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Z—-E Isomerisation of NV-Sulphenylimines

By Charles Brown, B. Terence Grayson, and Robert F. Hudson,* University Chemical Laboratory, University
of Kent at Canterbury, Canterbury, Kent CT2 7NH

The free energies of Z-E isomerisation of a wide range of symmetrical AV-sulphenylimines have been measured at

the coalescence temperature by a 'H n.m.r. procedure.

In two cases the rate of isomerisation of unsymmetrical

N-sulphenylimines at a series of temperatures has been measured and activation enthalpies and entropies deter-
mined. The effect of substituents on the isomerisation barrier AG* has been interpreted by the hyperconjugation
of the nitrogen lone pair with substituents on imine carbon and on nitrogen in a linear transition state adopted for the

inversion process.

The results are discussed in orbital terms using an extended Huckel perturbation approach,

which can be used to interpret qualitatively the effect of substituents on the inversion barrier of a wide range of imino
compounds, including guanidines and imino carbonates.

INVERSION at nitrogen has been widely investigated from
both an experimental and a theoretical point of view.!
Whereas the barriers for inversion of pyramidal nitrogen
are very low, unless the atom is incorporated in a small
ring, imines are generally configurationally stable at
ordinary temperatures.2 This difference is in accord
with Walsh’s rules 3 which predict larger barriers for the
sp2-sp change at nitrogen than for the sp3-sp? change.

Consequently, quantitative studies of the Z-E
isomerisation barrier for imines have been largely restric-
ted to compounds with strong conjugating groups at
nitrogen,? in particular aryl groups, and at iminyl carbon,
e.g. alkoxy and amino groups, which perturb the =-
system appreciably.

The barriers for imine derivatives cover a very wide
range, e.g. from >40 for oximes to <10 kcal mol? for
N-acyl- and N-sulphonyl-imines.? In general the effect
of an atom substituted at nitrogen is similar for pyra-
midal and trigonal nitrogen viz., RO > CI > Br > R,N
>alkyl > aryl ~ RS, and is usually explained by the
increase in electronegativity which stabilises the non-
planar and non-linear forms.

The problem is more complex for imines than for
amino compounds as several alternative mechanisms are
possible for the isomerisation, notably inversion at
nitrogen, torsion of the C=N bond, and a combined
inversion-torsion process. In order to investigate the
mechanism, most studies have been based on the effect
of substituents on AG* or AH*, the free energy or
enthalpy of activation. The main difficulty in inter-
preting the results is that a particular substituent may
affect AG* for the inversion and torsion processes in the
same direction. This is because delocalisation of the
nitrogen lone pair in a linear transition state, appropriate
to the inversion mechanism and n-delocalisation neces-
sary to promote the torsion mechanism may be affected
similarly by a particular substituent.

For example in the case of N-arylimines 4 (I) and (II)

R R
~ . - NG -
C=N= r— C—N

(1)

the electron-withdrawing groups X decrease the barrier,
which may be explained by invoking either structure (I)
or (II). The same situation arises with N-acyl-5 and
N-sulphonyl-imines.®

A decision has to be made therefore between the two
extreme mechanisms, torsion and inversion, by consider-
ing the magnitude of the substituent effect at nitrogen,
the co-operative influence of substituents at the imino
carbon atom, and the effect of steric repulsions on the
barrier.

Recent work by Jennings ef al.” on the barriers for Z-E
isomerisation of N-alkylimines has shown that increasing
the size of the alkyl group produces appreciable decreases
in AG* (and AH*), in agreement with earlier indications
of such a steric effect. Moreover substitution in phenyl
groups substituted at the iminyl carbon atom has a small
effect 4 on AG*, in contrast to the large effect observed in
the isomerism of aryl-substituted ethylenes involving a
torsional mechanism.®

Both these observations are therefore in agreement
with the inversion mechanism.

On the other hand the substitution of alkoxy and
amino groups at the imino carbon atom leads to low
barriers for imino carbonates,? guanidines,® and similar
compounds. As these groups conjugate strongly with
the C=N double bond, the large decreases in AG* indicate
a torsional mechanism, or at least a contribution from

+ +
R—0 ~ R2N _
%C——N ?C—N\
4 X X
() (1Y)

the cannonical forms (III) and (1V). However, the
effect of X on the barrier is similar to that observed for
imines,? and also for pyrrolidines 1° (see Table 1).

An inversion mechanism cannot therefore be ruled out,
and the large effect of the alkoxy and amino substituents
may be due to a change in electronegativity of nitrogen
produced by the electron release [(III) and (IV)]. At
the end of this paper we suggest an additional stabilis-
ation of the linear transition state due to increased hyper-
conjugation.

We have found 1! that substitution of sulphur at
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nitrogen produces a large decrease in AG¥, as in the case
of aziridines, in line with the low electronegativity and
possible influence of 34 or other polarisation orbitals in
stabilising the transition state.

The isomerisation rates are within the n.m.r. time
scale 1213 and the barriers of a large range of compounds
(within 13—21 kcal mol™) can be studied conveniently.

TaABLE 1

Variation of the energy barriers in variously substituted
imines and amines

AG*(A)%] AG*(B)¥/
Substituent X kcal mol™l Substituent X kcal mol™?
OMe 23.2 OH 13.0
NMe, 21.0 ND, 8.5
CH,Ph 11.7 CD, 7.4
hlde
A = N X B -
E >=N/ N —X
i“ Me
Me Me

t+ Compare p-CIC{H,(Ph)C=NMe, AG* = 25.5 kcal mol 1.4
RESULTS

(a) Symmetrical Sulphenylimines.—Most of the measure-
ments were made with symmetrically substituted sulphenyl-
imines by following the coalescence of the 'H n.m.r. peaks
of a suitable substituent (usually a CH; or CH, group) as the
temperature was increased.

