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Electronic Structure of Sulfimides: A Theoretical Study
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The electronic structure of sulfimides has been studied using the model system HN=SH,, 1, by performing ab
initio calculations. There are two minima on the path of rotation across the S—N bond in 1. G2 calculations showed that
the S—N rotational barrier in 1 is 8.50 kcal/mol. The inversion around S in 1 goes through a high-energy barrier of 26.85
kcal/mol at the same level. Substituent effects on the electronic structure were studied using Me, Cl, and F as substitu-
ents. Charge analysis using the NPA method has been performed to understand the electronic factors responsible for the
observed trends in the S-N interactions. The NBO method was employed to quantitatively estimate the second-order
interactions, which indicate that the S—N partial double-bond character in sulfimides is mainly attributable to negative
hyperconjugative interactions, rather than p7—p7 interactions.

Sulfimides (RN=SR'R?), 1, also known as sulfimides or
iminosulfuranes, have important medicinal applications as an-
timicrobial, antidepressants, diuretic, hypotensive, and tumour
growth inhibitor and as stimulants on the nervous system.'”
They have gained importance in organic synthesis due to the
presence of two reaction sites, S and N, which can be attacked
by nucleophiles and electrophiles, respectively. Though sulf-
imides have been known since 1917, there is renewed interest
in these compounds with the recognition that they are useful as
methylidene transfer reagents.” Also important is the develop-
ment of procedures for the enantioselective synthesis of these
compounds.? The few selected examples given below illustrate
the importance of this class of sulfur nitrogen ylids. The syn-
thesis of novel sulfimides and identifying their applications
continues to be a fascinating subject.* Lithiated sulfimides
have been employed as nucleophiles in aromatic substitution
reactions.” Several heterocyclic compounds can be prepared
using sulfimides; compounds with endocyclic® 2 and exocyclic
3 sulfimides functional groups have been reported (Chart 1)."-6
The synthesis of sulfimides from unsymmetrically substituted
sulfides leads to two optically active forms. The optical activ-
ity of the sulfimides has been assigned to a high inversion
barrier at S.3° Allylic sulfimides are known to undergo a rear-
rangement to give sulfimides.’® Complexation reactions of
sulfimides with a series of transition metals has been reported.”
Rollin and co-workers recently reported the synthesis of
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anomeric sulfimides, and showed their application as glycosyl
donors.® Fujii et al. reported that sulfimides with S=N double
bond when treated with Selectfluor can yield fluoro-A°-sul-
fanenitrile with an S=N triple bond.’

There has been some controversy as to whether the sulf-
imides S=N linkage is a double bond or a semipolar bond.!®!®
The crystallographically observed S—N bond lengths vary very
strongly between 1.51 to 1.64 A, sulfimides with halogen sub-
stituents on sulfur showing smaller distances. In many cases
the S-N bond lengths are with the limits of the S-N double
bond length, and there should be some amount of S—-N 7T inter-
action in these molecules, however, much reduced it may be.
The S=N rotational barriers in sulfimides are expected to be
small because of the hypervalent nature of the sulfur atom
and the ionic character of the S-N interaction. Reed and
Schleyer have shown that the 3d orbital participation in sulfur
is negligible, even in hypervalent sulfur systems;'? hence, the
drr—p7r bond should not be expected in sulfimides. Politzer et
al. have studied the electrostatic potential of S,S-dimethyl-N-
(2-pyrimidinyl)sulfimides using the STO-5G method.!' Klein
et al. studied the conformational preferences of N-tosylsulf-
imides using the semiempirical method.'?> Shimizu et al. have
reported that the pyramidal S-inversion in R,S=NR is smaller
than the Se-inversion in R,Se=NR and the Te-inversion in
R,Te=NR, using density functional studies.'® The structures
and conformations of a series of halo and formyl substituted
sulfimides have been reported by Oberhammer and co-work-
ers.'* Harmata et al. reported on the theoretical analysis of
2,3-sigmatropic shifts in allylic sulfimides.!> Burtzoff et al.
studied the preferred connectivity of molecules containing a
sulfur-nitrogen bond using the B3LYP/6-311+G* method.
They reported that electronegative substituents, like fluorine,
increase the stability of the FN=SF, systems relative to its
isomers. For example FN=SF, is more stable than FN-SF.'®
Collins and Duke carried out a comparative study of some struc-
tures containing nitrogen—sulfur compounds, such as NSF,
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HSN, NS, N,S,, and H3NS.!7 Mezey et al. studied the confor-
mational analysis of a simple sulfimides model, and also stud-
ied a steric and lone-pairs effects on S,S-dimethyl-N-methyl
sulfonylsulfimide.'® None of the previous works reported
about the 77 strength across S and N in sulfimides. Our recent
work suggested that negative hyperconjugation is a very im-
portant factor across the S-N single bond.!° Herein, we report
on ab initio studies concerning the conformational aspects of
sulfimides, H,S=NH, 1. Charge analysis, second-order inter-
actions, and substituent effects in 1 have been explored. Com-
parisons have been made between S—N interactions in sulf-
imides and sulfinamides.

