
Independent synthesis of XX was effected by rapidly dilute sodiuni hydroxide solution. Acidification of the 
solution afforded 1.28 g. of nti oil, which uxs deh?;dratetl 
Kith sulfuric acid to give 0.04 g. (2( , ; )  of X-X, I I I . ~ .  242-- 
243' and 244-2-15' d t e r  onr rr.crystailizati~)ii fro111 acetorir. 
The 1n.p. wa.; i i r l t  dcprcised on a~lrnixture with a sample oi 
S X  obtained L L S  described abuvr. 'Thr jiifrnrrtl spectra I J t  

tlir two s;tniillrs w r r v  itlriiticnl. 

adding a solutio~i of 2.X3 g. (0.01 mole) of 3-anisoylsuccin- 
imide V I 1 1  in 70 nil. of lillt isopropyl alcohol to  a stirred 
suspensiori of I .52 g. (0.04 inole) of sodiuni borohydride in 
50 nil. of  w a r r u  isopropyl alcohol (98-9976). After stir- 
ring fclr 5 1 1 1 .  and c d i n g  to rouin temperature, the solvent 
\ \ : r q  reiiioveil LII Ircivr i t  white solid, wl i i r t i  was dissolved i i l  
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ci.s-p-Clilorobenzoplienoiie methylimiiie (cis-I) atid trans-P-nitrobenzopheilone methylimine ( t r a n s - 1 1 )  liave beeii ob- 
tained as crystalliiie solids and found to rearrange t o  tlie equilil~rium mixtures of c is  and t r a m  isomers in cyclohexane solu- 
t im at room temperature and above. Ex- 
amination of available infrared data suggests that  the position of the monosubstituted phenyl absorption in the 700 cm. 
region may be used to  make configurational assignments to  properly constituted olefins, imines, oximes and azo compounds, 
the absorption frequency of the monosubstituted phenyl ring being as  much as 5-9 cm.-' higher when the ring is cis to a sub- 
stituent on the  adjacent doubly bound carbon or nitrogen atom. Preliminary evidence indicates that  N-arylimines such 
as p-methoxy-p'-nitrobenzopherione p-tolylimine (cis-l'I) crystallize as a single stereoisomer but that  c i s - t r a n s  iwmeriza- 
tion occnrs very rapidly in solution even a t  room temperature and helom. Attempts to verify tile previous report'8 of the 
isolation of stable cis and trc1Pi.s isomers of 2-nitrofluorene p-tolylimine have not been successful. 

The first-order rate constants for the isomerizations have been measured. 

S t ~ d i e s ~ . ~  of the factors affecting the steric 
stability of cis- and trans-vinyllithium compounds 
of type A and B have suggesteddc that carbanions 
C probably in a state of aggregation are prime 
intermediates. Because of the complexities of 
these systems it was desired to have model coni- 
pounds which might be used to obtain information 
about the effects of structural changes on con- 
figurational stability of species related to  the 
carbanions C. For this purpose imines D were of 
particular interest and a study of their stereo- 
chemical behavior was therefore undertaken. 

A E 

c D 

The first substances selected for study were the 
9-chlorobenzophenone methylimines (cis- and tram- 
I) and p-nitrobenzophenone methyliniines (cis- 
and tvans-11) .5 Reaction of p-chlorobenzophenone 
dichloride with methylamine led to an oil which 
crystallized on standing a t  room temperature for a 
two-week period. The resulting solid could be 
obtained free from the carbonyl absorption char- 
acteristic of the starting ketone, melted sharply 

(1) Supported in par t  by the National Science Foundation ('34867). 
Taken from the Ph.D. Thesis of Jack Walter Hausser, University of 
Illinois, 1900, available on microfilm from Univ. llicrofilms, Ann Arbor, 
hlich. 

(2) Rohm and Haas  Fellow, 1958-1959. 
(:1) A. N. Kesmeyanov, A. E, Rorisov and N. A. Vol'kenau, lmcsl. 

A k a d .  Na i ik .  (U.S.S.R.), Oldel.  Khim. S a u k ,  992 (1924). 
(4) (a) D. Y. Curtin, H .  n'. Johnson, Jr.,  and E. C. Seiner ,  J. Am. 

Chem. SOL.,  77, 4806 (1985); (b) D. Y .  Curtin and J. W. Crump, ibid., 
80, 1922 (1958); (c) W. J. Koehl, Jr.,  and D. Y. Curtin, Abstracts of 
138th AMeeting, Amer. Chem. Soc., New I'ork, S. Y., 1900, p. 52P. 

( 5 )  Throughout this paper the designations "cis" and "Lrans" will 
he i!.ed to  describe the relative positions of the  @-substituted phenyl 
rin;  i i i i i l  t he  rneth>-l ur ;try1 siihstituent on the imine nitroeen. 

and gave correct analytical values for the desired 
imines I. Absorption a t  1620 an . - ]  assigned to 
the carbon-nitrogen double bond6 and a single 
sharp absorption at 693 cITi.-l attributed to  the 
monosubstituted phenyl group6 were observed wheii 
the infrared spectrum of a freshly prepared solu- 
tion was measured. On standing, the solution 
showed no marked change in the absorption a t  l ( i20 
cm.-l, but a lowering of intensity of the absorption 
a t  693 cm.-' and development of a second band at 
701 ern.-' were observed. Further, a sharp in- 
frared absorption at S27 cm.-l in the spectrum of 
the freshly dissolved solid (attributed to the de- 
formation of hydrogens in the p-chlorophenyl 
ring6) decreased in intensity when the solution 
was allowed to stand and a new absorption a t  S37 
cm.-l developed. The n.m.1. spectra of freshly 
prepared solutions of the imine showed, in addition 
to absorption due to the protons of the aromatic 
rings, a siiigle N-CHa proton iesonance a t  about 
G.'T(ii- (in deuteriochloroformj which, however, 
was unchanged when the solution was allowed to 
stand. It was concluded from these and other 
results to be discussed that the crystalline form 
is a single stereoisomer. Consideration of the in- 
frared absorption in the iOO-cni.-' region permits 
a configurational assignment to  be made. Exani- 
ination of the infrared spectra of a number oi 
olefins suggests that the position of the hydrogen 
deformation frequency is generally higher i n  th:it 
isomer with another atom or groul? cis to tlie mono- 
substituted phenyl ring. The availnble data arc' 
summarized in Table 1. It will be seen that the 
difference between the two isomers is generally 
3-4 cni. - I ,  although the a-Iiiethvl-~-brolnostl;re~les 
did not show an  experimentally observable dii- 
ference. In no case were the relative positions 
of the monosubstituted phenyl absorptions re- 
versed. similar difference seems to be present 

( ( i )  L. J. Bellamy, "The Infra-red Spectra of Complex Ilulecules." 
\Iethuen :ind Cc?mpany, 1,ondon. 2nd Ed , I!l,->8 
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TABLE I 
USE OF THE AROMATIC HYDROGEN DEFORMATION FRE- 

