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Mond~, June 15 

Program 

10:00 a.m. 

10:30 a.m. 

11 :30 a.m. 
2:00 p.m. 

3:00 p.m. 
3:30 p.m. 

4:30 p.m. 
8:00 p.m. 

Welcome. CHARLES ODEGAARD, President, 
University of Washington 
Response. KARL FOLKERS, Chairman, 
Division of Organic Chemistry, A.C.S. 
JOHN D. ROBERTS. Rearrangement Reac
tions of Small-Ring Compounds. 
Discussion of Paper 1. 
ALFRED T. BLOMQUIST. The Cyclobuta
diene Problem. 
Discussion of Paper 2. 
WILLIAM von E. DOERING. A Few Non
Benzenoid Aromatic Hydrocarbons. 
Discussion of Paper 3. 
VIRGIL BOEKELHEIDE. Aromatic Charac-
ter in Polycyclic Molecules. 

9:00 p.m. Discussion of Paper 4. 



Tuesday, June 16 

9:00 a.m. MELVIN S. NEWMAN. Reactions of Phenols 
with Polychlorinated Compounds and Chemistry 
of the Resulting Products. 

10:00 a.m. Discussion of Paper 5. 
10:30 a.m. GILBERT STORK. Enamines as Synthetic 

Tools. 
11 :30 a.m. 
2:00 p.m. 
3:00 p.m. 
3:30 p.m. 

4:30 p.m. 
8:00 p.m. 

8: 15 p.m. 

9:30 p.m. 

Discussion of Paper 6. 
GEORGE BOCHI. The Structure of Ulein. 
Discussion of Paper 7. 
E. J. COREY. The Mechanism of Oxidation 
of Ketones by Selenium Dioxide. 
Discussion of Paper 8. 
Awarding of the Roger Adams Medal to ROG
ER ADAMS and the Roger Adams Medal and 
Prize to D. H. R. BARTON. 
D. H. R. BARTON. Roger Adams Medal 
Award Address. Photochemical Rearrange
ments. 
SOCIAL HOUR. 

Wednesday, June 17 

9: 00 a.m. ANDREW STREITWIESER, JR.· Base
Catalyzed Hydrogen-Deuterium Exchange in 
Hydrocarbons. 

10:00 a.m. Discussion of Paper 9. 
10:30 a.m. CHEVES WALLING. Recent Developments 

in Free-Radical Chemistry. 
11: 30 a.m. Discussion of Paper 10. 
2:00 p.m. PAUL D. BARTLETT. The Oxygen-Oxygen 

3:00 p.m. 
3:30 p.m. 

4:30 p.m. 

Bond. 
Discussion of Paper 11. 
KENNETH B. WIBERG. The Mechanisms of 
Some Chromic Acid Oxidations. 
Discussion of Paper 12. 

THE ROGER ADAMS AWARD IN ORGANIC CHEMISTRY 

The Roger Adams Award in Organic Chemistry has been 
established with joint sponsorship by the American Chemical 
Society, Organic Reactions, Inc. and Organic Syntheses, Inc. 
The award will be made biennially to an individual, without re
gard to nationality, for outstanding contributions to research in 
organic chemistry. The award consists of a medal and an honora
rium of five thousand dollars. The presentation of the award 
will be made at the biennial National Organic Symposium of the 
Division of Organic Chemistry of the American Chemical So
ciety, and the recipient will deliver a lecture as part of the pro
gram of the Symposium. 

The new award recognizes the distinguished career of Roger 
Adams. He has played a vital role in each of the three organiza
tions sponsoring the award, haVing been both Chairman of the 
Board of Directors and President of the American Chemical So
ciety and a co-founder of both Organic Syntheses and Organic 
Reactions. Professor Adams will receive the first impression of 
the Roger Adams Medal. 

The award committee has chosen Professor D. H. R. Barton, 
of Imperial College, London, as the first recipient of the Roger 
Adams Award in Organic Chemistry. His award address is en
titled "Photochemical Rearrangements." 

Roger Adams D. H. R. Barton 
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* The University of Washington and the Puget. Sound 
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W M Schubert and A. C. HUltnc Local Arrangements........ .......... . . 
Transportation ................................................................ G. H. Stout 
Chairman, Puget Sound Section .................................... R . M. Way 

Division of Orqanic Chemistry 

The plans and program of the Sixteenth National Organic 
Chemistry Symposium have been developed by the. member:s of 
the Executive Committee of the Division of Orgamc Chenustry 
who have served during the past two years. 

Chairman ............................... , 
C hairman-Ele ct .................... .. 
Secretary ................................ . 
National Symposium Officer 

1957-1958 
Melvin S. Newman 
Karl Folkers 
William E. Parham 
Stanley J. Cristol 
Alfred T. Blomquist 
Donald J. Cram 
David Y. Curtin 

1958-1959 
Karl Folkers 
John C. Sheehan 
William E. Parham 
Stanley J. Cristol 
Alfred T. Blomquist 
Marshall Gates 
William E. Truce 

An Invitation to Orqanic Chemists who are not members of 

the Division of Orqanic Chemistry 

The Executive Committee of the Division of Organic Chem
istry extends to you a cordial invitation to become a regular 
member of the division. 

Each of the divisions of the American Chemical Society serves 
a field of specialization and the Organic Division endeavors to 
serve organic chemists by furthering organic chemistry. To that 
end, it wishes to have associated with it as many organic chemists 
as possible. 

The requirements for divisional membership are: ( 1) mem
bership in the American Chemical Society, (2) active interest in 
organic chemistry, and (3) payment of annual dues of $2.00. 
These dues are used to pay the expenses involved in the activities 
of the division which are: 

1. Mailing of notices and forms for the presentation of papers 
at the Spring and Fall Meetings of the A.C.S. 

2. Lithoprinting and distributing to members abstracts of the 
papers to be presented, in advance of the national meetings. 

3. Arranging for National Symposia on organic chemistry. 
These are held every two years and the speakers and pro
gram are detennined by the members of the Organic 
Division. 

4. Establishing and promoting policies vital to the advance-
ment of organic chemistry. 

If you wish to become a regular member of the Organic Division, 
all that is necessary is to give or send your name, mail address, 
and $2.00 to: 

WILLIAM E. PARHAM, Secretary 
Organic Division, A.C.S. 
Department of Chemistry 
University of Minnesota 
Minneapolis, Minnesota 

Extra copies of this Symposium Abstract Booklet can be obtained 
at $1.00 each from the Secretary. Abstracts of the 11th, 12th and 
13th, but not the 14th or 15th, Symposia are also available at 
the same price. 



REARRANGEMENT REACTIONS OF SMALL~RING COMPOUNDS 

John D. Roberts 

Cyclopropylcarbinyl, cyclobutyl and allylcarbinyl 
derivatives often undergo interconversion reactions 
under exceptionally mild conditions in carbonium ion, 
carbanion and free-radical type reactions. This 
talk will be primarily concerned with some attempts 
to correlate and predict the occurence and course of 
such rearrangements. Only a few simple types 01' 
reactions will be discussed. Lack of time will pre
clude mention or evaluation of most of the contribu
tions 01' other workers in the field. 

Typical Experimental Observations (MAZUR) 
J. Am. Chem. Soc., 73, 2509 (1951) .,.,., 

HONO ~ 1)-CE2-0H + U OH + C~-CHCBi'CH€'OH 

- 48% -47% .... 5% 

-14% -13% 

+ CHsfCHCH2-CH2-0H + CH2'=CHCHCH, + CH€'CH=CH-CH, 
6H 6H 

..... 45% ",,18% ... 10% 

C>CIl2-0H SOCk) 
or ' 

U OH 
" HCl .. 

ZnC~ 

[>-CH2-Cl 
or 

U Cl 

t>-CH2-Cl + G Cl + CE2=CHCHfCH2-Cl 

-67% --30";6 
CH2=CHCH2-CH2-Cl ,SOClg 

-3% 
CH2--CHCH2- CIl2-0H 

C:arcHCIl2-CH2-Cl Il2 0 ~ very slow reaction 

I'.......-C1L C~ 1>- r:-..... V- . .., light" . CH2-Cl + ClJ2'=CHCH2-CH2-Cl +Cl~CH, 
, - 34% -35%' . , -21% 

1 



o Cl, 
light )' 

rrx M R,O 
~(C6H5NCO)) 

Cason, MAZUR 

No skeletal changes have so far been observed in 
Hofmann, Curt ius , Schmidt, Criegee t etc. reactions 
with cyclopropylcarbinyl and cyclobutyl derivatives. 

Carbonium ion-type reactions generally give the 
greatest degree of interconversion of the three 
radicals. Customarily, relative ease of carbonium 
ion formation is inferred from solvolysis in ioniz
ing solvents". 

Relative Solvolysis Rates in 50% Ethanol (50°) 

C>-CHe-Cl 63 D-Cl (l)a 

0-01 3 OCl N 0.02a 

CHt:CHC~-CIl2-Cl <' 0.005a CHir~CEiCl 2 

~xtrapolated from data at higher temperatures 

The falloff of the solvolysis rate curve of cyclo
propylcarbinyl chloride (99+% pure by VPC) is assoc
iated with formation of cyclobutyl and allylcarbinyl 
chl.orides by rearrangement. 

Analysis (VPC) of Solvolysis Products of ~C~-Cl 
(94% pure) in 80% EtOH, 970 

Start 

After 32 min. 

2 

After 106 min. 

Substances formed: 

0-01 

C~CHC~-CIl2-Cl 

[>-C~-OH 

U OH 

~CHC~-CEiOH 

[>-CEiOEt 

o-0Et 

CEifCHCH{-CI3f-OEt 
GRAHAM 

t>-~ Cl ~ • 'intimate I ion pair Cl 

~ ~[J 
'sol~ent-s~parated' C~HCHeCH2-Cl 

J.on paJ.r 

t 
solvolysis products 

LiAID,,~ ""'--cn-OH SOCl, 
(.../'"" "'"'2 R N II 

ether 
~C~-Cl + [>-CIl2-Cl 

D2 
+ ~Cl (trace) 

1)2 

95% 5% 

(analysis by NMR) 

clean inversion 
no rearrangement 

~ 0 ~ "'-C><-Cl rrCl ~Cl ~ (.../'"" ""2 + LJ + + ~Cl 
~ ~ 

No apparent rearrangement ~~ th b ~ e a sence of ionizing 
agents. 

CASERIO 
" ' 

C>-14C><~OH HCl :: : 
~ znc~~ ~CH;CH2-C~jCl . , 

" ' 33 .3: 0, 66 • 7 : 
%'Of'14c 

CIl2=CHC~-CIl2-Cl + HCl * _z_nc_12 .... * ..... A'I-?_~ CIlFCHC~-C~-01 * 
MAZUR 
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Amine-nitrous acid reactions as non-reversible 
carbonium ion-type reactions. 

RNIl2 + HONO (N2 03 ) --+-R-NH-N=O --+-R-N=N-OH 

-4 R-N:N+ -+ R+ + N2 ---,... ROH etc. 

Product Compositions by VPC (! 1%) 

C>-C~-OH crOH ~OH ~ HO~ 

56 

51 

15.5 

C>-l4-CB2-~ 

CHi=CHCr?.:!-CB2-~ 

4-0 

4-5 

13.5 

4-

4-

4-2 

% 
I 

[>+CB2-0H 

I 

4-8.3 : ° 53.2 
I 

70.3 : ° 29.7 

22 

RENE: 

+ H 

,,' ' .... , 
I I 

28.1 : 71.6 I ° 
I 

I 

36.8 : 63.2 : ° 

MAZUR, LEE, SEMENOW, WHITE, RENK 

The isotopic tracer results alone do not rule out 
the above sequence of equilibrating 'classical' ions. 
However, classical formulations of the intermediates 
do not account for the abnormal solvolytic reactivi
ties nor the ease of interconversion which the ions 
possess. 

Solvolysis rates 

C>-C~-Cy'UCl = 33/1 

Thermodynamic stabilities 

C>-CB2-cy[JCl = 1/36 

4 

n = ° to 00 depending on the 
number of intermediates 
involved. t 

t 

Stabilization of cationic centers by bonding elec
trons of adjacent R groups. 

RI R+ R, [R' ]+. + .- +,: \" 
-C1 a-C a. - +-'P' -C=C-~ -C-C- - -6::':0-

I-' I I 1 I I 1 1 

where R can be symmetrically or unsymmetrically 
located with respect to Ca. and Cj3' . 

Possible Stabilized Intermediates and Consequences 
Thereof. 

* Expected from C>-CR.!-~ 
Symmetry Structure of 

first-formed * ~ 
D°%,OOH cation C>CH2-0H '£>CR.!-OH 

/CH 
it *' 

3-fold 
CH2"," -\ \IH2 

1 2 2 1 
axis 

'~R.! 

CR.!~ * 
plane I ~::CH=CR.! 1 ° 1 ° CR.!" 

* ,CH2 
, '~ , , 

plane C~-"" - -';CH 1 1 1 ° .. .y .. , 
""C~ 

* QE2----CH2 
none I '.. H 1 ° 1 ° .. I 

.. I 

CR.!-' H 
5 



Possible Interconversion Reactions of Cations and 
Consequences Thereof Starting from CHFCHCEe-C*Ee-~ 

The cyclobutanol formed had 63.2% of the label in the 
2-position. This figure was used to compute the % of 
ring label in the cyclopropylcarbinol produced in the 
same reaction as a function of the structures and 
possible interconversion paths of the intermediates. 

Sequence of Intermediates 

~ ~~---9.He ~ 
I ',-j 
C~-CH~ 

slow 

EXPERIMENT 

Calcd. % of 

C>-CHe-OH 

* xx 

73.6 

68.4 

68.4 

a b 73.6 -68.4 

a b 
63.2 -68.4 

70.3 

Favored but not established rearrangement path. 

6 

H CIl2---CE2 
I -", 1I 
CIli!-CH 
* 

~Ee---CEe /~I~ ~ I , 'I -+ 
",: ~ H * H 

CEe-CH '0------,---C/ Cl1"~. CT",,*" \ ---0"'-- ~ "'7,---?2 

HI' ~ I'" II 
H CEe~CH 

CEe-CEe 

I I 
CEe-CH-OH 

Allylcarbinol formation from cyclopropylcarbinyl_ and 
cyclobutylamines does not arise from the allylcarbinyl 
cation since no hydrogen migrations are noted of the 
type found with allycarbinylamine. 

