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Bismuth(III)-Catalysed Hydroalkylation of Styrene with Acetylacetone: A
DFT-Based Mechanistic Study

Abstract: Density functional theory (DFT) has been used to investigate the mechanism
of the experimentally efficient hydroalkylation of styrene with acetylacetone in the
presence of a bismuth catalyst. It is shown that the mechanism is fundamentally
different to that of the analogous gold-catalysed reaction, even though it leads to the
same product. Whereas gold prefers to coordinate to the 7z~bond of the enol isomer of
acetylacetone, bismuth coordinates to the two oxygens to form a chelated complex.
Furthermore, the overall reaction with bismuth via the enol isomer of acetylacetone
occurs with a much lower activation energy compared to the ketone isomer. In
addition, several bismuth catalysts were considered and two of these were shown to
have no activity. All of these results have been rationalised in terms of the strength of
binding of the metal centres to the acetylacetone. The stronger the binding, the greater
the acidity of a proton on acetylacetone, and thus the lower the activation energy for the
protonation of styrene, which turns out to be the rate-determining step in the overall

reaction. In this way, good agreement is obtained with all the experimental data.
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Introduction

Hydroalkylation via metal-catalysed C—H functionalisation remains a powerful tool for
building molecular complexity in organic synthesis [1-4]. For example, Rueping and
coworkers developed a method for hydroalkylation of alkenes via the intermolecular addition
of 1,3-dicarbonyl molecules (acetylacetone) to styrene derivatives catalysed by
Bi(OT1)3(H20)4 [5]. These researchers found that heating acetylacetone (1) with styrene (2)
in nitromethane at 80 °C in the presence of Bi(OTf)3(H20)4 delivered coupled product 3
efficiently after 2 h (Table 1, entry 1). Interestingly, it was observed that this transformation
could not be facilitated by other bismuth salts, such as BiCl; and BiBr;3 (entries 2 and 3). This

indicated that triflate ligands play a key role in the reactivity of the bismuth catalyst. These



experimental findings may derive from the greater Lewis acidity of Bi(OTf); relative to BiClz
and BiBr3 [6-10]. However, a mechanistic proposal was not reported by Rueping and
coworkers in their original study.

[Table 1 near here]

Many hydroalkylation reactions of alkenes with substrates bearing activated
methylene moieties have been developed under Lewis and Bronsted acid catalysis and
associated mechanistic studies have been undertaken [11-19]. In germane studies, Ariafard
and coworkers [20] recently employed DFT to investigate the mechanism of the reaction of
acetylacetone with styrene catalysed by AuClz/AgOTf that was first developed Li and
coworkers [11], (Scheme 1). These DFT studies revealed that highly electron deficient
complex Au(OTY); is strongly bound to the C=C z-bond of the enol tautomer of
acetylacetone, which increases the acidity of the OH proton within enol 1’ (Scheme 1b).
Styrene then deprotonates the most acidic proton within enol 1’ to generate a benzylic
carbocation. Notably, it is this free carbocation that actually serves as the active catalyst and
mediates the hydroalkylation reaction via the proposed cycle shown in Scheme 1.

[Scheme 1 near here]

The above-mentioned results prompted us to employ computational methods to
investigate whether the role of Bi(OTf)s as a hydroalkylation catalyst is similar to Au(OTf).
Although both metal centres bear +3 oxidation states, the former is a main group metal, while
the latter is a transition metal. Specifically, through this study we aimed to address the
following questions: 1) Does the hydroalkylation facilitated by the Bi(III) complex proceed
via an analogous benzylic carbocation mechanism? 2) If not, what could be the mechanism
for such a reaction? 3) Why, in contrast to Bi(OTf)3(H20)s, are bismuth halides (BiCl; and

BiBr3) ineffective hydroalkylation catalysts?



This study employs DFT calculations to address these questions and enhance

fundamental understanding of hydroalkylation processes, more broadly.

