquinone was removed 
by hot filtration through a sintered glass funnel and the filtrate was 
rotary evaporated to give the crude methyl 2-phenylthianaphthene-
3-carboxylate as a red oil: NMR (CDCI3) b 3.68 (s, OCH3), methinyls 
lacking; ir (neat) 1710 cm-1. The crude ester was then saponified by 
refluxing with a potassium hydroxide solution (2.0 g KOH/125 ml) 
for 2.5 h. Acidification, filtration, and recrystallization from 50/50 
ethanol-water gave 0.55 g (33% overall yield) of off-white acid: mp
185.5-189.0 °C (lit. 188-189 °C);13 ir (Nujol) 3200-2400, 1660 
cm-1.

Preparation of 4,4'-Bis(3-earboethoxy-2-benzothienyl)- 
azoxybenzene (5). Ten milliliters of a hot ethanolic potassium hy
droxide solution (0.7 g/10 ml ethanol) was added to a yellow-orange 
slurry of 1.00 g (3.5 mmol) of 3-(4-nitrobenzylidene)thianaphthen- 
2-one (2g) forming a dark black solution. The color slowly faded and 
a solid precipitated. The reaction mixture was evaporatgd to a black 
solid and this was slurried with 25 ml of distilled water. Acidification 
with concentrated HC1 and filtration gave a dark green-black solid. 
Recrystallization of this material from benzene-petroleum ether 
(60-110 °C) produced 0.50 g of dark black carbonaceous solid, mp 
=^300 °C, NMR (Me2SO-d6) only broad aromatic region. Evaporation 
of the filtrate from the recrystallization and digestion of the residue 
with hot acetone gave 0.35 g (33%) of the golden azoxy compound (5): 
mp 192.0-194.0 °C; NMR (CDCI3) b 1.18 (t, 3 H, J = 7 Hz, OCH2CH3),
4.27 (q, 2 H, J = 7 Hz, OCHUHs), 7.20-8.60 (m, 8 H, ArH); ir (CHCI3) 
1700 cm-1. Recrystallization from acetonitrile-chloroform gave 
golden-colored crystals of the analytical sample, mp 193.0-194.0 
°C.

Anal. Calcd from C34H26N20 5S2: C, 67.31; H, 4.32; N, 4.62; S, 10.57. 
Found: C, 67.56; H, 4.50; N, 4.79; S, 10.36.
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Several a-cyano /8-arylglycidates were synthesized and their trans-cis photoisomerizations were studied. At ele
vated temperature (110 °C), a clean reaction occurred, providing a synthetically useful route to cis isomers. The 
isomerization proceeds via ylides, which may in turn be formed from a triplet excited state of a parent oxirane. The 
reaction in a matrix (77 K) was also studied and the mechanisms are discussed. A photorearrangement of the ylide 
was found in the case of a (3-methyl-d-phenyl analogue.

While the photoequilibration of cyclopropanes has been 
studied extensively2 this aspect of the photochemistry of the 
analogous oxiranes has been accorded only limited atten- 
tion.3-4a'b Although photoinduced isomerizations of a,(3-epoxy 
ketones, including trans-dypnone oxide40 and d-pulegone 
oxide (l),4d are known, such substrates for the most part have 
lowest energy n,ir* singlet and triplet states.48 In such cases 
it has generally been assumed that cis-trans photoisomer
ization occurs by initial C -0  bond cleavage and that the 
chemically significant excited state has n,7r* character;3 
however, C -C bond cleavage has been invoked to explain the 
photointerconversion of epimers of epoxy ketone l .4d

Aziridines bearing stabilizing substituents such as 2 con
stitute another class of small-ring compounds known to 
photointerconvert to their epimers. It has been demonstrated 
that such substrates, which are thermo- as well as photolabile, 
equilibrate in the absence of dipolarophiles by way of azo- 
methine ylides formed by thermal or photoinduced C-C bond 
scission.5

The present study was initiated to investigate the pho
tointerconversion of a class of oxiranes known to undergo 
reversible C -C  bond photolysis to carbonyl ylides3 and to 
assess the extent to which constraints imposed by orbital 
symmetry restrictions apply. The isomeric methyl a-cyano- 
/3-phenylglycidates, 3a and 4a, respectively, were synthesized 
from (E )- and (Z)-methyl a-cyanocinnamate (5 and 6), re
spectively.7’8 (E)-Methyl a-cyanocinnamate (5) was prepared

Scheme I. Summary of Possible Interconversions 
Contributing to Oxirane Photoisomerizations

by condensation of benzaldehyde with methyl cyanoacetate 
using potassium fluoride.78 The requisite Z  alkene 6 was ob
tained from the E isomer 5 by irradiation (254 nm)9 of the 
latter in benzene in a quartz vessel. The resulting mixture was 
difficult to resolve by chromatographic methods into the 
alkenes 5 and 6 and thus conversions to 3a and 4a were con
ducted prior to separation of these precursors.

Epoxidation8 of the mixture of (E)- and (Z)-methyl a- 
cyanocinnamates gave 3a and 4a. These trans and cis glycid- 
ates 3a and 4a, respectively, were separated by silica gel col
umn chromatography and purified by recrystallization. Since 
the homogeneous E alkene precursor, unlike its Z  counterpart, 
is available by direct condensation, the oxidation to 3a in this 
case may be conducted on pure samples in the manner de
scribed for the mixture of 5 and 6.

The stereochemical relationships assigned to 3a and 4a rest 
on the method of preparation and NM R data. The chemical 
shifts observed for the methyl protons of the carbomethoxy 
group of 4a are shielded relative to those of 3a as expected 
from the stereochemical relationship and proximity of the 
phenyl and carbomethoxy groups in 4a.10 Furthermore, the 
thermal equilibration of the neat epimers 3a and 4a (120 °C  
in benzene) demonstrates that 3a is the more stable epimer 
(~7:1 and 5:1, respectively) although complete equilibration 
was not achieved even after 48 h. This result is in accord with 
the proposed assignments.

Contrary to expectations, based on the results of previous 
experience with vicinal diaryl oxides, the oxirane 3a (0.2 M )9 
undergoes facile photoequilibration (254 nm, 3 h, eight lamps) 
in benzene to give a 1:1.8-2.0 mixture of 3a to 4a, presumably 
by way of carbonyl ylide intermediates 3b and 4b. The epimer 
ratio is readily determined by NM R analysis based on the 
differences in spectra. When 4a is irradiated under the same 
conditions the ratio of 3a to 4a is 1:6.7. Clearly a true pho
toequilibrium is not established in either case due to the in
tervention of competing side reactions. Nevertheless this 
process is of synthetic utility (60% recovery of 3a and 4a) and 
may provide the only convenient route to the less stable ep- 
imeric oxirane in many cases. For example, the thermal 
equilibration described above favors the trans isomer and the 
requisite cis alkene is unavailable and/or may not be oxidized 
stereospecifically without interfering side reactions which is 
also the case for the cis epimer of 10 (see below). To our 
knowledge the photoequilibration of oxiranes such as 3a and 
4a was without precedent in what are believed to be 
systems prior to the discovery of the reactions under discus
sion.3

A pronounced effect of temperature on the formation of 
by-products in the photolysis of 3a and 4a in benzene or tol
uene is apparent, which if general may enhance the synthetic 
utility of oxirane photoisomerization processes. Surprisingly, 
the complexity of the product mixtures decreases markedly 
when the photoisomerizations of both 3a and 4a are conducted
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Table I. Effects of Temperature and Light Flux on the 
Photoequilibration of 3a and 4a “

No. Ratio
Temp, °C of lamps (3a:4a)

140 16 1:0.37
110 16 1:1.1

80 16 1:1.1
40 16 1:1.3
110 16 l:2.2d
110 12 1:1.8

110 8 1:1.6
110 4 1:09

° Irradiated for 3 h; 0.5 mmol in 5 ml of toluene (0.1 M).
6 Conducted in a decalin bath. c Conducted under conditions of 
reflux. d Irradiation for 2.5 h gave essentially the same values.

at 80 °C (benzene at reflux, 6 h). A much cleaner photoequil
ibration is observed with both the trans and cis glycidates (3a 
and 4a, 1:2.1 and 1:3.6, respectively) under conditions where 
these substrates are thermally stable. It is also evident from 
the isomer ratios that the oxirane isomerization in this case 
is not thermally induced since the cis rather than trans isomer 
predominates regardless of whether 3a or 4a is photolyzed.

To assess the role of temperature and light flux on the 
equilibration rate and ratio, a series of experiments were de
signed to evaluate the effect of variations in these parameters 
with time (see Table I). Clearly increasing temperature has 
little effect upon the rate of attainment or position of equi
librium until the temperature is elevated to a point where 
thermal equlibration begins to compete with the photopro
cesses as evidenced by the onset of an increase in the trans 
isomer 3a and its ultimate emergence as the dominant epimer,
i.e., 140 °C where C -C  thermolysis competes with photoly
sis.

In contrast, variations in light flux as expected have a 
marked effect upon the rate of photoequilibration. It is ap
parent from Table I that the photoisomerization of 3a to 4a 
is optimized upon irradiation for 2.5 h with 16 lamps9 in tol
uene at reflux. The products 3a (30%) and 4a (60%) may be 
recovered (90%) by preparative TLC and were identified by 
TLC and NMR. The product ratios reported were verified 
spectroscopically (NMR) prior to separation.

The results appear to relegate thermal mechanisms for ylide 
isomerization to a minor role in the photoisomerization pro
cess, at least within the limited temperature range studied. 
Possible alternative explanations may be envisaged for the 
photointerconversion of 3a and 4a. Experiments conducted 
at lower temperatures (7 °C) indicate that the reaction com
plexity increases substantially, in fact to the point where 
photoequilibration data are no longer accessible by NMR  
spectroscopy.

Strict adherence to the principles of orbital symmetry 
constraints requires that isomerization is obligatory if disro- 
tatory photoinduced opening of the oxiranes 3a and 4a to 
carbonyl ylides 3b and 4b precedes conrotatory thermal cy- 
clization in a two-step photoinitiated process.11® The con
clusions regarding the modes of cleavage and cyclization are 
based upon the isoelectronic interrelationships which exist 
between aziridines and oxiranes. Both are 4n systems, and in 
this respect are analogous to the cyclopropyl anion which, it 
is argued, should undergo disrotatory opening in the excited 
state to the allyl anion. llb-c

Evidence has been presented that azomethine ylides gen
erated photolytically may undergo photoisomerization.58 Thus 
the carbonyl ylides formed photochemically at 25 °C may also 
be photolabile and subject to secondary photoisomerization 
prior to cyclization, particularly in view of their stability and

high absorbance (Scheme I).6b In this temperature range as 
noted ylide thermal equilibration cannot play a significant 
role.

Recent evidence indicates, however, that orbital symmetry 
restrictions may apply less stringently to oxiranes than azir
idines in ground state reactions.58’1 Ih’c Kinetic thermolysis 
studies of a-cyano-cis-stilbene oxide confirm that isomer
ization in the ground state must occur by dis- as well as con- 
rotatory modes (36 and 64%, respectively).58 In this case the 
conclusion is inescapable that “ orbital symmetry rules are 
violated” . On the basis of this departure from symmetry re
strictions, it is not unreasonable to conclude that similar de
viations from expected behavior could be encountered in ex
cited state processes as well, leading, for example, to pho
toinduced conrotatory oxirane opening. If indeed such is the 
case, then photoisomerization could be expected regardless 
of the recyclization mode. Isomerization could only be avoided 
in the unlikely event that the individual isomeric carbonyl 
ylides formed by concurrent con- and disrotatory electrocyclic 
opening undergo recyclization at precisely those relative rates 
and modes required to regenerate the initial oxirane in the 
absence of its epimer.

Several other factors may be significant in determining the 
photostationary equilibrium composition established between 
3a and 4a, including the relative differences in oxirane as well 
as carbonyl ylide absorbtivities in the region of the source 
emission. The magntudes of the decay constants for 3a and 
4a are also relevant as are the values for intermediates such 
as the ylides if photointerconversion in contrast to thermal 
equilibration plays a dominant role in the photoisomerization 
process. It is clear from this discussion that a complete 
mechanistic analysis is beyond the scope of this communica
tion; however, it is not uncommon that the less stable isomer 
is the major isomer present at equilibrium in solution upon 
irradiation of alkenes and cyclopropanes2 as is the case in 
these oxirane studies; i.e., the less stable isomer predomi- 
nates.lld

Certain mechanistic aspects of the photoequilibration of 
3a and 4a may be explained, however. The unique role of 
benzene or toluene as a solvent in the isomerization of 3a and 
4a prompted us to investigate the possibility that the triplet 
state may be implicated in the isomerization processes. 
Quenching studies were conducted on the trans oxirane 3a (0.1 
M) using a series of cyclohexane solutions containing incre
mental amounts of trans- 1,3-pentadiene (Et = 59 kcal 
mol*1)11'1 over a concentration range of 0.2-1.2 M. The solu
tions were irradiated for 2 h and NM R analyses of the pho
tolysates were conducted. The extent of isomerization to the 
epimer 4a was found to be suppressed when the quencher 
concentration exceeds 0.2 M. In the absence of quencher, 
however, ~15%  conversion has occurred in cyclohexane as 
solvent, cf. benzene as a solvent. This suggests that a long-lived 
triplet intermediate might intervene at some stage in the re
action. Unfortunately [3 +  2 — 5] cycloaddition(s) of the ylide 
to the conjuated diene quencher competes with photoisom
erization. This complicates the quenching studies substan
tially by introducing potentially photolabile by-products 
which interfere and alter the light absorbed by the oxirane at 
254 nm. Sensitization experiments were therefore performed 
to supplement the dubious quenching results and ensure that 
the photoisomerization is triplet rather than singlet in char
acter.

Sensitization of the photoequilibration of 3a and 4a could 
not be achieved with common high-energy solvent sensitizers 
employed, with the possible exception of benzene.68 trans- 
Methyl a-cyano-/3-(2-naphthyl)glycidate (7) was selected for 
preliminary sensitization studies and was synthesized in high 
yield ' (90%) by base-catalyzed m-chloroperbenzoic acid oxi
dation of (E)-methyl a-cyano-/3-(2-naphthy_l)acrylate (9).
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Direct irradiation (350 nm)9 of a benzene solution of the 
trans oxirane 7 (6 h) in a Pyrex vessel, in the absence of added 
sensitizer, induces isomerization to a mixture of trans and cis 
oxiranes whose composition is 1:2.6, respectively. That the 
photoisomerization of 7 to 8, and presumably the photo-

equilibration of 3a and 4a as well, may proceed through the 
triplet state was confirmed by irradiation of 7 in the presence 
of the sensitizeranthraquinone (62 kcal mol-1 ) with a visible 
source.123 The results proved similar to those obtained upon 
direct irradiation of 7 (350 nm)9 in the absence of a low-energy 
triplet sensitizer. Benzophenone (60 kcal mol-1 ) is also ef
fective as a sensitizer (350 nm)9 for the photoequilibration of
7. A filter composed of naphthalene (saturated) in benzene 
as a solvent or a uranyl glass filter was employed to ensure that 
direct absorption due to tailing at long wavelength in the 
spectrum of 7 is excluded and that the sensitizer is the sole 
absorbing species. In fact, insignificant isomerization occurs 
with the filter until sensitizer is added.

It was found that triplet sensitization also may be extended 
to irons-methyl a-cyano-/3-(3,4-dimethoxyphenyljglycidate
(10); however, a sensitizer with a higher triplet energy, i.e., 
acetophenone (74 kcal mol-1 ), is required in this case. The 
method employed for the preparation of 7 also proved suc
cessful for the synthesis of the substituted trans glycidate 10.

10
Irradiation (350 nm)9 of a benzene solution of the trans oxi
rane 10 (0.2 M) containing acetophenone (0.4 M) for 14 h re
sults in significant interconversion to the cis isomer with the 
cis/trans ratio approaching 2.0. Acetone proved to be a less 
effective sensitizer; however, significant amounts (~11%) of 
the cis isomer are apparent in the NM R spectrum of the 
photolysate (350 nm, 12 h) when this ketone is used as a sol
vent sensitizer.

Our contention that the photointerconversion observed for 
the oxiranes 3a and 4a as well as 7 and 8 and the reported [3 
+  2]cycloaddition reactions exhibited by these oxiranes 
probably involve common intermediates, namely carbonyl 
ylides, was also investigated.6 A solution of 7 in benzene sat
urated with isobutylene was irradiated (350 nm)9 for 5 h with 
a naphthalene filter. A 20% decrease in the concentration of 
7 was observed in a 5-h time span under these conditions. A 
similar experiment was then performed after addition of 
benzophenone and essentially complete conversion of the 
oxirane 7 (>95%, NMR) occurs with formation of the adducts 
11.

By-products of the type observed with 3a, 4a, and 7 in 
benzene are absent in cases where the dipolarophile is present, 
which suggests that side reactions are slower than cycload
dition. In fact isobutylene is sufficiently active as a dipolaro
phile in benzene that concomitant cjs-trans isomerization is 
markedly suppressed. Since benzophenone undergoes inter
system crossing with unit efficiency to the triplet state and 
exerts such a dramatic effect on the conversion of 7 to 11 it is 
concluded that oxirane ring opening must be triplet in char
acter and the nascent ylide is formed in the triplet excited 
state. Interception of the intermediate ylides by the dipolar
ophile is thought to occur in the ground state because of the 
observe regioselectivity and stereospecificity where dipolar
ophile cofiguration permits.63’13 Regardless of the mechanism 
of cycloaddition, the results cited for 7 are consistent with 
initial disrotatory opening of the oxirane in the excited triplet 
state with formation of a triplet ylide intermediate which is 
intercepted, after deactivation to the singlet ground state, by 
the dipolarophile or recyclizes after spin-inversion in a con- 
rotatory fashion with overall net isomerization.6 Thus com
mon intermediates, carbonyl ylides, are invoked for both the 
isomerization and cycloaddition processes; however, as noted 
above for 3a and 4a, thermal and/or photoequilibration of the 
ylide and/or “violations of orbital symmetry” in the course of 
ring opening may contribute to oxirane isomerization. Fur
thermore, homolytic C -0  bond photocleavage is advanced in 
the case of certain oxiranes to explain cis-trans isomerization4 
and this process may also contribute to photoequilibration 
here.

At this time it has not been determined if the reversible 
isomerization of 3a and 4a observed upon direct irradiation 
occurs in the singlet manifold; however, at least two expla
nations may be used to rationalize the results of unsensitized 
reactions in terms of triplet mechanisms. Direct excitation of 
the oxirane to the singlet state followed by intersystem 
crossing to the oxirane triplet may occur with subsequent 
electrocyclic opening to the triplet ylide and recyclization, 
after spin-inversion and relaxation to the singlet ground state. 
Alternatively, ring opening may precede intersystem crossing 
and in this manner the triplet oxirane would be circumvent
ed. .

Photochemical experiments were performed at subambient 
temperature (77 K) to provide further insight into the 
mechanism by which the isomerization of 3a to 4a (and 7 to
8) occurs. Reversible color formation in matrices at 77 K in
duced by light is a phenomenon characteristic of a variety of 
oxiranes including 3a, 4a, 7, and 10 which has been attributed 
to C-C bond cleavage with formation of carbonyl ylides (Xmax 
547 and 535 nm for 3b and 4b, respectively).14

It is evident from rigid matrix spectral data that the ab- 
sorbtivities of the colored ylides produced upon irradiation 
(254 nm)9 at 77 K are significantly greater than the parent 
oxirane. Thus ylide formation is restricted to the immediate 
region of the cell surface exposed to ultraviolet light. The re
sulting shielding effect must be overcome to increase pho
toefficiency, and techniques have been devised for maximizing 
the exposure and utilization of radiation, particularly in ma
trices, and are discussed elsewhere.66

The behavior exhibited by 3a at 77 K in an inert matrix 
upon photolysis utilizing the double-irradiation technique 
described earlier66 contrasts markedly with that observed for 
4a, which undergoes complete conversion to 3a. Simultaneous 
illumination of 3a, on the other hand, at 77 K with both ul
traviolet (254 nm)9 and visible (400-600 nm) sources,126 for 
a period of 3 h and subsequent analysis of the irradiated 
sample confirms that unlike 4a no detectable photoconversion 
to the alternate isomer 4a occurs (NMR, etc.) despite the fact 
that the colored ylide is obviously formed.

