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As the first step to understand the reaction mechanism and diastereoselectivity of sodium borohydride reduction
of ketones, ab initio Car—Parrinello molecular dynamics simulation has been performed on a solution of
NaBH, in liquid methanol. According to pointwise thermodynamic integration involving constrained molecular
dynamics simulations, it was strongly suggested that Na* and BH4~ are associated in the solvent forming
contact ion pairs. Thus we propose a new transition state structure model that contains complexation of the
carbonyl oxygen with sodium cation. Predicted diastereoselectivity of the reduction of some substituted
cyclohexanones applying this novel transition state model is in good agreement with experimental data, showing
its validity and effectiveness to investigate the diastereoselectivity of NaBH, reduction of other ketones.

Introduction

Since sodium borohydride was discovered by Schlesinger and
Brown and their co-workers in 1943,! it has been widely used
as a reducing agent in organic synthesis and other various fields.
One of the advantages to use NaBH, for reduction is its
characteristic chemoselectvity that arises from its mild reducing
ability. Furthermore, NaBH, exhibits a high degree of s-facial
diastereoselectivity, which can produce, for example, one
diastereomeric alcohol predominantly in the reduction of
prochiral ketone. The origin of this diastereoselectivity has been
the very significant subject of many research papers for half a
century.? In the case of lithium aluminum hydride reduction,
which also shows a high s-facial diastereoselectivity, there is
an established theory that explains the mechanism of the reaction
to predict correct diastereoselectivity.?*~!2 On the other hand,
in the case of NaBH, reduction, there is still a lack of reliable
theory that can describe the reaction mechanism. Although some
theories based on a simplified transition state model have been
reported by Houk et al.,'? these are only able to make qualitative
analysis and in some cases lead to a wrong prediction.?!
Basically, quantitative prediction of diastereoselection must be
achieved by the calculation based on the transition state theory
that uses a reliable transition state structure gained by an ab
initio theory, which has not been established so far. In 1977,
Wigfield discussed several transition state geometry models of
NaBH, reduction which do not contain the role of the sodium
cation (Scheme 1).!37!"To this end, many researchers assumed
that the transition state of NaBH, reduction does not contain
sodium cation in their study,'® > and some researchers used
the transition state model that is similar to the one proposed by
Wigfield to discuss the origin of 7z-facial diastereoselectivity.??
On the other hand, however, there have been a number of reports
against Wigfield’s proposal which insist that sodium cation plays
some role on the reaction mechanism of NaBH, reduction. Glass
et al.?* showed that the diastereomeric product ratio of NaBH,
reduction was dramatically changed when sequestration of the
sodium cation by adding crown ether was done, and Yadav et
al.'* showed that the consideration of the cation complexation
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SCHEME 1: Transition State Geometries Discussed by
Wigfield et al.
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to the carbonyl oxygen is needed to explain 7-facial diastereo-
selectivity of NaBH, reduction with 2-ax- and 2-eg-substituted
cyclohexanones. But after all, comprehensive theoretical studies
with high level ab initio calculation to clarify the mechanism
of NaBH, reduction have not been conducted so far, which is
necessary for detailed investigation about the origin of zz-facial
diastereoselectivity and the correct prediction of diastereomeric
product ratios.

In this work, first, the nature of the solute species of NaBH,4
present in methanol solvent was investigated by ab initio
Car—Parrinello molecular dynamics (CPMD)?**? simulations.
Studies on the structural and dynamical property of solutes with
CPMD simulations have been reported in many papers recently,
and it is well-known that the method provides good results
which cannot be gained by classical molecular dynamics
simulations in a wide variety of aspects.?® To assess the relative
stability of various states of NaBH,, we calculated the free
energy profiles for the dissociation process in methanol solvent
using the pointwise thermodynamic integration (PTI)?” tech-
nique. The data obtained show that NaBH, is associated in
methanol solvent forming contact ion pairs. The result suggests
that also in the transition state of the reduction of ketones, Na*
and BH,™ may be associated. Then we have successfully located
such a transition state structure of NaBH, reduction using high-
level DFT calculations and performed IRC calculation to
confirm whether or not this structure is valid. Finally, by using
this novel transition state structure, the diastereomeric product
ratio of NaBH, reduction with some substituted cyclohexanones,
which show different experimental sr-facial diastereoselectivity,
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TABLE 1: Selected Structural Data of the
CH;0OH---NaBH, System*

