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Abstract-Free P(SMe)3 molecule was studied by gas electron diffraction (GED) and by B3PW91/6-
311+G* (DFT) and MP2/6-31+G* calculations. Each conformer is characterized by three dihedral angles
t(CSPlp), where lp denotes the direction of the lone electron lone pair on the P atom. DFT calculations
indicate that the most stable conformer is ananti,gauche+,gauche3 (ag+g3) conformer ofCs symmetry; the
next are theag+g+ (DE = 2.5 kJ mol31), g+g+g+ (DE = 5.2 kJ mol31), and aa+g+ (DE = 12.5 kJ mol31)
conformers. The MP2 calculations give the similar order, with the relative energies of 0.3, 4.3, and
10.6 kJ mol31, respectively. The experimental GED data agree well with the presence of only two conformers:
c(ag+g+) = 80(20)% andc(ag+g3) = 20(10)%.

Thioesters of three-coordinate phosphorus acids
strongly differ in the chemical behavior from their
oxygen analogs [1, 2] whose structures and properties
are studied quite comprehensively [3, 4]. However,
the structures of thioesters, especially in the gas
phase, are studied to a much lesser extent.

The goal of this study was to determine the molec-
ular structure and conformational stability of gaseous
P(SMe)3 molecule by electron diffraction and quan-
tum chemical calculations. For better understanding
of the conformational preferences of the free molecule,
we also included the calculation results for the
F2PSMe molecule.

The simplest molecules containing a single bond
between P and S atoms, i.e., H2PSH and F2PSH, were
studied byab initio molecular orbital calculations in
[5]. Each of them has stable conformations in which
the S3H bond is locatedsyn-periplanar andanti-
periplanar relative to the lone electron pair of the P
atom (Plp). It was found that thesyn structure is
preferred in the compound with equivalent substit-
uents, whereas theanti form is preferred with different
substituents. According to the IUPAC rules, the
dihedral angle t(HSPlp) describing the relative
orientation of two terminal fragments of the molecules
should be defined as 0o in syn and 180o in anti
conformations [6].
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The related molecules with methyl groups,
Me2PSMe and F2PSMe, were studied experimentally
and theoretically in [5, 739]. As indicated above for
the free molecules, thesyn or approximately syn
structure is preferred in the compound with equivalent
substituents, whereas theanti form is preferred with
different substituents. Unfortunately, Daviset al. [9]
in an ED study of F2PSMe failed to determine
unambiguously the predominant conformation, prob-
ably due to existence of impurity in the sample.

The molecules of the series MeSPX2 (X = Cl, Br)
were studied by GED in [10, 11]. According to the
experimental data, thegaucheand anti forms equally
well agree with the experiment. The results of our
DFT calculations at the B3PW91/6-311+G* level
indicate that, for the MeSPCl2 molecule, theanti form
is by 5.8 kJ mol31 more stable than thegaucheform.

The above example shows that, even in simple
compounds with a single axis of internal rotation
about the P3S bond, it is difficult to determine un-
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ambiguously the conformation solely from the GED
data, without using additional theoretical and experi-
mental information.

The problem becomes much more complex in the
case of molecules with two or three degrees of free-
dom of internal rotation. Very little is known about
the conformational preferences of trimethyl phospho-
rotrithioite, P(SMe)3. Taking into account that the
electronegativity of the S atom is close to that of
carbon, extrapolation based on the conformational
properties of Me2PSMe molecule suggests that the
equilibrium conformation may be characterized by
three methylthio groups in thesyn or approximately
synorientation relative to the lone electron pair on the
P atom. However, models with methylthio groups in
other orientations should be considered also. Indeed,
an early ED study of the P(SMe)3 molecule showed
that, in the gas phase, on the assumption of the local
C3v symmetry for the PS3 groups, the compound
exists as a mixture of three conformers withgauche
and anti orientation of the methylthio groups relative
to the lone electron pair on the P atom, with the
gauche-gauche-gaucheconformer of theC3 symmetry
prevailing [12]. To check and refine these conclusions,
we decided to revise the previous ED data using
additional data on the geometry and force fields of
the molecules according to DFT and MP2 calculations.
The preliminary results were published in [13].

