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ABSTRACT: The thermal isomerization reaction converting
previtamin D to vitamin D is an intramolecular [1,7]-sigmatropic
hydrogen shift with antarafacial stereochemistry. We have studied
the dynamics of this reaction by means of the variational
transition-state theory with multidimensional corrections for
tunneling in both gas-phase and n-hexane environments. Two
issues that may have important effects on the dynamics were
analyzed in depth, i.e., the conformations of previtamin D and the
quantum effects associated with the hydrogen-transfer reaction. Of the large number of conformers of previtamin D that were
located, there are 16 that have the right disposition to react. The transition-state structures associated with these reaction paths
are very close in energy, so all of them should be taken into account for an accurate calculation of both the thermal rate constants
and the kinetic isotope effects. This issue is particularly important because the contribution of each of the reaction paths to the
total thermal rate constant is quite sensitive to the environment. The dynamics results confirm that tunneling plays an important
role and that model systems that were considered previously to study the hydrogen shift reaction cannot mimic the complexity
introduced by the flexibility of the rings of previtamin D. Finally, the characterization of the conformers of both previtamin D and
vitamin D allowed the calculation of the thermal equilibrium constants of the isomerization process.

■ INTRODUCTION
Vitamin D is found in phytoplankton, which is one of the oldest
forms of life. These organisms convert ergosterol (also called
provitamin D2) to previtamin D2 when exposed to sunlight.
After that previtamin D2 isomerizes to vitamin D2.

1,2 It seems
that ergosterol helps to protect the organism from ultraviolet
(UV) radiation, which can be harmful for the genetic code.
From these early forms of life, vitamin D2 passed to fish and
from there, through the food chain to more evolved organisms,
preserving most of its character. Of the two known forms of
vitamin D, for most mammals, including humans, the more
active form is vitamin D3, which differs from vitamin D2 in the
side chain of the sterol.
A deficiency of vitamin D leads to rickets, a common disease

that afflicted children during the 19th and the beginning of the
20th centuries. The first studies on the subject pointed out the
importance of taking cod-liver oil to prevent rickets,3 but in the
1920s scientists realized that sunlight was essential for the
production of vitamin D3 by the body4,5 and that vitamin D3

promotes calcium deposition in the bones.6 Vitamin D3 is
produced from 7-dehydrocholesterol, a sterol that is present in
the skin of most higher animals, so vitamin D3 is not really a
vitamin; i.e., it is a substance that the body can manufacture,
and, therefore, its intake is not essential in the diet.7−9

Production of the two forms of vitamin D follows the same
mechanism; i.e., the sterol or provitamin D, which is already
present in the organism, is transformed by the action of UV
radiation into previtamin D (Pre), which in turn thermally

isomerizes to vitamin D (Vit), the thermodynamically more
stable of the two forms (see Scheme 1).

The UV light affects not only the first step of the reaction but
also the thermal isomerization to Vit, because some side
reactions are possible, e.g., closure of the B ring leading to
lumisterol or rotation about the C6−C7 double bond (from Z
to E) producing tachysterol. The production of these side
products is reversible, due to the conformational flexibility of
Pre.10,11 Thermal isomerization of Vit occurs by a [1,7]-
sigmatropic hydrogen shift12 when the C5−C6 and C7−C8

single bonds have s-cis conformations (cZc). From the
experimental point of view it is not known which is the most
stable form of Pre,13 although the theoretical calculations point
to the s-trans,s-cis conformer (tZc) as the one with the lowest
energy.14,15 The conformational analysis is complicated further
by the flexibility of the A and C rings.
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The thermal isomerization occurs with antarafacial stereo-
chemistry.16−18 However, there are two possibilities for
antarafacial hydrogen exchange: the cis-10,6,8-triene can twist
in a right-handed sense, i.e., the dihedral angle about the bond
C5−C6 is positive (the A ring is below the C ring), so we call
this configuration antarafacial(+), or it can be antarafacial(−),
i.e., the triene twists in a left-handed sense (the dihedral angle
about the bond C5−C6 is negative), as shown in Scheme 2.

