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ABSTRACT: The catalysis of acceptorless alcohol dehydrogenation (AAD) is an
important area of research. Transition metal-based systems are known to be effective
catalysts for this reaction, but developing metal free catalytic systems would lead to highly
desirable cheaper and greener alternatives. With this in mind, this computational study
investigates design strategies than can lead to metal free frustrated Lewis pairs (FLPs) that

can be employed for AAD catalysis. A careful study of 36 different proposed FLP ~ OH
candidates reveals that several new FLPs can be designed from existing, experimentally Ph
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synthesized FLPs that can rival or be even better than state-of-the-art transition metal-

based systems in catalyzing the alcohol dehydrogenation process.

B INTRODUCTION

Alcohol dehydrogenation is often used to activate alcohols to
the more reactive ketones or aldehydes.'™* Today, the demand
for renewable energy sources has led to significant interest™ % in
utilizing alcohol dehydrogenation for the production of H,
from biomass or its fermentation products, usually employing
transition metal catalysts.” "> A variety of transition metal
catalysts such as rhodium, iridium, and ruthenium have been
reported'*™** for this process, with well-known hydrogen
acceptors such as O,, H,0,, and acetones. Acceptorless alcohol
dehydro§enation (AAD), on the other hand, is less
common' #3725 byt is useful, particularly in terms of H,
production and atom economy. In this regard, the work of
Yamaguchi, Fujita, and their co-workers®®?’ is significant,
because they have developed a new iridium metal complex that
catalyzes alcohol dehydrogenation efficiently under mild
conditions without requiring acceptors, thus being the most
promising AAD catalyst developed to date.

The mechanism for the AAD catalysis by the iridium
complex of Yamaguchi et al. has been computationally studied
by Wang and co-workers.'' As shown in Figure 1, the
mechanism involves three steps: (i) ligand rotation leading to
Ir—O bond cleavage to form the reactive intermediate int.1, (ii)
hydrogen transfer from the alcohol substrate to form int.3
(through transition sate TS), and (iii) release of dihydrogen to
regenerate the catalyst. They calculated the overall reaction free
energy barrier height'" for 1-phenylethanol dehydrogenation to
be 30.0 kcal/mol.

While the experimental and computational work on AAD
catalysis, discussed above, is significant, it is notable for the fact
that it involves a transition metal complex. Transition metal-
catalyzed reactions are not ideal because of the use of expensive
transition metals, and the production of waste, high cost, and
toxicity. To overcome these disadvantages, the substitution of
transition metal systems with Main Group systems is an
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Figure 1. Catalytic cycle for alcohol dehydrogenation.

attractive option, because this can lead to cheap and green
catalyst systems. The recent work of Stephan and co-workers®
is important in this context. They have introduced the concept
of “frustrated Lewis pairs” (FLPs), which are complexes that
contain a Lewis acidic and a Lewis basic center, sterically
separated from bonding with each other, leading to latent Lewis
acidity and basicity that can be exploited for small molecule
activation.”®*7>° FLPs have been employed for the activation of
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dihydrogen®"** and amines.>® Also, the hydrogenation of C=

C3*3° C=N,¢38 bulky imine,*”* and C=0" bonds using
FLPs has been reported. Furthermore, the dehydrogenation of
alcohol to ketone® and the dehydrogenation of ammonia-
borane**** by FLPs has also been demonstrated.

With respect to the topic under discussion, AAD, the FLP
systems that may be important are phosphinoboranes, which
have been studied experimentally”®”***~* and computa-
tionally.>"*"**~** Indeed, computational studies have reported
the dehydrogenation of alcohol through P/B cooperation in the
(‘Bu),P=B(CF;), FLP.*! However, as shown in Results and
Discussion, the barriers in the dehydrogenation process with
this system are higher than for the metal-based iridium system""
that has been discussed above. Now, to be truly effective, Main
Group-based systems need to have barriers that are similar to,
or preferably lower, than the barriers obtained for metal
systems. It is therefore imperative that other FLPs be
considered that would be as effective as (or more effective
than) the existing metal-based system. An effective strategy in
this context would be to design more sterically constrained
FLPs that would have weaker interaction between the Lewis
acidic and basic centers, leading to a lowering of the barriers for
the alcohol dehydrogenation process, and thus to more
catalytically efficient systems.