@UENCIES FOR CONFIGURATIONAL ASSIGNMENT 

Frequency, cm. -1  
Ilel. positions of 
CsHs- and X- 
cis 

1-Phenplpropenes" i o 2  

StyryImetIiylcarbinolsb 699 
Stilbenes" 696 
p-Methoxystilbenesd 693 
a-Methyl-p-bromostyreneso 697 

(700) 

(694) 

Imines /C"H"\C=m\ 
\ R' / 

p-Chlorobenzophenone 

p-Nitrobenzophenone 

Benzophenone methylimine' 698(sh) 

methylimines' 70 1 

niethylimines' 702 

Azo compounds 
Azobenzenes' 698 

(690) 

trans 
694 

( 692 1 
69 1 
69 1 
690 
69 7 

(694) 

693 

694 
69 2 

689 

Shift, 
cm.-l 
(cis- 

trans) 
8 

( 8 )  
8 
5 
3 
0 

( 0 )  

8 

8 
6 

9 

a First values those of R. Y. Mixer, R. F. Heck, S. Win- 
stein and W. G. Young, J .  Am. Chenz. SOC., 75, 4094 
(1953); values in parentheses from Ph.D. Thesis of J. W. 
Crump, University of Illinois, 1957, corrected from cali- 
bration curve. * A .  R. Philpotts and W. Thain, Nature, 
166, 1028 (1950). K. Lunde and L. Zechmeister, Acta 
Chem. Scand., 8, 1471 (1954.  Y .  G. Hendrickson, Ph.D. 
Thesis, University of Illinois, 1955, corrected from cali- 
bration curve. e Data (corrected from a calibration curve) 
from spectra in the Ph.D. Thesis of J. VI. Crump, University 
of Illinois, 1957. Data in parentheses from Ph. D. Thesis 
of E. W. Flynn, University of Illinois, 1956. 'Present 
work. R. J. W. LeFevre, Austral. J .  C h e w ,  6 ,  341 
(1953). 

in azo compounds although only one example, the 
stereoisomeric azobenzenes, is available and it is 
complicated by the presence of a second maximum 
in the critical region of the spectrum of the cis 
isomer. A reasonable guess is that  the shift in 
the cis isomer is due to steric inhibition of the reso- 
nance interaction of the benzene ring with the car- 
bon-carbon double bond but since this is an empirical 
correlation i t  must be applied with due caution. 
Since these spectra were in most cases obtained 
with other objectives in mind, the absolute values 
of the maxima in the 700-cm.-l region are not 
necessarily reliable. It is believed, however, that  
differences between the cis and trans isomer meas- 
ured by the same investigator are less subject to 
error and it will be noted that in those cases where 
two sets of results by different investigators are 
available there is good agreement. It might 
have been argued that the unshared pair of electrons 
of the nitrogen atom of the imines could reverse 
the direction of the shift, but the difference be- 
tween cis and trans-azobenzene indicates that  this 
is not the case.? 

(7) It is of interest in this connection that bar graphs of the ab- 
sorption maxims of a- and @-benzaldoxime [A. Palm and H. Werbin, 
Can. J .  Chem., 31, 1004 (1953)l show the absorption in the 700-cm.-1 
region to he some 10 cm. -1 higher in the @-isomer (phenyl and hydroxyl 
groups cis) than in the a, in agreement with the generalization from 
Table I. 

TABLE I1 

Benzophenone methylimine 246 15,400 
cis-Chloro imine, r?s-I 236 15, 100 
frunA-Chloro iniine, trui7~-I ' 2 1  ' )55*  1 18,500 
p,p'-Diclilorol,enzopheni,ne rnetliyliiniiie 254 18,800 
czs-Nitro imine, cis-I1 245s 16,200 
trans-Xitro imine, trans-I1 280 16,700 

a Calculated. 

When the solid isomer, cis-I, was heated for 15 
min. a t  125' or when its solution in cyclohexane 
was allowed to stand for 2 weeks a t  room tempera- 
ture, the infrared spectrum was the same as that 
of the original oily I. All attempts to isolate 
the trans isomer trans-I failed, probably due to the 
ease of stereoisomerization and to the ready hy- 
drolysis by even traces of moisture of the imines 
to p-chlorobenzophenone and methylamine. The 
infrared and ultraviolet spectra of trans-I were ob- 
tained even though it could not be isolated by 
placing solutions of the equilibrium mixtures in the 
sample beam of a double beam spectrophotometer 
and causing the instrument to subtract the con- 
tribution of cis-I from the spectrum by adding the 
calculated amount of cis-I to the solvent in the 
reference beam. The ultraviolet spectrum in 
cyclohexane showed Xmax 236 mp ( E  15,500) while 
trans-I had hmax at 255 mp ( E  18,500) and the equi- 
librium mixture Xmax 232 mp ( E  15,700). The 
ultraviolet data are a t  least consistent with the 
configurational assignments. Table I1 shows the 
relevent data. It is reasonable that the isomer 
with the chloro-substituted phenyl ring adjacent 
to the methyl and therefore tipped out of the planar 
position required for maximum resonance with the 
carbon-nitrogen double bond should have a spec- 
trum most nearly resembling the unchlorin2ted 
imine as is observed. Similarly, the trans-chloro 
imine fruns-I with the chlorine substituent on the 
benzene ring not interfered with by the adjacent 
methyl group has a maximum which resembles 
both in position and intensity the dichlorinated 
imine. In other wolds, adding or removing a 
chlorine substituent from that phenyl ring which 
can assume complete coplanarity required for 
maximum conjugation has much more effect on 
the spectrum than adding or removing the substit- 
uent from the ring which is interfered with by the 
adjacent methyl group. 

It is reasonable that the equilibrium in solution 
should have nearly equal amounts of the isomers 
cis- and trans-I. The fortunate accident that a 
single isomer is favored in the equilibrium between 
solid and melt is not without precedent. A number 
of structurally related oximes seem to show similar 
behavior.* 

Xmsx, m# e 

Y-C1CJ14>=.UCHa 1- 25" p-c1c 6H4>=FJ/ CIT 

C6H5 heat 
oily cis- and cis-I 

trans-I (solid) 

(8) See J. Meisenheimer and W. Theilacker, "Stereochemie," 
Vol. 3, edited by K. Freudenherg, Franz Deuticke, Leipzig, 1932, 
p. 1033. for references. 
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In  order to examine the effect of substituents 
on the rate of isomerization, the p-nitrobenzo- 
phenone methylimines (11) were also prepared. 
As with the chloro compounds I, reaction of p -  
nitrobenzophenone dichloride with methylamine 
led to an oil which crystallized to a single isomer 
on standing several weeks. In this case, however, 
the isomer having the more stable crystalline form 
is the tranr isomer trans-I1 as shown by infrared 
and ultraviolet spectral arguments like those em- 
ployed with the chloro compounds I. Spectral 
data are included in Tables I and 11. Equilibra- 
tion of the liquid isomers a t  100’ showed that the 
slightly more stable isomer under these condii ions 
is the trans isomer trans-I1 as was the case with 
the chloroimines I. The n.m.r. spectra were of 
particular interest in this case since lreshly dis- 
solved trans-I1 in carbon tetrachloride showed a 
single absorption maximum a t  6.73 r due to the 
N-CH3 protons whereas the equilibrium mixture 
showed two peaks partially resolved at 6.72 and 
a t  6 . 7 9 ~ .  

