251

-."Journal of Organofnetallic Chemistry, 114 (1976) 251—256
@ Elseviér Sequoia S.A., Lausanne — Printed in The Netherlands

HINDERED ROTATION AND EXCHANGE IN TRIMETHYLSILYLANILIDES

CLAUDE H. YODER * and ARTHUR D. BELBER
Department of Chemistry, Franklin and Marshall College, Lancaster, PA 17604 (U.S.A.)
(Received January 30th, 1976)

Summary

A series of trimethylsilylanilides were prepared and characterized as amide—
imidate mixtures. Low temperature NMR spectra reveal both hindered rotation
and exchange processes for the formanilides and benzanilides and exchange for
the acetanilides. Isomer ratios and free energies of activation are reported and
used to postulate a mechanism for the exchange process.

The structures of a variasty of trimethylsilylamides are known: mono-substitut-
ed amides exist in the amide form [1], bis(frimethylsilyl)amides {except bis-
(trimethylsilyl)formamide) exist as imidates [2], and trimethylsilylacetanilides
exist as mixtures of both amide and imidate [3]. When the tautomeric form
is the amide, hindered rotation about the carbonyl—nitrogen bond has been
observed [1,2], whereas in the imidate form exchange of the trimethylsilyl
group occurs from oxygen to nitrogen [2]. The trimethylsilylanilides are parti-
cularly interesting because they comprise a system where botn hindered rota-
tion and exchange are possible. Moreover, the 1,3-migration of the trimethyl-
silyl group from oxygen to nitrogen is analogous to the Chapman rearrangement
of imidates to amides [4].

Hence, the objectives of this study were to: (a) determine the effects of
substitution at the nitrogen and carboiayl carbon of trimethylsilylanilides on the
barriers to rotation and exchange and (b) determine how closely ‘analogous the
mechanism of the exchange process is to that of the aryl Chapman rearrange-
ment. Accordingly, three series of compounds were prepared and studied by
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NMR spectroscopy tnmethylsﬂylformamhdes (R H), tnme*hylsﬂylacetan '
ilides (R= CH3), and tnmethylsﬂylbenzamhdcs (R= XCGH4) : :

Expenmenta.l

Compounds

All operations were performed under a mtrogen -atmosphere usmg oven- dned
glassware and dry reagents. The trimethylsilyl-formanilides and -acetanilides
were prepared by the reaction of trimethylchlorosilane with the substituted
formanilide (or acetanilide) in the presence of triethylamine using THF as
solvent. The precipitated triethylamine hydrochloride was removed by filtra-
tion and the filtrate subjected to fractional distillation.

Trimethylsilylacetanilides: p-OCHj3;, b.p. 85°C/0.1 mmHg (L1t [51 b.p.
75—76°C/0.2 mmHg). p-CH,, b.p. 90°C/2 mmHg (Lit. [5] b.p. 50—53°C/0.2
mmHg. p-H, b_p. 90°C/2 mmHg (Lit. [6] b.p. 45°C/0.1 mmHg). p-C}, b.p
75°C/2 mmHg (Lit. [5] b.p. 61—63°C/0.2 mmHg).

Trimethylsilylformanilides: p-OCHj;, b.p. 100°C/2 mmHg. (Found: C,

59.82; H, 7.87. C,,H,,NO,Si caled.: C, 59.15; H, 7.67.) p-H, b.p. 85°C/3 mmHg.
(Found: C, 62.45; H, 8.10. C,,H,;;NOSi caled.: C, 62.13; H, 7.82.) p-Cl, b.p.
89°C/3 mmHg. (Found: C, 52.90; H, 6.40. C,,H,,CINOS;i caled.: C, 52.70; H,
6.20.)

The trimethylsilylbenzanilides were prepared by reaction of trimeihylchloro-
silane with the lithium salt (from butyllithium) of the appropriate substituted
benzanilides. p-OCH3, b.p. 163°C/2 mmHg. (Found: C, 69.19; H, 7.06. C,,H,,-
NO,Si caled.: C, 68.18; H. 7.07.) p-CH3, b.p. 130°C/1 mmHg. (Found: C, 71.19;
H, 7.88. C,;H,,NOSi caled.: C, 72.03; H, 4.47.) p-H, b.p. 133°C/1 mmHg (Lit.
[6] b.p. 106°C/0.15 mmHg).

NMR measurements

NMR spectra were obtained on a Varian A-60D spectrometer equipped with
variable-temperature accessory V-4341/V-6057. Temperatures were measured
with methanol and ethylene glycol samples and the equations of Van Geet [7].
Variables used in the determination of free energies of activation are averages
of at least four scans at the appropriate temperatures. The procedure used for
obtaining AG™ by the method of Shanan-Atidi and Bar-Eli [8] has been describ-
ed previously, [9]. This method has been shown to give AG™ values in good agree-
ment with those obtained from total line shape analysis if Av is greater than
4 Hz [10]: Populations were determined by tracing, cutting, and welghmg
peaks on good grade paper and are averages of at least four scans.

