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Introduction

Spiro[4,5]decanes and polycyclic natural products containing
the spiro[4,5]decane moiety possessing useful biological prop-
erties are important resources in medicinal chemistry and the
pharmaceutical industry."” One of the representative bioactive
molecules containing the spiro[4,5]decane moiety is B-vetivone
(Fig. 1), which was first isolated from Vetiveria zizanioides in
1939 by Pfau and Plattner.** Since then, more and more natural
products containing the spiro[4,5]decane skeleton with biolog-
ical activity have been isolated and synthesized by organic
chemists.>® Several representative compounds are shown in
Fig. 1. For example, hinesol may represent a novel medicinal
drug having indications in the treatment of leukemia. Sequo-
sempervirin A isolated from Sequoia sempervirens is also ex-
pected to exhibit useful biological activity.? In addition, the
guaianolide-type sesquiterpenoid dimers are known as a unique
array of sesquiterpenoid natural products and show biological
antitumor and anti-HIV activity. In view of their excellent bio-
logical activity, it is of significant interest to introduce the spiro
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is identified as the key intermediate in this dimerization reaction upon DFT calculation.

[4,5]decane skeleton into pharmaceutically active molecules for
further research.

It has always been challenging to construct the spiro
quaternary carbon stereocenter, because the formation of the
spiro quaternary carbon stereocenter needs to overcome strong
steric hindrance and ring strain.® Therefore, in the past few
decades, significant efforts have been devoted to the develop-
ment of novel strategies to build all-carbon spirocyclic ring
systems.* The transition metal-catalyzed domino cyclization of
1,n-enynes and 1,n-dienes serves as a useful strategy for the
synthesis of cyclic products.” In the metal-catalyzed domino
cyclization reaction, the formation of multiple C-C bonds can
be controlled by choosing different metals (e.g., Rh,* Co,” Ni,?
etc.’) and ligands to control the chemo-, regio- and stereo-
selectivity, involving interesting mechanisms. In the metal-
catalyzed domino cyclization process, the cyclometallation of
the [1,n]-m-system provides the key intermediate, which subse-
quently undergoes migration and insertion of the unsaturated
bonds of alkenes, alkynes, or allenes via an intramolecular or
intermolecular mode (Scheme 1). In most cases, the products

B-vetivone

@0
OH

Hinesol

Gochnatiolides A

Fig. 1 Representative bioactive compounds containing the spiro[4,5]
decane moiety.
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Key Intermediate

Scheme 1 General model of the transition metal-catalyzed domino
cyclization of 1,n-enynes and 1,n-dienes.
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Scheme 2 This work and proposed mechanism.

containing fused rings are usually accessed through metal-
catalyzed domino cyclization reactions. There are only a few
reports on the construction of spirocyclic compounds through
rational design of substrates and novel mechanisms."

In this work, we report a dimerization reaction of ene-
vinylidenecyclopropanes (ene-VDCPs) as an effective and facile
method to provide a series of compounds containing spiro[4,5]
decane skeletons (Scheme 2, this work). A plausible mechanism
is proposed as outlined in Scheme 2. First, the coordination of
Rh(1) with the allene moiety and olefin moiety in an ene-VDCP
leads to the formation of intermediate Int1.

Subsequent cyclometallation then gives the rhodacyclic
intermediate Int2."* The intermediate Int2 is coordinated with
another molecular ene-VDCP to produce intermediate Int3,
which undergoes a cyclometallation to afford the spirocyclic
rhodium(v) intermediate Int4.">** Reductive elimination affords
medium-membered rhodacyclic intermediate Int5. The rho-
dium(m) inserts into the C;—-C, bond or C;-C; of the distal
cyclopropane to generate the rhodium(v) intermediate Int6.
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Subsequently, the rhodium(v) intermediate Int6 undergoes
reductive elimination to afford intermediate Int7, which then
produces product 2a through reductive elimination and regen-
erates the catalyst. Herein, the exploration of the substrate
scope of this novel domino dimerization process and the
detailed mechanistic investigations will be performed to study
the suggested reaction mechanism in this context.

