J. Am. Chem. S0d.996,118,17371742 1737

Barrier to Rotation in Thioformamide: Implications for Amide
Resonance

Keith E. Laidig* ' and Lynn M. Cameron*

Contribution from the Department of Medicinal Chemistry, émsity of Washington,
Seattle, Washington 98195-7610, and the Department of Chemistryendity of Victoria,
Victoria, BC V8W 3P6, Canada

Receied August 7, 1995

Abstract: We investigate the energetics of rotation about theNCbond in thioformamide at the molecular and
atomic levels using the HF/6-3¥HG**//HF/6-311++G** level of theory. The barrier to rotation is 19.9 kcal

mol~! and is dominated by the increase in the I distance and the consequent loss in attractive energies between
carbon and nitrogen. The origin of the barrier to rotation is shown to be the same as that found in formamide.
There is a large transfer of charge from nitrogen to carbon as the system moves away from planarity, but, unlike the
essentially unchanged oxygen in formamide, sulfur also transfers charge to carbon upon rotation. It is the preference
of the amide nitrogen for planarity, making it more electronegative and better able to stabilized itself by withdrawing
charge from its bonded neighbors, that dictates the barrier to rotation about-tié@nd. The Fermi hole is used

to quantitatively demonstrate that there is little delocalization oftteharge density from nitrogen to sulfur. The

larger barrier to rotation in thioamides and the negligible delocalizatiom charge from nitrogen to sulfur is
inconsistent with the expectations of the resonance model but is consistent with a the view that (thio)amides behave
as ‘(thio)formylamines’.

Introduction the C-N bond® This model and the underlying theoretical basis

_ ) i have been challengeédyut the critiques were shown to be not
The hindered rotation about the-®l bond of amides, the  ppysically correc?

peptide bond, provides proteins with the ability to form the
secondary and tertiary structures fundamental to biological {44 in corresponding amides has been known for some
activity.t The most widely subscribed explanation for the na10-14 | fact, the barrier to rotation in substituted thiofor-
hindered rotation in amides employs the resonance nfgdel. mamides is large enough that the cis and trans isomers are
Resonance predicts there is a significant contribution to the separable by chromatograpHyé Wiberg and Rablen recently
stabilization of planar amides from the delocalization of gy died the barrier to rotation in thioformamide and found it to
electronic charge from the amide nitrogen to the carbonyl pe 18.8 and 18.0 keal mdl, using MP2/6-3%G* and the G2
oxygen, and the res'ulting partial double bond provides hindrance methodology, respectively. While these large barriers were
to C—N bond rotation. attributed to greater ‘amide resonance’ than in amides them-
Recent theoretical studies have questioned the need of theselvesl” the lesser electronegativity of sulfur in comparison to
resonance model to explain the hindered rotation within oxygen would lead one to expect that the barrier to rotation
amides*® These works demonstrated that the predicted effect about the G-N bond would be smaller than that in the amide
upon the distribution of electronic charge in amides resulting analogs.
from rotation of the C-N bond away from planarity was in We present an investigation of the origins of the barrier to
conflict with the actual redistribution. The carbonyl oxygen rotation about the €N bond in thioformamide using molecular
was essentially unchanged during rotation, and the flow of and subsystem quantum mechariftsThe changes in atomic
charge was from amide nitrogen to carbonyl carbon. It is the and molecular properties due te-8! bond rotation clearly show
preference of the amide nitrogen for planarity, making itself that the dominant change is the interaction between the C and
more effectively electronegative and better able to withdraw N atoms, with much smaller changes in the interaction between
charge from its bonded neighbors and stabilize itself, that createsC and S. These changes in properties mirror those found in
the barrier to rotation in amides. Considering formamide as a the rotation of formamide, demonstrating that the origins of the
‘formyl-amine’ correctly predicts the redistribution of electronic _
charge, the geometric and energetic consequences, and the E% 'F-,z'rdr:ﬁ: é-_ JF;&n(ia&(Zr?an'Séé hfgginliacgggns.lg% 71, 872.
changes in molecular reactivity as a function of rotation about (g) | 4idig. K. E.J. Am Chem Soc 1992 114, 7912.
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used to determine the properties of the charge distribution and the
atomic properties, using the theory of atoms in molecules as imple-
mented within the AIMPAC suite of program%. The appropriate
p weighted density distribution was integrated over the atomic basin (the
H b SNy volume of real space which is associated with a given nucleus) giving
the atomic contribution to a given molecular propétty.
In order to address the amount of delocalization in a quantitative
T manner, we have investigated the Fermi Holgand its integrated
average values over and between the atoms of interest. The wave
function for a many-electron system must be antisymmetric with respect
to the permutation of the spaespin coordinates for every pair of
(. electrons to account for the indistinguishability of the electrons, as

