< vo LUME 39 AUGUST 9 1974 NUMBER 16 JOCEAN

Chemls

PUBIISHED BIWEEKLY BTtUE AMERICAN CHEMICAL SOCIETY



The career wise way to keep up with current thinking
in the field. You get the total picture presented through
forty some papers per biweekly issue. Areas of
emphasis include:

¢ Organic reactions

* Natural products The Journal of Organic Chemistry
e Studies of mechanism American Chemical Society 1974
e Theoretical organic chemistry 1155 Sixteenth Street, N.W.
» Various aspects of spectroscopy related to Washington, D.C. 20036
organic chemistry Yes, | would like to receive THE JOURNAL OF ORGANIC CHEMISTRY
You get all of this, inthe 1100 articles and NOTES at the one-year rate checked below:
(brief, concise accounts of studies of smaller scope) Latin Other
and over 4000 pages a year from your big informative ACS Member us. Canada*  America** Nations**
Issues Of THE JOURNAL. One-Year Rate* O $20.00 0O $25.00 O $25.00 O $26.00
You owe it to your career to find out for yourself why Nonmember n $60.00 O $65.00 O $65.00 0O $66.00
The Journal of Organic Chemistry is the leader in its Bill me O Bill company O Payment enclosed O
field. Air freight rates available on request.
Send your order today.
Msrao
Home O
Street Business O
. . another ACS service City State Zip

*NOTE: Subscripts.» at ACS .ne.nber laies are for personal use only. “ Payment must
be made in U.S. iarrency, by.inrernatlona! Money order, UNESCO coupons, U.S. bank
draft, or order through 'your book Uoalor.



J. Org. Chem., Vol. 39, No. 16,1974 3A

Bloinorganic Chemistry

ADVANCES IN CHEMISTRY SERIES No. 100

Nineteen papers from a symposium by the Division of Inorganic Chemistry
of the American Chemical Society and the Division of Inorganic Chemistry
of the Chemical Institute of Canada chaired by Raymond Dessy, John
Dillard, and Larry Taylor.

What is the function of inorganic compounds in biological structures?
Which metals are needed to sustain health? How does molecular nitrogen
figure in biochemical research? These and other topics are discussed in

this interdisciplinary volume, including:

= alink between copper and iron metabolism

an iron-sulfur protein

the effect of metal ions on the structure of nucleic acids
nitrogen fixation

uptake of oxygen by cobalt complexes

vitamin B 2 coenzymes

structure and function of metalloenzymes

The development of models covering many aspects of bioinorganic chem-
istry serves as an underlying theme for much of the symposium.

436 pages with index Cloth (1971) $14.00.
Postpaid in U.S. and Canada; plus 40 cents elsewhere.
Set of L.C. cards with library orders upon request.

Other books in the ADVANCES IN CHEMISTRY SERIES on biological chemistry include:

No. 95 Cellulases and Their Applications

Twenty-five papers stress the practical application of cellu-
lolytic systems in biochemistry, animal nutrition, textiles,
forest product utilization. Topics include new mechanisms
for cellulose degradation, the cellulase complex, structure
and morphology of ceViuiase, a commercial enzyme process
and wood-derived products as nutritional sources.

470 pages with index Cloth (1969) $14.50

No. 87 Interaction of Liquids at Solid Substrates

Twelve papers survey recent research on solid/liquid inter-
action, including work on "coupling agents," adhesion of
polymers, organic/inorganic interfaces, ultrasonic im-
pedometry. Four more papers are concerned with hepari-
nized surfaces at the blood/material interface.

212 pages with index Cloth (1968) $9,50

No. 84 Molecular Association in Biological

and Related Systems

Nineteen articles survey and report new work on molecular
association in fat digestion, in soap systems, in membrane
constituents, and in mixed monolayers. Other topics include
bile salt micelles, lipid monolayers and membranes, and a
definitive review of biological membrane structure.

308 pages with index Cloth (1968) $10.50

No. 81 Radiation Chemistry— 1
Forty-one papers and 17 abstracts on radiation chemistry
in aqueous media, biology, and dosimetry. From the inter-

Orderfrom: Special Issues Sales

national conference at Argonne National Laboratory.
616 pages with index Cloth (1968) $16.00

No. 77 Oxidation of Organic Compounds— Il

Twenty-six papers on ozone chemistry, photo and singlet
oxygen oxidations, and biochemical oxidations.

310 pages with index Cloth (1968) $11.50

No. 65 Radiation Preservation of Foods

A broad spectrum of highly acceptable, wholesome foods
can be prepared as a result of research on the preservation
effects of ionizing energy. Fifteen papers report basic and
applied studies on radiation changes in meat, fruit, vege-
tables, and fish and describe radiation facilities.

184 pages with index Cloth (1967) $8.50

No. 63 Ordered Fluids and Liquid Crystals

Twenty-two studies on characterization, properties, and
occurrence of these phenomena in many substances such
as tristearin, p-azoxyanisole, mono- and di-hydric alcohols,
phospholipids, and polypeptides.

332 pages with index Cloth (1967) $11.50

No. 60 Organic Pesticides in the Environment

Gives a clear perspective of environmental hazards in soil,
water, and air; surveys effects of mammal enzyme systems,
residues in human body tissues, effects of chronic poison-
ing by organophosphorus insecticides.

309 pages with index Cloth (1966) $10.50

American Chemical Society, 1155 Sixteenth St., N.W., Washington, D.C. 20086 fi

1 , m



the journal of OrganiC ChemiStry

EDITOR-IN-CHIEF: FREDERICK D. GREENE

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Werner Herz

Florida State University
Tallahassee, Florida

John I. Brauman
Joseph F. Bunnett
Clifford A. Bunton
Michael P. Cava
Orville L. Chapman
Stanton Ehrenson

David A. Evans
Robert J. Highet
Ralph Hirschmann
William M. Jones
Walter Lwowski
James A. Marshall

SENIOR EDITORS

James A. Moore

University of Delaware
Newark, Delaware

ADVISORY BOARD

Roy A. Olofson

James C. Martin
Albert I. Meyers

Leo A. Paquette
Marvin L. Poutsma
Howard E. Simmons

Martin A. Schwartz

Florida State University
Tallahassee, Florida

ASSISTANT EDITOR: Theodora W. Greene

Robert V. Stevens
Edward C. Taylor
Barry M. Trost
Edwin F. Ullman
Edgar W. Wamhoff

EX-OFFICIO MEMBERS: George H. Coleman, sanibeiisland, Florida

Edward M. BUrgeSS, Georgia Institute of Technology {Secretary-Treasurer of the Division of Organic Chemistry of the American Chemical Society)

Published by the
AMERICAN CHEMICAL SOCIETY

1155 16th Street, N. W.
Washington, D. C. 20036

BOOKS AND JOURNALS DIVISION
John K Crum Director

Ruth Reynard Assistant to the
Director

Charles R. Bertsch Head,
Editorial Processing Department

D. H. Michael Bowen
Department

Head, Journals

Bacil Guiley Head, Graphics and
Production Department

Seldon W. Terrant Head, Research
and Development Department

©Copyright, 1974, by the American
Chemical Society.

Published biweekly by the American
Chemical Society at 20th and Northamp-
ton Sts., Easton, Pa. 18042. Second-class
postage paid at Washington, D. C., and at
additional mailing offices.

Editorial Processing Department, Amer-
ican Chemical Society, 20th and North-"
ampton Sts., Easton, Pa. 18042: Depart-
ment Head, Charles R. Bertsch; Assistant
Department Head, Marianne C. Brogan,
Production Editor, Eileen B. Segal; Assis-
tant Editor, Fern S. Jackson; Editorial
Assistant, Andrew J. D’'Amelio.

Advertising Office: Centcom, Ltd., 60
W. State St., Westport, Conn. 06880.

The American Chemical Society and the
Editors of The Journal of Organic Chemis-
try assume no responsibility for the state-
ments and opinions advanced by contribu-
tors.

Business and Subscription Information

Send all new and renewal subscriptions
with payment to Office of the Controller,
1155 16th Street, N.W., Washington, D. C.
20036. Subscriptions should be renewed
promptly to avoid a break in your series.
All correspondence and telephone calls re-
garding changes of address, claims for
missing issues, subscription service, the
status of records, and accounts should be
directed to Manager, Membership and
Subscription Services, American Chemical
Society, P.O. Box 3337, Columbus, Ohio
43210. Telephone (614) 421-7230.

On changes of address, include both old
and new addresses with ZIP code num-
bers, accompanied by mailing label from a
recent issue. Allow four weeks for change
to become effective.

Claims for missing numbers will not be
allowed (1) if loss was due to failure of no-
tice of change in address to be received be-
fore the date specified, (2) if received more
than sixty days from date of issue plus
time normally required for postal delivery
of journal and claim, or (3) if the reason
for the claim is “ issue missing from files.”

Subscription rates for 1974: $20.00 per
volume to members of the ACS and $60.00
per volume to all others. Those interested
in becoming members should write to the
Admissions Department, American Chem-
ical Society, 1155 16th St., N.W., Wash-
ington, D. C. 20036. Add $5.00 per sub-
scription for Canada and countries belong-
ing to the Postal Union, and $6.00 for all
other countries.

Single copies for current year: $3.00.
Postage, single copies: to Canada and
countries in the Pan-American Union,
$0.15; all other countries, $0.20. Air freight
rates available on request. Rates for back
issues from Volume 20 to date are available
from the Special Issues Sales Department,
1155 16th St., N.W., Washington, D. C.
20036.

Subscriptions to this and the other ACS
periodical publications are available on
microfilm. Supplementary material not
printed in this journal is now available in
microfiche form on a current subscription
basis. For information on microfilm or mi-
crofiche subscriptions, write Special Issues
Sales Department at the address above.

Notice to Authors last printed in the issue of June 1, 1973



e QGANIC CheM

Volume 39, Number 16

James D. White* and Wing Lam Sung

Dietmar Seyferth* and Houng-min Shih

Dietmar Seyferth* and Houng-min Shih

R. W. Begland, D. R. Hartter,

F. N. Jones, D. J. Sam,

W. A. Sheppard,* O. W. Webster, and
F. J. Weigert

Carl G. Krespan

Sunwen Chou, J. A. Nelson, and
T. A. Spencer*

Albert Padwa* and Fred Albrecht

Richard M. Kellogg* and W. L. Prins

JohnF. Blount, David L. Coffen,* and
Frederick Wong

Roger Lok and James K. Coward*

S. W. Baldwin* and J. C. Tornesch

J. Reid Shelton* and
Arthur L. Lipman, Jr.

George A. Olah,* Yuval Halpern,
Philip W. Westerman, and
James L. Grant

George A. Olah,* Gao Liang, and
Yoke K. Mo

John L. Wong* and John H. Keck, Jr.

Takeshi Nishiguchi,* Akira Kurooka,
and Kazuo Fukuzumi

Alan C. Clark, John F. Terapane, Jr.,
and Milton Orchin*

Joseph Casanova* and Harold R. Rogers

Glenn R. Sullivan, David Ciavarella,
and Henry S. Mosher*

Charles G. Moreland, A. Philip, and
F. I. Carroll*

V. R. Koch, Larry L. Miller,* and
R. A. Osteryoung

2323

2329

2336

2341

2351

2356

2361

2366

2374

2377

2382

2386

2390

2394

2398

2403

2405

2408
2411

2413

2416

JOCEAR(16) 2323-2476 (1974)
IMBN 0022-3263

stry

August 9,1974

Alkylation of Hagemann'’s Ester. Preparation of an Intermediate
for Trisporic Acid Synthesis

Reaction of Phenyl(trihalomethyl)mercury Compounds with
Azodicarboxylate Esters. A New Route to Hydrazonodihalomethanes
of Type (RO2C)2NH=C X2

Application of Phenyl(trihalomethyl)mercurials in the Preparation
of Heterocyclic Compounds

Hydrogen Cyanide Chemistry. VIII. New Chemistry of
Diaminomaleonitrile. Heterocyclic Synthesis

Macroheterocycles. The Oxetane Function Spiro to Macrocyclic
Polyether Rings

Oxidation and Mass Spectra of 4,4-Dimethyloxazolidine-N-oxyl
(Doxyl) Derivatives of Ketones

Concentration Effects in the Photochemical Syn-Anti Isomerization
of an Oxime Ether

Observations on Photochemically and Thermally Induced
Rearrangements and Fragmentations in 2,5-Dihydrothiophene
Derivatives

Rearrangement of the Tricyclic Orthothio Esters Derived from
Mercaptoacetic Acid and Alkanedithiols. Crystal Structure of a
Rearrangement Product

Stereospecific Synthesis of 3,7-Disubstituted Bicyclo[3.3.0]octanes

Stereoselective Synthesis of 3-Exo-Substituted
2-endo-Acyl-5-norbornene Derivatives

Homolytic Aromatic Cyclohexylation. n. The Role of 7r-Complex
Formation and Competitions for Cyclohexyl Radical

Stable Carbocations. CLXVIII. Protonation and Cleavage of Dialkyl
Pyrocarbonates in FSO3H-SbF5 (Magic Acid)-S02 Solution

Stable Carbocations. CLXXI. I-Fluoro(Chloro)-I-cyc\oalkyl Cations.
Further Data on the Effects of Halogen Back-Donation and the
Stability of Halocarbenium lons

Positional Reactivities and Mechanisms of Deuteration of
1-Methylimidazole in pD and - D ORegions. Reinvestigation of the
Kinetics of 2-Hydrogen Exchange in Imidazole

Transfer-Hydrogenation and Transfer-Hydrogenolysis. 1V. Catalytic
Dehydrogenation by a Quinone

HCo(CO)4 and the Hydroformylation Reaction

Electroorganic Chemistry. H. Electroreduction of Vicinal Dibromides

Correlation of Configuration of Chiral Secondary Carbinols by Use of a
Chiral Lanthanide Nuclear Magnetic Resonance Shift Reagent

Carbon-13 Nuclear Magnetic Resonance Spectra of Cinchona Alkaloids

Reduction Defunctionalization of 1-Substituted Adamantanes in
Molten Sodium Tetrachloroaluminate

5A



6A J. Org. Chem., Vol. 39, No. 16,1974

Fundam entals OChem istry

by C David Gutscohé

W ashington University

and Daniel G Pasto

University of Notre Dame

Coming January 1975 — the new modern introduction to organic
chemistry for both pre-med and organic chemistry majors — featur-
ing—
= An innovative two-cycle approach to
organic chemistry.
= Early emphasis on organic structure
and stereochemistry.
= Significant treatment of organic synth-
esis and biological molecules.
= Humanistic approach and historical

perspectives.

For further information: visit Prentice-Hall at the ACS Con-
vention — Booth 215; or write to Robert Jordan, Dept. J.951,
College Division, Prentice-Hall, Englewood Cliffs, N.J.

07632.
I::'IEI(WliK:lfahl..ilal|

ARCLE 806 ON READER SHRVICE CARD



Joanne M. Wolcott and
Frank K. Cartledge*

C. Maurizio Carnaggi,
Lodovico Lunazzi,* and
Giuseppe Placucci

Charles D. DeBoer

Peter Bakuzis,* G. C. Magalhaes,
H. Martins, and M. L. F. Bakuzis

L. H. Gross and P. Rys*

George A. Qlah,* Jun Nishimura, and
Yorinobu Yamada

William E. Parham,* Paul E. Olson, and
K. Ratnammal Reddy

Earl G. Melby and Joseph P. Kennedy*

Alexander McKillop,* Michael E. Ford,
and Edward C. Taylor*

Sylvester Klutchko,* John Shavel, Jr.,
and Maximilian von Strandtmann

Henri Ulrich,* D. V. Rao, B. Tucker,
and A. A. R. Sayigh

Shigeru Tsuruya* and Teijiro Yonezawa

James J. Havel* and Kam H. Chan

Marie-Francoise Ruasse and
Jacques-Emile Dubois*

Jeffrey I. Seeman and Herman Ziffer*

George W. Gokel, Donald J. Cram,*
Charles L. Liotta,* and Henry P. Harris,
and Fred L. Cook

Sutton Farnham and Ronald Taylor*

John C. Stowell* and
Stanley J. Padegimas

Grant R. Krow,* C. Pyun, C. Leitz,
J. Marakowski, and Kermit Ramey

Albert J. Fry* and
Alexander Schuettenberg

Joseph Weinstock,* Judith E. Blank,
and Blaine M. Sutton

L. Russell Melby,* Harris D. Hartzler,
and William A. Sheppard

Carl R. Johnson,* Robert A. Kirchhoff,
and H. Glenn Corkins

M. D. Robbins* and C. D. Broaddus

Albert E. Zune, Ulrich Hollstein,* and
William M. Litchman

Raphael M. Ottenbrite* and
James W. Brockinghton

Takashi Ando,* Yoshimasa Saito,
Junko Yamawaki, Hisao Morisaki,
Masami Sawada, and Yasuhide Yukawa

2420

2425

2426

2427

2429
2430

2432

2433

2434

2436

2437

2438

2439
2441

2444

2445

2446

2448

2449

2452

2454

2456

2458

J. Org. Chem., Vol. 39, No. 16,1974 7A

Silalactones from Hydrosilyl Derivatives of Toluic Acids

NOTES

Radicals from 2-Nitrofuran

Vapor-Phase Introduction of Vinyl Ketones in Michael Additions

Acid-Catalyzed Ketone Rearrangements. Synthesis of Decalins
and Spiro[4.5]decanes

Heterogeneous Catalytic Asymmetric Hydrogenation

Friedel-Crafts Chemistry. IX. Aluminum Chloride and Antimony
Pentafluoride Catalyzed Desulfonylative Alkylation of Aromatics with
Isopropyl, ferf-Butyl, and Benzylsulfonyl Halides and

Related Sulfones

1,3-Bridged Aromatic Systems. X. Stereospecific Reductions with
Lithium Aluminum Deuteride

Carbénium lon Rearrangements in the Alkylation of Tertiary Halides
with Trimethylaluminum

A Comment on the Acetoxythallation-Induced Lactonization of
2- endo-Norbomenecarboxylic Acids

Base Rearrangement of Chromone-3-carboxylic Esters to
3- Acyl-4-hydroxycoumarins

Selective Déméthylation of 2,5-Dimethoxybenzaldehyde to
5-Hydroxy-2-methoxybenzaldehyde

Light-Induced Reaction of 3,3',5,5'-Tetramethyldiphenoquinone
in Benzene

Atomic Oxygen. I1l. Reaction of 1,4-Butadiene with Oxygen(3P) Atoms

Multipathway Bromination of Stilbenes. Competition between
Carbonium and Bromonium lon Intermediates

On the Absolute Configuration of Two trans-p-Methane-2,3-diols

Preparation and Purification of 18-Crown-6

Fluorescence Properties of a Meisenheimer Complex

Urea Dissociation. A Measure of Steric Hindrance in Secondary Amines

Heterodienophiles. VI. The Structure of Protonated Aldimines

Rates of Protonation of Aromatic Radical Anions in Dimethyl Sulfoxide

Preparation of Some Thiovulpinic Acids

An Improved Synthesis of Tetrathiafulvalene

Synthesis of Optically Active Sulfoximines from Optically
Active Sulfoxides

2459 Sulfonation of 1-Butenes with Sulfur Trioxides

2461

2463

2465

Reaction of 2-Chloromethylpyridine with Sodium Acetylide

A Hammett Relationship Study for the Thermal Decomposition of
Sterically Hindered Hydrogen Phthalate Esters in Solution

6-Methyl-2-naphthalenesulfonate (Menasylate). A New and Useful
Leaving Group for Trifluoroacetolysis



8A J. Org. Chem.., Vol. 39, No. 16, 1974

Paul R. Stapp

Gary M. Coppola and
Goetz E. Hardtmann*

2466
2467

Friedel-Crafts Alkylations with Aromatic Aldehydes

Reaction of Carbon Disulfide with 4-Hydrazinoquinazoline

Udo A. Spitzer* and Donald G. Lee 2468 Oxidation of Hydrocarbons. V. Oxidation of Naphthalenes by
Ruthenium Tetroxide

F. M. Menger* and L. E. Glass 2469 Dominance of an lonic Mechanism over a Cyclic Concerted Process
in a Hydrocarbon Solvent

S. W. Baldwin,* R. J. Doll, and 2470 Selectivity in the Free-Radical Reduction of Lactones

S. A. Haut

with Trichlorosilane

W. J. Kauffman 2472 Methoxymethyl Isocyanate from Thermal Rearrangement
of 5-Methoxymethyldioxazolone

COMMUNICATIONS

Leslie A. Freiberg,* Richard S. Egan, 2474 The Synthesis of 9-epi-Leucomycin A3. The Revised Configurational
and William H. Washburn m  Assingment of C-9 in Natural Leucomycin A3

Barry M. Trost* and Robert A. Kunz 2475 New Synthetic Reactions. Alkylation of Lactam Derivatives

m Supplementary material for this paper is available separately, in photocopy or microfiche form.
Ordering information is given in the paper.

*In papers with more than one author, the asterisk indicates the name of the author
to whom inquiries about the paper should be addressed.

Albrecht, F., 2361
Ando, T, 2465

Bakuzis, M. L. F., 2427
Bakuzis, P., 2427
Baldwin, S.W., 2382, 2470
Begland, R. W., 2341
Blank, J. E., 2454

Blount, J. F., 2374
Broaddus, C. D., 2459
Brockington, J. W., 2463

Camaggi, C. M., 2425
Carroll, F. 1., 2413
Cartledge, F. K., 2420
Casanova, J., 2408
Chan, K. H., 2439
Chou, S,, 2356
Ciavarella, D., 2411
Clark, A. C,, 2405
Coffen, D. L., 2374
Cook, F. L., 2445
Coppola, G. M., 2467
Corkins, H. G., 2458
Coward, J. K., 2377
Cram, D. J., 2445

DeBoer, C. D., 2426
Doll, R.J., 2470
Dubois, J.-E., 2441

Egan, R. S., 2474

Farnham, S., 2446
Ford, M. E., 2434
Freiberg, L. A., 2474
Fry, A. J., 2452
Fukuzumi, K., 2403

Glass, L. E,, 2469
Gokel, G. W, 2445
Grant, J. L., 2390

AUTHOR INDEX

Gross, L. H., 2429

Halpern, Y., 2390
Hardtmann, G. E., 2467
Harris, H. P., 2445
Hartter, D. R., 2341
Hartzler, H. D., 2456
Haut, S. A., 2470
Havel, J. J., 2439
Hollstein, U., 2461

Johnson, C. R., 2458
Jones, F. N., 2341

Kauffman, W. J., 2472
Keck, J. H., Jr., 2398
Kellogg, R. M., 2366
Kennedy, J. P., 2433
Kirchhoff, R. A., 2458
Klutchko, S., 2436
Koch, V. R., 2416
Krespan, C. G., 2351
Krow, G. R., 2449
Kunz, R. A., 2475
Kurooka, A., 2403

Lee, D. G., 2468

Leitz, C., 2449

Liang, G., 2394

Liotta, C. L., 2445
Lipman, A. L., Jr., 2386
Litchman, W. M., 2461
Lok, R., 2377

Lunazzi, L., 2425

Magalhaes, G. C., 2427
Marakowski, J., 2449
Martins, H., 2427
Marakowski, J., 2449
Melby, E. G., 2433
Melby, L. R,, 2456
Menger, F. M., 2469

Miller, L. L., 2416
Mo, Y.K., 2394
Moreland, C. G., 2413
Morisaki, H., 2465
Mosher, H. S., 2411

Nelson, J. A., 2356
Nishiguchi, T., 2403
Nishimura, J., 2430

Olah, G. A., 2390, 2394,
2430

Olson, P. E,, 2432

Orchin, M., 2405

Osteryoung, R. A., 2416

Ottenbrite, R. M., 2463

Padegimas, S. J., 2448
Padwa, A. 2361
Parham, W. E., 2432
Philip, A., 2413
Placucci, G., 2425
Prins, W. L., 2366
Pyun, C., 2449

Ramey, K., 2449
Rao, D. V., 2437
Reddy, K. R., 2432
Robbins, M. D., 2459
Rogers, H. R., 2408
Ruasse, M.-F., 2441
Rys, P., 2429

Saito, Y., 2465

Sam, D. J., 2341
Sawada, M., 2465
Sayigh, A. A. R., 2437
Schuettenberg, A., 2452
Seeman, J. |., 2444
Seyferth, D., 2329, 2336
Shavel, J., Jr., 2436

Shelton, J. R., 2386
Sheppard, W. A., 2341, 2456
Shih, H, 2329, 2336
Spencer, T. A., 2356
Spitzer, U. A., 2468

Stapp, P. R., 2466

Stowell, J. C., 2448
Sullivan, G. R., 2411

Sung, W. L., 2323

Sutton, B. M., 2454

Taylor, E. C., 2434
Taylor, R., 2446
Terapane, J. F., Jr., 2405
Tomesch, J. C., 2382
Trost, B.M., 2475
Tsuruya, S., 2438
Tucker, B., 2437

Ulrich, H., 2437

von Strandtmann, M., 2436

Washburn, W. H., 2474
Webster, O. W., 2341
Weigert, F. J., 2341
Weinstock, J., 2454
Westerman, P. W., 2390
White, J. D,, 2323
Wolcott, J. M., 2420
Wong, F., 2374

Wong, J. L., 2398

Yamada, Y., 2430
Yamawaki, J., 2465
Yonezawa, T., 2438
Yukawa, Y., 2465

Ziffer, H., 2444
Zune, A. E., 2461



... Organic Chemistry

Volume 39, Number 16

© Copyright 1974
by the American

hemical Society August 9,1974

Alkylation of Hagemann'’s Ester. Preparation of an Intermediate for

Trisporic Acid Synthesis
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Alkylation of Hagemann's ester (3) with methyl and methallyl halides gave predominantly C-3 substitution.
Further alkylation afforded a mixture of 1,3- and 3,3-disubstituted products. A method for the separation of
these isomers based upon selective ketalization is described. Méthylation at C-I of a 3,3-dialkylated derivative
of 3 was found to proceed well when lithium diethylamide was used as the base. By a sequence in which first a
methyl and then a methallyl group were introduced into Hagemann's ester, 18 was prepared and separated
from 19 by formation of a ketal (23). Méthylation of the latter gave 26, which upon hydrolysis furnished keto-
diene 27. This substance underwent Cope rearrangement with transposition of the methallyl group from C-3 to
C-I. Selective, oxidative cleavage of the terminal olefin led to 2, a key intermediate for synthetic entry to the

trisporic acid system.

The family of naturally occurring, fungal hormones
known as trisporic acids (la-c)1 possesses a structure
based upon an alkylated cyclohexenone carboxylic acid.2
Two previous syntheses of this system have each relied
upon a relatively inefficient, intramolecular aldol conden-
sation of an acyclic precursor for construction of the cyclo-
hexenone moiety.3'4

0

la, RI=R2=H
b, R, = R2= 0 (and cis-9,10)
¢, R[= H, R2= OH (gnd cis-9,10)

The diketo ester 2 potentially represents a highly versa-
tile intermediate for elaboration of the trisporic skeleton
and its analogs. In fact, Isoe, et al... have shown that the
7,8-dehydro version of 2 can be converted into cis and
trans isomers of methyl trisporates B and C by a straight-
forward Wittig reaction. A particularly attractive means
of access to 2 appeared to lie through sequential alkyla-
tion of Hagemann's ester (3), and we describe herein the
outcome of alkylation studies on 3 with methyl and meth-
allyl halides which has led to a convenient synthesis of the
key trisporic acid intermediate 2.

2 3
Since Hagemann's ester has four possible sites (C-I, -3,
-5, and -7) at which alkylation could, in principle, occur,
and since the synthesis of 2 depends upon selective intro-

duction of substituents at three of these, it became of pri-
mary importance to determine the relative site preference
for alkylation in this ambident system. Aside from the
generally accepted dictum that alkylation of Hagemann's
ester occurs at C-3,5 little is known of the behavior of 3 in
multiple alkylation, and such scanty information as exists
is largely contradictory.6-8

Results

Hagemann's ester (3) was allowed to react with methyl
iodide in the presence of sodium ethoxide to give monom-
ethylated product in 83% yield. Nmr evidence revealed
that 4 (C-3 CH3, 5 1.81) and 5 (C-I CH3, 8 1.42) were
formed in an approximate ratio of 4:1, a result in general
agreement with the findings of Nasipuri, et al.9 Alkylation
of 3 under similar conditions with methallyl chloride gave
6 in 82% vyield. No C-l1 methallyl derivative could be
found in this case, although possibly as much as 5% could
have escaped detection.

The mixture of 4 and 5 was treated with methyl iodide
and potassium terf-butoxide as base to give a mixture of 7
and 8 accompanied by unreacted 5 (Scheme I). The three
keto esters were easily distinguished by means of their
characteristic methyl group shifts, which indicated the
ratio of 7 (C-2 CHS3, 5 2.00):8 (C-3 CHS 5 1.82):5 (C-2
CH3 8 1.96) as 2:2:1. By monitoring this reaction using
gas chromatography, it was ascertained that both 7 and 8
arose from 4 and that 5 was methylated only very slowly if
at all. This accords with the anticipated ease of formation
of the endocyclic and more extensively conjugated enolate
from 4, as contrasted with the exocyclic enolate from 5.
The formation of both 7 and 8 from 4 is at variance with
the results of Nazarov and Zavyalov,7 who reported exclu-
sive formation of 7, but it does support the earlier work of
Mukharji.e The mixture of 7 and 8 could not be cleanly
separated by distillation, and hence a method based upon
their differing reactivity toward ketalization was em-
ployed.10 Upon treatment of the mixture with ethylene
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Table |
Methallylation of Keto Ester 4
Temps Methallyl Ratio“ of
Base °C halide 18:19

NaOEt-EtOH -25 Chloride 2:1
LICAG6 -5 Chloride 1:1
LDA"' -70 Chloride 3:5
NaH-dioxane 101 Chloride 19 only
i-BUOK-f-BuOH 83 Chloride 19 only
f-BUOK-f-BuOH 83 Bromide 19 only

“ Ratio calculated from area comparison on gas chromato-
gram. bLithium IV-isopropylcyclohexylamide. c Lithium di-
ethylamide.

glycol in benzene containing p-toluenesulfonic acid, only 7
formed a ketal (9). This was readily separated from 8 by
distillation, and 7 was recovered in high yield by hydroly-
sis. The overall yield of the desired isomer 8 from Hage-
mann'’s ester was ca. 20%.

Scheme |

An alternate route to 8 which avoids formation of the
unwanted 2,3,3-trisubstituted isomer 7 is shown in
Scheme Il. As a model for this approach, the ethylene
ketal (10),@l derived from Hagemann's ester, was treated
with methyl iodide in the presence of lithium diethylam-
ide to give 11 in 71% vyield. The latter, upon hydrolysis of

10 n
the ketal function, afforded 5. The strong preference by 10
for a- rather than y-alkylation of the unsaturated ester
function has ample precedent,12 and methylation at C-I
of this enolate is probably further enhanced by hindrance
from the spiro center adjacent to the y site. An analogous
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alkylation of the mixture of isomeric ketals 12 and 13 (1:1)
derived from 4 (86%)13 gave endocyclic (14) and exocyclic
(15), C-1 methylated, d,y-unsaturated esters (ca. 1:1) in
75% yield (Scheme Il). Acidic hydrolysis of this mixture
gave keto ester 8 in 56% overall yield from 4.

Scheme 11

CO2Et
8

Unfortunately, attempts to alkylate 8 were less success-
ful. For example, treatment of 8 with methallyl bromide
and potassium tert-butoxide gave only 5% of 16; vigorous
conditions gave up to 35% of transesterification product
17. The use of other bases such as lithium diethylamide,

lithium hexamethyldisilylamide, and sodium hydride in
benzene were equally unrewarding. It became apparent
from these studies that the conjugated enolate from a,@-
unsaturated ketone 8 is formed with considerable diffi-
culty and only under conditions where side reactions, par-
ticularly decarboxylation, become competitive.

The introduction of alkyl substituents into the nucleus
of Hagemann'’s ester clearly makes succeeding alkylations
more difficult, with the effect most pronounced when the
alkyl group is first incorporated at C-1 (for example, 5 is
resistant to further alkylation). On the other hand, the in-
troduction of the initial alkyl substituent at C-3 does not
interfere with a subsequent C-l1 alkylation, since 12 and
13 undergo smooth methylation to 14 and 15, respectively.
Consequently, 4 was subjected to methallyl chloride and
sodium ethoxide (Scheme Ill), leading to a mixture of 18
(1715 cm-1; C-3 CH3, 61.22) and 19 (1738, 1675 cm"1;
C-3 CH3, 5 1.81). As can be seen from the results in Table
I, the proportion of methallylated products is markedly



Alkylation of Hagemann’s Ester

Scheme 111
2P

24

dependent upon temperature and the base employed.
That 19 is the thermodynamically favored isomer of this
pair is apparent from the Cope rearrangement of 18 to 19
in >90% yield at 220°. Presumably, a similar driving force
is operative in the alkylation reaction, since more vigorous
conditions generally led to a higher proportion of 19. In
contrast to the methallylation of 4, the analogous alkyla-
tion of the mixture of ketals 12 and 13 gave exclusively
C-1 methallyl derivatives as a mixture of endocyclic (20)
and exocyclic (21) olefins. The latter underwent a Cope

r~\ I\

12+13

22

rearrangement to 22 upon pyrolysis, the migration of the
exo double bond to an endo position in concert with its
conjugation to the ester providing obvious thermodynamic
advantage. No Cope rearrangement of 20 is observed
under these conditions. Attempts to complete the alkyla-
tion sequence by methylation of 22 at C-lI in analogy
with the methylation of 13 gave extensive polymerization,
with little prospect of a viable synthesis of 2 by this route.
The remaining avenue to a derivative of Hagemann’s
ester having appropriate substitution for conversion to 2
lay through keto ester 18. In order to separate 18 from its
isomer 19 produced in the methallylation of 4, the mix-
ture was treated with ethylene glycol in the presence of
p-toluenesulfonic acid to effect a selective ketalization of
18. In contrast to the situation with 7 and 8, where only
the /3,y-unsaturated ketone formed an ethylene Kketal,
both ketals 23 and 24 were isolable. However, 24 was hy-
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drolyzed very rapidly in water, thus permitting a facile
removal of 23 by distillation.

As a model for the projected C-1 methylation of 23,
ketal 9 was treated with methyl iodide and lithium di-
ethylamide to give 25 in 83% yield. The presence of a new

r~N

COZEt
25

methyl group and an exocyclic methylene function was
confirmed by both ir (906 cm-1) and nmr data [é 5.21 (2
H), 1.35 (3 H, s)]. The analogous methylation of 23 gave
26 [65.30 (2 H), 4.77 (2 H), 1.37 (3 H, s)], which upon hy-
drolysis with ethanolic hydrochloric acid for 20 hr pro-
duced keto ester 27 in 72% overall yield based upon 23
(Scheme 1V). Direct methylation of 18 was less satisfacto-

ry and led to 27 in only 46% yield, accompanied by a sub-
stance having the properties of amide 28.

0

CONEt2
28

Transposition of the methallyl group from C-3 to C-7 in
27 was effected by pyrolysis at 220° for 13 min, resulting
in a 97% yield of 16 (1728, 1668, 1620 cm-1)- As in the
conversion 21 -» 22, the genesis of a conjugated carbonyl
as well as an endocyclic, tetrasubstituted olefin makes
this reorganization highly favorable. The terminal C=C of
16 underwent rapid, oxidative cleavage with a catalytic
quantity of osmium tetroxide, followed by 1 equiv of sodi-
um periodate in aqueous dioxane, to give a 78% yield of
diketo ester 2. The synthesis of 2 from Hagemann's ester
via 4, 18, 23, 26, 27, and 16 allows its preparation in an
overall yield of ca. 15%, and requires only one distillative
separation (of 23) en route. This approach therefore offers
a convenient pathway from a readily available starting
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material to a system having appropriate substitution for
elaboration of the trisporic acids.

Experimental Section

Infrared spectra were obtained with a Perkin-Elmer 137 in-
frared spectrophotometer as liquid films. Nmr spectra were ob-
tained with a Varian HA-100 spectrometer in CDCI3 solution,
with TMS as internal reference. Elemental analyses were per-
formed by Micro-Tech Laboratories, Inc., Skokie, 111, or by Dr.
Susan Rottschaefer at the Department of Chemistry, University
of Oregon, Eugene, Oreg. Low- and high-resolution mass spectra
were measured by Dr. Rottschaefer. Analytical and preparative
gas chromatography was carried out on a Varian Aerograph
Model 700 gas chromatograph, using a 5 ft x 0.25 in. SE-30 (20%
on Chromosorb G) column.

Methylation of Hagemann's Ester (3). Hagemann's ester
(27.0 g, 0.148 mol) was added to a solution of sodium ethoxide,
prepared from 3.85 g (0.167 mol) of sodium in 250 ml of absolute
ethanol. After stirring at 65° for 2.5 hr, 25 ml of methyl iodide was
added. The solution was stirred at room temperature for 20 min,
and then at 65° for 1 hr. Ethanol was removed under reduced
pressure and the residue was taken up into ether and water. The
aqueous layer was extracted with ether twice. The combined eth-
ereal extract was washed with brine and dried with anhydrous
magnesium sulfate. Ether was removed in vacuo and the residue
was distilled at 95-105° (0.2 mm), affording 24.3 g (83%) of 4 (C-3
CH3,61.81) and 5 (C-1 CH3,51.42) in aratio of 4:1.

Methylation of Ethyl 2,3-Dimethyl-4-oxocyclohex-2-enyl-I-
carboxylate (4). The mixture of keto esters 4 and 5 (2.01 g, 10.2
mmol) was added to a solution prepared from 1.60 g (14.5 mmol)
of potassium fert-butoxide in 30 ml of dry tert-butyl alcohol. The
solution was stirred at 50° under nitrogen for 30 min. The solution
was then cooled to room temperature, and 2 ml of methyl iodide
was added. The resulting mixture was stirred for 10 min at 26°
and then at 45° for another 20 min. The solvent was removed
under reduced pressure, ether was added to dissolve the residue,
and the solution was filtered. The filtrate was washed with brine
and dried with anhydrous magnesium sulfate. Ether was removed
in vacuo. Evaporative distillation of the residue at 96-110° (0.2
mm) afforded 1.51 g (66%) of a mixture of keto esters 7 (C-2 CH3,
52.00), 8 (C-3 CH3, &1.82), and 5 (C-2 CH3, &1.96) in a ratio of
2:2:1. Preparative gas chromatography afforded a sample of 8: ir
(film) 1725, 1667, 1620, 1242, 1180, 1095, 1020 cm*“1; nmr (CDC13)
5418 (2 H, q,J = 7.2 Hz), 2.60-1.80 (4 H, m), 1.90 (3 H, s), 1.82
(3H,s), 144 3 H,s), 1.26 (3 H, t, J = 7.2 Hz); mass spectrum
m/e 210 (M +).

Anal. Calcd for 8 C12H1803: C, 68.55; H, 8.65. Found: C, 68.36;
H, 8.73.

Ethyl 4,4-Ethylenedioxy-2,3,3-trimethylcyclohex-l-enyl-1-
carboxylate (9). A 20.0-g sample of keto esters 7, 8, and 5 was
heated under reflux in 150 ml of benzene with a catalytic amount
of p-toluenesulfonic acid and 6 ml of ethylene glycol for 12 hr,
with provision for water removal via a Dean-Stark trap. Benzene
was removed from the mixture under reduced pressure, and the
solution was extracted with ether. The ethereal extract was
washed with aqueous potassium carbonate solution and brine,
and dried with anhydrous magnesium sulfate. Ether was removed
in vacuo. The crude product weighed 20.5 g. Distillation of the
product through a 36-in. spinning-band column afforded 5.9 g
(25% overall yield from 4) of keto ester 8, 90% pure, bp 63° (0.15
mm). Evaporative distillation of the high-boiling, residual oil at
110° (0.3 mm) yielded 6.4 g (ca. 22% overall yield from 4) of 9: ir
(film) 1715, 1630, 1235, 1205, 1086, 1056 cm*“1; nmr (CDC13) 4.19
(2H,q J=70Hz), 39 (4H,s), 245 (2H,t J=66Hz), 193
(38H,s), .77 2 H, t, J = 6.6 Hz), 1.27 3H, t,J = 7.0 Hz), 1.11
(6 H, s); mass spectrum m /e 254 (M +).

Anal. Calcd for C14H22040): C, 66.12; H, 8.72. Found: C,
66.66; H, 8.79.

Ethyl 2,3,3-Trimethyl-4-oxocyclohex-2-enyl-l-carboxylate
(7). Ketal ester 9 (140 mg, 0.55 mmol) was added to a solution of
10 ml of 6 N hydrochloric acid in 30 ml of ethanol, and the mix-
ture was stirred at room temperature for 15 hr. Brine (100 ml)
was added and the solution was extracted twice with dichloro-
methane. The dichloromethane extract was washed with brine
and dried with anhydrous magnesium sulfate. The solvent was
removed in vacuo. Evaporative distillation of the residue at 90°
(0.2 mm) afforded 105 mg (91%) of 7: ir (film) 1725, 1630, 1222,
1048 cm -1; nmr (CDC13) 6 4.25 (2 H, q, J = 7.0 Hz), 2.80-2.40 (4
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H, m), 200 3 H, s), 1.30 (3 H, t, J = 7.0 Hz), 1.22 (6 H, s); mass
spectrum m/e 210 (M +).

Anal. Calcd for C12H180 3: C, 68.55; H, 8.65. Found: C, 68.20;
H, 8.54.

Ketalization of Keto Ester 4. Keto ester 4 (8.50 g, 0.43 mol)
was added to a solution containing 1.5 g of p-toluenesulfonic acid
and 20 ml of ethylene glycol in 200 ml of benzene, and the mix-
ture was heated under reflux for 20 hr, with provision for water
removal via a Dean-Stark trap. The benzene layer was washed
with potassium bicarbonate solution and saturated brine, and
dried with anhydrous magnesium sulfate. Benzene was removed
in vacuo, and evaporative distillation of the residue at 111° (1.5
mm) gave 8.9 g (86%) of 12 (2 CH3, s, 6 1.68 and 2.03) and 13
(CHS3, s, 62.03).

Methylation of Ketal Esters 12 and 13. A mixture of ketal es-
ters 12 and 13 (120 mg, 0.50 mmol) was added to a solution of
lithium diethylamide, prepared from 2.8 mmol (1.5 ml of a 1.9 M
hexane solution) of n-butyllithium and 300 mg (4.1 mmol) of di-
ethylamine in 10 n»l of tetrahydrofuran, precooled in an ice-water
bath. A red solution was formed after stirring for 30 min. Methyl
iodide (1 ml) was added and the mixture was stirred for a further
2 min. Solvent was removed under reduced pressure, and the resi-
due was taken up into ether and water. The ethereal extrac: was
washed with brine and dried with anhydrous magnesium sulfate.
Ether was removed in vacuo, leaving 95 mg (75%) of ketal esters
14 and 15. The nmr spectrum of this mixture showed the fol-
lowing: a doublet (equivalent to 1 H) at 5 4.97, two singlets at 5
4.02 and 3.95, a singlet at 5 1.62, and two singlets at 6 1.35 and
1. 28

Ethyl 1,2,3-Trimethyl-4-oxocyclohex-2-enyl-I-carboxylate
(8). A 70-mg (0.27 mmol) sample of the mixture of methylated
ketal esters 14 and 15 was stirred with 20 ml of 6 N hydrochloric
acid in 60 ml of ethanol for 7 hr. Brine (100 ml) was added and
the solution was extracted twice with dichloromethane. The di-
chloromethane extract was washed with brine and dried with an-
hydrous magnesium sulfate. The solvent was removed in vacuo,
leaving 50 mg (86%) of 8 identical with the material prepared by
methylation of 4.

Ethyl 4,4-Ethylenedioxy-2-methylcyclohex-I-enyl-l-carbox-
ylate (10). A 2.0-g (0.011 mol) sample of Hagemann's ester (3)
was heated under reflux in 50 ml of benzene with a catalytic
amount of p-toluenesulfonic acid and 3 ml of ethylene glycol for
21 hr, with provision for water removal via a Dean-Stark trap.
The benzene layer was washed with potassium bicarbonate solu-
tion and saturated brine, and dried with anhydrous magnesium
sulfate. Benzene was removed in vacuo. Evaporative distillation
of the residual oil at 105° (0.25 mm) gave 1.9 g (78%) of 10: ir
(film) 1720, 1650, 1238, 1088, 1066 cm*“1; nmr (CDC13) S4.21 (2 H,
q,J = 7.0 Hz), 3.99 (4 H, s), 255 (2 H, t, J = 6.5 Hz), 2.39 (2 H,
s), 203 3H,s), 175 2 H, t,J = 65 Hz), 1.28 3H, t,J = 7.0
Hz).

Ethyl 4,4-Ethylenedioxy-l,2-dimethylcyclohex-2-enyl-I-car-
boxylate (11). Ketal ester 10 (0.10 g, 0.44 mmol) was added to a
solution of lithium diethylamide, prepared from 1.9 mmol (1 0 ml
of a 1.9 M hexane solution) of n-butyllithium and 0.20 g (2.7
mmol) of diethylamine in 10 ml of tetrahydrofuran, precooled in
an ice-water bath. A dark solution was obtained after stirring for
30 min. Methyl iodide (0.5 ml) was added and the mixture was
stirred for a further 1 min. Solvent was removed under reduced
pressure, and the residue was taken up into ether and water. The
ethereal extract was washed with brine and dried with anhydrous
magnesium sulfate. Ether was removed in vacuo. Evaporative
distillation of the residue at 115° (0.2 mm) afforded 75 mg (71%)
of 11: ir (film) 1738, 1648, 1250, 1106, 1080, 1022 cm*“1;, nmr
(CDCI3) 55.47 (1 H, s), 418 2 H, q, J = 7.0 Hz), 3.98 (4 H, s),
2.50-1.70 (4 H, m), .73 3 H, s), 1.30 3 H, s), 1.23 B3 H, t, J =
7.0 Hz); mass spectrum m/e 240 (M +).

Ethyl 1,2-Dimethyl-4-oxocyclohex-2-enyl-l-carboxylate (5).
Ketal ester 11 (250 mg, 1.04 mmol) was shaken with 50 ml of 3 Al
hydrochloric acid in 50 ml of ether for 3 min. The aqueous layer
was extracted with ether once. The combined, ethereal extract
was washed with brine and dried with anhydrous magnesium sul-
fate. Ether was removed in vacuo. Evaporative distillation of the
residue at 95° (0.2 mm) afforded 140 mg (65%) of 5: ir (film) 1738,
1685, 1635, 1245, 1175, 1090, 1020 cm*“1; nmr (CDC13) 6 5.94 (1 H,
s), 421 (2 H, q, J = 6.4 Hz), 2.70-1.60 (4 H, m), 1.96 (3 H, s),
142 (3 H,s), 1.26 (3 H, t, J = 6.4 Hz); mass spectrum m/e 196
(M+).

Anal. Calcd for CnH160 3: C, 67.32; H, 8.22. Found: C, 67.60;
H, 8.27.
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Methallylation of Keto Ester 8. Keto ester 8 (0.50 g, 2.4
mmol) was added to a solution prepared from 98 mg (2.5 mmol)
of potassium in 0.5 ml of tert-butyl alcohol and 6 ml of tetrahy-
drofuran. The mixture was stirred at room temperature for 1 hr,
during which a deep red color was formed. Methallyl bromide
(0.34 g, 2.5 mmol) in 2.5 ml of tetrahydrofuran was added, and
the mixture was stirred for 15 min and then at 73° for 14 hr. Sol-
vent was removed under reduced pressure. The residue was taken
up into water and ether. The ethereal extract was washed with
brine and dried with anhydrous magnesium sulfate. Ether was
removed in vacuo, leaving 0.40 g of crude product. Gas chromato-
graphic analysis of the product showed that 60% was the unreact-
ed keto ester 8, 35% was the transesterified compound 17, and 5%
was the methallylated product 16. The latter two compounds
were obtained in pure form by preparative gas chromatography.
Methallyl 1,2,3-trimethyl-4-oxocyclohex-2-enyl-l-carboxylate (17)
had ir (film) 1735, 1671, 1624, 1230, 1170, 1085, 895 cm->; nmr
(CDC13) $4.92 (2 H, s), 4.52 (2 H, s), 2.70-1.50 (4 H, s), 1.89 (3 H,
s), 1.79 (3H, s), 1.72 (3 H, s), 1.44 (3 H, s).

Ethyl  2-(3-methylbut-3-enyl)-1,3-dimethyl-4-oxocyclohex-2-
enyl-l-carboxylate (16) had ir (fdm) 1728, 1668, 1620, 1240, 1180,
1092, 1022, 890 cm-»; nmr (CDCI3) 6 4.76 (2 H, s), 417 2 H, g, J
= 7.0 Hz), 2.70-1.55 (8 H, m), 1.82 (3 H, s), 1.75 (3 H, s), 1.45 (3
H, s), 1.24 (3 H, t,J = 7.0 Hz); mass spectrum tn/e 264 (M +).

Anal. Calcd for C16H2403 (16): C, 72.69; H, 9.15. Found: C,
72.37; H, 9.35.

Ethyl 3-Methallyl-2-methyl-4-oxocyclohex-2-enyl-1-carbox-
ylate (6). Hagemann's ester (3, 10.0 g, 0.055 mol) was added to a
solution of sodium ethoxide, prepared from 1.5 g (0.065 of sodium
in 40 ml of absolute ethanol, and the mixture was stirred at 80°
for 5 hr. Methallyl chloride (8.0 g, 0.087 mol) was added, and the
mixture was stirred for 13 hr. Ethanol was removed under re-
duced pressure, and the residue was taken up into ether and
water. The aqueous layer was extracted with ether twice. The
combined ethereal extract was washed with brine and dried with
anhydrous magnesium sulfate. Ether was removed in vacuo.
Evaporative distillation of the residue at 106-130° (0.7 mm) af-
forded 10.5 g (82%) of 6: ir (film) 1730, 1672, 1635, 890 cm-»; nmr
(cDCls) 54.65 (2 H, d, J = 14 Hz), 422 (2 H, g, J = 7.0 Hz), 3.34
(1H,tJ=42Hz), 306 (2H,d J=50Hz), 2.80-1.80 (4 H, m),
I. 94@3H,s), 1.72(3H,s), 1.26 (3 H, t,J = 7.0 Hz).

Méthylation of Keto Ester 6. Keto ester 6 (2.0 g, 8.5 mmol)
was stirred with 1.05 g (9.4 mmol) of potassium iert-butoxide in
60 ml of glyme at room temperature for 10 hr. A dark solution
was obtained. Methyl iodide (2.0 g, 14 mmol) was added, and the
mixture was stirred for 2 hr at 26° and for a further 0.5 hr at 55°.
Solvent was removed under reduced pressure, and the residue
was taken up into ether and water. The aqueous layer was ex-
tracted with ether twice. The combined ethereal extract was
washed with brine and dried with anhydrous magnesium sulfate.
Ether was removed in vacuo. Evaporative distillation of the resi-
due at 110° (0.05 mm) afforded 1.2 g (56%) of ethyl 3-methallyl-
1,2-dimethyl-4-oxocyclohex-2-enyl-l-carboxylate (29) (3 CH3 sin-
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glets at $1.85, 1.73, and 1.44) and 18 (3 CH3 singlets at $2.04,
1.63, and 1.22) in a ratio of 1:1.

Ethyl 3-Methallyl-2,3-dimethyl-4-oxocyelohex-l-enyl-I-ear-
boxylate (18). Keto ester 4 (34.0 g, 0.173 mol) in a solution of so-
dium ethoxide, prepared from 4.9 g (0.21 mol) of sodium in 250
ml of absolute ethanol, was stirred at room temperature for 33 hr.
Methallyl chloride (40 ml) was added, and the mixture was
stirred for 40 min. and then for a further 4 hr at 60°. Ethanol was
removed under reduced pressure and the residue was taken up
into ether and water. The aqueous layer was extracted with ether
twice. The combined ethereal extract was washed with brine and
dried with anhydrous magnesium sulfate. Ether was removed in
vacuo. Evaporative distillation of the residual oil at 105-130° (0.7
mm) afforded 35.1 g of a mixture of 4, 18 and 19, which gas chro-
matographic analysis (column temperature 170°) showed to be in
the ratio 50:33:17. Nmr analysis confirmed the ratio of 18 to 19 as
2:1. Distillation of the product through a 36-in. spinning-band
column afforded 18: bp 88° (0.15 mm); ca. 85% pure; ir (film)

J. Org. Chem., Vol. 39, No. 16, 1974 2327

1715, 1645, 1242, 1203, 1044, 898 cm-*; nmr (CDC13) S4.70 (2 H,
d, J = 16 Hz), 425 (2 H, g, J = 7.0 Hz), 2.80-2.10 (6 H, m), 2.04
(3H,s), 163 (3H,s), 1.35 3 H, tJ =70Hz), 122 (3 H, s);
mass spectrum m/e 250.157 (parent, calcd for C15H2203,
250.157).

Pyrolysis of Keto Ester 18. Keto ester 18 (0.10 g, 0.40 mmol)
was heated in an air bath at 220° for 25 min. Evaporative distilla-
tion at 110-120° (0.2 mm) gave 0.09 g (90%) of 19: ir (film) 1738,
1675, 1623, 1204, 1168, 1072, 1018, 895 cm-*; nmr (CDCla) b 4.86
(2H, d, J = 11 Hz), 420 (2 H, g, = 7.0 Hz), 3.00-2.00 (6 H, m),
197 3H, s), 1.81 3H,s), 1.69 (3 H,s), 1.25 (3 H, t,J = 7.0 Hz);
mass spectrum m/e 250.156 (M +, calcd for C15H2203, 250.157).

Methallylation of the Mixture of 12 and 13. A mixture of
ketal esters 12 and 13 (8.65 g, 0.036 mol) was added to a solution
of lithium diethylamide, prepared from 0.112 mol (48 ml of a 2.34
M hexane solution) of n-butyllithium and 8.6 g (0.18 mol) of di-
ethylamine in 180 ml of tetrahydrofuran, precooled in an ice-
water bath. The solution was stirred for 25 min, methallyl chlo-
ride (20 g, 0.215 mol) was added, and the mixture was stirred for
a further 40 min. Solvent was removed under reduced pressure,
and the residue was taken up into ether and water. The ethereal
extract was washed with brine and dried with anhydrous magne-
sium sulfate. Ether was removed in vacuo. Evaporative distilla-
tion of the residue at 120-160° (0.4 mm) afforded 8.1 g (76%) of a
mixture of 20 and 21 (vinyl H at 65.36, exocyclic methylene).

Ethyl 4,4-Ethylenedioxy-2-(3-methylbut-3-enyl)-3-methylcy-
clohex-l-enyl-l-carboxylate (22). A mixture of 20 and 21 (0.50 g)
was heated in an air bath at 220° for 15 min. Evaporative distilla-
tion afforded 0.43 g of a mixture of 20 and 22. Preparative gas
chromatography afforded a sample of 20: ir (film) 1728, 1655,
1064, 892 cm-i; nmr (CDClIs) b4.80 (2 H, d, J = 5.8 Hz), 4.14 (2
H, q, J = 7.0 Hz), 4.00 (4 H, s), 3.00-1.50 (6 H, m), 1.72 (3 H, s),
I. 65(3H,s), 1.61((3H,s), 1.23(3H, t,J =7.0Hz).

The mixture of 20 and 22 (0.35 g) was shaken with a solution con-
taining 50 ml of ether and 50 ml of 6 N hydrochloric acid for 2
min. The ether layer was separated and dried with anhydrous
magnesium sulfate. Ether was removed in vacuo, leaving 0.25 g of
residual oil which by chromatographic analysis was found to be a
mixture of 19 and 22 (1:1). Preparative gas chromatography af-
forded a sample of 22: ir (film) 1719, 1652, 1635, 1240, 1138, 1083,
886 cm-i; nmr (CDC13) 54.74 (2 H, s), 419 (2 H, q, J = 7.0 Hz),
3.97 (4 H, s), 3.00-1.50 (9 H, m), 1.74 3 H, s), 1.27 B3 H, t, J =
7.0 Hz), 1.16 (3H, d, J = 7.4 Hz); mass spectrum m/e 294 (M +).

Ethyl 4,4-Ethylenedioxy-3-methallyl-2,3-dimethylcyclohex-
1-enyl-l-carboxylate (23). A mixture of keto esters 18 and 19
(18.0 g, 0.072 mol) was added to a solution containing 200 mg of
p-toluenesulfonic acid and 20 ml of ethylene glycol in 150 ml of
benzene. The solution was heated under reflux for 12 hr, with
provision for water removal via a Dean-Stark trap. The benzene
layer was washed with potassium bicarbonate solution and satu-
rated brine, and dried with anhydrous magnesium sulfate. Ben-
zene was removed in vacuo, leaving 16.5 g of a mixture of ketals
20,23, and 30 in the ratio of 2:3:1.

The mixture of ketals (6.6 g, 0.024 mol) was shaken with a mix-
ture of 0.20 g of p-toluenesulfonic acid, 20 ml of water, and 20 ml
of benzene for 5 min. The benzene layer was washed with brine
and dried with anhydrous magnesium sulfate. Benzene was re-
moved in vacuo. The crude product was distilled with a 12-in.
spinning-band column at 83° (0.06 mm), affording 3.0 g of a mix-
ture of keto esters 18 and 19 and ketal ester 30. Preparative gas

chromatography gave 30: nmr (CDCI3) 55.01 (1 H, s), 4.18 (2 H,
g,J = 7.0 Hz), 351 2 H, t, J = 6.4 Hz), 2.0-1.5 (2 H, m), 1..91 (3
H, s), 1.71 3 H, s), 1.61 (3 H, s), 1.27 (3 H, t, I = 7.0 Hz), 1.22 (3
H, s); mass spectrum mfe 294 (M +).

Further distillation of the residue at 130-145° (0.6 mm) gave 2.5
g (ca. 48% from 18) of 23: ir (film) 1740, 1678, 1240, 1078, 1054,
890 cm-»; nmr (CDC13) 54.82 (2 H, d, J = 6.0 Hz), 4.20 (2 H, q,
J = 7.0 Hz), 4.00 (4 H, s), 2.60-1.50 (6 H, m), 1.94 (3 H, s), 1.74
(3H,s) 1.28 (3H,t, J = 7.0 Hz), 1.09 (3 H, s); mass spectrum
m/e 294.181 (M +, calcd for C17H2604, 294.183).
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Ethyl  4,4-Ethylenedioxy-I,3,3-trimethyl-2-methylenecyclo-
hexyl-lI-carboxylate (25). Ketal ester 9 (0.30 g, 1.18 mmol) was
added to a solution of lithium diethylamide, prepared from 5.7
mmol (3.0 ml of 1.9 M hexane solution) of n-butyllithium and
0,43 g (5.7 mmol) of diethylamine in 40 ml of tetrahydrofuran,
precooled in an ice-water bath. The mixture was stirred for 5
min. Methyl iodide (2 ml) was added, and the mixture was
stirred for a further 5 min. Solvent was removed under reduced
pressure, and the residue was taken up into ether and water. The
ethereal extract was washed with brine and dried with anhydrous
magnesium sulfate. Ether was removed in vacuo. Evaporative
distillation of the crude product at 112° (0.1 mm) afforded 0.26 g
(83%) of 25: ir (film) 1730, 1635, 1254, 1090, 906, 806 cm*“1; nmr
(CDCls) 5521 (2 H, d, J = 48 Hz), 412 2 H, q, J = 7.2 Hz),
395 (4 H, s), 240-1.30 (4 H, m), 1.35 B3 H, s), 1.22 B3 H, s,J =
7.2 Hz), 111 (3 H, s), 1.03 (3 H, s); mass spectrum m/e 268.169
(M +, calcd for C15H2404, 268.167).

Ethyl 4,4-Ethylenedioxy-3-methallyl-1,3-dimethyl-2-methy-
lenecyclohexyl-l-carboxylate (26). Ketal ester 23 (1.9 g, 6.5
mmol) was added to a solution of lithium diethylamide, prepared
from 28.1 mmol (12 ml of 2.34 M hexane solution) of n-butyllith-
ium and 2.2 g (30.1 mmol) of diethylamine in 50 ml of tetrahydro-
furan, precooled to -78°. The mixture was stirred for 1 hr. Meth-
yl iodide (5 g, 35.1 mmol) was added, and the mixture was stirred
for a further 0.5 hr. Solvent was removed under reduced pressure,
and the residue was taken up into ether and water. The ethereal
extract was washed with brine and dried with anhydrous magne-
sium sulfate. Ether was removed in vacuo. Evaporative distilla-
tion of the crude product at 140° (0.4 mm) afforded 1.6 g (81%) of
26: ir (film) 1730, 1630, 1250, 1080, 895 cm -1; nmr (CDC13) 55.30
(2H,d, J=72Hz), 477 (2 H, s), 421 (2 H, q,J = 7.2 Hz), 3.93
(4 H, s), 2.50-1.50 (6 H, m), 1.67 (3 H, s), 1.37 (3 H, s), 1.22 (3 H,
t, J = 7.2 Hz), 1.05 (3 H, s); mass spectrum m/e 308.199 (M +,
calcd for Ci8H2s04, 308.199).

Anal Calcd for C18H2804: C, 70.10; H, 9.15. Found: C, 70.04;
H, 9.19.

Ethyl 3-Methallyl-1,3-dimethyl-2-methylene-4-oxocyclo-
hexyl-l-carboxylate (27). A. From 26. Ketal ester 26 (0.25 g,
0.81 mmol) was stirred with 10 ml of 5 IV hydrochloric acid and 30
ml of ethanol for 20 hr. Brine (100 ml) was added and the solution
was extracted twice with dichloromethane. The dichloromethane
extract was washed with brine and dried with anhydrous magne-
sium sulfate. The solvent was removed in vacuo. Evaporative dis-
tillation of the crude product at 99-105° (0.4 mm) afforded 0.19 g
(89%) of keto ester 27: ir (film) 1730, 1675, 1633, 1242, 1168, 1020,
898 cm-1; nmr (CDCI3) 05.22 (2 H, d, J = 3.0 Hz), 473 (2 H, d,
J = 17 Hz), 419 (2 H, q, J = 7.0 Hz), 2.80-1.40 (6 H, m), 1.63 (3
H,s), 1.40 3H, s), 1.25(3H, t, I = 7.0 Hz), 1.25 (3 H, s).

B. From Keto Ester 18. Keto ester 18 (0.90 g, 3.6 mmol) was
added to a solution of lithium diethylamide, prepared from 18.0
mmol (7.7 ml of 2.34 M hexane solution) of n-butyllithium in 40
ml of tetrahydrofuran, precooled in an ice-water bath. The mix-
ture was stirred for 25 min. Methyl iodide (3.0 g, 21 mmol) was
added, and the mixture was stirred for a further 5 min. Solvent
was removed under reduced pressure, and the residue was taken
up into ether and water. The ethereal extract was washed with
brine and dried with anhydrous magnesium sulfate. Ether was
removed in vacuo. Evaporative distillation of the crude product
at 117° (0.15 mm) afforded 0.44 g (46% yield) of 27 and 0.13 g of a
high-boiling residue which was identified as amide 28: ir (film)
1712, 1625 (strong), 895 cm-1; nmr (CDCI3) 64.73 (2 H, d, J = 16
Hz), 3.00-3.80 (4 H, broad), 1.73 (3 H, s), 1.70 (3 H, s), 1.21 (3 H,
s).

White and Sung

Pyrolysis of Keto Ester 27. Keto ester 27 (0.44 g) was heated
at 220° for 13 min in an air bath. Evaporative distillation afford-
ed 0.43 g (97%) of keto ester 16, identified by comparison with the
methallylation product from 8.

Ethyl  2-(3-Oxobutyl)-1,3-dimethyl-4-oxocyclohex-2-enyl-I-
carboxylate (2). Keto ester 16 (0.50 g, 1.9 mol) was added to a
solution containing ca. 10 mg of osmium tetroxide in 100 ml of
water-dioxane (1:3) and the mixture was stirred for 0.5 hr. Sodi-
um periodate (0.45 g, 2.1 mmol) in 3 ml of water was added drop-
wise during 2 hr, and the mixture was stirred for a further 4 hr.
Saturated brine (100 ml) was added, and the solution was ex-
tracted with ether twice. The ethereal extract was washed with
brine and dried over anhydrous magnesium sulfate. Ether was re-
moved in vacuo. Evaporative distillation of the crude product at
132° (0.6 mm) afforded 0.39 g (78%) of 2: ir (film) 1725, 1670,
1620, 1244, 1184, 1164, 1095, 1022 cm -1; nmr (CDCI3) 54.20 (2 H,
g, J = 7.2 Hz), 2.70-1.75 (8 H, m), 2.15 (3 H, s), 1.80 (3 H, s),
144 (3 H, s), 1.26 (3 H, t, J = 7.2 Hz); mass spectrum m/e 266
(M +).

Anal. Calcd for C15H2204: C, 67.65; H, 8.33. Found: C, 67.47;
H, 8.26.

Registry No.—2, 51716-30-4; 3, 487-51-4; 4, 39880-26-7; 5,
28790-87-6; 6, 25533-27-1; 7, 51716-31-5; 8, 51716-32-6; 9, 51716-
33-7; 10, 32917-26-3; 11, 51716-34-8; 12, 51716-35-9; 13, 51716-36-0;
14, 51716-37-1; 15, 51716-38-2; 16, 51716-39-3; 17, 51716-40-6; 18,
51716-41-7; 19, 51752-02-4; 20, 51716-42-8; 21, 51716-43-9; 22,
51716-44-0; 23, 51716-45-1; 25, 51716-46-2; 26, 51716-47-3; 27,
51716-48-4; 29, 51716-49-5; 30, 51716-50-8; methallyl bromide,
1458-98-6; methallyl chloride, 563-47-3.
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The reaction of phenyl(trihalomethyl)mercury compounds with azodicarboxylate esters in benzene at 80°
gives hydrazonodihalomethanes of type (R02C)2NN=CX2 (X = CI and/or Br). Sodium trichloroacetate reacts
similarly, giving the same type of product (X = CI). A study of this reaction (R = Me) as carried out at room
temperature provided evidence for an intermediate in these reactions to which structure 10 was tentatively as-
signed on the basis of spectroscopic (1H, 13C, ir) evidence. In the case of the PhHgCBr3-Me02CN=NCO02Me
reaction the intermediate was isolated as a pure substance and a kinetic study of its thermal decomposition
showed a first-order process to be operative with the following activation parameters: AH* = -19.75 kcal/mol;

AS* = -17.16 eu.

In previous papers of this series we have reported con-
cerning reactions of phenyl(trihalomethyl)mercury com-
pounds in which CX2 was added to C=N,3 C=S,4 and
C=05 bonds. However, attempted addition of
PhHgCC”Br-derived CCI2 to the N=N bond of azoarenes
was not successful, the only reaction observed being a
fragmentation process (eq 1).3 In spite of this observation

ArN=NAr + PhHgCCIBr — »ArN=CCI2 + [ArN] + PhHgBr
?

PhHgCCIBr

@
IXp
ArlT |

TC12

we extended our studies to include azodicarboxylate es-
ters. In this work we have found the course of the
PhHgCX3-R02CN=NCO2R reactions to be completely
different from that of the PhHgCX3-ArN=NAr reactions,
and the chemistry which was uncovered has potential for
synthetic applications.

Results and Discussion

The RO2CN=NCO02R-PhHgCX3 Reaction. The Final
Product. The reaction of phenyl(bromodichloromethyl)-
mercury with diethyl azodicarboxylate proceeded as
shown in eq 2. Analysis of the product, a distillable liquid,
indicated the composition shown in eq 2. In its mass spec-

EtO,C
berzere
+ PhHQCCIBr - -

reflux 3 hr

COIEt
PhHgBr + CHICIND4 (2)
(98%) (87%)

trum (70 eV) [M - CI]+ was the largest fragment ob-
served. The ir spectrum showed, in addition to the ester
carbonyl bands at 1805 (sh) and 1770 cm-1 (s), a medium
band at 1590 cm*“ 1. The product absorbed in the uv re-
gion: Xmas (cyclohexane) 248 nm (e 1655). A single ethoxy
group resonance was observed in its proton nmr spectrum
and its 13C nmr spectrum confirmed the presence of ap-
parently equivalent OEt groups. In addition, signals due
to carbon atoms assignable to a C=0 and a C=N moiety
were observed.

Five structures (1-5) were given further consideration.
Since the product obtained is very soluble in nonpolar sol-
vents and is quite volatile at moderate temperature, the
ionic structure 2 is excluded. If 1 and 2 were in equilibri-

EtOzC COZEt EtO,C COZEt
\ / \Y /
N-—N N----N
\Y%
Ve c
/\ /
Cl cl ci cr
1 2
Et0Z
al EtO,C +
> ( >-0Et AN — NCOXEt
Cl 0 cixc
4
Et02ZC
/ \
Et0ZC ~N=CC1,
5

um and the 1590-cm_1 band were due to the C=N vibra-
tion of 2, then the solvent polarity should have a marked
effect on the equilibrium and a solvent-dependent ir spec-
trum in the C=N region would be expected. In actual
fact, there was no significant change in intensity of the ir
band at 1590 cm-1 (C=N vibration) even when the spec-
trum was taken in a very polar medium such as acetoni-
trile. Further evidence against a mixture of 1 and 2 is that
both the 3H and 13C nmr spectra showed only resonances
which account for one structure rather than a mixture.
The ir and uv spectral features of the product are not
compatible with the diazirine structure of 1.6

Structures 3 and 4 could be ruled out on the basis of the
proton nmr spectrum of the product, which showed only a
single resonance due to equivalent CCMEt groups. In order
to establish that it was a matter of equivalent CCNEt
groups, not of accidentally coincidental chemical shifts of
nonequivalent ethoxy groups, two model compounds, 6

and 7, were synthesized by the procedures of Fahr, et all
Compound 6 displayed three different sets of OEt reso-
nances in its nmr spectrum, while compound 7 showed
only two, and thus it is likely we are dealing with equiva-
lent CO2Et groups in our product.8
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Table |

Reactions of PhHgCX3with ROZN=NCOR in Benzene at Reflux

ROICN=NCO!R
(registry no.)

Me02CN=NCOMe
(2446-84-6)
EtOXN=NCOEt
(1972-28-7)

MeX 0XN=NCOXMe3
(870-50-8)

PhCH2 X N=NCO0XHPh
(2449-05-0)

PhOX N=NCO®Ph
(2449-14-1)

MeOZN=NCOMe

EtOZN=NCOZXEt

MeL 02N==NC02CMe3

PhCH2 X N=NCOXHZPh

Product (yield, %)“

(registry no.) Mp or bp, “C (mm)

PhHQCCIBr (3294-58-4)

(MeOiIC)NN=CC12 (61) 57-58
(51381-23-8)

(Et0XC)NN=CCI2(87) 88 (0.24)
(36133-63-8)
(MeL0XX)N N =CCI2(38) 42-45
(51381-24-9)
(PhCHD C)2N N =CCI2 (53) c
(51381-25-0)
(PhOXC)NN=CC13(34) 100-1036
(51381-26-1)

PhHgCBr3 (3294-60-8)
(MeOX)NN=CBr2 (47) 82-84

(51381-27-2)
(EtOXC)NN=CBr2 (59)
(51381-28-3)

85-90 (0.02)b

(MeX 0XL)N N=CBr2 (30) 108-109
(51381-29-4)
(PhCHD X)NN=CBr2 (65) c

(51381-30-7)

PhO2ZN=NCO0Zxh

(PhOZ)NN=CBr2(41) 138-140

(51381-31-8)

PhHgCBrXI (3294-59-5)

EtOXN—NCOZEL

(EtOX)NN=CBrCl (55)

78-83 (0.02)b

(51381-32-9)

MeXL0OXN=NCOXMe3

(MeXL02X)NN==CBrCI (15) 77-79

(51381-33-0)

“ Isolated yield. 1Analytically pure sample was not obtained. “Vacuum distillation failed; crude oil product failed to

crystallize.

Further evidence supports a phosgene hydrazone struc-
ture 5 as the structure of the isolated product of the
PhHgCCI2Br-Et02CN=NCO02Et reaction. The ir absorp-
tion of the C=N vibration for compounds of the type
RN=CC12 normally appears at 1645-1660 cm-1 when R is
an alkyl or aryl group,9 but is seen at 1560-1610 cm 'l
when R is a rather electronegative group, such as CI,
CH3S02, C12C=N, N(CF3)2, and N(SiMe3)2.10 Our ob-
servation of vc=n at 1590 cm-1 falls within this latter
range. The uv absorption of the product is also compara-
ble to that of a carbonimidoyl dichloride. For instance,
Me2CHN=CCI23 shows an uv absorption at Amax (cyclo-
hexane) 253 nm (« 1040).

A brief chemical study of the product of the
PhHgCCI2Br-Et02CN=NCO02Et reaction summarized in
Scheme | also supports structure 5 for the reaction prod-

Scheme |
EtOoC
\
/IQcC1, N—N
(EtO2C)2NN. al + EtCI
cci2 0o="ro"r—'
PhHgCCI2Br **\benzene, 80° n 180°, | hr

(EtOX}NN==CCI2

(EtOX)NNHCO2Me (EtOX)2NNHCO %kt

(EtO2XC)2NNH2 + EtO2ZNHNH?2

uct: Addition of CC12 to a C=N bond of RN=CC12 to
give a tetrachloroaziridine is a known reaction.3 The py-

rolysis of 5 to give a 5-halo-1,3,4-oxadiazolin-2-one can be
rationalized in terms of the known chemistry of the hy-
drazonoyl halides.11 For instance, the thermolytic conver-
sion of EtO2CNHN=C(CI)Ph to 8 has been described.12

0= ( ph

8

The solvolysis reaction of a carbonimidoyl dichloride
(PhN=CCI2) with ethanol to give a N-substituted ure-
thane (PhNHCO02Et) was reported by Sell and Zierold.13
In our case, the N substituent was a N(C02Et)2 group,
therefore a hydrazine derivative was obtained. Methanol-
ysis and acid hydrolysis support that the C02Et groups in
the compound in question are geminal rather than vicinal.

This study was extended to reactions of other phenyl-
(trihalomethyl)mercurials and other azodicarboxylate es-
ters as well. The results are summarized in Table I. While
the syntheses of a number of carbonyl halide hydrazones
have been described,ioc,d,u-i6 no carbonyl halide dicarbo-
alkoxy or dicarbophenoxy hydrazones have been reported
prior, to our description of these phosgene dicarboalkoxy
hydrazones prepared via the reactions of PhHgCX3 com-
pounds with azodicarboxylate esters.

The carbonyl halide dicarboalkoxy and dicarbophenoxy
hydrazones are either colorless oils or solids. The com-
pounds are characterized by their infrared absorption
bands at 1770-1780 (very strong) and 1800-1825 cm 'l
(shoulder) due to the N(CO02R)2 groups, 1570-1590 cm” 1
(medium band) due to the C=N stretching vibration, and
960 ( CC12), 878-890 (=CBr2), and 924-925 cm”1
(=CBrCl) (strong bands). Their 1H and 13C nmr spectra
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showed only one CO2R signal. The 13C nmr chemical
shifts of the =CClIl2 carbon were observed at -17.5 (R =
Me) and -18.6ppm (R = Et) (as. benzene).

The carbonyl halide hydrazones appeared to be rather
stable to air, but the thermal stability of these hydrazones
varied widely. For instance, (Meo2C)2NN=CBr2, (Et-
02C)2NN=CBr2, and (Et02C)2NN=CBrCl have only
marginal  stability at room  temperature, but
(Ph02C)2NN=CClIl2 and (Ph02C)2NN=CBr2 are stable
at 160° for several hours. Generally speaking, phosgene
hydrazones are more stable than either the carbonyl bro-
mide or chloroformyl bromide hydrazones.

The Reaction Course. Detection and lIsolation of an
Intermediate. The carbonyl halide hydrazones isolated
from reactions of PhHgCX.-s and azodicarboxylate esters
cannot be the products formed initially, and to obtain fur-
ther information concerning the reaction course, we fol-
lowed the progress of the slow reaction at room tempera-
ture17 of PhHgCCIZBr with dimethyl azodicarboxylate by
means of 1H and ir spectroscopy in carbon tetrachlo-
ride solution. Initially, a single methyl resonance at 4.0
ppm due to the starting ester was observed. After 1 day,
two new singlets at 3.95 and 3.83 ppm were seen as well.
These continued to increase in area, but another singlet at
380 ppm, which was due to the presence of
(Me02C)2NN=CCI2, appeared and grew at the expense of
the 3.95 and 3.83 ppm singlets.18 Clearly, an intermediate
with nonequivalent OCH3 groups was formed initially and
rearranged at room temperature to the final product. In
an experiment where ir spectroscopy was applied, it was
seen that the formation of the intermediate in the Me-
02CN=NCO02Me-PhHgCCI2Br reaction correlated with
the growth of aband at 1640 cm-1.

Successful isolation of one such intermediate was real-
ized in the reaction of PhHgCBr3 and dimethyl azodicar-
boxylate at room temperature. After 6 days, about 50% of
the starting azo compound had been consumed and the
products formed contained the intermediate and the final
product, (Me02C)2NN=CBr2, in about 2:1 ratio (by the
nmr). The starting azo compound and the final product,
as well as unreacted mercurial compound, could be re-
moved from the reaction mixture by washing with 5%
aqueous sodium sulfide solution, a treatment which the
reaction intermediate survived. The crude intermediate
was recrystallized from pentane, giving large crystals, mp
55-56.5°, which appeared to be air stable and could be
stored in the refrigerator for weeks. Analysis indicated the
composition CsHgN"B~CU. The product showed absorp-
tion in the ultraviolet region, Xmex (pentane) 224 nm (e
1390). Its IH nmr spectrum indicated the presence of two
nonequivalent OMe groups separated by 6.8 Hz. Both
structure 9 and 10 are compatible with these spectral

Met)ZC
\
MeOZ _ Br N-N
.N — NCO02ve >/ \— ()Me
lirZC Br cr
9 10
(Me0Z),NN==CBr2

n

data. However, the CBr2 of 9 (sp2 carbon) and 10 (sp3 car-
bon) might be expected to show very different chemical
shifts in their 13C nmr spectra, so distinction between the
two structures might be possible if a model compound
were available for comparison. Compound 11, the final
reaction product, having a CBr2 group very similar to that
of 9, would be a reasonable model for this purpose. Both
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CBr2 groups of 9 and 11 have sp2-hybridized carbons, but
an additional deshielding effect on the carbon nucleus due
to the adjacent positive charge in 9 is expected. Thus the
13C chemical shift of the CBr2 group of 9 would be ex-
pected to appear further downfield than that of 11. On the
other hand, the CBr2 carbon of 10 which is sp3 hybridized,
is expected to show a resonance at substantially higher
field than an sp2 carbon CBr2, as in 11. In actual fact,
compound 11 showed its CBr2 resonance at 9.15 ppm,
while the CBr2 resonance of the intermediate occurred at
31.93 ppm (us. benzene), 22.78 ppm upfield from that of
11. Therefore, on the- basis of the 13C nmr results, the
reaction intermediate would appear to have the 1,3,4-ox-
adiazoline structure 10. This structural question, however,
cannot be considered as definitely settled at this time.
Related ring-chain isomerization in solution, azometh-
inimine (12a) ™ oxadiazoline (12b), has been described,19

EtO,C
\
Et0OZ + N—N
~N — NCOEt — RI 3 — OEt
cr
12a 12b

but no decisive infrared assignments were reported. Nev-
ertheless, it seems that the azomethinimine structure of
12a showed two distinguishable C=0 stretching vibra-
tions at 1783 and 1745 cm-1 and a C=N vibration at 1645
cm™1. On the other hand, the same compound in the solid
state, where 12b is believed to be the sole consituent,
showed one C=0 vibration at 1715, cm"1 and a C=N vi-
bration at 1672 cm* 1 in its ir spectrum (KBr pellet). A
similar system was studied by Bettinetti and Capretti2o
with comparable results.

The infrared spectrum of our reaction intermediate, ei-
ther in solution or as a Nujol mull, showed only one C=0
band at 1790 cm" 1 and a C=N vibration at 1640 cm-1, in
agreement with the proposed oxadiazoline structure 10.
Although the intermediates in reactions of other azodicar-
boxylates with the various PhHgCX3 were not isolated,
spectroscopic studies of these reactions at room tempera-
ture indicated that similar 1,3,4-oxidiazoline intermedi-
ates were formed in all these reactions.

Kinetic Study of Thermal Rearrangement of the In-
termediate. Thermal rearrangement of the 1,3,4-oxidiazo-
line intermediate to the final carbonyl halide hydrazone
proceeded quantitatively on moderate heating in CCl4 so-
lution. In the case of the assumed 2-methoxy-4-carbome-
thoxy-5,5-dibromo-A2-1,3,4-oxadiazoline (10), kinetic
measurements of the reaction rate by means of XH nmr
spectroscopy at various temperatures (73-99°) showed
that the rearrangement was a first-order reaction. Plots of
log (area)/(area)o us. time allowed first-order rate con-
stants (k) to be calculated from the slopes of the straight
lines and the results are summarized in Table Il. The fol-
lowing activation parameters were determined: AH* =
19.75 kcal/mol; AS* = —17.16 eu.

The rearrangement of 10 to 11 involves the migration of
a carbomethoxy group from one nitrogen atom to another,
and several mechanisms are possible for this kind of mi-
gration.21

The relatively large negative entropy of activation found
in this reaction is of interest. The Stevens-type 1,2 shift
involving cleavage-recombination via ionic or radical pair
mechanisms does not seem likely to be involved in this
rearrangement, since the activation parameters observed
in a typical Stevens rearrangement (eq 3) (AH* = 314
kcal/mol and AS* = -2.5 eu) are quite different from
those of our reaction.22 However, our activation parame-

\% * ti
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Table 11
First-Order Reaction Rates of Thermal
Rearrangement of 10 to 11 and Correlation of
Log (Area) with t

Temp, °C K sec-1 Se*
73.0 3.60 X 10-4 0.0016
79.5 5.34 X 10-4 0.0060
87.0 1.13 X 10-3 0.0021
91.5 1.71 X 10-3 0.0049
99.0 2.85 X 1Q"3 0.0011

aStandard error of estimation, Se = [2d2Z(n — 1)]1»
(where d = standard deviation). For details see C. L. Perrin,
“Mathematics for Chemists,” Wiley-Interscience, New
York, N. Y., 1970, p 161, and E. L. Bauer, “A Statistical
Manual for Chemists,” 2nd ed, Academic Press, New York,
N. Y, 1971.

PhCOCHNMe2 — » PhCOCHNMe2 — » ©)

| |

CHZPh CHZPh
ters can be compared with those of the intramolecular
rearrangement of an oxaziridine to a dibenzoylamine (eq

0

/' \+
Ph— C-—N—R

\ /
C
Ph  0“

|
PhC— |[N— CPh  (4)

R

4) involving migration of a benzoyl group via a transition
state as shown, where AH* and AS* were found to be 21.7
kcal/mol and -22.0 eu, respectively.23

Although the exact mechanism of this rearrangement
(10 to 11) cannot be assessed at this time, the observed
large negative entropy of activation can be reasonably ac-
commodated by a cyclic transition state such as 13 or 14
in an intramolecular reaction as shown in Scheme II. At-

Scheme 11
f " OMe "1
MepZC
u N—N IV
N— N
>4, N — OMe ~ * /"
Br CT Br2C. ,COMe
10 0 J
13
|
\
Br20=N N (C 02Me),
n
t
~'0) OMe
MeOZL N7/
\ r)c
—NCO02Me — » 177\
Br Brd=N — NCOMe
9 14

tempts to trap the possible azomethinimine 9 with 1,3-
dipolarophiles such as dimethyl acetylenedicarboxylate or
phenyl isocyanate failed, but on the basis of these two ex-
periments alone, 9 still cannot be excluded. The facile
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rearrangement of 10 to 11 finds precedent in the thermal
isomerization of 15to (PhCH202C)2NN=CHCO02Et.7

PhCHD 2

\
r N—N
H

OCHZh
Et)0,Cl

Reaction Mechaiiism. The reactive species which in-
teracts with the azodicarboxylate esters in the case of
EhHgCC/Br could be either the mercurial itself or CCI2
formed by decomposition of this mercurial. That it is the
latter seems likely, since decarboxylation of CCIsCC~Na
in the presence of Et02CN=NCO02Et in refluxing 1,2-
dimethoxyethane also gives (Et02C)2NN=CCI2 in 69%
yield. In terms of the final products obtained, there is a
striking similarity between the reactions of azodicarboxy-
late esters with dihalocarbenes and with diazoal-
kanes.1924'25 However, very different reaction pathways
are involved. In the case of the latter reagents, direct at-
tack of the diazoalkanes as carbon nucleophiles at an azo
ester nitrogen atom (rather than a carbene mechanism)
was established by Fahr, et al.7<6 A kinetic study showed
that in the presence of azodicarboxylate esters, the di-
azoalkanes decomposed readily with evolution of nitrogen
at 80°, but in the absence of the azodicarboxylate esters,
no apparent decomposition of diazoalkanes occurred
under the same reaction conditions.26 Similar rate en-
hancement of the decomposition of dicyanodiazomethane
in the presence of azodicarboxylate esters was noted by
Ciganek.25

In the case of dihalocarbene reactions, we presumably
are dealing with an initial electrophilic attack of the car-
bene at nitrogen to form a highly reactive nitrogen ylide
intermediate which then undergoes further reaction. For-
mation of the 1,3,4-oxadiazoline intermediate in these
reactions most likely involves the cyclization shown in
Scheme III.

(Although none of our evidence speaks in favor of the
formation of a diaziridine as a stable intermediate, it can-
not be excluded as a transitory intermediate.)

The mechanism shown in Scheme Il finds support in
the reaction of CC12 with Me3SiN=NSiMe3,10d where a
phosgene hydrazone product was obtained. The product
apparently is derived from the rearrangement of an ylide
intermediate, as in the scheme shown below.

Me3Si  +
MexSiN=NSiMe3 + :CC12—* _ "> =NSiMe;
cx
I
Me3Si
CIZ2=NN(SiMe32 — '"AN=NSiMe3
C1xG

Experimental Section

General Comments. All reactions were carried out in flame-
dried glassware under an atmosphere of dry nitrogen. Solvents
were carefully dried. Infrared spectra were recorded using a Per-
kin-Elmer Model 457A, 257, or 337B grating infrared spectropho-
tometer, ultraviolet spectra using a Cary-14 spectrophotometer,
and proton nuclear magnetic resonance spectra using a Varian
Associates T-60 or a Hitachi Perkin-Elmer R-20B high-resolution
nmr spectrometer. Chemical shifts are expressed in 5 units, in
parts per million downfield from tetramethylsilane. Carbon-13
nuclear magnetic resonance spectra were recorded using a Bruker
HFX-90 nmr spectrometer interfaced with Digilab NMR/FTS-3
Fourier transform data system. The carbon-13 chemical shifts are
expressed in parts per million with respect to internal benzene.
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Scheme 111
PhHgCCX2Br PhHgBr + :CX, (X =Cl or Br)
0
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Mass spectra were recorded using a Hitachi Perkin-Elmer RMU-6
mass spectrometer. Gas-liquid partition chromatographs (gic)
used were F & M Model 5750, 700, or 720 and MIT isothermal
units. Thin layer chromatography (tic) was used to examine high-
boiling reaction mixtures; Eastman silica gel tic sheets, type
6061, were used. The pretreated neutral alumina (activity Ill) (a
product of M. Woelm, Germany) and Nylon tubing for dry-col-
umn chromatography27 were obtained from Waters Associates
Inc.

Phenyl(trihalomethyl)mercury compounds were prepared by
our THF method.28 Dimethyl azodicarboxylate was prepared by
the oxidation of dimethyl sym-hydrazinedicarboxylate (Aldrich)
with concentrated nitric acid.29 Dibenzoyl azodicarboxylate was
obtained from Lucidol Division, Pennwalt Corp., as a gift. Other
azodicarboxylate esters were purchased from Aldrich Chemical
Co.

Reaction of Diethyl Azodicarboxylate with Phenyl(bromodi-
chloromethyl)mercury. A 50-ml three-necked flask equipped
with a reflux condenser topped with a nitrogen inlet tube, a ther-
mometer, and a magnetic stirbar (the “standard apparatus”) was
charged with diethyl azodicarboxylate (5.00 g, 26.0 mmol, ob-
tained from Aldrich), PhHgCCI2Br (8.80 g, 20.0 mmol), and 30 ml
of dry benzene. The reaction mixture was stirred and heated at
reflux under nitrogen for 3 hr. The orange color of the solution
gradually was discharged and PhHgBr precipitated. The reaction
mixture was cooled to room temperature and filtered from 6.90 g
(98%) of PhHgBr, mp 270-273° (lit.30 mp 276°). Glc (4 ft x 0.25
in.,, 10% UC W-98, 110°) showed that a single product was present
in 87% yield. The product, bp 88° (0.24 mm), n2sD 1.4730, was
isolated by vacuum distillation in 70% (3.60 g) yield: ir (neat)
2990 m, 2960 w, 2930 w, 1805 m, 1770 s, 1590 m, 1489 w, 1475 w,
1402 w, 1400 w, 1378 m, 1250s, 1180 w, 1100 s, 1002 w, 970 m, 865
w, 760 cm-1 m; 1IH nmr (CCl14) § 138 (t, 6, J — 7.0 Hz,
OCH2CH3) and 4.40 ppm (q, 4, J = 7.0 Hz, OCH2CH3); 13C nmr
(CHCI3) &- 222 (0=0), -18.6 (C=N), 63.1 (OCH2CH?3), and
113.0 ppm (OCH2CHSs) vs. benzene; mass spectrum (70 eV) mje
(rel intensity) 221 (6), 184 (4), 148 (40), 138(19), 121 (77), 112
(35), 82 (27), 45 (38), and 29 (100). The molecular ion was not de-
tected.

Anal. Calcd for C7THiOCI2N204: C, 32.70; H, 3.90; N, 27.58; Cl,
10.90. Found: C, 32.47; H, 3.98; N, 27.48; Cl, 10.99.

A. Ethanolysis of the Product. A 0.50-g sample (1.95 mmol)
was treated with 3.0 ml of 70% aqueous ethanol at 80° for 1.5 hr.
The resulting reaction mixture was concentrated to ca. 1.0 ml and
then was extracted with ether. The organic layer was separated,
dried, and distilled. The colorless oil isolated by distillation (0.39
g, 80% yield) was identified as the 1,1,2-tricarboethoxyhydrazine
(Et02C)2NNHCO2Et: bp 113° (0.10 mm); n25d 1.4490; ir (neat)
3340 m, 3000 m, 2960 w, 2930 w, 1800 m, 1750 s, 1520 w, 1480 w,
1378 m, 1270 s, 1181 w, 1110 s, 1070 m, 1020 w, 880 w, 785 cm*“1
m; nmr (CDCls) 51.28 (t, 3, J = 7.0 Hz, NHCO02CH2CH3), 1.32
[t, 6, 3 = 7.0 Hz, N(C02CH2CH3)2], 4.42 (m, 6, CH2), and 7.58
ppm (s, 1, NH).

Anal. Calcd for COHIi6N20 6: C, 43.54; H, 6.50; N, 11.29. Found:
C, 43.46; H, 6.50; N, 11.66.

B: Methanolysis of the Product. To a 0.50-g sample (1.95
mmol) was added 3.0 ml of 70% aqueous methanol and the mix-
ture was heated at 80° for 1 hr. The reaction mixture was worked
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up as described above. The product, a colorless oil, isolated by
distillation and further purified by glc (6 ft x 0.25 in., 20% DC-
200, 150°), was identified as I-carbomethoxy-2,2-dicarboethox-
yhydrazine, MeO2CNHN(CO02t)2: bp 89° (0.07 mm); b25d
1.4518; ir (neat) 3330 m, 3000 m, 1810 m, 1760 s, 1520 m, 1460 w,
1375 w, 1270 s, 1180 w, 1110 m, 1070 w, 1020 w, 920 w, 870 w, 775
cm“1m; nmr (CC14) 51.30 (t, 6,J = 7.2 Hz, OCH2CH3), 3.75 (s,
3, OCH3), 428 (q, 4, J = 7.2 Hz, OCH2CH3) and 7.81 ppm
(broad, 1, NH).

Anal. Calcd for CsHi4N206: C, 41.02; H, 6.02; N, 11.96. Found:
C, 41.05; H, 6.16; N, 12.29.

C. Acid Hydrolysis of the Product. The sample (0.50 g, 1.95
mmol) was treated with 3.0 ml of 2 N HC1 at 80° for 30 min. The
solution was neutralized with aqueous sodium hydroxide and
then was extracted with ether. The organic layer was separated,
dried over sodium sulfate, and concentrated to ca. 1.0 ml. The
products isolated by glc (4 ft x 0.25 in., 10% UC W-98, 130°) were
ethyl hydrazinecarboxylate, Et02CNHNH2, mp 46-47° (lit.3L mp
45°), ir (CC14) 3460 and 1630 (NH2), 3360 cm-1 (NH), nmr
(CCU) 51.20 (t, 3, J = 7.0 Hz, OCH2CH3), 4.02 (g, 2,J = 7.0 Hz,
OCH2CH3), 4.10 (broad, 2, NH2), and 6.80 ppm (broad, 1, NH);
diethyl 1,1-hydrazinedicarboxylate, (Et02C)2NNH2, mp 27-29°
(lit.31 mp 29°), ir (CC14) 3360 and 1630 cm“1 (NH2), nmr (CCU)
5122 (t, 6, J = 7.1 Hz, OCH2CH3), 411 (q, 4, J = 7.1 Hz,
OCH2CH3), and 4.45 ppm (s, 2, NH2); and a small amount of di-
ethyl 1,2-hydrazinedicarboxylate, EtO2NHNHCO02Et, mp 135°
(lit.31 mp 135°), ir (CHC13) 3300 cm*“ 1 (broad, NH), nmr (CDC13)
6 6.88 ppm (broad, 2, NH). The last compound was found to be a
secondary product derived from the rearrangement of diethyl
1,1-hydrazinedicarboxylate.on the glc column during the isolation
of the products.

D. Reaction of the Product with PhHgCCI2Br. The product
(2.57 g, 10.0 mmol) and PhHgCCI2Br (4.40 g, 10.0 mmol) in 10.0
ml of benzene were stirred and heated at reflux under nitrogen for
3 hr. The reaction mixture was filtered from 3.50 g of PhHgBr
(98%0, mp 257-277°). After removal of the solvent using a rotary
evaporator, the residue, which contained both an oil and a solid
product, was filtered to collect the latter. The crude solid was pu-
rified by pentane extraction using a Soxhlet extractor. The color-
less crystals were obtained in 25%) yield (0.26 g) when the pentane
extracts were cooled to room temperature. The product, mp 119-
120°, was identified as a tetrachloroaziridine (i): ir. (CHC13) 2980

~Opk
(EtOZ)NN |
N xi2
i

w, 1800 m, 1765 s, 1460 w, 1395 w, 1370 m, 1245 s, 1100 s, 1002 w,
950 m, 880 s, and 660 cm*“1w; nmr (CDC13) 6 1.45 (t, 6,J = 7.2
Hz, OCH2CH3) and 4.39 ppm (q, 4,J = 7.2 Hz, OCH2CH3).

Anal. Calcd for C8Hi0CI4N204: C, 28.26; H, 2.97; N, 8.24; ClI,
41.71. Found: C, 28.14; H, 2.93; N, 8.09; CI, 41.33.

The oily product from the reaction was found to be thermally
unstable. Attempted vacuum distillation at 0.02 mm (80°) gave
impure products.

Reactions of Phenyl(bromodichloromethyl)mercury with
Other Azodicarboxylate Esters. All these reactions were carried
out as described for the PhHgCCI2Br + Et02CN =N CO0Z2Et reac-
tion. Approximately equimolar quantities of the reactants in ben-
zene solution (ca. 20 ml for 10 mmol of mercury reagent) were
stirred and heated at reflux, under nitrogen, for 3 hr. After filtra-
tion of the phenylmercuric bromide formed (usually 95-98%)
yield), the filtrate was concentrated at reduced pressure to re-
move solvent. Further work-up is described for each individual
case. In most cases, the reactions were carried out on a 10-mmol
scale.

A. Dimethyl Azodicarboxylate. The residue was fractionally
distilled to give 6.28 g (61%) of (Me02C)2NN=CCI2. The sample
for analysis was further purified by glc (4 ft x 0.25 in., 10%> UC
W-98, 130°): bp 69-70° (0.04 mm); mp 57-58°; ir (CC14) 3000 w,
2950 m, 2890 w, 1802 m, 1760 s, 1579 m, 1432 s, 1340 w, 1260 s,
1190 w, 1115 s, 970 s, 940 w, 650 w, 630 cm*“ 1w; 3H nmr (CC14) &
3.81 ppm (s); 13C nmr (CHCI3) 6 -21.0 (C=0), -17.5 (N=CC12)
and 74.1 (OCH3) as. benzene.

Anal. Calcd for C5H6CI2N20 4: C, 26.22; H, 2.64; N, 12.23; ClI,
30.96. Found: C, 26.40; H, 2.76; N, 12.28; CI, 30.88.

B. Di-ierf-butyl Azodicarboxylate. The oily residue was crys-
tallized from ether at —78° (0.85 g, 38% yield, mp 42-45°). At-
tempted recrystallization from acetone or ether at -78° failed to
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Nmr and Ir Spectra OEW£WLW&8£§§$§

R Me Et
vo-n, Ccm 1 1640 1640
Nmr, ppm 3.82 (s) 1.22 (t)

3.93 (s) 1.28 (t)
4.36 (q)»

“Two resonances coincide.

give an analytically pure sample. However, the compound showed
nmr and ir spectra consistent with the structure (t-
Bu0 2C)2NN=CC12: nmr (CCU) 6 1.52 ppm (s); ir (CC14) 1800 w,
1760 s (C02CMe3), 1570 m (C=N), and 960 cm- 1(CC12).

C. Diphenyl Azodicarboxylate. The crude product remaining
after removal of solvent was twice recrystallized from methylene
chloride at -78° to give white, solid product (1.20 g, 34% yield,
mp 100-103°), (Ph0O2C)2NN=CCI2: nmr (CCU) 5 7.20 ppm (m);
ir (CCU) 1820 m, 1780 s (C02Ph), 1580 m (C=N), and 970 cm- 1
m (CCU). An analytically pure sample was not obtained. The
best analysis found follows.

Anal Calcd for Ca5H10N2CI204: C, 51.01; H, 2.85; N, 7.93; ClI,
20.08. Found: C, 50.04; H, 3.03; N, 7.76; Cl, 19.25.

D. Dibenzyl Azodicarboxylate. The oily residue failed to crys-
tallize from acetone or ether at -78°. However, the crude oil
product (1.69 g, 53% yield) showed characteristic ir and nmr
spectra indicative of the structure (PhCH20 2C)2NN=CCI2: nmr
(CC14) &5.20 (s, 4, CH2) and 7.20 ppm (m, 10, Ph); ir (CCU) 1800
w and 1760 s (C02CH2Ph), 1580 m (C=N), and 960 cm-1 s
(CC12).

Reactions of Phenyl(tribromomethyl)mercury with Azodi-
carboxylate Esters. Essentially the same procedure was used as
is described in the PhHgCCI2Br experiments.

A. Dimethyl Azodicarboxylate (50-mmol scale). The oily resi-
due was redissolved in CCU and the solution then was washed
quickly with 10 ml of cool, 5% aqueous sodium sulfide solution to
remove most of the unconverted starting azo compound and the
mercurial residue. The yellow precipitate formed during the
washing was separated by centrifugation. The organic layer was
dried and evaporated to dryness. The residue (8.30 g, mp 70-75°)
was crystallized from acetone at -78° to give 7.40 g (47%) of
white solid product, (Me02C)2NN=CBr2, mp 82-84°, which was
found to be of only marginal stability at room temperature over
prolonged times. A satisfactory combustion analysis could not be
obtained: ir (CC14) 3000 w, 2985 w, 2840 w, 1805 m, 1770 s, 1565
m, 1432 s, 1330 w, 1260 s, 1190 w, 1105 s, 878 cm-1s; 1H nmr
(CDCU) 5 3.82 ppm (s); 13C nmr (CC14) 5 -20.9 (C=0), 9.15
(CBr2), and 77.8 ppm (CH3J) us. benzene.

B. Diethyl Azodicarboxylate. Attempted isolation of the
product by vacuum distillation at 0.02 mm (85-90°) or its glc iso-
lation at 160° (4 ft x 0.25 in., 10% UC W-98) failed. The crude
product also failed to crystallize from acetone or ether at -78°.
However, the oily crude product (2.04 g, 59%) showed spectro-
scopic properties of the expected (Et02C)2NN=CBr2: nmr
(CC14) S1.37 (t, 6,3 = 7.0 Hz, CH3) and 4.26 ppm (q, 4,J = 7.0
Hz, CH2); ir (CC14) 1818 m, 1775 s (C02Et), 1582 m (C=N), and
885cm-1 (CBr2).

C. Di-iert-butyl Azodicarboxylate. The oily residue was redis-
solved in ether and the solution was filtered. Crystallization at
-78° gave white solid product (2.20 g, 37% yield, mp 100-104°)
which was further recrystallized from ether at room temperature
to give 1.80 g (30%) of colorless crystals of (f-Bu02C)2NN=CBr2:
mp 108-109°; ir (CC14) 2982 m, 2940 w, 1801 m, 1760 s, 1573 m,
1476 w, 1453 w, 1392 w, 1371 m, 1298 w, 1240 s, 1160 s, 1115 w, 890
m, 872 m, 851 cm- 1m; nmr (CCU) £1.57 ppm (s, i-BuO).

Anal. Calcd for CnHi8Br2N20 4: C, 32.85; H, 4.51; N, 6.97; Br,
39.75. Found: C, 32.83; H, 4.61; N, 7.00 Br, 39.44.

D. Diphenyl Azodicarboxylate. The yellow solid (2.40 g, mp
115-120°) obtained after the filtrate had been evaporated to dry-
ness was recrystallized from ether and then acetone at -78° to
give colorless, solid product in 41% yield (1.80 g): mp 138-140°; ir
(CHC13) 3060 w, 1825 m, 1780 s, 1570 m, 1492 m, 1265 s, 1180 s,
1162 s, 1070 w, 1045 w, 1002 w, 890 m, 690 cm 1 m; nmr (CDC13)
57.32 ppm (m, Ph).

Anal. Calcd for Ci5HiOBr2N204: C, 40.75; H, 2.28; N, 6.34.
Found: C, 40.75; H, 2.31; N, 6.18.

E. Dibenzyl Azodicarboxylate. The oily residue was dissolved
in CCU and washed with 10 ml of 5% sodium sulfide solution.
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The organic layer was separated, dried, and evaporated to dry-
ness. Attempted purification of the oily product (5.00 g, 65%) by
crystallization from acetone or ether at -78° failed. However, the
product was the expected (PhCH20 2C)2NN=CBr2, according to
its spectra: nmr (CC14) 55.21 (s, 4, OCH2Ph) and 7.33 (s, 10, Ph);
ir (neat) 1805 w, 1760 s (C02CH2Ph), 1570 m (C=N), and 880
cm-1 m (CBr2).

Reactions of Phenyl(dibromochloromethyl)mercury with
Azodicarboxylate Esters (Same Procedure). A. Diethyl Azodi-
carboxylate. Attempted purification of the product oil by vacu-
um distillation at 0.02 mm (100°) or by low-temperature crystalli-
zation failed. However, the product appeared to be (Et-
02C)2NN=CCIBr: bp 78-83° (0.02 mm); 1.67 g (55% yield), nmr
(CC14) 51-32 (t, 6,J = 7.0 Hz) and 4.13 ppm (q, 4,J = 7.0 Hz); ir
(neat) 1802 m, 1770 s (C02Et), 1572 m (C=N), and 925 cm-1 s
(CBrcCl.

B. Di-tert-butyl Azodicarboxylate. The ir spectrum of the
yellow, oily residue indicated the presence of the expected (t-
BuO2C)2NN=CCIBr [absorptions at 1580 (C=N) and 875
(CCIBr) cm-1], but the residue contained large portions cf the
unconverted starting azo compound, which made the product iso-
lation by low-temperature fractional -crystallization difficult.
However, when the residue was subjected to dry-column chroma-
tography (1.0 ft x 1.5 in., Nylon tubing packed with activity Il
neutral alumina, Woelm, Germany) developed with benzene, the
starting azo compound decomposed (exothermally) and was ab-
sorbed on the column. Extraction of the alumina with ether was
followed by chilling the extracts at -78° to give colorless, solid
product in 23% yield (0.71 g), mp 55-60°. The crude product was
further recrystallized from ether at 5° by slow evaporation of the
solvent in the refrigerator. The crystals were collected by filtra-
tion and washed quickly with cold ether to give colorless needles
in 15% yield (0.46 g): mp 77-79°; ir (CC14) 2980 m, 2930 w, 1996
w, 1752 s, 1580 m, 1470 w, 1450 w, 1390 w, 1367 s, 1295 w, 1265 s,
1240's, 924 s, 850 cm-1 m; nmr (CCl4) S1.55 ppm (s).

Anal. Calcd for CnH18CIBrN204: C, 36.94; H, 5.07; N, 7.83.
Found: C, 36.72; H, 5.12; N, 7.68.

Detection of the |Initially Formed Products of
PhHgCCIZBr-RO2ZN=NCO2R and PhHgCBr3RO02CN=NC-
0 2R Reactions by Proton Nmr. The organomercury reagent and
the azodicarboxylate ester (1:1 molar ratio) were dissolved ir. car-
bon tetrachloride and the reaction was allowed to proceed at
room temperature. After about 3 days the nmr spectral parame-
ters given in Tables Il and TV for the (assumed) cyclic intermedi-
ates were determined. Other samples were used to record the ir
spectrum in each case.

Reaction of Diethyl Azodicarboxylate with Sodium Trichlo-
racetate. A 50-ml, three-necked flask equipped with a thermome-
ter, a magnetic stirbar, and a condenser topped with a nitrogen
inlet tube was charged with the azo compound (1.75 g, 10.0
mmol), sodium trichloroacetate (1.00 g, 5.40 mmol), and 15 ml of
dry 1,2-dimethoxyethane (DME). The reaction mixture was
stirred and heated at reflux under nitrogen for 8 hr. The resulting
light brown solution was filtered from sodium chloride and the fil-
trate then was trap-to-trap distilled at 0.02 mm (pot temperature
to 80°). Glc analysis of the distillate showed the major product
(formed in 69% vyield, 3.72 mmol) to be the phosgene hydrazone.
The product isolated by glc (4 ft x 0.25 in., 10% UC W-98, 120°)
has nmr and ir spectra as well as glc retention time identical with
those of the authentic sample of (Et02C)2NN=CCI2 prepared via
the mercurial route.

Isolation of the Initial Product of the Reaction of Dimethyl
Azodicarboxylate with Phenyl(tribromomethyl)mercury. A
50-ml flask was charged with the azo compound (1.46 g, 10.0
mmol), PhHgCBr3 (10.0 g, 19.0 mmol), and 30 ml of carbon tetra-
chloride. The reaction mixture was stirred at room temperature
for 6 days. At this time, about 50% of the starting azo compound
had been consumed and the products contained 65% of the initial
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Table IV
Nmr and Ir Spectra of the Initial Product from the Reaction of PhHgCBI,
with RO2CNWNCO2R at Room Temperature

R Me Et
yc-N, cm-1 1640 1639
Nmr, ppm 3.88 (s) 1.38 (t)

4.02 (s) 1.44 (v
4.40 (g)a

aTwo resonances coincide.

product and 35% of the rearranged final product, as indicated by
the nmr spectrum of the mixture. After the reaction mixture was
filtered from phenylmercuric bromide and the unconverted start-
ing mercurial, the filtrate was washed thoroughly with 5% aque-
ous sodium sulfide solution until both the organic and aqueous
layers no longer were colored. The organic layer was separated,
dried over magnesium sulfate, and then distilled to remove the
solvent (the pot temperature was kept below 15° to prevent ther-
mal rearrangement of the initial product). The white solid residue
from the distillation was extracted with pentane. The product
crystallized from the pentane extracts at 0-5° as nice, colorless
crystals which weie collected by filtration in 20% (0.99 g) yield',
mp 55-56.5°; uv Xmex (pentane) 224 nm (e 1390); ir (CCR) 3002 w,
2960 w, 1811 w, 1790 s, 1643 s, 1450 w, 1440 m, 1335 m, 1222 s,
1190 s, 1112 w, 1005 w, 940 m, 845 w, 750 cm-1 m; 1H nmr (CClI4)
&3.88 (s, OMe) and 4.02 ppm (s, OMe); 13C nmr (CCl4) -25.76
(C=0), -20.87 (C=N), 31.93 (CBr2, 70.95 (OCHs), and 71.99
ppm (OCH3) us. benzene.

Anal. Calcd for C5H6Br2N204: C, 18.89; H, 1.90; N, 8.81; Br,
50.27. Found: C, 19.02; H, 1.99; N, 8.88; Br, 50.19.

Kinetic Study of the Rearrangement of the Initial Product
of the Reaction of Dimethyl Azodicarboxylate with Phenyl(tri-
bromomethyl)mercury. A sample of a 0.18 M carbon tetrachlo-
ride solution of the initial product obtained above was prepared
and stored in the refrigerator. The reactions at various tempera-
tures were carried out directly in a sealed nmr tube in the nmr
probe of a Hitachi Verkin-FAmex R20 spectrometer with a R-
202VT variable temperature accessory. The temperatures inside
the probe were determined by measuring the differences of the
chemical shifts (A<5) between the methylene and hydroxyl protons
of ethylene glycol. A calibration chart of AS vs. temperature (°C)
provided by the manufacturer of the spectrometer was used. The
accuracy of the temperature control system was within + 0.1°.

The progress of the reaction was monitored by the integrated
intensity of the less shielded OMe group of the initial product, 10,
at S 4.02 ppm, using a 120-Hz sweep width and 100-sec sweep
time.

Attempts to Trap an Azomethinimine Intermediate (9) in
the Rearrangement of 10 to 11. The 1,3,4-oxadiazoline 10 (0.50 g,
158 mmol), dimethyl acetylenedicarboxylate (0.23 g, 1.60 mmol),
and 0.5 ml of CDCI3 were placed in an nmr tube. The reaction
mixture was heated at 50° and the progress of the reaction was
monitored by nmr. During the entire course of the rearrangement,
no additional nmr resonances other than those of 10, 11, and di-
methyl acetylenedicarboxylate were observed. No 1,3-dipolar ad-
duct was detected by tic. Even in reactions that were carried out
using the dipolarophile (either dimethyl acetylenedicarboxylate or
phenyl isocyanate) as a solvent at room temperature, no 1,3-dipo-
lar adduct was detected.
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Pyrolysis of hydrazonodihalomethanes of type (RO2C)2NN=CX2 (R = Me, Et; X = Cl, Br) resulted in forma-
tion, in high yield, of alkyl 5-halo-2-0x0-A4-1,3,4-oxadiazoline-3-carboxylates. A different mode of decomposition
was observed when R = Ph. The reaction of PhHgCX2Br (X = Cl and Br) with azodibenzoyl gave the respective
benzoyl halide and 2-halo-5-phenyl-I,3,4-oxadiazole in a reaction that may have involved initial 1,4-addition of
CX2to the N=NC=0 system. Reaction of PhHgCCI2Br with RO2CN=C(C02Et)2 (R = Me or Et) resulted in
formation of C1CO2R and the 2-chloro-4-carboethoxy-5-ethoxy-1,3-oxazole 16. The possible mechanisms of these

reactions are discussed.

