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ABSTRACT: Recent study of structural effects on primary kinetic 

isotope effects (1° KIEs) of H-transfer reactions in enzymes and 

solution revealed that a more rigid reaction system gave rise to a 

weaker temperature dependence of 1° KIEs, i.e., a smaller isotopic 

activation energy difference (∆Ea = EaD – EaH). This has been 

explained within the contemporary vibrationally assisted activated 

H-tunneling (VA-AHT) model in which rigidity is defined 

according to the density of donor-acceptor distance (DADTRS) 

populations at the tunneling ready state (TRS) sampled by heavy 

atom motions. To test the relationship between DADTRS and ∆Ea in 

the model, we developed a computational method to obtain the TRS 

structures for H-transfer reactions. The method was applied to three 

hydride transfer reactions of NADH/NAD+ analogues for which the 

∆Ea’s as well as secondary (2°) KIEs have been reported. The 2° 

KIEs computed from each TRS structure were fitted to the 

observed values to obtain the optimal TRS’s/DADTRS’s. It was 

found that a shorter DADTRS does correspond with a smaller ∆Ea. 

This appears to support the VA-AHT model. Moreover, an analysis 

of hybridizations at the bent TRS structures shows that 

rehybridizations at the donor-acceptor centers are much more 

advanced than predicted from the classical mechanism. This 

implicates that more orbital preparations are required for the 

nonclassical H-tunneling to take place. 

Introduction 

Experimental evidence for H-tunneling effect has largely come 

from the study of hydrogen kinetic isotope effects (KIEs). Within 

the semi-classical transition state (TS) theory, a primary (1°) 

deuterium (D) KIE is predicted to range from 2 to 9. When 1° KIE 

is larger than 9, H-tunneling mechanism is generally suggested, 

which has been described in the traditional Bell model that adds a 

tunnel correction to the “static” classical energy barrier.1 In 

addition to KIE’s size, its temperature dependency, characterized 

by the isotopic activation energy difference (∆Ea = EaD – EaH), has 

also been used to suggest H-tunneling, which is when ∆Ea is outside 

of the semi-classical range of 1.0 – 1.2 kcal/mol.2,3 In the past two 

decades, however, many observations were found unexplainable by 

the Bell model. Those could include but not be limited to (1) the 1° 

KIE and ∆Ea values being not outside of their respective semi-

classical limits at the same time,4-6 (2) the huge 1° KIEs at room 

temperature conditions,7,8 as well as (3) the temperature 

independence of 1° KIEs (∆Ea = 0) determined at room temperature 

conditions.9-12 Contemporary H-tunneling models that involve 

heavy atom motions to mediate H-tunneling have been proposed to 

attempt to explain the “abnormal” KIE results, but none has been 

largely accepted so far.12-14 While the oversimplified Bell model is 

currently still largely used to explain KIEs in the scientific field,15,16 

and there is extensive debate as to which contemporary model is 

most appropriate to explain H-transfer/tunneling 

chemistry,13,14,17,18 research efforts are needed to put forth a 

universally accepted H-transfer/tunneling model. Finding such a 

model would benefit from the systematic study of structure – 1° 

KIE – ∆Ea relationship, but that, especially the structure – ∆Ea 

relationship, has not received enough attentions so far. 

To our knowledge, the relatively systematic study of the 

structure – ∆Ea relationship for H-transfer reactions was not started 

until 20 years ago when temperature independence of KIEs (∆Ea ≈ 

0) was frequently observed in the wild-type enzymes, but 

temperature dependence of KIEs (∆Ea > 0) to different extents was 

found in enzyme variants.9,11,12,19-32 The former cannot be explained 

by Bell model, simply because ∆Ea ≈ 0 is an extreme case in the 

model for which EaH = EaD are supposed to be close to 0 and KIE 

to be huge, which could only happen at extremely low temperature 

conditions.1 Contemporary vibrationally assisted activated H-

tunneling (VA-AHT) model, initially proposed by Klinman and 

coworkers11,12,18 on the basis of the work of Kuznetsov–Ulstrup33 

and used and developed by several other groups,29,31,34-36 was 

applied to explain the observations. According to that model, the 

tunneling-ready state (TRS) has fluctuating donor(D)-acceptor(A) 

distances (DADTRS’s) sampled by the thermal motions of heavy 

atoms, and H-wavefunction overlap (H-tunneling) occurs between 

the potential wells of the degenerate reactant [D-H]≠ and product 

[H-A]≠ moieties in the TRS ([D-H---H-A]≠) of different 

DADTRS’s.37,38 (In [D-H---H-A]≠, H is in a quantum state being at 

both sides of the reactant and product simultaneously.) Since the 

tunneling process is wave-packet density (or wavelength) sensitive 

and thus H-isotope sensitive, 1° KIE is defined to be the ratio of 

isotopic wavefunction overlaps over all of the DADTRS’s sampled. 