With this in mind, we have considered the N/B FLP system
shown in Figure 2, which has been experimentally synthesized

Figure 2. Main Group FLP complexes that have been reported
experimentally. The color scheme is as follows: carbon, gray; nitrogen,
blue; hydrogen, black; boron, pink; fluorine, yellow.

recently by Chernichenko et al.>>*' In this FLP, 1, and its
variant, 2 (see Figure 2), there exists a dative bond between the
nitrogen and the boron atoms, which is weaker than the more
covalent bond between P and B in the (‘Bu),P—B(CF;), FLP.
Furthermore, the coordination of each atom to the phenyl ring
ensures greater steric hindrance in this case, which would lead
to easier activation of the N—B bond. We have therefore
decided to look at 1 and 2 as starting points of a thorough
computational investigation into the possibility of employing
these complexes, and introduced variations to these complexes,
for the efficient dehydrogenation of alcohols. As many as 36
different N/B complexes have been considered, and several
promising candidates for the dehydrogenation of the alcohol 1-
phenyl ethanol (the same alcohol that had been considered for
the iridium-based system'') have been identified. As shown in
Results and Discussion, while 1, 2, and several of their variants
are predicted not to be as effective as the metal-based system,
our studies have unearthed some promising candidates that are
predicted to be more effective than the metal-based systems for
the alcohol dehydrogenation catalysis process.
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B COMPUTATIONAL DETAILS

The geometry optimizations were conducted employing density
functional theory (DFT) with the Turbomole 6.4 suite of programs.>*
The Perdew, Burke, and Ernzerhof (PBE)*® functional was used for
the geometry optimization calculations. The triple-{ basis set
augmented by a polarization function (Turbomole basis set TZVP)
was used for all the atoms. In the calculations involving the iridium
catalyst, we have employed the def-TZVP basis set for the iridium
atom. The resolutions of identity (RI)** along with the multipole
accelerated resolution of identity (marij)>® approximations were
employed for an accurate and efficient treatment of the electronic
Coulomb term. To improve the calculation of the energy values, a
further correction was made through single-point B3-LYP calcu-
lations®**” for the DEFT (PBE)-optimized structures. Natural
population analysis was conducted to obtain the NBO charges for
certain cases described herein, where required. Frequency calculations
were conducted at the DFT level to obtain the zero point energy, the
internal energy, and entropic contributions (calculated at 298.15 K).
Hence, in addition to the AH values, AG values have also been
reported. With regard to the transition states obtained during the
investigations of the dehydrogenation process, care was taken to
ensure that the obtained transition state structures possessed only one
imaginary frequency corresponding to the correct normal mode.

To check whether dispersion effects are important for these
systems, we have done full optimizations of structures using Grimme’s
dispersion corrected functional, B97-D.>® The calculations were
conducted for the slowest (first) step of the reaction for FLP
complexes 3, 4, and 16. Moreover, the full catalytic cycle was
determined with this functional for complexes 25 and 30, which
contain large substituents attached to the nitrogen (see Figures S7 and
S8 of the Supporting Information). The results, as shown in Table S1
of the Supporting Information, indicate that the values obtained by
this TZVP/B97-D approach are quite similar to the corresponding
values obtained by our reported TZVP/PBE/B3LYP approach. There
is only a slight decrease observed in the barrier height when the
TZVP/B97-D approach is employed: the barrier height decreases in
the five cases by 1.5—2.8 kcal/mol, while the trends remain the same
(see Table S1 of the Supporting Information). Furthermore, as shown
in Figures S9 and S10 of the Supporting Information for the case of
reactants and transition states for complexes 3 and 4, the optimized
geometries obtained from the TZVP/PBE/B3LYP and the TZVP/
B97-D approaches are quite comparably similar.

In short, our calculations reveal that the dispersion corrections are
not particularly significant for the systems that we have studied, and
therefore, our TZVP/PBE/B3LYP approach is sufficiently robust to
handle the newly proposed FLP systems.

