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ABSTRACT: The gold-catalyzed direct functionalization of aromatic C— o R AuCly R-Q
H bonds has attracted interest for constructing organic compounds which R &) HOh + Ly
have application in pharmaceuticals, agrochemicals, and other important ~ on g # CEIS ‘ O HD)
fields. In the literature, two major mechanisms have been proposed for R—~"\= a ”g;giig;‘z‘;gatg’sm 2t
these catalytic reactions: inner-sphere syn-addition and outer-sphere anti- oY hydroarylation of
i . . . . R _O._AuCl;
addition (Friedel—Crafts-type mechanism). In this article, the AuCl,- * alleny! ketones
catalyzed hydrofurylation of allenyl ketone, vinyl ketone, ketone, and (H20)n HQR, vinyl ketones
alcohol substrates is investigated with the aid of density functional theory R/ Z,ectf,’,’,’c‘f,i (Hz0)1(H50)
calculations, and it is found that the corresponding functionalizations are [ +
g . : - Al - o)
best rationalized in terms of a novel mechanism called “concerted of 1

electrophilic ipso-substitution” (CEIS) in which the gold(III)-furyl o-

bond produced by furan auration acts as a nucleophile and attacks the
protonated substrate via an outer-sphere mechanism. This unprecedented mechanism needs to be considered as an alternative
plausible pathway for gold(III)-catalyzed arene functionalization reactions in future studies.

B INTRODUCTION

Gold-catalyzed reactions for the synthesis of valuable chemicals
have recently experienced significant interest. The C—H bond
functionalization of aromatic compounds is one of the most
important transformations catalyzed by gold complexes.' This
catalytic process was developed for the first time by Hashmi
and co-workers in 2000.” They demonstrated that terminal
allenyl ketone I in the presence of AuCl; catalyst is easily
converted to a mixture of the furan II and the vinyl ketone III
(eq 1). The authors subsequently observed that AuCl; slowly
catalyzes the reaction of furan II with vinyl ketone III to
produce ketone IV. Interestingly, Hashmi et al. reported that
the addition of vinyl ketone V to a solution of AuCl; and allenyl
ketone I only affords VI, and neither II nor III is formed during
the course of this reaction (eq 2). From these results, one may
infer that vinyl ketones V are much more reactive toward a
hydrofurylation than vinyl ketones IIL

Two general mechanisms are well established in the literature
to account for the gold-catalyzed hydroarylation of unsaturated
substrates: inner-sphere syn-addition and outer-sphere anti-
addition (Friedel—Crafts-type mechanism).'c Based on this,
Hashmi and co-workers proposed the two catalytic cycles
shown in Scheme 1 for hydrofurylation of vinyl ketones.'™
Although the feasibility of these two mechanisms has been
already well-discussed in the literature,' we will show in this
study that the corresponding furyl functionalization is best
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rationalized in terms of a novel third mechanism called
“concerted electrophilic ipso-substitution” (CEIS) in which the
gold-furyl o-bond produced by furan auration acts as a
nucleophile and attacks the protonated substrate via an outer-
sphere mechanism (Scheme 2). In this study, we will show that
the CEIS mechanism can be expanded to explain the AuCl;-
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catalyzed reduction of ketones to alcohols and then to alkanes
via a hydrofurylation process. The CEIS mechanism is expected
to receive greater consideration as an important potential
pathway for gold-catalyzed arene functionalization reactions in
future studies.

B RESULTS AND DISCUSSION

Hydroarylation of Allenyl Ketones. We began our
investigation by addressing the question why the treatment of
allenyl ketones with the AuCl; catalyst afforded a mixture of
furan and furyl-substituted vinyl ketone in acetonitrile. In our
computational modeling, penta-3,4-dien-2-one is used as the
allene substrate. The calculations show that, consistent with the
previous studies,® the reaction starts with coordination of the
terminal alkene of the allene substrate to the AuCl; followed by
ring closure via transition structure TS; , to form cyclic
intermediate 2 (Figure 1).
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Figure 1. A calculated energy profile for AuCl;-mediated ring closure of allenyl ketone followed by proton shift assisted by either water or an allenyl
ketone substrate. The relative Gibbs and potential energies (in parentheses) obtained from the M06/BS2//B3LYP/BS1 calculations in acetonitrile

are given in kcal/mol.
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Figure 2. A calculated energy profile comparing the energetics of exchange of the ligated furan in 4 with the allenyl ketone substrate [pathway (a)]
versus hydrofurylation of allenyl ketone subl via the novel CEIS mechanism [pathway (b)]. The relative Gibbs and potential energies (in
parentheses) obtained from the M06/BS2//B3LYP/BS1 calculations in acetonitrile are given in kcal/mol.

