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Bronsted Exponents and Activated-complex Structure: An AM1 SCF-MO
Theoretical Simulation of a Rate—-Equilibrium Correlation for Transfer of the
Methoxycarbonyl Group between Isoquinoline and Substituted Pyridines

Robert B. Hammond and lan H. Williams*

School of Chemistry, University of Bristol, Bristo/ BS8 1TS

The AM1 SCF-MO method has been applied to simulate the transfer of a methoxycarbonyl group
between isoquinoline and a range of substituted pyridines in the gas phase. The nucleophiles and
leaving group were mimicked by ammonia molecules whose gas-phase basicities were modulated
by suitably located dipoles of varying size. Linear rate—equilibrium correlations were obtained for
reaction series involving activated complexes of variable structure. The meaning of the Bronsted
exponents is discussed in regard to charge development, bond order, and a simple model of
intersecting energy curves. It is concluded that linear rate—equilibrium relationships are not
incompatible with the Leffler principle and Hammond postulate, and that Bronsted exponents do
not measure activated-complex structure directly but do reflect the Morse curvature of the bond

being made with the nucleophile.

To probe the nature of activated-complex structure is an
important quest in view of the fundamental réle of the activated
complex within the transition-state theory of chemical re-
activity.! Linear free-energy relationships (LFER) provide
useful tools for this purpose but interpretation of the slope of,
say, a linear Bronsted correlation is problematic. The existence
of a LFER seems to imply that the activated complex has a
constant structure at the site of reaction as the rate and
equilibrium constants are varied by changing a substituent at a
remote position. On the other hand, the Leffier principle > and
Hammond postulate® suggest that changing the reaction
energetics should cause variation in activated-complex struc-
ture incompatible with a linear FER. Theoretical chemistry may
contribute to resolving this apparent paradox and so may assist
the interpretation of experimental LFERs.* The reactions of a
series of substituted compounds may be examined comput-
ationally, with the geometries, force constants, and free energies
of reagents, activated complexes, and products being deter-
mined in each case by location and characterisation of the
appropriate critical points on the respective potential-energy
surfaces. In principle rate—equilibrium relationships may then
be constructed from plots of calculated AG°* vs. AG°. The
advantage of the theoretical approach is that the activated-
complex structural features deduced indirectly from these
simulated free-energy relationships may then be compared with
those determined directly.

In this paper we report a theoretical (gas-phase) simulation of
a rate—equilibrium correlation for methoxycarbonyl group
transfer between isoquinoline (IQ) and a range of substituted-
pyridine nucleophiles [equation (1)], preliminary results
of which were communicated elsewhere.* An experimental
Bronsted correlation for this reaction series in aqueous solution
has recently been published.> The presence of a linear corre-
lation between log k, and pK, (of the conjugate acid of the
nucleophile) over a wide range of basicity, and the absence of a
break at the pK, of IQ, were taken as evidence that the
methoxycarbonyl transfer proceeds in a concerted fashion
rather than by the usual stepwise addition—elimination mechan-
ism for acyl transfer. The question we wish to address here is
this: in what manner are Bronsted exponents By related to
actual activated-complex structures?
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Methods

The AMPAC program® was used to perform semiempirical
RHF molecular orbital calculations with the AM1 hamiltonian
and parameters for H, C, N, and O.” We chose to simulate only
the polar effect of substituents X modifying the gas-phase
basicity of the nucleophiles in equation (1), and to consider only
4-substituted pyridines as nucleophiles. It was assumed that the
contributions from entropy and from the steric component of
the enthalpy to the standard free energies of activation AG°*
and the standard free energies of reaction AG° throughout this
series would be essentially constant and would not sensibly
affect the relative values of AH* and AH as determined directly
from the AM1 calculated heats of formation of the reagent,
activated complexes and products. This allowed two important
simplifications to be made. First, the rate—equilibrium
correlation was constructed as a plot of AH* vs. AH only.
Second, the pyridine nucleophiles and 1Q leaving group were
mimicked by ammonia molecules whose proton affinities were
modulated to reproduce the experimental proton affinity (PA)
of each base relative to that of ammonia; this enabled the
computations to be performed economically by avoiding
repetitious and uninformative calculation upon the large and
constant aromatic-ring portions of the nitrogen bases.

The mimicking was accomplished by placing a pair of
oppositely charged AMPAC ‘sparkles’ (constituting a dipole)
on the three-fold axis of ammonia, on the same side as the
hydrogens, with the negative charge a constant distance L =
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5.0 A from the nitrogen atom, as shown in (1). By adjustment of
the charge (|g| = 1 or 2) and dipolar separation / (in the range
0.2—1.7 A), the basicity of the ammonia could be suitable
tuned. A sparkle is an integral charge at the centre of a spherical
repulsive potential;® if the separation between oppositely
charged sparkles is less than 1.0 A, the energy due to the dipole
on its own is subtracted from the total energy. PAs were
calculated as negative heats of reaction (2), where ¢ ¢
indicates a pair of sparkles whose dipole moment and location
were the same in reagent and product species. The geometries of
the NH; and NH,* moieties were frozen at the values
optimised for isolated ammonia molecule and ammonium
cation, respectively.