Results and discussion
Experimental investigations

At the start of our studies, ene-VDCP 1a was used as the model
substrate to test the reaction outcome. Interestingly, the reac-
tion successfully took place in the presence of 5 mol%
Rh(cod),BF, in anhydrous toluene at 80 °C after 8 hours and the
dimerization product 2a was obtained in 40% isolated yield
(Table 1, entry 1). Upon lowering the reaction temperature to
60 °C, the target product was obtained in 60% yield (entry 2).
Gratifyingly, taking the combination of [Rh(cod)Cl], and AgBF,
could afford the desired product 2a in 85% yield at 60 °C (entry
3). Accordingly, a series of additives were screened, such as Ag
salts, Lewis acids and NaBAr",, and none of them showed
a better yield to obtain the desired product than the combina-
tion of [Rh(cod)Cl], and AgBF, (entries 4-10). Screening
different solvents implied that toluene was the most optimal
solvent for this reaction (entry 3 vs. entries 11-15). Increasing
the amount of additive to 20 mol% did not have a great effect on

Table 1 Optimization of the reaction conditions®

/%zlzq
TsN
Cy, p TsN—, Cy.
/A:-:<] N\ 1a AR ‘ NTs
TsN ﬁ» o] z
[Rh(cod)Cl], (5 mol% .4 =
\ additive (10 mol%) y K/

toluene, 60 °C
1a 2a

Entry  Catalyst Additive T(°C)  Solvent Yield” (%)
1 Rh(cod),BF, — 80 Toluene 40

2 Rh(cod),BF, — 60 Toluene 60

3 [Rh(cod)Cl],  AgBF, 60 Toluene 85

4 [Rh(cod)Cl],  AgOTf 60 Toluene 62

5 [Rh(cod)Cl],  AgNTf, 60 Toluene  —

6 [Rh(cod)Cl],  AgSbFe 60 Toluene  —

7 [Rh(cod)Cl],  Sc(OTf); 60 Toluene 34

8 [Rh(cod)Cl],  Yb(OTf); 60 Toluene 32

9 [Rh(cod)Cl],  In(OTf)s 60 Toluene 28

10 [Rh(cod)Cl],  NaBAr’, 60 Toluene  —

11 [Rh(cod)Cl],  AgBF, 60 PhCI 60

12 [Rh(cod)CI],  AgBF, 60 DCE 78

13 [Rh(cod)Cl],  AgBF, 60 THE 70

14 [Rh(cod)Cl],  AgBF, 60 Dioxane 72

15 [Rh(cod)Cl],  AgBF, 60 MeCN Trace
16° [Rh(cod)Cl],  AgBF, 60 Toluene 86

% Reaction conditions: 1a (0.20 mmol), catalyst (5 mol%), additive
(10 mol%), solvent (2 mL), 8 h, Ar. All the reactions were carried out
on a 0.20 mmol scale in solvent (2 mL) at 60 °C for 8 h unless
otherwise specified. ? Isolated yield. ¢ 20 mol% additive was added.
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the yield (entry 16). Next, we tried to explore the asymmetric
variants of this dimerization reaction by using chiral binaphthyl
bisdiarylphosphine ligands. When the ligand was added, the
yield of the desired product slightly decreased; the corre-
sponding stereoselective product was not obtained, suggesting
that the ligands did not play roles in this reaction, probably due
to the key intermediate Int2 preferring to coordinate with
another substrate molecule (for more details, see Table S1 on
page S5 in the ESIT).

