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CONFORMATIONAL ANALYSIS—I131

A MOLECULAR MECHANICS TREATMENT OF PHOSPHINES'+
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Abstract—The molecular mechanics method (1973 force field) has been extended to include the general class of
phosphaalkanes. Structural data on simple molecules were fit well. and equilibria between conformations can be
calculated in general in agreement with experiment, in sofar as experimental data are known. Phosphacyclohexane
and a few simple derivatives have been studied in some detail. It is concluded that the force field developed is
adequate for the prediction of structures and energy differences, but it is not possible to calculate heats of formation,

due to the lack of expenimental data.

The molecular mechanics method for determining the
structures and energies of molecules has now been rather
extensively applied to hydrocarbons, and to molecules
which are hydrocarbons substituted with a single
functional group or heteroatom.™ The more important
functional groups found in organic molecukes, which
contain oxygen.® nitrogen,® sulfur’® and silicon,” have
been studied in some detail. In this paper we will discuss
the extension of these calculations in a preliminary way
to the remaining biologically important element, phos-
phorus. While it is desirable to further extend the work
to functional groups which contain P-O bonds, this
paper will be limited to the phosphaalkanes.

In the present work the MMI program was used (1973
force field).”® The additional parameters needed to ac-
commodate phosphorus were developed and are listed in
Table 1. It was found in earlier work® that to reproduce
some of the available data, it was desirable to explicitly
treat the jone pairs present on ether-type oxygen and
amine-type nitrogen. It was found unnecessary, however,
to treat explicitly the lone pairs on sulfide-type sulfur.”
possibly because the available experimental data are less
numerous and less accurate for the second-row elements.
Similarly, in this work, it was found that there was no
advantage 1o treating explicitly the lone pair on phos-
phorus. The stretching and bending force constants were
either taken from the literature, or if we were unable to
find the necessary data, the constants from analogous
compounds were used. The structural data were fit ac-
cording to the experimental values from electron
diffraction, in general. If electron diffraction data were
unavailable, microwave data were substituted if possible.
The torsional constants were then determined to fit the
observed data.

The experimental and calculated structures for some
simple phosphines are listed in Table 2. Conformational
energies, rotational barriers and dipole moments cal-
culated are compared with the experimental data in
Table 3. In most cases there were no serious problems in

tAcknowledgement is made to the donors of the Petroleum
Research Fund. administered by the ACS. for support of this
research.

fitting the available structural data to within experimental
error.

Methylphosphine, di- and trimethylphosphines are all
calculated to exist preferenﬁally. in agreement with the
experimental  observations™'*  and CNDO  cal-
culations,'™'* in the staggered conformation. The rota-
tional barriers in these compounds were intentionally
calculated to be about 0.1 ckal/mole lower than the bar-
niers derived from microwave spectra, for reasons pre-
viously discussed.*

According to conclusions drawn from the Raman and
IR spectra,”” ethylphosphine exists as a mixture of con-
formations, containing 45% gauche and 55% trans at 24°.
These results were confirmed by microwave studies.'®
The enthalpy difference between the two conformers
was determined as 0.57+0.28 kcal/mole, favoring the
trans (Fig. 1). The rotational barrier about the C-P bond
was found to be 1.82kcalimole in the gauche confor- .
mation, and 2.97 kcal/mole in the trans. It was not found
possible to reproduce these barriers very well using only
a V; term. Consequently, a small V, term was added to
improve the fit.

Somewhat surprising is the relatively large observed
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Table |. Parameters

van der Waals Parameters for the Hill equatica
Atom (A ekcalimole)
P 2,08 0.187
Boad stretching
Bond 14A) K (mdyn/A)
H-P 1.437 133
C3-P 1.848 29
Ci-P 1.828 291
Angle bending
Angle #1deg) K (mdyn Alrad?)
H-P-H 934 0.366
Cn3-P-H 938 0.40
H-C3-P 110 0.30
CW3-P-C,3 948 048
Cw3-Co3-P HLS 0.40
Co2-P-C,2 9.2 048
C2-P-C,3 925 048
Cop2-Cy2-P 1200 0.38
Cg2-P Out of plane 0.08
Torsional parameters