Effects of Methyl Substitution 

~~-~ 
or HONO 

C;B3 

ct~ 
~ 

4% 6% , , <XI : ~ 
, 'OH 
I I '. , ~ 

2.6 :97.4: 0 , 

% of 14C 
COX 

7 



Solvolysis rates 

D{H3 

ll2-01 = 9.7 (50 0 ) 

OR, 
dOl 

AF1:J: + t:.F 71lFf 
(assuming CH, group has 
no effect on AF) 

Preferred formulation of the intermediate 

[C!l2---.~e \ ........ J Most of + charge here 
C!l2-' C-CR, 

HON0)o= (>-yH-OR, 
OH 

Expected favored 
products 

~ 
OH 

C>-~OR, 100 o 

<>-NH2 

CR, 

100 o 

~Cll2-~ 51 35 

~~ 47 39 

8 

cox 

o o o 

o o o 

13 o o 

9 o 5 

CH,-~ c~ 
I - II 
C~-CH 

r r-c" 
~-CH 

o o 

o o o o 

~lus hydrogen-shift products (allylic alcohols). 
SILVER 

opt • active ~QH-CH, HONO», essentially (>-CH-CH, 
~ ~ racemic OH 

Speaks for equilibration by way of a symmetrical ion. 

Reversible conditions 

CR, 

~ C>-?-OH + 
CR, 

83% 

Free-radical Reactions 

VOGEL 

17% SILVER 

[>-CH, + CL.! ~ [>-Cll2-Cl + -CHi=CHC~-C~-(')l + ~CR, 
cr 

I I I 

[>-14CR, + CL.!~ ~±CH+CHt-O~Cl 
. : I I preliminary 

-60 I 0 I -40 : results, MAZUR 
% of 14C 

9 



ROOR.,. CH;;=CH-ClJ2-C~ Urry (unpublished) 
-CO 

heat) C>-C~-02-C-<1 + CO2 Hart CCllt 
unusually 

fast 

Carbanion-type Reactions 

Cyclobutyl halides give apparently normal Grignard 
reagents. 

I>-C~-Cl 
~ ~ 0 .. CRrCHC~-C~-R or 

(C6 Hs-NCO) CR,i=CHCHrClJ2-Cl. 
MAZUR 

C~ 
CR.fCHCHrbH-Cl~l~.~M~g~~~ 2. CH3-0~~ 

y~ 
+ CH?CH-CH-~-~ 

? 

CHrCHCH2-14CHt-Cl 1. Mg 'r ~~CH+C~CHrOH 

\ 
2. 02/, 0: : : 

: 0 :50 : 50 

[ C~, ] I I I I CH-C~-MgCl % of 14C 

l4~ SILVER 
? 

However, the NMR spectrum of the Grignard reagent 
proves it to be allylcarbinylmagnesium chloride. 
Furthermore, the following equilibrium is not estab
lished rapidly (;::.- 0 .01 sec.). 

CHrCH~-CE£MgCl ~ I>-C~-MgCl 
" NORDLANDER, RUCHARDT 

HOWDEN 

R. H. Mazur W. N. White M. C. Ca,serio 
V. C. Chambers D. A. Semenow M. Vogel 
C. C. Lee M. S. Silver J. E. Nordlander 
H. E. Rice E. Renk C. Ru.chardt 
E. F. Cox W. H. Graham M. E. H. Howden 

10 

THE CYCLOBUTADIENE PROBLl!M 

4lfred T. Blomquist 

Structure of Qyclobutadiene 

HC=CH 
I I 

HC=CH 

Classical and Biradical Structures 

Cyclobutadiene Szntheses 

nD 
!,!... 3 

o "C tt 

"An-Wi11st~ter and von Schmaede1, ~. (1905). 
nB", nCn-Nenitzescu and coworkers, ~. ~. (1957). 

U!!. 
Configuration 

-( 

MeC\.---o-Me 
!t Me~C~C-M. 

Me-c7 C / 

~\ 
C----C-Me 

~e 
Cl'iegee and Loui., QUa. WO., 2Q., 417 (1957). 

11 



Diphenylene and Related Hydrocarbons 
1 

au.O, 0=01 I ~a 
3.500 )0 

~ # 
I Arom. Subst. 

Hydrogenation . Reactions 

BiPhinYl 2-Subst. 1>erivs. 

Lothrop, JACS,(1941); Baker, McOmie. "symposium 
Paper", Chem. Sec., Lendon (19.58); Cava at !l., JAC~, 
(19.5.5) !.t Wl' 

Benzoeyc1obutadiene 

"A"-Cava and coworkers, vide ante 
"B"-Nenitzescu and coworkerS, Cham. ~., (1957Y 

G) 

D1methy1enecyelebutenes and Related Hydrocarbons 

pJCH-C=CH. 
I I 

pJCH-C= CH. and 

CH-C=CHa 
II 1 
CH-C=CHa 

pJC-C=CHa 
II I !'rom 

pJC-C=CHa 

With Joseph A. Verdol and Yvonne C. Meinwald, 
J. Am. Cham. Sec., (19.5.5-19.59) 

R-C-C=CH. 
II I 

R-C-C=CH. 
Diene )

SJ'Ilthes1s 

12 

CH 
/ ~;-

R-C-C C, 
II II 1.....-

R-C-C 0, " / CH. 

Diphenyldimethylenecyclobutene 

Sl!lthesis 
Br 

pJrrCH• Br pJOCH2 Br pi 1'---1 CHaNKeaBr 
~ MeaN : 

pJ CHaBr pJ CHaBr ~ ¢ I CHaNKe aBr 

Ag2 0, 100-120°1(0 • .5 mm.) 

rl.O:~ CHh 3 equivs. P I 4 

rapidly and ~He- -- Oa~ CHeO 
simultaneously Pt pJ CHa 

m.p. 44-4.5° 
Colorless, rel. stable at 0° under Na 

Properties 

Ultraviolet Absorption 
237 ~. log £ 4.42 
262 mIl. log £ 4 • .50 
328 ~. log £ 4.20 

"Triene" 

TCNE. benzene, 2.5° 

Infrared Absorption 
3.29, .5.89 and 11.6.5\l, 

=CH liI 
3.34. and 6.~3\l, CeHe-
6.l0\l. ~-~CR=CRpJ 

Absorption Spectra 
UV: 288 ~ 

log e 4029 
(cis-stilbene: 

280 lIlll) 
IR: 6.o8\l (weak) 

~----------r-------------~ 

¢~CN)liI or ~-CHliI 
¢~CN)a -- pi 

Spectra data ~ 
supports spiran (CN). (CN)a 

Bra. tCCl.. 2.5° 

cryst. dibromide, 
abs. spectra similar 

to tetrabromide above 

stI'l:lcture 

No reaction with 
conventional dienoph11es 

at 2.5-7.5° 
Copolymers at higher 

temperatures 

13 



3-~iethylene-l.4-diphenyl-2-methylcyclobute.ne 
(Diene If!") 

Synthesis 

m.p. 62-64° 
Colorless 

Properties 

Absorption Spectra Model Compounds 
¢CHmCH-CHmCHa 

AlIlU 280 mv-
IR: $.97 and 11.60V
UV: 292 mv-~ log e 4.43 

302 mv-, log e 4.40 
316.$ mv-. log e 4.12 IR: 

shoulder ¢ I I 
=CHa 

m.p. 139-140" 

Diene If A" and TCNE 
in Et 2 0. 3~hr. at 2$° 

¢-O=C-CHa 
I I 

¢-CH-C---rCHa 
. I I 
Q--¢ 

(ON)s (ON)s 

14 

Colorless liquid pyrolyzate: IR similar to diene If A" 
but also band at 11.30V-

Maleic anhyd. in benzene 
instantlY~ at 2$° 

:0):0 
I 

Hydr,olysis ... 

Pd/C. BaO 
330-360° 

~ioJ ? 

Pd/o .... 
330-360° 

15 

TONE in benzene 
one hr. at 2$° 

t 

35% 



r 
. i 

1,2-Dlphenylbenzocyelobutene 

Jensen and Coleman, J40S, (1958) 

1,2-Cycloaddltions or TONE 

a, 

CHal I 
b. 

=CHIiI 

d, 

"a" and lid", Y. C. Mein:wald (CNh 
lib II and "e", J. K.. Williams (duPont) 

16 

Diphenyleyc lobutadie no quInone 

¢-O=O=O 
I 

¢-C=O=O 

¢-C-C=O 

" I 9'-0-0=0 

~O 

¢A I~O 
~~o 

¢",O 

¢~'o 
Smutny 

and 
Roberts 

Cava 
and 

NapIer 

This Report 
(La Lanoette) 

Smutny and Roberts, JAOS., ~ 3420 (1955) 
Cava and Napier, ~., 11, 3606 (1957) 
Blomquist and La Lanoette. ACS,Boston Meeting, 1959 

SynthesIs 

F-O--CFIiI ¢-C-OFIiI 
1/ I -S1LI~" I 

F-C-CFIiI ¢-O-OFJiI 

92% IH2S04 
100° ~ 

br. yellow, m.p. 
97-97.2°, subl. at 
90° without decomp. 

¢-C-O=O 
II I 

¢-C-O=O 

[0] 

17 

EtOH 
Amax 

290 m~,log e 4.17 
229 m~,log e 3.84 

mono-2,4-DNP deriv. 
m.p. 253 ° 

9'-c--oo 
II '0 80% 

¢-C-06 



Spectral Properties 

Ini'rared: 5,60, 
Ultraviolet: 

5.63~ (doublet); 5.68~ (shoulder) 

EtOH 238~, 
A 265~, 
max 32Omp., 

4lOm~, 

log e 3.86 
log e 4.06 
log e 4.17 
log e 2.21 

264m~, log e 4.31 
32Om~, log e 4.46 
40Omp., log e 2.48 

A 

Mode 1 Compound 

¢-C-C=CH2 
II I 

¢-C-C=CH2 

iso8ctane 

max 
237m~, log ~ 4.42 
262m~, log e 4050 
328m~, log e 4.20 

Base Opening 

¢-C-C=O II I NaOH,~ I + 
¢-C-C=O MeOH 

+ + 

[¢CH2COCO~HJ [¢CH2COC02NaJ 

EtOH,! ~ "I" 

Ketolactone (24%) + [¢CH2COC02Et] 

Mechanism (£t. Skatteb~l and Roberts, JACS., (1958» 

tP 
¢-C-C ¢-C, OH 

II r I~o- ~ II /' C::. _ ~ ¢CH=~COC02 -
¢-C-C ¢-C CO2 l' 

'OH 

o 
II 

¢-C-C 
II I~O

¢-C'p-\ 
OH 

-----''P'P d'CH=CCOC02-
l' ~ 

18 

Ketolactone Formation 
+ 

L. ¢CH--C-¢ , II 
HO ............. /C-OH 

8~ 
¢-yH YH-¢ 

0 ....................... 00 
~ 

Ketonization 

o 

¢CH--C-¢ 
I II 

HO+ C-OH 

"'0/ 
II o 

Reduction of Diketone 

Product IR: 2.90, 5.65 and 5.98~ 
40% of one equiv. abs. 

LiA1H., 
ether 

H2 1Pd/ C 

DIKEl'ONE 

L~H4'1 
¢-C-CH-OH 

Q I 
l1-C-CH-OH 

12%~ 
!;,one 

¢-C-CH-OH 

¢J-6H-OH 5% 

ili 
m.p. 135-135.5° 

illE!. 
183-184.5° 

Ultraviolet maxima in EtOH 
239 m~ (4.27) 238 m~ (4.20) 
294 m~ (4.14) 292 m~ (4.10) 

log els in parentheses 

Some other properties of the ili-diol 
Infrared Spectrum, CHCla soln. 
2075~ (free OH) 
2.85~ (internal H-bond) 
2.98~ (intermolecular H-bond) 

Positive test with Potassium triacetyl osmate 
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Reaction with g-Phenylenediamine 

Diketone + OsH4(NHSh~¢nNX)~ 
¢~N";::: ~ 

NaOAc, EtOH 
78°, hr. 

m. p. 12905-130 ° 
2,4-DNP derive 
m.p. 216-217° 

Et H, 
78o,t 1 hr. 

CssHsoN .. 
"B" 

H Ac 
1180,~ 45 min. 

OssH1sN4 
"0" 

yellow m.p. 219-
m.p.'s 209-210° 219.5° 

218-218.5° 
(polymorphs) 

Ultraviolet absorption maxima, EtOH soln. 

"A" 
246 mIL (4.49) 
266 mIJ. (4.26) 

(shoulder) 
331 mIL (3.81) 

"B" 

Oxidation of Quinoxaline "A" 

"A" + 01'0 a 
in HsO-HOAc-CHOla 

+ 

t 
CXN~¢ + 
~ I N~OH 

"A" must be 

20 

"e" 

...J 
<I 
Z 

'" in 

NUCLEAR MAGNETIC RESONANC E SPECTRUM 
OF QUINOXALINE )," 

5 
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A FEW NON -BENZENOID AROMATIC HYDROCARBONS 

William von Eggers Doering 

The theory of aromatic character progressed beyond the 
stage of "an empirical generalization - the rule of six - wheJ;l. 
Erich Huckel formulated the molecular orbital theory in 1931. 
By means of this quantum mechanical theory, H~ckel calcu
lated '1i'-electron delocalization energies for monocyclic 
arrangements of C-H groups, such as benzene. These 
"energies" represented differences between delocalized mod
els in which all the available 2p-orbitals - six to use benzene 
as example - could be hybridized and purely hypothetical 
models in which the 2p orbitals were 10cal1zed :m pans - but 
1n which no other changes in bond distances or angles were 
permitted. This "~electron delocalization energy" is a 
purely hypothetical quantity involving the discrepancy -
expressed in arbitrary units of energy - between one deloca
lized but severely simplified model and a non-existent, 
experimentally inaccessible, localized model. The so-called 
"observed resonance energy" is the discrepancy between the. 
heat evolved in the reaction of the actual molecule and that 
expected of an accessible, arbitrarily chosen, and more or 
less inadequate model. 

Huckel's prediction that there should be three "aromatic" 
systems rather than the benzene system alone became a 
guiding light of great importance. In the last years other 

3.00 fJ 2.00 fJ 2.48fJ 

members related to Thiele's cyclopentadienide anion have 
been sought and found to establish the five-membered, six
electron CSHS-H as a second system, and the seven-membered, 
likewise six-electron C7H7+ has been discovered and developed 

as the third. Despite the impossibility of associating any 
measureable thermodynamic properties of the S- and 7-
membered parents with the calculated -tr-electron delocaliza
tion energies, the pbserved physical and chemical properties 
are sufficiently dramatic to leave one convinced of the qualita
tive conclusion that the 6-electron cyclic systems are indeed 
aromatic. 