(Since H-overlap is greater than D-overlap, 1° KIE > 1.) Since this 

ratio changes with DADTRS, temperature dependence of DADTRS’s 

reflects temperature dependence of 1° KIEs. Therefore, the wild-

type enzyme protein structures are generally well packed with 

constructive vibrations (heavy atom motions) to make densely 

populated DADTRS’s or rigid reaction centers leading to weak 

temperature dependence of both DADTRS’s and 1° KIEs. When 

mutagenesis is made on the hydrophobic side chains, the naturally 

evolved well packed proteins and constructive vibrations are 

impaired most likely broadening the DADTRS distributions making 

DADTRS’s and KIEs more susceptible to temperature change. 

While these 1° KIE observations in enzymes appear to be well 
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explained by the new VA-AHT model, further systematic studies 

of the DADTRS – ∆Ea relationship for general H-transfer reactions 

are needed to test the explanations and the model. As a matter of 

fact, we have studied the structure – ∆Ea relationship for several 

hydride transfer reactions in solution and concluded that the more 

rigid reaction centers with more densely distributed DADTRS’s gave 

rise to a smaller ∆Ea value, supporting the predicted DADTRS – ∆Ea 

relationship in the model and explanations for the observations in 

enzymes.39,40 It should be noted, however, that the other 

contemporary H-tunneling model or other methods of simulation 

of H-tunneling have also been attempted to explain above KIE 

observations in enzymes, and sometimes similar DADTRS 

explanations were resulted,41-44 but only the VA-AHT model is able 

to predict such a relationship beforehand.18,36 

Above explanations using the effect of DADTRS on ∆Ea for H-

transfer reactions within the VA-AHT model are only qualitative 

as the real DAD information at the TRS, i.e., DADTRS, has 

remained elusive. Nonetheless, searching for information to 

substitute the average DADTRS to study the correlation and to find 

origins of the correlations has been attempted. For example, in one 

research, the DADPRC distributions in the relatively stable 

productive reactant complexes (PRCs) in enzymes (narrowly 

distributed) and variants (more broadly distributed) were computed 

and used to substitute the DADTRS distributions to correlate with 

the corresponding ∆Ea’s.26 In others, secondary (2°) KIEs on the 

H/D position at or near the reaction centers have been used as a 

ruler for the crowdedness at the reaction centers or the tightness of 

the electronically associated TRS structures providing information 

for the relative density of of the DADTRS distributions.34 Moreover, 

determination of the stable structures that mimic the PRCs of the 

enzymatic reactions have been used to provide information about 

the qualitative order of DADTRS magnitudes in wild-type enzymes 

and variants to correlate with the ∆Ea’s.32,45 We have also used 

similar methods to investigate such correlations for the hydride 

transfer reactions in solution.39,40 While these have indirectly 

helped with understanding of the relationship between DADTRS and 

∆Ea, a direct correlation between the two would be needed to 

effectively test the VA-AHT model or to help build future 

necessary models. To investigate the latter correlation, TRS 

structures for H-transfer reactions need to be obtained. That has, 

however, been difficult, due to the position uncertainty of the 

transferring H in the TRS structures. 