BLYP/PW? B3LYP/G¢ MP2/G¢

7O-+Na 2.323 2.271 2.339
Fou 0.974 0.959 0.958
ro-c 1.483 1.442 1.441
FNa---B 2.376 2.325 2.362
Og—u 1.233 1.230 1.227
Ona---0—H 138.6 137.7 139.2
Ona---0—C 113.9 112.9 112.3
00---Na—B 125.1 124.2 113.5
Ejindging(Na*+*BH,) —96.5 —90.2 —96.0
(kcal mol™")

Epinging(NaBHy * < methanol)  —13.5 —14.1 —14.7
(kcal mol™")

“Distances r in A and angles 6 in deg. ” Plane waves expansion.
¢ Gaussian basis sets 6-311++G(3df,3pd). ¢ Average value.

was calculated. Some discussion about these results and further
perspectives are also given.

Computational Details

Car—Parrinello Molecular Dynamics Simulations.
Car—Parrinello molecular dynamics simulations have been
performed with the CPMD program?® in a cubic box of 10.50
A side, with periodic boundary conditions and 15 methanol
molecules and one NaBH,, which corresponds to the density
of methanol, 0.79. We have adopted Martins—Troullier (MT)?
pseudopotentials along with the Kleinman—Bylander*® decom-
position for the C and O atoms, whereas a Von Barth—Car?!
pseudopotential has been adopted for the H atoms; it is known
that this choice has been shown to give good results for pure
liquid methanol.*> Norm-conserving pseudopotentials of the
Goedecker, Teter, Hutter (GTH) type** have been used for the
B and Na atoms. The same choice for the ions was made by
Faralli et al.** Kohn—Sham orbitals were expanded in plane
waves at the I'-point up to a kinetic energy cutoff of 70 Ry,
following previous studies on liquid methanol®? and on ions in
methanol.*37 The BLYP?**3? exchange-correlation functional
have been used for density functional calculations. To validate
this computational strategy, the structure and some of the
electronic properties of the CH;0H complex with NaBH, have
been calculated by our approach and compared with the result
of DFT and MP2 optimize calculations by using the localized
Gaussian basis set, 6-311++G(3df,3pd), implemented in the
Gaussian 03 programs.*® The data obtained are summarized in
Table 1, showing that our computational method satisfactorily
reproduces the structural parameters of the CH;OH complex
with NaBH, and the binding energy between Na*(coordinating
methanol) and BH,;~ as well as NaBH, and methanol.

The initial configuration of simulation was set so that NaBH,
is located on the center of the supercell and methanol molecules
form a simple cubic lattice around NaBH,, where each structure
of NaBH, and methanol was optimized by DFT calculations
with Gaussian 03 beforehand. Then CPMD simulations at high
temperature (1000 K) by velocity scaling were performed with
a time step of 4 au (~0.1 fs) for 1 ps, in which coordinates of
NaBH, were fixed. After that, unconstrained CPMD simulations
were performed in the NVT ensemble with a Nosé-Hoover chain
thermostat set to 300 K over 5 ps for the purpose of thermal
equilibration. Finally, CPMD simulations for the sampling were
performed over 5 ps in the NVT ensemble with a Nosé-Hoover
chain thermostat set to 300 K, a fictitious electronic mass of
400 au, and a time step of 4 au (~0.1 fs).
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Figure 1. Snapshot of the solvation shell for NaBH,.

