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Abstract

these plots to be identically zero.

In terms of the reduced potential energy barrier { = Aurs/kT, the rate coefficients for chemical reactions are usually
expressed as proportional to €. The coupling between vibrational modes of the medium to the reaction
coordinate leads to a proportionality of the regularized gamma function of Euler Q(a,{) = T'(a,{)/T"(a), with a being
the number of modes coupled to the reaction coordinate. In this work, the experimental rate coefficients at various
temperatures for several chemical reactions were fitted to the theoretical expression in terms of Q(a,) to
determine the extent of its validity and generality. The new expression affords lower deviations from the
experimental points in 29 cases out of 38 and it accounts for the curvature in the logarithmic plots of rate
coefficients versus inverse temperature. In the absence of tunneling, conventional theories predict the curvature of

1. Introduction

Curvatures in logarithmic plots of enzyme-catalyzed
reactions were detected and discussed as early as 1949
by Kistiakowsky and Lumry [1] in a paper on the hydro-
lysis of urea by urease, and described as widespread
by Maier and Tappel [2] in 1955. Among the many
examples of curved Arrhenius plots known for enzyme-
catalyzed processes are the cleaving of RNA by deoxyri-
bozyme [3], the activation of spinach chloroplast
fructose-1,6-biphosphatase [4], the catalytic activity of
urocanase from Pseudomonas putida [5], adenylate
cyclase from Saccharomyces cerevisiae [6], turnip peroxi-
dase, bovine intestinal phosphatase [2], the kinetics of
Shiff base formation between a cholesterol ozonolysis
product and dimyristoyl phosphatidyl ethanolamine [7],
the activity of cyanobacterial ADP-glucose pyropho-
sphorylase from Anabaena [8], and the hydrolysis of
various amides catalyzed by a-chymotrypsin [9]. Among
the explanations put forward to rationalize the observed
curvature are the temperature-induced conformational
change in the reactant [10], the assumption that the
measured rate coefficient actually is a combination of
elementary rate coefficients for a multiple-step reaction
[6], or the notion that the derivative of AH”® with
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respect to temperature is negative, i. e. AC;S < O[11].

The curvature of [nk, versus 1/T is thus viewed as a
result of a more complex microscopic mechanism in
turn composed of individual elementary steps that do
follow Transition State Theory (TST) behavior. The
shortcomings of TST have been discussed by Pineda
and Schwartz [12], who describe promoting vibrations
coupled to the reaction coordinate. While their compu-
tational analysis spans a time scale of tens of picosecond
[13], this work focuses on the low-frequency, long-range
motions of the whole protein on a time scale of up to
one second for o-chymotrypsin. The link between
enzyme dynamics and hydrogen-transfer reactions
was also discussed by Knapp and Klinman [14] in the
context of the environmentally coupled hydrogen tun-
neling model. Their analysis rests on the relatively large
deBroglie wavelength for hydrogen, and was tested on a
thermophilic alcohol dehydrogenase and soybean lipoxy-
genase-1. Among the extended formulations of TST, the
ensemble-averaged variational transition-state theory
with multidimensional tunneling (EA-VTST/MT) [15]
was successfully applied to many proton- or hydride-
transfer reactions, as the interconversion of L-alanine
and D-alanine catalyzed by alanine racemase [16], and
the hydride transfer from nicotinamide adenine dinu-
cleotide to flavin mononucleotide catalyzed by morphi-
none reductase [17]. Another way of interpreting the
curvature of Arrhenius plots has been described by
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Masgrau and Gonzélez-Lafont [18], who postulate the
temperature dependence of the activation energy. Their
analysis shows that curvature is present even in the
absence of variational or tunneling effects, and the cal-
culated Arrhenius plots for two gas-phase reactions are
convex at low temperature and concave at high tem-
peratures. Quite interestingly, the experimental Arrhe-
nius plots taken into account in our work, which is not
by any means exhaustive, are, without exception, convex
at any temperature, with the curvature being even more
negative at higher temperatures. This difference could
be a consequence of the condensed-phase environment
of the reactions investigated in this work to evaluate the
curvatures of Arrhenius plots.

