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Abstract: Model calculations of the ' H/-H, 12C/13C. and 16O/1 xO kinetic and equilibrium isotope effects at the starred posi
tions for the carbonyl addition reaction of HjCC*H*0* with HO*~ have been made for two closely related sets of force fields, 
and for both curved and perpendicular trajectories of nucleophilic approach to carbonyl, for a series of possible transition-state 
structures at temperatures from 273 to 323 K. In all calculations, the geometrical features and force constants were assumed 
to change from reactant values toward product values in proportion to the Pauling bond order B of the nucleophile-carbonyl 
bond. The a-deuterium and /3-deuterium effects are nearly linear functions of B and should be good and consistent probes of 
transition-state structure. The carbonyl-l!<0 effect is normal and increases steadily with B1 as expected. The nucleophile-l-s0 
effect is normal for B < 0.5 and inverse for later transition states. The carbonyl- 1 T is about 1.03 for early transition states and 
falls to an inverse equilibrium effect. No strikingly anomalous temperature dependences were calculated. 

Carbonyl-addition reactions, exemplified by the process of 
eq 1, are of interest in chemistry and biochemistry3-4 and the 
understanding of their dynamics in terms of transition-state 
structure is the topic of much current research.5 A very ap
pealing and effective approach to learning the structure of such 
transition states lies in the use of kinetic isotope effects.s 7 We 
have employed vibrational analysis of model structures*-9 for 
the transition state of eq 1 to explore relationships of such 
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structures to the following isotopic probes: (1) the cv-deuterium 
secondary isotope effect10 (for the hydrogen attached to the 
electrophilic carbon); this effect is expected to be inverse (ko 
> &H), arising from restrictions to motion of the a hydrogen 
as the nucleophile binds, and to become more inverse as the 
transition state more nearly resembles the adduct; (2) the 
/3-deuterium secondary isotope effect10 (for the hydrogens on 
the carbon adjacent to the electrophilic center); this effect, 
assumed to arise from increased binding of the /3 hydrogens 
as hyperconjugation of C-H bonding electrons into the car
bonyl group is lost upon carbonyl addition," should also be 
inverse and become more so for more adduct-like transition 
states; (3) the carbonyl-oxygen 16O/18O isotope effect; if this 
effect is regarded as secondary (in a specialized sense, viz., that 
the oxygen does not participate in reaction-coordinate motion), 
then it should be normal (k\(, > k\$) and larger as the carbonyl 
group double bond is more nearly converted to the single bond 
of the adduct,12 while reaction-coordinate participation should 
render the effect still larger in the normal sense;13 (4) the 
nucleophile-oxygen 16O/18O isotope effect; this effect may be 
normal for reactant-like ("early") transition states where re
action-coordinate motion of the oxygen dominates the in
creased binding from formation of the new bond,13 but should 
become inverse for transition-state structures like the adduct; 
(5) the carbonyl-carbon ' 2 C / ' 3C isotope effect; the direction 
and magnitude of this effect are hard to estimate intui
tively. 

The aim of the calculations is to relate the magnitudes of 
these isotope effects to the structure of the transition state, but 
we can do this only approximately at the present time. Even 
the simplified paradigm of eq 1 has a transition state with nine 
atoms. Therefore, 21 geometrical coordinates must be specified 
for a complete structural description, and the force-constant 

matrix, even at the harmonic-approximation level, contains 
231 distinct elements. Furthermore, kinetic isotope effects of 
mechanistic significance can arise from force-constant changes 
between reactants and transition state which are smaller than 
can be accurately determined by vibrational spectroscopy of 
analogous stable species. Continuing research by ourselves and 
others is expected to lead to improved approaches to isotope-
effect estimation, but at this time we have made use of the 
following simplifying protocols. 

(1) Diagonal force fields were employed for all species, ex
cept that one off-diagonal force constant was added to tran
sition-state force fields to generate the reaction coordinate. 

(2) The bond order of the forming carbon-nucleophile bond 
was chosen as a principal reaction variable and the progress 
of all other features of transition states was assumed to be 
equivalent to the progress in formation of this bond. 

To increase the generality of the results, calculations were 
made for different sets of assumptions about transition-state 
geometries and about the force-constant alterations which 
generate the isotope effects. 

Experimental Section 

Method of Calculation. Calculations were carried out with two 
different computer programs, VIBRANAI. was provided us by Dr. 
Warren Buddenbaum, Department of Chemistry. Indiana University, 
in a form largely equivalent to the program available from the 
Quantum Chemistry Program Exchange. Based on the procedures 
of Schachtsehneider and Snyder14 for the vibrational-analysis problem 
(FG matrix formulation1-'') and the Wotfsberg and Stern program* 
for the calculation of isotope effects, the program was written for a 
Univac I 108 computer and was modified only slightly to run on the 
Honeywell 635 and 66/60 computers at the University of Kansas 
Computation Center, BEBOVIB-IV. now also available from the 
Quantum Chemistry Program Exchange, was made available by 
Professor U. B. Sims, Department of Chemistry, University of Ar
kansas. Professor Sims trained us in the use of this program, which 
lias been employed in several published calculational studies.16 It 
solves the vibrational problem directly in Cartesian coordinates17 and 
has an easy-to-use polar-coordinate input format for model geometries. 
Extensive duplication of calculations between the two programs gave 
exact agreement. 