LT’ith the hope of observing the same behavior 
that has been obtained with the N-methylimines, a 
number of N-arylimines were prepared by treating 
the appropriate substituted benzophenone with 
the arylamine and phosphorus oxychloride. p- 
Chlorobenzophenone phenylimine (III) ,  p-chloro- 
benzophenone p-tolylimine (IV), p-methoxybenzo- 
phenone p-tolylimine (V) and p-methoxy-p’-nitro- 
benzophenone p-tolylimine (VI) were obtained as 
sharply melting solids. [p-Sitrobenzophenone p -  
tolylimine (VII) appeared to be a mixture of yellow 
and orange crystalline forms but was not investi- 
gated further. 1 Examination of the ultraviolet 
and infrared spectra of solutions showed no change 
on standing, behavior unlike that of the methyl- 
imines I and I1 described above. The possibility 
that a single solid stereoisomer was a t  hand in 
each case and that i t  failed to isomerize in solution 
was ruled out by examination of the n.m.r. spectra 
of solutions of the two imines 1‘ and VI with p -  
methoxy groups. In  each case the methoxyl 
protons appeared as a well-defined doublet with 
a separation of 0.06 r (4 C.P.S. a t  60 L1c.j. In 
addition, the C-methyl protons of the imine VI 

I11 IV 

CeH/ 

cis-17 
CH3OCsHa 

)C=N 
SO2CtiH4 \ C ~ H ~ C H ~  

trans-1‘1 

171 

(9) A. W. Weston and R. J .  Michaels, Jr . ,  J .  Ani.  Chem. Soc., 73, 
1381 (1951). 

appeared as a doublet with a separation of 0.04 T 

( 2  c.P.s.) It follows that two species must be present 
with average residence times appreciably greater 
than 0.1 sec. (k less than 10 sec. -I)  , l o  

It remained to decide whether the solid imines 
111-VI were eutectic mixtures of ri5 -trans isomers 
which failed to isomerize on solution or wcre siiiglc 
isomers which equilibrated so rapidly when dis- 
solved that the change had not been observed. 
The infrared spectrum of the imine VI in a potas- 
sium bromide disk was examined. When a sample 
was ground with potassium bromide, pressed, re- 
ground and pressed until the spectrum no longer 
changed, the spectrum differed in many respects 
from the spectrum obtained in solution. The disk 
was then ground and the powder heated in a cru- 
cible until a characteristic color change from yellow 
to orange occurred. The sample was again pressed 
to a disk and the infrared spectrum found now to be 
very similar to that of the spectrum in chloroforni 
solution. Similar behavior was observed with the 
imine V with the additional finding that when a 
sample which gave the correct spectrum for the 
heated imine was subsequently reground, repressed 
and maintained a t  room temperature the spectruni 
had reverted to that characteristic of the original 
solid. Since such behavior might involve inter. 
conversion of different crystalline forms of the same 
eutectic mixture and be characteristic of such 
imines, benzophenone phenylimine, incapable of 
stereoisomerization, was examined. It was found 
that no major changes in the infrared spectrum 
occurred on heating and the spectrum of the 
(unheated) solid in a potassium bromide disk 
was identical with a solution spectrum. X second 
check on the method was obtained by examining 
the cis-chloromethylimine I which had been 
found to isomerize in solution. In this case a 
potassium bromide disk heated a t  the m.p. of the 
imine for 1 minute showed only changes to be ex- 
pected for partial isomerization of the compound 
to the trans isomer. 

Although the spectral behavior of heated mix- 
tures with potassium bromide described above 
suggests that stereoisomerism I ather than inter- 
conversim of different crystalline forms is being 
observed, it is not compelling proof. The imine 
VI therefore was dissolved in diethyl ether at 0” 
and immediately transferred to a quartz cell and 
the ultraviolet absorbance at 277 m,u measured as a 
function of time in an effort to detect the stereo- 
isomerization in solution. The absorption was 
observed to rise to approximately 1.2 times its 
initial value in about 1 minute and then changed 
no further. This behavior was reproducible and a 
control with solvent alone showed no absorbance. 
This observation taken together with the infrared 
and n.m r. results provides rather strong evidence 
that the N-arylimine VI did crystallize in a single 
stereoisomeric form but that on solution isomeri- 
zation occurs too rapidly to be observed except 
under special conditions. 

Rate Measurements.-The rates of isomerization 
of imines cis-I and trans-I1 to their respective equi- 
librium mixtures were determined in cyclohexane. 

(10) J. D Roberts, “Nuclear Alagnetlc Resonances,” McGraw-HI11 
Book Co , Inc , h’ew York, N Y , 1959, p 6’3 
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TABLE I11 

?' ("C. i 0.050)  

40 2 1 4  
.io 2 
60 2 

I<ATES OF 1:KCATALYZED c'iS-tYaX.Y ISOMERIZATION IN CYCLOHEXAXE OF TMINES C i S - 1  A S n  t iOYl.Y-11 

ki 
cis IT trans 

kz 
10' (ki +, kz) ,  l o 5  ki, AE., AS*, 

sec. - sec. -1 kcal./mole e.u./mole 

cis-I 
1 . 1 3  0.66 "5 f 0 . 3  -3 .6  rk 1.0  
4.04 2 . 4  

12.6 7 . 3  

trans-I1 
40 .2  1.59 =t 0.05 ( 2 . 3 )  1 . 1 6  
50,B 4 . 2 6  
60 .2  16.0 

Initial studies with the chloro derivative cis-I 
gave linear plots, but the values of the constant 
( k ,  + k 2 )  varied from run to run. With the 
suspicion that the rates might be fluctuating be- 
cause of the catalytic effect of traces of water or 
other impurities, further runs were carried out 
with the addition of a small amount of calcium 
hydride. The rate constants thereafter were re- 
producible with a value equal to the lowest value 
previously obtained. I t  appears highly probable, 
then, that the reaction being studied under these 
conditions is the uncatalyzed rearrangement anal- 
ogous to the uncatalyzed rearrangement of cis- 
to trans-azobenzene. l1 The results are presented 
in Table 111. 

