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Abstract: A formal [3+3+1] reaction through gold(I)-cata-
lyzed enyne cycloisomerization of enyne-meth-
ylenecyclopropanes and rhodium(I)-catalyzed [6+1] reaction
of vinylspiropentanes and CO has been developed to
synthesize aza-6/7 bicyclic compounds, hexahydrocyclohepta

[c]pyridinones. DFT calculations reveal that four steps are
involved in the [6+1] cycloaddition of vinylspiropentanes
and CO, including oxidative addition of cyclopropane to Rh,
β� C elimination, CO insertion and reductive elimination.

Introduction

Transition-metal-catalyzed cycloadditions using carbon monox-
ide (CO) as one component have been widely utilized to
construct various ring skeletons.[1] This field has been attracting
many leading chemists to develop new reactions that could
become tools for chemists in their pursuit of atom- and step-
economical synthesis of molecules of interest. Our group is also
very active in this research frontier. So far, we have developed
[3+2+1],[2] [4+2+1],[3] [5+1],[4] [5+2+1][5] and [7+1][6]

reactions, some of which have been used in total synthesis of
natural products.[2,4b,5b,7] Among these reactions, Rh(I)-catalyzed
[5+1] cycloaddition of vinylcyclopropanes (VCPs) and CO
(Scheme 1a) can be used to synthesize α,β- or β,γ-cyclo-
hexenones (asymmetric version can also be realized when chiral
vinylcyclopropanes were used).[4a,d] The utility of this cyclo-
addition was successfully demonstrated in the shortest asym-
metric synthesis of (-)-mesembrine.[7d] In order to obtain
important perhydroisoquinoline skeletons that are widely found
in natural products and pharmaceuticals, an Au-catalyzed enyne
cycloisomerization/Rh-catalyzed [5+1] reaction sequence was
developed (Scheme 1b),[8] which was also named as a formal [3
+2+1] reaction. Without adding CO, the reaction can provide
6/5 bicyclic molecules through Rh-catalyzed vinylcyclopropane
rearrangement.[8] With these, we envisioned that if the original
2π component of enynes was replaced by a meth-
ylenecyclopropane (MCP) group, the corresponding enyne-
methylenecyclopropanes (enyne-MCPs) 1 could undergo Au-
catalyzed cyclopropanation to give vinylspiropentanes 2,[9]

which could then undergo some unforeseeable cycloadditions
with CO to give molecules with new skeletons.[10,11] We were not
sure what the exact products from this reaction would be
generated when we had such an idea, but we thought that the
additional cyclopropane in 2 compared to vinylcyclopropane
could have some C� C bond cleavage reactions and these could
have some surprising and useful results for us. To our delight,
experimentally, the enyne-MCPs can be converted to vinyl-
spiropentanes by using gold catalyst, which then, under
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Scheme 1. Previous [5+1] reaction and its further development, and the
present formal [3+3+1] reaction.
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rhodium catalysis and in the presence of CO, underwent a [6+

1] reaction to deliver a molecule with the 6/7 skeleton
(Scheme 1c).[12] A proposed mechanism for the key [6+1]
reaction of vinylspiropentanes and CO is given in Scheme 2,
which includes the distal C1� C2 bond oxidative addition to Rh,
C3� C5 bond cleavage, CO insertion and reductive elimination.
We name the present enyne cyclopropanation/[6+1] reaction
as a formal [3+3+1] reaction,[13] in which both enyne and MCP
serve as the 3 C synthons and CO acts as a 1 C synthon.
Considering the challenges in the synthesis of seven-membered
rings, together with the easy preparation of enyne-MCPs
reported here, we believe that the present [3+3+1] reaction
can serve as an efficient way to access molecules with 6/7
bicyclic rings. Here we present the development of this reaction
and the mechanism of the [6+1] reaction revealed through
DFT calculations.