In this paper, we developed a method to compute the TRS 

structures for H-transfer reactions defined in the VA-AHT model 

and attempted to directly correlate DADTRS with the observed 

temperature dependence of 1° KIEs (∆Ea). The systems chosen to 

develop and test the method are the hydride transfer reactions from 

1,3-dimethyl-2-phenylbenzimidazoline (DMPBIH) to 9-(para-

substituted(G) phenyl)xanthylium ion (GPhXn+) (eqn. 1). We have 

determined the ∆Ea’s for these reactions in acetonitrile and found 

that an electron-withdrawing group (EWG) on GPhXn+, as 

compared to an electron-donating group (EDG), gives rise to a 

smaller ∆Ea value.40 For example, the ∆Ea’s for the reactions of 

GPhXn+ with G = CF3, H, N(CH3)2 are 0.03, 0.27, and 0.50 

kcal/mol, respectively. Together with the ϒ-2CH3/2CD3 2° KIEs 

on DMPBIH determined, we concluded that an EWG makes a 

tighter charge-transfer (CT) complex in the TRS leading to a 

smaller ∆Ea value, in agreement with the predictions from the VA-

AHT model. Herein, we computed TRS structures for the reactions 

with three GPhXn+ and calculated the ϒ-2° KIEs for the 

corresponding TRS’s of different DADTRS’s. These 2° KIEs were 

fitted to the observed ones to find the optimal TRS structures and 

DADTRS’s that the reactions would use. We found that the TRS 

with the CF3 group has the shortest DADTRS and the one with 

N(CH3)2 has the longest DADTRS, directly confirming that a system 

with higher rigidity gives rise to a smaller ∆Ea. The hybridizations 

of the donor and acceptor carbons at the TRS’s have been 

calculated to demonstrate the relationship between the position of 

TRS on the reaction coordinate and the exothermicity of the 

reactions. Our method can be used to calculate the TRS structures 

for similar H-transfer reactions and will provide a possibility to 

study the structure-reactivity relationship for nonclassical H-

tunneling reactions and the nature of the TRS structures. 

 

 
 

Computational Method Establishment 

The VA-AHT model has been described in many publications 

including ours.17,35,37,38,46 It involves two activation processes. In 

the first activation process, heavy atom motions bring the reactants 

(D-H and A) (again, D = Donor, A = Acceptor) to an activated 

transition state ([D-H---H-A]≠) in which the H wavefunctions from 

the potential wells of degenerate reactant [D-H]≠ and product [H-

A]≠ are allowed to effectively overlap, i.e., tunneling. This activated 

transition state is the TRS. The activation process involves motions 

of all atoms (from reactants as well as environment) except the 

transferring H. It accompanies orbital rehybridization and charge 

redistribution at the donor and acceptor, so it determines 2° KIEs. 

In the second activation process, the appropriately short DADTRS’s 

are sampled by heavy atom motions for H-tunneling to take place 

efficiently. The tunneling process is 1° H isotope sensitive and thus 

determines 1° KIEs. 

To calculate 2° KIEs, the heavy atom framework structure of a 

TRS is needed. In literature, it has been approximately treated as 

the quantum superposition of activated degenerate classical 

reactant ([D-H A]≠) and product ([D H-A]≠) states that have the 

same heavy atom frame structures but different position of the 

transferring H.14,38 Herein, we use the two computable structures 

for the purpose. Similar ways to calculate 2° KIEs have been used 

in literature including ours.37,38,46 To compute such structures, we 

use classical TS structures as initial guesses to start. (In classical 

TS, H is partially bonded to both donor and acceptor, but in [D-H 

A]≠ and [D H-A]≠, H is fully bonded to either one.) Like a classical 

H-transfer reaction that can have multiple transition states (TS’s), 

in principle, a H-tunneling reaction could have multiple TRS 

structures as well. For each TS structure, we pull the donor carbon 

and acceptor carbon apart to an assumed DAD, allowing the 

transferring H to stay with the donor carbon to generate the initial 

[D-H A]≠ geometry after relaxation, and allowing it to stay with the 

acceptor carbon to generate the initial [D H-A]≠ geometry after 

relaxation. We then construct the electronic potential energy 

surfaces (PES’s) for the respective structures at the particular DAD 

by scanning dihedrals of the donor and acceptor carbons as two 

independent variables. The lowest intersection point of the two 

PES’s is located and taken as the TRS of this DAD. Searching for 

TRS structures starting from other TS geometries and with other 

DAD’s follow the same procedure. 

Figure 1 delineates two PES’s of [D-H A]≠ (in cyan color) and 

[D H-A]≠ (in pink color) for the hydride transfer reaction from 

DMPBIH to PhXn+ at DADTRS = 3.2 Å (starting from the lowest 

energy classical TS geometry). The dihedrals ɸ and ɵ are with 

respect to the donor and acceptor carbons in both structures, 

respectively (see Figure 1 caption for detailed definitions). The 
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lowest energy intersection point of the two PES’s is circled. That is 

the lowest energy TRS among the three found with DADTRS = 3.2 

Å The corresponding [D-H A]≠ and [D H-A]≠ structures are given 

as structures A and B in Figure 1, respectively. Since searching for 

the intersection point focuses on finding the same dihedrals in the 

two structures (starting from the same classical TS geometry 

though) little difference in them would be expected. For one 

example, the relative positions of the two Ph groups at C-2 of 

DMPBIH and C-9 of PhXn+ in structures A and B are slightly 

different. 