Principal Reaction Variable. The bond distance between the 
nucleophilic atom and the electrophilic, carbonyl carbon is the 
structural feature which changes most strikingly in the course of 
carbonyl addition. We chose the Pauling bond order1* B, related16 

to the bond distance R^ (R\ for unit B) by the equation 

B= exp|(/?i - f l B ) /0 .3 | (2) 
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Table I. Geometrical Parameters for Reactant and Product Models 

! / 

Figure 1. Numbering system used for the designation of internal coordi
nates for the acetaldehyde-hydroxide system. The structure shown is for 
the product state. In the reactant state, the C2-O s bond is very long and 
C-1, C2, O1, H4, and H7 occupy a common plane. 

as a principal reaction variable or fundamental descriptor of transi
tion-state structure. Other structural features of transition states were 
then assumed to have progressed a fraction B of the total change ex
perienced in the overall reaction. The models employed in this study 
are, therefore, highly coupled'9 in the sense that all structural features 
arc taken as strongly coupled to the Pauling bond order of the 
nucleophilic bond. 

Reactant and Product Models. The properties chosen for the 
reactant state, product state, and transition states can be described 
using the numbering system of Figure 1. The same bond lengths, an
gles, and force constants were used for all isotopic modifications of 
each structure and are given in Tables I and II. 

For the reactant state, the bond distances and angles of acetalde-
hyde were taken from the microwave data of KiIb, Lin, and Wilson.20 

The free hydroxide ion was assigned the force constant and bond 
length found in the ab initio quantum-mechanical study of Janoschek, 
Preuss, and Diercksen.21 In the product structure, the geometry 
around both carbon atoms was assumed to be fully tetrahedral. The 
C-H bond lengths of the methyl group were kept at 1.086 A, while 
the bond lengths and angles about the C2 carbon were those used by 
Timidei and Zerbi22 in their normal coordinate treatment of methanol. 
The C 2 -C 3 bond length was adjusted to 1.54 A. 

The force constants used for the acetaldehyde part of the reactant 
state were those determined by Cossee and Schachtschneider23 (their 
set V F. 1), with interaction force constants set equal to zero. The di
agonal force constants were used directly with the exception of the 
C 2 -C 3 -H 4 bending force constant, which was made equal to the other 
two C-C-H bending constants. 

Since spectroscopic data are unavailable for the hydroxide adduct 
of acetaldehyde, force constants were estimated from those for acet
aldehyde,23 methanol,22,24-26 propanol,25 and 2,2-difluoropropane.27 

Bending force constants for the HC3H and HC3C2 angles were made 
the same as in acetaldehyde, except when their variation was con
sidered as generating the ,3-deuterium isotope effect (see below). Force 
constants for the C2O8 and O8H9 stretches were taken from the 
methanol force field, as were those for the O1C2H7 and H7C2O8 angle 
bends, with the former slightly decreased in recognition of the negative 
charge on O1. Force constants for 2,2-difluoropropane were used to 
generate values for O1C2C3 , O8C2C3 , and O1C2O8 , assuming equiv
alency of fluorine and oxygen. The C2C3 stretching constant was taken 
from paraffin data, while the C2H7 and C3C2H7 values are averages 
of acetaldehyde constants and paraffin methine-group constants. The 
O1C2 stretching constant was taken as the average of the acetaldehyde 
and methanol values, to agree with the considerable double-bond 
character observed theoretically.28-29 The 2,2-difluoropropane CH 
stretching force constant of 4.91 mdyn/A was used as a guide for the 
C3H values, which were set either slightly above or below this value, 
depending on the assumed origin of the /3-deuterium isotope effect 
(see below). Torsional force constants about the C2C3 bond were set 
to common values 2 2 2 7 while those about the forming C2O8 were set 
to an arbitrary value near zero. All redundancies were included. All 
off-diagonal force constants were set equal to zero. 

Variation of Reaction Trajectory. Two different geometrical dis
positions for reactant-like transition states were assumed (Table 1). 
Then, in each case, a series of intermediate structures was generated 
by alteration of each geometrical feature from its reactant value 
toward its product value by a fraction B corresponding to the Pauling 
bond order B of the O8C2 bond. The two series of transition states thus 
have quite different structures for small B ("early" transition 
states). 

One of these models, designated in Table I as the "curved trajec
tory" model, was constructed to simulate the nonlinear approach of 
nucleophile suggested by the crystallographic studies of Biirgi, Dunitz, 

parameter" 

O 1 C 2 

c2-c3 

C 3 -H 4 

C 3 -H 5 

C 3 -H 6 

C 2 -H 7 

C 2 - 0 8 

0 8 - H 9 

O 1 C 2 C 3 

C 2 - C 3 - H 4 

C 2 -C 3 -H 5 

C 2 -C 3 -H 6 

C 3 -C 2 -H 7 

C 3 - C 2 - 0 8 

C 2 - 0 8 - H 9 

0 1 - C 2 - C 3 - H 4 

0 1 - C 2 - C 3 - H 5 

0 ' - C 2 - C 3 - H 6 

H 4 - C 3 - C 2 - H 7 

H 4 - C 3 - C 2 - 0 8 

C 3 - C 2 - O s - H 9 

reactant, 
curved 

trajectory 

1.22 
1.50 
1.09 
1.09 
1.09 
1.11 
2.50 
0.96 

123.9 
110.6 
110.6 
110.6 
117.5 
71.3 

108.9 
360 
240 
120 
180 
120 
241 

reactant, 
perpendicular 

trajectory 

1.22 
1.50 
1.09 
1.09 
1.09 
1.11 
2.50 
0.96 

123.9 
110.6 
110.6 
110.6 
117.5 
90.0 

108.9 
0 

120 
120 
180 
90 
25 

product 

1.43 
1.54 
1.09 
1.09 
1.09 
1.10 
1.43 
0.96 

109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
108.9 
300 
180 
60 

180 
60 

0 

" Parameters designated by two atoms are bond lengths (A), by 
three atoms are bond angles (deg), and by four atoms are dihedral 
angles (deg). 

