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set by successive alterations in atomic coordinates leads to a 
configuration of minimum steric energy.6-7 This empirical 
approach can give insight into the relationship between energy, 
structure, and reactivity for systems that are too complex for 
most orbital calculations of the requisite sophistication. 

When dealing with pentacoordinate phosphorus compounds, 
existing programs must be altered to differentiate between the 
two basic five-coordinate geometries, the trigonal bipyramid 
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favor one geometry over the other in order to reproduce known 
structures for five-coordinate phosphorus molecules. 

We have made an initial effort in constructing an appro­
priate force field for small phosphorane molecules based on 
the extensive spectroscopic data that have been accumulated 
over the past decade.10'13 The resulting parametrization was 
tested by calculating the reproducibility of the geometries of 
larger phosphoranes whose x-ray structures have been deter­
mined. As a basis of our treatment, we have extended the well 
developed program MMI of Allinger et al.6,7 A detailed de­
scription follows. 

Force Field Modifications 
Interactions between atoms bonded to a common atom (1,3 

interactions) are not specifically included in eq 1 in Allinger's 
approach because these interactions are effectively already 
included in the bond length and bond angle "strainless" pa­
rameters.5 However, for five-coordinate structures, there is a 
need to consider the effect of 1,3 interactions because an energy 
term is needed for ligand-ligand repulsion (1) to account for 
the stability difference of various geometries possible and (2) 
to account for structural effects due to the variation of ligand 
electronegativity. 

For example, if no 1,3 interaction is included, the steric 
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Table I. van der Waals Parameters for Nonbonded Interactions 
and for 1,3 Interactions 

(, kcal/mol v̂DW, A 

H 0.063 1.50* 
C 0.041 1.75* 
N 0.039 1.70° 
O 0.046 1.65" 
F 0.056 1.60° 
P 0.150c lMd 

Cl 0.214 1.95° 

" Allinger's value as programmed in MMI.6'7 * See ref 7. c ty ex­
trapolated from Allinger's values6'7 for atoms close to phosphorus in 
atomic weight. d For the value for rvDW(P) see ref 16. 

energy calculated for PF5 is zero and the molecule assumes 
bond lengths and angles set by the particular set of "strainless" 
or equilibrium parameters chosen, whether these parameters 
correspond to the actual TP14 or to a hypothetical SP15 

structure. However, a variety of ligand-ligand repulsion cal­
culations and molecular orbital approaches estimate the TP 
to be more stable than the SP.'5 '20 For PF5, Strich and Veil-
lard '5 using an ab initio treatment calculate that the TP is more 
stable than the SP by 4.8 kcal/mol. The latter value is close 
to estimates from spectroscopic data of 3.0-3.8 kcal/mol.21'22 

On the other hand, observance of a near SP conformation for 
some catechol derivatives1 b'23'24 suggests the importance of 
terms favoring the SP.n 

The second inadequacy due to the neglect of 1,3 interactions 
is apparent in substituted PF5 molecules. In CH3PF4, the axial 
and equatorial fluorine atoms are bent away from the methyl 
group,25 ZF3xPC = 91.8 and ZFeqPFeq = 115.6°, respectively. 
A similar effect, present in HPF4

26 (zFeqPF^ «112°), points 
to the operation of an electronegativity effect. 

Consequently, an additional term was sought to include 
these effects peculiar to pentacoordinate phosphorus. Since 
the geometries of the methylfluorophosphoranes (CHs)nPF5-,, 
(« = 0 -»• 3) have been qualitatively correlated27 with Gil­
lespie's VSEPR theory,17 this theory was adopted as a model 
for our approach. The manner in which bond electron pair 
repulsion (EPR) terms were introduced was via the nonbonded 
interaction term £nb of eq 1 suitably modified to express bond 
electron pair repulsion effects for atoms bonded to phosphorus 
(1,3 bond EPR terms). 

The unmodified nonbonded energy term that is used for all 
nonbonded interactions except 1,3 bond EPR terms is28 

£nb(AB) 
= «[8.28 X 105 exp(-l/0.0736 P) - 2.25P6] (2) 

where P = (rVDW(A) + T-VDW(B))AAB, /"VDW is the van der 
Waals radius of the specific atom, and TAB is the nonbonded 
distance between A and B for a given molecular configuration; 
« =

 («A«B)I/'2 where t\ and CR are parameters specific to atoms 
A and B and are related to the hardness of the atoms. The 
constants in eq 2 were evaluated by Hill28 and give the energy 
-EntKAB) in units of kilocalories per mole, van der Waals radii 
and t values for some atoms of interest are given in Table I. 

The modification of eq 2, which we found adequate to ex­
press 1,3 bond EPR terms is 

£(1,3)AB 
= Z)e[8.28 X 105 exp(-1/0.0736 P*) - 2.25P*6] (3) 

The addition of a scaling factor D, to obtain a suitable balance 
between the energy of this 1,3 interaction term and the other 
energy terms in eq 1, and replacement of P with 

P* (where P* = (rVDW(A) + /-VDW(B))A*AB (4) 

Table II. Distance Factors for 1,3 Interactions between Atom A 
and B in the System A-P-B 

A (or B) 

H 
C 
N 
O 
F 

R' 

0.786 
0.604 
0.682 
0.770 
0.851 

R 

0.550" 
0.550 
0.681 
0.822 
0.952 

" Because of the unique properties of H as a ligand, a smaller factor 
was used to improve the simulation of the HPF4 structure. 

and r*AB is the distance between atoms A and B calculated 
from modified bond lengths, d*v\ and rf*PB, between phos­
phorus and either atom A or B), provide the necessary ad­
justments to quantitatively reproduce the (CHa)n PFs_„ 
structures determined by electron diffraction.14,25'29 

The variation in ligand electronegativity is introduced by 
a distance factor /?A (or /?B) in the relation C/*PA = ^PA-RA (or 
rf*PB = (IPBRB). The magnitude of/? is inversely related to the 
electronegativity difference between phosphorus and atom A 
(or B). The R factors are the means of including the concept 
of bond EPR between atoms A and B. If the electronegativity 
difference AAVA is large, the bonding electron pair can be 
considered to move away from phosphorus, thus decreasing 
the bond electron pair repulsion between the P-A and P-B 
bonds. When AA>A > AAW, the repulsion term £(I,3)AB 
<£•(!,3)A'B even when the actual bond lengths are equal. 

