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skeletal transformation of
tropone derivatives via C–C bond activation:
catalyst-controlled access to diverse ring systems†

Takuya Kodama, ab Kanako Saitoa and Mamoru Tobisu *ab

We report herein on nickel-catalyzed carbon–carbon bond cleavage reactions of 2,4,6-cycloheptatrien-1-

one (tropone) derivatives. When a Ni/N-heterocyclic carbene catalyst is used, decarbonylation proceeds

with the formation of a benzene ring, while the use of bidentate ligands in conjunction with an alcohol

additive results in a two-carbon ring contraction with the generation of cyclopentadiene derivatives. The

latter reaction involves a nickel–ketene complex as an intermediate, which was characterized by X-ray

crystallography. The choice of an appropriate ligand allows for selective synthesis of four different

products via the cleavage of a seven-membered carbocyclic skeleton. Reaction mechanisms and ligand-

controlled selectivity for both types of ring contraction reactions were also investigated computationally.
Introduction

Transition metal-mediated selective cleavage of carbon–
carbon (C–C) bonds has attracted the interest of researchers,
since it would allow for the direct transformation of one of the
most ubiquitous bonds in organic molecules.1 However, both
the kinetic and thermodynamic stability of C–C bonds renders
their cleavage a daunting challenge. To overcome this diffi-
culty, several strategies, including the use of angle strain,2

a directing group,1,3 aromatization,4 and b-carbon elimina-
tion,5 have been successfully utilized to date. In contrast to
nonpolar C–C bonds, polar C–C bonds, such as those in
ketones, esters and nitriles, can be cleaved more readily by
transition metals, although their bond dissociation energies
are comparable to those for nonpolar C–C bonds.6 Regarding
the metal-mediated cleavage of C(acyl)–C bonds in ketones,
although most of the reported reactions continue to depend
upon the use of angle strain2 or a directing group,1 several
notable reactions that do not involve the use of such strategies
have been reported. Murakami reported on a pioneering
example of the metal-mediated activation of simple,
unstrained ketones by developing the decarbonylation of
cyclopentanones,7 while Brookhart later reported on rhodium-
mediated decarbonylation of diaryl ketones.8 Our group
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previously reported that the decarbonylation of simple,
unstrained ketones can also be mediated by a nickel/N-
heterocyclic carbene (NHC) complex (Fig. 1a).9 Although
these reactions are notable, in that neither ring strain nor
a directing group is required to activate C–C bonds, it is
necessary to use a stoichiometric amount of a metal complex.
Catalytic C–C bond cleavage reactions of unstrained ketones
have been reported to proceed when electronically activated
ketones, such as diketones,10 acyl cyanides,11 alkynyl ketones,12

or ketones bearing a directing group13 are used (Fig. 1b). The
catalytic C–C bond activation of simple ketones that proceed
with the aid of a 2-aminopyridine cocatalyst, which serves as
a temporary or removable directing group has been repor-
ted.3c,14 Although these reactions demonstrate the power of
transition metals for activating otherwise unreactive C–C
bonds, the scope of the catalytic transformation of C–C bonds
in ketones remains limited, compared with other unreactive
bonds, including C–H bonds. We envisioned that 2,4,6-
cycloheptatrien-1-one (tropone)15 derivatives would be suitable
substrates for catalytic decarbonylation because the process
involves the formation of a benzene ring which would be ex-
pected to drive the otherwise difficult C–C bond cleavage
reaction. It should be noted that the decarbonylation of tro-
pone was reported to require heating at over 600 �C (ref. 16a)
or photoirradiation conditions (�1% yield).16b Herein, we
report on the development of a nickel/NHC complex that can
catalyze the decarbonylation of tropone derivatives with the
formation of a benzene ring (one-carbon ring contraction). In
addition, the use of a bidentate ligand was found to allow for
an unprecedented catalytic two-carbon ring contraction reac-
tion of tropones, leading to the formation of cyclopentadiene
derivatives (Fig. 1c).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Transition metal-catalyzed C–C bond activation of ketones.

