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ABSTRACT: The interest in and use of dual gold catalysts is
forever increasing, but little is known of the mechanism for the
catalyst transfer and its effect on the continued high turnover
frequency. Herein, we present a computational investigation of
the mechanism for the final intermolecular catalyst transfer in
the synthesis of dibenzopentalene from 1-ethynyl-2-
(phenylethynyl)benzene. Three different scenarios have been
explored: a single catalyst transfer from the monoaurated
product complex, the analogous water mediated single transfer,
and a dual catalyst transfer from the diaurated product
complex. Transition structures have been found for each step of the three possible pathways, and a stepwise dual catalyst transfer
has proven to be the lowest energy pathway. We here describe a three-step transfer of two gold moieties from one
dibenzopentalene to one diyne. This process directly gives the σ,π-gold coordinated diyne for the further intramolecular
cyclization reaction.

■ INTRODUCTION

The active area of gold catalysis has recently focused on dual gold
catalysis, the ability of two gold complexes to be involved in one
catalytic cycle. For example, gold complexes possessing two gold
moieties held together by a linked bisphosphine ligand have
enhanced reactivity in oxidative heteroarylations of alkenes1 and
enhanced enantioselectivity in 1,3-dipolar additions.2 Dimeric
gold complexes are also useful as photoredox catalysts for
carbon−carbon bond formation.3 Two gold moieties also can
operate through dual catalysis even when not covalently linked.
Since its discovery in 2012, many examples of dual gold catalysis
of cyclizations of 1,5-diyne to form polycyclic polyaromatic
compounds have been reported (Scheme 1).4 In addition to
these cyclizations of 1,5-diynes, a recent study reports the
cyclization of the 1,6-diyne product of a Ugi four-component
reaction by dual gold catalysis.5 The mechanistic insights gained
from these reactions quickly led to the preparation of a
precatalyst, TDAC (Traceless Dual Activation Catalyst), which
delivers the necessary two gold moieties in the needed σ- and π-
coordinated fashion (Scheme 2).6 A similar binding picture has
been found for both mixed coinage metal σ,π-complexes and for
dicopper complexes.7,8 The former species exhibit interesting
luminescence properties, whereas the latter very recently has
been identified as key intermediate in the “click reaction”.
When TDAC is employed in the cyclization reactions of

Scheme 1, the reaction times needed are substantially reduced
compared to catalysis by the corresponding single gold catalysts.
Further investigation of the reaction course showed that the
reduction of the reaction time was due to an almost complete
removal of the initiation phase of the reactions.6 Likewise, a DFT

study by Vilhelmsen et al. of the full intramolecular mechanism
for the formation of dibenzopentalene 2a from 1,5-diyne 1a
showed the importance of the dual catalyst.9 The study showed
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Scheme 1. Cyclization Reactions of 1,5-Diynesa

aThe size of the formed ring (2a−2d vs 2e) depends upon the
aromatic system present in the diyne 1a−1e and the possible further
ring formations upon the substituent R in 1a−1d or the solvent.
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that two gold moieties were coordinated to the π-system at all
times (Scheme 3, solid arrows) as opposed to the previously
proposed mechanism of two separate replacements of the golds
by protodeauration (Scheme 3, dashed arrows). Thermodynami-
cally, the single catalyst transfer was found to be less favorable by
8.4 kcal/mol compared to the dual catalyst transfer. Additionally,
whereas the single transfer must be followed by an intermolecular
dual activation step by π-coordination of a second gold moiety,
the product of the dual transfer is set up for an immediate
intramolecular activation to form complex 3.
On the basis of these experimental and theoretical findings, we

wished to investigate both the originally proposed single catalyst

transfer and a dual catalyst transfer and compare the two

scenarios. We here show that two golds are needed together not

only for the dual activation step, but also to ease the catalyst

transfer step, making the overall reaction energetically possible.

We now report themissing link of the intramolecular mechanism,

namely, the catalyst transfer, and show that of the two

contemplated scenarios the single catalyst transfer (the step

highlighted in green in Scheme 3) is unlikely compared to the

dual catalyst transfer (the step highlighted in blue in Scheme 3).

Scheme 2. Dual Activation Catalyst (TDAC) and Its Function in Activation of Diynes Towards Cyclizationa

aGaseous propyne is a byproduct.