Table II. Force Constants for Reactant and Product Models" 

internal 
coordinate 

O ' - C 2 

C 2 -C 3 

C 2 -H 7 

C 2 - 0 8 

C 3 -H 
O 8 H 9 

0 ' - C 2 - C 3 

0 1 - C 2 - H 7 

O 1 C 2 O 8 

C 2 -C 3 -H 
C 2 - 0 8 - H 9 

C 3 -C 2 -H 7 

c3-c2-o8 

H-C 3 -H 
H 7 - C 2 - 0 8 

0 - C 2 - C 3 - H 
0 - C 2 - 0 8 - H 9 

reactant 

10.77 
4.82 
4.24 

4.88 
7.47 
1.01 
0.83 

0.43 

0.44 

0.52 
(0.30) 
0.027 

product, 
/3-stretch 

varied 

7.88 
4.30 
4.40 
5.35 
5.13 
7.62 
1.00 
0.80 
2.00 
0.43 
0.77 
0.50 
1.00 
0.52 
0.85 
0.015 
0.000 09 

product, 
/3-bend 
varied 

7.88 
4.30 
4.40 
5.35 
4.88 
7.62 
1.00 
0.80 
2.00 
0.47 
0.77 
0.50 
1.00 
0.60 
0.85 
0.024 
0.000 09 

" Stretching force constants are in mdyn/A, bending and torsional 
force constants in mdyn-A/rad2. 

and their collaborators.181= The hydroxide ion thus begins its approach 
at a point above and behind the carbonyl group, and then develops a 
more nearly perpendicular line of attack as bond formation becomes 
more important. The geometrical parameters for a transition state 
of nucleophilic bond order B can be calculated from the initial and 
final parameters of Table I and the prescription in the last para
graph. 

While much is to be said for the physical likelihood of such a tra
jectory, we felt it necessary to test for the degree to which our results 
were dependent upon it. A second series of models for a "perpendicular 
trajectory" was thus constructed. Here, the more familiar view, that 
even very "loose" transition states involve the alignment of the 
nucleophilic electron pair along the axis of the bond eventually to be 
formed, is expressed by the geometrical parameters (Table I). 

Force-Field Variations. As explained above, most features of the 
force fields for reactants and products were generated by analogy with 
known molecules already studied in detail. Transition-state force fields 
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Table HI. Calculated Isotope Effects (k\iihl/khcdvy) for Carbonyl Addition with the Indicated Structures vs. (1H16O-, 1H3
12C12C1H16O) 

as Functions of Temperature and Transition-State Structure" 

B, Pauling 
bond order 

OfC2O8 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 (kinetic) 

1.0 
(equilibrium) 

temp, K 

273 
298 
323 
273 
298 
323 
273 
298 
323 
273 
298 
323 
273 
298 
323 
273 
298 
323 
273 
298 
323 
273 
298 
323 
273 
298 
323 
273 
298 
323 
273 
298 
323 

2 H 3 CCHO 
("/3-D3") 

0.993 
0.994 
0.995 
0.978 
0.981 
0.983 
0.964 
0.967 
0.970 
0.949 
0.954 
0.958 
0.937 
0.943 
0.948 
0.921 
0.928 
0.934 
0.907 
0.915 
0.922 
0.895 
0.904 
0.912 
0.882 
0.892 
0.901 
0.870 
0.881 
0.891 
0.859 
0.870 
0.880 

H3CC2HO 
("a-D") 

0.980 
0.984 
0.987 
0.943 
0.951 
0.958 
0.906 
0.918 
0.929 
0.870 
0.887 
0.900 
0.836 
0.855 
0.872 
0.805 
0.827 
0.846 
0.776 
0.801 
0.822 
0.749 
0.776 
0.799 
0.725 
0.753 
0.778 
0.703 
0.733 
0.758 
0.690 
0.720 
0.746 

site and character of isotopi 
H3CCH1 8O 

("carbonyl- l 80") 

1.004 
1.004 
1.004 
1.004 
1.004 
1.005 
1.006 
1.006 
1.006 
1.009 
1.009 
1.009 
1.012 
1.012 
1.012 
1.015 
1.015 
1.015 
1.019 
1.018 
1.018 
1.023 
1.022 
1.021 
1.027 
1.026 
1.025 
1.032 
1.030 
1.029 
1.010 
1.009 
1.009 

c substitution 
H3C1 3CHO 

("carbonyl- l3C") 

1.031 
1.028 
1.026 
1.031 
1.029 
1.027 
1.030 
1.028 
1.026 
1.027 
1.025 
1.024 
1.022 
1.021 
1.020 
1.020 
1.019 
1.018 
1.016 
1.015 
1 015 
1.010 
1.010 
1.010 
1.006 
1.006 
1.007 
1.001 
1.002 
1.003 
0.958 
0.962 
0.967 

H 1 8 O-
("nucleophile- l80") 

1.031 
1.032 
1.032 
1.021 
1.023 
1.024 
1.011 
1.014 
1.016 
1.002 
1.005 
1.009 
0.993 
0.998 
1.002 
0.983 
0.989 
0.993 
0.974 
0.981 
0.986 
0.966 
0.973 
0.979 
0.958 
0.966 
0.972 
0.951 
0.959 
0.966 
0.920 
0.930 
0.938 

