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1. Introduction 

The conformational kinetic isotope effect (CKIE) in biaryl 
diketone 1-d8 is a rare example of a rate-slowing CKIE.1,2 The 
observed kH/kD =1.06 (368 K) in diketone 1 is regarded as a normal 
isotope effect, as many processes, bond-breaking included, are 
slowed by deuterium substitution. What makes the CKIE in 
diketone 1 somewhat unique is that the majority of CKIEs are 
inverse (kH/kD < 1). Deuterium substitution generally increases 
isomerization rates, especially those involving compression of C–
H/D bonds. A textbook3 example is dihydrodimethylphenanthrene 
2-d6, whose kH/kD = 0.880 (315 K) was taken as evidence of a steric 
isotope effect.4,5  

We have used computational methods to study CKIEs in these 
and related molecules and have probed the factors responsible for 
their opposite behavior.6,7 These previous studies suggest CKIE 
predictions are reasonably accurate and independent of theoretical 
approach (HF, DFT, MP2, etc.) and basis sets. Our original 
motivation for studying diketone 1 stemmed from an intriguing 
suggestion that its normal isotope effect might be due to a larger 
effective size of deuterium. This proposal was based upon neutron-
diffraction studies of benzene and benzene-d6 in the solid state, 
where the latter exhibits a larger molar volume at elevated 
temperatures.8 In our studies of 1 and 2, we discovered their KIEs 
originate from enthalpic and entropic terms of vibrational origin, 
and these contributions are often antagonistic and are sometimes 
dominated by the entropy term. In diketone 1 for example, 

——— 
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computed Bigeleisen-Mayer (B-M) terms9 for the CKIE are: ZPE 
(1.026), EXC (1.050) and MMI (0.998). The computed enthalpy-
entropy (H-S) contributions are ΔΔHZPE (1.026), ΔΔHvib (0.948), 
ΔΔSvib (1.107), and ΔΔSrot (0.998) (Table 1).  

 
Figure 1. Kinetic isotope effects observed experimentally in the isomer-
ization of doubly bridged biaryl diketone 1 and dihydrodimethylphenanthrene 
2. 

 

In our view, the use of enthalpy-entropy contributions to 
understand isotope effects is often preferable to the more 
commonly used Bigeleisen-Mayer partition functions because the 
former can be, and have been, experimentally determined and 
compared with theory.5,6 The relationship between the B-M and H-
S terms is shown in Figure 2. Enthalpic zero-point vibrational 
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energy (ZPE) differences arising from high frequency normal 
modes are the cause of many isotope effects. However, it is known 
through computational investigations that thermal excitation of 
low frequency modes can affect isotope effects. These include 1 
and 2 and related systems,6,7 amide bond rotation,10,11 metal-H2 and 
metal C–H interactions,12 and equilibrium isotope effects in 
intramolecular OH/OH hydrogen bonds.13  

The purpose of this study is to provide a clearer understanding 
of the normal CKIE in biaryl diketone 1. At the conclusion of our 
2012 study,7 we projected the need to quantify, in systems like 1, 
the vibrational frequency dependence of the DDHvib and DDSvib 
contributions to the CKIE.7 At the time, we felt a full treatment 
would require a quantitative linkage of vibrational frequencies 
with enthalpic and entropic contributions to the isotope effect. 
Herein, we report the results of our investigation. 

 
Figure 2. A flowchart showing how a CKIE, kinetic isotope effect (KIE) or 
equilibrium isotope effect (EIE) partitions into enthalpy and entropy 
contributions and their relationship to the B-M ZPE, EXC, MMI, and SYM 
contributions. 

2. Results and Discussion 

We previously reported the computed potential energy surface 
and conformational KIE for the racemization of 1.6,7 The barrier 
(∆H‡ = 28.5 kcal/mol) and KIE (kH/kD = 1.075, 368 K) are 
consistent with experimental reports1,2 (Figure 2). Vibrational 
analysis of the transition state structure revealed that the imaginary 
vibrational mode on the reaction trajectory is the wagging of one 
of the four bridging methylene CH2 groups; the stationary structure 
reveals that in the transition state (TS-1), the two CH2 protons are 
positioned staggered with respect to the adjacent carbonyl C=O, 
while in the ground state 1, one of the C–H/D bonds is positioned 
eclipsed to the C=O (Figure 3, Bottom). Intrinsic reaction 
coordinate (IRC) analysis of the transition state structure revealed 
a high energy C2h intermediate following TS-1 on the potential 
energy surface. The presence of this achiral C2h intermediate 
provides a racemization pathway in this system. 