Sheves et al.19 using 2H NMR and mass spectrometry
techniques obtained that the hydrogen shift prefers a right-
handed disposition by a ratio of 2:1. Those authors also
reported a kinetic isotope effect (KIE) for the isomerization in
isooctane of about 45 at 80 °C. A more reliable value of the KIE
was measured by Okamura et al.20 using a pentadeuterio
derivative of Pre in n-hexane, and at the same temperature of
reaction they obtained a KIE of 6.2. Baldwin and Reddy21

reported a KIE of 7.0 for the 7-methylocta-1,3(Z),5(Z)-triene
(see Scheme 3) at 60 °C (hereafter, we refer to this triene

simply as Tri); this KIE is very close to the value of 7.4 in Pre.
The absolute values of the thermal rate constants are also close:
5.6 × 10−5 and 9.7 × 10−5 s−1 for Tri and Pre, respectively. The
similarity in the experimental data indicates that Tri could be a
good theoretical model to study the isomerization reaction.22,23

Transition-state theory24 on Tri at 60 °C led to a KIE of 3.9,
which is almost half the experimental value. TST ignores
quantum effects, but since the [1,7]-hydrogen shift is a
hydrogen-transfer reaction,25 Hess22 indicated that the
discrepancy between the two KIEs may be due to quantum
mechanical tunneling. In this context theoretical calculations
based on variational transition-state theory with multidimen-
sional tunneling corrections26 (VTST/MT) can be of great
help, because this theory incorporates quantum effects using
semiclassical methods.27−29 The VTST/MT calculations on
Tri23 at 60 °C led to a KIE of 5.5, which is in much better
agreement with the experimental value, and therefore there is
strong evidence that tunneling plays an important role in [1,7]-
hydrogen shift reactions. [Note: KIEs calculated using TST are
usually called quasiclassical, because do not include quantum
effects (with the exception of the zero-point energy effects). On

the other hand, KIEs calculated using VTST/MT are called
semiclassical because quantum effects are incorporated semi-
classically.]
The agreement between the experimental data of Tri and Pre

may hide important differences, because both the KIEs and the
thermal rate constants are cumulative properties that may be
due to the contribution of several reacting structures. In Tri
there are several equilibrium conformations, but only one has
the right structure to react, whereas in Pre we expect to have
many reactive configurations due to the flexibility of the rings.
In other words, should we expect a strong influence of the A
and C rings in the isomerization reaction? How is this flexibility
going to affect the thermal rate constants and the tunneling
effect?
The objective of this work is to analyze in detail, from a

theoretical point of view, the dynamics of the isomerization
reaction of Pre to answer the above questions. The rings bring
complexity to the problem, and, therefore, their incorporation
is crucial for the understanding of the isomerization reaction.
This is a difficult task due to the large size of the molecule,
especially if the goal is to obtain accurate thermal rate constants
and, thus, accurate KIEs. It can be achieved by interfacing
electronic structure calculations and VTST/MT. The latter has
proved to be a powerful tool for getting insight into reaction
mechanisms of complex systems,30 and the present work is
pioneering the use of this approach to study the isomerization
reaction in the Pre.
On the other hand, the thermal rate constants for the

isomerization reaction have also been measured in anisotropic
environments such as human skin,31 liposomial models,32 and
β-cyclodextrins,33 the reactions being more than 10 times faster
than in n-hexane. Tian et al.31 pointed out that a possible
reason is that in human skin the amphipathic environment of
the phospholipids would involve a larger participation of the
antarafacial(−) attack.
To take into account the effect of the environment, we make

a comparison of the gas-phase calculations with those obtained
in n-hexane. The latter calculations also allow us to make a
direct comparison with experiment.20 The study of the
isomerization reaction in anisotropic environments, for instance
human skin, is out of the scope of this work. Still, we
hypothesize about the mechanism of the process in these
environments taking into account the previous experimental
data and the results obtained in this work.

■ CALCULATION METHOD
The lateral chain (R in Scheme 1) distinguishes the two forms of Pre
(i.e., D2 and D3). It plays a major role in the transformation of Vit into
a hormone, but at this stage of the process, in both gas-phase and n-
hexane environments, the lateral chain can be safely replaced by a
methyl group, although we still preserve the names Pre and Vit to refer
to these modified compounds.