Quantum-chemical calculationswere carried out
on the B3PW91/6-311+G* (DFT) and MP2/6-31+G*
(MP2) levels of theory using the GAUSSIAN pro-
gram system [14]. The structure optimization for the
anti conformer of the F2PSMe molecule was carried
out assuming theCs symmetry, and that of thegauche
conformer, without imposing symmetry restrictions.
The calculations of the molecular force fields con-
firmed that the optimal structures thus obtained cor-
respond to the minima on the potential energy hyper-
surface. The structure optimization (DFT) for the
P(SMe)3 molecule without imposing symmetry restric-
tions revealed two nondegenerate minima; the struc-
ture optimization assumingCs and C3 symmetry
followed by calculation of the force fields revealed
two more minima. The MP2 geometry optimization
followed by calculations of force constants for theCs
conformer, unlike the DFT method, revealed one
imaginary frequency, which was preserved when
using tighter convergence criteria, up toOpt =
VeryTight. Nevertheless, theCs conformer cannot be
characterized as transition state, because it has one
negative eigenvalue of the Hessian. Lowering the
symmetry from Cs to C1 and using theOpt =
VeryTightconvergence criterion resulted in the struc-
ture that was very close to that of theCs symmetry

with no imaginary frequencies but one very low
frequency (17 cm31). Lowering of the symmetry may
be due to numerical errors of the MP2 method.

The DFT theoretical molecular force fields were
used to calculate the mean vibrational amplitudes (u)
and vibrational correction termsD = ra 3 r

a
using a

program from [15].

Gas electron diffraction. In our study we used the
observed intensity curves recorded in [16]. The atomic
scattering factors were taken from [17]. The experi-
mental backgrounds were drawn as cubic spline func-
tions to the difference between the experimental and
theoretical molecular intensity curves using a program
developed by A.V. Belyakov.

Least-squares structure refinements were carried
out with a modified version (A.V.B.) of the program
KCED25M [18, 19]. The weight matrices were diag-
onal; the long distance data were assigned unit
weight, and the short distance data weight was 0.5.
Estimated standard deviations calculated by the
program were multiplied by a factor of three to
include the added uncertainty due to data correlation
and nonrefined vibrational amplitudes as well as an
estimated scale uncertainty of 0.1%.

The three P3S, S3C, and C3H distances were
refined as independent parameters; the differences
between the chemically equivalent but symmetry-non-
equivalent bond distances (e.g., P3S distances) in the
same conformer or between chemically equivalent
bond distances in different conformers were fixed at
the values given by DFT calculation. Similarly, the
meanSPS, PSC, and SCH bondangles were refined
as independent parameters, while the differences
between chemically similar but symmetry-nonequiv-
alent angles were fixed at the calculated values.
Three dihedral angles characterizing the rotation of
the PSMe groups were refined as independent param-
eters for the predominant conformerag+g+, while the
dihedral angles in the other conformers were fixed at
the values obtained from the DFT calculations. Me-
thyl groups were assumed to be in staggered orienta-
tion. Finally, we refined the mole fractions of the
+ag+g+ andag+g3 conformers, and the mole fraction
of the +g+g+g+ conformer was calculated as the dif-
ferencec(+g+g+g+ ) = 1 3 c(+ag+g+) 3 c(ag+g3);
the mole fraction of the less stable+aa+g+ conformer
was assumed to be equal to zero. In accordance with
the experiment, to obtain the final geometry param-
eters, the mole fractionc(+g+g+g+ ) was fixed at
zero. The mean amplitudes for the P3S, S3C, and
C3H bonds and the amplitudes for nonbonded dis-
tances were refined in groups with constant fixed dif-
ferences. The total number of simultaneously refined
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Table 1. Structural parameters of the F2PSMe molecule,
determined at the B3PW91/6-311+G* (DFT) and MP2/6-
31+G*a levels of theory
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ DFT ³ MP2
ÃÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ anti ³ gauche ³ anti ³ gauche

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Bond ³ ³ ³ ³
distance ³ ³ ³ ³
P3F ³ 1.626³1.623/1.616b ³1.635³1.631/1.625b

