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Puzzling Structure of the Key Intermediates in Gold(l)-

catalyzed Cyclization Reactions of Enynes and Allenenes

Eduardo Garcia-Padilla, ™ Imma Escofet,’®® Feliu Maseras,

Antonio M. Echavarren*®®!

We identify the dominant structures of the intermediates of
gold(l)-catalyzed cyclizations of 1,5-enynes and 1,5-allenenes
through computational analysis as gold(l) cyclopropylcarbenes,
endocyclic vinylgold complexes and previously unreported
non-classical carbocationic minima. In contrast to 1,6-enynes,
the exocyclic carbocations are found to be less stable. Cyclo-
propylcarbene structures are consistently favoured as the most
stable intermediates for all studied substitution patterns. We
validate the computational methods used by using DLPNO-

Introduction

Gold(l) carbenes have been proposed as intermediates of
many gold(l)-catalyzed transformations, although there is
still some controversy regarding the carbenic and cationic
character of these species.? Although they are too highly
reactive to be readily isolated, some progress has been
done in the characterization of these species albeit stabiliz-
ing functional groups attached to the carbenic carbon were
required.® Indeed, our group has recently generated mesityl
gold(l) carbenes in solution at very low temperature, which
have been characterized by NMR."!

As part of an in-depth mechanistic study on a gold(l)-
catalyzed cyclization leading to cis- or trans-fused bicyclo-
[5.1.0]octanes,” we examined the nature of the key inter-
mediates, which was relevant in the broader context of the
gold(l)-catalyzed cyclization of 1,6-enynes.”*” This compu-
tational study provided evidence on the existence of three
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CCSD(T) energies as a benchmark, indicating that the B3LYP-D3
and M06-D3 functionals are most accurate for energy determi-
nation, while NPA charges are mostly insensitive to functional.
The evolution of a 1,6-enyne in a single-cleavage or double-
cleavage rearrangement is attributed to the barrierless evolu-
tion of a common cyclopropyl-gold(l) carbocation non-sta-
tionary geometry. Our findings provide insights into reaction
pathways and substrate dependence of the cycloisomerization
processes.

different types of cationic intermediates Int2-4 depending
on the substituents R'-R* in the initial gold(l) complex Int1
(Scheme 1). Benchmark of DFT functionals with DLPNO-
CCSD(T) as calibration method,”® allowed us to select the
most appropriated functional for the 1,6-enynes cycliza-
tions. Cyclopropyl gold(l) carbene Int2, exocyclic vinylgold
carbocation Int3, and endocyclic vinylgold carbocation Int4
were located as possible minima having different bond
angles and distances. The quantum theory of atoms in
molecules (QTAIM)® analysis supported the molecular
representation of the different types of intermediates. The
metal carbenic or cationic character of these intermediates
Int2, Int3 and Int4 was further confirmed by Natural Bond
Orbital (NBO) analysis,"” as natural population analysis
(NPA) charges were clearly delocalized. In the model
substrates where cyclopropyl gold(l) carbene Int2 and open
carbocation Int3 were found as possible intermediates, the
former was always preferred kinetically (AG+ for TS1-2
lower than for TS1-3) and thermodynamically. In those
cases, Int4 was not found alongside Int2 and Int3.

In a recent study on the anomalous gold(l)-catalyzed Z-
selective skeletal rearrangement of 1,6-enynes we have found
that the electronic nature of the substituents at the alkene
determine the stereoselectivity in single-cleavage
rearrangements."" Thus, open form exocyclic carbocations Int3
are favored when R? is a strongly electron-donating group and
can undergo bond rotation, whereas cyclopropyl gold(l)
carbenes Int2 do not isomerize and lead to rearrangement
products stereospecifically.

Due to the fundamental importance of cyclizations of
unsaturated substrates in gold(l) catalysis, we present herein a
detailed computational study on the structures of the key
intermediates in the cyclization of seemingly similar 1,5-enynes
and 1,5-allenenes, including a complete NBO study aiming to
rationalize the relative stabilities of each structure and their
dependence on different substitution patterns. For the sake of
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Scheme 1. Different possible pathways for the formation of Int2, Int3 and
Int4. L=PMe;.

completeness, we have also analyzed the subtle differences
leading to either single- or double-cleavage rearrangements in
gold(l)-catalyzed reactions of 1,6-enynes.

