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For years youve been

using ‘Baker Analyzed'Reagents
for their quality...

..now try Baker organics for

their availability and delivery, to0: crnoien:

2-Butoxyethano! mmm



Whenever you’ve needed the quality and performance of analyzed reagents, your first
choice has been J.T. Baker. Naturally. Because the cost of laboratory time has risen
dramatically. And, more than ever before, the need to be right the first time has become
critical. The same value you’ve come to expect from Baker reagents applies to Baker
organics. A true “workhorse” line of organic intermediates, reagents for organic synthesis,
solvents, reagents for organic analysis, biochemicals. Here’s a partial product listing. And
because they’re Baker products, you know they carry the kind of quality for which we’ve

been famous for well over 70 years.

KEY PRODUCTS FOR ORGANIC CHEMISTS

INTERMEDIATES FOR ORGANIC SYNTHESIS

Acrylamide
Benzylamine
p-Bromophenol
((-Bromotoluene
2-Butoxyethanol
Butylamine
p-Dichlorobenzene
Dicyclopentadiene
Dimethylamine
Ethanolamine
1,6-Hexanedlamine
Maleic Acid
Mercaptoacetic Acid
2-Mercaptoethanol
2-Methylcyclohexanol
4-Methyl-2-pentanone
1-Naphthaleneacetic Acid
2,4-Pentanedione
Phenylacetic Acid
Phenethylamine
Propionic Acid

REAGENTS FOR ORGANIC ANALYSIS

Acetone-d*

Acetyl Chloride

Benzene-dd

Benzoyl Chloride

2-Bromoacetophenone
(phenacyl bromide)

N-Bromosuccinimide

2-Chloroacetophenone
(phenacyl chloride)

2.4- Dinitrophenylhydrazine

3.5- Dinitrobenzoyl Chloride

“sym-Diphenylcarbazone”

1.5- Diphenylcarbohydrazide

Ferric Chloride, Anhydrous

Hexane, ‘Baker Instra-Analyzed’

Hydroxylamine Hydrochloride

Hydroxylamine Sulfate

Methanol, Baker Instra-Analyzed’

1- Naphthyl Isocyanate

Ninhydrin

(p-Nitrophenyl) hydrazine

p-Nitrophenyl Isocyanate

Periodic Acid

Phenylhydrazine

Phenyl Isocyanate

4-Phenylsemicarbazide

2- Propanol, Baker Instra-Analyzed'

Semicarbazide Hydrochloride

Trifluoroacetic Acid

4,4,4-Trifluoro-1-(2-thienyl)-1,3-butanedione

REAGENTS FOR ORGANIC SYNTHESIS

Benzoyl Peroxide
Chlorosulfonic Acid
Cyanogen Bromide
Lithium Aluminum Hydride
Phosphorus Tribromide
Sodium Azide
Sodium Borohydride
Sodium Methoxide
(Methanol, Sodium Derivative)
Thionyl Chloride
Trifluoroacetic Anhydride

SOLVENTS FOR ORGANIC SYNTHESIS

Acetone
Butyl Alcohol
(1-butanol)
Chloroform
Cyclohexane
Decahydronaphthalene
1,2-Dimethoxyethane
Dimethylformamide
Ether
2-Ethoxyethanol
Ethyl Acetate
Heptane
Hexanes
Methanol
2-Methoxyethanol
2-Methylbutane
Methyl Ethyl Ketone
4-Methyl-2-pentanone
Nitromethane
Pentane
Piperidine
Pyridine
Tetrahydrofuran
Toluene
1,1,1-Trichloroethane
Xylenes

BIOCHEMICALS

N-Acetyl-L-(+)-Cysteine
L-Ascorbic Acid

Caffeine

Cinchonine

D-(-)-Fructose

D-(+)-Galactose

L-(+)-Glutamic Acid NAS/NRC
Glycine NAS/NRC
Hematoxylin

Imidazole

Indole-3-butyric Acid
D-Pantothenic Acid, Calcium Salt
Xylose



Shown below are 13 J.T. Baker organic intermediate grids. Look them over and see how
they fit into yourwork. And send forthe total grid package so you can evaluate and compare.
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tto know the quality and value of Baker organics by calling your Baker distributor \].TBaker

e list on next page) for fast delivery. Or, contact J.T. Baker direct,
or more information and the complete packet of organic intermediate grids, simply
nplete and return the handy postage-paid card. We’ll do the rest.



Distributors of J. T. Baker Chemical Co. laboratory chemicals and products.

ALABAMA

Sargent-Welch Scientific Co.

Birmingham
ARIZONA
VWR Scientific
Phoenix

CALIFORNIA

Sargent-Welch Scientific Co.

Anaheim

VWR Scientific
Los Angeles
VWR Scientific
San Diego
VWR Scientific
San Francisco
VWR Scientific
W. Sacramento
CMS

Brisbane

CMS
Fountain Valley
COLORADO

VWR Scientific
Denver

Sargent-Welch Scientific Co.

Denver

CONNECTICUT
Brand-Nu Labs. Inc.
Meriden

FLORIDA
CMS
Orlando

GEORGIA
CMS
Atlanta
VWR
Atlanta

HAWAII
VWR Scientific
Honolulu

ILLINOIS

CMS

Elk Grove Village
Sargent-Welch Scientific Co.
Skokie

A. Daigger & Co.
Chicago

LaPine Scientific Co.
Chicago

SGA Scientific Inc.

Elk Grove Village
Wilkens-Anderson Co.
Chicago

INDIANA
General Medical of Indiana
Indianapolis

LOUISIANA
CMS
New Orleans

MARYLAND
CMS

Beltsville

VWR Scientific
Baltimore

MASSACHUSETTS
Doe & Ingalls Inc.
Medford

CMS

Stoneham
Healthco Scientific
Canton

SciChem Co.
Everett

VWR Scientific
Newton Upper Falls

MICHIGAN
CMS

Detroit

CMS

Midland

VWR Scientific
Allen Park

Sargent-Welch Scientific Co.
Detroit

MINNEAPOLIS
CMS _
Minneapolis

Physicians & Hosp. Supply Co.
Minneapolis

MISSOURI

CMS .
Maryland Heights
CMS

Kansas City

NEW JERSEY

Ace Scientific Supply Co. Inc.
Linden

Science Essential Operation
Beckman Instruments Inc.
Mountainside

J. & H. Berge, Inc.

S. Plainfield

CMS

Thorofare

CMS

Wayne

Macalaster Bicknell of NJ Inc.
Millville

Sargent-Welch Scientific Co.
Springfield

SGA Scientific Inc.
Bloomfield

NEW YORK

Ashland Chemical Co.
Binghamton

Ashland Chemical Co.
Rensselaer

Kern Chemical

Mt. Vernon

Riverside Chemical Co.
N.Tonawanda

VWR Scientific
Rochester

NORTH CAROLINA

Carolina Biological Supply Co.

Burlington

OHIO

CMS

Cincinnati

CMS

Cleveland

VWR Scientific
Columbus
Sargent-Welch Scientific
Cincinnati

Sargent-Welch Scientific
Cleveland

OKLAHOMA
CMS

Tulsa

Melton Co., Inc.
Oklahoma City

PENNSYLVANIA
Arthur H. Thomas Co.
Philadelphia

Dolbeg/ Scientific
Philadelphia

Para Scientific Co.
Fairless Hills

Reading Scientific Co.
Reading

Scientific Equipment Co.
Philadelphia

TEXAS

CMS

Dallas

CMS

Houston
General Medical
El Paso
Sargent-Welch Scientific Co.
Dallas

VWR Scientific
Houston

Most Baker organics are stocked by the above distributors. However, should a
particular organic be unavailable from your local distributor, contact J.T. Baker

for fast service.

BUSINESS REPLY MAIL

First Class
Permit No. 2
Phillipsburg, N.J. 08865

No postage necessary when mailed in the United States

Postage will be paid by

J.T. Baker Chemical Co.

222 Red School Lane

Phillipsburg, New Jersey 08865

Dept. OCP

UTAH
VWR Scientific
Salt Lake City

VIRGINIA
General Medical
Richmond

WEST VIRGINIA
Preiser Scientific
Charleston

WASHINGTON

VWR Scientific
Seattle

WISCONSIN
Drake Chemical Inc.
Monomonee Falls

CANADA

Canadian Lab. Supplies L
Edmonton, Alberta
Canadian Lab. Supplies L
Halifax, Nova Scotia
Canadian Lab. Supplies L
Montreal, Quebec
Canadian Lab. Supplies L
Toronto

Canadian Lab. Supplies L
Vancouver, British Colum
Sargen:-Welch Scientific
of Canada Ltd.

Weston, Ontario
Canadian Lab. Supplies L
Winnipeg, Manitoba

O Send all available Baker organic intermediate grids.

and inorganic chemicals.

LJ Send me your existing catalog listing Baker organic

LJ Put me on your mailing list for the 1975 Baker
Laboratory Chemicals Catalog.

O Please send me an order form for Baker organics.

Name_
Company-
Address__

City _

_State_
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Just published
the third volume of the sixth series

From the reviews

of Vol. 25
of Vol. 26
of Vol. 27

S ynthetic

M e th o d s
of Organic Chemistry

Vol.2 s Yearbook 1 9 7 4 681 pages, $169

Volume 28 of this well-known reference source of organic reactions again contains almost
1.000 new abstracts. This brings the total material in the 28 volumes to

25,328 selected and coordinated key abstracts
kept up-to-date by more than
23.000 supplementary references.

This comprehensive reaction documentation in handy book form allows the searcher to browse
and look up references in quick succession. The specially designed subject index, this time a

3-year cumulative index,

provides easy access to all facets of the material covered by such entries as:

Assistance, intramolecular Lysis Protection (of functional groups)
Copper compounds, organo- Merrifield syntheses Radical reactions
Dialkylchloroboranes Nucleosides Retention (of functional groups)
Dicarbanions 1,3-Oxazines, dihydro- Sodium tefcracarbonylferrate(ll)
1,3-Dithianes Oxymercuration-demercuration Solvents, aprotic, pclar
Hexamethylphosphoxamide Peptides Stereospecific reactions
Hydroboration Prevention (of unwanted changes) Sulfonium ylids

A comprehensive general index makes the book easy to use. No other work can compare
in the speed, detail, and clarity with which "Theilheimer" abstracts the literature on syn-
thetic methods.

Ang. Ch., Intern. Ed. 12, 172 (1973)

"Theilheimer" arranges and indexes the abstracts so as to make them very easily
accessible. This volume is, as ever, lavishly illustrated with structural formulae and is very
well produced.

Chem. & Ind. 1973, 762

A seven-page essay on "Trends in Synthetic Organic Chemistry 1973" is useful orienting
reading; it highlights particularly unusual or useful innovations.—It should not be
overlooked that a work of this kind requires an unusually large amount of work to produce
but, in turn, can easily save the user more than its cost in a relatively short time.

J. Am. Chem. Soc. 95, 8214 (1973)

S« Karger*Basel-London-Munchen*New York-Paris-Sydney

Please place your order with: For Research Laboratories: Semimonthly
Express Abstract Service

Albert I. Phiebig, Inc. William Theilheimer

P. O. Box 352 318 Hillside Ave.

White Plains, N. Y. 10602, U.S.A. Nutley, N. J. 07110, U.S.A.

For Vol. 1-28 codedon Tapes orPunched Cards

writeto Derwent Publications Ltd.

128 Theobalds Rd.
London WC1 8RP England
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The stereochemistry of the reduction with four aluminum hydride reagents of five a-ketols and four a-diones
has been studied. The results, together with those of a previous study, representing a total of seven substitutional
types, are considered in terms of current models of asymmetric induction in a-ketols. The stereoselectivity ob-
served may be correlated by Cram’s cyclic model for asymmetric induction in chiral ketones only with a mono-
meric reagent, triisobutylaluminum. A modification of Cram’s model, wherein the intermediate alanate complex
exists in a cyclopentanoid half-chair conformation, allows explication of several observed anomalies. A depen-
dence of the stereoselectivity of the reduction upon the bulk of the reagent is accommodated by this model. Two
side reactions, Meerwein-Ponndorf-Verley reduction and hydride-catalyzed keto-hydroxyl isomerization, are
considered as alternative reaction paths which might affect observed stereoselectivity. While both reactions are
noted under specified conditions, the degree to which each occurs (and in the former case, kinetic considerations)

suggests that their effect is minimal.

We have recently reportedlthe results of a study of the
reduction of several aliphatic a-ketols of the type | and Il
(Chart 1) with the aluminum hydride reagents, triisobu-

Chart |
OH OH
'CH3 erythro
Rs H
OH OH
Ry "y threo
Rs CH3
IC = HorCR,
Ri. = R

tylaluminum (TIBA), diisobutylaluminum hydride
(DIBAH), lithium aluminum hydride (LiAIH4), and lithi-
um trimethoxyaluminum hydride (LTMAH). These sys-
tems were found to conform to Cram’s cyclic model2 for
asymmetric induction in chiral ketones to the extent that,
in each case, the predominant isomer formed was the pre-
dicted ervthro isomer. The degree of stereoselectivity
found, however, did not correlate well with a-ketol struc-
ture in the presumed cyclic transition state A (Chart Il) in
which the aluminum-bound ligands are symmetrically dis-

3309

posed on either side of the five-membered chelated ring. To
account for the peculiar variations in observed stereoselec-
tivity, and to account for an indicated role of the attacking
hydride reagent in determining preferred transition state
geometries, we suggested that certain conformations of the
chelated ringj e.g., the cyclopentanoid half-chair configura-
tions B and C (Chart II) first proposed by Stocker,3 provid-
ed an improved basis for the rationalization of noted anom-
alies.

Chart If

We wish to report the results of studies of the reduction
of a-ketols of the type Ill and the corresponding a-diones
IV (Chart I) with the above aluminum hydride reagents. As
will be described, the results support our contention that
the transition state geometry of the aluminum chelate in
the reduction is satisfactorily represented by an equilibri-
um of the conformers B and C (Chart I1).1Evidence is also
presented that two possible side reactions which might in-
fluence observed stereoselectivity, Meerwein-Ponndorf-
Verley reduction and hydride-catalyzed keto-hydroxyl
isomerization, have only a minimal effect on the steric
course of the reaction.
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Table |
Yield of Diol Products and Per Cent Erythro Isomer Produced in the Hydride Reduction of Substrates

HO 0

Ro  R3

a -ketols
(types I, n, 1II)

c Subitituen Li

Registry no. Compel Ri R2 R3
52279-26-2 | ch3 H »-C BHh
52279-27-3 2 ch3 H i'-Pr
52278-28-4 3 ch3 H /-Bu
5650-40-8 4 ch3 H Ph
90-63-1 5 Ph H ch3
585-25-1 6 w.-CgHu
7493-58-5 7 z-Pr
40898-19-9 8 t-Bu
579-07-7 9 Ph

0 0

R CH3

a -diones

(type 1V)

r --——---- % erythro6 (diol yield %)c - e >
TIBA DIBAH LiAIH4 LiAl(DMe)3H
(toluene) (toluene) (THF) (THF)
49 (69) 64 (90) 64 (98) 73 (94)
71 (71) 55 (83) 58 (78) 46 (98)
89 (65) 64 (87) 87 (79) 85 (98)
66 (83) 60 (94) 87 (92) 85 (98)
83 (70) 79 (72) 80 (85) 76 (85)
57 (69) 62 (83) 54 (92) 54 (87)
85 (69) 59 (75) 60 (91) 53 (84)
96 (86) 68 (87) 74 (98) 71 (92)
76 (70) 77 (74) 72 (98) 78 (99)

a Substitution as in figures above; in compounds 6-9, Ri refers to R in the dione structure. 6Nmr analysis (see ref 1). isolated yield of

diol, ca. 95% pure.

Table 11
Stereoselectivity Observed in Reductions of a-Ketols and a-Diones
f w-eeeeeeeeeeeeemo— - Stereoselectivity & (diastereomer ratio) o \
Substituentse  ------------ -omomoooooe n TIBA DIBAH LiAIHA LiAlI(OMe)3H
Compd RI Ra r3 (toluene) (toluene) (THF) (THF)

Disubstituted a -Ketols, Type Il

1 CHS H M -CsHU -2 (0.96) 28 (1.78) 28 (1.78) 46 (2.70)
2 ch3 H i-Pr 42 (2.44) 10 (1.22) 16 (1.38) -8 (0.85)
3 ch3 H /-Bu 78 (8.09) 28 (1.78) 74 (6.69) 70 (5.67)
4 ch3 o Ph 32 (1.94) 20 (1.50) 74 (6.69) 70 (5.67)
Disubstituted a-Ketols, Type |
d «-C 5Hu H ch3 8 (1.17) 36 (2.13) 40 (2.33) 56 (3.55)
d i-Pr H ch3 66 (4.88) 24 (1.63) 46 (2.70) 32 (1.94)
d /-Bu H ch3 >96 (49) 46 (2.70) 50 (3.00) 54 (3.35)
5 Ph H ch3 66 (4.88) 58 (3.76) 60 (4.00) 52 (3.16)
a -Diones, Type IV
6 «-C iHh 14 (1.33) 24 (1.63) 8 (1.17) 8 (1.17)
7 i-Pr 70 (5.67) 18 (1.44) 20 (1.50) 6 (1.13)
8 / -Bu 92 (24.0) 36 (2.13) 48 (2.84) 42 (2.44)
9 Ph 52 (3.16) 54 (3.35) 44 (2.57) 56 (3.55)
Trisubstituted a-Ketols, Type Il
d i-Pr ch3 ch3 70 (5.67) 42 (2.45) -2 (0.96) 20 (1.50)
d / -Bu ch3 ch3 82 (10.11) 20 (1.50) 28 (1.78) 40 (2.33)
d Ph ch3 ch3 64 (4.56) 56 (3.55) 34 (2.03) 14 (1.33)

a Substitution as in the figures above, Table I, in compounds 6-9, Ri refers to R in the dione structure. b Stereoselectivity = % erythro
- % threo isomer. c Diastereomer ratio = % erythro/% threo isomer. d Data taken from ref 1.

Results

The substrates 1-9 were reduced in good yields by the
aluminum hydride reagents under the same conditions
used in our previous study.l Quantitation of the erythro
isomer in each mixture was accomplished by the nmr tech-
nique described; chemical shift data used for these mea-
surements were those previously reported.1Stereochemical
assignments for the phenyl-substituted systems (4, 5, and
9), which were not incorporated in our earlier work, were
confirmed by comparison to authentic samples of erythro-
and threo- 1-phenyl-l,2-propanediol, prepared by trans

and cis hydroxylation of isomerically pure frans-phenyl-
propene.

The yields of the product a-diols and the per cent eryth-
ro isomer in each mixture are presented in Table I. Stereo-
selectivity and isomer ratios calculated from these data are
presented in Table Il, together with the findings of our pre-
vious work.1

General Observations. Examination of Table Il reveals
several striking features of the data. Of the reagents, TIBA
alone affords the anticipated regular increase of stereo-
selectivity with increasing bulk of R (Chart I) for all of the
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cases studied; LIAIH4 exhibits the same property, albeit to
a lesser degree, except in the case of a-ketols of type 11l
(1-4). The results of reduction of phenyl-substituted sys-
tems with TIBA are at curious variance with those of other
reagents. In the reduction with TIBA, the steric bulk of the
phenyl group appears comparable to or smaller than that of
the isopropyl group, while with other reagents, the bulk of
the phenyl group would seem to be equal to or greater than
that of the tert-butyl group.

In other respects, the data appear to be poorly correlat-
ed. The stereoselectivities of the reduction of trisubstituted
systems (final three entries) with DIBAH and LTMAH are
badly scattered; for the disubstituted a-ketols and a-
diones, however, a recognizable pattern emerges. In many
cases the selectivity of the isopropyl-substituted system is
less than that of the n-pentyl system. Change of R to the
tert -butyl group reverses this trend, and the stereoselectiv-
ity observed is comparable to and usually greater than that
of the n- pentyl system.

Discussion

Steric Effects Influencing the Stereoselectivity of
Reduction. Any model advanced to correlate the data of
Table Il must include features which allow a role for the at-
tacking hydride reagent in creating preferred transition
state geometries, as well as sufficient conformational flexi-
bility of the aluminum chelate to explain the anomolous
decrease in stereoselectivity in the reduction of the a-ketols
with the medium-sized substituent (R = isopropyl) vs.
those with the smaller substituent (R = m-pentyl). Cram2
has suggested that a decrease of stereoselectivity noted in
reactions with lithium reagents upon change of solvent
from ether to pentane is due to the intervention of certain
dipolar model4 transition states, made favorable by in-
creased steric crowding of the cyclic transition state, as well
as relief of dipolar repulsions. Under this scheme, however,
a regular decrease in stereoselectivity relative to the pre-
dictions of the cyclic model should be observed in a steri-
cally homologous series with a given reagent; this is clearly
not the case.

Our previously postulated1l model (Chart Il) does, how-
ever, fulfill the above criteria. While several possible con-
formational equilibria may be possible, equilibration of
conformers of the type B and C allows the simplest ration-
alization of the results shown in Table Il. Thus, increase of
R 1 from n- pentyl to isopropyl would destabilize conformer
B with respect to C, due to increased interactions of R1
with the carbonyl-bound stubstituent R'. Observed stereo-
selectivity would then depend on the relative steric interac-
tions of the approaching hydride reagent with R1 and with
the ligands attached to the chelated aluminum. For rela-
tively small ligands and a monomeric reagent (TIBA),5 at-
tack from the upper right to afford the erythro isomer is fa-
vored. In the case of DIBAH, where the chelated species is
equivalent to that derived from TIBA, the noted decrease
in stereoselectivity may be attributed to the greater inter-
actions between the much bulkier, associated (trimeric)6
attacking reagent and the chelated aluminum, making at-
tack from the lower left to afford the threo isomer some-
what more favorable. Increase in the bulk of R1 to tert-
butyl would again favor the conformer C; in this case, how-
ever, R1 is sufficiently large to make attack from the lower
left unfavorable, and an increase in the stereoselectivity of
the reduction (relative to R1 = isopropyl) is noted.

Several additional lines of evidence may be advanced to
support our contention of the half-chair conformation
equilibrium. In studies of the reactions of trimethylalumi-
num with substituted cycloalkanones, Ashby7 has recently
formulated an alternative model to the traditional “steric

J. Org. Chem., Vol. 39, No. 23, 1974 3311

approach control” and “product development control” ra-
tionales of the stereochemical course of the reductive alkyl-
ation of these systems. From Ashby’s analysis emerges a
point relevant to the case of the reduction of a-ketols: the
effective bulk of the carbonyl is increased by complexation
with an organoaluminum species to the extent that severe
interactions with groups on adjacent carbons may occur in
the transition state.7 Ashby has dubbed this a “compres-
sion” effect, as opposed to eclipsing or torsional effects
characteristic of single-bond repulsions. Whether a-ketols
are subject to compressive vs. torsional effects is academic;
the salient feature of the argument is that the increased
bulk of the carbonyl, together with the large van der Waals
radius of the neighboring alkoxide, ensures that the chelat-
ed ring will adopt conformations in which the 0—C—C =0
unit is not planar, e.g., the half-chair conformations B and
C.

The role of the carbonyl-bound substituent in creating
preferred transition state geometries may be inferred from
the work of Karabatsos8 and Felkin9 with systems fol-
lowing the open-chainl0model, and is clearly demonstrated
by comparison of the stereoselectivity of the reduction of
disubstituted a-ketols of types 11 and Ill (1-4; Chart 1).
That the stereoselectivity of the former exceeds that of the
latter in 12 of the 16 cases studied is reasonable inasmuch
as, in a-ketols of type I, the tetrahedral carbinol carbon al-
lows interaction of R with both the approaching hydride re-
agent and the carbonyl-bound methyl group to determine a
preferred conformation, whereas with a-ketols of type IlI,
interactions of the carbonyl-bound substituent with the fi-
methyl group alone are those which are anticipated to
create a preferred transition state geometry.

Stocker3 has noted that, in reactions of symmetrically
substituted a-diones with organolithium and Grignard re-
agents, the stereoselectivity observed is the same as that in
the reaction of the corresponding trisubstituted a-ketol.
The stereoselectivity observed in the reduction of the a-
diones 6-9 could, therefore, be the same as that of either
the disubstituted a-ketols of types I or Ill. In any case, the
stereoselectivities of the a-ketol reductions, irrespective of
their precise transition state geometries, should represent
limiting values for the reduction of the corresponding a-
dione, as reduction of the latter would presumably be par-
titioned between the transition states obtained in the a-
ketol reductions. Twelve of the sixteen cases studied do in-
deed conform to this relation.

While the half-chair model provides an adequate ratio-
nale to explain many of the unanticipated results in Table
Il, the behavior of phenyl-substituted systems is clearly
outside the predictive domain of the model. The apparent
variable effective steric bulk of the phenyl substituent is
puzzling, and we have been unable to account for this. For
example, an attractive hypothesis which would explain the
low stereoselectivity obtained in reductions of substrates
possessing the benzoyl moiety with TIBA might be that in
these systems the phenyl and carbonyl groups are coplanar,
allowing maximum toverlap; in these conformations inter-
actions of the phenyl group with R1 (Chart Il) and the at-
tacking hydride reagent would be. presumably smaller than
in other conformations. The effect is not general, however;
in reduction of the same substrates with LiAIH4 and
LTMAH, substantially greater stereoselectivities are ob-
served. The effect of the electronic properties of phenyl-
substituted systems, as opposed to purely steric factors, is,
therefore, a point of continued interest.

Nonsteric Factors Influencing the Stereochemistry
of Reduction. Meerwein-Ponndorf-Verley Reduction.
Haubenstock and Davidsonll and Ashby12 have reported
the time-dependent distribution of isomeric cyclohexanols
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Chart 111
00
R R H/ \H
R = CH3or Ph R R
10
Ih(
Type B
ANALT
10 + o
H'H H + Hr-~ H
Ri CH3 R R, CHi
1n

from the reduction of 3,3,5-trimethylcyclohexanone with
TIBA as the limiting reagent, and have attributed the ob-
served equilibration to the Meerwein-Ponndorf-Verley re-
duction—Oppenhauer oxidation scheme. To determine
whether the aluminum alkoxides formed in the course of
reduction of «-ketols are capable of promoting such reac-
tion, the following experiments were undertaken.

Selected «-ketols were subjected to treatment with alu-
minum alkoxides analogous to those presumed to be inter-
mediates in the «-ketol reductions (Chart Il1). The desired
alkoxide (10) was generated by reduction of benzil (repre-
sentative of secondary benzylic carbinols) or biacetyl (rep-
resentative of aliphatic carbinols) with the stoichiometric
amount of hydride reagent at room temperature; the sub-
strate was introduced at —78°, and the mixture equilibrat-
ed for 24 hr at 25° (type A). Alternatively, addition of the
substrate at —78° to solutions of 10 which contained 1
equiv of hydride gave a mixture of substrate as its alumi-
num derivative (11) and 10, which was equilibrated as
above (type B). Separate experiments established that no
appreciable reduction of the substrate took place at —78°
in this experiment. The use of 1,2-diphenyl-1,2-ethanediol
instead of benzil in the generation of the aluminum alkox-
ide, even at greater than the stoichiometric amount, had no
material effect on the observed amount of reduction of the
substrate (Table Il1).

Hydrolysis of the mixtures and analysis of the crude
products by glpc gave the results shown in Table I1l. As op-
posed to our previous experience with analysis of diol
mixtures by glpc,1the use of a glass column for these analy-
ses gave highly reproducible results, indicating that decom-
position of the diols was minimal. The diastereomeric
products were not resolved in the system used, however.
While the diol resulting from reduction of the substrate
was the only material quantitated, species arising from hy-
drolysis of the reagent alkoxide (hydrobenzoin or butane-
diol), oxidation of the reagent alkoxide (benzoin or acetoin)
and unreacted substrate were found in each mixture.

The data of Table 11l correlate in three ways. First, sub-
stantially greater reduction is noted in reactions of DIBAH
vs. LiAIH4. Although there is insufficient information to

Bowlus and Katzenellenbogen

Table 111
Meerwein-Ponndorf-Verley-like Reduction of a-Ketols
Reducing
a-KetoIa agent Alkoxide
(solvent) R RatioC (type) Reduction, %
w-CgHu DIBAH ch3 1:2" (A) 16.8
(toluene) 1:3e (B) 35.9
LIAIH4 2:1s (A) 3.1
(THF) 1.5:1e (B) 5.5
Ph DIBAH 1:2 (A) 16.5
(toluene) 1:3 (B) 24.5
LiAIH4 2:1 (A) 4.7
(THF) 1.5:1 (B) 7.0
DIBAH Ph 1:1.5' (34.6f
(toluene) 12 (A) 32.6 8% 8
1:3 (B) 53.3 (54.9)
LiAIH4 2.5:1" (10.5)
(THF) 2:1 (A) 10.0 (10.6)
1.5:1 (B) 18.1 78

a Substitution per Chart I1l. 6Reagent from which the aluminum
alkoxide was prepared. ¢ Mole ratio of starting dione to reducing
agent to give 10. Type A, stoichiometric hydride used in prepara-
tion of 10; type B, 1equiv of excess hydride used (see Chart Ill).
dThis ratio represents the case in which the a-ketol is not bound to
the aluminum alkoxide at the start of equilibration. e This ratio
represents the case in which the a-ketol is bound to the aluminum
alkoxide at the start of equilibration, f This ratio represents an
excess of the dione relative to the reducing capacity of the hydride
reagent. « Numbers in parentheses are the reductions noted when
the alanate complex was generated from 1,2-diphenyl-1,2-ethane-
diol rather than benzil.

permit a precise formulation of the alkoxide 10 in these two
cases, the more reactive one, derived from DIBAH, is pre-
sumed to be neutral and trivalent; the less reactive one,
from LiAIH4, anionic and tetravalent (ate complex). Sec-
ond, reduction is more efficient by secondary benzylic al-
koxides than by aliphatic alkoxides; this is thought to rep-
resent the difference in the stabilities of the oxidized lig-
ands, the benzylic ketone being stabilized relative to the al-
iphatic ketone by conjugation with the phenyl ring. Finally,
substrates bound to the aluminum species (type B) are re-
duced more efficiently than the free substrates (type A).

While these results are suggestive, it should be noted
that the conditions for the reactions from which the data of
Table 1l are derived differ fundamentally from those above
in that the hydride reagent is present in excess throughout
the reaction. Haubenstock1l noted that in the reaction of
3,3,5-trimethylcyclohexanone with TIBA, when TIBA was
in excess, no measurable amount of ketone was observed.
The presence of ketone is, however, necessary for dia-
stereomer equilibration to occur via the MPV reduction-
Oppenhauer oxidation mechanism. Thus, in order for MPV
reduction to significantly alter the ratio of products arising
from direct hydride reduction requires that the rates of
MPV reduction and direct hydride reduction be of the
same order. As most hydride reductions are very rapid, in-
tuition argues that this is not the case. Furthermore, the re-
sults of deuterium scrambling studies (vide infra) indicate
that the contribution of MPV reduction is limited to, at
most, a few per cent. In the absence of suitable kinetic
measurements, the precise degree of MPV reduction must
remain conjectural.

Hydride Catalyzed Keto-Hydroxyl Isomerization. A
second possible reaction which might affect observed stere-
oselectivity is keto-hydroxyl isomerization of disubstituted
«-ketols prior to reduction. The isomerization of «-ketols
under the influence of base has been well studied.13 Of par-
ticular interest are the findings of Temnikova,14 who noted
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Table IV
Keto-Hydroxyl Isomerization of a-Ketols
fommmoreee Substituentso n j Isomerization, % -------------- n
RI R2 R3 LiAID4 LiAI(OMe)3D
W-C5H11 H ch3 1.2 (0.13)6 5.3 (0.30)
Ph H ch3 0.0 (0.13) 0.8 (0.35)
CH3 H Ph 1.4 (0.47) 7.7 (1.6)

“ Substituents are as in the a-ketol structure above Table I.
bNumbers in parentheses are the average deviations of replicate
experiments.

that reaction of I-(4-tolyl)-2-propanon-I-ol with either
ethyl or phenyl Grignard gives, in addition to the expected
product, a significant amount of material in which the Gri-
gnard reagent has added to the carbinol center, and our
own observation that reaction of ethyllithium with 2-octa-
non-3-ol affords both the anticipated 3-methyl-3,4-non-
anediol and 3-ethyl-2,3-octanediol.15 The anomalous prod-
ucts in both studies can arise only by isomerization of the
a-ketol prior to addition to the carbonyl, although the
mechanism remains to be elucidated.

To determine whether such isomerization may occur in
the course of the hydride reduction of a-ketols, the reduc-
tion of three substrates with lithium aluminum deuteride
and lithium trimethoxyaluminum deuteride was studied.
The reductions were carried out under the same conditions
as used for the reduction studies involving the protio re-
agents. After the usual isolation, the product diols were
cleaved with sodium metaperiodate in aqueous tetrahydro-
furan, and the major aldehyde (corresponding to R1 of the
product diol; Chart 1) was isolated as its 2,4-dinitrophen-
ylhydrazone derivative. Isotope ratio mass spectrometry
was used to measure the amount of deuterium on the alde-
hyde carbon; from these data the degree of transposition
was determined. The results of this experiment appear in
Table 1V.

While significant amounts of transposition are noted in
most cases, the degree of transposition is considerably less
than that which would, in itself, account for the anomalies
of Table Il. Oddly enough, I-phenyl-I-propanon-2-ol gives
substantially more isomerization than does I-phenyl-2-pro-
panon-Il-ol, in direct opposition to expectations based on
Temnikova's findings.14 The reason for this is not known.

The results of these experiments militate against the in-
tervention of MPV reduction considered above. If MPV re-
duction of a-ketols was operative under these conditions
(excess hydride), one would anticipate substantially greater
amounts of deuterium scrambling in the present study
than is observed.

Conclusions

The results of the studies of this work and our previous
reportl lend support to the contention of the cyclopenta-
noid half-chair conformations B and C (Chart Il) as the
simplest models for the transition state of the reduction of
a-ketols. While the model suffices to explain retrospective-
ly a number of unanticipated results, its predictive value,
in terms of the degree of stereoselectivity observed, is low,
due to the several complex interactions giving rise to the
observed products.

Of anticipated side reactions which might affect the ster-
eoselectivity of the reduction in the presence of excess hy-
dride, Meerwein-Ponndorf-Verley reduction would not
seem to have any measurable effect, although this point re-
mains to be proven unequivocally. Hydride catalyzed keto-
hydroxyl isomerization, however, would appear to have
some effect, insofar as the starting a-ketol and its transpo-
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sition product represent distinctly different steric cases in
the reduction. This effect is, however, markedly substrate
and reagent dependent, and would account for deviations
of only some few per cent of stereoselectivity.

Experimental Section

General. Melting points were determined on a Fisher-Johns ap-
paratus and are uncorrected. Nuclear magnetic resonance spectra
were determined in CDCI3 solution on Varian A-60A or HR-220
spectrometers; chemical shift data are reported in parts per million
downfield from internal tetramethylsilane (5 scale). Isotope ratio
mass spectrometry was performed on a Varian-MAT CH-5 spec-
trometer. Gas-liquid chromatography was performed on a Hewl-
ett-Packard Model 5750B chromatograph equipped with flame
ionization detectors, using a 6 ft X 0.125 in. glass 3% Carbowax
20M on 100/120 Gas-Chrom Q column, and nitrogen as carrier gas.

Glassware for reactions involving organometallic reagents was
dried for a minimum of 3 hr at 120°; these reactions were carried
out in an atmosphere of dry nitrogen. Solutions were dried over
magnesium sulfate unless otherwise indicated.

Tetrahydrofuran (THF) solutions of lithium aluminum hydride
and lithium trimethoxyaluminum hydride, and toluene solutions
of diisobutylaluminum hydride and triisobutylaluminum were pre-
pared as previously described.l Lithium aluminum deuteride (99
atom % deuterium) was obtained from E. Merck, Darmstadt; this
reagent and lithium trimethoxyaluminum deuteride were used at
THF solutions prepared by the method of Brown.16

I-Phenyl-l1,2-propanedione (9) was obtained from Aldrich
Chemical Co. and was distilled before use. trans- Phenylpropene
was obtained from Chemical Samples Co. and was used as sup-
plied. Those a-ketols and authentic specimens of isomerically pure
diols whose preparations are not herein reported, were from the
collection previously described.1

Preparation of a-Ketols. The a-ketols 1-4 were prepared by
condensation of the appropriately substituted 2-lithio-1,3-dithiane
with acetaldehyde, and hydrolysis of the a-hydroxy dithioketal
thus produced as previously described.1

3- Octanon-2-ol (1). The compound was prepared from 2-n-

pentyl-1,3-dithianel7 in 30% yield: bp 62-65° (0.45 mm); oxime mp
61-62° (petroleum ether) [lit.18 oxime mp 62-63° (aqueous etha-
nol)]; nmr 54.12 (q,J = 7 Hz, 1 H), 3.65 (s, 1 H), 2.49 (t, 2 H),
1.81.1(m, 6 H), 1.31 (d,J = 7 Hz, 3H), and 0.91 (t, 3 H).

4- Methyl-3-pentanon-2-ol (2). The compound was prepared

from 2-isopropyl-1,3-dithianel7 in 31% yield: bp 64-66° (22 mm);
2,4-dinitrophenylhydrazone mp 148-151° (aqueous ethanol) [lit.19
bp 51-53° (11 mm); 2,4-dinitrophenylhydrazone mp 151-152°
(aqueous methanol)]; nmr $4.37 (g, J = 7 Hz, 1 H), 3.30 (s, 1 H),
2.87 (m,J = 7Hz, 1H), 1.31 (d,J = 7Hz, 3H), 1.12 (d, J = 7 Hz,
3 H), and 1.10 (d, J = 7 Hz, 3 H).

4,4-Dimethyl-3-pentanon-2-ol (3). The compound was pre-
pared from 2-tert- butyl-1,3-dithianel7 in 43% yield: bp 67-69° (11
mm) [lit.20bp 102-103° (100 mm)]; nmr d4.48 (g, J = 7 Hz, 1 H),
3.27 (s, 1H), 1.26 (d, J = 7Hz, 3 H), and 1.17 (s, 9 H).

I-Phenyl-l-propanon-2-ol (4). The compound was prepared
from 2-phenyl-1,3-dithianel? in 37% yield: bp 75-77° (0.4 mm)
[lit.19bp 125-126° (13 mm)]; nmr 58.0-7.6 (m, 2 H), 7.6-7.2 (m, 3
H), 5.04 (g, J = 7Hz, 1H), 3.63 (s, 1H), and 1.38 (d, J = 7 Hz, 3
H).

I-Phenyl-2-propanon-I-ol (5). Benzaldehyde (10.6 g, 0.10
mol) was added to a stirred suspension of sodium acetylide2l (ca.
0.1 mol) in 200 ml of refluxing ammonia over a period of 1 hr. The
mixture was refluxed for an additional 2 hr before quenching by
the cautious addition of 10 g of solid NH4CI. The ammonia was al-
lowed to evaporate, and the residue was taken up in brine. Three
ether extracts of the brine were washed with two portions of satu-
rated NaHSC>8and once with brine and were dried; the solvent was
removed.

The crude propynol was hydrated by reaction with 5% H2S04in
the presence of HgO, as previously described.1 There was obtained
2.4 g (16%) of material: bp 112-115° (17 mm); 2,4-dinitrophenylhy-
drazone mp 172-174° (aqueous dimethylformamide) [lit.19 bp
115-119° (16 mm); lit.2 2,4-dinitrophenylhydrazone mp 174°
(ethanol)]; nmr 57.15 (s, 5 H), 4.86 (s, 1 H), 4.07 (s, 1 H), and 1.94
(s, 3H).

Preparation of a-Diones. The a-diones used in this study were
prepared by oxidation of the corresponding a-ketol with chromium
trioxide-bispyridine complex in dichloromethane using the proce-
dure of Radcliffe and Rodehorst2without modification.

2,3-Octanedione (6). The compound was prepared from 2-octa-
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non-3-ol (1) in 33% yield: bp 65-67° (17 mm); bis-2,4-dinitrophen-
ylhydrazone mp 221-224° (aqueous ethanol) [lit.24 bp 172-173°
(733 mm); lit.25 bis-2,4-dinitrophenylhydrazone mp 221°]; nmr 5
2.68 (t,J = 7Hz, 2H), 2.25 (s, 3H), 1.7-1.1 (m, 6 H), and 0.91 (t, 3
H).

4-Methyl-2,3-pentanedione (7). The compound was prepared
from 4-methyl-2-pentanon-3-ol (2) in 33% yield: bp 113-116° (760
mm) (lit.26bp 115-116°); nmr b3.33 (m, J = 7 Hz, 1H), 2.25 (s, 3
H), and 1.07 (d, J = 7 Hz, 6 H).

4,4-Dimethyl-2,3-pentanedione (8). The compound was pre-
pared from 4,4-dimethyl-2-pentanon-3-ol (3) in 61% vyield: bp
123-127° (760 mm); bis-2,4-dinitrophenylhydrazone mp 227-229°
(aqueous dimethylformamide) [lit.27 bp 125°; lit.28 bis-2,4-dinitro-
phenylhydrazone mp 220.5-221.5° (aqueous dimethylformam-
ide)]; nmr b2.28 (s, 3 H) and 1.24 (s, 9 H).

erythro - 1-Phenyl-1,2-propanediol. The compound was pre-
pared from trans- phenylpropene in 54% yield by oxidation with
TO-chloroperbenzoic acid and hydration of the epoxide thus
formed by aqueous HCIO4in THF, using the procedure previously
reported.1 The pure compound was isolated as colorless powder:
mp 89-91° (benzene-petroleum ether) [lit.29 mp 91-92.5° (petrole-
um ether)]; nmr b 7.27 (s, 5 H), 4.62 (d, J = 4 Hz, 1 H), 3.96 (m, 1
H), 2.80 (s, 2 H), and 1.01 (d, J = 6.2 Hz, 3 H). In a mixture with
the threo isomer, the doublet at b 4.62 was sufficiently well re-
solved to allow quantitation at 60 MHz.

threo-1-Phenyl-1,2-propanediol. The compound was pre-
pared in 22% yield by oxidation of trans- phenylpropene with mag-
nesium sulfate-buffered potassium permanganate in aqueous eth-
anol, by the procedure previously reported.l Chromatography of
the crude product on silica gel (5% ether in petroleum ether) gave
the substantially pure diol which crystallized upon standing in
benzene-petroleum ether: mp 51-53° [lit.22 mp 52-54° (petroleum
ether)]; nmr b7.27 (s, 5H), 4.29 (d, J = 7.5 Hz, 1H), 3.89 (m, 1 H),
3.58 (s, 2H), 1.00 (d, J = 7 Hz, 3H).

Hydride Reduction of Substrates. General Procedure. Into
a dry, nitrogen-flushed test tube, containing a magnetic spin ball
and fitted with a septum cap, was injected 1.5 mmol of hydride so-
lution. After cooling to —78°, the substrate (0.5 mmol in 0.5 ml of
the appropriate solvent) was added slowly with stirring. The mix-
ture was stirred for 4 hr at —78°; the cold bath was then removed
and stirring was continued at room temperature for 18-20 hr. The
reaction was quenched by the cautious addition of 3 ml of water;
sufficient 6 N HC1 to dissolve the gelatinous precipitate was
added, and the mixture was extracted with three 15-ml portions of
ether. The combined extracts were dried, and the solvent was re-
moved. The residue was heated briefly at reduced pressure to drive
off volatile impurities; the product diol thus obtained was ca. 95%
pure.

In reactions with protio hydride reagents, the diol was taken up
in CDCI3, and the solution was shaken with D20 to preclude possi-
ble interference by the hydroxylic protons, prior to analysis by
nmr. In reactions with the deuterated hydride reagents, the diol
was subjected to cleavage with sodium metaperiodate, as described
below.

Periodate Cleavage of a-Diols. General Procedure. The a-
diol (50-75 mg) was dissolved in 5 ml of THF. To the stirred solu-
tion, at room temperature, was added sodium metaperiodate (500
mg) and then 3 ml of water. The flask warmed immediately and a
voluminous precipitate of sodium iodate was noted within min-
utes. The flask was tightly stoppered, and the mixture was stirred
for 3 hr. The reaction was quenched into saturated NaHCO03, and
the solution extracted with three portions of ether. The combined
ether extracts were treated with 15 ml of methanolic 2,4-dinitro-
phenylhydrazine reagent and were set aside while the ether was al-
lowed to evaporate slowly.

After the ether had evaporated, the precipitated 2,4-dinitro-
phenylhydrazone of hexanal or benzaldehyde was collected. With
hexanal, water generally was added to the mixture to ensure quan-
titative precipitation of the derivative. The crude derivatives were
recrystallized and dried in vacuo prior to analysis by isotope ratio
mass spectrometry.

Bowlus and Katzenellenbogen

Meerwein-Ponndorf-Verley Reduction of a-Ketols. Repre-
sentative Procedure. To a solution of DIBAH (5.0 ml ofa 0.4 M
toluene solution, 2.0 mmol), stirred at 0° under a nitrogen atomos-
phere, was added biacetyl (86 mg, 1.0 mmol) in 1.0 ml of toluene.
The solution was stirred for 2 hr at room temperature (to allow re-
duction to the diol) and then was cooled to —78°. 2-Octanon-3-ol
(144 mg, 1.0 mmol) dissolved in 1.0 ml of toluene was then added
slowly. The cold bath was removed after 30 min and the mixture
stirred for 24 hr at room temperature. The reaction was quenched
with water; sufficient 1 N HC1 was added to dissolve the gelati-
nous precipitate, and the products were isolated in ether. The eth-
ereal solution of crude products was dried, concentrated to 10.0 ml,
and analyzed by glpc at 145°. The per cent conversion was deter-
mined by external standardization with authentic diol mixture.

All MPV studies were done using the procedure above and the
reagents, solvents and stoichiometries shown in Table Ill. Reac-
tions with I-phenyl-2-propahon-I-ol (5) were analyzed at 185°.
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The [3,3] rearrangement of 3-acetoxy-2-methyl-I-nonene (Ib), derivatized as the trimethylsiloxyvinyl ether,

proceeds in moderate yield (ca. 53%) but with very high stereoselectivity (>98%) to give the

y-unsaturated acid

2a. Rearrangement of the tert- butyldimethylsiloxyvinyl ether derivative proceeds in higher yield (80%), also with
very high stereoselectivity. This rearrangement has been used in a stereoselective synthesis of a terpenoid diol (8)
found in the phermonal secretion of the queen butterfly, in six steps from geraniol.

Several variants of the [3,3]-Claisen-type rearrange-
ments of allylic ethers have been applied over the past few
years to the stereoselective synthesis of trisubstituted ole-
finic systems.1 Elegant extensions of this reaction to the re-
petitive 1,5-diene synthesis have been worked out by
Faulkner and his associates.2 More recent has been the de-
scription of rearrangements of enolates34 or enolate equiv-
alents3 of allylic acetates or thioacetate derivatives.5 A no-
table feature of these enolate rearrangements, which would
be of advantage in certain systems, is that they proceed at
moderate temperatures, under basic conditions, while rear-
rangement of the ethers requires warming in acid media.

We were intrigued by the report of Ireland3 that enol
silyl ether derivatives of allylic acetates undergo a [3,3]-
Claisen-type rearrangement to give d.y-unsaturated acids
under mild conditions. The strategic location of the bulky
trimethylsilyl ether function6 and the mild reaction condi-
tions suggested that this particular rearrangement might
proceed with a stereoselectivity7 greater than the nominal
90-96% generally obtained in such rearrangements. None
of the systems detailed by Ireland, however, were of suit-
able stereochemistry to evaluate this reaction as a method
for stereoselective trisubstituted olefin synthesis.

In this report we describe an investigation of this rear-
rangement in a model system to rigorously establish the
minimum reaction temperature and the maximum degree
of stereoselectivity. The synthesis of the Queen Butterfly
pheromone, using this allyl siloxyvinyl ether rearrangement
as the key step, is also described.

Results and Discussion

Rearrangement of 3-Acetoxy-2-methyl-l-nonene
(Ib). The rearrangement of 3-acetoxy-2-methyl-I-nonene
(Ib), a trisubstituted olefin precursor, was investigated
under the conditions described by Ireland.3 The enol silyl
ether was generated using 1.1 equiv of lithium isopropylcy-
clohexylamide in THF at —78°, followed by 1.05 equiv of
trimethylsilyl chloride. Two major products were obtained
after the reaction mixture was stirred for 2 hr at 70°. Chro-
matographic separation on silica gel produced the carbox-
ylic acid (2a) and the C-silylated acetate (Ic). The acid can
also be conveniently isolated in 53% yield by extraction
into Claisen’s alkali8 causing hydrolysis of Ic to la. Thus,
the yield of rearranged product based on recovered precur-
sors is over 90%. A temperature study showed that the rear-
rangement was complete within 2 hr at room temperature,
but not at 0 or —78°.

We endeavored to improve the yield by increasing the
amount of O-silylation relative to C-silylation. Rathke has
reported that treatment of lithium enolates derived from
acetates with tert-butyldimethylsilyl chloride (TBS) in
THF-HMPA solutions gave exclusively O-silylated prod-

la, R=H

b, R = COCH3

¢, R= COCH,SiMe3
d, R= COCH,COCH

1
I

2a, R =
b, R = CH3

8

ucts.9 Treatment of the lithium enolate of 1lb with TBS and
subsequent hydrolysis of the rearranged silyl ester by stir-
ring with acetic acidl0 at room temperature (the trimeth-
ylsilyl ester completely hydrolyzes upon washing with 10%
HCIlj gave 2a in 80% yield.

Both trimethylsilyl chloride and TBS give rearranged
acids with very high stereoselectivity. Nmr analysis of the
crude acid shows only one allylic methyl at b 1.59, consis-
tent with an E-type stereochemistry of the trisubstituted
olefin (Z-type allylic methyl groups generally resonate at
1.67-1.70).11 Glpc analysis of the methyl ester 2b (from 2a
with diazomethane) showed it to be identical with the
minor component (E) of the isomeric esters prepared by
the Wittig condensation between levulinic acid and heptyl-
idine triphenylphosphorane. Less than 1% of the Z isomer
of 2b was evident upon glpc analysis, indicating a stereo-
selectivity7 of greater than 98%.
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If the silyl chlorides are omitted from the reaction, a
small amount (5-10%) of the rearranged acid is formed;
however, the principal products are the allylic alcohol la
and the allylic acetoacetate Id, resulting from Claisen con-
densation of the ester enolate. No Claisen condensation
product was ever detected under normal conditions (inclu-
sion of the silyl chlorides). In the absence of either silyl
chloride the stereoselectivity of the rearrangement of Ib
drops to 85%, which is consistent with predictions of Faulk-
ner and Perrin.6

Synthesis of a Queen Butterfly Pheromonal Compo-
nent. The allyl siloxyvinyl ether rearrangement was uti-
lized in a six-step stereoselective synthesis of a queen but-
terfly pheromonal component (8).12 The distribution of
functionality in this compound makes its synthesis by the
Claisen-type rearrangement attractive.

Treatment of geraniol (4a) with mesitoyl chloride in pyr-
idine gave geranyl mesitoate 4b in 80% yield.13 Ozonolysis
of the mesitoate with 1.2 equiv of ozone gave the aldehyde
5 in 30% yield. Since ozonolysis of geranyl acetate under
similar conditions produces the related aldehyde in a high-
er yield (50-60%),14 it appears that the mesitoate group is
less effective in deactivating the allylic double bond toward
oxidation. Treatment of the aldehyde 5 with 2 equiv of iso-
propenylmagnesium bromide at room temperature for 2 hr
gave the alcohol 6al5which was generally converted direct-
ly to the acetate 6b (70% overall).

The Claisen-type rearrangement of 6b using TBS gave
the acid 7 in a 70% yield. Treatment of the acid with excess
lithium aluminum hydride both reduces the acid function
and cleaves the mesitoate, producing the pheromone 8 in
86% after column chromatography.16 The spectroscopic
properties of this material are fully consistent with its as-
signed structure, and its bis(a-naphthyl)urethane melts at
128-129.5° (lit.1x 127-129°).

Conclusion

The high stereoselectivity observed in the rearrangement
of allyl siloxyvinyl ethers to /?,y-unsaturated acids follows
the stereochemical predictions based on a chair cyclohex-
ane-like transition state.6 Good yields are obtained under
conditions where the enolate can be selectively O-silylated.
The particular utility of this rearrangement reaction is that
it proceeds under very mild, nonacidic conditions, using
stable, conveniently prepared starting materials.

Experimental Section

Tetrahydrofuran (THF) was dried by distillation from sodium
naphthalide. Isopropylcyclohexylamine was distilled from calcium
hydride and stored under nitrogen. Hexamethylphosphoramide
(HMPA) was distilled from sodium hydride and stored over molec-
ular sieves. Geraniol and 2-bromopropene were obtained from
Chemical Samples Co. and used without further purification. Le-
vulinic acid was obtained from Eastman Organics and distilled
prior to use. Practical grade heptanal was purchased from Mathe-
son Coleman and Bell and used without further purification. Di-
methyl sulfide was from Aldrich. Isopropenylmagnesium bromide
solutions in THF were prepared from 2-bromopropene and magne-
sium and were standardized by the method of Gilman.17 They were
stored under nitrogen in flasks capped with rubber septa. Diazo-
methane was freshly prepared as alcohol-free ethereal solutions
from N-methyl-N-nitroso-p-toluenesulfonamide (Diazald, Al-
drich) using preparation Il as given. Claisen’s alkali was prepared
as described by Fieser and Fieser.8O0zone was generated in a Wels-
bach Ozonizer (Model T-816); the rate of ozone production was
calibrated before use by iodometric titration. A standard proce-
dure for product isolation was used in all reactions: drying of the
organic layer over anhydrous magnesium sulfate, filtration, and
evaporation of the solvent under reduced pressure on a rotary
evaporator. Nmr spectra were recorded on a Varian A-60 spec-
trometer, and all chemical shifts are given in parts per million
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downfield from tetramethylsilane (6 scale). Infrared spectra were
run on a Perkin-Elmer Model 521 spectrometer. Mass spectra were
recorded on a Varian-MAT CH-5 spectrometer. Elemental analy-
ses were performed by the microanalytical service of the Universi-
ty of Illinois.

Analytical glpc analyses were done on a Hewlett-Packard 5750
instrument fitted with flame ionization detectors using a carrier
gas (N2 flow of 30 ml/min. The column used was a 0.125 in. X 20
ft, 5% SE-30 column on an acid-washed dimethyldichlorosilane-
treated 80-100 mesh Chromosorb W support. The preparative glpc
separation was done on a Varian Aerograph Model 90-P3 chroma-
tograph with a thermal conductivity detector using a carrier gas
(He) flow of 120 ml/min. The column used was a 0.375 in. X 10 ft,
15% SE-30 on a 60-80 mesh Chromosorb W support.

3-Hydroxy-2-methyl-lI-nonene (la). Magnesium (8.85 g, 0.37
g-atom) was added to 70 ml of THF along with a few crystals of io-
dine. A small amount (<1 ml) of 2-bromopropene was added and
the mixture stirred at 25° under nitrogen until Grignard formation
had begun. The remaining bromide (29.7 g, 0.24 mol) was added
dropwise at such a rate as to maintain gentle reflux. After the mix-
ture was stirred for 1 hr at 25°, heptanal (23.4 g, 0.20 mol) in 30 ml
of THF was added dropwise. The reaction was stirred overnight at
25°, and then saturated ammonium chloride added to quench the
reaction. The precipitate which formed was filtered and washed
with ether, and the combined filtrates were washed with saturated
sodium chloride. Product isolation gave 29.7 g of an oil. Distillation
produced 23 g (72%) of the alcohol la: bp 68-71° (0.3 mm); ir
(CCU) 3618 (OH) and 1650 cm*“1 (C=C); nmr (CC14) 50.93 (m,
3 H), 1.05-1.65 (br s, 10 H), 1.72 (s, 3 H, allylic coupling barely
visible), 2.06 (s, 1 H), 4.01 (t, 1 H), and 4.85 (m, 2 H).

Anal. Calcd for C1I0H200: C, 76.86; H, 12.90. Found: C, 76.63; H,
12.76.

3-Acetoxy-2-methyl-1-nonene (Ib). A solution of alcohol la
(7 g, 0.045 mol), acetic anhydride (13.8 g, 0.135 mol), and pyridine
(35.5 g, 0.450 mol) was stirred for 40 hr at 25°. The reaction mix-
ture was then poured into ice water, and the aqueous layer was ex-
tracted three times with ether. The combined organic extracts
were washed with 10% HC1,10% NaHCO.i, water, and saturated so-
dium chloride. Chromatography on silica gel (16% ether in hexane)
gave 8.11 g (92%) of the acetate Ib: ir (CCl4) 1745 (C=0), 1650
(C=C), 1460,1370,1245 (C—O0), and 1020 cm“ 1, nmr (CCI4) 50.93
(m, 3 H), 1.09-1.61 (m, 10 H), 1.69 (s, 3 H, allylic coupling barely
visible), 1.96 (s, 3 H), 4.80 (m, 2 H), and 5.07 (t, J = 6.5 Hz, 1 H).

Anal. Calcd for C12H2202 C, 72.68; H, 11.18. Found: C, 72.62; H,
11.29.

(£)-4-Methyl-4-undecenoic Acid (2a)-Trimethylsilyl Chlo-
ride Method. A solution of 10 ml of THF and isopropylcyclohex-
ylamine (1.5 g, 10.6 mmol) was cooled to —78° under nitrogen and
was treated with a 1.25 M (8.25 ml, 10.6 mmol) solution of n-BulL.i
followed by the addition of Ib (2 g, 10.1 mmol). The reaction mix-
ture was stirred for 10 min, and trimethylsilyl chloride (1.1 g, 10.3
mmol) was added. After the mixture was warmed to 70° over a 30-
min period and stirred for 2 hr (precipitate evident), it wa3 cooled
and diluted with ether. The ether was extracted twice with 10%
HC1, and the product was isolated to give a yellow oil. Chromatog-
raphy on silica gel (18% ether in hexane, then 50% ether in hexane)
gave 1.05 g (53%) of the acid 2a.

Treatment of 2a with diazomethane produced the methyl ester
2b. The ester was analyzed by glpc (182°), and it was found to con-
tain ca. 0.7% of the Z isomer. An analytical sample was obtained
by preparative tic on silica gel (16% ether in hexane): ir (CCl4)
1740 (C=0), 1458, 1438, and 1150 cm -1, nmr (CC14) $0.93 (m, 3
H), 1.26 (br s, 8 H), 1.59 (s, 3 H), 1.95 (m, 2 H), 2.28 (s, 4 H), 3.59
(s, 3H), and 5.13 (t, J = 7 Hz, 1 H).

Anal. Calcd for C13H2402 C, 73.54; H, 11.39. Found: C, 73.51; H,
11.39.

tert -Butyldimethylsilyl Chloride Method. A solution of 3 ml
of THF and isopropylcyclohexylamine (456 mg, 3.3 mmol) was
cooled to —78° under nitrogen and was treated with a 1.9 M (1.74
ml, 3.3 mmol) solution of rc-BuLi followed by the addition of Ib
(594 mg, 3 mmol). After the reaction was stirred for 10 min,
HMPA (0.45 ml) and tert- butyldimethylsilyl chloride in 0.5 ml of
THF (475 mg, 3.15 mmol) were added to it. The reaction was
warmed to 70° over a 30-min period and was stirred for 2 hr. Then
15 ml of acetic acid, 5 ml of water, and 2 ml of THF were added
and the solution was stirred for 12 hr at 25°. After the reaction
mixture was diluted with ether, it was extracted with water and
the product was isolated to give 956 mg of a yellow oil. Chromatog-
raphy on silica gel (20% ether in hexane, then 25% ether in hexane)
gave 475 mg (80%) of the acid 2a. The acid was characterized as its
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methyl ester 2b (CH2N2), and it had spectral properties identical
with the ester 2b produced by the trimethylsilyl chloride method
above.

E and Z Isomers of 4-Methyl-4-undecenoic Acid (2a). To a
mixture of heptyl triphenylphosphonium bromide (20 g, 45.4
mmol) and 100 ml of THF at 0° under nitrogen was added a 2.31
M (19.7 ml, 45.4 mmol) solution of n-BuLi, producing a red solu-
tion of ylide which was stirred for 2 hr at 25°. A precipitate ap-
peared upon the addition of levulinic acid (2.63 g, 22.7 mmol), and
the mixture was refluxed for 67 hr. The reaction was cooled to 25°,
acidified with 10% HC1, and extracted three times with ether.
Product isolation from the combined extracts gave 3.8 g of ayellow
oil. Chromatography on silica gel (18% ether in hexane, then 50%
ether in hexane) produced 922 mg (20%) of a mixture of the E and
Z isomers of 4-methyl-4-undecenoic acid. Analysis of the esterified
(CH2N2) mixture by glpc (182°) showed the Z/E ratio as 2/1. The
isomers were separated by preparative glpc (150°): nmr (E isomer)
(CC14) b0.93 (m, 3 H), 1.26 (br s, 8 H), 1.59 (s, 3 H), 1.95 (m, 2 H),
2.28 (s, 4 H), 3.59 (s, 3H), and 5.13 (t,3 =7 Hz, 1 H); nmr (Z iso-
mer) (CC14) b0.93 (m, 3 H), 1.27 (br s, 8 H), 1.66 (s, 3 H, cisoid al-
lylic coupling barely visible), 1.94 (m, 2 H), 2.25 (s, 4 H), 3.57 (s, 3
H), and 5.08 (t, J = 7 Hz, 1 H).

(E)-8-Mesitoyloxy-2,6-dimethyl-2,6-octadiene (geranyl
mesitoate) (4b) was prepared in 80% yield from geraniol and mes-
itoyl chloridel8as previously described.13

(£)-6-Mesitoyloxy-4-methyl-4-hexenal (5). A solution of ger-
anyl mesitoate (4b) (10 g, 33 mmol) and 600 ml of methanol was
cooled to —78° and ozone (36.9 mmol) was passed through. After
adding excess dimethyl sulfide to the reaction mixture at -78°, it
was stirred for 12 hr at 25°. Evaporation of the dimethyl sulfide
and methanol left a residue which was diluted with ether, and the
ether was washed with water and saturated sodium chloride. Prod-
uct isolation and chromatography on silica gel (16.6% ether in hex-
ane) gave 2.65 g (30%) of the desired aldehyde 5 and 2.3 g of start-
ing material. An analytical sample was obtained by preparative tic
on silica gel (30% ether in hexane, two developments): ir (CCl4)
2720 (aldehyde C—H), 1725 (aldehyde and ester C=0), 1615,
1445, 1263, 1169, and 1080 cm*“ 1, nmr (CC14) b 1.77 (s, 3 H), 2.22 (s,
9 H),238(m,4H),473(d,J =7Hz, 2H),545 (t,J = 75Hz, 1
H), 6.75 (s, 2 H), and 9.66 (t, J = 1 Hz, 1 H); mass spectrum (70
eV) m/e (rel intensity) 274 (M+, 2), 164 (12), 148 (13), 147 (M -
OR, 100), 146 (31), 119 (M —CO2R, 19), 110 (M —mesitoic acid,
7), 93 (30), 55 (30), 43 (41), and 31 (69).

Anal. Calcd for C17H2203: C, 74.42; H, 8.08. Found: C, 74.31; H,
8.17.

(£)-3-Hydroxy-8-mesitoyloxy-2,6-dimethyl-l,6-octadiene
(6a). A 1.28 M solution (6.25 ml, 8 mmol) of isopropenylmag-
nesium bromide was treated dropwise at 25° with a solution of 5 (1
g, 3.6 mmol) and 7 ml of THF, and the reaction was stirred under
nitrogen for 2 hr. The reaction was quenched with saturated am-
monium chloride and extracted twice with ether. Product isolation
from the combined organic extracts gave 1.04 g of the crude alco-
hol 6a. An analytical sample was obtained by preparative tic on sil-
ica gel (30% ether in hexane, two developments): ir (CCl4) 3622
(OH), 1722 (C=0), 1612, 1442, 1257, 1162, and 1072 cm“ 1, nmr
(CDCI3) b1.563-2.22 (m, 11 H), 2.27 (s, 9 H), 4.05 (t, J = 6 Hz, 1 H),
4.75-5.00 (m, 4 H, CH~CCHs and CH20CO), 5.53 (t,J = 7.5 Hz,
1 H), and 6.81 (s, 2 H); mass spectrum (70 eV) m/e (rel intensity)
316 (M+, 0.18), 298 (M - H20, 0.73), 165 (21), 164 (86), 152 (M -
mesitoic acid, 37), 151 (16), 148 (28), 147 (100), 146 (67), 119 (42),
93 (28), 81 (27), 55 (26), and 43 (39).

Anal. Calcd for C20H2803: C, 75.91; H, 8.92. Found: C, 75.64; H,

8'g(lE)-.3Acetoxy—8—me:sitoyloxy—2,6-dimethyl-1,6-octadiene
(6b). A dark red solution of crude alcohol 6a (1.04 g, ca. 3.5 mmol)
and 10 ml of pyridine was treated with acetic anhydride (1.30 g,
12.7 mmol), and the reaction mixture was stirred for 12 hr at 25°.
The reaction mixture was poured into ice water, and the water ex-
tracted three times with ether. The combined organic extracts
were washed with 10% HC1,10% NaH CO03, water, and saturated so-
dium chloride. Product isolation gave 1.2 g of a dark red oil. Chro-
matography on silica gel (16.6% ether in hexane) gave 900 mg (69%
from 5 ) of a colorless oil: ir (CCI4) 1740 and 1727 (C=0), 1612,
1445, 1260 and 1240 (C—O), 1168, and 1078 cm"1 nmr (CC14) b
1.53-1.88 (m, 8 H), 1.89-2.18 (m, 2 H, allylic methylene), 2.06 (s, 3
H, COCH3), 2.27 (s, 9 H), 4.7-5.03 (m, 4 H), 5.18 (t, J = 6.5 Hz, 1
H), 5,53 (t, J = 7.5 Hz, 1 H), and 6.81 (s, 2 H); mass spectrum (70
eV) m/e (rel intensity) 358 (M+, 0.76), 299 (M - OAc, 8), 195 (6),
148 (11), 147 (100), 146 (18), 135 (11), 134 (11), 119 (21), 93 (14), 55
(18), and 43 (37).
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Anal. Calcd for C2H304: C. 73.71; H, 8.41. Found: C, 73.77; H,
8.51.

(/?,£)-10-Mesitoyloxy-4,8-dimethyl-4,8-decadienoic  Acid
(7). A solution of 1 ml of THF and isopropylcyclohexylamine (131
mg, 0.92 mmol) was cooled to —78° under nitrogen and was treated
with @ 2.06 M (0.45 ml* 0.92 mmol) solution of n-BuLi. The solu-
tion was stirred for 20 min, and 6b (300 mg, 0.84 mmol) was added
producing a red solution. HMPA (0.15 ml) was then added fol-
lowed by the addition of tert- butyldimethylsilyl chloride (132 mg,
0.88 mmol) in 0.5 ml of THF, and the reaction was warmed to 25°
over a 30-min period. After stirring the reaction mixture for 3 hr, it
was diluted with ether and extracted with 10% HC1 and Claisen’s
alkali. Dropwise acidification at 0° of the alkaline extract with 10%
HC1 and extraction with ether gave 260 mg of the acid 7 after
product isolation. Chromatography on silica gel (40% hexane in
ether) gave 210 mg (70%) of pure 7: nmr (CDC13) b 1.63 (s, 3 H),
177 (s, 3 H), 208 (m, 4 H), 228 (s, 9 H), 238 (s, 4 H,
HO2CCH2ZCH2), 4.81 (d,J = 7 Hz, 2 H), 5.20 (m, 1 H), 5.50 (t, J =
8Hz, 1H), and 6.81 (s, 2 H).

Treatment of 7 with diazomethane gave the corresponding
methyl ester. An analytical sample was obtained by preparative tic
on silica gel (30% ether in petroleum ether, two developments): ir
(CCU) 1744 and 1728 (0=0), 1616, 1438, 1262, 1168, and 1076
cm-1; nmr (CDC13), identical with 7 except for the addition of
b 3.64 (s, 3 H); mass spectrum (70 eV) m/e (rel intensity) 372 (M+,
0.58), 208 (M - mesitoic acid, 11) 164 (12), 148 (13), 147 (100), 146
(23), 121 (17), 119 (23), 81 (35), 80 (35), and 43 (14).

Anal. Calcd for C2H320 4: C, 74.16; H, 8.66. Found: C, 74.24; H,
8.76.

(f?,i?)-3,7-Dimethyl-2,6-decadiene-1,10-diol (8). A 0.67 M
(5.57 ml, 3.74 mmol) filtered solution of lithium aluminum hydride
was treated with a solution of 7 (134 mg, 0.37 mmol) in a small
amount of THF, and the reaction mixture was stirred under nitro-
gen for 40 min at 70°. The reaction was quenched at 0° with ethyl
acetate, and it was diluted with saturated ammonium chloride.
After the mixture was extracted twice with ether, the product was
isolated from the combined ether extracts and was chromato-
graphed on silica gel (50% chloroform in ehter) to give 64 mg (87%)
of the diol 8 nmr (CDC13) h1.5-1.92 (m, 8 H), 1.93-2.36 (m, 8 H,
allylic methylenes and OH's), 3.63 (t,J = 6.5 Hz, 2H), 4.15(d,J =
7 Hz, 2 H), 5.18 (m, 1 H), and 5.43 (t, 3 = 7 Hz, 1 H); mass spec-
trum (10 eV) m/e (rel intensity) 198 (M+, 0.64), 180 (M - H20, 5),
167 (M - CHaOH, 5), 152 (M - H20 + CH~CHj, 8), 121 (32), 97
(34), 95 (92), 84 (100), 69 (44), and 68 (48).

Treatment of 8 with a-naphthyl isocyanate gave a bis(cr-naph-
thyl)urethane which melts at 128-129.5° (lit.12 127-129°) after re-
crystallization from hexane-ether.
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Aryl and vinylic bromides and iodides and benzyl chloride react with carbon monoxide and an alcohol at 100°
or below and atmospheric pressure in the presence of a tertiary amine and a catalytic amount of a palladium-tri-
phenylphosphine complex to form esters. The reaction is tolerant of a variety of functional groups and shows ap-
preciable stereospecificity at 60-80° with cis and trans vinylic halides producing esters with retained configura-

tion.

In previous papers we and others have noted the ready
formation of organopalladium complexes by reaction of
finely divided palladium metal22 or palladium(0)-organo-
phosphine complexes34 with aryl, benzyl, and vinyl ha-
lides.

Since these organopalladium complexes reacted easily
with olefins,1-3 it seemed reasonable to expect that they
would also react with carbon monoxide to form acylpallad-
ium derivatives. The last compounds could then possibly
reductively eliminate acyl halide or at least react with alco-
hols to form esters and an unstable metal hydride which
could re-form the palladium(O) starting material. There-
fore a catalytic synthesis of acyl halides or esters from aryl,
benzyl, and vinyl halides and carbon monoxide appeared
possible analogous to the known reactions of allylic chlo-
rides.56 A similar reaction is known to occur with bromo-

Pd
HX=CHCHZ1 + CO — » H,C=CHCH,COCI

'vA  H,C= CHCHoCOOR + HC1
ROH "

Tr-allylnickel(I1) dimer, from allyl bromide and tetracar-
bonylnickel(O), and carbon monoxide.7 A related carboal-
koxylation of organomercury compounds with palladium
salts, carbon monoxide, and an alcohol is known, but gener-
ally mixtures of esters, biaryls, and ketones were obtained
with only low yields of esters being formed in most in-
stances.89 Tetracarbonylnickel(O) is an excellent reagent
for the carboalkoxylation of aryl, benzyl, and vinyl halides
particularly in the presence of bases.1011 The nickel reac-
tion has two problems which we hoped to overcome by the
use of palladium catalysts; (1) tetracarbonylnickel vapor is
extremely toxic while the palladium reagents are not vola-
tile and (2) tetracarbonylnickel is either required in stoi-
chiometric quantities or at least in relatively large catalytic
amounts while the palladium complexes may react highly
catalytically.

Preliminary experiments showed that acyl halides were
not formed catalytically from aryl halides at 100° and with
1 atm of carbon monoxide even in the presence of tertiary

amines, but in the presence of an alcohol and a tertiary
amine a highly catalytic reaction ensued forming esters in
good yields.

ArX + CO + ROH + R/N ~ ArCOOR + R/NH+X

Results

Initial experiments were carried out with aryl iodides
adding palladium acetate as catalyst. The palladium(ll) ac-
etate was reduced by the carbon monoxide in the reaction
mixture. Little carbon monoxide was absorbed at 100° and
at 1 atm unless a tertiary amine and an alcohol were added.
We used n-butyl alcohol as the alcohol and tri-n- butyl-
amine as the tertiary amine, since they boiled well above
the reaction temperature. Generally, the reactions with 1-2
mol % of catalyst at 100° required 14 hr or more to reach
completion and were usually allowed to go longer to be sure
the aryl halide had completely reacted. Reactions were car-
ried out in a gasometric apparatus as described previously
so that the reaction rate and the amount of gas absorbed
could be measured.12 Products were isolated by ether ex-
traction, acid washing, and distillation. The esters were ob-
tained very pure by this simple procedure. The yields and
product properties of representative examples are show in
Table I. Nmr data on the products are given in Taole HI
which will appear in the microfilm edition of the journal.
See paragraph at the end of paper regarding supplementa-
ry material. Substituent effects in the aromatic halide ap-
peared to be less significant than in the reactions of the
same halides with olefins.23 Both strongly electron supply-
ing and withdrawing substituents could be present.

The reaction with palladium acetate as catalyst a;, 100°
was limited to aryl iodides; bromides did not react unless
they were strongly activated with electron withdrawing
substituents. We found, however, that adding 2 equiv of
triphenylphosphine would cause unactivated aryl bromides
to react at practical rates and produce esters in good yields.
Aryl iodides reacted at about the same rates with the phos-
phine catalysts as they did with the palladium acetate cata-
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Table |
Carbobutoxylation of Aryl and Benzyl HalidesO

Reaction rl/2<

Molecular weight

Halide Catalyst time, hr min Product (% yield)b,c Bp,°C Found Caled

cbh5 Pd(OAc)2 20 312 C&85C0O00-«-Bu (70) 100-110 (10 mm)1
(591-50-4) (3375-31-3) (136-60-7)

4-CH3OCOCEH4 Pd(OAc)2 16 4-CH3OCOCEH4COO-m-Bu (83) 133-134 (0.2 mm) 236.117 236.105
(619-44-3) (52392-55-9)

4-CH3OCeH4l Pd(OAc)2 16 4-CH30C6H4COO0O-k-Bu (69) 114-115 (0.2 mm)l 208.107 208.110
(696-62-8) (6946-35-6)

2,6-(CH3)2CceH3 Pd(OAc)2 40 2.6 -(CH3)2C6H3COO -n -Bu (63) 78-80 (0.4 mm) 206.122 206.130
(608-28-6) (52392-56-0)

cthsi PhPdI(PPh3)2 30 467 QHjCOO-n-Bu (96)d 178.104 178.099

(18115-61-2)

QHB5Br PhPdBr(PPh3)2 24 718 C6H5CO0O-m-Bu (78)"
(108 -86-1) (33381-14-5)

CeHsBr Pd2Br4(PPh3)/ 24 1376 C6eH5COO0-rc-Bu
(623-00-7) (M)

4 -NCCgHjBr» PdBr2(PPh3)2 14 4-NCC6H4COO-w-Bu (89) Mp 54—55* 203.095 203.095

(23523-33-3) (29240-34-4)

1-CjH7Br PdBr2(PPh3)2 80 1367 1-C10H7CO O -«-Bu (46)? 165-170 (19 mm)! 228.121 228.115
(90-11-9) (3007 -95-2)

CsH5CH2C1 PdCI2(PPh3)2 40 1677 CHS5CH2COO-m-Bu (45)* 135-142 (22 mm) 192.122 192.115
(100-44 -7) (13965-03-2) (122-43-0)

OReactions were carried out at 100° with 1 atm of CO, 17.2 mmol of halide, 0.25 mmol of catalyst, 21.2 mmol of n-butyl alcohol, and 19
mmol of tri-n-butylamine. Registry numbers are given in parentheses. 6Yields are of isolated, pure products except where noted. ¢ Products
all showed strong ir bands at 1700-1750 cm-1 and all had nmr spectra consistent with the proposed structures. d Yields determined by glc
with diphenyl ether as an internal standard. ¢ Only 0.125 mmol of catalyst was used. <Reaction was carried out at 60° under 30 psi of CO in a
capped bottle. * Reaction was only about 81% complete when the product was isolated. hReaction was only about 65% complete when the
product was isolated. ‘ Reported bp 250°, “Handbook of Chemistry and Physics,” 40th ed, Chemical Rubber Publishing Co., Cleveland,
Ohio, 1959, p 846. >Reported bp 183° (40 mm), L. G. Radcliffe and W. A. Brindley, Perfum. Essent. Oil Rec., 13, 414 (1922). * Reported mp
56-57°, F. E. D. Garigi and H. Gisvold, J. Chem. Pharm. Ass., 38,154 (1949).1Reported bp 151° (0.4 mm), G. B. Arrowsmith, G. H. Jeffery,

and A. I. Vogel, J. Chem. Soc., 2072 (1965).

lyst. Examples using the triarylphosphine procedure are
also listed in Table I. In most instances purified dihalo- or
haloarylbis(triphenylphosphine)palladium(ll) complexes
were used as catalysts although palladium(ll) acetate with
2 equiv of triphenylphosphine produced identical catalysis
as near as we could tell.

Table | contains two examples of particular interest. The
carbobutoxylation of methyl p-iodobenzoate gave an 83%
yield of n-butyl methyl terephthalate with none of the
symmetrical esters being formed. The relatively hindered
2,6-dimethyliodobenzene also reacted normally at about
half the rate of iodobenzene to form n- butyl 2,6-dimethyl-
benzoate in 63% yield.

The relative rates of reaction of the differently substitut-
ed aryl halides can be estimated from the half lives (T 1/2)
listed in the table. The T 1/2 was the time required for half
of the theoretical amount of CO to be absorbed. Electron
withdrawing substituents increased and electron supplying
groups decreased the reaction rates. The presence of the
phosphine ligands appeared to slow the rate of the reaction
of iodobenzene while it must have substantially increased
the rate of reaction of bromobenzene since very little or no
reaction occurred without the phosphine. With the phos-
phine catalyst iodobenzene was less than twice as reactive
as bromobenzene. This is a remarkably small difference
which suggests that oxidative addition may not be rate de-
termining in this reaction. We attempted to measure rela-
tive rates of reaction by carrying out competitive reactions
of pairs of aryl halides. We found as Cassar did with nickel
carbonyl1l that iodide ion was a very effective inhibitor for
the reaction and when mixtures of aryl bromides and io-
dides were allowed to react the reactions proceeded at
about the rates expected for the iodide but that the bro-
mides did not react significantly. Calculating the relative

rates of reaction of iodobenzene compared to bromoben-
zene in the presence of iodide ion (extrapolating back to
zero time) from two pairs of relative rates measured where
substituents were different gave the result that iodoben-
zene was 243 times more reactive than bromobenzene. This
contrasts with the value of twice as reactive found by com-
paring half lives. Comparisons by the competitive method
should be more meaningful for different aryl halides con-
taining the same halogen. We found for example that 4-
bromoanisole was 0.23 times and 4-bromobenzonitrile was
275 times as reactive as bromobenzene by this means. Cas-
sar found the corresponding values for the same halide for
his tetracarbonylnickel(O) catalyzed carboxylation were 0.4
and 108, respectively.11 Apparently the palladium catalyst
is more selective than nickel is. Both 1-bromoaphthalene
and benzyl chloride were significantly less reactive than
was bromobenzene in the carbobutoxylation reaction.

The triphenylphosphine-palladium complexes also cata-
lyzed the carbobutoxylation of vinylic iodides and bro-
mides in the presence of tertiary amines. The compounds
studied and the yields of esters obtained from them are
listed in Table Il. The nmr spectra of the products are
given in Table Il which will appear in the microfilm edi-
tion of this journal. See paragraph at end of paper regard-
ing supplementary material.

Cis- and trans vinylic halides were carbobutoxylated
under various conditions to find optimum conditions for
retaining the initial stereochemistry in the product. At
100° both E- and Z- 3-iodo-3-hexene give mixtures of three
carbobutoxy derivatives. Without triphenylphosphine, pal-
ladium acetate produces about equal amounts of the three
products while with PdI2[P(C6H5)3]2 as catalyst the major
product was the one formed with retention of stereochem-
istry. The E iodide reacts at 100° about three times more
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H r

(16403-13-7)

H B’
(23523-32-2)

B B

H 1
(16403 -09 -1)

AE |

H H
(16538-47-9)

aHOHH H

H T
(16644-98-7)

[\
CH, H
(588-72-7)
H H

N e

(588-73-8)

Tenp,
Catalyst °C
Pd(0Ae)2 100
Pd12(PPho 100
PdI2PPh3)2 100

PdI2PPh3)2 60

PdI2(PPh3)2 80

PdI,(PPh32 100

PdBr2PPh32 100

PdBr2(PPh32 80

Table 1l
Carbobutoxylation of Vinylic Halides*

time, hr Ty, min Products (Qoyield)

B COnRu

H m

(52392-59-3)

17 250 (23)

B B
(29) >
H \conau

(52392 -60-6)

(21)
CHOH+— Ot
(52392-61-7)

B COOnBu

H A |

45 38 (45)

45 86

GonBu

\ (19)6
ch®h= chchchzh,
B B

HA AOZDnBJ

B QOnRu

40 575 (74)

(6)
H &
aHiCH)3 CoonBu
15 34 (79)
H H

(52392-62-8)
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Mblecular weight

B C Fourd Caled

184.1476 184.146

50-55 (1.5 mm) 184.147s 184.146

184.1474 184.146

60-68 (3 mm)

184.146  184.147

66-69 (14 mm)

H(@), H
|_l-| (6)
@6zR)

CHaH), H

35 A

H' aoniu
(52392-63-9)

(83)

H GOnBRu
8 116 (80)
CH H

(52392-64-0)

15 350
CHS QoonRu
(52392-65-1)
H  Congu

w (30)(33)£

B H

74-78 (15 mm)

155-165 (13 mm)1 204.102

(52)(53)£ 90-94 (0.2 mm)

184® 184

204.115

204.104 204.115
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Table 1l
(Cominued)
Termp, Reaction -Mblecular weight
Halice Catalyst °C time, hr Ti/z> ron  Products Poyield) B C Fourd Caled
H H
< PABr2PPh32 60 43 (z"{\ (68) 96-104 (0.2 mm)
H H
s Yo ™
- B aH  aona
/\:\ PdBr2PPh3)2 125 + 5 A (83)  108-112 (0.7 mm)
Ct H CH H
(16917-35-4) (52392-66-2)
Gh H
v_y
7
dH Yooau @)
(52392-67 -3)
A H H H
w
PABr2(PPh3)2 100 44 130 = 58 90-108 (0.4 218.1295 218.1307
drs e PEnd &7 e @ (04 mm)
(19647-26-8) H  CoonBu
CZ}% ) (33) 218.1297 218.1307
H H H H
PAdBr2PPh32 100 150 3000 i (50)
s & @' coonau
a8 oy
4
A H
M H H H
W PdBr2(PPh32 100 7 W (69)
& e drs oomau
Gt CoonBu
(26)
CH H
a8 Cn QoD By
y={ PAdBrAPPh3)2 100 168"  -1700 (29) 232.1512 232.1463
CHs B Gt H
(52392-57-1) (52392-68-4)
aH
(38) 2321519 232.1463
CH QoonBu
(52392-69-5)
CH QDR
PdBr2PPh, 100 168° -1500 (61)
/\
aH o dH Y
(52392-58-2) H
b Yoo 7
Bu
oh3
aecchoomau ®)
CH
B H nRCC  H
)= ( PdBr2(PPh32 100 5 70 dyy\H (68) 90-105 (1.5 mm) 204.105  204.115
cyi, h H
(98-81-7) (15895-94-0)

a Carried out with 17.2 mmol of vinylic halide, 0.25 mmol of catalyst, 21.2 mmol of re-butyl alcohol, and 19 mmol of tri-re-butylamine at 1

atm of CO except where noted. 6 Samples isolated by glc. c Data corrected for 18% trans and 8% unknown in cis iodide. « Data corrected for
4% cis and 4% unknown in trans bromide. e Parent peak was too weak to be used to obtain a more accurate value, t Reported bp 162° (12
mm), G. H. Jeffery and A. 1. Vogel, J. Chem. Soc., 658 (1948). * Yields obtained under 30 psi pressure of carbon monoxide. h Reaction car-
ried out at 20-30 psi of carbon monoxide. ' Data corrected for 7% trans isomer in cis bromide. J Carried out under 1025 psig of CO. k Carried
out with one-half quantities of reagents with an additional 2.5 mmol of triphenylphosphine added. 1 Carried out under an initial i270 psig
of CO with one-half quantities of reagents. m Carried out with 4 mmol of vinylic halide, 0.06 mmol of catalyst, 5 mmol of re-butyl alcohol,
and 4.4 mmol of tri-re-butvlamine at 1 atm of CO. n About 13% of unreacted starting bromide remained at this time. 0About 15% of unre-
acted starting bromide remained at this time. p Isomeric structure not certain.
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rapidly than the Z isomer does judging by the half-lives de-
termined. In addition to the E- and Z-n- butyl 3-hexene-
3-carboxylates, n-butyl 4-hexene-3-carboxylate was
formed (probably trans but not definitely established). The
identification of the third isomer was made from its nmr
spectrum, its molecular weight, and the fact that it is ob-
tained as the major product when “carbobutoxypalladium
acetate” is treated with either Z- or E -3-hexene at 0-25°.
The last reaction is similar to one reported previously be-
tween “carbomethoxypalladium acetate” and 1-hexene
where a mixture of products composed of 42% E- methyl 2-
and 58% methyl 3-heptenoate was formed.13 The “carboal-
koxypalladium acetates” were prepared by exchange reac-
tions of palladium(ll) acetate with carboalkoxymercuric
acetates, obtained from alcohols, CO, and mercuric acetate
by the method of Schoeller, et al.14 In the 3-hexene reac-
tions the a-substituent appears to be responsible for the
formation of the ester as the major product. This result
supports the idea that coordination of the palladium atom
to the carboalkoxyl group in the alkylpalladium intermedi-
ate complex occurs and that this complex undergoes metal
hydride elimination exocyclically to give the least strained
olefin 7r-complex. The -ir-complex then dissociates into un-
saturated ester and “hydridopalladium acetate” which it-
self then decomposes into palladium metal and acetic
acid.15 The a-ethyl group, by an entropy effect, would be
expected to relatively favor the chelated form of the com-
plex over the open chain solvated form. The starting olefins

25°
n-BuOH + CO + Hg(OAc)ZF_b N-BuOCOHgOAc -I- HOAc
psi

n-BuOCOHgOAc + Pd(OAc), — »
[re-BUOCOPdOAc] + Hg(OAc),

H H
[a-BUOCOPdOACc] + \=C~" —m
CH3CH2 chZzh3
rc-Bu
(o]
/ \
AcO—Pd C=0
H— C---C—H
/ \
chXxh?2 chzh3
n-Bu
AcO |
I~ °\
H— Pd C
H
IP
CHjCHs
HX H
COO-n-Bu
|
H CHCHZCH3
NC=Cn + [HPdOAC]
H)C H

[HPdOAc] —*m HOAc + Pd

and product esters are stable under the reaction conditions.
Z- 3-Hexene gave 25%, and E- 3-hexene 44% of n- butyl 4-
hexehe-3-carboxylate. The remainder of the products from
Z-3-hexene were not the E- or Z-3-hexene-3-carboxylate
but other materials, probably enol and allylic acetates and
dicarboxylated products which were not identified. The E-

Schoenberg, Bartoletti, and Heck

3-hexene produced 6% of the E-3-hexene-3-carboxylate
also but no Z ester, as expected by the normal cis addition-
cis elimination mechanism believed to operate in the reac-
tion.13

The formation of the nonconjugated ester from the car-
bobutoxylation of the 3-iodo-3-hexenes is quite sensitive to
reaction temperature and this product disappears com-
pletely when the reactions are carried out at 60° rather
than 100°. The relative amount of ester with retained con-
figuration also increased on lowering the reaction tempera-
ture. Thus at 60° E-3-iodo-3-hexene gives 74% of the E
carbobutoxylated product, only 6% of the Z isomer, and
none of the nonconjugated ester compared with 69, 11, and
19%, respectively, at 100°.

The carbobutoxylations of both isomeric 3-iodo-3-hex-
enes were also carried out in hydroxyl deuterated n- butyl
alcohol with diiodobistriphenylphosphinepalladium as cat-
alysts in order to gain more information on how these reac-
tions were occurring. In all cases, no mechanistically signif-
icant conclusions could be reached since all three isomeric
ester products obtained were 50-75% monodeuterated
under the reaction conditions. The results are shown in
Table IV.

Z- 1-lodo-I-hexene on carbobutoxylation at 80° gave 79%
Z and 6% E ester while the E iodide even at 100° gave only
the E ester, which was isolated in 83% yield. Similarly E-
2-bromostyrene at 100° gave only E n-butyl cinnamate,
isolated in 80% yield. Z- 2-Bromostyrene on the other hand
at 80° gave 52% Z and 30% E ester while at 60° the yields
were 68 and 16%, respectively. Increasing the CO pressure
from atmospheric pressure to 30 psi did not improve the
stereochemistry of the Z-2-bromostyrene reaction at 80°.
Starting materials and products were stable under the
reaction conditions.

The E- and Z-l-bromo-2-phenyl-l-propene isomers
were carbobutoxylated with the results that the E bromide
gave about 83% of the E ester (retention) and 7% cf the Z
ester and the Z bromide gave a mixture 33% E and 58% Z

+ CO + n-BuOH +

HX COO-n-Bu
PdBr~*PiCAU \ /
N-BUudN --------eeoeeee 0=0 +
100°, 1 atm
ch3
n-Bu,NH+Br*
\
,C=C + CO + n-BuOH +
Br
HZZZX COO-n-Bu
. PdBrJP|CeH ,U L
n-BugN - eIceLY > c=¢ +
X CH3
hxN ch* ch3
N.C=c + HZ=CCHCOO-«-Bu +
n X COOHt-Bu

raBudNH+Br’

esters. The carbobutoxylation of Z- I-bromo-2-phenyl-I-
propene in the presence of 20 equiv of triphenylphosphine
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per equivalent of PdBr2(PPh3)2, on the other hand, led to a
substantial improvement in the amount of ester obtained
with retained structure, 92% compared with 64% without
the excess phosphine under the same conditions. The reac-
tion, however, was much slower with the excess phosphine.
The carbobutoxylation under 1270 psig of carbon monox-
ide was only slightly more sterospecific than at atmospher-
ic pressure (73% retention found vs. 64% at atmospheric
pressure). Thus lowering reaction temperature or adding
excess triarylphosphine are much more effective than in-
creasing CO pressure in improving the stereochemistry of
the carbobutoxylation. The E- and Z- 2-bromo-3-phenyl-2-
butenes isomers also were carbobutoxylated and the E-bro-
mide gave mainly the E ester (61%) while the Z- bromide
gave 38% Z and 29% E esters. A small amount of a new iso-
merie ester, presumably n-butyl 2-methyl-3-phenyl-3-bu-
tenoate was also formed in the E- bromide reaction.

The carbobutoxylation of E- and Z- I-bromo-2-phenyl-
1-propene was also carried out in hydroxyl deuterated n-
butyl alcohol. In both the E- and Z- bromide reaction the
ester produced with the opposite configuration to the start-
ing bromide contained about 21-28% monodeuterated
product while the esters with retained structures contained
only about 10-14% monodeuterated product. Results are
given in Table IV.

1-Bromostyrene was carbobutoxylated at 100° to give ex-
clusively n-butyl 2-phenylacrylate which was isolated in
68% yield.

In an attempt to eliminate the toxicity problem encoun-
tered with nickel carbonyl in the catalytic halide carboxyla-
tion reported by Cassar and Foall we tried the reaction
with nonvolatile, dicarbonylbis(triphenylphosphine)nick-
el(0) as catalyst (5%). At 100° under 1 atm of carbon mon-
oxide with iodobenzene no reaction occurred with only tri-
n- butylamine present but carbobutoxylation did take place
when sodium butoxide was added and n-butyl benzoate
was formed in 68% yield (isolated) after 30 hr of reaction.
This is an alternative method for the carboalkoxylation of
halides if the reactants and/or products are not reactive
toward sodium alkoxides at 100°. Tricarbonylmonophos-
phinenickel(O) complexes might be more reactive catalysts
but these were not investigated.

Discussion of Results

At least two possible mechanisms of carboalkoxylation
can be imagined. A reductive elimination of an aryl-car-
boalkoxypalladium species could be the final step in a
mechanism such as the following

Cco

I
R— Pd— X + PPh3

|
PPh3 .

RX + Pd(CO)(PPh32

co
R_Pd_X + ROH + BuN + PPh3

|
PPh3

COOR '
I
R— Pd— PPh3 + Bu,NH+X'
I
PPh3
COOR'

R_ Pd—PPh3 + CO —»R—COOR + Pd(CO)(PPh32

|
PPh.T
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Since organopalladium compounds are known to undergo
carbon monoxide “insertion reactions” very readily,16 how-
ever, a more likely mechanism involves a CO insertion fol-
lowed by attack of alcohol upon the acyl group with forma-
tion of a hydrido-palladium complex. The hydride then
ultimately loses HX and reforms the catalyst.

RPA(XXCO)[P(C8H53
(or RPA(X)[P(CE532
RCOOR' + HPd(X)[P(CaH532

p<c,h5)3

RX + Pd(CO)[P(C8HHI2

RCOPA(X)[P(CEH32 —

HPdIXtfPIQIUI, ~
-co

HX + /i-BudN — » re-BudNH+X~

PA(CO)[P(CEHHF2 + HX

Presumably the vinylic halides and aryl halides react by
the same mechanism. However, a possible cis-addition-
trans-elimination mechanism with the vinylic halides could
be imagined as shown below. This mechanism seems rather
unlikely, however, since at least the tri- and tetrasubstitut-
ed vinylic halides which undergo this reaction, would not
be expected to be very reactive to the addition of organo-
palladium compounds.15

PdX2PPh3)2 + ROH + n-BulN —m
R'OCOPA(XXPPh32 + re-BudNH+X-

R'O—CO— Pdx(PPh32 + Mc=c/ H_~»

>:= C/X H
R'OOC R

+ PdXZPPh32

The means by which vinylic isomerization occurs in the
carboalkoxylation is also of considerable interest. In all in-
stances where the unsaturated esters produced contained
the other geometric isomer than the starting vinylic halide,
it was shown that the starting material and the products
did not spontaneously isomerize under the reaction condi-
tions. Furthermore, the ratio of isomerized to retained es-
ters remained constant during the reactions. It is also clear
that hydrogen groups are not required on the a- or /3-vinyl
carbon atoms in order for isomerization to take place. In
examples where a- and/or /3-hydrogens were present, reac-
tion in hydroxyl deuterated n- butyl alcohol showed consid-
erable incorporation of deuterium and some of it was at
these positions. Clearly, cis-trans isomerization does not
occur only by a palladium-hydride (deuteride) addition-
elimination mechanism even in these cases. Probably, the
isomerization occurs mainly in the <r-vinylic palladium in-
termediate before the CO insertion and alcoholysis occurs.
It is not clear whether or not the CO insertion is reversible
under our reaction conditions. A more than doubling of the
CO pressure in the carbobutoxylation of cis- 2-bromosty-
rene and increasing it by a factor of about 90 in the Z-1-
bromo-2-phenyl-l-propene case did not greatly change the
ratio of cis to trans-esters produced suggesting that the CO
insertion is not reversible under our conditions. The loss of
configuration at the vinylic palladium bond possibly is by
way of an ionic carbene type intermediate such as the fol-
lowing.
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Table IV
Carbobutoxylations with n-CiHgOD

Organic HalideO Reaction temp, C rijo>« =
Et 1
100 63
Et
Et Et
100 105
1*“A
H 1
H H
W 80 634
C.H. Br
C\l—/|\,/ H
I\ 100 185
CA Br

Products (relative % yields)0 I Monodeuteration

Et COOn-Bu

I\ @47 67
H Et
Et . Et
w (26) 55
COO-n-Bu
COOnN-Bu
(27) 75

1
CHXH=CHCHCHZHj
Et COO-rc-Bu

\ /
—\ (8) 67
H Et
E{/V Et
/%N (89) 80
H COO-n-Bu
COoOn-Bu
| 3) 49
CHICH=CHCHCH«CHj
H H
N (52) 14
CA, COO-n-Bu
H COO0-n-Bu
W
I\ (48) 21
CA H
ch3 h
PN (59) 10
C@H5 COOBU-n
CHS COOBu-n
)N \ (41) 28

CA H

° Reactants included 17.2 mmol of organic halide, 0.25 mmol of catalyst, 19 mmol of tri-ra-butylamine, and 21.0 mmol of re-CiHg-
OD. 6Total yields were about the same as in the reactions with undeuterated n-butyl alcohol.

H H
c=Cc» CO
Pd
PhT Br
°c\_/ B
H. H Pd
’C_Cv \
PdCO Br* H
Ph®

Excess triphenylphosphine may accelerate the CO inser-
tion by forming a-five coordinate intermediate and reduce
the amount of carbene complex formed.28

The formation of /?,y-unsaturated esters in the E- and
Z- 3-iodo-3-hexene carboalkoxylations may occur by a pal-
ladium hydride addition-elimination mechanism although
attempts to establish this mechanism by looking for deute-
rium incorporation in this product when carbobutoxylation
was carried out in hydroxyl deuterated n-butyl alcohol did
not give conclusive results. As noted above all three of the
isomeric esters produced were 50-80% deuterated. The nmr
spectra of the glc separated ester products showed the deu-
terium was not concentrated at the vinylic positions. Pre-
sumably it was distributed over several positions, but we
could not be certain from the spectra. A reasonable mecha-
nism for formation of some of the fty-unsaturated- ester
can be proposed. In the synthesis of n-butyl 4-hexene-3-
carboxylate from 3-hexene and n-carbobutoxypalladium
acetate elimination to the /3,y-unsaturated ester was pre-
sumed to occur, as noted above, because of chelation of the

palladium with the carboalkoxyl group during the elimina-
tion. Exactly the same chelated intermediate could be
formed in the carbobutoxylation of the 3-iodo-3-hexenes if,
after the alcoholysis step, the palladium hydride species
formed remained coordinated to the ester group and then
the hydride (deuteride) added internally to the existing
double bond placing palladium on the /3-carbon atom.
Elimination of the chelated palladium hydride group exo-
cyclically would form the 4-hexene-3-carboxylate ester.

The palladium hydride addition may occur in both direc-
tions and the elimination may produce a new isomer if a
different hydride group is lost. In deuterated n- butyl alco-
hol such an isomerization would lead to deuterium incorpo-
ration and could account for the 10-15% excess deuterium
found in the isomerized esters compared with the esters
with retained configuration in the carbobutoxylations of El-
and Z- 2-phenyl-l-bromo-I-propenes.

Another mechanism of formation of nonconjugated ester
in the 3-iodo-3-hexene carbobutoxylation which needs to
be considered is a ir-allylic palladium hydride mecha-
nism.17 A control experiment using a mixture of the E- and
Z- butyl 3-hexene-3-carboxylates under the carbobutoxyla-
tion conditions, however, failed to show the formation of
any nonconjugated ester. Therefore, this ester must be
formed directly by the reaction.

The palladium-triphenylphosphine catalyzed carboal-
koxylation of aryl, benzylic, and vinylic halides appears to
be a general reaction. The reaction with bromides and io-
dides occurs under mild and convenient conditions and is
therefore a useful addition to the list of methods available
for the synthesis of carboxylic acid esters.
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HV z1 {OCOTCeHAl
N + [PdCCOTCeHAI]
CH3CH, ch,ch3
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/ c=CX P(CEH5)3
ch3h?2 chZzh3
I
|
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cae® 1 \c==0 [HPAdjPtCA) ]
H—Pd | PR,
H\\ zQ\H
/C=C" chZxh3
hZ h
COOR

|
chXh= ch— chchZh3

Experimental Section

Reagents. Tri-n-butylamine (Eastman) was distilled from po-
tassium hydroxide and stored over Linde 4A molecular sieves. lo-
dobenzene (Eastman) and n- butyl alcohol (Fisher Scientific) were
distilled before use and also kept over molecular sieves. 1-Bro-
mostyrene was prepared by the method of Glaser.18 £-2-bro-
mostyrene was used as obtained from the Aldrich Chemical Co.
Z-2-Bromostyrene was prepared by the method of Cristol19 and
stored at 0°. Z- and E-l-bromo-2-phenyl-l-propene were pre-
pared by the procedure of Davis and Roberts.20 The isomeric mix-
ture of bromides (33VoJZ) was separated by fractional distillation:
Z- bromide, bp 86° (15 mm), and E- bromide, bp 96° (15 mm). Z-
1-lodo-l-hexene2l and E- 3-iodo-3-hexene22 were also prepared by
literature methods. Z- 3-lodo-3-hexene was prepared by refluxing
3-hexyne with constant boiling hydriodic acid for 24 hr, bp 43-44°
(10 mm). Other organic halides except Z- and E- 2-bromo-3-phe-
nyl-2-butene (described below) were commercial products and
were used without further purification.

Dichloro-, dibromo-, and diiodobis(triphenylphosphine)palladi-
um(11) were prepared by heating potassium tetrachloropalladate
with an excess of the potassium halide required and an excess of
triphenylphosphine in ethanol solution.23 The crude products were
washed with water, ethanol, and pentane and then recrystallized
from hot chloroform. Chlorobis(triphenylphosphine)phenylpallad-
ium(l1)24 was prepared by the addition of the appropriate aryl
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halide to tetrakis(triphenylphosphine)palladium(0).25 The
bridged complex dibromo-MM-dibromobis(triphenylphosphine)pal-
ladium(ll) was made by the addition of excess LiBr to equivalent
amounts of KMPdCL and PdjCeHsJaP~CL in ethanol.26 The
bridged complex was then purified by recrystallization from chlo-
roform.

Analysis. Samples were analyzed by gas chromatography on a
10 ft or a 15 ft 20% SE-30 on Chromosorb W column. If known
samples were available, sensitivity coefficients were obtained com-
pared with diphenyl ether. The diphenyl ether was then added as
an internal standard. High resolution mass spectra were obtained
by peak matching using a Du Pont (CED)21-110B double focus
mass spectrometer. Infrared spectra were recorded on a Perkin-
Elmer Model 337 grating spectrophotometer. Proton nuclear mag-
netic resonance spectra were measured with a Varian Associates
Model AB0A spectrometer or a Perkin-Elmer R-12B spectrometer
using TMS as an internal standard.

Z- and E- 2-Bromo-3-phenyl-2-butene. To a stirred solution
of 58.0 g (0.80 mol) of 2-butanone in 300 ml of ether at -78° ina
2-1. three-necked flask under argon was added 450 ml of 2.3 M
phenyllithium in 70:30 hexane-benzene during 1 hr. The reaction
mixture was allowed to stir at room temperature overnight. Ice
water was then slowly added and the ether layer was separated,
dried, and distilled. The crude 2-phenyl-2-butanol, bp 92-97° (11
mm), so obtained was then distilled with 10 g of sodium bisulfate
at 11 mm. The crude olefin was redistilled to give a 41% yield of 2-
phenyl-2-butene, bp 70-72° (12 mm).

To a stirred solution of 40 g of 2-phenyl-2-butene in 500 ml of
chloroform at room temperature was slowly added 50 g of bromine
in 200 ml of chloroform. After the addition, the chloroform was
distilled from the product and a solution of 75 g of potassium hy-
droxide dissolved in 1 1 of ethanol was added. The solution was
stirred at 55° for 1 hr and then water was added. The product was
extracted with ether. The extracts were dried and distilled, bp
60-83° (0.7 mm). The isomeric mixture (38 g, 59%) was separated
by fractionation. There was obtained 11.0 g (17%) of the E-bro-
mide, bp 95-96° (14 mm) (nmr in CDC13, r 2.55-3.10 (m, 5 H), 7.86
(s, 6 H); mol wt 209.9993, calculated 210.0045), and 6.0 g (9%) of
the Z- bromide, bp 97-98° (14 mm) (nmr in CDC13, r 2.80 (s, 5 H),
7.15 (g, 3 H, J = 15 Hz), 805 (q, 3 H, J = 15 Hz); mol wt
210.0015, calculated 210.0045). The structures of the bromides
were established by treating each pure bromide with the tetra-
methylethylenediamine complex of re-butyllithium at 0° in ether
and carboxylating with solid carbon dioxide. The bicarbonate solu-
ble products were converted into the methyl esters with diazo-
methane and the samples were identified by comparison of their
nmr spectra with those of the known isomeric methyl 2-methyl-3-
phenyl-2-butenoates prepared by Jackman.27

General Procedure for the Carbonylation of Organic Ha-
lides. In a 100-ml jacketed flask containing a magnetic stirring bar
was hung a Teflon cup containing 0.25 mmol of the palladium cat-
alyst. The flask was then attached to a thermostated microhydrog-
enation-type apparatus.12 The apparatus was flushed several times
with carbon monoxide. The reagents, 17.2 mmol of the organic ha-
lide, 21.2 mmol of re-butyl alcohol, and 19.0 mmol of tri-re- butyl-
amine, were injected into the reaction flask by means of a hypoder-
mic syringe through a side arm provided with a stopcock and rub-
ber septum on the end. The reaction vessel was then brought to
the proper temperature (steam for 100° and circulating constant
temperature bath for all other temperatures) and allowed to come
to equilibrium at 1 atm of pressure. The Teflon cup ccntaining the
palladium catalyst was then dropped into the reaction mixture by
means of a stopcock. Gas volume changes and times were periodi-
cally recorded until gas absorption stopped. The theoretical
amount of 420 ml at 25° (17.2 mmol) was generally absorbed. The
reaction mixture was then dissolved in ether and washed with sev-
eral portions of 20% hydrochloric acid solution to remove salts and
excess amine. The ether layer was washed with a saturated sodium
bicarbonate solution followed by distilled water. The ether layer
was dried with anhydrous magnesium sulfate, concentrated under
reduced pressure, and then distilled in vacuo to give the pure es-
ters.

Carbobutoxylations of Organic Halides with re BuOD. Car-
bobutoxylations with re-C4HgOD (Aldrich, 98%) were carried out
as described in the general procedure above. Samples for mass
spectra were obtained by preparative glc on a 15 ft 20% SE-30 on
Chromosorb W column. The ratio of deuterated to undeuterated
organic ester was calculated from the intensity of the (m + 1)/1
peaks of the deuterated samples (average of three scans) minus the
ratio of the intensity of the (m + 1)/m peaks for the undeuterated
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samples. The results of the n-CiHgOD experiments are shown in
Table IV.

n-Butyl p-Cyanobenzoate. To a heavy-walled 200-ml Pyrex
bottle was added 3.13 g (17.2 mmol) of p- bromobenzonitrile, 0.198
g (0.25 mmol) dibromobis(triphenylphosphine)palladium(ll), and
a magretic stirring bar. The bottle was capped with a rubber-lined
metal cap with a small hole in it for injection by a needle and
flushed with carbon monoxide several times through a needle and
a mixture of 1.57 g (21.2 mmol) of n-butyl alcohol and 3.6 g (19.0
mmol) of tri-ri-butylamine was injected into the bottle. The reac-
tion mixture was placed in a steam bath, pressurized to 20 psi with
CO and allowed to stir overnight (14 hr). The reaction mixture was
then treated as above except that the product was crystallized
from hexane rather than distilled to give 3.11 g (89% yield) of pure
cyano ester.

Dicarbonylbis(triphenylphosphine)nickel (0) Catalyzed
Carbobutoxylation of lodobenzene. The same procedure was
used as in the palladium catalyzed reaction above except that 5
mol % of dicarbonylbistriphenylphosphinenickel(O) (Alfa Chemi-
cal Co.) was used as catalyst and 26 ml of 1.5 M sodium n-butox-
ide in n- butyl alcohol was used in place of the amine and n- butyl
alcohol.

Hydrogenation of the Products Obtained from the Carbo-
butoxylation of trans-3-lodo-3-hexene. In a 45-ml high-pres-
sure reactor was placed 0.75 g of the ester mixture, 7 ml of THF,
and 0.25 g of platinum oxide. The reactor was sealed, cooled to
-78° and flushed with nitrogen and then with hydrogen. The mix-
ture was stirred magnetically in an oil bath at 60° under 1000 psi
of hydrogen for 10 hr. Isolation of the product by dilution with
water, extraction, and concentration and analysis by glc showed
the reduction was incomplete. A 0.26-g sample of the partially hy-
drogenated product was rehydrogenated with 0.25 g of catalyst and
5 ml of THF at 100° under 1000 psi of hydrogen for 24 hr. Only a
single product was present now which was isolated and identified
as n- butyl 3-hexanecarboxylate by its nmr spectrum and its mo-
lecular weight as determined by mass spectroscopy. The parent ion
was too weak to obtain a precise molecular weight but there was
clearly a peak at 186 amu.

A new olefinic product was produced when hydrogenation was
attempted at 60° under 1000 psi of hydrogen with 5% Pd-C as cat-
alyst. This product judging by its nmr spectrum (from a small
sample isolated by vpc) appeared to be n-butyl 2-hexene-3-car-
boxylate.

Carbobutoxymercuric Acetate. This compound was prepared
essentially by the method of Schoeller, et al. 14 A solution of 6.37 g
(20 mmol) of mercuric acetate in 25 ml of n- butyl alcohol was pre-
pared in a 200-ml heavy-walled Pyrex bottle. The bottle was
capped, flushed with carbon monoxide through a syringe needle
through the self-sealing rubber lined cap, and stirred at room tem-
perature under 50 psi of carbon monoxide for 2 days. The resulting
mixture was filtered and cooled to 0°. The colorless solid which
precipitated was separated by filtration and air-dried. There was
obtained 5.51 g (77%) of the product.

Reactions of z- and £ -3-Hexene with “Carbobutoxypallad-
ium Acetate.” A mixture of 1.8 g (5 mmol) of n-carbobutoxymer-
curic acetate, 12 ml of acetonitrile, and 1 ml of the olefin was
stirred in a ice bath and 1.15 g (5 mmol) of powdered palladium ac-
etate was added. The mixture was then stirred overnight at room
temperature. The products were analyzed by glc on a 15 ft 20% SE
30 on Chromosorb W column at 150° using diphenyl ether as an
internal standard. The Z-3-hexene gave n-butyl 4-hexene-3-car-
boxylate in 25% yield with no other similar products formed while
the E- olefin gave 44% of this ester and 6% E-n- butyl 3-hexene-3-
carboxylate along with 14% of an unknown of longer retention
time.

Relative Rate Measurements. The same general procedure as
described above was employed except that half as much of each of
the two halides whose relative rates were being measured was used.
An internal standard of diphenyl ether was added. In the cases
where two different organic halides were being compared, the cata-
lyst used was half PdBr2[P(C6Hs)3]2 and half Pd~piCgHsH".
Small samples (3-5 drops) of the reaction mixtures were with-
drawn after about 5, 10, and 15% reaction had occurred judging by
the gas absorbed. These samples were diluted with 10-15 drops of
ether, washed with 5 drops of 20% hydrochloric acid and 5 drops of
distilled water, and dried with anhydrous magnesium sulfate.
After analysis by vpc, the data were plotted and linearly extrapo-
lated back to zero time to obtain a more accurate value for the rel-
ative rates. The relative rates measured directly were the fol-
lowing: with palladium acetate alone as catalyst, p-iodoanisole
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was 1.1 times as reactive and p- bromobenzonitrile was 24 times as
reactive as iodobenzene; with PdX2[P(C6H53]2 catalysts, p-io-
doanisole was 90 times as reactive, p- bromoanisole 0.23 times, and
p-bromobenzonitrile 275 times as reactive as bromobenzene.
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Aryl, heterocyclic, and vinylic halides react with CO and primary or secondary amines with a dihalobistriphen-
ylphosphinepalladium(11) catalyst at 100° or below and 1 atm pressure to form substituted amines in good yields.
If the amines are weakly basic, a strongly basic tertiary amine must also be present in stoichiometric amounts.
The reaction is highly stereospecific with cis and trans vinylic halides.

The preceding paper reports a new synthesis of esters
under mild conditions from aryl, benzyl, or vinylic halides,
carbon monoxide, a tertiary amine, an alcohol, and a cata-
lytic amount of various triphenylphosphine-palladium salt
complexes.1In this paper we report an analogous reaction
which produces primary or secondary amides when the
above reaction is carried out with a primary or secondary
amine in place of the alcohol.

PAXP(CeHs)J
RX + CO + R'NH, + R/'N

RCONHR' + R/'NH+X'

Results and Discussion

A variety of aryl, heterocyclic, and vinylic bromides and
iodides have been treated with carbon monoxide at atmo-
spheric pressure, a primary or secondary amine, and a ter-
tiary amine in the presence of about 15 mol %
PdX2[P(C6H53)2 as catalyst at 60-100°. 2-Chloropropene
was also allowed to react but under 600 psi pressure. The
amides formed in these reactions are listed in Table I along
with the yields and reaction conditions. The yields of iso-
lated purified amides ranged from 57 to 94%. The nmr data
for the products are given in Table Il, which will appear in
the microfilm edition of this journal. See paragraph at end
of paper regarding supplementary material. The reactions
proceeded more rapidly than the related ester synthesis
judging by the half-lives (T i/2) observed. (The approximate
half-lives were the times required for half of the theoretical
amount of carbon monoxide to be absorbed). For example,
bromobenzene reacts under the above conditions about 17
times faster with benzylamine to form N- benzylbenzamide
than it does with n- butyl alcohol to form n- butyl benzoate.
The amidation reaction also shows improved stereospecifi-
city over the carboalkoxylation reaction with cis and trans
vinylic halides. The reactions proceeded with high specific-
ity producing amides with retained configuration. We were
unable to find more than traces of isomerized products in
the reaction mixtures. The amides were nicely crystalline
compounds in general and were easily purified by recrystal-
lization.

