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Abrart_-The molecular mechnics mtthod (1973 force fKld) ha been extended to include the general class of 
phorphulkam. Srnrrural dara on rimpk mokcuks were fit well. nnd cquilifxia between conformaIions can k 
calculstcd in gcncrJ in mmcnt with experiment. in sfar as experimental data art known. PhosphacycJohcaanc 
and a few simpk derivatives have been studied in some detail. It is concluded that the force field developed is 
dtpuue for tht tucdiction of structures and enemy dihcncu. but it is not possibk to erlcuhte hears of formation, 
due io the huk df txpcrim+ntal d&i. 

_. 

Tk mokcular mechanics method for determining the 
structures and energies of mokcuks has now been rather 
extensively applied to hydrocarbons. and to mokcuks 
which are hydrocarbons substituted with a singk 
functional group or hctcroafom.‘.’ The more important 
functional groups found in organic mokcuks, which 
contain oxygen,‘ nitrogen.’ sulfur’” and silicon,’ have 
been studied in some d&I. In this paper we will discuss 
the extension of these calculations in a preliminary way 
to the remaining biologically important ekment, phos- 
phorus. While it is &sirabIe to further extend the work 

to functional groups which contain P-O bonds, this 
paper will be limited to the phosphaalkancs. 

In the present work the MM1 program was used (I973 
force field).“” The additionaf 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 avaifabk data, it was desirable to explicitly 
treat the lone 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 availabk experimental data arc less 
numerous and less accurate for the second-row elements. 
Similarly, in this work, it was found that there was no 
advantage to treating explicitly the lone pair on phos- 
phorus. The stretching and bending force constants were 

either taken from the literature. or if we were unabk to 

find fk necessary data, the constants from analogous 
compounds were used. Tk structural data were fit ac- 
cording to tk experimental vales from electron 
diffraction, in gcncral. If electron diffraction data were 
unav~ablc, microwave data were substituted if possibk. 
The torsiona) constants were then determined to fit fk 
observed data. 

The experimental and calculated ~tru~~~rt~ for some 
simple phosphincs arc listed in Tabk 2. ~onfo~at~~ 
energies. rotational barriers and dipole moments cal. 
culated arc compared with the experimental data in 
Table 3. In most cases there were no serious problems in 

r Ackn~wk~ac~nr is made IC the donor< of rhc Pctrokum 
Rcstuch Fund. administered by the MS. for rupporr of this 
research. 

fitting the availabk structuraI data to within expcrimcntaI 
error. 

Methylp~sphi~. di- and ~methylp~sphi~s are all 
caItuktcd to exist pnfercntiaIi~ in agreement with the 
expcrimcntaI obscrvaticu#’ and CNDO caI- 
culations,“~‘4 in the staggered conformation. Ihc rota- 
tional barriers in these compounds were intentionaily 
calculated to be about 0.1 ckabmok lower than tk bar- 
riers derived from microwave spectra, for reasons prc- 
viously discussed.’ 

According to conclusions &awn from tbc Raman and 
IR spectra.‘* ethylp~spti~ exists as a mixture of con- 
formations, containing 45% gauche and 55% tmns at 24”. 
These results were confIrmed by microwave studies.‘” 
The cnthalpy difference between tk two conformers 
was &termincd as 0.57 i: 0.28 kcallmok, favoring the 
trunf (Pig. 1). Tbc rotafiorul barrier about the C-P bond 
was found to be I.82 kcabmok in the gauche confor- . 
mation, and 2.97 kcaI/mole in tk Irons. It was not found 
possible to reproduce these barriers very well using only 
a Vi term. Consequently. a small V, term was added to 

improve tk fit. 
Somewhat surprising is the relatively large observed 

Fig, I. Cokuhtcd (-_) and observed I- - -I energy funcuons for 
ethylphosphmc tor~on 



N. L. AUMCER and H. VON Vanm~e&e~ 

T&k I. Parameters 

“an der wad, Pamnctm for the Hill equuioa 
Mom rrh r(kcaUmok) 
P 2.05 O.lS7 

Bead stmc* 
Bond MA, K Wud, 
F>P 1 1.848 A37 2.91 3.33 

C&P I.828 2.91 

Andr hadial 
Aask 8.OW K OWn kdt 
H-P-H 93.4 0.366 
C&P-H 93.0 0.40 
H&3-P III.0 0.30 
C&P%3 91.8 0.48 
C&U-P Il1.S 04 
C&PCJ 93.2 0.48 
W-P-W 92.5 0.48 
G3-G2-P 120.0 OSS 
C&P chuofplane 0.05 