P3S ³ 2.105³ 2.115 ³2.083³2.093
S3C ³ 1.828³ 1.829 ³1.824³1.826
Bond angle³ ³ ³ ³
SPF ³ 100.9³102.6/96.9c ³100.6³102.7/97.0c

FPF ³ 94.8³ 96.2 ³ 94.8³ 96.1
PSC ³ 102.6³ 97.0 ³101.8³ 97.0
Dihedral ³ ³ ³ ³
angle ³ ³ ³ ³
CSPlp ³ 180 ³333.8 ³180 ³331.8
CSPF ³ +48.6³ 99.7/3162.3d ³+48.5³101.8/3160.3d

Relative ³ ³ ³ ³
energy DE ³ 0 ³ 6.1 ³ 0 ³ 10.5
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
a The bond distances are inA; angles, in degrees; relative

energiesDE, in kJ mol31. b P3F1/P3F2; for the numbering of
F atoms in thegaucheconformer, see Fig. 1.c SPF1/SPF2.

d
t(CSPF1)/t(CSPF2).

independent parameters was 14, including two scale
factors.

When refining structural parameters (bond lengths
r, mean amplitudes of vibrations of atom pairsu, etc),
the minimized functional has the form:

Q = SwsDs
2 = Sws[sMobs(s) 3 ksMcal(s)]2, (1)

s

where ws is a weight function;s = (4p/l)sin (q/2),
parameter of scattering angleq; l, wavelength of elec-
tron beam;sM(s), molecular intensity curve; andk,
scale factor. As a criterion of minimum of the func-
tional serves theR-factor:

R =(Q/Sws[sMobs(s)]2)1/2. (2)
s

Conformational preferences and anomeric effects
in F2PSMe molecule.The DFT and MP2 calculations
of a simpler F2PSMe molecule were carried out for
better understanding of the structure and conforma-
tional preferences in the A2PSMe fragment, where A
is an electronegative element with stronger anomeric
effects than in the P(SMe)3 molecule.

The structure optimization for F2PSMe revealed

two distinct conformers, the most stable of them being
anti conformer of theCs symmetry, shown in Figs. 1a
and 1b. The calculations revealed also two degenerate
minima corresponding to two enantiomericgauche
conformers of C1 symmetry at the higher energy
(Figs. 1c, 1d). The structural parameters correspond-
ing to the refined models are given in Table 1.

We have previously suggested that the equilibrium
conformers of aminophosphanes, A2PNMe2, are stab-
ilized by anomeric effects, i.e., through delocalization
of the lone electron lone pair of N to antibonding
P3A orbitals [20, 21]. Therefore, we decided to
analyze such effects in the F2PSMe molecule by
natural bond orbital (NBO) analysis [22] (Fig. 1,
Table 2). Such analysis of the wavefunction of the
anti conformer indicates that anomeric delocalization
of the lone electron pair of the P atom to the anti-
bonding s*(S3C) orbital (Fig. 1a) stabilizes this
conformer by approximately 4.7 kJ mol31. The de-
localization energy is expected to reach a maximum
at the dihedral anglet(lpPSC) = 180o and to be at
minimum when this angle is about 90o; in the gauche
conformer, wheret(lpPSC) = 334o, it already de-
creases almost to zero.

The relative orientation of the PF2 and SMe frag-
ments in thegaucheconformer is such that the direc-
tion of the plp of the S atom is nearly coplanar with
the P3F1 bond and nearly perpendicular to the P3F2

bond (Fig. 1d). As a consequence, theplpS 6
s*[PF1] stabilization energy is about 43.0 kJ mol31,
while theplpS6 s*[PF2] energy is only 6.7 kJmol31.
The former interaction causes the strongest anomeric
stabilization of this conformer. It should be noted that
the structural consequences of the anomeric effect are
similar to those of conjugation of multiple bonds
separated by a single bond. Indeed, the P3F1 bond in
the gaucheconformer, according to the calculations,
is approximately 0.630.7 pm longer than the P3F2

bond, and the SPF1 angle is approximatley 6o larger
than the SPF2 angle. In theanti conformer,plp of the
S atom interacts equally with boths*(P3F) orbitals
(Fig. 1b); this delocalization stabilizes theanti con-
former by 55 kJ mol31. Like the anomeric delocaliza-
tion of thelp of P, the delocalisation ofplpS stabilizes
the anti conformer relative to thegaucheconformer.
Theslp of the S atom is more tightly bound than the
plp, and the anomeric delocalization energies are
much lower (Table 2). The anomeric delocalization of
three lone pairslpP, slpS, andplpS along the P3S
bond stabilizes in total theanti conformer by 60 and
the gaucheconformer by 55 kJ mol31. The difference
between these stabilization energies of 5 kJ mol31 is
close to the difference in the electronic energies be-
tween the anti and gauche conformers, DE =



RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 75 No. 5 2005

MOLECULAR STRUCTURE AND CONFORMATIONAL PREFERENCES 703

(a) (b)

F
F

S

C

P

F

F

C

(c) (d)

C

F1

F2

S
F2 F1

C

gauche gauche

anti anti

Fig. 1. Anomeric effects in theanti andgaucheconformers of the F2PSMe molecule. The symmetry of theanti conformer is
Cs. (a) Delocalization of the Plp to the C3S antibonding orbital; (b) delocalization of theplp of S to the two PF2 antibonding
orbitals (the less stablegaucheconformer has theC1 symmetry); (c) Delocalization of theslp of S to the PF2 antibonding
orbital; (d) delocalization of theplp of S to the PF1 antibonding orbital.

6 kJmol31. Delocalization of each of the three lone
pairs is expected to strengthen and thus shorten the
P3S bond, and we note that the P3S bond distance
calculated for theanti conformer is indeed approxi-
mately 1 pm shorter than in thegaucheconformer.
The similar results were obtained in the NBO analysis
of the F2POMe molecule [23]. The results of NBO
analysis are thus fully consistent with the assumption
that both the conformational stabilities and bond
distances and bond angles in the two conformers are
determined by anomeric effects.

Molecular structure and conformational prefer-
ences of the P(SMe)3 molecule, according to quan-

tum chemical calculations and gas electron diffrac-
tion. DFT calculations at the B3PW91/6-311+G* level
and MP2/6-31+G* calculations revealed four non-
degenerate minima on the potential energy surface,
corresponding to four different molecular conforma-
tions shown in Fig. 2. A ball-and-stick model with
atoms numbering of theag+g+ conformer of theC1
symmetry that gives the best fit to the experimental
data is shown in Fig. 3. The relative electronicener-
gies at 0 K and the relative standard enthalpies and
Gibbs free energies at 298 K are listed in Table 3
together with bond distances, bond angles, and di-
hedral angles.
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Table 2. Anomeric effects in theanti andgaucheconformers of the F2PSMe molecule and in each (S2)PSMe fragment of
the ag+g+ conformer of the P(SMe)3 moleculea

ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Conformer
³ F2PSMe
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄ

or fragment
³ t(lpPSC) ³De[lpP6s*(S3C)]³ t(slpSPF)³De[slpS6s*(PF2)] ³t(p/pSPF)³De[p/pP6s*(PF2)] ³ SDe

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄ
anti ³ 180 ³ 4.7 ³+131 ³ 0.0 ³ +41 ³27.5 + 27.5 = 55³ 59.7
gauche ³ 334 ³ 0.0 ³ 380/18 ³0.0 + 5.4 = 5.4 ³ 10/372b ³43 + 6.7 = 49.7³ 55.1

(MeS)2PSMe
³ t(lpPSC) ³De[lpP6s*(S3Cl)³t(slpSPS̀) ³De[slpS6s*(PS̀)] ³t(p/pSPS̀)³De[p/pP6s*(PS̀)] ³ SDe

(S̀2)PSC1 ³ 179 ³ 7.5 ³ 131/3126 ³3.3 + 0.0 = 3.3 ³ 41/336 ³23.8 + 22.2 = 46.0³ 56.8
(S̀2)PSC2 ³ 42 ³ 0.0 ³ 91/314 ³0.0 + 0.0 = 0.0 ³ 2/76 ³37.2 + 0.0 = 37.2³ 37.2
(S̀2)PSC3 ³ 42 ³ 0.0 ³ 312/96 ³ 0.0 + 0.0 = 0.0³ 78/6 ³ 0.0 + 31.4 = 31.4³ 31.4
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄ
a The dihedral anglest [in degrees] andlp 6 s* delocalization energies (De) [in kJ mol31] were obtained by NBO analysis [22].
b P3F1/P3F2; for numbering of F atoms in thegauche conformer, see Fig. 1.