A tertiary amine was generally added with the primary
or secondary amine to neutralize the hydrogen halide
formed in the reaction. If the primary or secondary amine
was a strong enough base the tertiary amine was not re-
quired. Aniline for example does not react without the ter-
tiary amine while pyrrolidine does.

The N-phenylamidation of 4-nitrobromobenzene was
complicated by the fact that reduction of the nitro group
catalyzed by the palladium also occurred forming an N-
phenylurea group from the nitro group, CO, and aniline.
The urea formation may proceed by way of an isocyanate2
or an amine.3 In any case, the urea formation is apparently
slower than the amidation and by stopping the reaction
when approximately the theoretical amount of CO for for-
mation of the amide is absorbed the N- phenyl-4-nitro-
benzamide was isolated in 57% yield. Allowing the reaction

to proceed until 1.57 mol of CO were absorbed, there was
isolated 33% of the N- phenylamide of 4-carboxydiphenyl-
urea in addition to 10% of the nitroamide. The yield of the
urea probably could be improved if more aniline had been
used. This reaction is being investigated as a possible
method for preparing other unsymmetrical urea deriva-
tives.
Br NH2

PABIPFh,),

+ CO + + o

n-Bu,N

NO.,,

cis- 2-Bromostyrene was treated with CO and pyrrolidine
under the usual conditions but only about half of the theo-
retical amount of CO was absorbed. In addition to trans-
N- cinnamoylpyrrolidine, isolated in 6% yield (probably
formed from the 8% of trans-2-bromostyrene present in
the starting material), cis- |,4-diphenyl-I-buten-3-yne was
isolated in 46% yield. The last product is likely produced by
a reaction of the intermediate cis-styrylpalladium complex
with phenylacetylene and then the adduct eliminating
metal hydride (a trans elimination is required). The phe-
nylacetylene is probably formed in this reaction and not
others because the relatively unhindered, strong base, pyr-
rolidine causes a trans dehydrobromination of the cis- 2-
bromostyrene. The liquid cis styrylacetylene isomer ob-
tained (J = 12 Hz for the vinylic hydrogens) isomerized
slowly on standing in the light at room temperature to the
known solid trans isomer, mp 96.5-97° 4 (J = 18 Hz for the
vinylic hydrogens). The only other material isolated from
the reaction mixture was a viscous oil which by its nmr and
ir spectra appeared to be a polymeric mixture of aromatic
carbonyl compounds.
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The mechanism of the amidation may involve an attack
of the primary or secondary amine upon an acylpalladium
intermediate. The reduction of the catalyst probably in-
volves simultaneous formation of a substituted urea. Tris-
(triphenylphosphine)carbonylpalladium(O) and related
carbonyls have been obtained under similar reaction condi-
tions.5 A possible reaction sequence is shown in Scheme I.

Scheme |

PdxiPftyui + 2C0 + r,nh2 —

[PA(CO)[P(CEHJI ] + RNHCONHR + 2HX
[PAICOICPiCeHsU] + RX —
0

RPd(X)[P(CEH ,U RCIIIDd(X)[P(CG—B:,]Z

0
I
RCNHR' + HPd(X)[P(C&H532
D
HPd(X)[P(CEH532 ®© 1ix + PekcpipICsUNI
HX + R/I'N — R/I'NH+X-

The fact that the reaction rates are faster with amines than
with alcohols could mean that the rate determining step, at
least in the amine reaction, is nucleophilic attack of the
amine on an acylpalladium intermediate. The higher stere-
ospecificity could mean that the alkenyl- and acylpallad-
ium species are in equilibrium and that isomerization oc-
curs slowly at the alkenyl stage. Since the amines react
with the acyl complexes more rapidly than the alcohols do,
there is less time for isomerization to occur. If this were the
case, however, increasing the CO pressure probably would
have increased the stereoselectivity of the carboalkoxyla-
tion, but it apparently did not in the one instance investi-
gated. An alternative explanation could be that amine is
coordinated to the palladium during the last stages of the
reaction. The function of the tertiary amine in the aniline
reaction or the strongly basic amine in other cases may be
to remove a proton from the coordinated amine.

A mechanism such as shown in Scheme Il could be imag-
ined.

Scheme 11

chsnh2

RPAIXXPIQIUI + CO —*% RCOPd(X)[P(QH5,],
RCOPdiX)P(Cfitsh + PIiCIJEU
QHIVH,
RCOPd(X)P(C&H53 -I- re-BuaN
CaHINH2
RCOPd(X)P(CaH93 n-BuNH+
CaHaNH
RCONHCEH5 + [Pd(XXCO)P(C8H9F «-BuINH+
[PA(X)(CO)P(CEHIXN-BuNH+ + P(C8H53 —*
Pd(CO)[P(CEHDI2 +

«-BUNH+X-

PACO)P(CEHHI2 + RX — > RPA()[P(CAHI2

A third possible mechanism could be attack of the amine
on coordinated CO in RPd(X)(CO)P(CeH53 followed by
loss of a proton and X~ from the complex and then reduc-
tive elimination as shown in Scheme I11.
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Scheme Il
RPA(X)(P(CBH3J  : HOBHY3 [RPA(XXCO)P(CEH;)3
"0=CNH Z(jH-" o= cnhcthb
1- R/N 1
R— Pd— X PICIU R— Pd— P(C&H53
P(CEHE? L J

RCONHCA + Pd(CO)[P(C&H533

The amidation reaction of aryl, heterocyclic, and vinylic
halides is clearly a very convenient and useful method for
producing a variety of substituted amides of aryl, heterocy-
clic, and a,/Tunsaturated acids.

Experimental Section

General. The preparations and sources of the organic halides
and catalysts used are given in the preceding paperl with one ex-
ception. E- Methyl 3-bromo-2-methylpropenoate was obtained as
described by Canbere.6 Molecular weights were determined by
high resolution mass spectroscopy on a Du Pont (CEC) 21-170B
double focus mass spectrometer. Proton nuclear magnetic reso-
nance spectra were measured with a Varian Associates Model A-
60A spectrometer or a Perkin-Elmer R-12B spectrometer in
DMSO-d 6or CDC13using TMS as an internal standard.

Amidation Procedure. The general procedure used was similar
to the one employed in the palladium-catalyzed carbobutoxylation
of organic halides previously reported in detail.l Usually, 17.2
mmol of the organic halide, 25.0 mmol of the amine, and 19.0
mmol of tri-re-butylamine were allowed to react. If the amine being
reacted was a strong base, tri-re-butylamine was not added and
50.0 mmol of the first amine was used. In the examples where a
secondary anine was used, the product was not acid washed be-
cause secondary amides are acid soluble.

N- Phenylbenzamide. The carbonylation apparatus containing
catalyst suspended in a Teflon cup as described previously,1 was
flushed several times with carbon monoxide. A mixture of 2.7 g of
bromobenzene (17.2 mmol) and 3.54 g of aniline (38.0 mmol) was
added to the reaction vessel by means of a syringe. After equilibra-
tion of 100° (steam), the catalyst, Pd(PPh3)2(Ph)(Br) (0.25 mmol),
was added by dropping the Teflon cup into the stirred reaction
mixture. Since after 1 hr only 12 ml of carbon monoxide had been
absorbed, 3.6 g of tri-n- butylamine (19.0 mmol) was added and the
up-take of carbon monoxide proceeded rapidly. Gas volume
changes and times were periodically recorded. After 3.5 hr the ab-
sorption stopped (425 ml (17.4 mmol) of CO measured at 25° had
been taken up). The reaction mixture was cooled, dissolved in
ethyl ether (700 ml), and washed with several portions of 20% hy-
drochloric acid solution to remove salts and excess amine. The ex-
tracts were washed with several portions of distilled water. The
ether layer was treated with decolorizing carbon, dried with anhy-
drous magnesium sulfate and filtered. The solid product formed
after concentration of the solution was filtered and air-dried to
give 2.89 g (94% yield) of A-phenylbenzamide, mp 162.5-163°.

trans-N- Cinnamoylpyrrolidine. To the reaction vessel was
added 3.12 g of trans-d-bromostyrene (17.2 mmol) and 3.56 g of
pyrrolidine (50.0 mmol). After the reaction mixture was brought to
equilibrium at 60° by means of a circulating constant temperature
bath, under 1 atm of carbon monoxide, 0.198 g of Pd(PPh3)2Br2
was added. Periodically, gas-volume changes and times were re-
corded until a total of 423 ml of CO had reacted. The reaction mix-
ture was extracted with ether, and the extracts were washed with
several portions of distilled water. The organic layer was concen-
trated in vacuo to remove the ether and excess pyrrolidine. The
resulting solid obtained was dissolved in hot heptane, decolorized
with charcoal, filtered, and cooled to give 3.15 g (91% yield) of
trans-N- cinnamoylpyrrolidine, mp 100.0-100.5°.

Reaction of cis -/?-Bromostyrene with CO and Pyrrolidine.
cis-d-Bromostyrene, 17.2 mmol (92% cis, 8% trans) and pyrrol-
idine, 50.0 mmol, were treated as above in an attempt to make the
cis- pyrrolidine amide of cinnamic acid. The CO uptake stopped
after 200 ml (about half the theoretical amount) had reacted. The
products were extracted with ether. The ether extracts were evapo-
rated, and the oily residue was chromatographed on silica gel, first
with pentane, followed by benzene, methylene chloride, and meth-
anol. The pentane fraction was evaporated in vacuo to give 1.6 g

Schoenberg and Heck

(46%) of cis- 1,4-diphenylbutenyne identified by its high resolution
mass spectrum and nmr spectrum. Upon standing for several
weeks at room temperature in the presence of light the oil crystal-
lized to a solid (mp 93.5-95°) which by nmr was identified as
trans- 1,4-diphenylbutenyne. This cis to trans isomerization in the
presence of light has been noted early.4

The trans isomer is reported to have a melting point of 96.5-97°.
Evaporation of the methylene chloride eluate followed by crystalli-
zation from hot hexane gave 0.21 g (6.0%) of the trans- pyrrolidine
amide of cinnamic acid. The methanol fraction gave 0.95 g of a vis-
cous oil which could not be crystallized. This material contained a
strong CO band at 1620 cm-1 and the nmr spectrum showed strong
aromatic absorption with only weak vinyl absorptions.

N-Phenylamidation of p- Bromonitrobenzene. To the reac-
tion vessel was added 3.47 g of p-nitrobromobenzene (17.2 mmol),
2.33 g of aniline (25.0 mmol), and 3.6 g of tri-re-butylamine (19.0
mmol). The reaction mixture was brought to equilibrium at 100°,
with 1 atm of pressure of CO. The catalyst, Pd(PPh32Br2 (0.25
mmol), was added and CO absorption began. The reaction was al-
lowed to continue until a total of 660 ml of CO had been absorbed.
The partially solid reaction mixture was extracted with ether, and
the extracts were washed with 20% hydrochloric acid followed by
saturated sodium bicarbonate, and then distilled water. The small
amount of solid obtained which did not dissolve in the ether was
dissolved in methylene chloride and the solution decolorized with
charcoal, dried with anhydrous magnesium sulfate, and concen-
trated on a steam bath and cooled. The solid obtained (0.43 g, 10%
of theory) had a melting point of 211- 212° which is the same as the
reported melting point for IV-phenyl-p-nitrobenzamide.7 This
structure was confirmed by its high resolution mass spectrum and
nmr spectrum. The ether soluble fraction was treated with char-
coal, dried, filtered, and concentrated on a steam bath to about 100
ml. On cooling, 1.9 g of the N- phenylamide of 4-carboxydiphe-
nylurea (33%) was obtained mp 233-235°. Recrystallization from
ethanol raised the melting point to 235-236°.

Anal. Calcd for CuH ~N * C, 72.52; H, 5.13; N, 12.68. Found:
C, 72.59; H, 5.42; N, 12.78.

Although the parent peak could not be observed in the high res-
olution mass spectrum, intense peaks were seen at m/e 93+ and
m/e 238+ which indicate the expected decomposition products of
the compound, aniline, and 4-1V-phenylaminoearbonylphenyliso-
cyanate, were being produced.

In order to improve the yield of N- phenyl-p- nitrobenzamide the
above reaction was repeated but the reaction was stopped after 400
ml of CO had been absorbed. This procedure gave 3.44 g of crude
amide that was recrystallized from acetone-hexane to give 2.32 g
of pure N- phenyl-p- nitrobenzamide (57% yield).

N- Phenylmethacrylamide. A mixture of 7.64 g (100 mmol) of
2-chloropropene, 2.33 g (25 mmol) of aniline, 5.56 g (30 mmol) of
tri-re-butylamine, and 0.350 g (0.50 mmol) of PdCI2 (PPh3)2 was
placed in a 45-ml stainless steel high-pressure reactor with a mag-
netic stirring bar. The container was sealed, flushed with CO, pres-
sured to 600 psig, and heated with stirring at 135° for 24 hr. The
pressure dropped from 800 to 475 psi during this time. After cool-
ing to room temperature the pressure was released and the reac-
tion mixture was treated with 6 N hydrochloric acid and ether.
The solids dissolved and the ether phase was separated, dried with
anhydrous magnesium sulfate, filtered, and evaporated. The solid
obtained was recrystallized from hexane to give 2.97 g of colorless
crystals of product, mp 84-85°.
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The decomposition of dialkyl peroxydicarbonates in the presence of a two-molar excess of ceric ammonium ni-
trate (CAN) in toluene led to tolyl alkyl carbonates in yields of 75-90% based on two carbonate moieties from
each peroxide molecule. Unlike the previously reported catalytic effect of cupric chloride, where the chain-in-
duced peroxide breakdown by cuprous limited the aryl ester yield to 1 mol/mol of peroxide, the CAN involvement
was stoichiometric as both halves of the peroxide substituted onto the aromatic. No peroxide-cerous ion interac-
tion seemed to occur; indeed the overall peroxide decomposition rate was actually retarded relative to that in the
absence of metal salts and all the cerium was recovered as cerous nitrate. Based on isomer distributions and rela-
tive rates the substituting entity possessed more selectivity than the free carbonate radicals. No polymer produc-
tion was noted in reactions performed with acrylonitrile, suggesting low oxy radical concentrations. The impor-
tance of the hexanitrato cerium(IV) complex as an oxidant in the overall aromatic substitution process was estab-
lished by studying a variety of other ceric and cerous salts in this reaction.

The decomposition of peroxydicarbonates and diacyl
peroxides in the presence of toluene can be modified by the
inclusion of suitable redox agents (e.g., CuCl2,2 FeCI3,3 12,4
02,5 and various other metal salts36) which oxidize oxy rad-
ical-aromatic adducts to form aryl esters. With most of the
metal salts a lower valence inorganic species is produced
which then reduces the peroxide, leading to a chain reac-
tion.23The net stoichiometry is indicated in eq 1 for cupric
chloride, which proved to be the most effective metal salt,

CuCl2

-------- -» RCO,Ar
n L

(RCOZ% + ArH
1L ch3c

+ RCOH ()

R = ¢(-PrO or C6H5

forming nearly 1 mol of aryl ester/mol of peroxide.2 With
molecular oxygen as a promoter the reaction went by a
nonchain mechanism and aryl ester yields somewhat in ex-
cess of 1 mol/mol of peroxide were realized.5 In the absence
of added oxidant less than 1% nuclear oxygenation re-
sulted, as the oxy radicals reacted by other pathways.
Recently we found that use of sufficient quantities of
ceric ammonium nitrate (CAN) with the same peroxides
and toluene led to nearly doubled aromatic oxygenation
yields, and we wish to report 011 the details of this reaction.

Results and Discussion

Reaction Products. The optimum general procedure in-
volved adding a solution of known concentration of diiso-
propyl peroxydicarbonate (IPP) in toluene to a 2.25 molar
excess of CAN, and a 25- to 50-fold molar excess of toluene
in acetonitrile at 60°, and allowing the reaction to go for 24
hr. Table | summarizes the organic reaction products.

Apparently, both oxy fragments formed from peroxide
homolysis were capable of reacting with the aromatic, as
1.6 mol of oxygenation products (tolyl isopropyl carbon-
ates) were formed from 1 mol of peroxide. This meant that
80% of the potential alkoxycarboxy moieties (2 mol/mol of
peroxide) added to the ring, while the remaining 20% de-
composed to form carbon dioxide, acetone, and isopropyl

Table |
Organic Reaction Products from Diisopropyl
Peroxydicarbonate-Toluene-Ceric Ammonium
Nitrate System"

Product Yield,6 %
Tolyl isopropyl carbonatesc 160
Isopropyl alcohol 26
Acetone 16
Carbon dioxide 47
Benzaldehyde 4
Benzyl alcohol 2
Nitrotoluenes 1
£(C02a 103
E(i-Pr)e 101

OToiuene:CAN:peroxide = 25:2.25:1, acetonitrile solvent, 60°,
24 hr (see general procedure). 6Based on 1 mol of product/mol of
peroxide. ¢ Isomer distribution, ortho:meta:para = 56.2:11.8:32.0.
dMaterial balance based on two CO2 groups/mol of peroxide.
e Material balance based on two isopropyl groups/mol of peroxide.

alcohol. The material balance based on starting peroxide
was excellent in all cases.

As the reaction proceeded, crystals of cerous nitrate
gradually precipitated from the reaction mixture. This and
all the other inorganic reaction products were isolated and
quantitatively determined (Table Il) utilizing total acid,
ammonium ion, nitrate ion, and cerium analyses. On the
basis of these product studies (Tables I and II), the fol-
lowing stoichiometry was proposed for the reaction (eq 2).

(j-Proco022 + 2(NH4)2Ce(N03)6 + 2C6HSCH3 —-

2i-PrOCO0 2C6H4CH3 + 2Ce(NO03)3 +

4NH4NO3 + 2HNOa (2)

Normally, cerous nitrate is soluble in acetonitrile, but
apparently it is salted out by ammonium nitrate and nitric
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Table 1l
Inorganic Products from Diisopropyl
Peroxydicarbonate-Toluene-Ceric Ammonium
Nitrate System*

jmmm——- Yield, mol6 -------- >
Product Exptl Theor Yield,
HN<V 2.10 2.00 105
Cedn)“ 2.09 2.00 104
NO3" (nonvolatile)™ 9.60 10.00 96.0
NO3' (total)7 118 12.00 98.3
n h 4+* 3.44 4.00 85.8

OToluene :CAN :peroxide = 25:2:1, acetonitrile solvent, 60°,
24 hr; see Experimental Section. 6Based on the stoichiometry indi-
cated in eq 6. c Determined by potentiometric titration. dDeter-
mined by ultraviolet spectrophotometry.8e Determined by phenol-
disulfonic acid method.9 1Calculated from HNO3 and NO3" (non-
volatile). « Distilled as NH3 and determined by titration. The low
yield is probably the result of sublimation of some ammonium
nitrate during vacuum drying of isolated salts.

acid.7 We were able to verify this common ion effect by
adding ammonium nitrate and nitric acid to solutions of
cerous nitrate in acetonitrile in the relative quantities pres-
ent in eq 2, and observing precipitation.

Further checks on the proposed stoichiometry were de-
rived from pH measurements and the analysis of salts from
aqueous extracts of the reaction mixture. Aqueous extracts
possessed a pH of 1.8, suggesting the presence of a strong
acid, and this value agreed closely with the pH 1.7 calculat-
ed from the expected yield for nitric acid. The salt yields
from duplicate experiments were 100.50 and 99.14% of the
value calculated on thé basis of the stoichiometry given in
eq 2. Failure of this salt to liberate iodine from potassium
iodide solution10 was taken as evidence for the absence of
ceric ion in the final mixture. All of these findings lend sup-
port to the stoichiometry proposed in eq 2

The theoretical production of 2 mol of product/mol of
peroxide (eq 2) affords a distinct advantage for synthetic
purposes over the copper-catalyzed reaction (eq 1), where
the theoretical yield isjust 1 mol of aryl ester/mol of perox-
ide.

Reaction Variables. To maximize the efficiency of the
CAN-controlled oxygenation reaction and to learn more
about the mechanism, a number of reaction variables were
studied. Table Il summarizes the effect of modifying the
catalyst:peroxide ratio on the oxygenation yield for reac-
tions containing toluenerperoxide ratios of 50:1. Unlike the
cupric chloride catalyzed system,2 for which a maximum
yield of nuclear oxygenation was obtained using a catalyst:
peroxide ratio of just 0.3:1, the amount of ester formed
closely paralleled the molar amount of CAN used (Table

Kurz, Steele, and \Vecchio

I11). This lends further support to the proposed stoichiom-
etry (eq 2). Although the oxygenation yield leveled off once
the stoichiometric amount of CAN was present, a slight im-
provement in yield was realized when a small excess of the
stoichiometric requirement of CAN was used, perhaps be-
cause some of the CAN is consumed in side reactions (e.g.,
benzyl alcohol oxidation11).

Under experimental conditions favoring optimum yield,
20-25% of the peroxide was degraded to isopropyl alcohol,
acetone, and carbon dioxide. At lower CAN:peroxide ratios,
the lesser oxygenation yields were accompanied by corre-
spondingly increased amounts of these by-products, which
are the usual products from the thermolytic decomposition
of the isopropoxycarboxy radical.212 In like manner benzal-
dehyde, benzyl alcohol, and bibenzyl, resulting from side-
chain abstraction by an alkoxy radical,2were found.

Small amounts of nitrotoluenes were also formed in the
CAN-promoted systems (Table Il1), and the yield of these
by-products decreased as the concentration of CAN was in-
creased to the stoichiometric amount (eq 2). It is surprising
that the greatest nitrotoluene formation occurred with a
CAN:peroxide ratio of only 0.5 (Table Il11), because of those
systems containing CAN this one would be expected to
contain the lowest concentration of nitric acid (eq 2). It is
noteworthy that qualitatively, the meta isomer was the
major nitrotoluene product, whereas for straightforward
electrophilic substitution by nitric acid, the meta propor-
tion is normally quite small (4%).13

With insufficient CAN, considerable intact peroxide
would remain to decompose after all of the limited CAN
had been consumed in product formation (eq 2). Under
these conditions, nitric acid can promote concurrent nitra-
tion-oxygenation which results in this unusual isomeric ni-
trotoluene product pattern.14 With sufficient CAN present
to promote oxygenation little involvement of HNO3 with
the peroxide is noted.

Further evidence for nitric acid involvement can be
gleaned from Table Ill. As the CAN:peroxide ratio was
lowered the percentage of p-tolyl isopropyl carbonate sys-
tematically became larger at the expense of the meta iso-
mer. Extrapolation of each isomer back to zero CAN con-
tent leads to an all-around isomer composition of ortho:
meta:para = 58:6:36, which is very similar to that found
using just nitric acid as the promoter.14 This value is quite
different from that obtained (ortho:meta:para = 57:15:28)
with CuCl2 as a catalyst where free oxy radicals are be-
lieved to be the substituting entity.2

Little effect of temperature on the CAN-promoted oxy-
genation was noted in the range of 50-70°. Slightly more
tolyl isopropyl carbonates with a more selective isomer dis-
tribution (ortho:meta:para = 59:10:31) were obtained at
50° but the reaction required more time (48 hr).

Table 111
Products as a Function of Ceric Ammonium Nitrate: Peroxide Ratio*

( Products,

Tolyl isopropyl carbonates

Céﬂljgrerr?t(iige Yield Ortho Meta Para giagf()i(zil IZ?ggﬂ%)lll
0 1 212 119
0.5 38 585 71 344 174 101
1.0 84 58.0 8.3 337 116 84
1.5 121 58.3 9.4 323 104 39
2.0 143 59.1 104 305 80 28
25 152 58.6 123 29.1 66 28

Acetone ESP]%I; exBI?:g?:)II tglll}err?éé‘ Bibenzyl E(i-Pr)C C(C02f
55 0 0 0 18 87 106
44 3 13 3.6e 0.05 91 106
32 1 6 2.57 o* 100 100
17 1 3 1.5 Os 90 112
13 1 1 0.5 0 99 112
14 2 0.5 0.5 0 97 109

OToluene:diisopropyl peroxydicarbonate = 50:1, 24 hr, 60°, acetonitrile solvent (see general procedure). 8Yields based on mol
product/mol peroxide. ¢ Material balance based on two isopropyl groups/mol peroxide. d Material balance based on two C02 groups/mol
peroxide. e Ortho:meta:para = 13:78:9. f Predominantly meta; not quantitatively determined. * Trace of bibenzyl present.
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Table IV
Decomposition Rates for Diisopropyl Peroxydicarbonate
in Acetonitrile as a Function of Metal Salt”

a o
k x 10 , min—

Salt Temp, °C ty2> mn
None4 50 6.45 108
CuClZ 50 66 10.4
None 60 13.6 48
CAN4 60 4.9 140
CKNe 60 5.6 127

“ Average of duplicates in good agreement. 6 £10% .c Reference 2
(toluene:peroxide:catalyst = 17.3:1:0.3).“ Toluene:peroxide:CAN
= 25:1:2. eToluene:peroxide:CKN = 25:1:2, single determina-
tion.

Peroxide Decomposition Rates. The rates of peroxide
decomposition in the presence of a number of cerium salts
were followed iodometrically. The rate curves plotted nice-
ly as first-order reactions in peroxide with the exception of
cerous nitrate (vide infra). Previously, first-order kinetics
for the thermolysis of diisopropyl peroxydicarbonate in ac-
etonitrile2and other solventsil5had been reported. The rate
of formation of aryl carbonate esters was also followed at
50° by glpc, and agreed well with the rate of peroxide de-
composition.

Inspection of Table 1V shows that the rates of peroxide
breakdown at 60° with the ceric salts were slowed in com-
parison to the rate in the absence of these promoters. The
similarity of rates in the presence of ceric ammonium ni-
trate and ceric potassium nitrate (CKN) indicates both the
apparent importance of the hexanitratocerate ion and un-
importance of the cationic species in the rate-retarding ef-
fect of the ceric salts. This rate-slowing effect stands in
marked contrast to the accelerating effect of cupric chlo-
ride on the decomposition (50°) of the same peroxide
(Table 1V). Whereas cupric chloride accelerates the rate of
peroxide decomposition by a factor of 10 in relation to the
thermolysis rate, CAN and CKN retard the decomposition
by afactor of about 3.

With cupric chloride, rate acceleration is attributed to
the ability of cuprous ion formed in the radical oxidation
step (eq 4) to induce peroxide decomposition (eq 5), lead-

(;-ProC0232 —e 2i-Proccv @)

¢-PrOCCV + ArH + CuCI2 —"»
AroCo2r-f + CuCl + HCl (4)

CuCl + (4,-Pr0C022 + HC1 — »
¢-PrOCCV + CuCl2 + ¢-PrOH + CO02 (5)

ing to a redox chain mechanism. Unlike cuprous ion, cerous
ion is oxidized only with very strong oxidizing agents,16and
is not effective in breaking down the peroxide, explaining
the lack of rate enhancement shown by the cerium salts.

To determine if the rate-retarding effect depends on the
relative CAN concentration, additional kinetic studies of
peroxide decomposition were made on systems containing
CAN:peroxide ratios of 0.5, 1.0, 1.5, and 2.5. The rates in all
=cases were identical within experimental error, indicating
perhaps a medium effect rather than a stoichiometric per-
oxide-CAN complex.

The actual decrease in the peroxide breakdown rate is
not understood at this point, but has been noticed in other
peroxide decompositions using metal salts of strong acids.6

Other Cerium Salts. Several additional cerium salts
were tested for their effectiveness as oxygenation promot-
ers. Table V summarizes the results. Ceric potassium ni-
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TableV
Reaction of Toluene and Diisopropyl Peroxydicarbonate
with Other Cerium Promoters*

rolyl isolpropyl csirbonates,  ________ V
Rati x i03?

Promoting salt Yield Ortho Meta Para min"~
K2Ce(N03)s 130 60 10 30 5.6
Ce(N033-6HD 4 e 3 59 7 A 7.5/
Ce(N03)3-2HXDe 44 60 6 34
Ce(NO3/'f 14 61 6 33 12.0
HNOg" 1 58 6 36 6.4
Ce(OH)4 1 31.0
Ce(C104)3 1 11.0

CeCI3 Ce(NH4)2(S04)3ii
Ce(acac)3 H2Ce(S04)2 j

“ Toluene:peroxide:promoter = 25:1:2, unless otherwise stated;
acetonitrile solvent, 60°, 24 hr. bYields based on mol product/mol
peroxide. ¢ £10%. “ Other products included acetone (26%), iso-
propyl alcohol (120%), C02 (97%), bibenzyl (2.1%), and small
quantities of benzyl alcohol, benzaldehyde, and two unidentified
compounds. e Initially homogeneous; gradually became hetero-
genous. "Nonlinear curve, approximate value +15%. * Toluene:
peroxide:ceric nitrate = 25:1:0.38. Nitrotoluenes (about 10%,
mainly meta) were present. hHNO3:peroxide = 6:1. Other prod-
ucts: acetone (28%), isopropyl alcohol (97%), C02 (103%), nitro-
toluenes (10%, ortho:meta:para = 17:78:5), bibenzyl (2%), benzyl
alcohol, benzaldehyde, and an unidentified component; see ref 14.
‘ Heterogeneous throughout.

trate proved to be nearly as effective as CAN. Of the other
salts tested only cerous nitrate and ceric nitrate showed
any indication of promoting oxygenation.

In view of the sluggishness of cerous toward oxidation
one might predict that cerous nitrate would not affect the
decomposition of the peroxide or promote the oxygenation
of aromatics. Experimental results fail to support either
prediction. As shown in Table V, cerous nitrate causes a
rate-inhibiting effect intermediate between the uncata-
lyzed and the CAN-promoted reactions, although the curve
is more eccentric. This behavior is attributable to precipi-
tation of a ceric oxide hydrate formed as the cerous nitrate
hydrolyzed during the reaction. During the stages of ceric
oxide precipitation, the rate actually increased owing to
Ce(OH>4's ability to accelerate peroxide decomposition
(Table V).

The formation of an appreciable amount of tolyl isopro-
pyl carbonates with Ce(N03)3 remains a puzzle. Cerous ion
itself is not expected to be a good oxidant, and other poten-
tial promoters formed during the reaction can be ruled out,
i.e., Ce(OH)4 and nitric acid. The former does not appear
to be capable of promoting oxygenation (Table V). Al-
though nitric acid is known to promote oxygenationi4 and
does form in appreciable amounts from cerous nitrate dur-
ing the reaction, the conspicuous absence of nitrotoluenes
among the reaction products suggest that it is not involved
in promoting aromatic substitution by an oxy species.14

The involvement of nitric acid as a promoter seems more
plausible (Table V) for the ceric nitrate reactions, since
both tolyl ester and nitrotoluene yields and isomer distri-
butions resemble each other. Considering the experimental
details, this conclusion can be easily rationalized. Because
of unavoidable hydrolysis ceric nitrate does not exist in
solid form;17 rather, it was used as supplied commercially
(0.95 M) in nitric acid). Very early in the reaction the deep
red color of the ceric solution turned yellow and significant
amounts of hydrated ceric oxide precipitated. Significant
amounts of nitric acid remained in solution to promote ox-
ygenation.14

Ceric hydroxide, even though only partially soluble in ac-
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Tablé VI
Toluene Reaction with Peroxide-Ceric
Ammonium Nitrate

Temp, °C Aromatic substitution Yield,
PeroxideO time, hr product % b
(¢-Proco2?2 60(24) i -Pr0C 02C6HACH3 161 6.35
(58:11:31)"
(sec-Bu0C022 50(24)sec-Bu0CO2CEHACH3 181 7.1
(59:12:29)"
(CaH5C02)2 80(96) CAH5C 0 CEHACH3< 53
(56:14:30)"
aToluene:CAN:peroxide = 19-25:2:1, acetonitrile solvent.

6Based on 1 mol of product/mol of peroxide. ¢ Other aromatic
substitution products were methylbiphenyls (ortho: meta: para =
68:23:9), 38%, and nitrotoluenes (ortho:meta:para = 60:5:35),
59% .d Ortho: meta:para ratio.

etonitrile, caused the greatest acceleration of peroxide de-
composition of the cerium salts tested (Table V), even
though it did not promote oxygenation.

Of the other cerium salts studied only minor modifying
effects on peroxide decomposition were noted, and no can-
didate was significantly efficient in promoting oxygenation.
With cerous chloride, ceric sulfate, and ceric ammonium
sulfate very little of the salt appeared to dissolve in aceto-
nitrile, while cerous acetonylacetone was about half in solu-
tion. Only with cerous perchlorate was the desired amount
of salt able to be utilized.

This work points up the apparent importance of the in-
tact hexanitrato cerium(lV) complex for the efficient pro-
motion of this oxygenation reaction. This complex possess-
es considerable solvolytic stability,18 and yet is a vigorous
oxidizing agent as expected for a tetrapositive metal.19Pre-
viously oxygenation had been promoted by another anionic
complex, the hexachloroiridate ion (IrCle2-).3

Nature of the Substituting Species. To learn more
about the nature of the substituting entity subsequently in-
volved in aromatic substitution, relative rate reactions were
carried out. Equimolar quantities of toluene and benzene
at a tenfold and again at a 20-fold molar excess relative to
peroxide were subjected to the peroxide-CAN mixture,
yielding a relative rate value, kc@HxH¥hcab = 6-35. This
value is about twice that attributed to a free isgpropoxycar-
boxy radical (kjk”, = 3.77),20which itself is somewhat elec-
trophilic. The increased selectivity observed in this system
is not understood, but may be due to a medium effect or to
nitric acid intervention. Other metal salts containing ni-
trate ligands have given quite similar isomer distributions
and relative rates.6

Other Peroxides. GAN-promoted reactions of toluene
with di-sec-butyl peroxydicarbonate and benzoyl peroxide
were also looked at. The results are summarized in Table
V1 along with the diisopropyl peroxydicarbonate reaction.
The di-sec-butyl peroxydicarbonate reaction gave an even
better yield of aryl ester with an isomer distribution and
relative rate very much like that from IPP. The aromatic
substitution became less effective with benzoyl peroxide,
owing largely to the wasting of CAN in nitrating toluene,
which occurred at the higher temperature required (80°)
for the benzoyl peroxide to undergo thermolysis (Table
VI).

Radical Trapping Studies. Radical trapping experi-
ments were performed with acrylamide and acryloni-
trile2'2 in an effort to determine the extent of involvement
of free oxy radicals (Table VII). In a control system con-
taining toluene, acrylonitrile, and peroxydicarbonate, con-
siderable polyacrylonitrile precipitated from the reaction
mixture. In a further control, CAN in the absence of perox-
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Table VII
Radical Trapping StudiesO

Molar Molar CH3C6H40CO2Pr-t
Catalyst ratio& Trapping agent ratiob yield b
None" None 1"
None ch2 chcn 9 le
CAN 2.25 None 149
CAN 2.25 ch2 chcn 15 127/
CAN 2.25 ch2 chconhl/ 15 132
CuClx 03 None 85
CuCl2 03 ch2 chcn 9 83’

aToluene:peroxide = 20:1, acetonitrile solvent, 60°. 6 Based on
mol/mol of peroxide. c From ref 2. fBibenzyl, 38%, was the major
aromatic product. e Solution became heterogeneous as polyacryl-
onitrile (identified by ir) precipitated; only 1% bibenzyl was
formed, t No polymer precipitate formed although the solution did
darken. « Heterogeneous; no polymer precipitate formed, and solu-
tion ended up light yellow as was usual for CAN oxygenations.

ide was found to be ineffective as an initiator for polyacry-
lonitrile formation. When the CAN-promoted oxygenation
of toluene was performed with a 15-fold molar excess of ac-
rylonitrile or acrylamide no insoluble polymer was formed
nor was the alkyl tolyl carbonate yield lowered appreciably
(Table VI1). These results suggest either the absence of or a
very low concentration of free oxy radicals in the CAN-pro-
moted oxygenation. However, a similar lack of polymeriza-
tion was noted when the cupric chloride catalyzed oxygen-
ation was subjected to acrylonitrile trapping (Table VII). It
appears that in both the CAN and CuCl2-peroxide reac-
tions that oxy radicals are rapidly scavenged by toluene
and oxidized to aryl esters, thus keeping the free oxy radi-
cal concentration too low to promote polymerization.

Mechanism. Based on the experimental results the fol-
lowing mechanism (eq 6) is proposed for the tolyl ester for-
mation following an initial homolytic breakdown of the
peroxide (eq 3).

R = i-PrO, sec-BuO, QH-

| + CefNO®R — *

+ HNO3 + Ce(NO03)3+ 2NO; (7)

A fast reversible attack on the aromatic by oxy radical or
a complexed oxy radical (eq 6) is followed by oxidation of
the cyclohexadienyl radical intermediate by Celv. The
greater selectivity of the attacking entity compared to the
free oxy radical22 as indicated by the relative rate and iso-
mer distribution patterns is not understood, but may be
due to the increased polarity of the solvent system (nitric
acid formation, eq 2),6 or to complexing of the oxy radical
by the cerium species. Alternatively the strong ceric oxi-
dant may be capable of effecting an electron transfer from
the oxy radical itself to produce an oxy cation which can
then attack the ring. Although such electron transfers are
well known for alkyl radicals with ferric,23 cupric,24 and
ceric ions, the analogous process with oxy radicals is un-
precedented and would be expected to be energetically un-
favorable.26 An analogous situation (complexed oxy radical
or oxy cation) was considered for the ferric chloride pro-
moted oxygenation of toluene with diisopropyl peroxydi-
carbonate.3
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The oxidation step (eq 7) involves CelVin a less familiar
role of radical oxidant rather than in its well-known func-
tion as oxidant of various organic compounds (e.g., alco-
hols21'27 and arenes28).

Experimental Section

Reagent grade chemicals and metal salts were used directly. The
peroxydicarbonates2 were found to possess >85% theoretical oxy-
gen by iodometry,3 and were used directly except in those cases
involving the study of isopropyl alcohol and acetone yields. Here
the peroxide in toluene was thoroughly irrigated with ice water,
dried over sodium sulfate, and analyzed iodometrically before
usage.

Aryl Alkyl Carbonate Syntheses. Carbonate esters were syn-
thesized using a modification of a literature procedure.3l Chloro-
form rather than ethyl ether was used as the solvent for the pyri-
dine-promoted condensation to avoid precipitating the pyridine
hydrochloride by-product. The tolyl isopropyl carbonates were
shown to be >99.5% pure by gc after work-up and their ir spectra
were identical with reference spectra.

Phenyl and the isomeric tolyl sec-butyl carbonates were pre-
pared from sec-butyl chloroformate (synthesized by a literature
method30) and phenol or the appropriate cresols in the same man-
ner, and were shown to be greater than 99% pure by gc after work-
up and distillation. All gave similar characteristic ir signals at 1750
(C=0) and 1270-1260 and 1230-1210 cm' 1 (C-0O), and the tolyl
sec-butyl carbonates had nearly identical nmr spectra: 0.95 (3 H,
t), 1.25 (3 H, d), 1.50 (2 H, quintet), 2.2 (3 H, s), 4.6 (1 H, sextet),
and 6.95 ppm (4 H, broad singlet).

General Procedure for Aromatic Oxygenation. Reactions for
the system toluene-peroxide-CAN (25-50:1:2.25) were carried out
as follows. CAN (0.0094 mol) was transferred with 80 ml of aceto-
nitrile and 16 ml of toluene to a three-neck flask (250 ml) equipped
with stirrer, condenser, and gas-inlet fitting. The assembled flask
was immersed in a 60° constant-temperature oil bath, the salt was
allowed to dissolve as the mixture was stirred, and the system was
allowed to equilibrate for 5 min while being flushed with nitrogen
(about 75 ml/min). After the system had been thoroughly purged,
a gas train consisting of a Drierite trap leading into an Ascarite
trap was attached to the top of the condenser. By momentarily re-
moving the gas-inlet fitting, a toluene solution (4.00 ml) of diiso-
propyl peroxydiearbonate (1.04 M) was quickly pipetted into the
stirred flask, and a nitrogen sweep of 10 ml/min was then estab-
lished using a soap-bubble flow meter temporarily attached to the
outlet end of the Ascarite trap. After 24 hr, the flask assembly was
removed from the bath and allowed to cool to ambient, and the so-
lution was carefully decanted into a volumetric flask (100 ml). The
3-4 g of salted-out cerous nitrate which remained was rinsed with
sufficient 1-ml portions of acetonitrile to bring the volume to the
mark.

Separate aliquots were then taken and analyzed directly by gc
for product yield and light boilers. In some cases an aliquot was
worked up to remove salts and the organic phase was titrated io-
dometrically to verify the absence of residual peroxide. In still
other cases the tolyl isopropyl products were isolated by a proce-
dure given elsewhere,@ and qualitatively identified by infrared
analysis.® Although most reactions were stirred and slowly purged
with nitrogen, no decrease in product yield was noted when these
steps were omitted, but the side-product ratios appeared to be al-
tered somewhat.

Radical trapping studies were made using the general procedure
and adding a 9-15 molar excess (to peroxide) of freshly distilled
acrylonitrile or solid acrylamide to the system. All reacted solu-
tions were visually examined for insoluble polymer, and after di-
luting to 100 ml with acetonitrile the solutions were analyzed by gc
for aryl esters and by-products.

A slight alteration of the general procedure was employed for
relative rate studies. The appropriate amounts of toluene and ben-
zene (10-20 molar excess) were stirred in the assembled flask with
the CAN-acetonitrile. A solution of peroxide in acetonitrile was
then added, and the reaction was carried out as usual.

The oxygenation reaction was tried in a few other solvents (eth-
anol, 4-methyl-2-pentanone, and acetone) with discouraging re-
sults attributed to the oxidation of these by CAN.19 Some 3-4% ox-
ygenation was found in ethanol as the solvent, only a trace with ac-
etone, and none with 4-methyl-2-pentanone.

Product yields are the average of duplicate experiments in good
agreement, and these yields are based on a stoichiometry of 1 mol
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of aryl ester products/mol of peroxide. This permits a direct com-
parison to those from diisopropyl peroxydicarbonate-cupric chlo-
ride.2 Aryl ester and side-product yields were determined by gc.

Identification of Organic Products. Comparisons between the
retention times for product components and authentic materials
on two or more dissimilar gc columns and noting peak enhance-
ments upon adding authentic compounds to reaction product
mixtures comprised the basic approach for product identification.
In this way benzaldehyde, benzyl alcohol, isomeric tolyl isopropyl
carbonates, tolyl sec-butyl carbonates, tolyl benzoates, methyl bi-
phenyls, and nitrobenzenes and bibenzyl were identified (gc col-
umns 1 and 3). Using a similar approach, light-boiling products
(acetone and isopropyl alcohol) were characterized (gc column 2).-

Identification of Inorganic Products. The inorganic compo-
nents were extracted from the reaction mixture with water as fol-
lows. The solution and precipitate were transferred with acetoni-
trile and water rinses to a separatory funnel (500 ml) containing
toluene (25 ml). This solution was extracted with water (200 ml, 2
X 100 ml, 50 ml), and the combined aqueous phase was then
washed once with toluene (10 ml) and made up to 500 ml. The
combined toluene phase was diluted to 50 ml and saved for gc
analysis. Using suitable aliquots from the aqueous extract (usually
50 ml), appropriate analytical tests were carried out to characterize
the various inorganic components. Nitric acid was determined po-
tentiometrically with standard alkali (0.100 N NaOH) by titrating
duplicate 50-ml aliquots of the aqueous extract. The end points
were estimated graphically from the titration curves.

Nonvolatile rytrate was determined spectrophotometrieally by
modifying a literature procedure.9 From the 500-ml aqueous ex-
tract a 2-ml aliquot was transferred to a 50-ml beaker, and the con-
tents were evaporated to dryness on the steam table. To the dried
residue was added 1.0 ml of the phenoldisulfonic acid reagent, and
after the salt was dissolved by gentle heating and stirring, the mix-
ture was diluted to 250 ml with water and the absorption of this
solution was measured at 407 nm in a 1-cm cell. The nitrate con-
tent of this solution was determined by reference to a similarly
prepared nitrate calibration curve (0, 0.5,1.0, and 1.5 ag N/ml).

The nitric acid nitrate and the nonvolatile nitrate were added to
obtain the total nitrate in the inorganic reaction products.

Ammonium ion was determined on the vacuum-dried salt (2 hr,
80°) from a 50-ml aliquot of the aqueous extract by dissolving the
salt in 0.5 M NaOH, distilling the liberated ammonia into standard
sulfuric acid (0.050 N), and back titrating with standard base.

Cerium was determined on a 5-ml aliquot of the aqueous extract
by measuring its ultraviolet absorption peak at 253.6 nm in 1 N
sulfuric acid following a procedure given in the literature.8

Carbon Dioxide Analysis. This analysis was made by flushing
the reaction gasses through preweighed Ascarite traps and noting
the weight gain.2 Because of the long reaction times (usually 24 hr)
the nitrogen flow had to be restricted to 10-15 ml/min and the
condenser temperature maintained below 5° to obtain satisfactory
results. The material balance calculations for carbon dioxide yields
by this method were 100- 112%.

Kinetic Studies. All studies were made at 60° on solutions pre-
pared, sometimes with modifications, as described in the general
procedure. In studying the effects of various promoters on the per-
oxide decomposition rate, an initial toluene/peroxide ratio of 25
was provided in all cases. Aliquots (10 ml) were withdrawn by
pipet at predetermined intervals and quickly delivered into separ-
atory funnels (125 ml) containing ice-cold 1.0 N sulfuric acid (50
ml). Chilled toluene (10 ml) was added; the solution was gently
mixed for 30 sec. After the phases were allowed to separate for 1
min, the aqueous lower phase was discarded and toluene layer was
then washed with 10% sodium carbonate (25 ml, 2 X 15 ml) and
water (2 X 15 ml). The toluene layer was then delivered with ace-
tone rinses into a titrating flask containing potassium iodide
(about 3 g) in acetone (50 ml), and titrated with standard 0.1 N so-
dium thiosulfate. In some cases 5-ml aliquots were withdrawn, in
which case 0.05 N sodium thiosulfate titrant was used. Reactions
without any interfering metal salts were also worked up in this
manner before iodometry.

Gas Chromatography Procedures. Gc analyses were made on
the following instruments: Hewlett-Packard Models 700 and 5750
B and Varian Models 1400 and 600 D, all equipped with flame ion-
ization detectors and the following columns (all 0.125 in. o.d. stain-
less steel): column 1, 15 ft 10% Bentone 34-diisodecyl phthalate
(50:50) on Diatoport S; column 2, 8 ft 20% Carbowax 400 on Chro-
mosorb W; column 3, 10 ft 20% SE-30 on Chromosorb W; column
4,12 ft 10% OV-225 on Chromosorb W; column 5, 6 ft Poropak Q.

Product yields for the diisopropyl peroxydiearbonate runs were
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determined from duplicate analyses on columns 1 and 3 at 160°
after adding an external standard, phenyl isopropyl carbonate, to a
reaction aliquot. Isomer distributions were also studied on column
4 in addition to columns 1 and 3. Relative rates were analyzed on
column 1 directly using a predetermined response factor. Light-
boiling materials (acetone, isopropyl alcohol) were determined on
columns 2 and 5 using methyl ethyl ketone in acetonitrile as an ex-
ternal standard.

Products from both benzoyl peroxide and di-.sec-butyl peroxydi-
carbonate systems were determined on column 3 using phenyl ben-
zoate and phenyl isopropyl carbonate, respectively, as external
standards.

In all cases appropriate detector response factors were deter-
mined for the products relative to the marker by running a series
of standards.
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Treatment of toluene with peroxydicarbonates or benzoyl peroxide in the presence of nitric acid led to the con-
current production of aryl esters and nitrotoluenes in 10-20% yields. More selectivity was noted in the aryl ester
product formation than was previously reported for the free carbonate radical from diisopropyl peroxydicarbon-
ate. Most striking, though, was the nitrotoluene isomer distribution (ortho:meta:para: = 18:77:5) and relative rate
(2.66), which contrasted markedly with that for the nitronium ion (ortho:meta:para = 60:5:35; fetolueneffeberzere =
20-30). Other aromatics (e.g., chloro- and fluorobenzene) behaved similarly with nitric acid-peroxydicarbonates.
Analogous reactions of toluene-nitric acid with a variety of other peroxides indicated that only those capable of
forming oxy radicals at a reasonable rate gave rise to the unusual nitration pattern. Nitric acid was shown to in-
hibit the peroxydicarbonate decomposition rate by a factor of 2. N204and N20s functioned effectively in promot-
ing this concurrent nitration-oxygenation when used instead of nitric acid, indicating the importance of nitrogen
dioxide in the reaction scheme. Reactions run with the stable free radical, galvinoxyl, as a trapping agent elimi-
nated the nitration, further implicating nitrogen dioxide as the nitrating species. No evidence for the intermedia-
cy of peroxyacyl nitrates or acyl nitrates was obtained even from peracids treated with various nitrating agents. A
mechanism is proposed which involves attack by oxy radicals (or coinplexed oxy radical) onto the aromatic to
form a cyclohexadienyl radical which is trapped by nitrogen dioxide. Under the reaction conditions the resulting
dihydroaromatic can either lose HNO2to form an aryl ester, or lose RC02H to form a nitro aromatic. The result
of apa plot using composite partial rate factors tends to support the mechanism proposed.

Previously it had been reported that significant amounts
of aryl esters could be produced when peroxydicarbonates
and aroyl peroxides were decomposed in toluene in the
presence of a variety of promoters.2 Among the effective

promoting species were the metal salts CuCl23ceric ammo-
nium nitrate,4 FeCl3,5and others,56 molecular oxidants 0 27
and 128 and even radicals such as trityl.9 In most of these
cases an oxy radical was felt to be the substituting entity,
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Table |
Product Analysis for Toluene-Dialkyl
Peroxydicarbonate-Nitric Acid“'6

r oystem

ProdLcts H\b3-SBP HN\Cs-1PP jppo hnos41
ch3Xthidoco2r 19 17 1
o-:m-:p- 59:7:34 65:6:29
chXthidno2 17 17 3
0-:m-:p- 20:76:4 18:77:5 60:5:35
CBH5CHANO02 13 12e 0
cthbch2oco2r 0 0 2 0
cthbchZ2oh 6 8 Trace 0
cthbcho 15 18 2 3
CaH5COO0OH <1 2f <1
(cthxch2® 5 2f 36 0
ch&Xoch3 50 58
chXhohch3 105 130
ch3ct,(no2?2 <1 2f <1

aPeroxide (5 mmol), nitric acid (10 mmol), and toluene (10 ml)
in acetonitrile (50-75 ml), 60°, 24 hr. bYields based on moles of
peroxide limiting reagent; actual yield of nitration based on nitric
acid is one-half the table value. ¢ No nitric acid. aNo peroxide,
72 hr. e The average of four widely varying runs. <Approximate
yields.

and the oxidant served to rearomatize an initially formed
cyclohexadienyl radical (eq 1).

0ZLR

Arn
Ti

RCO2 + ArH A ArOTR @

Nitrogen dioxide was also utilized to promote this type
of reaction in a somewhat different manner characterized
by a concomitant production of nitrated aromatics.10 In
connection with our studies on aromatic substitution by
oxy species we have had occasion to study peroxide-aro-
matic combinations in the presence of nitric acid and have
observed a similar oxygenation-nitration phenomenon. In
light of the fact that peroxyacetyl nitrate (PAN), the best
known member of the new class of PAN's produced in pho-
tochemical smog,11 can be made from the reaction of nitric
acid and peracetic acid,12 we became particularly inter-
ested in determining the nature of the peroxide-nitric acid-
aromatic reaction, and assessing whether or not PAN-type
intermediates were involved. We wish to report our find-
ings here.

The standard procedure involved combining peroxide,
nitric acid, and toluene in a 1:2:20 molar ratio in excess ace-
tonitrile at 60° for 12-24 hr. The products of the reaction
with both diisopropy! peroxydicarbonate (IPP) and di-sec-
butyl peroxydicarbonate (SBP) are listed in Table I. Con-
trol runs containing toluene with IPP alone or with nitric
acid alone are also included for comparison.

The formation of significant amounts (17-19%) of tolyl
alkyl carbonates shows that the nitric acid apparently can
serve as an oxidant in promoting aromatic, substitution,
especially when compared to the peroxide control. Even
more interesting was the fact that a similar amount of ni-
trotoluenes, comprised predominantly of the meta isomer,
was formed in each case, in addition to small amounts of
dinitrotoluenes. In contrast, the nitric acid control gave
only a small amount of nitrotoluenes with an isomeric pat-
tern which was in agreement with the literature reported
values for electrophilic nitration involving nitronium
ion.1314 Among other major products from IPP- HNO.s-tol-
uene were acetone and 2-propanol, formed by degradation
of the peroxide, as described elsewhere.3 Most of the minor
products were produced from side-chain reactions of tolu-
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ene (i.e., benzaldehyde, benzyl alcohol, «-nitrotoluene, ben-
zoic acid, and bibenzyl). Many of the benzyl radicals were
diverted from the dimerization path characteristic of the
control run, into side-chain oxidation products typical of
toluene nitrations with radicals present.15

With IPP a reaction series of different nitric acid to per-
oxide ratios over the range 0.5-5.0 was run. Both ring oxy-
genation and nitration increased from 6 to 20%, but the iso-
meric composition in each case remained essentially the
same as in Table I. Side-chain oxidation and nitration also
increased somewhat when greater amounts of nitric acid
Were used.

Other peroxides were decomposed in the presence of ni-
tric acid-toluene to see how general this concurrent pro-
duction of aryl esters and nitroaromatics was (Table II).
The only peroxide other than the peroxydicarbonates
which gave significant amounts of both types of aromatic
substitution was benzoyl peroxide. In this case tolyl ben-
zoates were produced with an isomer distribution and yield
very similar to those of the tolyl carbonate esters while the
nitrotoluenes showed a much higher ratio of meta isomer
than usual,1415 but not as high as with the peroxydicarbo-
nates. This is most likely due to some direct nitration of
toluene by nitric acid at this greater reaction temperature
and time.

In light of earlier reportsll potential involvement of

.PAN’s seemed most probable from systems involving pera-

cids (eq 2), and two such candidates (perbenzoic and m-
chloroperbenzoic acid) were treated with nitric acid and

CH:CO3H + HNO: — * CHsCOsNO2 + HD 2)

toluene. One can visualize a process analogous to eq 2 lead-
ing to peroxybenzoyl nitrate (PBN) from perbenzoic acid.
However, under the conditions studied (80° in acetonitrile)
little indication of PBN involvement was noted as most of
the peracid decomposed to benzoic acid.16 Small amounts
(~1%) of two oxygenation products (cresols and tolyl ben-
zoates) were obtained, suggesting the intermediacy of both
the hydroxyl and benzoyloxy radical, respectively (eq 3).

CeHsCOH — CeHsCO2- + HO- ®3)

The former was rapidly nitrated, showing up in the final
product mixture as nitrocresols and dinitrocresols (in 1%
and trace quantities, respectively). Less than 1% of nitroto-
luenes (ortho:meta:para = 47:24:29) were formed in this
reaction as well as small amounts of methyl biphenyls, ben-
zyl nitrate, and «-nitrotoiuene, further substantiating the
presence of some radicals (eq 3).

The reaction of m-chloroperbenzoic acid-HNOa-toluene
led to small amounts of the same or analogous products ex-
cept that the nitrotoluene isomers (ortho:meta:para = 58:
8:34) more nearly resembled those expected from nitric
acid alone.14

Two peresters {tert- butyl perbenzoate and tert- butyl-
peroxy isopropyl carbonate) were studied in like fashion.
No oxygenation products were formed with either perester,
although nitration did occur. The yields and isomer distri-
bution for all the peroxides studied with nitric acid-toluene
are summarized in Table Il. Also listed are the relative
rates of nitration in each case as obtained by performing
toluene-benzene competitions. These intramolecular and
intermolecular selectivities are compared to those obtained
from nitric acid without any peroxide and to previous liter-
ature values for nitrations. For peroxides such as the perox-
ydicarbonates that decompose quite rapidly at 60° (see the
literature values for the peroxide half-lives, Table IlI) the
same high proportion of meta isomer (76-80%) was ob-
tained whereas those peroxides which were reasonably sta-
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Table 11
Nitration of Toluene with Nitric Acid in the Presence of Peroxides*

Aryl
Registry no. Peroxide Temp, °C esters, %b
105-94-6 (i -PrOCCK 60 17
80
19910-65-7 (sec-Bu0 CO2°2 60 19
50
94-36-0 (chbco2® 60 9/
80 V2e
93-59-4 c 6h5c o 3n 60 Ih
937-14-4 w -C1C6H4C 0 3H 80 \
2372-21-6 /-BUuOOCO2P r-i 80 0
614-45-9 7-BuOOCOC6H5 80 0
78-67-1 aibn! 80
None 60
80
30-60*

Temp for
( D hr
%yield& 0- m- P- \ot’ aben® ﬂ/2d
17 18 77 5 2,66 34
e 17 78 5 3.04
17 20 76 4 e 36
e 17 80 3 2.33
10 33 54 13 2.07 72
e 38 47 15 e
1 47 24 29 e 76%
e 58 8 34 e
3 57 7 36 14.1 97
14 57 6 37 22.4 105
5 61 5 34 20. 5
3 60 5 35 33.7
14 60 5 35 29.7
57-61 3-5 37-40 21-27

“ Peroxide (5 mmol), HNO03 (10 mmol), and toluene (10 ml) in acetonitrile (50-75 ml). 6Based on peroxide limiting reagent; actual yield
of nitration based on nitric acid is one-half the table value. c Aromatic mixture of benzene (10 ml) and toluene (10 ml) used; value corrected

to a 1:1 molar ratio of the two. dSee ref 17. €Not determined. f Ortho:meta:para =

73:5:22; methyl biphenyls (3%) also formed.

s Ortho:meta:para = 69:7:24; methyl biphenyls (25%) also formed. hIncludes nitrocresols and tolyl benzoates. 1Approximated from data
inref 16 and 18. Nitrocresols. kSee ref 13 and 14. * Azobisisobutyronitrile.

ble at 60° or even 80° gave isomeric compositions much
more compatible with the usual nitronium ion intermedi-
ates.14 Benzoyl peroxide, which was somewhat intermedi-
ate in stability of the peroxides studied, gave almost 50% of
the meta isomer. Azobisisobutyronitrile, a nonperoxidic
radical-producing agent having a similar half-life to that of
benzoyl peroxide, failed to appreciably alter the usual pat-
tern of nitric acid -toluene reaction.

The peroxide, 1PP, was singled out for further mechanis-
tic studies. Kinetic analyses were performed on the nitric
acid promoted IPP decomposition at 60° utilizing both
nmr and iodometric techniques. The rates obtained by
both methods, 6.09 and 6.53 X 10-3 min-1, respectively,
were in excellent agreement and indicated roughly a two-
fold rate hindrance in comparison to that. (13.6 X 10-3
min-1) for the peroxide decomposition in the absence of ni-
tric acid. The rate of by-product formation (acetone and
2-propanol) was also able to be followed by nmr, and coin-
cided well with that of the peroxide decomposition. Nmr
had previously been used to detect PAN formation from
peracetic acid through the observance of a new methyl
group signal.19In our case no sign of any species other than
those due to the decomposing peroxide and forming 2-pro-
panol and acetone were spotted by nmr. Attempts to detect
an intermediate by uv spectroscopy were also futile.
CIDNP effects were not observed while the peroxide-nitric
acid decomposition was repeatedly monitored by nmr, even
though such effects have been noted for a variety of perox-
ide systems.20

Other nitrogen oxides were studied with both IPP and
benzoyl peroxide to see if they could function effectively to
promote concurrent nitration and oxygenation of toluene
(Table I11). N204 and N205 served well as oxygenation pro-
moters, as aryl esters were obtained in as good or better
yields as in the HNO3-peroxide reaction. Nitration also oc-
curred in good yield and the preponderance of meta isomer
was again evident in the peroxydicarbonate cases. How-
ever, with benzoyl peroxide a much greater amount of ni-.
trotoluenes of lower meta content was produced, indicating
that direct nitration of toluene with NO2 was probably
competing strongly. In the previous work,10 where a defi-

Table 111
Product Analyses for Peroxide-Toluene-Nitrogen
Oxides System*“

( iSTitrotoluenes ~ RCC™Ara

System Yield (03 m- p- YieldV m- p-
HNO-IPP 17 18 77 5 17 64 531
UNO. 3 60 5 35
NjOi-1PP 18 21 66 13 21 62 10 28
nZo4 12 67 5 28
n,o5ippc 20 33 55 12 48 55 15 30
N?<V 19 62 4 34
hno3 (cbhb5co2 / 8 38 47 15 12 72 4 24
n2»4 (cshbco2® 33 57 13 30 16 69 9 22
N A - (CeH5C O A 4'e 5 13 85 2 14 50 16 34

“ Peroxide (5 mmol), nitrogen oxide (10 mmol), and toluene (100
mmol) in CH3CN (50 ml) at 60°; see Experimental Section. 6 Based
on moles of peroxide limiting reagent; actual yield based on nitric
acid is one-half the yield reported. c Reference 15. " 80°. e From ref
10; NC>2:peroxide = 0.53; benzene also present as part of a competi-
tion run.

ciency of NCR relative to peroxide was used, the unusual ni-
trotoluene composition clearly showed up.

Nitration with N204 and N20 5alone also led to nitroto-
luenes in 18-20% yields, but with isomer values which were
in excellent agreement with the literature values13-14for ni-
trations involving nitronium ions.

The similarity in reaction characteristics of the peroxide
with the various nitrogen oxides suggests that a common
species, most likely nitrogen dioxide, is involved in each
case.

To determine the extent of free-radical involvement in
both the nitration and oxygenation processes, a stable free
radical, galvinoxyl,2l was employed as a radical trapping
agent in the IPP-HNOs-toluene system (Table 1V). As
more scavenger was added the nitration could be dimin-
ished and wiped out, but the oxygenation persisted. It
should be pointed out that even when a 1:1 ratio of galvi-
noxyl to peroxide was utilized, only enough scavenger was
available to trap half of the potential oxy radicals; hence
oxygenation could still occur. Indeed, when galvinoxyl was
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Table IV
Oxygenation-Nitration in the Presence of Galvinoxyl*

( CHBOB4N02 t r CHRe 6H10 Co2Pr-in

System Yield omp  Yield d.mp
HNO3IPP (2:1) 17 18:77:5 17 64:5:31
HNO3-IPP-galvinoxyl 86 20:77:5 13 60:11:29
(2:1:0. 3)

HNO3-IPP-galvinoxyl 1 12 51:13:36
(2:1:1)
IPP-gaivinoxyl (I:1)c 15 56:15:29

aPeroxide:HNO3:toluene = 1:2:20 in excess CH3CN at 60°;
see Experimental Section. b Single run only. ¢ No nitric acid.

used with the peroxide alone, tolyl esters with an isomer
distribution typical of carbonate radical oxygenation324 re-
sulted, which suggests the involvement of galvinoxyl itself
as an oxygenation promoter.

Product analyses carried out on the toluene-IPP-HNO03
reaction with galvinoxyl were quite revealing. Large
amounts of 2,6-di-£ert-butyl-4 nitrophenol and 2,6-dini-
trohydroquinone, formed from breakdown of the scavenged
products of galvinoxyl with nitrogen dioxide and the iso-
propyl carbonate radical, respectively (eq 4 and 5), provide

i-Bu t-Bu

good evidence for the involvement of both radicals in the
reaction. Furthermore, all of the galvinoxyl is apparently
consumed, as evidenced by the disappearance of a product
felt to be due to galvinoxyl breakdown on the chromato-
graph (see paragraph at end of paper regarding supplemen-
tary material).

IPP-Nitric Acid-Other Aromatics. The study of the
peroxydicarbonate-nitric acid system was extended to
other aromatics. In all cases aryl ester formation was ac-
companied by nitration products (Table V). The nitration
pattern observed with the halobenzenes was found to be
predominantly meta, in contrast to the usual ortho/para ni-
tration with N02+ (Table V), just as it was with toluene.
Relative rate values closer to unity than is typical of nitra-
tions involving N 02+ were also obtained for chlorobenzene
and fluorobenzene as well as for toluene. Although anisole
underwent both substitution reactions the nitration pat-
tern was more typical of straightforward electrophilic ni-
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tration,2 a process which likely competed strongly with
this more reactive aromatic under the reaction conditions.

The isomer distributions and relative rates for the oxy-
genation products differed from those values noted earlier
for the isopropyl carbonate radical,3 except in the case of
anisole. (See paragraph at end of paper regarding supple-
mentary material.)

Discussion

Nitric acid effectively promotes aromatic oxygenation
with certain peroxides, and in the process nitrates aromat-
ics in an unusual manner. Although a number of mechanis-
tic pathways can be considered for the two aromatic substi-
tutions, most can be discounted.

For example, independent electrophilic substitutions
with nitronium ion can be ruled out on the basis of the
much different nitration pattern, while the presence of cat-
ionic oxygen such as noted previously with peroxydicar-
bonate- AICI327 seems unlikely, as nitric acid retards per-
oxide decomposition rather than promoting heterolysis.

Independent radical substitution processes also do not
adequately explain the results. Titov2 has discussed radi-
cal nitrations involving substitution by N02 and subse-
quent trapping of the cyclohexadienyl radical as in eq 6
and 7.2 However, it is unlikely that such a scheme pertains

CH3

in our case, since we found no evidence for nitrocresols (eq
7) except in the peracid cases and there is no consistent ra-
tionale to account for the large preponderance of the meta-
nitrated aromatic.

Oxy radical attack followed by subsequent oxidation to
the aromatic (eq 1) is not a fully satisfactory mechanism
for the oxygenation process either, since one would have
anticipated obtaining the same pattern of substitution as
noted for CuCl2,3 12-,8 and 0 Z7-promoted oxygenations. A
complexed oxy radical (eq 8) is a possibility as the oxygen-
ating species and would account for the greater selectivity
observed.5

0— H+ 0— HI
1 1
(RCO-fc —*m 2RC— O- (8)

A number of mechanisms involving a common nitrating-
oxygenating species can be envisioned.

For example, peroxyacyl nitrates (eq 9) or acyl nitrates
(eq 10) could be formed under the reaction conditions but

(RCO29t + HNO3 — 14 RCCLNO, + RCOH 9)
CfH,CO,- + NO2 — » CeUCOjNCb (10)
being unstable could conceivably break down in such a

manner as to nitrate and oxygenate toluene in the process.
There is no prior literature analogy for this type of behav-
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Table V
Nitration and Oxygenation of Aromatics wi th Nitric Acid Diisopropyl Peroxydicarbonate
. [U— ArNO2 — i « T ArOCCAPr—— . 1
Aromatic System Yielda 0-:m-: P k. xr/k Yielda 0-:m-:p- *ArH /I~"CgHg
ArH C6hG
c&hbch3 HNOs-IPP1 17 18:77:5 2.66 17 64:5:31 12.4
hno3x 3 60:5:35 33.7
CuCla-IPP" 85 57:15:28 3.77
cbhbci HNOj-IPP6 17 10:87:3 0.65 5 64:tr:36 0.85
HNO3H,S04e 31:tr:69
CuCl,-IPP/ 29 54:13:33 0.46
c (h5F hno3ippb 16 28:58:16 0.32 7 41:36:23 0.65
HNO3-H2S 0/ 20:0:80"
CuCI2IPP/ 30 33:22:45 0.31
csh,och3 HNOg-IPP6 31 39:0:61 57.4 16 59:tr:41 19.1
hno3 hXxo4 31:2:67
CuClz-IPPX 98 63:1:36 24.9

aYield based on mol of products/mol of peroxide. bPeroxide (5 mmol), HNO3 (10 mmol), and aromatic (10 ml) in acetonitrile (50 ml),
60°, 24 hr. c Acetonitrile solvent; for other values see ref 14 and 23. d See ref 24. e HN 03 (0.05 mol), H2S04 (0.05 mol), and aromatic (20 ml),

60°, 24 hr. <See ref25. * Lit. value26 12:0:88. * See ref 22.

ior for peroxyacyl nitrates, but such a species might be ex-
pected to exhibit both peroxide and nitrate reactivity. Pre-
viously Fischer and coworkers® had demonstrated that
protonated acetyl nitrate from acetic anhydride-nitric acid
is the common intermediate responsible for both nitrating
and acetoxylating aromatics such as toluene and o-xylene.
Similar studies15 of benzoyl nitrate interaction with tolu-
ene in the presence of acids did produce some tolyl ben-
zoates, but gave the usual (ortho:meta:para = 60:5:35) ni-
trotoluene product pattern. However, we obtained no evi-
dence for either type of intermediate, and neither species
could suitably explain the predominance of m-nitroto-
luenes in our system.

The mechanism which appears to be consistent with our
experimental observations is analogous to that reported for
benzoyl peroxide with nitrogen dioxidel0 and is shown in
Scheme |, eq 11-13. It involves the usual reversible attack

by the acyloxy radical (or possibly an acid-complexed acyl-
oxy radical) onto the aromatic, giving the three possible cy-
clohexadienyl radical intermediates (I—1). These in turn
are trapped efficiently by small amounts of nitrogen diox-
ide to produce various dihydroaromatics (IV-VII). which
under the reaction conditions tend to rapidly rearomatize
losing either nitrous acid or an alkyl hydrogen carbonate
(alcohol + carbon dioxide). With toluene at least, the dihy-
droaromatic tended to partition itself to the aryl ester and
nitrotoluene in roughly equal proportions. With the halo-
benzene, the corresponding intermediates (1V-VI1I) prefer-
entially formed nitrohalobenzenes (eq 11-13, Table V).
Since the oxy radical attacks toluene and the halobenzenes
predominantly at ortho and para positions,32 nitroaroma-
tics formed in this manner would be predominantly the
meta isomers (eq 11, 13). Only anisole of the aromatics
failed to give meta nitration. Perhaps the greater reactivity

Scheme |
Concurrent Oxygenation-Nitration

(11)

02)

(13)
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of anisole toward nitric acid14 caused the usual electrophil-
ic nitration to occur in that case.

The scheme presented also accounts qualitatively for the
unusual “apparent” relative reactivities of toluene and
benzene toward both nitration and oxygenation. Since both
types of substitution products resulted from initial attack
by the oxy radicals onto the aromatic, one can calculate a
composite partial rate factor for this process by taking into
account the proposed scheme (Scheme 1), the apparent,
partial rate factors for nitration and oxygenation and the
molar yields of oxygenation relative to nitration (Table V).
Plotting the resulting composite partial rate factors (de-
scribing initial oxy radical attack) us the appropriate <+
values gave a surprisingly fair correlation with a slope of
—1.87 (p value) and an average deviation of +0.05 (see
paragraph at end of paper regarding supplementary mate-
rial).3L This value compares quite closely to that obtained
(—2.1) by doing a least-squares plot for the same points
from isopropyl carbonate radical,25 providing further evi-
dence for this concurrent nitration-oxygenation scheme.

The fact that N204 and N205 also serve efficiently to
promote oxygenation is consistent with the mechanism
proposed, since both are reasonable sources of nitrogen
dioxide.32 The similarity of these systems to that with ni-
tric acid seems to indicate that NO2 is the species responsi-
ble in nitric acid for promoting aromatic substitution.

The results of the galvinoxyl trapping experiments are
also in line with the proposed scheme. Galvinoxyl is known
as an efficient scavenger of both carbon and oxygen free
radicals, particularly the shorter lived ones such as tert-
butoxy radical.2l Despite the fact that potential carbonate
radicals exceeded the amount of galvinoxyl used (Table
1V), galvinoxyl reacted in ways other than just trapping the
longer lived carbonate radicals in this system. It scavenged
nitrogen dioxide, present in relatively small amounts in the
peroxide-HNO3 media to wipe out the nitroaromatic pro-
duction (Table IV) and account for the 2,6-di-terf-butyl-
4-nitrophenol found. Galvinoxyl also reacted with cyclo-
hexadienyl radicals formed from oxy radical attack on the
aromatic to promote aromatic oxygenation by either hydro-
gen atom abstraction33 or electron transfer.34 The small
amount of 2,6-di-Eerf-butylphenol (eq 4 and 5) is consistent
with hydrogen atom abstraction by galvinoxyl.

The reason for the rate-retarding effect of nitric acid on
the peroxydicarbonate is uncertain. It could indicate acid
complexing of the peroxide, since the breakdown of com-
plexed peroxides is known to be slowed down.56 A com-
plexed radical formed therefrom could also account for the
more selective nature of the oxygenation and essentially
the same scheme (Scheme 1) for nitration-oxygenation
would hold.

There is prior analogy for the mechanism proposed
which amounts to a radical addition-elimination mecha-
nism. The reaction of pernitrous acid with aromatics giving
nitration and hydroxylation in very low yields was felt to
involve hydroxyl radical attack followed by nitrogen diox-
ide trapping (eq 14).29%

C K h Q < ‘-

© - OH and <~ >— NO, (14)

Analogous addition-elimination mechanisms have been
proposed for electrophilic aromatic substitutions, including
aminations with trichloroamine-aluminum chloride,36 con-
current nitration-acetoxylation by protonated acetyl ni-

trate,30and others.37
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Experimental Section33

Reagent-grade solvents and chemicals were used directly, in-
cluding deuterioacetonitrile (Merck Sharp and Dohme, 99%),
which was checked for purity by nmr. The commercial peroxides,3
checked out to be greater than 95% pure except for 85% m- chloro-
peroxybenzoic acid, were Used without purification except for ben-
zoyl peroxide, which was recrystallized from methanol-hexane.
Peroxybenzoic acid was synthesized from benzoyl peroxide and hy-
drogen peroxide by a literature method;40 the peracid was extract-
ed into toluene, and the toluene stock solution was titrated and
used directly in the appropriate reactions.

Tolyl alkyl carbonate authentics (not commercially available)
were synthesized-from the appropriate phenols and alkyl chloro-
formates as previously described.4

Nitrocresol product mixtures for comparative purposes were
made by treating o- and p-cresol, respectively, with HNOs in ace-
tonitrile at 60°. In the former case two major nitration products
were' found by gc-mass spectrum (m/e 153, base peak) and were
assumed to be 4-nitro-2-methylphenol and 6-nitro-2-methylphe-
nol. With p-cresol just One major nitration product (m/e 153), pre-
sumably 2-nitro-4-methylphenol, was produced.

Reactions of Aromatics with Nitric Acid-Peroxide. Gener-
al Procedure. The peroxide (5 mmol) in the appropriate aromatic
(10 ml) was mixed with acetonitrile (50 ml) containing the appro-
priate amount of nitric acid in a lightly stoppered flask, and im-
mersed quickly in a constant-temperature bath for a 24-hr period
or longer. At the end of this time, "qualitative and quantitative
product analysis was carried out On the reaction mixtures. For the
competition studies, a mixture of benzene and the appropriate aro-
matic, both present in at least an 18-fold molar excess, was used
with the peroxide and nitric acid. The aromatic:benzene product
ratios (both nitration and oxygenation) corrected to equimolar
reactant concentrations were used directly as a measure of the rel-
ative rates.

Other reactions were carried out with modifications of the gen-
eral procedure. In the galvinoxyl run additional toluene was re-
quired to solubilize the radical trapping agent. Reactions with N02
were carried out in special reaction flask containing peroxide-tolu-
ene and solvent which was evacuated at liquid nitrogen tempera-
tures. N204 was weighed out in a separate gas density bulb and
then distilled into the reaction vessel. After the appropriate quan-
tity of NO2was added, the vessel was sealed, placed in a constant-
temperature bath for 24-48 hr at 60°, and then analyzed.

In all cases reactions were carried out in duplicate (unless other-
wise indicated) and the yields reported are the average of two or
more runs in close agreement.

Kinetic Studies. A. By lodometry. A method described else-
whered was used. In the runs containing nitric acid, the end point
became harder to detect as the decomposition approached mid-
way, owing to the continued development of colored nitrotoluenes.
In these cases, titration was carried out to the color of blanks con-
taining the calculated amount of nitrotoluenes.

B. By Nmr. Prior to carrying out a kinetic study by nmr (Per-

kin-Elmer Hitachi Model R-20), we demonstrated that the signals
from the expected products and starting peroxide did not interfere
with each other. A control run with HNO3 in CD3CN indicated
that the nitrile underwent proton exchange but did not interfere
with the signals to be followed.

The kinetic run itself was performed on the reaction of diisopro-
pyl peroxydicarbonate with HNO3 in the absence of aromatic in
deuterated acetonitrile. One -milliliter of a peroxide solution in
CD3CN (4.5 M) was mixed with HNO3in an nmr tube to give a per-
oxide:HNO3 molar ratio of 1:2. The tube was set into thé nmr
probe which was thermostatted at a constant temperature of 60 +
0.5°. The intensities of the following major signals were monitored:
isopropyl group doublet from the reactant peroxide (5 1.28), iso-
propyl group doublet from 2-propanol (product) (5 1.04), and
methyl group singlet from acetone (product). The changes in inte-
gration heights of the signals were followed vs. time to obtain
changes in concentration of both reactant and products. To take
care of any possible error due to instrumental instability, the field
homogeneity was:checked throughout the experiment. The study
was repeated with p-dichlorobenzene added as an inert material to
the reaction mixture for use as an internal intensity standard. The
intensities of the signals could then be adjusted when any fluctua-
tion of the p-dichlorobenzene marker occurred. Little correction
had to be made and reasonable agreement was noted for the data
from the two runs.

Nitration of Halobenzenes. HN03 (3.2 ml, 0.05 mol) and
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H2504 (2.65 ml, 0.05 mol) were mixed, cooled, and added to the
halobenzenes (fluoro- and chlorobenzene). The mixtures were vig-
orously shaken at intervals over a 24-hr period at 60°. The prod-
ucts (two) from fluorobenzene was collected by preparatory gc
(column A) and analyzed by ir and mass spectrum. The smaller
product, ortho, gave an out-of-plane C-H bending signal at 755
cm-1, while the larger para product had the corresponding signal
at 840 cm-1. Both had a mass spectrum with m/e 141 (molecular
ion) and 95 (base peak). The nitrochlorobenzene products were
compared to authentics and also analyzed by mass spectrum (m/e
157).

Analytical Procedures. A. Product Identification. The prod-
uct mixture from the reaction of 50 mmol of diisopropyl peroxydi-
carbonate and 100 mmol of nitric acid with toluene in acetonitrile
was concentrated on a rotary evaporator, and the concentrate was
separated into a number of components by preparative gc (Varian
Model 90-P, thermal conductivity detector, column A, 6 ft X 0.25
in. 3% SE-30 on Chromosorb W). The major product gave an ir
consistent with m-nitrotoluene contaminated with a small amount
of ortho and para isomers. The second largest product was shown
by ir to be o-tolyl isopropyl carbonate. From other analogous reac-
tion mixtures gc-mass spectral analysis was performed using a
Finnegan Model 3000 G.C. peak identifier with a quadrupole mass
filter. Mass spectra at 70 eV of the reaction products eluted from
three different columns (B, 6 ft X 0.125 in. stainless steel, 3% OV-1
on Chromosorb W: C, 10 ft X 0.125 in. copper, 10% OV-225 on
Chromosorb W, AW-DMCS; D, 10 ft X 0.125 in. copper, 20% SE-
30 on Chromosorb W, AW-DMCS) indicated the presence of benz-
aldehyde (m/e 106), benzyl alcohol (m/e 108), benzoic acid (m/e
122), nitrotoluenes (m/e 137), tolyl isopropyl carbonates (m/e 194,
fragments at m/e 135, 108, and 43), bibenzyl (m/e 182), and traces
of dinitrotoluenes (m/e 182). Other minor high boilers were detect-
ed, but were not identified. Column D programmed at 160-240°
was utilized in like manner to separate and identify the nitroani-
soles (m/e 153) and anisyl isopropyl carbonates from anisole, chlo-
ronitrobenzenes (m/e 157) and chlorophenyl isopropyl carbonates
from chlorobenzene, and fluorophenyl isopropyl carbonates (m/e
198) and fluoronitrobenzene (m/e 141) from fluorobenzene.

Column D was used with the gc-mass spectrum to identify the
benzoyl peroxide reaction products, benzoic acid (m/e 122), nitro-
toluenes (m/e 137), methyl biphenyls (m/e 168), phenyl benzoate
(m/e 198), and tolyl benzoates (m/e 212), while both columns C
and D were used to identify benzyl nitrate (m/e 153), nitroto-
luenes (m/e 137), benzoic acid (m/e 122), nitrocresols (m/e 153),
methyl biphenyls (m/e 168), and tolyl benzoates (m/e 212) from
the perbenzoic acid runs. Column B was used to pin down the gal-
vinoxyl reaction products. In addition all nitration and oxygen-
ation products were matched with authentic materials by gc reten-
tion times on at least two different columns (C and D). Nitrocresol
and nitrofluorobenzene isomers were identified by comparison to
the product mixtures from the nitrations of o- and p- cresol and
fluorobenzene.

B. Quantitative Analysis. Reaction product yields were deter-
mined by adding a known quantity of a marker (usually phenyl
isopropyl carbonate) to a one-tenth portion of the reaction mixture
and analyzing by gc (Varian Models 1400 and 600D with flame ion-
ization detectors; columns B and C). The appropriate correction
factors for detector response were determined from standard
mixtures and applied to convert product to marker area ratios to
mole ratios.
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A moderately activated nitro group in a substituted nitrobenzene is displaced by reaction with the anion of an
aldoxime in DMSO solution. In the DMSO solution the displacement product, an 0-arylaldoxime, is rapidly
cleaved by a base, yielding the phenol and the nitrile related to the oxime anion. The oxime anion used for the
displacement is sufficiently basic to effect the cleavage. Thus, p- nitrobenzonitrile is converted to p-cyanophenol
in excellent yield by reaction with 2 equiv of the salt of benzaldoxime. Similarly, ethyl p-nitrobenzoate is convert-
ed to ethyl p- hydroxybenzoate with little loss resulting from attack at the ester group and subsequent conversion
to the nitrobenzoic acid. Displacement of an activated halogen atom followed by in situ cleavage of the oxime
ether also leads to the phenol. The use of several activating groups in the reactions is reported. Even with the
unactivated nitro compound 4-nitrobiphenyl some (—20%) of the phenol has been obtained.

In dipolar aprotic solvents various aromatic nitro com-
pounds undergo the addition of cyanide ion to give ad-
ducts, e.g., I, similar to Jackson-Meisenheimer complexes,
which can be converted to various further transformation
products,l3and the anion of 2-nitropropane gives a similar
adduct with 9-nitroanthracene.4 The structural resem-
blance of the anion of an oxime to that of an aliphatic nitro
compound suggests that oximates too might give adducts
similar to those observed with cyanide ion. When p-ni-
trobenzonitrile and the sodium salt of benzaldoxime (2
equiv) were brought together in DMSO at ambient temper-
ature the solution rapidly developed an intense purple
color, which faded with time, reminiscent of the color
changes occurring in reactions of cyanide ion and attrib-
uted to the Jackson-Meisenheimer complexes,4 but when
the test was terminated after 48 hr the solution was found
to contain an almost quantitative yield of the entirely
unexpected product p- cyanophenol. Evidently the oximate
anion had attacked the aromatic system at the carbon atom
bearing the nitro group, displacing it as nitrite ion, rather
than adding in the Jackson-Meisenheimer fashion.

The nucleophilic displacement of activated aromatic
nitro groups has been studied over many years,5 but only
recently has it found promising application6 in synthesis.
Displacement of a nitro group from a benzene ring carrying
only one activating group has been quite rare, and in most
such instances the activation has been supplied by a second
nitro group. However, very recent studies have shown that
a nitro group activated by a single carbalkoxyl, cyano, or
carbonyl group, among others, is displaced by a methoxide
or a mercaptide anion, sometimes in excellent yield,67
when the reaction is carried out in an aprotic solvent. Cy-
clization of the diester obtained by the displacement of the
nitro group of an ester of 2-nitrobenzoic acid by the anion
of methyl mercaptoacetate constitutes a step in a very use-
ful synthesis of methyl 3-hydroxybenzo[b]thiophene-2-car-
boxylates.6 In the cyanide reactions conducted in this labo-
ratory displacement of an activated nitro group by cyano
has been observed only with 9-nitro-10-cyanoanthracene
(58% conversion to 9,10-dicyanoanthracene),1 and none of
the displacement product from p- nitrobenzonitrile3"was
observed. The nearly complete displacement observed with
the anion of benzaldoxime and this nitronitrile suggests
that oximate anions may be among the most active dis-
placement agents. Separation of the pure p-cyanophenol
from the benzaldoxime present at the end of the reaction
mentioned above required time-consuming chromatogra-
phy which could be avoided by the use of the sodium salt of
acetaldoxime (2.5 equiv, 45-min reaction time at 30°, 69%

CN CN

yield of pure p-cyanophenol isolated by crystallization).
The rapid displacement of the nitro group under such very
mild conditions suggested the possible successful applica-
tion of the process to compounds, such as o- and p-nitro-
benzoic esters, in which the activating group is sensitive to
attack by base. In a trial with ethyl p-nitrobenzoate and
the salt of acetaldoxime, reacting for only 20 min at 30°,
the yield of ethyl p-hydroxybenzoate was 55%, and that of
p- nitrobenzoic acid was 36% (Table I). Reducing the tem-
perature to 25° increased the yield of the hydroxy ester to
64%, and only 18% nitro acid was obtained. Substantially
lower temperatures can be realized with DMF as the sol-
vent (DMSO melts at 18°), but a trial in DMF at 10° gave
only 38% hydroxy ester and 45% nitro acid; this solvent evi-
dently favors attack at the ester group rather than at the
nucleus. When enough acetonitrile was added to a DMSO
solution to permit operation in the liquid state at —3°, the
yield of hydroxy ester was also low (31%).

The salt of benzaldoxime reacted more slowly with the
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Table |
Ester Activation of Nitro Displacement
Yield, %
TAnp, Hydroxy-

Reaction Ester Oxime Solvent Time C ester Nitro acid
| P -02NC6H44C 0 2C2H5a CH:;CHNOHG®6,c DMSO 20 min 30 55 36
2 C DMSO 10 min 25 64 18
3 C DMF 20 min 25 46 37
4 C DMF 2 hr 10 38 45
5 C DMSO/CHjJCN 1.5 hr -3 31
6 CE6H5CHNOHc,i DMSO 5 hr 20 65 5
7 e DMSO 6.5 hr 20 81 14
8 e ETOH' 8 hr 74 <0.2 64
9 p-02NC6H4CO02CH X e DMSO 7.5 hr 20 63 14

10 0 -0 2N C6H4C 0 2C 2H5ft e DMSO 6.5 hr 20 29’ 37

aRegistry number, 99-77-4. 6 Registry number, 52540-25-7. ¢ Addition of ester to oxime salt. d Registry number, 40026-28-6. e Addition of

oxime salt to ester. ! Absolute ethanol. * Registry number, 619-50-1. h Registry number, 610-34-4. 1lsolated as salicylic acid.

Table 11
Replacement of Nitro and Halogen by Hydroxyl

) ) . Yigld,

Reaction Substrate Registry no. Solvent Time Temp, C Product Registry no. )
i p -Dinitrobenzene* 100-25-4 DMSO 50 min  8°C  p-nitrophenol6 - 100-02-7 78
12 p -Nitrobenzonitrile® 619-72-7 DMSO 46 hr 25 p -hydroxybenzonitrile 767-00-0 94
13 p-Nitrobenzonitrile® DMSO 45 min 30 p-hydroxybenzonitrile 69
14 o-Nitrobenzonitrile® 619-24-9 DMSO 2 hr 25 0-hydroxybenzonitrile 611-20-1 57
15 p -Nitrobenzophenone* 1144-74-7 DMSO 8 hr 25 p -hydroxybenzophenone 1137-42-4 62
16 p -Nitroacetophenone* 100-19-6 DMSO 12 hr 25 p -hydroxyacetophenone 99-93 4 0
17 p -Nitrobenzaldehyde* 555-16-8 DMSO 1 hr 30 p -hydroxybenzaldehyde 123-08-0 0
18 p -Nitrobenzamide* 619-80-7 DMSO 17 hr 70 p -hydroxybenzoic acidJ 99-96-7 50
19 4-Nitrobiphenyl* 92-93-3 DMSO 18 hr 60 4-hydroxybiphenyl 92-69-3 20
20 p -Nitrofluorobenzene* 350-46-9 DMSO 50 miri 30 p-nitrophenol6 100-02 -7 79
21 Ethyl p -fluorobenzoate® 451-46-7 DMSO 7.5 hr ' 20 ethyl p-hydroxybenzoate* 120-47-8 65
22 Ethyl p-fluorobenzoate* ETOH' 5 hr 74 p -fluorobenzoic acidf 456-22-4 33
23 2-Chloropyridine* 109-9-1 DMSO 15 hr 110 2-pyridone 142-08-5 72

“ Benzaldoxime. 6 12% 0-(p-Nitrophenyl)benzaldoxime was also isolated. c Acetaldoxime. d Hydrolysis of amide occurred under work-up
conditions. e p-Fluorobenzoic acid (2%) was also isolated. <Absolute ethanol. * Less than 0.5% ethyl p-hydroxybenzoate.

nitro ester, but it proved more selective. Thus, a reaction
conducted at 20° for 5 hr gave 65% hydroxy ester and only
5% nitro acid. Inverse addition (oximate salt to ester) in a
reaction conducted at 20° for 6.5 hr gave 81% hydroxy ester
and 14% nitro acid. It might be expected that the methyl
ester would be more susceptible to attack at the carboxyl-
ate function, but with the inverse addition it gave a good
yield (63%) of the hydroxy ester, along with 14% nitro acid
(Table I).

The mutual hindrance of the two groups in ethyl o- nitro-
benzoate evidently is more effective in deterring displace-
ment of the nitro group than of the alkoxy group. Even
with the inverse addition of the benzaldoxime salt the
ortho ester gave 37% nitro acid; the hydroxy ester also pro-
duced was not readily isolated from the mixture and was
converted to salicylic acid, obtained in only 29% yield.

Of the other activating groups tested, p- nitro, p- benzoyl
and p-carbamyl promoted the nitro displacement (see
Table I1). Because of the water solubility of the product
(p-hydroxybenzamide) from p-nitrobenzamide it proved
convenient to allow it to undergo hydrolysis and to isolate
it as the hydroxy acid. Surprisingly, none of the phenol was
isolated from a reaction of the benzaldoximate ion with di-
ther p-nitroacetophenone (25°, 12 hr) or p-nitrobenzal-
dehyde (70°, 1 hr).

The replacement of an activated aromatic nitro group by
hydroxyl through reaction with an oximate ion evidently

occurs in two steps, displacement of the nitro group to give
the O-aryl oxime ether (e.g., 3), and attack of the latter by
a second oximate ion acting as a base and converting it to
phenoxide ion and benzonitrile. Presumably, an early step
in the displacement leads to the intermediate 2, shown in
only one of its resonance forms. Whether the color of the
solution is due to such a complex or to a Jackson-Meisen-
heimer complex similar to 1 but formed reversibly and not
leading to products has not been determined. Conversion
of the O-aryl oxime ethers obtained from 2,4-dinitrcchloro-
benzene and aldoximes to phenols and nitriles by the ac-
tion of strong base (KOH) has long been known.8 In the
present work, no attempt to isolate the O- (p-carbethoxy-
phenyl)benzaldoxime (3) was made, but the benzonitrile
shown as arising from its decomposition was isolated in
71% vyield. Also, O-(p-nitrophenyl)benzaldoxime was iso-
lated in quantity sufficient to test its reaction with bases.
With refluxing 5% sodium hydroxide it gave a 95% yield of
p- nitrophenol, along with benzoic acid (75%) and benzam-
ide (5%), formed by hydrolysis of the nitrile, and in DMSO
at room temperature the salt of benzaldoxime converted
this ether to p-nitrophenol in 97% yield at 73% conversion
(50 min, room temperature). Thus, in DMSO the oximate
ion is able to cleave the ether.

The O-aryl oxime ether structure was first proposed by
Werner9and very recently confirmed by Sheradsky, Salem-
nick, and Nir,10who prepared identical compounds both by
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displacement of an activated halogen (as, e.g., in 2,4-dini-
trochlorobenzene) by oximate anion and by the reaction of
the corresponding O-arylhydroxylamine with a carbonyl
compound. The O-aryl aldoximes reported were assigned
the syn configuration,811 but complete spectral data were
not presented. In the present work the nmr spectrum of the
0-(p- nitrophenyl)benzaldoxime isolated was found to
show only one signal (at 88.70, s, 1 H) for the aldoxime pro-
ton (CH=NO). Previous work12 with aldoximes indicates
that separate signals would be expected for the syn and
anti isomers if both were present. Since the 0-(p-nitrol
phenyl) benzaldoxime was prepared from the anion of syn-
benzaldoxime, it seems likely that it too is of the syn con-
figuration.

The powerful directing effect of the aprotic solvent is
shown by comparison of the reaction of ethyl p-nitroben-
zoate and benzaldoxime sodium salt conducted in DMSO
with one conducted in ethanol. After 8 hr at room tempera-
ture in ethanol there was no indication (tic) of reaction; so
the mixture was heated (74°) for 8 hr. The only product
isolated (64%) was p-nitrobenzoic acid; if ethyl p-hydroxy-
benzoate was formed vpc tests indicated its yield could not
have been more than 0.2%. The response of the oximate ion
to the directing effect of the aprotic solvent is shown by
comparison of the oximate reaction in DMSO with a sodi-
um hydroxide reaction in the same solvent; only p-nitro-
benzoic acid (98% yield) was obtained when sodium hy-
droxide was used.

It would be expected that certain activated aromatic and
heterocyclic halogen compounds can also be converted to
phenols in a single operation by displacement with oximate
in the presence of excess of the reagent. When ethyl p- fluo-
robenzoate was employed with the benzaldoxime salt (7.5
hr, 20°), ethyl p-hydroxybenzoate was obtained in 65%
yield (Table II). It is interesting that this yield is somewhat
lower than that of the same product obtained by nitro dis-
placement. p-Nitrofluorobenzene gave p-nitrophenol in
79% yield (50 min, 30°), and the intermediate ether, O- (p-
nitrophenyl)benzaldoxime, was also isolated in 12% yield.
The yield of the ether was increased to 36% when only 1
equiv of the oximate salt was used. The chlorine atom of 2-
chloropyridine was less reactive toward the salt of benzal-
doxime, but a reaction at 110° for 15 hr gave 2-pyridone in
72% yield. Although the conditions were among the most
vigorous employed in the present study, they are mild com-
pared to some which are used for the same conversion.1314

A trial of the reaction of the benzaldoximate with the
unactivated nitro compound 4-nitrobiphenyl resulted in a
20% yield of 4-hydroxybiphenyl after 18 hr at 60°. It seems
likely that a more active oximate ion may be found, permit-
ting the useful, direct conversion of an unactivated nitro
compound to the phenol.

Experimental Section

Either a Perkin-Elmer 521 or a Beckman IR-12 spectrophotom-
eter was used for ir spectra which were run as KBr disks. Nmr
spectra were recorded on a Varian A-60A or A-56/60 spectrometer.
Mass spectra were recorded by Mr. J. Wrona and associates on an
Atlas CH5 mass spectrometer at 70 eV. Microanalyses were per-
formed by Mr. J. Nemeth and associates. Products were identified
by comparison of ir and nmr spectra with those of authentic sam-
ples unless otherwise noted. All starting materials were either com-
mercially available reagent grade and were used as received or
Were prepared in this laboratory by well known synthetic routes.
DMSO and DMF were stored over Linde Type 4a Molecular
Sieves for 2 weeks prior to use.

p-Cyanophenol. A solution of sodium methylsulfinylmethide
was prepared by heating sodium hydride (0.48 g, 20 mmol) in
DMSO (25 ml) at 70° until a clear solution resulted (20-30 min).
To this solution, benzaldoxime (2.42 g, 20 mmol) in DMSO (10 ml)
was slowly added and the resulting mixture was stirred at 70° for
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0.5 hr. To the thick paste which formed upon cooling was added
1.48 g of p-nitrobenzonitrile (10 mmol) in DMSO (35 ml). The
deep purple color, which formed almost immediately, faded after
the solution had been stirred for 46 hr at 25°. This light yellow so-
lution was poured into 150 ml of ice water which had been acidi-
fied with 8.3 ml of concentrated HC1 and the resulting aqueous so-
lution was extracted with ether. Acidification of the 5% NaOH ex-
tract of the ether solution resulted in the formation of a yellow oil
which was separated. Chromatography of this oil on 30 g of silica
gel (benzene elution) resulted in the isolation of 1.12 g (94%) of p-
cyanophenol, mp 111-112° (lit.16 mp 112°) after recrystallization
from benzene. When acetaldoxime was used the ether extract was
dried (MgSCL) and evaporated and the resulting oil was recrystal-
lized from water to give p- cyanophenol (69%). The procedure for
reactions 14-18 (Table 11) was similar.

Ethyl p- Hydroxybenzoate. The sodium salt of benzaldoxime
(81 mmol) in DMSO (175 ml) was prepared as described above.
This salt was slowly added (45 min) to a solution of ethyl p-nitro-
benzoate (7.8 g, 40 mmol) in DMSO (50 ml). The reaction temper-
ature was maintained at 15° by an ice bath. The reaction mixture
was stirred for 1 hr at 15° after addition was complete and then for
5.5 hr at room temperature. The resulting DMSO solution was
poured into 500 ml of ice water which had been acidified with 8.3
ml ot concentrated HC1. This aqueous mixture was extracted with
ether. Acidification of a 5% sodium carbonate extract of the ether
solution produced 0.94 g (14%) of p-nitrobenzoic acid. Further ex-
traction of the ether solution with 5% NaOH and subsequent acidi-
fication produced 5.38 g (81%) of ethyl p-hydroxybenzoate, mp
115-116° (lit.16 mp 116°) after recrystallization from water. The
ether solution was then extracted with 10% NaOH until the
benzaldoxime was completely removed, washed (H20), dried
(MgS04), and evaporated. Distillation of the residue resulted in
the isolation of 2.94 g (71%) of benzonitrile. The procedures for
reactions 1- 10, 21, and 22 were similar, with the differences in con-
ditions noted in Tables I and II.

O-(p-Nitrophenyl)benzaldoxime. The sodium salt of benzal-
doxime (80 mmol) in DMSO (175 ml) was prepared as described
previously. This mixture was slowly added to p-fluoronitroben-
zene (11.28 g, 80 mmol) in 50 ml of DMSO. The reaction mixture
was cooled in an ice bath. After addition was complete, stirring was
continued for 0.5 hr at room temperature. The mixture was poured
into 500 ml of ice water which had been acidified with 8.3 ml of
concentrated HC1. The light tan precipitate which formed was fil-
tered, washed (H20), and dried; it weighed 6.95 g (36%). After re-
crystallization from cyclohexane (Darco) it showed mp 124.5-
125.5°% ir (KBr) 1595, 1518, 1485, 1348, 1245, 910, 835, 740, 675
cm’ L nmr (CDC13) 87.55 (d, 2 H), 8.48 (d, 2 H), 8.70 (s, 1 H), 7.6-
8.2 (m, 5 H); mass spectrum (rel intensity) m/e (I) 242 (14), 104
(100), 77 (90), 51 (16).

Anal. Calcd for Ci3HiON203 C, 64.46; H, 4.13; N, 11.57. Found:
C, 64.63; H, 4.13; N, 11.83.

Base Decomposition of 0-(p-Nitrophenyl)benzaldoxime. A.
To asolution of 20 ml of 5% NaOH and 20 ml of ethanol was added
O-(p-nitrophenyl)benzaldoxime (300 mg, 1.24 mmol). The mix-
ture was refluxed for 1.5 hr and the ethanol was then removed by
distillation. The resulting basic solution was extracted with ether,
which upon evaporation produced 7.2 mg (5%) of benzamide (ir
identical with that of an authentic sample). Acidification and ether
extraction of the aqueous solution resulted in the isolation of 270
mg of a light yellow solid upon evaporation of the ether extract.
Nmr comparison with a known mixture showed p-nitrophenol and
benzoic acid to be present in 95% and 70% yields, respectively.

B. O- (p-Nitrophenyl)benzalcJoxime (600 mg, 2.48 mmol)
DMSO (10 ml) was added to 2.48 mmol of the benzaldoxime salt in
15 ml of DMSO. This mixture was stirred for 50 min at 25° and
was then poured into 50 ml of ice water which had beep acidified
with 0.5 ml of concentrated HC1. Unchanged O-(p-nitrophe-
nyl)benzaldoxime (163 mg, 27% recovery) was collected by filtra-
tion. The ether extract of the filtrate was washed (H20), dried
(MgSO0i), and evaporated. Chromatography of the residue on 10 g
of silica gel (benzene elution) resulted in the isolation of 246 mg
(97% yield based on unrecovered starting material) of p- nitrophe-
nol, mp 112-113° (lit.17 114°).

p - Nitrophenol. The sodium salt of benzaldoxime (20 mmol) in
DMSO (35 ml) was prepared as usual, p-Fluoronitrobenzene (1.41
g, 10 mmol) in DMSO (35 ml) was added; an intense color devel-
oped immediately. The dark solution was stirred at 30° for 50 min
and then poured into 150 ml of ice water which had been acidified
with 2 ml of concentrated HC1. O (p- Nitrophenylbenzaldoxime
(0.28 g, 12%) was separated from the aqueous mixture by filtration.

n
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The ether extract of the filtrate was washed (H20), dried (MgSOd,
and evaporated. The residue was chromatographed on 30 g of silica
gel (benzene elution), yielding 1.09 g (79%) of p-nitrophenol, mp
112-113° (lit.17 114°) after recrystallization from benzene. Reac-
tion 11 (Table I1) was identical.

2-Pyridone. 2-Chloropyridine (1.14 g, 10 mmol) in DMSO (35
ml) was added to 20 mmol of the benzaldoxime salt in 35 ml of
DMSO. No color formation was observed after 30 min at room
temperature but when the mixture was heated to 110° it became
dark red. The solution was stirred at this temperature for 15 hr,
cooled, and poured into 150 ml of ice water. The aqueous solution
was saturated with carbon dioxide and extracted twice with chlo-
roform. The aqueous layer was evaporated and the residual solid
was triturated twice with CHCI3. Filtration and evaporation of the
chloroform solution produced 0.69 g (72%) of 2-pyridone, mp
104.5-105.5° (1it.18 106°) after recrystallization from xylene.

p-Hydroxybiphenyl. To a mixture of 20 mmol of the benzal-
doxime salt in 35 ml of DMSO was added 4-nitrobiphenyl (1.99 g,
10 mmol) in DMSO (35 ml). The mixture was heated for 18 hr at
60°, cooled, and poured into 150 ml of ice-water which had been
acidified with 2.5 ml of concentrated HC1. The ether extract of this
mixture was washed (H20), dried (MgSOd, and evaporated. The
residue was tritrated with 10% NaOH. Filtration and acidification
of the NaOH solution produced 0,34 g (20%) 4-hydroxybiphenyl,
mp 159-60° (lit.19 160-2°) after sublimation and recrystallization
from ethanol-water.
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The kinetics and products of the solvolysis of the title compounds (lla and lib, R = PNB) were studied. They
were found to undergo hydrolysis (80% aqueous acetone) at virtually identical rates, both being slightly more re-
active than 7-norbornadienyl p-nitrobenzoate (llia, R = PNB). Acetolysis and hydrolysis (50% aqueous acetone)
of the title compounds were found to yield only mixtures of the unrearranged exo and endo acetates and alcohols,
with no ring enlarged 7-norbornadienyl derivatives being detected. The possibility of the intermediacy of an anti-
aromatic bishomocyclopentadienyl cation (lid) in these solvolyses and in the rearrangement to the 7-norbornadi-
enyl cation (l1lb) observed upon treatment of either exo or endo alcohols (Ha and lib, R = H) with FSO3H is dis-

cussed.

Reactions involving antiaromatically destabilized inter-
mediates have elicited much interest in the recent litera-
ture.2 Diaz3 has described the solvolysis of exo- and etido-
2-bicyclo[3.2.1]octa-3,6-dienyl p -nitrobenzoates (la and
Ib, R = PNB), noting an exo/endo rate ratio of virtual
unity, and an apparent rate retardation by the double bond
at C-6 of a factor of ca. 235. The latter observation suggest-
ed the involvement of a bishomoantiaromatic cation, Ic.
Hart,4 on the other hand, feels that the nmr data from the
nonamethylbicyclo[3.2.0]hepta-3,6-dien-2-yl cation (Id) at
—9004a are more consistent with an allylic structure. In a
preliminary communication5 describing the solvolysis of
exo- and endo- 2-bicyclo[3.2.0]hepta-3,6-dienyl p-nitro-
benzoates (lla and lib, R = PNB), we noted an exo/endo
rate ratio of unity and the observation only of unrear-
ranged products. Winstein,6 however, noted that treatment
of either 7-norbornadienol (llia, R = H) or exo and endo
alcohols Ila and lib (R = H) with fluorosulfonic acid
(FSO3H) at —78° results in formation of the 7-norbornadi-
enyl cation (11lb). Using labeled substrates, he found that
the interconversion between 7-norbornadienyl and bicyclo-

[3.2.0]heptadienyl cations involves stepwise circumambula-
tion of five carbons with respect to the “bound” vinyl
group in Illb (I1lc — He — Hid *=*1If =?Hie).6 Hart4 noted
an analogous degenerate rearrangement in Id at tempera-
tures above —90°, along with other rearrangements detect-
able only in labeled substrates. We noted, however, that
the interconversion between bicyclo[3.2.0]heptadienyl and
7-norbornadienyl cations is quenched in conventional sol-
volysis media5 and rationalized our results on the basis of
an allylic (lie), rather than a bishomoantiaromatic (lid) in-
termediate. We also noted that the allylic double bond at
C-2 evidently swamps out homoallylic participation as ob-
served by Whitham?7in the solvolysis of exo- 4,4,6-trimeth-
ylbicyclo[3.2.0]hept-6-en-2-yl tosylate (IVa). This more de-
tailed description of our results, and their relation to our
results from a study of exo- and endo-bicyclo[3.2.0]hept-
6-en-2-yl tosylates (IVc and 1Vd)8shows that, allylic cation
lie is probably the solvolytic intermediate, but that the
ring enlargement to the 7-norbornadienyl cation probably
involves the corresponding bishomocyclopentadienyl cat-
ion (lid) as the transition state.



2-Bicyclo[3.2.0]hepta-3,6-dienyl p-Nitrobenzoates

la, X=0R; Y=H Id He
b, X=H; Y=O0R

Ic Da, X=OR; Y= H
b, X=H; Y=0R

Y
Hib IVa, R= Me; Y=H; X=0Ts
b R=Me;, Y=0Ts; X =H
¢, R=Y=H X=0Ts
d R=X=H Y=0Ts

D
Me If

Experimental Section

Elemental analyses were performed by Midwest Microlabs, Inc.
Melting points were determined using a Thomas Hoover capillary
melting point apparatus and are uncorrected.

Infrared (ir) spectra were recorded using either a Perkin-Elmer
Model 621 or 257 recording infrared spectrophotomer. Nuclear
magnetic resonance (nmr) spectra were recorded using a Varian
HA-100 spectrometer. Carbon tetrachloride was employed as sol-
vent for all spectral determinations, unless otherwise stated.

Analytical and preparative gas chromatographic (gc) separations
were performed using eithef a Varian A-90-P3, or HiFi-111 model
recording gas chromatograph. Columns packed with either Car-
bowax 20M or 1500 on Chromosorb W were used interchangeably
for separations described herein.

Samples of exo- and endo- 2-bicyclo[.3.2.0]hepta-3,6-dienyl p-
nitrobenzoates (Ha and Nb, R = PNB) were prepared from the
known9 alcohols in 81 and 89% vyields, respectively, by treatment
with p-nitrobenzoyl chloride in pyridine at 0-5° for 12 hr. After
hydrolytic work-up and recrystallization (pentane) the following
physical properties were noted: Ha, R = PNB, mp 67-68.5°
(Anal. Calcd: C, 65.30; H, 4.31; N, 5.44. Found: C, 65.59; H, 4.31;
N, 5.54); lib, R = PNB, mp 75-76°C (C, 65.58; H, 4.46; N, 5.61).
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A sample of 7-norbornadienyl p- nitrobenzoate (llia, R = PNB)
was prepared in similar fashion (36% yield), mp 103-104° (lit.10
101- 102°).

Kinetic Determinations. First-order rate constants for hydrol-
ysis of p-nitrobenzoates were determined by least-squares treat-
ment of at least eight data points. Weighed samples of ester were
added to volumetric flasks, along with 2.0 ml of distilled water and
enough acetone to make the volume up to 10.0 ml. Aliquots of 1.0
ml were transferred to ampoules, which were sealed and thermo-
stated at 100.00 + 0.05° for measured intervals and analyzed titri-
metrically for liberated acid. The following rate constants were ob-
tained (sample size given in parentheses): Ha, R = PNB (128.6
mg, 0.5 mmol), k = (1.56 £+ 0.02) X 10~5sec*“1 lib, R = PNB
(128.6 mg, 0.5 mmol), k = (1.90 £ 0.02) X 10“5sec-1 llia, R =
PNB (343.4 mg, 1.34 mmol), k = (1.32 £ 0.01) X 10-5 sec-1.

Acetolysis of 2-Bicyclo[3.2.0]hepta-3,6-dienyl p - Nitroben-
zoates (Ila and lib, R <= PNB). A 150-mg (0.59 mmol) sample of
endo-p- nitrobenzoate (lib) was treated with acetic acid (15 ml, 5%
in acetic anhydride) in a sealed tube at 101° for 6 hr. After hydro-
lytic work-up, 64.5 mg (0.428 mmol, 73% yield) of 2-bicyclo-
[3.2.0] hepta-3,6-dienyl acetates (lla and lib, R = Ac) was detected
using gc. An analytical sample, collected using preparative scale gc,
exhibited the following properties: ir vnBX 3040, 1730, 1365, and
1350 cm-1. Anal. Calcd: C, 71.98;"H, 6.71. Found: C, 72.13; H,
6.71. An authentic sample of exo- 2-bicyclo[3.2.0]hepta-3,6-dienyl
acetate, prepared from a sample of the corresponding alcohol and
acetic anhydride in pyridine gave gc and ir spectral data identical
with that from the acetolysis product. Treatment of the solvolysis
product with lithium aluminum hydride in ether resulted in the
formation of an 89:11 mixture of exo and endo alcohols (lla and
lib, R = H), characterized by gc analysis. A duplicate run was car-
ried out using 0.1 M sodium acetate in acetic acid (5% in acetic an-
hydride) as solvent. A virtually identical acetate mixture was
formed. Hydride reduction yielded a 90:10 mixture of exo and
endo alcohols.

In a similar fashion, 20 mg (0.08 mmol) of exo-p-nitrobenzoate
(lla, R = PNB) was acetolyzed (2 ml) for 5 hr. The crude product
contained 8 mg (0.05 mmol, 63% yield) of 2-bicyclo[3.2.0]hepta-
3,6-dienyl acetate, characterized by gc and ir analysis. Hydride re-
duction of the acetate mixture yielded an 88:12 mixture of exo and
endo alcohols. A duplicate run using 0.1 M sodium acetate in ace-
tic acid yielded an acetate mixture, which upon hydride reduction
formed a 91:9 mixture of exo and endo alcohol.

Hydrolysis of lla and lib, R = PNB. A 100-mg (0.39 mmol)
sample of endo-p- nitrobenzoate (lib, R = PNB) and 10 ml of 50%
aqueous acetone were heated at 102° for 6 hr in a sealed tube.
After hydrolytic work-up, analysis of the crude product using gc
showed the presence of two volatile components in 89:11 propor-
tions, with the minor component eluting first. Subsequent analyti-
cal gc injections using weighed protions of 7-norbornadienol as an
internal standard, as well as ir analysis of samples of the products
obtained from preparative scale gc injections, showed that the vol-
atiles consisted of 17.2 mg (0.16 mmol, 41% yield) of a mixture of
exo- and endo- 2-bicyclo[3.2.0]hepta-3,6-dieno! (lla and lib, R =
H). A duplicate run using 50% aqueous acetone 0.1 M in sodium
bicarbonate as solvent yielded an 89:11 mixture of the same prod-
ucts.

A 30-mg (0.12 mmol) sample of endo-p-nitrobenzoate and 3.0
ml of 80% aqueous acetone were sealed in an ampoule, which was
thermostated at 102° for 2.5 hr. Isolation and ir analysis of the p-
nitrobenzoate fraction showed that it consisted of unreacted exo-
p -nitrobenzoate.

Acid Catalyzed Equilibration of exo- and endo- 2-Bicyclo-
[3.2.0] hepta-3,6-dienol (llaand lib, R = H). A 10-ml ether solu-
tion containing 34.9 mg (0.326 mmol) of endo alcohol (lib; R = H)
and 10 ml of 5% aqueous sulfuric acid were mixed and stirred for
7.3 hr. Analysis of the ether layer using gc showed the presence of
29.5 mg (0.276 mmol, 85% yield) of a 94:6 mixture of exo and endo
alcohols (lla and lib, R = H). A 65-mg (0.61 mmol) sample of exo
alcohol (lla, R = H) was treated in identical fashion. Analysis of
the ether layer after 9 hr showed the presence only of unchanged
exo alcohol. The material balance was not determined.

