Tetrahedron. Vol 24, pp. 3907 10 3922. Pergamon Press 1968.  Printed in Great Brtain

STRUCTURAL STUDIES BY NUCLEAR MAGNETIC
RESONANCE—XVIII

CONFORMATIONAL AND CONFIGURATIONAL ISOMERISM
OF N-ALKYL IMINES!

G. J. KARABATSOS and S. S. LANDE
Department of Chemistry, Michigan State University, East Lansing, Michigan

(Received in USA 1 December 1967 ; accepted for publication 8 December 1967)

Abstract—Conformations and configurations were assigned to several N-Me imines and N-alkyl acet-
aldimines from analyses of their 60-Mc NMR spectra. All aldimines exist exclusively in the syn configura-
tion. Interpretation of the vicinal and long-range (across 4 and 5 bonds) spin—spin coupling constants
of N-Mec aldimines led to the conclusion that I and II are the minimum energy conformations of these
compounds. The AH® values for I = II fall between those of aldehydes, which are usually negative,
and those of oximes and their O-methyl ethers, which are positive. Interpretation of the long-range (across
4 and 5 bonds) spin—spin coupling constants of N-alkyl acetaldimines led to the conclusion that III is
far more stable than IV.

The greater thermodynamic stabilities of the syn over the anti isomers of aldimines and III over IV
have been explained in terms of nonbonded interactions across the C=N double bond. The results of
some of these calculations are given.

ONE of the problems that we have investigated and commented on in recent publi-
cations®~® has been the effect of Z on the relative stabilities of rotamers I and II.

Ao K

Thus, when Z is OMe? or OH,* AH° for 1 = II is more positive than when Z is
amino? N-methylamino,® or N-methylanilino.? To probe further into the relationship
between AH° and Z, we have investigated the case where Z is an alkyl group, ie.
an appreciably less electronegative group than in the previously examined cases.
The decision to study these compounds was further dictated by the expectation that
N-alkyl imines will also be suitable models to study the conformational isomerism
about the C—N single bond in terms of the relative stabilities of III and IV. Such
information is presently unavailable.

“ g N
"y e

R

I v
3907



3908 G. J. KARABATSOS and S. S. LANDE .

RESULTS
Chemical shifts. In Table 1 are summarized the chemical shifts and the syn/anti
ratios of several representative N-Me imines. The notation used to distinguish the
various protons is shown in V. Each proton is referred to as cis or trans with respect

H
\__
—NCH,

CH,—CH,
v

to the N-Me group. The syn isomers of the aldimines are those having H, cis to the
N-Me group; and of the ketimines, those having the a-Me cis to it. Most chemical
shifts are accurate to +0-03 ppm. Exceptions are those of a-methine protons and of
a-methylene protons of Et groups; the reported values are the centers of multiplets.
The syn/anti ratios of the ketimines were calculated from integrations of the a-Me
signals and are accurate to +59%.

All N-Me aldimines and N-alkyl acetaldimines that we examined existed exclusively
in the syn configuration. Neither heat, nor treatment of the aldimines with acid or
dimsyl sodium gave any detectable amount of the anti isomer. These results agree
with the findings of other investigators.”~® The anti isomers of the anils of benzal-
dehyde have been detected after irradiation'® '! at —100°, or flash photolysis'2~'*
at 30°, of the corresponding syn isomers. The anti isomers, which rapidly collapsed to
the syn isomers (half-lives of approximately 0-5 sec at 30°), were identified by UV
spectroscopy. The detection of both isomers of N-Me ketimines is consonant with the
findings of other investigators with the anils of aliphatic ketones’ and benzo-
phenones,”"!* with the N-alkyl imines of benzophenones,”'*>~!® and with some
double ketimines.®°

In Table 2 are summarized several Av (v;, c,q, — Vin cal) Values. A positive Av
means that resonance occurs at a higher field in benzene than in carbon tetrachloride ;
a negative the reverse. It is worth noting that the Av values for cis protons are con-
siderably more positive than those of the corresponding trans.

