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ABSTRACT: Protein structural effects on the temperature (T) dependence of kinetic isotope effects (KIEs) in H-tunneling reactions have 
recently been used to discuss about the role of enzyme thermal motions in catalysis. Frequently observed nearly T-independent KIEs in the 
wild-type enzymes and T-dependent KIEs in variants suggest that H-tunneling in the former is assisted by the naturally evolved protein 
constructive vibrations that help sample short donor-acceptor distances (DADs) needed. This explanation that correlates T-dependence of 
KIEs with DAD sampling has been highly debated as simulations following other H-tunneling models sometimes gave alternative 
explanations. In this paper, solvent effects on the T-dependence of KIEs of two hydride tunneling reactions of NADH/NAD+ analogues 
(represented by ∆Ea = EaD – EaH) were determined in attempts to replicate the observations in enzymes and test the protein vibration assisted 
DAD sampling concept. Effects of selected aprotic solvents on the DADPRC’s of the productive reactant complexes (PRCs) and the DADTRS’s 
of the activated tunneling ready states (TRSs) were obtained through computations and analyses of the kinetic data including 2° KIEs, 
respectively. A weaker T-dependence of KIEs (i.e., smaller ∆Ea) was found in a more polar aprotic solvent in which the system has a shorter 
average DADPRC and DADTRS. Further results show that a charge-transfer (CT) complexation made of stronger donor/acceptor gives rise to 
a smaller ∆Ea. Overall, the shorter and less broadly distributed DADs resulted from the stronger CT complexation vibrations give rise to a 
smaller ∆Ea. Our results appear to support the explanation that links the T-dependence of KIEs to the donor-acceptor rigidity in enzymes.

 

▪ INTRODUCTION 

Kinetic isotope effect (KIE) is an important tool to study 
enzymatic reaction mechanisms and develop theories for enzyme 
catalysis.1-8 KIEs on H-transfer processes that are outside of the 
semiclassical limits have been used to suggest a H-tunneling 
mechanism that accompanies lower activation energy than the 
assumed classical pathway. The semiclassical limits include such 
as small H/D KIE values of 2 – 7 and isotopic activation energy 
difference ∆Ea (= EaD – EaH) of 1.0 – 1.2 kcal/mol.9 The observed 
nonclassical KIE behaviors have brought discussions about the 
chemical and physical roles of enzymes in catalysis. Recent 
observed unusual temperature (T) dependence of KIEs in enzymes 
versus their variants has been used to provide insight into the 
argument as to whether enzyme’s local fast dynamics has a role in 
chemical catalysis.5,10-13   

Over the past 20+ years, it has been frequently observed that both 
small and large KIEs on H-transfers are T-independent or weakly 
T-dependent in wild-type enzymes (∆Ea ~ 0), but they become T-
dependent to various extents in their variants (∆Ea > or >> 0).8,14-25 
While the traditional Bell tunneling model that assumes a static 
energy barrier failed to explain the observed trends in ∆Ea’s, the 
vibration-assisted activated H-tunneling (VA-AHT) models, also 
called the Marcus-like models or environmentally coupled 
tunneling, built on the basis of the work of Kuznetsov–Ulstrup, as 
well as the nonadiabatic vibronic H-tunneling treatment, were used 
to reconcile the results.5,7,13,18,19,22,26,27 In these treatments, there are 
two thermal activation processes, one in which heavy atom motions 
bring the H-donor and acceptor to the tunneling ready states (TRSs) 
where the activated reactant and product are degenerate for H-
tunneling to occur, and the other in which heavy atom motions 

sample the appropriate donor-acceptor distances (DADs) at the 
TRS. Since the tunneling DAD is sensitive to the mass of the 
transferring isotope (H/D/T), only the DAD sampling activation is 
primary isotope sensitive thus determining the T-dependence of 
KIEs. Within this model, the weak T-dependence of KIEs is 
explained in terms of the well-organized reaction coordinate in 
which the average DAD is short and the range of DADs sampled is 
narrow, implicating that the wild-type enzyme active site has strong 
compressive vibrations that press the two reactants close to each 
other leading to a small isotopic DAD sampling energy difference, 
i.e., a small ∆Ea. In variants, however, the naturally evolved 
vibrations are impaired, the average DAD becomes longer, the 
DAD sampling range becomes broader, therefore, isotopic DAD 
sampling energy difference becomes large leading to a large ∆Ea. 
These explanations have been used to support the recently proposed 
but debated physical origin of enzyme catalysis, which is, 
constructive local fast thermal motions in enzymes are coupled to 
the reaction coordinate. 

Computational simulations of the T-dependence of KIEs 
following various contemporary activated H-tunneling 
models/treatments were carried out to support or disprove the 
proposed role of enzyme motions in short DAD sampling for 
catalysis. Quantum mechanical (QM) calculations, together with 
the molecular mechanical (MM) or molecular dynamical (MD) 
calculations, were done following the VA-AHT model,5,28 the 
nonadiabatic vibronic model,23,29,30 the ensemble averaged 
variational TS theory with multi-dimensional H-tunneling (EA-
VTST/MT),31-33 as well as the empirical valence bond theory10,34,35. 
The VA-AHT model was used to explain the observations 
including those for hydride/proton transfer reactions,13,36 whereas 
the vibronic model was mainly for the nonadiabatic H-atom 
transfer reactions6. While both contain the activated DAD sampling 
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concept in the ground state tunneling mechanism at the 
TRS,13,19,27,29,37 some researchers argued that the VA-AHT model 
should not be used to explain the adiabatic hydride/proton 
tunneling that likely involves the excited state of product at the 
TRS.38 Other researchers, however, have attempted to extend the 
VA-AHT model to fit their results for the adiabatic hydride or 
proton transfer reactions.7,13,21,24,27,39-41 On the other hand, 
theoretical replications of the observed huge KIEs for the H-atom 
transfer reactions in lipoxygenases using the EA-VTST/MT 
appeared to have encountered difficulty.11,31,37,42 Nevertheless, 
even simulations using the latter model and the empirical valence 
bond theory for some enzyme catalyzed hydride/proton transfer 
reactions show that the weak T-dependence of the KIEs results 
from the insensitivity of the DAD’s to temperature, seemingly 
supporting the compressive dynamics in the active site of the 
enzymes.8,10,27,29,32,43 Other studies have, however, shown that they 
could also result from the effects of temperature on the microscopic 
mechanism, for example, on the position of the TS and the shape 
of the potential barrier.10,31 In another study, the QM/MM/MD 
simulations ascribed the different ∆Ea’s to the higher entropic 
barrier in the variant than in the wild-type enzyme.44 Use of the T-
dependence of KIEs to implicate the DAD sampling catalysis has 
been highly debated. 