The absence of isomerization after photogeneration and11
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Scheme II

15 14
irradiation of the ylide derived from 3a is in accord with ex
pectations based on orbital symmetry arguments, if only al
lowed processes are considered.118 Significant thermal pro
cesses should be arrested under the matrix conditions and the 
isomerization of 3a may be attributed to photoinduced recy- 
clization of a relatively stable ylide which is not without 
precedent.15 It remains to be explained why isomerization of 
4a to 3a is complete under identical conditions. One possible 
reason for the disparate results obtained in the low-temper
ature photochemistry observed between 3a and 4a is the ionic 
interaction between the “cationic” center of the ylide and the 
carbomethoxy group which constrains 3b from undergoing 
isomerization in the matrix while providing driving force for 
the observed photoconversions of 4b to 3b and ultimately 3a. 
It is reported16 that /3-cyano-/l-acetylstyrene oxide as well as 
other such a,/3-epoxy ketones rearrange thermally to afford
1,3-dioxolenes through a mechanism involving C-C bond 
cleavage and subsequent cyclization of the resulting ylide; 
however, no such products are isolable in the case of 3a and 
additional studies are required to validate or refute our pro
posal.

Unexpected results were obtained when an attempt was 
made to extend the photoequilibration process to trans- and 
cis-methyl a-cyano-/3-methyl-/3-phenylglycidate (12 and 13, 
respectively) separated from the oxidation mixture obtained 
from (E)- and (Z)-methyl a-cyano-/3-methylcinnamate.8 
While both 12 and 13 develop blue colors upon irradiation (254 
nm)9 at 77 K, which attests to ylide formation, neither 
undergoes photoequilibration in benzene solution (254 nm, 
40-80 °C), which is circumvented by an intramolecular pho
torearrangement. Upon irradiation of 12 and 13 in benzene 
(254 nm, 12 h), the product is methyl «-cyano-/3-benzoylpro- 
pionate (14). Structural identification of 14 was achieved by 
independent synthesis.17 It is believed that the enol ether 15 
is implicated in the transformation of 12 (and/or 13) to 14 and 
is formed by 1,4-proton transfer from the activated methyl 
to the carbanionic center of the ylide (Scheme II). Precedent 
exists for photoinduced 1,3-sigmatropic rearrangements such 
as 15 to 14.18 In addition, it is reported that this reaction may 
be induced thermally (180 °C).8 Thus each step in the con
version 12 —1► 15 -*■ 14 may be thermal in nature. Under milder 
conditions (120 °C), however, the formation of 15 together 
with 14 was observed by NMR. It is significant that no thermal 
equilibration of 12 to 13 is detectable below 120 °C. While 
isolation of the sensitive enol ether 15 was not attempted, 
evidence for its presence in solution was obtained by acid 
hydrolysis to acetophenone68 and conversion to 14 at higher 
temperature (130 °C). The signals for the enol ether 15, 
present in the crude pyrolysate obtained from 12, upon pho
tolysis (254 nm, 40 °C) appear to decrease in intensity which 
suggests that in this system the conversion of 15 —* 14, as well 
as the formation of 15, may also be induced photochemical- 
ly .18

Experimental Section
General. Infrared spectra were determined on Perkin-Elmer Model 

337 and 257 infrared spectrophotometers. 'H NMR spectra were

obtained on a Varian A-60 or Hitachi Perkin-Elmer R-20B spec
trometer with 1% tetramethylsilane as an internal standard. A Hitachi 
Perkin-Elmer RMU-6E spectrometer was used for mass spectral 
analyses. Ultraviolet absorption spectra were recorded on a Cary 
Model 17 spectrophotometer. All melting points were established on 
a Biichi melting point apparatus and are uncorrected. Silica gel PF254 
on microscope slides or glass plates was used for thin and thick layer 
chromatographic separation. Visualization was achieved by exposure 
of the chromatogram to short-wavelength ultraviolet light (Blak-Ray 
UVL-21) and/or developed in iodine vapor. A Griffin-Worden pres
sure vessel (Kontes Glass Co., Vineland, N.J.) was used for pressurized 
reactions. All combustion analyses for C, H, and N fell within ac
ceptable limits of theoretical values and were performed by Galbraith 
Laboratories, Inc.

Preparation of (E)-Methyl a-Cyanocinnamate (5). The alkene 
5 was synthesized (87%) by condensation of benzaldehyde (10.5 g, 0.1 
mol) with methyl cyanoacetate (12 g, 0.12 mol) in methanol according 
to the procedure described by Rand and co-workers7a using potassium 
fluoride (2 g) as a catalyst.

Preparation of (Z)-Methyl a-Cyanocinnamate (6). The E iso
mer 5 (4 g, 0.02 mol) was dissolved in benzene (200 ml) and irradiated 
in a quartz vessel for a period of 12 h with a 254-nm source.9 The 
photolysate was concentrated to a mixture containing 5 and 6 (1.5:1.0, 
respectively) which was not readily resolvable by chromatographic 
methods and was converted to the desired oxiranes 3a and 4a after 
preliminary purification, but without prior separation.

Photoisomerization of 5 to 6 may also be accomplished in cyclo
hexane in a Pyrex vessel using a 275-W cosmetic sunlamp as a light 
source; however, the ratio of 5:6 is only 4:1 after irradiation for 8 h 
under these conditions. The NMR spectrum, determined on the un
separated alkenes, differs significantly from tlhat reported earlier: 
NMR (CC14) 5 3.84 (s, 3 H, -OCH3), 7.58 (s, 1 H, -CH).7c

Synthesis of the Isomeric Methyl a-Cyano-/3-phenylglycidates 
(3a and 4, Respectively). A minor modification of the method of 
Robert and Pommeret8 was utilized for the preparation of phenyl- 
glycidates 3a and 4a. To a solution of 4 g (0.021 mol) of the unresolved 
mixture of 3a and 4a dissolved in 50 ml of acetonitrile containing 4 
ml of 1 M sulfuric acid was added dropwise 30 ml of aqueous sodium 
hypochlorite (household bleach, ~0.75 M) at 5 °C. The mixture ob
tained was allowed to stir (25 °C, 30 min) and was then diluted with 
water and the organic components isolated in the usual manner. The 
separation and purification of the oxiranes 3a and 4a were achieved 
by chromatography on silica gel. Oxirane 4a (1.2 g) emerges first: mp
57-58 °C [(CaHsLO-CsHu]; ir (Nujol) 2240 (-CN), 1764 cm" 1 (-CO); 
NMR (CDCI3) 6 3.63 (s, 3 H, -OCH3), 4.65 (s, 1 H, -CH); mass spec
trum m/e 203 (M+). Anal. Calcd for C11H9NO3: C, 65.02; H, 4.46; N,
6.59. Found: C, 65.17; H, 4.47; N, 6.68. Elution of the isomer 3a follows 
(~1.9 g): mp 55-56 °C [(C^HsiaO-CeHuj; ir (Nujol) 2259 (-CN), 1735 
cm“ 1 (-CO); NMR (CDCI3) a 3.91 (s, 3 H, -OCH3), 4.60 (s, 1 H, -CH); 
mass spectrum m/e 203 (M+). Anal. Calcd for C11H9NO3: C, 65.02; 
H, 4.46; N, 6.59. Found: C, 64.87; H, 4.40; N, 6.82.

The trans isomer 3a may be obtained directly from the E cinnamate 
using the method described above (78%) or by base-catalyzed oxi
dation using m-chloroperbenzoic acid (see below). The latter method 
is not adequate for epoxidation of mixtures of 5 and 6 because stere
ochemistry is not maintained (3a:4a, 4.6:1).

Preparation of (E)-Methyl a-Cyano-/5-(2-naphthyl)acrylate 
(9). The acrylate 9 was prepared (93%) by condensation of 2- 
naphthaldehyde (15.6 g, 0.1 mol) with methyl cyanoacetate (12 g, 0.12 
mol) according to the procedure described for 5: mp 143 °C 
(CH2C12-C6H14); ir (Nujol) 2210 (-CN), 1738 cm“1 (-CO); NMR 
(CDCI3) 6 3.94 (s, 3 H, -OCH3), 8.30 (s, 1 H, -CH); mass spectrum m/e 
237 (M+). Anal. Calcd for C^HnNC)* C, 75.94; H, 4.67; N, 5.90. 
Found: C, 76.09; H, 4.51; N, 5.87.

Oxidation of 9 to irans-Methyl a-Cyano-/3-(2-naphthyl)gly- 
cidate (7). To a suspension of 2.4 g (0.01 mol) of «-cyanoacrylate 9 
in 30 ml of methanol at 0 °C was added 2.1 g (0.012 mol) of 85% m- 
chloroperbenzoic acid and 2 ml of 1N sodium methoxide. The mixture 
was then stirred at room temperature for 1 h at which time the alkene 
9, monitored by TLC, was consumed. Sufficient sodium bicarbonate 
was added and the reaction mixture was worked up in the conven
tional manner. The glycidate 7 was obtained in high yield after re- 
crystallization of the crude product from a methylene chloride-hexane 
mixture (90%): mp 98-99 °C; ir (Nujol) 2250 (-CN), 1755 cm-1 (-CO); 
NMR (CDCI3) 5 3.83 (s, 3 H, -OCH3), 4.61 (s, 1 H, -CH); mass spec
trum m/e 253 (M+). Anal. Calcd for C15H11NO3: C, 71.14; H, 4.38; N,
5.53. Found: C, 70.90; H, 4.48; N, 5.47. The NMR spectrum of the cis 
glycidate formed upon photolysis of 8 is consistent with the assigned 
structure10: S 3.53 (s, 3 H, -OCH3) and 4.76 (s, 1 H, -CH).

Preparation of fcrans-Methyl a-Cyano-/3-(3,4-dimethoxy-
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phenyl)glycidate (10). The method described for the preparation 
of 7 also proved useful for the conversion of (,E)-methyl a-cyano-/3- 
(3,4-dimethoxycinnamate) to 10 (87%): mp 118 °C (CH2Cl2-C 6H]4); 
ir (Nujol) 2280 (-CN, weak), 1770 c m '1 (-CO); NMR (CDClg) b 3.84 
(br s, 6 H, ArOCH3), 3.88 (s, 3 H, -OCH3), 4.41 (s, 1 H, -CH); mass 
spectrum m /e  263 (M+). Anal. Calcd for C13Hi3N05: C, 59.31; H, 4.98; 
N, 5.32 Found: C, 59.44; H, 4.89; N, 5.27. The requisite cinnamate was 
prepared (94%) by condensation of veratraldehyde with methyl cy- 
anoacetate according to the procedure described earlier for the syn
thesis of the E cinnamate 5: mp 123 °C (CH2Clo-C6Hi4); ir (Nujol) 
2210 (-CN), 1737 cm" 1 (-CO); NMR (CDC13) 6 3.92 (br s, 6 H, 
ArOCH3), 3.90 (s, 3 H, -OCH3), 8.08 (s, 1 H, -CH); mass spectrum m /e  
247 (M+). Anal. Calcd for Ci3H13N 05: C, 63.15; H, 5.30; N, 5.66. 
Found: C, 63.35; H, 5.23; N, 5.60.

The NMR of the cis dimethoxyglycidate formed upon sensitized 
photoequilibration of 10 is consistent with the assigned structure:10 
NMR (CDCI3) 5 3.40 (s, 3 H, -OCH3), 3.70 (br s, 6 H, ArOCH3), 4.62 
(s, 1 H, -CH).

Irradiation of the Trans Cyanonaphthylglycidate 7 in Iso
butylene-Benzene Solution. A solution of 7 in benzene (0.03 M) 
saturated with isobutylene was irradiated for 5 h at 40 °C using a 
350-nm source.9 A filter was introduced consisting of a saturated so
lution of naphthalene in benzene or a uranyl glass sleeve. Both were 
sufficiently opaque to reduce direct absorption by 7 to an insignificant 
level. Upon addition of benzophenone (0.05 M) as a sensitizer, how
ever, essentially complete conversion (>95%) to the adduct(s) 11 oc
curs as evidenced by NMR data. NMR (CDC13, major isomer) b 1.08 
(s, 3 H, CH3-), 1.52 (s, 3 H, CH3-), ~2.2 (m, 2 H, -CH 2-), 3.80 (s, 3 H, 
OCH3), and ~5.4 (m, 1 H, -CH); (CDCI3, minor isomer) 1.17 (s, 3 H, 
CH3-), 1.49 (s, 3 H, CH3-), ~ 2.2 (m, 2 H, -CH 2-), 3.80 (s, 3 H, OCH3), 
and ~5.4 (m, 1 H, CH).

Preparation of the Isomeric Methyl a-Cyano-d-methyl-jS- 
phenylglycidates (12 and 13). A mixture of (E)- and (Z)-methyl 
d-methyleinnamates was prepared by the conventional ondensation 
utilizing ammonium acetate as a catalyst. The isomeric products were 
isolated by distillation, bp 130-131 °C (0.4 mm) [lit.19 150-165 °C (0.9 
mm)]. The NMR spectrum is in agreement with reported values.70

A sample of the mixtures of cinnamates (2.1 g, 0.01 mol) was oxi
dized in the manner described for 3a and 4a, and the resulting oxi
ranes 12 and 13 resolved by column chromatography. The cis oxirane 
13 (0.81 g, 3.7 mmol, 37%) eluted first and was obtained as an oil: ir 
(liquid film) 2260 (-CN), 1776 and 1740 cm“ 1 (-CO); NMR (CDC13) 
<51.94 (s, 3 H, CH3) and 3.43 (s, 3 H, OCH3); mass spectrum m/e 217 
(M+). Elution of the trans isomer 12 (1.17 g, 5.4 mmol, 54%) follows: 
mp 74-75 °C [(C2H5)2 0 -C 6H14)]; ir 2260 (-CN), 1738 cm" 1 (-CO); 
mass spectrum m /e  217 (M+).

Anal. Calcd for Ci2H nN 03: C, 66.35; H, 5.10; N, 6.45. Found: C, 
66.14; H, 5.11; N, 6.37.

Preparation of an Authentic Sample of Methyl a-Cyano-a- 
benzoylpropionate (14). A solution of 2.0 g (0.01 mol) of phenacyl 
bromide was added dropwise to 10 ml of a 1 N solution of sodium 
methoxide containing 1.0 g (0.01 mol) of methyl cyanoacetate. The 
resulting mixture was allowed to stand for 2 h at room temperature 
and quenched with water. The organic products were then extracted 
with ethyl acetate and worked up in the conventional manner.

The crude residual product was purified by chromatography on 
silica gel and recrystallized from ether-hexane mixtures to give 0.68 
g (30%) of the propionate 14: mp 58-59 °C; ir 2250 (-CN), 1748 
(-COOR), 1668 cm“ 1 (PhCO-); NMR (CDC13) b 3.78 (s, 3 H, -OCH3) 
and 3.5-4.2 (m, 3 H, -CH 2, -C H -); mass spectrum m /e  217 (M+).

Anal. Calcd for Ci2H nN 03: C, 66.35; H, 5.10; N, 6.45. Found: C, 
66.50; H, 5.12; N, 6.41.

Pyrolysis of fcraJis-Methyl a-Cyano-j3-methyl-/3-phenylgly- 
cidate (12). A solution of 200 mg of the oxirane 12 was heated in 
benzene at 120 °C for 12 h. The NMR spectrum of the crude pyro- 
lysate revealed new signals at 6 4.42 (d, 1 H), 4.97 (d, 1 H), and 5.29 
(s, 1 H), which are attributed to the enol ether 15 together with peaks 
of 12 and 14.
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At pH 13 and room temperature, IV-nitroso-2-(methylamino)acetonitrile (I) undergoes two unusually fast and 
successive hydrolytic changes that can be detected quantitatively by differential pulse polarography. The final hy
drolysis product is IV-nitrososarcosine (III), via the intermediate amide (II). The kinetics and activation parame
ters of the transformations have been determined. A mechanism has been proposed to account for these rapid reac
tions involving anchimeric assistance to the hydrolyses by the appropriately placed nitroso group. Isotopic labeling 
studies using 180  enriched water and mass spectrometry confirm the proposed mechanism involving exclusive at
tack on carbon by hydroxide ion.

During the course of electroanalytical studies of a series 
of iV-nitrosamines using differential pulse polarography,2 one 
IV-nitrosamine displayed unusual behavior. In aqueous so
lution at pH 13, A'-nitroso-2-(methylamino)acetonitrile (I) 
displayed the anticipated current-potential peak at a negative 
potential vs. the saturated calomel electrode (SCE) but the 
expected peak was followed by a second peak, an unusual re
sult for a .V-nitrosamine.2 In addition to the second peak, the 
situation was even more unusual by the observation that the 
peaks varied in height in some regular way as a function of 
time. A careful study yielded the results shown in Figure 1 
where curves 1-5 are the results of repetitive scans on the same 
solution recorded over a period of approximately 200 min. 
Since the peak potential (Ep) of a AT-nitrosamine is a function 
of pH and molecular structure, the results suggested that a 
chemical change was occurring resulting possibly in the for
mation of nitrosamines different from the original.

In this paper we report the results of an investigation to 
interpret the observed changes.

As Figure 1 shows, the initial scan yields two peaks at —1.26 
and —1.42 V vs. SCE. The second scan taken about 5 min later 
shows a decrease in the first peak and an increase in the second 
with the suggestion of a third ill-defined peak at a more neg
ative potential. Curve 5, recorded about 200 min after curve 
1, shows that the species giving rise to the peaks at —1.26 and 
—1.42 V have completely disappeared; the only species left is 
that giving rise to the ill-defined peak at about —1.8 V.

Although it is well known that nitriles do not undergo basic 
hydrolysis rapidly at room temperature,3 the most logical 
hypothesis to explain the polarographic results seemed to be 
the following sequence of hydrolytic reactions:

O
OH- I

CH3— N— CH2— CN ----- - CH3— N— CH2— C— NH2

— ► CH3— N— CH2— C— O -
h 2o  j

N = 0
III

The final product (III) in the suggested sequence is the 
anion of IV-nitrososarcosine. To establish the validity of the 
hydrolysis sequence, IV-nitrososarcosine was prepared4 and 
its properties were compared with those of the final hydrolysis 
product (III).

Figure 2, curve 1, shows the differential pulse polarogram 
obtained after acidifying (pH 1) the solution that yielded 
curve 5, Figure 1. The anodic shift of Ev with lower pH is 
characteristic of IV-nitrosamines.2’5 Curve 2, Figure 2, was 
obtained after addition of authentic IV-nitrososarcosine to the 
solution that yielded curve 1. The increase in peak height 
without shift in potential strongly suggested that N-nitroso- 
sarcosine is the electroactive species in Figure 2, curve 1.

Since the polarograms were run on dilute solutions (ca. 10-4  
M) and product isolation and identification would be difficult, 
reactions modeled after the polarographic runs were repeated 
on a preparative scale. The organic product was isolated by 
evaporation of the water and extraction of the residue with 
acetone. Evaporation of the acetone yielded a yellow oil which 
crystallized only after being held at 0 °C  overnight. (In some 
cases the oil did not crystallize.) The crystals had a melting 
point of 66-67 °C. The melting point and crystallization be
havior are those previously reported for nitrososarcosine.4

This result confirms the findings of Lijinsky et al. con
cerning the melting point of this compound as contrasted to 
the values of 73-74 °C reported by Hammick et al.6 and 75-77 
°C reported by Bergel et al.7

To confirm the identity of the hydrolysis product, the 
NMR, uv, and ir spectra of the final product were obtained; 
they were identical with those of authentic IV-nitrososarcosine 
(Tables I and II). These results show unequivocally that the 
final product was, in fact, IV-nitrososarcosine.

The unnitrosated parent amine, 2-(methylamino)acetoni- 
trile, was subjected to the same alkaline reaction conditions 
as I. No change occurs over a period of 48 h, as would be ex
pected for a simple nitrile. Thus, the IV-nitroso group in I is 
clearly having an unusual activating effect on the nitrile group. 
To understand this effect, the kinetics of the reactions were 
determined using the rate of decay of the peak currents in the 
differential pulse polarograms. Both reactions (I —► II and II 
-*■ III) are second order overall, first order in nitrosamine and 
first order in OH- . Rate constant data and calculated acti
vation parameters are given in Table III. The most significant
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Figure 1. Differential pulse polarograms of iV-nitroso-2-(methyl- 
amino)acetonitrile (I), pH 13.0, T  = 25.3 °C: curve 1,0 min; curve 2, 
5 min; curve 3,23 min; curve 4,112 min; curve 5,214 min. Scan 5 mV/s, 
pulse height 50 mV, drop time 1 s.

data in Table III are the large negative entropies of activa
tion.

A mechanism that agrees with the experimental observa
tions is shown in Scheme I. The activated complex, consisting 
of a five-membered ring, is consistent with the observed en
tropies of activation and the known polarities of the nitroso 
and nitrile groups. Two features of the hydrolytic mechanism 
are (a) the anchimeric assistance provided by the nitroso group 
and (b) the suggestion that the base attacks the cyclic complex 
at carbon.

Support for this mechanism involving a five-membered 
cyclic transition state is provided by comparing the kinetic 
results (Table IV) obtained for the analogous alkaline hy
drolysis of CH3N (N = 0 )C H 2CH2CN (IV) in which two 
methylene groups, rather than one, are between the TV-nitroso

Scheme I

CH3- Q s— C H ,C = N

N = 0

I

CH,— NN CH
il I
N<^ ,C = N H  

0
\ jfO H _

Figure 2. Curve 1: differential pulse polarogram of solution yielding 
curve 5, Figure 1, at pH 2.0 T = 25.3 °C. Curve 2: differential pulse 
polarogram resulting from addition of IV-nitrososarcosine to solution 
yielding curve 1.