B RESULTS AND DISCUSSION

The frustrated Lewis pair, 2, which has been recently
synthesized, can be employed for alcohol dehydrogenation.
As shown in Figure 3, however, employing such a system would
give rise to a barrier of 33.2 kcal/mol for the slowest (first) step
of the reaction. This is in contrast to a barrier of 21.9 kcal/mol
for the slowest (first) step of the reaction if the iridium catalyst
were to be employed (see Figure 4). It is therefore clear that 2
would not be an effective Main Group substitute for the iridium
catalyst, which has been employed experimentally to dehydro-
genate the alcohol.>**” It is to be noted that the barriers for
FLP 1, discussed in the Introduction, are even higher than
those calculated for 2 (see Figure S1 of the Supporting
Information), indicating that this would be even poorer at
dehydrogenating the alcohol.

However, beginning from 2 as the point of reference, one can
modify and design new FLPs that may be superior 2 as catalysts
and even rival the iridium-based catalyst in dehydrogenating the
alcohol.
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Figure 3. Free energy surface for the alcohol dehydrogenation reaction employing the recently synthesized metal free frustrated Lewis pair complex
2. All values are in kilocalories per mole.
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Figure 4. Free energy surface for the alcohol dehydrogenation reaction employing the recently synthesized iridium complex. All values are in
kilocalories per mole.

With this is mind, we have designed four strategies for groups have been considered for this case, including CHj,
modifying 2. As shown in Figure S, the strategies are as follows. C(CH,);, CH(CH,),, and N(CHj,),. All the corresponding

Strategy |. Modify the functional groups on the nitrogen cases with the hydrogens of the phenyl backbone replaced with
and boron of 2. The groups modified are denoted as R;—R;. As fluorine atoms have also been considered.
shown in Table 2, R, has been generally kept as the CH; group, Strategy lll. Modify 2 by adding a linker, C(CF;),—CF,—
while for R,, the different groups that have been considered are CF,—CF,, between the boron and the backbone phenyl group
CH,;, C(CH;),;, CH(CH,),, and N(CHs;),; for R;, C4F and (see Figure S). This is a variant of strategy II, with the emphasis
C(CH,); have been considered as the functional groups. being on observing how having fluorines in place of hydrogens
Furthermore, all the corresponding cases with the hydrogens of leads to a change in the alcohol dehydrogenation barrier.
the phenyl backbone of 2 replaced with fluorine atoms have Different R, groups have been considered for this case,
also been considered. including CH;, C(CH,);, CH(CH,),, and N(CH,),.

Strategy Il. Modify 2 by adding a linker, C(CF;),—CF,— Strategy IV. Modify 2 by adding a linker, CF,—CF,—CF,—

CH,—CH,, between the boron and the backbone phenyl group CF,, between the boron and the backbone phenyl group (see
(see Figure S). As will be explained below, the reason for Figure S). Different R, groups have been considered for this
adopting this strategy of “sewing” the boron and the back case, including CH;, C(CH,);, CH(CH,),, and N(CH;),. All

phenyl group together is to reduce the level of interaction the corresponding cases with the hydrogens of the phenyl
between the boron and the nitrogen atoms, thereby sterically backbone replaced with fluorine atoms have also been
increasing the level of frustration in the FLP. Different R, considered. A possible synthetic strategy for making an FLP
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Figure 5. Four strategies that have been employed in investigating the conversion of the existing catalyst system, 2, to potential new complexes for

alcohol dehydrogenation.

Table 1. First and Second Barriers of the Catalytic Cycle for
the Dehydrogenation of 1-Phenylethanol by a Range of
Different FLP Complexes Considered in This Study (all
values in kilocalories per mole)

(AG)* (aG)*

complex TS, TS, complex TS, TS,
8 279 16.8 29 28.4 16.9
1§ 30.2 18.9 30 17.5 3.9
18 21.7 10.2 31 24.3 18.5
19 30.0 16.4 34 22.0 10.4
22 239 7.4 35 219 12.5
25 26.8 16.3 38 21.5 9.7
26 18.3 3.7

with a fluorinated backbone is shown in Figure S11 of the
Supporting Information.