We regard that the ideas about the correlation of T-dependence 
of KIEs with DAD sampling activation in enzymes could be tested 
by study of the “simpler” reactions in solution, for which DADs 
could be controlled by structural or solvent effects. Our purpose is 
thus to design H-transfer reactions in solution in attempt to study 
this correlation, if any. We have proposed a hypothesis on the basis 
of the above explanations for enzymes. The hypothesis is that the 
more rigid the reaction system, the more difficult for the DAD to 
change with temperature, the weaker the T-dependence of KIEs 
will be.45-47 Here, a rigid TRS can be a tightly associated one with 
strong electronic attractions between donor and acceptor, and/or 
with steric factors that minimize the flexibility of the two reaction 
centers, and/or with strong solvation effects that stabilize the TRS 
and thus strengthen the donor-acceptor attraction in it. Investigation 
of the hypothesis is expected to provide insight into the role of 
protein motions in catalysis and opens a new research direction that 
studies the relationship between structure and T-dependency of 
KIEs for general H-transfer reactions. 

We have reported the structural effects on the T-dependence of 
KIEs of several hydride transfer reactions of NADH/NAD+ 
analogues in solution.45-48 We found that a smaller ∆Ea 
accompanies with more reactive donor/acceptor that form stronger 
charge-transfer (CT)  complexations.45,46 We also found that in 
some of the systems the more crowded reaction centers did appear 
to correspond with a smaller ∆Ea.45,46 These results support our 
hypothesis. In those studies, the short tunneling DADs would be 
mainly sampled by the CT complexation thermal vibrations. 

In this paper, we attempt to use solvent effects to mediate the 
stability or vibrational rigidity of the CT complexation of the same 
class of hydride transfer systems to further investigate our 
hypothesis. Since the corresponding activated reaction complex 
involves a dispersed positive charge, its CT complex is expected to 
be stabilized and thus more rigid in a more polar solvent. Also, the 
hydride donor has rich π-electron density that could form H-
bonding interaction with the hydroxylic solvents so that the CT 
complexation is expected to be loose. Therefore, study of the 
effects of protic/aprotic solvents of various polarities on the T-
dependence of KIEs of these reactions could serve for this research 
purpose.  

Herein, we chose hydride transfer reactions from diethyl 1,4-
dihydro-2,6-dimethyl-3,5-pyridinedicarboxylate (HEH , Hantzsch 

ester) and 2-phenyl-1,3-dimethyldihydroimidaroline (DMPBIH) to 
N-methylacridinium ion (MA+BF4-) for this solvent effect study 
(Eqn. (1)). The two hydride donors have very different structures 
and reactivities, and we have reported the T-dependence of KIEs 
for both of the reactions in acetonitrile.45 We will compare these 
results with those in solvents of various polarities to study the bulk 
(macroscopic) solvent effects on the T-dependence of KIEs and 
with those in the hydroxylic protic solvents to study the 
microscopic solvent effects on the same. Moreover, all possible 
productive reactant complexes (PRCs) along with their DADPRC’s 
in selected aprotic solvents (acetonitrile vs. the much less polar 
solvent of chloroform) were computed. The corresponding 
DADTRS information derived from the kinetic data including 
secondary (2°) KIEs at positions labeled in Eqn. (1) will be 
compared with the DADPRC’s to discuss about the solvent polarity 
effects on the DADTRS’s sampling from PRCs. Correlation of the 
DAD information with the observed T-dependence of KIEs will be 
discussed. Combining the protic solvent effects results, we will 
show that the polar aprotic solvent does give rise to a shorter 
average DADPRC/DADTRS and a weaker T-dependence of KIEs. On 
the other hand, we will compare the effects of DMPBIH vs. HEH 
on the T-dependence of KIEs. We will show that a stronger CT 
complexation with the more reactive DMPBIH gives rise to a 
weaker T-dependence of KIEs in all of the solvents studied. Both 
solvent and structural effect studies appear to support our 
hypothesis that links system rigidity to the T-dependence of KIEs. 
Our results could provide information to the understanding of the 
relevant enzymatic reactions and for the development of potential 
future theories for hydride- as well as general H-transfer reactions. 

 
Special abbreviations frequently used in this paper are listed here 

for the readers to quickly catch their meanings. They include: TRS 
(tunneling ready state), DAD (donor-accept distance), CT (charge-
transfer), and PRC (productive reactant complex). 

 
▪ EXPERIMENTAL 

The syntheses of HEH, and HEH-4,4’-d,d, DMPBIH, DMPBIH-
2-d, 1,3-N,N-2CD3 substituted DMPBIH, MA+ (counter ion: BF4-) 
and 10-CD3 substituted MA+, can be found from our recent 
publications.45,46 The HPLC grade acetonitrile solvent was 
redistilled twice, over KMnO4/K2CO3 to remove the reducing 
impurities and P2O5 to remove water, in order, under nitrogen. The 
isobutyronitrile was redistilled over P2O5 under nitrogen. The 
HPLC grade chloroform was refluxed over molecular sieves and 
redistilled under nitrogen. Isopropanol was redistilled and absolute 
ethanol was used as purchased. Isopropanol and ethanol were 
purged with nitrogen before use for kinetic measurements. Kinetic 
solutions were prepared using the freshly distilled solvents and kept 
in the refrigerator (4 ℃) or freezer (-20 ℃) before use at each 
kinetic temperature conditions.  