Dihedral angie Torsional constants (kcal/mole}

v, Vv, v,
H-C,3-P-H 0.05 0. 0.9
H-C3-P-C3 0.08 on
HL J3-Cpp3-P 10
C3-Co3-P-H -0.25 0.6
C3C3-P-C3 ~0.08 0.8
Coo3-Cp3-Cp3-P 11
Ciy2-C gt Cp2-P 16.25
Cop2-Cop2-P-Cyp2 1.1
H-C,2-C,2-P 16.25
H-C,3-P-C,2 0.0% 0.37
Cp2-C o2-P-C,p3 1.0
Cp3-C,p3-P-C2 ~0.08 08
C,2-C3-C,3-P 1.1

Depoies

Atom type Bond moment (D)
H-P 0.41
C3-P 0.90
C2-P 1.09

*Indicates a carbony! C-atom.

difference between the barriers to internal rotation of the
Me groups, which are 3.74 and .14 kcal/mole in the trans
and gauche conformations respectively. Our calculated
values are more similar (Table 3).

After the parameterization was completed, two papers
appeared which discussed isopropylphosphine’” and -
butylphosphine.'® These data were consequently not
used in the parameterization, but will be discussed here.

Durig and Cox'” have interpreted the IR and Raman
spectra of isopropylphosphine as indicating that the trans
conformation is favored over the gauche by about
0.26 kcal/mole. although because of experimental prob-
lems they do not seem to place much faith in the ac-
curacy of this number. We calculate the gauche form as
slightly more stable than the trans (Table 3). They assign
a rotational barrier to the Me group of 4.3 kcal/mole,
while our cakulated value is 3.85 kcal/mole for both
isomers.

Durig and Cox'* report the barrier to internal rotation
about the P-C bond of t-butylphosphine from the IR and
Ramon spectra as 2.79+0.01 kcal/mole, and our cal-
culated value is 3.19 kcal/mole. They also report rota-

tional barriers for the Me group of 4.22 and
381 kcal/mole in the solid and gas phases, while we
calculate 4.31 kcal/mole.

There are no experimental data available on dimethyl-
cthylphosphine, but the cakulations indicate that the
gakche conformer is favored over the ftrans by
1.0 kcal/mole, not unexpectedly. The gamche-to-trans
and gaxche-to-gauche barriers are calculated to be 3.6
and 3.2 kcal/mole, respectively.

The barrier to rotation about the C-P bond in tri-t-
butylpbosphine was determined experimentally by pro-
ton NMR to have an enthalpy of 9.0 0.4 kcal/mole
(AGt = 8.6 2 0.1 kcal/mole™). Our cakulated valve is
8.3 kcal/mole. Worth mentioning is the bond length of the
P-C bond, which is calculated to be 1.879 A, significantly
fonger than the other P-C bonds mentioned previously
(1.853A), as well as the large C-P-C angle (113.5°). The
t-Bu groups bere, in contrast to the less crowded, almost
perfectly staggered, triphenylphosphine, are considerably
distorted, each being rotated from the ideal staggered
geometry by 15.2°, in such a way as to maintain C,
symmetry.
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Table 2. Calcuiated sad experimental molecular geometrics

Cak. Obs.
(A or deg) (Aordeg) Method/Ref.
Phosphine
P-H 1.437 14372 0.004 ED.10s
H-P-H 935 9.$
Methylphosphine
P-H 1.438 14232 0.007 ED.10b
P-C 1887 1.858 £ 0.003
H-P-H 945 9.4 MW 5
H-P-C 959 96.5 (assumed)
{93.4)
P-C-H 110.5 10962 1.0
Dimethylphosphine
P-H 1439 14452002 EDS
P-C 1.853 1.853 +0.003
H-P-C 97,0 96.5 (assumed)
96.95) MW 5%
P-C-H 1104 109.820.7
C-P-C %0 92206
Trimethylphosphine
pP-C 1.847 1.846 = 0.003 ED.12
P-C-H 110.4 1107208
C-P-C 9.3 %6203
Ethyiphosphine, gauche
P-C 1.364 1.880 £ 0.002 MW 16
c-C-p 1125 110.1 202
Ethylphosphine, trans
P-C 1.861 1.876£0.002
c-C-P 1152 115.22041
Triphenylphosphine
P-C 1.828 1828 = 0.048 X-ray 21
C-p-C 103.1 103.0=0.2
p-C-C 1235 124.020.38
s 116.0820.37