0 Values tabulated are those computed on the "curved trajectory with /3-stretch varied" model. 

were obtained by interpolation, assuming that each force constant had 
changed by a fraction B (Pauling bond order of the forming nucleo-
phile-carbonyl bond in the particular transition state) from its reactant 
value toward its product value. As will be seen below, this procedure 
(perhaps in large part by coincidence) produces values of the a-deu-
terium, carbon, and oxygen isotope effects of interest which are 
intuitively reasonable and generally in accord with experience. The 
/3-deuterium isotope effects, however, arise from sites more remote 
from the reaction center, are small, and may well involve smaller 
force-constant changes. While it seems very probable that they arise 
from alterations of the force constants for either bending or stretching 
of the /3-CH bonds, or both, their exact origins are unclear. We thus 
considered two models for this generation and adjusted the values of 
the appropriate force constants in the product molecule so that the 
experimental equilibrium isotope effects for carbonyl hydration were 
roughly reproduced by the calculated equilibrium /3-deuterium isotope 
effects.10 

One of these models relied wholly on variation of the stretching 
force constants (denoted as "/3-stretch varied" in Table II). In this 
case, the adduct /3-CH stretching force constant was taken as 5.13 
mdyn/A (cf. 4.91 mdyn/A in 2,2-difluoropropane27), and the /3-CH 
bending force constants were left at their initial values. 

The second ("/3-bend varied") model left the /3-CH stretching force 
constant at its initial value of 4.88 mdyn/A, while introducing changes 
in the bending constants for C2C3H, from 0.43 to 0.47 mdynA/mdyn2, 
and for HC3H from 0.52 to 0.60 mdynA/rad2. This model thus sim
ulates a situation in which loss of hyperconjugation of the /3-CH 
electron pairs into the carbonyl group leads mainly to a greater dif
ficulty in bending motions of these bonds, while the model of the 
previous paragraph posits the effect as being on the difficulty of 
stretching motions. 

Reaction-Coordinate Generation. The transition-state force field 
must be such that the molecule has one and only one unstable coor
dinate, corresponding to the reaction coordinate, which carries the 

molecule out of the transition state toward reactants or products. In 
these calculations, this was accomplished by introducing a single, 
positive off-diagonal element in the F matrix, which coupled the 
carbonyl (O1C2) stretching motion to the stretching of the nucleo-
phile-carbonyl forming bond (C2O8). This makes the reaction coor
dinate the asymmetric stretching of the O1C2O8 system.30 A value 
of the off-diagonal element Fu > (F17Fy)1/2, with the O1C2 stretch 
as coordinate / and the C2O8 stretch as coordinate/ then produces 
an imaginary frequency for the reaction-coordinate motion.30'31 The 
frequencies so generated were usually between about 50/ and 300/ 
cm -1 and are indicated at appropriate points below. 

More complex designs for reaction-coordinate motions30 are an 
important feature for investigation. These are currently under 
study. 

Results 

Table IH lists the isotope effects at 273, 298, and 323 K for 
ten different choices of the nucleophile-carbonyl bond order 
B, and equilibrium isotope effects. The calculations listed are 
for the "curved trajectory" model with "/3-stretch varied". 

Calculations with the "/3-bend varied" showed that no sig
nificant difference ever arose for any choice of transition-state 
structure from this assumption vs. the "/3-stretch varied" as
sumption. Carbon and oxygen isotope effects were absolutely 
independent of this choice while the hydrogen isotope effects 
never differed by more than 1 -2 parts per thousand. The cal
culated effects in Table III may, therefore, be assumed, within 
limits of 1 -2 parts per thousand, to apply equally well to models 
in which /3-stretching and /3-bending force constants are 
varied. 

Also within limits of 1-2 parts per thousand, the /S-D3 and 
nucleophile-18C> effects were independent of whether the 
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Table IV. Contributions to Calculated Kinetic Isotope Effects at 298 K 

type of 
isotope 
effect" 

/5-D3 

a-D 

carbonyl- l i !0 

carbonyI- l3C 

nucleophile- lsO 

B, Pauling 
bond order 

OfC2O8 

0.2 
0.5 
0.8 
0.2 
0.5 
0.8 
0.2 
0.5 
0.8 
0.2 
0.5 
0.8 
0.2 
0.5 
0.8 

v/v' 

1.008 
1.011 
1.011 
1.011 
1.012 
1.013 
1.004 
1 007 
1.012 
1.007 
1.007 
1.007 
1.036 
1.031 
1.026 

MMI 

1.201 
1.190 
1.186 
1.118 
1.114 
1.113 
1.021 
1.021 
1.020 
1.017 
1.018 
1.018 
1.076 
1.078 
1.079 

EXC"1 

1.160 
1.143 
1.141 
1.019 
0.992 
0.979 
1.008 
1.004 
1.003 
1.009 
1.005 
1.003 
1.020 
1.016 
1.01 1 

ZPE 

0.947 
0.906 
0.870 
0.866 
0.761 
0.682 
0.991 
0.995 
1.004 
1.021 
1.008 
0.995 
0.970 
0.940 
0.912 

Ulighi/ 
* h c a v > ) * ' f 

0.981 
0.943 
0.904 
0.951 
0.855 
0.776 
1.004 
1.012 
1.022 
1.029 
1.021 
1.010 
1.023 
0.998 
0.973 

" See Table III for the sites and character of isotopic substitution. * Calculations are for the "curved trajectory with ^-stretch varied" model. 
• (*iigh,/A-heavy) = MMl-EXC-ZPE. 

-
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Figure 2. Calculated frequencies at B = 0 (reactant state), B = 0.5 (a 
transition state), and B = 1 (product state) for the curved-trajectory model 
((3-stretch varied). Rough assignments deduced from calculated eigen
vectors are shown. 