Kinetics were determined on the SF-61DX2 Hi-Tech KinetAsyst 
double-mixing stopped-flow instrument. Same kinetic procedures 
in our publications were followed.45,46,49 From our experiments and 
literature, the type of reactions strictly follow the second-order rate 
law.45,46,48-52 Each KIE was derived from the second-order rate 
constants of the isotopic reactions (= k2H/k2D). Experimentally, the 
pseudo-first order rate constants (kpfo’s) were determined 
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spectroscopically (by UV-Vis) and the observed k2 was calculated 
from dividing kpfo by the concentration of the large excess reactant 
(for example, R-H or R-D), i.e., k2 = kpfo/[R-H(D)]. Then,  

𝐾𝐼𝐸 =  
𝑘2𝐻

𝑘2𝐷

=  
𝑘𝐻

𝑝𝑓𝑜

𝑘𝐷
𝑝𝑓𝑜

 ×  
[𝑅 − 𝐷]

[𝑅 − 𝐻]
                  (2) 

Usually, the same concentrations of R-H and R-D solutions were 
used, but in order to eliminate the errors in the preparation of the 
two solutions of certain concentration, we corrected the 
concentration ratio by measuring the absorbance (Abs) of each 
isotopic solution at an appropriate wavelength. (This is especially 
necessary for the measurements of small 2° KIEs.) Assuming R-H 
and R-D have the same extinction coefficient at the wavelength (εH 
= εD), we have 

𝐾𝐼𝐸 =  
𝑘2𝐻

𝑘2𝐷

=  
𝑘𝐻

𝑝𝑓𝑜

𝑘𝐷
𝑝𝑓𝑜

 ×  
𝐴𝑏𝑠𝐷

𝐴𝑏𝑠𝐻

                (3) 

For the 2º KIE comparison in between acetonitrile and chloroform, 
we determined the εH/εD on DMPBIH in the respective solvents and 
found it is close to unity within the experimental error. Note that 
the AbsH and AbsD were usually found very close. We ascribe the 
closeness between the two largely to the use of the high precision 
Mettler Toledo™ XSR analytical balance (0.01 mg) for kinetic 
solution preparation in our lab. 

Six measurements of kpfo’s for the reactions of two isotopologues 
for 1° and 2° KIE derivations at different temperatures were made 
on the same day and repeated on, at least, two other days. For a ∆Ea 
determination, kinetics was determined over a temperature range of 
40 °C, and the EaH and EaD were derived, respectively. A typical 
kinetic procedure at certain temperature is as follows. Six kinetic 
runs of 12 half-lives of the reaction were measured for each isotopic 
reaction back to back. The procedure was then repeated at other 
temperatures as quickly as possible (5, 15, 25, 35, 45 ℃, in order) 
so that the instrument settings were kept the same and the aging of 
the reaction solutions was the minimum (the solutions were 
wrapped with aluminum foil and kept in refrigerator between 
temperatures. The same procedure was used with a freezer of -20 
℃ and the same results were obtained). Repetitions on different 
days sometimes used different batches of substrates and solvents 
and sometimes were done by different workers. That was to 
eliminate the effect of possible different impurity from unknown 
sources or human errors on the KIE measurements. Therefore, one 
KIE value was obtained from at least 18 repetitions. For the 
measurements of the small 2º KIEs, sometimes more than 18 
repetitions were made to ensure the difference that we found is 
meaningful (see Tables S12 and S13). Pooled standard deviations 
were reported. All of the kinetic results (from the extent of reaction 
of 1% to 99.98% (corresponding to 12 half-lives)) were fitted very 
well/excellently to the first-order rate law for kpfo derivation and to 
the Arrhenius correlations for Ea derivation, both with R2 = 0.9990 
– 1.0000, mostly closer or sometimes even equal to 1.0000! Other 
details about the kinetic measurements can be found from Tables 
S1 to S13. 

 
▪ COMPUTATIONS 

Gaussian 09 and the universal continuum solvation (SMD) 
model53 were used for all of the computations. 

 
PRC Computations 

All structures were optimized using the M06-2X density 
functional.54 Initial geometries of the TS’s and reactant complexes  
were first optimized in gas-phase with the Def2-SVP basis set.55 
The productive reactant complexes (PRC’s) were confirmed by the 
intrinsic reaction coordinate analysis. These structures were further 
refined in acetonitrile and chloroform by using the Def2-TZVP 

basis set55 with the ultrafine DFT integration grid and the SMD 
solvation model. The latter settings of computations were used to 
calculate the thermal corrections to the Gibbs free energies (EG_corr) 
and the single point energies (Esp) of these geometries. Free 
energies (G’s) of the optimized structures are the sum of EG_corr and 
Esp. Due to the overestimate nature of the harmonic model, further 
treatments were needed to correct them to derive the EG_corr. A 
frequency scaling factor of 0.9708 was fitted against the 
ZPVE15/10 database56 for the purpose. Detailed procedure for 
calculating the scaling factor can be found from the method in 
literature.56 

The abundance (Ai) of each optimized conformation (i) for each 
reaction system was calculated according to the Boltzmann 
distribution of its energy (Gi) over the sum of such Boltzmann 
distributions of all PRC conformations, 

𝐴𝑖 = (𝑒− 
𝐺𝑖
𝑘𝑇)/ ∑ 𝑒− 

𝐺𝑖
𝑘𝑇

𝑁

1

           (4) 

where N is the number of conformations, k is the Boltzmann 
constant, T is temperature. 

The weighted average DADPRC was calculated by summing up 
the fractional DADs of all of the PRC conformations, each of which 
was obtained by multiplying the individual DADi with the 
corresponding abundance (Ai). The formula to calculate the 
weighted average DADPRC is as follows, 

𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝐷𝐴𝐷𝑃𝑅𝐶 = ∑ DADi

𝑁

1

𝐴𝑖         (5) 

 
2º KIE and 2º Equilibrium Isotope Effect (EIE) Computations 

The calculations were performed under the M06-2X87/Def2-
SVP88 level of theory with ultrafine DFT integration grid. A fitted 
frequency scaling factor of 0.9695 is used to minimize the 
overestimation error of the harmonic model. 

The ground-state reactants and products as well as the classical 
TS structures were optimized. The free energies of these structures 
and their isotopologues were calculated to derive the classical 2° 
KIEs and the 2° EIEs. Detailed procedures can be found in the 
Supporting Information (SI). 
 