Spin-spin coupling. The temperature dependence of the vicinal spin-spin coupling
constants, Jy y, whose accuracy is about 1003, of N-Me aldimines is shown in
Table 3. One feature of the data is pertinent to subsequent discussion: Most Jy y,
decrease with increasing temperature, except (a) those of the N-Me imines of acetalde-
hyde, n-butyraldehyde, n-heptaldehyde, t-butylacetaldehyde and cyclohexane-
carboxaldehyde which are temperature independent and (b) that of N-Me pro-
pionaldimine which increases with increasing temperature.

In Table 4 are listed the long-range spin-spin coupling constants between N-Me
and H, (4-bond coupling) and between N-Me and trans H, (5-bond coupling).
Whereas the 4-bond coupling is independent of temperature and of the structure of
substrate, the 5-bond coupling exhibits trends inverse to those of the vicinal coupling,
i.e. it decreases whenever the 3-bond vicinal coupling increases. The 1-60 c¢/s value
of the 4-bond coupling is the same as the 1-61 c¢/s value determined for Jy,cu, of
N-Me formaldimine2° (VI). From the published spectrum of N-Me formaldimine
and the resolution observed in the H, signals of the aldimines that we have investi-
gated, the assignment?® of the low field signal to H, and of the high field signal to
H, is correct. Those assignments were based on the relative broadness of the signals.?°
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Tapip 1 VICINAL SPIN_CSPIN COUPLING CONSTANTSE OF NEAT LIOUID N.Me Al DIMINES
1 ABLE 5. VICINAL SPIN--SPIN COUPLING OONSTANTS OF NEAT 1D IN-Me IMINES

H, CH,
\_ 7/
/— N Jnne(c/8)
R,R,;CH,
R, R, -30° 0° +36° +50° +70°

H H 478 (4-76) 4-78 4.76*
H Me 307 4:04° 4907
H Et 428 430 432 428 431
H n-Pentyl 423 429 428 428
H i-Pr 4-62 4-58 4-52 453 4-46
H t-Bu 546* 5-44* 5-48° 545° 5-44°
Me Me 411 405 404
Me Et 478 4-71 462 453 4-52
Me n-Pr 500 4-88 4-86 477 464
Et Et 542 520 500 496
Et n-Bu 5-60 550 534 526 517 (504

<:> 382 376 386 386

® Value at —15°.

¥ 59 soln (V/V) in CCl,.
¢ Values at +15°

¢ Value at +90°.

H
N\ CHs
b

H,
VI

In Table 5 is shown the effect of solvent polarity on the vicinal and long-range
coupling constants. The pertinent observations are: (a) The 4-bond couplings,
Ju,cuy are independent of the polarity of solvent. (b) Most vicinal couplings are
larger by about 10-20 % in acetonitrile than in cyclohexane ; those of N-Me acetaldi-
mine and t-butylacetaldimine are larger only by about 2-3 . (c) The 5-bond couplings
again exhibit trends opposite to those of the vicinal couplings.

In Table 6 are listed the long-range 5-bond couplings, Jy _cy, of the N-Me
ketimines. The trans couplings are similar to the trans couplings of the aldimines.
All the cis couplings involve a cis Me group and are, as expected, constant (about
079 c/s).

In order to assess the relative stabilities of III and IV we have studied the long-range
coupling constants of N-alkyl acetaldimines. The data are summarized in Table 7.
Both the 4-bond coupling, Jy,_y,, and the 5-bond coupling, Jcy,—y,,, are sensitive
to substitution on the N-alkyl group. They are all smaller than those of the N-Me
acetaldimine (Hy,y, = 1'60c/s and Jey,_y, = 142 cfs), they behave irregularly
with temperature, and are very small when the N-alkyl group is alkyl disubstituted