Table I. NMR Identification of Hydrolysis Product of 
,V-Nitroso-2-(methylamino)acetonitrile (I)

Hydrolysis
product

A'-Nitroso-
sarcosine

Solvent ppm
Proton

ratio ppm
Proton

ratio R ef 4

Acetone-d,

Pyridine-d5

3.06
5.02
3.87 
4.33 
3.22 
5.20
3.88 
4.59

3:2

3:2

3:2

3:2

3.07
5.02
3.89 
4.34 
3.21 
5.20
3.89 
4.58

3 :2

3 :2

3 :2

3:2

anfi-CH3 
anti-CH2 
syn-CH3 
syn-CH2

Table II. Uv Identification of Hydrolysis Product of 
iV-Nitroso-2 -(methylamino)acetonitrile (I)

CH.
‘- Ç ÿ -

r- OH H ^maxi nm

| Nitrososarcosine 340 229
CH3— N— CH2-— C = N H Hydrolysis product in H20 339 310 237

1L N = 0
CH

(pH 7)
Hydrolysis product in H20 335 230

(pH 2)
Lijinsky et al.4 in H20 340 233

CH,— C — NH,

N= 0

CH3— N------CH, o h
II I s '

/ C ,
0 ^  ^ n h 2J

(p H ? )
Hydrolysis product in 

ether
Lijinsky et al.4 in ether

372 361 351 235

373 361 352 234

n
OH

N ------CH2
ii i t*-'
N JZ— O - 

X ) \
0 n h 2j

CH3— N------CH2
ii i

/ C = 0
L o  J

0
II-OH

— ► CH3— N— CH2— C—

N = 0

m

and nitrile groups. The presence of the second methylene 
group results in a decrease in the overall rate by a factor of 
about 500. This decrease would be expected if a cyclic acti
vated complex is the intermediate since a six-membered ring 
is required. The entropy of activation for the hydrolysis of IV 
is also in accord with such an activated complex.

Scheme I requires attack by OH-  to occur initially on the 
ring carbon associated with either the nitrile or the amide 
group. An alternative is attack on the ring nitrogen derived 
from the nitroso group, resulting in cleavage of the N -0  bond 
rather than a C -0  bond. To establish which pathway is, in 
fact, followed, the alkaline hydrolysis of I was conducted in
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Table III. Hydrolysis of iV-Nitroso-2-(methylamino)acetonitrile (I)
0 O

CH,— N— CH,— C = N
I h2o.oit

N = 0

■ CH,— N— CH,— C— NH,

N = 0

k,
HAOir CH;— N— CH — C— 0 _ 

N = 0

Temp, °C fc,
0 + 0 .2  (3.73 ± 0 .38) X IO '3

25.3 + 0.2  (4.72 ± 0 .59) X I O " 2
3 7 .3 + 0 .2  (1.10 ± 0 .1 0 ) X IO"1
4 8 .6 + 0 .2

A H t  = 1 3 .3 + 0 .2  kcal/m ol 
AS* = - 2 2 .4  eu

k „ k2 = average second-order rate constants (six concns), M "‘ s 1

K

(1.15 ± 0 .3 0 ) X IO“3 
(2.97 ± 0 .24) X 10 -3 
(5.96 + 0 .27) X IO“3 
AH t  =11.3 ± 0.3 kcal/m ol 
A S t  = -3 5 .8  eu

Table IV . Hydrolysis o f  JV-Nitroso-3- 
(methylam ino)propionitrile. Kinetic Data

CH3— N— CH,— CH,— C = N

N = 0
k p u  M _ r n __ rw

0
II

-C-— NH,vlÌ2 Lii2
h2o,oh

3 1
N = =0

T e m p /C k, M~ 1 s-1

25.0 (5.28 ± 4 .9 ) X IO“5
34.8 (13.3 ± 1.2) X IO “5
43.2 (27.8 ± 2.3) X 1 0 '5

AH t A St
16.6 ± 0.7 kcal/m ol —24.8 eu

Table V . Mass Spectrometric Results for 18Q Incorporation

Species amu Intensities %

Expt A M + 120 1 3 3 1 2 0 16.2
(see text) 118 823 808 100.0

M - N O 90 118 784 16.5
88 720 896 100.0

M -  COOH 75 71 680 2.3
73 3 021 824 100.0

Expt B M+ 120 35 840 2.9
(see text) 118 121 246 100.0

M - N O 90 17 920 2.1
88 868 352 100.0

M -  COOH 75 34 304 1.0
73 3 351 552 100.0

water containing about 8% 180 . The hydrolysis product was
then examined by mass spectrometry to determine the loca
tion of incorporated 180 , if any (Table V). The results in Table 
V are from low-resolution semiquantitative studies.

The data in Table V contain only the results used to de
termine the location of the 180 . JV-Nitrososarcosine yields a 
very complex mass spectrum on electron impact due, appar
ently, to considerable self-protonation. This is noted by the 
presence of unusually large M H + peaks for all samples and 
is probably associated with the fact that the compound was 
run as an oil, hence it has a high vapor pressure.

Neglecting the chemical ionization effects noted above, 
AT-nitrososarcosine yields a molecular ion (mass 118) and two 
fragments resulting from loss of NO and COOH. These frag
ments correspond to mass 88 and 73, respectively. The mass 
spectral data show that incorporation of 180  has occurred in 
the hydrolysis of I but, of great significance, loss of NO does 
not result in loss of 180  (experiment A). As seen in the table, 
the peak at mass 120 is 16.2% of the peak at mass 118. After 
losing NO the peak at mass 90 is still 16.5% of the peak at mass 
88. This constancy in relative percentages would not have

occurred if the NO group contained any 180 . The fragment 
resulting from loss of COOH, however, does result in loss of 
180 as shown by the drop in relative percentage of the mass 75 
peak compared to the mass 73 peak. The remaining 2% at mass 
75 is probably due to chemical ionization effects coupled with 
normal isotope effects. Further corroboration is found in the 
relative intensity of the peak at mass 73 to that at mass 118. 
Loss of COOH (160 ) yields the peak at mass 73 and loss of 
COOH (180 ) should also yield a peak at mass 73 (i.e, 120 — 47 
= 73).

Data are also given in the table (experiment B) that exclude 
the incorporation of 180  by simple exchange between 160  
N-nitrososarcosine and a basic solution containing H2180 . If 
any exchange occurs it cannot exceed 1%. The peaks at mass 
120 and 90 are again consistent with the conclusion that 180  
is absent in the NO group and, subtracting the 1% at mass 75 
as due to chemical ionization and normal isotope effects, the 
incorporation due to simple exchange is about 1%.

The presence in the N-nitrososarcosine of about 16% 180  
from 180  water agrees nicely with the percentage predicted 
by Scheme I. Incorporation can occur twice, I —*• II and II —»•
III. Simple calculations predict approximately 14% incorpo
ration when exchange effects are considered.

The mass spectral results show that the iV-nitroso group 
is unmodified during the course of the reaction and that its 
role is to speed up hydrolysis of the nitrile by anchimeric as
sistance. Furthermore, the exclusive site of attack by OH-  in 
I is at carbon as opposed to nitrogen.

Experimental Section
Spectra. Uv spectra were obtained using a Cary Model 14 spec

trophotometer. Infrared spectra were obtained on a Perkin-Elmer 
225 or a Pye Unicam AP 1000 spectrophotometer. NMR were re
corded on a Varian XL-100 spectrometer using Me4Si as internal 
standard.

Differential Pulse Polarography. Differential pulse polarograms 
were obtained as previously described2 except that a Princeton Ap
plied Research Corp. (PAR) Model 174 electroanalyzer was used in 
place of the PAR Model 171. Temperature studies were performed 
in a PAR Model 9350 jacketed cell. Temperature was controlled by 
a Cole-Parmer proportional controller, No. 2163.

Kinetic Studies. Buffer solutions of constant ionic strength con
taining 0.2 N KC1 and 0.2 N KOH were made at pH 13.2,12.9,12.6,
12.3,12.0, and 11.7. The N -nitrosamine was dissolved in the solutions 
and placed in the electrochemical cell at specified temperatures (Table
III). The potential was set at —1.26 V vs. SCE and the current re
corded as a function of time. Since the II ->• III reaction was about y4o 
as fast as the 1 — II reaction, the kinetics of II —» III could be studied 
independently after the I -*  II reaction was completed. After the Jp 
of I disappeared the potential was changed to —1.42 V to monitor the 
decay of II. In all cases log ip vs. time (s) plots were linear indicating 
a first-order reaction with respect to IV-nitrosamine. The slopes of 
these plots were obtained as pseudo-first-order rate constants (k'). 
Log k' vs. pH plots were made at each temperature and the slopes of 
these plots were determined yielding the order with respect to OH- . 
The values were 1.00 ±  0.1 in all cases. The second-order rate con
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stants reported in the tables were then calculated by substituting OH 
concentration into the overall rate equation. Activation parameters 
were calculated in the usual fashion.8

Mass Spectrometry. Mass spectra were run by Battelle Memorial 
Laboratories, Columbus, Ohio.

7V-Nitroso(2-cyanoethyl)methylamine (IV). To a chilled, stirred 
solution of 3-(methylamino)propionitrile (20.0 g, 0.238 mol) (Aldrich) 
and concentrated HC1 (25 ml) in H20  (120 ml), NaN02 (19.7 g, 0.276 
mol) in H20  (30 ml) was added dropwise. After addition was complete, 
the solution was stirred near 0 °C for 0.5 h and then at room tem
perature for 1.5 h. The solution was concentrated to ~50 ml by rota
tory evaporation, filtered (to remove the inorganic salts which pre
cipitated during concentration), and extracted three times with 
methylene chloride (75 ml). The methylene chloride extracts were 
combined, dried (MgSOd, and concentrated in vacuo leaving 23.0 g 
of a yellow liquid. Distillation gave 21.3 g (79%) of a light yellow liquid: 
bp 102-103 °C (0.04 Torr); ir (CH2C12) 2255 (C=N ), 1470 (N = 0 ), 
and 1040 cm '1 (N-N). Anal Calcd for C4H7N30: C, 42.47; H, 6.24; N, 
37.15; 0, 14.14; Found: C, 42.37; H, 6.50; N, 37.28; O, 13.85. In the 
absence of information on the potential carcinogenicity of IV and I 
in humans, every precaution should be taken to protect laboratory 
investigators.

Synthesis of IV-Nitroso-2-(methylamino)acetonitrile (I). To
a stirred solution of 2-(methylamino)acetonitrile hydrochloride (10.0 
g, 0.093 mol) (Aldrich) in H20  (100 ml), NaN02 (6.9 g, 0.10 mol) in 
H20  (15 ml) was added dropwise at room temperature. A few drops 
of concentrated HC1 were added to ensure an excess, and the solution 
was then stirred for 3 h. The workup procedure was the same as that 
used in the previous preparation. Distillation gave 4.2 g (46%) of a light 
yellow oil: bp 52.5-53 °C (0.004 Torr) [lit.9 119 °C (13 Torr)]; ir 
(CHCls) 2260 (C=N , 1470 (N = 0 ), and 1025 cm“ 1 (N-N).

Basic Hydrolysis of JV-Nitroso-2-(methylamino)acetonitrile
(I) in lsO-Enriched Water. Recovery of AT-Nitrosarcosine for 
Mass Spectral Analysis. A preliminary experiment using the pro
cedure described below except with nonenriched water gave a yellow 
oil which exhibited an ir spectrum (CH2C12) identical with that of an 
authentic sample of IV-nitrososarcosine.

To 180-enriched water (5.0 ml) (ca. 8% enrichment) made alkaline 
to pH > 13 by 0.25 N NaOH solution was added !V-nitr6so-2-(meth- 
ylamino)acetonitrile (56.1 mg, 0.567 mmol). The clear solution was

stirred for 24 h at room temperature and the pH was then adjusted 
to ~1.5 with concentrated HC1. The water was evaporated under re
duced pressure, and the residue was extracted with acetone (10 ml). 
The solution was filtered to remove NaCl and was evaporated under 
a stream of N2. The resulting yellow oil was dried over P2Os; it weighed
66.1 mg (98.8%).

Recovery of Nitrososarcosine in Basic lsO-Enriched Water 
for Mass Spectral Analysis. Attempted Exchange Experiment.
To 180-enriched water (2.5 ml) made alkaline to pH >13 by 0.25 N 
NaOH solution was added IV-nitrososarcosine (34.0 mg, 0.284 mmol). 
The clear solution was stirred for 24 h at room temperature and the 
pH was then adjusted to ~1.5 with concentrated HC1. The workup 
procedure was the same as that just described; the yield was 28.3 mg 
of a yellow oil.
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While the organic peroxides are an ubiquitous class of 
compounds whose chemical reactivity is relatively well known, 
the natural variations in peroxide structural parameters and 
resulting structure-reactivity correlations have yet to be fully 
enumerated. This paucity of structural data may reflect on 
their inherent thermodynamic instabilities as well as dif
ficulties encountered in their handling.

In striking contrast to this reactivity norm is the thermally 
stable (e.g., mp 180-181 °C before decomposition) dimethoxy 
peroxide 1 produced in the acid-catalyzed methanolysis of 
phenanthrene ozonide.1’2 Although dihydroxyalkyl peroxides 
have been isolated from equilibrium mixtures of aldehydes 
and hydrogen peroxide,3 and dimethoxyalkyl peroxides have 
been prepared through alkene ozonolysis reactions in meth
anol,4 no members of the two series exhibit the thermal sta
bility characteristic of 3,8-dimethoxy-4,5,6,7-dibenzo-l,2- 
dioxacyclooctane (1). The structure of peroxide 1, exclusive 
of the stereochemical relationship between the methoxy 
groups, was initially proposed on the basis of its infrared 
spectrum, C -H  analysis, and molecular weight determina
tions.1 This proposal has recently been strengthened with 
natural abundance 13C and !H NM R spectra as well as mass 
spectral data.4’5 In order to confirm these conclusions, de
termine the stereochemistry of the methoxy groups, and gain 
insight into the unusual stability of peroxide 1 we have fully

determined its molecular structure through a single-crystal 
x-ray diffraction study.

Experimental Section
3,8-Dimethoxy-4,5,6,7-dibenzo-l,2-dioxacyclooctane (1) was pre

pared through ozonolysis of phenanthrene in methanol at —30 °C as 
described by Bailey.1’2 After recrystallization from chloroform, a 
needle-shaped crystal, 0.3 mm in length and 0.1 mm in diameter, was 
mounted on a glass fiber in air with the [hOh] direction coincident with 
the 0 axis of a Picker FACS-I four-circle diffractometer. The recip
rocal lattice showed C2/m symmetry with systematic extinctions l 
= 2n + 1 for all reflections, which is consistent with space groups Ci/c 
and Cc. The centrosymmetric C 2/c was chosen and the choice was 
justified by the subsequent refinement. Lattice constants were de
termined at 25 °C by a least-squares fit of 12 carefully measured 26 
values of the Cu Kaj and K «2 doublet for reflections with 26 > 60°. 
The resultant lattice constants and their estimated standard devia
tions are a = 10.209 (1), b = 13.322 (1), c = 11.937 (1) A, and 0 = 122.76
(1)°. The observed density, 1.31 g/cm3 (by a flotation method using 
chloroform and 2-butanone), agrees with the calculated density, 1.32 
g/cm3, assuming four peroxide molecules per unit cell.

Intensity data were collected on a Picker FACS-I fully automated 
diffractometer using Ni-filtered Cu Ka radiation. A 8-26 scan rate 
of 2°/min, with a variable scan width (2.3° ±  0.4° tan 6) and 10-s 
background measurements at the extremities of the scan, were used 
to measure the 1093 unique reflections to a 28 maximum of 125° (d 
= 0.87 A). The intensities were corrected for Lorentz-polarization 
effects and absorption as a function of 0, with a transmission factor 
of 1.06:1.00 (linear ¡i = 7.9 cm-1 for Cu Ka radiation). During the 28 
h of actual x-ray exposure, the crystal exhibited an extreme intensity 
decay as monitored by three standard reflections measured hourly. 
Although the decay appeared anisotropic, the intensities were cor
rected for an isotropic linear decay of 40%. Structure amplitudes were 
calculated and a total of 891 (81%) reflections were considered sta
tistically significant by the criterion |F| > 3 a (F ).

Structure Determination. The structure was solved by direct 
methods. After conversion to normalized structure magnitudes (| E \’s) 
with appropriate scaling using a k curve,6 130 reflections with |F| >
1.50 were obtained. An origin was selected by specifying the phases 
of two reflections. The phases of five other reflections were permuted 
resulting in 32 combinations, using the program MULTAN.7

An E map, calculated for the most consistent set, contained the ten 
unique nonhydrogen atoms among the top 12 peaks consistent with 
the expected structure. The molecule possesses a twofold axis of 
rotation (position e). Ten cycles of block-diagonal, least-squares 
isotropic refinement using 1/cr2 weights resulted in a value of the re
liability index, R = 0.14.8

After conversion to anisotropic temperature factors, refinement 
was continued for ten more cycles, resulting in a value of R = 0.10. 
Since a difference electron density map at this stage showed no peaks 
greater than 0.3 e/A3, the coordinates of the five nonmethyl hydrogen 
atoms were calculated from expected geometry and included in future 
structure factor calculations but not refined. The refinement con
verged to a final value of R -  0.077 with the shifts in all parameters 
being significantly less than one-tenth of the estimated standard 
deviation of the respective parameter. The standard deviations of the 
bond distances, given in parentheses for the least significant figure, 
were calculated using the standard deviations of the xyz coordinates 
only.

Results and Discussion
Figure 1 shows the observed bond distances and angles as 

well as the atom labeling scheme. Figure 2 is an O R T E P 9 ste
reoscopic drawing of the complete molecule. The bond dis
tances and bond angles in the aromatic rings are normal (1.398 
±  0.006 A and 120.0 ±  0.9°, respectively). The dihedral angle 
between the aromatic rings is 61.9°. Figure 2 also clearly il
lustrates the fact that the methoxy groups are trans to one
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Figure 2.

another, a fact consistent with but not deducible from the 
spectroscopic studies.2’5 The peroxide 010-010' bond [1.452
(18) A] is shorter than those reported (1.48 A) for dimeric and 
trimeric alkyl ketone peroxides10-12 accounting, at least in 
part, for the unusual thermal stability of 1. The C -0  distance 
in the eight-membered ring is 1.416 (17) A and is comparable 
to that observed in trimeric acetone peroxide.10 The methyl 
C -0  in the methoxy group compares with that observed in 
other studies,13 but the Me-O-C angle (110°) is significantly 
compressed. The C-O-C angles within the eight-membered 
ring (108.5°) are consistent with those observed in the di- and 
trimeric alkyl ketone peroxides. The closest intermolecular 
contact distance is 3.37 A observed between C3 and O10 in the 
molecule related by % + x , % + y, z.

The ab initio self-consistent field molecular orbital calcu
lations carried out on methanediol by Radom, Hehre, and 
Pople14 provide a useful theoretical framework for under
standing the structural details of peroxide 1.