NH3-¢ ¢* + H" — NH, "¢ ¢* ¥)]

The tetrahedral intermediate (2) for degenerate methoxy-
carbonyl transfer between identical ammonia molecules, with-
out sparkles, was located by complete geometry optimisation of
the C,-symmetrical structure. A force-constant calculation and
vibrational analysis confirmed this species to be a true inter-
mediate. The activated complex for formation (or breakdown)
of this symmetrical intermediate was located as follows. Energy
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minimisation of a species (3) corresponding to nucleophilic
attack of ammonia on the carbonyl group of the methoxy-
carbonylammonium cation (4), with the making N - .. C bond
length constrained at 1.9 A, yielded a structure which was then
subjected to SIGMA gradient-norm minimisation® without
constraints; this optimisation converged to a saddle point,
characterised by a force-constant calculation and vibrational
analysis as having a single imaginary frequency corresponding
to the expected reaction co-ordinate. The geometry and energy
of an activated complex (3) containing NH 3 moieties frozen in
their optimised geometries for isolated ammonia, and similarly
located using SIGMA, differed only negligibly from those of the
fully optimised structure. The asymmetrical intermediate and
the distinct activated complexes for its formation and break-
down in the case of each of the mimicked substituted-pyridine
nucleophiles and the mimicked IQ leaving group were
located using the optimised geometries of (2) and (3) as
starting points. The alternative, slow but sure, NLLSQ
routine was employed when SIGMA failed to converge.
Force-constant calculations were not performed for the species
with sparkles, owing to the presence of constraints; it was
verified that each activated complex reverted to the
intermediate (or to reagents or products) upon energy
minimisation following a small displacement in the making
and breaking C - - - N bonds.

* | kcal mol™! = 4.184 kJ mol™.
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Results and Discussion

Proton Affinities—In common with MINDO/3° and
MNDO,'° AM1!! gives a very poor estimate for the heat of
formation of the proton (calculated 314.92 kcal mol™* * experi-
mental 367.19 kcal mol~!'2). All AMI-calculated PAs would
therefore contain a systematic error of 52 kcal mol~! unless the
experimental heat of formation of H* were used in equation (2);
the latter option was followed in this work, in line with previous
authors.’~!! Table 1 contains a comparison of calculated and
experimental PAs for three of the bases pertinent to this study;
the average error is 5.5 kcal mol™!, similar to that reported for a
much larger sample of bases.!! MNDO PAs have larger errors,
particularly for nitrogen bases: e.g. —10.5 kcal mol! for
ammonia and — 14.0 kcal mol™! for pyridine.'°

The charges ¢ and dipolar separations / for the sparkles used
to mimic the 4-substituted pyridines and IQ are given in Table
2; these were adjusted to reproduce the experimental PAs 314
relative to that of ammonia.'® (At the outset the experimental
PA of pyridine was mis-read as 220 instead of 222 kcal mol™!; '3
since the PAs of the substituted pyridines '* relative to that of
pyridine itself were used, the resulting PAs relative to ammonia
were in error by 2 kcal mol™'. This was of no consequence except
that, in effect, different bases were employed in the simulated
Bronsted correlations from those stated.)

The energetics of proton transfer in gaseous and aqueous
phases are not generally related.!® However, Arnett ef al.'*
reported a linear relationship between the relative proton
affinities of 3- and 4-substituted pyridines and the corresponding
relative enthalpies of ionisation in aqueous solution, with
8AH(aq) ~ 0.4 3PA; this special case is due to the limited
nature of the structural variation permitted in the series of
bases. There is also a good linear correlation (r = 0.977)
between the (corrected) absolute proton affinities of the six
bases considered in the present study and their aqueous pK,s at
25°C:"7

pK, = 0.30 PA — 60.8 kcal mol™ 3)

Bronsted Correlation for Equilibria—The AM1 heats of
reaction AH, for methoxycarbonyl transfer (1) (Table 2)
correlate linearly (r = 0.99998) with the proton affinities of the
nucleophiles relative to ammonia:

AH, = 19.5 — 0.95 APA kcal mol™! 4)

The nucleophiles considered span a wide range of basicity; for
the four nucleophiles less basic than the IQ leaving group the
transfer is endothermic whereas for 4-dimethylaminopyridine (4-
NMe,py), whichis more basic than IQ, the transfer is exothermic.
The slope of the correlation for the six points, B, = 0.95, is the
sensitivity of —AH,, to variation in PA due to the changing
substituent. If, by definition, the substituent experiences a charge
change on the nucleophile/base of +1 in the protonation
equilibrium (5), then it ‘sees’ an effective charge '® change of 0.95
in the methoxycarbonyl transfer equilibrium (1); in the gas phase
the methoxycarbonyl group has a smaller effective elec-
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Table 1. Calculated heats of formation and calculated and experimental
proton affinities for some nitrogen bases

AM1 heat of formation/ Proton affinity/

kcal mol™* kcal mol™
f——A_—_ﬁ f——A—ﬁ
Base B BH* AM1 Expt.
Ammonia —~7.28 150.58 209.3 207¢
Pyridine 32.04 184.17 215.1 222.0%
Isoquinoline 50.18 197.82 219.6 227.5%

4 Ref. 15.° Ref. 13.

Table 2. Dipolar charges and separations, proton affinities relative to
ammonia, AM1-calculated enthalpies for activated complexes f and b,
intermediate i, and products p relative to isolated reagents, and AM1-
calculated ionisation energies for various mimicked substituted-
pyridine nucleophiles involved in simulated methoxycarbonyl-group
transfer from isoquinoline