Scheme 3. Two Proposed Mechanistic Cyclesa

aThe two gold moieties can either stay as part of the same molecular system and be transferred together (solid arrows) or be transferred individually
at different points of the catalytic cycle (dashed arrows). The boxed species have all been isolated and characterized.
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■ RESULTS AND DISCUSSION

DFT calculations were used to investigate the energetics of the
two mechanistic pathways discussed above. The geometry
optimizations and transition state searches were performed on
the B3LYP level with the cc-pVDZ basis set.10−12 For gold,
additional relativistic effective core potentials were em-
ployed.13,14 Single point calculations were performed at the
M06 level with a mixed basis set of SDD for gold15 and 6-
311G(d) for all other atoms. Solvation energy corrections were
calculated at the M06 level using the SMD model and with
benzene as the solvent. All calculations were performed with the
Gaussian 09 program package.16 Approximate transition
structures were located through either a manual or an automatic
stepwise decrease of the distance between the transferring atom
(hydrogen or gold) and the carbon receiving the moiety in
question. After removal of all conformational restrictions, the
transition structure was optimized. The calculated reaction
profile was verified for each transition state by following the
intrinsic reaction coordinate (IRC) toward a set of pre- and post-
reaction complexes.17 These complexes are represented
throughout the text as [X;Y], where X and Y are the two species
constituting the reaction complex. The NBO calculations were
performed with the NBO 5.0 program package.18

The first reaction step investigated was the single catalyst
transfer from the monogold dibenzopentalene complex 4 to the
diyne 1a giving the gold acetylide 5 and the final product 2a
(Scheme 4). The transition state TS1 for the transfer is very high
in energy, and based on both the interatom distances and the
NBO analysis, regarding the hydrogen−carbon bond, it seems a
late transition state. On the contrary, when examining the
position of and the interactions with the gold moiety, the

transition state seems to be an early transition state. Both the
transferring proton and the gold are closer to the dibenzopenta-
lene unit than they are the diyne. Thus, the NBO analysis shows
that a σ-bond has already formed between the dibenzopentalene
and the proton with a bond length of 1.209 Å, whereas the
distance to the diyne is 1.718 Å. The former bond length is
comparable to the carbon−hydrogen distance in the parent
compound (5, 1.091 Å). Likewise, the gold moiety is
considerably closer to the dibenzopentalene (2.211 vs 3.333
Å), and the NBO analysis shows strong interactions directed
from the π-system toward the gold, but the interactions between
the gold and the diyne are negligible. However, when the
transition state is subjected to IRC analysis, the process
continues smoothly to the product reaction complex [2a,5].
The high activation barrier calculated for the direct

protodeauration of the monocatalyst transfer led to consid-
eration of a water-mediated proton transfer. Experimentally, the
reaction is run in nondried benzene in an open system;4d thus,
there will be a small concentration of water in the reaction
mixture.
The transition state discovered in this way, TS2, shows water

acting as a proton bridge with one hydrogen being accepted from
the diyne and one being donated to the dibenzopentalene
(Scheme 5). Asynchronous progress of the proton and the gold
transfer is observed: the proton-transfer just begins as the gold
moiety has completely transferred to the diyne. However, as the
hydrogen−carbon bond still has full σ-character, though
elongated, the interaction between the gold moiety and the
triple bond is comparable with the π-coordination seen in
complex 8 (C−Au distances: 2.139 and 2.512 Å). The NBO
analysis of the transition state shows strong interactions between

Scheme 4. Simultaneous Transfer of the Proton from the Diyne 1a and the Gold Moiety of Dibenzopentalene Complex 4 via
Transition State TS1a

aThe listed Gibbs free energies are in kcal/mol and are relative to the collected energies of 1a and 4; the parenthesized energies are D3 corrected by
M06 single point calculations and the bracketed energies are for the solvated species. The DFT optimized transition state structure of TS1 is shown
bottom left. Only the transferring proton is highlighted in purple. Relevant interatom distances are shown in red on the center structure. The NBO
representation (bottom left) shows the energy gained by the indicated interactions (in kcal/mol) in green.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b05773
J. Am. Chem. Soc. 2015, 137, 10668−10676

