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(Received December 14, 2000)

An investigation employing the PM3 semiempirical self-consistent tield molecular orbital
method to calculate structure optimization and pyramidal phosphorus atom inversion barriers
for phosphines and phosphine chalcogenides 1-16 has been undertaken. The calculated struc-
tural parameters (for 1-12) and inversion barriers (for 13-16) are in good agreement with
experimental results. The conformational interconversion pathways for tri-o-tolylphosphine
(9). tri-o-tolylphosphine oxide (10), tri-o-tolylphosphine sulfide (11) and tri-o-tolylphosphine
selenide (12) were investigated in detail. For compounds 9-12, four rotamers are possible
with respect to the position of the methyl groups. In the most stable geometry of 9, two of the
methyl groups are close to the phosphorus lone pair. In 10, the methyl groups assume the pad-
dle conformation, having all methyl groups close to the oxygen atom. In 11, the most stable
rotamer is similar to that in 9. In the most stable rotamer of 12, all methyl groups are far from
the selenium atom.

Keywords: Phosphine: Stereochemistry; Semiempirical calculations; conformational analy-
sis; Pyramidal inversion

INTRODUCTION

Phosphorus compounds of the type PX3 and PX;Y with X = H, alkyl, aryl,
halogen, and Y = O, §, or Se, have attracted interest particularly because
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there exists the possibility of charge transfer within the P-Y linkages! 1.2,

The distance between the atoms of a given type are found to vary, with dif-
terences reflecting both the number and electronegativities of other atoms
bonded to phosphorus atom. Thus, the P-F bonds in PF; are longer than in
POF; and the P-O bond in the latter is shorter than in POCI;*4). There
have been a number of experimental and theoretical studies on the confor-
mations of tertiary phosphine oxides. The conformations about the PC
bond of trialkylphosphine chalcogenides have been examined using vari-
ous physical techniques!' !,

While, the ab initio calculations have been reported for simple phos-
phines'3'4|, computational limitations restricted detailed studies of geome-
try and conformational features of arylphosphines. Inversion barriers in
phosphines and the factors aftecting the size of the barriers were also dis-
cussed in earlier studies!>~"!, In particular, the much larger barrier to inver-
sion in phosphines than in amines has been explained.

We wish to report a Parametric Method Number 3 (PM3)I¥l study of
phosphines and phosphine chalcogonides 1-16. The equilibrium
geometries of 1-16 are calculated for comparison with the electron diffrac-
tion results!®"! and X-ray structural datal'2-16], Detailed semiempirical
self-consistent field (SCF) molecular orbital (MO) calculations on the
ground-state geometries, conformational and configurational interconver-
sion pathways in tri-o-tolylphosphine (9) and its chalcogenides 10-12 are
also reported.

PROCEDURE

Semiempirical calculations were carried out using the PM3 method!®! with
the MOPAC 6.0 program!!-!8! implemented on a VAX 4000-300 compu-
ter. Energy-minimum geometries were located by minimizing the energy
with respect to all geometrical coordinates, and without imposing any
symmetry constraints. The structures of the transition-state geometries
were obtained using the optimized geometries of the equilibrium struc-
tures according to the procedure of Dewar er all'! (using the keyword
SADDLE). The configurational racemization energy barriers for P-C bond
rotation pathways were estimated by reaction coordinate procedure. All
structures were characterized as stationary points, and true local
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RP=Y

R Y
1 CH; -
2 CH, (0]
3 CH, S
4 CH, Se
5 CeHs -
6 CeHs
7 CeH; S
8 CeH;s Se

9 10, Y=0 13
11, Y=§
12, Y=8¢

(Me)XCeHyX-Bu)P  (MeXCeHs)o-CH; - Cet)P (MeXCgHsX CH,=CHCH,)P
14 15 16

energy-minima and energy-maxima on the potential energy surface were
found using the keyword FORCE. All energy-minimum and energy-maxi-
mum geometries obtained in this work were calculated to have 3N-6 and
3N-7 real vibrational frequencies, respectively!20-2!],
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TABLE | Calculated and experimental (electron diffraction, ED, and X-ray) structural
parameters (bond lengths, r in A: bond angles, 6 in degrees) in some phosphines (R3P) and

phosphine chalcogenides (R3P =Y; Y = O, §, or Se)

