Organic &
Biomolecular
Chemistry

Cite this: Org. Biomol. Chem., 2011, 9, 4007

WWW.rsc.org/obc

PERSPECTIVE

Intramolecular catalytic asymmetric carbon—hydrogen insertion reactions.
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The synthetic potential of highly directional formal insertion of a carbene between carbon and
hydrogen of a carbon—hydrogen bond has recently been developed for intramolecular reactions that
lead to compounds of biological and medicinal interest. Stereoselective and regiocontrolled
intramolecular processes from diazoacetate reactants, catalyzed by dirhodium(ir) compounds with
chiral carboxamidate ligands, provide efficient and selective access to compounds as diverse as
enterolactone, baclofen, imperanene, xylolactone, and rolipram. A comparison of the C—H insertion

methodology with alternative approaches is presented.

Introduction

Asymmetric intramolecular carbon-hydrogen insertion reactions
provide a methodology for asymmetric induction and cyclization
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to occur in the same transformation. As an approach to the
synthesis of lactones and lactams this methodology is competitive
with a diverse set of synthetic approaches that target the same
compounds. Because experimental and conceptional plans for the
synthesis of complex molecules have considerable breadth, this
perspective will be focused on well-defined targeted molecules for
which there have been multiple examples of their synthesis. In
these cases, and with few exceptions, the alternate approaches
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to carbon-hydrogen insertion provide molecular asymmetry with
enantiocontrol prior to cyclization rather than enantioselective cy-
clization that occurs in intramolecular asymmetric C—H insertion
reactions.

Carbon-hydrogen insertion transformations from reactions of
carbenes have been known for over a century,! but only in
recent years has control of selectivity in these transformations
been achieved®> and synthetic applications been realized. The
cause of this change is primarily due to advanced understanding
of the synthesis and properties of diazocarbonyl compounds?
and the introduction of dirhodium(11) catalysts.* Diazocarbonyl
compounds, and specifically diazoacetates, are the optimum
substrates for catalytic reactions that proceed through metal
carbene intermediates, and these are the intermediates that
provide control of chemoselectivity and regioselectivity in carbon—
hydrogen insertion reactions.® The introduction of dirhodium(ir)
catalysts have made possible selective insertion reactions that
have occurred in high yield, realization of the high preference for
cyclization to form five-membered ring products in intramolecular
reactions, and the discovery that these reactions occur with high
diastereocontrol.*

Asymmetric catalytic carbon-hydrogen insertion reactions are
optimally achieved with chiral dirhodium(ir) catalysts. For inter-
molecular asymmetric reactions of aryl- and styryldiazoacetates
chiral dirhodium(ir) carboxylate catalysts that include the DOSP-
ligated catalysts (1) of Davies are most suitable.® For intramolec-
ular carbon-hydrogen insertion reactions of diazoacetates and
diazoacetamides chiral dirhodium carboxamidate catalysts that
include the MPPIM-ligated catalysts (2) of Doyle give the highest
selectivities.”
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Synthesis of lignan lactones

Lignan natural products are widespread in plants and have
diverse biological activities and some medicinal uses.® The most
commonly prepared lignan lactone has been enterolactone (6)
which exhibits, among other biological roles, antiestrogenic and
anticarcinogenic activities.” Access to this lignan from common
reactants (e.g., 3) via asymmetric catalytic C—H insertion (4 — 5)
has been described," and Scheme 1 outlines the overall approach
(16% overall yield). Ring formation and asymmetric induction
are introduced in the same step. Among the chiral catalysts that
have been reported for this transformation, the Rh,(MPPIM),
catalysts provide the highest level of enantiocontrol. Alkylation
of the lactone at the position alpha to the carbonyl group occurs
with complete selectivity. The advantages of this synthesis are
the limited number of synthetic steps from relatively inexpen-
sive commercially available reactants, the high enantiocontrol
achieved, and the ease in isolation/purification of insertion
product. Disadvantages include the cost of the catalyst and the
isolated yield of C-H insertion product in the key asymmetric
induction step that rarely exceeds 70%.
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(63%), 93%ee
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(@) Hy, 5% Pd/C, 1:1 MeOH/EtOH; (b) LiAIH,, THF, reflux; (c) cat.
NaOAc, diketene, THF; (d) MeSO,N4/Et;N, MeCN; (€) LiOH,
H,O/MeCN; (f) 2.0 mol% Rhy(4R-MPPIM), (2) CH,Cl,, reflux; (g)