10670

http://dx.doi.org/10.1021/jacs.5b05773


the gold moiety and the diyne triple bond and from both the
oxygen of water and the dibenzopentalene toward the trans-
ferring proton. As for TS1, the interaction between the gold
moiety and the secondary carbon species (above the diyne unit,
here the dibenzopentalene unit) is almost nonexistent.
The activation energy necessary for the water mediated

catalyst transfer and the IRC leading to the reaction complex
[1a;4;H2O] was computed. The activation energy isΔΔG⧧

benzene

= 14.0 kcal/mol (ΔΔG⧧
gas = 23.7 kcal/mol). This low barrier

starts from complex and does not take into account that water-
mediated transfer requires three species to come together.
Calculating the activation energy from the separate species (1a,
4, and water) shows that the transfer requires an activation
energy comparable to the nonwater mediated reaction, namely,
ΔG⧧

benzene = 45.8 kcal/mol (ΔG⧧
gas = 52.5 kcal/mol) compared

to ΔG⧧
benzene = 46.9 kcal/mol (ΔG⧧

gas = 57.9 kcal/mol) for the
transfer under “dry” conditions (Figure 1). The water mediated
catalyst transfer was therefore rejected for being as unlikely as the
originally proposed single catalyst transfer. However, a recent
comparison of thermodynamic and kinetic experiments with
theoretical results by Singleton calls for caution when
considering explicit solvent mediation purely by theoretical
means.19 They found great differences between the theoretically
predicted mechanism involving proton-shuttle processes and the
experimentally determined mechanism and energetics of a
simple two-step acid−base reaction with the solvent, methanol.
Thus, the presence of an acid or base catalyst, even adventitious,
might make the water mediated process more favorable.
Previously published experimental results on the cyclization of

terminally deuterium labeled dialkyne 1a show some loss of the
deuterium upon cyclization (∼40% incorporation),4d likely due
to the presence of some water in the solvent, giving credence to
the cautioning from Singleton. However, experiments on the
analogous naphthalene synthesis (2c, Scheme 1) with the
unlabeled dialkynes and an excess addition of D2O showed only
31% incorporation of deuterium in the final product. This led to
the conclusion that the protons of the product originate from the
alkyne itself and that a presence of water in the solvent can only
be ascribed a minor role.4b

The method described above for locating the transition states
by stepwise decrease of atom distances led to a revision of the
originally sketched pathways of the dual catalyst transfer from the
diaurated dibenzopentalene 6 to the diaurated diyne 7. The dual
transfer was thought to proceed by a transfer of one gold to form
the π-complexed diyne 8 followed by a protodeauration or
reversed: a protodeauration of one gold moiety from the
dibenzopentalene to the diyne followed by a transfer of the now
π-coordinating gold moiety of 9 (Scheme 6, panels a and b,
respectively). However, the discovered reaction path is a three-
step transfer, highlighted in black in Scheme 6. Furthermore, in
case of the dual catalyst transfer, several intermolecular
approaches are possible. These were examined, and a
perpendicular, sideways approach of the diyne was found to be
slightly lower in energy compared to an approach in which the
diyne moves between the two gold moieties of 6 prior to the first
gold transfer. Finally, for the initial gold transfer, there is the
possibility of an intramolecular shift of the gold species to the
internal triple bond or that the transfer occurs directly to this

Scheme 5. Water Mediated Proton Transfer from the Diyne 1a and the Gold Moiety of Dibenzopentalene Complex 4 via
Transition State TS2a

aThe listed Gibbs free energies are given in kcal/mol and are relative to the collected energies of 1a, 4 and H2O. The DFT optimized transition state
structure of TS2 is shown bottom left. Only the two transferring protons are highlighted in purple. The NBO representation (bottom left) shows the
energy gained by the indicated interactions (in kcal/mol) in green. For further details and color coding, see Scheme 4.
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internal triple bond (structure S1). However, thermodynami-
cally, this complex is higher in energy (ΔGgas = 4.4 kcal/mol)
than complex 8, and thus, the equilibrium between the two π-
complexes is in favor of coordinating the gold at the terminal
alkyne. Likewise, previous results show a clear preference for the
formation of the diaurated acetylide compared to π-coordination

of the second gold moiety either to the central benzene ring of
the diyne (ΔGgas = 16.5 kcal/mol) or even to the benzene solvent
(ΔGgas = 29.0 kcal/mol).9

Each transition state is connected to a pre- and a post-reaction
complex; IRC calculations show that there are two different
conformations and energies for the reaction complexes [4;8] and

Figure 1. Full energy profile of the single catalyst transfer processes either water mediated (in red) or neat (in blue), the energy profile is shown for the
energies obtained for the benzene solvated species.