Methods of Calculations

Ab initio MO?® and density functional®! (DFT) calculations
have been carried out using the Gaussian 98W?? package.
Complete optimizations have been performed on sulfimides
1, its rotational conformer 1-r and the S—N rotational, S-inver-
sion transition states using the HF/6-31G*, B3LYP/6-31+G*,
and MP2(full)/6-314+G* levels (Fig. 1) Frequency calcula-
tions have been performed in order to characterize each sta-
tionary point as a minimum or a transition state, and to deter-
mine the zero-point vibrational energies (ZPE). The ZPE val-
ues obtained at the HF/6-31+G™ level have been scaled by a
factor of 0.9153.2% In order to obtain accurate values of the S—
N bond rotation barriers, single-point calculations have been
performed at various levels of ab initio calculations, including
QCISD(T)** and CCSD(T)* methods. The final energies
have been obtained using the G2 method?® Table 1 (also see
Tables S1 and S2 in Supplementary Information). The atomic
charges in all the structures were obtained using the natural
population analysis (NPA) method within the natural bond
orbital approach,?” using the MP2(FULL)/6-314+G* geome-
tries to understand the electron distribution in these molecules.
The second-order interactions reported in this work are also
based on the above NBO analysis (Table 2). To study the sub-
stituent effect on the structure and conformations, ab initio
MO, DFT, and NPA calculation were performed on R,S=NH
(2-4) and on H,S=NR (5-7), where R is F, Cl, and CHj3
(Fig. 2). The results were compared with sulfinamides 8-14
to gain an understanding of the S-N interactions (Fig. 3).
The geometric parameters and second-order interactions ob-
tained at the MP2(full)/6-314+-G* level and the G2 (thermal
free) energy values are employed in this discussion unless
otherwise specifically mentioned.

Results and Discussion

Concerning the potential energy surface of sulfimides,
HN=SH,, two minima, 1 and 1-r one S—N rotational transition
state, 1-rts, and one S-inversion transition state 1-its could be
located. The structural data corresponding to these structures
obtained using the HF/6-31+G*, B3LYP/6-31+G*, and
MP2(full)/6-31+G* levels are given in Fig. 1. Both the
ground-state structure 1 and 1-r are found to have C; symme-
try. The basic difference between the two structures arises
from the arrangement of the SH, group, syn or anti with re-
spect to the N-H bond. The S-N bond length in 1 is 1.576
A at the HF /6-314+G™ level; this distance increases to 1.594
A and 1.588 A after including the electron correlation at the
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Fig. 1. Important geometrical parameters of sulfimides

1, and sulfinamide 8 and its rotamer 1-r, 8-r, rotational
transition state 1-rts, 8-rts and inversion transition state
1-its, 8-its at HF/6-31+G™, MP2(FULL)/6-31+G*, and
B3LYP/6-31+G™ levels.

B3LYP and MP2 level. The S=N bond length (1.588, at
MP2 level) in 1 is much shorter than the S-N single-bond
length in HS-NH, (1.712 A), and also slightly shorter than
the S—-N double bond length in S=NH (1.594 A), both obtained
at the MP2(full)/6-314+G™ level. The N-S—H and S-N-H an-
glesin 1 are 113.7° and 112.6°, respectively at the MP2(full)/
6-31+G* level, comparable to the experimentally observed
values. The S-N bond length in 1-r is 1.606 A at the
MP2(full)/6-31+G™* level, which is slightly longer than that
in 1. The N=S-H angle in 1-r (108.0°) is much smaller than
that in 1. In rotational transition state 1-rts, the S—N distance
increases only by ~0.018 A, indicating that during rotation
the S—-N bond elongation is very small, i.e., there is no signifi-
cant change in the S-N interaction during S-N rotation in
sulfimides. The S-N bond length strongly increases during
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Table 1. The Relative Energies between Various Isomers of 1-14 (in kcal/mol, ZPE Values
Included after Scaling)