( GAMESS program suité& The HF/6-313%+G** wave function was

-.:: Al

demanded by the Pauli principle. This antisymmetry constraint requires
that no two electrons with the same spin occupy the same point in
iy space. The result on the spatial distribution of charge of an electron is
described by the “Fermi hole”. This is a distribution function for an
9_‘{! TR [ B electron of given spin, defined relative to a uncorrelated pair density,
that determines the decrease in the probability of finding another
electron with the same spin relative to the fixed position of the electron
i in question. The Fermi hole describes the way in which the charge of
the reference electron is spread out in space, excluding the presence of
an identical amount of same-spin density. In other words, as an electron
moves through space, it carries with it a Fermi hole of ever changing
‘. shape, the density of the electron being spread out in the manner
W described by its Fermi hole. The extent of localization or delocalization
of the density of the electron is determined by the corresponding
localization of its Fermi hole. The integration of the Fermi hole density
for every possible position of the reference electron within an atom is
9—( i) a measure to which the electrons are localized within that atom.
Similarly, the integration of the Fermi hole density, whose reference
b electron is located within atorf2, over atomQ' yields the extent to
% which the electronic charge in atofdis delocalized to ator®’. This
) technique has been being applied to the study of localization and
delocalization in a wide variety of systems, providing a quantitative
basis for the concept of electron delocalizatiért® We apply this
rotational barriers are similar. Using the Fermi hole as a technique to the investigation of delocalization of total andensity
quantitative measure of electronic localization and delocali- in thioformamide and formamide.
zation!®-20 we demonstrate that there is no significant delo-
calization of electronic charge between the N and S atoms in Results

planar thioformamide nor between N and O in formamide. These  \jglecular and Atomic Properties. The total molecular

amide resonance model and the predictions made by the ‘formyl-HCSNH,-P, HCSNH-C, and HCSNH-T conformations of

Figure 1. Three thioformamide structures considered in this study.

amine’ model for the barrier to rotation in amides. thioformamide are listed in Table 1. The planar conformation
is the lowest energy structure, with the cis and trans transition

Methodology states 19.9 and 21.6 kcal mélless stable, respectively.
Energetically, both barriers are dominated by a loss of attractive
We have considered the planar (HCSNP), cis-pyramidal (HC- energies upon twisting, larger than the corresponding loss in

SNH,-C), and trans-pyramidal (HCSNH') structures of thioforma- repulsion,|AVy > |AV,|. The energetic changes are consistent
mide, Figure 1. All the atomic and molecular properties were with bond lengthening processes in which the loss in attraction
determined from the triplé&; polarized, diffuse, and balanced HF/6- petween the bonded fragments outstrips any decrease in
311++G** wave functions determined at conformations Optimized repulsion as the atoms move away from one another_ Th|s
using the same level of theofy. Each stationary point on the potential pattern of energy change has also been observed in the barrier
energy surface was characterized via the determination of analytical to rotation in ethand’ the barrier to inversion in ammonta
second derivatives. The planar thioformamide, W@tisymmetry, was 1\ the harrier to rotation in formamide Given that both

a minimum, while each of th€s-constrained pyramidal structures had . -
o ) HCSNH,-C and HCSNH-T rotamers display the same barrier
fi that ded to rotat f thegdblp. ; . . o .
one Imaginary Tequency Tial corresponced 1o retion o P energetics, the discussion shall be limited to conformations

We used closed-shell, SCF procedures without the addition of electron
correlation because they correctly and adequately reproduce the barrier (22) Schmidt, M. W.; Baldridge, K. K. Boatz, J. A; Elbert, S. T.;
of rotation}” with the added benefit that each of the energetic Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.;
contributions to the molecular and atomic energies defined within the Su, S.; Windus, T. L.; Dupuis, M.; Montgomery, J. A., JrComput Chem
usual, fixed-nucleus Hamiltonian is clearly defined within this theoreti- 1993 14, 1347.