LDA, THF/HMPA, -78°C, then 3-MeOCgH,CH,Br; (h) BBrs, CH,Cly, -
18°C.

Scheme 1

Chiral, non-racemic enterolactone has been prepared by di-
astereomeric resolution of a hydroxycarboxylic acid with D-
amphetamine,' by chemoenzymatic synthesis (7 steps, 34% overall
yield) that involves asymmetric acetylation of a substituted 1,3-
diol catalyzed by Pseudomonas cepacialipase (94% ee, 99% yield),"
by bacterial conversions (e.g., from plant enterodiol or from plant
lignins in sesame seed),’* and by synthesis (4 steps, 47% yield) from
isolated natural non-racemic hydroxymatairesinol (from Norway
spruce).™ There have been two reported syntheses that use reagents
from the chiral pool,” the latest of which from the protected D-
mannitol derivative 7 is outlined in Scheme 2 (9 steps, 2% overall
yield).'

A seven-step  chiral
oxazolininone) directed

auxiliary  (4-diphenylmethyl-2-
synthesis of enterolactone from
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Scheme 2

3-hydroxyhydrocinnamoyl chloride with high stereocontrol has
also been reported (19% and 27% overall yields for the two
enantiomers).'* Organocatalyzed mixed aldol condensation with
L-proline to produce 10 which is a precursor to 5 (Scheme 3, 23%
overall yield) offers an alternative approach to metal catalyzed
C-H insertion.” Alkylation of the lactone and demethylation is
common to the syntheses described in Schemes 1-3.

Conjugate addition is an alternative approach™ that takes
advantage of butenolides as reactants but uses chiral auxiliaries
in its applications. The success of the key conjugate addition
step in this approach (12 — 13) rests upon the availability of
enantiomerically pure butenolides' that direct conjugate addition
as exemplified in Scheme 4 (8 steps, 27% overall yield)."*® An
alternative samarium(1i) triflate promoted free radical conjugate
addition process with a chiral oxazolidinone-bound substrate
followed by a second alkylation, cyclization, and demethylation
has been reported (6 steps from oxazolidinone-functionalized
compound, 21% yield).** Additional steps for preparation of the
chiral auxiliary, the use of 5-fold excess tri-n-butylstannane, and
a 10-fold excess of 3-methoxybenzyl bromide on a key step are
major disadvantages of this methodology. A combination of cross-
metathesis and conjugate addition using a vinyl phosphonate has
also been used for a formal synthesis of enterolactone.”

The apparent symmetry in lignan lactones prompted studies of
access to them through oxidative homocouplings of (4S5)-3-(3-
arylpropanoyl)-4-isopropyl-2-oxazolidinones and similar chiral
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(a) 20 mol% L-proline, DMF, 4°C; (b) NaBH,4, MeOH, 40°C; (c)
10% Pd/C CI(CH,),Cl, 50-60°C; (d) LDA, THF/HMPA, -78°C,
then 3-MeOCgH,CH,Br; () BBrs, CH,Cl,, -18°C.

Scheme 3

imidazolidinones;** using a chiral oxazolidinone auxiliary for
3-methoxyphenylpropanoic acid, addition of LDA followed by
metal oxidant effects dimerization at the alpha position in mod-
erate yields with up to a 92: 8 diastereomer ratio [27% yield from
the 3-(m-methoxyphenyl)propanoylimidazolidinone reactant to
the methyl ether precursor of enterolactone. (Scheme 5)]. An
enzymatic lipase desymmetrization approach to the synthesis of
lignans (19 — 20 in Scheme 6 for hinokinin using 0.1 g lipase
per mmole of 19) provides a general route to B-substituted-y-
butyrolactones.?