The enthalpy and entropy terms factor into the KIE expression 
according to Eqs. 1-1214, using the reactant (R), transition state (‡) 
label convention and defining the universal gas constant as Rg: 
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The enthalpy and entropy contributions combine as their products 
to determine the overall isotope effect:  
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Figure 3. Computed B3LYP 6-31G(d,p) potential energy surface for 
racemization of 1 (Top). Minimum energy ground and transition state 
structure, and Newman projection of key methylene CH2 group associated 
with the wagging motion in the imaginary vibrational mode in TS-1 
(Bottom). 
 

The extracted frequencies and rotational temperatures can be 
used to directly compute the isotope-dependent vibrational and 
rotational contributions to the enthalpy and entropy.15,16 The 
enthalpic internal thermal energy, defined here as Hthermal, can be 
written as the sum of the zero-point energy and a temperature-
dependent vibrational term: 



 3 
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where qn = hn/k is the characteristic vibrational temperature. 

Entropy has vibrational and rotational terms dependent upon 
isotopic substitution (Eq. 11). Only the vibrational term is 
presented here, as the rotational term does not make significant 
contributions to the CKIE in these systems (Table 1). 

 
𝑆 = 𝑆UVW + 𝑆NaK																																																																(11) 
 

𝑆UVW = 𝑅Z[b
𝜃U 𝑇⁄

𝑒^_// − 1
− ln51 − 𝑒g^_//8h									(12) 

 
The vibrational entropy contribution (Eq. 12) is a function of 

the temperature and the aforementioned characteristic vibrational 
temperatures. 

The contributions of enthalpy and entropy terms, and the 
corresponding Bigeleisen-Mayer terms, are compiled for four sets 
of frequency ranges in Table 1. The frequency ranges are defined 
by low (modes 1-20, 0-500 cm-1), medium (modes 21-82, 500-
1720 cm-1), high (modes 83-96, 2100-3100 cm-1), and all 
frequencies (modes 1-96). The table entries are color coded, with 
yellow cells identifying KIE contributions of less than ±3% 
(defined here as small contributions), red identifying contributions 
greater than 5% slowing racemization (normal isotope effect), and 
green identifying contributions greater than 5% speeding 
racemization (inverse isotope effect). 

Based upon our earlier work, several familiar trends in the 
frequency-binned data are evident: 1. The high frequency C–H/D 
stretching terms do not appreciably contribute to the isotope effect 
(kH/kD = 1.019, modes 83-96), and 2. While the B-M EXC term is 
reasonably large (kH/kD = 1.050, modes 1-96) and defined 
primarily by low frequency modes 1-20, the H-S dissection shows 
this term is a composite of antagonistic DDHvib (kH/kD = 0.948, 
modes 1-96) and DDSvib (kH/kD = 1.107, modes 1-96) terms. The 
dominant DDSvib term can be thought of as determining the normal 
nature of the overall CKIE. However, a different observation arose 
from the new analysis: the DDHZPE term is small (kH/kD = 1.026, 
modes 1-96) when all frequencies are taken into consideration, but 
interestingly, this arises as a consequence of antagonistic low 
(kH/kD = 1.123, modes 1-20) and medium frequency-derived (kH/kD 

= 0.896, modes 21-82) terms (Table 1).  