In the literature it is well-documented that H'-migration
processes in transition-metal-catalyzed reactions can be assisted
by water molecules, bases, and anions.” The energy profile
outlined in blue in Figure 1 shows the water-assisted 1,2-H shift
process that occurs via a stepwise mechanism (deprotonation/
protodeauration) with a free energy barrier of 18.5 kcal/mol.*
Interestingly, we found that the allene substrate itself can also
act as a proton transferring agent and facilitates the 1,2-H shift
via a similar stepwise mechanism with an activation energy
comparable to the water-assisted process (AG¥ = 18.2 kcal/
mol). However, the lower basicity of the allene substrate as
compared to the water cluster renders the transition structure
TS, 3, higher in energy than transition structure TS, 3, and
transition structure TS; 4 slightly lower in energy than
transition structure TS; ,,. These findings imply a clear
possibility of the protonated substrate being formed during the
course of the catalytic reaction.’

The furan strongly coordinates to AuCl; in 4 with a binding
energy of —42.9 kcal/mol. The high electrophilicity of AuCl;
and the more nucleophilic character of the furan’s a-carbon
(C%) result in an 7' coordination mode for the gold—furan
interaction; the Au—C® distance (2.221 A) is calculated to be
0.601 A longer than the Au—C’ distance (2.822 A). The NBO
charge analysis indicates that the charge on the furan in 4 is
+0.451, implying that this complex has some zwitterionic
character.

14601

Once 4 is formed, there are two pathways that compete with
each other (Figure 2) to account for simultaneous formation of
the furan and the dimer product as outlined in eq 1. In pathway
(a), the furan group in 4 is exchanged with a substrate via an
associative mechanism to afford an allene complex from which
the ring-closure process repeats. In pathway (b), the furan
complex can act as an active species for the hydroarylation
reaction to give a furyl-substituted vinyl ketone as the initial
dimer product.

For the exchange reaction, two trigonal-bipyramidal tran-
sition structures (TS,_, and TS,_,) are identified (Figure 2).
In TS, ;, the allene binds to the gold metal center via its
carbonyl oxygen atom, while in TS,_;, the allene binds via its
C=C 7 bond. Due to the oxophilicity of the gold(III) center,
TS, ;- is calculated to be lower in energy than TS, ;. This
transition structure (TS,_;/) leads to formation of the O-bound
linkage isomer 1" which is about 3.0 kcal/mol more stable than
m-bound isomer 1.° It follows that the release of furan should
proceed preferentially via the transformation of 4 — TS, _;; —
1’ rather than 4 — TS, ; — 1. The exchange reaction
(formation of 1”) is found to be endergonic by +9.3 kcal/mol,
suggesting that the electron-donating ability of furan is more
significant than that of the allene substrate which consequently
results in the furan binding more strongly than the allene
substrate.

Pathway (b) starts with deprotonation of 4 by a water cluster
via transition structure TS, 5 with a Gibbs energy barrier of
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14.7 kcal/mol to afford 2-furyl complex 5§ (Figure 2).
Intriguingly, an unprecedented mechanism from this inter-
mediate was detected in the C—C bond coupling process. We
found that a deauration reaction can occur via an outer-sphere
nucleophilic attack of the Au—C o-bond to the central carbon
of the allene substrate. However, this process becomes even
more feasible if the allene substrate is protonated first. Indeed,
the protonation increases the electrophilicity of the central
allene carbon and causes the transition structure of the
deauration reaction to be stabilized considerably, as evident
from a comparison of relative Gibbs energies of TSs_g, (—8.3
kcal/mol) and TSs_g. (3.1 keal/mol) (Figure 2). Furthermore,
an extra stability to this transition structure can be provided by
the hydrogen-bonding interaction of the protonated allene
substrate with either another allenyl ketone or water molecules
(transition structures TSg_g, and TSs_¢ in Figure 2).”””