All stationary-point geometries (equilibrium configurations and
transition-state structures) were optimized by the MPWB1K density
functional method34 with the 6-31+G(d,p) basis set.35 This level of
theory was already used in the study of the [1,7]-hydrogen shift in Tri
with very good results23 and has shown to be adequate for nonmetallic
thermochemical kinetics and thermochemistry.36

Experimental measurements on the isomerization reaction of Pre
were carried out in n-hexane,20 so in order to take into account the
effect of the solvent, we have performed SM5.43R continuum
solvation model37 single-point calculations on the gas-phase
MPWB1K/6-31+G(d,p) geometries at the MPW1K/6-31+G(d,p)
level.38 This solvation model has been extensively tested against
experimental free energies of solvation for aqueous and organic

Scheme 2
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solvents with good results.37,39 The same type of calculations were
carried out for the Tri system, so we could directly compare the [1,7]-
hydrogen shifts in Pre and in Tri in this solvent.
In both gas-phase and n-hexane environments, all the VTST/MT

calculations were performed using canonical variational transition-state
theory (CVT),40 and quantum effects were incorporated by the small-
curvature tunneling (SCT) approach,41 so hereafter, we refer to this
methodology as CVT/SCT. Thermal rate constants were also
calculated by TST for comparison. These calculations were also

performed for the pentadeuterio derivative, Pre(d5), isotopically
substituted in the 9,14,19,19,19-positions, for which there are also
experimental data available.20

The total isomerization rate constant should take into account all
the paths that lead to reaction, so it can be considered as a multipath
(MP) rate constant. The rate constants of interconversion between
conformers are much faster than the individual isomerization rate
constants, so the multipath rate constant can be obtained using the
generalized version42 of the Winstein−Holness equation43 (see

Table 1. Relative Values with Respect to the Prea(HC,HC)(+)tZ(−)c Conformer of Classical Energies (ΔE), Classical Energies
Including Zero-Point Energy (ΔE(ZPE)), and Standard-State Free Energies at 37 °C in the Gas Phase (ΔGg

X) and in n-Hexane
(ΔGs

X)a

reaction conformer ΔE ΔE(ZPE) ΔGg
X (T = 37 °C) ΔGs

X (T = 37 °C)

R1 Prea(+)(HC,HC) 1.50 1.44 0.72 0.63
TSa(+)(HC,HC) 27.97 25.42 26.38 26.46
Vita(+)(CH,CH) 1.83 2.24 2.32 2.74

R2 Prea(−)(HC,HC) 1.48 1.83 1.86 2.07
TSa(−)(HC,HC) 29.61 27.32 28.25 28.38
Vita(−)(T,CH) 5.91 6.38 6.70 7.15

R3 Prea(+)(HC,TB) 6.02 6.16 5.25 5.26
TSa(+)(HC,TB) 31.32 28.79 29.63 29.70
Vita(+)(CH,T) 7.32 7.09 6.43 6.88

R4 Prea(−)(HC,TB) 5.61 6.07 5.90 6.04
TSa(−)(HC,TB) 29.63 27.30 28.36 28.46
Vita(−)(T,T) 9.76 10.65 10.98 11.18

R5 Pree(+)(HC,HC) 1.73 1.92 1.80 1.77
TSe(+)(HC,HC) 28.35 25.48 26.31 26.21
Vite(+)(T,CH) 7.83 7.70 7.16 7.65

R6 Pree(−)(HC,HC) 2.87 2.93 2.54 2.47
TSe(−)(HC,HC) 30.28 27.60 28.39 28.31
Vite(−)(CH,CH) 2.57 2.81 3.07 3.61

R7 Pree(+)(HC,TB) 6.85 6.83 6.30 6.15
TSe(+)(HC,TB) 31.60 29.07 29.89 29.77
Vite(+)(T,T) 13.41 13.21 12.01 12.43

R8 Pree(−)(HC,TB) 6.99 7.10 6.56 6.48
TSe(−)(HC,TB) 30.47 28.07 29.09 28.98
Vite(−)(CH,T) 6.20 6.67 6.76 7.17

R9 Pree(+)(TB,HC) 6.64 6.37 5.14 5.20
TSe(+)(TB,HC) 29.60 27.15 28.05 28.11
Vite(+)(T,CH) 7.22 7.59 7.29 7.71

R10 Pree(−)(TB,HC) 7.54 7.33 6.22 6.27
TS e(−)(TB,HC) 31.73 29.41 30.38 30.52
Vite(−)(T,CH) 7.27 7.85 7.92 8.49

R11 Pree(+)(TB,TB) 11.42 10.52 7.73 7.92
TSe(+)(TB,TB) 33.10 30.39 30.85 30.89
Vite(+)(T,T) 12.40 12.37 11.57 11.97

R12 Pree(−)(TB,TB) 11.61 11.72 10.68 10.68
TSe(−)(TB,TB) 32.02 29.32 29.98 30.09
Vite(−)(T,T) 10.42 10.61 9.98 10.52

R13 Prea(+)(TB,HC) − − − −
TSa(+)(TB,HC) 28.60 26.22 27.22 27.30
Vita(+)(T,CH) 5.77 5.85 1.02 1.25