In the previous paper of this series,1 we reported con-
cerning the reaction of phenyl(trihalomethyl)mercurials
with azodicarboxylate esters (eq 1). We now report exten-

ar
PhHgCX3 + ROTN=NCOR — »
PhHgX + (ROL)NN=CX2 (1)
1

X = Cl, Br; R = Me, Et, MeX’, PhCH2 Ph

sions of this research which have led to new preparative
routes to heterocyclic compounds.

Results and Discussion

A. Preparation of Alkyl 5-Halo-2-ox0-A4-1,3,4-oxadi-
azoline-3-carboxylates. Among the chemical conversions
of the hydrazonodihalomethanes of type 1 which were ex-
amined at the time we were gathering chemical information
relevant to the elucidation of their structure was their py-
rolysis.

When the product of the reaction of PhHgCCI2Br and
diethyl azodicarboxylate, (Et02C)2NN=CCI2, was heated
at 200° for 1-2 hr, ethyl chloride was evolved and a high-
boiling, colorless solid, mp 46-48°, was formed in high yield
(80%). This product was very stable, surviving several
hours of heating at 200-250°, and it could be purified by
vacuum distillation and gas chromatography (glc). Its anal-
ysis indicated the composition C5H504N2Cl. Structure 2a
was compatible with most of the spectral features of this
product (ir and 13C nmr) except for the unusually high car-
bonyl frequency (1880 cm-1 in CCl4) in its ir spectrum.3

Pyrolysis of those compounds of type 1where R = CH3
and C2H5 proceeded in similar fashion to give products be-
lieved to have structure 2 on the basis of their spectroscop-

ic properties (eq 2). The mixed halide (Et02C)2
ROZC,
iSI-N
(RO,C)NN=CX2 0=c~AJI5bx + RX 2>
R = Et; X = Cl 2a, 80% yield
R = Et; X = Br 2b, 75% yield
R = Me; X = ClI 2¢, 90% vyield
R = Me; X = Br 2d, 94% yield

NN=CCIBr gave a 10:1 mixture of 2a and 2b on pyrolysis.
In contrast, the only volatile compound obtained from
the thermolysis of (Ph02C)2NN=CX2 was the phenyl ha-
loformate (XCO2Ph, X = Cl or Br), and a tarry residue re-
mained. This may be understood in terms of an equilibri-
um established between immonium ion 3 and oxonium ion
4 intermediates (Scheme 1). Alkyl-group stabilization of
the oxonium ion would shift the equilibrium in favor of 4.

Scheme |
oy
roz. roz. ROZ
V on-n AN -N p N-N
ROG ~ex ROCt JfcX r—0=a )cx
XT . x. R
X), 3
- Ph R = Et or Me
N -N .
ROCACxXxJ + XC(XR roe.
'S'N—N

O=cl 33X+ Rx
1 XT

tar

Elimination of RX (X = CI or Br) from 4 would give a
1.3.4-oxadiazolinone. On the other hand, when R is phenyl,
the stabilization of 4 is very much diminished, decomposi-
tion of immonium ion 3 becomes the main reaction course,
and the phenyl haloformate is formed. The presumed
1.3.4-oxadiazoles formed in the latter reaction may not be
stable under the reaction conditions and may undergo fur-
ther reaction. In the thermolysis of (PhCH202C)NN=CX2
(X = Clor Br), atarry residue and low yields of benzyl ha-
lides were obtained. It was not clear whether the benzyl ha-
lides were derived from the decomposition of 4 or from de-
carboxylation of benzyl haloformate initially formed in the
decomposition of 3. In the case of (i-BuO2C)2NN=CX2,
evolution of gas was observed, leaving an ill-defined solid
residue which showed no apparent solubility in organic sol-
vents or in water.

In order to confirm the proposed cyclic structure of 2a-d
and to obtain structural information which might serve to
explain the spectroscopic properties, an X-ray crystal
structure analysis of 2d was undertaken. The results
showed that the structure is indeed that assigned on the
basis of spectroscopic evidence.4

By this new route, new alkyl 5-halo-2-ox0-A4-1,3,4-0x-
adiazoline-3-carboxylates are readily accessible. Their reac-
tive carbon-halogen linkage may provide entry to other de-
rivatives. For instance, as we have found, the C-Br bond of
2d may be reduced to C-H by tri-n-butyltin hydride. Reac-
tion of 2d with diethylamine or ethanol gave ring-opened

products, namely, the hydrazine derivatives 5 and 6, re-
Me0O2ZXC Me0OZ

— NHCONEt, — NHCO0ZEt

Et,NC EtOXT
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spectively. Acid hydrolysis of 2d gave ethyl hydrazinecar-
boxylate, Et02CNHNH2.

B. Preparation of Oxadiazoles and Oxazoles. The for-
mation of compounds of type 1in PhHgCX3-RO2CN=N-
COZR reactions is believed to occur as shown in Scheme 11.1
An intermediate was isolated as a crystalline solid in the
room-temperature reaction of PhHgCBr3 with Me02C-
N=NCO02Me. The spectral properties (ir and nmr) of this
intermediate were interpreted as favoring the cyclic struc-
ture 7, but did not exclude the open dipolar form 8. If 7 is
the correct structure of the intermediate, then its forma-
tion would involve a formal 1,4-addition of CX2 to the
-N =N C =0 system of the azodicarboxylate.

Scheme Il
PhHgCX2Br ~  PhHgBr + CX2
RO
J,N=N" + CX2—*
X co2r
rozx”

ROT ) NN

N— N — [t
X COR
X co2r
8 7

i
(ROX)2NN=CX2
1

In general, carbenes add in a 1,2 fashion to C=C bonds
of conjugated polyunsaturated systems of type >C=C-
C=C< and >C=C-C=0,5rather than by 1,4-addition;6
so possible 1,4-addition to -N =N -C =0 compounds merit-
ed further study. During the course of this investigation we
found two types of compounds which reacted with
PhHgCX,3 reagents to give stable heterocyclic products via
apparent 1,4-addition reactions.

Azodibenzoyl might be expected to react with
PhHgCCIZBr to give (PhCO)2NN=CCI2 as final prod-
uct via intermediate 9 if the reaction course were the same

0

I
PhC

nnNn-n
/ ft
cixc CPh
x 0
9

as that encountered in the PhHgCCIBr-RO2ZCN=NCOXR
reaction. Such, however, was not the case.

Reaction of PhHgCCI2Br with azodibenzoyl in benzene
at 80° gave a complicated product mixture, presumably
owing to the decomposition of azodibenzoyl; so the reaction
was studied at room temperature. The mercurial and azodi-
benzoyl in CCI4 were stirred at room temperature for 8
days and this was followed by a heating period of 1 hr at
80°. Two products, identified as benzoyl chloride and 2-
chloro-5-phenyl-1,3,4-oxadiazole (10, X = CI),7 were ob-
tained.

A spectroscopic study of the reaction by ir revealed that
an intermediate with an ir band at 1610 cm-1 (probably a
C=N vibration) had been formed and that this intermedi-
ate readily underwent further reaction at 80° to give the
two observed products. Although the intermediate failed to
crystallize, it very likely is a 1,3,4-oxadiazoline (11, X = CI)
as well, resulting from the 1,4(N,0)-addition of dichloro-
carbene to azodibenzoyl via a mechanism similar to that
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postulated for azodicarboxylates. When PhHQCBr3 was
used instead of PhHgCCI2Br, benzoyl bromide and bromo-
1,3,4-oxadiazole (10, X = Br) were obtained. The products
from these reactions possibly are derived from the dissocia-
tion of carbon-halogen bonds of the intermediate Il to
form an immonium salt 12 which then decomposes via nu-
cleophilic attack of halide ion at the benzoyl carbonyl to
give the benzoyl halide and 10. Scheme IlI illustrates this
possible mechanism.

Scheme 111
0
PhC PhC
\ N -N
PhHQCX2Br + N:N.\ XT A > h
CPh
] 1
0
o r
Phc
VN-N N-N
xd JcPh XC' >Ph + PhCX
Xr
1
12 0

10

The quite different observed courses of the thermal reac-
tions of 11 and 7 may be attributed to the presence of a
better electrophilic carbonyl center (the benzoyl group) in
11, which undergoes halide ion attack, resulting in elimina-
tion of benzoyl halide to give 10.

The yields of these novel oxadiazoles with a reactive
halogen function, in these reactions were high enough (10,
X = ClI, 54%; X = Br, 80%) to make these reactions prepar-
atively useful. However, it was beyond the scope of this
study to develop the potentially interesting C-X bond
chemistry of 10.

In view of these results with -N =N -C =0 compounds, it
was of interest to extend this investigation to a compound
containing an -N =C -C =0 system. Compounds of type 13
were chosen for further study.

ROZC CO,Et
\ =< -
TO2Et
133, R = Et
b, R = Me

Reaction of PhHgCCI2Br with either the Al-carboethoxy-
ketimine 13a or the 7V-carbomethoxyketimine 13b at 80° in
benzene solution gave one identical product in addition to
ethyl chloroformate (R = Et) or methyl chloroformate (R =
Me), depending on whether 13a or 13b was used. Appar-
ently, the N-alkoxycarbonyl group was the one which was
eliminated from the reaction intermediate to form the ob-
served alkyl chloroformate. The analysis of the common
product indicated the composition C8H10CINO4. The H
nmr spectrum of this product showed two nonequivalent
OETt groups and its ir spectrum indicated the presence of
C=0, C=C, and C=N functions by bands at 1720 s, 1620
s, and 1535 m cm-1, respectively. The structure most com-
patible with these data is the 1,3-oxazole 14.

COZEt
N—Cft
Cié’ .COEt

14



2338 J. Org. Chem., Vol. 39, No. 16, 1974

A spectroscopic study of a PhHgCCI2Br-13b reaction
mixture after it had been stirred at room temperature for 4
days clearly indicated the formation of an intermediate by
the ir absorption at 1630 cm-1 assignable to a C=C
stretching vibration and its nmr signal for a OMe group at 5
3.86 ppm (this signal is differentiable from that of the
CIC02Me at S 3.98 ppm). The same ir band at 1630 cm-1
was also observed when 13a was used instead of 13b, but in
this case, the nmr spectrum of the OEt groups was too com-
plex to analyze.

Although the intermediate was not isolated, in view of
the final products obtained, 14 and CICO2R, as well as the
spectral features, it is reasonable to believe that the
1,4(N,0)-addition of the dichlorocarbene to these ketim-
ines to form 15 has also been achieved (Scheme 1V). In
Scheme 1V, an azomethinimine intermediate 16 may or
may not be involved. However, even if it had been formed,
the bulky substituents on the carbanion center could pre-
vent it from approaching the Al-alkoxycarbonyl to realize
the possible alkoxycarbonyl migration to give 17 via a
mechanism similar to that proposed for the rearrangement
of8to 7.

Scheme IV
:CC12 + N =C — »
COXxt
RO,C TOo2E RAC CO,Et
N N,._
C1,C - COEt c12C COZ2Et
/ 16
0
*
CO.,Et
ROC COZ2Et / '
Cl1,C=NO— COZ2Et
cl
\ / w \ » 2Et
,C .COEt
17
ci~ o
15
1
ROC Cl- COZXEt COEt
X + / /
“"N—C N—cC"
W i
CiIC  .COEt cec 'cOEt + cicor
NO X0 1
0
14

In these reactions also a novel heterocyclic product with
a potentially reactive C-Cl bond has been formed. The
yields of 14 were not high (20-35%), and the reaction study
was not extended to include PhHgCBr3, although one
might expect better yields of product with this mercurial
owing to the higher lability of a C-Br bond (vs. C-Cl) in an
intermediate of type 15.

Another reaction of PhHgCCI2Br was tried with >C=C -
C =0 type substrates, this time at room temperature rather
than at 80°.8 However, the reaction mixtures obtained after
6-day reactions with mesityl oxide and diethyl fumarate
contained only the expected dichlorocyclopropanes, as seen
by the nmr spectra of the reaction mixtures and by the sub-
sequent isolation of the products.

Since the presence of a terminal nitrogen atom seems to
facilitate 1,4-addition of CX2 to «,il-unsaturated systems,
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we propose that the initial interaction between the sub-
strate and CX2 (or possibly with PhHgCX2Br rather than
with free CX2) occurs at the nitrogen atom and that this is
followed by ring closure, as we have indicated. This 1,4-
addition of CX2to -N=N-C=0 and -N=C-C=0 sys-
tems should be capable of further generalization and of ap-
plication in the synthesis of heterocyclic systems contain-
ing halogen which are difficult to prepare by other routes.

Experimental Section

General Comments. All reactions were carried out in flame-
dried glassware under an atmosphere of dry nitrogen. Solvents
were carefully dried. Infrared spectra were recorded using a Per-
kin-Elmer Model 457A, 257, or 337B grating infrared spectropho-
tometer, ultraviolet spectra using a Cary-14 spectrophotometer,
and proton nuclear magnetic resonance spectra using a Varian As-
sociates T-60 or a Hitachi Perkin-Elmer R-20B high-resolution
nmr spectrometer. Chemical shifts are expressed in 5 units, parts
per million downfield from tetramethylsilane. Carbon-13 nucle&r
magnetic resonance spectra were recorded using a Bruker HFX-90
nmr spectrometer interfaced with a Digilab NMR/FTS-3 Fourier
transform data system. The carbon-13 chemical shifts are ex-
pressed in parts per million with respect to internal benzene. Mass
spectra were recorded using a Hitachi Perkin-Elmer RMU-6 mass
spectrometer. Gas-liquid partition chromatographs (glc) used
were F & M Model 5754, 700, or 720 and M.I1.T. isothermal units.
Thin layer chromatography (tic) was used to examine high-boiling
reaction mixtures; Eastman silica gel tic sheets, type 6061, were
used.

Preparation of Starting Materials. Phenyl(bromodichlo-
romethyl)mercury and phenyl(triboromomethyl)mercury were pre-
pared by our THF method.9 Azodibenzoyl, mp 118-119°, was pre-
pared10by A-bromosuccinimide oxidation of sym-dibenzoylhydra-
zine (Aldrich). The reaction of diethyl ketomalonate with the re-
spective A-carboalkoxy triphenylphosphinimine in THF at re-
flux11l provided A-carboalkoxy diethyl ketomalonate ketimines.
The A-carbomethoxy compound, CH302CN=C(C02C2H5)2, is a
new compound: bp 98-99° (0.08 mm); re2D 1.4391; ir (CCl4) 2900
m, 1740 s, 1680 m, 1480 m, 1430 w, 1370 w, 1300 s, 1230 s, 1072 s,
1030 w, 910 w, 860 cm-1 w; nmr (CCIl4) 5 1.40 (t, 6, J = 7.0 Hz,
OEt), 3.85 (s, 3, OMe), and 4.37 ppm (q, 4, J = 7.0 Hz, OEt).

Anal. Calcd for C9H13NOG6: C, 46.75; H, 5.67; N, 6.06. Found: C,
46.45; H, 5.82; N, 6.14.

The preparation of the (R0O2C)2N N =C X 2 compounds whose
thermolysis is reported was described in our previous paper in this
series.1

Thermolysis of (RO2C)2NN=CX2 Compounds. A. (Et-
02C)2NN=CCI2 The hydrazone (1.00 g, 3.80 mmol) was sealed in
a Pyrex glass tube and heated at 180° for 1 hr. The resulting reac-
tion mixture was a light yellow oil. After the tube was chilled in
liquid nitrogen, it was opened and warmed up slowly to room tem-
perature. The low-boiling material distilled and collected in a re-
ceiver at —78° at 1 atm (pot temperature to 30°) was a clear liquid
which had an infrared spectrum identical with that of an authentic
sample of ethyl chloride. The high-boiling product was isolated in
80% yield (0.60 g) by distillation at 0.02 mm (100°) as a colorless
solid, mp 46-48°. An analytical sample was further purified by glc
(6 ft x 0.25 in., 20% DC-200, 160°). The structure of the product
was assigned as ethyl 5-chloro-2-oxo0-A4-1,3,4-oxadiazoline-3-car-
boxylate: ir (CC14) 2990 m, 1880 s, 1830 m, 1790 s, 1600 m, 1460 m,
1400 w, 1375 m, 1321 s, 1310 s, 1260 m, 1211 m, 1152 w, 1100 w,
1020 m, 925 m, 845 cm-1 w; :H nmr (CDCI3) &1.42 (t, 3,J = 7.2
Hz, CH3) and 4.40 ppm (q, 2, J = 7.2 Hz, CH2); 13C nmr (CHC13)
-20.3 (C=0 in CO2Et), -19.9 (0=0 inring), -17.9 (C=N), 61.6
(CH2, and 112.5 (CH3J) us. benzene; mass spectrum (70 eV) m/e
(rel intensity) 192 (1, M+), 149 (3), 120 (25), 103 (13), 44 (17), 29
(100).

Anal. Calcd for CSHBCIN2OA: C, 31.18; H, 2.62; N, 14.55; ClI,
18.42. Found: C, 31.10; H, 2.87; N, 14.35; Cl, 18.20.

B. (Et02C)2NN=CBr2 Thermolysis of the hydrazone (1.00 g,
2.9 mmol) in a sealed tube at 180° for 30 min gave a brown reac-
tion mixture. The tube was opened as described above. Distillation
of the crude products gave one low-boiling compound which
showed an infrared spectrum identical with that of an authentic
sample of ethyl bromide and one high-boiling product (0.75 g,
75%). Further purification of the latter by glc (4 ft x 0.25 in., 10%
UC-W98, 150°) yielded a white, crystalline substance, mp 52-53°,
which was identified as ethyl 5-bromo-2-oxo-A4-1,3,4-oxadiazo-
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line-3-carboxylate: ir (CC14) 2980 w, 1870s, 1816 m. 1781 s, 1580 m,
1560 w, 1390 w, 1370 m, 1316 s, 1300 s, 1240 m, 1200 s, 1140 m,
1090 w, 1015 m, 980 w, 915 m, 840 cm-1 w; nmr (CDC13) 51.44 (t, 3,
J = 7.2Hz, CH3) and 4.52 ppm (q, 2,J = 7.2 Hz, CH2).

Anal Calcd for CH®BrN204: C, 25.34; H, 2.20; N, 11.82; Br,
33.71. Found: C, 24.70; H, 2.13; N, 11.77; Br, 34.01.

C. (Et02C)2NN=CCIBr. Thermolysis of the hydrazone (0.5 g,
I. 65 mmol) as described above gave a brown reaction mixture. Glc
(4 ft X 0.25 in., 10% UC W98, 140°) analysis of the products
showed that ethyl 5-chloro- and 5-bromo-2-oxo0-A4-1,3,4-oxadiazo-
line-3-carboxylate had been formed in a 10.T ratio.

D. (Me02C)2NN=CCI2 The hydrazone (0.50 g, 2.20 mmol)
was placed in a 5-ml, pear-shaped flask and heated at 180° for 30
min under a nitrogen atmosphere. After the reaction mixture was
cooled to room temperature, a solid product formed. The crude
product was purified twice by sublimation at 180° (100 mm) to
give 3.50 g (90%) of colorless crystals, mp 107-109°, of methyl 5-
chloro-2-o0x0-A4-1,3,4-oxadiazoline-3-carboxylate: ir (CC14) 3000 w,
2950 w, 1870 s, 1815 m, 1785, 1760 s, 1592 m, 1438 m, 1320 s, 1252
m, 1220 m, 1150 w, 1002 m, 915 cm-1 w; nmr (CDC13) 54.06 ppm
(s)-

Anal. Calcd for C4H3C1IN204: C, 26.91; H, 1.69; N, 15.69; CI,
19.86. Found: C, 26.77; H, 1.96; N, 15.11; ClI, 20.13.

E. (Me02C)2NN=CBr2 Thermolysis of the hydrazone (0.73 g,
2.30 mmol) in a flask at 160° for 20 min gave a light yellow liquid
which solidified after cooling to room temperature. Purification of
the product by sublimation at 90-100° (0.15 mm) gave 0.48 g (94%)
of colorless crystals. Further recrystallization from chloroform
gave nice hexagonal crystals, mp 119-120°. An X-ray crystal struc-
ture determination4 confirmed the proposed structure of methyl
5-bromo-2-ox0-A4l,3,4-oxadiazoline-3-carboxylate: ir (CC14) 2980
w, 1910 w, 1870 s, 1790 s, 1580 m, 1437 m, 1330 w, 1310 s, 1240 m,
1210 m, 1142 m, 1000 w, 910 cm-1 w; nmr (CC14) S4.30 ppm (s).

Anal. Calcd for C4H3BrN204: C, 21.54; H, 1.35; N, 12.57; Br,
35.84. Found: C, 21.47; H, 1.61; N, 12.38; Br, 36.01.

F. (Ph02C)2NN=CCI2 Thermolysis of the hydrazone (0.70 g,
2.0 mmol) at 200° for 30 min gave a black reaction mixture. Distil-
lation of the mixture at 60-70° (0.30 mm) gave a colorless distillate
(0.20 g, 67%) and a tar residue. The volatile compound was identi-
fied as phenyl chloroformate, ir (neat) 3060 w, 1780 s, 1590 m, 1490
s, 1461 m, 1172 s, 1160 s, 1120 s, 1070 w, 1020 w, 1012 m, 856 s, 745
s, 680 s, 580 s, 500 cm-1 m, which is identical with the Sadtier
Standard Spectrum No. 13473 of authentic phenyl chloroformate.

G. (PhO2C)2NN=CBr2 When this hydrazone (0.50 g, 1.14
mmol) was thermolyzed at 190° for 30 min, a similar black reaction
mixture was obtained. The only volatile compound (0.14 g, 50%)
isolated by distillation at 80-90° (0.30 mm) was identified by ir
spectrum (neat, 3060 w, 1780 s, 1588 s, 1460 w, 1282 w, 1170 s, 1150
s, 1120 s, 1025 w, 1000 m, 912 m, 840 s, 740 s, 685 s, 640 m, 562 m,
498 cm-1 m) as phenyl bromoformate.

H. (PhCH2 2C)2NN=CCI2. This hydrazone (0.50 g, 1.32
mmol) was heated at 200° for 30 min to give a black reaction mix-
ture. The only volatile compound found by distillation (80-90°,
‘0.01 mm) was benzyl chloride (0.06 g, 33%). The product was iden-
tified by the comparison of its ir spectrum with that of an authen-
tic sample from Aldrich.

Benzyl bromide was the only volatile product of the pyrolysis of
(PhCH20 2C)2NN=CBr2

Reduction of Methyl 5-Bromo-2-0x0-A4-1,3,4-oxadiazoline-
3-carboxylate. The oxadiazolinone (0.35 g, 1.56 mmol) and tri-rc-
butyltin hydride (0.47 g, 1.60 mmol) were heated at 80° for 4 hr.
The starting compound completely dissolved on heating while the
reduced product precipitated when it was formed. The reaction
mixture was cooled in an ice bath and then filtered from the solid
product. The product, after recrystallization from acetone at -78°,
was a colorless solid, mp 85-87°, 0.17 g (75% yield). The compound
was identified as methyl 2-oxo-A4-1,3,4-oxadiazoline-3-carboxyl-
ate: ir (CCU) 3125 w, 3002 w, 2950 w, 1910 w, 1840 s, 1780 s, 1595

Me0
N-N
0=C. 'CH
XT
m, 1435 m, 1340 s, 1320 s, 1285 w, 1220 m, 1160 w, 1105 m, 1000 m,
905 cm-1 w; nmr (CDC13) 54.10 (s, 3, CH3) and 7.68 ppm (s, 1,
N=CH).
Anal. Calcd for C4H4N204: C, 33.34; H, 2.80; N, 19.45. Found: C,

33.27; H, 3.02; N, 19.56.
Reaction of Methyl 5-Bromo-2-0x0-A41,3,4-oxadiazoline-
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3-carboxylate with Diethylamine. The oxadiazolinone (0.50 g,
2.0 mmol) in 2 ml of tetrahydrofuran was treated dropwise with
0.15 g (2.0 mmol) of diethylamine at 0-5°. Immediate formation of
a white precipitate was observed. Glc analysis (M.1.T. isothermal
unit, 4 ft X 0.25 in., 10% SE-30, at 150°) of the solution showed
that one high-boiling product had formed and that most of the
starting material remained intact. An additional 0.45 g (6.00
mmol) of diethylamine was added to complete the reaction. The
reaction mixture was filtered from the precipitate of Et2NH-HBr,
and the filtrate was examined by glc. The same high-boiling prod-
uct found above was the sole reaction product. The product, 5, was
isolated by glc: ir (CC14) 3290 m, 2970 m, 1730 s, 1660 s, 1430 m,
1330 m, 1310 w, 1260 s, 1220 w, 1160 w, 1100 m, 850 cm' 1w; nmr
(CC14) $1.18 (t, 3, J = 7.1 Hz, CH2CH3), 1.20 (t, 3, J = 7.1 Hz,
CH2CH3), 327 (g, 2, J = 7.1 Hz, CH2CH3), 336 (9, 2, J = 7.1
Hz, CH2CH?3), 3.50 (s, 3, OCH3), and 8.39 (s, 1, NH).

Anal. Calcd for Ci2H24N40 4: C, 49.98; H, 8.39; N, 19.43. Found:
C, 50.18; H, 8.25; N, 19.93.

Ethanolysis of Ethyl 5-Chloro-2-0x0-A41,3,4-oxadiazoline-
3-carboxylate. The 1,3,4-oxadiazolinone (0.10 g) was treated with
3 ml of 95% ethanol at room temperature for 20 hr. The resulting
reaction mixture was examined by glc (4 ft X 0.25 in.,, 10% UC
W98, 160°) which showed that all the starting material had been
converted to 1,1,2-tricarboethoxyhydrazine. The product was iden-
tified by comparison of its glc retention time and ir spectrum to
those of the authentic compound obtained in a previous reaction.1

Acid Hydrolysis of Ethyl 5-Chloro-2-ox0-A4l,3,4-oxadiazo-
line-3-carboxylate. The oxadiazolinone was treated with 2 N hy-
drochloric acid at 80° for 1 hr. The reaction mixture was neutral-
ized with 2 N sodium hydroxide solution and then extracted with
ether. The product, isolated from the dried organic layer by glc (4
ft X 0.25in., 10% UC W 98,130°), showed an identical glc retention
time and ir spectrum with those of authentic carboethoxyhydra-
zine, Et02CNHNH?2 (obtained from Aldrich).

Reaction of Phenyl(bromodichloromethyl)mercury with
Azodibenzoyl. The azo compound (1.30 g, 5.00 mmol), the mercu-
rial (2.20 g, 5.00 mmol), and 10 ml of carbon tetrachloride were
placed in a 25-ml flask and stirred at room temperature under a ni-
trogen atmosphere. The progress of the reaction was monitored by
ir spectroscopy. After a 3-day reaction period, an initial reaction
product formed as indicated by new ir bands at 1775 s, 1610 s, 1580
w, 1060 s, and 960 cm" 1 m. The reaction was discontinued at the
end of 8 days. At this time, the reaction mixture showed additional
new ir bands at 1780 sh, 1500 w, 1488 w, 1195 w, and 870 cm-1 m.
The mixture was filtered from phenylmercuric bromide and un-
converted starting mercurial and the filtrate was evaporated to
dryness, leaving an oily residue and some solid. The oil contained
mainly the initial reaction product as indicated by its ir spectrum.
Attempted isolation of the initial product by recrystallization from
acetone or ether at -78° failed. However, heating this oil at 80° for
1 hr gave two products, one a solid, the other a liquid. The latter
was separated by filtration, and its further purification by glc
showed an identical glc retention time and ir spectrum with those
of an authentic sample of benzoyl chloride. The crude solid was re-
crystallized from carbon tetrachloride to give colorless crystals of
2-chloro-5-phenyl-1,3,4-oxadiazole, mp 76-78° (lit.7 mp 75°). The
spectral properties which were not reported are shown below: ir
(CC14) 3060 w, 1970 w, 1955 w, 1910 w, 1890 w, 1810 w, 1760 w,
1740 m, 1607 w, 1590 w, 1550 m, 1498 s, 1450 m, 1370 w, 1330 w,
1285 w, 1196 s, 1178 w, 1075 w, 1064 s, 1028 m, 1008 m, 960 m, 950
m, 922 w, 708 s, 690 cm-1 s; nmr (CC14) 5 7.50 (m, 3) and 8.00 ppm
(m, 2); mass spectrum (70 eV) m/e (rel intensity) 182 (12), 180
(36), 145 (33), 126 (9), 124 (27), 105 (73), 103 (37), 96 (20), 95 (5),
93 (4), 89 (21), 86 (13), 84 (24), 78 (7), and 77 (100).

Reaction of Phenyl(tribromomethyl)mereury with Azodi-
benzoyl. A 50-mi flask was charged with the azo compound (2.30
g, 9.80 mmol), the mercurial (10.0 g, 19.0 mmol), and 30 ml of car-
bon tetrachloride. The reaction mixture was stirred at room tem-
perature for 5 days. The resulting mixture was a light yellow solu-
tion whose ir spectrum showed the formation of the initial reaction
product as indicated by bands at 1775, 1755, 1610, 1576, 1485,
1170, 1060, and 952 cm "1 The reaction mixture was filtered from
phenylmercuric bromide and unconverted mercurial. The filtrate
was then washed with 5% aqueous sodium sulfide solution and
water. The dried organic layer was evaporated to dryness to give
1.20 g (30%) of oily products. Attempted crystallization of the oil
at low temperature (-78°) failed. The oil was redissolved in car-
bon tetrachloride and refluxed for 1.5 hr. When the reaction was
followed by ir spectroscopy, an increase in the intensities of ir
bands at 1775, 1485, 1170, and 825 cm" 1 at the expense of the



2340 J. Org. Chem., Vol. 39, No. 16,1974

bands due to the initial product at 1755,1610,1575, and 1060 cm-1
was observed. Glc (4 ft X 0.25 in.,, UC W98, 160°) analysis of the
resulting solution showed that two products had been formed in 1:
1 ratio. The low-boiling product, isolated by glc, was found to be
benzoyl bromide, identified by the comparison of its glc retention
time and ir spectrum to those of the authentic compound (Al-
drich). Colorless crystals of the second product (0.23 g, 80% based
upon the initial reaction product) were obtained from carbon tet-
rachloride solution at 0°. Further recrystallization from carbon
tetrachloride at 0° gave colorless needles, mp 107-109°. The com-
pound was identified as 2-bromo-5-phenyl-I,3,4-oxadiazole: ir
(CC14) 3060 w, 1975 w, 1955 w, 1910 w, 1890 w, 1770 m, 1610 w,
1550 m, 1485 s, 1450 m, 1340 w, 1320 w, 1170 s, 1075 sh, 1060 m,,
1025 w, 995 w, 958 w, 950 w, 925 w, 850 w, 710 m, 690 cm-1 m; nmr
(CCl14) 87.52 (m, 3) and 8.00 ppm (m, 2).

Anal. Calcd for CgHsBr~O: C, 42.69; H, 2.24; N, 12.45; Br,
35.31. Found: C, 42.62; H, 2.32; N, 12.29; Br, 35.20.

Reaction of /V-Carboethoxy Diethyl Ketomalonate Keti-
mine with Phenyl(bromodichloromethyl)mercury. The imine
(2.45 g, 10.0 mmol), phenyl(bromodichloromethyl)mercury (4.40 g,
10.0 mmol), and 10 ml of benzene were stirred and heated at reflux
under a nitrogen atmosphere for 2 hr. The resulting reaction mix-
ture was filtered from 2.80 g (80%) of white, crystalline phenylmer-
curic bromide, mp 270-272°. Glc analysis of the filtrate (M.L.T.
isothermal unit, 10% SE-30, 4 ft X 0.25 in., 145°) showed the pres-
ence of a large quantity of the unconverted starting imine and one
product having a shorter glc retention time than that of the imine.
Because of the presence of the big portion of the imine, isolation of
the product from the reaction mixture by glc was not feasible.
Therefore, the crude product obtained after evaporation of the sol-
vent was column chromatographed (neutral alumina column). The
product was easily eluted while the imine remained on the column.
The analytical sample was further purified by glc (4 ft X 0.25 in,
UC W98, 140°), n26D 1.4833. The structure was assigned as 2-
chloro-4-carboethoxy-5-ethoxy-l,3-oxazole (14): ir (neat) 2900 m,
1720 s, 1620 s, 1535 m, 1380 w, 1350 w, 1250 m, 1170 s, 1060 s, 1000
w, 890 w, 860 w, 840 w,780 m, 650 cm-1 w; nmr (neat) 8 1.16 (t, 3, J
= 7.1 Hz), 1.29 (t, 3,J = 7.1 Hz), 4.05 (g, 2, J = 7.1 Hz), and 4.38
ppm (g, 2,3 = 7.1 Hz) due to OEt groups.

Anal. Calcd for C8H10CINO4: C, 43.75; H, 4.59; N, 6.38; Cl, 16.15.
Found: C, 43.54; H, 4.60; N, 6.09; Cl, 16.21.

The imine (1.30 g, 5.00 mmol), the mercurial (2.20 g, 5.00 mmol),
and 8 ml of benzene were stirred and heated at reflux for 3 hr. Glc
(M.L.T. isothermal unit, 4 ft X 0.25 in., 20% SE-30, 155°, n-tridec-
ane internal standard) analysis of the resulting reaction mixture
showed that 14 was present in 28% yield (1.40 mmol). When addi-
tional 2.20 g of the mercurial was added and the mixture was re-
fluxed for another 3 hr, the yield of 14 was found to be 15%. In an-
other run using a threefold excess of the mercurial, the yield of 14
was found to be 14%. When equimolar amounts of the mercurial
and the imine (5.00 mmol each) in 5 ml of benzene were stirred at
room temperature for 12 days, the yield of 14 was 18%.

Attempted detection of ethyl chloroformate formed in the above
reactions in benzene solution failed because the compound has a
very close glc retention time to that of the solvent. Therefore, the
reaction was run without solvent. The imine (2.54 g, 10.0 mmol)
and the mercurial (2.20 g, 5.0 mmol) were placed in an 25-ml, pear-
shaped flask equipped with a reflux condenser topped with a vacu-
um distillation head with a receiver chilled in a Dry Ice-acetone
bath. The reaction mixture was stirred and heated at 85° (100
mm) for 3 hr. The low-boiling (0.10 g, 20%) product which collect-
ed in the receiver was a colorless liquid and was identified as ethyl
chloroformate by comparison of its ir spectrum with that of an au-
thentic sample (Aldrich). The reaction product 14 was formed in
35% yield in this reaction, and 7.0 mmol of the starting imine was
recovered.

Reaction of IV-Carbomethoxy Diethyl Ketomalonate Keti-
mine with Phenyl(bromodichloromethyl)mercury. The imine
(2.30 g, 10.0 mmol), the mercurial (4.40 g, 10.0 mmol), and 10 ml of
benzene were stirred and heated at reflux for 3 hr. The reaction
mixture was filtered from 3.0 g (85%) of white phenylmercuric bro-
mide, mp 263-265°. Glc (M.1.T. isothermal unit, same column and
conditions used above) analysis of the filtrate showed one product
peak which overlapped with the starting imine peak. The product
showed an identical glc retention time with that of the product ob-
tained from the N-carboethoxy imine reaction and was purified by
column chromatography (neutral alumina). Its glc retention time
and spectra (ir and nmr) were identical with those of 14. The yield
determined by glc (M.1.T. isothermal unit, 4 ft X 0.25 in., 10% SE-
30, 155°) was found to be 15% (0.15 mmol).

Seyferth and Shih

Spectroscopic Study of the Reaction of IV-Carbomethoxy
Diethyl Ketomalonate Ketimine with PhHgCCI2Br at Room
Temperature. When the imine (1.0 g, 5.0 mmol) and the mercuri-
al (2.00 g, 5.0 mmol) in 5 ml of CC14were stirred at room tempera-
ture for 4 days, the ir spectrum of the reaction mixture showed a
new band at 1630 cm-1 assignable to a C=C stretching vibration.
Its nmr spectrum showed new resonances (singlets) at 8 3.86 and
3.98 ppm. The latter was most likely due to the OMe signal of the
methyl chloroformate, since this signal was enhanced when
CIC02Me was added to the reaction mixture. After 12 days, the
nmr signal of the reaction mixture at 3.86 ppm disappeared. The ir
band at 1630 cm-1 and nmr resonance at 3.86 ppm were most like-
ly due to the reaction intermediate 15 (R = Me), which can rear-
range to the observed final products, 14 and CIC02Me, at room
temperature. The nmr signals of OEt groups were too complex to
analyze.

The reaction mixture of PhHgCCI2Br (4.40 g, 10.0 mmol) and
(Et0 2C)N=C(CO Et)2 (2.45 g, 10.0 mmol) in 10 ml of CC14 at
room temperature for 2 days also showed the new ir band at 1630
cm-1. However, its nmr spectrum was too complex to analyze.

Reaction of Diethyl Fumarate with PhHgCCI2Br. Diethyl
fumarate (1.74 g, 10.0 mmol) and the mercurial (4.00 g, 9.8 mmol)
in 10 ml of CC14 were stirred at room temperature for 6 days. The
nmr spectrum of the reaction mixture showed one new resonance
at S2.96 ppm (singlet) which is most likely due to the cyclopropyl
CH protons. The OEt signal of the product was hardly distinguish-
able from that of the starting olefin. Its ir spectrum showed no
band other than the C=C vibration of the starting olefin. There-
fore, the 1,4-addition of the CC12to a C=C-C =0 conjugated sys-
tem of diethyl fumarate was not realized.

The reaction mixture was heated at 80° for 2 hr, and then was
filtered from 3.00 g (85%) of PhHgBr, mp 265-269°. The filtrate
was trap-to-trap distilled (100°, 0.02 mm) and the product was iso-
lated by glc (4 ft X 0.25 in., 10% UC-W98, 145°) in 31% yield (3.04

Et0Z H

H'AV'CO0 2t
CI2

mmol): Nn25D 1.4611; ir (neat) 3022 w, 2980 m, 2940 w, 2900 w, 1740
s, 1460 w, 1440 w, 1372 w, 1366 m, 1310 s, 1260 m, 1180 s, 1090 w,
1060 m, 1030 m, 980 m, 970 w, 940 m, 930 m; nmr (neat) 8 1.25 (t, 6,
J = 7.5 Hz, CHJ), 4.20 (q, 4,3 = 7.5 Hz, CH2), and 2.96 ppm (s, 2,
cyclopropyl CH).

Anal. Calcd for COH12CI1204 C, 42.37; H, 4.74; Cl, 27.80. Found:
C, 42.83; H, 4.92; Cl, 27.46.
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Alkyl derivatives of diaminomaleonitrile (DAMN), are prepared by direct methylation and by reduction of
Schili bases. Cyclic anhydrides and DAMN produce amide acids. 2,d-Dicyanodiarepin.es and 2,3-dicyanodihy-
drodiazepines are prepared by condensation of DAMN with 1,3-diketones or other carbonyl derivatives. 2-Sub-
stituted 4,5-dicyanoimidazoles are prepared by improved cyclization procedures of Schiff bases and amides of
DAMN. Tetrasubstituted pyrazines are prepared by condensation of DAMN with diimines prepared from alco-

hols and cyanogen.

Diaminomaleonitrile (DAMN), a weakly basic diamine
resembling o-phenylenediamine in reactivity, can be pre-
pared directly from hydrogen cyanide by oligomerization2
and indirectly by hydrogenation of diiminosuccinonitrile.3
DAMN has been proposed to be an essential intermediate
to purines in prebiotic origin of life4 and has been used to
prepare a variety of heterocyclic compounds, including
4,5-dicyanoimidazoles,5,6 5,6-dicyanopyrazines,1'7 and pur-
ines8 (including caffeine5), as well as amides5739 and
Schiff bases.73-9 We now report synthesis of new alkyldi-
aminomaleonitriles and seven-membered diazaheterocy-
cles from DAMN; also we have extended the synthesis of
five- and six-membered heterocycles and Schiff bases
from DAMN.

_ Results and Discussion
Schiff Bases of Diaminomaleonitrile. bamN con-

denses rapidly with aliphatic and simple aromatic al-
dehydes in methanol without a catalyst.7a-9 However, if
the aldehyde is substituted by a strong electron-withdraw-
ing group, acid catalysis (sulfuric acid) is required to
make the condensation proceed at a reasonable rate. For
amides, phosphorus oxychloride promotes condensation
and the product may be isolated as a hydrochloride.

N-Alkyldiaminomaleonitriles.  Di-(iert-octylamino)-
maleonitrile has been prepared indirectly from reaction
of diisobutene, hydrogen cyanide, and hydrogen fluoride.10
A'-Alkyldiaminomaleonitriles (alkyl group is ethyl, isopro-
pyl, iert-butyl, and cyclohexyl) and TV.iV'-dialkyldiami-
nomaleonitriles (alkyl group is isopropyl and cyclohexyl)
have been prepared in low yield from N-alkyliminoaceto-
nitriles.11 Di-(terf-butylamino)maleonitrile was obtained in
low yield by oligomerization of terf-butyl isocyanide with
hydrogen chloride followed by hydrolysis.12

DAMN can be converted indirectly to an iV-alkyl deriv-
ative 2 by conversion to Schiff base 1 followed by reduc-
tion. N-Benzyldiaminomaleonitrile results from a benzal-
dehyde anil (1, R = C6Hs) and iV-alkyldiaminomaleoni-
triles are prepared from aliphatic aldehydes (R = cyclo-
hexyl and tert-butyl). Schiff base 1 does not react with a
second mole of aldehyde but TV-benzyldiaminomaleonitrile
(2, R = C6HY5) forms Schiff base 3, which can be reduced

NCL  ,N=CHR NC~ ~NHCHR
NeBH
DAMN + RCH
NC NH, NC NH,
1 2
to N.iV'-dibenzyldiaminomaleonitrile (4). This new

DAMN derivative was oxidized to dibenzyidiiminosncci-
nonitrile (5), which on standing isomerizes to 3 and an
0

2 CJLél’-i

(R= cbHy
N<TJHCH‘|QHS

NC n= chcht,
3

isomer that also is reduced to 4. Schiff base 3 has four
possible isomeric forms about the imine and the carbon-
carbon double bond. The structure of the intermediate 1
was established as the Schiff base rather than the isomer-
ic dihydroimidazole by the presence of a low-field =CH
proton in the nmr.

Direct tetramethylation of DAMN was accomplished by
reaction of DAMN with excess sodium hydride at -30 to
-20° to form the colorless monoanion followed by treat-
ment with dimethyl sulfate at —10°. Nmr showed the

TNAH/£XT NaH__
DAMN (CHAso;

(CH3N N(CH32 NC N(CH32

> - < — > -
NC CN

cis trans
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product to contain about 15% bis(dimethylamino)fumaro-
nitrile (trans), and pure bis(dimethylamino)maleonitrile
(cis) was isolated by low-temperature crystallization. On
slow distillation of the crude reaction product, the cis iso-
mer isomerizes to the lower boiling trans isomer.13 Both
cis and trans forms isomerize to the equilibrium mixture,
43% trans. The isomerization in DMSO at 105° is slow un-
less iodine is added as a catalyst. This is in marked con-
trast to DAMN, in which the cis configuration is much
more stable than the transl4 and is similar to bis(methyl-
mercapto)maleonitrile and bis(methylmercapto)fumaroni-
trile, where the cis and trans forms equilibrate at 191° in 9
hr (melt, iodine catalysis) to 32% trans.15 The cis and
trans assignments of the tetramethylated products are
based on their dipole moments in dioxane (Table I) and
are similar to the bis(methylmercapto)dicyanoethylenes.15
The C=C stretch absorption for the methylated cis iso-
mer is as expected (see Table I). The strong absorption for
the trans isomer is not normal (note trans methylmercap-
to derivatives) and could result if the double bond is
slightly twisted or if one of the dimethylamino groups is
held out of plane of the molecule by steric interaction.
The dipole moment of 2.78 D for the trans isomer is high-
er than expected (calculated value employing group mo-
ments for the aromatic series is 1.50). The calculated
value for the cis isomer (9.78 D) is also higher than the
measured value (calculated value for DAMN is 9.62 D;
these high values could result from use of group moments
that are determined from aromatic systems). The steric
interaction of dimethylamino groups is expected to be
much more significant than for the methylmercapto
group. The marked stability of cis over trans isomers in
diaminodicyanoethylenes is not understood but may be

analogoys to t 2-dithiodicyanoethylenes.15 , .
ides and Ureas from Diaminomaleonitriles. am-

ides of DAMN have been reported from reaction of acyl
halides and anhydrides with DAMN.56'78916

Some new amides with free acid groups (6, 7, and 8) are
readily prepared by reaction of succinic, maleic, and
phthalic anhydride with DAMN. With phthalic anhydride
the imide 9 was also isolated in 21% yield.

The acrylamide of DAMN was formed from acryloyl
chloride and DAMN. Low molecular weight polyamides
can be prepared from reaction of DAMN with diacid chlo-
rides and will be described in other publications.

DAMN with phenyl isocyanate gives a monourea 10 at
room temperature in CH3CN and a diurea 11 in DMF at

80°. ) . .
Synthesis of Heterocycles. Five-Membered Rings.
The synthesis of 4,5-dicyanoimidazoles5'6 has been ex-
tended to preparation of a series of 2-alkyl and 2-aryl de-
rivatives. The Schiff bases 1from condensation of DAMN
with aldehydes can be oxidized to imidazoles 12 by re-
agents such as diiminosuccinonitrile (DISN) or dichloro-

Begland, et al.

Table T
Dipole Moments and Infrared Absorption of
1,2-Dicyanoethylene Derivatives

X X X CN
C=C cis c=C trans
/ \ / \
NC CN NC X
Dipole C=¢C
X Isomer moment, D stretch, cm-1 Registry no.

NH, Cis 7.9» 1626 (s) 1187-42-4
N(CH32 Cis 6.98 1605 (s)  51801-84-4
Trans 2.78 1600 (s) 51801-85-5
SCHs Cis 5.08 1493 (s) 7373-02-6
Trans 1.57 None 7373-03-7

»R. L. Webb, S. Frank, and W. C. Schneider, J. Amer.
Chem. Soc., 77, 3491 (1955).

dicyanoquinone (DDQ). A sériés of 2-aryl-4,5-dicyanoim-
idazoles was prepared to détermine the structure of Prod-
ucts from reaction of diazodicyanoimidazole with haloben-
zenes.17

o

n ¢ " nhcnhctb

NC NHR
10R=H
11, R=CONHC@a15

12

Condensation of DAMN with acid chlorides or anhy-
drides gives 1:1 products 13 which for R = CH3 can be de-
hydrated to the imidazole 12 (R = CH3). Imidazoles can

NCA-NH1
~2

NC NHCOR
13
be produced from DAMN in one step from ortho esters5 or
imino ether hydrochlorides.6 If the initial condensation of
DAMN and ortho esters or ortho amides is run under mild
conditions, the intermediate alkoxy imine or amidine 14
can be isolated. Amidines, 14, can also be made by treat-
ment of DAMN with N,N-dialkylamides and POCI3. Oxi-
dation of 14 leads to a new family of 2-heterosubstituted
imidazoles 15.18 Other N-substituted aminoimidazoles 16

DAMN + RC(OR')3

or RC(OR')2

|
NR/

can be prepared from DAMN and isocyanide dichlorides.
The parent 2-amino-4,5-dicyanoimidazole (16, R = H) is
prepared from DAMN and cyanogen chloride and is used
to prepare the reactive diazodicyanoimidazole.17
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DAMN + RN=CC12

16

DAMN reacts with 1,4-diketones to give substituted
pyrroles 17.

0 0

DAMN + ROCHZHZCR

17, R = CH3 Cens

Six-Membered Rings. The synthesis of aminocyanopy-
razines by condensation of DAMN with DISN is a major
synthetic development.1 The condensation of DAMN with
I,2-dimethoxy-1,2-diiminoethane (methanol-cyanogen ad-

duct) leads to tetrasubstituted pyrazine 18. As in
add
DAMN + )
catalysis
18

DISN-DAMN condensation, the amount of acid is critical
to control the condensation to give a single major product.
The synthesis of 5,6-dicyano-2-arylpyrazines19 has been
extended to preparation of 2-methyl-5,6-dicyanopyrazine
by condensation of a-chloroacetone or pyruvaldehyde with
DAMN.

Seven-Membered Rings. DAMN condenses with acet-
ylacetone to give the 6/7-1,4-diazepine 19. Benzoylaceto-

0 0

1 1
DAMN + CHXCHZCH3

phenone and /3-keto esters give uncyclized products under
mild conditions, but methyl acetoacetate and 7V,TV-di-
methylacetoacetamide gave the tetrahydro-6//-1,4-diazep-
ine 20 when phosphorus oxychloride was used as catalyst.

R

0 0

I ]
DAMN + CHICCH,CR

ch3

20
R = OCH3o0r N(CH32

Under very mild conditions the Schiff base from DAMN
and acetophenone ketal 21 (rR3 = C6H5) can be isolated,
but it readily hydrolyzes in moist air. However, with an
acid catalyst DAMN condenses with 2 mol of ketones or
their ketals to give a variety of |,7-dihydro-6//-1,4-diazep-
ines (22a, 22b), including the unusual spiro dihydrodia-
zepine 23 from cyclohexanone. Dihydrodiazepines (22a,
22e, 22d, 22f) can also be produced from DAMN and a,3-
unsaturated ketones. However, cinnamaldehyde gives only
the Schiff base.9 The diazepine 24b was produced from

J. Org. Chem., Voi. 39, No. 16, 1974 2343
CHA
c(or™>2 NC NHZ
DAMN + hi o X CH3 22a, 22b
1 NC n= c:
or CHR3
21

22a, R = Rj = R3= CH3 23

b, R1=CH3R2= R3= C&5

¢, R, = R2= H; Rs= CH3

4, R —H; K = C#H5 R,= CH3
e, R3= H; Rj = Rg= CH3

f, Ri= H; Rj= R8= QH5

condensation of DAMN with TV,N-dimethylacrylamide to
give 24a followed by oxidation with DDQ.

Diazepine 19 was reduced to the 1,4,5,7-tetrahydro-677-
1,4-diazepine 25, which is a cyclic dialkyl DAMN deriva-
tive. Only the cis product was formed, since the proton
nmr showed multiplets of equal intensity for the two C-6
protons. Compound 25 oxidized readily to the dihydrodia-
zepine 22e.

The room-temperature pmr spectrum of diazepine 19
showed only a single line which resolved at low tempera-
ture (-30° in acetonitrile solution) to the expected singlet
for the two methyl groups and an AB S 1.94 and 4.41 (Jab
= 10 Hz) for the methylene. The low-temperature chemi-
cal shift and the coalescence temperature (about room
temperature) indicate a moderately low free energy of ac-
tivation for the ring-inversion process. A similar nmr
spectrum was observed for a benzodiazepine derivative.20

H

H

Oxidation and Hydrolysis of Diaminomaleonitrile.
The chlorination of DAMN led to dichlorodiiminosucci-
nonitrile, presumably by initial oxidation of DAMN to
DISN.3 Direct oxidation of DAMN to DISN has been ac-
complished in essentially quantitative yield by treatment
of DAMN with DDQ in acetonitrile.

DDQ
HN

DAMN DISN
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Table 11
Diaminomaleonitrile Schiff Bases and Amidines'
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Hydrolysis of DAMN in alkali solution leads to glycine,
ammonia, and carbon dioxide or with barium hydroxide to
oxalic acid, ammonia, and carbon dioxide.213 With alka-
line peroxide, DAMN is quantitatively converted to ox-
amide. 215

Experimental Section

The ir spectra were obtained on a Perkin-Elmer Model 21 spec-
trometer, the uv spectra on a Cary Model 14; the nmr spectra on
a Varian A-60; and the mass spectra on a Du Pont CEC 21-110B
high-resolution double-focusing instrument. Where a number of
compounds were made by a more or less standard procedure a
typical method is given and the compounds are listed in tables.
The petroleum ether used boiled at 37-50°.

Diaminomaleonitrile Schiff Bases and Amidines (Table II).
Method A. Aldehyde plus DAMN in Methanol, No Catalyst.
Seeref7aand 9.

Method B. Acid Catalysis. 2-Amino-3-(2,2,2-trifluoroethyli-
deneamino)maleonitrile (1, R = CF3). To a solution of 5.4 g
(0.05 mol) of DAMN in 100 ml of THF was added 5 drops of
H2S0O4. Fluoral gas (9.8 g, 0.10 mol) was passed over the solution
and maintained in the flask with a Dry Ice condenser. After a
mild exotherm, the resulting solution was stirred for 4 hr and
stripped and the resulting solid-oil was dried on a porous plate to
give a white solid. Recrystallization from benzene gave 2.64 g
(28%) of white needles: mp 154-155° dec; ir (Nujol) 3375, 3270,
3150, 2195, 1640, 1620, and 1580 cm-1; nmr (acetone-de) $7.7
(multiplet).

Method C. Amide Condensation, Phosphorus Oxychloride
Catalysis.  2-Amino-.1-(/V, ;V-dimethylaminoethylideneamino)-
maleonitrile (14). To a solution of 4.0 g (0.037 mol) of DAMN in
30 ml of dimethylacetamide at 10° was added dropwise over 10
min 4.8 g (0.031 mol) of POCI3. The temperature rose to 30° and a
precipitate formed. After 1.5 hr 400 ml of cold water was added
and the resulting solution was neutralized with concentrated am -
monium hydroxide. The precipitate was collected, dissolved in
150 ml of chloroform, and dried over anhydrous MgSO* and the
solvent was removed to give 3.5 g (54%) of 2-amino-3-(N,N-di-
methylaminoethylideneamino)maleonitrile.

Method D. Amide Condensation, Phosphorus Oxychloride
Catalysis, Hydrochloride Isolation. 2-Amino-3-(IV,Af-diethyl-
aminobutylideneamino)maleonitrile Hydrochloride (14). To a
solution of 10.8 g (0.10 mol) of DAMN and 20 g of JV,N-diethyl-
butyramide in 100 ml of THF was added 10 ml of POCI13 over 10
min. After stirring for 1.5 hr the resulting tan solid was collected
and recrystallized from methanol-ether.

These and other Schiff bases and amidines prepared by these
methods are listed in Table II.

Alkyl Derivatives of Diaminomaleonitrile (Table I11). Meth-
od A. Reduction of Diaminomaleonitrile Schiff Bases. N-Ben-
zyldiaminomaleonitrile (2, R = C6H5). To a solution of 3.92 g
(0.02 mol) of Schiff base (1, R = CgHs) in 50 ml of methanol and
75 ml of THF was added 0.76 g (0.02 mol) of sodium borohydride
in portions. This solution was stirred for 15 min and poured into
500 ml of ice water. The resulting precipitate was collected and
dried to give 3.63 g (90%) of 2 (R = C6H5) as a light tan pow-
der. Recrystallization from ether-petroleum ether gave light yel-
low needles: mp 114-116°; ir (Nujol) 3450, 3355, and 3250 (-NH 2,
NH), 2220 and 2210 (-CN), 1640, 1620, and 1590 cm-1 (C=C,
C=N, -NH2); uv (CH3CN) 311 ma (t 15,800); nmr (acetone-de) 5
4.32 (s, 2), 4.9 (br, 3), 7.35 (s, 5). See Table Il for analysis.

N-Benzyl-N'-benzylidinediaminomaleonitrile (3). To a solu-
tion of 6.0 g (0.03 mol) of 2 in 100 ml of ether was added 3.7 g
(0.035 mol) of benzaldehyde and 5 drops of concentrated H2S 04.
A mild exotherm occurred and a yellow precipitate slowly formed.
After 1 hr the solid was collected and rinsed with ether to give 8.2
g (95%) of 3. Recrystallization from ethyl acetate gave bright
yellow crystals: mp 182.5-184.0°; ir (KBr) 3345 (NH), 3060
(=CH-) 2240 and 2200 (-C=N), 1610, 1585, and 1500 cm "1
(C=C and C=N); uv (CH3CN) 263 ma (< 15,600), 379 (28,600),
397 (22,500); nmr (DMSO-de) $4.64 (s, 2), 7.40 (m, 8), 8.10 (m,
2), 8.35 (s, 1), 8.75 (br, 1). For reduction of this compound see
Table HI.

Anal. Calcd for C18H14N4: C, 75.5; H, 4.9; N, 19.6. Found: C,
75.6; H, 4.9; N, 19.7.

TV,/V-Dibenzyldiiminosuccinonitrile (5). Synthesis and Rear-
rangement to jV-Benzyl-N'-benzylidinediaminomaleonitrile
(3). A solution of 2.88 g (0.01 mol) of 4 in 75 ml of benzene was
cooled to 7° and added to a cold solution of 2.27 g (0.01 mol) of
DDQ in 75 ml of benzene. Dihydrodichlorodicyanoquinone imme-
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diately precipitated. The resulting mixture was stirred for 15 min
and filtered cold and the benzene was removed under reduced
pressure to give 2.60 g (91%) of 5 as a yellow powder: ir (Nujol) no
-NH, 2240 and 2210 (weak, -CN), 1620, 1600, and 1580 cm"1
(-C=N and C6H5); nmr (CDC13) b5.21 (s, 4), 7.38 (s, 10).

Recrystallization of 5 from benzene gave complete conversion to
3. Upon standing at room temperature for several days or upon
recrystallization from ether, 5 is converted into an unknown iso-
mer of 3 and upon heating is converted to 3. The unknown isomer
shows ir (KBr) 3310 (-NH), 3030 (“ CM), 2240 and 2200 (-GN),
1620, 1590, and 1500 cm" 1 (-C=N and CeH5); uv Amax (CH3CN)
265 m/x (c 11,100), 367 (30,000).

Anal. Calcd for C18H14N4: C, 75.5; H, 4.9; N, 19.6. Found: C,
75.3; H, 4.7; N, 19.7.

Method B. Alkylation of Diaminomaleonitrile. Bis(dimethyl-
amino)maleonitrile and Bis(dimethylamino)fumaronitrile. A
solution of 54.0 g (0.50 mol) of DAMN in 300 ml of glyme was
added dropwise to a suspension of 2.5 mol of sodium hydride in 1
1 of glyme at -30 to -20°. Hydrogen (13.3 1) was evolved. The
reaction mixture was warmed to -10° and 237 ml (2.5 mol) of di-
methyl sulfate was added over 3.0 hr. During the addition 38.2 1
of hydrogen was produced. The reaction mixture was stirred for 1
hr at -10° and filtered. The precipitate of unreacted sodium hy-
dride and sodium methyl sulfate was washed with 500 ml of
glyme and the combined filtrate and wash was concentrated at
room temperature to about 250 ml of solution containing dimeth-
yl sulfate, bis(dimethylamino)maleonitrile, and bis(dimethylami-
no)fumaronitrile (nmr). The ratio of maleo- to fumaronitrile
product was 85:15. On cooling the mixture to -80° bis(dimethyla-
mino)maleonitrile crystallized (44.3 g, 54%). An analytical sam-
ple was recrystallized at -80° from glyme: mp 35-36°; ir (KBr)
2985, 2200, 1605, 1480, 1460, 1380, 1175, 1135, 1105, 1060, 1030, 870
cm 1; uv Amex (CH2CI2) 328 nm (t 8540); dipole moment 6.98 D
(dioxane); nmr (CDCI3) b 2.75 (s).

The mother liquor from the crystallization of the cis-methylat-
ed product was slowly distilled through a spinning band column
(5 hr). Bis(dimethylamino)fumaronitrile (33.0 g, 40%), bp 89°
(0.25 mm), was obtained. An analytical sample was obtained by
recrystallization from glyme at -80°: mp 46-47.5°; ir (KBr) 2940,
2875, 2840, 2790, 2230, 2175, 1600, 1450, 1400, 1290, 1105 cm"1; uv
Amrex (CH2CI2) 318 nm (e 9360); dipole moment 2.78 D (dioxane);
nmr (CDCI3) 52.82 (s). See Table 111 for analysis.

Isomerization of Bis(dimethylamino)maleonitrile and -fu-
maronitrile. A solution of 0.10 g of bis(dimethylamino)maleoni-
trile and 1 ml of deuterated DMSO was heated at 105-110° for 3
days. Nmr showed the sample to be 38% isomerized to the fu-
maronitrile. A crystal of iodine was added and heating continued
at 105-110° for 4.5 hr. Nmr showed the sample to be 44% trans.

The above experiment was repeated with bis(dimethylamino)-
fumaronitrile. After 3 days 30.6% of the cis isomer was present.
After an additional 4.5 hr with iodine present, the equilibrium
point with 42% trans and 58% cis isomer was reached.

Diaminomaleonitrile Succinamide (6). A solution of 5.4 g (50
mmol) of DAMN and 5.0 g (50 mmol) of succinic anhydride in
150 ml of THF was refluxed for 20 hr. The solvent was removed at
reduced pressure, leaving 10.3 g of crude 6 which was recrystal-
lized from THF, 9.1 g (87%) of white powdery crystals: mp 183-
186° uv (CH3CN) 288 mu (r 13,300); ir (KBr) 3400-2500 (NH2,
NH, OH, CH), 2248, 2210 (C=N), 1690 (acid C=0), 1671, 1522
(RNCO-), 1636 (NH2), 1608 cm" 1 (C=C); nmr (DMSO-de) 5 2.54
(s, 4), 6.97 (s, 2), 9.15 (s, 1), 11.78 (broad s, 1).

Anal. Calcd for CgH803N4: C, 46.2; H, 3.9; N, 26.9. Found: C,
46.2; H, 4.0; N, 27.1.

Diaminomaleonitrile Maleamide (7). Under similar condi-
tions maleic anhydride gave a monoamide: mp 185-198° from ani-
sole; 70% yield; uv (CH3CN) 393 (e 19,700), 295 (4930), 256
(4960); ir (KBr) 3400-3100 (OH, NH2 NH), 2240, 2200 (C=N),
1786, 1751, 1690 (C=0), 1635, 1594, 1560, 1528 cm"1 (NH, c=C,
N=C and/or RCOO0"); nmr (DMSO-d6) b 6.31 (d, 1, J = 6 Hz),
7.10 (d, 1,J = 6 Hz), 7.53 (s, broad, 4).

Anal. Calcd for CgHeO 3N4: C, 46.6; H, 2.9; N, 27.2. Found: C,
46.7; H, 2.9; N, 27.2.

Diaminomaleonitrile Phthalamide (8). Refluxing phthalic an-
hydride and DAMN in THF for 20 hr gave a 24% yield of the
phthalamide 8: mp 181° uv (CH3CN) 382 (t 14,500), 285
(6900), 265 (8820); ir (KBr) 3400, 3295, 3195 (NH2, NH, OH),
2200 (C=N), 1760, 1675, 1625 (C=0, NH2), 1545 cm"1 (C=N);
nmr (DMSO-de) 57.7 (m, 6), 8.0 (m, 2).

Anal. Calcd for C12Hsb3N4: C, 56.3; H, 3.2; N, 21.9. Found: C,
56.4; H, 3.1; N, 21.9.

Diaminomaleonitrile Phthalimide (9). From the mother li-
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quor of 8 was isolated 21% 9 by dissolving in DMF, precipitating
with H20, and recrystallizing from CH30H: mp 275° dec; uv
(CH3CN) 287 mg .(« 14,900), 217 (38,600); ir (KBr) 3350, 3295,
3240, 3176 (NH2), 2242, 2216 (C~N), 1787, 1720 (C=0), 1647
(NH2), 1598 cm"1 (C=C); nmr (DMSO-ds) $8.02 (s, 4), 8.33 (s,
2).
)Anal. Calcd for C12H60 2N4: C, 60.5; H, 2.5; N, 23.5. Found: C,
59.9; H, 2.6; If, 23.1.

Diaminomaleonitrile Acrylamide. This amide was made from
DAMN and acryloyl chloride in THF at 0-10° and was isolated as
the hydrochloride salt. The monohydrate, mp 151.5-152°, crystal-
lized from water in 52% yield: ir 3545, 3345, 3185, 2250, 2200,
1685, 1660, 1625, 1610, 1530 cm"1; nmr (DMSO-d6) b 3.35 (s,
NH), 563 (d, d, J = 1, 9 Hz, 1 H), 6.1 (m, 2 H), 7.05 (s, NH +
OH).

Anal Calcd for C7THEBN40-H?20; C, 47.3; H, 4.5; N, 31.5. Found;
C,47.3; H, 4.1; N, 31.3.

The water was removed from the monohydrate by heating
under reduced pressure.

Anal. Calcd for C7TH6N40O: C, 51.9; H, 3.7. Found: C, 51.8; H,
3.7.

Phenylurea Derivative of Diaminomaleonitrile (10). A solu-
tion of 1.08 g (10 mmol) of DAMN and 2.38 g (20 mmol) of phenyl
isocyanate was kept for 20 hr at 25° as crystals slowly separated.
The mixture was warmed on steam bath for 1.5 hr. The solid mo-
noadduct, mp 180-210° dec, was collected and dried, yield 2.1 g
(93%).

Anal. Calcd for CnH9NS0: C, 58.2; H, 4.0; N, 30.8. Found: C,
58.3; H, 4.0; N, 31.1.

Bis(phenylurea) Derivative of Diaminomaleonitrile (11). A
mixture of 3.36 g of DAMN, 12 g of phenyl isocyanate, and 40 ml
of DMF was stirred at 80° for 4 hr. The dark red solid was collect-
ed and digested with warm acetonitrile. Filtration and drying
gave 8.7 g of pale yellow crystals, ir (KBr) CN very weak, 1685,
1670,1610, 970, 750, 695cm "1.

Imidazoles (12) from Diaminomaleonitrile (Table 1V). Meth-
od A. Oxidation of Diaminomaleonitrile Schiff Base with Di-
chlorodicyanoquinone.  2-(2-Chlorophenyl)-4,5-dicyanoimida-
zole (12, R = 2-CIC6H4). A solution of 38 g (0.16 mol) of Schiff
base from DAMN and 2-chlorobenzaldehyde and 38 g (0.16 mol)
of 2,3-dichloro-5,6-dicyanoquinone (DDQ) in 1200 ml of CH3CN
was refluxed for 4 days. The solution was evaporated to dryness
and the residual solid was slurried at reflux with 3 1 of benzene
and filtered to remove the insoluble hydroquinone. The benzene
filtrate was concentrated at reduced pressure, affording about 30
g of 2-(2-chlorophenyl)-4,5-dicyanoimidazole. Recrystallization
from CH2CIl2-ether gave 24.8 g (66%) of 12 (R = 2-CIC6H4) as
white needles: mp 205-208° dec; uv Arax (CH3CN) 264 m/i (t
17,050); ir (KBr) 3290 (NH), 3080 (CH), 2240 (C=N), 1590, 1568,
1543, 1508 cm " 1 (C=C and/or C=N). See Table HI for analysis.

Method B. In Situ Formation of Diaminomaleonitrile Schiff
Base and Oxidation with Diiminosuccinonitrile. 2-terf-Butyl-
4.5- dicyanoimidazole [12, R = C(CH3)3], A solution of 25.9 g of
pivaldehyde, 32.4 g of DAMN, 31.8 g of diiminosuccinonitrile
(DISN), and 5.0 g of oxalic acid in 1 1 of anhydrous acetonitrile
was refluxed under N2 for 17 hr. The dark solution was pread-
sorbed on 140 g of Silicar CC-7 and chromatographed. Elution
with chloroform gave a viscous, oily solid which was recrystallized
from ether-hexane to give 30.0 g (57%) of colorless 2-tert-butyl-
4.5- dicyanoimidazole, mp 150-151°. See Table Il for analysis.

Method C. Reaction of N,;V-Dialkylainides with Diamino-
maleonitrile. 4,5-Dicyanoimidazole (12, R = H). A solution of
10.8 g (0.10 mol) of DAMN in 75 ml of dimethylformamide was
cooled in an ice bath and 10.0 g (0.065 mol) of POCI3 was added
dropwise below 10°. The solution was heated to 160° over 1 hr and
cooled to approximately 100° and most of the solvent was re-
moved under vacuum. Water (100 ml) was added; the solution
was warmed to 70° and filtered and the aqueous filtrate was ex-
tracted nine times with 200-ml portions of ether. The combined
ether extracts were dried over MgS04 and the ether was removed
to give 10.7 g (90%) of 4,5-dicyanoimidazole.7a

2-Aminoimidazoles. 2-tert-Butylamino-4,5-dicyanoimidazole
[16, R = C(CHJ)3], To a solution of 8 g of iert-butyl isocyanide
dichloride in 100 ml of THF was added 5.0 g of DAMN. The tem-
perature rose to 43° and a precipitate formed. Upon stirring for 18
hr the precipitate redissolved and the resulting dark solution was
preadsorbed and chromatographed on Silicar. Chloroform elution
gave 0.94 g (11%) of 16, R = C(CH?J3)3, as white crystals from
ether-petroleum ether: mp 171.0-172.5° ir (Nujol) 3311 (-NH),
2250 (-CN), 1645 cm"1 (C=C or C=N); nmr (acetone-ds) 5 1.41
(s, 9), 6.10 (br, 1).
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Table 111
Alkyl DerivativesOof Diaminomaleonitrile

Registry Meth- Yield, Crystn
Compd no- od4 % soin.
aNCt*"NCHAH,
T 51802-03-0 A 91 Ether-petro-

leum ether

51802-04-1 A 75 Ether-petro-

leum ether

51802-05-2 A 67

NCANCH,C(CH,)3

T 51802-06-3 A 87 CHXI2hexane
NC, , N(CHA
B 1 Glyme
N<r N(CHj)2
\ » 94
(@BN~CN
X B Glyme
Ner  'wi(ch32

CHZI2hexane

- Anal, %
Mp, — Carbén-—~"-Hydrogen—e Nitrégeno
°c Formula Caled Found Calcd Found Calcd Found
114-116 CIIHIONA 66.7 66.6 5.1 5.1
76-79 Cl8HIGNA 750 746 5.6 55 194 19.6
133-134 CuHitN4 64.7 645 7.9 7.8 274 275
165-166 ch ¥4 60.7 604 7.9 7.8 314 313
35-36 CsHIN4 585 581 7.4 7.4 341 346
46-475 c&h h4 585 585 7.4 7.2 341 34.0

° Structures were confirmed by nmr and ir. bSee Experimental Section for general procedure.

Anal. Calcd for C9H1INS: C, 57.1; H, 5.9; N, 37.0. Found-. C,
56.6; H, 6.3; N, 37.7.

2-Anilino-4,5-dicyanoimidazole (16, R = C6H8). A solution of
4.3 g (0.04 mol) of DAMN and 6.2 g (0.035 mol) of phenyl isocy-
anide dichloride in 100 ml of THF was refluxed for 1 hr, stirred at
room, temperature for 18 hr, and chromatographed on Silicar.
Chloroform-ether elution gave 2.82 g (39%) of 16 as white crystals
from chloroform: mp 210-213° dec; ir (KBr) 5 3225 and 3115 (-
NH), 2240 and 2230 (-CN), 1635, 1610, 1590, 1550, 1520, and 1500
cm'1l (C=C and C=N); uv (CH3CN) 256 mu (c 21,700), 309
(9200); nmr (DMSO-ds) 57.0-7.6 (m, 6), 9.6 (br, 1).

Anal Calcd for cuH7N5: C, 63.2; H, 3.4; N, 33.5. Found: C,
62.9; H, 3.6; N, 33.1.

2-Amino-4,5-dicyanoimidazole (16, R = H). To a solution of
89.8 g (1.46 mol) of cyanogen chloride in 2.0 1L of THF at 3° was
added 157.7 g (1.46 mol) of DAMN. The solution was slowly (1
hr) warmed to reflux temperature (about 50°), and at this point
occasional cooling was necessary to control the reflux rate. After
an additional 1 hr the mixture was cooled to 0° and 1500 ml of
ether was added. The hydrochloride of the imidazole was collect-
ed on a filter and was added to 3250 ml of water containing 120 g
of sodium acetate. 2-Amino-4,5-dicyanoimidazole (142.6 g, 75%
yield) precipitated. This product was purified by dissolving it in a
solution of 1099 g of sodium bicarbonate in 2150 ml of water and
treating with carbon black. White 2-amino-4,5-dicyanoimidazole
(106 g) was reprecipitated by adding 250 ml of 6 |V HC1. An ana-
lytical sample was recrystallized from CH3CN: mp 270° dec; ir
(KBr) 3487, 3380, 3280, 3225, 3030, 2860, 2740, 2650, 2230, 1660,
1600, 1560, 1460, 1410, 1370, 1316, 1280, 1090, 1050, 910, 790, 735
cm 1

Anal. Calcd for C8H3N5: C, 45.1; H, 2.3; N, 52.6. Found: C,
45.3; H, 2.4; N, 52.6.

a-Amino-£i-(jV-2,5-dimethylpyrryl)maleonitrile (17, R =
CHB3). A solution of 16.2 g (0.15 mol) of DAMN, 17.1 g (0.15 mol)
of hexane-2,5-dione, and 1.0 g of p-toluenesulfonic acid in 600 ml
of benzene was refluxed for 24 hr under a Dean-Stark trap. The
reaction mixture was concentrated in vacuo to give 30 g of yellow
solid. This material was dissolved in 200 ml of ether, treated with
Darco, and recrystallized from ether-hexane. The yield of pale
yellow product was 24.6 g (88%): mp 166.0-166.5°; ir (Nujol) 3450,
3330, 3225, 2220, 1640, 1600, 1410, 1380, 1315, 1220 cm 'l; nmr
(DMSO-dg) 62.08 (s, CHJ3), 5.88 (s, CH), 7.73 (s, NH2).

Anal. Calcd for CIOH10N4: C, 64.5; H, 5.4; N, 30.1. Found: C,
64.4; H, 5.3; N, 30.1.

a-Amino-/j-(¥-2,5-diphenylpyrryl)maleonitrile (17, R =
C6H5). A solution of 10.8 g (0.10 mol) of DAMN, 23.8 g (0.10 mol)
of l,4-diphenylbutane-1,4-dione, and 1.0 g of p-toluenesulfonic

acid in 400 ml of acetonitrile was refluxed for 17 hr. The reaction
mixture was concentrated in vacuo to give 32 g of yellow solid:
This material was dissolved in 200 ml of THF, treated with
Darco, and recrystallized from THF-hexane. The yield of pale
yellow product was 27.0 g (87%): mp 198-199°; ir (Nujol) 3450,
3330, 2220, 1610, 1590, 1370, 1315, 1075 cm"1; nmr (DMSO-d6) 5
6.55 (s, CH), 7.45 (s, aromatic), 8.08 (s, NH2).

Anal. Calcd for C*Hi™Ni: C, 77.4; H, 4.6; N, 18.1. Found: C,
77.7, H, 4.6; N, 18.3.

Pyrazines from Diaminomaleonitrile. 2-Amino-3-methoxy-
5,6-dicyanopyrazine (18). A mixture of 55.5 g (0.20 mol) of diam-
inomaleonitrile tosylate and 23.2 g (0.20 mol) of 1,2-dimethoxy-
1,2-diiminoethane22 in 800 ml of THF was stirred for 3 days, fil-
tered, and stripped. The resulting solid was slurried with water,
collected, and 'recrystallized from ethyl acetate to give 24.5 g
(70%) of light tan crystals of 18: mp 211.5-213.0°; ir (KBr) 3413,
3345, and 3185 (-NH2), 2240 (-CN), 1650, 1570, 1550, and 1520
cm 1(C=C, C=N, -NH2); .+ (CH3CN) 215 mM U 20,900), 296
(19,600); nmr (DMSO-d6) 54.06 (s, 3), 8.1 (br, 2).

Anal. Calcd for C7TH50N5: C, 48.0; H, 2.9; N, 40.0. Found: C,
48.2; H, 2.9; N, 40.1.

2-Methyl-5,6-dicyanopyrazine. A. From Chloroacetone. A
suspension of 10.8 g (0.1 mol) of DAMN, 20 g of chloroacetone,
and 100 ml of ethanobwas stirred overnight at room temperature.
Silicar was added to the dark solution and the solution was
stripped to dryness and chromatographed. Eluting with benzene
gave the product, which was recrystallized from carbon tetrachlo-
ride to give 2.2 g of pale yellow solid: mp 97°; ir (KBr) 3058, 2922,
2242, 1552, 1518, 1438 cm“1; nmr (CDC13, TMS) 52.79 (s, CH3),
8.82 (s, =CH); uv Xmax (CH3CN) 280 mp (c 6320), 237 (11,000).

Anal. Calcd for C7H4N4: C, 58.4; H, 2.8; N, 39.0. Found: C,
57.8; H, 2.6; N, 39.2.

B. From Pyruvaldehyde. A solution of 54 g of DAMN, 100 g of
40% aqueous pyruvic aldehyde, and 750 ml of ethanol was re-
fluxed for 3 hr, treated with 25 g of Darco, and filtered. On cool-
ing the product crystallized and was recrystallized from CCI4,
giving 59.5 g (80%) of light tan solid.

Diazepine Derivatives from Diaminomaleonitrile. 2,3-Dicy-
ano-5,7-dimethyl-6H-1,4-diazepine (19). A mixture of 21.6 g (0.2
mol) of DAMN, 20.0 g (0.2 mol) of acetylacetone, 0.5 g of oxalic
acid, and 200 ml of benzene was refluxed in a 1-1 flask with a
Dean-Stark trap. In a few minutes, half the expected 7.2 ml of
water was collected. After 3 hr, the mixture was cooled and fil-
tered. The solid was rinsed with hexane and dried to give 32.9 g
(96%) of product which was purified by dissolving in hot acetoni-
trile, decolorizing with Darco, and cooling to give colorless crys-
tals, mp 199-200° dec, ir2250,1600,1375,1260 cm™ 1.
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Araai. Calcd for CO9H8N4: C, 62.7; H, 4.7; N, 32.6. Found: C,
62.5; H, 4.7; N, 32.3.

2.3- Dicyano-4,5,6,7-tetrahydro'5,7-dimethyl-13Y-1,4-diazep-
ine (25). To a slurry of 5.00 g (0.029 mol) of 19 in 200 ml of meth-
anol was added 1.14 g (0.03 mol) of NaBH4 in three portions. The
temperature rose from 25° to 40° and the solid dissolved. Most of
the solvent was removed, 300 ml of water was added, and the re-
sulting solution was extracted with two 400-ml portions of ethyl
acetate. Removing the solvent gave nearly colorless product
which was recTystahized from ether to give 4.39 g (85%) of 26 as
colorless needles: mp 158-160°; ir (KBr) 3370 (-NH), 2985, 2950,
and 2890 (CH), 2210 (-CN), 1630 cm’ 1 (-C=C-); uv (CH3CN)
208 mu (e 10,500), 314 (13,300); nmr (CD3CN) 51.15 (m, 1) 1.17
(d,J = 6.2 Hz, 6), 1.5(m, 1), 2.5-3.0 (m, 2), 4.45 (br, 2).

Anal. Calcd for COHI2N4 C, 61.3; H, 6.9; N, 31.8. Found: C,
61.1; H, 6.9; N, 32.0.

2.3- Dicyano-5,7-dimethyl-6,7'dihydro-I1H-I ,4-diazepine
(22e). To a slurry of 1.76 g (0.01 mol) of 25 in 50 ml of benzene at
10° was added 2.27 g (0.01 mol) of DDQ in 100 ml of benzene. The
resulting mixture was stirred for 15 min, filtered to remove dihy-
drodichlorodicyanoquinone and stripped to dryness without
warming. The infrared spectrum of the crude product showed no
diimine. Recrystallization from benzene gave 1.46 g (84%) of tan
crystals: mp 143-145° ir (KBr) 3205 (-NH), 2240 and 2210
(-CN), 1620,1560, and 1530 cm" 1(C=C and -C=N); uv (CH3CN)
255 mu (e 3060), 337 (9700); nmr (acetone-d6) ¢ 1.28 (d, J = 6.5 Hz,
3), 2.17 (s, 3), 2.78 (m, 2), 3.9 (br, 1), 7.2 (br, I).

Anal. Calcd for COHJON4: C, 62.1; H, 5.8; N, 32.2. Found: C,
62.3; H, 5.9; N, 32.1.

2.3- Dicyano-5,7,7-trimethyl-6,7-dihydro-IH-1,4-diazepine
(22a). To a solution of 2.50 g (0.023 mol) of DAMN and 10 ml of
acetone in 50 ml of THF was added 5 drops of concentrated sulfu-
ric acid. The resulting solution was stirred for 3 days and filtered
to remove 0.71 g (0.003 mol) of diaminomaleonitrile sulfate. Re-
moval of the solvent and recrystallization from methylene chlo-
ride gave 3.35 g (89.5%) of 22a as light yellow needles: mp 181—
182° from CH2CI12; ir 3305, 3205 (NH), 2990, 2875 (CH); 2240,
2200 (C=N); 1630, 1555 (C=C, C=N); 1395 1375 cm*“1l
(H3CCCH3); uv Amax (CH3CN) 225 mM(e 2680), 335 (9400); nmr
(DMSO-de) 51.18 (s, 6 H), 2.16 (s, 3 H), 263 (s, 2H), 835 (s, 1
H, NH); high-resolution mass spectrum molecular ion m/e
188.1058 (calcd for CiOH 2N 4, 188.1062).

Anal. Calcd for CiOHi2N4: C, 63.8; H, 6.4; N, 29.8. Found: C,
63.8; H, 6.6; N, 30.1.

Dicyanodihydrodiazepine (23) from Cyclohexanone. The
reaction of DAMN with cyclohexanone under similar conditions
gave dicyanodihydrodiazepine (23), 89% yield, mp 193-194°, from
chloroform-ether as yellow needles: ir (KBr) 3285 (NH), 2960,
2930, and 2855 (NH), 2960, 2930, and 2855 (CH), 3065 and 3015,
2210 (-CN), 1610, 1557, and 1518 cm'l' (C=N, C=C); uv
(CH3CN) 222 mp (t 11,600), 343 (9000); nmr (DMSO0-d6) 5 1-0-
2.1 (broad peak centered at 5 1.40, m, 17), 2.1-2.3 (br, 2), 7.88 (s, 1).

Anal. Calcd for C16H20N4: C, 71.6; H, 7.5; N, 20.9. Found: C,
71.6; H, 7.7; N, 21.0.

2.3- Dicyano-6,7-dihydro-7-methyl-5,7-diphenyl-IH-1,4-di-
azepine (22b). The reaction of DAMN with acetophenone ethyl-
ene ketal gave 22b in 72% yield: mp 158-159.5° from ether; ir
(KBr) 3325 (NH), 3040 (aromatic =CH), 2930 (-CH). 2230 and
2210 (-CN), 1592, 1582, 1530, 1492 cm 1 (C=C, C=N); uv
(CH3CN) 254 mu (t 11,900), 375 (13,900); nmr (CD3CN) 5 1.69 (s,
3), 2.87 (d,J = 14Hz, 1), 3.90 (d, J = 14 Hz, 1), 7.0-7.5 (m, 10).

Anal. Calcd for C20Hj6N4: C, 76.9: H, 5.2; N, 17.9. Found: C,
77.3;H, 5.4; N, 18.1.

2.3- Dicyano-4,5,6,7-tetrahydro-5,;V, N-trimethyl-7-di methyl-
carbamoyl-1-177-1, I-diazepin-5-acetamide [20, R = N(CH?3)2].
To a solution of 5.4 g (0.05 mol) of DAMN in 30 ml of N,N-Ai-
methylacetoacetamide was added 2 g of POC13 over 30 sec. The
temperature rose to 97°; the reaction mixture was stirred until
cool and the resulting solid was collected. Recrystallization from
ethyl acetate gave 9.1 g (55%) of 20 as a yellow powder: mp 178—
179°% ir (Nujol) 3200, 2200, 2190, 1630, 1575, 1520 cm-1; nmr
(CDClg) 5 1.40 (s, 3), 2.S-2.8 (m, 4), 2.95-3.05 (m, 12), 5.0 (s, 1),
NH'’s not seen.

Anal. Calcd for C16H220 2N6: C, 58.2; H, 6.7; N, 25.4. Found:
C,58.1; H, 6.7; N, 25.1.

2.3- Dicyano-4,5,6,7-tetrahydro-5-methyl-7'methoxycarbon-
ylmethylene-177-1,4-diazepin-5-acetic acid (20, R = OCH3). To
a solution of 5.4 g (0.05 mol) of DAMN in 40 ml of methyl aceto-
acetate was added dropwise over 5 min 3.0 g of POC13. The tem-
perature reached 45° during the addition. After stirring for 1 hr
the solution was poured into 200 ml of ice water. The resulting
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precipitate was collected and recrystallized from benzene to give
3.9 g (25%) of 20 (R = OCHZJ) as yellow crystals: mp 150-152°; ir
(Nujol) 3250, 2205 (w), 2195, 1715, 1650, 1600, 1530 cm~1; nmr
(DMSO-d6) $1.19 (s, 3), 2.52 (s, 2), 2.78 (s, 2), 3.53 (broad peak,
6), 4.75 (s, 1), 7.55 (br, 1, exchanges with D20), 8.72 (br, 1, ex-
changes with D20).

Anal. Calcd for Ci4Hi604N4: C, 55.3; H, 5.3; N, 18.4. Found:
C,55.4; H, 53; N, 18.7.

Diaminomaleonitrile Acetophenone Schiff Base 21. A solu-
tion of 10.8 g (0.10 mol) of DAMN, 26.4 g (0.22 mol) of acetophe-
none, and 5 drops of sulfuric acid in 300 ml of THF was stirred at
room temperature for 20 hr, filtered, and stripped to dryness, giv-
ing a yellow oil. The oil was dissolved in petroleum ether and
upon standing 1.6 g of yellow needles grew from solution. Recrys-
tallization from ether gave light yellow needles: mp 123.0-123.5°%
ir (Nujol) 3445 and 3280 (-NH2), 2230 and 2190 (-CN), 1591,
1567, and 1548 cm”~1 (NH2, C=C and/or C=N); uv (CH3CN)
258 ran (c 13,450), 283 (10,400), 360 (12,300); nmr (CD3CN) S2.47
(s, 3), 5.61 (br, 2), 7.45 (m, 3), 7.94 (m, 2).

Anal. Calcd for Ci2HioN4: C, 68.55; H, 4.79; N, 26.65. Found:
C, 68.53; H, 4.80; N, 27.03.

2.3-
(24a). To a solution of 10.0 g of DAMN and 12.0 g of N,N-di-
methylacrylamide in 100 ml of THF was added 10 ml of POCI3
over 15 min. The resulting solution was stirred for 4 hr as a tan
precipitate formed. This solid was collected (6.5 g) and recrystal-
lized from methanol-ether to give 3.5 g of the hydrochloride as
colorless crystals, mp 234-236° dec. The hydrochloride was dis-
solved in water and neutralized with NH40H to give an immedi-
ate yellow precipitate. Recrystallization from chloroform gave the
diazepine 24a as yellow needles: mp 190-192°; ir (Nujol) 3280,
2195, 1580, 1540, 1510 crn’ i; nmr (acetone-d6) 52.9 (m, 2), 3.03
(s, 6), 3.55 (m, 2).

Anal. Calcd for COH1INS: C, 57.1; H, 5.9; N, 37.0. Found: C,
57.1; H, 5.6; N, 37.4.

2.3-
lution of 0.68 g (3.0 mmol) of DDQ in 25 ml of benzene was added
to 0.59 g (3.0 mmol) of 24a in 100 ml of benzene. The solution
turned green and then to a yellow slurry over 1 hr. After stirring
for 18 hr the solution was filtered to remove dihydrodichlorodi-
cyanoquinone. Concentration and recrystallization from benzene
gave 0.52 g (88%) of 24a as colorless crystals: mp 130-132°; ir
(KBr) 2220, 1595, 1570, 1480 cm "1; nmr (CDC13) 53.17 (s, 3), 3.26
(s, 3), 3.2 (2 H under singlets), 6.96 (t, J = 5.5 Hz, 1).

Anal Calcd for COHONG: C, 57.8; H, 4.9; N, 37.4. Found: C,
57.6; H, 4.8; N, 37.5.

2.3- Dicyano-5-methyl-6,7-dihydro-liJ-1,4-diazepine (22c). A
solution of 10.8 g (0.100 mol) of DAMN and 7.00 g (0.100 mol) of
methyl vinyl ketone in 200 ml of absolute ethanol was refluxed for
5 hr. Twenty grams of Silicar was added and the solution was
stripped to dryness. Chromatography with ether and THF gave
crude product, which was recrystallized from THF-petroleum
ether, giving light yellow needles: mp >290°; 5.0 g (31%); ir
(Nujoi) 3220, 2270, 2220, 1640, 1590, 1560, 1370, 1330, 1320, 1220,
1010, 980 ¢ m 1; nmr (DMSO-dg) 5 2.1 (s, CHJ3), 2.65 (m, CH2,
3.4 (m, CH2), 8.3 (broad singlet, NH); uv (CH3CN) 338 mp R
9080),258(2720).

Anal. Calcd for CsHsN4: C, 60.0; H, 5.0; N, 35.0. Found: C,
59.6; H, 5.0; N, 34.6.

2.3-
(22d). A solution of 5.4 g (0.050 mol) of DAMN, 7.3 g (0.050 mol)
of benzalacetone, 1 g of oxalic acid, and 200 ml of absolute etha-
nol was refluxed for 4 hr. A yellow solid was deposited after 1 hr.
The solution was cooled to 0° and the product was collected by
filtration and washed with ether. The solid was recrystallized
from acetone-petroleum ether, giving 7.0 g (60% yield) of pale
yellow crystals: mp 200-202°; ir 3225, 2275, 2220, 1640, 1370, 1330,
1320, 1280, 850, 700 cm-1; nmr (DMSO-d6) 5 1.73 (s, CH3), 3.0
(AB ofABX, 2H), 5.07 (br, CH), 7.3 (m, 5H), 8.65 (br, NH).

Anal. Calcd for Ci4Hi2N4: C, 71.2; H, 5.08; N, 23.7. Found: C,

71dAH, &16; N, 23. . ) . .

73" Dicjance5, -diphenyl-6,-dihydro-1H-1 4-diazepine (22,
A solution of 5.4 g (0.050 mol) of DAMN, 10.4 g (0.050 mol) of
chalcone, and 15 drops of cooncentrated sulfuric acid in 250 ml of
THF was refluxed for 3 days. The products were preadsorbed on
Silicar CC-7 and chromatographed. Methylene chloride eluted a
sticky orange solid which crystallized when triturated with
ether. Recrystallization from ether gave 5.0 (33% yield) of yellow
solid: mp 156-161°; ir 3225, 3075, 2220, 1560, 1350, 1330, 1220, 925,
780, 765, 750, 705, 690 cm -1, nmr (DMSO-d6) 6 3.20 (d, J = 14
Hz, 1 H), 3.75 (d, d, J = 14, 5 Hz, 1 H), 5.17 (d, J = 5 Hz, 1 H),
7.2-7.7 (m, 10 H), 9.12 (s, NH); uv (CH3CN) Xmex 378 nm R
13,100),256(12,600).

Dicyano-5-methyl-7-phenyl-6,7-dihvdro-IH-1,4-diazepine

Begland, et al.

Anal. Calcd for C19Hi4N4: C, 76.5; H, 4.7; N, 18.8. Found: C,
76.1; H, 4.8; N, 18.7.

Oxidation of Diaminomaleonitrile to Diiminosuccinonitrile
with Dichlorodicyanobenzoquinone. A mixture of 3.24 g (30
mmol) of DAMN and 6.78 (30 mmol) of dichlorodicyanobenzoqui-
none in 75 ml of acetonitrile was stirred at room temperature for
30 min. Dichlorodicyanohydroquinone (6.53 g, 95%) was removed
by filtration. The filtrate yielded 3.32 g of residue which was
DISN containing a small amount of dichlorodicyanohydroquinone
according to its infrared spectrum.

Registry No.—3, 51802-24-5; 5, 51802-51-8; 6, 51802-25-6; 7,
51802-26-7; 8, 51802-27-8; 9, 51802-28-9; 10, 51802-29-0; 11, 51802
30-3; 12 (R = H), 1122-28-7; 14 (R = R" = CH3), 51801-96-8; 14
(R = Pr; R" = EtRHCI, 51802-31-4; 16 [R = C(CH3)3], 51802-52-
9; 16 (R = C6HD5), 51802-53-0; 16 (R = H), 40953-34-2; 17 (R =
CH3), 51802-32-5; 17 (R = C6H5), 51802-33-6; 18, 51802-54-1; 19,
51802-55-2; 20 [R = N(CH3)?2], 51802-56-3; 20 (R = OCH3),
51802-57-4; 21, 51802-34-7; 22a, 51802-58-5; 22b, 51802-59-6; 22c,
51802-60-9; 22d, 51802-61-0; 22e, 51802-62-1; 22f, 51802-63-2; 23,
51802-64-3; 24a, 51802-65-4; 24b, 51802-66-5; 25, 51802-35-8; propi-

Dicyano-5-dimethylamino-1.7-dihvdro-6H-1,4-diazepine onaldéhyde, 123-38-6; isobutyraldéhyde, 78-84-2; pivaldehyde,

630-19-3; 2-ethylhexanal, 123-05-7; cyclohexanecarboxaldehyde,
2043-61-0; 2-chlorobenzaldehyde, 89-98-5; 2,6-dichlorobenzal-
dehyde, 83-38-5; 3-hydroxybutyraldehyde, 107-89-1; acetophe-
none, 98-86-2; fluoral, 75-90-1; (V,IV-dimethylformamide, 68-12-2;
AlLN-dimethylacetamide, 127-19-5; N,JV-diethylacetamide, 685-
91-6; IV./V-diethylbutyramide, 1114-76-7; MN-dimethylpropiona-
mide, 758-96-3; terephthalaldehyde, 623-27-8; Armethyi-2-pyrroli-
dinone, 872-50-4; benzaldehyde, 100-52-7; succinic anhydride,
108-30-5; maleic anhydride, 108-31-6; phthalic anhydride, 85-44-9;
diaminomaleonitrile acrylamide, 51802-36-9; acryloyl chloride,
814-68-6; phenyl isocyanate, 103-71-9; tert-butyl isocyanide,
7188-38-7; phenyl isocyanide dichloride, 622-44-6; cyanogen chlo-
ride, 506-77-4; 2,5-hexanedione, 110-13-4; |,4-diphenyl-l,4-butane-

Dicyano-5-dimethylamino-GH-I,4-diazepine (24b). A So_dione, 495-71-6; |,2-dimethoxy-l,2-diiminoethane, 30986-09-5;

chloroacetone, 78-95-5; acetylacetone, 123-54-6; acetone, 67-64-1;
cyclohexanone, 108-94-1; acetophenone, 98-86-2; IV.IV-dimethyla-
cetoacetamide, 2044-64-6; methyl acetoacetate, 105-45-3; N,N-
dimethylacrylamide, 2680-03-7; methyl vinyl ketone, 78-94-4;
benzalacetone, 122-57-6; chalcone, 94-41-7; DISN, 28321-79-1.
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Macrocyclic polyethers bearing one and two spirooxetane rings are easily obtained in one step from polyethyl-
ene glycols and 3,3-bis(halomethyl)oxetanes. Crystalline complexes of these cyclic polyethers are readily ob-
tained from alkali and alkaline earth metal thiocyanates or iodides. For complexes with KSCN, incorporation
of the carbon bearing a spirooxetane ring is shown to cause a 10- to 100-fold decrease in stability constant.
Some new macrocycles containing sulfide groups are also described.

The original work by Pedersenl and subsequent studies
by Frensdorff2 established that macrocylic polyethers of ap-
propriate ring size complex strongly with cations of the
alkali and alkaline earth metals. In only a few cases has
later work on macrocyclic polyethers dealt with rings hav-
ing additional functionality. In particular, the problem of
incorporating a polymerizable function into such mole-
cules has apparently been approached exclusively through
substituted benzo derivatives. In one case,3 a dibenzo-
crown polyether was converted to a mixture of isomeric
diamines which was then incorporated into polyamides. In
another case,4 styrene analogs of monobenzocrowns were
prepared and homopolymerized. Since these syntheses re-
quire several steps to produce the functionalized macrocy-
clic polyether, a more direct route seemed desirable. This
paper describes the one-step synthesis of macrocyclic
polyethers containing a spirooxetane unit starting from
available materials.

Synthesis. 3,3-Bis(chloromethyl)oxetane (1), readily
obtained from pentaerythritol5 and itself polymerizable
cationically,6 is subject to anionic displacement of chlo-
rine, leaving the oxetane ring intact.5 Polyethylene glycols
have now been found to react with 1 in the presence of
strong base to yield macrocyclic polyethers of types 2 and
3 in up to 60% yield of isolated product. Dipolar aprotic

0~ X 2 + H(OCHZTH2,0H — »

solvents such as dimethylformamide can be used, but
tert-butyl alcohol has proved most convenient, since it
can be used as purchased and is easily removed after reac-
tion is complete. At reflux in tert-butyl alcohol, reaction
of 1 with a polyethylene glycol salt is complete in 4-5
days. Under similar conditions, 3,3-bis(bromomethyl)oxe-
tane reacts in less than 1 day to give similar products. Po-
tassium tert-butoxide was used in most cases, but it has
been demonstrated that sodium hydroxide or potassium
hydroxide can be employed with only a slight yield loss.
The yields cited were obtained at concentrations of ca. 10
wt % of each reactant, providing evidence that a template
effect7 is operating even in the protic solvent, ferf-butyl
alcohol. Except where excess tert-butoxide was included
as a reactant, no trace of butoxy group was seen in the
volatile products.

The product ratio 2:3 is governed by ring size. For cases
in which 2 contains a macrocyclic polyether ring of 10 or

Table |
Spirooxetanes from the Glycols HO(CHXH),H
Glycol 2, % Registry 3, % Registry

n registry no. yield no. yield no.
1 107-21-1 42 51652-65-4 0.7 51652-71-2
2 111-46-6 0.2 51652-66-5 47 51652-72-3
3 112-27-6 30-35 51065-93-1 20-25 51065-94-2
4 112-60-7 53 51652-67-6
5 4792-15-8 60 51652-68-7
7 5617-32-3 35 51652-69-8 3 51652-73-4
9 3386-18-3 11 51652-70-1

13 atoms, i.e., products derived from diethylene glycol
and triethylene glycol where n = 2 and 3, steric crowding
results in a low ratio. For n > 3, formation of 2 is favored
and the ratio is correspondingly high. The special case of
glycol leads mainly to 2 (n = 1) with less than 1% of 3 (n
= 1).

Table | shows the isolated yields for each glycol studied.
For most n > 3, the yield of 3 was not determined; crys-
tallization of 3 (n = 7) led to the isolation of this 50-mem-
bered-ring product in low but significant yield.

Dispirooxetanes which are difficult to obtain in reason-
able yield by the one-step procedure, as well as dispiroox-
etanes having two different polyether bridges, can be
made by a three-step route in which the two glycol mole-
cules are introduced separately. An example is the syn-
thesis of 3 (rc = 1) according to the following scheme.

+ HOCHZHH

3(n=1

Even at temperatures over 100°, sulfuric acid is an inef-
fective catalyst for the first step, presumably because in-
termediate sulfate ester derived from the oxetane does not
solvolyze readily. Trifluoromethanesulfonic acid proved to
be a useful catalyst.

Extension of the one-step synthesis to dimercaptans was
feasible, although a pronounced tendency to form polymer
necessitated the use of dilute solutions. A greatly reduced
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template effect is not surprising, since sulfur coordinates
poorly to alkali metal ions.2 Bis(2-mercaptoethyl) ether
gave both monooxetane 4 and dioxetane 5, while bis(2-
mercaptoethyl) sulfide gave only dioxetane 6.

Determination of the mono- and dispirooxetane struc-
tures rested on their nmr spectra, as well as on elemental
analyses, infrared spectra, and molecular weight measure-
ments. For products containing only oxygen as heteroa-
tom, the isolated methylene and ethylene units appear as
singlets at positions progressively further upheld as the
distance from the oxetane ring increases. All ethylene
units beyond those nearest the oxetane ring appear to-
gether as a broadened singlet. Figure 1 schematically il-
lustrates some observed spectra along with those of refer-
ence oxetanes. Infrared absorption(s) at 10-10.5 n are
characteristic of the oxetane ring.5

Complex Formation. Stuart-Briegleb models indicated
a minimum amount of space available inside the four-oxy-
gen macrocycle, 2 (re = 3). In accord with the model, lith-
ium thiocyanate formed a stable, crystalline, 1:1 complex
with 2 (e = 3), whereas sodium thiocyanate formed a
weak complex easily distrupted by ether extraction of the
macrocycle, and a solid complex with potassium thiocy-
anate could not be obtained. The polyethers 2 (re = 4) and
2 (re = 5) formed well-defined 1:1 complexes with sodium

Krespan
450’ 400 cda 35 3.0
a b icd
45 a 4.0b' c¢'d'35 3.0
a b cd
45 4.0 35 3.0 117
a b
45 40 30 30
a b

Figure 1. 1H chemical shifts observed with and without K+ pres-
ent. Shifts are given in parts per million for 20% solutions in ace-
tone-d6. Dotted lines designated by primed letters are for chemi-
cal shifts with 1 equiv of KSCN present.

and potassium thiocyanate, but lithium thiocyanate gave
glassy complexes which resisted attempts at crystalliza-
tion. These 1:1 complexes are assumed to involve a near-
planar structure in which the cation is centrally located
inside the ring with oxygen atoms oriented toward the
cation, similar to the structures determined for other 1:1
M+-macrocyclic polyether complexes.8 Note that in the
case of 2 (re = 4) and KSCN, the addition of one carbon
atom to the ring allows K+ to fit inside sufficiently well to
favor a 1:1 complex, whereas crown polyethers containing
Iivest())xygen atoms form 2:1 sandwich structures with
+

The dispirooxetane 3 (re = 3) preferentially forms 2:1 al-
kali metal thiocyanate-polyether complexes, a stoichi-
ometry apparently not observed by Pedersen,1 and re-
ported by Truter, et al., for similar 2:1 complexes involv-
ing K+, but not Na+. The smaller polyether ring in 3 (re
= 2) accommodates fewer sodium ions and even fewer po-
tassium ions.

Ability to complex alkaline earth metal ions was dem-
onstrated in one case; calcium iodide formed a 1:1 com-
plex with 2 (re = 5).

Table Il
ifstub for K+~CH 30 H Systems at 25°

Log stability

Polyether constant

220

360

5.00

349

610

Log stability

Compd constant

208

381

243

L67

<0.7
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Complexation with alkali metal cations produced only
small (co. 0.1-0.3 ppm) downfield shifts in the large ring
proton nmr positions.9 Furthermore, the deshielding of
protons on the oxetane ring was as great as or greater than
that of the macrocyclic protons. In one case, that of 2 (n
= 5)-KSCN, where a particularly stable complex with
potassium ion was present {vide infra), splitting of the
protons in one ethylene unit was induced by the fixed ge-
ometry. The effects of metal ions on the 1H nmr spectra
are exemplified in Figure 1.

Ability to form crystalline complexes with well-defined
melting points and stoichiometry is, of course, not a reli-
able indicator of relative stability. Although the macrocy-
clic polyethers prepared in this work form such com-
plexes, their stability in the presence of such strongly
coordinating solvents as water and methanol can be ex-
pected to vary greatly. Stability constants of selected spi-
rooxetane derivatives with potassium ion in methanol so-
lution are presented in Table U.10 For comparison, similar
values for an acyclic polyether and several crown ethers
are also included in Table Il. Just as has been observed
with the crown ethers, cyclic polyethers containing an ad-
ditional carbon bearing a spirooxetane unit form the most
stable complexes with K+ when six ether oxygen atoms
are present. Inspection of Table Il reveals that a penalty
of one to two powers of ten in stability constant results
from each spirooxetane unit incorporated into the ring.

Rather surprisingly, polysulfide 5 forms a crystalline
complex with sodium thiocyanate. The 2:1 ligand-NaSCN
stoichiometry suggests that, unlike complexes of the relat-
ed polyethers, this complex has a sandwich structure with
Na+ in the center coordinated to four ether oxygen atoms.
Both 5 and 6 form complexes with mercuric chloride with
well-defined 1:1 stoichiometry.11

Experimental Section12

2,6,9-Trioxaspiro[3.6]decane (2, n = 1) and 2,6,9,13,16,19-
hexaoxadispiro[3.6.3.6]eicosane (3, n = 1). A solution of 124 g
(0.20 mol) of glycol, 47.0 g (0.42 mol) of potassium tert-butoxide,
and 31.1 g (0.20 mol) of 3,3-bis(chloromethyl)oxetane in 500 ml of
cerf-butyl alcohol was stirred and refluxed under nitrogen for 2
days. The mixture was cooled, addition of the three reactants re-
peated, and reaction continued for an additional 5 days. Evapo-
ration of volatiles to 50° (0.5 mm) and continuous extraction of
the residue with pentane gave 58.9 g of high-boiling oil along with
0.8 g of 2,6-dioxaspiro[3.3]heptane as a volatile solid. Sublimation
of this solid gave 0.31 g (0.8%) of pure dioxaspiroheptane: mp
89-90° subl (lit.5 mp 90°); mass spectrum m/e 100 (parent+), 70
(P+- - CH20); ir CNujol) 10.31 and 10.92 n (oxetane ring); 1H
nmr 54.70 ppm (s).

Distillation of the high-boiling oil gave 24.2 g (42%) of 2, n = 1:
bp 97-99° (10 mm); ir 3.41 and 3.48 (saturated CH), 8.8-9.1
(COC), 10.19 and 10.85 n (oxetane ring); 1H nmr 54.36 (s, 1, oxe-
tane CH2), 3.99 (s, 1, CCH2), and 3.63 ppm (s, 1, 0CH2CH20).

Anal. Calcd for C7Hi20 3: C, 58.32; H, 8.40; O, 33.29. Found C,
57.99; H, 8.23; O, 32.89.

Isolation of solid from the distillation residue gave, after recrys-
tallization from ether, 0.42 g (0.7%) of 2,6,9,13,16,19-hexaoxadi-
spiro[3.6.3.6]eicosane (3, n = 1), mp 163-165°, recrystallized from
acetone for analysis: mass spectrum m/e 288 (weak parentl), 289
(weak P + H+), 258 (strong P+ - CH20); ir (Nujol) 8.7-9.1
(COC), 10.29, 10.42, and 10.68 m (oxetane); 1H nmr 5 4.30 (s, 1,
oxetane CH2), 3.80 (s, 1, CCH2), and 3.63 ppm (s, 1,
ochZzh2o>

Anal. Calcd for C14H240 6: C, 58.32; H, 8.40. Found: C, 58.88,
58.92; H, 8.05, 8 .47.

Stepwise Synthesis of .3 n = 1. As catalyzed by sulfuric acid,
the reaction of polyethylene glycols with bis(chloromethyl)oxe-
tane is unusually sluggish. HoweveT, trifluoromethanesulfonic
acid at elevated temperatures does catalyze the addition of glycol
to this oxetane to form 2,2,9,9-tetrakis(chloromethyl)-4,7-dioxa-
decane-1,10-diol as a major product. Reaction of the bulk mixture
gave only 10% of crude S-chloromethyl-S-Ib-fS'-chloromethyl-S'-
oxetanyl)-2,5-dioxahexyl]oxetane after treatment with base, a low
yield owing to excessive polymerization in the first step. Use of a
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solvent (CH2C12 glyme, or CHC12CHC12) resulted in a yield of bis-
oxetane of 32-42%.

A mixture of 24.8 g (0.40 mol) of glycol, 128.0 g (0.80 mol) of
3,3-bis(chloromethyl)oxetane, 0.5 ml of trifluoromethanesulfonic
acid, and 160 ml of sym-tetrachloroethane was heated at 110° for
5 days. Solvent was removed under vacuum, 50 ml of xylene was
added, and volatiles were again removed under vacuum. The vis-
cous residue was dissolved in 300 ml of tert-butyl alcohol, 32.0 g
(0.80 mol) of sodium hydroxide was added, and the mixture was
stirred and heated. After an initial exothermic reaction carried
the temperature to 80°, the mixture was heated at 70° overnight.
Neutralization with concentrated HC1 showed that 84% of the
base had reacted. The mixture was filtered and volatiles were re-
moved from the filtrate to give 127 g of residual oil. Continuous
extraction of this oil with pentane yielded 120 g of high boilers in
the extract. Distillation of this oil gave 40.2 g (34%) of the bisoxe-
tane: bp 110-115° (0.05 m); ir 3.38 and 3.47 (saturated CH), 9.0
(broad COC), 10.19 (oxetane), and 13.78 m (CC1); nmr 5 4.36
(s, 2, oxetane), 3.91 (s, 1, CH2C1), 3.77 (s, 1, CCH20), and 3.67
(s, 1, OCH2CHZ20).

Anal. Calcd for Ci2H20CI204: C, 48.17; H, 6.74; Cl, 23.70.
Found: C, 48,31; H, 6.44; ClI, 23.97.

A solution of 29.9 g (0.10 mol) of the bisoxetane, 6.2 g (0.10
mol) of glycol, and 24.0 g (0.21 mol) of potassium tert-butoxide in
500 ml of tert-butyl alcohol was stirred and refluxed for 12 days.
The reaction mixture was neutralized with concentrated HC1 and
filtered and the filter cake was extracted with 3 x 100 ml of
CH2C12. Evaporation of the CH2C12 solution gave 2.8 g of 3, n =
1. Evaporation of the mother liquor to 50° (0-5 mm), treatment of
the residue with 20 ml of ether, and filtration gave 9.9 gof 3, n =
1. The combined solids were recrystallized by continuous extrac-
tion with ether in a Soxhlet, yielding 9.1 g (32%) of 3, n = 1, mp
163-165°, not depressed by admixture with an authentic sample.

2,6,9,12-Tetraoxaspiro[3.9]tridecane (2, n = 2) and
2,6,9,12,16,19,22,25-Octaoxadispiro[3.9.3.9]hexacosane (3, n =
2). Reaction of 228 g (2.04 mol) of potassium ferf-butoxide, 106 g
(1.00 mol) of distilled diethylene glycol, 155 g (1.00 mol) of 3,3-
bis(chloromethyl)oxetane, and 3.0 1 of tert-butyl alcohol at reflux
was continued for 2 days. Then the addition of tert-butoxide, gly-
col, and oxetane was repeated, and the reaction mixture was re-
fluxed and stirred for 3 days. Another repeat addition was made
and reaction was continued for 2 days. A last repeat addition was
made, and the reaction mixture was refluxed for 6 days, filtered,
and volatiles removed. The residual mixture of solid and oil, 770
g, was kept molten at 90° while being continuously extracted with
heptane for 3 days. The cold heptane extract was filtered, and the
solid thus isolated was extracted in a Soxhlet with ether. Filtra-
tion of the chilled ether extract gave 342 g of 3, n = 2, mp 84.5-
85.5°. Second and third crops raised the yield to 357 g (47%) of
purified 3, n = 2. An analytical sample was prepared by recrys-
tallization from ether: mp 86-87°; ir (Nujol) 8.7-9.1 (COC), 10.05,
10.32, 10.55, and 10.76 fi (oxetane ring); JH nmr 54.36 (s, 1, oxe-
tane CH2), 3.73 (s, 1, CCH2), and 3.63 ppm (s, 2, 0CH2CH20).

Anal. Calcd for CigHszOs: C, 57.43; H, 8.57; O, 34.00; mol wt,
376.5. Found: C, 58.02; H, 8.79; O, 33.68; mol wt, 390 (ebulliosco-
pic in benzene).