Computational methods

Gaussian 16 [22] was used to fully optimise all the structures reported in this paper at the
MO06-2X level of density functional theory (DFT) [23-25]. For all the calculations, solvent
effects were considered using the SMD solvation model for CH3NO; solvent [26]. The
effective core potential of Hay and Wadt with a double-§ valence basis set (LANL2DZ) [27-
28] was chosen to describe bismuth. Polarisation functions were also added for Bi (§d=
0.202) [29]. The 6-31G(d) basis set was used for other atoms [30]. This basis set combination
will be referred to as BS1. Frequency calculations were carried out at the same level of theory
as those for the structural optimisation. Transition structures were located using the Berny
algorithm. Intrinsic reaction coordinate (IRC) calculations [31-32] were used to confirm the
connectivity between transition structures and minima. To further refine the energies obtained
from the SMD/MO06-2X /BS1 calculations, we carried out single-point energy calculations
using the M06-2X functional method [33] for all the structures with a larger basis set (BS2).
BS2 utilises the def2-TZVP [34] basis set on all atoms. Tight convergence criterion was also
employed to increase the accuracy of the single point calculations. All thermodynamic data
were calculated at the standard state (298.15 K and 1 atm).

In this work, the free energy for each species optimised by SMD/M06-2X/BS1 in
solution was calculated using the formula: G = E(BS2) + G(BS1) — E(BS1) + AG latm—1M;
where AG latm— 1M = 1.89 kcal/mol is the free-energy change for compression of 1 mole of
an ideal gas from 1 atm to the 1 M solution phase standard state. Natural bond orbital (NBO)
and natural localised molecular orbital (NLMO) analyses were carried out using NBO7

software integrated with Gaussian 16 [35]. Second-generation energy decomposition analysis



(EDA) based on absolutely localised molecular orbitals (ALMO-EDA2) was implemented in

Q-Chem 5.2 [36] carried out at the SMD/MO6L-D3/def2-TZVP level of theory.

Results and discussion

We began our DFT investigation by determining the stability of the possible isomers of the
experimental catalyst Bi(OTf)3;(H20)s (Figure 1). The seven-coordinate complex
Bi(OT1)3(H20)4 (4) is predicted to exhibit pentagonal bipyramidal metal coordination
geometry [21] (Figure 1a, structure 4). The stability of complex 4 was also compared to that
of other possible outer sphere complexes in which the six coordinate complex
Bi(OT1)3(H20); is stabilised by hydrogen bonding interactions with the fourth water
molecule (complexes 5—7). This comparison shows that the pentagonal bipyramid structure 4
is more stable than outer-sphere complexes 5—7. The calculations revealed that structure 4
can be easily converted to octahedral complex 8 by dissociating one water molecule in a
nearly thermoneutral manner (Figure 1b).

[Figure 1 near here]

The facial (fac) octahedral complex 8 can isomerise to the meridional (mer) complex
9 (Figure 2a). Our calculations indicate that these two geometrical isomers are nearly
identical in terms of stability, with the fac isomer being lower in energy by 1.3 kcal/mol. In
both isomers (Figure 2a), a coordinated water molecule forms a hydrogen bond with a
pendant oxygen atom of a triflate ligand. As shown in Figure 2a, the Bi~OTf bonds are
shorter than the Bi-OH> bonds in both isomers, implying that triflate is a more effective
donor ligand than water. The slightly lower stability of the mer isomer compared to the fac
isomer can be explained by the destabilizing trans-positioning of two triflate ligands having

rather strong ¢ donor character.



Both isomers 8 and 9 are shown to have a low reactivity toward the dissociation of a
triflate ligand, which is supported by the significant endergonicity calculated for this process
(Figure 2b). In contrast, the free energies of reaction for the dissociation of water from
isomers 8 and 9 are computed to be ~ 2 kcal/mol. This suggests that the water molecule is a
good leaving group, readily providing an empty coordination site for binding acetylacetone.