Tohod puamercn 
Dih&alui& for&d constants (tea&de) 

VI VZ VI 
HC&P-H 0.05 0. 0.29 
H-C&PC,,3 0.05 0.37 
H&3-W-P I.0 
CJ-C,&P-H -0.25 0.6 
C&&P-G3 -0.03 0.8 
G&v-G+P I.1 
g$%$ 16.21 

H-c&2-P 
I.1 

I6.U 
H-C&P-C,,2 0.05 0.37 
C&c&P-Cd 1.0 
WG3-P-GJ -0.05 0.8 
C:@23-c,=rl-P I.1 

Dipdtr 
Alotll type Bond rrtouieat (Dl 
H-P 0.41 
C&P 0.90 
C&-P 1.09 

%&~a I cubonyl c-atcul. 

difference between the barriers to internal rotation of the 
Me groups, which are 3.74 aud 3. I4 kcallmok in the rrmu 
and guuche conformations respectively. Our cakuiated 
values are more similar (Tabk 31. 

After the parameterization was completed, two papers 
appeared which discussed i~propy~~” and I- 
butylphosphiru.” These data were consequently not 
used in the parameterization. but will be discussed here. 

Ihuig and Cox” have interpreted the IR and Raman 
spectra of isopropylphosphine as indk&ng that the frutu 
conformation is favored over the govchr by about 
0.26 kcallmok. ahhough because of experimental prob 
kms they do not seem to place much faith in the ac- 
curacy of this number. We calculate the guuche form as 
slightly more stabk than the front (Tabk 31. They assign 
a rotational barrier to the Me group of 4.3 kcaUmok, 
while our calculated vJue is 3.85 kc&mok for both 
isomers. 

Qir@ and Cox” report the barrier to internal rotation 
about the P-C bond of t-butytphosphine from the IR and 
Ramon spectra as 2.79% 0.01 kcPmok. and our caf- 
culated value is 3.19 kcallmole. Ttmy also report rota- 

tional barrkrY for the Me group of 4.22 and 
3.81 LcaUmok in the solid and gas phases, while we 
cakulate 4.31 kca&iok. 

There arc no experimental data available on dirnetbyl- 
etbylpbosphine. but the cakuUons indicate that Ibc 
ga~~cht conformer is favored over the irons by 
1.0kcaumok, not unexpectuuy. The gauck-to-rmiu 
and po&e-to-gau& burkm are cakuhtai to be 3.6 
and 3.2 kcrlfmok. respectively. 

The bar&r to rotation about the C-P bond in t&t- 
butytphosphim was dctcrminad cxperimentalIy by pro- 
ton NMR to have an cnthalpy of 9.0~0.4 kcal/ntok 
fAG$ = 8.6iO.t kcal/mok’% Our calculated value is 
8.3 kcabok. Worth wdoaiqj is tbc bond kngth of the 
PCbond,whicb~ulc~tobel.gt9A,~~y 
longer than the other PC bonds mentioned previously 
( 1.8S3Af. as well as the large C-P-C an& (I 13.5’). ‘lhe 
t-Bu groups but. in contrast to the kss crowded. almost 
perfectly stapgered, triphcnylphospbitu, arc considerably 
distorted, each b&g rotated from the ideal staggered 
geometry by 15.7. in such a way as to maintain C3 
symmetry. 
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J%osphiM 