The rate constant at coalescence, %, is related by expres-
sion (1),'%15 where 7 is the mean lifetime of a configuration,

ko = 1/27 = wAv/+/2 (1)

and Av is the peak separation (in Hz) in the absence of
exchange. The free energy of activation AG* is given by the
Eyring equation (2) where kg is the Boltzmann constant, £

kT
h, = K <_£h~°> exp —AG*/RT, (2)

Planck’s constant, and K the transmission coefficient
(assumed to be unity).
Combination of equations (1) and (2) gives (3).

AG* = 4.57 T, (9.97 + logy, To/Av) 3)

Modifications to this procedure were made when neces-
sary. The spectrum of N-(2-nitrothiophenyl)methylene-
amine (1) below its coalescence temperature displayed a
quartet as a result of AB coupling of the geminal protons.
The value of the coupling constant J was found to be 12.9
Hz which compares with those of similar compounds. Av
was calculated as for a coupled AB system. The value of
the free energy AG* was calculated from equation (4) as
recommended by Lehn and Wagner 1% and tested by Raban
et al 13

AG* = 4.57 Tc|:9.97 + logqe 4)

T,
] ¢
N-(2,4-Dinitrothiophenyl)-1-isopropyl-2-methylpropyl-
ideneamine (3) gave a pair of 1:1 doublets due to the
coupling of the methyl protons with the methine proton,

below the coalescence temperature.
The /gy coupling normally seen with fluorine substituted
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compounds was also observed in the low temperature *F
spectra of N-(thiophenyl)- and of N-(2-nitrothiophenyl)-
2,2,2-trifluoro-1-trifluoromethylethylideneamine. The lat-
ter at temperatures just below coalescence gave two broad
peaks which, at lower temperatures resolved into two
1:3:3:1 quartets with Jpp 6.2 Hz (¢f. 6.0 Hz for 2,2,2-
trifluoro-1-trifluoromethylethylideneamine '4). The much
smaller chemical shift difference in the low temperature
spectrum of the N-(thiophenyl) analogue led to a more
complex second-order spectrum, from which an approxim-
ate value of ¢Jpyp of 6.0 Hz was estimated.

Errors in the evaluation of AG* may arise in the measure-
ments of the chemical shift in the absence of Av, and in the
estimation of the coalescence temperature T,,. Inaccuracies
in the measurement of Av (estimated within the range 0.1—
0.4 Hz) have little effect on AG*, e.g. a change in Av from 4.0
to 6.0 Hz at 300 K changes AG* from 16.2(4) to 16.0(0) kcal
mol™.

Inaccuracies in T, lead to greater deviations, e.g. for Av
= 4 Hz, AG* = 16.1(3), 16.1(8), 16.2(9), and 16.3(5) kcal
mol™® at 298, 299, 301, and 302 K, respectively. As we
estimate the maximum error in T, obtained by the usual
extrapolation procedures, to be 4+1°, an error of 4-0.06 kcal
mol™? is obtained. In the most extreme case where Av
= 1.3 Hz and T, 274 K the maximum error is found to be
0.25 kcal mol™.

The values of AG* determined from the coalescence tem-
peratures are recorded in Table 2. Examination of the
data shows several general features, which may be sum-
marised as follows. (1) Substitution in the SPh group has
little effect on AG*. Thus a comparison of compounds
(6)—(10) and (11)—(15) show that electron-releasing groups
decrease AG* slightly, the change from 4-NO, to 4-MeO
being only 0.3 and 0.4 kcal mol™. These give a value of
the Hammett p parameter of ca. —0.2. On the other hand
substitution of a 2-NO, group appears to decrease AG*
slightly (by ca. 0.3 kcal mol™?). (2) In contrast, substitution
at the iminyl carbon and sulphur atoms produces relatively
large changes in AG*. In both cases, electron-attracting
groups reduce the isomerisation barrier as shown in Table 3.

These data can be examined in a conventional manner by
relating the rate of isomerisation (calculated at a given
temperature, by assuming AS* 0 1), to an appropriate linear
free energy parameter, since AG*¥* = AH* = E, 4+ RT and
In kyky = —E,(T, — T)/RT,T,. For non-conjugating
substituents the Taft ¢* parameter is appropriate, and an
approximately linear relationship (p* 0.78, » 0.93) is found
for the plot of log % against o* for substitution at sulphur.

There is no doubt that steric parameters affect the rate
in some cases, ¢.g. the rate constant is greater for the SBut®
substituted compound than for the SMe compound, but this
is probably small compared with the electronic effect (as
evidenced by the large difference in rate for SCCl; and
SCMe; compounds).