To evaluate the change in the Helmholtz free energy by
pointwise thermodynamic integration (PTI),? constrained CPMD
simulations were performed along a predefined reaction coor-
dinate (see the Results and Discussion section below). We chose
one Na--+B distance r as the reaction coordinate and increased
its value successively in steps of 0.20 A. At each point, the
system was propagated until the mean constrained force, [fL]
was sufficiently converged (usually within 2 ps). These simula-
tions were performed also in the NVT ensemble with a Nosé-
Hoover chain thermostat set to 300 K.

Optimization of Transition State Structure. All geometries
of reactants, products, and transition state structures for the
reaction of NaBH, with acetone and several substituted cyclo-
hexanones were optimized by using DFT calculations with
B3LYP hybrid functional®**! and 6-31+G(d) basis set, adopting
the Gaussian 03 programs.*’ The energies of each structures
were calculated by the MP2 method with the 6-31+G(d) basis
set. Stationary points were fully optimized and characterized
by vibrational frequency calculations that also provided zero-
point vibrational energies (ZPE). One negative imaginary
frequency was found for each transition state and the direction
of hydride vibration in the transition state is from atom B toward
the carbonyl carbon. Intrinsic reaction coordinate (IRC) calcula-
tions for each transition state structure were also performed.

Results and Discussion

NaBH, in Liquid Methanol. We first report the results of
Car—Parrinello molecular dynamics simulations about a solution
of NaBHj in liquid methanol. The snapshot of the solvation
shell of the NaBH, during the simulation performed at 300 K
over 5 ps is shown in Figure 1. One can see from Figure 1 that
sodium cation Na™ is coordinated by three methanol oxygen
atoms, and Na™ and borohydride BH,~ form a contact ion pair.

The most remarkable phenomenon of the simulation is that
Nat and BH,~ are never separated spontaneously throughout
the run. The nonbonded Na--+B distance along the simulation
run is reported in Figure 2, which shows that the distance
between Na' and BH,~ fluctuated little around some certain
value and never exceeded 3.3 A. The time average of the
distance is 2.74 A. This result strongly suggests that NaBH,
exists in the form of contact ion pairs in methanol solvents.
The time variation of the coordination number of Na® by
methanol oxygen during the simulation is reported in Figure 3.
A molecule is defined to coordinate to Na™ if the distance of
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Figure 2. Na--+B distance along the simulation run.
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Figure 3. The instantaneous coordination number of Na™ by methanol
oxygen during the simulation run.
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Figure 4. Change in free energy, AA, for the dissociation process of
NaBH, in liquid methanol.

its oxygen atom from Na* is smaller than 3.79 A, which is the
sum of the van der Waals radii of sodium and oxygen. From
Figure 3, it can be seen that three methanol molecules always
coordinate Na™ in the whole simulation time. If two hydrogens
of BH,  are considered to coordinate Na*, which looks so
throughout the run, the total coordination number of Na™ is
counted as 5, which is in agreement with the previous theoretical
study done by Faralli et al.>* This also supports the validity of
the present simulation.

To obtain further information about the relative stability of
this form of contact ion pairs of NaBH,, we performed
constrained MD simulations along a predefined reaction coor-
dinate connecting the form of contact ion pairs and the
dissociated form and evaluated the change in the Helmholtz
free energy by pointwise thermodynamic integration (PTI)*’ of
the mean constraint force [fllvia