We shall characterize each conformer through the
dihedral anglest(CSPlp), wherelp is the direction of
the lone electron pair of the phosphorous atom; this
lone pair is assumed to coincide in the direction with
a normal to the plane passing through the three points
located at unit distances along bonds around the P
atom.

We found that, as in the case of the ClP(SMe)2

molecule [24], the relative energies of theag+g3
conformer of Cs symmetry depend on the level of
theory (Table 3). As follows from the results of MP2/
6-31+G* calculations, theag+g3 conformer of theCs
symmetry is by only 0.6 kJ mol31 more stable than the
ag+g+ conformer of theC1 symmetry (Table 3). In
this case, to obtain more accurate result, it is neces-
sary to use as high level of theory as possible. The
ag+g3 conformer has very low frequency of the
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Fig. 2. Molecular conformations of the P(SMe)3 molecule, as predicted by quantum chemical calculations, with designation
of bonds.
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Table 3. Experimental and calculated data for the P(SMe)3 moleculea

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ DFT/MP2 ³ GEDb

ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ ag+g3 (Cs) ³ ag+g+ (C1) ³ g+g+g+ (C3) ³ aa+g+ (C1) ³ ag+g+ (C1) ³ag+g3 (Cs)

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
DE ³ 0/0 ³ 2.5/0.6 ³ 5.2/4.3 ³ 12.5/10.6 ³ c(ag+g3) ³ 0.2(1)
DH 0

298 ³ 0/0 ³ 2.6/0.7 ³ 5.2/4.4 ³ 12.7/10.8 ³ c(+ag+g+)c ³ 0.8(2)
DG0

298 ³ 0/0 ³ 3.6/3.1 ³ 6.8/7.5 ³ 14.9/14.8 ³ c(+g+g+g+)c,d³ 0
c ³ 0.77/0.75 ³ 0.18/0.21c ³ 0.05/0.04c ³ 0.0/0.0c ³ c(+aa+g+)c ³ [0]
Bond length ³ re ³ re ³ re ³ re ³ ra ³ ra
P3S1 [a]e ³ 2.146 ³ 2.129/2.107 ³ 2.143 ³ 2.139 ³ 2.106(32) ³ 2.123(32)
P3S2 [b] ³ 2.145 ³ 2.154/2.130 ³ 2.143 ³ 2.147 ³ 2.130(32) ³ 2.121(32)
P3S3 [c] ³ 2.145 ³ 2.143/2.122 ³ 2.143 ³ 2.134 ³ 2.120(32) ³ 2.121(32)
S3C1 [d] ³ 1.821 ³ 1.823/1.820 ³ 1.824 ³ 1.821 ³ 1.831(70) ³ 1.828(70)
S3C2 [e] ³ 1.823 ³ 1.824/1.820 ³ 1.824 ³ 1.823 ³ 1.832(70) ³ 1.831(70)
S3C3 [f] ³ 1.823 ³ 1.823/1.819 ³ 1.824 ³ 1.826 ³ 1.831(70) ³ 1.831(70)
C3H [f] ³ 1.091 ³ 1.091/1.092 ³ 1.091 ³ 1.091 ³ 1.198(12) ³ 1.198(12)
Bond angle ³ Ue ³ Ue ³ Ue ³ Ue ³ Ua ³ Ua
PSC1 [ad] ³ 105.2 ³ 105.7/105.0 ³ 98.4 ³ 107.7 ³ 104.4(27) ³ 103.9(27)
PSC2 [be] ³ 97.4 ³ 98.2/97.4 ³ 98.4 ³ 97.5 ³ 96.9(27) ³ 96.1(27)
PSC3 [cf] ³ 97.4 ³ 98.2/97.6 ³ 98.4 ³ 108.8 ³ 96.9(27) ³ 96.1(27)
S1PS2 [ab] ³ 106.0 ³ 106.2/106.3 ³ 100.3 ³ 105.8 ³ 105.6(8) ³ 105.4(8)
S1PS3 [ac] ³ 106.0 ³ 101.3/101.3 ³ 100.3 ³ 109.5 ³ 100.7(8) ³ 105.4(8)
S2PS3 [bc] ³ 94.7 ³ 98.9/99.5 ³ 100.3 ³ 100.3 ³ 95.5(12) ³ 91.4(12)
SCH(anti)f ³ 107 ³ 106/107 ³ 106 ³ 107 ³ 109 ³ 109
SCH(gauche)f ³ 111 ³ 111/111 ³ 111 ³ 111 ³ 113 ³ 113
Dihedral angle ³ te ³ te ³ te ³ te ³ ta ³ ta
ta = C1SPlp [dalp] ³ 180.0 ³ 180.0/178.3 ³ 36.9 ³ 180.0 ³ 180.0(110) ³ 180.0
tb = C2SPlp [eblp]³ 48.4 ³ 42.0/41.4 ³ 36.9 ³ 44.5 ³ 57.7(110) ³ 64.2d