Distillation of the filtrate from a similar preparation of 3, n =
2, on a 2-mol scale gave 1.44 g of impure 2, n = 2, bp 100-120°
(0.3 mm). The crude distillate was extracted with 20 ml of ligroin,
the extracts were evaporated, the residue was dissolved in 20 ml
of water and insolubles were removed by extraction with 2 X 2 ml
of ligroin. The aqueous layer was evaporated to give 0.68 g (0.2%)
of 2,6,9,12-tetraoxaspiro[3.9]tridecane: mass spectrum m/e 188
(weak parent+), 189 (weak P + H+), and 158 (strong P+ —
CH20); ir 3.45 and 3.52 (saturated CH), 8.7-9.2 (COC), 10.08,
and 10.7 M(oxetane ring); 1H nmr 54.28 (s, 1, oxetane CH2), 3.92
(s, 1, CCH2) and 3.62 ppm (s, 2, 0CH2CH20) with weak impuri-
ty peaks also present.

Anal. Calcd for CO9Hi60 4: C, 57.43; H, 8.57. Found: C, 57.38; H,
8.48.

2,6,9,12,15-Pentaoxaspiro[3.12]hexadecane (2, n = 3) and
2,6,9,12,15,19,22,25,28,31-Decaoxadispiro[3.12.3.12]dotriacon-
tane (3, n = 3). A mixture of 233.4 g (2.08 mol) of potassium tert-
butoxide, 150.2 g (1.00 mol) of triethylene glycol, and 155.0 g (1.00
mol) of 3,3-bis(chloromethyl)oxetane was heated at reflux in 3 1
of tert-butyl alcohol. Two additions, each of 75.1 g (0.50 mol) of
triethylene glycol, 77.5 g (0.50 mol) of 3,3-bis(chloromethyl)oxe-
tane, and 114.4 g (1.02 mol) of potassium tert-butoxide, were
made at 2-3-day intervals, and reaction finally continued for 5
days. Filtration and evaporation of volatiles gave residual oil
which was extracted continuously with pentane for 3 days. Distil-
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lation of the extract through a Vigreux column gave 150.3 g (32%)
of 2,6,9,12,15-pentaoxaspiro[3.12]hexadecane and 119.9 g (26%) of
crude 2,6,9,12,15,19,22,25,28,31-decaoxadispiro[3.12.3.12]dotri-
acontane as a distillation residue which largely crystallized.

Redistillation of 2, n = 3, through a spinning band still gave
pure product: bp 97-98° (6 m); m26a 1.4785; ir 3.40 (sh) and 3.47
(saturated CH), 9.0 (broad COC), 10.02, and 10.25 m (oxetane
ring); aH nmr S4.30 (s, 1, oxetane CH2), 3.83 (5, 1, CCH2), 3.62
(s,2, 0CH2CH20), and 3.57 ppm (s, 1, 0CH2CH20).

Anal. Calcd for CuH2005: C, 56.88; H, 8.68; O, 34.44; mol wt,
232. Found: C, 56.81; H, 8.73; 0, 34.41; mol wt, 232 (field ioniza-
tion mass spectrum).

A sample of 3, n = 3, purified by recrystallization from acetone
of the complex with KSCN and liberation from the complex by
boiling xylene, crystallized, mp 52-53°.

Anal. Calcd for C2H40010: C, 56.88; H, 8.68; O, 34,44; mol wt,
464. Found: C, 56.91; H, 8.69; 0, 34.27; mol wt, 498 (ebullioscopic
in benzene).

3,3-Bis(tert-butoxymethyl)oxetane. Dimethylformamide is
also a suitable solvent if all the reactants are added at once. An
attempt to carry out the reaction by addition of triethylene glycol
and 3,3-bis(chloromethyl)oxetane to a solution of potassium tert-
butoxide in dimethylformamide resulted in considerable substitu-
tion of tert-butoxide groups for chlorine in the oxetane.

A solution of 49.2 g (0.44 mol) of potassium tert-butoxide in 400
ml of dry dimethylformamide was stirred and heated under a ni-
trogen atmosphere. At 80-90°, the mixture darkened considera-
bly, so addition of 30.0 g (0.20 mol) of triethylene glycol and 31.0
g (0.20 mol) of 3,3-bis(chloroethyl)oxetane in 200 ml of dimethyl-
formamide was started. The temperature of the reaction mixture
rose rapidly to 115° and remained near there until the addition
was complete (45 min). After an additional 3 hr at 110°, the solu-
tion was cooled and neutralized with 2 ml of acetic acid. After re-
moval of the solvent under reduced pressure, the product was dis-
solved in chloroform and the solution was filtered. Distillation of
the filtrate gave a two-phase mixture of product and triethylene
glycol, bp 40-100° (0.1 m). Redistillation of the upper layer gave
5.4 g (12%) of 3,3-bis(tert-butoxymethyl)oxetane: bp 44-46° (0.1
ft); ir 3.36 and 3.48 (saturated CH), 9.2 (broad COC), 10.20 ft (ox-
etane ring); *H nmr (CC14) §4.25 (s, 2, oxetane CH2), 3.52 (s, 2,
CCH2), and 1.17 ppm [s, 9, C(CHJ3)3].

Anal. Calcd for Ci3H2603: C, 67.78; H, 11.37. Found: C, 67.91;
H, 11.56.

2,6,9,12,15,18-Hexaoxaspiro[3.15]nonadecane (2, n = 4).
Reaction of 38.8 g (0.20 mol) of tetraethylene glycol, 47.0 g (0.42
mol) of potassium tert-butoxide, and 31.0 g (0.20 mol) of 3,3-bis-
(chloromethyl)oxetane was carried out at reflux in 500 ml of tert-
butyl alcohol. A second, equivalent addition of the three reagents
was made after 1 day. Distillation of the pentane-soluble product
in a molecular still gave 58.2 g (53%) of 2,6,9,12,15,18-hexaoxaspi-
ro[3.15]nonadecane as a colorless oil: bp 105-108° (0.2 ft); n2iD

I. 4771, mp 28-30°% ir 3.40 (sh) and 3.47 (saturated CH), 8.7-9.

(COC), 10.23, and 10.68 ft (oxetane ring); 'H nmr 54.32 (s, 1, ox-
etane CH2), 3.73 (s, 1, CCH2), 3.59 (s, 2, 0CH2CH20), and 3.55
ppm (s, 2, OCH2CH20).

Anal. Calcd for Ci3H2406: C, 56.50; H, 8.75; 0, 34.74. Found:
C, 56.49; H, 8.70; 0, 34.78.

Equivalent or better yields were obtained with 3,3-bis(bromo-
methyl)oxetane. Yields were nearly as high when potassium tert-
butoxide was replaced by NaOH (52% yield) or KOH (47% yield)
in reactions involving 3,3-bis(bromomethyl)oxetane.

2,6,9,12,15,18,21-Heptaoxaspiro[3.18]docosane (2, n = 5).
Pentaethylene glycol was prepared by dropwise addition of 468 g
(2.5 mol) of I,2-bis(2-chloroethoxy)ethane to a solution of 331 g
(5.0 mol) of 85% KOH pellets in 930 g (15 mol) of glycol stirred
and heated at 110° under nitrogen. The addition was carried out
at a rate sufficient to maintain a reaction temperature of 120°
with no external heating (2 hr). The mixture was stirred and
heated at 120° for an additional 3 hr, cooled, acidified with con-
centrated HC1, and distilled. Pentaethylene glycol, 213.9 g (36%),
n27D 1.4582, was obtained as a fraction of bp 148-154° (20 m).13

A mixture of 600 ml of fert-butyl alcohol, 47.0 g .(0.42 mol) of
potassium tert-butoxide, 47.6 g (0.20 mol) of pentaethylene gly-
col, and 31.0 g (0.20 mol) of 3,3-bis(chloromethyl)oxetane was
stirred at reflux under nitrogen for 5 days. The mixture was
cooled and filtered, and the filter cake was rinsed with tert-butyl
alcohol and dried to give 30.1 g of KC1. Removal of volatiles from
the filtrate to 50° (0.5 mm) afforded 67 g of viscous residue, which
was extracted continuously with pentane for 3 days. The extracts
yielded 49.3 g of high-boiling residue. Distillation gave 38.5 g
(60%) of 2,6,9,12,15,18,21-heptaoxaspiro[3.18]docosane, mainly bp

Krespan

136-137° (1 m) in a molecular still: ©25-3d 1.4741; ir 3.40 (sh) and
3.47 (saturated CH), 9.0 (COC), and 10.21 m (oxetane ring); 7H
nmr 5 429 (s, 1, oxetane CH2), 3.65 (s, 1, CCH2), 3.56 (s, 2,
OCH2CH20), and 3.52 ppm (s, 3, OCH2CH20).

Anal. Calcd for Ci5H280 7: C, 56.23; H, 8.81. Found: C, 56.51;
H, 9.18.

An essentially equivalent result was obtained with 3,3-bis(bro-
momethyl)oxetane in place of 3,3-bis(chloromethyl)oxetane.

2,6,9,12,15,18,21,24,27-Nonaoxaspiro[3.24]octacosane (2, n =
7) and 2,6,9,12,15,18,21,24,27,31,34,37,40,43,46,49,52,55-0ctade-
caoxadispiro[3.24.3.24]hexapentacontane (3, n = 7). To prepare
heptaethylene glycol, a mixture of 1590 g (15 mol) of diethylene
glycol and 200 g (5.0 mol) of NaOH pellets was stirred and heated
to 110° under nitrogen. Dropwise addition of 468 g (2.5 mol) of
1,2-bis(2-chloroethoxy)ethane was carried out at a rate sufficient
to keep the temperature near 120° without external heating; addi-
tion time was 1.5 hr. The mixture was heated and stirred at 120°
for another 3 hr, cooled, filtered, and distilled through a Vigreux
column. Heptaethylene glycol was obtained as 270.6 g (33%) of an
oil, bp 207-213° (4.5 M), rc26D 1.4627.13

Reaction was carried out in 700 ml of fert-butyl alcohol using
two additions, each of 65.2 g (0.20 mol) of heptaethylene glycol,
47.0 g (0.42 mol) of potassium tert-butoxide, and 31.0 g (0.20 mol)
of 3,3-bis(chloromethyl)oxetane. Distillation of the pentane-solu-
ble products in a molecular still gave 58.0 g (35%) of 2, n = 7: bp
182-183° (0.3 m); ir 3.48 (saturated CH), 8.7-9.2 (COC), 10.23,
and 10.65 n (oxetane ring); 1H nmr 6 4.37 (s, 1, oxetane CH2),
3.72 (s, 1, CCH2), 3.63 (s, 2, OCH2CH20), and 3.60 ppm (s, 5,
0CH2CHZ20).

Anal. Calcd for C19H3609: C, 55.87; H, 8.88; O, 35.25. Found:
C, 55.62; H, 8.66; O, 35.02.

The distillation residue slowly deposited crystals on standing.
The mixture of solid and oil was crystallized from 1:1 ether-lig-
roin at —80°, from 1:1 ether-acetone at —80°, from 1:1 ether-ace-
tone at 0°, and finally from ether at 0° to give 22 gof 3, n = 7,
mp 42-43°. A second crop, 2.1 g, mp 40-41°, was obtained by con-
centration of the filtrates and two recrystallizations from ether at
0°, bringing the yield to 4.3 g (2.6%): ir (Nujol) 8.7-9.2 (COC),
10.07, 1CT.29, and 10.37 n (oxetane ring); JH nmr 54.36 (s, 1, oxe-
tane CH2), 3.67 (s, 1, CCH2), 3.61 (s, 2, OCH2CH20), 3.58 and
3.57 ppm (two singlets, combined area 5, 0CH2CH20).

Anal. Calcd for C38H 720 18: C, 55.87; H, 8.88; O, 35.25; mol wt,
817. Found: C, 56.39; H, 8.58; 0, 34.82; mol wt, 798 (ebullioscopic
in benzene).

2,6,9,12,15,18,21,24,27,30,33-Undecaoxaspiro[3.30]tetratria-
contane (2, n = 9). A mixture of 2252 g (15 mol) of triethylene
glycol and 200 g (5.0 mol) of NaOH pellets was treated with 468 g
(2.5 mol) of I,2-bis(2-chloroethoxy)ethane as described above.
Distillation through a Vigreux gave 251.2 g (24%) of orange oil, bp
235-249°, n26D 1.4644. As expected for nonaethylene glycol, the
product solidified slowly at 0°.14

Two additions, each of 82.8 g (0.20 mol) of nonaethylene glycol,
47.0 g (0.42 mol) of potassium tert-butoxide, and 31.0 g (0.20 mol)
of 3,3-bis(chloromethyl)oxetane, were made to a reaction carried
out in 1 1 of tert-butyl alcohol as described above. From the pen-
tane-soluble products there was isolated 22.0 g (11%) of 2, n = 9:
bp 250-260° (1 m) in a molecular still; ir 3.45 (saturated CH),
8.7-9.1 (COC), 10.20, and 10.62 m (oxetane ring); aH nmr &4.37
(s, 1, oxetane CH2), 3.70 (s, 1, CCH2), 3.63 (s, 2, OCH2CHZ20),
and 3.60 ppm (s, 7, OCH2CH20).

Anal. Calcd for C23H440n: C, 55.63; H, 8.93; 0, 35.44. Found:
C, 55.88; H, 8.76; O, 35.76.

2,9-Dioxa-6,12-dithiaspiro[3.9]tridecane (4) and 2,9,16,22-
Tetraoxa-6,12,19,25-tetrathiadispiro[3.9.3.9]hexacosane (5). A
mixture of 31.0 g (0.20 mol) of 3,3-bis(chloromethyl)oxetane, 27.7
g (0.20 mol) of bis(2-mercaptoethyl) ether, 3.8 1 of absolute etha-
nol, and 16.0 g (0.40 mol) of sodium hydroxide pellets was stirred
and refluxed under nitrogen for 1 day. Addition of the oxetane,
mercaptoethyl ether, and sodium hydroxide was repeated and
reaction was continued for another day. The addition was repeat-
ed once more and reaction was continued for an additional 3
days. The reaction mixture was filtered, the filtrate was evapo-
rated to 500 ml, and supernatant was decanted. The viscous resi-
due was extracted with 3 x 100 ml of hot ethanol; then the com-
bined supernatant and extracts were evaporated to give high-
boiling residue. Continuous ether extraction of this residue, re-
moval of ether from the extracts, and sublimation of the extract-
ed product at 100° (0.1 mm) gave 21.0 g (16%) of 4, mp 102-105°.
An analytical sample, mp 104-105°, was prepared by resublima-
tion at 75° (0.025 mm), followed by trituration of the sublimate
with ether and drying: ir (Nujol) 9.03 (COC), 10.21, and 10.70 n



Macroheterocycles

Table 111

Complexes of Macrocyclic Polyethers

Yield, Registry
Complex0 Mp, °C % no.
2 (n = 3)-LiSCN 138-139 57  51652-74-5
2 (n = 3)-NaSCN 164-165 b 51652-75-6
2 (n = 4) -NaSCN 135.5-137 25 51652-76-7
2 (n = 4) -KSCN 105-109 55 51652-77-8
2 (h = 5) -NaSCN 127-128 72  51652-78-9
2 (n = 5)-KSCN 124-126 73 51652-79-0
2 (n = 5)-Cal2-HD 176-178 77 51731-29-4
2[3 (n = 2)]-8NaSCN 70 91 51652-80-3
7[3 (n = 2) J8KSCN 103-105 96 51652-81-4
3 (n = 3)-2LISCN 192-193 65 51652-83-6
3 (n =-3)-2NaSCN 165-166 82 51652-84-7
3 (n. = 3)-2KSCN 140-141 55 51652-85-8
2(5) -NaSCN 167.5-169 87 51652-87-0

° Satisfactory analyses for C, H, N, and metal were re-
corded except for the complexes with 2 (» = 3). bDeliques-
cent complex which could not be recrystallized owing to a
tendency to lose ligand.

(oxetane); 1H nmr 54.22 (s, 1, oxetane CH2), 3.52 (s, 1, CCHZ2S)
with rough triplets for AA'BB' at 230, 226, and 220 (1,
CH2CH20) and 172,167, and 162 Hz (1, CH2CH?2S).

Anal. Calcd for C9H160 2S2: C, 49.05; H, 7.32; S, 29.10; mol wt,
220. Found: C, 49.49; H, 7.31; S, 28.61; mol wt, 221 (ebullioscopic
in benzene).

The involatile sublimation residue was kept molten at 90-95°
and continuously extracted with heptane foi 2 days. Evaporation
of heptane from the extract and recrystallization from acetone
gave 17.7 g of 5, mp 100-101°. A second crop, 1.9 g, mp 98.5-100°,
was also obtained, for a total of 19.6 g (15%) of 5. An analytical
sample, mp 100.5-101.5°, was prepared by recrystallization from
acetone: ir (Nujol) 9.05 (COC), 10.15, and 10.53 m (oxetane); LH
nmr 6 4.35 (s, 1, oxetane CH2) and 3.14 (s, 1, CCH2S) with rough
triplets for AA'BB' at 229, 223, and 217 (1, CH2CH20) and 175.5,
169.5, and 163.5Hz (1, CH2CHZ2S).

Anal. Calcd for Ci8H3204S4: C, 49.06; H, 7.32; S, 29.10; mol
wt, 440.7. Found: C, 49.41; H, 7.75; S, 29.32; mol wt, 438 (ebul-
lioscopic in benzene).

Preparation of 4 and 5 in much more concentrated solution, 0.4
vs. 3.8 1 of absolute ethanol, resulted in only 2% of 4 and 4% of 5
along with considerable polymer.

2,16-Dioxa-6,9,12,19,22,25-hexathiadispiro(3.9.3.9]hexa-
cosane (6). A mixture of 31.0 g (0.20 mol) of 3,3-bis(chlorometh-
yl)oxetane, 30.8 g (0.20 mol) of bis(2-mercaptoethyl) sulfide, 16.0 g
(0.40 mol) of sodium hydroxide, and 3.8 1 of absolute alcohol was
stirred and refluxed under nitrogen for 1 day. Addition of the oxe-
tane, sulfide, and sodium hydroxide was repeated and reaction
was continued for another day. The addition was repeated once
more and reaction was continued for an additional 3 days. Sol-
vent was removed and the residue was heated at 70° during con-
tinuous extraction with benzene for 15 days. Solvent was removed
from the extract and the residue was heated at 95° during contin-
uous extraction with heptane for 12 days. Removal of solvent
from the extract gave a viscous residue from which only a little oil
was volatilized at 100° (0.4 mm). Crystallization of the residue
from toluene gave 15.6 g (11%) of 6, mp 129-131°. An analytical
sample was prepared by recrystallization from acetone; mp 131-
132° ir (Nujol) 10.21 and 10.57 m (oxetane); IH nmr (benzene-d6)
8 423 (s, 1, oxetane CH2), 273 (s, 1, CCH2S) 2,54 (s, 2,
SCH2CH2S).

Anal. Calcd for C18H320 2S6: C, 45.72; H, 6.82; S, 40.69; mol
wt, 473. Found: C, 46.15; H, 6.84; S, 40.83; mol wt, 490 (ebullio-
scopic in benzene).

HgCl2 Complexes of the Macrocyclic Polysulfides 5 and 6.
Solutions of 0.44 g (0.001 mol) of 5 and of 0.54 g (0.002 mol) of
mercuric chloride in glyme were mixed and concentrated to 8 ml
total volume to give 0.66 g (93%) of the 1:1 complex, mp 174-175°.
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Recrystallization from glyme gave an analytical sample, mp 174-
174.5°.

Anal. Calcd for Ci8H32CI2Hg04S4: C, 30.35; H, 4.53; Cl, 9.96;
Hg, 28.17. Found: C, 30.36; H, 4.47; Cl, 9.89; Hg, 28.75.

A similar reaction of 0.47 g (0.001 mol) of 6 and 0.54 g (0.002
mol) of HgCI2 gave 0.67 g (90%) of the 1:1 complex, mp ~205°
dec.

Anal. Calcd for Ci8H32CI2Hg02S6: C, 29.94; H, 4.33; Cl, 9.53;
Hg, 26.95. Found: C, 30.48; H, 4.51; Cl, 9.49; Hg, 27.59.

Preparation of Complexes. Derivatives of the macrocyclic
polyethers were prepared from alkali metal thiocyanates and cal-
cium iodide starting with homogeneous acetone solutions of the
salts. These solutions (filtered in the case of LiISCN to remove in-
solubles) were added either to the liquid macrocycle or to a solu-
tion of macrocycle in acetone. Concentration to low volume under
nitrogen and scratching were generally effective in causing crys-
tallization. Recrystallizations were from acetone or acetone-ether.
Complexes of the monospiro macrocycles were far more soluble in
acetone than those of the dispiro compounds and tended to be
hygroscopic. Melting points were characteristically sharp. Ir spec-
tra of the thiocyanate complexes were similar to those of the par-
ent macrocycles with a band for thiocyanate added at ~4.9 m.
Alkali metal analyses by atomic absorption are considered to be
less accurate than the other analyses; stoichiometry of the com-
plexes was determined primarily by C, H, and N values. Table IB
summarizes the results of these syntheses.
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Registry No.—1, 78-71-7; 4, 51652-82-5; 5, 51652-86-9; 5 HgCI2
complex, 51652-88-1; 6, 51652-89-2; 6 HgCI2 complex, 51652-90-5;
LiSCN, 556-65-0; NaSCN, 540-72-7; KSCN, 333-20-0; 2,2,9,9-
tetrakis(chloromethyl)-4,7-dioxadecane-1,10-diol, 51652-91-6; 3-
chloromethyl-3-[6-(3'-chloromethyl-3'-oxetanyl)-2,5-dioxahex-
yljoxetane, 51652-92-7; 1,6-bis(3'-chloromethyl-3'-oxecanyl)-2,5-
dioxahexane,  51652-93-8; 3,3-bis(tert-butoxvmethyl)oxetane,
33867-48-0; 3,3-bis(bromomethyl)oxetane, 2402-83-7; 1,2-bis(2-
chloroethoxy)ethane, 112-26-5; bis(2-mercaptoethyl) ether, 2150-
02-9; bis(2-mercaptoethyl) sulfide, 3570-55-6; mercuric chloride,
7487-94-7; calcium iodide, 10102-68-8.
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4,4-Dimethyioxazolidine-1V-oxyls (doxyls), the very useful nitroxide spin labels, can be reconverted rapidly and
efficiently to their parent ketones with nitrogen dioxide (conveniently as contained in commercial nitric oxide) in
.ethanol at room temperature. This reaction is interpreted as involving initial oxidation to give an oxoammonium
salt, e.g., 5 from 1, followed by fragmentation to an oxonium ion, e.g., 6, and cleavage to ketone. The mass spectra
of several doxyls and their precursor oxazolidines have been studied. The latter show a fragmentation pattern like
that of ethylene ketals. The more interesting mass spectra of the doxyls can be interpreted on the basis of forma-
tion of the same molecular ion, e.g., 5, which results from chemical oxidation. This leads in a major fragmentation
mode to protonated parent ketone as the base peak. Deuterium-labeled substrates and high-resolution identifica-
tion of ion formulas were used to gain evidence for this pathway as well as for several other modes of breakdown

of the oxoammonium molecular ions.

4,4-Dimethyloxazolidine-N-oxyl (doxyl) derivatives of
ketones are among the more useful of the stable nitroxide
free radicals which have recently gained prominence as
spin labels. Since the first reportl of their preparation in
1967, doxyls have been extensively used in the study of bio-
logical membranes and membrane models.2-4 However,
very little of the chemistry of these substances has been in-
vestigated.5 In the course of another study6we discovered a
rapid, efficient method for the reconversion of doxyl deriv-
atives to the parent ketones.7 This reaction and an analysis
of the mass spectra of doxyls, which display a fragmenta-
tion pattern reminiscent of the doxyl —mketone conversion,
are the subjec ofth|

Reaction 0 of Doxyls [s'With Chemical Oxidizing Agents.
If commercial nitric oxide is bubbled through an ethanol
solution of doxyl 1 at room temperature for 5 min, cyclo-
hexanone (2) is produced in 95% yield. The necessary re-
agent for this reaction is actually nitrogen dioxide, because
no reaction occurs when the commercial NO is first bub-
bled through base to remove N 02 Absolute ethanol is su-
perior to the other solvents tried. The reaction, particularly
in nonpolar solvents, is a visual delight: the initial orange-
colored solution of nitroxide turns dark, then green or blue,
and finally chartreuse.

Table 1 lists the doxyls and conditions which have been
used in this reaction. The ketone is the only isolable prod-
uct aside from an intractable, tarry residue. The fate of the
heterocyclic portion of the nitroxides remains obscure. An
extensive gc search for other products revealed only a few
very weak, transient, unidentified peaks. Because isobu-
tene is a possible product of this reaction, attempts were
made, using gc, to determine whether it would have been
detected if formed. Small added amounts (<1 equiv) of iso-
butene were not detectable, but larger amounts were,
suggesting that isobutene, if formed, might itself have
reacted further.8

In the absence of any information regarding what hap-
pened to the heterocyclic moiety, assignment of a mecha-
nism to the reaction of NO2 with doxyls must remain in-
complete in detail and tentative. However, a well-docu-
mented reaction9-11 of other types of nitroxides with oxi-
dizing agents to form oxoammonium salts suggested that
analogous removal of an electron might be the first step in
the conversion of doxyl to ketone. Typical examples of this

pe of oxidation are the conversions of nitroxide 312 to a
‘% or C by chlorine,9 bromine,10or SbCIj, 11 respectively.

If such electron removal occurred with a doxyl, e.g., 1, to
give 5, fragmentation to oxonium ion 6 could ensue as a
consequence of the unshared electrons of the ethereal oxy-

gen, as shown in Scheme I. Elucidation of the details of the
decomposition of 6 would depend on knowledge of the
products from the doxyl moiety, but the fact that the reac-
tion proceeds more cleanly in ethanol than in cyclohexane
is consistent with the kind of nucleophilic attack suggested
in 6 —»2 in Scheme 1.

Scheme |

Evidence consistent with this hypothesis was obtained
from treatment of nitroxide 3 with N 02 which afforded
93% of oxoammonium nitrate 4d. Treatment of doxyl 1
with chlorine led to formation of 2,13 plus 2-chlorocyclo-
hexanone and a small amount of blue oil which eventually
was assigned tentatively the intriguing structure 7.

Blue oil 7 crystallized at low temperatures to a white
solid which regenerated the blue oil upon melting. This be-
havior, plus its spectral properties (e.g., ir 7.93 and 8.85 p;
uv max (EtOH) 295 nm) clearly suggested that it was a ni-
troso compound in equilibrium with its dimer. The sub-
stance was extremely difficult to characterize, however,
owing to its instability even, for example, in solutions pre-
pared for determination of its nmr spectrum.

Accordingly the nitroso compound was oxidized with m-
chloroperbenzoic acid to the corresponding nitro com-
pound 8. This more tractable substance gave a clean nmr
spectrum [6 1.63 (s, 6), 1.6-2.3 (m, 6), 4.07 (s, 2), and 4.1-4.7
(m, 2)], and had a mass spectrum with an M+ ion indicat-
ing that the compound contained three chlorine atoms.
Structure 8 (stereochemistry uncertain) is the only one we
have been able to formulate consistent with these data.}4
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Table |
Reaction of Doxyls with Commercial Nitric Oxide*

Doxyl derivative of Registry no. Yield/ %
'Cyclohexanone” 16302-61-7 48
62
66
95
2-Methylcyclohexanoned 35328-05-3 81
100
Cycloheptanoned 35328-03-1 93
Heptan-2-onec 16263-51-7 74
Cholestan-3-onec 18353-76-9 68“
85"
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-Ketone-

Solvent Registry no. Gec reference compd
Benzene 108-94-1 Dodecane
ecu Dodecane
Cyclohexane Dodecane
Absolute ethanol Dodecane
Cyclohexane 583-60-8 2,4-Dichlorotoluene
Absolute ethanol 2,4-Dichlorotoluene
Absolute ethanol 502-42-1 Tetradecane
Cyclohexane 110-43-0 Tetradecane
Cyclohexane 566-88-1

Absolute ethanol

“Room temperature, 5 min. 6Determined by gc as described in the Experimental Section, unless otherwise noted. cReported
in ref 1. dNew compound; see Experimental Section.“Yield ofisolated, recrystallized ketone with mp 127-130°.

The precursor 7 could arise through the sequence shown in
Scheme 11, and its isolation is consistent with the proposed
mechanism.

MaSS Spectra Of Doxy|S During attempts to gain infor-
mation about possible intermediates in the conversion 1—»
2 by gc-mass spectral examination of reaction mixtures,
the fragmentation patterns of the nitroxides themselves
were determined, and these proved to be of sufficient inter-
est to deserve careful analysis. Mass spectra of doxyls have
not previously been investigated, although those of a few
other nitroxides have been examined.15-18

In the present work, the mass spectra of doxyl deriva-
tives 1 and 9-14 were studied. All of these substances were

cD3
I R 0 9, R = 0 10, R = 0 LR =0
17, R = H 18, R = H 19, R = 20, R = H
%R:O 13, R = 0 14, R = 0
R = H 22, R = H 23, R = H

prepared by the general method of Keana.l The deute-
rium-labeled compound 9 was prepared from cyclohexa-

none-2,2,6,6-di. The heterocyclically labeled 10 was made
by the sequence shown in Scheme Ill, involving a Strecker
synthesis19 of amino acid 15 from acetone-d6 and subse-
quent reduction of its trimethylsilyl derivative with lithium
aluminum hydride20to produce aminopropanol 16.

Scheme Il
A H,N COOH
D3C CD3 1-nh.cn RC CcD, 1 (CH33siCl
3 2. H,0+ 2. LiAiH.
15
HN CH,0H
X 10
d 3 cD3
16

For purposes of comparison the mass spectra of the pre-
cursor oxazolidines 17-23 were determined first. These
spectra are characterized by the dominance of one or two
peaks, suggesting formation of relatively stable ions, as
with ethylene ketals.2l Figure 1 shows the mass spectrum
of 17, with the typically dominant base peak at m/e 126 ac-
counting for 25% of the total ion current. The mode of for-
mation of this base peak is given in Scheme IV. Confirma-

Scheme IV

tion of this pathway was obtained from the mass spectra of
the deuterated oxazolidines 18 and 19, which displayed
base peaks at m/e 127 and 132, respectively. Oxazolidine 20
showed a base peak at m/e 126 and one nearly as intense at
m/e 140 corresponding to the two modes of cleavage of the
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Figure 2. Mass spectrum of 1 High-resolution data support the
elemental compositions indicated, within an error of +0.002 amu:
C3HID, cd4h7 cd48 c5h9 cdh7n, cb6h9 c5h8no, cbh 1o,
C6H 12N, C6Hh O, C6HN NO, C6HIONO2, C7HN N 02, C9H 14NO.

Figure 3. Mass spectrum of 9.

cycloalkyl ring. 22 showed peaks at m/e 114 and 170 re-
flecting loss of one or the other of the alkyl groups.

The mass spectra of the doxyls (see Figures 2-5) are
markedly different. The dominant peaks reflect ions which
tend not to retain charge on nitrogen, a pattern also found
with other nitroxides.1518 The ether oxygen does, however,
retain its charge-stabilizing capability, and has a profound
influence in the spectrum. As will be demonstrated in the
following, the fragmentation patterns of doxyls, e.g., 1, can
be best represented as proceeding via a molecular ion of the
same type, e.g., 5, encountered above in the chemical oxida-
tion of these nitroxides.

For all the doxyls the base peak occurs at M —85, one
mass unit higher than the molecular weight of the parent
ketone. High-resolution data for 1 and 13 show that this
peak corresponds in elemental formula to protonated ke-
tone. The most plausible pathway for formation of proton-
ated ketone is illustrated for doxyl 1in Scheme V. The ini-
tially formed molecular ion 5 undergoes the familiar frag-
mentation to 6, which forms protonated ketone 24 via in-
tramolecular hydrogen atom abstraction as shown.2 That
the proton on oxygen in 24 originated in the heterocyclic
gem-dimethyl group is proved by the shift of the base peak
to one mass unit higher with 10 (Figure 4).

Scheme V
ANj= 0

6 24

Peaks are present in the mass spectrum of 1 which indi-
cate that oxonium ion intermediate 6 can also decompose

Chou, Nelson, and Spencer

Figure 5. Mass spectrum of 13. High-resolution data support the
elemental compositions indicated, within an error of +0.002 amu:
C4H7, ¢4n 8, c3nbn, ch4no, c3hbo, C3HsN, C4HON, CsH,,,
c4h 8o, cbhl2n, cbhun, c7hl1l3 c/hl%, cbh,no?2
chlno?2

with elimination of isobutene to form 25 (m/e 128), via an
unusual intramolecular transfer of NO, or of isobutene and
nitric oxide to form 26 (m/e 98) as shown in Scheme VI.
Structures 25 and 26 are in accord with high-resolution
data, and all the other doxyls have peaks of analogous ori-
gin. In particular, the peak at m/e 128 is shifted to m/e 132
in 9 and remains unchanged in 10.

Scheme VI

25 6 26

It should be noted that ion 26 is the molecular ion of cy-
clohexanone. Consequently, the more intense ions in the
spectrum of the parent ketone 2 should also be significant
in the spectrum of doxyl 1. Such is the case. The base peak
from cyclohexanone is due to 27 with m/e 55.23 High-reso-

26 27 28 29

lution measurements and shifts in the mass spectra of 9
and 10 (particularly the enhancement of the m/e 56 peak
from 9) allow at least a substantial portion of the m/e 55
ions to be assigned structure 27. Similarly, the peaks at m/e
43 from 13 and m/e 57 from 14 can reasonably be assigned
structures 28 and 29 as major contributors.
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The mass spectral data suggest that some degree of frag-
mentation of molecular ion 5 occurs by the alternate path
shown in Scheme VII, leading to tertiary carbonium ion 30
rather than oxonium ion 6. This pathway is evidenced by
the appearance in the spectra from all the nitroxides except
10 of a strong peak at m/e 56 arising from ion 31. The ap-
pearance of a peak at m/e 62 with doxyl 10 (Figure 4) and
high-resolution data for 1 and 13 support this interpreta-
tion.

Scheme VII

5 30 31

A third pattern of fragmentation of molecular ion 5,
shown in Scheme VIII, is required to account for some rela-
tively minor peaks which are especially noticeable in the
mass spectra of the open-chain doxyls 13 (Figure 5) and 14.
The peaks at m/e 141 from 1 (32), m/e 129 from 13, and
m/e 143 from 14 have such an origin, as confirmed by high-
resolution data for 1 and 13 and the shift to m/e 142 in the
spectrum of 9.

Scheme VIII

5 m/e 141
32

Finally, a number of lower mass ions can be readily ex-
plained as secondary fragmentation products. A prominent
metastable at m/e 66.3 (calcd, 66.27) can be observed for
the transition from 24 (m/e 99) to an ion with mass 81.
High-resolution data confirm that this transition is a loss of
H20 leading to a C6Hg+ hydrocarbon fragment of uncertain
structure.

The mass spectra of doxyl derivatives, although fairly
complex, thus can be rationalized successfully on the basis
of formation of an oxoammonium molecular ion like 5. Al-
though several fragmentation pathways are observed for
the high-energy 5 produced upon electron impact, the prin-
cipal pattern very reasonably is the same as that of 5 pro-
duced by chemical oxidizing agents.

Experimental Section

Low-resolution mass spectra were recorded with a Perkin-Elmer
270B double-focusing spectrometer using an ionizing voltage of 75
eV and a source temperature of 200°. Samples were introduced
upon elution from a gas chromatograph equipped with a 20% SE-
30 column operated with temperature programming at 20°/min
from 70 to 200°, the eluted sample being passed through a Wat-
son-Biemann molecular separator to remove most of the helium
carrier gas. The spectrometer output was digitized by an auxiliary
PDP-12 computer using a perfluorokerosene spectrum as refer-
ence. High-resolution mass spectra were recorded on an AEl MS-9
spectrometer using an ionizing voltage of 70 eV and a source tem-
perature of 150°. Samples were introduced by direct insertion into
the source; perfluorotributylamine was used as an internal stan-
dard. Nuclear magnetic resonance (nmr) spectra were recorded on
a 60-MHz Perkin-Elmer R-24 spectrometer using CCl4or CDCI3as
solvent and tetramethylsilane (TMS) as internal standard. Shifts
are reported in parts per million downfield from TMS. Infrared
(ir) spectra were recorded on a Perkin-Elmer 137 spectrophotome-
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ter using potassium bromide pellets for solids (unless indicated
otherwise) and thin films for liquids. Ultraviolet (uv) spectra were
recorded on a Unicam SP800 spectrometer. Melting points were
determined in open capillaries using Thomas-Hoover apparatus
and are uncorrected. Elemental analyses are performed by Spang
Microanalytical Laboratory, Ann Arbor, Mich., or by Meade Mi-
croanalytical Laboratory, Amherst, Mass.

Gas chromatography (gc) was carried out either on a Perkin-
Elmer 154 gas chromatograph using a 10 ft x 0.25 in. glass column
packed with 30-60 mesh acid-washed Chromosorb P coated with
20% didecyl phthalate and operating at about 140° with a helium
flow rate of 60 ml/min or on a Varian 2100 chromatograph using a
2m x 4 mm glass column packed with 100-120 mesh Gas-Chrom
Q coated with 3% of the indicated stationary phase and operating
at about 100° with a nitrogen flow rate of 30 ml/min. The instru-
ments used thermal conductivity and flame ionization detectors,
respectively. In both cases peak areas are determined by Disc chart
integration. In all yield determinations an appropriate internal ref-
erence compound was used, with prior determination of the rela-
tive detector response to reference and to the analyzed compound.
Thin layer chromatography (tic) was carried out on 5 x 20 cm
plates coated with 0.25 mm thick layers of Merck silica gel
PRXA+306 using various mixtures of ether and hexane as solvents.
Preparative layer chromatography (preparative tic) was generally
carried out on 20 X 20 cm plates coated with 1.5 mm thick layers of
the same silica gel using the solvents indicated. About 200 mg of
material could be chromatographed per plate.

Commercial ketones used as starting materials were redistilled
before use. The 2-amino-2-methyl-l-propanol and 85% m-chloro-
perbenzoic acid (Aldrich Chemical Co., Milwaukee, Wis.) were
used as received. Deuterium oxide (99%) and acetone-d6 (99.5%)
were supplied by Stohler Isotope Chemicals, Rutherford, N. J. Re-
agent gases were supplied by Matheson Gas Products, E. Ruther-
ford, N. J.

Preparation of Oxazolidines. Generally according to the pro-
cedure of Hancock and Cope,24 the ketone (0.5 mol), 2-amino-2-
methyl-lI-propanol (0.8 mol), and p-toluenesulfonic acid (3.0 g)
were refluxed under nitrogen in 150 ml of benzene for 8 hr with
azeotropic water removal by means of a Dean-Stark apparatus.
The product was diluted with 50 ml of ether, washed with 3 X 200
ml of water and once with saturated aqueous sodium chloride, and
dried over Na2S04. Evaporation of the solvent gave the crude oxa-
zolidine derivative, which was fractionally distilled at reduced
pressure to give the product as reported below.

3.3- Dimethyl-l-oxa-4-azaspiro[4.5]decane (17) was formed in

74% yield: bp 99-100° (24 mm) [lit.24bp 95-97.5° (20 mm)]; ir 3.04
and 9.62 u; nmr (CDCI3) 51.18 (s, 6), 1.51 (m, 10), and 3.43 (s, 2).

2,4,4-Trimethyl-2-pentyloxazolidine (22) was formed in 67%
yield: bp 95° (15 mm) [lit.24bp 102-103° (19 mm)]; ir 3.00 and 9.55
M

3.3- Dimethyl-l-oxa-4-azaspiro[4.6]Jundecane (21) was formed

in 64% yield: bp 122-123° (23 mm); ir 2.97 and 9.58 m; mass spec-
trum M+ m/e 183; base m/e 126.

Anal. Calcd for C11IH2INO: C, 72.08; H, 11.55; N, 7.64. Found: C,
72.11; H, 11.42; N, 7.63.

3,3,6-Trimethyl-l-oxa-4-azaspiro[4.5]decane (20) was formed
in 80% yield: bp 108-109° (20 mm) ; ir 3.0 and 9.5 m; mass spectrum
M+ m/e 183, base m/e 126.

Anal. Calcd for CIIH2INO: C, 72.08; H, 11.55; N, 7.64. Found: C,
72.02; H, 11.54; N, 7.62.

2.2- Diethyl-4,4-dimethyloxazolidine (23) was formed in 22%

yield (incomplete reaction): bp 89-91° (50 mm); ir 3.0 and 9.58 m;
nmr (CCl4) 50.84 (t, 6), 1.17 (s, 6), 1.49 (g, 4), and 3.40 (s, 2); mass
spectrum (high resolution) M+ m/e 157.1460 (calcd for CO9H19NO,
157.1466).

Preparation of Nitroxides. According to Keana's procedure,l1a
solution of 85% m-chloroperbenzoic acid (0.06 mol) in 80 ml of an-
hydrous ether was added dropwise over 15 min to an ice-cold,
stirred solution of the appropriate oxazolidine derivative or secon-
dary amine (0.05 mol) in 80 ml of anhydrous ether. The reaction
mixture was allowed to warm to room temperature and stand for
12-24 hr. The product was washed with 4 X 75 ml of 5% aqueous
sodium bicarbonate and once each with water and saturated aque-
ous sodium chloride and dried over MgS04, and the ether was
evaporated to give the crude nitroxide.

3.3-Dimethyl-l-oxa-4-azaspiro[4.5]dec-4-yloxy (1) was
formed in 30% yield after chromatography on Woelm acid-washed
alumina (activity 1) eluting with 5% ether in hexane. A sample sub-
limed at 35° (0.1 mm) had mp 58-59° (lit.1mp 57-58°); ir 7.44 and
9.67 m; uv max(Et20 ) 234 and 415 nm.
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2,4,4-Trimethyl-2-pentyl-3-oxazolidinyloxy (13) was ob-
tained as an orange oil which was not fully purified by distillation
at 78-80° (0.3 mm) [lit.1 80° (0.08 mm)]. Chromatography on
Woelm acid-washed alumina (activity 1) eluting with 5% ether in
hexane gave 11% yield of an orange liquid, ir 7.37 and 9.58 n.

3,3-Dimethyl-l-oxa-4-azaspiro[4.6]Jundec-4-yloxy (12) was
obtained in 14% yield after chromatography on Woelm acid-
washed alumina (activity 1) eluting with 5% ether in hexane. A
sample sublimed at 40° (0.05 mm) had mp 59-60°, ir 9.59 fi.

Anal. Calcd for CiiH20NO 2: C, 66.62; H, 10.17; N, 7.06. Found:
C, 66.59; H, 10.05; N, 6.63.

3.3.6- Trimethyl-l-oxa-4-azaspiro[4.5]dec-4-yloxy
obtained in 23% vyield after chromatography on Woelm acid-
washed alumina (activity 1) eluting with 5% ether in hexane: bp
60° (0.1 mm); ir 7.32 and 9.67 p.

' Anal. Calcd for CuH20NO2 C, 66.62; H, 10.17; N, 7.06. Found:
C, 66.76; H, 10.10; N, 7.16.

2.2- Diethyl-4,4-dimethyl-3-oxazolidinyloxy (14) was pre-

pared in 41% yield after chromatography on Florisil eluting with
5% ether in hexane: bp 60° (1.8 mm); ir 7.34 and 9.57 p; mass spec-
trum (high resolution) M+ m/e 172.1334 (calcd for C9H18NO2,
172.1337).

2.2.6.6-
yield after chromatography on Woelm acid-washed alumina (activ-
ity 1) eluting with hexane. The crude 3 thus obtained purified itself
by spontaneous sublimation within its container at room tempera-
ture and atmospheric pressure: mp 38-39° [lit.12 mp 38-39°]; ir
737 n

3.3- Dimethyl-l-oxa-4-azaspiro[4.5]dec-4-yloxy-6,6,10,10-d4

(9). Cyclohexanone-2,2,6,6-dt was prepared by treatment of cyclo-
hexanone with D20 containing potassium carbonate. This product
was converted to oxazolidine 18 in the usual manner using 2-
amino-2-methyl-l-propanol which had previously been treated
with D20 and had then been dried by azeotropic distillation with
benzene. This labeled 18 (1.8 g) was treated with 85% m-chloroper-
benzoic acid (2.0 g), as described earlier. Chromatography of the
product on 40 g of Woelm acid-washed alumina (activity 1) using
5% ether in hexane as eluent gave after sublimation at 38° (0.05
mm) 0.800 g of 9: mp 58-59°;Bir 4.54 and 9.73 m; mass spectrum
M+ m/e 188, 75% di species as estimated by molecular ion intensi-
ties.

2-Amino-2-methylpropanoic Acid-df, (15). Exactly according
to the procedure of Steiger,19a solution of 9.0 g of acetone-d6 in 25
ml of methanol was treated with an aqueous solution of 6.9 g of
NaCN, 8.3 g of NH4CL, and 9.6 ml of NH40H to afford, after crys-
tallization from absolute ethanol, 9.7 g (55%) of 15: mp >300°; no
chloride ion by aqueous AgNOg; ir 4.55, 6.15, and 8.76 \i.

2-Amino-2-methyl-l-propanol-d6 (16). Following a published
procedure,2 2.4 g of the oven-dried amino acid 15 prepared above
was suspended in 100 ml of dry benzene which was then refluxed
under nitrogen with 20 ml of freshly distilled triethylamine and 6 g
of distilled chlorotrimethylsilane for 12 hr. The cooled mixture was
filtered and dried (Na2SC+), and the benzene was evaporated. The
residue containing the silyl derivative was dissolved in 200 ml of
anhydrous ether and the resulting solution was added dropwise
during 1 hr to astirred, ice-cold solution of 0.95 g of lithium alumi-
num hydride in 150 ml of ether. After 1 hr at room temperature
and 2 hr at reflux, the mixture was cooled in ice and 100 ml of
water-saturated ether was added dropwise over 45 min with stir-
ring. After filtration of the inorganic precipitate the solution was
dried (K2CO3) and the ether was evaporated. The residue was
heated with 1 ml of water on a steam bath for 1 hr; the mixture was
saturated with potassium carbonate and extracted with ether.
Evaporation of the extract gave 1.48 g of light yellow liquid con-
taining 16 (ir 4.56 m) which was used without purification in the
next step.

(11) was

Tetramethylpiperidinooxy (3) was obtained in 32%

Chou, Nelson, and Spencer

as described earlier. Chromatography on 10 g of Woelm acid-
washed alumina (activity I) gave upon elution with hexane and 5%
ether in hexane 0.081 g of orange solid 10: mp 58-59°; ir 4.48 and
9.87 n; mass spectrum M+ m/e 190, 55% de species and 35% ds
species as estimated by molecular ion intensities.

Reactions of Nitroxides with Oxidizing Agents. All reactions
were carried out at room temperature. Solutions were flushed with
nitrogen for 30 min prior to introduction of the reactant gas. Only
glass equipment was used in these reactions.

Reactions of Doxyls with Commercial Nitric Oxide. In a
general procedure, 1 mmol of the appropriate nitroxide was dis-
solved in 10 ml of solvent together with a known, approximately
equal weight of an unreactive internal reference compound whose
gc retention time did not coincide with that of starting material or
any of the products. Upon bubbling commercial nitric oxide (from
a tank) through the Solution for 5 min, the initially light orange
color of the solution deepened and then turned green or blue, fi-
nally lightening to a yellowish, sometimes cloudy mixture. Samples
of this mixture were analyzed by gc. The predominant product was
shown to be the parent ketone by correspondence of gc retention
times, and also in the case of 1by a mass spectrum from the eluted
gc peak. The yield of ketone was determined by the relative areas
of the product and reference peaks; averages from two or more
chromatograms are reported in Table I.

Reaction of 3 with Commercial Nitric Oxide. Treatment of
100 mg (0.642 mmol) of 3 in 5 ml of cyclohexane with commercial
nitric oxide for 4 min gave a bright yellow precipitate which was
filtered and washed with hexane to give 130 mg (93%) of 4d: mp
110-120° dec; ir (Nujol mull) 6.2  uv max (CH3CN) 244 nm (t
1680) and 450 (26); positive brown ring test with H2S04-FeSG4 for
nitrate ion.

Anal. Calcd for CgHi8N204: C, 49.53; H, 8.31; N, 12.84. Found:
C, 49.75; H, 8.25; N, 12.97.

Reactions with Purified Nitric Oxide. Solutions of nitroxides
3 and 11 were treated in the same manner with nitric oxide which
had been passed through 3 N aqueous sodium hydroxide and sodi-
um hydroxide pellets to remove the nitrogen dioxide. No reaction
occurred (as monitored by gc) even after 0.5-1 hr of treatment. In-
jection of air at this point rapidly initiated the reaction observed
with unpurified commercial nitric oxide.

Reaction of 1 with Nitrogen Dioxide. Commercial nitrogen
dioxide was bubbled through a solution of 187 mg (1.02 mmol) of 1
and 73.6 mg of dodecane in 5 ml of cyclohexane for 30 sec. Cyclo-
hexanone was formed in 65% yield as determined by gc.

Reaction of 1 with Chlorine. Dry chlorine was bubbled
through a solution of 300 mg (1.63 mmol) of 1in 5 ml of ether until
the initially orange solution was deep green (about 2 min). Cyclo-
hexanone and 2-chlorocyclohexanone were identified as products
by comparison of gc retention times with those of commercially
available samples of the authentic ketones on two columns (SE-30
and QF-1). Evaporation of the solvent followed by preparative tic
(20% ether in hexane) gave 2-chlorocylohexanone (10 mg) and 7 as
a blue oil (50 mg): ir 8.0 and 8.92 p; nmr (CDCI3) 1.19 (s), 1.6-2.5
(m), 3.8-4.9 ppm (m). The latter formed a white powder upon
standing at —10°. Trituration with petroleum ether gave 9.5 mg:
mp 101-103° (melt was a dark blue liquid); ir 7.93 and 8.85 p; uv
max (95% EtOH) 295 nm; nmr (CC14) h 1.17 (s), 1.5-2.0 (m), 4.0-
4.7 (m).

Oxidation of 7 with m-Chloroperbenzoic Acid. Crude blue
oily 7 (120 mg) was dissolved in 20 ml of chloroform and added
dropwise over 5 min to a refluxing solution of 85% m-chloroper-
benzoic acid (2.0 g) in 20 ml of chloroform. Refluxing was contin-
ued for another 5 min, during which the reaction mixture became
colorless. The cooled mixture was diluted to 60 ml with chloroform
and washed twice with 50-ml portions of 10% aqueous sodium sul-
fite and twice with saturated aqueous sodium bicarbonate. The

3.3- Dimethyl-l-oxa-4-azaspiro[4.5]decane-d(; (19). All of this chloroform layer was separated, dried over MgSO04, filtered, and

product containing 16 was refluxed under nitrogen with cyclohexa-
none (1.8 g) and p-toluenesulfonic acid (1.0 g) in 150 ml of benzene
for 10 hr with azeotropic water removal by means of a Dean-Stark
apparatus. The work-up described earlier for oxazolidine prepara-
tion gave after distillation at 50° (1.5 mm) 0.58 g of 19, slightly
contaminated with cyclohexanone: ir 4.54 and 9.63 M\ nmr 1.47 (br
s, 10) and 3.42 (s, 2); mass spectrum M+ m/e 175, deuterium incor-
poration about 90% by nmr.

3.3- Dimethyl-l-oxa-4-azaspiro[4.5]dec-4-yloxy-d6 (10). A so-

lution of 85% m-chloroperbenzoic acid (0.8 g) in 30 ml of anhy-
drous ether was added dropwise over 15 min to a stirred, ice-cold
solution of oxazolidine derivative 19 (0.55 g) in 30 ml of anhydrous
ether. After 4 hr at room temperature the mixture was worked up

evaporated. Chromatography of the residue on Woelm base-
washed alumina (activity I11) gave upon elution with hexane 26.4
mg of 8. Preparative tic of this material on Merck silica gel
PR5A4+306 impregnated with KOH with 40% ether in hexane as sol-
vent gave in one band 20 mg of a clear liquid: ir 6.53 p; nmr (CCl4)
163 (s, 6), 1.6-2.3 (m, 6), 4.07 (s, 2), 4.1-4.7 (m, 2); mass spectrum
weak M+ m/Ze 303, 305, and 307.26
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Upon irradiation with ultraviolet light, the O-methyl oxime ethers of 2-acetonaphthone undergo facile syn-
anti photoisomerizatioii. At low concentrations the syn isomer predominates in the photostationary state. High
oxime ether concentrations, however, were found to enhance the fraction of the anti isomer in the photoequili-
brium. Evidence supporting the involvement of the singlet state was obtained from fluorescence quenching
studies and photosensitized isomerization experiments. Fluorescence quenching of both isomers by 1,3-cyclohex-
adiene was found to be more sensitive toward the quencher concentration than chemical quenching. The excited
syn isomer was much less sensitive toward chemical quenching and showed a less intense emission than the cor-
responding anti form. The data obtained are consistent with the involvement of an excimer which is capable of
inducing efficient syn-anti isomerization and whose decay ratio differs from that of excited monomer.

The thermal39 and photo-10-33 interconversions of the
syn and anti isomers of imines are a subject of long-stand-
ing interest. The mechanism for the thermal interconver-
sion of imine diastereomers is currently the subject of
considerable debate,3445 and has been considered in
terms of either a planar inversion mechanism or a rotation
mechanism. The rotation or torsion mechanism involves a
twisting about the C=N double bond. The inversion
mechanism, on the other hand, is characterized by an in-
crease in the angle of the C=N-C bond from approxi-
mately 120° in the ground state to 180° in the transition
state. Evidence obtained from studies of substituent ef-
fects (steric and electronic) suggests that most simple im-
ines interconvert by the inversion mechanism,44 although
some of the results obtained have been considered to be
inconclusive.34-36

The mechanism by which the syn and anti isomers of
imines are interconverted in the excited state is even more
complicated. Whether isomerization about the C=N dou-
ble bond proceeds by rotation or linear inversion remains
to be clarified. A major complication with the photochem-

ical studies is that the thermal barrier between the two
diastereomers of most imines is sufficiently low that the
photochemically induced shift in the configurational equi-
librium is only temporary at ambient temperatures and is
frequently followed by a rapid, thermal relaxation which
reestablishes the initial configurational equilibrium be-
tween the syn and anti isomers.

In previous work3l we showed that irradiation of an
oxime ether brings about a rapid syn-anti isomerization.
The oxime ether molecule is an attractive system for
mechanistic photostudies, since the presence of the meth-
oxyl group drastically reduces the rate of thermal inter-
conversion of the syn and anti forms (i.e., k < 1013 at
60°)3 and allows mechanistic studies to be carried out at
ambient temperatures.

In order to secure additional information on the reactiv-
ity of the excited state(s) involved in the syn-anti photo-
isomerization reaction, we decided to study the photo-
chemistry of a naphthyl-substituted oxime ether. It is rea-
sonable to assume that in the naphthyl oxime ether sys-
tem, the excitation energy will be heavily localized on the
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naphthyl portion of the molecule. Concentration of the ex-
citation at one end of the molecule seemed a possible way
of modifying the photoisomerization reaction. In the pres-
ent paper we report on some aspects of the direct and sen-
sitized isomerization of the syn and anti isomers of 2-ace-
tonaphthone oxime O-methyl ether, where we note that
marked discrepancies exist between predicted and mea-
sured photostationary states. The results obtained are of
fundamental interest by virtue of their superficial paral-
lels to and mechanistic differences from the corresponding
situation in olefin photochemistry.46'47

Results and Discussion

The anti O-methyl ether of 2-acetonaphthone oxime (2)
was synthesized by treating 2-acetonaphthone with
methoxylamine hydrochloride according to the procedure
of Karabatsos and Hsi48 [nmr (CDCls) 6 2.36 (s, 3 H), 4.12
(s, 3 H)]. The corresponding syn isomer 1 was prepared by

irradiation of 2 in pentane using 3130-A light [nmr
(CDCls) 5228 (s, 3 H), 3.94 (s, 3 H)]. The two isomers
could readily be separated by vapor phase chromatogra-
phy and their thermal stability was established by heating
each isomer separately at 140° and noting the absence of
isomerization. Thermal equilibration of the two com-
pounds could be achieved by iodine catalysis. In both
cases, the equilibrium is, within experimental error, pre-
dominantly on the anti-isomer side (96% anti and 4% syn
oxime ether). The ultraviolet absorption spectra of both
the syn and anti forms resembled that of naphthalene.

Irradiation of degassed pentane (or benzene) solutions
of syn (or anti) oxime ethers (1 or 2) at 3130 A led to pho-
tostationary states whose composition varied, as shown in
Table I, from 64% syn at [oxime ether] = 0.003 M to 42%
syn at [oxime ether] = 1.35 M. The analyses by vpc were
reproducible typically to better than +0.3% in the com-
parison of the mean value of replicate samples and to
+0.5% for the average deviation from the mean of repli-
cate injections of the same sample; the modest changes
we observe are thus unquestionably real. The data ob-
tained (Table 1) indicate that the final photostationary
state composition is dependent on both the temperature
maintained and the concentration and solvent used during
the course of the irradiation J[i.e., [syn]/[anti] at 0.1 M
pentane = 0.92 + 0.03 at 25° and 1.20 + 0.05 at 80°; [syn]/
[anti] = 1.80 + 0.06 at 0.003 M (25°), 1.11 + 0.05 at 0.05
M (25°), and 0.72 + 0.04 at 1.35 M (benzene, 25°)]. These
results show that high oxime ether concentrations enhance
the fraction of the anti isomer in the photostationary
state. High temperatures, however, tend to diminish the
fraction of the thermodynamically more stable anti form.
This type of behavior was not observed in the photoisom-
erization of the related acetophenone oxime ether sys-
tem.31L

The concentration dependence in the oxime ether sys-
tem was also reflected in the quantum yields for photo-
isomerization. Quantum vyields for the isomerization reac-
tion were determined using benzophenone-benzhydrol ac-
tinometry.49 The results obtained (Table I) indicate that
as the total concentration of the oxime ether increased,
the quantum efficiency of the anti —%syn isomerization
(Ta-.s) decreased while the a increased. The ratio of
the quantum efficiencies (~a—s/'i's=>a) was found to vary
in a manner analogous to the variation of the photosta-
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Table |
Quantum Yield and Photostationary State
Dependence of Oxime Ethers 1 and 2 on
Concentration, Solvent, and Temperature“"0

Total —-----Syn/Anti
concn, Ben-
M Pentane zene 4A -s1 ®S->Ad @®al*s
0.003 1.80
1.86 (80°)
0.008 1.67
0.012 1.59 1.64
0.023 1.34 1.57 0.56 0.35 1.60
0.042 1.18 1.45 0.48 0.36 1.41
0.05 1.11 0.53° 0.49° 1.08°
1.32 (80°)
0.08 1.31 0.46 0.39 1.18
0.10 0.92
1.20 (80)
0.17 1.14 0.42 0.37 1.14
0.34 0.96 0.42 0.41 1.02
0.67 0.79 0.40 0.46 0.87
1.35 0.72 0.39 0.48 0.81

03130-A light. bThe analyses by vpc were reproducible
typically to better than +0.5% in the comparison of the
mean value of replicate samples. cAll values reported at 25°
unless otherwise stated. dAll quantum yields determined
in benzene unless otherwise stated. ODetermined in pentane
solution.

tionary state ratio. The sum of the quantum yields, how-
ever, remained constant.

Two possibilities come to mind in seeking an explana-
tion for the cause of the syn/anti isomer variation. These
are (1) association between ground-state molecules which
give rise to dimers and higher aggregates, and (2) specific
interactions between ground-state and excited oxime ether
molecules. With respect to the first possibility, theoretical
considerations indicate that association should lead to a
new absorption at longer or shorter wavelengths than that
due to monomer.50'51 We have examined both the syn and
anti isomers over a wide concentration range and have
found no evidence of spectral change in the ultraviolet re-
gion; both the position of the absorption bands and the
extinction coefficients are, within experimental error, in-
dependent of the concentration. Since no evidence for
ground-state complexation could be found by uv as well as
ir and nmr spectroscopy, it would seem as though the ob-
served variation in the photostationary state is due to in-
teractions between excited and ground-state molecules.52

The interaction between excited and ground-state mole-
cules is a well-documented phenomenon.53'56 These inter-
actions will be expected to be somewhat dependent on the
temperature and solvent system employed.53 The data ob-
tained above are consistent with the involvement of an ex-
cimer which is capable of inducing efficient syn- anti
isomerization and whose “decay ratio” differs from that of
the excited monomer. The variation of the photostationa-
ry state composition as a function of temperature can be
attributed to the dissociation of the excimer with re-forma-
tion of the excited monomer at higher temperatures. The
equilibrium associated with excimer formation and its
corresponding “decay ratio” will also be exected to be in-
fluenced by the nature of the solvent system used. Excim-
ers have been reported to play an important role in the
photoisomerization of certain olefinic systems.57'60 In
these cases it was found that a high olefin concentration
also enhances the fraction of the trans isomer in the pho-
tostationary state.

In this connection, it is worthy to note that the fluores-
cence emission spectrum of oxime ether 1 is subject to
concentration quenching. The fluorescence emission curve
for 1 at 0.03 M was essentially identical in shape and
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. Qdne Ether - Moles/liter
F|gure 1. 1,3-Cyclohexadiene quenching of the fluorescence of the syn and anti isomers of the O-methyl ether of 2-acetonaphthone oxime

in pentane (25°).

wavelength with that of naphthalene. Most importantly, a
new component (ca. r 500 nm) became evident in the fluo-
rescene spectrum as the concentration of the syn isomer
increased (0.1-1.2 M). This new fluorescence component
is similar to that observed with other systems which in-
volve associative interactions and most likely derives from
excimer formation.61

In order to determine whether the phosphorescence
emission spectrum of 1 (and/or 2) showed a similar con-
centration dependence, we examined the emission spectra
of the oxime ethers at 77°K in an EPA glass. Surprisingly,
both isomers showed no phosphorescence. The lack of
phosphorescence would imply that either the intersystem
crossing efficiency of the oxime ethers is extremely low or
else the triplet state of the oxime ethers undergoes non-
radiative decay at a faster rate than radiative emission.
To test these possibilities, an attempt was made to sensi-
tize the phosphorescence emission of the oxime ethers.
This was done by irradiating a 1:1 mixture of benzophe-
none and the oxime ether at 77°K in an EPA glass. The
sample tube was irradiated under conditions where 100%
of the light was absorbed by benzophenone (i.e., 3660 A).
The results obtained showed that benzophenone’'s emis-
sion was completely quenched and no new emission from
the oxime ethers appeared. This experiment indicates
that nonradiative decay from the triplet state (i.e., syn
anti photoisomerization) proceeds at a faster rate than
radiative decay. Consequently, the lack of phosphores-
cence from the oxime ethers does not necessarily reject
the involvement of a triplet state in the direct irradiation
(vide infra).

A major point which needed to be established is wheth-
er the concentration effects noted in the photoisomeriza-
tion and fluorescence experiments are derived from a
common intermediate. In order to establish this point,
quenching experiments using 1,3-cyclohexadiene as a sin-
glet quencher& (1.0-3.0 M) were carried out. Addition of
1,3-cyclohexadiene to pentane solutions of the oxime
ethers resulted in substantial quenching of the fluores-
cence emission of both 1 and 2. The data are plotted in
the usual Stern-Volmer fashion and are shown in Figure
1. 1,3-Cyclohexadiene was also found to quench the syn-
anti photoisomerization. Figure 2 shows the Stem-Volmer
plot for 1,3-cyclohexadiene quenching of the syn-anti
isomerization. Slopes were calculated by least-squares

analysis of the data. The quenching slopes obtained with
1,3-cyclohexadiene are feqT(l)isom = 0.04, fluorescence
quenching = 0.13 and kQ(2)jSOn = 0.30, fluorescence
quenching = 1.20 for the syn (1) and anti (2) oxime
ethers, respectively. The results demonstrate that the anti
isomer is more sensitive to fluorescence quenching (..,
factor of 9.2) than the corresponding syn form. The differ-
ence in quenching efficiency between the anti and syn
forms was slightly smaller (i.e., 7.5) when the photoisom-
erization reaction was monitored. It is interesting to note
that chemical quenching is only one-quarter as efficient as
fluorescence quenching. This phenomenon is not totally
unprecedented, as variations in fluorescence vs. chemical
quenching have been observed by others.63

One interpretation of the above observations is that the
photoisomerization reaction does not proceed from a sin-
glet state but rather involves a short-lived reactive triplet
which is quenched at high quencher concentration. If this
were true, then the lack of correspondence between the
chemical and fluorescence quenching would be expected,
since two different excited precursors would be involved.
That this is not the case was shown by triplet sensitization

Qdne Ether - Moles/liter

F|gure 2. 1,3-Cyclohexadiene quenching of the syn (I)-anti (2)
photoisomerization.
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experiments in which benzophenone was used as the sensi-
tizer (i.e., 3660-A source). The quantum yield for the ben-
zophenone-sensitized anti —msyn isomerization (Fa»s) at
0.05 M was 0.37 + 0.02 in the 4-5% reaction range, while
that for syn “manti (is-» a) was 0.51. The ratio of triplet
quantum yields ($a” s/*s- a) is 0.73, in good agreement
with the experimental Value of the sensitized photosta-
tionary state (0.77). If decay from a common state is in-
volved in both the sensitized and unsensitized experi-
ments, the decay ratio should be the same for the two
processes. It should be pointed out that the triplet-sensi-
tized isomerization, in contrast to the unsensitized isom-
erization, was independent of the initial oxime ether con-
centration. The difference between (he two numbers [i.e,
0.73 (triplet) and 1.08 (singlet)] is an indication that
crossing to triplets is not the sole fate of excited oxime
ether singlets. The closeness of the above values could be
construed to mean that the isomerization induced by di-
rect irradiation is also passing in part through the triplet
state. It should be emphasized, however, that the close-
ness of the values does not demand that the triplet state
of the oxime ether be involved in the direct isomerization.
As was pointed out by Saltiel,64 the correlation of the nat-
ural decay ratios in sensitized and unsensitized photo-
isomerization processes may be fortuitous.

An alternate rationale to account for the variation in
fluorescence vs. chemical quenching observed with 1
would involve the partial involvement of a short-lived un-
guenchable precursor to photoisomerization. This may
possibly be an upper excited state or a nonquenchable
upper vibrational level of the first excited state (singlet or
triplet). The diminished 1,3-cyclohexadiene quenching of
the isomerization reaction would then reflect a combina-
tion of partial quenching of isomerization from the vibra-
tionally equilibrated Si state and zero quenching of reac-
tion from the upper vibrational levels of Si or an upper
excited state. In order to test for the possible involvement
of upper excited states in the photoisomerization reaction,
we examined the quantum efficiency of the oxime ether
isomerization using 2537-A light. Surprisingly, the quan-
tum vyields for isomerization at 2537 A showed a substan-
tial diminution in value (i.e., $a—s = 0.28, $s_»a= 0.27)
when compared to the values obtained at 3130 A (i.e.,
$A—s = 053, is—a = 0.49). This might at first glance
seem to be inconsistent with the participation of upper vi-
brational or excited states. However, by using short-wave-
length light the possibility exists that both the n--ir* (or
ir-ir*) state of the oxime ether and the t ..~ state of the
naphthalene moiety are populated. The lower quantum
efficiency may be attributed to either an incomplete in-
ternal energy transfer, a diminished intersystem crossing
from the naphthyl 7r-ir+ state(s) to the inline excited
state(s), or a radiationless decay path of the excited naph-
thyl state(s) which maintains the geometric integrity of
the oxime ether. Another possibility which can account
for the difference between fluorescence and chemical
quenching is to assume the involvement of an exciplex in
the quenching reaction. All that would be necessary to ex-
plain the preferred fluorescence quenching is to assume
that exciplex decay will result in the partial isomerization
of the oxime ether. The overall effect would then be less
efficient chemical quenching than fluorescence quenching.

Considerable information has now been accumulated for
the photochemical syn-anti isomerization of the oxime
ether of 2-acetonaphthone. The more readily derived facts
about the photoisomerization reaction are the following,
(a) At low concentration the syn isomer predominates in
the photostationary state, (b) High oxime ether concen-
trations tend to enhance the fraction of the anti isomer in
the photostationary state, (c) Evidence supporting the in-
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volvement of the singlet state was obtained from fluores-
cence quenching studies and photosensitized isomeriza-
tion experiments. The data also indicate that the fluores-
cence quenching of both isomers by 1,3-cyclohexadiene is
more sensitive than chemical quenching, (d) The fluores-
cence and photoisomerization quenching studies also show
that the excited syn isomer is less sensitive to collisional
interaction than the corresponding anti form. The intensi-
ty of emission from the syn isomer was found to be much
less (i.e., ca. factor of 10) than that from the anti isomer.
These observations imply that the excited spectroscopic
state of the syn isomer has a much shorter lifetime than
the related anti form.

The mechanism we propose here to explain these obser-
vations (see below) involves excitation of the oxime ether
(X0 = syn or anti oxime ether) to its spectroscopic singlet
state followed by formation of a twisted excited state

hv *1
Xo—  X*
1 A w X0 + hv]
“d
X*1 X0
x*x1 =X p*

+ X0 [x-x

[X-x]*1 —* aS0 + (3A0

I(4
p* — SO
5
pP* A0
%
P* + x0— ot'SO + /B'AO
k
x*1 4 CO [x-Co]*1

[x-Cj*1 — CO + a"sa + ft"AO

(P*). The spectroscopic singlet state can decay (fed), fluo-
resce (fef), or undergo collisional interaction with a
ground-state molecule (k2) to produce an excimer. The
excimer’s decay ratio differs from that of monomer (P* or
possibly X*1) and leads to preferential formation of the
thermodynamically more stable anti isomer (Ao). In this
scheme a and ABrepresent partitioning factors. This ratio-
nale is reinforced by quantum yield studies which show
that the 4=-*sdecreases while the $X" s increases with in-
creasing substrate concentration. The formation of the syn
isomer (So) would also be expected to result from collisio-
nal quenching; however, the partitioning coefficient seems
to favor the anti form. Quenching of the spectroscopic sin-
glet by 1,3-cyclohexadiene (Co) may involve an exciplex.
Other reactions involving collisional quenching of the
twisted state (P*) by a ground-state molecule (i.e., ke)
may well occur, but the experimental data are not accu-
rate enough to determine this. It should be noted here
that, while the mechanism outlined above adequately ac-
counts for the observations, it may be incomplete. For ex-
ample, the isomerization may also proceed by inversion
from the spectroscopic singlet state or pass, in part,
through areactive triplet or an upper excited state.

Experimental Section

Syn and Anti O-Methyl Ethers of 2-Acetonaphthone Oxime. A
mixture containing 40.5 g of 2-acetonaphthone and 22.1 g of
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methoxylamine hydrochloride in 500 ml of 95% ethanol which
contained 360 g of sodium acetate trihydrate was heated at reflux
for 12 hr. Removal of the solvent under reduced pressure left 45 g
(97%) of a solid which was recrystallized from ethanol to give the
anti O-methyl ether of 2-acetonaphthone oxime (2) as a white,
crystalline solid, mp 89.5-90°.

Anal Calcd for CI3H13NO: C, 78.36; H, 6.58; N, 7.03. Found:
C, 78.71; H, 6.63; N, 7.00.

The infrared spectrum of this material (KBr) showed a series of
strong bands at 3.40, 6.22, 8.84, 9.30, 9.55, 11.00, 11.18, 11.60,
12.00, and 13.45 p. The nmr spectrum (CDC13) showed sharp sin-
glets at 5 2.36 (3 H) and 4.12 (3 H), and contained a multiplet
centered at 5 7.7 (7 H). The ultraviolet spectrum (pentane) ex-
hibited maxima at 338, 295, 283, 274, 249, and 238 nm (e 140,
15,100, 17,400, 14,000, 36,770, and 40,180). The mass spectrum
showed the molecular ion at m/e 199 and contained major peaks
at m/e 184,169,158,128,127 (base), and 77.

The corresponding syn oxime ether (1) was prepared by irra-
diating the anti isomer in pentane at 3100 A. The mixture of iso-
mers was separated by column chromatography. The syn isomer
was further purified by distillation at 90-100° (0.01 mm). The syn
isomer was a low-melting solid, mp 25-26°. Analysis of the low-
melting solid by glpc using a 0.25 in. X 10 ft copper column packed
ing solid by glpc using a 0.25 in. x 10 ft copper column packed
with 10% FS-1265 on Diasaport S at 215° revealed that the solid
was better than 99% isomerically pure. The infrared spectrum
(neat) of 1showed a series of strong bands at 3.30, 3.42, 3.60, 6.19,
6.25, 6.65, 6.81, 6.95 7.29, 9.12, 9.50, 11.10, 12.20, and 13.40 m-
The nmr spectrum (CDC13) showed sharp singlets at 52.28 (3 H)
and 3.94 (3 H) and also contained a multiplet centered at 5 7.70
(7 H). The ultraviolet spectrum (pentane) exhibited maxima at
224 (t 36,000), 279 (« 8400), and 337 nm (e 110). The mass spec-
trum showed the molecular ion at m/e 199 and contained major
peaks at m/e 184,169,158,128,127 (base), and 77.

Determination of Photostationary State. Solutions contain-
ing the substrate at a fixed concentration in a chosen solvent
were irradiated through Pyrex culture tubes at 3130 A In these
studies, a 1-cm path of 0.002 M potassium chromate in a 1%
aqueous solution of potassium carbonate was used to isolate the
3130-A region of the medium-pressure (450-W) Hanovia lamp.6b
All samples were degassed using a vacuum line which achieved a
pressure of <5 X 10“4 mm. In every case the photostationary
states were approached from both sides and duplicate samples
were measured to ensure that the actual stationary composition
had been reached.

Quantum Yield Determinations. Solutions were prepared in
various solvents as described in the Results and Discussion, and
3.0 ml of each was placed in separate Pyrex culture tubes (13 x
100 mm). Each sample was degassed three times to 0.005 mm and
sealed in vacuo. Similar results were obtained when samples were
degassed by bubbling argon through the solution for 30 min. In a
given run all tubes were irradiated in parallel for the same length
of time in a “merry-go-round” apparatus which assured that each
sample absorbed the same intensity of light. Benzophenone-benz-
hydrol49 actinometry was used for the quantum yield determina-
tions. Analyses were performed on a Hewlett-Packard Model 5750
gas chromatograph using a 10% FS-1265 Diasaport S column at
215°. The mole ratio:area ratio response of the instrument was
calibrated for the oxime ethers and internal standard, so that
yields of product could be measured accurately. The conversions
in the oxime ether series were run to 5% or less. The mass bal-
ances in these runs were generally better than 98%.

Emission Studies. The emission spectra were made on an Am-
inco-Bowman spectrophotofluorometer equipped with a phospho-
roscope and transmission attachments. The spectrophotofluo-
rometer was equipped with a 1P21 photomultiplier and a high-
pressure xenon lamp, as supplied by the manufacturer'. All fluo-
rescence emission spectra were recorded using pentane or cyclo-
hexane as the solvent. The solvent was checked for emission each
time a spectrum was recorded and no interference due to solvent
was found at any time. Emission intensities were reproducible for
different samples prepared from the same solution.
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Observations on Photochemically and Thermally Induced Rearrangements
and Fragmentations in 2,5-Dihydrothiophene Derivatives
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By means of the addition of thiocarbonyl ylides to dimethyl acetylenedicarboxylate, a series of 2,5-dialkyl-
substituted 2,5-dihydrothiophenes (4) was prepared. These compounds were also oxidized to the respective sul-
foxides (20) and sulfones (19). The compounds 4 undergo ring contraction on irradiation, producing vinyl episul-
fides. These on desulfurization afford dienes. The sulfoxides 20 provide the same dienes on either irradiation or
thermolysis. The only exception is the 2,2,5,5-tetramethyl derivative (20b), which gives a complex mixture of
products on thermolysis. The sulfones 19 also yield dienes on either irradiation or thermolysis. The stereochem-
istry of all these reactions has been determined. In complete accord with earlier work, the sulfone thermolyses
are completely stereospecific and follow expectations from orbital symmetry considerations. All other reactions
studied exhibit lessened stereoselectivity and this is construed as evidence for the intervention of biradical in-
termediates. In the photochemical reactions of 4 both cisoid and transoid forms of the allylic portion of the
biradical formed on cleavage of a carbon-sulfur bond are involved. Related mechanisms are thought to be in-
volved in the photochemical reactions of 19 and 20. Arguments are advanced that the thermolysis of 19 and 20
involve different mechanisms because the reaction coordinate for the latter reaction cannot be symmetrical;

this forces the reaction into a nonconcerted pathway.

Imagine a generalized five-membered heterocycle 1 de-
rivable in principle through a 1,3-dipolar cycloaddition.1

Routes i-iii (eq 1) all have adequate precedent. Nearly
a—b
o\t d
e C

It
p/a \Y, I~a-h

=b
N k

unanimously these reactions involve 1,3-dipole and dipo-
larophile in their ground states. Excited states of 1 could
conceivably fragment through one of these pathways. This
seems not to be common, however.2 Although the detailed
explanations differ widely from compound to compound, a
rationale might be that excited states of 1 must attain a
sterically unfavorable antarafacial-suprafacial geometry
to fulfill orbital symmetry demands for fragmentations
through pathsi-iii.3

The number of examples is limited, but path iv, a vinyl
cyclopropane-like rearrangement,4 and path v appear to
be possible for both ground and excited states. Photo-
chemical examples are restricted chiefly to fragmentations
of 1.57 In these cases orbital symmetry considerations
place less stringent steric requirements on the required
transition states.

More complete descriptions of the extent to which or-
bital symmetry factors control these types of reactions,
especially those involving excited states, should be forth-
coming from stereochemical studies. Such investigations

require in practice systems in which carbon atoms with
their unique stereochemical properties are present at
points at which bonds are made or broken. The common
philosophy is that if a given reaction leads to only one of
several possible geometrical isomers, all of which are ac-
cessible through stereochemically acceptable transition
states, and if the isomer formed is that predicted by orbit-
al symmetry factors, this can be considered ipso facto as
evidence for orbital symmetry control.3 We offer here the
descriptive aspects of the photo- and thermochemistry of
2,5-dihydrothiophenes 4 and their sulfoxide and sulfone
derivatives.8'9 This is a limited study of only one com-
pound type. We hope nevertheless that the results ob-
tained are not only interesting in their own right but lend
also some insight into the broader problems hinted at in
eql

Results

A. Thermochemistry and Photochemistry of 4. The
genesis of compounds 4 lies in the thermally induced ste-

a, R,=R4=i-C(CH33 R, = R3=H
, R, = R2=R3= R4=CH3

, RI=R4=CH3 R2=R3=H

Rj= R3=CH3 R2= R4= H

R1= R4= CH5 R =R3=H

, R=R.=CH§ R, =R,=H

o

-~ ® 2 O
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reospecific addition of thiocarbonyl ylides 3 to dimethyl
acetylenedicarboxylate (eq 2).9

No significant thermochemistry of cycloadducts 4 is ob-
served up to 500° save that 4d and 4f dehydrogenate, af-

fording thiophenes 5a and 5b, respectively.

5a, R=CH3
b, R= CH5

In contrast, these compounds proved to be very photola-
bile. The reaction of 4a serves as an example. On irradia-
tion in degassed solution using a high-pressure mercury
lamp, 4a provided two products in a ratio of about 4:1 as
determined by gas-liquid partition chromatography (glpc)
using copper columns. A small amount of a third com-
pound was also observed. These three products were iso-
lated and were identified as dienes 6 (Z,E, major prod-
uct), 7 (E,E, minor product), and 8 (Z,Z, trace product).

No ambiguity exists in stereochemical assignment of 6
owing to the nonequivalence of the vinyl and tert-butyl
protons in the pmr spectrum (CCU). Assignment of the
various protons can be made with confidence, for carboal-
koxy groups exert a stronger deshielding effect than either
vinyl or alkyl groups on cis-oriented vinylic protons.10
These same shielding arguments allow assignment of E,E
and Z,Z configurations to 7 and 8, respectively.

Monitoring of the reaction of 4a using either pmr spec-
troscopy or glpc on glass columns showed that 6-8 are not
primary photochemical products. Two unstable com-
pounds, 9 and 10, in the same ratio as 6 and 7 were seen
in the glpc traces (a precursor to 8 was never detected,
perhaps because of its low concentration). On glpc with
copper columns, or on standing at room temperature, 6
and 7 were formed. By careful preparative glpc small
samples of 9 and 10 (contaminated with about 20% of 6
and 7, respectively) were isolated. Mass spectrometry
(glpc coupled directly to mass spectrometer) established
that 9 and 10 had the same molecular composition
(C16H2604S) as starting material. Osmometric measure-
ments demonstrated that the compounds were monomer-
ic. The infrared spectra showed carbonyl absorptions at
1720 (sh) and 1739 cm-1 whereas 6 and 7 have a single
carbonyl absorption at 1720 cm-1. On treatment with tri-
phenylphosphine 9 and 10 were converted quantitatively
to 6 and 7, respectively. On the basis of the above coupled
with the pmr absorptions (eq 3) 9 and 10 must be as-
signed vinyl episulfide (thiirane) structures.

In 10 the episulfide linkage is perforce at a potentially E
double bond. In 9, however, the episulfide linkage could
be at either potentially E or Z double bond positions. The
former assignment is made since the vinylic proton is
shifted upfield relative to 10, indicating a change in con-
figuration about the double bond; also, the chemical shifts
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of the methine protons in both 9 and 10 are similar, indi-
cating the same configuration about the episulfide ring. A
vinyl episulfide 11 is thought to be a precursor of trace

4a

+ [HI (3)
9 10
{(C,HI)P |<c«hHP <t s)d
7

product 8, but the amount was too small to allow detec-
tion. Conversions are quantitative providing that the solu-
tions are well degassed; otherwise some oxidation to a
thiophene occurs.

Evidence was also accumulated for the presence of vinyl
episulfide intermediates in the photochemically induced
reactions of 4b-f. This is described in the Experimental
Section. Compound 12a was observed by nmr spectrosco-
py as the product of irradiation of 4b. This was converted
to diene 13. Treatment of 13 with m-chloroperbenzoic
acid (eq 4) led to vinyl epoxide 12b with pmr spectral
characteristics closely resembling those of 12a, which was
too unstable to be isolated.

Test reactions demonstrated that desulfurization of the
intermediate vinyl episulfides with triphenylphosphine
occurred with retention of configuration. The same was
true if the vinyl episulfides were desulfurized by contact
with a metal injector port in the glpc. For stereochemical
investigations one or the other of these techniques was
used and the resulting diene isomers were examined. To
establish stereospecificities the diene ratios were deter-
mined at various levels of conversion and extrapolated
back to zero time. Up to about 20% conversion there was
no significant deviation in the ratios. For cis isomers 4d
and 4f fewer checks were made owing to a shortage of ma-
terial; these isomers could be purified only by tedious pre-
parative glpc. Both compounds contained about 5% thio-
phene arising from frustratingly facile dehydrogenation
during isolation.

The results of the stereochemical investigations are
compiled in Table I. The stereochemistries of the dienes
were assigned on the basis of the shielding arguments de-
veloped previously. Cis,trans pair 4c,d proved most trac-
table to work with and data obtained for these two com-
pounds are most accurate. Trans isomers 4c and 4e under-
went during irradiation isomerization to cis isomers 4d
and 4f, respectively. This is illustrated in eq 5 for 4c. The
amount of trans-cis isomerization was 25-35% that of ring
contraction. Accurate determinations of the exact amount
of isomerization were difficult because of the error in ex-
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Table |
Stereochemistry of Dienes Obtained on
Desulfurization of Primary Photoproducts from
2,5-Dihydrotbiphenes 4

Compd e Diene® (yield, %)-

Z,E E.E z,Z
4a 5 (65) 6 (31) 7 4
Achk 14 (50) 15 (50) 16 (1)
4d 14 (30) 15 (60) 16 (10)
4e6 17 (96) 18 (4) c
af 17 (50) 18 (50) c

» Yields account quantitatively for consumed starting
material. hUndergoes isomerization; see text. c Not detected.

Table 11
Results of Photochemical Experiments* with 19
D' c6
Compd ZE EE z,z Other
19a 5 (72 6 (10) 7 (18)
19b 12 (100)
19¢ 14 (58) 15 (29) 16 (13)
19d 14 (64) 15 (36) 16 (0)

“ Reactions run in CD30D at room temperature with
analysis by nmr; essentially the same product distribution
is obtained using diethyl ether. bAIl consumed material
accounted for as diene.

trapolation back to zero time. This mechanistically signif-
icant process is within experimental error irreversible; no
trace of cis to trans isomerization of the dihydrothio-
phenes was ever observed.

see Table |
for diene ratios

CHAC- +

CO,CH.
HE

H
16 15

Some quenching and sensitization studies were carried
out with 4b. This isomer was most suitable for study be-
cause oxidation to a thiophene derivative is impossible.
This problem complicated investigation of 2,5-dialkyl de-
rivatives. Benzophenone (Et 69.3 kcal/mol) and aceto-
phenone (Et 73.6 kcal/mol) both sensitized ring contrac-
tion; phenanthrene (Et 64 kcal/mol) had no effect. This
brackets the triplet level of 4b between 64 and 68 kcal/
mol, a conclusion that would agree also with a weak,
structureless phosphorescence emission observed from 4b
with a maximum at 540 nm (66 kcal/mol).12 Somewhat
surprisingly, the ring contraction of 4b brought about with
300-nm excitation was only weakly quenched by 1,3-pen-
tadiene. A maximum of 20% retardation was observed
with 25 X 102 M 4b 0.1 M in diene (highest concentra-
tion used).

Kellogg and Prins

Table 111
Results of the Thermolysis of 19a-d

P Diene (yield, % )-------mmmmmmmmmmmmmmmmeen
Compd ZE E.E ZZ, Other
19a 5 (100) 6 (0) 7 ©
19b 12 (100)
19c 14 (100) 15 (0) 16 (0)
19d 14 (0) 15 (0) 6 (100)

B. Photochemistry and Thermochemistry of 2,5-
Dihydrothiophene S-Dioxide Derivatives. The sulfones
19a-d were prepared by oxidation of 4a-d with 2 equiv of

19, R, = Re=f-C(CH33 R, = R, = H

b, R, = R2=R*= Ra= CHs

¢, R =R4a=CH3 R2=R3=H

A Rj=R3=CH3 R,=Ra=H
m-chloroperbenzoic acid. On irradiation they cleanly lost
sulfur dioxide, yielding dienes. No other products were
detectable. The relative thermal instability of the sulfones
made glpc analysis impossible; reactions were monitored
in a quartz nmr tube using a high-pressure mercury lamp
as light source. The results of this investigation are as-
sembled in Table H. About 20% conversions were neces-
sary to obtain nmr spectra that could be integrated well.
The dienes did not isomerize appreciably during the irra-
diation times used. No cis-trans or trans-cis isomerization
was detected with 19c,d.

Attempts to run reactions at lower temperatures in the
hope of trapping ring contraction products failed; in all
solvents used the starting material precipitated at nmr
concentrations. A vinyl sulfone would be expected to be
thermally unstable.13

Loss of sulfur dioxide from 19b was sensitized by both
acetophenone and benzophenone but not by phenan-
threne. At 300 nm loss of sulfur dioxide was somewhat in-
hibited by 1,3-pentadiene. A concentration of 0.1 M
halves the rate of sulfur dioxide loss (25 X 10 2 M in
19b).

As expected, thermolysis of 19a-d also led cleanly to
dienes. In preparative runs yields were >80% and near
quantitative in small-scale experiments. The reactions are
at least 99.9% stereospecific when pyrolyses were carried
out at 250° in a glass-lined injector port of a glpc appara-
tus. The results are assembled in Table HI.

C. Photochemistry and Thermochemistry of 2,5-
Dihydrothiophene S-Oxides. The sulfoxides 20a-d were

20a, R;= R4= i-C(CH33 R, = R, = H
b, R, = R2=R3= R4=CH 3
¢, RI=R4= CH3 R2= R3=H
A R=R3=CH3 R =R4=H

prepared by careful oxidation of 3a d with 1 equiv of m-
chloroperbenzoic acid. The S-0 linkage in 20d (single di-
astereomer) is tentatively placed anti to the methyl
groups on the basis of shielding data (Experimental Sec-
tion).14'15

On irradiation clean conversion to dienes occurred with
no detectable production of side products. Using the same
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Results of Phot%ﬁ%%l%é}sl%periments with

-Diene (yield, %)-

Compd ZE E,E 2,2 Other
20a 5 (57) 6 (25) 7 (18)
20b 12 (100)
20c 14 (79) 15 (21) 16 (0)
20d 14 (52) 15 (37) 16 (11)

Table V

Results of Thermolyses of Sulfoxides 20
----Diene (yield, %)—

Compd ZE E,E z,z

20a 5 (75) 6 (12 7 (13
20c 14 (95) 15 (25) 16 (25)
20d 14 (6) 15 (10) 16 (84)

techniques employed for sulfones 19, the stereospecifici-
ties of these reactions were determined; the results are
compiled in Table IV. Irradiations were carried out in per-
deuteriomethanol. Attempts to identify unstable interme-
diates, i.e., vinyl episulfoxides, were again frustrated as
with sulfones 19 by the insolubility of the compounds in
acceptable solvents at low temperatures. At room temper-
ature no indications of any intermediates were obtained.
No isomerization of starting material was found.

Smooth conversion to dienes also occurred on thermol-
ysis. Pyrolyses were carried out preparatively at 350-400°
in a short pyrolysis tube leading to >80% overall yields of
dienes. Experiments with 20a,C,d) wherein pyrolysis was
carried out in a glass-lined injector port at ca. 250° led
only to dienes and no detectable side products. The stere-
ochemical results are compiled in Table V.

Attempts to trap sulfur monoxide, presumably pro-
duced in thermal reactions, were frustrated by the rela-
tively high temperatures needed for pyrolysis of 20. Some
experiments with 3,4-diphenylbutadiene as trapping agent
were carried out, but any addition product, if formed,
would almost certainly be pyrolyzed again at the tempera-
tures employed.16 Appropriate conditions could not be de-
vised for the trapping of sulfur monoxide that might have
been produced in photochemical reactions.

The pyrolysis of 20b led to a completely different prod-
uct distribution than that observed in any other reactions.
When pyrolyzed under the conditions used for the other
isomers, 20b gave in ca. 70% overall yield the products
shown in eq 6, where the percentages (in parentheses)

refer to isomer ratios. The four products were identified
from analytical and spectroscopic data as described in the
Experimental Section.

~ Discussion
A. General P0|nt3. All the reactions here described, be

they thermally or photochemically induced, lead ulti-
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mately to loss of the sulfur unit with retention of the car-
bon skeleton. The pyrolytic results with 20b provide the
only (partial) exception. Of the possibilities with prece-
dent outlined in eq 1 (and others are conceivable), paths
iv and/or v are followed. No hint was ever obtained of the
operation of paths i-iii to any detectable extent. In the
case of 4, path i would be a reversal of the route employed
for synthesis (eq 2).

Only the thermolyses of the sulfones 19 are distin-
guished by complete stereospecificity. This agrees in all
respects with earlier experiments on closely related sys-
tems.6 We believe that the present results can be divided
into two sharply different categories. The sulfone thermo-
lyses stand apart, representing, as maintained by Lemal6b
and Mock,63 concerted [4S + 29 reactions in which orbital
symmetry considerations dictate a disrotatory motion of
the alkyl groups at the 2,5 positions. Steric effects influ-
ence stereochemistry only in cis isomer 19d by directing
the reactions into the disrotatory mode that rotates the
alkyl groups outward leading to Z,Z diene 16. In our opin-
ion all the other reactions reported here are best inter-
preted as involving initial fragmentation of a carbon-sul-
fur bond leading to biradicals 24 that may either undergo
ring contraction or lose immediately the sulfur segment
(eq 7).17 Only one of several possible conformations of 24 is

indicated. The stereochemistry of the products is deter-
mined by conformational factors in 24. The pictorial rep-
resentation 24 does not communicate differences in inter-
nal energy that likely exist between intermediates formed
from thermal and photochemical pathways; we intend no
more than to represent rupture of a o bond induced by
light or heat. Indeed, we make a sweeping generalization
in lumping photochemical and thermal reactions together;
this ignores myriad details of exactly how the biradicals
24 behave dependent on their mode of generation.

Evidence for biradical intermediates can be found as
discussed in the following sections. Some guesses con-
cerning their geometry can be made.

The stereochemical results could be explained in terms
of pericyclic reactions invoking either combinations of ]02
+ w2] reactions or nonlinear chelotropic eliminations.3'17
We are less convinced by such an approach for reasons that
will become clear in the subsequent discussion. How-
ever, although the point is well-nigh impossible to
prove, orbital symmetry might well play a decisive role,
particularly in the photochemical reactions, by imposing
on fragmentation pathways i-iii (especially i) of eq 1 a
sterically difficulty accessible antarafacial-suprafacial ge-

ometry,in the transitjop state.

"B. Photochemical Reactions. some detaits of the pho-
tochemical reactions of 4, 19, and 20 will now be consid-
ered.

The most complete information comes from the 2,5-
dihydrothiophenes 4. Here intermediates, vinyl episul-
fides, were intercepted. The available data indicate that
some factor or factors control the stereochemistry of the
episulfide linkage fairly rigorously. The alkyl groups and
the carboalkoxy groups are oriented trans, i.e., a poten-
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CHAC. .CO,CH,

CA

CA H
25a (major)

tially E double bond (on desulfurization) is generated.
Stereochemical control is less at the vinylic carbon but
from the trans isomers chiefly Z double bonds are formed.
There is little tendency for either a cis or a trans isomer
toyield aZ,Z diene on desulfurization (Table I).

The strongest evidence in favor of biradical intermedi-
ates is the observed trans to cis isomerization of 4C to
and 49 to 4?) This must involve cleavage and recombina-
tion of a carbon-sulfur bond. This process competes well
with ring contraction. It is reasonable that isomerization
and ring contraction are both manifestations of the behav-
ior of a common precursor.

A rationalization, .of the photochemical results illus-
trated with Zle and 4f is given in eq 8. The most important
aspect of this fairly complicated sche is the postulation
of the cisoid and transoid biradicals,nb%a, and £0d,0. In
the formalism introduced by Zimmermani8_one represen-
tation of an excited triplet state of 4 is 2§ The sulfur
atom is positioned for ~-elimination as a thiyl radical; this
coupled with a_turning of the methylene group produces
cisoid %5& and 2?) . This type of ~-elimination process has
much precedent in radical chemistry193 and also in some
known photochemical reactions.19% However, the excited
triplet states of dialkyl maleates, in common with other
simpler olefins, should ist about the double bond.20
This motion in excited Q\g coupled with breaking of the

carbon-sulfur bond leads to transoid biradicals 26a,b. In-
spection of molecular models leads to the conclusion that
this twisting motion occurs with the least steric interfer-
ence by holding substituents on the carbon atom origjnal-
ly bonded to s Ié r “outside,” leading ultimately to a in
preference to Lé . Ring closure arranging the alkyl and
carbomethoxy groups trans on the episulfide ring produces
the observed major products.21,22

Kellogg and Prins

®)

The most reasonable fate of 25a,b is recoupling to form

; this process seems to form exclusively cis isomer (with

the exception of 2,5-di-iert-butyl-substituted a, which

shows no trace of isomerization). We do not have any rea-
sonable explanation for this selectivity.

It is interesting that the dihydrothiophenes show no de-

tectable tendency to make use of the route of eq 9 The

reactions originate from the triplet state, and reaction
leading to diene and triplet sulfur, a species well charac-
terized in the photolysis of carbonyl sulfide,23 should be
possible through an “allowed” [4S+ 2a] reaction.

The photolyses of sulfones 19 and sulfoxides 20 likely
involve similar mechanisms. Ring-contracted intermedi-
ates analogous to those isolated in the photoreactions of 4
were not identified. Vinyl episulfoxide or episulfone inter-
mediates should be very unstable, however.13 A ring-con-
traction step is not mandatory; loss of the sulfur oxide
from the biradical intermediates in the manner indicated
in eq 7 (only one possible conformer shown) is a reason-

able alternative. .

¢ Thermal Rze&():tlons. The sulfoxide pyrolyses, with
the exception of , afford diene with a fairly high ten-
dency toward disrotatory participation of this component.
However, in no case do the stereospecificities match those
observed with sulfones 19. Lemal and Chaol6ab have
demonstrated both 1,4-addition of sulfur monoxide to
2,4-hexadienes and thermal elimination from the respec-
tive 2,5-dihydrothiophene S-oxides. Reasonable stereospe-
cificity was observed in the addition reaction but relative-
ly little in the elimination reaction. A mechanism involv-
ing biradicals was suggested to account for the experimen-
tal results.

On a energetic basis one might anticipate a changeover
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in mechanism from sulfones 19 to sulfoxides 20. The
dienes formed are identical but there is a drastic differ-
ence in the sulfur oxides being eliminated. Oxidation of
sulfur monoxide to sulfur dioxide by molecular oxygen is
61 kcal/mol exothermic.24 Sulfur monoxide is a ground-
state triplet with a singlet state lying 18 kcal/mol high-
er.5 If spin conservation holds the energetically even less
favorable singlet would have to be formed. Avoidance of
this difficulty by cleavage of the sulfoxide-carbon bond
(bond dissociation energy ca. 50 kcal/mol)26 with subse-
guent fragmentation of the biradical 30 is reasonable (eq
10). The predominance of diene product formed from a

+ SO
(10)

disrotatory motion of the 2,5-carbon atoms in 20 is readily
understandable if rupture of the sulfur-carbon bond is ac-
companied by an outward rotation of the bulky alkyl sub-
stituent, placing it cis to the carboalkoxy group. Thereaf-
ter outward rotation of the sulfur unit in cisoid biradical
30 (a strong driving force for formation of a transoid bira-
dical as in the photochemical experiments is lacking) con-
comitant with its departure would produce the observed
major diene product.

Possible support for initial rupture of a sulfur-carbon
bond in the thermal reactions of 20 is provided by Pear-
son’s27 approach to the analysis of orbital symmetry ef-
fects. For a concerted [4S+ 29 cycloelimination of sulfur
monoxide to occur, a disrotatory motion of the 2,5 substit-
uent is required. This means that a a plane perpendicular
to the five-membered ring is maintained. In the Pearson
analysis a reaction can be concerted and subject to orbital
symmetry requirements only if the total reaction coordi-
nate is symmetrical. In 2,5-dihydrothiophene sulfones this
condition is met in a thermal reaction (eq 11), since in the

/I \Q Ti@) + Wa") a

Tr@) + <r(@") (1)

Cs point group applicable for a disrotatory movement of
the carbon atoms the breaking a bonds have a' and a"
symmetry and the ir orbital has a' symmetry; in buta-
dienes the filled MO’s are a' and a" and the filled lone
pair in sulfur dioxide is a'. The reaction coordinate can be
totally symmetrical. This is, of course, exactly the conclu-
sion reached by Woodward and Hoffmann,3 who describe
this as a linear chelotropic reaction.

This situation changes for the same type of concerted
reaction involving loss of sulfur monoxide; the highest oc-
cupied MO in sulfur monoxide is antibonding and lies in
the length of the molecule.28 It has a" symmetry, forcing
the total reaction coordinate to be not symmetrical; the
reaction would be forbidden. This analysis is exceedingly
simple minded. Detailed examination of the electronic
structure of sulfur monoxide coupled with an analysis of
the reaction along the lines developed by Kearns2 indi-
cates that a concerted path is probably available.30 The
experimental evidence would suggest, however, that the
molecules investigated here choose nevertheless to avoid
concerted decomposition.

One interpretation of the complicated reaction seen

<r@) -
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CHAD /CO0XH3 chdoXs /m cH,
h W _ HXn
A pCH, ,,SH>-ch3
h 3 h
1 ch3 & 1 (12)
0 0
31 32
-1S0] | -1S0]/ 'yicH” 0]
r
13 23 20+ 2

with 20b is that an intermediate biradical 31 partitions it-
self between “normal” reaction leading to 13 and intramo-
lecular hydrogen abstraction producing sulfenic acid 32.
The latter serves as precursor of the “anomalous” prod-
ucts 21-23 (eq 12). Although a cyclic pathway, well known
in simpler sulfoxides,31 provides access to 32, the forma-
tion of 13 through this route is difficult to explain.

Experimental Section

Melting points and boiling points are not corrected. Gas chro-
matography was done on F & M Models 700 and 810 apparatus;
for preparative work an F & M 775 was used. Nmr spectra were
obtained on a Varian A-60 or XL-100 apparatus. Phosphorescence
measurements were made using on Aminco-Bowman spectrofluo-
rimeter. Most of the compounds used in this study have been de-
scribed in ref 9. The properties of the dienes isolated from the
various photochemical and thermal reactions are compiled in
Table VI.

Preparation of trans- and cis-2,5-dimethyl-3,4-dicarbome-
thoxy-2,5-dihydrothiophene (4c and 4d) was carried out by a
modification of the procedure described in ref 9. A mixture of hy-
drogen sulfide (15 g, 0.44 mol) and freshly distilled acetaldehyde
(39 g, 0.89 mol) was vigorously stirred at -90°. To this mixture
was added over 30 min hydrazine hydrate (20 g, 0.40 mol). After 2
hr of stirring a white precipitate had formed. The solution was
warmed to ca 5° 100 ml of water was added, and the reaction
mixture was extracted three times with ether. The ether extracts
were dried at -20° over MgSCU. The ether was removed at -5°.
A crude oil (33 g) remained that was dissolved in petroleum ether
(bp 40-60°) and then immediately cooled to -50°. By this means
there was obtained 5 g (9% vyield) of an unstable white solid that
was chiefly traras-2,5-dimethyl-I,3,4-thiadiazolidine; nmr (CCls) §
147 (d, J = ca. 7 Hz, 6, CHs) and 4.63 (m, 2, methine H) (the
NH resonances were not observed); ir (Nujol) 3250 cm-1.

The above solid (5 g, 42 mmol) and diethyl azodicarboxyiate
(10 g, 57 mmol) were dissolved in 200 ml of ether and stored over-
night at 5°. Working at about 5°, the hydrazo ester was removed
and the ether solution was washed with 100 ml of a cold aqueous
solution of 10 g of sodium metabisulfite. The solution was dried
over MgSC and the ether was thereafter removed to leave 3.05 g
of crude trans- (chief product) and cis-2,5-dimethyl-A3-1,3,4-
thiadiazoline, which was used immediately without characteriza-
tion. The crude mixture was dissolved in 5 ml of ether and di-
methyl acetylenedicarboxylate (15 ml, excess) was added. The
temperature of the solution was gradually raised by distilling off
the ether; vigorous gas evolution occurred. The temperature even-
tually reached 120°. Distillation afforded a mixture of 4c and 4d
(6.5 mmol, 25%), bp 80-110° (1 mm).

The isomers were separated by preparative glpc using an SE-30
stainless steel column. Compound 4c had ir (neat) 1050, 1215,
1375, 1435, 1645, 1720, and 2950 cm” 1; nmr (CC14) $1.43 (broad
d,J = ca. 7 Hz, 6, CH3), 3.75 (s, 6, OCH3), and 4.52 (complex m,
2,2 5-H).

Anal. Calcd for C10Hi404S: C, 52.16; H, 6.13; S, 13.92. Found:
C, 51.80; H, 6.13; S, 13.62.

Owing to a shortage of material no other analyses of any deriv-
atives or of the cis isomer were carried out.

Compound 4d had ir (neat) 1020, 1050, 1090, 1200, 1270, 1370,
1430, 1650, 1720, 2900-3000 cm-1; nmr (CD30OD) 5 1.52 (broad d,
J = ca 7Hz, 6, CH3), 3.78 (s, 6, OCH3), and 4.41 (complex m, 2,
2,5-H).

cis-)2,5-Dimethyl-3,4-dicarbomethoxy-z,5-dihydrothiophene
S-oxide (20d) was prepared by allowing 4d (50 mg, 0.218 mmol)
dissolved in 1 ml of cold distilled methylene chloride to react with
m-chloroperbenzoic acid (43.3 mg, 0.217 mmol) dissolved in 3 ml
of methylene chloride. After stirring overnight the solution was
washed with aqueous Na2S03 solution and thereafter with water.
After drying over MgSCx4 evaporation of the solvent yielded 53 mg



2372 J. Org. Chem., Vol. 39, No. 16, 1974

Kellogg and Prins

Table VI

Diene Ir, cm-1 Pmr, 5 Anal., %
6 2900-3000, 1740, 1455, 1.12 (s, 9, (E)-t-Bu), 1.22 (s, 9, (Z2)-Bu), Caled: C, 68.15; H, 9.29'
1380, 1260, 1220“ 3.64 (s, 6,4,5-OCH3 5.72 (s, 1,3-H), 6.67 Found: C, 67.74; H, 9.07
(s, 1, 6-H)1
7 a 1.09 (s, 18, (jE)-i-Bu), 3.67 (s, 6,3,5-OCH3J, c
£79 ia 9 [
- - c
8 a 1.080(75, 18,(3\QZg/t Bg), 3.75 (s, 6,3,5-OCH3,
13 2900-3000, 1770, 1720, 1.68 (s, 6, {E)-CH,)(2.13 (s, 6, (Z)-CH3, Caled: C, 63.71; H, 8.03
1630, 1430, 1210, 1080 3.58 (s, e*-OCHs)s Found: C, 63.38; H, 8.03
14 2900, 1700, 1620, 1420, 181 (d,J = 7.5 Hz, (£)-CH3, 2.18 (d, Caled: C, 60.59; H, 7.12
1240, 1200, 1010, 750" J = 7.5 Hz, 3 (Z)-CH,), 3.72 (s, 6,3,4- Found: C, 60.53; H, 7.19
OCH;,), 6.12 (q, 3 = 7.5 Hz, 1, (-E)-vinyl
H), 7.04 (q, J 7.5 Hz, 1, (Z)-vinyl H)d
15 2900, 1700, 1620, 1420, 1.69 (d,J = 7.5 Hz, s, (E)-CH3, 3.72 (s, Caled: C, 60.59; H, 7.12
1230, 1030, 760" 6,3,4-OCH3J3, 7.15 (9,3 = 7.5 Hz, vinyl H)“ Found: C, 60.21; H 7.22
I f 2950, 1710, 1630, 1430, 2.04 (d, 3 = 7.0 Hz, s, (JE)-CHa), 3.72 (s, 6, g
1190, 1010d 3,4-OCH3, 6.29 (q,3 = 7.0Hz, 2, vinylH)'
17 1725, 1635, 1220, 1250“ 1.04, 1.07 (overlapping t, 6,3 = 7.0 Hz, Caled: C, 63.69; H, 8.04
1,8-CHj), 2.15 (m/ 2,7-CH,), 2.62 (m/ Found: C, 63.39; H, 8.06
2,2-CH»), 3.66, 3.67 (overlapping s, s,
OCH3J, 528 (t, 1,3 = 7.5 Hz, (E)-U),
6.75 (t, 1, J 7.5 Hz, (E)~U)h
18 g 0.94 (t, J = 7.0 Hz, 6,1,8-CHj), 1.95 g

(m/ 4, 2,7-CHo), 3.60 (s, 6, 4,5-OCH3,

6.80 (t, J =

7.4 Hz, 2,3,6-H)

“Measured neat; 7 and s not determined separately. bIn CClLi. ' Mixture ofs, 7, and 8. dIn CDC13 "In CD3sOD. >Con-

firmed by decoupling experiments. «<Not measured separately.

(0.215 mmol, 99% yield) of 20d as an oil: nmr (CDsOD) b 1.54
(broad d, 3 = 7.5 Hz, 6, CHY), 3.85 (s, 6, OCHSs), and 4.01 (com-
plex m, 2 H, 2,5-H). Only one isomer could be detected; the
somewhat lower shifts of the methyl groups in 20d compared to
20c (below) as well as the selectivity of oxidation leads to the ten-
tative conclusion that the sulfoxide bond is located anti to the
methyl groups.
trans-2,5-Dimethy1-3,4-dicarbomethoxy-2,5-dihydrothio-
pherie S-oxide (20c) was prepared as described for 20d using 4c
(791 mg, 3.44 mmol). There was obtained 710 mg (2.71 mmol,
79% yield) of 20c: nmr (CDC13) s 1.47 (broad d, J = 7.5 Hz, s,
CHs), 3.80 (s, 3, OCHJ), 3.83 (s, 3, OCHs), and 4.14 (complex q,

= ca. 7Hz, 2H, 2,5-H); ir (neat) 1070cm- 1.

cis-2,.5-Dimethy1-3,4-dicarbomethoxy-2,5-di hydrothiophene
Bdioxide (19d) was prepared in the same manner as described
for 20d using 4d (45 mg, 0.195 mmol) and m-chloroperbenzoic
acid (76 mg, 0.390 mmol) in 1 ml of dry, cold methylene chloride.
Work-up gave 43 mg (0.165 mmol, 85% yield) of 19d as a white
solid: nmr (CD3OD) 5 143 (d, 3 = 7.0 Hz, s, CH3), 3.83 (s, s,
OCH3), and 4.14 (q, J = 7.0 Hz, 2, 2,5-H).

irares-2,5-Dimethyl-3,4-dicarbomethoxy-2,5-dihydrothio-
phene S-dioxide (19c) was prepared as described for 20d using 4c
(1.38 g, & mmol) and m-chloroperbenzoic acid (2.39 g, 15 mmol).
There was obtained 1.57 g (¢ mmol, 100% yield) of 19c: nmr
(CDClI3) b 152 (d, J = 7.2 Hz, s, CH3), 3.85 (s, 6, OCH3), and
4.10 (broadq,J = 7.2 Hz, 2, 2,5-H); ir (neat) 1320,1135cm-1.

Anal. Calcd for CioHi40s6S: C, 45.79; H, 5.38; S, 12.23. Found:
C, 45.77; H, 5.35; S, 12.24.

Photochemical Experiments. Most of the photochemical reac-
tions were carried out using a Bayonet R.P.R. 100 photochemical
reactor equipped with 16 2537-, 3000- or 3500-A lamps. The reac-
tion vessels consisted of cylindrical quartz irradiation tubes with
either 0.25 in. i.d. and 2 ml capacity, 2.05 in. i.d. and 0.5 1 ca-
pacity, or 3 mm i.d. and 0.5 ml capacity. The latter tube fit in a
Varian A-60D spectrometer probe and was used for experiments
in which the instability of starting material or products required
immediate nmr analysis. Degassing was accomplished by at least
five freeze-thaw cycles. The irradiated solutions were also moni-
tored by glpc (6 ft x 0.125 in., 10% Carbowax 20M or 10% SE-30
on Chromosorb W AW 80-100 mesh at 200°). Some preparative-
scale reactions were done using a Hanau TQ-81 lamp provided
with Vycor glass filters. Low-temperature reactions were carried
out in the quartz nmr tube mentioned above using an adapted
temperature control unit from an esr apparatus to maintain the
temperature; the light source was a Philips SP-500 superhigh-
pressure lamp. Quantum yields were determined using ferrioxa-
late actinometry.