▪ RESULTS 
It is well known that hydride-transfer of the NADH/NAD+ model 

reactions takes place within a CT complex of reactants.45,57-59 In 
this paper, we call these complexes PRCs. We have reported the 
spectroscopy evidence for the CT complex formation for the two 
reactions in acetonitrile.45 The PRCs are believed to form in a 
diffusion-controlled rate. Meanwhile, there could be nonproductive 
reaction complexes (RCs) in fast equilibrium with the free reactants 
and PRCs. Theoretically, the hydride-transfer could be classical 
through a transition state (TS) or nonclassical through a TRS. This 
mechanism is described in Eqn. (6) (Don-H and Acc refer to donor  

 

 
 

and acceptor, respectively). The observed KIEs are derived from 
the observed k2’s. They correspond with the hydride transfer step 
(kH). That is, KIE = k2H/k2D = kH/kD. 

The k2’s and KIEs at temperatures from 5 to 45 ℃ were carefully 
determined and they have relatively small standard deviations (also 
see Experimental and SI). The representative k225℃’s as well as the 
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∆Ea’s derived are listed in Table 1. Note that the α-2° KIE on HEH 
should be contained in the observed KIEs, but since the 2° KIE is 
usually small,49,60,61 its T-dependence is expected not to 
significantly affect the ∆Ea.45,48 The dielectric constant (εr) for the 
single solvent as well as the estimated εr’s for the mixed solvents 
are listed in the Table as well. For the latter, the εr was calculated 
using the formula εr = (V1/V)•εr(1) + (V2/V)•εr(2), where V1(2)/V is 
the volume percentage of the two single solvents in the mixed 
solvents. For the reactions in the hydroxylic solvents, we added 5.0 
x 10-5 M HBF4 to prevent MA+ from forming the corresponding 
alcohol/water adducts.52,62 For the study of the hydroxylic solvent 
effects, we compare the results with those from the reactions in 
acetonitrile. The dielectric constants of these solvents are similar so 
that the discussion of the expected microscopic solvent effects 
would be meaningful. Figure 1 shows the exemplified Arrhenius 
plots of KIEs in selected aprotic solvents. The same in the 
hydroxylic solvents are given in the SI (Figure S1). In general, ∆Ea 
increases with decreasing solvent polarity and slightly increases 
with changing from acetonitrile to protic solvents. Moreover, ∆Ea 
is greater for the reaction of HEH than the reaction of DMPBIH in 
both solvents. 

 
Unusual KIE behaviors to suggest an H-tunneling mechanism 

The first impression of the data in Table 1 is that all of the KIEs 
are smaller than 7 being classical. For the reaction of HEH, the 
∆Ea’s are from 0.95 – 1.26 kcal/mol being within the semiclassical 
range of 1.0 – 1.2 kcal/mol ; for the reaction of DMPBIH, however, 
they are from 0.43 – 0.70 kcal/mol, being well outside of the 
classical range. At least the observed nonclassical ∆Ea’s for the 
latter reaction are not compatible with the “classical” small KIE 
values, suggesting nonclassical H-tunneling mechanisms. While 
such hydride transfer reactions of NADH/NAD+ analogues usually 
have small KIEs, both this and other works of ours as well as a few 

 

 

Figure 1. Arrhenius plots of the KIEs for the reactions of HEH and 
DMPBIH with MA+ in selected aprotic solvents (from 5 to 45 ℃). Lines 
represent the nonlinear regressions to an exponential equation. 

 
Table 1.  Reaction rates and T-dependence of KIEs in different solvents 

4

4.4

4.8

5.2

5.6

6

0.0031 0.00323 0.00336 0.00349 0.00362

K
IE

1/T (K-1)

HEH

CH3CN
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3.6

3.8
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0.0031 0.00323 0.00336 0.00349 0.00362

K
IE

1/T (K-1)

DMPBIH
CH3CN
4.2%CH3CN/95.8%CHCl3 (v/v)

Entries Solvents εr 
 a  k2H

25°C
 (M-1s-1) b 1° KIE range c ∆Ea (kcal/mol) b 

 Reaction of HEH with MA+ 
 Aprotic Solvents     
1 d Acetonitrile 37.5 1.57(0.01) x 102 5.42 – 4.40 0.95 (0.10) 
2  Isobutyronitrile 21.0 1.99(0.01) x 102 5.70 – 4.24 1.27 (0.12) 
 Chloroform/Acetonitrile (v/v) 
3  50%/50% ~21.2 1.54(0.01) x 102 5.73 – 4.40 1.13 (0.05) 
4  80%/20% ~11.3 3.25(0.03) x 102 4.82 (0.05) b,e n.d. f 
5  90%/10% ~8.1 1.40(0.01) x 103 4.92 (0.03) b,e n.d. f 

6 95%/5% ~6.4 4.20(0.03) x 103 4.75 (0.11) b,e n.d. f 
7  98%/2% ~5.5 9.28(0.05) x 103 5.63 – 4.21 1.26 (0.05) 
 Hydroxylic Solvents     
8 g Isopropanol/water  ~30.3 2.80(0.01) x 102 5.92 – 4.59 1.11 (0.07) 
9 g Ethanol/water  ~35.6 2.84(0.02) x 102 5.90 – 4.54 1.13 (0.05) 
 Reaction of DMPBIH with MA+ 
 Aprotic Solvents     
10 h Acetonitrile 37.5 2.12(0.02) x 102 3.70 – 3.37 0.43 (0.15) 
11  Isobutyronitrile 21.0 1.90(0.01) x 102 3.65 – 3.10 0.70 (0.27) 
 Chloroform/Acetonitrile (v/v)     
12 95.8%/4.2% ~6.2 3.44(0.02) x 102 3.61 – 3.13 0.64 (0.08) 
 Hydroxylic Solvents     
13 g Isopropanol/water  ~30.3 2.82(0.02) x 102 3.75 – 3.28 0.59 (0.10) 
 

a Dielectric constant, see texts; b Numbers in parentheses are standard deviations (see SI for the raw data);  c From 5 to 45 ℃, unless otherwise 
noted; d From Table 1 of ref.45, repeated and combined with the data from this work; e At 25 ℃ only; f Not determined; g 80% alcohol/20% water 
(v/v), containing 5.0 x 10-5 M HBF4; 

 h From Table 1 of ref.45. 
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sporadic work from others showed that they have ∆Ea’s spanning a 
wide range from well below the semiclassical limit, through the 
semiclassical range, to well above the semiclassical limit (up to ~ 
1.8 kcal/mol).45,46,48,63,64 Furthermore, it has been shown that small 
KIEs from such hydride transfer reactions also fit to the Marcus 
theory of atom transfer that involves a H-tunneling 
component.52,65,66 In the meantime, the small KIE’s  and similar 
∆Ea’s were also found in the hydride transfer reactions of 
NADH/NAD+ in enzymes and variants.8,13,21,27,39,67 As described in 
the Introduction, the latter observations have been explained 
following various activated H-tunneling models. 