 

 

 
 

 

 

 

(A) [DMPBIH PhXn+]≠ 

Angle of C13-H16-C39: 139.92˚ 
(B) [DMPBI+ PhXnH]≠ 

Angle of C13-H16-C39: 146.68˚ 
 

Figure 1. The electronic PES scans as a function of dihedrals φ and θ for 

the activated complexes of reactants ([D-H A]≠,in cyan color) and products 

([D H-A]≠,in pink color) (DADTRS = 3.2 Å) of the hydride-transfer reaction 
from DMPBIH to PhXn+ (D-donor, A-acceptor). The lowest energy 

intersection point between the two PES’s is taken as the TRS structure of 

this DAD (circled in the 3D figure), being a nonclassical hybrid structure 
of reactant state (A) and product state (B) (top: DMPBIH, bottom: PhXn+) 

that are supposed to have the same heavy atom framework structure (see 

texts). The dihedral φ is defined by N11-N12-C13-C17 in DMPBIH, and 
the dihedral θ is defined by C44-C45-C39-C36 in PhXn+. This is one of the 

three TRS’s found with DADTRS = 3.2 Å (see Supporting Information for 

the atom coordinates of reactant and product structures of the TRS’s), and 
is the most populated (lowest electronic energy) structure. In A, the 

transferring H-16 is at the donor C-13. In B, the transferring H-16 is at the 

acceptor C-39.  
 

The TRS structures are used to calculate 2° KIEs. General 

procedures are as follows. (i) Calculate free energies (G° = 

G°electronic + G°vibrational) of the ground state (GS) reactants D-H, A+, 

and two degenerate states of a TRS ([D-H A]≠ and [D H-A]≠); (ii) 

calculate two rate constants (k[TRS]’s) for system to reach the two 

TRS states (k[D-H A]≠ and k[D H-A]≠), respectively, using the 

Eyring equation (free energy of activation ∆G≠ = G°TRS - G°GS(D-

H) - G°GS(A+)); (iii) take composite rate constant (k[TRS]) as the 

geometric mean of k[D-H A]≠ and k[D H-A]≠ ; (iv) calculate k[TRS] 

for reaction involving isotopes, here the 1,3-2CD3 substitution in 

DMPBIH; and (v) calculate 2° KIE = k[TRS(2CH3)]/k[TRS 

(2CD3)] on DMPBIH. Since each reaction has more than one TRS 

leading to more than one k[TRS] value (k[TRS]i, i represents 

different TRS’s), the overall KIE is calculated using eqn. 2 where 

n is the total number of TRS’s at a certain DADTRS. 

 

2° KIE = ∑ 𝑘[TRS(2CH3)]𝑖𝑛 ∑ 𝑘[TRS(2CD3)]𝑖      (2)𝑛⁄
  

For comparison, classical 2° KIEs were also calculated using eqn. 

2. There, the optimized classical TS geometries were used.  

The hybridization states (spH) of the donor and acceptor carbons 

in the TRS structure were calculated using eqn. 3.37,38,46  

 

H = 2 + (180 – θ)/(180 – θ0)  (3) 

 

In this equation, θ is the out-of-plane bending angle at the TRS, θ0 

is the angle of the reduced form of each reactant.  

Weight averaged hybridizations (H(W)’s) are calculated using 

eqn. 4. 

 

𝐻(𝑊) = ∑ 𝑝𝑖𝐻𝑖𝑛                          (4) 

 

In this equation, pi is the percentage of the individual TRS calcu-

lated using Boltzmann distribution of the average free energies (εi’s) 

of the reactant- and product-state of the TRS (eqn. 5, εi = (G°([D-  

  

𝑝𝑖 =
𝑒−𝜀𝑖/𝑘(𝐵)𝑇

∑ 𝑒−𝜀𝑖/𝑘(𝐵)𝑇
𝑛

                   (5) 

 

H A] ≠) + G°([D H-A] ≠)/2, k(B) is the Boltzmann constant), and Hi 

is the hybridization state of the donor or acceptor carbon of the cor-

responding TRS. 

We also calculated the weight averaged hybridizations for the 

classical TS’s of the three reactions for comparison with those from 

the TRS’s. Same procedures were followed and eqns. 3 – 5 were 

used. 
 

Results and Discussion 

Formation of the CT complexes between NADH/NAD+ 

analogues have been well known.40,47,48 In order to demonstrate the 

formation of the CT complexation in our systems, we also 

determined the ground state CT absorption band for the reaction of 

DMPBIH with a substituted GPhXn+ as well as the disappearance 

of the CT band with time during the reaction. This information can 

be found in Supporting Information (Figure S1). 

