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Ahetract-Results of recent experimental and theoretical studies of nucleophilic addition to carbonyl 
groups are described. The reaction paths found by different methods for different nucleophiles show 
some striking similarities that appear to be characteristic for the reaction type. 

For the last hundred years the tetrahedron has been 
recognized as the typical building-block of organic 
molecules. The structural transformations of a 
tetrahedral centre, i.e. the chemical reactions it 
undergoes, can be broken down into one or other of 
two primary processes. 

The sequence of primary processes for a vast 
number of chemical reactions of organic and inor- 
ganic tetrahedral molecules has been inferred from 
mechanistic arguments, and the energy changes 
that occur during these steps have been followed in 
many cases from kinetic data. With carbon as 
central atom the above classification has led to two 
main families of reactions. One is that of the 
nucleophilic substitution (SN) reactions, an exam- 
ple of which is the Walden inversion. 

Addition of the nucleophile N is an energetically 
uphill process, leading to a five-coordinate trigonal 
bipyramidal transition-state, which corresponds to 
a maximum in energy and is not directly observa- 
ble. The other family of reactions, nucleophilic or 
electrophilic addition/elimination reactions, may be 
uphill or downhill depending on the nature of the 
ligands and on many other factors. The structure of 
the corresponding transition states has hardly been 
investigated. The trigonal-tetrahedral interconver- 
sion at a carbonyl centre is a special but very 
important case of the ligand removal reaction in 
reverse. 

HB OH 
_ z 

For many classes of reaction it has been possible to 
construct those well known reaction coordinate us 
energy diagrams that adorn so many publications. 
On the other hand, the details of the geometric 
changes that occur along the reaction coordinate 
(actually a path in a many-dimensional space) are 
usually passed over because of lack of knowledge. 

It is indeed very difficult to obtain this kind of 
information because every molecule takes a differ- 
ent trajectory depending on the initial magnitude 
and direction of its momentum. A description of 
these trajectories requires a knowledge of the 
underlying energy landscape or hypersurface 
(Born-Oppenheimer surface). The paths that con- 
nect the energy minima on this hypersurface via its 
passes are called reaction paths. The question may 
now be asked: How do the bonds and angles in a 
molecule change as it moves along the reaction 
path? We have been interested in two approaches 
to this kind of problem. One approach uses experi- 
mental data from crystal structure analyses, the 
other is based on quantum mechanical calculations 
for simple model systems. The basic idea behind 
the crystal structure approach is to search for 
correlations between certain selected parameters 
describing the geometry of some sub-system (say, a 
tetrahedral centre) frozen in a variety of crystal or 
molecular environments. Each kind of environment 
can be regarded as a perturbation that acts on the 
sub-system, which will slightly modify its structure 
so as to minimize the potential energy of the crystal 
as a whole. Regardless of the nature of the 
perturbations, which are rarely if ever understood 
in detail, these structural modifications should 
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occur along local energy valleys in the parameter- 
space defining the sub-system. Accordingly, if 
some correlation can be found among the experi- 
mentally observed parameters then the correlation 
function can be taken as describing a minimum 
energy path in the Born-Oppenheimer surface of 
the sub-system in question. If the pattern of 
parameter changes can be identified in a general 
sense with that expected to occur in the course of a 
chemical reaction, then the path found from such 
experimental data should be a fair approximation to 
the corresponding reaction path. We assume as 
working hypothesis that the observed set of static 
structures, arranged in the right sequence, provides 
a picture of the changes that occur along the 
reaction pathway open to the subsystem. The anal- 
ogy with a set of static pictures arranged and 
viewed as in a cinematic film is obvious. These 
ideas have been applied to derive the minimum 
energy pathways for the two primary types 
or reactions: ligand addition’ (XCd& + Y + 
[X . . . Cd&. . . Y]+X + Cd&Y) and ligand re- 
moval’ (SO,-‘+ SO, + O-‘, AlCL- + AICll + Cl-) at 
noncarbon tetrahedral centres as well as to nuc- 
leophilic addition/elimination reactions at carbonyl.’ 
The results obtained so far for these systems suggest 
that important features of the minimum energy 
paths are largely independent of the nature of the 
central atom and of the ligands but are characteristic 
for the reaction type. 

