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Diazetines (9) might not open as easily, but are expected to be 
highly reactive. 

Conclusions 
The lack of aromaticity of four-membered-ring 67r-heterocycles 

can be attributed to two main factors, viz., the strongly 1,2- and/or 
1,3-antibonding character of the higher occupied ir-orbitals and 
the electronegativity difference between C and O or C and N. 
Both factors favor localization of 7r-electrons and ring-opening 
reactions. Presumably, 6ir-aromaticity requires at least a five-

(47) Whiteside, R. A.; Frisch, M. J.; Pople, J. A. Carnegie-Mellon 
Quantum Chemistry Archive, 3rd ed.; Carnegie-Mellon University: Pitts­
burgh, 1983. 

(48) Budzelaar, P. H. M.; Kraka, E.; Cremer, D.; Schleyer, P. v. R. J. Am. 
Chem. Soc. 1986, 108, 561. 

(49) Saebo, S.; Radom, L. J. MoI. Struct. 1982, 89, 227. 
(50) Wiberg, K. B.; Wendoloski, J. J. J. Am. Chem. Soc. 1982,104, 5679. 

Wiberg, K. B. J. Am. Chem. Soc. 1983, 705, 1227. 
(51) Rademacher, P.; Wurthwein, E.-U. J. MoI. Struct. 1986, 139, 315. 

The zwitterionic species H2O+CH2O", which would be the 
expected intermediate in a stepwise mechanism for nucleophilic 
addition of a water molecule to formaldehyde, was predicted by 
ab initio self-consistent-field molecular-orbital (SCFMO) calcu­
lations at the STO-3G and 4-3IG level to be unbound in the gas 
phase.1,2 As the neutral reagents approach along the mini­
mum-energy Biirgi-Dunitz trajectory,3,4 their interaction is wholly 
repulsive for all separations less than ~2.4 A.2 Uncatalyzed 
formation of the product diol is enforced to proceed by a concerted 
mechanism involving a four-center activated complex 1 (Figure 
1, curve U). A single ancillary water molecule may interact 
favorably with the reacting system by serving monofunctionally 
either as a hydrogen bond donor to the carbonyl oxygen (simu­
lating general acid catalysis) or as a hydrogen bond acceptor from 
the nucleophilic water (simulating general base catalysis). The 
energy of all points along the uncatalyzed addition path is lowered 

(1) Williams, I. H.; Spangler, D.; Femec, D. A.; Maggiora, G. M.; 
Schowen, R. L. J. Am. Chem. Soc. 1980, 102, 6619. 

(2) Williams, I. H.; Maggiora, G. M.; Schowen, R. L. J. Am. Chem. Soc. 
1980, /02,7831. 

(3) Biirgi, H. B.; Dunitz, J. D.; Shefter, E. J. Am. Chem. Soc. 1973, 95, 
5065. 

(4) Biirgi, H. B.; Dunitz, J. D.; Lehn, J. M.; Wipff, G. Tetrahedron 1974, 
30, 1563. 

membered-ring system, where the nonbonded repulsions are much 
less severe. 
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by these interactions (Figure 1, curves A and B), which therefore 
provide for catalysis which may be described as passive: facili­
tation without significant alteration of the reaction coordinate.1 

However, the ancillary water molecule may also serve bifunc-
tionally as both donor and acceptor of hydrogen bonds in a cyclic 
fashion 2. Now the intervention of the extra molecule effects not 
only an energetic reduction but also profound change in the nature 
of the reaction coordinate for the addition (Figure 1, curve C). 
This catalysis may be described as active: facilitation by alteration 
of the reaction coordinate.1 

Bifunctional participation of a single ancillary water molecule 
in a six-membered, cyclic activated complex for nucleophilic 
addition to carbonyl was first suggested by Syrkin5 in connection 
with ester hydrolysis. (An earlier discussion of mechanisms for 
acid and base catalyzed ester hydrolyses by Laidler6 had postulated 
cyclic activated complexes involving hydrogen bonding of a 
catalytic molecule to both nucleophile and nucleofuge but not to 
the carbonyl group.) Eigen7 mentioned the possibility of coop­
erative mechanisms for proton transfer in aqueous solution in­
volving bifunctional participation of several water molecules in 

(5) Syrkin, Ya. K.; Moiseev, I. I. Usp. Khim. 1958, 27, 717. 
(6) Laidler, K. J.; Landskroener, P. A. Trans. Faraday Soc. 1956, 52, 200. 
(7) Eigen, M. Discuss. Faraday Soc. 1965, 39, 1. 
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Abstract: Geometries have been fully optimized at the HF/3-21G and AMI levels of theory for reagent, activated, and product 
complexes for ammonia addition to formaldehyde catalyzed by 0, 1, or 2 molecules of water. One water molecule reduces 
the 3-2IG reaction barrier by 113 kJ mol"1 by virtue of increased hydrogen bonding with the zwitterion-like ammonia-formaldehyde 
moiety in the cyclic six-membered activated complex. The second water molecule reduces the barrier by a further 33 kJ mol"1 

in 3-21G by permitting less-bent hydrogen bonds in the cyclic eight-membered activated complex. Hydrogen bond strengths 
are overestimated at the 3-21G and MP2/6-31G*//3-21G levels but are underestimated by AMI, particularly for hydrogen 
bonds involving charged species; AMI consistently prefers bifurcated to linear hydrogen bonds. Relative Gibbs free energies 
of activation estimated for the addition reactions predict the two-water-catalyzed process to be preferred over the one-
water-catalyzed process by ~10 kJ mol"1 in the gaseous and aqueous phases and by ~25 kJ mol"1 in dioxan. The reac­
tion-coordinate vibrational modes are dominated by motions of the transferring protons; proton donation is more advanced 
than proton abstraction in the activated complexes. 
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Figure 1. Active and passive catalysis of formaldehyde hydration by a 
single ancillary water molecule. 

a ring, and Bell's8 discussion of mechanisms for gem-diol dehy­
dration (or its reverse, carbonyl hydration) was illustrated by 
diagrams suggesting at least two ancillary water molecules in a 
cyclic activated complex. Ab initio STO-3G SCFMO calculations 
for formaldehyde hydration proceeding via activated complexes 
1 and 2 predicted gas-phase entropies from which estimated ac­
tivation entropies of-96 and -195 J mol-1 K"1 (25 0C, 1 M) were 
obtained for reactions in dioxan solution involving one and two 
water molecules (i.e., zero and one ancillary water molecules), 
respectively.9 An extrapolated estimate of -294 J mol"1 K""1 for 
a concerted mechanism involving three water molecules was in 
accord with the experimental activation entropy of -290 J mol"1 

K"1 for hydration of 1,3-dichloroacetone in dioxan.10 Kinetic 
isotope effects for this reaction with H20/D20<mixtures in dioxan11 

provided evidence for an activated complex containing at least 
six exchangeable protons, i.e., three water molecules, in agreement 
with the conclusion based on the observation of a kinetic order 
of 3 with respect to water.11'12 Although preliminary STO-3G 
calculations were made for cyclic structures containing form­
aldehyde and three water molecules,13 the activated complex for 
concerted hydration of formaldehyde catalyzed by two ancillary 
water molecules was never determined in these earlier theoretical 
studies. 

A more recent semiempirical theoretical study14 of the mech­
anism of amine addition to formaldehyde appears to be deficient 
on two accounts. First, the influence of solvation was explicitly 
neglected whereas the earlier ab initio theoretical studies1'9 had 
suggested that the role of solvent molecules was of crucial im­
portance. Second, the MINDO/3 SCFMO method employed is 
not reliable for these reactions.2 The zwitterionic species 
NH3

+CH2O" was predicted to lie in an energy minimum 13 kJ 
mol"1 above the isolated ammonia and formaldehyde reagents with 
an activation barrier of 40 kJ mol"1 to its formation, whereas the 
ab initio results showed that the interaction of these neutral 
molecules was entirely repulsive in this region.2 The energies and 
geometries of the zwitterion and of its preceding activated complex 
reported by Shokhen et al.14 agree entirely with these obtained 
with the MINDO/3 method by Hogan et al.15 (cf. ref 16). 