"curved trajectory" or "perpendicular trajectory" model was 
used. The carbonyl-18O effect was more sensitive, with the 
perpendicular trajectory generating larger isotope effects by 
1-6 parts per thousand than the curved trajectory. The en
hancement was most pronounced (as expected) with early 
transition states (1.009 298 K, B = 0.1 vs. 1.004; 1.017 vs. 
1.012 at B = 0.5; 1.027 vs. 1.026 at B = 0.9). The a-D effect 
was, in contrast, more normal with the curved than with the 

perpendicular trajectory, a 19 parts per thousand difference 
at early transition states disappearing at late points (0.984 at 
298 K, B = 0.1 vs. 0.965; 0.855 vs. 0.845 at B = 0.5; 0.753 vs. 
0.752 at B = 0.9). The carbonyl- 13C effect was similarly more 
normal with the curved trajectory and the model dependence 
was larger relative to the magnitudes of the isotope effects than 
for the other cases (1.028 at 298 K 1 B = 0.1, vs. 1.015; 1.021 
vs. 1 008 at B = 0.5; 1.006 vs. 1.004 at B = 0.9). Thus neither 
qualitative nor semiquantitative conclusions from /3-D3, a-D, 
carbonyl-18O, or nucleophile-180 isotope effects are dependent 
on the curved vs. perpendicular trajectory model. Corre
spondingly, experiments in which these effects are measured 
cannot be expected to be useful as probes of features of the 
transition-state structure related to the curved vs. perpendic
ular distinction. The carbonyl-1-1C effect is more sensitive to 
this choice and its determination can thus be expected to 
convey information about the geometry of nucleophilic at
tack. 

Table IV contains a resolution8'9 of the isotope effects into 
mass/moment of inertia (MMl), excited vibrational states 
(EXC), and zero-point energy (ZPE) terms for representative 
transition-state structures at 298 K. Also shown is the ratio of 
imaginary (reaction-coordinate) frequencies, v/v'. The values 
of EXC are tabulated as E X C - ' to permit quick comparison 
with MMI. When MMI and EXC - 1 are equal, the product 
MMI-EXC is unity and the isotope effect arises wholly from 
zero-point energy isotopic differences between reactant state 
and transition state. 

The general behavior of the curved-trajectory, /3-stretch-
varied model can be inferred from Figure 2. This presents the 
frequencies calculated for the 1H3

1 2C1 2C1H1 6O + 1H16CT 
modification at the reactant state (B = 0), one transition state 
(B = 0.5), and the product state (B = 1). Rough identifications 
of molecular motions for the frequencies were extracted from 
the eigenvectors and are shown in the figure. The dashed lines 
show putative correlations of reactant motions with those in 
the products. Several features are worthy of note. Five of the 
zero-frequency translational-rotational (T,R) modes of the 
reactant state are converted to five internal coordinates of the 
transition and product states: the C2O8H9 bend (5COH), the 
C2O8 stretch ( r c c ) , the O1C2O8 bend (5oco), the C3C2O8 

bend (5cco), a n d the torsion about the C2O8 bond (rco)- In 
accordance with the model, the CH3 stretching frequencies 
(rcn3) rise, giving the /3-D3 inverse isotope effect. The O1C2 

stretch (rco) falls, as expected for replacement of a double by 
a single bond. The C2H7 out-of-plane frequency (<5CH,OP) rises 
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Figure 3. Calculated /3-D3 and a-D secondary isotope effects as a function 
of B (Table 111). 
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sharply as the motion is converted to the C2C3H7 bend (<5H'CCX 
traditionally takenl0 as the origin of the a-D inverse isotope 
effect. A probably unrealistic feature is the small rise in the 
O8H9 stretching frequency (/-on), but this will have little in
fluence on the calculated isotope effects. 

Discussion 

Secondary Deuterium Effects. Figure 3 portrays the /3-D3 

and «-D isotope effects at 298 K as a function of nucleo-
phile-carbonyl bond order B. The solid lines are drawn 
smoothly through the calculated points from B — 0.1 to B = 
0.9. The dashed extensions connect to 1.00 at B = 0.0 (on the 
assumption that a truly reactant-like transition state would 
generate no isotope effect) and to the equilibrium isotope effect 
at B= 1.0. 

The calculated equilibrium value for the a-D effect is about 
0.72, in excellent agreement with relevant experimental 
measurements, 1W2-39 such as Lewis and Wolfenden's value 
of 0.73 ± 0.02 for the hydration of acetaldehyde.32 Measure
ments of kinetic effects fall between 1.00 and this value, in 
consistency with Figure 3. Furthermore, the assumption that 
the value of B in the transition state can be approximately in
ferred35 from eq 3 (where kn/ko is the kinetic isotope effect 
and Ku/KD is the equilibrium isotope effect) is supported by 
the calculations, since a nearly straight line through the com
puted kinetic isotope effects connects 1.0 with KH/KD = 0.72. 
It was, however, assumed in the model that the force-constant 
changes for the a-H coordinates were linear in B and this may 
be the chief reason for the simple relationship found. While 
such a linear change in force constants is a reasonable expec
tation (at least for stretching force constants, although bending 
force constants might present a different picture), whether it 
is correct must be determined by quantum-mechanical studies 
now in progress in our group and elsewhere. In the meantime, 
one can conclude that, if such a linearity is correct, then de
ductions from eq 3 should be valid. 

B~[{kH/kD)-\]/KKH/KD)-l] (3) 

The calculated equilibrium /3-D3 isotope effect of 0.87 agrees 
with experiment10 because the /3-H force constants were ad
justed to cause this and so the agreement is not any test of the 
model. Here, there is again a roughly linear relation of B and 

ktf/ko, also probably related to the assumption of the model 
that force constants at /3-H change linearly in B. The computed 
kinetic isotope effects lie generally closer to unity than the line 
connecting 1.00 and KH/KD = 0.87. Thus B calculated from 
eq 3 will indicate a smaller value of B than the calculations 
suggest. Thus, even if the assumed linearity of B and force-
constant changes should emerge as correct, a simple empirical 
inference of B from eq 3 (with an experimental value for 
KH/KQ) would underestimate B by about 0.05 unit. 