A specific set of distance factors R' may be obtained by es­
timating the ionic character (/) of a bond, for example, from 
the expression,30 

I=\- e-(l/4)(AA>A)2 (5) 

and using the relation 

R' = (//-A + /-P)Z(Z-A + rp) (6) 

where r& and rp are covalent radii31 of atoms A and P. As the 
ionic character of the bond approaches 100%, R' —- 1. The 
resulting R' values for some atoms of interest are listed in Table 
II. These served to initialize the calculations. However, as 
discussed below, these values were adjusted to the set R (also 
included in Table II). 

In summary, we are considering 1,3 nonbonded interaction 
energy for the five electron pair bonds about phosphorus. For 
a bond P-A, the bonding electron pair has been moved a cer­
tain distance along that bond depending on the electronega­
tivity difference of P and A. However, in the actual calculation 
of 1,3 interactions, we have maintained the form of eq 2 as 
nearly as possible. As a consequence, the van der Waals radius 
of atom A instead of an electron pair radius is used. This re­
sulted in the introduction of a parameter D so that the 1,3 
energy would not swamp the other energy terms. 

"Strainless" Parameters 
In order to carry out conformational minimizations, a set 

of "strainless" bond lengths and angles formed by the atoms 
attached to the phosphorus atom in both the TP and SP 
geometries are needed as well as accompanying force constants 
for bond stretching and angle bending. The approach we used 
was to assume an average bond length and force constant for 
each pair of atoms based on known bond lengths and force 
constants for related phosphorus compounds.13 These values 
are listed as average values in columns 2 and 7, respectively, 
of Table III. The "strainless" bond lengths and force constants 
for each of the four possible positions, TP (ax, eq) and SP (ap, 
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Bond 

P-H 
P-C 
P-N 
P-O 
P-F 
P-Cl 

Av 

1.456 
1.760 
1.650 
1.625 
1.551 
2.053 

/o,A 

TPa 

Ax 

1.480 
1.789 
1.677 
1.652 
1.577' 
2.087 

Eq 

1.440 
1.740 
1.632 
1.607 
1.534' 
2.030 

Ap 

1.421 
1.717 
1.610 
1.589 
1.514'' 
2.003 

SP* 

Bas 

1.465 
1.770 
1.660 
1.639 
1.561'' 
2.065 

Av 

6.00 
3.00 
3.50 
4.00 
5.45 
2.90 

Ax 

4.91 
2.46 
2.86 
3.27 
4.46* 
2.37 

ks 

TP 

, mdyn/A 

Eq 

6.73 
3.36 
3.92 
4.48 
6.IK 
3.25 

Ap 

7.64 
3.80 
4.46 
5.09 
6.94 
3.69 

SP 

Bas 

5.59 
2.80 
3.26 
3.72 
5.08 
2.70 

" The ratio /o(ax)//o(eq) obtained from electron diffraction values for bond lengths in PF5,14 when combined with eq 7 and 8, was used in 
calculating all other strainless TP bond lengths. * The ratio /o(bas)//0(ap) obtained from calculated bond lengths in PF5(SP),15 when combined 
with eq 9 and 10, was used for determining all other "strainless" SP bond lengths. c From an electron diffraction study of PF5.14 d From an 
ab initio study15 of PF5 (SP). e From a valence force field for PF5.32'33 

Table IV. "Strainless" Bond Angles and Angle Bending Force 
Constants at Phosphorus for the TP and SP 

and 

TP 
ax-P-ax 
ax-P-eq 
eq-P-eq 

SP 
ap-P-bas 
bas-P-bas (cis) 
bas-P-bas (trans) 

ao, 
deg 

180 
90 

120 

104.1 
86.6 

152 

kb, mdyn-
A/rad2 

0.2 
1.5 
0.2 

0.2 
1.5 
0.2 

bas), result from the relations for the TP 

/0(av) = [3/0(eq) + 2/0(ax)]/5 

and 

*,(av) = [3fcs(eq) + 2A:s(ap)]/5 

and the relations for the SP 

/o(av) = [4/0(bas) + /0(ap)]/5 

(7) 

(8) 

(9) 

A:s(av) = [4A:s(bas) + A:s(ap)]/5 (10) 

when combined with the ratios discussed in footnotes a and b 
of Table III. 

This method applied to all /0 and ks parameters except that 
for P -F bonds. Here, the parameters for the TP were obtained 
for the equatorial and axial bonds from the known structure14 

and force field32'33 for PF5. The average values were then de­
termined from eq 7 and 8 and used with the ratio given in 
footnotes a and b of Table HI and eq 9 and 10 to obtain the 
parameters for the SP form. Table III lists the resulting values 
of the "strainless" parameters, /0 and ks, for some bonds that 
will concern us. 

Corresponding bending parameters, "strainless" angles and 
angle force constants, are summarized in Table IV for the TP 
and SP. The TP angles taken are those for a regular TP. For 
the SP, the angles are those calculated by Zemann for a min­
imum energy structure.163 The angle bending force constants 
are estimates from spectroscopic data on PF5 and related PX5 
derivatives.13'32 These constants have been determined to be 
low along the Berry34 intramolecular exchange coordinate 
relative to 90° axial-equatorial angle bending. The latter is 
a manifestation of the structural nonrigidity common for 
pentacoordinate phosphorus molecules,10 and allows easy 
excursion between the TP and SP form.12 Since other energy 

Table V. Steric Energy for Calculated TP and SP Structures of PF5 

TP Aa B* SP A" B* 

P-F2 
P-F6, 

rax"rax 

r e qrr e q 

Bond stretch 
Bond bend 
Bond EPR (1,3 VDW) 
Total 

Bond length, A 
1.576 1.577 
1.534 1.534 

Angle, deg 
180 180 
90 90 

120 120 

Energy, kcal/mol 
0.66 0.00 
0.0 0.00 
9.01 8.97 
9.67 8.97 

P-Fap 

P-Fba: 

Tap"*" bas 
CiS FbasPFb as 
trans Ft,asPFb a: 