(8) Bell, R. P.; Evans, P. G. Proc. R. Soc. London, Ser. A 1966, 291, 297. 
(9) Williams, I. H.; Spangler, D.; Femec, D. A.; Maggiora, G. M.; 

Schowen, R. L. J. Am. Chem. Soc. 1983, 105, 31. 
(10) Bell, R. P.; Sorensen, P. E. J. Chem. Soc., Perkin Trans. 2 1972, 1740. 
(11) Bell, R. P.; Critchlow, J. E. Proc. R. Soc. London, Ser. A 1971, 325, 

35. 
(12) Bell, R. P.; Millington, J. P.; Pink, J. M., Proc. R. Soc. London, Ser. 

A 1968, 303, 1. 
(13) Femec, D. A.; Williams, I. H., unpublished data (University of 

Kansas, 1980). 
(14) Shokhen, M. A.; Tikhimirov, D. A.; Yeremeyev, A. V. Tetrahedron, 

1983, 39, 2975. 
(15) Hogan, P.; Gandour, R. D.; Maggiora, G. M.; Schowen, R. L., un­

published data (University of Kansas, 1977). 
(16) Maggiora, G. M.; Schowen, R. L. In Bioorganic Chemistry; E. E. van 

Tamelen, Ed.; Academic: New York, 1977; Vol. 1 (Enzyme Action). 

Shokhen et al.14 concluded that formation of the zwitterion was 
the rate-determining step in carbinolamine formation, the neutral 
product being formed in a subsequent fast isomerization step. This 
conclusion may be correct under certain conditions, but for the 
wrong reasons. In the gas phase, or in aprotic solution, concerted 
mechanisms are more likely, which avoid charge-separated 
species.2,9 In aqueous solution the zwitterion is stabilized9,17 and 
its formation may indeed be rate-determining,17 but the (sol­
vent-mediated) intramolecular proton transfer leading to the 
neutral carbinolamine may also be kinetically significant,18 and 
the lifetime of the zwitterion may be so short as to enforce a 
concerted mechanism.19 

The present paper describes an ab initio SCFMO theoretical 
study of nucleophilic addition of ammonia to formaldehyde (re­
action 1) catalyzed by 0, 1, or 2 ancillary water molecules par­
ticipating bifunctionally in cyclic hydrogen-bonded structures. The 
reported results should permit some more meaningful discussion 
regarding the mechanisms of carbonyl addition in condensed 
media, and their analysis provides insight into the nature of active 
catalysis. 
NH3 + CH2O + «H20 -* NH2CH2OH + ^H2O; n = 0, 1, 2 

(D 
Methodological Considerations 

Any method proposed for use in a theoretical modelling study 
of a reaction occurring in a protic medium must satisfy two 
minimal criteria. First, it must afford at least a qualitatively 
correct description of the intrinsic, gas-phase reactivity of the 
system in the absence of solvation effects. Second, it must be 
capable of describing solute-solvent and solvent-solvent hydrogen 
bonding in a general and consistent manner. The MINDO/3 
semiempirical SCFMO method14,20 meets neither requirement: 
it incorrectly predicts the existence of the zwitterion 4 in the gas 
phase and it fails to predict ammonia-water,21 carbonyl-water,22 

and water-water21,22 hydrogen bonds. The MNDO semiempirical 
method23 reproduces the qualitative features of the gas-phase 
addition of ammonia to formaldehyde as determined by ab initio 
methods, but it shares with MINDO/3 the inability to describe 
hydrogen bonding.24,25 A modified version of the MNDO method 
has been reported,243 in which extra terms are included for pairs 
of atoms known to be forming a hydrogen bond, but this ad hoc 
procedure lacks the desired quality of generality.24*5 The recently 
published "third generation" semiempirical method AMI25 appears 
to correct these deficiencies; it predicts genuine (if somewhat weak) 
hydrogen bonds for ammonia-water, formaldehyde-water, and 
water-water.25 

There are at least two distinct philosophies of theoretical mo­
delling of solvation effects upon chemical reactivity. One approach 
is exemplified by an important recent study by Madura and 
Jorgensen26 of the effect of aqueous solvation upon nucleophilic 
addition of hydroxide anion to formaldehyde. These authors have 
performed ab initio SCFMO calculations for the gas-phase hy­
droxide-formaldehyde addition path and for the interaction be­
tween the reacting system and a water molecule both with frozen 
intramolecular geometries (i.e., only intermolecular variables were 
optimized) and have fitted analytical potential functions to these 
data. Monte Carlo simulations in the NPT ensemble were then 

(17) Guthrie, J. P. J. Am. Chem. Soc. 1978, 100, 5892. 
(18) Sayer, J. M.; Pinsky, B.; Schonbrunn, A.; Washtien, W. J. Am. Chem. 

Soc. 1974, 96, 7998. 
(19) Funderburk, L. H.; Aldwin, L.; Jencks, W. P. J. Am. Chem. Soc. 

1978, 100, 5444. 
(20) Bingham, R. C; Dewar, M. J. S.; Lo, D. H. / . Am. Chem. Soc. 1975, 

97, 1285. 
(21) Zielinski, T. J.; Breen, D. L.; Rein, R. J. Am. Chem. Soc. 1978,100, 

6266. 
(22) Klopman, G.; Andreozzi, P.; Hopfinger, A. J.; Kikuchi, 0.; Dewar, 

M. J. S. J. Am. Chem. Soc. 1978, 100, 6267. 
(23) Dewar, M. J. S.; Thiel, W. J. Am. Chem. Soc. 1977, 99, 4899. 
(24) (a) Burshtein, K. Ya.; Isaev, A. N. Theor. Chim. Acta 1984, 64, 397. 

(b) Koller, J.; Harb, V.; Hodoscek, M.; Hadzi, D. THEOCHEM1985, 23, 
343. 

(25) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. / . 
Am. Chem. Soc. 1985, 107, 3902. 

(26) Madura, J. D.; Jorgensen, W. L. / . Am. Chem. Soc. 1986,108, 2517. 
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Figure 2. 3-2IG optimized geometries for reactant, activated, and product complexes for ammonia addition to formaldehyde catalyzed by 0, 1, 
water molecules (bond lengths in A). 

or 2 

run for a box containing hydroxide anion, formaldehyde, and 269 
TIP4P27 water molecules in order to compute the potential of mean 
force as a function of the value of the reaction coordinate. The 
advantage of this procedure is that the effects of thermal and 
configurational averaging are properly accounted for by the 
statistical mechanical calculations. Its limitation is that the results 
"correspond to the effects of solvating the gas-phase reaction. To 
detect a change in mechanism in solution would require the 
construction of multidimensional potentials of mean force".26 In 
other words, as currently implemented and as computational 
resources presently allow, this approach is capable of realistic 
simulation of the passive effects of solvation upon reactivity but 
cannot reveal any active role for specific solvent molecules. 

An alternative approach is that adopted in the present work. 
The reagent molecules and small numbers of solvent molecules 
are together considered as a supermolecule, and all internal degrees 
of freedom are subjected to geometry optimization. The disad­
vantage of this method is that no statistical averaging is performed, 
except in so far as entropies and Gibbs free energies may be 
estimated by using standard expressions for molecular partition 
functions. Only the effects of specific solvation in vacuo may be 
investigated; bulk solvation effects are omitted from consideration. 
On the other hand, the advantage is that this approach is capable 
of exploring the possibility of mechanistic change involving the 
active participation of solvent molecules. Thus while the detailed 
energetics may be quantitatively in error, the overall features of 
a reaction mechanism in solution may be predicted correctly and 
most usefully. 

