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Conformations and Barriers to Inversion of Seven-membered Cyclic
Oxamides and their Monothio- and Dithio-analogues: A Study by
Dynamic Nuclear Magnetic Resonance Spectroscopy and Molecular
Mechanics

By Roland Isaksson and Tommy Liljefors,* Department of Organic Chemistry 3, Chemical Center, University of
Lund, P.O. Box 740, S-220 07 Lund, Sweden

Conformations and barriers to inversion of NA’-dialkylperhydrodiazepine-2,3-dione and its monothio- and dithio-
analogues have been studied by 'H n.m.r. spectroscopy and by molecular mechanics calculations. Experiments as
well as calculations indicate that the compounds studied adopt a twist-boat conformation (C, symmetry). The
inversion of the ring system involves a passage through a C, structure with a planar s-¢/s- (thio)oxamide unit. The
free energy barriers increase in the order oxamide < monothio-oxamide < dithio-oxamide. The calculations
indicate that the dominant part of the barrier is of steric origin; the electrostatic contribution is <20% of the total-

barrier height.

OxaMIDE and N-alkyl-substituted oxamides adopt a
planar s-frans-conformation provided that the conform-
ation of the N-substituted amide unit is Z13 If at
least one of the amide units has an E-conformation,
repulsive steric interactions in the planar s-frans-
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conformation between the N-substituent in one half of
the molecule and the carbonyl group in the other are
relieved by rotation around the central carbon-carbon
bond. Thus, NN’-dimethyloxamide with both N-
methyl-substituted amide units in the Z-conformation
is planar s-frans,® while NNN’'N’-tetramethyloxamide is
twisted by 71.4° according to X-ray diffraction studies.?
Replacement of one or both oxygens with sulphur
increases the twist; NNN’N’-tetramethylmonothio-
oxamide and NN-dimethyldithio-oxamide are 87.4 and
93.1° twisted, respectively, reflecting the relative steric
size of oxygen and sulphur.?

The planar s-czs-conformation of oxamides and their
monothio- and dithio-analogues may be expected to be
disfavoured due to strong steric repulsions between the
E-substituents on nitrogen and to repulsive electrostatic
interactions between the two (thio)carbonyl groups.
To our knowledge, no observations of the s-cis-conform-
ation in acyclic oxamide derivatives have been reported.

The twisted conformation of tetra-alkyl-substituted
oxamides and their thio-derivatives makes it possible to
study the barrier to rotation through a planar transition
state by the dynamic n.m.r. technique and thus obtain a
quantitative estimate of the relative steric and electro-
static effects of oxygen and sulphur. Carter and Sand-
strém 8 studied the barrier to rotation around the central
carbon-carbon bond in tetrabenzyloxamide and its
monothio- and dithio-analogues. They found the

rotational barrier (AG*) to be very sensitive to replace-
ment of oxygen with sulphur, the free energy barriers
increasing in the order oxamide (9.7 kcal mol™), mono-
thio-oxamide (17.6 kcal mol™), and dithio-oxamide (>24
kcal mol™). The barriers were interpreted in terms of
steric interactions in a planar s-frans-transition state
between the oxygen or sulphur atom in one half of the
molecule and the benzylic methylene group in the other
half. This interpretation was supported by empirical
calculations of steric interactions.

Twisted oxamides are chiral molecules and recently
Mannschreck and Talvitie separated the enantiomers
of NNN’N’-tetramethyldithio-oxamide.? They found
the barrier to racemization for this molecule to be 25.6
kcal mol™?! (AGH,,).

The rotational barriers for oxamides obtained so far
provide an estimate of steric interactions in a planar
s-trans-conformation. The purposc of the present work
was to investigate the corresponding barrier to passage
through a planar s-cis-conformation in order to obtain an
estimate of the electrostatic and steric interactions in
this conformation.

We have investigated a series of seven-membered
cyclic oxamides and their monothio- and dithio-ana-
logues by studying their temperature-dependent 'H
n.m.r. spectra. In cyclic oxamides of appropriate ring
size the oxamide unit is forced to adopt a twisted s-cs-
conformation, and the inversion of the ring system should
involve the passage of the carbonyl or thiocarbonyl
groups in a planar or close to planar s-cis-conformation.

