ORGANOMETALLICS AND CATALYSIS

595

CHIMIA 2018, 72, No. 9

doi:10.2533/chimia.2018.595

Chimia 72 (2018) 595-600 © Swiss Chemical Society

Synthesis of Nitrogen Heterocycles
via Directed Carbonylative C-C Bond
Activation of Cyclopropanes

Andrew G. Dalling and John F. Bower*

Abstract: This review concentrates on recent developments from our laboratory concerning the Rh-catalyzed
carbonylative C—-C bond activation of cyclopropanes. Specifically, we have found that N-based directing groups
are effective at controlling the regioselectivity of C-C bond activation during the formation of rhodacyclopen-
tanone intermediates. These engage tethered m-unsaturated components (e.g. alkenes) or conventional nucleo-
philes in cycloaddition and heterocyclization processes, respectively. Using this approach, direct and modular
access to a wide range of complex heterocyclic ring systems is achieved. The review summarizes the scope of
our methodologies and outlines key mechanistic features.
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Introduction

There has been considerable recent in-
terest in methodologies that provide flex-
ible access to ‘sp’-rich’ building blocks
and scaffolds.['! One broad approach to
this challenge is to identify catalysis plat-
forms that harness readily available and
stereochemically defined initiating mo-
tifs. Within this context, methodologies
that exploit metal insertion into small ring
systems are particularly appealing.l?! For
cyclopropane-based C—C bond activa-
tion methodologies, specialised substrates
are usually required (e.g. vinyl cyclopro-
panes, 3! alkylidenecyclopropanes, ! cyclo-
propeneslSl), and processes that exploit less
activated cyclopropanes have been slow
to emerge.l% This situation is especially
surprising given that stoichiometric metal

insertion into non-activated cyclopropanes
has been known for over 60 years.[”l Two
key challenges associated with cyclopro-
pane-based processes are (a) controlling the
regiochemistry of C—C oxidative addition
and (b) harnessing the resulting metalla-
cyclobutane prior to deleterious B-hydride
elimination.l8! We have addressed these
issues by developing directing group-con-
trolled processes where fast carbonylation
of a rhodacyclobutane intermediate pro-
vides a relatively stable rhodacyclopen-
tanone. The key synthetic advantage of this
approach is that the substrates (i.e. 1) are
easily accessed from readily available and
stereodefined cyclopropyl carboxylates 2
(Scheme 1A).I% Trapping of the key rhoda-
cyclopentanone intermediate 3 then allows
access to a diverse array of heterocyclic
scaffolds, many of which are prevalent in
natural products and pharmaceutical agents
(Scheme 1B).[10I This review focuses on
methodologies developed within our group
that are based on this approach.