No correlation is found between the rate constant and o*
for the C-iminyl substituted compounds. However, some
correlation was found when polar and steric effects were
separated according to the procedure of Pavelich and Taft.1%
The appropriate equation (5) where p* and &* are polar

log £ = p*c* 4 8E; - constant (5)

t As has been found by other workers? for similar systems
some unsymmetrical derivatives of these compounds have been
shown to have values for the entropy of activation close to zero
(see Table 4).
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TasLE 2

Free energies of activation AG* at the coalescence temperature for the symmetrical N -sulphenylimines R!,C=NSR? in
deuteriochloroform at 60 MHz

Compound R Rz Ave/Hz T./°C  AG*/kcal mol?
(1) H 2-NO,C.H, 18.6 1 13.6
(2) CH, 2,4-(NO,),CsH, 2.0 73 19.3
(3) Pri 2,4-(NO,),C,H, 2.8 92 20.2
(4) C¢H,CH, 2-NO,C4H, 10.1 107 20.1
(5) C¢H;CH, 2,4-(NO,),CeH, 10.0 113 20.4
(6) 4-CH,C¢H, 4-NO,CH, 4.8 75 18.8
((g)) 3-8538624 é—%C,,H‘1 4.9 72 18.7

-CH,C,H, 5 5.1 72 .6

(9) 4-CH,C,H, 4-CH,C,H, 4.6 70 ¢ igﬁ
(10) 4-CH,C,H, 4-CH,OC.H 5.6 69.5 16.5
(11) 4-CH,CH, 2,4-(NO,),CH, 4.0 67 18.5
(12) 4-CH,C,H, 4-Cl,2-(NO,),C,H, 4.2 63 18.2
(13) 4-CH,C H, 2-NO,C,H, 4.0 62 18.2:
(14) 4-CH,C,H, 4-CH,-2-NO,C,H 4.0 62°¢ 18.2
(15) 4-CH,C;H, 4-CH;0-2-NO,C¢H, 4.5 62 18.1
(16) 4-CH,C,H, clL,C 3.0 —~3 14.8
(17) 4-CH,C,H, (CeHy),C 6.4 33 16.3
(18) 4-CH,C H, C.H,CH, 2.7 52 17.0
(19) 4-CH,C;H, CH, 4.7 69 18.5
(20) 4-CH,CH, (CH,),C 4.0 57.5 18.0
(21) 4-CH,C,H, (CH,C, H,),C=N 43 -17 13.8
(22) CICH, 2-NO,C,H, 1.3¢ 53 18.4
(23) CF, 2-NO,C¢H, 87.44 32 14.7
(24) CF, C.H, 16.9 ¢ 6 14.3

¢ Peak separation in the absence of exchange.

b Determination at 100 MHz.

¢ Determination at 220 MHz. ¢ Determination

at 56.4 MHz (*Fn.m.r.). ° Difficult to assess due to overlap of absorption by CH, group on R2.

reaction and substituent constants respectively and § and
E; are steric reaction constants and substituent constants,
can be applied to the data using a least squares procedure.
The steric and polar constituents of the rate constant were
calculated in this way, and log — p*o* plotted against E;
and log & — 8E, plotted against o*. The graphs are
approximately linear giving values of g* 1.6 (» 0.96) and §
2.4 (» 0.95). This indicates that both steric and polar
factors influence the rate of isomerisation, although the
correlation is poor, and a four parameter equation tends to
mask important factors by minimising the deviations by the
reiterative adjustment of the parameters.

TABLE 3
Isomerisation barriers

Substitution at iminyl carbon

Pri PhCH, CH, CICH, Ph CF; H
AG*[kcal mol  20.2 20.1 19.3 184 182 157 13.6
(20.4) (18.5)
Substitution at sulphur
CMe, CH, CH,Ph CPh,; CCl; N=CPh,
AG*/kcal mol™ 18.0 185 17.0 163 14.8 13.8

(b) Unsymmetrical N-Sulphenylimines—With two differ-
ent groups substituted at the imino carbon atom two isomers
could in principle be isolated by classical means. However
if the energy barrier between the two forms is suitable,
equilibration between them may be followed by n.m.r.
measurements. The concentration of each isomer at a
given temperature can be observed directly from the spectra
and the rate of approach to equilibrium calculated using
normal kinetic procedures.

In the cases studied here equal concentrations of the
isomers were observed at equilibrium, and hence the rate
constant for isomerisation was equal to half the slope of the
linear first-order plot.

The rate constants together with the experimental activ-
ation energies E, obtained from the Arrhenius equation

and values of AH* and AG¥* calculated from the absolute
rate equations are recorded in Table 4.

TABLE 4

Variation of rates with temperature and calculated activ-
ation parameters for the isomerisation of two un-
symmetrically substituted N-sulphenylimines CgH,-

(p-CH,C,H,)C=NSC,H,-4-C1-2-NO, (A) and C,H,-
(p-CH,C4H,)C=NSC,H,-2-NO, (B)
(A)
“T/°C hyfst v
—325 298 x 10°  0.990
—29.8 4.11 x 107 0.986
—26.2 8.61 x 107 0.989
—22.8 1.18 x 1073 0.986
57.5% 8.89

E, 19.45, AG* 18.0, AH* 18.80 kcal mol™?, AS* 2.4 cal K™!
mol1?

(B)
T/°C kyfst v
—33.1 2.23 x 10™ 0.981
—28.8 469 x 10 0.985
—25.8 8.15 x 107 0.971
—22.8 1.34 x 107 0.946
59.0¢ 9.33

FE, 19.45, AG* 18.0, AH* 18.85 kcal mol™®, AS* 2.6 cal K
mol™?

@ Value from the coalescence point.
coalescence temperature.

b Calculated for the

DISCUSSION

The interpretation of the isomerisation process of
imines is complicated by the possibility of several mech-
anisms, in particular inversion, torsion, and a combined
inversion~torsion process. Theoretical calculations are
too imprecise at the semi-empirical 1 level to account for
even the major changes in AG* produced by changing the
atom substituted at nitrogen and ab ¢nitio methods have
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been used 17 only for the simplest molecules, e.g. HC,=
NH, for which no experimental data are available.