Chart 1 Scope of Ni/IMesMe-catalyzed decarbonylation of tropones.
Reaction conditions: 1a (0.20 mmol), Ni(cod)2 (0.040 mmol), IMes-
Me$HCl (0.040 mmol), NaOtBu (0.040 mmol) toluene (1.0 mL), 160 �C
for 18 h; run on a 0.30mmol scale for 1b–1d and on a 0.20mmol scale
for 1e–1i.

Table 1 ORTEP drawings, C–C and C–O bond lengths, and bent
angles of tropone scaffoldsa

1c 1h 1e 1i

Ca–CC]O/Å 1.48 1.49 1.51 1.51
q/deg. �0 51.6 57.5 62.1
4/deg. �0 28.4 43.2 32.8
13C-NMR (CC]O)/ppm 187 194 200 197

a q and 4 are the bent angles between the meanplanes (C2–C3–C6–C7
and C1–C2–C7) and (C2–C3–C6–C7 and C3–C4–C5–C6), respectively.
Structural parameters for 1e (CCDC 2036614),17a 1h (CCDC 2100026)17b

were abstracted from the Cambridge Structural Data Base.
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Results and discussion
Catalytic decarbonylation reactions

We initiated our study by examining the decarbonylation of
a series of tropone derivatives 1a–1d using Ni(cod)2 (20 mol%)
and IMesMe (20 mol%), which was used as an optimal catalyst in
our previously reported nickel-mediated decarbonylation of
simple ketones,9a in toluene at 160 �C for 18 h (Chart 1). No
reaction occurred, however, and the starting ketones were
recovered quantitatively under these conditions. Interestingly,
the expected decarbonylation, in fact, proceeded, when a tro-
pone bearing a fused phenanthrene ring (i.e., 1e) was used as
a substrate, providing 2e in 93% yield. The 4,5-phenanthrene-
fused tropones 1f and 1g bearing aryl substituents at a- and b-
positions afforded the desired decarbonylated products 2f and
2g in a similar manner, whereas a tropone derivative lacking b-
substituents, i.e., 1h, gave only a 6% yield. The acenaphtylene-
fused analog 1i was decarbonylated successfully to furnish 2i
in 97% yield.

Although tropones 1a–1i would all be expected to gain
aromatic stabilization energy by decarbonylation, their reactiv-
ities toward the Ni/IMesMe catalyst were completely different. To
obtain insights into structure/reactivity relationships, several
structural and spectroscopic properties of the examined tro-
pone derivatives were compared (Table 1). X-ray crystallo-
graphic analysis revealed that the Ca–CC]O bond lengths of the
successfully decarbonylated substrates 1e17a and 1i17b were
relatively longer, and the bent angles of the tropone rings (q and
4 in Table 1) were larger than those for less reactive substrates
1c and 1h. All of these data suggest that the carbonyl groups in
© 2022 The Author(s). Published by the Royal Society of Chemistry
1e and 1i are not conjugated with the p-system of the tropone
ring in the solid state. 13C-NMR chemical shis of the carbonyl
carbons of 1e and 1i indicated that they were more deshielded
than those of 1c and 1h, suggesting that 1e and 1i also behave as
the non-conjugated ketones in solution. These bent structures
found in 1e and 1i can be attributed to van der Waals (vdW)
repulsion between the b-substituents and a large p-system
fused to the tropone core. These analyses suggest that ground
state destabilization by vdW strain18 is the key factor in
Chem. Sci., 2022, 13, 4922–4929 | 4923
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Scheme 1 Comparison between fused tropone and benzophenone.
aRun at 40 �C for 18 h.

Table 2 Nickel-catalyzed two-carbon ring contraction of tropone 1ea

Entry Ligand Additive

Isolated yields (%)

3e 2e Recovered 1e

1b dcype None 8 20 67
2 dcype None 6 8 59
3 dcypm None 11 18 55
4 dcypt None 9 7 65
5 Dppf None 15 9 76
6 Xantphos None 12 2 84
7 dcype MeOH >99 0 0
8 dcype EtOH 53 0 21
9 dcype 2-Propanol 24 0 10

a Reaction condition: 1e (0.1 mmol), Ni(cod)2 (0.020 mmol), ligand
(0.020 mmol), NaOtBu (0.020 mmol), toluene (1.0 mL), 120 �C for
18 h. b Run at 160 �C. NMR yields.
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promoting the C–C bond cleavage involved in this catalytic
decarbonylation reaction of tropone derivatives.