Directed Carbonylative
(3+1+2) Cycloadditions of
Aminocyclopropanes

Our studies on carbonylative C—C bond
activation of aminocyclopropanes com-
menced in 2013 with the discovery that
regioselective metallacycle formation can
be promoted using suitable N-directing
groups.[l In early experiments, we found
that exposure of carbamate-protected
aminocyclopropane 4 to a cationic Rh(1)-
source delivered exclusively linear alkene
5, presumably via directed formation of
rhodacyclobutane 6 (Scheme 2A). In the
absence of a directing group, the same
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catalyst system inserts into the most ster-
ically accessible cyclopropane C—C bond;
accordingly, a nitrogen-based directing
group is crucial for enforcing contrasteric
C-C bond activation. Treatment of car-
bamate-protected aminocyclopropanes 7
with stoichiometric [Rh(CO),Cl], allowed
confirmation of the role of the directing
group through X-ray crystallographic
analysis of rhodacyclopentanones 8.[12:13]
With a suitable C—-C bond activation
mode established, we sought to incorpo-
rate it into a prototype multicomponent
carbonylative (3+1+2) cycloaddition pro-
cess involving N-tethered alkynes (Scheme
2C). Here, the choice of N-directing group
is critical as it must be sufficiently Lewis
basic to outcompete the alkyne for coordi-
nation of the Rh-catalyst (9 to 10), but also
labile enough to dissociate at the stage of 10
and allow alkyne coordination (to 11). For
the process in Scheme 2C, an evaluation
of various N-directing groups combined
with the synthesis of a series of rhodacy-
clopentanone complexes (8a—c) revealed
that strongly Lewis basic ureas offer sub-
stantially enhanced efficiencies compare
to carbamates and amides (Scheme 2B).[13]
Optimized reaction conditions employ a
neutral Rh-source modified with P(3,5-
(CF,),CH,),, an atmospheric pressure of
CO and PhCN as solvent; the latter allows
higher TONs compared to less coordinating
solvents (Scheme 2C). The process toler-
ates a range of alkynes, including alkyl (9a)
and aryl (9b) substituted variants, while
also allowing access to more stereochem-
ically complex scaffolds (e.g. 12¢,d), albeit
with modest levels of diastereocontrol.
The process outlined in Scheme 2C
requires a strongly Lewis basic directing
group to outcompete the alkyne moiety
for coordination of the Rh-catalyst prior to
C—C oxidative addition. Cognizant of this,
subsequent studies investigated the feasi-
bility of related cycloadditions involving
aminocyclopropanes, CO and more weak-
ly coordinating alkenes (Scheme 3).[14]
Here, we found that less Lewis basic and
more synthetically flexible carbamates
could be used as the directing group, with,
for example, Cbz-protected system 13a
cyclizing in 80% yield and with high se-
lectivity for the frans-ring junction to give
14a. The reaction conditions outlined in
Scheme 3A were optimized with the spe-
cific aim of enhancing diastereoselectivi-
ty for systems with substituents at R! or
R? to afford stereochemically complex
cycloadducts including 14b—d. Extensive
investigations revealed a number of critical
factors, the most important of which was
the use of a cationic Rh(1)-system. Here,
the additional vacant coordination site (vs.
neutral Rh(1)-systems) likely facilitates
retrocarbonylation from the rhodacyclo-
pentanone intermediate, which, in turn,
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(A) Directed carbonylative C-C bond activation of cyclopropanes
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Scheme 1. Directed carbonylative C-C bond activation.
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Scheme 2. Preliminary mechanistic studies leading to (3+1+2) cycloadditions of aminocyclopro-

panes, CO and tethered alkynes.

renders rhodacyclopentanone formation
reversible (Scheme 3B).[151 In this scenario,
diastereoselectivity with respect to R! and
R? is controlled by the relative facility of

alkene insertion into the two diastereomer-
ic rhodacyclic m-complexes (15a and 15b).
Under the same conditions, neutral Rh(1)-
precatalysts provided low levels of dias-
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tereocontrol, likely because rhodacyclo-
pentanone formation is less reversible and
carbonylative C—C bond activation has
minimal selectivity for 15a vs. 15b. For
the ‘cationic conditions’ in Scheme 3A,
isobutyramide and dimethyl fumaratel!6]
additives were found to be beneficial to
reaction rate and yield, with their role pos-
sibly being the stabilization of off-cycle
species.

The chemistry so far exploits non-sub-
stituted aminocyclopropane units; how-
ever, we have found that more highly
substituted systems are also effective. To
gain insight into the regiochemical prefer-
ence of C—C bond activation for cis- and
trans-1,2-disubstituted cyclopropanes a
series of model rhodacyclopentanone inter-
mediates were prepared (Scheme 4A).[1417]
Exposure of trans-1,2-disubstituted sub-
strate 16 to stoichiometric [Rh(CO),Cl],
provided a dimeric species 17 resulting
from Rh insertion into the less hindered
proximal C-C bond a. Conversely, under
analogous conditions, cis-1,2-disubsti-
tuted substrate 18 underwent preferential
C—C bond activation at more hindered
proximal C—C bond b to give 19. Thus,
for cis-1,2-disubstituted cyclopropanes,
where steric constraints are to some extent
alleviated, activation of the more electron
rich proximal C-C bond is preferred.[!8]
The observations made in these stoichio-
metric studies translate to the regioselec-
tivities observed in (3+1+2) cycloaddition
processes (Scheme 4B).['41 For example,
subjection of trans-20 to the conditions
outlined in Scheme 3A provided 21 in 67%
yield and with total regiocontrol, resulting
from preferential activation of bond a.
Conversely, (3+1+42) cycloaddition of cis-
20 occurred via bond b to provide cycload-
duct 22. Thus, the relative stereochemistry
of the cyclopropane unit controls the re-
gioselectivity of C—C bond activation and
determines the stereochemistry of the cy-
cloadduct. However, as will be seen later,
the inherent regiochemical preference of
rhodacyclopentanone formation does not
always transfer to the regiochemistry of
the product.