Computational Methods and Results 
The CADPAC28 and GAMESS29 program packages, as implemented 

on the Cray 1 S at the University of London Computer Centre, 

(27) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; 
Klein, M. L. J. Chem. Phys. 1983, 79, 926. 

(28) Amos, R. D. CADPAC, Publication CCPl/84/4, SERC Daresbury 
Laboratory, 1984. 

(29) Dupuis, M.; Spangler, D.; Wendoloski, J. NRCC Software Catalog; 
1980; Vol. 1, Program No. QGOl (GAMESS). Guest, M. F.; Kendrick, J.; 
Pope, S. A. GAMESS User Manual; SERC Daresbury Laboratory, DL/SCI, 
TM000T, 1984. 

have been employed throughout for ab initio quantum-chemical 
calculations. Geometry optimizations were performed at the level 
of SCFMO theory with the 3-21G basis set30 (denoted HF/3-21G) 
by using standard quasi-Newton methods employing analytical 
gradients, except that the activated complexes (transition struc­
tures) for the solvated reactions were determined by using the 
modified algorithm of Bell et al.31 as available in GAMESS Residual 
forces were less than 6 X 10"4 au (3 kJ mol"1 A"1) on each atom, 
with a root-mean-square force of 3 X ICT5 au (0.15 kJ mol"1 A"1); 
the residual errors in the optimized geometries were in all cases 
less than 0.002 A for bond lengths, 0.2° for bond angles, and 0.8° 
for dihedral angles, CADPAC was employed for single-point energy 
calculations at the level of second-order Moller-Plesset pertur­
bation theory, with frozen core orbitals, using the 6-3IG* basis32 

for structures optimized at the HF/3-21G level (denoted 
MP2/6-31G*//HF/3-21G). Harmonic force constants were 
computed at the HF/3-21G level by analytical second differen­
tiation of the energy using CADPAC. Normal modes and vibrational 
frequencies were obtained by diagonalization of the matrix of 
mass-weighted Cartesian force constants, from which residual 
translational and rotational contributions had been projected out,33 

and which was uniformly scaled by a factor of 0.835 chosen to 
minimize the error between vibrational frequencies calculated and 
observed for ammonia, formaldehyde, and water. 

Semiempirical quantum-chemical calculations have been per­
formed with the AMPAC program,34 as implemented locally on a 
Systime 875OA under VMS, using the AMI hamiltonian with 
standard parameters.25 Saddle points were located with use of 
a combination of the SADDLE35 and SIGMA36 algorithms. 

(30) Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. Chem. Soc. 1980, 
102, 939. 

(31) Bell, S.; Crighton, S. J.; Fletcher, R. Chem. Phys. Lett. 1981, 82, 122. 
Bell, S.; Crighton, J. S. / . Chem. Phys. 1984, 80, 2464. 

(32) Hariharan, P. C; Pople, J. A. Theor. Chim. Acta 1973, 28, 213. 
(33) Williams, I. H.; J. Mol. Struct., Theochem 1983, 11, 275. 
(34) Dewar, M. J. S.; Stewart, J. J. P. QCPE Bull. 1986, 6, 24 (AMPAC: 

Austin Method 1 Package (QCPE 506)). 
(35) Dewar, M. J. S.; Healy, E. F.; Stewart, J. J. P. J. Chem. Soc, 

Faraday Trans. 2 1984, 80, 227. 
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Table I. Total Energies Enthalpic Contributions and Molar Entrop 
Heats of Formation for AMI Optimized Structures 

species 

NH3 

CH2O 
H2O 
R 
T 
P 
RW 
TW 
PW 
R2W 
T2W 
P2W 
H2O--CH2O 
HOH---OCH2 

HOH---OH2 

HOH---NH3 

H2NH---OH2 

NH4
+ 

CH3O" 
NH4

+---OH2 

CH3O---HOH 
R " 
V 
R" 
T" 

tota 

HF/3-21G 

-55.87220 
-113.22182 

-75.58596 
-169.10167 
-169.04323 
-169.12536 
-244.71316 
-244.69802 
-244.73650 
-320.33019 
-320.32755 
-320.35607 
-188.81626 
-188.82230 
-151.18940 
-131.47508 
-131.46948" 
-56.23386 

-113.72480 
-131.87388 
-189.37002 
-169.10039 
-169.04326 
-169.09769 
-169.04110 

energy (hartrees) 

HF/6-31G* 

-56.18250 
-113.86528 

-76.00976 
-169.99916 
-169.97498 
-170.06497 
-246.07319 
-246.02390 
-246.08623 
-322.09312 
-322.05058 
-322.10760 
-189.87950 
-189.88239 
-152.02757 
-132.20255 
-132.19626 

-56.53056 
-114.38301 
-132.57149 
-190.43121 

ies (298 K, 1 

MP2/6-31G* 

-56.35623 
-114.16681 

-76.19648 
-170.47162 
-170.46874 
-170.53853 
-246.73892 
-246.71290 
-246.75519 
-322.95335 
-322.93503 
-322.97172 
-190.36935 
-190.37376 
-152.40386 
-132.56226 
-132.55525 

-56.70013 
-114.70174 
-132.93365 
-190.94551 

atm) for Structures Optimized at the H F/3 

H-E 
(kJ mor1) 

96.6 
79.5 
62.1 

182.2 
178.4 
190.0 
255.5 
248.8 
263.0 
328.2 
315.9 
333.8 
148.3 
149.8 
132.9 
167.3 
163.9 
136.0 
100.6 
203.1 
171.3 

(J K"1 mol"1) 

192.5 
218.1 
188.5 
323.2 
259.1 
266.8 
359.8 
296.6 
316.5 
410.1 
344.4 
370.6 
317.0 
296.8 
284.3 
297.7 
282.2 
185.6 
220.6 
270.1 
300.7 

2IG Level and 

AMI AH, 
(kJ mor1) 

-30.5 
-131.8 
-247.9 
-174.6 

-1.8 
-239.4 
-451.8 
-266.7 
-496.7 
-731.8 
-497.7 
-773.9 
-395.0 
-396.3* 
-516.6* 
-290.5* 
-291.8* 

630.0 
-161.1 

318.2* 
-476.9* 
-173.7 

-10.0 
-173.3 
-50.9 

"Saddle point on H F / 3 - 2 1 G / / H F / 3 - 2 1 G surface. 'Bifurcated hydrogen bonding. 'Single-point calculation for unoptimized structure; see sub­
section on Origins of Catalyt ic power. 
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Figure 3 . (a) Pauling bond orders (inside rings) for endocyclic bonds and net atomic charges for 3-21G optimized activated complexes T, TW, and 
T 2 W ; (b) net atomic charges for T ' and T " in 3-2IG. 

The optimized structures for the reactant complex, activated 
complex, and product complex for each of the three reactions are 
shown in Figure 2: R, T, and P (left column) for the unsolvated 
process (n = 0); RW, TW, and PW (center column) for the 
process solvated by a single water molecule (n = 1); R2W, T2W, 
and P2W (right column) for the process solvated by two water 
molecules (n = 2). Also shown are the lengths (in A) of the 
making and breaking bonds and the angles (in degrees) between 
these bonds. Although all internal degrees of freedom were op­
timized, the values of the remaining geometrical parameters are 

(36) Komornicki, A.; Mclver, J. W. J. Am. Chem. Soc. 1972, 94, 2625. 
(37) Sims, L. B.; Lewis, D. E. In Isotopes in Organic Chemistry; Buncel, 

F-. Lee, C. C, Eds.; Elsevier: Amsterdam, 1984; Vol. 6. 

not reported here for brevity's sake. Table I contains total energies 
for species optimized at the HF/3-21G level and heats for for­
mation for species optimized with AM 1. Also included are the 
enthalpic contribution H-E and the molar entropy S° calculated 
for each species at 298.15 K with use of the 3-21G scaled vi­
brational frequencies and geometries (cf. ref 9). 