On the other hand, the frequently observed unusual 2° KIEs 
outside of their semiclassical limits in these and similar hydride 
transfer reactions in both solution (our work49,68,69) and 
enzymes1,5,70-76 have also been used to  demonstrate a H-tunneling 
mechanism. In this work, the 1,3-γ,γ-2CH3/2CD3 2° KIEs on 
DMPBIH and 10-ε-CH3/CD3 2° KIEs on MA+ for their reactions in 
acetonitrile and chloroform were determined and are listed in the 
subsequent Table 3. While the γ-2° KIEs on DMPBIH are close to 
the computed classical ones (Table 3), the ε-2° KIEs on MA+ 
deviate from them significantly. Also, we have reported the ε-2° 
KIEs on MA+ (1.01) for its reaction with HEH in acetonitrile.49 The 
computed classical one in this work  is, however, 1.11 (Table 3 
footnote c), further suggesting that the reaction goes by a 
nonclassical mechanism. 

Therefore, use of Bell’s semiclassical limits of (1°) KIEs to 
evaluate whether the class of hydride transfer reactions uses a H-
tunneling mechanism appears to be not proper.77 The question in 
this paper research is whether the ∆Ea is linked to the DADTRS 
sampling activation process that has been described in the VA-
AHT model and the nonadiabatic vibronic H-tunneling model and 
that has been sometimes implicated or discussed in studies 
following other activated H-tunneling models. 
 
Selected aprotic solvent effects on DADPRC’s: Acetonitrile vs. 
chloroform 

For correlation of the ∆Ea to the DAD sampling process from 
PRCs to TRSs, information about the respective DAD’s would be 
needed. In literature, the DADPRC’s and DADTRS’s have been 
obtained for the correlation study. For example, the DADPRC 
information was achieved by studying the stable reactant 
(Michaelis) complex structure in enzymes (with an inhibitor or 
modification of the cofactor) using the NMR technique27,67,78 as  
well as the QM and MD calculations8,45,79. We have used QM-DFT 
method to compute the DADPRC information for several hydride 
transfer systems of NADH/NAD+ analogues in acetonitrile (using 
the SMD model) and found that, like in enzymes, the shorter 
average DADPRC corresponds with a smaller ∆Ea.45 Indeed, that 
study includes both of the hydride transfer reactions studied in this 
paper. In that work, 8 and 3 PRCs were found for the reactions of 
HEH(Me) and DMPBIH with MA+ in acetonitrile, respectively. 
(We used the dimethyl ester groups (HEH(Me)) to replace the 
diethyl ester groups in the normal HEH for less computing time.) 

In this work, 8 and 3 PRCs for the same reactions of HEH(Me) 
and DMPBIH were optimized in chloroform to compare with the 
corresponding DADPRC distributions in acetonitrile.45 Figure 2 
shows the most populated CT complex geometries in each solvent. 
Table 2 lists the range of the DADPRC’s, the weighted average 
DADPRC’s, as well as the most populated DADPRC’s, for both 
systems in the two solvents. Figure 3 shows the direct comparison 
of the DADPRC distributions of the two reactions. More than 98% 
of the PRCs in acetonitrile have DADPRC’s ranging from 3.39 – 
3.49 Å for the reaction of HEH and from 3.31 – 3.55 Å for the 
reaction of DMPBIH, whereas in chloroform the DADPRC’s are 

significantly longer with 3.42 – 3.57 Å for HEH and 3.36 – 3.56 Å 
for DMPBIH. Importantly, the weighted average DADPRC was 
found shorter in acetonitrile than in chloroform for both systems 
(3.48 Å vs. 3.52 Å (for HEH), and 3.39 Å vs. 3.50 Å (DMPBIH)), 
and the DADPRC for the most populated PRC is also shorter in 
acetonitrile than in chloroform (3.49 Å vs. 3.51 Å (HEH), and 3.31 
Å vs. 3.56 Å (DMPBIH)). Another information is that the average 
DADPRC’s are longer in the reactions of HEH than those in the 
reactions of DMPBIH in both solvents (3.48 Å (HEH) vs. 3.39 Å 
(DMPBIH) in acetonitrile, and 3.52 Å (HEH) vs. 3.50 Å 
(DMPBIH) in chloroform). 

 
HEH(Me)/MA+ 

  
DADPRC = 3.49 Å DADPRC = 3.51 Å 

DMPBIH/MA+ 

 
 

DADPRC = 3.31 Å DADPRC = 3.56 Å 
In Acetonitrile In Chloroform 

Figure 2. Geometries of the most populated PRCs (with the lowest free 
energy (G)) of the reactions from HEH(Me) and DMPBIH to MA+ in 
acetonitrile (ref.45) and chloroform (this work) at 25 °C. The space-filling 
structure in the background represents MA+, the ball-stick structures in the 
foreground represent different donors. Geometries of all PRCs can be found 
in the SI of ref45. 

 
Table 2. Comparison of the DADPRC’s in the PRCs of the reactions in 
acetonitrile and chloroform a 

 DADPRC’s 

Solvents Range for all 
Populations 

Range for top 
98% 
Populations 

Weighted-
average b 

In most 
populated 
PRCs b 

  
 HEH(Me)/MA+ (Total of 8 PRCs found) 
Acetonitrile 3.39 – 3.64 3.39 – 3.49 3.48 3.49 

Chloroform 3.42 – 3.59 3.42 – 3.57 3.52 3.51 

 DMPBIH/MA+ (Total of 3 PRCs found) 
Acetonitrile 3.31 – 3.60 3.31 – 3.55 3.39 3.31 
Chloroform 3.36 – 3.62 3.36 – 3.56 3.50 3.56 
a At 25 C; b According to the percent populations of the PRCs. 