With the optimized reaction conditions identified, the
substrate scope for the dimerization of ene-VDCPs 1 was then
explored and the results are shown in Table 2. The X-ray
diffraction pattern of 2a is shown in Table 2, whose structure
had been unambiguously determined. The related CIF data of
2a are shown in the ESL{ Firstly, changing the N-linked ene-
VDCPs to N-p-bromobenzenesulfonyl (NBs) and NSO,Ph yiel-
ded similar results, producing the dimerization products 2b
and 2c¢ in 75% yield and 72% yield, respectively. However, upon
changing the linker as N-methylsulfonyl (NMs), the expected
product 2d was not detected. To our delight, upon changing the
linker as an oxygen atom, the desired product 2e was obtained
in 48% yield. Unfortunately, no desired reaction occurred using

Table 2 Substrate scope of ene-vinylidenecyclopropanes 1°

View Article Online

Edge Article

the CH,-linked substrate 1f presumably due to the skeleton
structure of the full carbon chain not being conducive to the
generation of cyclometalated species. Next, the R moiety of
substrates 1 was investigated. For substrates containing alkyl
substituents including cycloalkane substituents, the reactions
took place smoothly, giving the target products 2g-2j in 78-82%
yields. However, employing substrates 1k and 11 with a cyclo-
propyl and a cyclobutyl group as a substituent, the desired
products 2k and 2l were not obtained under the standard
conditions. Then, various substituents on the benzene ring
were tested. Neither electron-rich nor electron-poor aromatic
rings have an obvious impact on the reaction activity, and the
desired products 2m-2w were obtained in good yields ranging
from 60% to 85%. Substrate 1x with an ortho-substituted methyl
group did not proceed under the standard reaction conditions,
probably due to the steric hindrance of the ortho-substituent. As
for substrate 1y, the reaction proceeded smoothly to give the
desired product 2y in 76% yield. Product 2z, bearing a benzo[d]
[1,3]dioxole moiety, could also be obtained in 60% yield. We
further conducted an investigation on other aromatic rings
such as naphthalene or thiophene substituted substrates and
obtained the corresponding products 2aa and 2ab in 78% yield

R

]

I\

X
R X—,
[Rh(cod)Cl], (5 mol%) K .

AgBF, (10 mol%)

1 toluene, 60 °C 2

2a: R =Cy, X =NTs, 85%

2b: R = Cy, X =NBs, 75%

2c: R = Cy, X = NSO,Ph, 72%
2d: R =Cy, X=NMs, N.R.
2e:R=Ph,X=0,48%

2f: R = Ph, X = CH, N.R.

2a =

CCDC (1563064)

2m: R'=H, 85%

2n: R' = 4-Me, 82%
20: R' = 4-OMe, 60%
2p: R' = 4-tBu, 83%
2q: R' = 4-F, 62%

2r: R'=4-Cl, 70%
2s: R' = 4-CHO, 76%
2t:R' = 4-vinyl, 62%
2u: R' = 4-Ph, 82%

2g: R = isopropyl, 80%
2h: R = pentan-3-yl, 82%
2i: R = cyclopentyl, 78%
2j: R = cycloheptyl, 80%
2k: R = cyclopropyl, N.R.
2I: R = cyclobutyl, N.R.

2z: 60%

2ab: 36%

“ Reaction conditions: 1 (0.20 mmol), catalyst (5 mol%), additive (10 mol%), solvent (2 mL), 60 °C, 8 h, Ar. Yields were determined from isolated

products.
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and 36% yield, respectively. Upon extending the carbon linker
as for substrate lac or introducing a substituent at the olefin
moiety as for substrates 1ad and 1ae, none of the desired spi-
rocyclic dimers were formed, presumably due to the steric issue.

In order to investigate the regio- and chemoselectivity of the
dimerization of ene-vinylidenecyclopropanes, we attempted the
cross-over experiments. Under the standard conditions, we
performed cross-over experiments on substrates 1a and 1m. We
obtained a mixture of products 2a, 2m and cross-over products
2am and 2ma (Scheme 3a). The products 2a, 2m and cross-over
products 2am and 2ma were identified by high-resolution mass
spectrometry [HRMS (ESI) m/z: (M + H)" caled for C44Hs53N,0,S,:
737.3447, found: 737.3448] (Scheme 3a). Based on the new
signals of cyclopropanes in the "H NMR spectra of the mixture,
the cross-over products were also confirmed (for more details,
see page S7 in the ESIt). Unfortunately, because the polarities of
these compounds are too close, it is difficult for us to separate
these compounds. We further used substrates 1c without the Ts

a)

cy [Rh(cod)Cll (5 mol%)
=] AgBF 4 (10 moi%)
L * ToN Toluene, 60 °C, 8h
\ P\\ mixture 58.8 mg
1a total yield: 80%
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e g +

