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Many different species can act as catalysts, e.g. 
metal ions.19 enzymes,m nitrogen dioxide,” acids’8.n 
and others.= In some cases r-complexes and rear- 
rangements to u-complexes followed by rotation 
about the X-Y-bond are involved.” 

5. Dideutero-1,3-butadiene isomerizes faster by 
an electrocyclic ring closure to cyclobutene (G) 
then by direct double bond rotation (H).” It remains 
to be proven if such a mechanism occurs more 
generally. 

H H 

“4-b 
D D H H 

NH-O_DH 
0 H 

H 

Upon focussing our interest on the noncatalyzed 
thermal? unimolecular isomerization, we were in- 
terested in criteria for distinguishing between rota- 
tion and inversion. 

Rotation involves the loss of r-bond energy 
while the molecule is in the transition state. There- 
fore, in the first approximation the thermal isomer- 
ization barrier is related to T-bond energy.B In 
principle this is also true for partial double bonds. 
The latter type of rotation has been the subject of 
numerous investigations during the last decades by 
DNMR-spectroscopy.‘.7M The carbon-carbon dou- 
ble bond isomerization can be facilitated by steric 
hindrance of the ground state, which results in 
twisting or folding to some extent.““3 It is also 
facilitated by mesomeric stabilization by sub- 
stituents at the double bond.% A review of all these 
effects is found in Ref 3. 

Many studies of photochemical Z,E-isomerizations 
have heen reported. - Singlet as well as triplet mechan- 
isms and different kinds of excited state?’ (e.g. T, TP; 
n. n+) have heen proposed for these cases. 

SNonempiric (ab initio) calculations have shown that 
the barrier of inversion is repulsiv dominant.“-W 

Inversion is possible if one l&and at the double 
bond is represented by an electron or an electron 
pair. Examples of the general structure are the 
following: 

HMO-calculations of the H*ABH molecule have 
shown that the occupation of the 2b2-7a’ orbital leads 
to the c. ground state symmetry”’ (the vinyl cation 
therefore has planar cti structure). The stereomuta- 
tion of such C.-species may involve a transition state 
of c2, symmetry (inversion) or of nonplanar c: 
symmetry (rotation). 

Distinction between rotation and inversion 
The observed process of Z,E-isomerization is 

always the process of lowest energy. Theoretical as 
well as experimental evidence of the mechanism 
has been obtained for some special examples. It 
remains the question if generalizations are applica- 
ble to other cases. In the following section we will 
focus the discussion on the best studied cases of a 
C=X-structure, the imines. 

The barrier of inversion is mainly determined by 
the energy change of the nonbonding orbital from 
sp” to p.%* This is true for pyramidal as well as for 
planar inversion.l”4 The occupation of the non- 
bonding orbital by only one electron therefore leads 
to low inversion barriers. The double bond order 
(which is responsible for the energy of the rotation) 
on the other hand is to the first approximation not 
affected by the number of electrons in the n-orbital. 
It is obvious that radicals such as vinyl radicals” or 
iminoxy radicals” isomerize by inversion (high ro- 
tation barrier, low inversion barrier). Calculated in- 
version barriers of some selected compounds in 
kcal/mol are: 

H\ H C’ 
Hx /H C 

2, ..&_ 
H H 

I 2 

4.3 kcal/mo14' 31 kcal/mol 
41 

(calculated by MINDO) 

0 20L/mo142 

4 

28 kcal/mo142 

lcalculated by CNDO) 
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Similiarly, one finds that the substituent effect of 
Z in vinyl radicals H&XX” is comparable to those 
found for inversion barriers of imines. 

Many studies have been performed regarding the 
inversion mechanism of imines. The first discussion 
of the inversion mechanism was given by E. 
Htickel (1930).” In the middle of the l%Os it was 
again revived independently by Curtin et al.,” Staab 
et al.” and ourselves.” Meanwhile many arguments 
showed that the mechanism of Z,Eisomerization 
of imines proceed via an inversion or perhaps an 
intermediate mechanism which was inversional- 
like.’ 