Remarks on Individual Irradiations. The spectra of the diene
products are described in Table VI. In the case of dihydrothio-

phenes 4 considerable attention was paid to the isolation and
identification of vinyl episulfide intermediates. (In the irradia-
tions of compounds 19 and 20, when followed by pmr, no trace of
an intermediate could be detected. Unfortunately, temperatures
in solution could rarely be brought lower than about —o° be-
cause of the tendency of the compounds to precipitate.) The vinyl
episulfides (spectra given in text) were isolated by carefully con-
centrating a freshly irradiated solution of 4a in ether and inject-
ing the solution on a 4-ft glass Carbowax column held at 200°.
The effluent was fed through a 10:1 stainless steel splitter con-
nected to a heated outlet and a flame detector, respectively. The
material was essentially blown through the column (retention
time about 2 min). In this manner about 70-80% pure samples of
9 and 10 were obtained, the pmr spectra of which were obtained
with aid of a CAT system. In independent experiments 9 and 10
were shown to be the only products detectable from 4a directly
after irradiation (nmr and glpc). On adding triphenylphosphine
at room temperature desulfurization occurred before nmr spectra
could be run; the products, s and 7, were formed in the same
ratio as 9 and 10. To establish that 9 and 10 were monomeric, a
200-mg sample of 4c was irradiated to 23% conversion. Determi-
nation of the molecular weight by osmometry in ethyl acetate
gave a value of 311.1 + 4.0 for four measurements. The molecular
weight of 4a (and 9 and 10) is 314. If 9 and 10 were dimeric the
observed molecular weight would have been 314 + (0.103 x 628)
= 378. Both 9 and 10 exhibited in the mass spectrum parent
peaks at mse 314 with a cracking pattern completely different
from that observed with 4a.

The vinyl episulfides from 4e were isolated in a manner similar
to that described above. A reasonably pure (about 70%) sample of
the precursor to 17 was isolated. Overlap with the absorptions for
17 prevents complete assignment. The following partial nmr spec-
trum was obtained: nmr (CC14) 52.57 (g, J = ca. 7 Hz, 2, allylic
CH2CHz3), 3.57-3.90 (complex m, 1, methine H on episulfide
ring), and 6.42 (t, J = 7.2 Hz, vinyl H). From chemical shift con-
siderations (text) the ethyl group and carboalkoxy group on the
double bond are considered to be cis. Desulfurization with tri-
phenylphosphine produced exclusively 17. Although the precursor
to diene 18 was clearly apparent in glpc traces, isolation in suffi-
cient quantities to allow spectral identification was not possible.
Because of the symmetry of diene 18, there exists no ambiguity in
the structure of its precursors; the carboalkoxy group and the
ethyl group on the three-membered ring must be trans.

A vinyl episulfide (12a) was also detected as an intermediate in
the photochemical reactions of 4b. This succeeded only in CD3OD
and the intermediate seemed to be quite unstable. A sample of 4b
was irradiated to 32% conversion and a single new product was
detected by nmr (94% yield). In CD3OD this product had singlet
absorptions for four different methyl groups at b 1.71, 1.91, 1.99,
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and 2.14. The methoxy peaks could not be located with certainty.
Treatment with triphenylphosphine immediately gave 13. A sam-
ple of 13 (0.5 g, 2.21 mmol) and m-chloroperbenzoic acid (1.0 g, 5
mmol) were dissolved in 90 ml of carbon tetrachloride and held at
80° for 20 hr. Work-up gave 0.69 g of crude material that was rea-
sonably pure vinyl epoxide 12b. Purification by thin layer chro-
matography gave a sample: ir (neat) 2950, 1710, 1620, 1430, 1370,
1280, 1210, 1060, 1000, 790, and 730 cm“ 1; nmr (CC14) 8 1.23 (s, 3,
CHD3), 1.34 (s, 3, CH3), 1.93 (s, 3, CH3J), 2.12 (s, 3, CH3), and 3.72
(s, 6, OCH3). The close resemblance to the spectrum of the vinyl
episulfide 12a is to be noted.

Pyrolysis Reactions. Pyrolyses on a gram scale were carried
out in a quartz apparatus of standard design consisting of a
30-cm long tube filled with glass shards and heated by electric
ovens held at the desired temperature. The tube was connected
on one side to a distillation flask (containing starting material,
heated by an air bath) and on the other side to two cold traps
hooked in series to cool the products. The system was evacu-
ated to0 0.05-0.1 mm pressure.

Pyrolyses on a milligram scale could most easily be carried out
in tubes, heated in an air bath, or by pyrolysis in a glass injection
port of a gas chromatograph.

All diene products were identified by comparison with authen-
tic dienes obtained from photochemical experiments. In the case
of 20b, for which anomalous results were obtained, the pyrolysis
was carried out with 429 mg (1.56 mmol) at 540° (0.1-0.4 Torr).
An oil (322 mg) was collected in the cold trap. This was separated
into 13 (13%), 21 (19%), 22 (6%), and 23 (62%). Compound 13 was
identified by comparison with a known sample (Table VI). Prod-
uct 21 had ir (CC14) 1720, 1650, 1630, 1075 and 1035 cm"1; nmr
(CC14) 5167 (d, J = 7 Hz, 3, CH3), 1.70 (s, 3, CH3I. 2.22 (s, 3,
CHs), 3.70 (s, 3, OCH3), 3.77 (s, 3, OCH3), and 6.86 (g, J = 7 Hz,
1, vinyl H). These nmr data can be reconciled only with 21. The
relatively low field absorption of the vinylic proton indicates it as
being cis to the carbomethoxy group. Compound 21 has mass
spectrum parent m/e 212 (calcd for CnHi604, 212).

Product 22 had ir (CC14) 1710 and 1430 cm"1; nmr (CC14) 5
180 (s, 3, CH3) 2.12 (d, J = 8 Hz, 3, CH3), 2.15 (s, 3, CHJ), 3.16
(s, 3, OCHJ3), 3.66 (s, 3, OCH3), and 5.93 (g, J = 8 Hz, 1, vinyl
H); mass spectrum parent m/e 212 (calcd for Ci1H1604, 212).
This compound is clearly an isomer of 21; the higher shift of the
vinyl proton indicates that it is trans to the carboalkoxy group.

Compound 23 had ir (CC14) 1740, 1720, 1640, 1090, and 1040
cm"1; nmr (CCl14) 8 1.78 (s, 6, CH3), 2.02 (s, 3, CH3), 3.62 (s, 3,
OCH3), 3.65 (s, 3, OCHSs), 4.07 (broad s, 1, CH), 4.78 (broad s, 1,
vinyl H), and 4.88 (broad s, 1, vinyl H); mass spectrum parent
m/e 226 (calcd for Ci2Hi30 4, 226). The fact that two apparently
equivalent methyl groups are present was not readily rational-
ized. However, this was shown to be an accident of chemical shift
by using Eu(thd)3 as shift reagent. The 8 1.78 peak in CC14 in the
presence of 0.3 equiv of Eu(thd)3 separated into separate absorp-
tions at 8 1.99 and 2.05; the methoxy absorptions were at 8 3.92
and 4.00. With 0.7 equiv of Eu(Thd)3 the 8 1.78 peak had sepa-
rated into a doublet at 8 2.45 and 2.55; the methoxy peaks were
at 8 4.44 and 4.85; no other significant changes occurred in the
spectrum. These data are all fully consistent with structure 23.
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Equimolar amounts of mercaptoacetic acid and ethanedithiol undergo acid-catalyzed condensation to pro-
duce a tricyclic ortho ester, |,4-dithiane-2,5-dione bis(ethylene thioketal). Dissolving this substance in concen-
trated sulfuric acid followed by quenching with water results in formation of a highly rearranged tricyclic disul-
fide. By X-ray crystallography the structure of this rearrangement-oxidation product was determined to be 1-
[2-(1,3-dithiolanylidene)]-2,3,6,9-tetrathiaspiro[4.4]Jnonane. Similar condensation and rearrangement reactions
were observed when 1,3-propanedithiol was used instead of ethanedithiol. A reaction mechanism involving acid-
catalyzed dissociation and recombination is formulated to account for these rearrangements.

Orthothio esters of several simple carboxylic acids have
been prepared,1 generally by straightforward methods in-
volving the direct condensation of the acid, an ester, or its
chloride with 3 equiv of the RSH component. The ortho
ester 1 of mercaptoacetic acid was described by Backer
and Wiggerink2 as the product resulting from the conden-
sation of chloroacetyl chloride with ethanedithiol,
Schoberl and Wiehler3 prepared symmetrical ortho esters
of type 3 by treating dithioglycolide (2) with various mer-
captans. Boron trifluoride catalyzed self-condensation of
mercaptoacetic acid produced the orthothio ester 3b.
Schoberl and Wiehler also described an unusual reaction
of their compounds of type 3, namely their nitration in
nitric acid which produced the 1,4-dithiin derivatives 4.

3a, R =phenyl, 4
benzyl
b,R = CH2COOH

The possibility of utilizing compounds of type 4 as pro-
genitors of protected a-mercaptoamino acids evoked our
interest in the orthothio esters of mercaptoacetic acid.
During the course of our work with compounds of this
type, we had occasion to prepare the tricyclic ortho ester
5, which is easily done, albeit in modest yield, by the di-
rect, acid-catalyzed condensation of equimolar quantities
of ethanedithiol and mercaptoacetic acid. The structure of

HSCH2CHXSH TaOH
s .
HSCH,COOH

r-\
S
2HO
this high-melting, poorly soluble, colorless substance is

evident from its nmr and mass spectra. The former con-
sists of two signals, an AB quartet at 3.49 ppm (J = 6 Hz)
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and a singlet at 3.61 ppm in 2:1 ratio- and the latter con-
tains a weak M+ peak at m/e 300 and an intense peak
(100%) at m/e 150.

One of the few liquids in which compound 5 is appre-
ciably soluble is concentrated sulfuric acid. When the re-
sulting yellow solution of 5 is kept overnight at room tem-
perature and then quenched by pouring over crushed ice,
a bright yellow product is obtained in high yield. Fol-
lowing the acquisition of routine spectroscopic and analyt-
ical data, 7 and 8 appeared to be tenable structures for

8

this rearrangement product. The nmr spectrum consists of
a multiplet (>20 lines) and a singlet in a 4:1 ratio in
which the former can easily be construed as two overlap-
ping AA'BB' multiplets. A strong infrared band at 1540
cm-1 and a weak (e 550) uv absorption at 370 ma encour-
aged the contemplation of tetrathioethylene derivatives as
candidate structures,4 as did also the observation that
compound 1 can be rearranged to the tetrathioethylene 9
under similar reaction conditions.

An X-ray crystallographic structure determination was
undertaken to distinguish between structures 7 and 8. In
this way it evolved that neither structure is correct, as the
rearrangement product actually has structure 6.

The genesis of compound 6 posed an intriguing mecha-
nism problem. While several pathways may perhaps be
contrived, we find that shown in Scheme 1, which entails

Scheme |

the symmetrical scission and unsymmetrical recombina-
tion of the starting orthothio ester, to be quite reasonable.
The oxidation of a dimercaptan to a cyclic disulfide by
sulfuric acid is not wholly without precedent,5 although
somewhat surprising in the case of a presumably strained
1,2-dithiolane.6

This rearrangement appeared to be sufficiently novel as
to merit the existence of at least two examples. Accord-
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Table |
Crystal Data for Compound 6

Crystal system Monoclinic Orthorhombic
Space group P2, Fidi
a, A 9.035 (8) 16.197 (8)
b, A 7.981 (6) 37.91 (2)
c, A 8.988 (6) 8.037 (6)
0, deg 107 .93 (4)
z 2 16
Scaled» £ CIU ® 1.607 1.607
a (Mo Ka), cm*1 10.2 10.2
Table 11

‘Distances” and “Angles” Involving the Half-Atoms
of the Two Conformers

Bond Distance, A Bond Angle, deg
C7A-C7B 0.81 S5-C7A-C8B 116
C7A-C8B 1.16 S5-C7B-C8A 111
C7B-C8A 1.53 S6-C8A-C7B 115
C8A-CsB 0.71 S6-C8B-C7A 118
S4A-S4B 2.00

ingly 1,3-propanedithiol and mercaptoacetic acid were
condensed to give the orthothio ester 10. The rearrange-

HSCHZCHCHZH

hschZooh

10 1
ment of this material proceeded more slowly but again
cleanly to provide in good yield the product 11. Structures
10 and 11 were assigned by analogy but nicely corroborat-
ed by their spectroscopic properties as iterated in the Ex-
perimental Section.

Crystallography. Crystals of compound 6 were found to
exist in both monoclinic and orthorhombic forms, but it
was not established that both are obtained in a single
crystal crop. Efforts to solve the structure by both direct
methods and Patterson methods using an orthorhombic
crystal were fruitless. However, a complete crystal struc-
ture analysis of the monoclinic form was successfully car-
ried out using a multiple solution procedure.7

The intensity data were collected on a Hilger-Watts dif-
fractometer using Zr filtered Mo Ka radiation and crys-
tals of approximate size 0.1 X 0.2 X 0.4 mm (monoclinic)
and 0.2 X 0.2 X 0.25 mm (orthorhombic). The crystal
data are presented in Table I.

Early in the refinement of the structure it became ap-
parent that the crystal contained at least two confoTmers.
A disordered model involving two conformers was adopted
in which it was possible to resolve S(4), C(7), and C(8)
each into two half-atoms. All half-atoms were assigned
occupancy factors of 0.5. Toward the conclusion of the re-
finement, hydrogen atoms were introduced at their calcu-
lated positions. Two pairs of protons (H5Aa, H5Ab and
H5Ba, H5Bb) were introduced at C(5) to correspond to
the two different conformations (A and B). The final re-
finement was carried out by full-matrix least squares. An-
isotropic thermal parameters were used for all atoms ex-
cept the hydrogen and the four half-carbons, C7A, C7B,
C8A, and Cs8B, which had isotropic temperature factors.
The hydrogen atom parameters were not refined. The
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Figure 1 Stereodrawings of 6 showing the two most probable conformations.

final discrepancy index is R — 5.2% for 1251 observed
data.s8

The two most probable conformational arrangements
involving the six half-atoms are shown in the stereodraw-
ing in Figure 1. The bond distance and angles are given in
Figure 2 and Table Il. The conformer involving S4B, C7A,
and C8A was ruled out because of the close intramolecular
contact of 2.34 A (H5Bb-H8Ab). Other atoms, particular-
ly S(2), C(2), and C(3), probably occupy slightly different
positions in the two conformers, but these differences were
too small to resolve as separate half-atoms. The standard
deviations of the bond distances and angles are larger
than desired, owing in part to the disorder involving the
different conformers. One of the more reliable distances is
that of the ethylenic C(1)-C(4) bond, which is 1.32 (1) A.

Experimental Section9

l,4-Dithiane-2,5-dione Bis(ethylene Thioketal) (5). A solution
of mercaptoacetic acid (27.6 g, 0.3 mol), ethanedithiol (28.3 g, 0.3
mol), and p-toluenesulfonic acid (1.5 g) in toluene (500 ml) was
heated under reflux for 2.5 days while collecting water in a Dean-
Stark trap. The solution was cooled, diluted with ether (400 ml),
and set aside while the product crystallized. The product was col-
lected and washed with ether to give 9.45 g (21%) of colorless
crystals, mp 268-270°. An analytical sample was prepared by
high-vacuum sublimation. The infrared spectrum (Nujol) shows
no bands above 1500 cm-1. The nmr spectrum (recorded in
DMSO-ds) and mass spectrum are described in the text.

Anal. Calcd for CsHi2S6: C, 31.97; H, 4.02; S, 64.01. Found; C,
31.72; H, 4.08; S, 64.23.

I-[2-(1,3-Dithiolanylidene)]-2,3,6,9-tetrathiaspiro[4.4]nonane
(6). Compound 5 (500 mg) was added gradually to concentrated
sulfuric acid (5 ml) with swirling to give a clear solution. This
was kept overnight and then poured over crushed ice. After the
ice had melted, the product was collected, washed with water,
and air dried to give 500 mg of a yellow solid showing a single,
yellow spot on tic. A recrystallization from benzene gave 410 mg
(82%) of bright yellow crystals, mp 135-137°, in two crops. The
product had an ir (Nujol) band at 1540 cm"1 and uv (CH2CI2)
bands at 232 nyi (t 8090), 298 (7200), and 370 (550). The nmr

Blount, Coffen, and Wong

Figure 2.

spectrum (CDCI3) consisted of a complex multiplet centered at
343 ppm (8 H) and a singlet at 3.71 ppm (2 H), mass spectrum
m/e298 (100%, M+).

Anal. Calcd for CsHioSe". C, 32.18; H, 3.38; S, 64.44. Found; C,
32.14; H, 3.25; S, 64.04.

Rearrangement of Compound 1to Compound 9. A solution of
compound 12 (500 mg) in concentrated sulfuric acid (10 ml) was
kept for 5 min and then quenched by rapid dilution with water.
The resulting mixture was extracted three times with methylene
chloride. The extract was dried, treated with charcoal, and evap-
orated. The residue was vacuum sublimed and the solid subli-
mate was triturated with ether, collected, and washed with ether
to give 180 mg (36%) of compound 9 as a light yellow solid, mp
196-197° (lit.10 mp 202-204°). The compound was identified by
comparison of its ir and nmr spectra and of its tic behavior with
those of an authentic sample.10

l,4-Dithiane-2,5-dione Bis(trimethylene Thioketal) (10). A so-
lution of mercaptoacetic acid <27.6 g, 0.3 mol), 1,3-propanedithiol
(325 g, 0.3 mol), and p-toluenesulfonic acid (1.0 g) in toluene
(500 ml) was heated under reflux for 4 days while collecting water
in a Dean-Stark trap. The resulting orange solution was cooled
and diluted with ether (500 ml). The product was collected,
washed with ether, and air dried to give 32.4 g (66%) of colorless
crystals. A sample for analysis was recrystallized from chloroben-
zene and had mp 253-258°. The ir (Nujol) spectrum shows no
bands above 1500 cm-1. An nmr spectrum was not recorded be-
cause of the poor solubility. The mass spectrum had peaks at m/e
132 (100%), 165,196, and 328 (M+).

Anal. Calcd for C10H16S6: C, 36.55; H, 4.91; S, 58.54. Found; C.
36.70; H, 4.91; S, 58.47.

I-[2-(1,3-Dithianylidene)]-2,3,6,10-tetrathiaspiro[4.5]decane
(11). Compound 10 (8 g) was added gradually to concentrated
sulfuric acid and the resulting solution was stirred for 3 days at
room temperature. The solution was poured over ice and the pre-
cipitate was extracted into methylene chloride. After drying with
sodium sulfate, the solvent was boiled off with gradual addition of
benzene. The product crystallized from the resulting benzene so-
lution to give, in three crops, 6.4 g (80%) of compound 11 as yel-
low crystals: mp 202-205°; ir (Nujol) 1500 cm"1; uv (CH2CI2) 238
mu (c 8100), 300 (7300), and 355 (1300, shoulder); nmr (CDC13)
210 (m, 4 H), 3.00 (m, 8 H), and 4.06 ppm (s, 2 H); mass spec-
trum m/e 156 (100%), 220, and 326 (M +).

Anal. Calcd for CioHi4S6: C, 36.78; H, 4.32; S, 58.91. Found: C,
36.88; H, 4.40; S, 57.97.
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The synthesis of several 3,7-disubstituted bicyclo[3.3.0]octanes has been accomplished by a series of stereo-
specific reactions, starting with the monoethylene ketai of 3,7-bicydo[3.3.0Joctanedione. The configurations at
carbons 3 and 7 were established by the use of pmr spectroscopy.

As part of a project aimed at understanding biochemical
one-carbon transfer, we have been studying several types
of molecules in order to elucidate the stereochemistry and
the nature of catalysis involved in nonenzymic transalk-
ylation reactions.3 Specifically, we are interested in pro-
viding a chemical model for enzyme-catalyzed méthyl-
ations involving S-adenosylmethionine (SAM).4 In a pre-
vious paper5 we noted the stability of 1 under conditions
where one might observe intramolecular transméthyla-
tions (eq 1). Independently, Eschenmoser and his cowork-

1
a,R=CH3X=H2BH=NH2 —*
b, R=CH3X=0,BH=0H
c, R=CN;X=0;BH=0H \

. —» ¢dR=CN;X=0;B=0
d, R=CN;X=0;BH= NH,j

a,R= CH3X = HzB=NH
R=CH,,X=0;B=0

ersé were unable to observe any intramolecular transme-
thylation in the reaction shown in eq 2. In both reactions,

a six-membered cyclic intermediate can conceivably be
formed, but no product resulting from intramolecular nu-

cleophilic attack at the sp3 carbon was obtained. Failure
of these reactions may be ascribed to the inability of the
atoms involved to achieve the required linear geometry in
the transition state. This is in marked contrast to the nu-
merous intramolecular reactions involving six-membered
cyclic intermediates occurring at sp2 carbons.7 We have
continued to examine models8 of compounds in which the
nucleophile, the leaving group, and the electrophilic cen-
ter can be aligned in the collinear array required for a nu-
cleophilic displacement. A molecule which can achieve
such a conformation is the methylsulfonium salt 2 of a 3,7-
disubstituted bicyclo[3.3.0]octane.

Tabushi and his coworkers9 have shown that 3-substi-
tuted bicyclo[3.3.0]octanes prefer a “W” conformation.
Models of 2 indicate that the rigid backbone of this bicy-
clic ring system allows an endo nucleophilic base (BH) at
C-7 and the methyl of an endo sulfonium moiety at C-3 to
come in close proximity to one another. Only a small de-
viation from the fully extended “W” conformation brings
the nucleophilic and electrophilic centers within bond-
making distance for a possible intramolecular transmethy-
lation reaction. The compound in which RS of 2 is homo-
cysteine appears to be a plausible model for enzymic
methylations involving SAM. There are very little data on
the 3,7-disubstituted bicyclooctanes in the literature.108
We have carried out the synthesis of some stereospecifi-
cally substituted bicyclooctane derivatives, 3-6, and the
results of these efforts are the subject of this paper.
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Our initial approach to 3 was to attempt the prepara-
tion of vinyl sulfide 7 from the known bicyclo[3.3.0]oc-
tane-3,7-dione monoethylene ketal (8).10a Sulfide 7 could
then be stereospecifically reduced to the endo ketal sul-

(™ k-N°2

fide 12n. Cyclohexanone was reportedil to condense with
benzenethiol in the presence of p-toluenesulfonic acid to
give phenyl cyclohexenyl sulfide in one step. Similarly, we
were able to convert cyclopentanone to the corresponding
p-nitrophenyl cyclopentenyl sulfide in good yield. How-
ever, the analogous reaction between 8 and benzenethiol
gave a complex mixture with none of the desired product.
We then turned our attention to the reaction sequence
in Scheme I. Tabushi and his coworkers9 reported the re-
duction of bicyclo[3.3.0]octan-3-one to the corresponding
alcohol with a ratio of endo OH:exo OH of 4:1. In our
hands, reduction of 8 by LiAlIH4 gave exclusively the endo
product 9n, which was readily converted to the tosylate
10On. However, when treated with sodium acetate, the tos-
ylate of ercdo-bicyclo[3.3.0]octan-3-0l was known to give
extensive olefin formation.12 Recently, Corey!3 and Wein-
shenkeri4 described the use of tetraalkylammonium for-
mates as mild reagents for effecting displacement reac-
tions with only minor olefin formation. When 10n was
mixed with tetra-rc-butylammonium formate in acetone at
ambient temperature the product consisted of a mixture
of exo formate 11 and an olefinic material in a ratio of co.
5:1 estimated by nmr. This mixture was solvolyzed to the
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Scheme |

9n, R'=0H; R"=H
Ion, R'= OTs;R"= H
IfR=HR"=00=0)H
9x,R'=H;R" = OH
IOx, R' = H; R"= OTs
nR=SR;#=H

exo alcohol 9x, which was then tosylated to give 10x. To
convert the exo tosylate IOx to the endo sulfide 12n we
used the reagent tetra-n-butylammonium p-nitrobenzene-
thiolate. Although a recent paper described Kkinetic stud-
ies of displacement reactions with tetraalkylammonium
thiophenolates,15 we are not aware of the use of these re-
agents for the synthetic preparation of sulfides. Thus, for-
mation of the endo sulfide 12n was effected in good yield
with no presence of isomeric exo sulfide 12x. The ketal
group was removed by acid-catalyzed ketal exchange with
acetone. Reduction of the resulting ketone 13n with
NaBH4 gave the desired endo hydroxy compound 3n to-
gether with a small amount of the exo hydroxy isomer 3x
(endo:exo = 7:1). Treatment of 13n with O-methyl oxime
hydrochloride produced the oxime 14n in good yield. Re-

é bxs
ChzCl

4n

duction of 14n by diborane and derivatization of the re-
sulting amine with carbobenzyloxy chloride (CbzCl) gave
only the endo N-carbobenzyloxyamino sulfide 4n.
Stereochemistry. Reduction of bicyclo[3.3.0]octan-3-
one is known to give the endo alcohol 15n as the major prod-
uct, and results from attack of the carbonyl function from
the least hindered exo side.12 Tabushi and his coworkers9
found that the a protons of the endo alcohol 15n and its
acetate 16n are more shielded than the a protons of the
isomeric exo alcohol 15x and its acetate 16x. For nmr
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Table 1

Compd Hj H7 Compd Hi H7
% n 3.936 } X 4.166

n 4.920b X 5.18*

n 4.14 X 4.37

n 4.83 5.05

n 3.65 X 3.96

n 3.83 X 3.98

n 3.72 X 3.83

n 3.57 4.35 Nn 4.13 4.13

X 3.58 4.47 X 3.73 4.45

“ Chemical shifts in 5units. bData from Tabushi, et al.s

comparison, we prepared the series of exo sulfides 5 and 6,
using analogous reactions as in the endo series (Scheme
I1). The exo sulfide series also provide access to the corre-
sponding methylsulfonium compounds, in which the nu-
cleophile and methyl group are not correctly aligned for
intramolecular methyl transfer. These sulfonium com-
pounds, in contrast to 2, should not undergo facile
transmethylation, and therefore could be used in control
experiments to probe the stereochemical requirements of
the reaction.

Scheme I

5n + 5x

1
6n

The chemical shifts of the a H's in the endo and exo se-
ries along with those obtained by Tabushi are listed in
Table I. We observe a similar upfield shift of the a H's in
the endo sulfides compared to the exo sulfides. The differ-
ence of 0.23 ppm between 15n and 19X is identical with
the difference between IN and 9X. The position of the H7
proton o§ the hydroxy sulfide 3n at 6 4.35 compared to 5
4.47 of 9X_confirms the endo configuration of the hydroxy
mojety of 3n. Similarly, the upfield shift of the H7 proton
of én relative to that of X indicates the endo geometry of
the hydroxy group of 5n. The chemical shift of the a H's
of the sulfides also vary within, each series. In particular, a
difference of 0.4 ppm is observed between the H3 protons
of N and gX. This difference may be an indication of the
influence of the endo hydroxy at C-7 of I on the endo
proton at C-3. Such an influence demonstrates the close
proximity of the two endo groups. This is encouraging in
terms of bringing the nucleophile of 2 in close proximity
to the sulfonium moiety.

Reduction of ketoxime acetates by diborane is known to
occur stereospecifically from the less hindered side.16 In
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support of this mode of attack, we obtained exclusively
the endo alcohol 9n when the ketone 8 was treated with
diborane. However, since it is critical that the nucleophile
at C-7 of 2 be in the endo configuration, we felt it impor-
tant to establish beyond a doubt the geometry of the C-7
substituent. For this reason, we converted the endo hy-
droxy sulfide 3n to the exo IV-carbobenzyloxyamino sulfide
X for direct comparison with its endo isomer 4n.

Mitsunobu and coworkersi7 reported that an optically
active alcohol could be converted to an optically active
amine by treatment with diethyl azodicarboxylate, tri-
phenylphosphine, and phthalimide at room_temperature.
We carried out the analogous reaction with 3n, but recov-
ered only starting material (Scheme 11l). Therefore, we
prepared the tosylate 61t7 and converted it to the exo azido
sulfide 10, Reduction of the azide by diborane followed
by CbzCl treatment gave the exo IV-carbobenzyloxyami-
no sulfide 4X. The isomers 4N and 4X have identical Rt
values on tic and identical elemental composition. Their
ir spectra are identical except in the 1000-1300-cm-1 re-
gion. A broad multiplet at 5 3.3-4.4 is observed in the nmr
spectrum of 4n, this peak is assigned to the protons a to
the sulfide and W-Cbz-amino groups. In the exo isomer
X, the multiplet at S 4.13 is assigned to the proton a to
the jV-carbobenzyloxyamino group and, analogous to other
sulfides, the higher field multiplet at 5 3.43 is attributed
to the proton a to the sulfide moiety. Finally, the two iso-
mers differ in melting point by 25°.

Scheme

NO

Experimental Section8
Cyclopentenyl p-Nitrophenyl Sulfide. A mixture of cyciopen-

tanone (0.84 g, 10 mmol), 1.55 g (10 mmol) of p-nitrobenzenethiol,
co. 0.1 g of p-toleuenesulfonic acid, and 30 ml of toluene was re-
fluxed for 22 hr with continuous water removal. The solution was
then extracted several times with 6 N agueous NaOH and the
combined aqueous solution was backwashed with CHCI3. The or-
ganic phases were combined and dried. The solvents were re-
moved under vacuum and the residue was distilled. A yellow lig-
uid weighing 1.15 g (52%) was obtained: bp 127° (0.07 mm); ir
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1500, 1340 cm-1 (N02); nmr 8 8.05, 7.3 (4 H, two setsof d, J = 9
Hz, ArH), 6.15 (1 H, m, HC=C), 2.25 (6 H, m, ring protons).

Anal. Calcd for ChnHUNOSS: C, 59.69; H, 5.01; N, 6.29. Found:
C, 59.83; H, 4.95; N, 6.42.

Bicyclo[3.3.0]octane-3,7-dione Monoethylene Ketal (8). The
dione19 (17.0 g, 0.123 mol) was heated overnight with ethylene
glycol (7.61 g, 0.123 mol) and a catalytic amount of p-toluenesul-
fonic acid in 200 ml of benzene while the water formed was con-
tinuously removed. The mixture was extracted with aqueous
NaHCO03 solution and dried. Benzene was removed and the resi-
due was passed through a silica gel column with ether as the el-
uent. The first eluate consisted of 6.57 g of the diketal, nmr 3.78
8 H, s, 2 0CH2CH20), 1.35-2.80 (10 H, m, ring protons). The
second eluate was a mixture primarily of the monoketone 8 with a
trace of the diketal (8.67 g). A pure sample of 8 gave the following
data: ir (neat) 1740 cm-1 (C=0); nmr 8 377 (4 H, s
OCH2CH20), 1.3-3.0 (10 H, m, ring protons). The third fraction,
weighing 2.15 g, was the unreacted dione plus a small trace of
monoketone 8. These spectral data are in agreement with those
previously obtained.101

3-endo-Hydroxybicyclo[3.3.0]octan-7-one  Ethylene Ketal
(9n). A. By Reduction with LiAIH4. The monoketone (5.15 @)
prepared as described above was heated at reflux for 1 hr with
I. 07 g of LiAIH4 in 30 ml of ether. Excess LiAlH4 was destroyed
by addition of MeOH and H20. Insoluble solids were removed by
filtration and the aqueous phase was extracted with CHCI3. The
organic phases were combined and concentrated. The residue was
eluted on a silica gel column with ether. The first eluate con-
tained unreacted diketal (0.76 g) and the second eluate was pure
hydroxy ketal 9n (3.07 g, 69%) obtained as a colorless oil: ir 3360
cm-1 (OH); nmr 84.14 (1 H, p, J = 6 Hz, HCO), 3.83 (s, 4 H,
0CH2CH20), 3.0 (L H, s, OH), 2.5-1.2 (m, 10 H, ring protons).

Anal. Calcd for CioH1603: C, 65.22; H, 8.69. Found: C, 64.95;
H, 8.77.

B. By Reduction with BH3. The usual Brown procedure was
employed.20 The crude product from 182 mg of unpurified mono-
ketone 8 weighed 143 mg. Its nmr, tic, and ir indicated only the
presence of the endo hydroxy ketal 9n and a trace of diketal.

3-erado-p-Toluenesulfonatobicyclo[3.3.0]octan-7-one Ethylene
Ketal (IOn). p-Toluenesulfonyl chloride (6.1 g, 0.032 mol) was
added slowly to a solution of 2.94 g (0.016 mol) of 9n in 50 ml of
dry pyridine with stirring and cooling. After stirring for another
hour in the cold, it was left at room temperature overnight. The
mixture was then poured into ice water, and the precipitate was
collected and redissolved in ether. The ether solution was dried
and concentrated, leaving a white solid. This material was recrys-
tallized from ether-petroleum ether mixture, giving two crops of
material (3.07 g, 57%): mp 85-86°; ir 1350, 1170 cm-1 (S02); nmr
87.77, 7.32 (4 H, two sets of d, J = 9 Hz, ArH), 483 (1 H, p,J =
6.5 Hz, CHOTs), 3.84 (4 H, s, OCH2CH20), 2.8-1.4 (13 H, m,
ArCH3 and ring protons).
mAnal. Calcd for C17H2205S: C, 60.34; H, 6.55. Found: C, 60.53;
H, 6.53.

3-exo-Hydroxybicyclo[3.3.0]Joctan-7-one Ethylene Ketal (9x).
Tetra-re-butylammonium formate2! (62.5 mmol) and 4.2 g (12.5
mmol) of the endo tosylate 10n were dissolved in 150 ml of dry
acetone. The mixture was allowed to stand overnight at room
temperature. Acetone was then evaporated and the residue was
extracted several times with ether. The ethereal solution was con-
centrated to a small volume and then passed through a silica gel
column using ether as the eluent. Evaporation of ether from the
eluate gave 2.18 g of a colorless oil: nmr 8 7.96 [s, 0C(=0)H],
558 (m, HC=CH), 535 (p, J = 3 Hz, CHO), 382 (s,
QCH2CH20), 3.0-1.2 (m, ring protons). The peak intensity of the
formyl proton us. the vinylic protons was 7:3, giving a ratio of 5:1
of the formate 11 to the olefinic by-product.

The formate mixture was stirred for 4.5 hr in a solution of 20 g
of anhydrous K2C03 and 250 ml of anhydrous MeOH. The solid
was then filtered, and MeOH was removed from the filtrate. The
residue was partitioned between ether and water, the ether phase
was dried and concentrated, and the oily residue was purified on
a silica gel column with ether as the eluent. The eluate consisted
of two fractions. The first fraction (0.17 g), with nmr 8 5.6 (2 H,
m, HC=CH), 3.83 (4 H, s, 0CH2CH20), 3.4-1.2 (m, 9.2 H, ring
protons), is in accord with the olefin obtained in the previous
step. The second fraction 9x weighed 1.4 g (61% from the tosylate):
ir (neat) 3400 cm-1 (OH); nmr 84.37 (1, H, p, J = 5 Hz, CHO),
383 (4 H, s, 0CH2CH20), 3.17 (1 H, s, OH), 3.0-1.3 (10 H, m,
ring protons).
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Anal. Calcd for CioHi603: C, 65.22; H, 8.69. Found: C, 64.94;
H, 8.88.

3-exo-p-Toluenesulfonatobicyclo[3.3.0]Joctan-7-one  Ethylene
Ketal (I0x). The exo alcohol 9x (1.1 g, 6 mmol) was treated with
p-toluenesulfonyl chloride (3.44 g, 18 mmol) as before except that
the work-up was modified as follows. The reaction mixture was
poured into ice-water. The resulting aqueous solution, in which
no precipitate appeared, was extracted with CHC13 and the dried
CHCI3 extract was concentrated in vacuo. The remaining pyri-
dine was evaporated by a mechanical pump and the final trace
was removed by an aqueous cupric chloride wash. The product
weighed 14 g (69%): mp 55-60° (recrystallized from petroleum
ether); ir 3400 cm-1 (OH); nmr 8 7.77, 7.32 (4 H, two sets of d, J
= 9 Hz, ArH), 505 1 H, p, J = 4 Hz, HCOTs), 381 (4 H, s,
OCH2CH20), 3.0-1.2 (13 H, m, ArCH3 and ring protons).

Anal. Calcd for Ci7H2205S: C, 60.34; H, 6.55. Found: C, 60.23;
H, 6.43.

3-mdo-p-Nitrophenylthiobicyclo[3.3.0Joetan-7-one Ethylene
Ketal (12n). Tetra-n-butylammonium p-nitrobenzenethiolate was
prepared by mixing a solution of 64.87 g (25 mmol) of 10% aque-
ous tetra-n-butylammonium hydroxide in 60 ml of MeOH with a
solution of p- nitrothiophenol (4.267 g, 27.5 mmol) in 60 ml of
MeOH. The mixture was concentrated in vacuo and then lyophi-
lized overnight. The excess thiophenol was removed by washing
the red crystals with ether several times.

To the red solid was added 1.69 (5 mmol) of the exo tosylate
10x followed by 250 ml of freshly distilled CH3CN. The solution
was allowed to stand at room temperature for 48 hr. At this time,
the solvent was removed and the solid was extracted in a Soxhlet
extractor overnight with ether. The ethereal solution was concen-
trated, leaving a yellow solid (0.81 g). Additional product could
be obtained from repeated extractions. A total of three extrac-
tions gave 1.66 g of crude 12n. A small sample was purified by
preparative tic and recrystallized from 95% ethanol: mp 143-145°;
ir 1470, 1320 cm-1 (N02); nmr 8 8.10, 7.34 (4 H, two sets of d, J
= 9 Hz, ArH), 387 (4 H, s, OCH2CH20), 3.65 (1 H, p, J = 6 Hz,
CHSAYr), 3.0-1.3 (10 H, m, ring protons).

Anal. Calcd for CieHi9NO0 4S: C, 59.81; H, 5.95; N, 4.35. Found:
C, 59.55; H, 5.92; N, 4.35.

3-eredo-p-Nitrophenylthiobicyclo[3.3.0]octan-7-one (13n). The
crude ketal sulfide 12n (1.61 g, 5 mmol) was refluxed in dry ace-
tone (200 ml) with 30 mg of p-toluenesulfonic acid for 4 hr. Ace-
tone was evaporated and the residue was extracted between
CHC13 and saturated NaHCO03. The CHC13 phase was dried and
concentrated, leaving a (yellow solid) residue weighing 1.4 g. A
small quantity of pure 13n was obtained by preparative tic: mp
95-96°; ir 1730 cm-1 (C=0); nmr 88.09, 7.33 (4 H, two sets of d,
J = 9 Hz, ArH), 383 (1 H, p, J = 7 Hz, CHSAr), 3.2-1.2 (m, 10
H, ring protons).

Anal. Calcd for Ci4Hi5N0 3S: C, 60.63; H, 5.45; N, 5.05. Found:
C, 60.53; H, 5.39; N, 5.24.

Reduction of 3-endo-p-Nitrophenylthiobicyclo[3.3.0]octan-7-
one (13n). The crude keto sulfide 13n (70 mg, 0.25 mmol) dis-
solved in 3 ml of dry THF was added to a mixture of NaBH4
(37.8 mg, 1 mmol) in 0.2 ml of MeOH in the cold. Stirring was
continued at room temperature for 2 hr. Solvent was then re-
moved, the residue was covered with ether, and excess NaBH4
was destroyed with 1 N aqueous HC1. The ether layer was sepa-
rated, and the aqueous phase was extracted several more times
with ether. The combined ether fractions were dried and concen-
trated. The residue was chromatographed on a preparative tic
plate. The major yellow band followed by a minor yellow band
were extruded and washed with CHC13. Evaporation of the sol-
vent gave 40 mg from the major band and 6 mg from the minor
band. The yield from tosylate I0x to the hydroxy sulfides was
66%. The major product 3n had the following characteristics: mp
115-117°; ir 3200 cm-1 (OH); nmr 8 8.15, 7.36 (4 H, 2 sets of d, J
= 9 Hz, ArH), 435 (1 H, m, HCO), 357 (1 H, m, CHSAr), 2.8-
I. 0(11 H, m, ring protons + OH).

Anal. Calcd for Ci4H47No0 3S: C, 60.19; H, 6.14; N, 5.01. Found:
C, 60.07; H, 6.19; N, 4.75.

The minor product 3x had the following characteristics: mp
132°; ir 3280 cm- 1 (OH); nmr 58.17, 7.36 (4 H, two sets of d, J =
9 Hz, ArH), 447 (1 H, p, J = 5Hz, CHO), 3.58 (1 H, m, HCSA),
3.0-0.8 (11 H, m, ring protons + OH).

Anal. Calcd for C14H17N03S: C, 60.19; H, 6.14; N, 5.01. Found:
C, 60.01; H, 6.19; N, 5.02.

3-endo-p-Nitrophenylthio-7-(0-methyl)oximinobicy-
elo[3.3.0]Joctane (14n). A mixture of 753 mg (2.7 mmol) of crude
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keto sulfide 13n and 226 mg (2.7 mmol) of O-methyl oxime hydro-
chloride in 15 ml of absolute EtOH and 15 ml of dry pyridine was
refluxed overnight. The solvents were evaporated and the residue
was extracted between 1 N aqueous HC1 and ether. The ether
wash was dried and concentrated and a residue weighing 575 mg
was obtained. Part of the product was purified by preparative tic,
and a pure sample had the following characteristics: mp 78°; ir
1640 cm-1,(C=N); nmr 6 8.08, 7.3 (4 H, two sets of d, J = 9 Hz,
ArH), 38 (3 H, s, OCHJ3), 3.72 (1 H, m, CHSAr), 25 (8 H, m,
ting protons), 1.45 (2 H, m, ring protons).

Anal. Calcd for CisH18N203S: C, 58.79; H, 5.92; N, 9.15.
Found: C, 58.92; H, 5.92; N, 9.12.

3-endo-p-Nitrophenylthio-7-endo-iV-carbobenzyloxyaminobi-
cyclo[3.3.0]octane (4n). The crude oximino sulfide 14n (546.3 mg,
1.8 mmol) dissolved in 18 ml of dry THF was treated with 7.2 ml
ofa 1M BHB3 in THF solution (7.2 mmol of BH3) in the cold over
N2. After addition, the solution was refluxed for 2 hr and cooled,
and excess BH3 was destroyed with 2 ml of H20 followed by 5.4
ml of 5% aqueous HC1 solution. The mixture was heated to reflux
for another hour, and the THF was removed by evaporation. The
yellow residue was extracted with 170 ml of water and ether. The
aqueous phase was covered with 130 ml of ether and made basic
with 10.8 ml of 5% aqueous NaOH solution, and carbobenzyloxy
chloride (7.2 mmol, 1.08 ml) was then added slowly to the mix-
ture. Stirring was continued for 3 hr, and the phases were sepa-
rated. The agueous phase was extracted several times with ether,
and the ethereal solutions were combined and washed with 1 N
aqueous HC1 solution. Finally, the ether phase was dried and
concentrated. The residue was purified by trituration with petro-
leum ether, recrystallization from ether-petroleum ether mixture,
and final purification by preparative tic. A total of 398 mg of pure
4n was obtained: mp 91-93°; ir 3400 (NH), 1709 cm*“1 (C=0);
nmr 58.09, 7.31 (4 H, two sets of d, J = 9 Hz, ArH), 7.32 G H, s,
PhH), 51 (2 H, s, CH2Ph), 487 (1 H, d, J = 7 Hz, NH), 4.4-3.3
(2 H, br m, HCN, HCSAr), 2.4 (6 H, m, ring protons), 147 (4 H,
m, ring protons).

Anal. Calcd for C22H24N204S: C, 64.05; H, 5.86; N, 6.79.
Found: C, 64.33; H, 6.00; N, 6.85.

3-exo-p-Nitrophenylthiobicyclo[3.3.0]octan-7-one Ethylene
Ketal U2x). The same procedure foT the preparation of ketal sul-
fide 12n was employed. From 676.4 mg (2 mmol) of the tosylate
10n, 682 mg of crude sulfide 12x was obtained. A small quantity
of 12x purified by preparative tic and then recrystallized from
95% ethanol gave the following characteristics: mp 120-122°; ir
1500, 1335 cm*“1 (N02); nmr 58.10, 7.33 (4 H, two sets of d, J = 9
Hz, ArH) 3.96 (1 H, m, CHSAr), 3.89 (4 H, s, 0CH2CH20), 2.8 (2
H, m, ring protons), 2.3-1.4 (8 H, m, ring protons).

Anal. Calcd for CieH19N04S: C, 59.81; H, 5.95; N, 4.35. Found:
C, 59.81; H, 5.78; N, 4.29.

3-exo-p-Nitrophenylthiobicyclo[3.3.0]octan-7-one (13x). The
same procedure for the preparation of keto sulfide 13n was used.
The crude ketal sulfide 12x from above (682 mg) gave 583 mg of
crude keto sulfide 13x. A sample of 13x was purified by prepara-
tive tic and recrystallization from ethanol and water: mp 98-100°;
ir 1730 cm-1; nmr 58.11, 7.33 (4 H, two sets of d, J = 9 Hz,
ArH), 398 (1 H, p, J = 7 Hz, CHSAr), 3.0-1.6 (10 H, m, ring pro-
tons).

Anal. Calcd for Ci4H15N03S: C, 60.63; H, 5.45; N, 5.05. Found:
C, 60.68; H, 5.42; N, 4.86.

Reduction of Keto Sulfide 13x by NaBH4. The keto sulfide
13x (70 mg, 0.25 mmol) was reduced as described for the reduc-
tion of 13n to give two products which were separated by prepara-
tive tic. The major, fast-running material 5n weighed 57 mg: mp
86- 88°%; ir 3500 cm*1 (OH); nmr 58.12, 7.35 (4 H, two sets of d, J
= 9 Hz, ArH), 413 (2 H, two sets of overlapping p, HCO,
HCSAY), 3.0-1.0 (11 H, m, ring protons + OH).

Anal. Calcd for Ci4aH17N03S: C, 60.19; H, 6.14; N, 5.01. Found:
C, 60.26; H, 5.92; N, 4.75.

The slower moving, minor product 5x weighed 12 mg: mp 83-
85° ir 3200 cm*“1 (OH); nmr 58.1, 7.3 (4 H, two setsof d, J = 9
Hz, ArH), 445 (1 H, m, HCO), 3.73 (1 H, p, J = 7 Hz, CHSAr),
2.9 (2 H, m, ring protons), 2.0-1.0 (9 H, m, ring protons + OH).

Anal. Calcd for Ci4aH17N03S: C, 60.19; H, 6.14; N, 5.01. Found:
C, 60.41; H, 6.37; N, 5.03.

3-exo-p-Nitrophenylthio-7-( 0-methyl)oximinobicy-
clo[3.3.0]octane (14x). The crude keto sulfide 13x (277 mg, 1.0
mmol) was treated with O-methyl oxime hydrochloride (91.9 mg,

1.1 mmol) in 5 ml each of pyridine and absolute ethanol as de-

scribed for the preparation of 14n. The product after work-up
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gave 250 mg of yellow solid. A pure sample was obtained by pre-
parative tic: mp 71-72° ir 1640 cm' 1 (weak C=N); nmr d 8.09,
7.3 (4 H, two sets of d, J = 9 Hz, ArH), 3.83 (1 H, m, HCSAr),
3.8 (3H, s, OCHJ3), 3.0-1.8 (10 H, m, ring protons).

Anai. Calcd for C15Hi8N203S: C, 58.79; H, 592; N, 9.15.
Found: C, 59.09; H, 6.15; N, 8.96.

3-exo-p-Nitrophenylthio-7-eudo-A-carbobenzyloxyaminobi-
cyclo[3.3.0]octane (6n). The reduction of the oximino sulfide 14x
and formation of the carbobenzyloxy derivative of the amino sul-
fide were carried out in a similar fashion as in the preparation of
4n. The crude 14x (190 mg, 0.62 mmol) in 6 ml of THF was re-
duced with 2.48 ml of a 1 M solution of BH3 in THF, while 37.2
pi (2.48 mmol) of CbzCl was used for derivatizing the amine. The
product (147 mg) melted at 67-93°. A sample purified by prepara-
tive tic and recrystallized from a petroleum ether-etheT mix-
ture melted at 92-94°: ir 3380 (NH), 1710 cm“1 (C=0); nmr &
8.06, 7.32 (4 H, two sets of d, J = 9 Hz, ArH), 7.3 (6 H, s, PhH),
5.09 (2 H, s, CH2Ph), 493 (1 H, d, J = 6 Hz, NH), 3.8 2 H, m,
HCN, HCSAr), 3.0-0.8 (10 H, m, ring protons).

Anal. Calcd for C22H24N204S: C, 64.05; H, 5.86; N, 6.79.
Found: C, 64.09; H, 6.08; N, 6.78.

3-endo-p-Nitrophenylthio-7-endo-p-toluenesulfonatobicy-
clo[3.3.0]Joctane (17). The hydroxy sulfide 3n (150 mg, 0.536
mmol) was tosylated in the usual manner with 286 mg (1.5 mmol)
of tosyl chloride in pyridine. The product consisted of 24 mg of
unreacted hydroxy sulfide and 117 mg (60%) of tosylate 17 which
was purified by preparative tic: mp 98-100°; ir 1340, 1175 cm-1
(S02); nmr 6807 2 H,d, J = 9Hz, ArH), 777 2 H, d, J = 9
Hz, Ar'H), 7.3 4 H, d,J = 9 Hz, ArH, Ar'H), 497 (1 H,p,J =5
Hz, CHOTs), 35 (1 H, m, CHSAr), 2.9-1.1 (13 H, m, ring pro-
tons, plus s, ArCH3).

Anal. Calcd for C2iH23N05S2 C, 58.19; H, 5.34; N, 3.23.
Found: C, 57.99; H, 5.29; N, 3.29.

3-endo-p-Nitrophenylthio-7-exo-azidobicyclo[3.3.0]octane
(18). The tosylate 17 (86.6 mg, 0.2 mmol) in 1 ml of dry HMPT
was added to 65 mg (1 mmol) of NaN3. The solution was stirred
at ambient temperature for 2 hr. The entire mixture was chroma-
tographed on a preparative plate, and the major yellow band ex-
truded. The yellow material thus isolated weighed 52 mg (85.5%);
mp 51-52°; ir 2100 cm*1 CN3); nmr 58.05, 7.28 (4 H, two sets of d,
J = 9 Hz, ArH), 401 (1 H, p,J = 6 Hz, HCNJ), 3.57 (1 H, septet,
J = 5Hz, HCSAr), 3.0-0.8 (10 H, m, ring protons).

Anal. Calcd for Ci4H16N402S: C, 55.24; H, 5.30; N, 1841
Found: C, 55.37; H, 5.50; N, 18.15.

3-endo-p-Nitrophenylthio-7-exo-1V-carbobenzyloxyaminobi-
cyclo[3.3.0]octane (4x). The azido sulfide 18 (30.4 mg, 0.1 mmol)
in 1 ml of THF was mixed with 0.4 ml of a 1M solution of BH3 in
THF (0.4 mmol) in the cold over N2. The solution was refluxed
for 2.5 hr and cooled, and excess BH3 was destroyed with 1 ml of
H20 followed by 0.4 ml of a 1 hi aqueous HCL1 solution. THF was
removed in vacuo, and the residue was dissolved in ca. 20 ml of
H20, extracted with ether, and filtered. The filtrate was covered
with 20 ml of ether and made basic with 0.8 ml of 1 TV aqueous
NaOH solution, and 60 /d (0.4 mmol) of CbzCl was then added.
The biphasic mixture was stirred for another 2 hr and the phases
were separated. The aqueous phase was extracted several times
with ether, and the ethereal solutions were combined, dried, and
concentrated. The residue was purified by preparative tic. The
product (25 mg, 61%) had the following properties: mp 116-118°;
ir 3400 (NH), 1710 cm*1 (C=0); nmr &8.10 (2 H, d, J = 9 Hz,
ArH), 7.33 (7 H, s overlapping with d, PhH and ArH), 51 (2 H, s,
PhCH2), 4.8 (d, J = 8 Hz, NH), 413 (1 H, m, CHN), 3.43 (1 H,
m, CHSAr), 3.0-1.0 (10 H, m, ring protons).

Anal. Calcd for C22H24N204S: C, 64.05; H, 5.86; N, 6.79.
Found: C, 64.05; H, 6.06; N, 6.95.
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The stereoselective addition of a variety of nucleophiles (ROH, RSH) to several 2-acylnorbornadienes pro-
vides an efficient synthesis of the title compounds. The allyl ethers derived from the addition of allyl alcohol
are stable to many synthetic transformations and readily liberate the 3-exo alcohol on reductive cleavage.

During the course of model studies for the synthesis of
several tetracyclic sesquiterpenes,2 we required an effi-
cient preparation of various 3-exo-substituted 2-e/ido-acyl-
norbornenes (e.g., 2). In particular we had need of a sub-
stituent at C-3 which could be readily converted to an hy-
droxyl group but which would also survive further intend-
ed synthetic transformations. To this end we have investi-
gated the reaction of cyclopentadiene with trans-/3-substi-
tuted a,,8-unsaturated carbonyl compounds and the addi-
tion of nucleophiles to 2-acylnorbornadienes. We have also
determined that allyl ethers are effective as masked alco-
hols, thus satisfying our final criterion.

The results of the Diels-Alder reaction between trans-
8-substituted a,d-unsaturated carbonyl compounds (1)
and cyclopentadiene are summarized in Table I. As ex-

- X 0,
H) COR
\
ROC H COR
1
a,
b,
C
d
e R=OH X=d
f,

pected for an uncatalyzed reaction, the product with an
endo acyl group was always predominant, the isomer ra-
tios ranging from 2.6:1 to 5.6:1.3 6 Predictably the addi-

Reaction of Cycl%ﬂ%%ggp |J?epe|% v&th Several Acrylic

Dienophile Catalyst Yield, % a [2]: [3]1&

gp 75 2.6:1
50 3:1

c,d 58 2.6:1

g 67 3.5:1
SnCh' 47 >15:1

lef 87 5.6:1

0

t Cu(BF43 11 >15:1
SnCh 51 15:1

“ Isolated yields, not optimized. bReference 5. cReference
20. dReference 21. 6Reference 9. 1Reference 22. » Refer-
ence 8.

tion of catalytic amounts of cupric7 and stannic8 salts led
to significant increases in both the rate and stereoselectiv-
ity of the Diels-Alder reaction.9 The rather low yields (not
optimized) are apparently due to extensive polymerization
of the diene and resultant difficulties in the isolation pro-
cedure. However, the high specificity of the reaction
makes the catalyzed procedure preferable when isomeri-
cally pure adducts are desired.

Although the acyl esters 2a-d were thus available in
guantity, they did not prove to be synthetically useful,
since treatment with most basic reagents led to significant
decomposition of starting material.10 A more generally
useful procedure was found to be the conjugate addition of
nucleophiles to 2-acylnorbornadienes (5). For instance,
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Reaction of Several 2-Acy|n0Tr%%|Fn|a{dienes (5 with Nucleophiles

Electrophile

d
d

Source0 Nucleophile

CH30Hd
CeHsSIR
CH2=CHCHXIB
CH30H

CHsOH
CH2=CHCH20H

>WO>wW>>

Isomerc

Catalyst Product Yield,6 % ratio
k2co3 35 8:1
k2co3 75 9:1
k 2co3 82 6:1
k2co3 P 77 10:
P-TsOH 65 11:1
k2co3 68 15:1

“ Method A, treatment of a solution of 2 and 3 with K2C03 method B, reaction of cyclopentadiene with alkynone 4.
blsolated yields, not optimized. c The ratio of the major isomer to the sum of the minor isomers, determined by nmr spec-
troscopy as described in the text and ref 5. dRegistry no., 67-56-1. ' Registry no., 108-98-5. 1 Registry no., 107-18-6.

exposure of a mixture of acetates 2c and 3c to methanolic
potassium carbonate afforded methyl ether 2f, contami-
nated with only trace amounts of other isomers. That un-

4,53, R=H
b, R= CH3

saturated ketone 5b was intervening in an elimination-
addition process was easily demonstrated by observing its
build-up from the acetate mixture in a nonnucleophilic
solvent (acetone) and then noting its behavior on treat-
ment with methanol and a trace of potassium carbonate.
In fact a variety of related dienones 5 could be either gen-
erated in situ by elimination of acetic acid from a mixture
of the Diels-Alder adducts 2-3 (method A) or by cycload-
dition of the appropriate alkynone with cyclopentadiene
(method B).11 In each case the product smoothly added a
variety of nucleophiles as summarized in Table IlI. It is
noteworthy that in the reported examples the isomer ratio
was generally significantly greater than 6:1 in a process
which resulted in the simultaneous generation of two
asymmetric centers.12 Although the synthetic logic of
such an addition process to generate contiguous asymme-
try has been previously demonstrated,13 the consequences
are of sufficient utility to be of interest. It is also worth
noting that the related conjugate addition of diethyl mal-
onate to 2-carbomethoxynorbomadiene has been reported
to give analogous resultsl4 and that similar chemistry is
observed in the bicyclo[2.2.2]octene series.15 In each case
the observed stereochemistry is presumably the conse-
guence of initial attack of the nucleophile at the fi carbon
from the more accessible exo side of the norbomene ring
followed by thermodynamic protonation of the resulting
enolate.18

It was possible to apply this reaction to an efficient syn-
thesis of the needed norbomene derivatives. Thus allyl al-
cohol added smoothly and stereoselectively to unsaturated
aldehyde 5a. Unlike the corresponding acetate (2a), the
resulting allyl ether group of 8 was stable to basic reaction
conditions typified by Wolff-Kishner reduction, Grignard
addition, and Wittig reaction (8 —* 10). Furthermore the
free alcohol was readily liberated by the action of sodium
in liqguid ammonia,17 effectively satisfying the remaining
criterion established at the outset of the study. Allyl
ethers have been used only sparingly as masked alcohols,
although the analogy with the chemically similar benzyl
group is clear.18 The above reduction procedure for the
removal of the allyl ether moiety is complementary to the
recently reported hydrolytic cleavage of the same group
employing rhodium(l)-catalyzed isomerization of the dou-

ble bond and subsequent hydrolysis of the enol ether.19
Taken together allyl ethers became both an effective hy-
droxyl masking group as well as a convenient means for
effecting the addition of “protected” water to suitably ac-
tivated olefins.

In conclusion we have determined that 3-exo-substitut-
ed 2-endo-acyl-5-norborenes can be conveniently and ster-
eoselectively prepared by the addition of a variety of nu-
cleophiles to 2-acylnorbornadienes and further that the
allyl ether moiety is a versatile hydroxyl masking group.

Experimental Section

Ir spectra were recorded on Perkin-Elmer 137 and 237 spectro-
photometers; nmr spectra were determined on either a Varian
A-60 spectrometer or a Jeol MH-100 spectrometer with TMS as
an internal standard, and are recorded in Table IN. Microanalys-
es were performed by Atlantic Microlab, Inc., Atlanta, Ga., or
M-H-W Laboratories, Garden City, Mich. Yields have not been
optimized. The procedures detailed below are representative of
the reaction in general and are not repeated for additional exam-
ples of a particular reaction type.28

DienophiVes 1 and 4. trans-3-Acetoxypropenal (la),20 trans-3-
benzooxypropenal (Ib),20 and trans-4-acetoxy-3-buten-2-one
(Ic)21 were prepared as described in the literature. frans-3-Chlo-
roacrylic acid (le) and trarcs-4-methoxy-3-buten-2-one (If) were
purchased from Aldrich Chemical Co. and used without further
purification. The preparation of propynal23 (4a) is described in
the literature, while I-butyn-3-one (4b) was purchased from Al-
drich Chemical Co. and used as received.

irans-5-Acetoxy-2-methyl-4-penten-3-one (Id). In a 2-1 flask
equipped with an overhead stirrer and an N2 inlet were placed
20.6 g (0.24 mol) of 3-methylbutanone, 5.7 g (0.25 mol) of sodium
metal, 21.6 g (0.25 mol) of freshly distilled ethyl formate, 550 ml
of dry ether, and 1.5 ml of ethyl alcohol and the resulting mixture
was stirred at 0° under N2 for 20 hr. The precipitated salt was
collected by filtration, washed with 100 ml of dry ether, and dried
in uacuo to afford 26 g (77%) of light yellow solid. After suspen-
sion of the above salt (26 g, 0.19 mol) in ether at 0°, 13.3 g (0.17
mol) of acetyl chloride was added dropwise and the reaction mix-
ture was stirred at 0° under N2 for 2 hr. Filtration and concentra-
tion of the filtrate afforded 25 g of mobile liquid which was dis-
tilled to afford 17.5 g (45% from ketone) of clear, colorless liquid,
bp 53-55° (0.25 mm), that solidified on standing at -10°, ir
(CCU) 1774 (acetate C=0), 1675cm' 1 (acetyl 0=0).

In some preparations, when the crude product was a mixture of
cis and trans isomer by nmr analysis, it was necessary to stir a
benzene solution of the crude material with a trace of p-toluene-
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Nmr,6s

1.08 [d,J = 7Hz, 6 H,-HC(CH32], 2.18 (s, 3 H, -COCH3, 2.72 [septetJ = 7 Hz,
1H -CH(CH32],6.02 (d,J = 13Hz 1H,-COCH=CH-), 816 (d, J = 13 Hz,

1.48 and 1.74 (broad, 2 H, C-7 H), 2.02 (s, 3H, -COCH3J3, 2.70 (broad, 1 H, C-2 H),
2.98 and 3.13 (broad, 2 H, C-1 H and C-4 H), 4.73 (broad, 1 H, C-3 H), 6.19 (m,

1.70 (m, 2H, C-7 H), 1.99 (s, 3H,-COCH3, 2.08 (s, 3H,-COCH3, 281 (t,J = 3
Hz, 1 H, C-2 H), 2.88 and 3.11 (broad, 2 H, C-1 H and C-4 H), 4.74 (broad, 1 H,

1.05 [d,J = 7Hz, 6 H, -CH(CH32], 1.71 (Wy. = 7 Hz, 2 H, C-7 H), 1.99 (s, 3 H,
-COCH3, 2.66 [septet, J = 7 Hz, 1 H, -CH(CH32], 2.90 (m, 2 H, C-I and C-4
H), 2.96 (t, J = 3 Hz, 1H, C-2 H), 470 (Wy. = 5Hz, 1H, C-3 H), 6.06 (Fy, =

1.57 (m, 1 H, syn C-7 H), 1.76 (m, 1 H, anti C-7 H), 2.04 (s, 3H, -COCH 3, 2.59 (t,
J = 3Hz, 1H, C-2 H), 2.86 and 3.02 (Wy. = 8 Hz, 2 H, C-l and C-4 H), 3.51
(Wy. = 6 Hz, 1 H, C-3 H), 3.26 (5, 3 H, -OCH3, 5.99 (Wy. = 19 Hz, 2 H, vinyl

1.73 (Wy, = 10 Hz, 2 H, C-7 H), 258 (Wy, = 5Hz, 1 H, C-2 H), 3.05 (Wy. = 18
Hz, 2 H, C-1 and C-4 H), 3.30 (s, 3H,-OCH3, 3.50 (Wy. = 5,5 Hz, 1H, C-3 H),
6.15 (m, Wy. = 13 Hz, 2 H, vinyl H), 953 (d,J = 1.5Hz, 1H,-CHO)'

152 (m, 1H, C-7 syn H), 1.86 (m, 1 H, C-7 anti H), 2.80 (Wy, = 12 Hz, 1 H, C-2
H), 3.12 (Wy, = 10 Hz, 2 H, C-l and C-4 H), 3.38 (m, 1 H, C-3 H), 6.18 (Wy, =
20 Hz, 2 H, vinyl H), 7.25 (m, 5 H, aromatic H), 9.42 (d,J = 15Hz, 1H,-CHO)c

1.65 (m, 1H, C-7syn H), 1.90 (, 1H, C-7 anti H), 2.65 (m, Wy, = 55 Hz, 1 H, C-2
H), 2.95 and 3.05 (broad, 2 H, C-l and C-4 H), 3.65 (Wy. = 5 Hz, 1 H, C-3 H),
400 (m 2H,-OCHCH=CH2,521 (m,2H,-CH=CH2,593 (m, 1H,-CH =
CH2, 6.14 (m, C-5 and C-6 H), 9.25 (d,J = 15 Hz, -CHO)"

1.70 (m, 2 H, C-7 H), 2.07 (s, 3 H, -COCH3, 264 (t, 1 H, C-2 H), 2.88 and 3.05
(broad, 2 H, C-1 and C-4 H), 3.70 (Wy, = 5Hz, 1H, C-3 H), 3.99 (d,J = 5 Hz,
2 H,-OCH2CH=CH2, 517 (m, 2 H, -CH=CH2, 571 (m, 1 H, -CH=CH 2,

1.59 (m, 1H, syn C-7 H), 1.84 (m, 1 H, anti C-7 H), 2.44 (m, 1 H, C-2 H), 2.85 (Wy.

= 8 Hz, 2 H, C-1 and C-4 H), 3.18 (Wy. = 6 Hz, 1 H, C-3 H), 3.97 (m, 2 H,
-OCH2CH=CH2, 5.00 (m, 4H, -CH=CH 2, 545 (m, 1H, -CHCH=CH 2, 5.71
(m, 1H, -OCH2CH=CH2, 6.09 (Wy. = 18 Hz, 2 H, C-5 and C-6 H)«

Table 111
Analytical Data for Selected New Compounds*
Compd Bp, °c (mm)

Id 53,5 (0.25)

1H, -COCH=CH-~)'
2a 64.5-65 (0.05)

2 H, vinyl H) 9.60 (d, J = 1.5 Hz, 1H, -CHO)'
2c 89-91.5 (0.13)

C-3 H), 6.07 (Wy. = 45 Hz, 2 H, vinyl H)'
2d 95 (0.08)“

5 Hz, 2 H, C-5 and C-6 H)c
2f 70 (4)“

H)«
6 90 (22)“
7 125-126.5 (0.06)
8 77-80 (0.05)
9 90 (0.02)

6.04 (Wy. = 7 Hz, 2 H, C-5 and C-6 H)«
10 33 (0.06)
11 55 (0.03)

158 (m, 1 H, syn C-7 H), 1.75 (m, 1 H, anti C-7 H), 2.31 (Wy. = 7THz,l H, C-2 H),

2.70 (Wy. = 7 Hz, 2 H, C-l and C-4 H), 3.46 (Wy. = 5 Hz, 1 H, C-3 H), 4.11
(L H, -OH), 5.02 (m, 2H, -CH=CH2, 554 (m, 1 H, -CH=CH 2, 6.11 (Wy. =
10 Hz, 2 H, C-5 and C-6 H)«

“ Reference 26. 6Reference 25. ¢60 MHz. “ Kugelrohr. 6 100 MHz.

sulfonic acid for several hours prior to distillation to obtain the
pure trans isomer.

Cycloadditions of Acrylic Dienophiles (1) with Cyclopenta-
diene. Uncatalyzed. The uncatalyzed reactions between cyclo-
pentadiene and dienophiles 1 were performed using the diene as
solvent at 35° for 10-50 hr. The disappearance of 1 could be con-
veniently monitored by glc, except for acid le. When the reaction
was judged to be complete, the volatile material was removed in
vacuo and the ratio of products was determined by analysis of the
nmr spectrum of the crude material (Table 1). The product (2
and 3) was then separated from polymeric material by distilla-
tion. Isomer 2 could be separated from 3 by a combination of
chromatographic techniques, although usually mixtures were em-
ployed in succeeding reactions. In general it was not possible to
isolate the minor adduct (3) in a pure state.

2-ercdo-Acetyl-3-exo-aeetoxybicyclo[2.2.1]hcpt-5-ene (2¢). To
a 500-ml round-bottom flask containing 113 g (0.89 mol) of dieno-
phile Ic was added 168 g (210 ml, 2.54 mol) of freshly cracked cy-
clopentadiene and the resulting solution was allowed to stir at
room temperature under an N2 atmosphere for 43 hr, at which
time the reaction was shown to be nearly complete by gas chro-
matography. Removal of the volatile material (0.1 mm, bath 60°)
resulted in 99.1 g of oily residue which was shown to be a mixture
of the two trans cycloadducts 2¢ and 3c (ratio 2.6:1) and a small
amount of unreacted dienophile by nmr.5 Pure 2¢ (27.3 g,
15.8%) was precipitated from a cold ether-petroleum ether solu-
tion of the residue, and then distilled to afford a colorless oil, bp
89-91.5° (0.13 mm). In general it was not feasible to separate
large amounts of 2 and 3 by the usual techniques. Rather the dis-
tilled mixture of isomers was carried on through succeeding steps.

Catalyzed.  2-erado-Acetyl-3-exo-methoxybicyclo[2.2.1]hept-
5-ene (2f). To a stirred solution of 0.71 g (0.003 mol) of cupric
tetrafluoroborates in 30 ml of acetonitrile in a 50-ml flask, cooled
to 0° and under N2 atmosphere, was added 1.00 g (0.01 mol) of
dienophile If in 10 ml of acetonitrile. After several minutes 6.61

g (0.10 mol, 8 ml) of cyclopentadiene was added and the gradual
deposit of insoluble material was observed. Within 15 min the
contents of the flask could no longer be stirred, and the flask was
allowed to warm to room temperature, where it remained for 15
hr. The reaction mixture was then poured into a separatory fun-
nel containing a solution of 0.03 mol of sodium tartrate and brine.
Extraction of the aqueous layer with ether (3 x 50 ml) followed
by drying of the combined organics (MgS04) and concentration
afforded a brown oil which by nmr5 contained the single isomer 2f
and some polymeric impurities. Distillation in the Kugelrohr
fashion (70°, 4 mm) yielded 0.18 g (11% yield) of pure 2f. The
yields of other adducts by this procedure usually were higher
(40%) but did not equal those of the uncatalyzed reactions. Other
solvents tried included acetone and methanol, but in these sol-
vents there was no apparent catalysis.

Cycloaddition of Alkynones (4) with Cyclopentadiene. 2-
Formylbicyclo[2.2.1]Thepta-2,5-diene (5a). In a 300-ml round-
bottom flask was placed 433 g (54 ml, 0.66 mol) of freshly
cracked cyclopentadiene and 150 ml of petroleum ether (bp 30-
60°) and the resulting solution was cooled to 0° with stirring
under an N2 atmosphere. To the above was added over 30 min
321 g (0.60 mol) of propynal and the resulting solution was
stirred at 0° for 3 hr and an additional 16 hr at room tempera-
ture. Removal of volatile material on a rotary evaporator and dis-
tillation of the residue (6-in. Vigreux column) afforded 39.5 g
(55%) of pure adduct, bp 86-87.5° (27 mm) [lit.lla bp 80° (20
mm)]. Inother runs the yields ranged from 40 to 67%.

Addition of Nucleophiles to 5. A. 2-endo-Acetyl-3-exo-
methoxybicyclo[2.2.1]hept-5-ene (2f). A solution of 0.84 g (0.043
mol) of a mixture of acetates 2c¢ and 3c (1.8:1), 1.38 g (10 mmol)
of anhydrous K2Co03, and 20 ml of reagent grade methanol was
stirred at room temperature under a nitrogen atmosphere for 30
min. The mixture was filtered and concentrated at reduced pres-
sure, diluted with ether and filtered, and finally concentrated to
give 0.58 g of crude product composed of essentially the single iso-
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mer 2f by nmr.5 Distillation in the Kugelrohr fashion (70°, 4 mm)
afforded 0.55 g (77%) of a clear, mobile liquid identical spectros-
copically with that prepared by the cycloaddition.

B. 2-ercdo-Formyl-3-exo-allyloxybicyclo[2.2.1 Jhept-5-ene (8).
In a flask containing 56.9 g (0.47 mol) of diene 5a and cooled in
an ice bath was added 200 ml of allyl alcohol and 2.3 g (0.017
mol) of anhydrous K2CO3. After stirring for 30 min under an N2
atmosphere, the mixture was filtered, concentrated at reduced
pressure, diluted with ether, refiltered, and concentrated to give
crude allyl ether 8. Analysis by nmr5 indicated the presence of
three isomers (one major). Distillation of the crude product (6-in.
Vigreux column) afforded 69.3 g (82%) of colorless product, bp
80-85° (0.05 mm).

2-endo-Vinyl-3-e,xo0-allyloxybicyclo[2.2.1 Jhept-5-ene (10). Ac-
cording to the procedure of Hauser,24 16.35 g (0.05 mol) of
methyltriphenylphosphonium bromide was placed in a 250-ml,
three-neck flask equipped with a nitrogen inlet, addition funnel,
and magnetic stirrer. The flask was alternately evacuated and
filled with nitrogen (three times) and then 120 ml of dry THF was
added and the resulting solution was stirred while 20.4 ml (0.045
mol) of 2.2 M butyllithium was added over 20 min. After the
bright yellow slurry was stirred at room temperature for 20 min
followed by cooling to —20°, 4.45 g (0.025 mol) of aldehyde 8 in 20
ml of dry THF was added over 10 min. The temperature was
maintained at —20° for another 20 min and then allowed to warm
to 5°, at which point 50 ml of water was added. The aqueous layer
was extracted with hexane (2 x 100 ml) and the combined organ-
ic layers were dried (MgSO.») and concentrated to give an orange
oil which was distilled (short path) to afford 2.0 g (45.5%, not op-
timized) of clear oil, bp 33-34.5° (0.06 mm).

2-endo-Vinyl-3-exo-hydroxybicyclo[2.2.2]hept-5-ene (11). In a
100-ml, three-neck, round-bottom flask equipped with a magnetic
stirrer and a Dry Ice condenser and protected from atmospheric
moisture by a drying tube was placed 1.61 g (0.092 mol) of allyl
ether 10 and 60 ml of NHj. Sodium (0.425 g, 0.018 mol) was
added in small pieces over 20 min, plus a small additional
amount until the blue color persisted. After stirring for an addi-
tional 15 min solid NH4CI was added to discharge the blue color
and the NH3 was allowed to evaporate. Water (20 ml) was added
and the reaction mixture was extracted with ether (3 X 75 ml),
dried (MgSCri), and concentrated to give a residual oil which was
distilled in the Kugelrohr manner (55°, 0.03 mm) to give 0.92 g
(73.5%) of homogeneous alcohol 11.

Registry No.—la, 51731-22-7; Ic, 51731-15-8; Id, 51731-16-9; If,
51731-17-0; 2a, 51731-18-1; 2¢, 51731-19-2; 2d, 51731-20-5; 2f,
51731-21-6; 3c, 51773-70-7; 4a, 624-67-9; 4b, 1423-60-5; 5a, 5212-
50-0; 5b, 38739-91-2; 6, 51731-23-8; 7, 51731-24-9; 8, 51731-25-0; 9,
51731-26-1; 10, 51731-27-2; 11, 51731-28-3; cyclopentadiene, 542-
92-7; 3-methylbutanone, 563-80-4; acetyl chloride, 75-36-5.
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Homolytic Aromatic Cyclohexylation. II. The Role of .r-Complex Formationl
and Competitions for Cyclohexyl Radical
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A study of the products resulting from the reactions of cyclohexyl radicals with halogenated aromatics has
been conducted, and partial rate factors and relative reactivities determined. Thermolysis at 90° of di-fert-
butyl peroxide in excess cyclohexane and mixtures of the dihaloaromatic and benzene resulted in these values.
0-Ce6H4Br2 fx = 68, fa = 31, fm = 6.8, krel = 35; o-C6H4CL2 fx = 15, fo = 16, fm = 5.2, kTd = 12; p-C6H4Br2 fx
= 13, fo = 31, ferei = 25; p-C6H4CL2 A = 7.5, f0 = 21, kre\ = 17. Thermolysis in excess aromatic gave the following
ones: 0-C6H4Br2 /x = 33, fa'= 18, fm = 5.0, ferei = 19; 0-C6H4CL2 fx = 6.7, fa = 84, fm = 3.4, fere, = 6.1;
p-CéH4Br2 fx = 6.8, f, = 18, kre\ = 14; p-C6H4Cl2 fx = 35, f, = 11, ferei = 8.7. The marked solvent effect ob-
served in the more polar aromatic media suggested reversible formation of a « complex between cyclohexyl rad-
ical and the aromatic. Rearrangement of the ir complex to a < complex would then be the rate- and product-
determining step in the homolytic cyclohexylation of aromatics. Three trends revealed by the partial rate fac-
tors and relative rates are the activation of halogen ortho to another halogen toward displacement, the en-
hanced reactivity of the dihaloaromatic relative to that of benzene, and the activation of hydrogen ortho to a
halogen toward displacement by cyclohexyl radical. The formation of bicyclohexyl, cyclohexanol, cyclohexa-
none, and tert-butyl cyclohexyl ethers in the reaction mixture demonstrate the important competing reactions
for cyclohexyl radical of combination, interaction with oxygen, and the cross combination with tert-butoxy rad-

Shelton and Lipman

icals.

Previous studies in our laboratories2"4 have shown that
cyclohexyl radicals, generated by either photolysis or ther-
molysis at 105° of di-tert-butyl peroxide (DTBP) in cyclo-
hexane and an aromatic, can effect aromatic substitu-
tion. The cyclohexyl radical was found to be more selec-
tive than phenyl radical in reactions with aromatic com-
pounds, as evidenced by Hammett p values of +1.1 for cy-
clohexylation2 as compared to +0.05 for phénylation.5 The
observation that the amount of homolytic aromatic cyclo-
hexylation was increased by the presence of electron-with-
drawing substituents on the ring and decreased by elec-
tron-donating substituents suggested that cyclohexyl radi-
cal is “nucleophilic” in its reaction with aromatics.

Appreciable displacement of halogen from mixed di-
halobenzenes occurred, with halogen ortho to another
halogen being especially reactive toward displacement by
cyclohexyl radicals. The order of halogen reactivity ob-
served in homolytic cyclohexylation of selected mixed di-
halobenzenes was F > | > Br > CI3 as compared to F >
Cl ~ Br ~ | found for nucleophilic aromatic substitu-
tion.6

The initial study of the cyclohexylation of mixed di-
halobenzenes concentrated on the products from halogen
displacement. It was felt that a more detailed study of the
reaction system was needed to determine the fate of the
displaced halogen, to evaluate both intermolecular and in-
tramolecular competition for cyclohexyl radicals in aro-
matic substitution, and to determine the nature and ex-
tent of other reactions which might compete for cyclohex-
yl radical to form additional products.

Homolytic cyclohexylation of o- and p-dichlorobenzene
and o- and p-dibromobenzene in competition with ben-
zene was chosen for this study, since the simple dihalo-
benzenes give fewer hydrogen displacement products than
the corresponding mixed dihalobenzenes. Thermolysis of
DTBP at 90° in cyclohexane and a mixture of the di-
haloaromatic and benzene served to elucidate both inter-
molecular and intramolecular competition data.

Although much of the previous work2’'3 was done using
excess aromatic in the reaction mixture, it was felt that
excess cyclohexane should be used in the competition
studies to minimize perturbation of the reaction medium
as the aromatic species was varied. However, for compari-
son with previous results the reactions were also run in

Table 1
Partial Rate Factors for Homolytic Cyclohexylation
of Some Dihaloaromatics

Initial
. CeHy
Aromatic aromatic &rel fx fo m
0-CeH4Cl2 5.0 12 15 16 5.2
0.56 6.1 6.7 8.4 3.4
0-CeH4Br2 5.0 35 68 31 6.8
0.5 19 33 18 5.0
p-CeHiCh 5.0 17 7.5 21
0.5 8.7 3.5 11
p-CeH4aBr2 5.0 25 13 31
0.5 14 6.8 18

“ Average of five separate reactions with varying amounts
of benzene and o-dichlorobenzene. bAverage of three reac-
tions with varying amounts of benzene and o-dichloroben-
zene. cAverage of two chromatograph runs under different
temperature conditions.

excess aromatic. The reaction products were analyzed di-
rectly by glpc.

Results and Discussion

Part 1. Solvent Effect. Partial rate factors calculated
for the homolytic cyclohexylation of 0- and p-dichloroben-
zene and o- and p-dibromobenzene in excess cyclohexane,
and in excess total aromatic, are presented in Table I
The accuracy of these data is limited by the chromato-
graphic integration techniques used. Agreement between
the two methods of manual integration employed was well
within 5% of the peak area.

The most dramatic trend observed in Table | is the de-
crease in both intramolecular and intermolecular selectiv-
ity of the reaction when the nature of the medium is
changed from excess cyclohexane to an excess of aromat-
ics. The excess-aromatic medium has more dipolar char-
acter than the excess-aliphatic system, so that the selec-
tivity of aromatic substitution is decreasing with an in-
crease in the dipolar nature of the reaction system. This
observation is consistent with some recent work by Davis
and Ahmed in which they found a decrease in the 1-/2-
selectivity of homolytic methylation of naphthalene as the
solvent dielectric constant increased.7 They argue that
this implies some contribution of a charge-transfer inter-
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B P A e

Initial
CtH«/
0-C«H<Cl. el [ci /H-o furm
9.0 10 10 16 5
2.3 8 9 11 4
1.0 5 5 6 3
0.4 6 6 8 3
Compét|t|8H on 3/ OEB%I F{ icals %bolytlc
yclonexylation ot Dihaloarom t| 3 at
Aromatic
Initial —substitution—e  /~—- Combination-—
C«Hu/ Mol Mol
Dihalobenzene  aromatic % a X 10-= %" X 10-1
o-CeHACI2 5.0 25 5.5 14 3.0
0.5 46 10 1.9 0.14
p-céh 4ci?2 5.0 44 6.0
0.5 45 10
0-CéH4Br2 5.0 20 3.3 26 4.2
0.5 38 3.1 1.4 0.11
p-CeHBr2 5.0 43 11 0.9 0.23
0.5 46 15 0.5 0.15

«Based on the total cyclohexyl reaction products found
assuming that two cyclohexyl radicals are necessary to pro-
duce an aromatic substitution product and two cyclohexyl
radicals are necessary for combination.

action in the transition state leading to formation of the a
complex, and stabilization of this transition state by more
polar solvent would lower the activation energy for the
process and cause the transition state to occur earlier
along the reaction path, resulting in a decrease in selec-
tivity.

Table Il shows the results of varying the ratio of ben-
zene to o-dichlorobenzene in a homolytic cyclohexylation
in which the aromatics are in excess. The decrease in se-
lectivity of the reaction as the amount of o-dichloroben-
zene is increased is consistent with the results of Davis
and Ahmed, since the dielectric constant of o-dichloro-
benzene is 9.9 at 25° as compared to 2.3 for benzene.8

The nature of this charge transfer interaction may be
the reversible formation of a x complex by donation of the
odd electron of the cyclohexyl radical to the lowest anti-
bonding x orbital of the aromatic as shown in Chart I.
Such a donation would be a “nucleophilic” interaction by
the cyclohexyl radical and would be aided by the presence
of electron-withdrawing substituents on the ring. The
rearrangement of this x complex to a a complex would be
the rate-determining and product-determining step in the
aromatic substitution process.

Chart |
Formation of the x and a Complexes for Homolytic Aromatic
Cycloexylation
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Additional evidence for x-complex formation can be
found from the data in Table HI. On the basis of relative
rate data and partial rate factors (Table 1), o-dibromo-
benzene is the most reactive of the aromatics toward
homolytic cyclohexylation. However, the percentage of ar-
omatic substitution for o-dibromobenzene in excess cyclo-
hexane is much lower than the percentage for p-dibromo-
benzene, and for p-dichlorobenzene in the same system,
as well as being much lower than for o-dibromobenzene in
the excess aromatic system. Concurrently, there is a tre-
mendous increase in the amount of bicyclohexyl formation
from combination of two cyclohexyl radicals.

Suppression of the rates of combination of cyclohexyl
radicals and isopropyl radicals in benzene as compared to
the rates in cyclohexane has been used as evidence by
Burkhart for the formation of a x complex between alkyl
radical and benzene.9 Rand and Strong uncovered direct,
spectral evidence for the existence of a x complex between
iodine atoms and benzene.10 There is also a great deal of
evidence available from the efforts of several groups for
the effects of aromatic solvents on radical reactions which
implicates the existence of x-complexed radicals.11

Our previous study of halogen displacement revealed
that fluorine was the most readily displaced of the halo-
gens and this evidence has been used in support of an ad-
dition-elimination mechanism shown in Chart Il for the

Chart 11
Addition-Elimination Mechanism for Halogen Displacement
by Cyclohexyl Radical

free-radical cyclohexylation of the dihaloaromatics, in
which the slow step is formation of the intermediate cy-
clohexadienyl radical. The evidence presented above
suggests that c-complex formation is preceded by re-
versible x-complex formation, and that the slow step of
the reaction is rearrangement of the x complex to a a
complex. The position of the transition state for this rear-
rangement is determined by the dipolar nature of the me-
dium. According to the Hammond postulate,12 in a more
polar reaction system the transition state resembles the x
complex more than the a complex and bond making has
not occurred to an appreciable extent, resulting in a loss
in selectivity, but a greater amount of aromatic substitu-
tion. In the less polar reaction medium the transition
state resembles the a complex and bond making is more
advanced, resulting in a higher energy of activation and a
greater selectivity of the reaction as illustrated in Figure
1.

Part Il. Competitions for Cyclohexyl Radical. The
data in Table I also reveal three interesting characteristics
of the homolytic cyclohexylation of the simple dihaloben-
zenes. First, in agreement with the preliminary study,3
halogen ortho to another halogen is activated toward dis-
placement by cyclohexyl radical. Second, the dihaloaro-
matics are much more reactive than benzene, with all po-
sitions being activated to varying degrees toward displace-
ment by cyclohexyl radicals. Third, in the o-dihaloben-
zenes, the hydrogen which is ortho to a halogen is much
more reactive toward displacement than hydrogen which
is meta to the nearest halogen.



2388 J. Org. Chem., Vol. 39, No. 16, 1974

Competition ng la)e/c\}{hexyl Radicals

Aromatic Oxygenated

rF—substitution—> —Combination—= =---- products----- !

Aromatic Mol X Mol X Mol X
substrate % 10«4 % 104 % 104
oClCaHa 24 5.5 16 3.8 15 3.6
0-Br2CcH4 20 3.0 26 4.2 7 1.0
p-cicéh 4 44 6.0 10 1.4
p-Br2CeHs 43 11.0 0.9 0.2 3.5 0.9

Distribution ofT ng}e/nated Products

~—-CeHi00-i-BuU—> - CeHi0O-—— -~ CeH:LIOH—-.

Aromatic Mol X Mol X Mol X
substrate % 10 % 10 % 10-»
o-Cl2CeH 4 3 0.1 42 1.5 55 2.0
0-BraCeH 4 1 0.01 50 0.5 50 0.5
p-Cl2CeH4 14 0.2 50 0.7 36 0.5
p-BrsCcH.-, 22 0.2 56 0.5 22 0.2

The activation of halogen toward displacement and the
enhanced reactivity of the dihaloaromatics relative to that
of benzene can be explained for the most part on the basis
of stabilization of the various cyclohexyl-cyclohexadienyl
radical intermediates which would be formed in the addi-
tion-elimination mechanism proposed for homolytic aro-
matic cyclohexylation (Chart Il). As shown in Chart Il an
additional resonance structure can be drawn involving the
halogen atom, for attack either ortho or para to the halo-
gen. This could account for the enhanced reactivity of o-
and p-dihalobenzenes since all positions in these mole-
cules are either ortho or para to a halogen.

Chart 111
Resonance Structures for the Intermediate Cyclohexadienyl
Radical
3 4

A likely driving force which supplements the resonance
contribution is the relief of steric strain between two halo-
gens in going to the intermediate a complex for the o-di-
halobenzenes. Bastiansen and Hassel13 have provided evi-
dence for the existence of this steric strain. Their calcula-
tions of the bond distances for o-dichloro- and o-dibromo-
benzene fit best with experimental values when they as-
sumed that the carbon-halogen bonds were twisted 18°
out of the plane of the benzene ring. The contribution of
this relief of steric strain is illustrated in comparing the
partial rate factors for the halogen displacement for o-di-
bromobenzene with those for o-dichlorobenzene and p-
dibromobenzene. Bromine ortho to bromine is 5 times as
readily displaced as bromine para to bromine, and about
4.5 times as readily displaced as chlorine ortho to chlo-
rine.

The presence of a halogen atom on a carbon would also
promote the attack of a “nucleophilic radical” at that car-
bon owing to its inductive electron-withdrawing effect.
However, this effect would be minimized by the formation

Shelton and Lipman

a) Later transition state

b) Earlier transition state

Figure 1. Energy profile diagrams including ir-complex formation
for homolytic aromatic cyclohexylation: Tr represents the transi-
tion state for r-complex formation; Tj represents the transition
state for rearrangement of the x complex to the a complex; T2
represents the transition state for formation of products from the
a complex; x represents the x complex; a represents the a com-
plex.

of a x complex as the initial interaction between the aro-
matic and the radical.

Although the contribution of resonance stabilization of
the intermediate < complex is an important factor in the
enhanced reactivity of the dihaloaromatics relative to that
of benzene, the activation of the two different types of hy-
drogen in the o-dihalobenzenes is not equivalent. This
third trend revealed in Table | indicates that hydrogen
ortho to a halogen is much more reactive than hydrogen
which is para to a halogen. Preference for displacement of
hydrogen which is ortho to the substituent is not uncom-
mon in homolytic aromatic substitution, as has been
shown for homolytic methylation by Cowley, Norman, and
Waltersl4 and Corbett and Williams.18 Hey and Wil-
liams16 also found an ortho directing effect in their stud-
ies of homolytic arylation of substituted aromatics.

Simamura and coworkers5 observed that phenylation of
aromatics using IV-nitrosoacetanilides as sources of para-
substituted phenyl radicals could be fit to a modified
Hammett relationship. The conjugative contribution for
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Table VI
Competition for Cyclohexyl Radicals in Monohalobenzenes as a Function
of Temperature and Amount of OsPresent

Mol 02 —Aromatic substitution—
Monohalo- Reaction present, Mol
benzene temp, °C X 10-6 Oo» X 10-*
CeHsCl 90 230 7.8 1.1
90 0.11 28 3.5
105 4.6 34 6.6
117 4.6 35 18
CoHsBr 90 230 13 1.9
90 4.6 17 1.3
105 4.6 39 7.6
115 4.6 36 15

% total
<-----Combination--—- = —Oxygenated products—>  cyclohexyl-
Mol Mol ated product
U X 10" 0 X 10-*  accounted for
2.3 0.33 79 12 99
19 2.4 6.0 0.75
3.6 0.64 8.7 1.0 84
5.2 3.5 6.0 2.6 86
1.1 0.16 65 9.8 93
27 2.1 11 0.85
3.8 0.80 6.0 2.0 92
7.2 2.2 5. 2. 92

“ Percentages are based on the total cyclohexyl reaction products observed assuming that it takes two cyclohexyl radicals to
form an aromatic substitution product and two to form a combination product.

the ortho position in chlorobenzene was shown to be three
times as large as that for the para position, indicating a
greater resonance contribution for attack at the ortho po-
sition.

All of the factors discussed above require that the
homolytic cyclohexylation of the aromatics proceeds uia
an addition-elimination mechanism as shown in Chart II.
Such a mechanism is well documented for all modes of
aromatic substitution, and is especially germane for
homolytic aromatic substitution based on the recent dem-
onstration by Fahrenholtz and Trozzolo through the use of
CIDNP of the arylcyclohexadienyl radical intermediate for
arylation.17

The identity of the acceptor radical, A- in Chart Il, has
now been established for the displacement of halogen
from the dibromo- and dichlorobenzenes studied. Cyclo-
hexyl halide completely accounts for the displaced halo-
gen, so cyclohexyl radical is the acceptor, A-, for the
halogen displaced. Direct loss of halogen atom from the <
complex would most likely lead to the production of hy-
drogen halide. No evidence for the presence of hydrogen
halide was found in the reaction mixture.

Other reactions besides aromatic substitution occur for
cyclohexyl radical in the reaction system used. Table IV
lists the amounts of the other products formed. Unfortu-
nately, the amount of combination in the cyclohexylation
of p-dichlorobenzene could not be evaluated owing to the
lack of resolution between bicyclohexyl and p-dichloro-
benzene in the glpc for the reaction mixture.

The oxygenated products, which include cyclohexyl
fert-butyl ether, cyclohexanone, and cyclohexanol, are
particularly interesting. The amounts of these products
formed are listed in Table V. Cyclohexanone and cyclo-
hexanol most likely form as the result of the interaction of
cyclohexyl radicals with molecular oxygen to give cyclo-
hexylperoxy radicals.

The normal termination reaction for this process is the
combination of two peroxy radicals with the splitting out
of oxygen to give cyclohexanol and cyclohexanone.

e 0000-Q

-OH + 02 +
"o .

That these two products are formed in essentially equal
amounts in the o-dihalobenzene systems is consistent with
this type of termination. However, in the p-dihalobenzene
systems cyclohexanone forms to an appreciably greater
extent than cyclohexanol. This probably results from in-

creased formation of cyclohexyl hydroperoxide by abstrac-
tion of hydrogen by RCV from cyclohexadienyl radicals
formed by addition of cyclohexyl radical at the positions
ortho to the halogens. Dehydration of the hydroperoxide
would produce ketone without an equivalent amount of
alcohol.

Cyclohexyl ieri-butyl ether can be formed by the cross
combination of a cyclohexyl radical with a tert-butoxy
radical. Why appreciably more of this process occurs in
the p-dihalobenzene system than in the o-dihalobenzene
reaction is not clear at this time.

Table VI reveals information about the competition
reactions for cyclohexyl radicals in reactions with mono-
halobenzenes, both as a function of temperature and as a
function of the amount of oxygen present. Combination of
two cyclohexyl radicals to form bicyclohexyl competes
more favorably with aromatic cyclohexylation at 90° than
at higher temperatures.

The large decrease in the amount of oxygenated prod-
ucts formed as the amount of oxygen present is decreased
indicates that most of the oxygenated products are formed
from the interaction of cyclohexyl radical and oxygen.

Thus, cyclohexyl radicals generated by decomposition of
di-ieri-butyl peroxide at 90° in cyclohexane and aromatics
can effect aromatic substitution, combine with another
cyclohexyl radical or a tert-butoxy radical to give bicyclo-
hexyl or ieri-butyl cyclohexyl ether, or interact with oxy-
gen to ultimately yield cyclohexanol and cyclohexanone.
Aromatic substitution is favored by electron-withdrawing
groups which can stabilize an odd electron on the adja-
cent carbon, while the amount of cyclohexanol and cyclo-
hexanone formed is dependent upon the oxygen concen-
tration.

A marked solvent effect was observed consistent with
the reversible formation of a x complex between cyclohex-
yl radical and the aromatic. Partial rate factors and rela-
tive rates demonstrated (1) the role of steric interaction in
the displacement of halogen ortho to another halogen, (2)
that the dihaloaromatics were activated toward homolytic
cyclohexylation, and (3) that hydrogen ortho to a halogen
is more reactive than hydrogen para to the halogen.

Experimental Section

Materials. Commercially available dihalobenzenes were used.
o-Dibromobenzene was distilled at aspirator pressure (bp 103-
109°) prior to use. Spectrophotometric grade benzene and cyclo-
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hexane were used and DTBP was obtained from Columbia Or-
ganics and used without further purification.

Cyclohexylation of Dihalobenzenes in Competition with
Benzene in Excess Cyclohexane. A mixture of 0.032 mol of the
dihalobenzene, 0.032 mol of benzene, 0.320 mol of cyclohexane,
and 0.0064 mol of DTBP was weighed into a Fischer-Porter aere-
sol compatibility vessel. The valve was closed and the vessel was
frozen in a Dry Ice-isopropyl alcohol bath. The valve was then
opened to an aspirator and the vessel was pumped for 15 min, re-
sealed, and warmed under the hot water tap until thawed. The
freeze-evacuation-thaw cycle was repeated twice more and the
reaction vessel was immersed in an oil bath in the dark at 90° for
8 days. The reaction vessel was then removed from the bath,
cooled, opened under nitrogen, and stored in a brown bottle until
analyzed by glpc. Product mixtures were analyzed on a Varian
Aerograph HiFi 600D, equipped with a linear column temperature
programmer and a 10.5 ft x 0.125 in. 15% Carbowax 6000-Chro-
mosorb W column at a temperature program of 60-190° at 2°/
min. (A program of 4°/min was used for the o-dibromobenzene
reaction products.) Retention times were measured relative to the
leading edge of cyclohexane, and individual peaks were identified
by comparison with authentic samples. Quantization was accom-
plished by averaging triangulation and peak height times width
at half height integrations. The areas were normalized to the total
area of the on-scale peaks (all but cyclohexane). The normalized
areas were then divided by molar correction factors, which were
determined from known solution with benzene = 1.00, and the re-
sulting areas were then used to determine the competitive data.
Molar corrections factors (CF) for the cyclohexylated aromatics
were estimated on the basis of the response of cyclohexylbenzene
and the appropriate halobenzene or dihalobenzene from the fol-
lowing relation.

X
]
1/2
172
CyclohexYlation of Dihalobenzene n-

zene with Aromatic in Excess. The same procedure was used as
in excess cyclohexane, but with the following amounts of re-
agents: 0.064 mol of dihalobenzene, 0.064 mol of benzene, 0.064
mol of cyclohexane, and 0.0064 mol of DTBP, as compared to
0.032 mol of the dihalobenzene, 0.032 mol of benzene, 0.320 mol of
cyclohexane, and 0.0064 mol of DTBP, in excess cyclohexane.

The production of hydrogen halide was tested by opening the
sealed tubes into a silver nitrate trap with an aspirator pulling on
the other side of the trap. No precipitate formed in the silver ni-
trate solution, indicating that no hydrogen halide was produced
in the reaction.

Synthesis of Authentic Cyclohexylated Aromatics. Both mo-
nohalo- and dihalocyclohexylbenzenes were synthesized by Frie-

Olah, Halpern, Westerman, and Grant

del-Crafts cyclohexylation of the appropriate aromatic using cy-
clohexylchloride and aluminum chloride according to the method
of Mayes and Turner.18 The isomeric products were separated by
preparative glpc on a Matronic 500 dual column instrument
equipped with a 15 ft X 0.25 in. Carbowax 6000-Chromosorb W
column. Sufficient quantities of each isomer could be isolated by
this method for ir and retention time analysis. Infrared analysis
was performed on a Beckman TR-8 spectrometer.

Synthesis of tert-Butyl Cyclohexyl Ether. The method of
Lawesson and Yang was used.l9 Crude product was isolated by
vacuum distillation (62-67°, aspirator pressure) and purified by
preparative glpc on a 15 ft x 0.25 in. 15% Carbowax W column
with column temperature 86°, injection point temperature 152°,
detector temperature 140°, and carrier gas pressure 30 psi.

Other Authentics. Cyclohexanone and cyclohexanol were pur-
chased from Matheson Coleman and Bell. Bicyclohexyl was ob-
tained from Eastman Organics. All were used without purifica-
tion.

Acknowledgment. We are grateful to the Goodyear
Tire and Rubber Co. for partial support of this investiga-
tion.

Registry No.—o-C6H4C12, 95-50-1; 0-C6H4Br2, 583-53-9; p-
CeH4C12, 106-46-7; p-CeH4Br2, 106-37-6; CeH12, 110-82-7;
CeHsCl, 108-90-7; CéHsBr, 108-86-1.

References and Notes

(1) Presented in part at the 5th Central Regional Meeting of the Ameri-
can Chemical Society, Cleveland, Ohio, May 15, 1973.

(2 Part I: J. R Shelton and C. W. Uzelmeier, J. Amer. Chem. Soc..
88, 5222 (1966).

(3) J. R Shelton and C. W. Uzelmeier, Red. Trav. Chim. Pays-Bas, 87,
1211 (1968); Intra-Sci. Chem. Rep., 3, 293 (1969).

(4 J. R Shelton and C. W. Uzelmeier, J. Org. Chem., 35, 1576
(1970).

(5) R lto, T. Miglta, N. Morikawa, and O. Simamura, Tetrahedron, 21,
955 (1965).

(6) J. F. Bunnett and R. F. Zahler, Chem. Rev., 49, 273 (1951).

(7) D. D. Davis and F. Y. Ahmed, Can. J. Chem., 48, 1019 (1970).

(8) A. A Maryott and E R Smith, “Table of Dielectric Constants of
Pure Liquids," U.S. National Bureau of Standards Circular No. 514,
1951.

(99 R D. Burkhart, J. Phys. Chem., 73, 2703 (1969).

(10) S. J. Rand and R L. Strong, J. Amer. Chem. Soc., 82,
(1960).

(11) E S. Huyser, Advan. Free-Radical Chem., 1, 77 (1965).

(12) G. S. Hammond, J. Amer. Chem. Soc., 77, 334 (1955).

(13) O. Bastlansen and O. Hassel, Acta Chem. Scand., 1,489 (1947).

(14) B. R Cowley, R. O. C. Norman, and W. A. Waters, J. Chem. Soc.,
1799 (1959).

(15) G. E Corbett and G. H. Williams, J. Chem. Soc., 3437 (1964).

(16) D. H. Hey and G. H. Williams, Discuss. Faraday Soc., 14, 216
(1953).

(17) S. R Fahrenholtz and A. M. Trozzolo, J. Amer. Chem. Soc., 94,
282 (1972).

(18) H. A. Mayes and E. E. Turner, J. Chem. Soc., 502 (1929).

(19) S. O. Lawesson and N. C. Yang, J. Amer. Chem. Soc.. 81, 4230
(1959).

4987

Stable Carbocations. CLXVIII.1Protonation and Cleavage of Dialkyl
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The protonation and cleavage reactions of dimethyl, diethyl, di-n-propyl, and diisopropyl pyrocarbonate in
FSOsH-SbFs (magic acid) solution have been studied by pmr and cmr spectroscopy. Cleveage products formed
are protonated alkyl hydrogen carbonates, alkyl fluorosulfonates, and carbon dioxide. Di-n-propyl and diisopro-
pyl pyrocarbonate give, in addition, a mixture of hexyl cations. In all cases small amounts of protonated car-
bonic acid and protonated alcohol were also formed. The mechanism of the cleavage reactions is discussed
based on experimental data. Cmr parameters of dialkyl pyrocarbonates are also reported.

In the course of our investigation of heteroatom-substi-
tuted carbenium ions,4 we have observed in FSO03H-SbF5
(magic acid) solution, by nmr spectroscopy, mono- (R =

R' = H), di- (R = H), and trialkoxycarbenium ions, in-
eluding the parention (R = R'=R" = H).
Mono- and dialkoxycarbenium ions are formed by the
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protonation of alkyl hydrogen carbonates and dialkyl hy-
drogen carbonates, respectively. Trialkoxycarbenium ions
were first prepared by Meerwein by the alkylation of dial-
kyi carbonates and the acid cleavage of tetraalkyl ortho-
carbonates.5

We wish to report now the results of an attempt to pre-
pare the related dications 2 by the protonation of dialkyl
pyrocarbonates 1 in FSOaH-SbFs (magic acid) solution
under stable ion conditions.

R C XT ~R H+
0 0
1-R
° JOt
R Xll \ X X ~Nor 'C "R
Ny O\ »
JQ
S
|
to
HH
2-R
R—CH3((11,(" il.i-i"11

In addition, we wish to report the cmr spectra of the
dialkyl pyrocarbonates studied. The structure of these
compounds is of particular interest owing to recent reports
concerning the biological consequences of the use of the
enzyme inhibitor and bactericidal agent, diethyl pyrocar-
bonate, as a nuclease inhibitor.6 Moreover, diethyl pyro-
carbonate, a preservative in wines and beverages, has
been found to react with ammonia to form carcinogenic
urethan.79

Results and Discussion

Dimethyl, diethyl, di-n-propyl, and diisopropyl pyrocar-
bonate were stydied in FS03H-SbF5S02 at -78°. UI-
metT1yI pyrocaHJonate (I-CH3) in 11 FSO3H-SbF5-S02
solution at -70° gave a pmr spectrum consisting of sin-
glets at 5 12.9, 11.8, 11.4, 4.5, and 5.4. On standing at this
temperature, the most deshielded signal moved upfield to
approximately 8 10.5, while the signal at 8 5.4 increased in
intensity until it almost reached that of the signal at 8 4.5
(3 H compared with each of the signals at 8 11.8 and
11.4). At -50°, an observed decrease in the signal at 5 5.4
was concurrent with the appearance and gradual increase
of another signal at 8 4.3. Peak area integration indicated
that the combined intensity of these two signals was equal
to that of the singlet at 8 4.5. Ultimately the peak at 85.4
disappeared, so that the nmr spectrum of the final prod-
uct consisted of peaks at 8 11.8 (1 H), 114 (1 H), 45 (3
H), and 4.3 (3 H) (excluding solvent acid peaks). The
products were identified by the addition of authentic sam-
ples of assumed product ions to the reaction mixture: pro-
tonated methyl hydrogen carbonate (8 4.5, 11.4, and 11.8)
and methyl fluorosulfate (5 4.3.). Also, a singlet at -31.0
ppm in the 19F nmr spectrum of the sample confirmed the
assignment of the latter signal (6 4.3) to methyl fluorosul-
fonate.10

It is envisaged that the cleavage of dimethyl pyrocarbo-
nate by FSO3H-SbhF5proceeds in the following way.
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™ och3
1-CH, - - 2-CHJ— [CHO—C—o0] + Ji,
SbFrfsO,- 0jf Vv
1

CH3—»SbF50S0F + CO2f

CH3XOS0F + SbFs

The structure of protonated dimethyl pyrocarbonate (2-
CH3) cannot be determined from the pmr data. Protona-
tion most likely occurs on the carbonyl oxygen atoms, as
in the case of protonated esters.7,11 The data, however,
show a rapid exchange process with the superacid system.
Most likely it is the carbonyl diprotonated species which
cleaves to give protonated methyl hydrogen carbonate. As
in the case of cleavage of esters of primary alcohols by su-
peracid, this cleavage is also probably of Aacl type. The
signal at 8 5.4 does not arise from protonated methyl hy-
drogen carbonate, since its reported spectrum12 shows a
singlet for the methyl protons at 8 4.47. The reason that
only one signal is observed in this region of the spectrum
must be due to the methyl proton signal of the rapidly ex-
changing protonated dimethyl pyrocarbonate being coinci-
dent with the methyl proton reasonance of protonated
methyl hydrogen carbonate in the early stages of the
cleavage reaction. The above reaction was carried out
below -50°, in order to avoid the decomposition of pro-
tonated methyl hydrogen carbonate to protonated metha-
nol and carbon dioxide, a process which occurs above this
temperature in FSOrjH-SbFs-SCh-

We propose that the singlet at 8 5.4 arises from methyl
fluoroantimonate. This is suggested from results of our re-
cent studies13 carried out on the fragmentation reaction of
methyl chloroformate with antimony pentafluoride. Ini-
tially two methyl proton signals at 8 5.10 and 5.28 are ob-
served in the pmr spectrum of complex 3, which is formed

0 O— SbFs

Il
CHO—C—Cl —* [CH—0=C=0]
3 SbFECT

1 SbF5
CHO—C—Cl

[CKjSbFsCI] + CO,
4

CH,— Cl— CH,
by the reaction of antimony pentafluoride with methyl
chloroformate in SO2CIF at -70°. These peaks were as-
signed to the cis and trans isomers. On warming to 10°, a
peak at 5 5.7 appeared, which was assigned to methyl
chlorofluoroantimonate (4). This compound reacts further
according to the above scheme to give the dimethylchloro-
nium ion. Methyl chloroformate also reacts with excess
FSO03H-SbF5in SO02C1F at -70° to give a solution whose
pmr spectrum consisted of singlets at 8 142 (1 H,
C=0H+, 5) and 5.0 (3 H, CHS3, 5). Warming to 10° again

+OH
HSO&-SbFs -HC1
CH—0—C—d CH3— O—C—d
5
+ -CO, .
[CH—0=C=0] - CHjC.— SbF,
fsoh\ | fsor
ch3oso,f
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results in the appearance of a transient signal at 8 5.7, fol-
lowed by the appearance of a singlet at 5 4.4, which was
shown to be due to methyl fluorosulfate. This behavior is
analogous to that observed in the cleavage with FSO3H-
SbFs of dimethyl pyrocarbonate and confirms the pro-
posed mechanism.

The pmr spectrum of a solution of diethyl pyrocarbo-
nate in 1:1 M FSO03H-SbF5-S02 at -70° consisted of two
quartets at 85.0 (2 H) and 4.9 (2 H), two triplets at 5 1.60
(3 H) and 1.52 (3 H), and two singlets at 6 11.28 (1 H) and
11.67 (1 H). Cleavage products were identified (by the ad-
dition of authentic products to the sample) as ethyl fluoro-
sulfate and protonated ethyl hydrogen carbonate. In addi-
tion a triplet at 8 9.45 in the spectrum was attributed to the
presence of protonated ethanol14 (arising from acyl-oxy-
gen cleavage of ethyl hydrogen carbonate), although the
corresponding methyl and methylene proton signals were
obscured by signals from the major products. This result
contrasts with those from the cleavage of ethyl hydrogen
carbonate with FSOsH-SbFg,5 where alkyl-oxygen cleav-
age occurred and the tert-butyl cation and protonated
carbonic acid were the observed products.

In FSO3H-S0O2 protonated diethyl pyrocarbonate could
be observed at -80°, before cleavage had occurred. The
quartet at 5 4.05 (4 H) and the triplet at 8 1.00 (6 H)
move downfield on protonation to 8 4.75 and 1.35, respec-
tively. The species is undergoing rapid proton exchange
with the acid medium because there is only one other sig-
nal in the spectrum at 8 11.2. The appearance of a single
= OH ' absorption could indicate either an intermolecu-
larly rapidly exchanging monoprotonated species 6a, a di-
protonated species 6b, or an equilibrium of the two. Both

+0/H™b Hr
| | JJ

ONMNOCHA chxhx>"'"'o""
6a 6b

CHXCH2 'och2ch?

would show equivalence of the two carbonyl groups. The
smaller than expected deshielding of the =OH + absorp-
tions compared with structurally related protonated car-
bonyl compounds would seem to indicate an equilibrating
system. Pmr data, however, do not allow a clear differen-
tiation (see, however, indication of subsequently discussed
cmr studies). On the addition of SbFs-S02CIF at -80°,
cleavage of diethyl pyrocarbonate occurs immediately, as
is evident from the appearance of peaks due to the two
major products. Furthermore a quartet and triplet (decou-
pling experiments confirmed that they were part of the
same molecule) were observed at 8 6.05 (2 H) and 1.8 (3
H). The combined intensity of these signals, together with
those of ethyl fluorosulfate, was equal to that of the sig-
nals arising from protonated ethyl hydrogen carbonate. In
analogy with the acid cleavage of dimethyl pyrocarbonate,
these two deshielded signals were assigned to ethyl fluo-
roantimonate. The cleavage reaction of diethyl pyrocarbo-
nate is thus (apart from alkyl-oxygen cleavage of the alkyl
hydrogen carbonate) identical with that of dimethyl pyro-
carbonate.

The proton-decoupled cmr spectrum of protonated di-
ethyl pyrocarbonate in FSO3H-SO2 at -80°, recorded by
the pulsed Fourier transform method, showed absorptions
at 5(13C) 12.8, 76.6, and 162.9. The latter signal was as-
signed to the carbonyl carbons, and indicated a downfield
shift from the corresponding resonances in the precursor
of 14.7 ppm. Slightly larger shifts in the carbonyl reso-
nances of esters are observed upon their protonation (~20
ppm),13 so that the above smaller value could possibly in-
dicate that diethyl pyrocarbonate in FSO3H-SO2 is not
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completely protonated, but exists as a rapidly equilibrat-
ing mixture of monoprotonated and diprotonated species.