[Figure 2 near here]

Benzylic carbocation mechanism

We next investigated how feasible the benzylic carbocation mechanism (Scheme 1) is for the
hydroalkylation reaction catalysed by Bi(OTf)3(H20)4. Figure 3 depicts the energy profile for
the formation of the key benzylic carbocation, which occurs via coordination of the C=C z-
bond of the enol tautomer to the coordinatively unsaturated species 10, yielding z-complex
14. The ensuing 7-complex then protonates the styrene via transition structure TS14-15 with a
relative free energy as high as 39.2 kcal/mol. Figure 3 also shows another pathway for
protonation of the styrene. Specifically, this involves the dissociation of water from 14 to
form complex 17 in which the enol tautomer acts as a bidentate ligand. The deprotonation
from resultant complex 17 via transition structure TS17-18 requires a very high activation
barrier (AG* = 37.8 kcal/mol). The benzylic carbocation mechanism was also investigated for
the case in which the enol form of acetylacetone coordinates to the coordinatively unsaturated
complex 12 (Figure 4). Again, we found an extremely high activation barrier was required for
m-complexes 19 and 21 to protonate styrene. These findings indicate that the benzylic
carbocation mechanism is unlikely to operate in the hydroalkylation reaction catalysed by
Bi(OTf)3(H20)s.

We wanted to understand why the benzylic carbocation mechanism is feasible for the

Au(OTf)s-catalysed reaction, but is unfeasible in the presence of Bi(OTf)3:(H20)4. As



illustrated in Figure 5a, the coordination of the enol to the Bi(IIl) centre via its C=C z-bond
to form 14 is endergonic (+11.8 kcal/mol). In comparison, the coordination to the Au(III)
centre is calculated to be exergonic (—30.4 kcal/mol). An inspection of optimised structures
for 7-complexes Bi 14 and Au 17" indicates that the respective M—C' and M—C? bond
distances are longer within the former than the latter. NBO analysis for these two structures
also reveals that the Wiberg bond indexes (WBISs) for the M—C' and M—C? bonds are smaller
when M = Bi (Figure 5b). Thus, it follows that the interaction between the Bi(Ill) centre and
the C=C z-bond of the enol tautomer is quite weak, while it is strong between the Au(III) and
the enol. This means that the metal centres within the Bi(II) complexes have a very poor 7-
philic character. Due to the weak m-coordination of the enol to the Bi centre, the OH proton
of the coordinated enol is not sufficiently acidic, which is consistent with deprotonation by
styrene requiring a very high activation barrier.

A comparison of the electronic structures of 17"’ and 14 using the natural localized
molecular orbital (NLMO) method reveals that the bond between the enol tautomer and the
gold atom in 17'' has more covalent character than the bond between the enol tautomer and
the bismuth atom in 14 (Figure 5c). This is supported by significant contributions of Au
(38.7%) to the Au—enol bond in complex 17". In contrast, the contribution of Bi (11.2%) to
the Bi—enol bond is significantly smaller than the contributions of C1 and C2 (70.5% +
10.2% = 80.7%), implying a weaker covalent interaction between bismuth and enol in
complex 14. To further substantiate the findings of the NLMO analysis, we evaluated the
bonding in these two complexes using the second-generation energy decomposition analysis
(EDA) based on absolutely localised molecular orbitals (ALMO-EDA2) implemented in Q-
Chem 5.2 (for details see Table S1). According to EDA calculations, orbital interactions play
a crucial role in the m-bond strength of these complexes; AEo for interaction between the

enol and the metal centres are calculated to be —129.3 and —54.4 kcal/mol in 17" and 14,



respectively. The calculations show that the interaction of the enol C=C = orbital with the
Au(IIl) dy** orbital in 17" or with a Bi(III) p orbital in 14 is the primary source of orbital
interactions, supported by the contour plots of natural orbitals for chemical valence (NOCV)
for these complexes (Figure 5d); the corresponding interaction is calculated to be more
significant in 17" (~106.4 kcal/mol) than that in 14 (—43.9 kcal/mol).