The product of the deauration reaction is a dienol
intermediate (6) which undergoes another exchange reaction
to give 1’ and prod2. Finally, the tautomerization of the
released dienol (prod2) to the vinyl ketone product (prod3)
completes the C—C coupling process (eq 3). In contrast to

TSq 1
NS T 3
AG' = 13.1 kealmol =~ )

prod2 AG = -14.8 kcal/mol prod3

normal keto—enol tautomerization,'” this process is found not
to need any assistance from proton transferring agents (like
water), and it directly takes place via the six-membered
transition structure TS,; with a Gibbs activation barrier of 13.1
kcal/mol (eq 3). The water-assisted proton transfer for this
particular tautomerization is calculated to occur with higher
activation energy (22.1 kcal/mol). It is worth noting that the
favorability of the intramolecular proton transfer via TSy
explains why only (E) isomers are formed as the initial
products during the course of the hydroarylation process;
however, the (E) isomers were also found to be thermodynami-
cally more stable than the (Z) isomers (for instance, about 4.5
kcal/mol for organic product prod3).

The transition structures TS,_;- and TSs_4 correspond to the
highest energy points along pathways (a) and (b), respectively
(Figure 2). The Gibbs energies of these two transition
structures are fairly close, which might explain why allenyl
ketones are catalyzed by AuCl; to produce a mixture of furan
and a furyl-substituted vinyl ketone as the initial products.

Electronic Impact of the Aryl Ring. At this juncture, a
question may arise as to why the 3-furyl complex 3, which is
formed during the ring-closure process (Figure 1), does not
participate in the deauration reaction to form vinyl ketone
prod4 (Figure 3). Our calculations show that the transition
structure for deauration of 3 (TS;) is 14.2 kcal/mol higher in
energy than the analogous transition structure for deauration of
S (TSs),"" and starting from 3, this process needs an
activation energy as high as 24.1 kcal/mol (Figure 3). This
result suggests that this type of deauration reaction is very
sensitive to nucleophilicity of the aryl gold complex and is fast if
the Au—C o-bond is sufficiently nucleophilic. The lower
nucleophilicity of 3 compared to S can be related to the
generally accepted notion that the furan’s f-carbon has a lower

TSs.c
o 12.7 (-37.2)

Cl 5 prod3

deauration of 3-furyl
complex 3

deauration of 2-furyl
complex 5

Figure 3. A calculated energy profile comparing the energetics of the
CEIS mechanism starting from 3-furyl complex 3 and 2-furyl complex
S. The relative Gibbs and potential energies (in parentheses) obtained
from the M06/BS2//B3LYP/BS1 calculations in acetonitrile are given
in kcal/mol.

nucleophilic character than the furan’s a-carbon. The shorter
C'—C(furyl) distance in TS, (2.136 A) than in TS;_¢ (2.254 A)
as well as the smaller C*~C"—C* angle in TS, (137.6°) than in
TS, ¢ (146.7°) (Figure 3) suggest a later transition structure
for TS;, which further supports the lower nucleophilicity
argument of 3.

Alternative Mechanisms. As mentioned in the Introduc-
tion, gold-catalyzed hydroarylation of unsaturated compounds
has been proposed to proceed through two potential
mechanisms: (a) inner-sphere syn-addition and (b) outer-
sphere antiaddition (Friedel—Crafts-type) (Scheme 1).'® Here,
we compare the energetics of hydroarylation via these two
mechanisms with the novel CEIS mechanism and show that
these alternatives would not be involved in the C—C coupling
process.

In order for the inner-sphere syn-addition pathway to start,
one of the CI” ligands cis to the furyl ligand in § should be
substituted by the allene substrate to form 7 (Figure 4). The
released CI” can be further stabilized through hydrogen-
bonding interaction with hydronium, as suggested by Boorman
and Larrosa."™ After formation of 7, the allene can easily insert
into the Au—C(furyl) bond with a Gibbs activation barrier of
4.2 kcal/mol. Figure 4 shows that the hydronium-assisted
substitution reaction is markedly endergonic (AG = +11.9 keal/
mol), resulting in all the stationary points on the inner-sphere
syn-addition pathway to lie above the key transition structure of
the CEIS mechanism (TS;_¢), rendering the inner-sphere syn-
addition pathway unfavorable.