To examine the catalyst turnover process, we next investi-
gated the catalytic activity of Ni(CO)3(IMesMe), which would be
expected to be formed as the decarbonylation reaction proceeds
(Scheme 1a). It was found that Ni(CO)3(IMesMe) successfully
catalyzed the decarbonylation of tropone 1e (94% yield). This
result is in sharp contrast to the fact that this carbonyl complex
does not catalyze the decarbonylation of simple ketones, which
is the major reason for unsuccessful catalytic reactions.9a

Therefore, the C(acyl)–C bond in 1e is more reactive than
a corresponding bond of simple ketones because of vdW strain
and can be activated by a less reactive CO-bound nickel species,
allowing for a catalyst turnover. Indeed, the decarbonylation of
1e proceeded even at ambient temperature in 61% yield when
a stoichiometric amount of a nickel complex was used (Scheme
1b), suggesting that a high temperature of 160 �C is required to
release a CO ligand to regenerate an active Ni(0) species.
Catalytic two-carbon ring contraction reactions

During our optimization study of the decarbonylation of 1e, we
envisioned that the use of a bidentate ligand would help to
release a CO ligand from Ni(0) species, thereby improving the
catalyst turnover step.9b,c Although these trials did not give
satisfactory results for this decarbonylation, we noticed that
a cyclopentadiene 3e was also formed in 8% yield, which
appeared to be produced via the formal loss of CO and PhC
units, when dcype was used as the ligand (Table 2, entry 1; Table
S1, entry 6 in the ESI† for details), whereas no 3e was observed
when NHCs or monodentate phosphine ligands, such as PCy3,
were used (Table S1,† entries 1–5 and 7). The unexpected
formation of 3e led us to re-examine the reaction conditions
4924 | Chem. Sci., 2022, 13, 4922–4929
with respect to the selective formation of 3e (Table 2). The
generation of the decarbonylated product 2e was suppressed
when the reaction was performed at 120 �C (entry 2). A brief
screening of ligands and additives revealed that the use of other
bidentate phosphines also gave the desired two-carbon elimi-
nation product 3e, although the highest yield was only 15%
(entries 3–6). Considering that a hydrogen atom is incorporated
during the formation of 3e, we subsequently examined the
addition of a hydrogen source to the reactionmixture (entries 7–
9). As a result, 3ewas selectively formed quantitatively, when the
nickel/dcype-catalyzed reaction of 1e was carried out in the
presence of MeOH (10 equiv.) (entry 7). Importantly, under
these conditions, PhCH2CO2Me was also formed (80% yield),
suggesting that the rest of the fragment of 1e was eliminated as
2-phenylethen-1-one (phenylketene), which was trapped by the
added MeOH. To the best of our knowledge, this reaction
represents the rst catalytic conversion of a tropone ring system
into a ve-membered ring skeleton.

To obtain insights into the mechanism responsible for the
generation of 3e, a stoichiometric reaction of 1e, Ni(cod)2 and
dcype was performed in toluene at 100 �C, which led us to
isolate the nickel–ketene complex 4e19,20 in 34% yield, along
with 5e (56%) (Scheme 2a). The isolated ketene complex 4e was
converted into the cyclopentadiene 3e in 84% yield by heating
in toluene at 120 �C in the presence of EtOH (10 equiv.) (Scheme
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Intermediacy of a nickel–ketene complex. aORTEP draw-
ings depicted at the 50% probability level. Hydrogen atoms were
omitted for clarity. Phenyl and cyclohexyl groups were depicted as
wireframe model.

Scheme 3 Additional mechanistic studies. aORTEP drawing of 6e
depicted at the 50% probability level. Hydrogen atoms were omitted
for clarity. Phenyl and cyclohexyl groups were depicted as wireframe
model 2,20-bpy ¼ 2,20-bipyridine.
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2b). In this reaction, PhCH2CO2Et was also formed in 76% yield,
indicating that the ketene fragment in 4e is reductively cleaved21

to give the cyclopentadiene 3e and a phenylketene, the latter of
which was trapped by EtOH to form PhCH2CO2Et.