Calculations of methylenimine indicate that in- 
version is more favoured relative to rotation in this 
compound. The calculated barriers for rotation and 
inversion are collected in Table 1. The following 
experimental facts indicate an inversion-like 
mechanism for N-aryl-imines. 

Table 1. Calculation of C,, and C, states for 
methyleneimine H,C=NH and protonated formaldehyde 

[in kcal/mol] 

Structure Rotation Inversion Ref 
C. c, 

5 H\ /H 

H/c=N. 1 

ab initio 57.5 27.9 47 
CDNO/Z 6 1.1 31.1 48 

6 H\C_#H 
H/ .’ 

ob initio 3 1 a4 17.2 49 

1. Double bond order and isomerizational barriers 
(a) Rotation about a C=N double bond should 

have a barrier comparable to or even higher than 
those of rotation about a corresponding C=C double 
bond. However, the experimental values are much 

smaller for imines than for the corresponding 
olefins. 

/‘,,, 
C6H, 

(b) The double bond order of guanidinium salts 
(~33%) is much lower in comparison to the 
corresponding guanidines ( - 80% by CNDO/2 cal- 
culation.” If a rotation mechanism were operative 
one would expect a much higher barrier in the latter 
compounds. This is not the case. 

f~&kC,Nk~,)I ((2” ,)zN~\~_~N(CH~)~ I 
0 

4fJ .,e 
CH ’ ‘CCHr , 

9 

12.1 kcallmol” 

2. Solvent effects 

IO 

11 .I kcal/molM 

(a) The soloent polarity does not influence 
the Z,E-topomerization barrier for guanidines, 
iminoesters and thiominoesters (Table 2):“’ 

A polar transition state for rotation (as was 
observed for the Z,E-topomerization of polarized 
ethylenes) should lead to increasing rates with 
increasing solvent polarity.” 

(b) Protic solvents (methanol) have a retarding 
influence on Z,E-topomerization rates (Table 2). 
This is explained by a hydrogen bond to the lone 
electron pair which is incorporated in the inversion 
mechanism. The same goes for the pyramidal inver- 

Table 2. Free enthalpies of activation for Z,E-topomerization of some N-phenyl- 
imines in different solvents 

x\olj. 

X’ ‘CH, 

Solvent AG:lkcal/mol]” 

13 
DK X=&,*n x = S&,=” X = N(CH,)x”“’ 

CSl 2.6 - - 12.1 
CDCl, 4.7 14.3 13.6 11.9 
CrnCOcm 20.7 14.2 13.65 12.0 
CD,CN 37.5 14.2 13.7 12.0 

CD,OD 34-o 14.7 12.9 

“Free enthalpies of activation at coaIescence temperature. Errors about 
0.2 kcal/mol. 
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sion of nitrogen.” Protonation leads to immonium 
salts in which rotation occ~rs.~~~~ 

(c) Lewis acids, such as AlCL,~also render the 
Z,E-topomerization more difficult by complex for- 
mation with the lone electron pair.s9 

3. Substituent effects in the atyl ring of N-atyl- 
imines 

(a) Steric effect of ortho-substituents. Bulky 
groups in ortho-position of N-aryl substituted im- 
ines facilitate the Z,E-isomerization (Fig 1). The 
rotation about the CN double bond should be 
hindered by large groups as it is observed for 
amides,g” ketene aminalsn and protonated as well 
as alkylated guanidinium salts.YJsa The increasing 
steric strain destabilizes the angular ground state 
with respect to the linear transition state at 
inversion. 

(b) Electronic effect of para-substituents. 
Hammett-correlations of Z,E-topomerization bar- 
riers have been found for substitution in para 
position in N-arylimines (Table 3). The p-value in 
all investigated cases except the N-aryl- 
hexafluoroacetonimines64 are positive and of the 
same order. They are comparable to the p-value of 
the pyramidal nitrogen inversion of N- 
arylaziridines.m 

A positive p-value can be taken as evidence 
against a biradical pathway or a polar rotational 
transition state involving a positive nitrogen.” 