In this series of tests, we extend the analysis of the nat-
ure of the temperature dependence of rate constants to
any reaction, not necessarily involving hydrogen transfer
or enzyme-catalyzed. We consider the possibility that the
plots deviating from Arrhenius behavior actually are rele-
vant to elementary steps, and attempt to give a unitary
rationalization of the above observations using a recently
proposed relation between the rate coefficient and the
potential energy barrier. It was shown for a model system
that the coupling between vibrational modes is crucial to
the energy transfer to the reaction coordinate [19]. Within
this cooperative mechanism, the energy transfer from the
low-frequency thermally excited vibrational modes to the
reaction coordinate is the leading effect that promotes the
barrier crossing from the Michaelis complex to product.
Once the coupling between the medium and the reacting
system is taken into account, the unimolecular rate coeffi-
cient for the process is given by [20]

TS

ke =v2Qa,0), (1)
Zy

with { = Auys/kT being the reduced potential energy
barrier. In (1) the quantities

F(a):/dxx“‘le"‘, F(a,§)=/dxx“’1e”‘, and
¢

0
I'(a,¢)

Qa ) =— @

are the complete, incomplete, and regularized gamma
functions of Euler, respectively. The vibrational partition
functions szS and z, are relevant to the transition struc-
ture and the reagent, v is the intrinsic response fre-
quency of the reacting system once the threshold energy
is acquired. The corresponding expression for bimolecu-
lar reactions in solution was subsequently given [21] as

TS
ko= P50 (0,09, @)
Nz
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with k; the diffusion rate coefficient, and 1 a non-
dimensional ratio of response frequencies. A bimolecular
reaction is envisioned as two reactant species A and B
with total energy E colliding with formation of a vibra-
tionally excited species C* which in turn can revert
back to reactants or evolve to products P with the
energy-dependent unimolecular rate constants k_;(E)
and k,(E), respectively. The ratio of the response fre-
quencies v_;/v, is the parameter 7. The systems follow-
ing (1-2) exhibit a number a of active modes
energetically coupled to the reaction coordinate [22]. In
these cases, the non-exponential dependence of the rate
constant of the potential energy leads to curved Arrhe-
nius and Eyring plots. On the other hand, the unimole-
cular expression given by TST provides the exponential
dependence

_ kT zls

hzye (3)

ky
from the reduced barrier or, allowing for a more gen-
eral system-dependent response frequency,

2IS
k1 = vLe’f. (4‘)

<y
This work aims to establish whether the validity of (1)
and (2) extends beyond the successful interpretations of
the hydrolysis of amides by a-chymotrypsin [20] and
the alkylation of 3-bromopyridine by iodomethane in
acetonitrile [21]. To this effect, the rate coefficient at
different temperatures for various unimolecular, bimole-
cular, and enzyme-catalyzed reactions were examined,
restricting the analysis to sets of data with at least four
experimental points. By no means does the data dis-
cussed in this work cover the extensive literature report-
ing Arrhenius and Eyring plots for a wide variety of
reacting systems. Whenever possible, a statistical analy-
sis on the standard deviations of the activation para-
meters induced by the error bars of the rate coefficients

was carried out.

2. Method
Neglecting the weak temperature dependence of the
partition functions, we may express (1, 2, and 4) as

ke =vQ(a, ) (5)
and
kl =D 6_{, (6)

with v; = vzfs / Z, Or Uy = kdzfs / n z, for a unimolecular
or bimolecular process, respectively. This approximation
is further justified by the consideration in the following
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treatment of the relative variation of the rate coefficient
with respect to { through the first and second deriva-
tives of In &, given by

Q (a - ll ;)
o Ink, = -1+ ——==. (7)
o Q)
The second derivative of In k, of is in turn
) a—1
972 Ink, = 3; Ink, T —1—209; Ink, ), (8)
and its curvature
352 Ink,
ke = 32" 9)

[1 +(0; lnka)z] /

Typically, a - 1 <{ |9¢ In k,| << 1, and the sign of x is
negative. For a = 1 (7) and (8, 9) reduce to the Arrhe-
nius behavior where

3 Inky = —1, (10)
and
05HInky =0, x=0. (11)

Consequently, if (6) holds true, we should observe
plots of In k; versus { with constant slope and zero cur-
vature. On the other hand, (5) gives a nonzero curvature
of In k,, as shown in Figure 1 for the activation para-
meters of the hydride transfer catalyzed by Escherichia
coli dihydrofolate reductase. To obtain the parameters a,
v, and Aurs in (5), unconstrained nonlinear regressions

x10 Curvature
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Figure 1 Plot of the curvature of In k, versus ¢ for the hydride
transfer catalyzed by Escherichia coli dihydrofolate reductase,
as given by (9).
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of experimental rate constants for various reactions
were performed minimizing the deviation

ka (Ti)

12
kexp (Ti) ( )

l n
c?== E In%x;, where «x;=
n
i=1

with the simplex search method of Lagarias [23]. The
form (12) of o was chosen in order to have the same
response for x; and x;l. A typical value of o = 2.107
corresponds to a 15% average deviation. For compari-
son, constrained minimizations with a = 1 for all reac-
tions (equivalent to Arrhenius plots) were also
performed, and the results are given in the supporting
information [Additional file 1].