Arguments in favour of a particular mechanism have
to be drawn from the effects of substituents and of the
medium on the energy barrier. It is generally agreed
that in the absence of strongly conjugating groups, the
barrier for rotation of the C=N bond is considerably higher
than the observed values. Analogy can be drawn with
the rotational energy of C=C double bonds which changes
from the value of 65.0 kcal mol?! for ethylene 8 to values
within the n.m.r. range, <10 kcal mol?, when strong
electron-attracting or -releasing groups are substituted.?®
The changes in AG* follow the well established conjugat-
ing power of the substituents in an olefin,2 e.g. Ph << CN
< COOR < COPh < COCH; and RyN > RO > RS
> alkyl.

These changes in AG* for imines can be interpreted in
classical terms involving the participation of two
canonical forms (V) and (VI) in the transition state.

\E—N \(_:-—-N\
v X v
(v) 1)

The barrier is reduced 2 when Z = aromatic, RCO, and
RSO,, and when X,Y = R,N and RO, and hence in these
cases there is an argument in support of the torsional
process. However, as pointed out by Kessler 20 and
others, these reduced barriers can be explained also by
assuming an inversion mechanism, which has the
advantage of explaining, qualitatively, the other major
changes in AG*. The model we shall discuss below also
provides an explanation on the basis of the inversion
mechanism of the low barriers observed for imino car-
bonates, guanidines, and structurally related molecules.

The low barriers for N-sulphenylimines (14—20 kcal
mol?) 811 compared with oximes (>40 kcal mol?),
cannot be explained by the torsional mechanism, since
the participation of the canonical form (VI) should be
greater for oxygen than for sulphur. A similar reduction
in barrier is observed for three-co-ordinated nitrogen, as
in N-substituted aziridines,?! where the inversion mech-
anism is operative. Reference to the data in Table 2
shows that electron attracting substituents (e.g. Ph,yC,
CCl,) produce significant decreases in AG*.

These substituents reduce the energy of the sulphur 3p
orbital involved in =-conjugation with the imino group,
and hence an increase in AG* should be observed for a
torsional process. The reverse is the case. Conjugating
substituents in the SPh group have little effect on AG*.
Although electron-withdrawing substituents in the 4.
position produce slight decreases in AG* (Hammett ¢ ca.
—0.2), the barrier for the unsubstituted compound is
equal to that of the 2,4-dinitro compound where the sul-
phur 3p lone-pair is strongly conjugated. These observ-

* Electron-attracting substituents in the 4-position reduce AG*
slightly (p +0.4 with a low correlation coefficient).
T The group theoretical formalism given by Gimarc 2 is used.
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ations show that the canonical form (VI) does not par-
ticipate in the transition state structure.

A torsional mechanism could be promoted by an
increase in the contribution of the canonical form (V).
Again the large difference in AG* for N-sulphenylimines
and oximes cannot be explained in this way, unless a very
large contribution from the 34 orbitals of sulphur can
produce a decrease in energy of the order of 20 kcal mol™.
Such a participation is contrary to all theoretical predic-
tions at this time.??

The effect of substituents at the imino carbon atom on
AG* (Table 2) also discounts participation from structure
(V). Thus substitution of hydrogen by an alkyl group
produces a large increase in the barrier energy, whereas
electron-attracting substituents (e.g. CF,, CH,Cl) produce
lower values of AG* than do alkyl substituents. More-
over, substitution of a C-methyl group by C-p-tolyl
produces only a small decrease * in AG*, more in accord
with a change in electronegativity of imino carbon, than
with delocalisation as required by (V) or (VI).

The present data therefore provide no evidence in
favour of a torsional mechanism and the data in Table 2

O"‘ .

ANV N *(5“__5 )
CUQZ /o“o 2N

FiGure 1 Spacml orientation of relevant orbitals in the
ground and transition states of N-sulphenylimines

will now be analysed in terms of the alternative inversion
mechanism. According to this, the barrier, AG*, is
determined primarily by the energy difference between
the 3a, orbital on nitrogen (local symmetry Cs,) and the
1m, orbital (local symmetry C,) on nitrogen in the
‘linear ’ transition state,} following Walsh’s rules.3
This energy difference increases with the electro-
negativity (Coulcmb integrals) of the atoms substituted
on nitrogen. Alternatively, this can be regarded as a
change from sp? hybridised nitrogen to sp nitrogen, but
this interpretation is not particularly useful when the
effect of substituents is considered.

Accordingly, electron-withdrawing substituents which
increase the electronegativity of the carbon and sulphur
atoms should increase the inversion barrier! The
reverse is the case and consequently other factors must
dominate the changesin activation energy. The simplest
way of analysing these effects qualitatively is to consider
the effect of orbitals on the substituents on the 34,(N)
ground state and 1=,(N) transition state ‘lone pair’
orbitals as perturbations } (see Figure 1).

Since the 1=, (N) orbital is essentially non-bonding (2p),
it will interact more strongly with the substituent orbital

1 The appropriate equations are given by Imamura 2 and by
Salem 2° (see Appendix).
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than does 34,;(N) ground state orbital, as this is bonding
with a reduced coefficient on nitrogen.

Adopting the orbital model, s-electron-withdrawing
substituents on sulphur and on imino carbon can be
treated in the same way. For the purposes of discussion
we consider the replacement of CHy; by CF; on imino
carbon, and of CMe, by CCl; on sulphur. These examples
are chosen as steric differences should be minimal.