Results and Discussion

Nature of intermediates in 1,5-enyne cyclizations. We aimed
to investigate intermediates present in the 5-endo-dig, 5-exo-
dig, and 4-exo-dig cyclizations of 1,5-enynes. The 4-exo-dig
cyclizations are typically less favorable due to strain and orbital
overlap, as explained by Baldwin’s rules. Including these less
favorable intermediates and transition states in our study
served three primary purposes: first, to directly compare with
the established 1,6-enyne exo-dig analogues (Scheme 1), but
with added ring strain; second, to reproduce the observed
experimental preference for the alternative pathway; and third,
to understand how strain influences the bonding or even
prevents certain geometries. To approach this problem, we
carried out DFT calculations on a set of gold(l) complexes of
1,5-enynes. Full computational details are supplied in the
Supporting Information, and all computed structures are
collected in the ioChem-BD repository.'”? The geometry
optimizations and free energy analysis reported in this first part
were carried out with BP86-D3, a functional consisting of
Becke's exchange functional and Perdew’s 1986 correlation
functional,"® with implicit solvation modelled with PCM for
CH,Cl,. This, in turn, will allow direct comparison to our
aforementioned published results on 1,6-enynes (Scheme 1).”
A series of model 1,5-enynes A-H were chosen to include
varied alkyl substitution on the alkene, with a terminal or
phenyl-substituted alkyne (Scheme 2). The methyl groups on
the alkene could, in principle, alter the electronics of the system
to favor some structures of cyclized intermediates, as had been
observed with 1,6-enynes.”) The phenyl-substituted alkynes
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previously studied 1,6-enynes were calculated as the gold(l) complex (A1-
11), the exo (A2-12 and A3-13), and endo (A4-14, A5-15, and A6-16)
intermediates. L=PMe,.

were included because internal alkynes with aryl substituents
have been extensively studied experimentally. Substrate | was
also included with a strongly electron-donating substituent at
C2 of the alkene to see if a 4-exo-dig cyclisation still has an
accessible reaction coordinate, or whether it would collapse to
the same reaction coordinate as the 5-exo-dig cyclization.

For the methyl-substituted 1,5-enynes, geometries 5 and 6
for the first cyclized intermediates were always inaccessible,
converging in a barrierless manner into cyclopropyl gold(l)
carbene 4 (Scheme 2 and Table 1). In addition, C2, D2, G2, and
H2 geometries did not constitute minima on the potential
energy surface and were not considered for the analysis as they
did not represent the intermediates of interest in gold(l)
catalysis. A phenyl substituent next to the formed carbocation
stabilize it enough for the open form to exist as an independent
intermediate as seen in 15. 1,5-Enyne | was only explored to
increase the stability of the open form carbocation, explaining
the absence of a bicyclopentane geometry. Despite this
significant benzylic stabilization, it is remarkable how intermedi-
ate 15 has still somewhat higher energy than cyclopropyl gold(l)
carbene 14. The formation of a bicyclic structure with relatively
low strain combined with a stabilized gold(l) carbene contrib-
utes to the overall stability of the intermediate (Table 1).1"*

After having the relative energies of all intermediates
accessible for every 1,5-enyne and discarding several of the
structures as inaccessible, we investigated the possible bonding
arrangements for these intermediates. An NBO analysis of
selected intermediates was carried out. H3, H4, B2, B3, and I5
were chosen, representing the endocyclic cyclopropyl gold(l)
carbene, a strained exocyclic cyclopropyl gold(l) carbene, an
endocyclic carbocationic vinyl gold(l) complex, its strained
cyclopropylcarbene analogue, and an endocyclic carbocationic
cyclohexenylgold complex (Scheme 3).

The NPA charges (from NBO) show a similar charge
distribution for H3 and H4 independent from the ring size. The
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specific bonding arrangement. B2 and 15 show comparable

charge distributions.