Bond length, A 
1.514 1.514 
1.563 1.561 

Angle, deg 
103.1 101.3' 
87.0 87.8 

153.7 157.3 

Energy, kcal/mol 
0.76 0.00 
0.08 0.56 
9.20 9.17 

10.04 9.73 

" The /0 values for calculation A are for the TP: P-Fax =1.550, P-F6 , = 1.520 A; for the SP: P-Fap = 1.505, P-Fbas = 1.540 A. The ks, a0, 
and £b values are as in Tables III and IV. D = 0.6. * The /0 values for calculation B are set equal to the electron diffraction values14 for the 
TP and to the MO values15 for the SP. The stretching force constants, ks< were set at 100 mdyn/A for all bonds. The ao and k\, values are as 
in Table IV. D = 0.6.c It is interesting that the SP angle, Fap-P-Fbas, from calculation B agreed with that, 101.34°, from the MO calcula­
tion.15 
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Table VI. Comparison of Observed and Computer Simulated Structures For Simple Phosphoranes" 

CH3PF4 

Calcd Exptl25 

(CHj)2PF3 

Calcd Exptl25 

P-Fa: 

P-F« 
P-Ce( 

*"ax"**eq 
FaxPC 
*"eq* ^eq 
r eqrL.eq 
D 

Bond stretch 
Bond bend 
Stretch-bend 
1,4VDW 
Bond EPR (1,3 VDW) 
Other VDW 
Total 
S 

Bond Lengths, A 
1.61 1.612 
1.55 1.543 
1.79 1.780 

Bond Angles, deg 
176.4 176.4 
89.1 
91.7 91.8 

117.9 115.6 
121.1 122.2 

0.20 

Energy, kcal/mol 
1.27 
0.42 
0.00 
1.13 

13.07 
0.00 

15.89 
0.012 

(CH3)3PF2
29 

P-Fax 
P-F e q 

P-Ceq 

rax"r ax 
*"ax"v-eq 

Ceq"t-eq 
L.eqr req 

1.62 
1.55 
1.80 

175.5 
91.0 
87.7 

126.6 
116.7 

0.175 

2.95 
1.14 
0.0 
1.90 

21.79 
-0.23 
27.55 
0.032 

HPF4
2 

1.643 
1.553 
1.798 

177.8 

88.9 
124.0 
118.0 

Calcd Exptl Calcd Exptl 

P-Fa: 

P-Ce 

» ax* r a x 

»*axPCeq 
C eqPC eq 

Bond stretch 
Bond bend 
Stretch-bend 
1,4VDW 
Bond EPR (1,3 VDW) 
Other VDW 
Total 
5 

Bond Lengths, A 
1.63 
1.81 

1.685 
1.813 

Bond Angles, deg 
180 180 
90 90 
120 120 

0.15 

Energy, kcal/mol 
5.53 
0.48 
0.0 
3.04 

32.61 
-0.72 
40.94 

0.029 

P-Fa, 
P-Fec 
P-He 

raxP^ax 
Fax"req 
TaxPHgq 
reqPt"eq 
FeqPHeq 

1.60 
1.54 
1.45 

178.6 
89.6 
90.7 

118.5 
120.8 

0.10 

0.35 
0.07 
0.0 
0.0 
7.26 
0.0 
7.68 
0.004f 

1.594 
1.55 
1.36» 

~90 
112 
124 

" Values of /o, ao, ks, and /cb are those listed in Tables III and IV. * This P-H bond length is an assumed value.26 c Due to a high degree 
of uncertainty in the experimental values for bond angles, only the first term for the deviation function, 5, was used. 

terms are more restrictive, the variation in angle bending 
constants along the Berry coordinate are rather insensitive to 
the type of atom bonded to phosphorus. Hence, "average" 
values are used as indicated in Table IV. By analogy, a similar 
set of bending constants is used for the SP. 

The parameters in Tables III and IV are applied without 
further adjustment to simple and more complex phosphoranes 
to be described except where noted; e.g. refer to footnotes for 
PF5 comparisons in Table V. 

In order to focus on an energy comparison for isomeric forms 
of a molecule, the steric energy for PF5 was calculated for the 
TP structure determined by electron diffraction14 and a model 
SP form resulting from ab initio calculations of Strich and 
Veillard.15 To accomplish this particular structural repro­
duction, two types of calculations were carried out. In calcu­
lation A, A:s values were set as in Table HI and /0 values were 

decreased sufficiently to give the desired bond lengths in the 
minimum energy structure. In calculation B, /0 values were set 
as in Table III and ks values were increased to 100 mdyn/A 
in order to prevent bonds from stretching. For each calculation, 
the TP results as the more stable structure. 

Determination of R and D Factors 

In order to calibrate the magnitude of the bond EPR term, 
-E(I,3)AB, which will reproduce phosphorane structures, vari­
ation in the D term in eq 3 and the associated R factor was 
explored to give a "best" fit for the series, (CH3)„PF5_„ (n = 
1 - • 3), and HPF 4 . The resulting D values meeting this con­
dition for each member of the "test" series are tabulated in 
Table VI along with the agreement achieved between observed 
and calculated structural parameters. The R value set chosen 
is listed in the last column of Table II. The values of the D and 
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Table VH. Effect of Varying the Scaling Factor (D) on Simulated Structures for CH3PF4 

Scaling factor, D" 

0.0 

Bond Lengths, A 
1.579 
1.534 
1.766 

Bond Angles, deg 
178.4 
89.6 
90.6 

120.0 
120.0 

Energies, kcal/mol 
2.01 
0.0 
0.0 
0.045 

0.10 

1.595 
1.540 
1.777 

177.3 
89.3 
91.2 

118.8 
120.6 

9.19 
6.99 
2.03 
0.024 

0.20 

1.608 
1.545 
1.788 

176.4 
89.1 
91.7 

117.9 
121.1 

15.89 
13.07 
3.72 
0.0121-

0.30 

1.619 
1.550 
1.797 

175.7 
88.9 
92.0 

117.1 
121.4 

22.18 
18.48 
5.18 
0.018 

0.40 

1.630 
1.555 
1.806 

175.1 
88.7 
92.3 

116.7 
121.7 

28.14 
23.35 
6.47 
0.028 

P-F3, 
P-F« 
P-C 

FaxPF; 
F3xPF1 
FaxPC 

FeqPC 

eq 

Total strain energy* 
Total 1,3 interaction'' 
Largest 1,3 interaction d 

h 

" As defined in eq 3. * From the sum of terms in eq 1 and 3. c From eq 3 summed over all bonds to phosphorus. d Largest single term in eq 
3. f A best fit with observed25 parameters for CH3PF4 was obtained with D = 0.20. 