In order to separate the observed rate constant 
(kl + k 2 )  into the individual rate constants for the 
forward and reverse reaction it is necessary to 
know the equilibrium constant, K ,  for the cis- 
trans isomerization. The equilibrium constant 
for the isomerization of the chloroimines I was esti- 
mated from the infrared spectra with the aid of the 
somewhat uncertain assumption that the p -  
substituted phenyl absorption at  827 cm.-l which 
diminishes during the isomerization is negligible 
in the spectrum of the trans isomer. The only 
check of this assumption is that  it leads to the not 
unreasonable value of I .i for K.'? Measurements 
on samples equilibrated a t  40.2 and 109.8' showed 
that the variation of the equilibrium constant with 
temperature is negligible over the temperature 
range in which rate measurements were made. 
For this reason experimental energies and en- 
tropies of activation were calculated from a plot of 
ln(kl + 722) against l /T.  The energy and en- 
tropy of activation so obtained are the average 

(11) (a) R. J. W. LeFevre and J. A-orthcott, J .  Chern. Soc., 867 
(1953); (b) J. Halpern, G. W. Brady and C. A. Winkler, Can. J .  
Research, 28B, 140 (1950); (c) D. Schulte-Frohlinde, Ann.,  612, 138 
(1958); (d) E. W. Malmberg and M. Kaplan, Ph.D.  Dissertation of 
hl. Kaplan, Ohio State University, 1954, quoted by E. R. Talaty, 
ref. (e); (e) E. a'. bfalmberg and E. R. Talaty, Ph.D. Dissertation 
of E. R. Talaty, Ohio State  Cniversity, 1957. Univ. Microfilms, So. 
58573, Ann Arbor, Michigan. 

(12) Since no change in the stereochemical environment of the 
methyl group accompanies the isomerization i t  is expected tha t  the 
equilibrium constant should be not too far from 1. Equilibration of 
substituted benzophenone oximes [W. E. Bachmann and M. T .  Barton, 
J .  Oug. Chem., 3, 300 (1938)l gave for the p-chloro, p-methoxy and 
p-methyl compounds values of 0.79, 1.04 and 0.92. It will be noted 
t h a t  if t he  assumption tha t  t he  lvans isomer shows no absorption a t  
827 cm. should be incorrect, the proper value of the equilibrium con- 
stant is larger than 1.4 which is therefore a minimum value for  K. 

0.71(0 .81)  27.1 i 0 .5  + 3 . 4  f 1 . 4  
2 . 6  (3 .0)  
9 . 8  (11) 

values of the corresponding quantities for the 
forward and reverse reaction.13 Since the Ea's 
for the forward and reverse reaction differ from 
their average by only one-half of the difference in 
enthalpy between starting material and product 
(cis- and trans-I), the average Ea calculated in this 
way must be quite close to the Ea's for the forward 
and reverse isomerization. Since k1 = ( k l  + 
k2)K/(K + 1) it is relatively insensitive to the equi- 
librium constant K .  Values of kl in Table I 
are based on a K of 1.4. The nitroimines I1 present 
more of a problem. An infrared argument similar 
to that employed with the chloroimines leads to a 
(maximum) value of the equilibrium constant K of 
2.3 .  A more reliable estimate based on the rela- 
tive areas of the n.m.r. peaks a t  6.72 and 6.797 in 
the equilibrium mixture leads to  a value of K of 
1.6, however. Values of kl calculated assuming 
an equilibrium constant of 1.6 are followed in 
parentheses in Table I by values based on an 
equilibrium constant of 2.3. It will be seen that 
none of the conclusions to be drawn here is af- 
fected by this uncertainty. 

It is apparent that  the effect of substituents is 
quite small, the rate a t  40.2' for the p-nitroimine 
cis-I1 being not more than 1.2 times the rate of the 
chloroimine cis-I. By way of comparison a re- 
action with a Hammett p-value of +O.l4 would 
show a rate difference of this magnitude.** At O 0 ,  
however, the (extrapolated) rate constants are 
reversed, the chloroimine C ~ J - I  being faster than the 
nitro compound cis-11. It may be suggested that 
there is an isokinetic temperature'j slightly below 
40" at  which methylimines such as I or I1 isomerize 
a t  a rate which is independent of the substituent. 

(13) Since from the equilibrium expression kl/kz  = K, where 
ki and ku are the rate constants of the forward and reverse reaction, 
K is the equilibrium constant, kobs is the observed rate  constant (kl + 
k d  
kl = kobsflarid k? = kobsf2frvherefI = K / K  + 1, f2 = 1/K+ 1 
Prom these equations and the ,4rrhenius expressions 

In kl = In -41 - E,,/RT and In k? = In -42 - E,,/RT 
In kohs = l / y  IT1 .IJA? - ' 1 2  RI'(Ea,  f Ea,) - '12 111flfz 
I t  is seen t h a t  the activation energy determined from the slope of a 
plot of In kobs against 1/T is the average of the energies of the forward 
and reverse reactions and also tha t  if the small term In flfg can be 
neglected in the previous equation the  entropy determined from the 
intercept is the average of the entropies of activation of the forward 
and reverse reactions. 

(14) R. W. Taft, Jr., iY. Deno and P. Skell, Ann. Reo. Phys .  Chem., 
9,  292 (1958). 

(15) J. E. Leffler, J .  Ovg. Chem., 20, 1202 (1955). 
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TABLE IV 
COMPARISUX O F  cis-tram ISOIIERIZATIONS PROCEEDISG B Y  A MOLECULAR hI~cr1.4~rsnr 

Ptatr 

Vapor 
\ apoi 
I,i qir id 

Cyclnliexane solti. 

Cyclohexane s o h .  

Cyclohexane or ether soh. 

Benzene snln 

Heptane 
Heptane 
Heptane 
Heptane 
Heptane 

Heptane 

6 .6  x 10-6 

7.0 X 10-0 

(10-"1)6 

3 . 5  x i o - 4  

1.6  x 10-5 

2 . 4  x 10-5 
2 . 6  x 10-6 

2 . 1  x 10-4 
4 . 7  x IO-' 

1 . 3  x 10-3 

k (rel.) 

10 -26 

I 0 -25 

111-  5' 

1 . 0  

1.1 

(10~105y 

50 

2 . 5  
3 .8 
3 . i  

7 . 2  
32 

200 

A h " ,  

61 
68 

kcal./mule 

. I -  .,, 

25.0 

27.1 

(1 8-20). 