Compound Method r(P=Y) r(P-C) 6(YPC) 0 (CPC)

(CH3):P (D* PM3 - 1.87 - 101

ED - 1.85 - 99

(CHy);P=0 (2)° PM3 1.48 1.82 115 104

ED 1.48 1.81 114 104

(CH3)3P=S (3)° PM3 1.94 1.83 116 102

ED 1.94 1.82 114 105

(CH;);P=Se (4)° PM3 2.10 1.83 115 104

ED 2.8 1.82 114 105

PhyP (5)¢ PM3 - 1.86 - 103

X-ray - 1.83 - 103

PhyP=0(6)° PM3 1.56 1.83 114 105

X-ray 1.48 1.80 112 107

Ph;P=S (7)' PM3 1.96 1.83 114 104

X-ray 1.95 1.82 113 106

Ph,P=Se (8)% PM3 2.11 1.80 113 106

X-ray 2.1 1.83 113 106

(0-Me-CgH, )P (9 PM3 - 1.87 - 104

X-ray - 1.84 - 102

(0-Me-CgH,)4P=0 (10) PM3 1.51 1.83 13 106

X-ray 1.47 1.81 113 106

(0-Me-CgH,)3P=S (1) PM3 1.97 1.84 113 105

X-ray 1.95 1.82 113 106

(0-Me-CgH,)4P=Se (12) PM3 2.12 1.82 113 106

X-ray 2.12 1.83 113 106
a. Ref.|Y].
b. Ref]10].
c. Ref[ll].
d. Ref[13).
e. Ref[l4].
f. Ref[l5].
g. Ref]l16].
h. Ref[l12].
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RESULTS AND DISCUSSION

Simple phosphines and phosphine chalcogenides

Trimethylphosphine (1) and trimethylphosphine chalcogenides (2-4) have
been the subject of electron diffraction studies. The X-ray crystallographic
results are available for triphenylphosphine (5) and tri-o-tolylphosphine
(9) and their chalcogenides (6-8 and 10-12). In order to guage PM3 relia-
bility for the phosphines and phosphine chalcogenides, we have optimized
the geometry of compounds 1-12 without restriction. As shown in Table I,
the agreement between the experimental data and the calculated quantities
is generally quite good.

Dynamic NMR spectroscopic results for pyramidal phosphorus atom
inversion have been reported for some suitably substituted phosphines.
The calculated and experimental results for pyramidal phosphorus atom
inversion in phosphines 13-16 are shown in Table II. The agreement
between calculated and experimental quantities is fairly good.

TABLE II Calculated and Experimental (Dynamic NMR) barriers for pyramidal inversion in
some phosphines (kJ mol™")

Compound PM3 Experimental
P(Me)(Ph)(t-Bu) (13) 139.5 137*
P(Me)(Ph)(MeO-C¢H,) (14) 138.6 1292
P(Me)(PhCH,CH=CH,) (15) 142.6 1357
3-Methyl- I-phenylphospholane (16} 156.6 150P
a.  Ref[7].
b. Ref.[6].

Tri-o-tolyl-phosphine (9)

The conformational possibilities available to 9 are four energy-minimum
rotamers and three distinct energy-maximum geometries. The energy sur-
face for the interconversion of energy-minimum conformations of 9 was
investigated in detail by changing different torsional angles (see Figure 1).

By changing ¢4 )¢ ( > from —88° to 35° a smooth change occurred lead-
ing to a transition state [9-TS(A)] which is 11.6 kJ mol™! higher in energy
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FIGURE | Calculated strain energy (kJ mol") profile for conformational interconversion of
tri-o-tolylphosphine (9)

than 9-TTT rotamer. Upon further change of the same torsional angle,
another energy-minimum conformation (9-TT)) was obtained, which is
the most stable geometry of 9. In this conformation, two of the methyl
groups are on the same side of with the phosphorus lone-pair. By changing
#129,1,2 and 93 5 | 9, TEspectively, two other rotamers 9-TId and 9-441)
were obtained. The results of semiempirical PM3 calculations for various
molecular geometries of tri-o-tolylphosphine (9) are shown in Figure 1
and Table III.