Before discussing the results obtained from the four
strategies mentioned above, we here note a point regarding
the slowest step for the reaction cycle for the alcohol
dehydrogenation catalysis. The complete catalytic cycle for
the dehydrogenation of 1-phenylethanol is shown in the
Figures 3 and 4 for the case of 2 and the iridium system,
respectively. As shown in the figures, the cycle involves two
steps, along with the respective barriers. The first step is the
extraction of the hydrogens from the alcohol, leading to the
formation of the ketone, while the second step involves the
formation of the dihydrogen molecule, H,, from the hydro-
genated catalyst, thereby regenerating the catalyst (see Figure
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3). As shown in Figure 3, the first barrier is 16.8 kcal/mol
higher than the second barrier. This higher activation barrier for
the first step in comparison to the second is seen to be the
trend for a range of other different systems that we have
considered. As shown in Table 1, the difference between the
first and second barriers is always significant [in the range of
8.8—16.5 kcal/mol (see Table 1)] for every case considered.

The reasons for this are twofold. (1) The first barrier
involves the interaction of two molecular species; i.e., it is an
intermolecular reaction. This leads to a higher entropic cost for
the reaction, thereby increasing the barrier. (2) The crossing of
the first barrier leads to an intermediate that has an energy
higher than that of the reactant intermediate, while the crossing
of the second barrier leads to an intermediate that has an
energy lower than that of the corresponding reactant
intermediate. Thus, the favorability of the second reaction
leads to a reduction in the second barrier.

Because all the different representative cases discussed in
Table 1 have the second barrier lower than the first, it is clear
that the rate-determining step for the dehydrogenation reaction
is the first step, involving the dehydrogenation of the 1-
phenylethanol to the corresponding ketone. Therefore, only the
first step has been considered for all the different cases that
have been studied as modifications to 2 in strategies I-IV. This
has been done to reduce the computational cost of doing the
full quantum chemical calculations for the many FLP
complexes considered in this study.

The results from the different strategies adopted are
discussed below.

DOI: 10.1021/jo5023052
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Figure 6. Comparison of the nitrogen—oxygen distances for two FLP cases: complexes 3 and 4. The color scheme is as follows: carbon, gray;

nitrogen, blue; hydrogen, black; boron, pink; fluorine, yellow.

Table 2. Barrier Heights (AG values) for the Slowest Step of the Dehydrogenation of 1-Phenylethanol by the Newly Designed
Complexes Discussed under Strategy I (all values are in kilocalories per mole)

X { RQN/ Re
OH y B, o}
Complex ©)\ X F|<3 ©)K TS; (AG)*
—_—

X=H
3 R,=CH; ; R,=C(CH;); ; R;=CgFs 31.7
4 R, =C(CH3);; R,=CHs; R; = CgFs 35.5
5 R,=CH; ; R,=CH(CHs),; R;=C4Fs 28.2
6 Ri=CH; ; R,=N(CHs), ; R;=C4Fs 28.3
7 R,=CH; ; R,=CH; ; R, = C(CF5); 33.5
8 R,=CH; ; R,=N(CH3), ; R;=C(CF5); 27.9

X=F
9 R, =C(CHs); ; R,=CHj ; Ry = CgFs 415
10 R,=CH; ; R,=C(CH;); ; R;=CgFs 34.8
11 R,=CH; ; R,=CH(CHs),; R;=C4Fs 36.9
12 R,=CH; ; R,=N(CH3), ; R;=CFs 333
13 R,=CH; ; R,=CH; ; Ry = C(CF;); 412
14 R,=CH; ; R,=N(CH3), ; R;=C(CF;); 31.5

10
Best Case for Strategy I

16
Worst Case for Strategy Il

Figure 7. Comparison of the boron—nitrogen distance for two cases,
complexes 10 and 16. The color scheme is as follows: carbon, gray;
nitrogen, blue; hydrogen, black; boron, pink; fluorine, yellow.