Whitesides ¢f al.™ determined the energy difference
between the gawche and trens conformers of I-
diphenyiphosphinyl-3,3-dimethylbutane  using NMR.
These authors found the trans conformer to be more
stable by 1.99 kcal/mole. Now in our calculations we had
to consider three possible conformations for the traas
form, depending upon the orientation of the diphenyl-
phosphinyl group: two equivalent trans-gauche forms
(1A, 1B) and one less stable (by 1.5kcalimole) (IC)
trans-trans conformer. In the gascke series, the gauche-
gauche conformer 1D has the lowest energy, while the
second gaxche-gauche and the gauche-trans forms are
of considerably higher encrgy. Thus, we determined that
the energy difference between the trans and gamche
conformers was 2.6 kcal/mole, favoring the trans form
by a somewhat larger margin than was found experi-
mentally. The torsional angle between the t-Bu group and
the phosphinyl substituest in the genche conformation
was calculated to be §2°, while Whitesides estimated 65°.

H H H
H H H
Ph.'L ["..p”
h
iA 18
trons-gauche

trans-gouche
0.0

0.0
rel. arwrgy {(kcol/mole}

Trighznylphosphinc was fit to the X-ray data of
Duly.*’ This investigation showed that the benzene rings
adopted a conformation in which the molecule possessed
no symmetry. Starting from Daly's coordinates, we
obtained a conformation in which the benzene rings were
all similarly twisted into a propeller geometry with Cy
symmetry. The dihedral angles between the phenyl
planes and the C, axis were 31.5°. Stopperka™ suggested
from vibrational spectra that the phenyl groups were
oriented perpendicular 10 the base of the 3ynmid. while
a recent force fickd calculation by Brack™ show 2 large
range of possible conformations having similar energies.
In the absence of experimental data, we assumed the
P-C, torsional constants were the same as in the P-
C.o Case.

Having now defined the necessary parameters for the
force field, we examined some 6-membered rings
containing phosphorus. The parent phosphorinane
(phosphacyclohexane) and several of its 1-alkyl deriva-

H H M PPy
\Ph
M 2]
H
O N

IC 10
rrons-rans govche-gouche
LS 28
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Table 3. Barriers to internal Rotation and Dipole Moments
Barrier Dipol Moment
Cale. Obs. Method/Ref.  Cak. Obs.  Ref.
Phosphine 068 0.58 33
Methyiphosphine 1.84 1.96 MW9 0.96 L0 %
+0.01
Dimethyl-
phosphire 220 22 MW.10 1.18 1.23 33
Trimethyl-
phosphine 253 28 MW.11 1.28 L9 3
Ethyl-
phosphine
trans-ganche 040 0ST20R8 MW 16 0.9 .22 16
*007
1.7 u
*0.02
trars-gauche 258  » IR.RA.IS
gauche-gauche 2.58 1.82 IR.RA IS
trany IST 374%20.08 IR.RA1S
gauche 361°  31.14%=008 IRRAIS
Isopropyl-
phosphine
gauche-trans oM -0.2¢ IRRAI7 0.37
ganche-gauche 285 —
gauche-trans kX1 -
transigauche 385% 4%
1-butylphosphine 319 2.79+001 IR.RA,IB 0.37
431 42
38
Dimethylethyl-
phosphine
gauche-trans 1.05¢ - 1.27()
LIg(
gauche-trans 356 -
gauche-gauche 317 —_
Tri-tent-butyl-
phosphine 831 90°=04 NMR.19 0.70
§6°=0.1
\-diphenyiphos-
phinyl-2-tert-
butyl-ethare
trans-gauche 6 19902 NMR.20 150 (1)
Triphenyl-
phosphine 146 1400 M
*0.03

*Encrgy-diff. t-g; trans favored. "Methyl-Barrier. ‘Energy-diff. g-t. gauche favored.
“AH1. *AG3. 'Dipole Moment in benzene. *solid state. “gaseous state. ‘Energydiff. 1.
traas favored but assignment and accuracy said to be uncertain.

tives were studied, and the resuits are summarized in
Table 4, together with our calculated results. The parent
phosphorinane has been studied by proton NMR*
which has shown that the hydrogen on phosphorus is at
least 90% in the axial position. Our calculated energy
difference is 1.2 kcal/mole favoring the axial proton.

The preference of the proton on phosphorus for the
axial position in this force field is traced to the following
effects. First, there is a substantial contribution of
torsional energy favoring the axial conformation. The
C-C-PC-H interaction for the equatorial proton has an
energy of +0.16 kcal/mole, mainly from the positive V,
term (the dihedral angle is 158.5°). On the other hand, the
axial proton receives a contribution of -0.15 kcal/mole,
mainly from the V, term (dihedral angle 48.4%). Since
there are two of these interactions, the difference in
energy contributed by them to the axial-equatorial equil-
ibrium amounts to 0.6 kcal/mole.