Results and Discussion

Samples of the title compounds (lla and lib, R = PNB)
were found to undergo hydrolysis in 80% aqueous acetone
at virtually identical rates, showing essentially the same re-
activity as Diaz's3 2-bicyclo[3.2.1]octa-3,6-dienyl p-nitro-
benzoates (la and Ib, R = PNB) and 7-norbornadienyl p-
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Table 1
Kinetics of Hydrolysis of
Various p-Nitrobenzoate Esters*

Substrate I0fe, see™* Ref
la, R= PNB 2. 76£0.05 3
Ib, R= PNB 2.65%0. 03 3
lia, R= PNB 1. 56+0.02 b
lib, R= PNB 1. 90 +0. 02 b
Ilia, R= PNB 1.32+0. 01 b
V, R= PNB 0.339 1
VI, R= PNB 178.0e 12

“In 80% aqueous acetone at 100.0°. bThis work. ¢ Calculated
assuming that the reactivity ratio for ethanolysis for V:VT, X = ClI
(1:524 applies to hydrolysis of the corresponding p-nitrobenzoates
in 80% aqueous acetone at 100.0°).

nitrobenzoate (llia, R = PNB). Diaz’s data showed that his
exo- and endo-p- nitrobenzoates undergo hydrolysis with
significant acyl-oxygen cleavage and that the double bond
at C-6 retards the rate of hydrolysis by a factor of ca. 235,
indicating the involvement of a bishomoantiaromatically
destabilized species (Ic) in the rate-determining step. The
product studies described below show that acyl-oxygen
cleavage is not involved in the hydrolysis of p- nitroben-
zoates Ha and lib, even though they are slightly less reac-
tive than are Diaz’'s homologous p-nitrobenzoates la and
Ib. Also, the kinetic data in Table | show that a bishomoan-
tiaromatically destabilized species is probably not involved
in the solvolysis of either exo- or endo-p- nitrobenzoates
llaandllb.

Our exo and endo esters (lla and lib, R = PNB) are
shown to be ca. four-five times more reactive than cis-5-
methylcyclohex-2-enyl p-nitrobenzoate (V, X = OPNB).11

R X

Ve \% \ Vila, R = Ar

b, R= CH2=CH -
¢, R=H; X=0Ts

vild Villa, X = OH; Y = H

b, X=H; Y = OH
As a control experiment, product studies on the hydrolysis
of our substrates were carried out under the conditions of
the kinetic determinations, and the unreacted p-nitroben-
zoate fractions were isolated and characterized. In both
cases, only unchanged starting material was observed after
2.5 hr, showing that bulk rearrangement of starting materi-
al had not occurred and that the titrimetric rate constants
truly represent the solvolytic reactivity of our substrates.
Goering12 found that ethanolysis of 2-cyclopentenyl chlo-
ride (VI1, X = Cl) proceeds some 524 times faster than does
ethanolysis of cis- 5-methylcyclohex-2-enyl chloride (V, X
= CI). Assuming that this reactivity ratio applies to hydrol-
ysis of the corresponding p-nitrobenzoates in 80% aqueous
acetone, then exo-2-bicyclo[3.2.0]hepta-3,6-dienyl p-nitro-
benzoate (lla, R = PNB) is only ca. 100 times less reactive
than 2-cyclopentenyl p-nitrobenzoate (VI, X = OPNB ). A
rate retardation of this magnitude can be easily explained

Cooke and Story

Table Il
Products from the Solvolysis of
Various p-Nitrobenzoate Esters at 100°
%

total
yield Rei

Products

Substrate Solvent (% composition)

la, R= PNB* la, R= H(75); 8 3
b, R=H (19);
Villa (3);
VIHb(3)

la, R=H(37. 5);
b, R= H(56);
VH3a(3);
VIIb(3)

lia, R=H(87); 54 d
Ilb, R=H(13)

Ha, R=H(89); 41 d
Ilb, R=H(11)

Ha, R= Ac(88); 63 d
llb, R=Ac(12/

Ha, R= Ac (89); 73 d
IIb, R=Ac(liy

60% aq
acetone

Ib, R= PNB 89b 3

lia, R= PNBC 50%aq

acetone
|

b, R= PNBC

lia, R= PNB® HOAc

Ilb, R= PNB6

° Buffered by 3.0-4.5 x 10 3 M NaOAc. 6Other products de-
tected in total yield of 5-8%. cBuffered with a threefold excess of
NaHCO03. An unbuffered solvolysis yielded a virtually identical
product mixture. d This work. eBuffered by a threefold excess of
NaOAc. An unbuffered acetate mixture yielded a virtually identi-
cal product mixture, f Composition of acetate mixtures determined
by LiAIH* reduction of the acetate mixture, followed by ge analysis
of the resulting alcohols.

by inductive withdrawal by the double bond at C-6 and ste-
ric hindrance toward solvation of the transition state in the
more highly substituted bicyclic substrate. Thus, the kinet-
ic results are adequately explained by the intermediacy of
allylic cation lie.

Gassmani3 found that substitution in the 7-position by
electron donating aryl groups, such p-anisyl, in anti-7-nor-
bornenyl substrates (Vila, X = OPNB, Ar = p- CH30Cs-
H4-) completely levels the 1011 solvolytic rate difference
observed between anti- 7-norbornenyl tosylate (Vile) and
its saturated analog.14 This approach has been used to
evaluate anchimeric assistance toward solvolysis in other
systems.15 In our preliminary communications of these re-
sults, we noted that the allylic double bond in our esters
swamps out homoallylic participation as observed in prod-
uct studies on the solvolysis of exo- 4,4,6-trimethylbicyclo-
[3.2.0]hept-6-en-2-yl tosylate (IVa),7 but, at that time,
there were no rate data available to evaluate the magnitude
of this leveling effect. We have completed a study of the
solvolysis of exo- and endo- 2-bicyclo[3.2.0]hept-6-enyl to-
sylates (IVc and 1VVd)8 and find an exo/endo rate ratio for
SNI acetolysis at 50.0° of ca. 2400. Thus, incorporation of a
double bond in the ring system allylic to the reaction center
can level solvolytic rate differences of at least 2400. This
should be regarded as a lower limit, since Sargent’sié stud-
ies of the solvolysis of 7-vinyl-anfi-7-norbornenyl 3,5-dini-
trobenzoate (VIIb, X = DNB)16a and related substrates
showed that an exocyclic vinyl group allylic to the reaction
center can level solvolytic rate differences as high as 108
arising from nonvertical stabilization1650 (i.e., through
bridging, rather than hyperconjugation)17 of the transition
state.18 Studies of other substrates containing allylic dou-
ble bonds incorporated into the ring system might furnish
valuable information concerning anchimeric assistance
toward solvolysis in other systems.

Data from the product studies on the solvolysis of our
substrates (lla and Ilb, R = PNB) are also adequately ex-
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plained by the intermediacy of allylic cation lie. These re-
sults, along with those from product studies on hydrolysis
of Diaz’s3 homologous esters (la and Ib, R = PNB) are pre-
sented in Table Il. The product from hydrolysis of both bi-
cycloooctadienyl esters (la and Ib, R = PNB) consists
mainly of mixtures of the corresponding exo and endo alco-
hols, along with small amounts of tricyclic alcohols Villa
and VUIb. The unrearranged alcohols are thought to arise
from acyl-oxygen and alkyl-oxygen cleavage. Diaz3 calcu-
lated that hydrolysis of these substrates in 60% aqueous ac-
etone in the presence of 3.0-4.5 X 10~3 M sodium acetate
as buffer occurs with 60% alkyl-oxygen and 40% acyl-oxy-
gen cleavage, where the alkyl-oxygen cleavage yields 90%
unrearranged dienyl alcohols consisting of a 2:1 exo:endo-
product mixture (la:lb, R = H). The solvolysis of exo- and
endo-2-bicyclo[3.2.0]hepta-3,6-dienyl p-nitrobenzoates
(Ha and lib, R = PNB), on the other hand, yields ca. 90:10
mixtures of the corresponding exo and endo derivatives,
whether buffered or unbuffered media are used, and for
solvents ranging from aqueous acetone to acetic acid. This
indicates the absence of acyl-oxygen cleavage, and that the
title compounds (Ha and lib, R = PNB) solvolyze via for-
mation of a common intermediate, presumably allylic cat-
ion lie. The difference in product ratio in the unrearranged
alcohols from solvolysis of the bicycloheptadienyl and bicy-
clooctadienyl substrates can be explained on steric
grounds. In the latter case, the syn- proton in the methy-
lene bridge hinders the exo-side of cation Ic toward nucleo-
philic attack. This type of interaction is absent in cation
lie.

Consideration of the energetics of the solvolyses of our
exo- and endo-p-nitrobenzoates (Ha and lib, R = PNB),
as well as the ring enlargement of the 2-bicyclo[3.2.0]hepta-
3,6-dienyl cation (lie) to the 7-norbornadienyl cation (I1lb)
is informative in several respects. Data pertaining to the
latter case are presented graphically in Figure 1, along with
energy differences and activation paramenters from the hy-
drolysis of exo-p- nitrobenzoate (Ha, R = PNB) and 7-nor-
bornadienyl p-nitrobenzoate (llia, R = PNB). The former
case is elaborated as follows.

Acid catalyzed equilibration in diethyl ether-5% sulfuric
acid of endo alcohol (lib, R = H) resulted in a 94:6 mixture
of exo and endo alcohols (lla:llb, R = H), indicating that,
at ambient temperatures, the exo alcohol is the more stable
by ca. 1.64 kcal/mol. It should be noted in passing that,
even under acidic conditions such as these, which should
favor rearrangement, no 7-norbornadienol (llia, R = PNB)
was detected. Calculation directly from the Kkinetic data
yields free energies of activation (AG*) of 30.3 and 30.1
kcal/mol for the hydrolysis of exo- and endo-p- nitroben-
zoates (Ha and lib, R = PNB), respectively. Assuming that
the energy difference for the alcohols applies also to the p-
nitrobenzoates at 100°, then the solvolytic transition states
differ in energy by ca. 1.44 kcal/mol, with the exo transi-
tion state being favored. Calculation directly from the
product ratios (ranging from 87:12 to 89:11), which repre-
sent the partitioning of allylic cation lie between exo and
endo products (Ha and lib, R = H or Ac) via the solvolytic
transition states, yields values of 1.37-1.55 kcal/mol, in ex-
cellent agreement for such approximate methods. If bisho-
moantiaromatic cation lid were involved in the solvolysis
of the title compounds, then the transition state for solvol-
ysis of the exo substrate would be somewhat higher than
that of the endo substrate. Since the converse is true, the
intermediacy of allylic cation lie, rather than bishomoanti-
aromatic cation lid, in the solvolysis of exo- and endo- 2-
bicyclo[3.2.0]hepta-3,6-dienyl p-nitrobenzoates (Ha and
lib, R = PNB) now seems well established. That the bisho-

J. Org. Chem., Vol. 39, No. 23, 1974 3349

= 30.2, AGiic_nib~ 7.5, AAG*nd-nc > 3.5 kcal/mol.

moantiaromatic cation is probably involved in the ring en-
largement will now be demonstrated.

The energy diagram in Figure 1 was constructed as fol-
lows. The free energy difference between our exo-p-nitro-
benzoate (Ha, R = PNB) and 7-norbornadienyl p-nitro-
benzoate (llia, R = PNB) (AGjiania) was taken as 14.4

. kcal/mol, the difference observed in the corresponding sat-

urated brosylates (IX and X).20 This value may be some-

IX X

(Bs = jp-BrCeH4S03
what low, since Ha contains double bonds in a cyclobutane,
as well as a cyclopentane ring, while the double bonds in
Ilia are both contained in less strained cyclopentane rings,
but serves as an adequate approximation for this discus-
sion. Calculation directly from the kinetic data described
above vyielded free energies of activation (AG*na and
AG* mg) of 30.2 and 30.4 kcal/mol for hydrolysis of Ha and
Ilia, R = PNB, respectively. Winstein’sé value for the free
energy difference between cation lie and the 7-norbornadi-
enyl cation (11Ib) (AG nc nib) of 7.5 kcal/mol was used but
should be regarded as a lower limit. The published value
for the free energy of activation for the ring enlargement
(not given in Figure 1), equal to ca. 10 kcal/mol in FSO3H
at —120°,6 appears to be too low by several kilocalories.
This discrepancy can be easily explained, since cation lie
(and presumably cation IlIb) is stabilized by solvation in
media such as acetic acid or agueous acetone, thereby low-
ering its energy relative to the transition state for ring en-
largement. Such interaction is, of course, minimal in
FSO3H. A lower limit for the free energy difference be-
tween the solvolytic transition state from exo-p- nitroben-
zoate and the transition state for ring enlargement
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(AAG*ncnd) can be fixed with some certainty, however.
Assuming that the hydrolysis of exo-p-nitrobenzoate in
50% aqueous acetone formed, along with the 54% observed
yield of unrearranged products, as much as a 0.5% yield of
7-norbornadienol (llia, R = H) that escaped detection,
then the solvolytic transition state is lower than that for
ring enlargement by at least 3.5 kcal/mol. The bridged 2-
bicyclo[3.2.0]hept-6-enyl cation (IVe), on the other hand,
undergoes ring enlargement to the 7-norbornenyl cation
(VIld) at an exceedingly rapid rate, as shown by the fact
that solvolysis of exo-2-bicyclo[3.2.0]hept-6-enyl tosylate
(IVc) yields only products derivable from the 7-norbornen-
yl cation,8 even in the presence of strong nucleophiles, such
as methoxide, added to trap2l cation IVe prior to rear-
rangement. Although no reliable value for the free energy
of activation for this ring enlargement can be assigned, it is
certainly lower than that for the ring enlargement involving
cation lie by several kilocalories per mole. This difference
is explained as follows, the ring enlargement of the 2-bicy-
clo[3.2.0]hepta-3,6-dienyl cation (lie) must involve initial
interaction between the incipient p orbital at C-4 and ei-
ther the ir-system at C-7, or the cr-bond connecting it to the
bridgehead. Although Dewar22 cautions against the rigor-
ous use of arguments of this type, it seems likely that such
interaction would involve the 7r-system, occupying frontier
orbitals,23 rather than a portion of the lower lying «--sys-
tem. This type of interaction would yield bishomocyclopen-
tadienyl cation lid, and is thought to be destabilizing.2'3'24
This interaction can be minimized by flattening of the con-
cave carbon skeleton in bicyclo[3.2.0]lheptadienyl deriva-
tives (11) and is, therefore, unimportant in either the rate-
determining or product-forming steps in the solvolysis of
the title compounds. Incidentally, such flattening should
be less favored in Diaz’s3 homologous bicyclooctadienyl
cation (Ic), rendering it a more likely candidate for antiaro-
matic interaction.
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The nitro enol ether 4-nitro-l-cyclohexyl-3-ethoxy-2-0x0-3-pyrroline (1V) was prepared from enolic 4-carbeth-

oxy-l-cyclohexyl-2,3-dioxopyrrolidine by a three-step sequence in which the final reaction was direct nitration of

I-cyclohexyl-3-ethoxy-2-ox0-3-pyrroline-4-carboxylic acid. The enol ether IV served as an active reagent for the
attachment of the 4-nitro-l-cyclohexyl-2-0x0-3-pyrrolin-3-yl group (NOPY group) to amino functions, from
which it could be removed by the action of ammonia at room temperature. The possibility of using the NOPY
group for the protection of amino groups during synthesis was demonstrated in the preparation of two simple di-

peptide esters.

It was recently shown that the nitro enol ether 3-me-
thoxy-4-nitro-5-phenyl-2-oxo-3-pyrroline (I) reacts under

mild conditions with ammonia and primary or secondary
amines to undergo replacement of the methoxy group by an
amino group or substituted amino group.2 In order to in-
vestigate the possible utility of nitro enol ethers in synthet-
ic applications it was desirable to obtain a representative
compound of that type which was more easily prepared and
which, unlike compound I, did not contain a chiral center
to contribute toward unwanted stereochemical complica-
tions. The work described here was concerned with the syn-
thesis and reactions of such a compound, 4-nitro-l-cyclo-
hexyl-3-ethoxy-2-o0xo-3-pyrroline (1V).

The scheme used for the synthesis of IV is outlined in
Chart I. The readily available enol of I-cyclohexyl-4-carb-
ethoxy-2,3-dioxopyrrolidine (11)3was alkylated at the enol-
ic hydroxyl either by use of ethyl orthoformate or triethyl-
oxonium fluoroborate. The resulting ethyl enol ether (111)
was then saponified with sodium hydroxide to yield 1-cy-
clohexyl-3-ethoxyl-2-oxo-3-pyrroline-4-carboxylic acid
(V). Direct nitration of the latter compound with a mixture
of fuming nitric and concentrated sulfuric acids at 0° re-
sulted in introduction of the nitro group at the 4 position
with loss of the carboxyl group through decarboxylation.
The yields in the several steps are indicated on the chart;
they were good enough to make feasible the preparation of
1V in the desired amounts.

In order to test in a preliminary way the possibility that
compound 1V might be a useful reagent in such applica-
tions as protein modification or peptide synthesis, reac-
tions with a number of amino acids were investigated. It
was found that the amino group of such compounds reacted
readily with compound IV at room temperature in agueous
solutions at pH 10 (borate buffer) to which some acetoni-
trile was added to increase the solubility of I1V. The prod-
ucts were acidic substances which yielded analytical and
spectroscopic data completely consistent with assignment
of their structures as those of N- (4-nitro-lI-cyclohexyl-2-
oxo-3-pyrrolin-3-yl) derivatives (NOPY derivatives) of the
amino acids (VI), formed by replacement of the ethoxyl
group as in eq 4. The products of type VI were stable crys-
talline compounds. Specific rotations of these derivatives
were higher than those of the incorporated amino acids in
the two instances examined.

Chart |
CH(OEY)s (779
or (EtVVBF,-(95%)
& *
n m
| NaOH
@ 7%
R

Via, R=H

Vib, (DL, R — CgHgCHg
Vic, (L), R = CeHsCH:
Vid, (L),R = (CH3ZHCH2

Two simple examples of dipeptide synthesis were chosen
to test the possible utility of the 4-nitro-lI-cyclohexyl-2-
oxo0-3-pyrrolin-3-yl (NOPY) group as a removable pro-
tecting group for amino functions. Both ethyl glycyl-D,L-
phenylalaninate (1Xa) and ethylL-phenylalanylglycinate
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(IXb) were obtained from the appropriate NOPY-pro-
tected amino acids (Via and Vic) by simple procedures in
which coupling with an amino acid ester was conducted
with I-cyclohexyl-3-(2-morpholinoethvl)carbodiimide
metho-p-toluenesulfonate (VII), and removal of the pro-
tecting group was accomplished by treatment with ammo-
nia in acetonitrile at room temperature, as indicated in
Chart Il. The NOPY dipeptides (VIII) were easily sepa-

Chart 11
R'CHCOjEt
NH2
Vi

(s ) — n=c= nchzhha_ao
AN -2V

CH,
p-CHjCeH4S03
vn

Villa, (D,L), R = H; R' = C6H5CH2
VUIb, ©), R = CEHSCH2 R'= H

R

RCHCONHCH CO02Et
|

nh?2

IXa, (D,.L), R = H; R' = CEHECH2
Kb, (D) R = CBHECHZR' = H

rated from the water-soluble urea derivative formed from
VIl and were obtained in yields on the order of 75-80%.
Cleavage of the NOPY derivatives VIII with ammonia in
acetonitrile occurred smoothly and produced the known di-
peptide ethyl esters (IXa and IXb) (characterized as hy-
drobromides). The yield of 1Xa was 73%; that of IXb was
88%. The other cleavage product was the enamine X. If ra-
cemization occurred during coupling of the L-phenylala-
nine derivative Vic to yield VUIb or during the cleavage of
VUIb to yield I1Xb, the extent of it was not sufficient to
cause any difficulty in purifying the hydrobromide of I1Xb
to give a specific rotation very close to the value recorded
in the literature for that substance. The literature con-
cerning other amino protecting groups removable under
basic conditions has been reviewed recently by Carpino and
Han.4 Applications in protein modification for NOPY ethyl
ether (IV) may perhaps be foreseen in view of results re-
ported with the somewhat analogous reversible blocking re-
agent, 2-methoxy-5-nitrotropone.5

The nitro enol ether IV underwent hydrolysis readily
when treated with aqueous sodium hydroxide to yield a
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stable and easily purified sodium salt (XI) of the corre-
sponding nitro enol. The sharply contrasting behavior of
enol ethers 111 and 1V toward sodium hydroxide is testimo-
ny to the strong electronic effect of the nitro group in this
system,

Experimental6 Section

I-Cyclohexyl-3-ethoxy-2-ox0-3-pyrroline-4-carboxylic
Acid (V). A. Ethylation of Il with Triethyloxonium Fluorobo-
rate. Triethyloxonium fluoroborate was prepared by the method
of Meerwein7 and stored under anhydrous ethyl ether at 5°. Just
prior to use, it was collected by filtration, washed with anhydrous
ethyl ether, and dried on the filter under an atmosphere of dry ni-
trogen. 4-Carbethoxy-I-cyclohexyl-2,3-dioxopyrrolidine (1) was
prepared by the method of Southwick, et al.,s and dried overnight
in a vacuum desiccator over Drierite. Triethylamine was distilled
and dried over potassium hydroxide pellets. A solution cf 48.6 g
(0.192 mol) of Il and 20.2 g (0.20 mol) of triethylamine in 350 ml of
methylene chloride was blanketed with dry nitrogen gas and
cooled to -5° in an ice-salt bath. To this solution was added rap-
idly 76.0 g (0.40 mol) of the white crystalline triethyloxonium fluo-
roborate. After the pale-yellow solution had been stirred for 45
min at ice-bath temperature, it was extracted with two 75-ml por-
tions of 5% aqueous sodium hydroxide, then with pH 7 phosphate
buffer solution until the extracts remained neutral. The methylene
chloride solution was dried (MgSCL), filtered, and concentrated in
a rotary evaporator over a steam bath. The crude product, 4-carb-
ethoxy-I-cyclohexyl-3-ethoxy-2-oxo0-3-pyrroline (I1l), was ob-
tained in a yield of 51.5 g (95%) as a pale-yellow oil which showed
no tendency to crystallize. Spectra: ir (liquid film) 3.33, 3.38, and
3.48 (cyclohexyl C-H), 5.82 (ester 0=0), 5.91 (lactam C=0), 6.09
(C=C), 6.89, 7.10, 7.22, 7.40, 8.13 (broad), 9.52 (broad), 11.21,
13.10 \i (broad); nmr (CDCI3) t 5.14 (q, 2, ethyl -CH 2), 5.33 (q, 2,
ethyl -CH 2-), 5.50-6.40 (broad, 1, cyclohexyl C-H), 5.89 (s, 2, C-5
-CH?2), 7.90-9.20 (m, broad, 10, cyclohexyl (CH2)s), 8.58 (t, 3,
ethyl CH3), 8.62 (t, 3, ethyl CH3).

B. Ethylation of Il with Ethyl Orthoformate. Compound Il
(126.7 g, 0.50 mol) with dissolved in 106 ml (94.5 g, 0.64 mol) of
triethyl orthoformate and 70 ml of dimethylformamide containing
a few crystals of p-toluenesulfonic acid. The mixture was heated
and stirred for 16 hr in a distillation apparatus having a 12-in. col-
umn packed with steel helixes. During the reaction period heat
input was adjusted so that ethyl orthoformate refluxing from the
mixture condensed just within a Claisen distillation head fitted
above the column while ethyl formate and ethanol distilled. The
mixture was then concentrated under reduced pressure (aspirator)
in a rotary evaporator over a steam bath, and the residue (136.4 g)
was distilled. The product (yield 109 g (77.6%)) was a straw-col-
ored oil which distilled between 170 and 175° at ca. 7 mm of pres-
sure.

C. Saponification of I11. A solution in 250 ml of absolute etha-
nol of 32 g (0.114 mol) of the ethylation product Ill from either
procedure A or B was concentrated to a total volume of 125 ml by
distillation under a nitrogen atmosphere in order to remove dis-
solved oxygen. In a similar manner, a 10% solution of sod um hy-
droxide in 80 ml of water was concentrated under nitrogen to one-
half the original volume. The deoxygenated solutions were com-
bined and stirred overnight at room temperature while blanketed
with a nitrogen atmosphere. The deep-red reaction mixture which
resulted was diluted to 800 ml with water and extracted twice with
75-m1 portions of methylene chloride. The aqueous solution was
treated with activated carbon (Norit) and filtered through a Celite
filter cake. The gold-colored filtrate was made strongly acidic with
20% aqueous hydrochloric acid to precipitate the product. The sus-
pension was stored at 5° until the precipitate had settled. The
solid was collected by filtration and recrystallized from 95% etha-
nol to yield 22.8 g (79%) of V; mp 154-156°. A second recrystalliza-
tion from 95% ethanol provided V as white prisms; mp 155-156°.
Spectra: ir (Nujol) 5.81 (carboxyl C=0), 5.97 (lactam C=0), 6.11
(C=C), 6.75, 7.24, 8.04, 8.38, 8.65, 9.02, 9.36, 12.98, 13.10, 14.24 M
nmr (CDC13) t 6.05 (q, 2, ethyl -CH 2), 5.60-6.10 (broad, 1, cyclo-
hexyl C-H), 5.84 (s, 2, C-5 -CH 2-), 7.80-9.20 (m, broad, 10, cyclo-
hexyl (CH2D , 8.54 (t, 3, ethyl CH3); uv (95% EtOH) 246 nm (c
10,900).

Anal. Calcd for C13H190 4N: C, 61.64; H, 7.56; N, 5.53. Found: C,
61.53; H, 7.62; N, 5.35.

4-Nitro-l-cyclohexyl-3-ethoxy-2-oxo-3-pyrroline (1V). A
solution of 12.0 g (0.048 mol) of I-cyclohexyl-3-ethoxy-2-0x0-3-
pyrroline-4-carboxylic acid (V) in 150 ml of concentrated sulfuric
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acid was cooled to —5° in an ice-salt bath. A solution of 10 ml of
white fuming nitric acid (90%) and 10 ml of concentrated sulfuric
acid was added from adropping funnel to the reaction mixture at a
rate such that the temperature did not exceed 0°. The clear, yel-
low-colored solution was stirred for 4 hr at —5°. After 15 min gas
evolution from the stirred solution became evident. The rate of ev-
olution gradually increased to a maximum after ca. 1 hr and then

slowly subsided to a virtual halt by the end of the 4-hr reaction pe-
riod. The solution was slowly poured into 2 1 of ice-water with vig-
orous stirring. The suspension which resulted was stored overnight
at 5° to allow the precipitate to settle. The pale-yellow solid was
collected by filtration, washed with water to remove acid, and

dried on the filter. Recrystallization from 95% ethanol yielded 9.60

g (80%) of IV as yellow needles; mp 88-90°. An analytical sample

of IV, mp 89-90°, was prepared by a second recrystallization from

95% ethanol. Spectra: ir (Nujol) 5.92 (lactam C=0), 6.17 (C=C),

6.70 (conj NO02), 7.13, 7.25, 7.35, 7.72, 8.01, 8.29, 8.40, 11.31 n; nmr
(CDC13) r 4.83 (q, 2, ethyl -CH 2), 5.57 (s, 2,C-5 -CH 2), 5.65-6.10

(broad, 1, cyclohexyl C-H), 7.50-9.00 (m, 10, cyclohexyl (CH 2)5),

8.47 (t, 3, ethyl CH3); uv (95% EtOH) 297 nm (e 8800).

Anal. Calcd for Ci2Hi804N 2 C, 56.68; H, 7.14; N, 11.02. Found:
C, 56.85; H, 7.02; N, 11.05.

Sodium 4-Nitro-1-cyclohexyl-2-oxo-3-pyrrolin-3-oxide
(X1). A suspension of 1.00 g (3.9 mmol) of IV in 20 ml of 20% aque-
ous sodium hydroxide solution was stirred at room temperature
overnight. The starting material slowly dissolved to give a bright
yellow solution and then the product began to precipitate as a
fluffy tan solid. The suspension was filtered to collect the precipi-
tate, which was dried on the filter and recrystallized from water to
give 0.84 g (86%) of X1 as pale-yellow plates. Two additional re-
crystallizations from water provided an analytical sample of XI;
mp 163° (softens to give a gel). The product gave a weak ferric
chloride test (brown) in aqueous solution. Spectra: ir (Nujol) 5.85
(lactam C=0), 6.04 (C=C), 7.10 (conj N 02), 7.60, 7.90, 8.40, 9.56,
10.00, 10.63 m; nmr (DM SO-d6) r 5.92 (s, 2, C-5 -CHa-), 5.80-6.35
(broad, 1, cyclohexyl C-H), 8.00-9.30 (m, 10, cyclohexyl (CH2)5);
uv (H20) 363 nm U 17,300).

Anal. Calcd for CiOHi304N2Na: C, 48.41; H, 5.24; N, 11.29.
Found: C, 48.59; H, 5.48; N, 11.09.

IV-(4-Nitro-l-cyclohexyl-2-o0x0-3-pyrrolin-3-yl)-amino
Acid Derivatives (VI). General Procedure. To a solution of 6.0
mmol of the amino acid in 40 ml of a pH 10.0 borate buffer solu-
tion (VWR Scientific) was added 1.02 g (4.0 mmol) of the nitro
enol ether 1V and 8 ml of acetronitrile. The suspension was stirred
at room temperature until the starting material had dissolved to
give a clear bright-yellow solution (ca. 30 min usually sufficed). An
aliquot was then withdrawn from the solution, diluted with 95%
ethanol, and its uv spectrum recorded. Completion of the reaction
was indicated by the appearance of an absorption maximum at ca.
380 nm and the disappearance of that at 290 nm (due to un-
changed 1V). After a total period of 1 hr at room temperature, the
reaction mixture was diluted to 100 ml with water. The aqueous
solution was made strongly acidic (pH <2) with 20% aqueous hy-
drochloric acid, the resulting suspension was stirred vigorously at
room temperature until the precipitated material solidified, and
the mixture was then stored at 5° until the solid had settled. The
precipitate was collected by filtration, recrystallized, and charac-
terized as indicated for the following individual examples,

(V-(4-Nitro-l-cyclohexyl-2-0x0-3-pyrrolin-3-yl)-glycine
(Via). The crude product obtained from the reaction of glycine
with 1.02 g (4.0 mmol) of IV was recrystallized from 95% ethanol to
give 1.07 g (94%) of Via as fine pale-yellow needles, mp 180-183°.
A second recrystallization from 95% ethanol provided an analytical
sample of Via, mp 185-186° dec. Spectra: ir (Nujol) 2.98 (enamine
N-H), 5.69 (acid C=0), 5.90 (lactam C=0), 6.01 (C=C), 6.80
(conj N 02), 7.22 (broad), 7.79, 7.92, 8.03,8.30 (broad), 8.97,13.24 M
nmr (CDC13CF3CO02H) r 1.20-1.80 (broad, 1, enamine N-H), 5.21
(d, J = 7 Hz, 2, glycine -CH2), 5.68 (s, 2, C-5 -CH 2), 5.70-6.35
(broad, 1, cyclohexyl C-H), 8.75-9.05 (m, 10, cyclohexyl (CH?2)s);
uv (95% EtOH) 370 nm (e 16,600).

Anal. Calcd for CAHNnOsN~: C, 50.88; H, 6.05; N, 14.83. Found:
C, 50.60; H, 5.99; N, 14.79.

N-(4-Nitro-l-cyclohexyl-2-0x0-3-pyrrolin-3-yl)-D,l.-phe-
nylalanine (VIb). Recrystallization of the crude product from an
ethanol-water mixture yielded 1.42 g (95%) of VIb as pale-yellow,
very fine needles; mp 147-149°. An analytical sample, mp 148-
149.5° dec, was obtained by two additional recrystallizations from
ethanol-water. Spectra: ir (Nujol) 2.75, 2.89 (enamine N-H and
acid O-H), 5.76 (acid C=0), 5.84 (lactam C=0), 6.01 (C=C), 6.86
(conj N02), 7.13, 7.39, 7.50, 7.80 (broad), 7.90, 8.44, 9.11, 13.26,
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13.80 (broad), 14.13 n (broad); nmr (CDC13CF3CO02H) r 1.36-1.82
(d, broad, 1, enamine N-H), 2.44 (s, 5, CgHs), 3.65-4.20 (m, broad,
1, phenylalanine C-H), 5.67 (s, 2, C-5 -CH ”), 5.50-6.20 (broad, 1,
cyclohexyl C-H), 6.40-7.00 (m, 2, phenylalanine -CH 2-), 7.76-9.30
(m, 10, cyclohexyl (CH2)5); uv (95% EtOH) 373 nm (e 15,600).

Anal. Calcd for C19H230 6N 3 C, 61.11; H, 6.21; N, 11.25. Found:
C,60.99; H, 5.98; N, 11.16.

jV-(4-Nitro-l-cyclohexyl-2-0x0-3-pyrrolin-3-yl)-L-phenyl-
alanine (Vic)* The crude product from the reaction of 2.04 g (8
mmol) of IV with L-phenylalanine was recrystallized from carbon
tetrachloride to yield 2.65 g (89%) of Vic as clusters of very fine,
pale-yellow needles: mp 153-156°. A second recrystallization from
carbon tetrachloride provided an analytical sample of Vic; mp
155-156° dec. Spectra: ir (Nujol) 3.00, 3.27 (broad) (enamine N-H
and acid O-H), 5.71 (acid C=0), 5.90 (lactam C=0), 6.03 (C=C),
6.90 (conj N02), 7.15 (broad), 7.44, 7.84, 7.93, 8.39, 9.10, 13.29,
14.42 n (broad); nmr (CDC13) r 0.95 (broad, 1, OH), 1.50-2.00 (d,
broad, 1, enamine N-H), 2.70 (s, 5, C6H5), 3.75-4.30 (m, broad, 1,
phenylalanine C-H), 5.88 (s, 2, C-5 -CH 2), 5.70-6.30 (broad, 1,
cyclohexyl C-H), 6.40-7.00 (m, 2, phenylalanine -CH 2-), 7.60-9.10
(m, 10, cyclohexyl (CH2)5); uv (95% EtOH) 373 nm (e 15,800);
[a]26D —164° (¢ 2, 95% EtOH).

Anal. Calcd for Ci9H 230 gN3: C, 61.11; H, 6.21; N, 11.25. Found:
C, 60.88; H, 6.35; N, 10.98.

N-(4-Nitro-l-cyclohexyl-2-oxo0-3-pyrrolin-3-yl)-L-leucine
(VId). Recrystallization of the crude product from 95% ethanol
yielded 1.44 g (93%) of VId as bright green-yellow needles; mp
81-86°. A second recrystallization gave an analytical sample; mp
86-87°. The nmr and analysis both showed the presence of ethanol
of crystallization in a ratio of 1 mol of ethanol per mol of VId.
Spectra: ir (Nujol) 2.97 (broad) (enamine N-H and acid O-H), 5.81
(acid C=0), 5.91 (lactam 0=0), 6.02 (C=C), 6.90 (broad) (conj
N 02), 7.18, 7.22, 7.73, 8.07, 8.25 « nmr (CDC13) r 1.25-1.86 (d,
broad, 1, enamine N-H), 1.95 (s, 2, OH’s), 3.83~.50 (m, broad, leu-
cine C-H), 5.61 (s, 2, C-5 -CH 2), 5.40-6.31 (broad, 1, cyclohexyl
C-H), 6.16 (q, 2, ethanol -CH2), 7.30-9.35 (m, 22, cyclohexyl
(CH2)5, leucine CH2CH (-CH3)2, and ethanol CH3); uv (95%
EtOH) 272 nm (c 7200), 372 nm (e 17,100); [a]25D +22.4° (c 2, 95%
EtOH) (based upon molecular weight without ethanol of crystalli-
zation).

Anal. Calcd for CigH”"OsHs «C2HsOH: C, 56.09; H, 8.11; N,
10.90. Found: C, 56.00; H, 7.98; N, 11.08.

Ethyl N - (4-Nitro-1-cyclohexyl-2-0x0-3-pyrrolin-3-yl) -gly-
cyl-D.L-phenylalaninate (Villa). To a suspension of 1.12 g (4.0
mmol) of N- (4-nitro-l-cyclohexyl-2-0x0-3-pyrrolin-3-yl)-glycine
(Via) in 40 ml of methylene chloride was added 0.76 g (4.0 mmol)
of ethyl D,L-phenylalaninate.8 The starting materials dissolved to
give a clear yellow solution. The solution was cooled to 0° in an ice
bath and 1.70 g (4.0 mmol) of I-cyclohexyl-3-(2-morpholinoethyl)-
carbodiimide metho-p-toluenesulfonate (VI1)9 was added. The
mixture was stirred at 0° for 40 min while the by-product urea
began to precipitate. The reaction mixture was then allowed to
warm slowly to room temperature and stirred overnight. After 18
hr at room temperature the reaction mixture was filtered, and the
filtrate was extracted with two 10-ml portions of 1% aqueous hy-
drochloric acid and two 25-ml portions of water to remove the urea
by-product. The methylene chloride solution was dried (M gS04),
filtered, and concentrated in a rotary evaporator over a steam
cone. The evaporation was continued at room temperature until
the residue solidified. The solid was recrystallized from 95% etha-
nol to yield 1.38 g (76%) of Villa as pale-yellow, very fine crystals;
mp 123-128°. A second recrystallization from 95% ethanol provid-
ed an analytical sample of Villa; mp 129-130°. Spectra: ir (Nujol)
2.99 (NH), 5.77 (ester C=0), 5.86 and 5.99 (amide C=0), 6.03
(C=C), 6.50 (amide), 6.91 (conj N02), 7.17, 7.71, 7.90, 8.28, 8.89,
9.12, 9.65, 10.34, 13.22, 14.30 ft; nmr (CDC13) r 0.80-1.35 (broad, 1,
enamine N-H), 2.45 (s, 5, C6H#6), 2.50-3.00 (m, 1, amide N-H),
4.60-5.10 (m, 1, phenylalanine C-H), 5.13 (d, J = 7 Hz, 2, glycine
-CH2), 5.34-6.10 (m, 5, C-5 -CH 2-, ethyl ester -CH 2, and cyclo-
hexyl C-H), 6.72 (d, J = 6 Hz, 2, phenylalanine -CH 2-), 7.40-8.90
(m, 10, cyclohexyl (CH2)5), 8.70 (t, 3, ethyl ester CH3); uv (95%
EtOH) 370 nm (e 17,000).

Anal. Calcd for C23H30N406: C, 60.25; H, 6.60; N, 12.22. Found:
C, 60.01; H, 6.63; N, 12.10.

Ethyl N -(4-Nitro-lI-cyclohexyl-2-0x0-3-pyrrolm-3-yl)-L-
phenylalanylglycinate (VIHb). To a solution of 1.49 g (4.0
mmol) of N-(4-nitro-l-cyclohexyl-2-0x0-3-pyrrolin-3-yl)-L-phe-
nylalanine in 40 ml of methylene chloride, maintained at 0° by
cooling in an ice bath, was added 0.44 g (4.2 mmol) of ethyl glyci-
nate.8 A bulky precipitate (probably the carboxylate salt) formed
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almost immediately. To the cold suspension was added 1.70 g (4.0
mmol) of I-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide
metho-p-toluenesulfonate. The starting materials first dissolved
and then the by-product urea began to precipitate. The reaction
mixture was stirred overnight while allowing it to warm slowly to
room temperature. After a total period of 20 hr the suspension was
filtered and extracted with three 100-ml portions of water. The
methylene chloride solution was dried (M gSO04), filtered, and con-
centrated in a rotary evaporator over a steam cone. The evapora-
tion was continued at room temperature until the residue solidi-
fied. The residue was recrystallized from carbon tetrachloride to
give 1.49 g (82%) of VUIb; mp 61-65° (softens to a gel). Two addi-
tional recrystallizations from carbon tetrachloride provided an an-
alytical sample of VUIb; mp 62-63° (softens). Spectra: ir (Nujol)
2.99 (NH), 5.70 (ester C=0), 5.95 (amide 0=0), 6.04 (C=C), 6.47
(amide), 6.85 (broad) (conj NO02), 7.25 7.62, 7.82 (broad, 8.30
(broad), 9.65 p (broad); nmr (CDCL) r 1.40-1.85 (broad, 1, enam-
ine N-H), 2.74 (s, 5, C6HB, 2.95-3.35 (broad, 1, amide N-H),
3.80-4.40 (m, 1, phenylalanine C-H), 5.52-6.30 (m, 7, glycine
-CH2CH-, C-5 -CH2-, ethyl ester -CH 27, and cyclohexyl C-H),
6.50-7,00 (m, 2, phenylalanine -CH2-), 7.60-9.00 (m, 10, cyclo-
hexyl) CH2)5), 8.73 (t, 3, ethyl ester CH3); uv (95% EtOH) 373
nm (r 15,900); H 25d - 164° (¢ 2, 95% EtOHz.

Anal. Calcd for C23H3006N+ C, 60.25; H, 6.60; N, 12.22. Found:
C, 60.04; H, 6.46; N, 12.06.

Ammonia Cleavage of Ethyl N-(4-Nitro-l-cyclohexyl-2-
oxo-3-pyrrolin-3-yl)-glycyl-D,L-phenylalaninate (Villa).
Preparation of Ethyl Glycyl-D,L-phenylalaninate Hydro-
bromide (IXa). Anhydrous ammonia gas was bubbled slowly with
stirring into a solution of 0.92 g (2.0 mmol) of ethyl N- (4-nitro-I-
cyclohexyl-2-0x0-3-pyrrolin-3-yl)-glycyl-D,L-phenylalaninate
(Villa) in 20 ml of acetonitrile. After 2 hr, the addition of ammo-
nia was discontinued, the reaction flask was stoppered loosely, and
the solution was stirred at room temperature. The progress of the
reaction was monitored by withdrawing aliquots of the solution pe-
riodically and determining the wavelength of maximum absorptiv-
ity in the uv. Over a 24-hr period the absorption maximum gradu-
ally shifted from 370 nm (due to the starting material Villa) to 352
nm (due to the by-product 4-nitro-l-cyclohexyl-3-amino-2-0x0-3-
pyrroline (X)). After 24 hr the acetonitrile solution was poured
slowly into 200 ml of dilute hydrochloric acid and crushed ice to
give an acidic suspension (pH ca. 2) from which most of the by-
product X precipitated. The solid was removed by filtration in a
yield of 0.41 g (91%) of crude 4-nitro-l-cyclohexyl-3-amino-2-o0xo-
3-pyrroline (X); mp 181-190° (vide infra). After the precipitated
X had been filtered out, the acidic aqueous filtrate was extracted
with three 30-ml portions of methylene chloride to remove the last
traces of X. The pH of the aqueous solution was adjusted succes-
sively to pH 7-8, 8-9, and 9-12 by the stepwise addition of por-
tions of 3% aqueous sodium hydroxide. Following the addition of
each increment of sodium hydroxide, the aqueous solution was ex-
tracted with two 20-ml portions of methylene chloride. The com-
bined methylene chloride extracts were dried (MgS04), filtered,
and concentrated in a rotary evaporator over a steam bath to give
ethyl glycyl-D,L-phenylalaninate (1Xa) as a pale-yellow oil. The
identification of this product as IXa was supported by its nmr
spectrum. Spectra: nmr (CDCI3) t 1.80-2.20 (d, broad, 1, amide
N-H), 2.58 (s, 5, C6H6), 4.80-5.30 (m, 1, phenylalanine C-H), 5.75
(g, 2, ethyl ester -CH 2), 6.50-7.10 (m, 4, glycine -CH 2 and phe-
nylalanine -CH 2), 8.00-8.50 (broad, 2, amine NH2), 8.80 (t, 3,
ethyl ester CH3).

The oil I1Xa which was isolated from the methylene chloride ex-
tractions was immediately dissolved in 20 ml of anhydrous ethyl
ether and anhydrous hydrogen bromide was slowly bubbled with
stirring into the solution at room temperature. A bulky white pre-
cipitate formed immediately. After 5 min, the addition of hydro-
gen bromide was discontinued, and the reaction mixture was
cooled overnight to 5° in a stoppered flask. The solid was collected
by filtration, washed with anhydrous ethyl ether, and recrystal-
lized from a mixture of acetic acid and ethyl ether to yield 0.48 g
(73%) of the white crystalline hydrobromide salt of 1Xa; mp 152-
154°. A second recrystallization from acetic acid and ethyl ether
raised the mp to 154-155° (lit.10mp 154-155°).

4-Nitro-l-cyclohexyi-3-amino-2-oxo-3-pyrroline (X). The
crude by-product which precipitated upon dilution of the ammo-
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nia-cleavage reaction mixture from Villa with agqueous acid was
recrystallized twice from 95% ethanol to give X as pale tan prisms;
mp 191-192°. Spectra: ir (Nujol) 2.90, 3.06 (NH2), 5.80 (lactam
C=0), 5.96 (C=C), 6.95 (conj N02), 7.25, 7.60, 7.84, 3.31, 8.43,
10.15, 13.45 (broad), 15.20 p (broad); nmr (CDCI3CFICO2H) r
1.90-2.90 (broad, 2, NH2), 5.50 (s, 2, C-5 -CH "), 5.20-6.30 (broad,
1, cyclohexyl C-H), 7.50-9.20 (m, 10, cyclohexyl (CH2)s;; uv (95%
EtOH) 353 nm (e 14,700).

Anal. Calcd for ChjH isOsNs: C, 53.32; H, 6.71; N, 18.66. Found:
C, 53.30; H, 6.71; N, 18.56.

Ammonia Cleavage of Ar(4-Nitro-l-cyclohexyl-2-0xo0-3-
pyrrolin-3-yl)-L-phenylalanylglycinate (VHIb). Preparation
of Ethyl L-Phenylalanylglycinate Hydrobromide (1Xb). The
procedure employed was essentially identical with that for the con-
version of Villa to IXa. The hydrobromide of the crude dipeptide
ester IXb was collected by filtration, washed with anhydrous ethyl
ether, and recrystallized from acetonitrile to yield 0.58 g (88%) of
the white crystalline salt I1Xb; mp 131-136°. The salt was recrys-
tallized a second time from acetonitrile to provide a sharper melt-
ing sample; mp 132-134° (lit. mpll 134-137°); fa]25D +39.1° (c, 2,
H20) (lit.11 M 25D +39.2° (c, 2, H20)).
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Decomposition of the /3,y-unsaturated diazo ketone 1 was carried out by photolysis, silver oxide catalysis, and
thermal reaction at 150—80° in benzyl alcohol and A,.V-diet,hyianizine. Thermal reactions yielded both the nor-
mal Wolff rearrangement product 5 and abnormal product 9 in which there has been an apparent allylic shift of
an acetic acid residue. This compound could be made the exclusive product in the presence of small amounts of a
copper salt. Its formation is rationalized in terms of an intramolecular addition to form tricyclo[3.3.0.01'4]octan-
3-one, which opens to a ketene from which 9 is derived. A deuterium labeling experiment is in accord with this

pathway.

The copper-catalyzed decomposition of unsaturated
diazo ketones is a well-known and useful reaction leading
to an intramolecular carbenoid addition to the double bond
to form cyclopropyl ketones.2 Such reactions are not com-
mon, however, for a,fl- or /3,7-unsaturated diazo ketones.

The investigation of /3,7-unsaturated diazo ketones
should be of interest, since an intramolecular addition here
would lead to a highly strained bicyclopentanone. Of the
diazo ketones of this type that have been prepared, 1, for
example, is reported to undergo normal Wolff rearrange-
ment.3 There are other examples, however, run under a va-
riety of conditions, in which the double bond does par-
ticipate.4-6 In one of these cases,5an addition product actu-
ally survives the reaction conditions. In the other two
cases,46 abnormal products were isolated from attempted
Wolff rearrangements. These are attributed by Wilds4 to
steric crowding in the reactive portion of the molecules.

We have had occasion to investigate the decomposition
of 1 under a variety of conditions, and present here evi-
dence that, in some cases, carbenoid interaction with the
double bond does occur, with the possible intermediacy of
the tricyclic ketone 2. The diazo ketone 1 is a pale yellow

liquid, which can be crystallized from hexane at low tem-
peratures or distilled (usually with some decomposition).
Because the few impurities in the crude material were
shown not to affect the later reactions, the compound was
used in most of our experiments in crude form. The Wolff
rearrangement of this compound either using silver oxide
as catalyst or by photolysis (253.7 nm) in a dioxane-water
solution led to 3 as the only acidic product in 20 and 70%
yield, respectively, while nearly quantitative yields of the
ester 4 could be achieved by photolysis in methanol.

R =H 6,R=H 10
4, R = CH3 7,R= CH3
5 R = CHX6H5 8, R = CH5

9, R= CHAHS5

An attempt, however, to rearrange 1 using Wilds’ condi-
tions4 (heating in a mixture of benzyl alcohol and diethyl-
aniline?) yielded a mixture, nearly 1:1, of two benzyl esters,
identified as 5 and 9. The identity of 5 was established by
saponification to the known acid 3, that of 9 by direct com-

parison of the corresponding methyl ester 7 with material
prepared by an independent route as described in the Ex-
perimental Section. The product ratio observed in the ther-
mal reaction proved to be somewhat unreproducible, and
the fraction of 5 in the ester product on later attempts var-
ied from 5 to 95%. The total ester yield (gas chromato-
graphic analysis), however, was always nearly quantitative,
based on diazo ketone.

The variability in product ratio was traced to minute
traces of copper ions, whose source was a copper steam
heating coil in a large container used to soak glassware in a
detergent solution. Inadequate rinsing of glassware in
which the diazo ketone was handled was at fault, and in-
creased quantities of 9 could be achieved either by deliber-
ately using poorly rinsed flasks to handle the diazo ketone
or, better, by adding traces of copper(ll) acetylacetonate
(11) to the reaction mixtures. The quantity of copper nec-
essary to make a substantial difference in the product ratio
was extremely small. A mixture of 20 mg of 1 in 300 ml of
solvent, to which a few milligrams of 11 were added before
heating, produced only 9 with no 5 detectable. In the ab-
sence of any copper, the ratio was reproducibly 5% 9 and
95% 5. It was determined that other potential contami-
nants, including water, acid, and certain impurities sepa-
rated from the diazo ketone, had no consistent effect when
deliberately added to reaction mixtures.

In order to clarify the structural change in the formation
of 9, a deuterium labeling experiment was performed. A
sample of cyclopent-l-enylacetic acid was treated with so-
dium deuterioxide in D20, and after equilibration con-
tained 1.5 atoms of D per molecule (nmr analysis), all in
the a position. Conversion of this to the diazo ketone 1-d2
was accomplished without loss of label. Thermal reaction of
this under conditions conducive to formation of 9 led to
material still containing the same amount of deuterium, all
of it in the vinyl positions. This is consistent with a process
going through an intermediate such as 2.

Several attempts were made to generate and isolate the
intermediates involved in the pathway by which 9 was
formed, without success. These involved reactions of 1 with
suspensions of copper sulfate or solutions of 11 in dry cy-
clohexane, but neither 2 nor 10 was observed, nor was there
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evidence for volatile monomeric products of any kind. It is
suspected that 2, if formed, goes rapidly, even at room tem-
perature, to 10 and that 10 reacts with unreacted diazo ke-
tone8to form more complex products.

While the major route to 6 or its derivatives is the cop-
per-catalyzed reaction, there appears to be another path-
way, as well. In the thermal reactions run after the clarifi-
cation of the role of adventitious copper, there was always
at least 5-15% of 9 formed along with the major product 5.
This suggests that some intermediate in the uncatalyzed
reaction, perhaps a ketocarbene, can add to the double
bond to form 2 at least transiently.

In addition to the pathway we are suggesting for the for-
mation of 9 (1 —%2 —»10 —9) one can write at least two
others. One of these involves an intermediate, 12 (either
biradical or dipolar), in which only one new bond is yet
formed (1 = 12 — 10 — 9). The other9 would invoke a di-

q>°

12 («,* =+ ,—,0r = m

rect electrocyclic pathway from a carbenoid to 10 with si-
multaneous bond breakage and formation. In the absence
of firm evidence for 2, we prefer to consider it an interme-
diate for two reasons. The first is analogy to the products in
larger unsaturated systems;2 the second is the known
chemistry of bicyclopentanones.

There have been several photochemical studies on cyclo-
pentenones, in which bicyclopentanones are products or
presumed intermediates.10 In two of these cases, bicyclo-
pentanones which are sterically protected by bulky tert-
butyl groups have been isolated at room temperature, but
in the two unprotected cases, examined by Zimmerman
and Agosta, only ring-opened products have been isolated
from room temperature irradiations. In Zimmerman'’s case,
the bicyclopentanone could be observed in a low-tempera-
ture irradiation, and on further irradiation it opened to a
ketene in a manner analogous to the transformation of 2 to
10 in the present case. In the case of 2, indeed, the added
strain from the additional fused five-membered ring should
increase the facility of ring opening and might account for
our failure to isolate the compound.17

In summary, rearrangement of this /3,7-unsaturated
diazo ketone proceeds normally under most conditions. It
is possible, though, for participation of the double bond to
occur, particularly in the presence of a copper catalyst. In
such cases, the strained tricyclic ketone 2 is a likely inter-
mediate, and the final product is related to the normal
Wolff rearrangement product by an apparent allylic shift of
an acetic acid residue. This reaction, which proceeds in
high yield, may be of synthetic use.

Experimental Section

All melting points were determined on a Thomas Hoover appa-
ratus and are uncorrected. Ir spectra were recorded on a Perkin-
Elmer Model 337 grating spectrometer, nmr spectra on Varian A-
60A or Perkin-Elmer R12-B instruments at 60 MHz, using deuter-
iochloroform as solvent and tetramethylsilane as internal refer-
ence, and uv spectra on a Cary 14 uv-visible recording spectropho-
tometer. Gas chromatographic analyses were performed on an F &
M Model 609 instrument with flame ionization detector, and
small-scale preparative gc was done on a Varian Aerograph 90-P3
instrument with a thermal conductivity detector. Columns used
were % in. X 10 ft copper columns packed with 10% SE-30 silicone
011 on 60/80 Chromosorb W. Relative amounts of esters in the rear-
rangement reactions were determined by area measurements on
the chromatograms and corrected for results on mixtures of known
composition. Microanalysis was done by the Galbraith Laborato-
ries, Inc., Knoxville, Tenrn The mass spectra were run on a Hewl-
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ett-Packard 5930A quadrupole spectrometer operating at 70 V .11

Preparation of (Cyclopenten-l-ylacetyl)diazomethane (1).
Ethyl cyclopentylidineacetate was prepared in 81% yield according
to the procedure12 reported for the analogous six-membered case.
The product was distilled at 96-104° (17-19 mm): nmr 8 5.84 (m, 1
H), 4.18 (q, 2 H), 1.45 (t, 3 H), 1.5-3.0 (4 H); ir (neat) 1705, 1650
cm-1. A small amount of the unconjugated isomer was also present
(ir 1730 cm™"1).

This ester was, without further purification, refluxed for 15 hr
with 200 ml of 20% KOH. From the cooled, acidified solution was
isolated cyclopent-l-enylacetic acid (13) which was recrystallized
from petroleum ether (36-50°). The yield of solid (mp 51-52°,
lit.13 52°) was 21.2 g (63%): nmr 8 11.4 (s, 1 H), 5.61 (sbr, 1 H), 3.18
(sbr, 2H), 1.6-2.6 (6 H); ir (CHC13) 1710 cm"1.

A solution of 13 (16.55 g, 0.131 mol) in 50 ml of CH2Cl2 was
cooled to o°. Oxalyl chloride (20 ml, 29.7 g, 0.23 mol) was slowly
added to this stirred solution. The mixture was allowed to warm to
room temperature over a 3-hr period, and the solvent was removed
at reduced pressure. The product cyclopent-I-enylacetyl chloride
(14) was distilled at 76-77° (25 mm) to yield 17.84 g (94%) of color-
less liquid: nmr 8 5.73 (m, 1 H), 3.68 (s br, 2 H), 1.7-2.6 (6 H); ir
(neat) 1795 cm-1.

A solution of 14 (5.13 g, 0.036 mol) in 55 ml of anhydrous ether
was added dropwise to an ice-cold, dry solution of approximately
g of CH2N2 in 500 ml of ether. The resulting solution was allowed
to come to room temperature overnight and then was filtered and
evaporated. The residual yellow oil was taken up in petroleum
ether, dried over MgS04, and evaporated to yield 5.11 g (95%) of 1
as a light yellow oil: nmr 6 5.61 (m, 1 H), 5.37 (s, 1 H, CHN2), 3.15
(sbr, 2H), 1.6-2.6 (6 H); ir (neat) 2100,1630,1360 cm* 1-

Decomposition of 1. A. Photolysis. A Solution of crude 1 (19.2
g, 0.13 mol) in 300 ml of purified dioxane and 250 ml of H20 was
irradiated in a quartz vessel with low-pressure Hg lamps (253.7-nm
maximum output) at room temperature in a Rayoneti4 photo-
chemical reactor for 20.5 hr. The reaction was followed by observ-
ing the disappearance of diazo ketone absorbance at 250 nm in ali-
quots. The solution was made basic with 7.2 g of KOH (0.13 mol)
and concentrated to 200 ml on a rotary evaporator. It was washed
with ether, acidified, and extracted with ether. The ether layer was
separated, dried (MgS04), and evaporated to provide 12.19 g (68%)
of 3-(cyclopenten-I-yl)propanoic acid (3), mp 63.5-64.5° from pe-
troleum ether (36-50°) (lit.3 64°).

B. Thermal Reactions. In general, especially for reactions in
which only the product ratio of normal to abnormal products was
being investigated, the procedure involved dissolving 20 /tlof 1 in a
mixture of 150 /d of purifiedis benzyl alcohol (BA) and 150 Al of
A/IV-diethylaniline (DEA) in a 10 X 75 mm test tube. This was im-
mersed in a pre-heated oil bath (150-180°) for 2 min and the prod-
uct ratio determined by gas chromatography of the reaction mix-
ture.

A larger scale reaction leading to 3 was run under similar condi-
tions. A solution of 1.56 g (10.4 mmol) of 1 in 10 ml each of BA and
DEA was prepared in a 50-ml round-bottom flask fitted with a re-
flux condenser. This was immersed for 8 min in an oil bath heated
to 180°. The cooled mixture was diluted with ether, washed with
10% HC1 to remove DEA, and then dried and evaporated. The resi-
due was stirred at reflux in 10 ml of CH30H, 4.5 g of KOH, and 6.5
ml of H2 for 3 hr. The methanol was removed by evaporation.
The aqueous residue was diluted with water, washed with ether,
and then cooled and acidified with 10% HC1. The dark solid that
separated was taken up in ether, washed with 10% HC1 and then
saturated NaCl, dried, and evaporated to yield 0.837 g (57%) of
crude 3.

A separate reaction in which both 3 and s were formed was
worked up as above, and then the mixture of acids, in ether, was
treated at room temperature with an excess of CH2N2 in ether.
After reaction was complete, the solution of methyl esters was
dried and evaporated to yield 46% (based on crude 1) of a mixture
of methyl (2-methylenecyclopent-l-yl)acetate (7) and methyl 3-
(cyclopenten-l-yl)propanoate (4). The esters were separated and
isolated by gc at 150°. The shorter retention time isomer was 7:
nmr $4.85 (m, 2 H), 3.70 (s, 3 H), 1.1-3.1 (9 H); ir (neat) 1745,
1655, and 883 cm-1; mass spectrum molecular ion at m/e = 154,
base peak 94. The longer retention time product was 4: nmr 8 5.40
(m, 1 H), 3.70 (s, 3 H), 1.7-2.5 (10 H); ir (neat) 1740 cm-1; mass
spectrum molecular ion 154, base peak 79.

Synthesis of 7. In a 500-ml round-bottom flask equipped with
N2 inlet, reflux condenser, addition funnel, and stirrer was placed
a solution of 33.95 g (0.25 mol) of the pyrrolidine enamine of cyclo-
pentanoneis [bp 103° (25 mm)] in 200 ml of acetonitrile. Ethyl
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bromoacetate (24 ml, 36.4 g, 0.218 mol) was added dropwise to
this stirred solution. The mixture was then heated at reflux for 17
hr. When the deep red solution cooled, most of the solvent was re-
moved at reduced pressure and replaced with 130 ml of H20, and
the mixture was refluxed again for 45 min. The ethyl (2-oxocyclo-
pentyl)acetate (15) was extracted from the cooled mixture with
ether and isolated by fractional distillation: 13.3 g (36%); bp 133-
135° (23 mm); ir (neat) 1730 cm-1.

A 250-ml three-neck flask equipped with N2 inlet and reflux
condenser and containing 0.72 g (0.03 mol) of NaH and 25 ml of di-
methyl sulfoxide (DMSO) was heated at 70-75° under N2 for 45
min. To the cooled solution was added a solution of 10.7 g (0.03
mol) of CHsPICgHSsLBr in 33 ml of DMSO. After an additional
10-min stirring, 5.0 g (0.03 mol) of 15in 3 ml of DM SO was added,
and stirring continued at room temperature for 1.5 hr. After 40 ml
of H2 was added, the mixture was extracted with 350 ml of petro:
leum ether in three portions and with 50 ml of ether. The com-
bined extracts were dried and evaporated carefully to 25 ml. Distil-
lation in a short-path apparatus yielded approximately 1 ml of a
fraction boiling 110-140° (22 mm). This was dissolved in petrole-
um ether and rapidly chromatographed on a silica gel column. A
total of 250 mg (5%) of ethyl (2-methylenecyclopent-I-yl)acetate
(8) was recovered. No further attempts to optimize the yield were
made. Purification for analysis was accomplished by preparative gc
at 230°. Anal. Calcd for CxoHi602: C, 71.39; H 9.59. Found: C,
71.18; H, 9.37. Spectral data: nmr 54.85 (m, 2 H), 4.15 (g, 2 H),
1.27 (t, 3 H), 1.1-3.1 (9 H); ir (CHC13) 1730, 1655, 887 cm"1. This
was converted into 7, identical with that derived from 1, by treat-
ment with NaOCHg in CH30H and isolation by gc.

Deuteration of 13. A sample of 2.50 g of 13 was refluxed for 2 hr
in 10 ml of 8% NaOD in D20. The solution was cooled and acidi-
fied with 2.5 ml of concentrated H3PO4. The deuterated acid was
isolated by filtration and dried, recovery 1.70 g. This was convert-
ed into the acid chloride as above, and nmr analysis indicated that
74% of the «-hydrogens were replaced by D. Conversion into 1 and
then 9 was accomplished, and that benzyl ester isolated by gc. The
vinyl protons (6 4.85) exhibited 28% of the intensity expected by
comparison with the intensity of the methylene protons of the ben-
zyl group (5 5.17). The nmr spectrum was otherwise identical with
that of undeuterated material.
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The reactions of chlorocyclophosphazenes with epoxides catalyzed by soluble salts were investigated. Lithium
halide catalysts were found to be most effective for the preparation of fully substituted d-chloroethyl phospha-
zene esters from (NPC12)4 and ethylene oxide. Tetraalkylammonium halides, lithium perchlorate, or cesium fluo-
ride-hexamethylphosphoramide gave significantly lower oxirane incorporations. All reactions were extremely
slow. The relative effectiveness of lithium halide catalysts is believed to be due to their ability to cleave an oxirane
ring; promotion of reaction through a salt effect is also possible. Rearrangement of (3-chloroethoxyphosphazene to
N - (/3-chloroethyl)oxophosphazanes appears to be a facile process.

Although the alkoxyphosphazene esters 1 are fairly well
known as a general class of compounds,1 studies of phos-

OR
(N=P X
OR
L R =alkyl, aryl; x =34, ...n

phazene esters which contain haloalkyl substituents other
than fluoroalkyl have been limited in number and scope.
The first reported haloalkyl ester was prepared by the
bromination of an allyloxycyclotriphosphazene ester.2
More recently, d-chloroethoxy- and 2,3-dichloropropoxy

esters were prepared by reactions of the chlorophosphazene
oligomers with the corresponding alcohols in pyridine,3e.g.,
reaction 1.

(N=P~ \ + HocHTHx1 =7
T.l
OCHZCHACL
(N=P~ L + CHAVHCL (1)
OCfLCK.CI
x=3, 4

An appealingly direct route to ehloroalkoxy phosphazene
esters, e.g., 3, is through the reaction of chlorophospha-
zenes with epoxides, (reaction 2). The analogous prep-



3358 J. Org. Chem., Vol. 39, No. 23, 1974

CICI

rr No— ci o]

\
Li- HX— CH,
N=P
Vv
cl
cl

er

RO OR
\=N /°R
N T — OR
(2)
RO— P. /N
RO/ V * 2"
I\
rA or
3, R=CICH,CE,

aration of /3-haloalkyl phosphate esters from oxiranes and
phosphoryl halides isafacile process. The synthesis ofbis(2,3-
dichloropropoxy)phosphazene octamer has been reported,
using (NPCI2L and epichlorohydrin with TiCl4 catalyst.4
However, the same reaction repeated with chlorophospha-
zene cyclic tetramer, (NPC12)4, 2, gave only poly(epichloro-
hydrin). We thus investigated other potential catalysts for
the chlorophosphazene-epoxide reaction. The work re-
ported here is a study of the effect of soluble salt catalysts
in several chlorophosphazene-epoxide reactions, as well as
a brief examination of the products and their thermal be-
havior.

Results and Discussion

The uncatalyzed reactions of (NPC12)3 or (NPC12)4 with
ethylene oxide are extremely slow. The maximum incorpo-
ration obtained in a reaction of this type after five days was
29% (THF solvent, closed vessel, 50°, tetramer 2) and no
fully substituted esters were isolated. Little nmr evidence
for POCH could be found. Uncatalyzed reactions at elevat-
ed temperatures and pressures in a Carius tube afforded no
improvement, although some decomposition of the partial-
ly formed products was noted at temperatures of 100 to
180°.

Whereas conductance measurements showed that phos-
phonitrilic chlorides autoionize at temperatures in excess
of 200 to 230°,5 radiotracer experiments indicated that
chloride ion exchanged readily in the presence of tetraalk-
ylammonium chloride in acetonitrile at room temperature.6
Since it seemed reasonable that salts of this type might also
promote chlorophosphazene-epoxide reactions by inducing
ionization of the P-Cl bond, reactions of (NPC12)4 with
ethylene oxide in the presence of (a) tetraalkylammonium
halides, (b) lithium halides, (c) lithium perchlorate, or (d)
cesium fluoride were examined. Results of these experi-
ments are summarized in Table I.

Tetraalkylammonium Halides. An improvement in net
epoxide incorporation over uncatalyzed conditions was
found with several tetraalkylammonium salts (experiments
2 and 3). The products resulting from these reactions were
unstable, viscous oils which rapidly decolorized and fumed,
liberating HC1 on standing.7 No incorporation of ethylene
oxide greater than 45-50% was achieved using either
tetraethylammonium bromide or tetra-n-butylammonium
chloride. The product mixtures had ir and X4 nmr spectra
which were similar to those of authentic octakis(2-chloro-
ethoxy)cyclotetraphosphazene8 (3), although ir absorptions
at 1081 and 1031 cm-1 were Weak, and nmr bands were
both broadened and shifted 0.2 ppm downfield from those
of 3.

Lawson

Table |
Effect of Catalyst on the Reaction of
(NPC12)4with Ethylene Oxide*

Catalyst Reaction % oxirane
Expt Catalyst eonen, mol/l. time, hr incorpd ~
1 None 120 29
2 (C2H5)4AN+Br- 0.05 84 37
3 (C4HYIN+c r 0.05 96 45
4 LiCl 0.058 96 100c
5 LiBr 0.058 96 90
6 LiBr 0.058 108 100
7 LiBr 0.058 24 50
8 LiBr 0.001 96 47
9 LiC104 0.058 72 40-50*
10 CsF-HMPAe 0.025 120 30-35

“ Reaction procedure described in Experimental Section: THE
solvent, sealed vessel, 50°, 1.74 equiv of (NPCLh, 3.4 equiv of eth-
ylene oxide, 100-ml liquid volume. 6 Calculated from weight in-
crease in product when concentrated under vacuum. c Dark red,
discolored product. dYield estimated by nmr; significant amounts
of polyether also present. eHexamethylphosphoramide added (1:1)
in attempt to dissolve CsF.

Lithium Halides. When lithium chloride catalyst was
employed (Table I, experiment 4), the yield of 3 was essen-
tially quantitative after 96 hr. Both ir and *H nmr spectra
of the product were identical with those of 3 prepared by
reaction 1, although the product was deep red in color.

The use of lithium bromide catalyst (Table I, experi-
ments 5 and 6) gave a quantitative yield of 3 after 108 hr.
The product had ir spectra identical with those of the
product of reaction 1. Only a 50% incorporation of epoxide
was observed after 24 hr, the crude product mixture closely
resembling those obtained using tetraalkylammonium ha-
lides (Table I, experiment 7). Extent of epoxide incorpora-
tion was also dependent on catalyst concentration (experi-
ment 8).

Lithium Perchlorate. Maximum epoxide incorpora-
tions of 40-50% were obtained after 72 hr with lithium per-
chlorate catalyst (Table I, experiment 9). The partially
formed products were unstable. Substantial quantities of
polyethers from both ethylene oxide and solvent (THF)
were also obtained.

Cesium Fluoride. It was necessary to add hexamethyl-
phosphoramide (HMPA) in a 1:1 ratio with cesium fluo-
ride, since the salt alone was insoluble in THF. Inclusion of
HMPA did not dissolve the salt completely, as evidenced
by a cloudy reaction mixture. Reaction products again re-
sembled those from other incomplete reactions.

Reactions with Epichlorohydrin. Epichlorohydrin was
found to be much less reactive than ethylene oxide toward
(NPC12)4; however, incorporations of up to 70% of theoret-
ical were obtained when the reactions were catalyzed by
lithium bromide. The results of several reactions of
(NPC12)4 with epichlorohydrin are listed in Table Il. Lithi-
um perchlorate, in contrast to lithium bromide, showed no
evidence for catalysis of the chlorophosphazene-epoxide
reaction, and tetra-n-butylammonium bromide showed
very little effect. However, polymerization of epichlorohy-
drin was observed with lithium perchlorate.

Mechanism. Since all of the salts investigated showed
some catalytic effect in the (NPCIl2)4ethylene oxide reac-
tion, a general mechanism involving salt effects is likely.
However, the greater effectiveness of lithium bromide evi-
denced in both ethylene oxide and epichlorohydrin reac-
tions suggests that lithium halides perform an added cata-
lytic function, perhaps through a cleavage of the epoxide
ring to give a lithium halohydrin salt, similar to those pos-
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Table 11
Effect of Catalyst on the Reaction of
(NPCIl2)4 with Epichlorohydrin“

Catalyst Reaction % oxirane
Expt Catalyst concn (mol/1.) time, hi incorpd b
1 LiBr 0.058 36 50°
2 LiBr 0.058 108 70"
3 LiC104 0.058 108 0°
4 (C4H94AN+Cr 0.05 96 7

0 Reaction conditions described in Experimental Section: THF
Solvent, sealed vessel, 50°, 1.74 equiv of (NPCUKk, 1.74 equiv of
epichlorohydrin, 100-ml of liquid. 6 Calculated from weight in-
crease, product concentrated under vacuum. ¢1H nmr showed a
>6:1 ratio of 1,3-dichloro-2-propoxy- to 2,3-dichloro-l-propoxy sub-
stituents. d 1H nmr showed a 4:1 ratio of 1,3-dichloro-2-propoxy- to
2,3-dichloro-lI-propoxy substituents. eWeight increase was ob-
served owing to formation of poly(epichlorohydrin); no evidence for
POCH by 1H nmr.

tulated for the rearrangement of epoxides.9 Such a mecha-
nism might also explain the relative ineffectiveness of the
poorer nucleophile, lithium perchlorate.

Products and Thermal Behavior. Product 3, prepared
from ethylene oxide and 2, was typically a straw-colored
oil. Small quantities of solids could be obtained from the oil
after repeated extractions with petroleum ether and cool-
ing to —50°. In some cases, solid 3 formed in the purified
oil on standing and was recovered by filtration, being
pressed dry on filter paper. This yielded 60-70% by weight
of a colorless, waxy solid, mp 49-50°, whose spectra and
analyses are described below. Isolation of solid 3 from the
oils was not consistently achieved.

Although the chloroethoxyphosphazenes are stable for
extended periods at ambient conditions, when heated to
100-120° as under vacuum distillation,3 the oils are known
to fume (HC1 detected), discolor, and resinify. Since Shaw
and coworkers have shown that alkoxyphosphazene esters
readily undergo thermal alkoxyphosphazene-oxophos-
phazane rearrangementl0 (eq 3), facile phosphazane forma-

tion may contribute to thermal instability of 3, with the
added complication of HC1 elimination.

Careful examination of the ir spectrum of unheated 3 re-
vealed a small shoulder at 1250 cm-1, corresponding to
P =0 stretch (Table I11), but no evidence for phosphazane
NCH was found by nmr. Treatment with refluxing 1,2-di-
chloroethanell caused the disappearance of the strong
1325-cm-1 band (P=N stretch) and enhancement of the
1250-cm_1 shoulder; a broad band was also found at 1285
cm"l A noticeable change in the position and width of the
POCH nmr absorption was observed. The ir spectrum of
residue from attempted vacuum distillation was very simi-
lar to that of halide-rearranged 3, the main difference being
relative intensities of strong bands and location of weak
bands. Both the product oils and the isolated solids exhib-
ited the same thermal behavior.

It appears that some rearrangement to phosphazane ac-
companies the formation of /3-chloroethoxy ester at tem-
peratures <50°, which may account for their oily nature.
Phosphazane predominates after treatment with dichlo-
roethane and also appears to form in thermal decomposi-
tion at higher temperatures. Other processes, including ev-
olution of HC1 and cross-linking, also accompany rear-
rangement during thermal decomposition.
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Table 111
Ir and Nmr Data for
Octakis(2-chloroethoxy)cyclotetraphosphazene, 3

Identity va (neat), cm-1 6 (CHCI3-ii)
3 1325, 1295 (sh, 3.74 (t, J =55
1250), 1081, Hz, wb= 14
1031, 712 Hz); 4.25 (m,
tv = 16 Hz)
3, refluxed for 1285 (str sh, 3.74 (t, J =56
16 hr in (CH2C1)2 1250), 1081, Hz, w= 15
1031 Hz); 4.38 (m,
w = 35 Hz)
3, after attempted 1290 (str sh, Insoluble
vacuum distillation, 1250), 1085,
130-150°, 0.5 Torr 1030

aWavenumbers of strong bands only are listed. 6w, peak width
at half height.

It has been observed that the tendency of alkoxyphos-
phazenes to undergo rearrangement to phosphazanes is re-
lated to the presence of electron-withdrawing substituents
on the alkyl group. This has been interpreted as reduction
of basicity of the ring nitrogen through electron withdraw-
al.10 On this basis the predicted stability of /S-chloroethoxy-
phosphazenes would be intermediate between that of eth-
oxy and trifluoroethoxy analogs. The very facile rearrange-
ment observed is probably a result of intra- and intermo-
lecular catalysis by the /3-chloroethoxy groups which are
susceptible to nucleophilic reactions, as well as by HC1
formed in thermal dehydrochlorination.

Experimental Section12

Hexachlorocyclotriphosphazene (phosphonitrilic chloride tri-
mer), mp 115°, was separated from a mixture of cyclic oligomers
by fractional vacuum distillation. Octachlorocyclotetraphos-
phazene 2 (phosphonitrilic chloride cyclic tetramer), mp 124°, was
purified by repeated fractional sublimation under vacuum of the
resulting distillation residue. Reactions were carried out by the fol-
lowing method. A dry 300-ml glass vessel was charged with 10.0 g
of purified phosphonitrilic chloride, 100 ml of freshly distilled an-
hydrous tetrahydrofuran, and 0.25-0.50 g of catalyst. The bottle
was closed and cooled, and 15-20 ml of liquid epoxide was added
quickly. The bottle, was sealed and placed in a rotating bath at 50°.
After reaction the bottle was cooled and opened, and the solvent
was removed under vacuum. If the product was stable, catalyst was
then removed by dissolving the product in chloroform, washing
with water, drying (MgS04), and concentrating under vacuum.

Incorporation of epoxide was determined from weight gain and
estimated purity from 3H nmr. Partially esterified products were
analyzed by nmr and weight gain immediately after initial concen-
tration. In several cases, yields determined from weight gain were
checked in the following manner. Concentrated product was treat-
ed with an excess of sodium 2,2,2-trifluoroethoxide in THF at 65°
and worked up as a fully substituted ester; comparison by 'H nmr
of the absorptions at 5~4.6 and 4.2-4.3 showed agreement to with-
in 5% of the incorporations calculated by weight gain.

Fully substituted octakis(2-chloroethoxy)cyclotetraphosphaz-
ene (3) as either the solid or oils from LiBr-catalyzed reactions
gave carbon, hydrogen, and chlorine analyses consistent with the
expected formula (Calcd for C16H 32N 408P4CI8: C, 23.55; H, 3.95;
Cl, 34.76. Found (solid): C, 23.66; H, 4.00; Cl, 34.80. Found (oil): C,
23.62; H, 3.97; Cl, 34.90).13 No molecular ion was observable in the
mass spectrum of 3, but m/e 740 (M + —72, loss of 2HC1) with six
chlorines was detected. The ir spectrum was identical with that for
3 prepared from 2-chloroethanol by reaction 1 (see below).

Elemental and mass spectral analyses do not distinguish be-
tween isomeric phosphazene and phosphazane structures, and the
only evidence for phosphazane in the oils was found in the shoul-
der at 1250 cm-1 in the ir spectrum of 3. Purification by distilla-
tion or gas chromatography was unsuccessful owing to the high
molecular weight and thermal instability of the esters. Chromatog-
raphy of the oily product 3 on silica gel or alumina columns using
various ratios of chloroform-hexane or chloroform-benzene gave a
single eluent band identical with that of unchromatographed 3. In
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view of facile 0 -*» N rearrangement, the oils may contain small
amounts of Af-alkylphosphazanes.

The TiCU-catalyzed reaction of octachlorocyclotetraphos-
phazene and epichlorohydrin was attempted by adding TiCl4slow-
ly to a mixture of the other reactants at 85°, followed by heating
and work-up similar to that described above.

Octakis(2-chloroethoxy)cyclotetraphosphazene, 3, by reac-
tion 1.3 A 2-1., 3-neck round-bottom flask containing 700 ml of an-
hydrous pyridine and 87 g (1.5 equiv) of 2 was cooled to 15°, and
121 g (1.5 equiv) of 2-chloroethanol was added dropwise over 1 hr.
After the mixture was stirred at room temperature for 20 hr, sol-
vent was removed under vacuum below 50°. The residue was then
poured into 600 g of ice-water, and the oil layer taken up with
chloroform. The chloroform extract was washed with 5% HC1, 5%
Na2CC>3, and water, dried (MgS04), and concentrated on a rotary
evaporator. The residual oil was concentrated further at room tem-
perature and 0.1 Torr for 16 hr. The product was a viscous yellow
oil, weight 145.2 g, 95% of theoretical yield, characterized by ir
spectrum (see following paragraph on supplementary material).
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ing high results for 3. Anal, (typical). Calcd: C, 23.5; H, 3.9; N, 6.9.
Found: C, 25.5; H, 4.1; N, 7.4. Such results are presumably due to pre-
mature loss of HCI during analysis.
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A study has been made of the reactions of cis- and trans-2-phenyl-I-methylcyclopropanol and their methyl
ethers, cis- and trans-2-methyl-lI-phenylcyclopropanol, and cis- and trans- 1,2-diphenylcyclopropanol with vari-
ous electrophiles, including mercuric acetate, acid, and various sources of positive halogen. The direction of ring
opening is found not to depend upon the stereochemistry of the starting material. The free-radical opening of op-
tically active trans-2-phenyl-I-methylcyclopropanol by FeCl3is shown to give racemic chloro ketone. The results

are compared with those from related systems.

For some time we have been interested in the mechanism
and stereochemistry by which cyclopropanols and their de-
rivatives react with electrophiles.1l In previous studies we
have reported that irons-2-phenyl-I-methylcyclopropanol
undergoes electrophilic ring opening with retention of con-
figuration when treated with D+ 2 and that the various cis-
trans isomers of 2,3-dimethyl-lI-phenylcyclopropanol ring
open with inversion of configuration upon reaction with
mercuric acetate3 or various brominating agents.4 In the
course of these and other studiesl we have also had occa-
sion to measure the effect of a ring substituent on the di-
rection of ring opening upon attack by an electrophilic re-
agent (eq 1). In the work reported in this paper we have at-
tempted to make a more systematic study of cyclopropanol
ring openings as a function of the nature and stereochemis-

CH2
ch2 i ch2 O
/ \ | OH \
HO------ cE + E+ HC— + HC c' (1)
| X R’ I XR 1 X R
R R R

try of the substituents R and R', particularly as they apply
to halogénation, but also for protonation and mercuration.

Results

cis -2-Phenyl-I-methylcyclopropanol (Ib). The first
system chosen for study in this investigation was cis-2-
phenylcyclopropanol (Ib) since we had previously deter-
mined the product composition on ring opening of the
trans isomer.2 We were interested in determining if simple
cis-trans isomerization would have any effect on the direc-
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tion of opening. Unfortunately the method we had used for
the preparation of the trans isomer2 was not applicable to
the cis isomer, and we had to prepare and separate a cis-
trans mixture of cyclopropyl acetates (la and Ha) prepared
by a modification of Freeman’s method5 (Scheme 1). The
isomers were difficult to separate, but we were finally able
to obtain small quantities of pure la by careful column
chromatography. The pure crystalline cis alcohol, Ib, was
obtained from la by reaction with methyllithium and work-
up under carefully controlled pH conditions. Once pure, it,
like the trans isomer, was indefinitely stable when stored in
a polyethylene bottle in the cold. Its spectral properties
were in full accord with its assigned structure.

Scheme |

cthich= chcoch3+ hZh— nh2

H

cbhb5
la, R= Ac lia, R= Ac
b R=H b R=H

Base-catalyzed cleavage of Ib (eq 2) at 85-90° in 50:50
(v/v) 0.2 N NaOH-dioxane yielded a single product which

0
cbhb5chZhZXZch3 (2)
100%
(6] 0
| 1
CBHECH2CH2CCH3 + CH3CHCCHj (3)
ceH5
43% 57%
0
nbs/cdci3 1
cbh,chchZXZch3 (4)
Br
100%

was identified as 4-phenyl-2-butanone by comparison of its
nmr spectrum and gpc retention time with those of an au-
thentic sample. Acid-catalyzed cleavage of Ib (eq 3) was
carried out under conditions similar to those reported ear-
lier2 for the trans isomer by heating at 90-95° in 50:50 (v/v)
2 N HCl-dioxane. Ring opening occurred in >97% yield to
give 4-phenyl-2-butanone (43%) and 3-phenyl-2-butanone
(57%) in essentially the same ratio as that found for the
trans isomer (40%:60%).2 Finally, Ib was treated with N -
bromosuccinimide in CDCI3 in the dark. Reaction occurred
immediately. The nmr spectrum of the product was consis-
tent with the formation of 4-bromo-4-phenyl-2-butanone
as the sole product (eq 4), just as was found previously to
be the case for the trans isomer (lib).4 Thus the change in
stereochemistry at C-2 has no effect on the direction of ring
opening.

2-Phenyl- 1-methylcyclopropanol  Methyl Ether
(H1). To determine if the direction of ring opening would
change if the free hydroxyl group were masked, the methyl
ether was prepared. This was accomplished in 76% yield
when a 1:3 mixture of cis- and trans- 2-phenyl-1-methylcy-
clopropanol in ether was treated with diazomethane and
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aluminum chloride.6 This method proved much superior to
several others tried, including alkylation with methyl io-
dide, trimethyloxonium tetrafluoroborate, or diazomethane
and boron trifluoride.

These cyclopropanol methyl ethers (111) are significantly
less reactive toward cleavage with acid than the corre-
sponding alcohols. However, upon heating at 95-105° in
60:40 dioxane-sulfuric acid (8.3 N), ring opening is com-
plete within 26 hr. The products are 62% 3-phenyl-2-buta-
none and 38% 4-phenyl-2-butanone, a mixture which is not
significantly different from that found for the correspond-
ing alcohols. The reaction was monitored by gpc from the
beginning, and at no time were there more than three com-
ponents present, the starting ether mixture (111) and the
two ketonic products. Moreover the ratio of ketones did not
change during the course of the reaction. It thus seems very
unlikely that any rearrangement of products or incursion of
alternate methods of ring opening (for instance carbon-
oxygen cleavage followed by rearrangement to an allylic
cation) could be occurring.

Reaction of the ether mixture (111) with an equivalent of
mercuric acetate was carried out in acetic acid-d4 and the
results monitored by nmr spectroscopy. The reaction was
complete within less than 10 min at room temperature and
the product mixture (eq 5) was identical with that found
for the corresponding alcohol.3

CH2
+ HgiOAc), TBE22.
cbh5 ch3
m
HgOAc o CH2HgOAc
| 1 |
HC— CH2— CCH3 -I- HC--—-- CCH3 (5)
| | 1
ceH5 cbh5 0
25% 75%

In contrast to the results for protonation and mercura-
tion, where ring opening occurred identically for the ether
and the alcohol, although somewhat more slowly on the for-
mer, the cyclopropanol methyl ethers (111) could not be in-
duced to react with tert- butyl hypochlorite even after sev-
eral days. Yet the alcohols react immediately, almost ex-
plosively, even at ice-bath temperatures. The ether mixture
does react slowly with N - bromosuccinimide, as compared
to an almost instantaneous reaction of the alcohols, but a
complex mixture of reaction products is obtained and the
products anticipated for simple brominative ring opening
could not be detected. These results are in accord with pre-
vious observations that cyclopropanols are almost unique
in their ability to react readily with halogenating agents.4

Stereochemistry of Halogénation of trans- 2-Phenyl-
1-methylcyclopropanol (1V). We have previously shown
that 2,3-dimethyl-lI-phenylcyclopropanols and their ace-
tates brominate stereospecifically with inversion of config-
uration, while the alcohols react with chlorinating agents in
a nonstereospecific manner and the acetates do not react at
all.4 To account for the lack of stereospecificity upon chlo-
rination, we proposed an oxidative attack on the OH bond
leading to ring opening via a radical mechanism since cy-
clopropanols are known to be easily oxidized. Indeed the
threo:erythro product ratio obtained upon chlorination is’
the same as that obtained by ferric chloride oxidation4 (eq
6), a process which has been shown to occur by way of radi-
cal intermediates.7 One reasonable explanation for our re-
sults with the 2-phenyl compounds might be that the phe-
nyl group greatly accelerates this oxidative pathway so that
the reaction occurs exclusively on the O-H bond. To test
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EXPERIMENTAL SECTION

All boiling and melting points are uncorrected. Melting
points were taken on a Fischer-Johns pelting point apparatus. Glc
analyses were performed on an Aerograph Model 202 or an F&M scien-
tific Corporation Model 700 gas chromatograph. The columns used
are listed as follows and are referred to by letter with the tem-

used i for each i lysis: A 10° x 3/8"
aluminum column containing 5% SE-30 on 60:80 Chromosorb W;
B 5' x 1/4" stainless steel column containing 208 Carbowax 20M on
60:80 Chromosorb W; C 5' x 1/4" stainless steel colum containing
15% Apiezon L on 60:80 Chromosorb W; D 5' x 1/4" stainless steel
column containing 10% Apiezon L on 60:80 Chromosorb W.

Infrared spectra were obtained on a Beckman IR-10 or a Perkin-
Elmer Model 457 spectrophotometer calibrated with the 1604 ca™!
band of polystyrene. Solution spectra were obtained using solvent-
matched sodium chloride cells of 0.05 mm or 0,10 mm thickness.

Nmr spectra were obtained on Varian Associates A-60 or A-60-A
spectrometers at 60 megacycles and the symbols s, 4, dd, t, and m
reter to singlet, doublet, doublet of doublets, triplet, and

spin i were done on a Varian
Associates HA-100 spectrometer at 100 megacycl All mass spectra
were obtained using a Varian M-66, Varian MAT CH-7, or Consolidated
Electrodynamics Corporation Type 21-103C (modified) spectrometer.

Synthesis of 2-Phenyl-l-me 1cyclopre 1 Acetates (Ia and
_Ila).--The acetate mixture was prepared according to the following
pxooeduxe patterned after that of Freeman® with some modifications.

Benzalacetonel5 (50 g, 0.34 mole) and 200 ml of absolute
ethanol were placed in a 500-ml three-neck round-bottom flask.
Hydrazine (15 g, 0.45 mole) vas added to the stirred solution over
a period of 5--10 min with same evolution of heat. The reaction
mixture was heated at reflux for 3 hr, then cooled, and the
ethanol-water removed on a rotary evaporator at 70-75° to yield
55 g (1008) of a yellow oil which had properties consistent with
‘those expected for 3-methyl-S-phenyl-2-pyrazoline: nmr (CDC1,)

4

1 ml of CDC1; were placed in an aluminum foil-covered 50-ml
erlenmeyer flask. The system was flushed with nitrogen and cooled
in an ice bath. With stirring, 0.08 g (0.0006 mole) of the cis
alcohol (Ib) in 1 ml of CDCly was added in portions. After

2

1= 8.05 (s, 3, CHy), 7.21 (m, 2, CHp), 5.30 (t, 1, CH), 5.07
(broad &, 1, N-H), 2.71 (s, 5, CgHs); ir (cClq) 3370 (N-H) and
1630 cm~l (C=N). This crude 2-pyrazoline was used in the next
step without further purification.

A flame-dried two-liter three-neck round-bottom flask was
charged with 216 g (0.49 nole) of lead tetraacetate and 600 ml of
dry CHyCly while nitrogen was passed through the flask. The
pyrazoline (55 g) in 200 ml of dry CHpClp was added to the well-
stirred slurry over a period of 1--5 hr, maintaining the tempera-
ture at 10-20°. The mixture wi then heated at reflux for 1 hr,
stirred for 6.5 hr at room temperature and 400 ml of water was
added to the reaction mixture. After the aqueous layer was
extracted with 250 ml of CHpClp, the combined CHpClp extracts were
ly with NaHCO3 and water over
a period of at least 1 hr or until the solution remained neutral
after standing for a period of 30 min. After drying (MgSOg), the
solvent was removed on a rotary evaporator to yield 74.8 g of a
brown oil which had properties consistent with those expected for
the 3-acetoxypyrazoline: nmr (CDCl3) t = 8.22 (s, CHy), 7.94
(s, acetate CH3), 8.37, 7.45 (m, CHy), 4.03 (dd, CH), 2.65 (m,
CgHg), ir (CCly) 1755 (C=0), 1567 em™! (cis azo).

. The brown oil was heated in a distillation apparatus. At
130-140° a vigorous evolution of nitrogen occurred. After the
initial reaction had subsided, heating at 170-190° for 20 min
resulted in no further evolution of nitrogen. The brown oil was
Qistilled and a fraction (bp 80-83°/0.5 rm, lit. bp 70°/0.35 m®)
was the expected acetates (27.15 g or 424, cis:trans ~ 1:3).

Separation of cis- and trans-2-Phenyl-l-methylcyclopropyl

(Ia and ITa).--A sample of the acetate mixture (10.5 g)
was separated on a 38 mm x 90 cm silica gel column (260 g Baker
powder) eluting with Skellysolve B-benzene mixtures. After
combining appropriate fractions 6 g of the trans acetate (Ila),
3.6 g of a mixture of acetates, and 0.3 g of the cis acetate (Ia)
was obtained. cis-Enriched acetate mixtures from several of the

5

flask equipped with a drying tube. The solution was cooled with
an ice bath and two spatulas of aluminum

reagent) were added. The diazomethane solution was added drop-
wise (from a burette equipped with a drying tube) with stirring.

stirring 5 min, a sample of the ti mixture was
to an nar tube and nmr spectrun was recorded. In addition to
lets due to N- (r = 7.07) and succinimide

the ion of the di ded as evidenced
by a lack of nitrogen evolution, a spatula of fresh aluminum
chloride was added. After the addition of diazomethane was

(r = 7.27), the nmr was i with P Y
2-butanone as the sole product: t = 7.93 (s, 3, CHjy), 6.61 (¢, 2,
cHy), 4.54 (a4, 1, CH), 2.63 (m, 5, CeHs).*

B. with Bas: ~The used was after that of
DePuy et al.? The cis alcohol (Ib) (0.1 g, 010007 mole) was added
in portions to a 25-ml round-bottom flask containing 8 ml of
0.2 M aqueous NaOH and 8 ml of spectral grade dioxane (HCB). The
system was flushed with argon, sealed, and heated at 85-90° for
61 hr. After cooling, the contents of the flask were neutralized
with 3 M HCl and extracted 6 times with 20 ml of ether. The
dioxane-ether was dried and removed by distillation to yield a
brown oil. Analysis of the oil by gpc (Column B at 96°) indicated
the presence of a single component. Comparison of the nmr spectrum
of the 0il with the nmr spectrum of an authentic sample proved
the to be 4-pheny

C. with Acid.--The used was after that of
DePuy et al.2 A sample of the cis alcohol (Ib) (0.15 g, 0.001
mole), 6 ml of 2 M HCl, and 6 ml of dioxane were placed in a 25-ml
round-bottom flask. The system was flushed with argon, sealed,
and heated to 90-95° for 72 hr. The solution was cooled and
neutralized with 1 N NaOH and worked up as above. Analysis of
the resulting oil by nmr spectroscopy and gpc indicated the

Of 44% 4-pheny and 56% 3-pheny

Synthesis of 2-Phenyl- 1 Methyl Bther (III).

1 the sol was allowed to stir overnight while warming
to room To any ini di
50 ml of 3 ¥ HCl was added slowly to the reaction mixture. The
layers were separated and the ether layer was extracted with water
until the pH of the water extract was about 5. The sdlution was
dried (HgSO‘) and the ether removed with a rotary evaporator to
yield a yellow oil which nmr and ir spectra indicated was cyclo-
propanol methyl ether (III) with little starting alcohol present.
Distillation gave 8.5 g (76%) of a colorless oil (bp 51-65°/1.5
mm). The oil was chromatographed (150 g of Baker powdered silica
gel) with Skellysolve-B as the eluting solvent. In general. all
attempts to separate the mixture of cis and trans ethers by gpc
with various columns, failed. The column chromatography, early
fractions collected were always enriched in the cis ether and late
fractions were enriched in the trans ether. Analysis of the ether
mixture from column chromatography by gpc (Column A at 116%)
yielded a single peak. The 2-phenyl-l-methylcyclopropanol methyl
ether mixture (III) had the following properties bp 46-49°/0.6 mm;
ir (CHCly) 2838 (C-H of OCHj), 1060-1090, 1230 a1 {C-0-C); nmr
(cDC13) T = 8.89 (trans CH3 and cyclopropane CHp), 8.52 (cis CH3),
8.08 (cis cyclopropane CH), 7.66 (trans cyclopropane CH), 6.94
(cis OCH3), 6.63 (h!‘lnl OCH3), 2.76 (CgHg); mass spectrum m/e
{rel intensity) 162(15.7), 147(46.4), 130(10.2), 129(14.4),
115(27.1), 91(21.3), 77(12.1), 51(10.7), 43(100).

Crude 2-phenyl-I-methylcyclopropanol [from 13 g (0.07 mole) of
pheny . cis:trans © 1:3] was
dissolved in 200 m of anhydrous ether in a one-liter suction

Reaction of umu~2—?hml-l-n&ylcydogml (11b)

Ptrgés\gly_.on__l'!s. A. Racemic Almhol (le).~-ﬂ|e alcohol (A
was made by methyl 1ithium reduction of trlhl-l—phcnyl 1-methyl-
cyclopropylacetate (1Ia).16 A sample of the alcohol (1Ib) (0.1 g,
0.0008 mole) and 10 ml of anhydrous ether were placed in a 25-ml
three-neck round-bottom flask. The solution was cooled to 0.5°,
and with stirring 0.18 g (0.0011 mole) of anhydrous ferric
chloride (MCB reagent) in 15 ml of ether was slowly added.
continued at 5° for 0.5 hr. The mixture was then

m filtered, twice with 10 nl
of water, and dried (MgSO4). Removal of the solvent followed by
nmr analysis indicated the presence of some unreacted alcohol.
The reaction was rerun in the same manner as above using an
additional 0.14 g (0.0009 mole) of ferric ‘¢hloride. The sole
product was 4-chloro-4-phenyl-2-butanone: nmr (CDCl3) 1 = 7.82

(s, 3, cH3), 6.78 (5, 2, - HCO-), 4.58 (a4, 1, CH), 2.60 (s,
Cglig); ir (CBCl3) 1725 em™! (C=0).

B. (+)-Alcohol (IV).--The (+)-alcohol (IV) was provided by
D. Gibson and was made according to the procedure of DePuy et al.
A Rudolph Model 70 No. 709 Polarimeter with a sodium light source
was used to determine optical rotations. The (+]-alcohol (IV)
gave optical rotations, [alp, of +39.11 + 1° in ethanol and
+39.44 + 3.5° in CHClj. The maxirum reading given for the
(#)-alcohol (Iy is +41.9° (EtOH), indicating the optical purity
of this alcohol was 93t. The (#)-alcohol (IV) (0.026 g, 0.0018
mole) was treated with 0.6 g (0.004 mole) of ferric chloride as
described in part A. An nmr spectrum of the resulting oil

the of the ch along with.a small
amount (+ 108) of benzalacetone. A solution of 0.12 g of this oil
in 1 ml of CHC13 gave an observed rotation of -0.25° or [alp =
-1.97 * 0.6%. An ir spectrum was taken of the solution from the
polarimeter tube. A 1725 ca~l (C=0) band indicated the chloro-
ketone was still present. This solution was stirred with 1 I XOH
in ethanol for 1 hr. Work-up gave a yellow oil, the mmr and ir of
which, were identical to those of an authentic sample of benzal-
acetone.l5

y1-1-me thylcycl Methy) Ether (III)
-A sample of the ether mixture (LII)

(0.4 g, 0.0025 mole) was dissolved in 40 ml of 60:40 dioxane--8.3
N aquecus HS04 in a round-bottom flask. The system was flushed

acl&myl Acetate:
to the procedure of FreemanS and DePuy? with the modifications
already described for the synthesis of 2-phenyl-l-methylcyclo-
propylacetates. Chalcone (75 g, 0.360 mole), prepared from conden—
sation of acetophenone and benzaldehyde,l8 and 12.5 g (0.39 mole)

DePuy and Van Lanen
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above chromatographies were combined to yield 7 g of the acetates
(618 cis, 39% trans). Separation of this mixture on a large silica
gel colunn (38 rm x 90 cm -250 g of Baker powdered silica gel) with
Skellysolve B-benzene mixtures as eluents yielded 1.4 g of the
trans acetate (Ila), 2.10 g Of a mixture of acetates, and 2.1 g of
the cis acetate (Ia). Spectral data supported the assignment of
the cis and trans acetates: trans acetate (Ila): mmr (CDC13)

T = 8.82 (m, 5, Ciy and cyclopropane CHp), 8.02 (s, 3, acetate
CHy), 7.68 (dd, 1, cyclopropane CH), 2.77 (s, 5, Cgls); ir (CHC13)
1745 cul (C=0); cis acetate (la): nmr (CDCl3) t = 8.83 (m, 2,
cyclopropane CHp) 8.38 (s, 6, CHy and acetate CH3), 7.93 (d4, 1,

cyclopropane CH), 2.89° (s, 5, CgHs); ir (CCly) 1755 cm~l (C=0).
of ci. y1: (Ib).--The
procedure was patterned after that of DePuy et al.l6 1In a dry

250-ml three-neck round-bottom flask was placed 50 ml of anhydrous
ether and 2 g (0.01 mole) of the cis acetate (la). To the stirred
solution, under nitrogen, 12 ml of 2.1 M methyllithium in ether was
added dropwise over a period of 10 min. The resulting mixture was
stirred for 2 hr, and rapidly added to a suspension of 25 g of
boric acid in 50 ml of distilled water. Beyond this point, all
glassware, etc., coming -into contact with the cyclopropanol was
washed with a 5% HP solution, tap water, distilled water, and then
dried. The mixture was filtered, the solid washed with ether, the
layers separated, and the ether layer washed with three S0-ml
porticns of distilled water. Pentane (100 ml) was added to the
ether and a final extraction was made with 50 ml of water. After
drying, the ether-pentane was removed on a rotary evaporator to
yield 1.7 g of a yellow oil. Recrystallization of the crude
alcohol several times from pe at Dry Ice

yielded 0.6 g (42%) of a white crystalline solid which was dried
under vacuum: nmr (CDCl3) ® = 8.85 (m, 2, cyclopropane CHp), 8.44
(s, 4, CHy and OH), 8.01 (dd, 1, cyclopropane CH), 2.74 (s, S,
CgHg); mass spectrum m/e (rel intensity) 148(46.6), 133(17.9),
105(83), 91(40), 77(22.9), 43(100); mp 61-63°.

tions of cis- y1-1-methylcyclopropanol (Ib). A. with

ider W inimide (0.13 g, 0.0006 mole) and
oo e LA

€

with nitrogen, sealed, and heated at 95-105°. The reaction was
monitored by gpc analysis (Column A at 125°). After 24 hr, the
reaction was complete and the ether peak in the gas chromatogram
was replaced by two peaks with relative areas of 40% and 60%. The
reaction mixture was neutralized and worked up in the usual manner.
The resulting brown oil was a mixture of 62% 3-phenyl-2-butanone
and 38% 4-phenyl-2-butamone identified by ir and nmr spectroscopy
as well as gpc.

B, with Mercuric Acetate.--The ether mixture (III) (0.2 g,
0.001 mole) was placed :n an nar tube with 0.25 ml of CD3COOD.
An nmr spectrum indicated the ether was stable in this solvent.
To the solution, 0.4 ¢ (0.0013 mole) of mercuric acetate (MCB
reagent) in 0.5 ml of CD3CO0D was added as a slurxy.. The reaction
was monitored by nmr spectroscopy. All of the ether had reacted

within 10 minutes. The solvent was removed on a rotary evaporator,
the residue taken up in CHCl3 and filtered to remove unreacted
mercuric acetate. After removing the solvent, the resulting oil
(0.367 g) gave an nar spectrum identical to that obtained by
A. DeBoer for the products of the reaction of trans-2-phenyl-1-

Y (IIk) with acetate.3 On this basis
the pmducu of the reaction were assigned as 75% 3-phenyl-d-

and 25% 4-phenyl i-2-

butanone.

C. with tert-Butylhypochlorite.--A sample /of the ether mixture
(111) (0.06 g, 0.0004 mcle) was placed in an aluminum foil-covered
50-ml erlenmeyer flask with 1.5 ml of CCly. The system was flushed
with nitrogen and, with cooling (ice bath), 0.08 g (0.0008 mole)

of tert- lorite rding to the method of
Wallingl? was introduced. After 1.5 hr of stirring, a sample was
removed and an nmr The only in the
nmr spectrum in addition to starting ether was at T = 8.69 (tert-
butylhypochlorite) . After 24 hr at room temperature, there was
still no evidence of reaction. The reaction was also carried out
in CDCl3 with no evidence of reaction after 2 days.

9

erlemmeyer flask covered with aluminum foil. Immediately an
aliguot was removed and nmr analysis within 5 min of mixing
indicated the reaction was complete. The nar sample was trans-
ferred back to the reaction mixture and the solvent was removed.
The residual solid-oil was taken up in CDCl3. In addition to
singlets at T = 7.08 and 7.28 for N-bromosuccinimide and

of S hydrazine were condensed to give 3,5-diphenyl-2-pyrazaline
in nearly quantitative yield. The 2-pyrazoline was treated with
230 g (0.5 mole) of lead tetraacetate to yield 98 g of the 3-
acetoxypyrazoline which upon pytolylll gave a mixture of 73% trans
and 27% cis acetat: The were and purified by
a combination of spinning band distillation and recrystallization.?
1,2-Diphenylcyclopropyl acetate: mp 73.5-75° (lit. mp
74.5-75°).9

of trans-1, (vb) .~-A sample
of Lh. trans acetate (3 g, 0.01 mla) was cleaved with 13 ml

(0.03 nole) of methyllithium in ether. vork-up yielded 2.6 g of a
white solid. Recrystallization from Skellysolve B-ether gave

1.4 g (53%) of the pure alcohol (Vb): mp 96.5-99° (the value of
the melting point varied derably with various fractions,

lit. mp 75"'6.5‘):9 nar (w:l:) T = 2,82, 2.97 (s + m, 10,
Cglis's), 7.23 (dd, 1, cyclopropane CH), 7.47 (s, 1, GH), 8.35 (m,
2, cyclopropane CHp); ir (CHCl3) 3610, 3430 cm-l (oH).

Synthesis of cis-1,2-Diphenylcyclopropanol (Va).--A sample of
the cis acetate (3.5 g, 0.014 mole) was cleaved with 14 ml (0.03
mole) of 2.3 M methyllithium to yield 3.3 g of a white solid
which was recrystallized from hexane-ether mixtures at freezer or
'Dry Ice temperatures. The alcohol (Va) had the following - -
properties: mp 79-82.5° (lit. mp 67-69°);9 ir (CHCl3) 3600, 3450
em~l (OH); nmr (CDC13) t = 2.67 (4, 10, Cglis's), 7.51 (ad, 1,
cyclopropane CH), 7.79 (s, 1, O~ which disappeared on.shaking
with Dy0), 8.35 (m, 2, cyclopropane Ciip).

Reactions of trans-1, (Vb) .-=A. with

the nar was consistent with B-bromo--phenyl-
propiophenone as the sole reaction product: t = 2.12, 2.43 (m, 10,
CgHis's), 4.30 (t, 1, Br-C-li); 6.05.2 Passage of the reaction
mixture through a small silica gel column with CH,Cl, removed the
N nimide and imide An ir of the result-
ing oil showed a carbonyl absorption at 1690 ca~l. The u-bromo-
succinimide reaction product (0.2 g) was taken up in 4 ml of
dioxane, 3 ml of 1 B KpCO3 in dicxane-water was added, and the
resulting yellow solution was stirred for 40 hr at room tempera-
ture. Methylene chloride (20 ml) was added and the solution was
extracted twice with 10 ml Of 5% NallcO3, and several times with
water. Drying (MgSO4) and removal of solvent on a rotary evapora-
tor, yielded 0.0726 g of an 0il. An nmr spectrum indicated the

P of chal to an ‘sample) 18 ana
dioxane. Further water extraction removed the dioxane and yielded
0.03.g of a yellow oil which had properties identical to an
authentic sample of chalcone.l®

B, with tert-Butylhypochlori ts A 50-ml aluminum foil-covered
erlenmeyer flask was charged with 0.14 ¢ (0.0007 mole) of the
trans alcohol (Vb) and 1.5 ml of CDCl3. tert-Butylhypochloritel?
(0.1 g, 0.001 mole) in 0.5 ml CDCl3 was added to the stirred solu-
tion. An nmr spectrum obtained within 5 min of mixing xndicn:.d
that the alcohol had been The
mixture was taken up in Cd,Cly and extracted several times with
water to remove the tert-butanol. After drying (MgSO4) and
removal of solvent, 0.1133 g of a solid wi obtained. An nmr
spectrum (Clx:l;) indicated the product was exclusively E-chloro-

¥-Bromosuccininide: The trans alcohol (Vb) (0.17 g, 0.0008 mole)

in 2 ml of CDCl3 was added to a stirred slurry of 0,16 g (0.0009
mole) ‘of N-bromosuccinimide (MCB) in 2.ml of CDCl3 in a 50-ml

The ch was treated with 1 N
K3C03 as described in part A. The resulting product was
exclusively chalcone as identified by nmr and ir spectroscopy, and
gpc analysis. Reaction of the alcohol (Vb) with tert-butylhypo-
chlorite in carbon tetrachloride was also rapid yielding the
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chloroketone. Elimination with DABCO (Aldrich), gave greater than
95 chalcone identified by nnr and ir spectroscopy, and gpc
analysis versus an authentic sample.

C. with Mercuric Acetate: The trans alcohol (Vb) (0.4 g,
0.002 nole) was dissolved in 15 ril of glacial acetic acid in a
50-ml crlenmeyer flask. Mercuric acetate (0.6 g, 0,002 mole,
MCB reagent) was added to the stirred solution in portions. After
stirring 1 hr, the solvent was removed on a rotary evaporator at
45°. The resulting cloudy oil was taken up in CHCly and filtered
to remove some of the unreacted mercuric acetate. Removal of the
solvent yielded 1.0 g of an orange semi-solid: amr (CDCl3) T = 2.10,
2.78 (m's, CgHs's), 6.22 (m, CHp and possibly CHHgOAc), 8.02 (s,
acetate Clij). Further rotary evaporation removed traces of CHyCl
and HOAc to yield 0.9344 g of an orange semi-solid.

The crude organomercurial acetate from above was placed in a
125-ml erlenmeyer flask with 50 ml of MeOH to form a slurry.
Sodium borohydride (0.3 g, 0.008 nole) was added in portions with
cooling (ice bath) and stirring. The reaction was exothermic and
mercury precipitated. After 0.5 hr of stirring, 25 nl of saturated
NH,C1 solution was added to the reaction mixture. This solution
was extracted 5 times with 30 ml of CH,Cly. The combined CHpCly
was extracted with saturated NH4Cl and water. After drying (MgsOg)
and removing the solvent on a rotary evaporator, 0.3 g of an oil
was obtained. An ir spectrum indicated both alcohol and ketone to
be present. Oxidation of the mixture with a dichromate solution,
yielded 0.0563 g of an oil: ir (CHCly) 1685 cm~l (C=0). Analysis
by gpc (Column D at 181°) yielded two peaks of §7.5% and 12.5%
which had the same retention times as authentic samples of

8-pheny. i and a-pheny: i 1y.
These two peaks accounted for greater than 80% of the gas chromato-
gram. There was a small amount of material (v 10%) with a
retention time identical to chalcone. These results were supported
by nmr and ir data.

of cis-1,2-Dipheny

de: The cis alcohol (Va) was allowed to react with
N-bromosuccinimide in CHCl3 according to the procedure given for
the trans alcohol (¥b) above. The reaction was rapid yielding

(Va). A. with N-

8-bromo-g-phenylpropiophenone as the sole product identified by

13

predominating. An ir spectrun showed a carbonyl absorption at
1665 cn~l. Analysis by gpc (Column A at 167°) indicated the
presence of two components in the amounts of 63 and 143 with

tention times to samples of i 1
phenyl ketone (VIII) and propenyl phenyl ketone (VII) respectively.

B. with Ferric Chloride: The alcohol (VI) (0.2 g, 0.002 mole)
was allowed to react with 0.6 g (0.004 mole) of ferric chloride
(MCB reagent) according to previously described procedures. After
stirring for 30 min at 0-5°, the mixture was stirred for 2 hr at
room temperature. Work-up yielded 0.2 g of a yellow oil: ir
(cHC13) 1690 en™! (C=0). An nmr spectrum (CDCl3) was sonsistent
with B-chloro-g-methylpropiophenone as the sole product: t =
8.36 (d, 3, CH3), 6.58 (AB portion of ABX spectrum 2, CH,), 5.32
(sextet, 1, i), 2.01, 2.42 (m, 5, Cgils). -These nmr assignments
were confirmed by nmr spin decoupling experiments. The chloro-
ketone was treated with 1 N KpC03 as described in part A. The
resulting oil had nmr, ir, and gpc properties consistent with
those of an authentic sample of propenyl phenyl ketone (VII).
Only a trace of the other isomer, isopropenyl phemyl ketome (VIII),
was present as indicated by gpc (Column A at 167°).

C. with tert-Butylhypochlorite. No Inhibitor: The alcohol
(V1) (0.2 g, 0.002 mole) was allowed to react with 0.2 g (0.002
mole) of tert- lorite in CHCl3 ing to

After stirring 45 min, the solvent was
removed on a rotary evaporator yielding 0.3 g of a colorless oil.
The oil was taken up in CH,Clp and extracted several times with
vater. After drying (MgsO4) and solvent removal, another nar
icated the of B-ch. iyl

In addition a doublet at T = 8.73 and a complex multiplet in
the region T = 5.8 to 6.5 indicated the presence of B-chloro-a-

methylpropiophenone in lesser amount. An ir spectrum (CHCl3)
showed a carbonyl absorption at 1690 cm™l. The chloroketones were
treated with 1 N KpCO3 as described in part A. After work-up, an
nmr indicated the p: of 351 1 phenyl
ketone (VIII) and 65% propenyl phenyl ketone (VII). An ir spectrum

1

nmr and ir spectroscopy. Elimination of the bromoketone yielded
exclusively chalcone identified by nmr and ir spectroscopy
as gpc analysis.

well

B. with tert-Butylhypochlorite: The cis alcohol (Va) was
allowed to react with tert- itel? in cuciy
to the procedure given for the trans alcohol (Vb) above. The
reaction was rapid, yielding 8-chloro-g-phenylpropiophenone
identified by nmr and ir spectra.

C._with Mercuric Acetate: The cis alcohol (Va) was allowed

to react with mercuric acetate in HOAC according to the procedure

given for the trans alcohol (Vb). Reduction of the 1
with sodium ydride and oxidation with i
yielded an oil. The absence of a-phen was i

by gpc analysis (Column D at 185°). There were two major PC'
with retention times identical to B-phenylpropiophenone (68%) and
chalcone (32%). Spectral data (nmr and ir) indicated the presence
Of these two components.