Nucleo-

phile  lgi /A APA AH} AH, AH} AH, I
4CN 1 0245 25 00 -05 25 171 2374
4-Cl 2 0503 99 —-47 -58 —30 102 2292
4-H 2 0678 130 —66 —80 -—57 72 2258
4Me 2 0919 170 -92 —111 -87 34 2014
1Q 2 1147 205 —11.5 —137 —115 00 2175
4-NMe, 2 1657 276 —161 —19.1 —171 —67 209.7

“ All energies in kcal mol ™.

tronegativity than the proton. A Bronsted plot of logarithmic
equilibrium constraints against pK, for reaction (6) of substituted
pyridines with acetic anhydride in water !° has a slope of 1.58,
implying a greater effective electronegativity for the acetyl group
than for the proton in the agueous phase; the methoxycarbonyl
and acetyl groups are considered to be similar in this regard.®
The gas-phase and aqueous-phase Bronsted exponents may
not be compared directly since the former is calculated
as —O0AH,(g)/6PA and the latter is determined as dlog-
K(aq)/pK,.

The aqueous-phase Bronsted correlation for acyl transfer
may be expressed as

—3AG (aq) = 2.303RT x B,(aq) x JpK, @)

Assuming that S8AG(aq) ~ 8AH(aq), and differentiating
equation (3), leads to

—8AH(aq) ~ 0.30 x 2.303RT x B,(aq) x SPA (8)

Arnett et al.'* reported an aqueous solvent attenuation factor
of 2.5 for proton transfer, i.e. 3AH(aq) ~ 3AH(g)/2.5; if this
factor were the same for acyl transfer then the following
relationship would result implying that B,(g) ~ B,(aq) at

—3AH (g) ~ 2.5 x 0.30 x 2.303RT x B,(aq) x SPA (9)

25 °C. However, there is no reason to suppose that the aqueous
solvent attenuation factors for proton and acyl transfer are
actually the same. The solvation of the products is quite
different, for pyridinium is a hydrogen-bond donor*#2° but
acylpyridinium is not. A solvent attenuation factor of 1.5 for
acyl transfer would imply B,(g) ~ 0.61 B(aq) at 25°C, and
would reconcile the two values mentioned above. It has been
pointed out'® that experimental effective charges refer to
solvated reagents and products in the standard and calibrating
equilibrium. Effective charges or effective electronegativities
have no absolute significance.
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Brinsted Correlations and Reactivity—Unconstrained ap-
proach of ammonia to methoxycarbonylammonium was pre-
dicted by AM1 to be accompanied by proton transfer leading to
an ion—-molecule complex, between ammonium and methyl
carbamate, 17 kcal mol™! lower in energy than the isolated
reagents. The symmetric intermediate (2) lies 2 kcal mol~! lower
than the reagents, and the activated complexes (3) for its
formation and breakdown are just 1.2 kcal mol™' higher than
this, ie. AH} = AH} = —0.8 kcal mol™!. Freezing the
geometry of the NH; moiety of the mimicked nucleophiles
prevented proton transfer from occurring but nonetheless the
initial approach of each of these nucleophiles to the carbonyl
group was predicted to lead exothermically to formation of a
hydrogen-bonded ion-molecule complex whose structure and
energy were not germane to a simulation of nucleophilic attack
by pyridine nucleophiles. The calculated enthalpies of the
activated complexes f and b for formation and breakdown of the
intermediate i for methoxycarbonyl transfer (1) were consist-
ently lower than those of the isolated reagents or products p
(Figure 1), as is evident from the data presented in Table 2.

In Figure 2 are plotted the negatives of the AM1 heats of
activation for formation and breakdown of i against the relative
PAs of the nucleophiles. There are two straight lines intersect-
ing at the PA of IQ. For nucleophiles less basic than IQ,
AH} < AH} and breakdown of the intermediate would be rate
limiting. The Bronsted exponent —8AH,*/8PA = B, = 0.78.
For nucleophiles more basic than IQ, AH# > AH¢ and form-
ation of the intermediate would be rate limiting. The Bronsted
exponent —8AH}/SPA = 0.64. A similar correlation for the
enthalpy change — AH, vs. relative PA yields B; = 0.74.

If, for each nucleophile, only the higher (less negative) of the
activation enthalpies AH} and AH} were plotted against
relative PA, the resulting plot would comprise two linear
portions with a break in slope at the PA of 1Q; for less basic
nucleophiles the slope would be 0.78 and for more basic
nucleophiles it would be 0.64. The presence of a break in slope
between two linear portions of a free-energy relationship is
regarded as evidence for the existence of an intermediate in a
stepwise mechanism.2! The curvature observed in a Bronsted
plot for pyridinolysis of methyl chloroformate was thus
attributed to a change in the rate-determining step.’> The
absence of such a break in a Bronsted plot for pyridinolysis
of N-methoxycarbonylisoquinolinium (NMCIQ) has recently
been interpreted as being consistent with a concerted mechan-
ism involving a single activated complex.> While this inter-
pretation may indeed be correct for the reaction in aqueous
solution, it is of interest to note that the six calculated points
corresponding only to the rate-limiting activated complexes of
the simulated gas-phase reaction (i.e. only the lower limbs of
Figure 2) may be well correlated by a single straight line (r =
0.999) of slope 0.75! More extensive data would be required to
justify a break in slope at the PA of IQ were it not that the
theoretical simulation reveals both AH}# and AH} for each
nucleophile. By the same token it may be extremely hard to
distinguish between stepwise and concerted mechanisms if the
difference in slope AP between putative linear portions of a
Bronsted correlation is small.®