The seven-membered ring system was chosen since
models indicate that it is large enough to keep the geo-
metry of the oxamide unit largely unperturbed in the
preferred ring conformation, but still small enough to
only have a limited number of possible conformations,
thus facilitating the interpretation of the n.m.r. spectra.
The experimental results will be compared to those
obtained for the corresponding acyclic compounds. To
aid in the interpretation of the n.m.r. spectra and the
observed inversion barriers, minimum energy conform-
ations and conformational energies were calculated by
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the molecular mechanics method. Calculations on six-
membered cyclic oxamides indicate that the inversion
barriers in such compounds are too low to make a
dynamic n.m.r. study feasible.

X Y
NS/
R—N N—R
H A
z
H H
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(II) R = PhCH,, X=Y=0, Z=CH,
() R = PhCH,, X=Y =0, Z=C(CHj);
(I¥) R = CH(CH3),, X=0,Y=S, Z=CH,
(¥) R = PhCH,, X=0,Y=S, Z =CH,
(VYI) R = CH(CHy),, X=Y=5, Z =CH,
(YII) R = PhCH,, X=Y=S, Z=CH,
(VIO) R = PhCH,, X=Y=5, Z=C(CH,y),

EXPERIMENTAL AND COMPUTATIONAL

Materials.—The preparation of the compounds studied in
this work has been described previously.8

N.M.R. Measurements.—All spectra were recorded on a
JEOL model JNM-MH-100 n.m.r. spectrometer, equipped
with a standard variable temperature attachment (VT 3-C).
The samples were 0.4—0.5M solutions in CHCLF or CDCl,
for low- and in isoquinoline for high-temperature measure-
ments. Tetramethylsilane (TMS) or hexamethyldisiloxane
(HMSO) was added to the solvents to provide the internal
lock signal. The temperatures were measured as described
elsewhere.?

The rate constants were evaluated by visual fitting of
experimental to calculated spectra. The theoretical spectra
of the isopropyl methyls were obtained by superposition of
two spectra for uncoupled two-site cases using the McConnell
equation for the two-site exchange.!® The effect of coupling
was taken into account by suitable amplitude factors. The
determination of the effective transverse relaxation time
(T,) was performed as described in ref. 11.

For one of the compounds (I) a total bandshape analysis
was performed. For the remaining compounds rate con-
stants and free energies of activation were determined at
45 different temperatures around the coalescense tempera-
ture.

Molecular Mechanics Calculation.—These were performed
using the MM1 program developed by Allinger and Wertz
employing their 1973 force-field for the hydrocarbon
parts of the molecules.’? The (thio)-oxamide unit was
treated as a composite of two (thio)amide units, using the
parameter set for amides and thioamides previously em-
ployed in calculations on conformational energies and rota-
tional barriers for this class of compounds.®1314 The
remaining parameters necessary for the calculations, mainly
parameters for the connection of the two thioamide units,
were estimated for the purpose of this investigation, with
guidance from the corresponding values in a force-field for a-
diketones.!* Good experimental energy and geometry data
for (thio)-oxamides are at present too scarce to make a com-
plete optimization of the (thio)-oxamide force-field mean-
ingful. Furthermore, for more general calculations on this
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class of molecules the n-electron energy should be explicitly
taken into account. The force-field parameters used for the
(thio)-oxamide units are given in Table 1.
TaBLE 1
Force-field parameters

van der Waals constants

E; = —2.25¢(r*[7)® + 8.28 X 10% exp(—#/0.07367*)
Atom r*[A e/kcal mol™
N 1.700 0.039

O 1.650 0.046

S 2.000 0.184

Stretching constants

E, = 7194 k(I — 1)1 4 C(i — Ig)] Cs = —2.00
Bond IJA ke/mdyn A1
c=0 1.215 10.80
C=S 1.626 5.14
C(sp?)—-N 1.367 5.00
C(sp?)-N 1,449 3.40
ClspH)—C(sp?) 1.500 6.00
C{sp?)—C(sp?) (phenyl) 1.394 8.07