(R;CH—). In all cases the vicinal coupling, Jy,y, is constant and has a value of
about 4-74 ¢/s.
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TaBLE S. EFFECT OF SOLVENT POLARITY ON THE COUPLING CONSTANTS® OF N-METHYL ALDIMINES
H, CH,
\\_ /
/— N cyclohexane® acetonitrile?
R,R,CH,
Rl RZ JH|". ""l—C“) ""l——CH; "Hﬂl. J&—CH; JH|—C")
H H 471 1-42 1-60 4-78 1-38 1-60
H Et 405 1-29 1-60 457 1-27 1-57
H t-Bu 545 094 1-60 5-61 1-03 1-6Q
Me Et 4-56 101 1-58 4-88 091 1-62
Et Et 510 070 1-59 557 060 1-60
Et n-Bu 524 0-74 1-58 579 0-65 1-61

<:> 318 119 162 406 108 157

¢ Values at 36° and in ¢/s.
* 5-10% solns (V/V).

TABLE 6. LONG-RANGE SPIN-SPIN COUPLING CONSTANTS OF NEAT LIQUID
N-METHYL KETIMINES

CH,
/

N
R,R,CH, —L—CH_R,R,
trans Cis

. —cn, (c/s)

R, R, R, R, cis trans
H H H 079 1-33
H Me H H 077 1-32
H H H Me 1-35
Me Me H H 079 0-82
H H Me Me 1-29
R,R,;CH, = t-Bu H H 077

* Values were determined in the temperature range — 15°to +90°. Within
this temperature range they all remained constant to +0-03 ¢/s.

DISCUSSION

Conformations of aldimines along the carbon (sp)*-carbon(sp?) bond. The vicinal
coupling data (Table 3) are consonant with the idea that the minimum energy con-
formations of the syn isomers along the C (sp®)-C(sp?) bond are eclipsing (I and II).
From the reasonable assumption that J, > J,, where J, is the trans coupling and J,
the gauche, the vicinal coupling Jy,;, of monosubstituted acetaldehyde derivatives
should be temperature independent if VIIa, VIIband VIII are energetically equivalent.
If VIIa is more stable than VIII, the coupling should decrease with increase in tem-

E
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perature ; and if less stable, it should increase. Similarly, for the disubstituted acetalde-
hyde derivatives the coupling should be temperature independent if IX, Xa and Xb
are energetically equivalent. If IX is more stable than Xa, the coupling should decrease

e (U U T S R

with increase in temperature; and if iess siable, it shouid increase. From the data

~CHs ~CHs ~CHs
H H R
P B
. H’ .
Hy 4 R°4 s
Vila ViIb viI

listed in Table 3 we conclude: (a) For the N-Me imines of monosubstituted acetalde-
hydes, when R is Me, VIII is more stable than VIla; when R is Et or n-amyl, Vlla,
and VIII are energetically equivalent; and, when R is isopropyl or t-butyl, VIIa

- CHs ~CH> s
H R KH R
7 v v
Ry Ry H
'R, ’H R,
1X Xa Xb

is more stable than VIIL (b) For the N-Me imines of disubstituted acetaldehydes,
when R, and R, are the methylene groups of the cyclohexyl ring, IX and Xa are
energetically equivalent; and, when R, and R, are Me or larger groups, IX is more
stable than Xa.

The method of calculating rotamer populations and enthalpy differences, AH®,
has been previously discussed.?*2! From Egs (1) and (2), which

Jove =3, + 2J)) (
Jos + 04 = 4(J, + J,) 2)

express the average coupling constants of N-Me acetaldimine and N-Me t-butyl-
acetaldime, respectively, the values of J,and J, needed to calculate rotamer populations
can be obtained; they are J, = 9-65c/s and J, = 2:35 c¢/s. The term 0-4 ¢/s in Eq. (2)
is the alkyl correction factor?! for monosubstituted derivatives; for disubstituted
derivatives it is 0-8 c/s. The present results (Table 3) demonstrate again the general
applicability of these factors. For example, in the three cases where Eq. (1) applies,
i.e. where the coupling constants are independent of temperature, N-Me acetaldimine,
N-Me butyraldimine and heptaldimine, and N-Me cyclohexanecarboxaldimine,
the coupling constants are about 4:76, 430 and 3-88 c/s, respectively. Furthermore, a
plot of temperature vs the vicinal coupling constants of monosubstituted acetaldi-
mines—except that of t-butylacetaldimine which exists primarily in conformation
VII—shows convergence towards a value of about 4-3 ¢/s.
Rotamer populations can be now calculated from Eqs (3) and (4),