Subsequent to H~ckel' s pioneering work, molecular orbi
tal theory has been applied enthusiastically in various direc
tions. One of the most stimulating has involved the calcula
tion of '7i'-electron delocalization energies for many new 
arrangements of double bonds. One group of eight unsaturated 
hydrocarbons has attracted the attention of theoreticians and 

22 

synthetic organic chemists alike. This group of eight five-
and seven-membered ring compounds contains the known ful
v.ene and azulene and the promise of new non-benzenoid aroma
t~c systems. We wish to discuss the synthesis of three addi
bonal members of this group. 

COX' 
0=0 

OCH' 
HEPTAFULVENE 

0--":::1 CONHz ~+~ ~: + • 1 HzN(C~~ 

1 m.p.,95f 

~ Hz 
pt 
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H 0+ ~ H Sr yel., water-
Polymer ~ V ~ sol. salt 

/ 
d~=o-O:~ 
a.lOOM

• 

Io~Me ~ 

y 
~coo ... 
~OOMe 

o 

O->-COOMe 

~OOMe 

HEPTAFULVALENE 

24 

I) OH2 Na AI20;3) 

Q 0 No· 

2) @ Na+ II 00 - 80· 

/' ).max 2"10; 335 ml' 

(NCl.C=C(CNl. l~'~ / 
OD eooH .. (eIN.). 

3) 0-0 

4)" 
2Li-f 

0-0 

C.H.Li 
} @--<©J 2L,+ ( HIO 

PENTANE) 
O. 

~ 
Pt 

EtOH 
UREA 

25 

00 
I T 

(NCl. C=C (CNJ. 

11 



AROMATIC CHARACTER IN POLYCYCliC MOLECUlES 

V. BOEKEIREIDE 

Molecular orbital theory introduces the concept that the 
number of available pi electrons is an important consideration. 
For the special case of simple cycles this requirement can be 
generalized and 4n + 2 (HUckel Rule) represents stability. 

o 
Energy Levels of Molecular Orbitals 

- tI.- 2~ 

----*~ 

_-0£+(3 
_ at.+~ 

F_ t 1 (b ) = 2(.,(+ 21') + 4Co(+(.3) = 6,{+ 8(S 
-fO a enzene • _ 0<:. 
~otal (cyclohexatnene)- 6 + 6 ~ 
Delocalization Energy = 2(S 

Energy Levels of Molecular Orbitals 

Cyclopentadienyl 
D.E'(anion) = 2.47{3 
D.E. (carbonium)= 1.24(3 

stable Carbonium Ion 
(Bre·slow and Yuan) 

Cycloheptatrienyl 
D.E'Canion) = 2.10(1 
D.E·(carbonium) = 2.99 ~ 

26 

Stable Cyclic Polyene 
(Sondheimer and Wolovsky) 

Bridged Cycles 

Aromatic 

Non-Aromatic 

Multi-bridged Cycles 

anthracene 

Pdlc 

Acepleiadiene 

Properties of Acepleiadylene 
1. Resonance Energy (Turner) 
2. Dipole Moment (Smyth) 

) 
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phenanthrene 

Acepleiadylene 
(Vick, Lindsay) 

77 k cal. 
0.49 D 



Cyclazines 

Cycl(3.3.3)azine 

ETotal = 14 .{ + 19.827 (3 
D.E. "5.827~ 

Cycl(3.2.2)azine 

Energy Levels of Molecular 
Orbitals (Saunders) 

oL + k(3 

+ 2.450 
+ 1.732 
... 1.732 
... 1.000 
... 1.000 
... 1.000 

0.000 

- 2.450 
- 1.732 
- 1.732 
- 1.000 
- 1.000 
- 1.000 

Synthesis of Perinaphthalene (Larrabee) 

Hydrocarbon Acidities 

Cyclopentadiene"> indene .......... perinaphthene> fluorene 

pKa 17 21 
(predicted) 

22 25 

28 

Perinaphthenyl Carbonium Ion (Pettit) 

Perinaphthenyl Radical 
(Reid) 

2 

) 

Cl 

Energy Levels of Molecular Orb! tals 

ETotal = 12.t ... l5.256(! 
D.E. "5.256 @ 

29 

Values of k 

+ 2.492 
+ 1.627 
... 1.618 
... 0.811 
... 0.618 
... 0.462 

(Saunders) 

- 2.264 
- 1.941 
- 1.618 
-1.213 
- 0.618 



A similar calculation for cycl(3.2.2)azine making allow
ance for the greater electro~egativity of nitrogen than 
caroon (.(N =.tC + 0.5(3) predicts a delocalization energy 
of 4.923 (3 • 

New Syntheses of Pyrrocolines (Windgassen) 

Synthesis of Cycl(3.2.2)azine (Windgassen) 

1 

30 

~,---~HOO~C~ 
CH2-COR2 

where Rl and R2 
are -H or -C6H5. 

2 

Bo'th cyclizations give the same product. 

An Alternate Cycl(3.2.2)azine Synthesis (Galbraith, 
Small) 

+ 

M.O. Calculations for Diels Alder Addition (Barnes) 

8 

7~1 

6~ 

Localization Energies 

Addition at c5-C8 2.385 ~ 

Additi~ at c3-c5 4.255 @ 

Addition at CI-C8 4.329(6 

7 94Jfr9&iC Attack at C3 1.854~ 
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Presumed Mechanism 

-2H~ 

V(?) 

-2H 
( 

Proof of Structure 

32 

\ 

Properties of Cycl(3.2.2)azine 

6 

4 

3 '-_----l..-==....J 

1. Non-basic, as predicted 

D.E. = 5.256 (or 4.923) ~ 

D~.p . h = 2.94 @ enp ery' 
2. Electrophilic Substitution 

1 

Undergoes nitration, bromination and Friedel-Grafts 
reactions. 

3. Predicted Positions for Substitution 

Electrophilic - 1 and 4 
Nucleophilic - 5 and 7 
Radical - 2 or 5 
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Reactions of Phenols with Polychlorinated Compounds and 
Chemistry of the Resulting Products. 

Melvin S. Newman 

1. Conversion of p-cresol to chlorinated cyc1ohexadienones. 

CH3 

o ~ 
NoOH 

OH 

Zincke and Suhl. Ber •• 22. 4148(1906) 
Newman and Pinkus. J.Org.Chem •• 19. 978 

(1954). -

Z. Reactions of p-Creso1 with Benzotrichlorides. 

CH~ 

V OH 

o 

+ 

o 

CH3~8~ 
00H l;rx 

CH3fY8~ 
~O~(CI) 

Newman and Pinkus. J.Org. Chem. 19. 
985, 996 (1954). --I 
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3. Reaction of Hydroxybenzophenones with Benzotrichlorides. 

00 
~c~ 

OH g 
-

\CsH5CCI3. AICI3 
\ good yields 

Newman and Pinkus. J. Org. Chem •• 19. 993 (1954). 

4. Reaction of Phenols with Perchloropropylene. 

~ ~OH+ 
AICI3 

Newman and Schiff. J. Am. Chem. Soc., 81, 0000 (1959). 
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Che:mistry of 4-Methyl-4-trichlorOlnethyl-2, 5-cyclo-
1 

5. 
hexadienone. 

¢t, COOH GoG" ()H' I~ PCI5 

1# -- § 

CI CI 0 

1 
CH3 CCI3 GOl" (5 !:LOOR HCCOOR CCI 3CHCOOR 

Von Auwers and Julicher, Ber •• 55, 2167 (1922). 

o 
CCI3CHCHO 

(5 
CCI3CHCOOc.tt5 

Tee and Newm.an, J. Org. CheIn., E, 638 (1956). 

36 

6. Contrast in Behaviors of Chlorinated and Non-chlorinated 
Dienones. 

GoG', ~OG" 
CH3 

A 0 -H+ 
~ 

HO CH 3 CH2 CH2CHCI2 

! Na, H2O 

Go' Go~ 
CH3 

H+ OG~ -- ~ 
I§ 

HO CH 3 CH2 CH 3 

7. Novel Reaction o~ a PhenyltrichloroInethyldienol. 

6G" HCOOH G(5' H+ - -cold 

C6H5 HO C6H5 

! tHC,OOH 

CH2CH3 CH3 

0,&" 0 true 

C6H5 CSH5 

NewInan and Wood, unpublished results. 
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¢rCCI
3 CH3 

I~ 
o 

, CSH5 

COOH ¢rCH3 

I~ 
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8. New Reactions 0 . f Trichloromethylcyclohexadienones. 

CCI3 

CH03 CCI3 CH OCH3 CH3 3 "" 

I I PCIL 1,9 
CI o 

PPA -
CI 

CH3 

~COOH 

Y 
CI 

COOH 

CH3Q 
+ I 

.0 

CI 

C
0CH3 

v~ 
o 

Newman and Wood, unpu bUshed results. 
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9 Mechanism Portion . 
d S hl Reaction I. Zincke an u 

6 
OH 

AICI! .. 

CX
I 

~IC'3 
V + 2AICI3 -

o 

Newman and Schiff Reaction n. 

CI CI 

dC~'CI C~3/CI 

~ "'H " 
o n -AICI3, 

~ .~ CClz ~ CClz 
AICI 2 

CI CI 
I I ((""<,CI erc", /CI 

7" I T • H20 I l."cl 
:::::-.... C=O 

:::::-.... O/"-CI 0"""" 
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CH 3 0', 
( ": , , , , 
.................. 

o AICI 2 

CI, / CI 

O::C,<:"" - ~ I II 
:::::-.... 0 CCI 2 

H 

! AICI! 

CI ;;Y (J(' ,CI 
7" " " --- ~ I 9J CCI2 

AICI2 



ID. Reaction of pels with Ketones 

R-COCH3 + PCI~ ---

CI 
I 

R-C-CH 
I 
OPCI4 

CI 
I 

R - C-CH3 
+ 

CI 

+ (CII -
I 

R-C-CH3 
I 
OPCI4 

CI 

~ 
I 

R-C=CH 2 + POCI3 

t -H+ 

CI 
b I - R- C -CH3 + POCI3 

T 

+ (CII - RCCI2CH3 

+ HCI 

+ CI-

R" 
C= CH2 

/ 

CI 
I 

R-C-CH ____ 
I 
OPCI4 

CI 

40 

( I) 

(2) 

(3) CH3 CCI3 

"'0 
CI 

- "1:)" 
CI 

(4a) 

(4b) 

(5) 

CX~H3 V +PCI4-PCls: 

o 

~Q?"'---.. 
CI 

CHQ3 CCI3CH3 

I T 

.# 

CI 

(40) 

J-H+ 

CH3 QCH2CCI3 

I -.0 

CI 

cC?~ 
CI 
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t CH(J'H. + CQ' 
Co" CH3..,. CCI" ~QC"_ C(5" .... CH3 

Q- - I I 
O=p-O .... CI O-P =0 

0 HO O-P=O I " 0' '0 
O-P=O CI O-P=O o 0 

I' 6'0 '" I I 
I I 

o 0 o 0 
I I I I I I ! 

~ 
CI CtP 

CI, I .A: 0;0,. CI CI CH3 CH~~-H C ~ H 
CH3 Cll 'c"" ¢rCH, 
0 ~:,sD-rr CtJ~-H .. 

'0'= P fcj? : I 
or -

' .... " CI " CI CI CI O-P=O ~ ? 
/\ 

o 0 
I I 

CH(5' CO" - CO" Ce? £5~"' 
CH3 

.... H3 «(' CI- I + I ~ 
0 - 'CI3C" I 

I 
o~ P-O "~I H' 

0- P =0 o=p-o ''cl 
O-P=O CI O-P=O CI 0/'0 cf'o d'o 

01 '0 rf '0 I I I I I I 
I I I I 

l J 
COOH 

CH~ 
CH3 CCI3 

C~'O -H+ "iQ (fC"' f)C"' ~I - ~I - ?"I C',c : I -
CI CI CI HOOC :::::.... 

CI CI 

42 43 
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ENAMINES AS SYN'rHETIC TOOLS 

Gilbert Stork 

Enamines of unactivated cyclic ketones and of 
aldehydes were first prepared by Mannich and Davidsen 
over twenty years ago (Ber. 69, 2106 (1936». It was 
not until 1951+, however, that the great potentiali
ties of these substances for the synthesis of a vari
ety of O(-substi tuted carbonyl compounds were dis
covered (G. Stork, R. Terrell and J. S.zmuszkovicz, 
J. Am. Chem. Soc. lSi, 2029 (19sJ-l-»). Since that ti~e 
the new synthetic method has found increaSing appll
cations as its usefulness and limitations have become 
more clearly defined. 

I. of Enamines 

a) The original Mannich and Davidsen method is still 
useful for the synthesis of enamines of aldehydes: 

b) In the case of cyclic ketones, however, it is 
simpler to use the azeotropic method of Herr and Heyl 
(J. Am. Chem. Soc., ~, 3627 (1952»). This has been 
used with a variety of ketones up to cyclotridecanone. 
The general procedure is to heat a mixture of ketone 
and 50% excess of secondary amine (pyrrolidine, mor
pholine, hexamethylene imine) with benzene under a 
water separator. For -chose ketones which react slug
gishly toluene and some p-toluene sulfonic acid are 
normally used (2-substituted ketones, cycloheptanone 
and larger ring ketones). 

c) Aliphatic methyl ketones give mostly products of 
aldol condensation but other aliphatic ketones may be 
used. The reaction,even with toluene and p-toluene 
sulfonic acid, is very slow requiring about ten days 
with diethyl or dipropyl ketone to form around 60% 
yield of the corresponding morpholine enamines. The 
refluxing period can be cut down to two days in such 
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r cases by allowIng the condensate from a refluxing 
solution of an excess of secondary amine and ketone 
to pass over a bed of Linde No. 4A molecular sieve 
before returning to the reaction flask. 