R factors, the "strainless" parameters, /0 and «o, and accom­
panying force constants, ks and Ic^, given in Tables III and IV 
now form the fully calibrated expression of the bond EPR term, 
E( 1,3)AB- and are used in conformational minimization for more 
complex phosphoranes. 

In establishing the chosen R set, initially the R' set (Table 
II), calculated directly from partial ionic bond character as 
described above, was used. However, the range of values in the 
R' set was too small to cause large enough F-P-F angle 
changes encountered on substitution of equatorial fluorine 
atoms by methyl groups. Therefore the range of theR' scale 
was increased. This was accomplished by doubling the ratio, 
£(I,3)CF/£(I,3)FF, calculated from eq 3 for the R set relative 
to the same ratio for the R' set. Intermediate atom values be­
tween these two extremes in electronegativities for C and F 
were similarly proportioned. Because of the uniqueness of the 
hydrogen atom, e.g., causes a greater repulsion effect than a 
methyl group (cf. the structures of HPF4 and CH3PF4 in Table 
VI), its R value was varied independently to achieve a "best" 
fit for HPF4. The resulting value was 0.55, but even this smaller 
value did not compress the Feq-P-Feq angle to the reported 
value26 of 112°. However, its use proved satisfactory in the 
more complex P-H compounds, (OCHaCHaNHhPH and 
(OCHPhCH(CH3)NCHa)2PH, discussed later, primarily 
because many other energy terms are present in these deriva­
tives and the competition among the increased number of 
structural determining features relegates any one term to a 
lesser role. 

To arrive at the scaling factors, associated with eq 3 (D 
values as listed in Table VI), the variation that this factor has 
on the minimum energy configuration was examined for each 
of the molecules. An example of this variation is shown in Table 
VII for CH3PF4. Variation of the value of D alters the mag­
nitude but not the direction of bond stretching and bending. 
As to be expected, the bonds stretch further from their /0 values 
as D increases. In order to arrive at a "best" fit between the 
calculated minimum energy configuration and the observed 
structure,25 the value was successively incremented by 0.025 
unit over the range of D = 0 to D = 4.75. The results are shown 
in Figure 1, where the fractional contribution of 1,3 interaction 
(EPR) energy to the total energy for the minimized structure 
is plotted as a function of the value of D. 

The structural deviation, 5 = A(bl) + A(ang), which mea-
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Figure 1. The variation in the fractional contribution of the 1,3 term to 
the total interaction energy (left scale) as a function of D for CH3PF4 
(unfilled circles). The variation of the structural deviation, & (right scale), 
with D for CH3PF4 (filled circles). 

sures the sum of the average bond length (bl) deviation (A), 

A ( W ) = E |(/,(expt)-/,(calcd))/5| 
( = 1 

and the average bond angle (a) derivation expressed in ra­
dians, 

10 
A(ang) = Z |(a,(expt) - a,(calcd))/10| 

/= 1 

was used as a criterion for choosing the "best" fit and, hence, 
the D value associated with a given structure. The change in 
5 with D is also shown in Figure 1. A minimum in 5 is obtained 
at a D value of 0.20 for CH3PF4. For the other "test" deriva­
tives, a minimum in structural deviation 5 occurred at D values 
between 0.10 and 0.20. 

The graph in Figure 1 represents a typical type of curve 
obtained for minimum energy structures except that the con­
tribution of the 1,3 (EPR) term to the total energy summation 
decreases as the molecule under consideration increases in 
complexity and, hence, in the total number of energy interac­
tions that are present. For example, a minimum in 5 is obtained 
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Table VIII. Comparison of the Structure of (CaH4O2^PCHs by Conformational Minimization and X-Ray Diffraction" 

0(1)-C(5) 
P-O(I) 
0(3)-C(7) 
P-OO) 
C(5)-C(7) 
C(5)-C(9) 
C(7)-C(I5) 
C(9)-C(ll) 
C(ll)-C(13) 
C(13)-C(15) 
P-C(17) 

PO(I )C(5) 
PO(3)C(7) 
0(1)C(5)C(7) 
0(1)C(5)C(9) 
C(7)C(5)C(9) 
0(3)C(7)C(5) 
0(3)C(7)C(15) 
C(5)C(7)C(15) 
C(5)C(9)C(11) 
C(9)C(11)C(13) 
C(11)C(13)C(15) 
C(7)C(15)C(13) 
0(1)P0(2) 
0(1)P0(3) 
0(1)P0(4) 
0(1)PC(17) 
0(3)PO(4) 
0(3)PC(17) 

0.025 

Bond distances, A 

Calcd,fc£> 
0.075 0.20 X-rayc 

Io mdyn/A 

1.366 
1.663 
1.369 
1.616 
1.328 
1.382 
1.382 
1.387 
1.336 
1.387 
1.753 

1.365 
1.676 
1.368 
1.625 
1.328 
1.382 
1.382 
1.387 
1.336 
1.387 
1.768 

1.362 
1.706 
1.366 
1.640 
1.328 
1.381 
1.381 
1.387 
1.336 
1.385 
1.797 

1.363 
1.674 
1.381 
1.654 
1.327 
1.381 
1.380 
1.394 
1.332 
1.401 
1.777 

1.369 

1.369 

1.330 
1.380 
1.38 
1.38 
1.330 
1.380 

110.4 
111.5 
112.3 
126.4 
121.4 
112.9 
126.0 
121.1 
117.8 
120.9 
120.9 
117.9 
152.0 
93.0 
79.0 

104.0 
146.5 
106.8 

110.6 
111.8 
112.3 
126.3 
121.4 
113.0 
125.9 
121.1 
117.7 
120.9 
121.0 
117.8 
157.9 
92.3 
81.0 

101.1 
144.2 
107.9 

110.6 
112.2 
112.4 
126.2 
121.4 
113.4 
125.5 
121.2 
117.7 
121.0 
121.0 
117.8 
165.0 
91.1 
83.2 
97.5 