E-n 
Mak$phosphbe 

P-H 
P-C 
H-P-H 
H-P-C 

P-C-H 
C-P-C 

T?@W&~lWSp~ 

E-H 
C-P-C 

wydphosphklo*che 

R!-P 
wliphosphk norv 

P-C 
C-C-P 

Tw$ww~ 

C-P-C 
P-CC 

I.437 
93.1 

I .4M 
I as7 

94.5 
95.9 

I IO.5 

t.439 
I.853 

97.0 

110.4 
98.0 

1.847 
110.4 
99.3 

1.864 
112.5 

I.861 
115.2 

I.826 
103.1 
123.5 
117s 

1.437r0.004 
93s 

I.423 f o&J7 
t .8s8 ‘, 0.003 

93.4 
%.J furlacd) 
(93.41 
109.6: I.0 

1 .us ‘, 0.02 
I.853 * 0.003 

96.5 buumcdl 
f96.95) 
109.r t 0.7 
99.2 + 0.6 

I.846 +- a.003 
110.7 i 0.5 
%.6=0.3 

l.~iO.OU2 
II&l =0.2 

I .@6 f MO2 
tls.2rO.t 

1.82szo.DL% 
103.0 t 0.2 
124.0 f 0.3a 
I I&@ t 0.37 

ED,IQ 

EDm 

MW% 

EDS 

MW.9b 

ED.12 

MW.16 

x-ray.21 

wgt&&!s er of.= &ttrmiiled llu tntrgy difkmce 
btwtca ihc gstucke and rnuu codormers of I- 
~y~~yl-3~~~~~ usiq NMR. 
These 8uthors found the fnur cooformer to be more 
xt&k by I .39 bl/mo&. Now in wr cdculatioas we bed 
toc&&rthrmpmakcoaf~rrrfortbcrmru 
form, deptadilt$ upon the orkntatioa of the dipbeoyi- 
phosphhyl group: two cquiv&at WlJ-gauche forms 
(M, IB) and one ku stabk @y l.Skcdmok) W) 
;raJu-rmu conforwr. In the gauclu rricr, tbc p(uIcIIc- 
gowck conformer ID has tbc lowest energy, whik the 
KuwLd ganck-gouck and the ~uc~e*~~ form5 are 
d~~~~.~,we&~~t~ 
Ib: enerfy dihtoce between the tmns and gflrckc 
coafomlers was 2.6 kcdlmok, favoring the r?Ms form 
byasomewhat~mqintbanwufoMdrxpai- 
meat&y. The tadod a@ &weca tbc t-Bu graup aad 
&cp&Q&inylurbatihrmtintbcpucfLccoafonmrtioa 
was cakulrted to be m, whik Whkeds &mated 6Y. 

T~~ylp~ was fit to the X-ray data. of 
Daly. s This invcs~ s&owed thu tbc benmc nnlp 
adopt& a CQnfwMtiOIl in whieb tbc mokcuk po%etKd 
no symmetry. se from DrJy’s ccQ?dim@s, we 
obui& a cotkformatioo in w&h tbc benzene finus were 
all rrimilariy twisted into a propew #mmw with c1 
symmetry, Tbc dihedd ruylrs bctweca tJac pknyl 
p&ncs and tbc C, axis were 31s. Stopperkap suggested 
from vibrat&ai rjnM.ra timt tbt pbcnyl oitoups were 
o&a&d perpcndicukr to the b&M of tbclpyrmmid, whik 
a recent force &Id c&&bon by Bra& show A lprs 
range of possible conformatioos having simii cnerpics. 
la the abscocc d expcrimeotal data we assumed tbc 
P-C& torslaltal CowUtltrts were t& buw as in the P- 
Cd cast. 

Hati DOW d&cd tbc ncccss~ ppnmetafforthc 
force fiekl, we examined some hntmbercd rinp 
coauiniap phospbau8. The parent pboxpborinurt 
(p&sphacycbbexPae) and scvenl of its I-a&l &ha- 

IC IO 

trOM-hO?S pCW&-pi??&? 

I5 2.8 
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T&k). BuMrtoincanrlRota&nradDipokMoateats 

Phosphkt 

Mtihyfphosphiat 

ikttthyll- 

phosphint 

Trimtthyi~ 

phospkimt 

Ethyb 

puppet 

walw-~OyChC 

LXmtthyltthyl- 

phoqdtdw 

$aucht-rfwu 

gauchetrmu 

gaucht-pamcht 

rtimt-bntyl- 
phosphiw 

bdiphtl&iWS. 

phi@-2-1m. 
brr$crhane 
trawgaurht 

Twbtf- 
phosphkc 

I.& I.96 

2.20 2.22 

2.53 2.6 

om 0.5-F * 0.28 

2% 2.97 IR,RRA,lS 
2.w 1.82 IRRAJ5 
3576 3,7&r 0.05 1R.RAJJ 
3.61b 3.14’zO.OJ 1R.RA.15 

0.W -0.26 
2.05 - 

3.31 

3.w 4.3’ - 

3.19 2.7% 0.01 

4.31b 4.2 

3.81’ 

