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Minimization of calculated bond angle strain and eclipsing
strain in five-membered rings can readily be accomplished
with the aid of a digital computer, and in the four com-
pounds studied (three heterocyclic and one homocyclic)
leads to bond angles and to dihedral angles closely in
accord with the experimental values determined from
X-ray data. The calculated angles are insensitive to the
values chosen for the force constants for angular bending.

Five-membered cyclic esters of phosphoric acid,!
phosphonic acid,? and sulfuric acid?® show extraordi-
narily large rates of hydrolysis when compared with their
acyclic and six-membered analogs. The major part of
the enhancement of the rate of hydrolysis of methyl
ethylene phosphate (I, R = CHj;) over related acyclic
triesters has been attributed to thermochemical strain
in the five-membered ring.4% Preliminary calculations
showed that angle strain in the ring probably makes a
substantial contribution to the over-all strain energy.®
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In an attempt to gain further insight into the nature
of the strain energy and of the transition state for acid-
catalyzed hydrolysis, we have extended the previous
calculations® of bond angles and strain energy in these
cyclic esters. Calculations were made by an exten-
sion of the methods previously outlined®”; related
calculations have been made by Pitzer and co-workers,?
Hendrickson,® and Wiberg.'® The bond angles in
the ring were adjusted by a process of iterative re-
finement so as to minimize the total energy due to
angle bending and bond eclipsing. The bond lengths,
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which were assumed to remain constant,” and the
“preferred” bond angles were taken from published
data on related acyclic compounds.!! The calculations
were made on an IBM 7094,

Initially, calculations were made for planar mole-
cules with the assumption that all angle bending force
constants were equal. In spite of this simplified
approach, the internal bond angles are in quite good
agreement with those obtained by X-ray diffraction!213
(see Table I).

The extension to nonplanar molecules involves a
great deal more computation, and in order to perform
a large number of calculations with different force
constants, the restriction has at present been made
that four of the atoms be coplanar. The crystal struc-
ture of I (R = CH;) has now been determined by
Steitz and Lipscomb by X-ray diffraction methods,!*
and for this compound the above restriction would
appear to be justified.

The following ranges were used for the computations
with I: angle bending force constants,'* C-C-OP,
82-110; C-O-P, 110-170; O-P-O, 70-140 (kcal./mole
radian?); bond eclipsing energies,'® CH,~CH,, 2.5-3.0;
CH,-O, 0.5-1.5; CO-P, 0.0-1.0 (kcal./mole). The
predicted internal bond angles are little affected by
changes in the angle bending and bond eclipsing force
constants. A decrease in the OPO bending force
constant from 140 to 70 kcal./mole radian? (with the
other parameters held constant at about the center of
their ranges) gave changes in the bond angles varying
from 1.3 to 2.7°. However, the absolute value of the
strain energy and the variation of the strain energy with
changes in the preferred OPO angle are sensitive to
the values of the force constants and bond eclipsing
constants. For example, halving the OPO bending
constant decreases the calculated strain energy by
about 1.5 kcal./mole. For I (R = CH;) the calculated
minimum in energy is within 0.3-0.8 kcal./mole of
that of the planar form; the calculated dihedral angle
of about 13° (found!* 11°) is thus poorly defined.

The relief of strain (3-6 kcal./mole) in the phosphate
ring (I) on passing from the ground state (preferred
OPO = 109.5°) to a transition state with a preferred
OPO of 90°, is in sharp contrast to the large increase
of strain (5-7 kcal./mole) which would be expected for
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Table I

Angle, deg.
a b c d e
Methyl Ethylene Phosphates
Atom P (0] CH, CH, (o)
Calcd.? 98.3 = 1.9 112.8 = 1.1 104.9 = 1.1 105.5 = 0.9 113.5 = 1.4
Exptl.c 99.1 = 0.5 112 =+ 0.7 107.8 = 1.1 106 =+ 0.9 112 = 0.7
Ethylenethiourea?
Atom Cs NH CH, CH. NH
Calcd. 110.9 111.7 102.8 102.8 111.7
Exptl.. 110 112 102 103 113
Isoprene Sulfone?
Atom S CH, C(CHjy) CH CH,
Calcd. 100.6 103.3 116.6 116.4 102.9
Exptl./ 98.3 106.3 114.2 117.0 104.2
Cyclopentene®»?
Atom CH CH; CH: CH, CH
Calcd. 111.2 103.2 105.4 103.2 111.2
Exptl.* 111.5 102.9 106.3 Dihedral angle between abde and bcd

is 24° (found* 22° 16")

= Nonplanar molecule; angles given for the most stable configuration on the assumption that atoms abde are coplanar.
7 See ref. 13,
the angle bending force constants were reduced to 96 kcal./mole radian®,

given. °See ref. 14, 4 Planar molecule. ¢ See ref. 12.

made from the data therein.

a preferred OPO of 120°. This result supports the
previous hypothesis® of an OPO angle of 90° in the
transition state for the acid-catalyzed hydrolysis of I
(R = H). Furthermore, the suggested trigonal bi-
pyramid structure, with the five-membered ring joined
in the basal-axial positions has recently been found!
for the pentaoxyphosphorane II.

P31 n.m.r. studies have shown that the phosphorus
nuclei of those cyclic esters which undergo rapid
hydrolysis are less shielded than those of the analogous
more stable esters.»%¥ It has therefore been sug-
gested>%1!® that ring strain reduces the 2p-3d =-
bonding?® between the phosphorus atom and the
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alkyl oxygens in the ring. A decrease in the amount
of double bond character should perhaps be reflected
in an increased P-OC bond length,® but Lipscomb
and Steitz have now shown by X-ray crystallography
that the three ester P-OC bond lengths of I (R =
CH;) are identical.’* A bond length of 1.57 A. im-
plies® a w-bond order of 0.2 to 0.3, and it seems prob-
able that this partial double bonding will be removed
in the transition state.® Preliminary calculations sug-
gest that the resultant bond lengthening (as found?
in the pentaoxyphosphorane II) could account for a
further 0.6-1.0 kcal./mole relief of strain.
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