ChemPlusChem
Table 1. Calculated free energies in kcal/mol, referenced to 1 at B3LYP-D3/
6-311+G(d,p) [CH,P]1+SDD [Au], with implicit solvation (PCM). In cases
where free energy is lower for the TS, the potential energy thereof was
confirmed to be higher.
Enyne Species AG* AG®
A A2 20.99 19.1
A3 21.7 17.5
A4 13.0 -1.9
B B2 12,21 9.1
B3 17.3 124
B4 10.6 -1.7
C c3 19.1 17.8
c4 11.5 -1.5
D D3 16.0 18.7
D4 10.1 0.0
E E2 25.6" 239
E3 254 20.4
E4 15.2 35
F F2 12.6" 10.7
F3 18.9 139
F4 9.0 0.5
G G3 234 20.9
G4 15.3 27
H H3 11.2 43
H4 21.8 23.1
| 12 18.7 4.2
14 24" 1.2
15 12.8 26
TS corresponds to TS, ;. ! TS corresponds to TS, .

differences between H3 and B3 are much more significant,
exemplifying how the charge localization on the original alkene
carbons depends on their substitution more than on their

1,5-enynes
L +
Ph 0.07 / -0
-0.11 / -0.09 -0.02 06
Me -0.53
Me Me
PNy . 019 +0.11 +o45 +0.27
H3 H4 B2 B3
1,6-enynes
L
025 -0.23
-0.48
+0.28
Ph 4
-0.07 0.00 -0.35 Nrg.sg +0.17 Me
|
5 Int2 Int3 Int4

Scheme 3. NBO charges from NPA of 1,5-enynes, 1,6-enynes. L=PMe;.
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In order to investigate the bonding of these intermediates,
with the aim of describing their cyclopropylcarbene or open
form carbocationic character, we decided to study them
through second-order perturbation theory, which explains the
non-Lewis character of molecules through delocalization of the
occupied NBOs (Lewis structure-based orbitals) into the
unoccupied NBOs.

Performing the same calculations on known 1,6-enyne
intermediates Int2, Int3, and Int4 (Schemes1 and 3), with
special emphasis on the second-order perturbation theory,
allowed the direct quantitative comparison to the explored
intermediates of 1,5-enyne cyclizations (Scheme 3). Thus, Int2
shows a lower occupancy of the endocyclic cyclopropyl bond
compared to the exocyclic (1.639 and 1.750 respectively). This
correlates with the results from second-order perturbation
theory, as the donation from C—C,,4, bond to the gold carbene
is, at 23.6 kcal/mol, three times higher than that from C-C,,,.
Similarly to H3, H4 and B3, as a rule, it is the endo-bond of the
cyclopropyl the one that delocalizes best for electronically
unbiased cyclopropyl gold(l) carbenes. In line with being an
open-form intermediate, Int3 only shows a very small delocali-
zation of the alkene onto the carbocation, whereas the hyper-
conjugation from the adjacent C—C is almost twice as strong.
We also observed this in 15, which corresponds to a true
carbocationic form. The inner cyclopropyl bond for Int4 is much
less populated than the exocyclic one, by 0.3 electrons. This is
compounded by more delocalization from the inner bond to
the carbene (35.3 kcal/mol) and a donation that is nine times
lower from the exocyclic bond. Combined, these observations
indicate that Int4 lies somewhere between a closed cyclo-
propylcarbene and an open form. We consider that this
intermediate is probably best described as a highly polarized
version of Int2 rather than as a separate geometric category.

Compared to B3, B2 is more polarized. However, by looking
at the second order perturbation theory analysis, even open-
form B2 shows very significant donation from C—C = to
carbocation (B2a resonance structure) as well as strong C—C o
donation to carbocation (B2b resonance structure) (Scheme 4).
These donations, 89 and 72 kcal/mol respectively, are very
significant. Both are much stronger than the expected C—H
hyperconjugation (15 kcal/mol). This strong donation from both
the double bond and the adjacent single bond suggests that
even the open form B2 has significant cyclopropyl character.
This is likely enhanced by the constrained geometry of a small

LAu* LAu LAu | Main stabilizing delocalizations:
\
89 72 LAu*
kcal/mol keal/mol /+ LN>—Ph Léu* Ph

- -~ D Me Me

Me Me
Me Me Me : H4: 21 kcal/mol
B2a B2 B2b H3: 22 kcal/mol : cal/mo

Scheme 4. NBO delocalizations stabilizing intermediate B2, depicted as
resonant forms and energy of delocalization from the outer cyclopropylic
bond NBO.
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Scheme 5. 1,5-allenenes J-Q with the same substitution patterns were
calculated as the gold(l) complex (J1-Q1) and as (J4-Q4 and J7-Q7)
intermediates. L=PMe;.

cycle allowing for better orbital overlap. In contrast, in I5
instead of the vinylgold to carbocation donation, the more
significant stabilizing interaction is the hyperconjugative o C—C
to carbocation donation (21.3 kcal/mol). As expected, there is
an additional benzylic stabilization. Intermediate 15 is therefore
a true open form vinylgold(l) carbocation (Scheme 3).