Figure 3a shows Pauling bond orders37 for making and breaking 
bonds of the activated complexes: these are calculated from the 
data of Figure 2 according to 

S = exp{|/?(l)-*(B)|/0.3) 

where R is the length of a bond of order B and values of R(I), 
for bonds with orders assumed to be unity, are taken from NH 
in R and from CN, CO, and OH in P. Figure 3a also shows net 
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Table II. Comparison of Calculated and Experimental Hydrogen Bond Strengths (Energies in kJ mol"1) 

equilibrium 

2H2O — (H2O)2 

NH4
+ + H2O =* H3NH+-

CH3O" + H2O ^ CH3O--
-OH2 

• -HOH 

Atf(exptl) 

-15.0 ± 2c4 

-72.4 ± 2eS 
-83.3 ± V* 

A(H - E)" 

9.2C 

4.9e 

8.6e 

A£(exptl) 

-24.2 ± 2 
-77.3 ± 2 
-91.9 ± 7 

A£\calcd) 

HF/3-21G 

-45.9 
-141.8 
-155.6 

MP2/6-31G*6 

-28.6 
-97.2 

-124.2 

AH(AMl) 

bifurcated linear 

-20.9 -13.0 
-63.9 -58.9 
-67.9 -50.0 

1-005 2050 

•.0-966 

1005 N -

H 

n!k 1-081 

u/1-017 

b 
H 

u 0 
H 0-969\ 

H < uo» H 
1-2V^Q-

0 966 

'1-969 

124»'P^H 
•.65° 

2-625 ': 

j m /0-966 
• H — o 
179° 

H 
0-965\ 0-973,, 

Q n - -
176° 

1-825 
•0 

t-^0-967 

1-512 H 

0-967 h 

1-060,O>^ 

"Calculated from 3-21G scaled vibrational frequencies. 'Geometries optimized at the HF/3-21G level. '373 K. dCurtiss, L. A.; Frurip, D. J.; 
Blander, M. J. Chem. Phys. 1979, 71, 2703. e298 K. /Payzant, J. D.; Cunningham, A. J.; Kebarle, P. Can. J. Chem. 1973, 51, 3242. 'Caldwell, 
G.; Rozeboom, M. D.; Kiplinger, J. P.; Bartmess, J. E. J. Am. Chem. Soc. 1984, 106, 4660. 

The AMI method consistently predicts bifurcated hydrogens 
in contrast to most experimental findings. The value of AH = 
-13 kJ mol-1 calculated for a linearly constrained hydrogen-bonded 
water dimer is rather close to the experimental value, but the fully 
optimized structure contains a bifurcated hydrogen bond whose 
strength is overestimated by 40%. The preferred bifurcated hy­
drogen bonds in H 3 NH + -OH 2 and CH 3O - -HOH are underes­
timated by 12 and 18%, respectively, and the linearly constrained 
hydrogen bonds in these ion-molecule complexes are underesti­
mated by 30 and 45%, respectively. 

Structural Consequences of Specific Solvation. The water 
molecule in RW acts as a proton acceptor in a hydrogen bond 
with ammonia and as a proton donor in a hydrogen bond to 
formaldehyde. The resulting singly solvated reactant complex 
has a cyclic structure. The atoms N-H-O'-H'—O are nearly 
coplanar whereas the carbon atom lies ~35° out of this plane; 
in contrast the carbon atom is coplanar with the N—H-O atoms 
in the symmetrical unsolvated complex R. The N - O ' distance 
is shorter (2.960 A) in RW than in H 2 NH-OH 2 (3.029 A), but 
the N-H distance is longer (1.012 A vs. 1.005 A). Similarly the 
O'-O distance is slightly shorter (2.763 A) than in CH2O-HOH 
(2.771 A) despite a longer O'-H' bond (0.974 A vs. 0.969 A). 
The nucleophilicity of ammonia and the electrophilicity of form­
aldehyde are each enhanced by hydrogen bonding to the water: 
the N - C distance is shorter (2.619 A vs. 2.802 A) and the C = O 
bond is longer (1.217 A vs. 1.209 A) in RW than in R. 

Incorporation of a second water molecule in the hydrogen-
bonded chain leads to further enhancement of nucleophilicity and 
electrophilicity and the N - C distance decreases to 2.414 A and 
the carbonyl bond stretches to 1.223 A. The progressive extension 
and loosening of the C = O bond in the series CH2O, R, RW, and 
R2W is manifest in the respective calculated carbonyl stretching 
frequencies: 1751, 1750, 1720, and 1693 cm"1. The hydrogen 
bond lengths N - O ' = 2.871 A and 0 " - O = 2.668 A are shorter 
still in R2W than in RW or in H 2 NH-OH 2 and CH2O-HOH, 
respectively, and the O'—O" hydrogen bond is also shorter (2.642 
A) than in HOH-OH 2 (2.797 A), but the N-H and O-H bond 
lengths in the hydrogen-bonded chain are longer than in RW. The 
eight-membered ring in R2W permits more nearly linear hydrogen 
bonds than does the six-membered ring of RW; the average angle 
at an endocyclic hydrogen in R2W is 170° whereas in RW it is 
158°. The atoms of the hydrogen-bonded chain are again ap­
proximately coplanar in R2W, with the carbon atom tilted out 
of the plane. The N - C = O angle of 109° is almost the same as 
in the product complex P2W. 

Whereas the effect of specific solvation of the reagent complexes 
is to shift their structures in the direction of carbonyl addition, 
the reverse effect is seen in the product complexes. Incorporation 
of 1 or 2 water molecules in cyclic hydrogen-bonded complexes 
PW and P2W leads to a longer C-N bond and a shorter C-O 
bond. 

Specific solvation of the activated complex for carbonyl addition 
causes a general increase in the bond orders of the endocyclic 
bonds: breaking bonds are less broken and making bonds are 
generally more made in TW and T2W than in T (Figure 3a). The 
bond angles in TW and T2W are more product-like than in T. 
The NH3-CH2O fragment in both TW and T2W appears to be 
less distorted than in T: the interior angles at nitrogen and at 
carbon are larger and the breaking N-H and C = O bonds are 
shorter. The degree of tetrahedrality about carbon is also more 
product-like for the specifically solvated activated complexes, and 
the angles at the transferring protons are much larger than the 

Figure 4. 3-2IG optimized geometries for some hydrogen-bonded and 
dipole-dipole complexes (bond lengths in A). 

atomic charges from Mulliken population analyses at the HF / 
3-2IG level for the optimized structures T, TW, and T2W. Figure 
3b shows net atomic charges for distorted ammonia and form­
aldehyde moieties fixed in the same geometries as in TW and 
T2W. Figure 4 shows 3-21G optimized geometries for hydro­
gen-bonded complexes H2NH-OH2 , H3N-HOH, CH2O-HOH, 
H 2O-HOH, H3NH+-OH2 , and CH 3O - -HOH and the dipole-
dipole complex H2O-CH2O. 