Scheme 6. Two Proposed Paths for the Dual Catalyst Transfer (a and b) and the Reaction Path Actually Found (Highlighted in
Black)a

aEnergies are given in kcal/mol and are calculated from the energies of the separate species in the gas phase.
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Scheme 7. Transfer of the NHC-Au+ Moiety, Giving the π-Coordinated Diyne Complex 8 via Transition State TS3a

aThe listed Gibbs free energies are given in kcal/mol and are relative to the collected energies of 1a and 6. The DFT optimized transition state
structure of TS3 is shown bottom left. The gold of the transferring catalytic moiety is highlighted in purple. The numbers in blue on the NBO
representation (bottom left) give the hyperbond distribution for the indicated bonds (in percent) and the energy gained by the indicated interactions
(in kcal/mol) in green. For further details and color coding, see Scheme 4.

Scheme 8. Transfer of the Proton via Transition State TS4 To Form the π-Complexed Dibenzopentalene 9a

aThe listed Gibbs free energies are given in kcal/mol and are relative to the collected energies of 1a and 6. The DFT optimized transition state
structure of TS4 is shown bottom left. The transferring proton is highlighted in purple. The numbers in blue on the NBO representation (bottom
left) give the hyperbond distribution for the indicated bonds (in percent). For further details, color coding and units see Scheme 4.
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[5;9]. They will be distinguished by their attachment to either of
the transition states TS3, TS4, and TS5.
The initial step of the dual catalyst transfer can effectively be

seen as an intermolecular π-system slippage. One gold moiety of
the diaurated dibenzopentalene becomes π-coordinated to the
terminal acetylene of the diyne, while the other shifts and
becomes fully σ-bonded to the dibenzopentalene. In the
transition state, the transferring gold moiety is placed further
from the dibenzopentalene than from the diyne (see Scheme 7).
However, examination of the transition state by NBO analysis
showed that the strongest interactions are the ones between the
gold moiety and the dibenzopentalene system. The carbon−gold
bond length for the remaining gold moiety to the dibenzopenta-
lene unit in TS3 (2.066 Å) is slightly longer than for the
corresponding monoaurated species 4 (2.035 Å), but shorter
than the bond length in the diaurated complex 6 (2.150 Å). The
bond length of the carbon−hydrogen bond in TS3 (1.081 Å)
emphasizes the π-complex character of the gold−acetylene
interaction. The bond length is comparable to the bond length
found in the gold π-complex 8 (1.084 Å) rather than the shorter
bond found in the parent diyne 1a (1.072 Å). Finally, the short
distance (2.86 Å) between the two gold atoms in the diaurated
complex 6, and the resulting aurophilic interactions are
somewhat preserved in the transition state before being broken
in complex [4;8]TS3. Thus, the distance between the two gold
atoms are 3.01 Å in TS3, and the NBO analysis shows a slight
interaction directly between the two gold atoms of 7.4 kcal/mol.
The next step of the dual catalyst transfer is the transfer of the

proton from the diyne via the transition state TS4 (Scheme 8).
This necessitates that the two gold moieties shift from being σ-
bonded to π-complexes in the dibenzopentalene unit 9 and vice
versa for the diyne complex 8. The change in the bonding

character for all three species is apparent when analyzing the
transition state in terms of bond lengths and NBOs (Scheme 8,
bottom). The transition state appears to be a late transition state,
as the NBO bond analysis shows that σ-bonds have developed
between the proton and the dibenzopentalene unit and between
one of the gold moieties and the diyne. Conversely, the bond
between the second gold and the dibenzopentalene has
weakened, and the gold moiety is held by interactions with the
π-system and the newly formed carbon−hydrogen bond.
However, the interatom distance between the gold and the
dibenzopentalene (2.107 Å) strongly resembles the distance
found in the diaurated complex 6, where the bonding character
toward each gold atom is σ-like. The σ-character of the carbon−
gold bond between gold moiety previously complexed to the π-
system of the diyne and the terminal carbon of the diyne is
emphasized by the bond length between the two (2.037 Å). The
bond length is intermediate between the bond length found in 5
and 8 (1.984 and 2.139 Å, respectively). The interatom distances
between the carbons of the diyne and the dibenzopentalene and
the transferring proton (1.431 and 1.388 Å, respective) are both
greater than the carbon−hydrogen bond lengths in either of the
parent complexes 1a and 2a. In accord with the interactions
found by NBO analysis, the distance between the dibenzopenta-
lene carbon and the hydrogen is slightly shorter than the distance
toward the diyne.
Finally, the second gold is transferred, once again from one π-