Jowe = P(J, + Jg)/2 + (1 — p)J, ()
Jow =pJi +(1 - p)J, (4)
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which apply to monosubstituted and disubstituted N-Me acetaldimines, respectively,
and where p is the fractional population of VII and of IX and (1 — p) that of VIII and
of X. In Table 8 is shown the effect that the polarity of the solvent produces on the
populations of a few N-Me aldimines. This effect, as well as the related increase of the
vicinal Jy 4 couplings (Table 5) in going from cyclohexane to acetonitrile, can be
explained—as was done with the aldehydes?'—in terms of XI and XII. The ratio

N N
I I
H R
sz " b
X1 H XI1

XI/XII will be larger in the more polar solvent acetonitrile than in the less polar
solvent cyclohexane. Since J, > J,, the observed vicinal coupling constants will also
be larger in acetonitrile than in cyclohexane.

TABLE 8. EFFECT OF SOLVENT POLARITY ON THE POPULATIONS® OF
THE ROTAMERS OF N-METHYL ALDIMINES

CH
N~ .
H (-
Yk"
R,R,CHCH=NCH, Ry {
2

R, R, cyclohexane neat acetonitrile
H Et 63 65 72
Me Et 41 42 48
Et Et 49 50 55
Et n-Bu 51 52 58
29 32 34

¢ Values at 36°.

In Table 9 are listed the enthalpy differences, AH®, which were calculated from
reasonably linear plots of log K vs. 1/T. The equilibrium constants for monosubsti-
tuted and disubstituted acetaldimines were calculated from Eqs (5) and (6), respectively.

K.q(mono) = 2(1 — p)/p (5)
K. (di) — (1 = p)/2p (§)

The AH° values are considerably less positive than those of hydrazones,® N-
substituted hydrazones,? ® oximes* and oxime O-Me ethers.2 In fact, they fall between
those of the aldehydes?! and those of the above mentioned compounds. N-Me
propionaldimine is the only compound of the type R,R,C=NZ where rotamer Il
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TABLE 9.

N/CH_, >
H . R
AH® for 7)kH = 7)kn
Ry { R, 4

R,R,CH—CH=NCH,

R, R, AH’ (cal/mole)

H Me -200

H Et ~0

H n-Phenyl ~0

H i-Pr +350

H t-Bu > + 1,000
Me Me + 100

Me Et +260

Et Et +450

<:> ~0

is favored (enthalpy-wise) over rotamer I. From the AH° values of N-Me propion-
aldimine ( — 200 cal/mole), propionaldehyde hydrazone and N-substituted hydrazones
(+100 to +400), and propionaldoxime and its O-Me ether (+400 to + 500), it
appears that AH® becomes more positive as the electronegativity of Z increases.
Nonbonded interactions, therefore, between the Me group and the lone electron pair
on the nitrogen are apparently ruled out as the main factor controlling the relative
stabilities of the two rotamers, unless these nonbonded interactions are strongly

/(H‘ /NR R, _OH(OCH,)
Y“ " % " %
+100 to +400 +400 to + 500
X1t

dependent on the polarizabilities of the lone electron pairs, or unless the structures
of the molecules differ substantially.