Discussion 
Hydrogen Bonding. Before considering the structural and 

energetic consequences of specific solvation, it is first necessary 
to assess the reliability of the component hydrogen-bonding in­
teractions as presently calculated. The 3-21G basis, in common 
with other split-valence bases, is known to exaggerate bond dipole 
moments38 and thus to overestimate the electrostatic contribution 
to hydrogen bonding; being a small basis it also predicts artificially 
large intermolecular interactions owing to the superposition error.39 

The water dimer is predicted to have the correct geometry at the 
HF/3-21G level (Figure 4) with a nearly linear hydrogen bond. 
To compare the calculated hydrogen bond strength with the ex­
perimental enthalpy of dimerization it is necessary to include the 
zero-point and thermal energy change A(H-E); this yields AJZ373 

= -37 kJ mol"1 (HF/3-21G) vs. -15 ± 2 kJ mol"1 (experimental40). 
Since the error is in the potential energy change AE, rather than 
in A(H-E), it is better to compare A£(HF/3-21G) = -46 kJ 
mol"1 with A£X"experimentaP) = -24 ± 2 kJ mol"1 (Table II). 
Thus the strength of the hydrogen-bonding interaction in the water 
dimer is overestimated by about 90% at this level. The error is 
substantially reduced at the MP2/6-31G*//HF/3-21G level to 
about 20%. As the data in Table II reveal, the hydrogen bonding 
in ionic species H 3 NH + -OH 2 and CH 3 O - -HOH is also over­
estimated by -70-85% at the HF/3-21G level and by ~25-30% 
at the MP2/6-31G* level. 

(38) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab. initio 
Molecular Orbital Theory; Wiley: New York, 1986. 

(39) Frisch, M. J.; Del Bene, J. E.; Binkley, J. S.; Schaefer, H. F. J. Chem. 
Phys. 1986, 84, 2279. 

(40) Curtiss, L. A.; Frurip, D. J.; Blander, M. J. Chem. Phys. 1979, 71, 
2703. 

(41) Choi, J. Y.; Cave, R. J.; Davidson, E. R., submitted for publication. 
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Table III. Calculated Energy Changes (kj mol"1) for Hydrogen 
Bonding and Dipole-Dipole Equilibria 

Scheme 

HF/3-21G 

equilibrium 
_ MP2/6-31G* AMI 

AE A(H-E) AH AE AH 
NH3 + H2O ^ 

HOH--NH 3 

NH 3 + H2O ^ 
H 2 NH--OH 2 

2 H 2 O ^ 
HOH---OH2 

CH2O + H2O ^ 
CH2O---HOH 

CH2O + H2O ^ 
H2O---CH2O 

CH2O + NH3 ^ 
R 

CH2O + NH3 + 
H2O — RW 

CH2O + NH3 + 
2H2O — R2W 

-44.4 

-29.7 

-45.9 

-38.1 

-22.3 

-20.1 

-87.1 

-168.7 

8.6 

5.2 

8.6 

8.2 

6.7 

5.4 

17.4 

27.9 

-35.8 

-24.5 

-37.3 

-29.9 

-15.6 

-14.7 

-69.8 

-140.8 

-25.1 

-6.7 

-28.6 

-27.5 

-15.9 

135.0" 

-50.9 

-98.1 

-12.1 

-13.4 

-20.9 

-16.6 

-15.3 

-12.3 

-41.6 

-73.7 

"The complex R is very unstable in 6-31G*: the MP2/6-31G*// 
HF/6-31G* value is AE = 125 kJ mol"1; the solvated complexes RW 
and R2W are normal in this basis. 

116° value in T. The average angle at an endocyclic hydrogen 
in TW is 153° whereas in T2W it is 167°; these values are slightly 
lower than the corresponding angles in RW and R2W, but 
nonetheless they manifest the same tendency to more nearly linear 
endocyclic hydrogen bonds with increasing ring size. 

The AMI optimized geometry for RW displays the predilection 
of this method toward bifurcated hydrogen bonds: the ammonia 
serves as a double donor toward the water which in turn serves 
as a double donor toward formaldehyde. Similarly the AMI 
structure for R2W contains a chain of three bifurcated hydrogen 
bonds. The activated complex TW has a similar structure in AMI 
as in 3-2IG but is somewhat more product-like. The AMI Pauling 
bond order for making the N-C bond is 0.75 as compared with 
the 3-21G value of 0.53, whereas the breaking N-H bond order 
is 0.46 vs. 0.65. The endocyclic hydrogen bonds are, at 149° and 
140°, rather more bent in the AMI structure than in the 3-2IG 
optimized TW structure, but they are nonetheless "linear" rather 
than bifurcated. The AMI activated complex T2W also contains 
"linear" endocyclic hydrogen bonds, bent by 155°, 161°, and 149°, 
but resembles an ion pair N H 3

+ C H 2 O H - H O H O H " : Pauling bond 
orders of 0.75 for the making N-C and H " - 0 bonds and 0.80 
for the breaking N-H bond are predicted. 

Energetic Consequences of Specific Solvation. Potential En­
ergies. Association of 1 water molecule with the reagent complex 
R to form RW is exoergic by -67 kJ mol-1 (Table III). This value 
may be compared with the sum of the individual hydrogen bond 
strengths in H2NH-OH2 and HOH-OCH2 which is -£8 kJ mol-1. 
The hydrogen bonding in RW, in which water serves bifunc-
tionally, is as effective as the component interactions taken to­
gether, in which a water molecule serves monofunctionally, despite 
the fact that the hydrogen bonds in RW are bent. The association 
of R with two water molecules to form R2W, in which the hy­
drogen bonds are more nearly linear, is exoergic by -149 kJ mol"1 

as compared with a value of -114 kJ mol"1 for the sum of the 
component hydrogen-bond strengths (H2NH-OH2 , HOH-OH2 , 
and HOH-OCH2) . The increased effectiveness of the hydrogen 
bonding in the cyclic complexes is in part a cooperative phenom­
enon, and in part it arises from the increased polarity of the 
NH3-CH2O moiety relative to the isolated fragments. Similar 
considerations apply to hydrogen bonding in the product com­
plexes. 

The potential energy of reaction AE (Table IV) for addition 
of ammonia to formaldehyde within an encounter complex is not 
much affected by specific solvation, but the potential energy of 
activation AE* is dramatically reduced as water molecules are 
involved catalytically in the activated complexes TW and T2W. 
The first water molecule effects a massive 113 kJ mol"1 reduction 
in the activation energy, and the second water molecule brings 
about a further lowering of 33 kJ mol"1 such that the poten­

tial-energy barrier to reaction via T2W is only 7 kJ mol"1. If the 
activated-complex energies are taken relative to the isolated 
reagents ammonia, formaldehyde, and water (Table V) then the 
catalytic effect of the first water molecule is 181 kJ mol"1, which 
may be compared with 173 kJ mol"1 calculated in STO-3G for 
the catalytic effect of a single ancillary water molecule on hy­
dration of formaldehyde.9 

Similarly dramatic energy-barrier reductions effected by a single 
ancillary water molecule have been reported in other theoretical 
studies of additions to double bonds. The energy barrier (with 
respect to isolated reagents) for hydration of the C = C bond of 
ketenimine is lowered by 177 kJ mol"1 in STO-3G or 187 kJ mol"1 

at the HF/4-31G//HF/STO-3G level.42 The barrier reduction 
for hydration of the carbonyl bond is somewhat lower (~ 152 kJ 
mol"1 in ST0-3G) for ketene43 but somewhat higher (209 kJ mol"1 

in 3-21G) for carbon dioxide.44 Ruelle et al.45 studied a 
water-catalyzed decarboxylation of formic acid at various levels 
of theory: the barrier for the reverse reaction, hydrogenation of 
carbon dioxide, is lowered by participation of the water molecule 
to the extent of 231 kJ mol"1 in ST0-3G, 215 kJ mol"1 in 3-21G, 
or by rather less (121 kj mol"1) at the MP2/6-31G**//HF/6-
31G** level. Oie et al.46 found that an ancillary molecule of 
ammonia catalyzed the addition of ammonia to formic acid by 
170 kJ mol"1 at the HF/3-21G//HF/STO-3G level but only by 
105 kJ mol"1 at the MP2/6-31G**//HF/3-2lG level. 