II. Structure ~~he Enami~~ 

2-Substituted Ketones 

It is of considerable interest that the enamines of 
2-substituted ketones, such as 2-methylcyclohexanone 
or 2-phenylcyclohexanone are the less substituted 

jwmere 6~ __ ~ & 
A B 

this has been shown in the case of the 2-methyl com
pound by nuclear magnetic resonance spectroscopy: 
A(R=CH ) showed the methyl resonance split into a 
double? by the hydrogen on the methyl-bearing carbon 
while the vinyl hydrogen resonance which would be ab
sent in (B) was split into a triplet by the adjacent 
methylene. In the case in which R=phenyl, the ultra
violet spectrum shows (private communication from Dr. 
M. Kuehne) the absence of conjugation with the benzene
ring. 

It is assumed that the less substituted enamine 
is favored in such cases because of steric inhibition 
of resonance in forms such as B. 

A corollary wl'1ich will become evident later is 
that electrophilic reactions of enamines of o(-sub
stituted cyclanones takes place on the o<.'carbon"rather 
than on theo(..-carbon as in base catalyzed reactions of 
the parent ketones. 

III. Alkylation of 15~!on.E=~:vith 

AU:yl Halides 

The reac tion 11as so far been studied only with 
cyclic ketones (mostly 6-membered). Primary halides 
give fair to good yields with pyrrolidine enamines. 
The general procedure is to reflux the halide and ena
mine in benzene or dioxan for a few hours. Addition 
of water hydrolyzes the imonium salt to alkylated 
ketone: 

(5 RX 
--+-
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Simple halides carrying no functional groups can 
of course often be intro~uced as well or better through 
the intermediacy of thef5-ketoesters derived from the 
cyclic ketones. However, even with such halides the 
method is useful when the preparation of thefS-keto 
esterQis impossible or unsatisfactory. For instance, 
with,--tetralones, 4-alkoxy or 4-acyloxy cyclohexan
ones. In such cases the enamine method is useful: 

pJ°~-r05·o 
6 Q\ &,Q~':: 

80% 

083 o~ 

6~~ 
allyl and benzyl halides 

CH2=CHCH2Br ---+ 

C6H5CH2Cl 

f-l 
CH~=CH""",H2Cl 

\X-halo ethers 
CH30CH2Cl 

(with cyclohexanone) 

60% 
60% 

40% (private com. from 
Dr. A. W. Lutz) 

especially interesting since this halide normally gives 
O-alkylation with~-keto esters. 

o 
Cl(-halo esters 

BrCH2C02Et ~ 

1H3 
BrCH-C02Et ----+ 

~ .. ct 

A oJ-
V (09.0 c.tI3 7°% 

50% 

This illustrates the simplicity of the reaction com
pared with many other methods. Conventional syntheses 
of A (Dornow, Q.Ber., 88, 1340 (1955)} require some 
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five steps from cyclohexanone and produce about 38% 
overall yield. The enamine synthesis of A has recent
ly been used to synthesize thioctic acid (Segre et aI, 
J. Am. Chern. Soc., 12, 3503 (1957)). 

~3 ~c.o>£~ 
I-C,\I-C.°2,cf: -+ ~ 

D.M.Locke and S.W.Pelletier, JACS., 80,2588 (1958). 

The last reaction shows the utilization of an aromatic 
ketone. The product was transformed to a dehydrogena
tion product of atisine. 

Heterocyclic ketones may also be used: 

~ -')- ~C.~Ef: 
~ ~o 

(R.L; Augustine, J.O.C~~ R23, 1853 (1958». 

o(-haloni triles 

(private com. from Dr. V. Boekelheide) 

~~o 40% 

V (; 55% 

o£...:haloketones 

(H.E. Baumgarten et aI, J. Am. Chem. Soc., 80, 
6609 (195$». Conventional synthesis of A gives~% 
yield (He_" .. Chim. Acta, g, 16 (1929». 

One interesting feature of the enamine alkylation 
procedure is that it gives m~tly monoalkylation as a 
result of the considerably sTower rate of alkylation 
of the monoalkylated compounds. This is of some theo
rectical interest and is believed to be the result of 
the higher energy of the transition state(I)when R is 
alkyl than when R is H. This slows down C-alkylation 

ca- ~$+ tI X ... ft. .' ~ 
• ' ••• ' "'1'1 ('1) 

while N-alkylation is slowed by the increased bulk in 
the Nitrogen environment (cf. Williamson, Tetrahedron, 
2, 314, (1958». 
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IV. C vs. N Alkylation 