Bending constants

Ey, = 0.021 9144,(6 — 6,)%[1 + Ci(6 — 6,)] C; = —0.006
Angle 0o/° ky/mdyn A rad—
N-C=0 124.0 0.50
N-C=S 125.0 0.50
C(spr)—C=0 121.0 0.50
C(sp®)—C=S 122.3 0.40
C(sp?)—C(sp?)—N 112.7 0.40
C(sp)—C(sp*)-N 109.5 0.42
C(sp®)—N—C(sp? 121.0 0.70
C(sp®)—N—C(sp?) 115.0 0.50
H-C-N 109.5 0.42
C(sp®)—C(sp*)—N 109.5 0.42
Out-of-plane N(sp?) 0.0 0.05
Out-of-plane C(CO,CS) 0.0 0.80

Stretch-bend constants
Eg, == 2.511 24 k(8 — 6,)[(4 — Zo) + (o))

Atoms kg /mdyn rad™?
X-F-Y F = first row atom 0.120
X-F-H F = first row atom 0.040
X-S-Y S = second row atom 0.160

X,Y:FOIS_

Torsional constants
Ey = V4/2 (1 + cosw) + V,4/2 (1 — cos2w) + V,4/2 (1 4 cosdw)
Angle Vy/kcal mol Vj/kcal mol™
X—C(sp?)—C(sp?)-Y (X,Y = O,S,N) 1.5
X—C(sp?)—N—C(sp®) [X = 5,C(sp?)] 2-8

O=C—N-C
X—C(sp?)—C(sp?)—N [X = H,C(sp?] 0.53
X-C(sp?)-N-Y (X = CH; Y = () 1.0
C(sp*)—C(sp®)—C(sp*) N 0.0
X—-C—C-Y (phenyl, X = C,H) 10.017

Bond moments
Bond w/D
C=0 2.91
C=Ss 3.23
C(sp*)—-N —1.16

Fractional atomic charges

Unit C(sp? o/s N (N)—C(sp?

Amide +0.29 —0.32 —0.15 +0.09°
Thioamide +0.15 —0.37 —0.03 +0.125¢

@ Averaged net charges of the methyl groups in tetramethyl-
oxamide and tetramethyldithio-oxamide.

Electrostatic interactions were calculated by two methods
using (i) the dipole interaction model, employing point
dipoles placed at the midpoints of the bonds ¢ and (ii) the
charge interaction model with atomic charges obtained from
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CNDO/2 calculations on tetramethyloxamide and its
dithio-analogue.!” Bond moments and fractional atomic
charges are given in Table 1. In all calculations of the
electrostatic interactions an effective dielectric constant of
unity was employed.

The energies of the molecules were minimized with res-
pect to all degrees of freedom using the dipole interaction
model to calculate the electrostatic interactions. Sym-
metry constraints were included where applicable. Charge
interaction energies were dealt with separately and added to
the results of the energy minimizations with the dipole
interaction energies subtracted out.

RESULTS

At ambient temperature the H n.m.r. spectra of the
cyclic oxamides (I)—(III) show a doublet for the isopropyl
methyls in (I) and a sharp singlet for the benzylic methylene
protons (II) and (III). The signals broaden at lower
temperatures and split at ca. 209 K into two isopropyl
methyl doublets of equal intensities in the spectrum of (I),
and at 213 and 248 K into an AB pattern for the benzylic
protons in (II) and (ITI), respectively. In (III) the ring
methylene protons show up as a singlet at probe tempera-
ture and as an AB quartet at low temperatures (<238 K).
The signal from the geminal methyl groups in (III) is a
sharp singlet at all temperatures investigated (down to 210
K). The AB shift for the benzylic protons in (III), 152.7
Hz, is much larger than the corresponding shift in (II), 33.2
Hz, indicating different conformational preferences of the
benzyl groups in (II) and (III).