The second approach, from quantum mechanical 
calculations, consists of computing the energy of 
the isolated reacting system for a sufficiently large 
number of nuclear arrangements. The most general 
procedure would be to calculate the complete 
energy surface, but for reasons of economy the 
calculations are usually restricted to those parts 
that are believed, on the basis of previous chemical 
knowledge or intuition, to be most relevant, usually 
only to a section through the surface along the 
assumed reaction coordinate and to a few neigh- 
bouring points. In general, Hartree-Fock 
SCF-LCAO-MO type calculations are reasonably 
well adapted to such problems since changes in 
electron correlation energy are expected to be small 
compared with the energy change in the course of a 
reaction, involving closed shell reactants.’ 

These two approaches, with their own intrinsic 
strengths and weaknesses, complement and also 
reinforce each other very nicely. The reaction path 
derived from crystal structure correlations and 
other chemical information can serve as a pointer 
to the parts of the energy surface to be covered by 
the computations. The computations, in turn, pro- 
vide the energy variation along the reaction path, 
which cannot be obtained directly from the struc- 
tural data alone, and may indicate how and to what 
extent interactions between sub-system and crystal 
environment may affect the experimental correla- 
tions. The computations treat the reacting system 

as an isolated species in vacua, whereas the strong 
interactions between the system and its crystal en- 
vironment may be roughly analogous to those that 
occur between a reacting system and its environ- 
ment in solution (solvent effects). 

Nucleophilic addition to a carbonyl group 
The carbonyl group plays a central role in organic 

chemistry as well as in biochemistry by the number 
of important reactions it may undergo, by its 
potential utilization for generating stereochemistry 
and molecular asymmetry, and by its function as a 
building block in the construction of natural and 
synthetic molecules and biopolymers. 

The primary function of the trigonal carbonyl 
carbon is to act as an acceptor for electron-rich, 
nucleophilic reagents, which add to the carbon atom. 
The resulting tetrahedral species may, in principle, 
be a stable product, an intermediate, or a transition 
state in a reaction. In the last two cases it will react 
further, generally undergoing an elimination, i.e. 
addition in reverse, to yield a new trigonal centre. 
The corresponding reaction paths may present a rich 
ensemble of stereochemical features, both struc- 
tural and stereoelectronic. The generally accepted 
mechanism of this type of reaction involves the 
following typical steps: 

(1) approach of the nucleophile towards the car- 
bony1 group; 

(2) passage through a first transition state; 
(3) formation of a tetrahedral intermediate; 
(4) passage through a second transition state; 
(5) formation of the products. 

Depending on the nature of the environment, vari- 
ous proton transfer processes may take place along 
these steps (acid or base catalysis). 

The mechanism and kinetics of this reaction have 
been the subject of many investigations, using a 
great variety of nucleophiles and carbonyl- 
substrates of chemical or biochemical significance; 
much of the recent work has been prompted by 
interest in the catalytic power and specificity of 
proteolytic enzymes. The wealth of data accumu- 
lated by such studies on the various reaction steps, 
on structural effects and on enzymic function have 
been reviewed elsewhere’-’ and cannot even be 
summarized here. In short, they agree with the 
overall mechanism described above, and, most im- 
portant, definite evidence for the formation of 
tetrahedral intermediates has been obtained by 
direct detection and by interpretation of kinetic 
data. Very recently, some details of the free energy 
variation along the reaction coordinate have been 
evaluated for several carbonyl hydration proces- 
ses,9 and a preliminary description of the reaction 
path has been obtained from crystal structure cor- 
relations for the addition of a tertiary amine to a 
carbonyl group.’ 
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Here we take up several aspects of the problem 
and discuss them in the light of recent develop- 
ments, combining, wherever possible, results from 
crystal structure correlations and from ab initio 
calculations for simple model systems. 

The path of approach of the nucleophile 
Structure correlations. It has been shown’ from 

structural correlations of molecules containing a 
tertiary amino group and a carbonyl group with 
which it can interact, that approach of the nuc- 
leophilic N atom towards the electrophilic C atom 
is accompanied by a displacement (A) of the C atom 
out of the plane defined by its three bonded atoms 
(two substituents R and R’, and the carbonyl 0 
atom) towards the nucleophilic centre (Figs 1, 2). 
The out-of-plane displacement A increases as the 
N . . . C distance d, decreases, following a logarith- 
mic relationship 

d, = - 1.701 log,0 A + 0.867 8, (1) 

For d, < 3 A the approach path of the nucleophile 
lies in a plane bisecting the RCR’ angle and is 

N 

virtually along a straight line inclined at an angle of 
about 107” to the C-O bond. 