It is proposed in the literature that the Friedel—Crafts-type
(outer-sphere anti-addition) mechanism may start with the
nucleophilic addition of furan to the oxygen-bound allene
complex 1’ (Figure 5).” The transition structure for this process
(TS, g) is calculated to be much higher in energy than the vital
transition structures TS, ;. and TSy 4 implying that the
carbon—carbon coupling does not occur from this linkage
isomer.
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Figure 4. A calculated energy profile comparing the energetics of the
CEIS mechanism versus the inner-addition syn-addition mechanism.
The relative Gibbs and potential energies (in parentheses) obtained
from the M06/BS2//B3LYP/BS1 calculations in acetonitrile are given
in kcal/mol. The energy change of 7 on the energy profile is due to
stabilization of the Cl~ anion by (H,0),(H;0)".

Another possibility for the Friedel—Crafts-type mechanism is
that the furan nucleophilically attacks the z-complex 1 to afford
9. The transition structure of this outer-sphere mechanism is

about 2.1 kcal/mol above that of the ring-closure reaction via
TS,_,. This result suggests that once 1 is formed, it is involved
immediately in the ring closure and thus is less likely to
undergo the Friedel—Crafts-type process.'”

It follows from these results that although all the pathways
may lead to a C—C coupling product, the reaction should
preferentially proceed through the unprecedented CEIS
mechanism in which the Au—C(furyl) o-bond acts as a
nucleophile and attacks the water-stabilized protonated allenyl
ketone substrate (vide supra).

Hydroarylation of Vinyl Ketones. The next question is
why allenyl ketones in the presence of vinyl ketones exhibit a
different behavior and the hydroarylation reaction is catalyzed
by AuCl; to give only ketones as the final product (eq 2).
Intriguingly, the reason for this change can be rationalized
based on the CEIS mechanism. The 2-furyl complex § is
predicted to react more quickly with a vinyl ketone than an
allenyl ketone. The overall activation barriers for the deauration
of § by the vinyl ketones sub2 and sub3 via transition
structures TS_;o and TS4_;; are calculated to be 14.5 and 15.8
kcal/mol, respectively, which are lower in energy than that for
the allenyl ketone subl via TSs_¢ (17.3 kcal/mol) (Figure 6).
Also, the higher reactivity of vinyl ketones sub2 and sub3 does
not allow the allenyl ketone to be involved in the exchange
reaction with adduct 4 (Figure 2) to release the furan. Thus, as
supported by the experiment, neither the furan nor the furyl-
substituted vinyl ketone is predicted to be formed in the
presence of the vinyl ketones. However, it should be noted that
the reactivity of vinyl ketones is sensitive to the substituents at
their S-position. For example, the vinyl ketone prod3 in which
its  positions are substituted by the methyl and furyl groups
increases the activation barrier of the deauration process to 23.4
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Figure S. A calculated energy profile comparing the energetics of the CEIS mechanism versus Friedel—Crafts-type mechanism. The relative Gibbs
and potential energies (in parentheses) obtained from the M06/BS2//B3LYP/BS1 calculations in acetonitrile are given in kcal/mol.
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kecal/mol and causes the transition structure TSs_;, to be 4.9
kcal/mol higher in energy than TS;_4. This result explains why
when prod3 is produced as the initial product, it slowly reacts
with the furan to give the final product prod7. A plausible
rationalization that may account for the lower reactivity of
prod3 is the steric effect of the f-substituents which does not
allow the 2-furyl complex § to easily interact with the vinyl
ketone in the transition structure.

An enol tautomer is the initial product of the deauration of
the vinyl ketones. The enol form should undergo a
tautomerization to afford a more stable keto form. This process
which can be catalyzed by water molecules has been discussed
previously in the literature and thus needs no further
investigation in this study."

To establish the favorability of the CEIS mechanism, the
other mechanisms were also assessed for comparison. For
example, our calculations for vinyl ketone sub3 show that the
vital transition structures of the inner-sphere syn-addition, the
Friedel—Crafts-type, and the exchange reaction are all higher in
energy than TSs_;;, suggesting that the CEIS mechanism is
favored over the others (Figure 7).