The ambient temperature spectra of the dithio-oxamides
(VI)—(VIII) display two doublets (1:1) for the isopropyl
methyls in (VI) and AB patterns for the benzylic methylene
protons in (VII) and (VIII) and for the ring methylene group
in (VIII). Al signals broaden at higher temperatures and
above 435 K they coalesce into one doublet for the isopropyl
methyls in (VI) and above 448 K into singlets for the methy-
lene groups in (VII) and (VIII). The coalescence for the
benzylic methylene signals in (VIII) lies above the upper
temperature limit of the spectrometer (473 K). In (VIII)
as in (III) the singlet due to the geminal ring methyl
groups does not change with temperature. The relative
size of the AB shifts in (VII) and (VIII) show the same
pattern as in (IT) and (III).
shift is 20.6 Hz, while in (VIII) the corresponding shift is

In (VII) the benzylic AB .
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spectra of the oxamides and of the analogous dithio-oxa-
mides is thus very similar, but the temperature interval in
which the spectral changes occur is displaced by >200° to
higher temperatures on going from oxamides to dithio-
oxamides. Due to lower molecular symmetry, the spectra
of the monothio-oxamides (IV) and (V) are more complex
than those of the corresponding dithio-oxamides. Four
somewhat overlapped doublets of equal intensities for the
isopropyl methyls in (IV) are observed at low temperatures.
These signals coalesce at 299 K into two doublets. The
downfield one is assigned to the thioamide half of the mole-
cule from a comparison with the corresponding signals in the
spectra of (I) and (VI). In (V) the benzylic protons give
rise to two well separated AB spectra below probe tempera-
ture. The downfield one is assigned to the thioamide unit.
The AB shifts in the spectra of this compound are significant-
ly temperature-dependent. At 254 K the shifts are 33.4
and 26.8 Hz, respectively and at 300 K they have decreased

TABLE 2
'H N.m.r. data for compounds (I)—(VIII) at ambient
temperature
3¢ (multiplicity,® number of
Compound Solvent protons)
@ CHCL,F 1.14 (d, 12), 1.83 (m, 2), 3.29 (m,
4), 4.77 (m, 2)
(I1) CDCl, 1.29 (m, 2), 3.26 (m, 4), 4.59 (s,
4), 7.27 (s, 10)
(I1T) CDCl, 0.80 (s, 6), 3.01 (s, 4), 4.72 (s, 4),
7.27 (s, 10)
1%} CcDCl, 1.13 (m, 12), 1.92 (m, 2), 3.26
(m, 2) 3.55 (m, 2), 4.82 (m, 1),
5.67 (m, 1)
V) CcDCl, 1.29 (m, 2), 3.13 (m, 2), 3.40
(m, 2), 4.60 (m, 2), 5.20 (m,
2
(VI) Isoquinoline ¢ 0.86 (m, 12), 1.55 (m, 2), 3.17

(m, 4), 5.67 (m, 2)

(VII)  o-Dichlorobenzene 1.08 (m, 2), 3.12 (m, 4), 4.98

(q, 4
0.58 (s, 6), 3.10 (q, 4), 5.20 (q,

4)

¢ P.p.m. from TMS unless otherwise stated. ?s = singlet,
d = doublet, m = multiplet. ¢At 373 K with HMSO as
reference.

(VIII) Isoquinoline ¢

to 26.8 and 16.3 Hz, respectively. The two AB quartets
coalesce into two singlets at ca. 305 K.

Chemical shifts and coupling constants for compounds
(I)~—(VIII) are given in Tables 2 and 3. Rate constants

TABLE 3

N.m.r. data at slow exchange

194.6 Hz. The temperature dependence of the 'H n.m.r.
Compound Signals studied Solvent

(1) CH(CH,), CHCLF

(IT) PhCH, cDCl,

i PhCH, CDCl,
C(CH,),CH,

) CH(CH,),* cDCY,
CH(CH,),®

(V) PhCH,* CDCl,
PhCH,?

(V1) CH(CH,), Isoquinoline

(VII) PhCH, Isoquinoline ¢

(VILI) PhCH, Isoquinoline ¢
C(CH,),CH,

4 Amide unit.

% Thioamide unit.