Equation (1) can be reformulated as 

dl = - 1.701 loglo n + 1.479 A (2) 

where n = Alb - and A, is the out-of-plane dis- 
placement calculated from (1) for d, = 1.479 A, the 
standard C-N bond length.‘o Eq (2) has the same 
form as Pauling’s formula” relating interatomic dis- 
tance to bond number, and the quantity n can be 
identified with Pauling’s bond number. At the same 
time the C-O bond length dl increases as dl de- 
creases, roughly according to the relationship 

d, = - 0.71 loglo (2 - n) + 1.426 A (3) 

which is, however, much less well defined by the 
experimental data; here the multiplicative constant 
is taken from Pauling’s formula relating C-C bond 
length and bond number,” and the additive constant 
is the standard C-O single bond distance.‘O Eqs (2) 
and (3) would imply that the sum of the C-O and 
C-N bond numbers equals two at all stages of the 

a 
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Fig 1. Left: definitions of structural variables. Right: reaction path for addition of amine to carbonyl 
showing nitrogen (top; arrows indicate estimated direction of lone pair), carbonyl oxygen (bottom 

right) and inclination of RCR’ plane. 
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Fig 2. Plots of A OS d,. Empty circks-experimental points for amine addition; hatched circles- 
theoretical points for hydride addition; triangle-theoretical point for amine addition. The smooth 

curves are those obtained from equations (1) and (4). 
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addition reaction. Analogous empirical relations in- 
volving the constancy of the appropriate sum of 
bond numbers have also been found to hold for 
other reactions in which bonds are broken or 
formed.‘-’ Although it is difficult to give a rigorous 
definition of bond number in terms of current 
theoretical models of chemical bonding,t it appears 
to be a most useful quantity for interpreting the 
empirical correlations that exist among the geomet- 
rical parameters describing molecular systems. 

Very similar deformations are observed when 
nucleophilic oxygen atoms approach the C atoms of 
carbonyl groups.” The relevant data from crystal 
structure analyses are much more extensive than in 
the N . . . 0 case but they are also much more 
hetereogeneous in that the nucleophilic 0 atom 
may belong to a variety of chemical types (ether, 
carbonyl, carboxylic acid, ester or anhydride, nitro 
group, etc.) and similarly for the electrophilic C 
atom. Nevertheless, the data here also show a clear 
trend for the out-of-plane displacement A at the 
carbonyl C atom to increase as the nucleophile ap- 
proaches. For a given 0 . . . GO approach distance 
dt the mean displacement is only about a third of 
that found in the N . . . C=O examples, suggesting 
that the 0.. . C interaction is about ten times 
weaker than the N . . . C interaction, in agreement 
with expectation that alcoholic or ketonic oxygen is 
a much weaker nucleophile than amino nitrogen. 

Theoretical results 
A set of SCF-LCGO-MO calculations has been 

carried out for various nuclear arrangements of the 
simple model system CHIO + H- + CH,O-, corres- 
ponding to nucleophilic addition of hydride ion to 
formaldehyde to yield methanolate ion.” The reac- 
tion path obtained shows some striking similarities 
to the one derived from structural correlations for 
amine addition. For d (H- . . . C) < 2 A, the out-of- 
plane displacement A at the carbon atom is given by 
a logarithmic relationship (4) similar to (1): 

d(H- . . . . C) = - 1.805 log,0 A + O-415 A (4) 

The C-O distance also increases as the H- ion 
approaches, from 1.203 A (in formaldehyde) to 
1405 A (in methanolate ion). 