R14 Prea(−)(TB,HC) − − − −
TSa(−)(TB,HC) 29.46 27.10 28.02 28.20
Vita(−)(T,CH) 5.55 6.23 6.40 6.65

R15 Prea(+)(TB,TB) 11.02 11.12 10.05 9.76
TSa(+)(TB,TB) 31.99 29.26 29.79 29.81
Vita(+)(T,T) 10.59 10.86 10.51 11.11

R16 Prea(−)(TB,TB) 10.01 10.03 8.93 9.08
TSa(−)(TB,TB) 29.72 27.03 28.00 28.17
Vita(−)(T,T) 8.79 9.45 9.29 9.59

aFor ΔGg
X and ΔGs

X, X = R (in Pre), ⧧ (in TS), and P (in Vit). All values are in kcal/mol.
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Supporting Information). In this equation the multipath rate constant
for isomerization using approximation Y (where Y = TST or CVT/
SCT) can be written as the weighted sum of the individual
isomerization reactions, i.e.,

∑=
=

k T W T k T( ) ( ) ( )
i

n

i i
MP,Y

1

Y
R

(1)

where the weighting factor Wi(T) is the statistical probability for the
reaction occurring through path i, and nR is the number of conformers
that can lead to reaction. Computational details about the calculation
of the CVT/SCT thermal rate constants, equilibrium constants, and
kinetic isotope effects for the isomerization process can be found in
the Supporting Information.
All the electronic structure calculations were performed with

Gaussian03,44 and the thermal rate constants were calculated with
version 9.7 of the POLYRATE program.45 The GAUSSRATE9.746

program linked the two packages. Free energies of solvation with the
SM5.43R model were computed by a modified version of Gaussian03
called Minnesota Gaussian Solvation Model (MN-GSM), version
2009.47

■ RESULTS AND DISCUSSION
There are several aspect of the thermal isomerization reaction
of Pre that need careful consideration, so we have divided this
section into several parts. First we discuss the most relevant
conformational aspects of the stationary points of reaction (a
complete description of the conformations is given in the
Supporting Information). With this information about the
conformers at hand it is straightforward to calculate the
equilibrium constants. Finally we perform the dynamics
calculations and obtain thermal rate constants and KIEs for
the isomerization reaction in both the gas phase and n-hexane.
The results are also compared with those obtained for the
[1,7]-hydrogen shift reaction in Tri. The results on the statics
and dynamics of the isomerization reaction were also used to
get a hint about the same process in human skin and in other
anisotropic environments.
Conformational Analysis. We have carried out an

exhaustive conformational study of all the relevant stationary
points (reactants, products, and transition-state structures) for
the isomerization reaction. For the conformations of Pre we use
the notation Prep(A,C)(±)qZ(±)r, where p indicates the
position of the OH group: pseudoaxial (a) or pseudoequatorial
(e). The configurations [half-chair (HC) or twist-boat (TB)] of
the A and C cyclohexene rings are indicated in parentheses.
The letters q and r indicate the s-cis and s-trans disposition of
the dihedral angles about the C5−C6 and C7−C8 single bonds,
respectively, i.e., s-cis (±)c for dihedral angles between 0° and
±90°, and (±)t for dihedral angles between ±91° and ±180°.
In Pre the C6−C7 double bond is always in Z configuration and
the dihedral angle about the C7−C8 can only be (±)c due to
steric impediments. Therefore, there are eight different
conformations of the rings resulting from the combination of
four conformations of the A ring with two conformations of the
C ring. For each of the configurations of the rings, with the
exception of Prea(±)(TB,HC) for which we could not locate any
equilibrium structure, we have found five conformations by
rotation about the single bonds. Of the five conformations,
(+)cZ(+)c and (−)cZ(−)c are the equilibrium conformations
for the antarafacial(+) and the antarafacial(−) [1,7]-hydrogen
shifts, respectively. [Note: The notation for the reactive
configurations can be abridged; for instance, the conformation
Prea(HC,TB)(+)cZ(+)c can be shortened to Prea(+)(HC,TB).
Hereafter we use the latter when referring to reactive