1.05‘ - 

3.56 - 

3.17 - 

8.31 9.d f 0.4 

8.6* : 0. I 

2.6” 1.9Pz0.2 

MW.9 

MW.10 

MW.11 

MW.16 

fR.RA,fY 

iR.RA.18 

NMRJ9 

NMRl 

0.68 0.58 33 

0.96 I.10 A 

?O.Ol 

I.18 1.23 33 

1.2s 1.19 33 

O.% I.22 16 

f. 0.07 

I.17 34 

r 0.02 

0.37 

0.37 

0.70 

tives were studied, and the results arc ~urnrn~~ in 
Tabk 4, together with our calculated results. The parent 
phosphorinane has been studied by proton NMR,” 
which has shown that the hydrogen oo phosphonrs is at 
kast 9096 in the axial position. Our calculated energy 
difference is 1.2 kcallmok 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 coronation. The 
C-C-PC-H interaction for the equatorial proton has an 
energy of + 0.16 kcallmok. mainly from the positive V, 
term (the dihedral angk is 158.5”). On the other hand, the 
axial proton receives a contribution of -0. I5 kcallmok, 
mainly from the V, term (dihtdral angk 48.4”). Since 
there are IWO of these interactions, the difference in 
energy contributed by them to the axialcquatorial equil- 
ibrium amounts to 0.6 kcallmok. 

The “ga.auclte hydrogen” interacting contributes 

something here. too. For the equatorial hydrogen, the 
rep&ion with each equatorial proton amounts to 
to. 15 kcallmok, whereas if the proton is axial. this 
diflerence is -0.05 kcallmole. Thus, there is a contribu- 
tion of 0.4 kcaUmok from this interaction to the quili- 
b&m. The remainder of the interactions are dictdt to 
5ort 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 Quit? dctermiocd the equilibrium 
constants for a ~ricr of l-substituted phosphorinanes by 
low temperature phosphorus NMR. AU of the substi- 
tucnts display a preference for the tquatoriaJ position 
(Table 4). but considerably less so than in the cycio- 
hexanc analogs. There art sign&ant entropy effects 
measured. however. and extrapolation of the expcrimcn- 
tal data to room temperature shows that the axial con- 
formers predominate in the cases of Me. Et and Ph 
substituents. The authors eoncludcd that the interactions 
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Tatk4. calctied 8nd oblcfvcd fl!mwdyarnic d8ta for Ihe equilibrium 
rxblequaloridin phptdnam 

CXp.= 
C&k. AG (kcd/mok) AG &caUmok) 

R AG (kcalhok) AH (hUmok) l6YK 3WK 

H + I.6 c. 90% axial" 
CH, - 0.48 - 0.68 r 0.03 -0.12~0.06 to.3s to.07 
CP, - OS2 -0.71 20.12 -0.18r0.13 to.6 rO.12 
i-propyl - 0.58 - ca. - 0.5 - 

phenyl t 0.2 - 0.58 z 0.07 - 0.16: 0.08 +0.19~0.10 

between the synaxial hydrogcns and the rubstitwnts are 
repulsive. Our calculated values for Me and Et substi- 
tucnts agree well with the observed NMR vah~cs. and 
there is a calculated repulsion between these axial 
sub&tents and the synaxial hydrogens. 

To calculate tbcx conformational energies in the case 
of ethyl and isopropyl phosphorananc. the various con- 
formations possibk for the substitucnt must be taken 
into account. These conformations, togctber with their 
calculated relative energies are shown in the figure. As 
expected. the rnMe stabk axial conformations are those 
in which there is one hydrogen of the substitucnt back 
over the ring. TIK participation of the higher energy 
conformers in the equilibrium does not affect things very 
much. 

Phcnylphosphorinane was calculated to be 
0.2 kcal/mok more stabk in the axial conformation. in 
contrast to experiment. The perpendicular orientation of 
the phcnyl ring is favored over the paralkl arrangement 

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

The energy differences between the conformations of 
cyclohexytphosphinc and its dimcthyl derivative were 
next calculated. In general, the rmns conformers were 
found to be more stabk than the gauche. Only in the 
case of the equatorial cyclohcxylphospbinc was the 
gauche conformation more favored. due to favorable van 
dcr Waals’ interactions. fhe calculated conformational 
free energies of these compounds are I.5 and 
I.1 kcallmol for the parent and the dimcthyl derivatives 
(favoring the equatorial) respectively, compared with the 
experimental values (I.6 2 0.2 and I .S 2 0.2) derived from 
phosphorus-NMR measurements.m The calculated 
results are good for cyclohexylphosphinc, whik the 
value calculated for the dimethyl phosphinyl group is a 
bit low. but reasonable. 