AA, ., =— [ rCdr

We chose one Na-++B distance r as the reaction coordinate and
increased its value successively from 2.34 A in steps of 0.20
A. The resulting free energy profile for the dissociation process
is shown in Figure 4. This result shows that there is only one
minimum, corresponding to a contact ion pair, where the Na+++B
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distance is ca. 2.7 A and the coordination number of Na* by
methanol oxygen is three, similar to the structure that was seen
from the previous sampling run (its snapshot is depicted in
Figure 1). More methanol molecules are able to come closer to
Nat upon dissociation and finally five methnol molecules
coordinate Nat when BH,™ is sufficiently separated from Na™,
in agreement with Faralli’s study.* Snapshots showing the
coordination shell of NaBH, at different Na-++B distances are
depicted in Figure 5. These results about the free energy profile
for the dissociation process of NaBH, are very similar to the
previous study on that of LiAIH,.!! As can be seen from Figures
4 and 5, solvated ion pairs, in which NaBH, are separated by a
methanol molecule, are not stable local minima like the
dissociation process of LiAlH,. Further, the free energy barrier
to dissociation of of NaBHy, ca. 5 kcal/mol, is somewhat larger
than that of LiAlH,, ca. 4 kcal/mol. This implies that Na* and
BH,~ are more strongly associated in solvents than Li* and
AlH,~. It should be noted here that these results might
underestimate the stabilizing effect of the separated ions a little
because the cell size used in this study is somewhat small and
it is shown by Hummer et al.*? that the solvation free energy
might be evaluated slightly lower in such a case. And our choice
of the pseudopotentials and the performance of DFT should also
be considered carefully again, though it is demonstrated in the
Computational Details section that our method satisfactorily
reproduces the structural parameters and the binding energy
obtained from MP2 calculation adopted in Gaussian 03 pro-
grams. Even after taking them all into account, it can now state
that Na™ and BH,~ may be associated in the transition state of
reduction of ketone since in the case of LiAlH, reduction there
are some established theories that state that Lit and AIH,™ are
associated in the transition state.®>!!

NaBH, Reduction of Acetone. Considering the above results,
it is natural to assume that Na™ is associated with borohydride
in the entire process of NaBH, reduction despite Wigfield’s
proposal.'®!” So we searched for the transition state structure
that includes Na™ associating with BH,~ elaborately and finally
succeeded in locating such a transition state structure using DFT
optimization (B3LYP/6-314G(d)). Figure 6 shows this transition
state structure in the case of the reduction of acetone. One can
recognize from Figure 6 that this transition state structure is
the cyclic form, which is similar to that of LiAlH, reduction,
and has product-like geometries which are not similar to those
of LiAlH, reduction; the forming C-+++H bond length of the
transition state structure of NaBH, reduction is 1.13 A, which
is almost the same size as the bond length of the product alcohol,
whereas the transition state structure of LiAIH, reduction has a
reactant-like geometry, in which the forming C-«+H bond length
is much longer than the bond length of the product.’ In this
respect, our new theory coincides with Wigfield’s proposal,
which also states that the transition state of NaBH, reduction is
product-like."”

The result of normal mode vibration analysis about this
transition state shows a vibration corresponding to a stretching
vibration of the forming C+++H bond. A calculation of intrinsic
reaction coordinate (IRC) was performed with this transition
state and the structures corresponding to the reactant, which is
the complex of NaBH, and acetone, and the product are
successfully located along both sides of IRC (Figures 7 and 8).
The product structure (Figure 8) is the complex of the sodium
salt of the corresponding alcohol, isopropanol, and BH;. Thus,
it can be said that the present transition state structure correctly
illustrates the reaction of NaBH, reduction. It is estimated from
Figure 7 that the reaction proceeds via initial complex formation
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Figure 5. Snapshots of configurations of solvated NaBH,: (A) Na-++B distance is 3.14 A, (B) Na--+B distance is 4.14 A; and (C) Na-+-B distance
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Figure 6. Transition state structure of NaBH, reduction of acetone
(B3LYP/6-31+G(d)).

Figure 7. Reactant (complex of NaBH, and acetone) structure of
NaBH, reduction of acetone (B3LYP/6-31+G(d)).

Figure 8. Product structure of NaBH, reduction of acetone (B3LYP/
6-31+G(d)).

of NaBH, and acetone, followed by nucleophilic attack of the
sodium borohydride, which is like the reaction mechanism of
LiAlH,.