The “gauche hydrogen™ interaction’ contributes

something here, t00. For the equatorial hydrogen, the
repulsion with each equatorial proton amounts to
+0.15 kcal/mole, whereas if the proton is axial, this
difference is —0.05 kcal/mole. Thus, there is a contribu-
tion of 0.4 kcal/mole from this interaction to the equili-
brium. The remainder of the mteractions are difficult to
sort out. Whether or not the physical model here is
correct in this detail is not known, but the preferential
axial position of the proton is correctly calculated.
Featherman and Quin® determined the equilibrium
canstants for a series of l-substituted phosphorinanes by
low temperature phosphorus NMR. All of the substi-
tuents display a preference for the equatorial position
(Table 4), but considerably less so than in the cyclo-
hexane analogs. There are significant entropy effects
measured, however, and extrapolation of the experimen-
tal data to room temperature shows that the axial con-
formers predominate in the cases of Me, Et and Ph
substituents. The authors concluded that the interactions
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Table 4. Calculated and observed thermodynamic data for the equilibrium
axial-equatonial in phosphorinanes

[ = [T

=
ox «q

exp.?

cakc. AG (kcal/mole)  AG (kcal/mole)
R AG (kcal/mole) AH (kcalimole) 163°K 00K
H +1.6 c. 90% axial®
CH, -0.48 -0.68+0.05 -0.1220.06 +0.3520.07
C;H, -0.52 -0.7120.12 -0.1820.13 +06 2012
i-propyl -0.58 - ca. - 0.5 —
phenyl +0.2 -0.58+0.07 -0.16=0.08 +0.1920.10

between the synaxial hydrogens and the substituents are
repulsive. Our calculated values for Me and Et substi-
tuents agree well with the observed NMR values, and
there is a calculated repulsion between these axial
substituents and the synaxial hydrogens.

To calculate these conformational energies in the case
of ethyl and isopropyl phosphoranane, the various con-
formations possible for the substituent must be taken
into account. These conformations, together with their
calculated relative energies are shown in the figure. As
expected, the more stable axial conformations are those
in which there is one hydrogen of the substituent back
over the ring. The participation of the higher energy
conformers in the equilibrium does not affect things very
much.

Phenylphosphorinane  was  calculated to be
0.2 kcal/mole more stable in the axial conformation, in
contrast to experiment. The perpendicular orientation of
the phenyl ring is favored over the parallel arrangement

in both conformations. While the energy difference is
small with the equatorial conformers (0.1 kcal/mole), it is
large between the axial conformations (4.3 kcal/mole) as
was found also with the hydrocarbons.

The energy differences between the conformations of
cyclohexylphosphine and its dimethyl derivative were
next calculated. In general, the trans conformers were
found to be more stable than the gauche. Only in the
case of the equatorial cyclohexylphosphine was the
gauche conformation more favored, due to favorable van
der Waals® interactions. The calculated conformational
free energies of these compounds are 1.5 and
1.1 kcal/mol for the parent and the dimethyl derivatives
(favoring the equatorial) respectively, compared with the
experimental values (1.6 +0.2 and 1.5 20.2) denved from
phosphorus-NMR  measurements.® The calcutated
results are good for cyclohexylphosphine, while the
value calculated for the dimethyl phosphinyl group is a
bit low, but reasonable.

CHS H
~ CH K
H\C’ SN mn
N } P
Cwcy
LT LT AN
H
ReH 0.58 458 00
Re CHy 075 H 487 00
J
P~ =R
AN
CHy
1.51
156
rel. energy (kcal/mole)
R
. R
P ~
R PR R
W
v [ LTS
R=H 131 192 0.3
R=CHy 092 498 00
’R
LT
\
R
00
1.0

rel. enerqgy (kcal/ mole)
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Experimental structural data on the cyclobexyl-
phosphines and on the phosphacyclohexanes discussed
above is lacking, but there are crystal structures avail-
able for 1-phenyl-4-phosphorinanone” and for the cis
and  trans isomers  of 1-methyl-4-t-butyl-4-
phosphorinanol.**** The structural data, compared with
our cakulated values, are listed in Tables S and 6. It is
seen experimentally that the ring in 1-methyl-4-t-butyl4-
phosphoranol is less puckered when the Me group is
axial than when it is equatorial. Qur calculations
reproduce this effect well, with the P-C-C angle opening
by about 5° upon going from the equatorial to the axial
Me. Another trend which is correctly reproduced, al-
though not quantitatively very well, is the lengthening of
the ring-carbon quaternary-carbon bond (observed 1.583,
calculated 1.563A). as compared to a normal alkane C-C
bond (1.535A). An analogous phenomenon has been
observed previously in other substituted cyclohexane
rings.™