The present calculations at the MP2/6-31G*//HF/3-21G level 
also predict a reduction in barrier height (relative to isolated 
reagents) of only 126 kJ mol"1 for catalysis by a single water 
molecule as compared with 181 kJ mol-1 at the HF/3-21G// 
HF/3-21G level (Table V), consistent with the lower hydrogen 
bond strengths predicted by the higher level of theory as discussed 
above. This finding accords with the results of other authors for 
the effects of inclusion of electron correlation, and the use of a 
larger basis, upon barrier-height reductions. 

Origins of Catalytic Power. The source of the catalytic effect 
of the water molecule(s) may be analyzed most directly in terms 
of potential energies rather than free energies, since the latter 
contain contributions, such as entropies of association, which are 
not instructive in this context (cf. ref 9). The potential energy 
barrier AE1*, for the reaction catalyzed by 1 water molecule may 
be expressed as 

AE1* = AE0* - AEk RW (2) 

where AE0* is the barrier height for the uncatalyzed addition and 
A£b

RW and A£b
TW are the respective binding energies of R and 

T with a single water molecule (Scheme I). Rearrangement of 

(42) Nguyen, M.-T.; Hegarty, A. F. / . Am. Chem. Soc. 1983, 105, 3811. 
(43) Nguyen, M.-T.; Hegarty, A. F. J. Am. Chem. Soc. 1984, 106, 1552. 
(44) Nguyen, M.-T.; Ha, T.-K. / . Am. Chem. Soc. 1984, 106, 599. 
(45) Ruelle, P.; Kesselring, U. W.; Ho, N.-T. J. Am. Chem. Soc. 1986, 

108, 371. 
(46) Oie, T.; Loew, G. H.; Burt, S. K.; MacElroy, R. D. / . Am. Chem. Soc. 

1983, 105, 2221. 
(47) Schowen, R. L. In Transition States of Biochemical Processes; ed 

Gandour, R. D., Schowen, R. L., Eds.; Plenum: New York, 1978; p 77. 
(48) Gandour, R. D. Tetrahedron Lett. 1974, 295. 
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Table IV. Calculated Energy Changes for Ammonia Addition to Formaldehyde 

reaction Ai^3 - 2 1 0 

R - [ T ] ' - P 153 
R W - [ T W ] ' - P W 40 
R2W— [T2W]* — P2W 7 

activation energies (kJ mor1) 

AH 3-21G 

149 
33 
-5 

AG'wiG 

168 
52 
14 

at 298 K within an Encounter Complex 

Al 1 / AMI 

173 
185 
234 

A.E3.21G 

-62 
-61 
-68 

reaction energies 

A#3-21G 

-55 
-54 
-62 

(kJ mor1) 

AG 3 - 2 IG 

-38 
-41 
-51 

A#AM1 

-65 
-45 
-41 

Table V. Calculated Activation Energies (kJ mol"1) for Ammonia 
Addition to Formaldehyde at 298 K Relative to Isolated Reagents 

reaction 

NH 3 + CH2O 
H2O + NH3 + CH2O 
2H2O + NH3 + CH2O 

HF/ 
3-21G 

133 
-47 

-162 

AE* 

MP2/ 
6-31G*" 

143 
17 

-50 

AiV' 
3-21G AMI 

135 161 
-36 144 

-146 161 

"Geometries optimized at the HF/3-21G level. 

eq 2 allows the potential energetic contribution Af1
031 to catalysis 

by 1 water molecule to be determined. 

AEi"*1 = AE0* -AE1* 

= (-67) - (-180) = 113 kJ mol- (3) 

Similarly the contribution A£2
cat to catalysis by two water 

molecules may be found as eq 4. These contributions to catalysis 
reflect the differential binding of the activated complex vs. the 
reactant complex to the solvating water molecule(s). The larger 
binding energy of the activated complex with the catalyst, water, 
causes a reduction in the barrier height (cf. ref 9 and 47). 

A£2«" = AE0* - AJB2* 

= A£b
R2W - A£b

T2W 

= (-149) - (-295) = 144 kJ mor1 (4) 

Further insight may be gained by a formal dissection of the 
binding energies into (i) distortion and (ii) "vertical binding" 
components. Scheme I illustrates these conceptual steps for ca­
talysis by a single water molecule. Distortion of R yields a 
structure R', with the same geometry as the NH3-CH2O fragment 
in RW, at the cost of AEd

w. Interaction of a water molecule with 
R' to form RW thus involves a vertical binding energy A£vb

R' 
which differs from A£'b

RW by Ai?d
R'. Similarly, distortion of T 

yields a structure T', with the same geometry as the NH3-CH2O 
fragment in TW, and the binding energy A£b

TW is the sum of 
AEvb

T and AE6
7'. The distortion and vertical binding energies 

may be obtained as potential energy changes calculated by con­
sideration of the structures R' and T' (and of R" and T" for the 
2-water reaction, for which a similar relation is also simply de­
rived). These structures do not correspond to critical points on 
the potential energy surfaces and thus are not amenable to 
evaluation of their free energies. 

The energy barriers AE)* and AE2* may therefore be expressed 
as eq 5 and 6. The barrier AE0* and the distortion energies involve 
only the ammonia and formaldehyde (solute) moieties whereas 
the vertical binding energies involve only the (solvent) water 
molecules. The components of each of eq 5 and 6 may therefore 

AE1* = AE0* - (A£vb
R' + A£d

R') + (A£v ? + A£d
T ' ) 

= 153 - (-70 + 3) + (-180 + O) kJ mol" 
(5) 

AE2* = AE0* (AEvb
R" + A£d

R") + (A£vl + A£d
T") 

= 153 - (-159 + 10) + (-301 + 6) kJ mol" 
(6) 

be grouped into a "solute reorganization" term and a "solvent 
reorganization" term. The values of these terms, as summarized 
in Table VI, reveal an almost constant positive solute reorgani­
zation energy and an increasingly negative solvent reorganization 
energy, which is almost solely responsible for the reduction in the 

Table VI. 3-2IG and AMI Calculated Contributions to Energies of 
Activation (kJ mol"1) for Ammonia Addition to Formaldehyde, 
within an Encounter Complex, Catalyzed by 0, 1, or 2 Water 
Molecules 

method 

no. of 
water 

molecules 
solute 

reorganization 
solvent 

reorganization 

total 
activation 

energy 

3-21G 

AMI 

Scheme II 

0 
1 
2 
0 
1 
2 

H 2 N-

H2C= 

153 
150 
149 
173 
164 
122 

-H 

= 0 

-110 
-142 

21 
112 

5+ 

H 9 N-H 
L1 1 

1 1 
H9C=O 

L R -

153 
40 

7 
173 
185 
234 

H 2 N - H •••••• 

; 1 

H2C=OV/ 

OH 

H /1or2 

6+ 
H 2 N -

H2C= 

- H - , -

6"(/ 

OH 
1 

! 
H / 1or2 

normal 

hydrogen bonds 

extra strong 

hydrogen bonds 

total energy barrier as the number of catalyzing water molecules 
is increased. 

The high barrier to the uncatalyzed, gas-phase addition of 
ammonia to formaldehyde may be attributed to the unfavorable 
charge separation which accompanies approach of the reagents. 
The activated complex T and the nonexistent zwitterionic inter­
mediate NH3

+CH2O" are similar in this regard; they differ in that 
T is unbound not only toward reagents but also toward products, 
by virtue of the disposition of the transferring proton. The 
Mulliken population analysis for T (Figure 3a) suggests overall 
partial positive and negative charges on the ammonia and form­
aldehyde moieties of magnitude ~|0.25e|. As these partial charges 
develop, so the strength of hydrogen bonding of a water molecule 
to either the nucleophile or the electrophile increases. The ad­
vantage for a single water molecule is maximized when it serves 
not just monofunctionally, as a hydrogen bond donor or acceptor, 
but bifunctionally, as both donor and acceptor. 