Bull. Chem. Soc. Jpn., 78, No. 8 (2005)

H,S=NH 1 1-r 1-rts 1-its-S
B3LYP/6-314+-G* 0.00 1.61 9.24 26.00
MP2(full)/6-31+G* 0.00 1.22 10.12 27.00
G2 FREE ENERGY 0.00 0.93 8.50 26.85

H,S=NF 2 2-r 2-rts 2-its-S
B3LYP/6-314-G* 0.00 6.53 15.66 21.90
MP2(full)/6-31+G* 0.00 6.86 16.73 2275
G2 FREE ENERGY 0.00 5.89 16.13 23.30

H,S=NCl 3 3r 3-rts 3-its-S
B3LYP/6-314+-G* 0.00 6.57 14.30 24.91
MP2(full)/6-31+G* 0.00 7.02 15.42 26.86
G2 FREE ENERGY 0.00 6.18 13.54 27.28

H,S=NMe 4 4-r 4-rts 4-its-S
B3LYP/6-31+G* 0.00 6.91 12.26 20.43
MP2(full)/6-31+G* 0.00 6.87 13.45 30.57
G2 FREE ENERGY 0.00 6.40 11.98 30.10

F,S=NH 5 5-r 5-rts 5-its-S
B3LYP/6-314+G* 0.00 7.14 11.11 20.14
MP2(full)/6-314+G* 0.00 7.28 12.05 22.08
G2 FREE ENERGY 0.00 4.38 10.19 23.40

Cl,S=NH 6 6-r 6-rts 6-its-S
B3LYP/6-31+G* 0.00 10.01 9.46 66.09
MP2(full)/6-31+G* 0.00 10.48 9.94 69.95
G2 FREE ENERGY 0.00 7.35 8.71 64.18

Me,S=NH 7 T-r T-rts 7-its-S
B3LYP/6-31+G* 0.00 —-0.58 7.70 32.33
MP2(full)/6-31+G* 0.00 —1.36 8.08 35.55
G2 FREE ENERGY 0.00 -1.36 7.13 34.39

HS-NH, 8 8-r 8-rts 8-its-S
B3LYP/6-314+-G* 0.00 0.84 7.78 1.83
MP2(full)/6-31+G* 0.00 1.21 8.23 2.13
G2 FREE ENERGY 0.00 0.21 6.66 1.90

HS-NF, 9 9-r 9-rts 9-its-S
B3LYP/6-31+G* 0.00 0.65 3.97 28.25
MP2(full)/6-31+G* 0.00 1.01 4.58 33.56
G2 FREE ENERGY 0.00 0.05 3.88 29.08

HS-NCl, 10 10-r 10-rts 10-its-S
B3LYP/6-31+G* 0.00 1.44 5.01 8.76
MP2(full)/6-31+G* 0.00 1.46 6.03 10.22
G2 FREE ENERGY 0.00 1.33 4.95 9.71

HS-NMe, 11 11-r 11-rts 11-its-S
B3LYP/6-31+G* 0.00 1.86 7.26 4.44
MP2(full)/6-31+G* 0.00 1.87 7.39 6.24
G2 FREE ENERGY 0.00 2.12 7.11 5.22

FS-NH, 12 1219 12-rts 12-its-SV
B3LYP/6-314+-G* 0.00 — 20.00 —
MP2(full)/6-31+G* 0.00 — 20.45 —
G2 FREE ENERGY 0.00 — 18.33 —

CIS-NH, 13 1319 13-rts 13-its-SV
B3LYP/6-31+G* 0.00 — 17.46 —
MP2(full)/6-31+G* 0.00 — 16.46 —
G2 FREE ENERGY 0.00 — 14.31 —