The ϒ-2° 2CH3/2CD3 KIE on DMPBIH originates from the 

decrease in negative hyperconjugation between the lone-pair 

electrons on N and σ* orbital of the attached C-H/D bond, due to 

the loss of electron density on N during the reaction.39,40,49,50 This 

decrease in negative hyperconjugation tightens the C-H/D bonds, 

leading to an inverse 2° KIE. Therefore, the 2° KIE reflects the 

change in charge density on DMPBIH during activation and thus 

could be used to suggest the tightness of the CT complexation. It is 

expected that an EWG on GPhXn+ would make a tighter CT 

complex so that the DMPBIH moiety at TRS ends up with more 

electron density loss producing a more inverse 2° KIE. This is 

consistent with our observations. For example, the 2° KIEs for G = 

CF3, H and N(CH3)2 are 0.89, 0.91 and 0.94, respectively.40 These 

2° KIEs are listed in Table 1 for a direct comparison with the 

calculated ones. 

The calculated ϒ-2° 2CH3/2CD3 KIEs following the VA-AHT 

model with TRS’s of different DADTRS’s are listed in Table 1. The 

2° KIEs calculated following the classical hydride transfer 
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mechanisms are also listed in the same table for comparison. We 

also located the corresponding productive reactive complexes 

(PRC’s) by calculating the intrinsic reaction coordinates from the 

corresponding classical TS’s.39 The range of DADPRC’s for each of 

the reactions are 3.36 – 3.47 Å (for CF3 substitution), 3.35 – 3.45 

Å (H), and 3.33 – 3.49 Å (N(CH3)2). By examining the DADPRC 

ranges, it appears reasonable to assume that the activated TRS’s 

would have a DADTRS no longer than 3.3 – 3.4 Å. All of the 2° 

KIEs calculated are inverse, which are consistent with the 

observations. The shortest DADTRS calculated for was 2.8 Å. That 

is because the much smaller 2° KIEs expected for the further 

shorter DADTRS’s (by inference from the trend of their change with 

DADTRS in Table 1)  would not only deviate too much from the 

observed values but also very close to the corresponding 2° 

equilibrium isotope effect (EIE = 0.81450) for DMPBIH to be fully 

converted to its DMPBI+ product. While the former is not hard to 

understand, the latter implicates that the DMPBI moiety at the TRS 

would carry a charge closer to +1. That would be less likely for a 

very exothermic process during which the transferring H would still 

be largely attached to the DMPBI structure at the early TRS 

according to Hammond’s postulate. This would be especially true 

for the reaction of the CF3 substitution. Therefore, we infer that the 

TRS’s of the reactions in study would have DADTRS’s not 

significantly below the range from 2.8 to 3.4 Å. It should be noted 

that H-tunneling taking place at within this range of DADTRS’s has 

been reported in enzymes and solution.37,38,46,51,52 

 

Table 1. Comparison of observed versus computed ϒ-2CH3/2CD3 2° KIEs 

on DMPBIH for its hydride transfer reactions with substituted GPhXn+ 

 

 Obsd 2° 
KIE’sobs a 

Classical 2° 
KIEscalcd 

Nonclassical 
2° KIEscalcd 

G   at DADTRS 

   2.8 Å 3.0 Å 3.2 Å 3.4 Å 

CF3 0.89 (0.01) 0.870 0.829 0.859 0.872 0.890 
H 0.91 (0.01) 0.877 0.836 0.864 0.892 0.915 

N(CH3)2 0.94 (0.02) 0.859 0.840 0.880 0.898 0.887 
a from ref 40, numbers in parentheses are standard deviations. 

 

Substituent and DADTRS dependences of the computed ϒ-2° 

KIE’s on DMPBIH 

From the reactions of GPhXn+ with substituents CF3 to H to 

N(CH3)2, the observed ϒ-2° 2CH3/2CD3 KIE on DMPBIH 

becomes less and less inverse, but the calculated 2° KIEs following 

the classical mechanism not only do not match with them in 

magnitudes but also show a slight opposite trend with the N(CH3)2 

substitution giving the most inverse 2° KIE (Table 1). While the 

observed ∆Ea’s of ~ 0 to 0.50 kcal/mol for the three reactions have 

already indicated that the hydride transfers take place by tunneling 

effect,40 the differences further support the idea that these hydride 

transfer processes do not use the classical mechanism. Therefore, 

the substituent dependence of ϒ-2° KIEs computed following the 

classical mechanism will not be discussed in this paper. 