tc = C3SPlp [fclp] ³ 348.4 ³ 40.6/44.3 ³ 36.9 ³ 154.8 ³ 71.4(110) ³ 364.2
C1SPS2 [dab] ³ 349.9 ³ 349.3/350.8 ³ 391.8 ³ 351.4 ³ 347.2(8) ³ 347.9(8)
C1SPS3 [dac] ³ 49.9 ³ 53.7/52.7 ³ 165.6 ³ 55.8 ³ 51.6(8) ³ 47.9(8)
C2SPS1 [eba] ³ 381.7 ³ 388.0/388.9 ³ 165.6 ³ 380.4 ³ 375.1(170) ³ 367.9(170)
C2SPS3 [ebc] ³ 170.2 ³ 166.4/166.3 ³ 391.8 ³ 165.5 ³ 3177.8(170) ³ 3174.3
C3SPS1 [fca] ³ 81.7 ³ 167.6/170.0 ³ 391.8 ³ 380.8 ³ 3160.1(102) ³ 67.9
C3SPS2 [fcb] ³ 3170.2 ³ 383.8/381.2 ³ 165.6 ³ 30.1 ³ 353.1(170) ³ 174.3
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
a First four columns: nondegenerate minima on the potential energy surface of the P(SMe)3 molecule obtained by DFT calculations

at the B3PW91/6-311+G* level (numerator) and by MP2/6-31+G* calculations (denominator). Relative electronic energies at 0 K
(DE, kJ mol31), relative standard enthalpies (DH0

298, kJ mol31), relative standard free energies (DG0
298, kJ mol31) and mole fractions

(c) in the gas phase at 298 K; bond lengths inA, bond angles and dihedral angles in degrees. Last two columns: mole fractions of
the conformers; bond lengths, bond angles, and dihedral angles of theag+g+ and ag+g3 conformers obtained by least-squares
refinement to the gas electron diffraction data. The electronic energy of theag+g3 conformer is31655.5835/31653.0083 au (1 au =
627.5 kcal mol31. b R-factor, 5.8%, was calculated by Eq. (2).c Racemic mixture.d Fixed in accordance with the experiment.

e See Figs. 2 and 3.f Mean value.

torsional vibrations of thegauchefragments around
the P3S bonds. This results in a large entropy contribu-
tion to the Gibbs free energy and in increased cal-
culated mole fraction of this conformer. In so doing,
it should be remembered that, for large-amplitude
motions, the approximation of small harmonic vibra-
tions may lead to significant errors. For theag+g3
model of the Cs symmetry, the MP2/6-31+G* cal-

culations revealed one imaginary frequency, preserved
at the VeryTight convergence criterion. The Hessian
matrix had one negative eigenvalue. This indicates
that the precise value of the energy minimum is,
nevertheless, not reached yet. Lowering of the sym-
metry to C1 with the VeryTightconvergence criterion
results in the absence of imaginary frequencies, but
one normal frequency was very low, about 17 cm31,
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C1

S1

S2

C2P

S3

C3

Fig. 3. A ball-and-stick model of theag+g+ conformer
of the P(SMe)3 molecule, with atom numbering.

sM(s)

5 10 15 20 25
s, A31

D

Fig. 4. Experimental (dots) and calculated (solid line)
molecular intensity curves of the P(SMe)3 molecule.
Below is the difference curve (D).

f(r)

D

1 2 3 4 5 6
r, A

Fig. 5. Experimental (dots) and calculated (solid line)
radial distribution curve of the P(SMe)3 molecule. Below
is the difference curve.

and the final optimized geometry parameters were
very close to those ofCs symmetry model. Obviously,
in this case the deviations of theag+g3 model from
theCs symmetry are due to the numerical errors of the
MP2/6-31+G* method (D).