The experimental and theoretical curves are 
shown in Fig 2 and one may well be astonished at 
the similarity between them. The upper curve re- 
fers to addition of an amino group and was obtained 
from experimental data on interatomic distances in 
crystals. The lower one refers to addition of 
hydride ion and was obtained from the nonempiri- 
cal calculations for the isolated system in UUCKO, as 

*If the bond number n is identified with a factor that 
multiplies the attractive part of the Morse curve, i.e. 
V(r) = D(1 - 2n emb’ + em*“), then the desired logarithmic 
dependence on n can easily be derived. 

described above. The differences between the two 
curves largely reflect the difference between the 
N-C and H-C bond lengths, 1.479 and l-12 A. re- 
spectively, in the two tetrahedral products. Until 
evidence to the contrary is obtained it seems a 
reasonable extrapolation to assume that a general 
similarity exists between corresponding curves de- 
scribing addition of any nucleophile to a symmetri- 
cally substituted carbonyl group. However, even 
small changes in the structure of the reacting sys- 
tems and in the properties of the environment may 
affect the details. 

For example, a set of SCF-L-MO calcula- 
tions for the H3N. . HKO system at N . . . C separa- 
tion of 2.0 A yields a A value about 30% smaller 
than that observed for the intramolecular, transan- 
nular N . . . c--O interaction in clivorine (N . . . C = 
I.99 A).” This discrepancy could easily result from 
the different microenvironments in the two cases 
(much more polar in the crystal, thus favouring 
N-l. . . C+* = 0 interaction) as well as from steric 
differences between the model system and that 
encountered in the crystal. 

The entire course of the minimum energy path 
for addition of hydride ion to formaldehyde (shown 
in Fig 3) can be broken down into three main 
sections, each characterized by a certain type of 
interaction. 

(a) At large distances (d(H- . . . C) >3A) the 
anion approaches the formaldehyde molecule in the 
molecular plane along the HCH bisector. This sec- 
tion is under electrostatic control, the anion follow- 
ing the line of maximum electrostatic attraction to 
the molecular dipole. The total energy of the 
system changes slowly along the path, but at 3 A 
distance the stabilization with respect to infinite 
separation is already about 19 kcal/mole, roughly 
40% of the total energy drop (48 kcal/mole) along 
the entire path. 

(b) For a distance d(H-. . .C)=3A the 
H- . . . H separation is about 2.7 A. At this distance, 
repulsive interactions between the anion and the 
two formaldehyde hydrogens, which oppose the 
electrostatic attraction, start to come into play. As a 
consequence, the reaction path curves out of the 
molecular plane. In the section of the path from 
d = 3.0 A lo 2.5 8, the anion glides over the formal- 
dehyde hydrogen atoms until it senses the optimal 
direction for its attack on the carbon atom. As the 
H- . . . C=O angle changes from 180” to about 125”, 
the H- . . . H distance changes by only O-05 A, the 
formaldehyde molecule stays essentially planar 
(see Fig 3). and the energy drop is less than 
2 kcal/mole. 

(c) As d(H-. . . C) decreases below about 2.5 A, 
the potential energy valley starts to become steeper 
and narrower (Fig 3; right) as orbital interactions 
(see below) become more and more important. In 
the highest occupied molecular orbital, for exam- 
ple, the 1 s orbital of H- is involved in an in-phase 
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Fig 3. Left : Minimum energy path for addition of hydride to formaldehyde. The points A, B, C, D, E 
correspond to H- . . . C distances of 3.0, 2.5, 2.0, 1.5 and 1.12A for which the calculated binding 
energies (relative to infinitely separated H- + CH,O) are 19.4,21.2.26-7, 39.9 and 48.4 kcal/mole. The 
dashed and dotted curves show paths that are 0.6 and 6-O kcallmole higher than the minimum energy 

path. Right: Energy profiles for lateral angular displacements out of the X2 plane. 

combination with the n-orbital of formaldehyde 
and in an out-of-phase combination with the rr*- 
orbital. The linear combination obtained from this 
perturbative treatment and the electron distribution 
of the corresponding MO calculated for 
d(H-. . . C) = 2 A are depicted in Fig 4. It is only in 
this final part of the reaction path that the 
geometrical changes discussed in detail above 
occur. 