Tri-o-tolylphosphine chalcogenides (10-12)

Altoghether seven geometries were found to be important for a description
of the conformational features of tri-o-tolylphosphine oxide (10), sulfide
(11) or selenide (12). Four of these geometries correspond to energy
minima and three are energy maxima as shown in Figures 2—4 and Tables
IV-VL In the most stable rotamer of tri-o-tolylphosphine oxide 10-TT
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the methyl groups in each molecule are close to the phosphoryl oxygen
atom. By changing 9,6 |5 p a conformational change occurred leading to
a transition state 10-TS(A), which is 14.9 kJ mol™! higher in energy than
10-TTT. Upon further changing the same torsional angle, another
energy-minimum geometry (10-TT)) was obtained. By changing ¢,y p;
and ¢g_p) 2, conformational changes occurred leading to other rotamers,
namely, 10-T4d and 10-Jd (see Figure 1). The calculated energy barriers
for interconversion of these conformations, are 14.9, 13.6, 19.3 kJ mol™',
respectively.

TABLE I Calculated heats of formation (kJ mol™") and selected structural parameters (bond
lengths r in A bond angles 0 and dihedial angles ¢ in degrees) for tri-o-tolylphosphine (9)

Feature 91T 9185A) 9T 9158y 9T 9185(C)  9-lll

AH 3064 3180 3061 3220 3094 3256 3082
AAIP 0.3 1.9 0.0 16.0 33 19.5 2.1
Dipole (D) 0.12 026 033 0.52 069 085 0.93
ol 1.87 1.87 1.87 1.86 1.87 1.88 1.87
Tpcx 1.87 1.89 1.87 1.8% 1.87 1.87 1.87
Tp.Cls 1.87 1.88 1.87 1.87 1.87 187 1.87
Ok.pi1s 102 108 106 105 104 106 107
B pis 102 101 103 103 105 106 107
0 px 102 103 103 108 107 1O 107
2P15.16.21 2 10 3 -1 -1 H 6
P27 3 I -3 -9 -4 2 6
PPRY.14 2 =3 —4 6 6 1 6

a.  The standard strain energy in each geometry of a molecule is defined as the difference
between the standard heats of formation (AH ) for that geomety and the most stable confor-
mation of the molecule [22].

The most stable conformation of 11 and the starting geometry for sem-
iempirical calculations, has two of the methyl groups in the same side of
the molecule with the sulfur atom. The energy barriers for interconversion
of various conformations of 11 are 10.9, 5.7, 20.9 kJ mol~!, respectively.
Therefore, the energy barrier required for interconversion of these confor-
mations are quite low and the geometry having two methyl groups up and
one methyl group down is the most stable conformation (see Figure 3 and
Table V).
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19.3

FIGURE 2 Calculated strain energy (kJ mol™) profile for conformational interconversion of
tri-o-tolylphosphine oxide (10)

4.5
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FIGURE 3 Calculated strain energy (kJ mol™!) profile for conformational interconversion of
tri-o-tolylphosphine sulfide (11)
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TABLE IV Calculated heats of formation (kJ mol™') and selected structural parameters (bond
lengths r in A bond angles 8 and dihedial angles ¢ in degrees) for tri-o-tolylphosphine oxide

(10)

Feature 10-T1T 10-TsA) 10T 1o-rsBy 10-TLL 10180 10-LLL
Al 92,1 107.0 95.1 105.8 95.4 111.4 92.8
AAH'P 0.0 149 29 13.6 32 19.3 0.6
Dipole (D) 2.85 3.14 3.23 3.49 3.50 378 3.7
o0 1.51 1.49 1.49 1.49 1.48 1.48 1.48
ol 1.83 1.84 1.84 1.85 1.84 1.85 1.85
rpcy 1.83 1.84 1.84 1.84 1.8S 1.87 1.85
p.Cis 1.83 1.85 1.86 1.86 1.85 1.86 1.85
Bgp15 106 106 107 104 104 107 108
8)p.15 106 110 105 107 106 107 108
B py 106 103 107 104 10 112 108
Bopc 13 113 112 112 112 110 L
2p15,16,21 -1 6 2 1 -1 -1 5
Pp1 27 0 7 2 0 ] 5 55
Pp8.Y.14 -1 -2 -2 -5 -1 3 5

a. See footnote . Table I1I.