(c) Stereochemical relations during isomerization. 

e \ .,a %A R 

~--x-x 

. ,CH rt b 
----------D AX 

R 

lb- 
46 

43 

57 

57 

62 

Fig 1. Steric effects on topomerization barriers of 
orthc+substituted N-aryl-imines. 

Substitution of N-aryl imines with prochiral groups 
(e.g. isopropyl groups) in 0.0’~position allows the 
simultaneous observation of Z,E-isomerization and 
enantiotopomerization.” If X = X’, inversion (pro- 
cess IeK and LSM) as well as rotation about the 
N-aryl bond (process ItiL and KgM) will change 
the prochirality of the substituent R. but C=N- 
double bond rotation (process IeM and KgL) will 
not.“.n The barriers for such compounds observed 
on R are the same as for Z,Etopomerization (ob- 

Table 3. Influence of substitution on imino carbon and Hammett correlation of nitrogen inversion in N-aryl-compounds 

No. Compound Solvent h Pl”l Ref 

22.2 100 1.5 I.9 60 

CH,, ,CH, 

fi GB-O-CX, 126 20.3 
:N 

‘Z 

45 16 
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Tabk 3-Continued 
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No. Compound Solvent T. AG: T pr P:, Ref 
[“cl Ikcallmoll T 

17 

18 

19 

20 

12 

13 

21 

22 

CH,CO, ,COCzt 

Ii WL-O-WL 105 
..N 

'Z 

CH,OOC, ,COOCH, 

Ii 
J’J 

‘Z 

CH,O, ,OCH, 

ii 
..N 

‘Z 

C&S, ,SCH, 

fi 
?J 

‘Z 

(CH&N, ,N(CH& 

fi 
..N 

‘Z 

CH, 

CF, \ JF, 

fi 
.w 

‘Z 

91 18.9 53.62 

CKOH 20 2.0 2.0b 51 
a-L* 25 1.5 l.5b 78 

CCL 62 18.1 62 l-7 1.9 44 

(C4kCO -22 1.6 

cDcl,/cs2 -36 

13.7 -25 

12.0 -50 

C&l 

15.5 25 

2.95 

1.3 

2.2 

56.57.67 

53,62 

CDCl,/Cs, C-80 68 

Pyridine 25 -1.0 -1.0 69 

19.5 45 

‘For the sake of comparison the p-vtie for 25” was c&&ted. 
‘The influence of substitution in the phenyl-ring at the iminouubua is very small. This has been used as an argument 

for the inversion mechanism. 
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E-27 

served on the substituent X).* We can conclude 
that both observations belong to the same process 
(inversion). Therefore, the process IeK (LGM) is 
faster than I=M (KeL). If XZX’, again Z,E 
isomerization is observed in the case of compound 
27. Of course the ground state enthalpy is different 
for both diastereomers (Table 4), but a small change 
of the structure gives only small differences to the 
corresponding guanidine of higher symmetry. The 
barrier of enantiotopomerization (observed when 
the magnetic nonequivalence of the o,o’-isopropyl 
groups disappears) is remarkably higher than those 
of syn-anti isomerization. These observations give 
evidence that at room temperature process I5K 
(LsM.) is fast with respect to the NMR time scale, 
but it is not able to interconvert the structures I and 
K into L and M via Nary1 or C=N-double bond 
rotation (Fig 2). The latter process is much slower 
than inversion. The ratio of the rates of inversion 
k,., and double bond rotation k,O, for this compound 
at room temperature is: 

CThe smaller barrier for the enantiotopomerization pro- 
cess in the quinone anile indicates beginning N-aryl rota- 
tion. It is incompatible with fast CN-double bond rotation. 

k-W+ 
rOtalion II 

L M 

Fig 2. Intramolecular motions of N-arylimines. 