configurations.] Therefore, we have found 35 conformations,
of which 14 are reactive. In the case of Vit, in parentheses are
indicated the configurations [chair (CH) or twisted (T)] of the
A and C cyclohexane rings. The C5−C6 and C7−C8 double
bonds are in Z and E configurations, respectively, whereas the
C6−C7 single bond is labeled as (±)c or (±)t as for the Pre
single bonds. For the 16 transition-state structures we use the
same notation as for Pre, although the conformation of the
rings would be intermediate between Pre and Vit. [Note:
Although we could not locate the Prea(±)(TB,HC) reactive
structures, we could locate the TSa(±)(TB,HC) transition-state
structures.] Table 1 lists the energetics of the stationary points
for each of the 16 reaction paths.
The relative stability of the equilibrium conformations is a

result of the differences in energy between the conformations of
the rings. Previous ab initio calculations indicated that HC is
more stable than TB by about 5.5 kcal/mol in free
cyclohexene,48 and that CH is 4.3 kcal/mol more stable than
T in 1,2-dimethylenecyclohexane.49 Thus the Pre(HC,HC) and
Vit(CH,CH) configurations are roughly ∼8−12 kcal/mol more
stable than the Pre(TB,TB) and Vit(T,T) configurations and
∼4−6 kcal/mol more stable than the Pre(HC,TB), Pre-
(TB,HC), Vit(T,CH), and Vit(CH,T) configurations. The
differences in energy due to conformational changes are smaller
in the transition-state structures than in the equilibrium
configurations, and they are mainly related to the disposition
of the C ring. The antarafacial(+) attack is favored by the HC
C-ring conformation of Pre, whereas the antarafacial(−) is
favored by the TB C-ring conformation of Pre, and the final
configuration of the C ring in Vit is of great importance in the
stability of the transition states.

Thermodynamics Equilibrium Constants. Table 2 lists
the calculated and experimental20,31 equilibrium constants for

the isomerization of the root species Pre(d0) and of the
pentadeuterio derivative Pre(d5). The experimental equilibrium
constants have been measured in n-hexane, and comparison
with the calculated values in the same solvent shows that the
stability of the Vit conformers is underestimated, although the
calculations correctly predict the exoergodicity of the isomer-
ization reaction. The equilibrium constants are completely

Table 2. Calculated (Both in the Gas Phase, Keq,g, and in n-
Hexane, Keq,s) and Experimental (Kexp) Equilibrium
Constants for the Root Species, Pre(d0), and for the
Pentadeuterated Compound, Pre(d5)

T (°C) Keq,g Keq,s Kexp
a

Pre(d0)
37.0 7.14 4.48 6.14,b 6.22c

60.0 5.42 3.49 4.12b

60.1 5.42 3.49 5.37 ± 0.41
69.35 4.89 3.19 4.53 ± 0.35
74.35 4.64 3.04 4.17 ± 0.32
79.9 4.38 2.88 3.82 ± 0.28
85.5 4.13 2.74 3.51 ± 0.25

Pre(d5)
60.5 6.12 3.98 5.42 ± 0.17
69.7 5.54 3.64 4.66 ± 0.19
74.1 5.29 3.49 4.36 ± 0.23
80.4 4.96 3.29 3.99 ± 0.25
85.5 4.72 3.15 3.72 ± 0.28

aFrom ref 20 if not indicated otherwise. bFrom ref 31. cFrom ref 33.
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determined by the set of Pre(HC,HC) conformers and by the
two (axial and equatorial) Vit(HC,HC)ZtE conformers. The
differences between the calculated gas-phase and n-hexane
solvent equilibrium constants show that there is a high
sensitivity of the isomerization reaction to the environment.
The above calculations and the conformational study of the

equilibrium configurations of both Pre and Vit may be useful to
qualitatively describe the magnitude of the equilibrium
constants obtained by Holick and co-workers31,33 in different
anisotropic media. Those authors observed that at 37 °C the
equilibrium constant varies from 1.76 in β-cyclodextrins to
11.44 in human skin. The large value of the equilibrium
constant in human skin is similar to that obtained in liposomial
models.32 Holick and co-workers31 pointed out that in the
lipids there would be interactions that stabilize the cZc
conformers more than the tZc conformers. These interaction
would be a result of the amphipathic (with both hydrophilic
and hydrophobic parts) nature of both phospholipids and Pre.
The OH group of Pre would form a hydrogen bond with the
hydrophilic part of the lipid (the phosphoric acid), and the
hydrophobic part of Pre would interact with the acyl chain of
the lipid by intermolecular dispersion forces. However, to our
understanding it is difficult to find a reason why these

interactions should favor the cZc conformers over the tZc
ones, and why this additional stabilization of the cZc form, if
present, should increase the equilibrium constant. An easier
explanation would be that the most stable conformers of Vit
would be stabilized further by these amphipathic interactions.
When the isomerization reaction takes place in the presence of
β-cyclodextrins, the equilibrium constant is near unity.
Cyclodextrins are a family of compounds made up of sugar
molecules bound together in a ring, and in the case of β-
cyclodextrins the diameter of the cavity is about 6.2 Å. The
isomerization reaction takes place inside of a cavity formed by
the complexation of two β-cyclodextrin molecules. This cavity
may not be large enough to allow rotations about the C5−C6