In Table 10 are summarized the H, chemical shifts and the vicinal spin-spin
coupling constants, Jy 4, of aldimines in 59 solutions in acetonitrile before and
after addition of trifluoroacetic acid. These spectra displayed no four-bond coupling??
and showed new peaks that gradually increased in size at the expense of the aldimine
peaks, until the spectra of the aldimines eventually disappeared. Attempts to take the
spectrum of the N-Me acetaldimine failed, as the reaction between trifluoroacetic
acid and aldimine was too fast. While the spectra of N-t-octyl acetaldimine in 5%,
solutions to which trifluoroacetic acid had been added were unsatisfactory, reprodu-
cible spectra, which disappeared within five to ten minutes after acid addition, were
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TABLE 10. CHEMICAL SHIFTS (1-VALUES) AND VICINAL COUPLING CONSTANTS, Jy ya(C/S) OF ALDIMINES®
IN ACETONITRILE AND ACETONITRILE + TRIFLUOROACETIC ACID

) acetonitrile acetonitrile + CF;CO,H

Aldimine Oy, Onc, Ju,n, 8y, Onc, Jun
CH,CH=N—t—CgH,, 2:54 — 472 253 — 478
CH4(CH,),CH=NCH, 2:35 682 4-57 2:48 691 4-67
(CH,);CCH,CH=NCH, 245 681 561 224 690 568
(CH,CH,),CHCH=NCH, 253 678 579 230 6172 704
(CH,;CH,)CH,CHCH=NCH, 247 683 502 228 679 606

2 All values at 36°.

obtained in 209 solutions. The salient features of the data are: (a) The coupling
constants of N-t-octyl acetaldimine, which exists in a single conformation, and N-Me
t-butylacetaldimine, which exists primarily in conformation VII, increase only slightly
on protonation. (b) The coupling constants of the other compounds increase more.
Increase of the coupling constants means increase of the ratio 1/11. On protonation of
the lone electron pair, therefore, AH® becomes more positive. We attribute this change,
as we did in oximes,* hydrazones® and N-methylhydrazones,® to increased nonbonded
repulsions between alkyl and hydrogen over alkyl and lone electron pair.
Long-range coupling and conformations about the carbon(sp>)-nitrogen (sp*) bond.
From the now available knowledge of the populations of the various rotamers about
the C(sp?)-C(sp?) bond and the data listed in Table 4, it is possible to elucidate the
stereo-dependence of the 5-bond coupling, Jy cyx,- Analogous treatment of the data
(Table 4) of the 5-bond coupling to that used to calculate the vicinal J, and J, values

XVl

leads to 2:1 ¢/s and 02 c/s for J g, _ncu, and Jy, —ncn, (XVI), respectively. It is worth
|noting| that, whereas [Jy__ncn,| is greater than |Jy, _ncw,)s | i, n,| is smaller than
Jhon, |-

The data on the long-range 4-bond and 5-bond couplings of N-alky! acetaldimines
(Table 7) can be treated so as to provide useful information about the relative stabilities
of rotamers Il and IV. It has been established, 2 24 that the four bond allylic coupling
| Juu) is greater than |Jy, x| (XVII). By analogy, | J | of XVIII should be greater than

" ™~
Hy [ Hb7/N
H, H,
XVII XVII
|/ sout)- From this reasonable assumption and the data listed in Table 7, we can readily
conclude that rotamer XIX is far more stable than rotamer XX. We can also conclude
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H HjJ/CH, ercn,
Ly

R "
XIX XX
that the 5-bond coupling |Jy_ _cy,| is greater than |Jy, _cy,| (XXI). Their values

appear to be similar with those of the other 5-bond couplings (XVI). From these we
further conclude that |Jy ;| (XXT1) is greater than |Jy, i, | (XXTII).

H\|rCH,
N
Hy
XXI
. ,Ha .
rT/( rTbe
bl "y
-4
XX11 XXII1

From the preceding discussion the conclusion can be drawn that the ratio XIX/XX
is appreciably greater than the analogous ratio XXIV/XXV of the corresponding
alkenes.?3 This difference is best rationalized in terms of greater nonbonded repulsions

H H H H

S0 G

R." ."‘
R Rd
XXIV XXV

between R and H in XX than in XXV, on account of the C=N bond being shorter
than the C=C bond. By use of the nonbonded potential functions given by Bartell,?*
the 1,6-hydrogen-hydrogen nonbounded interaction energy in XXVI is about +3-5

H H
XM
X o
RN,
XXVI

Kcal/mole when X is nitrogen and + 1 Kcal/mole when X is carbon. The difference
in this interaction energy increases rapidly on rotation of the methyl group about the
C—C bond and reaches a maximum when Hg is in the plane of the molecule.2¢
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Configurational isomerism. As pointed out, the syn/anti ratios observed in this
investigation agree well with those observed by previous investigators.”-% !3:16
Of particular interest is the observation that, whereas AG® for 7 is greater than
+ 2-2 Kcal/mole, AG” for the analogous isomerization 8 is less than + 1-0 Kcal/mole.??