135.6 
112.2 

111.7 
111.5 
112.0 
125.6 
122.4 
112.1 
124.2 
123.7 
114.3 
123.6 
121.3 
114.6 
156.9 
90.2 
82.8 

102.1 
148.1 
105.6 

111.5 
111.5 
113.0 
123.5 
123.5 
113.0 
123.5 
123.5 
120.0 
123.5 
123.5 
120.0 

4.89 

4.89 

9.60 
6.00 
6.00 
6.00 
9.60 
6.00 

0.025 

Bond angles, deg 
Calcd, D 

0.075 0.20 X-ray aQ
d 

K" 
mdyn 

A/rad2 

0.97 
0.97 
0.66 
0.66 
0.66 
0.66 
0.66 
0.66 
0.66 
0.66 
0.66 
0.66 

0.025 
Energy, kcal/mol 

0.075 0.20 

Bond stretch 
Bond bend 
1,4VDW 
1,3 VDW 
Other VDW 
Torsional 
Total 
h 

0.33 
1.63 
3.70 
3.70 

-2.12 
0.02 
7.25 
0.070 

0.84 
1.60 
3.78 

10.31 
-2.10 

0.05 
14.48 
0.048 

3.02 
1.55 
3.88 

23.99 
-2.07 

0.27 
30.64 
0.102 

0 All bending force constants, k^, around phosphorus were set equal to 0; C2 symmetry along the P-C(17) axis was assumed; C(17) and 
P were constrained to move only along the C(17)-P bond axis; torsional constants were set at 10.0 to keep the benzo-fused five- and six-membered 
rings planar. * Calculations based on TP parameters, /0 and ks, for P-O and P-C bonds in Tables III and IV. c X-ray diffraction values for 
molecule I of ref 23a. d "Strainless" parameters and force constants for bonds other than P-O bonds. 

at D = 0.075 for the catechol derivative, (C6H4Ch)2PCH3 , 
while D for the spiro compound, (OCH 2 CH 2 NH) 2 PH, for a 
"best" structural fit is 0.10. 

In Figure 2, the variation in the energy ratio, 1,3 (EPR)/ 
total E, with the D value selected to give a minimum in 5 is 
plotted for the phosphoranes treated in this paper. For each 
derivative, an energy minimum was obtained at each D value 
as it was incremented over a range, similar to the procedure 
used for CH3PF4. A graph of the type displayed in Figure 1 
was obtained which showed a relatively flat section after a 
certain D value was reached. Accordingly, Figure 2 may be 
used with some confidence when a phosphorane of unknown 
conformation is being investigated, particularly since Figure 

2 indicates that the D term varies predictably with molecular 
complexity. 

Consequently, after the data, comparable to that used to 
obtain Figure 1 is computed, an estimate of the fractional 
contribution, 1,3 (EPR)/total E, may be made. Using this 
estimate and comparing the molecular complexity of the 
phosphorane of interest with those used to construct Figure 2, 
a reasonable choice of D value may be made. 

Although the tables to follow in this paper list only the main 
structural parameters for computer simulated structures, the 
coordinates for all atom positions were obtained in each case. 
The accompanying energy terms listed refer to the total in­
teractions for the entire molecule. 
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Table IX. Conformational Minimization of (C6H,t02)2PCH3 at Different Points Along the Berry Coordinate" 

P-O(I) = P-0(2) 
P-0(3) = P-0(4) 
P-C(17) 

0(1)P0(2) 
0(3)PO(4) 
0(1)PC(17) = 0(2)PC(17) 
0(3)PC(17) = 0(4)PC(17) 
0(l)PO(4) = 0(2)PO(3) 

Bond stretch 
Bond bend 
VDW, 1,4 
VDW, 1,3 
VDW, other 
Torsional 
Total 

100 80 

Bond Distances, A 
1.671 1.676 
1.671 1.662 
1.749 1.755 

Bond Angles, deg 
152.5 158.9 
152.5 146.6 
103.7 100.6 
103.7 106.7 
84.5 84.8 

Energy, kcal/mol 
1.68 1.68 
2.81 2.79 
3.84 3.90 

12.61 12.68 
-2.04 -2.05 

0.00 0.01 
18.90 19.01 

% SP(D = 

60 

1.681 
1.653 
1.761 

165.3 
141.1 
97.3 

109.5 
85.6 

1.67 
2.63 
4.10 

12.81 
-2.07 

0.16 
19.30 

= 0.10) 

40 

1.685 
1.634 
1.769 

170.2 
135.0 
94.9 

112.5 
86.4 

1.67 
2.47 
4.32 

12.88 
-2.07 

0.26 
19.53 

20 

1.688 
1.634 
1.776 

174.0 
128.2 
93.0 

115.9 
87.1 

1.66 
2.33 
4.55 

12.92 
-2.07 

0.22 
19.61 

0 

1.693 
1.626 
1.784 

177.1 
123.5 
91.4 

118.2 
88.1 

1.71 
2.33 
4.77 

12.96 
-2.07 

0.34 
20.04 

" The "strainless" parameters and force constants for bonds at phosphorus are from Tables III and IV for the SP and TP. These initializing 
parameters were divided up incrementally for intermediate points as mentioned in the text. The "strainless" parameters and force constants 
for bonds other than P-O and P-C bonds are the same as in Table VIII (cf. footnote d). 

Energy of the TP vs. the SP 

The steric energies in Table V calculated for the simulated 
TP and SP structures of PF5 show that the TP is the more 
stable conformation. This is a direct consequence of the in­
troduction of bond EPR via the modified 1,3 interaction ex­
pression (eq 3). In view of the approximate method of choosing 
the magnitude of this energy term compared to the other 
contributing terms (expression 1), as described above, no great 
significance can be attached to the actual value of the energy 
difference However, the direction of the energy difference is 
important and must allow the prediction of the relative stability 
of the TP and SP for more complex phosphoranes if this ap­
proach is to be useful. As pointed out, other ligand constraints 
encountered with more complex molecules may provide terms 
which are more important in determining structure than the 
bond EPR term, but the inclusion of the latter should lead to 
a conformation which more accurately reproduces observed 
data. 

A case in point are some catechol derivatives of five-coor­
dinate phosphorus, which have x-ray structures12'23'24 

near a square or rectangular pyramid. We have chosen the 
first such derivative to be reported as rectangular pyramidal, 
(Cef^ChhPCHs233 (I), to test our conformational minimi­
zation scheme. 