The energy diagram obtained for the reaction coordinate of
NaBH, reduction of acetone is depicted in Figure 9. The
calculated ZPE corrected activation energy of NaBH, reduction
of acetone in the gas phase is 35.2 kcal/mol. This value is larger
than that of LiAIH, reduction, which has a calculated value of
11.7 kcal/mol® in the bidentate transition state structure and
12.2 kcal/mol** in the tridentate transition state structure,
coinciding with the experimental fact that the reducing power
of NaBH, is milder than that of LiAlH, and also with Hammond
postulate,* in the light of having a large activation energy when
transition state structure is product-like. However, one can notice
at this point that this activation energy (35.2 kcal/mol) is
somewhat too high, so the reaction seems unlikely to occur.
But, in the above calculation, we do not count solvent molecules
(methanol in this study) upon the geometry of the transition
state structure. In 1977 Wigfield et al. showed that the protic
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Figure 9. Energy diagram for the reaction coordinate of NaBH4
reduction of acetone: (solid line) gas phase and (dashed line) considering
three solvent molecules explicitly.

Figure 10. Transition state structure of NaBH, reduction of acetone
with three methanol molecules coordinating Na* (B3LYP/6-31+G(d)).

solvents do play a crucial catalytic role on the kinetics of NaBH,
reduction and the transition state structure must involve the
participation of protic solvent,'®!” and in 1982 Eisenstein et al.
showed that including solvent molecules in the calculation
decreases the activation energy of NaBH, reduction.'” Further-
more, the result of CPMD simulation in this study showed that
three methanols almost always coordinate the sodium cation
and form a stable cage in the solution, also strongly suggesting
that solvent molecules must be included in the transition state
structure. So we included three methanols in the transition state
structure of NaBH, reduction with acetone in some appropriate
way to stabilize the system, and again optimized using the DFT
method (B3LYP/6-31+G(d)). As a result, we successfully
obtained the transition state structure that contained three
methanol molecules as depicted in Figure 10. As shown in
Figure 10, three methanol molecules are arranged making
hydrogen bonding to stabilize the system, and one methanol
separated from the sodium cation slightly so that the total
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TABLE 2: Experimental and Calculated Diastereomeric

Product Ratios of 1 and 2
o] (0]

o

1 2

ax-attack:eq-attack product ratios

ketone exptl ratio*¢ calcd ratio®

1 86:14° 80.9:19.1

2 50:50¢ 41.0:59.0
43:57¢

“Ratios of transition states were calculated assuming Boltzmann
distribution at 25 °C. See the text for details. ®Reaction was
performed at 25 °C. ¢ Reaction was performed at 21 °C. ¢ Reaction
was performed at 82 °C.

coordination number of Na™ is 5 as ever. Normal mode vibration
analysis and IRC calculations were also done, and the results
of IRC calculations are also summarized in Figure 9. It shows
that the activation energy is only 10.9 kcal/mol, which is
dramatically decreased from 35.2 kcal/mol (the value of the gas
phase calculation), making the reaction much easier to occur.
This enormous reduction of the activation energy might be the
result of reduced electrophilicity of Na* caused by coordination
of solvent molecules which may enhance the nucleophilicity
of BH,™, significantly. From Figure 6, one can notice indeed
that BH,~ must be separated from Na™ slightly and move to
the position near the carbonyl carbon in the transition state (the
distance between Na™ and BH,™ was elongated from 2.35 Ato
2.93 A). The activation induced by this separation of NaBH, is
small when the electrophilicity of Na* is reduced. Thus, the
addition of solvent molecules can reduce the activation energy.
Although three explicit solvent molecules may not represent
the whole stabilizing effect of the higher solvation shells,* it
satisfactorily reproduces the experimental value of the activation
enthalpy (around 6—12 kcal mol™!).*® Now the catalytic effect
of protic solvent is also recognized in the framework of our
newly proposed transition state structure model, where the
sodium cation plays a key role. All these results mentioned
above strongly support the validity of our novel transition state
structure, so subsequently we will discuss zz-facial diastereo-
selectivity in the NaBH, reduction of some substituted cyclo-
hexanones using this transition state structure.

a-Facial Diastereoselectivity in the NaBH,; Reduction of
Substituted Cyclohexanones. We now describe the results of
the calculated diastereomeric product ratio in the NaBH,
reduction using our newly proposed transition state structure.
There have been so many reports in which the diastereomeric
product ratios in NaBH, reduction of various ketones are
investigated experimentally.***” In the present study, to verify
our theory we deal with two substituted cyclohexanones, which
show remarkably different experimental diastereoselectivity as
a good example. They are, 4-methylcyclohexanone (1), which
shows a preference of axial attack of hydride, and 2-tert-
butylcyclohexanone (2), which shows diastereoselectivity almost
eliminated. Their diastereomeric product ratios (axial vs equato-
rial attack of hydride) in experiment***’ are summarized in
Table 2.

