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The cyclization of an alkene-bearing cyclopentanone to a [2.2.1]-norcamphor ring system is described.
The reaction is catalyzed by a combination of rhodium and Brensted acid. Control experiments indicate
that both are needed for acceptable yield. Control experiments with bulky base additives show that rho-
dium promotes alkene isomerization, likely the first step of this cascade reaction, and that rhodium alone
does not promote cyclization. Cyclization is promoted by Brgnsted acid in a Prins-type cyclization and
carbocation rearrangement process. Trace Brensted acid present in commercial samples of Rh(cod),O0Tf

g{ r:;red;t"anone is likely responsible for the observed reaction. Indeed, the norcamphor product can be obtained simply
Rhodium with strong acid, presumably initiated by acid-promoted alkene isomerization. Since our initial motiva-
Acid-mediated tion for this work was the development of rhodium catalysts for the activation of C-C bonds adjacent to
Rearrangement ketones, this communication serves to identify other, perhaps less obvious, pathways for the reactions of

unsaturated ketone compounds by the action of rhodium catalysts.

© 2015 Elsevier Ltd. All rights reserved.

Carbon-carbon sigma (C-C) bond activation is a growing area of
research for organic synthesis." Our group has developed alkene
carboacylation reactions based on the insertion of rhodium
adjacent to unstrained ketones.? The general mechanistic strategy
is to couple the activation of the C-C bond between a carbonyl car-
bon and the o-carbon with the insertion of an alkene.** In our prior
work, we placed a nitrogen five atoms away from the carbonyl car-
bon to provide a chelate for C-C activation and prevent decarbony-
lation prior to an alkene engaging the activated bond in a
productive capturing event.>’ Others have developed related
alkene carboacylation reactions (sometimes termed ‘cut-and-
sew’) without the judiciously placed heteroatom within the
substrate, but this work is largely limited to strained ring ketones
for starting materials, most often cyclobutanones.® '? Our goal at
the outset of this work was to investigate similar chemistry of
cyclopentanones, which have substantially less ring strain than
the corresponding cyclobutanones. Herein, we report an
unexpected cyclization encountered in our study. We show that
a combination of alkene isomerization and a likely acid-mediated
Prins-type cyclization and semi-pinacol rearrangement can
account for the formation of this unexpected product. Our purpose
in communicating this work is to demonstrate the need for an
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appropriate control experiment to rule out classic reaction
pathways when developing C-C bond activation approaches to
alkene carboacylation reactions.

We designed cyclopentanone 1 with the notion that rhodium
might reversibly insert adjacent to the carbonyl. The tethered
alkene could then coordinate to the metal center to promote car-
boacylation potentially generating the bridged compound 2 via
alkene carboacylation (Scheme 1). This mechanistic thinking is in
line with the documented cyclobutanone carboacylation reactions,
exemplified by the transformation of cyclobutanone 3 to [3.3.1]bi-
cyclo ring system in 4 (Scheme 1).

We expected that the insertion might be possible with a
cyclopentanone system for the following reasons: (1) cyclopen-
tanones are substantially more electrophilic than cyclohexanones
or acyclic dialkyl ketones and (2) Jun has demonstrated that
cycloalkanones can participate in metal-organic cooperative
catalysis to activate C-C bonds.!®> Though cyclopentanone 1 is a
known compound, the prior synthesis relied on a preparative gas
chromatography procedure for purification that was impractical
for our purposes.'* We prepared 1 via organocopper conjugate
addition into 3-methyl-2-cyclopentenone (5), which itself was
easily prepared by intramolecular aldol condensation of hexane-
2,5-dione.'”> The organocopper reagent derived from 4-bromo-2-
methyl-1-butene underwent conjugate addition, providing 1 in
72%yield (Eq. (1)).'°!” The synthesis was conducted on gram-scale.
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Proposed line of study with cyclopentanones:
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Example of known carboacylaliomusingieyelobuiananes: phine ligands (not shown). In nearly all conditions we examined,

o 0 the only detectable products by 'H NMR resulted from alkene iso-
merization. Alkene isomer 6 was identified by the alkene chemical
Ts Rh-catalyst shift, & 5.16 ppm (m, 1H), reported in prior work.'* When 1 was
Me N ref. 8 Me Me allowed to react with Rh(cod),OTf at 140 °C, however, we identi-
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Me Ts yield (Eq. (2)).
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was largely in agreement with the previously reported data, but
Scheme 1. Proposed and known carboacylation reactions. several key signals showed minor variation.'® We observed that

13C NMR signal for the carbonyl carbon was A0.2 ppm and the

Agosta & Wolff's Cyclization & Presumed Intermediate

O o
H3PO s
HO 3P0y

Me Me
Me Me “— i-pr O
10 Me 6 Me 7, 36%

presumed
| intermediate |

Addition of a Non-coordinating Base

(0] Me (0]
Rh(cod),OTf
5 mol % ‘ \ Me
Me DTBMP (60 mol%) i-Pr Me “—
Me m-xylene, 140 °C Me
7, not detected 6, <5%

Control Experiments: Isomerization and Cyclization with Acid

Me O

(0]
TsOH
25 mol %
ooy ] O Me
Me m-xylene, 140 °C i-Pr Me =
Me Me
1 7, 14% 6, 54%
(0] Me (0]
TfOH
25 mol %
> ) O Me
m-xylene, 140 °C i-Pr Me “—
Me Me
7, 70% 6, not detected