Comparing intermediates H3 and H4 by NBO analysis shows
differences in the cyclopropyl rings (Scheme 4). In both cases, it
is the outer cyclopropyl bond which has the lowest occupancy,
just under 1.7 in both cases. This is likely a result of the
potential stabilization offered by the methyl groups. The main
difference is in the occupancy of the inner cyclopropyl bond, at
1.825 for H4 but at 1.754 for H3. The donation from either of
the outer cyclopropyl bonds to the gold(l) carbene is surpris-
ingly similar, between 20 and 22 kcal/mol, despite the gold(l)
carbene being endocyclic or exocyclic. Backdonation from the
carbene is nonetheless significant in the case of H3.

Nature of intermediates in 1,5-allenene cyclizations. We
then explored a related family of substrates, 1,5-allenenes J—Q
(Scheme 5). These compounds with two geminal m bonds
cannot lead to the synchronous formation of cyclopropyl gold(l)
carbenes, given that this geometry necessitates a triple bond. It
is for this reason that reported reactions with allenenes often
invoke open-form carbocationic vinylgold(l) intermediates as
opposed to the more delocalized cyclopropyl gold(l)
carbenes.™ Nonetheless, the tether in 1,5-allenenes is short
enough for a cyclopropyl to form with the second alkene."® As
the cyclopropanation occurs from the other side, the bond to
be formed in the cyclization is not part of the cyclopropane.
This is interesting, as both 1,5-allenenes and 1,5-enynes lead to
the same carbon skeleton, but this is formed in a different way.
Reactions with 1,6-allenenes have been found to operate
analogously via cyclobutyl gold(l) carbene intermediates
instead."”

All currently proposed mechanisms with 1,5-allenenes
suggest the presence of an endocyclic carbocation within a
cyclohexenyl gold(l) structure 5 (Scheme 5). However, we have
already determined that, in all instances involving 1,5-enynes,
these configurations are non-stationary geometries except
when an aryl group stabilizes the carbocation. This brought us
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to question whether these geometries could be intermediates
for 1,5-allenenes, possibly due to divergent formation through a
high-energy intermediate, or if they also exist only as non-
stationary points in the concerted asynchronous formation of
bicyclo[3.1.0]hexanes. In non-stepwise processes, the intermedi-
acy of generally disfavored endocyclic carbocations could be
expected as well-defined non-stationary points with barrierless
evolution in the reaction coordinate, also known as hidden
intermediates."”® These hidden intermediates, while being
relatively widespread in asynchronous processes, rarely deter-
mine the outcome of a reaction. However, they have been
found in rearrangements of unsaturated systems and were key
to understanding the selectivity in the reaction."™ In order to
make direct comparisons to the 1,5-enyne cyclizations, we
studied a family of 1,5-allenenes with the same substitution
patterns on the alkene. Similar to the analogous 1,5-enynes
A-H, it was observed that endocyclic homoallylic cations
exhibit non-stationary geometries in the potential energy
surface (Scheme 5). Consequently, and at least for the sub-
strates under investigation, the intermediate that follows
cyclization is the cyclopropyl gold(l) carbene 4. A feature of 1,5-
allenenes not present for 1,5-enynes is that, upon cyclization,
non-classical carbocations 7 can exist as intermediates. These
structures correspond to partial cyclopropyl carbenes, due to
the absence of the second m bond that would lead to a
conventional cyclopropylcarbene (Scheme 5 and Table 2).1""
Whereas most other intermediates are formed in concerted
asynchronous processes, the formation of P7, M7, and Q7 takes
place stepwise. The most delocalized form, with both cyclo-
propyl bonds approximately equal, is present in intermediate
P7. On the other hand, intermediates M7 and Q7 resemble
more open-form carbocationic structures, in which dimethyl-
substituted alkenes favor the localization of charge on the
tertiary carbocation (Scheme 6). The endocyclic alkene cannot
stabilize the exocyclic carbocation because of the geometry,
which results in the exocyclic vinylgold(l) carbocation inter-
mediate, a type of intermediate that was never observed for the
1,5-enynes. A corollary is that cyclizations of 1,5-allenenes with

Table 2. Calculated free energies in kcal/mol, referenced to 1 at B3LYP-D3/
6-311+ G(d,p) [C,H,P]1+ SDD [Au], with implicit solvation (PCM).