25, (C- Me)

—— 2b,(C-CF;)

N ‘\—{—i— 16, (C-Me)
~ N
N
\—H— 1b, (C-CF))

Figure 2 Perturbation of orbitals of the Me and CF, groups
substituted at the iminyl carbon atom of an N-sulphenylimine
by the lone pair orbitals in bent (3a,) and linear (x,) forms

The replacement of CHy by CF; reduces the energy of
the corresponding bonding and anti-bonding orbitals (b,
with local symmetry on imino carbon Cs). As shown
in the diagram (Figure 2) this increases the interaction of
the 1rx,(N) orbital with the 2b, (anti-bonding) orbital and
decreases the interaction with the 15, (bonding orbital),
thus leading to a decrease in energy of the transition
state.

Moreover the coefficient on imino carbon in 25, is
greater when CF, is substituted, but less in the 18,
orbital. Thus both orbital coefficients and orbital
energies lead to a reduction in the energy of the lm,(N)
orbital on perturbation by the b, type orbitals of the CF;
group.

A similar reduction in energy of the ground state also
occurs on substitution of a CH, group by a CF; group by
the interaction of the 3a,(N) orbital with adjacent b type
orbitals (Figure 2), but this is less than the reduction
produced by perturbation of the 1=, orbital in the tran-
sition state for reasons given above. This explanation
is equivalent to the statement that a 2p lone pair is
hyperconjugated with an adjacent group more strongly
than an sp? lone pair.

The same argument holds for substitution at sulphur.

* The interaction In (N)-2b,(S) is equivalent to the #n—o*
interaction (‘ negative hyperconjugation’) proposed by M.
Raban and D. Kost, J. Amer. Chem. Soc., 1972, 94, 3234.

1 A referee has pointed out that the low AG* value for com-
pound (1) may be due to traces of impurity, particularly acid, in
the solvent (cf. ref. 4). Although this remains as a possibility,
detailed studies of the solvent effect for similar compounds gave
no evidence of acid catalysis.
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The local symmetry at sulphur is also Cg, (though orient-
ation with respect to the C-N-S system is of course
different), and similarly, increased interaction * of
Iry(N) with 26,(S) and decreased interaction with 15,(S)
on the introduction of electron-attracting substituents,
e.g. CCly, CPh,, occurs resulting in a decrease in AG*.

The substitution of alkyl groups for hydrogen atoms at
the imino carbon atom produces large increases in the
inversion barrier. Steric interaction with the sub-
stituents should lead to a decrease in AG* as has been
found in certain cases where bulky groups are sub-
stituted.”

The increase in AG* must therefore be due to an in-
crease in steric hindrance or to an increase in inter-
electronic repulsion on formation of the transition state.t

According to the above model, substitution of an alkyl
group for hydrogen introduces a set of e-type orbitals
(local symmetry of methyl carbon is Cs,) which can
overlap with the b, orbitals on the imino carbon (Figure
1) atom and with the 1mx,(N) orbital (Figure 3). The ¢
orbitals { of an alkyl group are of high energy and hence
the major perturbation introduced is the le(CH,)-
1r,(N) interaction which is repulsive. These interactions
are not negligible, e.g. using a simple one electron
extended Hiickel treatment § values of this repulsion
energy of 8.3, 5.3, and 3.0 kcal mol™ are found for overlap
integrals [S;;, equation (10)] of 0.10, 0.08, and 0.06.
These are difficult to evaluate accurately but Slater
orbital calculations show that the overlap le-1x, is in
this range.

According to this model, changes in AG* are produced
mainly by the interaction of the nitrogen lone pair with
the electrons in the s-bond framework of the substituents.

H

H-7C ey

o) V0N
ORI

Figure 3 Diagrammatic representation of the overlap of
orbitals on an imino methyl group with 2p lone pair orbital on
nitrogen (lw,) in the linear transition state

Consequently changes in the =-bond system have little
effect on AG*. Thus a change from a methyl to a p-tolyl
group on imino carbon produces a small decrease in AG*
which can be accounted for by increased delocalisation
of a lone pair into the 1b, orbital of the imino carbon
atom which is modified by the electronegative p-tolyl
group. Similar observations have been made for
imines, in which the replacement of C-methyl2 by
C-aryl groups? produces a small decrease in AG*.
Moreover substitution in the 4-position of C-aryl- 2" and

1 Anti-bonding orbital of =-type symmetry of a CHy group.

§ This cannot give accurate values in view of the extreme
simplicity of the theory, but since the empirical parameter (&) is
used to lead to reasonable bond energies, the estimate is of a
correct order of magnitude (see Appendix).
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C-alkyl-imines 7 also produces negligible changes in the
barrier energy.

Applications to Other Systems.—Substitution of amino
and alkoxy groups at the imino carbon atom produce
large decreases in AG* which have been taken as evidence
for the torsional mechanism.2® There is no doubt that
these groups modify the w-system considerably, but this
does not necessarily prove that the energy of the C=N =
bond is reduced to a value commensurate with AG*. In
an extensive series of investigations, Kessler 2 has shown
that this conjugation could reduce the inversion barrier
and other workers have proposed an inversion-torsion
mechanism.be It is reasonable to assume that strong
conjugation leading to a negatively charged imino nitro-
gen atom would lead to a change in configuration at
nitrogen as the two p orbitals become degenerate.

On the basis of our earlier discussion, we propose a
different electronic stabilisation to account for these low
barriers. As in the case of N-sulphenylimines the sub-
stitution of CF; groups for methyl groups at the imino
carbon atom decrease the barrier of imines? e.g.
Me,C=NPh,26 AG* 20.3; (CF4),C=NPh» AG* 154;
(MeO),C=NPh,? AG* 14.3 kcal mol?, to a value similar to
that of the corresponding imino carbonate. Since
methoxy groups are strongly electron attracting in the
c-bond framework we suggest that the stabilisation of
the transition states is due to the same electronic effect.
The 1r, orbital on nitrogen can interact strongly with the
2b, orbital on the «-carbon of the methoxy and CFg
substituted imines.