The ag+g+ conformer, which hasC1 symmetry, is
optically active, and the enantiomer with dihedral
angles of opposite sign would be equally stable. Op-
tical enantiomers are indiscernible by gas electron
diffraction. In what follows, we shall denote the
racemic mixture ofag+g+ and ag3g3 as +ag+g+.
The ag+g3 conformer of theCs symmetry is optically
inactive. Note that the twogaucheSMe groups are
oriented oppositely to each other. The third (aa+g+)
and fourth (g+g+g+ ) conformers are optically active;
we shall denote their racemic mixtures as+aa+g+
and +g+g+g+ .

Least-squares structure refinements were based on
the assumption thatc(+aa+g+) = 0, because, accord-
ing to the calculations, their mole fractions are
negligible. Experimental data proved considerable
prevalence of theag+g+ conformer of theC1 sym-
metry and presence of a small amount of theag+g3
conformer of the Cs symmetry, but the presence
or absence of theg+g+g+ conformer of theC3 sym-
metry could not be determined reliably (Table 3). The
molecular intensity and radial distribution curves for
the best set of geometric parameters from Table 3 are
shown in Figs. 4 and 5.

The results of the NBO analysis of the anomeric
effects in theag+g+ conformer of theC1 symmetry
are given in Table 2. It is seen that the energy of
anomeric stabilization due to donation of the Plp to
the S3C antibonding orbital of theanti-methylthio
group of the P(SMe)3 molecule is even larger than
that computed for theanti conformer of the F2PSMe
molecule, while the lpP 6 s*(S3C) stabilization
energies computed for thegauche-methylthio groups,
as in thegaucheconformer of the F2PSMe molecule,
are zero. As expected, the PSC bond angle of theanti
group is approximately 8o larger than that computed
for the gauche conformer.

The energies of anomeric stabilization in the
P(SMe)3 molecule due to the donation of thes or p
lone electron pairs of the S atoms to the antibonding
orbitals of the opposite P3S̀ bonds are similar to those
calculated for the corresponding conformer of the
F2PSMe molecule, except that in the P(SMe)3 mole-
cule theslpS 6 s*(P3S̀) anomeric effect stabilizes
the anti PSMe group, whereas the corresponding
effect in the F2PSMe molecule stabilizes thegauche
conformer. Moreover, the strongest anomeric effects
are associated with theplpS 6 s*(P3S̀) delocaliza-
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tions. It should be noted that the anomeric delocaliza-
tion of three lone pairs along the P3S1 bond of the
anti fragment of the P(SMe)3 molecule stabilizes the
ag+g+ conformer by approximately 57 kJ mol31,
whereas the stabilizations along the P3S2 and P3S3

bonds of thegauche fragments are approximately
20325 kJ mol31 smaller. As in the F2PSMe molecule,
we find that the stronger total anomeric delocalization
is associated with the shorter bond. It would be
logical from the viewpoint of anomeric effects that
the second PSMe fragment be located in theanti
position also. However, in this case, obviously, the
steric repulsions between them will increase the
energy. Indeed, although NBO analysis indicates that
the anomeric stabilization of theaa+g+ conformer is
greater than that of theag+g+ conformer, the former
is by approximately 10 kJ mol31 less stable than the
latter.

The calculated P3S bond lengths and PSC bond
angles in the other conformers of the P(SMe)3
molecule are equally consistent with the results ob-
tained by NBO analysis of the anomeric effects. Thus,
even though bond distances and bond angles in four
conformers of the P(SMe)3 molecule are consistent
with the anomeric effects indicated by NBO analysis,
their relative energies are determined not by anomeric
effects alone but by a superposition of anomeric and
steric interactions.
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