20220253 108 (1.986) Cm (108-(20.24+33:35))

1: TOF MS ES+
e 1.90e5

788.4496

* 2am and 2ma
Q 7894517
7373448 ”
2m
Qo
2a 7433915
Qo
7312083 ’
L

7763547

7904496

7914512

ARV R T T LA
TR T T e R T e R

7302075 | l
o L

mz

b) tBu

Cy,
]
PhO,SN_ "
=Y

+ TN Toluene, 60 °C, 8 h
\ mixture 59.1 mg

total yield: 76%

[Rh(cod)Cl]; (5 mol%)
AgBF (10 mol%)

1c 1P

0.1 mmol, 35.7 mg 0.1 mmol, 42.1 mg

1B 2p,

20220262 55 (1.020) Crm (55-(290:2914295:296)

1: TOF MS ES+
100- 8264490 41205

888.4800

7604178

8904835
1825 4520

7614216

2 2cp and 2pc
[}

7153600

5 as 0022
e s ss229y 50403
o304
o s
e [ wmagll  fosen woll L gesm
o Wt - 5 ) i e Y o
B M M S R R R )

7163838 914021
o

Scheme 3 Cross-over experiments of (a) 1a and 1m, and (b) 1c and 1p.
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functional group and 1p to conduct the cross-over experiment.
Similarly, we obtained a mixture of products 2¢, 2p and cross-
over products 2cp and 2pc (Scheme 3b). The products 2c, 2p
and cross-over products 2cp and 2pc were also identified by
high-resolution mass spectrometry [HRMS (ESI) m/z: (M + H)"
caled for Cy4;Hs59N,04S,: 779.3916, found: 779.3914] (Scheme
3b). Based on the '"H NMR spectra of the mixture, we found the
signals of a new T group and tert-butyl group, which confirmed
the formation of cross-over products (see page S9 in the ESIT).
However, the products were not isolated due to the close
polarities of these compounds.

Synthetic applications

In order to explore the synthetic applicability of this protocol,
scale-up (half-gram) reactions were carried out. As shown in
Scheme 4, these reactions were conducted employing
2.00 mmol of 1a or 1m, producing 0.563 g of 2a and 0.584 g of
2m in 76% yield and 80% yield under the standard conditions,
respectively (Scheme 4a). Furthermore, we demonstrated the
synthetic utility of the spiro[4,5]decane products, showing that
the N-tosyl group of 2m was removed upon treating with sodium
naphthalenide in THF at —78 °C, affording product 3 in only
36% yield, probably due to its instability (Scheme 4b). Several
further synthetic transformations were attempted; however, we
did not obtain the desired products (for details, see the ESI from
page S11 to page S137).

Mechanistic studies

To further understand the mechanism, we carried out a series of
control experiments and density functional theory (DFT)
calculations. We first proposed a possible mechanism involving
rhodium carbenoid and silver carbenoid intermediates as key
intermediates (see Scheme S1 in the ESIt). However, the sug-
gested key silver carbene intermediate is not stable and cannot
be located by DFT calculations (for details, see the ESIT), so we
excluded this mechanism. Then, we proposed another mecha-
nism involving a rhodium carbenoid intermediate accompa-
nied by a [2 + 2 + 1] cycloaddition reaction with another

R

a) TsN ]
R L
TSN/AI<] \

\—\\ [Rh(cod)Cl], (5 mol%)

AgBF, (10 mol%)
toluene, 60 °C

1aR = Cy, 2.00 mmol, 0.742 g

1m R = Ph, 2.00 mmol, 0.730 g

TsN— R

2a 0.76 mmol, 0.563 g, 76% vyield
2m 0.80 mmol, 0.584 g, 80% vyield

b)

TsN—, Ph KT HN—, Ph
: s .
i \j@ Na-Naphthalene ZJO\‘H
A _— - — -
-
Ph

PH k/ THF, -78 °C )k/

2m 3
0.2 mmol, 0.146 g 0.07 mmol, 0.036 g, 36% yield

Scheme 4 (a)
transformations.