; ; (23) Biegler-Kanig, F. W.; Bader, R. F. W.; Tang, T. H. Comput
cal model. The molecular calculations were performed using the Chem 1982 3, 317.

(24) Bader, R. F. W.; MacDougall, P. J.; Lau, C. D. HAm Chem
(19) Atkins, P. W.Quantg Oxford University Press: New York, 1991. Soc 1989 93, 2946.

(20) Bader, R. F. W.; Stephens, M. EAm Chem Soc 1975 97, 7391. (25) Bader, R. F. W; Streitwieser, A.; Neuhaus, A.; Laidig, K. E.; Speers,
(21) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem Phys 1972 56, P.J. Am Chem Soc, submitted for publication.
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M. S.; DeFrees, D. J.; Pople, J. A. Chem Phys 1982 77, 3654. Soc 1988 110, 7329.
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Table 1. Molecular Energetics of Planar, Cis Pyramidal, and Trans Pyramidal Thioform&mide

HCSNHP HCSNHC AP HCSNH,T As As

total E —491.6241 —491.5911 0.0330 —491.5881 0.0360 0.0030
Ve —1357.4709 —1355.9674 1.5035 —1355.7765 1.6944 0.1909
VEee 279.0472 278.2544 —0.7928 278.2110 —0.8362 —0.0434
Vn 95.1757 94.5306 —0.6451 94.3890 —0.7867 —0.1416
\Y —983.2482 —983.1822 0.0660 —983.1762 0.0720 0.0060
AE 20.708 22.590 1.883
ZPE 29.396 28.596 —0.800 28.393 —1.003 —0.203
AE 19.908 21.587 1.680

aThe total and contributing energies are given in atomic units and have been corrected for the virial defect. The overall energy differences are
in kcal moF*. *A; =C—-P,A;=T—-P,A;3=T-C.

Table 2. Geometric Parameters within the Planar, Cis, and Trans Conformations of Thiofotamide

Bond Lengths

Hs—Cy C—S Ci—Ns N3s—Hs N3s—Hs
HCSNHP 1.081 1.639 1.326 0.995 0.993
HCSNH,C 1.080 1.604 1.422 1.003 1.003
HCSNHT 1.084 1.587 1.419 1.004 1.004
Bond Angles
Hs—Ci—S, $—C1—N3 Hs—C1—N3 C1—Ns—Hs C1—Ns—Hs Hs—N3—Hs
HCSNHP 120.37 126.43 113.19 119.79 121.42 118.80
HCSNH.C 119.62 127.18 113.20 109.41 109.41 106.02
HCSNHT 119.09 124.46 116.46 109.64 109.64 106.74
Torsion Angles
Hs—C1—Nz—Hs Hs—C1—N3z—Hs $—C1—N3—Hs $—C1—N3z—Hs
HCSNH,P 0.00 180.00 0.00 180.00
HCSNH,C —122.13 122.13 57.87 —57.87
HCSNH,T —58.43 58.43 121.57 —121.57

a All bond lengths are given in A and all bond and torsion angles in degrees. The atoms are labeled as in Figure 1.

Table 3. Bond Critical Point Properties in Planar, Cis, and Trans
Thioformamidé

p(r) v2o(r) € fa Mo

HCSNH,-P and HCSNH-C, but the properties of all three can
be found in the tables.
The largest geometric change in bond length upon rotation

of the amide bond (Table 2) is the lengthening of theNC HCSNH,P
bond, by 0.10 A. There is a smaller shortening of theSC HamCy 0.300 —1.157 0.003 0.711 1.332
. - . Ci—% 0.222 0.402 0.152 1.941 1.156
bond (0.04 A) in the transition state, while the-8 and N-H Ci—Ns 0.339 —0.652 0.056 0.840 1.665
bond lengths are essentially unchanged. There is relatively little  n,—H, 0.355 —2.053 0.052 1.421 0.459
change in the bond angles, with the exception of theNc-H Ns—Hs 0.358 —2.012 0.056 1.409 0.467