(in the case of Pre) or the C6−C7 (in the case of Vit) single
bonds. The disappearance of the tZc conformers of Pre and the
ZtE conformers of Vit would decrease the value of the
equilibrium constant substantially.
These results show that the environment plays a very

important role in the relative stabilities of the equilibrium
structures of Pre and Vit, and that from the thermodynamics
point of view the formation of Vit is not favored by solvation in
nonpolar organic solvents as n-hexane.

Figure 1. Histogram plotting the contributions of each of the individual reaction paths (Y = TST or CVT/SCT) to the total rate constant in both
the gas phase and n-hexane solution at T = 37 °C.

Table 3. Calculated and Experimental Thermal Rate Constants (in s−1) for the [1,7]-Hydrogen and -Deuterium Shifts in Pre
and Tria

Pre (T = 37 °C) Pre (T = 60 °C) Tri (T = 60 °C)

Rate constant H D H D H D

Gas Phase
kMP,TST 1.18 × 10−6 3.46 × 10−7 1.87 × 10−5 5.91 × 10−6 1.02 × 10−5 2.60 × 10−6

kMP,CVT 1.18 × 10−6 3.42 × 10−7 1.85 × 10−5 5.84 × 10−6 1.00 × 10−5 2.60 × 10−6

kMP,CVT/SCT 1.27 × 10−5 1.67 × 10−6 1.39 × 10−4 2.21 × 10−5 4.80 × 10−5 8.72 × 10−6

Solution
kMP,TST 9.09 × 10−7 2.67 × 10−7 1.44 × 10−5 4.59 × 10−6 1.10 × 10−5 2.80 × 10−6

kMP,CVT 9.00 × 10−7 2.64 × 10−7 1.42 × 10−5 4.54 × 10−6 1.08 × 10−5 2.80 × 10−6

kMP,CVT/SCT 9.00 × 10−6 1.25 × 10−6 1.01 × 10−4 1.67 × 10−5 5.17 × 10−5 9.37 × 10−6

kexp 6.8 × 10−6 b  9.72(±0.03) × 10−5 c 1.32(±0.034) × 10−5 c 5.6 × 10−5 d 8.0 × 10−6 d

6.76 × 10−5 b

aThe deuterated derivatives have been isotopically substituted in the 9,14,19,19,19-positions in Pre, and in the 7-position in Tri. bFrom ref 31. cFrom
ref 20. The experimental temperatures are T = 60.10(±10) °C and T = 60.50(±10) °C for Pre(d0) and Pre(d5), respectively. The TST and CVT/
SCT thermal rate constants listed in this table were calculated at the experimental temperatures. dFrom ref 21.
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Thermal Rate Constants. Calculation of the thermal rate
constants was carried out at several temperatures in the interval
between 25 and 95 °C, but here we limit the analysis of the
thermal rate constants to mainly two temperatures: T = 37 °C
(the normal body temperature) and T = 60 °C, one of the
temperatures at which there are experimental results of thermal
rate constants for the [1,7]-hydrogen shift reaction of both Tri
and Pre. [Note: The experimental temperatures are T = 60.0
°C for Tri and T = 60.10(±10) °C for Pre, respectively. The
thermal rate constants for Pre were calculated at T = 60.1 °C.
However, in the text we use T = 60 °C and make a direct
comparison between the Tri and Pre results.] The results at
other temperatures can be found in the Supporting
Information.
Figure 1 plots the contribution in percentage of each of the