It is of course. obvious that the yields with 
halides are affected adversely by what sometimes be
comes the principal reaction: N-alkylation. The lat
ter has been shown to be irreversible and leads to 
water soluble quaternary salts: 

~~~~ (t;'R~ 
The problem is related to the classical 0 vs. C 

alkylation of enol ate ions~but is much more simply 
studied here since the question of the effect of the 
cation does not come into consideration. 

One of the interesting theoretical and practical 
questions is that of the effect of the structure of 
the amine on the C/N ratio. It is clear that less 
hindrance is produced on thec{-carbon by cyclic amines 
than open chain ones. (See e.g. Benkeser, J. Am. Chern. 
Soc., 80, 6573 (1958)). 

It is in the realm of the cyclic amines that the 
most interesting results have been obtained. Attempts 
to hinder the Nitrogen but not the carbon, e.g. with 
3,3-dimethylpyrrolidine produced only a. slight im
provement in C/N ratio while 3,3,4,4-tetramethylpyrrol
idine does not form enamines at an appreciable rate. 

A more fruitful approach which seems very promis
ing at this time follows from the expectation that the 
rate of N-alkylation should be related to the rate of 
cyanohydrin formation of the cyclic ketone of the s~e 
ring size as that of the amine. This would suggest 
that pyrrolidine would be a better amine than piper
idine for C-alkylation. This is in fact the case. 
After 18 hours refluxing in toluene with methyl iodide 
the pyrrolidine enamine of c¥clohexanone gives (based 
on UllPecovered cyclohexanone) 29% of 2-methylcyclo
hexanone. With piperidine the yield is only 11%. 

As expected, however, hexamethylene imine (from 
caprolactam) gave 47% yield of 2-methylcyclohexanone 
under the same conditions. With the next higher amine 
we see the effect of increased crowding of theo(-carbon 
and the yield falls to 30%. This demonstrates the pos
sibility of favorably affecting the C/N reatio and the 
obvious extensions of this finding are being pursued. 

The ratio should also be affected favorably by 
electrostatic means: N-alkylation of a morpholine 
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enamine would be more adversely affected by the in
ductive effect of the oxyge~ttan than C-alkylation 
since the charge is further spread out in the latter 
case: Actually under our standard conditions the mor-

pholine enamine gave 27% yield of 2-methylcyclohexa
none, comparable to that obtained with pyrrolidine. 
Further extensions of this concept may be envisaged. 

V. Acylation of Carbonyl Compounds 

This reaction seems very general and applicable 
to cyclic or acyclic ketones and leads tots -diketones, 
~-ketoesters,~~:~~nitrile~: ~R 

Re·c.1 + !2, r"1 --- I -";::1 i-R -+ I I ~ 
" C' ,., 0+ A o ce_c~3 

a) The reaction with ethyl chlorocarbonate in benz
ene requires two equivalents of enamine (preferably 
morpholine enamine) since one mole is used up to form 
the HCl-sal t. ':I'his also applies to other acid chlor
ides. Yields of 40-70% are obtained with the enamines 
of dipropyl ketone, diethyl ketone, cyclohexanones, 
cyclopentanone, cycloheptanone. The reaction has 
recently been extended (M. Kuehne, in press) to the 
synthesis of~ketonitrilesJusing cyanogen chloride. 
Very good yields were obtained USing, in this case, 
pyrrolidine enamines of a variety of ke.tones. 

b) Acid anhydrides or acid chlorides give~-dicar
bonyl compounds (A above, R=alkyl or substituted alkyl). 
The preferred enamine here again is the morpholine 
enamine and yields of 50-80% of~-diketones are ob
tained from the enamines of cyclopentanone and cyclo
hexanone with, for instance, acetyl, capryl, capr~l 
and benzoyl chloride/as well as with half ester acid 
chlorides such as that of azelaic acid/or with unsatur
ated acid chlorides such as that of oleic acid. Some 
of these compounds are of considerable interest since 
Hauser has shown that they can be cleaved to keto acids 
and keto dibasic acids (cf. C. R. Hauser and B. O.Linn 
JACS., 12., 731. (1957)); CR. M. Manyik, F. C. Frostick, 
Jr., J. J. Sanderson and C. R. Hauser, JACS, ]2, 5030 
(1953)). We have, for instance, prepared the C di
basic acid by this method in about 4·0% overall ~~eld. 
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8 
H02C(CH2)5CO(CH2)7C02H ~ H02C(CH2)13C02H 

The reaction leads to chain extension by six carbon 
atoms (or five, using cyclopentano~e). Furt~er 
examples have been provided by HUnlg (S. HUnlg and 
E. LUcke, C. Ber., 92, 652 (1959)). 

VI. Addition of Electrophilic 
Ole fins to Carbonyl Compounds 

a) 0\ ,(3 -unsaturated esters and nitriles. 

These reactions proceed in very high yields (few 
hours refluxing) in benzene or dioxane using pyrrol
idine enamines and are applicable to practically all 
enamines cyclic or acyclic. The interesting observa
tion has been made that 0(, (3 -unsaturated esters or 
nitriles give about 80% yield of monoalkylation with 
the pyrrolidine enamine of cyclohexanone in benze~e. 
or the morpholine enamine in alcohol. The pyrrolldlne 
enamine in alcohol gives 80% yields of 0(, 0( ~dialkyl
ated products. These would be very difficult to pre
pare in any other way. These results illustrate the 

we~·~6 __ ~. 
effect of changing the solvent to one favoring charge 
separation in the transition state~and the effect of 
increasing amine reactivity. 

b) 0(, (3 -unsa tura ted ketones. 

Here aaain flexibility is afforded by varying 
the amine u~ed to form the enamine. For instance, the 
pyrrolidine enamine of cyclohexanone gives,after stand
ina at room temperature for four hours in dioxane with 
on~ equivalent of methyl vinyl ketone, the enamine of. 
A l,9. oc talone. 0 

oO-y-
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oCf) -+ ~ -+-00) ~ __ .. 
+ Whsm the amine is morpholine, the reaction stops at 

the adduct stage (A). Decomposition with water and 
cyclization produces again the octalone but it is of 
considerable potential interest that the reaction can 
be stopped~and operations presumably carried on the 
side chain after addition. Other applications of the 
reaction have been reported (G. Stork and H. K. Landes
man, JAGS, ]§, 5128 (1956». 

It is of considerable interest that conversion of 
cis ,s-decalone to its pyrrolidine enamine and reaction 
with methyl vinyl ketone gives roughly equivalent 
amounts of A and B. This supports the view that there 
may be no difference in energy between the two possfu1e 
enols of Cis.f3-decalone (J. Pappas, unpublished). 

.o:::p~ro ~m 
c) ol ,ts -unsa turE;l. ted aldehydes. 0 

We have already reported that acrolein reacts 
with the pyrrolidine enamine of cyclohexanone (or cy
clopentanone)<~o form the interesting bicyclic ·system 
A (G. Stork aria H. K. Landesman, JAGS, ]§. 5129 (1956». 

+ GH2=CH-GHO -

Further studies on the reaction have shown that the re
action is quite general also for substituted cyclic 
ketones and substituted unsaturated aldehydes. The 
mechanism could either involve intra or intermolecular 
transfer of the amine. The evidence which we have ob
tained demonstrates the intermolecular mechanism 
(K. Untch. unpublished results). 

VII. Introduction of Groups 
other than Garbon. 

It is. of course, possible to use enamines to in
troduce a variety of non carbon groups: cf. reactions 
below: 
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c 

6 · 6so~ 
~~ ... ~ 
~ o~ 

C. ~ R. B. Gabbard and E. V. Jensen, JOG, 23, lL~OS 
(1958). 

These are especially interesting reactions since 
conversion of a 2-substituted ketone to its enamine 
would not usually give the same result as direct re
action of the ketone with the electrophilic reagent 
or its equivalent. 

The work on the acylation of enamines and G vs. 
N alkylation with various amines etc. is that of 
Mr.A. Brizzolara (unpublished and, in the case of 
acylation, rejected communication (JAGS) of Oct. 25, 
1958). 
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THE STRUCTURE OF ULEIN 

G. Btichi and E. W. Warnhoff' 

Isolation: 

From Aspidosperma uJ.e i mgt'. in 0.6% yield 

Structures proposed: 

~Et 
~N~N) 

H I 
CH3 

J. Schmutz J F. Hunz iker and R. Hirt 
Helv. Chim. Acta J 40, 1189 (1957). 
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THE FUNCTIONAL GroUPS OF ULEIN 

[a)25 + 18.5° (CHClg) 
D 

pI( M::S 8.23 

gives hydrochloride and methiodide 

contains one CHg-N-

Kuhn-Roth oxidation gives 0.72 C-Me 

ratio of acetic acid/propionic acid = 1:1 
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THE CHIDMlPHORE OF ULEIN 

Ulein A. EtoH 
max 307 IIl!-1 (19500); 316 (19100) 

€ at 220 18900 

Ulein-hydrochloride identical U.V.spectrum. 

I. R. shows N-H at 3540 cm.- 1 (CHClg) 

~
I OAc 

~ N H 

H N-COCH 3 

A. EtCH 307 IIl!-1 '" 25000 max 

315 IIl!-1 '" 25000 

R. Goutarel, M. M. Janot, V. Prelog and W. I. Taylor 
Helv. Chim. Acta, 2,2., 150 (1950). 
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Ulein 

Conclusion: 

typicaJ. for 

THE CHroM)PHORE OF ULEIN 

dihydroulein (only one isomer) 

pK* M::S 8.87 

EtoH 220 IllI1 € 43000 A. max 
28111111 € 9000 

288 IllI1 € 8000 

dihydroulein hydrochloride 
has identicaJ. U.V. spectrum. 
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THE IDCATION OF THE roUBLE IDND IN ULEIN 

Must be cOnjugated 'With indole ring. 

Ulein contains a C1I:a .. C~ system. 

(a) I..R. bands at 877 cm.-1, 1635 cm.-1, 3030 cm.-1 

(b) Kuhn-Roth on dihydroulein 0.85 C-Me gives 
aJ.so CHsCH2000H. 

(c) N.M.R. spectrum (60 megacycles) 
peaks at 1068 and 1086 c.p.s. 
equaJ. intensity; each peak .. 1 H 

both <Usappear on reduction. Spectrum shows 
4 aromatic H. 

Conclusion: 

or 

57 



FIRST HOFMANN DEGRADA.'FIDN OF ULEIN 

Ulein methiodide uleinmethine 

or 

Fast! 

Uleinmethine. 

Optically inactive (R.D.curve flat); Kuhn-Roth 1.66 of 
2 C-Me not resolvable with di-I!.-toluoyl-D-tartrate. 

A. EWH 218 lIlI1 e 32too; 240 1 4&XJo; 249, 32000; 
max. 261, 2J.2OO; 298, 2J.100; 327, 3700; 340, 28700. 

Conclusion: 

ring present. 
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SECOND HOFMANN DEGRADA.'FIDN 

Uleinmethine ~ methiodide KDH • 

slow ! 

optically inactive; 1.54 of 2 CMe 

A. EWH 
max. 

C1.7H1.7N 

+ 
(Clls)sN 

(picrate) 

215 lIlI1 e 24500 
248 lIlI1 e 45200 
300 lIlI1 e 20400 

different from 
uleinmethine 

I.R. bands 927; 994; 1625 em.-l. 

Ha/Pd/C 

Conclusion: 

Be 
dihydro cpd. ...c ....... ---__ 
identical with 
U. V. uleinmethine 

LR. vinyl bands disappeared. 
2.55 of 3 CMe 

59 

ulein 

t Pd/c in 
mesitylene 



FURl'HER DEGRADATION OF SECOND HOFMANN PROIlJCT 

• 
pyridine 

~H Ac~ 
N-acetyl- .... ";-¢SO-sH- triacetate -
aldehyde 

~ mill4 

N-acetyl 
acid 

u . V. virtually 
identical with 
uleimnethine 

t HID4 

yellow cpd. + C~ 
(dimedone) 

Cl.ai!l.sNO 

I.R. 1675 cm.-l. ·(C=o) 
1624 em.-l. (CdJ 

conj. ) 
-l. 2Eoo em. (C ...... H) 

~O 

Deuterium exchange 0.2 D 
Kuhn-Roth 1.60 of 2-CMe 
acetic';" propionic '" 2: 1 

confirms 
rigorously UJQ 

H ?=CH2 
H 
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u • V. COMPARISON wrm mE FOUR CARBAZOLE-ALDEHYDES. 

Model compoun~ synthesised by P. H. Carter, S. G. P • 
Plant and Mur~e1 Tomlinson, Journal Chemical Society 
2210 (1957). ' 

Conclusion: 

Me 
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POSSIBLE STRUCTURES FOR ULElN 

~ ac# o? N 

~ I ~I "" N 
H 

2 

I 

~ 
N 

~ 
3 4 

~ ~ ~ N ~ N 
H H 

5 6 

(1) not in agreement with: (a) and (b). 
(2) not in agreement with: (a), (b), (c) and (d). 
(3) not in agreement with: (a). 
(4) OK 
(5) not in agreement with: (8.) and (b). 
(6) not in agreement with: (a) and (b). 

(a) NMR, (b) mild Hofmann, (c) mercuric acetate oxidation 
and (d) failure to dehydrogenate without C-N f188iOl1. 

62 

POSSIELE STRUCTURES FOR ULElN 

~ o? N 

~ "" I N I 
o? N 

"" I ~ I H 

7 
8 

~ % H N 
/ 

H N 
/ 

9 
10 

~ I I N 

~ "" N 
I I N 

H "" N H 
II 

12 

(7) not in agreement with: (a) and (b). 
(8) not in agreement with: (a), (b), (c) and (d). 
(9) not in agreement with: (c) and (d). 

(10) not in agreement with: (a). 
(11) not in agreement with: (a) and (b). 
(12) not in agreement with: (a) and (b). 

(a) NMR, (b) mild Hofmann, (c) Hg(OAcla and (d) Pd. 
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STRUCTURE OF ULEIN 

,~H I ~~N-

t 
~I U~~N-

eyy( I I "" 
~ h 

~ COOH 
CO 
I 

CH3 

1st Hofmann 
~ 

2nd Hofmann 
~ 

-. 
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~« ,~ H I 
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THE MECHANI SM OF OXIDATION 

OF KETOlllES BY SELENIUM DIOXIDE 

Collaborator: 

E. J. Corey 

John P. Schaef'er 

Previous Work 

(A) Scone· T ___ ;;....;;.o;;K-'='. he oxidat· 
a standard synthetic a~~n of' ketones by selenium . . 
Org. Reactions Vol V) degradative operati (dloXlde, now 
pending on the' t· can lead to a v i on N. Ra.bjohn 
ditions. s ructure of' the keton ar ety of' products de-e and the reaction 

Some con-
illustrations: 

1. 

HOAc 

2. 
ROH 

64 -3-ketosteroids 

3. 

4. o 

.. 

Allard (1934) 

90% 

oaY 
6 l ,4 -3-ketosteroids 

CeHs COCOOC2Hs 
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(J. P. Schaefer) 

38% 

o Corey and 
•. Burke 

(1954) 



5. 

HOAc 
AcO 

Jeger etal. (1947) 

6. 
0 eOOH 

0 Se02 0 Payne and Smith .. (1957) 
H2O 2 

t-BuOH 
32% 

(B) Mechanism: Despite several studies the mechanism of action 
of selenium dioxide on ketones has remained obscure. 

Mel'nikov and Rokitskays reported (1937-1945) the follow
ing findings with a series of ketones: 

(a) rate == k[ketone] [Se02 ] 

(on the basis of rough rate measurements) 

(b) ketones which enolize readily also undergo 
oxidation napidly ~ 

(c) RCH20~eOcE2R 200~ 2RCHO 

proposed mechanism: Se02 
enol _ complex - products ketone -

Duke (1948) obtained the following kinetic expression for 
the oxidation of acetone 

rate==k [acetone] [se02] [It] 

proposed mechanism: + 
rate-determining formation of 'the complex [acetone. HSe02 ] 

Banerji, Barton and Cookson (1957) on the ba~~!c~~o:elocity 
measurements for the reaction -CO-¥H-yH-CO -+ -CO I I 
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proposed that two mechanisms are possible: (a) rate-determin
ing enol formation followed by fast reaction with selenium 
dioxide; (b) a molecular mechanism involving concerted removal 
of both hydrogens by selenium dioxide. 

Results of Present Work 

System: 
* 70%HOAc ArCOCOAr' 

80-90'5 
yields 95-100% 

ArCOCE2Ar' + Se02 

* HOAc-E20(7:3 by volume) 

Rate Equations: In 70% acetic acid reaction is clearly second 
order to 70% completion 

rate==k [PhCO~Ph] [se02 ] 

The reaction is still first order in desoxybenzoin (I) and in 
selenium dioxide in the presence of added sulfuric or oxalic 
acid, but kObs increases linearly with acid concentration giving 

rate==k[PhCoCH2Ph] [se02]*[H1 

*[se02 ]== total Se(IV) species, no distinction will be made 

between E2Se03, Se02 etc. 

The apparent lack of second-power dependence of rate on selen
ious acid concentration out to ca. 70% completion in the experi
ments without added strong acid-implies that the medium is a 
somewhat more important acid catalyst than is the relatively 
dilute, albeit somewhat stronger aCid, selenious acid. (Con
ductometric measurements in 70% acetic acid at 900 indicate 
that Ka (E2Se03 )==10 to 50 x ~(HOAc)). 

The reaction is also subject to catalySis by acetate ion. 
Rate constant maximized when [Se02]~[AcO-]. 

rate==k[PhCOCE2Ph] [se02] [AcO-] 

The effect is far greater than that obtained with neutral salts. 

Sensitivity to Electrical Factors. Effect of para Substituents 
on Rate: 

acid-catalyzed OXidation, of ArCOCB2Ar': 
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PAr' CH2 ==+0.25 

(excluding p-nitro) 

j' 



acid-catalyzed enolization: 

P =-0.56 ArCOCH3 

acetate-catalyzed oxidation (~~_) at (AcO-]= (Se02 ]: 

p I ~0.47 
Ar~ 
(excluding p-nitro) 

acetate-catalyzed ~nolization: 

P ArCOeR =+0.5 
3 

(Morgan and Watson 1935) 

PAr'~ )1.0 

(p-nitro exceptionally 
rapid) 

Sensitivity to Steric Factors. Effect of ortho Substituerits 
on Rate: 

4 -1 -1(8 20) k xlO M sec. 9. 
2 -

70% HOAc 70% HOAc +[AcOlmax 

I 
2 4 6-trimethylphenyl benzyl (II) 
2'4'6-trimethylbenzyl phenyl (III) 
2'4'6-triisOprOpylPhenyl benzyl (IV) , , 

2.59 8 .• 03 
4.10 8.25 
0.43 0.36 

15.00 

for oxidation in 70% HOAc kII/kI=1.58 for enolization in 70% 

HOAc k acetomesitylene/k acetophenone =1.47 (Zucker and 
Hammett 1939) 

Kinetic Isotope Effect: 

PhCOCD2Ph(I-~)~ PhCO~Ph(I) at 89.20 

~/~=6.0 in 70% HOAc 

~/~=5.8 in l.l~ oxalic acid/70% HOAc 

(in these 
reaction) 

cases ~ drifts upward only slightly during 

~/~=7.6 in 70% HOAc + AcO- (k~-) 
(~ shows marked upward drift ~ s(tl/2)~bS(t"'O» 

() In 70d HOAc at 89.20 Unique Behavior of PhCO~C6~4N02 p : ~ 

kObS=2.15xIo'4!{\ec. -lj predicted"from Hammett equation: 

4XIO-4M-l sec.-l Replacement of water by dioxane or nitro
benzene increases rate, e.g. in HOAc-H20-dioxane (7:2:1) at 

68 

r 

89.20 kObS"'3.35xlO-4~-lsec.-l 

However, in the case of I replacement of water by dioxane 
'produces only a 'slight4decrease in rate; in (7:2:1) solvent 

89 20 obs - -1 -1 at • k =2.45xlO!:! sec. 

In 70% HOAc + AcO- at equivalent concentrations of AcO
and 8e02 a large discrepancy between kobs and k(Hammett) is 

again noted. Enolization is over 103 times faster than oxi
dation. Nitrobenzene increases the rate of oxidation (slight 
decrease with I). 

Salt Effects: In the presence of sodium benzenesuilonate log 
k/kD for I increases linearly with ionic strength, w., with 

slope (0.6) consistent with reaction between neutral and 
charged species (reaction in 70% HOAc). 

Miscellaneous :' 

(a) in 70% HOAc ~ (benzoin)",1/20 ~(I) 

(b) rate of oxidation of I increases as water concentration 
is diminished: 

() -4 -1 -1 0) in HOAc-H20 9:1 ~=2.92xlO !:! sec. (89.2 

() • -4 -1 -1 0) in HOAc-H20 7:3 k2",2.59xlO ~ sec. (89.2 

(c) free-radical initiators and inhibitors produce essen
tially no change in rate •. 

Interpretation 

LA) Acid-catalyzed Oxidation: In the oxidation of I the 
intermediacy of the enol can be excluded because of the ob
served rate equation and isotope effects. Acid-catalyzed 
addition of a Se(IV) species to the carbonyl carbon is ruled 
out by the lack of steric retardation with ortho substituents 
(Hinshelwood and Legard (1935». The following mechanism for 
acid-catalyzed oxidation of I is consistent with all our data 
including the similar characteristics of oxidation and enOl
ization. 

-
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+ k2 
o 08eOH 
M I 

ArC-CHAx 

VI 



The formation of enol selenite V from I is slow; the re
arrangement V .. VI is rapid as is fUrther reaction of VI; k2 

is 'sufficiently greater than k_l so that V does not revert to 

I aUDreciablv. The cha.ru:!:e I" V is completely analogo\ls to 
enolization except that H3seo3+ (or less likely HSe02+) is the 

electrophile. This is probably the mechanism operating with 
most simple aliphatic and alicyclic ketones. • 

Some relevent points: 

(a) HSe02+Cl04- has been obtained as a stable salt 

(Arlman 1939) 
(b) with an unsymmetrical ketone oxidation and 

enolization occur in the same direction, e.g. 

/:; 2_enOl 
cholestanone ::::::::. 

2,3-diketone 
(c) when substantial amounts of unconjugated enol 

are present, enol selenite will be formed rap
idly and directly resulting in facile oxidation. 
For example enediols of type RCOR=COHR are 
oxidized very rapidly (Holker 1955). 

The unique behavior of phenyl p-nitrobenzyl ketone is 
interpreted as fOllows: the rearrangement V~ VI is retarded 
by the p-nitro grou;p relative to reversion of V to starting 

materials; kobS and k(Ramm.ett) for this case indicate 
k2 ~ k-l.' The decrease in k2 may be associated with destabil
ization in VI due to p-nitro because of electron demand by 
selenium(II). Replacement of water in the medium by dioxane 
diminishes the reversion of V to starting materials causing 

obs () k to approach k Hammett • 

Some relevent points: 

(a) conjugated enols such as enolized 1,2-diketones 
are relatively more stable to oxidation despite 
the probably ready formation of enol selenite 
derivatives. 
the rate of oxidation of acetone is much 
greater than that for biacetyl (Mel'nikov 
(1945) 

(B) Acetate-catamed Oxidation: All'the data are accom
modated by the above mechanism with only those changes which 
are appropriate for a medium of attenuated acidity and en
hanced nucleophilicity, specifically: 
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ArCOCH Ar 
2 

Se02 AcO-

08eO-
k I 
~ArCOCHAr 

~ fast 
products 

The observed kinetics and isotope effect indicate thatAfn th 
case of I,formation of enol selenite is the slow step ~ S e 
reversion of enol selenite may occur and thi • ome 
drift in rate constant for I-CIa and the obse:.v~ /ause the 

value. For acetate-catalyzed oxidation of ph 1 Ar'?&a 
~~~Yl ketone formation of the Se(II) ester i:n;at~:~~~_ 

('ormation of a,l3-Unsaturated Ketones: Three possible paths 
all via enol selenite) are suggested by our results: 

(a) decomposition of enolate-se02H+ ion pair by transfer 

of a hydride ion from C to SeO H+ 13 2 
(b) concerted 1,4-elimination from enol selenite 
(c) 1,2-elimination from the Se(II) ester 

CO~lex Processes: Simple interpretations of reactions such 
as ,5 and 6, follow from the above conclusions. 

The o~idation of methylated pyridines and quinolines to 
aldehydes 1S regarded as analogous to the oxidation of ketones. 