3. Results and Discussion

The set of reactions taken into consideration includes 13
unimolecular, 13 enzyme-catalyzed, and 12 bimolecular
processes. Among the unimolecular reactions, rate coeffi-
cients for a series of thermolyses of N-benzyl-N-nitrosopi-
valamides 4-R-C¢H,-CH,-N(N = O)-C( = O)-C(CHs); and
N-benzyl-N-nitrosotosylamides C¢Hs-CH,-N(N = O)-
SO,-CgHy-4-CH3 were reported by Darbeau [24]. These
nitrosoamides undergo a rearrangement with elimination
of N, to give the corresponding benzyl esters. Other unim-
olecular processes taken into consideration are the hydro-
lysis of trans-dinitrobis(ethylenediamine) cobalt III nitrate
in various acids [25], the rearrangement of bis-(4-chloro-
phenyl) thioncarbonate to bis-(4-chlorophenyl) thiolcarbo-
nate [26], the solvolysis of methyldiphenylsulfonium ion in
water and ethanol [27]. The temperature dependence of
the rate coefficients for the neutral hydrolysis of methyl
trifluoroacetate in H,O/DMSO (mole fraction of water
0.973) was investigated with particular care by Euranto
[11], whose results stand alone both for the number of
experimental points and their accuracy. The unimolecular
rate constants for the enzyme-catalyzed processes consid-
ered in this work are the oxidation of xanthine to uric acid
by xanthine oxidase [28], the hydrolysis of amides cata-
lyzed by a-chymotrypsin [9], and the hydride transfer
from NADPH to 7,8-dihydrofolate catalyzed by Escheri-
chia coli dihydrofolate reductase in various solvents [29].
In the logarithmic plots for enzyme-catalyzed processes
the deviations from linearity are more evident. The bimo-
lecular processes include the atom transfer radical poly-
merization of alkyl halides catalyzed by Cu(I)Br
(PMDETA) in acetonitrile [30], the hydration of CO, by
water and OH" [31], and the solvolysis of 4-methylbenzhy-
dryl 4-nitrobenzoate in 90% acetone [32]. The data
obtained by the regression procedures are collected in
Tables 1, 2, 3,4, 5,6,7,8,9, 10, 11 and 12, where it is
shown that in 29 out of 38 cases, the minima of o are
located in regions where a > 1.
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Table 1 Activation parameters for the thermolyses of N-benzyl-N-nitrosoamides
Amide R Solvent a v1/Hz Auss / keal mol™ o a/ E
pivalamide MeO DMSO 388 174107 24562 8.88 107 0.96
(100.28) (190 107 (59.91) (177 107%) (1.94 107
Me g 213 404107 143.96 3.87 107 0.90
(111.62) (1.58) (67.23) (243 107 (798 107
H . 9 282 10° 2276 402107 0.24
(4.12) (148 109 (3.23) (332107 679 107)
NO, g 168 502 107 119.54 535 107 0.86
tosylamide H . 211 473107 17447 1.14 10" 0.88
. H toluene 450 244107 346.84 563 1072 0.95

Standard deviations are given in parentheses.

Table 2 Activation parameters for the hydrolysis of trans-
dinitrobis(ethylenediamine) cobalt Il ion

Acid a v1/Hz Aurs / keal c a/E
mol
HBr 3547 M 120 024 94.42 147107 081
(6.87) (687 107 (4.25) (51310 (102 10°
?) ) ?)
H,S0, 2575 82 0.66 70.69 708102 073
M (362  (0.23) (2.20) (4.6‘39 10 (9.635 10
) )
HNO; 6148 28 270 10° 36.19 583107 048
M (292) (895107 (1.77) 459107 (258 107
2:

%) )

Standard deviations are given in parentheses.