Pople and co-workers found that of a series of 48 saturated 
molecules, methanediol possessed the largest “ bond separa
tion energy” (15.2 kcal mol-1), or, in other words, the largest 
positive heat of reaction in its theoretical conversion along 
with 1 mol of methane to 2 mol of methanol. Therefore, since 
the bond separation energies evaluate the interactions be
tween various bonds in terms of back-donating n a* elec
tron transfer, the Pople calculations14 determined that this 
bond-strengthening interaction is strongest between the two 
C -0  bonds of methanediol. It was further determined that this 
interaction has its greatest effect when the OCO plane is 
perpendicular to the COH plane. This leads to a favorable 
orientation of dipoles for the two OH groups within the pre
ferred double gauche conformation, 2.14

HV  / H

A
\ ?
H H

Perhaps these same orbital interactions account for the 
unusual stability of peroxide 1 through strong n —* a* back- 
donation of electron density into the peroxide bond from the 
geminal C -0  bonds on the adjacent atoms (C7 and C7'). The 
double gauche conformation is indeed evident about C7 and 
C7'. The trends in bond lengths also strengthen the validity 
of the methanediol theoretical model: n -*■ <r* back-donation 
alternately lengthens C9-08 [1.434 (10) A], shortens 08-C7 
[1.396 (12) A], lengthens C7-O10 [1.416 (17) A], and shortens
010-010'[1.452 (18) A],
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In view of the increasing interest in the biological1 and 
chelating2 properties of 1-aminoalkylphosphonic acids and 
1-aminoalkylphosphine oxides we wish to report a convenient 
new route for the synthesis of these important classes of 
compounds. Recently we described a simple synthesis of 
0,0-diethyl 1 -[N-ethoxycarbonyliminoJ-l-thioethyl meth- 
ylphosphonate (la) and its reaction with sulfuryl chloride to 
give lb .3
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Table I. Spectral and Physical Characteristics of 1-Am inoalkylphosphonic Acids and 1-Aminoalkylphosphonoxides

Ex. Com pd M p, °C
31P N M R , 

&, ppm 4H  N M R , Ô Y ie ld ,% Lit. mp, °C

1 2a" 256-257 -1 6 .8  
(2 N  K O H )

(2 N  K O H /D 2 0 )  1.5 (6 , d, J p _h  = 12 Hz) 45 b 274-2757
258
(m onohydrate ) 8

2 2b 272-273 -1 5 .3
(H 2 0 )

(D 2 O) 1.8 (3, pair o f d, J h- h =  7, 
Jp_H = 15 H z), 3.8 (1, m)

58 b 272-2749

3 2c 267-269 -1 4 .5
(HaO)

(D 2 0 )  1.4 (3, t, J H - h  = 7 H z), 2.0-2.4 
(2, m ), 3 .3-3.7 (1, m)

50 h 264-266®
285-2867

4 2d 262-263 - 2 2 . 2  

2 N  K O H )
(2 N  K O H /D ,0 )  1.5 (6 , t, J H-H = 6  H z), 2.3-2.7 

[1, m, C H (C H 3)2], 2.9 (1, pair o f  d, CH P)
46 27410

5 2e 268-270 - 2 1 . 2  

(2 N  K O H )
(2 N  K O H /D 2 0 )  2.7-3.7 (3, m, C H C H 2), 

7.8 (5, s, aromatic protons)
416 2268

276-27711
6 8 108-109 -3 4 .5

(CHCl.,)
(CDCI3 ) 1.3 (3, pair o f  d, J H-H = 7,

J p _h  =  15 H z), 3 .4-3.9 (1, m ), 7.3-8.1 
( 1 0 , m, aromatic protons)

55f

0  Isolated as a monohydrate. b Y ield calculated on the basis o f  starting la . ' Y ield calculated for the conversion 7 —  8 .

Because of the presence of the > P (0 )C = N - unit in such 
compounds it was expected that they could be employed in 
a convenient synthesis of the important 1-aminoalkylphos- 
phonic acids 2.4 Î

N B ,— C — P (O )(0 H ) ,

R2
2a, R, = R 2 = Me

b, R, = H; R 2 = Me
c, Rj = H; R 2 = Et
d, R , = H; R j = ¡'-Pr
e, R , = H; R 2 = CH2Ph

As expected, treatment of chloride lb  with méthylmagné
sium iodide and subsequent hydrolysis by means of concen
trated HBr gave 1-amino-l-methylethylphosphonic acid 
(2a).

The dimethyl derivative 2a was formed exclusively without 
regard to the molar ratio of méthylmagnésium iodide used 
relative to chloride lb. However, its reaction with excess of 
isopropylmagnesium iodide gave only 2d in 44% yield. On the 
other hand, reaction of la with méthylmagnésium iodide gave 
the thioethyl derivative 0 ,0 -  diethyl 1- [IV-ethoxycarbonyla- 
mino]-l-thioethylmethylphosphonate (3b). Other Grignard 
reagents (RMgX, R = Et, i-Pr, PhCH2; X  = I, Br) reacted 
similarly with la to give the corresponding 0 ,0 - diethyl 1- 
[IV-ethoxycarbonylamino] -1-thioethylalkylphosphonates 
(3c-e).

0 R
II

EtO— C— NH— Ç— P(0)(0Et)2 

SEt
3b, R = Me d, R = ¡-Pr 

c, R = Et e, R = CH2Ph

Since distillation of the thioethylalkylphosphonates 3 
caused partial decomposition, the compounds were identified 
by means of mass spectrometry and 4H NMR spectroscopy 
without isolation.

Conversion of the phosphonates 3 to the corresponding 

0 R
NaBH, Il I coned HBr/aq

3 -------► EtO— C— NH— CH— P(0)(0Et)2 ------------ * 2b-e
4b, R = Me d, R = ¡-Pr 

c, R = Et e, R = CH2Ph

EtO— C— N = C ."I
V

P (0 )(0E t ) 2

l a ;  Y  = SEt 
l b ;  Y  = Cl

phosphonic acids 2 was achieved b y  reduction  o f  3 with sodium  
b oroh y d rid e , 5  fo llow ed  b y  hydrolysis o f  the desu lfu ra ted  in 
term ediate  4 b y  m eans o f  aqueous h ydrogen  b rom ide . T h e  
p h osp h on ic  acids were isola ted  and pu rified  a ccord in g  to  the 
procedu re  o f  Isbell . 6  S p ectroscop ic  and ph ysica l data ch a r
acteristic o f  the com p ou n d s ob ta in ed  are co lle cted  in T a b le  
I.

T h e  present synthetic m eth od  can also b e  ap p lied  to  the 
preparation  o f  1 -am inoa lky lph osp h in e oxides. T rea tm en t 
o f  [ (e th ox y ca rb on y lim in o )(th iom eth y l)m eth y l] (d ip h e n y l)-  
ph osph ine  ox id e  (5 ) 3  w ith  m éthylm agnésium  iod id e  gave 
[ 1  - (e th ox y ca rb on y la m in o ) - 1  - (th iom eth y l) ethyl] (d ip h en y l)-  
phosphine oxide (6 ), w hich  was reduced  as usual b y  m eans o f  
sod iu m  boroh yd rid e  to  give in term ediate 7, w hich  u p on  h y 
drolysis w ith  40% H B r in acetic acid  gave l-a m in o e th y l(d i-  
p h en y l)p h osp h in e  oxid e (8 ).

0  SMe 0  SMe
Il I MeMgl II I

Ph,P— C==N — COOEt --------- «- Ph,P— C— NHCOOEt

Me

0  0

N aBH , II 1. H B r/A cO H  ||
--------► Ph.P— CH— NHCOOEt ---------------*- Ph,P— ÇH— NH2

2. K,CO,

Me Me
8

E x p e rim e n tal Section

Melting points and boiling points are uncorrected. 31P N M R 
spectra were recorded at 24.3 MHz with H3PO4  as reference (negative 
chemical shift values for compounds absorbing at lower fields than 
H 3 PO 4 ). 'H  NM R spectra were recorded at 80 MHz. Gas chroma- 
tography/mass spectrometric analyses were performed on an in
strument (LKB 2091-PDP11) operated at 70 eV, ion source temper
ature 250 °C.

O, O-Diethyl 1 - (iV-Ethoxycarbonylimino) -1 -thioethylmeth- 
ylphosphonate (la). To a solution of ethoxycarbonyl isothiocyanate 
(13.1 g, 0.1 mol) in tetrahydrofuran (100 ml), triethyl phosphite (17.3 
g, 0.11 mol) was dropped at a temperature of 30-40 °C. The reaction 
mixture was left for 6  h at room temperature, the solvent evaporated, 
and the residue distilled: bp 115 °C (0.05 mm); n 20D 1.4860; yield 18.5 
g (62%); ¿sip 1 . 2  ppm.

Anal. Calcd for CioH2 0 N 0 5 PS; C, 40.40; H, 6.73; P, 10.43. Found: 
C, 40.71; H, 6.85; P, 10.69.

0 , 0 - D iethyl l-(A T -E th oxycarbonylim in o)-l-ch lorom ethyl- 
phosphonate ( lb ). Sulfuryl chloride (14.8 g, 0.11 mol) was dropped 
into a solution of phosphonate la  (29.7 g, 0.1 mol) in methylene 
chloride (140 ml) without cooling. After 1 h at room temperature the 
solvent was evaporated and residue distilled: bp 102-103 °C (0.1 mm);
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rc20D 1.4544; yield 19.3 g (71%); foip 3.2 ppm. Anal. Calcd for 
C8H 15N 0 6PC1: C, 35.40; H, 5.54; P, 11.40. Found: C, 35.11; H, 5.89; 
P, 11.06.

0,0-Diethyl l-(lV-Ethoxycarbonylamino)-l-methylethyI- 
phosphonate (4a). To a solution of phosphonate lb (13.6 g, 0.05 mol) 
in ethyl ether (300 ml) a solution of MeMgl (0.15 mol) in ether (100 
ml) was dropped with vigorous stirring while maintaining the tem
perature at —10 °C. Stirring was continued until the temperature rose 
to 15 °C after which the mixture was cooled to —5 °C and a saturated 
solution of ammonium chloride in water (60 ml) was carefully added. 
The organic layer was separated and the aqueous phase extracted with 
chloroform (2 X 40 ml). The combined organic layers were dried over 
anhydrous magnesium sulfate, the solvent evaporated, and the oily 
residue distilled, bp 93-94 °C (0.05 mm), n 20D 1.4505, yield 8.4 g 
(63%).

Anal. Calcd for C10H22NO5P: C, 44.90; H, 8.25; P, 11.61. Found: C, 
45.22; H, 8.05; P, 11.40.

Reaction of Phosphonate lb with Isopropylmagnesium Iodide.
To a solution of isopropylmagnesium iodide (0.075 mol) in ethyl ether 
(150 ml) a solution of phosphonate la (6 .8  g, 0.025 mol) in ether (30 
ml) was dropped with vigorous stirring while keeping the temperature 
at —10  °C. Stirring was continued until the temperature rose to 15 
°C and after cooling to —5 °C the mixture was worked up as described 
for the case of 4a. The crude phosphonate was identified as 4d and 
was hydrolyzed without purification according to the procedure de
scribed by Chambers and Isbell, yielding 1.7 g (44%) of 1-aminoiso- 
butylphosphonic acid 2d.

0 ,0 - Diethyl 1 - (iV-Ethoxy car bony lamino) -1 - thioethylalk- 
ylphosphonates (3b-e). To a solution of alkylmagnesium iodide (0.05 
mol) (Mel, EtI, t-Prl, PI1C H 2CI) in ethyl ether (200 ml), a solution 
of phosphonate la (7.5 g, 0.025 mol) in ether (30 ml) was dropped with 
vigorous stirring while keeping the temperature at —10 °C. Stirring 
was continued until the temperature rose to 15 °C and after cooling 
to — 5 °C the mixture was worked up as described above for the case 
of 4a except that the crude product obtained after the evaporation 
of solvent was used directly in the next step.

O.O-Diethyl l-(iV-Ethoxycarbonylamino)alkylphosphonates 
(4b-e). Solutions of the crude phosphonates 3b-e (prepared from
O. 025 mol of la) in THF (70 ml) were refluxed with sodium borohy- 
dride (1.5 g, 0.04 mol) for 2 h. After cooling to 20 °C, water (30 ml) was 
carefully added. The organic layer was separated, the water layer 
extracted with chloroform (3 X 30 ml), and the combined extracts 
dried over anhydrous magnesium sulfate. After evaporation of solvent 
the crude phosphonates 4b-e were hydrolyzed without purifica
tion.

1-Aminoalkylphosphonie Acids (2a-e). Hydrolysis of phos
phonates 4a-e and isolation of the corresponding aminophosphonic 
acids 2a-e was carried out according to the procedure described by 
Chambers and Isbell.7 For the results see Table I.

l-(Ar-Ethoxycarbonylamino)ethyldiphenylphosphine Oxide 
(7). A solution of phosphine oxide 63 (7.2 g, 0.02 mol) in THF (70 ml) 
was refluxed with sodium borohydride (1.5 g, 0.04 mol) for 2 h. After 
cooling to 20 °C, water (30 ml) was carefully added. The organic layer 
was separated and the aqueous phase extracted twice with chloroform 
(2 X 30 ml). The combined organic layers were dried over anhydrous 
magnesium sulfate and the solvent evaporated. The oily residue 
crystallized upon adding a small amount of ethyl ether. The product 
was filtered and recrystallized from benzene-petroleum ether (2 :1 ) 
to give 5.5 g (87%) of 7, mp 146-147 °C, foip —35.0 ppm. Anal. Calcd 
for C17H20NO3P: C, 64.30; H, 6.32; P, 9.78. Found: C, 64.37; H, 6.46;
P, 9.84.

1-Aminoethyldiphenylphosphine Oxide (8 ). Phosphine oxide
7 (2.0 g, 0.0063 mol) was dissolved in a solution of HBr in acetic acid 
(40%, 20 ml). The reaction mixture was let stand at room temperature 
for 3 days. The crude 1-aminophosphine oxide hydrobromide sepa
rated as an oily liquid after addition of ethyl ether (about 100 ml). The 
oil was dissolved in 1 0  ml of water and the solution extracted twice 
with chloroform (2 X 10 ml) in order to remove unchanged 7. The 
aqueous solution was neutralized with potassium carbonate and crude
8 extracted with chloroform (10 X 10 ml). The organic layer was dried 
(MgSOd, the solvent evaporated, and the oily residue crystallized 
from benzene-petroleum ether (2:1) to give 0.7 g (55%) of pure 8.

Anal. Calcd for Ci4H]6NOP: C, 68.60; H, 6.53; P, 12.66. Found: C, 
68.42; H, 6.31; P, 12.91.

Registry No.— la, 60064-40-6; lb, 35156-57-1; 2a, 5035-79-0; 2b, 
6323-97-3; 2c, 14047-23-5; 2d, 18108-24-2; 2e, 6324-00-1; 3b, 60064- 
41-7; 3c, 60064-42-8; 3d, 60064-43-9; 3e, 60064-44-0; 4a, 60064-45-1; 
4b, 60064-46-2; 4c, 60064-47-3; 4d, 60064-48-4; 4e, 60064-49-5; 6 , 
59766-64-2; 7, 60064-50-8; 8,60064-51-9; ethoxycarbonyl isothiocy

anate, 16182-04-0; triethyl phosphite, 122-52-1; sulfuryl chloride, 
7791-25-5; isopropyl iodide, 75-30-9.
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During an examination o f the scope o f  the W ittig reaction 
with C-20 steroidal ketones as reported by Piraux and co-

0
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workers1 the synthesis of 25-oxo-27-norcholesteryl acetate, 
a key intermediate for the synthesis of 25-hydroxy vitamin 
D3, - 4 was undertaken. We wish to report an efficient prep
aration of this intermediate (4) starting from pregnenolone
(1). The main steps are the Wittig reaction of pregnenolone 
with the ketal phosphorane shown below, and subsequent 
hydrogenation of the A20(22) double bond of the product. A 
slightly higher overall yield can be obtained if the 3-hydroxyl 
is protected as the tetrahydropyranyl ether during the Wittig 
reaction.

The stereochemistry of the Wittig product (2) was found 
to be exclusively E  as expected.1 The NMR spectrum showed 
the 21-methyl as a singlet at 5 1.64 which is characteristic of 
the E  isomer (lit. 5 1.65)2 whereas the chemical shift in the Z  
isomer falls in the range 8 1.67-1.70. Deketalization and 
acetylation of 2 gave the keto acetate 3 which was identical 
with an authentic sample.5 It was selectively hydrogenated 
in dioxane in the presence of acetic acid with platinum oxide 
as catalyst. A 90% yield of the 207? epimer (4) was obtained.6 
The 20S epimer was detected by NMR spectroscopy in the 
mother liquor from recrystallization of the hydrogenation 
product. The signal for the 21-methyl in this epimer appeared 
as a doublet centered at 50.84 while that for the 207? epimer 
appeared at 5 0.94. The epimers could be separated by GLC. 
Their identity was confirmed by comparison with authentic 
samples.5 The overall yield of 4 from pregnenolone was 
62%.

Experimental Section
Melting points (uncorrected) were determined on a Kofler appa

ratus and NMR and ir spectra on Varian (220 MHz) and Beckman 
IR 18 A-X spectrometers, respectively. A Varian 2100 Aerograph was 
used for GLC analysis.

A5"20<22)-27-nOrcholestadien-3|8-ol-25-one 25-Ketal (2). [3-(2- 
Methyl-l,3-dioxalan-2-yl)propyl]triphenylphosphonium bromide7 
(5.2 g, 11 mmol) in 5.7 ml of a benzene solution of potassium tert- 
amylate8 (2.1M) was refluxed under argon for 45 min, then 500 mg 
of pregnenolone dissolved in 8 ml of hot benzene was added to the 
dark red solution. The combined solution was refluxed for 3 h, cooled, 
and poured into water and ‘ he resulting mixture extracted with ether. 
The ether extract was washed successively with 5% hydrochloric acid, 
10 % sodium bicarbonate solution, and water and dried over MgSCL. 
Removal of the solvent and chromatography of the residue (silica gel, 
ethyl acetate-petroleum ether, 4:1) gave 470 mg (69%) of product: mp 
139-140 °C; NMR (CDCI3) 8 0.54 (s, 18-Me), 1.00 (s, 19-Me), 1.32 (s, 
26-Me), 1.64 (s, 21-Me). 3.52 (m, 1 H, 3«-H), 3.97 (d, J  =  1 Hz, 4 H, 
0CH 2CH20), 5.16 (t, J  = 6.7 Hz, 1 H, 22-H), 5.33 (m, 1 H, 6 -H). 
Cleavage of the ketal, by keeping a solution of the product in etha
nol-water with toluenesulfonic acid for 1 2  h, followed by acetylation 
with acetic anhydride-pyridine overnight afforded A5’20(22)-27-nor- 
cholestadien-3(J-ol-25-one acetate (3) in 98% yield: mp 115-118 °C 
(lit. 120-121 °C2); ir (KBr) 1740,1720 cm“ 1; NMR (CDC13) 5 0.53 (s,
18-Me), 1.02 (s, 19-Me), 1.64 (s, 21-Me), 2.03 (s, acetate), 2.14 is,
26-Me), 4.59 (m, 1 H, 3a-H), 5.10 (t, J  =  6.7 Hz, 22-H), 5.35 (m, 1 H,
6 -H). The ir and NMR spectra were identical with those of an au
thentic sample.5

25-Oxo-27-norcholesteryl Acetate (4). The acetate 3 (300 mg) 
dissolved in 15 ml of dioxane-acetic acid (50:1) was hydrogenated in 
the presence of 30 mg of prereduced platinum oxide at room tem
perature and atmospheric pressure. After 4 h more platinum oxide 
(30 mg) was added. The reaction was complete after 7 h. The catalyst 
was separated by filtration and the solvent removed from the filtrate 
to give the crystalline product which was recrystallized from ethanol 
(yield 276 mg, 90%); mp 140-142 °C (lit. 139-140 °C );2 ir (KBr) 1738, 
1720 cm“ 1; NMR (CDCI3) 5 0.68 (s, 18-Me), 0.95 (d, J  = 6 Hz, 21-Me),
1.02 (s, 19-Me), 2.02 (s, acetate), 2.13 (s, 26-Me), 4.61 (m, 3a-H), 5.39 
(m. 6 -H). The ir and NMR spectra were identical with those of an 
authentic sample.6 The retention times on GLC (3% OV-17 on Gas- 
chrom Q at 300 ° Q  were the same but differed from that of the 20S 
epimer.
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The recent interest1-6 in the synthesis of the elusive 1,2- 
cyclooctatrienedione (1 ) and its isomers prompts this report 
of our successful synthesis of the quinoxaline derivative of 1 
together with the chemistry of precursors to this potentially 
aromatic compound.

As a likely precursor to 1 a four-step synthesis of 3,8-di- 
bromo-5-cyclooctene-l,2-dione (2) was undertaken. Epox- 
idation of 1,5-cyclooctadiene afforded the known7 epoxy olefin 
3 which was converted to keto alcohol 4 upon treatment with 
boron trifluoride in dimethyl sulfoxide. Cupric acetate oxi
dation of 4 gave 5-cyclooctene-l,2-dione (5) which has been 
prepared previously by another route.1

Cupric bromide dibromination of 5 resulted in the forma
tion of 2 as a white, crystalline material. The infrared carbonyl 
absorptions of 2 at 1740 and 1727 cm- 1  established8 that the 
molecule exists in the trans diequatorial configuration. Con
firmation of this assignment was obtained from the NMR 
spectrum (CDCI3) which exhibits a single methine hydrogen 
absorption at 8 5.15 as an ABX doublet of doublets.9

Scheme I

3 4 5

1

1  2

To date all efforts to convert 2 to 1 by direct dehydrobro- 
mination have proven unsuccessful. Numerous procedures 
have been attempted which result in either recovered starting 
material or a multitude of intractable products.

Treatment of 2  with warm hexamethylphosphoric tri
amide,10 however, resulted in the formation of the mono- 
dehydrobrominated product 3-bromo-5,7-cyclooctadiene-
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1,2-dione (6 ). Compound 6  exists predominantly as the enol 
7 as evidenced by the infrared intramolecular hydrogen 
bonded hydroxy absorption at 3365 cm-1. Corroboration of 
the structure 7 was derived from its ]H NMR spectrum 
(Me-^SO-de) which showed, in addition to four olefin hydrogen 
absorptions, a doublet ( J  = 8.0 Hz) at ¿> 3.16 indicative of a pair 
of doubly allylic hydrogens coupled to a single olefinic hy
drogen. The isomeric bromocyclooctadienediones 8  and 9 have 
been recently reported11 and have been shown to exist as their 
enol tautomers 10 and 11, respectively. Attempts to convert 
6  to 1 have failed to produce an isolable product.