B-thxlgx%i&hem: An authentic sample showed: mp 70-71°
(lit. mp 72-73p).20

a-Phenylpropiophencne: bromide was
in the usual manner from 4 g (0.16 g at.) of iagnesium turnings

(MCB) and 16.5 ml (25 g or 0.16 mole) of phenyl bromide. 2-Phenyl-
propionaldehyde (20 'g, 0.150 mole, Aldrich) in .25 ml of ether was
added to the Grignard over a 25-min period. After stirring for

2 hr, saturated NH4Cl was added to the mixture until salts precipi-
tated. The ether was decanted and the solids were washed several
times with ether. The combined ether extracts were extracted
twice with 100 ml of water. After drying (MgsO4), the ether was
removed on a rotary evaporator to yield 15'g (504) of a yellow
o0il: ir (CHCl3) 3620, 3480 cm~! (0-H); nmr (cDCl3) T = 2.64,

2.73 (m, 10, Cglg's), 5.18 (4, 1, H-C-OH), 6.88 (m, 1, CH), 8.06
(s, 1, OH), B.69, 8.91 (d, 3, CH3's).

The alcohol (12 g, 0.06 mole) was oxidized with a dichroma
solution according to the procedure used for the synthesis of
iscbutyrophenone. Work-up yielded 11 g of a yellow oil. Recrys-
tallization from ethanol-skellysolve B gave a pure sample: mp 48.5-
50° (lit. mp 49-51°).21

of Propenyl Phenyl Ketone (VII).-~The ketone was
prepared by Friedel-Crafts acylation of benzene with crotonyl
chloride (Aldrich) and AlClj according to published procedures.??
The propenyl phenyl ketone had the following properties: bp 69-73°
/0.8 mm (lit. bp 135-140°/20 mm);23 ir (CHCl3) 1660 (C=0), 1627
cn~l (c=C); mmr (CDC13) T = 8.10 (4, 3, CH3y), 2.14, 2.54, 3.04 (m,
7, CgHs, CH=CH); mass spectrum m/e (rel intensity) 146(54.4),
105(100), 77(82.1), 69(56.1), 51(45.8). Analysis by gpc (Column A
at 167°) indicated the olefin was greater than 90% pure.

b3 ion of Isopropenyl Phenyl Xetone (or Methasrylophenone)
(VIIT). A. Preparation of Isopropylphenylcarbinol; Phenyl magne-
sium bromide was prepared in the usual manner from 34 g (1.4 g at.)
Of magnesium turnings (MCB) and 218 g (1.4 mole) of bromobenzene
(MCB). Isobutyraldehyde (100 g, 1.4 mole, MCB) in 250 ml of
anhydrous ether was added dropwise to the Grignard over a period
©of 2 hr. The mixture was then stirred under reflux for 0,5 hr.
Saturated agueous NH4Cl was then added until a precipitate formed.
‘The ether was decanted and the precipitate washed with ether.
The combined ether was extracted with water and dried. Removal
©Of the ether by distillation yielded a liquid which upon distilla-
tion gave 174.2 g (911) of isopropylphenylcarbinol: bp 61-67°/-0.7
-lmm (lit. bp 101-104°/7 mm).23

B. of L In a 500-ml three-neck
round-bottom flask was placed 50 g (0.3 mole) of the above alcohol
and 100 ml of ether. To this stirred solution was added 150 ml of
@ichromate solution (prepared from 55 g of sodium dichromate
dihydrate and 41.5 nl of concentrated HySO4 diluted to 225 ml with
water) over a 70-min period at room temperature. Some cooling
The mixture was then stirred for

with an ice bath was necessary.
16 hr. The ether and green chromate layers were separated and the
chromate layer was extracted with ether. The combined ether was
extracted with 50 ml of 5% NaHCO3, 50 nl of water, and dried
(HgSOL). Removal of the ether and distillation yielded 47.0 g
(94%) of isobutyrophenone: bp 60-65°/1.6 mm (lit. bp 120°/20 mm).24
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Synthesis of 2-Methyl- 1-rh.ny1cycxapmp.m1 (VI).--A mixture
of cis- and trans- tates was pre-
pared by the method of rmelans (cis:trans ~ 1.8:1). The acetate
mixture (10 g, 0.05 mole) was cleaved with 56 ml of 2.3 M methyl-
lithiuml® and worked up to give a yellow oil. The material was
distilled and 7 g (88%) of a colorless oil (VI) was collected,
bp 65-75%/0.8 mm): ir (CHCl3) 3600, 3430 (OH); nmr (CDCl3) t =
8.7-9.4 (m, 6, cyclopropane CHp, CH, and CH3), 7.52 (s, 1, OH),
7.64, 7.73 (s, 5, Cglls).

Reactions of z—n-r.hyl 1-rn.ny1cycxopx§mx (VI) with Halo-
ing Agents. §-
.002 mole, a) and 5 IL\ cacl; were placed in an

foi. 50-ml flask to form a slurry.

The alcohol (VI) (0.2 g, 0.001 mole) in 5 ml of CHClj was added to
the stirring slurry over a few moments. The solution initially
turned orange and it was stirred for 30 min. The solvent was
removed on a rotary evaporator to yield 0.5 g of a solid-oil
mixture which was taken up in CClq and filtered to remove some of
the succinimide. Removal of the CCly yielded 0.3 g of an oil. An
nmr spectrum (CDCl3) showed phenyl absorptions at T = 2.12 and

2.43 in the ratio of 1:1.7 assigned the ortho and meta-para protons;
a series of complex absorptions in the region T = 5.9 to 6.9
assigned to BrCHp, CH-CHj, and CHCO-; a weak absorption at t =

ar

5.29 assigned to CH-Br; and doublets at 1 = 8.20 and 8.73 in the
ratio of » 1:8 assigned to the Cily of B-bromo-8-methylpropio-
phenone and to the Ciiy of B-bromo-a-methylpropiophenone
. Traces of ¥- inimide and inimide were

removed by silica gel chromatography with CHyCl; as the eluting
solvent, An ir spectrum (CHCl3) showed a carbonyl abBorption at
1685 cn™l. The oil was treated with KpCO3 for 24 hr as previously
described. Pentane (50 ml) was added to the reaction mixture.
The layers were separated and the pentane was extracted with 20 ml
©of 10% HC1, twice with 20 ml of 5% NalCO3, and twice with 20 &l of
water. The pentane solution was dried (MgSO4) and the solvent
removed on a rotary evaporator to yield 0.0535 g of an oil. Based
on comparison with nmr spectra of authentic samples, an nmr

(CDC13) indicated the of 1 phenyl
ketone (VIII) and propenyl phenyl ketone (VI1) with the former
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round-bottom flask was charged with 10 g (0,07 mole) of isobutyro-
phenone and 50 ml of anhydrous ether. This mixture was cooled with
an ice bath and about 0.1 g of aluminum chloride (MCB reagent) was
added. Bromine (3.3 ml, 10.3 g, 0.07 mole, MCB reagent) was added
dropwise to the cold solution with stirring over a 5-min period.
Ko reaction seemed to occur, so two spatulas of aluminum chloride
were added and the ice bath was removed. After stirring 30 min
the reaction was complete as evidenced by the disappearance of the
bromine coloy. The solvent was removed on a rotary evaporator to
leave an orange oil which was taken up in ether and extracted
twice with 25 ml of water. The water layer was extracted with
ether. The ether solutions were combined and dried (MgsO4). The
ether was removed on a rotary evaporator to yield 14 g (89%) of a
yellow oil. Treatment of a few drops of the oil with silver

a yellow (AgBr). spectral
properties were consistent with those expected for a-bromo-a-

“methylpropiophenone: nmr (CDCl,) T = 1.93 (m, 2, ortho protons),

2.48 (m, 3, meta and paxa protons), 7.96 (s, &, CH3's); ir {cHcl)
1680 cm-1 (c=0).

D. Preparation of Isopropenyl Phenmyl Ketone (or Methacrylo-

&l’?\n‘ﬁ}\ﬂl Heating of n—bzvvqp—a—mthylvapiophmn: with an
ivalent of DABCO (Air or Aldrich) in dioxane at
100-100° for 12 hr resulted in the formation of a precipitate
(DABCO*HBx) which was filteréd and washed with CH,Clz. The
dioxane-Cii;Cl, was extracted.with water several times. The solu-
tion was dried (MgSO4) and the solvent removed on a rotary evapo-

- rator to yield an oil which an nmr spectrum indicated was-fairly

pure isopropenyl phenyl ketone (VIII). The oil was taken up in
pentane and extracted with 20 ml of 2°H HC1, 20 ml of 5% NalicO3,
and twice with 20 ml of water. After drying (MgSOg) and removal
of solvent, the resulting oil was distilled and a fraction (bp
49-51*/1 rm, lit. bp 60°/3 mm)26 was collected. It had spectral
properties consistent with those exp for yl phenyl
ketone (VIII): ir (CHCl3) 1660.(C=0), 1630 cm™l {C=C); nmr
(cdCl3) t = 2.31 (m, 2, ortho protons), 2.45 (m, 3, meta and para

(CHC13) showed carbonyl ‘absorptions at 1655 and 1629 cm™l. € o, P The proce- protons), 4.10, 4.38 (a's, 2, CHy=C), 7.90 (s, 3, CHy); mass
T M R T e SESRIEDET h  e e,
':::x:::::i::ez;:a‘::":“;m;nz:: :ﬁ:f pheny} ketone compared gpc (Column A at 167°) indicated the olefin was pure.

this hypothesis optically active trans-2-phenyl-1-methyl- CH,3

cyclopropanol (IV)?2 was allowed to react with NBS, tert-

butyl hypochlorite, and FeCl;. Cleavage with NBS and CH,4 CeH; +-BuOCl

tert-butyl hypochlorite in CDCl3 proceeds with predomi- or FeCl,

nant or exclusive inversion at the benzylic carbon yielding H OH

optically active 4-halo-4-phenyl-2-butanone (eq 7).2 In CH,

contrast, cleavage with FeClz in ether ylelds racemic 4- CH, 0

chloro-4-phenyl-2-butanone.

cis- and trans- 1,2-Dxphenylcyclopropanol (Va and i
Vb). A mixture of cis- and trans-1,2-diphenylcyclopro-

pylacetates was prepared and separated according to the

method of Freeman® and DePuy.? Cleavage with methylli-

thium produces the corresponding alcohols Va and Vb.

These alcohols melt over a relatively wide range even after HO

numerous recrystallizations even when it appeared by nmr

and ir spectroscopy that they were pure. Perhaps they melt cfi,

with some ring opening induced by air or glass. v
Both of these alcohols react rapidly with NBS or tert-

butyl hypochlorite in CCly solution to yield a single halo

ketone whose nmr spectrum is consistent with the struc-

(LN
X =

0 X
B v — g @

NBS, ¢t-BuOCl
X = Br, Cl
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s
CaHECHCH2COCaHY

X (8)
1IN
K2CO03

CeHjCHNCHCOCeHs

"X+” = NBS, i-BuOCl

ture of /3-halo-d-phenylpropiophenone (eq 8). This struc-
ture was confirmed when it was found that stirring with 1
N potassium carbonate solution converted the product ex-
clusively to chalcone.

When either Va or Vb is stirred with an equivalent of
mercuric acetate in acetic acid at room temperature, ring
cleavage occurs within an hour, giving rise to a mixture of
organomercurials (eq 9). To determine the relative amount

CHZHgOAC CH3
HCCOCaH5 hccocth6
| |
CaH5 ceH5
Hg<OAc)2 + 1NeBH
HOAc ' 2. Crflc

C, HLCHCH2COCaH5 CaHECHZCHZ2COCaH6
HgOAc (©)]

of C1-C2 compared to C1-C3 bond cleavage, the carbon-
mercury bond was reduced with sodium borohydride and
the resulting mixture of alcohols was reoxidized to a mix-
ture of a- and /3-phenylpropiophenone. Analysis of the mix-
ture of ketones was made by gpc and comparison was made
with authentic samples which were synthesized by stan-
dard methods (see Experimental Section). Both the cis and
trans isomers gave mainly or exclusively C1-C2 cleavage;
from the former no a-phenylpropiophenone was formed,
the ketone fraction being 68% (J-phenylpropiophenone and
32% chalcone while the latter gave 88% /3-phenyl- and 12%
a-phenylpropiophenone together with chalcone. The chal-
cone must have arisen by elimination of the highly reactive
benzylic organomercurial either by solvolysis or during re-
duction.10 In any event it could only have arisen from the
products of C1-C 2 cleavage so that cleavage in this direc-
tion occurs to the extent of 90-100%. We have also shown
that cleavage of these isomers by H+ leads to 93-95% C1-C 2
cleavage.9 These results confirm scattered literature results
which indicate that in a 1,2-diphenylcyclopropane the ring
bond between two phenyl groups is cleaved preferentially.
Levinall reported that cleavage of 1,2-diphenylcyclopro-
panes occurs between the two phenyls upon reaction with
bromine at —7°. LalLonde12 also found exclusive C1-C2
cleavage of the 1,2-diphenylcyclopropanes with bromine in
CCl4 at —20°. Young13 has noted a similar direction of
cleavage for 1,2-diphenylcyclopropanes with ceric ammo-
nium nitrate.

2-Methyl-1-phenylcyclopropanol (VI). In previous
work we had determined that this compound undergoes
99% C1-C3 cleavage with mercuric acetate, 53% C1-C3
cleavage with H+, and 83% C1-C 3 cleavage with OH- .3 To
complete our comparison with the 1,2-diphenyl and 2-phe-
nyl-I-methyl systems, we wished to determine the product
composition upon ring opening with halogenating com-
pounds (eq 10). Brominations were carried out with NBS in
chloroform and chlorinations with tert-butyl hypochlorite
in chloroform and ferric chloride in ether. The results are
given in Table I.

DePuy and Van Lanen

Table |
Product Distributions from Cleavage of
2-Methyl-1-phenylcyclopropanol (V1) with
Halogenating Agents*

Reagent/solvent % Cj—€2 cleavage % Cj—Cis cleavage
NBS/CHC13 14 86
/-buoci/lchcli3 58 42
FeCl3/ether 100 0

aBased on elimination of the /3-halo ketones to isopropenyl-
phenyl ketone (VI11) and propenylphenyl ketone (V I1).

CHXCH= CHCOCaH5

Vi
+ + (10)
CHiX ch2
1
CHsCHCOCeHs CH3DCOCEH6
vm

"X+” = NBS, i-BuCCl

These results for NBS and FeCl3 are those expected on
the basis of earlier studies. For example, bromination of
1,2,2-trimethylcyclopropanol gives 100% C1-C 3 bond cleav-
age, by attack of the electrophile on the least substituted
carbon, while FeClI3 oxidation gives 100% C1-C2 opening
with the generation of the most stable radical.4 The reac-
tion products with tert- butyl hypochlorite are difficult to
account for. When the reaction was carried out in the pres-
ence of hydroquinone or p- cresol, the product mixture did
not change. These inhibitors did not interrupt any radical
chain reaction.

Discussion

The results reported in this paper complement and rein-
force those reported earlier1’34'9 without affording final an-
swers to several striking aspects of the reactions of cyclo-
propanols with electrophiles. The most puzzling anomalies
lie in ring opening with various halogenating agents. We
might take 1,2,2-trimethylcyclopropanol as a “well be-
haved” compound. This molecule reacts rapidly with NBS
or tert- butyl hypochlorite giving quantitative yields of
products resulting from attack on the methylene ring car-
bon.4 2-Phenyl-I-methylcyclopropanols reacts equally rap-
idly, but exclusively at the benzylic carbon, and complete-
ly, or nearly so, with inversion of configuration at C2. This
high stereospecificity would seem to rule out any radical-
chain mechanism, especially so since FeCls oxidation leads
to nearly racemic chloride, and, while ionic chain mecha-
nisms are conceivable, they do not give any clear-cut expla-
nation for the differences found on halogénation of 2-
methyl-l-phenylcyclopropanols nor for the differing stere-
ochemical results reported earlier for the 2,3-dimethyl-I-
phenylcyclopropanols and cyclopropyl acetates.4 Further
work will be needed to clear up these differences in behav-
ior which are especially interesting because cyclopropanes
in general are not reactive toward halogenating agents, cy-
clopropanols being a notable exception.

Our results also confirm that 1,2-diphenylcyclopropanes
are especially susceptible to cleavage of the ring bond be-
tween the phenyl groups, no matter what the electrophile.



Activation of Dimethyl Sulfoxide

The effect is observed whether the two aromatic rings are
cis to one another or trans, and thus cannot be due to a ste-
ric relief of strain. We do not have any stereochemical re-
sults in a diphenyl system, so we cannot say whether the
electrophile is entering with retention or inversion, but in
the system studied by Cristol and coworkersl14 ring opening
always occurred on the bond between the aromatic rings
and with retention (eq 11). It will be interesting to see if
this stereochemistry will hold for simple cyclopropanes.

Q m Q

H H
E

The independence of product composition with cyclopro-
pane stereochemistry is also clearly shown by the reactions
of cis- and trans- 2-phenyl-I-methylcyclopropanols, and
the product composition is also unchanged when the much
less reactive methyl ethers are used in place of the alcohols.
Additional work is now in progress which may shed light on
some of these puzzling observations.
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Interm ediates in the Preparation of Iminosulfuranesl3
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Dimethyl sulfoxide (DM SO) reacts at oxygen with S03, P4010, BF3, and H2SO4 at or below room temperature.
With the first two electrophiles, intermediates are obtained that generally react readily with sulfonamides, am-
ides, and aromatic amines to give iminosulfuranes in good to excellent yields (60-90%). Although intermediate
complex formation is necessary for the formation of iminosulfuranes, it is not a sufficient condition for successful
reaction, as a good leaving species must also be provided to facilitate cleavage of the S-0 bond of DMSO. Acetic
anhydride does not form significant quantities of “activated” intermediate with DM SO at room temperature but
does at elevated temperatures and, if sulfonamides or carboxamides are present, iminosulfuranes are obtained.
The activation of DM SO with S03 has received detailed study; SO3is especially useful in the preparation of imi-
nosulfuranes from DM SO and aromatic amines; and it can also be used with the other nitrogen compounds. Salts
have been prepared from selected iminosulfuranes and hydrogen chloride. Mechanistic considerations are also

discussed.

In this paper we are reporting (a) the “activation” of
DMSO by liquid SO3 and, for comparison, P4010, acetic an-
hydride, concentrated sulfuric acid, and boron trifluoride;
(b) the scope and limitations of the reaction of “activated”
DMSO with a variety of nitrogen compounds (sulfon-

amides, amides, and aryl amines) to prepare iminosulfu-
ranes with a wide range of structures (R2S+-N “-R"); (c)
certain mechanistic aspects of the iminosulfurane prepara-
tive reaction; and (d) some spectral and other miscellane-
ous characteristics of iminosulfuranes. As a corollary of (a),
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we were also interested in knowing if complex formation
between DMSO and any electrophile followed by reaction
with an appropriate nitrogen compound as the nucleophile
is a sufficient condition to ensure iminosulfurane forma-
tion.

Various electrophiles have been used to *“activate”
DMSO;2 these include, among others, dicyclohexylcarbodi-
imide + acid,3 acetic anhydride,4 acetyl chloride,5 phospho-
rus pentoxide,6 polyphosphoric acid,7 sulfur trioxide-pyri-
dine,8 and diphenylketene-p-tolylimine + acid.9 In most
instances, alcohols have been the nucleophiles,2-4 but in a
limited number of cases phenols,10 enols,11 oximes,12 and
amines6'13 have also been used.

Results and Discussion

A. “Activation” of DMSO by Electrophiles. Nuclear
magnetic resonance spectroscopy is an excellent microtech-
nique for in situ observation of complex formation between
DMSO and electrophiles without the need to isolate and
handle extremely labile and hygroscopic intermediates.
DMSO shows a sharp singlet at ca. $2.6 (TMS 0), but
upon the addition of certain electrophiles, usually with
cooling, a new downfield singlet appears immediately at ca.
8 3.0. A downfield shift would be expected if a DMSO-elec-
trophile complex (1) had formed owing to the greater de-
shielding of the S(CH3)2 protons as a result of the develop-
ment of a full positive charge on sulfur. Such a downfield
shift is observed upon addition to DMSO of BF3, P40O10,
SO3, or concentrated sulfuric acid but not acetic anhydride
at room temperature.

H3 .
S—p: + E H=* S—0— E
h,c/-" nxy
1
H 3G
1 + Nu: —» S— Nu + (OE)
h3/

To be certain that the new signal was, in fact, derived
from the complex (1) and was not an artifact, we isolated
the intermediates in some cases and examined their nmr
spectra. The nmr spectrum of the isolated (very hygroscop-
ic) DMSO-BF3 complex (2), mp 51° (lit.14amp 53°), in ace-
tone-dé6 shows a sharp singlet at 8 3.08; in DMSO-de, in
which the complex is more soluble, two sharp singlets are
observed at $3.03 and 2.58 suggesting that the following
equilibrium exists.

(CH32S— O— BF3 +
2, 83.03

<CD)i—0 ~

(CD32S— O— BF3 + (CH3 i— 6

8 2.58

Interaction of DMSO with P4010 in chloroform at room,
temperature immediately yields an extremely hygroscopic
white precipitate whose nmr spectrum in acetone-<ifi shows
only one sharp singlet at 8 2.96. We visualize the formation
and structure of the complex (3) as follows (P205 is used

0 <r 0

+ 1 ip 1 1
(CH3S —o P—0--p — (cBJ&--0—p—0--p
1 1 1 1

0 0 0 0

for convenience in the equation). As with the DMSO-BF3
complex, 3 also shows two sharp singlets at 8 2.87 and 2.61
in DMSO-df; suggesting an equilibrium exchange process.
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A solid DMSO-SO3complex having the formula 4, where
X ranges from 1 to 3, has been reported recently by Pet-

so3
\HZ/
4
titt.15 We find that reaction of DMSO with liquid S03
yields an immediate white precipitate (5) but we have been
unable to isolate it without decomposition as it is extremely
sensitive to moisture. A DMSO solution of this complex,
however, shows the anticipated sharp singlets at 8 3.06 and
2.6.

0 0
=\ + |
(CIDjS— 0 + S=0 (CHAjS— O— St=0

1
0 0

In contrast, no changes are observed in the nmr spec-
trum of a solution of DMSO and acetic anhydride at room
temperature over several hours; two singlets are seen at 8
2.51 and 2.2 corresponding to the methyl protons of DMSO
and acetic anhydride, respectively, with no peaks farther
downfield. DMSO reacts slowly with acetic anhydride at
room temperature,16 a result that is not surprising, as bond
breaking is first required. Upon heating the solution, how-
ever, the Pummerer rearrangement occurs rapidly and is
easily observed by nmr.

A solution of DMSO in concentrated sulfuric acid (4:1
molar ratio) exhibits two singlets at ca. 8 3.2 and 11.32.
Since no DMSO signal is observed at 8 2.6 it is assumed
that all of the DMSO is bound as a rapidly equilibrating
hydrogen-bonded complex 6. The proposed structure is

4 (CEjfS— 0 + H,S04 =l=*= 2[(CH3S— 0— H -0 — S(CH:)2]

so4d2-
6

similar to that of the complexes of DMSO with meth-
anesulfonic acid17 and 2,4,6-trinitrobenzenesulfonic acid.18

B. “Activated” DMSO Reaction with p- Toluenesul-
fonamide. We next directed our attention to the question
of whether complex formation between DMSO and the
electrophiles is a sufficient condition to ensure iminosulfu-
rane formation on reaction of the complexes with an appro-
priate nitrogen compound as the nucleophile. We chose p-
toluenesulfonamide (7) as the standard nucleophile be-
cause Tarbell and Weaver19 had shown that certain sulfox-
ides condense with 7 on heating a chloroform solution in
the presence of acetic anhydride or phosphorus pentoxide
to give low to modest yields of crystalline iminosulfuranes
(dimethyl sulfoxide was not studied by Tarbell and Weav-
er). The condensation was apparently viewed as a simple
dehydration reaction with the P4010 or acetic anhydride
functioning as the dehydrating agent; no suggestion of
complex formation was offered.19

acetic

R,S— 0 + H,N--S02 ch3

anhydride, A

R,S— n— so

As a control, DMSO and p-toluenesulfonamide (7) were
shown to be unreactive at room temperature for 72 hr
(nmr, tic). In contrast, reaction of 7 with excess DMSO
containing sulfur trioxide or phosphorus pentoxide at room
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Table |
ArSulfonyliminosulfuranes from “ Activated” DMSO and Sulfonamides

Reaction conditions

. i . TerEp° . Tine, Yield, a
Sulforamice Registry no.  Activator hr Prodlct % Mpa'C Lit mp, *C Ref
p -Toluenesulfonamide 70-55-3  s03 15-25 10 p-HjC— C6H4S02N— S(CH3)2 60-80 156-158 158-159 20
7 P40 15-25 1.5 8 60-75 156-158
Ac20 85-90 1.5 60-75 156-158
Benzenesulfonamide 98-10-2 S03 15-25 20 cbh5s02n — s(ch3)2 65 128-130.5 131 21
9 Ac20 90 4 10 60-75 124-126
p -Nitrobenzenesulfon- 6325-93-5 3503 15-25 27 p-o2n — cb6hdso2n— s(ch32 >75 183-185 186 22
amide Ac20 95 2.5 12 >90 183-185
11
p -Chlorobenzenesulfon - 98-64 -6 S03 15-25 5 p-ci— cbh4so2n— s(ch 3)2 70-90 110-113 116-1176
amide 14c
l/\
Methanesulfonamide 3144-09-0 Ac20 85-90 4 ch3so2n — s(ch3)2 30-40 111-117 122-123 23

15

16

° Crude reaction product. 4 New compound purified by crystallization successively from methylene chloride and then acetone. Anal.
Calcd for CBH10NO2S2ClI: C, 38.16; H, 4.00; N, 5.56; S, 25.47; Cl, 14.08. Found: C, 38.45; H, 4.03; N, 5.68; S, 25.26; Cl, 14.30.c Registry no.

52259-84-4.

temperature for 10 or 1.5 hr, respectively, followed by dilu-
tion of the reaction mixture with 10% aqueous sodium hy-
droxide gave 60-80% yields of the iminosulfurane, S,S-
dimethyl-ATFp- toluenesulfonyliminosulfurane (8). Dilution
of the reaction mixture with water rather than with base
gave substantially lower yields of 8 contaminated with ad-
hering sulfuric or phosphoric acids. Solvents, such as chlo-
roform used by Tarbell and Weaver,19 are undesirable as
lower yields are obtained.

Although we had shown earlier that complex formation
could not be detected after several hours (by nmr) between
DMSO and acetic anhydride at room temperature, if 7 (1
mol) is dissolved in a DMSO-acetic anhydride solution (5:
1.02 molar ratio) for 28 hr at room temperature, nmr shows
that some reaction has taken place but most of the amide
(7) is unchanged. On work-up, an approximately 20% yield
of iminosulfurane 8 is isolated and almost 60% of the start-
ing material 7 is recovered. We conclude that the initial
reaction at room temperature between DMSO and acetic
anhydride is an equilibrium process which highly favors
reactants and the small quantity of complex present cannot
be detected by ordinary nmr monitoring. In the presence of
7, however, the intermediate complex is drained off, the
equilibrium is reestablished, and some iminosulfurane 8
(20%) is slowly formed. If a solution of 7 in DMSO-acetic

room temperature

(CIUS— O + (CHXO0)D —eeomeme =5

.
(CHa)*— 0— c— CH3 + CHZ02

7

(CH3S— N— S02— CH3

8

anhydride is heated at about 85° for 1.5 hr all the amide 7
reacts and a 75% yield of 8 is obtained. In the absence of 7,
heating a solution of DMSO-acetic anhydride yields Pum-
merer rearrangement product.

Although “activation” of DMSO by electrophilic re-
agents is essential for iminosulfurane formation, certain
complexes do not yield iminosulfuranes on reaction with
p- toluenesulfonamide (7). Thus, DMSO forms complexes
with boron trifluoride and concentrated sulfuric acid but
no reaction is observed between those complexes and 7 for

up to 72 hr (80-85% of 7 is recovered). In the sulfuric acid
case, reaction temperatures up to 85° were studied.

C. Scope of the Reaction of “Activated” DMSO with

Nitrogen Compounds. N- Sulfonyliminosulfuranes.
Table 1 lists sulfonyliminosulfuranes (8, 10, 12, 14, 16) pre-
pared from sulfonamides (7, 9, 11, 13, 15) (1 mol), DMSO
(5 mol), and the three electrophilic activating agents (1.1
mol) that had proven to be successful in the earlier control
studies. The sulfonyliminosulfuranes are white solids with
the exception of ylide 12 [from p-nitrobenzenesulfonamide
(11)] which is pale yellow. They are nonhygroscopic com-
pounds, stable at room temperature without special pre-
cautions.

N - Acyliminosulfuranes. In view of the uncertainty and
sparsity of the earlier work, we next examined the reaction
of DMSO with a series of amides. Table Il summarizes the
results. With the exception of 22 which is pale yellow, all
the other N - acyliminosulfuranes, including those previous-
ly reported by us,28 are white, crystalline, nonhygroscopic,
stable solids at room temperature.

N - Aryliminosulfuranes. When this,study was initiat-
ed, N - aryliminosulfuranes had not yet been described in
the literature. The first preparation was reported by Claus
and Vycudiliké from aromatic amines and DMSO in chlo-
roform solution for 2-24 hr in the presence of phosphorus
pentoxide-triethylamine. If triethylamine is omitted, bis-
methvlene derivatives of the amine or polymers are ob-
tained.13 Subsequently, Lerch and Moffatti3 obtained N -
aryliminosulfuranes in 75-85% yields only from m- and p-
nitro- and 3,5-dinitroaniline on reaction with DMSO, dicy-
clohexylcarbodiimide, and anhydrous phosphoric acid;
2,A-dinitroaniline did not react and was recovered. Acetic
anhydride acetylates the amines and thus is not a suitable
activator. Our study of the preparation of Ataryliminosul-
furanes, therefore, focussed exclusively on sulfur trioxide
activation; results are summarized in Table III.

The N- aryliminosulfuranes with a powerful electron-
withdrawing group (CN or NO?2) on the ring (40, 42, 48, 50,
52, 58) are fairly stable; they have been stored for 1-12
months at room temperature with no observable change,
and appear to be stable indefinitely at —20°. In contrast,
the iminosulfuranes obtained from the haloanilines (28, 30,
32, 34, 36, 38, 44) are hygroscopic and decompose within a
few days to a few weeks at room temperature but they can
be stored for at least 1 month at 0° and up to 6 months at
—30°. The least stable iminosulfurane (54), prepared from
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Table 11
IV-Acyliminosulfuranes from “ Activated” DMSO and Amides

Reaction conditions

Amide Registry no.  Activator Temp, °C T|r:?e, Product Yield,°% Mp, C Lit. mp, C Ref
0
Dichloroacetamide 683-72-7 S03 15-25 46 " 25-35 84-89
17 Ac2 80-95 9.5 CI2CH— C— N— S(CH3)2 25-30 (101-102) 101-102 24
18 95-98
o (101-102)
[} - +. .
Trichloroacetamide 594-65-0 Ac2 90 3 C13C— C— N— S(CH3)2 4 86-87 78-79 25
19 20 o (91-92)
n- *, X
p-Nitrobenzamide 619-80-7 S03 15-25 24 P-o2n— c6h4— cn— s(ch32 80-85 202-206
21 pao10 15-25 24 22f 70-75 184-200 220-222"
Ac20 95-100 3.5 oc
Benzamide 55-21-0 S03 15-25 45 A on, 22-26® 216 219 26
23 (219)
24
ncnh?2 420-04-2 Ac2 25 44 NC— N— S(CH3)2 28 63-70 82-83 27
25 s03 <25 4 26 0 (74-78)

a Crude reaction product. 6 Crude (pure). c21 (85%) was recovered. d New compound. Anal. Calcd for CO9H 10N 203S: C, 47.78; H, 4.46;
N, 12.38; S, 14.17. Found: C, 48.06; H, 4.56; N, 12.44; S, 13.96.e23 (58%) was recovered, f Registry no., 52259-85-5.

p-toluidine, turns black within several days at room tem-
perature but it can be stored at —30°.

In the reaction of aromatic amines and amides with
DMSO-SO3 two points are noteworthy: (1) some amines
react rapidly and quite exothermically, and require careful
temperature control, whereas sulfonamides and carboxam-
ides react slowly and only slightly exothermically; and (2)
in the reaction of sulfonamides, a portion of the iminosul-
furane precipitates during the reaction but the best yields
are obtained only if the reaction mixture is diluted with
aqueous base. With the amines, dilution of the reaction
mixture with water gives no precipitate of iminosulfurane
(water-insoluble), suggesting that the reaction product is a
(bisulfate?) salt; base is required to obtain the ylide from
the salt and solvent extraction of the aqueous DMSO solu-
tion is often needed to obtain the best yields (up to 90%).

D. Salts of Iminosulfuranes with Hydrogen Chlo-
ride. Iminosulfuranes are basic and form salts with hydro-
gen chloride but, in the cases studied, the salts were unsta-
ble and. hygroscopic and lost hydrogen chloride readily,
thereby precluding correct elemental analyses. The salts
are easily precipitated by treating a cold ether solution of
iminosulfurane with a hydrogen chloride-ether solution.
Rapid work-up and solvent evaporation permits isolation
of salts that are fairly pure as shown by titrimetric analysis.
The following salts were prepared.

H
n— S(ch32Cr

X=3-C1, 4-C1, 3-Br, 4-N02, 4-CN

All salts have strong ir absorptions at 3500-3000 cm-1
(NH). The salts in which X = 4-N02 and 4-C1 have been
reported by Vilsmaier and Spriigel, 3L but in the latter case
we obtain mp 113-114° dec (lit. mp 103-104°).

E. Mechanistic Considerations. “Activation” of
DMSO by an electrophilic reagent which converts it to an
intermediate with a good leaving group is an essential con-
dition for successful preparation of iminosulfuranes from
DMSO and the nitrogen compounds discussed in this

paper. In the initial stages of our study, when we had exam-
ined only a few sulfonamides, carboxamides, and aromatic
amines, and based also on the literature,6'19'32 we tentative-
ly concluded that the acidity of the N-H proton was the
most important structural feature for the successful prepa-
ration of iminosulfuranes from “activated” DMSO.33 That
conclusion was based on the higher yields obtained when
the amino compounds contained a good electron-withdraw-
ing group either on the aromatic ring (p-nitroaniline and
p-nitrobenzamide, for example) or attached to the nitrogen
function (p-toluenesulfonamide, for example). With im-
proved monitoring and work-up techniques and better han-
dling of liquid sulfur trioxide to prevent the entry of water,
it was shown that proton acidity is not the crucial factor in
the yields obtained. The acidity of the N-H proton of the
nitrogen component, however, is important in facilitating
the removal of the second proton from the intermediate
iminosulfonium salt. The nucleophilicity of the nitrogen
component is important in controlling the time required
for reaction, although the effects have not been quantitated
nor are they very large.

Aromatic amines fall into three groups: (a) those with
electron-donor or weak electron-withdrawing groups on the
ring are usually completely consumed after addition to the
reaction mixture is complete (very exothermic reaction);
(b) those with one powerful electron-withdrawing group re-
quire 1.5-2 hr (slight exothermicity); and (c) those with
more than one electron-withdrawing group require up to 5
hr. The reaction rates do not differ by the orders of magni-
tude that might be expected in comparing p- toluidine, for
example, with p-nitroaniline (rate ratio approximately 5:
1). We believe that the relatively small rate differences
among the amines are due to a “leveling” effect caused by
the facile departure of an effective leaving group from the
DMSO-SO3 intermediate. In transition-state terms, bond
breaking in the highly polar DM SO medium is expected to
be an energetically favorable process and should be farther
advanced than bond making. The reaction may thus be
viewed as a solvolytically assisted nucleophilic displace-
ment reaction.

Although we have not attempted a systematic study of
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steric effects on iminosulfurane formation, a large ortho
substitutent in the aromatic amines seems to slow down
the reaction markedly (Table I11I).

A reaction pathway which accounts for all the facts is
shown below, using SO3 as the activating agent for illustra-
tive purposes as it is the most generally useful of the elec-
trophiles studied taking into account not merely overall
reaction times but ease of handling as well.

(6] (6]
+ -0 + ]
(CHOS—O + =0 — (CHY2—s—o—s=o (1)
d
1
(6] H

+ r> ]

+ 1
(CHJ0S— O—S = O == [(CH)B— N— R] HSO,“ <2

[(dialos— N— R] HS04

(or added base)

2= (CBjjS— N— R + H,S04 (3
(scy-)

The first step is the formation by the equilibrium pro-
cess shown of the DMSO-SO3 intermediate (1, E = SO3)
which undergoes nucleophilic attack by amine (sulfona-
mide or carboxamide). Step 2 is rapid with amines and slow
with sulfonamides and carboxamides (the role of electron-
withdrawing substituents in reducing the overall reaction
rate has already been noted). The equilibrium in step 3 is
disfavored (far to the left) with aromatic amines owing to
the lower acidity of the remaining N-H proton but the for-
ward reaction is favored with sulfonamides and p-ni-
trobenzamide. With amines, no iminosulfurane can be de-
tected until strong base is added, which forces step 3 to the
right. With sulfonamides and p-nitrobenzamide the higher
acidity of the remaining N-H proton permits its facile re-
moval either by the excess DMSO present or even to some
extent by HSO4- . Iminosulfurane is present in substantial
amounts in these cases even before strong aqueous base is
added and it precipitates upon addition of water or sponta-
neously.

The formation of bis(amino)- [or bis(amido)-] methanes
in the DMSO-SO3 reactions is a side reaction that occurs
only when the longest reaction times are required. In the
case of 24-dinitroaniline, the bis(amino)methane is the
major (sole?) product. In the one case studied, we have
shown that the bis(amino)methane (59, Table I1l) can be
formed from preformed iminosulfurane, S.S-dimethyl-Al-
3,5-dinitrophenyliminosulfurane (58), by dissolving it in
DMSO-SO3 reaction mixture overnight. This experiment
leads us to believe that iminosulfuranes or their bisulfate
salts may be the precursors of the bis(amino)methanes, but
whether that is the exclusive pathway is uncertain.

F. Spectral Characteristics of Iminosulfuranes.3437

Nmr spectra show no unexpected features and are readily
interpreted by first-order analysis. The singlet observed for
the S+(CH3)2 protons indicates that (a) resonance contri-
bution to the ylide structure of the S=N form (3d-2p over-
lap) is minor or (b) if cis-trans isomerism does exist inter-
conversion of isomers is rapid on the nmr time scale.

Ir spectra of iminosulfuranes are considerably more com-
plex than those of the starting amines or amides. No char-
acteristic absorptions are observed between 3600-3100 and
2900-1620 cm-1 in the iminosulfuranes. They show weak to

Varkey, Whitfield, and Swera

medium absorptions in the 3100-2900-cm_1 region as-
signed to the C-H stretching frequency of the SCH3 group,
and strong absorptions in the 1100-770-cm_1 region as-
signed to the N -S stretch.

The SO2 stretching frequencies of the A'-sulfonylimino-
sulfuranes (8, 10, 12, 14, 16) are significantly lower than
those of the sulfonamides (7, 9, 11, 13, 15) from which they
are derived. The t'so2 (unsym) is shifted by about 40-70
cm”1and the >s02 (sym) by 30-60 cm-1. This shift suggests
that there is substantial delocalization of the negative
charge on nitrogen into the SO2 group as shown.

o CT

+ - + I
(CHPjS— N— S— R -— » (CHpjS— N=S— R

(0] (0]

N - Acyliminosulfuranes (18, 20, 22) show strong absorp-
tion bands in the region of 770-840 and 945-1000 cm-1, not
present in the amide starting materials (17, 19, 21). In N-
acyliminosulfuranes, carbonyl stretching absorptions
(1550-1600 cm-1) are also strong and shifted to lower
frequencies (ca. 90-130 cm-1) than those of the amides
from which they are derived. The shift to lower frequencies
is attributed to extensive charge delocalization from nitro-
gen to oxygen. A similar shift to lower frequency (110
cm-1) is observed in the C=N group of s,s- dimethyl-N-
cyanoiminosulfurane (26) compared to that of cyanamide
(25).

N - Aryliminosulfuranes (28, 30, 32, 34, 36, 38, 40, 42, 44,
46, 48, 50, 52, 54, 58) show weak to moderate absorption
around 1020 cm-1 and several moderate to strong bands
between 990 and 890 cm-1.

Experimental Section

Infrared spectra were recorded on a Perkin-Elmer Model 137B
or Pye Unicam SP-1000. Nmr spectra were obtained on Varian
Models A-60A or XL-100, with TM S as internal standard. Melting
points (uncorrected) were obtained using a Thomas-Hoover capil-
lary apparatus. Tic was conducted on Eastman silica gel chroma-
grams with fluorescent indicator; visualization was conducted ei-
ther with uv light or by development in a chamber containing io-
dine crystals. All reagents were the purest obtainable; in all cases
purity exceeded 97%. Solvents were the best commercial grades
and were used as received. DMSO was distilled under reduced
pressure from calcium hydride and stored in a nitrogen atmo-
sphere over Linde molecular sieve, Type 4A. Sulfan (stabilized
SO3) and phosphorus pentoxide were obtained from Allied Chemi-
cal Co. Elemental analyses were done by Micro-Analysis, Inc., Wil-
mington, Del.

“Activation” of DMSO by Electrophiles. DMSO-BFs Com-
plex (2).14a Boron fluoride-diethyl ether complex (27.2 g, 0.192
mol) was placed in a 100-ml three-neck flask equipped with a mag-
netic stirrer, thermometer, addition funnel, and drying tube. The
contents of the flask were cooled to 20° and DMSO (15.0 g, 0.192
mol) was added dropwise with stirring and cooling over 20-35 min.
The reaction was strongly exothermic and a white precipitate
formed. It was filtered, washed with dry ether, and dried under
vacuum; the yield of 2 (very hygroscopic) was 81% (23.5 g, mp 50-
51°) (lit.14a mp 53°). Compound 2 is insoluble in chloroform but
slightly soluble in acetone: nmr (acetone-dg) 6 3.08 (s); nmr
(DMSO-d6) b3.30 (s) and 2.58 (s).

DMSO-P4010 Complex (3). As described above, DMSO (1.4 g,
0.018 mol) was added to a stirred suspension of phosphorus pent-
oxide (2.5 g, 0.018 mol) in dry chloroform. The white precipitate
was filtered, washed with dry ether, and dried under vacuum. The
product was exceedingly hygroscopic and quickly liquefied: nmr
(acetone-dg) b 2.96 (s); nmr (DMSO-dg) b 2.87 (s) and 2.61 (s).

DMSO-SO3 Complex (5). Although 5 was prepared by the
method of Pettit,15 we were unable to isolate it without decomposi-
tion as it is extremely moisture sensitive: nmr (DMSO) b 3.06 (s)
and 2.6 (s). Reaction of SO3 with DM SO is exothermic.

Reaction of p-Toluenesulfonamide (7) with DMSO. A. SO3
Activation. DM SO (34.0 g, 0.436 mol) was cooled to 20° in a 100-
ml three-neck flask fitted with a thermometer, stirrer, addition
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funnel, and drying tube. Sulfur trioxide (7.1 g, 0.089 mol) was
slowly added (40 min) while maintaining the temperature of the
well-stirred DM SO below 20°. Compound 7 (15.0 g. 0.088 mol) was
added in one portion with stirring; a precipitate began to form
within a few minutes at 15-25°. Tic monitoring showed that all of
7 had been consumed after about 10 hr. Addition of water (80 ml)
followed by 10% agqueous NaOH (80 ml) to pH 12 precipitated the
product, S,S-dimethyl-N-p-toluenesulfonyliminosulfurane (8),
142 g, mp 156-158.5° (lit. 20 mp 158-159°). The aqueous filtrate
was extracted with methylene chloride (3 X 200 ml), washed with
water, and dried to yield additional 8 (2.0 g, mp 156-158°) after
solvent evaporation. The ir spectra of the two portions of 8 were
identical, as were their nmr spectra, and'consistent with the pro-
posed structure. The total yield of 8 in a replicate experiment was
60-80%. Analytically pure 8 (recrystallized from methylene chlo-
ride) had mp 158.5-159.5°.

B. P4010 Activation. As described in A above but using P40 10
instead of SO3, 7 was consumed in less than 2 hr and a 70% yield of
8, mp 157-158.5°, was obtained; its ir and nmr spectra were identi-
cal with those of 8 prepared as in A.

C. Acetic Anhydride Activation. Acetic anhydride (2.75 g,
0.027 mol) was added to DMSO (10.3 g, 0.132 mol) followed by p-
toluenesulfonamide (4.5 g, 0.026 mol). The solution was heated on
the steam bath (85-90°) for 1.5 hr, at which time tic showed that
all of 7 had disappeared. The cooled reaction mixture was then di-
luted with cold water (200 ml) and made basic to pH 12 with 10%
aqueous sodium hydroxide (30 ml). The precipitate was filtered,
washed with water until free of base, and dried (yield 1.1 g, mp
156-158°). The-aqueous filtrate was extracted with methylene
chloride (3 X 200 ml) and the combined extracts were washed with
aqueous sodium hydroxide (60 ml) and then with water (2 X 100
ml) and dried. Solvent evaporation yielded additional 8 (3.4 g, mp
156-158°). The ir spectra of both precipitates were identical, as
were their nmr spectra, and identical with the corresponding spec-
tra of authentic 8. The total yield of 8 in replicate experiments was
60-75%.

Repetition of this experiment at room temperature for 28 hr
with tic monitoring showed a small spot due to 8 but most of 7 re-
mained unreacted. Nmr also suggested the presence of 8. Dilution
with cold water (120 ml) caused unreacted 7, mp 136-138°, to pre-
cipitate (56% recovery). The filtrate was made basic (pH 12) with
10% sodium hydroxide; no precipitation occurred. The basic solu-
tion was extracted with methylene chloride (3 X 100 ml) and the
combined extracts were dried and then evaporated under vacuum.
The white solid residue (1.0 g, 19% yield, mp 156-158°) had the
same ir and nmr spectra as authentic 8.

D. BF3 Activation. p-Toluenesulfonamide (7, 3.2 g, 0.019 mol)
was added to a stirred solution of DMSO (8.8 g, 0.11 mol) and
boron fluoride-diethyl ether complex (2.9 g, 0.02 mol); the reaction
system was monitored by nmr and tic. Nmr showed the formation
of the DMSO-BF3complex but no other spectral changes were ob-
served over 3 days at room temperature (except for disappearance
of the ether signals). Tic showed no diminution in 7 nor the ap-
pearance of any new spots. Dilution with water yielded unreacted 7
(2.0 g, mp 136-138°) whose melting point and ir were identical
with those of authentic 7. Extraction of the aqueous filtrate with
methylene chloride (3 X 200 ml) yielded additional 7 but no 8.

E. H2SO4 Activation. Similarly, 65-82% of 7 was recovered
from a reaction system consisting of concentrated H2SO4 (1.2 g,
0.013 mol), DMSO (4.4 g, 0.056 mol), and 7 (1.7 g, 0.01 mol) held at
room temperature for 48 hr or at 85° for 3 hr.

Preparation of Iminosulfuranes. N-Sulfonyliminosul-
furanes (Table I). A. SO3 Activation. The procedure described
above for the reaction of p-toluenesulfonamide (7) with DM SO-
SO3was used with minor modifications. Reaction time was deter-
mined by tic. If the sulfonyliminosulfurane did not precipitate (10)
when the reaction mixture was made basic it was extracted with
methylene chloride. If the sulfonyliminosulfurane was particularly
insoluble on basification (12), the alkaline aqueous filtrate was dis-
carded. When methylene chloride was not suitable as the extrac-
tion solvent (14), benzene was used. About 50% of 14 precipitated
from the reaction mixture*before addition of aqueous base and the
remainder was isolated by benzene extraction of the aqueous
phase.

B. Acetic Anhydride Activation. The procedure described
above for the reaction of 7 with DM SO-acetic anhydride was used
with minor modifications as mentioned in A. Compound 12 precip-
itated almost completely from the reaction mixture (>90% yield)
but an additional quantity (ca. 1.5%) could be obtained by the
usual work-up of the aqueous alkaline filtrate. In the reaction of
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methanesulfonamide (15), excess DMSO and acetic anhydride
were largely removed by distillation under reduced pressure (max-
imum temperature ca. 60°). The yellow oily residue (16 + DMSO)
was washed with cold ether and the white precipitate (crude 16)
was filtered and dried (4.2 g, mp 111-117°, 25%). The oily residue
from the filtrate was dissolved in a minimum quantity of acetone
and hexane was added until the solution was turbid. Upon cooling
to 0°, white crystals of pure 16' were obtained (2.9 g, mp 122-123°,
18%). Both the Crude and pure 16 had identical ir spectra and nmr
spectra.

IV- Acyliminosulfuranes (Table I11). s,s-Dimethyl-N-p-ni-
trobenzoyliminosulfurane (22). A. SO3 Activation. p-Ni-
trobenzamide (21, 7.0 g, 0.042 moi) was added to a stirred solution
of DMSO (11.3 g, 0.145 mol) and SO3 (4.1 g, 0.051 mol). After 24 hr
at room temperature, tic showed that all of the 21 had disap-
peared. The reaction mixture was diluted with water (100 ml), pre-
cipitating 22 in 75% yield (7.2 g, mp 202-206°); its ir and nmr spec-
tra were consistent with its structure. Recrystallization from meth-
anol gave analytically pure 22, mp 220-222°. The original aqueous
filtrate was made basic to pH 12 with 10% aqueous sodium hydrox-
ide (80 ml) when an additional quantity of 22 precipitated (0.7 g,
8% yield, mp 218-219°); its spectra were identical with those of an-
alytically pure 22.

B. P40 10 Activation. Compound 22 was prepared from 21 (4.6
g, 0.028 mol), DM SO (22.2 g, 0.29 mol), and P4010 (4.3 g, 0.03 mol);
the reaction time was 24 hr. Dilution of the reaction mixture with
water yielded crude 22 (4.3 g, 70%, mp 184-200°); it consisted
largely of 22 contaminated with a small quantity of 21.

C. Acetic Anhydride Activation. Compound 21 was recovered
in 85% yield upon dilution of the reaction mixture) No 22 could be
detected during the reaction nor could any be isolated from the
aqueous filtrate upon basification to pH 12.

S,S-
Activation. After 46 hr, the reaction mixture of DMSO (27.4 g,
0.35 mol), SO3 (5.5 g, 0.069 mol), and dichloroacetamide (17, 8.7 g,
0.068 mol) still showed unreacted 17. Dilution with water (50 ml)
followed by addition of 10% aqueous sodium hydroxide (50 ml) to
pH 12 gave a turbid solution which was extracted with methylene
chloride (3 X 150 ml) and washed with water. Evaporation of the
dried methylene chloride solution yielded a white solid which was
moderately pure 18 (4.2 g, 34%, mp 84—89°) contaminated with a
trace of DMSO (ir and nmr). Recrystallization from methylene
chloride yielded analytically pure 18 (3.2 g, 28%, mp 101-1!02°)
which showed no depression in melting point on admixture with
authentic 18.24A reported25melting point of 46-47° for 18 appears
to be in error.

B. Acetic Anhydride Activation. Similar results were obtained
upon heating a solution of DMSO (17.1 g, 0.22 mol), acetic anhy-
dride (16.8 g, 0.165 mol), and 17 (13.8 g, 0.108 mol) for 9.5 hr fol-
lowed by evaporation of volatiles at 65° under high vacuum. The
brown solid residue was washed with ether (25 ml) which removed
the color and residual DMSO; the residue was moderately good
quality 18 (5.6 g, 28% yield, mp 95-98°). Recrystallization from
methylene chloride yielded pure 18, mp 101- 102° (mixture melting
point with authentic 18 was undepressed).

N- Aryliminosulfuranes (Table I11). For the highest yields
and purity of crude reaction products in the shortest reaction
times, the molar ratio of DM SO:S03:aromatic amine was 4-6:1:
0.6-0.9. A DMSO:S03 ratio as low as 2-3:1 was sometimes used but
those ratios were atypical and are not recommended. For conve-
nience, high-melting amines were sometimes added in solution in a
portion of the total DMSO. In some cases, the crude reaction prod-
ucts precipitated when the reaction solution was made basic but
extraction with benzene or methylene chloride was usually re-
quired.

Typical Procedures. S,S-Dimethyl-N-2-chlorophenylimi-
nosulfurane (28). DMSO (14.5 g, 0.19 mol) was cooled to 20° and
SO3(4.0 g, 0.05 mol) was added with stirring while maintaining the
reaction temperature between 15-20°. When addition was com-
plete the reaction mixture was cooled to 10° and o-chloroaniline
(27, 3.0 g, 0.024 mol) was added; 15 min after addition was com-
plete tic showed that all of the 27 had been consumed. The reac-
tion mixture was diluted with ice-cold water (80 ml) and then
made basic with 10%.aqueous sodium hydroxide (45 ml), followed
by multiple extraction with benzene (3 X 150 ml) or ether. The
combined extracts were evaporated to dryness and the brown oily
residue (4.0 g) was dissolved in ether. Hexane was added to the
ether solution until it was turbid and the mixture was cooled to 0°.
Compound 28 was obtained as a white, crystalline solid (3.1 g, 71%
yield, mp 73-75°). The sample for analysis, mp 74-75°, was ob-

Dimethyl-N-dichloroacetyliminosulfuirane (18). A. S03
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tained by recrystallization from ether-hexane. (The melting point
reported@5for 28 is 58-60°).

5.5- Dimethyl-iV- 4-nitrophenylimi.nosulfurcne (50). This
was prepared from DMSO (10.2 g, 0.13 mol), SO3 (2.1 g, 0.026
mol), and p-nitroaniline (49, 2.6 g, 0.019 mol); reaction time 165
min. Crude 50 (3.3 g, 90%, mp 169-170°) precipitated cleanly from
the diluted alkaline reaction mixture and was virtually pure upon
drying. The sample for analysis, rap 172-174° (yellow needles),
was obtained by recrystallization from benzene (literature melting
points reported for 50 are 163-16513and 148-151°.6b): uv spectrum
Amax (CH30H) 386 mp (c 17,900), .234 (6700), 201 (16,500) (c 1.06 X
10- 4 mol/1.) [lit.13 Amax (CH30H) 386 mp (16,700), 234 (6200)]. In a
duplicate experiment, base was not added to the diluted reaction
mixture, which was extracted directly with CH2CI2 (2 X 125 ml).
The product obtained (0.3 g) had ir and nmr spectral characteris-
tics suggestive of a mixture of 50 and its bisulfate salt; it was not
studied further. When the agueous layer was made basic to pH 12
with 10% sodium hydroxide, 50 (3.0 g, 67%, mp 168-170°) precipi-
tated; its ir and nmr spectra were identical with those of pure 50.

5.5-
Bis(3,5-dinitrophenylami,no)methane (59)., To the stirred
DMSO (10.4 g, 0.13 mol)-S03 (4.2 g, 0.053 mol) mixture, a solution
of 3,5-dinitroaniline (57, 4.8 g, 0.026 mol) dissolved in DMSO (14.9
g, 0.19 mol) was added. After 30 min, a yellow precipitate began to
form. After 4.5 hr, all of the 57 had been consumed (tic). The yel-
low precipitate (1.6 g, 33%, mp 195-197°) was filtered, washed with
water until free of acid and adhering DMSO, and dried. Three
crystallizations from pyridine yielded pure 59: mp 253-254°; ir
(KBr) 3500-3350 (s), 3150 (w), 2350 (w), 1620 (m), 1520 (vs), 1343
(vs), 1270 (s), 1120 (s), 1080 (w), 1050 (w), 980 (w), 920 (m), 875
(m), 808 (m), and 728 cm-1 (vs).

The DMSO filtrate after filtration of 59 was diluted with cold
water, and 10% aqueous sodium hydroxide (45 ml) was added to
pH 12. An orange precipitate formed; it was filtered, washed with
water until free of base, and dried (4.3 g, 67%, mp 164-165°). It
was virtually pure 58. Recrystallization from methylene chloride
gave orange needles, mp 169-170° (lit.13mp 168-170°).

Bis(2,4-diriitrophenylamino)methane (56). In the reaction of
DMSO (15.2 g, 0.19 mol), SO3 (3.4 g, 0.0425 mol), and 2,4-dini-
troaniline (55), ayellow precipitate started to form after about 3 hr
but it required 26 hr for all of the 55 to be consumed (tic). The
reaction mixture was filtered and the yellow solid precipitate was
washed several times with water and dried (4.9 g, 92%, mp 277-
279°). Two crystallizations from pyridine yielded pure 56: mp
285-286° (lit.13 mp 275-277°); ir (KBr) 3450-3300 (m), 1600 (s),
1510 (m), 1420 (w), 1340 (m), 1320 (m), 1160 (w), 1140 (w), 1085
(m), 1030 (w), 920 (w), 830 (m), 740 (m), and 700 cm-1 (w).

5.5-
pared. by a modification of the method of Yamamoto, et al.29-32

Hydrochlorides of N- Aryliminosulfuranes. It is important to
work up the salts promptly and analyze them immediately owing
to their instability and hygroscopicity..

Typical Procedure. S,.S-Dimethyl-jV-p-chlorophenyliminosul-
furane (32, 1.0 g, 0.0053 mol) was dissolved in dry ether (15 ml)
and the solution was cooled to 0°. A 0.5 N solution of anhydrous
HC1 in ether (11 ml) was added dropwise and the precipitated salt
was filtered under dry nitrogen, washed with ether, and dried
under vacuum, 0.9 g (75%), mp 113-114° dec (lit.30 mp 103-104°),
calcd neut equiv 224, found 227. The salt is very hygroscopic: ir
(KBr) 3100 (s), 2900-2800 (s), 1595 (m), 1480 (s), 1420-1395 (m),
1292 (w), 1263 (m), 1200 (s), 1175 (w), 1112 (w), 1095 (m), 1020 (w),
995 (s), 965 (w), 930 (w), 905 (m), 847 (w), 825 (s), 805 (m), and 725
cm-1 (m).

The m-chlorophenyl, m-bromophenyl, p-nitrophenyl, and p-
cyanophenyl analogs, obtained in 65-75% yields, had the following
melting points respectively: 115-120, 95-102, 115-116, and 202-
203°.
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Synthesis and Reactions of N,N'-Dichlorodiim inosuccinonitrile

N. Kito and A. Ohno*

Sagami Chemical Research Center,
4-4-1 Nishiohnuma, Sagamihara-shi, Kanagawa 229, Japan

A,A'-Dichlorodiiminosuccinonitrile (CI2DISN) has been prepared from diaminomaleonitrile (DAMN) by an
improved method in an excellent yield. Namely, C12DISN reacts with thiols affording IV,AT'-disulfenyl com-
pounds, whereas it is reduced into diiminosuccinonitrile (DISN) by diphenyl sulfide or N-benzyl-1,4-dihydroni-
cotinamide. Olefins react with CI2DISN to yield pyrazine derivatives by simultaneous dehydrochlorination.

Oligomers of hydrogen cyanide have received intensive
attention because of their relationship to chemical evolu-
tion12 and the versatility of their reactions.3 Diiminosucci-
nonitrile (DISN) and diaminomaleonitrile (DAMN) have
been extensively studied,4‘6 and DAMN is now commer-
cially available.78 In the course of our current study to ex-
tend the reactions of DAMN,9 we have found an im-
proved synthesis of N,N'-dichlorodiiminosuccinonitrile
(CI2DISN), which will be described in this paper together
with some representative reactions of CI2DISN.

N6 (VAR NCX CN NC NCI
c\ /| C==C\
hn CN nhah xnh2 CENT XCN
DISN E)AMN CIDISN

Results and Discussion

Synthesis of C12DISN. The formation of CI2DISN from
DAMN (50% yield) or DISN (quantitative) by chlorination
in acetonitrile has been reported.5 The reactions, however,
required low temperature (between —40 and —20°) because
liquid chlorine was employed and both DAMN and DISN
are susceptible to decomposition by acids, especially in sol-
vents contaminated with moisture. To avoid these difficul-
ties, the reaction was carried out in carbon tetrachloride or
chloroform at 0°, using tert -butyl hypochlorite instead of
liquid chlorine (eq 1). The results are summarized in Table

DAMN + 3fBuOCl — » CIDISN + 3t-BuOH + HCI (1

I. DAMN is soluble in acetonitrile, sparingly soluble in
chloroform, and insoluble in carbon tetrachloride or ben-
zene, but all of these solvents readily dissolve C12DISN.
The data in Table I suggest that the effect of solvent rather
than temperature is the most important factor increasing
the yield of CI2DISN.

Reaction of CI2DISN. When CI2DISN in tetrahydrofur-
an (THF) was treated with thiols in the presence of pyri-
dine or triethylamine, the corresponding N,N' -disulfenyl-
diiminosuccinonitriles [(RS)2DISN] were obtained in ex-
cellent yields (eq 2). Similar reaction with DISN is known

NC. .NSR
CLDISN + RSH - ic—cC @)
RSNA 'CN
(RS)DISN

to afford DAMN.5 Since chlorimine is a potential halogen-
ating agent,10 the reaction may proceed via sulfenyl chlo-
ride and DISN (eq 3) analogously to the reaction of DISN

CIDISN + 2RSH — » [DISN + 2RSCI] — » (RS)DISN (3)

with sulfur dichloride.6 However, the present reaction is
advantageous over the reactions requiring DISN and sul-
fenyl chlorides in that the starting materials are easily
available and a stable thiol can be used in place of an un-
stable sulfenyl chloride.

A solution of C12DISN in dimethyl sulfoxide (DMSO)
spontaneously underwent reaction to provide (MeS)2DISN
(37%) and dimethyl sulfone (43%).

DISN and N-chlorodiiminosuccinonitrile (C1DISN)5 can
be obtained by treating C12DISN with diphenyl sulfide at
room temperature (eq 4). Since DISN is unreactive with
DISN +

CIDISN + 2€ ~ s-€ > —»

CIDISN + @

sulfides, excess diphenyl sulfide may be used and the pres-
ent reaction constitutes a novel and convenient route to
DISN. The reaction with thioanisole, however, is too fast to
be controlled even at relatively lower temperatures, where-
as that with anisole does not proceed even at elevated tem-
peratures. It should be noted that normal electrophilic aro-
matic substitution proceeds faster with anisole than
thioanisole, for which initial formation of a sulfonium ion
has been proposed.1l The observed reactivity of the sul-
fides, then, may be accounted for by the initial formation
of a charge-transfer complex, 1 (vide infra). DISN is also
" NC EC\
Ph.S

~ C~ C\
Cl

_CIN N

1

obtained in the reaction of CI2DISN with TV-benzyl-1,4-
dihydronicotinamide (BNAH) at —20°. Since DISN s it-
self reduced (although more slowly) by BNAH into DAMN,
exactly 2 molar equiv of BNAH should be used in this
preparation of DISN from CI2DISN (eq 5). On the other

Table 1
Reaction of Diaminomaleonitrile with tert -Butyl Hypochlorite

i-BuCd, = DAVN, Na2co3>

mmol mmol mmol Solvent (ml)
15.05 5.02 15.02 CC14 (90)
15.02 5.02 15.03 CHCI3 (90)
15.09 5.01 15.42 Benzene (90)
15.09 5.02 15.00 CC14 (90)
15.02 5.00 CC14 (90)

aPurified by sublimation at 85° (1 Torr).

Reactiontemp, C Corwvn of Yield of C12DISN, %
(time, Hr) DAMN, % Quce Isolated

29 (1.5) 93.2 90.3 85.7

29 (1.5) 97.8 83.2 66.1

9 (1.5) 99.3 88.7 79.8

3 (1.5).and -20 (15) 97.6 94.0 89.1
3 (1.5) and -20 (15) 97.3 76.9 73.8
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H H
V.CONH,
CI2D1SN + 21 |
S r

CH2Ph
BNAH

[CIDISN]T [BNAH] +

hand, sodium borohydride does not react with CI2DISN.
This fact suggests that the mechanism of the reduction by
BNAH is not a simple SN2-type hydride attack.12 Recent-
ly, we reported that reductions by BNAH involve an elec-
tron-proton-electron transfer process.13 We consider the
present reaction to proceed with a similar mechanism (eq
6), but a detailed discussion will be deferred until the nec-
essary data are accumulated.

CI2DISN reacts with some olefins to provide pyrazine de-
rivatives, 2 (eq 7). DISN itself also reacts with olefins.14

2
2a, R, = Ph; Rj = H (63%)

b, Rj = Ph; R, = CH3(35%)

¢, R,R, = -OCH2CHXH - (26%)

However, products from DISN are aziridines and/or dihy-
dropyrazines, depending on the nature of the olefin: the
more electron rich the double bond, the higher the yield of
dihydropyrazine. A charge-transfer complex, or zwitterion-
ic structure, has been proposed for the transition state of
this reaction.l4 Although we did not try to optimize the
yields, the fact that styrene gave the highest yield1l5 and
2,3-dihydropyran gave the lowest, as well as the fact that
chlorine is more electronegative than hydrogen, seems to
suggest that [2 + 4] cycloaddition is more plausible than
the two-step addition at least for the reaction of CI2DISN.
Since dehydrochlorination occurs spontaneously, the use of
CI2DISN is superior to DISN when pyrazines are desired.

Experimental Section

Preparation of CI2DISN. Into a mixture of DAMN (0.54 g),
NaCC>3 (1.59 g), and CCIl4 (60 ml), a solution of tert-butyl hypo-
chlorite (1.64 g) in CCI4 (30 ml) was added dropwise at room tem-
perature or at a temperature of ice-water (3°). The reaction mix-
ture was stirred for 1.5 hr; then precipitates were filtered off and

Kito and Ohno

DISN + 2 %)
44%
2BNAH | CH2Ph
DAMN + 2BNA+Cl BNA+C1
94%
CIDISN + BNA+CF (6)
Table 11

Yield and Melting Point of (RShDISN

R in (RSMOISN Yield, % Mp, °C Registry no.

i-Pr 86.6 91-92 52109-62-3
PhCH, 90.8 144-145 52109-63-4
Ph 91.4 m 205-207 52147-69-0
p-CH3OCGl4 94.1 243-244 52109-64-5
/>-cicch4 89.9 298-300 52109-65-6

washed by CCl4. The combined solution of CCl4was concentrated
by means of a rotary evaporator, yielding 0.805 g (94% vyield) of
crude CI2DISN, which was sublimed at 80° (1 Torr), affording
pure crystals of CI2DISN: mp 160-161° (lit.5mp 164.5-165.5°).

Reaction of CI2DISN with Thiols. Into an ice-cooled solution
of CI2DISN (0.35 g) and pyridine (0.16 g) or triethylamine (0.20 g)
in 25 ml of anhydrous THF was added dropwise a solution of etha-
nethiol (0.26 g) in 10 ml of anhydrous THF. The reaction mixture
was stirred for 30 min at 3°, then for an additional 30 min at room
temperature (22°). Precipitates were filtered off and the solvent
was evaporated from the filtrate under a reduced pressure. The so-
lidified material thus obtained was recrystallized from ethanol,
yielding A/AT'-diethylthiodiiminosuccinonitrile [(EtSA"DISN] in
80% vyield: mp 114-115°; ir (KBr) 2950, 2925, 2920, 2860, 2225,
1520,1460, 1430, 1390, 1258,1053, 1000, 985, 965, 769, 725, and 653
cm-1; mass spectrum (100°, 70 eV) m/e 226 (M-+, 37.3%), 197 (M-+
- Et-, 26.8%), 169, 137, and 61 (EtS+, 100%). Anal. Calcd for
C8HION4S2 C, 42.48; H, 4.46; N, 24.77; S, 28.29. Found: C, 42.22; H,
4.21; N, 24.52; S, 28.22.

Other thiols were reacted similarly. The yields and melting
points of the products are listed in Table II.

Reaction of CI2DISN with Dimethyl Sulfoxide. ChDISN
(0.50 g) was dissolved into 1 ml of DMSO and the solution was
stirred for 1 hr at 10-15°. An exothermic reaction took place at
this moment. The reaction mixture was subjected to column chro-
matography on silica gel with benzene as an eluent. Yellow crystals
thus obtained were recrystallized from cyclohexane, affording
0.22 g (37% yield) of A/A'-dimethylthiodiiminosuccinonitrile
[(MeS)2DISN]: mp 191-192°; ir (KBr) 2915, 2230, 1510, 1435,
1325, 990, 974, 940, 720, and 695 cm-1; mass spectrum (100°, 70
eV) m/e 198 (M-+, 100%), 183 (M-+ - Me-, 93.6%), 169, 151, 137,
99, and 47 (MeS+, 66%). Anal. Calcd for ( 6H6N4S2: C, 36.37; H,
3.05; N, 28.28; S, 32.30. Found: C, 36.23; H, 3.14; N, 28.19; S, 32.30.

Elution with benzene-ethyl acetate (1:1) gave 0.25 g (43% yield)
of dimethyl sulfone.

Reaction of CI2DISN with Diphenyl Sulfide. CI2DISN (0.35
g) and diphenyl sulfide (0.76 g) were dissolved into 20 ml of aceto-
nitrile and the solution was stirred for 12 hr at room temperature
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(22°). After evaporation of the solvent in vacuo, the residue was
treated with benzene. The gray solid, which is insoluble to ben-
zene, was found to be sufficiently pure DISN (68 mg): mp 163-
165° dec (lit.4mp 165-166°).

Materials soluble to benzene were subjected to silica gel column
chromatography, p-Chlorophenyl phenyl sulfide (0.60 g, 68%
yield), which was contaminated by a small amount of p,pr-dichlo-
rodiphenyl sulfide, and C1DISN (50 mg, 18% yield) were isolated
from fractions eluted with benzene-n-hexane (3:2). Diphenyl sulf-
oxide (0.25 g, 30% yield) was obtained from fractions eluted with
benzene-ethyl acetate (3:2). Furthermore, elution with benzene-
ethyl acetate (1:1) gave additional 13 mg of DISN (38% total yield).

Reaction of CI2DISN with iV-Benzyl-l,4-dihydronicoti-
namide. A solution of CI2DISN (0.35 g) in THF (10 ml) was cooled
to —20° by aDry Ice-CCLt bath. To this solution was added a solu-
tion of BNAH (0.86 g) in THF (30 ml). The solution was stirred for
30 min at —20° and crystals of BNA+CI- (0.93 g, 94% yield) were
filtered off. The solvent was evaporated in vacuo from the filtrate
and the residue was purified by a column of silica gel. Elution with
benzene-ethyl acetate (4:1) gave 94 mg of DISN (44% yield).

Reaction of C12DISN with Sodium Borohydride. A mixture
of CI2DISN (0.35 g) and NaBH4 (0.16 g) in THF (30 ml) was
stirred for 15 hr at room temperature. After usual work-up, 81% of
C12DISN used was recovered and no indication was obtained for
the formation of DISN.

Reaction of CI2DISN with Olefins. A mixture of CI2DISN
(0.35 g), Na2C03 (0.42 g), and styrene (1.0 g) in benzene (10 ml)
was kept at room temperature in a dark for 5 days. The residue re-
mained after evaporation of the solvent in vacuo was subjected to
column chromatography on silica gel, yielding 0.10 g of C12DISN
and pale yellow crystals, which was sublimed at 110° (1 Torr), giv-
ing white needles of 2,3-dicyano-5-phenylpyrazine (0.18 g, 63%
yield): mp 164-165°; ir (Kbr) 3050, 2240, 1560, 1540, 1520, 1460,
1430, 1120, 794, 770, 693, and 510 cm -1 Anal. Calcd for Ci2H6N 4:
C, 69.89; H, 2.93; N, 27.17. Found: C, 69.84; H, 2.66; N, 27.00.

Similar reactions with /3-methylstyrene and 2,3-dihydropyran
gave 2b and 2c in 35 and 26% yields, respectively, after similar
work-up described above.

Registry No.—2a, 52109-66-7; 2b, 52109-67-8; 2c, 52109-68-9;
DAMN, 1187-42-4;- DISN, 28321-79-1;.C12DISN, 33420-44-9; (Et-
S)2DISN, 52109-69-0; (MeS)2DISN, 52109-70-3; tert -butyl hypo-
chlorite, 5923-22-8; ethanethiol, 75-08-1; 2-propanethiol, 75-33-2;
benzenemethanethiol, 100-53-8; benzenethiol, 108-98-5; p-
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methoxybenzenethiol, 696-63-9; p-chlorobenzenethiol, 106-54-7;
dimethyl sulfoxide, 67-68-5; diphenyl sulfide, 139-66-2; AT-benzyl-
1,4-dihydronicotinamide, 952-92-1; sodium borohydride, 16940-
66-2; styrene, 100-42-5; /3-methylstyrene, 637-50-3; 2,3-dihydropyr-
an, 110-87-2.

Supplementary Material Available. Full ir, mass spectral,
and elemental analyses data for compounds 2b, 2c, and those list-
ed in Table Il as well as melting points of 2b and 2C will appear
following these pages in the microfilm edition of this volume of the
journal. Photocopies of the supplementary material from this
paper only or microfiche (105 X 148 mm, 24X reduction, negatives)
containing all of the supplementary material for the papers in this
issue may be obtained from the Journals Department, American
Chemical Society, 1155 16th St.,, N.W., Washington, D. C. 20036.
Remit check or money order for $3.00 for photocopy or $2.00 for
microfiche, referring to code number JOC-74-3373.
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a-Cyanoglycine N-carboxyanhydride (4), a new, monomeric precursor of poly-a-cyanoglycine (2) required for
chemical evolution studies, was synthesized from ethyl a-cyanoglycine (6a) by the following sequence of reac-
tions, rather than by standard procedures from the highly labile amino acid, a-cyanoglycine (5). Compound 6a
was converted to its N- benzyloxycarbonyl (CBZ) derivative by treatment with benzyl chloroformate in refluxing
ethyl acetate and then was selectively hydrolyzed with aqueous KOH to N- CBZ-a-cyanoglycine (7b). A slight
change in the reaction conditions to KOH in 50% acetone-water brought about hydrolysis of both the ester and
the nitrile groups and yielded N- CBZ-aminomalonic acid. Compound 7a reacted with trifluoroacetic anhydride to
produce a-cyanoglycine N- carboxyanhydride (4), which with a large excess of water gave a-cyanoglycine (5).

During the past 2 decades, extensive research on the ori-
gin of life3 has led to the widespread belief that the pre-
biological formation of primitive proteins occurred in two
stages, a-amino acid synthesis initiated by the action of
high energy from natural sources on the components of a
reducing atmosphere followed by polycondensation of the
accumulated monomers in the oceans or on land. A critical
examination of the evidence for the second step suggests,
however, that the inherent thermodynamic barrier to spon-

taneous polymerization of a-amino acids has been over-
come only when specific environments have been invoked
(anhydrous locales, high-temperature milieu, or acidic bod-
ies of water, for example) that are not characteristic of a
young, developing planet. This objection does not apply to
an alternative route for protein abiogenesis that has been
proposed4 for the direct synthesis of heteropolypeptides
from hydrogen cyanide and water without the intervening
formation of a-amino acids.
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Table |
Nmr Spectra of N-CBZ-a-cyanoglycine Derivatives” 6
Compounds
Fverogens. 7a 7 7 8
COOH 1353 s
~“NH 8.65 bdc 8.65 hd e 8.03 hd
(J = 8.0 Hz) (J = 8.0 Hz) (J = 8.0 H2)
cch5 7.38 s 7.37 s 7.40 s 7.37 s
nh2 6.62 bsd
~~CH 572 d 562 d 4.70 d 5.62 d
(J = 8.0 Hz) (J = 8.0 Hz) (J = 6.5 Hz) (J = 8.0 H2)
/ICH?2 5.15 s 5.20 s 5.15 s 5.20 s
ch2ch3 4.23 qt
1.12tr

dimethyl-d6 sulfoxide. 6AIll chemical shifts in ppm from tetramethylsilane. ¢ Broadened doublet. dBroadened singlet.

observed.

According to this hypothesis a low-energy pathway exists
for the spontaneous polymerization of hydrogen cyanide to
polyaminomalononitrile (1). Successive reactions of hydro-
gen cyanide with the activated nitrile groups of 1 then yield
heteropolyamidines that become converted by water to
heteropolypeptides (2) possessing side chains of today’s
proteins. To demonstrate the feasibility of the postulated

H
1 HCN
--C—C—NH--
2. HD
,NH CN
1
H H
1 1 HCN 1
-C—C— NH- -C— C—NH-
1 2. HD 11
Lo r n .0 CN
2 3

conversion of homopolymer 1 to heteropolymer 2 one
would like to synthesize polymer 1 unambiguously and
then show that it can be modified to polymer 2 by treat-
ment with hydrogen cyanide and water. On the other hand,
using the tools of amine acid chemistry, one can synthesize
poly-a-cyanoglycine (3),4ce a polyamide analog of polyami-
dine 1 that should be readily obtainable in a pure state by
controlled polymerization of a-cyanoglycine N- carboxy-
anhydride (4). We report here the first synthesis of 4 and
its hydrolysis to a-cyanoglycine (5), a highly reactive amino
acid hitherto5 obtained only by enzymatic deacylation of
acetoamidocyanoacetic acid. Future papers will report the
second part of this work (polymerization of N-carboxy-
anhydride 4 to polyamide 3 and subsequent reaction of

H
| H
NC—C—C\  HO I
X0 —A HN— C— COOH
HN— ¢/ !
\ CN
0
5

compound 3 with hydrogen cyanide and water to yield het-
eropolypeptides).4ce

A key intermediate in the synthesis of a-cyanoglycine (5)
was ethyl aminocyanoacetate (6a), readily prepared by ni-
trosation6 of ethyl cyanoacetate followed by reduction with
mercury amalgam.7 Methyl aminocyanoacetate (6b) was

prepared by the same route from methyl cyanoacetate.
Both cyanoacetates 6a and 6b form stable salts with p- tol-
uenesulfonic acid7b but not with hydrogen chloride.

H H
| |
NC— C— COOR NC—C— COOR
NH2 HN— COOCHZC8-H3
6a, R=C25 7a, R = CHXH3
b. R=CH, b, R=H
¢, R=K

All attempts to synthesize a-cyanoglycine in one step by
hydrolysis of ethyl ester 6a or methyl ester 6b were unsuc-
cessful; only black, intractable polymer was obtained. This
result prompted the development of a synthesis of a-
cyanoglycine-NCA (4) and of a-cyanoglycine (5) by the fol-
lowing series of reactions: (a) conversion of compound 6a to
its N-benzyloxycarbonyl (iV-CBZ) derivative 7a, (b) hy-
drolysis of ester 7a to acid 7b, (c) conversion of acid 7b to
N- carboxyanhydride 4, and (d) conversion of anhydride 4
to a-cyanogylcine (5). The lability of compounds 6a, 7a,
and'7b to base and to nucleophilic reagents (e.g., chloride
ion) brought about the development of new methods for
carrying out these synthetic steps.

Ethyl W-CBZ-a-Cyanoglycine (7a). Use of standard
Schotten-Bauman procedures8 (base + acid chloride +
amino acid) to acylate ethyl ester 6a with benzyl chlorofor-
mate gave very poor yields (less than 5%) of N- CBZ deriva-
tive 7a. However, a direct acylation of 6a with benzyl chlo-
roformate in refluxing ethyl acetate produced the desired
compound in better than 80% yield.9

N -CBZ-a-Cyanoglycine (7b). The selectivity of the
hydrolysis of ethyl ester 7a was controlled by the solvent.
With aqueous 0.25 N KOH 7a was converted to 7b in bet-
ter than 90% yield. With the same concentration of KOH in
50% (v/v) acetone-water the ester and the nitrile functions
were both hydrolyzed and N- CBZ-aminomalonamie acid
(8) was obtained in 85% yield. Malonamic acid 8, on the
other hand, was converted back to nitrile 7b by treatment
with dicyclohexylcarbodiimide in dimethylformamide.10
The nmr spectra of compounds 7a, 7b, 7c, and 8 are pre-
sented in Table I

The selectivity of the hydrolysis reaction appears to be
related to the solubility of ester 7a in the two hydrolysis
solvent systems. Ethyl ester 7a is soluble in acetone-water
and insoluble in water. Addition of KOH to the water caus-
es 7a to dissolve, and nmr analysis of the solution (0.25 N
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KOD in D20) shows that the methine and imine protons on
ester 7a have exchanged with deuterium. Thus ionization
of 7a, concomitant with its dissolution in water, appears to
account for the selectivity of the reaction.

«-Cyanoglycine-NCA. The conversion of N-CBZ-a-
amino acids to a-amino acid N-carboxyanhydrides
(Leuchs’ anhydrides, NCAs) is a well-worked out process.11
The general method is to convert the CBZ-a-amino acid to
its acid chloride or bromide, which then cyclizes either
spontaneously or with gentle heating. However, all at-
tempts to.convert compound 7h. to a-eyanoglycine-NCA by
the acid chloride route were unsuccessful, since N-CBZ
acid 7b formed an acid chloride that, while stable at room
temperature, slowly polymerized at 45° in anhydrous
methyl acetate. One possible reason for this result is that
chloride ion was reacting with a-cyanoglycine-NCA to pro-
duce polymer. At any rate, this concept suggested the use
of trifluoroaeetic anhydride (TFAA) as the condensing re-
agent, since the literature provides evidence that mixed
anhydrides formed from TFAA are more reactive than cor-
responding acid chlorides12 and that the trifluoroacetate
leaving group is a poorer nucleophile than chloride ion.13

Addition of trifluoroaeetic anhydride to a suspension of
N-CBZ amino acid 7b in benzene produced the desired re-
sult. The amino acid immediately went into solution, and
30 sec later a-cyanoglycine-NCA appeared in better than
90% yield as a white precipitate with spectral (nmr, ir) and
elemental analysis consistent with the structure of a-
cyanoglycine-NCA. Benzyl trifluoroacetate, the by-product
of the reaction, was isolated and identified by comparison
of its glpc retention time and ir spectrum with those of an
authentic sample.

Reaction of a-cyanoglycine-NCA with methanolic HC1
followed by reaction with trifluoroaeetic anhydride pro-
duced a volatile N- trifluoroacetyl methyl ester derivative
(9) of a-cyanoglycine. This compound was identical (same
retention time on two different glpc columns) with that ob-
tained by trifluoroacetylation of the p-toluenesulfonate
salt of methyl ester 6b.

a-Cyanoglycine (5). Reaction of a-cyanoglycine-NCA
with a large excess of water followed by lyophilization of
the resulting clear solution gave a white powder., with ele-
mental analysis and ir spectrum consistent with structure
5. A chemical proof of structure was provided by conver-
sion of 5 to its N- trifluoroacetyl methyl ester derivative by
treatment first with trifluoroaeetic anhydride to form a
mixed anhydride followed by addition of methanol to form
the methyl ester. This derivative had the same retention
time on two different glpc columns as the compound ob-
tained by trifluoroacetylation of the p-toluenesulfonate
salt of methyl ester 6b.

Experimental Section

General. Melting points are uncorrected; nmr spectra were ob-
tained with a Varian A60; infrared spectra were obtained with a
Beckman IR4; microanalyses were carried out by Galbraith Labo-
ratories, Knoxville, Tenn. A Varian Aerograph 2100 dual-column
gas chromatograph equipped with flame ionization detectors was
used in the single column made for gas chromatographic analyses.
The signal from the chromatograph was fed to an Infotronics
CRS-104 digital integrator and then to a Varian Aerograph Model
30 recorder. The chromatograph was fitted with two 1.9 m X 2 mm
i.d. glass U columns, one packed with OV 17 (1%) on 80-100 mesh
HP Chromosorb G (OV 17 column) and the other with ethylene
glycol adipate on 80-100 mesh acid-washed, heat-treated Chromo-
sorb W (EGA column). EGA packing was purchased from Regis
Chemical Co. (Code No. 201033). General gas chromatographic
conditions were as follows: nitrogen carrier gas flow, 20 ml/min; H2
flow, 30 ml/min; air flow, 350 ml/min; detector temperature, 230°;
injector temperature, 170°. Derivatization reactions were carried
out in 16 X 75 mm screw-capped test tubes fitted with Teflon-
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lined caps (Corning 9826, A. H. Thomas Co.). A Lab-Line Temp-
Blok (A. H. Thomas Co.), which was heated with a Thermolyne,
Model HP-A1G15B hot plate (Fisher Scientific Co.), was used to
heat the derivatization tubes.

Ethyl (6a.) and Methyl Aminocyanoacetate (6b). Methyl and
ethyl cyanoacetate were converted to oximino derivatives by the
method of Parker6 and then reduced to amines by the method of
Ferris and Orgel.7/'b Overall yields for each compound ranged from
48 to 55%. Both amines rapidly polymerized at room temperature
but were stable at —70°.

The reduction of ethyloximinocyanoacetate by aluminum amal-
gam was conveniently followed by gas chromatography. The reac-
tion mixture (3 ml) was filtered through a sintered glass filter. Tri-
fluoroacetic anhydride, 0.5 ml, and 1.0 ml of the filtrate were
placed into a derivatization tube and heated to 65° for 5 min. This
solution (1 /ri) was injected onto the OV 17 column: column oven
temperature, 50 to 200° at 40/min; retention times ethyloximino-
cyanoacetate, 6.9 min; ethyl aminocyanoacetate (6a), 12.5 min.

Methyl aminocyanoacetate-p-toluenesulfonate salt was
prepared by the method of Ferris and Orgel7ab in 50% yield: mp
174-176° (dec); ir (KBr) 2875, 2240 (weak), 1775, and 1195 cm*“ 1,
nmr (DMSO-d6) 58.77 (broad singlet, 3, NH3+), 7.28 (quartet, 4,
eH3C6H4S02), 596 (s, 1, CH-CN), 3.88 (s, 3, COOCH3), 2.32
(s, 3, CH3CH6H4).

Anal. Calcd for CuHI4AN206S: C, 46.15; H, 4.93; N, 9.78; O,
29.94. Found: C, 45.97; H, 5.00; N, 9.64; O, 28.07.

Ethyl N - Benzyloxycarbonyl-a-cyanoglycine (7a). Ethyl am-
iriocyanoacetate (6a, 13.6 g, 0.106 mol) was added to 100 ml of
ethyl acetate which contained 21.1 g (0.124 mol) of benzyl chloro-
formate. The reaction mixture was stirred for 10 min at room tem-
perature and then refluxed for 2.5 hr. Norit-A (1 g) was added to
the reaction mixture, which was then filtered, and the solvent was
stripped off in vacuo. The resulting yellow residue, washed with
100 ml of ether and recrystallized from benzene, gave 23.5 g (85%
yield) of 7, mp 113-114.5°.

V-Benzyloxycarbonyl-a-cyanoglycine (7b). Ethyl N-benz-
yloxycarbonylcv-cyanoglycine (7a, 13 g, 50 mmol) was stirred with
210 ml of 0.25 N KOH for 2.5 hr. The resulting yellow solution was
acidified with 116 ml of 2 N H2504 and then extracted with four
100-ml portions of ether. The ether extracts were dried over
MgS04 and then concentrated under reduced pressure to ah oil,
which was diluted with 50 ml of methylene chloride and stripped
to dryness again. The resulting white residue was recrystallized
from methylene chloride to yield 10.7 g (45.7 mmol, 91% yield) of
7b. An analytical sample was prepared by a further recrystalliza-
tion from methylene chloride, mp 103-105° (dec).

Anal. Calcd for CnHioN2 4: C, 56.41; H, 4.30; N, 11.95. Found:
C, 56.44; H, 4.25; N, 11.76.

M-Benzyloxycarbonylaminomalonamic Acid (8). Ethyl N-
CBZ-a-cyanoglycine (7b, 5.2 g, 20 mmol) was dissolved in 50 ml of
acetone and added to 50 ml of 0.50 M- KOH. The solution was
stirred for 3 hr at room temperature, and the acetone was stripped
off in vacuo. The aqueous portion of the solution was extracted
with two 20-ml portions of methylene chloride, acidified to pH 1.0
with sulfuric acid, and extracted with five 20-ml portions of ether.
The ether extract was dried over magnesium sulfate and the ether
was then stripped off to give a yellow residue, which was washed
with pentane and finally methylene chloride to yield 4.3 g (85%) of
a white powder, mp 85-87° (dec). The nmr spectrum is presented
in Table I.

Anal. Calcd for CnHi2N205: C, 52.38; H, 4.80; N, 11.1. Found:
C, 52.10; H, 4.86; N, 10.90.

a-Cyanoglycine V-Carboxyanhydride (4). All procedures
were carried out in an N2-filled drybox. Benzene and pentane were
dried over molecular sieves (Linde 4A). All glassware was heated to
130° for 1 hr prior to use. To a rapidly stirred suspension of N-
benzyloxycarbonyl-a-cyanoglycine (7b, 7.17 g, 30.7 mmol) in 250
ml of benzene was added 7.7 g (37 mmol) of trifluoroaeetic anhy-
dride. The resulting mixture was stirred at room temperature
(21°) for 30 min, during which time 7b went into solution and a
white precipitate appeared. The reaction mixture was diluted with
200 ml of pentane and filtered through a fritted glass filter; the
precipitate was washed with 25 ml of chloroform and 25 ml of pen-
tane: yield, 3.41 g (27.5 mmol, 90%); mp 110-114° (dec); ir (KBr)
2340 cm-1 (-C=N), 1870 and 1790 cm"1 (-C(=0)-0-C(=0)-);
nmr (acetone-d6) b8.9 (broad singlet, 1, HN<), 6.05 (d, 1,J = 1.75
Hz, HC-CN).

Anal. Calcd for C4AH2N20 3: C, 38.10; H, 1.60; N, 22.22; O, 38.07.
Found: C, 38.32; H, 1.71; N, 22.38; O, 38.85.

a-Cyanoglycine (5). a-Cvanoglycine N-carboxyanhydride (4,
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1.24 g, 10 mmol) was dissolved into 50 ml of dioxane which had
been distilled from lithium aluminum hydride. This solution was
placed into an addition funnel and added dropwise to 180 ml of
vigorously stirred water. During the addition process a slow stream
of nitrogen was passed through the addition funnel to prevent pre-
mature reaction of the anhydride with water vapor. After addition
was complete the material was stirred for an additional 1 hr and
freeze-dried to yield 746 mg (75% yield) of a white powder, mp
101-103° (dec).

Anal. Calcd for C3H4N202: C, 36.01; N, 4.03; N, 27.99. Found: C,
36.03; H, 3.99; N, 27.73.

Recrystallization was carried out by dissolution of 500 mg of the
freeze-dried residue in 10 ml of H2. The aqueous solution was
acidified to pH 2 with HC1, treated with charcoal at room tempera-
ture for ~2 min, filtered, and cooled in an ice bath, and 30 ml of
absolute ethanol was added to initiate crystallization. The crystals
were washed with ethanol and then ether; 210 mg (47% yield) of
material were obtained: mp 126.5° (dec) (lit56 mp 121.5°); ir
(KBr) 2980 cm" 1 (NH-t+), 2264 (CN), 2020 (NH3+), 1660 (COO"),
1620 (NH3+), 1590 (NH3+), 1360 (COO-), 485 (NH3+).

Anal. Calcd for C3H4N20 2 C, 36.01; H, 4.03; N, 27.99. Found: C,
35.34; H, 4.19; N, 27.27.

Elemental analyses suggest that recrystallization increases and
sharpens the melting point (possibly by removing traces of ami-
noacetonitrile, which could otherwise initiate base-catalyzed de-
composition of the molecule) but does not increase the purity of
the material.

Chemical Proof of Structure of a-Cyanoglycine (5) and a-
Cyanoglycine-NCA (4). (a) Formation of /V-Trifluoroacetyl
Methyl Ester Derivatives. Methyl aminocyanoacetate-p-toluene
sulfonate salt (20 mg) was added to 1 ml of 25% (v/v) trifluoroacet-
ic anhydride in methylene chloride in a 16 X 75 mm screw-capped
test tube and heated at 45° for 30 min.

a-Cyanoglycine-NCA (4), 20 mg, and 12.5 N methanolic HC1
(1.0 ml) were placed into a 16 X 75 mm screw-capped test tube and
heated to 45° for 5 min. Volatile reagents were stripped off with a
stream of nitrogen, 1 ml of 25% (v/v) trifluoroacetic anhydride was
added to the residue, and the mixture was heated to 45° for 30
min.

a-Cyanoglycine (5), 10 mg (0.1 mmol), was added to 2 ml of 25%
trifluoroacetic anhydride (1.7 M) in a screw-capped test tube. The
material was heated to 40° for 30 min and cooled to room tempera-
ture. Methyl alcohol (140 /tl, 3.34 mmol) was cautiously added to
the reaction mixture.

(b) Gas chromatographic Procedure. Samples (1 /d) of each
solution and a 1-/;| sample of a mixture of all three samples were
injected onto the OV 17 and the EGA columns. Only one peak
(better than 90% of total peak area) was observed on the EGA col-
umn. On the OV 17 .column peak for p-toluenesulfonyl trifluo-
roacetate and a peak for methyl JV-trifluoroacetyl-a-cyanoglycine
were observed. Conditions for the EGA column were as follows:
column oven, 90 to 210° at 4°/min; retention time methyl N-TFA-
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ff-CN-Gly, 13.0 min; conditions for the OV 17 column: column
oven, 80 to 220° at 4°/min,; retention time p-toluenesulfonyl triflu-
oroacetate, 2.0 min; methyl N-TFA-a-CN-Gly, 4.2 min.

Registry No.—4, 52486-66-5; 5, 6232-21-9; 7a, 3878-13-5; 7b,
52486-67-6; 7c, 52486-68-7; 8, 52486-69-8; methyl aminecyanoace-
tate-p-toluenesulfonate salt, 52486-71-2.
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A Synthetic Approach to the Skeleton of Histrionicotoxinl
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An approach to the ring skeleton of histrionicotoxin and dihydrohistrionicotoxin, involving the intramolecular
oxidative cyclization of a nitrone moiety with an activated olefin, is described. The regiochemistry of the adduct is

considered.

Histrionicotoxin and dihydrohistrionicotoxin (1 and 2,
respectively), venoms isolated from the skins of certain Co-
lombian frogs, are anticholinergic agents.2®¥ These alka-
loids are structurally intriguing in that they possess a spiro
structure and may be the first examples of acetylenic and
allenic moieties appearing in animal kingdom derived natu-

ral products.20That the biological activity is not intimately
associated with the un,saturated linkages is evidenced by
the fact that perhydrohistrionicotoxin (3) retains activ-
ity. 2t*

It is clear that these alkaloids provide an unusual syn-
thetic challenge. Our initial efforts have been directed
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R, H
H H H H
1 R, =CH,0=CC=CH; R,= C=CC=CH
H H

2, R,= OH,CR,CH=C==CH,; R,=C=C€=CH
3, R, = fi-CjH,,; Rt= n-CJI,
4, Ri=H; R, = CO,CH,
5 R,=H; R,=H

toward the synthesis of spiro ester 7, which offers promise
as a key intermediate in the synthesis of the natural toxins.
Compound 4 embodies the desired spiro skeletal system,

the proper stereochemical relationship between the hy-
droxyl and amine functions, and incorporates a functional
group (i.e., the ester moiety) of requisite stereochemistry
capable, in principle, of chemical manipulation into the de-
sired unsaturated side chain of the parent alkaloid. The in-
troduction of the second side chain (i.e., Ri in 1-3) appears
conceivable as well.

Method of Attack. The use of nitrones in ring formation
is well documented.34 Moreover, it has been demonstrated
recently that various alkaloidal systems can be approached
by nitrone-induced cyclizations.56 Thus, the cyclization of
the nitrone ester 6 offers promise of producing the desired
ring system 7 spontaneously. Hydrogenolysis of the nitro-

gen-oxygen bond of the isoxazolidine 7 would afford 4 di-
rectly. It is to be noted that the cis geometry about the
double bond is essential to the introduction of an axial car-
bomethoxyl group. With these concepts in mind, we em-
barked on a synthesis of nitrone ester 6.

The synthesis of the nitrone ester may be separated into
three parts: (a) the preparation of the cis- a, j3-unsaturated
ester 8; (b) the further elaboration of 8 into the keto ester
9, and (c) the transformation of the hydroxyl group into the
nitro functionality in 10, the immediate presursor of ni-
trone 6.

X

10. X= NO,
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Methyl 7-Hydroxy-cis-2-heptenoate (8). Chlorination
of 2-hydroxymethyltetrahydropyran (11) with thionyl
chloride in pyridine7 gave 2-hydroxymethyltetrahydro-
pyran (12, Scheme I). Sodium amide in liguid ammonia8in-
duced ring opening, and dehydrohalogenation afforded 5-
hexyn-I-ol (13). The tetrahydropyranyl ether of 13 was ac-
ylated with methyl chloroformate, using n- butyllithium as
base. The blocking group of the resulting ester, 15, was re-
moved with p- toluenesulfonic acid in anhydrous methanol.
Reduction of 16 with Lindlar catalyst,9 containing a small
amount of quinoline, afforded methyl 7-hydroxy-cis -2-hep-
tenoate (8) in 51% overall yield from 11. This completed
the first stage of our synthetic plan.

Scheme |

HO COZH3
8

Methyl II-Nitro-7-keto-ci's-undec-2-enoate (10). The
second phase of the plan requires the conversion of the pri-
mary alcohol 8 into the acid chloride 18, followed by the
addition of a four-carbon segment by means of a lithium
organocuprate.

X COZH3

8 17, X= OH
18, X=C1

The organocopper reagent necessary for the chain exten-
sion was prepared from ethyl 4-chlorobutylacetaldehyde
acetal (19) using the method of Eaton and coworkers,10fol-
lowed by conversion of 19 into the organolithium reagent

coXxhij

21

20, using lithium wire containing 1% sodium. The organo-
copper reagent was then prepared by treatment of 20 with
the copper complex derived from cuprous iodide and hexa-
methylphosphorus triamide in ether.11 Addition of a pre-
cooled ether solution Of the acid chloride 18, prepared by
stirring a benzene solution of the acid 17 with oxalyl chlo-
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ride overnight at room temperature, to an ether solution of
the organocopper reagent,12 which was cooled to —78°, af-
forded the chain extended acetal 21. The production of the
keto alcohol 9 was accomplished by hydrolysis of the acetal
using dilute hydrochloric acid in tetrahydrofuran.

Upon standing at room temperature, the keto ester 9
undergoes cyclization to the hemiketal 22. This transfor-

mation was followed by the reduction in the intensity of
the carbonyl absorption in the infrared region and a de-
crease in the intensity of the signal due to the methylene
protons adjacent to the ketone function at 8 2A ppm in the
nmr spectrum. Attempts to distill the keto ester resulted in
dehydration to the dihydropyran 23. Since the acyclic keto
ester was required for our synthetic purposes, the mixture
of isomers (i.e., 9, 22, and 23) was stirred in dilute aqueous
acid for 30 min prior to further chemical transformation.
The product was then extracted into methylene chloride,
dried over anhydrous magnesium sulfate, and used direct-
Iv-

yThe transformation of 9 into the nitro ketone 10 was
straightforward. Treatment of 9 with triethylamine and
methanesulfonyl chloride13 in methylene chlorjde at 0°
gave the corresponding methanesulfonate, 24a. The bro-
mide 24b was obtained from 24a using lithium bromide in

CO,CH3
24a, X =0OMs
b, X=Br
10, X=NO,

acetone. Finally reaction of the bromide with sodium ni-
trite in dimethyl sulfoxidel4 gave 10, and this completes
the synthesis of the desired nitrone precursor.

Nitrone Cyclization. It was suspected that the nitrone
6, produced by reductive cyclization of the nitro ketone 10,
would spontaneously add to the intramolecularly situated
«/i-unsaturated ester moiety, a good dipolarophilic unit.3
Indeed, treatment of a solution of 10 in aqueous methanol
with zinc and ammonium chloride gave no detectable sign
of the nitrone 6. The reaction did produce a basic product,

however, which exhibited no olefinic proton signals be-
tween 5.8 and 6.2 ppm, clearly suggesting that the nitrone
had spontaneously cyclized as expected. Significantly, the
pmr spectrum exhibited a doublet (J - 85 Hz) at 4.72
ppm. This signal is ascribed to the proton on the oxygen-
bearing carbon of the isoxazolidine ring. The observed mul-
tiplicity would appear to rule out 7 as the major product of
the reaction. Clearly, the proton on the 5 carbon of the
isoxazolidine ring of 7 would be expected to be coupled to
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three other protons. Thus, the major product of the nitrone
cyclization must be assigned the structure 25.

Chemical evidence for the structure 25 was obtained by
cleavage of the nitrogen-oxygen bond with zinc and acetic
acid.4 Such treatment afforded a white solid which exhibits
a carbonyl stretch at 5.95 g and a hydroxyl band at 3.0 g in
the infrared spectrum. Further evidence for the hydroxy
lactam structure 26 was obtained by examination of its pmr
spectrum. The proton doublet due to the proton at the 5
position of the isoxazolidine ring shifted upfield from 4.72
(i.e., in 25) to 4.1 ppm. The smaller magnitude of the cou-
pling (J = 5 Hz) indicates a trans coupling to a single pro-
ton, an.expected consequence of the transformation. Mass
spectral examination of adduct 25 and hydroxy lactam 26
indicates molecular ions at m/e 225 and 195, respectively.

Since it now is apparent that the intramolecular cycload-
dition did not proceed in the desired sense, one must re-
examine the foundation upon which our initial expecta-
tions were based. A body of evidencel518 has accumulated
which suggests that nitrones add to ¢j-substituted a, /i-un-
saturated esters to give ¢j-oxido ester adducts (e.g., vide in-
fra 169). This mode of addition would have produced the de-
sired regioisomer 7 in the case in question. An explanation

cH; 0 ch3 H

for the unexpected regiochemistry centers about the possi-
bility that our initially derived adduct, 25, is the product of
kinetic control. Indeed, this adduct was formed sponta-
neously under very mild conditions (vide supra). There are
examples where isoxazolidines, formed under kinetic condi-
tions, can be converted to theif thermodynamically favored
counterparts;15 however, refluxing a 1% solution of adduct
25 in toluene for 7 hr gave only a quantitative recovery of
starting material. When adduct 25 was exposed to refluxing
xylene for 30 hr, a new doublet appeared in the pmr spec-
trum at 84.18 ppm. The expected pattern for the proton at
the 5 position of the isoxazolidine ring in 7 is a multiplet:
Comparison of the coupling constant associated with the
doublet at 8 4.72 ppm (J = 8.5 Hz) in adduct 25 with the
doublet at 84.18 ppm (J = 6 Hz) in the thermally generat-
ed compound led to the conclusion that epimerization of
the carbomethoxy group in 25 had occurred to give the iso-
meric adduct 27, possibly via a base-catalyzed pathway.
The marked similarity of the mass spectra of the adducts
25 and 27 is supportive of the structural assignment.

27
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The predominant formation of 25, and not 7, from the
nitrone cyclization might derive from the inherent relative
stabilities of the ring systems involved. Examination of 25
and 7 suggests a piperidine ring common to both. If one fo-
cuses on the skeletal differences between the systems, it is
clear that 25 possesses a cis- bicyclo[3.3.0]octyl skeleton,
while 7 contains a bicyclo[3.2.1]octyl moiety. Clearly, if the

cis-bicyclo[3.3.0]octyl system is thermodynamically pre-
ferred, a reasonable rationale for the observed mode of cy-
clization would be available; however, Allinger and cowork-
ers19 have calculated an additional strain energy of ca. 4.7
kcal/mol in bicyclo[3.3.0]octane. This figure might be
somewhat highl9 but does suggest that the [3.2.1] system
should be at least somewhat more stable than its [3.3.0]
counterpart. In addition, Schleyer and coworkers2 have
studied the thermodynamic properties of bicyclo[2.2.2]oc-
tane (28), bicyclo[3.3.0]octane (29), and bicyclo[3.2.1]oc-
tane (30). The isomers were equilibrated at temperatures

CO

28 29 30

ranging from 23 to 72° and the product ratios determined.
As the temperature increased, the amount of 29 increased
at the expense of 28 and 30, but even at 72°, the amount of
30 still predominated. Since thermodynamic consider-
ations, albeit simplified, imply that appreciable amounts of
7 should be formed in the nitrone cyclization, the predomi-
nant formation of adduct 25 suggests the operation of some
other factor.

It is quite possible that functionality and skeletal fea-
tures not considered above may alter the relative adduct
stabilities significantly; however, since the adducts are
formed under conditions of apparent kinetic control, an ex-
amination of the relative transition state energies was un-
dertaken using molecular models.

The transition states leading to the bicyclo[3.3.0]octyl
system 25 and the bicyclo[3.2.1]octyl system 7 are depicted.
Ah examination of the interactions apparent in these tran-
sition states discloses apparently serious steric interactions,
indicated by the doubleheaded arrows in 32, between the

carbomethoxy group and both C-3 of the nitrone and one of
the side-chain methylene groups in the transition state
leading to 7. These interactions are absent in 31. Thus,
these steric interactions might outweigh an inherent pref-
erence for closure to the [3.2.1] system (i . e 7).
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We are testing this hypothesis by studying the cycliza-
tion of the olefin in which the ester group has been re-
placed by a hydrogen. Hopefully, such cyclization, where
steric repulsions are minimized, would give 5 after hydroge-
nolysis.

Experimental Section

All melting points were determined on a Mel-Temp apparatus
and are uncorrected. Infrared spectra were recorded on a Beckman
IR-5a spectrophotometer and calibrated using the 6.238-/* band of
polystyrene. Proton magnetic resonance spectra were obtained
using a Jeol MH-100 or a Varian A-60 spectrometer using tetra-
methyl silane as the internal standard. Notations s, d, t, g, m, and
b designate singlet, doublet, triplet, quartet, multiplet, and broad,
respectively. Mass spectra were recorded on a Hitachi Perkin-
Elmer RMU-6 spectrometer.

2-(Chloromethyl)tetrahydropyran (12). An adaptation of the
procedure used by Brooks7® to prepare tetrahydrofurfuryl chlo-
ride was used to prepare 12. To a mixture of 103 g (0.888 mol) of
tetrahydropyran-2-methanol (11) and 150 ml (1.09 mol) of freshly
distilled pyridine was added 76.0 ml (1.06 mol) of freshly distilled
thionyl chloride at a rate to maintain a reaction temperature of
40-45°. When the addition was complete, the mixture was heated
for 8 hr at 45° by means of an oil bath. The resulting heavy brown
oil was washed with ether (6 X 150 ml) and each time the ether was
decanted. The combined ether solution was washed with water (4
X 75 ml), saturated aqueous sodium bicarbonate (3 X 75 ml), and
saturated aqueous sodium chloride (2 X 75 ml). The ether solution
was dried over anhydrous magnesium sulfate, and ether was re-
moved at reduced pressure. Distillation of the residue gave 79 g
(66% yield) of the chloride 12 as a colorless liquid: bp 55.0-55.5° (6
mm) [lit.7b 53-54° (12 mm)].

5-Hexyn-l-ol (13). An adaptation of the procedure used by
Whiting8 to prepare 4-pentyn-l-ol was used to prepared 5-hexyn-
I-ol (13). Sodium amide was prepared by the addition of 35.9 g
(1.52 mol) of freshly cut sodium to 600 ml of anhydrous liquid am-
monia, containing 0.3 g of ferric nitrate nonahydrate. When the
addition was complete, stirring was continued for 30 min. To the
gray suspension of sodium amide was added dropwise 48.1 g (0.360
mol) of 2-(chloromethyl)tetrahydropyran (12). When the addition
was complete, stirring was continued for 3 hr. Gradually, 80 g (1.5
mol) of ammonium chloride was added at a rate to allow a control-
lable neutralization of the base. The ammonia was allowed to
evaporate overnight. The residual oily solid was extracted with a
Soxhlet extractor with ether for 24 hr. The ether solution was
dried over anhydrous magnesium sulfate, and the ether was re-
moved at reduced pressure. Distillation of the residue gave 30.3 g
(86% yield) of the alcohol 13 as a colorless liquid: bp 53° (1.2 mm)
[lit.21 bp 82° (20 mm)].

Tetrahydropyranyl Ether of 5-Hexyn-1-ol (14). To a mixture
of 39.5 g (0.402 mol) of 5-hexyn-I-ol (13) and 1 ml of concentrated
hydrochloric acid, cooled in an ice bath, was added 40.0 g (0.476
mol) of dihydropyran. When the addition was complete, stirring
was continued at room temperature overnight. The solution was
poured into 200 ml of saturated aqueous sodium bicarbonate, and
the organic layer was separated. The agueous layer was extracted
with ether (3 X 100 ml). The combined extracts were dried over
anhydrous magnesium sulfate, and the ether was removed at re-
duced pressure. Distillation of the residue gave 72.2 g (98% yield)
of the tetrahydropyranyl ether 14 as a colorless liquid: bp 60-65°
(0.2 mm); ir (neat) 8.95 (s), 9.3 (s), and 9.65 /t (s); nmr (CDCI3) §
1.3-2.0 (m, 10), 1.95 (t, 1,J = 2.5 Hz), 2.2 (m, 2), 3.5 (m, 2), 3.8 (m,
2), and 4.6 ppm (broad singlet, 1).

Methyl 7-Hydroxy-2-heptynoate (16). To a solution of 70.5 g
(0.387 mol) of the tetrahydropyranyl ether 14 in 500 ml of freshly
distilled tetrahydrofuran which was cooled to —78° was added 176
ml (0.412 mol) of a 234 M hexane solution of n-butyllithium.
When the addition was complete, stirring was continued at —/8°
for 30 min. By means of a Dry Ice cooled addition funnel, the te-
trahydrofuran solution, just prepared, was added over 4 hr to a so-
lution of 62 ml (0.80 mol) of freshly distilled methyl chloroformate,
in 500 ml of tetrahydrofuran which was cooled to —78°. When the
addition was complete, the resulting mixture was stirred at —8°
for 1 hr. The tetrahydrofuran solution, without warming, was si-
phoned into 1.6 1 of saturated aqueous sodium bicarbonate. The
organic layer was separated, and the aqueous layer was extracted
with ether (3 X 100 ml). The combined organic extracts were dried
over anhydrous magnesium sulfate, and the solvent was removed
at reduced pressure, to give the crude ester 15.
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To asolution of the crude ester 15, in 500 ml of anhydrous meth-
anol, was added 0.5 g of p -toluenesulfonic acid, and the resulting
mixture was stirred overnight at room temperature. The acid was
neutralized by the addition of 2 ml of triethylamine, and the meth-
anol was removed at reduced pressure. The residue was taken up
in 300 ml of methylene chloride and washed with 2% aqueous hy-
drochloric acid (2 X 100 ml) and saturated aqueous sodium bicar-
bonate (2 X 100 ml). The methlene chloride solution was dried
over anhydrous magnesium sulfate, and the methylene chloride
was removed at reduced pressure. Distillation of the residual oil
gave 56.4 g (93% yield) of ester 16 as a light yellow oil: bp 90-95°
(0.15 mm); ir (neat) 2.95 (m), 4.45 (s), 4.83 (s), 7.95 (s), and 9.3 u
(m); nmr (CDC13) b 1.68 (m, 4), 2.4 (m, 2), 3.2 (broad singlet, 1)
3.65 (m, 2), and 3.75 ppm (s, 3); mass spectrum (M+) m/e 156.

Methyl 7-Hydroxy-d.s-hept-2-enoate (8). A mixture of 54.0 g
(0.346 mol) of methyl 7-hydroxy-2-heptynoate (16), 200 ml of ab-
solute methanol, 0.4 g of Lindlar catalyst,9and 12 drops of quino-
line was hydrogenated in a Parr apparatus at 14 psi until the hy-
drogen up-take ceased. The catalyst was removed by filtration,
and the methanol was removed at reduced pressure. The residue
was dissolved in 300 ml of methylene chloride and washed with
cold 5% aqueous hydrochloric acid (1 X 30 ml) and saturated aque-
ous sodium bicarbonate (1 X 50 ml). The methylene chloride solu-
tion was dried over anhydrous magnesium sulfate, and the methy-
lene chloride was removed at reduced pressure. Distillation of the
residue gave 45.8 g (84% yield) of the ester 8 as a colorless oil: bp
74_78° (0.15 mm); ir (neat) 2.9 (s), 5.8 (s), 6.1 (m), 7.8 (s), 8.35 (s),
9.4 (s), 9.75 (s), and 12.2 u (m); nmr (CDC13) b 1.6 (m, 4), 2.7 (m, 2),
2.9 (broad singlet, 1), 3.7 (m, 2), 3.75 (s, 3), 5.8 (d, 1, J = 12 Hz),
and 6.3 (doublet of triplets, 1,J = 8, 12 Hz); mass spectrum (M -
H20 m/e 140.

Anal. Calcd for C84140 3: C, 60.74; H, 8.92. Found: C, 60.29; H,
8.78.

4-Chloro-I-butanol. Using the procedure of Starr and Hixon,22
4-chloro-l-butanol was prepared in 26% yield as a clear liquid: bp
58-60° (2 mm) [lit.2270-71° (7 mm)].