The processes discussed so far pro-
vide new six-membered rings by (3+1+2)
cycloadditions and can be thought of
as homologues of the Pauson-Khand
reaction.['9 By reengineering the sub-
strate, we have found that other classes
of process can be achieved. For example,
N-cyclopropylacrylamides undergo mech-
anistically distinct (7+1) cycloadditions
to provide a modular entry to azocanes
(Scheme 5).[171 Here, the requirement of
a relatively high reaction temperature
(150 °C) is presumably reflective of the
strain associated with the newly formed
azocane product. The methodology toler-
ates 1,1-disubstituted alkenes (e.g. 23), with
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| [Rh(cod),]OTF (7.5 mol%)

R2 P(3,5-(CF3),CgH3); (22.5 mol%) o

i-Pr(CO)NH, (100 mol%) ,
A > R

R1” TN (CHCO,Me), (50 mol%) N R

OJ\OBn 1,2-DCB (0.1 M), CO (1 atm) o‘(\OBn

100-130 °C, 24-72 h
13a-d 14a-d
Me H Me H

oA F oA oA oA _H

OBn OBn OBn OBn
14a, 80% Yield 14b, 79% Yield 14c, 71% Yield 14d, 39% Yield
(>15:1d.r) (8:1:1d.r.) (>15:1d.r) (>15:1d.r)
(B) Diastereoselectivity via reversible rhodacyclopentanone formation
2
R R? o
Rh/CO R | ki 1
- Rh R
cb? oA N
OBn

Diastereoselectivity

:> controlled by magnitude

of ky vs. k

Equilibrate via reversible
metallacycle formation

I
R? N’A
OJ\OBn R2 15b R2 !

_ L )
A Rh/CO R1m ke R
= . 0 2 N
cbZ ‘j o= oan

Scheme 3. Diastereoselective (3+1+2) cycloadditions of cyclopropanes, CO and tethered
alkenes.
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Scheme 4. Regioselective C—C bond activation of 1,2-disubstituted cyclopropanes.
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the efficiency of cyclization (to 24) largely
independent of the steric and electronic de-
mands of the R? group. 1,2-Disubstituted
aminocyclopropanes provided unexpected
results, with both cis-25 and trans-25 af-
fording the same azocane adduct (Scheme
5A). The outcome for cyclization of cis-25
was expected, but, for trans-25, formation
of 26 requires cleavage of the less favored
proximal cyclopropane C-C bond b (cf.
Scheme 4). The most appealing mechanis-
tic rationalization for this outcome invokes
both reversible rhodacyclopentanone for-
mation and reversible alkene insertion
(Scheme 5B). In this scenario, alkene in-
sertion into favored rhodacyclopentanone
27 (arising via activation of less-hindered
proximal C—C bond a) affords metallacy-
cle 28, from which syn-B-hydride elimina-
tion via C7-H (to form the expected prod-
uct) is not possible. However, equilibration
via disfavored rhodacyclopentanone 29
provides 30, where syn-B-hydride elim-
ination via C7-H can occur to provide
the observed regioisomer of the product.
Isotopic labelling studies support the pro-
posed mechanistic pathway.