The solvent reorganization energy (Table VI) represents that 
increases in overall hydrogen bonding which is due to the charge 
separation. The consequence of a unit charge separation may be 
modelled by considering the difference between the sum of the 
hydrogen bond strengths in H 2NH-OH 2 and CH2O-HOH and 
the sum of the hydrogen bond strengths in NH 4

+ -OH 2 and 
CH3O --HOH; this may be calculated as -230 kJ mol"1 in 3-2IG. 
The solvent reorganization energy of -110 kJ mor1 for catalysis 
by a single water molecule is clearly consistent with less-than-unit 
charge separation in the activated complex TW. The Mulliken 
analyses for TW and T' suggest ~|0.3e|. 

A second ancillary water molecule aids the catalysis, not so 
much through additional strong hydrogen bonding to a partially 
charged moiety but rather by allowing more of the hydrogen 
bonding potential to be expressed. The Mulliken analysis for T2W 
suggests a slightly greater degree of charge separation than in TW. 
The more nearly linear hydrogen bonds in the eight-membered 
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Table VII. 3-2IG Calculated Contributions to Gibbs Free-Energy Changes, Relative to Isolated Reagents, for Addition of Ammonia to 
Formaldehyde at 298 K Catalyzed by n Water Molecules'' 

phase 

gaseous" 

dioxan* 

aqueous' 

n 

0 
1 
2 
0 
1 
2 
0 
1 
2 

AE 

-20 
-87 

-169 
-20 
-87 

-169 
1 

26 
36 

association 

A(H - E) 

7 
17 
28 

7 
17 
28 
-1 
-7 

-13 

AS 

-87 
-239 
-378 

-52 
-153 
-244 

-48 
-98 

-140 

AE* 

153 
40 

7 
153 
40 

7 
153 
40 

7 

activation 

A(H-E)* 

-4 
-7 

-12 
-4 
-7 

-12 
-4 
-7 

-12 

AS" 

-64 
-63 
-66 
-64 
-63 
-66 
-64 
-63 
-66 

AE* 

133 
-47 

-162 
133 
-47 

-162 
154 
65 
43 

total 

A(G - E)* 

48 
101 
148 
37 
75 

108 
29 
34 
36 

G* 

181 
53 

-14 
170 
28 

-54 
183 
99 
79 

"Standard state 1 atm. 
J K"1 mol "'. 

'Standard state 1 M. 'Standard state 1 M for NH3 and CH2O and 55.5 M for H2O. ^Energies in kJ mol ', entropies in 

ring of T2W are presumably somewhat less strained than the 
more-bent hydrogen bonds in the six-membered ring of TW (cf. 
ref 48). 

The number of hydrogen bonds remains unchanged within the 
encounter complex for each of the catalyzed reactions; the catalysis 
arises from the increased strength of the hydrogen bonds at the 
transition state. Interestingly, a similar result emerges from the 
Monte Carlo simulations of Madura and Jorgensen26 for hydroxide 
addition to formaldehyde in aqueous solution; here the solva-
tion-induced barrier is attributed to "reduction in hydrogen-bond 
strengths rather than in numbers of hydrogen bonds".26 There 
is essentially no barrier to gas-phase addition of hydroxide anion 
to formaldehyde, a process characterized by charge dispersal;2 

solvation by molecules of water is more effective for the 
charge-localized reagents than for the charge-delocalized activated 
complex, and hence a barrier is introduced. Gas-phase addition 
of a neutral nucleophile, ammonia, to neutral formaldehyde does 
involve a barrier since the process is characterized by net charge 
separation or polarization;2 solvation by molecules of water is more 
effective for the activated complex than for the reagents, and hence 
the barrier is reduced. 

The AMI method surprisingly fails to predict any catalysis by 
water of nucleophilic addition: the heats of activation for reactions 
within the encounter complexes (Table IV) actually increase with 
water participation. The catalytic terms Ai?,"1 and AEf*1 are 
given by eq 7 and 8; their negative values imply anticatalysis. The 

A£,cat = A£b
RW - A£b

TW = (-29) - (-17) = -12 kJ mol'1 

(7) 

A£b
T2W = (-61) -(0) = -61 kJ mol"1 (8) AE2^ = A£b

R2W • 

contributions A£b
RW and AZ?b

R2W are roughly equal to the sums 
of the pairwise component interactions (Table III) introduced by 
binding of 1 and 2 water molecules respectively to R, and as such 
they are well behaved. The small or zero contributions A£b

TW 

and A£b
T2W correspond to negligible binding energies of the 

zwitterion-like activated complex T with 1 or 2 water molecules. 
Just as AMI underestimates the strength of bifurcated and 
(particularly) linear hydrogen bonds between water and the am­
monium and methoxide ions (Table II), so also it appears that 
AM 1 seriously underestimates the strength of hydrogen bonding 
between water and the partially charged ammonia and form­
aldehyde moieties in the cyclic activated complexes TW and T2W. 
Alternatively, the solute reorganization energy (Table VI) de­
creases as the number of water molecules increases whereas the 
solvent reorganization energy is unfavorable—quite contrary to 
the HF/3-21G results. 

Reaction-Coordinate Motions and Catalytic Water Acidity. The 
arrows in Figure 2 indicate the atomic displacements occurring 
in the normal modes corresponding to the 3-21G (unsealed) re­
action-coordinate frequencies of 161 Ii, 985i, and 773i cm-1 re­
spectively for the activated complexes T, TW, and T2W. In each 
case the reaction-coordinate mode is dominated by proton transfer 
along the hydrogen bonds. The 0.7:1 ratio of the magnitudes of 
the displacement vectors for transferring protons H and H' concurs 
with the evidence of the Pauling bond orders for the endocyclic 
making and breaking bonds (Figure 3a) to suggest that N-H-O ' 

transfer is more advanced than O'-H'-O transfer in the activated 
complex TW. Similarly, the 0.5:0.7:1 ratio of the magnitudes of 
the displacement vectors for transferring protons H, H', and H", 
along with the Pauling bond orders, suggests relative degrees of 
proton transfer N - H - O ' < O ' -H ' -O" < 0 " - H " - 0 in the ac­
tivated complex T2W. Thus it appears that each catalytic water 
molecule, although bifunctional, shows a tendency to be acidic. 

These results accord with those of a recent HF/3-21G theo­
retical study of formamidine formation (from 1,1 -addition of NH3 

to HNC) catalyzed by water: Nguyen and Hegarty49 report that 
a water molecule acts as an acid catalyst in a cyclic activated 
complex comprising also the ammonia nucleophile and the iso-
cyanide molecule. On the basis of relative bond lengths in the 
activated complex, these authors describe the proton transfers as 
"highly asynchronous". Two comments are in order. First, it is 
safer to use bond orders (e.g., Pauling bond orders, as above) than 
bond lengths in discussions of relative degrees of bond making 
and breaking. Second, it would seem that the term "synchronous" 
(or its converse "asynchronous") may be used to describe multiple 
proton transfer in two different senses. The proton transfer oc­
curring in TW (or T2W) may properly be described as syn­
chronous in that the protonic displacements each contribute to 
the reaction-coordinate normal mode of vibration. However, two 
(or more) proton transfers are often also described as synchronous 
if they have proceeded to the same extent in the activated complex, 
even if they do not each contribute to the reaction-coordinate mode. 
An activated complex is conceivable in which two protons have 
been transferred to unequal extents but whose displacements 
contribute equally to motion along the reaction coordinate! 

Consideration of Pauling bond orders for the making and 
breaking bonds in the cyclic HF/3-21G activated complex for 
ammonia catalyzed addition of ammonia to carbon dioxide50 

suggests that the catalyst acts as a base: proton abstraction from 
the nucleophile is more advanced than proton donation to the 
electrophile in the activated complex. This agrees with Nguyen 
and Hegarty's finding that ammonia acts as a basic catalyst in 
the cyclic activated complex for ammonia addition to isocyanide49 

and contrasts with the apparent tendency of water to act as an 
acidic catalyst. 