We also recorded the cmr spectrum of 1~CH2CH3 in
FSO03H-SbF5S02 at -80°, where peak area integration of
the pmr spectrum indicated approximately 50% cleavage
of the protonated diethyl pyrocarbonate. The major peaks
in the cmr spectrum are at §13C) 11.2, 12.8, 13.6, 14.2,
75.5, 77.3, 78.4, 89.5, 94.6, 124.8, 161.8, and 162.9. The
products, identified by comparison with the cmr spectra
of authentic samples of assumed product ions, were pro-
tonated diethyl pyrocarbonate [5(13C) 162.9, 77.3, 12.8],
protonated ethyl hydrogen carbonate [5(13C) 161.8, 78.4,
12.8], ethyl fluorosulfonate }513C) 75.5, 13.6], and ethyl
fluoroantimonate [d(I3C) 94.6, 14.2]. The set of peaks at
<H13C) 124.8, 89.5, and 11.2 may arise from the ethyl car-
boxonium ion, initially formed in the decomposition of
protonated diethyl pyrocarbonate.

r
1-Et —» [2-Et]

[CHiCH—0=C=0] + CHsCHz— <0=0."+

fsod]

CH ('l 0SO K

ch,chloh2 + co02

Protonated diisopropyl pyrocarbonate cleaves rapidly at
—70° with the formation of a mixture of hexyl cations.
(The formation of hexyl ions was established by nmr,
based on comparison with the nmr assignments of these
ions.)16

Also observed were two new peaks of equal area at 5
10.88 and 11.33 as well as the peak due to protonated car-
bonic acid. In addition, the methyl and methine regions
became more complex, although it was impossible to re-
solve separate resonances. On allowing the reaction to
proceed at —70° for an extended period of time, the 8
10.88 and 11.33 peaks in the -OH region disappeared and
the resulting spectrum contained only absorptions corre-
sponding to protonated carbonic acid and a mixture of
tertiary hexyl cations. The new species appearing in the
early stages of cleavage is assigned as protonated isopropyl
hydrogen carbonate, which, like methyl hydrogen carbon-
ate, would be expected to show two separate -OH reso-
nances. The proposed mechanism for the cleavage is as
follows.

1-(CH3TH —> [2-(CH3CH]

/\°H

(CH32CH+ + (CH32CHO=-=c4 +

1
CHC+— (CHXCHj)2 +
(CH3)2C+— CHXCH2CH3 +
(CH32C+— CH(CH; )2

~OH
HO—ci +
A=QOH

(CHY,CH+ +

If a solution of di-n-propyl pyrocarbonate in FSO3H-
SbF5S02 was allowed to stand for 24 hr at -80°, the
final products, identified as above, were n-propyl hydro-
gen carbonate, dimethylisopropylcarbenium ion, and
small amounts of protonated carbonic acid and 1-propa-
nol. The nmr spectrum of the first species consisted of
singlets at 8 11.17 (1 H) and 11.53 (1 H) due to the two
nonequivalent -OH protons, a triplet at 8 4.83 (2 H) due



Protonation and Cleavage of Dialkyl Pyrocarbonates

Table |
Carbon-13 Chemical Shiftsin Dialky] PyrocarbonatesO

o o o

/' \ [/ \ [\
R C C R

o A

R c=0 Cc cR Cy
ch3 147.9 58.3
ch6 148.2 66.3 14.1
CA 148.0 71.4 21.6 10.4
i-CA 148.6 74.5 21.7

° Parts per million from tetramethylsilane. Measured as
neat liquid at ambient probe temperature (37°) from capil-
lary of 60% 13C-enriched methyl iodide (lock signal) and
converted using 5(CH3) —18.5.

to the a-methylene protons, a multiplet centered at 8 1.92
(2 H) due to the /3-methylene protons, and a triplet at 5
0.97 (3 H) arising from the methyl protons. Examination
of the nmr spectrum during the course of the above cleav-
age showed that isopropyl fluorosulfate was an inter-
mediate. This may result directly from alkylation of fluo-
rosulfonic acid by protonated di-n-propyl pyrocarbonate,
or it may involve the intermediacy of n-propvl carboxo-
nium ion, although its presence was not detected during
the course of the reaction. The cleavage reaction may be
summarized as follows.

1-CH7 —"m [2-CH7 — » CHIHTH2-0=C =0

| fsoh

COX + (CH3ZXHOSO,F

J

[(CH3/1H+]

(CH3X+— C(CH32

t

[(CH3ZHH+]
+
JtO—H
h—O—c +
~"O—H

JD—H

chX&h,ch2—o =c: +
AY— I

CHXHZXH,OH2+ + <co02

Carbon-13 Nmr Spectra of Dialkyl Pyrocarbonates.
The proton-decoupled carbon-13 nmr spectra of dialkyl
pyrocarbonates were obtained by the Fourier transform
method on a Varian HA-100 nmr spectrometer, and the
results are summarized in Table I. Assignments were
made by the usual methods, which included *off-reso-
nance” proton decoupling, the application of previously
observed substituent effects, as well as symmetry and rel-
ative intensity considerations. The Cp and C7 shieldings
in Table | are similar to the 0-alkyl /?- and 7-carbon
shieldings in aliphatic esters.17 C, shieldings, however,

J. Org. Chem., Voi 39, No. 16, 1974 2393

are deshielded 5.9-8.9 ppm from the corresponding ab-
sorptions in aliphatic esters.

The most notable feature of the data in Table I is the
highly shielded carbonyl absorptions in dialkyl pyrocarbo-
nates (approximately 25 ppm shielded from the ester car-
bonyl shifts). The carbonyl shieldings are very similar to
those in the closely related carbonates.13-18

Experimental Section

Materials. All compounds used to generate the ions studied
were either commercially available or were prepared by a stan-
dard literature method. Dialkyl pyrocarbonates were prepared by
the reaction of Na2CO0 3 with alkyl chloroforméates19-20 or by treat-
ing p-toluenesulfonyl chloride with sodium methyl carbonate.2l
Alkyl hydrogen carbonates (as the sodium salts) were prepared
from the reaction of carbon dioxide with the appropriate sodium
alkoxide. The method used for the generation of the ions in
HSO3F SbF5S02 has been described in detail in a previous
paper.2

Proton Nmr Spectra. Pmr spectra were obtained using a Var-
ian Associates Model A56/60A equipped with a variable-tempera-
ture probe. External tetramethylsilane (capillary) was used as
reference.

Carbon-13 Nmr Spectra. Proton decoupled carbon-13 nmr
spectra were obtained using a Varian Associates Model HA-100
nmr spectrometer equipped with a Fourier transform accessory
(V-4357 Pulsing and Control Unit), broad band proton decoupler,
and variable temperature probe. The instrument, lock, and ref-
erencing systems have been described in more detail elsewhere.23
The cmr spectra of protonated diethyl pyrocarbonate was ob-
tained by the pulsed Fourier transform method, using a Varian
Associates Model X L-100 nmr spectrometer.
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A series of I-fluoro(chloro)-I-cycloalkyl cations have been prepared and investigated under stable ion condi-
tions. The structure of the ions was studied by proton, carbon-13, and fluorine-19 nmr spectroscopy. Chlorocar-
benium ions were found to be less stable than their corresponding fluorocarbenium ions, wherein strong fluorine
“back-donation” is the dominant factor to stabilize these ions.

Extensive work has been carried out on the study of sta-
ble carbocations in this laboratory.3 The influence of sub-
stitution by heteroatoms, especially halogen atoms, on the
stability of carbenium ions has been noticed4 We have
studied the carbon-13 nmr of dimethylhalocarbenium ions
and found that the degree of halogen “back-donation” in
these ions is dependent on the electronegativity of the
halogen atoms.4d

Among the reported various types of halogen-substitut-
ed carbenium ions,'l’5 cyclic halocarbenium ions are of
particular interest. Recently we have reported the prepa-
ration of 2-halonorbornyl cations and found that only the
2 -fluoronorbomy! cation was stable under low-nucleophili-
city superacid media,de The 2-chloro- and 2-bromonor-
bornyl cations were rearranged to the corresponding pro-
tonated 4-halonortricyclenes under similar conditions. We
how have undertaken a detailed study of monocyclic
chloro- and fluorocarbenium ions by 4H, 13C, and 19F nmr
spectroscopy. The degree of halogen “back-donation” in
halocarbenium ions is discussed based on the observed
nmr data and the relative stabilities of these ions.

Results and Discussion6

1-Halo-1-cyclopentyl Cations. When 1,1- or frarcs-1,2-
dichlorocyclopentane was treated with SbFs-SCLCIF
(802) solution at -78°, 1-chloro-l-cyclopentyl cation (1-
Cl) was obtained. The pmr spectrum of ion 1-Cl1 is shown

1-F 1C1 1-Br

in Figure 1. As expected, it displays a AA'BB' type cou-
pling, somewhat similar to that of tetramethylenehalon-
ium ions,7a but with substantial deshielding, particularly
of the a-methylene protons, a good indication for ion 1-C1.
The proton chemical shifts of ion 1-Cl are solvent depen-
dent (Table I). In the less nucleophilic SO2CIF medium,
more deshielded absorptions are observed. Similar obser-
vation was found in many other carbocations.76

The formation of ion 1-C1 from irons-1,2-dichlorocyclo-
pentane is interesting and may involve the initial forma-
tion of the 2-chloro-lI-cyclopentyl cation 2, which then
undergoes rapid 1,2-hydrogen shift. The mechanism has
been previously discussed.s

Cl Cl Cl

1C1 2 3
In contrast, when 1,1-dibromocyclopentane was treated
with SbF5-So02CIF solution at - 120°, the corresponding
1-bromo-I-cyclopentyl cation 1-Br was not observed,s only
formation of the cyclopentenyl cation 3. The pmr spec-

trum of ion 3 has been reported previously.8 The 1-chloro-
I-cyclopentyl cation 1-Cl is also not stable above -60°
and slowly transforms into ion 3. The mechanism for such
transformation may involve a reversible 1,2-hydrogen shift
between 1 and 2 with subsequent deprotonation and ion-
ization leading to the formation of ion 3.8 It is thus sug-
gested that this process may be extremely rapid (even at
- 120°) in the case of transformation of 1-bromo-I-cyclo-
pentyl cation 1-Br (not observable) to ion 3.

The 1-fluoro-l-cyclopenty] cation 1-F could be prepared
at —78° when 1,1 -difluorocyclopentane was treated with a
SbFs-SCLCIF solution. It was stable at temperatures
below —30°, but formed 3 at higher temperature. The flu-
orine-substituted cyclopentyl cation is thus more stable

F JbF™ p w p 30 p v
F SO,CIF u o/
NGy 1-F 3

than its chlorine-substituted analog, which in turn is more
stable than the bromine analog. In SbFs-SCL solution, ion
1-F was unstable even at —60° and quickly gave ion 3
upon short standing. The pmr spectrum of 1-F (Figure 1)
consists of a set of doublet multiplets centered at 0 4.25
(Jhf = 12 Hz) and a pentet at S3.04, in a ratio of 1:1. The
19 nmr spectrum of 1-F displays a deshielded quintet at
+-149.4 from external CCI3F.

1-Halo-l-cyclohexyl Cations. When 1,1-difluorocyclo-
hexane was treated with SbFs-SCHCIF (S02) solution at
-78°, the corresponding 1-fluoro-l-cyclohexyl cation 4-F
was obtained. The pmr spectrum of ion 4-F (in SO2)
shows a substantially deshielded doublet of multiplets at 8

F SbhF-SOXIF (SO,

p -78°
/3 a

4-F 5

3.95 (Ihf — 20 Hz) for the a-methylene protons (Figure
1). The /3 and 7 -methylene proton absorptions are two
multiplets at 8 2.38 and 2.10 (in a ratio of 2:1). The 19~
nmr spectrum of ion 4-F displays a highly deshielded
quintet at ¢ —166.5 (from CFCI3). All these data clearly
suggest the formation of ion 4-F. The proton chemical
shifts of ion 4-F are more deshielded in less nucleophilic
SO2CIF than in so2 (Table 1). lon 4-F is slowly trans-
formed to the methylcyclopentenyl cation 5 at higher
temperature (e.g., 5 min at -45°). lon 5 could be readily
identified by comparing the pmr spectrum with that of the
ion reported previously.8

The 1-chloro-l-cyclohexyl cation 4-Cl1 could only be
formed from 1,1 -dichlorocyclohexane in SbF5-So2CIF so-
lution at —120°. (When the dichloride was ionized at
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Figure 1. Pmr spectra of I-fluoro(cWoro)-l-cycloalkyl cations (60
MHZz).
-78°, only the methylcyclopentenyl cation 5 was ob-
served.) lon 4-C1 was not stable and was slowly trans-
formed to 5 at —90°. The pmr spectrum of ion 4-C1 shows
0 <cl Q ~ci — 5
4-c1
proton absorption at ©4.25, 3.00, and 2.21 for <*-CH3 (4
protons), d'CH2 (4 protons), and 7-CH2 (2 protons), re-
spectively (Table I).

The great differences in stability between ions 4-C1 and
4-F as well as between 1-Cl1 and 1-F are interesting and
will be discussed subsequently.

I-Halo-lI-cycloheptyl Cations. The 1-halo-I-cyclo-
heptyl cations 6-F and 6-C1 were prepared from 1,1-di-
fluoroo and 1,1-dichlorocycloheptane, respectively, in
SbFs-S02CIF. solution. lon 6-C1 can only be prepared at
-120°. It is extremely unstable and rapidly transforms to
the methylcyclohexenyl cation 7 at —100°. The 1-fluoro-
1-cycloheptyl cation G-F, however, could be prepared at
-78° without rearrangement. lon 6-F also slowly trans-
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forms to 7 at -45° (5 min). The pmr spectrum of 7 is
shown in Figure 1.

The transformation of both 4-F and 4-C1 to the methyl-
cyclopentenyl cation 5 as well as ions 6-F and 6-C1 to the
methylcyclohexenyl cation 7 is of mechanistic interest.9

X=F,Cl 4-X,n=1 s-x,n —1
re=12 6-X,re= 2 9-X,n=2
10-X, re=1 12-X, 1e=1
1-X,n=2 13-Xn=2
cH (CH,
- " AX
14X,n=1 5 n=1
15X, 1e= 2 7, 1e=2

1,2-Hydrogen shifts in cations 4-F and 4-C1 to 8Cl are
likely to occur, since trans-1,2-dihalocyclohexanes also
give the 1-methylcyclopentenyl cation 5 when treated with
SbF5-S02CIF solution under similar conditions.s Ring
contraction may involve protonated cyclopropane inter-
mediates (10-X) which subsequently will lead to ions
12-X. Proton elimination of 12-X to 14-X is considered to
be favorable. lonization of 14-X with SbF5-S02CIF (S02)
solution is a known process.8

Cyclohexenyl and cycloheptenyl cations have been
shown to be stable under these reaction conditions stud-
ied.8-9 It is surprising that the ring contraction reaction is
faster than the formation of allylie cations. Cyclohexenyl
and cycloheptenyl cations have been shown to be directly
formed only from the allylic precursors and not from

homoallylic precursors.i*'9 Ring contraction (path b) of 16
and 17 to 5 and 7, respectively, must take place prior to
intramolecular hydrogen shift (path a).9
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Table |
'H and I Nmr Parameters of Halocarbenium lons
Cation Solvent® Ha* 4 Jmd
I-Cl A 4.40 2.98
B 4.05 2.50
1-F« A 4.25 3.04 —149.4, q 12
B 3.92 2.54
4-C1 A, -105° 4.25 3.00 2.20
4-F« A 4.10 2.82 2.50 -166.5, q 20
B 3.95 2.38 2.10
6-C1 A, -105° 4.30 3.15 2.35
6-F6 A 4.34 2.65 2.38 -160.6, q 22
B 4.07 2.30 1.85
18-C1 A 4.38
18-F" A 4.63 -185, h 26
19-F« A 4.65 (CH.) 1.98 (CH,) -183.5, m 24
4.10 (CH,) 26
20-Fe A 4.45 1.90 -173.7, q 24
21-Fe A 4.20 3.45 2.70 -126.4, t 17

0A, SbF5S0XIF; B, SbF;- SO.. lons were measured at —80° unless otherwise indicated. bPmr chemical shifts (5) are
given in parts per million from capillary tetramethylsilane. ¢ 1F chemical shifts are given in parts per million from capillary
CC1,F: g, quentet; h, heptet; m, multiplet; and t, triplet. dIn hertz. e'H chemical shifts of a-H in fluorocarbenium ions are
usually observed as doublet multiplets. Only averaged chemical shifts are given. Coupling constants [(J(HaF) ]are shown in

the last column.

Table 11

Carbon-13 Nmr Parameters of Halocarbenium lons'l
Cation C+ Asic ASx Cy JoFd
I-ClI 316.3 65.9 15.9 27.9 38
I-F 294.06 50.0 27.4 25.6 439.2
4-C1 318.6 68.7 20.6 29.4 39.3 22.3
4-F 285.36 48.1 29.4 28.7 23.4 424.8
6-C1 319.3 70.3 19.5 28.5 41.8 23.9
6-F 287.2 50.8 28.8 22.0 25.6 427.7
18-C1 313.7 50.5 13.3
18-F 282.81 37.2 420.0
19-F 283.66 47.5 (CH)) 5.8 421.0

34.5 (CH))
20-F 285.04 46.5 6.1 429.1
21-F 301.64 56.1 53.9 2.2 29.3 36.4 422.6

* I chemical shifts [5(13C)] are given in parts per million from capillary TMS. lons were measured according to the condi-
tions given in Table I. bCarbenium carbon shifts in fluorocarbenium ions are usually observed as doublets with coupling con-
stants (Jcf) shown in the last column. Averaged UC chemical shifts are therefore given. ¢ AS, = 5(13CiY) (in chlorocarbenium
ions — 5(1a) (in fluorocarbenium, ions). A2 = 5(13Ca) — 6(IsC/3. dIn hertz.

Nuclear Magnetic Resonance Spectroscopic Studies.
Table | summarizes the proton nmr parameters of the
studied 1-halo-l-cycloalkyl cations. We also have obtained
19F nmr parameters of the ions, as shown in Table I, along
with those of the model ions (18-21). Solvent dependency
of the chemical shifts was noticed when ions were pre-
pared in different acid systems. Protons a to the carben-
ium ion center in chlorocarbenium ions are generally more
deshielded than those in fluorocarbenium ions, indicating
that more positive charge is shared by the fluorine atom
than by the chlorine atom. Fluorine shifts in cyclic fluoro-
carbenium ions are generally less deshielded than those in
acyclic fluorocarbenium ions. This indicates that fluorine
back-donation is less substantial in cyclic than in acyclic
fluorocarbenium ions. Large deshielding of 19F shifts ob-
served in fluorocarbenium ions indeed strongly implies
that significant charge delocalization unto fluorine oc-
curred. It is generally believed to be due to #-donation by
the fluorine lone pairs of electrons into the cationic cen-
ter. We have also prepared the geometrically rigid 2-flu-

CH, ch,ch?2 CHZCH3

19 20

oro-2-adamantyl cation 21, which gives a less deshielded
fluorine nmr shift (¢ -126.4), indicating that fluorine
back-donation is more feasible in conformationality mo-
bile systems than in conformationally rigid systems. The
extent of fluorine back-donation is therefore dependent on
the molecular conformation.

An even better indication of the differing degree of
back-donation in halocarbenium ions is revealed by the
13C chemical shifts of the ions. Table Il summarizes cmr
parameters of the studied cyclic halorocarbenium ions and
several model ions. Carbenium carbon shifts in fluorocar-
benium ions are found to be about 20 ppm deshielded
from those corresponding chloro analogs. Owing to the
substantial contribution of the resonance forms involving
stronger fluorine back-donation, carbons a to the carben-
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ium ion center in fluorocarbenium ions should experience
less inductive deshielding effect than those in chlorocar-
benium ions. This indeed is found to be the case as a car-
bon shifts in chlorocarbenium ions are about 13-20 ppm
more deshielded than those in fluorocarbenium ions (A<
in Table H). It is also found that carbon shift differences
(ACR) between a and A carbons in chlorocarbenium ions
are about 10-20 ppm larger than those in fluorocarbenium
ions.

The conformational dependency of fluorine back-dona-
tion is also revealed from 13C chemical shifts of carbén-
ium ion centers, which in acyclic fluorocarbenium ions are
less deshielded than those in the cyclic analogs. A lesser
degree of fluorine back-donation should correspond to
more deshielded carbénium carbon shifts, since in this
case less positive charge should be shared by the fluorine
atoms.

Halogen “back-donation” has been demonstrated pre-
viously by comparing the carbon-13 shifts of dimethyl-
halocarbenium ions and a series of haloolefins.4d For com-
parison we have now also reinvestigated the carbon-13
shifts of dimethylhalocarbenium ions by the Fourier
transform method and data are included in Table Il. The
carbénium carbon shift of dimethylfluorocarbenium ion is
found to be 6(13C) 282.8 (In our quoted paper, owing to a
computation error, a value of 345 was reported by the
INDOR method. The recalculated value is in good agree-
ment with the Fourier transform result.)4e The data for
(CH3)2C+F and (CH3)2+CC1 further substantiate the im-
portance of fluorine “back-donation.” Thus, without com-
paring the differences in carbon-13 shifts [A5(13C)j be-
tween halocarbenium ions and their corresponding olefins,
the shielding of the carbénium carbon shift of (CHa”C 1F
is a good indication of substantial charge being delocal-
ized unto the fluorine through 2p-2p interaction. This is
also in good agreement with the observed deshielded fluo-
rine shift at #-181.91 for (CHs)2C+F.4d

Although steric and inductive effects may affect the 19F
chemical shifts, they cannot be the dominating factors
which result in the observed variation for cyclic, acyclic,
and polycyclic fluorocarbenium ions. 19F nmr chemical
shifts for the conformationally most rigid fluorocarbenium
ions appear the least deshielded and those of the less rigid
systems appear the most deshielded. Fluorine shifts of
conformationally labile systems appear inbetween. These
observations are in accord with the recent experimental
results reported by Farnum and Patton10 of the 19F nmr
parameters of a series of tertiary p-fluorophenylcarbenium
ions in terms of steric restriction of rotation by solvation.
They also have found that the 19F chemical shifts fall into
three main groups: acyclic fluorinated carbénium ions at
lowest field, monocyclic at intermediate field, and bicyclic
at highest field. The total range of 8 ppm represents about 6
kcal energy difference in stability. For the presently stud-
ied fluorocarbenium ions, a range of 57 ppm is observed.

From Table Il it also can be seen that Jcf values of flu-
orocarbenium ions are unusually large (>400 Hz). The
large Jcf values also correspond to the deshielded 19F
chemical shifts.11 Although Jcf values generally vary
widely depending on their environment, there are three
major factors contributing to Jcf, he., the extent of w
bond formation and the ionic character of the C-F bond,
as well as the s character of the carbon orbital in the C-F
bond. Jcf usually increases in magnitude with decreasing
ionic character, decreasing s character, and increasing ir-
bond formation. Jcf values given in Table Il for cyclic,

J. Org. Chem., Vol. 39, No. 16, 1974 2397

acyclic, and polycyclic fluorocarbenium ions do not show
substantial variation with the exception of the 1-fluorocy-
clopentyl cation, which also shows a more deshielded car-
benium 13C chemical shift. A consistent explanation of
the fluorine back-donation unto the large JCF values can-
not be given at the present time. The greater extent of w
bond formation and the decrease of ionic character might
be the major factors for larger Jcf values observed in fluo-
rocarbenium ions.

Conclusions

The study of 1-halo-I-cycloalkylcarbenium ions shows
that halogen “back-donation” as well as configuration
(ring size) are the two most important factors affecting
their stability. Owing to the better 2p-2p interaction in
fluorocarbenium ions, we have previously shown that the
degree of halogen “back-donation” is in the order F > CI
> Br. Our present data show good agreement with this
order. 1-Bromo-l-cycloalkylcarbenium ions could even
not be directly observed. For example, the 1-bromo-
1-cyclopentyl cation was not stable even at -120° and
immediately was transformed to the cyclopentenyl cation.
This result enhances our previous conclusion that bromine
“back-donation” is not significant in bromocarbenium
ions. Indeed, bromine destabilizes carbenium ion through
its obvious inductive effect. The different rate of transfor-
mation of 1-halo-I-cyclohexyl cations (4-F and 4-Cl) into
the 1-methyl-l-cyclopentenyl cation (5), on the other
hand, clearly suggests that fluorine “back-donation” is
more significant than that of chlorine.

Experimental Section

Materials. 1,1-Dichlorocyclopropane, -butane, and -pentane,
1,2-dichlorocyclopentane, and 1,1-difluorocyclohexane were ob-
tained from either K & K Laboratories or Aldrich Chemical Co. 1,1-
Difluorocyclopentanel2®and -cycloheptanel? and 2,2-difluoroada-
mantane126 were prepared from the corresponding ketones with SF4
according to literature procedures. 1,1-Dichlorocyclohexane and
-heptane were prepared by reaction of the corresponding ketones
with PCI3-PCI5.

Antimony pentafluoride and fluorosulfuric acid were purified as
previously described.13 The purified reagents were stored in Teflon
bottles.

Nuclear Magnetic Resonance Spectra. Proton and fluorine
nmr spectra were obtained on a Varian Model A56/60A nmr spec-
trometer equipped with a variable-temperature probe. External
(capillary) TMS and CFCI3 were used as references for 1H and
19F spectra, respectively. Carbon-13 nuclear magnetic resonance
spectra were obtained by the Fourier transform method using a
Varian XL-100 nmr spectrometer equipped with a variable-tem-
perature probe. Carbon shifts are referred to capillary TMS.

Preparation of lons. The procedure for the preparation of cy-
clic halocarbenium ion is essentially the same as that previously
reported.8-9
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Of the rate equations 1-4 for 2-deuteration of imidazole via the ylide mechanism involving the OD , the im-
idazole free base, its conjugate anion, and D20, respectively, the experimental pD-rate profile conforms unique-
ly to eq 1. Rate expressions for the deuteration of the three ring sites in 1-methylimidazole by way of four inde-
pendent routes are also presented (eq Ua-d). Successive exchanges of the three ring hydrogens were studied in
D20 as a function of the medium acidity. In the region of pD 0-13, the profiles for the 2-, 4-, and 5-hydrogen ex-
change are similar and as predicted by eq lib. At pD > 13, eq lia contributes significantly to the reaction at the
2 and 4 position. In strong acids, the rate of deuteration of all the ring positions increased fairly linearly with
acidity as required by eq lid. Similar deuteration of 1,3-dimethylimidazolium iodide substantiates the above.
These findings also allow the determination of the theoretical second-order rate constants which provide a quan-
titative account of the intrinsic reactivity of the 2, 4, and 5 position of 1-methylimidazole in undergoing deut-
eration. The relative rates are 54,500:1.6:1, respectively, via the ylide mechanism and 1:73:120, respectively,

via the SeAtpathway involving the conjugate acid species.

The imidazole ring system has achieved textbook status
because many substances of biological and chemical inter-
est, both natural and synthetic, are imidazoles. Although
there are many electrophilic substitution reactions of im-
idazoles known in the literature,1 including, in some in-
stances, kinetic analysis of a particular product, no quan-
titative data are as yet available for comparing the posi-
tional reactivities of the three potentially different carbon
positions of the imidazole ring in any particular reaction.
To this end 1-methylimidazole, the simplest model which
possesses three unique ring positions, viz., the C-5 posi-
tion adjacent to a pyrrole nitrogen atom, C-4 to a pyridine
nitrogen, and C-2 to both, was chosen for the present
study of the reactive character of these three sites. Since
typical aromatic substitutions,1 e.g., nitration, sulfona-
tion, and halogénation, have invariably yielded a single
product, they are unsuitable for a comparative study of
positional reactivity. We, therefore, decided on the deut-
eration reaction for a comprehensive Kinetic investigation.
On account of what is known about the two general mech-
anisms of deuteration of heterocycles, viz., one that pro-
ceeds via electrophilic aromatic substitution2 and another
via ionization of the carbon-hydrogen bond,3 it is predict-
able that both of these pathways may be operative in the
deuteration of 1-methylimidazole depending on medium
acidity. This article details the kinetics and mechanisms
of successive isotopic exchanges of the three ring hydro-
gens, and the derivation of the theoretical constants for
the rate-determining steps which involve either a Whe-

land or an ylide intermediate. These rate constants allow
the first quantitative comparison of the positional reac-
tivities of this ring system, and may well be applicable to
predicting or interpreting the orientation of other substi-
tution reactions involving similar intermediates.

Results and Discussion

2-Deuteration of Imidazole. Consideration of General
Acid and General Base Catalysis. The most general
mechanism3 of hydrogen-deuterium exchange in azoles
and azolium systems involving an ylide intermediate is
shown in Scheme | for the deuteration of imidazole at the

Scheme |
D+ /
DNAND N>N D p*
tr
H H H
1 1 i
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K
dn{© )nd u>: D+ DNA2ND
— D
v v

“ Rate-determining step.

2 position. By analogy to the rate expression derived for
thiazole exchange,3® the observed pseudo-first-order rate
constant for imidazole 2-deuteration is given by eq 1,
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@
w + KID+4 + [D+2

where ffw' = [D+][OD ] = the ion product constant for
deuterium oxide, Ka = [I][D+]/[H], and Ka = [m][D+]/
[1]. In the rate-determining hydrogen-abstraction step (Il
1V), three general bases may participate: the imidazole
free base (1), the imidazole anion (HI), and deuterium
oxide. By substituting the respective terms of I and Hl,
which are both expressed as a function of the total imid-
azole concentration [S]t, and [D2Q] in place of [OD Jin
the rate expression d[V]/dt = &i[OD"][Il], the following
three equations for general base catalysis are obtained.

Imidazole [I] as the base
fe2k ,[D+13[S It
x ob — f o~ (2)
(*W + tfjD 1 + [D+]22
Imidazole anion [EH)] as the _base L.
WTigTigjt
(A" + KgbD+4 + [D+22
Deuterium oxide as the base
£4d 20 ][d +]2
#ob — 4)
K&Ka + XgDH + [DH2
When general base catalysis does operate, kob may be given
by any one or combination of these expressions.

The rate of deuteration at the 2 position was studied in
the region of pD 0-16 at a constant concentration of 0.2 M
of imidazole in deuterium oxide at unit ionic strength and
65°. The experimental rate profile shown in Figure 1A was
obtained by plotting log kob vs. pD. This study was re-
peated at higher concentrations of imidazole, viz., 0.5, 1.0,
and 2.0 M, which yielded the same profile. For the sake of
comparison, the sigmoid form rate profile reported by
Vaughan, et o/.,4 for the same deuteration reaction is
plotted in Figure IB. On account of the shape of the pro-
file in Figure 1A and its independence of substrate con-
centration, deuteration at the 2 position of imidazole
must have followed the carbanion mechanism as shown in
Scheme | and predicted by eq 1. The disparity between
our rate plot and Vaughan’'s as shown in Figure 1 is most
prominent in the regions of pD <6 and pD > 14. Since
their deuterium exchange of the 2 hydrogen of imidazole
did not go beyond pD 13.65, the omission of the negative
slope portion of the rate profile at pD > 14 is not unex-
pected. On the acidic side, however, the source of the dis-
crepancy is less fathomable. The curve in their report lev-
els off in the low pD region but ours decreases linearly
with decreasing pD. The magnitude of kOv differs consid-
erably also, viz., a t1/2 (pD 2.88) of 11 hr is their result
and 84 days being our observation. The abstraction of the
2 hydrogen by D20 in the rate-determining step was pro-
posed by them to account for the flattened profile in the
acidic region. This proposal has prompted us to consider
the operation of a certain general acid or general base ca-
talysis. A general acid catalyzed mechanism can be readi-
ly dismissed, however, since the rate of the recombination
step (ftT of Scheme 1) is not involved in the final rate ex-
pression. Whichever species furnishes the deuterium ion
should be immaterial to the kinetic equation (1). General
base catalysis by way of the imidazole free base I, the
conjugate anion HI, and D20 may compete with the deu-
terioxide anion in the rate-determining step as expressed
in terms of eq 2-4. In actuality, the inactive role of the
imidazoles | and IH is ascertained by the invariance of the
observed pseudo-first-order rate constants in the range of

« b =—

(3)
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Figure 1. Experimental rate profile for 2-deuteration of imidazole
at 65° and unit ionic strength: (A) this laboratory; (B) Vaughan,
etah, ref6.

0.2-2 M of imidazole. Both eq 2 and 3 require kob to vary
with [S]t. In our following studies of the exchange of the
three ring hydrogens of 1-methylimidazole and its meth-
iodide salt, we have observed the same trend of declining
rate in the low pD region as that shown in Figure 1A. It is
pertinent to note that such decreasing rate with lower pD
was also reported for the deuteration of thiazole by Olof-
son, et al.,3a and the deprotonation of the pyridinium ion
by Zoltewicz, et al. 3

Successive Deuteration of 1-Methylimidazole and Its
Methiodide Salt. Deuteration of any carbon position in a
heteroaromatic system in aqueous medium may be envi-
saged either as an electrophilic aromatic substitution (Se)
or ionization of the carbon-hydrogen bond giving rise to a
carbanion intermediate (C_). 1-Methylimidazole exists in
the neutral form VI and the conjugate acid Vn. Thus,

CHN<Q>N — dr®©}nch3
Vi vn

there are four independent routes of deuteration of the
three ring sites in 1-methylimidazole. In Scheme n are

Scheme 11
Mechanism Kinetic expression Eq
kJilOB'}
(a) C" (V) Kob — (Ha)
Ka + [DH
, kJCj .
() c" (vn)  Ap — A (lib)
Aa + [D+
feAiD 4
(c) SE (VI) Kob — ] (He)
+ [D J
(d) SE (V1) by D12 (Hd)
+ [DH

shown these four exchange mechanisms and their corre-
sponding Kinetic expressions. Equation Ha was derived in
the same manner as eq 1 for imidazole, except [S]t = VI
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1) m
Figure 2. Experimental rate profiles for deutération of 1-methyl-

imidazole at 163°. Profile for the 2 position is projected from ex-
perimental values obtained at 81°.

+ VII; eq lib from eq 1 by setting [D+] » Ka' and eq lie
and Ed are those derived by Katritzky, et al.,2 for the
deuteration of heteroaromatic compounds via the Se
route.

Deutérations at the 2, 4, and 5 position of 1-methylim-
idazole in a 0.2 M aqueous solution were studied as a
function of the medium acidity. Their rate profiles are
plotted in Figure 2. at the uniform temperature of 163°.
All except the 2-hydrogen exchange in the pD region were
conducted at this temperature. The rate constants for the
latter depicted in Figure 2 were projected from the experi-
mental values obtained at 81° using the Arrhenius equa-
tion and Ea = 20.2 kcal mol-1. As a model for the deut-
eration of the conjugate acid species VH, 1,3-dimethylim-
idazolium iodide was used. The rate profiles for the deut-
eration at the 2 and 4(5) positions are drawn in Figure 3.
The two rate equations which govern the two routes of ex-
change are eq 5 and 6. These equations are derivable from

ec Kb and lid, respectively, by setting [D+]» Ka.
kob = kr{OD~] (5)
kob = feg[DH (6)

The rate profile for the 2-hydrogen exchange of 1-
methylimidazole shown in Figure 2 is uniquely compatible
with eq lib. Thus, deuteration in this case also occurs via
the ylide mechanism, the same as that shown for imidaz-
ole in Scheme I. The only difference in these two experi-
mental rate profiles (cf. Figures 1A and 2) exists, predic-
tably, in the high pD region where the imidazole plot be-
comes base dependent. The 1-methylimidazole profile
continues to be level at high pD owing to the absence of
the conjugate base form. The inflection point of the latter
rate profile obtained at 81° at pD ca. 7.6 corresponds quite
well to the room temperature pKaD of 1-methylimidazole of
7.89.5 At 26°, the same hydrogen exchange studied by
Harris, et al.,6 in the acidic region is understandably
sluggish. Their flattened curve of zero rate from pD 0 to
4.5 can be considered a fair representation in a prepara-
tive sense. However, it should be noted that the resulting
sigmoid form of the rate plot is incompatible with eq lib
for the ylide mechanism. The profiles for the deuteration
at the 4 and 5 position of 1-methylimidazole at 163° have
the same general shape as that of 2-deuteration at 81° in
the region of pD 0-13 (cf. Figure 2). This argues strongly
that the same mechanism of exchange prevails in all of
these cases.

At pD 13 and above the rate of 4-deuteration shows di-
rect dependence on base concentration. This fits the
equation kob = fea[OD ] which can be derived from eq Ha
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Figure 3. Experimental rate profiles for deuteration of 1,3-di-
methylimidazolium iodide at 163°, except for 2 hydrogen at 25° in
pD region.

when Ka 2> [D+]. It appears that in this alkaline region a
base-catalyzed reaction also occurred on the free base
form VI, in the same way as the deuterium exchange of
pyridine in NaOD-D20 mixtures at 198° reported by Zol-
tewicz, et al.3b Although the rate enhancement in the
high pD region was not found for 2-deuteration at 81°, a
strong case of such involvement can be projected for this
exchange at 163°, at which point the rate of 2-deuteration
was too rapid to measure by the pmr technique. It is
known that metalation of 1-methylimidazole with n-
butyllithium occurs solely at the 2 position.7 Thiazole 2-H
exchange was shown33 to exhibit this rapid rate increase
at higher base concentration, denoting ionization of the
free base form. Since inductive stabilization of the carb-
anion intermediate is expected to be greatest at the 2 po-
sition of VI which is adjacent to both heteroatoms, the
dual mechanism represented by eq Ha and lib that was
operative in 4-deuteration must also have prevailed in the
2-hydrogen exchange under the same conditions. The 5
position of the free base form VI, being next to a pyrrole
nitrogen, showed much less tendency to follow eq Ha, and
the entire profile for 5-deuteration is consistent with the
ylide mechanism defined by eq lib.

In strong acids in the -Do region and at 163°, the rate
of exchange of all the ring hydrogens increased fairly lin-
early with acidity as depicted in Figure 2. This behavior is
compatible with eq lid for an electrophilic substitution
occurring on the conjugate acid VII. At [D+] » Kix eq lid
becomes kob = &d[D+], The strongly acidic conditions
used necessitate the use of the acidity function Dx+, and
Dx+ = -log [dx+]. Thus, eq lid' predicts that a plot of log

~ob = &l ]

log kob = log kd - (Hd)

kob vs. Dx 1 should increase with acidity and have a slope
of —1. Since Dx+ values are undetermined for the acidic
conditions used, log kob is plotted as a function of DO. DO
is assumed8 to be equal to Ho-9 As the acids used deviate
from ideal behavior, the slope of -1 no longer holds. The
slope of the 4- and 2-hydrogen curves in Figure 2 are
—0.50 and —0.25, respectively. A slope of —0.45 was ob-
served by Katritzky, et al.,2c in the deuteration of 2,4,6-
trimethylpyridine at 219° under these strong acid condi-
tions.

Dx*
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Table |
Calculated Second-Order Rate Constants of Deuteration at 163° for All Ring Sites”

King [ e 1-Methylimidazole------------seseemeeenneeee. mmmmmmmmneeeen 1,3-Dimethylimidazolium iodide---------------
position K .M -"sec-" Rel rate kK, M - sec-i Rel rate
A. pD 0-13
2 1.11 X 102(25°)6 2.70 X 102(25°)¢
9.00 X 1B 54,500
4 2.60 X 102 1.56 3.42 X 10=
5 1.65 X 102 1.00 3.42 X 102
B. Do - 10-0
2 8.32 X 10-7 1.00 1.62 X 10-s 1.0
4 6.03 X 10-5 73 6.39 X 10-' 39
5 9.78 X 105 120 6.39 X 10-*

“ Calculations are based on k&b (163°) at pD 7.4 and D0 — 2.84 for 1-methylimidazole and kd (163°) at pD 11.4 and D, —

2.84

for the imidazolium salt. bCalculated from k\, (25°) and k\ (163°) which are extrapolated from the experimental value

of koh (81°) by the use of the Arrhenius equation and E,, — 20.2 kcal mol-1, the latter being determined in the temperature
range of 30-81°. cCalculated from the experimental value of K\ (25°).

These mechanistic postulates for the deutérations of 1-
methylimidazole in the pD and —DO0 regions are further
reinforced by the kinetic behavior of the deuteration of
1,3-dimethylimidazolium iodide under similar conditions.
With reference to Figure 3, the profiles observed in the pD
region for deuteration at the 2 position at 25° and the 4(5)
position at 163° increase linearly with basicity and have
slopes of 1.0 and 1.2, respectively. This is ideally suited to
eq 5 denoting-the carbanion mechanism. In strong acids,
the rates of 2- and 4(5)-hydrogen exchanges increase lin-
early with acidity as predicted by eq 6, and in the same
manner as shown by the exchanges of the 1-methylimida-
zole hydrogens. This again corroborates the electrophilic
substitution mechanism proposed for the latter heterocy-
cle. Further revelation of the consistency of these deutera-
tion mechanisms for the two compounds can.be seen in
the quantitative comparison of the calculated second-
order rate constants shown in Table I and the discussion
which follows.

Positional Reactivities of 1-Methylimidazole. The Kki-
netics of deuteration of the three ring positions of 1-
methylimidazole are defined by eq lib in the region of pD
0-13 and by eq lid in the -Do region. Given the observed
pseudo-first-order rate constants at 163°, the second-order
rate constants kb and fed can be obtained from the above
equations for each ring position. These constants ko and
fea, uncluttered by parameters such as the substrate con-
centration, solution pD, as well as pKa0 and pKw', have
provided a quantitative account of the intrinsic reactivity
of the 2, 4, and 5 positions in undergoing deuteration. In
Table | are shown the theoretical constants for a specific
deuteration site in 1-methylimidazole and its methiodide
salt. These values are approximate solutions of eq lib and
lid, since pKaD,s pffw,10 and [D+], which were measured
at room temperature, are used in conjunction with kob at
163° uncorrected for the temperature difference. However,
the accuracy of rate comparison is not compromised. The
relative rates of deuteration at the 2, 4, and 5 positions at
pD 0.13 are 54,500:1.6:1. These reflect the inherent stabil-
ity of the ylide intermediates VTII, Villa, and VHIb, re-

CHsSNAND
VI

ch®(O© )nd
Villa

ch” nd
VHIb

spectively. The 2 hydrogen is expected to exchange fast-
est, since the carbanion is uniquely flanked by two nitro-
gens. The large inductive effect of nuclear nitrogen atoms
in promoting deprotonation of some azoles was shown by
Olofson, et al.11 Similar inductive reasoning allows that
the reaction at the 5 position should be depressed relative

to that at the 4 position because of the proximity of the
(Vi-methyl group. By the same token the relationship of
k2 > ki > ks should also hold at pD > 13, although no
meaningful numerical data are available to make the
comparison.

The relative rates of deuteration in strong acids in the
2, 4, and 5 position of 1-methylimidazole are 1:73:120, re-
spectively. In comparing the transition states, the electro-
phile D+ would encounter less charge repulsion in transi-
tion states VHb and Vile than in Vila. The two positive

iNSA*ND D+ +D
1T ' H H!

1 +/ o+ +
+D CHANSA"ND CH:N ~
Vila VHb Vile

nitrogens are cross conjugated in VHb and Vile but fully
conjugated in Vila; the latter, therefore, is destabilized
more. Thus, the greater reactivity of the 4 and 5 position
can be rationalized on the basis of the proposed SEAr
mechanism involving the conjugate acid VII. The faster
rate of 5- over 4-deuteration is attributable to the elec-
tron-donating effect of the Wi-methyl group.

The second-order rate constants for 1,3-dimethyiimida-
zolium iodide undergoing the ylide deuteration route are
very comparable to those for 1-methylimidazole. In strong
acids where an electrophilic substitution mechanism pre-
vails, the additional methyl group in the methiodide salt
exerts further stabilization of the transition state. This re-
sults in higher rate constants than their counterparts in
the deuteration of 1-methylimidazole.

Experimental Section

Materials. Imidazole and 1-methylimidazole were purchased
from Aldrich Chemical Co.; the former was sublimed at 50° (2
mm) and recrystallized from benzene, mp 90°, and the latter was
redistilled before use. 1,3-Dimethylimidazolium iodide was pre-
pared according to Overberger.12

Sample Preparations. In the pD region, 1 ml of a 0.2 M solu-
tion of the imidazole in D20 was prepared. To it was added 0.05
ml of a 0.2 M solution of 3-(trimethylsilyl)propanesulfonic acid
sodium salt in D20 as the internal pmr standard. Desirable acidi-
ties of pD 0-13 were obtained by adding micro amounts of 6 N
NaOD or 38% DC1, and the pD values were calculated by adding
0.4 to the observed pH-meter values.13 Strongly alkaline solutions
with pD > 13 were prepared from concentrated NaOD solutions
which were standardized by titration with standard 0.1 N acid,
and the pD values were calculated from the equation pD + pOD
= 14.86.10 Generally, the initial and the final pD values measured
at the end of the deuteration experiments agreed to within 0.1 pD
unit. In a few instances additional runs were made using phos-
phate buffers. We found no real difference in rate when they were
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Table Il
Rate of Exchange of Imidazole at 65°
pD ~ob> sec-1
15.7 8.70 X 10'6
15.3 6.55 X 10-5
14.2 1.56 X 10“4
13.3 4.22 X 10' 4
12.4 3.84 x 10-4
10.7 3.24 x 10-4
9.5 4.03 x 10-4
8.2 3.06 x 10-4
7.2 9.16 X 10'6
6.5 4.34 X 10'6
5.4 6.06 X 10“6
4.3 8.83 X 10
2.1 2.89 X 10'8

compared to the unbuffered ones. For the exchange of the 2 hy-
drogen in imidazole, the ionic strength of the imidazole solutions
was adjusted to 1.0 M with sodium chloride solution. This was
done to reproduce precisely the reaction conditions described by
Vaughan, et al,4 This adjustment was not made in other ex-
change experiments, since 2-deuteration of 1-methylimidazole at
pD 10.9 and 81° and ionic strength varying between 0.02 and 1.1
showed that the rate dependence on ionic strength is negligible
and within experimental error. For experiments to be carried out
at less than 100°, the sample was heated in the nmr tube. At
>100°, samples were heated in a sealed glass ampoule or in a stain-
less steel bomb for strongly alkaline solutions (pD > 13). In the
concentrated acid region, the deuteration of 1-methylimidazole
was done in D2S0O4D 20 mixtures. Commerical 98% D2S04 was
standardized against sodium hydroxide solution of known molari-
ty. Solutions of specific DO values were prepared by dilution with
D20 and it was assumed8 that Do was numerically equal to the
reported9 values of Hg Mixtures of DCI-D20 of varying DO
values9 were used as media for the deuteration of 1,3-dimethylim-
idazolium iodide, since this salt was found to react with sulfuric
acid at raised temperatures.

Kinetic Measurements. The Kinetics of deuteration were fol-
lowed by pmr technique using a Varian A-60A spectrometer. At
various intervals until 1 half-life had elapsed, the pmr spectra of
the sample were recorded and integrated at two or more spectrum
amplitudes for four times each. The fraction of hydrogen left at a
given time for an exchanging proton was calculated by reference
to a nonexchanging proton or group. The iV-methyl group was
used as reference peak for 1-methylimidazole and the dimethyl
salt. For imidazole, the trimethylsilyl peak of the internal stan-
dard 3-(trimethylsilyl)propanesulfonic acid sodium salt was inte-
grated and used as reference. A plot of the natural logarithm of
the fraction of hydrogen left vs. time gave a linear plot. This indi-
cates a first-order or a pseudo-first-order reaction. The slope of
the plot is the negative of the observed rate constant. The
pseudo-first-order rate constants were calculated using a standard
linear least-squares routine.14 These were run on the IBM 360-40
computer. Statistical analysis produced correlation coefficients of
greater than 98%. Specific conditions for the exchange study of
the three different imidazoles are described below.

Imidazole. $(D20, pD 12.4) H-2 7.80, H-4(5) 7.17. Exchange of
the 2 hydrogen was done in a nmr sample tube at 65 + 0.1° in a
thermostatically controlled constant-temperature bath. The sam-
ple was quenched by cooling before pmr analysis. Rate data are
summarized in Table II.

1-Methylimidazole. 5 (D20, pD 12.4) H-2 7.63, H-4 7.13, H-5
7.03, NCH3 3.27. Deuteration at the 2 position in the pD region at
81° was carried out as above. Other exchanges in the pD and -D 0
regions were done in a sealed tube at 163 + 2.0° using refluxing
bis(2-methoxyethyl) ether as the constant-temperature heating
medium. The 2 hydrogen was measured directly by pmr tech-
nique. In acidic solutions of pD < pKa, the 4 and 5 protons of 1-
methylimidazole merge into a single peak. Therefore, a slightly
different procedure was necessary in order to observe the ex-
change of these protons individually. In the region of pD 0-6, 3-ml
samples were used in the exchange experiments. Aliquots of 0.5
ml were withdrawn at invervals of heating and cooled, and con-
centrated NaOD was added to bring the pD of the solution to ca.
8 so that the 4 and 5 protons were distinct. For the exchange
studies in the -D 0 region, this treatment led to a large amount of
sodium salt in the sample, which lowered the quality of the spec-
trum. Hence the 1-methylimidazole was extracted into carbon
tetrachloride for spectral measurements. No decomposition was

Wong and Keck

Table 111
Rate of Exchange of 1-Methylimidazole
------------------------------------ kob, SEC Ire—mmmmmrmmee e
2-H (81°)
pD (Do) (163°)* 4-H (163°) 5-H (163°)
14.2 3.00 X 10'3 3.64 X 10“3
13.9 4.86 X 10'4 2.42 X 10'5
13.4 1.07 X 10'4 1.85 X 10-5
12.4 2.94 x 10-3 3.08 X 10“5 1.72 X 10'5
10.4 2.20 X 10'6
9.4 3.48 X 10-5 2.66 X 10-5
8.4 2.86 X 10“5 2.25 X 10“5
7.4 2.78 X 10"5 1.84 X 10'5
6.4 2.06 X 10'3 3.50 X 10'5 1.75 X 10-5
5.4 2.78 X 10'5 1.63 X 10'5
4.4 1.49 X 10'5 3.25 X 10~5 1.23 X 10'5
3.4 2.29 X 10-6 2.92 X 10'5 8.91 X 10'6
2.4 2.20 X 10 2.62 X 10“5 6.22 X 10'6
1.4 9.20 X 10'6 1.97 X 10'6
0.8 4.06 X 10'6 1.37 X 10'6
-1.06 1.37 X 10'6 2.18 X 10'6
-2.42 3.25 X 10'6 4.50 X 10'6
-3.30 567 X 10"6 1.01 X 10-5
-5.82 2.35 x 10-7* 3,00 X 10'5 4.08 X 10-5
-7.46 3.92 x 10-7* 9466 x 10'6 1.37 X 10-4
-9.01 8.22 x 10-7#* 389 x 10'5 5.28 X 10'4
-9.98 1.03 X 10'6*
Table IV
Rate of Exchange of 1,3-Dimethylimidazolium lodide
; kOb, sec I
pD (Do) 2-H (25°) (163°)* 4(5)-H (163°)
13.4 1.81 X 101
11. 4 1.24 X 10'2
10. 3 2.52 X 10'2 1.04 X 10"3
9.5 2.44 X 10'4
8.5 1.22 X 10-4
8..0 3.20 X 10'6
7.8 2,35 X 10“s
6.6 5.95 X 10"8
5.7 . 4,17 X 10-7
-0 .615 3,17 X 10'6
-1 .73 4.72 X 10-7* 6.65 X 10“6
-2 .84 8.56 X 10-7 ~ 1.84 X 10'6
-3 .80 1.12 x 108~ 4.42 X 10'5

observed in any of these samples studied. The: rate data
shown in Table 111

1,3-Dimethylimidazolium lodide. 5 (D20, pD 12.4) H-2 8.65,
H-4(5) 7.43, NCH33.98. The 2-hydrogen exchange was studied at
25° in the pD region and all other deuterations at 163° by meth-
ods as shown above. The pmr measurements of the 4(5) hydro-
gens, however, require a comment. Since the 4 and 5 protons of
this salt are indistinguishable, initial exchange may occur at ei-
ther position. This represents an example of two consecutive first-
order reactions

where A = undeuterated salt, B = monodeuterated salt, and C =
dideuterated salt, and f&2 = &i/2 since the 4 and 5 protons are in-
distinguishable. During an exchange reaction the area of the pmr
signal of the 4(5) protons is proportional to the concentration of A
plus half the concentration of B at the given time. It follows di-
rectly from the usual Kkinetic treatment of consecutive first order
reactions that when h2 = fei/2

A +BI2 = Ace'v 2

so that

A+ B2

Aq

| = - kit/ 2

Since (A + B/2)/A0 is measured directly by pmr, a plot of
these In values vs. time gives a straight line which has a slope of
—fei/2. Since k2 = fei/2, a pmr experiment gives k2 directly.
Therefore, the rate constant directly measured by nmr represents
the rate of exchange of only one of the indistinguishable protons.
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This quantity is comparable to the data for one-proton exchange
determined for other imidazoles. The rate data are summarized
inTable IV.

Registry No.—1-Methylimidazole, 616-47-7; 1,3-dimethylim-
idazolium iodide, 4333-62-4.
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The dehydrogenation of 2-propanol by chloranil was found to occur in the presence of several transition metal
complexes to give acetone and tetrachlorohydroquinone. Some of these reactions seem to be explained by a
mechanism that requires both the donor and the acceptor to coordinate simultaneously on the central metal of
the catalyst, and hydrogen atoms to be transferred directly from the former to the latter without forming hy-
dride complexes. The dehydrogenation of tetralin and 2,5-dihydrofuran, which are unsaturated compounds, was

not influenced by the addition of the metal complexes.

The dehydrogenation of unsaturated compounds by qui-
nones is well known and has been considered to proceed
via a two-stage ionic process involving a charge transfer
complex.1 The reaction usually requires double bonds or
aromatic rings in the hydrogen donors, so that dehydroge-
nation of saturated heterocompounds by quinones is un-
usual.1l

We have found that catalytic hydrogen transfer from 2-
propanol2 or dioxane3 to olefins proceeds via hydride com-
plexes. Moreover, direct hydrogen transfer involving no
hydride complex seems not to have been reported in the
hydrogenation of olefins4 or quinones1’'4 catalyzed by tran-
sition metal complexes. This study was undertaken to ex-
amine the possibility that direct hydrogen transfer can
take place from a hydrogen donor to a quinone, without
involving a hydride complex, when the reactants do not
form a charge transfer complex but are simultaneously
coordinated to a transition metal complex.

Results

Hydrogen Donors. As hydrogen acceptor, chloranil was
mainly used because of its relatively high thermal stabili-
ty and hydrogen accepting power. Duroquinone also was
used in some cases.

The desirable hydrogen donors for the purpose of this
study are those which do not form charge transfer com-
plexes with quinones but do coordinate to transition met-
als. From this viewpoint, various saturated heteroatom
compounds were examined as hydrogen donors.

A hydrogen donor and chloranil (0.25 mol each) and
0.025 mol of NiBr2(PBun3)2 were heated in o-dichloroben-
zene at 170° for 2 hr. 2-Propanol gave a considerable
amount of acetone along with 2-chloropropane. Cyclohex-
anol and cyclohexyl chloride gave phenol and chloroben-
zene, respectively, but the yields were less than 5%. In the

reaction of N-methylpyrrolidine as a hydrogen donor, nei-
ther the expected product, iV-methylpyrrole, nor unreact-
ed N-methylpyrrolidine was detected after the reaction.
The same result was obtained in the reaction of the amine
at 140°. This observation may be explained by the as-
sumption that the tertiary amine reacted with chloranil.5
In the reaction of the amine with duroquinone in the pres-
ence of NiBr2(PBun3)2, Ai-methylpyrrolidine survived, but
yV-methylpyrrole was not detected.

The reaction in which 2-propanol was used as a hydro-
gen donor was examined in detail, because the alcohol do-
nated hydrogen catalytically in spite of the formation of
2-chloropropane in a side reaction. For comparison, the
reactions of tetralin and 2,5-dihydrofuran, which are un-
saturated compounds, were also investigated.

Solvents. To find a suitable solvent, equimolar
amounts of 2-propanol and chloranil were heated in sever-
al solvents in the presence of NiBr2(PBu”3)2 and the reac-
tion mixtures were submitted to gas-liquid chromato-
graphic analysis. The results are summarized in Table 1.
The solvents of moderate coordinating ability were found
to be suitable. Because of the convenience of the analysis,
the experiments hereafter were carried out in chloroben-
zene.

Dehydrogenation of 2-Propanol. 2-Propanol and chlo-
ranil gave acetone, tetrachlorohydroquinone, and 2-chloro-
propane in the presence of catalysts. The formation of
tetrachlorohydroquinone was confirmed by isolation of it as
crystals from the reaction mixture and by comparison
with an authentic sample. Though the yield of acetone
based on the amount of charged chloranil was much high-
er when 2-propanol was used as hydrogen donor and sol-
vent, the solubility of catalysts in the alcohol was small.
The reactions were therefore carried out in chlorobenzene
at 170° for 2 hr. The results are summarized in Table II.
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Table |
Solvents in the Hydrogen Transfer from
2-Propanal to Chloranil“

P Yield, o =w-memme’
2-Chloro- Recovered
Solvent Acetone propane 2-propanol, %

re-Butyl propionate 31 4 29
Bromobenzene 30 7 53
Anisole 26 12 59
Chlorobenzene 25 6 66
p-Chlorotoluene 18 19 53
o-Dichlorobenzene 13 6 57
o-Tolunitrile 12 24 40
Diethylbenzene 8 10 63
Pyridine 1 1 72

a2-Propanol (0.25 mol), chloranil (0.25 mol), and NiBr2
(PBu"32 (0.025 mol) were heated in the designated solvent
at 170° for 2 hr.

The existence of side reactions was shown by the fact
that 2-chloropropane was formed and the total amount of
acetone, 2-chloropropane, and recovered 2-propanol was
less than the amount of charged 2-propanol. When duro-
quinone was used instead of chloranil under the same
reaction conditions in the presence of NiBr2(PBun3)2,
PdCI2(PPh3)2, Pt(PPha)4, or RhCI-2H20, neither acetone
nor 2-chloropropane was formed, but 2-propanol was re-
covered quantitatively.

Dehydrogenation of Tetralin. The reactions in which
0.25 mol of tetralin, 0.25 mol of chloranil, and 0.025 mol
of a metal complex were heated in chlorobenzene for 2 hr
at 160 or 180° were carried out for comparison with the
reaction of 2-propanol. In the reaction at 160°, about 0.01
mol of 1,2-dihydronaphthalene and 0.01-0.02 mol of naph-
thalene were formed; in the one at 180°, 0.01-0.02 mol of
1,2-dihydronaphthalene and 0.05-0.06 mol of naphthalene
were detected. No significant effect of the addition of
metal complexes was observed in any case, though all of
the complexes used in the reaction of 2-propanol were ex-
amined. The total amount of 1,2-dihydronaphthalene,
naphthalene, and recovered tetralin in the reaction
mixtures was almost equal to the amount of charged tet-
ralin in every case. This fact suggests that no side reaction
took place in the reaction of tetralin and chloranil. In the
reactions in which duroquinone was used instead of chlo-
ranil at 180° in the presence of NiBr2(PBur)2, Pt(PPh3)4,
or PtCI2(PPh3)2, 1,2-dihydronaphthalene and naphthalene
were not detected and tetralin was recovered quantita-
tively.

The noncatalytic dehydrogenation of tetralins to naph-
thalenes by quinones has already been reported.1

Dehydrogenation of 2,5-Dihydrofuran. When 2,5-
dihydrofuran and chloranil were heated in chlorobenzene
at 140° for 2 hr, furan was obtained in 35% yield and the
yield was not significantly influenced by the addition of
NiBr2(PBun3)2, NiBr2(PPh3)2, or CoBr2(PPh3)2. It has
been reported that 3-phenylfuran was obtained in 10%
yield by refluxing 3-phenyl-2,5-dihydrofuran and chloranil
in ethylene glycol.6

Discussion

The reaction in which 2-propanol was used as a hydro-
gen donor is obviously catalytic, since the hydrogen trans-
fer reaction did not occur at all in the absence of the
metal complexes, and the amount of acetone formed var-
ied greatly for different complexes, as seen in Table II.
Two reaction pathways may be considered: (a) hydrogen
atoms are transferred in the process of oxidative addition
and reductive elimination which involves hydride com-
plexes as is usual for hydrogenation,4 and (b) the donor

Nishiguchi, Kurooka, andFukuzumi

Table 11
Dehydrogenation of 2-Propanol by Chloranil«

,—--Yield, % ---- >Recov-
2-Chlo- ered

ropro-  2-pro-

Catalyst Registry no. Acetone pane panol, 1
None 0 0 98
RhCI(PPh33 14694-95-2 76 5 0
RuCI2(PPh33 15592-49-4 73 5 12
PdCI2 7647-10-1 38 5 56
PdCI,(PPh32 13965-03-2 31 3 58
MoCls 10241-05-1 28 27 0
RuC13-HD 10049-08-8 26 6 8
NiBr2(PBu"32 15242-92-9 21 6 76
NiBr2(PBu”326 82 c c
Pt [P (p-tolyl)3]4 34053-78-6 21 4 72
Al(OPr*)s 51796-09-9 19 4 71
Pt(PPh34 14221-02-4 13 5 72
PtCI2(PPh32 10199-34-5 12 7 69
Pt[P(p-CIPh)3]4 51795-66-5 12 1 88
NiCI2(PPh32 6 9 80
FeCl2(Bipy) 5 1 85
NiCI2(PBu"32 4 15 71
PdCI2(PBuU”32 4 7 72
RhCI3-2H2 3 0 96
CoCIl2(PPh32 2 7 77
RuCI2(PPh33 + PPha“ 0 49 0
FeCl2(o-Phen) 0 0 96
Ni(Acac)2 0 0 85

« 2-Propanol (0.25 mol), chloranil (0.25 mol), and a cata-
lyst (0.025 mol) were heated at 170° for 2 hr in chloroben-
zene. 62-Propanol was used as a donor and solvent. *The
yield could not measured. dTriphenylphosphine (0.25
mol) was added.

and the acceptor are brought together by simultaneous
coordination to the central metal of the catalyst, and hy-
drogen atoms are transferred directly from the donor to
the acceptor without involving hydride complexes and
without changing the oxidation state of the metal.

In catalytic hydrogen transfer from 2-propanol or diox-
ane to olefins, the formation of metal-hydride complexes
occurs and is the rate-determining step.2,3 In the transfer-
hydrogenation of cyclopentane using 2-propanol as a
donor, RhCI(PPh3)3, RuCI2(PPhs)3, and PtCI2(PPh3)2
showed catalytic activity under mild conditions, but
PdCI2(PPh3)2, NiBr2(PBun32, NiCI2(PPh3)2, and
CoCI2(PPh3)2 did not catalyze the reaction even after
heating in 200° for 4 hr.2 In the cases of those transition
metal complexes that did not catalyze the transfer-hydro-
genation of olefins, but did catalyze that of chloroanil, the
assumption that hydrogen atoms are transferred directly
via pathway b seems to be reasonable. Moreover, the as-
sumption may be supported by the fact that the catalytic
activity of AI(OPr)3 in the reduction of chloranil was
comparable to that of some transition metal complexes
(Table I1), and that Meerwein-Ponndorf-Verley reduc-
tion7 and Oppenauer oxidation,8 which are catalyzed by
the aluminum complex, involve direct hydride transfer
from alkoxide ions to coordinated carbonyl compounds.

OH
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It is presumed that vacant coordination sites on the
metal are needed in this transfer-hydrogenation, since
RuCI2(PPh3)3 lost its high catalytic activity in the pres-
ence of excess triphenylphosphine; the complexes which
had bidentate ligands also showed little activity.

When tetralin was used as a donor, the hydrogen trans-
fer reaction was not influenced at all by the addition of
metal complexes, suggesting that the reaction proceeds
instead via change transfer complexes. That 1,2-dihydro-
naphthalene was always detected in the reaction of tetra-
lin shows that this reaction is stepwise and that the driv-
ing force for the dehydrogenation of tetralin is not aroma-
tization.

The dehydrogenation of 2,5-dihydrofuran, which has a
heteroatom and a double bond, also was not influenced by
the addition of metal complexes, and is again presumed to
be a noncatalytic reaction.

Experimental Section

Materials. 2-Propanol, tetralin, 2,5-dihydrofuran, and all sol-
vents were purified by distillation. Chloranil was recrystallized
from toluene. Duroquinone, chlorotris(triphenylphosphine)rhodi-
um(1),10 (lichlorotris(triphenylphosphine)ruthenium(ll),11 dichlo-
robis(triphenylphosphine)palladium(11),12 dichlorobis(tri-n-butyl-
phosphine)palladium(l1),13  tetrakis(triphenylphosphine)pla-
tinum(0),14 tetrakis(tri-p-tolylphosphine)platinum(O),14 tetrakis-
(tri-p-chlorophenylphosphine) platium(0O),14 dichlorobisftri-
phenylphosphine)platinum  (11),15 dichlorobis(tri-n-butylphos-
phine)nickel(11),16 dibromobis(tri-re-butylphosphine)nickel(ll),16
dichlorobis(triphenylphosphine)nickel(fl),17 dibromobis(triphenyl-
phosphine)nickel(ll),17 dichlorobis(triphenylphosphine)cobalt-
(11),18 2,2'-bipyridinedichloroiron(l1),19 o-phenanthrolinedichlo-
roiron(11),19 and dibromobis(triphenylphosphine)cobalt(11)18 were
prepared by the methods reported in the literature. PdCI2,
MOCI5, RuC13-H20, RhCI3-2H20, AI(OPr‘)3, Ni(acac)2, 1,2-dihy-
dronaphthalene, 2-chloropropane and tetrachlorohydroquinone
were purchased and used without purification.

An Example of Dehydrogenation of 2-Propanol. Chloranil
(61.5 mg, 0.25 mmol), 2-propanol (19.1 fil at 25°, 0.25 mmol), and
NiBr2(PBun3)2 (15.6 mg, 0.025 mmol) were put into a Pyrex glass
tube which had been sealed at one side. Chlorobenzene was
added to make the total volume of the solution 1.0 ml. The tube
was sealed under vacuum after two freeze-pump-thaw cycles at
10“3 Torr on a vacuum line, using liquid nitrogen. The sealed
tube was heated for 2 hr in a silicone oil bath kept at 170 + 1°.
Chloranil and the catalyst dissolved slowly at room temperature
but quickly at the elevated temperature. Gc analysis was per-
formed at 100° with a Hitachi Perkin-Elmer instrument equipped
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with a flame ionization detector, using a 2 m X 6 mm stainless
column packed with 20% Carbowax on Celite 545. As an internal
standard 15 pi of n-decane was used. By recrystallization of the
resulting precipitate from acetone, pure tetrachlorohydroquinone
was obtained, koh 3350 cm™" 1 (sharp).

The other dehydrogenation reactions of 2-propanol were carried
out in a similar way.

An Example of Dehydrogenation of Tetralin. Tetralin (34.1
pi at 25° 0.25 mmol), chloranil, and NiBr2(PBu'l3)2 were treated
as in the reaction of 2-propanol described above, except that the
reaction temperature was either 160 or 180°. Gc analysis was car-
ried out at 170° using phenylcyclohexane as an internal standard.

An Example of Dehydrogenation of 2,5-Dihydrofuran. Chlo-
ranil, 2,5-dihydrofuran (18.4 pi at 25°, 0.25 mmol), and NiBr2(P-
Bu" 32 were treated as in the reaction of 2-propanol, except that
the reaction temperature was 140°. Gc analysis was carried out at
100°, using @ 2 m x 6 mm stainless steel column packed with 10%
silicon DC 11 on Diasolid L. As an internal standard 15 pi of n-
heptane was used.

Registry No.—2-Propanol, 67-63-0; chloranil, 118-75-2; tetralin,
119-64-2; 2,5-dihydrofuran, 1708-29-8.
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The rate of the stoichiometric hydroformylation reaction and the rate of the decomposition of HCo(CO)4 are
affected in a strikingly similar manner by the presence of p-methoxybenzonitrile. Apparently this results from a
common dependence on the concentration of HCo(CO)3, the key intermediate in both reactions.

The stability and reactivity of HCo(CO)4 are key con-
siderations in both the catalytic and the stoichiometric
hydroformylation of olefins. The presence of nucleophiles
such as tri-n-butylphosphine has a substantial effect on
the catalytic process,1 and in a recent paper2 we have
shown that the presence of p-methoxybenzonitrile has a
profound effect on the course of the stoichiometric reac-
tion. In the present paper, we show that the presence of
p-methoxybenzonitrile affects the rate of HCo(C0)4 de-

composition in a manner virtually parallel to its effect on
the hydroformylation reaction. This parallelism apparent-
ly resides in the effect that the nitrile has on the concen-
tration of the key, coordinately unsaturated intermediate,
HCo(CO)3, which is in equilibrium with HCo(CO)4.

Experimental Section

A typical reaction was conducted as follows. A toluene solution
of HCo(COKk, prepared and analyzed according to established
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1 2 3
Time, hr
Figure 1. The decomposition of HCo(CO)4 under CO at 25° . .
DCo(CO)4; O, HCo(CO)4; =, HCo(CO)4, 0-059 M Co2(CO)8
(feHfeo = 1.7).

procedures,3 was equilibrated for 10 min at the desired reaction
temperature under 1 atm of CO and syringed into a stirred tolu-
ene solution of p-methoxybenzonitrile, which had been equilibrat-
ed for 10 min under the desired reaction conditions. In each ex-
periment, the quantity of toluene was adjusted to maintain the
same initial reaction mixture volume in the presence of various
amounts of nitrile. The concentration of remaining HCo(CO)4
was determined at appropriate intervals: 1-ml aliquots were with-
drawn, quenched by addition to excess 0.1 N NaOH under nitro-
gen, and back-titrated with 0.02 N HC1 to the phenolphthalein
end point.

Results

Our previous, unpublished observations4 that the sec-
ond-order decomposition of HOo0(CO)4 in solution was
strongly inhibited by carbon monoxide and exhibited only
a small kinetic deuterium isotope effect, as depicted in
Figure 1, were essentially corroborated in the publication
of Ungvary and Marko.5 In addition, we found that the
presence of as little as 0.1 equiv of Co02(CO)s per
HCo(CO)4 substantially reduced the commonly observed
induction period, apparent in Figure 1, and caused a
slight rate increase.

During our study of the effect of p-methoxybenzonitrile
on the hydroformylation of cyclopentene, we reexamined
separately the decomposition of HCo(CO)4 under similar
conditions. We found a striking parallelism between the
sensitivities of these seemingly dissimilar reactions to the
presence of nitrile, as Figure 2 shows. In both instances,
the presence of nitrile caused a severe rate reduction
under N2 and a significant rate enhancement under CO.

In order to clarify these findings, we examined the de-
pendence of the rate of HCo(CO)4 decomposition on the
guantity of p-methoxybenzonitrile under both N2 and CO
atmospheres. The results of this study are depicted in
Figure 3. Under N2 the presence of as little as 0.1 equiv of
nitrile causes a dramatic rate reduction but the effect rap-
idly diminishes with increasing amounts of nitrile and is
even reversed when more than 1 equiv of nitrile is present.
Under CO, the presence of small amounts of nitrile causes
only a small but reproducible rate decrease; amounts
greater than 1 equiv reverse the trend to such an extent
that the decomposition becomes faster than in the ab-
sence of nitrile.

Discussion

The kinetics of the decomposition of HCo(CO)4 in solu-
tion have been shown to be similar to, but more reproduc-
ible than, those obtained in the gas phase.5 The derived
rate expression exhibits a second-order dependence on
HCo(CO)4 and an inverse dependence on the partial pres-
sure of CO; it is consistent with the mechanism depicted
in the left half of Figure 4. The rate-retarding effect of CO

Clark, Terapane, and Orchin

0,5 1,0 15 2.0
Time, hr

Figure 2. (@) The stoichiometric hydroformylation of cyclopen-
tene ([M)o = 0.02) with excess HCo(CO)4 {[M]o = 0.32), ArCN/
Co = 1.0, at 30° and (b) the decomposition of HCo(CO)4 ([Ai]0 =
0.27), ArCN/Co = 1.8, at 30° #,0, under CO; m,00, under N2.
Solid and open symbols represent data with and without p-
methoxybenzonitrile, respectively.

is attributed to a reduction in the equilibrium concentra-
tion of HCo(CO)3. In addition, the decompositions under
CO characteristically exhibit substantial induction peri-

d[HCo(CO)J

I"[H C o(CO)4]2
N

ods; and we suggest that during this initial phase of the
decomposition, a reaction occurs, which increases the con-
centration of HCo(CO)3. The apparent ability of added
Co2(CO)g to reduce these induction periods and the
known lability of CO in this complex6 suggest that
HCo(CO)4 may react with Co2(CO)7 to give a trinuclear
complex which subsequently dissociates to give Co2(CO)8

HCo(CO)4 + C02(CO)7 — [HC03(CO)n] —
Co2(CO)8 + HCo(CO)3

and HCo(CO)3. Solvent cage effects such as those dis-
cussed previously?2 are consistent with such an irreversible
bimolecular reaction giving rise to a higher equilibrium
concentration of HCo(CO)3 than the simple reversible dis-
sociation of HCo(CO)4. The possibility that Co2(CO)g
simply absorbs dissolved CO and hence increases the con-
centration of HCo(CO)3 does not appear likely at atmo-
spheric pressure.7

When an additional nucleophile, such as p-methoxyben-
zonitrile, is introduced into the reaction mixture, the
mechanistic scheme is significantly complicated by the
possible formation of several nitrile complexes. However,
if we assume, as a first approximation, that the reactivity
of each nitrile complex is similar to that of its correspond-
ing carbonyl complex, the kinetic consequences are mini-
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ANGo

Figure 3. The effect of p-methoxybenzonitrile concentration on
the decomposition of HCo(CO)4 ([M]0 = 0.29) at 25° under N2
(m) and under CO (=).

HB(CO),(ArY

k2

FG2(CO)B(AN

Figure 4. Scheme for the decomposition of HCo(CO)4 with and
without p-methoxybenzonitrile, (ArCN).

mal except for the expectation that the formation of HCo-
(CO)3(ArCN) would reduce the equilibrium concentration
of HCo(CO)3 as the scheme on the right of Figure 4
suggests. This expectation is apparently fulfilled, since
small amounts of nitrile inhibit the decomposition of
HCo(CO)4 under both N2 and CO. However, attempts to
confirm the existence of HCo(CO)3(ArCN) by ir and nmr
spectroscopy or to trap it with Ni(o-phen)3CI28failed.

The much larger rate decrease observed under nitrogen
can be attributed to the much greater amount of
HCo(CO)3 available for complexation of nitrile under N2
as opposed to the few tenths of one per cent5 available
under CO. The fact that the minimum rate of decomposi-
tion achieved in the presence of nitrile (1 equiv, 0.288 M)
under N2 is much faster than the rate of decomposition in
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the absence of nitrile under CO (solubility, 7 X 10 3M in
toluene at 1 atm6) suggests that, as shown in Figure 4, K'
> K. This conclusion is consistent with the suggestion
that nitriles are more weakly bound than CO by virtue of
their poorer a-donating and ~-accepting properties.9

The observation that the rate of decomposition in-
creases with increasing amounts of nitrile after reaching a
broad minimum under both N2 and CO remains difficult
to explain. At relatively high nitrile concentrations, the
proportion of cobalt hydride present as HCo(CO)3(ArCN)
may be large and this complex could be somewhat more
reactive toward HCo(CO)3 than HCo(CO)4 is, i.e.,, k2 >
k2, Figure 4. However, before such a comparison can be
made, it would be necessary to know more about the de-
tailed mechanism by which the postulated, but as yet un-
detected, intermediate H2C02(CO)7 is formed.

Increasing amounts of nitrile undoubtedly increase the
dielectric constant of the reaction medium. However, the
dielectric increase can increase the rate of HCo(CO)4 de-
composition only if the rate-determining step involves the
formation of charged species or a polar transition state.
Similar solvent effects have been observed for the conver-
sion of CHsMn(CO)5 to CH3COMN(CO)510 and a variety
of oxidative additions to IrCI(CO)(PPh3)2.11 The small
deuterium kinetic isotope effect which we and others have
observed is not necessarily inconsistent with the concerted
oxidative addition of HCo(CO)4 to HCo(CO)3 which we

H--.--Co(CO)4

N>/

H— Co(CO)3

propose as a reasonable rate-determining step. Hydrogen
transfers which involve nonlinear (a < 180°) transition
states characteristically exhibit small iostope effects,12
and indeed the oxidative addition of molecular hydrogen
to IrCI(CO)(PPh3)2 to give H2IrCI(CO)(PPh3)2 exhibits a
fc(H2/D 2) of only 1.22.11

Registry No.—HCo(CO)4, 16842-03-8; p-methoxybenzonitrile,
874-90-8.
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Electroreduction of vicinal dibromides at a stirred mercury cathode produces quantitative yields of olefins
under very mild conditions. The resulting stereochemistry suggests that elimination from the trans-periplanar
conformation is strongly preferred, if such conformation is accessible. Attempts to intercept a carbanionic inter-
mediate were unsuccessful, indicating that the reductive elimination is either synchronous at both reacting cen-

tersor nearly so.

The reductive elimination of vicinal dibromides to pro-
duce olefins is a venerable reaction which has received
limited attention,2 inasmuch as the product olefin is usu-
ally also the starting point for the preparation of the di-
bromide. Reductive elimination involving zinc3 has been
exploited in steroid chemistry,4 and more recently in the
preparation of cyclobutadiene dimers.5 Polarographic
studies have shown a marked dependence of half-wave po-
tential for the reduction of vicinal dibromides on the dihe-
dral angle between the C-Br bonds,6 and the product
studies of this reaction7 have shown that the overall pro-
cess may be represented as follows.

Br Br
1

_¢c. -C- 2e iC=cC: 2Br " (1)

However, the details of the electrochemical process il-
lustrated in eq 1 were ambiguous. Elving and coworkers8
reported that both meso- and d/-2,3-dibromosuccinate
ethyl esters gave diethyl fumarate at all values of pH,
whereas meso-2,3-dibromosuccinic acid gave fumaric acid,
but d/-2,3-dibromosuccinic acid gave maleic or fumaric
acid, depending upon pH. The lack of stereospecificity
suggests the intervention of an intermediate carbanion or,
alternatively,3 steric requirements which preclude the
trans-periplanar conformation. Fry% proposed that the
reduction is concerted in cases for which the dihedral
angle is favorable for p overlap in the transition state, but
stepwise carbanionic in cases for which overlap of devel-
oping p orbitals is unfavorable. Free-radical intermediates
have also been proposed to account for the products.10 In
one system studied which was particularly susceptible to
carbanion formation (I,2-dibromo-I-chloro-1,2,2-trifluo-
roethene), Feoktestovll has reported two polarographic
waves, the height of which depended upon the acid con-
centration, and which were interpreted as due to carban-
ion formation from the two stable conformers.

Electroreduction of 1,2-dibromides as a preparative
method offered at attractive alternative to existing proce-
dures, owing to the potential mildness of the reaction con-
ditions and to the unique feature of electrochemistry,
which places more reaction variable control in the hands
of the experimenter.12 It was the purpose of this investiga-
tion to establish the stereochemistry of this elimination
process, to search for the intervention of possible carban-
ionic intermediates, and to assess the synthetic utility of
this method.

Results and Discussion

Electroreduction of seven representative 1,2-dibromides
was carried out in a compartmented cell of the design
shown in Figure 1. The reductions were conducted at a
stirred mercury cathode, using controlled potential elec-
trolysis (cpe). For those reactions in which a gaseous
product would be expected, the effluent gas stream was

collected at -190°, fractionated using standard vacuum
line techniques, and analyzed by gas-liquid phase chro-
matography. In all reductions the olefinic products formed
in quantitative or nearly quantitative yields. The reac-
tions were conducted at potentials which were normally
0.2 V or more negative than the half-wave potentials for
the particular dibromide. Table | shows the results of
these experiments. Most striking is the observation that
excellent yields of olefins form at low negative potentials
in all cases studied. The complete stereospecificity ob-
served requires that elimination take place from the
trans-periplanar conformation, when such a conformation
is possible. This result suggests that the elimination may
be concerted (entries 1-4, Table 1). In order to test this
possibility and to examine the possibility of a discrete
anion intermediate (eq 2), a number of reductions were

Br Br

-CH— C— Br

-C— C— Br 2)
,c=cCc<

carried out in the presence of protonic substances known
to be effective for anion capture during electroreduction of
carbon-halogen bonds10'14 (entries 5-9, 11, and 14, Table
1). In no case was any product of proton capture obtained.
This clearly implies the absence of a carbanion. Even
those cases which should be most favorable to carbanion
formation, 1,2-dibromo-2-phenylpropane (entry 9, Table I)
and I-bromo-trans-2-bromo-irarcs-4-tert-butylcyclohexane
(entries 13 and 14, Table 1), failed to yield any monobro-
mide or saturated hydrocarbon. In the latter case, the
Br-C-C-Br dihedral angle is approximately 65°, and
should be unfavorable for concerted elimination. The
present result with I-bromo-frans-2-bromo-ci's-4-ferf-
butylcyclohexane (entry 12, Table 1) confirms a previously
published account of the electroreduction of this com-
pound,15 in which reduction in dimethylformamide-5%
water was found to yield no alkane. Olefins have been re-
ported frequently as minor products from the Hofmann
elimination reactions of tetraalkylammonium salts and
presumed carbanions in electroreduction11'16 (eq 3). The
R:'" + HCHCHNR3 —-

RH + CH=CH2 + :NRS (3)

R" R"

complete absence of Hofmann products in the present
study is further evidence against a discrete carbanionic
intermediate, and is consistent with current views of the
process.17 Moreover, reduction of 1,2-dibromoethane,
which had been previously reported to give ethane,7 in our
hands (entry 8, Table I) failed to produce any trace of
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Table |
Electroreduction of Vicinal Dibromides
Potential  Initial Added proton Current™ Product (s)
Registry no. Entry Compd, solvent -V, Va current, mA source efficiency (yield, %)
5780-13-2 i meso-2,3-D ibromobutane*«d 1.10 75 None 95 trans-2-Butene (quant)
2 meso-2,3-Dibromobutaned 2.00 1000 None 95 irans-2-Butene (quant)
598-71-0 3 d/-2,3-Dibromobutaned 1.10 65 None 90 cts-2-Butene (quant)
4 df-2,3-Dibromobutaned 1.77 1000 None 95 cis-2-Butene (87)
5 di-2,3-Dibromobutarie’i 1.86 690 MeOH (10)* 79 cis-2-Butene (quant)
78-75-1 6 I,2-Dibromopropaned 1.50 375 MeOH (10)* 77 Propene:cyclopropane,
99.5:0.5/ (95)
7 1,2-D ibromopropane3s 2.20 200° H D»' Propene:cyclopropane,
99.6:0.4/ (85)
106-93-4 8 I,2-Dibromoethane3A 2.60 130* h 2> Ethene (ca. 90)
36043-44-4 9 1,2-Dibromo-2-phenyl- 2.401 450 AcOH (5)m 2-Phenylpropene (66)“
propanel
31734-61-9 10 1,2-Dibromo-4-ferf-butyl- 0,86 150 None 100 4-jert-Butylcyclohexene
cyclohexanel” (quant)3
11 1,2-Dibromo-4-ferf-butyl- 1.30 275 MeOH (10)* 87 4-ferf-Butylcyclohexene
cyclohexane5 quant)“
12 1,2-Dibromo-4-£er£-butyl- 1.43 450 None 95 4-feri-Butylcyclohexene
cyclohexanell* (94)
13 1,2-Dibromo-4-fer£-butyl- 1.99 500 None ~75 4-tert-Butylcyclohexene
cyclohexanell'<u (96)
14 1,2-Dibromo-4-fert-butyl- 1.90 375 MeOH (10)* 89 4-fer£-Butylcyclohexene

cyclohexane™1*

hexene (97)

“ Potentials were measured vs. saturated calomel electrode. 6Per cent calculated as 102 X millifaradays required for a two-
electron process/millifaradays passed. *Usually 5 mmol. dDimethylformamide, with 0.2 M tetra-rc-butylammonium fluoro-
borate. *10 M methanol added to solvent. 1 Starting dibromide contained traces of 1,3-dibromopropane, and this product may
be an artifact. 3Dioxane-water (3:1 v/v). hSupporting electrolyte 0.05 M tetraethylammonium bromide. ‘' Potential in-
creased after 45 min to produce 450 mA. >See footnote g. kPotential increased after 45 min to produce 300 mA. 1Vitreous car-
bon cathode. ” 5 M acetic acid added to solvent. “ Substantial amount of unidentified white solid in catholyte. “ 75:25 mixture
of diaxial:;jequatorial dibromide, respectively. 325% of pure diequatorial dibromide was recovered unreacted. 360:40 mix-
ture of diaxial:diequatorial dibromide, respectively. r40% of pure diequatorial dibromide was recovered unreacted. “Pure
diaxial isomer. 1Pure diequatorial isomer. “ Supporting electrolyte 0.2 M tetraethylammonium fluoroborate.

ethane using a dioxane-water solvent. Our conditions
would have permitted the detection of as little as 0.3% of
the saturated hydrocarbon. This previous report has given
rise to speculation about a carbanion intermediatel8
which is no longer tenable.

Hence, the technique of electroreduction affords a supe-
rior method for the reductive elimination of vicinal di-
bromides, leading to the product of exclusively trans elim-
ination, if the appropriate conformation is possible. The
product appears to be formed in a synchronous two-elec-

Figure 1.

tron transfer from the shape of the chronoamperometric
(potentiostatic) curve,19 and the process can be conducted
in a highly protonic medium without deleterious results.
It is noteworthy that, owing to the sensitivity of the re-
duction potential to the dihedral angle between vicinal
C Br bonds in rigid 1,2-dibromides, it is possible now to
synthesize otherwise inaccessible isomers by selective de-
struction of the more easily reduced partner in a mixture.
One example of this is seen in Table | (entries 10 and 11),
in which the diequatorial dibromide could be recovered
cleanly from the cpe of a mixture of the diaxial and die-
quatorial isomers. To our knowledge, the present proce-
dure represents the only reduction procedure suitable for
such a selective reduction. In addition, the mildness and
variety of reduction conditions suggest this to be the
method of choice for the synthesis of sensitive olefins from
the dibromide. A recent example of this was reported re-
cently in the preparation of benzocyclobutadiene dimer in
90% yield from 1,2-dibromobenzocyclobutene.20

Experimental Section

General. Boiling points are uncorrected. Nmr spectra were re-
corded on a Varian A-60 spectrometer using carbon tetrachloride
solutions with internal tetramethylsilane. Analytical glpc was
performed using a Porapak Q, 80-100 mesh, 3 m X 0.125 :n. col-
umn at 80° for gases. Liquids were analyzed on a Carbowax 20M
column, 15%, 10 ft X 0.25 in., using a Varian Model 90P chroma-
tograph.

Chemicals. Mercury was Bethleham instrument grade. It was
recycled by washing three times with 50% nitric acid, Gooding
with water, washing three times with 95% ethanol, and finally
washing three times with ether. It was dried and degassed at
room temperature under vacuum (ca. 0.1 mm) for more than 24
hr. Dimethylformamide was purified by stirring for at least 48 hr
over calcium hydride and distilling under vacuum, and the frac-
tion boiling at 64° (30 mm) was collected, stirred with phthalic
anhydride, and redistilled under the same conditions. Tetra-n-
butylammonium fluoroborate was prepared2l from tetra-ra-buty-
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lammonium hydrogen sulfate (Aldrich Chemical Co.) and sodium
tetrafluoroborate (Alfa Chemical Co.). Tetraethylammonium flu-
oroborate (Southwest Analytical Chemicals) and tetraethylam-
monium bromide (Eastman Chemical Co.) were commercial and
were used without further purification. 1,2-Dibromopropane was
commercial and was distilled, the fraction of bp 32° (0.1 mm)
being collected, meso- and di-2,3-dibromobutane were prepared
from trans- and eis-2-butene, respectively, by the method of
Young,22 and the fractions boiling at 28.5* (0.1 mm) and 27° (0.15
mm) were collected. 4-fert-Butylcyclohexene was prepared ac-
cording to Sicher and coworkers,23 bp 34° (2 mm), and converted
to I-bromo-trans-2-bromo-c!s-4-terf-butylcyclohexane in 98% iso-
meric purity using pyridinium hydrobromide perbromide,24'25 bp
105 (1.5 mm) [lit.15 bp 78-80° (1 mm) and lit.26 bp 68° (0.3
mm)].  I-Bromo-trarcs-2-bromo-eis-4-tert-butylcyclohexane was
converted to a mixture of geometric isomers (ratio diaxiahdiequa-
torial normally ca. 3:2) by heating the neat liquid in the dark
under nitrogen for 48 hr.26

1,2-Dibromo-2-phenylpropane.27 a-Methylstyrene (2.84 g, 24
mmol) in 15 ml of chloroform was treated with a solution of 4.5 g
(28 mmol) of bromine in 20 ml of chloroform at 0°. When the ad-
dition was complete, the mixture was washed with cold aqueous
sodium sulfite, cold aqueous sodium bicarbonate, and finally
water. It was dried over anhydrous calcium chloride, filtered, and
concentrated. The residual oil was distilled to give a pale yellow
liquid, bp 95-97° (0.07 mm), nmr 2.28 (3, s, -CHYS), 4.20 (2, q,
-CIUBTr), 7.2-7.6 ppm (5, m, -CsH5).

Electrolysis Experiments. The electrolysis cell used in this
work is shown schematically in Figure 1. It consisted of an un-
jacketed 150-ml cylinder (54 mm i.d. X 90 mm height) equipped
with a magnetic stirring bar. The cathode was a ca. 5-mm depth
pool of mercury placed in the bottom of the cell. Electrical con-
nection was made by a small piece of platinum, sealed in glass
and immersed in the mercury. A platinum anode (44 x 24 mm
foil) was placed in a clean,28 porous ceramic bucket (45 mm o.d.)
that was supported in the cell by a glass tripod. The apparatus
was fitted with a five-hole rubber stopper. Two holes were used
for the cathode and anode connections, one for an agar bridge
which was in contact with an external saturated calomel elec-
trode (see), one for the nitrogen inlet, and one for the outlet. The
outlet hole was fitted with a ball joint that could be connected
directly to a cold trap. During controlled potential electroreduc-
tion, achieved by means of a potentiostat,29 a constant stream of
nitrogen was passed through the cell, and the volatile products
were collected in a cold trap at liquid nitrogen temperature. The
trap was so designed that the contents could be pumped directly
into a high-vacuum line after electrolysis was completed. For
reactions in which no volatile products were expected the cold
trap was replaced by a drying tube. All components of the cell
were dried in an oven overnight at 110° prior to use. The ceramic
bucket was dried at least three days after extraction.28

In a typical run, the substrate (1-5 mmol) was added to the ca-
tholyte and the system was purged with dry nitrogen. Typical ca-
tholyte and anolyte charges were 75 and 25 ml, respectively. Cur-
rent yields were calculated by cut and weigh methods, using the
data from an amperometric strip chart recorder connected as a
coulometer.30 Gaseous products, after transfer to a high-vacuum
line, were fractionated at the appropriate temperatures to remove
solvent, and the amount of gas was measured volumetrically.
Yields were calculated from low-pressure samples using the gas
law. A homogeneous gas sample was removed and analyzed by
glpc, and the identity of various peaks was established by com-
parison to authentic samples of candidate compounds. Nmr and
ir identification confirmed the structural assignment of all com-
pounds. Nongaseous products were purified by extraction of the
catholyte. Typically, the catholyte was diluted with 100 ml of

Casanova and Rogers

water and extracted with 3 x 50 ml of ether. The combined or-
ganic extracts were washed with saturated salt solution (3 x 25
ml) and water (3 X 25 ml), then dried over anhydrous sodium
sulfate. The extract was examined directly by glpc, then concen-
trated under vacuum (if appropriate) and analyzed by nmr and
glpc. All runs were repeated several times to ensure reproducibili-

ty.
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The nmr chemical shifts induced in a series of 12 pairs of enantiomers of secondary carbinols of known config-
uration by the chiral shift reagent tris[(3-heptafluorobutyryl)-d-camphorato]europium(l11), d-Eu(HFC)s, have
been measured and correlated. In the presence of this chiral shift Teagent at least one signal from each carbinol
serves to distinguish one enantiomer from the other. Thus this reagent can be used for the determination of en-
antiomeric purity of these secondary carbinols. The signal from the carbinyl proton uniformly has the largest
europium-induced chemical shift (AS) and generally but not always is the signal for which the largest chemical
shift difference between enantiomers (AA5«-s) is observed. A direct correlation between configuration and
chemical shift differences, AASr-ss for the proton attached to the carbinyl carbon in the secondary carbinols
RCHOHR' was not observed. However, there was a consistent pattern to the chemical shift differences for the
protons in either R or R'. This study reveals that great care will be required in the application of chiral shift re-
agents for the establishment of configurations based on empirical correlations.

Since the first report of a chiral lanthanide shift re-
agent2 (LSR), a wide variety of such chiral reagents have
been synthesized and used with many compounds. It has
been shown that in the presence of these reagents the nmr
signals of enantiotopic groups on virtually all chiral mole-
cules containing the necessary functionalities can be dis-
tinguished under the appropriate conditions.3-15 This
technique has been generally accepted for the direct de-
termination of enantiomeric purity. Recently, the use of
these reagents for the correlation of configuration in close-
ly related compounds has been demonstrated for a series
of a-amino esters,3 a series of 1-deuterio primary alco-
hols,4 and a series of alkyl aryl carbinols.15 Whitesides5
and Goering® have also considered the possible use of
chiral shift reagents for configuration correlation but have
not explored it further.

The use of the chiral europium shift reagent tris[(3-hep-
tafluorobutyryl)-d-camphorato]europium(lll), d-
Eu(HFC)3, for this purpose has now been extended to the
12 chiral secondary alcohols shown in Table I. The groups
Li and L2 in this table are specified such that Li has the
lower priority in the Cahn, Ingold, and Prelog nomencla-
ture scheme.16 This is an arbitrary assignment which in
the absence of heteroatoms in either R group generally
designates the less bulky group as Li. In Table | are listed
the lanthanide-induced shifts (LIS or A% of the signals for
the enantiomers, the differences in the lanthanide-in-
duced shifts (ALIS or AA5) for the R and S enantiomers,
and the molar ratios (LSR/substrate) at which the spectra
were recorded.

There are basically three series represented by the com-
pounds in Table I. In the first series Li is equal to methyl,
while L2, the larger group, is varied; in the second series
L2 is equal to phenyl (generally the more bulky group),
while Li is varied. The third series comprises the four ex-
amples containing a terf-butyl group, namely, the last two
entries and the member of each of the other series which
contains a tert-butyl group. There is a definite correlation
in the configuration of the carbinol and the sense of none-
quivalence in the europium-induced shift difference
(AAsr-s) for the Lj and L2 proton resonances. Without
exception the AAsr-s values for the protons on the Li sub-
stituents were negative. The corresponding values for the
L2 substituents were also negative where a difference was
observed, but in the latter case four examples failed to
show any difference. However, the AAors values for the
signals from the protons on the carbinyl carbon did not
show this uniformity; four were zero, five were positive,
and three were negative. It may be significant that the

three examples with negative AA5r-s values for the car-
binyl proton signals were substituted tert-butylcarbinols
(methyl, n-butyl, and phenyl).

These limited results indicate that a reliable configura-
tional correlation for secondary carbinols, LICHOHLZ2, in
general cannot be based on the AA<5«s value for the pro-
ton on the carbinyl carbon, contrary to the suggestion of
Cervinka, et al.15 However, the uniformly negative AAd&/j-s
values for the proton signals on the Li and L2 substitu-
ents, when observable, indicate that the correlation of
these signals with configuration may be general. Such a
correlation should prove reliable and valuable when ap-
plied within a closely related series and with due consid-
eration for the nature of the substituent groups. Secon-
dary carbinols which have Li and L2 substituents which
are unsaturated or contain heteroatoms very likely will
constitute special cases. By studying several members of a
coherent series of such compounds, however, a suitably
specialized correlation might emerge.

There seems to be no readily apparent direct relation-
ship between the difference in steric requirements of Li
and L2 and the magnitude of the AAsr-~s values, as one
might have anticipated. There is a hint that as the sub-
strate becomes more sterically hindered around the carbi-
nol carbon by virtue of increasing size of both Li and L2
the AASr-s values increase. This is seen in progressing
from methylethylcarbinol to methyl-fert-butylcarbinol
and finally to n-butyl-iert-butylcarbinol. However, a simi-
lar progression is not followed in the alkylphenylcarbinol
series. Under comparable conditions the largest induced
shift difference, AASr-s, reported in Table | is —0.65 ppm
for the carbinyl proton signal of (R)- and (S)-n-butyl-tert-
butylcarbinol. This might be rationalized by postulating
that the steric hindrance of the n-butyl group some dis-
tance from the site of the complexation of the europium to
the oxygen was more important in determining the mag-
nitude of enantiomer chemical shift differences than steric
requirements closer to the carbinyl carbon. However, this
is not borne out by the negligible AA5 value for the corre-
sponding signal in methyl-n-hexylcarbinol. It is possible
that the effect may be present in the methylene signals of
the n-hexyl group (L2), but the complex nature of the sig-
nals in this region renders such an analysis of the 100-
MHz spectrum impractical. We conclude that the overall
conformational fit of the chiral shift reagent with the R
vs. S enantiomers is very specific and so sensitive to small
steric and electronic differences in the substrate ligands
that any simple quantitative correlation of magnitudes of
AAGfi-.s values is not possible.
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Chemical Shift Differences Induced by the Chiral Shift Reagent ;-Eu(HFC)3

Table |

in Enantiomeric Secondary Carbinols

HOoCcH
L2
R
-Registry no.--------- —LiCHOHL2— [----mmmmmr Carbinyl proton-
R s Li Lo ASr a Ass AASsR ~sh
14898-79-4 4221-99-2 ch3 c2b 9.55 9.55 0.0
1572-93-6 1517-66-4 ch3 ¢(-Pr 12.29 12.29 0.0
1572-96-9 1517-67-5 ch3 f-Bu 12.49 1290 -0.41
5978-70-1 6169-06-8 ch3 re-Hex 11.37 11.37 0.0
3539-97-7 17628-73-8 ch3 cf3 6.17 5.91 0.26
1517-69-7 1445-91-6 ch3 ct5 10.17 9.83 0.34
1565-74-8 613-87-6 c2n5 ca5 10.81 10.54 0.27
22144-60-1 22135-49-5 re-Pr c@h 5 9.59 9.15 0.44
14898-86-3 34857-28-8 (-Pr c& 5 9.73 9.44 0.29
23439-91-0 15914-85-9 f-Bu c& 5 7.83 7.92 -0.09
51716-29-1 35147-17-2 re-Bu f-Bu 9.98 10.63 -0.65
51773-31-0 51773-32-1 f-Bu <c*¥3 4.24 4.24 0.0

Sullivan, Ciavarella, and Mosher

L
HoC-=aOH
h
s
LSR/
RCHOHR'
Ase Ass AASF-S ASjj AASE o molar ratioc
5.09 515 -0.06 3.14“ 3.14" 0.0 0.53
6.51 6.58 -0.07 4.31% 4.32* - 0.01 0.56
6.61 6.65 -0.04e 4.53 4.66 -0.13 0.56¢e
6.10 6.14 -0.04 0.62
3.14 3.20 -0.06 0.58
5.43 5.49 -0.06 4.44/ 4.44 0.0 0.52»
4.66/ 4.66' 0.0 0.57
1.29“ 132 -0.03 4.00" 4.00' 0.0 0.50
3.51* 354 -0.03 3.98" 4.06' -0.08 0.57»
2.57 271 -0.14 3.20' 3.44' -0.22 0.52»
3.30 3.56 -0.26 0.55
1.40 1.49 -0.09 0.59

0 A5 is the amount of shift induced by addition of the designated molar ratio of d-Eu(HFC)3in parts per million downfield
from TMS (not the chemical shift). b AA5S_Sis the difference between the signals of the enantiomers (AS — A5S) induced by
the addition of the designated molar ratio of d-Eu(HFC)3 eRefers to the ratio of the lanthanide shift reagent Eu(HFC)3to
substrate. It should be noted that these ratios were only convenient values and were not chosen for maximum or optimum
AA8. dThis value refers to the CH, signal of the ethyl, re-propyl, or isopropyl groups. ' At LSR/substrate molar ratios of 0.3
or less the as. — A8svalues for the CH3group (In) were positive instead of negative. TThis value refers to the ortho protons
on the phenyl ring.» These examples have been reported previously with another chiral shift reagent in a different solvent and
at lower LIS/substrate ratios by Cervinka, et al.is » This value refers to the methyl signals of the isopropyl group. The in-
ternally diastereotopic methyl signals were also separated, thus giving four signals; for both sets of enantiomeric methyl

signals as. —

ass was —0.03.

Others have reported that, as increasing amounts of
chiral lanthanide shift reagents are added to some chiral
substrates, the sense of nonequivalence (sign of AAS5) for
some signals is reversed.5*7 This phenomenon was ob-
served only for the methyl signal of methyl-tert-butylcar-
binol among the compounds reported in Table I. At molar
ratios of Eu(HFC)3 to methyl-fert-butylcarbinol of 0.3 or
below, AA8r-s was positive; in higher molar ratios the sig-
nals cross, leading to the negative value as reported in
Table I at the 0.56 ratio. It is obviously crucial for correla-
tion purposes to make such comparisons in any series of
compounds at closely comparable LIS/substrate ratios. It
should also be emphasized that the sign of AA5r-s is fre-
quently not the same for signals from the various ligands
of a given substrate. This substantiates the conclusion
made by others5'6 that a difference in the equilibrium
constants for diasteriomeric forms of the complex is not
necessarily the primary cause of the nonequivalence in the
lanthanide-induced shift differences for enantiomeric sub-
strates.

A problem in the study of the correlation of chemical
shift differences of natural products by this method is
that both enantiomers of the substrate are usually not
available. In such cases a study of correlation of configu-
ration with AA5 can be accommodated by the use of both
enantiomeric forms of the chiral shift reagent rather than
the substrate. Several enantiomeric shift reagents have
been described by Whitesides and coworkers.5 Since I- as
well as d-camphor is available, the others bearing the I-
camphorato group are potentially available. A study of
this type should prove valuable.

Experimental Section

All nmr spectra were obtained with a Varian HA-100 nmr spec-
trometer. The d-Eu(HFC)3 was purchased from Willow Brook
Labs, Inc., and was stored in vacuo over P4010. The substrate
concentrations were 0.19-0.25 M in CDC13. Spectra were obtained

by preparing a substrate solution from partially active material of
known configuration17'18 and enantiomeric composition. The nmr
chemical shift differences were followed by incremental addition
of d-Eu(HFC)3, thereby shifting the signals progressively down-
field from TMS. As observed by Whitesides and coworkers5 at
molar ratios of ca. 1.0, some broadening often occurred owing to a
fine white precipitate which could be removed via filtration
through a plug of glass wool, thereby restoring the resolution of
the signals.
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A comparison of the 13C nmr spectra of eight cinchona alkaloids in CDCI3 and in DMSO-de has pointed out
some important chemical shift differences which should be useful in the identification of similar compounds.
The 13C chemical shifts of carbons 2 and 6 of the quinuclidine ring can he used to distinguish between quinine
and quinidine derivatives. Similarly, 13C chemical shifts of C-4' should provide a means of distinguishing be-
tween threo and erythro compounds (quinine and 9-epiquinine derivatives). Solvent studies on these com-
pounds show that intramolecular hydrogen bonding has a large effect on the 13C chemical shifts of the carbons
6, 7, and 4', indicating that 13C nmr will be a useful tool to study important conformational problems of these

and related compounds.

The cinchona alkaloids have been well characterized by
structural and stereochemical investigations.3 In 1971
Roberts and coworkers reported the first 13C nmr chemi-
cal shift data on the nonaromatic portion of quinine.4
More recently Wenkert and coworkers have reported on the
13C nmr chemical shifts for all carbon resonances in qui-
nine, quinidine, and the dihydro derivatives of these two
naturally occurring cinchona alkaloids.3

In this report we present a study of the 13C nmr spectra
of eight cinchona alkaloids, including cinchonidine (1),
quinine (I1), 9-epiquinine (I11), quinidine (1V), 9-epiquini-
dine (V), dihydroquinine (VI), dihydroquinidine (VTI),
and dihydro-9-epiquinidine (VIII) (see Chart I). A com-

Chart |

ILR=ICH=uCHZ X =OH; Y =Z=H
R,R=CH=CH2 X = OH; Y = H; Z = CHX
m, R=~ = 07; X =H; Y =0H; Z=CHD
VI, R = CHjCHj; X = OH; Y = H; Z = CH

IV, R = CH— CHj; X

V, R =CH= CH2Z
VH, R = CHJCH,; X = OH; Y =
Xm, R = CHjCH»; X =H;

X
o
IO
= F
< =
n <
o !l
ITI

parison is made between the 13C nmr chemical shifts of
the cinchona alkaloids which have the erythro configura-
tion at the 8,9 positions (I, II, 1V, VI, and VII) and the
C-9 epimers (m, V, and VIII) which have the threo ar-
rangement. Each of the eight alkaloids were run in CDC13
and in DMSO-d6. Solvents effects on the 13C nmr chemi-
cal shifts were observed and possible explanations are pre-
sented.

Results and Discussion

Most of the 13C nmr chemical shift assignments for the
cinchona alkaloids in Tables I and Il were based on em-
pirical correlations which have been summarized in the
equations of Lindemann and Adams6 and of Grant and
Paul.7 Although these equations are for simple paraffins,
the qualitative trends found for the 13C shifts in paraffins
have been extended to predict the relative order of 13C
chemical shifts in other compounds.8 The most important
of these trends are (1) that substitution of a carbon (or a
more electronegative atom or group) for a directly at-
tached hydrogen produces a downfield shift [;.e., the more
carbons which are a to the carbon in question, the more
downfield the 13C shift (a effect)], (2) that substitution of
a carbon or other atom for a hydrogen attached to a car-
bon a to the carbon in question also produces a downfield
shift [i.e., the more substitution at the carbon a to the
carbon in question, the more downfield the 13C shift (/3
effect)], (3) that hydrogens or other groups that are at-
tached to carbons which are 7 to the carbon in question
produce an upfield shift (7 effect). The a and B effects are
presumably through-bond effects while the 7 effect is a
steric compression effect.9 10

The structures and the numbering system for the cin-
chona alkaloids are shown in Chart I. The 13C chemical
shifts for the alkaloids are given in Tables | and II. In
each case a noise-decoupled and single-frequency off-reso-
nance decoupled (SFORD) spectrum were obtained. The
multiplicities generated in the SFORD spectra enabled
distinction between methyl, methylene, methine, and
quaternary carbon resonances. As is apparent from Tables
I and Il, the 13C resonances of the cinchona alkaloids can
be grouped into two main regions which correspond to the
quinuclidine ring and the quinoline ring of the molecule.
The assignments of these two heterocyclic rings will be
considered in turn.

Quinuclidine Ring. There are seven separate signals in
the 20-60 ppm 13C chemical shift region relative to inter-
nal TMS. These have been assigned to the seven carbons
in the quinuclidine ring for each of the eight cinchona al-
kaloids listed in Tables I and H. Off-resonance experi-
ments performed on each of these compounds in CDCI3
and in DMSO-d6 gave a 13C nmr spectrum with three
doublets and four triplets for the seven signals. The dou-
blet resonances are for carbons 3, 4, and 8 and can be
readily assigned, since they have markedly different 13C
chemical shifts which are in the same order (i.e., 5c-a <
&3 < OCS), but at lower fields than the corresponding
13C shifts in unsubstituted quinuclidine.11 The chemical
shifts for carbons 3, 4, and 8 are about the same for the
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Table |
Carbon-13 Chemical Shifts for Some Cinchona Alkaloids in CDCIL.“™"

Identification

and multiplicity Cinchonidine Quinine Epiquinine  Quinidine  Epiquinidine Dihydroquinine Dihydroquinidine Dihydroepiquinine
of carbon6<l 0) ah an) (v) V) (\D) v (Vi)

2 t 56.81 56.86 55.25 (49.85) 49.07 58.38 (50.88) (49.07)

3 d 39.77 39.76 39.62 39.96 38.83 37.36 37.22 37.07

4 d 27.76 27.71 27.76 28.,U 27.23 28.11 26.97 27.22

5 t 27.46 27.46 27.08 26.24 26.54 27.42 26.14 25.56

6 t 43.04 43.00 40.55 (49.42) 46.72 43.15 (49.95) (48.87)

7 t 21.19 21.44 24.92 20.76 23.84 21.05 20.37 23.70

8 d 60.24 59.85 61.32* 59.55 62.11 59.66 59.60 61.91

9 d 71.46 71.51 71.17 71.51 69.94 71.56 71.46 70.24
10 d 141.61 141.66 141.18 140.54 140.05 25.31 (t) 24.92 (t) 25.56 (t)
11 t 114.13 114.08 114.33 114.23 114.48 11.84 (q) 11.79 (q) 11.74 (q)
ch q 55.44 55.74 55.34 55.20 55.49 55.30 55.15

2' d 149.75 147.01 147.30 147.06 147.35 147.06 147.06 147.35

3' d 122.85 121.09 121.04 121.09 121.43 121.04 121.09 121.33

4' S 149.75 148.33 (144.26) 148.18 (144.56) 148.43 148.73 (144.75)
5' d 118.10 101.40 102.47 101.25 101.89 101.49 101.15 102.08

6’ S 126.38 (d) 157.44 157.25 157.34 157.25 157.44 157.34 157.25

7' d 128.78 118.30 119.87 118.25 118.34 118.55 118.25 119.82

8 d 129.46 130.89 131.33 130.94 131.43 130.93 130.89 131.42

9' S 125.49 126.43 127.95 126.33 127.85 126.43 126.43 127.90
10 S 147.84 143.67 (144.61) 143.63 (144.85) 143.72 143.63 (144.61)

“ Chemical shifts are in parts per million relative to tetramethylsilane. bUncertain assignments are shown along with the
next nearest uncertain chemical shift in parentheses. c Numbering of carbon is shown in Chart I. dSignal multiplicity ob-
tained from single frequency off-resonance experiments; s = singlet, d = doublet, t = triplet, g = quartet.

eight cinchona alkaloids listed in Tables | and Il and are
in close agreement with those reported for quinine in
cDcCI3 by Roberts and coworkers4 and with the chemical
shifts for the same carbon resonances of quinine, dihydro-
quinine, quinidine, and dihydroquinidine in chloroform
reported by Wenkert and coworkers.5

The four triplet resonances observed in the off-reso-
nance spectrum are for carbons 2, 5 6, and 7 and have
been assigned by comparing the 13C chemical shifts for
the eight cinchona alkaloids and quinuclidine in CDC13
and in DMSO-d6- Since carbons 2 and 6 are a to the qui-
nuclidine nitrogen, they will be shifted downfield relative
to carbons 5 and 7, and thus the problem is to assign C-2
in comparison to C-6 and C-5 in comparison to C-7. Any
difference in chemical shifts for carbons 2 and 6 should
depend on the following; (a) C-2 is a to the quinuclidine
nitrogen and to the tertiary C-3 while C-6 is a to the ni-
trogen and to the secondary C-5 and thus C-2 should be
more downfield, and (b) depending on the configuration
at C-8, C-2 or C-6 will experience an upfield shift (7 ef-
fect) from substituents on C-9 which relies on the proxim-
ity of these centers (see Chart I). In cinchonidine (I), qui-
nine (11), 9-epiquinine (I111), and dihydroquinine (VI) mod-
els show that C-2 does not interact sterically with substit-
uents on C-9 and thus by (a) would be shifted downfield
relative to C-2 in unsubstituted quinuclidinell (602 48.7
ppm). On the other hand, C-6 can interact sterically with
the C-9 substituents and should be shifted upfield (7 ef-
fect). Thus, the triplet signals in the 55-58-ppm region
have been assigned to C-2 and the triplet signals in the
40-43-ppm region to C-6 for compounds I, 11, 111, and VI.