A similar stabilisation by electronegative groups has
been proposed to explain the gauche 3 and anomeric 3
effects, where an alkoxy group reduces the energy by
3—4 kcal mol™? compared with a methyl group.

Moreover conjugation in the m-system decreases the
electron density on oxygen reducing further the energy
of the 25, orbital and increasing the orbital coefficient on
carbon. This leads to the idea that =-conjugation involv-
ing heteroatoms increases the hyperconjugation in the
opposite sense. This ‘negative’ hyperconjugation 3
would be greater for C-substituted amino groups leading
to the low observed AG* values for N-substituted guan-
idines. Indeed the reported barriers for N-alkyl- and N-
phenyl-guanidines are very similar% e.g. (VII) and
(VIII), indicating that the conjugation into the N-aryl

| |

Y N CHaPh
/C=N /C=N

N N

livm {ym)

AG™*12 kcal mot™! AG*12 keat mol™!
group is suppressed by extensive delocalisation of the 1,
orbital into groups substituted at imino carbon. This
competition could explain the minima found in Hammett
plots,3 as strong electron-attracting groups in the N-aryl
group could compete with the imino carbon substituent
for the 1m, electrons, whereas electron-releasing groups
could augment the delocalisation in the reverse direction.

J.C.S. Perkin II

EXPERIMENTAL

Preparation of Reactants—The following sulphenyl
chlorides were prepared by the action of chlorine in tetra-
chloromethane on the corresponding thiol according to the
standard procedure: 2-nitrobenzene- (529%,), m.p. 74.5—
75.5° (lit.,3* 75°); 2,4-dinitrobenzene- (50%,), m.p. 94—97°
(lit.,%® 95—96°); 4-chloro-2-nitrobenzene- (83%,), m.p. 95°
(lit.,%® 98°); 4-methyl-2-nitrobenzene- (829), m.p. 86—88°
(lit.,?? 90°); 4-methoxy-2-nitrobenzene- (46%,), m.p. 104—
106° (lit.,%® 106—108°); benzene- (55.5%,), b.p. 87—90° at
12 mmHg (lit.,3® 73—75° at 9 mmHg); 4-methoxybenzene-
(849%,), b.p. 88—92° at 0.1 mmHg (lit.,*® 128—130° at 17
mmHg); 4-nitrobenzene- (829%,), m.p. 52° (lit.,* 52°).
Phenylmethane-, methane-, 2,2-dimethylethane-, toluene-p-,
and 4-chlorobenzene-suiphenyl chlorides were prepared
similarly but were not isolated from solution. Triphenyl-
methanesulphenyl chloride (549,) was prepared by the
action of chlorine on triphenylmethanethiol in ether at
ambient temperature for 3 h, m.p. 136-—138° (lit.,*? 137°).
Trichloromethanesulphenyl chloride was obtained from
Koch-Light.

2-Nitrobenzenesulphenamide (72%,) was prepared by the
action of 2-nitrobenzenesulphenyl chloride on ammonia in
dichloromethane at ambient temperature for 1 h, m.p.
125—126°  (lit.,*®  124-—126°). 2,4-Dinitrobenzenesul-
phenamide (609,) was prepared similarly, m.p. 120—121°
(lit.,4* 119—120°).

The following imines were prepared by the procedure of
Pickard and Tolbert,*® involving the reaction between a
Grignard reagent and nitrile and subsequent treatment with
methanol: diphenylmethyleneamine (659%,), b.p. 100° at
0.5 mmHg (lit.,'® 127° at 3.5 mmHg); di-4-tolylmethylene-
amine (619%,), b.p. 130—135° at 0.2 mmHg (lit. 4% 162° at 3
mmHg); phenyl-4-tolylmethyleneamine (499%,), b.p. 115—
120° at 0.1 mmHg, b.p. 115—120°, v . 3 275 cm™ (N-H),
3235 (3H,s), 7.1—7.7 (9 H, m), and 9.5 (1 H, s). 2,2,2-
Trifluoro-1-trifluoromethylethylideneamine was  kindly
supplied by Dr. M. Green.

Preparation of Sulphenylimines—Two general methods
were used for the preparation of the N-sulphenylimines,
with modifications depending on the structure of the
reactants.

(1) The condensation of the appropriate sulphenamide
and ketone according to the method of Zincke and Farr 47
was used to prepare several N-sulphenylimines.

(1a) This method was modified in certain cases, by boiling
the sulphenamide and ketone in benzene for 72 h in a Dean
and Stark apparatus to remove water produced by the
condensation reaction, and subsequently removing the sol-
vent and crystallising the residue from benzene-hexane
(1:9).

These procedures could be used with aliphatic ketones
only.