It is obvious that a sychronous rotation about the 
C=N-double bond as well as Nary1 bond double 
rotation mechanism would lead to the same 
stereochemical consequence as pure inversion. The 
transition state P for such a double rotation 
mechanism is sterically strained by the interaction 
of the ortho substituent R with the imine system. 
Transition states of N-aryl-imines stereomutation 
Increasing the size of these substituents R, there- 
fore, should cause an increasing isomerization bar- 
rier. This is in conflict with experimental results. 

Although in our opinion these experimental data 
strongly support the inversion-like pathway for 
N-aryl imines, one cannot prove this mechanism 
for imines other than Nary1 imines with the same 
conclusiveness. On the other hand, the substituent 
effect on pyramidal nitrogen inversion and on imine 
stereomutation is very similar indicating a planar 

Table 4. Topomerization and isomerization barriers of 2.4.6triisopropyl-N-phenyl- 
imines 

No. X 
AGzfical/mol] 

Z,E-isomerization’ enantiotopomerizationb 

19.8 19.1 

24 H,CO OCH, 13.4 13.1 

: (z;:N SCH, N(CH& 13.2 11.4 13.0 11.6 
27 (CH,),N N(CH,)CH&H, 11.7 23.5 

“Coalescence of the X-signals; bcoalescence of methyl signals of the isopropyl groups; 
‘energy for interconversion of the more stabile E to the 2 conformation. Energy 
differences between E and Z: AG” = 044 kcal/mol. 
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inversion for the latter process. The rate of 
pyramidal inversion increases remarkably in the 
following sequence of substituents: 

x. 
CHX 

xx 

.,I I:i 
‘2 ..N ‘2 

Z = alkoxy > dialkylamino 3 halogen > alkyl > aryl 
> acyl. As far as corresponding measurements on 

imines exist, the rates of stereomutation of these 
compounds follow the same order. It was possible 
to calculate pyramidal inversional by an empirical 
equation7).” 

AG:-x-z 

where x represents a constant factor for the 
structure on nitrogen neglecting the substituent Z, 
while z depends only on the nature of the sub- 
stituent of Z. It is interesting to note that to a first 
approximation the substituent constant z is the 
same for pyramidal inversion and planar inversion 
of nitrogen.‘.” With this procedure it is posstble to 
calculate inversion barriers. On the other hand, the 
discrepancies between such calculated barriers and 
the observed one can lead to the detection of other 
mechanisms (e.g. the catalysis of Z,E-topo- 
merization of a hydrazone by tautomerization in 
certain solvents’*). 

Let us finally compare some other species 
isoelectronic to imines, e.g. ketonium salts and their 
sulfur analogs. The double bond order and there 
fore also the rotation barrier is generally lower in 
ketonium salts than in corresponding imines. The 

Y - 0,s 

calculated barriers for rotation and inversion of 
protonated formaldehyde are shown in Table 1. 
Electron releasing groups lower the rotational bar- 
rier (e.g. protonated formic acid 14.3 kcal/mol for 
rotation, but 17.1 kcal/mol for inversion?. The ro- 
tation mechanism, therefore, is more probable in 
these compounds compared with the imines. There 

are several measurements of Z,E-isomerization 
barriers of protonated and alkylated carbonyl com- 
pounds which give minimum barriers of inversion 
and rotation, but give no evidence for mechanistic 
differentiation. The substituent effect of O-aryl- 
uronium salts supports a mechanism involving rota- 
tion about the partial C-O-double bond. 

In contrast with the results of imines the isomer- 
ization barrier increases with increasing size of 
ortho-substituents. In Fig 3. these and similar re- 
sults of thiouronium salts are shown. The barrier of 
the o,o’-ditert-butyl compounds represent the 
minimum barrier for planar inversion in these com- 
pounds. The inversion barrier for the correspond- 
ing nitrogen compound is not known, but one can 
conclude from the trend of effects that the barrier is 
much smaller (AG* < 10 kcal/molT. The order of 
the barrier for planar inversion (0 > N), therefore, 
is reversed from that of pyramidal inversion (N > 
0). A possible explanation of this fact is given 