TABLE V Calculated heats of formation (k] mol™!) and selected structural parameters (bond
lengths r in A, bond ungles 8 and dihedral angles ¢ in degrees) for tri-o-tolylphosphine

sulfide (L1)

Feamre  N-TTT 1-1s(A) 1T n-rsegy 1-TUL sy -l
AH', 3706 3808 3699 3937 3713 390.8 374.4

A 0.7 10,9 0.0 5.7 1.4 209 45
Dipole (D) 5.67 5.74 5.92 6.06 6.11 6.33 6.33
o 1.97 1.96 197 1.98 197 1.9% 1.9%
rpct 1.85 1.85 1.84 1.84 1.83 1.84 1.85
recs 1.85 1.85 1.84 1.83 1.84 1.83 1.85
ocis I8R5 1.85 LRS 1.85 1.86 1.85 1.85

Bspis 104 105 106 105 105 105 108
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Feature  H-TTT  11-1854) 1T n-rsgy 1t nersie) 1-44l

B1p1s 104 107 104 106 106 106 108

8).p3 104 9 106 109 109 109 108
8s.pc 114 1s 113 12 12 "2 i
Ppisien -4 0 1 -2 -1 -2 4
op127 -4 -1 -2 -2 3 -2 4
Opx0.14 -4 -4 -3 -5 0 5 4

a.  See footnote «, Table 111.

TABLE VI Calculated heats of formation (kJ mol") and selected structural parameters (bond
lengths r in A, bond angles 6 and dihedral angles ¢ in degrees) for tri-o-tolylphosphine
selenide (12)

Feature  12-TTT  12-78¢A)  12-TTL 12-1sBy 12000 12-1s¢c) 12-000

AH'; 3392 3728 3370 3653 3360 3580 3355
MMM 37 36.9 1.5 298 0.5 225 0.0
Dipole (D) 542 550 566 582 588 6.5 6.10
Fpose 212 213 213 213 213 2.13 213
rpci 182 1.83 1.82 1.83 L8 1.82 1.83
rp.cy 1.82 .84 1.82 1.84 1.82 1.84 1.3
Pl 1.82 181 1.83 181 1.83 .84 1.83
By .15 106 106 107 106 108 108 1o
8) s 106 109 106 109 107 108 1o
B1.ps 106 104 107 105 110 113 10
Bsepc 13 12 12 12 1 109 109
0p.15.16.21 4 10 2 -10 -1 -2 3
Op127 4 7 -2 -7 4 8 3
2p3.9,14 4 ! -4 -1 0 4 4

a.  See footnote a, Table I11.

In the most stable form of compound 12, all methyl groups are far from
the phosphoryl selenide bond, that is, the anti geometry (three methyl
groups down) is more stable relative to the other forms. Important equilib-
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FIGURE 4 Calculated strain energy (kJ mol™') profile for conformationai interconversion of
tri-o-tolylphosphine selenide (12)

rium and transition-state geometries and selected parameteres for these
conformers of tri-o-tolylphosphine selenide (12) are shown in Figure 4 and
Table VI.

CONCLUSION

PM3 semiempirical SCF MO calculations provide a fairly clear picture of
conformational properties of tri-o-tolylphosphine (9) and its chalcogo-
nides (10-12) from both structural and energetic points of view. For com-
pounds 9-12, four energy minimum conformations and three transition
state geometries are important. In the most stable form of 10, all methyl
groups are close to the oxygen atom, while in the best conformation of 12,
all methyl groups are far from the selenium atom. In the most stable geom-
etry of 9, two of the methyl groups are close to the phosphorus lone pair. In
11, the most stable form is similar to that in 9.
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