If either the TP or SP set of a0 values (Table IV) is chosen 
for the calculation, the resulting minimum energy structure 
is constrained to assume a geometry near the "idealized" TP 
or SP. To eliminate this constraint, the angle bending force 
constants, k\>, were set to zero for all angles at phosphorus. The 
TP parameters, /0 and ks, for P-O and P-C bonds (Tables III 
and IV) were used in the calculation. The value of D was 

Figure 2. The variation in the fractional contribution of the 1,3 term to 
the total energy as a function of D for phosphoranes of varying molecular 
complexity. 

chosen at 0.075, in accord with the criteria discussed above. 
Other conditions are mentioned in footnote a of Table VIII. 

Conformational minimization under these constraints leads 
to the calculated bond lengths and angles listed in Table VIII 
for I (column 3). Calculations also were performed to show the 
effect of varying the bond EPR term (D = 0.025, column 2, 
and D = 0.20, column 4). 

Agreement with the x-ray structure233 (cf. columns 3 and 
5) is quite good at this stage of the parametrization. In par­
ticular, it is encouraging that a structural minimum is reached 
at angles near the SP, as found for structure I, even though the 
initializing parameters, /0 and ks, for a TP were used. The 
calculated O-P-0 trans basal angles are 157.9 and 144.2°, 
which compares with 156.9 and 148.1°, respectively, as re­
ported from the x-ray diffraction study.23a 

As we have demonstrated elsewhere,12 the x-ray structures 
of cyclic phosphoranes fall along the Berry coordinate. As in­
dicated here, the principal reason is associated with low force 
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Table X. Bond Parameters for the "Best" Simulated Structure for (C6H4O2^PCH3
0 

Bond Lengths, A* 
0(I)-C(S) 
P-O(I) 
0(3)-C(7) 
P-0(3) 
C(5)-C(7) 
C(5)-C(9) 
C(7)-C(15) 
C(9)-C(ll) 
C(ll)-C(13) 
C(13)-C(15) 
P-C(17) 

Bond stretch 
Bond bend 

1.362 
1.675 
1.362 
1.664 
1.323 
1.381 
1.381 
1.387 
1.336 
1.387 
1.753 

1.68 
2.80 

PO(l)C(5) 
PO(3)C(7) 
0(1)C(5)C(7) 
0(1)C(5)C(9) 
C(7)C(5)C(9) 
0(3)C(7)C(5) 
0(3)C(7)C(15) 
C(5)C(7)C(15) 
C(5)C(9)C(11) 

Energies 
VDW, 1,4 
VDW, 1,3 

Bond Angles, deg* 
113.3 
113.6 
111.9 
126.6 
121.4 
112.0 
126.5 
121.4 
117.6 

kcal/mol 
3.88 

12.66 

C(9)C(11)C(13) 
C(11)C(13)C(15) 
C(7)C(15)C(13) 
0(1)P0(2) 
0(1)P0(3) 
0(l)PO(4) 
0(1)PC(17) 
0(3)PO(4) 
0(3)PC(17) 

VDW, other 
Torsional 
Total 

121.0 
121.0 
117.6 
157.4 
89.1 
84.7 

101.3 
148.1 
106.0 

-2.04 
0.01 

18.99 

" The initializing parameters are the same as discussed in footnote a to Table IX and accompanying text. D = 0.10. * The x-ray values233 

are listed in Table VIII in the same order for comparison. 

Table XL Calculated and X-Ray Diffraction Bond Angles at 
Phosphorus for II 

Exptla SP calcd TP calcd 

Angle, deg 
0(2)PC(I) 
0(I)PC(I) 
C(7)PC(1) 
C(9)PC(1) 
0(2)PO(l) 
0(1)PC(7) 
C(7)PC(9) 
0(2)PC(9) 
0(2)PC(7) 
0(1)PC(9) 

Bond stretch 
Bond bend 
Stretch-bend 
VDW, 1,4 
VDW, other 
Torsion 
Torsion-bend 
Total 

100.0 
101.6 
105.6 
110.7 
85.0 
92.7 
78.1 
90.3 

154.2 
147.7 

102.2 
101.8 
107.7 
109.2 
88.4 
90.9 
75.3 
89.7 

149.6 
148.6 

Energy, kcal/mol 
3.74 

18.10 
-0.17 

8.01 
1.11 
1.02 

-0.22 
31.34 

89.5 
118.0 
95.0 

123.0 
89.4 
93.3 
77.2 
95.8 

172.9 
118.8 

3.69 
21.53 
-0.08 

9.35 
-0.15 

2.17 
-0.70 
35.82 

" For molecule la of ref 35. 

constants for angle bending at phosphorus. The latter is a 
manifestation of nonrigidity for five-coordinate phosphorus 
and a consequence of two sets of bond properties, which leads 
to close energy structures, the TP and SP.10 Thus, in contrast 
to other coordination numbers which have more bond rigidity, 
added flexibility is available to five-coordinate phosphorus in 
allowing easy angular "slippage" along the Berry coordinate. 
As a result, ligands, which undergo repulsion effects from a 
single basic conformation, minimize their interactions with 
each other by relative motions that accompany ready move­
ment between the TP and SP. The particular point reached 
along the TP-SP path will then depend on the ligand con­
struction and associated constraints.12 

The effect on conformational energy of moving along the 
Berry34 coordinate may be seen by performing another series 
of calculations for I in which the force constants for angle 
bending (fct,) at phosphorus are allowed to assume their usual 
values (Table IV) and the set of "strainless" parameters, Io and 
ao, as well as the bond stretching force constants, fes, for bonds 
to phosphorus were varied incrementally from the TP to the 

Figure 3. Relative energy calculated via molecular mechanics for structures 
of (C6H4O2)JPCH3 (I) along the Berry coordinate. 

SP. The effect of this variation is to force the molecule to as­
sume first a TP geometry, then to move along the Berry coor­
dinate toward the SP geometry. It was established that the 
same value of D is applicable over the entire Berry coordinate. 
This was done by performing conformational energy minimi­
zations as D was varied in 0.025 steps from 0 to 0.3 for both 
100% TP and 100% SP. These results give graphs similar to 
that in Figure 1 for CH3PF4. In each case, the "best fit" 
(minimum value of 8) occurred at D = 0.10. 