To collect additional mechanistic details for the conversion
of the ketene complex 4e to cyclopentadiene 3e, we examined
the Ni/dcype-catalyzed reaction of 1e with EtOH at lower
temperature (Scheme 3a). As a result, when the reaction was
carried out at 80 �C, the cyclobutanone derivative 6e was formed
in 75% yield. This transformation is not a simple skeletal
isomerization, but two additional hydrogen atoms were incor-
porated into 1e. The generation of 6e could be explained as
follows. The C–C bond that connects a cyclopentadiene scaffold
and a ketene moiety in complex 4e is reductively cleaved4a,21,22 in
the presence of EtOH to afford phenylketene (PhCH]C]O)
and 3e, which subsequently undergoes a formal hetero [2 + 2]
cycloaddition with the formation of the cyclobutanone 6e
(Scheme 3a). Labelling experiments using EtOH-d6 conrmed
that the two hydrogen atoms that are incorporated into 6e are
derived from EtOH (Scheme 3b). An independently synthesized
nickel-free ketene 7e could be converted to 3e in a quantitative
yield when a Ni/dcype catalyst was used (Scheme 3c). In
contrast, 6e did not undergo C–C bond ssion under thermal
conditions, but rather the addition of EtOH to a ketene moiety
occurred to form 8e in 33% yield (see Scheme 3f for the
© 2022 The Author(s). Published by the Royal Society of Chemistry
structure of 8e), suggesting that the nickel catalyst plays an
active role in the C–C bond cleavage step. The reaction between
PhCH]C]O and 3e proceeded thermally (in toluene at 80 �C
for 72 h) to afford 6e in 63% yield (Scheme 3d). It is noteworthy
that a thermal reaction between ketene and cyclopentadiene
was reported to form cyclobutanone derivatives via a [4 + 2]
Chem. Sci., 2022, 13, 4922–4929 | 4925
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Scheme 4 Pathways involved in the conversion of tropone 1e to
cyclopentadiene 3e.
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cycloaddtion/[3,3]-sigmatropic rearrangement sequence,
resulting in a net [2 + 2] cycloaddition.20 Cyclobutanone 6e could
be converted into 3e in 84% yield via a thermally-induced
formal retro-[2 + 2] cycloaddition reaction at 120 �C (Scheme
3e). Additional studies revealed that the use of 2,20-bipyridine
allows for the addition of EtOH to the ketene moiety of 7e,
providing a new cyclopentadiene derivative 8e (Scheme 3f). This
result further highlights the profound impact of the ligand on
the course of these types of reactions.

On the basis of themechanistic ndings shown in Schemes 2
and 3, the nickel/dcype-mediated reaction of 1e can be
summarized as depicted in Scheme 4. The isomerization of
tropone 1e to the ketene complex 4e initially occurs at 80 �C.
Subsequent nickel-mediated C–C bond cleavage occurs at 80 �C
in the presence of EtOH with the formation of the cyclo-
pentadiene 3e and phenylketene, which then undergo
Fig. 2 (a) Substrate dependence on the oxidative addition of 1e (red), 1c
used as a model for clarity. (b) Oxidative addition of 1e to Ni–dcype at t

4926 | Chem. Sci., 2022, 13, 4922–4929
a thermally-induced formal [2 + 2] cycloaddition to form cyclo-
butanone 6e. At higher temperatures, the reverse process from
6e to 3e begins to occur, leading to these compounds being in
equilibrium. The phenylketene slowly and irreversibly reacts
with EtOH at 120 �C (ref. 23) to form an ester (PhCH2CO2Et),
thereby allowing for a selective formation of 3e at this temper-
ature. Indeed, density functional theory (DFT) calculations at
the M06-2X/6-31G(d,p) level of theory suggested that the sum of
Gibbs free energies of 3e and PhCH2CO2Et is thermodynami-
cally more stable than the sum of those for 6e and EtOH (DG ¼
�25.9 kcal mol�1).
Computational studies