Strategy |. The barriers (AG values) for the slowest (first)
step of the reaction are listed in Table 2 for all the cases
considered under strategy 1. All the barriers for the alcohol
dehydrogenation reaction are seen to be quite high, in the

2085

Figure 8. Comparison of the boron—nitrogen distance for two cases,
complexes 2 and 10. The color scheme is as follows: carbon, gray;
nitrogen, blue; hydrogen, black; boron, pink; fluorine, yellow.

range of 27.9—41.5 kcal/mol. Because the barriers are
significantly higher than that for the iridium-based system
(21.9 kcal/mol), this indicates that these FLP complexes, if
synthesized, would be significantly less effective than the
iridium-based system for the alcohol dehydrogenation. It is to
be noted that for every case studied, its corresponding complex,
in which the hydrogens were replaced with fluorines, was also
considered as a potential candidate for the alcohol dehydrogen-

DOI: 10.1021/jo5023052
J. Org. Chem. 2015, 80, 2081—-2091


http://dx.doi.org/10.1021/jo5023052

The Journal of Organic Chemistry

Table 3. Barrier Heights (AG values) for the Slowest Step of
the Dehydrogenation of 1-Phenylethanol by the Newly
Designed Complexes Discussed under Strategy II (all values
are in kilocalories per mole)

x X \ R
X B
Complex HoCy c|:-|F3 TS; (AG)*
HZC\% CFs
X=H
15 R, = CH; 30.2
16 R, = C(CH); 33.7
17 Rz = CH(CH3)2 27.9
18 R2 :N(CH3)2 21.7
X=F
19 R2 = CH3 29.6
20 R, = C(CHs); 332
21 R, = CH(CHs), 29.1
22 R, = N(CH;), 23.9

Table 4. Barrier Heights (AG values) for the Slowest Step of
the Dehydrogenation of 1-Phenylethanol by the Newly
Designed Complexes Discussed under Strategy III (all values
are in kilocalories per mole)

R
X \N/ ’
omplex £, cFs TS, (AG)
F,C—CF, CFs
X=H
23 R, =CH; 31.1
24 Rz = C(CH3)3 32.8
25 Rz = CH(CH})Z 26.8
26 R, = N(CH3), 18.3
X=F
27 R'_y = CH3 31.2
28 Rz = C(CH3)3 33.8
29 Rz = CH(CH3)2 28.4
30 Rz = N(CH;)Z 17.5

ation catalysis reaction. It is seen that this did not lead to any
improvement in the barrier heights for any of the cases
investigated (see Table 2).

It is to be noted that different conformations can be
considered for the FLP complexes that have been studied under
strategy 1. As shown in Figure 6, for FLP complex 3, the R,
group is cis to the backbone phenyl group [denoted “down

C(CH,); group” in Figure 6], while for FLP 4, it is trans to the
backbone phenyl group [denoted “up C(CHj;); group”]. The
calculations indicate that the “down” R, group case is the more
energetically favorable conformer. In the cases of FLPs 3 and 4,
the difference in energy between the two conformers is 1.7
kcal/mol, with the “down” conformer being more stable. The
reason for this is steric: having the C(CHj;); group cis to the
backbone phenyl increases the distance from this bulky group
to the boron center, thereby making the conformer more
sterically favorable. It is also observed that for 3, the approach
of the substrate alcohol is more favored in comparison to that
for 4, by 3.8 kcal/mol. The reason for this is that the undesired
interaction between the substrate and the C(CHj;); group is
minimized in the “down” conformer in comparison to the “up”
conformer. As shown in Figure 6, the optimized structures of
the reactant complexes of the two conformers with the
substrate present show that the distance between the oxygen
of the incoming alcohol and the nitrogen center is significantly
lower for the “down” conformer than for the “up” conformer.
This indicates that putting the bulky group cis to the backbone
phenyl or FLP complexes would yield lower barriers for the
cases considered under strategy 1. Hence, for the other
complexes that have been considered under this strategy, the
bulkier group on the nitrogen has been kept cis to the phenyl
ring, i.e., in the “down” conformers, which can be seen in Table
2.

These results indicate that changing the functional groups on
the Lewis acidic boron and the Lewis basic nitrogen centers in
the FLP is not enough to reduce the barrier for the alcohol
dehydrogenation reaction, thereby implying that a different
strategy has to be adopted to bring down the barrier. This is
discussed in the next section, which discusses the results of
employing strategy IL