and H-N—H bond angles around nitrogen, which necessarily HCSNH,C
decrease as nitrogen pyramidalizes. Hs—Cy 0.302 —1.163 0.008 0.705 1.336
The properties of charge density at the bond critical points Ci— 0.242 0.408  0.165 1.892 1.139
also reflect the change in interaction between C and N, Table Ci—Ns 0.304 —-1.078 0.132 1.040 1.649
A : e . Ns—Hs 0349  —-1797  0.046  1.403  0.493
3.251% The magnitude of charge at this critical point decreases " 349  —1797 0.046 1.403 0.493

by 10% as the associated interatomic distance lengthens. The HCSNHT
Laplacian becomes near!y twice as negative since the valence Hi—C; 0297 1125 0.006 0.719 1.329
shell of the carbon atom increases in size and magnitude. The ¢ s, 0.245 0.437 0.155 1.884 1.135
ellipticity of charge at the critical point increases, showing a C;—N; 0.304 —1.076 0.126 1.020 1.662
preference for the accumulation of electronic charge in the plane Ns—Hs 0349  -1.761 0.050 1.399 0.499
of the HSCN fragment. The bonded radius of the carbon atom Ns—Hs ~ 0.349  —1.761 ~ 0050 1399  0.499

(the distance from the nucleus to the bond critical point)  aAll values are in atomic units. The properties are determined at
increases, while that to nitrogen remains the same. ThBIC the (3,-1) critical point between the atonpgr), the total charge density;
bond lengthening contributes to the increase in size of the carbonv?e(r), the Laplacian of the charge densitythe ellipticity; raandry,
atom, indicating a gain of charge from its bonded neighbors. the bonded radii. The atom labels correspond to the diagram in Figure
The change in the €S interaction is 1 order of magnitude less
than that for G-N. The magnitude of charge at the bond critical
point increases slightly, while the bonded radius of both carbon
and sulfur decreases. The other interactions are relatively
unchanged.

The largest changes in the atomic properties (Table 4) were
found for the C and N atoms. The C atom gains 0.37 electron
in population and is stabilized by 151.9 kcal mblin the
transition state. This stabilization is due to gains in both intra-
atom (from gain in population) and inter-atom (decrease=#5C
interatomic distance) attractive energies. The attractive gains

overcome the associated increase in atomic repulsive energies.
The N atom, in contrast, loses 0.21 electron to its bonded
neighbors and is destabilized by 157.5 kcal mplvith the loss

in attraction (both inter- and intra-atom) dominating the energetic
destabilization. The S atom is destabilized (47.1 kcal ™ol

as it gives up 0.25 electron to the rest of the molecule. The
destabilization of S is also due to both inter- and intra-atom
attraction as the N atom recedes from the€group (data not
shown). The hydrogens bonded to nitrogen gain charge and
are stabilized slightly, while the formyl hydrogen is essentially
(28) Bader, R. F. W.; Essen, K. Chem Phys 1984 80, 1943. unchanged.
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Table 4. Atomic Properties of Planar, Cis, and Trans Thioformarhide

C1 Sz N3 H4 H5 H6 sum
HCSNHP
N(RQ) 5.783 15.791 8.378 0.946 0.542 0.560 32.001
E(Q2) —37.610 —397.365 —55.165 —0.608 —0.432 —0.444 —491.624
VieolQ) —88.141 —945.341 —135.367 —1.246 ~0.859 ~0.881
Va(RQ) —140.426 —1004.598 —193.112 —9.094 —5.207 —5.043
VR(R2) 65.204 209.866 82.781 7.878 4.343 4.155
HCSNH.C
N(Q) 6.154 15.537 8.165 0.936 0.604 0.604 32.000
E(Q2) —37.852 —397.290 —54.914 —0.606 —0.465 —0.465 —491.591
Vneo(€2) —89.591 —943.606 —134.312 —1.239 —0.925 —0.925
Va(RQ) —145.030 —1002.453 —188.070 —8.964 —5.728 —5.728
VR(R2) 69.325 207.872 78.242 7.752 4.799 4.799
HCSNH,T
N(Q) 6.159 15.481 8.158 0.967 0.618 0.618 32.001
E(Q2) —37.849 —397.268 —54.913 —0.616 —-0.471 —-0.471 —491.588
Vieo () —89.585 —943.199 —134.282 —1.262 —0.939 —0.939
Va(Q) —145.176 —1001.630 —188.418 —9.269 —5.646 —5.646
VR(R2) 69.478 207.094 78.591 8.036 4.705 4.705

a All atomic properties are in atomic unitaN(Q?) is the atomic populatiori(R2) is the atomic energWneo(R2) is the intra-atomic attraction
energy,Va(Q) is the total atomic attraction energy, aWd(Q?) is the total atomic repulsion energy. The energetics have been corrected for the
virial defect. For energies, 1 ag 627.51 kcal moi.