6 8 9

Br Br Br

7 10 11
The reaction of 7 with iV-bromosuccinimide efficiently 

produced 3,7-dibromo-3,5-cyclooctadiene-l,2-dione (1 2). The 
composition of 12  was established by elemental analysis and 
mass spectral data. The infrared carbonyl absorptions at 1677 
and 1724 cm- 1  suggested the presence of a,j3-unsaturated 
ketone and saturated ketone moieties.

The NMR spectrum (CDCI3) of 12 exhibits a doublet at 
b 7.68 (Ha , J ha-Hc -  6 .0  Hz), a doublet of doublets at b 6.55 
(Hb, J Hb-Hd = 8.5 Hz), a doublet of doublets at b 5.95 (He, 
Jhc-Hb = 12.0 Hz), a heptet at b 5.23 (Hd, Jhd-he = 5-5 Hz), 
a doublet of doublets at b 3.84 (He, J h e-H f = 13-5 Hz), and a 
doublet of doublets converged to a triplet at b 3.22 (Hp, -7h f - h d 
= 13.5 Hz).

Scheme II

1

12

Scheme III

14
14, however, clearly implicates the intermediacy of 13 and its 
bicyclic tautomer 15.

The failure to isolate a 1,2-cyclooctatrienedione by dehy- 
drobromination of an appropriate precursor indicated that 
this system may be quite labile and suggested the selection 
of a carbonyl substituted derivative of 1 as a synthetic target. 
Toward this end quinoxaline 16 was prepared by the action 
of o-phenylenediamine on 2. Dehydrobromination of 16 with
l,5-diazabicyclo[4.3.0]nonene-5 afforded 17, the quinoxaline 
derivative of 1 .

The coupling between Ha and He is lower than the expected 
9-13 Hz.12 The observed value of 6  Hz, however, is consistent 
with a conformation of 12  in which the angle between Ha and 
He is approximately 45 °. A molecular model of such a con
formation shows that the angles between Hq and the meth
ylene hydrogens He and Hp are approximately 80 and 170°, 
respectively. The Hd-H e and HD-Hp coupling constants of
5.5 and 13.5 Hz, respectively, are consistent with this con
formation in accordance with the Karplus relationship.13

The formation of 12 from 7 may be envisioned as proceeding 
by a one-electron oxidation of the bis enol of 7 followed by 
rearrangement of the resultant radical and bromination as 
depicted in Scheme II.

Dehydrobromination of 12 was expected to lead to the 
formation of 3-bromocyclooctatriene-l,2-dione (13). Treat
ment of 12  with an excess of triethylamine in chloroform 
produced an immediate reaction. The infrared spectrum of 
the reaction mixture showed carbonyl absorption identical 
with that of benzocyclobutadienequinone (14) and lacked the 
carbonyl absorption of 12. Use of a deficient quantity of base 
resulted in a mixture of 12 and 14. Infrared and XH NMR 
spectra of this mixture failed to demonstrate the presence of 
additional identifiable components. The conversion of 12 to

Scheme IV

The *H NMR spectrum (CDC1;;) of 17 shows an aromatic 
AA'BB' pattern centered at 5 7.92 which corresponds to the 
benzenoid hydrogens. The a-imino hydrogen, Ha, appears at 
b 6 .8 8  as a doublet of an AB quartet (J  = 11.5 Hz). The other 
half of the AB quartet at b 6.43 arises from Hb and appears as 
a doublet of doublets (J  =  1.5 Hz) due to coupling to He, the 
latter appearing as a doublet at b 6.15. The small coupling 
constant between Hb and He indicates a nonplanar struc
ture12 for the eight-membered ring of 17.

Experimental Section

Infrared spectra were recorded on a Perkin-Elmer Model 237B 
spectrophotometer. The NMR spectra were obtained using a Varian 
T-60 spectrometer with chemical shifts reported as 0 values measured 
from an internal standard of tetramethylsilane. The uv spectra were 
recorded on a Unicam Model SP-800 spectrophotometer using 1 -cm 
quartz cells. Mass spectra were obtained with a Hitachi Perkin-Elmer 
RMU -6  mass spectrometer. Melting points were determined on a 
Thomas-Hoover melting point apparatus and are uncorrected. Mi
croanalyses were performed by Spang Microanalytical Laboratory, 
Ann Arbor, Mich., or Galbraith Laboratories, Inc., Knoxville, Tenn. 
Molecular models were constructed from Framework Molecular 
Models by Prentice-Hall, Englewood Cliffs, N.J.

5-Cyclooctene-l,2-dione (5). A three-neck, 1-1., round-bottom
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flask equipped with a mechanical stirrer and a reflux condenser was 
charged with 52.7 g (0.375 mol) of 2-hydroxy-5-cyclooctenone, 168 
g (0.84 mol) of cupric acetate monohydrate, 35 ml of methanol, and 
420 ml of 50% aqueous acetic acid. The mixture was heated to reflux 
with stirring for 2 h. After cooling the solid material was filtered and 
washed with water and ether. The combined filtrate and washes were 
pqured into 500 ml of saturated sodium chloride solution. The aqueous 
solution was then extracted with six 100-ml portions of ether. The 
combined extracts were washed with saturated sodium bicarbonate 
solution until neutral and then with saturated sodium chloride solu
tion. After drying over anhydrous magnesium sulfate the ether was 
removed. The resulting yellow oil was distilled under reduced pressure 
yielding 26.4 g (51%) of 5-cyclooctene-l,2-dione: bp 56-57 °C (0.5 
mm); mp 35-36.5 °C; ir (CHCI3) 3050 (C-H), 1723, 1708, and 1692 
cm - 1  (C = 0 ); NMR (CDClg) & 5.88 (m, 2, olefinic) and 2.53 (m, 8 , al- 
lylic and a-carbonyl); uv max (cyclohexane) 230 nm (« 99), 281 (35.6), 
288 (33.3), and 345 (17.2); mass spectrum (70 eV) m /e 138 (parent), 
110 ( -  CO), and 82 ( -  2CO).

Anal. Calcd for CgHio0 2 : C, 69.62; H, 7.30. Found: C, 69.40; H,
7.16.

trans-3,8-Dibromo-5-cyclooctene-l,2-dione (2). A three-neck, 
500-ml, round-bottom flask equipped with a magnetic stirrer, a gas 
inlet tube, and a reflux condenser was charged with 6.9 g (0.05 mol) 
of 5-cyclooctene-l,2-dione, 44.6 g (0.2 mol) of cupric bromide, and 200 
ml of a 1 : 1  ethyl acetate-chloroform solution. The mixture was stirred 
under nitrogen for 15 min at room temperature and then at 75 °C for 
12 h. Upon cooling the cuprous bromide was filtered and washed with 
chloroform. The combined organic phases were washed with water 
until neutral followed by a wash with saturated sodium chloride so
lution. After drying over anhydrous mhgnesium sulfate, the solvents 
were removed giving a brown solid material. Trituration with cyclo
hexane removed the brown material affording white crystals. Re
crystallization of the crude product from methylene chloride-cyclo
hexane provided 5.0 g (34%) of dibromide 2 , mp 136-139 °C. An an
alytical sample was obtained by sublimation: mp 138-141 °C; ir 
(CHCI3) 3000, 2925 (C-H), and 1740, 1727 cmH (C = 0 ); NMR 
(CDCI3) 5 6.07 (m, 2, olefinic), 5.15 (ABX quartet, 2, CHBr), and 2.90 
(m, 4, allylic); uv max (cyclohexane) 288 nm (e 244), 280 (302), and 224 
(742); mass spectrum (70 eV) m/e 298, 296, 294 (parent).

Anal. Calcd for C8H8Br20 2: C, 32.46; H, 2.73. Found: C, 32.71; H, 
2.82.

3-Bromo-2-hydroxy-2,5,7-cyelooctatrienone (7). A solution of
3.0 g (0.01 mol) of 3,8-dibromo-5-cyclooctene-l,2-dione in 70 ml of 
dry hexamethylphosphoric triamide was maintained at 80 °C with 
stirring for 18 h. The yellow-red solution was poured into 500 ml of 
saturated sodium chloride solution and extracted with four 1 0 0 -ml 
portions of cyclohexane. The extracts were washed with two 150-ml 
portions of water and then saturated sodium chloride solution and 
dried over anhydrous sodium sulfate. Removal of the solvent under 
reduced pressure provided 0.8 g of a red-brown semisolid which was 
chromatographed on silica acid eluting with carbon tetrachloride- 
benzene (10:2). Fractions 6-18 (20 ml) afforded 0.325 g (15%) of ketone
7. Sublimation of the crude product afforded 7 as white crystals: mp 
101-103 °C; ir (CHC1;)) 3365 (O-H), 1662 (C = 0 ), 1622 and 1600 cm“ 1 
(C=C); NMR (CDClg) b 7.86 (s, 1 , hydroxyl), 6.64 (m, 3, Hfi, H8), 6.73 
(q, J  = 8 Hz, 1 , Hg), and 3.16 (br m, 2, allylic); uv max (cyclohexane) 
297 nm (c 5 X 10s), 254 (1.27 X  104), 246 (1.23 X 104), 239 (1.04 X 104), 
and 198 (6.55 X 10s); mass spectrum (70 eV) m /e 216, 214 (parent).

Anal. Calcd for C8H7Br02: C, 44.69; H, 3.28. Found: C, 44.65; H,
3.27.

3,7-Dibromo-3,5-cyclooctadiene-l,2-dione (12). A solution of
108.7 mg (0.5 mmol) of 3-bromo-2-hydroxy-2,5,7-cyclooctatrienone 
and a catalytic amount of benzoyl peroxide in 15 ml of carbon tetra
chloride and 89.0 mg (0.5 mmol) of N-bromosuccinimide was heated 
to reflux with simultaneous irradiation with a sun lamp for 30 min. 
The succinimide was filtered upon cooling and the solvent removed 
under reduced pressure. The residue was purified by preparative thin 
layer chromatography on silicic acid eluting with benzene-methylene 
chloride (10:12). There was obtained 125 mg (85%) of dione 12 as a 
yellow, crystalline material. An analytical sample was obtained by 
sublimation: mp 106-109 °C; ir (CHCI3) 1724,1677 (C = 0 ), and 1575 
cm" 1 (C=C); NMR (CDC13) b 7.68 (d, 1 , olefinic, HA), 6.55 (d of d, 1 , 
olefinic, Hg), 5.95 (d of d, 1 , olefinic, He), 5.23 (heptet, 1 , bromo- 
methine, Ho), 3.84 (d of d, 1, a-carbonyl, Hr), and 3.22 (t, 1, «-car
bonyl, Hp); uv max (cyclohexane) 299 nm (e 7.5 X  103), 235 (3.83 X 
103), and 212 (6.47 X 103); mass spectrum (70 eV) m /e  296, 294, 292 
(parent).

Anal. Calcd for C8H6Br20 2: C, 32.65; H, 2.04. Found: C, 32.68; H,
2 .1 1 .

Reaction of 3,7-Dibromo-3,5-cyclooctadiene-l,2-dione (12)

and Triethylamine (14). To a solution of 100 mg (0.47 mmol) of
3,7-dibromo-3,5-cyclooctadiene-l,2-dione in 0.4 ml of deuterated 
chloroform was added one drop of triethylamine. The solution im
mediately turned light brown. The NMR spectrum of the reaction 
mixture showed absorptions corresponding to the starting material 
and benzocyclobutadienedione. The ir spectrum of the reaction 
mixture exhibited the carbonyl absorptions characteristic of 14. Thin 
layer chromatographic analysis of the reaction mixture on silicic acid 
eluting with chloroform demonstrated the presence of 14 as the only 
identifiable product.

2,7-Dibromo-10,ll-benzo-9,12-diazabicyclo[6.4.0]-4,8,10,12- 
dodecatetraene (16). To a solution of 3.4 g (1.5 mmol) of 3,8-di- 
bromo-5-cyclooctene-l,2-dione in 140 ml of glacial acetic acid was 
added a solution of 1.24 g (1.5 mmol) of freshly distilled 0 -phenyl - 
enediamine in 40 ml of glacial acetic acid. The resulting solution was 
stirred at room temperature for 24 h. The solution was poured into 
500 ml of water and extracted with four 100-ml portions of ether. The 
extracts were washed with water, saturated sodium bicarbonate so
lution, water, and saturated sodium chloride solution and then dried 
over anhydrous sodium sulfate. Removal of the solvent gave 3.9 g 
(72%) of quinoxaline 16 as a white powder, mp 177-182 °C. An ana
lytical sample was prepared by sublimation: mp 180-182 °C; ir 
(CHCI3) 2975 cm" 1 (C-H); NMR (CDC13) b 8.00 (AA'BB' pattern, 4, 
aromatic), 5.93 (t, J =  9 Hz, 2, CHBr), 5.54 (t, J  = 4 Hz, 2, olefinic), 
and 3.30 (m, 4, allylic); mass spectrum (70 eV) m /e 370, 368, 366 
(parent).

Anal. Calcd for Ci4Hj2Br2N2: C, 45.69; H, 3.29. Found: C, 45.72; H,
3.28.

10,ll-Benzo-9,12-diazabicyclo[6.4.0]-2,4,6,8,10,12-dodecahex- 
ene (17). To a solution of 3.68 g (10 mmol) of quinoxaline 16 in 85 ml 
of dimethyl sulfoxide was added a solution of 2.5 g (20 mmol) of
l,5-diazabicyclo[4.3.0]nona-5-ene in 25 ml of dimethyl sulfoxide and 
the resulting solution was stirred at room temperature for 18 h. The 
reaction mixture was poured into 500 ml of water and extracted with 
five 100-ml portions of methylene chloride. The extracts were washed 
well with water and saturated sodium chloride solution and then dried 
over anhydrous sodium sulfate. Removal of the solvent gave 1 .6  g of 
a red powder which was chromatographed on neutral alumina eluting 
with benzene. The first three 20-ml fractions which were collected 
consisted of a mixture of starting material and product. Subsequent 
fractions upon removal of the solvent provided 1.0 g (48.5%) of qui
noxaline 17 as a very light yellow powder. An analytical sample was 
prepared by recrystallization from pentane: mp 143-145 °C; NMR 
(CDCI3) b 7.94 (AA'BB' pattern, 4, aromatic), 6.8 8  (d of AB quartet, 
J  = 11.5 Hz, 2, H a ), 6.43 (coupled d of AB quartet, J  = 1.5 Hz, 2, Hb), 
and 6.15 (d, 2, He); uv max (cyclohexane) 354 nm (e 3.09 X 104), 334 
(5.15 X 103), 284 (4.12 X 103), 245 (227 X 104), and 205 (2.78 X 104); 
mass spectrum (70 eV) m /e 206 (parent).

Anal. Calcd for C14H 10N2: C, 81.62; H, 4.89. Found: C, 81.54; H, 
4.84.
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M onosubstituted l,3,4-oxadiazolidine-2,5-diones 7 (dia- 
zasuccinic anhydrides), desired by us as precursors o f  cyclic 
diacylhydrazyl radicals, have never been reported. Although 
structurally simple, they cannot be prepared by the routes that 
suffice for the synthesis o f  disubstituted analogues 2 , them 
selves only recently prepared. Hurd and Cesark1 found that 
pyrolysis o f  2 -ca rb e th o x y -l,2 -d ialkylhydrazinecarbonyl 
chlorides 1 [R =  CH 3, C H 3CH 2, (C H 3) 2CH] at 140-180 °C  

0

+  EtCl (1)

1

provides dialkyl diazasuccinic anhydrides (2 ) in quantitative 
yields (eq 1). Henderson and Zweig2 reported that diphenyl- 
diazasuccinic anhydride 2 (R  =  CeH s) could be made in 35% 
yield by the copper(II)-catalyzed pyrolysis o f  the corre
sponding hydrazinecarbonyl chloride ( 1 ).

Pyrolysis o f  2 -carbethoxy -l-phen y lhydrazinecarbon yl 
chloride (5d) afforded, not the desired m onosubstituted d ia
zasuccinic anhydride, but A2-l,3,4-oxadiazolin-5-one 6d, via 
the loss o f  hydrogen chloride .3 Unsurprisingly, attempts to 
remove the ethyl groups from  this product by either acid- or 
base-catalyzed hydrolysis were unsuccessful, resulting instead 
in ring cleavage. Replacement o f the ethyl group with benzyl, 
it was felt, would allow the latter to be removed under p o 
tentially mild conditions. Pyrolysis o f  carbobenzyloxyhy- 
drazinecarbonyl chloride 5e affords hydrogen chloride and

R II
R \  X — Cl

H N K  a

O

! — * 1 1

r / N \ C— OEt
n
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Scheme I

R— NHNH, +  C1C02R' 
3

R— NHNH— C02R' 
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HR
I
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y C ----OR'

"C— Cl

0

5

0

H N '- 'x  

1 / °

7
a, R =  Ph 
b> R =  PhC(Me)2

c, R =  i-Bu
d, R =  Ph; R ' =  Et

e, R =  Ph; R' =  PhCH2

f, R =  PhC(Me)2; R' =  PhCH2

g, R =  ¿-B u ;R '=  PhCH2

a gum in which none o f the desired oxadiazolinone could be 
detected (N M R ). Base-induced cyclization o f  5e with ethyl- 
diisopropylamine provides oxadiazolinone 6e in high yield. 
Hydrogenolysis (palladium on carbon) occurs rapidly to give 
oxadiazolidinedione 7a in good yield. Phenyldiazasuccinic 
anhydride 7a, a crystalline solid, turns yellow and decomposes 
after a few months at room  temperature. a-Cum ylhydraz- 
inecarbonyl chloride 5f did not cyclize when treated with 
ethyldiisopropylamine. However, treatment o f  5f with lithium 
diisopropylam ide affords, after workup, a brown semisolid 
product, from which analytically pure a-cumyloxadiazolinone 
6f  was obtained chromatographically. Hydrogenolysis o f  6f  
affords oxadiazolidinedione 7b (22%), as a white solid that 
began to decom pose within a week at 25 °. Similarly, tert- 
butyloxadiazolinone 6g was made by lithium diisopro
pylamide treatment o f  tert-butylhydrazinecarbonyl chloride 
5g. Hydrogenolysis o f  6g affords a white solid that was shown 
by N M R  to be a 1:1 mixture o f  tert-butyloxadiazolidinedione 
7c and tert-butylhydrazine (3c). Presumably, hydrolytic 
decom position o f  the diazasuccinic anhydride via loss o f  car
bon dioxide gives rise to te r t -butylhydrazine. A solid con 
taining ca. 85% o f oxadiazolidinedione 7c was obtained by 
washing the impure solid with 1:1 benzene-pentane. W ithin 
a few days at room temperature, the diazasuccinic anhydride 
had partially decomposed as judged by an increase in relative 
size o f  the tert-butylhydrazine N M R  signals.

These monosubstituted diazasuccinic anhydrides decom 
pose on standing at room  temperature. However, the ben- 
zyloxyoxadiazolinone precursors 6  are appreciably more stable 
to storage at room temperature.

Experimental Section
Benzyl 3-Phenylcarbazate (4e). After cooling a solution of 

phenylhydrazine (3a, 50.8 g, 0.471 mol) and triethylamine (49.6 g,
0.491 mol) in THF (960 ml) to - 5  °C in an ice-acetone bath, a solution 
of benzyl chloroformate (82.15 g, 0.482 mol) in THF (480 ml) was 
added with mechanical stirring at a rate that maintained a tempera
ture below 0 °C. When the addition was complete, the reaction mix
ture was allowed to warm to room temperature. Filtration and con
centration of the filtrate in vacuo afforded 116.59 g of a brown-red 
solid. Recrystallization from ethanol provided 69.18 g (0.286 mol, 
60.6%) of a white solid: mp 94.5-96.5 °C; ir (CHCI3) 3420 and 3380 
(NH), 3035 (CH), 1742 (C = 0 ), 1607,1500,1482,1240 (C-O), 1180, 
790, and 700 cm” 1; NMR (CDC13) 5.08 (s, 2, OCH2Ph), 5.51 (s, 1, 
PhNHN), and 6.4-7.6 ppm (m, 11, C6HS and CONHN); mass spec
trum (70 eV) m/e (rel intensity) 242 (15, M +), 108 (6 ), 107 (61), 93 (5), 
92 (12), 91 (100), 77 (17), 65 (14), 51 (7), and 39 (7).

Anal. Calcd for Ci4H 14N20 2: C, 69.41; H, 5.82; N, 11.56. Found: C, 
69.23; H, 5.76; N, 11.67.