Table 3 Activation parameters for the rearrangement of
bis-(4-chlorophenyl) thioncarbonate to bis-(4-
chlorophenyl) thiolcarbonate (without solvent)
a v1/Hz Auys / keal mol™ c al ¢
85 202107 125.29 661107 072

Table 4 Activation parameters for the solvolysis of
methyldiphenylsulfonium ion in H,0 and EtOH

Solvent a v1/Hz  Burs / keal mol™ c al E
H,0 1 336 10" 26.51 404 10?7 257107
(122109 0.22) (106 107) (21310

EtOH 77 1.00 107 72.51 101 107 0.69
(13.75) (348 107 (8.76) (498 107 (387 107

Standard deviations are given in parentheses.

Table 5 Activation parameters for the neutral hydrolysis
of methyl trifluoroacetate in H,0/DMSO

a V1/Hz  Duys / keal mol™ o a/f
35 0.50 29.19 236 107 0.70
@1410%  (.7110%) (230 10 (294 10°) (27310

Table 6 Activation parameters for the oxidation of
xanthine by xanthine oxidase

a 1_)1/HZ
572 291 10"

Auys / keal mol™ o a/f
349.86 134 10" 0.99

Concerning the physical interpretation of the above ana-
lysis, we envision a reacting system as a system composed
of s oscillators with the reduced vibrational energy »

E 272 Tt xj3
e —1'

(13)
Cc j:O

computed according to the Debye model [19]. In (13)
we have x; = x.(j+1), x. = how/2nkT, v, = 25c/d,, with d,
the diameter of the cluster, ¢ the speed of sound in the
medium, and s =| wp/®w.] with wp the Debye frequency.
Thus, a reaction occurs if the energy ( is localized in one
coordinate, according to TST, or in a coordinates if (5) is
valid. We may have a qualitative picture of the relative
probability of the two events if we consider each unit kT
independent of others. In reality the localization of energy
into a group of oscillators is a function of how much
energy is already in that group, and the more energy is
localized, the more intense will be the flow out. In this
approximation of independent events, the probability to
have energy { localized in a group of a oscillators out of
a total of s is given by a binomial distribution with the
probability of each event p = a/s,

C(n,¢) = (Z) P (1—p) ", (14)

The quantity s, = 3pV - 6 is the number of vibrational
degrees of freedom in a region of given composition,
nuclei number density p, and volume V. Assuming, for
the sake of exemplification, the following functional
forms a =as,/(s, + B), { = {o + ya, we may estimate C
(m,0). Since the calculations involve the evaluation of
Euler’s gamma function for large arguments, the result
is approximate and the distribution is normalized only
in the region of small values of d.. Treating both # and
{ as continuous variables, we may evaluate the cumula-
tive distribution function

[e¢]

F(n)=/C(n,§)d§.
o

(15)
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Table 7 Activation parameters for hydrolyses catalyzed by a-chymotrypsin
Substrate a v1/Hz Aurs / keal mol™ o al E
Suc-Phe-pNA? 133 1.62 94.58 561 107 0.85
(36.81) (28.06) (21.59) (1.78 10’2) (521107
Suc-Ala-Phe-pNA 221 031 143.24 3.24 107 093
(21.75) (665 107 (12.60) (126 107 (1.05 107
Suc-Ala-Ala-Pro-Phe-pNA 157 822 10° 103.56 6.16 10 091
(36.31) (2,94 10%) (20.94) (190 107 (343107

Standard deviations are given in parentheses.
# pNA = p-nitroanilide

Table 8 Activation parameters for the hydride transfer catalyzed by Escherichia coli dihydrofolate

reductase in various

solvents

Solvent a v1/Hz Auzs / keal mol™ o a/g_‘
H,O 1 273 10° 8.29 165107 7.02 107
(126 10% (0.23) (114107 (192 107

MeOH 17% 24 146 10 2095 820 10° 067

(18.08) (4.78 10% (9.92) (1.03 107 ©.11)
MeOH 33% 1 146 107 6.72 135107 866 107
(852 10°) 0.27) (141 107 (360 107%)
MeOH 50% 1 3.04 10° 6.37 367 107 898 107
(3.89 10°) 0.42) (174 107 618 107
glycerol 17% 1 345 10° 974 7.22 107 598 107
8.72 108 0.14) (7.56 107) 851 10™

glycerol 33% % 106 10° 6222 239107 0.90
(18.15) (113 10%) (10.18) (737 107) (3.09 107

glycerol 50% 169 387 10° 10467 337107 094
(20.18) (556 10") (11.37) (857 107) (1.09 107

sucrose 17% 3 465 10° 880 196 107 0.20
(1.00) (944 10°% (0.48) (1.76 107 (553 107)

sucrose 30% 108 438107 64.78 579 107 097
(44.96) (110 10%) (24.83) (9.23107) (6.75 102

Standard deviations are given in parentheses.