Results and Discussion

We divide our results and discussion here into two parts. In part
I, we describe the reaction development of both cycloisomeriza-
tion and [6+1] reactions, including the study of the scope of
the cyclopropanation of enyne-MCPs under the gold catalysis,
preliminary attempts to achieve an asymmetric version of this
reaction, screening the reaction conditions and studying the
scope of the [6+1] reaction of vinylspiropentanes and CO. In
part II, we present our DFT calculation results of the [6+1]
reaction to understand the details of the reaction mechanism.

Reaction development of formal [3+3+1] reaction

Scope of the Au(I)-Catalyzed Enyne Cycloisomerization

We previously found that, substrates of enyne-meth-
ylenecyclopropanes 1 with R1 =Ar, can be converted to

azepine-fused cyclobutanes via a cyclization/rearrangement
pathway when they were subjected to cationic Au catalyst.[14]

Under the same conditions, substrate 1a with R1 =H was
converted to cyclopropanation product 2a in 56% (Table 1). We
then studied the scope of this reaction using the same reaction
conditions applied in previous study.[14] Substrates 1b–1d (R1 =

Me, nBu, Bn) were easily transformed into their corresponding
products (2b–2d) in moderate yields (Table 1, entries 2–4).
Substrate 1e with an electron-deficient aryl group can also
undergo the cyclopropanation in 46% yield (Table 1, entry 5), in
contrast to similar substrates with R1 =electron-neutral and
electron-rich aryl groups. Substrates with different substituents
at alkene parts (1f–1h) gave rise to their corresponding
products (2f–2h) in good yields (76% to 90%, Table 1,
entries 6–8). We also found that enyne-MCPs with other nitro-
gen protecting groups (1 i–1k) provided desired tricyclic
compounds (2 i–2k, Table 1, entries 9–11). However, the oxy-
gen-tethered enyne-MCP 1 l only gave a complex mixture
(Table 1, entry 12).

Optimization of Au(I)-Catalyzed Enantioselective
Cycloisomerization

We then tried to develop an asymmetric version of this Au(I)-
catalyzed cycloisomerization. As shown in Table 2, several gold

Scheme 2. Proposed mechanism of [6+1] reaction.

Table 1. Synthesis of vinylspiropentanes.[a]

Entry Substrate Product[b]

1 1a, R1 =H 2a, 56%
2 1b, R1 =Me 2b, 48%
3 1c, R1 = nBu 2c, 50%
4 1d, R1 =Bn 2d, 52%
5[c] 1e, R1 =4-CF3C6H4 2e, 46%

6[d] 1 f, R2 =Me, R3 =H 2 f, 90%
7[d] 1g, R2 =Ph, R3 =H 2g, 76%
8 1h, R2 =H, R3 =Me 2h, 82%

9[d] 1 i, X=NNs 2 i, 64%
10 1 j, X=NSO2Ph 2 j, 60%
11 1k, X=NBs 2k, 60%
12 1 l, X=O complex mixture

[a] Reaction conditions: 0.2 mmol 1, 5 mol% Au(JohnPhos)SbF6, DCE
(0.1 M), 30 °C, 1 h; [b] average yield of two runs; [c] 17 h; [d] 12 h.
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catalysts with different chiral ligands were tested. Gold catalyst
with phosphoramidite ligand L1 (O,O’-(S)-(1,1’-dinaphthyl-2,2’-
diyl)-N,N-di-ipropyl-phosphoramidite) was firstly used in the
reaction of 1a, and unfortunately only complex mixture was
generated (Table 2, entry 1). Then, we tried the cycloisomeriza-
tion of 1a with MeOBIPHEP type ligands L2–L8 (Table 2,
entries 2–8). The desired product 2a was obtained in 58% yield
and 78% e.e. when L2 ((R)-4-MeO-3,5-(tBu)2-MeOBIPHEP) was
employed (Table 2, entry 2). But to our disappointment, no
reaction of 1a took place by using L3 and L7–L8 (Table 2,
entries 3 and 7–8), and a mixture of 1a and 2a was produced
by using L4–L6 (Table 2, entries 4–6). A mixture of 1a and 2a
was also obtained when L9 ((R)-DTBM-Garphos) was tested
(Table 2, entry 9). We could get 2a in 41% yield and 56% e.e. by
elongating the reaction time to 12 h (Table 2, entry 10).
However, the reaction also provided a mixture of 1a and 2a
when L10 ((R)-DTBM-SEGPHOS) was employed (Table 2, en-