 
These results suggest that (1) the PRCs in both systems are 

statistically more rigid in acetonitrile than in chloroform, and (2) 
the PRCs in the reactions of DMPBIH are more rigid than those for 
the reactions of HEH. These are consistent with our expectations 
that the positively charged PRC would be more stable and tighter 
in a more polar solvent as well as in a reaction system of stronger 
electron/hydride donor/acceptor. Note that DMPBIH is 15.2 
kcal/mol more reactive than HEH in donating a hydride ion in 
acetonitrile.51 
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Figure 3. The computed DADPRC distributions for the hydride transfer 
reactions from HEH(Me) and DMPBIH to MA+ in acetonitrile vs. 
chloroform at 25 °C. The same x-axis scale is used for both plots for the 
purposes of a direct comparison of the two systems. 

 
Selected aprotic solvent effects on DADTRS’s: Acetonitrile vs. 
chloroform  

The TRS structural information can only be obtained by kinetic 
studies. In literature, the α-2° KIE has been used as a measure of 
the TRS rigidity/tightness.27 We have attempted to use the 1,3-N,N-
2CH3/2CD3 γ-2° KIEs on DMPBIH for its hydride transfer to 9-
(para-substituted)phenylxanthylium ions to obtain the substituent 
effect on DADTRS’s.46,47 Here in this study, we were able to 
determine the N-CH3/CD3 2° KIEs on both DMPBIH and MA+ to 
evaluate the electronic structure and the rigidity order of the TRS’s 
of their reactions in acetonitrile vs. chloroform. For the reaction of 
HEH, however, no such 2° KIE on HEH is available. The effects 
of acetonitrile/chloroform mixture solvents on kinetics of the latter 
reaction were then found able to provide the structural information 
for the TRS’s in the two single solvents. Below we will present the 
solvent effects on the TRS rigidity of the two systems separately. 

 
For the reaction of DMPBIH: The 2° N-CH/CD KIE originates 
from the decrease/increase in negative hyperconjugation between 
the lone-pair of electrons on N and σ* orbital of the C-H/D bond 
due to the loss/gain of electron density on N during the reaction.45,80 
The electron density loss tightens the C-H/D bonds, leading to an 
inverse 2° KIE, whereas the electron density gain loosens the C-
H/D bonds, leading to a normal 2° KIE.80,81 According to this 
analysis, the 1,3-N,N-2CH3/2CD3 γ-2° KIEs on DMPBIH should 
be inverse while the 10-N-CH3/CD3 ε-2° KIEs on MA+ be normal. 
Since the more loss of electrons from DMPBIH and/or more gain 
of electrons to MA could implicate a stronger CT-complexation, a 
more inverse γ-2° KIE on DMPBIH or a more normal ε-2° KIE on 
MA+ are expected to correspond with a tighter TRS complex. 

Table 3 lists the observed N-CH3/CD3 2º KIEs on both DMPBIH 
(6H vs. 6D) and MA+ (3H vs. 3D) in acetonitrile and chloroform 
(containing 4.2% (v/v) acetonitrile), respectively. The observed 
inverse γ-2° KIEs on DMPBIH and normal ε-2° KIEs on MA+ are 
consistent with our expectations. The results show that the γ-2° KIE 
on DMPBIH is more inverse in acetonitrile (0.88) than in 
chloroform (0.92), but the ε-2° KIE on MA+ appears to change 
insignificantly with the two solvents (1.03). While the apparently 
different γ-2° KIEs suggest that the positive charge density on the 
DMPBIH moiety of the TRS is more in acetonitrile than in 
chloroform, the observed same ε-2º KIEs suggest that the positive 
charge densities at the MA moiety are the same or experimentally 
indistinguishable for the two solvent systems (due to the smaller 
number of H/D’s as well as the smaller magnitude). Nonetheless, 
at least the different γ-2° KIEs on DMPBIH suggest that the TRS 
is a tighter CT complex and has a shorter DADTRS in acetonitrile 
than in chloroform.  
 
Table 3. The observed vs. computed N-CH3/CD3 2° KIEs/EIEs for the 
reaction of DMPBIH with MA+ at 25 ℃ 

 γ-2CH3/2CD3 ε-CH3/CD3 
 on DMPBIH on MA+ 
 Observed 2° KIEs a 
Solvents   
Acetonitrile 0.88 (0.01) b 1.03 (0.01) 
95.8%Chloroform/4.2%ace-
tonitrile (v/v) 

0.92 (0.01) 1.03 (0.01) 

 Computed 2° EIEs c,d  
Acetonitrile 0.74  1.21  
Chloroform 0.71  1.26  
 Computed classical 2° KIEs c 
Acetonitrile 0.88 1.07 
Chloroform 0.93 1.13 
a Data in paratheses are standard deviations (see raw data in Tables S12 
and S13); b Same as the one we reported previously49, see Table S12; c 
Using the SMD solvation model (slightly different from the previously 
computed (with acetonitrile only) using the polarizable continuum 

solvation model49). Classical 2° KIE of 1.11 on MA+ was also computed 
for its reaction with HEH in acetonitrile (see earlier text); d For DMPBIH 
to release or for MA+ to accept a hydride ion. 

 
Estimation of the charge (ξ) distribution in the π-moieties of the 

TRS could further help evaluate the system tightness. This can be 
done by comparing the N-CH3/CD3 2° KIEs with the corresponding 
equilibrium isotope effects (EIEs) that reflect a full (+) charge 
change from reactant to product. The 2° EIEs in acetonitrile and 
chloroform were computed and are listed in Table 3 as well. Using 
ξ = (1-KIE)/(1-EIE) for the DMPMIH moiety and ξ = 1 - (KIE-
1)/(EIE-1) for MA,49 it was found that the DMPBIH carries 0.46+ 
charge and the MA carries 0.86+ charge at the TRS in acetonitrile, 
whereas in chloroform the charges are 0.28+ and 0.88+, 
respectively. To balance the 1+ total charge of the system, the 
negative charge borne by the in-flight nucleus together with that for 
the CT bonding can be calculated, which are 0.32- in acetonitrile 
and 0.16- in chloroform. The electronic TRS structures in the two 
solvents may be described as follows: 

 

 
 

These semi-quantitative results show that the TRS has higher 
electron density in between the DMPBIH and MA in acetonitrile 
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than in chloroform, which makes the two moieties more tightly 
bound to each other in the former solvent. 