Catalytic Cycles for Cycloisomerization and Hydro-
furylation of Allenyl and Vinyl Ketones. The catalytic

cycles illustrated in Scheme 3 summarize the results of our
investigations. Three catalytic processes are competing with
each other to give either a furan (prodl in cycle 1), or a vinyl
ketone (prod3 in cycle 2), or a ketone (prodn in cycle 3). The
stability of transition structures TS, ;, TSs_s and TS,
determines which catalytic cycle is preferred over the others.
Since the energies of TS, ;- and TSs_4 are quite similar, the
catalytic cycles 1 and 2 are expected to be in operation with rate
constants comparable to each other. Therefore, consistent with
the experimental findings, in the absence of vinyl ketones, both
products prodl and prod3 should be formed simultaneously.
The comparability of the TS, ;- and TS;_¢ energies is further
corroborated by additional single-point calculations at the
MO06/BS3 and M06-D3/BS3 levels, where BS3 utilizes def2-
QZVP for all atoms along with the effective core potentials
including scalar relativistic effects for Au. The relative Gibbs
energies of TS, ;- and TSs_4 using M06/BS3 are —10.4 and
—8.9 kcal/mol, respectively, while using M06-D3/BS3, they are
—12.1 and —13.1 kcal/mol, respectively.

The presence of the vinyl ketones with nonbulky R and R’
substituents alters the situation and causes cycle 3 to proceed
faster than cycles 1 and 2. In this case, TS, is lower in energy
than TS, ;- and TS ¢ and the catalytic reaction only gives
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prodn as the final product. This argument is also supported by
additional single-point calculations. For example, both M06/
BS3 and M06-D3/BS3 levels for the vinyl ketone with R = Me
and R’ = H predict that TS, (TSs_, in Figure 6) lies below
TS, - and TS, ; the relative Gibbs energies of TS; o, TS,/
and TSs_¢ using MO6/BS3 are —12.0, —10.4, and —8.9 kcal/
mol, respectively, and using M06-D3/BS3 are —16.5, —12.1,
and —13.1 kcal/mol, respectively.

However, it is worth noting that the bulkier R and R’
substituents such as R = Me and R’ = furyl render TS,, (TSs_1,
in Figure 6) less stable than TS, ;. and TS_s and as such,
cycles 1 and 2 are repeated much faster than cycle 3. In these
circumstances, the initial products are prodl and prod3, and
prodn is formed when the catalytic cycles 1 and 2 are fully
completed.

Application of the CEIS Mechanism for Reduction of
Ketones to Alkanes. Hashmi and co-workers also reported
that aldehydes and ketones can react with 2 equiv of furans to
give alkanes as the final products.'* For example, they observed
the production of prod9 when the aldehyde substrate sub4 is
treated with furans in MeCN (eq 4). It is shown in the

AuCl,
B —————
MeCN, 20° C, 48h

0
70+ O

sub4

following that a similar CEIS mechanism can also operate
appropriately to account for the AuCl;-catalyzed condensation
of two furans with an aldehyde. The reaction mechanism is
illustrated based on the two sequential catalytic cycles given in

Scheme 4. Figure 8 shows the calculated energy profile relating
to these catalytic cycles. In both the catalytic cycles, adduct 4
serves as an active catalyst, and its deprotonation by a water
cluster leads to formation of 2-furyl complex S. In cycle 4, the
alcohol is produced through interaction of the Au—C o-orbital
of 5 with the C=O 7#* orbital of the water-stabilized
protonated ketone sub4. The reaction, which leads to
formation of prods, is endergonic by 3.0 kcal/mol (Figure
8). This result may explain why the alcohol product is not
experimentally detectable. The hydroarylation reaction in cycle
4 proceeds with a calculated Gibbs energy barrier of 20.1 kcal/
mol (Figure 8). The resultant alcohol subsequently gains a
proton and produces the carbocation 15. Due to the presence
of the aryl rings, the benzylic carbocation 15 is found to be
much more stable than the alcohol prod8. In cycle §,
intermediate 5 nucleophilically attacks the carbocation 15 via
transition structure TSg_,4, affording the alkane product. Our
calculations indicate that the deauration of § by carbocation 15
with a Gibbs activation barrier of 25.5 kcal/mol corresponds to
the rate-limiting step for this 2-fold reaction.