Ethyl-4-chlorobutylacetaldehyde Acetal (19). Modification
of Eaton’s procedurel0 was necessary to prepare ethyl-4-chloro-
butylacetaldehyde acetal (19). To a mixture of 70 g (0.65 mol) of
4-chloro-I-butanol, which had been washed with saturated aque-
ous sodium bicarbonate and dried over anhydrous potassium car-
bonate, and 250 ml (2.6 mol) of ethyl vinyl ether was added 1.5 ml
of trifluoroacetic acid. The resulting solution was stirred in an ice
bath for 4 hr and stored in a refrigerator overnight. The trifluo-
roacetic acid was neutralized by the addition of 7 ml of triethyl-
amine, and the excess ethyl vinyl ether was removed at reduced
pressure. The residue was dissolved in 150 ml of ether and washed
with water (1 X 100 ml). The ether solution was dried over anyh-
drous magnesium sulfate, and the ether was removed at reduced
pressure. Distillation of the residue gave 101 g (86% yield) of acetal
19 as a colorless liquid: bp 37-39° (0.1 mm); ir (neat) 8.8 (s), 9.15
(s), 9.4 (s), and 15.5 u (m); nmr (CDCI3) b1.18 (t, 3,3 = 6 Hz), 1.38
(d, 3,3 = 6 Hz), 1.8 (m, 4), 355 (m, 4), and 4.7 ppm (q, 1, J —6
Hz).

Ethyl-4-lithiobutylacetaldehyde Acetal (20). To avigorously
stirred suspension of 215 cm (1.33 mol) of freshly washed lithium
1% sodium alloy wire cut into 0.5 cm lengths, in 600 ml of anhy-
drous ether, was added 2 ml of 1,2-dibromoethane, to clean the
surface of the lithium metal. The suspension was cooled to —18°
and 98 g (0.4 mol) of ethyl-4-chlorobutylacetaldehyde acetal (19)
was added dropwise over 2 hr. When the addition was complete,
stirring was continued at —18° for 2 hr. The precipitate was al-
lowed to settle for 20 min, and the ether solution was filtered
through a sintered glass disk by a positive pressure of argon. The
solution was stored at —30° in a freezer. Immediately before use,
the concentration of the organolithium was determined using the
procedure of Watson and Eastham.3

A 2.0-ml aliquot of the ether solution was added to water. The
aqueous solution was saturated with sodium chloride and extract-
ed with ether (4 X 25 ml). The combined ether extracts were dried
over anhydrous magnesium sulfate, and the ether was removed at
reduced pressure to give a colorless liquid characterized as the eth-
ylbutylacetaldehyde acetal: nmr (CDCI3) b0.9 (t, 3,3 = 6 Hz), 1.2
(t,3,J = 6 Hz), 1.25 (d, 3,3 = 6 Hz), 1.5 (m, 4), 3.5 (m, 4), and 4.7
ppm (g, 1,, J - 6Hz).

Methyl 6-Carboxy-cis-hex-2-enoate (17). To a solution of
453 g (286 mmol) of methyl 7-hydroxy-cis -hept-2-enoate (8), in
473 ml of acetone, was added 400 ml of an aqueous solution of 65 g
(650 mmol) of chromium trioxide and 49 ml of concentrated sulfu-
ric acid, prepared by the procedure of Meinwald24 over 1.5 hr.

Tufariello and Trybulski

When the addition was complete, stirring was continued at room
temperature for 1.5 hr. The excess chromic acid was destroyed by
the addition of a saturated aqueous solution of sodium bisulfite,
until the orange color was discharged. The organic layer was sepa-
rated, and the aqueous layer was extracted with ether (3 X 150 ml).
The combined organic extracts were washed with saturated aque-
ous sodium bicarbonate (3 X 150 ml). The aqueous solution was
acidified with concentrated hydrochloric acid and extracted with
ether. The ether extracts were dried over anhydrous magnesium
sulfate, and the ether was removed at reduced pressure, to give
33.8 g (69% yield) of the acid 17 as a light yellow oil; ir (neat) 3.0
(s), 5.85 (s), 6.1 (m), 8.4 (s), and 12.2 u (w); nmr (CDCI3) S1.78 (m,
2),24(t, 2,J =8Hz), 27 (m, 2),36 (s, 3), 59 (d, 1, I = 12 Hz),
6.15 (doublet of triplets, 1,J = 8and 12 Hz), and 11.2 ppm (broad
singlet, 1).

Methyl 7-Chloro-7-keto-Ci's-hept-2-enoate (18). To a solu-
tion of 33.7 g (0.196 mol) of methyl 6-carboxy-ci's-hex-2-enoate
(17), in 400 ml of dry benzene, was added 27.0 ml (0.305 mol) of
freshly distilled oxalyl chloride. The resulting solution was stirred
overnight at room temperature. The benzene was removed at re-
duced pressure (40 mm). Two 50-ml protions of dry benzene were
added then removed at reduced pressure to ensure that no traces
of oxalyl chloride remained. Without further purification, the acid
chloride 18 was used in the next step: ir (neat) 5.55 (s), 5.85 (s), 61.
(w), 8.3 (s), and 12.25 m (w).

To a small sample of the acid chloride 18 was added methanol.
The methanol was removed at reduced pressure to give a light yel-
low diester: nmr (CDCI3) b 1.7 (quintet, 2,J = 7 Hz), 21. (m, 2), 2.5
(m, 2), 3.05 (s, 3), 3.10 (s, 3), 55 (d, 1, J = 12 Hz), and 5.9 ppm
(doublet of triplets, 1,J = 8, 12 Hz).

Anal. Calcd for C9H1404: C, 58.05; H, 7.58. Found: C, 57.96; H,
7.90.

Methyl 1lI-Hydroxy-7-keto-cis-undec-2-enoate (9). An ad-
aptation of the Posner12 procedure was used to prepare ketone 9.
To asuspension of 40 g (0.21 mol) of purified cuprous iodide26 and
350 ml of anhydrous ether was added 78.0 ml (0.425 mmol) of hex-
amethylphosphorus triamide.26 The resulting solution was stirred
at room temperature for 30 min and was then cooled to —78°. To
the cooled solution was added 450 ml (0.42 mol) of a 0.92 M ether
solution of the organolithium reagent 20. The resulting yellow so-
lution was warmed to —50° and stirred for 2 hr. The solution was
recooled to —78° and, by means of a Dry Ice cooled dropping fun-
nel, was added to an ether solution of acid chloride 18, which had
just been prepared from 0.190 mol of 17. When the addition was
complete, stirring was continued at —8° for 30 min. The excess
copper reagent was quenched by the addition of 45 ml of anhy-
drous methanol, warming to —30°, and siphoning the ether solu-
tion into 1.0 1 of saturated aqueous ammonium chloride. The ether
layer was separated and added to 1.0 1. of cold 2% aqueous sulfuric
acid. This produced a fluffy white precipitate. The solid was fil-
tered through Celite, and the ether layer was separated from the
filtrate. The ether solution was washed with saturated aqueous so-
dium bicarbonate (2 X 150 ml). The ether solution was dried over
anhydrous magnesium sulfate, and the ether was removed at re-
duced pressure, to give crude ketone 21 as a yellow oil.

Water was added to a solution of the crude ketone 21 in 300 ml
of tetrahydrofuran until the first sign of turbidity, then 6 drops of
concentrated hydrochloric acid were introduced. The solution was
stirred at room temperature for 4 hr. The tetrahydrofuran was re-
moved at reduced pressure, and the hydrochloric acid was neutral-
ized with solid sodium bicarbonate. The aqueous solution was ex-
tracted with methylene chloride (1 X 300 ml). The methylene chlo-
ride solution was dried over anhydrous magnesium sulfate, and the
methylene chloride was removed at reduced pressure, to give 36.3 g
of keto alcohol 9 in an 83.5% yield from acid 17: ir (neat) 2.9 (m),
5.8 (s), 6.1 (w), 8.3 (s), 8.5 (s), and 12.2 M(w); nmr (CDC13) b 1.6 (m,
6), 2.4 (m, 4), 2.6 (m, 2), 3.2 (broad singlet, 1), 3.6 (m, 2), 3.7 (s, 3),
47 (d, 1,3 = 12 Hz), and 6.1 ppm (doublet of triplets, 1,J = 8,12 m
Hz); mass spectrum (M - H20) m/e 210.

A sample of 9 was collected from a gas chromatograph, using a 2
ft, 0.5 in. diameter column, packed with 15% silicone rubber on
60-80 mesh Chromasorb W, and heated to 180°, for elemental
analysis. The results of the elemental analysis were far from being
accurate. By nmr spectroscopy the predominant component of the
collected material was the dihydropyran 23: nmr (CDCI3) 0 1.4-2.2
(m, 8), 27 (m, 2), 3.7 (s, 3), 40 (t, 1, J = 5Hz), 455 (t,1,J = 4
Hz), 5.8 (d, 1, J = 12 Hz), and 6.2 ppm (doublet of triplets, 1, J =
8,12 Hz).

Methyl  Ill-Hydroxy-7-keto-cis-undec-2-enoate ~ Methane-
sulfonate (24a). Using the procedure of Crossland13 the methane-
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sulfonate 24a was prepared. To a solution of_35.8 g (0.157 mol) of
the alcohol 9 and 40 ml (0.29 mol) of freshly distilled triethyl-
amine, in 500 ml of methylene chloride which was cooled to -15°,
was added dropwise 14.5 ml (0.191 mole) of freshly distilled meth-
anesulfonyl chloride. When the addition was complete, stirring was
continued at -15° for 30 min. The methylene chloride solution
was washed with cold water (2 X 150 ml), saturated aqueous sodi-
um bicarbonate (2 X 150 ml), and saturated aqueous sodium chlo-
ride (2 X 150 ml). The methylene chloride solution was dried over
anhydrous magnesium sulfate, and the methylene chloride was re-
.moved at reduced pressure, to give 41.6 g (87% yield) of the meth-
anesulfonate 24a as a red oil: ir (neat) 5.8 (s), 6.1 (w), 7.4 (m), 8.35
(s), 8.5 (s), and 12.2g (w); nmr (CDC13) s 1.3-2.0 (m, 6), 2.3-2.8 (m,
6), 3.05 (s, 3), 3.7 (s, 3), 43 (t,2,J = 6 Hz), 49 (d, 1, J = 12 Hz),
and 6.3 ppm (doublet of triplets, 1,J = 8,12 Hz).

Methyl 1I-Bromo-7-keto-cis-undec-2-enoate (24b). A mix-
ture of 41.0 g (134 mmol) of the methanesulfonate 24a and 60 g
(690 mol) of -anhydrous lithium bromide, in 500 ml of acetone, was'
refluxed overnight. The solid was removed by filtration, and the
acetone was removed at reduced pressure. The residue was taken
up in 250 ml of methylene chloride and washed with water (2 X
150 ml). The methylene chloride solution was dried over anhy-
drous magnesium sulfate, and the methylene chloride was removed
at reduced pressure to give 37.7 g (97% yield) of the bromide 24b as
an orange oil: ir (neat) 5.8 (s), 6.1 (w), 8.3 (s), 8.5 (s), and 12.2 g (w);
nmr (CDCIg) 51.4-2.0 (m, 6), 2.2-2.8 (m, 6), 3.4 (t, 2,J = 6 Hz), 3.7
(s, 3),5.8(d, 1,J = 12 Hz), and 6.2 ppm (doublet o: triplets, 1,J =
8,12 Hz).

Methyl I1I-Nitro-7-keto-ci's-undec-2-enoate (10). Using the
procedure of Kornblum,14 the nitro compound 24cC was prepared.
To asolution of 31 g (0.52 mol) of dry urea and 27 g (0.39 mol) of
dry sodium nitrite, in 170 ml of freshly distilled dimethyl sulfox-
ide, was added dropwise 37.0 g (0.127 mol) of bromide 24b. When
the addition was complete, stirring was continued for 4 hr. The di-
methyl sulfoxide solution was poured into 2 1 of ice-water and
continuously extracted with ether for 24 hr. The ether solution was
washed with water (2 X 100 ml) and dried over anhydrous mag-
ensium sulfate, and the ether was removed at reduced pressure.
The residue contained a mixture of the nitrite ester of alcohol 9,
the methyl ester of acid 17, and the nitro compound 24c which was
determined by its nmr spectrum. Heating the mixture to 60° (0.03
mm) for 12 hr removed all of the nitrite ester and most of the
methyl ester. The resulting orange oil (25.6 g) contained 85% of the
nitro compound and 15% of the methyl ester of the acid 17, which
was determined by the integration of the methyl aster singlet at 5
3.6 ppm relative to the triplet at $4.4 ppm, characterized as the
methylene protons adjacent to the nitro group in 10 ir (neat) 5.8
(s), 6.1 (w), 6.4 (s), 8.3 (s), 85 (s), and 12.2 &(w); nmr (CDCI3) 5
1.2-2.0 (m, 6), 2.1-2.7 (m, 6), 3.7 (s, 3), 44 (t, 2, J = 6 Hz), 5.9 (d,
1,J = 12 Hz), and 6.3 ppm (doublet of triplets, 1,3 = 8,12 Hz).

Attempted separation of a small portion of the mixture for ele-
mental analysis by preparative layer chromatography, using silic
gel as absorbent, and a 75:25 mixture of methylene chloride and
hexane as elutents, failed.

Methyl Octahydro-l//-cyclopent[3,4]isoxazolo[2,3-a ]pyri-
dine-endo-4-carboxylate (25). To a solution of 1.23 g (4.76
mmol) of the nitro compound (10) obtained in the previous experi-
ment, in 70 ml of 25% aqueous methanol containing 0.38 g (7.1
mmol) of ammonium chloride, was added 2.0 g of freshly activated
zinc dust. The suspension was stirred at room temperature for 4.5
hr.’ The zinc salts were removed by filtration and washed with hot
50% aqueous methanol (2 X 50 ml). The methanol was removed at
reduced pressure. The aqueous solution was saturated with solid
sodium chloride and extracted with methylene chloride (5 X 50
ml). The methylene chloride solution was washed with 10% aque-
ous hydrochloric acid (3 X 20 ml) and dried over anhydrous mag-
nesium sulfate, and the methylene chloride was removed at re-
duced pressure, to give 0.357 g of a neutral yellow oil. The aqueous
solution was basified with solid sodium bicarbonate, saturated
with solid sodium chloride, and extracted with methylene chloride
(5 X 30 ml). The methylene chloride solution was dried over anhy-
drous magnesium sulfate, and the methylene chloride was removed
at reduced pressure, to give 0.62 g (51% yield) of adduct 25 as a
light yellow oil: ir (neat) 5.7 (s), 6.95 (m), 8.35 (s), and 9.4 g (m);
nmr spectrum (CDC13) 1.1-2.1 (m, 12), 2.7-3.4 (m, 3), 3.72 (s, 3),
4.72 ppm (d, 1, J = 8.5 Hz); mass spectrum (70 ev) m/e (rel inten-
sity) 225 (24), 182 (6), 167 (12), 166 (100), 138 (27), 124 (28), 113
(53), 97 (11).

The methiodide of adduct 25 was prepared by the addition of
1.0 ml (16 mmol) of methyl iodide to a small amount of the adduct
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25. The resulting solid was recrystallized from ethanol-ether to
give a hydroscopic white solid, mp 167-168°. Even though a small
sample of the methiodide was dried at 80° (0.05 mm) for 12 hr, the
results of the elemental analysis suggested that the white solid
contained water.

Octahydro-7-hydrocyclopent[i]indolizin-6(7H)-one  (26).
To a solution of 0.306 g (1.36 mmol) of adduct 25, in 5 ml of 50%
aqueous acetic acid, was added 1.0 g (15 mmol) of zinc dust. The
mixture was heated at 70° for 24 hr. The remaining zinc metal was
removed by filtration and washed with hot water (ca. 70°). The fil-
trate was basified with solid sodium carbonate, saturated with
solid sodium chloride, and continuously extracted with methylene
chloride for 24 hr. The methylene chloride solution was dried over
anhydrous magnesium sulfate, and the methylene chloride was re-
moved at reduced pressure. Recrystallization of the resulting solid
from hexane-ether gave 0.207 g (78% yield) of a white solid: mp
99- 100° ir (KBr) 3.0 (s), 5.95 (s), and 6.9 g (s); nmr (CDC13) 1.2-
D.l (m, 12), 2.00 (m, 1), 2.74 (bt, 2, J = 7 Hz), 41 (d, 1,3 = 5 Hz),
5.3 ppm (bs, 1); mass spectrum (70 ev) m/e (rel intensity) 195 (51),
167 (13), 166 (75), 153 (87), 152 (100), 138 (30), 125 (32), 124 (14).

Anal. Calcd for CuH17/N 02 C, 67.66; H, 8.78; N, 7.17. Found: C,
67.38; H, 8.77; N, 7.07.

Attempted Isomerization of Methyl Octahydro-IH-cyclo-
pent[3,4]isoxazolo[2,3-a Jpyridine-endo -4-carboxylate  (25).
Trial A. A solution of 184 mg (0.815 mmol) of the adduct 25, in 50
ml of toluene, was refluxed under a constant stream of argon for 7
hr. The toluene solution was cooled and extracted with cold 10%
aqueous hydrochloric acid (3 x 25 ml). The aqueous solution was
basified with solid sodium bicarbonate, saturated with solid sodi-
um chloride, and extracted with methylene chloride (4 x 25 ml).
The methylene chloride solution was dried over anhydrous magne-
sium sulfate, and the methylene chloride was removed at reduced
pressure to give 134 mg of a light yellow oil whose nmr spectrum
was identical with that of the starting material 25.

Trial B. A solution of 0.30 g (1.3 mmol) of adduct 25, in 60 ml of
xylene, was refluxed under a constant stream of argon for 8 hr. The
reaction product was isolated as in trial A to give 0.28 g of a yellow
oil. The nmr spectrum of the yellow oil appeared identical with the
starting material except for a small shoulder on the methyl ester
singlet at h3.75 ppm.

Trial C. Asolution of 0.265 g (1.18 mmol) of the adduct 25, in 70
ml of xylene, was refluxed under a constant stream of argon for 30
hr. The reaction product was isolated as in trial Ato give 0.222 g of
a brown oil. The nmr spectrum of the brown oil showed the ap-
pearance of a distinguishable doublet at S4.1 ppm. The mixture
was separated by preparative layer chromatography, using silica
gel as the adsorbent and a 50:50 mixture of hexane and methylene
chloride as elutents, to give two fractions. The major component
gave 126 mg of a light yellow oil whose nmr and ir spectra were
identical with those of starting material 25. The minor component
gave 30 mg of a light yellow oil which was assigned the structure
methyl octahydro-IH-cyclopent[3,4]isoxazolo[2,3-a]pyridine-exo-
4-carboxylate (27): ir (neat) 5.7 (s), 6.95 (m), 7.9 (m), and 8.15 g (s);
nmr (CDC13) 1.1-2.0 (m, 12), 2.70 (m, 1), 3.17 (m, 2), 3.89 (s, 3),
4.18 (d, 1,J = 6 Hz); mass spectrum (70 ev) m/e (rel intensity) 225
(14), 187 (18), 166 (34), 138 (21), 124 (100), 113 (42), 97 (9).

Registry No.—8, 52500-23-9; 9, 52571-11-6; 10, 52500-24-0; 11,
100- 72-1; 12, 18420-41-2; 13, 928-90-5; 14, 1720-37-2; 15, 52500-25-
1; 16, 52500-26-2; 17, 52500-27-3; 18, 52500-28-4; 19, 52500-29-5;
20, 52500-30-8; 21, 52500-31-9; 24a, 52500-32-0; 24b, 52500-33-1;
25, 52611-61-7; 25 methiodide, 52555-45-0; 26, 52500-34-2; 27,
52500-35-3; 4-chloro-I-butanol, 928-51-8; methyl 6-carbomethoxy-
cis -hex-2-enoate, 52500-36-4.
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The total synthesis of dI- 3-phenyl-, 3-p-carbomethoxyphenyl-, and 3-(4-thiazolyl)-7/3-(2-thienyl)acetamidode-

cephalosporanic acids 12a-c is described.

Cephalosporins 1 are a class of semisynthetic antibiotics
that are being increasingly used because of their breadth of
spectrum, potency, acid stability, and high degree of toler-
ance by man. In recent years an intensive worldwide effort
has been made to obtain modified cephalosporins with im-
proved properties.2 Variations at the 3 position have been
particularly fruitful, resulting in clinically useful drugs
having such diverse substituents R as

N-N
-CHDAc, -CH3 -CH#Py+, -CH,5— ~ ¢~ CHi
Many other modifications have also been reported, the vast
majority of which have -CH2X as the 3 substituent,2-3 al-
though R = H has also been reported.4

H

It is believed that resonance of type 2 plays a role in the
bioactivity of cephalosporins, since electronegative groups
X increase potency, and A2-cephalosporins are inactive.2

COOH COOH

2

However, the activity of 3-methylcephems such as cepha-
lexin (X = H) shows that X - does not have to depart dur-
ing the bioactive event. Furthermore, a theoretical study
also concluded that during thiolation of cephalosporins at
the /1-lactam carbonyl, negative charge tends to accumulate
at C-3 but that the CH2-X bond does not break.5

For these reasons it seemed worthwhile to prepare ce-
phems bearing aromatic rings directly attached to C-3. At
the inception of this project, there was no known way to do
this by partial synthesis.6 However, the total synthesis re-

cently developed in these laboratories7 has the capability of
great variation in the 3 substituent, and this route (Scheme
1) was therefore chosen for the preparation of 3-aryl ce-
phems.

The alkylation of thioamide 37 with phenacyl chloride
and cyclization of 4a to the thiazine 5a were best done se-
quentially, with isolation of 4a. When more than 1 equiv of
K2CO3 was used with phenacyl chloride as had previously
been done with I-chloro-3-acetoxy-2-propanone,7 exten-
sive decomposition occurred. Phenacyl bromide could be
used in place of the chloride, but in addition to 4a it gave
an isomer, presumably trans. Both isomers were stable to
interconversion in refluxing CDCI3.

Many conditions were tried for the cyclization of 4a to
5a, including K2C03-acetone,7 KHCOs-acetone, EtsN-
CHCI3, PhLi-THF, NaH-THF, LDA-THF, and NaH-
glyme. Of these, the latter gave the cleanest product and
was used in all subsequent work.

Cycloaddition of azidoacetyl chloride to 5a gave cephem
6a, sometimes containing the A2isomer, which was formed
from 6a with catalysis by triethylamine. The isomers were
separable by chromatography, but with care the problem
was avoidable altogether.

The stereochemistry of 6a was established as trans by
the coupling constant of 1.5 Hz for H-6 and H-7, in accord
with previous observations7 as well as our own subsequent
examples. Since all naturally occurring cephalosporins and
penicillins have cis stereochemistry, and trans compounds
are inactive, it was necessary to epimerize the 7 substitu-
ent. This could not be done by simple equilibration because
the trans isomers are generally the more stable ones, and so
our procedure based upon steric approach control was
used.8 Azidocephem 6a was reduced to amine 7a, which
was converted to its Schiff base 8a with p-nitrobenzal-
dehyde. Formation of the 7 anion with phenyllithium, acti-
vation with DMF, and then acidification under kinetically
controlled conditions, which occurs preferentially from the
less hindered side, provided the cis Schiff base 9a with the
natural configuration at C-7, along with recovered 8a, in a
2:1 ratio.
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Scheme |
CH=S
. k2co,
+ CICHjCOAr
I Ar NiGHood
N ~/PPA Ar Et,N
COOCHZAH4OCH3 COOCHX6-40CH3
5
HH
(1) PhLi
(2) HaO+
24DNPH
TsOH
«, Ar - C6H5

b, Ar = p-C6H4COOCH3
¢, At = 4-thiazolyl

The steps 9a —»12a were done in the usual manner,78
providing totally synthetic dlI- 3-phenyl cephem 12a. It con-
tained some 7-epi isomer 13a carried through from the ep-
imerization and some A2formed during thienylacetylation,
but these, being inactive, did not interfere with the bioas-
say.9

With the expectation that an additional electron-with-
drawing group would increase bioactivity, the p- carbo-
methoxyphenyl cephem 12b was also synthesized. The re-
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quired p- carbomethoxyphenacyl chloride was prepared by
the sequence below.

CH,00C COOCH3 CRCOOCK))
o, CHiN2
RCOOK —  RCOOH - » RCOCL - >
A\
SOCi,
RCOCHN, ~ CHX® O C -~ —COCHZ

Our mp for the acid chloride, 50-55°, was different from
that reported,10 130°;, so we prepared it by an alternate
route to be secure.

The sequence of Scheme | was repeated, starting with 3
and p-carbomethoxyphenacyl chloride. The reactivity of
the latter was much greater than that of phenacyl chloride,
forming 4b in minutes instead of hours. The epimerization
of 8b gave a normahepi ratio (9b:8b) of only about 1:1, not
separable at the Iib stage, so that the final product dlI- 12b
contained also 1.3b in about a 1:1 ratio.9 Isomerization to A2
was less than in the phenyl series, and in other respects the
sequence was done in the same way as before.

To provide an example of a 3-heteroaryl cephem, the 4-
thiazolyl analog 12c¢ was made by the same route. The re-
quired chloromethyl 4-thiazolyl ketone was prepared from
the acid as before.

The pathway of Scheme | was again followed, furnishing
dl- 12c9which was free of both A2isomer and 13c.

In all three syntheses, the yields of thiazines 5a-c were
critically dependent on the purity of 3, which must be care-
fully chromatographed even though this does not change
the ir or nmr spectra. We believe that crude 3, which is
made from the amino compound by thioformylation in lig-
uid H2S, contains some form of active sulfur because sul-
fides of the type (ArCOCH”S (14) have been obtained
from poor preparations of 5.

An unexpected transformation occurred on compounds
4a and 4c. On several days’' standing, they were trans-
formed into the formamide 15. We do not know the path-

CHO
\ .PPEL2
NH—
COOCHZCaH40CH3
15

way of this reaction, or the fate of the other fragment of the
molecule.

A final point of interest concerns the conformation of the
3-aryl substituents. The phenyl and p- carbomethoxyphen-
yl groups have hydrogen atoms on both carbons adjacent to
the point of attachment, which project in the plane of the
ring and prevent it from becoming planar with the thiazine
ring, in all compounds from 5a,b to 12a,b. On the other
hand, the thiazole ring has only one such hydrogen, which
is apparently not sufficient to prevent it from enjoying pla-
narity, and thus conjugation, with the thiazine ring in 5c-
12c. We infer this from the nmr spectra on these grounds.
In the a and b series relative to the c series, SCH2
OCEhAr, and the two hydrogens in CH2C6H40OCHS3 ortho
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to CH2 appear ca. 0.2 ppm upfield. In the thiazolyl series,
the latter two chemical shifts are about the same as those
of the corresponding 3-alkyl compounds, showing that the
protons in question are in the shielding cone of the phenyl

rings in the a and b series.
The preparation of other totally synthetic /3-lactam anti-
biotics will be reported in due course.

Experimental Section

Nmr spectra were taken on a Varian T-60; ir spectra were taken
on a Perkin-Elmer Infracord.

Preparation of 4a-c. A mixture of 77 mg (0.2 mmol) of 3, 32 mg
of phenacyl chloride (0.2 mmol), 29 mg of ground K2CO3, and 2 ml
of acetone was stirred 18 hr at 25° under N2-filtered, and evapo-
rated, affording 111 mg of crude 43, suitable for further reactions:
112% wt yield; ir (film) 5.72 (ester), 5.93 (COPh), 6.20, 6.28 fi (Ar,
C=N); nmr (CDC13) 51.20 (t,J = 7 Hz, CH2CH3J), 3.79 (s, OCH3),
408 (dofqg,Jhp=8HzandJ = 7 Hz, CH2CH3), 4.56 (s, SCH2),
4.69 (d, JHp = 21 Hz, CHP), 5.16 (s, OCHZ2Ar), 6.9 (d, J = 9 Hz),
7.3 (d, J = 9 Hz, C6H4), 7.5,'8.0 (m, C6H6), 8.49 (d, JHp = 4 Hz,
CH=N). When this reaction was done using 53 mg of phenacyl
bromide, 37 mg of K2C03, 100 mg of 3, and 2 ml of acetone (0.267
mmol scale), nmr showed two products. From pic on silica gel with
4:1 CHCI3EtOAc was obtained 35 mg of 4a and 34 mg of an iso-
mer, ir similar to 4a, nmr similar except for CH=N at b 9.06 (d,
J Hp = 4 Hz), mass spectrum 493. The nmr spectra of 4a and its
isomer did not change after brief boiling in CDCI3.

Compound 4b was prepared by the same procedure but with
only 25 min reaction time. The ir was similar to that of 4a with an
added COOCH3 at 5.78 p, and the nmr was also similar, with an
added COOCH3at 53.98.

Compound 4c was best prepared by a slightly modified proce-
dure, using a threefold excess of K2CO3 and stirring 1 hr. After fil-
tering, evaporating, and flushing with benzene, the crude 4c was
ready for the next step. The ir and nmr spectra resembled those of
4a, lacking the CgHs bands and with additional ones at b 8.31 and
8.85 (m, thiazolyl).

Cyclization of 4a-c to 5a-c. Crude 44, prepared as above from
77 mg of 3, was dissolved three times in glyme and evaporated and
then treated 5 min in 1 ml of glyme with 1 equiv of NaH (10 mg of
50% NaH in oil, washed twice with hexane to remove oil) suspend-
ed in 1 ml of glyme. The reaction mixture was diluted with 10 ml of
benzene, washed with water, dried with MgS04, filtered, and evap-
orated. Weight yields of crude 5a generally ran >100%. Purifica-
tion by chromatography was not successful, but crude 5a was suit-
able for cycloaddition. The ir showed only ester carbonyl at 5.78 ti:
nmr (CDCI3) b 3.58 (s, SCH2), 3.76 (s, OCH3), 4.93 (s, OCH2), 6.71
(d,J = 9 Hz), 6.80 (d, J = 9 Hz, C6H4), 7.25 (s, C6H5), 8.30 (s,
CH=N); mass spectrum 339.

Compound 5b was made as above: ir 5.80 n; nmr (CDC13) b 3.60
(s, SCH2), 3.81 (s, OCH3), 3.97 (s, COOCHZ3), 4.98 (s, OCH2), 6.78
(d, J = 9 Hz), 6.96 (d, J = 9 Hz, C6H40CH3), 7.27 (d, J = 8 Hz,
C6HACOOCHS3J), 8.40 (s, CH=N); mass spectrum 397. Crude yield
>100%, 30% of crystalline 5b, mp 144-6° from 1:1 benzene-cyclo-
hexane.

Compound 5C was prepared similarly, ~100% crude yield, 39%
crystalline, mp 134° from benzene-cyclohexane: ir 579 /g nmr
(CDCis) 53.84 (s, OCHJ), 5.22 (s, OCH2), 6.91 (d, J = 9 Hz), 7.27
(d, J = 9 Hz, C6H4), 8.43 (s, CH=N), 7.3 (d, J = 2 Hz), 8.75 (d, J
= 2 Hz, thiazolyl); mass spectrum 346.

Cycloaddition of Azidoacetyl Chloride2 to 5a-c Forming
6a-c. Crude 5a prepared from 0.25 mmol of 3, in 2 ml of CH2C12,
was treated with 0.139 ml (1 mmol) of Et3N. Then, under N2, 0.033
ml of azidoacetyl chloride (0.37 mmol) in 2 ml of CH2C12 was
added at 0° over 30 min. The mixture was allowed to warm to 25°,
diluted with 30 ml of benzene, washed successively with pH 3
aqueous phosphate, water, and aqueous K2HPO03, dried with
MgSO04, filtered, and evaporated, leaving 106 mg of crude cephem
6a. This was chromatographed on 5 g of silica gel (E. Merck’s) with
10:1 CHCI3EtOAc, providing 28.5 mg (27%) of pure 6a: ir (film)
4.73 (azide), 5.61 (/J-lactam), 5.79 n (ester); nmr (CDCI3) d 3.66 (s,
SCH?2), 4.59, 4.70 (d’s, J = 1.5 Hz, H-6 and -7), other peaks correct;
mass spectrum 422, 394.

Crystalline 5b was similarly treated with 4 equiv of Et3N and 2
equiv of azidoacetyl chloride, affording 130 mg of crude (83%) and
29 mg of crystalline cephem 6b. Chromatography of the crude gave
33 mg more 6b, 40% total: ir like 6a; mass spectra 480, 452; nmr
(CDCI13) 53.63 (s, SCH2), 4.62, 4.70 (d’s,J = 1.5 Hz, H-6 and -7),
other peaks correct.
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Crystalline 5¢ similarly gave, after chromatography, 28% of 6c:
ir like 6a,b; mass spectrum 429, 401; nmr (CDC13) b 3.81 (s, SCH2
and OCHDJ), 4.67, 4.73 (d’s, J = 1.5 Hz, H-6 and -7), other peaks
correct.

Caution! Vigorous explosions have been reportedl13 during the
preparation of azidoacetyl chloride. Using a modified procedurel4
we have had no trouble, but we urge the greatest caution in making
and handling this compound.

Hydrogenation of 6a-c to 7a-c. Azidocephem 6a, 170 mg, was
hydrogenated in 25 ml of benzene with 170 mg of Pt02fcr 45 min
at 40 psi, filtered through a bed of Supercel and evaporated, af-
fording 101 mg of 7a, 63%: ir (film) 5.66, 5.78 ', nmr (CDC13) 5 2.0
(m, NH2), 3.59 (s, SCH2), 4.16, 4.52 (d's, J = 15 Hz, H-6 and -7),
other peaks correct. Also present was the A2isomer, nmr (CDC13) 5
426 (d,J = 1Hz, H-7), 551 (m, H-6),6.45 (d,J = 1.5 Hz, 3CH=).

Likewise 6b was reduced to 7b, 67%: ir (film) 2.9, 5.63, 5.78 ju
mass spectrum 454; nmr (CDC13) 6 2.3 (m, NH2), 3.60 (s, SCH2).
4.24,4.58 (d's,J = 2Hz, H-6 and -7), other peaks correct.

Similarly 6¢c gave 56% 7c: ir (film) 2.9, 5.64, 5.77 g; mass spec-
trum 403; nmr (CDC13) 6 2.25 (m, NH2), 3.80 (s, SCH2), 4.30, 4.60
(d’'s,J = 2 Hz, H-6and -7), other peaks correct.

Preparation and Epimerization of Schiff Bases 8a-c to 9a-
C. Compounds 7a-C, ca. 2.5% in CH2C12, were treated 2 hr with 1
equiv of p-nitrobenzaldehyde in the presence of MgSO04, filtered,
and evaporated, providing 7a-Schiff bases 8a-Cc. Excess of MgS04
should be avoided. Epimerization was done by the published pro-
cedure,8 giving mixtures of 8a-c and the 7/8-Schiff bases 9a-C in
these ratios: 9a:8a, 2:1; 9b:8b, 1:1; 9c:8c, 1:1. Epimerization was
gauged by comparing in the nmr the CH=N peaks, b 8.55 for la
and $8.75 for 7/3.

9a-c —»10a-c —»lla-c. Deblocking of epimerized Schiff bases
9a-c and thienylacetylation of amines 10a-c were done as before.8
The crude amines were checked by ir only (similar to 7&-e) and
carried forward without purification. Esters lla-c were isolated by
chromatography on silica gel (E. Merck, 70-230 mesh) in weight
ratios of about 30:1, 40:1, and 50:1 respectively, eluting with 10:1
chloroform-ethyl acetate, and the single-spot products had Rf's of
about 0.3, 0.2, and 0.3, respectively, on tic in the same system.
Compound 11a had ir (film) 3.06 (NH), 5.62 (/3-lactam), 5.77
(ester), 5.97 n (amide); nmr (CDC13) h 3.59 (s, SCH2), 3.79 (s,
OCHs), 3.82 (s, CH2C=0), 4.90 (s, OCH?2), 4.97 (d, J = 4 Hz, H-6),
5.87 (d ofd, J = 4, 8 Hz, H-7), other peaks correct; mass spectrum
520, 340. Compound lib had ir (film) 3.0, 5.61, 5.79, 5.95 &, nmr
(CDCI3) b3.58 (s), 3.78 (s), 3.84 (s), 3.93 (s, COOCH3), 4.92 (s), 4.99
(d, J = 4Hz),586 (d ofd, J = 4, 8Hz), et al.; mass spectrum 578,
397. Compound 11c had ir (film) 3.04, 5.62, 5.80, 5.98 jg nmr
(CDCI3) S3.72 (s, SCH2), 3.81 (s, OCH3J), 3.88 (s, CH2C =0), 5.07
(d,J = 4 Hz, H-6), 5.14 (s, OCH2), 5.89 (d of d, J = 4, 8 Hz, H-7),
et al.; mass spectrum 527, 347.

De-esterification of lla-c to 12a-c. Samples of 20-25 mg of
Ila-c were taken up in 0.5 ml of anisole, cooled to 0°, and treated
with 2.5 ml of trifluoroacetie acid for 4-5 min. Vacuum of <1 Torr
was then applied while the sample warmed gradually to 30°; this
removes first TFA, then anisole. Another 2.5 ml of anisole was
added and pumped off to assure quantitative removal of TFA. The
residue was taken up in a few ml of water containing excess
NaHCOs, washed 3 times with CH2C12, acidified with pH 2 phos-
phate, and extracted 3 times with AcOH-free EtOAc. The EtOAc
was sometimes dried with MgSO04, filtered, and evaporated to ob-
tain the free acids 12, or else re-extracted directly with water con-
taining the calculated amount of NaHCO03 and lyophilized to ob-
tain 12a-c as sodium salts. Samples of 12a-Cc were treated with
CH2N2and sent for mass spectrum without purification.

Our general de-esterification procedure more recently is to treat
one part ester with 2 parts anisole and 10 parts TFA for 2.0 min at
0° and work up as above. Sometimes good sodium salts are ob-
tained simply by treating the residue with water containing the
calculated amount of NaH CO03, washing with CH2C12, and lyophil-
izing. Yields vary from 60 to 95%. »

Compound 12a had ir (film) 2.9-3.7, 5.60, 5.8, 6.0 #g nrar (Na
salt, D20) 53.70, (s, SCH2), 3.92 (s, CH2C=0), 4.63 (HDD), 5.15
(d, J = 4 Hz, H-6), 5.67 (d, J = 4 Hz, H-7), et al; also 6 6.50
(broad s, SCH= of A2 isomer). High resolution mass spectrum of
Me ester, 414.0713; calcd for C20HisN20 452, 414.0707. Compound
12b had nmr (Na salt, D20) b 3.68 (s), 3.88 (s, COOCH3 and
CH2C=0), 4.68 (HDO), 5.16 and 5.67 (d's,J = 5Hz), et al.; also 5
6.65 (m, SCH= of A2isomer). High resolution mass spectrum of
Me ester, 472.0714; calcd for C2H2N26S2 472.076. Compound
12c's Me ester had mass spectrum 421, 241, 208, 181.

p-Carbomethoxybenzoyl Chloride. Following the published
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procedure,10 dimethyl terephthalate was saponified to the mono-
potassium salt monoester and converted to the monoacid chloride
monoester with SOCI2. The crystalline product had good ir and
nmr spectra, but melted at ca. 50° instead of the reported 130°.
Therefore another method was also used. To a solution of 21.4 g
(0.11 mol) of dimethyl terephthalate in 100 ml of MeOH and 100
ml of ether was slowly added a solution of 5.6 g (0.1 mol) of KOH
in 100 ml of MeOH and 5 ml of H20. After being stirred for 18 hr
the mixture had pH 7 and a white precipitate which was filtered,
dissolved in H20, filtered to clarify, and acidified to pH 2 with
HC1. A white precipitate of monomethyl terephthalate appeared
which was filtered, washed, and dried, 11.4 g, mp 218-220° (re-
ported15 230°). One gram was refluxed 2 hr with 1.5 ml of S0C12
and evaporated, leaving a white powder, mp 50-55°, identical with
the sample made by the first method: ir (Nujol) 5.63, 5.76 nmr
(CDC13) b3.98 (s, OCR,), 8.15 (s, C6H4).
p-Carbomethoxydiazoacetophenone.  Diazomethane was
made by adding 27.2 g of Diazald in 165 ml of ether to 6.34 g of
KOH in 10 ml of H20 and 31.5 ml of EtOH. Over 1 hr, the CH2N2
solution was added to 6 g of p-carbomethoxybenzoyl chloride in
200 ml of ether at 0°. The volume was reduced to ca. 150 ml and
the crystalline product was filtered and dried, 4.3 g, mp 98-101°: ir
(CDCI3) 4.74, 5.79, 6.16 m; nmr (CDCI3) b3.95 (s, COOCH3), 5.93 (s,
CHN?2), 7.81, 8.09 (d's, J = 8 Hz, C6H4).
p-Carbomethoxyphenacyl Chloride. The diazo compound, 4
g, was dissolved in 40 ml of AcOH and 4 ml of concentrated HCI.
When effervescence ceased, 200 ml of H2 was added, precipitat-
ing the product which was filtered, washed with water, and dried,
3.8 g, mp 144-7°: ir (CDCI3) 5.79, 5.9 n (sh); nmr (CDCI3) b 3.95 (s,
COOCHS3), 4.70 (s, COCHSsCI), 8.02, 8.07 (d's, J = 8 Hz, CaH4).
Thiazole-4-carbonyl Chloride. Thiazole-4-carboxylic acid,
0.97 g (0.01 mol), was refluxed with 10 ml of SOCI2for 90 min. The
solution was evaporated and the residue flushed with benzene and
recrystallized from 50 ml of hexane: mp 85-86.5°; ir (CDCI3) 5.64
m; nmr (CDC13) 68.59, 9.01 (d's,J = 2 Hz).
4-Diazoacetylthiazole. The acid chloride, 4.01 g (0.027 mol),
was added to 680 ml of 0.1 N CH2N2 in ether (0.068 mol) at 0°.
The reaction took ca. 5 min and was stirred 30 min at 0° and 30
min at 25°. The solution was partly concentrated, filtered to clari-
fy, and evaporated to dryness, leaving 4.4 g of yellow solid which
was washed with petroleum ether; mp 80-82°. It was recrystallized
from ether-petroleum ether and then from ether, giving 1.8 g of
pure product: ir (CDCI3) 4.72, 6.17 &, nmr (CDCI3) b 6.48 (s,
COCHN2), 8.27, 8.84 (d’'s, J = 2 Hz, thiazolyl).
4-Chloroacetylthiazole. The diazo compound, 3 g, was added
at 0° to 50 ml of EtOH saturated with HC1. The mixture was
stirred 5 min and evaporated to dryness. The solid was washed
with a little ether, then stirred with pH 8 aqueous phosphate, and
extracted 4 times with ether. The ether solution was dried with
MgSo04, filtered and evaporated, leaving 2.62 g of yellow solid, 83%;
ir (CDCI3) 585 nmr (CDC13) b 4.95 (s, COCHZXCI), 8.40, 8.94
(m'’s, thiazolyl).
Sulfides 14a-c. From chromatography of cephems 6a-c and
crystallization of thiazines 5b,c were obtained variable yields of
14a-c, depending on the quality of 3. Compound 14a had ir (film)
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5.92 (sh), 5.97 /Ix mass spectrum 302 [(C6HsSCOCH?2252], 270, 237,
165, 152, 119, 105, 77. Compound 14b had ir (CHC13) 5.80, 5.92,
5.97 m; nmr (CDCI3) b3.94 (s, COOCH3J), 3.97 (s, SCH2), 7.98, 8.10
(d's, 3 = 8 Hz, CsH4); mass spectrum 386, 355, 353, 223, 178, 163,
135. Compound 14c, in mixtures with cephem 6¢, had ir 5.93, 5.98
g and a sample purified by tic had mass spectrum 284, 158, 126,
112,84.

Formamide 15. On standing for several days, 4aand (more rap-
idly) 4c were transformed into 15 ir (film) 3.1-3.2, 5.74, 5.96 p;
nmr (CDC13) b5.30 (d of d, JHp = 22 Hz and J = 8 Hz, CHP), 8.20
(s, CH=0), et al.; mass spectrum 359, 331, 210,195, 166,138,121.

Registry No.—3, 50917-87-8; 4a, 52539-73-8; 4b, 52539-74-9;
4c, 52539-75-0; 5a, 52539-76-1; 5b, 52539-77-2; 5c, 52539-78-3; 64,
52539-82-9; 6b, 52539-83-0; 6C, 52539-84-1; 7a, 52539-85-2; 7a A2
isomer, 52539-79-4; 7b, 52539-86-3; 7cC, 52539-87-4; 8a, 52539-88-5;
8b, 52539-89-6; 8c, 52539-90-9; 9a, 52539-91-0; 9b, 52539-92-1; 9c,
52539-93-2; 10a, 52539-94-3; 10b, 52539-95-4; 10c, 52585-05-4; 113,
52539-96-5; lib, 52539-97-6; 11c, 52539-98-7; 123, 52539-99-8; 12a
Na salt, 52540-00-8; 12a A2 isomer Na salt, 52539-80-7; 12a Me
ester, 52540-01-9; 12b, 52540-02-0; 12b Na salt, 52540-03-1; 12b A2
isomer Na salt, 52539-81-8; 12b Me ester, 52540-04-2; 12c, 52540-
05-3; 12c Na salt, 52540-06-4; 12c Me ester, 52540-07-5; 14a,
2461-80-5; 14b, 52540-19-9; 14c, 52540-20-2; 15, 52540-21-3; phen-
acyl chloride, 532-27-4; p-carbomethoxyphenacyl chloride, 52540-
22-4; thiazole-4-carbonyl chloride, 52540-23-5; azedoacetyl chlo-
ride, 30426-58-5; p- carbomethoxybenzayl chloride, 7377-26-6; p-
carbomethoxydiazoacetophenone, 22744-13-4; thiazole-4-carbox-
ylic acid, 3973-08-8; 4-diazoacetylthiaziole, 52540-24-6; 4-chloro-
acetylthiazole, 52540-23-5.
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An improved synthesis of the ieri-alkyloxycarbonylhydrazide resin (1X) is given. The resin has been used as
the support in the solid-phase synthesis of an N-protected hexapeptide hydrazide (X1X) comprising the Ai4 i9
fragment of insulin. Incorporation of the subsequent amino acid residues as their A-2-(p-biphenylyl)isopropylox-
ycarbonyl derivatives enabled us to determine the incorporation percentage in each coupling step and to find op-
timum conditions for the condensation reactions. Dicyclohexylcarbodiimide-Ar-hydroxybenzotriazole was used as
the condensing agent for the coupling of asparagine and glutamine residues. Residual free amino groups were
blocked by formylation. The N-terminal amino group was temporarily protected by the newly developed 2-(meth-
ylsulfonyl)ethyloxycarbonyl group. After cleavage from the resin the product has been coupled with S-trityl-L-
cysteinyl-L-asparagine by the azide method, resulting in the formation of an S-trityl derivative of the C-terminal

A[4 2i sequence of insulin.

Although several useful laboratory syntheses of the A
and B chains of insulin have been described,2 the problem
of the specific introduction of the four disulfide bonds has
not yet been solved. An approach to overcome this problem
has been described by Hiskey,3who demonstrated that se-
lective bridging of S- trityl thioethers in the presence of an
S-benzhydryl thioether is possible with thiocyanogen as
the oxidizing agent. This method has been used4in the syn-
thesis of a suitably protected octapeptide (I) comprising
the A5 i3 sequence of ovine insulin, in which the cysteinyl
residue at A7 is present as its S- benzhydryl derivative.

Bzh /- Bu
Boc-Cys -Cys-Ala-Gly-Val-Cys -Ser-Leu-OH
6 7 j 13

t-Bu i-Bu t-Bu  Trt

| 1 | |
Bpoc-Tyr-Gin-Leu -Glu-Asn-Tyr -Cys -Asn-OTmb

14 . 20 21

This technique can be applied to the ultimate bridging of
the complete A and B chains of insulin. The peptide | has
then to be incorporated in an A chain containing S-trityl-
cysteine at A20. The synthesis of a proper Ai4_2i fragment
(I1), suitable for the desired extension of | at the C-termi-
nal end, has already been described.5

In view of this promising progress toward a useful syn-
thesis of the complete insulin molecule we started investi-
gations on the solig-phase synthesis of fragments of the A
chain, fitting into the given overall strategy. The present
paper concerns the development of a new synthesis of the
Ai4_2i fragment which has largely been done on a solid sup-
port.

Since it was found in orienting experiments that acyla-
tion of free amine functions in solid-phase synthesis with
S-trityl cysteine derivatives is always far from quantita-
tive,6 the synthesis of the desired octapeptide was conduct-
ed in two stages: a solid-phase synthesis of the hydrazide of
an N-protected Ai4 19 sequence, followed by a condensa-
tion of the corresponding azide with S-trityleysteinylaspar-
agine in solution.

The obvious support for this investigation was the tert-
alkyloxycarbonylhydrazide resin (1X), introduced by Mer-
rifield and Wang.7 The mild conditions needed to cleave a
peptide from this resin facilitate isolation of a partly pro-
tected peptide hydrazide, suitable for further fragment
condensations.

A. Synthesis of the feri-Alkyloxycarbonylhydrazide
Resin. An attempted preparation7 of the resin was unsuc-
cessful. Direct substitution of copolystyrene-divinylben-
zene (I11) with methyl vinyl ketone did not occur when the
recommended HF was used, nor when other Friedel-Crafts
catalysts (A1C13, SnCl4, BF3=OEt2, H2S04) were applied.
This may have been due to the particular batch of the co-
polymer used. The resin VI could, however, be readily ob-
tained by the substitution of an acetoacetate residue for
chlorine in the chloromethyl resin (1V), followed by acid
hydrolysis and decarboxylation with 50% TFA-CH2C12
(Scheme 1). The intermediate V was completely free from
chlorine and could be well characterized by ir spectroscopy.
The product VI had an ir spectrum identical with that
given by Merrifield.7

Scheme |
®H §> — ®-<0on-~gra
m v
CH3COCH=CH2HF 1 CH,COCHCOO-i-Bu
(?2)— (~ ) — CIIjCH/IOCH, (S ) — CHZXH(COO-i-Bu)COCH3
\z \ / \Y%

I CHJVigBr TFA/CHaCL

(?h o ~ h,CHZ(CH;,)20H

Vil
1 PhOCOCI
@ -h(Q )— CHXHX(CHAOCOO— (" >
Vil
(p)— (N ) — <h.(h,C(CH}) 2 conhwh, <@ — nhnhu
IX

The further synthesis of IX proceeded smoothly as de-
scribed in the literature and reproduced in Scheme I. From
the nitrogen content it was calculated that the overall yield
over five reaction steps was 71%.

The new route includes two important improvements:
the percentage of anchoring side chains in the hydrazide
resin can be controlled by the extent of chlorométhylation
in the synthesis of IV, and the use of the hazardous HF can
be avoided.
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B. Synthesis of the Hydrazide of an N-Protected

Al14-19 Fragment. Peptide syntheses on the resin IX can
only be done with amino acid derivatives containing Na-
protecting groups which are more acid labile than the terti-
ary carbazate link between the peptide and the resin. Pos-
sible N-protecting functions seemed to be the Bpoc group8
and the Bmv group9because of their high acid lability. Use
of either group also permits measurement of the effective-
ness of each coupling step. Cleavage of the Bpoc group with
0.5% TFA-CH2CI2 proceeds quantitatively, yielding apart
from carbon dioxide 2-(p-biphenylyl)propene and a trace
of 2-(p-biphenylyl)propanol-2. Removal of the Bmv group
under acidic conditions (0.4 N HC1 in agueous THF) gives
benzoylacetone quantitatively. In both cases the amount of
the cleavage products can be determined by uv spectropho-
tometry.

The Bmv group cannot be used, however, in the coupling
of the first amino acid with IX. In a preliminary experi-
ment with Bmv-glycine (Scheme Il) it appeared that the
Bmv amino acid is not only bound via the carboxyl group
as a hydrazide (Xa) but also as a hydrazone by condensa-
tion of the hydrazide groups on the resin with the carbonyl
function in the Bmv group (Xb). Subsequent cleavage of
the Bmv group and liberation of the amino acid from the
resin yielded apart from the expected glycylhydrazide
(XI1) substantial amounts of a side product which ap-
peared to be 5-methyl-3-phenylpyrazole (XI11) by compari-
son with an authentic sample.

Scheme Il
<O<<OCH:=C(CH>GIy-OH-DCHA + HNNH—O0
1 TOSOH IX
Bmv 2. DOC

Bmv-Gly-NH— NH— NHN=C(C6Hs)CH=C(CHJINHCHXOOH
Xa Xb

L 04 N—ICI(aq)-THF
2. DIEA-CHoCl,

H-Gly-NHNH— NHN>=0(C8H5CHZDOCH3
Xl 1 50J&TFA-CHA
NH
H-Gly-NHNH, + resin + A \})—i 3
X /| C-CH
CcH5
xXm

The Bpoc group appeared very attractive for N,, protec-
tion. It is stable under the experimental conditions of the
synthetic procedures, and the conditions for its removal are
milder than for the cleavage of Bmv residues.

Before cleavage of the Ai4,ig fragment from the resin the
N-terminal Bpoc group was exchanged for the Msc group10
which remains during this cleavage procedure. The Msc
group could be removed at the octapeptide stage with di-
lute base and without interference with the S-trityl func-
tion at A

For side-chain protection of the tyrosyl residues (Ai4 and
A19) and the glutamyl residue (A 17) tert-butyl groups were
used. They are completely stable under the cleavage condi-
tions for the Bpoc group but are eliminated during removal
of the peptide from the resin, which was done with 50%
TFA in CH2C12. The absence of side-chain protecting
groups in the final product improves its solubility, which is
of advantage in the subsequent azide coupling with the
A20-21 fragment. The same is true when the resulting A14.2i
fragment is to be extended at the N-terminal side via the
mixed anhydride method or via an azide coupling.
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Figure 1. Relative incorporation of the subsequent amino acid
residues in the solid-phase synthesis of the Ai4 i9 fragment of in-
sulin.

The introduction of asparagine (Ai8) and glutamine
(Als) required special attention because condensing agents
such as DCC can cause dehydration of amides to nitriles.
Recent investigations1l have revealed that p-nitrophenyl
ester couplings proceed rather slowly in solid-phase syn-
theses, giving incomplete acylations even after prolonged
reaction times. An attempt to use Mitin's method, pre-
viously applied to the incorporation of amide-containing
amino acid residues,12 had to be abandoned because it also
led to incomplete condensations. Finally, a clean and rapid
introduction of these amino acids appeared to be possible
by condensation with DCC-HOBt, as was found by Konig
and Geiger13in syntheses in solution and was recently ap-
plied to a solid-phase synthesis.14 In preliminary experi-
ments thin layer chromatograms of asparagine-containing
peptides obtained thus showed that no appreciable forma-
tion of the corresponding /3-cyanoalanyl derivative had oc-
curred, and the complete absence of dehydration products
could be deduced from the absence of any nitrile absorp-
tion at 2260 cm-1 in the ir spectra of the products.

On account of these results DCC-HOBt was selected as
the condensing reagent in the coupling of the asparagine
and glutamine derivatives, and DCC alone in all other cou-
pling steps. After each coupling residual free amino groups
were formylated by treatment of the peptide resin with iso-
propenyl formate.15 Omission of this treatment in a parallel
synthesis led to an impure product difficult to purify.

To estimate the yields of the subsequent coupling steps
the number of millimoles of the peptide present in 1 g of
the resin was determined after each coupling by spectro-
photometric determination of 2-(p-biphenylyl)propene,
formed by removal of the terminal Bpoc group. The num-
ber was compared with that calculated for quantitative in-
corporation of the relevant amino acid residue (Figure 1).

The overall synthetic procedure is given in Scheme IlI.
The synthesis was performed with a Schwarz Bio Research
peptide synthesizer. After cleavage from the resin the
Msc-hexapeptide hydrazide (X1X) was dissolved in DMF
and precipitated with ethanol-ether. It was obtained in
62% vyield, based on the Bpoc content at the hexapeptide
level. It'was chromatographically pure in a number of sol-
vent systems and gave a correct elemental analysis.

C. Synthesis of the S-Trityl Ai42i Sequence. The

Ai4_i9 fragment (X1X) was coupled with a slight excess of
S-trityl-L-cysteinyl-L-asparagine via the azide method
(Scheme 1V). The remaining dipeptide was removed from
the reaction mixture by filtration through an AG1-X2 ion
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Scheme ni
Synthesis of the Protected A14-19 Peptide Derivative

Bpoc-Tyr(/ -Bu)-Gin-OH* Bpoc-Leu-OH

Bpoc-Glu(0-/ -Bu)OH

Bpoc-Asn-OH Bpoc-Tyr(/ -Bu)-OH HNNH-(?) IX
1. bcc 1
2. isopropenyl formate

3. 0.5% TFA-DEA

H- PY)  XIV
1. DCC/HOBt
2. isopropenyl formate
3. 0.5% TFA-DIEA
XV
<2>
Lo Vi
XVII
Xvm

1. Msc-OPht
2. 50% TFA-CH2CI2

Msc -Tyr -Gin-Leu -Glu-Asn -Tyr -NH-NH2 XIX

aln the automated synthesis coupling with a dipeptide was chosen in this stage because tic of a pentapeptide derivative obtained from
XVII and Bpoc-GIn-OH showed in addition to the ninhydrin-positive pentapeptide hydrazide a small spot which was Reindel-Hoppe posi-
tive but ninhydrin negative. This might have been a pyroglutamyl derivative. When the synthesis was completed via this pentapeptide stage
by a coupling with Msc-Try(t-Bu)-OH the hexapeptide hydrazide (X1X) was, however, obtained in the same yield and as pure as via the

given scheme.

Scheme IV

XIX + H-Cys Trt -Asn-OH

Msc -Tyr -Gin-Leu-Glu -Asn-Tyr -Cys(Trt)-Asn -OH (XX)
I°H-

H-Tyr -Gin -Leu -Glu -Asn -Tyr -Cys (Trt) -Asn -OH  (XXI)

exchange column, which proved to be very useful for the se-
lective separation of peptides differing in net negative
charge. The N,S-protected octapeptide (XX) was obtained
in 58% yield. Cleavage of the Msc group was done with di-
lute base in 1-butanol-methanol-water. The S-trityl sub-
stituted A4 2i fragment was isolated in 90.5% yield. It was
homogeneous without purification and analyzed correctly.

Experimental Section

Melting points are uncorrected. Optical rotations were measured
with a Zeiss 366343 polarimeter. Infrared spectra were taken on a
Perkin-Elmer 257 infrared spectrophotometer with KBr pellets.
For the automated solid-phase synthesis a Schwarz Bio Research
instrument was used.

Thin layer chromatography was performed on precoated silica
gel GF2A4 plates (Merck). The following solvent systems were used:
heptane-ierf- butyl alcohol-acetic acid-water-pyridine, 25:70:6:
24:20 (system A); 1l-butanol-acetic acid-water-pyridine, 4:1:2:1
(system B); chloroform-methanol, 3:1 (system C); n-heptane-1-
butanol-acetic acid, 3:1:1 (system D); 1-butanol-acetic acid-water,
4:1:1 (system E); benzene-acetone, 1:1 (system F); 1-butanol-ace-
tic acid-water-pyridine, 30:6:24:20 (system G).

For column chromatography AG1-X2 (chloride form, 200-400
mesh, Bio-Rad Laboratories) was washed twice with 2 N KOH,
then with water until neutral, twice with 10% acetic acid, and again
with water until neutral. Columns were equilibrated with the ap-
propriate solvent before use.

Samples for elemental analysis were dried in vacuo over P905 at
50-60°.

terf-Butyl Acetoacetate Adduct of Chloromethylated Poly-
styrene (V). teri-Butyl acetoacetate (18.5 ml, 0.113 mol) was
added to a freshly prepared solution of 2.6 g (0.113 mol) of sodium
in 60 ml of ethanol, and the mixture was supplied with more of the
solvent to a total volume of 100 ml. Chloromethylated polystyrene
(20.0 g, 2.26% CI) was added to 40 ml of the solution and the sol-
vent was evaporated in vacuo. DMF (15 ml) was then added and
the mixture was concentrated in vacuo to a small volume. Another

25 ml of DMF was added and the reaction was allowed to proceed
for 2 hr at 70° under stirring. The resin was filtered and washed
several times with DMF, dioxane, dioxane-water, dioxane,
CH2CI2, and ethanol. An ir spectrum showed characteristic ab-
sorptions at 1735, 1715, and 1255 cm-1. A Beilstein test for chlo-
rine appeared to be negative.

3-Oxobutyl Resin (VI). The /3-keto acid ester resin (V, 20 g)
was suspended in 50 ml of 50% TFA-CH2CI2, and the suspension
was stirred for 1 hr. The resin was then filtered and thoroughly
washed with CH2CI2, 10% DIEA in CH2CI2 CH2CI2, and ethanol.
The ir spectrum showed a strong absorption at 1715 cm*“1 (keto
C=0), but no absorptions at 1735 (ester C=0) and 1255 cm-1
(ester CO).

ieri-Alkyloxycarbonyl Hydrazide Resin (I1X). The resin was
prepared from VI as described by Wang and Merrifield.7 The
product contained 1.21% nitrogen, indicating 0.43 mmol of hydra-
zide/g of resin. The overall yield was therefore 71%, based on the
chlorine content of the starting chloromethyl resin (2.26%).

Measurement of the Incorporation of Bpoc Amino Acid
Residues. An accurately weighed sample of the dried N-Bpoc-
peptide resin (4-7 mg) was suspended in 50 ml of a 0.5% TFA solu-
tion in CH2CI2 After 10 min the optical density of the solution
below the floating particles was measured at 274 nm. From the
molar extinction of 2-(p-biphenylyl)propene in the solvent used (e
20,400) the incorporation was calcualted as follows: milliequiv-
alents of Bpoc residues/gram of substituted resin = 2.45 d/x, when
d = optical density measured and x = milligrams of resin used.16
The incorporation expressed in milliequivalents per gram of un-
substituted resin (C) can then be found from C = x/[(I —X) M =
10_:i] in which M = equivalent weight of the newly introduced res-
idue. Bpoc determinations carried out in duplicate never varied by
more than 2-3%.

Methylsulfonylethyl Phthalimidocarbonate (Msc-OPht).
2-Methylmercaptoethanol was oxidized by treatment with the cal-
culated amount of 30% hydrogen peroxide in a sodium tungstate
catalyzed reaction. After evaporation of the reaction mixture with
ethanol the remaining methylsulfonylethanol was crystallized from
isopropyl alcohol (mp 29°). It was dissolved in a cooled tetrahydro-
furan solution containing a twofold excess of phosgene, and the
reaction flask was left for some hours at room temperature. The
solution was then concentrated in vacuo, whereupon the residue
crystallized as large crystals. The methylsulfonylethyl chlorofor-
mate was purified by crystallization from tetrahydrofuran-ether
(mp 49.0-49.5°).

A solution of 2.44 g (13.1 mmol) of Msc chloride in 5 ml of ace-
tone was added dropwise to a cooled solution (0°) of 2.14 g (13.1
mmol) of N-hydroxyphthalimide and 1.83 ml (13.1 mmol) of tri-
ethylamine in 10 ml of acetone. The addition was stopped as soon
as the red color disappeared. Water was then added, and the pre-
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Tablel
DCC Mediated Coupling of Bpoc Amino Acids

Step Reagent Vrﬁi' Time, min
1 4 equiv of Bpoc amino 10 2
acid in CH2C12 or
CH2CI22DM Fa
2 4 equiv of DCC in CH2C12 9 90
3,4, 5 CH2C12 (washing) 25 5 2,2
6, 7, 8 DMF (washing) 25 5,2, 2
9, 10, 11 EtOH (washing) 25 5,2, 2
12, 13, 14 CH2C12 (washing) 25 5,2, 2
15 10% isopropenyl formate 18 60
solution in CH2C12
16, 17, 18, 19 CH2C12 (washing) 25 5,2, 2 2

“In the couplings with Bpoc-Asn-OH and Bpoc-Tyr-(t-Bu)-
GIn-OH 1 equiv of HOBt dissolved in DMF was added. 6At this
stage samples were taken for qualitative analysis; samples were
treated with 50% TFA-CH2CI2 to cleave the peptide from the
resin. After filtration the solvent was evaporated, and DMF was
added to get a 1% peptide solution which was applied to tic plates.
cAt this stage samples were taken for measurement of the in-
corporation yield by the procedure given above.

cipitate was collected and washed with water, yielding 3.84 g (93%)
of the carbonate, mp 160-163°.

Anal. Calcd for CI2HUNO7S: C, 46.01; H, 3.54; N, 4.47. Found:
C, 46.2; H, 3.6; N, 4.4.

Af-Methylsulfonylethyloxycarbonyl-O-tert -butyltyrosine.
p- Nitrophenyl chloroformate was dissolved in dry pyridine (2 ml/
g) containing a slight excess of methylsulfonylethanol, with stir-
ring at 0°. After 4 hr at room temperature the reaction mixture
was concentrated to a thick sirup and poured into a hydrochloric
acid solution (1 N). Msc-ONp separated as an oil which rapidly so-
lidified. The tan-colored crystals were recrystallized from ethyl ac-
etate-methanol, yield 73%, mp 102°.

Equimolecular amounts of this product and of O-ierf-butyltyr-
osine were stirred together in 80% aqueous acetonitrile (10 ml/g of
tyrosine) at room temperature. An equivalent amount of triethyl-
amine was then added. After 1 hr the reaction mixture was concen-
trated, acidified to pH 5, and extracted with ether. The ether ex-
tracts were discarded. Acidification of the water phase with potas-
sium hydrogen sulfate (2 N) yielded an oil which was extracted
into ethyl acetate. Evaporation of the dried extract gave a foam
which crystallized rapidly on trituration with ether, giving 2.9 g
(75%) of the product, mp 130°, [a]24D +4.0° (c 1.05, MeOH), [a]ZD
+10.3° (c 1.01, 90% AcOH).

Anal. Calcd for CITH25N 07S: C, 52.70; H, 6.50; N, 3.62; S, 8.28.
Found: C, 52.8; H, 6.5; N, 3.6; S, 8.3.

Af-2-(p-Biphenylyl)isopropyloxycarbonyl-O-iert-butyl-L-
tyrosyl-L-glutamine. Bpoc-Tyr(f-Bu)-ONSu5 (mp 139-141°, 2.9
g, 5 mmol) was dissolved in 15 ml of dimethoxyethane, and the so-
lution was added to a solution of 0.73 g (5 mmol) of glutamine and
0. 84 g (10 mmol) of sodium bicarbonate in 15 ml of water. To ob-
tain a clear solution 10 ml of dimethylethane was added. After 4 hr
the organic solvent was evaporated and a 10% citric acid solution
was added at 0°. The precipitate was extracted into ethyl acetate,
and the extract was washed with water, dried, and concentrated to
a small volume. By addition of ether and diisopropylether 2.34 g
(78%) of the product precipitated, mp 132-134°, [a]23D +13.5° (c
1, DMF), homogeneous (system G).

Anal. Calcd for C34H4iN307 «0.25H20: C, 67.14; H, 6.88; N, 6.91.
Found: C, 67.2; H, 7.0; N, 6.85.

1\V-Methylsulfonylethyloxycarbonyl-O-teri-butyl-L-tyro-
syl-L-glutaminyl-L-leucyl-y-tert-butyl-L-glutamyl-L-aspara-
ginyl-O-ieri-butyl-L-tyrosyl Hydrazide Resin (XVIII). The
necessary Bpoc amino acid derivatives were prepared according to
Schnabell7 by treatment of 2-(p-biphenylyl)isopropyl p-bipheny-
lyl carbonate with a solution of the Triton B salt of the appropri-
ate amino acid derivative. The compounds were isolated as DCHA
salts. Bpoc amino acid solutions were prepared just before use.
The acids were liberated from their salts with 2N KHSO4at 0°.

The alternating coupling and deprotection steps given in
Scheme 111 were performed with samples (1.5 g) of the resin (0.6—
0.9 mmol) according to standard procedures which are given in Ta-
bles I and Il. After the final deprotection step the N-terminal
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Table 11
Cleavage of Bpoc Groups

Step R.eagent Voi, ml Time, min
1, 2 0.5% TFA~CH2C12 44 2,10
3,4, 5 CH2C12 (washing) 22 2,2,2
6 10% DIEA-CH2C12 25 2
7, 8, 9 CH2C12 (washing) 25 2,2,2
10, 11, 12 EtOH (washing) 25 2,2,2
13, 14, 15 CH2C12 (washing) 25 2,2,2
16 10% DIEA-CH2C12 25 10
17, 18, 19, 20 CH2C12 (washing) 25 2,2,2,2

amino groups were protected by treatment of the peptide resin
with a tenfold excess of Msc-OPht, dissolved in DMF-CH 2C12 for
16 hr at 20°.

A+Methylsulfonylethyloxycarbonyl-L-tyrosyl-L-glutamin-
yl-L-leucyl-L-glutamyl-L-asparaginyl-L-tyrosyl  Hydrazide
(XIX). The peptide resin XVI11 (1.2 g) was treated with 25 ml of
50% TFA-CHZXCI2 for 30 min at 20°. The remaining polymer was
filtered and washed twice with 5 ml of CH2CI2. From the absence
of carbonyl absorptions in the ir spectrum of the resin it appeared
that the peptide as well as the formyl residues had been complete-
ly cleaved from the resin.

The filtrate was evaporated, and the oily residue was dissolved
in 125 ml of DMF. By addition of 50 ml of ethanol and 40 ml of
ether a precipitate was formed, which was collected and dried over
KOH. Tic (solvents A and B) showed it to be homogeneous: yield
62% (based on the last Bpoc content measured); mp 225-227°;
[a]23D—28.3° (c 1, DMF).

Anal. Calcd for C42HB0N10016S: C, 50.80; H, 6.09; N, 14.10.
Found: C, 50.7; H, 6.0; N, 14.1.

TV-ierf-Butyloxycarbonyl-5-trityl-L-cysteinyl-L-aspara-
gine. DCC (2.45 g, 11.8 mmol) was added to a stirred solution of
5.45 g (11.8 mmol) of S-tritylcysteinel8 and 1.36 g (11.8 mmol) of
7V-hydroxysuccinimide in 15 ml of 1,2-dimethoxyethane at —10°.
Stirring was continued for 2 hr at 0° and 1 hr at 20°. The mixture
was filtered, and the precipitate was washed with two 7.5-ml por-
tions of dimethoxyethane. The combined filtrates were then added
to asolution of 1.74 g (11.8 mmol) of asparagine hydrate and 1.63 g
(11.8 mmol) of potassium carbonate in 20 ml of water. To obtain a
clear solution 20 ml of dimethoxyethane was added. After 90 min
this solvent was evaporated, and the residue was acidified with a
KHSO4 solution. The separated oil was extracted into ethyl ace-
tate-ether (2:1), the extract was washed with water, and the oil was
extracted again with a 10% A-methylmorpholine solution in water.
The combined extracts were acidified with a 2 N H2S04 solution
and then extracted with ethyl acetate. Finally the organic layer
was washed with water until neutral, dried, and evaporated, giving
a foam which solidified on addition of petroleum ether. Tic (sys-
tems C and D) showed that the N,S-protected dipeptide (5.97 g,
88%) was still contaminated with some impurities. Therefore, 0.9 g
of the product was dissolved in 100 ml of 1-butanol-methanol-
water (1:1:1) and applied to an AG1-X2 column (12 x 1.5 cm)
which was washed and equilibrated previously with the same sol-
vent system. On elution with I-butanol-methanol-1.5% acetic acid
(1:1:1) the chromatographically homogeneous fractions containing
the protected dipeptide were collected and evaporated. Trituration
of the residue with petroleum ether yielded 660 mg of a pure prod-
uct, [a]Z2D +29.0° (c 1, MeOH).

Anal. Calcd for C3iH3N306S: C, 64.45; H, 6.11; N, 7.27. Found:
C,64.4;H,59; N, 7.2

S-Trityl-L-cysteinyl-L-asparagine. Boron trifluoride etherate
(0.26 ml, 1.8 mmol) was added to a stirred solution of 355 mg
(0.615 mmol) of Boc-Cys(Trt)-Asn-OH in 5 ml of acetic acid. After
30 min the solution was poured into a solution of sodium acetate.
The separated oil was extracted into 1-butanol, previously saturat-
ed with water, and the extract was washed with the corresponding
water phase. The solvent was evaporated, and the oily residue was
triturated with ether, yielding 285 mg (97.5%) of the product, ho-
mogeneous on tic (system E), [a]23D +27.7° (¢ 1, DMF).

Anal. Calcd for C26H27/N304S «0.5 H20: C, 64.18; H, 5.80; N,
8.64. Found: C, 63.9; H, 5.6; N, 8.55.

A-Methylsulfonylethyloxycarbonyl-L-tyrosyl-L-glutamin-
yl-L-leucyl-L-glutamyl-L-asparaginyl-L-tyrosyl-S-trityl-L-
eysteinyl-L-asparagine (XX). A solution of XI1X )286 mg, 0.288
mmol) in 8 ml of DMF and 1 ml of DMSO was cooled to —20° and
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treated with 0.105 ml of a 7.5 N HC1 solution in dimethoxyethane
(0.79 mmol) and 0.043 ml (0.375 mmol) of tert- butyl nitrite. The
mixture was stirred at —15° for 20 min, then cooled to —30° and
treated with 0.11 ml (0.79 mmol) of triethylamine.

A cooled solution of 167 mg (0.35 mmol) of H-Cys(Trt)-Asn-OH
in 3 ml of DMF was added to this azide solution. The pH was ad-
justed to 7 with 10% Et3N-DMF, and the solution was left for 3
days at 4°. The mixture was then diluted with 200 ml of 1-butanol-
methanol-water (1:1:1) and added to an AG1-X2 column (1.6 X 22
cm). The column was eluted with 1-butanol-methanol-dilute ace-
tic acid (1:1:1) mixtures in which the concentration of the acetic
acid used was gradually raised: 0% (100 ml), 0.3% (300 ml), 1% (100
ml), 3% (200 ml), 15% (400 ml). Absorbancy measurements (254
nm) and tic revealed that the excess of dipeptide was eluted with
the 0.3% acetic acid mixture, while the desired product was located
in the 15% acetic acid eluate.

Fractions containing the product were collected and evaporated.
The residue was dissolved in 5 ml of DMF and precipitated with
methanol-water, yielding 242 mg (58%) of X X, mp 253° dec, [a]23D
—20.2° (c 1, DMF), homogeneous (systems B and F).

Anal. Calcd for CegHasNuOsoS»-H20: C, 56.07; H, 5.88; N,
10.58. Found: C, 55.9; H, 5.8; N, 10.5.

Amino acid ratios in acid hydrolysate (in the presence of phe-
nol): Asp, 1.9; Glu, 2.0; Leu, 1.1; Tyr, 1.95.

L-Tyrosyl-L-glutaminyl-L-leucyl-L-glutamyl-L-asparagin-
yl-L-tyrosyl-S-trityl-L-cysteinylasparagine (XXI). A suspen-
sion of 105 mg (6.073 mmol) of XX in water was treated with 0.35
ml (0.14 mmol) of 4 N NaOH. After 4 min the clear solution was
acidified with a few drops of 2 N KHSO4 solution and water was
added. The precipitate was filtered, washed with water, and dried,
yielding 85 mg (90.5%) of XX1, mp ~300° dec, a]23D —15.0° (c 1,
DMF), homogeneous (system B).

Anal. Calcd for C6AH7/N11016S «2H20: C, 58.04; H, 6.16; N,
11.63. Found: C, 57.9; H, 5.9; N, 11.5.

Amino acid analysis in acid hydrolysate, oxidized with performic
acid: Asp, 2.0; Cys(S03H), 1.0; Glu, 1.9; Leu, 1.0; Tyr, 1.5.

Registry No.—X1X, 52278-85-0; X X,'52278-86-1; X X1, 52278-
87-2; methylsulfonylethyl phthalimidocarbonate, 52278-88-3; 2-
methylmercaptoethanol 5271-38-5; N- methylsulfonylethyloxy-
carbonyl-O-ieri-butyltyrosine, 52278-89-4; p-nitrophenyl chloro-

Jennings, Reeder, Hurley, Caughlan, and Smith

formate, 7693-46-1; Ar2-(p-biphenylyl)isopropyloxycarbonyl-0-
tert- butyl-L-tyrosyl-L-glutamine, 52278-90-7; Bpoc-Tyr(t-Bu)-
ONSu, 33527-03-6; N-tert- butyloxycarbonyl-S- trityl-L-cysteinyl-
L-asparagine, 52278-91-8; S- trityl-l.-cysteinyl-L-asparagine,
52278-92-9.
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Isolation and Structure Determination of One of the Toxic Constituents
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Tetradymol (I) isolated from Tetradymia glabrata, has been shown to be 4/3,5j3-dimethyl-10j3-hydroxyfurano-
ermophilane. The combined results and relationships of chemical, nmr, and X-ray analyses of | are discussed. The
mercuric chloride derivative of tetradymol crystallized in a space group P2i2j2i with cell dimensions a = 7.371
(5) A, e = 10.304 (9) A, ¢ = 19.759 (17) A with Z = 4. Counter data were refined by full-matrix least-squares to a
residual of 5.4%. Tetradymol has been shown to effect hepatodysfunction and has an LD50 (mice) of 250 mg/kg.

Investigations reported in the literature on the compo-
nents of Tetradymia glabrata are both long-standing and
limited. The presented paper deals with the isolation of one
of its toxic components, tetradymol (1),2 and proof of its
stereochemical structure.

Because of the work of Fleming,3 Clawson and Huffman4
prior to 1937, this plant was known to contain toxic compo-
nents fatal to sheep and was further suspected to contain a
component causing the maladay “bighead” in the same ani-
mal. These investigators suspected that at least two toxic
compounds were present, one apparently effecting hepto-
dysfunction, and the other effecting cardiac failure. We
have not been successful in repeating the conditions neces-

sary for the development of the “bighead” symptom,5 and
have found that the plant extract fraction reportedly con-
taining the cardiac toxin actually contains another hepato-
toxin which will be reported later. Tetradymol (1) has been
shown to be a moderate hepatotoxin in several animals in-
cluding sheep, mice, rats, rabbits, guinea pigs, and gerbils
[oral LD50 (mice) is 250 mg/kg].

Results and Discussion

Isolation of Tetradymol. During the isolation proce-
dure (Figure 1) we concluded that the toxin was located
near the surface of the plant as we obtained similar
amounts of | from either ground or unground plant. To
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Plant Tops
Slog
chromatography
* >
0.75% 0.30%
ai2o3
chromatography
v **
0.50% 0.21%
Sublimation
"V
0.31%

Figure 1 * Percentages based on isolated material at each step
relative to the whole green plant material. ** A base extract was
needed at this point for correct analyses.

monitor the isolation procedure, mice were used as the
assay.6

Tetradymol was obtained from the extract of new growth
stems and flower buds as colorless crystals, C15H2202, mp
92-92.5°, [a]25D + 56°. From its uv [Xmex (MeOH) 222 nm
(log 63.83)] and from its positive Ehrlich’s color test, tetra-
dymol (I) was assumed to contain a furan ring.

Presence of the furan ring was further confirmed by
spectra and chemical data. The nmr spectrum of | (Figure
2) shows a single furan proton resonance at 7.007 which is
coupled to a three-proton resonance (doublet J = 1.1 Hz)
at 1.9 which was assigned to a furan methyl group. Such as-
signments are consistent with the following methyl furano
compounds.

Furan Furan

Compel methyl proton J, Hz
Euryopsol8 7.12 2.04 1
Petasalbiene9 7.05 2.03 1.1
Menthofuran10 6.84 1.85 1.0

Tetradymol readily reacted with buffered mercury(ll)
chloride to form the 2-chloromercury derivative, mp 205-
205.5°. Treatment of this derivative with H2S regenerated
tetradymol.

Hydrogenation Studies. Inspection of the formula for |
(C15H2202) revealed that any structure proposed should in-
corporate five unsaturations and two oxygens. The furan
ring described three unsaturations, and, from ir evidence,
the second oxygen was assigned to a hydroxyl group (3400
cm-1). The two remaining unsaturations were sorted out by
catalytic hydrogenation (vide infra).

Catalytic hydrogenation of | resulted in several products,
the relative concentrations of which were contingent upon
the catalytic conditions (Table I). Products having incorpo-
rated 1, 2, and 3 mol of hydrogen were found (Figure 3).
Structure 1V is in fact a mixture of at least six components
all having parent ions in the mass spectrum of 222, consis-
tent with loss of H20 and the addition of 3 mol of hydro-
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Table |
Catalyst

Rh on alumina Pd on charcoal

Product0 in MeOH in EtOH
v 6 18
1A 22 52
uB 52 18
11 19 12

Yields were based on isolated products.

gen. Ir spectra confirmed the loss of H20. New nmr reso-
nances occurred in the fully hydrogenated products at 3.5
and 4.5 accounting for three protons adjacent to the ether
linkage of the newly formed tetrahydrofuran moiety. Con-
cluding that 3 mol of H2 saturated the system of I, further
characterization of constituents was terminated.

Compound 111 (C15H2402, mp 145-146°, M+ 236 m/e)
was of interest because addition of one mole of H2 could

Ala mb Illc

yield three different structures, Illa-c. The nmr spectrum
of 111 showed three new proton resonances in the 4.7-5.5
region which is consistent with Illb in which these protons
are allylic to an olefin and adjacent to an ether oxygen.
Further, the furan methyl did not move into the saturated
methyl region which excluded structure Illc. Structure llia
was also eliminated as a possibility by the nmr spectrum
since there is no single olefinic proton resonance, coupled
to the furan methyl. An interesting fact is that further hy-
drogenation of Illb yields only one of the tetrahydro com-
pounds, IIB.

The two major products, Il1A and 11B, analyzed correctly
for C15H2602 with m/e 238. Ir data indicated that the hy-
droxyl group (3400 cm-1) was still intact. In the nmr spec-
tra, both 1A (mp 75-77°) and 11B (mp 104-105°) showed
the loss of furan proton resonance and new resonances at
3.0-4.1, consistent with protons adjacent to an ether func-
tion. Other than the possibility that these two compounds
are two of six possible tetrahydrotetradymol isomers, fur-
ther speculation on their stereochemical structure shall be
deferred until additional data are obtained. The conclusion
reached from these hydrogenation data is that 2 mol of H2
saturated I, indicating that the furan ring accounted for all
the olefins.

Proof of Ring System and Hydroxyl Position. Several
sesquiterpene ring systems can be envisioned, but usually
either a furanoeremophilane or a furanoeudesmone skele-

CH3

eremophilane A eudesmane B

ton can be postulated. To distinguish between these two
choices, additional interpretation of the nmr spectrum of |
was necessary. The tentative assignments from Figure 2 are
given in Table Il and discussed below.

Hydroxyl groups are usually found at positions |,12 3,13
and 6.811 Euryopsol8 is the only compound exhibiting this
group at C-10. Based upon the fact that | would not ester-
ify under a variety of conditions, that | eliminated H20
under hydrogenation, and that the nmr spectrum of |
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Figure 2. Nmr of | (CDCI3).

Figure 3.

showed no peaks assignable to a proton on a carbon bearing
a hydroxyl, we concluded that the OH group was at a terti-
ary position and most likely at C-10 in A or at C-5 in B.
The only other tertiary position would have been at C-4,
but the methyl already assigned to that position would
have been seen as a singlet rather than a doublet in the nmr
spectrum.

It was extremely fortuitous to have the OH in such
unique positions as it was properly disposed to yield a great
deal of structural evidence when coupled with solvent-in-
duced chemical shiftsl4 from nmr Spectroscopy: Acthtn
(CDCI3) —0.18 ppm for the tertiary methyl of tetradymol,
—0.22 ppm for the tertiary methyl of the 2-chloromercury
derivative, —0.03 ppm for the secondary methyl of tetrady-
mol. As a result of these data, tetradymol was assumed to
have the eremophilane skeleton with the hydroxyl at posi-
tion 10. Further the dihedral angle between the 10-OH and

Jennings, Reeder, Hurley, Caughlan, and Smith

the tertiary methyl was estimated to be 60°. Additional
data on the position of the C-4 secondary methyl and the
confirmation of the cyclohexane ring was obtained from the
mass spectrum.

If the C-4, or secondary CH3 is cis and axial to the hy-
droxyl at C-10, a six-membered-ring transition state can be
envisioned for the facile loss of H20 during mass spectral
analysis. In fact, the parent ion is 23% of the base peak
which suggests that a route for facile loss of H20 is not
present. Of the four possibilities shown below only C could
be eliminated from these data. The stereochemistry of the
C-4 CH3will be clarified later in this paper.

Proof of the Furan Position. Except for the C-4 methyl
group stereochemistry, the remaining step in the structure
proof was the proper placement of the furano ring on the
perhydronaphthalene skeleton. Two general models were
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Table 1l
Proton Shift (J in Hz)
4-Me 0.80 (7), “filled -in”
doublet, secondary
5-Me 0.95, tertiary
1,2,3-CH2 1.1-1.75
10-OH 1.81
13-Me 1.88 (1.1)
6,9-CH2 2.1-3.5
12-H 7.04 (1.1)

postulated: anthranoid and phenanthranoid. These two
skeletons could be easily distinguished if resonance peaks

anthranoid

for the methylenes (starred) in ring B were properly sorted
out in the nmr spectrum. These protons were previously as-
signed (Table I1) to the area of 2.1-3.5 ppm in Figure 2. To
sort out these peaks, their resolution was improved by
using a paramagnetic shift reagent (Figure 4). Eu(thd)3 was
chosen rather than Eu(fod)3 as the latter is known to be a
stronger acid and hence might complex with both the hy-
droxy and the furan oxygens.15As will be shown, Eu(thd)3
complexes solely with the hydroxyl oxygen,

i Following the movement of the methylene resonances
through the spectral series of increasing concentrations of
shift reagent, one observes finally, in Figure 4, a clear indi-
cation of two AB or AX quartets. Decoupling experiments

phenanthranoid
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Table 111
Position Portion of quartet aC5H5N(CDC13)
9a Downfield -0.05
93 Upfield -0.25
6a Downfield -0.09
6/3 Upfield -0.20

revealed that each quartet was independent of the other in-
dicating that the two methylene groups were not cross-cou-
pled as would be the case in the phenantroid skeleton.
Thus it was concluded that tetradymol should be assigned
the anthranoid skeleton. The AB or AX quartet arises from
the fact that the /? protons are in different environments
than the a protons, probably owing to inflexibility of the
ring system. We have tentatively16 assigned the narrower
quartet with peaks at 2.63, 2.35, 2.30, and 2.02 (J = 165
Hz) to the 6a and /? protons. Graphical presentation of how
a few of the protons of | shift vs. shift reagent and sub-
strate concentrations is shown in Figure 5. Since the furan
methyl and proton resonances shift only slightly and did
not show any upward curvature at high concentrations of
Eu(thd)3, we have concluded that the reagent complexes
exclusively with the hydroxyl oxygen.

One additional feature of interest in the europium work
deals with the fact that the upper half of each methylene
quartet shifts downfield faster than the lower half (Figure
5). This suggests that the upper portion of each quartet can
be assigned predominantly to a/? proton cis to the hydroxyl
group. This is further corroborated by the solvent induced
chemical shift data shown in Table IlI.

Except for the stereochemistry of the C-4 methyl group,
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ratio [ LI/[SI

the structure of tetradymol was complete. Because we
could not sort this difficulty out and because there had
never been an unambiguous structure proof for the furano-
eremophilane system, a single-crystal X-ray analysis was
performed on the 2-chloromercury derivative. The previous
spectral and chemical evidence might ordinarily be regard-
ed as penultimate to a X-ray study, but it is felt that the
corroboration and correlation of these techniques may help
other structural problems in this area if a single crystal X-
ray facility is not available.

Discussion of X-Ray Analysis. Results of the single
crystal X-ray study on the 2-chloromercury derivative of
tetradymol (1) are depicted in an ORTEP drawing (Figure
6). The C(4) methyl group is equatorial in ring A and is in
fact cis to both the C(5) methyl and the C(10) hydroxyl
groups. Also the dihedral angle between the C(10) hydroxyl
and the C(5) methyl is 57.3° which is very close to that pre-
dicted by the solvent-induced shift work. Similarity be-
tween the crystal structure and the solution structure is
thus evident and would be consistent with the mass spec-
tral data cited earlier.
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Figure 7.

Table IV
equation of plane“ 0.0016X - 0, 36276Y +
0.93188Z - 6.453 = 0

Atom Distance to plane
Hg 0.16
Cl 0.20
C(13) 0.14
C(6) -0.03
c(9) -0.18

aThe orthogonal coordinate system from which this plane is de-
rived is defined by X along a, Y along b, and Z along c. The sum of
the squares of the deviations of the atom from the least-squares
plane is 0.005 A2.

The furan ring is nearly planar, the average deviation of
the five atoms in the ring being 0.03 A. Carbon 12 has the
largest deviation of —0.05 A. Table IV shows the distances
of other atoms to the least-squares plane of the furan ring
which substantiates the assumption that C(6) and C(9) are
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C@4
Figure 8. Bond distances.
0@
c@) 1
115(3)
j
C(15)

C(8-7-10) = 105(2)
c(14)
C(6-7-11) = 113(3)

Figure 9. Bond angles.

fixed and flat resulting in the AB or AX quartet for the hy-
drogens.

It appears from the arrangement of the molecules within
the crystal (Figure 7) that a hydrogen bond exists between
the hydroxyl group, 0(2), and the mercury atom, since the
distance of 2.80 A is 0.1 A shorter than the sum of the van
der Waals radii of mercury and oxygen. In fact, pairs of
symmetry related molecules are hydrogen bonded by two
such intermolecular interactions as shown by dotted lines
in the figure. The next closest intermolecular distance was
found to be 3.34 A, between 0(2) and C(13).

The bond distances and angles (Figures 8 and 9) of the
light atoms differ somewhat from accepted values, but
these differences are probably due primarily to small, sys-
tematic errors in the data caused by decomposition of the
crystal in the X-ray beam, absorption, and the unusually
large contribution of the heavy atom. The mercury-carbon
and mercury-chlorine bond distances agree well with the
published values.
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The air oxidation induced by 60Co y radiation of cholest-4-en-3/?-ol, 5a-cholest-6-en-3/?-0l, and 5a-cholest-7-
en-3/3-ol yielded allylic hydroperoxides and other oxidized derivatives. The A4-sterol gave cholest-4-en-3-one, 6(I-
hydroperoxycholest-4-en-3-one, 3/3-hydroxycholest-4-ene 6a-hydroperoxide, and cholest-4-ene-3/3,6a-diol. The
A8-sterol gave cholesterol la- and 7/3-hydroperoxides, the epimeric cholest-5-ene-3/3,7-diols, 3/3-hydroxycholest-
5-en-7-one, and 5o0-cholest-6-ene-3d,5-diol but no 3]3-hydroxy-5a-cholest-6-ene 5-hydroperoxide. The A7-sterol
gave the epimeric 3/3-hydroxy-5a-cholest-7-ene 6-hydroperoxides, the epimeric 5a-cholest-7-ene-3/3,6-diols, 3/3-
hydroxy-5cr-cholest-7-en-6-one, and cholesta-5,7-dien-3/3-ol. Pyrolysis of either A7-6-hydroperoxide gave the cor-
responding 5c*-cholest-7-ene-3/3,6-diol, 3/3-hydroxy-5a-cholest-7-en-6-one, and cholesta-5,7-dien-3/3-ol. Reaction
pathways for oxidations by radiation-induced processes of the isomeric A4-, A5, A6, and A7-sterols and for their
photosensitized oxidations in which singlet molecular oxygen is implicated were compared.

We have recently demonstrated that radiation-induced
oxidation of the Ab5-sterol cholesterol (la) by air afforded
the epimeric 7-hydroperoxides Ib and Ic,£ with the quasi-
equatorial4 7/3-hydroperoxide lc predominating. In con-
trast oxidation of cholesterol by excited-stage (singlet) mo-
lecular oxygen yielded the 5a-hydroperoxide 3b as major
product, with small amounts of the epimeric 3/3-hydroxy-
cholest-4-ene 6-hydroperoxides 2b and 2c but with neither
7-hydroperoxide Ib nor Ic formed.5 This distinction in
major products formed provides a means of differentiation
between participation of ground-state or of singlet molecu-
lar oxygen in chemical and enzymic6 reactions.

Although the mechanism of attack of singlet molecular
oxygen on steroid olefins has been extensively studied,
free-radical oxidations by ground-state molecular oxygen
have not received systematic attention. In order to deter-
mine whether additional distinctions between free-radical
and singlet molecular oxygen oxidations of sterol olefins
existed, as well as to provide additional substrates for use
as probes in reactions in which cholesterol was unsuited, we
examined the oxidation of cholest-4-en-3/3-0l (2a), 5a-cho-
lest-6-en-3/3-ol (3a), and 5a-cholest-7-en~3/5-0l (4a) induced
by 7 radiation of 60Co for comparison with their previously
reported behavior toward singlet molecular oxygen.

Oxidation of the A4-3/3-alcohol 2a yielded cholest-4-en-
3- one (5a) as major product, with 6/3-hydroperoxycholest-
4- en-3-one (5b) as the major hydroperoxide product. Small
amounts of the 6a-hydroperoxide 2b were also formed. The
A4-3-ketone 5a was stable to 60Co y radiation, but irradia-
tion of the pure A4-6/3-hydroperoxide 2c yielded 5b along
with previously recognized thermal decomposition prod-
ucts cholest-4-ene-3/3,6/3-diol (2e) and 3/3-bydroxycholest-
4-en-6-one (6).5 Accordingly, the 6/3-hydroperoxide 5b did
not derive from 5a but must have derived from 2c. Inade-
quate amounts of the 6a-hydroperoxide 2b precluded
study of its radiation stability.

Formation of the 6-ketone 6 as a thermal decomposition
product from 2c was previously supported by detection of
its pyrolysis products cholest-4-ene-3,6-dione (7) and 50;-
cholestane-3,6-dione (8) among pyrolysis products from
2c.5Direct observation of 6 following irradiation of 2c now
clearly establishes this reaction pathway of the 618-hydro-
peroxide 2c. However, pyrolysis of the 6/3-hydroperoxide
5b also gave the 3,6-diketones 7 and 8 as prominent prod-
ucts, a point previously suggested but not examined.5 Deri-
vation from 5b of the saturated 3,6-diketone 8 must involve
intermediate formation of 6/3-hydroxycholest-4-en-3-one
(5¢) which then rearranges to 8. Formation from 2c of the
A4-3,6-diketone 7 may occur by three pathways— 2c to 5b
to 7, 2c to 5b to 5¢ to 7, or 2c to 6 to 7—whereas that of the
saturated 3,6-diketone 8 may be by two pathways—2c to
5b to 5c to 8 and 2c to 6 to 8.

Oxidation of the A6-3]8-aicohol 3a gave unexpectedly the
epimeric cholesterol 7-hydroperoxides Ib and Ic as major
products, the 7/3-hydroperoxide Ic predominating. The
secondary oxidation products cholest-5-ene-3/3,7n-diol
(1d), cholest-5-ene-3/3,7/3-diol (le), 5a-cholest-6-ene-3/3,5-
diol (3c), and 3/3-hydroxycholest-5-en-7-one (9) were also
formed. However, no 5a-hydroperoxide 3b was detected.
The 5«-hydroperoxide 3b was fairly stable to 60Co 7 radia-
tion in air, with less than 10% being converted to a mixture
of Ib, Ic, Id, le, and 3c. Accordingly, were 3b formed from
3a initially, 3b would have survived and been detected.
Thus, initial formation of 3b with complete allylic rear-
rangement to Ib, epimerizatior of b, and thermal decom-
position of Ib, Ic, and 3b cannot account for the presence
of Ib, Ic, Id, le, and 3c as products from 3a. Residual par-
ent sterol 3a recovered after 60Co irradiation was not con-
taminated with detectable amounts of cholesterol; so the
product 7-hydroperoxides Ib and Ic did not derive by ini-
tial isomerization of the A6-double bond to the A5 position,
followed by oxidation of cholesterol thereby formec. Rath-
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la, R1=R2=H 2a, Rl1= R2=H
b, Rt= OOH; R2= H b, RI= OOH; R2= H
¢,R1= H; R2= OOH ¢,R1= H; R2= OOH

d,R1=OH; R2= H
e,R1= H;R2= OH

d,R1= OH; R2= H
e,R1= H;R2= OH

3a,R=H 4a, R1=R2=H

b,R = 0OH b,R1= 00H; R2=H
c, R=O0H C,R1= H;R2= 0o0OH
* d,R'=OH;R2= H

e, RR=H;Rz=Ii0OH

5a,R=H 6
b,R = OOH
¢, R=0OH

er, initial generation from 3a of a mesomeric free-radical
species 10 from which the A5 7-hydroperoxides Ib and Ic
were derived appears to be the case. The quasiequatorial
7/5-hydroperoxide Ic predominated, as it does in the radia-
tion-induced oxidation of 1a .3 The secondary products Id,
le, and 9 are clearly accounted for as thermal decomposi-
tion products of the initially formed 7-hydroperoxides Ib
and Ic.347 The 3/3,5a-diol 3c must derive by allylic rear-
rangement of the A57a-alcohol 1d in that the parent 501-
hydroperoxide 3b was not implicated.

Oxidation of the A7-sterol 4a yielded a complex mixture
of products including four peroxides, two of which were
prominent and which could be recovered. The major hydro-
peroxide was 3/5-hydroxy-5a-cholest-7-ene 6/3-hydroperox-
ide (4c); the other was the epimeric 6a-hydroperoxide (4b).
The 6/5-hydroperoxide 4c was also found in commercial
samples of 4a which had been stored for some time in the
laboratory.8 Identity of the A7-6-hydroperoxides was estab-
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lished by sodium borohydride reduction to the correspond-
ing alcohols, thus 4b to 4d and 4c to 4e.

Other products formed from 4a were the epimeric A7-
3/3,6-diols 4d and 4e, the A7-6-ketone 11, and cholesta-5,7-
dien-3/3-ol (12), all recognized as thermal decomposition

products of the parent 6-hydroperoxides 4b and 4c. Pyroly-
sis of the 6a-hydroperoxide 4b gave the corresponding 6a-
alcohol 4d, the 6-ketone 11, and the 5,7-diene 12 as major
product. Pyrolysis of the epimeric 6/3-hydroperoxide 4c
gave likewise the 6/5-alcohol 4e, the 6-ketone 11, and the
5.7- diene 12, also as major product.

The A7-3/5,6-diols 4d and 4e both survived pyrolysis in
part, but both were dehydrated to the 5,7-diene 12 as chief
product. The 3/3,6/5-diol 4e additionally was epimerized to
4d, dehydrogenated to the 6-ketone 11, and dehydrated to
a nonpolar derivative, presumably cholesta-2,4,6-triene or
cholesta-3,5,7-triene. Thermal epimerization of the 6/5-al-
cohol 4e but not of the epimeric 6a-alcohol 4b taken with
the greater number of pyrolysis products from 4e infers the
less stable quasiaxial conformation for the 6/5-hydroxy
group. However, in distinction to the A5-7a-oxygenated
sterols Ib and 1d,47a neither the A7-6-alcohols 4d and 4e
nor the A7-6-hydroperoxides 4b and 4c were epimerized in
acetone solutions.

The 5,7-diene 12 detected as the major pyrolysis product
from 4b, 4c, 4d, and 4e was present as a minor component
among the oxidation products from 4a. The instability of
12 in air is notorious, and irradiation of 12 yielded a very
complex mixture of oxidized products including sterol per-
oxides, some of which had chromatographic properties sim-
ilar to uncharacterized sterol peroxide derivatives derived
by irradiation of 4a. The two unidentified peroxides from
4a may include the theoretically possible 9a- or 14a-hydro-
peroxides of 4a or the A6-5a,8a-epidioxide derivative of the
5.7- diene 12

The facile thermal elimination reactions of 4b, 4c, 4d,
and 4e yielding the 5,7-diene 12 provoke recollection of the
conversion of the A7-sterol 4a to 12 by liver microsomal en-
zymes, which conversion requires molecular oxygen.9 An
enzyme-molecular oxygen complex has been suggested10
which moderates cis elimination of the 5a- and 6a-hydro-
gens,11 the 6a-hydrogen being removed as a proton and not
as hydride ion.12 Although the A7-6-alcohols 4d and 4e are
converted by liver microsomal enzymes to cholesterol, pre-
sumably via the 5,7-diene 12, they do not appear to be nat-
ural intermediates, 10913 and speculations regarding in-
volvement of sterol peroxides or hydroperoxides have been
made.14 In view of experimental evidence for the participa-
tion of cholesterol 20a-hydroperoxide in the biosynthesis of
3/?-hydroxpregn-5-en-20-one from cholesterol in the adre-
nal cortex,15 the possibility that the A7-6a-hydroperoxide
4b serves as an intermediate in the bioconversion of 4a to
12 should not be overlooked.
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The radiation-induced oxidations of 2a, 3a, and 4a thus
took different courses from one another, and only the oxi-
dation of the A7-3-alcohol 4a followed the same direct
course of abstraction of the allylic methylene hydrogens
and formation of both epimeric allylic hydroperoxides
without double bond migration, as found for cholesterol.3
The marked preference for formation of the quasiequator-
ial 7/3-hydroperoxide Ic from cholesterol was not seen in
the case of the isomeric sterols 2a, 3a, and 4a. Rather, more
nearly equal amounts of epimeric hydroperoxides were
formed. For 2a the product ratio (2b + 2d):5b was 1:1; for
3a the ratio Ib:lc was approximately 1:2; for 4a the ratio
(4b + 4d):(4c + 4e) was 3:5.

Radiation-induced oxidations of 2a, 3a, and 4a take dif-
ferent courses from their previously reported oxidations by
singlet molecular oxygen. Reaction of the A4-sterol 2a with
singlet molecular oxygen is complex,16with the A4-3-ketone
5a and 4a,5-epoxy-5a-cholestan-3-one (13) as major pro-
ducts. Bl However, the variable amounts of 5a found rela-
tive to the epoxy ketone 1316ce and our present demonstra-
tion of the ease with which 5a is formed from 2a by radia-
tion-induced free-radical attack of molecular oxygen
suggest that 5a also arises from 2a in photosensitized oxi-
dations by hydrogen atom abstraction and free-radical at-
tack of molecular oxygen and not by attack of singlet mo-
lecular oxygen.17 Formation of the epoxy ketone 13 from
singlet molecular oxygen attack on 2a via the putative in-
termediate  3-hydroxy-5a-cholest-3-ene  5-hydroperox-
ide,6acwould then be the likely event.

Attack of singlet molecular oxygen on the A6-sterol 3a
and on the 3/3-acetate of 3a yielded the expected A57a-
hydroperoxide Ib and the 3/3-acetate of Ib, respectively, as
major product.19 Small amounts of epimeric 7/3-hydro-
peroxide Ic were also apparently formed but not noticed.19
By contrast free-radical oxidation of 3a gave the same ep-
imeric A5-7-hydroperoxides Ib and Ic but with the quasi-
equatorial 7/3-hydroperoxide Ic predominating.

Singlet molecular oxygen attack on the 3/3-acetate of the
AT-sterol 4a proceeded by abstraction of the 14a-hydrogen
and formation of 3/3-acetoxy-5a-cholest-8(14)-ene 7a-hy-
droperoxide (14) as initial product, which itself was oxi-
dized by singlet molecular oxygen to yield 3/3-acetoxy-5a-
cholest-14-ene la,8a- and 7a,8/3-dihydroperoxides.16c The
AT7-sterol 4a also consumed two molecules of oxygen in pho-
tosensitized oxidations, but products were not isolated. It
would seem likely that the same course of oxidation be
taken for both 4a and its 3/3-acetate however. The point of
attack and the sensitivity to further oxidation of the initial-
ly formed hydroperoxide are thus in total distinction to the
behavior of 4a in radiation-induced free-radical oxidations.

These results establish that the A7-sterol 4a as well as
cholesterol, but not the A4- and A6-sterols 2a and 3a, may
serve as probes in test of the electronic excitation state of
molecular oxygen involved in chemical and enzymic reac-
tions.

Experimental Section2

Irradiation Conditions. Pure crystalline samples of the parent
sterols 2a, 3a, and 4a were irradiated in glass beakers open to the
air for 16-20 hr (2.7 X 105 rads/hr) with 60Co y radiation from a
Gammacell 200 (Atomic Energy of Canada Ltd., Ottawa), after
which time the samples were recrystallized from methanol-diethyl
ether. Recovered parent sterol free from detectable oxidation
products was again irradiated and recrystallized. Irradiation and
recrystallization were repeated several times to provide adequate
amounts of oxidation products. Mother liquors containing oxida-
tion products were evaporated under vacuum, and the combined
residues were chromatographed on 1.0-mm thick chromatoplates
using benzene-ethyl acetate (1:1) with triple development. Sterol
components were detected and characterized by their thin-layer
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chromatographic mobility factors R (vs. the indicated parent ster-
ol 2a, 3a, or 4a as unit mobility), color response to sulfuric acid
spray, sterol peroxide test, and ultraviolet light absorption. Each
resolved component was excised from the chromatoplate and elut-
ed with acetone for further purification and for identification.

Pyrolysis Conditions. Analytical gas chromatography of 2b, 4b,
4c, 4d, 4e, 5b, and 12 was conducted in the usual manner736'2 to
obtain characteristic patterns of pyrolysis products. Gas chroma-
tography of 1-mg samples, dissolved in 200 jzl of acetone, was con-
ducted for collection of all pyrolysis products in a single glass cap-
illary.2l The pyrolysis products were then chromatographed on a
chromatoplate using benzene-ethyl acetate (1:1) with triple devel-
opment and visualization in the same manner described for irra-
diation products. Pyrolysis products were eluted with acetone and
recovered by evaporation of the solvent under vacuum for further
purification and for identification.

Oxidation of Cholest-4-en-3/S-ol (2a). From 75.3 mg of 2a, mp
132-133°, irradiated and recrystallized, there was recovered 58.1
mg of pure 2a, mp 131-133° (lit. mp 128-132°233). Chromatogra-
phy of the mother liquors resolved five components characterized
and identified as follows: (a) R 1.13, yellow color, ultraviolet light
absorbing, 5a; (b) R 1.06, yellow color, positive peroxide test, ultra-
violet light absorbing, 5b; (c) R 1.00, pink color, 2&; (d) R 0.72, tan
color, positive peroxide test, 2b; (e) R 0.56, tan color, positive per-
oxide test; and (f) R 0.32, tan color 2d.

Cholest-4-en-3-one (5a). Fraction a derived from irradiation of
2a was recovered and crystallized from methanol, yielding 2.1 mg
of 5a, mp 79-81° (lit. mp 76-82°23); tr 2.33; identical with au-
thentic 5a by uv, ir, tic, and gc comparisons.

Irradiation of pure 5a for 24 hr with 60Co radiation did not af-
ford chromatographically detectable alteration products.

6/?-Hydroperoxycholest-4-en-3-one (5b). Fraction b derived
from 2a recovered from the acetone eluate yielded 1.0 mg of 5b,
homogeneous by thin-layer chromatography, identified by its
characteristic pyrolysis pattern with components at ;,r 0.38, 1.48,
1.98 (2e), 6.65 (8), and 7.14 (7). Identity of 5b was further estab-
lished by reductions to 2e and to 5c.

Irradiation of 0.2 mg of 2c for 18 hr yielded a mixture of prod-
ucts, chief among which were 2e, 6, and 5b, all identified by their
thin-layer chromatographic properties.

Cholest-4-ene-3/S,6/S-diol (2e). A small amount of 5b (derived
from 2a) in methanol was reduced with an excess of sodium bor-
ohydride, yielding the 3/3,6/3-diol 2e, R 0.31 in benzene-ethyl ace-
tate (1:1); steel blue color with 50% sulfuric acid; pyrolysis pattern
tr 0.44, 0.81. and 2.00; identical in these properties with those of
an authentic sample of 2e.5

6/8-Hydroxycholest-4-en-3-one (5c). A small sample of 5b
(derived from 2a) was reduced with sodium iodide and acetic acid,
yielding 5C, R 0.62 in benzene-ethyl acetate (1:1); yellow color with
50% sulfuric acid; pyrolysis pattern fr 6.65 (8) and 7.14 (7); identi-
cal in these properties with those of an authentic reference sample
of 5¢C.

3/?-Hydroxycholest-4-ene 6a-Hydroperoxide (2b). Fraction d
derived from 2ayielded 0.7 mg of 2b, homogeneous by thin-layer
chromatography, identified as such by its characteristic pyrolysis
pattern on gas chromatography: iR 1.48, 1.98 (2d), 6.66 18), and
7.14 (7), and by reduction to 2d.

Cholest-4-ene-3/S,6a-diol (2d). (A) From 2a. Fraction f from
irradiated 2a yielded 0.3 mg of 2d, identified as such by its chro-
matographic properties R 0.32 in benzene-ethyl acetate (1:1); tan
color with 50% sulfuric acid; pyrolysis pattern Ir 0.44, 0.80, and
2.04; identical in these properties with those of an authentic refer-
ence sample of 2d.5

(B) From 2b. A small sample of 2b derived from irradiation of
2awas reduced with an excess of sodium borohydride in methanol,
yielding the 3/3,6a-diol 2d, R 0.32 in benzene-ethyl acetate (1:1);
tan color with 50% sulfuric acid; pyrolysis pattern ¢r 0.44, 0.81,
and 2.04; identical in these properties with those of an authentic
reference sample of 2d.s

Fraction e derived from 2a was recovered on evaporation of the
acetone eluates, yielding 0.2 mg of an unidentified sterol peroxide
characterized by a characteristic pyrolysis pattern tR 0.37, 1.92,
and 2.66. From fraction ¢ 5.3 mg of unaltered parent sterol 2a, mp
130-133°, was recovered.

Oxidation of 5a-Cholest-6-en-3/S-ol (3a). Irradiation of a 3.2-
mg pure crystalline sample of 3a (free from la and other detecta-
ble sterols) was conducted for 20 hr. Direct thin-layer chromatog-
raphy of the entire irradiated sample without prior recrystalliza-
tion to recover 3a resolved six zones: (a) R 1.00, orange-red color,
3a; (b) R 0.74, instant blue color, positive peroxide test, Ib and Ic;
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(¢) R 0.62, no color, ultraviolet light absorbing, 9; (d) R 0.53, in-
stant blue color, 3c (trace only); (e) R 0.42, instant blue color, le;
(f) R 0.35, instant blue color, Id.

3/J-Hydroxycholest-5-ene 7-Hydroperoxides (Ib and Ic).
Fraction b derived from 3a recognized to contain Ib and Ic by
thin-layer chromatography was reduced with sodium borohydride
in methanol, and the product 3/3,7-diols Id and le were identified
as such by additional thin-layer and gas chromatographic analyses.
Based on relative intensity of color response of the 3/3,7-diols Id
and le to 50% sulfuric acid spray the 7/3-hydropergxide le was
present in approximately twice the amount as Id. No 3c indicative
of the presence of 3b among the hydroperoxide products from 3a
was detected despite a careful search.

ldentity of fractions c, d, e, and f from 3a containing 9, 3c, le,
and Id, respectively, was achieved by additional thin-layer and gas
chromatographic analyses. Behavior identical with that of authen-
tic reference sterols was obtained in each case. ldentity of recov-
ered 3awas carefully checked by thin-layer chromatography using
benzene-ethyl acetate (7:3) with triple ascending development,
which technique resolved 3a (R 0.93) from la (R 1.00). No la was
detected in 3arecovered from fraction a.

A 2.1-mg sample of 3b was irradiated for 20 hr. Analysis of the
sample indicated that approximately 90% of the 5a-hydroperoxide
3b was unaltered and that only approximately a 10% conversion of
3b to a mixture of Ib and Ic had occurred. Traces of the epimeric
3/3,7-diols Id and le and of the 3/3,5«-diol 3c were also detected.

Oxidation of 5a-Cholest-7-en-3/3-ol (4a). From 715 mg of pure
4a, mp 120-122°, free from 12, irradiated, a total of 215 mg of 4a,
mp 119-121° (lit. mp 118-127°23li), was recovered by recrystalliza-
tion. The combined mother liquors were complex, but nine dis-
crete zones were resolved for characterization and recovery work,
as follows: (a) R 1.25, purple color, containing several components,
not examined further; (b) R 1.00, tan turning purple color, 4a;24(c)
R 0.85, tan color, positive peroxide test, 4c;24(d) R 0.81, tan color,
positive peroxide test, 40;24 (e) R 0.77, yellow color, ultraviolet
light absorbing, 11; (f) R 0.60, tan color, positive peroxide test, not
examined further; (g) R 0.50, tan color, positive peroxide test, not
examined further; (h) R 0.35, tan color turning purple, 4e; (i) R
0.30, tan color turning purple, 4d.

3/S-Hydroxy-50-cholest-7-ene 6a-Hydroperoxide (4b). Frac-
tion d derived from 4a was rechromatographed several times using
benzene-ethyl acetate (1:1) with triple development. Elution of
the R 0.81 component with acetone yielded 6:8 mg of 4b, homoge-
neous by thin-layer chromatography but which could not be crys-
tallized. The 6«-hydroperoxide 4b was characterized by thin-layer
chromatographic mobility, R 0.81, in benzene-ethyl acetate (1:1)
and by a characteristic pyrolysis pattern which included major
components at tR 1.21, 3.08, 4.07, 5.68,6.17, and 7.18.

3/3-Hydroxy-5a-cholest-7-ene 6/J-Hydroperoxide (4c). From
fraction ¢ crude 4c was recovered which was rechromatographed
several times on both 0.25 and 1.0 mm thick chromatoplates using
the system benzene-ethyl acetate (1:1) with triple development,
yielding 13.4 mg of pure 4c. Recrystallization of the sterol from
methanol gave the analytical sample of 4C, mp 145-149°: Srox
(KBr) 3375, 3150, 1650, and 1055 cm-1; pyrolysis pattern tr 1.20,
3.00, 4.06, 5.69, 6.16, 7.17.

Anal. Calcd for C27H46C8: C, 77.46; H, 11.08. Found: C, 77.74; H,
10.89.