Free energies of activation were determined for 30% solutions in dry chloro-
benzene containing a small amount of CH,Cl, as a resolution standard.

Results and discussion

The trimetbylsilyl region of the NMR spectra of the formanilides contains
-two peaks at room temperature. The relative intensities of the peaks are sensitive
to the nature of the substituent on the benzene ring but for all substituents the -
two peaks coalesce to a single peak as the temperature is increased. As the tem-
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| TABLE 1 )
-'ACTIVATION PARAMETERS FOR EXCHANGE IN COMPOUNDS:

O .
!l Si(CH?):,

R
OL,

N

R X Te (K3 @ Avc (H2)? P © BGF oA P AGT A C
H OCH; 352.0 7.47 0.23 18.8 19.6
H H 358.4 5.78 0.47 19.3 19.4
H c1 354.6 8.13 0.63 19.3 18.9
CHj3 QCH3 286.8 9.38 0.08 15.0 16.4
CHj CH3 289.7 8.63 0.31 15.3 15.7
CH; H 299.7 8.90 0.18 15.8 15.8
CH3 c1 296.6 10.1 0.75 16.2 15.5
CgH40CH 3 B 293.2 29.4 0,66 15.1 14.8
CgH4CH3 H 295.6 27.9 0.63 15.2 14.9
CeHs H 293.3 28.4 0.67 15.2 14.8

% Temperature at which Si(CH3)3 peaks coalesce. b Chemical shift difference for the isomers at Te- €
Popul_gtion of the imid?te form. ©# Free energy of activation for the conversion of imidate to amide.
€ AG™ * 0.3 kcal mol .

perature is decreased the higher field peak broadens and splits into two. Thus,

at low temperature there are three peaks in the trimethylisilyl region of the NMR
spectra of each of the substituted formanilides. For the parent trimethylsilyl-
formanilide at 0°C these peaks occur at 0.29, 0.18, and 0.06 ppm. The relative
intensities of the two higher field peaks vary only slightly as the substituent is
changed.

The two dynamic processes leading to these two coalescences are almost
certainly rotation about the carbonyl—nitrogen bond and exchange of trimethyl-
silyl groups. The process resulting in coalescence at the lower temperature can
be assigned to rotation on the basis of three observations: (e¢) Variation of sub-
stituents has little effect on the population of the rotamers of N-methylformani-
lides [9]. The populations of the low field peaks (which coalesce at higher tem-
perature) of the trimethylsilylformanilides (Table 1), however, are obviously
heavily dependent upon the nature of the substituent. The populations of the
higher field peaks are given in Table 2 and are relatively insensitive to the nature
of the substituent. (b) Electron-releasing substituents increase the free energies
of activation for rotation in N-methylformanilides [9]. The same relationship
is apparent for the free energies of activation obtained for the higher field peaks
of the frimethylsilylformanilides. The free energies of activation for the lower

- field peaks, on the other hand, seem to be consistent with the opposite trend:
the electron-releasing methoxy group gives rise to a lower AG* (but AG* for
the other two derivatives are experimentally indistinguishable). (¢) The free
energy of activation for rotation is lower for amides with N-trimethylsilyl
groups than for N-t-butylamides {1,21. The free energy of activation for con-
version of the major rotamer to the minor rotamer of N-t-butylformanilide is
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‘ TABLE2
ACTIVATION PARAMETEKS FOR ROTATION OF COMPOUNDS:

u SI(CH3)3

R N
: X
R X Te (K) Avg (Hz) P, . AGTFpC AGFH,, ¢
H . OCHj3 304.3 7.47 0.74 16.8 16.1
H H : 297.8 7.57 0.81 16.6 15.8
H cl 293.4 5.35 0.71 16.3 15.8
CgH4OCH3 H 254.8 6.67 0.78 14.1 13.5
CegHsCH3 H 259.3 8.61 0.77 14.2 13.6
CeHs H 275.1 7.44 0.83 15.4 145

@ AG¥F +0.3 keal mol™ 1.

18.4 kcal mol™! [9] and only the free energies of activation for the coalescence
of the higher field peaks of the trimethylsilylformanilides are lower than this.
value. Therefore, the higher field peaks are due to the rotamers of the amide
form while the low field peak is due to the imidate form. It should be noted
that there seems to be no evidence for syn,anti isomerism of the imidate form.

The structure of the rotamers responsible for the upfield peaks can be assign-
ed by observing the shift of the peaks upon dilution with benzene [11]. Since
the smaller of the'two upfield peaks shifted upfield more than the larger peak
upon dilution, this peak is presumably associated with the rotamer containing
the trimethylsilyl group trans to the carbonyl oxygen. The major rotamer there-
fore has the trimethylsilyl group cis to the carbonyl oxygen as shown in the
structural formula in Table 2. This same conformation is favored for N-alkyl-
formanilides [9] and N-trimethylgermylformanilides [12].