CH;S-NH, 14 14-r 14-rts 14-its-S
B3LYP/6-314+-G* 0.00 —-0.85 7.00 —
MP2(full)/6-31+G* 0.00 —1.21 7.02 0.80
G2 FREE ENERGY 0.00 —0.53 6.81 1.24

a) There structure could not be identified on the respective PE surfaces (Ref. 19¢). Result on 8-14 have

been reported earlier in Ref. 19c.
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Table 2. Energy E® Associated with Important Second-Order Electron Delocalization in 1-14

1 2 3 4 5 6 7
nls — 0%nx 5.74 8.92 9.43 4.90 8.61 8.73 6.64
nly — 0% x 6.75 242 3.60 6.41 12.52 20.14 5.50
n2n — 0%s x 22.35 18.05 18.17 23.58 — 60.66 21.46

8 9 10 11 12 13 14
nls — 0%nx 1.86 1.31 2.83 1.91 2.45 2.33 2.00
n2s — 0%nx 3.78 10.02 7.13 2.24 7.48 6.05 426
nly — 0%s x 8.09 2.34 4.47 8.26 3591 30.82 8.60

X=1,8=H;2,5=F;3,6=Cl 4, 14 = Me. a) An S-N double bond was shown by NBO in 5.
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MP2(FULL)/6-31+G* and B3LYP/6-31+G* levels. faces, owing to severe lone-pair lone-pair repulsions.
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inversion, as in 1-its (by 0.038 A).

The absolute energies of 1 and its related structures are giv-
en in Supplementary Information; the relative values are given
in Table 1. Conformation 1 with a syn arrangement of hydro-
gen is the most stable. The corresponding anti isomer 1-r is
about 1.0 kcal/mol less stable than 1 at the G2 level. The dif-
ference in the stability of 1 and 1-r varies between 0.8 and 1.6
kcal/mol at other levels. The S inversion path requires about
26.8 kcal/mol in 1 at the G2 level. This indicates that the S-in-
version process is an unfavorable path, which is also supported
by the observed increase in the S-N distance in 1-its, as com-
pared to 1. We have tried to locate a transition state for the N-
inversion process in 1. The corresponding stationary point has
two negative frequencies, indicating that the N-inversion in 1
is not an acceptable isomerization path between 1 and 1-r.
The S- and N-inversion paths in 1 are unfavorable because
they involve filling an antibonding S-N 7 orbital, which is
destabilizing in nature. The S—N rotational barrier in 1 at the
HF/6-314+G* level is 8.92 kcal/mol. After including electron
correlation at MP2(full) and the B3LYP QCISD(T) and
CCSD(T) levels, the S-N rotational barrier increases to
10.12, 9.24, 9.72, and 9.72 kcal/mol, respectively. At the G2
level, the S—N rotational barrier has been estimated to be
8.51 kcal/mol, respectively. After including thermal correc-
tions, the estimated rotational barrier is reduced to 8.50
kcal/mol (G2 free energy). All of these values are compatible
to the experimentally observed rotational barrier, 9.60 kcal/
mol in sulfimides.?

NBO analysis suggests that there is only a sigma bond be-
tween sulfur and nitrogen in sulfimide (Table 2). The 7 bond
is absent between sulfur and nitrogen in 1. NBO analysis
clearly indicates the presence of two lone pairs on nitrogen;
one is sp? type (nl), and the other is pure p type (n2). The first
lone-pair (n1) contributes to two weaker nly — 05y nega-
tive hyperconjugative interactions (E®: 6.75 kcal/mol), and
the second lone-pair contributes to two stronger n2y —
o*s.y negative hyperconjugative interactions (E®: 22.35
kcal/mol). There is also a weak nlg — o™y_y negative hyper-
conjugation (E®: 5.74 kcal/mol) in 1. The above second-order
interactions contribute to anomeric 77 bonds between sulfur
and nitrogen. Apart from the negative hyperconjugative inter-
actions, sulfimides show a back donation-type interaction
from n2y — Rydberg (3d,;). The second-order energy associ-
ated with this interaction is 15.39 kcal/mol. During S-N rota-
tion, the n2y — o*g g interactions become strongly reduced,
whose combined E® value reduce from 44.7 kcal/mol in 1 to
22.2 kcal/mol in 1-rts. This reduction on anomeric 77 stabili-
zation is mainly responsible for the high rotational barrier. All
other S—N interactions, including n2y — Ry*g marginally de-
viate during S-N bond rotation in 1. From the above discus-
sion, it can be concluded that the high S—N rotational barrier
in sulfimides can be attributable to second-order negative
hyperconjugative interactions, but not to the S—N p7r—p7 or
dmr—p7 bond. The S—N rotational barrier in HS=NH, 1 is only
slightly more than that of the S-N rotational barrier in HS—
NH,, 8 (6.66 kcal/mol). HS-NH, was also shown to posses
a partial 7 bond due to negative hyperconjugation.'® It is
strange to note that the S—N rotational barrier in HS=NH with
a formal S=N double bond is comparable to that of HS—NH,,