Benzyl 3-a-Cumylcarbazate (4f). a-Cumylcarbazate 4f was 
prepared from a-cumylhydrazine4 (3b, 25.66 g, 0.171 mol) and benzyl 
chloroformate (30.2 g, 0.177 mol) in a manner similar to that used to 
prepare phenylcarbazate 4e. The crude solid product was purified 
(three times) by dissolution in carbon tetrachloride and precipitation 
by pentane addition to afford a white solid: mp 51-52 °C; ir (CHC13) 
3440, 3380, and 3320 (NH), 3020 and 2995 (CH), 1730 (C = 0 ), 1455, 
1380 (CMe2), 1374 (CMe2), 1255 (C-O), 1175,1152,788, and 705 cm“ 1; 
NMR (CDCR) 1.42 [s, 6 , C(CH3)2], 3.82 (s, 1, CNHN), 5.06 (s, 2, 
PhCH20), 5.84 (s, 1, NNHCO), and 7.1-7.6 ppm (m, 10, Cr,Hs); mass 
spectrum (70 eV) m/e (rel intensity) 284 (4, M +), 166 (9), 120 (12), 119 
(100), 92 (8 ), 91 (77), 79 (7), 77 (8 ), 65 (9), 41 (13), and 28 (9).

Anal. Calcd for C 17H20N2O2: C, 71.81; H, 7.09; N, 9.85. Found: C, 
71.59; H, 6.93; N, 9.87.

Benzyl 3-te r t-Butylcarbazate (4g). tert-Butylcarbazate 4g 
(14.52 g, 65.3 mmol) was prepared in 65% yield from fert-butylhy- 
drazine5 (3c, 8.82 g, 100 mmol) and benzyl chloroformate (17.10 g, 100 
mmol) in a manner analogous to that used to prepare phenylcarbazate 
4e. The crude yellow product was washed with pentane to afford an 
off-white solid, mp 73.5-76.5 °C. An analytical sample was recrys
tallized from benzene: mp 74-76 °C; ir (CHC13) 3435, 3395, and 3210 
(NH), 3025 and 2980 (CH), 1723 (C = 0 ), 1470,1442, 1395 (CMe:i), 
1369 (CMe3), 1258 (C-O), 1150, and 702 c m '1; NMR (CDC13) 1.05 [s, 
9, C(CH3)3], 5.11 (s, 2, PhCH20), and 7.32 ppm (s, 5, C6H5); mass 
spectrum (70 eV) m /e (rel intensity) 222 (9, M+), 92 (9), 91 (100), 87
(41), 65 (8 ), 56 (69), 41 (9), 29 (5).
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Anal. Calcd for Cj2Hi8N20 2: C, 64.84; H, 8.16; N, 12.60. Found: C, 
64.59; H, 8.11; N, 12.66.

2-Carbethoxy-l-phenylhydrazinecarbonyl Chloride (5d). To
a stirred solution of phosgene (37.7 g, 0.381 mol) in anhydrous ether 
(40 ml) at 0 °C was added a solution of ethyl 3-phenylcarbazate6 (4d,
13.52 g, 0.075 mol) in anhydrous ether (100 ml), causing a solid to form. 
While being stirred at 30 °C overnight, this solid dissolved. Addition 
of pentane caused the product to precipitate as a white solid. Re
crystallization from 1:1 ber.zene-cyclohexane afforded 14.76 g (0.061 
mol, 81.1%) of a white solid mp 96.5-98 °C; ir (KBr) 3270 (NH), 2990 
(CH), 1755 (C =0), 1497, 1290, 1255, 1118, 1056, 819, 751, and 703 
cm“ 1; NMR (CDC13) 1.24 It, 3, J  = 7 Hz, OCH2CH3), 4.18 (q, 2, J = 
7 Hz, CO2CH2CH3), 7.2-7.5 (m, 5, C6H5), and 8.28 ppm (s, 1, 
CONHN); mass spectrum (70 eV) m/e (rel intensity) 244 (8, M +  2), 
242 (26, M+), 179 (9), 170 (11), 169 (8), 136 (5), 135 (25), 119 (12), 108
(8), 107 (100), 106 (11), 105 (19), 91 (17), 79 (8), 78 (11), 77 (81), 65 (5), 
64 (9), 63 (6), 51 (22), 29 (62), 28 (5), and 27 (11).

Anal. Calcd for CioH„C1N203: C, 49.50; H, 4.57; Cl, 14.61; N, 11.54. 
Found: C, 49.72; H, 4.38; Cl, 14.91; N, 11.54.

2-Carbobenzyloxy-l-phenylhydrazinecarbonyl Chloride (5e). 
A solution of phenylcarbazate 4e (52.56 g, 0.215 mol) in THF (150 ml) 
was treated with a solution of phosgene (63.3 g, 0.64 mol) in THF (300 
ml) in a manner similar to that used to prepare carbethoxyhydraz- 
inecarbonyl chloride 5d. Removal of the solvent at reduced pressure 
gave 67.24 g of a light yellow solid. Recrystallization from carbon 
tetrachloride afforded 54.59 g (0.179 mol, 83.3%) of a white solid: mp 
104-106 °C; ir (CHCR) 3410 (NH), 3040 and 2965 (CH), 1758 (C=0), 
1495,1283,1240, and 700 cm"1; NMR (CDCI3) 5.16 (s, 2, PhCH20),
7.30 (s, 5, C6H5CH2), 7.35 (s, 5, C6H5N), and 7.68 (s, 1, CONHN); mass 
spectrum (70 eV) m/e (rel intensity) 306 (1.2, M + 2), 304 (4.8, M+), 
224 (5), 197 (5), 92 (9), 91 TOO), 77 (9), and 65 (7).

Anal. Calcd for C15H13CIN2O3: C, 59.12; H, 4.30; Cl, 11.63; N, 9.19. 
Found: C, 58.68; H, 4.32; Cl, 11.90; N, 9.17.

2-Carbobenzyloxy-l-a-cumylhydrazinecarbonyl Chloride 
(5f). A solution of a-cumylcarbazate 4f (16.27 g, 57.2 mmol) in THF 
(115 ml) was treated with a solution of phosgene (13.2 g, 133 mmol) 
in THF (30 ml) in a manner similar to that used to prepare phen- 
ylhydrazinecarbonyl chloride 5d. Removal of the solvent at reduced 
pressure gave a viscous brown oil which afforded, after vacuum drying,
23.60 g (119%) of a brown gum that could not be induced to crystallize 
or further purified: NMR (CDCI3) 1.59 [s, C(CH3)2], 1.73 [s, C(CH3)2], 
5.19 (s, PhCH20), 7.0-7.6 (m, CbH5), and 7.86 ppm (s, CONHN).

2-Carbobenzyloxy-l-iert-butylhydrazinecarbony] Chloride 
(5g). A solution of tert-butylcarbazate 4g (9.92 g, 44.6 mmol) in THF 
(45 ml) was treated with a solution of phosgene (9.4 g, 95 mmol) in 
THF (45 ml) in a manner analogous to that used to prepare 5d. Con
centration in vacuo and vacuum drying afforded 12.80 g (100.7%) of 
an off-white solid. Recrystallization from carbon tetrachloride af
forded a white solid: mp 95-96.5 °C; ir (CHCR) 3410 (NH), 3035 and 
2985 (CH), 1754 (C=0), 1483,1398 (CMe,), 1368 (CMe-d, 1246,1200 
(C-O), 1044,1025, and 697 cm-'; NMR (CDC1:!) 1.31 and 1.41 [2 s, 9, 
C(CH;i)3], 5.15 (s, 2, PhCH20), and 7.09 ppm (s, 5, CsHT; mass 
spectrum 70 eV) m/e (rel intensity) 286 (weak, M + 2), 284 (weak, 
M+), 228 (3), 92 (9), 91 (100), 65 (6), 57 (52), 41 (9), and 29 (6).

Anal. Calcd for C^H^ClNoCR: C, 54.84; H, 6.02; Cl, 12.45; N, 9.84. 
Found: C, 54.95; H, 5.92; Cl, 12.92; N, 9.81.

2-Ethoxy-4-phenyl-A2-l,3,4-oxadiazolin-5-one (6d). Phen- 
ylhydrazinecarbonyl chloride 5d was heated at 150 °C until gas evo
lution ceased. The cooled melt was recrystallized from ethanol to af
ford oxadiazolinone 6d as white needles: mp 67.5-69 °C; ir (CHCR) 
3000 (CH), 1798 (C=0), 1662 (C=N), 1505,1390,1375,1355,955, and 
888 cm“ 1; NMR (CDCI3) 1.46 (t, 3, J = 7 Hz, OCH2CH:!), 4.43 (q, 2, 
J  = 7 Hz, CCRCH9CH3), and 7.05-7.85 (m, 5, CeHr,); mass spectrum 
(70 eV) m/e (rel intensity) 207 (7, M+), 206 (50), 178 (53), 134 (18), 
105 (19), 92 (10), 91 (100), 77 (70), 64 (11), 51 (26), 29 (50), and 27
(17).

Anal. Calcd for C„,H10N2CR: C, 58.25; H, 4.89; N, 13.59. Found: C, 
58.08; H, 4.90; N, 13.60.

2-Benzyloxy-4-phenyl-A2-l,3,4-oxadiazolin-5-one (6e). A so
lution of carbobenzyloxyhydrazinecarbonyl chloride 5e (54.59 g, 0.179 
mol) and ethyldiisopropylamine (27.20 g, 0.21 mol) in THF (680 ml) 
was stirred at 30 °C. After 1 h, a solid had begun to form; stirring was 
continued for an additional 1.5 h. The reaction mixture was washed 
with 5% hydrochloric acid, 10% sodium bicarbonate, and saturated 
sodium chloride, and dried over anhydrous magnesium sulfate. Fil
tration and concentration provided 48.34 g of crude product as an 
off-white solid. Recrystallization from ethanol furnished 36.59 g (0.136 
mol, 76.2%) of a slightly off-white solid: mp 86-88.5 °C; ir (CHCR) 
3080, 3045, and 2965 (CH), 1798 (C =0), 1663 (C=N), 1508, 1377, 
1359,939,909, and 701 cm"1; NMR (CDCR) 5.29 (s, 2, PhCH20), and

7.0-7.9 ppm (m, 10, CfiH6); mass spectrum (70 eV) m/e (rel intensity) 
268 (3, M+), 92 (10), 91 (100), 77 (5), and 65 (7).

Anal. Calcd for CISH12N2CR: C, 67.16; H, 4.51; N, 10.44. Found: C, 
66.86; H, 4.38; N, 10.40.

2-Benzyloxy-4-a-cumyl-A2-l,3,4-oxadiazolin-5-one (6f). A
solution of lithium diisopropylamide was prepared at 0 °C from a 
solution of diisopropylamine (7.05 g, 69.8 mmol) in anhydrous ether 
(75 ml) and ethereal methyllithium (33.4 ml of 2 M, 66.8 mmol). When 
the effervescence had stopped, the solution was stirred for 15 min at 
0 °C and then cooled to below —60 °C in a dry ice-acetone bath. A 
solution of ff-cumylhydrazinecarbonyl chloride 5f (23.60 g, 68.1 mmol) 
in THF (150 ml) was added to the ethereal lithium diisopropylamide 
at a rate that maintained the temperature below —60 °C. When the 
addition was complete, the reaction mixture was allowed to warm to 
room temperature and then stirred for 2 h. This solution was washed 
with 5% hydrochloric acid, 10% sodium bicarbonate, and saturated 
sodium chloride, and dried over anhydrous magnesium sulfate. Fil
tration and concentration gave 18.85 g of a brown semisolid, that was 
chromatographed on silica gel with chloroform. Collection and con
centration of the mobile yellow band afforded a light yellow solid. 
After vacuum drying, 13.79 g (44.4 mmol, 64.3%) of product was ob
tained: mp 57.5-60 °C; ir (CHCR) 3035 and 2995 (CH), 1790 (C=0), 
1675 (C=N), 1423,1396 (CMe2), 1374 (CMe2), 1355,1322, 940, 902, 
and 700 cm"1; NMR (CDCR) 1.95 [s, 6, C(CH3)2], 5.10 (s, 2, PhCH20),
7.25 and 7.29 (2 s, 10, CeHs); mass spectrum (70 eV) m/e (rel intensity) 
119 (31), 92 (8), 91 (100), 65 (8), and 41 (9).

Anal. Calcd for C,8HI8N203: C, 69.66; H, 5.85; N, 9.03. Found: C, 
69.87; H, 5.97; N, 9.25.

2- Benzyloxy-4-tert-butyl-A2-l,3,4-oxadiazolin-5-one (6g). A
solution of ferf-butylhydrazinecarbonyl chloride 5g (2.85 g, 10.0 
mmol) in anhydrous ether (20 ml) was treated with ethereal (15 ml) 
lithium diisopropylamide (10.2 mmol) as described for a-cumyloxa- 
diazolinone 6f. After workup, 2.43 g of a yellow solid was obtained. 
Washing with pentane afforded 2.33 g (9.4 mmol, 93.9%) of a white 
solid: mp 78-80 °C; ir (CHCR) 3035 and 2990 (CH), 1786 (C=0), 1653 
(C=N), 1423,1354,1320,932,910, and 697 cm“ 1; NMR (CDCR) 1.48 
[s, 9, C(CH;i):i|, 5.22 (s, 2, PhCH20), and 7.38 ppm (s, 5, CgHs); mass 
spectrum (70 eV) m/e (rel intensity) 248 (1, M+), 92 (8), 91 (100), 65 
(7), and 57 (10).

Anal. Calcd for C13H16N2O3: C, 62.89; H, 6.50; N, 11.28. Found: C, 
63.02; 6.35; N, 11.40.

3- Phenyl-l,3,4-oxadiazolidine-2,5-dione (7a). A solution of 
phenyloxadiazolinone 6e (5.15 g, 19.2 mmol) in ethyl acetate (95 ml) 
was shaken with 5% palladium on carbon (100 mg) in a Parr apparatus 
under an atmosphere of hydrogen (20 psi). After 15 min, hydrogen 
uptake had ceased. Filtration and concentration of the filtrate at re
duced pressure furnished 3.37 g of a tan solid. Recrystallization from 
ethyl acetate gave 2.92 g (16.4 mmol, 85.4%) of an off-white solid: mp
150-155 °C dec; ir (KBr) 3450 and 3170 (NH), 2940 (CH), 1853 and 
1763 (C =0), 1510, 1365, 982, 957, 843, and 760 cm-'; NMR (ace- 
tone-de) 7.1-7.7 (m, 5, CgHs) and 8.60 ppm (s, 1, CONHN); mass 
spectrum (70 eV) m/e (rel intensity) 179 (5), 178 (46, M+), 135 (10), 
134 (100), 106 (40), 105 (47), 92 (20), 91 (100), 78 (39), 77 (86), 65 (33), 
64 (55), 63 (20), 52 (19), 51 (42), 50 (17), 44 (61), 39 (22), 38 (12), and 
28(18).

Anal. Calcd for C8H6N20 3: C, 53.94; H, 3.39; N, 15.72. Found: C, 
53.89; H, 3.32; N, 15.95.

3-a-Cumyl-l,3,4-oxadiazolidine-2,5-dione (7b). A solution of 
n-cumyloxadiazolinone 6f (1.56 g, 5.0 mmol) in ethyl acetate (25 ml) 
was shaken overnight with 5% palladium on carbon (25 mg) under an 
atmosphere of hydrogen (25 psi). Filtration and concentration under 
reduced pressure provided 1.17 g of a light yellow solid. When washed 
with carbon tetrachloride, 0.70 g of an off-white solid remained. Re
crystallization from benzene afforded 0.24 g (1.1 mmol, 21.8%) of a 
white solid: mp 94-95 °C dec; ir (CHCR) 3370 (NH), 3030 and 3000 
(CH), 1850 and 1780 (C=0), 1338,962, and 708 cm-'; NMR (CDCR)
1.84 [s, 6, C(CH3)2], 6.7 (s, 1, CONH), and 7.38 (s, 5, C6H5); mass 
spectrum (70 eV) m/e (rel intensity) 220 (weak, M+), 120 (11), 119 
(72), 118 (7), 117 (5), 103 (5), 91 (37), 79 (7), 77 (8), 51 (5), 44 (100, 
C02), 41 (15), 39 (5), and 28 (11).

Anal. Calcd for CnH^NTR: C, 59.99; H, 5.49; N, 12.72. Found: C, 
60.24; H, 5.59; N, 12.75.

3-tert-Butyl-l,3,4-oxadiazolidine-2,5-dione (7c). A solution of 
ieri-butyloxadiazolinone 6g (1.24 g, 5.0 mmol) in ethyl acetate (25 
ml) was shaken overnight with 5% palladium on carbon (25 mg) under 
an atmosphere of hydrogen (20 psi). Filtration and concentration 
under reduced pressure afforded a yellow oil, which upon shaking with 
carbon tetrachloride formed a slurry. After filtration and washing 
(carbon tetrachloride) 0.48 g (3.0 mmol, 60%) of a white solid, mp ca. 
91 °C, was obtained; NMR shows this solid to be contaminated by an
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equal molar amount of tert-butylhydrazine. Repeated washing with 
1:1 benzene-pentane afforded a solid that was 85% pure (NMR): mp 
90-92 °C dec; NMR (CDCI3) 1.11 (s, tert-butylhydrazine) and 1.40 
ppm (s, 7c).

Anal. Calcd for CeHmNaOa: C, 45.57; H, 6.37; N, 17.71. Found: C, 
46.17; H, 6.65; N, 18.69.
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We have previously reported2-3 that cyanide ion catalyzes 
the addition of the elements of one molecule of methanol to 
a,/3-acetylenic aldehydes such as 3-phenyl-2-propynal (1), 
which yield a 1:1 mixture of cis- and irons-methyl 3-phenyl- 
2-propenoate (2). Others have also described4-5 reactions of 
this type. A key step envisaged in the proposed2 mechanism 
for this reaction is the prototropic shift of the aldehydic proton 
in the intermediate 3 (formed by nucleophilic attack of cya-
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nide ion on the carbonyl group of 1). A test of this mechanism 
might be made using a,/¡-acetylenic esters and ketones 4, 
which possibly could provide the hydrocyanated product 5. 
This report provides the answer to this query, at least for a few 
representative cases.

However, no product related to 5 was observed. Instead, the

reaction of methyl 2-propynoate (6) with excess methanol 
using 1.2 molar equiv of sodium cyanide provided methyl 
3,3-dimethoxypropanoate (7) as the major product (75%). 
When 0.1 molar equiv of sodium cyanide was used, a mixture 
was obtained that was predominantly ester 7 along with a 
lesser amount of methyl 3-methoxypropenoate (8). Relative 
yields were estimated from the infrared spectrum of the 
mixture. When the reaction was carried out in the presence 
of acetic acid, the ir spectrum of the crude reaction mixture 
showed the presence of a large amount of unsaturated ester 
8 together with some ester 7. The structure of ester 7 was es
tablished by comparison of boiling point and spectroscopic 
data with those of an authentic sample. Since the ester 7 is 
easily accessible by our method and has a potential aldehydic 
group present, it ought to be a useful bifunctional synthetic
intermediate.
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A possible mechanism for the conversion of ester 6 to 7 in

volves Michael addition of two molecules of methanol (pre
sumably initiated by methoxide ion, generated by the reaction 
of sodium cyanide and methanol) in two steps via unsaturated 
ester 8. The fact that olefinic ester 8 (prepared independently6 
by the reaction of 6 with methanol in the presence of trieth- 
ylamine) on treatment with cyanide ion in methanol under 
these conditions also gives ester 7 supports the proposed 
mechanism.

It was of interest to investigate the extension of this reaction 
to a,/¡-acetylenic ketones. Treatment of commercially avail
able 3-butyn-2-one (9) with 0.05 molar equiv of sodium cya
nide in methanol at —10 °C for about 10 min gave 1,1-dime- 
thoxy-3-butanone (10) in 88% yield; clearly, two molecules of 
methanol added to 9. These reaction conditions are critical;

O
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9

h3con  I
CH— CH2— C— CR,

HjCcr
10

increasing the amount of cyanide ion, temperature, and/or 
reaction time decreased the yield of 10. The structure of ke
tone 10 was established by the identity of its ir spectrum with 
that of a commercial sample of l,l-dimethoxy-3-butanone.

When the cyanide ion catalyzed addition reaction of 
methanol was carried out with 4-phenyl-3-butyn-2-one (11), 
a mixture of products was formed as indicated by the ir and 
NMR spectra of the crude product. Attempts to obtain a 
single product by variation of reaction conditions were not 
fruitful. It appeared that the nucleophilic nature of cyanide 
ion could have caused side reactions. We therefore tried next 
the poorly nucleophilic weak base, carbonate ion. It was 
gratifying to find that carbonate ion catalyzed addition of 
methanol to ketone 11 occurred smoothly at 0 °C to afford 
1-phenyl-l,l-dimethoxy-3-butanone (12) in 86% yield. Ex
pectedly, the carbonate ion also catalyzed the addition of 
methanol to methyl prop-2-ynoate (6), and 3-butyn-2-one (9)
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to afford ester 7 and ketone 10 in 74 and 84% yields, respec
tively.