The NMR spectra of the trimethylsilylacetanilides exhibit only two peaks in
the trimethylsilyl region at low temperatures. As the temperature is increased
these peaks coalesce to a single peak. The populations of the lower field peaks

‘and the free energies of activation for the process resulting in coalescence are
given in Tabie 1. These parameters show the same variation with substituent

as those for the coalescence of the lower field peaks of the formanilides. These
peaks can therefore also be atiributed to the imidate and amide tautomer. Since
the low field peak in the trimethylsilyl region of the formanilides has been
assigned to the imidate form it seems likely that the low field peaks in the
acetanilides is also attributable to the imidate form. Moreover, a study of 'SN-
N,O-bis(trimethylsilyl)acetamide has shown that the lower field trimethylsilyl
resonance is associated with the trimethylsilyl group attached to oxygen [13].

The absence of a second amide peak in the NMR spectra of the acetanilide
even ‘at temperatures down to —60°C could be a result of (a) rapid rotation
even-at —60°C, (b) the predominance of one rotamer, or (¢) coincidental equi-
valence of the rotamer chemical shifts. The same behavior has been observed
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, for t-butyl- [11], tnmethylsﬂyl— [1], and tnmethylgermyl— [12] -acetamides and
for trimethylgermylacetanilides [12] and is almost certainly due to virtually
100% abundance of the cis rotamer. The greater abundance of the cis rotamer
of acetamides relatwe to formamides has been discussed by La Planche and
Rogers [14].

The free energles of ar'tlvatlon recorded in Table 1 for the acetanilides are
therefore associated with exchange of trimethylsilyl groups from imidate to
amide (AG™.. ) and vice versa. A plot of AG™|., against the Hammett ¢
constants of the substituents gives a correlation coefficient of 0.991 and a slope
of 2.4. The positive slope is indicative of acceleration of the exchange by elec-
tron-releasing substituents.

The NMR spectra of the trimethylsilylbenzanilides, like the formanilides,
contain three peaks in the trimethylsilyl region at low temperatures. In this
case, however, the low field peaks coalesce at a lower temperature than that at
which the higher field peaks coalesce. The lower temperature coalescence can be
attributed, nevertheless, to the rotation process because of the increase in free
energy of activation as the substituent becomes more electron-attracting. The
effect of substituents at the carbonyl carbon on the free energy of activation
for rotation is contrary to the effect of substituents at the nitrogen and has
been documented for substituted dimethylbenzamides [15]. Moreover, the
trimethylsilyl protons of the amide form of N-methyltrimethylsilylbenzamide
also absorb at a lower field than those of the imidate form [6]. The change in
relative positions of the amide and imidate peaks resulting from a change from
formanilides or acetanilides to benzanilides is probably due in part to the
anisotropy of the benzene ring attached to the carbonyl carbon.

The activation parameters for the higher temperature coalescence of the
benzanilides are given in Table 1. The free energies of activation for the exchange
process are clearly only very slightly affected by substituents on the carbonyl
and phenyl groups. The coalescence temperatures for other trimethylsilyl-
anilides bearing electronegative substituents closer to the carbonyl indicate that
electron-withdrawing groups increase the free energy of activation but the
effect is not great [6].

The effect of substituents at both nitrogen and carbonyl carbon on the rate
of exchange of the trimethylsilyl group parallels closely the effect of substi-
tuents on the migration of the phenyl group in the Chapman rearrangement of
aryl benzimidates. Chapman found that electron-releasing substituents increase
the rate of migration at both nitrogen and carbon, although the effect at the
carbon is apparently not as great [16]. Wiberg and Rowland concluded that the
intramolecular [17,18] migration involves nucleophilic displacement at the
migrating aryl group by the lone pair of electrons at nitrogen and proceeds
through a 4-membered cyclic transition state [17]. If the concentration-inde-
pendent exchange of trimethylsilyl group is assumed to be intramolecular, the
same mechanism can be postulated; that is, a nucleophilic displacement at
silicon via a cyclic transition state.

Although the mechanisms of the two reactions are probably similar the re-
arrangement of aryl benzimidates and trimethylsilyl benzimidates differ in two
important respects. First, the rearrangement of the trimethylsilyl derivatives is
reversible, due presumably to the greater similarity of the free energies of the
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- _am1de and umdate forms brought about by the thh Sl—O bond energy And
second, the rearrangement of the tnmethylsﬂyl denvatlvea is c0n51derably
_faster, perhaps a result of the lowering of the energy of the transition state by
- the Lewis interaction of the nitrogen lone pair with the. d-orbltals of sﬂxoon. :
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