The corresponding classical γ- and ε-2° KIEs computed are also 
listed in Table 3 for comparison to the observed ones. As discussed 
earlier, the overall mismatching between the classical and observed 
ones together with the observed abnormal ∆Ea values of the system 
have been used to suggest that the reaction does not take place by 
a classical mechanism. 
 
For the Reaction of HEH: Table 1 shows that the reaction rate 
(k2H25℃) generally increases with decrease in εr of the aprotic 
solvents. For example, the rate increases by about 1.3-fold when 
the solvent is changed from acetonitrile to the less polar 
isobutyronitrile and by 59.0-fold when it is changed to a much less 
polar chloroform solvent (containing 2% (v/v) acetonitrile). This 
can be interpreted in terms of more desolvation of the positively 
charged MA+ reactant state (RS) by the less polar solvent than that 
for the TRS in which the (+) charge is dispersed over the two 
reactant moieties so that the activation energy becomes smaller. 
Interestingly, for the cases in the mixed solvents of chloroform and 
acetonitrile, the rate does not increase significantly with adding 
chloroform to acetonitrile until the mixture becomes about 
80%chloroform/20%acetonitrile (v/v) when it starts to increase 
rapidly (Table 1). This is plotted in Figure 4. The rate change is not 
proportionally consistent with the change in εr. This suggests an 
unsymmetrical local solvation effect82 around both the RS (HEH 
and MA+) and TRS by the two solvents, with the polar acetonitrile 
solvation shell being immediately around the RS and TRS and the 
much less polar chloroform solvation shell outside. When the 
chloroform content reaches about 80% (v/v), the acetonitrile 
solvation shell starts to become thin enough to make the 
desolvation effects by chloroform to function significantly so that 
the rate starts to increase rapidly. Overall, these analyses suggest 
that the TRS is less stable and thus easier to break back to reactants 
in a less polar solvent. Since the stability of a TRS would be largely 
determined by the strength/tightness of the CT complexation, a less 
polar solvent would make a weaker/looser CT complexation and 
likely a longer average DADTRS. The insets A to D in Figure 4 
represent the local solvation effects on the TRS’s and a gradual 
increase in DADTRS with adding chloroform. Importantly, the order 
in DADPRC’s from acetonitrile to chloroform in this system is 
consistent with the DADTRS order. 
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CHCl3% (v/v) in CH3CN  
Figure 4. Second-order rate constants of the reaction of HEH with MA+ as 
a function of the volume percentage of chloroform in acetonitrile. The insets 
A-D are the schematic description of the unsymmetrical local solvation 
shells of the TRS for certain mixed solvents. The positively charged TRS is 
much better solvated by and thus much more rigid in acetonitrile than by/in 
chloroform. The TRS is loosely associated but the corresponding reaction 
is faster in chloroform than in acetonitrile (see text). 

To summarize, the shorter DADPRC/DADTRS in acetonitrile than 
in chloroform in both systems suggests that a more polar aprotic 
solvent accompanies with a shorter DADPRC/DADTRS. A 
comparison of the DAD thermal sampling processes from PRCs to 
TRSs in acetonitrile vs. chloroform may be described in Figure 5 
(Literature reported that the dominant DADTRS for H-tunneling to 
occur is ~2.7 Å.37). The overall DAD compressive forces for the 
DADTRS sampling would come from the “sum” of the constructive 
CT complexation vibrations from each PRC. 

 

  
Figure 5. Proposed collective DADTRS sampling coordinate from different 
PRCs in acetonitrile vs. chloroform (Don-H and Acc refer to donor and 
acceptor). The solid and open ovals represent the PRCs/TRSs of weighted 
average DADs from all of the conformations. For each range of the 
DADPRC/TRS’s, energy of different conformations should not be the same and 
the PRC/TRS conformations at the “oval” position correspond with the 
minimum energy state (like a Morse-type curve). For both the PRC and 
TRS, the average energy is higher in chloroform than in acetonitrile, and 
the difference would be greater in PRCs than in TRSs as the positive charge 
is more dispersed in TRSs so that the desolvation by chloroform is less. 

▪ DISCUSSION 
Table 1 shows that the ∆Ea generally increases with decreasing 

the solvent polarity. For example, from acetonitrile to 
isobutyronitrile to chloroform (with a small amount of acetonitrile), 
∆Ea changes from 0.95 to 1.27 to 1.26 kcal/mol for the reaction of 
HEH and from 0.43 to 0.70 to 0.64 kcal/mol for the reaction of 
DMPBIH. Note that the change from isobutyronitrile to chloroform 
for both reactions seems unexpected in terms of the dielectric 
constant difference. In this case, some microscopic solvent effect 
may have played an important role in complicating the trend. 
Meanwhile, we also noticed that the standard deviations of ∆Ea’s 
for the reactions in isobutyonitrile are relatively large. 
Nevertheless, a comparison of the DADTRS sampling information 
in acetonitrile vs. chloroform (Figure 5) with the ∆Ea trend strongly 
suggests that a more rigid TRS of shorter and narrowly distributed 
DADTRS’s corresponds with a smaller ∆Ea. This supports our 
hypothesis that links the magnitude of ∆Ea with the ease of DADTRS 
sampling activation in H-tunneling reactions. 

The ∆Ea appears to be slightly larger in the protic solvent than in 
the aprotic acetonitrile for both reactions. For example, for the 
solvents from aqueous isopropanol(ethanol)/water to acetonitrile 
that have the similar dielectric constants, it changes from 
1.11(1.13) to 0.95 kcal/mol for the reaction of HEH and from 0.59 
to 0.43 kcal/mol for the reaction of DMPBIH (Table 1). As 
compared to the change in ∆Ea from chloroform to acetonitrile, this 
change is smaller. We are not able to obtain the DADPRC 
information for the reactions in these solvents as it is not possible 
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to enter the specific solvent effects in computations, such as the H-
bonding effect expected; but we determined the γ- and ε-CH3/CD3 
2° KIEs on DMPBIH (0.89 (0.01)) and MA+ (1.03 (0.01)) for their 
reaction in isopropanol/water to attempt to differentiate the 
DADTRS from that in acetonitrile (Tables S12 and S13). By 
comparison with the corresponding values in acetonitrile (0.88 and 
1.03, Table 2), however, these 2° KIEs are not distinguishable 
within the experimental error (Table 2). This suggests that the 
DADTRS’s likely do not differ significantly in the two solvent 
systems. Therefore, we do not have direct DADPRC/DADTRS 
information to correlate with the ∆Ea’s in between the protic vs. 
acetonitrile solvent systems. We regard that the protic solvent 
likely forms H-bonding with the reactant moieties of the TRS 
lengthening the DADs and lowering the TRS rigidity to a small 
extent so that only a slightly larger ∆Ea is observed. 