R-H I31 I 92 

R-Cy 092 490 

cTp;CR 
R 

00 
I 0 

rcl.cmpr (kcd/mdel 
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Experimental structural data on tbc cycbbcxyl- 
phosphines and on the phosphocyckhtxa~~r discuutd 
above is lacking. but there are crystal structures avail- 
abk for I-phcnyl4phosphorinanonc~ and for the cis 

tmns isomers of 
&riMlWl.“” 

I-mcthyict-bUyI 
The str~tural data. compared with 

our cakulatcd values, are listed in Tabks S and 6. It is 
seen experimentally that the ring in I-mcthyl4tbutyl4 
phosphora& is less puckered when the Me graup is 
axial than when it is equatorial. Our calculations 
reproduce this effect well, with the PC-C angk opening 
by about 5” upon going from Lhe equatorial to the axial 
Me. Another trend which is conectly reproduced, al- 
though not quantitatively very well, is the lcngtbeni~~~ of 
the ring-carbon quatcmary-carbon bond (observed 1583. 
calculated l.S63A). as compared to a normal alkane CJI 
bond (1.53SA). An analogaus phenomenon has been 
observed previously in other substituted cyclohexane 
rings.m 

I-Phcnyl4phosphorinanonc exists in chc crystal ac- 
cording to X-ray data” with tbc phcnyl substitucnt in cbe 
axial position. oriented so that the phcnyl is pcrpcndi- 
cular to the phosphorinane ring. Our calculations (Table 
5) confirm this orientation: tbc pcrpendkulu confor- 
mation is more stabk than the paralkl by 4.1 kcaUmok. 
In the latter conformation. t& o&o-hydrogen over tbc 
ring interacts severely with the synuxial hydrogens. This 
is also found with phcnykyclohexanc.” On the other 
hamI. in phcnylcyclohcxane. the phcnyl is more stabk in 
tbc equatorial position. because of the unfavorabJe in- 
teraction of the orrho-hydrogens on the phenyl with the 
equatorial hydrogen5 on the saturated ti in tbc 2- and 
f&positions. Here the calculated differences in energy 
between the most favorable conformers in the axial and 
equatorial positions is small (0.4) kcal/mok. However, 
we do calculate the pbcnyl to be preferentially qua- 
torial, rather than axial as found in tbc crystal. 

Finally, the transition state for the ring inversion of 
I-methyl-phosphacyclohcxanc was calculated. The 
experimental value is known to bc 8.7 kcal/mok,” which 
is a little less than is found in cycl&xu~s (I& 
II kcallmok”). The main rcnson for this lower value in 
the phosphacyclohcxare ring appears to be the smalkr 
torsional encrgks required for rotations about the C-P 
bonds. Our calculated value is 9.8 kcaYmok. as deter- 
mined by beginning with a dihedral angk C-P<-C- in 

Txbk 6. Cakuhted ud observed nmkcuhr 
geometry of I-phcnyl~nanonc 

0 

P-c: I.Uo 1.837 * O.ooS 
P-c, 1.835 1.837~O.ms 
CrPX* 95.8 96.2 r 0.2 
G-PC, 102.6 IOI.8r0.2 
CrPX:, 102.9 103.0ro.2 
PX:rc, 115.2 117.0r 0.2 
P-C& IIS.1 llS.9r0.2 
8, 51.2 47.6 
01 59.0 56.3 

=Enerty 
Pknyl-8x 1 0.4 
Pbmyi-ax I 4.u 
Phenykq1 0.0 
Pknylal 0.0 

tk chair form, and driving it thrcu& tbc planar 
configuration. and on to a boat form. As with cycb- 
hcxoae. the high point on the barrier occurs after the 
planar conformation is pass& (by about #P in thii 
case). 

Relatively We structural PDd thermodynamic in- 
fommtion is availabk on phosphollrones. A reasooapMy 
goad paranWcr set was devised. bowever. to extcad 
calculations for ti alkancs to include the pbosp41dk- 
ants. !kme predictions have been made regarding this 
class of compouads, and many more predictions are 
easily possibk using this mokcular mechanics technique. 

It is possibk to calculate energy differences between 
conformati~s with reasonabk accuracy. It is not possi- 
bk to calculate beats of formation at this time. because 
too few experimental data on this class of compounds 
have previously been recorded in the literature. 

CH,-h6l CH,-equuorial 
w(dce) CJC. OH.,, 04~.(X-Ray? Cak. OH,, Ohs. (X-Ray?’ 

97.4 96.1 
104.0 103.6 
103.1 102.8 
115.9 115.5 
116.9 116.6 
44.8 44.9 
59.9 59.4 

0.9 1.4 

97.1 94.1 94.1 98.0 
101.9 100.9 101.3 102.8 
101.9 101.2 101.6 102.8 
116.0 109.7 109.9 110.6 
116.0 III.3 III..5 110.6 
46.0 60.9 60.2 s7.0 
58.8 68.0 66.6 62.0 

0.0 1.3 
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