It follows that the CEIS mechanism not only is capable of
rationalizing hydroarylation of allenyl and vinyl ketones but also
provides a consistent explanation for reduction of ketones to
alkanes. This novel mechanism may have a wider application to
hydroarylation of other substrates such as benzylic-propargylic
alcohols, benzylic acetates, or vinyl aldehydes, a comprehensive
investigation of which is the objective of ongoing theoretical
projects in our group.15
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Figure 8. Energy profiles calculated for AuCly-catalyzed condensation of two furans with an aldehyde. The relative Gibbs and potential energies (in
parentheses) obtained from the M06/BS2//B3LYP/BS1 calculations in acetonitrile are given in kcal/mol.

B COMPUTATIONAL DETAIL

Gaussian 09'° was used to fully optimize all the structures reported in
this paper at the B3LYP level of density functional theory (DFT)."
The effective-core potential of Hay and Wadt with a double-£ valence
basis set (LANL2DZ)'® was chosen to describe Au. The 6-31G(d)
basis set was used for other atoms.'® A polarization function of & =
1.050 was also added for Au*® 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 optimization. Transition
structures were located using the Berny algorithm. Intrinsic reaction
coordinate® calculations were used to confirm the connectivity
between transition structures and minima. To further refine the
energies obtained from the B3LYP/BS1 calculations, we carried out
single-point energy calculations for all of the structures with a larger
basis set (BS2) in acetonitrile using the CPCM? solvation model with

the M06 DFT method. BS2 utilizes def2-QZVP along with the
effective core potential including scalar relativistic effects™ for Au and
6-311+G(2d,p) for other atoms. The potential and Gibbs free energies
obtained from the M06/BS2//B3LYP/BS1 calculations in acetonitrile
are used for interpreting the obtained results.

In calculations, the translational contribution to the entropy is
evaluated based on the Thacker—Tetrode equation.24 However, this
contribution is suppressed upon going from the gas phase to a solvent,
leading to an inadequate estimation of the Gibbs free energy changes,
especially where the number of reactants is different from that of
products. Recent theoretical studies” have used the formulation
developed by Whitesides and co-workers’® for obtaining more
accurate values of the Gibbs free energy changes. The same
formulation was used in this study to correct the entropic
contributions. This formulation has been designed based on the fact
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that the free space available for molecule movement is much smaller in
solution than in the gas phase.

To assess how sensitive our results are to the dispersive effects for
geometry optimizations and single-point energies, the structures of
some selective transition states were reoptimized at the B3LYP-D3/
BS1 level, and then their relative energies were re-evaluated with
single-point calculations using the M06-D3/BS2 level of theory. The
results show that there is a small dependence of the relative Gibbs
energies on the dispersion. Using the MO06/BS3//B3LYP/BS1
calculations, the relative energies of TS5 4 TS, ;, TS; o TS,
TS, g and TS, are —12.7, —11.6, —10.7, —12.8, —2.7, and —3.5 kcal/
mol, respectively. Using the M06-D3/BS2//B3LYP-D3/BS1 calcu-
lations, the relative Gibbs energies corrected are —13.1, —12.8, —11.8,
—13.0, —3.8, and —6.7 kcal/mol, respectively. All the relative Gibbs
free energies reported here have been corrected by the Whitesides
approach.

B CONCLUDING REMARKS

The significant insight that we have provided in this work is
that Au—C(furyl) o bonds serve as a nucleophile and attack
easily the protonated unsaturated substrates such as allenyl
ketones, vinyl ketones, ketones, and alcohols to form new C—C
bonds. However, the nucleophilicity relies on the nature of the
Au"—C(furyl) ¢ bond; the binding of furan’s a-carbon to gold
makes the ¢ bond a strong nucleophile, while this is not the
case for the binding of furan’s f-carbon. We also found that the
formation of the Au™—C(furyl) 6 bond is readily promoted by
deprotonation of the Au™—furan adduct by water or a substrate
such as allenyl ketone. This new mechanism for carbon—carbon
coupling might be applicable to many different substrates, and
it has the potential to rationalize the reduction of many
different species. It is quite significant that this is the first new
mechanism proposed to explain gold-catalyzed nucleophilic
addition reactions for some years, and it will be a useful partner
to the two traditional mechanisms discussed in Scheme 2. This
new mechanism that we have identified has the potential to
provide a better understanding of other important examples in
the literature and to rationalize different product formation.
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