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Theoretical Calculations of the Hydrolysis Energies of
Some “High Energy” Molecules. 1. The Phosphoric and
Carboxylic Acid Anhydrides

Sir:

In view of a recent proposal by Boyer et al.! that much of
the free energy change associated with the formation of cer-
tain biologically important P-O-P bonds (e.g., that of
ATP) occurs when the product is released from the enzyme
into the aqueous environment rather than during actual
bond formation, we felt it would be timely to reexamine the
nature of these and other “high energy” molecules. We
have carried out ab initio molecular orbital calculations
using a STO-3G basis set? on phosphoric acid {H3POy), py-
rophosphoric acid (H>PO3;OPO3H,), methyl dihydrogen
phosphate (CH;0PO;H,), acetic anhydride
[(CH3CO),0], and their hydrolysis products as an ap-
proach to the description of the electronic structure of mol-
ecules with high group-transfer potential.

Complete geometrical optimization of these molecules
would' have been prohibitive, so we carried out a limited
search,? optimizing the geometries at a comparable level for
all the compounds involved. First, we examined the energy
of HiPOy as a function of the O=P—O—H dihedral an-
gles, ¢, = @2 = ¢3, with R(P=0) = 1.5 A, R(P—0) = 1.7
A, and R(O—H) = 0.99 A. Since ¢ = 0 was the lowest en-
ergy, we optimized R(P=0) and R(P—O) at this angle,
and then varied the ¢’s once again, but this time indepen-
dently, on a 60° grid. The energy minimum is at ¢; = 180,
¢2 = 0, and ¢3 = 0. Then we carried out calculations on
CH;0PO;H> and H,03;POPO;H; reoptimizing* only the

of Lathan et al® we calculated the energies for both
CH30H and H,0. This enabled us to calculate AE values
for the prototypal “high” and “low energy” hydrolysis reac-
tions (eq 1 and 2) (see Table I).

H203P0P03H2 + Hzo - 2H3PO4 (1)
CH;0PO;:H; + 11:0) — CH;0H + H3PO4 (2)

The energits (AE) tor the hydrolysis of the “high ener-
gy” P-O-P bind in reaction 1 and “izw energy” C-O-P
bond in reaction 2 are calculatzd to be —2.71 and —0.94
kcal/mol, respectively.

Since the predominant phosphate species in aqueous so-
lution at neutral pH are charged, we also carried out calcu-
lations on "THO3POPO;H~, CH;OPO3H™, and H,PO4™ to
study the energetics of reactions 3 and 4.

~“HO;POPO;H™ + H,0 — 2H,PO4~ 3)
CH3;OPO3H~ + H;0 — CH3;0H + H,PO4~ 4)

Using the minimum energy dihedral angles determined by
Newton$ for the dimethyl phosphate anion, we optimized
both the P-OH and P—O~ bond lengths in HPO4~ and
used these geometrical parameters in CH3;OPO3H~ and
~“HO3;POPO3;H~. We reoptimized only R(P-O) of the
POP and POC linkages and R(C-O) for the POC linkage
(see Table I). The energies for reactions 3 and 4 are calcu-
lated to be —75.3 and +0.7 kcal/mol, respectively.” To de-
termine the role of electrostatics in these reactions, we also
calculated the energy of hydrolysis of “HO3;POPO;H,;
(reaction 5),% and found it to be +10.2 kcal/mol.

~“HO3;POPO;H; + H;0 — H;3;PO4 + H,PO4~ (5)

To test the reliability of these results for a “high energy”
bond whose gas phase thermodynamics are known, we cal-
culated the energy of the molecules involved in reaction 6.
Using Hess’s law and experimental heats of formation,® the
enthalpy of reaction 6 is found to be —11.6 kcal/mol. Using
our calculated total energies for acetic anhydride, acetic
acid,'® and water, the AE of reaction 6 is predicted to be
—17.2 kcal/mol. Although this agreement is only fair, it is
clear that our calculations show a qualitative difference be-
tween the acetic anhydride “high energy’” bond and those of
the neutral and singly charged phosphates. Similarly, the
calculations ou the pyrophosphate dianion indicate that, in
the gas phase, hydrolysis of this molecule is even more exo-
thermic than the carboxylic acid anhydrides.