Bull. Chem. Soc. Jpn., 78, No. 8 (2005) 1421
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Fig. 4. The atomic charges obtained using NPA method at
MP2(FULL)/6-314+-G* level in 1 and 8.

in which there is a formal S-N single bond. The substituent
effect provides further clues in the analysis.

The atomic charges obtained using the NPA method and the
geometries obtained at the MP2 level for 1 and 8 are given in
Fig. 4. There is a strong positive charge (0.74) on sulfur, and
more than a unit negative charge (—1.22) on nitrogen in 1.
The strong polarization in H,S=NH is in contrast to that in
HS-NH,, where sulfur is only weakly positive. The group
charge separation across the S—N bond in H,S=NH is 1.69,
whereas this value in HS-NH, is only 0.54. This data indicates
that the semi-polar character in sulfimides is very strong. The
observed smaller distance in sulfimides can be attributed to
these ionic attractions in addition to negative hyperconjuga-
tion, rather than the S—N pT—p7 strength.

Substituent Effect. Substituents cause significant changes
to the rotational barriers in HS—NH,, 8. With an increase in the
electronegativity of the substituent on sulfur, the S-N rota-
tional barrier increases to very high values (from 6.6 kcal/
mol in HS-NH; to 18.3 kcal/mol in FS-H,;N). Such a large
increase in the rotational barrier has been attributed to a strong
increase in negative hyperconjugative interactions in sulf-
imides, leading to an increase in the anomeric 7 strength. It
is important to know whether such processes play any role
in sulfimides; hence, calculations have been carried out on
2-7 with substitution on nitrogen (2—4) and substitution on
sulfur (5-7). In sulfimides 1-7, the syn arrangement is more
stable than the anti arrangement. The relative thermodynamic
preference for the syn arrangement in 1 is only ~1 kcal/mol,
but in 2-6, the syn preference is significantly high in the range
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Table 3. Charge Separations Across S-N Bond in 1-14 Obtained from NPA Calculations

Rotational Inversion
Compound Label Group charge Rotamer transition transition
state state
H,S=NH 1 1.69 1.71 1.78 1.47
H,S=NF 2 1.80 1.80 1.77 1.64
H,S=NHCI 3 1.84 1.84 1.86 1.66
H,S=NMe 4 1.72 1.76 1.84 1.52
F,S=NH 5 1.42 1.45 1.54 0.59
Cl,S=NH 6 1.30 1.39 1.18 1.18
Me,S=NH 7 1.77 1.79 1.85 1.55
HS-NH, 8 0.54 0.53 0.49 0.61
HS-NF, 9 0.77 0.76 0.72 0.90
HS-NCl, 10 0.80 0.78 0.75 0.87
HS-NMe, 11 0.56 0.56 0.53 0.65
FS-NH, 12 0.52 — 0.51 —
CIS-NH, 13 0.48 — 0.46 —
MeS-NH, 14 0.57 0.55 0.53 0.62

of 4.4-7.4 kcal/mol. In the case of 7, the anti arrangement is
slightly more preferred over the syn arrangement.

In the N substituted sulfimides 2-4, two different trends
have been noticed. Due to an increase in the electronegativity
of on X, (in H,S=NX), the S—-N bond length increases in the
order HS=NMe (1.579) < H,S=NCI (1.607) < H,S=NF
(1.611); the charge polarization across the S—-N bond decreases
in the order H,S=NMe (1.79) > H,S=NCI (1.68) > H,S=NF
(1.21) (Table 3). The n2y — 0¥y delocalization decreases
in the order HS=NMe (23.58) > H,S=NCI (18.17) >
H,S=NF (18.05 kcal/mol). All of these factors indicate a
weakening of the S-N interaction in the same order. On the
other hand, the S—N rotational barrier increases in the order
H,S=NMe (11.98) < H,S=NCI (13.54) < H,S=NF (16.13
kcal/mol); the E® associated with nlg — o0*y_x increases
H,S=NMe (4.90) H,S=NCI (9.43) > H,S=NF (8.92 kcal/
mol). These factors indicate that the S—N 7 strength increases
with the electronegative substitution on N in sulfimides.