Finally, it is possible that the type of mechanism 
posed above is operable in other oxidizing systems. ForPro-
example, Q-acetoxylation of ketones by Pb(OAc)4 may involve 

formation of an enol-lead triacetate directly from the ketone. 
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Some Rate Data 
.~r-----------------------~-----' 
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Figure 7. - dates or Oxidat1on of l)Geoxybeozo1n at 
Various Oxalic A.cid Concentrat.ions. 
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Rate Data (cont.)· 

c.. 
-DET 

e~ . 
~ 
§ 0.4 

-H 

c._ 

Q.2 -.. -.2 -.I .. 
B"l!rUrl lOa.. - fUulm.ett "Correlation. for Rates of Oxidation 

or P-XC6H4COCH2C6Hs, t = 69.200 • 

.. 

Figure 24. _ Hammett Correlation for ri.atse of Oxidation of 
p-XC6H4COCH2C6HS in the Fresence or :3odium Aeetate. 

2D~--~2~e~e--~4~ee~--~6CC~--~Be~e~--I-ooLe----,~~e 
TIME IN MINUTES 

Fis-tlre 16. - Isotope ICrreet Studies. t = 89.200. 

.. 
~. 

. ...---.--.-----•..• _~LKdlNrTlAl.l 
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BASE CATALYZED HYDROGEN-DEUTERIUM EXCHANGE IN HYDROCARBONS 

Andrew Streitwleser. Jr. 

The rate of loss of deuterium from deuterated arylalkanes 
was studied in cyclohexylamine containing lithium cyclo
hexylamide: 

C6HIINHLI 

ArCH2D + C6HIINH2 ::;;<!!;::::::======~~ 

Vacuum line techniques were used. careful handling was re
quired to exclude moisture and carbon dioxide. With these 
precautions solutions remained clear and pale pink. Good 
reproducibility was obtained. A sealed tube technique was 
used; at intervals hydrocarbon was isolated and analyzed for 
deuterium in the infrared using the C-D str~hing band in 
conjunction with calibration spectra. 

The distribution constant for deuterium is close to unity. 
Since the solvent Is present in large excess the equilibrium 
position lies far to the right. The reaction follows pseudo
first order kinetics in individual runs. Typical kinetic 
runs for toluene-a-d and ethylbenzene-a-d follow: 
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TOLUENE -a -d 

70r--------,---------r--------~ 

40 

30 

20 

[0CH2 Dl = 0.5M 

[C6 H"NHLiI 0.066M 

50° 

10~0--------~~------db----~~ 
v 100 200 300 

MINUTES 
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I: 
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I 
::1 

50 

40 

30 

20 

ETHYLBENZENE-O-d 

[Q,lCHDCH3J = O.5M 

[C6HIINHLi] = O.063M 

1oL---------~1~0=OO~--------~2~00~0;-------_;30DOOO 
o MINUTES 
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Variation of the hydrocarbon concentration shows the kin
etics to be first order in hydrocarbon. In the following 
table, k I is the pseudo-first order rate constant obtained exp 
directly from the kinetic run; kcorr is a pseudo-first order 

rate constant corrected for the back reaction and for the 
developing deuterium content of the solvent. Temp. 500. 

[ RD] [L i NHC6HII J IcY kexpl IcY kcorr 
mil. mil. min-I min-I 

To I uene-a-d 
0.25 0.055 6.0 5.6 
0.50 .055 6.7* 5.9 

Ethylbenzene-a_d 
0.50 .063 0.74 0.68 0.75 • cIa .70 .62 
*Taken from curve below 

By analogy with related exchange reactions in other systems. a simple general mechanism may be written which should be con-sidered: 

LiNHC6HII 
K 

-< ;. Li+ + C6HIINH - Fast 
- R-RD + C6HIINH -- + C6HIINHD Slow 

R- C6HII NH2 ---;;. ~ C6HIINH - Fast + + 

TWo limiting cases may be considered: 
For K» I. kinetics is first order in [LiNHC6HII J. 
For K« I. kinetics is half-order in [LiNHC6HII J. 

In the latter case the addition of an ionic lithium salt 
should greatly suppress the rate In the absence of compensating 
sa I t effects. 

The effect on rate of the I ithium cycloh~xylamide concen
tration is shown in the following log-log plot: 

77 

i 
Ii 

I[ 

'I I, 
I 



10r-------~._------_.----_.--_.--,_--------.__. 

6 

t) 0.05M LiCI04 

[0CHzD] = 0.5M 

.02 
M 

Neither a line of slope I nor of slope 1/2 is obtained; the 
plot is actually a curve which approximates a line of slope 
0.3. The activation parameters give further useful data at 
this point. 

Activation Parameters 

Compound 4H* 4S· 
KcalLmole e.u. 

Toluene-a-d 9.4 -48 
Ethylbenzene-a-d 9.8 -51 

These data show that the simple mechanism given above is wrong. 
The varying effect of base suggests a rather low activity 
coefficient perhaps due to aggregation of the lithium salt at 
the concentrations used. The large negative entropy of activa
tion indicates a highly ordered transition state although the 
numbers listed include entropy contributions from prior equil
ibria and the concentration effect of base in the pseudo-
first order rate constants. 

The physical chemistry of metal amide-amine solutions will 
be investigated further; at present the detailed nature of the 
attacking group is unknown. The mechanism as related to the 
hydrocarbon substrate. however. was studied further. In order 
to use this system as a means of assessing relative acidities 
of various hydrocarbons it is important to evaluate the relat
ive amount of negative charge on the central carbon in the T.S. 
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~-DEUTERIUM ISOTOPE EFFECT 

Deuterium is known to have a significant electron-donating 
inductive effect relative to hydrogen. Examples: 

Kp5a-!2cOOH 
1.12 

Kp5a-! NH + 
2 3 

1.13 
K¢,CD2COOH K¢'CD NH + 

2 3 
[Halevi and Nusslm. Bull. ~. Counci 1 ~. ~~. 263 (1956)] 

k 
R = CH30i2 

[Lewis. Tetrahedron. ~. 143 (1959)J 

To get some measure of the amount of negative charge developed 
at the c:ntral carbon in our system. a competitive reaction 
was carried out between ethylbenzene-a_d and ethylbenzene-a.~._ 
~.~-d4· The results are shown in the next figure: 

'1 
x
I 

x 

50 /3-DEUTERIUM ISOTOPE EFFECT 

10~----__ ~~ ______ ~ ________ ~ ____ ~ 
o 
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The relatively large ~-Deuterium isotope effect Is taken to 
indicate that the central carbon has substantial negative 
charge at the transition state. 

«-DEUTERIUM ISOTOPE EFFECT 
A competition reaction was run with toluene-a-d and 

toluene-«,a,«-d3 in which the following two rates were measured 
simultaneously: 

_k..J.3~~~ ¢cHD2 

~CH2o kJ ~ ¢cH3 

3k/k3 1.30 

Both the development of negative charge on the «-carbon and 
the hybridization change. sp3 ~ sp2, are expected to give an 
isotope effect in this direction. For this and the preceding 
experiment we are indebted to Dr. D. P. Stevenson. Shell 
Development Co., for the mass spectral deuterium analyses. 

RELATIVE RATES FOR METHYL SUBSTITUENTS 

Compound Relative Rates 

C6H;CH20 100 

m-CH3C6H4CH2D 69. 66 
p-CH3C6H4CH20 29. 29 

C6H5CHOCH3 10.6. 10.7, 11.2 

Comparison of m-methyl with p-methyl and of «-methyl with 
p-methyl shows that a substantial amount of negative charge 
is distributed Into the ring. Hence. conjugation between the 
ring and the central carbon must be important at the transition 
state. 

STEREOCHEMISTRY 
For the exchange reaction of ethylbenzene-a-d. let 

kO = replacement of 0 by H 

kH = replacement of H by H 
k (rac) = replacement of H by H resulting in 
H loss of optical activity 

Then, for the observed loss of optical activity, krac' with 
optically active ethylbenzene-«-d 

krac kO + kH(rac) 

Let Q = kH(rac)/kH 

Values of Q for different stereochemical possibil ities in re
placement of H by Hare: 
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In a 
kO were 

Complete retention: Q = 0 

Complete racemization: Q = I 
Complete inversion: Q = 2 

run with optically active ethylbenzene-a-d, 
determined simultaneously: 

kO = 7.0 ~ 10-4 sec-I 

k • 18 x 10~ sec-I rac 
thus kH(rac) = II x 10~ sec-I 

These results demonstrate that the stereochemIstry is neither 
complete inversion nor complete retention. Preliminary 
experiments with ethylbenzene-a-t give koikT .. 2. from which 

k..y1<o .. 5 [SWain. et al • .:!.. Am. ~. Soc •• ~!. 5885 (1958)]J 

therefore, the stereochemistry of the reaction Is partial 
racemization with some net retention. 

PROVISIONAL MECHANISM 

COMPARISON OF RELATIVE RATES 

" /' ,?C-H + H-C~ . . ~ racemIzatIon 

In the fol lowing table, column two summarizes some of our 
data on the relative reactivities of different hydrocarbons 
in our exchange system. The third column lists the comparable 
relative rates obtained by Shatenshtein and Izrailevich 
[Zhur. ~. Khim •• 3~, 2716 (1958)J for the exchange reaction 
of'hYdrocarbons With potassIum deuteroamlde in liquid deutero
ammonia at 10°. The final column summarizes some of the rela
tive rates obtained by Mr. R. H. Jagow and Dr. R. M. Williams 
on the solvolysis of arylmethyl tos~tes in acetic acid at 
40°. A comparison of coiumns two and four indicates that in
ductive effects do not suffice to accomodate the ~tabilizatlon 
of carbonium Ions by methyl groups. 
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R 

C6HS0i2-

m-a-I3C6H4a-12-

P-a-I3C6H40l2-

C6HSOl(0i3)

C6HSC(CH3)2-

~-ci cf7CH2-

(a). Estimated 

1.00 

.68 

.29 

.11 

.Oce 
7 

0.1 

.03 

ROTs + AcOH 
400 

1.00 

13.8 

I am indebted to Mr. Dale van Sickle who developed the • 
vacuum line apparatus and experimental procedure and who obtaIned 
most of these results. Some of the experiments were run by 
Miss Liane Reif and Mr. William C. Langworthy. This research 
was supported by the Air Force Office of Scientific Research. 
I also wish to thank Professor Richard E. Powell for advice on 
the solution of some of the kinetic equations. 
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RECENT DEVELOPMENTS IN FREE RADICAL CHEMISTRY 

Cheves Walling 

I. Radical reactions of t-butyl hypochlorite 

A number of reports in the literature suggest that t-butyl 
hypochlorite may act as a radical chlorinating agent 

toluene .... 
isobutylene 
cyclohexene .... 
glycerides ..... 

benzyl chloride Clarke, 1931 
metha11yl chloride Harford, 1939 
3-ch1orocyclohexene Kenner, 1945 
allylic chlorides Teeter, 1949 

Reaction of t-Butyl Hypochlorite with Toluene 
-' 

(CH3):,cool + ¢CH3 ~IB; ¢CH2Cl (94%) + ¢CHC12 (2%) 

(0.2 mole) (O.6mole)(lmmole) + (CH3) COH (98%) +CH (trace) 
3 4 

+ (CH3) CO (2%) + OH Cl (2%) 
2 3 

(OH ) COOl .... (CH ) CO· + Cl' 
3 3 3 3 

(CH3) co· + H-R -(CR ) COH+ R' 
3 3 3 

R. + (CH3)3cool ... R-Cl + (CH3)3CO ' 

(CR3) 3CO ' ..... CH3CooH3 + CH3 ' 

CH3 ' + (CH3)3Cool -> CH3Cl + (CH3)3CO • 

CH3" + H-R- CH4 + R. 

Effect of Various Modifiers on the t-Butylhypochlorite _ 
Toluene 

Reaction Time, AIBN 400 

Run Modifier Reaction Time 

1. 600 5 minutes 

2. 250 II 

3. Hydroquinone 
(0.5 mmole) 

1750 " 
4. p-Cresol No Reaction 

(0.5 mmole) 
5. Light 2 minutes 

(No AIBN) 
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Kinetics: Apparent zero order in hypochlorite 
(termination 2RQ. - ROOR 7) 

Relative .Reactivity of Hydrocarbons towards 
t-Butylhypochlorite (40OC) 

Relative Reactivity 
Hydrocarbons Per Mol~cule Per C-H Bond 

Triphenyllnethane 7.40 22.2 
Cyclohexane 6.00 1.50 
Mesitylene 4.00 1.33 
Diphenyllnethane 3.ll 4.67 
Cumene 2.80 7.65* 
p-Xylene 2.80 1.40 
m-Xylene 2.05 1.03 
Fluorene 2.00 3 .00 
n_Propylbenzene 2.10 2.04* 
Ethylbenzene 1.70 2.13* 
Toluene 1.00 1.00 
p-Chlorotoluene 0.75 0.75 
m-Chlorotoluene 0.55 0.55 
t_Butylbenzene 0.40 0.13 

* per alpha C-H bond only 
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60 

40 

tIp ratio 

Effect of solvent and temperature on 
chlorination of 2,3_dimethylbutane 

o No solvent 

.4 M benzene 

1/273 

MH /::; 1.8 kcal 

4:-NIH :: 2.1 kcal 

lIT 
1/293 
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1/313 

summai:b ~ i-hyH bond reactivities in hydrocarbon _ 
u Y pochlorite reactions 

(at 400 ) 

Alkanes primary 1 (n-butane) 
secondary 8 (n-butane) 
tertiary 44 (2,3-dimethylbutane) 

primary lOS (toluene) 
.secondary 33 (ethylbenzene) 
tertiary 72 (cumene) 

Allylic secondary 98 (cyclohexene) 

Hel. reactivity 

2 

Reaction of substituted toluenes with 
t-butyl hypochlorite 

~ o 

p::, -0.85 

1-

.5 -

-.1 o ~1 
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Polar effects in t-butyl hypochlorite chlorination 
(numbers indicate % substitution at each carbon) 

G - C - C - Cl 
11 41 48 

G - C - C - ()OOCH3 
26 44 30 

C-C-C-ON 
34 44 22 

C - G - C - G - Cl 
16 44 19 21 

o - C - C - C - C12 
32 56 12 

G - C - C - N02 
54 33 13 

Allylic chlorination, cyclOhexene 

01 o CJ!fqOC~ 0 
92.5% 

No addition reaction detected. 