In quinidine (1V), 9-epiquinidine (V), dihydroquinidine
(VII), and dihydro-9-epiquinidine (VIII) the shifts for C-2
relative to the shift for C-2 in unsubstituted quinuclidine
should be downfield by (a) and upfield by (b). Models
show that C-6 should not experience a 7 effect and thus
should have a chemical shift approximately the same as
that of C-2 in unsubstituted quinuclidine. The 13C nmr
spectrum of each of these compounds shows two triplet reso-
nances in the 46-49-ppm region which have been assigned
to carbons 2 and 6. It is not possible to specifically assign
these two signals for compounds 1V, VII, and VIII.

Similar reasoning can be used to assign carbons 5 and 7.
Carbon 5, which is a to one tertiary carbon, should expe-
rience no 7 effect from either the olefinic group or from
substituent groups at C-9, whereas C-7, which is a to two
tertiary carbons, should experience a 7 effect from both
groups. For each of the cinchona alkaloids listed in Tables
I and Il there is a triplet signal in the 26-28-ppm region of
the 13C nmr spectrum. This value is approximately the
same as that of C-2 in unsubstituted quinuclidine (5 27.7
ppm)1l and has been assigned to C-5 which, for reasons
cited above, should be very similar to C-2 of quinuclidine.
The triplet signal in the 21-24-ppm region of the 13C nmr
spectrum of each compound has, therefore, been assigned
to C-7. This is consistent with the reasons cited, since one
would expect a net upfield shift of the C-7 resonance if
the 7 effect from either or both groups is greater than the
influence of an additional a tertiary carbon. It should be
noted that our assignments for C-5 and C-7 are reversed
from those reported by Roberts and coworkers4 for quinine
but are in agreement with those reported by Wenkert and
coworkers.5

A comparison of the 13C chemical shifts assigned for the
quinuclidine rings in cinchonidine (I), (juinine (Il), and
9-epiquinine (1) in cbci3 shows that the shifts for | and
Il are almost identical, but that they differ from those of
111 for the 2, 6, 7, and 8 carbons. Since compounds | and Il
differ from Ill in the configuration at C-9, the chemical
shift differences seem likely due to intramolecular hydro-
gen bonding of the hydroxyl group at C-9 with the nitro-
gen in the quinuclidine ring. In order to test this hypothe-
sis the spectra of the compounds were obtained in DMSO-
de, (Table Il). A comparison of the shifts in Table I with
those in Table Il shows that there is a substantial change
with solvent in the 13C shift for carbons 6 and 7 in cincho-
nidine and quinine (erythro isomers) and ‘that these
values approach those for carbons 6 and 7 in 9-epiquinine
(threo isomer) which does not show any solvent effects.
There is also a smaller change in the 13C chemical shifts
with solvent for carbons 2 and 8 of cinchonidine and qui-
nine as compared to the same carbons of 9-epiquinine.
Chemical shifts in Tables I and Il show a similar differ-
ence between quinidine and 9-epiquinidine as well as be-
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Table 11
Carbon-13 Chemical Shifts for Some Cinchona Alkaloids in DM SO-A/1

Identification Dihydroepi-
and multiplicity Cinchonidine Quinine Epiquinine  Quinidine  Epiquinidine Dihydroquinine Dihydroquinidine quinidine

of carbon® (D ai) (HI) (1v) (\%) (D) (vIn (V1)

2 t 56.11 55.96 55.47 (49.20) 49.34 57.73 50.23 48.71

3 d 39.60 39.60 39.31 39.89 39.30 37.24 37.20 36.90

4 d 27.55 27.86 27.40 27.94 28.03 28.23 27.25 26.96

5 t 27.55 27.50 27.16 26.37 26.76 27.25 26.13 (25.69)

6 t 41.76 41.85 40.67 (48.56) 47.24 42.05 49.35 48.71

7 t 24.46 23.92 24.61 23.28 24.22 23.48 23.09 23.48

8 d 60.96 60.62 60.91 60.61 62.19 60.47 60.76 61.60

9 d 71.25 70.95 70.02 70.91 69.39 71.00 70.76 69.04

10 d 142.58 142.53 142.04 141.37 141.35 25.31 (t) 25.05 (t) (25.10) ()
1 t 114.11 114.02 114.07 114.41 115.04 12.01 (q) 11.97 (q) 11.87 (q)
CHX q 55.47 55.47 55.47 56.01 55.47 55.38 55.37

2' d 150.07 147.48 147.43 147.52 148.02 147.43 147.43 147.48

3' d (124.16) 120.93 121.07 120.97 121.86 120.87 120.93 121.27

4' S 150.61 149.24 145.56 149.46 146.79 149.33 149.58 146.15

5' d 119.16 102.50 102.95 102.50 103.04 102.50 102.46 102.70

6' S 126.12 (d) 156.84 156.88 156.83 157.47 156.83 156.79 156.58

7' d 128.76 119.11 120.24 119.01 120.68 119.01 118.92 120.14

8' d 129.74 131.16 131.16 131.16 131.75 131.16 131.11 131.21

9' S (126.12) 127.05 127.67 127.10 128.22 127.05 127.10 127.69

10 S 147.92 143.95 144.15 143.95 144.69 143.99 143.90 144.15

“ See footnotes to Table I.

tween dihydroquinidine and dihydro-9-epiquinidine. The
larger solvent effect on the chemical shifts of the erythro
isomers when compared to the corresponding threo isomer
is attributed to differences in intramolecular hydrogen
bonding between the 9-hydroxyl group and the quinucli-
dine nitrogen. In the case of the erythro isomers, DMSO-
d6, a solvent known to be a good hydrogen-bond acceptor,
can hydrogen bond to eonformers not involved in intramo-
lecular "hydrogen bonding and might successfully compete
for protons in eonformers that are involved in weak intra-
molecular hydrogen bonding. Conversely, the strength of
the intramolecular hydrogen bond in the case of threo iso-
mers must be great enough to prevent disruption by the
DMSO-d6é.

An alternate explanation for the solvent effect is that
the erythro isomers have eonformers which participate in
intramolecular hydrogen bonding, while intramolecular
hydrogen bonding does not occur in the case of the threo
isomers. This explanation does not appear to us to be as
likely as the first, since molecular models12 reveal that in-
tramolecular hydrogen bonding should be strongly op-
posed in the case of the erythro isomers by interference
between the bulky quinoline and quinuclidine systems,
and thus the conformer population is dominated by
nonhydrogen-bonded species. However, in the threo iso-
mers the same steric factors favor eonformers which place
the hydroxyl group and nitrogen proximate in space. In
addition, the larger basicity of the 9-epi compounds com-
pared to the natural alkaloids has been attributed to the
more favorable intramolecular hydrogen bonding, possibly
with participation of solvent, in the case of the epi iso-
mers.3

Quinoline Ring. There are nine separate 13C reso-
nances for the quinoline ring for each of the cinchona al-
kaloids in Tables 1 and 11. "Relative to internal TMS these
signals are in the 100-160-ppm region. Off-resonance ex-
periments on each of these compounds in CDC13 and in
DMSO-d6 resulted in a 13C spectrum having four singlets
and five doublets.13 The singlet resonances are for carbons
4', 6', 9, and 10'. For each of the compounds II-VIII in
CDCU and in DMS0-c?6 the signal at ~ 157 ppm has been
assigned to C-6', since a directly bonded OCH3 group pro-
duces a large downfield shiftl4 and since this signal is ab-
sent in the 13C nmr spectrum of cinchonidine (1), where

there is no OCH3 group at C-6'. For each of the com-
pounds I1-VUL the singlet resonance in the 126-127-ppm
region has been assigned to C-9' because the 13C reso-
nances for carbons 4' and 10' should be at much lower
fields.15

The task then becomes one of assigning C-4' as com-
pared to C-10'. This was accomplished by comparing the
I3C shifts for quinine (I1) with 9-epiquinine (El), quini-
dine (IV) with 9-epiquinidine (V), and dihydroquinidine
(VE) with dihydro-9-epiquinidine (VIE). In the 13C nmr
spectrum of each of the erythro compounds (Il, IV, VI,
VE) there are singlets at ~ 148 and at ~144 ppm while for
the threo compounds (111, V, VTII) there are two singlets at
~ 143-144 ppm. Since, as previously discussed, differences
in intramolecular hydrogen bonding result in a difference
in the 13C chemical shifts for carbons 2, 6, 7, and 8 for the
erythro compounds as compared to the threo compounds,
it is very probable that intramolecular hydrogen bonding
would also effect the chemical shift of the C-4'. It is also
unlikely that this effect would show up at C-10', and
therefore the 13C chemical shift for C-10' should have ap-
proximately the same value in all the compounds. The
singlet at ~148 ppm has been assigned to C-4' and the
singlet at ~144 ppm to C-10' for each of the erythro com-
pounds. It is not possible from these data to specifically
assign C-4' and C-10' in the threo compounds.

The five doublet signals for carbons 2', 3', 5', 7', and 8'
in each of the cinchona alkaloids in CDCI3 and in DMSO-
¢6 have been assigned on the basis of the following argu-
ments. (a) C-2' which is a to the quinoline nitrogen is at
low field and has approximately the same chemical shift
as C-2' in quinoline (—150 ppm).16 (b) C-3' should have
about the same chemical shift in cinchonidine and the
other cinchonia alkaloids, (c) C-5' and C-7' are ortho to
the OCH3 group and, therefore, should be substantially
upfield14 from their positions in cinchonidine (with no
OCH3 at C-6'). Carbon 5' should be at a higher field than
C-7' since it can interact sterically with substituents on
C-9'. (d) C-8' (and C-9') should be only slightly down-
field14 from their positions in cinchonidine since they are
meta to the OCH3 group. There is very close agreement
between the 13C chemical shifts reported in Table | for
the quinoline ring carbons with those reported by Wenkert
for compounds E, 1V, VI, and VII.5
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Other Assignments. With signal multiplicity data ob-
tained from off-renance experiments, the assignments for
carbons 9, 10, 11, and OCH3 were straightforward and
consistent with 13C chemical shifts reported for similar
carbon groups.

Experimental Section

Nmr Spectra. 13C nmr spectra were determined at 24.92 MHz
on a modified JEOL JNM-PS-100 Fourier-transform spectrometer
interfaced with a Nicolet 1085 Fourier-transform computer sys-
tem. Spectra were obtained in either chloroform-d (CDCI3) or di-
methyl sulfoxide-d6 (DMSO-de) in 10-mm tubes. The spectra
were recorded at ambient temperature by using the deuterium
resonance of CDCI3 or DMSO-d6 as the internal lock signal. All
proton lines were decoupled by a broad-band (~2500 Hz) irradia-
tion from an incoherent 99.075-MHz source. Interferograms were
stored in 8K of computer memory (4K output data points in the
transformed phase corrected real spectrum), and chemical shifts
were measured on 5000-Hz sweep width spectra. Typical pulse
widths were 12 psec, and the delay time between pulses was fixed
at 1.0 sec. Normally 512 (twice as many for single frequency off-
resonance experiments) data accumulations were obtained on a
200 mg/2 ml of solvent sample. The chemical shifts reported are
believed accurate to within +0.05 ppm.

Chemicals. Cinchonidine and quinine were obtained from
Sigma Chemical Co. Quinidine was purchased from Aldrich
Chemical Co. 9-Epiquinine and 9-epiquininidine were prepared
by conversion of the natural alkaloid tosylate.17 The dihydro al-
kaloids were prepared by reduction of the corresponding unsatu-
rated alkaloid in ethanol using 10% palladium on carbon catalyst.
The melting points and [o]d values of all the compounds synthe-
sized were in agreement with literature values.

Acknowledgment. We thank Dr. M. E. Wall of this
laboratory for his kind encouragement and support of this

Koch, Miller, and Osteryoung

work and Dr. S. G. Levine, North Carolina State Univer-
sity at Raleigh, for helpful discussions involving this work.

Registry No.—I, 485-71-2; D, 130-95-0; Ill, 572-60-1; 1V, 56-54-
2;V, 572-59-8; VI, 522-66-7; VII, 1435-55-8; VIII, 51743-68-1.

References and Notes

(1) This investigation was supported by Contract PH-43-NIGMS-65-
’075 from the National Institute of General Medical Sciences, Na-
tional Institutes of Health.

(2) (a) North Carolina State University at Raleigh; (b) Research Trian-
gle Institute.

(3) (@ R B. Turner and R. B. Woodward in "The Alkaloids,” Vol. 3, R.
Manske, Ed., Academic Press, New York, N. Y. 1953, pp 1-63;
(b) M. R Uskakovic and G. Grethe, ibid., Vol. XIV, 1973, pp 181 —
223.

(4) W. O. Crain, Jr., W. C. Wildman, and J. D. Roberts, J. Amer.
Chem. Soc., 93, 990 (1971).

(5) E. Wenkert, J. S. Bindra, C.-J. Chang, D. W. Cochran, and F. M.
Schell, Accounts Chem. Res., 7, 46 (1974).

(6) L P. Lindeman and J. Q. Adams, Anal. Chem., 43, 1245 (1971).

(7) D. M. Grant and E G. Paul, J. Amer. Chem. Soc., 86, 2984
11964).

(8) G. C. Levy and G. L Nelson, “Carbon-13 Nuclear Magnetic Reso-
nance for Organic Chemists,” Wiley-Intersclence, New York, N. Y.,
1972, Chapter 3, and references cited therein.

(9) D. M. Grant and B. V. Cheney, J. Amer. Chem. Soc., 89, 5315
(1967).

(10) D. K. Dalllng and D. M. Grant, J. Amer. Chem. Soc., 94, 5318

. (1972).

(11) Reference 8, p 54.

(12) Dreiding stereomodels.

(13) The ,3C nmr spectra of cinchonidine In cbCls and in DMSO-d6
contain three singlets and six doublets for the nine carbons of the
quinoline ring.

(14) Reference 8, p81.

(15) For quinoline in CDCI3 the 13C chemical shifts of C-9' and C-10'
are at 128.0 and 148.0 ppm, respectively, and for 4-methylquinoline
in CDCI3 C-9', C-4\ and C-10’ are at 127.9, 143.9, and 147.7 ppm,
respectively.

(16) Reference 8. p 100.

(17) J. Suszko and F. Szelog, Bull. Int. Acad. Pol. Sci. Lett, Cl. Sci.
Math. Natur., Ser. A, 403 (1935).

Reductive Defunctionalization of 1-Substituted Adamantanes in Molten

Sodium Tetrachloroaluminate

V. R. Koch, L. L. Miller,*1 and R. A. Osteryoung

Department of Chemistry, Colorado State University, Fort Collins, Colorado 80521

Received January 25, 1974

The reactivity of a number of substituted adamantanes in molten NaAICl4 at 175° was assessed. Those sub-
stituents with Lewis base character reacted with the melt to give adamantane and chloroadamantane. Neutral
and Lewis acid substituents were recovered unchanged. Cyclic voltammetry revealed adamantane and 1-meth-
yladamantane to be electroactive at a tungsten electrode well within the background limits of molten NaAICL.

The use of molten salt media to effect a variety of or-
ganic transformations both homogeneously and at an elec-
trode has recently been reviewed.2 No reference was
made, however, to the kinds of reactions undergone by al-
iphatic compounds in these ionic, aprotic solvents. Ac-
cordingly, we set out to survey the chemical stability of
1-substituted adamantanes (1-Ad-X) in a nominally 50:50
mol % AICI3-NaCl melt at 175°. By examining the behav-
ior of a representative number of functionalities in this
medium an appreciation of their reactivity or inertness
can be achieved.

The availability of monofunctionalized bridgehead ada-
mantanes and their resistance to skeletal rearrangement
make them an ideal model system with which to probe
the reactivity of different substituents. Indeed, the anodic
behavior of a series of 1-Ad-X in acetonitrile has been re-
ported.3 Of particular interest to us is the feasibility of
doing organic electrosythesis in molten salts. Cyclic vol-
tammetry indicates that electrochemically generated oxi-

dation intermediates of aromatic amines,4 sulfur hetero-
cycles,5 and polycyclic aromatic hydrocarbons6 are stabi-
lized by the melt.

While the exact nature of this phenomenon is unknown,
it appears that the absence of a nucleophilic organic sol-
vent and the associated trace amounts of water accounts
for the greatly extended lifetime of these reactive interme-
diates. If simple aliphatic cation radicals or cations are
similarly stabilized it should be possible to do preparative
electrochemistry without the chemical follow-up reactions
common to organic solvent-electrolyte media.

Results and Discussion

The results of adding 1-Ad-X to approximately 5 ml of
melt are summarized in Tables I-HI. Substituents with
Lewis base character reacted with the melt to give
mixtures of adamantane, chloroadamantanes, hydrogen
chloride, and, in two instances, carbon monoxide. Neutral
and electrophilic substituents either complexed with the
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Table |
Adamantyl Compounds Defunctionalized by 50:50
Mol % AICI NaCl Melt

Registry — % conversion— .

no. X 1-Ad-X, mmol Ad-H 1-Ad-CI*
768-92-3 F 0.36 25 0.2
935-56-8 Cl 0.80 28 0.2
768-90-1 Br 1.23 28 0.2
6221-74-5 OMe 0.63 38 9.5
768-95-6 OH 0.84 41 8.0
768-94-5 NH2 1.12 16 1.3
n h % 1.18 13 1.7
828-51-3 cotl 0.57 23 0.4
711-01-3 CO,Mej 0.97 21 0.4

“Trace amounts of 2-Ad-Cl detected. b0.30 mmol of 1-
Ad-NH; recovered. cReaction time doubled; 0.29 mmol of
1-Ad-NH2recovered. dCarbon monoxide evolved.

J. Org. Chem., Vol. 39, No. 16, 1974 2417

was recovered unchanged. Thus, there is no reason to sus-
pect that the other substituents were cleaved by thermal
decomposition.

An important feature of sodium tetrachloroaluminate
melts is the ability to precisely vary the Lewis acidity
over nine orders of magnitude. Boxall and coworkers8
have completely described the equilibria of the various
species comprising a melt over a range of 50-70 mol %
aluminum chloride. In the region immediately about 50
mol % aluminum chloride, the predominant species are
given by the equilibrium

2aici4~ N ai2eci’/~ + c1

where AI2CI7- is considered to be a Lewis acid, and CI",
a Lewis base; Km = 1.06 X 10-7 at 175°. The addition of

Table 11
Effect of Melt Composition on Product Distribution

Melt composition,

mol % AICh X Mmol
49.75 Br 1.89
COXH 0.91

50.00 Br 1.23
CChH 0.57

64.00 Br 1.47
coH 1.13

melt or sublimed out of solution. In these cases, 1-Ad-X
was recovered unchanged.

1-Haloadamantanes. When added to the clear, color-
less sodium tetrachloroaluminate at 175°, 1-fluoro-, 1-
chloro-, and 1-bromoadamantane formed an immediate
deep red solution with concomitant evolution of a white
sublimate. This material was quantitatively collected and
weighed. Though the reaction was over in 3-5 min the so-
lution was maintained at 175° for 15 min prior to cooling
and work-up of the solidified melt.

Infrared spectra of each of the gas mixtures sampled
from above the melts showed the rotational fine structure
and wvo characteristic of hydrogen chloride. Neither HBr
nor HF were detected. Nmr spectra of the three subli-
mates revealed the presence of adamantane and 1-chlo-
roadamantane. Further analysis of the sublimate disclosed
a third product in trace amounts which had the same re-
tention time as authentic 2-chloroadamantane. No start-
ing material was found in the 1-bromo- and 1-fluoroadam-
antane sublimates.

The melt was pulverized and continuously extracted
with ether. This led to the isolation of a gold, resinous
material which could not be fully characterized. This sub-
stance was recovered from the solidified melt whenever
1-Ad-X reacted with sodium tetrachloroaluminate.

It is instructive to compare the products from the reac-
tion of 1-chloroadamantane and aluminum chloride in
carbon tetrachloride at room temperature to the products
from the reaction of 1-chloroadamantane and melt re-
ported in Table I. Kovacic and Chang7 found that after 1
hr 10% adamantane, 75% 1-chloroadamantane, 2% 2-chlo-
roadamantane, and 13% dichloroadamantane were ob-
tained in contrast to the 30% yield of adamantane formed
in the melt. Conceivably, the high temperature of the
molten salt in conjunction with its Lewis acid properties
effect a more rapid and complete dehalogenation.

To guarantee that loss of substituent was in fact due to
the melt and not temperature alone, 1-bromoadamantane,
which possesses the weakest 1-adamantyl carbon-substit-
uent bond, was heated to 190° and maintained at that
temperature for 5 min. After cooling, 1-bromoadamantane

Im,
_ Isolated
Mg Ad-H 1-Ad-ClI residue, mg
403 30 0.7 90
164 18 0.5 60
264 28 0.2 50
103 23 0.4 25
316 Trace 132
203 Trace 102
Table 111
Adamantyl Compounds Stable to 50:50 Mol
% AICL-NaCl Melt
Registry
no. X 1-Ad-X, mol % recovery
281-23-2 H 0.77 98*
768-91-2 Me 0.57 88"
23074-42-2 CN 0.72 88
1660-04-4 COMe 0.72 89
700-58-3 S=0 0.82 90

OSublimed out of melt; others recovered by continuous
extraction of pulverized melt with ether.

small amounts of either aluminum chloride or sodium
chloride to the melt dramatically shifts the above equilib-
rium as per Figure 1.

To determine the effect of melt composition and there-
by the Lewis acidity on product distribution, 1-bromoada-
mantane was added to melts with aluminum chloride ad-
justed to 49.75 (CL saturated) and 64.00 mol %. These

Figure 1. Mole fraction of the species in the chloroaluminate
melt at 175° as a function of the net AICL-NacCl ratio (49.75 »
mol % A1CL < 70).
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values correspond to chloride ion (Lewis base) concentra-
tions of 8.85 X 10-2 and 4.13 X 10-7 M, respectively. For
comparison, the chloride ion concentration in 50 mol %
aluminum chloride is 2.87 X 10~2M.

As seen in Table Il, very little change in either overall
yield or product distribution occurs in going from 49.75 to
50.00 mol % aluminum chloride. At 64.00 mol % alumi-
num chloride, however, only trace amounts of adaman-
tane were recovered while the quantity of organic residue
extracted from the melt increased. Clearly, abrupt
changes in the Lewis acidity are reflected in the product
distribution.

The nature of the nonsublimable product is of interest
not only because it is the major product of the reaction,
but also because the amount formed is dependent upon
melt composition. Accordingly, an attempt was made to
delimit at least the gross structural features of this mate-
rial.

The nmr spectra and glc traces of all isolated resins
were virtually identical regardless of adamantyl function-
ality or melt composition. The complexity of this material
is exemplified by glc analysis, which revealed five major
and 15 minor components eluting closely together. When
chromatographed on a silica gel column two distinct frac-
tions were obtained, the first eluting with Skellysolve and
the second with chloroform.

Fraction 1, a yellow oil comprising 59% of the resin by
weight, included five major and ten minor closely eluting
components by glc. The nmr spectrum of this fraction was
virtually identical with that of the resin itself and exhib-
ited a broad downfield absorption at 5 5.4 and absorptions
from 5 3 to 0.8 characteristic of aliphatic protons. Infrared
analysis disclosed a broad carbonyl band at 1705 cm-1.
An average molecular weight of 427 amu was calculated
from vapor pressure osmometry measurements. This value
agrees with mass spectrometric data in that the “parent”
ion cluster was observed to occur between m/e 425 and
430. The base peak was m/e 135, indicative of the adam-
antyl cation.

Fraction 2 eluted as a dark red oil and accounted for
the remainder of the resin. One major and six minor
closely eluting components were indicated by glc. The
nmr spectrum contained a distinct though broad doublet
at 5 4. Aliphatic absorptions between 53 and 0.6 made up
the rest of the spectrum. The infrared spectrum revealed
a broad band from 3600 to 3200 cm-1 due to O-H stretch.
A carbonyl band similar in shape to that in fraction 1 at
1720 cm"1 was also evident. Vapor pressure osmometry
measurements gave an average molecular weight of 752
amu.

From the spectroscopic data it appears that fraction 1
contains ketone and the adamantyl moieties. In addition,
fraction 2 includes hydroxyl functionalities. It is notewor-
thy that the proton geminal to the hydroxy group in 2-
adamantanol absorbs at 5 3.8 in the nmr spectrum.9 This
value is close to the 5 4.0 resonance observed in the spec-
trum of fraction 2. Neither 1- nor 2- adamantanol was
found in fraction 2.

Since all reductive defunctionalizations were conducted
in a scrupulously dry nitrogen atmosphere, oxygen incor-
poration can only ensue during the work-up of the organ-
ics extracted from the melt and most probably from
water, not oxygen. This was supported by infrared analy-
sis of a chloroform extract prior to work-up. Neither hy-
droxy nor carbonyl bands were observed in the spectrum.
In an attempt to scavenge nascent cations a chloroform
extract was treated with anhydrous methanol, distilled to
dryness, and the nmr spectrum taken. With the exception
of a singlet at 5 3.5 indicative of a methyl ether functiona-
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lity the spectrum was identical with that of the usual
resin.

Oxygen-Substituted Adamantanes. Like the haloada-
mantanes, 1l-adamantanol and 1-methoxyadamantane
formed instantaneous dark red solutions when added to the
melt with hydrogen chloride evolution. The sublimates of
these compounds contained the best overall conversion to
adamantane and chloroadamantane.

A similar reductive defunctionalization of 1l-adamanta-
nol with other Lewis acids has recently been reported. In
either n-hexane or carbon disulfide 1-adamantanol reacted
with aluminum bromide to give adamantane and 1-bro-
moadamantane; with tin tetrachloride 1-chloroadaman-
tane was obtained.10

1-Aminoadamantane. This compound was partially
stable in the melt as evidenced by the recovery of some
unreacted amine via continuous extraction. Relatively
small amounts of adamantane and 1-chloroadamantane
were found. To ascertain if the amine was reacting slowly
in comparison to the other substituents, this experiment
was repeated, the reaction time being doubled. As seen in
Table | there was no increase in sublimate yield and the
amount of recovered amine remained constant.

1-Adamantyl Carboxylate Derivatives. When either
l-adamantanecarboxylic acid or 1-carbomethoxyadaman-
tane was added to the melt a dark red solution was
formed with copious gas evolution. Infrared spectra of the
reaction gases confirmed the presence of carbon monoxide
as well as hydrogen chloride.

The formation of carbon monoxide and teri-butyl cation
from pivalyl chloride under Friedel-Crafts conditions is
well documented.11-13 Olah and coworkersl4 have found
that pivalyl fluoride and antimony pentafluoride react to
give carbon monoxide and fert-butyl cation. This facile
decarbonylation was ascribed to the Lewis acid character
of the antimony pentafluoride.

Mechanistic Aspects of Reductive Defunctionaliza-
tion. By analogy with earlier work under Friedel-Crafts
conditions15 it is clear that C-X cleavage begins with the
coordination of nonbonding substituent electrons with an
electron-deficient species in the melt. The heptachlorodi-
aluminate ion, AI2CI7-, free aluminum chloride, and its
dimer, AI2CI6, have all been shown to exist simultaneous-
ly in the melt8 and are likely candidates. From the melt
composition diagram (Figure 1) it is evident that above 55
mol % aluminum chloride concentrations of the more aci-
dic AICI3 and AI2CI6 species increase relative to the con-
centration of the ALCL" ion. This is reflected in the sen-
sitivity of 1-bromoadamantane and l-adamantanecarbox-
ylic acid reactions to precipitous changes in melt compo-
sition.

In any case, generation of 1-adamantyl cations leads di-
rectly to the volatile products: adamantane by hydride
abstraction, and 1-chloroadamantane by reaction with a
chloride-containing species in the melt.

This rationale is consistent with work done on 1-haload-
amantanes in other Lewis acid systems. Schleyer and co-
workers16 identified 1l-adamantyl cations as products of
the reaction of 1-fluoro- or 1-chloroadamantane with anti-
mony pentafluoride. When generated in the presence of
pentane, l-adamantyl cations were found to abstract hy-
dride ion to give adamantane.17 On the other hand, ada-
mantane itself was found to be inert to strong Lewis acids.
In molten aluminum bromide, for example, this hydrocar-
bon was recovered unchanged.18 Since the sodium tetra-
chloroaluminate melt is free of organic material, the
source of hydride ion must be substrate itself. This most
certainly accounts for the partitioning of products be-
tween the sublimables (adamantane and monochloroada-
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Figure 2. Cyclic voltammogram of melt background; sweep rate
200 mV/sec.

Figure 3. Cyclic voltammogram of adamantane or 1-methylada-
mantane at 200 mV/sec.

mantane) and the nonvolatile resinous material recovered
from the melt.

The source of proton for hydrogen chloride is unclear.
That proton does not exist in the melt prior to addition of
substrate has been demonstrated by cyclic voltammetry,
to be discussed later. Hydrogen chloride was identified as
a reaction product in the chlorination of adamantane by
ferric chloride and antimony pentachloride.7 However, a
free-radical mechanism was invoked to account for its for-
mation. The chlorination of alcohols and acylation of car-
boxylic acids by aluminum chloride provides hydrogen
chloride as a by-product.19 However, in the absence of
acidic wiiyfAiatc protcwa wc hydrogen chloride is produced.

Adamantane and 1-Methyladamantane. These ali-
phatic hydrocarbons were stable to as well as soluble in
ih melt, though at 175° sublimation was rapid (Table

Cyclic voltammograms (Figures 2-4) were performed at
a tungsten electrode at various sweep rates. At 200 mV/
sec both compounds manifested an anodic wave, Ep =

1.80 V vs. an aluminum wire reference. The peak poten-

tial was sweep rate dependent and no reversible cathodic
waves were observed at scans up to 100 V/sec. A cathodic
wave, Ep = 0.70, absent in the voltammogram of back-
ground, was evident whenever the first and subsequent
sweeps, passed through the arvodic wave. This process was
determined to be the reduction of proton to hydrogen.

Cyclic voltammograms of melts through which hydro-
gen chloride had been bubbled show an identical cathodic
wave, Ep = 0.70.

Adamantyl Ketones and Cyanide. All three of these
compounds (Table HI) formed stable complexes with the
medium. When 1-acetyladamantane or 2-adamantone was
added to the melt a light tan solution ensued. No subli-
mation was noted. Cyclic voltammograms of these solu-
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Figure 4. Cyclic voltammogram of melt through which anhydrous
HC1 has been bubbled; sweep rate 200 mV/ sec.

tions were identical with the voltammogram of back-
ground. Upon cooling and continuous extraction with
ether good yields of starting material were recovered.
When I-cyauoadamantane was added to the melt a bright
yellow solution resulted. Again, no sublimate was collect-
ed and a good yield of starting material was obtained.

It has been reported that aromatic nitriles and ketones
are stable in an aluminum chloride melt, the latter form-
ing a 1.1 complex with AICI3.2 Olah and Calin20 working
in SbF5FS0gH-S02 at -60° find that a variety of alicy-
clic ketones, including 2-adamantone, are stable albeit
protonated in this Lewis acid medium.

Experimental Section

General. Starting materials and products were analyzed by ir
on a Perkin-Elmer 457 grating spectrometer. Nmr spectra were
taken on a Varian T-60 instrument. Glc analyses were performed
on a Hewlett-Packard Model 5700 gas chromatograph equipped
with thermal conductivity detectors. A 10 ft x 0.25 in., 8% SE-30
on Chromosorb W column was used for all determinations of
product distribution. Average molecular weights were determined
in chloroform at 30° with a Hewlett-Packard 302B vapor pressure
osmometer. Mass spectra were recorded with an A.E.I. Model
MS-12 spectrometer.

Dried Fluka A.G. (anhydrous, iron free) aluminum chloride and
Fisher reagent-grade sodium chloride were quantitatively weight
out into a Pyrex cell under a purified nitrogen atomosphere (Vac-
uum/Atmospheres Corp. drybox equipped with a HE-493 Dri-
Train). The details of the cell and the electrolysis purification
procedure are described elsewhere.2l The purified melt (ca. 50:50
mol %) was completely clear and colorless. A Thermo Electric
Model 400 thermoelectric controller was used to maintain the
temperature of the melt at 175 + 0.5°. The temperature was mea-
sured using a Chromel-Alumel Pyrex-sheathed thermocouple and
a Fluke 8000A digital multimeter.

Materials. Adamantane, 2-adamantone, l-bromoadamantane,
l-adamantanol, l-aminoadamantane, 1l-acetyladamantane, and
1- adamantanecarboxylic acid were commercial samples (Aldrich)
and were used without further purification. 1-Carbomethoxyada-
mantane was supplied by Professor G. J. Gleicher. The other 1-
substituted adamantanes were prepared as described previously.3
2- Chloroadamantane was obtained by the reduction of 2-adaman-
tone to 2-adamantanol with lithium aluminum hydride followed
by chlorination with phosphorus pentachloride.7

Reactions of 1-Ad-X with the Melt. All reactions were carried
out in the drybox. In a typical run, 5 ml of molten salt was pipet-
ted from the cell into a 30 X 80 mm Pyrex test tube preheated to
and maintained at 175° uio an aluminum block furnace. The test
tube was fitted with a 29/26 female joint. A preweighed amount
of 1-Ad-X was added to the melt and the test tube was immedi-
ately mated with a sublimation tower vented at the top. The sub-
limation tower was made by first sealing the end of a 30 x 150
mm Pyrex tube fitted with a 29/26 male joint and then opening
up a small hole in the seal to which a short piece of 8-mm Pyrex
tubing was attached. The length of the tower was heated and a
number of Vigreux-type indentations were made. This simple de-
vice afforded a convenient and efficient method of quantitatively
collecting material which sublimed out of the melt.
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After 15 min at 175° with occasional swirling the sublimation
tower was separated from the test tube, brought out of the dry-
box, allowed to cool, and weighed. The contents were rinsed off
the indentations with chloroform and subjected to glc as well as
spectral analysis. The melt was allowed to cool, then pulverized
and continuously extracted for 24 hr with ether. After 3 X 100 ml
water washes the organic layer was dried over magnesium sulfate
and concentrated on a Roto-Vap. Whenever 1-Ad-X reacted with
the melt a tarry gold substance resulted which proved to be a
complex mixture of substituted aliphatic hydrocarbons.

Gaseous products were detected by attaching an evacuated
10-cm Perkin-Elmer demountable gas cell to the sublimation
tower via a short length of Tygon tubing. The observed VO values
for hydrogen chloride and carbon monoxide agreed with
published data.22

Cyclic Voltammetry. Cyclic voltammograms were recorded
with a PAR .Model 170 electrochemistry system. The reference
electrode was an aluminum wire (Alfa, m5N) separated from the
working and counter electrodes by a fine glass frit. The melt in
the reference compartment was saturated with sodium chloride.
The working electrode, isolated in its own fritted compartment,
was a 30-mil tungsten wire (Alfa, m3N8) sealed into a Pyrex tube
with a bead of uranium glass, ground flat on an emery wheel and
polished with 600 grit silicon carbide powder. The counter elec-
trode was an aluminum wire.

Cyclic voltammograms were run at approximately 10' 3 M sub-
strate concentrations at 50, 100, 200, and 500 mV/sec. Ep values
are quoted for rates of 200 mV/ sec.
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Silalactones from Hydrosilyl Derivatives of Toluic Acids
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The preparation of 3- and 4-carboxybenzyldimethylsilane is reported, along with conversion of the acids under
pyrolytic and hydrolytic conditions to dimeric or polymeric silalactones and to silanols and disiloxanes. In some
cases, rather complex equilibria involving the various products can be displaced to result in virtually exclusive
formation of one product. Of particular interest is a novel macrocyclic lactone dimer in the meta series which can
be obtained in good yield. A general method for the preparation of silalactones is proposed, and the monomeric
lactone from 2-carboxybenzyldimethylsilane is reported. Spectral properties of the products are reported and dis-

cussed.

The possible interactions between an aromatic ring and a
Si atom 0 to the ring have been the subject of intense inves-
tigation in recent years. Two types of interactions have
been proposed, first, a 1,3 p-d bonding in which electron
density is donated from the phenyl ring to an empty d or-
bital on Si,1and second, a hyperconjugative interaction in-
volving a C-Si a bond.2 Either type of interaction could
give rise to hindered rotation about the ring to benzyl car-
bon bond. This restriction to rotation of the side chain
could in principle be observed by variable-temperature
nmr, since the methylene protons or the methyl groups on
silicon would become diastereotopic and potentially distin-
guishable when an ortho or meta substituent is present. To
investigate this possibility, 3-carboxybenzyldimethylsilane
(1) was prepared. The carboxy group was chosen because of
its anticipated ease of synthesis and because of the rela-
tively large effects of carbonyl groups on chemical shifts of
nearby protons. We chose to study the meta derivative first
so that we could be sure that we would not be observing a
steric interaction between the carboxyl and silylmethyl
groups.

Results and Discussion

All attempts to prepare 1 by using standard Grignard
preparations (eq 1) were unsuccessful. Although there is

Cl

ample precedent for the generation of a C-Mg bond in the
presence of a Si-H bond,3 it is usually necessary to use
forcing conditions to generate Grignards from aryl chlo-
rides. Indeed, the only method that resulted in the forma-
tion of the Grignard reagent from m-chlorobenzyldimeth-
ylsilane involved the use of powdered Mg,4 prior activation
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of the Mg with dibromoethane, high chloride concentra-
tions, and prolonged heating of the reaction mixture. No
reaction occurred when Mg turnings were substituted for
powdered Mg. This procedure gave a fairly high yield of
acid 1 (80-90%)5 in the crude reaction mixture, indicating
no apparent difficulties from involvement of the Si-H
bond. However, decomposition of 1 during the vacuum dis-
tillation resulted in a lower yield of the pure compound.

During the distillation of 1the first time it was prepared,
relatively high pot temperatures (>200°) were reached and
partial solidification of the pot mixture occurred. On fur-
ther investigation into the nature of the solid, which
showed spectroscopically the absence of a Si-H linkage, we
were able to determine that heating acid 1 with base results
in formation of a novel silalactone dimer, 2.6 Several sila-
lactones with silyl ester linkages and one example of a
dimer have been reported in the literature;7'10 however,
none have been prepared in this manner. Disilalactone 2 is
unusual in several respects. It is the largest dimer reported
in the literature, it reacts differently than previously re-
ported silalactones, and it is the only silalactone that con-
tains phenyl groups in the heterocyclic ring. Owing to the
novelty of this system, we decided that it merited further
study.

In the absence of base, the conversion of acid 1 to disila-
lactone 2 proceeded very slowly at 180°. Under these condi-
tions, approximately 10% of 1 had been converted to 2 after
heating for 4 hr. Upon addition of methanolic KOH, com-
plete conversion of the acid was achieved after heating at
180° for 2 hr.

CHZBIMeH

KOH-MeOH

O 180°, 2 hr

CoH

2

The product mixture contained 78% of 2 and 22% of (3-
carboxybenzyl)dimethyldisiloxane (3). The silalactone
dimer could be readily purified by subliming it directly
from the latter reaction mixture at 170° (0.5 mm). A white,
crystalline solid was obtained which became a viscous oil
when exposed to atmospheric moisture.

When the reaction mixture from eq 2 was dissolved in
hot CCl4 and exposed to moisture, 3, the disiloxane, crys-
tallized out of the solution (eq 3). This reaction was not
surprising, since disiloxanes have been observed to form
from silalactones upon the addition of moisture.79 Miro-
nov, et al., also observed that a disiloxane was converted to
a silalactone on heating. Indeed, heating compound 3 at

0
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190° for 1 hr gave 20% of the disilalactone with 80% of 3
unconverted. Further heating caused no appreciable
change in the composition of the product mixture. Since
other workers reported that silalactones could be converted
to disiloxanes by moisture alone, the sublimed disilalactone
was dissolved in hot CC14 and exposed to moisture in the
absence of any base. Instead of the expected disiloxane,
(3-caiboxybenzyl)dimethylsilanol (4), was obtained (eq 4).

0

2

The formation of a silanol from a silalactone has not been
previously reported, and we are somewhat surprised at the
reluctance of 4 to yield disiloxane in protic media. Silanol 4
did react in the usual manner with base to give disiloxane
3. However, heating the silanol in the absence of base gives
disilalactone 2 and disiloxane 3 in approximately equal
quantities. The interconversions involving all of the species
mentioned so far are summarized in eq 5. The system is, so

. . KOH .
hydrosilyl acid lactone dimer
2
! ®)
. ale KOH )
disiloxane silanol
or A
3 4

far as we are aware, unique in allowing the formation of all
of .these related compounds under conditions where any
one can be obtained as the almost exclusive product by ap-
propriate minor adjustment of reaction conditions.

The literature with respect to preparation of a)-silalac-
tones is very sparse, and the present work gives promise of
affording a general method for their preparation from read-
ily available starting materials. The essence of a prepara-
tive method for u>-silalactones is the generation of silanol
and carboxylic acid functions together; then, if ring size is
appropriate, silalactone formation should follow. The pres-
ent method involves generation of the acid function hy a
Grignard route in the presence of Si-H, followed by hydrol-
ysis of hydride to silanol. In order to have some evidence of
the generality of the synthesis, and also because we were
still interested in the spectroscopic properties of the hy-
drosilyl acids, we extended our investigations to the corre-
sponding ortho and para derivatives.

o-Carboxybenzyldimethylsilane could be expected to be
a precursor for a six-membered ring silalactone or conceiv-
ably a 12-membered ring dimer which could be compared
with 2. The Grignard reagent of (2-chlorobenzyl)dimethylsi-
lane (5) was prepared using the method developed for com-
pound 1. The usual carbonation and work-up with mild
acid hydrolysis gave a crude reaction mixture which appar-
ently, from its nmr spectrum, contained none of the expect-
ed o-hydrosilyl acid. Careful fractional distillation afforded
the components of the mixture shown in eq 6. The silalac-
tone 7 is obtained (in impure form) on distillation of the
reaction mixture which has been subjected to hydrolysis in
the presence of mild acid. Such conditions are normally not
sufficient to result in Si-H hydrolysis, so that we presume
that lactone is formed immediately on carbonation, with
carboxylate anion displacing hydride. Simple propinquity
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CHijSiMejH

c Mg/THF co2

CH,SiMe,H
.SiMe,H

6
(58%)
(22%)

CH2SiMe,0SiMeZCH, CH2000H

.COOH COOH .Cl
P (6)

8 9
(13.9%) (13.2%)

plus the reasonable stability of the silalactone apparently
afford sufficient driving force to make the displacement
proceed.

Pure disiloxane 8 was obtained only after distillation
fractions were extracted with mild base. The yield quoted
is derived from nmr spectra of the first distillation prod-
ucts. It is possible that some 8 may have been formed on
hydrolysis of 7. Indeed, in a separate experiment, silalac-
tone 7 in CCl4 was treated with alcoholic KOH to reach an
equilibrium mixture containing 7 and 8 in a 5:3 ratio, re-
spectively. Exposing silalactone 7 to moisture gave an equi-
librium mixture of 7 and a compound that could not be iso-
lated in pure form but was tentatively identified as (2-car-
boxybenzyl)dimethylsilanol (10, eq 7). The reactions of

compound 7 were consistent with those observed for the si-
lalactone dimer, 2; however, in contrast to the behavior of
2, 7 reacted more slowly and formed equilibrium mixtures
that contained appreciable quantities of itself. The greater
stability of 7 is probably due to the favorable six-mem-
bered ring geometry, while the macrocycle, 2, is more like a
normal silyl ester.

The main product in eq 6 was a considerable surprise.
The disilyl derivative, 6, was easily isolated by distillation
and identified as the same compound previously pre-
pared1l by a standard procedure. The disilyl compound
was apparently formed when one molecule of Grignard at-
tacked the Si atom of another molecule of starting materi-
al, displacing the benzyl anion (eq 8). Cleavage of a benzyl
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group from Si by a Grignard reagent has in fact been pre-
viously observed.12 In agreement with eq 8, o-chlorophenyl-
acetic acid, the carbonation product from the benzyl frag-
ment, was also isolated. The observation of benzyl anion
displacement with the ortho Grignard reagent, but not with
the meta reagent, might be attributed to some kind of elec-
tronic effect. However, this seems unlikely, particularly
since it is also not observed with the para reagent (vide
infra). Perhaps Grignard and starting chloride complex
with one another but only in the case of the ortho deriva-
tives is there a reasonable steric disposition for nucleophilic
attack on Si.

The Grignard reagent of p-chlorobenzyldimethylsilane
was prepared and carbonated to obtain a good yield of the
expected para hydrosilyl acid, 11. This acid could not be
anticipated to be the precursor for a monomeric silalac-
tone, and models of the lactone dimer seem significantly
strained. When the acid was heated in the presence of alco-
holic KOH, a complex product mixture was formed. How-
ever, the most prominent Si-Me peak in the nmr spectrum
of the mixture was a singlet at 50.4 ppm which (vide infra)
we tentatively ascribe to a polymeric silyl ester. Also in
agreement with this assignment is the observation that the
peak eventually disappears on exposure to moisture. When
the acid is heated without base, only two main products are
formed, which we tentatively identify as polymer and disil-
oxane (eq 9).

CHjSiMejH
ale KOH or
&
COH
11
CHZSiMe2M-0
+ -KM.'— (*"~CH.,Si Me- 9)
13
COH
12
Spectral Properties. The nmr spectra of the com-

pounds described are quite simple (see Experimental Sec-
tion), a fact which made it possible to follow spectrally
some of the complex hydrolysis equilibria encountered. In
the hydrosilyl acids and their precursors, the Si-H proton
appeared with the septet pattern from coupling with Si-Me
protons, but further broadened by coupling with the ben-
zylic protons. Disappearance of the Si-H signal was one
major clue to the transformations taking place. The lactone
dimer12 had several notable features. As is well known and
was observed throughout our series of compounds, aromat-
ic protons ortho to a carbonyl function are shifted down-
field. the dimer 2, however, showed a resonance even fur-
ther downfield in the aromatic region (6 8.4) which we as-
sign to the aromatic proton contained in the heterocyclic
ring. Models indicate that this proton can come quite near
the aromatic nucleus across the ring, thus being further
deshielded. The second feature of interest in 2 is the chem-
ical shift of the Si-Me protons. At S0.4 they are substan-
tially further downfield than the Si-Me protons of the sila-
nol 4 (5 0.2), or disiloxane 3 (S 0.1), which also have Si at-
tached to oxygen.13 We suggest that this chemical shift will
be found to be characteristic of Si-Me protons in silyl es-
ters, as an identical position is observed for the ortho sila-
lactone 7. The Si-Me chemical shift also serves as one basis
for our assignment of the polymeric silyl ester structure to
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the product, 13, of pyrolysis of the para hydrosilyl acid 11.

Determination of the variable-temperature nmr spectral
properties of the meta hydrosilyl acid 1 was one of the orig-
inal goals of the research. At temperatures as low as —80°
in acetone-dfi, however, no splitting of either benzylic or Si-
Me signals could be observed. The observation is, of course,
no direct proof against the existence of a hyperconjugative
or other interaction. We simply cannot see evidence of one
in this system using this technique.

We have not yet been able to obtain good mass spectra of
all of the products identified, but both lactone dimer 2 and
lactone 7 gave spectra in which the parent peak is promi-
nent. The tentatively identified silanol, 10, and the disilox-
ane, 8, in the ortho series both gave mass spectra essential-
ly identical with that of the lactone 7, indicating quite fac-
ile dehydration, perhaps occurring thermally, prior to ion-
ization. The disiloxane in the para series, 12, also shows the
fragment at m/e 192, 0 2CC6H4CH2SiMe2, and this peak
grows as inlet temperature is raised, again indicating the
possibility of pyrolysis.

Experimental Section

Unless otherwise stated, all Grignard reagents were prepared in
three-neck round-bottom flasks equipped with a reflux condenser,
a magnetic stirrer, and an addition funnel. The glassware was
flame dried and flushed with nitrogen prior to conducting the reac-
tion under a nitrogen atmosphere. Tetrahydrofuran (THF) was
dried by distilling from calcium hydride and then shaking with
Linde 5A molecular sieves. The low-temperature nmr study was
run on a Varian HA-100 and routine nmr spectra were recorded
using a Varian A-60A spectrometer. Chemical shifts reported are
relative to internal TMS. Infrared spectra were obtained using a
Perkin-Elmer 137 Infracord spectrophotometer. Mass spectra were
obtained using a Hitachi Perkin-Elmer RMS-4 mass spectrometer
operating at 70 eV, and data are reported as m/e (relative intensi-
ty). Melting points are corrected.

Preparation of (3-Carboxybenzyl)dimethylsilane (1). Mag-
nesium powder (0.16 mol, 3.9 g) and 50 ml of dry THF were placed
in a round-bottom flask. The magnesium was activated by the ad-
dition of 1 ml of dibromoethane and refluxing for 15 min. (3-Chlo-
robenzyl)dimethylsilane (0.11 mol, 20.4 g) was added dropwise
while refluxing the reaction mixture. An additional 25 ml of dry
THF was added to the reaction vessel about 4 hr later. After re-
fluxing for 24 hr, the Grignard reagent was poured into a slurry of
Dry Ice in 50 ml of THF and stirred with a mechanical stirrer until
the Dry Ice had sublimed. The organic layer was then hydrolyzed
with dilute HC1, separated, and washed with H20. The solvent was
removed using a rotary evaporator. Dry ether (25 ml) was added to
the remaining material and this solution was dried over anhydrous
MgSC*4 for several hours. The solvent was removed and the re-
maining material was vacuum distilled to yield 9.55 g (31%) of 1:
bp 109-110° (0.3 mm); nmr (CCl4) 80.05 (d, J = 4 Hz, 6 H), 2.15
(d, 3 = 3 Hz, 2 H), 3.9 (broadened septet, 1 H), 7.2-7.8 (m, 4 H),
11.7 (s, 1 H); ir (neat) 3000, 2600, 2100, 1675, 1600, 1400, 1260,
1240, 1200, 1150, 1060, 900, 850, 820, 780, 760, 750, and 680 cm“ 1
Anal. Calcd for CiOHHSIO2 C, 61.81; H, 7.26. Found: C, 61.81; H,
7.38.

Preparation of Silalactone Dimer (2). (3-Carboxybenzyl)di-
methylsilane (0.0078 mol, 1.52 g) and 0.6 ml of 0.46 M KOH in an-
hydrous methanol were placed in a round-bottom flask and heated
at 170° for 2 hr under a nitrogen atmosphere. An nmr spectrum in-
dicated that approximately 78% of the acid had been converted to
the disilalactone. The disilalactone was then sublimed from the
product mixture at 170° (0.5 mm) to yield 1.00 g (67%) of 2: mp
152-155°; nmr (CDC13) 80.4 (s, 6 H), 2.4 (s, 2 H), 7.2-7.5 (m, 2 H),
7.7-8.0 (m, 1 H), 84 (s, 1 H); ir (Nujol) 1600, 1280, 1240, 1210,
1110, 1080, 930, 920. 840, 815, 790, 775, 755, and 690 cm-1; mass
spectrum m/e (rel intensity) 384 (30), 192 (18), 179 (13), 165 (14),
149 (18), 119 (16), 118 (70), 90 (100), 89 (25). Anal. Calcd for
C2H 24Si204: C, 62.46; H, 6.29. Found: C, 62.30; H, 6.37.

Preparation of (3-Carboxybenzyl)dimethylsilanol (4). The
purified silalactone dimer obtained in the previous procedure was
dissolved in hot CCI4 and left open to atmospheric moisture.l'
After 2 days, the silanol, a white, fluffy solid, precipitated from the
solution. An nmr spectrum indicated that greater than 95% of the
disilactone had been converted to the silanol. The silanol was re-
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crystallized from hot CHCI3 to give 0.6 g (50%) of 4: mp 115-117°;
nmr (CDCI3) 80.2 (s, 6 H), 23 (s, 2 H), 6.8 (s, 2 H), 7.2-7.4 (m, 2
H), 7.7-7.9 (m, 2 H); ir (Nujol) 3300, 2800, 2700, 1650,1600, 1350,
1150, 1125, 1060, 1050, 900-750, and 680 cm-1. Anal. Calcd for
CiOHi4Si03: C, 57.11; H, 6.71. Found: C, 56.96; H, 6.80.

Preparation of (3-Carboxybenzyl)dimethyldisiloxane (3).
(3-Carboxybenzyl)dimethylsilane (1.27 g, 0.0067 mol) and 0.4 ml of
0.46 M potassium hydroxide in anhydrous methanol were placed in
a round-bottom flask. The mixture was heated at 166° for 3 hr.
The product mixture was then dissolved in hot CC14 and left open
to moisture. After 2 days, the disiloxane, a white, crystalline solid,
precipitated from the solution. An nmr indicated that greater than
95% of the disilalactone had been converted to the disiloxane.
After recrystallization from hot CCl4, 0.70 g (54%) of pure disilox-
ane, mp 143-145°, was collected: nmr (CDCI13) 80.1 (s, 6 H), 2.2 (s,
2 H), 1.2-1A (m, 2 H), 7.7-7.9 (m, 2 H), 10.2 (s, 1 H); ir (Nujol)
2800,2600,1650,1575,1400,1260,1240,1200, 1150, 1060, 950, 900,
840-780, 750, and 685 cm "1 Anal. Calcd for C20H26Si205: C, 59.67,
H, 6.51. Found: C, 59.22; H, 6.53.

Preparation of (2-Chlorobenzyl)dimethylsilane (5). Magne-
sium turnings (0.68 mol, 16.5 g) and 400 ml of dry ether were
placed in a round-bottom flask. The magnesium was activated by
the addition of 2 ml of dibromoethane and stirring for 15 min. A
mixture of 2-chlorobenzyl chloride (0.62 mol, 98.5 g) and 400 ml of
dry ether was added dropwise. After all of the mixture had been
added, the solution was refluxed for 1 hr. The Grignard reagent
was then added dropwise to a mixture of dimethylchlorosilane
(0.62 mol, 60.2 g) and 200 ml of dry ether. After the addition was
completed, the solution was refluxed for 2 hr. The solution was
then hydrolyzed with dilute HC1, separated, and washed with H20.
The organic layer was dried over anhydrous MgS04, and then the
ether was removed using a rotary evaporator. The remaining mate-
rial was vacuum distilled to yield 67.6 g (59%) of 5: bp 59° (2 mm);
nmr (CC14) 80.0 (d, J = 4 Hz, 6 H), 2.25 (d, J = 3 Hz, 2 H), 3.95
(broadened septet, 1 H), 6.8-7.3 (m, 4 H); ir (neat) 3000, 2130,
1470, 1440, 1250, 1220, 1160, 1050, 1030, 900, 840, 785, 770, 750,
700 cm-1. Anal. Calcd for CgHisSiCl: C, 58.51; H, 7.09; Si, 15.20.
Found: C, 58.27; H, 7.12; Si, 15.15.

Preparation of a,0-Bis(dimethylsilyl)toluene (6). The prepa-
ration was accomplished by using the procedure outlined in the
preparation of (3-carboxybenzyl)dimethylsilane. The product was
vacuum distilled to yield 7.46 g (65%) of 6: bp 57° (0.3 mm); nmr
(CC14) 80.0(d, J =4 Hz, 6H),025(d,J=4Hz,6 H),225(d,J =
3 Hz, 2 H), 3.95 (broadened septet, 1 H), 4.55 (septet, J = 3 Hz, 1
H), 6.S-7.4 (m, 4 H); ir (neat) 3000, 2150, 1600, 1460, 1450, 1260,
1200, 1150, 1120, 900, 840, 790, 750, 715, 680 cm "1 Anal. Calcd for
CuH2sI2 C, 63.38; H, 9.67; Si, 26.95. Found: C, 63.43; H, 9.61; Si,
27.04.

The residue from the vacuum distillation was further distilled at
85-105° (0.3 mm) and three fractions were collected. The fraction
collected at 85-95° was dissolved in ether and washed twice with
5% NaHCO03. The ether layer was dried over anhydrous MgS04
and the ether was evaporated. The residue was vacuum distilled at
91° (0.3 mm) to yield pure lactone 7: nmr (CDCI3) 80.4 (s, 6 H),
231 (s, 2H),7.1-7.5 (m, 3H), 8.0-8.4 (m, 1 H); mass spectrum m/e
(rel intensity) 192 (25), 133 (74), 118 (67), 90 (100), 89 (68), 63 (20).
Anal. Calcd for CioHi2Si02 C, 62.45; H, 6.29. Found: C, 62.65; H,
6.14.

The fraction collected at 100-105° was dissolved in ether and
washed twice with 5% NaHCOS3 solution. The aqueous layer was
acidified and washed with ether. The ether was removed and the
residue was recrystallized from an ethanol-water solution, and a
white powder precipitated that was identified as disiloxane 8: mp
87-89°; nmr (CDC13) 80.0 (s, 6 H), 2.8 (s, 2 H), 7.0-8.2 (m, 4 H),
9.5 (s, 1 H). Anal. Calcd for COH26Si205: C, 59.67; H, 6.51. Found:
C, 59.92; H, 6.75.

The filtrate from the previous crystallization was washed with
ether. The ether solution was concentrated and petroleum ether
was added until the solution became cloudy. A white crystalline
precipitate was collected and identified as (o-chlorophenyl)acetic
acid (9): mp 94-96°; nmr (CDC13) 83.85 (s, 2 H), 7.2-7.5 (m, 4 H),
11.4 (s, 1 H); mass spectrum m/e (rel intensity) 172 (18), 170 (51),
135 (69), 127 (35), 125 (100), 91 (61), 90 (22), 89 (31).

Preparation of (4-Carboxybenzyl)dimethylsilane (11). The
preparation was accomplished using the procedure outlined in the
preparation of 1. The product was obtained by dissolving the reac-
tion mixture in diethyl ether, adding petroleum ether until the so-
lution became cloudy, and then cooling. The product precipitated
as a white, fluffy solid to yield 16.49 g (78%): mp 121-124°; nmr
(CDCI13) 8 0.05 (d, J = 4 Hz, 6 H), 23 (d, 3 = 3 Hz, 2 H), 3.9
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(broadened septet, 1 H), 7.1-7.4 (m, 2 H), 7.9-8.2 (m, 2 H), 12.1 (s,
1 H); ir (Nujol) 3000, 2100, 1700, 1630, 1430, 1310, 1290, 1250,
1220, 1190, 1080, 950, 900, 870, 840, 750 cm-1 Anal. Calcd for
CioHi4Si02 C, 61.81; H, 7.26. Pound: C, 61.71; H, 7.12.

Preparation of (4-Carboxybenzyl)dimethyldisiloxane (12).
(4-Carboxybenzyl)dimethylsilane (0.87 g, 0.0046 mol) and 0.4 ml
of 0.46 M KOH in anhydrous methanol were placed in a round-
bottom flask. The mixture was heated at 150° for 1 hr. An nmr of
the mixture indicated that about 50% of the acid had reacted. The
reaction mixture was dissolved in ether and exposed to moisture
for a few days. Petroleum ether was added to the ether solution
until the solution became cloudy. A powdery precipitate was col-
lected. The filtrate was concentrated and the disiloxane precipitat-
ed from solution yielding 0.1 g (10%) of pure product, mp 108-
110°, after several recrystallizations: nmr (acetone-de) 5 0.0 (s, 6
H), 2.0 (s, 2 H), 6.1 (s, 1 H), 7.0-7.2 (m, 2 H), 7.7-8.0 (m, 2 H).
Anal. Calcd for CaoHzsOsSia: C, 59.67; H, 6.51. Found: C, 59.63; H,
6.72.
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The electrochemical reduction of 2-nitrofuran in aceto-
nitrile affords the corresponding radical anion (I).1 Its esr

spectrum has been recorded and interpreted in terms of
three nonequivalent an and one aN splitting constants
(Table I).

Whereas the assignment of fiN is straightforward, some
doubt might arise as far as the assignment of the three Ch
values is concerned. The 5-methyl-2-nitrofuran radical
anion (Il) allowed us to show that the 4.12 G splitting
belongs to position 5; in fact in Il this value is substituted
by an aMe splitting of similar magnitude (4.05 G) whereas
the other two couplings are almost unaffected.2 The larg-
est splitting (5.65 G) has been assigned to position 3 and
the smallest (1.00 G) to position 4 on the ground that the
conjugation of five-membered aromatic rings with substit-
uents in position 2 is expected to be more effective3in the
3,56 positions than in the 4 position. To check such an hy-
pothesis theoretical calculations have been carried out by
the self-consistent molecular orbital (INDO) method.4

The geometrical parameters employed are as follows.

The theoretical splittings for the hydrogen atoms, given
in parentheses in Table I, are in agreement with the ex-
periment, thus supporting the tentative assignment for
what concerns positions 3 and 4.

This theoretical approach also allowed us to estimate
the energy barrier to the internal rotation in the nitrofu-
ran radical anion as a difference between the planar and
the 90° twisted structures. The values of the total energies
were calculated to be —93.53292 and —93.51702 au, re-
spectively, and the rather large AE value (10 kcal mol-1)

would indicate that the rotation of the NO2 group is ex-
pected to be slow in the esr time scale.

In order to test experimentally such a possibility it
would be necessary to differentiate in some way the two
oxygen atoms, so that two conformational isomers would
appear if the rotation rate around the furan-nitrogen bond
is slower than the reciprocal lifetime of the spin of the un-
paired electron.

A possible way to reach such a goal is the transforma-
tion of the nitrogen group into an alkoxy nitroxide. This
modification would completely change the chemical char-
acter of the molecule; since, however, the conjugative
power of the nitroxide moiety with the aromatic ring is
expected to be lower than that of the nitro group, the ex-
istence of rotational isomers in the alkoxy nitroxide would
be a very strong support in favor of a restricted rotation
also in the corresponding nitro derivative.

Sutcliffe, et al.,56 demonstrated that the photolysis of
nitroaromatics in hydrogen donor solvents affords the cor-
responding alkoxy nitroxides. Therefore we photolyzed the
2-nitrofuran within the cavity of an esr spectrometer in a
solution of triethylsilane. The following reactions are be-
lieved5'6 to occur, yielding the 2-(triethylsiloxy)nitroxyfu-
ran (I11).

The radical ArNOOH decays too fast than required to
build up a steady-state concentration allowing the esr de-
tection. That ArNOOH is not responsible for the signal
reported in Figure 1 is proved by the fact that with hydro-
gen donor solvents having -CH2- groups (such as tetrahy-
drofuran) an additional splitting is observed,5 6 whereas
no such a feature is apparent when the solvent has -CH -
gToups.

EtsSiH was found even more convenient than the pre-
viously employed solvents,5'6 as it affords larger concen-
trations of radicals and avoids (as the -CH- containing
solvents) additional couplings from the -OR moiety in the
spectrum.

At room temperature a spectrum analogous to that of

Table |
Hyperfine Splitting Constants (Gauss) of the Radical Anions of 2-Nitrofuran (1),
5-Methyl-2-nitrofuran (I1), and the Neutral Radical 2-(Triethylsiloxy)nitroxyfuran (111)°

oH3 H4
| 5.65 (-5.21) 1.00 (2.06)
T 6.00 0.85
[70% 5.80 0.90
- \30% 5.65 0.85

a6 N e
4.12 (-3.63) 11.25 (7.28)
11.60 4.05
4.50 13.25
4.30 13.80

°Values in parentheses refer to the calculated (INDO) splittings of I.
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Notes

Figure 1. Experimental (upper) and computed esr spectrum of 11 at —60° showing the existence of two rotational isomers. The hyperfine
splitting constants are given in Table I, the intensity ratio of the two species is 7:3, the line width is 0.23 G, and the difference between the

two centers of the spectra is 0.10 G.

nitrofuran anion (I) (i.e., one Gh and three aH couplings)
was observed. By lowering the temperature, however, a
line width broadening effect was observed and at -60°
two well-resolved spectra, corresponding to two different
radicals, were detected, their relative intensity being 7:3
(Figure 1).

As the phenomenon appears to be reversible, the two
groups of signals were attributed to rotational isomers
having respectively the -OR group trans or cis with re-
spect to the heterocyclic oxygen.

O OR
trans cis

The two rotamers have rather similar proton splittings
and g values, the more stable having the center of its
spectrum shifted downfield with respect to that of the less
stable by only 0.10 G. As the aH values are not too differ-
ent from those of the nitro anion (I), the assignment to
the various positions has been made assuming af analo-
gous trend.

It is clear that a restricted rotation exists in aromatic
alkoxy nitroxides, as already observed in phenyl nitrox-
ide,7 and that most likely the same can be inferred for the
radical anions of nitro aromatics.

The study is being pursued on the more stable thio-
phene analog which give the same effect.8
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In a study of the photochemistry of some structurally
related, unsaturated ketones,1 the chromenes 1 were need-
ed.

la, R=H
b,R= CH3
¢, R=Ph
d, R=0H
e, R= OCH3

Although chromenes Id and le have been prepared2 by
the slow addition of sodium hydroxide to a refluxing mix-
ture of salicylaldéhyde and acrylonitrile (followed by hy-
drolysis), la-c have never been reported. Attempts to pre-
pare la-c by the method of Taylor and Tomlinson2 gave
only polymeric mixtures. Attempts to convert Id to la,
Ib, or Ic by conventional reactions (Friedel-Crafts, Gri-
gnard, reduction, etc.) also failed, or at best gave poor
yields with many side-products. It was then discovered
that la and Ib can be prepared in good yield by stirring a
mixture of salicylaldéhyde and water with 0.1 equiv of
base and introducing 1 equiv of the vinyl ketone (acrolein
or methyl vinyl ketone) in the vapor phase in a stream of
nitrogen. Apparently this dilution method of adding vinyl
ketone prevents polymerization. The chromene is then
isolated by simple crystallization or vacuum distillation.



Notes

The 5-chloro- and 5-bromosalicylaldehydes have also
been used successfully in this preparation, but 5-nitrosali-
cylaldehyde and 2,4-dihydroxybenzaldehyde failed to give
isolable products. Use of o-hydroxyacetophenone with
methyl vinyl ketone did not give an isolable amount of
product, but silica gel thin layer chromatography showed
a spot having the highly characteristic green fluorescence
of the 3-ketobenzopyran system, so it is possible that a
trace of the product, 3-acetyl-4-methyl-5,6-benzopyran,
may have been formed.

The vapor-phase introduction of vinyl ketones is useful
in C-Michael as well as O-Michael additions. For exam-
ple, a considerably higher yield of 3-phenylcyclohexenone
can be obtained from ethyl benzoylacetate and methyl
vinyl ketone if the vinyl ketone is introduced as a vapor
rather than as a liquid.3

This method of introducing a vinyl ketone to a reaction
mixture in a dilute form offers an alternative to the wide-
ly used Robinson method using the Mannich base meth-
iodide and 1equiv of base.4

Although the Robinson method gives excellent results,
the vapor-phase method, when applicable, may be a sim-
pler and easier procedure. For example, the condensation
of 2-methyl-I-tetralone with methyl vinyl ketone was car-
ried out by bubbling a stream of nitrogen saturated with
methyl vinyl ketone into a benzene solution of 2-methyl-
I-tetralone with diazabicyclononene as the base. Cycliza-
tion with 2% NaOH in methanol-water then gave the tri-
cyclic compound in good yield.5

A : (1'chH3 PHH
i

vapor

CH.<

NaOH

HjO-MeOH

Experimental Section

Preparation of 5,6-Benzopyran-3-carboxaldehyde. Salicylal-
dehyde (122 g, practical grade, Eastman No. P225) was stirred
with 850 m| of water and 4 g of sodium hydroxide. A stream of ni-
trogen (about 50 mlI/min) was bubbled through 67 g of acrolein
(Eastman No. 2037) and then into the salicylaldehyde-water
mixture through a fritted disk. This assembly was left overnight,
and by morning all the acrolein had evaporated into the reaction
mixture. The mixture was acidified with 25 ml of concentrated
HC1 and the lower layer was separated, washing the water layer
with CH2Cl2. The organic layer was dried 'and distilled under
vacuum. At ~1 Torr, the first cut was 42.5 g of salicylaldehyde,
bp 58-62°, followed by 88.2 g of la, bp 128-135°. The bright yel-
low product solidified when a seed crystal was introduced. The
yield was 85%, based on salicylaldehyde consumed.

Preparation of 3-Acetyl-5,6-benzopyran. Salicylaldehyde (122
g, Eastman No. 225), was stirred with 1700 m| of water, and 4 g of
sodium hydroxide dissolved in 15 m| water was added. A stream
of nitrogen was bubbled through 82 g of methyl vinyl ketone (Al-
drich No. M8, 750-9, used without purification after 2 years of
storage), and then into the salicylaldehyde-water mixture
through a coarse fritted disk. When the ketone had evaporated
into the mixture, 25 ml| of concentrated HC1 was added and the
organic material was extracted with CH2Cl2. Distillation gave 37
g of salicylaldehyde, bp 58-62°, followed by 87 g of Ib, bp 130-
135°, mp 50-53°. The yield was 72% based on salicylaldehyde con-
sumed.

Preparation of 3-Benzoyl-5,6-benzopyran. Salicylaldehyde
(122 g), 1000 ml of 50:50 ethanol-water, and 8 g of sodium hy-
droxide were stirred while 132 g of phenyl vinyl ketone in 400 ml
of ethanol was slowly dripped into a 2000-m| vessel at a tempera-
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ture of 25°. Then a seed crystal was formed and when the prod-
uct, 3-benzoyl-5,6-benzopyran, had crystallized it was collected
and recrystallized from methanol, mp 60-61°.

Preparation of 3-Phenylcyclohexen-l-one. Ethyl benzoylace-
tate (40 g, Eastman No. 2731) was stirred with 2 g of sodium hy-
droxide and 300 ml| of methanol while 15 g of methyl vinyl ketone
was evaporated into the solution in a stream of nitrogen. In the
morning, the mixture was solid. The solid was filtered, washed
with methanol, and recrystallized from alcohol, mp 148-149°,
yield 41 g (82%) of the methyl ester of 3-phenyl-3-hydroxycyclo-

- hexanone-4-carboxylic acid. This was converted to the enone by

refluxing in aqueous sodium hydroxide.

Preparation of 2. A stream of nitrogen saturated with methyl
vinyl ketone was bubbled through a solution of 2-methyl-l-tetra-.
lone (10 g, Aldrich No. 16,322-8), 20 m| of benzene, and 2 ml of
I,5-diazabicyclo[4.3.0]non-5-ene (Aldrich No. 13,656-1) until gas
chromatographic analysis showed that the tetralone was 95%
reacted. The mixture was diluted with 1% HC1 and extracted
with methylene chloride, the organic layer was dried and evapo-
rated, and the residue was distilled under vacuum, bp 157° (~1
Torr), to give 10.1 g of the Michael adduct, which was cyclized by
refluxing with 2% NaOH in 400 ml of 50:50 water-methanol for 3
hr. The product was extracted with CH 2Clz2, filtered through 2 in.
of alumina, and crystallized from 50 ml of hexane, yield 8.0 g
(60% overall), mp 54°.

Registry No—Ia, 51593-69-2; Ib, 51593-70-5; Ic, 51593-71-6; 2,
51593-72-7; salicylaldehyde, 90-02-8; acrolein, 107-02-8; methyl
vinyl ketone, 78-94-4; phenyl vinyl ketone, 768-03-6; 3-phenylcy-
clohexen-l-one, 10345-87-6; ethyl benzoylacetate, 94-02-0; methyl
3-phenyl-3-hydroxycyclohexanone-4-carboxylate, 51593-73-8; 2-
methyl-l-tetralone, 1590-08-5.
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As part of a project to develop new routes to hydroazu-
lenic sesquiterpenoids, we examined the photochemical
and acid-catalyzed behavior of the ,8,7-unsaturated ketone
1. As the photochemical properties of 1 have recently been
reported by other workers,1 we would like to communicate
our acid-catalyzed rearrangement studies which, surpris-
ingly, led to compounds having a decalin or spirodecane
skeleton.

Treatment of enone 11 for 3 hr with boron trifluoride
etherate in refluxing benzene resulted in the preparation
of the tetrahydronaphthalene2 6 and octalone 4 in 46 and
51% vyields, respectively. The structure of hydrocarbon 6
was apparent from its spectra and the facile aromatization
to 1-methylnaphthalene,3 while the enone4 4 was com-
pared with an authentic sample.3

Partially reacted mixtures allowed the isolation of an
intermediate 3 whose structure is supported by the spec-
tral data, but different from that reported for the same
compound.5 Confirmation of the assigned structure came
from chemical correlation via the Kochi decarboxylation6
of spiro acid V in the presence of lead tetraacetate or via
the thermal decomposition of the corresponding fert-butyl
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perester in refluxing decalin. Submission of the spiro ke-
tone to the original rearrangement conditions for 25 min
resulted in the isolation of approximately equal quantities
of 1, 6 and 4, while the reaction run to completion gave
the hydrocarbon 6 and enone 4 in 46 and 44% yields, re-
spectively.

While acid-catalyzed ketone rearrangements are not
rare,8 there is a paucity of quantitative and qualitative
data that permits a satisfying interpretation of this reac-
tion. Most acid-catalyzed rearrangements of /3,7-unsatu-
rated ketones8'9a'b proceed by initial protonation of the
more basic site, the carbonyl oxygen. Such a mechanism
seems unlikely in the present case and we propose that
the equilibration of 1 and 3 is catalyzed by electrophilic
attack on the double bond followed by a 1,2-acyl shift
(path a in Scheme 1) in a mechanism reminiscent of the
heterolytic rearrangements of a,(f-epoxy ketonesl0 and of
steroid 8 to 9.9%c The hydrocarbon 6 probably arises by
rearrangement of the conjugate acid of spiro ketone 3,
since an alternative pathway, enone 4 -* 6, was found to
be too slow under the reaction conditions.

Scheme |

More intriguing is the transformation of 1 to 4. Since
we did not find glpc evidence for the presence of one or
more intermediates, the pathway must proceed via a com-
pound which would be expected to be quite reactive. Ac-
cordingly, we propose that the key intermediate may be
the spiro ketone 5, formed by the loss of a proton at C-3 of
cation 2 (path b in Scheme 1). Examination of molecular
models shows a remarkable steric similarity of cation 2
and the 2-methyl-2 norbomyl cation, which is known to be
able to lose a proton to give nortricylene derivatives, e.g.,
in the acid-catalyzed isomerization of sativene to cyclosa-
tivine.11

Attempted synthesis by sensitized photolysis12 of spiro
ketone 3 failed to yield 5, a result which might have been
expected12 from the Xmex of 4 (289 nm).

Experimental Section

Acid-Catalyzed Rearrangement of 2-Methyl-2-(I-cyclopent-
I-yl)cyclopentanone (1). A solution of 1.0 g of ketone 1lin 25 ml
of benzene (under N2) was brought to reflux and then 1.0 ml of
freshly distilled boron trifluoride etherate was added via a sy-
ringe. Stirring was continued at reflux for s hr, the disappearance
of starting material 1 and appearance of products 3, 4, and &
being monitored by glpc using 1-methylnaphthalene as internal

Notes

standard (2 m x 0.25 in. 15% FFAP on Chromosorb P). The yield
of spiro ketone 3 reached a maximum of 19% after 45 min, there-
after decreasing to zero, wile the hydrocarbon s and enone 4
reached 46 and 51% yields, respectively, after 3 hr, not changing
significantly (<1%) thereafter. The cooled mixture was poured
onto ice and the organic layer was washed with water and then
with 5% NaOH. After drying over Na2So 4, the solvent was dis-
tilled off and the residue was chromatographed on 30 g of silica
gel. Elution with petroleum ether gave hydrocarbon 6, nmr
(CCU!L « 6-82 (m, 3 H), 2.86-2.38 (m, 4H), 2.13 (s, 3H), 1.95-1.53
(m, 4 H), which was oxidized by DDQ in 80% yield to 1-methyl-
naphthalene. Continued elution with benzene gave octalone 4.3'4
The rate of reaction increased, but the yields decreased, when less
care was used to dry the system. Acids, presumably derived from
acid-catalyzed ketone cleavage, became important products
under these conditions.

Isolation of 10-Methylspiro[4.5]dec-9-en-6-one (3). To a solu-
tion of 23.9 g of ketone 1 in 600 m| of benzene at reflux under N2
was added 25 ml of freshly distilled boron trifluoride etherate.
After the mixture was stirred at reflux for 120 min, it was poured
onto crushed ice and worked up as above. Two chromatographies
of the residue on 600 g of silica gel using petroleum ether-benzene
mixtures as solvents resulted in the isolation of 11.0 g of starting
material 1 and 4.7 g (37% yield, based on unrecovered starting
material) of spiro ketone 3: ir (neat) 5.83 g; «v Xmax (EtOH) 289
nm (e 49); nmr555 (m, 1 H), 24 (m,4H), 1.75 (m, 11H).

Anal. Calcd for CnHisO: C, 80.44; H, 9.82. Found: C, 80.41; H,
9.78.

Preparation of Spiro Ketone 3 by Kochi Decarboxylation6 of
Spiro Keto Acid 7. A mixture of 0.208 g of keto acid 7 and 0.50 g
of dry (KOH vacuum) lead tetraacetate in 15 ml of acetonitrile
(distilled from P205) was photolyzed at 3000 A (Rayonet photo-
reactor) for 40 min. The resulting light yellow solution was fil-
tered and 1-methylnaphthalene was added as internal standard.
Analysis on two glpc columns (FFAP at 230° and DCC550 at 160°)
showed the presence of only one volatile compound in 32.5% yield,
based on unrecovered starting material. The mixture was sepa-
rated by the usual procedures to give 69 mg of starting keto acid 7
and 33 mg of spiro ketone 3, identical in all respects (ir, nmr,
glpc, and column chromatography behavior) with material isolat-
ed above.

Preparation of Spiro Ketone 3 by Thermolysis of the tert-
Butyl Perester of Spiro Keto Acid 7. To 1.3 g of dicyclohexyl-
carbodiimide in 35 m| of ether was added 6.0 ml of fert-butyl hy-
droperoxide, and the resulting solution was cooled to 0° and 1.04 g
of keto acid 7 added during 2 min. Stirring at 0° was continued
for 3 hr followed by 16 hr at room temperature. The mixture was
filtered and the organic phase was washed successively with 2%
NaOH, 2% H2S04, and H20 until neutral and then dried over
Na2So4. Chromatography of the residual oil on 50 g of Florisil
with 2% Et20-petroleum ether gave 1.13 g of fert-butyl perester,
ir (neat) 5.65 and 5.81 n. The perester, 198 mg in 12 ml of decalin,
was refluxed for 35 min. Glpc analysis of the reaction mixture
using t1-methylnaphthalene as internal sample showed the pres-
ence of spiro ketone 3 (56% yield) as the only volatile component.
The ketone 3 was isolated by passing the reaction mixture
through a column of silica gel (20 g) and eluting the adsorbed
material with benzene.

Acid-Catalyzed Rearrangement of Spiro Ketone 3. A mixture
of 0.202 g of spiro ketone 3 and 5.0 ml of benzene, under N 2, was
brought to reflux and o.2 ml of boron trifluoride etherate was
added. After refluxing for 25 min, the mixture was worked up as
above and the resulting oil was chromatographed on 10 g of silica
gel. Elution with petroleum ether gave 44 mg of hydrocarbon 6.
Continued elution with benzene gave 32 mg of cyclopentanone 1
and 58 mg of octalone 4. A second reaction run to completion and
analyzed by glpc using an internal standard gave 46% hydrocar-
bon s and 44% octalone 4.
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2809-64-5; 7, 20006-95-5; 7 fert-butyl perester, 51472-62-9; dicyclo-
hexylcarbodiimide, 538-75-0.
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Previous studies by Izumi, et al.,1 of the asymmet-
ric hydrogenation of methyl acetoacetate to yield optically
active methyl 3-hydroxybutyrate using Raney nickel cata-
lysts (R-Ni) modified with optically active (2R,3R)-tar-
taric acid were limited to the effects which various modi-
fication conditions (and other modification agents) had on
the stereoselectivity of the overall reaction. Hubbell and
Rys2 showed, however, that the optical yield was depen-
dent on conversion. Difficulties with their analytical pro-
cedure prohibited the accurate measurement of the opti-
cal activities of the alcohol products below 25% conver-
sion, a region shown to be of interest in this study.

Initial experiments showed that no racemization or
asymmetric transformation occurred after 100% conver-
sion was attained, that the stirring speed was sufficiently
fast to eliminate macroscopic diffusion problems, and that
the initial pH of the (2rR,3R)-tartaric acid solution used
to modify the R-Ni was 4.9. Because the activity of R-Ni
catalysts affects the rate of hydrogenation to such a large
extent, it was felt that it might also affect the stereoselec-
tivity of the reaction.

The hydrogenation of methyl acetoacetate was per-
formed with modified R-Ni catalysts (of various premodi-
fication hydrogenation activities) to yield methyl 3-hy-
droxybutyrate with good stereoselectivity. Although the
rate of the hydrogenations after the modification reaction
was carried out was nearly the same for all the catalysts
used (owing to the necessity of heating and the presence
of water in the modification reaction), Figure 1 shows that
the catalyst’s premodification hydrogenation activity had
a large influence on the optical yield of the alcohol prod-
uct and on the shapes of the curves. As the W-scale (Wis-
consin) activity of the catalyst changes, the optical activi-
ty of the alcohol product is altered from yielding a very
flat maximum at about 70% conversion (W-6, the most ac-
tive catalyst used) to a very sharp maximum at about 25%
conversion (>W -1). Although the alcohol produced by the
catalyst of W -l activity does not appear to have a maxi-
mum, this may be due to the fact that no samples were
taken below 10% conversion. Between the W -l and the
still less active W-0 catalyst, the pattern is broken and
the optical activity of the product obtained from using the
W-0 catalyst is much lower than expected. In addition,
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Figure 1. Optical activity of the alcohol product vs. conversion of
the reaction (per cent alcohol) for the five R-Ni catalysts with
various premodification (W scale) activities.

the shape of the curves, in particular the decrease beyond
the maximum, was shown not to have been caused by an
irreversible catalyst poisoning. This was verified by the
use of Hubbell and Rys’ 2 rerun procedure in which reused
catalysts gave similar optical activity os. conversion
curves to their initial experimental curves.

Also noteworthy is that for all of the hydrogenations the
maximum optical activity of the alcohol product does not
occur at 100% conversion. Rather, the maximum stereo-
selectivity for a given catalyst moves to lower conversions
as the overall stereoselectivity increases.

The maximum optical activity obtained was 55.4%
(77.7% R to 22.3% s alcohol) at approximately 10% con-
version for the W -| catalyst. Although Knowles, Sabacky,
and Vineyard3 have obtained 90% stereoselectivity for ho-
mogeneous catalytic asymmetric hydrogenations, and
Tanabe and Izumi4 have been able to achieve 66% optical
yield for methyl propionylacetate with a R-Ni catalyst
(with a change in the usual modification procedures), the
experiments presented here represent some of the highest
stereoselectivities found for heterogeneous catalytic asym-
metric hydrogenation reactions. The fact that the optical
yields are so dependent on conversion and catalyst activi-
ty must be carefully considered in future work done in
this area.

Experimental Section

Preparation of Raney Nickel Catalysts. A 30-g portion of the
Ni-Al alloy (50:50) was slowly added to 500 ml of a 20% NaOH
aqueous solution. The addition was carried out at 5-10" for the
catalysts W-0, W-I, and >W -1, at 80° for >W -2, and at 50° for
the preparation of W-6. After the addition of the alloy, the diges-
tion reaction was allowed to proceed at reflux for 24 hr (W-0), 4
hr (W -1), and 75 min (>W -1), at 80° for 50 min (>W -2), and at
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50° for 50 min (W -6). Their activity ratings on the W scale were
obtained from comparisons with the known ratings of the W -I
and W -6 catalysts as described by Augustine.5 In this way Hub-
bell and Rys’'2 catalyst preparation procedure yielded the “>W -
2” catalyst, the procedure of lzumi, et al.,1 yielded the “>W -1”
catalyst, and one was prepared for this study, with the lowest hy-
drogenation activity, as the “W -0” catalyst.

Modification of Raney Nickel Catalyst. in each case the mod-
ification reaction was carried out by adding 1 1. of a 2% aqueous
solution of optically active (2R, 3R)-tartaric acid (initial pH ad-
justed to 4.9 by addition of NaOH) to the washed catalyst and
refluxing for 1 hr.

Hydrogenation of Methyl Acetoacetate. All reactions were
carried out in stirred autoclaves at 60°, 90 atm H2, and catalyst
concentrations of 0.05 g of untreated Ni-Al alloy per milliliter of
reactant.

Low-Conversion Calibration Curve. samples taken during
the low-conversion part of the reaction were extremely difficult to
separate into their optically active alcohol product and nonopti-
cally active ketone reactant. In addition, large volumes were re-
quired to get sufficient alcohol to fill the polarimeter cell. The use
of a calibration curve allowed the determination of the optical ac-
tivity of the pure alcohol product by measurement of the optical
activity of the ketone-alcohol mixture.

A methyl 3-hydroxybutyrate of known optical activity was di-
luted with varying amounts of methyl acetoacetate (to give be-
tween 100 and 5% alcohol solutions) and the optical activities of
the mixtures were measured. The same procedure was done with
two other methyl 3-hydroxybutyrates of different optical activi-
ties and it was found that for the entire concentration range one
curve of percentage decrease in optical activity from the pure al-
cohol vs. concentration would suffice. This curve was then used to
determine the optical activity for the samples taken during the
reaction.
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In the study of the Friedel-Crafts reactions of tert-al-
kylcarbonyl halides, such as pivaloyl chloride, it was ob-
served that they readily decarbonylate, thus can also act
as alkylating agents.3 Consequently, alkylsulfonyl halides
also may desulfonylate and alkylate aromatics, although
these systems so far were reported to act exclusively as
sulfonylating agents in Friedel-Crafts reactions.4 In fact,

Notes

however, desulfonylation of alkylsulfonyl chlorides is
known to take place under various conditions.5

tert-Butylsulfonyl chloride, for example, can easily un-
dergo homolytic decomposition to yield fert-butyl radi-
cal chlorine atom, and sulfur dioxide.6 The attempted
Friedel-Crafts cyclization of a>-arylalkylsulfonyl chlorides
was reported to give only unidentified decomposition prod-
ucts.7

We considered it of interest to undertake a study of the
Friedel-Crafts reactions of sulfonyl halides potentially ca-
pable of undergoing desulfonylation and thus give alkylat-
ed product. As the formation of tert-butyl cation and pro-
tonated benzylsulfinic acid has been reported in the pro-
tolysis of tert-butyl benzyl sulfone in “magic acid,” 8 we
also extended our investigation to related Friedel-Crafts
reactions of sulfones potentially capable of alkyl-sulfur
cleavage. We would like to report now the observation of the
novel Friedel-Crafts desulfonylative alkylation of aromat-
ics, namely benzene and toluene, with several sulfonyl
chlorides and sulfones.

Results and Discussion

Isopropyl, tert-butyl-, benzyl-, and p-methylbenzylsul-
fonyl chloride gave ready alkylation of aromatics in the
presence of aluminum chloride-nitromethane catalyst at
25°. The reaction with p-nitrobenzylsulfonyl chloride
needed to be carried out at 60° using aluminum chloride,
not complexed with nitromethane, in excess of aromatic
hydrocarbon as solvent.

ArH + RSOX1 --—----- * ArR + S02 + HC1

Isopropyl p-tolyl sulfone, terf-butyl p-tolyl sulfone, and
benzyl p-tolyl sulfone similarly gave alkylation in excess
aromatic as solvent in the presence of aluminum chloride.

Ad3

ArH + RSO2T-Tol - v ArR + p -TolSOzH

terf-Butyl benzyl sulfone did not alkylate in the pres-
ence of aluminum chloride at 80°, but reacted with anti-
mony pentafluoride in 1,1,2-trichloro-l,2,2-trifluoroethane
solution (Freon 113) to give fert-butylbenzene and -tolu-
ene from benzene and toluene, respectively. Generally,
the alkylation with sulfones necessitates more severe con-
ditions than that with sulfonyl chlorides.

Methyl- and ethylsulfonyl chlorides and sulfones did
not give alkylation products, indicating that the desulfon-
ylative cleavage has no driving force in these primary sys-
tems.

The results of desulfonylative alkylations are summa-
rized in Table I.

We have also determined whether in the studied desul-
fonylative alkylations competing sulfonylation also takes
place. In the case of the reaction of benzene with b.enzyl-

sulfonyl chloride and tert-butylsulfonyl chloride only al-
kylation products were obtained. Isopropylsulfonyl chlo-
ride gave 94.3% alkylation products and 5.7% isopropyl
phenyl sulfone, the competing sulfonylation product. All
reactions with anisole gave exclusively alkylation prod-
ucts.

Considering the remarkable difference in conditions
needed to achieve alkylations with sulfonyl chlorides and
sulfones (the latter react only with neat aluminum chlo-
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Table |

Alkylation of Benzene and Toluene with Alkylsulfonyl Chlorides and Sulfones (RS02X)

Isomer ratio
Registry Temp, Time, r———of alkyltoluene, %--—-----
no. R X Solvent Catalyst °C hr KT/kB o m- p-
51751-71-4 i-Pr p-Tol Aich» 60 1.0 0.5 2.2 65.1" 32.5*
10147-37-2 ¢-Pr Cl chdho? Al1C13 25 4.0 1.5 46.7¢ 22.6 30.7
5324-90-3 t-Bu p-Toi Al1C13 60 1.0 0,6 33.2* 66.81
20282-89-7 f-Bu PhCH2 Freon 113 SbF-06 20 0.25 0,8 68.0 32.0
f-Bu PhCH2 AlICIlp 80 24.0
10490-22-9 t-Bu Cl chdho?2 AICIs" 25 0.16 16,1 8.7 91.3
51419-59-1 p-CHX&H4ALH2 ClI chdho? Al1C13 25 1.0 30.8 30.3 3.1 66,7*
1939-99-7 PhCH?2 Cl chiho?2 Al1C13 25 1.0 4.2 34A1 3.3 62.4"
PhCH2 Cl Al1C13d Room 2.0 47.1 52.9
4025-75-6 p-NOXiH4LH, ClI Aida“ 60 2.0 1.2
p-NOZXaH4CH2 CI chiho?2 AICIX 25 3.5
3112-88-7 PhCH2 Ph Aids*” 60 1.0 2.5 37.5 10.1 52.4
PhCH2 Ph ch&ho?2 AlICh* Room 48.0

“ Reaction conditions: 1:1 (mol/mol) benzene-toluene mixture, 10 g; solvent, 10 ml; aluminum chloride, 0.01 mol; al-
kylating agent, 0.005 mol. bReaction conditions: 1:1 (mol/mol) benzene-toluene mixture, 10 g; I,1,2-trichloro-1,2,2-trifluoro-
ethane, 10 ml; antimony pentafluoride, 0.02 mol; ferf-butyl benzyl sulfone, 0.02 mol. eNo reaction occurred. d The reaction
of anisole (50 ml), the chloride (0.01 mol), and aluminum chloride (0.01 mol) was carried out at room temperature for 2 hr.
‘ Registry no., 535-77-3. t Registry no., 99-87-6. " Registry no., 1595-06-8. 1Registry no., 1075-38-3. *Registry no., 98-51-1.

" Registry no., 21895-17-0. *Registry no., 4957-14-6. 1Registry no., 713-36-0.

ride in hydrocarbon media, but not like the sulfonyl chlo-
rides in nitromethane solution), there is little possibility
for the formation of sulfones as intermediates during de-
sulfonylative alkylations with sulfonyl chlorides.

There are two possible mechanisms for the studied Frie-
del-Crafts reactions with sulfonyl chlorides. The first (A)
involves a stepwise formation of an alkyl cation via frag-
mentation of the corresponding sulfonyl cation, i.e., Snl
type reaction involving initial ionization of the sulfonyl
chloride by the catalyst. The second (B) involves dis-
placement of the alkyl group from the polarized sulfonyl
chloride-catalyst complex, via R-S fission, i.e., Sn2 type
reaction. The experimental data obtained do not allow a
differentiation, although there is little evidence for ioniza-
tion of sulfonyl halides.9

(A

ArCHZ>h

AQIXa  (B)

Experimental Section

Melting points are not corrected. teri-Butylsulfonyl chloride
(mp 95°, lit.6 mp 95-95.5°), p-methylbenzylsulfonyl chloride6 (mp
80-81°), p-nitrobenzylsulfonyl chloride (mp 93°, 1it.10 mp 89-90°),
isopropyl p-tolyl sulfone (mp 83°, lit.11 mp 80°), ieri-butyl p-tolyl
sulfone (mp 121°, lit.12 mp 120°), and benzyl p-tolyl sulfone (mp
145°, 1it.13 mp 146-147°) were prepared by known methods. Other
materials were commercially available. Glc analyses were carried
out on Perkin-Elmer Models 226 and F-ll1 gas chromatographs,
the former equipped with a nitrogen flame ionization detector,
and using an electronic printing integrator. MBMA [m-bis(m-

Registry no., 620-83-7.

phenoxyphenoxy)benzene] and Apiezon L coated 150 ft X 0.01 in.
open tubular stainless steel columns were used for analyses of iso-
propylations and fert-butylations, a purified Apiezon L coated
column for that of benzylation, and a butanediol succinate coated
column for that of p-nitrobenzylation, respectively. Sulfones were
analyzed using Chromosorb (RAW 80/100 mesh) coated with 590
SE-30 oil (Chemical Research Services, Inc.).

General Procedure for Alkylation with Sulfonyl Chlorides.
Into a mixture of benzene (10 ml) and aluminum chloride (2.66 g,
0.02 mol), benzylsulfonyl chloride (1.9 g, 0.01 mol) was slowly
added at 25° with vigorous stirring under nitrogen for 2 hr. The
reaction mixture was poured into 50 ml of ice-water and the
aqueous layer was extracted with 50 ml of ether. The combined
ether solution was washed with water, aqueous NaOH, and
water, and then dried over MgS04- The evaporation of benzene
and ether gave 1.21 g (72% yield) of diphenylmethane. It was an-
alyzed by nmr and ir spectroscopy, in comparison with an au-
thentic sample. The formation of benzyl phenyl sulfone was not
observed.

The reaction of benzene (10 ml), p-nitrobenzylsulfonyl chlo-
ride (2.2 g, 0.01 mol), and aluminum chloride (0.03 mol) was
carried out under reflux for 18 hr and gave 1.0 g (38% yield) of 4-
nitrophenyl phenyl sulfone.

Acknowledgment. Partial support of our work by the
National Science Foundation is gratefully acknowledged.

Registry No.—Benzene, 71-43-2; toluene, 108-88-3; diphenyl-
methane, 101-81-5; nitrophenyl phenyl sulfone, 1146-39-0.
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Although meta cyclophanes of type la, Ib, 2a, and 2b
are quite resistant to nucleophilic substitution reactions,2
we have observed that they are readily reduced to Ic by

a q= iBr

b, Xi=ip-CHjCaH4503

c, Xj=H

d, X=D
LiAIH4. In a preliminary experiment we observed that Ib
did not react with 1 equiv (0.25 molar equiv) of LiAlIH4 in
dry ether, but gave Ic in 54% yield when an excess (3.5
molar equiv) of LiAIH4 was employed. Since we wished to
prepare the monodeuterated cyclophanes Id or 2d for
other studies, we have examined the reaction of la, Ib,
2a, and 2b with LiAID4. In each case a monodeuterated
product (99% monodeuterio by pmr and/or mass spectral
analysis) was obtained (62, 74, 66, and 21% 3 yields, re-
spectively), and in every case the product was the syn iso-
mer Id. Thus, complete retention of configuration oc-
curred with la and Ib and complete inversion of configu-
ration occurred with 2a and 2b. While displacement reac-
tions of this type normally4 occur with inversion of config-
uration, reductions with retention of configuration as well
as nonselective reduction have been reported.5

Assignment of the syn and anti hydrogens in Ic by com-

parison of their pmr signals at 60 MHz with those of the
derived A-oxide, as used successfully for other derivatives
in the system,23 was not possible, since the four benzylic
protons in Ic and in the corresponding A-oxide of Ic are
not sufficiently resolved at 60 MHz. Definite assignments
were possible, however, for the A-oxide of Ic by pmr (100
MHZz) using the chemical shift reagent Eu(fod)3-d27-6 A
plot of the pmr signals of 3 vs. R in which the ratio R

([Eu(fod)3-d27]/[fV-oxide]) was varied at constant volume
(i.e., [A-oxide] was constant) is shown in Figure 1. This
model predicts that the syn proton (and the peri H)
should show larger downfield shifts with larger R values
than the anti proton, since the syn proton not only oc-
cupies a position closer to europium, but is also expected
to have an angle ¢syn (defined by the europium-substrate
bonding axis and the syn proton) which is smaller than
<>anti.7 These predictions are corroborated by the slopes of

Notes

the lines shown in Figure 1. The syn proton (c) exhibits a
slope of 8.9 + 0.6 and the peri hydrogen (a) 11.3 + 0.4,
while the anti proton exhibits a slope of 2.6 + 0.2. Apply-
ing this same technique to the monodeuteriocyclophane
Id, obtained from la, Ib, 2a and 2b, showed complete ab-
sence of syn H; the anti proton was present and integrated
for one proton compared with the four aromatic protons.

Additional evidence for the syn structure Id (obtained
from Ib) was obtained by pmr studies at 100 and 270
MHz. At 100 MHz the four benzylic protons of Ic appear
as a multiplet at 8 3.8-2.8; the corresponding spectrum of
Id shows a three-proton absorption at 5 3.8-3.2, with loss
of the upfield component observed for Ic. The 100-MHz
spectrum of the A-oxide of Ic shows a four-proton absorp-
tion at 5 3.9-3.2, while the N-oxide of Id shows a three-
proton absorption at & 3.7-3.2 with loss of the downfield
component observed for the A-oxide of Ic. By analogy to
previously reported23 examples of large chemical shift
changes of syn protons in going from the free base to the
corresponding A-oxide, the upfield proton in Ic and the
downfield proton in the A-oxide of Ic are assigned to the
syn proton, which is absent in Id. At 270 MHz the pmr
spectrum of the unlabeled A-oxide of Ic was well resolved
and showed the syn proton centered at 8 3.71 (octet,
</AB(gem) = 12-13, t/AC(cis) = 4, JAD(trans) = 3 Hz, all J*S
first order), one proton at the other benzylic position cen-
tered at 5 3.45 (octet, JAB(gem) = 13-14, JAC(cis) = 10, Jac"
itrans) = 4 Hz, all J& first order), and two benzylic pro-
tons centered at 5 3.3 (multiplet). The downfield absorp-
tion at 8 3.71 was completely absent in the labeled A-
oxide derived from Id which is consistent with the conclu-
sion that all of the deuterium was at the syn position as
shown in Id. The anti proton has been assigned resonance
at 8 3.3, since the splitting pattern in that region is sim-
plified in the labeled compound.

While we can make no definitive statement concerning
the mechanism8 and stereoselectivity of the reduction
process, the requirement of excess LiAlH4 suggests that a
complex of reagent with nitrogen prior to reduction is pos-
sible, as illustrated in 4 and 5.

Experimental Section

Reductions with LiAID4. A. In a typical experiment a solution
of syn tosylate Ib2a (6.43 g, 13.6 mmol) in dry diethyl ether (120
ml) was heated under nitrogen at reflux for 24 hr with LiAIH4
(17.4 mmol).12 The reaction mixture was quenched with D20 (3
ml) and then acidified with 5% hydrochloric acid (150 ml). The
extract was washed (saturated sodium bicarbonate) and then
dried (MgS04) and concentrated. The resulting oil (4.4 g) was
chromatographed [260 of g alumina, 0.5% diethyl ether-petroleum
ether (bp 60-90°) to 100% ether as eluent] to give Id: 3.08 g (75%
yield); mp 81-82° from ethyl acetate; mmp9 81-82°; mass spectral
analysis showed 99+% monodeuterio species.

The A-oxide of Id was prepared by oxidation of Id with m-
chloroperbenzoic acid:2'10 74% yield; mp 122.5-123.5° (from ace-
tone) (lit.11 mp 125-127°); mmp 122.5-123.5°.

B. In an alternate procedure used for la, 2a, and 2b2a dry (dis-
tilled from LiAIH4) tetrahydrofuran (10-15 ml) was used as sol-
vent (16 hr, 66.5 hr for 2a). The reduced cyclophane Id was puri-
fied by preparative tic [silica gel, 25% diethyl ether-petroleum
ether (bp 30-60°)].
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In the course of our fundamental studies on cationic
isomerization polymerization we were interested in the
synthesis of 3,3,4,4-tetramethyl-l-pentene, which we
hoped to obtain by methylating 4-chloro-3,3,4-trimethyl-
1-pentene with MeaAl. The rapid, quantitative methyl-
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ation with MesAl of tertiary chlorines to quaternary car-
bons has recently been described.!

Interestingly, instead of the desired product we ob-
tained 2,2,3-trimethyl-3-hexene, most likely by the fol-
lowing route.

CH, CH,
Cl(ll— ::—ChZ ch2 + A1(CH3)3 —
CIHj ICH3
ch3 ch3
*C-----c— CH=CH2 AI(CH33X r

| |
ch3 ch3

CH, 5+ 5+
ch3c- CH— CH2 A1(CH3)3C1'
| 1
CH, CH,
, c8h15ci Clh3
-H* CHjC-—C=CHCH2CH3
*A1(CH3>3 11
ch3 ch3
CI7TH2

+ A1(CH3)2C1

The initially formed carbenium ion rearranges to the
more stable tertiary, allylic ion. This carbenium ion sub-
sequently reacts with the counterion to give the thermo-
dynamically more stable internal olefin.

In addition to 2,2,3-trimethyl-3-hexene, a second prod-
uct of overall composition C17H32 was also obtained.
While conclusive structural analysis could not be carried
out, it is presumed that this product is a methylated
dimer.

According to these findings allylic rearrangement by
methide shift and dimerization is faster than méthylation
of the carbenium ion by the Me3AICIl ~ counteranion. The
relatively slow méthylation of carbenium ions with
Me3AICI- is important in cationic polymerization and
might account for the formation of high molecular weight
polymers by the faster propagation (dimerization) step.

The tertiary chloride used in the above scheme was pre-
pared from the corresponding tertiary alcohol; no evidence
for rearrangement during this step has been detected. The
tertiary alcohol in turn was obtained by an unusual Gri-
gnard (rearrangement) synthesis found in our laboratory.
Thus the reaction between y,y-dimethylally[magnesium
chloride and acetone yields 4-hydroxy-3,3,4-trimethyl-I-
pentene. Evidently the internal C of the allylic system
rather than the C bonded to the -MgClI reacts with the
carbonyl function. Similar rearrangements during Gri-
gnard reactions of allylmagnesium halides have been de-
scribed.23

ch3ch3
1 1
CH2=CHC— COH

| |
ch3ch3

(CH3)2C=CHCH2VgCl + CH3CCH3

Experimental Section

General. Gas chromatographic analysis was carried out with
an HP-5750 gas chromatograph. Molecular weights were deter-
mined using a Chromalytics MC-2 mass chromatograph. Nmr
analysis was done using a Varian T-60 spectrometer. Microanaly-
sis was done by Galbraith Laboratories, Knoxville, Tenn. Distil-
lations were carried out using a Nester-Faust adiabatic spinning
band column.

Synthesis of 4-Hydroxy-3,3,4-trimethyl-lI-pentene. To syn-
thesize this previously unknown alcohol, we adapted the proce-
dure of Dreyfuss4 for the Grignard reaction. To 0.50 mol of mag-
nesium turnings in 100 ml of ether was added y,y-dimethylallyl
chloride (0.05 mol) in 25 ml of ether. After the reaction was pro-
ceeding vigorously, a solution of the remaining chloride (0.45 mol)
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and acetone, 0.55 mol in 400 ml of ether, was added dropwise.
The reaction was quenched using saturated aqueous NH4Cl solu-
tion and filtered. After removal of the ether, distillation of the
product mixture gave 4-hydroxy-3,3,4-trimethyl-I-pentene: 40%
yield; bp 53-54° (10 mm); nmr (CCU) 50.92 [s, 6 H, C(CH3)2],
1.02 [s, 6 H, C(CH32, 4.9-6.1 (m, 3 H, CH=CH2). The aldol
condensation of acetone accounted for the major by-product, di-
acetone alcohol.

Synthesis of 4-Chloro-3,3,4-trimethyl-lI-pentene. To 4-hy-
droxy-3,3,4-trimethyl-l-pentene (25 g) was added 200 ml of con-
centrated HC1 at 0°. The mixture was stirred for 30 min and the
organic layer was removed and neutratized with K2CO3. The
product, 4-chloro-3,3,4-trimethyl-l-pentene, which previously has
not been reported in the literature, was distilled: 100% yield; bp
55° (20 mm); mp 22-26°; nmr (CCl4) 5 1.10 [s, 6 H, C(CH3)2],
148 [s,6 H, C(CH3)2],4.82-6.30 (m, 3H, CH=CH2).

Reaction of 4-Chloro-3,3,4-trimethyl-lI-pentene with Tri-
methylaluminum. To a stirred solution of AlMe3 (0.115 mol) in
200 mol of CH2CL2 at 25° was added 4-chloro-3,3,4-trimethyl-I-
pentene (0.10 mol) in 200 ml of CH2C12. After 30 min, the reac-
tion was quenched by slowly adding 50 ml of methanol and ex-
tracted with saturated agqueous potassium sodium tartrate solu-
tion. Removal of the CH2CL yielded an organic phase containing
two products which were separated by distillation. The lower
boiling component was identifieds as 2,2,3-trimethyl-3-hexene:
69% yield; bp 56° (55 mm); mol wt 125.0 (calcd for CgHis, 126.2);
nmr (CC14) s1.01 [s, 9 H, C(CHJ33], 0.98 (t, 3 H, CCHJ3), 1.55 (m,
3 H, CCHa), 1.98 (m, 2 H, CH2), 518 (t, 1 H, -CH=). The sec-
ond component (31% yield) had bp 106° (3 mm), mol wt 238.0
(caled for Ci7TH32, 236.6). Anal. Calcd for Ci7TH32 C, 86.5; H,
13.5. Found: C, 86.47; H, 13.50.

Acknowledgment. Partial financial support by the Na-
tional Science Foundation (Grant GH-37985) is gratefully
acknowledged.
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Electrophile-induced lactonization of 5-norbornene-2-
endo-carboxylic acid (1) and related substrates is well
known (Scheme 1), and stable lactones 2 have been ob-
tained when E is hydrogen,! halogen,2 or acetoxymercu-
ry(11).3 Neighboring-group participation has also been in-
voked to account for the formation of 4 when 1 is oxidized
with lead(lV) acetate (Scheme I1).4-5 In this case, electro-
phile-induced lactonization presumably gives the oxyme-
talation adduct 3 as an unstable intermediate, and rapid
conversion of 3 into 4 is fully consistent with the known
lability of carbon-lead bonds in alkyllead(IV) triacetates.6

Oxidation of I with thallium(lH) acetate has recently
been reported by Moriarty and Gopal to give a mixture of
5and 6 (Scheme Il1), formation of which was explained on

Notes
Scheme |
Scheme 111
+
OCOCH,

6(37%)

the basis of the sequence (i) neighboring-group participa-
tion during acetoxythallation; (ii) generation of a nor-
bornylthallium(l11) diacetate; and (iii) facile heterolysis of
this latter species to give the corresponding carbonium ion
from which 5 and 6 are ultimately derived.7 In principle
this explanation is quite reasonable. Most oxythallation
adducts are notoriously unstable, very few have ever been
isolated, and their decomposition in solution is believed to
involve heterolysis of the carbon-thallium bond and gen-
eration of carbonium ions.8 Nevertheless, we were sur-
prised by Moriarty and Gopal’s comment vis a vis Scheme
HI that “ Attempts were made, to no avail, to isolate the
proposed organothallium intermediate in the present ex-
amples.” Some 10 years ago Pande and Winstein showed
that treatment of norbornene and norbornadiene with
thallium(l1l) acetate gave the cis,exo-acetoxythallation
adducts 7 and 8 as relatively stable, isolable solids,9 and

we have confirmed these results on a number of occasions
in our own laboratories. As there appeared to us to be no
obvious reason why the oxythallation adduct of 1 should
be significantly less stable than compounds 7 or 8, we
have reinvestigated the reaction of 1 and some related
compounds with thallium (111) acetate.

Oxidation of 1 with thallium(l1l) acetate in glacial ace-
tic acid proceeded smoothly at room temperature to give
the oxythallation adduct 9 in 88% yield as an easily han-
dled, relatively stable, colorless, crystalline solid. The
presence of the five-membered lactone ring was evident
from the ir spectrum (vc=0 1780 cm*“1), while the nmr
spectrum exhibited the expected large iH -203/205T1 cou-
pling constants characteristic of organothallium com-
pounds (Table 1).10-11 Similar treatment of the dicarboxy-
lic acids 10 and 12 provided the analogous crystalline lac-
tones 11 and 13 in virtually quantitative yield. As with
compound 9, the ir spectra of 11 and 13 showed character-
istic, strong lactone absorptions at 1780-1800 cm*“1; the
presence of the covalent carbon-thallium bond was again
confirmed by nmr spectroscopy (Table I).
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Table |

ifi—2BABTL Coupling Constants (Hertz) in
Norbornylthallium Diacetates“6

Compd e T-HIe0) tTI-H4 Jri-H5 dtl-H6
9 208 630 1200 909
il 223 515 1197 911
13 545 1204 898

° The numbering system used is that of the corresponding
precursor norbornenecarboxylic acid, viz.

COOH
6 Coupling constants are accurate to +5 Hz.

The stability of the oxythallation adducts 9, 11, and 13
is comparable to that of 7 and 8; all of these compounds
can he handled easily in the atmosphere and do not de-
compose to any significant extent over a period of several
days when stored in closed bottles. They do undergo slow
decomposition during storage for several weeks, and are,
predictably, completely destroyed when they are heated in
acetic acid. Thus, heating of a solution of freshly made 9
in, acetic acid at 60-65°12 for 14 hr resulted in total de-
struction of the organothallium compound and gave the
acetoxy lactone 4 in poor (19%) yield. A similar result was
obtained when a mixture of 1 and thallium(l1l) acetate
was heated in acetic acid at 60-65° for 16 hr; no 9 was ob-
tained, and the acetoxy lactone 4 was again formed in
very low (13%) yield.

The above results thus confirm and extend Pande and
Winstein's earlier observations that certain norbornene
derivatives react readily with thallium(lll) acetate to give
oxythallation adducts which, in comparison with those
derived from almost all other types of olefinic substrate,
show a remarkable degree of stability.

Experimental Sectionl13

Acetoxythallation of 1. Thallium(lll) acetate (4.1 g, 0.01 mol)
was dissolved in a solution of 1.36 g (0.01 mol) of 1in 30 ml of
glacial acetic acid; the resulting mixture was stirred at room tem-
perature for 4 hr, during which time a colorless solid precipitated.
Addition of 25 ml of dry benzene, followed by 200 ml of petroleum
ether (bp 40-60°), resulted in precipitation of more of this color-
less solid, which was removed by filtration, washed with diethyl
ether, and dried at room temperature to give 4.3 g (88%) of pure 9
as the dihydrate, mp 144° dec. Anal. Caled for Cr;HisOeTI-
2H20; C, 29.09; H, 3.84. Found: C, 28.91; H, 3.72. The infrared
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spectrum showed rc =0 lactone 1780 cm-1, »0-0 acetate 1730 cm"1,
and a weak KOh at 3150 cm-1. Details of the nmr spectrum are
listed in Table 1.