Table IV shows the imaginary frequency isotopic ratio, v/v', 
is never more than 1.5% from unity for both the a and (3 sec
ondary isotope effects. This indicates minimal participation 
by these atoms in reaction-coordinate motion, confirming the 
"secondary" nature of the isotope effects. In both cases the 
IVf MI terms exceed EXC-1, by factors of about 1.02-1.04 for 
the 1S-D3 and about 1.09-1.14 for the a-D effects. The observed 
effects are thus closer to unity by these factors than the ZPE 
contributions and ought only to this level of approximation to 
be thought of as ZPE effects. 

Heavy-Atom Isotope Effects. Figure 4 shows how the car-
bonyl-13C, carbonyl-,80, and nucleophile-'8O isotope effects 
depend on B. The two ' 8O effects, as discussed in the Results 
section, are roughly independent of the geometrical model 
chosen (curved vs. perpendicular trajectory); the 13C effect 
varies more with this choice, but the qualitative features seen 
in Figure 4 are likely to be preserved with any reasonable 
model. 

The carbonyl-18O effect is expected in simple terms to be 
normal ik\bk\%> 1) because the carbonyl double bond of the 
reactant goes over to the C 2 -0 ' single bond (or nearly single 
bond) of the adduct. A further contribution to the normal 
magnitude is expected from the participation of the carbonyl 
stretching in the reaction-coordinate motion. Thus the behavior 
seen in Figure 4 is fully expected. The equilibrium effect cal
culated for our model is 1.009 at 298 K, but this is very much 
a function of the stretching force constant assumed for the 
adduct C 2 -0 ' bond. Our estimate, since we are assuming 
considerable remaining double-bond character in the adduct, 
may be a maximum for the force constant and thus our esti
mated equilibrium isotope effect is a minimum. As the struc
ture of the transition state becomes more adduct-like (i.e., as 
B increases), k\b/k\i becomes larger but all calculated values 
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lie above a line connecting k\b/k\% = 1.00 to k\(,/k\& = 
K\(,/K]g. This is because of the reaction-coordinate contri
bution. As Table IV shows, vjv' increases from 1.004 at B = 
0.2 to 1.012 at B = 0.8, as the Os-C2 bond becomes stronger 
and the reaction-coordinate motion becomes the asymmetric 
stretch of the 0 8 -C 2 -0 ' system rather than merely motion of 
O8 toward the carbonyl unit. Our earlier measurement12 of 
carbonyl-18O isotope effects of about 1.02 for reaction of 
methoxide ion with aryl benzoates was interpreted as secondary 
effects {vjv' = 1.0) and taken to indicate an adduct-like 
transition state. The same conclusion would be drawn from the 
present model but only because we have here chosen an adduct 
force field that gives a smaller ZPE contribution, while cou
pling the carbonyl stretch into the reaction coordinate to 
generate a com pensating value of vjv'. 

The carbonyl-13C effect can be understood very roughly by 
noting that, in a certain sense, this is a carbon-transfer reaction, 
inasmuch as one is forming the C2-08 bond while breaking the 
C 2 -0 ' 7r bond in a manner assumed to be concerted. Such 
group-transfer reactions tend to give large normal isotope ef
fects at the transferring center for "symmetrical" (B ~ 0.5) 
transition states and smaller effects near B ~ 0 and B ~ 1, as 
explained by Westheimer31 for the hydrogen-transfer case. In 
the carbonyl-addition reaction, there will be some transition-
state structure for which the symmetric motion of the 0 ' -
C2-08 system becomes most nearly independent of the isotopic 
mass at C2. This motion will then not contribute isotopic 
zero-point energy difference, tending to maximize the '3C-
isotope effect. From Table IV, it can be seen that, for B = 0.2, 
the ZPE contribution is indeed normal. As the C2-08 bond 
tightens, the ZPE contribution becomes inverse. With a con
stant value of v/v' ~ 1.007, the result is the broad maximum 
of Figure 4. Finally, an inverse equilibrium effect is calculated, 
arising essentially from development of the new bond at this 
center. 

The nucleophile-180 effect has two major contributions. The 
ZPE effect is inverse, since a new bond is formed to the 
nucleophilic oxygen. The contribution is small for early tran
sition states and becomes steadily more inverse with larger B. 

In the opposite direction, as Fry has explained clearly,13 is the 
reaction-coordinate contribution v/v'. This will be largest for 
early transition states when O8 moves against the heavy car
bonyl group as a unit, and smaller as O8 begins to participate 
in an asymmetric stretching motion of the O1C2O8 system. 
Both features can be seen in Table IV. The resultant is then as 
seen in Figure 4, where a normal value of k\bjk\% for early 
transition states crosses over to inverse values at B ~ 0.5. 

Temperature Dependences. In Figure 5, we compare the 
computed temperature dependences of the isotope effects from 
273 to 323 K with the simplest empirical dependence that 
might be assumed, namely, that of an exponential with a unit 
preexponential factor. Basing the exponential argument on the 
isotope effect at 298 K, we have 

(fclightAheavyh = exp|(298 ln[(/ciight/fcheavy)298])/7l (4) 

which is plotted as a dashed line for each effect in Figure 5. The 
calculations were made for a transition state with B = 0.5. For 
the a-D and J8-D3 effects, the computed temperature depen
dences are slightly stronger than those estimated from eq 2, 
but data of enormous quality would be required to make the 
distinction experimentally. The computed dependences for the 
carbonyl-13C and carbonyl-18O effects are weaker than those 
from eq 4, but again not to a significant degree. The nucleo-
phile-180 effect is expected to be very nearly temperature in
dependent from eq 4 because the effect is close to unity at 298 
K. The computed dependence shows the interesting property 
of crossing unity, being inverse below about 310 K and normal 
above this temperature. 