The 2° KIEs computed from the nonclassical TRS’s following 

the VA-AHT model in Table 1 do show that they become less and 

less inverse from G = CF3 to H to N(CH3)2 substitutions on 

GPhXn+. This implicates that an EWG would make the DMPBIH 

moiety to have higher positive charge density developed at its TRS. 

While it is generally thought, according to Hammond’s Postulate, 

that an EWG substitution would give rise to an earlier C-H cleavage 

activated complex on the reaction coordinate (more exergonic!) so 

that the corresponding reaction would accompany development of 

a lower density of positive charge on DMPBIH and thus result in a 

less inverse 2° KIE, the opposite order of the three 2° KIE values 

can only indicate that the charge redistribution during the reaction 

is largely resulted from CT complexation between the donor and 

acceptor. Therefore, an EWG makes a tighter CT complex resulting 

in more loss of electron density from DMPBIH producing a more 

inverse 2° KIE. The effect of the CT complex tightness on 2° KIEs 

can further be demonstrated by the findings that the computed 2° 

KIE values decrease, i.e., become more inverse, as DADTRS 

decreases for all of the three reactions (Table 1). All together, the 

computed trends of 2° KIEs are consistent with our expectations 

that an EWG would make a tighter CT complex and thus a shorter 

DADTRS.40 It should be noted that the increasing trend of 2° KIE 

values with increasing DADTRS for the reaction with (CH3)2N 

substitution reaches its maximum at DADTRS = 3.2 Å, then 

becomes smaller at 3.4 Å. This suggests that the maximum DADTRS 

for the reaction of (CH3)2NPhXn+ would be shorter than 3.4 Å. 

 

Fit of the computed to observed 2° KIEs to find the DADTRS’s 

The calculated 2° KIEs following the VA-AHT mechanisms are 

more inverse than the observed ones (Table 1). This could be 

resulted from experimental errors as well as approximations in our 

model/method and ways to locate the degenerate reactant and 

product structures. For the latter, errors could be from the slight 

difference of the two structures that we found and the step size of 

PES scans over the two dihedrals that we used to locate them (we 

used as small step size as possible.). Note that KIEs calculated with 

both the gas-phase and full enzyme conditions, using other 

tunneling models and other computation methods, were sometimes 

also found underestimated than the experimental ones for the 

hydride transfer reactions in dihydrofolate dehydrogenases from 

different sources.53,54 Therefore, assigning a specific DADTRS to 

each system by directly matching the calculated with observed 2° 

KIEs appears not possible. However, a comparison of the observed 

2° KIEs of the three reactions with those calculated as a function of 

both substituent and DADTRS could possibly differentiate the 

DADTRS’s that the reactions use. At first, the extent of increase in 

calculated 2° KIEs from G = CF3 to H to N(CH3)2 in GPhXn+ at 

each DADTRS is much smaller than that in the observed 2° KIEs 

(0.89, 0.91 and 0.94, respectively). This reasons that the three 

systems do not likely use the same DADTRS. While the change in 

calculated 2° KIEs with DADTRS’s could be much larger depending 

upon the ranges of DADTRS’s selected, a comparison of 

experiments with computations strongly suggest that DADTRS’s 

that the reactions use increase for the reactions of GPhXn+ from G 

= CF3 to H to N(CH3)2. By carefully comparing the observed 2° 

KIEs with the magnitudes of the calculated 2° KIEs as well as the 

substituent and DADTRS dependencies of the calculated 2° KIEs for 

three reactions, we find that TRS’s with DADTRS’s within ~2.8 - 

3.0 Å for G = CF3, 3.0 – 3.2 Å for H, and around 3.2 Å for N(CH3)2, 

would better fit to the observations. For example, the 2° KIEs 

calculated for three TRS’s in this work are 0.83 (for CF3 at 2.8 Å), 

0.86 (H at 3.0 Å), and 0.90 (N(CH3)2 at 3.2 Å), being closer to the 

observed KIE trends. While the 2° KIE differences of about 0.05 

between calculations and experiments appear large, a closer fit to 

the calculations may be found when calculations are further done 

with more DADTRS’s of smaller increments. For example, we also 

calculated the 2° KIE for the reaction with N(CH3)2 substitution at 

DADTRS of 3.3 Å and found it to be 0.904 (not included in Table 1, 

but can be seen in the subsequent Figure 3 and Table 2), closer to 

the experimental value as compared to 0.898 at DADTRS = 3.2 Å. 