try 11). Therefore, we decided to use L2 in entry 2 to do further
optimizations of solvents and counter anions (Table 3). Unfortu-
nately, all test solvents such as DCE or THF were found to be
inferior than toluene (Table 3, entries 1 to 5). We also tested
several different counterions, finding that either the starting
material of 1a remained (Table 3, entries 6, 8 and 10) or a
mixture of 1a and 2a was observed (Table 3, entries 7 and 9). In
addition, substrate 1a could be transformed into product 2a in
a comparable yield of 55% and the same 78% e.e. in 0.2 mmol
scale (Table 3, entry 11). Considering that product 2a can only
be synthesized in modest yield (58%) and e.e. (78%), we
decided to just disclose a racemic version of this cycloisomeriza-
tion/[6+1] reaction by using racemic vinylspiropentanes.

Rh(I)-Catalyzed [6+1] Reaction of Vinylspiropentanes and CO

Table 4 lists our study of optimizing the [6+1] cycloaddition
reaction of 2a and CO. We firstly applied the standard reaction
conditions of our previous [5+1] cycloaddition, finding that the
desired 3a can be produced in 19% yield (Table 4, entry 1). By
raising the CO pressure to 1 atm, the yield of 3a was increased
to 64% (Table 4, entries 1–3). However, no reaction took place
without CO, and in this case, substrate 2a was recovered in a
high yield. To our disappointment, changing either ligands or
solvents could not improve the outcome of the [6+1] reaction
(Table 4, entries 3–9). Through screening various counter anions
(Table 4, entries 3 and 10–12), we found that tetrakis(3,5-bis
(trifluoromethyl)phenyl)borate (BArF

4) was the best one, and 3a
can be obtained in 75% yield in this case. Neither increasing Rh
catalyst loading nor decreasing reaction temperature gave
better results (Table 4, entries 12–14). But to our surprise, the
reaction yield decreased to 21% under a higher CO pressure of
5 atm (Table 4, entries 12 and 15). When this reaction was

Table 2. Optimization of ligands for Au-catalyzed asymmetric enyne
cycloisomerization.[a]

entry Au catalyst x yield e.e.

1 L1AuSbF6 5 complex mixture –
2 L2(AuSbF6)2 2.5 58% 78%
3 L3(AuSbF6)2 2.5 N.R.[b] –
4 L4(AuSbF6)2 2.5 mixture[c] –
5 L5(AuSbF6)2 2.5 mixture[d] –
6 L6(AuSbF6)2 2.5 mixture[e] –
7 L7(AuSbF6)2 2.5 N.R.[f] –
8 L8(AuSbF6)2 2.5 N.R.[g] –
9 L9(AuSbF6)2 2.5 mixture[h] –
10[i] L9(AuSbF6)2 2.5 41% 56%
11 L10(AuSbF6)2 2.5 mixture[j] –

[a] 0.1 mmol 1a, 2.5 or 5 mol% Au catalyst, Toluene (0.05 M), 30 °C, 6 h;
[b] substrate was recovered in 80%; N.R.= no reaction; [c] a mixture of
the substrate and product with a ratio of 1/0.48; [d] a mixture of the
substrate and product with a ratio of 1/0.13; [e] a mixture of the substrate
and product with a ratio of 1/0.1; [f] substrate was recovered in 79%; [g]
substrate was recovered in 93%; [h] a mixture of the substrate and
product with a ratio of 1/4.45; [i] 12 h; [j] a mixture of the substrate and
product with a ratio of 1/0.36.