The energy along the reaction path is continu- 
ously decreasing and reaches a minimum for 
methanolate anion without passing through a 
transition state. Nevertheless, the general features 
of the energy surface can be fitted with concepts 
invoked to understand the high kinetic acceleration 
of enzymic or intramolecular reactions: together- 
ness” or proximity’6 and orbital steeringI or 
orientation effects.“-” The first two terms, together- 
ness and proximity, are understood to indicate the 
loss of translational freedom or decrease in transla- 
tional entropy i.e. they are thermodynamic factors 
which in the present example oppose the gain in 
energy’ found in part (a) of our surface. Orbital 
steering or orientation effects may have two in- 
terpretations: one of them, in terms of entropy, 
emphasizes the loss of rotational freedom. This 
corresponds to part (b) of the surface where the 
hydride anion tries to find the optimal direction of 
attack. The other interpretation is in terms of a 
dependence of the energy of transition states on 
their geometries. The question of its possible im- 
portance in the case of nucleophilic addition has to 
be postponed until structure and flexibility of the 
relevant transition states are established. Ab initio 
calculations on the addition of ammonia to formal- 
dehyde plus an additional water molecule intro- 
duced to catalyze proton transfer will hopefully 
yield a model of such a transition state. 

Interpretation of kinetic data by Storm and 
Koshland” indicate that molecules with in- 
tramolecular 0 . . . c--O angles a of about 98” show 
the highest rate of intramolecular lactonization, 

whereas both the calculations (part c) and experi- 
mental results show that the N.. . C=O or 
0 . . . C=O angles a are about 105 -tS” for all 
distances between nucleophile and electrophile 
smaller than about 2.5 A (see also next section). 
The kinetic and structural evidence taken together 
suggest that the transition state of a nucleophilic 
addition reaction will also show an angle a between 
100 and 110”. 

Analogous sequences of events should occur in 
the course of addition of other nucleophiles e.g. 
hydroxide, amino nitrogen, etc., to a carbonyl 
group in ketal or acetal formation, ester or amide 
formation or hydrolysis. In the case of weaker 
nucleophile-carbonyl interactions, the energy val- 
ley may become shallower, with less stringent 
orientation requirements on the path of approach, 
and in the case of large systems all sorts of 
interactions between other parts of the two reacting 
species may come into play. Nevertheless, even in 
such cases the path shown in Fig 3 should correctly 
represent the bare nucleophilic addition process, to 
which the other interactions can be added as 
perturbations. 

Tetrahedral intermediate 
General considerations. Intermediates occurring 

in carbonyl hydration, oxygen exchange, ester and 
amide formation and hydrolysis reactions contain 
tetrahedral carbon atoms with two or more 
heteroatom substituents bearing lone pairs. As has 
been recognized for some time, especially through 
investigations of the “anomeric” effect in sac- 
charides, such tetrahedral groupings show specific 
variations in electronic structure,20~2’ spectroscopic 
properties.n-*5 molecular geometry26” and 
reactivity.‘8.‘9.B 

a-Chloro-ethers show a marked decrease of the 
“Cl nuclear quadrupole resonance frequency if the 
C-Cl bond is trans-antiperiplanar (app) to a lone 
pair on oxygen. This was interpreted by Lucken in 
terms of interaction (through-bond) between a 
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Fig4. Left: Diagram showing interactions between the 1s (H-) A0 and the a(C-0) and r’(C-0) 
MO’s to give the HOMO of the (H- . . . CH*O) system (bottom left). Right: Calculated electron density 

distribution (in XZ plane) of the HOMO at H- . . . C distance of 2.0 A. 

p-type oxygen lone pair and the antibonding u*- 
orbital of the polar C-Cl bond.2LU The characteris- 
tic, conformation-dependent differences in bond 
length observed in crystal structures of many sugar 
derivatives and a-chloro ethers can be interpreted 
in similar terms.20.26n The preference for syn-clinal 
(SC) rather than app conformations of CICHr 
OCH,” and FCHrOH”“’ may be interpreted in 
terms of through-bond interactions (see above) and 
of through-space interactions between the lone 
pairs of the electronegative atoms. 

Conformation effects of this kind may also have 
a decisive role in the reactivity of such tetrahedral 
groupings. In the decomposition of conformation- 
ally rigid hemi-ortho-esters” and hemi-amide- 
acetals19 in solution it appears that the bond most 
readily broken is the one app to two lone pairs. 
Ozonization of acetals shows similar selectivity.” 
For tetrahedral intermediates close in energy to 
transition states leading to their formation or 
decomposition, the paths describing these proces- 
ses should likewise be strongly dependent on the 
stereoelectronic factors that operate in these inter- 
mediates. 