Nevertheless, matching of the trend of 2° KIEs in three reactions 

between calculations and experiments reveals that reaction with an 

EWG gives a shorter DADTRS than that with an EDG. 

The results are consistent with our expectation that the average 

DADTRS’s are in order of reactions with CF3 < H < N(CH3)2 

substitutions.40 In the CT complexes between donors and acceptors, 



5 

 

it is expected that a shorter DADTRS reflects stronger CT 

complexation and thus  stronger donor-acceptor attracting 

vibrations to sample narrower DADTRS distributions.34 A 

comparison of the DADTRS order with the observed corresponding 

∆Ea’s supports the prediction from the VA-AHT model, i.e., a 

smaller DADTRS and narrower distribution of DADTRS’s gives rise 

to a weaker temperature dependence of 1° KIEs. 

 

Bent TRS geometries and rehybridization processes 

The reactant state ([D-H A]≠) and product state ([D A-H]≠) 

structures of the most stable TRS’s for the reactions of CF3PhXn+ 

(DADTRS = 3.0 Å) and (CH3)2NPhXn+ (3.3 Å) are included in 

Figures 2 and 3. Together with such a TRS structure for the reaction 

of PhXn+ shown in Figure 1, it can be seen that all of the TRS 

structures have bent geometries (with nonlinear CD-H-CA angles). 

We have attempted to compute the TRS structures by imposing a 

linear CD-H-CA restriction but found the “linear” structures are not 

realistic, with free energies being much higher than that of the 

corresponding bent TRS (for one example, about 4.8 kcal/mol 

higher in electronic energy, see Supplemental Information Figure 

S3 and energy comparison in Table S2). The weight averaged 

hybridizations at the donor and acceptor carbons computed from 

classical TS’s and optimal-fit TRS’s for CF3 and (CH3)2N 

substitutions are listed in Table 2 in order to discuss about the 

relative positions of TRS’s in the reaction coordinate as well as 

orbital requirements for H-tunneling to take place. Since these 

reactions are very exergonic (for example, the ∆G° for the reaction 

with PhXn+ in acetonitrile is – 42.4 kcal/mol55), according to 

Hammond’s Postulate, the TS’s/TRS’s would be very reactant-like. 

That is, the donor and acceptor carbon hybridizations at TRS’s 

would be closer to sp3 and sp2, respectively. The hybridization 

results in Table 2 show that the hybridizations of the donor carbon 

for the reactions of CF3 and N(CH3)2 substitutions (sp>2.90) are 

indeed closer to sp3 but those of the acceptor carbon for the 

reactions of CF3 and N(CH3)2 (sp>2.67) substitutions are very far 

away from sp2. The nonsynchronous rehybridizations at donor and 

acceptor have been found in many H-tunneling reactions in both 

solution and enzymes.37,38,46,56 The sum of the two hybridizations 

often being larger than 5 (sp>5) suggests a requirement of extra 

orbital preparations at the donor/acceptor for H-tunneling to take 

place. Here in our case, the extra orbital preparation mainly 

happens at the acceptor C. This is consistent with the findings in 

the hydride transfer reaction of NAD(P)H catalyzed by a 

dihydrofolate reductase – the hybridization of the acceptor at the 

tunneling TS resembles the product.56 On the other hand, it is 

interesting to find that rehybridizations at donor and acceptor 

carbons are also nonsynchronous for the classical process (see 

Table 2). We regard that the nonsynchronous rehybridization in the 

latter classical mechanism is resulted from the CT complexation 

requirement in addition to the classical C-H cleavage process. 

Nevertheless, the extra orbital adjustment requirement for the 

classical transfer is  

 

 
 

 
 

 
 

Angle of C13-H16-C39: 144.96˚ Angle of C13-H16-C39: 156.32˚ 

 

Figure 2. The reactant state [D-H A] ≠ (left) and product state [D H-A]≠ 

(right) of the most stable TRS with DAD = 3.0 Å for the reaction of 

CF3PhXn + with DMPBIH. The CF3PhXn moiety is at the bottom and the 
DMPBI moiety is on the top. The donor carbon, transferring H and acceptor 

carbon were numbered as C13, H16 and C39, respectively. 