The minimum energy structures corresponding to points 
uniformly displaced along the Berry coordinate are shown in 
Figure 3. The SP is seen to be the more stable structure. Ac­
companying data are listed in Table IX for some of the mini­
mized bond parameters at phosphorus. The principal term 
causing the energy variation over the series is the 1,4 van der 
Waals expression. It provides almost 1 kcal in stabilizing the 
SP over the TP. The point which agrees closest with the ex­
perimental structure233 has about 85% SP character. This is 
in surprisingly excellent agreement with the value of 82% SP 
character estimated along the Berry coordinate from the sum 
of the dihedral angles12 associated with the polyhedral faces 
for I. The parameters for this best structure are listed in Table 
X. 

If the C(5)-C(7) and C(6)-C(8) distances are increased, 
the TP structure is favored. This is in accord with calculations 
by Kepert,l6b which show that the relative TP-SP stability is 
a function of the size of the ligand bite. Increasing this distance 
is what occurs on going from unsaturated ring systems, as in 
I, to saturated rings, like that in the spirophosphorane. These 
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Table XII. The Structure of (OCH2CH2NH)2PH (III) and (OCHPhCH(CH3)NCHj)2PH (IV) by Conformational M 
X-Ray Diffraction for IV 

P-O(I) 
P-N(I) 
P-H(I) 

Calcd* 
III 

1.71 
1.68 
1.46 

Calcd 
III 

Calcd Exptlr 

IV IV 

1.69 1.700 
1.68 1.690 
1.46 

Calcd Exptl 
IV IV 

Bond Lengths, 

0(1)-C(2) 
N(I)-C(I) 
C(l)-C(2) 

A 

Bond Angles, deg 

Calcd6 Calcd 
III IV 

1.44 1.44 
1.45 1.47 
1.51 1.54 

Calcd Calcd 
III IV 

Exptlc 

IV 

1.434 
1.500 
1.545 

Exptl 
IV 

inimization" and 

/o mdyn/A 

1.44 3.58 
1.47 5.00 
1.54* 4.40 

kb, 
mdyn-

<*o A/rad2 

o ( i ) p o d ) ' 
N(I)PN(I)' 
0(I)PN(I) 
0(I)PN(I) ' 
N(I)PH(I) 
0(I)PH(I) 

179.3 
125.2 
90.3 
89.4 

117.4 
90.3 

176.9 
129.6rf 

90.8 
90.5 

115.2 
88.5 

176.6 
123.3 
89.2 
92.4 

PO(I )C(2) 
PN(I)C(I) 
0(1)C(2)C(1) 
N(1)C(1)C(2) 
C(1)N(1)H(2) 
PN(1)H(2) 

112.0 
116.7 
107.1 
104.4 
119.7 
123.6 

112.5 
117.8 
108.8 
101.7 

111.9 
115.4 
103.2 
100.3 

111.5 
120 

109.5 
109.5 

5.0/ 
0.7 
0.3 
0.3 

III IV 
Energy, kcal/mol 

III IV 

Stretch 
Bend 
1,4VDW 
1,3 VDW 

4.44 
2.78 
3.21 

20.49 

2.84 
4.34 
5.49 

16.68 

Other VDW 
Torsional 

Total 
D 

-1.33 
0.18 
29.79 
0.10 

-3.50 
0.18 

26.02 
0.075 

" The initializing parameters follow the standard values (Tables III and IV) for the TP set for the bonds at phosphorus. Others are indicated 
in the last two columns. During the energy minimization, the phenyl ring for IV was free to move and rotate as a unit, but the phenyl bond distances 
and angles and the ring planarity were held constant. A C2 axis was assumed. A large torsional constant was used to maintain planarity of 
the D(I)PN(I)C(I) portion of each of the rings in III and IV. * In ref 36a a slightly different set of calculated values was given. The different 
set resulted from slight alterations in our computational procedure.c From the x-ray study reported in ref 37. The values included here represent 
average values for bond lengths and angles, since there is a near C2 symmetry axis and the calculation here is not sufficient to discriminate 
among small variations. d This relatively large NeqPNeq angle calculated for IV closed to 123.4° when the ring methyl was positioned on the 
side opposite the phenyl group. Also if the torsional constant for the OPNC portion of the rings in IV is reduced to allow ring puckering to ap­
proximate that in the actual structure (~3° for this dihedral angle), the NPN angle decreases from 29.6° to 127.1°. The other bond parameters 
are not appreciably altered. e IQ= 1.51 for III and 1.54 A for IV. ̂ A large force constant was used for the PO(I )C(2) angle for IV in order 
to hold it from unduly opening. The same value was used for III. 

CH; 

CH 

3 .CH3 

O 

O ^ I 
^ T v, s~ .CF3 

rCF3 

CF3
 CF3 

R = SPh, P-OC6H4Br 

structures have been reported35 to be TP. We have com­
mented1 ' on the reasons for this structural change upon de­
tailed examination of the resulting alteration in ring strain and 
changes in P-O and C-O bonding requirements. 

A Highly Strained Phospholane 

For more strained cyclic phosphoranes, such as the near 
"square" pyramidal dioxaphospholane35 (II), the influence 
of a bond EPR term should be even less important than that 
in catechol derivatives.23,24 In addition to the increased number 
of steric terms for the phospholane (II) compared to a simple 
acyclic phosphorane, the presence of a four-membered ring 
causes a large increase in bending energy. 

We carried out some early calculations based on slightly 
different sets of initializing parameters for the SP and TP than 
those in Tables III and IV. However, the results should not be 
substantially altered. The angles at phosphorus obtained from 
this computation are listed in Table XI. The comparison of the 

energy obtained for the two geometries, constrained near the 
SP and TP by the choice of initial conditions, shows the SP to 
be more stable. Correspondingly, the angles at phosphorus 
based on the SP parameters compare well with x-ray diffrac­
tion values.35 

Structure Simulation of the Ephedrine Derivative 
(OCHPhCH(CH3)NCH3)ZPH (IV) 

Recently, we reported the x-ray structure of the ethanola-
mine derivative (OCH 2 CH 2 NH) 2 PH (HI),3 6 a near TP con­
formation. Computer simulation according to the procedure 
discribed here reproduced most structural features including 
the direction of ring puckering.36 In order to account for the 
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Figure 4. ORTEP plots of the computer structures compared to the x-ray 
structures for (a) (OCH2CH2NH)2PH (III) and (b) (OCHPhCH(CH3)-
NCH3)2PH (IV). Calculated structures are shown with solid bonds 
overlaying the x-ray structures. 

unusually large NeqPNeq angle, 130.8; the effect of an inter-
molecular hydrogen bond, N - H - O (3.04 A), present in the 
unit cell,36b was included in the calculation. The related 
(—)-ephedrine derivative IV, whose x-ray structure has been 
reported,37 shows ring puckering at the flap atom C(2) in a 
direction opposite to that in III. 