Charge Development—The series of Bronsted exponents 0.64,
0.74, 0.78, and 0.95 may quite plausibly be interpreted as
manifesting the increasing effective charge on the nucleophile in
f, i, b, and p, respectively. The charge changes on the
nucleophile, occurring between the critical structures along the
reaction path, may then be summarised by the Scheme.

r [f1 i [b] P
—064 — —010—> —0.04 —> «———0.17 —
Scheme.
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Figure 1. Energy profile for methoxycarbonyl transfer between isoquinoline and substituted-pyridine nucleophiles, showing critical structures along

the reaction co-ordinate
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Figure 2. Bronsted plot of AM1 heats of activation for formation
(—AH}) and breakdown (—AH{) of the intermediate vs. relative
proton affinity of the nucleophile

Table 3. AMI1 total net charges Q,,. on the nucleophilic moiety of
critical structures along the reaction co-ordinate

Nucleophile f i b p

4-CN 0.350 0.505 0.636 0.738
4-Cl 0.332 0.532 0.647 0.751
4-H 0.239 0.550 0.653 0.756
4-Me 0.318 0.561 0.659 0.762
1Q 0.312 0.568 0.665 0.767
4-NMe, 0.301 0.589 0.675 0.778

The greatest change, as sensed by the polar substituent on the
nucleophile, occurs during the initial act of bond making
leading to activated complex f; smaller changes occur
subsequently. These effective charge changes measured by the
Bronsted exponents may be compared with the charge changes
determined from the AM1 calculated atomic charges. The total
net charge Q.. on each of the nucleophiles as it changes along
the reaction path is given in Table 3. For each critical structure f,

i, b, or p, note that Q. varies with the nucleophile; it is not
independent of the nucleophile as implied by the effective-
charge interpretation of the Bronsted exponents. As the
mimicked nucleophile becomes more basic (i.e. the dipole of
sparkles becomes more capable of stabilising a positive charge)
so Q... becomes more positive in i, b, and p. Conversely the
value of Q,,. in activated complex f decreases with increasing
basicity of the nucleophile: this reflects Hammond postulate
behaviour (see below). The ranges of values for Q,,. for each
critical structure do not agree with the respective Bronsted
exponents By, B;, By, and B,.

Bond Lengths and Bond Orders.—The AM1-optimised lengths
for the making and breaking carbon-nitrogen bonds in the
critical structures along the reaction path are presented in Table
4. As the basicity of the nucleophile increases, so the making
bond length C«- - N, decreases in i, b, and p but increases in f
(cf. the behaviour of Q,,. discussed above). Considering the
intermediates i, it is obvious that C..« N, should equal
C:-+ N, for the symmetrical reaction with 1Q as the
nucleophile and the leaving group. Increasing the basicity of the
nucleophile causes C-++N_,. to decrease, as more positive
charge is carried by the nucleophile, and causes C+ -+ N,, to
increase as less positive charge is carried by the leaving group.
The relative heights of the barriers either side of i change with
the basicity of the nucleophile (Table 2). The barrier for the back
reaction via f increases from only 0.5 kcal mol~! for 4-CNpy to
3.0 kcal mol! for 4-NMe,py. According to the Hammond
postulate,® it would be expected that the structural resemblance
between i and f would be greatest for 4-CNpy and least for 4-
NMe,py. Similarly, since the barrier for the forward reaction via
b decreases from 3.0 kcal mol~! for 4-CNpy to 2.0 kcal mol-! for
4-NMe,py, the expectation would be that the structural
resemblance between i and b would be greater for the more basic
nucleophiles. These expectations are borne out by the trends in
the bond lengths C--+N,,. and C- .- Ny for f and b relative
to those for i.

The bond order n of a bond of length R(n) is defined by
Pauling’s rule 23 to be

n = exp{[R(1) — R(m)]/c}

where R(1) is the length (in A) corresponding to unit bond
order and ¢ is a constant for a particular type of bonding,

(10
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Table 4. AM 1 Optimised bond lengths (A) for making and breaking C - - - N bonds in critical structures along the reaction co-ordinate

f i b
r - \ s —A— N s — N p
Nucleophile CeeeNpe C-:+ Ny, C-.«N C-++N,, C+«+ Npue C.++ Ny C-N
4-CN 1.820 1.554 1.650 1.594 1.550 1918 1.503
4-Cl 1.854 1.549 1.631 1.602 1.548 1.908 1.500
4-H 1.865 1.547 1.622 1.607 1.546 1.903 1.499
4-Me 1.882 1.545 1.617 1.609 1.544 1.898 1.498
1Q 1.895 1.543 1.612 1.612 1.543 1.895 1.496
4-NMe, 1.920 1.540 1.602 1.617 1.540 1.887 1.494

Table 5. Normalised charge changes Q and C--. N,,. bond orders n
calculated for critical structures along the reaction co-ordinate. (Values
in italics constrained to be equal. Normalisation with respect to
products p)