T/K AV/HZ ]QH'_CH/HZ ]AB/HZ
204.2 5.9 6.8
6.8
198.9 33.2 13.7
215.1 152.7 15.0
39.5 15.5
285.4 6.5 6.7
6.7
7.5 7.1
7.1
253.5 33.4 14.3
26.8 14.2
429.2 7.2 6.7
6.7
375.0 20.6 14.4
409.4 194. 14.2
41.9 14.4

¢ HMSO as reference.
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TaABLE 4
Free energy barriers to inversion for compounds
(I)—(VIII)

Compound AGH* %/kcal mol™ T/K
@ 11.1° 208.8
(IT) 10.7 202.9
(I1I) 12.0 215.1
avy 17.2 298.6
V) 15.7 284.4
(VI) 24.1 447.6
(VII) 23.3 431.5
(VIII) 23.2 409.4

¢ Estimated error +0.1 kcal mol™., & AH? 10.0 4 0.1 kcal
mol™, AS* —5.2 4 0.7 cal mol*! K}, only random errors
calculated from the standard deviations in the Eyring plot are
included.

were evaluated from the temperature-dependent bandshapes
as described in the Experimental part. The corresponding
free energy barriers are given in Table 4.

For (III) and (VIII) two different proton groups, the
benzylic methylene protons and the ring methylene protons,
could be studied. The two sets of rate constants thus
obtained were identical within error limits at all tempera-
tures where a comparison could be made, indicating that
they correspond to the same dynamic process.

DISCUSSION

Conformations of (I)—(VIII}—From the H n.m.r.
spectra described above it can be concluded that the four
isopropyl methyls in (I) and (VI), and the four benzylic
methylene protons in (II), (III), (VII), and (VIII) are
pairwise equivalent or enantiotopic in the lowest energy
conformation of the molecules. This is only consistent
with conformations having a C, axis (possibly pseudo-
rotationally averaged) or a mirror plane through the ring
system and bisecting the (thio)carbonyl-(thio)carbonyl
bond. The conformational freedom of the cyclic oxa-
mides is restricted by the rigidity of the (thio)amide
units, and thus only conformations with planar or close
to planar thioamide units may be considered as candidates
for the low energy conformations. This restriction
makes the ring system in the compounds studied in this
work similar to the cyclohepta-1,3-diene ring system, for
which calculations indicate that the molecule has three
low energy conformations with C, (twist-boat), C,, or C,
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symmetry.’® The three conformations have essentially
identical energies and are separated by very small energy
barriers. The corresponding conformations apply to
cyclic oxamides. Other formally possible conformations
like twist-chair, chair, and boat all require considerable
twisting around the amide C-N bond(s) and may there-
fore be excluded.

Unfortunately, the ring methylene resonances in (I),
(II), and (IV)—(VII) are not sufficiently resolved at low
temperatures to allow an unambiguous analysis of this
part of the spectra and to deduce the preferred conform-
ation from these spectral data. However, the spectra
of (III) and (VIII), showing a sharp singlet for the
geminal methyl groups attached to the ring at all temp-
eratures investigated, are only consistent with the C,
(twist-boat) conformation. Strictly, these experimental
data only allow the C; and the C, conformations to be
excluded for (III) and (VIII), but molecular mechanics
calculations clearly indicate that the C, conformation is
very strongly preferred for all compounds studied in this
work. The energy for the C, conformation is calculated
to be 9—20 kcal mol™? higher than that for the C, twist-
boat. The C, conformer lies ca. 2 kcal mol? below the
C, conformer but still 7—18 kcal mol! above the C,
twist-boat. More important, unrestricted energy mini-
mizations show that the C,; and C,; conformers are not
local minima on the potential energy surface for the
cyclic oxamides. As will be discussed below, the C,
conformation may in fact be regarded as a good model
for the transition-state geometry for the degenerate
inversion process C, twist-boat === C, twist-boat.

The X=C-C=Y (X =0, S; Y = 0,5) dihedral angle for
compounds (I)—(VIII) is calculated to be 61—65°, with
the higher values for the sulphur compounds, showing in
comparison with acyclic analogues (see Introduction)
that the seven-membered ring system prohibits the
relative steric size of oxygen and sulphur to be reflected
in twisting around the central carbon—carbon bond. The
calculated dihedral angles are close to the value found in
an X-ray study for the twisting around the N-N bond in
seven-membered cyclic azines (66.8°) which also adopt a
C, twist-boat conformation.®