A commercially obtained sample of 4a stored as received for
some months in the laboratory was recrystallized from methanol-
diethyl ether, and the mother liquors were chromatographed on
thin-layer chromatoplates using benzene-ethyl acetate (1:3) with
double development. The parent sterol 4a was recovered from a
zone at Rf 0.71. The major peroxide zone at Rf 0.64 was identified
as 4c by additional thin-layer and gas chromatography. A third
component at Rf 0.57 was identified as the A7-6-ketone 11 by thin-
layer and gas chromatography.

5a-Cholcst-7-ene-3/3 fia-diol (4d). (A) From 4a. Fraction i
from irradiation of 4awas eluted and the sterol recrystallized from
methanol, yielding 8.5 mg of pure 4d, mp 186-188° (lit. mp
192°;8®0mp 178-179° and 185-186°;13b mp 114°250); pyrolysis pat-
tern in 1.20, 1.49, 2.88, and 3.08; identical with authentic 4d pre-
pared by hydroboration of 1225aby ir, tic, and gc comparisons.

(B) From 4b. A solution of 3.5 mg of 4b in methanol was treated
with an excess of sodium borohydride and the product recovered,
yielding 2.7 mg of 4d as colorless crystals, mp 184-188°; identical
in spectral and chromatographic properties with an authentic ref-
erence sample of 4d.

(C) From Pyrolysis. Pyrolysis of 4b, 4c, 4d, and 4e yielded a
component recognized as 4d by thin-layer chromatography. Elu-
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tion and thin-layer chromatography confirmed the presence of 4d,
further recognized by its characteristic pyrolysis pattern which in-
cluded components at t R 1.20 (12), 1.49, 2.88, and 3.08 (4d).

5a-Cholest-7-ene-3/3,6/3-diol (4e). (A) From 4a. Fraction h
from irradiation of 4a was eluted and recrystallized from metha-
nol, yielding 11.3 mg of 4e, mp 204-207° (lit. mp 207-209°;13a mp
204-207°130); pyrolysis pattern iR 1.19, 1.48, and 3.00; identical
with authentic 4e prepared by sodium borohydride reduction of
1113b by ir, tic, and gc comparisons.

(B) From 4c. A solution of 3.4 mg of 4c in methanol was re-
duced with an excess of sodium borohydride and the product re-
covered, yielding 2.3 mg of pure 4e, mp 205-207°; identical in spec-
tral and chromatographic properties with those of an authentic
reference sample of 4e.

(C) From Pyrolysis. Pyrolysis of 4c and 4e yielded a compo-
nent recognized as 4e. Elution from the chromatoplate and addi-
tional thin-layer chromatography confirmed identity as 4e, further
recognized by its characteristic pyrolysis pattern which included
components at i R1.19 (12), 1.48, and 3.00 (4e).

3/8-Hydroxy-5a-cholest-7-en-6-one (11). (A) From Irradia-
tion of 4a. Fraction e obtained by irradiation of 4a was rechroma-
tographed on 1.0 mm thick chromatoplates using chloroform-ace-
tone (23:2) with triple ascending development. The ultraviolet
light absorbing zone was eluted with acetone, yielding 28.5 mg of
11, mp 195-197° (lit. mp 196-197°;26 mp 162-164°13); tR 4.07,
5.69, 6.17, and 7.16; identical with authentic 11 by uv, ir, tic, and gc
comparisons.

(B) From Pyrolysis of 4b, 4c, and 4e. Pyrolysis of 4b, 4c, and
4e gave in each case a component with thin-layer chromatographic
properties of 11. Elution of the component gave chromatographi-
cally homogeneous 11, identified by comparison of spectral and
chromatographic properties with those of an authentic reference
sample of 11.

Cholesta-5,7-dien-3/S-ol (12). (A) From Pyrolysis of 4b, 4c,
4d, and 4e. The major pyrolysis product from 4b, 4c, 4d, and 4e
was eluted from the thin-layer chromatoplate with acetone and
crystallized from methanol, yielding 12, typically characterized by
mp 148-150° (lit. mp 142-150°23)); tR 1.20; identical with authen-
tic 12 by uv, ir, tic, and gc comparisons.

(B) From Irradiation of 4a. Fraction b obtained by irradiation
of 4a was eluted with acetone and crystallized from methanol,
yielding 228 mg of 4a, mp 119-122° (lit. mp 118-127°233), recog-
nized as containing the 5,7-diene 12 as contaminant by chromato-
graphic and spectral data. Thin-layer chromatography of the re-
covered 4a using benzene-ethyl acetate (6:1) with triple develop-
ment resolved 4aat Rf 0.66 (tan color turning purple with 50% sul-
furic acid) and 12 at fit 0.70 (steel blue color). Absorption of the
recovered 4a fraction exhibited Xmex(EtOH) 271.5, 282, and 293
nm characteristic of 12. From the absorbance of the 282-nm band
approximately 0.3% of 12 in the recovered 4a sample was indicat-
ed.
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The relative frontier orbital coefficient magnitudes of acrolein were determined from ab initio SCF molecular
orbitals. These frontier orbital coefficients favor the experimentally observed regioisomer in the dimerization of
acrolein. Various all valence electron semiempirical SCF MO methods agree with the ab initio calculations on the
origin of regioselectivity in the reaction. First-order charge interactions were not useful in predicting the regiose-
lectivity of the reaction. Generalized rules for the prediction of the regioselectivity in cycloadditions involving
three terminal carbon atoms and one terminal oxygen atom are given.

The regioselectivity in the dimerization of acrolein has
been of theoretical interest 1-5 over the last several years.
Salem3 found that Hiickel orbital interactions favored re-
gioisomer Il whereas only regioisomer | occurs experimen-
tally. A later calculation by Devaquet and Salem4*using ir

| 1l
SCF MO'’s and including first-order charge interactions as
well as overlap was found to be in agreement with the ex-
perimental results. However, the major contribution (60—
70%) to the stabilization of I relative to Il arose from the
electrostatic term. This is confusing because consideration

of the # charge densities of acrolein would lead to the
wrong prediction.1 There is also some question about the
reliability of the overlap energy term in this calculation be-
cause it predicts that the exo approach is more stable than
the endo for regioisomer Il. This prediction is contrary to
orbital symmetry considerations67 and experimental evi-
dence,8 which indicate that the endo configuration is more
stsble than the exo. Later, Eisenstein, et ai,1 was success-
ful in predicting the observed regioisomer | using a frontier
orbital approach based on Hiickel orbitals. However,
Houk2 has recently found that various molecular orbital
methods disagree on the relative coefficient magnitudes of
the HOMO of acrolein. Consequently, the origin of the reg-
ioselectivity in the dimerization of acrolein is presently un-
clear. In this paper, we have reexamined this reaction
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Table |
Eigenvectors of the Highest Occupied Molecular Orbital and the Lowest Unoccupied Molecular Orbital of Acrolein

. . r e HOMO-
Molecular orbital Conformational
method isomer 0 C-l

INDO Cisoid -0.578 -0.266
INDO Transoid 0.578 0.273
CNDO/2 Cisoid 0.578 0.284
CNDO/2 Transoid 0.578 0.291
CNDO/S Cisoid 0.391 0.052
CNDO/S Transoid 0.391 0.063
Iterative extended Cisoid 0.559 0.188

Hiickel
Iterative extended Transoid 0.557 0.180

Hiickel
MINDO/2 Cisoid -0.464 —0.175
MINDO/2 Transoid -0.464 -0.187
Ab initioa Transoid 0.415 0.223
Ab initiob Transoid 0.391 0.227

aReference 9. * Reference 10.

through ab initio and the various semiempirical molecular
orbital methods to determine the origin of its regioselectiv-

ity.
Results and Discussion

Since the various semiempirical molecular orbital meth-
ods (CNDO/2, INDO, Hiickel, extended Huckel, MINDO/
2) disagree on the relative coefficient magnitudes of the
frontier orbitals of acrolein,2 we have determined the rela-
tive coefficient magnitudes from ab initio SCF calcula-
tions. We feel that the eigenvectors of the ab initio calcula-
tions should be more reliable than the semiempirical meth-
ods. One good STO minimal basis ab initio SCF calcula-
tion was available9 in the literature and we have also car-
ried out a minimal gaussian (4G) basis set calculation10
using Clementi single f’s-11 Even though the two ab initio
calculations use slightly different orbital screening con-
stants, they agree well for the relative coefficient magni-
tudes of the frontier orbitals (Table I). Both methods pre-
dict that the highest occupied molecular orbital (HOMO) is
a w molecular orbital and that the nonbonding molecular
orbital is of lower energy. The lowest unoccupied molecular
orbital (LUMO) is a = molecular orbital in both methods.
The relative ab initio coefficient magnitudes of the frontier
orbitals of trans-acrolein are given in Figure 1.

Since ab initio calculations require considerable
amounts of computer time, it is advantageous to carry out
such molecular orbital investigations with semiempirical
methods. Therefore, the agreement of the various all-va-
lence electron semiempirical methods with the ab initio
calculations was determined.l2 The CNDO/S14 and
MINDO/215 methods predict similar frontier orbital coeffi-
cients for trans- acrolein (Table I). The relative coefficient
magnitudes of these methods agree well with the ab initio
calculations. The only disagreement is in the magnitude of
the LUMO coefficient of the oxygen, which the semiempir-
ical methods predict to be smaller in magnitude than the
LUMO coefficient of the C-2 position. The INDO and
CNDO/216methods have several disagreements with the ab
initio calculations on the frontier orbital coefficients. They
predict a reversal in the relative LUMO coefficient magni-

0
[ oo s LUMO - \

C-2 C-3 0 C-1 Cc-2 C-3
0.503 0.584 -0.499 0.483 0.386 -0.607
0,499 -0.586 -0.500 Q.479 0.393 -0.605
0.494 -0.584 0.504 -0.468 - 0.397 0.608
0.489 -0.585 -0.504 0.464 0.404 -0.601
0.655 -0.644 0.367 -0.426 - 0.479 0.675
0.638 -0.661 -0.367 0.420 0.502 -0.662
0.461 -0.557 -0.675 0.576 0.225 -0.619
0.465 -0.556 -0.680 0.577 0.213 -0.621
0.598 0.630 0.428 -0.423 - 0.471 0.645
0.584 0.639 0.425 -0.418 - 0.490 0.635
0.546 - 0.595 0.574 - 0.459 - 0.464 0.653
0.559 -0.583 0.565 -0.414 - 0.490 0.683

1/

HOMO ACROLEIN

Figure 1. Relative coefficient magnitudes of the frontier orbitals
of trans- acrolein from ab initio calculations.

tudes of the C-lI and C-2 positions and an oxygen HOMO
coefficient of equal magnitude with the C-3 position. Final-
ly, the iterative extended Huckell7 method has the most
disagreement with the ab initio calculations. Its disagree-
ments are an oxygen HOMO coefficient of equal magnitude
with the C-3 position, a reversal in the relative LUMO
coefficients magnitudes of the C-l1 and C-2 positions, and
an oxygen LUMO coefficient that is larger than the C-3
coefficient.

When trans-acrolein is rigidly rotated to cis-acrolein,
the only change in the relative coefficient magnitudes of
the semiempirical frontier orbitals was that the HOMO C-2
coefficient became larger than the HOMO C-3 coefficient
in the CNDO/S method (Table I). Even if this change in
the relative CNDO/S coefficient magnitudes of HOMO is
real, it will not affect the conclusions drawn from the fron-
tier orbital coefficients concerning regioselectivity. There-
fore, the relative ab initio coefficient magnitudes of the
frontier orbital of trans- acrolein will be used for cis- acro-
lein.

It has been shown127 that the regioselectivity of a con-
certed cycloaddition process can be predicted from pertur-
bation molecular orbital theory. The expression for the en-
ergy change which accompanies the orbital overlap of two
molecules involved in a cycloaddition process is as follows.6
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Table 11
Net # Charges of Acrolein

Molecular orbital Conformational

method isomer 0
INDO Cisoid -0.228
INDO Transoid -0.221
CNDO/2 Cisoid - 0.200
CNDO/2 Transoid -0.193
CNDO/S Cisoid - 0.396
CNDO/S Transoid -0.389
Iterative extended Cisoid —0.127

Hickel £
Iterative extended Transoid -0.123
Hickel
MINDO/2 Cisoid -0.254
MINDO/2 Transoid -0.247
Huckel* Transoid -0.529

° Reference 1.

In this expression ya(, is the atomic orbital transition
state resonance integral for atomic orbitals aand b in MO’s
R and S, and ca s the atomic orbital coefficient at atom a
in the molecular orbital R. The theory predicts2 that the
principal stabilization of the transition state will arise from
the HOMO-LUMO pair of addend frontier orbitals which
are closest in energy, and that the larger terminal coeffi-
cients on each addend will become bonded preferentially in
the transition state.18 In the dimerization of acrolein, the
four terminal atoms are not the same type. Thus, the reso-
nance integral, 7a, will not be a constant in eq 1 and con-
sideration must be taken of its magnitude. The ycc and
7co for a 2pecr, 2p<r overlap as a function of distance are
available in the literature.19 The 7cc is significantly larger
than 7co at interatomic distances of 3.0-1.75 A; thus, the
carbon-carbon orbital interactions will have the greater ef-
fect on the stability of the transition state. Consequently,
only the carbon-carbon orbital interactions will be consid-
ered in predicting the regioselectivity in the dimerization of
acrolein.

In this cycloaddition reaction both frontier orbital inter-
actions, HOMO diene-LUMO dienophile and LUMO
diene-HOMO dienophile, have the same energy separation
and will equally affect the regioselectivity of the reaction.20
Using the relative terminal coefficient magnitudes of acro-
lein in Figure 1, the theory predicts that both frontier or-
bital interactions favor the observed regioisomer I. The ap-
proach which yields regioisomer | allows bond formation
between the C-3 positions of the reactants where the termi-
nal coefficients of HOMO and LUMO are the largest (Fig-
ure 2). The other possible regioisomer Il is not favored by
either frontier orbital interactions because the largest coef-
ficients of HOMO and LUMO do not become bonded (Fig-
ure 3). Thus, the frontier orbital approach accounts for the
high degree of regioselectivity observed in the dimerization
of acrolein.

When the terminal coefficients of the semiempirical
methods are used in this approach, they also predict that
both frontier orbital interactions favor regioisomer I. Even
if we assume that 7cc and 7co are equal in magnitude,
thereby considering carbon-oxygen and carbon-carbon or-
bital interactions, all the SCF molecular orbital methods
except the iterative extended Huickel favor regioisomer I.

(o}

c-l c-2 c-3

+ 0.180 - 0.023 + 0.055
+ 0.175 -0.014 + 0.060
+ 0.157 -0.019 + 0.062
+ 0.153 - 0.011 + 0.051
+ 0.341 -0.050 + C.105
+ 0.340 -0.006 + C.055
-0.009 + 0.030 + C.106
-0.020 + 0.029 + C.115
+ 0.217 -0.033 + 0.070
+ 0.215 -0.002 + 0.035
+ 0.333 -0.034 + 0.228
HOMO diene- LUMO diene-

LUMO dienophile HOMO dienophile
Figure 2. Frontier orbital interactions yielding regioisomer 1.

HOMO diene- LUMO diene-
LUMO dienophile HOMO dienophile
Figure 3. Frontier orbital interactions yielding regioisomer II.

Consideration was also given to the effect of secondary
orbital interactions between the C-l position of the dieno-
phile (trans-acrolein) and the C-l and C-2 positions of the
diene (cis-acrolein) on the regioselectivity of the reaction
(Figures 2 and 3). We found that the C-2 coefficient of the
HOMO and the LUMO of the diene was larger than the
corresponding C-I diene coefficient. Thus, the stabilization
of the endo transition state is greater when C-| of the di-
enophile is near C-2 of the diene, thereby favoring the un-
observed regioisomer Il. Consequently, the secondary or-
bital interactions make a minor contribution to the stabili-
zation of the regioisomers.

Earlier we stated that Devaquet and Salem4 had indicat-
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Table 111
Change in Energy* Due to First-Order « Charge
Interactions for the Dimerization of Acrolein
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The iterative extended Huckel and minimal gaussian ab
initio methods were not used in the above calculations be-
cause of the unrealistic atomic charge densities predicted
by these methods. For example, the iterative extended

Mole_cular [— — Regioisomer
orbital, I (exo) Il (exo) I (endo) Il (endo) Huckel predicts that all the atoms of acrolein except oxy-
gen are positively charged (Table 1V). This electron distri-
INDO 0.337 -0.368 0.411 -0.279 bution appears to be another example of the method’s ov-
CNDO/2 0.310 -0.269 0.367 -0.202 eremphasis of ionic contributions. Also, the ab initio
CNDO/S 0.764 -0.725 1.187 .0.327 charge densities appear to be more characteristic of the
MINDO/2 0.316 .0.299 0.482 .0.141 basis set than a true effect.23 For example, the method pre-
Huckel 3.951 3.412 3.826 3312 dicts that the C-2 and C-3 carbons have more electron den-
sity than the oxygen (Table 1V).
aln kilocalories per mole. The origin of the regioselectivity predicted from the
Table IV
Net Atomic Charges of Acrolein
H 0
H;
Molecular orbital Conformational » ~ N et atpmic charges \
nethod 0 C C2 C-3 H4 H5 H6 H7
INDO Cisoid -0.286 +0.338 -0.042 +0.056 -0.078 + 0.002 -0.002 + 0.011-
INDO Transoid -0.283 +0.334 -0.041 +0.045 - 0.073 + 0.015 0.0 + 0.003
CNDO/2 Cisoid -0.231 +0.244 -0.039 +0.009 - 0.042 + 0.014 +0.017 + 0.029
CNDO/2 Transoid -0.228 +0.239 - 0.039 - 0.001 - 0.037 + 0.027 +0.021 + 0.018
CNDOI/S Cisoid -0.468 +0.398 -0.073 -0.019 +0.017 + 0.030 + 0.048 + 0.066
CNDOI/sS Transoid -0.462 +0.397 -0.044 -0.073 +0.020 + 0.051 + 0.057 + 0.053
Iterative extended
Huckel Cisoid -0.386 +0.136 +0.038 +0.028 +0.063 + 0.041 +0.041 + 0.040
Iterative extended
Hiickel Transoid -0.388 +0.137 +0.030 +0.019 +0.037 - 0.039 +0.046 + 0.073
MINDO/2 Cisoid -0.353 +0.359 -0.019 -0.062 -0.004 - 0.043 +0.056 + 0.070
MINDO/2 Transoid -0.346 +0.354 - 0.090 -0.095 -0.003 - 0.062 +0.066 + 0.052
Ab initioa Transoid -0.215 +0.034 - 0.272 -0.344 +0.176 + 0.218 +0.205 + 0.199
OReference 10.
ed that first-order charge interactions were the major con- Table V

tributor (60-70%) to the stabilization of regioisomer | rela-
tive to regioisomer Il. The expression for the change in en-
ergy due to first-order charge interactions is as follows.4

£

a
In this expression Qais the total initial charge on atom a
and 77ab is the distance between atoms a and b. If first-
order charge interactions are the major contributor to the
stability of the transition state, one should be able to pre-
dict the preferred regioisomer of the reaction from the net
changes.2l However, we find that the net # charges favor
the unobserved regioisomer Il for all the SCF molecular or-
bital methods investigated (Tables Il and I11). When all va-
lence electrons are included, the net atomic charges of all
the MO methods still favor the unobserved regioisomer Il
(Tables 1V and V). Of the molecular orbital methods inves-
tigated, we feel that the CNDO/2 net charges are the more
realistic because Hehre and Pople2 have observed that
CNDO/2 determined atomic populations of oxygen-con-
taining compounds parallel quite closely those obtained
from ab initio calculations. Thus, first-order charge inter-
actions cannot be the origin of the regioselectivity observed
in the dimerization of acrolein and are not the major con-
tributor to the stabilization of regioisomer | relative to re-
gioisomer |IlI.

£ QaQb
b

Change in Energy“ Due to First-Order Atomic Charge
Interactions for the Dimerization of Acrolein

Molecular f Regioisomer

orbital

method 1 (exo) 11 (exo0) 1 (endo) 11 (endo)
INDO 0.390 -0.168 0.591 -0.054
CNDO/2 0.301 -0.195 0.357 -0.166
CNDO/S 1.018 -0.944 1.388 -0.483
MINDO/2 0.447 -0.400 0.458 -0.244

° In Kkilocalories per mole.

first-order charge interactions in our calculations and those
of Devaquet and Salem4 does not have a simple interpreta-
tion because charge-charge interactions between many
pairs of atoms play an important role. Consequently, the
exact cause of Devaquet’'s and Salem’s incorrect conclusion
is impossible to determine without the atomic charge den-
sities used in their calculations. However, the energy differ-
ence between the exo regioisomers calculated from the
Huckel net mr charges was 7.36 kcal/mol, while the less ap-
proximate CNDO/2 method predicts a difference of 0.579
kcal/mol from net it charges and 0.496 kcal/mol from the
net atomic charges (Tables Il and V). It appears that the
use of # charge densities from @ SCF molecular orbital
methods can overemphasize the role of the first-order

)
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charge interactions, and this could lead to incorrect conclu-
sions concerning regioselectivity. Thus, we feel that the ori-
gin of their incorrect conclusion probably lies with the ir
charge densities of the ir molecular orbital method that
they used.

Eisenstein, et al.,1 was correct in analysis of the first-
order charge interactions because of the Huckel ir charge
densities used, which allow a simple interpretation of these
interactions. Their conclusion originated from the large
negative charge on the oxygen and the large positive charge
on the C-3 carbon whose interaction favors the unobserved
regioisomer Il. This electronic distribution causes the
Huckel method to overemphasize the effect of first-order
charge interaction in the dimerization of acrolein.

Conclusions

The dimerization of acrolein is under overlap control and
there is no evidence that first-order charge interactions
have a dominant role in determining its regioselectivity.
Also, it appears that the atomic charge densities from the ir
SCF MO methods are too crude to be used in determining
the energy change due to first-order charge interactions.

The frontier orbital approach used in analyzing the reg-
ioselectivity of the dimerization of acrolein can be applied
to all cycloaddition reactions which involve terminal orbital
interactions of three carbon atoms and one oxygen atom.
The generalized rules are as follows.

(1) The principal stabilization of the transition state will
arise from the HOMO-LUMO pair of addend frontier or-
bitals which are closest in energy.

(2) The larger carbon terminal coefficients on each ad-
dend will become bonded preferentially in the transition
state.

(3) If the terminal carbon coefficients of either addend
are equal in magnitude, the regioselectivity can be predict-
ed from secondary orbital interactions.7

Finally, the relative coefficient magnitudes in Figure 1
and the above generalized rules can be used to predict the
preferred regioisomer of any cycloaddition reaction involv-
ing acrolein. They correctly predict the preferred regioiso-
mer in the cycloaddition of acrolein with styrene, acryloni-
trile, and methyl acrylate.24
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Deuterium exchange reactions have been studied with a variety of syn- and anti-pyridinophanes of type 1and
2, both in acetic acid-d4 and in alcohol with added alkoxide or hydroxide. Deuterium exchange at the methine
carbon in acetic acid-d4 is highly specific for syn and anti acetates (la and 2a) and for syn bromide Ib with reten-
tion of configuration; epimerization was observed for the anti bromide 2b. Exchange reactions in more basic
media at the methine carbon are also stereospecific, with retention of configuration, with the exception of the anti
bromide 2b which leads to some epimerization. Reaction of syn alcohol Ib, but not anti alcohol 2b, with ethoxide
in ethanol results in appreciable dechlorination of aryl halide.

Since it is known that 2- and 4-alkylpyridines undergo
H-D exchange in the presence of base2 or by action of hot
acetic acid,34 we have examined such exchange with syn-
and anti -pyridinophanes5 of type 1 and 2 in order to gain
insight into the stereochemical consequence of such ex-
change (Scheme 1). It is known6 that syn and anti diaste-
reomers 1 and 2 do not interconvert by rotation of the
methylene bridge to the other face of the aromatic ring;
consequently, one would expect exchange with retention of
syn or anti configuration if intermediates of type 4 and 6
resist rehybridization to 8, due possibly to steric con-
straint.5 Nonstereospecific exchange would be expected
(syn anti interconversion) if intermediates 4 and 6 either
invert configuration at the a carbon or if they rehybridize
to intermediate 8. In cases involving exchange in acetic acid
medium, and perhaps even in alcohol under base catalysis,
it is assumed34 that 4 and 6 would exist as the correspond-
ing zwitterions (N-protonated), and that 8 would exist as
the anhydro base 9.

I. Exchange Reactions in Acetic Acid-d4. It was
shown that syn and antiacetates la and 2a do not intercon-
vert (epimerize) in hot (118°, 48 hr) acetic acid.6 Signifi-
cantly, both syn- la and anti- 2a undergo exchange of ben-
zylic hydrogen by deuterium in hot acetic acid-d4 (118°, 48
hr), and in neither case was any interconversion (epimeri-
zation) detected by liquid chromatography (less than 1%
interconversion). Thus, syn- la gave recovered syn acetate
5a which contained 71% deuterium at the methine position
and 28% deuterium at the benzylic methylene position; no
anti acetate was detected. Similarly, anti- 2a gave recov-
ered anti acetate 7a which contained 29% deuterium at the
methine position and 20% deuterium at the benzylic meth-
ylene position.

These results conclusively establish that an intermediate
such as 8 [X = OC(=0)CH3], or more likely the corre-
sponding anhydro base 9 (X = OCOCH3J), is not an inter-
mediate in these exchange reactions.7 Retention of configu-
ration in exchanges observed for la and 2a suggest that ex-
change is more rapid from 4 or 6 (or the corresponding N-
protonated zwitterions) than rehybridization to an inter-
mediate 8 (or 9).

Base-catalyzed exchange in asymmetric carbon atoms
has been studied in great detail89and can occur with reten-
tion of configuration, racemization, inversion of configura-
tion, isoracemization, or a combination of these processes
depending on structure and polarity of solvent. Exchange
with racemization or isoracemization is usually observed9
for those derived anions which can be stabilized (reso-

Scheme |
a X = OCOCR
b, X=Br
c, X = OSChAr
d X=0H
e X = OCH5

nance) by an electronegative group. The only prior case
studied which involves stereochemistry of exchange in alk-
ylpyridines was carried out by Cram (Scheme I1). In this
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Scheme I

case it was observed8that exchange in 10 occurred, accom-
panied by a “conducted tour mechanism” to give 10 and 11
with both racemization and inversion.

Exchange reactions in the syn and anti bromides Ib and
2b are of interest, but gave less definitive stereochemical
results. Reaction of Ib and 2b with acetic acid-d4 were car-
ried out under identical conditions (118°, 48 hr) and recov-
ered bromides (>70% in each case) were separated by high
pressure liguid chromatography; deuterium exchange was
determined by pmr.10 Bromide recovered from syn- Ib con-
tained only a trace (detected only by Ic) of anti bromide 7b;
recovered pure syn-5b (80% recovery) showed complete
deuterium incorporation at the methine carbon atom and
35% deuterium incorporation at the benzylic methylene po-
sition. Bromide recovered from anti bromide 2b was a mix-
ture of syn bromide 5b (18%) and anti bromide 7b (52%);
recovered syn-5b was essentially completely deuterated at
the methine carbon and contained 17% deuterium at the
benzylic methylene position while recovered anti bromide
7b showed essentially no deuterium incorporation at the
methine carbon but ~30% deuterium at the benzylic meth-
ylene position. Obviously syn bromide (anti H) undergoes
more rapid deuterium exchange at the methine position
than does the anti bromide (syn H). These results do not
unequivocally differentiate epimerization and subsequent
exchange through an anhydro base 9 (X = Br) which proto-
nates (or adds D +) to give the more stable6 syn bromide, or
through an ion pair of type 12, which epimerizes to the

more stable syn bromide which subsequently undergoes ex-
change. The comparative inertness to solvolysis or replace-
ment of the anti bromide relative to syn bromide has been
previously noted.6

1. Exchange Reactions in Basic Media. Although syn

and anti tosylates Ic and 2c undergo slow hydrolysis, by
O-S bond cleavage, to syn and anti alcohols (Id and 2d, re-
spectively) by action of KOH in methanol, we have recon-
firmed the observation6 that there is no epimerization ei-
ther in recovered starting material or in the derived alco-
hols when either Ic or 2c is treated in this manner. Both

Parham and Oison

syn- Ic and anti-2c were treated under identical conditions
(20 hr, reflux) with KOD in methanol-O-D; recovered tos-
ylate in each case was separated from the corresponding al-
cohol by tic, and deuterium label was determined by pmr.
The results are summarized in 13 and 14. It was observed

that (1) in both cases exchange occurred at the methine po-
sition without epimerization, (2) exchange is much more
rapid at the benzylic methylene position,2b (3) exchange is
somewhat more rapid at the methine hydrogen of syn tosyl-
ate 13 than at the methine hydrogen of anti tosylate 14.

These results are interpreted by arguments essentially
identical with those presented above for exchange with ace-
tic acid-c?4. It is clear that base-catalyzed exchange at the
methine position occurs with retention of configuration
under these conditions.

Similar results were obtained with other cyclophanes;
however, in some cases results are less definitive because of
side reactions.

Reaction of anti alcohol 2d with sodium ethoxide in hot
ethanol-O-D gave recovered anti alcohol 7d (83%) labeled
as shown in 7d, below; there was no evidence for formation
of epimeric syn alcohol 5d. Reaction of syn alcohol under

anti-2d

C2Hs0D, 78°
22hr

identical conditions gave syre-5d, labeled as shown in the
accompanying formula, together with a dechlorinated alco-
hol (~45% vyield, completely deuterated at methine and
benzylic methylene positions) to which structure 15 is as-
signed. Repetition of the reaction with Id with unlabeled
solvent gave unlabeled 15 (~60% yield) and its structure
was assigned by composition and spectra (pmr and mass
spectrum).

Reaction of anti ether 2e with sodium ethoxide in etha-
nol-O-D (48 hr, reflux) gave 70% recovery of anti ether la-
beled as shown in 7e. Examination of the mother liquor
from which 7e was obtained by tic showed a possible trace
of syn ether 5e.
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Finally, examination of exchange of syn and anti bro-
mides Ib and 2b, respectively, was examined in hot etha-
nol-O-D with ethoxide (2 hr, reflux). The reaction was
complicated by debromination, a reaction previously re-
ported,6 to give 16. Reaction of Ib under these conditions
gave 16 (—49% yield, which was not further examined as to
label) and recovered syn bromide 5d labeled as shown in
17; there.was no evidence for formaition of anti bromide 7d.

Reaction of the anti bromide 2b under these same condi-
tions gave a complex mixture which was not resolved; how-
ever, tic analysis showed reduced pyridinophane 16, anti
bromide 7b, epimeric fib (appreciable, but considerably less
than 7b).

In summary it is concluded that (1) in basic media the
anti-substituted pyridinophanes 1 (syn H) undergo ex-
change somewhat less readily at the methine position than
the syn-pyridinophanes (anti H), and (2) in all cases stud-
ied except the anti bromide 2b, exchange is highly specific
with retention of configuration.

Our data on these exchange reactions3 suggest that the
reactivity ratio of 2- and 4-alkyl hydrogens of pyridines
(k -Jk 4) is generally >1 for acid-catalyzed exchange, where-
as ko/k.i is generally <1 for base-catalyzed exchange.
While k2/k4 <1 for basic exchange is in agreement with
the literature,26k 2jk\ > 1 has no precedent of which we
are aware.

Experimental Section

Starting Materials. Syn and anti acetates la and 2a were pre-
pared from the corresponding pure alcoholsll by conversion into
the lithium salt (in THF by titration with 2 M butyllithium in
hexane) with subsequent treatment of the derived salts with acetyl
chloride (77% yield of la, mp 118-119°, lit.12 116-118°; 50% yield
of 2a, mp 149.5-150°, lit.12 144-146°). Alternatively, the mixed
acetatesll were separated by high pressure liquid chromatography
[8 ft X '2.2 mm i.d., Porasii A, eluted with chloroform-petroleum
ether13 (1:1) at 0.75 ml/min]. The retention times of la and 2a
under these conditions are 16 and 22.5 min, respectively.

Synll and anti6bromides Ib and 2b can be separated by tic (sili-
ca gel, multiple developments with petroleum etherl3-ether); how-
ever, they are more efficiently purified by high pressure liquid
chromatography (8 ft x 2.2 mm i.d., Porasii A, eluted with 5%
chloroform-petroleum ether13 at 2.7 ml/min). The retention times
of Ib and 2b under these conditions are 3.8 and 5.7 min, respec-
tively.

All materials used in exchange studies contained no trace of ep-
imeric impurities as judged by characteristic pmr resonances of
methine hydrogens.5611
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Exchange Reactions in Acetic Acid-d4. A mixture of syn ace-
tate (la, 144.5 mg, 0.402 mmol) and acetic acid-d4 (4.94 g, 77.2
mmol, Stohler Isotopic Chemicals, Inc.) was heated at the reflux
temperature for 48 hr under an atmosphere of dry nitrogen. After
most of the acetic acid was removed by distillation, the residue was
dissolved in chloroform which was subsequently extracted with
aqueous sodium bicarbonate and dried (MgS04). Analysis of the
oil (143 mg) obtained from the chloroform by high pressure liquid
chromatography (see starting materials) showed the absence of
anti acetate 7a. Preparative tic separation of the mixture (silica gel
developed twice with 15% ether in petroleum ether3) gave recov-
ered syn acetate 5a as an oil (93 mg, 64.4% recovery; mp 114-
116°12 from petroleum ether14), and syn alcohol 5d (39.6 mg, 31%,
mp 154-155°, mixture melting point with sample mp 160° was
155-157°; pmr identical with authentic sample except for de-
creased intensity of methine resonance due to deuterium incorpo-
ration) which was not further examined. Deuterium analysis of re-
covered syn acetatelO showed 71% deuterium incorporation at the
benzylic methine position at 56.55 and 28% deuterium incorpora-
tion at the benzylic methylene position (6 3.8-3.0).

The anti acetate 2a was treated as described above. Analysis of
the crude product, as described above, showed no syn acetate 5a to
be present; recovered anti acetate [78% recovery, mp 138-140°,
from chloroform-petroleum ether,14mp 149.5-150° (pure) by high
pressure liquid chromatography]. The pmr spectrum showed10 29%
deuterium incorporation at the methine position (6 6.08) and 20%
deuterium incorporation at the benzylic methylene position (5
3.8-3.3)

Syn Bromidell Ib (70.8 mg) was treated with acetic acid-d 4 as
described above. Analysis of the crude yellow solid by high pres-
sure liquid chromatography (see starting materials) showed syn
bromide 5b and a trace (less that 2% assuming equal extinction
coefficients of Ib and 2b at 254 nm) of anti bromide 7b. Recovered
syn bromide (5b, mp and mmp 145-145.5°, lit. 149-151°,11 ob-
tained by recrystallization of the crude bromide from petroleum
ether,14 80% recovery) showed ~ 100% deuterium incorporation at
the benzylic methine position (no resonance at 5 6.05)11 and 35%
deuterium incorporation at the benzylic methylene position (1.29
Hat 63.7-3.3).11

Anti Bromide 2b.6 Analysis of the crude product (83.1 mg, 80%,
mp 130-135°), obtained by treatment of pure 2b (103.9 mg) with
acetic acid-d4 as described above, by high pressure liquid chroma-
tography (see starting materials, except 2% chloroform in petrole-
um ether13 was employed) showed the presence of syn bromide 5b
(retention time 7.7 min) and anti bromide 7b (retention time 13
min). Preparative separation by high pressure liquid chromatogra-
phy (conditions as described above for analysis) gave syn bromide
5b (16.6% yield, mp 143-145°, mmp 142-144°, lit.11 149.5-151°)
and anti bromide 7b (52.7% recovery, mp 149-151°, mmp 148
149°, lit.6 152-153°). The syn bromide showed10 90-100% deuteri-
um incorporation at the benzylic methine carbon (integration of
the small signal at 6 6.05 did not permit a more accurate estimate)
and 17% deuterium at the benzylic methylene position (6 3.7—3.3).
The anti bromide 7b showed10 essentially no deuterium exchange
at the benzylic methine position (0.97 H at 55.50) and 30% deute-
rium incorporation at the benzylic methylene position (6 3.8-3.0).

Exchange Reactions with Syn and Anti Tosylates (Ic and
2c). Syn Tosylate Ic.5 Potassium hydroxide (0,36 g) was dis-
solved in deuterium oxide (5.71 g, 99.8% D, Aldrich) and D20 was
removed by distillation; the exchange process was repeated with
3.31 g ofadditional D20. The resulting potassium deuterioxide was
dissolved in methanol-O-D (9.7 g, Stohler Isotope Chemicals,
Inc.), syn tosylate Ic (200 mg) was added, and the mixture was
heated for 20 hr at the reflux temperature protected from atmo-
spheric moisture. The methanol was removed by distillation and
the residue was treated with aqueous ammonium chloride and was
then extracted with chloroform. The oil, obtained from the dried
(MgS04) chloroform, showed (pmr) the presence of syn tosylate (6
6.46) and syn alcohol (6 5.35) and the absence of anti tosylate (6
5.72) and anti alcohol and was purified by preparative tic [silica
gel; eluent petroleum ether3(3:1)] to give, in order of increasing Rf,
(1) recovered syn tosylate 5c¢ (123 mg, 61.5% recovery, mp 120-
121° from ether; lit.5 105-107° from chloroform-petroleum
ether,13 120-121°12b from ether) showingl0 15% deuterium incor-
poration at the benzylic methine position (5 6.46) and 41% deuteri-
um incorporation at the benzylic methylene position (5 3.6-3.2);
and (2) syn alcohol 5d (44.3 mg, 33% yield, slightly impure, mp
152-153°, lit.11 mp 160-162°). This material was not examined
further.

Anti tosylate 2c was treated as described above for Ic. The
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crude oil showed the presence of anti tosylate 7c, anti alcohol 7d,
and the absence of syn tosylate 5c and syn alcohol 5d. The oil was
recrystallized from chloroform-petroleum etherl4 to give recovered
7c (mp 119-121°, lit. 121-123°, 93% recovery) which showed10 9%
deuterium incorporation at the methine position (5 5.72) and
~50% incorporation at the benzylic methylene position ($3.7-2.5).

Preparation of 15. Syn alcohol 1d 11 (100 mg, 0.314 mmol) was
treated with sodium ethoxide (from 0.18 g, 7.85 mg-atoms of sodi-
um) in absolute ethanol (25 ml) at the reflux temperature (90 hr)
under a dry nitrogen atmosphere. Excess ethanol was removed in
vacuo, and saturated aqueous NH4C1 was added to the cold resi-
due. The product was extracted with chloroform and the oil (97.3
mg) obtained from the dried (MgS04) extract was separated into
two components by preparative tic [silica gel with petroleum
ether13-ether (3:1) as eluent].

(1) Crude 15, 64% by wt, mp 136-138°, was recovered from car-
bon tetrachloride-petroleum ether.14 The solid was further puri-
fied by multiple injections into a high pressure liquid chromato-
graph (8 ft X 2.2 mm i.d., Porasil A, eluted with 40% chloroform-
petroleum etherl4 at a flow rate of 2.7 ml/min), mp 139-140°. The
mass spectrum of 15 showed m/e (relative intensity) 283 (91), 254
(56.5), 185 (100), 172 (56.5) [the M + is consistent with 15 (no chlo-
rine)]; pmr (coci13) 58,2-7.4 (m, 4, aromatic H), 7.26 (s, 1, isolated
aromatic H), 5.00 (g, 1, methine H, X portion of ABX system J. «
+ Jbx = 10 Hz), 3.40 (octet, 1, benzylic H), 2.78 (octet, 1, benzylic
H), 2.2-0.4 (m, ~16, bridge CH2); ir (KBr disk) coh 3225 cm-1
(broad).

Anal. Calcd for CI9H25NO: C, 80.57; H, 8.89; N, 4.94. Pound: C,
80.81; H, 8.74; N, 4.79.

(2) Impure syn alcohol Id (35 mg, 35% recovery, pmr methine at
S5.3511) was recovered but was not processed further.

Exchange Reactions of Syn and Anti Alcohols (Id and 2d).
Anti Alcohol 2d.11 The anti alcohol 2d (109.9 mg) was treated in a
manner similar to that described for the preparation of 15; how-
ever, anhydrous ethanol-O-B (3.45 g, Stohler Isotope Chemicals)
was employed (26-hr reflux). Tituration of the residue (121.7 mg)
with methanol gave 90.6 mg (83% recovery) of 7d (mp and mmp
203-205°, lit.11 205.5-207°); the productlOcontained 12% deuteri-
um at the methine position (6 5.05) and 87% deuterium at the ben-
zylic methylene position.

Examination of the mother liquor by tic [silica gel with petrole-
um ether-petroleum ether13 (3:1)] showed no detectable amounts
of epimeric alcohol 5d although there were some other minor by-
products formed.

Syn Alcohol Id. Reaction of syn- Id 11 (103.5 mg) with sodium
ethoxide in ethanol-O-D was carried out as described for 2d. Ex-
amination of the product by tic (as described for 2d) showed no
detectable quantity of anti alcohol 7d, but rather two major com-
ponents listed in order of increasing Rf (1) ~45% by wt of impure
15 (completely deuterated at benzylic positions10) and (2) slightly
impure recovered syn alcohol 5d (mp 153-154°, pmr methine at
5.34, lit.11 mp 160-162°, 32 mg, 32% recovery). The pmr analysislO
of this slightly impure sample of 5d showed 14% deuterium incor-
poration at the methine position (5 5.35) and 74% deuterium incor-
poration at the benzylic methylene position (5 3.6-3.2).

Reaction of Anti Ether 2e with Sodium Ethoxide in Etha-
nol-O-B. A sample of 2e (108.5 mg, 0.314 mmol) was treated es-
sentially as described for Id and 2d (48-hr reflux) to give 110.3 mg
of crude crystalline product. Recrystallization of this product from
absolute ethanol gave 75.9 mg (70%) of recovered 7e (mp 107-108°,
mmp 106-107°, lit,15 107.5—-110°); analysis for deuterium by pmri0
showed 8% deuterium incorporation at the methine position (5
4.76) and ~ 88% deuterium incorporation at the benzylic methy-
lene position. (S3.8-3.2, under CH2resonance of ethyl group).

Examination of the mother liquor by tic showed principally ad-
ditional 7e; however, six, trace materials were detected, one of
which had an Rf corresponding to syn ether 5e.15

Parham and Olson

Exchange of Syn and Anti Bromides Ib and 2b with Sodium
Ethoxide in Ethanol-O-H. These reactions were conducted es-
sentially as described for Id and 2d.

From syn bromide Ib 11 (131.3 mg) there was obtained 104.4 mg
of crude product. Preparative tic [silica gel, petroleum etherl3
ether (3:1)] showed no detectable quantities of anti bromide 7b,
but two major products listed in order of increasing Rf. (1) reduced
pyridinophane61l 16 (51.2 mg, 49% yield, mp 77-78° from petrole-
um ether 4 lit. 81.2-82.5°), and (2) recovered syn bromide 5b [21
mg, 16% yield, mp 140-141°; mp 147° from petroleum ether,4 lit.
149.5-151°; nmr (CDCI3) methine H at S6.05] showed10 100% deu-
terium incorporation at the methine position and 78% incorpora-
tion at the benzylic methylene position (5 3.6-3.0).

From anti bromide 2b (106.5 mg, 0.28 mmol) there was ob-
tained 82.7 mg of a solid product. Analysis of this material by high
pressure liquid chromatography [8 ft X 2.2 mm i.d., Porasil A,
chloroform-petroleum etherl13 as eluent (9:1) at 2.7 ml/min]
showed it to be a complex mixture containing at least six compo-
nents; syn and anti bromides 5b (major) and 7b were shown to be
present by injection (Ic) of authentic samples. Attempts to resolve
the mixture by tic [silica gel with petroleum ether13-ether (9:1) as
eluent] were not successful; reduced pyridinophane 16 was shown
to be present.

Registry No.—la, 51933-62-1; |b, 25859-37-4; Ic, 37781-25-2;
Id, 25866-36-8; 2a, 52078-88-3; 2b, 42880-45-5; 2c, 37781-31-0; 2d,
25907-82-8; 2e, 34844-97-8; 5a, 52437-22-6; 5b, 52437-23-7; 5c,
52437-24-8; 5d, 52437-25-9; 7a, 52151-91-4; 7b, 52437-26-0; 7c,
52437-27-1; 7d, 52079-43-3; 7e, 52437-28-2; 15, 52438-79-6.
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While there has been some controversy2-4 as to whether
the initiation step in the reactions of Grignard reagents
with oxygen is ionic or involves radical intermediates, the
reaction is now considered5-9 to occur as shown in eq 1. The

RMgX + Oj —) R-+ «O0OMgX
R- + Ch — "M ROO-
RMgX + ROO- —* R- + ROOMgX @
previous reportl0 that the reaction of 2 with oxygen

(Scheme 1) gives the transannular alcohols 5 is consistent
with rapid radical transfer12-13 as shown in eq 2; however,

the reaction sequence leading to 3 and 4 has not been es-
tablished. We have reinvestigated the process outlined in
Scheme | with the following observations.

Scheme | 1

CHOH

<ch3',
5 Xx+y = 9(44%)

1) The expected9 phenol 9 is not detected in the prod-
ucts of the reaction, but is the probable precursor to the
keto alcohol 4 as shown in Scheme IlI; we had originally
considered that 4 may be derived from the hydroperoxide
11.

Scheme |1

1

Reaction of 2 with the bromomagnesium salt of tert-
butyl hydroperoxide, a process that should give 9 by an
ionic process,8gave 4 in high yield. These results were ob-
tained in the presence of excess 2; consequently, the inter-
mediate 9 is oxidized more rapidly by hydroperoxide salt to
4 than is the Grignard reagent 2 to 9. That the phenolate
ion 9 would rearrange to 10 is reasonable since such rehy-
bridization within the aryl ring w'ould reduce strain in the
cyclophane system;14 tertiary C-MgX bonds are known3-15
to react with hydroperoxide to give alcohols.

(2) Reduced cyclophane 3 is not derived to any apprecia-
ble extent from unreacted Grignard reagent 2 since decom-
position of the reaction product with D20 gave 3 which
contained only 7.3% of the di species (mass spectrum).

(3) Reduced cyclophane 3 (and the aryl H in 5) is not de-
rived to any appreciable extent by reaction of either 6 or 7
with solvent. When the reaction of 2 with oxygen was car-
ried out in pure perdeuteriotetrahydrofuran as solvent, the
reduced cyclophane 3 contained only 9% of the dj species
(mass spectrum); the principal ketone2 obtained by oxida-
tion of 5 showed essentially no (0.4%) dj species.

(4) A new, relatively unstable, bromine-containing prod-
uct was isolated from the reaction mixture (ir shows v at
1660 cm-1, characteristicl6 of conjugated phenone; pmr
shows peri-H at b 7.7, one benzylic proton at 8 3.0 and two
allylic protons at b 2.6) for which structures 12 and 13 were

considered. Compound 12 could form by elimination of
magnesium oxide from 11. The single benzylic proton at b
3.0, however, suggests structure 13. The isolation of 13
suggests that unconverted 1, which is generally recovered
from such reactions, is the source of hydrogen leading to 3,
as shown in Scheme Ill. The proposed intermediate alco7

3411



3412 J. Org. Chem., Vol. 39, No. 23, 1974

hols 16 and/or 17 could be formed17 by a normal sequence
of reactions from 14 or 15; the conjugated ketone 13 is as-
sumed to result by prototropic rearrangement of 16 and/or
i7 upon acid work-up. That 13 would exist in the keto form
rather than the phenolic enol form 18 is interesting and is
attributed to relief of strain in the cyclophane system.14

Experimental Section

Reaction of 2 with Oxygen. The crude product obtained from
1 (0.75 g)10 was separated into four bands by preparative chroma-
tography as previously described10 which were removed with 15%
methanol in chloroform to give: (1) leading band, mixture of 1 and
3 (0.240 g); pure 3 (0.107 g, mp 39-40° from ethanoll0) obtained
from trailing edge after rechromatography;18 (2) yellow oil (0.063
g), mostly 13; (3) nearly pure 4 (0.101 g; 0.086 g by sublimation, mp
140-142°10); (4) alcohols 5 (0.248 g). The yields of 3, 13, 4, and 5
based on consumed 1were 32.5, 9,16, and 44%, respectively.

Compound 13: mp 110-112° from diethyl ether, 0.042 g, yellow
solid; high-resolution mass spectral parent ion 360.1089
(C20H2Br0); v 1660 cm-1; pmr S7.7 (m, aromatic H, 1.0), 7.6-7.1
(m, aromatic H, '3.0), 3.0 (broad m, ArCH, 1.0), 2.6 (broad m,
=CCH2 2.0), 2.3-0.5 (m, CH2, 17.5).

Anal. Calcd for COH25BrO: C, 66.48; H, 6.97; Br, 22.12. Found:
C, 66.36; H, 7.17; Br, 21.72.

Perdeuteriotetrahydrofuran (98.5% d, E. Merck, Darmstadt)
was distilled from LiAID4 prior to use. Calculations of protio to di
species were calculated from mass spectral data as described by
Biemann.19

Reaction of 2 with tert-Butyl Hydroperoxide. A solution of
tert-butyl hydroperoxide20 (0.13 g, 1.45 mmol, 99.2% solution21-2)
in dry (from LiAIH4) tetrahydrofuran (5 ml) was added slowly to a
solution of 2 (from 1,10 1.00 g, 2.90 mmol) in dry tetrahydrofuran
(15 ml) packed in ice,15 and the resulting solution was stirred,
under nitrogen, for 16 hr while warming to room temperature. The
mixture was cooled and 50 ml of 5% aqueous hydrochloric acid was
added; the organic material was extracted with ether which was
subsequently dried (MgSQ4) and concentrated. Chromatography
of the oil (0.513 g) obtained from the ether as described above [pe-
troleum ether (bp 60-90°) followed by petroleum ether (bp 30-
60°)-5% ether] gave: (1) 3 (1.93 mmol), mp 40-41°,10and (2) crude

Notes

4 (0.213 g, 98.4% yield; 0.119 g from acetone, 55% yield, mp 138-
140°10).

Registry No.—1, 25097-45-4; 3, 25097-46-5; 4, 25097-53-5; 5,
52358-29-9; 13, 52358-30-2; tert -butyl hydroperoxide, 75-91-2.
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It has been reported that IV-sulfinylsulfonamides react
with sulfoxides to give sulfimides.lab In an attempt to get
various types of sulfimides for investigation of reactivities,
we used sulfoxides containing electron-withdrawing groups
on the a carbon. The reaction did not afford the expected
substituted sulfimides 7 but led to the rearranged deriva-
tives 3 and their thermal decomposition products 4.

Reaction of IV-sulfinyl-p -toluenesulfonamide (la] with
2-(methylsulfinyl)acetophenone (2a) in refluxing benzene
gave  2-(methylthio)-2-(p -toluenesulfonamido) acetophe-
none (3a), 2,2-bis(p-toluenesulfonamido)acetophenone
(4a), and 2-methylthioacetophenone (5a) in 5, 71, and 11%
yields, respectively. The reaction in refluxing ether, how-
ever, necessitated prolonged heating and resulted in the
formation of 3a (61%) and 4a (15%). The structure of 3a

TsN=S=0 + PhCOCH.ZSOCH3

la 2a
CH:BCHCOPh + (TsNH)ZHCOPh + PhCOCHZSCH3
4a 5
NHTs
3a



Notes

Tablel
Reactions of iV-Sulfinylamides la ¢ with Sulfoxides 2a-f

R1lin 1 R2in 2 Solvent0 Temp, C
/>-MeCeH4502 PhCO B 80
[>-MeCeH4502 PhCO E 35
/>-MeC@H4502 - p-MeOCGI4CO B 80
£-MeCeH4502 £-MeOCGI4CO E 35
£-MeC@aH4502 MeOCO B 80
/>-MeC@®14502 m-C jH jjiCO B 80
/>-MeC@®4502 CN B 80
/>-MeCgH4S02 QHjjco B 80
MeS02 PhCO B 80
PhCO PhCO B 45-50
PhCO p-MeOC@®4CO B 40-45

° B, benzene; E, ether.

was established as follows. The ir spectrum of 3a shows
N-H and carbonyl absorption bands at 3320 and 1665
cm”1. The frequency of the carbonyl group suggests that
3a is not phenacylidene (p -toluenesulfonamido)methylsul-

furane, since the carbonyl group of known phenacyli-
denemethylphenylsulfurane appears at 1505-1470 cm*“12
The nmr spectrum (DMSO-d6) displays S-CH3 (s, 3 H),

p-CH3 (s, 3 H), methine (d, J = 9.5 Hz, 1 H), phenyl pro-
tons (m, 9 H), and N-H (d, J = 9.5 Hz, 1 H) at $1.82, 2.35,

6.12, 7.15-8.15, and 8.82, respectively. Reduction of 3a by
Raney Ni in refluxing ethanol yielded a mixture of 2-(p-

toluenesulfonamidolacetophenone (9, 10%) and 4a (29%).

aney N

.. R i
CHjSCHCOPHh e- > TsNHCH,COPh
T ethanol :

NHTs 9
3a

This chemical property and physical data are consistent
with the structure 3a. Structural assignment of 4a was
based on ir data (NH and C=0 absorptions at 3250 and
1690 cm-1), nmr data [absorptions for p-CH3 (s, 6 H),
methine (t, J = 8.3 Hz, 1 H), aromatic protons (m, 13 H),
and NH (d, 3 = 8.3 Hz, 2 H) at 52.32, 6.16, 7.00-8.00, and
8.75], and elemental analysis.

The reactions of la with 2-(methylsulfinyl)-4/-methoxy-
acetophenone (2b), methyl methylsulfinylacetate (2c), and
(methylsulfinyl)methyl cyclohexyl ketone (2f) in refluxing
benzene gave the corresponding N-substituted p -tolu-
enesulfonamides 3b,c,f and bisamides 4b,c, respectively.

The reactions with I-(methylsulfinyl)-2-heptanone (2d)
and cyanomethyl methyl sulfoxide (2e) led only to the bis-
amides 4d and 4e along with di(methylthio)acetamide (6€).

The reactions using N -sulfinylmethanesulfonamide (I1b)
and IV-sulfinylbenzamide (Ic) gave similar results. These
results are summarized in Table I.

Possible mechanisms for formation of 3 and 4 are shown
in Scheme I. Similar results in pyrolysis of N-acetyldialkyl-
sulfimides have been reported by Swern, et al.3 In the
above reactions, our failure to isolate the expected sulfi-
mides 7 may be due to the methylene group being activated
by the electron-withdrawing groups such as the carbonyl
(including ester) and cyano groups.

Irradiation of a methanol solution of 3i with a 500-W

CH3CHCOC@H4p-OCH3 PhCONHCHCOC@H4p-OCH3

NHCOPh PhCONHCH COCEH4p-OCH3
3i 10
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Time, hx 3 4 5
1.5 3a (5 4a (71) 5a (11)
14.0 3a (61) 4a (15)
7.0 3b (32) 4b (23)
14.0 3b (54)
7.5 3c 3 4c (66)
5.0 4d (58)
6.5 4e (61) 5e (4)
1.5 3f (29)
9.0 3g (15) 4g (50)
55 3h (21) 5a (19)
8.0 3i (49)
Scheme |
0
1
RIN=S=0 + CH3CH,R2 R‘N—
1 2 CH3
7
sKWH 'S
WS—CHR2 ~» CH®BCHR2 ~
CH3
8 NHR1
3
(R'NHbCHR2 + (CH3)THR2
4 6

high-pressure arc afforded 1,2-di-p-anisyl-l,2-dibenzami-
doethane (10), structural assignment to which could be
made with confidence on the basis of its analysis and spec-
troscopic properties (see Experimental Section), in 27%
yield.

Experimental Section4

General Procedure. The reactions were run under dry N2 The
temperature was held at the boiling points of benzene or ether
until the evolution of sulfur dioxide ceased.

Materials. N -Sulfinyl-p -toluenesulfonamide,6 N -sulfinyl-
methanesulfonamide,5 AT-sulfinylbenzamide,6 2-(methylsulfinyl)
acetophenone,7 2-(methylsulfinyl)-4'-methoxyacetophenone,7 1-
(methylsulfinyl)-2-heptanone,7 (methylsulfinyl)methyl cyclohexyl
ketone,7 and cyanomethyl methyl sulfoxide8were prepared accord-
ing to the established procedures. Methyl methylsulfinylacetate
was synthesized by oxidation of methyl methylthioacetate [bp
162-163° (760 mm)], which was prepared from methyl chloroace-
tate and methyl mercaptan sodium salt, with hydrogen peroxide in
72% yield: bp 103-104° (2.5 mm); n215D 1.4840; ir (neat) 1730
(C=0) and 1045 cm-1 (SO); nmr (CC14) S2.77 (s, 3 H, CH35=0),
3.73 (s,2H,-CH2),and 3.80 (s, 3H, -OCH?3).

Reaction of IV-Sulfinyl-p-toluenesulfonamide (la) with 2-
(Methylsulfinyl)acetophenone (2a). A solution of la (6.00 g,
27.6 mmol) and 2a (5.00 g, 27.4 mmol) in 50 ml of dry benzene was
refluxed for 1.5 hr. After the solution was allowed to stand at am-
bient temperature overnight, the resulting crystals (4.0 g) were fil-
tered. The crystals were recrystallized from ethanol to give pure
2,2-bis(p-toluenesulfonamido)acetophenone (4a): nmr
(DMSO-d6) 5232 (s, 6 H, p-CHs), 6.16 (t, J = 83 Hz, 1 H,
>CH-), 7.00-8.00 (m, 13 H, aromatic protons), and 8.75 (d, J = 8.3
Hz, 2 H, NH); mass spectrum (70 eV) no molecular ion, m/e 212
(M+- TsNH2- Ph), 171 (TsNH2), and 105 (PhCO+).

The filtrate was concentrated to afford a mixture of 4a and 2-
(methylthio)-2-(p -toluenesulfonamido)acetophenone (3a).
Pure samples of individual 4a (0.50 g) and 3a (0.50 g, 5%) were iso-
lated by repeated recrystallization of the mixture from ethanol.
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Notes

Table Il
(Methylthio)(substituted amido) methanes 3
(CHjSXI"NHTCHR?2

TN -1

Compd R1 r2 Mp,°C "NH *c=0 Empirical formula'
3a p -MeCeH4502 PhCO 162-166 3320 1665 CIBHINO32
3b p -MeCaH4S02 p -MeOCaH4CO 149-151 3330 1655 clh 1 ods?2
3c p -MeCaH4S02 MeOCO 89-90 3240 1725 cllhlhods?2
3f p -MeCeH4S02 CceHuCO 144-145 3270 1665 clth Zho F2
39 MeS02 PhCO 135-140 3280 1670 CioHi3N0332
3h PhCO PhCO 141-142 3360 1670, 1635 clhhhTshoXxs
3i PhCO p -MeOC&H4CO 155-156 3360 1660, 1635 clhlho3

8 Satisfactory analytical data (+0.4% for C, H, N) were reported for all new compounds in the table.

Table 111
iV,iV'-Substituted Methylene Bis(substituted amides) 4
(RINH)2CHR2
ulr (Nujol), cm”l
Compd RI R2 Mp, °C “NH "c=0 Empirical formula“
4da p -MeC6H4502 PhCO 206-208 3250 1690 C2H2N20gS2
4b p -MeC@H4S02 p -MeOCaH4CO 176-178 3270 1675 C2ZBHZUND B2
4c p -MeCeH4S02 MeOCO 189-190 3270 1745 CIMHZIN206S2
4d p -MeC@H4502 n- CgHjjco 160-165 3250 1725 c2lh Zh 20552
4e p -MeCaH4S02 CN 156-158 3240 c 1gh Iih o 4s2
4f MeS02 PhCO 200-205 3200 1680 c1h ¥nh 20552

0 Satisfactory analytical data (+0.4% for C, H, N) were reported for all new compounds in the table.

The combined yield of 4a was 4.50 g (71%). 3a showed the fol-
lowing physical properties: nmr (DMSO-dg) 61.82 (s, 3H, -SCHJ),
235 (s, 3H, p-CHDJ3), 6.12 (d, J = 95 Hz, 1 H, >CH-), 7.15-8.15
(m, 9 H, phenyl protons), and 8.82 (d, J = 9.5 Hz, 1 H, NH); mass
spectrum (70 eV) no molecular ion, m/e 288 (TsNHCHCOPh+),
230 (M+ -PhCO), and 212 (TSNHCHCO+).

The filtrate was combined, concentrated, and chromatographed
on alumina using benzene as eluent to give 0.51 g (11%) of 2-(meth-
ylthio)acetophenone (5a), which was identical with an authentic
sample9by comparison of ir spectra and the retention time of glpc.

In the reaction using ether as solvent at the refluxing tempera-
ture for 14 hr, 3a and 4a were obtained in 61 and 15% yields.

Reaction of IV-Sulfinyl-p-toluenesulfonamide (la) with
Cyanomethyl Methyl Sulfoxide (2e). The reaction was carried
out at 80° for 6.5 hr using la (6.50 g, 0.03 mol) and 2e (3.10 g, 0.03
mol) in dry benzene (60 ml). After similar treatment, 2,2-bis(p-
toluenesulfonamido)acetonitrile (4e), cyanomethyl methyl sul-
fide (5e), and dimethylthioacetamide (6e) were isolated in 3.50
(61%), 0.20 (4%), and 1.21 g (53%) yields, respectively. The crude
product 4e was recrystallized from benzene-ethanol to give a pure
sample: mp 156-158°; nmr (DMSO-d6) $2.36 (s, 6 H, p-CH?3),
(t, J = 9Hz, 1H, >CH-), 7.15-7.80 (m, 8 H, phenyl protons), and
9.50 (d, J = 9 Hz, 2 H, NH); mass spectrum (70 eV) no molecular
ion, m/e 287 (M+ - PhCH3), 261 (M+ - PhCH3- CN), and 224
(M+ —Ts). The structure 5e was determined by comparison of the
ir spectrum and glpc behavior with those of an authentic sample.8

The crude product 6e was recrystallized from benzene to give a
pure sample: mp 148.5-149°; ir (Nujol) 3340 and 3230 (NH) and
1645 cm”1 (C=0); nmr (DMSO-d6) 52.13 (s, 6 H, SCH3J), 4.39 (s,
1H, >CH~), 7.00-7.30 (broad, 1 H, NH), and 7.30-7.60 (broad, 1
H, NH); mass spectrum (70 eV) m/e 151 (M+), 107 (M+ -
CONH2), and 105 (M+- CH3S + H).

Anal. Calcd for C4HINOS2: C, 31.79; H, 6.00; N, 9.27. Found: C,
31.89; H, 5.91; N, 9.27.

Reactions of iV-Sulfinylamides la-c with Sulfoxides 2a-f.
The reactions were carried out in a similar manner. After similar
treatments, the products,10 3b,c,f-i and 4b-d,f, were obtained by
recrystallization. The results are summarized in Table I. Melting
points and NH and carbonyl absorptions in the ir spectra of 3 and
4 are shown in Tables Il and I11.

Reduction of 3a. A solution of 0.50 g (1.5 mmol) of 3a in 100 ml
of ethanol containing 1g of Raney Ni was allowed to stir under re-
flux for 4 hr. The organic layer was separated and allowed to stand

overnight. The resulting crystals were filtered, followed by recrys-
tallization from benzene-ethanol to give 40 mg (10%) of pure 2-
(p-toluenesulfonamido)acetophenone (9): mp 195-197°; ir
(Nujol) 3200 (NH), 1670 (C=0), 1345 (S02), and 1165 cm”1(S02);
nmr (CDCI3) 5230 (s, 3 H, p-CH?J3), 5.08 (d, J = 7.0 Hz, 1 H,
>CHaHb), 5.70 (d, J = 7.0 Hz, 1H, >CHaHb), 7.08 (d, J = 7.0 Hz,
1 H, NH), and 7.30-7.70 (m, 9 H, phenyl protons); mass spectrum
(70 eV) m/e 288 (M+ - H), 171 (TsNH2+), and 105 (PhCO+).

Anal. Calcd for Ci5HisNO3S: C, 62.28; H, 5.19; N, 4.84. Found:
C, 62.27; H, 5.07; N, 4.92.

The filtrate was concentrated and the resulting crystals were re-
crystallized from benzene to give pure 4a (0.20 g, 29%).

Irradiation of 3i. A solution of 3i (0.55 g, 1.75 mmol) in 20 ml of
methanol was irradiated for 20 hr with a 500-W high-pressure mer-
cury arc under nitrogen at room temperature. The resulting pre-
cipitate was filtered and recrystallized from benzene-ethanol to
give 0.128 g (27%) of I,2-di-p-anisoyl-l,2-dibenzamidoethane
(10): mp 209-211°; ir (Nujol) 3280 (NH), 1670 (C=0), and 1630
cm-1 (C=0); nmr (DMSO-dg) 5 3.84 (s, 6 H, OCH3J), 6.10-6.35
(broad, 2 H, >CH-), 6.90-8.15 (m, 18 H, phenyl protons), and
8.90-9.20 (broad, 2 H, NH); mass spectrum (70 eV) m/e 535 (M+),
415 (M+ - PhCONH?2), 401 (M+ - MeOC6H4CO), and 280 (M+ -
PhCONH2- MeOC6HA4CO).

Anal. Calcd for CR2HXN206: C, 71.63; H, 5.26; N, 5.22. Found:
C, 71.28; H, 5.09; N, 5.17.

Registry No.—la, 4104-47-6; |b, 40866-96-4; Ic, 20043-21-4;
2a, 2813-22-1; 2b, 2813-23-2; 2c, 52147-67-8; 2d, 2863-4r-0; 2e,
52109-49-6; 2f, 2863-48-1; 3a, 52109-50-9; 3b, 52109-51-0; 3c,
52109-52-1; 3f, 52147-68-9; 3g, 52109-53-2; 3h, 52109-54-3; 3i,
52109-55-4; 4a, 52109-56-5; 4b, 52109-57-6; 4c, 52109-58-7; 4d.
52109-59-8; 4e, 52109-60-1; 4f, 52109-61-2; 6e, 5311-18-2; 9,
30057-92-2; 10,1183-24-0; methyl methylthioacetate, 16630-66-3.

Supplementary Material Available. Nmr and mass spectral
data of 3b,c,f-i and 4b-d,f will appear following these pages in the
microfilm edition of this volume of the journal. Photocopies of the
supplementary material from this paper only or microfiche (105 X
148 mm, 24X reduction, negatives) containing all of the supple-
mentary material for the papers in this issue may be obtained from
the Journals Department, American Chemical Society, 1155 16th
St., N.W., Washington, D.C. 20036. Remit check or money order
for $3.00 for photocopy or $2.00 for microfiche, referring to code
number JOC-74-3412.
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The sulfonation of aldehydes,1 ketones,12and carboxylic
acids3 with sulfur trioxide and its adducts4 is a facile pro-
cess4 leading to the corresponding sulfonic acids in which
the sulfo group is attached a to the carboxylic function.1-4
The products are isolated ordinarily as the corresponding
salts after neutralization of the acidic sulfonation mixture.
Consequently, the nature of possible intermediates has not
been established and the presence of some by-products
may have been overlooked. Moreover, the purity of the iso-
lated products is questionable in many cases, since disulfo-
nates may accompany the desired monosulfonates, and the
separation between the two might prove to be very diffi-
cult.

It has been established13 that carbonyl compounds
which contain no «-hydrogen atoms are inert toward sulfur
trioxide. It has also been shown that sulfonation of y-
branched olefins5is accompanied by the migration of either
methyl or hydrogen to the incipient adjacent positive cen-
ter.

This note presents results of a study of sulfur trioxide
sulfonation of pinacolone as a model compound (Scheme I).

Scheme |
H2504. A (CHJ)}I'O(SHS%
-------------------- “ C\ /0
75.5% 1503 () 35800 = S02
Si. He° NaOH
(CH.i.cocll, 3 + (CHi)2eOCH(SO,Na)2
1 SO~-dioxane
1 N S 4
2. H20
3. NaOH A
2. NasS0o

-(CH:)ICCOCH,SO,Na 8(CH3iCCHOHCHZS0Na

Direct sulfonation of pinacolone with liquid sulfur triox-
ide afforded a 36% yield of the cyclic tetramethylene sul-
fate 2. The isolation of 2 is interesting both synthetically
and mechanistically. First, 2 is required for the preparation
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of highly C-methylated compounds.6 Alternative methods
of preparation are laborious and result in overall low
yields.6 Secondly, other cyclic sulfates may be prepared
using the same method. An extension of our findings would
be the development of useful methods for initial ring ex-
pansion followed by formation of either ketones or glycols
according to Scheme II.

Scheme 11

hydrolysis

In accord with the suggested mechanisms for the sulfo-
nations of ketones,1 and for the anhydrous acid-catalyzed
epoxide-ketone7 rearrangement the following mechanism
for the formation of 2 is proposed.

Jjo W
-°4 /e

0
10

The yield of sulfate 2 shows that migration of a methyl
group from the adjacent quarternary carbon, to form a sta-
ble tertiary carbonium ion, successfully competes with the
abstraction of available hydrogen from the a position.
Rearranged products obtained in the sulfonation of y-
branched olefins5presumably arise from an analogous zwit-
terionic species.

We have found that heating of 2 under aqueous acidic
conditions resulted in a rapid pinacol-type rearrangement
to give back the starting pinacolone in good yield. This ap-
pears to be the first example of a direct transformation
from a cyclic sulfate to a ketone.

The monoketosulfonate8 3 was not the only sulfonate ob-
tained by direct sulfonation of pinacolone. The nmr spec-
trum of the initial product (after extractions and crystalli-
zations) always revealed two types of t- butyl groups9 and
both methylene and methine protons. This and the finally
separated disulfonate 4 after numerous crystallizations
clearly showed the main product 3 to contain an apprecia-
ble amount of the disulfonate 4. Disulfonate 4 was formed
regardless of whether sulfur trioxide itself or the dioxane
complex4 was used. The alternative route via bromination
followed by the Strecker reactionl0proved to be the way of
choice for obtaining pure 3 (Scheme 1). Selective reduction
of 3 with sodium borohydride afforded 5 in high yield. This
suggests a convenient method of obtaining hydroxysulfonic
acids from ketosulfonates.

Experimental Section

Tetramethylethylene sulfate (2). Sulfur trioxide (20.5 g, 0.256
mol) was distilled out of Sulfan (stabilized liquid sulfur trioxide,
Allied Chemicals) into a cooled (0-5°) stirred solution of 1,2-di-
chloroethane (100 ml). Pinacolone 1 (25.65 g, 0.256 mol) in 45 ml of
1,2-dichloroethane was added over a period of 25 min. The exo-
thermic reaction caused the temperature of the reaction mixture to
reach 11°. Stirring was continued for 20 min, allowing the temper-
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ature to reach 15°. Water (200 ml) was added with stirring for an
additional 30 min at room temperature. The two layers were sepa-
rated; the organic layer was washed with water, 5% sodium bicar-
bonate, and again with water and dried (Na2504). The solvent was
removed under reduced pressure to give 16.5 g (35.8%) of the cyclic
sulfate 2, Recrystallization from ethanol-water or ether-petroleum
ether yielded colorless crystals: mp 129-131° (dec), lit.10 mp 131°
(dec); ir [(KBr) 2993, 1469, 1405, 1352, 1214, 1201, 961 883 cm-1]
and nmr [i51.7 (s)] are consistent with this structure.

Anal. Calcd for C6Hi204S: C, 40.00; H, 6.67; S, 17.78. Found: C,
40.12; H, 6.56; S, 18.03.

The aqueous layer was neutralized with 20% aqueous sodium hy-
droxide and evaporated under reduced pressure to yield 25.5 g of a
crude mixture of sulfonic acids A (Scheme I). Crystallization of A
from 60% aqueous alcohol afforded a mixture of 3 and 4 containing
very little inorganic sulfate. Nmr of the mixture (D20) reveals
peaks at 85.75 and 1.16 (4) and at 54.13 and 1.08 (3).

Several recrystallizations from 60% alcohol afforded relatively
pure 4, the assigned structure of which is based on its nmr and ir
spectra [(KBr) 3550, 3410, 2980,1690,1275,1240,1043, 690 cm -1].

Anal. Calcd for CeHioNasOySs: C, 23.69; H, 3.32; Na, 15.11; S,
21.07. Found: C, 23.55; H, 4.07; Na, 15.36; S, 21.55.

Sulfonation of Pinacolone with Dioxane-Sulfur Trioxide
Complex. To the dioxane-sulfur trioxide complex prepared in the
usual mannerll from sulfur trioxide (23.45 g, 0.293 mol), dioxane
(25.8 g, 0.293 mol), and dry 1,2-dichloroethane (125 ml) was added
dropwise with stirring 29.3 g (0.293 mol) of pinacolone over a peri-
od of 40 min, followed by additional stirring for 60 min at room
temperature. Water (200 ml) was added and the organic layer sep-
arated. The aqueous layer was neutralized with 15% aqueous sodi-
um hydroxide, and the neutralized solution was evaporated to dry-
ness to yield about 60 g of a crude mixture of sulfonic acids A
(Scheme 1), containing inorganic sulfate.

Nmr integration of mixture A showed the molar ratio of mono-
sulfonate 3 to disulfonate 4 to be within the range of 1.8-2.5:1. The
ratio of 3:4 in the mixture is changed with every recrystallization
from aqueous alcohol.

Rearrangement of 2. A dispersion of 2 (0.518 g, 2.875 mmol) in
3 ml of 20% sulfuric acid was refluxed for 15 min, followed by addi-
tion of 5 ml of water. Extraction with methylene chloride, drying
(Na2s04), filtration, and removal of the. solvent under reduced
pressure gave 0.217 g (75.5%) of pinacolone (1) identical with an
authentic sample.

Sodium 2-Keto-3,3-dimethylbutanesulfonate (3). Bromina-
tion of pinacolone according to the procedure of Boyer and Siraw12
gave the a-bromination product in 82.3% yield, which was convert-
ed to 3 according to the method of Parkes and Tinsley.13 Recrys-
tallization from 60% aqueous ethanol yielded 3 as colorless plates:
mp 216.5-218°; ir (KBr) 3580, 3520, 2970, 2935, 1710, 1645, 1392,
1245, 1215, 1203, 1161, 1056, 745 cm -1 nmr (DMSO-d6) 8 3.75 (s,
2,CH2), 1.1 (s, 9, CHJ3).

Anal. Calcd for CsHnNaCLS: C, 35.64; H, 5.48; Na, 11.37; S,
15.84. Found: C, 35.55; H, 5.61; Na, 11.47; S, 15.98.

Sodium 2-Hydroxy-3,3-dimethylbutanesulfonate (5). To a
solution of 3 (3.5 g, 17.3 mmol) in 20 ml of distilled water was
added sodium borohydride (0.4 g, 10.57 mmol) in 3.5 ml of water
dropwise over a period of 20 min, followed by stirring of the reac-
tion mixture for an additional 3.5 hr. Acidification with 2% aque-
ous sulfuric acid (about 28 ml) was followed by the addition of
methanol to make the solution 60% methanolic (v/v). The hydrox-
ysulfonic salt 5 crystallized on cooling. The total amount of two
crops was 3.45 g (97.5%): mp 272-276°; ir (KBr) 3385, 2958, 2870,
1630, 1364, 1238, 1168, 1050, 810 cm*“ 1 nmr (D20) 8 3.78 (m, 1,
CH), 3.03 (m, 2, CH2), 0.92 (s, 9, CH3).

Anal. Calcd for C6H13Na04S: C, 35.32; H, 6.42; Na, 11.27; S,
15.69. Found: C, 35.73; H, 6.37; Na, 11.49; S, 15.25.
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Following Pedersen’s discovery that macrocyclic poly-
ethers (“crown” ethers) possess the ability to form crystal-
line complexes with a variety of inorganic salts and also the
ability to solubilize these salts in aprotic organic solvents,3
attention has been gradually focused toward utilizing the
anion of the complex for synthetic purposes.4 It has recent-
ly been reported that poor nucleophiles such as fluoride
and acetate ions, solubilized as the potassium salt in
CH3CN or CeHe containing 18-crown-6 (1,4,7,10,13 16-hex-
aoxacylooctadecane, 1),3 become sufficiently nucleophilic
to react smoothly and quantitatively with a variety of or-
ganic substrates.12 These reactive species have been
termed “naked” anions.1We now wish to report the prepa-
ration of the “naked” cyanide reagent and its utilization in
a variety of synthetically useful reactions. Substitution,
elimination, and addition processes have been explored.

The results are summarized in Table I. The reactions
were carried out by simply pouring a substrate-crown solu-
tion directly over excess, dry KCN, and stirring the two-
phase system vigorously at ambient or reflux temperature
until reaction was complete. Little or no reaction was found
to take place in the absence of 1 under the same conditions
covering the same periods of time (runs 20 and 21, Table I).
In all cases, 1 was present in catalytic quantities, indicating
that it behaves as a phase-transfer catalyst.5 In general, the
reactions are more rapid in CH3CN than in CgHg.

The reaction of “naked” cyanide with benzyl chloride
proceeded quickly and quantitatively to product under
mild conditions (run 20, Table 1). With primary-substitut-
ed alkyl halides, the conversions to nitrile compounds were
guantitative, with no elimination products detected (runs
1-12, Table 1).6 Displacement at secondary carbon pro-
duced primarily substitution products with only a small
percentage of elimination products. These results compare
favorably to those obtained with “naked” acetate,2 but are
in direct contrast to those of “naked” fluoride,1where large
quantities of alkenes were obtained. It appears therefore,
that “naked” fluoride may be a stronger base than either
“naked” cyanide or “naked” acetate. Cyclohexyl nalides
gives exclusively elimination product with “naked” cyanide
(runs 17 and 18, Table I). No reaction was observed with
o-dichlorobenzene (run 22, Table I).
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Table 1
Reactions of “Naked” Cyanide with Organic Substrates in the Presence of 18-Crown-6
Registry Concn, Mp Temp, (V2C ¢end,
Substrate no. Run Solvent iProducts (yield, %) Registry no. Crown Substrate °C hr hr
1,3-Dibromopropane 109-64-8 1 CHaCN Glutaronitrile (97.3)d 544-13-8 0.151 1.80 83 7 25
2 CHaCN Glutaronitrile (94.9)d 0.147 1.80 Ambient 10.5 48
3 CeHe Glutaronitrile (100)e 0.147 1.80 90 12 40
4 CeHe Glutaronitrile (100)c 0.147 1.80 Ambient 10 49
I-Bromo-3-chloropropane 109-70-6 5 CHaCN Glutaronitrile (100)e 0.152 1.80 83 1.1 30
1,3-Dichloropropane 142-28-9 6 CHaCN Glutaronitrile (96;8)d 0.154 1.80 83 0.23 1.5
1,4-Dibromobutane 110-52-1 7 CHaCN Adiponitrile (100)e 111-69-3 0.141 1.80 83 6.5 14.5
8 CHaCN Adiponitrile (100)c 0.141 1.80 Ambient 11 57
1,4-Dichlorobutane 110-56-5 9 CHaCN Adiponitrile (94.7)d 0.144 1.80 83 0.2 0.7
10 CHAEN Adiponitrile (86)d 0.144 1.80 Ambient 8 75
1-Bromohexane 111-25-1 11 CHaCN 1-Cyanohexane (100)e 629-08-3 0.138 1.80 83 10 40
1-Chlorohexane 544-10-5 12 CHaCN 1-Cyanohexane (90.6)d 0.139 1.80 83 0.5 2.2
2-Bromobutane 78-76-2 13 CHaCN 2-Cyanobutane (69.7)c 18936-17-9 0.141 2.00 83 16 32
14 CeHe 2-Cyanobutane (43.4)e 0.140 2.01 90 58 66/
2-Bromooctane 557-35-7 15 CHaCN 2-Cyanooctane (56)d (62)e 2570-96-9 0,119 2.00 83 14 78
-octene (17)eff
2-Chlorooctane 628-61-5 16 CHaCN 2-Cyanooctane (77.5)eh 0.122 2.00 83 59 244
-octene (3.1)effA
Cyclohexyl bromide 108-85-0 17 CHaCN Cyclohexene (46)e’'f 110-83-8 0.132 1.80 83 53/
Cyclohexyl chloride 542-18-7 18 CHaCN Cyclohexene (32)c'~ 0.146 1.80 83 12251
Benzyl bromide 100-39-0 19 CHaCN Benzyl cyanide (100)e 140-29-4 0.146 1.80 Ambient 13 25
Benzyl chloride 100-44-7 20 CHaCN Benzyl cyanide (94.2)d 0.147 1.80 Ambient 0.08 0.4
21 CHaCN Benzyl cyanide (20)e,/ 0.0 1.80 Ambient Ibf
o-Dichlorobenzene 95-50-1 22 CHaCN No reactionl 0.145 1.80 83 109
Methacrylonitrile 126-98-7 23 CHaCN 1,2-Dicyanopropane (91.9)di/ 623-35-8 0.132 1.51 83 0.3 0.6
(Acetone cyanohydrin)? (1.78)
24 CHaCN I,2rDicyanopropane (46)e,f 0.132 1.52 Ambient 1891
(172)
25 CHaCN 1,2-Dicyanopropane (77)d™* 0.0 1.51 83 6.1 15
(1.74)

“ For the isolated products, nmr, ir, and mass spectral data confirmed the pure compound’'sidentity. Also, where possible,
these spectra and glc data of the products were compared to those of the commercial compounds (runs 1-12). 6The reactions
were run in a total of 25 ml of solution, with a twofold excess of solid KCN per functional group for the substitution reactions,
and a catalytic amount (approximately equivalent to 18-crown-6) of salt for the hydrocyanation. cty, is defined as the time
required for 50% of the starting material to react. dlsolated yields. For these examples, glc and nmr analysis showed a
quantitative conversion to the products. ‘' Calculated from glc and nmr data. ' In these runs, the reactions were stopped
before completion. « From glc analysis, 1-octene and both cis- and trans-2-octene were formed. hThere was difficulty in driving
the reaction to completion. At 244 hr, the composition consisted of 7.4% starting material, 89.1% substitution product, and
3.5% olefin by glc analysis. The yields given in Table | are thus based on reacted starting material. ' The absence of reaction
of “naked” cyanide with o-dichlorobenzene was in contrast to the results recently reported for the analogous KOH-CH3H -
crown system in which a 40-50% yield of o-chloroanisole was obtained.4 >1.18 molar equiv of acetone cyanohydrin was
used. It functioned as a proton donor and a cyanide ion regenerator after initiation of the reaction by the “naked” cyanide.
kRun 25 was monitored frequently during the course of the reaction by glc, and thus a small quantity of product was lost
in the transfers. The reaction was quantitative by glc and nmr analyses. 1Reference 18.

Interestingly, primary chlorides react much faster than
the corresponding bromides under the reaction conditions.

lower reaction temperature and simplicity of work-up. For
secondary substrates, comparable yields to those presented

For example, benzyl chloride reacts about 100 times faster
than benzyl bromide (runs 19 and 20, Table I). This obser-
vation is contrary to the normally accepted leaving group
order.7 It is also opposite to what has been observed with
“naked” acetate and “naked”fluoride.1’2 With the secon-
dary halides, it appears that bromides react more rapidly
than chlorides; however, less alkene8 and a higher overall
yield of substitution product are obtained with the chlo-
ride. The causes of these observations are currently being
investigated. It is emphasized here, however, that for syn-
thetic purposes chlorides are preferred over bromides
under the reaction conditions reported.

Substitutions of halides by cyanide ion have been re-
ported to occur (1) in ethanol-water mixtures under stren-
uous conditions;10 (2) in dipolar, aprotic solvents such as
DMSO;1l and (3) by use of tetraalkylammonium or -phos-
phonium salts to transfer the cyanide ion across a water-
organic interface (phase-transfer catalysis).512 Compara-
tively, the “naked” cyanide system appears to be superior
to the ethanol-water method in reaction time, tempera-
ture, simplicity of work-up, and yields.10'13 It also compares
favorably to the dipolar, aprotic solvent and phase-transfer
catalyst systems in both reaction time and yield for conver-
sion of primary halides to nitriles.11'12 Advantages of the
“naked” cyanide procedure over these latter methods are

in Table I were obtained in much shorter times in the dipo-
lar, aprotic solvent,115 while the phase-transfer catalyst
system gave a higher yield of substitution product (no reac-
tion time was reported).12® The reaction temperatures,
however, were higher in both the DMSO and phase-trans-
fer catalyst systems.11-12

The quantitative hydrocyanation reaction (run 23) is in-
cluded to demonstrate the versatility of the “naked” cya-
nide reagent. In the absence of crown, reaction was found
to proceed at a comparatively slow rate (run 25). The yield
obtained in run 23 compares favorably with reported hy-
drocyanation reactions.14

In summary, it has been shown that 1 effectively solubili-
zes KCN in aprotic solvents, that the resulting “naked” cy-
anide is both a weak base and a potent nucleophile, and
that the reagent produces nitrile compounds smoothly,
mildly, and in high yields from a variety of organic sub-
strates.

Experimental Section

The following instruments were used in the analyses: a Varian
Model 90-P gas chromatograph for glc analyses, a Varian Model
M-66 mass spectrometer for mass spectra, a Varian Model A-60 or
T60-A nuclear magnetic resonance spectrometer for nmr spectra,
and a Perkin-Elmer Model 237-B spectrophotometer for ir spectra.
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The organic reagents and solvents (Aldrich Chemical Co., K & K
Laboratories, Fisher Scientific, J. T. Baker Chemical Co., and
Eastman Chemical Co.) were commercial compounds used without
further purification. The KCN Was ground and then dried under
vacuum at 100° for 24 hr.

General Procedure. The starting solutions were prepared by
weighing the reactive substrate directly into a 25-ml volumetric
flask and diluting to the mark with a stock solution (known con-
centration)16 of 1in CH3CN or C6H6. The prepared solutions were
placed directly over solid, dry KCN (twofold excess of salt per
functional group being displaced) and the reaction mixture was
stirred vigorously at ambient or reflux temperature. Small aliquots
of solution were removed at intervals and the extent of reaction
was followed by glc and/or nmr analysis. Work-up involved sepa-
rating the solid-liquid phases, removing the bulk of the solvent, di-
luting the remains with distilled water, extracting the product, and
distilling the product after drying and removal of the extraction
solvent.

1,4,7,10,13,16-Hexaoxacylooctadecane (18-Crown-6,3a 1) The
crown was synthesized and purified by a previously described pro-
cedure.16

Preparation of Nitrile Compounds. Preparation of 1,3-Di-
cyanopropane (Glutaronitrile, 2). A. Into a 50-ml round bottom
flask equipped with a magnetic stirring bar and a condenser-
drying tube system were placed 11.7 g (0.18 mol) of dry KCN
(Fisher Scientific) and 25 ml of an acetonitrile solution containing
5.08 g (0.045 mol) of 1,3-dichloropropane (Aldrich Chemical Co.)
and 1.01 g (0.0038 mol) of 1. The two-phase system was heated to
reflux with vigorous stirring and the extent of reaction was fol-
lowed by glc techniques. After 1.5 hr, the reaction mixture was
cooled, filtered, and evaporated to ca. one-third volume. Distilled
water was then added, and the mixture was extracted with
CH2CI2.17 The CH2CI2 solution was dried over MgSCL and filtered,
and the solvent was evaporated under reduced pressure. The resi-
due was distilled under vacuum to give 4.10 g (96.8%) of 2: bp 78-
82° (0.15 mm); ir (neat, NaCl plates) 2950, 2875, 2240, 1450, 1420
cm-1; 'H nmr (neat, external TMS, CHCI3) 2.65 (t, 4 H), 2.15 ppm
(“spiked” g, 2 H); mass spectrum m/e 94, 93, 54, 41, 28; these spec-
tra and glc analysis of the synthesized product corresponded to
those of commercial 2 (K & K Laboratories).

Preparation of 1,2-Dicyanopropane (3). B. Into a 50-ml
round-bottom flask equipped as in A were placed 0.32 g (0.005
mol) of dry KCN, 25 ml of an acetonitrile solution containing 3.03
g (0.045 mol) of methacrylonitrile (Eastman Chemical Co.) and
1.04 g (0.0039 mol) of 1, and 4.42 g (0.052 mol) of acetone cyanohy-
drin (J. T. Baker Chemical Co.). The system was brought rapidly
to reflux with vigorous stirring and the extent of reaction was
monitored by glc and nmr techniques. After 0.6 hr, the system was
cooled and the solution was worked up as in A.17 Distillation of the
isolated crude productl8gave 3.89 g (91.9%) of the colorless, trans-
parent liquid 3: bp 68-71° (0.15 mm); ir (neat, NaCl plates) 2975,
2940, 2250, 1520, 1425, 1380 crn't 'H nmr (neat, external TMS,
CHCI3) 3.05 (m, 1 H), 2.65 (d, with spikes, 2 H), 1.35 ppm (d, 3 H);
mass spectrum m/e 94, 93, 54, 41, 28.

Registry No.—Cyanide, 57-12-5; 18-crown-6, 17455-13-9; 1-oc-
tene, 111-66-0; ci's-2-octene, 7642-04-8; irans-2-octene, 13389-42-9.
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In the first publication of the reaction of tosylhydra-
zones with alkyllithium reagents it was reported that fluo-
renone tosylhydrazone (lI) undergoes substitution, since
elimination is precluded.1 Herz and his coworkers have
more recently shown that substitution of this type occurs
with tosylhydrazones capable of undergoing elimination,
provided that a very large excess of alkyllithium reagent is

used.23
1 MeLd/Et.Q Q I I Q

2. HD A
NNHTs Me”H

It was suggested that the reaction proceeds by way of an
Sn2' mechanism with the key intermediate being a carban-
ion.24

We have now trapped the carbanion generated from I
with D20, CH3CH2Br, and C02demonstrating its existence
as well as providing a new route to 9,9-disubstituted fluo-
renes. The probable reaction route is illustrated in the fol-
lowing sequence.
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Experimental Section

Fluorenone Tosylhydrazone (l). Fluorenone tosylhydrazone
was prepared from fluorenone by the method of Bamford and Ste-
vens.5 The tosylhydrazone was recrystallized from methanol to
give yellow needles, mp 185-186° dec, reported5mp 180-182° dec.

9-Methylfluorene. To a solution of fluorenone tosylhydrazone
(3.48 g, 0.01 mol) in 50 ml of anhydrous tetrahydrofuran under an
atmosphere of nitrogen was added 1.65 M methyllithium in ether
(Ventron, 18 ml, 0.03 mol) during 5 min. Gas evolved and the solu-
tion turned from yellow to deep magenta during the addition. The
mixture was stirred at room temperature for 3 hr (gas evolution
ceased after ~2 hr) and water was added carefully. The organic
phase was washed with saturated sodium chloride solution and
dried over calcium chloride. Evaporation of the solvent gave a
brown oil which was crystallized from 2-propanol-water as yellow
needles, mp 45-46° (reported645-46°), yield 73%. The mass spec-
trum showed important peaks at m/e 180 (M-+) and 165 (M —
CHJ3.

9-Methy]fluorene-9-di. Following the procedure for 9-methyl-
fluorene with the exception of decomposing the reaction mixture
with D20 instead of H20, we obtained 9-methylfluorene-.9-ti 1. The
pmr spectrum of unlabeled 9-methylfluorene contained a three-
proton triplet at 1.5 and a one-proton quartet at 3.9 ppm, whereas
that of the labeled compound showed a three-proton singlet at 1.5
and no signal at 3.9 ppm. The mass spectrum showed that this
compound contained 94% dj (reaction yield 71%).

9-Methyl-9-ethylfluorene. Following the same procedure as
above but decomposing the reaction mixture with ethyl bromide
(2.18 g, 0.02 mol), we obtained an oil which was crystallized from
2-propanol-water as yellow plates, mp 60-61° (reported7 61-62°).
The yield was 77%. The pmr spectrum showed a three-proton sin-
glet (9-methyl) at 1.4, a two-proton quartet at 2.0, and a three-pro-
ton triplet at 0.4 ppm. The mass spectrum showed important
peaks at m/e 208 (M-+), 193 (M —CH3J), and 179 (M —C2H5).

9-Methyl-9-fluorenecarboxylic Acid. Decomposition of the
reaction mixture with dry finely divided solid CO2 gave 9-methyl-
9-fluorenecarboxylate, which was dissolved in agueous sodium hy-
droxide. After acidification of the aqueous phase with hydrocholo-
ric acid, the free acid separated as an oil. The oil was dissolved in
acetic acid and crystallized by the dropwise addition of H2 to the
boiling solution, followed by cooling. The acid separated as pale
yellow needles, mp 163-165° (reported8 166-167°) in 79% yield.
The mass spectrum showed characteristic peaks at m/e 224 (M-+)
and 179 (M —COZ2H). The 9-methyl group appeared as a singlet in
the pmr at 1.8 ppm.

Registry No.—I, 52341-51-2; 9-methylfluorene, 2523-37-7;
methyllithium, 917-54-4; 9-methylfluorene-9-dx, 15480-50-9; 9-
methyl-9-ethylfluorene, 42348-903; ethyl bromide, 74-96-4; O9-
methyl-9-fluorenecarboxylic acid, 1989-33-9.
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It has been well established that primary aromatic
amines condense with aromatic nitroso compounds to form
azo compounds. However, the literature about the reaction
of phenylhydrazine with nitrosobenzene is conflicting. 1,3-
Diphenyltriazene should be the product expected if the
reaction is simple condensation between the two with elim-
ination of water. In no case, the formation of 1,3-diphenyl-
triazene expected was reported. Azobenzene has been re-
ported as the only product when phenylhydrazine is added
slowly to a large excess of nitrosobenzene in unheated ace-
tic acid.2 In another case, N- hydroxydiaryltriazenes have
been reported to be the major products.3 In another case, a
guantitative gasometric analytical method for C-nitroso
compounds has been developed according to path c by
warming a nitroso compound with an excess of phenylhy-
drazine in acetic acid.4 In another case, diarylamine has
been reported to be a significant product.5

PhNHN=NAr

ArN~*NATr

PhNHNH2 + 0=NAr PhN=NNAr

I

OH
CsHe + N2+ f2ArN=NAr
PhNHAr

An investigation on this reaction was carried out in our
laboratories, and we found that the reaction between nitro-
sobenzene and phenylhydrazine does not yield 1,3-diphen-
yltriazene, but the products are azoxybenzene, diphenyl-
amine, benzene, and nitrogen.6 The mechanism for forma-
tion of diphenylamine appeared to be puzzling. A tentative
mechanism presented was of ionic nature. Work has been
continued, and in this paper we wish to describe the results
and propose a modified mechanism involving the phenyl
radical.

The products of the reaction between phenylhydrazine
and nitrosobenzenes were studied. The samples giving rela-
tively greater yields of diphenylamines are shown in Table
I. When a phenylhydrazine solution was added to a nitroso-
benzene solution, the yield of diphenylamine was greater;
when the order of addition was reversed, the yield was
smaller. From the results of the reactions with p-nitrosoto-
luene and p- dimethylaminonitrosobenzene, it is clear that
one of the two phenyl groups in diphenylamine comes from
phenylhydrazine and the other phenyl group comes from
nitrosobenzene.

The mechanism of the formation of diphenylamine from
the reaction between nitrosobenzene and phenylhydrazine
is of interest. Recently Lamson, et al., reported that the
reaction of nitrosobenzene with benzylamine did not yield
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Notes

Table |
Products of the Reactions between Phenylhydrazine and Nitrosoarenes

Products (m 0ol/100 mol ArNO)

Tegip,

Run Reactants, mmol Solvent PhNHAr ArN=NAr ArN(-*0)=NAT PhH
| PhNO(9.22) + PhN2H3(9.06) MeOH -8 13.6 7.6 11.2 a
2 PhNO(7.86)+ PhN2H3(4.41)i MeOH 35 8.4 12.0 22.2 17.0
3 .p -MeCHANO(4.77) - PhANZH3(4.77) MeOH -8 11.6 0 12.8 15.0
4 p-Me2NCHANO(7.46) + PhN2H3(7.46) CH2C12 -8 10.4 c ¢ ¢

“ Not determined. 6 At 35°, nitrogen evolved upon addition of each drop of PhN2H3 solution, and addition was stopped when no more N2
evolution was observed.e The reaction mixture was tarry, and the identification of other products was not possible.

the expected benzylazobenzene, but yielded phenylhydrox-
ylamine and benzaldimine, which further reacted to form
azoxybenzene and N- benzylbenzaldimine.7

PhN + HNCH2Ph
1

0
*
PhQ n"CHPh

-ft-* PhN=NCH2Ph

PhNH + HN=CHPh
OH

If nitrosobenzene and phenylhydrazine react in a similar
manner, phenyldiazene must be produced.

PhN + H.NNHPh -ft-** PhN=NNHPh

0
0 NH
PhN  |NPh PhANH + HN=NPh (0]
OH
Huang and Kosower prepared phenyldiazene and

showed that it yields phenyl radical by bimolecular reac-

2PhN=NH — [PhN=N- + PhNNH,] —* Ph- + N2 (2)

tion with itself.8 It is also known that phenyl radical adds
to nitrosobenzene, forming diphenylnitroxide radical.9

Ph-+ PhN=0 — PhNPh (3)

0

Therefore, if phenyl radical is formed in the reaction be-
tween phenylhydrazine and nitrosobenzene, formation of
diphenylnitroxide radical is expected, and it is an attrac-
tive precursor for diphenylamine.

To check this possibility, benzene solutions of phenylhy-
drazine and nitrosobenzene were mixed in an esr tube near
0°; the esr spectrum was identical with that of diphenylni-
troxide radical reported in the literature.10 The esr signal
remained unchanged as long as the mixture Was kept fro-
zen, but quickly disappeared when the mixture was
warmed up, probably owing to further reaction with phen-
ylhydrazine and other reactants. Neither a benzene solu-
tion of phenylhydrazine nor that of nitrosobenzene showed
any esr signals. Only when a benzene solution of phenylhy-
drazine and that of nitrosobenzene are mixed, strong sig-
nals of diphenylnitroxide are observed.

The esr spectrum together with other data obtained
suggest that the reactions between phenylhydrazine and
nitrosobenzenes are represented by the eq 4-9, involving
phenyldiazene and phenyl radical as the intermediates.

PhNHNH2 + Ar— N— 0 —m
Ph— N=N—H + Ar— NHOH (4)

Ph— N=NH — Ph-+ N2 (5)
Ph- + Ar—N=0 — » Ph— N— Ar (6)
o)

Ph— N—Ar + PhNHNH,

|
0

Ph— NH— Ar + Ph—N=N—H (7)

2Ar—NHOH —* Ar— N=N — Ar (8)

Ar— NHOH + Ar— N =0 — < Ar—N=N—Ar (9)

1
0

The eq 8 and 9 are well known, but step 7 must be
checked. By use of an authentic diphenylnitroxide sample,
the formation of diphenylamine from its reaction with
phenylhydrazine was ascertained.

Direct proof of the intermediacy of phenyldiazene is, of
course, desirable. The evidence for phenyldiazene present-
ed by Huang and Kosower is ultraviolet-visible spectra, re-
duction to phenylhydrazine, and volatility. The reaction
mixture of our system was strongly colored, and it was not
possible to establish the presence of phenyldiazene. Reduc-
tion of phenyldiazene to phenylhydrazine is not applicable
in our system, since phenylhydrazine is one of the reac-
tants. Isolation of phenyldiazene by distillation was at-
tempted repeatedly, but was unsuccessful.

In a previous paper,6 we described that the reaction be-
tween hydrazine and nitrosobenzene does not yield phenyl-
triazene, but aniline and nitrogen with some azobenzene.
The present results suggest that the reaction between hy-
drazine and nitrosobenzene proceeds via diimide as an in-
termediate.

PhAN=NNH, or PAN=NN=N Ph

XT
PhN=0 + HZANNH2
\
[PhANHOH + HN=NH] —*m PhNH2 + N2
Experimental Section
Materials. Nitrosobenzene,11 p-nitrosotoluene,ll and p-di-

methylaminonitrosobenzenel2 were prepared according to the
methods described in the literature.

Reaction between a Nitrosoarene and Phenylhydrazine.
Run 1. When phenylhydrazine (9.22 mmol) in methanol (80 ml)
was added to a green solution of nitrosobenzene (9.06 mmol) in
methanol (10 ml) at —8°, the solution turned yellowish green, but
no evolution of nitrogen was observed. When the solution was
slowly warmed up, evolution of nitrogen started at —2°. After the
reaction was completed at room temperature, the solvent was dis-
tilled off, and the dark reddish oil obtained was subjected to elu-
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tion chromatography. The first fraction (orange needles) was azo-
benzene, the second (yellow crystals) was azoxybenzene, and the
third (white crystals) was diphenylamine. Identification of the
products was made on the basis of their mp and comparison of
their ir and nmr spectra with those of the authentic samples.

The procedures for other runs were essentially similar to that
described above. When the two reactants were mixed at 35°, nitro-
gen evolved instantaneouly. Benzene was always one of the prod-
ucts formed, but its amount was not always determined.

Esr Measurement of Diphenylnitroxide Radical. A benzene
solution (1.1 g) of nitrosobenzene (0.02 g) was cooled to 0° in an esr
tube, and before it solidified a benzene solution (0.45 g) of phen-
ylhydrazine (0.03 g) was added. Its esr spectrum was determined at
0° with a JES-PE esr spectrometer. The signals of diphenylnitrox-
ide radical were observed,10 and did not change as long as the mix-
ture was kept as solid at 0°. When it was warmed up and melted,
the signals of the radical disappeared (g = 2.0057, aN = 10.0 G).
When a benzene solution of nitrosobenzene or that of phenylhy-
drazine was subjected to esr measurements, no esr signals were ob-
served. Only when the two solutions were mixed, were esr signals
of diphenylnitroxide radicals observed.

Reaction between Diphenylnitroxide and Phenylhydrazine.
A methanol solution (25 ml) of diphenylnitroxide (0.4 g, 2.3 mmol)
was cooled to —5°, and then a methanol solution (3 ml) of phen-
ylhydrazine (0.1 g, 0.92 mmol) was added to the cooled solution.
The dark red solution became yellow with evolution of some nitro-
gen. After the mixture was warmed to and allowed to stand at
room temperature for 1 hr, the solvent was evaporated under re-
duced pressure, and the residue was subjected to column chroma-
tography (alumina). The first fraction eluted with hexane-benzene
(3:2) was rechromatographed with hexane, and the first fraction
eluted was identified as diphenylamine by comparison of its ir
spectrum with that of an authentic sample; yield, 0.046 g (0.12
mol/mol of PI12NO used).
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Acid-catalyzed skeletal rearrangements involving the 1,2
shift of aryl groups are well known. Phenyl groups contain-

J. Org. Chem., Vol. 39, No. 23, 1974 3421

ing electron-attracting substituents generally migrate
much more slowly than phenyl, if at all. One might antici-
pate that the moderately electron-withdrawing pentafluo-
rophenyl group23 would cause considerable deactivation in
such reactions. To our knowledge, acid-catalyzed rear-
rangements involving intramolecular 1,2 migration of the
CeF5 group have not been reported. We describe here a se-
ries of interrelated reactions in which we observed such
aryl participation.

Pentafluorobenzaldehyde reacted rapidly with tris(di-
methylamino)phosphine (hexamethylphosphorus  tri-
amide) to give a mixture of diastereomeric stilbene ox-
ides.2B This mixture or the pure trans- stilbene oxide (1),
obtained by peroxidation of the olefin,3 reacted with boron
trifluoride etherate to form the isomeric decafluorodi-
phenylacetaldehyde (2) by migration of the CKE5 moiety.
Compound 2 was oxidized by Jones reagent to the di-
phenylacetic acid which rapidly lost CO2 to form decafluo-
rodiphenylmethane. When treated with concentrated
H2S04, 2 slowly underwent a reverse, 1,2-pentafluoro-
phenyl shift via the unstable cation 4,4 to give thé isomeric
ketone (3), whose structure was confirmed by independent
synthesis.

(MeN)P= 0
m +
2C,FCHO + !Me,NL.,P — » C,FI'll- CHC.F
or 1
j BR-BEUWO
[(QFSbCHCHOH] <CrC— (C&FH2LHCHO
+ rm temp, 2
days 2
Cro, \"HOAc
CeF5:
shift [(CFGTHCCXH]
j-ca
d'.F Mil
CFXCH— C— OH - » C,FSCHZOCH, (3)
+ H: shift
@ \J -h+ i
C.J\OH FOCI + (C.F...cd

In order to compare the relative migratory aptitudes of
the phenyl and pentafluorophenyl groups, the unsymmetri-
cal stilbene 5, prepared by Wittig syntheses (C6F5CH2Br
and PhCHO or PhCH2Br and C6F5CHO), was converted to
the epoxide 6, which was isomerized to the diphenylacetal-
dehyde 7. Compound 7 was characterized by its infrared
spectrum and 2,4-dinitrophenylhydrazone. The latter reac-
tion provides no information on which aryl group migrated.
However, on standing with concentrated H2S04 at room
temperature, 7 was readily transformed into the ketone 8 in
a 95% conversion with no evidence of the presence of its
isomer, PhCH2COC6F5. Also, compound 8 readily formed a
2,4-dinitrophenylhydrazone, showed carbonyl absorption
around 1700 cm-1, and was in all respects identical with an
authentic sample (c/. isomer, Experimental Section). This
observation demonstrated the strong preference of
over CeFs migration in such 1,2 shifts. Ketone 8 was also
prepared by two alternate routes, one of which has been re-
ported previously.5 These results are in marked contrast to
the overwhelming migratory preference of C6F5 over C6H5
in 1,2 shifts in alkaline medium.6 In the latter case, the
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pentafluorophenyl ring stabilizes the developing negative
charge in the transition state.

CA\ H
C”F’>_<H CH,COH '
H Ph V 'Ph
5
| BF-Et .0
conc cN\ l
H.,S04 N\
C,F,CH,COPh -——- C— CHO
rm temp
8 Ph
CjiFxcH20C1 + (C,H,),Cd cbfF5c= cctb

Experimental Section

Decafluorostilbene Oxides.7 To a stirred solution of pentaflu-
orobenzaldehyde (19.6 g, 0.1 mol) in 20 ml of dry benzene was
added dropwise 9.5 g (0.0583 mol) of hexamethylphosphorus tri-
amide8dissolved in 5 ml of anhydrous ether. The temperature was
regulated below 36° during addition. After 45 min, addition was
complete and the reaction mixture was heated at 50° for 1 hr and
cooled. The solvents were removed by flash evaporation, water and
ether were added to the residue, and the ether layer was separated,
washed with water, and dried over anhydrous magnesium sulfate.
Ether was removed by flash evaporation and the residual oil was
triturated with ethanol. Thin layer chromatography showed the
presence of two components. The mixture of oxides was crystal-
lized from ethanol: mp 164-176°; calcd mass spectrum 376, found
376.

Decafluorodiphenylacetaldehyde9 (2). To a solution of 85 g
of decafluorostilbene oxides in 60 ml of benzene and 20 ml of anhy-
drous ether was added 2 ml of freshly distilled boron trifluoride
etherate. The mixture was shaken and left at room temperature for
1 min. Water (100 ml) was added and the mixture shaken. The two
layers were separated and the aqueous layer was extracted with
benzene. The combined organic layers were dried over anhydrous
sodium sulfate and filtered. The filtrate was evaporated and tritur-
ated with ethanol to remove any unreacted epoxide. The alcoholic
solution was evaporated to give a semisolid material, which could
not be distilled or crystallized: ir (CCl4) 1710 cm" 1 (s). Further pu-
rification was effected by adsorption over neutral alumina and elu-
tion with anhydrous ether. A mass spectrum of this sample re-
vealed a peak at 376; 2,4-dinitrophenylhydrazone melted at 227°.

Attempted Oxidation of 2. To 5 g of impure aldehyde 2, dis-
solved in acetone, was added slowly a solution of Jones reagent
(13.4 g of Cr03, 11.5 ml of concentrated H2S04, and 33.5 ml of
water). After addition was complete, excess reagent was destroyed
by adding isopropyl alcohol. The reaction mixture was poured into
water and the aqueous solution extracted with three 100-ml por-
tions of ether. The combined ether layers were washed with water
and then with a 10% solution of potassium carbonate. Acidification
of the aqueous layer failed to give a solid. The ether layer, after
drying over MgS04, gave, on concentration, a solid which melted
at 61°, identical with an authentic sample of decafluorodiphenyl-
methane: mpl062°.

Reaction of 2 with Concentrated H2S04. A sample of 2 (7.52
g, 0.02 mol) was mixed with 10 ml of concentrated H2S04 and the
mixture set aside for 2 days at room temperature. The mixture was
then poured into water and extracted with ether, and the ether
layer was washed with a dilute solution of sodium bicarbonate and
dried over anhydrous MgS04. Ether was removed by flash evapo-
ration and the residual oil distilled (72°, 2 Torr; 7.2 g, 96% yield).
The ir spectrum was identical with that of an authentic sample of
decafluorodesoxybenzoin (3).11

Decafluoro-irans -stilbene.12 In a 100-ml round-bottomed
flask were placed triethyl phosphite (8.3 g, 0.05 mol) and pentaflu-
orobenzyl bromide (13 g, 0.05 mol). A condenser was attached and
the mixture was heated gently for 1 hr. At 130-140°, ethyl bromide
was evolved. The internal temperature reached 210° at the end of
1 hr. The product was cooled and dissolved in 100 ml of dry 1,2-
dimethoxyethane. Pentafluorobenzaldehyde (9.8 g, 0.05 mol) and
50% sodium hydride (2.4 g, 0.05 mol) were added to the phospho-
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nate solution and the mixture was heated slowly to 85°. After heat-
ing for 0.5 hr, the mixture was cooled and dissolved in a large ex-
cess of water. The precipitated stilbene was filtered, dried, and pu-
rified by sublimation: mp 101° (lit.31314 mp 96.5-97.5°, 101.5-
103.5°, 101°); yield 11.3 g (63%).

Pentaftuoro-irans -stilbene (5). (a) From Pentafluoroben-
zyl Bromide and Benzaldehyde. The procedure was the same as
that described for decafluoro-irans-stilbene: mp 137° (lit.15 139-
140°); yield 60%.

b. From Benzyl Chloride and Pentafluorobenzaldehyde.
The procedure was the same as above: mp 139°, mixture melting
point not depressed.

Epoxidation of Stilbenes. (a) Decafluoro-frans -stilbene
Oxide (1). The procedure of House and Rieflbwas employed. De-
cafluoro-trans-stilbene (10.8 g, 0.03 mol) in 45 ml of methylene
chloride was epoxidized with 6.5 ml of 40% peracetic acid to give 11
g (96%) of 1. mp 166°. Anal. Calcd for Ci4H20Fio: C, 44.41; H,
0.53. Found: C, 44.5; H, 0.57.

(b) Pentafluoro-irans-stilbene Oxide (6). The procedure was
the same as described above: mp 112°; yield 75%. Anal. Calcd for
Ci4H70F5: C, 58.74; H, 2.44. Found: C, 58.69; H, 2.40.

Pentafluorodiphenylacetaldehyde (7). The same procedure
as for the isomerization of decafluorostilbene oxide to compound 2
was used: bp 97° (2 Torr); calcd mass spectrum 286, found 286; ir
t>c=0 1715 cm-1; 2,4-dinitrophenylhydrazone melted at 185°.

Reaction of 7 with Concentrated H2S04. A sample cf 7 (5.72
g, 0.02 mol) was mixed with 10 ml of concentrated H2SO, and set
aside at room temperature for 2 days. After work-up (as described
earlier for 2), a solid, mp 117°, was isolated (yield 5.4 g, 95%). The
melting point was not depressed when mixed with compound 8,
but was depressed when mixed with benzyl pentafluorophenyl ke-
tone. Compound 8 gave a 2,4-dinitrophenylhydrazone which melt-
ed at 174°.

Preparation of Desoxybenzoins. The procedure was the same
as that used for pentafluoroacetophenone.16

(a) Decafluorodesoxybenzoin (3). Compound 3 was prepared
from pentafluorophenylacetyl chloride and bis(pentafluorophe-
nyl)cadmium: bp 71-74° (2-3 Torr), ir rc=o 1740 cm-1 (s). Anal.
Calcd for C14H20Fi0: C, 44.41; H, 0.53. Found: C, 44.48; H, 0.52.
This compound failed to form a 2,4-dinitrophenylhydrazor.e.

(b) Pentafluorobenzyl Phenyl Ketone (8). Compound 8 was
prepared from pentafluorophenylacetyl chloride and diphenylcad-
mium: mp 118° (lit.11 mp 118-120°); ir i>c=0 1700 cm-1 (s); nmr
7.8 ppm (5 H), phenyl protons, and a triplet at 4.36 ppm (methy-
lene protons split by ortho fluorines). Anal. Calcd for CHH70F5:
C, 58.74; H, 2.44. Found: C, 58.6; H, 2.39. 2,4-Dinitrophenylhydra-
zone mp 174°.

(c) Benzyl Pentafluorophenyl Ketone. This compound was
prepared from phenylacetyl chloride and bis(pentafluorophe-
nyl)cadmium: mp 54° (lit.17 mp 52-56°); ir i>c=0 1713 cm "1, nmr
7.16 ppm (5 H), phenyl protons, and a singlet at 4.05, methylene
protons. This compound failed to form a 2,4-dinitrophenylhydra-
zone.