It is therefore of interest to study how the 
strength of bonds (as expressed by bond lengths 
and overlap populations (OP’s)) changes with con- 
formation and to try to correlate these changes with 
selectivity of bond cleavage. Bond lengths may be 
obtained from structural data or from quantum 
‘mechanical calculations in which the energy of a 
molecule is minimized with respect to its geometri- 
cal parameters. The OP’s can be obtained from 
Mulliken population analysis of the calculated 
wave functions. 

Structural correlations 
Many crystal structure analyses have been car- 

ried out of compounds containing tetrahedral car- 
bon atoms with two oxygen substituents. These 
compounds include diols, ketals, hemiketals, acet- 
als and hemiacetals, and can be regarded as cases 
where the nucleophilic addition reaction has gone 
to completion to give a stable product. 

A significant correlation is found” between the 
quantities Ad = d, - d2 and A/3 = &+ j32 - fly - /3, 
(Figs 1 and 5) which correspond to anti-symmetric 
stretching and bending distortions of a tetrahedron 

. 
I 

Fig 5. Scatter plot of Ad = d, - d2 against AS = 6, + & - fi, - @, (see Fig 1 for definitions of symbols) 
for tetrahedral carbon centres carrying two oxygen substituents. 
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with CS symmetry. The relation obtained by linear mation are probably negligible and should not affect 
regression on the observed differences is the relotioe bond lengths and OP’s.” 

A/3(“) = 173 Ad(A) (correlation coefficient 0.84). 

As one C-O bond lengthens and the other con- 
tracts the coupling between the antisymmetric 
stretching and bending deformations comes into 
play to bring the shorter bond towards the RR’C 
plane and the longer bond away from it. This 
strongly suggests that in the decomposition of a 
tetrahedral intermediate RR’CXY the leaving 
of the C-X bond but rather that the line of 
departure is continually adjusted to maintain a 
XCY angle of about 110”. The same kind of angle 
constancy was found in the preferred direction of 
approach of the nucleophile for N . . . C=O interac- 
tions and also, though less pronounced and over a 
smaller range of distances, in the calculated reac- 
tion path for hydride addition (Fig 3). The present 
result merely confirms that with oxygen as nuc- 
leophile, the reverse decomposition follows the 
same reaction path. 

For all these systems the computed bond lengths 
and OP’s are found to depend on the number of 
electronegative substituents and on the molecular 
conformation in a manner that can be expressed in 
terms of simple additivity rules. As the number of 
electronegative groups increases the average C-O 
distance becomes shorter than in methanol 
(d(C-0) = 1.45 A, calculated*)-by O-03 A for one 
additional OH group, by 0-05A for two, and by 
O.O4i( for the combined effect of NH, and OH. 
Bond lengths observed in fluoromethane show a 
similar trend, being 1.385, 1.358, I.332 and I.317 in 
CH,F,” CH2F2,311 CHF:’ and CF.,)8 respectively.+ 

The structural data available for tetrahedral car- 
bon atoms RCXYZ with three electronegative sub- 
stituents (ortho-esters, amide acetals, etc.) are 
sparse and not very accurate. However, they seem 
to support the idea that here too there is a similar 
coupling between antisymmetric bending and 
stretching deformations that may be relevant to the 
decomposition mode. 

Superimposed on this electronegativity effect is 
another effect that is conformation dependent. In a 
given HO-C-O’H’ fragment, a lone pair on 0 that is 
app to C-O’ lengthens d(C-0’) by about 0.02 A 
and shortens d(0-C) by about O-01 A-similar 
changes occur when either of the OH groups is 
replaced by NH*. Analysis of the OP’s yields 
analogous conclusions-the OP of a C-O or C-N 
bond is reduced by about 0-04-0~06 e (i.e. the bond 
is weakened) through interaction with an app lone 
pair; the OP of the bond to the atom that carries the 
lone pair is increased, by 0.02 e for C-O and 0.05 e 
for C-N. 

There is also a correlation between the C-O bond 
lengths in such tetrahedral units and the torsion 
angles about neighbouring bonds, i.e. in the 
R-O-C-O’ system the length of the C-O’ bond 
seems to depend on the torsion angle about the C-O 
bond. For example, there is a definite tendency for 
very short C-O’ bonds to be app to 0-alkyl or O-H 
bonds, whereas long C-O’ bonds tend to be SC “. An 
alternative way of looking at this result is to say that 
a lone pair on 0, which is app to 0’ shortens the C-O 
bond or lengthens the C-O’ bond or does both. 