CH, CHy

N~
= Y]
CH,/IKH CH,/'kH

H CH, CH, H
CcHY SH CH{” SH

From the relative stabilities of I and II of the aldimines and the 1-alkenes, the reason-
able conclusion may be drawn that the Me-lone electron pair nonbonded interactions
in the trans isomer of the imine are less repulsive than the Me-proton interactions in
the trans isomer of 2-butene. This effect would make AG® for 7 more positive than
AG" for 8. A second source leading to the <ame effect would be the more repulsive Me-
Me nonbonded interactions in the cis isomer of the imine than in that of 2-butene,
on account of the C==N bond being shorter than the C=C bond. To test this effect
we have calculated®® the nonbounded interaction energies between the Me-Me
protons and summarized the results in Table 11. The structures of propene?® and
N-Me formaldimine?® were used as models for the structures of 2-butene and N-Me
acetaldimine. 26

As structures 4 and 5, rather than 1 and 2 in which the 1,3-proton-proton eclipsing
interactions have not been taken into account, probably represent the minimum
energy conformations of the compounds, it is clear from the data that the nonbonded
interactions in the cis-N-Me acetaldimine are more repulsive than those in the cis-2-
butene by about 1-4 Kcal/mole.

Interpretation of solvent effects. The considerably larger upfield shift of the reson-
ances of the cis protons over those of the corresponding trans (Table 2) on dilution
with benzene suggests specific orientation of benzene by interaction with the solute.
The data are adequately accommodated in terms of XXVII, whereby the benzene is

%N/CH,

R; R,
XXVII
attracted by the partial positive charge on the sp?-hybridized carbon and is closer to

the cis group R, than to the trans group R, on account of repulsion between the
n-electrons of benzene and the lone electron pair on the nitrogen.3°
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TaBLE 11. 1,6-PROTON-PROTON NONBONDED INTERACTION ENERGIES, E,
FOR cis-N-METHYL ACETALDIMINE AND cis-2-BUTENE

No. Structure TH, He (A) E(Kcal/mole)

2884 —003/H, +H,

}
~

H__~—__H
2 7/_?/ 3151 —003/H, ~ H,
H  H 6 He

H —N H
3 '7/ Z\ 2068 +08/H, —H,
! H, o H
H. ——
4 / ¢ 2052 +08/H, ~—H,
H, s He
H M
5 >\ N 2400 +009/H, —H
"l Ho H e

6 p J\H 1405 +140/H, —H,
H I 6

7 / 1799 +2:6/H, « H,
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EXPERIMENTAL

Preparation ofimines. The various N-alkyl imines were prepared according to established procedures.
The following is a typical example. To approximately 2 g (0-06 mole) MeNH, maintained at —30°, was
added dropwise with stirring 2-33 g {0-02 mole) cyclohexanecarboxaldehyde. The mixture was warmed to
0° and to it was added approximately 3 g KOH. After gas evolution ceased, the organic liquid was decanted
into a bottle containing molecular sieves, type 4-a, and left overnight. The aldimine was suitable for use
without further purification. In most cases the imines were purified by distillation under reduced press or
by VPC with a Perkin-Elmer Vapor Fractometer equipped with a 9 ft 209, SF-30 Silicon preparative
column.

NMR spectra were determined at 60-Mc. on a Model A-60 spectrometer (Varian Associates, Palo
Alto, Calif.). Undegassed solns were used with TMS as internal reference.
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