(2) Most N-sulphenylimines were prepared by the action
of the imine on the appropriate sulphenyl halide. In a
typical experiment, 1,1-diphenylmethyleneamine (1.8 g)
and triethylamine (1.0 g) in sodium-dried benzene (50 ml)
were treated with 2-nitrobenzenesulphenyl chloride (1.9 g)
in benzene (10 ml). The mixture was stirred at ambient
temperature for 1 h and the precipitate of amine hydro-
chloride filtered off. Solvent was removed from the filtrate
and the residue recrystallised twice from hexane-benzene
(6:1) to give yellow needles (3 g), m.p. 162—163°. Analytical
details are given in Table 4. Variation in the ratio of hexane
to benzene was necessary in some cases to effect crystallis-
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TABLE 5
N-Sulphenylimines R'R?C=NSR3 *
. Cale. (%) Found (%)
Yield p A - A -
Compound R R2 R3 %) M.p. (°C) C H N C H N
ms H H 2-NO,C,H, 33 211—213 462 3.3 154 a
2y CH, CH, 2,4-(NO,),CoH, 37 154156 424 35 165 425 35 165
(3)? Pr Pri 2,4-(NO,),CoH, 6 145—150 50.2 55 135 502 55 138
(4)®  C.H,CH, C,H,CH, 2-NO,C,H, 56 97.-98 69.6 50 7.7 694 47 1.3
(5)® CH,CH, C.H,CH, 2,4-(NO,),CoH, 93 130131 61.9 42 103 623 44 102
(6)  4-CH,C,H, 4-CH,C,H, 4-NO,C,H, 66 144 1445 696 50 7.7 695 4.9 7.8
(7) 4-CH,C,H, 4-CH,C,H, 4-CIC H, 56 97— 98 717 5.1 40 720 54 4.0
(8)  4-CH,C,H, 4-CH,C,H, CoH, 57  77.5-—785 795 60 44 1799 44 43
(9)  4-CH,C,H, 4-CH,C.H, 4-CH,C H, 40 1271285 797 64 42 797 65 4.1
(10)  4-CH,C,H, 4-CH,C,H, 4-CH,0CH, 55 89-—90 761 61 40 762 59 3.9
(11)  4-CH,CeH, 4-CH,C,H, 2,4-(NO,),C.H, 59 23492355 619 42 103 616 42 104
(12)  4-CH,C,H, 4-CH,CH, 4.C1-2-NO,C,H, 25 171172 63.6 43 71 637 44 6.9
(13)  4-CH,C,H, 4-CH,C,H, 2-NO,C,H, 65 151152 696 50 77 69.6 47 8.1
(14)  4-CH,C,H, 4-CH,CH, 4-CH,-2-NO,C,H, 61 1471475 1702 54 74 701 54 73
(15)  4-CH,C,H,  4-CH,C/H, 4.CH,0-2-NO,C,H, 26 134138 673 51 71 674 51 6.9
(16)  4-CH,C,H, 4-CH,C,H, C1,C 54 123—124 536 3.9 39 541 39 40
(17)  4-CH,C{H, 4-CH,C.H, (CeH,)5C 56 204--204.5 844 60 29 844 62 265
(18)  4-CH,C;H, 4-CH,C,H, C,H,CH, 60  112.5—114 797 64 42 801 68 40
(19)  4-CH,C;H, 4-CH,C.H, CH, 65 74175 753 67 55 1750 6.6 52
(200  4CH,C,H, 4.CH,C.H, (CH,),C 32 78—79 767 7.8 47 1767 805 465
(21)  4-CH,C,H, 4-CH,C.H, (4-CH,C,H,),C=N 178 233—2245 803 63 63 802 63 6.1
(22) CICH, CICH, 2-NO,Ce¢H, 60 5960 38.7 2.9 10.0 39.2 2.9 10.1
(23)  CF, CF 2-NO,C.H, 41 42543 339 13 88 a
(24)  CF, CF, CoH, 22 bp.45—55 39.6 1.8 5.1 a
at 0.05 mmHg
(25)  CeH, 4-CH,CH, 2,4-(NO,),CH, 56 244245 611 38 107 614 38 10.5
(26)  CeH, 4-CH,C,H, 4.C1,2-NO,C,H, 50 153154 627 39 74 629 41 7.0
(27)  C.H, 4-CH,C,H, 2-NO,C H, 49 121—121.5 69.0 4.6 80 693 48 7.9

* Compounds prepared by method 2 except where otherwise

¢ Analysed by mass spectral molecular weight determination. Compound (1) (Found: m/e 182.014846. Required:
Required: M, 317.98969); compound (24) (Found: mfe, 273.005681.
¢ Prepared by method 1.

compound (24) (Found: mfe, 317.989391.
273.005631). ? Prepared by method 1la.

ation, and ethanol was used as an alternative to this solvent.

The N-sulphenylimine derived from 2,2,2-trifluoro-1-
trifluoromethylethylicineamine and  benzenesulphenyl
chloride was an oil, which was purified by fractional distil-
lation, and characterised by the n.m.r. and mass spectra.

Elemental analyses for these compounds are given in
Table 5 and the corresponding 'H n.m.r. spectra in Table 6.

N.m.y. Procedures.—(a) Symmetrical N-sulphenylimines.
In a particular experiment, the compound (0.08 g) was
dissolved in deuteriochloroform (0.4 ml) and transferred to a
dry n.m.r. tube (4.7 mm diam.). Spectra were obtained
generally with a 60 MHz Perkin-Elmer R10 spectrometer,*
equipped with a variable temperature probe. The temper-
ature was measured by a copper—constantan thermocouple
situation close to the sample tube, attached to a Pye port-
able potentiometer (7569P).

Each spectrum was obtained with both forward and
reverse scanning, usually at a sweep width of 1 Hz per
division and a sweep rate of 32 Hz per min. For 209,
solutions the field strength was set at 500 or 630 .V to avoid
saturation effects. For experiments to determine the free
energy only, spectra were obtained at ca. 2 °C intervals
around the coalescence point. To obtain the maximum
peak separation in the absence of exchange it was necessary
to record spectra in the temperature range 30—40° below
the coalescence point, or until the separation became con-
stant.