Scale-up (half-gram) experiments; (b) synthetic
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molecular substrate™ (for more details, see Scheme S1 in the
ESIT) and a mechanism involving the spiro rhodium(v) inter-
mediate shown in Scheme 2. We attempted to capture the
possible rhodium carbenoid intermediates by trapping

a) : Cy Rh cy, [242+1]
E X : i T sN/ 1 cycloaddition
TeN : \—\\ TsN ey
Supposed carbenoid 1a

intermediate

Cy
cy T\ 1a L Ph
TsN ] [Rh(cod)Cll; (5 mol%)  [TsN *

\—\ AgBF,4 (10 mol%)
N

View Article Online
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experiments with styrene or pyridine N-oxides; however, we did
not succeed in these trapping experiments (Scheme 5a). We
subsequently embarked on DFT calculations to gain insight
into the reaction mechanism. All calculations have been

a toluene/styrene (1:1)
o
60°C,8h Not detected
29.6 mg, 80% yield
/CAZ-:<]
cy Cy O
N 1a
Q |
“[Rn(cod)Cll, (6 mol%) TeN
\_\\ - AgBF4 (10 mol%)
R =H, Me, Br
Not detected

Cy =
AG2gs toluene (kcal/mol) BF,

TsN AN

The relative energy of Int6' is :
much higher than that of Int6.

The relative energy of Int7" is
much higher than that of Int7.

oy it BF,
Int8

Scheme 5 (a) Control experiments; (b) DFT calculations on the possible pathways for generation of key intermediates; (c) DFT calculations on

the possible pathways for formation of product 2a.
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performed at the SMD/B3LYP/6-311+G(d,p)/Lanl2dz//B3LYP/6-
31G(d)/Lanl2dz level with the Gaussian 16 program. We inves-
tigated the reaction pathway starting from a stable rhodium
complex Int1 (shown in Scheme 5b), in which both the alkene
and the allene units of 1a are coordinated to the rhodium
catalyst. Int1 can undergo an oxidative cyclometallation to give
a rhodacyclic intermediate Int2 through TS1 with an energy
barrier of 23.7 kcal mol . It should be mentioned here that
without the assistance of a counterion (BF, ) the intermediate
Int2 is unstable; this result may account for why an amount of
additive (AgBF,) is necessary in experiments. Alternatively, Int1
can be transformed into intermediate Int2’ via TS1/, with an
energy barrier of 29.9 kcal mol™" in a highly endothermic
process (AG = 22.1 kcal mol™"). The intermediate Int2’ subse-
quently undergoes cyclometallation to generate an intermediate
Int3’ via transition state TS2'. Passing through transition state
TS3' with an extremely high energy barrier of 52.3 keal mol ,
the intermediate Int3’ can transform into a very stable rhodium
carbene intermediate Int4’. Although the rhodium carbene
intermediate Int4’ is thermodynamically stable, an extremely
high energy barrier needs to be overcome, which cannot be
achieved under our experimental conditions. Thus, the sug-
gested mechanism involving the rhodium carbene intermediate
(see page S15 in the ESIt) is excluded. We also investigated
whether the intermediate Int2 can undergo a B-C elimination.
This step is not a canonical B-C elimination, but instead
consists of a distal opening of the cyclopropyl ring (C---C bond
distance of 2.16 A in TS2"), a process reminiscent to that
previously proposed for cyclopropyl Rh(m) complexes and other
transition metal derivatives. Passing through transition state
TS2” with an energy barrier of 22.2 kcal mol™*, a TMM metal
complex Int3” is generated.