Registry No.— 1, 52438-84-3; cis-1, 52393-42-7; 2, 52438-80-9; 2
2,4-DNPH, 52393-43-8; 3, 24043-89-8; 5, 19292-25-2; 6, 52393-44-9;
7, 52393-45-0; 7 2,4-DNPH, 52393-46-1; 8, 34073-32-0; 8 2,4-
DNPH, 52555-18-7; pentafluorobenzaldehyde, 653-37-2; decaflu-
oro-trans- stilbene, 14992-40-6; pentafluorobenzyl bromide, 1765-
40-8; benzaldehyde, 100-52-7; benzyl chloride, 100-44-7; pentafluo-
rophenylacetyl chloride, 832-72-4; bis(pentafluorophe:iyl)cad-
mium, 15989-98-7; diphenylcadmium, 2674-04-6; benzyl pentafluo-
rophenyl ketone, 52393-47-2; phenylacetyl chloride, 103-80-0.
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The C-P bond of simple phosphines is known to with-
stand the conditions of the common organic reactions.
However, we have found that the bond is rendered sensi-
tive to cleavage by an acidic medium when a /3-carbonyl
group is present. This reaction was encountered in an at-
tempt to effect the conversion of methyl I-methyl-2-phos-
pholanecarboxylate2 (1) to the acid (2) by HCl-catalyzed
transesterification with formic acid3 (91%). The crystalline

+ HCOOH
COOCH3

+ HCOOCH3

ch3
1

solid that was obtained in 71% yield had properties quite
unlike those expected for 2. Through a combination of
spectral techniques, it was established to have the ring-
opened structure 3.

WACOOH
CHT H H
0
3

The product, which by analysis differed from the expect-
ed structure 2 by the elements of H20, had infrared spec-
tral bands for a strongly hydrogen-bonded carboxylic acid
group, showing that the expected transesterification had
occurred. However, there were also P-H (2375 cm-1) and
P =0 (1100 cm-1) stretching bands, and this suggested the
presence of phosphorus in the secondary phosphine oxide
function. The P-H bond was also apparent in the 44 nmr
spectrum; a peak appeared at 9.98 ppm in H20 that was re-
moved on running the sample in D20. This proton had
been coupled with the P-CH3 group, for this latter signal,
which in H20 was a doublet of doublets (Jpch = 14, Jhpch
= 2 Hz), lost the smaller coupling after D exchange. The
peak at 9.98 ppm is half of the P-H signal; the other half is
obscured by the H2 signal. However, in CDCI3 both
halves were visible, with $7.62 and Jph = 476 Hz. The
shift and coupling constant are in line with those known for
other secondary phosphine oxides (e.g., for Me2PHO,4 6
7.5, Jpnh = 490; for Et2PHO,4 8 7.2, J PH = 468; for 3,4-di-
methyl-3-phospholene oxide (4), which was available from
previous work,587.97, J pyi - 490 Hz).

The proton-decoupled 31P nmr signal (5 —31.8 in CHCI3,
-38.2 in H20) was also in the region expected for secon-
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dary phosphine oxides (e.g., for Et2?HO,4 8 —41.0 and
—47.7; for the phospholene oxide 4, 5—39.8 and -44.4). Re-
placement of the proton with deuterium introduces a valu-
able structure diagnostic effect; the phosphorus singlet is
split to a 1:1:1 triplet with a characteristic coupling (for 3, J
= 73 Hz; other secondary phosphine oxides gave similar
values 4).

The 13C nmr spectrum also proved the secondary phos-
phine oxide structure. Carbons attached to phosphoryl
groups have large (60-100 Hz) coupling constants,6 and are
readily recognized. For 3, there would be two such signals
of roughly equal intensity and these were observed at 5 13.0
with JpC = 64 Hz (C-1) and 529.0 with JPC = 65 Hz (C-2).
The complete assignment is shown below.

0 0
1§ 2 3 4 5
CH3— P— CH2— CH2— CH2— CHZ— C— OH

H

5: 13.0 29.0 212 261 34.3 179.0

Jpc: 64 65 <2 10 S S

C-5 is easily recognized since it should be quite similar in
position to the a-carbon of pentanoic acid (8 34.5).7 The as-
signment of C-3 and C-4 rests first on a coupling effect with
31P; it is known that in aliphatic tertiary phosphine sulfides
and oxides, 3Jpc exceeds 2] pc,8 and since this should pre-
vail also in secondary oxides, C-4 is the signal with Jpc =
10 Hz. Chemical shift relations support this assignment.
Thus, C-4 should have a shift much like that of the /3<ar-
bori of pentanoic acid, since phosphorus groups are known
to exert only a slight effect on a carbon in this position.8
The C-4 shift of 26.1 ppm corresponds well to that of the /3
carbon of pentanoic acid (8 25.2).7 C-3 is upfield of C-4 be-
cause it undergoes 7-shielding effects8 with both CH3 and
O on phosphorus.

The generality of the cleavage process was tested with
another /1-carbonyl phosphine, compound 5, which was
available from previous work.9 The HCI-formic acid treat-
ment should produce structure 6, and the product obtained
had spectral properties (see Experimental Section) that
confirmed this expectation. The product was a noncrystal-

-r
CH,
H
CH
o
6

lizing oil, and complete characterization was not possible.
There is no doubt, however, that the ring cleavage oc-
curred, and that secondary phosphine oxide 6 was formed.
The mechanism of the cleavage of these /3-carbonylphos-
phines presumably involves attack of water on the proton-

+h 2
-H+ N
Cli/' XH OR CHX IXOH OR
H
, OH —h+ OH
(? rC
/T n*~N 'OR /W OR
CH3 I 0—H ch3 0
H H
0
r i _ cn
X OR
ch3 1 O
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ated phosphine. A possible sequence of events to account
for the product is shown above. The transesterification
may occur before or after the ring cleavage.

Experimental Section

General. Reactions of phosphines were conducted under nitro-
gen. Mp values are corrected. Proton nmr spectra were taken with
JEOL MH-100 or Varian T-60 spectrometers. Proton-decoupled
31P nmr spectra were taken on a Bruker HFX-10 system at 36.43
MHz; shifts are relative to external 85% H3PO4. The proton-de-
coupled 13C nmr spectrum was obtained by the Fourier transform
technique on the Bruker spectrometer at 22.62 MHz utilizing CgFe
as external heteronuclear lock in a 3-mm coaxial capillary. Analy-
ses were performed by MHW Laboratories, Garden City, Mich.

Synthesis of Methyl(4-carboxybutyl)phosphine Oxide (3)
from Methyl I-Methylphospholane-2-carboxylate (1). To 30
ml of deoxygenated 91% formic acid was added 0.40 g (0.0025 mol)
of a 60:40 cis:trans mixture of |.2 Dry hydrogen chloride generated
from sodium chloride and concentrated sulfuric acid was bubbled
for 10 min through the resulting solution, which was then refluxed
for 24 hr under nitrogen. The reflux condenser was equipped with
a take-off valve, and a total of 10 ml of distillate containing the
methyl formate produced was drawn off during the reaction peri-
od. After the reflux period was complete, the formic acid was dis-
tilled off at water-aspirator pressure. Water was added and the
distillation repeated to remove remaining traces of formic acid. A
light brown oil remained which solidified upon drying overnight at
high vacuum. This solid was recrystallized from chloroform-petro-
leum ether and yielded 0.29 g (71%) of white crystalline 3, mp 87-
88°.

The *H nmr spectrum (external TMS) gave the following sig-
nals: in H20, s 2.15 (d of d, P-CH3, 25 »» = 14 Hz, SJwv» = 2 Hz),
1.9-2.7 and 2.8-3.2 (multiplets, CH2), 89.98 (half of doublet of sex-
tets with other half under H20 absorption, P-H, 31 v v = 2 Hz); in
D20, 52.15 (d, P-CH3,2; y» = 14 Hz), 9.98 was absent, rest un-
changed; in CDCI3 8 1.9-2.7 and 2.7-3.3 (two broad peaks, indis-
tinct P-CH3and CH?2), 8 7.62 (d of broad peaks, P-H, 1Jph = 476
Hz), 10.31 (broad s, COOH). The 31P nmr had signals at 8 —38.2 in
H20, -37.8 inD20 (t,y Pp = 73 Hz), and -31.8 in CHC13 The 13C
nmr (H20, p-dioxane as internal reference, 5™s = 67.8 ppm) is
described in the discussion. The infrared spectrum (KBr disk)
contained absorptions at 2550, 2900, and 1925 for hydrogen bond-
ed OH stretch, rpu 2375, vc—o 1700, vp=0 1110 cm-1.

Anal. Calcd for CeHi0 3P: C, 43.91; H, 7.99; P, 18.87. Found: C,
43.60; H, 7.93; P, 18.56.

Cleavage of I-Methyl-3-phospholanone (5). By the same pro-
cedure as above, 0.9 g (0.0073 mol) of 59 was treated with formic
acid-HCI. A light green oil was obtained after removal of all the
formic acid. Addition of chloroform dissolved most of the oil leav-
ing a small amount of green residue. The chloroform was removed
by rotary evaporation, which yielded 0.52 g (51%) of 6 as a thick,
almost colorless oil. All attempts to crystallize the oil proved un-
successful.

The *H nmr spectrum (H20, external TMS) gave the following
signals: in HD, 8 2.03 (d of d, P-CH3, 21PH = 14 Hz, V hh = 4
Hz), 2.4-3.0 (m, CH2), 2.61 (s, CH3CO), 10.02 (broad signal with
indistinct additional splitting, half of P-H doublet); in D20, 8 2.02
(d, P-CH3, 2Jph = 14 Hz), 10.02 was absent, rest unchanged; in
CDC13,<5 2.16 (broad d, P-CH3, 21ph = 13-14 Hz), 2.4-3.0 (m,
CH2), 2.75 (s, CH3CO), 7.72 (broad d, P-H, y PH = 474 Hz). The
3P nmr signal was at 8 —38.2 in HD, —37.0 in D20 (t, V pd = 76
Hz) and —27.5 in CDC13 The ir spectrum (neat) had j'c=0 1720
and i<p=o0 1155 cm-1.

Spectra of 3,4-Dimethyl-3-phospholene 1-Oxide (4). This
compound was prepared as previously reported.5 The 'H nmr
spectrum (external TMS) had the following signals: in H2, 82.22
(s, C-CHJ), 2.78-3.50 (m, CH2), 10.35 (broad, half of P-H doublet,
removed with D20); in CDC13 the PH signal occurred at 8 7.97
(Iph = 490 Hz). The 3P nmr signal was at 8 -44.4 in H20, -44.1
inD20 (t,y PD= 76 Hz), and -39.8 in CDC13

Registry No.—cis-l, 52500-00-2; irons-1, 52500-01-3; 3,
52571-12-7; 4, 52500-02-4; 5,49849-35-6; 6, 52571-13-8.
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We wish to report a new and facile conversion of aldox-
imes to the corresponding nitriles by an acid-catalyzed
reaction of aldoximes and ortho esters (eq 1).

RCH=NOH + R'C(OEt)i ~

RCN + RCOOEt + 2EtOH (1)

Heating a mixture of equivalent amounts of an aldoxime
and an ortho ester in the presence of a catalytic amount of
an acid resulted in formation of the corresponding nitrile,
ester, and alcohol. Simple distillation of the ester and the
alcohol thus produced (eq 1), followed by vacuum distilla-
tion of the residue, afforded the nitrile usually in high
yield. The general nature of the reaction is indicated by the
results summarized in Table I. The primary product in this
transformation is the oxime dialkyl ortho esterlwhich can
be easily isolated in high yield by distilling off 1 equiv of
the alcohol from an equimolar mixture of the oxime and
the ortho ester in the absence of acid catalysts (eq 2).

RCH=NOH + R'CXOEtb 5=*

RCH=NOCR'(OEt), + EtOH (2)

For example, distillation of 1 equiv of ethanol from a
reaction mixture of equimolar amounts of n- butyraldehyde
oxime (a mixture of Z and E isomers in the approximate
ratio of 3:2) and triethyl orthoacetate, followed by vacuum
distillation, gave a 95% yield of n-butyraldehyde oxime di-
ethyl orthoacetate. Similarly, Z-benzaldehyde oxime and
triethyl orthoformate gave an 86% yield of benzaldehyde
oxime diethyl orthoformate. Analysis of these reactions via
nmr spectroscopy indicated that no oxime isomerization
had occurred under the reaction conditions.3 The forma-
tion of oxime dialkyl ortho esters is evidently also a general
reaction as indicated in Table II.

The oxime dialkyl ortho esters undergo an acid-catalyzed
Beckmann fragmentation reaction providing the corre-
sponding nitrile, ester, and alcohol5 (eq 3). This reaction

EtO R
-N/\ N /
HACcA% o o
RCN + R'COOEt + EtOH (3)
R Et
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Table |
Conversion of Aldehyde Oximes with Ortho Esters to Nitriles

Oxime Registry no. mmol Reagent ,V y mmol  Solvent Nitrile Registry no. : |'%a,1

CH3(CH22CH=NOH 5780-44-6 (Z) 100 HC(OE)3,/ 120 ch3(ch22cn 109-74-0 93
5775-75-7 (E)

ch3(ch22ch= noh 100 CH3C(OEt)3"? 120 ch3(ch22cn 94
ch3(ch22ch= noh 100 CH3C(OEHE 100 I  ch3(ch2n 96
ch3(ch25ch= noh 629-31-2 100 HC(OEt)3F 120 ch3(ch25cn 629-08-3 95
Et02C(CH23CH=NOH 42586-31-2 50 HC(OEt)/ 60 Et20 Et02C(CH23CN 10444-38-9 92
Et02C(CH24CH=NOH 42586-31-3 50 HC(OEt)3a 60* CHCIj Et02C(CH24CN  4450-39-9 96
CeH5CH=NOH 932-90-1 100 HC(OEHZ 100 SO02 C6H5CN 100-47-0 90
CHSCH=NOH 100 CH3C(OEt)Z 100 S02 C6HsCN 60
p-ch3cddch= noh 3235-04-9 50 HC(OEt)ZB 50 y-CH30C6HACN 874-90-8 90
/>-ch3 cthdch= noh 50 CH3C(OEt)Ze 50 92  />-CH3CEHACN 90
CHS5CH2CH2CH==NOH 1197-50-8 50 HC(OEH)3® 60 CsH5CH2CH2CN 645-59-0 93

“ Yields are of the isolated products. 6Reaction carried out in the presence of 2 mol % methanesulfonic acid by heating the reaction mix-
ture in the absence of solvents. ¢ Reaction carried out using the corresponding oxime diethyl ortho ester in the absence of added catalyst.

aReaction carried out in the presence of 2 mol % of hydrochloric acid under reflux in the indicated solvent.

no. 122-51-0. e Registry no. 78-39-7.

After 78 hr at 70°.1Registry

Table 11
Preparation of Oxime Diethyl Ortho Esters*

Oxime Reagent Product0 Registry no. Bp, °C (mm) Yieo%i.
CH3(CH22CH=NOH HC(OEt1)3 CH3(CH22CH=NOCH(OEt)2 52540-27-9 67-69 (1-2) 95
ch3(ch22ch= noh CH3C(OEt)3 CH3(CH22CH=NOCCH3(OEt)2 52540-28-0 47-49 (0.6) 90
ch3(ch22ch= noh PhC(OEt)/ CH3(CH22CH=NOCPh(OEt)2 52540-29-1 115-119 (1.1) 82
CEH5CH=;NOHI HC(OEt)3 CBHECH=NOCH(OEt)2 52540-30-4 114-115 (0.8) 86
CEBH5CH=NOH CH3C(OE1)3 CGES5CH=NOCCH3(OEt)2 52540-31-5 100 (0.6) 88
p-CICGH4CH=NOHe HC(OEt)3 p-ClCdHACH=NOCH (OEt)2 52540-32-6 135 (1.0) 89
p-CICEHACH=NOH CH3C(OEt)3 p-CICGH4ACH=NOCCHS3(OEt)2 52540-33-7 135 (0.8) 86
/j-CH3OCAHACH=NOH HC(OEt)g £-CH3OCGEICH=NOCH(OEt)2 52540-34-8 144 (0.8) 84
[>-CHXOCHACH=NOH CHX(OEt)3 /)-CH3OCEHALH=NOCCHJ3OEt)2 52540-35-9 170 (0.8) 66

° The ratio oxime:ortho ester was in all examples 1:1 (usually a 100-mmol scale). 6 Analytical and all spectral data are in agreement with
the structures. ¢ Yields are of the isolated products. d Registry no. 622-32-2 (Z).e 3848-36-0. <1663-61-2.

can be carried out neat by removing the alcohol and the
ester from the reaction mixture as they are formed, or in
solution. For example, the fragmentation of n-butyral-
déhyde oxime diethyl orthoacetate as a 1M solution in tol-
uene, ether, tetrahydrofuran, nitromethane, or dimethyl
sulfoxide, in the presence of 2 mol % of methanesulfonic
acid at room temperature was complete in less than 30
min.6 The reaction in ethyl acetate or in acetone was much
slower, requiring more than 3 hr for completion at 77° and
56°, respectively. On the other hand, the same transforma-
tion in sulfur dioxide solution in the absence of acid cata-
lyst required only several minutes at room temperature.
The nmr analysis indicated that the derivative of the Z
oxime reacted somewhat slower than the E isomer.

The fragmentation reaction of benzaldehyde oxime di-
ethyl ortho ester was considerably slower even in sulfur
dioxide solution. For example, the corresponding orthofor-
mate and orthoacetate required 48 hr at room temperature
to give 90 and 60% yields of benzonitrile, respectively.78

We also found that ortho esters are very effective re-
agents for Beckmann fragmentation of a-oximino ketones
and a-oximino ketone acetals (eq 4 and 5). Heating a mix-
ture of commercial benzil monooxime with 10% excess of
triethyl orthoformate in liquid sulfur dioxide at 75° gave
an almost quantitative yield of ethyl benzoate and benzoni-
trile. Similarly, a solution of 2-oximinocyclohexanone di-
methyl ketal and trimethyl orthoformate in sulfur dioxide

PIK
| + HC(OEt)a PhCOOEt + PhGN (4)
PhACAN
OH
HC(OM H
(OMej1 0 (5)

containing catalytic amounts of methanesulfonic acid, after
short reflux at —10°, afforded a quantitative yield of 5-cy-
anopentanoic acid methyl estér. These reactions presum-
ably involve intermediate formation of the corresponding
oxime ortho esters which undergo the indicated Beckmann
fragmentation in situ.

Experimental Section

The oximes and ortho esters used in this work were commercial
samples purified when necessary by either distillation or crystalli-
zation. Boiling and melting points of the products are uncorrected.
Glpc analyses were carried out generally on a Hewlett-Packard
5700A instrument using 3- or 6-ft columns of 10% SE-30 on Chro-
mosorb W. Proton nmr spectra were recorded on either Varian A-
60 MHz or HA-100 MHz instruments.

Typical Procedure for the Conversion of Oximes to Ni-
triles. A mixture of n-heptaldehyde oxime (15.0 ml, 100 mmol)
and triethyl orthoformate (20.0 ml, 120 mmol), containing a drop
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of methanesulfonic acid, was placed in a flask attached to a short
distilling column and heated to distil the ethyl formate and etha-
nol formed in the reaction. When the distillation of the ester and
alcohol ceased, the residue was distilled in vacuo to give a 95%
yield of rc-heptanoic acid nitrile, bp 70-72° (10 mm).

Typical Procedure for Conversion of Oxime Diethyl Ortho
Esters. A. In Chloroform.9 A solution of n-butyraldéhyde oxime
diethyl orthoacetate (20.3 g, 100 mmol) in chloroform (100 ml) Was
placed in a flask attached to a short distilling column and 0.2 g of
methanesulfonic acid added. The solution was stirred at room tem-
perature and the extent of the reaction was followed by neutraliz-
ing small aliquots which were then analyzed by glpc. After 30 min
the reaction was complete and distillation afforded 5.48 g (94%
yield) of n- butyronitrile.

B. In Sulfur Dioxide. A 100-ml heavy glass ampoule containing
benzaldehyde oxime diethyl orthoformate (19.5 g, 100 mmol) was
charged with approximately 50 ml of liquid sulfur dioxide at —70°,
sealed, and kept at room temperaturelO for 48 hr. The ampoule
was cooled in Dry Ice, opened, and the content transferred into a
distilling flask containing 100 ml of cold chloroform. The flask was
attached to a short column and excess of solvents removed in
vacuo. The residue was distilled to give 9.3 g (90%) of benzonitrile,
bp 68-70° (10 mm).

Typical Procedure for Preparation of Oxime Diethyl Ortho
Esters. A solution of n-butyraldéhyde oxime (a mixture of Z and
E isomers in approximate ratio of 3:2) (8.7 g, 100 mmol) and
triethyl orthoacetate (16.2 g, 100 mmol) was placed in a distilling
flask attached to a short distilling column and heated at 120-150°
until 4.6 g of ethanol distilled. Vacuum distillation of the residue
gave a 95% yield of n- butyraldéhyde oxime diethyl orthoacetate:
bp 47-49° (0.6 mm); nmr (CDCI3) 6 7.38 (t) and 6.68 (t) [1 H
(total)], 3.54 (q, 4 H), 2.21 (m, 2H), 1.5 (m + s, 5H), 1.21 (t, 9 H).

Anal. Calcd for CIOH2INO3: C, 59.08; H, 10.41; N, 6.92. Pound:
C, 59.30; H, 10.50; N, 6.81.

Beckmann Fragmentation of Benzil Monooxime. A 50-ml
heavy glass ampoule containing benzil monooxime (2.25 g, 10
mmol) and triethyl orthoformate (1.52 g, 11 mmol) was charged
with approximately 25 ml of liquid sulfur dioxide at —70°, sealed,
and heated at 72° for 70 hr. The ampoule was placed in Dry Ice,
opened, and the contents were diluted with chloroform. Glpc anal-
ysis indicated a 95 and 98% yield of benzonitrile and ethyl benzo-
ate, respectively.

Beckmann Fragmentation of 2-Oximinocyclohexanone Di-
methyl Ketal. A 50-ml three-neck'’ flask equipped with a magnetic
stirrer, a Dry Ice condenser, and a nitrogen bubbler was charged
with approximately 20 ml of sulfur dioxide at —70°, and 2-oximi-
nocyclohexanone dimethyl ketal (1.73 g, 10 mmol), trimethyl or-
thoformate (1.2 g, 11 mmol), and a drop of methanesulfonic acid
were then added. The solution was maintained under reflux
(--10°) for 30 min, and then 10 ml of chloroform and an internal
standard were added. Glpc analysis indicated a 97% yield of 5-cy-
anopentanoic acid methyl ester.

Registry No.—Benzil monooxime, 14090-77-8; 2-oximinocyclo-
hexanone dimethyl ketal, 52540-36-0.
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Synthesis and Resolution of 2-Hydroxyheptanoic Acid
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In an elegant synthesis of PGE3 (1) reported by Corey
and coworkersl the (S)-15-hydroxy-13,17-octadienyl side
chain at C-12 was introduced stereospecifically by The con-
densation of the optically active aldehyde (2) with the ylide
derived from the phosphonium salt (3c). The salt (3c) was
prepared from (S)-(-)-malic acid by the multistep process
(S)-(-)-malic acid “m 3a — 3b — 3c. It is apparent that
the (S)-15-hydroxy-13-octenyl side chain at C-12 of prosta-
glandins and prostaglandin analogs could be introduced by
the condensation of the ylide derived from the phosphoni-
um salt (5¢) with the appropriate aldehyde. The salt (5c)
could be prepared from (+)-2-hydroxyheptanoie acid [(+)-
4] by the sequence (+)-4 —»5a —»5b —»5c. In the present
paper, we present an efficient and economical synthesis
and resolution of (+)-2-hydroxyheptanoic acid [(z)-4].

3a, X=CH DH
b, X=CM

4, X=GOH
5a, X = CH.OH
b’ X = Cil21
¢, X = CHZ(CaH3

G X = CHP(CEH5)3

The preparation of (+)-4 was accomplished in excellent
yield from the cyanohydrin of hexanal. Numerous salts of
(£)-2-hydroxyheptanoic acid with optically active amines
were prepared, but only two, quinine and dehydroabeityla-
mine, were sufficiently crystalline to warrant further inves-
tigation. Recrystallization of both salts and liberation of
the acid gave optically active material with opposite rota-
tions. A large scale resolution employing quinine was per-
formed and, in the very early recrystallizations of the qui-
nine salt, two types of crystals were apparent. The progress
of the resolution was followed by obtaining the rotation of
the liberated and recrystallized acid. When a value of
[a]25D +5.55° was obtained, further recrystallization of the
quinine salt did not increase the rotation of the acid.

The initial filtrate from the resolution of the plus (+)
isomer was acidified, and the enriched minus (— isomer
was converted to its dehydroabeitylamine salt. The prog-
ress of the resolution of this isomer was followed as before
with the final acid rotation being [a]26D —5.52°.

In a study which established the absolute configuration
of the C-15 hydroxyl group of prostaglandins, Nugteren
and coworkers2 degraded certain prostaglandins by ozonol-
ysis and obtained 2-hydroxyheptanoic acid which pos-
sessed an optical rotation of [«]2Zrn +6.9, ¢ 5.8, CHCIS.
Since the magnitude of our final rotations is different from
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the value obtained by Nugteren and coworkers,2it was nec-
essary to establish the optical purity of the individual opti-
cal isomers. The method of Westly and Halpern,3which in-
volves the glc analysis of the |-menthol carbonate ester de-
rivative of the methyl ester of (+)-4 proved to be a facile
check on the completeness of the resolution. When we ap-
plied this method to (+)-4, we found that the glc of (+)-4
showed two peaks (one for each diastereoisomer) for the I-
menthol ester derivative, while the glc of the individually
resolved and derivatized acids shows only one peak indicat-
ing that each acid was >98% optically pure.

Experimental Section4

(¢)-2-Hydroxyheptanoic Acid. Sodium metabisulfite (54 g,
0.28 mol) in water (60 ml) was added dropwise to a magnetically
stirred mixture of ether (100 ml), hexanal (50 g, 0.5 mol), potassi-
um cyanide (34.5 g, 0.53 mol), ice (50 g), and water (10 ml) at O to
10°. After completion of the addition, the reaction mixture was
stirred for 15 min at 0° and 15 min at room temperature. The reac-
tion was extracted with ether (4 X 100 ml), and the ether extracts
were dried (MgSO,*) and evaporated at reduced pressure to give an
oil: ir (film) 3400 (OH) and 2140 cm-1 (C~N).

The crude cyanohydrin in ethanol (200 ml) was saturated at 0°
with hydrogen chloride, and allowed to stand overnight. Excess
ethanolic hydrogen chloride was removed at reduced pressure, and
the resulting oil was stirred with ice water (50 ml), then rapidly ex-
tracted with ether (2 X 100 ml) and chloroform (2 X 100 ml). The
combined extracts were dried (MgSO,i), then evaporated at re-
duced pressure to give a yellow oil. Distillation of the crude prod-
uct gave 68.2 g (93%) of pure ester: bp 105-107° (17 mm); ir (film)
3480 (OH) and 1735 cm*“ 1 (CO2Et).

The pure ester (50 g, 0.287 mol) in water (70 ml) and dioxane (70
ml) was magnetically stirred while slowly adding sodium hydrox-
ide (12.6 g, 0.315 mol). After stirring overnight, the solution was
acidified with hydrochloric acid and extracted with ether (3 X 100
ml). The ether extracts were dried (MgS04), then evaporated at
reduced pressure to give a solid. Recrystallization of the crude acid
from benzene-hexane (1:2) gave 39.8 g (95%) of pure 2-hydroxy-
heptanoic acid: mp 64-65° (lit.2mp 64-65°); ir (CHCI3) 3400 (OH)
and 1710 cm-1 (CO2H).

D -(—)-2-Hydroxyheptanoic Acid. Four separate but identical
resolutions were performed simultaneously. Anhydrous quinine
(55.75 g, 0.172 mol) and 2-hydroxyheptanoic acid (25.0 g, 0.171
mol) were combined in methanol (400 ml) and heated to boiling.
Hot (70°) water (11.) was added with stirring, and the solution be-
came cloudy. Enough hot methanol was added to clarify the solu-
tion. After cooling, the salt which had crystallized from solution
was collected, washed (2:5 methanol-water), and dried. The col-
lected salt weighed 38 g (47%). This and the remaining recrystalli-
zations are shown in Table I.

Table |
Methanol, Water, Weight,
Crystallization mil ml 9 % yield
1 400 1000 38 a7
2 150 700 35 44.5
3 175 700 36 43.7
4 200 600 26 33.2

The final rotation of the salt was [«]27D +122.53 + 0.15 (¢ 4.0,
MeOH), and the liberated acid had an average rotation of [«]27D
—5.55 + 0.05° (c 5.8, CHCI3), after extraction into base, washing
with ether, reacidification, extraction, and recrystallization of the
collected acids from hexane.

L-(+)-2-Hydroxyheptanoic Acid. The filtrates from the first
crystallization were treated with acid and extracted into ether,
dried, and evaporated to give 49.26 g of L-(+)-2-hydroxyheptanoic
acid.

Dehydroabeitylamine (50.38 g, 0.175 mol) and the partially re-
solved L-(+)-2-hydroxyheptanoic acid (23.45 g, 0.159 mol) were
dissolved in hot methanol (250 ml), and hot water (100 ml) was
added. The solution became cloudy and a small additional amount
of methanol was added to clarify the solution. This and the re-
maining crystallization are shown in Table II.

J. Org. Chem., Vol. 39, No. 23, 1974 3427

Table Il
o Methanol, Water, Weight,
Crystallization ml 9 yield
1 250 100 63.4 91.6
2 450 200 62.3 89.9

The final rotation of the dehydroabeitylamine salt was [a]26D
+14.47 + 0.06 (c 4.0, MeOH) while the liberated acid had a rota-
tion of [a]26a +5.53 + 0.05° (c 5.8, CHCI3).

Optical Purity Analysis. The methyl esters of individual acid
samples were prepared by reaction with diazomethane in ether.
One drop of the neat ester in five drops of pyridine was treated
with four drops of L-menthol chlorocarbonate solution3 (an ex-
cess). Glc analysis was performed at 180° on a 6-ft 1% QF, 1% OV-
17 column with a 30-cm3min flow rate. Flame ionization was used
for detection. The retention times for the derivatized methyl esters
follow: (+), 6.57 min; (-), 7.20 min. The major components of the
glc trace were identified by glc-mass spectrometry and by compar-
ison of the individual components with authentic samples.

Acknowledgment. This work was supported under Con-
tract NIH-NICHD-72-2712 with the Contraceptive Devel-
opment Branch of the National Institutes of Child Health
and Human Development.

Registry No.—(+)-4, 52358-05-1; (-)-4, 52437-20-4; (+)-4,
52437-21-5; hexanal, 66-25-1; (+)-hexanal cyanohydrin, 52358-06-
2; ethyl (+)-2-hydroxyheptanoate, 52438-78-5.
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Synthesis of 3,5-Dialkyl-1,2-dioxolanesl
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The prostaglandin endoperoxide, 1, has been proposedlas
an intermediate in the biosynthesis of other prostaglan-
dins.23 Such structures have been detected in in vitro
biosyntheses.3 In view of the biological importance of the
prostaglandins, it is pertinent to develop synthetic schemes
for the chemical preparation of 1.

~ ,.(CH28CO0H

I n-C3Hu

HO H
1

Saturated 1,2-dioxanorborananes have not been de-
scribed in the literature. The synthesis of simple model
structures may furnish necessary background for synthesis
of compounds such as 1. For this reason, we undertook to
synthesize and investigate the decomposition of the 3,5-
dialkyl-1,2-dioxolanes, 2, cyclic alkyl peroxides with secon-
dary carbon atoms adjacent to the oxygen atoms.
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2 3

Compounds of the type 3, with tertiary carbon atoms
next to the peroxide linkage are known4'7 and their ther-
mal and photochemical decomposition have been stud-
ied.5'7 These dioxolanes are synthesized by the acid-cata-
lyzed reaction of the corresponding 1,3-diol with concen-
trated hydrogen peroxide; however, this method is feasible
only with tertiary alcohols.

A useful general but low-yield method for the synthesis
of secondary acyclic hydroperoxides and dialkyl peroxides
is that of Williams and Mosher. 891In this synthesis, meth-
anesulfonyl groups are displaced by nucleophilic attack of
peroxy anions; adjustment of the proportion of hydrogen
peroxide in the mixture determines whether the product is
primarily hydroperoxide8 or dialkyl peroxide.9 This meth-
od has been usedl10 to synthesize one unsubstituted six-
membered ring, 1,2-dioxane, in moderate yield from a di-
primary 1,4-diol bismethanesulfonate.

We adapted this method for the synthesis of two 3,5-di-
alkyl-1,2-dioxolanes from the bismethanesulfonates of di-
secondary 1,3-diols. The general synthetic scheme is shown
below.

OH OH

CH”O,CI

0
CIR NaBH,
" pyridine

0

i | |’
.CCH RAUCH,OHR,
4 5

R,CjHCH,?HR, bee R,

R

CH;,0,S0 0S0ZCH1

6
a. R =CH, R,=PhCH,CR,
b. R, - R,=PhCH.CIL

Reduction of 4all with sodium borohydride in metha-
nol12 gave the diol 5a; the bismethanesulfonate, 6a, was
prepared from 5a and methanesulfonyl chloride in the
presence of pyridine. Reaction of 6a with an excess of hy-
drogen peroxide and potassium hydroxide in methanol
gave 2a. To avoid excessive base decomposition, 2a was ex-
tracted from the reaction mixture as it was formed by an
overlayer of hexane. After purification by repetitive short
column chromatography, the product 2a was homogeneous
on tic and gave a positive reaction to a peroxide spray re-
agent.13 Microanalysis and molecular weight determination
were in accord with structure 2a.

The infrared spectrum of 2a shows no alcohol, hydro-
peroxide, ketone, or methanesulfonate absorptions; the
nmr shows no exchangeable protons and all the absorptions
are in the expected regions. The protons a to the oxygen
atoms are shifted downfield relative to the parent alcohol
by about 0.2 ppm. The direction and magnitude of this
shift is similar to that observed for dialkyl peroxides.14
Reaction of 2a with lithium aluminum hydride in ether
gives a diol identical in all respects with diol 5a. The dioxo-
lane is unchanged after being stored for one year at —20°
but decomposes significantly after a few days at room tem-
perature.

Similarly, diketone 4b15 was transformed to diol 5b
which in turn was converted to bismethanesulfonate 6b.
The dioxolane, 2b, was obtained by reaction of 6b with hy-
drogen peroxide and solid potassium carbonate in metha-
nol with a hexane overlayer. Analysis, spectra, and tic data
were all in accord with the structure 2b, and reduction with

Notes

lithium aluminum hydride furnished the expected diol 5b.
The thermal stability of 2b is similar to that of 2a.

No attempt was made to optimize the yields of these per-
oxides by systematically varying the temperature, the con-
centration of hydrogen peroxide, and the specific base used
for the cyclization. The key purpose of this study was to de-
termine the feasibility of preparing such compounds and to
assess their stability.

Experimental Section

General. Melting points were taken on a Mel-Temp apparatus
and are corrected. Boiling points are uncorrected. All reactions in-
volving 98% hydrogen peroxide (FMC Corporation) were per-
formed behind safety shields and reasonable caution was exer-
cised with potentially explosive products. Elemental and molecu-
lar weight analyses were performed by Midwest Microlabs, Inc.
(Indianapolis, Ind.). Nuclear magnetic resonance (nmr) spectra
were recorded on a Varian T-60 instrument and are reported in
parts per million downfield from tetramethylsilane. Infrared spec-
tra were recorded on a Beckman IR-8 or IR-10 and are reported in
reciprocal centimeters. Silica gel coated glass plates (E. Merck, F-
254) were used for all tic and were stored in a desiccator prior to
use.

6-Phenyl-2,4-hexanediol (5a). A solution of 422 g (0.222
mmol) of dione 4all in 60 ml of methanol was added dropwise to a
solution of 6 g (0.158 mmol) of sodium borohydride and 0.3 g sodi-
um hydroxide in a mixture of water (60 ml) and methanol (50 ml).
The solution was stirred overnight. The methanol was removed
under reduced pressure and water was added. The mixture was ex-
tracted twice with chloroform. The chloroform solution was dried
over magnesium sulfate and evaporated to give 43 g (100%) of a hy-
droscopic yellow oil. Purification of a portion of this oil on silica
gel/chloroform gave diol 5a in 65% yield: ir 3400-3600 (OH), 1610
(phenyl), 1500 (CH3), 1050-1150 (CO); nmr (CDC13) 8 7.15 (s, 5,
CéH5), 4.6 (br s, 2, exchangeable, two OH), 3.95 [m, 2
CH(OH)CH2CH(OH)], 26 (m, 2, C6H6CH2, 1.7 [m, 4,
CH2CH(OH)CH2CH(OH)], 1.2 (d, 3, CHJ3).

A bisnitrobenzoate was prepared from the diol and had mp
115-118°; ir 3110, 3050, 3020 (aromatic H), 2980, 2930 (aliphatic
H), 1720 (ester), 1600 (phenyl), 1520, 1350 (N02), 1270 (ester);
nmr (CDC13) 58.2 (s, 8, two NO2C6H4), 7.2 (s, 5, CeHs), 5.4 [m, 2,
CH(0COPhNO02CH2CH(0COPhNO02], 2.8 (m, 2, C6BH5CH?2), 2.2
[m, 4, CH2CH(OCOR)CH2CH(OCOR)], 1.5 (d, 3, CH3).

Anal. Calcd for CH24N208: C, 63.41; H, 4.91; N, 5.69. Found:
C, 63.28; H, 4.87; N, 5.70.

The bismethanesulfonate 6a was prepared from the diol and pu-
rified by column chromatography on silica gel/chloroform to give
84% of a clear oil: ir no alcohol, 1185 and 1350 (sulfonate); nmr
(CDCla) 8 7.2 (s, 5, C6H9), 4.9 [m, 2, CH(OMs)CH2CH(OMs)], 2.9
(m, 8 two 0SO02CH3 and C6H5CH2), 2.1 [m, 4, CH2CH(0-
Ms)CH2CH(OMs)], 1.5 (d, 3, CH3).

3-Methyl-5-(2-phenylethyl)-I,2-dioxolane (2a). A solution of
3.7 g (10.5 mmol) 6-phenyl-2,4-hexanebismethanesulfonate 6a, 12
ml 30% hydrogen peroxide (0.13 mol), and a trace of thymol blue
indicator in 35 ml methanol was heated to 50° and overlaid with
hexane. A solution of 1 A potassium hydroxide in methanol-water
was added dropwise to keep the indicator color blue to green. In 7
hr, one third of the required amount of base had been added. The
hexane layer was removed and replaced with fresh solvent. The re-
mainder of the base was added all at once. Another hexane extract
was taken at 24 hr and again at 96 hr. The combined hexane layers
were evaporated and chromatographed on silica gel/chloroform to
give 280 mg (13%) peroxide positiveld material, Rt (CHC13) 0.62,
contamined with starting material. Two further column chromato-
graphs, on silica gel with methylene chloride and with benzene,
gave 140 mg (7%) pure 2a, a yellow oil: it was homogeneous on tic
in CHCI3, ethyl acetate, and 20% ethyl acetate in hexane; ir, no al-
cohol absorptions, 3070, 3040 (aromatic H), 2980, 2940 (aliphatic
H), no carbonyl absorptions, 1600 (phenyl), 1500 (methyl); nmr
(CDCI3) 87.1 (s, 5, C6H5), 4.2 (m, 2, a), 2.6 (m, 2, CEBH5CH?2), 2.4-

1.4 [m, 4, CH2CH(00)CHZ2, 1.2 (d, 3, CHJ3). The couplings are
clearly second order; irradiation at the 8 4.2 peak causes peak
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shape changes in the peaks at 52.6 (crude t), 2.4-1.4 (crude t), and
1.2 (s).

Anal. Calcd for C12Hi60 2 (mol wt, 192.26): C, 74.96; H, 8.39.
Found [mol wt, 198 (+5%)]: C, 75.14; H, 8.35.

Treatment of a solution of dioxolane 2a in ether with an excess
of lithium aluminum hydride for 3 hr gave a quantitative yield of
diol having the same Rf on tic as 6-phenyl-2,4-hexanediol 5a. A
bisnitrobenzoate was prepared from this material, chromato-
graphed on silica gel/chloroform, and crystallized from ethyl ace-
tate-hexane. It had mp and mmp 115-118°, with the bisnitroben-
zoate from 5a and its ir was superimposable on that of the authen-
tic compound.

1,7-Diphenyl-3,5-heptanediol (5b). A solution of 1,7-diphenyl-

3,5 heptanedionel6 (0.111 mol, 31 g) in 100 ml methanol was added

dropwise to a solution of 4.6 g sodium borohydride (0.122 mol) in
150 ml methanol. The solution was refluxed overnight. The metha-
nol was removed under vacuum. To the residue was added water
and an excess of mannitol;12 this aqueous solution was extracted
three times with chloroform. A yellow oil was obtained in 98% yield
and crystallized from ether-hexane to give 20 g (63%), mp 65-82°.
Three fractional crystallizations failed to give any usable gradation
in melting point. The highest melting point attained, after exten-
sive crystallizations was 78-82°. The diasteromers pppear to form
a solid solution since spectra and analytical results are the same
for the high melting as for the initially crystallized material: ir
3680, 3590, 3450 (OH), 1600 (phenyl), 1200 (CO); nmr (CDC13) S
7.2 (s, 10, two C6H5), 3.9 [m, 2, CH(OH)CH2CH(OH)J, 3.3 (br s, ex-
changeable, two OH), 2.7 distorted t, 4, two C6H5CH?2), 1.7 [m, 6,
CH2CH(OH)CH2CH(OH)CH2.

Anal. Calcd for Ci9H2402: C, 80.24; H, 8.51. Found; C, 80.21; H,
8.68.

The bismethanesulfonate 6b was prepared and crystallized from
chloroform-hexane to give mp 60-69°; nmr (CDCI3) 5 7.2 (s, 10,
two CeH5), 4.8 [m, 2, CH(OMS)CH2CH(OMs)], 2.9 (s, 6, two
0S02CHJ), 2.7 (m, 4, two CEH5CH2), 21 [m, 6, CH2CH(O-
Ms)CH2CH(OMs)CH2],

Anal. Calcd for C2iH285206: C, 57.26, H, 6.41, S, 14.53. Found:
C, 57.19, H, 6.13, S, 14.28.

3,5-Bis(2-phenylethyl)-l,2-dioxolane (2b). A mixture of 11 g
of bismethanesulfonate 6b (25 mmol), 8.3 g of potassium carbonate
(60 mmol), and 10 ml of 98% hydrogen peroxide (400 mmol) in 100
ml of methanol with a hexane overlayer was heated to 40° over-
night. The hexane was removed and the reaction continued with
fresh hexane for an additional 12 hr. The hexane layers were com-
bined to give 0.86 g oil (17%, corrected for 3.2 g bismethanesulfon-
ate recovered). After two column chromatographs on silica gel/
benzene, 280 mg (5.6%) of peroxide positive material was obtained.
Preparation of 2b by the method used for 2a gave only 0.5% yield:
the material washomogeneous on tic in four solvent systems; ir,,no
alcohol, no carbonyl, 1880, 1810, 1740, all weak aromatic bands) no
sulfonate; nmr (CDCI3) 6 7.2 (s, 10, two C6H5), 4.2 (quintet, 2, b,
2.7 (distorted d of t, 4, two CeHsCHj.), 2.4-1.6 (m, 6, c).

o—o0 0— 0
/ \ / \
CHCHoCH CH.CHOH.CHCH

b c

Anal. Calcd for C19H220 2: C, 80.82; H, 7.85. Found: C, 80.52; H,
8.11.

A solution of dioxolane 2b in ether was treated with an excess of
lithium aluminum hydride at room temperature, yielding a diol
that was identical with 5b on four tic systems and having mp 81-
82°, mmp 77-81° with 5b.

Registry No.—2a, 52393-48-3; 2b, 52393-49-4; 4a, 52393-50-7;
4b, 38572-30-4; 5a, 52393-51-8; 5a bisnitrobenzoate, 52393-52-9;
meso- 5b, 52393-53-0; dI-5b, 52393-54-1; 6a, 52393-55-2; meso- 6b,
52393-56-3; dI- 6b, 52393-57-4; hydrogen peroxide, 7722-84-1.
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Authentic samples of 1-, 2-, 3-, 4-, and 9-phenylphenan-
threnes were needed in connection with a larger study of
the correlation of structure and reactivity in homolytic
phenylation of polycyclic aromatic hydrocarbons.3 At the
time our investigation began, the required compounds had
already been described in the literature,4 but their synthe-
sis involved lengthy reaction sequences. After we had pre-
pared 1- and 4-phenylphenanthrene via the classical meth-
od of Haworth,5 Mallory and coworkers described the pho-
tocyclization of substituted stilbenes to phenanthrene de-
rivatives, including the formation of 9-phenylphenanthrene
from triphenylethylene.6 The simplicity of Mallory’s meth-
od led us to extend it to the desired 1-, 2-, 3-, and 4-phenyl-
phenanthrenes (1-4). Since the original report, the photol-
ysis of a variety of stilbenes in the presence of air or iodine
to form phenanthrenes has proved to be the method of
choice and has been studied extensively.7-9 The isomeric
0-, m-, and p- phenylstilbenes (6a-c) were obtained by a
modification of the Meerwein reaction between cinnamic
acid and diazotized 2-, 3-, and 4-aminobiphenyl hydrochlo-
rides (5a-c), respectively. The reaction is represented in eq
1 (see the Experimental Section).

5a, 2-N,+ CF 6a,0-Ph
b, 3-N2+ cCr b, m-Ph
c, 4-n2 cr c, p-Ph

Photoconversions of 6a-c to phenylphenanthrenes were
conducted in benzene-cyclohexane solutions in the pres-
ence of iodine and air as outlined in Scheme I. Separation
of 4 from 2 was easily accomplished because of the low sol-
ubility of 2 in ethanol. The slightly lower yield of 4 com-
pared with 2 may be attributed to a steric effect in the cy-
clization between the phenyl and hydrogen at positions 4
and 5. Recently very low yields of photocyclization product
were reported in a case where the steric effect was more
pronounced.9
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Scheme |

Ph Ph

6a 1(64%)

Experimental Section10

m-Phenylstilbene (6b). A solution of 10 g of KOH in water
(150 ml) was added to cinnamic acid (22.84 g, 0.155 mol). The sus-
pension was stirred mechanically until solution occurred. The so-
lution was adjusted to pH 7 with 5% HCL1, and cupric chloride dihy-
drate (8.5 g, 0.05 mol) was added. Acetone (495 ml) was added and
the suspension stirred. To the reaction mixture was then added 50
ml of a diazotized solution of 3-aminobiphenyl hydrochloride
(10.150 g, 0.0493 mol). The suspension was adjusted to pH 5 with
dilute KOH and acetone (150 ml) was added, to maintain a 1.3
ratio of water to acetone. Stirring at room temperature was contin-
ued for 48 hr until evolution of nitrogen ceased. The suspension
was steam distilled for 4 hr and the suspension remaining in the
reaction vessel was made alkaline. The suspension was filtered
under suction and the precipitate washed repeatedly with boiling
benzene and discarded. The aqueous filtrate was extracted with
hot benzene and the organic layers were combined, washed with
water until neutral, dried (Na2SO,i), and filtered. Evaporation of
the solvent left an orange-brown residue which was chromato-
graphed over neutral alumina (Woelm, activity grade I, 67.0 X 2.0
cm) using benzene as eluent (350 ml). The eluate was evaporated
leaving a colorless solid: 4.73 g (37.5% yield based on amine hydro-
chloride); mp 100-101°. The uv spectrum (95% EtOH) showed
maxima at 223, 228, 236, 297, and 308 nm 6 17,600, 17,800, 16,700,
27,850, and 27,000).

Anal. Caled for C20Hi6: C, 93.71; H, 6.29. Found: C, 93.75; H,
6.21.

The isomeric o- and p- phenylstilbenes were prepared in a simi-
lar manner in 6 and 35% yields, respectively.

2- and 4-Phenylphenanthrenes (2 and 4). The irradiation

source was a 550-W Hanovia high-pressure mercury lamp housed
in a water-cooled quartz immersion well. The reaction well was
provided with a gas inlet tube and magnetic stirrer, and was fitted
at the bottom with a stopcock to permit removal of aliquots during
irradiation. A magnetically stirred solution of 6b (1.28 g, 0.005
mol) and 0.064 g of iodine (2.5 X 10-4 mol) in 500 ml of benzene-
cyclohexane (2:3, v/v) was irradiated. A slow stream of purified air
was passed through the solution during the course of the reaction.
The color of the solution turned gradually from purple to pale yel-
low at the end of the reaction. The required irradiation time was
determined by following the progress of the reaction by glc. Ali-
quots (3 ml) taken at specified time intervals were shaken with 5%
aqueous NaOH and the organic layer was separated, dried over
MgSC>4, and filtered. The filtrate was concentrated to about 0.5 ml
and injected into the gas chromatograph. Irradiation was contin-
ued for about 1 hr after the peak corresponding to 6b was no long-
er detectable by glc. The solvent was removed in vacuo leaving

Notes

1.159 g (89% yield) of a mixture of 2 and 4 (57 and 43%, respective-
ly, by glc). The mixture was chromatographed over neutral alumi-
na (Woelm, activity grade 1, 18.0 X 2.0 cm) using a hexane-ben-
zene mixture (2:1, v/v) as eluent. The chromatogram was followed
by uv light. The solvent was removed from the eluate leaving an oil
which was dissolved in 25 ml of hot ethanol. On cooling 0.350 g of 2
(mp 195-197° (lit.11 196.6-197.2°)) deposited.

The ethanol was evaporated and the pale-yellow residue was
chromatographed again (Woelm, neutral alumina, activity grade I,
35.0 X 2.0 cm) first using cyclohexane as eluent (450 ml) and then
benzene (350 ml). The cyclohexane fraction, after removal of sol-
vent, left an oil (0.405 g) which crystallized as colorless rods, 4: mp
81.8-82.6° (lit.4 80-81.5°). The material showed a single peak in
glc; its retention time was identical with that of an authentic sam-
ple prepared via Haworth synthesis.35

The evaporated henzene fraction contained impure 2 (0.245 g),
mp 180-185°.

Compounds 1 and 3 were prepared in a similar manner in the
yields shown in Scheme I: 1, mp 79.5-80.0° (lit.479.5-80.5°); 3, mp
73° (1it.1273°).
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Recently, Rapoport and coworkers reported a route to
analogs of the antitumor alkaloid camptothecin (2).1 The
Berkeley group synthesis,23 patterned after the approach
used in connection with its highly successful total synthe-
sis,4 involves a series of rearrangements, hydrogenolyses
and dehydrogenations. Among the compounds reported
were analogs6 3 and 4.
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The new synthesis of o-pyridones of diverse substitution
pattern,6 developed as part of our total synthesis,78 allows
for mounting the crucial D and E ring segment found in
camptothecin, onto a preformed enamino ester of the type
6 in a very simple fashion. As part of a program aimed at
establishing the minimum structural features required for
camptothecin-like activity, we have undertaken the prepa-
ration and study of analogs where entire rings, found in the
natural product, are deleted. In this connection, we have
synthesized and evaluated compounds 3 and 4.

2, R=OH 4, R= OH,R'= H

1, R=H,R'= CO,Me

EtOZCHX=CHCOZEt

P(OEt),

cV

8 9 R=H
10, R = Et

Methanolysis of the readily available 2-cyanomethy-
lenepyrrolidine (5)9 gives the crystalline enamino ester 6,
mp 102-103.5°. The latter condenses smoothly with ei-
ther13 dicarbethoxyallene 710 (method A) or its precursor
enol phosphate 81Q (method B) to give pyridone 9, mp
127-128°. Although method A is somewhat simpler in that
no chromatography is required for purification, this factor
does not justify the lower overall yield because of difficul-
ties associated with the transformation of 8 *= 7.

Base-induced ethylation of 9 gave the alkylated pyridone
10. With the nucleophilic 5 position of the pyridone
blocked by the carbomethoxyl function, lactomethylation
is forced to occur in the 3 position, affording the resultant
lactone ester 11. The structure of 11 follows from its mass
spectrum, parent m/e 291, and its nmr spectrum in which
the pyridone and ethyl ester proton resonances present in
10 have been eliminated. Without purification, 11 was con-
verted into deoxy analog 3 through the action of concen-
trated HBr. Hydroxylation of the deoxy compound gave
the desired de-AB- camptothecin 4.

Compounds 3 and 4 were examined with respect to their
performance as inhibitors of DNA and RNA synthesis. The
efficiency of dl- 1 and dI-2 as inhibitors of nucleic acid syn-
thesis has already been established, and this property may
well be crucial to the antitumor function of naturally occur-
ring 2 (see ref 8 and bibliography), though this point has,
by no means, been proved.51

The de-AB analogs showed no discernible inhibition at
the micromolar concentrations where dl- 1 and -2 show 50%
inhibition. For instance, for the case of 4, 20% inhibition re-
quires a concentration of 5 X 10-5 M .11 Furthermore, com-
pounds 3 (NSC 177364) and 412 (NSC 174570) exhibited no
meaningful activity in the N.C.l. L-1210 carcinoma screen
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at concentrations where camptothecin is quite active in
control experiments.13

It would appear, on the basis of these studies and other
information in the literature,5bd that the AB portion may
be more crucial to activity than was previously suspected.
Studies directed toward this problem are in progress.

Experimental Sectionl4

Preparation of 2-Carbomethoxymethylenepyrrolidine (G).
Treatment of 8.5 g (0.0788 mol) of 2-cyanomethylenepyrrolidine
(5)9 with methanolic hydrogen chloride, according to the proce-
dure of floriil6 afforded 7.18 g (65%) of 6, mp 88-95°. Chromatog-
raphy of the mother liquors on 150 g of silica gel gave, after elution
with 2:1 hexane-ethyl acetate, an additional 0.69 g (6.2%) of 6.
Several recrystallizations from ether-hexane afforded an analyti-
cal sample: mp 102-103.5°; Xmex (CHCI3) 3375, 1650, 1590 cm -1, 5
(CDCI3) 8.2-7.8 (~1 H, very broad), 4.53 (s, 1 H); 3.60, 3.53 (s + t,
J = 7 Hz respectively, 5 H), 2.8-2.4 (m, 2 H), 2.4-1.8 (m, 2 H).

Anal. Calcd for C7TH,,N 02 C, 59.56; H, 7.85. Found: C, 59.66; H,
7.90.

Reaction of 6 with 1,3-Dicarbethoxyallene (7). Formation
of 3-Carbomethoxymethyl-4-carbethoxy-Il,6-cyclopentano-
2-pyridone (9) (Method A). A solution of 1.15 g (0.0082 mol) of G
1.513 g (0.0082 mol) of allene 7,10 and 16 drops of triethylamine in
8 ml of absolute ethanol was stirred at room temperature for 48 hr.
The volatiles were removed in vacuo. Trituration of the residual
solid with ether afforded 1.69 g (74%) of 9 as a white solid: mp
127-128°; Amax (CHC13) 1720,1700, 1650 cm 'L $(CDCI3) 6.40 (s, 1
H), 4.35-3.95 (q + t, J = 7 Hz for each, 4 H), 3.78 (s, 5 H), 3.52 (t,
J = 7 Hz, 2 H), 22 (quint, J = 7 Hz), 1.25 (t, J = 7 Hz, 3 H). Sev-
eral recrystallizations from absolute ethanol afforded an analytical
sample of 9, mp 125-127°.

Anal. Calcd for C14H17NOS5: C, 60.21; H, 6.14. Found: C, 60.13;
H, 6.34.

Reaction of 6 with Enol Phosphate 8. Formation of Pyri-
done 9 (Method B). To a magnetically stirred solution of 0.141 g
(0.001 mol) of 6 and 0.600 g (0.00177 mol) of enol phosphate 8 in
ml of absolute ethanol was added ca. 0.3 ml of triethylamine. Stir-
ring was continued for 48 hr at room temperature. The volatiles
were removed in vacuo. Trituration of the residue afforded 0.150 g
(54%) of 9, mp 120-124°. Chromatography of the residue on silica
gel and elution with 2:1 hexane-ethyl acetate gave an additional
0.073 g (26%) of 9, mp 118-123°.

Preparation of the Ethylated Pyridone 10. To a slurry under
N2of 1.62 g (0.00582 mol) of pyridone 9 in 25 ml of dry dimethoxy-
ethane cooled in a Dry Ice-2-propanol bath was added, with stir-
ring, 0.715 g (0.00638 mol) of potassium tert- butoxide (Alfa Inor-
ganics). After 5 min 3.76 g (0.024 mol, 1.95 ml) of ethyl iodide was
added and the reaction mixture was stirred for 2 hr in the cold. It
was then allowed to warm to room temperature and stirred for 20
hr after which it was quenched by pouring it into 300 ml of water
layered with 100 ml of methylene chloride. The aqueous layer was
extracted with 2 X 100 ml of methylene chloride. The combined
organic layers were washed with brine, dried over magnesium sul-
fate, and freed of solvent to afford 1.57 g (88%) of the ethylated py-
ridone 10 as a green-yellow oil, homogeneous to thin layer chroma-
tography: 5 (CDCI3) 6.36 (s, 1 H), 3.8-4.2 (q + t,J = 7 Hz for each
+ m, 5H), 3.67 (s, 3H), 3.5-3.1 (m, 2 H), 2.4-1.4 (m, 5 H), 1.20 (t,
J = 7Hz, 3H),0.95 (t, J = 7 Hz, 3H).

Reaction of Pyridone 10 with Paraformaldehyde. Forma-
tion Intermediate Lactone Ester 11. A thick-walled sealed tube
containing 0.255 g (0.00083 mol) of the ethylated pyridone 10,
0.120 g of paraformaldehyde, 1.5 ml of dioxane (undistilled), 3
drops of concentrated sulfuric acid, and 3 drops of water was heat-
ed at 104° for 22 hr. Upon cooling, the reaction mixture was
poured into 50 ml of water and extracted with 1 X 50 plus 2 X 25
ml of methylene chloride. The combined organic extracts were
washed with brine, dried over magnesium sulfate, and freed of sol-
vent to afford 0.261 g of a yellow oil containing the tricyclic lactone
11 (m/e 291) which was used, as such, in the next step.

Preparation of De-AB -deoxycamptothecin (3). A mixture of
0.261 g of the crude 11 just described and 7.5 ml of aqueous hydro-
bromic acid was heated at reflux under nitrogen for 18 hr (oil bath
at 115°). It was then poured into 50 ml of water and 50 ml of meth-
ylene chloride and the layers were separated. The aqueous one was
extracted with 2 X 20 ml of methylene chloride. The combined or-,
ganic layers were extracted with brine, dried over magnesium sul-
fate, and freed of solvent to afford 0.150 g of a crude partially crys-
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taJline oil: Amax (KBr) 1730, 1658, 1592, 1580 cm*“1; 5 (CDC13) 5.93
(s, 1H), 5.25 (broadened S, 2 H), 4.08 (t,J = 8 Hz, 2 H), 3.48-2.85
(m, 3H), 2.45-1.62,(m, 4 H), 0.95 (t,J = 8 Hz, 3 H). Chromatogra-
phy on 12 g of silica gel eluting with chloroform afforded 0.089 g
(46% based on starting 1016) of 3 as a white solid, mp 145-148°
(1it.2149-150°).

Preparation of De-AB-eamptothecin (4). A solution of 0.190
g (0.000815 mol) of deoxy 3 at 0.200 g (0.0018 mol) of potassium
tert-butoxide in 40 ml of methanol was allowed to stir at room
temperature for 10 min prior to the addition of 10.15 ml of a solu-
tion of 1 ml of 30% hydrogen peroxide-in 20 ml of ether dried over
NaaSO-t. The resulting solution was stirred for 26 hr at room tem-
perature. The reaction mixture was then acidified with methanolic
hydrochloric acid and freed of volatiles in vacuo. The residue was
triturated with 3 X 20 ml of methylene chloride. The combined
methylene chloride extracts were dried over anhydrous magnesium
sulfate and freed of solvent of afford 0.191 g of a yellow oil. Crys-
tallization from ethanol afforded 0.126 g of a white solid which,
from its nmr spectrum, was judged to contain ca. 80% of the de-
sired analog 4 and 20% of the starting deoxy 3. This material was
dissolved in 20 ml of methanol and treated as described above with
0.097 g (0.000865 mol) of potassium tert-butoxide and 5 ml of a so-
lution of 1 ml of 30% H202in 20 ml of anhydrous ether dried over
sodium sulfate. Upon work-up, there was obtained 0.125 g of a yel-
low oil whose nmr spectrum indicated it to be almost pure 4. Chro-
matography on 15 g of silica gel, after chloroform elution afforded
0.088 g (43%) of analog 4 as a white solid, mp 172-182°. Two re-
crystallizations from ethanol afforded the analog 4 as a white solid:
mp 176-179° (reported2 mp 175-177°); Amax (KBr) 3401, 1748,
1730, 1647, 1582; S(CDCI3) 6.45 (s, 1 H), 5.75-4.95 (AB quartet, 2
H), 4.25-4.03 [t + s (OH), 3 H], 3.30-3.05 (t, 2 H), 2.5-1.6 (quintet
+ quartet, 4 H), 1.10-0.85 (t, 2 H).
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The introduction of an alkoxy group at the 2 position of
3,4-dihydro-2ii- pyran (1) drastically alters the chemistry
of the title compounds, 2-alkoxy-3,4-dihydro-2H-pyrans
(2), as compared to the parent compound, 3,4-dihydro-2H-

pyran (1). This can be most dramatically appreciated by
comparing the addition of tetracyanoethylene,1 condensa-
tion with benzenesulfonyl azide,2 and oxidation by m-chlo-
roperbenzoic acid,ss with 3,4-dihydro-2H-pyran (1) and 2-
alkoxy-3,4-dihydro-2H-pyrans (2).s Herein we wish to re-
port yet another unusual reaction of the title pyrans with
dimethyl acetylenedicarboxylate.

Refluxing atoluene solution of 2-methoxy-6-methyl-3,4-
dihydro-2H-pyran (3a) and dimethyl acetylenedicarboxyl-
ate (4) for 65 hr afforded a mixture of 2-methoxy-5-(di-
methylfumaryl)-6-methyl-3,4-dihydro-2H-pyran (5a)6 and
dimethyl 2-acetyl-3-methoxycyclohex-6-ene-l,2-dicarboxy-
late (6a) in a ratio of 1.1 (glpc). Similar results were ob-
tained with 2-ethoxy-6-methyl-3,4-dihydro-2H-pyran (3b).

CO02XH1

The assigned structures of the two products are consis-
tent with the spectral data and composition analyses. The
isolated yields are presumably low owing to the lability of
2-alkoxy-6-methyl-3,4-dihydro-2H- pyrans.7

The above reactions might best be described as involving
the intermediacy of zwitterion 7, analogous to intermedi-
ates invoked in enamine chemistry,s which can lead to
product 5 by proton transfer or to the cyclobutene interme-
diate s by cyclization. The cyclobutene intermediate s,
similar to that proposed as intermediates in reactions of
ketene diethyl acetalo and enaminessn'10 with acetylenic es-
ters, can subsequently rearrange to 6. Frequent monitoring
(glpc) of the reaction indicated that no stable intermediate
accumulated, and resubjecting products 5 and s to the con-

ditions confirmed that each is a true end product of the
reaction.



Notes

In addition, we have found in a study of related com-
pounds that the parent 3,4-dihydro-2R-pyran (1) and the
closely related 2-alkoxy-3,4-dihydro-2fi-pyrans (2) are
inert to these reaction conditions, suggesting a remarkable
effect of the s -methyl group, which had been noted in the
peracid studies,s on the reactivity of these compounds.11

Experimental Section12

The 2-alkoxy-6-methyl-3,4-dihydro-2.fi-pyrans (3) were pre-
pared as reported.5ab In all the experiments described below, the
toluene was freshly distilled from CaH2 and the reaction mixtures
were degassed prior to refluxing under a static argon atmosphere.
The progress of the reactions were monitored by thin layer chro-
matography (tic) and by gas chromatography (glpc) on a Hewlett-
Packard Model 7610A high-efficiency chromatograph (flame de-
tector) using a4 ft X 6 mm (all glass) 4% silicone gum rubber UCC-
W-982 (methylvinyl) on 80-100 HP Chromosorb W (AW, DMCS)
column and a 4 ft X 6 mm (all glass) 1% silicone gum rubber OV-1
(methyl) on 80-100 HP Chromosorb W (AW, DMCS) column. Col-
umn chromatography of the product mixtures was performed on
Woelm neutral aluminum oxide (activity grade Ill) and eluted
with petroleum ether and petroleum ether-Et20. Further purifica-
tion, when necessary, was accomplished using a Buchi kugelrohr
bulb to bulb distillation apparatus at reduced pressure. All boiling
points are uncorrected.

Reaction of 2-Methoxy-6-methyi-3,4-dihydro-2if-pyran
(3a) with Dimethyl Acetylenedicarboxylate (4). A solution of
2-methoxy-6-methyl-3,4-dihydro-2ff-pyran (1.41 g, 11 mmol) and
dimethyl acetylenedicarboxylate (1.42 g, 10 mmol) in toluene (8
ml) was refluxed for 65 hr. The solvent was then removed in vacuo
and the residue (2.65 g) after repeated chromatography yielded
450 mg (17%) of 5a as a yellow liquid, a mixture which contained
48 mg (2%) of 5a and 259 mg (10%) of 6a, and 231 mg (8%) of 6a as
a pale yellow liquid (mixture of geometric isomers).

2-Methoxy-5-(dimethylfumaryl)-6-methyl-3,4-dihydro-2ff- pyr-
an (5a): bp 135-140° (0.2 mm); ir (film) 1725 cm-1; uv (EtOH)
Xmax 204 nm U 15,250), 332 (815); nmr (220 MHz, CC14) b6.71 (1 H,
H,s), 489 (1 H,t,J = 3Hz),3.75 (3H,s), 3.69 (3H,s), 3.43 (3 H,
s), 2.27-2.09 (1 H, m), 2.09-1.91 (1 H, m), 1.91-1.77 (2H, m), 1.56
(3 H, perturbed s); mass spectrum m/e (rel intensity) 270 (M +, 8),
239 (8), 238 (19), 195 (23), 179 (17), 147 (21), 75 (38), 71 (31), 58
(100), 43 (96).

Anal. Caled for Ci3Hi806: C, 57.77; H, 6.71. Found: C, 57.79; H,
6.63.

Dimethyl 2-Acetyl-3-methoxycyclohex-6-ene-l,2-dicarboxylate
(6@): ir (film) 1720 cm-1; uv (EtOH) Xjnn 215 nm (« 8,815); nmr (60
MHz, CDCI3) 67.17 (1 H,t,J = 4Hz),4.03 (1 H,dofd,J = 5and
4 Hz), 3.78 (3H,s), 3.74 (3 H,s),3.39 (3H,s), 2.41 (3 H, s), 2.38-
2.10 (2 H, m), 2.08-1.78 (2 H, m); mass spectrum m/e (rel intensi-
ty) 270 (M +, 2), 238 (10), 196 (76), 165 (74), 164 (67), 163 (100), 137
(31), 105 (40), 77 (36), 59 (40), 43 (16).

Anal. Caled for C13Hi80 6: C, 57.77; H, 6.71. Found: C, 58.04; H,
7.00.

Reaction of 2-Ethoxy-6-methyl-3,4-dihydro-2/f-pyran (3b)
with Dimethyl Acetylenedicarboxylate (4). A solution of 2-eth-
oxy-6-methyl-3,4-dihydro-2ff-pyran (1.57 g, 11 mmol) and di-
methyl acetylenedicarboxylate (1.42 g, 10 mmol) in toluene (8 ml)
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was refluxed for 65 hr. The solvent was removed in vacuo and the
residue (3.0 g) after repeated chromatography yielded 493 mg
(17%) of 5b as a yellow liquid, a mixture which contained 170 mg
(6%) of Bb and 177 mg (6%) of 6b, and 520 mg (18%) of 6b as a pale
yellow liquid (mixture of geometric isomers).

2-Ethoxy-5-(dimethylfumaryl)-6-methyl-3,4-dihydro-2fi-pyran
(5b): bp 140-145° (0.2 mm); ir (film) 1725 cm-1; uv (EtOH) Xmax
208 nm (e 10,360), Xinfi 295 nm (c 500); nmr (220 MHz, CC14) S6.72
(1H,s),499 (1 H,t,J =3Hz),386 (IH ,q,J =7 Hz), 3.76 (3 H,
s), 3.70 3 H,s), 357 1 H,q,J =1Hz), 2.32-2.11 (1 H, m), 2.11-
291 (1 H, m), 1.91-1.77 (2 H, m), 1.55 (3 H, perturbed s), 1.21 (3
H, t, J = 7 Hz); mass spectrum m/e (rel intensity) 284 (M +, 4),
239 (4), 238 (8), 225 (4), 207 (11), 195 (14), 181 (17), 147 (18), 89
(24), 72 (61), 59 (16), 43 (100).

Anal. Calcd for C14H2006: C, 59.14; H, 7.09. Found: C, 59.27; H,
6.95.
Dimethyl 2-Acetyl-3-ethoxycyclohex-6-ene-1,2-dicarboxylate

(6b): ir (film) 1720; uv (EtOH) X;nfl 210 nm (t 14,480); nmr (100
MHz, CDCI3) b7.16 (1 H,t,J = 4Hz), 408 (1 H,dofd,J =6,4
Hz), singlets at 3.68 (3 H, s) and 3.66 (3 H, s) superimposed on an
apparent quartet at 3.64 (1 H, q,J = 7 Hz), two overlapping quar-
tets at 3.38 and 3.36 (1 H,d ofq,J = 7 Hz), asinglet at 2.36 (3 H,
s) superimposed on a multiplet at 2.42-2.16 (2 H, m), 1.92-1.68 (2
H, m), overlapping triplets at 1.18 and 1.13 (3 H, t, J = 7 Hz);
mass spectrum m/e (rel intensity) 284 (M +, 1), 253 (6), 196 (100),
165 (32), 164 (58), 163 (53), 137 (12), 105 (8), 77 (3), 59 (4), 43 (11).

Anal. Calcd for C14H 2006: C, 59.14; H, 7.09. Found: C, 59.10; H,
6.98.
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The condensation of alkyl and aryl cyanamides with
methyl anthranilate (la) has been shown to give two possi-
ble products, 3 and 4 (Scheme ). The distribution of these
two products varies dramatically with changes in the sub-
stituent, examples being found where 4 was the sole prod-
uct.2

Scheme |

Previous work in this laboratory had shown that ben-
zoylcyanamide and anthranilic acid reacted to give what
appeared to be a single product, which was not completely
characterized.3 When this investigation was continued, a
white crystalline material was obtained from the condensa-
tion of benzoylcyanamide (N-cyanobenzamide) with either
anthranilic acid (Ic), ethyl anthranilate (Ib), or anthra-
nilamide (1d). This material analyzed for C1sH11N302, and
the nmr and ir spectra (Table 1) indicated that the com-
pound was 2-amino-3-benzoyl-4(3//)-quinazolinQne (7)
(Scheme I1). The mass spectrum (70 eV) gave a molecular
ion at m/e 265, verifying the molecular weight (calcd, 265).
In addition to the spectral evidence, the insolubility of the
material in alkali indicated that it was not the isomeric 2-
benzamido-4(3i/)quinazolinone (4, R = COPh).

Scheme |11
CQH
PhCONHCN
DME NHCOPh
n= c.
5a, X = 5-OCH3 NH,
b, X = 5-CH3
¢, X = 3-CH3
1
5d, x = 4-NO2
e, X = 5-Cl A X
f, X = 3-Cl
7, X = H
a, X = 6-OCH3
b, X = 6-CH3
¢, X = 8-CH3

Notes

Table |
Ir and Nmr Spectra of Products

~\a

Product Ir max, cm Nmr, 6, ppm”*

7 3175, 3060, 1675,
1645, 1610, 1275

7.28-7.93 (m, 6), 8.05-
8.38 (m, 3), 12.40
(br, 2)

3.99 (s, 3), 7.61-7.99
(m, 6), 8.29-8.55
(m, 2), 12.42 (br, 2)

2.48 (s, 3), 7.48-7.95
(m, 5), 8.00-8.50
(m, 3), 12.35 (br, 2)

2.57 (s, 3), 7.38 {t,
J=7Hz 1), 7.47-
7.88 (m, 4), 7.98-
8.43 (m, 3), 12.38
(br, 2)

2.60 (s, 3), 7.60-7.90
(m, 3), 7.85 (s, 1),
8.10-8.40 (m, 2),
8.95 (s, 1), 12, 40
(br, 2)

a Obtained as KBr pellets. b Spectra obtained in DMSO-de/
CDCI3 (70/30, v/v) solutions, with TMS as an internal standard.

Ta 3200-2930, 1680,
1655, 1630-1615,
1030

7b 3190, 3050, 1685,
1665, 1635, 1280

7c 2990, 1680, 1640,
1625, 1610, 1585,
1560

9 3200, 3110, 3050,
1680, 1660-1610,
1270

;Further investigation of the synthetic utility of this con-
densation was suggested by the fact that only one isomer
(7) was isolated, and the yields (Table Il) were equal to or
greater than the best yields reported by Grout and Par-
tridge.2 A variety of anthranilic acids possessing electron-
donating groups (5a,b,c) reacted as expected, and reason-
able yields (Table IlI) of the 2-anhno-3-benzoyl-4(3/7)-
quinazolinones (7a,b,c) were obtained. Once again, only
one isomer was isolated in these condensations. The pres-
ence of electron-withdrawing groups on anthranilic acid
apparently decreased the nucleophilicity of the aromatic
amine, since no products were observed with 5d-f.4

Condensation of a few heterocyclic amino esters, acids,
and amides with benzoylcyanamide was then examined. 2-
Methyl-4-carbethoxy-5-aminopyridine (s) gave the corre-
sponding 2-amino-3-benzoyl-6-methylpyrido[3,4-d]pyrimi-
dih-4(3H)-one (9) in reasonable yield (Table Il). Ethyl 2-

10

aminonicotinate and 2-aminonicotinic acid failed to react,
presumably because of the non-nucleophilic character of
some 2-aminopyridine derivatives.s 2-Amino-3-carbethoxy-
4-methylthiophene and 2-amino-3-carbamyl-4,5-dimethyl-
furans decomposed rapidly, giving intractable materials
upon work-up. Further compounds are presently being in-
vestigated in an effort to determine what systems will un-
dergo this condensation.

In addition to observing the products and scope of this
condensation, mild conditions for hydrolysiss were devel-



Notes
Table 11
Reaction

Substrate time, hr. Producto Mp, °C Yield, %b
Ib 48 7 188.5-190 58
Ic 438 7 45
Id 48 7 57
5a 20 Ta 203-204 57, 62c
5b 20 b 209.5-210.5 24, 39c
5c 27 7c 226-227 21, 24c
8 20 9 269-270.5 35, 43c

“ Satisfactory analyses (x0.4% for C, H, N) were reported for
compounds 7, 7a-c, and 9: Ed. 6Based upon substrate. c Based
upon unrecovered substrate.

oped that allowed conversion of 7 to the corresponding 2-
amino-4(3H )-quinazolinone (10) in 86% yield.

Experimental Section

Melting points were taken on a Fisher-Johns melting point ap-
paratus and are uncorrected. Nuclear magnetic resonance spectra
were obtained on a Jeol C60HL spectrometer. Infrared spectra
were obtained on a Perkin-Elmer Model 257 spectrophotometer.
The mass spectrum was obtained with a Hitachi Perkin-Elmer
RMU-6E spectrometer. The ultraviolet spectrum was obtained on
a Unicam SP-800B spectrophotometer. Microanalyses were per-
formed by Galbraith Laboratories, Knoxville, Tenn. The di-
methylformamide (DMF) used as solvent was reagent grade and
was stored over 4A molecular sieves (Linde). The benzoylcyanam-
ide7 was recrystallized from benzene/petroleum ether (30-60) and
had amelting point of 139-40° dec (lit.7 143°).

Synthesis of 7, 7a-c, and 9. Two millimoles of the amino ester,
acid, or amide were dissolved in 10 ml of DMF and benzoylcy-
anamide (146 mg, 1 mmol) was added. The solution was stirred
and heated at 90-95° for 5 hr, then an additional 1 mmol of beri-
zoylcyanamide was added and stirred until this portion had com-
pletely reacted (tic). The solution was then concentrated (in
vacuo) to a volume of 3-4 ml and poured into 5-10 ml of 95% etha-
nol, which was then poured into 35 ml of ice water. The mixture
was stirred overnight, cooled, filtered, and washed with water. A
further washing of the solid material with diethyl ether removed
any of the unreacted substrates studied, which could then be re-
covered. The powdered material remaining was recrystallized from
70% ethanol (Norit). Analytical samples were recrystallized twice.
Yields (based upon powdered material) and melting points are list-
ed in Table II.

Hydrolysis of 7. Fifty milligrams of an analytical sample of 7
was heated on a steam bath with 3 ml of 0.5 N sodium hydroxide
for 15 min. Complete dissolution required approximately 10 min.
The solution was filtered hot (Norit), then allowed to cool, and aci-
dified to pH 5.5-6.0 with acetic acid. The fine white powder (86%)
was filtered, washed with water and ether, and dried in vacuo. Pu-
rification was achieved by dissolution in dilute alkali and reprecip-
itation with acetic acid. The uv spectrum of 10 (95% ethanol) was
identical with that reported.8

Registry No.—Ib, 87-25-2; Ic, 118-92-3; Id, 88-68-6; 5a, 6705-
03-9; 5b, 2941-78-8; 5c, 4389-45-1; 7, 52393-73-4; 7a, 52393-74-5;
7b, 52393-75-6; 7C, 52393-76-7; 8, 52393-72-3; 9, 52393-77-8; ben-
zoylcyanamide, 15150-25-1.
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In connection with studies of hindered 7-cis isomers of
retinal analogs,1 we have reinvestigated reactions from di-
rect irradiation of several dienes and trienes in this series.
Similar to previous reports,2 we observed in most cases pri-
marily rapid, reversible geometric isomerization, electrocy-
clization (trienes), and irreversible 1,5-sigmatropic hydro-
gen migration products (dienes and trienes). Therefore,
with a typical ionylidene derivative during the initial peri-
od of irradiation a mixture of 7,8 and 9,10 geometric iso-
mers is produced,2'3 along with less efficient formation of a
cyclohexadiene, all of which eventually disappear to give
the final product, a retro-7 -ionylidene derivative. How-
ever, in one instance we observed an additional secondary
photoreaction and unexpected thermal rearrangements.
These are described below.

retro-y-lonylidenemalononitrile (I1) is the principal end
product from direct irradiation of a dilute ether solution of
/3-ionylidenemalononitrile (I) when light of >360 nm (Cor-
ning 0-51 filter) is used. Upon further irradiation with light
>290 nm (Pyrex filter) a new photoproduct is formed. The
spectroscopic properties of the product, after its isolation
by column chromatography (silica gel), suggest that it is
formally an internal 4 + 2 cycloadduct, I11.4

The mass spectrum of Il shows that it is isomeric to |
and Il (m/e for M + 240). The compound is clearly not a cy-
clohexadiene because of the absence of vinyl hydrogens
from its nmr and ir spectra. The pmr spectrum is in fact
quite indicative of the structure. The three methyl groups
(8 1.17, 1.19, and 1.35) are now nonequivalent as expected
for I11. A broad singlet at 52.32, attributable to the allylic
hydrogens at C-1I, overlaps with a quartet (d of d) at 2.38.
The latter (H-8ex0) is shown by double irradiation to couple
with two single H’sat 3.19 (d, J = 8.5 Hz, H-7) and 151 (d,
J = 6.0 Hz, H-8endo)- This pattern of coupling is in agree-
ment with compounds of a bicyclo[n. 1.1] structure in which
the bridgehead hydrogens are known to couple only with
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the exo hydrogen of the methylene bridge (endo hydrogen
being orthogonally oriented to the bridgehead hydrogen).s
The alternative 4 + 2, head-to-head adduct (llia), though
also not containing any vinyl hydrogens, cannot account for
this pattern of coupling of three hydrogens and also the H-
I'l’s would appear at a much lower field. Also, consistent
with structure 11, the 13C nmr spectrum of the photoprod-
uct shows the presence of two quaternary olefinic carbons
at § 1404 and 129.3, two cyano carbons at 5 1159 and
112.9, and three aliphatic quaternary carbons at 849.0 (C-
9), 41.2 (C-l), and 19.2 (C-10) along with other methyl,
methylene, and methine carbon signals. Finally, structure
I11 also accounts for the peaks at m/e 121 and 62 in its
mass spectrum. The cyclopropenyl cation formed by the
loss of the cyclobutane ring and an allylic hydrogen proba-
bly corresponds to the 121 peak and the associated meta-
stable peak should have a m/e 62.

This reaction appears to have some generality because in
a similar manner 3,4-dehydro-I gives 3,4-dehydro-Ill as the
only end product: nmr, three methyl singlets at 51.08,1.11,
and 1.47, three coupled H’'s at 1.66 (d, J = 10.0 Hz, H-
8endo), 2.58 (d of d, J = 5.0,10.0 Hz, H-sex0), and 3.44 (d, J
= 5.0 Hz, H-7), a broad methylene singlet at 2.56, and a
singlet for two vinyl H’s at 5.28 ppm.

Upon heating to 100°, 11 rearranges to three products: |
(5%), 111 (35%), and a new isomeric compound, 1V (60%).
The formation of | is in line with other retro-7 -ionylidene
compounds.e The nmr spectrum of the major product
shows the presence of methyl singlets at &1.17, 1.19, and
1.35, acomplex group of signals for 6 H’s between 51.4 and
2.0. Most indicative of the structure is the presence of a
vinyl hydrogen (t, 85.74, J = 3.0 Hz) coupled with two H's
at 52.42 and two coupled hydrogens at 1.61 (d, J = 9.0 Hz)
and 191 (d). These features are only consistent with a
structure from 2 + 2internal cycloaddition of Il. Of the two
possible structures (IV and 1Va) we favor the head-to-tail
adduct IV because of the chemical shifts of coupled methy-
lene hydrogens being too high for hydrogens adjacent to a
dicyanomethylene group and more importantly upon heat-
ing to 180° IV undergoes further rearrangement to IlI.
From structure 1V, 1,3 migration of the dicyanomethylene
group gives Ill, while from IVa, there is no direct pathway
to 1.

The unusual photo and thermal chemical properties of 11
are probably associated with the dicyano group. That elec-
trocyclic products are not formed in direct irradiation reac-
tion must be due to the absence of a di-s-cis conformer nec-
essary for cyclization due to unfavorable steric interaction.3
The internal cycloadditions are probably associated with
the electron deficient property of the 9,10 double bond. It
is interesting to note that the directions of addition (4 + 2
or 2 + 2) for the major products in thermal and photo-
chemical reactions are opposite to those normally encoun-
tered in cycloaddition reactions. At this time it is not clear
whether these cycloadditions are from concerted or step-
wise processes. |f concerted, the photochemical and ther-
mal reactions must have proceeded by way of X4S+ x2a(™a
+ r9 and ,23 + x2a additions.7 Such mechanistic and
stereochemical questions can be answered with compounds
of defined stereochemistry at C-9 and C-1o0.

Experimental Section

All pmr spectra were recorded on a Varian HA-100 spectrometer
and cmr spectra on a Varian XL-100 spectrometer. Deuterated
chloroform was used as solvent and TMS as internal standard.

retro -y-lonylidenemalononitrile (11). A 10% ether or chloro-
form solution of /3-ionylidenemalononitrile (1)Ib was sealed in a
Pyrex test tube and irradiated with a 200-W Hanovia medium
pressure mercury lamp equipped with a Corning 0-51 Filter. Prog-

Notes

ress of reaction was followed by nmr. After 2 days the reaction was
complete. The major product was identified as the retro -7 -triene
Il by its nmr spectrum: 1 H (t, J = 7.0 Hz) at 4.90 ppm coupled
with 2 H's at 3.19; two additional vinyl hydrogens at 4.48 and 4.98
ppm. Another minor product was also present in the irradiation
mixture. The compound, however, was not isolated nor identified.
Conditions of photochemical and thermal reactions of Il are de-
scribed in the text.

3,4-Dehydro-/3-ionylidenemalononitrile. In 200 ml of CC14, 24
g of I was allowed to react with 17.8 g of NBS with 0.5 g of benzoyl
peroxide. The nmr spectrum of the product agreed with that of 4-
bromo-d-ionylidenemalononitrile. The crude product was allowed
to react with a mixture of N,N-dimethylaniline (70 ml) and pyri-
dine (30 ml) at 95°. After the usual work-up, the crude product
was purified by column chromatography (silica gel with benzene as
solvent). The overall yield of 3,4-dehydro-d-ionylidenemalononi-
trile is 50%: ir (film) 2220, 970, and 730 cm-1; nmr 6 1.12 (s, 6 H),
1.96 (s, 3 H), 2.32 (s, 3 H), 592 (s, 2 H), 6.90 (d, J = 16 Hz, 1 H),
7.14 (d, 1H).

Conditions for photochemical reactions of the tetraenenitrile are
similar to those described for I.
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A growing interest in nonradioactive labels for use as
general biological probes has led us to the development of
efficient methods for the preparation of ring labeled nico-
tinamide (1). Previously we had described a high yield, six-
step synthesis of 13C6amide 1 starting with carbon-13 la-
beled acetone.1 We now wish to report a versatile labeling

1 (50% from 2) 2
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technique that can be applied to regiospecific labeling of
pyridines and one which constitutes a vast improvement in
the synthesis of 2-halonicotinic acid derivatives. Initially,

we had hoped to use the known 3-cyano-2-pyridone (3) as a
precursor of amide 1 since the preparation of this pyridone
3 proceeds from readily accessible malonic acid derivatives.
Unfortunately, neither the procedure of Dornow2 nor that
of Protopopova3 could be modified to give a suitable yield
of 3. High yield preparations of pyridines were finally real-
ized through the reaction sequence in Scheme I.

Scheme |

The zinc chloride catalyzed condensation of methyl cy-
anoacetate (4) and 1,1,3,3-tetramethoxypropane (5) in ace-
tic anhydride afforded enol ether 6 (90%).4 Ether 6, on
treatment with HBr in acetic acid, undergoes a very facile
intramolecular cyclization-elimination reaction forming
methyl 2-bromonicotinate (7, 97%).5 This ester 7 was con-
verted to the desired amide 1 by catalytic hydrogenation (7
—»8, 93%) followed by treatment with aqueous ammonia (8
—»1); thus providing a convenient, high yield conversion of
methyl cyanoacetate to nicotinamide (1, 60% from 5).

Presumably, this cyclization reaction is initiated by addi-
tion of HBr to the nitrile group of 6, forming iminobromide
9 (below) which, in turn, could add to the terminus of the
conjugated ester system in a Michael-like reaction. Bromo-
pyridine 7 would then be formed by simple elimination of
methanol. It is interesting to note that the pmr and cmr
spectrum of enol ether 6 indicated the presence of only one
of several possible geometric isomers,6 a fact which might
fortuitously account for the nearly quantitative conversion
of 6 to 7. It would seem more likely that under these
strongly acidic conditions (HBr/AcOH) the geometry of the
conjugated enol ether-nitrile is of little consequence.

The reaction sequence operates with equal facility in
forming 2-bromonicotinonitrile (11) from malononitrile.
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The intermediate enol ether 19 likewise appears to be only
one of two possible isomers and cyclizes to give bromoni-
trile 11 as the only product in high yield; thus demonstrat-

ing the ease by which various halopyridines can be pre-
pared.

There are indications in the literature? that conjugated
enamines analogous to ether 6 undergo similar acid-cata-
lyzed cyclizations. To test this possibility methyl 2-cyano-
5-N- methylanilino-2,4-pentadienoate (12)8 was prepared
by treating ether 6 with N-methylaniline in refluxing
methanol (88% yield). Enamine 12 smoothly forms methyl
2-bromonicotinate (7) under the same acid conditions
(HBr/AcOH) in high yield (87%).

The availability of methyl cyanoacetate specifically la-
beled at various positions with either 13C and/or 15N en-
hances the versatility of the procedure described above.
Accordingly, nicotinamide-2-13C has been prepared in ex-
cellent yield in four steps from methyl cyanoacetate9 (13C-
nitrile labeled) and corresponding nmr labels at positions
one and three of amide 1 are close at hand. In addition la-
beled nicotinamide (1) has been incorporated into NAD+
through biosynthetic techniques.1Finally we note that (la-
beled or unlabeled) methyl 2-bromonicotinate can be read-
ily converted into 2-aminonicotinic acid derivatives and
similar structuresl0which are important antiinflammatory
agents and therefore this facile enol ether cyclization pro-
vides a convenient synthetic route to a variety of important
medicinal agents. Other aspects concerning the generality
of this enol ether-nitrile cyclization will be forthcoming.
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Experimental Section

Mass spectra or satisfactory elemental analysis was obtained for
all compounds. Melting points were obtained on a Fisher-Johns
hot stage melting point apparatus and are uncorrected. All boiling
points reported are for bulb to bulb distillations and are the oven
temperature recorded unless otherwise indicated. Coupling con-
stants (J) are reported in Hz.

Methyl 2-Cyano-5-methoxy-2,5-pentadienoate (6). A mix-
ture of tetramethoxypropane (12.3 g), acetic anhydride (25 ml),
and ZnCl2 (68 mg) was heated under reflux and methyl cyanoace-
tate (4.95 g, 0.5 mol) was added dropwise. Reflux was maintained
for 18 hr after which the volatiles were distilled out until the distil-
lation temperature reached 122°. The residue was cooled and fil-
tered. The filtrate solidified on standing. The solid was distilled
(Kugelrohr oven, 0.1 m) affording a yellow oil (bp 90°), acetate of
diacetal 4 and a yellow solid (6, 7.5 g, 90%) 110-140° (partial de-
composition): pmr &ms(CDC13) 7.92 (d, J = 13,1 H, C3H), 7.42 (d,
J = 13,1 H, C5H), 6.11 (t,J = 13,1 H, C4H) 3.95 and 3.89 (s and s,
6 H's, —OCHZ3's); ir (CH2C12) 2250, 1720, 1615 cm-1; cmr (relative
TMS, CH2CI2 ppm) 117.03 (labeled CN); 167.3 (C6), 164.1 (Ci),
156.2 (C5), 117.0'(.Ce), 104.0 (C4), 99.0 (C2), 59.7 (Cg), 53.5 (C7); ir
(C7); ir (CH2CI2) 2235,1720,1620,1560 cm*“ 1.

Methyl  5-(TV-Methylanilino)-2-cyano-2,4-pentadienoate.
Enol ether (6, 5.0 g, 0.03 mol) was dissolved in methanol (400 ml)
and N- methylaniline (4.8 g, 0.045 mol) added. The stirred mixture
was heated under reflux for 6 hr, then cooled and volatiles were re-
moved at reduced pressure. The darkened residue was titurated
with ether-hexane (1:1) resulting in a solid that was recrystallized
from CH2Cl2ether and afford 6.35 g of 12 (88%, mp 145-146°);
pmr 6cdciTMS) 7.92 (d, J = 13, 1 H, CSH), 7.5 (d, J = 13, 1 H,
C5H), 7.27 (m, 5 H, Ph-), 5.85 (t, J = 13, 1 H, C4H), 3.74 (s, 3 H,
OCHJ), 3.41 (s, 3 H, NCHJY); ir (CH2C12) 2230, 1700, 1615, 1560
cm-1; cmr (relative to TMS, CH2C12 ppm) 118.09 (labeled nitrile),
164.3 (C1),11 158.4 (C5), 154.2 (C3), 146.9 (Cr), 130.8 (C3<d or Cm),
127.0 (C4 or Cp) 121.6 (C22 or CO0), 118.1 (Cg), 101.1 (C4), ~91
(C2,n 52.9 (C70or -OCH 3), 38.7 (C8or NCH?3).

Methyl 2-Bromonicotinate (7) from Enamine 12. Enamine 12
(1 g, 0.004 mol) was dissolved in 5 ml of acetic acid and warmed to
40°. An acetic acid solution (10 ml) saturated with HBr (sat. at 0°)
was added dropwise while maintaining the reaction mixture at
40-45°. After addition was complete the temperature was raised to
55° for 30 min. The darkened solution was cooled, poured into
water, and neutralized by careful addition of Na2C03. The aque-
ous solution was extracted with CH2C12 (3 X 125 ml). The organic
extracts were combined, washed with water, and dried (Na2S04).
Evaporation of the volatiles at reduced pressure left a residue that
was distilled (Kugelrohr oven at 0.1 m) affording a colorless liquid
at 60° (TV-methylaniline) and a viscous oil at 90-120° (7, 0.77 g,
87%): pmr 6Cdci3(TMS) 8.47 (dd, J64 = 2, J65 = 5, 1 H, C6H),
8.07 (dd, J45 = 85,346 = 2, 1 H, C4H), 7.40 (dd, J4.5 = 8.5,166
=5 1H, C5H), 3.95 (s, 3 H, OCHZJ); ir = 1735 cm*“ 1, cmr (relative
to TMS, CH2C12 ppm) 170.2 (C7), 153.1 (C6), 141.2 (C2), 140.6 (C4),
133.0 (C3), 123.6 (C5), 53.9 (C8); cmr (relative to TMS, CH2C12
ppm) (C2label) 141.11, ir (CH2C12) 1735, 1580 cm*“ 1; pmr (labeled
7) bBcdcid(TMS) 8.47 (ddd, J65 = 5,J64 = 2, Jc26 = 16, 1 H,
C6H), 8.07 (ddd, J46 = 85,J46 =2, Jc24 = 8,1 H, C4H), 7.40
(ddd, 354 = 85,346 =2,JC25= 3,1 H, C5H).

Methyl 2-Bromonicotinate (7) from Vinyl Ether 6. Vvinyl
ether 6 (1.20 g, 0.007 mol) was treated with HBr in the exact man-
ner described above for enamine 12 affording 7 (1.46 g, 97%, bp
105-120° (835 mm)); ir (film) 1735,1580,1560 cm*“ 1

Methyl Nicotinate (8). At room temperature methyl 2-bro-
monicotinate (7, 1.65 g, 0.008 mol) was added to a vigorously
stirred suspension of 1% Pd/BaCO03 (10 g) in ethanol (150 ml)
under hydrogen at atmospheric pressure. After 171 ml of H2 was
absorbed, the suspended catalyst was filtered and the volatiles
were removed at reduced pressure. The resulting oil was distilled
(bp 110-125° (~25 mm)) affording 8 (0.98 g, 93%, mp 42-43°); pmr
$dci3TMS) 9.31 (dd, J26 = 2 = J24, 1 H, C2H), 8.82 (dd, J26 =
2,=65 = 5), 8.43 (dt,J45=8,J24=2=J46, 1 H, C4H), 7.40 (dd,
Jiss =8,J46 =5,1 H, C5H), 3.95 (s, 3H, OCH3), ir (CH2C12) 1725
and 1580 cm*“1;, cmr (relative to TMS, CH2C12 ppm) 166.0 (C7
or -CO-), 153.9 (C6), 151.0 (C2), 137.3 (C4), 126.5 (C3), 123.9 (C5>,
52.8 (C8or OCHZJ3); cmr (relative to TMS, CH2C12 ppm) (C2 label)
151.16; ir (CH2C12) 1730 cm "1.

Nicotinamide (1) was prepared from methyl nicotinate (8) as
described earlier (approximately 75% from 8):1ir (KBr) 3450,1665,
1620 cm*“ 1, mp 130-131°.

I,I-Dicyano-4-methoxy-1,3-butadiene

(10). Malononitrile

Notes

(1.00 g, 0.015 mol) was converted to butadiene 10 following the
procedure used to prepare vinyl ether 6 (1.23 g, 60%, bp 100-130°
(10.01 mm)): ir (CH2C12) 2250, 1620 cm*“ 1, pmr &dci{TMS) 7.48
(d,J = 13,1 H, C3H), 7.40 (d,J = 13,1 H, C5H), 6.07 (t,J = 13,1
H, C4H), 3.92 (s, 3 H, OCH3); cmr (relative to TMS, CDCL3ppm)
167.7 (C4), 160.1 (C2), 114.4 and 112.5 (C6, C6), 103.7 (C3), 76.4
(Ci), 59.3 (C70or OCH3).

Bromonicotinonitrile (11). Butadiene 10 (1.34 g, 0.01 mol) was
converted to bromonicotinonitrile 11 following the procedure used
to prepare methyl bromonicotinate (7, 1.59 g, 87%): ir i.CH2CI2)
2250 and 1580 cm*“ 1, pmr 5cdcidTMS) 7.49 (dd, J4s = 8,J6,5 =
5, 1H, Cb5), 8.03 (dd, J45 = 8,346 = 2,1 H, C4),8.70 (dd, Jes =
5 J64 = 2, 1 H, CfiH); cmr (relative to TMS, CDC13 ppm) 153.0
(C6),'143.8 (C2), 142.4 (C4), 122.5 (CH5), 115.7 (C3), 114.4 (C7or C
=N).
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In contrast to the many examples of heterocyclic N-ox-
ides,2 which are useful as synthetic intermediates and in-
teresting because some, especially in the purine series,3
have shown biological activity, there are fewer recorded ex-
amples of the isoelectronic AT-jmines and their correspond-
ing AT-amino salts.4The N-amino derivatives of the nucleic
acid bases are of particular interest as intermediates and
with respect to their possible biological activity. We wish to
report the synthesis of 1-aminoadeninium salts and the ef-
fect of alkyl substituents on adenine upon the position of
N-amination.5

Amination of a heterocyclic nitrogen is the most direct
route to A-amino salts. Chloramine and hydroxylamine-
O sulfonic acid (HSA) are the traditional reagents used for
N-amination,46 while O- mesitylenesulfonylhydroxylamine
(MSH)7and O-dinitrophenoxyamine8are enjoying increas-
ing favor. Adenine (1) failed to aminate with HSA but with
MSH in methanol yielded (>65%) an TV-aminoadeninium
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mesitylenesulfonate (2a), convertible to the N-aminoaden-
inium chloride (2b) on ion exchange resin. Of the five con-
ceivable sites of N-amination of adenine, attack at N 6 was
readily ruled out by comparison of the uv spectra of 2 with
those reported for 6-hydrazinopurine.9 Positions N -l and
N-3 were the likely targets: N-I is the site of oxidation by
H202/HOAC to form the N - oxidel0while N-3 is the site of
alkylation on adenine under neutral conditions.11-1219

We attempted to direct the N-amination separately to
the 1 and 3 positions by analogy with the reciprocal direc-
tivity observed for 1- and 9-alkyl-substituted adenines vs.
3- and 7-substituted derivatives.1314 If N-amination were
similar to alkylation, a 7-alkyladenirié would yield a 7-
alkyl-3-aminoadeniniUm salt while a 9-alkyladenine would
give a 9-alkyl-l-aminoadeninium salt. Employment of a la-
bile alkyl group would permit us to remove the alkyl group
and thus obtain the corresponding N - aminoadeninium
salts. We used 9- and 7-pivaloyloxymethyladenines (3, 5)
since the pivaloyloxymethyl (Pom) group can be removed
easily by treatment with methanolic ammonia.15 Amina-

tion of 3 and 5 and subsequent removal of the Pom group
from each product resulted in the isolation, in very good
yield, of the identical N-aminoadeninium mesitylenesul-
fonate originally obtained by direct amination of adenine.
This result showed that 7- or 9-alkyl substituents do not
direct the course of N-amination in the same way that they
control the course of N-alkylation. The problem remained
to establish the structure of 2a arrived at by the three
routes. Adjacency of the two NH2 groups was shown by
treatment of compound 2a with triethyl orthoformate in
dimethylformamide, which produced the known s-
triazolo[5,l-i Jpurine (7)16 in 95% yield. Accordingly, the
product of amination of adenine and of representative 7-
and 9-alkyladenines with O-mesitylenesulfonylhydroxyl-
amine is 1-aminoadeninium mesitylenesulfonate. The locus
of N-amination is not a function of the anionic portion of
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the MSH reagent being used, since, when the analogous al-
kylating agent methyl mesitylenesulfonate was employed
with adenine, methylation occurred at N-3 as indicated by
the uv spectrum of the product.24When 7-Pom-adenine (5)
was oxidized with m- chloroperbenzoic acid, followed by re-
moval of the Pom group with methanolic ammonia, the
product was adenine 1-oxide as indicated by uv and tic
comparison with an authentic sample.

Analogy of the N-amination reaction is thus better
drawn with N-oxidation than with N-alkylation. Theoreti-
cal predictions have not yet provided the basis for differen-
tiation between the N-oxidation (or, now, N-amination)
and N-alkylation processes,17-20 so that further examina-
tion of the N-amination process will be necessary. The mild
conditions used in the amination of adenine and alkyladen-
ines with the reagent MSH of Tamura, et al.,1 i.e., 30 min
at 25° in various solvents, recommend its use in sensitive or
more complex systems.

Experimental Section

Melting points are uncorrected. The nmr spectra were recorded
on a Varian Associates A-60 spectrometer using tetramethylsilane
as an internal standard and (CD3)2SO as the solvent unless other-
wise noted. The ultraviolet spectra were obtained on a Cary Model
15 spectrophotometer, and the infrared spectra were obtained on a
Perkin-Elmer Model 337 infrared spectrophotometer in KBr pel-
lets. Microanalyses were performed by Mr. Josef Nemeth and as-
sociates, who also weighed samples for the quantitative electronic
absorption spectra. Low resolution mass spectra were obtained on
a Varian-MAT CH-5 spectrometer coupled with a 620i computer
and STATOS recorder.

1-Aminoadeninium Mesitylenesulfonate (2a) and Chloride
(2b). Freshly prepared O-mesitylenesulfonylhydroxylamine7
(MSH) (0.63 g, 3 mmol) was added to a solution of adenine (135
mg, 1 mmol) in methanol. The solution was stirred at 25° for ~30
min and then immersed in a Dry lIce/isopropyl alcohol bath. The
precipitate (200 mg) was collected from the cold mixture, and a
second crop (27 mg) was collected from the cooled filtrate, for a
total yield of 65%:21 mp 244°; Amax (MeOH) 263 nm; nmr $2.18 (s,
3, p-CH3), 2.52 (s, 0-CH 3's superimposed on solvent), 6.50 (br, 1,
exchanges with D20, NH), 6.73 (s, 2, m-H's), 8.43 and 8.52 (ss, 2,
purine H's); mass spectrum (70 eV) m/e (rel intensity) 200 (52, M

150), 150 (76, M - 200), 135 (25), 120 (97), 118 (100).

The chloride salt 2b (88% recovery) was obtained by passing 2a
through a Dowex-1 (Cl-) column. One recrystallization from water
afforded an analytical sample: mp 252°; Amax (H20) (e X 10-3) at
pH 1256 (10.3), at pH 7 263 (11.1), at pH 12 269 (13.7); mass spec-
trum (70 eV) m/e (rel intensity) 150 (100, M — HC1), 123 (15, 150

HCN).

Anal. Calcd for CSH7C1N6: C, 32.18; H, 3.78; N, 45,01. Found: C,
31.89; H, 3.84; N, 44.78.

N -Amino-9-pivaloyloxymethyladeninium Mesitylenesulfo-
nate (4). Freshly prepared MSH?7 (0.6 g) was added to a solution
of 9-pivaloyloxymethyladenine15 (100 mg, 0.4 mmol) in 50 ml of
acetone. The solution was stirred at 25° for 30 min, and a white
precipitate of 4 was collected: 174 mg (94% yield); darkening at
254° and mp 261° (sealed tube); Amax (H20) (e X 10-3), at pH 1 256
(12.0), at pH 7 256 (11.9), at pH 12 268-269 (13.9); nmr b1.11 (s, 9,
Pom CH3's), 2.15 (s, 3, p-CH 3), 2.49 (s, 0-CH 3's superimposed on
solvent), 6.18 (s, 2, Pom CH?2), 6.57 (s, 1, exchanges with D20, NH),
6.70 (s, 2, m-H's), 8.55 and 8.63 (ss, 2, purine H's); mass spectrum
(70 eV) m/e (rel intensity), 264 (34, M — 200), 200 (24, M — 264),
150 (78), 135 (23), 57 (100).

Anal. Calcd for C20H28N605S: C, 51.71; H, 6.08; N, 18.09.
Found: C, 51.46; H, 5.94; N, 17.85.

Cleavage of the 9-Pom Group of 4. A solution of 120 mg of the
Af-amino-9-Pom-adeninium mesitylenesulfonate (4) in methanol
saturated with ammonia was allowed to stand overnight at 25°.
The solution was then evaporated to dryness in vacuo, the residue
was washed with ether, and the solid was collected by centrifuga-
tion. Recrystallization from methanol gave 57 mg (62%) of chroma-
tographically (tic) pure 2a: mp 241-242°; Amax (H20) at pH 1 258,
at pH 7 264, at pH 12 269; nmr b 2.18 (s, 3, p-CH3), 2.49 (s, o-
CH3's superimposed on solvent), 6.50 (br, 1, exchanges with D20,
NH), 6.72 (s, 2, to-H's), 8.43 and 8.52 (ss, 2, purine H's); mass
spectrum (70 eV), m/e (rel intensity), 200 (50, M - 150), 150 (100,
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M - 200), 135 (73), 118 (93); the ir spectrum was superimposable
on that of the product of the direct amination of adenine.

iV-Amino-7-pivaloyloxymcthyladeninium Mesitylenesulfo-
nate (6). In a procedure similar to that used for the preparation of
4,0.5gof MSH and 150 mg of 7-Pom-adeninel5gave 185 mg (67%)
of compound 6: mp 230-231°; Amax (H20) (e X 10~3) at pH 1 266
(8.76), at pH 7 261 (10.3), at pH 12 269 (12.5); nmr 6 1.10 (s, 9, Pom
CHs’s), 2.17 (s, 3, p-CH3), 2.50 (s, 0-CH 3's superimposed on sol-
vent), 6.38 (s, 3, 1 H exchanges with D20, Pom CH2,and NH), 6.72
(s, 2, to-H's), 8.38 and 8.55 (ss, 2, purine H's); mass spectrum (70
eV), m/e (rel intensity), 264 (21, M - 200), 200 (26, M - 264), 179
(24), 150 (30), 135 (20), 57 (100).

Anal. Calcd for CaoHzgNeOgS «%H20: C, 50.73; H, 6.17; N,
17.75. Found: C, 50.60; H, 5.99; N, 17.65.

Cleavage of the 7-Pom Group of 6. A solution of 120 mg of the
N-amino-7-Pom-adeninium mesitylenesulfonate in methanol sat-
urated with ammonia was allowed to stand at 25° for 6 hr. The so-
lution was evaporated to dryness in vacuo, the residue was washed
with ether, and the solid was collected by centrifugation. Recrys-
tallization from methanol gave 2a in chromatographic purity (tic):
yield, 66%; mp 243-244°, Xmax (H20) at pH 1 257, at pH 7 265, at
pH 12 270; nmr $2.18 (s, 3, p-CH 3), 2.50 (s, 0-CH 3's superimposed
on solvent), 6.51 (s, 1, exchanged with D20, NH), 6.72 (s, 2, m-
H's), 8.43 and 8.52 (ss, 2, purine H's); mass spectrum (70 eV), m/e
(rel intensity), 200 (43, M - 150), 150 (65, M - 200), 135 (17), 118
(100); the ir spectrum was superimposable on that of the product
of direct amination of adenine and on the spectrum of the 9-Pom
(4) cleavage product.

s-Triazolo[5,l-i']purine (7). Triethyl orthoformate (5 ml) was
added to a suspension of 2a (680 mg, 1.95 mmol) in 25 ml of dry di-
methylformamide. The mixture was heated at reflux for 5 min, al-
lowed to cool, and the volatile material was removed in vacuo. The
resulting solid was suspended in methanol and filtered to afford 7:
226 mg (95% yield); mp >300°; the uv spectra were identical with
reported spectra;16 Xmax (H20) at pH 1 261, 273, at pH 7 262 and
277, at pH 12 290; nmr 5 8.48 (s, 1), 8.60 (s, 1), 9.58 (s, 1); mass
spectrum (70 eV) m/e (rel intensity), 160 (100, M). This compound
is weakly fluorescent, showing an emission maximum of 349 nm
upon excitation at 291 nm.

Registry No.—2a, 52500-49-9; 2b, 52500-50-2; 4, 52500-52-4; 6,
52500-54-6; 7, 4022-94-0; O-mesitylenesulfonylhydroxylamine,
36016-40-7; adenine, 73-24-5; 9-pivaloyloxymethyladenine, 18997-
21-2; 7-pivaloyloxymethyladenine, 18997-22-3; triethyl orthofor-
mate, 122-51-0.
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Synthesis of 2-Cyano, 2-Acyl, and 2-Carboxamido
Derivatives
of 3-Aminobenzo[6 jthiophene Involving Nirro
Displacement

James R. Beck* and Joseph A. Yahner
Lilly Research Laboratories, Greenfield, Indiana
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Until recently, 3-aminobenzo[6]thiophenes, substituted
at the 2 position with cyano or acyl functions, were inac-
cessible. Clarke and-coworkersl reported the synthesis of
3-aminobenzo[h]thiophene-2-carbonitrile by the reaction
of o-mercaptobenzonitrile2with chloroacetonitrile in aque-
ous alkali. Similarly prepared were 3-aminobenzo[b]thien-
2-yl methyl and phenyl ketones using chloroacetone and
phenacyl chloride, respectively. The same authors3also de-
scribed the preparation of the methyl ketone from 3-
chloro-1,2-benzisothiazole4 and pentane-2,4-dione in the
presence of sodium ethoxide. A facile synthesis of N-substi-
tuted 3-aminobenzo[i>]thien-2-yl ketones from 3-chloro-
1,2-benzisothiazolium chlorides5 and methyl ketones has
been reported by Boshagen and Geiger.6 In an earlier
paper,7 we described the preparation of methyl 3-amino-
benzo[6]thiophene-2-carboxylate esters from o-nitroben-
zonitriles and methyl thioglycolate in the presence of base.
The reaction involved displacement of the activated nitro
group by thioglycolate anion and subsequent base-cata-
lyzed ring closure. Attempts to extend the scope of this
procedure for the synthesis of the analogous 2-cyano and
2-acyl derivatives were frustrated by the instability or inac-
cessibility of the required mercaptan reagents.

We now wish to report two related processes, both in-
volving nitro displacement, for the preparation of these
compounds. In the first, an o-nitrobenzonitrile was allowed
to react with sodium sulfide in aqueous DMF. The nitro
group was readily displaced at ice bath temperature, and
the anion of the corresponding 0-mercaptobenzonitrile was
formed (Scheme 1). In situ alkylation with chloroacetoni-
trile, chloroacetone, or phenacyl chloride, with subsequent
sulfide-catalyzed cyclization, yielded the corresponding 3-
aminobenzojb Jthiophene-2-carbonitriles, 3-aminobenzo-
[6]thien-2-yl methyl ketones, or phenyl ketones, respec-
tively. The procedure was also used as an alternate method
of synthesis for 3-aminobenzo[6]thiophene-2-carfcoxam-
ides8 when chloroacetamide was utilized as the alkylating
agent. The derivatives prepared and the yields obtained are
summarized in Table I. When the starting nitrile was 2-
chloro-5-nitrobenzonitrile, the 2-cyano (10) and 2-benzoyl
(11) derivatives of 3-amino-5-nitrobenzo[b jthiophene were
readily formed by a process involving active chlorine dis-
placement.

Scheme |

R= CN. COCHs. COC,H, CONH,

When o-nitrobenzonitrile or 6-nitro-o-anisonitrile was
subjected to the initial reaction conditions, sulfids dis-
placement did not occur even at 100° during an extended



Notes
Table l
3-Aminobenzo[b]thiophenesa
Compd X R Mp, C Yiv(/eold’ S%W/Setthb
1 4-Ccl CN 181-182 66 A
2 6-C1 CN 215-216 75 A
3 4-N02 CN 177-179 84 A
4 4-C1 COCH3 101-103 68 B
5 4-N02 COCH3 136-137 83 A
6 4-C1 COCBH5 126-127 60 B
7 4-N02 cocbh5 139-141 60 A
8 4-C1 CONH, 225-227 69 A
9 4-NO, conh?2 238-239 65 @
10 5-N02 CN 272-273 87 D
11 5-N02 COCBH5 205-207 90 c
13 H CN 155-156" 70 A
14 H COCHj 147-149" 67 E
15 4-OCH3 CN 173-176 50 D
0 Satisfactory analytical data (x0.3% for C, H, N) were reported
for all new compounds listed in the table. bA = alcohol; B =

alcohol-water; C = acetonitrile; D = DMF-water; E = benzene-
hexane.OLit.1mp 155-156°.d Lit.1mp 145.5-147°.

period of time. In the second process, this problem was
overcome with the use of 3-mercaptopropionitrile9 anion.
In this reaction sequence, the o-nitrobenzonitrile was al-
lowed to react with the mercaptan anion in aqueous DMF
containing excess potassium hydroxide. Displacement oc-
curred rapidly at ice bath temperature, and an equilibrium
mixture was formed involving the cyanoethyl thioether and
the corresponding o- mercaptobenzonitrile anion. When the
reaction was quenched soon after addition of the mercap-
tan, the cyanoethyl thioether could be isolated and charac-
terized, as in the case of 12. Addition of the alkylating

CN

12

agent and subsequent ring closure yielded the desired
product. Compounds prepared by this method were 3-ami-
nobenzol[6]thiophene-2-carbonitrile  (13), 3-aminobenzo-
[6]thien-2-yl methyl ketone (14), and 3-amino-4-methoxy-
benzo[6]thiophene-2-carbonitrile (15).

These two procedures provide a convenient, rapid route
to 3-aminobenzo[b]thiophenes, substituted at the 2 posi-
tion with cyano, acyl, or carboxamido functions, from read-
ily available o-nitrobenzonitriles.