 

 
Table 1. Bigeleisen-Mayer (B-M) and enthalpy-entropy (H-S) term contributions to 
the overall KIE (kH/kD) in biaryl diketone 1 using low, mid, and high vibrational 
frequency ranges. Yellow cells: KIE contributions less than 3%. Red cells: normal 
KIE contributions greater than 5%, slowing racemization. Green cells: inverse KIE 
contributions greater than 5%, speeding racemization.  

kH/kD 
term 

Low frequencies 
Modes 1-20a 

Mid Frequencies 
Modes 21-82b 

High Frequencies 
Modes 83-96c 

All Frequencies 
Modes 1-96 

 Bigeleisen-Mayer Analysis 

ZPE 1.123 0.896 1.020 1.026 

EXC 1.052 0.998 1.000 1.050 

MMI 0.998 0.998 0.998 0.998 

B-M (overall) 1.179 0.892 1.019 1.075 

 Enthalpy-Entropy Analysis 

DDHZPE 1.123 0.896 1.020 1.026 

DDHvib 0.943 1.005 1.000 0.948 

DDSvib 1.116 0.992 1.000 1.107 

DDSrot 0.998 0.998 0.998 0.998 

H-S (overall) 1.179 0.892 1.019 1.075 
a0-500 cm-1. b500-1780 cm-1. c2100-3100 cm-1. 

We next explored the contributions of individual normal modes 
to DDHZPE, DDHvib, and DDSvib, respectively. There are 96 
vibrational modes in ground state 1 and 95 in transition state TS-
1. We set out to unravel the energetic contribution of each 
vibrational mode on the KIE associated with the DDHZPE, DDHvib, 
and DDSvib H-S terms. The plots in Figure 4 depict the vibrational 

mode-dependent values of HZPE, Hvib, and Svib, computed using 
Eqs. 9, 10, and 12, respectively, for the labeled and unlabeled 
ground state and transition state structures. 

As expected from the form of Eq. 9, HZPE increases across the 
range of low to medium frequencies (0 -1780 cm-1) and spans 
energies ranging 0-4.45 kcal/mol. The HZPE contributions for the 
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low frequency vibrations (modes 1-20) of the unlabeled and 

labeled forms of GS-1 and TS-1 appear to be largely equivalent, 
an interpretation at odds with the large normal CKIE contribution 
for these modes (kH/kD (DDHZPE) = 1.123). The HZPE energies for 
modes 21-82 skew to lower values for contributions across the 
medium frequencies, as one might expect for the mass-dependent 
vibrational frequencies, and this trend gives rise to the large 
inverse CKIE contribution for these modes (kH/kD (DDHZPE) = 
0.896). The high frequency C–H/D stretching terms (2100-3100 

cm-1), are expected to have large differences for an isolated C–D 
or C–H stretch, but the overall summation of these terms for modes 
83-96 (Eqs. 2 or 3) produces only a 2% contribution to the CKIE 
(kH/kD (DDHZPE) = 1.020).       

 

 

 

 
Figure 4. Plots of HZPE, Hvib, and Svib (kcal/mol) as a function of vibrational mode in unlabeled and labeled ground state 
(GS-1) and transition state structures (TS-1). Modes 1-20 = 0-500 cm-1, modes 21-82 = 500-1780 cm-1, modes 83-96 = 
2100-3100 cm-1.  

 

While the functional forms of Hvib (Eq. 10) and Svib (Eq. 12) are 
different, each of their plots in Figure 4 show exponential 
decreases in energy with increasing vibrational frequency. It is 
interesting to note that the Hvib and Svib energies arising from the 
labeled species trend to larger values than those from unlabeled 
structures. This is opposite to what is observed for the HZPE curves 
and is a consequence of the form of the respective equations. It 
also provides a graphical representation of the thermal excitability 
of the lower frequencies associated with heavy atom substitution.  
The degree of curvature is more pronounced for Svib, whose 
energies span a range from 0-5.6 kcal/mol, similar to those for 
HZPE. The energy range for Hvib (0-0.67 kcal/mol) is approximately 

eight times smaller than that of HZPE or Svib. The mode-specific 
contributions of Hvib and Svib to the CKIE arise from the lowest 
vibrational frequencies. As seen in Table 1, modes 1-20 produce 
antagonistic contributions, with kH/kD (DDHvib) = 0.943 and kH/kD 

(DDSvib) = 1.116. 