1-Phenyl-4-phosphorinanone exists in the crystal ac-
cording to X-ray data” with the phenyl substituent in the
axial position, oriented so that the phenyl is perpendi-
cular to the phosphorinane ring. Our calculations (Table
5) confirm this orientation: the perpendicular confor-
mation is more stable than the parallel by 4.1 kcal/mole.
In the latter conformation, the ortho-hydrogen over the
ring interacts severely with the synaxial hydrogens. This
is also found with phenylcyclohexane.” On the other
hand, in phenylcyclohexane, the phenyl is more stable in
the equatorial position, because of the unfavorable in-
teraction of the ortho-hydrogens on the phenyl with the
equatorial hydrogens on the saturated ring in the 2- and
6-positions. Here the calculated differences in energy
between the most favorable conformers in the axial and
cquatorial positions is small (0.4) kcal/mole. However,
we do calculate the phenyl to be preferentially equa-
torial, rather than axial as found in the crystal.

Finally, the transition state for the ring inversion of
1-methyl-phosphacyclohexane was calculated. The
experimental value is known to be 8.7 kcal/mole,”* which
is a little less than is found in cyclohexanes (10-
11 kcal/mole'). The main reason for this lower value in
the phosphacyclohexane ring appears to be the smaller
torsional energies required for rotations about the C-P
bonds. Our calculated value is 9.8 kcal/mole. as deter-
mined by beginning with a dihedral angle C-P-C-C- in

N. L. ALUNGER and H. vON VOITHENSERG

Table 6. Cakculated and observed molecular
geometry of 1-phenylphosphorinanone

)

8,
fo} e, 2

2

1 (pbenyl
length (A)/ perpendic.)
Angle (deg) Cak. Obs. (X-Ray)”
P-C, 1.8%0 1.837+ 0.005
P-C, 1.835 1.837 2 0.005
Ce-P-C, 102.6 101.820.2
C-P-C, 1029 103.020.2
P-CC, 115.2 117.020.2
P-CC: 18.1 115920.2
8, 51.2 4.6
[} 59.0 56.3

re. Energy
Phenyl-ax L 04
Phenyi-ax | 4.55
Phenyl-eq L 0.0
Phenyl-eq| 0.0

the chair form, and driving it through the planar
configuration, and on to a boat form. As with cyclo-
hexane, the high point on the barrier occurs after the
planar conformation is passed®® (by about 20° in this
case).

CONCLUSIONS

Relatively littde structural and thermodynamic in-
formation is available on phosphalkanes. A reasonably
good parameter set was devised, however, to extend
calculations for the alkanes to include the phosphaalk-
anes. Some predictions have been made regarding this
class of compounds, and many more predictions are
easily possible using this molecular mechanics technique.

It is possible to calculate energy differences between
conformations with reasonable accuracy. It is not possi-
ble to calculate heats of formation at this time, because
100 few experimental data on this class of compounds
have previously been recorded in the literature.

Table 5. Cakulated and observed molecular geometries of trans and cis |-methyl4-tent-butyl4-

phosphorinanol
N . ﬁk/ o
\ (m.m)
CH;-axial CH,-equatorial
Angle (deg)  Cak. OH, .. Obs. (X-Ray)” Cak. OH, Obs. (X-Ray)”

C-P-C, 974 98.1 97.7 94.1 94.7 98.0
C-P-C, 1040 1036 1019 100.9 101.3 102.8
Ce-P-C, 103.1  102.8 101.9 101.2 101.6 102.8
P-CC, 1159 1185 116.0 109.7 109.9 110.6
P-C,C, 1169 1166 116.0 ma 1n.s 110.6
[ 4“8 “9 46.0 60.9 60.2 570
[ 59.9 59.4 58.8 68.0 66.6 62.0
rel.

Energy 0.9 14 0.0 1.3
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