 
 

 
 

 
 

 
Angle of C13-H16-C39: 139.92˚ Angle of C13-H16-C39: 104.32˚ 

 

Figure 3. The reactant state [D-H A]≠ (left) and product state [D H-A] ≠ 
(right) of the most stable TRS with DAD = 3.3 Å for the reaction of 

(CH3)2NPhXn+ with DMPBIH. The (CH3)2NPhXn moiety is at the bottom 

and the DMPBI moiety is on the top. The donor carbon, transferring H and 

acceptor carbon were numbered as C13, H16 and C39, respectively. 

much less than that for the tunneling process. Furthermore, it 

appears that slightly more rehybridization at the donor and slightly 

less rehybridization at the acceptor are needed for the tunneling 

reaction of N(CH3)2 substitution than CF3 substitution (Table 2). 

According to Hammond’s Postulate, however, the rehybridization 

on both donor and acceptor would be more in the former reaction 

than in the latter. While this seems the case for the classical 

activation processes (Table 2, although not significant), the 

position of the H-tunneling TRS in the reaction coordinate in terms 

of rehybridizations would not be able to be predicted by 

Hammond’s Postulate.56 

 
Table 2. The weight averaged hybridizations (spH(W)) of the donor and ac-

ceptor carbons at the classical TS’s and optimal-fit TRS’s of the reactions 

of DMPBIH with CF3PhXn+ and (CH3)2NPhXn+ 

  CF3PhXn+ (CH3)2NPhXn+ 

TS’s Donor C sp2.88 sp2.86 
 Acceptor C sp2.46 sp2.48 

TRS’s  DADTRS Rangea DADTRS Rangea 

  2.8 Å 3.0 Å 3.2 Å 3.3 Å 
 Donor C sp2.98 sp2.94 sp2.92 sp2.90 

 Acceptor C sp2.74 sp2.77 sp2.67 sp2.70 
a The average DADTRS is expected to be within this range, as discussed in 
the preceding section. 

 

Conclusions 

A method to compute TRS structures for H-tunneling 

reactions was established. The TRS was treated as a linear 

combination of the degenerate activated reactant and product 

vibrational states. It was applied to calculate the TRS structures 

with different DADTRS’s for hydride transfer reactions from 

DMPBIH to GPhXn+. The ϒ-2CH3/2CD3 2° KIEs on DMPBIH 

were calculated and fitted to the observed 2° KIEs to give rise to 

the possible TRS structure and DADTRS that each reaction uses. All 

of the TRS’s have bent geometries with orbital hybridization at the 

acceptor carbon far more advanced than predicted from a classical 

mechanism. The latter are also consistent with the literature 

findings, implicating that extra orbital adjustments are needed for a 

nonclassical H-tunneling to take place. The optimal-fit DADTRS's 

for the reactions of CF3, H, and (CH3)2N substitutions are likely in 

the ranges of ~2.8 - 3.0 Å, 3.0 - 3.2 Å, and 3.2 – 3.3 Å, respectively. 
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Although an exact DADTRS for each reaction could not be given, 

results clearly show that the order of reaction center rigidity of the 

three reactions caused by the donor-acceptor CT attracting 

vibrations is TRS(CF3) > TRS(H) > TRS((CH3)2N). A correlation 

of the DADTRS’s with the observed temperature dependence of 1° 

KIEs (reflected by ∆Ea’s) indicates that the more rigid reaction 

centers at the TRS give rise to a smaller ∆Ea. These are consistent 

with explanations for the recently frequently observed temperature 

independence of 1° KIEs in enzymes and temperature dependence 

of 1° KIEs in variants using the VA-AHT model. That is, enzymes 

have well organized reaction coordinate with constructive protein 

vibrations more likely making a TRS of rigid reaction centers, 

whereas in the variants protein packing effect is impaired, leading 

to alternate positions for the binding of substrate and enhanced 

DADTRS sampling at the TRS. Our results from solution reactions, 

together with those from enzymes, showcase a new structure - ∆Ea 

relationship. While this relationship is consistent with the VA-AHT 

model, we cannot exclude the possibility that our results could also 

be fitted to other contemporary H-transfer/tunneling models. 

Nonetheless, a systematic study of the structure - ∆Ea relationship 

will certainly add to the current debates on the appropriateness of 

models to describe H-transfer reactions in enzymes and solution as 

well as provide information to develop future necessary H-transfer 

models.12-14,18,36,57,58 

 

 

Computational methods  

All of the calculations were performed under the M06-

2X2/Def2-SVP3 level of theory with fine DFT integration grid in 

Gaussian 09 software. A frequency scaling factor of 0.9687 is used 

to minimize the overestimation error of the harmonic model.39 The 

PES intersecting diagram is created by using Ploty Online Chart 

Studio [https://chart-studio.plotly.com]. 
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The ground state charge-transfer absorption and its changes with 
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