Nucleophile Q; ne Q, n, Q. n,
4-CN 047 0.43 0.68 0.67 0.86 0.87
4-Cl 0.44 0.39 0.71 0.70 0.86 0.87
4-H 044 0.38 0.73 0.72 0.86 0.88
4-Me 0.42 0.37 0.74 0.73 0.86 0.88
1Q 0.41 0.35 0.74 0.74 0.87 0.89
4-NMe, 0.39 0.33 0.76 0.76 0.87 0.89

commonly set equal to 0.3.2* It is reasonable to suppose that the
charge development on the nucleophile is mirrored in some way
by the bond order of the making C -+ N_,. bond. Normalised
charge changes Q on the nucleophilic moieties may be obtained
by expressing Q. for f, i, or b as a fraction of its value in p. If it
is assumed that the value of Q, for the symmetrical intermediate
in the identity reaction with IQ as the nucleophile is equal to the
bond order n; of the making and breaking C « -+ N bonds, and
the n, = 1 for NMCIQ, then Q; = n; = 0.74 and equation (10)
yields a value of ¢ = 0.385. Analysis of ab initio RHF/6-31G*—
optimised carbon-nitrogen bond lengths 2° for MeNH,, CH ,=
NH, and HC=N (assuming respective bond orders of 1,2, and 3)
leads to ¢ = 0.29, whereas a similar analysis for MeNH; *,
CH,=NH, ", and HC=NH" gives ¢ = 0.35. The proposed
value of ¢ = 0.385 for C.-+N™" bonds therefore seems quite
reasonable. Table § contains values of Q and 7 calculated in this
manner from the data in Table 3 and 4. The similarity of these
pairs of values for f, i, and b is immediately obvious: bond order
and charge development do seem to be closely related.

Brénsted Exponents and Activated-complex Structure—If it
is assumed that the properties of an activated complex are
intermediate to those of the reagents and products, then the
value of those properties depends upon the degree of re-
semblance of the activated complex to the reagents and
products. In particular the free-energy response 8G°* of the
activated complex to a substituent change may be modelled by
the corresponding free-energy responses 8G? of the reagents and
3G, of the products according to (9), where « is a parameter
(having limits of 0 and 1) which measures the resemblance to the
products.” Hence the rate-equilibrium relationship (12) is
obtained between the change in free energy of activation and the
change in free energy of reaction caused by a substituent.

3Gt = « 3G + (1 — 2)3G? (11)

SAG® = & SAG® (12)

The parameter « (sometimes known as the Leffier transition-
state index %) corresponds to the slope of a plot of log k vs. log K

for the same reaction and ‘should be at least approximately equal
to the fractional displacement of the transition state along the
reaction co-ordinate from reagents to products’?® It is important
to note that this identification of « with activated-complex
structure is intuitive rather than rigorous and rests upon the
assumption, embodied in equation (11), that activated-complex
properties may be modelled as a linear combination of reagent
and product properties. However, it is commonly accepted that
Bronsted exponents for proton-transfer reactions are indicative
of activated-complex structure.?’

A corollary to the Leffier principle [equation (12)] is that as
the activated complex bears the greater resemblance to the less
stable of the species in a chemical equilibrium (¢f. the Hammond
postulate ), so « will be greater than one-half if AG® is positive
and will approach unity as AG° becomes large; conversely « will
be less than one-half if AG® is negative and will approach zero as
AG° becomes highly negative.?? It follows that « will be constant
only for small changes in structure; substituent variations which
effect large changes in AG® will cause changes in = (ie. a
non-linear free-energy relationship) and, by implication, vari-
ation in activated-complex structure.>® However, free-energy
relationships are often remarkably linear over wide ranges of
reactivity involving large changes in the free energy of
reaction.?® Apparently there is a paradox: the existence of
a linear free energy relationship seems to imply constant
activated-complex structure as the rate of reaction is varied by a
substituent effect, but the Leffler principle and Hammond
postulate (or, more generally, the canon of ideas codified as the
‘Bema Hapothle’2°) suggest variation of activated-complex
structure with reaction energetics.

The present theoretical simulation of a Bronsted correlation
sheds some light on this apparent paradox. For the sake of this
discussion it is convenient to focus attention upon the initial
step of the acyl transfer, i.e. formation of i via activated-complex
f. The quantity corresponding to the Leffler index is the
normalised Bronsted exponent SAH}/SAH; = B/B; = 0.86,
equivalent to a correlation of rate and equilibrium constants for
the same reaction r —=i. Is it valid to interpret this value as
meaning that the activated complex f lies 86%; of the way along
the reaction co-ordinate towards i? Or that f bears 0.86
resemblance to i and 0.14 resemblance to r?

Table 6 contains fractional charge changes and bond-order
changes describing structural features of f relative to i. As the
basicity of the nucleophile increases, the stability AH; of i
relative to r increases (Table 2) and the values of both Q;/Q, and
ng/n; decrease, since the activated complex f bears a diminishing
resemblance to the product i of this reaction step. Clearly there
is variation in the structure of the activated-complex. Table 6
also contains a quantity 6;/0; which expresses the fractional
change in the sum of the three angles about carbon in the
mimicked NMCIQ moiety. (8, = O for the trigonal reagent and
0; would be equal to unity for a perfectly tetrahedral
intermediate; actual values for 6, are in the range 0.72 to 0.82,
and O; varies between 0.38 and 0.49.) This angular variable
decreases with increasing nucleophile basicity in remarkably
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Table 6. Normalised charge changes, C+++N_,. bond orders, and
angular changes for activated complexes f for formation of inter-
mediate i (normalisation with respect to i)

Nucleophile  Q/Q, ng/n; 6,/6;
4-CN 0.69 0.64 0.67
4-C1 0.62 0.56 0.59
4-H 0.60 0.53 0.54
4-Me 0.57 0.51 0.52
1Q 0.55 047 0.51
4-NMe, 0.51 0.43 0.48

similar fashion to the changes in the bond-order and charge-
development variables. The three indices given in Table 6
present a coherent picture of variable activated-complex
structure accompanying changes in reaction energetics arising
in response to changes in a remote polar substituent, in
complete accord with the tenets of the Bema Hapothle.
However, there is also a linear rate—equilibrium relationship
describing the same reaction step, characterised by the slope
B¢/B; = 0.86; this value is quite different from the range of values
of Q¢/Q,, n¢/n; and 6;/8;,. Two points should be noted: first, a
linear rate—equilibrium relationship is not incompatible with the
Leffler principle and Hammond postulate; second, the slope of
such a correlation is not a direct measure of activated-complex
structure as understood in terms of simple geometrical and charge
changes.