Scheme 2. Prior cyclization and control experiments.
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C=0 stretching vibration of the carbonyl was A6 cm~' from that
previously reported in the IR spectrum. Therefore, we confirmed
our structural assignment by extensive 2D NMR.'°

0 [e]
Rh(cod),OTf
0y
5 mol % Me (2)
Me m-xylene, 140 °C Me “—
1 Me 6, trace Me

The process by which norcamphor 7 formed was potentially
interesting. Jun and co-workers have previously concluded that
the norcamphor ring system appears to be a suitable resting point
for isomeric cycloalkanones engaged in rhodium-mediated
C-C bond activation.'® This implied that 7 might result from a
rhodium-catalyzed cyclization and skeletal rearrangement. At this
point, however, the role of rhodium in our reaction and the
mechanistic pathway for the formation of 7 from 1 was unclear.

We ran control experiments to determine the role of the
rhodium, in particular to determine if metal mediated C-C bond
activation was involved in the rearrangement. Addition of
25 mol % of 2-amino-3-picoline (8) or 3-methyl-5-(pyrrolidin-1-
yl)pyridin-2-amine (9)?° to the reaction of 1 with Rh(cod),OTf only
prevented the cyclization, with no 7 detected in the '"H NMR of the
crude product mixtures. If C-C bond activation were involved,
we might expect 2-amino-3-methyl pyridines to promote the
formation of 7.2

These results led us to further question the role of rhodium in
the cyclization of 1 to produce 7. We noted that Agosta and
Wolff observed the formation of 7 upon treatment of 2-hydroxy-
4-isopentyl-4-methylcyclopentanone (10) with polyphosphoric
acid (Scheme 2).'® They proposed that alkene isomer 6 formed as
an intermediate in this conversion, but they did not isolate or
otherwise report detecting 6 in their experiments. Based on
Agosta and Wolff's hypothesis, we decided to test if Bransted acid
was responsible for the conversion of 1 to 7, potentially via 6. Lack
of product detection upon quench of any Brgnsted acid impurities
would explain the lack of product 7 in reaction mixtures contain-
ing 2-aminopyridines. Indeed, we observed the formation of 6 in
low yield (<5%), but we did not observe 7 when 1 was allowed to
react with 5 mol % Rh(cod),OTf and 60 mol % 2,6-di-tert-butyl-4-
methylpyridine (DTBMP) in m-xylene at 140 °C for 24 hours.”!
The remainder of the mass balance was unconsumed cyclopen-
tanone 1. These results implicate the importance of strong
Brensted acid in the conversion of 6 to 7.>” The above experiments
also indicate that strong Brensted acid is not required for the con-
version of 1 to 6. The alkene isomerization of 1 to 6 might be a rho-
dium-mediated processes.

We then tested if Brensted acid alone could effect the conver-
sion of 1 to 7 or possibly 6. We conducted two experiments in
which we allowed 1 to react with 25 mol % triflic acid (TfOH) or
p-tosic acid (TsOH) in m-xylene at 140 °C for 24 hours. For the reac-
tion with TsOH, analysis of the '"H NMR of the crude product mix-
ture revealed the presence of both 6 (54% yield) and 7 (14%
yield).?! For the reaction with TfOH, analysis of the 'H NMR of
the crude product mixture revealed only the presence of 7 (70%
yield).?! These experiments indicate that either rhodium or
Brgnsted acid can mediate the isomerization of 1 to 6 that likely
precedes the formation of 7 and that norcamphor formation is par-
ticularly effective with TfOH.

An implication of our work is that some samples of Rh(cod),OTf
may be contaminated with Brensted acid, likely triflic acid.
Alternatively, triflic acid might be generated in situ from the metal
triflate.>?” We feel our work confirms Agosta and Wolffs
long-standing hypothesis that alkene 6 is the key intermediate in
the acid-promoted formation of the norcamphor 7. Our unified
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Scheme 3. Hypothesis for acid-mediated formation of 7.

mechanistic proposal is shown in Scheme 3. After isomerization
of 1 to 6, protonation of the ketone of 6 would generate oxocarbe-
nium ion int-1. Attack of the tethered alkene would generate the
2.2.1 bridged ring system and the tertiary cation in int-2. A hydride
shift would then lead to the formation of the norbornyl cation in
int-3. At this point, a norbornyl cation rearrangement to int-4 fol-
lowed by deprotonation would generate norcamphor 7. We cannot
rule out an alternative carbonyl-ene reaction of 6 (not shown) for
initial C-C bond formation and formation of the tertiary alcohol.
Regardless, after cyclization, a hydride shift and norbornyl cation
rearrangement can account for the formation of norcamphor 7.

In closing, we have identified an unexpected cyclization path-
way during an attempted alkene carboacylation reaction. Our
results implicate the presence of Brensted acid impurities in
Rh(cod),OTf in the cyclization of alkene-bearing cyclopentanones
to the norcamphor ring system. These findings highlight the
importance of control experiments in the emerging area of metal
catalyzed alkene carboacylation and catalysis via C-C bond activa-
tion. Our identification of alkene 6 is also in accordance with
Agosta and Wolff's longstanding hypothesis that this intermediate
is responsible for the acid-mediated cyclization of unsaturated
cyclopentanones to the norcamphor ring system. We hope that
these finding will inform future work in the area of C-C bond acti-
vation, particularly the potentially deleterious role of Bransted acid
impurities.
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