(b) Unsymmetrical N-sulphenylimines. A saturated
solution of one form of an unsymmetrical thio-oxime ether
at —60° was transferred to the probe maintained at a suit-
able temperature. Spectra of the methyl group of p-tolyl
(3 2.4) were obtained initially and at accurately noted inter-

* When the chemical shift differences between isomers was too
small, a 100 MHz spectrometer (Varian HA100) was used.

stated.

M, 182.014996) ;
Required: M,

vals over 2 h at —32, —30, —26, and —22°. Relative
concentrations of the isomers were determined for each scan
using the integrated peak areas obtained by cutting out
duplicate photocopies of the spectra and weighing them.
Since the peaks overlapped marginally, it was necessary to
extrapolate each peak to zero absorption.

APPENDIX

The extended Hiickel formalism has been given by
several workers,?% 2 but the treatment has not been widely
used. Apart from the original work of Salem 23 on [2 -+ 2]
and [2 4 4] cycloadditions, other applications have been
qualitative, e.g. the conformation of simple molecules,®
the anomeric effect,3! and the variable electronic effect of
alkyl groups on acid dissociation,*® Recently, Wolfe et al.
have used this method within an SCF framework for the con-
formation of propene and similar systems.%

The appropriate equations for a two- and four-electron
interaction are (7) and (8) where C,; and Cg are coefficients

_ 2C,Cu*(Hy; — EiSy)"
E; — E;

AE(Y) = —2C,2Ca?[2H Sy — (E: + Ej) Sy

AE()

(7)
(8)

on atoms # and s for orbitals j and % respectively, H i is the
Hamiltonian, S;; the two-centre overlap integral, and E;
and E; are the corresponding energies of the interacting
orbitals.

By making the usual assumption (9), equation

Hy = 0.5 k(E; + Ej)Sy (9)
simplifies to (10) which was used in the estimation of

AE® = —2(k — 1)(E; + E,;)Sy* (10)

(8)



434
TABLE 6
Details of n.m.r. absorbances at probe temperature
(33.4 °C)
Com-
pound Chemical shift &
(1) 4.5 (s, 2 H, CH,), 7.1—8.3 (m, 4 H, ArH)
(2) 2.2(s, 6 H, 2 X CHy), 8.2—9.1 (m, 3 H, ArH)
(3) 1.2—1.3(q,12H,4 X CHy), 2.5—3.5(m, 2H, 2 x CH),
8.2—9.1 (m, 3 H, ArH)
(4) 3.7—40(d, 4H, 2 x CH,), 7.0—8.5 (m, 14 H, ArH)
(6) 3.56—3.7(d, 4 H, 2 x CH,), 7.0—8.8 (m, 13 H, ArH)
(6) 2.3—24 (d, 6 H, 2 x CH,), 6.2—8.0 (m, 12 H, ArH)
() 23—24(d, 8 H, 2 x CHy), 6.6—7.9 {n, 12 H, ArH)
(8) 23—24(d 6H, 2 x CHy), 7.07.9 (m, 13 H, ArH)
(9) 2224 (t 9H 3 x CHy), 7.0--8.0 (m, 12 H, ArH)
(10) 2.3—2.4(d, 6 H, 2 x CH,), 3.75 (s, 3 H, OCH s), 6.8—
7.8 (m, 12 H, ArH)
(11) 2.3—2.4(d, 6 H, 2 x CH,), 7.1—9.1 (m, 11 H, ArH)
(12) 2.3—2.4(d, 6 H, 2 x CH,), 7.0—8.8 (m, 11 H, ArH)
(13) 2.3—2.4(d, 6 H, 2 x CHy), 7. 0—8 8 (m, 12 H, ArH)
(14 2.3—2.4(t, 9 H, 3 x CH,), 7.0—8.8 (m, 11 H, ArH)
(15) 2.3—2.4(d, 6 H, 2 x CH,), 3.85 ( 3 H, OCHy), 7.0—
8.8 (m, 11 H, ArH)
(16) 2.35 (s, 6 H, 2 x CH,), 7.0—-7.6 (m, 8 H, ArH)
(17) 235 (s, 6 H, 2 X CHy), 7.0—17.5 (m 23 H, ArH)
(18) 2.3-—2.4(d, 6 H, 2 X CHy), 4.3 (s, 2 H), 7.0—7.6 (m
13 H, ArH)
(19) 2.3—2.4 (d, H, 2 x CH,), 2.7 (s, 3 H, CH,), 7.0—-7.5
(m, 8 H, ArH)
(200 1.45 (s, 9 H, 3 x CH,), 2.3—2.4 (d, 6 H, 2 x CHy),
7.0-7.6 (m, 8 H, ArH)
(21) 2.3—24(d, 12 H, 4 x CH;,), 7.0--7.5 (m, 16 H, ArH)
(22) 4.95 (s, 4 H, 2 x CH,), 7.2—8.6 (m, 4 H, ArH)
(23) ¢ 7.2—8.6 (m, ArH)
(24)® 7.2—8.8 (m, ArH)
(25)  2.3—2.4 (d, 3 H, CHy), 7.1—9.1 (in, 12 H, ArH)
(26) 2.3-—24 (d, 3 H, CH,), 7.1—8.8 (i, 12 H, ArH)
(27) 2.3—2.4(d, 3 H, CHy), 7. 1——8 8 (m, 13 H, ArH)
aBF N.anr.: -+69.0 p.p.m. from CFCl; (S, 2 x CFy).
b VF N.m.r.: +69.8 p.p.m. from CFCI; (s, 2 X CI)

repulsion energies on page 431, with 2 1.75 and E; ~ Ej
~ —12¢eV.

We thank Shell Research Ltd. for support.
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