Table 9 Calculated (Q(a,{y)/Q(a,{p)) and experimental

kinetic deuterium isotope effects at 20 C for the hydride

transfer catalyzed by Escherichia coli dihydrofolate
reductase in various solvents

Solvent a KIE, KIEoyp
H,O 1 7.15 2.70
MeOH 17% 24 2.25 273
MeOH 33% 1 7.15 2.60
MeOH 50% 1 7.15 2.70
glycerol 17% 1 715 265
glycerol 33% 9% 137 265
glycerol 50% 169 1.23 2.66
sucrose 17% 3 5.68 313
sucrose 30% 108 122 322

The corresponding TST value is 7.15.

Table 10 Activation parameters for the atom transfer
radical polymerization of alkyl halides catalyzed by Cu(l)
Br(PMDETA?) in acetonitrile

Halide a \_)2/M_1Hz Auys / keal mol™ c a/g_‘
BrAN® 10 969 10° 1190 299 107 045
MBriB 24 295 10" 1803 329107 072
EtBriB 11 170 10° 1157 6.94 107 051
MBP 3 539 10° 9.00 461107 0.19
CIPN 26 6.11 2198 530107 068
PEBr 1 3.00 10° 871 667 10° 665 107
CIAN 17 501 10 1397 484107 046
AllBr 1 800 10° 9.84 918 107 588107
BIPN 1 211 10° 6.71 344 107 726 107

2 PMDETA = N,N,N',N',N"-pentamethyldiethylenetriamine.

® the alkyl halides include three o-bromoesters, four a-halonitriles, benzyl
bromide, and allyl bromide. For the exact structures see [30].
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Table 11 Activation parameters for the hydration of
carbon dioxide in water

Reaction a vy / ML Hz  Augs / kecal o a/ E
mol’
Co, + 30 150 10° 3595 576 10% 049
H,O (1635 (261 109 (9.70) (23810 (0.10)
2:
)
o, + 1 195 10" 1533 102107 0038
OH (449 10" 0.13) (127100 (328 107

?) )

Standard deviations are given in parentheses.

Plots of the total energy and F(n) are given as a func-
tion of the cell size d, in Figure 2 for {, matching the
hydride transfer catalyzed by Escherichia coli dihydrofo-
late reductase in 17% methanol.

If a classical oscillators among the set of s are coupled
to the reaction coordinate, we may estimate that the
average energy akT is available to overcome the reaction
barrier. In systems with optimal catalysis, the energy
akT matches the potential energy barrier, giving the
condition a/{ ~ 1. In all cases with a/{ < 1, the coupling
is not optimal and the rates are correspondingly slower.
In all the Tables we report the average value of { in the
experimental temperature interval [T, T5] calculated as

Aurg T,
—In—. 16
k(Tz -T) T (16)

Cadl
Il

The high potential energy barriers obtained with the
minimization of ¢ are a consequence of the augmented
size of the reacting system with respect to the substrate
molecule. Although the barrier of 143.96 kcal mol™”
obtained with (5) (second entry in Table 1) might be
considered unusual, its high value is due to the partici-
pation of the solvent to the reaction coordinate. The
gas-phase barriers obtained computationally may thus
be regarded as lower limits to a much higher barrier in
the condensed phase, augmented by the increase in
potential energy due to change in coordinates of the
medium to reach the transition structure of a large sub-
strate-solvent cluster.

An efficient catalytic system displays a prompt fre-
quency response (b > 1Hz) and a value of a / ¢ approach-
ing unity. If both the frequency v and a/;: are lower
than unity the reaction rate is less than ideal.