Butene - t-butyl hypochlorite reactions 

% addn. reI. react. (allylic) %1-C1-2-
butene 

I-butene 6 1.55 69.6:1 1 

cis-2-butene 28 1.77 63.3:t 1 

trans -2-butene 8 1.67 70.4"'1 

isobuty1ene 30 1.0 
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Conformational Stability of Ally1ic Radicals 

¢~ ~ 
H OH2Gl 

"'- CH30 H 
"'" -')?/ /() 

... 0 

0/ '" /~H2 H 

cis-2-butene 

II Reaction of Alkoxy Radicals with Trialky1 Phosphites 
Cumyl Peroxide: R = ¢c(OH3)2-
ROOR + P(OEt)3 - R-R + OP(OEt)3 

triethyl phosphate 250 , u. V • 1250 

86% 89% 
dicumene 50 72 
ROOR 2 RO' . 
RO: + P(OEt)3 
ROP(OEt)3 
2 R' 

ROP(OEt)3 

R· OP(OEt)3 

- R-R 
Di-t-butyl Peroxide - Triethyl Phosphite 

1. !,-BuOO-t-Bu ~ 2 t-BuO' 
2 • .i-BuO'"+ P-(OEt)3 .... .1:'BuoP-(0Et)3 

3 • .1-BuO:P-(0Et)3 .... ,i.-Bu' + OP-(0Et)3 

4. (a) 2.1-Bu· disprop ... isobutane (30%) 
isobutylene (20%) 

(b) 2.i-Bu· dimerization. hexamethylethane (8%) 
,C ~ ~ 

5. t-Bu' + C::C .... O.,y-C-G-e 
'c C 

o 0 0 0 
6. C-a-C~-C + R· .... R(-H) + o-e-e-e-c (4%) 

o 
2,2,4-trimethylpentane 

o{-e..a-c + R' .... R(+H) + c{-c..8 C (2%) 

2,4,4-trimethylpentene_l 
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t-C4H.jOOH + P(OEt)3 ~ t-C4HcjOH + OP(OEt)3 

C6Hf0-O-O-COC6HS + P(C6H5)3 - C6Hf 0-O-COC6HS +OP(C6HS)3 

C4Hcj-O-O-C4~ + P(C6H5)3 l. C4~OC4~ +OP(C6H5)3 

Horner and Jurgeleit (1955) 

REl\CTION OF THIYL RADICAIS 'JITH TP..IETHYL PHOSPHITE 

10 RSH + P(OEt)3 - RH + S-P-(OEt)3 

2. RS· + P-(OEt)3-+R-S-P-(OEt)3 

3. R-S-P-(OEt)3-+Ro + S-P-(OEt)3 

4. (a) R· + RSH -RH + RS' 
(b) R· + RSSR -+ RSR + RS· 

~RH 
RS. 1 

~RH 
P(OMe)3 

+ SP(OEt)3 

kJ!k2 vt 2 
+ SP(OMe)3 

thiopheno1 inhibits n-C4H.jSH reaction, whence 

C6HfP(OEt)3 ___ C6HSo +SP(OEt)3 is slow 
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Limitations of Disulfide Reaction 

1. ~ 2CCN + RSSR .. too slow 

RO· + P(OEt)3 .. R· + OP(OEt)3 

2. Benzyl disulfide (low quantum yield) 

icHpH2r6, (:£Hi>CH2¢ ~ r6cH#>' + ¢CH2 0 

f/£H.p. + P(OEt)3 .... SP(OEt)3 + ¢QH2 ' (fast) 

¢CH2' + ffcH~H2f5 -;. ¢CHz3bH2¢ (5-10%) + ¢CH#>o 
2C,1CH2 .... (cH2CH2rJ (26%) 
~H2° .. RH .. fJcH3 (20%) Ro 

Ther.ma1 Reaction of Disulfides 
C4H9S-8C4H9 + P(OEt)3 ~ C4H9SC2ItS (50%) 

via Arbuzov path 

RSSR + P(OEt)3 
via. 

RS· + P(OEt)3 

RSP(OEt) 3 

R.+ CO 
~O + RSSR 

Similarly (?) 

+ C4~SPO(0Et)2 (50%) 

+ CO .... RCOSR + SP(0Et)3 

.... RSP(OEt)3 

-+ RO + SP(OEt) 
• 3 

.... RCO 

.... RCOSR + RSo 

RSH + P(OEt)3 + CO .... RCHO + SP(OEt)3 

Conversion of Butyl disulfide to Thioester 

T PCO(atm) Init. Yield(%) 
120-1440 325 DTBP 99 , 

120 7-12 DTBP 47 
50 1 UV 18 
50 1 UV .36a 

a) Slow addition of disulfide 
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other Examples of Phosphoranyl Radical Reactions 

.CC13 + P(OEt)3 

CC1,P(OEt)3 

Et· + CC14 .... 

CHBr3 + P(C6H5) 3 

... CC13PO(OEt) 2 + lllI-C1 
Kamal (1946); Griffin (1958) 

... CC13P(OEt)3 

CC13PO(OEt)2 + Et. 

Etcl + .CC~ 

... [CHBr 2P(C6H5) 3 J -+Ex-

Ramirez and McKelvie (1957) 

cHBrj(C6H5)3 + CHBr3 ..... CHBr2 + product 

Reactions Involving Oxygen 

P(OEt)3 + 02 

via 
ROO· + P(OEt)3 

cyc10hexene +p 4 + O2 

OP(OEt)3 

+HC1 

Clayton and Jiensen (1948) 

.... (C6~10P204)n 

Willstatter and Sonnenfie1d (1914) 

90 

THE OXYGEN-OXYGEN BOND 

Paul D. Bartlett 

The 0-0 bond, one of the weakest in available organic 
compounds, shows great versatility in its mechanisms of 
fission. Ionic cleavage appears in the carboxyl inver
sion of acyl peroxides (J. E. Leffler, 1950), the Criegee 
rearrangement of peresters (1948), and the concerted 
cleavage of primary ozonides (R. Criegee, 1953). Radical 
(homolytic) fission occurs in a simple form in di-t-butyl 
peroxide (Raley, Rust and Vaughan, 1948), and as part of 
a concerted mechanism in the decomposition of peresters 
RCO?C(CH~)~, where R is benzyl, t-butyl, trichloromethyl, 
or any g~ortp with similar or greater potential stability 
as a free radical. (P. D. Bartlett, Experientia, Suppl. 
7, 275 (1957); P. D. Bartlett and R. R. Hiatt, JACS 80, 
1398 (1958». Two striking recent cases of concerte~ 
peroxide cleavage are that of peroxy-hemiacetals derived 
from primary hydroperoxides, in vrhich molecular hydrogen 
is eliminated (L. J. Durham, C. F. ,{urster, Jr., and H. 
S. Mosher, JACS 80, 332 (1958», and the anchimerically 
aSSisted cleavage in t-butylperoxy-o-methylthiobenzoate 
(J. C. Martin, Boston A. C. S. MeetIng, 1959). 

Interest is currently centered on such questions as 
(1) how to determine the mechanism unambiguously in parti
cular cases, (2) Is there a clear boundary between ionic 
and radical fiSSion? (3) What limits the number of bonds 
able to undergo simUltaneous fission in a concerted 
mechanism? (4) h~t is the mode of operation of sub
stituent effects in the various mechanisms? (5) Can the 
linked changes in enthalpy and entropy of activation in 
peroxide series be regarded as a model with some general
ity for other reactions? 

Examples of concerted fission: 

(a) at two bonds 

O-CH2~0-OC(CH3)3~ OCH2 ' + CO2 + 'OC(CH3)3 
o 

t:.Itf = 28. 7 kcal. 
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(b) at three bonds 

(CH ) Co-oc=o 
3 3 I ---;. 2C02 + 2( CH3 ) 3CO. 

(CH3)3CO-OC=0 

b.it = 25.5 kcal. 

Radical scavengers contribute to the study of 
mechanism by providing an independent measurement.of rate, 
by capturing intermediate radicals to form recogn~zable 
products and by distinguishing free radicals on the one 
hand fro~ caged pairs or nonradical intramolecular reac
tions on the other. 

Decomposition of <::>CH2COOOC(CH3 )3 

in Presence of Iodine in Toluene 

Product 

CO2 

Moles per mole perester 

.956 

t-Butyl alcohol 

Acetone 

Benzyl iodide 

Benzyl t-butyl ether 

Iodine consumed 

Benzyl group accounted for 

t-Butyl group accounted for 

.672 

.075 

1.40 

.165 

.68 

.893 

.912 

The action of scavengers themselves is imperfe~tly. 
understood. They generally react with zero ~rder k~net~cs, 
but do not capture 100% of the potential rad~cals. 

Efficiency of Iodine in Toluene 

as Scavenger Toward Different 

Radical Sources 

Source 

(CH3)3C-0-0-C(CH3)3 

% of Radicals Captured 

'--100 

(CH3)2y-N=N-Q(CH3)2 
CN CN 

77 

CH30~2g0-OC(CH3)3 46 
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Source T 

25° 

% of Radicals Captured 

48 

This is not a matter of scavenger concentration. 

Decomposition of C6H5CH2C03C(CH3)3 
in Presence of Iodine in Toluene at 95°, 7 Hours 

Compound Moles per Mole of Perester 
12 (initial) 0·78 1.27 1.93 

CO2 .956 .962 .953 
(CH3 )3COH .672 .664 .668 

(CH)2C=0 .075 .046 .043 
C6H5CH2I 1.40 1.Y( 1.38 

C6H5CH2OC(CH3)3 .165 .214 .223 
Iodine consumed .68 ·72 ·73 

Benzyl groups accounted for .893 ·920 .934 
t-Butyl groups accounted for ·912 .924· ·930 

Efficiency of Iodine in Different Solvents 

as Radical Scavenger Tmfard 

C6H5CH2gOOC(CH3)3 at 56° 

Solvent [Iodine] x 104 

Toluene 8.10 

Anisole 7.95 

Cumene 9.05 

Chlorobenzene 
+ (C6H5)3CH 

9·05 

Efficiency 

48% 
50% 

25.5% 

25.5% 

It has been thought that when some two or more 
scavengers yield the same percentage efficiency in captur
ing radicals from a particular reaction, the uncaptured 
radicals must be reacting by way of caged pairs. However, 
this concluSion is not firm unless all zero-order reactions 
of scavengers with higher efficiency can be accounted for. 
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Rate of Decomposition of CH,O~H2CO,C(CH3)' 
in Toluene at 56° 

Method 

IR 

IR 

* Galvinoxyl 
II 

Iodine 
II 

II 

II 

[peresterJo 

.0567 

.0584 

.0556 

.0105 

.0484 

.0518 

.0609 

.0704 

.0709 

* Galvinoxyl 

[scavenger] 
x 104 

(styrene, 
,.2'jI,) 

(styrene, 
2.0%) 

5 kl x 10 , 
sec.-l 

4. 54) 

4.60 

4.40} 
4.16 

9.10 2.20 2.0ij 
7.22 2.15 
7.22 2.06 

.~~:.18 

'fa of 
IR kl 

100 

44 

(G. M. Coppinger, J. 'A. C. S. 12, 501 (1957» 

Contrast in stabilization between trichloromethyl and 
trifluoromethyl radicals; example of delocalization using 
higher orbitals 

t «1 • C1J Cl-« • ~ C1=C 
Cl (h 

Half life at 60°,1.06 x 10' min. in pel 

F,CgO-OC(CH,)3 

Half life at 60°, 500 x 10' min. in ¢Cl; 
no concerted decomposition. 

How many bonds participate in decomposition of t-butyl 
peroxalate? 
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Products of Decomposition of 

(CH3)30-~-~0-OC(CH3)' at 45° 
o 0 

Product Moles per mole of perester in 

Isopropyl 
Benzene Ether 

CO2 1.92 1.95 

t-Butyl alcohol 1.02 2.00 

Acetone 

Methane 

Ethane 

Dicumyl 

0.76 ~o 

(+ some co) 0.14 

0.17 

Decomposition ProductB of 

(CH3 )_CO-OC-CO-C-'R'5 in Cumene a.t 45" 
:; "H Z

C 0 

Cumene 

2.01 

1.77 

0.03 

0.86 

Product Moles per mole perester 

CO2 

t-Butyl alcohol 

Acetone 

1.12 

none 

Ethane (incl. 2-5% ethylene) 0.20 

o 
(CH3 )3C -0-8-0-C~5 

C~5-0-~ --C(CH3):;P~5 
0.28 

0.23 

c~5-0-8-H 0.15 

Dicumyl 
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Material Balances 

t-Butyl 

CO2 

102% 

8'7/0 

86% 

Decomposition Rates of Peroxalates 

ROCCOOC(CH3 }3 
1111 
00 

R Relative rate constant 
at 45° 

(CH3)3CO ' 20 
"J 

CH 0OH. 3 _ 2 5·3 

C~5' 3·5 

Om· _ 2 2.8 

o NOr . 2 _ 2 1 

t,:s:1" .l.S=!' 

25.5 5·1 

26.2 4.6 

26.9 6.0 

26.6 4.5 

27.9 6.8 

Ionic and radical fission in peresters have opposite 
signs of ~ in the Hammett Equation (+ for ionic, - for 
radical). Although t-butyl perbenzoates and phen~lperace
tates both have negative ;0' the mechanisms are d~fferent. 

ext. 
fl90 = -1.04 

Correlated 1vith c:r (Blomquist and Berstein) 

1.09 

Correlated with~ + 
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2.0 

1.8 

1.6 

1.4 

1.2 

1.0 

0.9 

THERMAL DECOMPOSITION OF X.0CH2COO-OC(CH~3 

IN CHLOROBENZENE AT 90.66"C. (observed by I.R.) 

P-CH30 (extrapolated) 

f = -1.09 

Can ionic tr~~sition-state resonance contribute to 
cleavage into free radicals? Yes; all states are of the 
same multiplicity because the spins of the partner radi
cals remain antiparallel. 
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R = Norbornyl, a borderline case. Norbornyl cations 
are well stabilized, norbornyl radicals not, through 
bridging. The results show only borderline driving force. 