Relative Gibbs Free Energies. The preceding discussion of the 
energetics of catalysis, besides being based upon potential-energy 
changes, was also mainly confined to changes occurring within 
the encounter complex for the reaction, i.e., to the activation 
process. To establish which of the reaction pathways would be 
preferred under particular conditions, it is necessary also to 
consider the association process leading to formation of the en­
counter complex from the reagents. Table VII contains the en-
thalpic and entropic contributions to the association and activation 
processes for the reactions catalyzed by 0, 1, and 2 water molecules 
in the ideal gas phase at 298 K (standard state 1 atm). As 
expected, the 1- and 2-water reactions involve large negative 
entropies of association. However, the entropy of activation within 

(49) Nguyen, M.-T.; Hegarty, A. F. J. Am. Chem. Soc, in press. 
(50) Dijkgraaf, C; Buckingham, A. D.; Handy, N. C; Rice, J. E.; So-

masundram, K. J. Comput. Chem. 1986, 7, 283. 
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the encounter complex is almost the same for all three reaction 
pathways. The entropic disadvantage of specific solvation is 
countered by favorable enthalpies of association, so that the overall 
free energy of activation AG* for the 1-water reaction via TW 
is virtually the same as its value for the activation process only. 
The value of AG* is increased for the uncatalyzed reaction, and 
that for the two-water reaction is decreased, relative to the values 
of AG* within the respective encounter complexes. 

The energetics of reaction in an aprotic solvent of low dielectric 
constant, such as dioxan, may be estimated by using three as­
sumptions. First, it is assumed that the enthalpic contributions 
are the same as in the gas phase. Second, it is assumed that the 
entropy of any solute in dioxan is simply related to its gas-phase 
molar entropy (cf. ref 51) as previously discussed.9 At 298 K and 
a standard state of 1 M, the entropy of any species is given by 

5 +
d = 0.775° - 15.7 J K"1 mor1 

Third, it is assumed that the reagents are unassociated in their 
initial state. The resulting entropic contributions to the free-energy 
changes of ammonia addition to formaldehyde in dioxan are also 
given in Table VII. The adverse entropies of association are 
mitigated so that the overall activation energies AG* are less than 
in the gas phase. 

To estimate the energetics of reaction in aqueous solution it 
is necessary also to consider the initial desolvation of the reagents. 
This may be done in an unsophisticated but simple manner as 
follows. In order to form the reagent complex R, one HOH-NH 3 

hydrogen bond and one H2O-CH2O interaction must be broken. 
The penalty for so doing is offset by the H3N-CH2O interaction 
and by formation of a new hydrogen bond between the imme­
diately desolvated water molecules. To form the reagent complexes 
RW and R2W the same terms are involved plus the extra energy 
to desolvate 1 and 2 water molecules, respectively, at a cost of 
two HOH-OH2 hydrogen bonds per water molecule released. The 
enthalpic terms AE and A(H - E) contributing to the desolvation 
+ association process may be estimated from the values given in 
Table III for the individual equilibria, and the resulting sums are 
presented in Table VII. The entropy of any solute in aqueous 
solution at 298 K and standard state 1 M is assumed to be given 
by (cf. ref 9 and 51) 

5 +
a q = 0.545° + 1.OJ K-1 mor1 

and the entropy of water in aqueous solution (298 K, 55.5 M) 
is given by9 

5"a q = 0.545° - 32.4 J K"1 mol"1 

As the data of Table VII show, the positive enthalpies of desol­
vation outweigh the negative intrinsic association enthalpies, and 
together with the entropic terms they give free energies of asso­
ciation of 14, 48, and 65 kJ mol"1 respectively for R, RW, and 
R2W. Assuming again that the energetics of the activation process 
within the encounter complex are the same as in the gas phase 
(i.e., ignoring the dielectric effect of the aqueous medium), the 
overall free energies of activation AG* may be obtained. 

The catalytic effect of specific solvation by 1 or 2 water 
molecules is undoubtedly overestimated at the HF/3-21G level 
of calculation. The prime sources of error are the too-large 
potential-energy changes predicted for hydrogen-bonding inter­
actions; the non-potential-energy changes A(H - E) and A5 are 
likely to be estimated reasonably well in 3-21G. More realistic 
values of AE for hydrogen bonds are perhaps obtained by dividing 
the 3-2IG energies by two: this (arbitrary) procedure may then 
somewhat underestimate the strengths of hydrogen bonds (cf. 
Table II). The "best" estimates for the overall Gibbs free energies 
of activation given in Table VIII, for the reactions in various 
media, are obtained as follows. The solute-reorganization con­
tribution to AE* (Table VI) is subtracted from the overall potential 
energy of activation AE*, and then half the result is summed with 

(51) Wertz, D. H. J. Am. Chem. Soc. 1980, 102, 5316. Abraham, M. H. 
J. Am. Chem. Soc. 1981, 103, 6742. 

Table VIII. "Best" Estimates for Gibbs Free Energies of Activation 
(kJ mol"1), Relative to Isolated Reagents, for Addition of Ammonia 
to Formaldehyde at 298 K Catalyzed by n Water Molecules 

n 

O 
1 
2 

gaseous" 

191 
152 
141 

dioxan* 

180 
126 
101 

aqueous1 

182 
143 
133 

"Standard state 1 atm. * Standard state 1 M. 'Standard state 1 M 
for NH3 and CH2O and 55.5 M for H2O. 

the overall non-potential-energy term A(G -E)* and the so­
lute-reorganization energy AE*(solute) is added back on: 
AG* (best) = 

1Z2[AE* - A£*(solute)] + A(G - E)* + A£*(solute) 

The estimates for AG* (best) in Table VIII show that the 
catalyzed reactions involve substantially lower barriers than the 
uncatalyzed reaction in all three media. More interestingly, these 
results suggest that the 2-water-catalyzed reaction is favored by 
about 10 kJ mol"1 over the 1-water reaction in both the gaseous 
and aqueous phases and by about 25 kJ mol"1 in a nonpolar aprotic 
solvent. The absolute values of these activation energies may alter 
with the use of a higher level of theory (e.g., geometry optimization 
with a correlated wave function using an extended basis), but the 
relative values, which are of more interest, are not expected to 
vary greatly. While the present theoretical results agree with the 
conclusions of recent experimental studies in non-hydroxylic 
solvents of low dielectric constant (e.g., cyclic, hydrogen-bonded 
activated complexes for addition of water or alcohols to ketenes 
in dioxan solution52), the omission of dielectric effects must 
prejudice the predictions of the specific solvation model for aqueous 
media. In earlier work it was shown9 that just four specifically 
solvating water molecules were sufficient to stabilize the H2O+-
CH2O" zwitterion. Partially charge separated species, such as 
T, TW, and T2W, will doubtless be stabilized by dielectric effects; 
consequently the relative energetics of the various concerted and 
stepwise mechanisms will be altered. It would be of interest to 
employ the strategy advocated by Tapia,53 whereby a Monte Carlo 
simulation of aqueous solvation would be performed, using a simple 
solute-solvent potential, to generate averaged solvent structures 
which would then be subjected to study the self-consistent reaction 
field method.54 

Conclusions 
Calculations at the HF/3-21G level of theory predict that 

nucleophilic addition of ammonia to formaldehyde is catalyzed 
by 1 or 2 water molecules participating bifunctionally in cyclic 
activated complexes. The catalysis arises from the increased 
strength of hydrogen-bonding interactions between the water 
molecule(s) and the zwitterion-like ammonia-formaldehyde moiety 
in the activated complex. The 2-water-catalyzed process is pre­
ferred over the 1-water reaction in all media considered. Active 
catalysis by specifically solvating water molecules represents an 
efficient way to avoid the unfavorable charge separation accom­
panying the uncatalyzed reaction. 
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