22.0 

2 2 , s  
20.9 
2 2 . 3  
22.4  
22.4 

22 .5  

1701. 83 

A S + ,  
r.nl./moleU 

- 5 . 2  
+2.s 

-- 1 1 , I )  

- 1 . ;  

+2 7 

( 0 ) ~  

+2 ti 

$0.1 
-6 .2  
-0.1 
+:3 2 
+1 .6  

+,5.1 

Extrapolated from 450". * Extrapolated from 469'. Extrapolated from 200". Present work. The lower limit 
was estimated on the basis that  a sample dissolved in hesane at room temperature showed no change in the spectrum r u : ~  
immediately, the reaction assumed to be a t  least 90% complete in 1 min. a t  300" K. with the further assumption that  AS* is 0 
extrapolation to 10' gives kl $. k? $. 2 X 10-3 or k i  = 10-3 as a conservative lower limit. The upper limit is based on 
the assumption of a 15-second half-time in the ultraviolet study in diethyl ether assuming a temperature of 10' and extrap- 
olating as before. 

Our results indicate that the cis-trans isomeri- 
zation of imines is much more sensitive to the re- 
placement of the N-methyl group by an aryl group. 
Although this conclusion must be regarded as 
tentative, the E-aryl compounds would seem to 
isomerize more rapidly by several powers of ten as 
indicated in Table IV. -4 major part of this dif- 
ference could be explained readily in terms of the 
difference in the amounts of steric strain being 
relieved in going to the transition state. ("Steric 
strain" is used here to include not only compression 
destabilization but also other factors such as steric 
inhibition of resonance which destabilize the cis 
isomer with respect to the trans.) Thus, the de- 
stabilization introduced by moving two phenyl 
groups from trans to cis positions in stilbene has 
been shown to be some 5.7 kcal.16 and in azoben- 
zene probably is somewhat higher." The in- 
stability introduced by the interaction of a phenyl 
and a methyl group in cis-propenylbenzene (rela- 
tive to the trans isomer) has been estimated'* 
to be of the order of only 1 kcal./mole. The dif- 
ference between the relief of instability due to 

(16) R. €3. Williams, J .  A m .  C h c m .  Soc., 64, 1402 (1942). 
(17) R .  J. Corruccini and E. C. Gilbert, i b i d . ,  61 ,  2925 (1939): 

see also A. L. Markman and E. R .  Zinkova, Zhur.  Obshchei Khinz. 
(S.S.S.R.) ,  29, 3093 (1959). 

(18) D. Y. Curtin and M. C. Crew, J .  A m .  Chem. SOL., 77, 351 
( 1 9 55). 

(19) B. S. Rabinovitch, J. E. Douglas and F. S. Looney, J .  C h e m .  
P h y s . ,  20, 1807 (1952); 28, 315 (1955). 

(20) B. S. Rabinovitch and K. W. Michel, J. A m .  C h e m .  Soc., 81,  
5 0 6 5  (1959); W. F. Anderson, J. A. Bell, J. M. Diamond and K. R. 
LVilson, i b i d . ,  110, 2384 (1958). 

(21) T. W. J. Taylor and A. R. Murray, J .  Chem. SOL., 2078 (1938). 
(22) (a) R J. W. LeFevre and J. Northcott, i b i d . ,  2235 (1949); 

(23)  P. Luner and C. A.  Winkler. Can.  J .  Reseavch, 30,  C79 (1952). 
(b) 944 (1949). 

phenyl and methyl on the one hand and two 
phenyls on the other could reasonably lead to n 
rate difference, then, of three powers of ten or 
more. 

The uncatalyzed cis-trans isomerization of imines 
is probably closely related to the isomerizations of 
azo compounds and certain similar structures which 
have been studied extensively, Representative 
data for the uncatalyzed isomerizations of olefins, 
imines (which may be regarded as having one 
doubly bound carbon atom replaced by a nitrogen 
atom) and finally azo compounds (with both doubly 
bound carbon atoms replaced by nitrogen atoms) 
are presented in Table 11-. 

It is seen by comparing the olefins with the 
imines and azo compounds that replacement of the 
first doubly-bound carbon atom by a nitrogen atom 
accelerates the rate of isomerization by some twenty 
powers of ten but that replacement of the second 
doubly-bound carbon atom has a relatively very 
small effect on the rate of isomerization. This 
suggests (but of course does not prore) that the 
mechanisms of isomerization of the imines ant1 azo 
compounds are fundamentally different from tlia t 
of the and may be closely related to 
each other. Comparison of substituent effects is 
complicated by a number of factors. Early data 
on the isomerization of $-substituted azobenzenes 
were considered to give a linear u-p plotz5 with a 
p of -0.64 at  35'. The data also have been fitted 
to Leffler's isokinetic relationship,I1 the isokinetic 
temperature (at which p = 0) being 67". More 

(24) (a) This proposal was made in 1930 by E. Huckel [Z  Physrk.. 

(2;) H. H Jaff.4, Chrm. R e v s ,  53, 208 (1953). 
60, 45.5 (193011; (b) see also ref. 8, p 991. 
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recent kinetic ~ t u d i e s , ~ ~ , ~ ~  however, show that 
the data do not fit a Hammett plot but that  substit- 
uents both with positive and negative a-constants 
accelerate the reaction.26 It seems unprofitable 
to consider these rather small substituent effects 
further a t  the present time. 

Previous Work on Isomerism of Imines.-AI- 
though in a number of instances imines have been 
obtained in more than one crystalline formz7 
there seem to be no cases where true stereoisomerism 
has been demonstrated unequivocally and the 
danger of confusing polymorphism with stereoisom- 
erism is indicated by the observation that benzo- 
phenone phenylimine (VIII) itself exists in two 
crystalline forms even though no stereoisomerism 
is possible.28 More recently2g the acid catalyzed 
condensation of 2-nitrofluorenone with p-toluidine 
resulted in a product, m.p. 193", to which was as- 
signed the structure trans-IX. A second substance, 
m.p. 218", resulting from the base-catalyzed con- 
densation 2-nitrofluorene with p-nitrosotoluene 
was assigned the structure cis-IX. The unusual 
stereospecificity of these two reactions and the 
fact that  the isomers showed configurational 
stability which is most surprising in view of our 
results led to  their reinvestigation. Repetition of 
the condensation of 2-nitrofluorenone with 9- 
toluidine gave an imine of which the properties 
agreed with the previous report. The condensa- 
tion of 2-nitrofluorene and p-nitrosotoluene gave a 
crude product which had the melting point ob- 
tained before but after several recrystallizations 

(26) It will be seen tha t  if the mechanism involves a linear transi- 
tion state of the kind previously proposed, the two ends of the transi- 
tion state are non-equivalent and a simple plot of the logarithm of the 
experimental ra te  constant against s should not lead to  a straight 
line. Thus, if the reaction proceeds a s  

k!: 

*Y, 

/CsHaY 
XC&X=X + XCGH~ 

\N=;"; 
'CGHIY 

* y "  

the measured over-all rate constant is 

kob. = kyX f kY, with log k$ = uxpm 4- urpn 
and log k z  = U Y P ~  -+ uxpa 

if the  Hammett expression is assumed t o  hold. (Here the 0 ' s  have 
their usual meaning and pm is the p expressing the effect of substitu- 
tion on the migrating group and pn the effect of substitution on the 
non-migrating group. It is clear t ha t  even when Y = H and the 
expression reduces to  

10"XP" $. 10""P" kobs = 
no linear Hammett plot should be expected. This is not the whole 
suurce of the trouble, however, since when X = Y the equation reduces 
to 

k,l,8 = 2k$ arid log koba = log 2 + ux(pm + p a )  

Tha t  plots of log koba against sx, however, do not give a straight 
line may be seen from even casual inspection of the rates of isomeriza- 
tion of the symmetrical disubstituted azobenzenes reported by Schulte- 
Frolindego which again show t h a t  substituents with either positive or 
negative s-constants accelerate the reaction. This leads to  the con- 
clusion tha t  non-linearity is influenced also by other factors, such as 
steric inhibition of resonance in the cis-azo compound which is par- 
tially relieved in the transition state. 