Strategy Il. The results from the previous section, in which
2 was modified by putting different functional groups at the
boron and nitrogen centers, suggest that this is not adequate to
bring about the desired changes in the rate-determining step for
the alcohol dehydrogenation process. The reason the barrier
heights are quite high for such cases is that there is a significant
interaction between the Lewis acidic boron and the Lewis basic
nitrogen centers. As shown in Figure 8, the distance between N
and B is 1.764 A in 2. For the modifications discussed in
strategy I, this distance is increased by only ~0.059 A for the
best case, in terms of the greatest increase in the B—N bond
distance (for the case where R, = CH;, R, = C(CH;)3, and Ry =
C¢F,, complex 10). Now, the slowest (first) step involves the
addition of a hydrogen each at the nitrogen and the boron
centers, which would occur at the cost of the interaction

Table 5. NBO Charge Analysis of the First Transition State for Different FLP Complexes Obtained from Strategies II and III

entry complex boron (B) nitrogen (N) A(B—N)
1 1§ 0.0646 —0.4153 0.4799
2 16 0.1341 —0.4577 0.5918
3 17 0.1143 —0.4329 0.5472
4 18 0.0704 —0.2874 0.3578
S 19 0.0210 —-0.4177 0.4387
6 20 0.0542 —0.4564 0.5106
7 21 0.0605 —0.4342 0.4947
8 22 0.0432 —0.3017 0.3449

complex boron (B) nitrogen (N) A(B—-N) difference (AG)*
23 0.0244 —0.4292 0.4536 -0.9
24 0.0478 —0.4659 0.5137 0.9
25 0.0284 —0.4448 0.4732 1.1
26 —0.0339 —0.2981 0.2642 34
27 —0.0129 —0.4318 0.4189 -1.6
28 —0.0079 —0.4687 0.4608 —-0.6
29 —0.0073 —0.4469 0.4396 0.7
30 —0.0748 —0.3016 0.2268 6.4

“This is the difference in the barrier height between the barrier obtained for the first transition state for the FLP in column 2 in comparison to the

first transition state barrier for the corresponding FLP in column 6.
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Figure 9. Comparison of the charges in the nitrogen (blue) and boron (pink) atoms in the optimized transition state structures for corresponding
structures taken from the strategy II and strategy III classes. The structures on the left (15—18 and 19—22) are from strategy I, and the structures

on the right (23—26 and 27—30) are from strategy IIL

between the nitrogen and the boron in the FLP. Hence, any
strategy that can lead to a decrease in the level of interaction
between the N and B centers would lead to a decrease in the
barrier. This forms the basis for strategy II, which involves the
linking of the boron and the backbone phenyl group. In this
manner, the level of interaction between the boron and the
nitrogen centers is reduced. The linker that has been employed
to connect the boron and the phenyl carbon is C(CF;),—CF,—
CH,—CH,. This linker has been chosen to maximize the
withdrawal of electron density from the boron center, by
putting fluorine atoms in place of hydrogens in the first two
carbons attached to the boron.

Figure 7 shows a comparison of the best case under strategy
I, in terms of the greatest increase in the B—N bond distance,
with the worst case, among all the different linked cases studied
in strategy II [the case in which R; = CH; and R, = C(CHj);
complex 16]. We observed that the B—N distance is
significantly increased by linking the boron to the phenyl
backbone. The N—B distance is 2.566 A in the worst strategy 11
FLP case, while it is 1.823 A in the best strategy I FLP case.
This decrease in the level of interaction between the B and the
N centers, i.e., the increase in the level of steric frustration in
the FLP in the strategy II FLP cases, should lead to greater
interaction with the hydrogens of the I1-phenylethanol
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substrate, which could lead to a decrease in the dehydrogen-
ation barrier.

This is indeed borne out by the calculations for all the
different FLPs that have been considered in strategy II, as
shown in Table 3. In almost every case, the barriers have
dropped significantly in comparison to the barriers that have
been obtained for the complexes studied under strategy 1. Also,
as had been done for all the cases studied under strategy I, we
have considered the effect of replacing the hydrogens of the
backbone phenyl ring with fluorines for all the cases considered
in strategy II. The results, as shown in Table 3, indicate that this
has an only marginal effect on the barriers in comparison to the
corresponding nonfluorinated cases, with the barrier decreasing
in two cases and increasing in the other two. This implies that
fluorinating the backbone phenyl ring is unlikely to have a
significant effect on the barrier heights for the alcohol
dehydrogenation reaction for the cases considered under
strategy II, as well.