Acetoxythallation of 10. Thallium(HI) acetate (4.1 g, 0.01 mol)
was dissolved in a solution of 1.82 g (0.01 mol) of 10 in 35 ml of
glacial acetic acid; the resulting mixture was stirred at room tem-
perature for 24 hr, during which time a colorless solid precipitat-
ed. This was removed by filtration, washed with diethyl ether,
and dried at room temperature to give 5.0 g (99%) of pure 11, mp
200° dec. Anal. Calcd for Ci3H1508TI: C, 30.83; H, 2.98. Found:
C, 31.00; H, 3.26. The infrared spectrum showed €0-0 lactone 1790
cm 1 and nc-o acetate 1730 cm "1 Details of the nmr spectrum are
listed in Table I.

Acetoxythallation of 12. Acetoxythallation of 12 (1.82 g, 0.01
mol) was carried out in the same manner as described for 10, and
gave 4.8 g (95%) of 13, mp 138° dec. Anal. Calcd for Ci3Hi508TI:
C, 30.83; H, 2.98. Found: C, 30.90; H, 3.14. The infrared spectrum
showed uc =o lactone 1790 cm”1 and vc~o acetate 1725 cm "1 Details
of the nmr spectrum are listed in Table I.

Oxidation of 1 with Thallium(l11) Acetate-Acetic Acid. A
solution of 1.36 g (0.01 mol) of 1and 4.1 g (0.01 mol) of thalli-
um(lll) acetate in 30 ml of glacial acetic acid was heated at 60-
65° (bath temperature) with stirring for 16 hr. The reaction mix-
ture was then cooled to room temperature and partitioned be-
tween ether and saturated aqueous sodium chloride solution; the
ethereal extract was washed twice with distilled water, once with
10% aqueous sodium hydroxide solution, and twice more with dis-
tilled water. Subsequent drying (MgSOD, filtration, and evapo-
ration of the solvent gave 0.25 g (13%) of a colorless solid, 4, mp
(after washing with petroleum ether, bp 40-60°) 92-94° (lit.14 mp
95-96°). The infrared spectrum of the product showed ec «o lactone
1800 cm”1 and vc-o acetate 1740 cm"1.

Treatment of 9 with Hot Acetic Acid. A solution of 1.36 g
(0.01 mol) of 1and 4.1 g (0.01 mol) of thallium(lll) acetate in 30
ml of glacial acetic acid was stirred at room temperature for 4 hr
(during which time 9 precipitated from solution), and then heat-
ed at 60-65° (bath temperature) for 14 hr. Isolation of the product
in the manner described immediately above gave 0.35 g (19%) of
a white solid identical in melting point (after washing with petro-
leum ether, bp 40-60°) and infrared spectrum with the acetoxy-
lactone 4 obtained above.
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In the course of our work in chromone chemistryl the
hydrolysis of chromone-3-carboxylic esters la and Ib was
studied. It was found that acid condition gave the expect-
ed chromone-3-carboxylic acids 5a and 5b in good yields.
Basic condition, however, resulted in facile rearrange-
ment in high yields to the known 3-acyl-4-hydroxycoumar-
ins2'33a and 3b.

This reaction may be looked upon as a “reverse” acyl-
lactone rearrangement.4 Its probable course would involve
opening of the chromome ring system by base with subse-
quent ring closing through lactonization of the postulated
triacyl intermediate 2. In one experiment the sodium salt

0

la, R-CyfcRJ-H
b, R = CH,; Ri = CHa
¢, R=CIR Ri= CHs

3a, R] —H
b, Ri = CH3
¢, Ri = C2Hs

of the coumarin 3a precipitated directly from solution, in-
dicating that rearrangement occurred under basic condi-
tions and before acidification of the reaction solution.

The two types of products, 3-acyl-4-hydroxycoumarins
and chromone-3-carboxylic acids, could not be readily, dis-
tinguished by ir or on the basis of their acidity, since both
were found to be equally soluble in sodium bicarbonate.
Differentiation was made by consideration of the following
spectral data. Ultraviolet spectra of the coumarins 3a ¢
displayed a band at about 300 nm with an intensity of e
14,000 whereas the intensity of the corresponding bands
for the acids 5a and 5b was less than half of this value.
Nmr spectra showed signals for the methyl protons of 3b
and 5b at 5 2.76 and 3.04 (cpc13), respectively. The
broad signal for the onx proton of 3b appeared at 5 17.70
(cpc13) whereas the carboxylic acid proton of 5b ap-
peared at 8 14.33. Mass spectra proved to be most useful
for structure proof by showing the elimination of co2
{m/e 190 -* 146 for 5a and m/e 204 —m160 for 5b) from
the carboxylic acid molecular ions.

The rearrangement was seen also under conditions other
than that of basic hydrolysis. Preparation of the 2-alkyl
esters Ib and Ic under the basic conditions of a Kostan-

Notes

ecki-type reaction on the recently reported methyl salicy-
loylacetate5 with acetic or propionic anhydride resulted in
rearrangement in varying degree. In the case of cyclization
to Ib, which was isolated in good yield, a minor amount of
3b was obtained, whereas the attempted preparation of Ic
by the same method resulted mainly in rearrangement to
3c in good yield.

An analogous transformation was observed when 3-car-
bethoxychromone la was heated with concentrated am-
monium hydroxide, giving rise to the known 3-(formimi-
doyl)-4-hydroxycoumarin (4).6

OH

4

Rearrangement did not occur on treatment of the free
carboxylic acid 5b with base. There was either no reaction
at 20° or degradation on warming to give a good yield of
salicylic acid (6).

0
Sa, Rj=H
b, Ri = CH3

These observations may explain the scarcity of chro-
mone-3-carboxylic acids and esters in the literature, since
most known methods of preparation are base catalyzed.
The similarity of some physical and chemical properties
between chromone-3-carboxylic acids and 3-acyl-4-hydroxy-
coumarins indicates that caution should be exercised in
structure assignments in this area.

Experimental Section7

Base Rearrangement of Ethyl 4-Oxo-4jf/-l-bcnzopyran-3-
carboxylate (la) to 4-Hydroxy-2-oxo-2i/-I-benzopyran-J-carb-
oxaldehyde (3a). A mixture of 6.4 g (0.029 mol) of lal and 100 ml
of 1 A NaOH was stirred at room temperature for 15 min. Partial
solution took place as the sodium salt of 3a separated. Water (800
ml) was added to dissolve all solid and the solution was acidified
with concentrated HC1 to precipitate 3a, 4.6 g (83%), mp 135-
137°. Recrystallization from 2-propanol gave pure 3a: mp 137-
139° (reported2 mp 136-137°); ir (Nujol) 1715 (formyl C=0), 1615
cm-1 (2-pyrone C=0); uv max (95% EtOH) 238 nm (e 15,100),
304 (14,250); mass spectrum m/e (rel intensity) 190 (50), 162
(100), 121 (50), 120 (70), 92 (30).

In one run the insoluble sodium salt of 3a was filtered in 58%
yield. Recrystallization from methanol-water gave the pure sodi-
um salt: mp 375° dec; ir (Nujol) 1690 (formyl C=0), 1615 cm-!
(2-pyrone C=0).

Anal. Calcd for CioH504Na: C, 56.62; H, 2.38; Na, 10.84.
Found: C, 56.90; H, 2.55; Na, 10.59.

Methyl 2-Methyl-4-oxo-4ff-1-benzopyran-3-carboxylate (Ib).
A stirred mixture of 22.0 g (0.112 mol) of methyl salicyloylace-
tate,5 600 ml of xylene, 60 g of powdered anhydrous potassium
carbonate, and 60 ml of acetic anhydride was heated to 80°. After
evolution of CO2 was complete the temperature was raised to
125-130° for 1 hr. The mixture was filtered (filter cake was re-
tained for isolation of 3b) and the filtrate was stirred for 2 hr with
200 ml of water, washed well with water, dried (Na2SO.i), and
concentrated to give 15 g (62%) of crude ester. Recrystallization
from ethyl acetate gave pure Ib: mp 116-118° ir (Nujol) 1725
(ester C=0), 1640 cm-1 (pyrone C=0); nmr (CDCI3) 88.22 (q,
1, H-5), 7.3-7.8 (m, 3, H-6, -7, -8), 3.97 (s, 3, COOCH3), 2.53 (s, 3,
CH3).

Anal. Calcd for C12H1004: C, 66.05; H, 4.62. Found: C, 66.03;
H, 4.59.

3-Acetyl-4-hydroxy-2//-1-benzopyran-2-one (3b). A. lIsolated
in the Preparation of Ib. The above K2C03 filter cake from the
xylene reaction mixture was dissolved in 500 ml of water and aci-
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dified with concentrated HC1 to precipitate 1.1 g (5%) of 3b, mp
133-135° (reported3 mp 134°).

B. From Base Rearrangement of Ib. A mixture of 1.0 g (0.005
mol) of Ib and 100 ml of 1 N NaOH was warmed on the steam
bath for 5 min or until complete solution took place. The cooled
solution was acidified with concentrated HC1 to precipitate 3b:
0.80 g (86%); mp 133-135° ir (Nujol) 1730 (acetyl C=0), 1615
cm™1 (2-pyrone C=0); uv max (95% EtOH) 212 nm (e 23,000),
300 (14,000), 320 sh (9600); mass spectrum m/e (rel intensity) 204
(60), 189 (40), 162 (20), 121 (60), 120 (60), 105 (10), 93 (15), 92
(50), 77 (25), 43 (100).

4-Hydroxy-3-( I-oxopropyl)-2/7-1 -benzopyran-2-one (3c). A
mixture of 5.5 g (0.028 mol) of methyl salicyloylacetate, 150 ml of
xylene, 19.5 g (0.15 mol) of propionic anhydride, and 30 g of pow-
dered potassium carbonate was heated with stirring at 135° for
0.5 hr. Ether (300 ml) was added to the cooled mixture and the
solids were filtered and washed with ether. The filter cake was
stirred with 500 ipl of water, the insoluble portion was filtered,
and the filtrate was acidified with concentrated HCL to precipiate
4.8 g (78%) of 3c: mp 122-124° (reported3 mp 123°); ir (Nujol)
1720 (acyl C=0), 1610 cm-1 (2-pyrone 0=0); uv max (95%
EtOH) 226 nm sh (r 15,200), 301 (13,300); mass spectrum m/e (rel
intensity) 218 (50), 200 (15), 189 (100), 162 (17), 121 (50), 120 (25),
105 (12), 93 (12), 92 (25), 77 (25), 43 (5).

In this reaction the 3-carbomethoxy-2-ethylchromone Ic could
not be isolated from work-up of the above xylene-ether reaction
filtrate as was the case in the preparation of Ib.

4-0Oxo0-4if-1-benzopyran-3-carboxylic Acid (5a). A solution of
1.09 g (0.005 mol) of lal and 100 ml of concentrated HCl was
heated at 100° for 1 hr. Ice water (100 ml) was added and the
mixture was filtered to give 5a, 0.90 g (95%), mp 198-200°. Re-
CTystallization was effected by dissolution in 100 m| of ethyl ace-
tate and concentration to 25-ml volume to give pure crystals of
5a: mp 199-201° (reportedl mp 199-201°); ir (Nujol) 1/40 (car-
boxylic C=0), 1620 cm-1 (pyrone C=0); uv max (95% EtOH)
213 nm (e 18,000), 238 sh (11,000), 300 (5600); mass spectrum m/e
(rel intensity) 190 (10), 173 (5), 146 (100), 120 (20), 104 (30), 92
(15), 63 (15), 53 (20).

2-Methyl-4-oxo0-4if-1-benzopyran-3-carboxylic Acid (5b). A
solution of 10.0 g (0.046 mol) of Ib in 100 ml of concentrated HC1
was heated at 80-90° for 20 min. Ice (400 g) was added to precipi-
tate a tacky solid. The crude product was dissolved in 300 ml of
5% NaHCC=3 and the insoluble portion was extracted away with
ether. The aqueous phase was acidified with concentrated HC1 to
give 6.4 g (68%) of 5b, mp 120-135°. Recrystallization from 2-pro-
panol gave pure 5b: mp 145-147° ir (Nujol) 1725 (carboxylic
C=0), 1618 cm*“1 (pyrone C=0); uv max (95% EtOH) 232 nm («
21,300), 298 (5660); mass spectrum m/e (rel intensity) 204 (57),
186 (22), 160 (100), 131 (5), 120 (98), 92 (32); nmr (CDC13) h 14.33
(broad, 1, COOH), 835 (q, 1, H-5), 7.3-8.0 (m, 3, H-6, -7, -8),
3.04 (s, 3, CH3).

Anal. Calcd for CnH80 4: C, 64.70; H, 3.95. Found: C, 64.79; H,
4.H.

Base Degradation of 5b to Salicylic Acid (6). A solution of 2.5
g (0.012 mol) of 5b in 100 ml of 1 N NaOH was heated at 100° for
1 min. The cooled solution was acidified with concentrated HC1
to precipitate 6, 1.5 g (88%), mp 157-159° [reported (Lange Hand-
book) mp 158.3°].

4-Hydroxy-.1-(iminomethyl)-2/7-1 -benzopyran-2-one (4). A
mixture of 2.0 g (0.009 mol) of la was heated with 5 ml of concen-
trated NH40H on the steam bath. The ester soon dissolved and
after 5 min crude 4 separated, 1.5 g (81%), mp 223-225°. Recrys-
tallization from ethanol gave pure 4, mp 236-238° (reporteds mp
240-242°).
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The selective demethylation of 2,5-dimethoxybenzal-
dehyde (1) with boron trichloride to give 2-hydroxy-5-
methoxybenzaldehyde (2) is well known.1 This reaction
proceeds by a cyclic process involving the boron trichlo-
ride complex of 2,5-dimethoxybenzaldehyde. However, 5-
hydroxy-2-methoxybenzaldehyde (3), the isomer of 2, has
not been synthesized previously.

Utilization of the complexing ability of the aldehydic
group with the o-methoxy group could be used to advan-
tage to block the approach of the demethylating agent,
providing that the complexing agent does not cleave the
neighboring ether group as observed with boron trichloride
or aluminum trichloride. In the Gattermann reaction of
1,4-dimethoxybenzene with hydrogen cyanide in the pres-
ence of aluminum chloride, an iminium complex 4 is pro-

(00, ¢}

HCN, HC1
AICI3

duced in which the aluminum chloride in fact could coor-
dinate with the neighboring methoxy group. A cyclic ether
cleavage process analogous to the boron trichloride de-
methylation is not operative, as evidenced by the fact that
2 was not isolated on hydrolysis of 4. The approach of a
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sterically bulky ether cleavage reagent, such as boron tri-
bromide, to the o-methoxy group ought to be prevented in
4.

In order to test this hypothesis 1,4-dimethoxybenzene
was treated with hydrogen cyanide, aluminum chloride,
and hydrogen chloride in methylene chloride to produce a
soluble iminium complex 4. Treatment of this complex
with 2 equiv of boron tribromide gave exclusively 5-hy-
droxy-2-methoxybenzaldehyde (3), mp 114-116°. Hydrolysis
of 4 gave 1, which on treatment with 2 equiv of boron tri-
bromide afforded 2,5-dihydroxybenzaldehyde (5) in excel-
lent yield.

Since the 5-methoxy group in 1 is more nucleophilic
than the 2-methoxy group, a certain degree of selectivity
should also be achieved on treatment of 1 with concen-
trated sulfuric acid. Thus, heating of 1 with concentrated
sulfuric acid at 50-54° for 46 hr indeed gave a 42% vyield of
3; the only other product isolated was 1 (20%) ?

Experimental Section

5-Hydroxy-2-methoxybenzaldehyde (3). A. From, the Imi-
nium Complex 4 and Boron Tribromide. To 27.6 g (0.2 mol) of

2.5- dimethoxybenzene in 200 ml of methylene chloride with ice

cooling and stirring, 28.4 g (0.22 mol) of aluminum chloride and
8.1 g (0.3 mol) of hydrogen cyanide were added. The cooling bath
was removed and 21 g of hydrogen chloride was added slowly at
room temperature over a period of 4 hr. After stirring for 40 hr
one-quarter of the reaction mixture (85 ml) was stirred with 25 g
(0.1 mol) of boron tribromide for an additional 20 hr. After hy-
drolysis with dilute hydrochloric acid (100 ml), 6.65 g of a mixture
of hydroquinone and 3, mp 145-155°, precipitated. Extraction of
this solid with two 200-ml portions of methylene chloride and
evaporation of ,he combined methylene chloride portions gave
4.55 g (60%) of 3, mp 112-115°. Hydrolysis of the remaining reac-
tion mixture (255 ml) with dilute hydrochloric acid, extraction of
the methylene chloride layer with 5% sodium hydroxide, drying
with magnesium sulfate, evaporation, and vacuum distillation of
the residue gave a first fraction of 2,5-dimethoxybenzene and 20.2
g (91.5%) of 1, bp 98° (0.1 mm), mp 49-52°.

B. From 2,5-Dimethoxybenzaldehyde (1) and Concentrated

Sulfuric Acid. To 20.75 g (0.125 mol) of 1 with ice cooling, 112.5
ml of concentrated sulfuric acid was added and the mixture was
heated at 50-54° for 46 hr. The reaction mixture was poured onto
ice and the precipitated oil was extracted with diethyl ether. Ex-
traction of the solvent with 200 ml of 5% sodium hydroxide, acidi-
fication, extraction with diethyl ether, drying over anhydrous
MgSCH, and evaporation of the solvent gave 8.15 g (42.3%) of 3:
mp 114-116° after recrystallization from aqueous alcohol; ir
(CHCla) 1672 cm~1 (C=0); nmr (acetone-d6) $3.88 (s, 3, OCH3),
3.0-4.0 (s, 1, OH), 6.9-7.3 (m, 3, aromatic), 10.38 (s, 1, CHO).

Anal Calcd for CgHsCH: C, 63.15; H, 5.30. Found: C, 62.93; H,
531

From the neutral diethyl ether layer 4.3 g (20.7%) of 1 was re-
covered.

2,5-Dihydroxybenzaldehyde (5). To 7 g (0.028 mol) of boron
tribromide in 40 ml of methylene chloride, 3.32 g (0.02 mol) of

2.5- dimethoxybenzaldehyde was slowly added and the mixture

was stirred at room temperature for 20 hr. Addition to ice water
(70 ml), separation of the organic layer, and evaporation of the
dried methylene chloride layer gave 5, 0.8 g, mp 100-102° (lit.3
mp 100-101°). Extraction of the aqueous layer with 100 ml of
ethyl acetate produced another 1.8 g of 5, total yield 2.6 g
(92.2%).

Registry No.—1, 93-02-7; 3, 35431-26-6; 4, 51801-41-3; 5, 1194
98-5.
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3,3',5,5'-Tetramethyldiphenoquinone in Benzene
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-The irradiation of substituted p-benzoquinones, as sol-
ids or in solution, has been reported to yield photoaddi-
tion products as well as various types of dimers. These
dimers include cyclobutanes,2 spirooxetanes,3 cage-like
structures,4 and unidentified products.5

In contrast to the photoinduced reactions of benzoqui-
none derivatives, no dimer was detected when 1 was irra-

diated in benzene in a nitrogen atmosphere. The products
were 2,2',6,6'-tetramethyl-p,p'-biphenol (2) and biphenyl

in benzene
CK.>
3

This result is surprising, since biphenyl formation is not
common when benzoquinones are irradiated in benzene,
which has been widely used as an inert solvent for photo-
chemical reactions of benzoquinones.6 For example, irra-
diation of 1,4-naphthoquinone in benzene gave only the
dimer and no reduction products or biphenyl while 1,4-
naphthoquinone in isopropyl alcohol gave the correspond-
ing hydroquinone.7

The photolysis of iodoaromatic or bromoaromatic com-
pounds in benzene solution results in a good yield of bi-
phenyl or the result of the generation of an intermediate
phenyl radical by the following photoinduced primary
process.8 The formation of biphenyl in the present work

PhX Ph- + -X X = halogen atom

indicates that here, too, a phenyl radical is generated as a
reactive intermediate and that a benzene molecule may
function as a hydrogen donor in the present photoinduced
reaction of diphenoquinone.

Hay9 has found that the thermolysis of molten
3,3',5,5'-tetraphenyldiphenoquinone gave the correspond-
ing biphenol as one of the products and demonstrated
that diphenoquinones such as 3,3',5,5'-tetraphenyldipheno-
quinone were powerful oxidizing agents. Hence it appears
reasonable to assume that species such as 4 are partici-
pating in the light-induced reaction. One possible route to
the two products is the abstraction of a hydrogen atom
from solvent benzene by the excited biradical (4)10-11 fol-
lowed by reaction of the resulting phenyl radical with a
benzene molecule as follows, even though the possibility
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of a dipolar transition state6 consisting of diphenoquinone
and benzene in place of 4 cannot be ruled out at present.

Experimental Section

Melting points are uncorrected. Infrared spectra were run on a
Hitachi Model 215 grating spectrophotometer. Nmr spectra were
recorded on a Varian HR-220 apparatus. Chemical shifts of the
nmr spectra are reported in parts per million downfield from in-
ternal TMS. Mass spectra were obtained on a double-focusing
mass spectrometer, Model JIMS-01SG.

3,3',5,5'-Tetramethyldiphenoquinone (1) was prepared by the
oxidation of 2,6-xylenol with a copper(l) chloride-acetonitrile sys-
tem. A solution of 0.5 g (0.005 mol) of copper(l) chloride in 50 ml
of acetonitrile was stirred under an oxygen atmosphere, followed
by addition of 1.22 g (0.01 mol) of 2,6-xylenol to the resulting ho-
mogeneous solution. The mixture was stirred for 2 hr at 30° while
oxygen was being bubbled in and was chilled with an ice-water
mixture. The resulting red crystals were filtered to yield 0.7 g of
1, mp 207-208° (lit.12 mp 208-210°). The elementary analysis, ir,
and nmr spectra were all in agreement with the reported struc-
ture. Reduction of 1 with zinc dust in acetic acid gave the corre-
sponding biphenol (2): mp 220-223° (lit.12 mp 223-225°); mass
spectrum M+ m/e 242 (calcd for CieHig802, 242); nmr (CDC13)
8.15, 8.26 (CH3, s), 6.63 (OH, s), and 3.14 and 3.25 ppm (ring H,
s); ir (KBr) 3380 (OH), 860 cm*1 (phenyl).

Irradiation of 3,3',5,5-Tetramethyldiphenoquinone. A solu-
tion of 0.4 g of diphenoquinone (1) in 1000 ml of benzene was
purged with nitrogen for 2 hr and then irradiated by means of a
200-W high-pressure mercury arc surrounded by a quartz filter for
100 hr under a stream of nitrogen gas. After removal of the sol-
vent in vacuo, the chloroform solution of the reaction mixture was
chlomatographed over silica gel (300 g) using chloroform as el-
uent. The first fraction (50 ml of eluent) obtained contained 0.02
g of 3, whose ir (KBr) and nmr spectra were completely identical
with those of authentic diphenyl. The second fraction (0.072 g, 75
ml of eluent) was identified as biphenol (2) by comparison with
spectra of an authentic specimen. Starting material (0.250 g) was
recovered as the third fraction by elution with 250 ml of chloro-
form.

Registry No.—1, 4906-22-3; 2, 2417-04-1; 3, 92-52-4; 2,6-xyle-
nol, 576-26-1.
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Atomic Oxygen. Ill. Reaction of 1,3-Butadiene with
Oxygen(3P) Atomsl

James J. Havel* and Kam H. Chan
Department of Chemistry, Rice University, Houston, Texas 77001
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Atomic oxygen in its ground (triplet) state is produced
by the gas-phase mercury-photosensitized decomposition
of nitrous oxide.2 The reaction of oxygen atoms with or-
ganic compounds is accomplished by photolysis of a mix-
ture of mercury vapor, organic acceptor, and a large ex-
cess of nitrous oxide.3 The generation of oxygen atoms by
this technique produces one molecule of nitrogen per oxy-
gen atom. Yields given below were calculated on the basis
of nitrogen evolved during photolysis. Reactions were
stopped with less than 25% of the reactant diene convert-
ed to products..

The reaction of 1,3-butadiene with 0(3P) has been
studied by Cvetanovic and Doyle.4 The oxygenated prod-
ucts that they isolated were carbon monoxide, 3,4-epoxy-
1-butene, and crotonaldehyde. Crotonaldehyde may have
been produced by rearrangement of 3-butenal during
work-up.

We have examined the reaction of 1,3-butadiene with
0(3P) and have determined the product composition with
very mild analytical techniques (vide infra). The oxygen-
containing products of the reaction were carbon monoxide
(14% vyield); 3,4-epoxy-l-butene (I, 41%); 3-butenal (2,
23%); 3-buten-2-one (3, 1.5%); and vinyl ether (4, 0.5%)
(eq 1). Total recovery of oxygenated material was 80%.

H,C=CH— HC=CH2 + 0(®) —
0
I\ 0%
HZL-—CH— hc= ch? + — CH2— HC=CH2 +
1 11
2
0 A
HCA~ ACH
HC— C— HC=CH2 + 1+ co ()
HC  CH2
3 4

The hydrocarbons produced by formation of carbon mon-
oxide were not quantitatively analyzed; however, propene
was the major product of low molecular weight. Cvetanov-
ic and Doyle4 have shown that at a constant total pres-
sure, product yields from the reaction of 1,3-butadiene
with 0(3P) are independent of reactant ratio in the range
nitrous oxideil,3-butadiene = 9.6:137.

A search was made for the presence of 2,5-dihydrofuran
in the product mixture. None of this product was detected
upon injection of the product mixture on a vpc column
known to separate an authentic sample of 2,5-dihydrofur-
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an from products 1-4. 5 would be the product of a 1,4-cy-
cloaddition of atomic oxygen to the diene. 1,4-Cycloaddi-
tion products have been reported from the reactions of
atomic sulfur5and nitrogen6with 1,3-butadiene.

The initial reaction of atomic oxygen with a conjugated
diene is addition of the atom to a double bond to form 1,3
biradicals.7 This process is illustrated in eq 2. Addition

“

HXC=CH— HC=CH, h2c— ch— hc= ch,

te 6
0(3P) H,C— CH— HC=CH2 (2
9
5
! \H
1 2

can occur either to an external carbon atom to produce
biradical 5, or to an internal carbon atom to make biradi-
cal 6. Of these two competing processes, production of
biradical 5 is favored over production of 6. The carbon
radical site of 5 is both secondary and allylic, whereas the
carbon radical of 6 is primary and without allylic stabili-
zation. The addition of 0(3P) to olefins also shows prefer-
ential formation of the more stable biradical.7 Product
formation from 5 is accomplished by either ring closure to
yield epoxide 1 or rearrangement of a hydrogen atom to
give aldehyde 2.

The transformation of biradical 6 to products is more
complex (Scheme 1). Ring closure and hydrogen migration
produce epoxide 1 and ketone 3, respectively. Another
mode of reaction of 6 is intramolecular addition of the
carbon and oxygen radical sites to the double bond to pro-
duce new 1,4 biradicals, 7 and 8. The intermediates
formed in this process are similar to those produced in
triplet di-7r-methane rearrangements. Photoinduced
oxadi-7r-methane rearrangements of /3,7-unsaturated car-
bonyl compounds appear to take place solely from the
triplet state.8

Scheme |
H~
3 & 6
0
OHC ,CH, $
\ Xp +L /I \ / \
~CH, / \
0 CH, H,c CH2

Possible reactions of biradical 7 include rearrangement
either by /3-cleavage to 3-butenal (2), or by a di-7r-meth-
ane-like process to give epoxide 1 and cyclopropanecar-
boxaldehyde (9). However, no trace of 9 was detected
among the products from the reaction of 1,3-butadiene
with oxygen atoms.9 Biradical 8 can decompose to the
ether 4 (an observed product) or to epoxide 1.

The /3-cleavage reactions of 1,4 biradicals 7 and 8
(yielding 2 and 4, respectively) are not without precedent.

Notes

Pitts and Hess10 have generated an analogous biradical by
photolytic decarbonylation of bicyclo[3.1.0]hexan-3-one.

As is seen from the preceding discussion, epoxide prod-
uct 1 can be made from four separate intermediates, while
aldehyde 2 can arise by two pathways. It is possible to de-
termine how much 3-butenal arises from each of the bira-
dicals 5 and 7 by studying the reaction of 1,3-butadiene-
2,3-di (10) with oxygen atoms. 3-Butenal formed from in-
termediate 5 would be labeled at carbons 2 and 3 (eq 3),

0*

H,C=CD—DC=CH2 + (X®) —» HC—CD—DC=CH2

10 In- 3)

(\X — CHD— DC=CH,
HX
11

while aldehyde from intermediate 7 would have deuterium

in positions 1and 3 (eq 4).
A

10 + 0(3P)

H,C— CD— DC=CH2

X G- ch2— dc= ch2
D/

12

The ratio of 3-butenal-2,3-d2 (11) to 3-butenal-1,3-d2
(12) was determined by mass spectrometry. At 70 eV, the
mass spectrum of undeuterated 3-butenal shows a large
HCO+ ion (m/e 29) and a small H2CO+ ion (m/e 30).
The intensity of the ion at m/e 30 is only 1% of that of
HCO+ (corrected for the natural abundance of carbon-13
in HCO+). This observation makes it possible to deter-
mine the ratio of 11 to 12 from the reaction of deuterated
butadiene by measuring the intensities of the HCO+ and
DCO+ ions. The corrected1l ratio of HCO+ to DCO+ was
19:1. Thus, 95% of the 3-butenal arises by the mechanism
of eq 3. No more than 5% is made by the di-7r-methane
process (eq 4).

In conclusion, it should be noted that 3-butenal is diffi-
cult to prepare by other methods. Isomerization to the
conjugated isomer can be catalyzed by acid or basel2 or
can occur under some vpc conditions.4 3-Butenal has been
made in unspecified yields by the chromium trioxide oxi-
dation of 3-buten-1-0l13 and by the thermolysis of vinyl
ether.14 The reactions of other dienes with 0(3P) and the
independent production of biradicals 5 and 6 are currently
being examined in these laboratories.

Experimental Section

Materials. All reactants were purified by trap-to-trap distilla-
tion before reaction. 1,3-Butadiene-2,3-d2 (19) was prepared by
the method of Craig and Fowler.15 Mass spectrometric analysis at
10 eV indicated that the sample of 10 contained 9% monodeuter-
ated and 1% undeuterated butadiene. Integration of the nmr
spectrum of 10 showed that the area of absorptions in the region
of the internal protons (r 3.3-4.1) was <3% of the area of the ter-
minal protons (t 4.6-5.2).16 This observation is consistent with
specific deuteration in the 2 and 3 positions and with the isotopic
purity determined by mass spectrometry.

Cyclopropanecarboxaldehyde (9) was made by the method of
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Young and Trahanovsky.17 Comparison samples of products 1, 3,
and 4 and 2,5-dihydrofuran were obtained commercially.

Reaction Procedures. The apparatus and techniques used for
the reactions of hydrocarbons with 0(3P) have been described
previously.3 Reactions were run to less than 25% completion to
avoid secondary oxidation of products. A high ratio of nitrous
oxide to diene reactant (>25) was used in all reactions. Under
these reaction conditions, no products of the directl8 or mercury-
sensitizedl9 photorearrangement of the diene were observed (0.3%
conversion could have been detected). The product composition
from the reaction of 1,3-butadiene with 0(3P) is not affected by
the duration of photolysis.4

During photolysis, a thin, pale-yellow polymer formed on the
surface of the immersion lamp. Irradiation of a mixture of nitro-
gen (586 Torr), 1,3-butadiene (24 Torr), and mercury vapors re-
sulted in the loss of 2% of the butadiene by polymerization on the
lamp.

Vpc analysis of the product mixture from the reaction of 1,3-
butadiene was performed by injection of gas-phase aliquots onto
either a 5-ft column of 10% dinonyl phthalate or an 11-ft column
of 20% tricresyl phosphate in polyethylene tubing at 25°. Double
vpc purification of individual products gave samples of >98% pu-
rity.

Spectra of products 1, 3, and 4 closely corresponded to spectra
of authentic commercial samples of these compounds. Spectro-
métrie data on 3-butenal (2) include ir (vapor phase) 3110, 3020,
2910, 2830, 2740, 1740, 1645, 1405, 1300, 1125, 990, and 915 cm-1;
uv (vapor phase) Xmex 300 mp (e 22); nmr (CDC13 solvent) 0.21 (1
H, triplet, J = 1.8 Hz), 3.9-5.0 (3 H, multiplet), 6.8 (2 H, multi-
plet); mass spectrum (70 €V) m/e (rel intensity) 70 (54), 69 (9),
42 (88), 41 (100), 40 (53), 39 (96), 38 (34), 29 (60), 27 (60), 26 (19);
high-resolution mass spectrum of parent peak, observed mass
70.0421 (calcdforC4He0, 70.0418).

Acknowledgment. Acknowledgment is made to the do-
nors of the Petroleum Research Fund, administered by
the American Chemical Society, for support of this re-
search. We thank Dr. P. S. Engel for the use of a vapor-
phase uv cell.

Registry No.—1, 930-22-3; 2, 7319-38-2; 1,3-butadiene, 106-99-
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A recent thermodynamic-kinetic approach to the transi-
tion state structure of the electrophilic bromination of ole-
finst leads to the conclusion that tensions in the ground
state are preserved or even enhanced in the activated com-
plex whatever the structure, bromonium or carbonium, of
the intermediate. Therefore, it was proposed that bridged
transition states are involved in all cases and that they lead
to either bridged or open cationic intermediates. These re-
sults prompt us to report an extension of our study on the
bromination of substituted stilbenes2 which confirms that
carbonium ion like and bromonium ion like transition
states differ in their charge distribution.

We have shown elsewhere2 that the bromination of stil-
benes, XCfH4CxH =C »HCfsH4Y, in methanol is a dual-path
addition leading competitively to carbonium ions C*+ and
Cy+ through transition states where the charge is on one of
the olefinic carbon atoms, without significant participation
of the bromine atom. In this note, we investigate a new se-
ries of substituted stilbenes to determine how bromine par-
ticipation modifies the carbonium pathway mechanism and
to measure the differences between carbonium and bro-
monium ion like transition states. To establish the carboni-
um ion mechanism, we had selected stilbenes where one
substituent at least was electron donating, favoring thus
charge development on the benzylic carbon atom, a to the
donor ring. Here, we attempt to determine whether bro-
monium ions occur in the bromination of stilbenes where
both rings contain deactivating groups which disfavor for-
mation of benzyl cations.

Bromination rate constants for X,Y-disubstituted stil-
benes where X and Y are both electron attracting are given
in Table I. The elementary rate constants for molecular
bromine addition, (Br2 were measured in methanol at 25°
either by the conventional method3 (kinetic effects of the
bromide ion concentration) or by an empirical equation es-
tablished previously.2®

The reactivities of the deactivated stilbenes are first cal-
culated as if the addition proceeds via the dual-path mech-
anism: the overall rate constant is the sum of the two par-
tial rate constants kx and ky. Each partial rate constant fol-
lows the two-parameter equation log (kx’k0) = paax+ +
ppoy (eq 1) and log (ky/ko) = paoy+ + Ppcx (eq 2), where pa
and pa are -5.07 and —1.41, respectively. Comparison of
the calculated and experimental values (Table Il) reveals
that the two carbonium ion scheme is inadequate for
strongly deactivated stilbenes and that these latter react
more rapidly than expected by the dual-carbonium path
mechanism.

Bromonium lon Intermediates. The attenuation of the
effects of strongly electron-attracting substituents can
most reasonably be interpreted in terms of an increase in
the substituent-charge distance, so that the charge is on
the bromine atom, i.e., the transition states resemble bro-
monium ions 3. In this case, the two substituents X and Y
should have identical kinetic effects and there should be a
linear free energy relationship between the reactivities, log
k, and the sum of the Hammett constants: log k = pBr+o"X
+ ay) + log ko'. For the four stilbenes which deviate most
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Table |
Bromination Rate Constants of Stilbenes Substituted by Strongly Electron-Attracting Groups
\eqth A
No. X Y 0.2 m 0.lm 0.05 m 0.025 m k Btze &3 Log kena
| p-NO2 m-CF3 0.18 0.22 0.32 1.8 0.13 0.25
2 P-NO7 m-ClI 0.15 0.20 0.25 1.6 0.11 0.21
3 p-NO02 p-Cl 0.34 0.60®
4 p-no?2 H4 1.05 1.30 1.90 11.9 0.64 1.07
5 to-CF3 m-CF3 0.30 0.40 0.65 3.0 0.16 0.48
6 ot-CF3 H6 3.4 1.70®
% Or-Cl1 m-ClI 0.40 0.70®
8 m-Cl p-CP 1.80 1.40®
9 m-Cl H4 5.2 1.90®

<Experimental rate constants measured in methanol at various sodium bromide concentrations at 25°. 6Rate constants
previously obtained (ref 2). cElementary rate constants obtained by extrapolation to zero bromide ion concentration using
the equation /9!] + A'(Br~): = kB, + KkBn (Br").3 dThe precision of the experimental rate constants smaller than 1 is
only 8-10%. The error on the extrapolated value can be in the range of 20%. However, the structural effects are discussed on
the reactivities log kBn and not on the rate constants. A maximum error of 30% on ks would lead to an error of 0.3 L.u. on
log kBn. Thus, variations of log kar, smaller than 0.3 l.u. are not significant. ®hese values are obtained by extrapolation from
empirical relationships between (log A¢fti)o2 MNeBr and log kBn. For experimental rate constants higher than 1, there
exists a linear relationship established in ref 2a. For smaller constants, the extrapolation has been made in each subpopulation
with X constant and Y variable: for the p-nitro Y-substituted stilbenes, (log ke)o.s .thveBr = 0.97 log kBi — 1.02 (r =
0.999, s = 0.007); for m-chloro Y-substituted stilbenes, (log fcexpti)o.2. nasr = 0.90 log km — 1.01 (r = 0.999, s = 0.0003).
This method leads to extrapolated elementary rate constants whose precision is of the same order as that of the experimental

values.

markedly from the dual-path mechanism predictions
(Table Il, compounds 1,2, 5, and 7), eq 3 is valid.

log k =

Table 11
Failure of the Carbonium lon Mechanism for Strongly
Electron-Attracting Stilbenes

-1.0(crx + ay) + 1-3 (3) No. Log kxa LOg flyll Log Scaled A log kb
Although the correlation coefficient is only fair (r = 0.96, | -2.39 -1.54 -1.54 -1.80
s = 0.038), deviations of the defining compounds from eq 3 2 -2.32 -0.90 -0.90 - 1.10
are small, less than 0.1 lL.u. (Compare Tables | and III). 3 - 2.12 0.57 0.57 -0.07
However, the errors on pbh and log kO of eq 3 are about 4 -1.80 .10 110 0.03
’ . - 5 -1.06 -1.06 -0.76 - 1.20
0.5. Therefore, we can consider that the value of pbi+ is 6 -1.60 161 1.61 - 0.10
rather similar to pg (—1.4), which is the reaction constant 7 -0.36 -0.36 -0.06 -0.75
for the substituent Y on the ring (3to the carbonium ion 1. 8 0.15 1.10 1.10 -0.30
9 -0.17 1.68 1.68 - 0.20

“ These values are calculated from eq 1 and 2 with

caled — «kx + «y (see ref 2a). 6 A log k = log sealed — log

-exptl®

This is expected, since the substituents X and Y are in the
same position with respect to the charge in the ion 3 as the
substituent Y is in the ion 1. In contrast, the values of log
ko in eq 1 and 3, corresponding to the bromination of the
unsubstituted stilbene via carbonium or bromonium ion in-
termediates 1 and 3, are significantly different, +2.2 and
+1.3, respectively.

General Scheme for the Bromine Addition to Aro-
matic Conjugated Olefins. The structure-reactivity rela-

carbonium ion mechanism

tionships for bromination via bromonium ions and carboni-
um ions correspond to a scheme in which each type of in-
termediate is generated in a discrete pathway and imply
thus three distinct transition states where the charge is ei-
ther developed on the carbon atom Cx, on the atom Cy, or
on the bromine atom. This description is rather different
from the generally accepted mechanism4 which features a
single intermediate5 with the charge distributed more or
less equally between the three atoms. The multipathway
scheme is, however, a good mathematical description of the
results, whereas kinetic treatment of the usual model is im-

bromonium ion mechanism

k=kx + ky | ko
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Notes
Table 111
Compétition between Bromonium and Carbonium lon Pathways in Stilbene Bromination
Elementary calculated Predominant Overall calculated and
— reactivities—--  —- \intermediates experimental reactivities
Registry no. No. X Y Log kxa Log kya Log ksi+b Ccx+ C,+ Br+  Log kededd Ar
51751-38-3 i p-NO2 tocf3 -2.90 -2.05 + 0.15 + 0.15 +0.10
51751-39-4 2 p-no?2 m-CI - 2.86 -1.31 +0.20 + 0.20 +0.01
3757-16-2 3 P-NO02 p-ClI -2.64 +0.14 + 0.34 + + 0.55 + 0.05
4003-94-5 4 P-No02 H -2.27 + 0.75 + 0.57 + + 0.96 + 0.25
27892-96-2 10 P-NO2 m-Me -2.15 +1.13 + 0.64 + + 1.25 +0.20
7560-35-2 11 p-no?2 p-Me -1.99 +2.42 +0.74 + 2.42 -0.14
1472-68-0 12 p-NO2 p-OMe -1.83 + 4.96 +0.84 + 4.96 - 0.01
51751-40-7 5 m-CFj m-CF3 -1.47 -1.47 + 0.51 + 0.51 -0.03
28495-61-6 6 m-CF3 H -0.80 + 1.33 + 0.93 + + 1.47 +0.24
3240-26-4 7 m-C1 m-ClI -0.75 -0.75 +0.61 + 0.61 - 0.10
51751-41-8 8 m-ClI p-Cl -0.53 + 0.80 + 0.75 + + 1.08 +0.32
24942-77-6 9 m-ClI H -0.16 +1.41 +1.00 + + 1.55 + 0.24
51751-42-9 13 m-Cl p-Me +0.11 + 3.08 + 1.15 + 3.08 -0.07
5415-08-7 14 m-C1 p-MeO + 0.27 +5.62 + 1.25 + 5.62 +0.13
5121-74-4 15 P-CI p-Cl +1.02 +1.02 + 0.89 + + + 1.46 +0.28
4714-23-2 16 P-CI H + 1.39 + 1.63 +1.12 + + + 1.89 +0.18
22692-73-5 17 p-ClI p-Me +1.66 + 3.30 + 1.30 + 3.30 -0.13
5043-91-4 18 P-ClI p-MeO + 1.82 +5.84 + 1.40 + 5.84 + 0.03
588-59-0 19 H H +2.00 +2.00 + 1.30 + + + 2.34 + 0.33
28495-59-2 20 m-Me H +2.38 +2.11 +1.42 + + 2.60 + 0.30
4714-21-0 21 p-Me H + 3.67 + 2.27 + 1.52 + + 3.69 -0.03
“ Calculated by eq 1" and 2'. 6Calculated by eq 3. cSaled ~ ~x “t* ky -f- "Br+ d A log &epd log Saled* eOwing to

imprecision of the bromonium equation (eq 3), we give only the nature of the intermediate, although the relative importance

of each intermediate could be calculated by (kx X 100)/{kx +

the bromonium ion.

possible in the absence of a quantitative relationship be-

tween charge magnitude and the p value.9
+

Br Br Br

or + + N/ \/
/ \

However, the equivalence of the two descriptions is ques-
tionable only in borderline cases where several pathways
compete. This does not discredit our conclusion regarding
the differences between carbonium and bromonium ion-
like transition states, since there are compounds (1, 2, 11,
12, 13, 14, or 17 of Table IIl) whose bromination passes
through only one transition state which can be either 1, 2,
or 3.

Competition between Bromonium and Carbonium
lon Pathways. Since we have now identified a discrete
pathway for bromonium ion formation, we shall examine
the competition between bromonium and carbonium ion
pathways. From data for stilbenes with at least one elec-
tron-donating substituent, we had concluded that bromine
participation was unimportant. However, substituent ef-
fects on the bromonium ion pathway are weaker than on
the carbonium ion one, since pa (—5.0) is considerably high-
er than pBr+ and the existence of pathway 3 could have
been neglected in the carbonium treatment. We have,
therefore, reexamined the previous datazb and recalculated
the parameters of the carbonium ion mechanism from the
elementary rate constants kB2 of only those stilbenes with
at least one strongly electron-donating substituent, namely,
p-hydroxy, p-methoxy, ot p-methy\. In this way, we obtain
the following equations (r = 0.981, s = 0.005).

(log fex)Br2 = -5.4crx+ - 1.6cty + 2.00 (1)

(logfey)Br2 = -5.4ay+ - |-6ax + 2.00 (2"

The parameters pa and pp, —5.4 and —1.6, are approxi-
mately identical with those obtained previously, -5.1 and
—1.4, respectively. From eq V, 2', and 3, we have calculated
the relative importance of each pathway for a number of

+ &Br+) for C*+ and similarly for C,+and Br+ *Br+is

stilbenes (Table IlIl). Differences between experimental
and calculated overall rates are also given only for guid-
ance, since the bromonium equation (eq 3) is too rough to
allow any quantitative conclusion. For the same reasons, we
give only the structure of the existent intermediate and not
the exact value of its contribution. The results confirm the
predominance of the carbonium and bromonium mecha-
nism for stilbenes with strongly electron-donating (11, 12,
13, 14, 17, and 18) or electron-attracting groups (1, 2, 5, and
7), respectively. For some electron-attracting substituents
3, 4, 8, 9, 15, and 16), the bromonium ion pathway com-
petes with the carbonium one. This intervention does not
lead to significant accelerations with respect to the carbo-
nium ion predictions. Typical examples are given by the p-
nitro- or p-nitro-m'-methylstilbenes.for which the neglect
of the third pathway induces an error on the reactivity of
about 0.2 Lu. In the same way, it must be noted that for
stilbene itself, the results of Table Il indicate a slight pref-
erence for the carbonium ion pathway. However, the differ-
ence between calculated and experimental reactivities is
particularly high. Therefore, we can only assume that this
compound is a borderline case for which carbonium and
bromonium intermediates are of comparable stability.

In short, once parameters for the linear free energy rela-
tionship describing reactivity in the absence of assistance
have been determined with precision, it is possible to dis-
cern cases where there are significant deviations and to de-
termine the parameters of the assisted reaction. Thereaf-
ter, the small contribution of the assisted pathway can be
calculated for compounds previously considered to be un-
assisted. It turns out that these small contributions for an
assisted pathway do not affect the linearity of the original
equation. The long controversyl12 on the assistance or ab-
sence of assistance by the phenyl ring in solvolysis of secon-
dary tosylate, PhCH2CH(OTs)CH3, has been largely set-
tled by an extensive investigation of substituent effects,10
which has revealed that there is, in fact, competition be-
tween the two mechanisms and that the importance of as-
sistance depends on the ring substituent.

Our results concerning substituent effects on the forma-
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Table IV
Stiibene
X Y Mp, °C
p-no?2 m-CF3* 123
p-no?2 m-CP 118
p-no?2 p-CP 185
ra-CF3 m-CFjc 112
m-Cl m-C\d 95

«Anal. Calcd: C, 61.43; H, 3.41; N, 4.77. Found: C,
61.08; H, 4.09; N, 5.40. bReference 15. cAnal. Calcd: C,
60.76; H, 3.18. Found: C, 61.25; H, 3.52. dD. E. Bissings
and A. J. Speziale, J. Amer. Chem. Soc., 87, 2683 (1965).

tion of carbonium and bromonium ion intermediates in
stiibene bromination show that the transition states which
lead to these intermediates are significantly different in
their charge distributions. This confirmation of our previ-
ous work is apparently contradictory with the arguments of
Yates, et al.,1who proposed a single transition state struc-
ture regardless of the intermediate. In reality, the thermo-
kinetic data signify only that the magnitude of the interac-
tions is retained or slightly increased in passing from the
initial to the transition states, i.e., no rotation occurs at this
stage.13 In our opinion, bromine bridging is not the only ex-
planation consistent with strain conservation; counterion
effects, interactions between the C-Br bond and the p or-
bital,14 or some compensation of substituent-substituent
interactions of the ground state by the bromine-substitu-
ent interactions of the transition state cannot as yet be ex-
cluded.

Experimental Section

Synthesis of Stilbenes. The p-nitro, Y-substituted stilbenes
(Table 1V) were prepared by condensation of Y-substituted benz-
aldehydes with p-nitrophenylacetic acid in the presence of piperi-
dine.15

The di-m,m'-trifluoromethyl-and di-m,m'-chlorostilbenes were
synthesized by pyrolysis of azines obtained from benzaldehydes
and hydrazine.16

Kinetic Measurements. The bromination rate constants were
measured in methanol at 25° for various bromide ion concentra-
tion by amperometric titration, as described previously.17
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In order to determine the absolute configuration of sub-
stituted benzene dihydrodiols obtained in small quantities
from enzymatic reactions,! it is necessary to employ spec-
troscopic methods rather than chemical correlations. We
have recently applied the dibenzoate chirality rule of
Nakanishi2 (DCR) to ascertain the absolute configuration
of a substituted ci's-cyclohexane-1,2-diol and have verified
this assignment by X-ray analysis.3 Although the diben-
zoate chirality rule has been applied to a wide variety of
compounds,2? its extension to the monocyclic frrm.s-cyclo-
hexane-l,2-diol system has not previously been reported.
The diols la and 2a were selected for this study, since
they can be prepared by hydroboration4 of piperitone (3)
whose absolute stereochemistry is known and therefore
provides a check of the dibenzoate chirality rule.

la,R=X =H
bR=D;X =H
¢, R=H; X = COPh

2a.X=H
b. X = COPh

Although Klein and Dunkelblum4 had assigned the rela-
tive stereochemistry of la and 2a from 60-MHz nmr spectra
and mechanistic consideration, their published data for 2a
were inconclusive.5 In our hands, the absorption for carbi-
nol hydrogens in 2a at 60 MHz overlapped and could not be
analyzed. However, these absorptions were separated in the
220-MHz nmr spectrum and the coupling constants so de-
termined (Table 1) confirmed the assigned configurations

x Philip Morris Research Center, Richmond, Va.
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Table la
Coerd oc-2 5c -3 e/2,3 -JZ,\ J12
la 2.94 3.18 9 9 9
ib 2.94 9
2a 3.37 3.68 8 8 4

aCoupling constants given in hertz.

la and 2a. The chemical shifts of the carbinol protons for
2a were assigned from the observed coupling constants, but
a similar assignment was not possible for la. The deuterio
derivative Ib was prepared by lithium aluminum deuter-
ide reduction of 3 followed by hydroboration of the result-
ing allylic alcohol. The disappearance of the multiplet at 5
3.18 in the nmr spectrum of Ib established the chemical
shifts of the carbinol protons.

Since the absolute configuration of (-)-piperitone is
known to be 6R,6 the relative stereochemistry of the diols
can be used to assign their absolute configurations. From
these considerations, (+)-la is (1S,2f?,3fi,4R)-2,3-dihy-
droxy-p-menthane while (+)-2a is (1f?,2S,3S,4f?)-2,3-dihy-
droxy-p-menthane.

The dibenzoate chirality rule predicts that the sign of
the first Cotton effect around 230 nm is in accordance
with the chirality of the dibenzoate groups of a vicinal
diol.2 This chirality is negative for 1 and positive for 2.
The dibenzoates Ic and 2b, prepared by treatment of the
corresponding diols with excess benzoyl chloride-pyridine,
have strong Cotton effects (Figure 1) whose sign is in
agreement with that predicted by the rule. The molar el-
lipticities given in Figure 1 differ by an order of magni-
tude, although the curves clearly bear a mirror image re-
lationship. The differences in the magnitude of the two
effects are probably ascribable to deviations from the par-
allel alignment of the carbinol carbon-oxygen bond and
the long axis transition moment of the benzoate, as well
as differences in the relative orientation and separation of
the aromatic rings.

In conclusion, the absolute configurations deduced from
the CD measurements correspond with those assigned
from the known absolute configuration of (-)-piperitone
and the relative stereochemistry obtained from the proton
nmr spectra. These results coupled with earlier studiesl
support the use of the dibenzoate chirality rule in as-

Figure 1. CD curves of diol dibenzoates. The solid line is Ic legend
on left and the dashed line is 2b legend on right. Optical purity of
dibenzoates ~40%.
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signing the absolute configuration of other substituted
1,2-cyclohexanediols.

Experimental Section

(-)-Piperitone, [o]d -21.1° (reported? [o]d -51.5°, i.e., ~41%
optically pure), was hydroborated and oxidized as described by
Klein and Dunkelblum.4 The reaction mixture was distilled and the
diol fraction, bp 110-115° (0.1 mm), was collected. Chromatography
on silica gel, using ethyl acetate-hexane (1:4) separated the mix-
ture into a faster moving oil (2a) and a slower moving oil (la). The
specific rotations at the d line in chloroform for la and 2a were
47.2 and 13.3° respectively. When these rotations are corrected for
the optical purity of (-)-piperitone they become 115 and 32.4°,
respectively. The dibenzoate of each diol was prepared by treating
the diol in pyridine with excess benzoyl chloride, and the reaction
products were purified by preparative thick layer chromatography
on silica gel using ethyl acetate in hexane (1:9). The dibenzoates
Ic and 2b were oils, [o]d -74° and 42° (CHCI3), respectively. The
CD curves of the dibenzoates were determined in isooctane using a
Cary 60 spectropolarimeter and are shown in Figure 1. The 220-
MHz spectrum of Ic in CDCI3 showed absorption at 55.305 (t, 1 H)
and 5.091 (t, 1 H) and complex aromatic absorption (10 H). The
spectrum of 2b showed absorption at S5.418 (d, 1 H) and 5.327 (q, 1
H) and complex aromatic absorption (10 H).

Registry No.—la, 51745-19-8'; Ib, 51745-20-1; lIc, 51705-86-3;
2a, 51745-21-2; 2b, 51705-87-4; 3, 4573-50-6.
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Of the many crown ethers which have been prepared2
since the pioneering work of Pedersen3 first appeared, 18-
crown-6 is probably the simplest and most synthetically
useful. Its synthesis in low yield was reported by Pedersen
in his first paper.3 Greene4 and Dale and Kristiansen5
have reported syntheses of 18-crown-6 from triethylene
glycol and the corresponding ditosylate. A variety of bases
was examined by Greene4 but in both cases potassium
iert-butoxide was favored. We report here a simple syn-
thesis of 18-crown-6 from triethylene glycol and the com-
mercially available (Eastman) 3,6-dioxa-l,8-dichlorooc-
tane (triethylene glycol dichloride) using potassium hy-
droxide as base in 10% aqueous tetrahydrofuran and puri-
fication of the crown via its acetonitrile complex.

The Williamson ether synthesis yields crude crown in
about 40% yield after a rapid distillation under high vacu-
um. The distilled material contains an impurity believed
to be a vinyl ether and some open-chain, hydroxyl-con-
taining material. Addition of acetonitrile to the crude
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crown results in the formation of an 18-crown-6-acetoni-
trile adduct (complex)6 of variable stoichiometry depend-
ing on conditions. Evaporation of the acetonitrile leaves
crown of high purity. Evidence on the nature of this and
other complexes of 18-crown-6 will be published else-
where.

Experimental Section

A 31, three-neck flask equipped with mechanical stirrer, reflux
condenser, and addition funnel was charged with triethylene gly-
col (112.5 g, 0.75 mol) and tetrahydrofuran (600 ml). Stin-ing was
commenced and a 60% KOH solution (109 g of 85% KOH in 70 ml
of water) was poured in. The solution warmed but did not boil.
After co. 15 min of stirring (the solution darkened) a solution of
3,6-dioxa-1,8-dichlorooctane (140.3 g, 0.75 mol) in THF (100 ml)
was added in a stream. After the addition was complete, the solu-
tion was heated at reflux and stirred vigorously for 18 hr. The so-
lution was allowed to cool and the bulk of the THF was evapo-
rated under reduced pressure. The resulting thick brown slurry
was diluted with 500 ml of dichloromethane and filtered. The
salts removed by filtration were washed with more dichlorometh-
ane to remove adsorbed crown, and the combined organic solution
was dried over MgSCb, evaporated to minimum volume (aspira-
tor vacuum), and then distilled under high vacuum. The distilla-
tion should be carried out at the lowest possible pressure; a typi-
cal fraction contained 80 g and was collected at 100-160° (0.2
mm).

To 50 g of crude 18-crown-6, bp 125-160° (0.2 mm), in a 250-ml
erlenmeyer flask was added 125 ml of acetonitrile. The resulting
slurry was heated on a hot plate to effect solution. A magnetic
stirring bar was added and the neck was equipped with a CaSCb
drying tube. The solution was stirred vigorously as it was allowed
to cool to ambient temperature, and fine white crystals of crown-
acetonitrile complex were deposited. The flask was finally cooled
in an ice-acetone bath to precipitate as much complex as possi-
ble, and the solid was then collected by rapid filtration. The hy-
groscopic crystals were transferred to a 500-ml round-bottom flask
equipped with a magnetic stirring bar and vacuum take-off. The
acetonitrile was removed from the complex under high vacuum
(0.1-0.5 mm) with gentle heating (<40°) over 2-3 hr. The
pure, colorless crown (20-30 g, 40-60%) crystallized on standing
and showed no ions above m/e 265 in the mass spectrum and no
significant hydroxyl vibration in the 3500-cm"1 region of the in-
frared. The pure crown had mp 36.5-38.0° (lit.4 mp 39-40°); nmr
(60 MHz, CCU) 3.56 ppm (singlet); ir (neat) 2875 (alkane CH),
1450 and 1350 (alkane CH), and 1120 cm"1 (ether link); mass
spectrum M and M + 1 at m/e 264 and 265, other fragments at
m/e 89, 87, 59, 45, 44, 43, and 31.

Registry No.—18-Crown-6, 17455-13-9; triethylene glycol, 112-
27-6; 3,6-dioxa-1,8-dichlorooctane, 112-26-5.
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Meisenheimer complexes (below), the a complexes
which are formed as a result of the attack of nucleophilic
agents on polynitroaromatic compounds, have been of in-
terest to chemists for over 70 years.2 Their spectroscopic

R=H, OH, OCH3 R'=H, OCH3 CN, S03', etc.

(uv-visible, ir, nmr)3'4 properties have been extensively
studied, but the fluorescence behavior of these complexes
has been overlooked. In view of the similarity of these
complexes to the polynitrophenyl haptens used in many
immunochemistry studies,5 we decided to investigate the
possibility of using these complexes as fluorescent bio-
physical probe molecules.6 We report here the results of
our preliminary investigations of the fluorescence proper-
ties of a Meisenheimer complex (where R = R' = H,
tetramethylammonium 1, T-dihydro-2,4,6-trinitrocyclo-
hexadienate) under differing environmental conditions.
We believe that these results represent the first reported
observations of Meisenheimer complex fluorescence.

The 1,1/-dihydro-2,4,6-trinitrocyclohexadienate anion
fluoresces in acetronitrile with an emission maximum at
about 670 nm. The quantum efficiency, which because of
instrumental limitations must be considered only an esti-
mate, is about 0.09. The measured lifetime is 1.8 + 0.4
nsec. These data give a radiative lifetime of about 20
nsec.

In water, the emission maximum is shifted to the red
(Figure 1) and the intensity is greatly diminished from
that in acetonitrile. However, in the presence of an excess
of human serum albumin (HSA) the emission spectrum
(Figure 1) is similar to that in acetonitrile, although the
quantum efficiency is somewhat less.

It is well known that serum albumins act as nonspecific
binding agents for hydrophobic anions7 and apparently
the binding of the I,I'-dihydro-2,4,6-trinitrocyclohexa-
dienate anion to HSAS8 places it in a sufficiently nonaque-
ous environment that its emission spectrum more closely
resembles that observed in acetonitrile. The lifetimes of



Notes

Figure 1. Emission spectra of 1(D5 M tetramethylammonium
1, T-dihydro-2,4,6-trinitrocyclohexadienate in (&) 0.05 M pH 6
phosphate buffer and in (b) the same buffered solution containing
10-4M HSA. Excitation wavelength: 478 nm.

this anion in nondeoxygenated aqueous solutions both
with and without HSA were less than in acetonitrile,
probably near 1 nsec.

The theoretical aspects of the fluorescence of this com-
pound are quite interesting. A general rule in fluorescence
spectroscopy states that most electron-withdrawing
groups, and nitro groups in particular, rather effectively
decrease or eliminate fluorescence in aromatic com-
pounds.9 We could detect no fluorescence for trinitroben-
zene (TNB). Other related compounds such as trinitro-
toluene (TNT) likewise exhibit no observable fluores-
cence.l0 It should be noted, however, that |, T-dihydro-
2,4,6-trinitrocyclohexadienate is nonaromatic, and consid-
erable electron delocalization is possible within the penta-
dienate anion moiety. This fact, coupled with the obser-
vation of low-lying excited states for the molecule,11 may
hold the key to the observed fluorescence. It is likely that
these results on |,T-dihydro-2,4,6-trinitrocyclohexa-
dienate, the prototype Meisenheimer complex, can be
generalized to other related species. The a complexes
formed when amines are added to acetone solutions of
TNB12 exhibited fluorescence properties similar to those
we have reported.

We note in passing the resemblance of these systems to
the NADH-NAD+ pair.13 The nonaromatic NADH mole-
cule has rather intense fluorescence while the aromatic
NAD molecule shows little, if any, detectable fluores-
cence.

These preliminary studies indicate that there is a possi-
bility of using anions such as I, r-dihydro-2,4,6-trinitrocy-
clohexadienate as fluorescent biophysical probe molecules.
Compared with its fluorescence in aqueous solution, the
relative increase in intensity in the presence of HSA is
considerable, but on an absolute basis the yields in these
systems are quite low. It may be that immunoglobulins
specific for the trinitrophenyl moiety will bind this anion
in environments which exclude water more efficiently
than does HSA. It has been suggested that displacement
of bound water from both haptens and immunoglobulins
plays a decisive role in the antibody-hapten binding reac-
tion.14,15 If this is the case it is possible that the fluores-
cence yield observed under these latter circumstances will
be sufficiently enhanced to facilitate their use for physical
studies or trinitrophenyl specific antibodies in solution.

There is one other potential application in this work.
The fluorescence properties of Meisenheimer complexes
might be very useful in analyses for TNT. Though TNT
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itself is nonfluorescent, it can easily be converted to a
Meisenheimer complex by reaction with borohydridel6 or
hydropolyborate anions.17 We have found that sodium cy-
anoborohydride can be used to prepare the sodium salt of
I,I'-dihydro-2,4,6-trinitrocyclohexadienate from TNB,16
and we suggest that this milder reducing agent could also
be used to convert TNT to a fluorescent species. In this
way it should be possible to detect small quantities of
TNT (ca. 10-100 yuy) and related derivatives.

Experimental Section

Tetramethylammonium |,I'-dihydro-2,4,6-trinitrocyclohexadi-
enate was prepared by previously published methods.18 Aceto-
nitrile was Aldrich spectrophotometric grade. Human serum al-
bumin was fraction V obtained from Sigma.

The instrument on which the fluorescence spectra were record-
ed has been described before.19 It was modified for this study to
use a 250-mm Bausch and Lomb emission monochromator
(blazed at 750 nm) and an E. M. I. 9558B photomultiplier tube.
Spectra were corrected for instrumental response. Quantum
yields were estimated using the method of Parker and Rees20 with
fluorescein as the standard.

Fluorescence lifetimes were measured with an instrument based
on the single photon timing technique.2l The excitation beam
from a gated deuterium discharge lamp passed through a Jarrell-
Ash 0.25-m monochromator. The emission was detected through
interference or cutoff filters by an RCA 7265 photomultiplier
tube. START and STOP pulses were transmitted to the time to
pulse height converter (Ortec 437A) by Ortec NIM modules 417
and 454-453, respectively. The time-correlated signals, after bias
amplification (Ortec 444), were analyzed with a Nuclear Data
1100 Series data-handling system. Decay curves were deconvolut-
ed by numerical convolution.2t

Samples were generally 10-5 M or less. Samples which were
deoxygenated by nitrogen bubbling showed no apparent differ-
ences from those which were air saturated. All data were taken at
room temperature.
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Most ureas are very stable compounds, sometimes used
as characterizing derivatives of amines. Thermal dissocia-
tion may require high temperatures; e.g., ;V,N'-diphenyl-
urea was 99% dissociated into phenyl isocyanate and ani-
line at 370° in the gas phase.l Sufficient dissociation of
some ureas occurs at 175° to give measurable rates of
reaction with alcohols to give urethanes.2 Similarly at
240-280° iV,/V-diphenyl-iV'-methylurea dissociates enough
to allow distillative removal of methyl isocyanate.3 The
possibility that lower temperature dissociation occurs in
hindered cases is suggested by the room temperature rear-
rangement of TV-ieri-butyl-N-hydroxyureas to urethanes,4
and the room temperature decomposition of 1,2-di-ieri-
butyl-4-isopropylsemicarbazide.5

We have found that ureas 1-8 dissociate appreciably in
the range of 20-140° and that the equilibrium constants

NHCN/
\
R = R' = sec-butyl
2, R = cyclohexyl; R' = 3-pentyl
3, R = R' = cyclohexyl
4, R = £erf-butyl; R' = isopropyl
5 R = ferf-butyl; R' = 3-pentyl
6, R =ierf-butyl; R' = cyclohexyl

7, R = 2,4,A-trimethyl-2-pentyl; R' = isopropyl
8, NRR' = 2,2,6,6-tetramethylpiperidyl

are readily measured by nmr spectroscopy. The equilibri-
um constants at two temperatures are given in Table I,
and the thermodynamic values for variable-temperature
measurements are given in Table II.

These equilibrium constants are a good indication of
steric hindrance in secondary amines.6-7 Polar effects
should be very slight since we are not comparing relative
rates, i.e., stabilities of charged transition states, as in es-
terifications and hydrolyses.8 It is interesting to note the
very large difference between the disecondary alkyl
amines and the secondary tertiary alkyl amines. This dra-
matic effect is similar to the one found in hydroboration
of hindered olefins where the feri-butyl group exerts an
extraordinary rate-retarding effect.9 A scale of E*s values
based on the hydroboration ratesi0 was similar to the Taft
Es scales except for the iert-butyl group, which showed
greater hindrance in hydroboration.

Notes

Table |
Urea Dissociation Equilibrium Constants
3
% % disso-
Urea K a dissociation0 K a ciation0
i 0.017 12
2 0.032 16
3 2.6 X 10-56 0.52h 0.044 19
4 0.20 36 72.6 99»
5 0.34 42
6 1.4 67 117.b 996
7 2.1 74
8 (15.)d (95)d
»K = [isocyanate][amine]/ [urea];, * 10% of value.

bExtrapolated values. e Calculated for 1 M initial urea con-
centration. dAt 22°.

Table 11
Thermodynamic Values for Urea Dissociation
A, ASO,
Urea kcal/mol cal/deg mol
3 21.6 = 0.5 48 + 1
4 17.2 £ 0.4 51 + 1
6 12.8 + 0.2 41 £ 1

Our equilibria showed several inversions of order of ste-
ric hindrance in alkyl groups, compared to those indicated
by E s values. For example, we find the 3-pentyl group (Es
= -1.98) less hindering than the cyclohexyl group (Es =
-0.79).11 In kinetic terms however, we find that urea for-
mation for this pair is qualitatively in line with Es values.
At 40° the reaction of fert-butylcyclohexylamine with 9
(0.7 M) is at equilibrium (27% associated) in less than 1.5
hr, at which time the reaction of teri-butyl-3-pentylamine
with 9 is only 14% associated. Even after 2 days, equilibri-
um is not yet reached (final value after 4 days is 47% as-
sociated). Similarly in the reverse direction, 2 required
about 20 min to reach equilibrium at 140° by dissociation
while 3 required only about 5 min.

Experimental Section

3-Pentylcyclohexylamine was prepared by a modification of
the method of Skita and Keil.12 Platinum oxide (25 mg) and one
drop of concentrated HC1 were added to 9.9 g (0.10 mol) of cyclo-
hexylamine and 17.2 g (0.20 mol) of 3-pentanone. This was hydro-
genated in a Parr shaker at 50 psi initial pressure for 2 days. The
solution was decanted, about 200 mg of Na2CC3 was added, and
then the solution was distilled on a spinning band column to give
11.0 g (65%) of the secondary amine, bp 95° (13 mm) (lit. yield
31%, bp 208-209°).

Di-sec-butylamine was prepared similarly from sec-butyla-
mine and 2-butanone.

Commercial dicyclohexylamine was purified by distillation.

The secondary alkyl tertiary alkyl amines were prepared as de-
scribed previously.13

All amines were dried over 4A molecular sieves before use.

2,6-Dimethylphenyl isocyanatel4 was prepared by phosgena-
tion of 2,6-dimethylaniline hydrochloride and purified by spin-
ning band distillation, bp 112-113° (35 mm) [lit.14 bp 90-91° (13
mm)].

Anisole was purified by distillation and dried over 4A molecular
sieves. Anisole was chosen as solvent for the higher boiling point
(155°). Moreover, the difference in nmr chemical shift between
the methyl groups on the isocyanate and those on the ureas
(Table 1V) were greater than in, e.g., o-dichlorobenzene.

Equilibrium Measurements. 2,6-Dimethylphenyl isocyanate
(303 mg, 2.06 mmol) was added to a solution of tert-butylisopro-
pylamine (217 mg, 0.189 mmol) in 2 ml of pentane under nitro-
gen. The resulting white solid (4) was filtered, washed with pen-
tane, and dried under nitrogen in a glove bag. A sample of the
dry urea (97.4 mg) was dissolved in 307.2 mg of anisole under ni-
trogen in a well-dried nmr tube equipped with a tight cap. The
tube was heated in the variable-temperature probe of an A-60
nmr spectrometer at each temperature until the ratio of isocyan-
ate to urea remained constant. The peaks for the benzylic methyl



Notes

Table 111

Equilibrium Constants for Variable-Temperature
Dissociation of Ureas

TT Ureal
Temp, °C K Temp, °C K Temp, °C K
32 0.70 44.5 0.31 103 8.3 X 10-3
34.5 0.89 48.5 0.40 109 1.25 X 10“2
39 1.10 52.5 0.55 120.5 2.8 X 10-2
50 2.4 61 0.94 127 4.1 X 10"2
55 2.6 65 1.57 134 7.0 X 10"2
59 4.0 69 2.1 138 1.0 X 10-1
65.5 55 73.5 2.7 143 1.3 X 10-i
81.5 4.5
Table 1V

Chemical Shift Values” of the Benzylic Methyl Groups
in Each Urea and the Isocyanate at 34°

Compd 5 Compd o
1 1.29 6 1.23
2 1.27 7 1.24
3 1.26 8 1.22
4 1.26 9 1.36
5 1.26

° In parts per million upheld from anisole OCH3

groups of the isocyanate and the urea were recorded at 100-Hz
sweep width and measured with a planimeter. In the case of this
particular urea, the concentration of the amine could be mea-
sured as well. The tert-butyl groups and the methyls of the iso-
propyl groups were at 5 2.44 and 2.51. The corresponding peaks in
the urea were at 52.12 and 2.25 ppm upfield from anisole OCH3.

The equilibrium constants (Table 1) were calculated using a
correction for the density of anisole at each temperature.l5 The
thermodynamic values (Table IlI) were obtained by a least-
squares treatment of log K vs. UT. The temperatures could be
measured quickly after each equilibration if a very fine sealed
capillary of ethylene glycol was placed in the nmr tube with the
sample. The ethylene glycol peaks occur in an otherwise clear
area of the spectrum.

Urea 6 was prepared similarly, although the pentane solution
required cooling for crystallization of the product.

Urea 3 gave no precipitate; so it was prepared by transferring
the amine, isocyanate, and anisole with syringes in a glove bag
under nitrogen to the nmr tube, weighing after each addition.

Equilibrium constants (Table HI) were determined from solu-
tions of each of the above ureas at two different concentrations to
check reproducibility.

Ureas 1, 2, 5, 7, and 8 were measured at only one temperature
owing to very slow equilibration, or their dissociating near the
upper limit of the usable temperature range. They were each pre-
pared in the nmr tubes as described above for 3. See Table IV for
chemical shift values.
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Heterodienophiles. V1.1 The Structure of Protonated
Aldimines
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A nuclear magnetic resonance study2 of protonated al-
dimines 1-3 with fluorosulfonic acid-antimony pentafluo-
ride in sulfur dioxide solution has indicated a predomi-
nance of JE-immonium structure I, with only limited con-
tribution of aminocarbonium ion form Il. We have extend-
ed this study in strongly acidic solution to aldimines hav-
ing electron-withdrawing V-carbamvl, acyl, and p-toluene-
sulfonyl substituents.

R i\ H+
>C=N —
1T
1, R1= Ph;R2= CH3
2, R1= Ph;Rz=Ph
3,Rj= Ph; 10 = Ph-p-Cl
Rr
:C=N C— N
H

A literature survey indicates that reactions of IV-car-
bethoxyl imines have been variously described as polar
cycloadditions,3 Diels-Alder reactions,4 pseudo-Diels-
Alder reactions,5 a-amidoalkylations,6 or stabilized carbo-
nium ion reactions.7 The reactive species in these reac-
tions has been depicted as an azacarbonium ion3 4, an

v o/ 1
c HN— C—H
! 1 +
N G0
H/ \oOR (7 \t RCH NHCOOEt
4 5 6

azacarbonium ion stabilized by ester oxygen8 5, a reso-
nance-stabilized carbonium ion7,9 6, an N-protonated Z-
immonium ion5 7, and a carbonyl-oxygen protonated E-
iminourethane 9. One might in addition postulate an E-
immonium ion 8 similar to 7, as well as significant contri-
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Notes

Figure 1. CCI3SCH=NCOOEt (SO2): lower, free imine; upper, SbF5-HFSC>3 added, imine doublet at 6 9.40.

bution from a hydroxyazaallyl cation resonance contribu-
tor to 9. The various structural possibilities for protonated
iminocarbamates are associated with differing steric and
electronic properties. Accordingly, determination of the
site of protonation is crucial if Lewis acid catalyzed het-
erodienophilic imine cycloadditions are to be understood
and best utilized in synthesis.10

H COOR H COOR
W A\
N N
| |
C C
/'\ /\
H R R H
7 8
R
/C=N OEt R N OEt
HX \Y;
C \
" H OH
+OH
9

Results and Discussion

The nmr spectral data for the methine hydrogen of tri-
chloromethyl-IV-carbethoxyliminell (10) in sulfur dioxide
solution at -20° both with and without fluorosulfonic
acid-antimony pertafluoride added is shown in Figure 1
and summarized in Table I. The methine proton of 10 ap-
pears as a singlet which upon protonation of the imine is
shifted downfield &1.10 and is split by an NH proton into
adoublet, J = 17 Hz.

It previously has been noted2 that the magnitude of
trans-coupling constants through a double bond does not
change much in isoelectronic molecules; so the nmr cou-
pling data is in best agreement with an £-immonium ion
structure 8 for protonated imine 10, rather than with
structures 4, 5, 7, or 9. Although some contribution from

structure 6 may be present, the coupling information and
the small deshielding observed for the methine hydrogen
indicates little charge delocalization away from nitrogen.
Consistent with this interpretation, the magnitudes of
both the small downfield shift of the methine resonance
position upon imine protonation and of the methine to
NH proton coupling are similar to those observed for N-
alkyl and ZV-aryl immonium ion species 1-3 (Table I), for
which azacarbonium ion structures have been largely pre-
cluded.2

The preferential N-protonation of iminocarbamate 10
can be contrasted with carbonyl-oxygen protonation of N-
alkyl carbamates,12 of a,/?-unsaturated aldehydes and ke-
tones,13 whose conjugate acids are hydroxyallyl cations in
nature, and of «,/3-unsaturated acids.14

ETmmonium ions have also been observed (Table 1)
upon N-protonation of phenyl-TV-p-toluenesulfonylim-
inelsa (11), trichloromethyl-N-p-toluenesulfonyliminelS
(12), and the immonium ions 14, formed from N-benzoyl-
a-methoxybenzylaminel6 (13), and 17, formed from benz-
aldehyde bisurethane4 (15). For all imines studied, the
NH proton could not be observed because of broadening
due to quadrupole interaction of the nitrogen and contri-
butions of coupling to NH broadening. Failure to observe
coupling is not due to rapid exchange, since splitting of
the methine proton by the NH proton is observed.2 Meth-
ylenebisurethane4 16 failed to eliminate urethane, JV-hy-
droxymethylbenzamidel7 failed to dehydrate, and a-me-
thoxy-jV-phenylhydantoin18 decomposed in the strongly
acidic solutions used; so protonated imines were not ob-
served with these compounds.

The observation of N-protonated immonium ions as the
thermodynamically most stable isomeric speciesl3
suggests a reinterpretation of the reactivity course of
Lewis acid catalyzed reactions involving alkylidene-
bisurethane 15.10 Lewis acid decomposition of 15 results
in formation of a protonated immonium ion 17. In the
synthesis of bicyclic moieties10 18, using 17 and cyclo-
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Table |
Nmr Chemical Shifts and Coupling Constants of the Methine Hydrogen (Hi) of Aldimines
Ri
\ +, o
C=N
/
H, R2
Protonated”
Structure Ri R2 Solvent Temp, °C Hi, 5 Hi, s A8 ¢hi-nh? Hz
1* Ph Me cDCh -30 7.99
S02 -30 8.70 -0.71 16.9
2b Ph Ph S02 -20 8.17
S02 -40 9.35 -1.18 18
3b Ph Ph-p-Cl s02 -30 8.32
S02 -30 9.27 -0.95 17.2
10 CC13 COZEt S02 -20 8.30
S02 -20 9.40 -1.10 17
11 Ph S02Ph-p-Me S02 -20 8.80
S02 -20 9.34 -0.54 17
12 ccus S02Ph-p-Me S02 -20 8.25
S02 -20 9.40 -1.15 17
14 Ph COPh S02 -20 9.83 17
17 Ph COAt S02 -20 9.05 17

0S02H SO0F-SbF5 bG. Olah and P. Kreienbihl, J. Amer. Chem. Soc., 89, 4756 (1967).

hexa-1,3-diene,exo-R stereoselectivity was observed to be
a function of solvent and Lewis acid catalyst. Although

RI\CzN. H+ Ri>'_;C: r‘:/ H
H R. H R2
10, Rj = CCI3 R, = COOEt
11, Ri = Ph; R2= SOZPh-p-CH3
12, Rj = CC13 R2= SO2Ph-pCH3

PhCHNHCOPh Ph + H
J
> = <
och3 H COPh
13 14
He RM +7~H
RCH(NH COOEY), 0=N
N
15 R= Ph COOEt
16, R=H 17,R= Ph
«N— COOEt
L -
R
H
18

stereochemical differences could be rationalized by as-
suming carbonyl-oxygen Lewis acid coordinated imines as
reactive species, it now appears likely that N-protonated
imines are formed in the decomposition of alkylidene-
bisurethanes regardless of the Lewis acid employed. N-
Coordination of a wide variety of sterically different Lewis
acid catalysts would certainly have been expected to re-
sult in wider stereochemical variation than the 73-91%
range in exo-phenyl selectivity observed.10 Stereochemical
differences are more likely the result of temperature, sol-
vent polarity, and medium acidity effects. Preliminary
studies of Lewis acid effects on the stereochemistry of cy-
cloadditions with independently synthesized imines are in
progress to confirm this suggestion.

Experimental Section

Trichloromethyl-N-carbethoxy-,11 trichloromethyl-1V-p-toluene-
sulfonyl-,13> and phenyl-N-p-toluenesulfonyliminel58 were syn-
thesized according to literature procedures, as were iV-benzoyl-a-

methoxybenzylamine,16 AT-hydroxymethylbenzamide,17 methy-
lenebisurethane,4 benzalbisurethane,4 and a-methoxy-N-phen-
ylhydantoin.18

Protonation of Imines. The samples were prepared by con-
densing SO2 directly into an nmr tube containing the sample via
liquid nitrogen. Acidification took place by the addition of small
amounts of FSChH-SbFs accompanied by vigorous stirring as the
sample was warmed to - 20°.

Nmr spectra. Spectra were obtained using a Varian A-60 spec-
trometer equipped with V-6040 variable-temperature probe and
accessories. Temperatures were measured using the methanol
standard supplied by Varian. The Van Geet!9 correction was in-
corporated.
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The electrochemical behavior of aromatic hydrocarbons
has been the subject of a large number of investigations.1
In aprotic solvents, two polarographic waves are observed,
associated with initial reduction of the hydrocarbon to the
corresponding radical anion and subsequent reduction of
this to the dianion, at potentials Ei and E2, respectively.
When increasing amounts of a proton source, e.g., phenol,
are added, the first wave grows at the expense of the sec-
ond, the total height remaining constant, until a point is
reached where one merely observes a single two-electron
wave. It is now generally accepted that this response to
added proton donors is associated with the fact that pro-
tonation of the initially formed radical anion (ArH-) forms
a neutral radical (ArH2-) which is easier to reduce than
the starting hydrocarbon, and hence immediately accepts
a second electron.l These features are summarized in
Scheme |, where E3 is positive of E\. Although some ex-
ceptions have been noted, e.g., where ArH2- dimerizes at
a rate competitive with its reduction, or where the dihy-
droaromatic ArH3 is itself reducible, this so-called “ECE”
behavior is exhibited by a surprisingly large number of
aromatic hydrocarbons.1 A model for studies of this type
is the behavior of 9,10-diphenylanthracene (le) in di-
methylformamide (DMF), reported by Santhanam and
Bard.2 Figure 1 illustrates the observed behavior. The
solid and dotted lines represent the polarographic behav-
ior of le before and after addition of a 50-fold excess of
phenol.

The solvents most often employed in such studies have
been DMF, acetonitrile, and 96% dioxane. Dimethyl sulf-
oxide (DMSO) seems, however, to have been used only in-
frequently.3 In the course of experiments designed to ex-
plore the electrochemical behavior of irans-15,16-dimeth-
yldihydropyrene4 and cyclooctatetraene5 in DMSO, we
had occasion to examine the polarographic response of le
to proton donors in DMSO. We were surprised to observe
that addition of 30-fold excess of 2,4,5-trimethyphenol
(TMP)6 to the solution resulted in a negligible increase
(<2%) in the height of the first wave of 1, in contrast to
the marked increase noted in DMF.2 Anthracene (la), on
the other hand, behaved much as expected, although the
first wave did not appear to grow as rapidly as has been

la, R=R'=H 2 3
b, R=CH,R'=H
¢, R=CaI5R' =
d R=R'=CHi
e, R=R'=Ca1¥

Notes

-E(V)vs S.C.e. -

Figure 1. Solid line: polarographic behavior of 9,10-diphenylan-
thracene (1 mAi) in dimethylformamide containing tetrabutyl-
ammonium iodide (0.1 M). Dashed line: same, with 50 mM phe-
nol added. From K. S. V. Santhanam and A. J. Bard, J. Amer.
Chem. Soc., 88,2669(1966).

Scheme |
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reported for anthracene in DMF.7 In order to understand
this phenomenon better, the response of the polarographic
behavior of a number of hydrocarbons to added proton do-
nors in DMSO was then examined. Most hydrocarbons
were examined in the presence of TMP; with others, phe-
nol, resorcinol, or 9-phenylfluorene were also used as pro-
ton donors. 9-Phenylfluorene (9-PF) was selected because
its pKa in DMSO (16.4) is exactly the same as that of
phenol,8 thus permitting comparison of the relative effec-
tiveness of a carbon acid us. oxygen acid in protonation of
aromatic radical anions. Comparisons of the relative effi-
ciency of various radical anions by the same proton donor,
or of a given radical anion by different proton donors,
were made using measured values of kp, the bimolecular
rate constant for protonation (Scheme 1). Values of kp
were estimated using polarographic theory for the ECE
process as developed by Nicholson and coworkers.9 Values
of kp could also be calculated by the method of Mark and
Janata,10 but these values were generally two or more or-
ders of magnitude higher than those computed by the
Nicholson procedure. This is presumably because of cer-
tain approximations involved in the computational meth-
od, based upon reaction-layer theory, used by Mark.10 It
is now recognized that numerical procedures, such as that
used by Nicholson,9 are more valid than reaction-layer
theory for such calculationsili and indeed more recent
work by Mark has been based upon the Nicholson proce-
dure.3 Table | tabulates values of (a) in/ia, the ratio of
currents for the first polarographic curve in the presence
and absence of added proton donors, respectively; (b) pro-
tonation rate constants, kp, calculated using measured
polarographic drop times, the concentration of added pro-
ton donor, and a working curve constructed from data
computed by Nicholson and coworkers;9 and (c) for some
hydrocarbons, electron densities at the carbon of highest
electron density in the radical anion, as computed by sim-
ple Hiickel MO theory. Some data for DMF taken from
the literature are shown in Table Il for comparison pur-
poses. Because some measurements were made at the
ends of the working curve, the data must be regarded as
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Table |
Polarographie Response of Hydrocarbons to Added
Proton Donors

Hydro- Proton M, Electron
carbon® donor0 (klid' M ~1 sec-1 densityQ
COT3 TMP 1.7 —3000 0.125
2 TMP 1.5 —900 0.17
3 TMP 1.2 130 0.14
la TMP 1.1 75 0.19
4 TMP 1.0« <1 0.12
5 TMP 1.0« <1 0.11
6 TMP 1.3 400 0.06
7 TMP 1.4 630 0.06
Ib TMP 1.1 80
Ic TMP 1.1 75
Id TMP 1.2 125
le TMP 1.0« <1
la Resorcinolt! 1.4 250
la 9-PF 1.03 22
3 9-PF 1.03 23
“Proton donor concentrations 1 mM; hydrocarbon

concentration 0.5-1 mM. b1 mM; TMP = 2,4,5-trimethyl-
phenol; 9-PF = 9-phenylfluorene. ' Defined as in ref 9.
dCOT = cyclooctatetraene. «it = (0.97 + 0.02)id for
these compounds. This may be an electrocapillary effect of
phenol. 12.8 mM. "A. Streitweiser and J. Brauman,
“Supplemental Tables of Molecular Orbital Calculations,”
Pergamon Press, Oxford, 1965.

Table 11
Solvent and Proton Donor Effects upon
Protonation Rates

..Apy M - 1sec-1—

Hydrocarbon Proton donor DMSO DMF
la 2,4,5-Trimethylphenol 75

Phenol 390a

Resorcinol 250 13006
9-Phenylfluorene 22
le 2,4,5-Trimethylphenol <1

Phenol 30«
3 2,4,5-Trimethylphenol 130
9-Phenylfluorene 23

° Computed from data in ref Ic, p 137. 6Reference 10.
«Reference 2.

approximate, but the trends evident in the data are clear
enough for qualitative interpretations to be made.

Several comments may be made upon the data in Table
I. With the exception of coronene (6) and triphenylene
(7), there is a rough correlation between the protonation
rate and the electron density at the position of highest
electron density (presumably the site of protonation) in
the radical anion. The correlation is qualitatively reason-
able, but in view of the simplified nature of the MO cal-
culations employed, and the neglect of steric and other
factors, one would probably not expect agreement any
better than that observed. The qualitative correlation be-
tween protonation rates and electron densities revealed by
the data is probably real and not fortuitous, however. A
similar correlation has in fact been observed between
reaction rates of aromatic radical cations and the extent
of charge dispersal in the radical cation.12 In that study it
was noted that two types of radical cations tend to react
relatively slowly toward nucleophiles: (a) those with high-
ly dispersed charge and (b) those in which the reactive
sites of a ring system with a substantial degree of charge
localization happen to bear blocking groups. Thus, the an-
thracene (la) radical cation is very reactive toward nucleo-
philes, since the positive charge is localized largely on
atoms 9 and 10, while the perylene (5) radical cation is
much less reactive because the charge is spread rather
evenly over the whole system. The radical cation of le is
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also relatively stable because of the presence of the two
phenyl groups.12 The same generalizations seem to be true
for the radical anions listed in Table I. The low reactivity
of le is apparently associated with an electronic effect
(rather than steric) since la-d all react rather rapidly
with added proton donors. It appears that the radical an-
ions of COT, 6, and 7 are protonated at rates considerably
higher than would have been anticipated from electron
densities. This could be because the apparent correlation
for the other compounds is not real, or because the two
compounds may be deviating because of some other effect.
In this connection, it may be noted that in all three sub-
stances the unpaired electron in the radical anion enters
either of a pair of degenerate molecular orbitals. A num-
ber of such species, including in fact the radical anions of
6 and 7, have been found previously to exhibit a range of
anomalous properties.13

Mark and coworkers have examined the polarographic
behavior of 4 in DMF.14 They reported that the first wave
does not increase in height upon addition of proton do-
nors, but that the wave does shift toward more positive
potentials. They concluded that the radical anion is pro-
tonated under these conditions, and that the resulting
radical undergoes a rapid following chemical reaction
rather than reduction. This cannot be true for 4 in
DMSO. The half-wave potential, height, and log-plot
slope of the first wave are all unchanged upon addition of
TMP (the second wave does grow and move to more posi-
tive potentials), and furthermore, the reversible couple
observed for 4 by cyclic voltammetry (100 mV/sec) at a
platinum electrode is unchanged upon addition of TMP.
In DMSO, therefore, the radical anion of 4 is not proton-
ated on the voltammetric time scale.

Rates of protonation by the carbon acid 9-phenylfluo-
rene (9-PF) can be seen to be slower than by the oxygen
acids of similar pKa (phenols). The data also demonstrate
a difference between kinetic and thermodynamic acidities
for several substances. For example, 2,4,5-trimethylphenol
must have a higher pKa than 9-PF in DMSO;15 yet it pro-
tonates the radical anions of la and 3 faster than does the
latter. A similar contrast may be noted between data
taken in DMF vs. that in DMSO. Most acids,16 including
phenol,17 have smaller pffa’s in DMSO than in DMF,
yet proton transfers to radical anions can be seen (Table
Il) to be higher in DMF than in DMSO.

It was noted at the outset that while Scheme | accounts
for the polarographic behavior of a large number of hydro-
carbons, occasional exceptions are encountered. Two such
cases were observed in this study. The first wave for phen-
anthrene (2) does increase in height with added TMP, but
simultaneously a new wave appears between the original
two. As has been pointed out previously, this behavior ap-
pears to be associated with dimerization of the radical
ArH~- (Scheme 1) at a rate competitive with reduction,
followed by reduction of the dimer.la>b The reduced dimer
has in fact been obtained from a preparative-scale electro-
lytic reduction of phenanthrene in DMF.19 The behavior
of 9,10-dimethylanthracene (Id) is harder to explain. All
of the other anthracenes studied exhibited the usual in-
crease in height of the first wave, at the expense of the
second, with added TMP; even le exhibited this behavior
in the presence of the stronger acid, benzoic acid, or of
large excesses of TMP. In contrast, both waves of Id in-
creased with added proton donor. This may be because
(unlike anthracene itself) the radical anion of Id is pro-
tonated partly at positions other than 9 or 10 as a conse-
quence of the electronic and steric effects of the two
methyl groups. If this occurred, the resulting material, a
2,3-dihydroanthracene, would be expected to be reducible
further.
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Experimental Section

Polarographic and cyclic voltammetric measurements were car-
ried out with the aid of a Princeton Applied Research Model 170
electrochemical instrument. Polarograms were measured in the
conventional manner before and after addition of known amounts
of proton donor.

Cyclooctatetraene was purified by vacuum distillation under
nitrogen. Purity of the other hydrocarbons was assessed by thin
layer chromatography. If more than one spot was observed, the
hydrocarbon was purified by column chromatography, sublima-
tion, and/or recrystallization. Dimethyl sulfoxide (Matheson'
Coleman and Bell) was used as received. Tetrabutylammonium
perchlorate (Southwestern Analytical Labs), the supporting elec-
trolyte, was dried in an Abderhalden drying pistol.
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Recent findings of anti-inflammatory activity in the

vulpinic acid seriesl prompted us to undertake the inves-
tigation of some thio analogs of this interesting series of

Notes

lichen metabolites.2 One thio analog of vulpinic acid (1) is
the thiol ester 2. Since the dilactone 3 is converted to 1 by

reaction with sodium methoxide,2 the reaction of 3 with
the sodium salt of methyl mercaptan was studied. Two
products were isolated from this reaction in about 50%
yield each, both of which analyzed for the expected prod-
uct.

cu c CHEX
N =r/ CH,SNa =T
L | _ ~ 2 + HOOCx H
cH ~ A ) "o
ceHs
3 4

The structure of 2 was established by comparison of its
nmr and mass spectra with that of 1. Both 1 and 2 have
very similar characteristic aromatic proton peaks at 5 7.4
(8 protons) and 8.2 (2 protons) and enolic protons at 513.8
and 13.65, respectively. The latter indicate chelate-type
hydrogen bonding between the enol and the ester carbon-
yl, and provide strong evidence for the stereochemistry
about the exocyclic double bond. The mass spectra of
both 1 and 2 show molecular ion peaks, and also strong
peaks at m/e 290 corresponding to the m/e for 3 formed
by the primary elimination of the elements of methanol
and methyl mercaptan, respectively.3 The nmr of 4
showed a one-proton peak at 6 10.90 characteristic of a
carboxylic acid, and the mass spectrum, in addition to the
molecular ion peak, showed a strong peak at mje 294
which is consistent with the loss of CO2 from the molecu-
lar ion. Only a weak peak at m/e 290 was present.

Another thiovulpinic acid is 5, in which the lactone is
replaced by a thiolactone. Since, as shown above, sulfur
anions can displace the ring oxygen of 3, we attempted to
prepare 6, which could conceivably be converted to 5 via
the monothiodilactone 7 by processes analogous to those
used for the preparation of 1. However, although reaction
of 3 with hydrogen sulfide in the presence of sodium
methoxide gave a base-soluble product, on attempted re-
crystallization from methanol of the crude product ob-
tained by acidification of the basic solution, only 3 was
isolated. This suggested that 3 was opened to give the



Notes

thiol acid 8, which behaves like a mixed anhydride to
thermally re-form 3.

In another approach to 6, we repeated (and confirmed)
the 1894 preparation4 of 10 from 9. We hoped to react 10
with sodium hydrosulfide in order to displace the chlorine
with a mercaptan. Reaction of 10 with H2S and sodium
methoxide gave a single product in 85% yield which has
been assigned the structure 11. Thus the mass spectrum

R0l
CaHS0H CN)COCOCH(CN)CaHs — i
9

had a molecular ion at m/e 292 containing (by isotope ra-
tios) only one sulfur, the nmr showed as the only nonaro-
matic protons a single two-proton peak at 5 4.6, and the
elemental analysis (C, H, S) was correct for C18H12SO2.
Apparently sulfur did displace the chlorine either before
or after reaction with the nitrile. The resultant bicyclic
product presumably was reduced by the excess hydrogen
sulfide to the observed product. The reducing properties
of H2S and its conjugate anions are well known.5

The successful preparation of 7 was suggested by the re-
port6 that thiolacetic acid and pyridine convert certain
simple butenolides to the corresponding thiolactones.
Treatment of 3 with 1 mol of thiolacetic acid and pyridine
in chloroform gave the desired monothiolactone 7; excess
thiolacetic acid gave the dithiolactone 12. A rationaliza-
tion of this reaction may be that thiolacetate attacks 3 to
give both 13 and 14 in a manner similar to the reaction of 3
with methylmercaptide ion. Since 13 is able to revert
readily to 3 by loss of thioacetate, no net reaction results.
However, 14 is unable to re-form 3 readily, and the carbox-
ylate anion can be acylated either by the adjacent thioa-
cyl group or by thiolacetic acid. The mixed anhydride 15
now can form 7 by a sterically favored cyclization.

Reaction of 7 with methanolic sodium methoxide gave
the desired thiovulpinic acid 5. The thiolactone structure
for 5 was suggested by the presence of carbonyl peaks in
the ir at 5.94 and 6.03 p and the absence of a strong peak
near 5.65 m characteristic of vulpinic acids due to the lac-
tone carbonyl. The cis relationship of the ester and enol is
most clearly indicated by the chelated OH peak in the
nmr at 5 13.97. Prolonged refluxing of 5 during attempted
recrystallization from methanol or melting at 110° con-
verted 5 back to 7. Lactonization of 1 to give 3 is not ob-
served under such mild conditions; so the presence of sul-
fur in the thiolactone ring greatly increases the rate of
ring formation of the adjacent five-membered ring, possi-
bly because the larger size of sulfur in comparison to oxy-
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gen decreases strain energy. Treatment of 12 with sodium
methoxide formed a soluble salt, presumably 16, but acid-
ification even at 0° caused recyclization to 12. Presumably
ring formation is aided by the low strain energy of two
thiolactone rings and the nucleophilicity of the mercapto
group.

Experimental Section

Melting points (uncorrected) were determined using a Thomas-
Hoover capillary melting point apparatus. Mass spectra were de-
termined using a Hitachi Perkin-EImer RMN-6E spectrometer.
Nmr spectra were obtained on a Varian T-60 instrument, and ir
on aPerkin-Elmer 137 Infracord.

Thiolpulvinic Acid Methyl Ester (2) and 2,5-Diphenyl-4-hy-
droxy-3-methylthio-2,4-hexadienedioic Acid 7-Lactone (4).
Pulvinic acid lactone (16.0 g, 0.055 mol) was added to a suspen-
sion of 2.88 g (0.06 mol) of 50% sodium hydride in oil in 100 ml of
glyme. Methyl mercaptan was bubbled through the solution until
a clear brown solution was obtained and tic indicated that no di-
lactone remained. The reaction mixture was diluted with about
400 ml of water and extracted with ether, and the aqueous layer
was acidified with hydrochloric acid to give an oily solid. Recrys-
tallization from acetone-water gave 7.0 g (37%) of 2 as orange
needles, mp 156-158°. A second recrystallization from the same
solvent mixture gave 3.87 g of orange needles: mp 165-168°; ir
(Nujol) 4.3 (broad, chelate OH), 5.65, 6.20, 6.30 m; nmr (CDCI3) S
2.36 (s, 3, SCH3), 7.40 (m, 8 H, 3'-, 4'-, 5'-, 2-, 3-, 4-, 5, 6-phenyl
H), 8.14 (m, 2 H, 2'-, 6"-phenyl H), 13.65 (s, 1, OH); mass spectrum
m/e 338 (M+), 290 (M+ - CH3SH), 263 (M+ - COSCH3), 235,
207, 178, 145.

Anal. Calcd for C1I9HI4O4S: C, 67.44; H, 4.17; S, 9.48. Found:
C, 67.53; H, 4.30; S, 9.28.

Evaporation of the mother liquor of the first crystallization
above gave a red oil which on drying under vacuum and tritura-
tion with cyclohexane gave 5.0 g of a yellow solid. Recrystalliza-
tion from benzene gave 1.4 g of 4 as yellow needles: mp 166.5-
167°; ir (Nujol) 5.7 and 6.0 mi nmr (CDC13) « 2.08 (s, 3, SCH3),
7.55 (m, 10, phertyl H), 10.90 (s, 1, OH); mass spectrum m/e 338
(M+), 294 (M+ - Co 2), 290, 279,148 (CEHEC=CSCH3+).

Anal. Calcd for C1I9HIAOAS: C, 67.44; H, 4.17; S, 9.48. Found: '
C, 67.53; H, 4.25; S, 9.38.

3.6- Diphenyl-2H,5.H-thieno[3.2-6]furan-2-one (11). A suspen-

sion of 0.174 g (0.00325 mol) of sodium methoxide in 20 ml of dry
glyme was saturated with hydrogen sulfide gas and a slurry of 1.0
g (0.00325 mol) of 4-chloropulvinonitrile in glyme was added in
portions. After 1 hr a yellow solid had formed. The reaction mix-
ture was diluted with water and the solid was collected by filtra-
tion and washed with water to give 0.85 g (90%) of brown-yellow
needles. Recrystallization from methanol-chloroform and then
chlorobutane gave golden needles: mp 208.5-210° dec; ir (Nujol)
5.8 m; nmr (CDC13) $4.56 (s, 2, CH2S), 7.37 (m, 6, phenyl H),
7.76 (m, 4, phenyl H); mass spectrum m/e 292 (M +, isotope peak
indicates 1 S), 291, 263, 247, 235.

Anal. Calcd for C18Hi202S: C, 73.95; H, 4.14; S, 10.97. Found:
C, 73.89; H, 3.96; S, 10.78.

3.6- Diphenyl-2if,5H-thieno[3,2-fe]furan-2,5-dione (7). A mix-

ture of 2.90 g (0.01 mol) of pulvinic acid lactone, 0.76 g (0.01 mol)
of thiolacetic acid, and 1.01 g (0.01 mol) of triethylamine in 15 ml
of dry pyridine was stirred at room temperature for 30 min. The
reaction mixture was chilled, diluted with water, and acidified to
give red crystals which were recrystallized from chlorobutane.
Since previous experience indicated that this product, although
mostly the desired 7, was contaminated with both pulvinic acid
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lactone 3 and the dithiolactone 12, it was dissolved in methanolic
sodium methoxide, cooled, diluted with water, and acidified. The
crude 5 thus obtained was dissolved in 5% sodium carbonate, the
insoluble fraction was removed by filtration, and the solution was
extracted with ether. Acidification gave pure 5, which was dis-
solved in 50 ml of methanol and refluxed for 35 min to give 1.5 g
of 7 as long yellow needles: mp 175-176.5° ir (Nujol) 5.6, 5.9, 6.2
n; nmr (CDC13) $7.30 (m, 6, phenyl H), 7.80 (m, 4, phenyl H);
mass spectrum m/e 306 (M+)> 278, 250.

Anal. Calcd for CigHi003S: C, 70.57; H, 3.29; S, 10.47. Found:
C, 70.89; H, 3.41; S, 10.23.

5-Carbomethoxy-2,5-diphenyl-3-hydroxy-4-mercapto-2,4-
pentadienoic Acid 7-Thiolactone (FT) (5). A solution of 1.6 g
(0.00523 mol) of 7 and 1.6 g (0.03 mol) of sodium methoxide in 35
ml of methanol was kept at 0-5° for 30 min. The solution was
treated with charcoal and diluted with water, and the chilled so-
lution was acidified with HCL to give a yellow solid. This was dis-
solved in about 200 ml of 5% Na2C03 and extracted twice with
ether, and the aqueous layer was acidified in the cold with acetic
acid to give 1.50 g (84%) of a yellow-orange, flocculent solid: mp
115-116° (resolidified and remelted at 173-175°); ir (Nujol) broad
peak at 3.9-4.4 (chelated OH), 5.94 and 6.03 m; nmr (CDC13) S
3.76 (s, 3, OCH3), 7.31 (m, 8, phenyl H), 7.72 (m, 2, phenyl H),
13.97 (br s, 1, OH); mass spectrum m/e 338 (M+), 306 (M+ —
CH3O0H), 278.

Anal. Calcd for C19H1404S: C, 67.44; H, 4.17; S, 9.48. Found:
C, 67.74; H, 4.29; S, 9.19.

3,6-Diphenyl-2H,5if-thieno[3,2-6] thiophene-2,5-dione (12). A
mixture of 5.0 g (0.0172 mol) of pulvinic acid lactone, 4 ml of
thiolacetic acid, 8 ml of chloroform, and 22 ml of dry pyridine was
refluxed for 3 hr. Then another 4 ml of thiolacetic acid was
added, the refluxing was continued for an additional 1 hr, and the
reaction mixture was allowed to stand at room temperature for 18
hr. This gave 0.90 g (16%) of an orange solid, mp 219-221.5°. For
purification this was dissolved in warm methanolic sodium meth-
oxide to give a red solution. The chilled solution was diluted with
water and acidified to give a yellow solid, which was slurried with
sodium carbonate and washed with water to give 0.65 of a yellow
solid: mp 221-222.5° dec; ir 5.9 g; mass spectrum m/e 322 (M +).

Anal. Caled for C18H1002S2: C, 67.06; H, 3.13; S, 19.89. Found:
C, 67.08; H, 3.32; S, 19.55.
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The phenomenon of metallic electrical conductivity in

the complex of tetrathiafulvalene (TTF, 3) with tetracy-
anoquinodimethane has recently been a subject of intense

Notes

interest.2-4 Extensive physical study of this complex de-
pends, among other things, upon a reliable source of TTF,
which must be unusually pure.5 In our hands existing
routes to TTF proved to be tedious and difficult to repro-
duce, and often gave product of dubious or unsatisfactory
purity. We now report an improved synthesis of TTF.
Typical preparative procedures for TTF ultimately rely
on coupling the 1,3-dithiolium hydrogen sulfate (1) or per-
chlorate (2)2 6-8 with a tertiary amine, the thiolium salts

rah

1 X=HSor 3

2, X = C104
being obtained by the method of Klingsberg.9 The latter
entails the multistep sequence depicted in transforma-
tions 4 through 9.

In this sequence we encountered particular difficulty in
obtaining reasonable yields of thione 9 by demethylation of
the methiodide 8. This in turn complicated preparing
pure hydrogen sulfate I. Furthermore, although the hy-
drogen sulfate can be directly coupled to TTF without
conversion to an intervening salt form, the fact that it is
hygroscopic and difficult to purify seriously compromises
its use as a coupling substrate. The hydrogen sulfate can
be readily converted to very pure perchlorate 2, which is
chemically satisfactory for coupling, but which entails a
serious explosion hazard particularly if large quantities
are to be used.

Our improved procedure begins with the diester 10 pre-
pared according to the directions of O’'Connor and
Jones.10

By this means we have reproducibly obtained recrystal-
lized TTF of very high purity in 65% yields based on
diester 10, or 55% overall yields based on commercially
available dimethyl acetylenedicarboxylate and ethylene
trithiocarbonate; the yields cited are reproducible to with-
in +£2%.

In addition to high yields, the main points of advantage
and novelty in this sequence are (1) a simplified route to
diacid 7, (2) direct decarboxylation of the diacid to thione
9 in high yield and purity and consequent improved ac-
cessibility of the hydrogen sulfate 1, (3) formation of ana-
lytically pure PF6“ salt 11, which is an ideal coupling
substrate both with respect to the chemistry of coupling
and safety of handling even on a large scale.1l

For spectral studies we also required highly deuterated
TTF. By hydrolyzing the ester 10 with a mixture of DC1
and DOAc in D20 (from acetyl chloride and D20), and
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Co2Me

continuing the series as above, we obtained TTF deuterat-
ed to the extent of 96% and in 64% yield based on the
diester.

In examining other routes to TTF it was found that
4,4'(5,)-bis(carbomethoxy)-A2%"-bi-1,3-dithiole (12) was
formed in modest yield by the reaction of methyl propio-

H

c
21 + 2CS2
Cc

CO2Me

13
late, tributylphosphine, and carbon disulfide in tetrahy-
drofuran (THF) at —30°. Alkaline hydrolysis of the diester
and decarboxylation of the resulting diacid (13) afforded
TTF in 13% overall yield based on methyl propiolate.

The formation of the diester 12 is somewhat difficult to
rationalize, but is presumably mediated by the phospho-
rane 14;12 if the latter were a sufficiently potent nucleo-
phile it could attack carbon disulfide to form an interme-
diate of type 15 which could further react with methyl
propiolate.

€S2
jf ~-P(Bu)

Me0Z'/V S
14

Experimental Section

Dimethyl 1,3-Dithiole-2-thione-4,5-dicarboxylate (10).10 The
reaction of dimethyl acetylenedicarboxylate with ethylene trithio-
carbonate in refluxing toluene was conducted on a 5-mol scale.
After refluxing for a minimum of 6 hr the solution was chilled and
the first crop was collected, yield 742 g (59%), mp 86-87° (lit.10
mp 72-72.5). Successive concentration of the liquors gave addi-
tional crops of material which was less pure, but adequate for
subsequent hydrolysis. Combined total yields amounted to 80-
85%, nmr (DMSO-de) 53.83.

1,3-Dithiole-2-thione-4,5-dicarboxylic Acid (7). A mixture of
100 g (0.4 mol) of the diester 10, 600 ml of water, 430 ml of con-
centrated hydrochloric acid, and 200 ml of glacial acetic acid was
boiled under reflux for 2 hr and then chilled in an ice bath. The
solid was collected without washing, sucked dry under a stream of
nitrogen, and dried in a vacuum desiccator over phosphorus pent-
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oxide and potassium hydroxide, yield 72 g (81%), mp 165-167°
dec (lit.9 mp ca. 160° dec). The motho. liquor was evaporated to
dryness to obtain a second crop, 17 g, mp 164-167°. The combined
total yield was quantitative, nmr (DMSO-de) 5 15.48.

13- Dithiole-2-thione (9). A mixture of 22.2 g (0.1 mol) of the

diacid 7 in 100 ml of pyridine was boiled under reflux for 3 hr.
The mixture was concentrated to a thick black oil on a vacuum
rotary evaporator with gentle heating (40-50°) until the thione
began to show as a thin yellow film in the neck of the flask. To
the oil was added 500 ml of hexane which was refluxed under ni-
trogen for 0.5 hr. The hot hexane was decanted into a flask and
chilled in a Dry Ice-acetone mixture to obtain the thione as long,
yellow, silky needles. The residual oil was subjected to four such
extractions to obtain a total of 12.3 g of thione (93% yield), mp
48-49° (lit.9 mp 50-51°), nmr (CDC13) 57.17.

1.3- Dithiolium Hydrogen Sulfate (1). A solution of 12.7 g

(0.095 mol) of thione 9 in 250 ml of acetone was cooled to -50° in
a Dry Ice-acetone bath and a solution of 73 g (0.38 mol) of 40%
peracetic acid and 150 ml of acetone was added dropwise, with
stirring at such a rate that the temperature did not rise above
-40° (about 15 min). The cooling bath was removed and, with
continued stirring, the mixture was allowed to warm sponta-
neously. Within 15-20 min the reaction became rapidly exother-
mic and when the temperature had risen to 15° the cooling bath
was immediately replaced. When the temperature had again
reached —50° the bath was removed and the mixture was again
allowed to warm spontaneously. No further exotherm occurred
and when the temperature reached 5-10° the solid was collected,
washed with 100 ml of cold acetone, and sucked dry under a ni-
trogen stream, yield 16.6 g (87%), mp 123-125° dec (lit.9 mp ca
125° dec).

1.3- Dithiolium Hexafluorophosphate (11). In 200 ml of deaer-

ated water was dissolved 42 g (0.21 mol) of the hydrogen sulfate
1, Darco was added, and the soluton was filtered through a Celite
pad directly into a previously filtered solution of 38 g (0.23 mol)
of sodium hexafluorophosphate in 100 ml of water. The flask was
flushed with nitrogen, capped, swirled gently, and refrigerated at
5-10° for 4 hr. The white solid was collected, washed with 50 ml of
cold water, and sucked dry under a stream of nitrogen, yield 46 g
(90%), mp ca. 150-200° dec. Anal. Calcd for C3H3S2PF6 (248.17):
C, 145 H, 1.2; S, 25.8. Found: C, 14.8; H, 1.5; S, 25.9.

Tetrathiafulvalene (3). A solution of 45 g (0.18 mol) of the
thiolium hexafluorophosphate (11) in 800 ml of anhydrous aceto-
nitrile was filtered through a medium-frit funnel directly into a
51 flask equipped with a nitrogen inlet, dropping funnel, and
magnetic stirrer. After purging with nitrogen for 15 min, 28 ml
(0.2 mol) of triethylamine was added dropwise during about 15
min with stirring at room temperature.13 Stirring was continued
for 15 min more and then 3 1 of deaerated water was added to
precipitate the TTF as a flocculent, dull orange solid. After 10
min of stirring the solid was collected, washed with water, and
sucked dry under a stream of nitrogen. The crude yield was 18.2 g
(98%), mp 118-119° (lit.6 mp 120°). The crude product was dis-
solved in 1 1 of boiling cyclohexane, treated with Darco, filtered
hot, and immediately diluted with 400 ml of n-hexane. After cool-
ing overnight at 5-10° the product crystallized as long, orange
needles, yield 14.7 g (81% recovery), mp 119-119.5°. The mothor
liguor was evaporated under a nitrogen stream to a volume of 150
ml, and the mixture was reheated to dissolve the solid and chilled
as before to obtain a second crop, yield 2.1 g, mp 119-119.5°. The
total yield was thus 16.8 g (91%), nmr (CDCI3) 5 6.32, ir (Nujol)
1530,1250,1090, 795, 780, and 730 cm -1.