Conclusions 
These calculations suggest that a-D and (S-D3 secondary 

isotope effects, if their origins are as simple as current ideas 
hold10 and if the models used are sufficiently realistic,'8c should 
be good measures of transition-state structure in carbonyl 
addition and elimination reactions and should give similar 
semiquantitative results. Nothing indicates unusual temper
ature dependences which—when observed'"3'40—may arise 
from mechanistic features such as shifts in pathway or rate-
determining step.41 

The carbonyl-18O isotope effect also appears to exhibit a 
dependence on structure that would allow it, for example, ac
curately to probe the relative degree of 7T-bond fission in a se
ries of transition states. Interpretation of such results must, 
however, clearly recognize the importance of v/v' as well as 
ZPE in determining the numerical magnitudes. The nucleo-
phile-180 effect seems to be a particularly promising probe, 
crossing over the line of unity at roughly central structures (B 
~ 0.5) for the transition state. It should, however, be borne in 
mind that both18O sites of the transition state are undergoing 
solvation changes. Our failure to include this factor in the 
model may have produced errors in these effects, since Sims 
and his group have demonstrated the necessity of considering 
solvation in other, related cases.16 Finally, the carbonyl-13C 
effect seems worthy of further study from both theoretical and 
experimental directions. At the current time, its eventual utility 
is hard to assess. 

Acknowledgment. Dr. Warren Buddenbaum kindly provided 
a copy of ViBRANAL at the beginning of this work. At every 
point, Professor Leslie Sims has been unfailingly generous and 
helpful in providing programs, instruction, and advice. We 
thank them both. 

References and Notes 
(1) This research was supported by the National Science Foundation and the 

National Institutes of Health and by a grant of computer time from the 
University of Kansas. Computing was carried out in the University of Kansas 
Computation Center. Further details may be found in J. L. Hogg, Ph.D. 
Thesis, University of Kansas, 1974. 

(2) Graduate Honors Fellow, 1970-1974. 



Lipkowitz, Larter, Boyd / a-Allyl Cation 85 

(3) W. P. Jencks, "Catalysis in Chemistry and Enzymology", Part III, 
McGraw-Hill, New York, 1969. 

(4) M. L. Bender, "Mechanisms of Homogeneous Catalysis from Protons to 
Proteins", Wiley, New York, 1971, p 108 ff. 

(5) R. D. Gandour and R. L. Schowen, Eds., "Transition States of Biochemical 
Processes", Plenum Press, New York, 1978. 

(6) C. J. Collins and N. S. Bowman, Eds., "Isotope Effects in Chemical Reac
tions", Van Nostrand-Reinhold, Princeton, N.J., 1970. 

(7) W. W. Cleland, M. H. O'Leary, and D. B. Northrop, "Isotope Effects on 
Enzyme-Catalyzed Reactions", University Park Press, Baltimore, Md., 
1977. 

(8) M. Wolfsberg and M. J. Stern, Pure Appl. Chem., 8, 225 (1964); M. J. Stern 
and M. Wolfsberg, J. Pharm. Set, 54, 849 (1965); R. E. Weston, Jr., 
Science, 158, 332 (1967); W. A. Van Hook in ref 5, Chapter 1. 

(9) W. E. Buddenbaum and V. J. Shiner, Jr., in ref 7. 
(10) J. L. Hogg in ref 5; V. J. Shiner, Jr., in ref 6; J. L. Kirsch in ref 7, and refer

ences cited by these authors. 
(11) (a) M. L. Bender and M. S. Feng, J. Am. Chem. Soc, 82, 6318 (1960); J. 

M. Jones and M. L. Bender, ibid., 82, 6322 (1960); (b) cf. E. A. Halevi and 
Z. Margolin, Proc. Chem. Soc, London, 174 (1964). 

(12) C. G. Mitton and R. L. Schowen, Tetrahedron Lett, 5803 (1968). 
(13) A. Fry in ref 6. 
(14) J. H. Schachtschneider and R. G. Snyder, Spectrochim. Acta, 19, 117 

(1963). 
(15) E. B. Wilson, J. C. Decius, and P. C. Cross, "Molecular Vibrations", 

McGraw-Hill, New York, 1955. 
(16) For example, G. W. Burton, L. B. Sims, J. C. Wilson, and A. Fry, J. Am. 

Chem. Soc., 99, 3371 (1977); G. W. Burton, L. B. Sims, and D. J. McLennan, 
J. Chem. Soc, Perkin Trans. 2, 1847 (1977). 

(17) W. D. Gwinn, J. Chem. Phys., 55, 477 (1971). 
(18) (a) L. Pauling, "The Nature of the Chemical Bond", 3rd ed., Cornell Uni

versity Press, Ithaca, N.Y., 1960, p 239. For the use of the Pauling bond 
order in transition-state structural questions, see (b) H. S. Johnston, "Gas 
Phase Reaction Rate Theory", Ronald Press, New York, 1966; (c) H. B. 
Burgi, J. D. Dunitz, and E. Shefter, J. Am. Chem. Soc, 95, 5065 (1973); 
Acta Crystallogr., Sect. B, 30, 1517 (1975); P. Murray-Rust, H. B. Burgi, 
and J. D. Dunitz, ibid., 97, 921 (1975); E. Shefter in ref 5; (d) G. M. Maggiora 
and R. L. Schowen in "Bioorganic Chemistry", Vol. 1, E. E. van Tamelen, 
Ed., Academic Press, New York, 1977, pp 173-229. 