Table 12 Activation parameters for the solvolysis of 4-
methylbenzhydryl 4-nitrobenzoate in 90% acetone

a ﬁz/M_le Auys / keal mol™ c a/f
6 1.06 10° 29.95 3.15 107 0.14
(51510%)  (3.50 10% 8.16 107 41210% (836109

Standard deviations are given in parentheses.
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In order to estimate the error bars on the parameters
obtained by nonlinear regression to (5) and (6), we reop-
timized all the parameters in 10000 runs after allowing
the rate constants to vary according to a normal distri-
bution with the experimentally determined variance (the
averaged variances for the rate coefficients of the reac-
tions under consideration are: 16.9% for the thermolyses
N-alkyl-N-nitrosopivalamides, 5% for the hydrolysis of
dinitrobis(ethylenediamine) cobalt III ion, 4.0% for the
solvolysis of methyldiphenylsulfonium ion, 0.04% for the
hydrolysis of methyl trifluoroacetate, 8.7% for the hydro-
lyses catalyzed by o-chymotrypsin, 4.7% for the hydride
transfer catalyzed by Escherichia coli dihydrofolate
reductase, 7.1% for the hydration of CO,, and 1.9% for
the solvolysis of 4-methylbenzhydryl 4-nitrobenzoate).
The standard deviations for each activation parameter
were determined and are given in Tables 1, 2, 3, 4, 5, 6,
7, 8,9, 10, 11 and 12 in parentheses. In all cases where
the standard deviations are large, the parameters must
be regarded as mere estimates. The Arrhenius-type plots
give much narrower error bars with respect to the plots
obtained with (5). For example, the standard deviation
on reaction barriers with a = 1 lie all below 2 kcal mol
!, while, with the available experimental precision, some
values of a exhibit a 50% error bar. Thus the accuracy
required in order to obtain small error bars on the acti-
vation parameters with (5) is demanding. This degree of
accuracy is matched by the excellent set of rate coeffi-
cients for the neutral hydrolysis of methyl trifluoroace-
tate in H,O/DMSO, affording the paramenters in Table
5, which exhibit standard deviations in stark contrast
with their counterparts in the remaining Tables [11].

The sets of data for the thermolyses of N-benzyl-N-
nitrosoamides (Figures 3-4, Table 1) include only four
experimentally measured rate coefficients for each reac-
tion, and the values of o are relatively high (from
3.87-107 to 1.14-10™"). With the exception of the unsub-
stituted pivalamide (which we consider an anomaly), the
response frequencies for pivalamides are about 102 Hz,
while for tosylamides they fall below this value. The
response frequencies are higher for the hydrolysis
of trans-dinitrobis(ethylenediamine) cobalt III nitrate
(Figure 5, Table 2), but the coupling is less effective, as
exemplified by the lower values of a/g: (0.48 + 0.81).
The values of the parameters for the rearrangement of
bis-(4-chlorophenyl) thioncarbonate to bis-(4-chlorophe-
nyl) thiolcarbonate (Figure 6, Table 3) fall between the
two previous cases, with a response frequency of the
order of 10" Hz and a/¢ = 0.72. The solvolysis of
methyldiphenylsulfonium ion in water is the first case
where the minimum of ¢ is given by a regression with
a =1, i.e. an Arrhenius plot (all the linear plots are
shown in green in the Figures). The corresponding
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Figure 2 Plots of the total vibrational energy in a cluster versus the cluster size d., the energy per vibrational degree of freedom, and
the cumulative binomial distribution functions for one active mode (green) and a active modes (blue). The reduced reaction barrier is
taken from the hydride transfer catalyzed by Escherichia coli dihydrofolate reductase in 17% methanol. (a) Total energy in units of kT for a cluster
solute-solvent of size 10 < d. < 80 A according to the Debye model. (b) Ratio of the vibrational energy given by (13) in a water cluster over its
number of vibrational degrees of freedom. (c-d) Cumulative binomial distribution functions as a function of d. for p = 1/s, (green) and p = a/s,

presence of a threshold size for the cooperative effect to take over.