a) Total I electron. This yields the total density of S as 93.5% localized
with the S atom, 5.4% delocalized to C, and 7.0% delocalized
0935 S o711 S to N. Similarly, considering only the orbitals, ther density
of the S atom is 71.1% localized within its own volume, 23.1%
0.054 / 0.231 N/ delocalized to C, and 5.1% delocalized to N. This demonstrates
T 0.007 0051 that the electronic charge (both total ampiof S is primarily
localized within the volume of S. There is appreciable
delocalization of ther density from S to C but little delocal-
ization of either total orr density to the N atom. A similar
picture is seen for thioformamide using the basin of N as the
origin of the reference electron. The total) density is 82.4%
(84.8%) localized within the volume of N, 6.5% (9.0%)
delocalized to C, and only 1.4% (4.1%) delocalized to S. This
clearly shows that the primary interaction is between S or N
and C. There is little delocalization from one end of the
molecule to the other for either the total density orthdensity.
The xr charge associated with the nitrogen and sulfur atoms is
0916 O primarily localized within planar thioformamide.
This is also the result seen in formamide, Figure 2b. For
0.062 / 0.132 / planar formamide determined at the same level of theory, the
N 0.015 N 0.041 total () density of the O atom is 91.6% (82.1%) localized, 6.2%
‘ (13.2%) delocalized to C, and 1.5% (4.1%) delocalized to N.
Similarly, the total &) density of the N atom is 83.1% (88.0%)
localized, 5.6% (5.9%) delocalized to C, and 1.7% (3.8%)
delocalized to O. There is little delocalization of charge from

0.014 S 0.041 S

0.065 «/ 0.09Qk*
N 0.824 T 0.848

b) Total n

>=

*
0.821 O

o017 0038 ¥ one end of the molecule of either theor total density. As
0.052 « 0.059 s/ yvith thioformamide, the total ana density of planar formamide
N"0.831 N"0.880 is largely localized.

Representativer density Fermi holes of planar formamide

and thioformamide are depicted in Figure 3. The qualitative
result gleaned from the pictures in Figure 3 is thattheectrons

are largely localized in the both the planar formamide and
dhioformamide, whether the reference electron is placed in the
N or O (S). Ther density is localized within the basin of the
N, O, or S atom, and there is only a small fraction of the
density delocalized from one end of the molecule to the other.

Figure 2. Integrated Fermi correlatior;(L2,Q2'), for planar thiofor-
mamide (a) and formamide (b). The correlation using the total charge
density is given at the left, and the correlation considering onlyithe
density is given at the right. The asterisk denotes the atom used as th
origin of the correlation.

Localization and Delocalization. The integrated Fermi
correlation,F(R2,22"), both intra- Q = Q') and inter-Q = Q')
correlations, is given in Figure 2 for both thioformamide (a) Discussion
and formamide (b). The atomic Fermi correlations for the total
density and ther density are listed as fractions of the total The resonance model rationalizes the large barrier to rotation
population, using both S and N as the origins for the correlations. about the G-N bond in amides as a significant contribution to
For example, in Figure 2a, the first structure depicts the the stability of the planar amide from a resonance structure in
localization/delocalization within thioformamide using the total which electronic charge is transferred from the amide N to the
charge density and the sulfur atom as the origin of the referencecarbonyl O via ther systen?® The driving force for this
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both processes stabilizing the N atom. The destabilization of

a b
the bonded neighbors arises from the withdrawal of charge to
the more electronegative N and the increased repulsion due to
the shortening of the NX bond length. It is not the stabiliza-
tion of the central N atom that determines the barrier to inversion
but rather the sum of the destabilizations of its bonded neighbors.
To demonstrate this point, we list the changes in atomic
properties of NH, NH,F, and NHSiH; during inversion in
Table 5. In the case of ammonia, N is stabilized by 18 kcal
mol~! when made planar, but each of the hydrogen atoms is