Peresters Containing Cyclohexyl and Norbornyl Groups 

R~OOC ( CH3 )3 

0 

R Relative Rate .L:..HT .681" 
at 1000 

(CH3)3C- 2800 30.6 

0 120 31.3 

~(=) 83 30.9 

~ (endo) 
20 35.6 

CH3 1 38 .0 

Products from Alicyclic Peresters R~00C(CH3)3 

Heated in Chlorobenzene at 1000 for 22-27.5 Hours 

product Moles per Mole of Perester 

13 

8.6 

6.7 

16.4 

17·0 

R= Cyclohexyl R= exo-Norborn;y-l R= endo-Norbornyl 

Gas (CO and 
CH4) 

CO2 

t-Butyl alcohol 

AcetC'ne 

.08 .03 .055 

.75 

.43 
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.22 
-

.40 

Effect of Iodine and Water in Carbon Tetrachloride on 

Products from t-ButylperoXY-~-Norbornane-Carboxylate 

Product 

Gas 

CO2 

CH3Cl 

(CH3 )2C=CH2 

99 

Moles per mole of perester 

3% H20 3% H20 + 1 mole 12 

none none 

.16 .26 



THE MECHANISMS OF SOME CHROMIC ACID OXIDATIONS 

Kenneth B. Wiberg 

Although much is known about the oxidation of alcohols 
and of aldehydes, the oxidation of hydrocarbons is relatively 
poorly understood. Diphenylmethane is a convenient hydrocarbon 
to stu~ since it gives only one product, benzophenone, and 
that is formed in high yield. The oxidation was studieq. in 91~ 
and 9~ acetic. acid since this medium,permits reasonably rapid 
reactions at moderate acid concentrat10ns (0.1-0.3 M), and per
mits the reaction to be carried out in homogeneous solution. 
The presence of some water is desirable since this permits one 
to specify the nature of the chromium species in the solution. 

The rate law for the reaction has been found to be: 

The first order dependence on the organic substrate and on the 
Hammett acidity function is analogous to mo;;t other chromic 
acid oxidations. However, the first order dependence on chrom
ium trioxide is unusual. 

In solutions of chromic acid, there exists an equilibrium 
between the monomeric form and the dimeric form: 

The equilibrium constant for the reaction may be determined 
spectrophotometrically using the deviation from Beer's law of 
chromic acid solutions. The equilibrium constant thereby deter
mined for 91~ acetic acid is 25, and that for 9~ acetic acid is 
65. In the oxidation of alcohols, Westheimer and Novick (J., 
Chem. Phys. 17, 61 (1949» have shown that the rate of reac~10n 
follows the Concentration of the acid chromate ion, and a S1m
ilar result has been obtained in the oxidation of benzaldehyde 
(Wiberg and Mill, J. Am. Chem. Soc. 80, 3022 (1958); Westheimer 
and Graham, ibid., 80, 3030 (1958». This has been interpreted 
in terms of the formation and subsequent decomposition of an 
ester intermediate, and the different result in the oxidation 
of diphenylmethane lends additional support to this hypothesis. 

The rate determining step probably involves the reaction 
of diphenylmethane with chromic acid or the acid dichromate 
ion, and this reaction may be either the formation of a complex 
between the two species, or the abstraction of a hydrogen with 
one or two electrons. The isotope effect krr/kn = 6.4 indicates 
that the latter is the case. There are theft "t&ee possible 
mechanisms for this reaction: 
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A PCH2P + Cr6 -- ~CHP + crS + It 

cr6 + 
cr4 It B PCH~ + - ~CHP + + 

.2 peHp· - P9HP + cr4 

1..JII~r03H2 OH 
H 

A partialdirferentiation may probably be made based on 
the effect of substituents: 

dl-p-MeO 

IOgt r 
di-p-Me 

-Me 

o 

-1.6 -1.2 -0.8 -0.4 

With the exception of the p-methOJlY substituted compound, which 
must be considered separately, the rates are correlated well 
with 0'+, with a slope, p+, or -1.14. This is much smaller than 
would be expected for mechanism B in which a carbonium ion is 
rormed to a considerable extent In the activated complex (as 
indicated by the magnitude of the isotope effect). For this 
mechanism, a p value of between 3-5 should be round. 

Mechanism A would be expected to give a value of p or be
tween -1.0 ,and =1.5 in analogy with the results obtained in the 
reaction of toluene with bromine, N-bromosuccinimide (Kooyman, 
et al., Koninkl. Ned. Akad. Wetenshappen proc., B56, 75 (1953» 
and in the air oxidation of benzaldehyde (Walling and MCElhill, 
J. Am. Chem. Soc. 73, 2927 (1951». However, mechanism C would 
also be expected togive a small value of p, the directIon of 
which is dirficuit to predict. 

Mechanism C appears the less likely of the two in view of 
the magnitude o? the kinetic isotope efrect. A non-linear, 
activated complex such as would be involved in this case would 
force the hydrogen to participate in the normal modes of vibra
tion of the activated complex (other than that leading to reac
tion) and this will in part cancel the zero-point energy differ
ence in the 'ground state. Since the isotope effect is about as 
large as any which have been round at the temperature used (300) 
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it is unlikely that any such cancellation has occurred. Mech
anism! is 'therefore favored for the first step of the reaction. 

Some information concerning the later steps in the reac
tion may be obtained from a study of the induced oxidation of 
manganous and cerous ion during the reaction. It can be seen 
that rate of reaction is reduced to a value less than one-half 
the original rate, and approaching one-third. 

SUbstituent k/ko(.O:33! ce3) k/ko(.o06~ MnZ) 

H .47 .58 (.36, 0.04M) 

pel .44 .56 (.47, o.o6M) 

p,p'-diMe .34 • 50 

These data rule out a chain process for the reaction since 
any scheme which can be written for the subsequent steps will 
lead to a prediction of a rate reduction to one-third of the 
original value. These data will not however directly indicate 
what type of reactions must follow the initial step. 

It can be shown that in other chromic acid oxidations, 
crS invariably reacts b,y a two electron mechanism. If this is 
assumed to be the case here also, a possible scheme for the 
subsequent reactions is: 

~CHZ¢ + cr6_ ¢CH¢ + crS 

~cH¢ • Cr6 --+- ¢ZCHOH + crS 

Z(JCHZ¢ + zcr5- Z¢ZCHOH. 2Cr 3 

¢ZCHOH • 
Cr6 _ ¢Zc=o. cr4 

cr4 • Crt> ~ 2Cr5 

Z¢ZCHOH'. zcr5 ~ Z¢ZC=o+ ZCr3 

The difficulty with a scheme such as this is that it requires 
that the velocities of the third and the last step be identi
cal (i.e., that exactly one-half of the crS reacts with the 
diphenyl:lllethane and the other one-half reacts with the benzhy
drol formed in the previous steps). SUch a coincidence seems 
very unlikely, particularly if one remembers that the first 
reaction involves one species which is in high concentration, 
whereas the other is between two species which are present in 
very low concentration. 
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It is possible to cireUD1vent this difficulty if it is 
postulated that the benzhydryl radical undergoes a three-elec
tron oxidation directly to benzophenone. SUch a scheme is: 

¢CH-# + Cr6 ~ ¢cH¢ • cr5 

¢cH¢ • cr6 ~ ¢~-ocro3HZ 

¢2~-OCrOJHZ - ¢c=o • cr3 
H 

¢cH2¢ • crS ~ ¢ZCHOH • Cr3 

¢2CHOH • Crt> ~ ¢ZC=O • Cr4 

¢CHz¢ • Cr4 - ¢CH¢ • cr3 

¢cH¢ + Crt> -+- ¢zC=O • cr3 

Not only does this scheme eliminate the necessity for a coinci
dence in velocities Iilf different steps, but it also involves no 
reactions between species which will be in low concentration. 

6 Possible analogies for the addition of the radical to the 
Cr species may be found in persulfate oxidations, and other 
reactions involving the induced decomposition of a species 
which initiates a reaction. The mosk novel step is the next to 
last in which it is proposed that Cr reacts with diphenyl
methane to give the benzhydryl radical. 

It is difficult to obtain evidence for this type of reac
tion, but one possible approach is to US! an inorg,anic oxida
tion-reduction system which produces cr*, and to determine the 
effect of this system on dipheqylmethane. one possibility is 
the ceric-chromic system studied b,y Xing and Tong (Abst. l34th 
Meeting AlA. Cham. Soc., Chicago, 1958, p. 85) for which the 
rate law is 

[cr3][Ce~Z 
v k [083] 

This suggested the mechanistic sequence 

Ce4 + Cr3 ::;:::: ce3 + cr4 

Ce4 • cr4 ~ ce3 + crS (slow) 

ce4 + cr5 --.. ce3 + crti (rapid) 

The question now remains, are aliphatic hydrocarbons oxi
dized b,y a one electron or a two electron process. Sager and 
Bradley (J. Am. Chem. Soc. 78, 1187 (1956» have studied the 
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chromic acid oxidation of J-etnylpentane, analyzing for each of 
the products as a function of time. Their results were: 

I.O,~----------, 

.75 

60 
min. 

They also observed that there was a kinetic isotope effect when 
the tertiary hydrogen was replaced by a deuterium. They pr0-

posed that the carbinol was the first product formed and that 
the subsequent reactions depended on a rate controlling de~
dration of the alcohol. Roeek (Call. Czech. Chem. Comm. ZZ, 
1509 (1957» has come to a similar conclusion in st~g the 
oxidation of methylcyclohexane. Since the rate determining 
step for the initial oxidation is the cleavage of the carbon
-~drogen bond, there are again three possible mechanisms for 
this step: 

A. RJCH + C~ ~ R:3C+ + cr4 

~ RJCH + C~ ~ R:3C' + crS 

C RJg;-H ---+- RJCOH + cr4 

If 
~I'OJHz 

One cannot easily use the effect of substituents to differ
entiate between these three possibilities. However, there ensts 
a more potent and definitive tool, the stereochemistry of the 
reaction. The formation of a carbonium ion would be similar to 
a solvolysis reaction and·should lead to the same stereochemi
cal result as the latter, inversion accompanying racemization 
(cf. streitwieser. Chem. Revs. 56, 571 (1956». The formation 
of a radical intermediate shouldlead to racemic product. where
as the last possibility would lead to retention of configura
tion. 

The hydrocarbon, J-methylheptane, was prepared from 
D-( + )-Z-metnylbutanol, and was oxidized to the carbinol with 
the following results: 

104 

yH) 
CzH5-y-H 

C4H9 
.... 

yH) 
CI'O) -+- CzH5-y-OH 

[aJn= +9.5" no Ce5 
.01J M Ce) 
.07) M Ce 

C4H9 

[aJn= +0.67° 
= 0.740 

= 0.85" 

Th~ first value corresponds to the net result of oxidation by 
crO and all of the intermediate chromium species. The latter 
results correspond to progressively less oxidation by the inter
mediate species~ This is indicated by the previous results on 
t,j:J.e effect of cerous .ion on these oxidations, and on the fact 
that a marked decrease in the amount of alcohol isolated was 
observed when cerous ion was added. This is the required 
result since. the amount of product was kinetically controlled. 

To decide between mechanisms A and C requires that one 
know the stereochemical relation oetweenthesecondary and 
tert1ar,[ alcohols. One method of obtaining this relationship 
is. via the use of the reaction investigated by Kenyon and 
~ons (.L Chem •. Soc. )580 (195)): 

H I _ 

CZH5-r-CHZCHZCOZH + MnQ4 -+

CH) 

In studying chromic acid oxidations, oqe must take cog
nizance of the fact that the form of chromium trioxide present 
in a solution depends on the solvent used. When water contain
ing solvents are used, it is probably in the form of chromic 
acid or one of the related ions. However, in acetic anhydride, 
it is in the form of diacetyl chromate. It is important to note 
that chromium trioxide is essentially insoluble in glacial acet
ic acid, and becomes soluble only on the addition of water, 
acetic anhydride or other compound which will cause depolymer
ization of chromium trioxide: 

The species of Cr6 present has a marked effect on the 
products obtained in a chromic acid oxidation, as, for example, 
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in the case of isocamphane: 

Ql aro 
ero. 

H;o:HOAc 

The oxidation of isocamphane in aqueous acetic acid clearly in
volves the tertiary carbonium ion as an intermediate. The nor
mal rearrangement of the ion followed b,y fUrther oxidation 
would lead to the formation of camphor. The oxidation of iso
camphane b,y diacetyl chromate (Kenyon and Archer, J. Chem. Soc. 
4197 (1954» probably does not involve the carbonium ion, but 
rather the tertiary free radical. In analogy with the results 
obtained in the oxidation of diphenylmethane, the radical would 
be expected to add to the oxidizing agent, and if this occurs, 
the subsequent reactions may be as follows: 

This scheme will account for most ot the products of chromic 
acid oxidations carried out in acetic ariqydride. 

A closely related reaction is the Etard reaction in which 
the ~drocarbon is treated with chromyl chloride to give a com
plex which is then decomposed with water to give mixtures of 
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alde~des and ketones. The products of the Etard reaction with 
isocamphane are essentially the same as those obtained using 
chro~l acetate, and this may be accounted for by a scheme 
similar to that shown above. 

The oxidation of alkylbenzenes is particularly interesting. 
The Etard oxidation of n-prowlbenzene gives 88% ben~l me~l 
ketone along with 2'Jf, propiophenone and 'If, benzalde~de. When 
propylbenzene-!3-d/2. is Oxidized, the amount of benzyl met~l 
ketone drops to l~, and 701> ot propiophenone along wi th l~ of 
benzalde~de is obtained. Any mechanism for the reaction will 
predict this change in product ratio, resulting from a kinetic 
isotope effect. However, the important fact is that the benzyl 
met~l ketone contained 6C1f, of one deuterium in the Cl-position. 
This can arise only from a rearrangement occurring during the 
reaction. 

The difference in reactivity and products in the oxidation 
of t-butylbenzene clearly indicates that the initial attack is 
at the carbon adjacent to the aromatic ring. If a derivative 
of the corresponding l,2-diol were formed in the reaction (as 
was proposed for the diacetyl chromate oxidation above), the 
formation of both ben~l met~l ketone and benzalde~de may be 
accounted for. The former would arise b,y a pinacol rearrange
ment, and the latter b,y the cleavage of the diol. It is known 
that vic-diols are readily cleaved b,y chromic acid. The ques
tion remains, however, does the rearrangement occur prior to or 
during the work-up of the complex. 

An attempt to answer this question was made b,y reducing 
the complex with lithium aluminum ~de in ether. These con
ditions would appear to be poor ones for promoting rearrange
ment. The ratio of l-~dro:xy, 2-bydro:xy and l,2-di~dro:xy
-derivatives was similar to the ratios of I-keto and 2-keto-
-derivatives, and benzalde~e obtained in the usual work-up 
with water. It is concluded that the rearrangement probably 
occurred prior to the decomposition of the Etard complex. 
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