For each cyclohexanone derivative, transition state structures
in NaBH, reduction were fully optimized for both sides of the
attack at the MP2/6-31+G(d)//B3LYP/6-31+G(d) level and
confirmed by normal mode vibration analysis. We found that
the transition state structure in which the substituent is in the

Suzuki et al.

axial attack Eret = 0 keal/mol equatorial attack Ere = 0.85 kcal/mol

Figure 11. NaBH4-4-methylcyclohexanone (1) transition states (MP2/
6-31+G(d)//B3LYP/6-31+G(d)).

Erel = 0.21 keal/mol

axial attack equatorial attack Ee = 0 kcal/mol

Figure 12. NaBH,4-2-tert-butylcyclohexanone (2) transition states
(MP2/6-31+G(d)//B3LYP/6-31+G(d)).

axial position is energetically very unstable and their process
ratio is nearly null, so we omitted those structures and considered
only the structure in which the substituent is in the equatorial
position in this study. Figures 11 and 12 show the calculated
transition state structure of each ketone for both sides of attack
and their relative ZPE corrected energy (E.). By using these
relative energies* of transition state for both sides of the hydride
attack, the ratios of transition states were calculated as the
diastereomeric product ratio assuming the Boltzmann distribu-
tion at 25 °C (summarized in Table 2). It is seen that calculated
diastereoselectivities sufficiently reproduce the tendency of the
experimental diastereomeric ratios: the reduction of 4-methyl-
cyclohexanone (1) gives predominant axial attack product and
the reduction of 2-tert-butylcyclohexanone (2) dose not show
noticeable diastereoselectivity.*’ The reliability of our proposed
transition state structure is thus proved again and the utility of
the present method to predict s-facial diastereoselectivity is
shown. One can determine the diastereomeric product ratio of
NaBH, reduction with other prochiral ketones using the same
calculation based on this transition state structure. Also our
previously developed EFOE model* successfully reproduced
these tendencies of s-facial diastereoselectivity in NaBH,
reduction of substituted cyclohexanones and can explained its
origin, but now further quantitative prediction of the diastere-
omeric product ratio can be achieved by using our new transition
state structure model. In addition, more detailed investigation
about the origin of this s-facial diastereoselectivity in NaBH,
reduction is now feasible, and will be reported in the near future.

Conclusions

Ab initio CPMD simulations have been performed to
investigate the structure of NaBH, in methanol solutions as the
basic study on the reaction mechanism of NaBH, reduction.
By using the pointwise thermodynamic integration technique
involving constrained molecular dynamics simulations, it was
found that the free energy difference between associated NaBH,
and dissociated Na™ and BH,~ in methanol solution is more
than 4 kcal/mol, and it can be concluded that NaBH, is naturally
associated in methanol solvent forming contact ion pairs.
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According to these results, the new transition state structure
model of NaBH, reduction with ketones which contains sodium
cation was proposed and located by DFT optimize calculation.
The catalytic effect of protic solvent is reproduced in the frame
of this newly proposed transition state structure model. Calcu-
lated diastereoselectivity of the reduction of various substituted
cyclohexanones using this new transition state model is in good
agreement with experimental data, so its validity and effective-
ness to study another system and the origin of diastereoselec-
tivity is represented. Now we can discuss the origin of
diastereoselectivity of NaBH, reduction in more detail using
this transition state structure model and the entire mechanism
of reaction, and this will be reported in the future.
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