N-Alkyl Conformations.—As shown in Table 2 the
resonances for the isopropyl methine protons appear at
3 4.77 for (I), at § 4.82 and 5.67 for (IV), and at 5.67 for
(VI). The resonance position of the methine protons
in N-Z-isopropyl groups in amides and thioamides has
been shown to be very sensitive to the conformation of
the isopropyl group. For amides the Z-isopropyl group
conformation, in which the methine proton is in or close
to the amide plane and pointing towards the carbonyl
group, exhibits a methine proton resonance at & 4.8—
5.0, which is significantly downfield to the resonances for
methine protons in other positions. For thioamides the
corresponding value is 8 5.5—6.3.2 The methine proton
resonances in (I), (IV) and (VI) thus indicate that this
proton eclipses (or neaily so) the amide C-N bond in the
preferred conformation [conformer (B)]. This prefer-
ence is appatently quite strong, since the observed shifts
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are close to the shifts found for the corresponding
‘frozen ’ N-isopropyl conformer in amides and thio-
amides. Molecular mechanics calculations of the relative
energies of conformations (A) and (B) support this
conclusion. Conformer (B) is calculated to be lower in
energy by 0.32, 0.80, and 1.43 kcal mol™ for (I), (IV), and
(VI), respectively.

X oy X v
%C‘Ha N/ ?H" ch, H yyop
“C—N  N—C £—N N—C,
v W) M CH; AHB \_J (\:H;CH:,
(A) (8)

The conformation of the benzyl groups in (II), (III),
(V), (VII), and (VIII) may also be inferred from the
chemical-shift data for these compounds. Asmentioned
above, Av,g is much larger for (III) and (VIII), with
geminal methyl groups attached to the ring, than for (II)
and (VII). The large Av,p in (III) and (VIII) indicates
that one of the benzylic methylene protons is pointing
towards the (thio)carbonyl group. The size of the ob-
served Av,yp is similar to those found for the Z-methylene
protons in amides and thioamides substituted on nitro-
gen with primary alkyl groups, which have been found to
adopt an antiparallel perpendicular arrangement.®

In the N-benzyl compounds studied in this work, the
benzyl groups may have two non-equivalent approxim-
ately perpendicular conformations, (C) and (D) (see
below). Fast interchange (on the n.m.r. time-scale)
between these conformations tends to reduce the Av,g.

\ CH,
, CH )(CH
3 3
Ofcﬂ\Ac/He v,
o=2c, CHy
AN
He Ha

(C) (D)

However, in (III) and (VIII) the geminal methyl
groups may interfere with the phenyl group in conform-
ation (D), leaving this conformation essentially un-
populated with a large (unaveraged) AB shift as the
result.

This interpretation is supported by molecular mech-
anics calculations which indicate that for (II) and (VII)
two stable conformers corresponding to (C) and (D) are
present, while for (III) and (VIII) no local minimum
corresponding to conformation (D) is obtained. The
X=C-N-C—C(pheny)) dihedral angles are calculated to be
less than 90°, varying between 62 and 66°, but the
potential surface around the minimum is very shallow.

Barriers to Inversion.—The free energy barriers to
inversion for compeunds (I)—(VIII) increase in the order
oxamide < monothio-oxamide < dithio-oxamide (Table
4). The N-isopropyl compounds have slightly higher
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barriers than those of the N-benzyl-substituted ones,
reflecting small differences in steric interactions between
the N-substituent and the ring system. The barriers
for compounds (II), (V), and (VII) are quite similar
to those found by Carter and Sandstrém for the related
acyclic tetrabenzyloxamide (9.7 kcal mol™), its monothio-
(17.9 kcal mol}, and dithio-(>24 kcal mol!) analogues.®
Mannschreck et al.? found the rotational barrier for
tetramethyldithio-oxamide to be 25.6 kcal mol?, and the
barrier for tetrabenzyldithio-oxamide should be close to
this value. The barriers for these acyclic compounds
were interpreted as mainly reflecting differences in
steric interactions in a planar s-frams-transition state
between sulphur and oxygen in one-half of the molecule
and the E methylene group in the other. Simple
empirical calculations of steric strain not including.
minimization of energy with respect to geometry, indi-
cated that the energies for the s-cis-conformations are
extraordinarily high. The barriers to inversion in
(I)—(VIII) should reflect steric and electrostatic inter-
actions in a planar or close to planar s-cis-conformation of
the (thio)-oxamide unit. The similarity of the barriers
in the acyclic and the corresponding cyclic compounds
is therefore quite unexpected.