(blue).* The reduced reaction barrier is taken from the hydride transfer catalyzed by Escherichia coli dihydrofolate reductase in 17% methanol
with ot = 200 and B = 10°. * Note that in (d) the blue curve lies above the green curve only for d, approximately above 20 4, indicating the

hydrolysis in ethanol exhibits a curved plot (Figure 7,
Table 4) with low values of both v and a/f. Although
the average curvature can in principle only be assigned
with confidence in those cases where the experimental
determinations exhibit sufficient accuracy, as in the neu-
tral hydrolysis of methyl trifluoroacetate in HyO/DMSO
(Figure 8), we might tentativley interpret the alternation
between zero and non zero curvature as a result of the
high sensitivity of the coupling between the substrate
and the medium to the values of the parameters govern-
ing the dynamics of the cluster (see the effect of the
parameter ¥ in Figure 2). This sensitivity was demon-
strated for a model system of two oscillators [19] driven
by an external force according to the Debye theory of

solids. The oxidation of xanthine to uric acid by
xanthine oxidase affords the plot that deviates the most
from linearity (Figure 9, Table 6), even though the
actual calculated average curvature is not high, due to
the large span of { values. In this case we obtain a rela-
tively large frequency v and a value of a/f near unity.
Also the hydrolysis of amides by o-chymotrypsin (Figure
10, Table 7) may be interpreted along the same lines,
large values of both the response frequencies and the
parameter a / ¢. The reactions catalyzed by Escherichia
coli dihydrofolate reductase exhibits overall higher
values for v and lower (for an enzyme) values of a/f
(Figures 11-12, Table 8) with respect to the previous
enzymes. Also, four reactions out of nine have zero
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Figure 5 Logarithmic plots of rate coefficients for the hydrolysis of dinitrobis(ethylenediamine) cobalt Ill ion in HBr 3.547 M (a), H,SO,
2.575 M (b), and HNO3 6.148 M (c). The experimental points are taken from ref. [25].
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Figure 6 Logarithmic plots of rate coefficients for the
rearrangement of bis-(4-chlorophenyl) thioncarbonate to bis-
(4-chlorophenyl) thiolcarbonate. The experimental points are
taken from ref. [26].

curvature, albeit two of them with high values of o.
The experimental values of the deuterium kinetic iso-
tope effects for the hydride transfer catalyzed by
Escherichia coli dihydrofolate reductase in Table 9 may
be an indication that the cooperative mechanism is in
effect for all solvents. In fact all KIE values are in the
range 2.60 + 3.22, well below the estimated value of
7.15 given by classical transition state theory for a dif-
ference of 800 cm™ between the stretching frequencies
C-H and C-D. The first bimolecular reaction of our
analysis is the activation step of the atom transfer radi-
cal polymerization of alkyl halides catalyzed by Cu(I)Br
(PDMETA) (PMDETA = N,N,N’,N’,N”-pentamethyl-
diethylenetriamine) in acetonitrile [30] (Figures 13-14,
Table 10). The measured rate constants are relevant to
the cleavage of the C-X bond (X = Cl, Br) of various
halides. With respect to the unimolecular and enzyme-
catalyzed reactions discussed previously, this process
exhibits low values of a and correspondingly low values
of the activation barriers. Values of o are relatively
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high (never below 3-107, corresponding to an average
deviation of 19%) and the values of a/g: are lower than
optimal. Also, three processes have plots with zero cur-
vature. Both the hydration of CO, by water (Figure 15,
Table 11) and the solvolysis of 4-methylbenzhydryl 4-
nitrobenzoate in 90% acetone (Figure 16, Table 12) are
cases of nearly linear plots with low values of a. The
numerical analysis however reveals the non-zero curva-
ture. In these cases, the experimental error may decide
between linear and non linear plots and we are not in
a position to draw firm conclusions. Concerning the
cases that exhibit a mixed behavior of zero and nega-
tive curvatures within the same class of reactions, we
limit ourselves to the observation that the value of the
deviation o, averaged over the processes with zero

Ink,

450

55

6.5

Figure 8 Logarithmic plot of rate coefficients for the neutral
hydrolysis of methyl trifluoroacetate in H,0/DMSO. The

experimental points are taken from ref. [11].

curvature (6.04 1072) is about twice the value averaged
over the reactions of the same class with negative
curvature (3.58 1072).

Although the high values of the standard deviations
for the activation parameters obtained with (5) demand
caution in their interpretation, we may qualitatively take
the average curvature to measure the amount of devia-
tion from TST caused by the cooperative mechanism,
and outline four types of reactions: (a) systems with a
limited coupling between the medium and the substrate
that follow Arrhenius behavior. In this group the con-
ventional mechanism of exclusive energy transfer to the
reaction coordinate is the fastest, with a resulting linear
logarithmic plot (Figure 2c); (b) systems with moderate
to good coupling (0.48 < a/;_' < 0.96) and low response

e 50 560 70 580 590 800 610 820
Figure 9 Logarithmic plot of rate coefficients for the oxidation

of xanthine by xanthine oxidase. The experimental points are
taken from ref. [28].