In the S-substituted sulfimides 5-7, only one trend is ob-
served i.e. an increase in the S—N bond strength with an in-
crease in the electronegativity of the substituent sulfur. The
S—N bond length decreases in the order Me,S=NH (1.588)
> CI,S=NH (1.511) > F,S=NH (1.497); the S-N rotational
barrier increases in the order Me,S=NH (8.80) < Cl,S=NH
(11.0) < F2S=NH (12.05 kcal/mol). The n2y — 0*s_x de-
localization strongly increases as a function of X: E® associ-
ated with this delocalization; the values are 21.46 and 60.00
kcal/mol in Me,S=NH and Cl,S=NH. In F,S=NH, an S-N
p7t—p7t bond has been noticed. This indicates that in the pres-
ence of highly electron withdrawing groups on sulfur, the S-N
p7t—p7t interaction becomes stronger. This is also evidenced by
a strong S-N bond dissociation energy in F,S=NH (85.02
kcal/mol) in relation to that in Me,S=NH (36.53 kcal/mol).
In the case of sulfinamide 8-14, the electronegative substitu-
ents on nitrogen decrease the S—N interaction, whereas electro-
negative substituents on sulfur increase the S—N interaction, as
indicated by trends in the S—N rotational barriers (Table 1) and
second-order delocalization (Table 2).

It is intriguing to compare the properties of H,S=NH with
F,S=NF and F,S=NH. Fluorine substitution on both nitrogen

and sulfur increase the S—N bond rotational barriers. In
F,S=NH, a regular dt—p7 bond has been noticed, and the
n2y — 0¥sp interaction becomes much weaker (E®: 12.3
kcal/mol). This dr—p7 bond in F,S=NH is also responsible
for the observed shorter S—-N bond length (1.497 A) and in-
creased S—N rotational barriers (10.2 kcal/mol) compared to
H,S=NH. In the case of HyS=NF, there is no d7—ps bond,
the ionic attractions are weaker, and the S—N bond length is
elongated to 1.611 compared to H,S=NH, but still showing
a very high S-N bond rotational barrier (16.13 kcal/mol)
due to strong negative hyperconjugative interactions. From
this comparison, it is clear that an increase in the 7T strength
from H,S=NH to F,S=NH due to the dm—pm bond
(Erotbar = 1.7 kcal/mol) is much weaker than the increase in
the 7 strength from H,S=NH to H,S=NF due to negative
hyperconjugative interactions (Eiopr = 7.6 kcal/mol), thus
showing the importance of negative hyperconjugative interac-
tions in sulfimides.

Conclusion

Ab initio studies on a series of sulfimides have been carried
out to study their electronic structure. The S-N interactions in
sulfimides are strongly ionic in nature. However, negative
hyperconjugative interactions also play a significant role, as
indicated by the relatively high S—N rotational barriers. Sub-
stituents strongly influence the negative hyperconjugative in-
teractions, but weakly influence the ionic interactions across
the S-N bonds in sulfimides. A comparison of S—N interac-
tions gave better clues on the electronic structure of sulfimides.
Electronegative substituents on N as well as S increase the 7T
strength across the S-N bond.

The authors thank Council of Scientific and Industrial
Research (CSIR), New Delhi for financial support.

Supporting Information

The Supporting Information contains two tables, Table 1 con-
tains absolute energies (in a.u.) of structures 1-14 and related
structures obtained at HF, B3LYP, MP2 (full), QCISD (T), CCSD
(T), G2, and G2 Free Energy at 6-314-G* levels. Table 2 contains
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relative energies (in kcal/mol, ZPE values included after scaling)
of the structures 1-14 and related structures obtained at HF,
B3LYP, MP2 (full), QCISD (T), CCSD (T), G2, and G2 Free
Energy at 6-31+G* levels. This material is available free of
charge on the web at http://csj.jp/journals/bcsj/.
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