Allenene Species AG* AG®
J Ja 14.1 0.6
K K4 2.0 0.5
L L4 11.8 2.5
M M4 17.39 3.8
M7 8.9 83
N N4 13.6 15
o] 04 7.7 0.0
P P4 13.8 3.6
P7 11.8 11.0
Q Q4 7.8 43
Q7 16.39 6.8

1 TS corresponds to TS4-7.
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Scheme 6. Structures of intermediates P7, M7 and Q7 and NBO analysis
from NPA of P7 and Q7. L=PMe,.

gold(l) catalysts show more carbocation-like reactivity than with
1,5-enynes.

The nature of the bonds in these intermediates was
explored with NBO analysis by using P7 and Q7 as the model
systems. As would be expected from a more open-form
geometry, there was a much higher charge localization in Q7
(Scheme 6).

The NBO analysis fully supports a non-classical carbocation
description for P7 (Scheme 6). The base Lewis structure without
cyclopropyl bonds showed very low occupancies for alkenes
C1—C2 and C5-C6, around 1.6, with partially populated anti-
bound, at occupancies of 0.1. Donation of &= C5—C6 to n* C1-C2
accounted for a very large stabilization of 54 kcal/mol according
to second-order perturbation theory. These contributions,
together with the low occupancy, are indicative of strongly
delocalized n bonds reminiscent of aromatic bonds. The non-
classical carbocationic structure is therefore a proper represen-
tation of this intermediate.

Intermediate Q7 is much more localized and better
described by its Lewis structure. However, the C1—C5 bond has
an occupancy of 1.785 and the carbocation, notably, 0.608. The
delocalization of the former onto the carbocation is the greatest
contributor to its stabilization, at 42 kcal/mol, consistent with
partial cyclopropyl character, but no more than in most open-
form intermediates studied hitherto (Scheme 6). Structure Q7 is
more localized than endocyclic vinylgold(l) carbocation B2,
again, because the bond delocalizing into it is a 6 bond instead
of the inaccessible alkene.

Benchmark of DFT functionals. An additional question
concerned the suitability of different functionals to correctly
represent the bonding in these systems. To address this, we
performed a series of single-point calculations of many
intermediates using different families of functionals, with
implicit solvation and applying Grimme’s D3 empirical
dispersion.”” To quantify the relative performance of each

ChemPlusChem 2023, 202300502 (5 of 9)

functional, we carried out analogous DLPNO-CCSD(T) single-
point calculations with ORCA 4.0 to serve as a benchmark. This
approach was already used with 1,6-enynes in our previous
work,” which concluded that B3LYP-D3 and M06-D3 were the
most appropriate functionals. The intermediates with substrate
I were calculated to ensure that carbocationic species are
described in a similar way. One of the main aspects of interest
was whether different functionals would accurately depict low-
lying transition state TSI4-5, which was very close in energy to
15, making this system a challenging model.”” The benchmark
was repeated with cyclized H species.

Hence, there is a preference for B3LYP—D3 or M06-D3 to be
used as the functionals in the determination of the final energy
profiles. Nevertheless, further calculations suggested that the
geometry optimization of the studied gold(l) intermediates is
likely not sensitive to the functional used.””

Further insight on the skeletal rearrangement of 1,6-
enynes. Two main types of skeletal rearrangements of 1,6-
enynes are known: single-cleavage, in which only the alkene
suffers a metathesis-type cleavage and the double-cleavage
rearrangement in which both the alkyne and alkene undergoes
metathesis (Scheme 7).?7?? These main types have also been
known as type | and type Il rearrangements. Furthermore, two
subtypes of single-cleavage rearrangement, exo- and endo-type,
can occur which essentially depend on the nature of the tether
2% The endo-type single-cleavage has also been referred to
in the literature as type lll rearrangement. The gold(l)-catalyzed
double-cleavage rearrangement of 1,6-enynes is the preferred
cycloisomerization process for substrates bearing internal
alkynes and terminally unsubstituted alkenes. Experimentally,
there have been some observations made on the effect that
different substituents have on the single/double cleavage
selectivity,” whereas theoretical studies have been reported
on Pt(ll)-, Au()-,% and In(lll)-catalyzed rearrangements.*

We decided to investigate in detail a simplified model
substrate to understand why double-cleavage rearrangements
happen and why mixtures of single- and double-cleavage
products are rarely reported from the same substrate.