[Figure 3 near here]

[Figure 4 near here]

[Figure 5 near here]

Other mechanisms

The foregoing results demonstrate that the hydroalkylation catalysed by Bi(OTf)3(H20)4
proceeds via a different mechanism to the analogous process in the presence of Au(OTf)s.
Scheme 2 outlines four different plausible reaction pathways (1—4) that may account for this
transformation. In these reaction pathways, the ketone or enol form of acetylacetone binds to
the Bi atom of the fac- or mer-isomer as a bidentate ligand through its oxygen atoms. This
leads to four different chelate complexes 25, 29, 33, and 35. In these complexes, the
coordinated acetylacetone serves as an acid, protonating the styrene to produce ion pairs 26
and 30. Finally, the most nucleophilic carbon atom of the acetylacetonate (acac) ligand adds
to the benzylic cation via transition structures TSz26-27 and TS30-31 to furnish hydroalkylation
product 3.

[Scheme 2 near here]

Scheme 3 compares the stability of the chelate complexes (25, 29, 33, 35) to #-
complex 14. This comparison indicates that the chelated complexes are much more stable
than the 7-complex. The stronger oxophilicity of the Bi(IIl) centre than its m-philicity may

account for the increased stability of the chelate complexes. When the metal centre is



changed from Bi(IIl) to Au(Ill), the stability sequence is reversed (Figure 3). This means that,
in contrast to the Bi(Ill) atom, the Au(IIl) atom exhibits greater n-philicity than oxophilicity.
This feature might explain why the hydroalkylation proceeds via a different mechanism when
the catalyst is switched from Au(OTf); to Bi(OTf)3(H20)4 (vide infra).

[Scheme 3 near here]

Figure 6 depicts the computed energy profiles for the four pathways shown in Scheme
2. A number of conclusions can be drawn after careful examination of the energy profiles. (1)
The rate-determining step in all pathways is computed to be the styrene-induced
deprotonation of the chelate complexes. (2) The protonation of styrene by chelate complexes
with the coordinated enol tautomer requires lower activation barriers than protonation by
chelate complexes with the coordinated ketone tautomer; both transition structures TS33-26
and TS3s-30 are substantially lower in energy than transition structures TS2s-26 and T'S29-30.
This indicates that the coordinated enol form contains a proton that is more acidic than the
coordinated ketone form [37]. A plausible reason for this is that the proton in the enol form is
bound to the oxygen atom, which is more electronegative than the carbon atom to which the
acidic proton is bound in the ketone form. (3) The mer isomer was found to be slightly more
reactive than the fac isomer as evidenced by the fact that TS3s-30 lies lower in energy than
TS33-26.

[Figure 6 near here]

Figure 7 presents the catalytic cycle proposed by the DFT calculations for
Bi(OT1)3(H20)s-catalysed hydroalkylation of styrene with acetylacetone. The cycle begins
with the dissociation of two water molecules from 4 to give coordinatively unsaturated
species 12'. Subsequently, the enol tautomer of acetylacetone coordinates to the Bi centre in
12’, yielding complex 35 in which the OH proton of the coordinated enol becomes

sufficiently acidic that the styrene can deprotonate it to give ion pair 30. The resulting ion



pair is extremely reactive towards carbon—carbon coupling, leading to formation of the
product coordinated to the Bi atom in 31. Finally, a ligand exchange between 31 and the enol
tautomer of acetylacetone occurs, releasing the hydroalkylation product and regenerating
active catalyst 35.