Next, we continued to investigate the following reaction steps
through computational studies (Scheme 5c). The rhodacyclic
intermediate Int2 can associate with another molecule of
substrate 1a to generate a rhodium complex Int3 since there is no
ligand in the presence of the reaction system. Interestingly, Int3
can undergo another cyclometallation to generate an uncom-
monly stable spiro rhodium(v) intermediate Int4 via transition
state TS2 in an exothermic process (AG = —15.6 kcal mol ). The
energy barrier for cyclometallation is 18.4 kcal mol ', which is
lower than that of the competitive pathway involving the so-
called B-C elimination step (22.2 kcal mol " via TS2"). Thus,
we exclude the B-C elimination pathway, which is similar to the
Co-catalyzed cycloaddition reaction of ACPs.”” The subsequent
reductive elimination step takes place through transition state
TS3 with an energy barrier of 20.5 kcal mol™" to afford inter-
mediate Int5 having a nine-membered ring. Similarly, the
competitive pathway involving the so-called B-C elimination of
Int4 is ruled out due to the higher energy barrier (for details, see
Scheme S4 on page S123 in the ESIt). Instead of insertion into
the neighboring cyclopropane, the rhodium(m) prefers to insert
into the C-C bond of the distal cyclopropane to generate another
rhodium(v) intermediate Int6 via TS4 with a small energy barrier
(1.3 keal mol 1), probably due to the flexibility of the geometry of
the medium-sized ring."* An alternative intermediate Int6’ was
also investigated; however, its energy is much higher than that of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Int6 by 34.8 kcal mol . Subsequently, the rhodium(v) interme-
diate Int6 undergoes a reductive elimination step to produce
intermediate Int7 via transition state TS5; another possible
intermediate Int7’ is also investigated. However, intermediate
Int7' is discarded since its energy is much higher than that of
Int7 by 27.6 kcal mol~*. Finally, intermediate Int7 undergoes
another reductive elimination step to produce the product
complex Int8 through transition state TS6 with an energy barrier
of 25.9 kcal mol *, which is the highest barrier in the whole
reaction pathway. The calculation results provide theoretical
evidence for the proposed mechanism shown in Scheme 2. We
also investigated another possible reaction pathway where int2
inserts into the allene moiety of another 1a, and p-C elimination
takes place to open the cyclopropane ring; then the resulting
intermediate inserts back into the allene and then the alkene,
followed by reductive elimination to afford the product (for
details, see Schemes S2 and S3 on pages S16 and S17 in the ESIY).
However, the whole process involving Rh(1)-Rh(m)-Rh(1) involves
intermediates and transition states that have the higher energies
than the key intermediates and transition states in the redox-
neutral Rh(1)-Rh(m)-Rh(v)-Rh(m)-Rh(1) catalytic cycle. Thus,
a redox-neutral Rh(1)-Rh(m)-Rh(v)-Rh(m)-Rh(1) catalytic cycle
assisted by a counterion, involving tandem oxidative
cyclometallation/reductive  elimination/selective
addition/selective reductive elimination/reductive elimination
steps for this dimerization reaction, was deduced based on
a series of mechanistic investigations.

oxidative

Conclusions

In conclusion, we have developed an efficient protocol for the
Rh(1)-catalyzed dimerization reaction of
vinylidenecyclopropanes, delivering products containing spiro
[4,5]decane skeletons in moderate to good yields with a wide
substrate scope and good functional group tolerance. In addi-
tion, this reaction was achieved on a half-gram scale, and the
corresponding products could be further transformed into
synthetically interesting compounds. Systematic mechanistic
studies, supported by DFT calculations, allowed us to propose
a plausible counterion-assisted Rh(1)-Rh(ur)-Rh(v)-Rh(u)-Rh(i)
reaction mechanism. Further investigations with regard to the
construction of related spirocyclic compounds, which may have
useful applications in the synthesis of drug-like substances, and
other functional materials under Rh(i) catalysis are underway in
our laboratory.
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