Tetrathiafulvalene-d4 A hydrolysis medium was prepared by
carefully adding 100 ml of redistilled acetyl chloride to 280 ml of
D20 contained in a flask with a Dry Ice condenser. Beginning
with this mixture and 30 g of diester 10 and carrying each inter-
mediate through the above sequence appropriately scaled, there
was obtained 8.0 g (64%) of recrystallized product, mp 119-119.5°.
Anal. Calcd for CeD4S4: C, 34.6; S, 61.6. Found: C, 34.6; S, 61.5.

Mass spectral analysis showed 0% do, 0% di, 1% d2, 13% d3,
and 86% d4 species corresponding to 96% deuterium exchange; ir
(Nujol) 2290, 1500, 1160, 1040,780, and 700cm -1.

Ordinary reagents were used throughout except for the hexaflu-
orophosphate metathesis, where D20 was used as the solvent.

4,4'(5")-Bis(carbomethoxy)-A2'2'-bi-1,3-dithiole  (12). Tri-
butylphosphine (20.2 g, 0.1 mol) was added dropwise to a solution
of 10 ml of carbon disulfide in 50 ml of tetrahydrofuran under ni-
trogen. The deep maroon solution was cooled to -30° and a solu-
tion of 8.4 g (0.1 mol) of methyl propiolate in 50 ml of tetrahydro-
furan was added dropwise. The temperature was maintained be-
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tween -20 and -30° during addition. The system was warmed to
room temperature and volatiles were removed through the rotary
evaporator. The residue was stirred with a little ether and filtered
to give 3.3 g (21%) of the red, crystalline product which melted at
238-240°. Recrystallization from glyme gave material which melt-
ed at 244-245°: ir (Nujol) 3080 (w), 2950 (w), 1720 (s), 1550 (s),
1440 (m), 1250 (s), 1200 (m), 1160 (m), 1050 (m), 940 (m), 830
(m), 820 (m), 765 (m), 730 cm-1 (m); uv (CH2CI2) A 444 nm (e
2470), 315 (11,000), 302 (10,600) and 290 (sh, 10,000).

Anal. Calcd for CioH804S4: C, 37.48; H, 2.52; S, 40.03. Found:
C, 37.28; H, 2.54; S, 39.88.

A2-2-Bi-1,3-dithiole-4,4'(5")-dicarboxylic Acid (13). A hetero-
geneous system consisting of 3.2 g (0.01 mol) of the diester, 25 ml
of 1 N sodium hydroxide, and 100 ml of tetrahydrofuran was
heated at reflux for 45 min. The mixture was then homogeneous.
It was acidified with 1 N hydrochloric acid and filtered to give 2.6
g (89%) of the red, crystalline acid. The acid did not melt under
350° uv (0.01 N NaOH) Ame* 407 nm (f 2570), 313 (13,000), 302
(12,600), 285 (sh); ir (Nujol) 3100-2500 (w), 1660 (s), 1540 (s),
1420 (s), 1290 (s), 1195 (m), 1040 (m), 840 (m), 825 (w), 775 (w),
and 730cm™ 1 (w).

Anal. Calcd for C8H404S4: C, 32.9; H, 1.4; S, 43.9. Found: C,
33.0;H,1.6;S,43.7.

Tetrathiafulvalene.14 A mixture of 292 mg of the diacid and 10
ml of pyridine was sealed in a heavy-walled glass tube under vac-
uum after flushing with argon while freeze-thawing. The tube was
heated at 240° for 1.5 hr. The tube was cooled and opened and the
solvent was evaporated. The dark residue was extracted twice
with 10-ml portions of acetonitrile. The extracts were evaporated
and the residue was sublimed at 105° (0.1 Torr) to give 140 mg
(69%) of the orange product. The sublimate melted at 114-116°.
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Optically active sulfoximines are useful synthetic inter-

mediates.2 There are, however, only a few methods avail-
able for their preparation. One, involving resolution with

Notes

(+)-10-camphorsulfonic acid, has been found useful only
in the case of S-phenyl-S-methylsulfoximine.3a-b A resolu-
tion has been achieved by separation of M-(-t-)-10-cam-
phorsulfonylsulfoximine diastereomers followed by remov-
al of the resolving group by acid hydrolysis.so The reaction
of an optically active sulfoxide with tosyl azide in the
presence of copper catalysts results in optically pure N-
tosylsulfoximines.3b Hydrolysis with strong acid is re-
quired to remove the N-tosyl group; the hydrolysis often
fails and/or results in extensive decomposition. The direct
preparation of optically active “free” sulfoximines using
the hydrazoic acid methods is not applicable, since race-
mization of the starting sulfoxide occurs.3b This note de-
scribes a simple one-step method for the production of op-
tically active sulfoximines in good yield and high enan-
tiomeric purity.

Reaction of O-mesitylsulfonylhydroxylamine (MSH)
with sulfides and sulfoxides has been reported to produce
sulfilimines and sulfoximines, respectively.s In exploring
the scope of this sulfoximine preparation we have found
that the reaction of optically active sulfoxides with M SH
results in sulfoximines of high optical purity. Table |
shows the various optically active “free” sulfoximines pre-
pared. By the nature of the various sulfoxides shown here
and earliers it can be seen that the imidation reaction is
quite general.

When 99% pure (+)-(#)-methyl p-tolyl sulfoxide was
treated with MSH, (—-(E)-S-methyl-S-p-tolylsulfoximine
was obtained in 98.5% optical purity. Likewise, (-)-(S)-
methyl phenyl sulfoxide with 94% optical purity was con-
verted to (+)-(S)-S-methyl-S-phenylsulfoximine of 93.5%
purity. Since the absolute configurations of these sulfoxi-
mines are known7-s as well as the absolute configuration
of the starting sulfoxides,9-10 it can be stated that these
reactions occur with retention of configuration at the sul-
fur atom. Deimidation of (+)-benzyl-p-tolyl sulfoximine
with nitrous acid (eq 1) resulted in (-f)-benzyl p-tolyl

0 0
1 VEH i
p-tolyl— S— CH,Ph p-tolyl— S— CH.,Ph 1)
hno2 1
NH
(+HR) (+HR)

sulfoxide, which is known to have the R configuration.o
Cram and coworkers have shown this reaction to occur
with retention of configuration.i1

Experimental Section

Optical rotations were measured on a Perkin-Elmer 141 polari-
meter using al-dm cell.

The alkyl aryl and diaryl sulfoxides were obtained by the An-
derson method in which the corresponding Grignard reagent was
treated with (-)-menthyl p-toluenesulfmate;i2 for information
concerning the assignment of their absolute configuration see ref
9. The preparation of (-)-(R)-methyl rc-butyl sulfoxide as well as
its configurational assignment has been described.13

O-Mesitylsulfonylhydroxylamine (MSH).14 Ethyl 0-(mesityl-
sulfonyl)acetohydroxamate (7.5 g) was dissolved in dioxane (5
ml) and cooled to 0° with stirring. To this was added 70% per-
chloric acid (3 ml) dropwise at a rate so as to maintain the tem-
perature below 10°. The resulting mixture was added to ice water
(300 m1l), the crude MSH was filtered off, washed well with water,
and dissolved in ether (30 ml). The ether solution wash washed
with water (25 ml), treated with anhydrous potassium carbonate
(5 g) for 30 sec and filtered. The ether solution was poured into
cold pentane (300 ml) to precipitate the MSH as small crystals
which were collected and dried under vacuum for 5 min at room
temperature. Caution, this material may explode;15 it should be
stored in a plastic container sealed with plastic or wax film.

Optically Active Sulfoximines. compounds la-h were pre-
pared by treating the corresponding optically active sulfoxide (2
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Table 1
Reactions of Sulfoxides with MSH
R—S—R» R—S—R2 “0aS-"0) R—S—R2
NR, NH
la-h
-Sulfoxide s Sulfoximine-
Ab-  Optical Ab- Optical Reac-
) [a]ZD, deg (c, solute purity, Registry [a]ZD, deg (c, solute purity, tion Registry
Ri r2 acetone) confign 9 no. acetone) confign o yield, % no.
ch3s p-Toiyl + 145.0 (1.00) R 99 1519-39-7 -31.9 (3.00) R 985 80 20414-85-1
CA p-Tolyl + 188.0 (1.10) R 100 1519-40-0 -22.9 (1.00) R 99° 70 51774-51-7
CH(CHg2 p-Tolyl +191.1 (1.255) R 100« 1517-74-4 -17.1 (1.005) R 99° 79 51774-52-8
(CH2)sCH3 p-Toiyl + 193.8 (1.430) R 100» 20288-49-7 -17.2 (1.530) R 99 77 51774-53-9
cehsch?2 p-Tolyl + 234 (1.00) R 93 4820-07-9 +4.7 (1.26) R 92 60 51774-54-0
cens p-Tolyl +21.0 (1.090) R 99.5 16491-20-6 + 5.0 (1.075) R 99° 19 51774-55-1
cens chs -137.0 (1.20) S 94 18453-46-8 + 34.1 (2.00) S 935 70 33903-50-3
chs (CH2)sCH3 -110.3 (1.985) R 92 51795-48-3 -5.00 (1.209) R 91.5° 78 51774-56-2

aHighest rotation previously reported: +176.5° (ref9). bHighest rotation previously reported:

based on 99.5% retention of optical purity.

g) with a 40% excess of O-mesitylsulfonylhydroxylamine in meth-
ylene chloride (25 ml) at room temperature. After 2 hr the reac-
tion mixture was poured into cold aqueous 10% NaOH (25 ml)
solution, stirred for 10 min, and extracted with methylene chlo-
ride. The extracts were then washed with two 25-ml portions of 10%
HC1 solution and 5 ml of H20. If desired, unreacted sulfoxide (par-
tially racemized) can be recovered by drying (MgSCH) and concen-
trating the methylene chloride layer. Pure sulfoximine can be
isolated as acolorless liquid or white solid by neutralizing the acidic
aqueous layer with solid Na2Co 3, extracting with methylene chlo-
ride, drying (MgSOR, and concentrating. The solids were re-
crystallized from hexane.

Spectral data (ir and nmr) were consistent with the assigned
structures. The most characteristic spectral feature indicative of
the sulfoximine is noted in the infrared, where bands for the N-H
(3270 cm-1) and N=S=0 (1110 and 1218 cm-1) stretching are
observed.

Registry No.—MSH, 36016-40-7.
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The sulfonation of ct-olefins can provide a variety of
products ringing from sultones to alkanesulfonic acidsi
depending largely upon the sulfonating agent chosen. The
reagents used most commonly are the sulfur trioxide-di-
oxane complex introduced by Suterz in 1938 and the sul-
fur trioxide-pyridine complex of Terent’ev,1'3 although
very nearly the entire range of ethers and amines have
been investigated. These complexes have sufficient activi-
ty to react with most organic substrates but reduce sub-
stantially the charring of products observed historically
with sulfur trioxide. Unfortunately, yields are often quite
low and serious side reactions from stabilization of inter-
mediates by the complexing agent are encountered. For
example, it has been suggesteds that dioxonium ions such
as 1 are responsible for the formation of (3substituted al-

kanesulfonic acids in reactions of sulfur trioxide-dioxane
with olefins. Attempts have been made to mitigate such
complications by introducing sulfur trioxide as a gas, liq-
uid, or solids to long-chain :-olefins with no real success.
We have found, however, that liquid sulfur trioxide intro-
duced to a dilute solution of an olefin at —78° has none of
the problems discussed and report here details of the syn-
thesis of several 1,3-sultones in high yields. We also pres-
ent evidence for the general mechanism of sulfonation of
1-olefins.

The addition of 1 equiv of liquid sulfur trioxide to I-
butenes in dichloromethane at -78° resulted in the for-
mation of 1 ,3-propanesultones in at least 75% yield (Table
I, examples 1, 3, 4, 5, and 6). Minor side products were 2-
butene-l-sulfonic acids in 10-15% yield. An exception to
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Table |
Yields of Sultones and 2-Butenesulfonic Acids from
1-Butenes and Sulfur Trioxide

Deeeee Rel yield, % ------- -
2-Butene-I-
sulfonic Absolute
Olefin“ 1,3-Sultone acidé yield, %
1 1-Butenec 87 13 90
Ri = R, = R3 —H
2 2-Methyl-lI-butene’i 100 90
R, = R, = H; R3 = CH3
3 3-Methyl-I-butened 89 11 73
Ri - CH3 R2 —Rs —H
4 2,3-Dimethyl-I-butenei 90 10 80
Ri = R3= CH3R2=H
5 S~-Dimethyl-l-butene™ 100 83
Ri = R2= CH3R, = H
6 2,3,3-Trimethyl-1-butened 100 98

Ri = R, = R3 = CHS

“ Concentration of the olefin was 0.1 M in dichlorometh-
ane at —78°. bCis-trans isomerization of the double bond is
not known.cAnalytical data is by gc. dAnalytical data is by
nmr.

predominant sultone formation was 2-methyl-l-butene,
where 2-methyl-2-butene-l-sulfonic acid is the sole prod-
uct (Table I, example 2). Careful tic and gc examination

of the reaction mixtures showed only traces of unidenti-
fied hydrocarbons. The sultones were isolated either by
distillation or crystallization, procedures simplified great-
ly by lack of the usual acid-catalyzed decomposition. The
2-butene-l-sulfonic acids can be separated by preparative
tic but are not stable for more than several hours. The
methyl esters are quite stable and can be isolated directly
by distillation. Nmr analysis of the reaction mixtures and
the isolated acids and esters shows that only the 2-alkene
isomers are present. Brouwer and van Doome have found
that 6-7% I-butene-l-sulfonic acid can be observed in 2-
butene-l-sulfonic acid; so we assume that no more than
that can be present in our reactions.

These data support electrophilic addition of sulfur
trioxide to double bonds and the intermediacy of carboni-
um ions (see Scheme 1). The hydride and methide migra-
tion pattern is typical of cationic species involved in elec-
trophilic addition of olefins.7 As implied by Bordwells and
other early workers,: it is clear now that the controlling
factor in sultone vs. sulfonic acid formation is the relative
stability of the carbonium ions formed at the 3 and y car-

Scheme |
Ri Ri

ch¥—c= ch, + s03 — chXx— cch,so3

R2 r3 K R3
Rl Rj R!' R2

[ [
chX— cch&o3 chX— crXxh?2

+ i |

chX&— cch,so;

R, 0 ---ee- so.
3
R R1 A
1+ R-H | /
CHX— CCH,S03 - — * ch& = c"
ch,soh

R, R,

Notes

bons, i.e., of 2 vs. 3. For example, 2-methyl-I-butene (2,
R., = r2= H; R3 = CHQ) yields only elimination products
whereas 3-methyl-I-butene (2, Ri - CH3; R2 = Rs = H)
exhibits almost complete 1,2-hydride migration and 1,3-
sultone formation. The former involves tertiary-secondary
carbonium ions (no hydrogen rearrangement) and the lat-
ter secondary-tertiary. Furthermore, unpublished work on
I-pentenes indicates that high yields of 1,4-sultones may
be obtained if the carbonium ion on the 8 carbon is more
stable than that on the 7 .

The factor(s) responsible for exclusive formation of 2-
butene-l-sulfonic acids are not so obvious and may in-
volve a facile intramolecular transfer of a 7 proton to the
sulfonate moiety in 2. Sulfonic acids are found only where
the starting olefin had a 7 hydrogen (cf. 2,3-dimethyl-I-
butene and 3,3-dimethyl-I-butene) and no l-butene-l-sul-
fonic acids were observed (loss of an a hydrogen). Rear-
ranged carbonium ions apparently do not give rise to
elimination, as both 2,3-dimethyl- and 3,3-dimethyl-I-
butene ultimately yield the same carbonium ion after hy-
dride or methide migration (Scheme 1), but only 2,3-di-
methyl-l-butene yields any trace of a butenesulfonic acid.
Indeed, the fact that no elimination is observed into a
methyl branch {e.g., 2-methyl-I-butene) may suggest that
the relative position of the proton and the sulfonate group
in the transition state leading to elimination is not too
dissimilar from that leading to sultone formation.

One major difference in this study from other sulfona-
tion studies is the absence of j3-substituted products. This
may be due to the lack of formation of intermediates such
as 1 or to a lack of d-sultones, as have occasionally been
suggesteds in connection with 1. We presently have no ev-
idence requiring the intermediacy of /3-sultones. Low-tem-
perature nmr of 3-methyl-l-butene and sulfur trioxide
reaction mixtures shows immediate formation of 3,3-di-
methyl-1,3-propanesultone and discounts the presence of a
stable, observable intermediate. Work is currently in
progress to determine the cyclic vs. noncyclic nature of
the initial addition of sulfur trioxide to the double bond in
an attempt to resolve this conflict.

Experimental Section

Materials and Methods. Pmr spectra were determined on a
Varian T-60 or HA-100 spectrometer. Infrared spectra were ob-
tained from a Perkin-Elmer Model 257. Melting points and boil-
ing points are uncorrected. Gc measurements were made on an
Aerograph Model 202 gas chromatograph using a 20 ft X 0.25 in.
10% Silicone SE-30 on Chromosorb P column.

Dichloromethane and sulfur trioxide were used as obtained
from commercial sources. All olefins were obtained from Chemical
Samples Co. except 1-butene (J. T. Baker Specialty Gas, 99.0%)
and used without further purification after confirmation of purity
by gc and nmr analyses.

General Procedure for the Sulfonation of Olefins. The same
general method was used for all the olefins. To a quantity of 0.02
mol of the olefin dissolved in 200 ml of dichloromethane at -78°
was added slowly from a syringe 1 equiv of liquid sulfur trioxide.
The mixture was then allowed to come slowly to room tempera-
ture and the solvent was removed on a rotary evaporator at ca.
20°. Infrared analysis at this point showed the presence of the hy-



Notes

dronium ion [3000 (br, s), 1700 (br, s), and 900 cm-1 (br, s)] for all
examples except 3,3-dimethyl- and 2,3,3-trimethyl-I-butene. The
sultones were isolated by distillation (1-butene) or by crystalliza-
tion from ethanol. The 2-butene-I-sulfonic acids were isolated by
preparative tic on silica gel using 50:50 chloroform-pentane.
Quantitative nmr analyses were prepared by addition of the inter-
nal standard, diphenyl ether, after the reaction mixture had
warmed to room temperature followed by the usual work-up.
Comparison of the integral at 8 7.1 (m, Ph20) to the one at 8
6.0-5.0 (olefmic hydrogens of 2-butenesulfonic acids) and 2.2
(1,3-propanesultone 8 hydrogens) provided relative arid absolute
yields for entries 2-6 in Table I. Analysis for the products from
1-butene was by gc using diphenyl ether as internal standard.

The esters of 2-butene-I-sulfonic acids were prepared by addi-
tion of ethereal diazomethane to the reaction mixture at room
temperature until a pale yellow color persisted and no further ev-
olution of bubbles was noted. The esters were then separated by
tic (50:50 chloroform-pentane), by gc collection, or by distillation.
Analytical data were difficult to obtain owing to decomposition
during isolation and insufficient amounts of pure samples were
obtained to include sulfur analysis. Where combustion analysis
was outside accepted limits, assignments were confirmed by high-
resolution mass spectra.

1- Butene. The reaction product was a dark oil from which

could be distilled 1,3-butanesultone: bp 125° (0.1 mm) [lit.8 bp
150° (12 mm)]; nmr9 (CDC13, TMS) 8 5.0 (m, 1 H, CH3CHO-),
33 (m, 2 H, >CH2CH2S02), 2.2 (m, 2 H, >CHCH2CH2502),
and 14 (d, J = 6 Hz, 3 H, CH3CH<); ir 1350 (s), 1160 (s), 1030
(m), 920 (m), and 830 cm-1 (s). From a typical reaction mixture
treated with ethereal diazomethane, a fraction was isolated and
shown to be methyl 2-butene-l-sulfonate: bp 70-80° (0.1 mm);
nmr8 (CDC13 TMS) 8 5.8 (m, 2 H, CH3CH=CH-), 3.9 (m, 5 H,
CH2S03CHB3), and 1.9 (m, 3 H, CH3CH=); ir 1660 (vw, 1380 (s),
820 (m), and 770 cm-1 (m); mass spectrum M+ m/e 150.0353
(calcd for CsHioS0 3, 150.0351).

Anal. Calcd for C5H1(SOa: C, 39.99; H, 6.91. Found: C, 40.44;
H, 6.86.

2- Methyl-I-butene. Upon removal of the solvent from the reac-

tion mixture, a brown, unstable oil was obtained, partially puri-
fied by tic: nmr (CDC13 TMS) 85.5 (m, 1 H), 3.8 (m, 2 H), and

I. 5 (m, 6 H); ir 3000, 1700, and 900 cm-1, all very broad. Addi-

tion of ethereal diazomethane to the reaction mixture and subse-
quent distillation gave methyl 2-methyl-2-butene-I-sulfonate: bp
75-80° (0.4 mm); nmr (CDC13, TMS) 8 b.l .(m, 1 H,
CH3CH=C<), 38 (m, 5 H, -CH2S03CH3), and 1.8 (m, 6 H,
CH3CH=CCH3); ir 1650 (vw), 1360 (s), 1160 (s), 1000 (s), 830
(m), and 770 cm-1 (m). Gc analysis of the methyl ester on SE-30
or Carbowax 20 M showed only one peak.
Anal. Calcd for CeHi2S03: C, 43.89; H, 7.34. Found: C, 44.23;
mH, 7.48.
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lized from ethanol, mp 142-143° (lit.3 mp 145-146°). There was no
evidence for sulfonic acids in the ir of the crude material.

Registry No.—Sulfur trioxide, 7446-11-9; 1-butene, 106-98-9;
1,3-butanesultone,  3289-23-4; methyl 2-butene-l-sulfonate,
51774-45-9; 2-methyl-I-butene, 563-46-2; 2-methyl-1,3-butanesul-
tone, 51774-46-0; methyl 2-methyl-2-butene-l-sulfonate, 51774-
47- 1; 3-methyl-lI-butene, 563-45-1; 3,3-dimethyl-l1,3-propanesul-
tone, 19028-67-2; methyl 3-methyl-2-butene-I-sulfonate, 51774-
48- 2; 2,3-dimethyl-I-butene, 563-78-0; 2,3,3-trimethyl-1,3-propane-
sultone, 51774-49-3; methyl 2,3-dimethyl-2-butene-I-sulfonate,
51801-40-2; 3,3-dimethyl-I-butene, 558-37-2; 2,3,3-trimethyl-I-
butene, 594-56-9; 2,2,3,3-tetramethyl-1,3-propanesultone, 51774-
50-6.
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Several alkenyl- and alkynylpyridines with chain end

unsaturation are known; among them are 2-vinylpyridine,
2-allylpyridine,s (2-pyridyl)-4-butene-l, and (2-pyridyl)-

3- Methyl-1-butene. Recrystallization of the reaction mixture 4-putyne-l. Troyanowskys discussed these products, and,

after evaporation of the solvent gave colorless needles of 3,3-di-
methyl-l,3-propanesultone, mp 72-73° (lit.10 mp 71.5-78°). Addi-
tion of ethereal diazomethane and separation by preparative tic
afforded a small amount of methyl 3-methyl-2-butene-I-sulfo-
nate; nmr (CDC13, TMS) 853 (m,'l H, >C=H-), 3.8 (m, 5 H,
-CH2S03CH3), and 1.8 [m, 6 H, (CH3)2C=CH-]; ir 1650 (vw),
1360 (s), 1000 (s), 830 (m), and 770 cm*“1 (m); mass spectrum M+
m/e 164.050 (calcd for C6Hi2S03, 164.048).

Anal. Calcd for C6Hi2S03: C, 43.89; H, 7.34. Found: C, 44.58;
H, 7.25.
2.3-

from ethanol gave colorless crystals of 2,3,3-trimethyl-l,3-propane-
sultone, mp 59-62° (lit.4c mp 61-63°). Formation of the methyl
ester with diazomethane and collection from the gc gave methyl
2.3- dimethyl-2-butene-l-sulfonate: nmr (CDC13 TMS) 4 3.8 (s, 5
H, -CH2S03CH3) and 1.8 [m, 9 H, (CH3)2C=C(CH?3)-[; ir 1660
(vw), 1360 (s), 1160 (s), 1000 (s), and 830 cm-1 (m).

Anal. Calcd for C7THi4S03 C, 47.17; H, 7.92. Found: C, 47.55;
H, 8.00.

3.3- Dimethyl-l-butene. Crystallization from ethanol gave
2.3.3- trimethyl-l,3-propanesultone: mp 58-59°; ir 1340 (s), 1170
(s), 1050 (m), and 850 cm-1 (s). The ir of the reaction solution
(CH2C12) and of the reaction mixture after evaporation of the sol-
vent were identical with that of the sultone (CHC13 or CH2C12).
The reaction mixture did not react with ethereal diazomethane.
Tic separation afforded only the sultone and trace amounts of a
hydrocarbon.

2.3.3-  Trimethyl-l-butene.

gave a solid, 2,2,3,3-tetramethyl-l,3-propanesultone, recrystal-

Dimethyl-I-butene. Crystallization of the reaction mixture

in attempts to synthesize other members in this series,
notably 2-propargylpyridine, studied the reaction of pro-
pargylmagnesium bromide with 2-bromopyridine, and 2-
pyridylmagnesium bromide with propargyl bromide.s Re-
portedly, no new product was obtained from the first of
these reactions, whereas the second one yielded 3-(a-pyri-
dyl)hexyn-5-one-2. During studies of the preparation of
propargylpyridine, coupling reactions between 2-chlo-
romethylpyridine and sodium acetylide were investigated
in this laboratory. Reaction between equivalent amounts
of these two reagents in liguid ammonia resulted in the
formation of two new compounds.

A white solid was isolated by filtration during the work-
up. Extensive use of chromatographic techniques yielded
only one other new product in the reaction mixture, and
helped purify it as a yellow thick oil. Other products, such
as the intermediates proposed in this paper, may have
been present in trace amounts, but none of them could be
isolated by column or thin layer chromatography. The
yellow oil was analyzed by ir, uv, pmr, and cmr, and iden-
tified as R-ethynyl-l/.T'-di-ff-picolyl-a-picoline (5). Ab-
sorbtions at 3300 and 2200 cm' 1 in the ir spectrum indi-
cate the presence of a terminal acetylenic moiety; uv ab-

Removal of solvent immediately sorption was consistent with the presence of three pyri-

dine rings in the molecule; the pmr features an acetylenic
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proton signal along with aromatic protons and an AB
quartet centered at 5 3.65. This quartet was attributed to
the signal of the protons of the methylene groups.

A model of 5 showed that a hydrogen atom of carbon
atom j can form a hydrogen bond to nitrogen atom s. Sim-
ilarly, a hydrogen atom of carbon q can form a hydrogen
bond to nitrogen x. These two hydrogen bonds close two
six-atom rings. Consequently, the two hydrogen atoms of
each methylene group (j and q) become nonequivalent,
and present different chemical shifts. In groups j and ¢
the hydrogen involved in a hydrogen bond is more de-
shielded than one with a similar environment which is not
hydrogen bonded. An AB quartet is therefore produced.
Because of the thermal instability of 5, elemental analyti-
cal results were poor and a mass spectrum, for which the
sample had to be heated, indicated only fragments be-
longing to the pyridine moiety. Cmr, however, provided as
expected signals for the 14 different types of carbons,s and
those were unequivocally assigned.

It is proposed that 5 was formed by thé following path-
way. Because of resonance stabilization with the ring and

O —chZzi + NaC” CH “ mo0 - chx=ch IT
N 2 N

1 3

5

the inductive effect of the acetylenic linkage, the anion s
is possibly more stable than anion 7. Assuming that the

HC=CH

(Q )-ch,e_6 n,* + HC* CH

7
transition state for the reaction forming an anion of 3
partly resembles the products, one can expect the activa-
tion energy for the process leading to 6 to be lower than in
the case of formation of 7. Species 6 is thus formed faster
than 7, and, reacting immediately with 1, forms 4. The
isolation of 5 as reaction product does not by itself neces-
sarily imply that 6 is more stable than 7. Indeed, a less
stable anion will react faster. It can be argued that since 5
is obtained as product, 6 must be the faster reacting, and
thus the least stable species. Metalation, however, has
been shown to occur preferentially at the most acidic site
in a molecule.7 The site of metalation is clearly the meth-
ylene group. This indicates that in 3, the methylenic pro-
tons are more acidic than the acetylenic one. Accordingly,
we propose that s is, in fact, more stable than 7. A similar
discussion can be proposed about the reactions leading to
5,15, and 16.

Even though the reactions were run in an ionic solvent,

Notes

a small proportion of intermediates 3 and 13 might have
been formed by an alternative radical anion mechanism.
HC=CNa i=+ HC=C:

2 8

+ Nat+

Caged radical pair 12 can yield 3 by coupling within the
solvent cage or, when the cage breaks down, can go to 13
and 14. via proton abstraction from the solvent, acetylene
and «-picoline can also be produced.

The solid product, isolated during the work-up of the
same reaction, was analyzed by ir, pmr, and cmr. The in-
frared spectrum revealed the absence of acetylenic link-
age, and this was confirmed by the absence of a pmr sig-
nal at 5 2.5. In the nmr, an AB quartet is found, similar to
the one observed in the spectrum of 5. The other signals
belong to the aromatic region of the spectrum. These fea-
tures suggest structure 16 for the analyzed solid. Hydro-
gen bonding can occur between three methylene hydro-
gens and three ring nitrogens in six different combina-
tions. A dynamic equilibrium between those bonding
combinations results in one AB quartet in the nmr. The
proposed structure was confirmed by cmre and elemental
analysis. The following pathway is suggested for the for-
mation of I'\T,T-tri-a-picolyl-a-picoline (16). Halogen-

(TH] + NaC=CH —»[01

CHX1 — CHNa

N L CHCH. @ i

13
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metal exchange yields 2-picolylsodium, which can couple
with 1 to form 13. A first metalation and coupling with 1
leads to 15, where the methine group is a site of choice for
further metalation, because of the inductive effect of the
picolyl groups. Subsequent coupling forms 16. The in-
creased acidity at the methine group therefore overweighs
steric hindrance, since no formation of 17 was observed.

17

The total yield of 5 and 16 is quantitative.

Experimental Section

Melting points were taken on a Kofler hot stage apparatus and
are uncorrected. The ir spectra were recorded on a Perkin-Elmer
421 instrument, using KBr plates for the liquid sample and
pressed KBr pellets for the solid. The nmr spectra were recorded
on Varian A-60 and XL-100 spectrometers. The mass spectrum
was obtained using a Du Pont 21-491 spectrometer. The uv spec-
tra were recorded on a Cary 14 instrument.

Sodium Acetylide (2) and 2-Chloromethylpyridine (1). Am-
monia was condensed into a three-neck flask fitted with a stop-
per, a potassium hydroxide drying tube, and a Dry Ice condenser.
After 150 ml of liquid ammonia had been obtained, the condenser
was disconnected from the gas cylinder and fitted with a potassi-
um hydroxide drying tube. The contents of the flask were stirred
magnetically. The stopper was replaced by a gas dispersing tube
through which a stream of purified acetylene was passed. In the
course of 15 min 2.3 g (0.1 mol) of sodium was added in small
parts. The ammoniacal solution turned dark blue after each addi-
tion of sodium, but this color was soon discharged as a result of
the reaction with acetylene. After completion of the sodium addi-
tion, the mixture was stirred for 5 min. The potassium hydroxide
drying tube was replaced by a pressure-equalizing addition funnel
containing 11.76 g (0.092 mol) of 1. This reagent was added in the
course of 5 min, causing the formation of a white precipitate. The
mixture was stirred for 3 hr while the ammonia slowly evapo-
rated. Water and ice were then cautiously added to the obtained
dark, pasty residue. Suction filtration of the resulting mixture re-
moved a white precipitate. This compound was recrystallized
from di-n-butyl ether to yield 1.51 g (17.8%) of 16, with a sharp
melting point of 196°: ir 1590 (s), 1570 cm"1 (s); nmr (CDCI3) 5
8.8-6.5 (m, 16 H, ring protons), 3.75 (d, 3 H, HCH---, J = 13
Hz), 345 (d, 3 H, HCH---, J = 13 Hz); cmr (CDC13) b -34.07,
-31.10, -21,14, -21.03, -8.03, -7.48, +2.65, +4.13, +6.21,
+6.53, +77.95, +78.45 (shifts relative to benzene, used as an ex-
ternal reference).

Anal Calcd for C24H22N4: C, 78.66; H, 6.05; N, 15.29. Found:
C, 79.03; H, 5.79; N, 15.16.

The filtrate was extracted with ether. After evaporation of the
solvent, 8.0 g (86%) of a dark liquid was obtained, placed on an
alumina column, and eluted with ether. A yellow liquid was col-
lected, which decomposed when submitted to heat, thus ren-
dering distillation or analysis by mass spectrometry impossible. A
sample was analyzed by proton and 13C nmi, and was identified
as 5: nmr (chloroform-d) b 8.8-6.7 (m, 12 H, ring protons), 3.82
(d, 2 H, HCH---, J = 13 Hz), 35 (d, 2 H, HCH---, J = 13 Hz),
255 (s, 1 H, C=CH); cmr (chloroform-d) § -32.70, -30.07,
-21.22, -20.92, -8.26, -7.62, +2.90, +4.87, +5.94, +6.32,
+42.12, +50.76, +78.35, +78.74 (shifts relative to benzene, used
as an external reference).

Anal Calcd for C2dHi7N3-1.3H20: C, 74.4; H, 6.1; N, 13.0.
Found: C, 74.65; H, 5.91; N, 11.73.

Registry No.—1, 4377-33-7; 2, 1066-26-8; 5, 51510-19-1; 16,
51510-20-4.
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The presently accepted mechanism for the thermal de-
composition of acetate, xanthate, and related esters in-
volves a concerted six-membered cyclic transition state.
An exception to this generalization is the pyrolysis of terti-
ary hydrogen phthalate esters, which decompose at rela-
tively low temperatures (less than 150°) to yield exclusive-
ly olefinic products and phthalic acid.2

It has been found that considerable trans-elimination
products.are obtained from tertiary hydrogen phthalate
decompositions.2-3 To account for these products, it was
suggested that carbonium ion character was apparent in
the transition state. Further evidence of carbonium ion
participation was obtained by partial decomposition of
180 -enriched carbonyl oxygen labeled trans-1,2-dimethyl-
cyclohexyl hydrogen phthalate ester which resulted in the
enrichment of 180 in the alkyl portion of the undecom-
posed ester.4 A kinetic study of the decomposition of cis-
and irans-l,2-dimethylcyclohexyl and cis- and trans-2-
methyl-1-phenylcyclohexyl hydrogen phthalate esterss in-
dicated that ion-pair formation was involved in the rate-
determining step of the reaction.

More recently we reported that the thermal decomposi-
tion of 1,1-diphenylpropyl hydrogen phthalate ester fol-
lowed first-order kinetics in DM SO solution.s The positive
entropy of activation (7.3 eu) obtained precluded a cyclic
transition state for this decomposition and gave support to
the previously postulated mechanism involving heterolytic
cleavage. Although homolytic decomposition of these es-
ters has not been observed, this mode of decomposition
could not be entirely ruled out. We wish to report in this
paper a Hammett relationship study of the effect of sub-
stituents on the decomposition on a series of :-aryl-I-
phenylpropyl hydrogen phthalate esters which supports
the concept of carbonium ion formation rather than radi-
cal pair formation in the rate-determining step.

Results and Discussion

The para :-aryl-l-phenylpropyl alcohols were prepared
by the Grignard method using the appropriate arylmag-
nesium halides and ketones (Table 1). The hydrogen
phthalate esters were prepared from the sodium salt of
these alcohols and phthalic anhydride (Table I). A pre-
parative-scale decomposition of the hydrogen phthalate
esters in DMSO solution gave near-quantitative yields
(>95%) of the corresponding olefin Il and phthalic acid
HI. Kinetic decomposition studies of these esters were car-
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Notes

Table |
1-Aryl-l-phenylpropyl Alcohols and Hydrogen Phthalate Esters

-Alcohol n Hydrogen phthalate esters-
Substituent Yield, % Mp, °C Registry no. Yield, % Mp,“ "C Registry no.
H 91.56 90-926 460 1196
Cl 96¢ Qil 51608-64-1 46.5 117 51608-68-5
Me 94c Qil 51608-65-2 48 115.5 51608-69-6
Br 90° Qil 51608-66-3 51 117 51608-70-9
Ph 58 102-104 51608-67-4 64.5 100 51608-71-0

aThese decomposed on melting. hThese data have been published [R. M. Ottenbrite, J. W. Broekington, and K. G. Ruther-
ford, J. Org. Chem., 38, 1189 (1973) ] and are included for comparison. c The compound did not crystallize and yields are based
on purified oil. * The hydrogen phthalate esters all gave acceptable C, H analyses (£0.4%). Ed.

Table 11

Rate Constants for the Decomposition of a Series of
1-Arylphenyl Hydrogen Phthalates in Dimethyl
Sulfoxide at 65°

Compd k X 105 sec-1 <T+a +
lac 2.46 + 0.01 0.00 0.00
Ib 0.679 = 0.018 +0.11 +0.24
Ic 21.6 = 0.7 -0.31 -0.13
Id 0.581 + 0.033 +0.15 +0.27
le 7.22 + 0.02 -0.17 +0.01

aH. C. Brown and Y. Okamoto, J. Amer. Chem. Soc., 80,
4979 (1958). bJ. March, “Advanced Organic Chemistry:
Reactions, Mechanisms, and Structures,” McGraw-Hill,
New York. N. Y., 1968, p 241. cRegistry no., 51608-72-1.

la, R=H
b R=d
¢, R=CH3
d R = Br
e, R=Ph

ried out in DM SO solution at 65°. The rates of reaction
were followed using nmr techniques previously described.s

Plots of log //,,/(Ha + Hb) vs. time for the decomposi-
tion were obtained, where Ha and Hb are the height of the
integrations of peaks due to the methyl group of the ester
and the olefin, respectively. First-order kinetics was ob-
served in each case. The individual rate constants for each
aryl-substituted ester are listed in Table Il. Hammett re-
lationships using these rate data vs. o constants and <r+
constants were determined. The p value with <was -3.74
(correlation coefficient 0.955) and with <+ —3.44 (correla-
tion coefficient 0.995).

Taylor, et al.,1 reported that for the pyrolysis of a series
of 1-arylethyl acetates that their kinetic data correlated

better with <+ than with a and gave a p value of - 0.66.
From this, they concluded that the transition state was
ionic in character with some charge separation. Further,
free-radical reactions on the average have p values that
are closer to zero than do ionic reactions.s The magnitude
of the p values obtained for our ester decomposition study
(—3.74 for g and -3.44 for ot) are comparable to the p
value (-3.97) obtained for the equilibrium between triar-

PhjCOH Ph,C+ + 'OH

ylmethanol and triarylcarbonium ions in dilute sulfuric
acid. Consequently, the large p values that we obtained
for the hydrogen phthalate ester decomposition indicate
that a substantial charge separation is taking place in the
transitions, therefore substantiating ion-pair formation
and precluding free-radical involvement in this reaction.

Experimental Section

All melting points are uncorrected and were determined in a
Thomas-Hoover melting point apparatus. Infrared spectra were
obtained on a Perkin-Elmer 257. Kinetic studies were performed
in a mineral bath, maintained at +0.1° by means of a Haake
E-51 temperature controller. Kinetic measurements were made on
a Varian A-60 nmr spectrometer in precision nmr tubes (507-PP-7
and 504-PP-7) obtained from Wilmad Glass Co. The deuterated
solvents were obtained from Merck Sharp and Dohme. Microana-
lyses were performed by Micro-Tech Laboratories, Skokie, 111

General Kinetic Procedure. Ester was analytically weighed
and a 0.75 M solution was prepared in dimethyl sulfoxide-d6. At
the beginning of each run, 0.4 ml of this solution was placed into
each of six nmr tubes which immediately were sealed with pres-
sure caps. The tubes were placed simultaneously in the constant-
temperature bath. Tubes were withdrawn at appropriate inter-
vals and quenched by plunging the tube into a beaker of crushed
ice and water. The tube was allowed to return to room tempera-
ture and the nmr analysis was performed. Each nmr signal was
integrated six times. The averaged value for Ha/(Ha - Hb) had a
mean deviation of less than 1%.

Preparation of Alcohols. The alcohols were prepared by the
method previously described7 using the appropriate para-substi-
tuted phenylmagnesium halide with propiophenone. All gave sim-
ilar spectral data: ir (thin film) 3560 (free O-H stretch), 3460
(broad peak, bonded O-H stretch), 1395 (O-H bend), and 1165
cm-1 (C-0 stretch); nmr (CDCls, TMS internal standard) 5
0.80-0.82 (t, 3, J = 7.Hz, CH3CH2) 222 (g, 2, J = 7 Hz,
CH2CH3), 2.26 (s, 1, OH), and 7.1-7.5 ppm (m, 9, aromatic). The
peak at 52.26 disappeared upon the addition of D20.

Preparation of Hydrogen Phthalate Esters. These com-
pounds were prepared according to the procedure previously de-
scribed.7 All gave similar spectral data: ir (KBr) 3420 (broad
peak, bonded O-H stretch), 2650 and 2540 (O-H stretch charac-
teristic of hydrogen-bonded carboxylic acids), 1734 and 1705
(C=0 stretch), and 1300, 1270, 1125, and 1070 cm-1 (C-0
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stretch); nmr (dimethyl sulfoxide-dd TMS internal standard) 6
0.85 (t, 3, J = 7 Hz, CH3CH2), 2.95 (g, 2, J = 7 Hz, CH2CH3),
and 7.0-8.0ppm (m, 13, aromatic).
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Recently, trifluoroacetic acid has become an important
solvolyzing solvent because of its very low nucleophilicity
and relatively high ionizing power. Its strong acidity, how-
ever, restricts the method for measurement of solvolysis
rates so that only the ultraviolet spectroscopic method has
been the one for general use: This method, developed
originally by Swain and Morgan for following the reac-
tions of arenesulfonates,2 takes advantage of the differ-
ences in the absorptions of alkyl tosylates and tosylate
anion at 261 or 272 nm; at 261 nm methyl tosylate has e
671 and tosylate anion has c 344 both in water. For the
reactions of aralkyl arenesulfonates, whose aralkyl groups
absorb in the same region as arenesulfonate groups do, ex-
traction techniques were recommended by the original au-
thors.2 Although this technique has been successfully uti-
lized by Bentley and Dewars and by usa’s for trifluoroace-
tolysis of 2-arylethyl tosylates and nosylates, the experi-
mental procedure is tedious and the accuracy of the re-
sults is limited. We report now that 6-methyl-2-naph-
thalenesulfonate, abbreviated as “menasylate (OMns),” is
a useful leaving group for following the reactions in trifluo-
roacetic acid without extraction techniques.

Although menasyl chloride is commercially unavailable,
it can be prepared easily from 2-methylnaphthalene.s'7
Any indication of the presence of an isomer could not be
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observed for the chloride and all the menasylates prepared
from it. The ultraviolet spectrum of ethyl menasylate in
95% ethanol showed maxima at 282 nm (e 5650), 311
(1240), 318 (782), and 326 (936). On the other hand, the
spectrum of menasylic acid in the same solvent showed
maxima at 278 nm (r 5470), 308 (393), and 318 (194); s
was only 56 at 326 nm and no maximum was observed
around there. Addition of trifluoroacetic acid and sodium
trifluoroacetate to the solutions did not cause any change
in the spectra at all. This remarkable difference in the ab-
sorptions at 326 nm (ca. 20-fold) facilitated the measure-
ment of the trifluoroacetolysis rates of several menasylates
whose alkyl groups have absorptions at a longer wave-
length region. Thus, the trifluoroacetolysis rates of 2-
phenylethyl and 2-(p-methoxyphenyl)ethyl menasylate (1
and 2) were determined (Table 1). In a typical run, the
absorbance at 326 nm changed from 0.733 (at zero point)
to 0.060 (at “infinity” after more than 10 half-lives). This
large variation in the absorbance resulted in much im-
proved accuracy and reproducibility without a great deal
of skill such as necessary for extraction techniques. Corre-
lation coefficients were better than 0.9999 in most cases.
The presence of even a nitrophenyl group in the substrate
(3) did not interfere with the measurement, although the
background absorbance was relatively high in this case;
the absorbance changed from 0.582 to 0.339 in one run.
Application of a high temperature (>130°) caused desulfo-
nation from the leaving group, and a small amount of 2-
methylnaphthalene was detected in the products of triflu-
oroacetolysis of 3.

It is apparent that menasylates can be used convenient-
ly in any solvent other than trifluoroacetic acid; their
reactions can be followed accurately and their melting
points are usually high. Comparison of the present data
with those reported by Nordldnder and Deadmans re-
vealed that the reactivity of a menasylate was almost the
same as that of a tosylate.

Experimental Section

Menasylic Acid. A mixture of 71 g of 2-methylnaphthalene and
71 g of concentrated sulfuric acid (d 1.84) was stirred for 6 hr at
90-100°. At the end of this period the hot reaction solution was
poured into 250 ml of water while stirring. The unreacted 2-meth-
ylnaphthalene and the sulfone produced as a by-product were ex-
tracted twice with 50 ml each of benzene. To the water layer was
added 400 ml of aqueous solution saturated with sodium chloride.
After stirring for several hours the sodium salt thus precipitated
was filtered and dried at 120-150° in uacuo. The crystals were
suspended in acetone and warmed under reflux for 2 hr. After fil-
tration sodium menasylate recrystallized twice from water. The
yield was 25-40%.

Sodium menasylate was dissolved in 3 N hydrochloric acid at
60°. Upon cooling to room temperature colorless crystals precipi-
tated. Menasylic acid was obtained as a monohydrate after re-
crystallization from 3 N hydrochloric acid and then from ethyl
acetate, mp 118-121°.

Anal. Calcd for CnH1204S: C, 54.99; H, 5.03; S, 13.34. Found:
C, 55.22; H, 4.83; S, 13.23.

Menasyl Chloride. To a stirred suspension of 20 g of sodium

Table |
Trifluoroacetolysis Rates of 2-Arylethyl Arenesulfonates
Substrate Temp, °C 105kt, sec-1 AiJ*, kcal/mol AS*, eu
PhCH2CH2OMns (1)«.» 50 8.08 + 0.01 19.9 -15.9
60 21.1 + 0.1
p-MeOPhCH2CH2Mns (2)« 4 24 6.38 + 0.03
p-NO2PhCH2CH20Mns (3)" 130 2.64 + 0.00 25 -19
150 11.9
PbCHXHXOTs64 50 7.75 20.8 -13.1
PhCH2CH20Nse 50 26.0 19.5 -14.7

00.05 M in menasylate. 6 With 0.125 M sodium trifluoroacetate.c0.025 M in menasylate. dInterpolated from data in ref 8.

0.05 M in tosylate. 6Reference 5; 0.02 M in nosylate.
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menasylate in 80 ml of dimethylformamide was added dropwise
over a 15-min period 9 ml of thionyl chloride at room tempera-
ture. After stirring for an additional 5 min, the reaction solution
was poured into ice-water. Precipitates were filtered and dried.
Recrystallization from ligroin gave 15.7 g of the pure chloride, mp
98.0-99.0° (lit.6 mp 97-98°).

Preparation of Menasylates. Menasylates were prepared by
standard procedures from menasyl chloride and alcohols at 0° in
pyridine as a solvent.

2-Phenylethyl menasylate (1) had mp 101.9-102.5° (from lig-
roin).

Ar)1al. Calcd for CigHig03S: C, 69.91; H, 5.56; S, 9.82. Found:
C, 69.98; H, 5.29; S.9.71.

2-(p-Methoxyphenyl)ethyl menasylate (2) had mp 112.8-113.3°
(from ligroin-benzene).

Anal. Calcd for C20H2004S: C, 67.39; H, 5.66; S, 9.00. Found:
C, 67.30; H, 5.46; S, 8.80.

2-(p-Nitrophenyl)ethyl menasylate (3) had mp 135.0-135.8°
(from carbon tetrachloride-chloroform).

Anal. Calcd for C19H17NOS5S: C, 61.44; H, 4.61; N, 3.77; S,
8.63. Found: C, 61.31; H, 4.47; N, 3.58; S, 8.78.

Trifluoroacetolysis Media. Trifluoroacetic acid and its 2 vol %
of trifluoroacetic anhydride were refluxed for 2 hr. The solution
was then distilled through a 85-cm vacuum-jacketed column
packed with glass helices. The middle cut (bp 71.5-72.0°) was re-
distilled through the same column. To this middle cut (bp 71.5-
72.0°) was added 1 wt % of freshly distilled trifluoroacetic anhy-
dride. Sodium trifluoroacetate (17.0 g, 0.125 mol) was dissolved
with the previous solution in a 1000-ml volumetric flask to pre-
pare buffered medium.

Kinetic Procedure. The required amount of menasylate for
making a 0.05 M solution was weighed in a volumetric flask and
diluted with the trifluoroacetolysis media prepared as above. For
the reactions above 50°, 1.5-ml portions of this solution were
sealed in 5-ml glass ampoules, which were placed together in a
thermostatic bath at the desired temperature (+0.02°). At the
appropriate intervals, the tubes were quenched in ice-water suc-
cessively. Each was warmed to room temperature and opened,
and 1.00 ml of the solution was pipetted into ca. 48 ml of 95%
ethanol in a 50-ml volumetric flask, followed by 95% ethanol up
to the mark. The absorbance of the resulting solution was mea-
sured at the maximum of 326 nm, using a Hitachi Perkin-Elmer
139 uv-visible spectrophotometer. A Beer's law for the concentra-
tion of ethyl menasylate was shown to be linear over the range
used for the kinetics.

The reaction of 3 was followed using a 0.025 M solution. For the
reaction of 2 at 24°, 1-ml aliquots were pipetted out from a reac-
tion flask placed in a thermostatic bath.

Registry No.—1, 51751-79-2; 2, 51751-80-5; 3, 51751-81-6; me-
nasylic acid, 29181-96-2; 2-methylnaphthalene, 91-57-6; menasyl
chloride, 1875-72-5; sodium menasylate, 13035-04-6; 2-phenyletha-
nol, 60-12-8; 2-(p-methoxyphenyl)ethanol, 702-23-8; 2-(p-nitro-
phenyDethanol, 100-27-6; trifluoroacetic acid, 76-05-1.
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Friedel-Crafts reactions of benzaldehyde with aromatic
substrates have been reported to produce either triaryl-

Notes

methanes or anthracene derivatives depending on the cat-
alyst, substrate, and reaction conditions.l In the reaction
of substituted benzaldehydes with benzene in the pres-
ence of aluminum chloride to produce anthracenes it was
found that the aldehyde served only to supply the meso
carbon atoms in the anthracene molecule2 via decarbony-
lation to carbon monoxide. Benzoic acid3 and “traces” of
diphenylmethane4 have also been reported as products of
the reaction of benzaldehyde with benzene in the presence
of aluminum chloride.

During the course of a study of Tishchenko reactions
catalyzed by boron compounds5 a new modification of the
Friedel-Crafts reaction of benzaldehydes with aromatics
has been found. When boron trifluoride etherate is used as
catalyst at elevated temperatures the major products are
diphenylmethane derivatives along with low yields of the
corresponding benzoic acids. If the assumption is correct
that the initial reaction step is disproportionation of the
aldehyde to benzyl benzoate, the following reaction stoi-
chiometry would be expected.

2ArCHO Ar€02H 2Ar ArCHAr' + ArlCOH

Table | summarizes the results observed under typical
conditions using excess aromatic hydrocarbon as solvent.

Although good vyields of diphenylmethane derivatives
were usually obtained, the corresponding carboxylic acid
was generally found in only 10-15% yield by basic extrac-
tion. In addition to the products isolated there were rather
substantial quantities of heavy tars produced. Dibenzylat-
ed materials were found in some cases but there was no
indication of incorporation of the bulk of the benzoic acid
in the form of volatile carbonyl-containing compounds;
however, minor quantities of ethyl benzoate were detected
(control experiments showed that benzoic acid in benzene
solution reacted with boron fluoride etherate to give ethyl
benzoate at 150°). Benzylation of benzene and toluene
with benzyl benzoate in the presence of catalytic quan-
tities of boron fluoride etherate was found to give high
yields of both diphenylmethane and benzoic acid. Treat-
ment of benzaldehyde with boron fluoride etherate in cy-
clohexane gave no reaction at reflux and tars under more
forcing conditions. Pure benzyl benzoate when refluxed
with boron fluoride in cyclohexane was converted to poly-
mer (polybenzyl) and benzoic acid. Benzene did not react
with carbon monoxide at 200° and 1800 psig in the pres-
ence of boron fluoride. Stannic chloride was completely
ineffective as a catalyst for the reaction using method B;
the starting materials were recovered unchanged. Because
of the differences in reaction products between benzalde-
hyde and benzyl benzoate cited the equation above un-
doubtedly represents an oversimplification. Although
mechanisms can be written which would account for the
observed products, they would be speculative at this time;
a competition between other routes and a Tishchenko dis-
proportionation, followed by alkylation, may also be oc-
curring.

Isomer distributions of the benzyltoluenes from the
reaction of benzaldehyde with toluene were determined by
capillary glc and found to be substantially the same for all
three methods of preparation; 49-51% para, 7-8% meta,
and 41-43% ortho. Reaction of p-tolualdehyde with ben-
zene gave p-benzyltoluene of >99.5% purity and p-chloro-
benzaldehyde with benzene gave 4-chlorodiphenylmeth-
ane, also in very high purity. Where the requisite al-
dehydes are available this method may provide a useful
synthetic procedure for the preparation of substituted di-
phenylmethanes,6 since the experimental procedure, par-
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Table |

2ArCHO + Ar'H —’>-ArCH2Ar' + ArCoH

Diphenyl-
Aldehyde meth-

conver- ane6 ArCH2Ar'
ArCHO' Ar'H Ar Mol Ar' Ml MethodO sion, %  yield, % registry no.
100-52-7 71-43-2 CA 1.89 ces 400 A 8 85 101-81-5
cehs 1.89 cth5 400 B 16 91
ct 6 1.89 CeHs 300 C 47 55
108-88-3 cehb5 1.89 ch364 400 A 16 81
ceh5 1.89 ch3xe4 400 B 36 82
cehs 1.89 chi3c«4 300 C 51 57
108-38-3 c,h5 1.89 m-(CHT)!ICHT 300 C 53 67 38094-29-0
104-87-0 p-ch3cét 4 1.89 cth s 300 C 48 33 620-83-7
104-88-1 p-ClCeH4 1.00 ct5 300 C 66 79 14310-22-6

“In method A the indicated quantities were refluxed under nitrogen with 25 ml of boron fluoride etherate for 24 hr, method B
used 48-hr reflux, and in method C the reaction mixtures were heated for 6 hr at 150° in an autoclave. 6 Based on reacted

aldehyde.

ticularly using method B, is simple and product isolation
is easily accomplished by distillation.

Experimental Section7

Reaction of Benzaldehyde with Toluene (Method B). A mix-
ture of 200 g (1.89 mol) of benzaldehyde, 25 ml of boron fluoride
etherate, and 400 ml of toluene was refluxed for 48 hr. After cool-
ing, the reaction mixture ws washed with water (100 ml) and ex-
tracted with saturated sodium carbonate solution. The organic
layer was dried (MgS04) and filtered, and the toluene was re-
moved on a 36-in. column. Distillation of the residue through the
same column gave 127.3 g (64% recovery) of benzaldehyde, bp
80-82° (20 mm), and 51.1 g (82%) of a mixture of benzyltoluenes,
bp 160-164° (18 mm), which was found to contain 42% ortho, 7%
meta, and 51% para isomer by glc analysis (150 ft x 0.01 in. Car-
bowax 20M column programmed from 150 to 200° at 5°/min). The
sodium carbonate extracts were filtered, acidified with concen-
trated HC1, collected on a filter, and air dried to give 5.4 g (13%)
of benzoic acid, mp 119-120°, identified by its infrared spectrum.

Reaction of p-Chlorobenzaldehyde with Benzene (Method C).
A 1-1 Magnedrive autoclaved constructed of Hastelloy C was
charged with 140.5 g (1.0 mol) of p-chlorobenzaldehyde, 300 ml of
benzene, and 25 ml of boron fluoride etherate. The autoclave was
flushed with nitrogen and heated at 150° for 6 hr. After work-up
as in method B there was obtained 48.2 g (34%) of unreacted p-
chlorobenzaldehyde, bp 98-100° (15 mm), and 52.9 g (79%) of 4-
chlorodiphenylmethane, bp 116-117° (3 mm).

Anal. Calcd for C13H11Cl: C, 77.04; H, 5.43; Cl, 17.5. Found: C,
76.88; H, 5.35; Cl, 17.4.

Acidification of the sodium carbonate extracts gave 103 g
(10%) of p-chlorobenzoic acid, mp 232-234°, identified by com-
parison of the infrared spectrum with that of an authentic sam-
ple.

Registry No.—o-Benzyltoluene, 713-36-0.
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During the course of our studies on quinazolines we ob-

served an unusual reaction between carbon disulfide and
4-hydrazinoquinazoline.

Cs,
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lyengar, Naqui, and Sidhu: reported that the treatment
of 1-hydrazinoisoquinoline with carbon disulfide in the
presence of base led to the formation of 3-mercapto-s-tria-
zolo[3,4-alisoquinoline. When 4-hydrazinoquinazoline (I)
was allowed to react with carbon disulfide under the same
conditions, we observed that the expected [4,3-c]triazolo-
quinazoline (4) was not formed. Instead, 2-(2-amino-
phenyl)-5-mercapto-1,3,4-thiadiazole (2) was isolated as in-
dicated by the presence of -N H 2 absorptions at 3410 and
3300 cm-1 in the infrared and by the absence of the expect-
ed proton in the 5 position of 4 in the nmr.

As the mechanism of the formation of 2 under these con-
ditions, we stipulate the first intermediate to be A, which
should be formed by a nucleophilic attack of the hydrazino
group of carbon disulfide. An intramolecular attack of the
dithiocarbazate anion may then occur at the 4 position and
the spiro intermediate B is formed. Following the abstrac-
tion of a proton from the solvent, the quinazoline ring
opens and C is produced. This, in turn, is attacked by hy-
droxide ion to produce 2 with concomitant loss of form-
amide.

The structure of 2 was also confirmed by the indepen-
dent synthesis of 3. Using the procedure of Young and
Wood,2 2-nitrobenzoylhydrazide was treated with carbon
disulfide in the presence of potassium hydroxide followed
by alkylation of the intermediate with methyl iodide to
form methyl-3-(2-nitrophenyl)dithiocarbazate (5) in 25%
yield (mp 174-178°). Compound 5 cyclized in concentrated
sulfuric acid to 5-methylmercapto-2-(2-nitrophenyl)l,3,4-
thiadiazole in 85% yield (mp 90-93°), which was then hy-
drogenated over palladium on carbon at 3.5 atm to 3in 28%
yield. All physical constants and spectra were identical
with those of 3 isolated by the previous route.

Experimental Section3

Melting points were determined on a Thomas-Hoover Unimelt
apparatus and are uncorrected. All compounds gave satisfactory
elemental analyses and their spectra (ir, obtained on Perkin-Elmer
Models 257 and 457 spectrophotometers, and nmr, on Varian
Models A-60 and T-60) were in full accord with the proposed
structures.

2-(2-Aminophenyl)-5-mercapto-1,3,4-thiadiazole (2). A mix-
ture of 10.0 g of 4-hydrazinoquinazoline,4 10 ml of carbon disul-
fide, 3.6 g of potassium hydroxide (85%), and 30.0 g of water in 200
ml of ethanol was refluxed for 3 hr. All insoluble materials were fil-
tered from the reaction mixture and the solvent was removed
under reduced pressure. To the residue was added 200 ml of 5%
potassium hydroxide solution and any insoluble material was fil-
tered off. The resulting solution was neutralized with 50% aqueous
acetic acid, and the yellow precipitate was filtered and washed well
with water. Recrystallization from ethanol furnished 6.1 g (48%) of
2, mp 214-216°.

Anal. Calcd for C8H7N3S2: C, 45.9; H, 3.4; N, 20.1. Found: C,
45.5; H, 34; N, 198.

2-(2-Aminophenyl)-5-methylmercapto-1,3,4-thiadiazole (3).
To asolution of 2 in 125 ml of 1 A potassium hydroxide was added
2.2 ml of methyl iodide. The mixture was stirred at 25° for 30 min
(precipitation occurred after 5 min). The resulting precipitate was
filtered and recrystallized from ether to yield 6.0 g (87%) of 3, mp
91-92°,

Anal. Calcd for COH9N3S2: C, 48.4; H, 4.1; N, 18.8. Found: C,
48.3; H, 4.1; N, 186.

Acknowledgment. The authors wish to thank Dr. San-
dor Barcza and his associates for measuring the ir and nmr
spectra and Mr. William Bonkoski and associates for per-
forming the microanalyses.

Registry No.—1, 36075-44-2; 2, 51805-88-0; 3, 51805-89-1; car-
bon disulfide, 75-15-0.
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It is known that ruthenium tetroxide will readily oxi-
dize aromatic rings to yield either mono- or dicarboxylic
acids.2's This ability has found particular application in
the degradation of steroids.e Ruthenium tetroxide is an at-
tractive reagent for these processes, since it is a vigorous
oxidant which is soluble in a variety of organic solvents.s
Furthermore it is not costly, since it can be used catalyti-
cally in conjunction with inexpensive cooxidants such as
aqueous sodium hypochlorite (household bleach). Despite
these advantages little was known about the directive ef-
fect of ring substituents in fused polyaromatic systems
prior to this study.

From the data contained in Table | it can be seen that
the substituents exert a substantial directive effect on the
oxidation of substituted naphthalenes. In those cases
where the substituent is electron donating it activates the
ring and increases the yield of phthalic acid. When elec-
tron-withdrawing groups are present the overall reaction
time is increased, the substituted ring is protected, the
observed yield is reduced, and a mixture of products is
obtained. The application of these observations to organic
synthesis is straightforward; if it is desirable to use this
reaction in an oxidative degradation procedure, the intro-
duction of an activating group such as hydroxy or me-
thoxy will greatly increase the rate of oxidation, thus pre-
venting side reactions. Conversely, an aromatic ring may
be protected simply by introduction of an electron-with-
drawing group such as nitro.

In the case of methyl-substituted naphthalenes no evi-
dence could be found for side-chain oxidation. In this re-
spect ruthenium tetroxide differs in its reactions from
those of several other common oxidants, particularly
aqueous sodium dichromate, which is known to attack
side chains preferentially.7

Experimental Section

All successful reactions were carried out using a two-phase sys-
tem composed of carbon tetrachloride and water along with cata-
lytic amounts of ruthenium dioxide and an excess of cooxidant.
[Several experiments which were performed using stoichiometric
amounts of ruthenium tetroxide were found to give extremely low
yields (<10%) possibly because of absorption of the organic prod-
ucts on the resulting inorganic product, ruthenium dioxide.]

A typical reaction was initiated by combining 50 ml of carbon
tetrachloride and 100-200 ml of bleach (enough cooxidant to en-
sure that phthalic acid would be the product). Then 0.01 g of
RuC2-2H20 was added while stirring. When all of the black ru-
thenium dioxide had been converted to yellow ruthenium tetrox-
ide, 0.5 g of the particular naphthalene was added. The reaction
mixture was well stirred and allowed to react until no further ru-
thenium tetroxide was generated. Typically this time varied from
hours for activated naphthalenes to several days for those com-
pounds with electron-withdrawing groups present.

The products were separated by ether extractions and identi-
fied by glc (after esterification), ir, and tic.
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Table |
Products from Ruthenium Tetroxide Oxidation of Substituted Naphthalenes
Compda Registry no. Reaction time*™ Products Yield, %
Naphthalene (3) 91-20-3 60 hr Phthalic acid 70
a-Naphthol (3) 90-15-3 1 hr Phthalic acid 82
/3-Naphthol (2) 135-19-3 1 hr Phthalic acid 60
1-Methylnaphthalene (7) 90-12-0 24 hr Phthalic acid 24
3-Methylphthalic acid 6
2-Methylnaphthalene (5) 91-57-6 24 hr Phthalic acid 50
4-Methylphthalic acid 5
1-Methoxynaphthalene (3) 2216-69-5 4 days Phthalic acid 85
2-Methoxynaphthalene (1) 93-04-9 4 days Phthalic acid 72
4-Methoxyphthalic acid 6
2,3-Dimethylnaphthalene (2) 581-40-8 3 days Phthalic acid 25
1,4-Dimethylnaphthalene (2) 571-58-4 3 days Phthalic acid 10
3,6-Dimethylphthalic acid 15
2-Chloronaphthalene (2) 91-58-7 5 days Phthalic acid 7
4-Chlorophthalic acid 70
1-Fluoronaphthalene (3) 321-38-0 3 days Phthalic acid 44
3-Fluorophthalie acid 11
1-Nitronaphthalene (4) 86-57-7 7 days Phthalic acid 7
3-Nitrophthalic acid 63
1-Naphthoic acid {2) 86-55-5 36 hr Phthalic acid 38
1,2,3-Tricarboxybenzene 16
2-Naphthoic acid (3) 93-09-4 48 hr Phthalic acid 28
1,2,4-Tricarboxybenzene 24
2-Naphthaldehyde (2) 66-99-9 48 hr Phthalic acid 29
1,2,4-Tricarboxybenzene 29
2-Naphthoic acid 2
Tetralin (6) 119-64-2 60 hr Adipic acid" 36
3-Hydroxy-2-naphthoic acid (2) 92-70-6 48 hr Phthalic acid 85

“ Numbers in parentheses indicate number of trials. 6 The reaction time can be reduced if more Ru02-2H is used, but this

causes large decreases in yields.cLarge amounts of tars present.

All materials were available commercially; the substituted
naphthalenes were purified prior to use by crystallization and/or
sublimation.

Acknowledgments. The authors are grateful to Mrs. L.
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al Research Council for financial support.
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We have investigated the mechanism for the aminolysis

of p-nitrophenyl N-phenylcarbamate (la) in toluene.2 As
will be shown below, la reacts in the nonpolar solvent

through an ionic mechanism to the exclusion of a cyclic six-
center process that generates little or no charge.

R O
la,R=H
b, R = CH3

The observed rate constant (as measured by p-nitrophe-
nol release) for the reaction of 0.053 M diethylamine with
8.7 X 10-5 M la in toluene at 25.0° was found to equal 1.50
X 10-3 sec-1. This is at least 104 faster than that between
diethylamine and Ib.3 If the amine attacked the carbamate
carbonyl (to eject p-nitrophenol and form a urea via a
BAC2 mechanism), then la and Ib would not differ so wide-
ly in their rates.4 The requirement of an N proton for a fac-
ile reaction demands that la eliminate to give an isocyanate
intermediate (eq |).ss The intermediate subsequently
reacts with amine to produce a urea.

0
Ft NR
CHINHCOAr —-> CaHIN=C =0 1)

Formation of the isocyanate in toluene could conceivably
occur by one of three mechanisms.

T) Six-membered cyclic concerted process

R,
N-

CANCO + ArOH
N~ ~OAr

CA
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(2) E2 mechanism

R,HN
H
R,NH., + CENCO + ArO-
CEHN— C—pOAr
I~
O
(3) ElcB mechanism
R,NH
CEHINHCOOAr < - — CaHINCOOAr — » CHANCO + ArO
r,nh2

The following results remove the cyclic concerted mecha-
nism as an acceptable possibility. Both diethylamine and
triethylamine were found to catalyze the formation of iso-
cyanate from la. The triethylamine-catalyzed elimination
is first order in amine below 0.1 M amine (k2 = 4.5 X 10-2
M ~1 sec-1, toluene, 25.00).7 The diethylamine reaction is
both first order and second order in amine with the former
predominating below 0.1 M amine (k2 = 2.2 X 10-2 M-1
sec-1, toluene, 25.0°). Comparison of the corresponding bi-
molecular rate constants for the secondary and tertiary
amines shows that triethylamine is a twofold better cata-
lyst than diethylamine. Of the three mechanisms above,
only the first is inconsistent with this comparison. Trieth-
ylamine lacks the necessary N proton to participate in the
cyclic pathway. We conclude that the concerted mechanism
is incorrect.

Both of the remaining mechanisms entail charge forma-
tion. One would predict, therefore, that carbamate aminol-
ysis should be subject to a sizable solvent effect, and this
was found to be the case. The reaction of triethylamine
with la is three orders of magnitude faster in acetonitrile
than in toluene.

No evidence was collected which distinguishes the E2
from the ElcB-type mechanism. There does seem, how-
ever, to be considerable N-H breakage in the transition
state, because la reacts over 200 times faster than p-nitro-
phenyl A'-methylcarbamate (I1) with triethylamine in tolu-
ene.

ch3—n—c—o —/ V NO,

H O

In conclusion, we have found that the aminolysis of la
prefers an ionic mechanism despite the nonpolar medium
and despite the availability of a seemingly feasible concert-
ed pathway. The lack of a concerted proton transfer from a
secondary amine to the “ether” oxygen of la during the
proton abstraction suggests that there is little carbonyl car-
bon-oxygen bond cleavage in the transition state. If bond
cleavage were appreciable, then the cyclic mechanism
would be favored because p-nitrophenoxide is undoubtedly
a stronger base than an aliphatic amine in a hydrocarbon
solvent.g'9 Our results can also be viewed in terms of the
postulate that intramolecular proton transfer is most prob-
able when a cyclic transition state can accommodate a lin-
ear arrangement of the donor atom, proton, and acceptor
atom.i0 The absence of a cyclic mechanism for aminolysis
of la might, therefore, stem from the inability of a six-
membered ring to attain such arelationship.

Experimental Section

Materials. p-Nitrophenyl Af-phenylcarbamate was prepared by
refluxing equimolar amounts of p-nitrophenol and phenyl isocyan-
ate in dry toluene for 3 hr. Recrystallization and drying gave pale
yellow crystals, mp 148-150° (lit. mp 153-155°,11 149-150° 12).

Notes

Anal. Calcd for C13HioN20 4 C, 60.46; H, 3.90; N, 10.85. Found:
C, 60.50; H, 3.91; N, 10.87.

p-Nitrophenyl  N-methyl-N-phenylcarbamatewas prepared
from p-nitrophenol, jV-methyl-N-phenylcarbamoylchloride, and
triethylamine in toluene. The product was purified by liquid chro-
matography and by crystallization to give a 6% yield of product
melting at 62-64°.

Anal. Calcd for CiaH12N20 4 C, 61.76; H, 4.44; N, 10.29. Found:
C, 61.83; H, 4.50; N, 10.36.

p-Nitrophenyl IV-methylcarbamate was obtained by mixing p-
nitrophenol and methyl isocyanate in anhydrous diethyl ether with
a trace of triethylamine, mp 162-163° (lit.2amp 157.5-159°).

Kinetics. A stoppered cuvette containing 3.00 ml of a toluene
solution of an aliphatic amine (0.01-0.1 M) was equilibrated at
25.0° within the thermostated cell comparment of a Cary 14 spec-
trophotometer. A small amount (25 pi) of a toluene solution of la
was then added to the cuvette such that the initial substrate con-
centration was 8.7 X 10-5 M. The production of p-nitrophenol
(measured by the increase in absorbance at 322 nm) was then
traced as a function of time.13 Pseudo-first-order rate constants
were secured by processing the absorbance-time data in the usual
manner.

Acknowledgment. This work was supported in part by
the National Science Foundation.
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Each of the generally recognized methods for converting
lactones to cyclic ethers suffers from distinct structural
limitations. For instance, Adams catalyst in an acidic
medium will reduce 5-lactones to the corresponding ethers
but fails completely with 7- and e-lactones.2 Pettit’s re-
agents derived from complex metal hydrides and boron
trifluoride are very effective when the alcohol portion of
the lactone is tertiary, but the yields of ethers decrease
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dramatically as substitution at the alcohol portion is de-
creased.3 Published results suggest a further limitation to
the Pettit procedure when the lactone is part of an other-
wise flexible system that can adopt a more favorable con-
formation by ring opening. For instance, Bruices has re-
ported that no ether is formed on reduction of 2-oxabicy-
clo[2.2.2]octan-3-one (1) with BF3-B2He6 and we have en-
countered a similar failure with 6-oxabicyclo[3.2.1]Joctan-
7-one (2). Each of these lactones are esters of secondary

1 2

alcohols and would normally be expected to afford moder-
ate amounts of ether. Failure to do so presumably indi-
cates that the preferred conformations of ring-opened in-
termediates derived from 1 and 2 are such as to preclude
ready recyclization to the desired ethers.s Thus the suc-
cessful applications of the Lewis acid-metal hydride re-
agents have generally occurred when the lactone ring was
either part of a strain-free or conformationally restricted
system. We wish to report here that the radical-induced
reduction of lactones by trichlorosilane circumvents many
of the problems previously mentioned and further that the
reaction can exhibit remarkable selectivity.

There have been several recent reports describing the
reduction of simple esters and lactones with trichlorosi-
lane on ultraviolet irradiation.s Tsurugi’s thorough work
has established that the reduction proceeds by a radical
chain process, greatly diminishing the opportunity for ring
opening via ionic intermediates. We anticipated that the
application of Tsurugi’s method to more complex lactones
might well be of value.

In practice this prediction was realized when lactones 2
and 4 were smoothly converted to the cyclic esters by irra-

diation in the presence of excess trichlorosilane. Perhaps
of greater interest was the selectivity shown when the lac-
tone contained additional ester groupings. For instance,
reaction of lactone acetate s with 2 equiv of trichlorosilane
afforded ether 7 in 73% yield.7 In a similar manner lac-
tone diester 8 was converted to 9 in 50-60% yield. In each
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case the lactone carbonyl was selectively reduced. Current
observations suggest that the observed selectivity is steric
in origin, although this remains to be rigorously demon-
strated.

Although the work reported herein describes the direct
one-step conversion of lactones to polycyclic ethers, there
is some question as to other fuctionality which may be
present. For instance, Tsurugi6® has noted the inhibitory
effect of added aromatic compounds to the reaction medi-
um and the propensity for reaction between -SiCls and
other unsaturated centers is known. We are currently ex-
amining the scope of this reaction in detail.

Experimental Section

The ir spectra were recorded on Perkin-Elmer 137 and 237 spec-
trophotometers. Nmr spectra were determined on a Varian A-60
spectrometer or a Jeol MH-100 spectrometer and are reported in 5
units downfield from TMS. Gas chromatographic analyses were
performed on a Hewlett-Packard Model 700 laboratory gas chro-
matograph equipped with dual flame ionization detectors. A flow
rate (N2) of 35 ml/min through 6 ft x 0.125 in. columns (5%
SE-30 on Chromosorb P) was employed. Microanalyses were per-
formed by Atlantic Microlabs, Inc., Atlanta, Ga., and M-H-W
Laboratories, Garden City, Mich. Yields have not been optimized.

6-Oxabicyclo[3.2.1 [octane (3). A. A solution of 478 mg (3.80
mmol) of lactone 2 and 29 mg (0.04 ml, 0.2 mmol) of di-ieri-butyl
peroxide in 2.06 g (1.60 ml, 15.2 mmol) of trichlorosilane was de-
gassed (0.01 mm) with three freeze-pump-thaw cycles, sealed in
a Pyrex tube, and irradiated for 2.5 hr with a Hanovia 45G-W me-
dium-pressure ultraviolet lamp. The resulting clear solution was
diluted with 50 ml of CH2CI2 and then the excess trichlorosilane
was destroyed by the careful addition (0°, stirring) of 10 ml of
water and 2.5 ml of 10% NaOH solution. The aqueous layer was
extracted with CH2CL2 (3 x 25 ml) and the combined organic
layer was washed with saturated brine (50 ml) and dried
(MgSO0i). Gas chromatographic analysis of this dilute solution
showed a single peak identical with authentic material prepared
in B. Careful removal of the solvent and distillation (sublimation)
of the residue in the Kugelrohr manner (110°, 33 mm) afforded
126 mg (27.5%)8 of semisolid residue, spectroscopically identical
with the ether prepared inB.9

B. An ether solution of 204 mg (2.42 mmol) of lactone 2 was re-
duced with excess lithium aluminum hydride. The resulting
crude diol and 2 mg of p-toluenesulfonic acid were distilled (sub-
limed) as above (110°, 33 mm) to give 160 mg (59.4%) of a waxy
solid, which exhibited a single peak on gas chromatographic analy-
sis (100°, 2.3 min), identical with the ether prepared in A: nmr
(CC14) & 1.43-2.50 (broad, 9 H), 3.78 (m, 2 H, -CH20-), 425
(broad, 1H, -CHO).

irares-8-Oxabicyclo[4.3.0]nonane (5).10 A. A solution of 500 mg
(3.57 mmol) of lactone 4 (prepared by the method of Bloom-
field11), 26 mg (0.033 ml, 0.18 mmol) of di-ierf-butyl peroxide,
and 1.94 g (1.44 ml, 14.3 mmol) of trichlorosilane was degassed
and sealed in a Pyrex tube as described above. Irradiation as be-
fore for 2 hr followed by a similar work-up (CH2C12, NaOH,
NaCl, MgSOi) and concentration at 200 mm led to 410 mg of mo-
bile oil which was distilled in the Kugelrohr manner (85°, 33 mm)
to give 373 mg (83%) of colorless liquid identical with that pro-
duced in B. Occasionally the presence of minor amounts (10-20%)
of cis ether was apparent from the nmr spectrum, which showed
complex absorption centered at &3.64.

B. A solution of trans diol [derived from reducing 5.0 g (35.7
mmol) of trans lactone 4 with excess lithium aluminum hydride],
20 ml of water, and 1 ml of concentrated H2S04 was steam dis-
tilled, additional water being added as necessary to maintain the
original volume. When organic material stopped collecting, the
distillate was saturated with potassium carbonate and extracted
with ether (3 X 10 ml). The combined ether layers were washed
with brine (50 ml), dried (MgSCL), and concentrated at 200 mm.
Distillation of the residue afforded 3.5 g (78%) of pure ether, bp
73-77° (20 mm) [lit.10 bp 70° (20 mm)], homogeneous by gas chro-
matography (150°, 1.3 min): nmr (CCl4) 5 0.84-1.63 (broad, 8 H),
1.81 (broad, 2 H), 2.09 (m, 2H), 3.64 (m, 4 H).

(i-erido-Acetoxy-2-oxabicyclof2.2.2]octan-3-one (6). A. A solu-
tion of 10.3 g (65.0 mmol) of 3a,4j3-dihydroxycyclohexane-la-car-
boxylic acid (13)12 in 200 ml of acetic anhydride was slowly heat-
ed under nitrogen to 180-185° and maintained at that tempera-
ture for 1 hr. Removal of the acetic anhydride in vacuo gave 13 g
of a light yellow oil, vacuum distillation of which afforded 4.72 g
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(40%) of a colorless liquid: bp 111-120° (0.05 mm); ir (CCl4) 1774
and 1755 cm-1 (C=0); nmr (CCl4) 5 1.90 (broad, 5 H), 2.10 (s, 3
H, COCHB3), 2.50 (broad, 2 H), 4.55 (broad, 1H), 5.00 (m, 1H).

Anal. Calcd for Co9Hi204: C, 58.69; H, 6.57. Found: C, 58.61; H,
6.41.

B. Oxidation of Ether 7 with Ruthenium Tetroxide.13 To a
solution of 200 mg (1.28 mmol) of ether 7 in 50 ml of carbon tetra-
chloride was added 2 ml of a carbon tetrachloride solution of ru-
thenium tetroxide [prepared by stirring 0.1 g (0.49 mmol) of ru-
thenium trichloride and 0.5 g (2.32 mmol) of sodium periodate in
25 ml of carbon tetrachloride and 10 ml of water for 20 hr] and a
solution of 0.5 g (2.32 mmol) of sodium periodate in 25 ml of
water. After the mixture was stirred vigorously for 2 days, isopro-
pyl alcohol was added and the mixture was filtered. Concentra-
tion of the organic layer afforded 129 mg (55%) of lactone 6, iden-
tical with material prepared in A.

6-endo-Aeetoxy-2-oxabicyclo[2.2.2]octane (7). A. A solution of
5,59 g (30.0 mmol) of lactone 6, 8.31 g (61 mmol) of trichlorosi-
lane, and 0.22 g (1.5 mmol) of di-tert-butyl peroxide in a Pyrex
tube (35 x 1.5 cm) was degassed by four freeze-pump-thaw cy-
cles (0.01 mm). The tube was sealed and then irradiated as before
for 4 hr. The contents of the tube were then poured into 200 ml of
ether and 10% sodium hydroxide was added carefully until no
further reaction occurred. After filtration, the filtrate was washed
with saturated sodium bicarbonate (25 ml) and brine (25 ml),
dried (MgS04), and concentrated. Distillation of the resulting oil
in the Kugelrohr manner afforded 3.78 g (73%) of a light oil (70—
80°, 0.01 mm): ir (CCU) 1740 cm-1 (C:O); nmr (CCl4) & 1.30-
250 (broad, 7 H), 2.08 (s, 3 H, COCH3), 3.70 (broad, 3 H,
H2COCH), 4.90 (m, 1 H, HCOCOCH?3).

Anal. Calcd for CO9H1403: C, 63.51; H, 8.29. Found: C, 63.66; H,
8.06.

5-eredo-Carbomethoxy-7-endo-acetoxy-2-oxabicyclo[2.2.2]oc-
tane (9). A solution of 5.0 g (21.0 mmol, freshly recrystallized) of
lactone 8,14 7.01 g (52.0 mmol) of trichlorosilane, 0.241 g (1.65
mmol) of di-tert-butyl peroxide, and 30 ml of tetrahydrofuran
(doubly distilled from LiAIH4) was placed in a Pyrex tube (35 x

I. 5cm) and degassed by eight freeze-pump-thaw (0.01 mm) cy-

cles. The tube was sealed and irradiated as before for 12 hr at 50°
(heat lamp) and at a distance of 11.5 cm from the lamp. Volatile
material was removed by vacuum distillation (30°, 20 mm) and
the residue was dissolved in a slurry of 100 ml of ethyl ether and 3
g of sodium bicarbonate. Water was added dropwise until gas ev-
olution ceased. After stirring for 0.5 hr the mixture was dried
(CaCl2), filtered, and concentrated to give a light residue. Distil-
lation afforded 2.40 g (50%) of product, bp 95-100° (0.04 mm),
that was homogeneous by gas chromatography (160°, 5.0 min):15
ir (CCl4) 1745 cm-1 (C—0); nmr (CCl4) 5 1.5-2.4 (broad, 6 H),
205 (s, 3 H, COCHB3), 3.65 (s, 3 H, COOCH3), 3.75 (broad, 3 H,
H2COCH), 4.90 (m, 1 H, HCOCOCHS3).

Anal. Calcd for CuH1605: C, 57.89; H, 7.07. Found: C, 57.64;
H, 6.86.

Registry No.—2, 4350-83-8; 3, 279-87-8; 4, 7702-72-9; 5, 10479-
79-5; 6, 51608-92-5; 7, 51608-93-6; 8, 51608-94-7; 9, 51608-95-8; 13,
23477-88-5; frans-1,2-cyclohexanedimethanol, 25712-33-8.
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The acid-catalyzed reactions: of iV-methylol and N-
methoxymethyl derivatives have been utilized industrially.
The formation of resins and modifications of cellulose
employing urea-formaldehyde and melamine-formalde-
hyde chemistry are examples. Interst has developed in
methoxymethyl isocyanate (MM1) as a modifying agent for
incorporating N-methoxymethyl sites onto reactive poly-
mers.2' 5 Such modifications have resulted in thermosetting
lacquers, coatings, and resins suitable for industrial appli-
cations. Our efforts in this area were initially complicated
by problems encountered in the synthesis of MMI.

The reporteds synthesis of MM involves the reaction of
chloromethyl methyl ether with sodium cyanate in a mixed
solvent system composed of DMF and a hydrocarbon, and
isolation of the MMI by distillation (90°, 760 mm). We
found the yields of MM | by this method to be low and vari-
able. The highest yield of MMI we have realized by this
procedure is 45%. The MMI was codistilled with toluene
from the reaction mixture containing DMF-toluene as sol-
vents. The utilization of this MMI-toluene solution was
previously reported.s We would like to report a superior
synthetic route for the generation of MMI in excellent
yields in a hydrocarbon solvent.

The thermal rearrangement of dioxazolones (nitrile car-
bonates) to aliphatic and aromatic isocyanates has been
well documented.7#12 The nature and scope of the rear-

(0]

oY)
RC=N

RNCO + COZ (1)

rangement have not, however, been thoroughly investi-
gated. We have applied the aforementioned thermal rear-
rangement of nitrile carbonates to the synthesis of MMI.
The precursor dioxazolone (3) was prepared as shown in eq
2.

Ethyl methoxyacetate (1) was treated with hydroxyl-
amine in methanol to produce methoxyacetohydroxamic
acid (2). The hydroxamic acid 2 was then treated with ex-
cess phosgene, which resulted in the isolation of methoxy-
methyldioxazolone (3) in excellent yield.

The dioxazolone 3 could be easily handled and was not a
lachrymator. Analysis (neat) by differential scanning calo-



Notes

0 0 0
CEjOCH, Co CH5 CHsOCHJnHOH
0
0-C
I Y> CHICH,NCO + CO02t (2)
chlchXZ=n 4

3

rimetry (DSC) indicated an initial decomposition point of
150° with rapid decomposition occurring at 170°. The de-
composition of the dioxazolone 3 in solution could be easily
followed by ir owing to its characteristice carbonyl bands.
The rearrangement of a 10% solution of dioxazolone 3 in
DMP occurred at 130° with the appearance of the isocyan-
ate band at 2250 cm*“1. Most of the dioxazolone 3 had de-
composed after 1 hr, but the isocyanate band dropped in
intensity and new bands appeared corresponding to the tri-
mer (1,2,5-trimethoxymethyleneisocyanurate). This is con-
sistent with the exclusive formation of trimer from the
chloromethyl methyl ether and sodium cyanate reaction in
DM F.3 The decomposition of dioxazolone 3 in refluxing xy-
lene (140°) was also investigated. After 16 hr, most of the
dioxazolone 3 remained unreacted; however, a weak isocy-
anate band had developed at 2250 cm-1.

The dioxazolone 3 was observed to decompose rapidly in
refluxing xylene solution containing 2.5 mol % of a hydro-
carbon-solubilized adduct of tributylphosphine oxide and
lithium bromide. After 15 min, the infrared spectrum indi-
cated the disappearance of dioxazolone 3 and the appear-
ance of an intense isocyanate band at 2250 cm-1. A conven-
tional isocyanate (NCO) analysisi4 indicated 95% conver-
sion to MM .

As previously reported,s'15s the MM can be trapped with
phenyl glycidyl ether under these conditions. Equimolar

0
0''Cc'-0 (6]
| I + I \ —*
chIchZX= n cthbchxZh— ch2
3 5
cthboch?2
\
CH— CH,
1 3)
O N — CH2OCH3
0
6

quantities of methoxymethyldioxazolone (3) and phenyl
glycidyl ether (5) in xylene were added dropwise (15 min)
to a refluxing solution of hydrocarbon-solubilized catalysts
(2.5 mol %) in xylene. After the addition was completed, ir
analysis indicated a trace of isocyanate, no dioxazolone,
and an intense band at 1760 cm+*1 (2-oxazolidone). Work-
up of the reaction mixture resulted in the isolation of 90%
Armethoxymethyl-5-phenoxym ethylene-2-oxazolidone (s)
that was identical with the known sample.is The thermal
rearrangement of the dioxazolone (3) under these condi-
tions produces excellent yields of MM in xylene solution.
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Experimental Section

General. Phosgene was obtained from Air Products and Chemi-
cals, Inc., and was utilized without further purification. All other
chemicals were obtained from Aldrich Chemical Co. Melting
points are uncorrected. Elemental analyses were performed by
Galbraith Laboratories, Knoxville, Tenn. Infrared absorption
spectra were obtained on a Perkin-Elmer Model 337 spectropho-
tometer. The nmr spectra were determined on a Japan Electron
Optics Lab 4H-100 spectrometer using TMS as internal standard
and solvents were as indicated. The DSC data were obtained on a
Du Pont 900 Thermal Analyzer in the DSC mode.

Methoxyaeetohydroxamic Acid (2). The procedure of Jones
and Powers!3 was employed. A solution of hydroxylamine hydro-
chloride (140 g, 2.0 mol) in methanol (750 ml) was prepared by
heating to reflux. The solution was allowed to cool to 30° and a so-
lution of potassium hydroxide (112 g, 2.0 mol) in methanol (300
ml) was added. The temperature of the resulting mixture was kept
below 40° by the use of an ice bath. After 5 min the ethyl methoxy-
acetate was added and the flask was stoppered and allowed to
stand overnight. The mixture was filtered and the filtrate was con-
centrated on a rotary evaporator. The resulting solid was recrystal-
lized from ethyl acetate-ligroin, yielding 71 g of methoxyacetohy-
droxamic acid: mp 83-84° (lit.13 mp 85.5); nmr (DMSO-de) S
10.58 (s, 1H), 8.80 (s, 1H), 3.76 (s, 2H), 3.25 (s, 3H).

5-Methoxymethyldioxazolone (3). The recrystallized me-
thoxyacetohydroxamic acid (2, 30 g, 0.28 mol) was slurried with
400 ml of anhydrous ether and cooled to 0°. Excess phosgene (180
g, 1.8 mol) was bubbled into the stirred ether slurry. After the
phosgene had been added, the clear solution was warmed to room
temperature and flushed with dry nitrogen (8 hr) to remove the ex-
cess phosgene. The ether was removed on a rotary evaporator and
the residue was distilled, yielding 34.0 g (92%) of methoxymethyl-
dioxazolone (3): bp 52-54° (0.85 mm); ir (neat) 1825 and 1875
cm“1 (dioxazolone ring); nmr (CDC13) $4.39 (s, 2 H), 3.45 (s, 3 H).

Anal. Calcd for C4H5N 04 C, 36.65; H, 3.84; N, 10.69. Found: C,
36.72; H, 3.79; N, 10.67.

Trapping of Methoxymethyl Isocyanate with Phenyl Glyc-
idyl Ether. A xylene solution (100 ml) containing the hydrocar-
bon-solubilized adduct of tributylphosphine oxide (0.8 mmol, 3.5
mol %) and lithium bromide (0.57 mmol, 2.5 mol %) was prepared
and dried as previously reported.6 A xylene solution (10 ml) con-
taining methoxymethyldioxazolone (3.0 g, 22.9 mmol) and phenyl
glycidyl ether (3.4 g, 22.9 mmol) was added dropwise (15 min) to
the refluxing solution of the hydrocarbon-solubilized catalyst. The
reaction was judged complete by ir analysis and the solution was
allowed to cool to room temperature. The xylene was removed on a
rotary evaporator under vacuum and the solid product was recrys-
tallized from carbon tetrachloride-hexane, yielding 90% of N-
methoxymethylene-5- phenoxymethylene-2-oxazolidone (5.6 g,
20.6 mmol). This material was identical with a known sample pre-
viously prepared.6

Registry No—1, 3938-96-3; 2, 51821-07-9; 3, 51821-08-0; 4,
6427-21-0; 5,122-60-1, 6,34277-53-7.
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The Synthesis of 9-epi-Leucomycin A3. The Revised
Configurational Assignment of C-9 in Natural
Leucomycin A3

Summary: The configurational assignment of C-9 in leu-
comycin A3 has been revised, based on spectral data ob-
tained with 9-epi-leucomycin A3z and the natural material,
which were synthesized from niddamycin.

sir: The absolute configuration of the lactone ring of the
antibiotic leucomycin As, except for C-9, has been estab-
lished by X-ray spectroscopy of an acid degradation prod-
uct.1 The absolute configuration at C-9 has been assigned
independently by the application of the benzoate or Mills’
rule to 3,5-dinitrobenzoate derivatives.2 We now wish to re-
port the synthesis and characterization of the two C-9 ep-
imers of leucomycin A3 and present spectral evidence
which suggests the configuration at C-9 in the natural ma-
terial is R, epimeric to the previous assignment.3

The initial synthetic step was the selective protection of
the aldehyde group of niddamycin (lys's by acid-catalyzed
dimethyl acetal formation. A methanol solution of 1 (0.085
M) and difluoroacetic acid (10 equiv) on standing for 66 hr
at 25° gave sb-niddamycin dimethyl acetal (2) in 50% yield:
mp 208-211° (ethyl acetate-hexane); [a]2D —39.30.7
Under these mild conditions, dimethyl acetal formation is
found to proceed at a much faster rate than acid-catalyzed
methanolysis of glycosidic bonds.s Next, the required 3-
(o )-acetyl group was introduced by exhaustive acetylation
of 2 with acetic anhydride-pyridine at 25° to give the di-
acetate 3 [mp 176-181° (ethyl acetate-hexane), [0]25d
—32.7°], followed by removal of the 2'-(0)-acetyl group by
hydrolysis with NaHCO03in MeOH-H~O to give 3-(0)-ace-
tyl-eb-niddamycin dimethyl acetal (4): mp 202-208°
(MeOH-H20); [«]25D -10.5°; AmaxMeOH 278 nm (e 21,800).

Studies on the sodium borohydride reduction of 4
showed the ratios of C-9 epimeric alcohols obtained were
markedly sensitive to the solvent employed. Thus, reduc-
tion of 4 in dioxane at 25° provided a 4:1 (epimatural) mix-
ture of isomers (tic) from which the major product was iso-
lated by column chromatography on silica gel [benzene-
methanol (2%)] to give a 35% yield of pure 9-ept-leucomycin
A3 dimethyl acetal (5): amorphous; [n]25D —36.2°
AmaxMeOH 232 nm (e 25,800). In contrast, reduction of 4 in
methanol at 25° provided a 1:4 (epimatural) mixture,
which gave after chromatography (silica gel) a 57% yield of
leucomycin As dimethyl acetal (6): amorphous; [a]25D
-64.0°; XmexMeOH 232 nm (e 28,200).

Finally, the acetal protecting groups were removed by
acid hydrolysis in 50% acetonitrile-water. Treatment of an
0.075 M solution of 5 with 2.5 equiv of difluoroacetic acid at
25° for 4 hr gave 9-epi-leucomycin A3 (7) in quantitative
yield: amorphous; [nJ25D -38.7°; AmaxMeOH 232 nm (f
26,600). Under identical conditions s required 24 hr for
complete hydrolysis, giving after chromatography a 50%
yield of leucomycin Az (8): mp 125-127° (benzene); [a]25D
—69.1°; AmaxMeOH 231 nm (c 28,100).9 Similarly, hydrolysis
of 4 gave carbomycin B (9): mp 193-200° (prisms, acetone-
water); [a]2D -37° (c 1.00, CHC13); AmaxMe’H 278 nm («
23,200).10

Proton nmr and high dilution differential ir spectral data
were employed to establish the configurations at C-9 in 5-

3 R = O R, = R=Ac; R4= CH(OCH3)2
4, R, = O, R2= Ac; Rj= H; Ra= CH(OCHg)2
HO.
5 R = \ ;R2= Ac; R3= H; R4= CH(OCH?3),
o
6, R, = Hs>; R, = Ac; R3= H; R4= CHCOCH,),
HO'
HO.
7,Rj=  >;R,= Ac; R3= H; R4= CHO
e
8, Rj= N ; R,=Ac; R,= H; R, = CHO
HO'

9 Rj=0; R,= Ac; Rj=H;R4= CHO

8. Since the C-9 and double-bond region of the molecule
had not been defined by the X-ray structure, these proton
resonances were of particular interest. The coupling con-
stants of dio.11 and J12,13 = 15 Hz indicate that the double
bonds are transit and the value of Ju,i2 = 10 Hz that the
diene systems are in a nearly planar s (trans) conforma-
tion.12 In the natural series (6 and 8) Jos10 = 9.0 Hz, indi-
cating that H-9 lies nearly in the plane of the diene sys-
tem.13 In the epi series (5 and 7), however, H-9 forms an
appreciable angle with this plane as shown by the values of
Jo,10 = 4.0 Hz13 and the 4-bond allylic coupling Jg_u = 1.8
Hz.14 In both epimers and their derivatives, coupling be-
tween H -8 and H-9 is small (Jso = 3-4 Hz), indicating a di-
hedral angle of o » 60° between these protons. Anticipat-
ing that the plane of the diene system is approximately
perpendicular to the general plane of the lactone ring,1'15
the nmr data are consistent with the configurational as-
signments as shown in Figure 1.

Evidence that these assignments are correct was ob-
tained from ir spectral studies. Corey-Pauling-Koltun
(CPK) molecular models of the C-9 leucomycin A3 epimers
were constructed to fit the observed lactone ring coupling
constants and X-ray structure. These models reveal the 9-
hydroxyl group of the S epimer 7 is in close proximity
(~3.2 A) to the 3-(0)-acetyl carbonyl oxygen and should
form an intramolecular hydrogen bond. Furthermore, in s
(the dimethyl acetal derivative) a second hydrogen bond
accepting site (an OMe group) is available. However, the
CPK model of the R epimer 8 shows the 9-hydroxyl group
to be 5 A or greater from any potential intramolecular hy-
drogen bonding site. This situation is not changed by any
reasonable conformation reorganization of the model.

High dilution differential ir spectra of the epimeric alco-
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Figure 1. Projection view of the C-8 to C-14 portion of the lactone
ring of (a) 9-epi-leucomycin A3 (7) and (b) leucomycin A3 (8) (R =
remainder of lactone ring).

hols, employing the ketones 4 or 9 in the reference beam,
were obtained for the hydroxyl region. The spectral data
obtained at 2 X 10-3 M in CCl4 were exactly reproduced at
tenfold dilution, showing the intramolecular nature of the
H-bonding patterns observed. The 9-epi derivative 7
showed bands at 3618 and 3550 cm-1 while the correspond-
ing dimethyl acetal derivative 5 showed bands at 3618,
3535, and 3482 cm«1 providing clear evidence of intramo-
lecular hydrogen bonding of the C-9 hydroxyl to oxygen
electron pair donors. However, in agreement with results
reported by Omura,15 the C-9 hydroxyl groups of leucomy-
cin A3 [and the dimethyl acetal derivative (s)] show single
strong hydroxyl bands at 3618 cm-1. Therefore, we con-
clude that the configuration at C-9 of leucomycin A3z is R,
as shown in Figure Ib, which is epimeric to the previous as-
signment.

The configuration at C-9 in spiramycin has been shown
to be the same as leucomycin As by chemical interrelationie
and should also be revised. The recently reported value of
c/e,10 = 9.0 Hz for maridomycin 1117 suggests that the con-
figuration at C-9 of this antibiotic is also R.

Acknowledgment. We wish to thank Dr. S. Omura, Ki-
tasato University, Japan, for the gift of a sample of leuco-
mycin A3. We thank Ms. R. S. Stanaszek for help in ob-
taining 7H nmr spectra, Mr. M. J. Kukla for ir spectra, and
Dr. R. Hasbrouck and Mr. J. Leonard for tic analyses.

Supplementary Material Available. Tables of nmr and ir
spectral data will appear following these pages in the microfilm
edition of this volume of the journal. Photocopies of the supple-
mentary 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 num-
ber JOC-74-2474.

References and Notes

(1) (@ M. Hiramatsu, A. Furusaki, T. Noda, K. Naya, Y. Tomiie, I. Nitta, T.
Watanabe, T. Take, and J. Abe, Bull. Chem. Soc. Jap., 40, 2982 (1967);
(b) M. Hiramatsu, A. Furusaki, T. Noda, K. Naya, Y. Tomiie, I. Nitta, T.
Watanabe, T. Take, J. Abe, S. Omura, and T. Hata, ibid., 43, 1966
(1970).
(@) S. Omura, M. Katagiri, T. Hata, M. Hiramatsu, T. Kimura, and K. Naya
Chem. Pharm. Bull. (Tokyo), 16, 1402 (1968); (b) S. Omura, A. Naka-
gawa, M. Katagiri, T. Hata, M. Hiramatsu, T. Kimura, and K. Naya, ibid.,
18, 1501 (1970).
Application of the "sequence rule” 4to the structure of natural leucom-
ycin A3 as shown in ref 2b gives S for the configuration at C-9. This re-
sult was confirmed in private communication with Kurt L. Loening, No-
menclature Director, Chemical Abstracts Service.

(@ R S. Cahn, J. Chem. Educ., 41, 116 (1964); (b) R. S. Cahn, C. K. In-

gold, and V. Prelog, Angew. Chem., fnt. Ed. Engl., 5, 385 (1966).
G. Huber, K. H. Wallhausser, L. Fries, A. Steigler, and H. L. Weidenmull-
er, Arzneim.-Forsch., 12, 1191 (1962).

(6) E E. Fager, T. J. Oliver, J. F. Prokop, and A. C. Sinclair, U. S. Patent
3,218,239(1965).

(7) Satisfactory analytical data (+0.3% for C, H, N, and O) were obtained
for all new compounds. Optical rotations were done in ethanol at ¢ 1.00
unless stated otherwise.

(8) S. Omura, M. Katagiri, H. Ogura, and T. Hata, Chem. Pharm. Bull.
(Tokyo), 15, 1529 (1967).

(9) This sample was Identical with natural leucomycin A3 by direct compari-
son of nmr, ir, and tic (three systems) data.

(10) F. A. Hochstein and K. Murai, J. Amer. Chem. Soc., 76, 5080 (1954).

@

=

3

<

4

=

G

N

J. Org. Chem., Vol. 39, No. 16, 1974 2475

(11) L. M. Jackman, “Applications of Nuclear Magnetic Resonance Spec-
troscopy in Organic Chemistry,” Pergamon Press, New York, N. Y.,
1959, p 85.

(12) (a) A. A. Bothner-By and R. K. Harris, J. Amer. Chem. Soc., 87, 3445,
3451, (1965); (b) A. A. Bothner-By and E. Morser, ibid., 90, 2347 (1968).

(13) A. A. Bothner-By, Advan. Magn. Resonance, " 1, 206 (1965).

(14) (a) M. Barfield and B. Chakrabarti, Chem. Rev., 69, 757 (1969); (b) S.
Sternhell, Quart. Rev. (London), 236 (1969).

(15) S. Omura, A. Nakagawa, N. Yagisawa, Y. Suzuki, and T. Hata, Tetrahe-
dron, 28, 2839 (1972).

(16) S. Omura, A. Nakagawa, M. Otani, T. Hata, H. Ogura, and K. Furuhata,
J.  Amer. Chem. Soc., 91, 3401 (1969).

(17) M. Muroi, M. Izawa, H. Ono, E. Higashide, and T. Kishi, Experientia, 28,
878(1972).

Division of Antibiotics and
Natural Products

Abbott Laboratories

North Chicago, Illinois 60064

Leslie A. Freiberg*
Richard S. Egan
William H. Washburn

Received May 23,1974

New Synthetic Reactions. Alkylation of Lactam
Derivatives

Summary: Alkylation of the enolate equivalent of 1-
methyl-2-piperidone (la) and2-methoxy-3,4,5,6-tetrahyd
ropyridine (Ib) gave only substitution at carbon; with
methyl vinyl ketone, la gave carbonyl addition but Ib gave
conjugate addition.

Sir: The direct alkylation of carboxylic acid derivatives has
rapidly become a very useful method in organic synthe-
sis.1-5 More recently, this methodology has been extended
to lactones.3 For alkaloid synthesis, direct alkylation of lac-
tams has great potential for developing molecular architec-
ture. We want to report a study comparing the reactivity of
various lactam derivatives la-c, which is, in many respects,
in marked contrast to the behavior of lactone enolates.

R
la. R=C.H,; R"=Li
b,R=Li;R,=CH3
¢, R=R'= CH3

The enolate la was generated by the treatment of 1-
methyl-2-piperidone with lithium diisopropylamide or N-
eyclohexyl-iV-isopropylam ide in THF at —8°. After 15-
min generation time, silylation with dimethylphenylchlo-
rosilane produced a quantitative yield of the C-silylated
product 26 [ir 1626 cm-1; nmr 8 2.40 (3 H, s) and 0.10 (6 H,
s); see Chart lj. “O” rather than “C” silylation normally
predominates with ester enolates.7 The higher bond energy
of the amide carbonyl group rationalizes the opposite reg-
ioselectivity observed here. In contrast to lactone enolates,
the unactivated alkylating agents 3 and 4 react smoothly in
THF to produce 56 [ir 1635 cm-1; nmr 8 3.96 (4 H, s) and
2.83 (3 H, s)] and 66 [ir 1639 cm-1; nmr 8 4.67 (2 H, br s),
2.84 (2 H, s), and 1.72 (3 H, br a)], respectively. It is inter-
esting to note that methyl vinyl ketone reacts highly reg-
ioselectively by carbonyl addition to produce 76 [ir 3378
and 1616 cm-1; nmr 555 (3 H, ABC), 2.82 (3 H, s), and
1.15 (3 H, s)[ with no detectable amount of conjugate addi-
tion.
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Chart1
Reaction of Lactam Derivatives
Elec-
Deriv- tro-
ative  phile Product (yield)a> Timecd Temp, °Cfd
ch3 ch3 0
1 11 h3 -
la PSA x (100) 15 min 0
1 1 hr -78
ch3
2
la CaH9 nCH— th3 (78) 12 hr -15
la
la
la
Ib
Ib
Ib 2 hr  -78
12 hr Room temp
Ib 5 min —8
20 min Room temp
Ib 3 min —8
30 min  Room temp
lc 22 hr  Room temp

QThe yields are for isolated pure product except as otherwise
noted. hSee ref 6. c The enolate derivatives were normally generat-
ed at —78° for 2 hr. d Times and temperatures given represent
variables after addition of electrophiles. eMp 93-94°.

The metalated lactim Ib offers a simple approach to a-
substituted secondary lactams. Again metalation proceeds
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readily with lithium diisopropylamide (but not rc-butyllith-
iumb) at —78°. Alkylation of the less reactive Ib with 3 or 4
requires room temperature to produce 8 [ir 1669 cm-1; nmr
$3.82 (4H,s), 350 (3H, s), and 1.20 (3 H, s)] and 9 [ir 1672
and 1655 cm-1;nmr 84.63 (2 H, brs, 3.50 (3 H, s), and 1.70
(3 H, br s)], respectively (see Chart 1), whereas alkylation
of la proceeded at -15° for comparable times. In contrast
to la, addition of methyl vinyl ketone to Ib led to isolation
of only the conjugate addition product 10 [ir 1724 and 1675
cm™l; nmr s3.50 (3 H, s) and 2.05 (3 H, s)[. Comparison of
the spectral properties of the product of hydrolysis of 8 to
those of 10 confirmed the structure of the latter. This dis-

{ pene 0 ochs
Y~ N 1NTl:(:]a* 'XY/y S
i J  roomtenp | J
8 lio

crepancy in behavior can be rationalized by assuming that,
with the less reactive lactim derivative, delocalization of
charge in the transition state of addition becomes more im-
portant. In agreement with this concept, the ketene aminal
Ic only yielded the product of conjugate addition with
methyl vinyl ketone, 116 [ir 1721 and 1642 cm"1; nmr 52.92
(3 H, s) and 2.10 (3 H, s)j, albeit in low yield.

In an ancillary experiment, sulfenylation of Ib proceeded
to produce the bissulfide 12.6 This reaction is indeed gener-
al for enolates of carboxylic acid derivatives and should be-
come a useful entry into a-ketocarboxylic acid derivatives.8
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PHENYL PHOSPHORODIAMIDATE

(O-0-P~ -, PPDA)
NHg
PPDA Converts Tautomeric Oxo-hydroxy Groups Directly to Amino Groups

OXO DIRECTLY TO AMINDO

The classic conversion of oxo groups to amino groups is generally carried out in two steps. First, the oxo group is converted
to a halo group by treatment with phosphorous tri- or pentahalide in phosphorous oxyhalide mixtures. The labile halo group is
then replaced by amination. While this procedure has been applied successfully to a wide variety of nitrogen heterocycles,
undesireable side reactions, functional group displacement, low yields, ring cleavage, and overt failure to react are not uncommon
occurrences.

Recently, Arutyunyan and co-workers have reported the direct formation of 2,4-diamino-6-methylpyrimidine (lI) by simply
heating either 6-methyluracil (I), or 6-methylisocytosine (1) briefly with phenyl phosphorodiamidate (PPDA).12 Similar reactions
with N-substituted and N,N-disubstitued phenyl phosphorodiamidates were also reported34,5 and analogous procedures applied
to the amination of purines,36,7 N-alkyluracils,38 and s-triazines1,2. it was also reported that catalytic amounts of phosphorous
oxychloride or amine salts greatly improved the yields.56 More recently, PPDA has been used to convert oxo groups in several
fused pyrimidine derivatives directly to the corresponding amino groups.9 For example, 4-quinazolinone is converted to the
corresponding 4-aminoquinazoline in 47% yield, and 3-benzo [f] quinazolinone is converted to 3-aminobenzo [f) quinazoline
in 76% yield.

The new PPDA procedure for converting oxo groups to amino groups is potentially as useful as the old classic two step
procedure. Furthermore, PPDA is much easier to use and the overall yields are often much improved over the old two step procedure.
We think PPDA will prove a useful reagent for converting oxo groups to amino groups in awide variety of nitrogen heterocycles.

In addition, we think PPDA may prove useful for other novel reactions such as converting amides to amidines, or ureasto guanidines.
We are just waiting for somebody to give it a try.
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In the beginning . . .

Hydrogen cyanide, which was surely present during the crea-
tion of the world, yields DAMN at high pressure and
temperature. Many imidazole” and purines are easily made from

Reagents:

DAMN. Hence, it appears likely that DAMN was the bridge
between the inorganic universe and life as we know it.
But DAMN is more than just a curiosity on the road to life.

a = carboxylic anhydride; b = uv photolysis; ¢c = aryl/alkyl aldehyde; d = N2D; e = triethyl orthoacetate or CH,C(=NH)OEt
*HC1; f = phosgene; g = oxalyl chloride; h = formamidine acetate, 130° i = 2,3-dichloro-5,6-dicyano-l,4-benzoquinone;

j = formamidine acetate, liquid NH3 130°; k = HONO.

Many heterocyclic systems may be synthesized easily from
DAMN. For example, substituted imidazoles are obtained from
DAMN by photolysis,2 by oxidative condensation with an
aldehyde, 13 and by reaction with an ortho ester4or imino ester
hydrochloride.5 Pyrazines, which serve as starting materials for
pteridines, are obtained from the reaction of DAMN with oxalyl
chloride.5 Adenine is formed from the reaction of DAMN and
formamidine acetate at 130°, whereas 4,8-
diaminopyrimido[5,4-</]pyrimidine is obtained from DAMN
and formamidine acetate in liquid ammonia at 130°.9

These selected reactions indicate that the organic chemist will
find DAMN an extremely useful synthetic building block for
compounds of biological interest.

16,388-0 Diaminomaleonitrile (DAMN)...ccoooiiiiiinicnc e
T6040-2 Triethyl orthoacetate..... ....cccocovveviiiiiniinis e
0-880-1 Oxalyl chloride.........ccooiiiiiiiiiiic e
F1580-3 Formamidine acetate ............ccccoviviiiiiciiencene.
D6040-0 2,3-Dichloro-5,6-dicyano-l,4-benzoquinone.... .....
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