P-O and C-O bond distances and bond angles of the ?I ?
P-O-P and C-O-P linkages. Using the optimal geometries CH;COCCH; + H,0 — 2CH3COOH (6)
Table I. Summary of Geometry and Energy Results?
R R- 6(POP), 6(POC),
Molecule R(P—OH) R(P=0) o (C—0) (0O—H) deg RP—OR)¥ deg ET
H,0 0.99 -74.96590
CH,OH 1.433 0.99 -113.54919
H,PO, 1.657 (1.57)b 1.575 (1.52)b 0,0,180 0.99 -633.896804
1.657 1.575 0,0,0 0.99 -633.894514
CH,0OPO H, 1.657 1.575 0,0,0 1.445 0.99 1.655 109.5f —-672.472448
1.657 1.57§ 0,0,180 1.445 0.99 1.655 115.6 -672.478593
H,0,POPO H, 1.657 1.575 (0, 0,0 )C 0.99 117.0 1.685 -1192.823393
0,0, 180
H,PO,~ 1.714 1.607 e 0.99 -633.14333
CH,OPO,H™ 1.714 1.607 e 1.440 0.99 1.740 109.5 -671.727694
"HO,POPO,H™ 1.714 1.607 e 0.99 109.5 1.730 -1191.200828

2 Distances in angstroms, and energies in hartrees. » Experimental values in parentheses; see ref 17. ¢ One phosphate group had 0, 0, 0 dihe-
dral angle; the other 0, 0, 180. The conformation with all ¢ = 0brought the two P=0 bonds too close together. dP—0 bond length for POP
or POC linkage. € We used RO—P—Q—R’ dihedral angles of 60° which are near the calculated optimum angles reported in ref 6 for di-
methyl hydrogen phosphate anion. f This angle was assumed tetrahedral for only the ¢ = 0, 0, 0 conformation, and optimized for ¢ =

0, 0, 180.
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In their recent study of the nature of high energy bonds,
George et al.!! concluded that solvation effects contributed
very importantly, perhaps more than intramolecular effects,
to the large negative enthalpy (and free energy)'? of hydrol-
ysis of “high energy” P-O-P bonds. The similarity in our
calculated AE for reactions 1 and 2 would imply that the
known high-energy nature of the former reaction is not en-
tirely due to intramolecular electronic effects. Unfortunate-
ly, our minimal basis set calculations are probably not suffi-
ciently accurate to allow one to place great confidence in
differences of just a few kilocalories per mole.'3

A comparison of the calculated hydrolysis energy of
~“HO3;POPO3;H~ with H,O3POPO;H; indicates that, in
the gas phase, electrostatic repulsions are important in de-
termining the “high energy” nature of the former molecule.
However, the similarity of the experimental enthalpies of
hydrolysis of H>O;POPO;H, and —HO;POPO;H~™ in
aqueous solution (—7.6 and —6.8 kcal/mol)!! would imply
that these electrostatic effects are diminished either by as-
sociation with counterions or by the large dielectric con-
stant of water. Our calculated gas phase energy of hydroly-
sis of THO3;POPO;H™ indicates that its solvation energy
should be 209 rather than 134 kcal/mol as estimated by
George et al.!*

In contrast to the probable important contribution of sol-
vation to high energy phosphate bonds, the “high energy”
nature of carboxylic acid anhydrides is more clearly a result
of intramolecular effects (described by George et al. as *“op-
posing resonance” 13). The precise role of solvation in other
biologically important molecules with high group-transfer
potentials and a further characterization of their electronic
structure will be subjects of further studies. In addition, we
hope that examination of reactions 1-6 with more extended
basis sets!® will yield a more precise measure of their hy-
drolysis energies.
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9-Isocyanopupukeanane, a Marine Invertebrate Allomone
with a New Sesquiterpene Skeleton!

Sir:

An observation by Johannes,? that the nudibranch Phyi-
lidia varicosa Lamarck, 1801 secretes a strong and unusu-
ally smelling, heat-stable, volatile substance, lethal to fish
and crustaceans, has led us to the isolation of this metabo-
lite from P. varicosa and also from its prey, a sponge, Hy-
meniacidon sp. This secretion, which protects the delicate,
shell-less, brightly colored opisthobranch mollusk from its
predators, and which at the same time is the allomone of
the browser-prey relationship, has the structure of a tricy-
clic sesquiterpene isocyanide with a new, rearranged isopre-
noid skeleton (1).

Locating and netting the relatively rare P. varicosa by
SCUBA and maintaining the mollusks in aquaria proved to
be difficult. By gently squeezing and rinsing 20 animals
with sea water we gradually accumulated sufficient mucus
for purification by vacuum distillation of the wet salty se-
cretion, followed by extraction of the distillate with methy-
lene chloride, TLC on alumina (methylene chloride-hex-
ane, 15:85, Ry 0.6), thus yielding 20 mg of a mobile oil with
the typical odor of the animal and lethal to fish. We charac-
terized this metabolite as an isocyanide (ymax 2120 cm™!;
thermal isomerization to nitrile, vyax 2250 cm™!; acid hy-
drolysis to formamide, vmax 1685 cm™!) possessing a sesqui-
terpenoid (CyH2sN; highest m/e 205, prominent losses of
Me>CH, Me; isopropyl doublet of doublets and tertiary
methyls in NMR) skeleton, which clearly differed from a
sponge-derived bicyclic isocyanosesquiterpene which we
were studying .}

Luckily one of us (B.J.B.), while diving off Pupukea on
the north shore of Oahu, observed P. varicosa feeding on an
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