Table 3. Optimization of solvents and counterions for Au-catalyzed
asymmetric enyne cycloisomerization.[a]

entry Au catalyst solvent yield e.e.

1 L2(AuSbF6)2 Toluene 58% 78%
2 L2(AuSbF6)2 DCE complex mixture –
3 L2(AuSbF6)2 DCM complex mixture –
4 L2(AuSbF6)2 THF N.R.[b] –
5 L2(AuSbF6)2 MeCN N.R.[c] –
6 L2(AuBArF

4)2 Toluene N.R.[d] –
7 L2(AuBF4)2 Toluene mixture[e] –
8 L2(AuOTf)2 Toluene N.R.[f] –
9 L2(AuNTf2)2 Toluene mixture[g] –
10 L2(AuPF6)2 Toluene N.R.[h] –
11[i] L2(AuSbF6)2 Toluene 55% 78%

[a] 0.1 mmol 1a, 2.5 mol% Au catalyst, solvent (0.05 M), 30 °C, 6 h; [b]
substrate was recovered in 100%; N.R.= no reaction; [c] substrate was
recovered in 92%; [d] substrate was recovered in 79%; [e] a mixture of the
substrate and product with a ratio of 1/0.45; [f] substrate was recovered
in 90%; [g] a mixture of the substrate and product with a ratio of 1/0.09;
[h] substrate was recovered in 90%; [i] 0.2 mmol scale, 4 mL solvent.
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conducted in a higher concentration (0.1 M) and a larger scale
(0.2 mmol), 3a was obtained in the highest yield of 80%
(Table 4, entry 16). Based on these results, we chose entry 16 of
Table 4 as the optimal reaction conditions for the [6+1]
reaction.

Table 5 shows our study of the scope of the [6+1] reaction.
It was found that reaction of 2b (R1 =Me), and CO delivered
hexahydrocyclohepta[c]pyridinone 3b with a quaternary center
at its bridgehead carbon, in a modest yield of 58% (Table 5,
entry 2). However, for substrates 2c and 2d with bulky R1

groups (R1 = nBu, Bn), yields of 3c and 3d were decreased to
38% and 24%, respectively (Table 5, entries 3 and 4). We only
found a complex mixture by applying the standard [6+1]
cycloaddition conditions for substrate 2e which has a CF3

substituted aryl group (Table 5, entry 5). To our disappointment,
we got complex mixtures for substrates with substituents on
their alkene moiety (2f–2h, Table 5, entries 6–8). Tricyclic
compounds with other nitrogen protecting groups (2 i–2k) can
be successfully converted to their corresponding products (3 i–
3k) in modest to good yields (62% to 73%, Table 5, entries 9–
11). Furthermore, the 6/7 bicyclic structure of [6+1] product 3 i
was confirmed by its X-ray crystallography.[15] We must com-
ment here that, even though the scope of the present [6+1]
reaction is of limitation, the obtained products are useful
substrates for further transformations, considering that there
are several functional groups (enamine, alkene, ketone) in the
final [3+3+1] cycloadducts.

Computational Investigation

To rationalize the mechanism of the [6+1] reaction for the
formation of hexahydrocyclohepta[c]pyridinones 3 from 2,
density functional theory (DFT) calculations at the SMD(DCE)/
M06/6-311G(d,p) (SDD for Rh)//B3LYP/6-31G(d) (LANL2DZ for
Rh) level[16–21] had been carried out (the cycloisomerization step
from 1 to 2 was studied previously[22]). In order to reduce the
computational costs without influencing the understanding of
the reaction mechanism, the model substrate for our DFT
calculations is 2a’, which differs from the real substrate 2a by
changing the para-toluenesulfonyl protecting group in 2a into
a smaller methanesulfonyl group. In addition, four phenyl
groups in the dppp ligand in the catalyst are replaced by four
methyl groups. Figure 1 is the computed energy profile based
on the relative Gibbs free energies computed in DCE solution
(ΔGsol). Other computed values such as enthalpies in the gas
phase are given in the Supporting Information for reference. In
substrate 2a’, we name one cyclopropyl group with the vinyl
substitution as the “activated cyclopropane” and the other
group as a “non-activated cyclopropane”,[1,23] considering that
vinyl group can help the cleavage of cyclopropane.