(19) R. D. Gandour, G. M. Maggiora, and R. L. Schowen, J. Am. Chem. Soc, 96, 
6967(1974). 

(20) R. W. KiIb, C. C. Lin, and E. B. Wilson, J. Chem. Phys., 26, 1695 (1957). 

(21) R. Janoschek, H. Preuss, and G. Diercksen, Int. J. Quantum Chem., 1, 649 
(1967). 

(22) A. Timidei and G. Zerbi, Z. Naturforsch. A, 25, 1729 (1970). 
(23) P. Cossee and J. H. Schachtschneider, J. Chem. Phys., 44, 97 (1965). 
(24) A. Serralach, R. Mayer, and H. H. Gunthard, J. MoI. Spectrosc, 52, 94 

(1974). 
(25) K. Fukushima and B. Zwolinski, J. MoI. Spectrosc, 26, 368 (1968). 
(26) H. M. R. Arbouiv-van der Veen and J. C. Leyte, J. Cryst. MoI. Struct, 2, 17 

(1972). 
(27) G. A. Crowder and D. Jackson, Spectrochim. Acta, Part A, 27, 2505 

(1971). 
(28) H. B. Burgi, J. D. Dunitz, J. M. Lehn, and G. Wipff, Tetrahedron, 30, 1563 

(1974). 
(29) P. A. Hogan, R. D. Gandour, G. M. Maggiora, and R. L. Schowen, unpublished 

calculations. 
(30) There is an extensive literature on techniques of generating critical coor

dinates in model calculations (see the review by W. A. Van Hook in ref 5, 
p 36 ff, the recent work of Yankwich and his school, such as G. J. Wei and 
P. E. Yankwich, J. Chem. Phys., 62, 2200 (1975), and earlier papers, and 
the discussions of Buddenbaum and Shiner.9) The choice made here is 
reasonable on chemical grounds, since the formation of the C2-08 bond 
and the partial rupture of the C2-01 bond (thus an asymmetric motion of 
08-C2-01) comprise the most important elements of the chemical pro
cess. 

(31) F. H. Westheimer, Chem. Rev., 61, 265 (1961). 
(32) C. A. Lewis, Jr., and R. Wolfenden, Biochemistry, 16, 4886 (1977), and 

references cited therein. 
(33) J. J. Ortiz and E. H. Cordes, J. Am. Chem. Soc, 100, 7080 (1978). 
(34) E. A. Hill and S. A. Milosevich, Tetrahedron Lett, 4553 (1976). 
(35) Z. Bilkadi, R. de Lorimier, and J. F. Kirsch, J. Am. Chem. Soc, 97, 3417 

(1975). 
(36) V. Okano, L. do Amaral, and E. H. Cordes, J. Am. Chem. Soc, 98, 4201 

(1976). 
(37) L. do Amaral, M. P. Bastos, H. G. Bull, and E. H. Cordes, J. Am. Chem. Soc, 

95, 7369(1973). 
(38) L. do Amaral, M. P. Bastos, H. G. Bull, J. J. Ortiz, and E. H. Cordes, J. Am. 

Chem. Soc, 101, 169 (1979). 
(39) P. R. Young and P. E. McMahon, paper in preparation; P. R. Young, R. C. 

Bogseth, and E. G. Reitz, paper in preparation. 
(40) I. M. Kovach, J. L. Hogg, J. Rodgers, T. Raben, K. Halbert, and R. L. 

Schowen, J. Am. Chem. Soc, in press. 
(41) E. R. Thornton, Annu. Rev. Phys. Chem., 17, 349 (1966). 

Theoretical Search for a New Nonclassical 
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Abstract: In order to assess the desirability of synthesizing a polycyclic carbonium ion which might exhibit pure pp-c bonding 
between the electron-deficient centers, molecular orbital calculations are done on a model system composed of three stacked 
methyl groups (CH3J3

+ with collinear carbons. Applied are six MO methods spanning a spectrum of complexity, ranging from 
semiempirical extended Huckel, CNDO/2, and MINDO/3 to ab initio with STO-3G, double-f, and 6-31G* basis sets. 
Whereas CNDO/2, MINDO/3, and STO-3G predict the most stable structure to be symmetrical with a planar central CH3 
unit and pyramidal terminal CH3 units, the two more lengthy methods predict an asymmetric CH3CH3-CH3 geometry to be 
preferred. As shown by electron-density maps of the symmetric structure, the a counterparts of the three familiar 7r ally lie or
bitals are present. All MO methods agree that the central carbon of both the symmetric and asymmetric geometries bears more 
electron density than the terminal carbons and that the peripheral atoms bear most of the cationic charge. MINDO/3 calcula
tions show [C(CH3)3]3

+ to be unsuitable as a model. Also, MINDO/3 indicates that C3Hc>+ isomers with nonlinear backbones 
are more stable than the (CH3)3

+ model. 

A generally accepted definition of the term "nonclassical 
ion" has been presented by Brown and Schleyer.4'5 "A non-
classical carbonium ion is a positively charged species which 
cannot be represented adequately by a single Lewis structure. 
Such a cation contains one or more carbon or hydrogen bridges 
joining the two electron-deficient centers. The bridging atoms 
have coordination numbers higher than usual, typically five 
or more for carbon and two or more for hydrogen. Such ions 

contain two-electron, three- (or multiple-) center bonds in
cluding a carbon or hydrogen bridge." 

In order to analyze the nature of bonding in carbonium ions, 
it will be convenient to focus attention initially on the 2p atomic 
orbitals. The type of interaction arising from a particular ar
rangement of p orbitals has been the focal point of several re
cent studies.6'7 A pp-ir overlap (A) is, of course, a symmetric 
combination of parallel p orbitals which are perpendicular to 
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