TypcA 

Fig 3. St&c dfcct of orthoeubstituents on partial double 
bond rotation. 
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below. It is not yet clear whether the observed 
magnetic nonequivalence of the ortho-isopropyl 
groups in 30 at 100” are due to a double rotation 
mechanism or to an inversion. The calculated op 
timum COH valence angle for the rotational transi- 
tion state of protonated formic acid is 133” instead 
of 120“ as in the ground state.” An increased val- 
ence angle also facilitates the double rotation. The 
larger the angle the closer the inversion transition 
state is approximated (optimal conjugation between 
the n-electron pair and the phenyl ring). An 
intermediate mechanism for uronium salts, there- 
fore, seems to be possible.* 

a, ,a 
X 

‘b 

GS TS 

Substituent effect on planar inversion 
The effects of structure variation on inversion 

barriers can be many-fold. Unfortunately the MO 
considerations and calculations which are done on 
special systems do not allow an interpretation of all 
influences of substituents. 

1. Population of the inverting orbital. It is easy to 
see that the energy increases as more electrons 
have to be promoted from sp’ to p (see p. 1862). 

2. Substituent 6. The influence of the substituent 
b on the planar inversion barrier is comparable to 
that of the pyramidal inversion. One may disting- 
uish u and p-effects. Electron attraction along the 
cr bond increases the s-character of the lone pair in 
the ground state increasing the inversion barrier. 
On the other hand, w-electron transfer from the 
inverting atom to ptype acceptor orbitals of the 

*In our previous communication we have discussed the 
inversion mechanism for uranium salts. 

tBesides this destabilizing interaction between the cc- 
cupied ptype orbital at Y and the occupied o-type orbital 
of the Xa2-group there is a second interaction between the 
occupied orbital at Y and the antibonding unoccupied 
highlying orbital at X; this second interaction, however, is 
small due to the large energy gap between the two 
interacting orbitak-as compared to the destabilizing one. 

substituent b decreases the barrier by enhancing 
overlap in the transition state compared with the 
ground state. Reasonable explanations of these 
effects have been given perviously.73639 

3. Inverting atom Y. Pyramidal inversion bar- 
riers of the first row elements decrease in the order 
Co > N > O@.MSn With increasing positive charge of 
the nucleus, the separation between s and p orbit& 
and also inversion barriers decrease. In principle 
this should also hold for planar inversion, but there 
exists a second effect: the interaction of the 
inverting orbital with the two X-a bonds. This 
effect is also discussed in the stabilization of the 
transition state of rotation about the ethylenic dou- 
ble bond by hyperconjugatiot? and in the explana- 
tion of substituent effects of inversion in vinyl 
radicals.” The overlap between the p-type orbital at 
X increases on going from the ground state to the 
transition state. 

This interaction of occupied orbitals is 
destabilizingt to the transition state of inversion 
(Fig 4). In going from Y = nitrogen to Y = oxygen 
the energy of the tilled n-orbital is lowered in the 
transition state; the destabilization interaction in- 
creases. 

Fig4. Interaction of occupied orbit& in the C&-state. 

The above mentioned order of pyramidal inver- 
sion barriers is obviously overcome by this effect. 
Two competitive effects, therefore, influence the 
planar inversion states and calculations have to be 
performed to get insights into the relative impor- 
tance of each of them. 

4. Substituents a. It has been shown that sub- 
stituents a lower the inversion barrier in the order: 

alkyl > aryl > RO > RzN 

For explanation of this order we can again disting- 
uish between u and a-effects. Electron attraction 
in the u bond lowers the energy of the orbitals at X. 
The destabilizing interaction of the X-a bonds with 
occupied p-orbital in the transition state is 
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diminished-the barrier decrease. P-Conjugation 
obviously works in opposite direction. The latter 
effect is not yet proved by calculations. 

5. Nature of X. To our knowledge there do not 
exist a systematic study of the role of X on 
inversion barrier of Y. The comparison of azoben- 
zene (E.= 23 kcal/mol) and benzalaniline (E. = 
16 kcal/mol) show decreasing barrier in the order 
X = C-N, but we will avoid further generaliza- 
tions. 
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