Capture-Collapse
Heterocyclizations

In the previous section, cycloaddition
reactions were achieved by the insertion
of m-unsaturates into rhodacyclopentanone
intermediates. We have found that species
of this type are also susceptible to attack
by pendant nucleophiles, and we anticipate
that this observation will allow access to a
wide range of challenging ring systems. In
a prototype methodology, we demonstrated
that carbonyl directed C—C bond activation
of cyclopropyl ureas 31 can be followed
by ‘capture’ of the metallacycle 32 by the
NH unit to afford 33 (Scheme 6A).[201 At
this stage, C—N reductive elimination (‘col-
lapse’) is followed by either B-hydride elim-
ination (to 34) or protodemetalation (to 35),
with the latter pathway facilitated by the
addition of benzoic acid. Thus, kinetically
challenging 1,3-diazepane ring systems are
generated via the intermediacy of kinetical-
ly accessible bicycles 33. The method is ef-
fective for accessing a range of challenging
diazepanes, and the substrates are prepared
in short order by reaction of aminocyclopro-
panes with N-aryl or N-alkyl isocyanates.
Processes involving substituted cyclopro-
panes produced unexpected regiochemi-
cal outcomes, which were rationalized by
invoking C-N reductive elimination as the
firstirreversible step of the process (Scheme
6B,C). For example, trans-1,2-disubstituted
cyclopropane 36 afforded 1,3-diazepane
37 as the major product, where C—C bond
activation of ‘disfavored’ bond b has oc-
curred (cf: Scheme 4). Although C—C bond

o)
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Scheme 5. Azocanes via a (7+1) cycloaddition-fragmentation strategy.

cleavage of bond a is preferred on steric
grounds, C-N reductive elimination from
the resulting metallacycle 38 is likely to be
slow due to the developing steric clash be-
tween the Rh-center and the R*-substitutent.
Accordingly, reversible metallacycle for-
mation allows access to alternate metalla-
cycle 39, which undergoes more facile C-N
reductive elimination (to 40) to provide the
observed regioisomer of the product.
Capture-collapse  heterocyclizations
can also be extended to processes that in-
volve C—C bond forming reductive elimina-
tion from rhodacyclopentanones (Scheme
7A).211 For N-aryl systems 41a—c, directed
rhodacyclopentanone formation (to 42) is
followed by C—H metalation (to 43), C-C
reductive elimination and protodemetala-
tion to afford benzazepine ring systems.
Thus, access to challenging heterocyclic
systems is achieved by harnessing sequen-
tial C—C bond activation and C-H func-
tionalization steps. Optimized conditions
employ a cationic Rh(1)-system modified
with electron-deficient phosphine ligands,
in conjunction with a carboxylic acid ad-
ditive, which likely facilitates the final
protodemetalation step. A broad range of
electron-rich and electron-poor arenes are
tolerated, and the target benzazepine ring
systems (e.g. 44a—c) are recognized as
‘privileged’ from a medicinal chemistry
viewpoint.22] Replacement of the N-aryl
ring with an N-vinyl unit provides direct
access to a wider range of azepine ring

systems, including unusual bicyclic vari-
ants (Scheme 7B). Mechanistic studies on
N-aryl based systems support C—C reduc-
tive elimination as the first irreversible step
in these processes.

Other Classes of Cyclopropane
Offer Further Flexibility

The cycloadditions described above in-
volve electron-rich aminocyclopropanes,
which can be accessed by Curtius rear-
rangement of readily accessible and ste-
reodefined cyclopropyl carboxylic acids
(Scheme 8). Accordingly, from a broader
strategic viewpoint, ‘sp’-rich’ metalla-
cyclic intermediates are accessed by ex-
ploiting the strain embedded within small
and stereodefined ring systems. To expand
the utility of our approach, we sought to
demonstrate the feasibility of processes
that involve more demanding classes of
readily available cyclopropane.

Within this context, (3+1+2) cycloaddi-
tions of electron-neutral aminomethylcyclo-
propanes were explored.[231 These processes
are challenging because (a) they involve a
less favorable six-ring chelate (vs. five-ring
for aminocyclopropane methodologies, i.e.
45 vs. 46); (b) the cyclopropane is less nu-
cleophilic, which leads to less efficient C—C
oxidative addition, and (c) exocyclic B-hy-
dride elimination from 45 can compete with
insertion of the m-unsaturate (Scheme 8).
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(A) Sequential C-C and C-H activation of aminocyclopropanes to afford azepine structures

Rh/CO (+H)
‘ >
43
DG [Rh(cod),]OT¥ (7.5 mol%)
N P(4-(CF3)CgHg)3 (15 mol /o
Q CO (1 atm), Na,SO4 (30 mol%
PhCN (0.20 M), 130 °C,
Ma-c 2-NO,CgH,CO,H (100 mol%) ~ 44a, 82% Yield 44b, 76% Yield 44c, 62% Yield

(B) Processes employing N-vinyl carbamates

DG [Rh(cod) JOTf (7 5 mol%)

]
0,
X. CO (1 atm), Na,SO,4 (30 mol%),
R PhCN (0.20 M), 110-140 °C,
acid (50 mol%)

Cbz Cbz Cbz

61% Yleld
(no acid)

42% Yleld
(no acid)

41% Yleld
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Scheme 7. Azepines by directed C-C bond activation of aminocyclopropanes.