Canepa Chemistry Central Journal 2011, 5:22 Page 11 of 16
http://journal.chemistrycentral.com/content/5/1/22

\

\

N
Ink,
25
170 5% 25 20 28 240 245 2% F-
¢
g
Figure 10 Logarithmic plots of rate coefficients for the hydrolysis of Suc-Phe-pNA (a), Suc-Ala-Phe-pNA (b), and Suc-Ala-Ala-Pro-Phe-
pNA (c) catalyzed by a-chymotrypsin. The experimental points are taken from ref. [9].
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Figure 11 Logarithmic plots of rate coefficients for the hydride transfer catalyzed by Escherichia coli dihydrofolate reductase in water
and methanol at various concentrations. The experimental points are taken from ref. [29].
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Figure 12 Logarithmic plots of rate coefficients for the hydride transfer catalyzed by Escherichia coli dihydrofolate reductase in
glycerol and sucrose at various concentrations. The experimental points are taken from ref. [29].

frequencies (10 + 10 Hz). As the ability of the med-
ium to effectively couple modes to the reaction coordi-
nate grows, the coupled mechanism prevails for
sufficiently large clusters (Figure 2d); (c) systems with

moderate coupling (0.49 < a/f < 0.81) and

response frequencies (10

high  catalyzed reactions.

+ 107 Hz); (d) lastly, we may

have the predominance of the cooperative mechanism
with high response frequencies (10" + 10® Hz), and
optimal coupling with 0.

85 < a/;: < 0.99 in enzyme-
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Figure 13 Logarithmic plots of rate coefficients for the atom transfer radical polymerization of alkyl halides catalyzed by Cu(l)Br
(PMDETA) in acetonitrile (see ref. 30 for the actual structures). The experimental points are taken from ref. [30].

RX = MBriB

4. Conclusions

1. When the vibrational coupling between the substrate
and the medium is taken into account, the rate coeffi-
cients of unimolecular and bimolecular reactions exhibit
a dependence of the reduced potential energy barrier {
= Auzs/kT proportional to the regularized gamma func-
tion of Euler Q(a,{).

2. The deviations obtained from the experimental rate
constants as a function of temperature using equation
(5) are in many cases lower with respect to the standard
TST equation.

3. The corresponding activation energies exhibit con-
siderably higher values with respect to the values
obtained with TST, a fact ascribed to the much larger
size of the system under consideration, which adds the
contribution of the reaction medium to the intrinsic
gas-phase barrier. Response frequencies are correspond-
ingly lower.

4. The standard deviations on the activation para-
meters obtained using equation (5) are of the same
order of magnitude as the parameter themselves, a fact

that puts more stringent requirements on the accuracy
of the experimentally determined rate coefficients.

5. The reactions subjected to the above analysis may be
divided into four groups according to the extent and the
features of the substrate-medium coupling: (a) no cou-
pling, linear logarithmic plots of k, versus ¢ (b) coupling
with low response frequencies; (c) coupling with high
response frequencies; (d) optimal coupling (a/C = 1) with
very high response frequencies (enzyme catalysis).

6. The proposed expression for the rate constants of
reactions in the condensed phase does not yet allow direct
calculations of rate coefficients of chemical reactions,
in that the physical parameters in the expression (the
reduced potential energy barrier {, the intrinsic response
frequency v of the reacting system, and the number a of
active modes energetically coupled to the reaction coordi-
nate) remain computationally elusive. However, its statisti-
cal nature is able to account for the negative curvatures of
experimental Arrhenius plots through the intrinsically
non-exponential dependence of the rate constants from
the reduced potential energy barrier.
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Figure 14 Logarithmic plots of rate coefficients for the atom transfer radical polymerization of alkyl halides catalyzed by Cu(l)Br
(PMDETA) in acetonitrile. The experimental points are taken from ref. [30].
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Figure 15 Logarithmic plots of rate coefficients for the hydration of carbon dioxide in water by H,0 (a) and OH" (b). The experimental

points are taken from ref. [31].
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Figure 16 Logarithmic plots of rate coefficients for the
solvolysis of 4-methylbenzhydryl 4-nitrobenzoate in 90%
acetone. The experimental points are taken from ref. [32].
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