Experimental Section10

Materials. 2-Chloro-6-nitrobenzonitrile, 4-ehloro-2-nitrobenzo-
nitrile, 2-chloro-5-nitrobenzonitrile, and o-nitrobenzonitrile were
commercially available. 2,6-Dinitrobenzonitrile7 and 6-nitro-o-ani-
sonitrilell were prepared by procedures described in the literature.

General Procedure for Aminobenzo[6]thiophenes (1-11).
To a mechanically stirred, cold solution (ice bath) containing 30
mmol of the substituted o-nitrobenzonitrile in 100 ml of DM F was
added dropwise a solution containing 36 mmol of sodium sulfide
(nonahydrate) in 20 ml of water. The mixture was stirred in the
cold for 15 min and the alkylating agent (3 ml of chloroacetonitrile
for 1-3 and 10; 3 ml of chloroacetone for 4 and 5; 36 mmol of phen-
acyl chloride for 6, 7, and 11; 36 mmol of chloroacetamide for 8 and
9) was added dropwise or portionwise. The ice bath was removed
and the mixture was stirred for an additional time (30 min for 1-5
and 10; 1 hr for 6-9 and 11). It was poured into ice water and the
crude product was collected and crystallized from the appropriate
solvent (Table 1).
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2-Chloro-6-[(2-eyanoethyl)thio]benzonitrile (12). A solution
of 3 g of potassium hydroxide in 15 ml of water was added drop-
wise to a stirred, cold solution (ice bath) containing 5.5 g (30
mmol) of 2-chloro-6-nitrobenzonitrile and 3.1 g (36 mmol) of 3-
mercaptopropionitrile9in 60 ml of DMF. The mixture was stirred
in the cold for 10 min and then poured into ice water. The solid
was collected and crystallized from alcohol to yield 2.7 g (40%) of
product, mp 96-97°.

General Procedure for Aminobenzo[b (thiophenes 13-15. To
a stirred, cold solution (ice bath) containing 30 mmol of the substi-
tuted o-nitrobenzonitrile and 3.1 g (36 mmol) of 3-mercaptopro-
pionitrile9in 60 ml of DM F was added dropwise a solution of 5g of
potassium hydroxide in 15 ml of water. The mixture was stirred in
the cold for 15 min (30 min for preparation of 14), and the alkylat-
ing agent (3 ml of chloroacetonitrile for 13 and 15; 3.5 ml of chlo-
roacetone for 14) was added dropwise. After it had been stirred in
the cold for an additional 2 hr, the mixture was poured into ice
water. The crude product was collected and crystallized from the
appropriate solvent (Table I).

Acknowledgment. The authors thank Mr. Paul Unger
and associates for spectral measurements and Mr. George
Maciak and associates for microanalytical data.

Registry No.—1, 52673-85-5; 2, 52673-86-6; 3, 52673-87-7; 4,
52673-88-8; 5, 52673-89-9; 6, 52673-90-2; 7, 52673-91-3; 8, 52673-
92-4; 9, 52673-93-5; 10, 52673-94-6; 11, 52673-95-7; 12, 52673-96-8;
13 34761-14-3; 14, 22720-75-8; 15, 52673-97-9; 2-chloro-6-ni-
trobenzonitrile, 6575-07-1; 4-chloro-2-nitrobenzonitrile, 34662-
32-3; 2-chloro-5-nitrobenzonitrile, 16588-02-6; o- nitrobenzonitrile,
612-24-8; 2,6-dinitrobenzonitrile, 35213-00-4; 6-nitro-o-anisoni-
trile, 38469-85-1; sodium sulfide, 1313-82-2; chloroacetonitrile,
107-14-2; chloroacetone, 78-95-5; phenacyl chloride, 532-27-4;
chloroacetamide, 79-07-2; 3-mercaptopropionitrile, 1001-58-7.
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N“,NGG-Tribenzyloxycarbonyl-L-arginine
and Related Derivatives
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Among the guanidino protected arginine derivativesl
used in peptide synthesis, 7V*,/VGGtribenzvioxycarbon-
ylarginine (I1)23has proven to be a useful intermediate for
the addition of an arginine residue to the amino terminus
of a synthetic peptide. The considerable difficulty with
which |l is prepared, however, has discouraged its use in
peptide synthesis except in special cases, €.g., the synthesis
of L-arginyl-L-arginyl sequences.

We report herein a procedure for the preparation of Il
and closely related derivatives which is experimentally sim-
ple and which consistently provides product yields sub-
stantially greater than the procedure23 heretofore used.
The salient features of the procedure involve the use of an
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alkyl pentachlorophenylcarbonate as the alkyloxycarbonyl
donor and N - trimethylsilylacetamide to promote in situ
silyl ester formation4 and to scavenge pentachlorophenol
produced in the alkyloxycarbonylation reaction. Work-up
of the reaction mixture is simplified by the ready hydroly-
sis of silyl esters and ethers, the high solubility of lithium
acetate in absolute ethanol, and the ready precipitation of
the crystalline lithium salts of Il and closely related deriva-
tives from ethanolic lithium acetate solution without copre-
cipitation of lithium pentachlorophenoxide. Other deriva-
tives that have been prepared by the procedure are N a-p-
methoxybenzyloxycarbonyl-iVGG-dibenzyloxycarbonyl-
L-arginine (IV),5 IV*-benzoyl-NGG-dibenzyloxycarbonyl-
L-arginine (VI), and N a NGGri-p- methoxybenzyloxycar-
bonyl-L-arginine (VIII). The latter two derivatives are new
compounds, and their use in peptide synthesis will be re-
ported elsewhere.

Experimental Section6

Lithium InNGGTribenzyloxycarbonyl-L-arginate (l). To
210 mlof dry DMF were added 20.88 g (0.12 mol) of L-arginine and
160 g (0.4 mol) of benzyl pentachlorophenylcarbonate.7 The re-
sulting suspension was stirred and heated to 60°. N- Trimethylsil-
ylacetamide (78.6 g; 0.6 mol) was added to the mixture and the
mixture was stirred for 60 hr at 60°.

After addition of 20 ml of water to the reaction mixture the
DMF was evaporated in vacuo. The resulting residue was dis-
solved in absolute ethanol and the solution was added to a hot sat-
urated solution of 50 g of lithium acetate in ethanol. The resulting
mixture was cooled slowly to room temperature and then main-
tained at 4° overnight. A precipitate formed and was filtered. The
collected solid was triturated with hot ethyl acetate and then was
recrystallized from a minimum volume of boiling methanol. The
solid was recovered by filtration and dried in vacuo to obtain 39 g
(56%) of the title compound, mp 153-155°. An analytical sample
was recrystallized from a mixture of methanol and acetone, mp
156-157°; [a]24D +10.6 (c 1.5, methanol).

Anal. Calcd for CaoHLi~OsLi: C, 61.85; H, 5.36; N, 9.62; mol wt
582.52. Found: C, 61.75; H, 5.50; N, 9.34.

WV iVGGtribenzyloxycarbonyl-L-arginine  (I1). Lithium
A, ", 7VG.G-tribenzylOXyCarbOnyl-+-arginate (10.0 g; 0.017 mol) was
suspended in ethyl acetate. The suspension was neutralized by ad-
dition of 2% aqueous sulfuric acid. The ethyl acetate layer was sep-
arated, dried (M gS04), and evaporated in vacuo. The resulting
residue was recrystallized from ethyl acetate to afford, after drying
in vacuo, 9.1 g (92%) of the title compound: mp 138-139°; [0]26D
+15.1 (c, 1.5, chloroform) (lit.2 mp 138-139°; [a?]2BD +15.5 (¢ 1.5,
CHCls)).

Anal. Calcd for C30H32N 408 C, 62.49; H, 5.5S; N, 9.72; mol wt
576. Found: C, 62.21; H, 5.80; N, 9.43.

Lithium  N"-p- Methoxybenzyloxycarbonyl-iVGG-dibenz-
yloxycarbonyl-L-arginate (111). The title compound was pre-
pared from N a-p- methoxybenzyloxycarbonyl-L-arginine5 as de-
scribed in the procedure for I, except that the reaction time was
limited to 34 hr. IlIl was obtained in 63% yield: mp 209-210°;
[a]24D +9.9 (c 1.5, methanol).

Anal. Calcd for Cgifug”~OglLi: C, 60.78; H, 5.43; N, 9.15; mol wt
612.55. Found: C, 60.51; H, 5.67; N, 9.08.

N a-p -Methoxybenzyloxycarbonyl-)VGiVGdibenzyloxycar-
bonyl-L-arginine (1V). Neutralization of 111 with 0.75 N aqueous
citric acid gave the title compound in 91% yield: mp 139-141°;
[«]2°d +16.6 (c 1.5, chloroform) (lit.5mp 135-136°; [a]25546 +14.0°
(c 1.5, EtOH).).

Anal. Calcd for C3iH34N40g: C, 61.38; H, 5.65; N, 9.24; mol wt
606.63. Found: C, 61.65; H, 5.88; N, 9.46.

Lithium Va-Benzoyl-A (i -dibenzyloxycarbony I-1,-argi-
nate (V). The title compound was prepared from N a-benzoyl-L-
arginine8 as described in the procedure for I, except that the reac-
tion time was limited to 48 hr. V was obtained in 50% yield: mp
207-209°; [a]26D +28.3 (¢ 1.5, chloroform).

Anal. Calcd for C29H 20N 407Li: C, 63.03; H, 5.29; N, 10.14; mol
wt 552.49. Found: C, 62.80; H, 5.13; N, 10.29.

N a-Benzoyl-TVG.NG-dibenzyloxycarbonyl-l.-arginine (VI1).
Neutralization of V with 0.75 N aqueous citric acid gave the title
compound in 83% yield: mp 172-173°; [a]25D +20.0 (e 1.5, DMF).

Anal. Calcd for C29H30N407: C, 63.73; H, 5.53; N, 10.25; mol wt
546.58. Found: C, 63.59; H, 5.25; N, 10.07.

Notes

Lithium N",jVGG-Tri-p -methoxybenzyloxycarbonyl-L-
arginate (VII). The title compound was prepared exactly as de-
scribed in the procedure for I. VII was obtained in 50% yield: mp
146-148°; [a]25D +17.5 (c 1.0, DMF).

Anal. Calcd for CssHsvNiOnLi: C, 58.93; H, 5.55; N, 3.33; mol
wt 672.60. Found: C, 58.70; H, 5.76; N, 8.54.

N ",N GG-T ri-p-methoxybenzyloxycarbonyl-l.-arginine
(VII). Neutralization of VII with 0.5 N sulfuric acid gave the title
compound in 80% yield: mp 125-128°; [a]25D +1.9 (c 1, DMF).

Anal. Calcd for C33H38N40ii: C, 59.45; H, 5.75; N, 8.40; 0, 26.40;
mol wt 666.68. Found: C, 59.15; H, 5.84, N, 8.45; 0, 26.57.

Registry No.—1, 52748-08-0; I, 52795-86-5; 111, 52748-09-1; 1V,
52748-10-4; V, 52748-11-5; VI, 52748-12-6; VII, 52748-13-7; VIII,
52748-14-8; L-arginine, 74-79-3; benzyl pentachlorophenylcarbon-
ate, 13795-28-3; p-methoxybenzyl pentachlorophenylcarbonate,
52795-87-6.
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We wish to record here a preparation and characteriza-
tion of ethylene iminocarbonate (1), and its spontaneous
conversion to atrimer (2). Although the hydrochloride of 1
was described some time ago,2 neither 1 itself nor 2 have
apparently been reported previously.

/CH,OH

CH2
|

1 2 3

Ethylene chloriminocarbonate (3), easily available from
ethylene glycol, potassium cyanide, and chlorine,3 reacted
with sodamide in liquid ammonia, slowly at —80°, vigor-
ously at —50° to —60°. At the latter temperature, the reac-
tion was complete in about 1 hr. Low-temperature work-up
gave up to 25% vyield of white crystals, mp 38-45° dec, as-
signed the structure of ethylene iminocarbonate based on
spectral data. A by-product, white crystals of mp 117-120°
(sintering), was isolated in 25-40% yield. From spectral evi-
dence, it was assigned a trimer structure, most likely 2.

After about 30 min at room temperature, the crystals of 1
started to melt and 2.5 hr after isolation, decomposition
was extensive (effect of traces of base cannot be excluded).
Upon further standing or trituration with acetonitrile,
crystals of the trimer 2 were formed. On the other hand,
the nmr spectrum of a solution of 1in acetonitrile-d3 re-
mained unchanged for more than 2 weeks at room tempera-
ture.



Notes

To complete the characterization of 1, it was converted
at -80° to its hydrochloride, which had been prepared in a
different way by Addor.2 As described in ref 2, the hydro-
chloride rearranged into /J-chloroethyl carbamate upon
standing at room temperature.

Besides direct nucleophilic displacement on chlorine,
which appears most likely, addition and elimination ap-
pears to be a possibility for the mechanism of formation of
.4 1t is interesting to note that a previous attempt to pre-
pare 1by reduction of 3 was unsuccessful.3

The trimerization of 1 most likely proceeds via ring
opening to /3-hydroxyethyl cyanate. Alkyl cyanates usually
rearrange to isocyanates rather than trimerize, but electro-
negative substituents on the alkyl appear to slow down the
isomerization so that trimerization can compete successful-
ly, yielding trialkoxy-I,3,5-triazines.5 A trimer similar to 2
was obtained upon basic treatment of 2-imino-l,3-oxa-
thiane hydrochloride.6

Experimental Section

Ethylene Iminocarbonate (1). Into a 300-ml 3-neck flask fit-
ted with Dry Ice-acetone condenser, mechanical stirrer, and gas
inlet was condensed 200-250 ml of dry ammonia. To this was then
added 2.5 g of sodium hydride washed 6-7 times with ether. A
blue color resulted and disappeared after stirring for 6-10 hr, or
upon addition of a small crystal of ferric nitrate (10-15 min. re-
quired). The mixture was cooled to -80° and 5g of 3 were added.
At —80°, the reaction proceeds to less than 50% after 2 hr. How-
ever, at -60° to —50°, it proceeds rapidly, often in a vigorously
exothermic fashion. It was monitored by removing a small sample
of the mixture, evaporating off the NH3, triturating the residue
with ice-cold pyridine and taking the nmr spectrum of the pyridine
extract. The reaction was usually complete after 1 hr at —50 to
—60° as evidenced by the loss of the nmr peak at $4.65, and the
appearance of a singlet at 54.4. Ammonia was removed under re-
duced pressure (water aspirator) at —50 to -40°. The residue was
triturated 3 times with ether at -20 to —30°. The ether extract was
filtered and the ether removed on a rotary evaporator below 0°,
leaving white crystals: mp 38-45°; yield varied from ~250 mg to 1
g (6-26%); 4H nmr (acetonitrile-da) singlet at d 4.4 (4 H), broad
peak near 55.3 (1 H); ir (Nujol mull) 1700 and 3300 cm-1; mass
spectrum molecular ion peak at m/e 87, other peaks at 58, 44, and
43 (base peak) (a peak at m/e 58 is also seen in the mass spectrum
of 3).

2,4,6-Tris(/3-hydroxyethoxy)-1,3,5-triazine (2). A. From
Reaction Residue. Further extraction of the ether extracted soda-
mide residue with either acetonitrile or methylene chloride fol-
lowed by filtration and evaporation of the solvent yielded a light
yellow oil. Upon standing or triturating with acetonitrile, the oil
gave white crystals, mp 113-117°. Yield 1.0-1.5 g. Analytical sam-
ple was crystallized from acetone: mp 117-120° (sintering); 'H nmr
(D20) A2B2 pattern centered at 5 3.7 and 4.2; ir (Nujol) 3300
(broad) and 1560 cm-1; uv (acetonitrile) shoulder at 260 nm (t 32),
then strong rise in absorption but no maximum down to 205 nm;
mass spectrum (electron impact ionization), no molecular ion at
m/e 261, peaks at 244 (M+ - OH, presumably bicyclic immonium
ion), 231 (M+ - CH20), 218, 201, 187, 174, 156, 143, 130 (base
peak), 113, 87, 70; mass spectrum (chemical ionization) peak at
m/e 262 (M+ + H); high-resolution mass spectrum (Varian MAT
311, resolution 10,000), peak at nominal m/e. 231 matched with
PFK; 231.0852, for C8H i3N 305 calculated 231.0855.

B. From Ethylene Iminocarbonate (1). After standing at
room temperature for several hours, ethylene iminocarbonate
trimerized spontaneously, giving crystals of mp 114-118°, whose
nmr and ir spectra were identical with those of the above-de-
scribed trimer.

Ethylene Iminocarbonate Hydrochloride. Into 25 ml of dry
ethylene glycol dimethyl ether (distilled from LIAIH4) was placed
~20 mg of ethylene iminocarbonate. The solution was cooled to
—80° (complete dissolution did not occur). A stream of dry HC1
was bubbled into the mixture for 2 min. A cloudy suspension de-
veloped. The solid was collected on filter and washed with ether,
giving fine white crystals: mp 73-75° (lit.277-78°); ir (Nujol mull)
1510, 1550, 1720, and a broad band at 2600-3400 cm-1. Upon
standing over the weekend, the hydrochloride rearranged to jl-
chlorethyl carbamate, mp 68-70° (lit.265-70°).
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Registry No.—1, 6703-57-7; 1 HC1, 52699-47-5; 2, 891-65-6; 3,
22718-26-9.
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Recently we reported the first direct chemical evidencel
supporting Closs’,2 Jensen’s,3 and Ledlie’s4 stereochemical
assignments of endo- and exo- 7-phenylnorcarane (2a and
2b, respectively). This involved degrading 2a and 2b with
ozone, employing the procedure of Shabarov,5 producing
the known endo- and exo- norcarane-7-carboxylic acids,67
respectively, and a cyclopropane cleavage product, benzoic
acid (4), all of which were isolated as their methyl esters.
We then became interested in searching for other cleavage
products and now wish to report the isolation and identifi-
cation of the remaining compounds formed as 2a and 2b
are ozonized, noting the effects of solvent and temperature
on the product distribution. A modified procedure for the
synthesis of 2a is also discussed.

Jensen3has reported that triphenyltin hydride reduction
of crude 7-chloro-7-phenylnorcarane (1), prepared by reac-
tion of cyclohexene, benzal chloride, and potassium tert-
butoxide,8 yields, by vpc, 80% 2a, 1% 2b, and 19% olefin.
Our observations indicate that the origin of the olefin
arises not from the reduction of 1, but occurs as a result of
reduction of an olefinic product produced during the prep-
aration of 1. This olefinic impurity was removed with
ozone. Purified 1was then reduced with lithium aluminum
hydride in diglyme furnishing a 65% yield of products
which analyze (vpc) as 97% 2a, 3% 2b, and no olefin. Subse-
quent distillation of the reaction mixture yields a sample of
2athatis 99% pure.9

Ozonization of 2a in 95% acetic acid at 25°, followed by
treatment of the ozonized material with hydrogen peroxide
and subsequent methylation of the products, furnishes a
mixture containing four volatile components. These were
separated by preparative gas chromatography and labeled
in order of increasing elution time as 3a, 4, 5, and 6. Com-
pounds 3a and 4 have previously been identified as endo-
7-carbomethoxynorcarane and methyl benzoate, respec-
tively.1 Compound 5 was identified as dimethyl glutarate
by comparison of its ir and nmr spectra with reference
spectra, correct elemental analysis, and by saponification
of 5 to glutaric acid. Compound 6 furnished a correct ele-
mental analysis for dimethyl adipate, gave ir and nmr spec-
tra identical with authentic material, and saponification of
6 furnished adipic acid. These materials, 3a, 4, 5, and 6,
were formed in 13, 16, and 9 and 8% yields, respectively,
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when ozonized with a stream of 3% ozone. As expected,
eXx0-7-phenylnorcarane furnished the same products (ne-
glecting stereochemistry) when exposed to ozone. Both 2a
and 2b consumed 8.3 mol of ozone/mol of starting com-
pound when ozonized at 25° in 95% acetic acid.

Comparison of product ratios obtained from complete
and partial ozonizations of 2b provides some insight into
these reactions. Essentially the same 3b/4 ratio is obtained
from both of these ozonizations indicating that these two
compounds result from the initial attack of ozone on 2b.
The 5/6 ratio was five times larger for the completely ozon-
ized sample indicating that 5 resulted from ozone attack on
6'. Gas chromatographic analysis of a sample of 2b that had
been treated with ozone and then diazomethane confirmed
the presence of all four methyl esters, thereby demonstrat-
ing that it was the ozone and not the hydrogen proxide that
was responsible for these ring opening reactions.10 A pro-
posed reaction scheme is given (Scheme I). Of course ozone
could also react with 3'11 at the cyclopropane portion of
the bicyclic ring system leading to the formation of 5and 6.

Scheme |
six-carbon seven-carbon
fragment + fragment
from 2* from 2°'
6’ 4"

L O, L 03
from 6 2. CH2N2 a chan2
5 COOCHj

lchan2
CH3DOC(CH24.00CH3
CH3D0C<CH23COOCH3
6
5

Notes

The effects of varying the source and concentration of
ozone, temperature, and solvent upon the product distribu-
tion have been investigated. Ozonizing with ozone concen-
trations in the range of 3-6% in a stream of oxygen, ozoniz-
ing with a stream of 3% ozone in air, or ozonizing with oxy-
gen-free ozone12in a stream of nitrogen had virtually no ef-
fect on the product distribution or total yield of the reac-
tion. The effects of varying the temperature, employing
95% acetic acid as the solvent, afforded the most dramatic
effect upon the product distribution while maintaining
good overall yields. Increased reaction temperatures tend
to favor attack at the bicyclic ring system, while lower tem-
peratures tend to favor attack at the phenyl ring. When 2a
was ozonized in methylene chloride or ethyl acetate at 25°,
one observes a decrease in the overall yield of the reaction
as well as a reduction of the 3a/4 ratio when compared to
the results obtained using 95% acetic acid as the solvent.
Overall, there was a decrease in attack on the bicyclic ring
system in the exo isomer as compared to the endo isomer,
possibly due to the decreased shielding of the phenyl ring
in the exo isomer. We are presently investigating the ozoni-
zation of other bicyclofn.1.0] systems as a function of
structure and reaction temperature.

Table |
Influence of Temperature on the Product Distribution
in the Ozonization of the 7-Phenylnorcaranes

Ozone | -% yieldo— -—\

concn
Compd Solvent TT f (%i 3a 3b 4 5 6
2a 95% HOAC 6 3 19 17 8 8
2a 9% HOAC 25 3 13 16 9
2a 9B%HOAc 60 3 8 20 10 7
2a 95% HOAC 80 3 8 29 7 9
2b 95% HOAC 6 3 23 8 7 4
2b 95% HOAC 25 3 25 1 10 5
2b 95% HOAC 80 3 11 17 14 4

“ Each reaction was performed twice with the average yield cal-
culated for each product shown in Table I. The yield data were re-
producible to within = 1%.

Experimental Section

An F&M gas chromatograph, Model 810, equipped with a 14 ft
X 0.25 in. 5% Carbowax 1500 column operated at 130°, He flow
rate of 100 mI/min, was employed for all analytical and preparative
gas chromatography. Ir spectra were obtained using a Beckman
Model 10 grating ir spectrophotometer with potassium bromide
cells. Nmr spectra were recorded in carbon tetrachloride with a
Varian A-60 spectrometer employing tetramethylsilane as an in-
ternal reference. A Welsbach ozonator, Model T-816, operated at a
flow of 1 1./min was used for all ozonolyses. The elemental analyses
were performed by M-H-W Laboratories, Garden City,. Mich.
Melting points were determined with a Thomas-Hoover capillary
melting point apparatus and are corrected. Boiling points are un-
corrected.

Ozonolysis of endo -7-Phenylnorcarane5 (2a). A stream of 3%
ozone was bubbled through a 250-ml gas wash bottle containing a
magnetically stirred mixture of 1.0 g of 229 (99% pure) in 100 ml of
95% acetic acid until a test in water showed no turbidity. The time
required for this reaction at 25° was 2.0 hr. After completion of the
reaction, 10 ml of 30% hydrogen peroxide was added, and the solu-
tion was allowed to stir at room temperature overnight. The mix-
ture was then heated in an oil bath at 95° for 4 hr, and the acetic
acid removed in vacuo, furnishing a mixture of four acids. These
acids were dissolved in dioxane and treated with diazomethanel3
and the resulting methyl esters separated by preparative gas chro-
matography employing a 14 ft X 0.25 in. column containing 5%
Carbowax 1500 on Chromosorb P operated at 130°. The order of
elution of the four methyl esters is 3a, 4, 5, and 6, respectively. The
faster eluting compounds 3a and 4 have previously been identified
as endo- 7-carbomethoxynorcarane and methyl benzoate, respec-
tively. 1

Compound 5 was proven to be dimethyl glutarate by comparison
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of its ir and nmr spectra with reference spectra. Saponification of
0.0624 g of 5 was accomplished by refluxing with 1 ml of concen-
trated hydrochloric acid for 20 min, cooling, and then removing the
water by placing the mixture in a vacuum desiccator along with a
beaker of concentrated sulfuric acid. This procedure furnished a
59% yield of glutaric acid, mp and mmp 96.2-97.2° (lit.14 mp 97°).

Anal. Calcd for C7TH1404: C, 52.49; H, 7.55. Found: C, 52.39; H,
7.58.

Compound 6 was proven to be dimethyl adipate by comparison
of its ir and nmr spectra with reference spectra. Saponification of
0.0697 g of 6 vide supra gave adipic acid in 55% yield, mp and
mmp 150.5-151.5° (lit.15mp 150-151°).

Anal. Calcd for C8Hi40 4: C, 55.16; H, 8.10. Found: C, 54.94; H,
7.97.

The yields16 of esters 3a, 4, 5, and 6 based on 2a were 13, 16, 9,
and 8%, respectively.

Ozonization of 2a was also carried out in 95% acetic acid at tem-
peratures of 6, 60, and 80°, requiring 3.66, 1.5, and 1.33 hr, respec-
tively, for completion. The yields16 of esters 3a, 4, 5, and 6 based
on 2a are, respectively, as follows: 19,17, 8, and 8% for the 6° reac-
tion; 8, 20, 10, and 7% for the 60° reaction; and 8, 29, 7, and 9% for
the 80° reaction.

exo-7-Phenylnorcarane2 (2b). To a stirred solution of 41 g of
potassium tert-butoxide8 and 230 ml of dry dimethyl sulfoxide
(CaH2>was added 9.6 g of 2a9 (99% pure) and then the mixture
was heated to 100° under a nitrogen atmosphere for 25 hr. The
reaction mixture was hydrolyzed and extracted with ether, and the
extract washed with water and then dried over CaCl2- Evaporation
of the solvent and subsequent distillation of the residue, utilizing a
Nester/Faust Auto Annular spinning band distillation column, re-
sulted in 8.31 g (87% yield) of 2b (98% pure), bp 126-127° (11 mm).

Ozonolysis of exo-7 -Phenylnorcarane5 (2b). Ozonolysis of 2b
(98% pure) was carried out in exactly the same manner described
for 2a. The time required for this reaction at 25° was 1.16 hr. The
order of elution of the four methyl esters obtained is 4, 3b, 5, and
6. The faster eluting compounds, 4 and 3b, have previously been
identified as methyl benzoate and exo- 7-carbomethoxynorcarane,
respectively.1

Compound 5 was shown to be dimethyl glutarate by comparison
of its ir and nmr spectra with reference spectra. Saponification of
0.0829 g of 5 vide supra gave an 83% yield of glutaric acid, mp and
mmp 95.7-96.7° (lit.14 mp 97°).

Anal. Calcd for C7TH1204: C, 52.49; H, 7.55. Found: C, 52.58; H,
7.53.

Compound 6 was proven to be dimethyl adipate by comparison
of its ir and nmr spectra with reference spectra. Saponification of
0.0805 g of 6 vide supra furnished a 68% yield of adipic acid, mp
and mmp 150.3-151.8° (lit.16 150-151°).

Anal. Calcd for C8H1404: C, 55.16; H, 8.10. Found: C, 55.43; H,
8.14.

The yields16 of esters 3b, 4, 5, and 6 based on 2b were 25, 11, 10,
and 5%, respectively.

Ozonization of 2b was also carried out in 95% acetic acid at tem-
peratures of 6 and 80°, requiring 1.66 and 0.83 hr, respectively, for
completion. The yields16 of esters 3b, .4, 5, and 6 based on 2b for
the 6° reaction were 23, 8, 7, and 4%, respectively, while the yields
for the 80° reaction were 11,17,14, and 4%, respectively.
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The increasing interest shown in the oxymetalation of
olefins in the past few years has mirrored the fast growing
field of organometallic chemistry. Among oxymetalation
reactions oxymercuration occupies a position of consider-
able importance and the number of recent reviews is a clear
testimony to this.14

The interaction of alkenes with mercuric salts yields oxy-
mercurials which can either be reduced as typical organo-

HgOAcC

RCH=CHR RCH— CHR n RCHCH®R

R'O R'O

mercury compounds5or be thermally decomposed in acidic
medium as in the Denigés reaction to give directly oxidized
organic moieties and reduced mercury species.6

We have studied the thermal decomposition of these or-
ganomercurials in alkaline medium and found quite a dif-
ferent behavior from that observed in acidic medium. Thus
when basic solutions containing oxymercurials are heated,
a mixture of ketone and epoxide as the oxidized organic
moiety is obtained.7

Results and Discussion

The study was first carried out under experimental con-
ditions analogous to the Denigés reaction6and then by syn-
thesizing the desired oxymercurial and following its ther-
mal decomposition in a chosen medium.

Agueous Medium. The general procedure was to stir a
suspension of mercuric salt in the presence of olefin. The
solution obtained was then made basic and heated. At the
end of the reaction, addition of hydrochloric acid regener-
ated the starting olefin and thus allowed an estimation of
the advancement of the reaction, i.e., per cent conversion.

(0]

RCH=CHR RCCH,R

The results given in Table | show clearly lower yields
with propene and 1-butene. This can easily be explained if
one considers the possibility of allylic oxidation of «-olefins
analogous to that observed in acidic medium; such oxida-
tions generally yield «,/i-unsaturated carbonyl compounds
which can be expected to be unstable under the reaction
conditions.6 This was shown to be the case by introducing
compounds such as acrolein or methyl vinyl ketone in the
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Notes

Table |
Oxidation of Olefins with Mercuric Salts at pH 13*

Substrate Salt [ ——
Propene HgS04 A0
(115-07-1) (7783 -35-9)
Propene Hg(OAc)2 o
(1600-27-7)
1-Butene HgS04
(106-98-4)
2-Butene (trans) HgS04 " A
(624-64 -6)
2-Butene (cis) HgS04
(590-18-1)
Cyclohexene HgS04
(110-83-8) °
Isobutene HgS04 A
(115-11-7)
2,3-Dimethyl-2-butene HgS04
(563-79-1)

Total yield, %c Conversion,

0
6) . (94) 51 7
) R 43 9
O
) . (93) 30 13
(64)c © (36) 72 49
(44)e R ? (56) 62 56
(84) (16) 48 /
(32) —+-H (68) 63 11
(100) g /

“ Registry nos. are given below each compound. bRelative amount by glpc analysis. “ Total yield by glpc analysis using an internal

standard. “

% olefin reacted based on olefin regenerated upon hydrochloric acid addition. €95% isomeric purity, f Not determined. * Could

not be determined accurately because decomposition occurred partially during the organomercurial preparation.

Table 11
Influence of Various Variables on the Reaction of
fran.s-2-Butene with Mercuric Salts in Alkaline Medium

Variables Experimental range

Salt concentration 0.1-0.9 mol/1.
PH 9-13

Reaction temperature 78-93°
Reaction time 2—6 hr

N2 flow 4-8 1/hr
Salt nature HgS04Hg(OAc)2

Degree of influence

O/Oepoxideo % total yield & % conversionc
*xxj (-32.2)e k% (12.4) *xx(22.4)
* (3.4) * (5.9) * (-2.7)
* (-5.5) *x%(3]) k% (257)
% (6.7) k% (14.1) xxx (13.4)
0 (-2.9) 0 (-2.9) 0 (-1.7)
*x (-12) xxx (113.4) ** (8.7)

“ Relative amount by glpc analysis. bTotal yield of epoxide and ketone by glpc analysis. ¢ % olefin reacted based on olefin regenerated
upon hydrochloric acid addition. dDegree of significance of the influence measured by statistical methods and symbolized from very sig-
nificant (***) to not significant (0).9eDirection and amplitude of the influence obtained from two-level fractional factorial plans.9

reaction medium and observing a very rapid polymeriza-
tion.

The isomeric purity of the oxides obtained from cis- or
irons-2-butene strongly suggests two successive stereo-
selective steps; most probably a trans addition to give the
intermediate oxymercurial followed by a trans intramolec-
ular attack to give the epoxide. The higher yield in epoxide
in the case of cyclohexene is also indicative of such a pro-
cess since it has been shown that with this olefin the hy-
droxyl group and the mercury atom aré trans to each other
which through a rapid aa <> ee equilibrium facilitates a
trans intramolecular attack.8

The use of olefins whose structures do not allow ketone
formation did not always give high yields of epoxide; with
isobutene a large quantity of tert-butyl alcohol was ob-
tained and with 2,3-dimethyl-2-butene the only product
was tert- butyl methyl ketone.

In order to obtain a deeper insight we studied the various
variables that could influence this reaction, trans-2-Butene
was chosen arbitrarily and a series of reactions was carried
out using six variables.

The Variance Analysis Technique was utilized and arel-
atively limited number (20) of experiments permitted the
determination of the influence of each variable on the yield
and selectivity of the reaction.9

The results given in Table Il show firstly a great influ-
ence of the oxymercurial concentration and alittle or no in-
fluence of the pH on the yield and selectivity. If by analogy
with the reaction in acidic medium, one considers the for-
mation of the ketone, via an intramolecular rearrangement
of the oxymercurial accompanied by a 1,2-hydride shift,
the first observation is not surprising. What is more unex-
pected, however, is the nondependence of the hydroxide
concentration on the rate of product formation as can be
seen from the small influence of the pH on the per cent
conversion. Although this is in accord with a ketone forma-
tion by the path described above, it forbids a full analogy
with the process of epoxide formation from 1,2-chlorohy-
drins which has been shown to be base dependent.10

The results in Table Il also show a very significant influ-
ence of the temperature and the reaction time on the per
cent conversion. This is not unexpected; however, the fact
that the selectivity in epoxide fell with reaction time left a
doubt as to the possibility of isomerization of epoxide into
ketone. Such rearrangements have been reported in the
presence of organometals.11 We thus introduced pure epox-
ide in amixture containing mercuric sulfate under identical
experimental conditions and at a rate close to which it is
formed and observed no ketone formation.

All these observations as well as those given in Table |
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Table 111

Thermal Decomposition of
I-Chloromercuri-2-hydroxypropane in the Presence of
Potassium Alkoxide (ROK) in Alcohol (ROH)

Con-

R 2 (__ Products, % Yieﬂ/luds, version,
o OH
x A A
Ethyl6 24.3 60 38 2 20 36
n-Butyl 18.2 78 21 1 21 47
sec -Butyl 15.8 87 11 2 83 94

“ Dielectric constant of the alcohol at 25°. 6 Reaction tempera-
ture: refluxing ethanol, 78°.

Table IV
Thermal Decomposition of
I-Halomercuri-2-hydroxypropane in the Presence of
Potassium n-Butoxide in n-Butyl Alcohol

Con-
-—-----Products, % ------ ~ Yields, version,
Halogen Registry no. % %
0 OH
X A A
Cl 52358-07 -3 78 21 1 21 47
Br 18832-83 -2 35 65 14 50
| 5323-64 -8 4 96 36 60

clearly indicate two parallel decomposition paths of the in-
termediate oxymercurial, one leading to the ketone and one
to the epoxide.

Nonaqueous Medium. The general procedure consisted
of adding to the potassium alkoxide solution the previously
prepared halomercurial and heating the resulting mixture.

HgX o)
RcH— dhr XS
i ROH
HO 0

R'= H, alkyl

RCH:\—/CHR + RéCH,R + Hg°

The results given in Table Il show that both the yield
and the selectivity in epoxide increase with decreasing di-
electric constant of the medium. This again points out the
dissimilarity with the epoxide formation from chlorohy-
drins; thus, the formation of an intermediate 1-chloromer-
curi-2-alkoxide analogous to the 2-chloroethoxide pro-
posed by Swain would be expected to be facilitated in sol-
vents with higher dielectric constants, whereas the opposite
was observed.12

On the other hand the ease of formation of ketone seems
to be influenced by the character of the mercury atom as a
leaving group. This was shown by varying the halogen on
the oxymercurial. The results are given in Table IV.

The results obtained both in aqueous and nonaqueous
medium, although not allowing the establishment of a de-
tailed mechanism, clearly indicate two distinct decomposi-
tion paths: one leading to epoxide formation most probably
by an intramolecular attack, somehow different from that
of 1,2-chlorohydrins, and a second leading to ketone appar-
ently driven by the departure of the mercury atom.

Experimental Section

Materials. All olefins used were commercially available and
were used as obtained after verifying their purity by glpc on a 12 m
X 6mm column of 30% dimethylsulfolane on Chromosorb P at 25°.
All solvents were purified by distillation following standard meth-
ods. Mercuric salts (Prolabo) and alkali metals (Prolabo) were
used without further purification.
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Oxidation Procedure. The general procedure was discussed in
the text. All product analyses were carried out by glpc using te-
trahydrofuran as an internal standard. Products were identified by
spectroscopic methods on preparative glpc purified samples and
compared with authentic samples.

Aqueous Medium. A suspension of 80 mmol of mercuric salt in
150 ml of water was placed under an atmosphere of gaseous olefin.
In the case of liquid olefins, the stoichiometric amount of substrate
was added to the aqueous suspension and stirring continued for 1
hr. The resulting solution was then placed in the reaction vessel
equipped with a gas inlet tube, a mechanical stirrer, and a reflux
condenser kept at 60-65°. The mixture was rendered basic (pH 13)
by slowly adding 14 g of potassium hydroxide and then heated to
100° for 6 hr. The products formed were swept out by a continuous
flow of nitrogen gas (5 I./hr) and collected in two flasks placed in
series and cooled to —45°. After cooling the reaction mixture, hy-
drochloric acid was added and the amount of olefin regenerated
was measured.

Nonaqueous Medium. To the desired potassium alkoxide (80
mmol) in 100 ml of alcohol, placed in the reaction vessel described
for the aqueous reaction, was added a 100-ml alcoholic solution
containing 80 mmol of the previously prepared I-halo-2-hydroxy-
propane. Heating the mixture for 6 hr at 82° while nitrogen gas
swept the system gave the reaction products which were collected
and analyzed in a manner analogous to the reaction in water.

Preparation of I-Halomercuri-2-hydroxypropane. The pro-
cedure followed was the one described by Hofmann and Sand.13 A
300-mIl aqueous solution containing 200 g (0.63 mol) of mercuric
acetate was placed under an atmosphere of propene. Vigorous agi-
tation resulted in the absorption of 13.24 1 of gas. The solution ob-
tained was neutralized by adding slowly 40 g (0.7 mol) of potassi-
um hydroxide dissolved in 100 ml of water, adjusted to neutrality
with CO2and then divided into three aliquots. Each part was then
treated separately with 0.21 mmol of sodium chloride, bromide,
and iodide to give white precipitates which were filtered and re-
crystallized from diethyl ether. The products obtained were re-
spectively: I-chloromercuri-2-hydroxypropane (42 g, 68% yield),
mp 51° (lit.1353°); I-bromomercuri-2-hydroxypropane (54 g, 75%
yield), mp 78° (lit.13 76°); and l-iodomercuri-2-hydroxypropane
(40 g, 50% yield), mp 65° (lit.1368°). All solids were stored under
nitrogen and in the dark before use.
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The vapor-phase pyrolysis of 2-tert- butyl-3-phenyloxa-
ziridine (1) was described by Emmons in 1957.3 The prod-
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ucts were reported to be benzaldoxime (2), N-tert- butyl-
«-phenylnitrone (3), and isobutylene (4) contaminated

rH CEH5
X0 VvV —N .
/C - ——N—C(CH33 —» N\
n OH
1 2
CHH\ + 1
0= n: + (CH32C=CH2
»u/ C(CH33 4
3

with small amounts of tert- nitrosobutane, nitrous oxide,
and carbon dioxide. A concerted cyclic elimination from
the initially formed nitrone was suggested as the probable
mechanism for the formation of the oxime and olefin. Such
cyclic eliminations are well documented for tertiary amine
oxides bearing /3-hydrogens. Recently Boyd4 showed that
the thermal elimination of olefins from various N - alkylni-
trones is quité general.

Although a concerted decomposition (illustrated in route
afor an N -tert-butylnitrone) seems reasonable, a homolyt-
ic dissociation followed by disproportionation (route b)
warrants consideration.5 We have recently shown that a

R 0" Rv i* /0'"-H
X ,C=N
R C(CH33 R
IV
h& ch3
R\ /OH HXv
\:=n + J:ic= ch2 (i)
RX HT
b o T

R\ C= -CXCH()% --------I-l
RXx

homolytic cleavage of the C-N bond is the principal mode
of decomposition of N - benzhydryl-a,a-diarylnitrones.67
A kinetic comparison of the thermolyses of 3 and N-
benzhydryl-a,a-diphenylnitrone (5) in tert- butyl alcohol
appeared to offer a useful mechanistic probe. The entropy
of activation for the decomposition of 5, which clearly in-
volves the formation of iminoxy and benzhydryl radicals,
was expected to be moderately large and positive. In di-
ethylcarbitol this was found to be 11 eu.8 By contrast, for a
cyclic elimination (from 3) a modest negative AS* might
reasonably be expected. Entropies of activation for thermo-
lyses of neutral compounds, transition states for which in-
volve five- or six-membered structures, fall in the range of
—2 to —17 eu.9 Useful comparison examples are the ther-
mal decompositions of erythro- and threo-N,N- dimethyl-
3-phenyl-2-butylamine oxides in aprotic solvents which ex-
hibit entropies of activation ranging from +0.6 (+2.1) to
-10.5 (¢2.5) eu.10
Rate constants for the thermal decompositions of 3 and 5
in tert- butyl alcohol obtained in the present study are list-
ed in Table I. The activation parameters calculated from
the data in Table | are for 3, Ea= 34.9 + 0.3 kcal/mol; AS*
= —03 + 09 eu; for 5, Ea= 40.9 + 04 kcal/mol; AS* =
+14.5 + 0.8 eu. The N- benzhydrylnitrone (5) leads to the
formation of O-benzhydrylbenzophenone oxime in nearly
quantitative yield by recombination of iminoxy and
benzyhydryl radicals. Prom the decomposition of 3, benzal-
doxime was produced in 97% yield as determined by ultra-
violet spectroscopy and isobutylene was isolated in 90%
yield. The near zero value of AS * for the decomposition of

Notes

Table l
First-Order Rate Constants0 for the Thermal
Decompositions of V-tert-Butyl-«-phenylnitrone (3) and
iV-Benzhydryl-a,a-diphenylnitrone (5) in
tert-Butyl Alcohol

Nitrone Concn, mM Temp, C 107 fc, sec #
3 2.53 135 0.368
3 2.63 135 0.385
3 0.229 150 1.86
3 1.20 150 1.70
3 1.20 150 1.88
3 2.44 150 1.76
3 1.03 165 7.09
3 2.62 165 7.39
5 3.44 130 0.250
5 0.733 130 0.232
5 0.745 130 0.236
5 2.41 144 1.26
5 3.50 144 1.28
5 2.58 144 1.32
5 0.906 144 1.30
5 0.664 144 1.34
5 0.596 144 1.35
5 3.07 160 7.66
5 2.84 160 7.97
5 0..930 160 8.13
5 0.650 160 8.22

aThe average probable error on individually determined rate
constants was * 1%.

3 is consistent with a cyclic transition state but not in ac-
cord with expectations if homolytic dissociation or ion pair
formation were involved. The substantially lower activa-
tion energy for this decomposition (compared with that of
5) is also in accord with expectations based upon the bond
energy gain attending partial carbon-carbon double bond
formation. The high yield of oxime and olefin renders un-
likely and significant cycloaddition of isobutylene with un-
reacted nitrone.

Experimental Section13

IV-Benzyl-ierf -butylimine was prepared according to the pro-
cedure of Emling and coworkersl4 in 83% yield: bp 77.5-79° (4
mm), n25D 1.5212, ir (neat) 1650 cm-1 (C=N).

2-ieri-Butyl-3-phenyloxaziridine (1) was prepared by m-
chloroperbenzoic acid oxidation of the above imine using the pro-
cedure described by Pews.16 The unpurified product (96% yield)
was obtained as a pale yellow oil: pmr (CC14) b7.4-7.2 (m, 5, aro-
matic), 4.50 (s, 1,a C-H), 1.15 (s, 9, C(CH 3)3).

iV -ieri-Butyl-a-phenylnitrone (3) was prepared by the ther-
mal isomerization of 1 in acetonitrile as described by Emmons.3
The nitrone was recrystallized from 10% ether-petroleum ether
(bp 90-110°) followed by recrystallization from 20% ether-hexane.
The product used was a colorless crystalline material: mp 73.5-
74.5° (lit.3 mp 75-76°); pmr (CCl14) b 8.25-8.02 (m, .2, aromatic),
7.38-7.15 (m, 4, aromatic + vinyl protons), 1.53 (s, 9, C(C+13)3); uv
(C2H50H) Amax 293.5 nm (f, 17,700), 224 nm (t, 7,240).

\-Benzhydryl-a,a-diphenylnitrone (5) was prepared as pre-
viously described.16

General Procedures for the Kinetic Runs. A solution of the
nitrone was prepared with tert-butyl alcohol which had been dried
over CaO and distilled from Dri-Na under nitrogen. Approximate-
ly 1 ml of the solution was pipetted into each of 5-10-m. Pyrex
tubes. These solutions were then degassed and sealed under vacu-
um. For a given run the tubes were simultaneously placed in acon-
stant temperature oil bath (x0.05°). Tubes were removed periodi-
cally and quenched at low temperature. Infinity tubes remained in
the bath for 10 half-lives. The opened tubes were allowed to warm
to room temperature in a desiccator. Aliquots were weighed by dif-
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ference into volumetric flasks and diluted with absolute ethanol.
Rate constants were determined for the disappearance of the ni-
trone by following the decrease in its absorption at 293.5 (for 3)
and 310 nm (for 5).

Product Analyses. Small samples of 5 were decomposed (99.9%
reaction based upon rates) in tert-butyl alcohol at 144°. After re-
moval of solvent under reduced pressure, the residue was carefully
chromatographed over alumina. Hexane-benzene (49:1) mixtures
eluted approximately 1-2% tetraphenylethane. Hexane-benzene
(4:1) eluted O- benzhydrylbenzophenone oxime in yields as high as
96%.

The yield of benzaldoxime from the decomposition of 3 in tert-
butyl alcohol (measured by ultraviolet spectroscopy) was 97%. The
opened reaction ampoules were then attached to a vacuum line,
and the isobutylene was distilled from the solution and collected
under reduced pressure. The isobutylene (90% determined volu-
metrically) was identified by infrared and mass spectra.
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Boyer and Straw have shown that aliphatic a-azidocar-

bonyl compounds (1) decompose at 200 + 20° to give im-
ines (3), probably via the intermediacy of nitrenes (2).11n
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R R
1 1
1 2000~ , 1
®c— Na—»R C—C -N — R—C--C=N- -R
o1
1 i1 1]
R" 0o R" o R
2 3

this reaction migration of hydrogen, methyl, or phenyl oc-
curred and no acyl migration was observed. We now want
to report two examples of acyl migration from carbon to ni-
trogen when R' and R" are part of a heterocyclic ring such
asineql.2
N3 R2 R'CONK R2
kY \

ROO— C—GC— H gy /c:\c\

/ ! Ph -N 0'ijc— Ph M
vem® o
4

5
a R1= Mg; R2= Ph
b, Rl= Phy R2= Me

The 5-azido-5-acylisoxazolines 4a and 4b used in this
work were obtained, among other products, from the reac-
tions of a-azidovinyl ketones with benzonitrile oxide.3
Thermolysis of 4a,b in toluene at ca. 100° resulted in evo-
lution of nitrogen and formation of white crystals which ex-
hibited microanalyses and spectral data consistent with
structure 5a,b. The alternative structures 6 and 7, which

N R2
RCO— O* X)— R2
I I

% /c- ph R'CO- -cxS j- -Ph

| H— N AN
H

6

would result from 4 by loss of nitrogen and ring expansion,
are easily excluded by the absence of a ketone C-atom ab-
sorption at about 190-200 ppm in the 13C nmr spectra.

The chemical shift data of compounds 4a and 4b are
summarized in Table I. Assignment of the ring carbon ab-

Table |
13C Chemical Shifts with Respect to
TMS (DMSO-de as Solvent)

Compd Cs Cs4 cs5
5a“ 162.4 110 159.1
5b6 163.6 103.8 159.5
8 164 97.5 170.5
9 161.6 119.3 163.6
11 161.7 91.4 167.7

° For this compound the CH3CO carbon atoms absorb at d2z2.6
and 170. Compare these values with S24.1 and 169.5 for the acetyl
group in acetanilide: L. F. Johnson and W. C. Jankowski, “Carbon-
13 Nmr Spectra. A Collection of Assigned, Coded, and Indexed
Spectra,” Wiley-Interscience, New York, N.Y., 1972, Spectrum no.
295. 6 For this compound the CH3 and C=0 carbon atoms absorb
at 58 and 165.6.

sorptions was based on comparison with the model com-
pounds 8 and 9.3 These compounds possess CH ring C

Ph H ACOPh
c=C Cc=C
/ \ / \
oNn”~ c— Ph ° v c¢- ph
8

atoms whose position in the nmr spectra can be determined
by the off-resonance spin-decoupling technique. The values
reported in Table | are consistent with expectation. Indeed,
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the Cs atoms are expected to absorb at low field (relative to
benzene, 5 128) since they are located next to an electro-
negative O atom. The Cs atoms, on the contrary, experi-
ence an electron-donating resonance effect of the o atom
and, hence, their absorption lines are shifted upfield.

The structure 5a was further proven beyond any doubt
by an independent synthesis starting from a-benzoyl-
phenylacetonitrile (10) and hydroxylamine.sa The amino-
isoxazole 11 formed in this reaction was treated with acetic

PhCO— CH— Ph + NHDH —»

|
CN

10
H2N

(cTCO)>

1

anhydride at room temperature to give a product which
was identical in all respects with the product obtained by
thermolysis of 4a. The aminoisoxazole 11 was also subject-
ed to 13C nmr analysis and exhibited absorptions consistent
with its structure (see Table I). Noteworthy is the lower
field absorption of the Cs atom compared with the corre-
sponding acetyl derivative 5a. The difference in chemical
shift (s.6 ppm) is comparable with that found for the Ci
absorptions of aniline (¢ 147.9) and acetanilide (5 139.8, As
8.1 ppm).s Note also that the Ca atom in 11 not only experi-
ences the mesomeric effect of the O atom, but also that of
the amine function which results in a high-field absorption.
Mechanistically, three pathways can be considered for
the reaction 4 —»5 (see Scheme 1). The azidoisoxazoline 4

Notes

Table 11
Rate Constants and Activation Parameters
for the Thermal Decomposition of 4a in Decalin

AS*
C 1 _ (at 101.9 °),
Temp, °C 101 sec 1 kcal/mol eu
101.9 4.76 27.9 —0
110.9 '11.61
121.3 31.94
131.6 74.19

prepared compound 15a from 14a by the well-known
Schmidt reactionz in order to compare its spectral charac-
teristics with those of compound 5a (see Experimental Sec-
tion). Worth mentioning are the 44 nmr spectra of both
compounds, which showed CHs-NH coupling in the case of
15a but not in the case of 5a, the latter giving rise to a Me
singlet absorption and a sharp NH absorption.

Since path c can be excluded on the basis of structure de-
termination, we are left with paths a and b, which only dif-
fer in the way the nitrenium ion is formed. In order to dif-
ferentiate between a two-step or concerted process, we
have carried out a kinetic investigation of the thermolysis
of 4a in decalin. The results are summarized in Table II.
The moderate energy of activation and the low entropy of
activation are only consistent with path b (compare these
values with Ea= 47.5 kcal/mol and AS* = +32 eu for ther-
molysis of cyclohexyl azide in ethyl acetate, which proceeds
via a nitrene).s That anchimeric assistence occurs during
the thermolysis of 4a is also evident from the low decompo-
sition temperature (ca. 100°) compared with that of ali-
phatic 0-azidocarbonyl compares (ca. 200°).1

Scheme 1
N R2 N R2 R2
"\ / [A [ n /
patha R'CO— C— C— H Ri— &t—t=t— H RICO— N =C —r-C—rH H+ shift
/ \ / \ /
— Ph & ci ¢C— Ph 0. ¢2— Ph
V e . "
12 13
N
"| path b yr concerted
tf
.R2
/
Ri— C- C— C— H
4 = / \
5 O ~c— Ph
T
pathc RICO-——-C=C ——R2 HR, R'NHCO— C = C— R2
. 5 and/or / \

V -Ppj Schmidt reaction

14

can lose nitrogen to give a nitrene 12, which then rearran-
ges via a nitrenium ion 13 as shown in path a, or the azide
can decompose with simultaneous formation of the nitren-
ium ion 13 as shown in path b. A third possible route in-
volves the elimination of HN s at the elevated temperature
to produce an 5-acylisoxazole 14 which then undergoes a
Schmidt reaction to give 5 (path c¢). Path cis easily exclud-
ed by two facts: (i) 5-acylisoxazoles do not react with HN3
in boiling toluene, and (ii) reaction under the Schmidt con-
ditions (concentrated sulfuric acid) does not lead to s but,
instead, is knowns to produce amides of type 15. We have

Ck ~C— Ph
N

15

Experimental Section

Melting points were obtained on a Leitz apparatus and are un-
corrected. Ir spectra were taken on a Perkin-Elmer 521 spectrome-
ter. *H nmr spectra were recorded with a Varian A-60 or XL-100
spectrometer using TMS as an internal reference. For 13C nmr
spectra, the XL-100 apparatus was equipped with a device for
pulsed Fourier transform operation. Mass spectra were obtained
with an AEI MS-12 instrument operating at an ionizing potential
of 70 eV.

Thermolysis of 4a. Compound 4a (1.7 g) was dissolved in dry
toluene (10 ml) and then heated at 98-100°. After complete reac-
tion (11 days), the solution was cooled and 5a crystallized out in
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72% yield: mp 154-157° (CHCI3-n-pentane); ir (KBr) 3240 (NH),
1692, 1640, 1515 cm-1; nmr (CDCI3) r 1.68 (NH, exchangeable
with D20), 2.5-2.8 (m, 10 H), and 7.90 (s, 3 H); mass spectrum m/e
(per cent) 278 (60, M '+), 236 (100, M '+ - CH2CO, m* at m/e
200.3) ,235(11,M = - CH3CO ).

Anal. Calcd for Ci7H 14N 202 (278): C, 73.37; H, 5.07; N, 10.07.
Found: C, 73.65; H, 5.08; N, 9.93.

Thermolysis of 4b. When a toluene solution of 4b (1.0 g in 5 ml)
was heated at 98-100° and then cooled, compound 5b was ob-
tained in 98% yield: mp 148-149.5° (1:1 CHCI3-ether); ir (KBr)
3270 (NH), 1680, 1642, 1530 cm 'L, nmr (CDCI3) r 1.00 (NH, ex-
changeable with D20), 1.8-2.2 (m, 2 H), 2.25-2.75 (m, 8 H), and
7.98 (s, 3 H); mass spectrum m/e (per cent) 278 (54, M '+), 175
(16, M = - PhCN), 105 (100, PhCO+).

Anal. Calcd for CnHuNzOa (278): C, 73.37; H, 5.07; N, 10.07.
Found: C, 73.06; H, 5.08; N, 10.00.

Independent Synthesis of 5a. a-Benzoyl phenylacetonitrile
(10, 0.02 mol), prepared by the method of Levine and Hauser,9was
dissolved in pyridine (7 ml) and treated with NH20H <HC1 (0.02
mol) at room temperature for 24 hr. The suspension was poured
into ice-water, and the precipitate was filtered, washed with water,
and dried over P20s to give 11 in 56% yield. Crystallization from
water-EtOH (60%) furnished white needles: mp 152-154°; ir
(KBr) 3400 (NH), 3300-3180, 1634 cmrl nmr (CDCI3) r 2.50-2.90
(m, 10 H) and 5.47 (NH2, exchangeable with D20); mass spectrum
m/e (per cent) 236 (41, M '+), 208 (27, M '+ — CO, m* at m/e
183.3) , 105 (100,PhCO+).

Anal, (determined by high-resolution exact mass measurement).
Calcd for Ci6H 12N 20: 236.09495. Found: 236.09391.

Another procedure for the preparation of 11 consisted in allow-
ing equimolar amounts (0.04 mol) of 10 and NH20H <HC1 in
EtOH (75 ml) to react at reflux temperature for 2 hr. Then the so-
lution was partially evaporated and cooled to give 11 in 58% yield.

Compound 11 (1.2 g) was dissolved in acetic anhydride (15 ml)
and allowed to stand at room temperature for 28 days. After cool-
ing of the reaction mixture, 5a crystallized out in 70% yield, mp
154-157° (benzene).

Note: When 11 was heated in acetic anhydride or in boiling m-
xylene containing acetyl chloride, the N,N-diacetylated derivative
(mp 145-146.5°) was obtained in high yield (67-84%).

Synthesis of 15a by the Schmidt Reaction. To a magnetically
stirred solution of 14a (0.5 g) in chloroform (15 ml) was added
slowly concentrated sulfuric acid (15 ml) and then NaN3 (1 g). The
mixture was stirred for 24 hr at room temperature before being
quenched into ice. The yellow precipitate was filtered and crystal-
lized from MeOH (20 ml) to give pure 15ain 61% yield: mp 196-
198°; ir (KBr) 3320 (NH), 1662, 1628, 1530 cm“1 nmr (CDCI3) r
2.75 (s, 10 H), 3.32 (br, NH, exchangeable with D20), and 7.20 (d, 3
H, J = 5 Hz); mass spectrum m/e (per cent) 278 (35, M -+), 220
(100, M-+ - CH3NHCO < m* at m/e 174.1), 192 (30, 220 - CO,
m* at m/e 167.5).

Anal. Calcd for Ci7THi4N20 2 (278): C, 73.37; H, 5.03; N, 10.07.
Found: C, 73.40; H, 5.05; N, 10.00.

Kinetic Measurements. Decalin solutions of 4a (ca. 1.25 g in
50 ml) were allowed to decompose at the appropriate temperature
and the rates of decomposition were followed by recording the de-
crease of the azide absorption band at about 2130 cm-1 in the ir as
a function of time. Details concerning the procedure have been de-
scribed elsewhere.10
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Complex of Cyclobutadienecarboxylic Acidl
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Recently, in connection with another synthetic program,
we needed a convenient source of synthetically useful
amounts of the tricarbonyliron complex of cyclobutadiene-
carboxylic acid (Ib). Earlier preparations of this compound
require parent complex la and involve either formylation-
oxidation in <1% overall yield2 or methylthioformylation-
hydrolysis in 34% yield.2b Because existent methods for
preparing la are either expensive or inefficient, we sought
a more direct route to Ib and have found that application
of the photopyrone route of Rosenblum and Gatsonis3to
the readily prepared 3-carbomethoxy-2-pyrone (2)4 pro-
vides a convenient entry to monocarboxyl derivatives of la
and, by implication, to other types of monosubstituted de-
rivatives.

Experimentally, a solution of 2 in THF is irradiated until
disappearance of the pyrone, and the presumed photopy-
rone 3is irradiated for 1 hr in the presence of a 100% excess
of iron pentacarbonyl. Although the immediate product,
methyl ester Ic, is isolable, it is a liquid and is sensitive to
light. Consequently, the product was most conveniently
isolated as crystalline Ib after a saponification step. Quali-

FefCO)3
1
[ %)
hK 1. KOH
[ B o)
Fe(CO)s 2. H+
So
CO,CH,
co2ch3
2 3
a, R=H
b, R=C02H
c, r =coZ2h3

tative analysis of the effect of varying irradiation time
(during complexation) and relative amount of iron penta-
carbonyl indicated that the maximum yield (21%) of Ib is
obtained under the specified conditions.

Experimental Section

Melting points and boiling points are uncorrected. Ir spectra
were recorded on a Perkin-Elmer 521 spectrophotometer. Nmr
spectra were recorded on a Varian Associates A60-A spectropho-
tometer using TMS as internal standard. Microanalysis was per-
formed by Galbraith Laboratories, Knoxville, Tenn.

Tricarbonyl[l,2,3,4-?j-1,3-cyclobutadienecarboxylic aeid]-
iron (Ib). A solution of 1.00 g (6.50 mmol) of 3-carbomethoxy-2-
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pyrone4in 180 ml of dry THF was placed in a photochemical reac-
tion vessel immersed in an ice bath and irradiated for 22 hr under
nitrogen with a Hanovia 450-W high-pressure mercury lamp fitted
with a Pyrex filter. By this time, the pyrone had disappeared as in-
dicated by ir spectroscopy. Iron pentacarbonyl (2.55 g, 13.0 mmol)
was then added, and irradiation was continued for 1 hr. The reac-
tion mixture was concentrated on a rotary evaporator at reduced
pressure at room temperature,5 and the residue was washed
through a 4.5-in. X 1.5-in. wet-packed column of alumina with
methylene chloride (400-500-m1 total volume). Crude ester Ic was
obtained by collection and evaporation of the first colored band
eluted. This material was immediately mixed with a solution of
0.80 g of 85% potassium hydroxide in 1 ml of water and 5 ml of
methanol and stirred for 2 hr. The resulting mixture was combined
with 50 ml of water, washed with 50 ml of methylene chloride, aci-
dified with concentrated hydrochloric acid, and extracted with 2 X
50 ml of ether. The ether extracts were dried over magnesium sul-
fate and evaporated, and the residue was recrvstallized from car-
bon tetrachloride to give 325 mg (21%) of Ib, mp 147-149° (lit2b
mp 151-152°), the ir and nmr spectra of which were identical with
those reported by Fitzpatrick.2b

Tricarbonyl[methyl 1,2,3,4-ij-1,3-cyclobutadienecarboxyl-
atejiron (lc). The crude ester obtained in the preceding experi-
ment was purified by preparative tic (20 cm X 20 cm silica gel
plate, development with CHCI3) followed by evaporative distilla-
tion [bath temperature 34-38° (1.2 mm)] to give lc as a yellow oil:
ir (CHC13) 2068, 1988, and 1709 cm "1, nmr (CDCI13) 6 3.67 (s, 3 H,
OCH3), 4.28 (s, 1 H, para proton), and 4.51 (s, 2 H, ortho protons).

Anal. Calcd for COH6Fe06: C, 43.24; H, 2.42; Fe, 22.34. Found:
C, 43.11; H, 2.47; Fe, 22.10.

Registry No.— Ib, 52571-39-8; lc, 52571-40-1; 2, 25991-27-9;
iron pentacarbonyl, 13463-40-6.
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The reaction of aryl com -

pounds in diethyl ether or other less polar solvents is domi-

halides with organolithium

nated by the halogen-metal interconversionl (eq 1). The
coupling of the aryl and alkyl groups in these solvents gen-
erally takes place very slowly.1 We have noted that the cou-
pling reaction (eq 2) is markedly promoted by tetrahydro-
furan (THF),2 producing cleanly the cross-coupled prod-
ucts in many cases.2

ArBr + RLi eztgoer>ArLi + RBr

ArBr + ArR + LiBr

3

For example, the reaction of 1-bromonaphthalene with
n-butyllithium in a 1:5 mixture of hexane and THF pro-
duces 1-n-butylnaphthalene (1) in 72% yield within 1 hr at
room temperature, whereas the corresponding reaction in a
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Notes

1:5 mixture of hexane and diethyl ether yields only 3% of 1
over the same period at the same temperature.

As summarized in Table |, a wide variety of aryl halides
react readily with primary alkyllithiums to produce the
cross-coupled products in high yields. On the other hand,
secondary and tertiary alkyllithiums do not give the cross-
coupled products in any appreciable yields under the com-
parable conditions. These results suggest that the actual
coupling step involves the interaction of aryllithiums with
alkyl halides formed by the halogen-metal exchange reac-
tion. Indeed, phenyllithium prepared from bromobenzene
and lithium metal reacted with n-octyl bromide in the
presence of THF to produce n-octylbenzene in 87% yield
within 2 hr at room temperature. Based on these results we
have developed the following convenient procedure involv-
ing the use of a hindered alkyllithium, i.e., sec- butyllith-
ium. 1-Bromonaphthalene was treated sequentially with
equimolar quantities of sec-butyllithium and n-octyl bro-
mide to provide 1-n-octylnaphthalene (2) in 74% yield (eq
3). Only trace quantities of 1-sec-butylnaphthalene and 3-

2

methylundecane were present. The benzyne mechanism4
does not appear significant, since no 2-naphthyl derivatives
were detected.

It should be noted that any of the three procedures de-
scribed here provides a convenient alternative to the
Wurtz-Fittig route for the coupling of aryl halides with
alkyl halides.

Experimental Section

The following examples are representative of the three proce-
dures discussed in this report.5

Preparation of 1-n-Butylnaphthalene by the Reaction of
1-Bromonaphthalene with n- Butyllithium (Procedure I). To a
dry 100-ml flask equipped with a magnetic stirring bar, a septum
inlet, and an outlet connected to a mercury bubbler were intro-
duced sequentially 20 ml of THF, 2.07 g (1.41 ml, 10 mmol) of 1-
bromonaphthalene, and 4.30 ml (11 mmol) of 2.56 M n-butyllith-
ium in hexane while controlling the reaction temperature at 25 +
5°. After stirring the mixture for 2 hr, it was washed with water
and aqueous sodium chloride. The combined aqueous layer was ex-
tracted with chloroform and the combined organic layer was dried
over magnesium sulfate, evaporated, and distilled to yield 1.21 g
(66% yield) of 1-n-butylnaphthalene: bp 78-80° (0.05 mm); n26D
1.5807 [lit.6 bp 289°; re20D 1.5819]; pmr (CC14, TMS) 6 0.8-2.0 (m,
7H), 3.00(t 2H,J =75Hz), 7.2-8.1 (m, 7H) ppm; ir (neat) 797,
785 (sh), 775 cm-1.

Preparation of n-Octylbenzene by the Reaction of Phenyl-
lithium with n-Octyl Bromide (Procedure Il). In a setup simi-
lar to that described above 5.56 ml (10 mmol) of 1.80 M phenylli-
thium in a 70:30 mixture of benzene and diethyl ether and 2.12 g
(1.89 ml, 11 mmol) of n-octyl bromide in 20 ml of THF were react-
ed at,25 + 5° for 2 hr. The. mixture was worked up in a manner
analogous to that described above to give 1.56 g (82%) of n-octyl-
benzene: bp 82-85° (0.5 mm); n25D 1.4832 [lit.7 bp 131-134° (12
mm); n20D 1.4851]; pmr (CC14, TMS) &0.7-1.9 (m, 15 H), 2.58 (t, 2
H,J = 75Hz),7.12 (s,5 H) ppm; ir (neat) 745, 695 cm-1.

Preparation of 1-n-Octylnaphthalene by the Coupling of
1-Bromonaphthalene and n-Octyl Bromide under the Influ-
ence of sec-Butyllithium (Procedure I11). In a setup similar to
that described above 2.07 g (1.41 ml, 10 mmol) of 1-bromonaph-
thalene in 10 ml of diethyl ether was treated at room temperature
with 13.7 ml (11 mmol) of 0.80 M sec-butyllithium in hexane.
After stirring the mixture for 10 min 2.12 g (1.89 ml, 11 mmol) of
n-octyl bromide and 10 ml of THF were added in this order at 25
+ 5°. The mixture was stirred for 3 hr and then worked up as de-
scribed above to yield 1.59 g (66%) of 1-n-octylnaphthalene: bp
120-123° (0.05 mm); n24D 1.5515 [lit.8 bp 144.5° (0.2 mm); n 20D

I. 5533]; pmr (CC14, TMS) 50.7-2.0 (m, 15 H), 3.01 (t, 2H,J = 7.5

Hz), 7.2-8.1 (m, 7 H) ppm; ir (neat) 797, 788, 776 cm-1.
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Tosylhydrazones serve as intermediates for the synthesis
of olefins1 and the creation of carbenes.2 Those derived
from a,/3-epoxy ketones undergo fragmentation readily to
afford acetylenic carbonyl compounds.3Generally, tosylhy-
drazones are highly crystalline, therefore they should be
valuable for the characterization and purification of car-
bonyl substances. However, this last potential utility and
also their applicability as protective device have been vir-
tually completely ignored, presumably owing to their high
hydrolytic stability.

Thus the recovery of carbonyl compounds from tosylhy-
drazones represents a pragmatic problem yet to be re-
solved. During the regenerative process, a hydroxyl group is
to be attached to the imino carbon, and, to augment the
electrophilicity of this center toward water or hydroxide
ion, an additional electron-withdrawing, good leaving
group has to be temporarily introduced to the tosyl-bearing
nitrogen. According to our plan, such an operation is in fact
mandatory, because a combination of an Sn 2' displacement
and then a fragmentation is required for the ultimate gen-
eration of the carbonyl and the release of molecular nitro-
gen. Further elaboration of this scheme indicated that the
most elegant and convenient way to effect the overall
transformation would be the reaction with alkali hypochlo-
rite (eq 1). This reagent furnishes both C1+ for N-chlorina-

NaOCl OH-
-C!
(-Ts-)

[ = J— N =N -r—Ts(Cl) — » V =0 + N2+ Ts- (ClL) (1)
VOH K

tion and OH- for deprotonation and the nucleophilic at-
tack.
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Treatment of tosylhydrazones with a commercial bleach
solution rapidly reverted them in one step to the parent ke-
tones, thereby confirming the validity of our proposal. The
timing of the double extrusion (ClI-, Ts-) cannot be deter-
mined but it is immaterial from the synthetic standpoint.

Table |
Ketones from Tosylhydrazones
Ketone Yield, %
Benzophenone 85
Acetophenone 69
Cyclohexanone 60
2-Methylcyclohexanone 63
Norcamphor 62

Acetophenone has been similarly obtained in reasonable
yield, even though it is susceptible to further degradation
(haloform reaction). Unfortunately the procedure is not
very suitable for cleavage of aldehyde derivatives, since al-

u n

Sulfonyl Thiocyanates and Their Additions to Olefir.s,
Acetylenes, and Allenes

Summary: Sulfonyl thiocyanates may be readily prepared
from the appropriate sodium sulfinate and thiocyanogen;
these new members of the sulfonyl halide/pseudohalide
class react with unsaturated hydrocarbons to provide />
thiocyanatosulfones.

Sir: Investigations into the synthetic use of sulfonyl io-
dides (2, X = 1)1-3 coupled with the recent reports con-
cerning the synthesis4 and chemistry5 of sulfonyl cyanides
(2, X = CN) kindled our interest in the possible prepara-
tion of other sulfonyl pseudohalides. Perhaps the most fac-
ile method for preparing 2 is via the reaction of an agueous
solution of the sodium salt of the appropriate sulfinic acid
(1) with molecular iodine (X = Y = 1), or with cyanogen
chloride (X = CN; Y = CI). Considering the similar reac-

ArsofNa* + XY —* ArS0X + NayY

1 2

tivities of molecular iodine and thiocyanogen,6 it was felt
the generation of 2 (X = SCN) was arational goal.7

The finding that thiocyanogen is relatively stable as a
benzene solution in contact with water8 (at least at temper-
atures below 10°) provided the opportunity for attempting
the synthesis of p- toluenesulfonyl thiocyanate in a manner
similar to that employed for the analogous cyanide45and
iodide.2

A clear, pale yellow benzene solution of 2 (X = SCN) was
obtained on mixing a cold, aqueous solution of sodium p-
toluenesulfinate with a benzene solution of thiocyanogen.
Similarly, solutions of the methyl and ethyl homologs were
prepared. In practice the sulfonyl thiocyanate could be
used in this form or, with the aryl derivative, it could be
isolated (64%) as a crystalline solid, p-Toluenesulfonyl
thiocyanate is a moderately stable, white solid, mp 37-39°,
which undergoes only slow decomposition when refrigerat-
ed. Decomposition is obvious after 1 month as noted by a

Communications

dehydes were recovered in rather low yields, perhaps due to
oxidation by hypochlorite.

Experimental Section

General Procedure for the Hydrolysis of Ketone Tosylhy-
drazones. The tosylhydrazone (1.0 g), dissolved or suspended in
chloroform (30 ml), was shaken with 5% NaOCI (20 ml) for 5 min.
The organic layer was separated, washed with water, dried
(MgSOd, and evaporated. Distillation of the residue gave the ke-
tone.

Registry NO.—Benzophenone, 119-61-9; benzophenone tos-
ylhydrazone, 4545-20-4; acetophenone, 98-86-2; acetophenone tos-
ylhydrazone, 4545-21-5; cyclohexanone, 108-94-1; cyclohexanone
tosylhydrazone, 4545-18-0; 2-methylcyclohexanone, 583-60-8; 2-
methylcyclohexanone tosylhydrazone, 52826-41-2; norcamphor,
497-38-1; norcamphor tosylhydrazone, 38397-34-1.
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ica tion s

Table |
Reactions of Sulfonyl Thiocyanates with
Unsaturated Hydrocarbons

% yield of

Reac- rso2- isolated Mp, C,

tion SCN, R Unsaturated hydrocarbon adduct of adduct
1 p-Tol Styrene 43 112-112
2 p-Tol Cyclohexene 84  90-92
3 Me Cyclohexene 57 89-91
4 p-Tol Phenyiethyne 79 111-112
5 p-Tol Cyclohexylethyne 68 116-117
6 p-Tol 3-Hexyne 5 70-72
7 Me 3-Hexyne 13  53-55
8 Et Cyclohexene 35 71-72
9 p-Tol 3-Methyl-1, 2-butadiene 53  99-100

10 Me 3-Methyl-I, 2-butadiene 12  66-67

dark yellow color and the odor of sulfur dioxide. At elevat-
ed temperatures this process is accelerated. Confirmation
of the structure was provided by elemental analysis, and
nmr, ir, and mass spectral data (see supplementary pages).
Supporting this structure is the known reactions of thiocy-
anogen with various nucleophiles invariably providing the
corresponding thiocyanate. In addition, p-toluenesulfonyl
thiocyanate, on standing in absolute ethanol for 24 hr at
room temperature, provided a virtually quantitative yield
of ethyl p- toluenesulfonate.

Bacon, et al, have shown that arylalkyl hydrocarbons
may undergo homolytic thiocyanation with either thiocy-
anogen or thiocyanogen chloride.9 It has also been noted
that sulfonyl iodides (but not sulfonyl cyanides) undergo a
very facile free-radical addition to unsaturated hydrocar-
bons.2 Under more rigorous conditions, sulfonyl cyanides
react with olefins, but not with acetylenes.5It has now been
found that combination of a sulfonyl thiocyanate (aryl or
alkyl) and an unsaturated hydrocarbon (olefin, acetylene,
or allene) provides a fair to good yield of a product giving
the correct elemental analysis for a 1:1 adduct. That this
material is a thiocyanate rather than an isothiocyanate was
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confirmed by the ir spectrum. Thus, all adducts in Table |
showed a very strong, sharp band between 4.64 and 4.67 g.
Isothiocyanates are known to absorb at longer wavelength—
4.67-5.26 g—and these bands are usually broad.10We have
been unable to detect any appreciable amount of isothiocy-
anate (by ir) in any of the crude reaction mixtures.1l

That the reactions are homolytic in quality is supported
by the nature of the adducts obtained which are analogous
to those obtained in the known free-radical additions of
sulfonyl iodides. Consistent also is the fact that large quan-
tities of polystyrene were obtained in the reaction of meth-
anesulfonyl thiocyanate with styrene. The biting odor of
sulfur dioxide was noted during the reactions in which alk-
anesulfonyl thiocyanates were employed; this observation
is consistent with the intermediacy of RSOz ¢, which de-
composes to R «and SOz2.

The yields listed in Table | have not been optimized
though it has been found that these additions require a
large excess of hydrocarbon for best results. Thus, in reac-
tion 2, as the molar ratio of cyclohexene was increased in
the manner 1:1, 2:1, 4:1, and 10:1, the corresponding yields
of isolated product were 15, 38, 53, and 84%. The yields
given in Table | are the result of hydrocarbon excesses
ranging from 2:1 to 10:1.

Careful monitoring of several of the reactions (1-4, 9) by
both tic and glpc methods has revealed, in addition to
starting materials and very slow moving components (most
certainly polymeric in nature) no more than 10% minor
products with Rf values and retention times comparable
with those of the isolated adducts.

PhCH=CH2 + p-TolS02SCN — *
2

Et k \ /
PhCHCH2502Tol-/> / C=C\

gQjag- H S02Tol-/>

3 4

That structure 3 correctly represents the adduct ob-
tained in the p-toluenesulfonyl thiocyanate addition to
styrene was confirmed by its further, facile conversion to 4
(93%). Based on the known trans additions of sulfonyl io-
dides, it seems reasonable to assign structures resulting
from trans addition of the sulfonyl and thiocyanato
moieties in reactions 2-8; however, this matter is currently
under investigation.

The spectral data of the adducts from reactions 9 and 10
confirm that addition has occurred to the less substituted
double bond. The nmr spectrum of the adduct from reac-
tion 10 shows three unequal methyl groups as singlets, in
addition to a methylene group (singlet). With 9, one of the
methyl groups is replaced by a p-tolyl function. That the
thiocyanato group was attached to the terminal carbon was
determined by the interesting borohydride conversion of
this latter adduct to 2-(p-toluenesulfonyl)-3-methylbut~I-
ene in 57% yield. Similar borohydride treatment of 3 pro-
vided 4 in 88% yield.

Though the chemistry of these 1:1 adduts may, in some
respects, resemble that found when sulfonyl iodides are
employed, the presence of the thiocyanato moiety in the
current compounds provides an unusually reactive func-
tionality which should be subject to the known transforma-
tion of thiocyanates,6thereby providing access to numerous
unique d-substituted sulfones.
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Supplementary Material Available. A full experimental sec-
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the preparation of 4, G, and p- toluenesulfonyl thiocyanate will ap-
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Condensation of tert- Butyl a-Lithioisobutyrate with
Acid Chlorides. A Synthesis for /3-Keto Acids and
Ketones

Summary: The acylation of tert- butyl a-lithioisobutyrate
with benzoyl chlorides gives the corresponding /3-keto es-
ters in good yield, and subsequent treatment of these esters
with trifluoroacetic acid either at room temperature or at
reflux affords /3-keto acids or isobutyrophenones, respec-
tively.

Sir: Recently dianions of carboxylic acidsland O- silyl ke-
tene acetals2 have been used to prepare /3-keto acids and
/3-keto esters, respectively. However, the former method
does not work well for the preparation of «-benzoyl carbox-
ylic acids and the latter method is inapplicable to the syn-
thesis of a,a-disubstituted /3-keto esters. Herein we report
a new procedure3 for the facile synthesis of both of these
classes of compounds and for their conversion into the cor-
responding ketones.

Treatment of tert- butyl a-lithioisobutyrate with benzoyl
chlorides (1) gave the tert- butyl a-benzoylisobutyrates4 (2)
in fair to good yields.5 The tert- butyl esters 2 upon treat-
ment with trifluoroacetic acid for 15 min at room tempera-
ture afforded the /3-keto acids6 3 in quantitative yield. The
corresponding ketones 4 can be readily prepared, essential-
ly quantitatively, by heating solutions of 2 in trifluoroacetic
acid under reflux for 1 hr.
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0 0
I I
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aXx=H 5% d,x=cl 68%
bx=chn3 68% e X=N0222%
X = ocH3 8%
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( .cob X H i
"ch;
chs CH, '‘CH,
3a—e 4a—e

The nmr spectrum of 2a in trifluoroacetic acid exhibited
a tert- butyl resonance at h 1.38 that disappeared after 45
sec with a simultaneous appearance of a new resonance (a
singlet integrating for nine protons) at $1.60 that remained
even after decarboxylation to 4a was complete. The only
reasonable assignment of the 5 1.60 resonance is to tert-
butyl trifluoroacetate. Thus, isobutylene is not expelled
from solution when esters 2 are dissolved in trifluoroacetic
acid, but rather the elements of isobutylene are transferred
from 2 to trifluoroacetic acid generating tert- butyl trifluo-
roacetate.7 These observations clearly indicate that the
original 15-min period used for the conversions of 2 to 3
was much longer than necessary.

This use of tert- butyl a-lithio esters offers great promise
for the synthesis of a wide variety of substituted ketones,
especially «-monoalkylated ketones that are difficult to
prepare by other means. These aspects are presently under
investigation.

The procedure for the synthesis of 2a is representative.s
To asolution of 20 mmol of tert -butyl a-lithioisobutyrates
dissolved in 25 ml of dry benzene at 0° was added a solu-
tion of 22 mmol of benzoyl chloride dissolved in 10 ml of
dry benzene over 2 min. The cooling bath was removed and
the reaction mixture allowed to come to room temperature.
The reaction mixture was extracted with 10% potassium
carbonate solution, washed with water and saturated brine,
and filtered through anhydrous calcium sulfate. After the
removal of solvent under reduced pressure, the yellow resi-
due was chromatographed on silica gel with hexane to give
2a as a colorless solid: mp 65.5-66.3°; ir (CC14) 1725, 1680,
1390, and 1385 cm-1; nmr (CCls4) s 1.28 (s, 9), 1.47 (s, 6),
7.5-8.1 (m, 5).
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Oxidation by Metal Salts. XI.
The Formation of Dihydrofurans

summary: Dihydrofurans are formed in high yields by the
reaction of readily enolizable ketones, such as 3 diketones
and /3-keto esters, with olefins in the presence of manganic
acetate. The free-radical mechanism for their formation is
presented and contrasted with the ionic mechanism ob-
served in the case of lead tetraacetate, which leads to an
isomeric product.

sir: In an earlier communication: we described a novel
free-radical addition reaction of enolizable ketones to ole-
fins which took place in the presence of such oxidants as
manganic acetate. The major products observed in these
reactions were a saturated ketone, an unsaturated ketone,
and a ketoacetate; the relative distribution of which de-
pended on the reaction conditions and the nature of the re-
agents employed.

We now wish to report the facile formation of dihydrofu-
rans in this reaction when highly enolizable ketones such as
d diketones and d-keto esters are used as one of the re-
agents. Thus, the reaction of manganic acetate with acetyl-
acetone and «-methylstyrene afforded the dihydiofuranz
shown in quantitative yield, based on the manganic ion
consumed. In a typical experiment, 0.25 mol of Mn(OAc)3

0

I
CH, tchs
Mn(OACX)

HOAc > ph ’OC
'CH,

H.C

2H20, prepared from potassium permanganate and manga-
nous acetate,3 was dissolved in 1 1. of glacial acetic acid at
45° under nitrogen. To this solution was added a mixture
of 15.3 g of «-methylstyrene (0.13 mol) and 75 g of acetyl-
acetone (0.75 mol). The reaction was over in 10 min as evi-
denced by the disappearance of the brown manganic color.
The product dihydrofuran was isolated by extraction with
ether followed by distillation. Examples of other dyhydro-
furans synthesized via this method are shown in Table I.
The formation of these dihydrofurans can best be ex-
plained by our previously postulated mechanismi4 based
on the selective generation of a-keto radicals from enoliza-
ble ketones and the selective oxidation of organic free radi-
cals, the details of which are shown in Scheme I. The pre-
dominant formation of dihydrofurans from /3-dicarbonyl
compounds contrasts sharply with the low yield found in

0 0
n 1’
CH:CCHCCHs + PhCH=CH,
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Table |
Synthesis of Dihydrofurans
Yield, “
Ketone Olefin Dihydrofuran %
0
? ? Ph :
! ! ACCH
ch3cch2cch3 ~"C=CH2 - ! 100
ch3 ph-J if
0 i
__.®eH3
CH3CCH2CCH3 PhCH=CH?2 30
puU if
0
(I'f ? ch3 1
1 ___"™ cch3
ch3cch2cch3 c3h?c= ch2 40
e LX .
0
0 |
I ___"N-cch3
ch3cch2ch3 cbh13ch= ch?2 thrjnr 10
(33)6
0 0
CHS!
c= ch, %
c h?7 n s q—H 74
ch3
c= ch. ﬂ'l >4O
CH/ CH,
O O
I ]
CHOoCCHJCOEt PhCH=CH, n COEt 57

ph-J
H/=Sr~cH,
aYields are based on Mn3+ consumed, assuming 2 equiv/mol of
product.61n the presence of trifluoroacetic acid as cosolvent.

the case of simple ketones (2-methyl-5-phenyl-4,5-dihy-
drofuran was obtained as a very minor product in the reac-
tion of acetone with styrene). This can be rationalized on
the basis of the more rapid cyclization of the carbonium ion
intermediate due to the greater enol content of these dicar-
bonyl compounds, as well as the greater stability of the re-
sulting carbonyl-stabilized dihydrofuran products toward
acid-catalyzed ring opening under reaction and work-up
conditions.5

The dihydrofurans produced in the manganic acetate
reaction of acetylacetone with terminal olefins have in all
cases consisted of only one isomer, namely, the 5-substitut-
ed 2-methyl-3-acetyl-4,5-dihydrofuran. This stands in
sharp contrast to the dihydrofuran reported in the thallic
acetate reaction of acetylacetone with styrene,6where only
the 4-substituted isomer was observed. The corresponding
reaction of lead tetraacetate led to either one or both iso-
mers, depending on the solvent employed.7 At. that time,
two competing ionic mechanisms were proposed,7 although
the controlling factors for these two paths remained unex-
plained.

Our experience with manganic acetate now suggests that
the 5 isomer is produced exclusively via a free-radical
mechanism as depicted in Scheme I. The formation of the 4
isomer can then be rationalized by an ionic mechanism
similar to that suggested,67in which a benzylic carbonium
ion is produced by attack of the electrophilic metal acetate,
which then, in turn, adds to the diketone.

The effect of solvent on the Pb(OAc)s reaction can be
understood in terms of the well-established competition
between ionic and free-radical pathways characteristic of
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Scheme |
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lead tetraacetate,8 both of which occur in the polar acetic
acid solvent, whereas only the free-radical product is ob-
served in benzene. This mechanistic explanation is consis-
tent with the reported formation of the 5-substituted dihy-
drofuran in the electrochemical oxidative addition of sodi-
um acetylacetonate to olefins,9which presumably is a free-
radical reaction similar to that of manganic acetate.

The simple one-step synthesis of dihydrofurans present-
ed in this communication represents one more example of
syntheses based on the selective generation and oxidation
of organic free radicals. Further examples of such syntheses
will be presented in forthcoming publications.
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Oxidation by Metal Salts. XI1I.
A Novel One-Step Synthesis of 1,4 Diketones

summary: A convenient one-step synthesis of 1,4 dike-
tones by the reaction of enol esters with ketones in the
presence of manganic acetate is presented.

sir: As acontinuation of our interest in the development of
new synthetic methods based on the selective generation
and oxidation of organic free radicals,1we wish to report a
convenient one-step synthesis of 1,4 diketones from readily
available starting materials. The development of new syn-
thetic routes to 1,4 diketones has received considerable in-
terest during the past few years, in view of their value as
cyclopentenone precursors.2
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We have previously demonstrated130that ketones could
be added to olefins in the presence of an oxidant such as
manganic acetate to give a variety of products. We now
wish to report the formation of 1,4 diketones as the pre-
dominant nonpolymeric reaction product when an enol
ester is treated with a ketone and manganic acetate. Thus,
the reaction of acetophenone with isopropenyl acetate and
manganic acetate produced I-phenylpentane-l,4-dione,
while the corresponding reaction with cyclohexanone gave
2- (2-oxopropyl) -cyclohexanone.

0 OAc 0 O

PhCCH3 + CHX=CH2 — » PhCCHZHZOCHj
]

Reactions were generally conducted at 50-70°, with reac-
tion times on the order of 1 hr or less. Yields of 1,4 dike-
tones were 20-35% based on the manganic ion consumed,
assuming 2 equiv/mol of diketone produced.3 Despite the
modest yield obtained, this method is well suited for the
laboratory preparation of 1,4 diketones in a single step
from readily available reagents, especially since manganic
acetate can be prepared in situ by the addition of potassi-
um permanganate to a solution of manganous acetate in
acetic acid.

In a typical experiment, 0.5 mol of cyclohexanone and
0.5 mol of isopropenyl acetate were added together to 0.5
mol of a manganic acetate-acetic acid solution at 70°. The
reaction, which was over in ~10 min, yielded 8 g (22%
yielded based on manganic ion) of 1,4 diketone as the pre-
dominant product after extraction and distillation.

A reasonable mechanism for the formation of 1,4-dike-
tones using manganic acetate is shown in Scheme |. The

Scheme |
0 0

RCCH3 + MnoOll)

(o]

RCCH2 + Mn(TI)

~OCCH]
RCCTL- + CH,
"CH3
O
0
OCCHj I
RCCH,CH,CC RCCILOIbCCH, + CHC-
CH,

0

success of this synthesis as shown in Scheme | is due to
three factors: (1) the selective oxidation of enolizable ke-
tones by manganic ions to generate a-keto radicals exclu-
sively, (2) the facile elimination of acetyl radical from the
a-acetoxyalkyl adduct radical, and (3) the resistance of the
initially formed a-keto radical to oxidation by manganic
ion due to the electron-withdrawing character of the car-
bonyl group. Since the initial formation of the a-keto radi-
cal involves attack by manganic ion on either the enol or
enolate ion of the ketone,lb unsymmetrical ketones having
two different enolizable hydrogens would be expected to
lead to mixture of products. This was indeed observed; the
predominant diketone product in each case was that de-
rived from the less substituted a-keto radical, as shown in
Scheme II. The preferential formation of the least substi-
tuted a-keto radical from unsymmetrical ketones is consis-
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tent with a base-catalyzed enolization mechanism, evidence
for which has been presented earlier.11*

Scheme I
0 OAc

|
CHICH25CCH3 + chX= ch2 — »
0 0 0

I 1 1
CH3CH280CHCHICH3 + CHECH24CHCCH3
CHZCH3

0
1.5:1

o OAc o o
| I I I
CH3CH,)XHCCH3+ CHX=CH2— CH3(CH)3CHOCHXH2e H3

CHJ CH3

(major product >6:1)

(6:1 cis: trans)

14 diketones are useful intermediates in that they can be

readily transformgd into cyclopentenone derivatives by
treatment with dilute base.4 Thus, 2-(2-oxopropyl)cyclo-
hexanone (I) was converted in high yield to hydrindenone
(1) [bp 70° (0.2 mm); ir 1718, 1626 cm“ 1, pmr r 4.2 (1 vinyl

(0]

H); uv Amex (EtOH) 230 mp (t 14,000)], and undecadione-
2,5 was transformed into dihydrojasmone.

The relatively simple one-step synthesis of 1,4 diketones
presented in this communication represents one more ex-
ample of syntheses based on the selective generation and
oxidation of organic free radicals. Further examples of such
syntheses will be presented in forthcoming publications.
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Regiospecific Aldol Condensations of the Kinetic
Lithium Enolates of Methyl Ketones

Summary: The aldol condensation can be carried out re-
giospecifically and in good yield at the methyl group of
methyl ketones via their kinetic lithium enolates generated
in tetrahydrofuran at —78°.

Sir: The aldol condensation is one of the fundamental
reactions for the formation of carbon-carbon bonds. It has
established itself as one of the most important methods for
the formation of five- and six-membered rings.1 In con-
trast, directed intermolecular aldol condensation has not
been a generally feasible synthetic method> because of
rapid equilibration of the anions especially of methyl ke-
tones, during their formation. Two recent exampless-4 illus-
trate this difficulty (eq 1). We demonstrated 13 years agos

OH o
| I
o PrCHCH,CPr
I 1
chaxcchxchxhs + CHsCHCHZCHO o (1)
1
CH.CCHEt
|
CHOH
Pr

2

that certain regiospecifically generated, thermodynamical-
ly unstable lithium enolates can be alkylated with reactive
alkyl halides more rapidly than they undergo equilibration
(cf. 3—»4).

Efforts to apply this technique to the kinetic primary ion
derived from a methyl ketone have, however, not met with
success, even with halides which proved satisfactory with
367 For instance, the alkylation of enolates such as
RCHCH2C(0-)=CH-=zLi+ with benzyl bromide gave rela-
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tively low yields of mixtures of alkylation at the terminal
and internal positionss (eq 2).

O— 10U+
I . .
reGHCHO==CHz 2 e

reGHoCH2COCHCH2CeHs + wWwCiHeCH2COCH: +  dialkylation
I

chacehs
(2)
An ingenious solution to the synthesis of regiospecific al-
dols, including the linear aldols from methyl ketones, was
provided by Schopfe who used /3-keto acids to achieve the
desired regiospecificity, as shown in eq 3. The overall yields
are, however, only fair to moderate.

RCH2COCH2COH RCH2COCHCHR' ®
&M

It occurred to us that the difficulty in trapping the kinet-

ic anions of simple methyl ketones with alkyl halides might
not be encountered with a more reactive nucleophile such
as an aldehyde. This has indeed proved to be the case.10 To
the kinetic enolate 5 prepared from 2-pentanone and 1.1
equiv of lithium diisopropylamide in dry tetrahydrofuran
at —78° was added, dropwise, a solution of butyraldehyde
in tetrahydrofuran. After 15 min, the cooling was removed
and the solution was immediately neutralized with 1.1
equiv of acetic acid in ether.lsolationand distillation  (Ku-
gelrohr, 100° (10 mm)) gave in 65%yield the aldol 1: ir

0— Li+ o OH
CHCHCHO==CH2 — "™ CHEHCHOCHCHCH: 10
5 1
1
O

CHjCHjCHjC“:CH: CHCH7
6

(film) 5.81, 2.93 g; nmr (CDC13) 80.9-1.8 (m, 13 H), 2.2-2.6
(m, 4 H, CH2C(=0)CH2, 41 (m, 1 H HCOH); m/e 140
(M+ - H20), 97 (PrCH=CH-C(=0)+). The absorption in
the nmr at 82.3, which is characteristic of the acetyl group
of 2, was very small, suggesting that the aldol 1 was at least
90% pure. The structure was established further (a) by
comparison with an authentic mixture of 1 and 2 (separa-
bleux on 5% QFj at 150°), (b) by showing the identity of 1
with the product of hydrogenation (Pd-C in ethanol) of the
hydroxydienone 10, (c) by dehydration (p-toluenesulfonic
acid, benzene, 1 hr reflux, 72% yield) to the «,(3-unsatu-
rated ketone s identical with an unambiguously synthe-
sizedi2 sample. These results show that lithium enolates of
methyl ketones can retain their integrity in the aldol con-
densation.13

Under similar conditions, the kinetic lithium enolate 5
was condensed with benzaldehyde to give the aldol 7 in
75-80% vyield (Kugelrohr, bp 95-100° (0.025 mm)). The

O OH o

1
5 —™ chsxchxhxchxhcshe — B c3hcch= chcehs

7 8
structure followed from the nmr (CDCIs): 8 7.3 (CsH5, s),
51 (d of d, HCOH), 26 (HOCCH2C=0), 22 (q, Et-
CH2C=0), 0.9-1.8 (m, C2H5). It was further confirmed (a)
by oxidation (Mn02-CHC13, room temp) to I-phenyl-1,3-
hexanedione, identical with a sample made from the di-
anion of 1-phenyl-1,3-butanedione (2 equiv of LiN{i- Pr)2
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in THF) with ethyl iodide; and (b) by dehydration (p- tolu-
enesulfonic acid, refluxing benzene) to the known14 unsatu-
rated ketone 8.

The kinetic lithium enolates of «/3-unsaturated ke-
tonesi5 can also be used in regiospecific aldol condensation.
The lithium enolate from 3-penten-2-one was prepared and
condensed, as described above, with crotonaldehyde to give
the dienolone 10 in 70% yield (after preparative tic on silica
gel with 4:1 methylene chloride-ether): ir (film) 3.0, 5.9 g;
nmr (CDC13) 8 5.9-7.1 (m, CH3.CH=CH=C=0) 5.5-5.7
(m, CH2ZCH=CHCHOH-), 4.4-4.6 (m, HCOH), 2.6 (d,J =
6 Hz, -CH2C=0), 198 (d, b,J = 6 Hz, 0=CC=CCH3),
185 (d, 3 =5 Hz CH3C=CCHOH). Analysis was per-
formed on the bis(trimethylsilyl) ether of the doubly unsat-
urated diol 11 from reduction (bis(2-methoxyethoxy)alu-
minum hydride in benzene): m/e 300.1938 (calcd
300.1940). Catalytic hydgenation of 10 gave the saturated
aldol 1 identical (vide supra) with the product of the aldol
condensation of butyraldehyde and the Kkinetic lithium en-
olate of 2-pentanone.

O— Li+ O OH

I .
CHTH=CHC=CH2 —- CH,CH= CHOCHICHCH=CHCH,
10

ml
*

OH OH

1 1
CHICH= CHCHCHZCHCH=CHCH3
1n

The ability of regiospecifically produced lithium enolates
to maintain their integrity in aldol condensations should
greatly extend the usefulness of the reaction.16'17
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Capillary Techniques in Organic Synthesis

Summary: Some reactions such as nucleophilic displace-
ments and additions have been found to be considerably
accelerated if allowed to take place inside the pores of high
surface area materials (silica gel, aluminum oxide and oth-
ers).

sir: Solids such as activated charcoal, silica gel, and alumi-
num oxide having high surface areas promote reactions
which would otherwise require much higher temperatures
or would not take place at all. Innumerable examples of
such reactions in the vapor phase are well known.

In the liquid phase, catalytic effects of the adsorbent
were frequently observed during adsorption chromatogra-
phy when polymerization, isomerization, hydrolysis, dehy-
dration,1 dehydrohalogenation,2 reduction,3 and similar al-
terations! of the chromatographed substances were occa-
sionally recorded. In some instances, the adsorbent was
pretreated with certain chemicals to achieve reactions
which would not occur over the pure adsorbent.4

In all these instances, the reactions take place between
the compound and the adsorbent which reacts by virtue of
its chemical properties (acidity, dehydrating power, etc.).

It was of interest to find out whether porous materials
could be used just to bring two or more compounds togeth-
er in the liquid phase inside the pores where the minimum
pore size is of the order of several molecular diameters. For
this purpose, several displacement and addition reactions
have been carried out.

When a column of acid aluminum oxide was soaked with
a solution of benzyl chloride in chloroform containing hy-
drazoic acid, and after 16 hr at room temperature the col-
umn was eluted with hexane and ether, 49.5% conversion
and 68.5% yield of benzyl azide was obtained.

Similar treatment of dialkyl a-bromo-a'-fluorosuccinate
or a,a'-dibromosuccinate with a solution of hydrazoic acid
gave dialkyl azidofumarate. Preparation of the same com-
pound required refluxing of the halogenated esters with so-
dium azide in methanol for 12 hr.5

The Diels-Alder reaction between l-acetoxy-l,3-butadi-
ene and fluoranil (tetrafluoro-p- benzoquinone) requires
heating of the benzene solution of the two compounds at
98° for several hours.6 When the same solution was placed
in a column of silica gel at room temperature for 60 hr, the
product, 5-acetoxy-2,3,4a,8a-tetrafluoro-4a,5,8,8a-tetrahy-
dro-1,4-naphthoquinone, was obtained by chloroform elu-
tion in 49.5% conversion and 67-78% yield.

Similar reaction of 1l-acetoxy-l,3-butadiene with p-ben-
zoquinone was described taking place at a reflux tempera-
ture of carbon tetrachloride and diisopropyl ether after at
least 1 hr.7 When a solution of 1-acetoxy-I,3-butadiene and
p- benzoquinone in benzene was allowed to react for 40 hr
at room temperature in a column of silica gel presoaked
with hexane, not only did the addition occur, but the prod-
uct, 5-acetoxy-4a,5,8,8a-tetrahydro-1,4-naphthoquinone,
eliminated acetic acid, and the intermediate dihydro com-
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pound was dehydrogenated by benzoquinone to 1,4-
naphthoquinone in a 87% yield.

The general procedure for the “capillary technique” is as
follows. A chromatographic tube (50 ml) is filled with silica
gel (60-80 mesh), aluminum oxide (activity 1), or other ad-
sorbent (15-25 ml for 0.0005-0.002 m quantities). A solu-
tion of reactants (0.05-0.002 mol) in the least polar possible
solvent (3-20 ml) is introduced into the column which is
usually accompanied by very gentle warming. The mixture
is allowed to react 12-72 hr at room temperature, and the
products are isolated by conventional elution technique.

Alternately, the column filled with the adsorbent can be
presoaked with a nonpolar solvent such as hexane or ben-
zene before introducing the solution of the reactants, and
this modification gives even better results. Also, the col-
umn may be presoaked with a solution of one reactant, and
a solution of the other reactant can be passed through the
column and allowed to react for a certain time.

The described technique is especially of advantage in
such cases where conventional procedures require pro-
longed heating which could damage the reactants. Experi-
ments are underway to find out the theoretical background
of the reaction, in particular the function of the adsorbent,
whether it is purely physical, or whether chemical aspects
such as acid-base catalysis are involved.
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A New (CH)8lIsomer,
Tetracyclo[4.2.0.024.035]oct-7-ene

Summary: Tetracyclo[4.2.0.02'4.03'5]oct-7-ene (I) has been
prepared via a four-step reaction sequence, starting from
benzvalene; the adduct (I111) of dichloroketene and benzval-
ene was dehalogenated with triphenyltin hydride, and the
resulting ketone (1V) was converted into | by the reaction
of its p- toluenesulfonylhydrazone (V) with lithium
2,2,6,6-tetramethylpiperidide; preliminary experiments
show that | is isomerized to cyclooctatetraene both ther-
mally and in a silver ion catalyzed reaction.

Sir: As a consequence of our interest in (CH)g isomers and
in highly strained molecules in general,1 we have devised a
synthesis of the as yet unreported title compound I, start-
ing from benzvalene. It is hoped that this compound may
serve as a precursor of the elusive “octavalene” (tricy-
clo[5.1.0.02'8]octa-3,5-diene), 1l, whose properties and pos-
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sible rearrangements are expected to be of particular inter-
est. After initial lack of success with approaches involving
ozonolysis of benzvalene, sensitized photochemical addi-
tion of maleic anhydride to benzvalene, and the reaction of
ethyl diazoacetate with benzvalene, the route outlined in
Chart | proved fruitful.

Chart |

Benzvalene in diethyl ether, prepared by the method of
Katz,2 was treated with just over 1 equiv of dichloroketene
(generated in situ from dichloroacetyl chloride and trieth-
ylamine)3 at 0° for 3.25 hr. After aqueous work-up and
drying over potassium carbonate, the product was vacuum
distilled (0.1 Torr; oil bath heated to 80° after removal of
ether) to yield up to 86% adduct IlI: ir (neat) 3145 (w), 3065
(w), 2990 (w), 1800 (s), 1110 (m), and 750 (s) cm-1; nmr
(CC14) 6 3.83, 3.72, 3.22, 3.10 (2H, “AB” pattern with J AB =
7 Hz), and 2.2-2.7 (4 H, br m); mass spectrum consistent
with assigned structure. Anal. Calcd for CgHeCEO: C,
50.84; H, 3.20. Found: C, 50.23; H, 3.12. Although benzval-
ene’s addition reactions do not always follow “expected”
paths,4 the désired [2 + 2] cycloaddition is evidenced in
this case by the characteristic carbonyl stretching frequen-
cies exhibited by compounds 11l and 1V.35 The adduct 111
was reduced to the unhalogenated ketone 1V by treatment
with a small excess of triphenyltin hydride3cd’s in refluxing
cyclohexane for 4 hr, under nitrogen. After vacuum distilla-
tion (~0.1 Torr, bath temperature 70°), the yield of prod-
uct was over 95% at its best (this includes ketone which co-
distilled with the cyclohexane): ir (CC14) 3060 (w), 1780
(vs), and 1119 (m) cm-1; nmr 6 3.30 (1 H, m), 3.0-1.9 (7 H,
very complex); mass spectrum (rel intensity) m/e 120 (15),
92 (15), 91 (54), 80 (20), 79 (26), and 78 (100). Anal. Calcd
for C8H80: C, 80.00; H, 6.71. Found: C, 80.14; H, 6.79.

The conversion of IV into its p- toluenesulfonylhydra-
zone7 V is accomplished in high yield by dissolving the ke-
tone and a slight excess of p- toluenesulfonylhydrazine in a
minimum amount of anhydrous ethanol; the viscous solu-
tion is left at room temperature for 24 hr. The solvent is
centrifuged from the resulting cream-colored solid mass.
After recrystallization from ethanol, the product (appar-
ently a mixture of geometrical isomers) gives mp 142-146°
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dec; ir (KBr) 3200 (s), 3050 (w), 2930 (m), 1670 (m), 1590
(m), 1380 (s), 1325 (vs), 1170 (vs), 1083, 1020, 920, and 894
(m) cm-1; nmr (CDC13) $8.10, 7.75 (combined 1 H, br s, re-
moved by shaking with D20), 7.92, 7.78, 7.38, 7.25 (4 H,
AA'BB' pattern), 3.20-3.12 (1 H), and 2.8-1.7 (10 H, com-
plex, containing s at 2.45). Anal. Calcd for C15H16N 202S:
C, 62.48; H, 5.59; N, 9.72. Found: C, 62.65; H, 5.60; N, 9.80.

The final transformation of V into | gave some initial dif-
ficulty. Treatment of V with excess methyllithiums in ether
at room temperature for 10 hr gave as the major product
(~25%) a compound whose mass spectrum suggests a Co9H 12
hydrocarbon bearing a methyl group, tentatively assigned
structure VI, corresponding to methyl addition rather than
to elimination to form an olefin.8a® The use of other bases
was therefore explored: potassium hydride (which seemed
interesting because of its high reactivity),10 n-butyllith-
ium,80cd'u and sec- butyllithium all failed to give apprecia-
ble amounts of the desired product. Finally, successful
elimination was achieved by use of 2 equiv of lithium
2,2,6,6-tetramethylpiperidide’2 in THF-ether at room
temperature for 8-10 hr under nitrogen; this gave yields of
35-55% 1. To isolate the product, one adds pentane, re-
moves THF and ether by repeated aqueous extraction,
then removes the amine by rapid extractions with 1 M so-
dium dihydrogen phosphate; a final wash is carried out
using aqueous ammonia. Pure | can be isolated by prepara-
tive gc, using a 6% SE-30 on Gas-Chrom Q column at room
temperature. Lithium diisopropylamide in THF-ether at
room temperature also gives |, but in only ~20% yield.

Tetracyclo[4.2.0.024.03'5]oct-7-ene (1) is characterized by
the following spectral data: ir (vapor) 3100 (w), 3050 (s),
2950 (s), 2900 (w), 1570 (vw), 1380 (w), 1265 (m), 1180 (w),
1120 (m), 798, 755, and 705 (s) cm 'l nmr (CDC13) 5 6.03 (s,
2 H), 2.80 (slightly broadened s, 2 H), 2.3-1.7 (m), and 2.1
(s, showing fine structure) (total 4 H);13 13C nmri3c'14 (S
from TMS) 139.4 (assigned to vinylic C’s), 47.7 and 37.2
(tentatively assigned to C-1,6 and C-2,5, respectively), and
16.2 and —0.7 (C-3,4, in indefinite order); uv end absorp-
tion, starting at ~230 nm; mass spectrum (EIl) (rel intensi-
ty) m/e 105 (7), 104 (71), 103 (71), 102 (11), 79 (6), 78 (100),
77 (32), 76 (8), 75 (5), 74 (9), 52 (20), 51 (40), and 50 (25);
mass spectrum (Cl, with CH5+ as ionizing medium) (rel in-
tensity) m/e 106 (10), 105 (100), 104 (12), 103 (20), 102 (1),
93 (4), 92 (2), 91 (28), 80 (2), 79 (33), 78 (3), 67 (2), 56 (3),
and 51 (3).

In some preliminary experiments, samples of | were
briefly pyrolyzed at 400-500°15 in an attempt to open the
cyclobutene ring to give Il. The result of these pyrolyses
was a very clean conversion to cyclooctatetraene (VII), as
determined by the mass spectrum of the product and by
coinjection with an authentic sample of VII on three differ-
ent gc columns. Treatment of | with silver ioni6 (silver per-
chlorate or silver tetrafluoroborate in acetone or THF at
room temperature for several minutes) also appears to
yield some VII. Alternative ring opening techniques, as well
as other reactions of the title hydrocarbon, are now being
studied.
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Natural Abundance 1 NMR Spectrum

Proton-decoupled natural abundance ,3C spectrum of hen egg white lysozyme in 0.15M NaCl In 9:1 HD/D 2, pH 4.0, 45°C. Re-
corded with a TT-14 systemlat 15.08 MHz using a 20 mm sample tube; 37,107 90° pulses; 4096 time-domain points; and 1.165 Hz
digital line broadening. This spectrum demonstrates that in a small protein, single carbon resonances such as the one assigned
above to C!in a single tyrosine residue, can be observed after only five hours of signal averaging with use of the 20 mm sample
technology developed at Indiana University by Dr. Adam Allerhand.23

1 Sample run at the University of Chicago, courtesy of Dr. Philip Keim, Pritzker School of Medicine.
2. A. Allerhand, R.F. Childers, E. Oldfield, J. Magn. Resonance, 11, 272 (1973).
3. E. Oldfield and A. Allerhand, Proc. Nat. Acad. Sci. USA, 70, 3531 (1973).

HIGH SENSITIVITY
G RBON... FT-NMR

with a TT... System

The TT-14 FT NMR System combines a state-of-the-art

solid state console, Nicolet NMR-80 computer, 20 mm

sample probe developed by Dr. Adam Allerhand, and a

time-proved Varian 14 kilogauss magnet into the highest

sensitivity carbon-13 performance available today.

Features of this system are:

* internal deuterium lock;

» proton decoupler with pulse delay gating capability;

» observe, lock, and decoupler frequencies derived from a
single master oscillator;

¢ 10 mm insert available for studies of limited sample

quantities;
* readily convertible to other nuclei studies, e.g. 1N, 3IP, or
even 'H;
* multipulse capability, including automatic T, measurements;
» disk memory unit for program and data storage; m " " NICOLET
« excellent software package, including versatile quantitative
measurement capability, automatic calculation of T, values with | £ ¢ T z TECHNOLOGY
error limits, iterative 6-spin spectrum calculation, and new
software as developed at no cost; L1 1fc CORPORATIOI
- available as an add-on for existing 14 kilogauss magnet system 145 East Dana Street
oWners. Mountain View, California 94041

Phone: 415/969-2076
Please phone or write for additional information on the versatile TT-14 System. (formerly Transform Technology Inc.)



Could your reactioos

use a little

PhSeX (X=Br, Cl or PhSe)

The observation that alkyl phenylselenoxides undergo
eliminations at room temperature to form olefins 13
isthe basis for a new and convenient synthesis of
allylic alcohols,4 allylic ethers and acetates,5 and
or,i-unsaturated carbonyl compounds.68 Diphenyl
diselenide isa yellow, odorless, air-stable solid which
is easily converted into the highly colored phenyl-

Ph-SeX?

1) K B. Sharpless and R F. Lauer, J. Amer. Chem. Soc., 94,
7154 (1972).

2) K B. Sharpless and R F. Lauer, J. Org. Chem., 37, 3973
(1972).

3) K B. Sharpless, M. W. Young and R F. Lauer, Telrahedron
Lett., 1979 (1973).

4) K B. Sharpless and R F. Lauer, J. Amer. Chem. Soc., 95,
2697 (1973).

5) K. B. Sharpless and R. F. Lauer, unpublished results.

6) K B. Sharpless, R F. Lauer and A. Y. Teranishl, J. Amer.
Chem. Soc., 95, 6137(1973).

7) H. J. Reich, I. L Reich and J.
Soc., 95, 5813 (1973).

8) D. L. J. Clive, J. Chem. Soc., Chem. Commun., 695 (1973).

M. Renga, J. Amer. Chem.

sele_nenyl halides. The oxidations are conven_lently 18,062-9 Diphenyl diselenide.............. 5y $555
carried out at or below room temperature, using a 25g $15.00
variety of oxnda_nts (peracetic acid, sodium periodate, 18,334-2 Phenylselenenyl Chloride  10g $12.00
hydrogen peroxide, etc.). 50g $43.10
a -
100% PhSeC| PhSeBr 100%
(orange) | y ? (Purple)
1) NaBH4EtOH /
Cl2 or SOXI2 2) Cyclohexane Br2
1.2-epoxide
3 [Io] 1) Base
1) R COgEt 1) NaBH4EtOH 2) RCH®Br
FK~-COjJEt6 PhSeSePh~"™™— -phsecHZoZXE in — R” Co 2Et6
3 [q (yellow)
1) Phw-CHO O C
PhAANYYACH O PhSeCl > KD
20 ) . -0

679%6

Phvi» V /sph
(e}
84% 7

84%8

Aldrich Chemical Company, Inc.
Craftsmen in Chemistry

In Great Britain:

Ralph N. Emanuel Ltd.

264 Water Rd., Wembley Middx.,
HAO 1PY, England

Home Office:

Aldrich Chemical Co., Inc.
940 W. St. Paul Ave.
Milwaukee, Wisconsin 53233

In Germany:

EGA-Chemie KG

7924 Steinheim am Albuch
Germany

In Continental Europe:
Aldrich-Europe
B-2340 Beerse,
Belgium
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