The [6+1] reaction starts from a 16e intermediate Int1, a
complex formed by Rh and the C6� C7 double bond of 2a’ (see
Figure 1 for atom labelling). Then, this intermediate is converted
into a 16e complex Int2, which uses the non-activated cyclo-
propane in the substrate as a coordinating ligand. This change
of coordination modes is endergonic by 12.5 kcal/mol. Then a

Table 4. Optimization of [6+1] cycloaddition.[a]

entry Rh catalyst x solvent yield

1 Rh(dppp)SbF6 0.2 DCE 19%
2 Rh(dppp)SbF6 0.5 DCE 20%
3 Rh(dppp)SbF6 1.0 DCE 64%
4 Rh(dppb)SbF6 1.0 DCE 9%
5 Rh(dppe)SbF6 1.0 DCE 12%
6 Rh(dppf)SbF6 1.0 DCE 13%
7 Rh(L)SbF6 1.0 DCE trace
8 Rh(dppp)SbF6 1.0 PhMe 5%
9 Rh(dppp)SbF6 1.0 1,4-dioxane 27%
10 Rh(dppp)OTf 1.0 DCE 39%
11 Rh(dppp)NTf2 1.0 DCE 57%
12 Rh(dppp)BArF

4 1.0 DCE 75%
13[b] Rh(dppp)BArF

4 1.0 DCE 67%
14[c] Rh(dppp)BArF

4 1.0 DCE 40%
15 Rh(dppp)BArF

4 5.0 DCE 21%
16[d] Rh(dppp)BArF4 1.0 DCE 80%

[a] Reaction conditions: 0.1 mmol 2a, 10 mol% Rh catalyst, solvent
(0.05 M), 0.06 g 4 Å MS, × atm CO, 90 °C, 24 h; [b] 15 mol% Rh catalyst; [c]
80 °C; [d] 0.2 mmol 2a, 0.1 M; L=1,3-bis(dicyclohexylphosphino)propane;
BArF

4 = tetrakis(3,5-bis(trifluoromethyl)phenyl)borate.

Table 5. Study of reaction scope of [6+1] cycloaddition.[a]

entry substrate product[b]

1 2a, R1 =H 3a, 80%
2 2b, R1 =Me 3b, 58%
3 2c, R1 = nBu 3c, 38%
4 2d, R1 =Bn 3d, 24%
5 2e, R1 =4-CF3C6H4 complex mixture

6 2f, R2 =Me, R3 =H complex mixture
7 2g, R2 =Ph, R3 =H complex mixture
8 2h, R2 =H, R3 =Me complex mixture