R1 RZ RS
2
| S R | R1
Z 3
R ;|
R R4

exo-single cleavage

AuL_] *

endo-single cleavage

AuL |

Z R3 g
B __3< z N R3
Rt R? 7
Z4 |2
. TS-SCeyo R* R
LAY g T8-8Cento 5
(ﬁ; ifd al
z R2 z_|
\)\/ R2
R3

Int1

double cleavage

Scheme 7. Different skeletal rearrangement pathways from 1,6-enynes.
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[C,H,P]+SDD [Au], PCM (dichloromethane).

1-Octen-6-yne, as the simplest model enyne, was chosen for
the mechanistic modelling as our previous results'"" suggested
that the impact of the tether only affects exo- and endo-type
cleavage selectivity, which is not present in double cleavage
reactions. The gold(l) complex R1 undergoes a 5-exo-dig
cyclization leading to cyclopropyl gold(l) carbene R2
(Scheme 8). The following rate-limiting migration TSR3 is
analogous to that in the exocyclic single cleavage process.""

As observed in the IRC, TSR3 lies at the highest potential
energy of a two-step concerted asynchronous process which
proceeds through a non-stationary geometry or hidden
intermediate™ when relaxing to the product (Figure 1 and
Scheme 8, shown in blue). This structure is reminiscent of

TSR3 hidden
intermediate

@ = o
® © N &
N T T I T

Potential Energy
-]

N

o

T T T
30 20 10 0 -10 =20 =30
Intrinsic Reaction Coordinate

Figure 1. The IRC of TSR3 reveals the presence of a hidden intermediate.
Potential energy in kcal/mol.
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cyclopropylgold(l) carbocations in the endocyclic single-cleav-
age mechanism (Figure 2). However, in this case, the structure is
not a minimum and relaxes to R3 without a potential energy
barrier.

The C,ene—C—Au bond angle in R3 is 90.1°, indicative of a
strong delocalization from the alkene to the gold(l) carbene,
not unlike the intermediates discussed previously for 1,5-enynes
and 1,5-allenenes. A shallow transition state, TSR4, leads to
open form R4 without alkene stabilization. From this geometry,
hydrogen migration from the allylic carbon forms product R5.
Transition state TSR5 does not occur via elimination, but rather
from an asynchronous 1,2-H shift temporarily forming an allylic
carbocation followed by immediate formation of the alkene.
The complete selectivity for the formation of a 1,3-diene is
accounted for with our calculations: the 1,2-hydride shift initially
generates a non-stationary carbocation 8 to gold(l) which is
more stabilized when in resonance with the alkene than as a
primary carbocation.

Me., AuPMej

+

Figure 2. Structure of the key cyclopropylgold(l) hidden intermediate.
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As TSR3 is so close geometrically to the transition states for
migration in exocyclic single cleavage rearrangements, and in
the same family as the endocyclic migrations, the similarity in
the reaction coordinate shines light on the process. We propose
that the transition states in which a formal carbene migration
takes place (TS-SC, and TSR3) are common to both single-
cleavage and double-cleavage processes. This is supported by
the fact that the cyclopropylgold(l) carbocation hidden inter-
mediate appears in the barrierless relaxation of TSR3 and the
analogous transition state in the exocyclic single cleavage,
belonging to the reaction coordinate of both processes. The
structure of the product of migration would then be deter-
mined not by the migration itself, but by which bond of the
cyclopropane breaks barrierlessly in the hidden intermediate.

Thus, cleavage of either of two cyclopropane bonds is
barrierless and forms a different product: the cleavage of the
bond o to gold(l) results in double cleavage rearrangement,
whereas cleavage of the bond B to gold(l) results in single-
cleavage rearrangement (Scheme 9, bonds marked in blue and
red). Therefore, it is not the prior transition state but the non-
stationary geometry that dictates the selectivity of the reaction
in a barrierless process without intervening intermediates. The
mechanistic relevance of the evolution of this geometry is
analogous to that of other cases with hidden intermediates in
concerted asynchronous processes."

For the endocyclic single-cleavage rearrangement, the
cyclopropyl gold carbocation constitutes a minimum and,
therefore, different transition states for the endo-type single-
cleavage and the unreported endo-type double-cleavage rear-
rangements are expected to exist and compete."" Due to the
importance in determining what product is formed, the
electronic properties of this cyclopropyl gold carbocation
geometry are critical in fully understanding enyne skeletal
rearrangements and related mechanisms in gold(l) catalysis.