(27) See ref. 8, p. 1095 E., for a review of the older work. 
(28) E. Knoevenagel, J. guakt.  Chem., [2] 89, 38 (1914h 
(29) M. E. Taylor and T .  L. Fletcher, J. Am. Chem. Soc , 80, 2246 

(1958). 
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dX 

VI11 

Y 
q 

cis-IX,X=NOz, Y = H  
trans-IX, X = H, Y =NO? 

the melting point rose and a substance was ob- 
tained which did not have the correct composition 
for the imine IX. Paper chromatography indi- 
cated that a mixture was still present. It is not 
clear why our results disagree with the earlier 
report but i t  seems unwise to accept the assigned 
structures without further experimental work. 

Comparison of Stereochemical Stability of A- 
mines and Imines with Lithium Reagents.-The 
series of nitrogen compounds shown below can now 
be written in order of increasing steric stability.30 

The corresponding series of lithium reagents is4c,31 
Li Li 

Ar I 
Li 

I 

Although more data are needed throughout both 
series before final conclusions can be drawn, i t  
can be seen that there is a pattern of similar 
trends in the two series. Factors responsible for 
the difference between aliphatic, olefinic and cyclo- 
propyl anions have been discussed previously. 

E ~ p e r i m e n t a l ~ ~  
cis-p-Chlorobenzophenone Methylimine (cis-I) .-When 

4070 aqueous methylamine (60 g., 0.75 mole) and 27.4 g. 
(0.1 mole) of p-chlorobenzophenone d i ~ h l o r i d e , ~ ~  b.p. 
138-139' a t  1.0 mm., were stirred for 4 hr. the reaction 
temperature rose to  50". After 20 g. (0.25 mole) of addi- 
tional methylamine solution was added and stirring con- 
tinued for 1 hr. the organic material was extracted with 
ether and dried over magnesium sulfate. Removal of the 
ether and distillation at 0.12 mm. pressure gave 16.9 p. 
(72Y0) of cloudy colorless oil, b.p. 100-102°. The cloudi- 
ness, due to  methylamine hydrochloride, was removed by 
filtration and the oil allowed to stand. After 3 days crystals 
appeared and in 2 weeks the product was mostly crystal- 
line. Collection by filtration and recroystallization from 
hexane and ethanol gave &-I, m.p. 90-91 . 

Anal. Calcd. for ClaHIXlN: C, 73.2;  H, 5.3; N, 6.1. 
Found: C,73.4; H,5 .3 ;  N,S.8. 

(30) See A. T. Bottini and J. D. Roberts [ibid., 80, 5203 (1958)l; 
A. Loewenstein, J. F. Neumer and J. D. Roberts, ibid., 89, 3890 
(19FO). for the experimental results with the amines and  ethylene- 
imines. 

(31) See D. E. Applequist and A. H. Peterson, i b i d . .  83,  S I ; ?  
(1061). 

(32) All melting points are correctetl. Microanalyses were ,per 
formed by Mr. J. Nemeth, Miss C. Higham, Mrs. R. J u ,  hliss _I. 
Liu and Mrs. A. Bay. All spectra are  available in the Ph.D.  'l'hesi:. 
of J. W. H.' Infrared spectra were obtained with a Perkin-Elmer 
model 21 infrared spectrophotometer by Mr. P. McMahon, Mr.  W. 
Dalton, Mr. D. Johnson and Mrs. J. Verkade. Ultraviolet spectra 
were obtained with a Cary model 14M recording spectrophotornetcr 
and a Beckman model DU spectrophotometer. Pu*.m.r. spectra were 
obtained with a Varian nuclear magnetic resonance spectrometer a t  
60 Mc. by Mr. 0. Norton. 

(33) P. P. Paterson, Am.  Clrem. J., 46, 332 (1911). 



3480 DAVID Y. CURTIN AND JACK W. HAUSSER Vol. 83 

trans-p-Nitrobenzophenone Methylimine ( tmm-11) .--AIi~- 
hydrous methylamine was bubbled through 20 g. (0.071 
mole) of p-nitrobenzophenone d i ~ l i l o r i d e ~ ~  n1.p. 51-53 O ,  

in 150 ml. of diethylene glycol dimethyl ether for 4 hr. a t  
100'. T o  ensure complete reaction 80 g. (1.0 mole) of 40:'s 
aqueous methylamine was added over an additional 4- 
hr. period. Extraction witli ether, drying over magnesium 
sulfate and removal of the solvent a t  reduced pressure gave 
8 g. (47%) of a colorless oil which had almost cimpletely 
crystallized after 2 weeks to  give crude trans-11, 11i.p. 105- 
120". Purification by passing the product through a 1.5 in. 
column of neutralized alumina using hexane and ether as 
eluents and recrystallization from hexane and ethanol gave 
tmns-II( l .3  g., m.p. 127-128'). 

Anal. Calcd. for CI~HISN?OY: C, 70.0; H, 5.0; S, 11.7. 
Found: C, 70.2; H,5.0; X, 11.5. 

Determination of the Equilibrium Constants for the Equil- 
ibrations of the Imines cis- and trans-I and cis- and /runs- 
11.-A calibration curve showing the variation of the absorb- 
ance at 827 c f ~ t . 3  with concentration over the range 200- 
800 mg./nil. in cyclohexane was prepared. With the as- 
sumption that  a l l  of the absorption at 827 cm.-' 
the cis isomer (p-substituted phenyl ring) the 
calculated from the spectrum of the equilibrium mixture 
a t  each of two concentrations (400 and 800 mg./ml.). 
The equilibration at 100" (sealed tube) was repeated (with 
the preparation of new calibration curves) with new samples 
of the compounds to give the same results. 

The 4; cis-I found in this way were 42.0, 41.8, 41.8, 
42.2, with the average 42.0 and K( l~ans lc i s )  at 100" 1.38. 
Constants at 40.2' and 109.8' determined by the same 
method were found to be 1.43 and 1.38, respectively. 