reaction paths at 37 °C, and Table 3 lists the total thermal rate
constants for the isomerization reaction. The solvent has the
effect of lowering the total CVT/SCT thermal rate constants by
30% due to changes in the free energy of activation (22%) and
to the decrease in the tunneling transmission coefficients (8%).
It also has an important effect on the two major reaction paths
(R1 and R5), because the solvent favors the pseudoequatorial
position of the OH group.50 The rest of the channels increase
the reactive flux by 26%. This percentage is not negligible, and
it shows that is important to look for transition states coming
from highly energetic (low populated) reactive conformers.
The large number of reactive channels with low interconversion
barriers between conformers may lead to situations in which
there is hopping of reactive molecules between different
channels. Variational transition-state theory cannot account for
these nonstatistical effects, but to our understanding their
impact on the thermal rate constants would be small. As an
example, direct dynamics simulations carried out for the
isomerization reaction in cyclohexane confirmed the presence
of important nonstatistical effects.51 However, even in that case
the TST thermal rate constants were in excellent agreement
with the experimental data.
Quantum effects are of great importance for the isomer-

ization reaction, because at 37 °C tunneling increases the
thermal rate constants by an order of magnitude. Most of the
tunneling occurs very close to the top of the barrier, and at 37
°C for reaction path R1, the tunneling energy that contributes
the most to the transmission coefficient (sometimes called
representative tunneling energy52) is only 2.3 kcal/mol below
the barrier. The SCT approximation describes well this type of

situation in which tunneling trajectories do not deviate
substantially from the classical path for reaction, and it has
been shown to perform well in other hydrogen shift reactions.53

The SCT transmission coefficient for two major reaction paths
diverge more than expected, i.e., 11.4 for R1 and 8.06 for R5,
respectively (see Figure 2). This divergence can be traced to
the difference in stability between the chair and twisted
conformations of Vit, because the least stable product has a
wider reaction path.
Figure 3 shows that the multipath CVT/SCT thermal rate

constants are in very good agreement with the experimental

data from ref 20. In n-hexane the antarafacial(+) attack at
T = 80 °C contributes about 86%. This value is in agreement
with experimental measurements by Sheves et al.19 that showed
that the antarafacial(+) attack is preferred, although our
percentage is somewhat larger than the 67% predicted by
those authors. Anisotropic microenvironments such as the skin

Figure 2. Histogram plotting the SCT transmission coefficients obtained in n-hexane for all the reactive channels at T = 37 °C.

Figure 3. Arrhenius plot that compares experimental and multipath
CVT/SCT thermal rate constants in n-hexane for both Pre(d0) and
Pre(d5).
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may accommodate some of the conformers of Pre and their
corresponding transition states better than isotropic environ-
ments (as n-hexane), because Pre itself has some anisotropy,
with a hydrophilic hydroxyl group in the A ring when the rest of
the molecule is hydrophobic. Stabilization of those highly
energetic antarafacial(−) reactants with the C ring in the
twisted-boat form would not modify the contribution of
reactants to the final rate constants, since that is dominated by
the half-chair conformations. However, it may involve a
substantial increase of the contribution of the transition states.
For instance, an additional stabilization of these reactants and
transition states with respect to the antarafacial(+) stationary
points by about 1.7 kcal/mol would increase the thermal rate
constants by roughly a factor of 3.
That is not the only possibility for increasing the thermal rate

constants, since it may also happen that, in this environment,
the most stable conformations of Pre would be less stabilized
than the transition states. This may also happen in β-
cyclodextrins, which catalyze the isomerization reaction, making
it almost 5 times faster than in human skin at 37 °C. In this
case, as it was pointed out in the equilibrium constants section,
we believe the disappearance of both the tZc conformers of Pre
and the ZtE conformers of Vit due to steric hindrance aids the
reaction even more. This would lead to lower values of the
equilibrium constants, but to higher thermal rate constants than
in human skin, because the most stable conformation of Pre
would be cZc, which has a lower barrier for reaction than tZc.
The flexibility of the trienic system lowers the thermal rate

constants for both Tri and Pre with respect to more rigid
systems, because there is an expansion of the space of reactants.
However, in Pre there is an additional flexibility due to the rings
that leads to further expansion of the space of reactants but
with an increase of reactivity that compensates it. Thus, at 60
°C the sum of the reactive flux of all channels makes the
multipath thermal rate constant of Pre about 50% higher than
the thermal rate constant of Tri. Another important difference
between Pre and Tri is that for the latter the two possible
antarafacial attacks lead always to transition states that are
enantiomers; therefore, each of them contributes 50%. In Pre
this percentage may fluctuate depending on the environment.
Table 3 shows that the rate constants of Pre are more affected

by the environment than those of Tri, but, on the other hand,
Tri would be much less efficient than Pre in anisotropic media.
This is an indication that higher sensitivity to the environment
is related to more flexibility.