This approach also explains the greater tendency for 1,6-
enynes consisting of a terminally substituted alkyne and a
terminally unsubstituted alkene to engage in double-cleavage
rearrangements: the hidden intermediate evolves through
formation of a gold(l)-stabilized carbocation —a gold(l) carbene-

destabilized by
charge localization

AuL  observed it
| e B
H +H H
non-stationary key hidden
geometry intermediate
observed barrierless
@ ring-opening
LAu* AuL|*
\ .
Q 4 Q(f\Me
Me

R3

Scheme 9. The outcome of single- and double-cleavage rearrangements of
1,6-enynes depends on the evolution of a non-stationary hidden intermedi-
ate after the rate-determining step.
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instead of the disfavored primary carbocation geometry that
precedes the alkene as a non-stationary point in single-cleavage
processes (Scheme 9).

Both single-cleavage and double-cleavage reach the com-
mon key hidden intermediate and thus direct product forma-
tion is fully selective for one of the two pathways. Stepwise
alternatives would be more likely to lead to mixtures of single-
and double-cleavage products, as the transition states could
compete, and it would be possible for them to be close in
energy. The fact that the reaction outcome is not due to a
competition between two transition states is consistent with
what had been observed experimentally: substrates only under-
go single-cleavage or double-cleavage skeletal rearrangements
in gold(l)-catalyzed rearrangements but rarely both.

Conclusions

The intermediates present in gold(l)-catalyzed cyclizations of 1,5-
enynes consist of cyclopropyl gold(l) carbenes and vinylgold(l)
complexes with an endocyclic carbocation. Exocyclic carbocations
without more significant stabilization are not minima on the
potential energy surface, independently of whether the intermedi-
ate formed in endo-dig or exo-dig cyclizations, even for trisubsti-
tuted alkenes. As 1,6-enynes with trisubstituted alkenes can access
the exocyclic carbocationic intermediates, the change in stability is
likely related to ring strain and geometric proximity in a cyclo-
pentenyl gold(l) carbocation. The cyclopropyl gold(l) carbene
structures for 1,5-enynes were invariably lower in energy than the
corresponding endocyclic carbocations, even with aryl substitution
and for bicyclo[2.1.0]pentane systems. Int4 geometries are partic-
ularly polarized Int2 structures, and do not show significant
differences in the NBO analysis as seen for fully open vinyl-
carbocations. They are best understood as a cyclopropyl gold(l)
carbene system with a large contribution of the open form
endocyclic carbocation resonance structure.

While 1,5-allenenes ultimately lead to the same bicyclic systems,
non-classical carbocationic intermediates may also form. In all cases,
these cyclize further to form the much more stable bicyclic
structure. However, the intermediacy of open form six-membered
ring endocyclic intermediates 5, as proposed in the literature, is not
supported by our calculations, as with 1,5-enynes.

Regarding the computational techniques employed, most
functionals were found to be adequate by assessing the NBO
charges of a particular intermediate, which generally correlate
with the electronic description. In terms of determining the
energy profile, our results indicate that, among those tested,
B3LYP-D3 and M06-D3 are more accurate for gold(l)-catalyzed
cyclizations at the level of theory employed in terms of their
performance against the DLPNO-CCSD(T) benchmark.

A cyclopropyl gold(l) carbocation structure, which exists as
a hidden intermediate in the exocyclic single- and double-
cleavage skeletal rearrangements, defines the outcome of the
reaction. The concerted asynchronous process of rate-limiting
1,3-migration followed by product-determining ring opening
explains why only either the single-cleavage or double-cleavage
products are found for a given substrate. We present the factors

© 2023 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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that lead to substrate dependence, which are primarily
electronic in nature. Additionally, we show that the final step in
the formation of the double-cleavage product is a hydrogen
migration instead of a deprotonation-protodemetallation se-
quence.

Supporting Information

The authors have cited additional references within the
Supporting Information.”*! A set of the computational data
underlying this study is available in the ioChem-BD repository
and can be openly accessed at https://doi.org/10.19061/
iochem-bd-1-289.
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The mechanism of the gold(l)-
catalyzed cyclization of enynes and
allenenes was clarified through a com-
bination of calculations using B3LYP-
D3, M06-D3 and DLPNO-CCSD(T) com-
putational methods.
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Puzzling Structure of the Key Inter-
mediates in Gold(l)-catalyzed Cycli-
zation Reactions of Enynes and
Allenenes
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