The Meaning of the Brinsted Exponent—The immediate
significance of a (normalised) Bronsted exponent is as an
energetic descriptor of the activated complex, since it is a
measure of the effect of substituents on the energy of this species
as compared with the effect of the same substituents on the
energy of the products for the particular reaction step. Arnett
has espoused a sceptical viewpoint regarding the use of rate—
equilibrium energy correlations to elucidate activated-complex
structures, by asserting that ‘transition-state theory has
provided a theatre for untestable speculation about an
inherently elusive entity (the transition state) which has scarcely
had a parallel since the close of medieval scholasticism. The
danger in such speculations is that they suggest to the unwary
that we have detailed knowledge about the structure of the
transition state when in fact for many cases . . . it is only feasible
to make gross energetic comparisons with other clearly defined
states such as reactants or products.’*® More optimistically we
would suggest that the beauty of the present theoretical
approach is that it yields both rate—equilibrium correlations
and activated-complex structures at the same time. In principle
the properties of these constructs may then by analysed (within
the context of the model) to examine the nature of their inter-
relationship.

Simple theoretical models based on intersecting parabolic
energy curves>!~3* permit identification of the Leffler index
with the fractional displacement of the point of intersection
along the reaction co-ordinate (i.e. the structure of the activated
complex) provided that the curvatures of the reagent and
product parabolae are equal. This condition is satisfied for
proton transfers, and approximately linear Bronsted corre-
lations may be predicted over wide ranges of reactivity,
provided also that the intrinsic barrier (the value of AG°* when
AG® = 0) is high.3>?73° However, the Bronsted exponent
(Leffler index) ceases to be a measure of the position of the
activated complex along the reaction co-ordinate if the intrinsic
barrier varies with AG® or if the reagent and product parabolae
have different curvatures.?3->* Similarly, the lack of identity
between the Leffler index and the position of the maximum in
general quartic reaction-profile function®¢ also corresponds
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with different curvatures at the reagent and product minima. It
should be appreciated that the notion of an identity between
the Leffler index and the activated-complex location along
a reaction co-ordinate arises indirectly from the use of
over-simple functional forms to represent reaction profiles
rather than directly from the Leffier principle and Hammond
postulate.

The barrier to formation of a tetrahedral intermediate in acyl
transfer may be regarded * as the result of an avoided crossing
between the ground state and an excited (charge-transfer) state
of the reagents as they are distorted towards the geometry of
the intermediate.?” A simple intersecting-curves model corre-
sponding to this qualitative picture may be developed as
follows. The energy E, of the valence-bond configuration for the
reagent ground state may be described by a repulsive potential
of inverse exponential form

E(R) = Bexp[ V(R — R)/c] (13)

where R is the nucleophile-carbonyl separation, R; is its value in
the intermediate and c is the constant which appears in equation
(10) defining the bond order. This reagent-like potential may
be simply expressed as a function of bond order.

E(n) = Bn" (14)

The intermediate-like potential £, may be described by a
Morse curve which may also be simply rewritten as a function of
bond order.

E(R) = D{l — exp[x(R — R)/c]}? (15)
Ei(n) = D(1 — n¥? (16)

Dissociation of the intermediate C-N* yields the fragments
C’ and N°* corresponding to a charge-transfer configuration
of the reagents with energy I — A, where T is the vertical
ionisation potential of the nucleophile and A is the electron
affinity of the carbonyl compound. Changing a polar sub-
stituent on the nucleophile should cause variation in I and in
the dissociation energy D, but should not affect A, B, v, or .
Note that if 8D/81 = 0, y = 2, x = 1, and B = D, this model
reduces to that of intersecting identical parabolae,3273* except
that the potentials are quadratic in bond order rather than in
bond length; transformation to bond-length co-ordinates yields
Bell’s model of intersecting identical Morse curves.*®

Figure 3 shows a plot of E(n)/D with B/D = 1.5and y = 2,
together with a series of curves E;(n)/D, each with x = 1, chosen
such that 8D/8I = 1/3. It is clear that 8AH; = 81 — 3D and
therefore SAH,/81 = 2/3 for this example. The energies at the
points of intersection of the curves E(n) and Ei(n) are the
activation energies AH}. A Bronsted plot of AH{ vs. AH, for this
example gives a straight line of slope 0.74. Excellent linear
correlations (r = 0.9999) are also obtained for other choices of
¥, x, and B/D. Decreasing the value of the Morse curvature
parameter x leads to an increase in the value of the Bronsted
exponent, and vice versa;, however, since x is likely to be a
constant for a series of similar nucleophiles of varying basicity,
so the Bronsted exponent remains constant also. The structure
of the activated complex, as measured by the bond order at the
point of intersection of the curves, also correlates linearly with
AH(r = 0.981).