The carbonate ion catalyzed addition of methanol to di
methyl acetylenedicarboxylate (13) gave a 5:1 mixture of es
ters 14 and 15a. A 1:2.5 mixture of cis and trans esters 15a and

HjCO

H3C 03C — C = C — COOCH, H:1COOC— C— CH —  COOCH3

13 v u /
14

HjCOOC COOCH, H.COOC H

/ C = C \  / C = C \
H„CO H H:,CO COOCH,

15a 15b

15b, prepared6 by the triethylamine-catalyzed addition of 
methanol to 13, on carbonate ion catalyzed addition of 
methanol gave results similar to those obtained with the 
acetylenic ester 13. This further supports the mechanism 
suggested above.

Experimental Section
General. Boiling points are uncorrected. Infrared spectra were 

taken in chloroform solution, unless otherwise noted, with a Perkin- 
Elmer Model 237 infrared spectrophotometer. The NMR spectra were 
recorded on a Varian A-60 in chloroform-d solution with tetrameth- 
ylsilane as the internal standard. Chemical shifts are reported in parts 
per million (6) and signals are described as s (singlet), d (doublet), t 
(triplet), q (quartet), and m (multiplet).

Methyl 3,3-Dimethoxypropanoate (7). Method A. Cyanide Ion 
Catalyst. To a magnetically stirred ice-cooled solution of 8.4 g (0.1 
mol) of methyl 2-propynoate (6) in methanol (100 ml) was added 6.4 
g (0.13 mol) of sodium cyanide in 100 ml of methanol over a period 
of 15 min. The solution, which developed a light yellow color, was 
stirred at ambient temperature (about 23 °C) for 48 h. After most of 
the methanol was evaporated on a steam bath, the residue was diluted 
with ice-water, when oily globules separated. The oil was extracted 
with ether, and the ethereal layer washed twice with brine, dried over 
anhydrous Na2S04, and concentrated to afford 11.1 g (75%) of crude 
yellow oil. Fractional distillation provided analytically pure methyl
3.3- dimethoxypropanoate (7): bp 79-80 °c )25 Torr) [lit.7 bp 77 °C 
(20 Torr)]; ir (CCI4) 1745 (saturated ester), 1130 (ether), transparent 
2100-2300 cm- 1  (absence of triple bond); NMR (CDCI3) b 2.67 (d, 2 
H of CH,, J  = 6 Hz), 3.38 (s, 6 H of OCH3), 3.75 (s, 3H of-OCH3), 4.88 
(t, 1 H of-C H , J = 6 Hz).

Method B. Carbonate Ion Catalyst. To a magnetically stirred, 
cooled solution (—5 to —6 °C) of 0.84 g (0.01 mol) of methyl 2-pro
pynoate (6 ) in 12 ml of methanol was added a suspension of 0.41 g 
(0.003 mol) of potassium carbonate in 12 ml of methanol. After the 
addition no significant change in color was noticed. The solution was 
stirred at that temperature for an additional 24 h. The undissolved 
carbonate was filtered, methanol removed by heating, and the organic 
material extracted with ether. The dried (Na2S04) ethereal extract 
after concentration and distillation gave 1.03 g (70%) of methyl 3,3- 
dimechoxypropanoate (7), bp 72-73 °C (18.5 Torr).

Conversion of methyl 3-methoxy-2-propenoate (8 )6 to methyl
3.3- dimethoxypropanoate (7) was carried out using conditions 
similar to those described above in method A. The usual workup gave 
crude methyl 3,3-dimethoxypropanoate (7) (62%) as a yellow-brown 
oil, the ir and NMR spectra of which were almost identical with those 
of pure ester 7.

l,l-Dimethoxy-3-butanone (10). Method A. Cyanide Ion Cat
alyst. To a cooled (-1 0  °C) solution of 3-butyn-2-one (9,1.36 g, 0.02 
mol) in 15 ml of methanol was added dropwise a solution (0.049 g, 
0.001 mol) of sodium cyanide in 8 ml of methanol. After the addition 
the solution developed a light yellow color and stirring was continued 
for ar. additional 8 min when the solution developed a light red color. 
Methanol was removed by heating, the residue extracted with ether, 
and the ethereal layer washed with brine, dried (Na2S04), and con
centrated to give 2.3 g (88%) of l,l-dimethoxy-3-butanone (10). 
Fractional distillation gave 2 .1  g (79%) of l,l-dimethoxy-3-butanone 
(10): bp 67 °C (18 Torr) [lit.8 bp 38 °C (2 Torr)]; ir (CCI4) 1720 (C = 0), 
transparent from 2100 to 2250 cm- 1  (absence of triple bond); NMR

(CDCI3 ) b 2.18 (s, 3 H of CH,.), 2.76 (2.18-2.71, d, 2 H of CH2), 3.40 (s, 
6 H of 2 OCH3 ), and 4.86 (t, 1 H of CH). The structure was established 
by the superimposability of its ir spectrum on that of an authentic 
sample.

Method B. Carbonate Ion Catalyst. A suspension of 0.69 g (0.005 
mol) of potassium carbonate in 75 ml of methanol was added to an 
ice-cooled solution of 3-butyn-2-one (6.8 g, 0.1 mol) in 75 ml of 
methanol. After a period of 15 min when the solution was very light 
yellow in color most of the methanol was removed on steam bath. The 
product was extracted with ether, and the ethereal layer washed with 
brine, dried over anhydrous sodium sulfate, and concentrated to af
ford 11.1 g (84%) of pale yellow oil. Fractional distillation gave pure 
product, bp 72 °C (19 Torr), the ir and NMR spectra of which were 
identical with those of ester 10 obtained by method A.

Reaction o f 4-Phenyl-3-butyn-2-one (11) with Methanol in the 
Presence o f Potassium Carbonate. To an ice-cooled solution of 2.88 
g (0.02 mol) of 4-phenyl-3-butyn-2-one (11) in 30 ml of methanol was 
added 2.76 g (0.02 mol) of potassium carbonate in 30 ml of methanol 
over a period of 10 min; a deep yellow color developed. The solution 
was stirred in ice water for an additional 40 min; the color changed 
to yellowish red. The usual workup gave 3.69 g (89%) of reddish yellow 
oil, which upon fractional distillation afforded 3.08 g (77%) of 1,1- 
dimethoxy-l-phenyl-3-butanone (12): bp 90-96 °C (2 Torr); ir (CCI4) 
1710 cm“ 1 (ketone); NMR (CDCI3) b 1.68 (s, 3 H, CH3 of COCH3), 3.17 
(s, 6 H, 2 -CH3 of OCH3), 3.05 (s, 2 H of CH2), and 7.40 (m, 5 H of 
phenyl).

Anal. Calcd for Ci2H 160 3: C, 69.21; H, 7.74. Found: C, 69.62; H,
7.54.

Reaction o f Dimethyl Acetylenedicarboxylate (13) with 
Methanol in the Presence o f Potassium Carbonate. To a solution 
of potassium carbonate (0.41 g, 0.003 mol) in 40 ml of methanol was 
added a solution of 4.26 g (0.03 mol) of dimethyl acetylenedicarbox
ylate in 40 ml of methanol over a period of 15 min at room tempera
ture. After the mixture was stirred for 5 h, methanol was removed, the 
residue taken up in ether, and the ethereal layer washed twice with 
brine, dried over anhydrous sodium sulfate, and evaporated, leaving
4.85 g of light yellow liquid, which was fractionally distilled to yield
4.25 g of an oil: bp 129 °C (13 Torr); ir (CHCI3) 1750 (s, -COOR), 1720 
(m, unsaturated ester), 1620 (s, olefinic), and 1145 cm - 1  (s, ether); 
NMR (CDCI3) b 3.0 (s, 2 H o f-C H 2), 3.3 (s, 2 CH3 of OCH3), 3.68 (s, 
CH3 of COOCH3), and 5.28 (s, 1 H of CH). The value at b 5.28 is as
signed6 to the olefinic proton in cis ester 15a, while the signal at b 3.0 
is assigned to the methylene proton in methyl 3,3-dimethoxy-3-car- 
bomethoxypropanoate (14). Integration showed the two esters 15a 
and 14 to be present in the ratio of 1:5.

Reaction o f Methyl cis- and irans-3-M ethoxy-3-carbome- 
thoxy-2-propenoate (15a and 15b)6 with Methanol in the Pres
ence o f Potassium Carbonate. A solution of cis and trans esters 15a 
and 15b (4.35 g, 0.025 mol) was subjected to dropwise addition of 
potassium carbonate solution (0.33 g, 0.0025 mol in 40 ml of methanol) 
at room temperature. The resulting mixture was stirred for an addi
tional 5 h. The usual workup gave 4.38 g of colorless, oily material 
which was fractionally distilled to yield 4.0 g of material, bp 128-129 
°C (13 Torr). The ir and NMR spectra for this material were identical 
with those obtained above in the reaction of dimethyl acetylenedi
carboxylate with methanol.
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Robinson Annélation by Reactions of 
2-Methyl 1,3 Diketones with a /3-Chloro Ketone

P. A. Zoretic,* B. Bendiksen,1 and B. Branchaud1

94-98 °C (0.01 mm). Chromatography of the oil (3.1 g) on silica gel 
and elution with ether-hexane afforded 2.7 g (68%) of pure 3: NMR 
(CC14) 5 1.30 (s, angular methyl, 3 H), 1.73 (s, 3 H), 1.78-3.09 (meth
ylenes, 8 H); ir (neat) 1660 and 1745 cm -1.
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Registry No.—1, 765-69-5; 2, 32830-97-0; 3, 28255-09-6; 4, 
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Robinson annelation reaction can be achieved by reaction of 
2-methylcyclopentane-l,3-dione (1) with l-chloro-3-penta- 
none (2) in water to afford good yields of 7,7a-dihydro-4,7a- 
dimethyl-l,5(6/i)-indandione3 (3). In this method the 1,3

diketone serves as an acid catalyst in the in situ generation of 
the vinyl ketone, and the generated HC1 acts as a catalyst in 
both the Michael and aldol steps of the reaction.

The results of the synthesis of 7,7a-dihydro-4,7a-di- 
methyl-1,5(6//)-indandione (3) using different molar ratios 
of 1 and 2 are summarized in Table I. As shown in Table I, the 
yields of 3 range from 73 to 78%.

Table I. Indandione Formation Using Different M olar 
Ratios

% yield o f 3
Molar ratio --------------------------------------------------

1:2 Distilled Chromatographed

1:1 72.6 62.2
1:1.5 78.1 68
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The oxidation of hydrocarbons has been thoroughly stud
ied1̂  and it has been found that the hydroperoxide initially 
formed decomposes mainly by a nonchain process to yield the 
alcohol plus ketone.5 It has been suggested that the alcohol 
is the initial product, and the ketone is formed by further 
oxidation. As the reaction proceeds, the alcohol and ketone 
are consumed with the formation of by-products (eq 1). 

o2
RH  —► ROOH —*■ RO H  —► ketone —*• by-products (1)

Although the indandione 3 was obtained in good yield as 
described above, an identical reaction employing 2-methyl- 
cyclohexane-l,3-dione and l-chloro-3-pentanone afforded 
after column chromatography only 23% of 5,8a-dimethyl- 
3,4,8,8a-tetrahydro-l,6(2f/,7/i)-naphthalenedione4’5 (4), the 
major compound being the keto acid5’6 5 (41% yield), mp 58-61 
°C (known mp 59-61 °C). The keto acid 5 presumably results 
from opening of the bridged7 aldol intermediate 6 followed 
by dehydration of the resulting 0-hydroxy ketone.

Experimental Section
7,7a-Dihydro-4,7a-dim ethyl-l,5(6H)-indandione (3). 2-

Methylcyclopentane-l,3-dione (2.5 g, 0.022 mol) and l-chloro-3- 
pentanone (4.0 g, 0.033 mol) were added to 20 ml of H2O. The mixture 
was stirred at room temperature for 4 h and then refluxed for 16 h. 
The reaction mixture was poured into a 10% NallCO;) solution (50 ml); 
water (10 0  ml) was added and the resulting mixture was extracted 
with two 100-ml portions of chloroform. The chloroform extracts were 
washed with water, dried over anhydrous MgS04, filtered, and con
centrated on a rotary evaporator. Distillation of the residue gave 3.1 
g (78.1%) of 7,7a-dihydro-4,7a-dimethyl-l,5(6H)-indandione (3), bp

The selectivity of the oxidation of hydrocarbons to alcohol 
can be improved by the addition of boric acid6 to the oxidation 
mixture. This increased selectivity was initially believed to 
be due to the formation of borate esters of the alcohols which 
retarded the oxidation of the alcohol and subsequent by
product formation.4

It has been proposed, however, that the function of boric 
acid (metaboric acid) is not solely to esterify the alcohols to 
protect them against oxidation, but to catalyze the decom
position of the hydroperoxides.7-9 Indeed, it has been show'n 
that the boric acid esters are as effective as boric acid itself in 
directing the oxidation of paraffins to alcohols in concentra
tions as low as 0.2% ester.10

In this note, we report our observations on the air oxidation 
of cyclopentadecane. The products are important precursors 
in musk synthesis.11

Results and Discussion
The results of some experiments on the air oxidation of 

cyclopentadecane are shown in Table I. The yields of alcohol 
and ketone from this cyclic hydrocarbon compare well with 
the yields of alcohol and ketone from the air oxidation of cy- 
clododecane.12 The results confirm previous observations that 
product yields and conversions in air oxidations are dependent 
on air flow rate, boric acid, and temperature among other 
variables.4

* T o whom to address correspondence at the Mobay Chemical Corporation 
New Martinsville, W.V. 26155.
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Table I. A ir O xidation o f  C yclopentadecane

Expt
Cyclopenta- 0 
decane, mol

Boric
acid , 0
wt%

Flow rate, 
ml min - 1  

mol- 1

Time 
o f rxn, 

h
Temp,

°C
Convn,

%

Yield, % 
Cyclopenta - 

decanone

c,d

Cyclopenta-
decanol

1 0.25 5 1 0 0 2 150 12.3 8.9 77.2
2 0.25 5 1 0 0 5 150 27.9 9.3 71.3
3 0.25 5 1 0 0 3 160 2 1 .0 5.7 84.3
4 0.25 5 1 0 0 3 170 23.7 4.2 81.0
5 0.25 5 10 0 6 170 42.2 7.1 58.5
6 0.25 0 10 0 3 150 23.3 2 0 .8 14.0
7 0.25 0 20 0 7 140 25.4 25.1 17.0
8 0.71 5 564 2 165 35.8 3.5 71.0
9 0.71 5 310 2 165 34.0 7.0 70.5

10 0.71 5 140 2 165 32.3 3.3 75.2
1 1 0.71 5 56 5 165 40.4 5.5 72.4
1 2 0.25 1 0 1 0 0 5 140 1 2 .0 7.4 66.9
13 0.25 1 0 1 0 0 3 170 23.1 3.8 72.4

“ 99%+ cyclopentadecane twice recrystallized from methanol. b Mallinckrodt AR. c Yield determined by VPC, 5 ft X 0.125 in. 1% 
Carbowax on Chromosorb W (180-120 mesh). Program run of 100-160 °C at 8 °C/min. Cyclododecanone and 16-hexadecanolide were 
used as internal standards. d We did not attempt to identify all by-products (except qualitatively by ir).

T able II. Various W orkup P rocedures fo r  C yclopentadecane A ir Oxidation

Yield, gb

No. Procedure“
Cyclopenta

decane
Cyclopenta-

decanone
Cyclopenta-

decanol
Material
balance“

1 Dissolve in hexane, filter solidfi 6.92 0 . 1 1 1.72 8 8

2 Dissolve in hexane, wash 10% NaOH, workup 6.74 0 . 1 1 1 .6 6 85
3 Dissolve in hexane, wash 20% NaOH, workup 6.34 0 . 1 1 1 .6 6 81
4 Stir with 20% NaOH 80 °C 15 min, workup 6.54 0.09 1 .6 8 82
5 Stir with 20% NaOH 80 °C  30 min, workup 6.38 0 .1 0 1.78 83

“ Reaction conditions same as those of expt 3, Table I. 6 Yield determined by VPC. See footnote c, Table I. ' From 10-15% by-products 
(acids, polyhydroxy compounds) also present. d The solid has mp 197-200 °C. Metaboric acid exists in three modifications having 
mp 236, 200.9, and 176 °C. Orthoboric acid has mp 170.9 °C. See ref 16.

It is apparent from the table that (a) boric acid is necessary 
for good yields and high conversion to the alcohol; (b) an in
crease in concentration o f boric acid over 5 wt % does not result 
in improved yields; (c) very high air flow rates are not neces
sary for good yields and high conversion (although conversion 
may be slightly faster).

W e could detect no hydroperoxide (iodom etric titration) 
when the air oxidation was carried out in the presence o f boric 
acid at 150 °C. In the absence o f  boric acid (150 °C ) a maxi
mum o f 6% (of theory) hydroperoxide is formed after 2 h. This 
rapidly decreases to less than 1% at 3 h. If the maximum o f  6% 
hydroperoxide is added to the yields o f products (Table I, expt 
6 ), the total yield o f  products still falls short o f  the product 
yields for the air oxidation in the presence o f  boric acid.

The experiments were conducted according to the condi
tions in Table I and worked up by cooling to 80-90 °C, adding 
2 0 % sodium hydroxide or water, and refluxing for 1  h. Solvent 
was then added to the mixture, aqueous and organic phases 
were separated, and the organic phase was dried and weighed. 
The products were then determined by VPC.

One air oxidation mixture was split into equal portions and 
worked up according to the procedures shown in Table II. The 
yields were determined by VPC. It is im mediately obvious 
that, for the air oxidation o f  cyclopentadecane under the 
conditions reported here, the main p ortion  o f  th e alcohol is 
not present as a borate ester. However, boric acid is necessary 
for high yields o f  alcohol. Also one cannot discard the possi
bility that traces o f  borate ester may be present.

It may be reasonably argued that the borate ester cracks on 
the VPC column to yield the alcohol, but it is unlikely that this

occurs. O ’Connor and Nace have shown the borate esters d e 
compose at high temperatures to give olefins in high yield (eq
2 ) . 13 '14

The results presented here support the rationalization that 
the function o f boric acid (or traces o f  borate ester10) is to 
catalyze the decom position o f the hydroperoxide to give 
mainly the alcohol. 15  Consequently, the hydroperoxide is 
never at a high concentration, and oxidation o f the alcohol and 
ketone to by-products is suppressed. By-products may also 
arise from the hydroperoxide itself (at high concentra
tion ) .4

W e have noted in the air oxidation o f cyclopentadecane that 
as the air oxidation progresses, the m etaboric acid goes into 
solution. If a weak com plex is form ed (eq 3) or hydrogen

\  5+
+  ROH <=* — B— O— R (3)

H

bonding occurs, this may help prevent oxidation o f the a lco
hol. 17 Addition o f a nonpolar solvent would precipitate the 
metaboric acid (Table II).
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Experimental Section
A 100-ml resin flask was fitted with a heated water condenser (~65 

°C), a mechanical stirrer (600 rpm), a fritted glass gas addition tube 
(25-50 fi pore size), and a thermometer. Cyclopentadecane (99%, 52.6 
g, 0.25 mol) and 2.5 g of boric acid were placed in the flask and the 
reaction mixture heated slowly to 150-155 °C. The water present was 
driven off with the aid of air or nitrogen. The mixture was then heated 
to a given temperature (±2 °C) and air bubbled through the molten 
hydrocarbon for the required time. The reaction mixture was then 
cooled to ~95 °C and 25 ml of water added. (For the experiments in 
Table II only hexane was added.) After stirring at 95 °C for 1  h, the 
reaction mixture was cooled and hexane added. The mixture was 
transferred to a separatory funnel and the aqueous and organic layers 
separated. The organic phase was washed with water once more, 
weighed, and analyzed by VPC according to the conditions given in 
footnote c, Table I.

Registry No.—Cyclopentadecane, 295-48-7; cyclopentadecanone, 
502-72-7; cyclopentadecanol, 4727-17-7.
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Synthesis of Authentic Tri-O-benzylphloroglucinol
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It is surprising that such a simple com pound as the tri-O - 
benzyl ether o f phloroglucinol, allegedly prepared first in 1900, 
has actually been synthesized as a pure, individual com pound 
only in the present work.

The tribenzylphloroglucinol (mp 39-41 °C ) reported by 
Kaufler1 and quoted in the literature as such2’3 is a mixture 
o f several com ponents as shown by repetition o f  the descrip
tion 1 and T L C  o f the product.