Afterextensive investigation, we established
that N-Cbz and N-Ts directing groups are
efficient, with the resulting cycloaddition
protocol providing access to a range of ste-
reochemically complex perhydroisoindole
scaffolds (Scheme 9). Optimized reaction
conditions employ a neutral Rh(1) precata-
lyst modified by weak donor ligands (AsPh,
or 1,4-oxathiane). The protocol is diastereo-
selective with respect to the stereochemistry
of the ring junction (trans favored in all cas-
es), diastereospecific with respect to alkene
geometry (e.g. 47a to 48a vs. 47b to 48b),
and diastereoselective with respect to the
R' and R?-substituents (Scheme 9A). The
latter feature provides tentative evidence
that rhodacyclopentanone formation is re-
versible (¢f: Scheme 3). As in earlier work,
cis- and trans-disubstituted cyclopropanes
provided regiodivergent reaction outcomes
(Scheme 9B). Subjection of trans-49 to the
catalytic protocol revealed preferential ac-
tivation of the less hindered C—C bond a
to afford adduct 50 in good yield and with
complete transfer of cyclopropane stere-
ochemistry, which accounts for the high
levels of diastereocontrol and regiocontrol
observed. Cis-49 underwent activation at
the more hindered proximal C—C bond b to
provide regioisomeric adduct 51 with good
regiocontrol.

The successful extension of our strate-
gy to processes involving electron neutral
cyclopropanes (Scheme 9) suggests that
C—C bond activation-based multicompo-
nent cycloadditions involving other class-
es of minimally activated cyclopropanes
might be feasible. For example, processes
involving cyclopropyl amides would be
particularly attractive because the sub-
strates can be accessed directly from cy-
clopropyl carboxylates. This objective
is challenging because C—C bond activa-
tion-based cycloadditions of electron de-
ficient cyclopropanes are rare.?*! Indeed,
to the best of our knowledge, multicom-
ponent carbonylative cycloadditions of
non-activated electron-poor cyclopropanes
have not been described.

Conclusion

In summary, protecting group direct-
ed carbonylative C—C bond activation of
cyclopropanes offers a broad platform for
the by-product free construction of chal-
lenging and stereochemically complex
N-heterocyclic ring systems. The strat-
egy exploits the strain embedded within
readily available and stereodefined cyclo-
propanes for reaction initiation, and the
resulting metallacycles can be diverted to
a range of ‘sp’-rich’ heterocycles. Further
evolution of the approach will include (a)
catalyst systems that can activate a wider
range of cyclopropanes and (b) processes
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R® R 1,4-oxathiane (30 mol%), CO (1 atm),
47a-d Na,SO4 (20 mol%), mesitylene (0.3 M), 140 °C 48a-d

BnO
48¢c, 51% Yield (B)

48d, 67% Yield (B)
(10:1 d.r.)

(9:1d.r)

N
PN Ts

trans-49
cis-49

(B) Regioselective C-C bond activation of 1,2-disubstituted cyclopropanes

a
Conditions Aor B
b "nBu —  yu Ts—N

50, 79% Yield (B)
(>15:1d.r.; >15:1r.r.)
from trans-49

H

R

H
0 o}
: |-_| n-Bu

n-Bu

51, 79% Yield (A)
(5:1d.r.; 6:1r.r.)
from cis-49

Scheme 9. (3+1+2) cycloadditions of electron neutral cyclopropanes, CO and tethered alkenes.

that enhance the downstream utility of the
key metallacyclic intermediates. Studies
towards these broad objectives are ongoing
in our laboratory.
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