On the other hand, a comparison of the ∆Ea’s for the reactions of 
HEH vs. DMPBIH in Table 1 shows that the ∆Ea is significantly 
larger for the reaction of the less reactive HEH in all of the solvent 
systems. For example, they are 0.95 (HEH) vs. 0.43 (DMPBIH) in 
acetonitrile and 1.26 vs. 0.64 kcal/mol in chloroform. Since the 
HEH system (again, less reactive than the DMPBIH system) is able 
to sample more and longer DADs, this structural effects on ∆Ea also 
show that a more flexible system gives rise to a larger ∆Ea, which 
is consistent with our hypothesis as well. 

 
▪ CONCLUSIONS 

Effects of polar vs. less polar solvents and aprotic vs. protic 
solvents on the kinetics and T-dependence of KIEs (∆Ea) of the two 
hydride transfer reactions from HEH and DMPBIH to MA+ were 
carefully determined to investigate our hypothesis that a more rigid 
system gives rise to a smaller ∆Ea. The hydride-transfer takes place 
within the PRCs of CT complexations. The observed unusual ∆Ea’s 
and 2° KIEs together with those from the analogous hydride 
transfer reactions from literature suggest that the class of reactions 
use a H-tunneling mechanism. The effects of selected aprotic 
solvents (acetonitrile vs. chloroform) on the DAD distributions 
were obtained by computations (for DADPRC) and from the analysis 
of the kinetic results including 2º KIEs (for DADTRS). Correlations 
between the ∆Ea’s and DADs were presented. 

We found, (1) both the average DADPRC and DADTRS are longer 
in chloroform than in acetonitrile; (2) the ∆Ea is larger in a less 
polar solvent (e.g., chloroform > acetonitrile and isobutyronitrile > 
acetonitrile); (3) the ∆Ea is slightly larger in a protic (hydoxylic) 
solvent than an aprotic solvent of comparable polarity; and (4) the 
∆Ea is larger for the reaction of less reactive HEH (vs. DMPBIH). 
Note that the solvent effects on the DADs are consistent with our 
expectations, which are, (a) a less polar solvent could destabilize 
the positively charged TRS loosening the CT complexation, i.e., 
making a longer DADTRS; and (b) the system of more reactive 
DMPBIH (vs. HEH) forms a tighter TRS complex, i.e., 
accompanying with a shorter DADTRS. No direct evidence shows a 
longer DAD in hydoxylic solvent than in aprotic solvent of 
acetonitrile, but the expected larger ∆Ea (although slightly) in the 
former solvent was observed. By comparison of the DAD 
information with the observed ∆Ea’s, we draw a conclusion that the 
shorter and less broadly distributed DADPRC/DADTRS’s resulted 
from the stronger CT complexation vibrations give rise to a smaller 
∆Ea. This supports our hypothesis. 

Our work closely imitates the KIE studies of many hydride 
transfer reactions mediated by enzymes, especially the 
dihydrofolate reductases (DHFRs) for which the T-dependency of 
KIEs as well as the dynamical effects on catalysis have been 
extensively studied in literature.8,25,31,34,35,41,44,77,83 Our reactions 
involve hydride transfer from the 1,4-dihydropyridine in HEH and 

the 1,2-dihydroimidazoline in DMPBIH to the RN(CH3)+=CH-
CH=CHR’ moiety in MA+, whereas the reaction catalyzed by 
DHFR involves the hydride transfer from 1,4-dihydropyridine in 
NADPH to the RNH+=CHR’ moiety from the 5-N-protonated 7,8-
dihydrofolate (DHFH+) structure. Like many enzyme catalyzed H- 

 
transfer reactions, wild-type DHFR gives rise to nearly T-
independent KIEs (∆Ea(T-H) ~ 0, the subscript T is tritium) but the 
KIE becomes more and more T-dependent as the strategic site-
directed mutagenesis to increase DADs were designed (∆Ea(T-H) of 
as high as 3.31 kcal/mol8), or when its primitive forms that are 
believed to have a “destroyed” active site were used25 (e.g., ∆Ea(T-

H) = 0.87 kcal/mol for the R67 DHFR84 and 5.7 kcal/mol for the 
circularly permuted DHFR25). Indeed, our study of the T-dependent 
KIEs in acetonitrile vs. chloroform closely imitates the comparison 
study of the wild-type DHFR vs. the R67 DHFR. The latter 
primitive enzyme has a simpler (thinner) and looser protein 
structure, which results in a loose active site and even allows the 
environmental water to leak through making the KIE more T-
dependent.84,85 In our reaction, when the localized inner acetonitrile 
solvation shell around the TRS becomes thin enough to allow the 
chloroform to leak through, the CT-complexation in the TRS 
becomes loose and the KIE also becomes more T-dependent (insets 
A to D in Figure 4). The results from enzymes have been explained 
in terms of the destruction of the enzyme active site structure and 
thus the naturally evolved active site thermal vibrations so that the 
efficient short DADTRS sampling becomes difficult causing 
stronger T-dependence of KIEs. Our conclusion that the more rigid 
system gives rise to a smaller T-dependence of KIEs appears to 
support the explanation. 

At last, we would like to emphasize that our results may also be 
simulated by other H-transfer/tunneling models to find other 
explanations and provide alternative insight into the protein 
functions in enzyme catalysis. At any rate, the results could be used 
to examine the existing H-tunneling models and could also be used 
to help build future potential hydride as well as general H- 
transfer/tunneling theories. Study of the effects of solvent 
viscosities on ∆Ea’s for hydride transfer reactions to further 
understand the T-dependence of KIEs in enzymes and solution is 
currently in progress in this lab. 
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