The conformational minimization scheme applied to IV gave 
the results shown in Table XII. Calculated parameters are also 
included for III. The initial atom coordinates used in the 
computation for both dioxadiazaspirophosphoranes, III and 
IV, positioned the five-membered rings in planes and, in ad­
dition for IV, placed the methyl and phenyl substituents on the 
same side of the ring as the hydrogen atom bonded to phos­
phorus to agree with the conformation of the (—)-ephedrine 
ligand. 

A conformational minimum was obtained, which resulted 
in ring puckering with the flap atom, C(2) in III, toward the 
equatorial P-H bond, and in IV, away from the equatorial P-H 

Ph 
H 

H 
P-N1T-H 

H 

Ti O 
CH-I ,. / C H 3 

CH.r / P - ^ . v H 
H ' - ' ^CH3 

Ph H 

III IV 

bond, in agreement with that observed by the respective x-ray 
studies.36'37 We did not investigate the cause of this alteration 
in puckering, but suspect it to be associated with lower non-
bonded repulsions for the phenyls oriented away from the P-H 
bond compared to that obtained if the phenyl groups are 
brought closer to the P-H bond by the opposite puckering. 
ORTEP plots (Johnson's program) of the simulated structures 
of III and IV are superimposed on their x-ray structures in 
Figure 4. 

Structural Comparison in (C6HsO)sP 
As a final example, the x-ray parameters38 for the phenyl 

groups of the pentaphenoxyphosphorane (C6HsO)sP were used 
as starting coordinates in a conformational minimization. The 

Table XHI. Comparison of Computed and X-Ray Diffraction Angles 
at Phosphorus in (C6H5O)5P

0 

PhO,fh 

PhQ 
P—4OPh 

30Ph 

0(2)PO(3) 
0(2)PO(4) 
0(2)PO(5) 
0(2)PO(6) 
0(3)PO(4) 
0(3)PO(5) 
0(3)PO(6) 
0(4)PO(5) 
0(4)PO(6) 
0(5)PO(6) 

Stretch 
Bend 
1,4 VDW 
1,3VDW 
Other VDW 
Torsional 
Total 

Calcd Exptl6 

Bond Angles, deg 
179.2 

89.5 
90.0 
90.4 
90.0 
90.8 
89.4 

118.3 
123.1 
118.6 

Energy, kcal/mo 
1.16 
1.54 

15.16 
2.98 

-11.15 
0.03 
9.72 

176.6 
88.9 
91.4 
87.9 
88.2 
91.6 
92.1 

118.3 
125.5 
116.2 

a Standard parameters were taken from Tables III and IV for the 
TP set. D = 0.040. &X-ray data from ref 38. 

angles at phosphorus for the best minimum energy structure 
(Z) = 0.04) are given in Table XIII and are compared with 
x-ray values.38 

It is noted that the three calculated equatorial angles, which 
differ from the 120° values expected for a Dn, structure, 
compare favorably with the corresponding x-ray values. This 
suggests that the canting of the phenyl rings, which tends to 
minimize nonbonded interactions between them, achieves a 
better conformational minimum by inducing these angle 
changes. Further, the agreement obtained indicates that in-
termolecular effects are relatively unimportant in determining 
the structure of the pentaphenoxy derivative. 

Discussion 

We have shown that there is a strong correlation between 
ligand construction and the position of a cyclic phosphorane 
structure along the Berry coordinate.12 The agreement indi­
cated between this correlation and the results from the mo­
lecular mechanics method here suggests that conformational 
minimization will find useful application in quantitative as­
sessment of pentacoordinate intermediates postulated in a wide 
variety of phosphorus reaction mechanisms.39 Taking due 
cognizance of reaction requirements, such as the nature of the 
entering and leaving groups and their specific reaction coor­
dinates (i.e., normally apical attack and departure in a TP 
intermediate), it should be possible to determine the minimum 
energy transition state with a greater degree of certainty than 
heretofore allowed. 

These considerations need not be limited to simple deriva­
tives. Currently, we are applying the above approach to the 
action of ribonuclease on dinucleoside phosphates. 
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and Ajisaka2b reexamined the proton NMR spectrum of I in 
further detail and concluded that the conformation of I tacitly 
assumed by Wechter2a might be incorrect. From considerations 
of molecular models, Kainosho and Ajisaka arrived at four 
possible conformations of the sugar-phosphate ring systems 
in I (Figure 1) and on the basis of empirical relationships be­
tween coupling constants and torsion angles they favored 
conformation (a) (Figure 1) for I. In the course of this analysis, 
however, Kainosho and Ajisaka2b noted an unusual vicinal 
phosphorus-proton coupling constant, JPOCH, in the spectrum 
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Abstract: The crystal structure of 2',5'-arabinosylcytidine monophosphate (I) has been analyzed by x-ray diffraction methods. 
The arabinose ring is 2'-endo, as in solution. Coupling constants measured for I in solution can be explained on the basis of the 
structure found in the crystal, indicating that the molecule maintains the same conformation in both states. Strain in the seven-
membered phosphate ring leads to greatly enlarged P-O-C angles, which may explain the unusually large phosphorus-proton 
coupling constants, ./POCH, reported earlier. We conclude that J-Q curves proposed earlier, describing the empirical relation­
ship between coupling constants and dihedral angles 4>, should not be used for uncharacterized systems and we propose a tenta­
tive, revised curve for seven-membered cyclic phosphates. We also discuss other conformational features of seven-membered 
phosphate rings, and introduce a convenient notation for describing the various conformers. 
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