Reaction mechanisms and ligand-controlled selectivity for
both types of ring contraction reactions were also investigated
by DFT calculations at the M06-2X/6-31G(d,p)-LanL2DZ level
of theory (see ESI† in details). The mechanism for the oxida-
tive addition of a C–C bond was initially investigated when
IMesMe was used as a ligand. The coordination of 1e to Ni(I-
MesMe) forms Int I, in which the C10–C20 bond of a phenyl
group at the a-position coordinates in a h2 manner, which is
followed by the oxidative addition of a C1–C2 bond proceed
via three-centred transition state TS I to give Int II. The acti-
vation barrier for this process is lower for 1e (11.7 kcal mol�1)
than that for unreactive substrates such as 1c
(28.2 kcal mol�1) and 1h (21.6 kcal mol�1) (Fig. 2a). The
results of a distortion/interaction analysis24 indicated that the
distortion energy (DE‡strain) of Ni–IMesMe and 1e for TS I is
smaller compared with that for 1c or 1h (see Table S2 in ESI†).
In contrast, the difference in the interaction energy (DE‡int) for
these fragments for TS I is relatively small. The smaller
DE‡strain of Ni–IMesMe and 1e indicates that 1e possesses
a larger strain that originates from vdW repulsion between the
bulky substituents compared to 1c or 1h, thereby leading to
a lower activation barrier for this oxidative addition process.
In contrast, when bidentate dcype is used as the ligand,
(blue), and 1h (green) to Ni–IMesMe. For 1h, an a-phenyl analogue was
he at the M06-2X/6-31G(d,p)-LanL2DZ level of theory.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Energy diagram for ligand-controlled selective ring contraction reactions of 1e at the at the M06-2X/6-31G(d,p)-LanL2DZ level of the
theory.

Scheme 5 Catalyst controlled-conversion of 1e to diverse ring
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oxidative addition occurs from the h2-(C]O) coordinated
Ni(0)-dcype intermediate (i.e., Int I0) via three-centred transi-
tion state TS I0 to generate INT II0. The activation barrier for
this oxidative addition is higher than that for Ni–IMesMe

(15.0 kcal mol�1) (Fig. 2b). The calculated activation barriers
for oxidative addition of 1e are low for both IMesMe and dcype
ligands, suggesting that the initial oxidative addition is not
the rate-determining step of the decarbonylation reaction and
high temperature is required for the dissociation of CO from
Ni(0).

The ligand-controlled selectivity was next examined by
exploring the reaction pathways aer the oxidative addition
complexes Int II/Int II0 had been formed (Fig. 3). Using IMesMe

as the ligand, Int II undergoes decarbonylation via Int III, in
which the C6–C7 double bond of the nickelacycle coordinates to
the nickel centre, with a reasonable activation barrier of
10.2 kcal mol�1. The activation barrier for the competitive
intramolecular insertion (ketene formation) process25 is higher
by 3.9 kcal mol�1 compared to that for decarbonylation, thus
rendering the decarbonylation pathway kinetically more fav-
oured. When dcype is used as the ligand, Int II0 is converted to
Int III0 by the coordination of an intramolecular alkene with one
of the phosphorus atoms of dcype being dissociated. Although
© 2022 The Author(s). Published by the Royal Society of Chemistry
the difference in the activation barriers for the subsequent
decarbonylation (i.e., the formation of Int IV0) and ketene
formation (i.e., the formation of Int V0)25 steps is less than
1 kcal mol�1, the formation of Int V0 is exergonic, which
explains the selective formation of cyclopentadiene in the case
of a dcype ligand (Fig. 3).
systems.

Chem. Sci., 2022, 13, 4922–4929 | 4927
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Conclusions

In conclusion, we report on C–C bond cleavage reactions of
tropone derivatives by nickel catalysis. When NHC is used as
a ligand, the decarbonylation reaction proceeds catalytically to
form a benzene ring (one-carbon ring contraction). In contrast,
when dcype is used as the ligand, the tropone derivatives
undergo a two-carbon ring contraction with the formation of
cyclopentadiene derivatives. The addition of alcohol is essential
for an efficient reaction, and the dissociated ketene fragment
can be trapped by the cyclopentadiene moiety to generate
polycyclic cyclobutanone derivatives. X-ray crystallography
studies revealed that the formation of these compounds
involves a nickel-ketene intermediate, which can be trapped by
EtOH catalytically by changing the ligand from dcype to 2,20-
bypyridine. The judicious selection of the ligand and reaction
temperature enables four different products, including three
different ring systems, to be produced catalytically from a single
substrate (Scheme 5).
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