[Figure 7 near here]

Hydproalkylation by other bismuth catalysts

As mentioned in the Introduction, BiCl; and BiBr3 are inefficient catalysts for the
hydroalkylation of styrene. To explain why this is the case, we calculated the styrene-induced
protonation step using BiCl; and BiBr; as the Lewis acid catalyst through five distinct
pathways, as shown in Table 2. Consistent with the experimental findings, in each of these
five pathways we found that this crucial step is highly energy demanding (AG* > 34
kcal/mol). This reveals that, in comparison to Bi(OTf)3(H20)4, neither BiCls nor BiBr3 is
acidic enough to sufficiently activate the coordinated acetylacetone towards deprotonation by
styrene. Indeed, the Bi-OH bond within intermediates 39-Cl and 39-Br is much longer than
that in 33 (Figure 8). This indicates that the OH group of the enol tautomer does not interact
strongly enough with BiCl; and BiBr3, resulting in it not becoming sufficiently acidic to carry
out the protonation process with a low barrier. It follows from these results that a suitably
acidic Bi catalyst is required to promote this hydroalkylation process.

[Table 2 near here]

[Figure 8 near here]

Conclusions

In summary, our computational investigation reveals that the mechanism for the

hydroalkylation of styrene with Bi(OTf)3(H20)4 1s fundamentally different to the mechanism
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for the analogous reaction with AuCls/AgOTf. Whereas gold prefers to coordinate to the 7-
bond of the enol from of acetylacetone, bismuth coordinates to the two oxygens to form a
chelated complex. Furthermore, when the enol and ketone forms of acetylacetone are
compared in the reaction with bismuth, it is found that the overall reaction with the enol form
occurs with a much lower activation energy than the ketone form. In addition, we have shown
that reactions employing either BiCl; or BiBr3 require very large energies of activation,
which is consistent with their inability to serve as hydroalkylation catalysts experimentally.
All of these results can be rationalised in terms of the strength of binding of the metal centres
to acetylacetone. The stronger the binding, the greater the acidity of either an enolic or o-
proton on acetylacetone, and thus the lower the activation energy for the protonation of
styrene, which turns out to be the rate-determining step in the overall reaction. This
rationalisation provides good agreement with the available experimental data. Finally, we
note that although the bismuth- and gold-catalysed reactions proceed via different
mechanisms, the lowest energy pathways have similar calculated activation energies [20] and
this agrees well with experimental observations that similar temperatures are required for

both processes.
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[37] An internal hydrogen bond is identified in complex 33 with a distance of 1.604 A
between the OH enol ligand and an OTf ligand. However, this interaction is not strong
enough to prevent the proton transfer to styrene via TS33-26 with AG* 22.3 kcal/mol
(Figure 6¢). We can also rule out the reaction proceeding from 33 via an internal
proton transfer to an OTf ligand followed by the release of HOTT for two reasons.
Firstly, it has been shown experimentally that HOTf does not catalyse the reaction
(ref. 5). Secondly, because a recent computational study of a related bismuth reaction

shows that this possibility is a highly endergonic process (ref. 10).
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Table 1. Bismuth-catalysed intermolecular hydroalkylation reaction of styrene (2) with

acetylacetone (1) reported by Rueping and coworkers.

0] 0
o] O
N 5% equiv Bi Catalyst Me
Me Me + o >
CH3NO,, 80 °C
H
1 2 3
Entry Catalyst time (h) yield (%)
1 Bi(OTf)3(H20)4 2 81
2 BiCls 8 0

3 BiBrs 8 0



Table 2. Calculated free energy barrier for styrene-induced protonation step using BiClz and
BiBrs. Free energies calculated by SMD/MO06-2X/def2-TZVP//SMD/MO06-
2X/LANL2DZ(d),6-31G(d) level of theory in nitromethane are given in kcal/mol.
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path A path B path C path D path E
X | 37-X |TS37.x| 38-X [TS3gx| 39-X | TS39.x| 40-X [TSa0x| 41-X [TS41.x
Cl -2.3 |375| 35 (380 49| 34.0( 83| 34.1(13.1| 35.6
Br | -32 1377 38(381]| 44342 91 |35.0(135 | 35.7
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Scheme 3
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Figure 2
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Figure 3
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Figure 5
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Figure 6
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Figure 7
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Scheme 1. (a) Hydroalkylation facilitated by AuCls/AgOTf developed by Li and coworkers
[11]. (b) Proposed benzylic carbocation mechanism elucidated by Ariafard and coworkers

[20].