destabilized by 7 kcal mol, yielding an overall destabilization
of 3 kcal mol! at the planar transition state. The same behavior

c
d is seen in NHF and NHSiH3z. In both cases, the planar N

withdrawals charge from all of its bonded neighbors and is
stabilized by greater intra- and inter-atomic attraction. With
the strongly electronegative substituent F, pyramidal N is less
electronegative than F. But the planar N has a greater
electronegativity and is able to reduce some of the stress exterted
upon it by pulling charge from both H and F. As in NHhe
barrier in NHF is determined by the destabilization of the
substituents bonded to N. With the electropositive substituent

SiHg3, there is essentially no barrier to inversion as the stabiliza-
tion gained by the planar N is not met with larger destabilization
Figure 3. Contour diagrams which graphically display the extent of of its bonded neighbors.

the Fermi holes for ther density in thioformamide (a and b) and One can view thioformamide as a ‘thioformyl-amine’ (and

formamide (c and d). The reference electron is placed above S (b) formamide as a ‘formyl-amine’) and correctl redict the
and O (d). The reference electron was placed above the N atom (a . y . y P
and c). molecular and atomic changes upon rotation about théNC

bond. The formyl or thioformyl group behaves merely as a

mechanism is the greater electronegativity of O, pulling charge Substituent on an amine, and the barriers to rotations are special
toitself. This predicts that the-€N bond length would shorten, ~ cases of a barrier to inversion of the corresponding amines. As
having partial double-bond character and hindering rotation. shown by the changes in atomic and molecular energetics,
When the amide €N bond is rotated, this model predicts that atomic populations, and the integrated Fermi correlations, the
the contribution from the delocalized structure will decrease, barrier to rotation is determined by the interaction between C
and consequently, charge should flow from the carbonyl group and N. This is readily understood in terms of the same
to the N atom. In thioformamide, the O atom is replaced by hybridization argument used above for amines. As the planar
the less electronegative S atom. The S atom is more polarizablesp? N pyramidalizes, its hybridization shifts towardsthe result

than O and could then better stabilize a negative charge, butof which is that N becomes effectively less electronegative and
this is not a sufficient driving force to pull charge from the surrenders electronic charge to its bonded neighbors. The
much more electronegative N atom. This line of reasoning distance between N and its neighbors increases as the strength
would then predict that there will be less charge pulled by S of interaction is decreased. N is destabilized by both the loss
from N through ther system of the molecule. As aresult, the  of charge within its basin and the increase in distance to the
C—N bond should not shorten nor the=G bond lengthen to  peighboring nuclei. Conversely, all of the bonded neighbors
the same extent as the analogous bonds in formamide. It wouldgye stapilized by the gain in population from the N. This is the
bg dn‘h(_:ult to predlct the higher barrier to rotation observed in 556 in amines and in both amides and thioamides. The driving
thioamides using the resonance model. force for the planarization of N is the stabilization of N through

The presented results clearly demonstrate that the predominanfs increased electronegativity and subsequent withdrawal of
change upon pyramidalization of the nitrogen atom is theNC charge from its bonded neighbors.

interaction. As the Nklfragment rotates away from planarity, L . . . .
the nitrogen pyramidalizes and charge is transferred from N to Con§|der||jg the gln‘fergnce bet_ween amldes and th|oam!des
from this point of view yields a simple picture. As shown in

its bonded neighbors, C and H. The interaction between C and _ ) ; .
S (similarly, C and O in formamide) is relatively unchanged, F19ure 4, the change in population and the energetic change

with only a small transfer of charge from S to C and small &0 be grouped into contributions for the formyl and thioformyl
change in bond length. The energetics are dominated by thedroups. The softer thioformyl group donates more charge to
lengthening of the €N bond and the resulting loss in intra-  the NF, group than does the more polarized formyl group in
and inter-atomic stabilization of N. the planar conformation. Thus, rotating about theNCbond,