system to the other (Scheme 9). The transition stepTS5 shows a
gold moiety midway in the transfer and both the bond lengths,
and the NBO analysis of the transition state shows an almost
equal affiliation with both carbon systems. The gold−carbon
distances toward both the diyne and the dibenzopentalene units
(2.48 and 2.40 Å, respectively) are slightly longer than the parent

Scheme 9. Transfer of the Gold Moiety via Transition State TS5 To Form the Diaurated Diyne 7a

aThe listed Gibbs free energies are given in kcal/mol and are relative to the collected energies of 1a and 6. The DFT optimized transition state
structure of TS5 is shown bottom left. The transferring gold moiety is highlighted in purple. The numbers in blue on the NBO representation
(bottom left) give the hyperbond distribution for the indicated bonds (in percent) and the energy gained by the indicated interactions (in kcal/mol)
in green. For further details and color coding, see Scheme 4.
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diaurated diyne 7 and the π-complex 9 (2.14 and 2.30 Å,
respectively). Neither the carbon−hydrogen bond length in the
dibenzopentalene fragment nor the gold−carbon bond length in
the diyne fragment is affected by the transferring gold moiety
when compared to the corresponding σ-bonds in complexes 2a
and 7. Finally, inTS5, the two gold moieties are now within short
enough distance (3.83 Å) to once again establish a minor
aurophilic interaction. NBO analysis predicts the interaction to
be of 1.1 kcal/mol in strength.
Figure 2 shows the full energy profile of the dual catalyst

transfer. The overall activation energy for the dual process is 29.5
kcal/mol in benzene (23.4 kcal/mol in the gas phase),
corresponding to the energy level of TS4, the proton transfer.
Despite this relatively high activation barrier, it should be noted
that the overall reaction is exothermic by 9.4 kcal/mol in benzene
(and 19.4 kcal/mol in the gas phase) and that this will drive the
catalyst transfer toward the dual activated diyne 7. In
comparison, the activation energy required for the mono transfer
is considerably higher, while the thermodynamic gain of the
catalyst transfer is unchanged (ΔGbenzene = −9.7 kcal/mol).

■ CONCLUSION
Computational studies have closed the mechanistic cycle for the
dual gold catalyzed formation of dibenzopentalene 2a from 1,5-
diyne 1a and showed that there is a significant energetic gain in
keeping the two gold moieties together throughout the reaction.
The activation energies in benzene for the three processes

examined herethe single catalyst transfer, the water mediated
single catalyst transfer, and the dual catalyst transferwere
determined to be 46.9, 45.8, and 29.5 kcal/mol, respectively. The
high energy requirements of the single catalyst transfers makes
the route unlikely compared to the dual transfer. The dual
catalyst transfer was found to proceed in three steps: (1) transfer
of one gold moiety to form π-complex 8, (2) proton transfer, and
(3) a second gold transfer of the π-complexed gold moiety of
complex 9. The calculated overall activation energy of the catalyst
transfer (ΔG⧧

benzene = 29.5 kcal/mol; ΔG⧧
gas = 23.4 kcal/mol) is

slightly higher than the previously reported activation energy for
the intramolecular steps of the cyclization process (ΔG⧧

gas = 18.9
kcal/mol).9 However, reaching the starting point for the dual
catalyst transfer, the diaurated dibenzopentalene 6, by the
intramolecular cyclization, has previously been calculated to be
exothermic by 35.8 kcal/mol. Thus, the activation energy found
for the intermolecular dual catalyst transfer does not change the
overall energy requirements for the cyclization reaction.
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Figure 2. Full energy profile of the dual catalyst transfer process, the energy profile is shown for the energies obtained for the benzene solvated species.
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