9[c] 2 i, X=NNs 3 i, 62%
10 2 j, X=NSO2Ph 3 j, 73%
11 2k, X=NBs 3k, 72%

[a] Reaction conditions: 0.2 mmol 2, 10 mol% Rh(dppp)BArF
4, DCE (0.1 M),

0.06 g 4 Å MS, 1.0 atm CO, 90 °C, 24 h; [b] average yield of two runs; [c]
26 h.
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direct oxidative addition of Rh catalyst to the C1� C2 bond of
the non-activated cyclopropane takes place via TS1, affording a
16e intermediate Int3. This step is endergonic by 15.5 kcal/mol
and requires an activation free energy of 21.8 kcal/mol (from
Int1). Another possible oxidative addition of Rh catalyst to the
C3� C5 bond (via TS2) of the activated cyclopropane with a
computed activation free energy of 24.3 kcal/mol from Int1 can
also be found. The higher barrier of TS2 (24.3 kcal/mol of TS2
vs. 21.8 kcal/mol of TS1) indicates that C3� C5 bond cleavage is
disfavored. A transition state of the β� C elimination (C3� C5
bond cleavage) from Int3 to 18e complex Int4 cannot be
located by us, with many trials. Later on, we found that this
step is barrierless, as indicated by energy scan calculations
through elongating the C3� C5 distance in Int3 (see the
Supporting Information for details).

The newly formed 18e complex Int4 from Int3 can isomer-
ize to a more stable 3η-allylic 18e complex Int5 (this step is
exergonic by 10.4 kcal/mol). Int5 can then isomerize to another
1η-allylic 16e complex Int5’, which via CO coordination is
converted to 1η-allylic 18e complex Int6. Then CO coordination
to the Rh atom in Int5 gives rise to an 1η-allylic 18e complex
Int6. After that, CO insertion into the Rh� C bond via TS4
converts Int6 to an 18e intermediate Int7, in which there is an

intramolecular alkene coordination to the Rh. This step is
endergonic by 4.3 kcal/mol and needs an activation free energy
of 24.1 kcal/mol (from Int5). A direct reductive elimination (via
TS3) from Int5 and Int5’ with an activation free energy of
51.1 kcal/mol can be excluded for further consideration (see
Supporting Information).

The last step of the [6+1] reaction is the reductive
elimination via TS5, needing an activation free energy of
25.1 kcal/mol and delivering a 16e complex Int8. Finally,
through a ligand exchange reaction between Int8 and 2a’, the
desired 3a’ is obtained and Int1 is regenerated for the next
catalytic process. This step is exergonic by 1.3 kcal/mol. Overall,
in the [6+1] reaction, the rate-determining step is the reductive
elimination step (via TS5) and the overall activation free energy
is 29.4 kcal/mol (from Int5 to TS5).

Conclusion

In summary, we developed a Au(I)-catalyzed cycloisomerization/
Rh(I)-catalyzed [6+1] cycloaddition sequence to obtain hexahy-
drocyclohepta[c]pyridinones from easily prepared enyne-meth-
ylenecyclopropanes (enyne-MCPs) 1. This method, which is

Figure 1. a) Energy profile for the [6+1] reaction of 2a’, and b) the key computed structures (bond distances in angstrom).
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named as a formal [3+3+1] reaction, can be applied to
construct aza-compounds that have 6/7 bicyclic skeleton. De-
tailed DFT calculations have also been performed to reveal the
reaction mechanism of this new [6+1] cycloaddition, finding a
direct oxidative addition to the distal C1� C2 bond in the non-
activated cyclopropane without a vinyl substitution in 2 is
preferred over the proximal C3� C5 bond of activated cyclo-
propane with a vinyl substitution. This step is then followed by
a barrierless β� C elimination, CO insertion and reductive
elimination. The present study unveils a new C� C cleavage
mode and could inspire further development of new reactions
involving C� C bond activation.[24]

Experimental Section

Preparation of solution of cationic Au(I) catalyst

Anhydrous DCE (2.0 mL) was added to a mixture of Au(JohnPhos)Cl
(5.3 mg, 10.0 μmol) and AgSbF6 (4.1 mg, 11.9 μmol) under nitrogen.
The mixture was stirred at room temperature for 30 min. The
resulting suspension was left to stand until the formed AgCl
precipitated. The supernatant was used in Au(I)-catalyzed cyclo-
isomerization reactions as the catalyst precursor.