We next studied the possibility of mapping the mode-specific 
HZPE, Hvib, and Svib terms onto the normal modes of the unlabeled 
and labeled GS and TS structures. Our goal was to correlate a DHvib 
term with an unlabeled and labeled GS normal mode, so that we 
could identify those modes that make the largest contribution to 
the CKIE. This proposition, while workable for a CKIE 
determined by a small number of vibrational modes, such as the 
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steric compression of a single C–H/D bond,7,17,18 proved 
impossible for  biaryl diketone 1. The intractable part of the 
problem are the medium-range vibrational frequencies (modes 21-
82, 500-1780 cm-1). Across this range, the normal modes for an 
unlabeled and labeled GS (or TS) structure become highly mixed 
and unique in terms of their atomic motions. On the other hand, a 
root mean square difference (RMSD) analysis of normal mode 
atom displacements showed that it is possible to match the modes 

of unlabeled and labeled GS and TS structures for the lowest 
(modes 1-20) and the highest (modes 83-96) frequencies. It is 
important to note that we are not saying that any of these mode 
pairs for an unlabeled/labeled species are precisely identical. But 
a viewer of the animated normal modes would conclude that the 
mode pairs are highly similar, and we thus are able to compute 
estimates of mode-specific energy contributions. 

 
Figure 5. Plots of DHZPE, DHvib, and DSvib (cal/mol) as a function of vibrational mode in unlabeled and labeled ground state (GS-1, charcoal) and transition state 
structures (TS-1, grey) for modes 1-20 (0-500 cm-1) using Eqs. 3 and 6. The summation terms DDHZPE, DDHvib, and DDSvib over these modes are coded red for 
racemization-slowing and green for racemization-speeding. Lower right: Plot of red shift (nH - nD, cm-1) for modes 1-20 in unlabeled and labeled GS-1 and TS-1 
structures. 
 
 

Having identified matched low frequency modes within GS and 
TS structures, we then plotted the DHZPE, DHvib, and DSvib terms 
using Eqs. 3 and 6 for each GS or TS mode (Figure 5). When 
presented in this manner, certain GS and TS vibrational modes can 
be identified as large (GS mode 10) or small (GS mode 9) 
contributors. These differences can be largely attributed to the red 
shift caused by isotopic substitution. For GS mode 9, the shift is 
5.2 cm-1 and for GS mode 10 it is 48.5 cm-1. The former mode is a 
symmetric breathing mode, whereas the latter is a CH2/CD2 
wagging mode. A plot of the red shifted frequency differences 
(Figure 5) reveals a correlation between the magnitude of the 
frequency differences and the energy terms on the adjacent plots. 
However, these correlations are straightforward only in the case of 
HZPE, whose functional form is linear. It is also evident that the 
signs and magnitudes of the summative terms DDHZPE, DDHvib, and 
DDSvib are each determined by larger energy differences arising 
from modes associated with the ground state (Figure 5). It is also 
important to emphasize that the mode-specific GS and TS energy 
terms bear no meaningful relationship to each other, as the atomic 
motions in each are fundamentally unique. 

3. Conclusion 

The conformational kinetic isotope effects for the racemization 
of biaryl diketone 1 and 1-d8 was probed via a detailed analysis of 
computed harmonic vibrational frequencies. The normal (KIE = 

1.075) is most significantly due to a dominant vibrational entropy 
contribution, although this is scaled by an antagonistic vibrational 
enthalpy contribution (Hvib) that is not related to zero point 
vibrational differences (HZPE). Across all vibrational modes, HZPE 
contributes the least to the CKIE when compared with Hvib and Svib. 
However, the HZPE term exhibits frequency-dependent 
antagonistic behavior and provides a large normal contribution 
from low frequency modes, a large inverse contribution from 
medium frequency modes, and a small normal contribution from 
high frequency modes. Analysis of the summative effect of low 
frequency vibrational modes for HZPE, Hvib, and Svib reveals that the 
sign and magnitude of these energy terms are determined by larger 
vibrational energy differences in the labeled and unlabeled ground 
state structures.  

The protocol described in this work is currently being used to 
investigate other racemizations/isomerizations in an effort to test 
the generality of the observations reported here. 

4. Experimental Section 

The methodology for computing vibrational frequencies was 
based upon similar work in the literature. Quantum mechanical 
calculations of harmonic vibrational frequencies and 
thermochemistry were performed in the gas phase at the 
B3LYP19/6-31G(d,p)20,21 level of theory using Gaussian 09.22 All 
vibrational frequencies were scaled at 0.97. Isotope effects were 
calculated with a spreadsheet14 or with Onyx.23 
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