Kinetic Isotope Effects. The KIEs of each of the reaction
paths (in n-hexane) with their contribution to the total KIE are
plotted in Figure 4 at 37 °C. The gas-phase KIEs (not plotted)
are slightly larger than those in n-hexane, and the total KIE is
about 6% larger in n-hexane, i.e., 7.62 versus 7.20. A
comparison between Figures 2 and 4 shows that transmission
coefficients and the KIEs change in the same fashion, because
the quasiclassical contribution to the individual KIEs varies
much more uniformly than the tunneling contribution. As
indicated in the percentages of Figure 4, the two reaction paths
that contribute the most to the final KIE are R1 and R5, and
the individual KIES are 7.49 and 6.40, respectively. The total
KIE (7.20) is somewhat larger than the average of these two
values (6.95) due to the contribution of the other reaction
paths (mainly R13 and R16), which have larger tunneling
contributions to the KIE than these two reaction paths. In
general, environments like n-hexane, that stabilize reaction path
R5, would lead to lower KIEs than environments that
preferentially stabilize R1, R13, or R16. From these data we
point out that a good low-limit for the total KIE for the
isomerization reaction is the individual KIE of reaction R5.
At 60 °C the experimental KIEs are 7.4 and 7.0 for Pre and

Tri, respectively, whereas the theoretical calculations in n-
hexane are 6.01 and 5.52, respectively. The agreement between
them is reasonable (the theoretical KIEs are lower by about
20%), taking into account the uncertainty in the experimental
measurements, especially in the thermal rate constants for the
deuterium transfer (see Figure 3), and the fact that we are using
the harmonic-oscillator approximation, when there is some
evidence that anharmonicity may have some influence on the
value of the KIEs.54

Even when both systems have quite similar total KIEs, the
partial KIE contributions are quite different. The quasiclassical
contribution is larger in Tri, but the tunneling contribution is
larger in Pre. In this case, the quasiclassical contribution to the
KIE would be mainly due to vibration, so this contribution
would be more important when the difference between the free

Figure 4. Histogram plotting the quasiclassical, ηqc, and quantum, ηtun, contributions of each of the isomerization reaction paths of Pre to the total
KIE at T = 37 °C. The contribution in percentage, %ηi, of each of the paths to the final KIE is indicated next to the bars. The resulting quasiclassical,
quantum, and total KIEs are plotted in the last three bars.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja2077075 | J. Am. Chem.Soc. 2012, 134, 346−354352



energies of activation for the root and isotopically substituted
species is large. As to the tunneling contribution to the KIE, it
was expected to be larger for Pre than for Tri, because ηtun(T)
increases when the tunneling transmission coefficients are
larger. This is consistent with a faster decay of the KIE for Pre
than for Tri in the interval of temperatures between 25 and 95
°C.
Finally, we note that the R8, R12, and R16 reaction paths

have large KIEs due to the tunneling contribution. Therefore, if
in human skin the thermal rate constants are larger than in n-
hexane due to an increase in the contribution of the
antarafacial(−) attack, an experiment including measurements
of the isotopically substituted Pre would display larger KIEs
than those measured in n-hexane.

■ CONCLUDING REMARKS
We have carried out an exhaustive variational transition-state
theory theoretical study using the CVT/SCT approach on the
[1,7]-hydrogen shift reaction (or isomerization reaction) of Pre
in both gas-phase and n-hexane environments. The conforma-
tional analysis of the equilibrium structures leads to a total of 35
conformers of Pre and 24 conformers of Vit.
The great flexibility of the A and C rings leads to 16 reaction

paths for isomerization, and in both gas-phase and n-hexane
environments the reaction occurs about 90% through
antarafacial(+) attack. Although the contribution of the two
of reaction paths obtained from the most stable configurations
of Pre to the thermal rate constants and to the KIEs is
substantial (about 74% at 37 °C), the contributions from some
of the other reaction paths are relatively important and cannot
be neglected. Therefore, the flexibility of the rings generates
additional reactive flux. Additionally, these less important
reaction paths increase the tunneling contribution as well as the
KIE. The narrow energy window in which the transition states
were located makes the hydrogen shift reaction quite sensitive
to the environment, and we suggest that a further stabilization
of some of the transition states may be the reason for the
isomerization reaction to be faster in human skin (anisotropic
environment) than in n-hexane (isotropic environment).
The comparison between Pre and Tri shows that, although

the trienic system is identical for the two systems, their
dynamics is quite different. Tunneling is more important in Pre
than in Tri, and for the former, in both gas-phase and n-hexane
environments, there is a preference for the antarafacial(+)
attacka preference that cannot exist in Tri.
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