These variations in bond length and OP with 
conformation can be interpreted in terms of qualita- 
tive MO perturbation theory.“.@ For a given 
HO-C-O’H’ fragment, interaction of the occupied 
lone pair orbital (1~) on 0 with the unoccupied 
a*(C-0’) orbital gives a modified occupied orbital, 
lp + Au*(C-O’), that is bonding with respect to 
O-C (which is thereby strengthened and shortened) 
and antibonding with respect to C-O’ (which is 
weakened and lengthened). The same applies, 
mutatis mutandis. to a HO-C-NH, fragment. 

Theoretical results 
Here we consider some results of SCF- 

LCGO-MO calculations, using a moderately ex- 
tended basis set, for staggered conformations of 
CH2(0H)2,M.12 CH(OH),,12 C(OH),)* and CH(NH2)- 
(OH),,” which can be regarded as the simplest mod- 
els of tetrahedral intermediates. For a given 
species, changes in correlation energy with confor- 

A series of computations” for the sc-app con- 
formation of CHI(OH), confirms that the differ- 
ences in bond length and OP of the C-O bonds are 
also reflected in their stretching force constants. 
The calculated values are: 5*8mdyne/A for the 
weaker, longer bond (d(C-0) = I.437 A) and 
6.0 mdyne/A for the stronger, shorter one 
(d(C-0) = 1408 A). The stretch-stretch interaction 
constant is +0*3 mdyne/A. Thus, for small devia- 
tions from equilibrium, the long C-O bond is more 
easily stretched than the short one, so that a 
reaction leading lo cleavage of the long bond is 
lower in energy than one leading to cleavage of the 
short bond, at least in the initial stage. 

ITbe basis set used in this work yields a C-O bond 
length in methanol that is 0.02 A longer than the experi- 
mental value, but this should not affect the results de- 
scribed in this paragraph. 

Internal rotation in methanettiol 

Sin these molecules the bond shortening is presumably 
due more to the large electronegativity difference than lo 
the influence of app lone pairs. 

A series of computations” has been carried out 
for CH(OH), to investigate the changes that occur 
as a hydroxyl hydrogen is rotated about its C-O 
bond (a) with the other two OH groups (b, c) held 
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Fig 6. Methane triol. The thick line shows the variation in total energy as function of the rotation angle 
cp (see text diagram for definition). The other curves show the corresponding variations in total OP’s of 
C-O and C-H bonds and also the contribution of the highest occupied MO (HOMO) to the total 

, OP(C-H). 

the length and OP of the bond to be broken is only 
marginally larger than the effect of an opp lone pair 
(discussed in an earlier section). 

The isolated species CH,(OH)O- is calculated to 
be about 60 kcal/mole more stable than the sepa- 
rated species CH,O + OH-. Nucleophilic addition 
of OH- to formaldehyde is thus an even more 
downhill process than addition of hydride ion 
(stabilization 48 k&/mole), even though the adduct 
CH2(OH)O- seems less advanced along the addition 
reaction path than CH,O-, judging from the C-G 
bond lengths (1 a355 % in CHI(OH)O-, 1.405 A in 
CH,O-). 

The effect of acid-cataJyzed decomposition re- 
mains to be investigated. 

Summary and outlook 
In this contribution we have described how a 

general pathway for nucleophilic addition/ 
elimination reactions has been inferred by analys- 
ing crystal structure data and confirmed by ab initio 
SCF-LCGO-MO calculations. Stereoelectronic 
effects accounting for subtle details of molecular 
structure also shed light on the conformational 
specificity associated with certain decompositions 
of acetals and amide acetals. The role of acid and 
base catalysis, as well as the structure and energy 
of transition states, remain subjects for future in- 
vestigations. Nevertheless, we cherish the hope 
that the present results may contribute to a better 
understanding of enzyme specificity, in much the 
same way as information about the structure of 

simple peptides was helpful in elucidating the 
secondary and tertiary structure of proteins. It is 
encouraging that the pathway for nucleophilic addi- 
tion proposed here seems perfectly consistent with 
recent results of Huber,” on the relative positions 
of the serine-Oy-atom in the active sites of several 
proteolytic enzymes and enzyme-inhibitor com- 
plexes. 
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