Further consideration of the AM1-calculated energetics for
addition of mimicked substituted-pyridine nucleophiles to
NMCIQ (Table 2) reveals linear correlations with the vertical
ionisation potential of the nucleophile, similar to those assumed
for the intersecting-curves model. Thus SAH# = 0.58 81 and
8AH; = 0.67 81, and the ratio of these slopes is, of course, the
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Figure 3. Intersecting reagent-like energy curve E,(n) and intermediate-
like energy curves E;(n) for reactions of a range of nucleophiles with
8D/8I = 1/3

Bronsted exponent SAH}/8AH; = 0.58/0.67 = 0.86. It follows
that there is also a linear relationship between PA and I

PA = 427 — 091 I kcal mol™! amn

The model suggests that the value of the Bronsted exponent is
determined by two characteristics of the bond being made
between the nucleophile and the carbonyl compound: (i) The
sensitivity 8D/31 of its dissociation energy to changes in the
ionisation potential of the nucleophile (related to basicity
changes) and (ii) the curvature parameter x of the Morse
potential.

Concluding Remarks

The results of a recent experimental study of methoxycarbonyl
transfer between IQ and substituted pyridines in aqueous
solution were interpreted as being consistent with a concerted
mechanism.® The present theoretical study predicts a stepwise
mechanism for this process in the gas phase; the barriers either
side of the intermediate vary in height between 0.5 and 3.0 kcal
mol™! depending on the nucleophile. The primary objective of
this paper is to consider in general terms the significance of
Bronsted exponents in regard to activated-complex structure,
using this reaction as a convenient example, rather than
specifically to perform an accurate simulation of the mechanism
of this particular reaction. Nonetheless it is of interest to inquire
whether the involvement of an intermediate in the predicted gas-
phase mechanism is merely an artefact of the model or is a true
reflection of reality. AM1 calculations for the identity reaction
of pyridine with N-methoxycarbonylpyridinium, in which all
atoms were treated explicitly, have also predicted* a stepwise
mechanism, with a symmetrical intermediate lying in a well only
0.5 kcal mol™! deep (¢f. 2.0 kcal mol! for the simulated
symmetrical intermediate with IQ as nucleophile and leaving
group). It would appear that steric effects (neglected by the
present simulation) serve to destabilise the two activated
complexes and the intermediate between them, and to diminish
the well-depth of the latter. Conceivably, the greater steric bulk
of IQ as the leaving group (if treated explicitly) might cause
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these three critical structures to coalesce into a single activated
complex; differential solvation along the reaction co-ordinate
might achieve this also. However, since 0.5 kcal mol™ is less
than kT at room temperature, an intermediate in a well as
shallow as this would have a very short lifetime anyway, and
might not be detected experimentally; instead, a Bronsted
correlation might probe the properties of a virtual transition
state.3®

The main conclusions of this theoretical study of methoxy-
carbonyl transfer are as follows.

(i) Variation in the gas-phase basicity of the nucleophile leads
to variation in the structure of the activated complex.

(ii) Linear rate—equilibrium correlations may be obtained for
processes involving activated-complexes of variable structure.

(iii) Charge development and changes in bond-order and
angular co-ordinates occur in concert and do provide a
coherent picture of changes in activated-complex structure.

(iv) Bronsted exponents do not provide a direct measure of
activated-complex structure, nor do effective charges directly
reflect actual charge changes.

(v) The value of the Bronsted exponent for formation of the
tetrahedral intermediate is determined by the Morse curvature
parameter characterising the bond being made with the
nucleophile.

Years ago, Jaffé*® summarised the factors determining the
value of a Hammett reaction constant p as being: (i) the
transmission of electronic effects to the reaction site; (ii) the
susceptibility of the reaction to changes of electron density at
the reaction site; (iii) the effect of reaction conditions. Similar
factors are likely to determine the value of a Bronsted exponent
Bn. Commonly these are interpreted in terms of charge
development in the activated complex [factor (ii)]. The
discussion above of Bronsted correlations for equilibria points
to the importance of solvation [factor (iii)]. The analogue of
factor (i) may be the role of the curvature parameter for the new
bond being formed.

Finally, these conclusions as yet apply only to the present
example of an acyl-transfer process. Work is in hand in this
laboratory to investigate the meaning of Bronsted exponents for
other types of reaction, including proton transfer and methyl
transfer, by means of theoretical simulation. It is our contention
that theoretical modelling can in this manner provide a bridge
between empirical probes of activated-complex structure and
actual features of energy surfaces describing chemical reactivity,
and can thereby serve as a valuable tool to assist the inter-
pretation of experimental results.

Acknowledgements

We are grateful to the S.E.R.C. for an Advanced Fellowship (to
I. H. W.) and to Professor Andrew Williams for communication
of his results prior to publication.

References

1 H. Maskill, ‘The Physical Basis of Organic Chemistry,” Oxford
University Press, Oxford, 1985, pp. 233—238.

2 (a) J. E. Leffler, Science, 1953, 117, 340; () J. E. Leffler and E.
Grunwald, ‘Rates and Equilibria of Organic Reactions,” Wiley, New
York, 1963, pp. 156—159.

3 G. S. Hammond, J. Am. Chem. Soc., 1955, 77, 334.

4 1. H. Williams, Bull. Soc. Chim. Fr., 1988, 192.

S E. Chrystiuk and A. Williams, J. Am. Chem. Soc., 1987, 109, 3040.

6M. J. S. Dewar and J. J. P. Stewart, AMPAC: Austin Method 1
Package (QCPE 506), QCPE Bull, 1986, 6, 24.