Scheme 2. Different possible mechanistic pathways leading to hydroalkylation product 3 by
the reaction of enol and ketone tautomers of acetylacetone with the fac and mer isomers of

Bi(OTf)3(H20)s.

Scheme 3. Stability comparison between the different bismuth and gold complexes. Free
energies calculated by SMD/M06-2X/def2-TZVP//SMD/M06-2X/LANL2DZ(d),6-31G(d)

level of theory in nitromethane are given in kcal/mol.

Figure 1. (a) Calculated stability of different isomers of Bi(OTf)3(H20)s. (b) Reaction free
energy for the dissociation of one water molecule from 4. Free energies calculated at
SMD/M06-2X/def2-TZVP//SMD/M06-2X/LANL2DZ(d),6-31G(d) level of theory in

nitromethane are given in kcal/mol.

Figure 2. (a) Optimised structures for the most stable conformers of the fac and mer isomers
of complex Bi(OTf)3(H20)3. (b) Reaction free energies for the dissociation of the triflate and
water ligands from 4. Free energies calculated by SMD/M06-2X/def2-TZVP//SMD/M06-
2X/LANL2DZ(d),6-31G(d) level of theory in nitromethane are given in kcal/mol, and

selected bond distances in A.

Figure 3. Calculated free energy profile for the hydroalkylation reaction via benzylic
carbocation mechanism where the enol tautomer of acetylacetone coordinates to
coordinatively unsaturated species 10. Free energies calculated by SMD/M06-2X/def2-
TZVP//SMD/M06-2X/LANL2DZ(d),6-31G(d) in nitromethane are given in kcal/mol.

Figure 4. Calculated free energy profile for the hydroalkylation reaction via benzylic
carbocation mechanism where the enol tautomer of acetylacetone coordinates to
coordinatively unsaturated species 12. Free energies calculated by SMD/M06-2X/def2-
TZVP//SMD/M06-2X/LANL2DZ(d),6-31G(d) level of theory in nitromethane are given in

kcal/mol.

Figure 5. (a) Reaction free energies for the coordination of enol tautomer to the Au(IIl)

complex 17’ and the Bi(Ill) complex 10 [20]. Free energies calculated by SMD/MO06-
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2X/def2-TZVP//SMD/M06-2X/LANL2DZ(d),6-31G(d) level of theory in nitromethane are
given in kcal/mol. (b) Optimised structures for 14 and 17''. Selected bond distances (black
values) and Wiberg bond indexes (brown values) are given in A. (c) Spatial plots for NLMO
orbitals associated with the enol—=M interactions in complexes 14 (M = Bi) and 17" (M =
Au). (d) Contour plots of NOCV for orbital interaction of the enol C=C orbital with the dx*,*
orbital of Au in 17" and a p orbital of Bi in 14. The charge transfer occurs from the red

orbitals to the blue orbitals.

Figure 6. Calculated free energy profiles for the hydroalkylation reaction via the four
different pathways outlined in Scheme 2. Free energies calculated by SMD/M06-2X/def2-
TZVP//SMD/M06-2X/LANL2DZ(d),6-31G(d) level of theory in nitromethane are given in

kcal/mol.

Figure 7. Catalytic cycle proposed by the DFT calculations for the hydroalkylation of styrene

with acetylacetone.

Figure 8. Optimised structures for 33, 39-Br and 39-Cl. Selected bond distances are given in
A.
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