Equilibrium constants for the equilibration of the nitro- 
imines starting with trcins-I1 were determined similarly 
using the absorbance at 864 cm.-'. The equilibrium con- 
centration of cis-I1 in a solution equilibrated by heatiug a 
solution of t rarwII  at 100" for 15 rnin. was 3U.5:;, corre- 
sponding to  a K ( t r a m / c i s )  uf 2.28. Additional measure- 
ments at 40.2" and 109.8" gave values of 2.51 and 2.28, 
respectively, again showing that  the relative concentra- 
tions of the two isomers changed little over the tempera- 
ture range employed for the kinetic work. 

Areas of the n.m.r.  absorptions at 6.72 and 6.7% were 
obtained by making a visual resolutiou of the two partially 
overlapping curves into their components and measuring 
the areas with a polar planimeter. The areas so obtained 
were 2.3 i. 0.1 and 1.4 i. 1 c ~ i i . ~  with the ratio equal to 
1.6 & 0.1. Makiiig the resolution ut' the two curves in dif- 
ferent ways did not affect this ratio significantly. Xnotlier 
sample was heated in cyclohexane for 1 hr. at 003 and then 
allowed to  stand at room temperature for 2 days and the 
areas of seven tracings made a t  various r.f. fields measured 
as before. The average value and probable error of tlie 
ratio were 1.59 + 0.03, the ratio being iudependent of 
r.f. field over the range employed. 

p-Chlorobenzophenone phenylimine ( I I Ip  prepared from 
p-chlorobenzophenone, aniline and phosphorus pexita- 
chloride in toluene, and purified by chromatography on 
alumina with hexane as the eluent had m.p. 65-66' (lit.36 

p-Chlorobenzophenone p-Tolylimine (IV) .--I solution 
of S4.5 g. (0.25 mole) of p-chlorobenzophenone, 35.7 g. 
(0.3 mole) of p-toluidine and 0.1 g. (0.005 mole) of phos- 
phorus pentachloride in 200 in]. of toluene was heated under 
reflux for 72 hr. af ter  filtration of the hot solution the 
solvent \vas removed by vacuum distillation to give 80 g. 
(100%) of a yellow oil which nn standing crystallized to  a 
solid, n1.p. 8&89'. A portion of the imine IV recryatnl- 
lized from hexane and from ethanol had m.p. 90-91 '. 

d4nal. Calcd. for C?aHl&lS: C, 78.6; H ,  5.3; S, 4.6. 
Found: C,78.8; H, 5.3; S,4.B. 

p-Methoxybenzophenone p-tolylimine purified by 
chromatography on neutralized alumina with hexane as the 
eluent and then recrystallization and sublimation (go", 
0.2 mm.) had m.p. 97-97.5" (lit.3@960). 

9-Methoxy-p'-nitrobenzophenone p-Tolylimine (VI) .- 
A solution of 12.9 g. (0.05 mole) of p-methoxy-p'-nitro- 

64-65.5'). 

(d4) A. Bayer and V. Villiger, Ber., 37, 60G (1904). 
(35) E. C .  Britton and F. Bryner, U. S. Patent 1,938,890 [C. A . ,  28, 

( .< t i )  A .  Hantzsch and F. Kraf t ,  Rev., 24, 3.711 13891). 
17156 (1928)l. 

benzophenone,3: 6.48 g. (0.Oti inole) of P-toluidine mid  23 
mg. of phosphorus peiitachloride in 250 ml. of toluene was 
heated at reflux temperature for 72 hr., during which time 
water was distilled from the reaction mixture. The hot 
solution was filtered, and on  cooling large >-ellow prisms 
(8.0 g., 4 6 ( i ,  111.p. 172-174") crystallized from the toluene 
solution. The product was purified by recrystallization 
from ethanol and an Ltnalytical sample, m.p. 171-175°, 
\vas prepared by  sublimation at 170" (0.2 nim.). 

Anal .  Calcd. for C?OH18?;?03: C, 72.8; H,  5.2; S, 8.1. 
Found: C, 7'2.6; H,5.2; X, 8.1. 

Infrared spectra of the imines in potassium bromide 
disks were obtained in 0.5rc potassium bromide, the sample 
being ground and pressed3* until the spectrum MYIS con- 
stant. The spectra of "heated" samples were obtained by 
heating the mixture to the m.p. of the compound being 
examined (a  color change was apparent a t  the 111.p.). 
The disk XIS pressed inimediately and the spectrum iiie;is- 
 red.^' 

The most sigiiificaiit spectral features in the spectra of tlie 
iiitrometlioxyi~~~ine \-I are: -4 doublet partially resolved 
consisting of peaks of nearly equal intensity a t  955 and 967 
cni. in the solution spectrum (5yc chloroform solution) 
becomes an unsymmetrical doublet ( the 955-cm. -I peak 
being relatively intense) in the spectrum of the potassium 
hroinide disk, and reverts to the nearly symmetrical pair 
of absorptions when the disk is heated. .In intense band 
a t  1255 cni.-l in tlie solution spectrum is only a shoulder on 
a new iiiteiise absorption a t  1261 cm.-l in the spectrum of 
the disk and reverts to 1355 cm.-' when the disk is heated. 
.-I broad absorption maximurn at 1302-1315 cm. --I separates 
iiito a doublet with a weaker band a t  1304 and a strotiger 
one a t  1315 c m - '  in the spectrum of the disk. The doublet 
returns to  its original shape in the spectrum of the heated 
disk. Finally an intense band a t  1595 ctn.-l in the solution 
spectruin develops a partially resolved sister peak at 1620 
cm. --I iii the putassiuni bromide disk whicli reverts to  the 
single band in the spectrum of the heated disk. 

Isomerization of the Imine VI.-.Approximately 0.5 mg. 
oi p-Inetiioxy-p'-iiitrcibenzoplienoiie p-tolylimine ( \ - I )  was 
:rtlded to  25 nil. of diethyl ether containing about 0.1 g. 
of calcium hydride and cooled in an ice-salt-bath to 0 " .  
The solutioii was transferred immediately tr, a cell which 
had been placed in the Cary spectrophotometer of  which the 
cell compartnient had been flushed with dry iiitrogeii. The 
absorbance at a fixed wave length of 277 111p was mca~ured 
within 10 sec. iifter the solution was added to  the cell, 
and found to increase from an initial value of 1.22 to a final 
value reached after 1 min. of 1.45. .in ether lilaiik shon.ed 
110 ;ibsorption in a similar experiment. 

I n  another experinleiit, from a potahsiuni hrrnnide disk 
oi the iniiiie 1.1 (approxiinately 0.001'~;. I, the ultr:tviolet 
spectruni was obtaiiicd using a blaiik potassium bromide 
disk iii the reference beam. The ahsorptioii iiiaximuni 
appeared at 5 8  inp (ctrmpared to a rnaxii~iuni at 274 mp 
in cycloliesane solutioii) . 1Vhen the disk was ground, 
heated to  the m.p.  of tlie compouiid and presscd again 
a spectrum was obtained with a maximum a t  277 m p ,  
essentially unchanged in position, but with an incrc:ise in 
absorbance from l)..57 in the original sample to  a value of 
0.71. 