7 M. J. S. Dewar, E. G. Zoebisch, E. F. Healy, and J. J. P. Stewart, J.
Am. Chem. Soc., 1985, 107, 3902.

8 A. Komornicki and J. W. Mclver, J. Am. Chem. Soc., 1972, 94, 2625.

9 W. L. Jorgensen, J. Am. Chem. Soc., 1978, 160, 1049, 1057.

10 S. Olivella, F. Urpi, and J. Vilarrasa, J. Comput. Chem., 1984, 5, 230.



66

11 M. J. S. Dewar and K. M. Dieter, J. Am. Chem. Soc., 1986, 108, 8075.

12 D. R. Stull and H. Prophet, eds., JANAF Thermochemical Tables,’
2nd edn., NSRDS-NBS37, Washington DC, 1971.

13 M. Meot-Ner, J. Am. Chem. Soc., 1979, 101, 2396.

14 E. M. Arnett, B. Chawla, L. Bell, M. Taagepera, W. J. Hehre, and
R. W. Taft, J. Am. Chem. Soc., 1977, 99, 5729.

15 Y. K. Lau, P. P. S. Saluja, P. Kebarle, and R. W. Alder, J. Am. Chem.
Soc., 1978, 100, 7328.

16 R. W. Taft, in ‘Proton Transfer Reactions,” eds. E. Caldin and V.
Gold, Chapman and Hall, London, 1975, p. 45.

17 D. D. Perrin, ‘Dissociation Constants of Organic Bases in Aqueous
Solution, Supplement,” Butterworths, London, 1972.

18 (4) A. Williams, Acc. Chem. Res., 1984, 17, 425; (b) S. Thea and A.
Williams, Chem. Soc. Rev., 1986, 15, 125.

19 A. R. Fersht and W. P. Jencks, J. Am. Chem. Soc., 1970, 92, 5432.

20 W. R. Davidson, J. Sunner, and P. Kebarle, J. Am. Chem. Soc., 1979,
101, 1675.

21 B. M. Anderson and W. P. Jencks, J. Am. Chem. Soc., 1960, 82, 1773.

22 (a) E. A. Castro and R. B. Moodie, J. Chem. Soc., Chem. Commun.,
1973, 828; (b) P. M. Bond, E. A. Castro, and R. B. Moodie, J. Chem.
Soc., Perkin Trans. 2, 1976, 68.

23 L. Pauling, J. Am. Chem. Soc., 1947, 69, 542.

24 L.B. Sims and D. E. Lewis, in ‘Isotopes in Organic Chemistry,’ vol. 6,
eds. E. Burcel and C. C. Lee, Elsevier, Amsterdam, 1984.

25 ‘Carnegie-Mellon Quantum Chemistry Archive,” 3rd edn., eds. R. A.
Whiteside, M. J. Frisch, and J. A. Pople, Carnegie-Mellon
University, Pittsburgh, PA, 1983.

26 A. Williams, in ‘The Chemistry of Enzyme Action,” ed. M. 1. Page,
Elsevier, Amsterdam, 1984, pp. 133—137.

J. CHEM. SOC. PERKIN TRANS. 1I 1989

27 A. J. Kresge, in ‘Proton-Transfer Reactions,” eds. E. Caldin and V.
Gold, Chapman and Hall, London, 1975, p. 179.

28 C. D. Johnson, ‘The Hammett Equation,” Cambridge University
Press, Cambridge, 1973; Chem. Rev., 1975, 75, 755.

29 W. P. Jencks, Chem. Rev., 1985, 85, 511.

30 E. M. Arnett and R. Reich, J. Am. Chem. Soc., 1980, 102, 5892.

31 (a) J. Horiuti and M. Polanyi, Acta Physicochim. U.R.S.S., 1935, 2,
505; (b) R. P. Bell, Proc. R. Soc. London, Ser. A, 1936, 154, 414; (¢)
M. G. Evans and M. Polanyi, Trans. Faraday Soc., 1936, 32, 1333;
ibid., 1938, 34, 11.

32 (a) R. A. Marcus, J. Phys. Chem., 1968, 72, 891; (b) R. A. Marcus and
A. O. Cohen, ibid., p. 4249.

33 (a) G. W. Koeppl and A. J. Kresge, J. Chem. Soc., Chem. Commun.,
1973, 371; (b) A. J. Kresge, Chem. Soc. Rev., 1973, 2, 475.

34 S. J. Formosinho, J. Chem. Soc., Perkin Trans. 2, 1987, 61.

35 (a) J. R. Murdoch and D. E. Magnoli, J. Am. Chem. Soc., 1982, 104,
3792; (b) E. S. Lewis, T. A. Douglas, and M. L. McLaughlin, Isr. J.
Chem., 1985, 26, 331.

36 () B. K. Carpenter, ‘Determination of Organic Reaction
Mechanisms,” Wiley, New York, 1984, p. 151; (b) W.J. le Noble, A. R.
Miller, and S. D. Hamann, J. Org. Chem., 1977, 42, 338.

37 (a) A. Pross, Adv. Phys. Org. Chem., 1985, 21, 99; (b) S. Shaik, Prog.
Phys. Org. Chem., 1985, 15, 197.

38 R. P. Bell, J. Chem. Soc., Faraday Trans. 2, 1976, 72, 2088.

39 R. L. Schowen, in ‘Transition States of Biochemical Process,’ eds.
R. D. Gandour and R. L. Schowen, Plenum Press, New York, 1978.

40 H. H. Jaffé, Chem. Rev., 1953, 53, 191.

Received 21st January 1988; Paper 8/00235