General procedure of Au(I)-catalyzed cycloisomerization

Under nitrogen, the above Au(I)+ solution (2.0 mL, 10.0 μmol) was
added to a flame-dried glassware containing 1a (60.6 mg,
0.2 mmol) at 30 °C. The reaction was monitored by TLC. Upon
completion, 2a (33.9 mg) was obtained in 56% yield after flash
column chromatography on silica gel (eluted with PE/EA, 20 :1).

Preparation of solution of cationic Rh(I) catalyst

Anhydrous DCE (2.0 mL) was added to a mixture of [Rh(CO)2Cl]2
(3.9 mg, 10.0 μmol), NaBArF

4 (21.2 mg, 23.9 μmol), dppp (8.2 mg,
19.9 μmol), and the newly activated 4 Å MS (0.06 g) under nitrogen.
The mixture was stirred at room temperature for 30 min. The
resulting suspension was filtered to afford the supernatant, which
was further used in Rh(I)-catalyzed [6+1] cycloaddition reactions as
the catalyst precursor.

General procedure of Rh(I)-catalyzed [6+1] cycloaddition

Under nitrogen, the above Rh(I)+ solution (2.0 mL, 20.0 μmol) was
added to a flame-dried glassware containing 2a (60.6 mg,
0.2 mmol) and the newly activated 4 Å MS (0.06 g) at room
temperature. Then, the reaction mixture was bubbled with CO
(1.0 atm) for 10 min. The glassware was immersed into an oil bath
at 90 °C and reacted under the atmospheric pressure of CO. The
reaction was monitored by TLC. Upon completion, 3a (52.7 mg)
was obtained in 80% yield after flash column chromatography on
silica gel (eluted with PE/EA, 5 : 1).

Computational Methods

All calculations were performed with the Gaussian 09 program.[25]

Geometry optimizations of all minima and transition structures in
the gas phase were carried out using the hybrid B3LYP functional[16]

with the LANL2DZ basis set[17] and pseudopotential for Rh and the
6-31G(d) basis set[18] for the other atoms. The keyword “5D” was

used to specify that five d-type orbitals were used for all elements
in the calculations. Frequency calculations at the same level were
performed to confirm that each stationary point was either a
minimum or a transition structure and to evaluate its zero-point
energy and the thermal corrections at 298 K. To improve the
calculation accuracy, single-point energy calculations were carried
out using the M06 functional[19] with the SDD basis set[20] and
pseudopotential for Rh and the 6-311G(d,p) basis set[18] for the
other atoms. Solvation energies (ΔGsolvation) were single-point energy
differences in DCE from those in the gas phase. Single-point
energies in DCE (ɛ=10.125) were evaluated by SMD[21] calculations.
Gibbs free energies in solutions were obtained from sums of the
large basis set gas-phase single-point energies, solvation energies
(ΔGsolvation), and the gas-phase Gibbs free energy corrections (at
298 K). The energy profile was drawn according to Gibbs free
energies in the DCE solution (ΔGsol), Gibbs free energies, and
enthalpies in the gas phase (ΔGgas and ΔHgas) have been all given in
the Supporting Information. Standard state concentrations of
5.5 mM[26] and 1.0 M at 298 K were used for CO and the other
species, respectively. The computed structures were illustrated
using CYLview.[27]
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A formal [3+3+1] reaction of
enyne-methylenecyclopropanes
and CO, which is combined by Au(I)-
catalyzed enyne cycloisomerization
and Rh(I)-catalyzed [6+1] reaction,
has been developed to synthesize
hexahydrocyclohepta[c]pyridinones.
The 6c synthon in the [6+1] reaction
is vinylspiropentanes, generated
from Au-catalyzed cycloisomerization
of enyne-methylenecyclopropanes.
DFT study reveals that the [6+1]
reaction starts from oxidative
addition at the distal bond of non-
activated cyclopropane (rather than
the proximal bond of activated cyclo-
propane with a vinyl substitution) in
vinylspiropentanes, followed by β� C
elimination, CO insertion and
reductive elimination.
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