A perusal of the results in Table 3 indicates that the most
effective FLP among the ones considered in strategy II is 18,
the case in which R, = N(CH,),. For this, the rate-determining
barrier has been found to be 21.7 kcal/mol. This compares very
favorably with the barrier obtained for the iridium catalyst
complex (21.9 kcal/mol). This suggests that FLP complexes
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Figure 10. Free energy surface for the alcohol dehydrogenation reaction employing complex 30. All values of free energies are given in kilocalories

per mole.

Table 6. Barrier Heights (AG values) for the Slowest Step of
the Dehydrogenation of 1-Phenylethanol by the Newly
Designed Complexes Discussed under Strategy IV (all values
are in kilocalories mole)

X R
X \N/ ’
X g—H #
Complex \ TS, (AG)
FoC CF,
F,C—CF,
X=H
31 Rz = CH3 24.3
32 R2 = C(CH3)3 27.0
33 R, = CH(CHs), 25.8
34 R, = N(CH3), 22.0
X=F
35 R, = CH; 21.9
36 R, = C(CHy); 28.9
37 Rz = CH(CH3)2 27.4
38 Rz = N(CH3)2 21.5

like 18 would be as effective as the highly efficient iridium
complex in catalyzing the dehydrogenation of 1-phenylethanol.
The next section will discuss modifications to the linker
connecting the boron center to the phenyl backbone.
Strategy lll. The previous section discussed how connecting
the boron and the phenyl backbone of 2 with the C(CF;),—
CF,—CH,—CH, linker led to a significant decrease in the
barrier height for the first step of the catalytic cycle, for almost
all the cases considered. What is discussed in this section is the
possibility of reducing the barriers even further by fluorinating
all the hydrogens of the linker, ie., by employing the linker
C(CF,;),—CF,—CF,—CF,. The cases, otherwise, are the same
as those considered in strategy II, in terms of the R;—R; groups.
The values, listed in Table 4, show that the barrier increases
marginally by approximately 0.6—1.6 kcal/mol in three cases
(case 23 in comparison to case 15, case 27 in comparison to
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case 19, and case 28 in comparison to case 20). However, for
the five remaining cases, the replacement of hydrogens with
fluorine atoms is seen to lead to a decrease in the rate-
determining barrier heights. The most important cases in this
regard are 26 and 30, in which the barrier heights are reduced
to 18.3 and 17.5 kcal/mol, respectively.

An explanation for the slight increase in the barrier in some
cases and the lowering of the barrier in others when
corresponding cases are considered between strategies II and
III is provided in Table S and Figure 9. An NBO charge analysis
has been conducted for the nitrogen and the boron atoms in
the transition state structures for the first transition state for the
corresponding cases taken from strategies II and IIL It is seen
that the difference in charge between the N and the B atoms is
almost the same between corresponding cases where the barrier
is only slightly increased between strategies II and III (see
Table S, entries 1, 5, and 6). However, for the five strategy I
cases in which the barriers are lowered, it is observed that there
is a marked reduction in the difference in charge between the N
and the B atoms (see Table 5, entries 2—4, 7, and 8). This
indicates that the level of electrostatic interaction between the
two atoms is reduced in these five strategy III cases in
comparison to that of their strategy II counterparts, in the
transition state structures. This would lead to greater ease of
separation between the N and the B atoms, thereby reducing
the barrier.

Of all 36 cases that have been proposed and studied in this
computational investigation, 30 represents the case that would
be predicted to be the most efficient at conducting the alcohol
dehydrogenation catalysis. The complete catalytic cycle for the
dehydrogenation of 1-phenylethanol by 30 is shown in Figure
10. As discussed earlier, the reactions subsequent to the first
step proceed with very little further requirement of energy, with
the second barrier being only 13.7 kcal/mol for the case of this
FLP.

The values for the barrier heights for the slowest step for
alcohol dehydrogenation for 26 and 30 are 3.6 and 4.4 kcal/
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Figure 11. Proposed synthesis of complex 34.

mol lower, respectively, than the corresponding barrier height
for the iridium catalyst case. Hence, the current computational
investigations provide a pointer with respect to how non-metal-
based FLPs can be improved to make them significantly better
than the state-of-the-art metal-based systems in conducting
important chemical transformations.