Similarly, the barrier to inversion in amines is determined Which leads to the rehybridization of the N and it pyramidal-
by the balance between the stabilization of N upon becoming ization, is more costly for the N atom and the Ngroup in
planar and the destabilization of N's bonded neighBors. thioformamide. The atomic group, functional group, molecular
Nitrogen energetically prefers being planar. A simple hybrid- energetics, and charge flow are consistent with those changes
ization model would predict that the Zpybridization of the seen in the barrier to inversion in amirfésThis substitution
planar conformation has more ‘s character’ than the pyramidal of S for O leads to an understandable change in the interactions
sp? conformation. The consequences of the greater s characteibetween the formyl/thioformyl group and the rest of the
are that the atom is more electronegative and the majority of molecule. This also rationalizes the increased out-of-plane
the electronic charge of the atom is brought closer to the nucleus,bending potential for the Niigroup in thioformamidé?
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Table 5. Atomic Properties during Inversion of Ammonia, Fluoroamine, and Silylatine

N H sum
NHs
N(Q) 8.1193 (-0.1822) 0.626940.0607)
E(Q) —54.7721 (-0.0821) —0.4745 (-0.0327) —56.1955 (-0.0087)
Vieo(Q) —133.9132 £-0.7459) —0.9491 (-0.0630)

VA(Q) —146.2411 {1.1507) —3.2884 (-0.2910) —156.1063 £-0.2779)
VR(Q) 36.6092 §-0.9852) 2.3383+0.2301) 43.715240.2955)
NH,F

F
N(Q) 7.3584 (+-0.1978) 0.594040.0872) 9.4536(0.0185)
E(Q) —54.3940 (-0.0883) —0.4702 (-0.0451) —99.6285 ¢-0.0064) —154.9629 {-0.0249)
VNEo(R) —130.5968 {-0.8327) —0.9255 (-0.1032) —242.0097 -0.0957)

VA(Q) —161.8874 {-2.0963) —4.3807 (-0.6596) —272.4139 {-0.1033) —443.0626 {-0.8231)
Va(Q) 53.0833 §-1.9185) 3.4387+0.5691) 73.14140.1159) 133.136840.8729)
NH_SiHs

SiHs
N(Q) 8.6545 (-0.0262) 0.583840.0148) 16.1798-0.0063)
E(Q) —54.9492 (-0.0148) —0.4507 (-0.0073) —290.4437 ¢-0.0040) —346.2945 {-0.0005)
Vieo(Q) —135.6341 {-0.1218) —0.9007 (-0.0155) —677.1275 {-0.0663)
VA(Q) —187.2360 £0.3993) —4.8992 (-0.1224) —756.6118 -0.0351) —953.6265 {-0.1647)
VR(Q) 77.3263 §-0.3693) 3.9968-0.1075) 175.71070.0263) 261.036440.1728)

a All atomic properties are in atomic units. The values in parentheses are the changes in atomic properties upon reaching the planar transition

state. N(Q2) is the atomic populatiorg(<2) is the atomic energWneo(2) is the intra-atomic attraction energya (<) is the total atomic attraction

energy, and/r(Q) is the total atomic repulsion energy. The energetics
mol=L.

%]

@]

H/ N : f f
AN(group) +0.107 -0.213 +0.062 +0.044
AE(group) 103.5 +157.5 207 132
(0]
AN(group) +0.083 -0.199 +0.065 +0.051
AE(group) -75.9 +129.9 -20.7 -14.4

Figure 4. Atomic and functional group population and energy
differences for thioformamide and formamide. The population differ-
ences are in e, and the energy differences are in kcatmol

Conclusion

The barrier to rotation in thioformamide is larger than that
of formamide, although the origin of the barrier is the same in
both: the loss in attraction due to the lengthening of theNC

have been corrected for the virial defect. For energe627 .k kcal

the same for amines and thioamides. The barrier is the result
of lost attractive energies between the C and N atoms as the
latter pyramidalizes. The flow of charge is from N to C as the
N atom pyramidalizes. The integrated Fermi correlation shows
that there is little delocalization of either totalmicharge from

the N to the S (O) atom in thioformamide (formamide) in the
planar conformation. The primary difference between the two
molecules is the greater donation of charge from the thioformyl
group to the NH group in the sulfur analog. This makes the
pyramidalization of N more costly and increases the barrier to
rotation about the €N bond. This is the same process as seen
in the inversion of amines, and the differences between amides
and thioamides directly parallel the changes in amine inversion
barriers with changes in its bonded substituents. The physical
properties of (thio)amides can be readily understood using a
model which treats the molecules as ‘(thio)formyl-amines’.
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