Kinetics of Isomerization of the i-is-Chloroimine cis- 
I.--IIl equipment was soaked in cleaning sohtioii, rinsed 
with dilute anitnonium hydroxide, demineralized \vatcr, 
;inti absolute methanol, dried for I hr.  :it 125' anti c<~~i le t l  

placed 1 to 2 mg. of tlie cis-isomer and cu.  30 mg. of culcium 
hydride. The flask was placed in a constant temperature 
bath, 10 cc. of cyclohexane was added with :L hypodermic 
syringe arid 10 min. was allowed for temperature equi!- 
ibration. Samples were removed with a hypodermic syringe 
and diluted to a concentration conretiicnt for measuring tlle 
ultraviolet absorbances a t  and 255 mp. The absorb- 
;trices were measured with a Reckman DI- spectropho- 
tometer. Rate constants were calculnteti iroin tllc plot"9 

(37) K. Auwers, ihid., 36, 3888 (19033. 
(38 )  E. H.  \Vhite, J .  rheiri. E d i t c , ,  34, $1 (1957). 
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of ln[(A,-Ao)/(A,-A)] against t ,  theconstant k l  + kp being 
obtained by the method of least squares.40 Here A ,  and 
8, are absorbances at equilibrium and initially, A is the 
instantaneous absorbance during the reaction and t is the 
time. Rate  constants and their probable errors are pre- 
sented in Table VI. 

TABLE 1' 
RATE OF ISOMERIZATION OF C~S-~-CHLOROBENZOPHENOSE 
METHYLIMINE (&I) IN CYCLOHEXANE AT 40.20 zk 0.05". 

Time, 
hr. 

0 .0  
1 .0  
2 . 0  
3 . 0  

15.0 
16 .0  
20 .0  
24 .0  
26 .0  

Ratio 
AtaalA t j j  

1.363 
1.337 
1.311 
1.319 
1.149 
1.129 
1.116 
1.086 
1.084 

co 6.5 x 10-4 M 

In (Ae - d o /  
% L Y U ~ Z S  A e  - A )  

2 . 6  0.043 
5 . 3  ,096 
8 . 2  .153 
7 . 4  ,138 

28 .2  .665 
31 .1  . 767 
32 .8  .834 
37 .4  1.035 
37 .7  1.050 

Av. 
Least squares 

TABLE VI 

1.11 
1 .35  
0.76  
1.13 
1 .23  
1 .08  
1.13 
1.06 

1.11 
1..11 =t 0 .03  

__ 

RATES OF ISOMERIZATION OF cis-I IN CYCLOHEXAXE 
T 

( O C .  3 0.0.5') 

40.2 
40 2 
40.2 
50.2 
60.2 
60.2 
40 2 
40.2 

104 Ca, moles/l. 

6 . 5  
43 .5  

6 . 5  
T.4 
8.; 
8 7  
0.43" 
0 . 4 - 0 . 5 ~  

105 (kl f k z ) ,  sec.-l 

1 .11  f 0.03 
1.0; 32 .02 
1 .22  =t .03 
4 .04  f .03 

12 .2  * . 4  
13 .0  =!= . 3  
1.0@ 
1.09b 

These reactions were carried out in decalin. * The 
best slopes were determined graphically in these cases. 

E. was obtained by a least squares treatment of a plot of 
log ( k l + k 2 )  versus 1/T (data in Table 1'1). AH* was ob- 
tained41 from the expression AH' = E,  - R T  and A S *  
from AS* = 2.303R log ( A / T )  + 2.303R log ( h / k )  - R. 
These quantities and their probable errors are presented 
in Table 111. 

(39) A. A. Frost and R.  G. Pearson, "Kinetics and Mechanism," 

(40) L. P.  Hammett,  "Introduction to the Study of Physical Chem- 

(41) See ref. 39, pp. 97, 98. 

John Wiley and Sons, Inc.. New York, N. Y., 1953, p. 173. 

istry," McGraw-Hill Book Co., Inc., New York, N. Y., 1952, p. 410. 

Kinetics of the Isomerization of p-Nitrobenzophenone 
Methylimine (trans-11) in Cyclohexane.-The cyclohexane 
used was purified and the equipment was cleaned in the 
same manner as that used in the rate determinations of 
&I. The standard ultraviolet spectra of the equilibrium 
mixture were prepared by heating a sample of the trans 
isomer in a sealed tube in the presence of a small amount 
of calcium hydride. The method of Dewar and U r ~ h ~ ~  was 
used for the ultraviolet spectral analysis of each kinetic 
point. The method involves the graphical solution of the 
equation 

for x: and y, the respective concentrations of X and B ill the 
unknown, at a number of different wave lengths, where R is 
the absorbance of the unknown, and Ra and Rb are the 
respective absorbances of components X and B, in concen- 
tration C, and Cb. The absorbances for the standards and 
a set of sample data are given in Table 1'11. 

TABLE VI1 
CALCULATION OF COMPOSITION OF MIXTURE IN REARRANGE- 

MEST OF tTUnS-11 

290 0.837 0.617 1.337 0.737 0.618 0.738 1.001 
280 ,969 ,756 1.281 ,781 ,745 ,769 0.984 
270 ,839 ,739 1.136 .881 . 708 ,843 .957 
260 ,617 ,672 0.904 1.107 ,563 1.010 ,912 
250 ,426 ,631 ,674 1.483 ,503 1.301 ,877 
240 .333 ,544 ,614 1.629 ,422 1.412 ,866 

Concentration 5.83 X 10-5M. 

The general procedure for the measurement of the rate of 
isomerization of p-nitrobenzophenone methylimine was the 
same as that  for the p-chlorobenzophenone methylimine, 
except that  the ultraviolet spectra were measured with a 
Cary model 14 recording spectrophotometer at a chart speed 
of 6 mp/in. 

TABLE VI11 
RATES OF ISOMERIZATION OF trans-I1 IN CYCLOHEXANE 

40.2 29 1.24 f 0.02  
40.2 4 . 2  1.08 f .03 
50.2 8 .3  4.26 f .17 
60 .2  8 . 3  16 .0  32 .1  
60.2 8 . 3  15.9 f . 2  

Energies and entropies of activation calculated as de- 
scribed for cis-I are presented with their probable errors in 
Table 111. 

The data are presented in Table 1'111. 

T ("C. i 0.05') 104 Co, moles/l. 106 ( K I  f h), set.-' 

(42) M. J. S. Dewar and E. S. Urch, J. Chcm. Sac., 345 (1957). 