In the acyclic as well as the cyclic series of oxamide
derivatives, the influence on the barrier of the replace-
ment of oxygen with sulphur is very significant. Com-
paring the free energy barriers for compounds (II), (V),
and (VII), replacement of one oxygen with sulphur
increase the barrier by 5.0 kcal mol™. Replacement of
both oxygens in (II) with sulphur gives an increase by
12.6 kcal mol™. The corresponding barrier increases for
tetrabenzyloxamide and its thio-derivatives are even
larger, 7.9 and >14.3 kcal mol?, respectively. If the
barrier found for tetramethyldithio-oxamide is taken to
represent the undetermined barrier for tetrabenzyl-
dithio-oxamide, the latter value becomes 15.9 kcal mol™1.
These comparisons show that the height of the barrier
through an s-trans-transition state is significantly more
sensitive to sulphur-oxygen exchange than is the barrier
through an s-cis-transition state.

In order to analyse the data presented above further,
and to obtain an estimate of the relative importance of
the steric and electrostatic contributions to the inversion
barriers of (I)—(VIII), conformational energies were
calculated by the molecular mechanics method as
described in the Experimental and Computational sec-
tion. The C, structure described above was used as a
transition state model. It was shown to be a local
maximum on the potential energy surface by calculating
the energy changes for small stepwise increases of the
(thio)carbonyl-(thio)carbonyl dihedral angle. A possible
transition-state alternative, having all ring carbon atoms
in one plane, was calculated to be >20 kcal mol™ higher
in energy. Other formally possible transition-state
structures all involve large twists around the thioamide
bond(s) with concomitant very high energies. Calcu-
lated inversion barriers using two methods for calculating
the electrostatic interactions are summarized in Table 5.
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The free energies of activation were determined at
significantly different temperatures, spanning a large
temperature interval (ca. 200°). In order to make quan-
titative comparisons with calculated values meaningful,
activation enthalpies were evaluated from the free
activation energies in Table 4 and the activation entropy
found for (I). The similarity of compounds (I)—(VIII)
justifies this procedure. The activation enthalpies are
given in Table 5.

TABLE 5

Calculated inversion barriers and experimental AH?
for (I)—(VIII)

Electrostatic
part of the
Calc. barrier barrier Exp. AH?
Compound  (kcal mol?)  (kcal mol™) (kcal mol™?)
(1) DI+ 13.7 10.0
CH? 10.3 0.7
(I1) DI 11.5 9.6
CH 8.8 1.2
(I11) DI 12.2 10.9
CH 9.7 1.1
(IV) DI 15.7 15.6
CH 134 1.1
V) DI 13.6 14.2
CH 12.2 1.9
(VI) DI 21.6 21.8
CH 19.9 1.6
(VII) DI 19.2 21.1
CH 194 3.3
(VIII) DI 19.6 21.1
CH 18.9 2.3
¢ DI = dipole interaction model. ? CH = charge inter-

action model.

The agreement between the experimental and calcu-
lated barriers is very satisfactory, considering the
approximations involved in the calculations. It should
be noted that the calculated values refer to isolated
molecules in the gas phase. Consequently we do not
wish to place too much emphasis on the agreement be-
tween the absolute heights of experimental and calculated
values. However, the calculated numbers clearly
provide a basis for the interpretation and analysis of the
experimental data. As may be expected, the calcula-
tions using the charge interaction model to calculate the
electrostatic interactions reproduce the experimental
trends better than do the calculations employing the
dipole approximation. In the following, we will there-
fore mainly discuss the results from the former calcu-
lations.

The electrostatic contributions (charge interaction
energies) to the calculated barriers are given in Table 5.
These contributions constitute only a minor part (8—
179,) of the total heights of the barriers. Steric interac-
tions, notably angle bending in the (thio)-oxamide unit
and non-bonded van der Waals repulsions between the
(thio)carbonyl groups, are predominant. The C{sp%)-
C(sp*~N bond angle increases by ca. 13° and the O=C-N
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angle decreases by ca. 9° on going from the initial state to
the transition state.

The experimental and calculated influences on the
inversion barriers of the replacement of oxygen with
sulphur in the three series (I)-(IV)-(VI), (II)-(V)-
(VII), and (III)-(VIII) are summarized in Table 6.