Strategy IV. The last strategy that has been investigated is
to reduce the size of the linker by replacing the C(CF;),—CF,—
CF,—CF, linker employed in strategy III with the CF,—CF,—
CF,—CF, linker. This replacement of the CF; groups in the
carbon a to the boron with the smaller fluorine atoms has been
conducted to reduce the likelihood of steric interactions
between the CF; groups and the hydrogens of the incoming
alcohol substrate. That this change has a salutary effect on the
barrier heights is evidenced by the results, listed in Table 6. The
barrier heights are reduced to the range of 21.5—28.9 kcal/mol
for the eight cases considered. Indeed, the investigation of these
cases throws up three new possible FLPs, 38, 35, and 34, that
have barrier heights for the slowest step (21.5, 21.9, and 22.0
kcal/mol, respectively) that are comparable to the correspond-
ing barrier height for the iridium catalyst case (21.9 kcal/mol).
This suggests that this strategy of employing a simpler linker
can also lead to effective FLPs for alcohol dehydrogenation
catalysis.

Overall, the current computational investigations indicate
that one can design new FLPs beginning from an existing,
experimentally synthesized FLP and introduce modifications
that can increase the efficiency of the FLP substantially. As
shown in the graph in Figure 11, of the 36 cases investigated,
there are six (18, 26, 30, 34, 35, and 38) that compare very
favorably with the iridium catalyst, which is the state-of-the-art
system present today for alcohol dehydrogenation catalysis."" It
is to be noted that five of the six cases (18, 26, 30, 34, and 38)

feature an N—N bond in the FLP. It is likely that the presence
of the nitrogen attached to the Lewis basic FLP nitrogen
increases its Lewis basicity and thereby leads to a reduction in
the barrier. Because N/B FLPs having an N—N substitution
have not yet been reported, a synthetic route to making such
complexes is shown in Figure 11 for FLP case 34. It is possible
that such FLPs may also face decomposition pathways during
the catalysis reaction, but such possibilities are beyond the
scope of this work.

This result also indicates the importance of modifying FLPs
to increase the steric hindrance between the Lewis acid and
base moieties in the FLP, thereby increasing their capacity to
conduct new chemistry. The complete catalytic cycles for the
dehydrogenation of 1-phenylethanol for cases 18, 26, 34, 35,
and 38 are shown in Figures S2—S6 of the Supporting
Information.

B CONCLUSIONS

Full quantum chemical calculations have been conducted by
employing density functional theory (DFT) to test the
possibility of designing new chemical systems that can do the
important catalytic conversion of alcohols to the corresponding
ketones. Specifically, metal free systems have been considered,
based on the frustrated Lewis pair (FLP) concept that has
recently been developed.”® Different strategies have been
considered to design new FLPs begmnmg from an existing,
experimentally synthesized FLP,”' a complex having a weak
nitrogen—boron interaction that can be ruptured and
regenerated during the alcohol dehydrogenation catalysis
process. Careful investigations with 36 proposed FLP
complexes reveal that new FLPs can be designed with a
weaker interaction between the nitrogen and boron centers,
which can thereby lead to systems that would be very effective

2089 DOI: 10.1021/j05023052

J. Org. Chem. 2015, 80, 2081—-2091


http://dx.doi.org/10.1021/jo5023052

The Journal of Organic Chemistry

at the alcohol dehydrogenation process. Indeed, there are
several metal free FLP cases that have been identified in this
work that would have barriers comparable to or lower than the
calculated barrier for the slowest step for the state-of-the art
acceptorless alcohol dehydrogenation (AAD) metal catalyst
present today (Figure 12).""

—
20

ight N
o

Barrier Hei
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o

e ]

34 35 18

Catalyst Complex

38 30

Figure 12. Comparison of the barrier heights for the slowest step of
the alcohol dehydrogenation process for the six best FLP complexes
obtained from this study with the corresponding barrier height for the
state-of-the-art iridium catalyst.

This work, therefore, provides insight into how one can
substitute highly effective transition metal-based alcohol
dehydrogenation catalyst systems with cheaper and greener
metal free catalysts and should thus serve as a guide for
experimentalists working in this important area of research.
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