Tri-O-benzylphloroglucinol (1), which is a promising in
termediate in the synthesis o f specially substituted flavonoids 
and C-m ethyl flavonoids, is obtainable by benzylation o f 
phloroglucinol in the presence o f  sodium hydride. Separation 
from the by-product, C -benzyltri-O -benzylphloroglucinol 
(2,4,6-tribenzyloxydiphenylmethane) (2 ), has been achieved 
by T L C  and column chromatography.

* Address: 1085 Budapest, Stahly u 13, Hungary.

1 2

Rather simple spectra were obtained by N M R  as evidence 
for the structures o f  1 and 2. These were verified by M S 
data.

Hydrogenation o f the com pound 1 in the presence o f  10% 
Pd on carbon in glacial acetic acid yielded the starting material 
(phloroglucinol) which proved to be identical according to ir, 
TL C , and melting point with the authentic phloroglucinol.

Experimental Section
Benzylation of Phloroglucinol in the Presence of NaH. A 50%

dispersion of sodium hydride in oil (1.44 g, 720 mg of NaH, 30 mmol) 
was gradually added to a stirred solution of anhydrous phloroglucinol 
(1.26 g, 10 mmol) in dimethyl sulfoxide (40 ml). After the evolution 
of hydrogen had ceased, benzyl chloride (3.6 ml, 30 mmol) was added 
to the reaction mixture. The temperature rose to about 50 °C. After 
stirring for about 40 min, the greenish suspension was then poured 
on ice (400 g), and allowed to stand overnight. The yellow powder (1.06 
g) which precipitated was recrystallized from ethanol to give white 
needles (300 mg), mp 76-78 °C. This product was a mixture of two 
compounds (1 and 2) as shown by TLC in a 60:40 benzene-petroleum 
ether (bp 60-80 °C) mixture (Rf 0.6 and 0.7). Separation of this 
mixture by preparative TLC yielded pure tribenzylphloroglucinol, 
mp 96-97 °C (from ethanol), Rf 0.6, and C-benzyl-tri-O-benzyl- 
phloroglucinol, mp 101-103 °C (from ethanol), Rf 0.7. The two com
pounds were also separated on a silica gel column (0.05-0.20 mm) with 
the above solvent mixture.

C27H24O:! (396) (compound 1): m /e  396 (M+), 91 (base); NMR 
(CDCI3, Me4Si) 5 5.13 (s, 6 , OCH2), 6.43 (s, 3, ArH), 7.57 (s, 15, 
ArH).

C34H30O3 (486) (cmmpound 2): m /e 486 (M+), 91 (base); NMR 
(CDCI3, Me4Si) 5 4.21 (s, 2 , ArCH2), 5.16 (s, 2, OCH2), 5.18 (s, 4, 
OCH2), 6.49 (s, 2, ArH), 7.37-7.57 (m, 20, ArH).

Catalytic Debenzylation of Tri-O-benzylphloroglucinol. 
Pd/carbon (10%, 114 mg) in glacial acetic acid (20 ml) was prehy
drogenated, then a solution of tribenzylphloroglucinol (63 mg, 0.16 
mmol) in glacial acetic acid ( 10  ml) was added and the hydrogenation 
was continued at room temperature; 1 1  ml of hydrogen was absorbed 
(theoretical 11.5 ml). The catalyst was removed and the solution 
evaporated to dryness to obtain a product (18 mg), mp (after drying 
at 110 °C) 211-216 °C (lit. 219 °C) (anhydrous phloroglucinol), which 
proved to be identical with authentic phloroglucinol (TLC, ir).

Registry No.— 1, 59434-20-7; 2, 59434-21-8; phloroglucinol, 
2041-15-8.
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A Simple Method for Converting 
Nitriles to Amides. Hydrolysis with  

Potassium Hydroxide in tert-Butyl Alcohol
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M any years ago it was reported that nitriles could easily 
be converted into amides by heating them in weakly basic 
medium in the presence o f  hydrogen peroxide . 1 “3 Treatm ent 
o f  a nitrile with sodium hydroxide and hydrogen peroxide in 
aqueous ethanol has becom e a standard synthetic4 and qual
itative analytical procedure .5
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Table I. Conversion of Nitriles to Amides

Yield of 
Reaction amide, %

Nitrile g Registry no. Base g Solvent ml time, min Crude Pure Registry no.

Phenylacetonitrile 5 140-29-4 KOH 1 0 tert-Butyl alcohol 50 30 93.6 90.1“ 103-81-1
Butyrdnitrile 5 109-74-0 KOH 1 0 tert-Butyl alcohol 50 30 53.9 541-35-5
Capronitrile 5 628-73-9 KOH 1 0 ie r i-Butyl alcohol 50 60 89.5 84.4“ 628-02-4
Benzonitrile 5 100-47-0 KOH 1 0 tert -Butyl alcohol 50 20 90.3 55-21-0
3-Nicotinonitrile 5 100-54-9 KOH 1 0 tert-Butyl alcohol 50 40 51.1 98-92-0
Butyronitrile 5 KOH 1 0 Butyronitrile 18.5 30 42.8 25.36
Benzonitrile 5 KOH 1 0 Benzene 50 30 3.4
Benzonitrile 1 0 KOH 1 0 Methyl alcohol 50 60 78.3 51.1“
Benzonitrile 1 0 NaOH 6 Methyl alcohol 50 1 2 0 71.6 55.4“
Benzonitrile 1 0 NaOH 1 2 Methyl alcohol 50 15 77.5
Benzonitrile 5 NaOH 8 tert-Butyl alcohol 50 60 95.4 90.2“

“ The crude amide was washed with a few milliliters o f cold petroleum ether. 6 Recrystallized from benzene.

Our interest in this reaction was stimulated when we ob
served that benzamide was not hydrolyzed when refluxed in 
te r t -butyl alcohol containing powdered solid potassium hy
droxide. Subsequently, we found that benzonitrile, when re
fluxed for 20 min in tert -butyl alcohol containing powdered 
potassium hydroxide, gave a 94% yield of benzamide.

Several other nitriles were also converted into amides. The 
data are given in Table I. In those cases where the amide was 
relatively water insoluble (workup was in aqueous media) 
yields of 85-95% were realized.

Since the potassium hydroxide is insoluble in te r t-butyl 
alcohol we also tried potassium hydroxide in methyl alcohol. 
However, going to homogeneous solutions gave lower yields 
of amides and more hydrolysis to the carboxylic acid. Potas
sium hydroxide in benzene gave little amide. Sodium hy
droxide in methanol gave moderate yields, but sodium hy
droxide in te r t-butyl alcohol proved as effective as potassium 
hydroxide in te r t-butyl alcohol, giving a 95% yield of benz
amide.

It is clear from this work that the addition of hydrogen 
peroxide to the reaction is not necessary for high yields. Al
though some participation of peroxide as an impurity in our 
potassium or sodium hydroxide cannot be excluded, the 
stoichiometry of the reaction precludes this being a major 
pathway.

Roberts and Whitney, who did a brief kinetic study on the 
basic hydrolysis of benzonitrile in dimethyl sulfoxide, reported 
that benzamide was the only product. They suggested that the

reaction might be made synthetic by using massive amounts 
of sodium or potassium hydroxide.6 In our work, we used a 
four- to fivefold excess of base, in order to increase the surface 
area and reduce reaction time.

The most likely explanation as to why the hydrolysis stops 
at the amide stage in the te r t -butyl alcohol is that the amide 
is tied up at the end of the reaction as the insoluble sodium or 
potassium salt, precluding further nucleophilic attack.

Experimental Section
General Procedure for Hydrolysis of Nitriles. To a stirred so

lution of 5 g (0.0485 mol) of benzonitrile in 50 ml of iert-butyl alcohol 
was added 10 g of finely powdered potassium hydroxide. The reaction 
mixture was refluxed for 20 min while stirring. The mixture was cooled 
and poured into 100 ml of an aqueous sodium chloride solution. The 
mixture was extracted three times with chloroform (total volume 20 0  
ml). The chloroform solution was dried over magnesium sulfate. Re
moval of the solvents under vacuum gave 5.3 g (90.3%) of pure benz
amide, mp 132 °C.
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Scheme I

C o m m u n i c a t i o n s

Generation and Trapping of Methylenecyclopropene

Sum mary: Evidence is presented for the intermediacy of 
methylenecyclopropene as a reactive intermediate.

Sir: Methylenecyclopropene (1) is of considerable interest 
both from a preparative and theoretical standpoint. ThisA

i

elusive hydrocarbon is predicted to possess only minor reso
nance stabilization,1 and the high index of free valency at the 
exocyclic position is expected to facilitate polymerization, a 
process favored additionally by release of strain. Although 
numerous derivatives of the methylenecyclopropene family 
have been reported,2 only two attempts to prepare the parent 
hydrocarbon can be found in the literature.3 We report here 
the generation and trapping of this hydrocarbon.

The starting material 2 was prepared in low yield by addi
tion of chloromethyl carbene (CH3CHCI2, rc-BuLi)4 to vinyl 
chloride. Compound 2 was separated from several unidentified

H,C=CHC1 --■BuLl :
CHC12CHj

2

products by preparative GLC (Carbowax 20M on Chromosorb 
W). Preliminary results from a study of the microwave spec
trum of 2 suggest that the chlorines bear a cis relationship.5 
Other spectral data follow: NMR (CCI4) 6 1.12-1.43 (m, 2 H),
1.60 (s, 3 H), and 2.70-2.99 (m, 1 H); mass spectrum calcd for 
C4H6C12 123.9846, found 123.9836.

Reaction of 2 (1 equiv) with KO-f-Bu (8 equiv) in THF at 
—30-40 °C for 1 h gave 3 in 37% isolated (preparative GLC) 
yield. In Me2SO at 18-20 °C 3 was produced in 33% yield.

3

Compound 3 was characterized by its NMR spectrum which 
shows a multiplet at 6 1.19-1.40 overlapping a singlet at 1.20 
(11 H total) with other signals at 3.35-3.62 (m, 1 H) and 
5.23-5.57 (m, 2 H). Elemental composition was provided by 
mass spectroscopy: calcd for CsHi40  126.1044, found 
126.1042.

The formation of 3 is rationalized in terms of 1 as a reactive 
intermediate. Possible intermediates in the conversion of 2

Me MeA A X MV C1
c i t i  ""'ci A

4 5 6 7

—► 1 —► 3 are compounds 4-7. Four paths (a-d) which utilize 
these intermediates are summarized in Scheme I.

Intermediate 4 appears in paths a, b, and d and would be 
expected to undergo dehydrochlorination to give 1. One might 
escape postulating 4 (and thus methylenecyclopropene) by 
assuming addition of f-BuO-  to cyclopropenes 5 and 6 prior 
to isomerization to 4, although the previous observation that

alkylcyclopropenes undergo double-bond isomerization to the 
exocyclic position rather than add t-BuO_ would seem to 
undermine this assumption.6

Such an option is not available for intermediate 7 (path c). 
While the facile conversion of 7 to 1 would be expected, nev
ertheless, two additional routes (paths a7 and b) for 2 —>■ 3 via 
7 which bypass methylenecyclopropene are shown in Scheme

Scheme II
Me

II. These routes cannot be eliminated on the basis of the data 
that are available.

Much more compelling evidence which supports the in
termediacy of methylenecyclopropene is found in the reaction 
sequence of Scheme III. Thus, reaction of 2 with KO-t-Bu (6

KOf-Bu

MeS“

Scheme III

equiv) in Me2SO in the presence of MeS (2 equiv) yielded, 
in addition to 3 (12%), the sulfide 9 in 34% yield. Spectral data: 
NMR (CC14) 5 0.93-1.73 (m, 2 H), 2.10 (s, 3 H), 2.20-2.58 (m, 
1 H), and 5.27-5.53 (m, 2 H); mass spectrum calcd for CsH8S 
100.0346, found 100.0342. When 4 equiv of MeS-  was used, 
9 was produced in 51% yield. Oxidation of 9 with 30% H20 2 in 
glacial acetic acid gave the sulfone 8 in 72% yield. When 8 was 
treated with KO-f-Bu (8 equiv) in Me2SO, 3 was produced as 
the only volatile product in 11% yield.

Since sulfones are well known to give alkenes via /S elimi
nation,8 this result provides the most compelling evidence for 
the intermediacy of methylenecyclopropene. Another possible 
interpretation, e.g., Sn2 displacement in 8 or 4 seems unlikely, 
since cyclopropyl systems normally fail to undergo Sn2 re
actions.
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A Short Synthesis of (i)-Isostegane1

S u m m a ry: (±)-Isostegane has been prepared in a three-step 
sequence utilizing sequential substitution o f  the ß  and a p o 
sitions o f  an electron-deficient olefin followed by nonphenolic 
oxidative coupling.

Sir: Kupchan and coworkers recently described an unusual 
and highly cytotoxic class o f  dibenzocyclooctadiene lactones 
exem plified by the ketone lactone steganone ( l ) .2 T w o total 
syntheses o f  1  have been reported and another group has de
scribed synthetic efforts in this area.3 Our retro-synthetic 
analysis o f  1  suggested that the dibenzocyclooctadiene skel
eton might be efficiently constructed by sequential substi

tution o f the d and a positions o f  an electron-deficient olefin 
using a conjugate addition alkylation sequence followed by 
nonphenolic oxidative coupling to yield a tetracyclic deben- 
zocyclooctadiene structure .4 Herein, we wish to describe a 
three-step construction of isostegane (2 ) 1 which demonstrates 
the validity o f  this strategy and which proceeds in 55% overall 
yield.

Compound 2 was prepared in the following manner. The carbonyl 
anion equivalent 3 was generated from piperonal dithiomethyl acetal5 
(1 equiv, 1 M in THF, -7 8  °C) by treatment with n-butyllithium (1 
equiv). After stirring for 40 min at —78°C, the butenolide 46 (1 equiv, 
1 M in THF) was slowly added over a period of 30 min. The resulting 
white suspension was stirred for 3 h at —78 °C whereupon the bromide 
57 (1 equiv, 1 M in THF) was rapidly added followed immediately by 
tetramethylethylenediamine (1 equiv).8 The temperature of the re
action mixture was then raised to —20 °C and stirring continued for 
10  to 12 h. Standard workup gave the adduct 6 as an amorphous yellow 
solid in 99% crude yield.9 Without purification, adduct 6 (2.5 g) was 
treated with a suspension of W-4 Raney Nickel (25 g) in acetone (100 
ml) at reflux for 30 min. Vacuum filtration of the crude desulfurized 
product through silica gel gave compound 7 as a clear oil in 85% overall 
yield from 3.

Cyclization of 7 into 2 was accomplished by slowly adding (10 min) 
compound 7 (1 equiv, 0.02 M in methylene chloride) to VOF3 (3 
equiv.) suspended in a 2 :1  mixture of methylene chloride and triflu- 
oroacetic acid (0.16 M) at -45  °C .10 The reaction mixture was stirred 
at —45 °C for 7 h and then worked up by addition of saturated sodium 
carbonate solution. The crude dark yellow product was purified by 
vacuum filtration through silica gel followed by crystallization from 
chloroform-methanol to give pure isostegane (mp 172-172.5 °C) as 
the sole reaction product in 65 to 70% yield.11

The spectral characteristics of compound 2 (uv, ir, NMR, and mass 
spectrum) clearly indicated it to be a tetracyclic dibenzocycloocta
diene lactone. However, the stereochemical configuration of 2 could 
not be assigned from these data. As a result, the bromide 8 was pre
pared12 and an x-ray structure determination undertaken.

The crystals of compound 8 were monoclinic, space group P2t/a, 
with a = 22.699 (9), b =  7.433 (6), c = 11.984 (5) A; d = 95.16 (2 )° and 
dcaicd = 1.574 g cm - 1  for Z  = 4. The intensity data were measured on 
a Hilger-Watts diffractometer (Ni filter Cu Ka radiation, $-28 scans,

Figure 1.
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7,X= H

/

f  \

10
2,X = H 
8,X = Br

pulse height discrimination). The size of the crystal used for data 
collection was approximately 00.2 X 0.25 X 0.30 mm; the data were 
corrected for absorption Ou = 34.5 cm-1). Of the 2706 independent 
reflections with 6 < 57°, 1859 were considered to be observed. The 
structure was solved by a multiple solution procedure13 and was re
fined by full matrix least squares. In the final refinement, anisotropic 
thermal parameters were used for the heavier atoms and isotropic 
temperature factors were used for the hydrogen atoms! The hydrogen 
atoms were included in the structure factor calculations but their 
parameters were not refined. The final discrepancy indices are R = 
0.059 and wR = 0.056 for the 1859 observed reflections. The final 
difference map has no peaks greater than ±0.4 e A-3. The computer 
drawing of compound 8 (Figure 1) clearly indicates that 8, and 
therefore compound 2, possess the unnatural biphenyl configura
tion.14

Thé exclusive formation of 2 as opposed to compound 10 
(the natural biphenyl configuration) must occur during the 
VOF3 cyclization of compound 7. One possible explanation 
for this stereochemical result involves the intermediacy of the 
spirodiene 9.15 Phenyl migration in 9 via path a leads to ste- 
gane (10) whereas phenyl migration via path b gives rise to 
isostegane (2). Inspection of molecular models indicate path 
b is considerably more favored on the basis of configurational 
interactions than is path a.16
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Anhydrocholine

Sum m ary: Choline, (CH3)3N+CH2CH20H OH- , was found 
to exist in water-poor media mainly in the form of anhydro
choline, (CH3)N+CH2CH20 - .

Sir: A characteristic feature of enzyme systems appears to be 
the existence of highly reactive regions on the enzyme surface. 
In these regions acidic or basic groups often function as if their 
p K ’s were much greater (or smaller) than they are in aqueous 
solution.1 It is likewise possible that some small biomolecules 
might be particularly susceptible to such changes in acidity, 
either on an enzyme surface or in some other cellular envi
ronment, and that this variability might be a vital part of their 
function.

The effect of polar, water-poor mixed solvents on the 
binding of various substrates to an enzyme cavity model has 
been reported recently.2 We wish to report a remarkable
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Table I. Equilibrium Constants and Thermodynamic Parameters for the Reaction

(CH3)3N+CH2CH2OH + O H - —  (CH3)3N+CH2CH20 -  +  h 2o

Solvent" T , K K b AH , kcal/mol AS, cal/mol K

h 2o 291.15 13.9 ±  0.2 4.39 ±  0.22 20.3 ±  0.8
h 2o 322.90 29.3 ±  1.6
0.60 aqueous ethanol 273.15 27.5 ±  1.0 2.58 ±  0.02 15.9 ±  0.1
0.60 aqueous ethanol 291.15 33.3 ±  1.3
0.60 aqueous ethanol 322.90 55.9 ±  2.1
0.85 aqueous ethanol 291.15 141.7 ±  6.7 -1 .47 ±  0.08 4.79 ±  0.18
0.85 aqueous ethanol 322.90 110.4 ±  3.7
0.60 aqueous DMSO 273.15 1766 ±  57 -2 .35  ±  0.21 6.27 ±  0.87
0.60 aqueous DMSO 291.15 1397 ±  54
0.60 aqueous DMSO 322.90 911.7 ±  84

Solvent composition indicated as mole fraction of organic solvent. b See ref 4.

change in the acidity o f  choline ion relative to water on going 
from  water solvent to such a polar, water-poor medium.

T h e custom ary form ulation o f  choline ,3 (C H 3)3N +- 
CH 2CH 2OH O H - , is no doubt based on the fact that the 
choline ion, (C H 3) 3N +C H 2CH 2OH, has a pK a sufficiently 
close to that o f  water so that in dilute aqueous solution reac
tion 1

(CH 3 )3N +CH 2CH 2OH +  o h -
(CH 3 )3N +CH 2CH 20 -  +  H 20  (1)

can be neglected. W hile following the rate o f  the base-cata
lyzed hydrolysis o f  acetylcholine conductom etrically we o b 
served that the conductance o f solutions o f  choline were 
substantially lower than would be required by the customary 
formulation. Comparison o f  the conductance o f  a solution o f 
choline with the conductances o f  separate solutions o f  NaOH, 
choline chloride, and NaCl yielded the equilibrium con 
stants4- 6 listed in Table I.

Examination o f the equilibrium constants shows a dramatic 
change in the relative acidities o f  choline ion and water on 
going to progressively less H -bonding media. This change is 
accompanied by an even larger shift in the enthalpy o f reaction 
1. This very large shift to an exotherm ic AH  o f  reaction (by 
almost 7 kcal/m ol) as one goes to the less aqueous m edium  is 
opposed by an accom panying decrease in entropy, thus 
damping the effect on the equilibrium constant. As this 
damping entropic effect might be absent in the highly ordered 
biological environments in which the choline ion functions, 
the factors favoring anhydrocholine ,7 (CH 3 )3N +CH 2CH 20 - ,  
as a viable biom olecule8 may be even more pronounced.
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