TABLE 6

Calculated and experimental influences of replacement of
oxygen with sulphur on the inversion barriers for (I}—
(VIII)

Electrostatic
AAHY o0 | AAE calc./ part of AAE/
Compound kcal mol™ kcal mol™t kcal mol™
(1) 0 0 0
av) 5.6 3.1 0.4
(VI) 11.8 9.6 0.9
(11) 0 0 0
) 4.6 3.4 0.6
(VII) 11.5 10.6 2.0
(XIT) 0 0 0
(VIII) 10.2 9.2 1.2

The numbers are given relative to the oxamide parent
compound. The electrostatic parts of the relative
barriers are also included in Table 6. The agreement
between the experimental and calculated values is quite
good, but the calculated influence of the oxygen—
sulphur exchange on the barriers is somewhat under-
estimated. The steric component is clearly dominant
and even if the entire difference between calculated and
experimental values were taken to be due to deficiences
in the electrostatic model, the steric contributions would
still be the larger ones.

It may thus be concluded that the dominant part of
the inversion barriers is of steric origin, as well as the
larger part of the effects on the barriers of replacing one
or both oxygens with sulphur. The steric contributions
reflect the larger steric size of the sulphur atom compared
to the oxygen.

Returning to the acyclic tetrabenzyloxamide and its
thio-analogues, the steric contribution to the increase of
the rotational barrier on replacement of oxygen, assum-
ing a planar s-frams-transition state, was calculated.
Electrostatic contributions should play a minor role in
this case. Tetramethyloxamide and its thio-derivatives
were used as models in the calculations. The calculated
values for replacement of one or two oxygens are 6.5
and 15.5 kcal mol™?, respectively. The experimental
values (AAG?) are 7.9 and 15.9 kcal mol™, respectively.
Steric interactions thus completely account for the
sensitivity of the inversion barrier through an s-trans-
transition state to the exchange of oxygen by sulphur,
supporting the conclusions drawn by Carter and Sand-
strom.® Inspection of the details of the calculations
suggests that the observed differences in the barrier
increments due to the sulphur—oxygen exchange for the
s-cts-transitions state in (I)-(VIII) and the s-frams-
transition state in the acyclic tetra-alkyloxamides and
its thio-analogues, are mainly due to different possibili-
ties to relax steric strain in the two series of compounds.
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In the s-trans-conformer, substitution of oxygen by the
larger sulphur leads to larger non-bonded repulsive inter-
actions with the E-methylene group in the opposite half
of the molecule. These interactions may partly be
relaxed by bending of the thioamide unit, but a mode of
bending that decreases the non-bonded repulsions on one
side of the molecule, increases it on the other side. In
the (cyclic) s-cis-conformation, such bendings may be
distributed among several degrees of freedom, thus
increasing the efficiency of the relaxation.

The rotational barrier through an s-cis-transition state
in the tetra-alkyl-substituted acyclic oxamides should be
appreciably higher than those found for the correspond-
ing cyclic compounds (I)—(VIII). The very large
non-bonded repulsions between the E-methylene groups
in the acyclic s-cis-conformer should increase the
barriers compared to those for the cyclic molecules,
where only a part of these interactions is present.
Furthermore, the dihedral angle between the (thio)-
carbonyl groups is less than optimal in the cyclic com-
pounds, leading to a relative increase of the initial state
energy.

On the basis of preliminary calculations on tetra-
methyloxamide and its monothio- and dithio-analogues,
the rotational barriers through an s-cis-transition state in
these molecules may be estimated to be ca. 20, 25, and
30 kcal mol, respectively. More accurate calculations
must await further development of the force-field
employed in this work. In the s-cis-transition state of
the acyclic oxamides considerable twisting of the thio-
amide C-N bonds occurs. Thus, in a force-field suitable
for more general calculations, explicit consideration of
changes in the n-electron energy is probably required.

The free energy barriers to inversion in the dithio-
oxamides (VI)—(VIII) are high enough to make a
separation of the enantiomers possible at room tempera-

J.C.S. Perkin II

ture. If such a separation can be successfully performed
this would provide an opportunity to study the chirop-
tical properties of cisoid dithio-oxamides. Work along
this line is in progress.
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