Synthesis of R-baclofen

There are few compounds for which there are as many diverse
synthetic approaches as those for R-(—)-baclofen (27), which as the
hydrochloride salt is a therapeutically effective GABAj receptor
agonist.* The approach using C-H insertion begins with 2-(4-
chlorophenyl)ethanol (24) and introduces high enantiocontrol
(95% ee) in catalytic diazo decomposition to the B-substituted-
y-butyrolactone intermediate 26 using the Rh,(4S-MPPIM), cat-
alyst (Scheme 7, 40% overall yield in seven steps).® This methodol-
ogy provides excellent enantioselectivity in the key insertion step.
Among the older methodologies that have been reported for the
enantioselective synthesis of R-baclofen key steps include enan-
tioselective deprotonation of 3-(p-chlorophenyl)cyclobutanone
with a chiral lithium amide (6 steps, 41% overall yield, 97%
ee)* and asymmetric methanolysis of an acid anhydride cat-
alyzed by modified cinchona alkaloids (33% and 35% yields
for 4 steps and 95% and 75% ee for S- and R-isomers, respec-
tively, seven steps),”® enzymatic Baeyer—Villiger oxidation (from

This journal is © The Royal Society of Chemistry 2011

Org. Biomol. Chem., 2011, 9, 4007-4016 | 4009



CHO CH(SPh),
" (7
— O
OBn OBn |i</o

1" 12 O--menthyl

BnO

d-g
0 o """'O-l-menthyl
(67%)
13
HO OH
"""10-l-menthyl
S Y OH
(62%)
14
h HO
o o
(82%)

6 (-)-enterolactone

(8) PhSH, CH,Cl,, AlCI3; (b) BuLi/hexane, THF, -20°C; (c) LDA,

TMEDA, THF, -80°C, then 3-BnOCgH,CH,Br; (d) NiCly(6H,0),

MeOH/THF; (e) NaBHy,; (f) KOH(aq), NaBHy; (g) HCI(aq); (h) 5%

H,, Pd/C, EtOAc

Scheme 4

Me

b e

. (48%),
Ar
ab dr
Ar (6] —— Ar\ -
15 * 16
N (0]
Phir.. \f
Ar = \—NMe
Me
OMe l
c
6]
COOH
Ar de Ar/\[
o -
A A COOH
(70%) (80%)
18 17

(a) LDA, THF, -78°C; (b)TiCly; (¢) LIOH, THF/H,0;
(d)Ac,0; (€) NaBH,.

Scheme 5

OH
0O o e oH )
J I 22
EtO OEt o>
o

(72%)
19
HO CN AcO OH
o) 0}
e-g >
-—
0 o
(84%) (97%), >98%ee
21 20
l h
L
Y o]
o
(93%)
22
o ~,
. ‘\O
| (e} o)
(81%)

23 (-)-Hinokinin
(a) NaH, THF; (b) piperonyl chloride, THF; (c)LiAlH,, THF; (d)
lipase PS, vinyl-OAc,,6-di-t-Bu-4-MeCgH,OH
H,0/i-Pr,0, rt; (e) TsCl, CgHsN, CH,Cly, rt; (f) KCN, DMSO,
90°C; (g)KOH(aq), THF/H,0; (h) 2M NaOH, reflux; (i) LDA,
THF,-70°C: (j) piperonyl bromide, HMPA, -50°C

Scheme 6

(0)

OH (0]
a-c
—_—
/@/\/ /;/|/
cl cl N2
)

(67%
24 25

o J"

2o N
® g
H,N COOH C\A\
o]

]
Cl
(81%), >95%ee

73%
(73%) 2

27 (R)-(-)-baclofen
(a) cat.EtN3, diketene, THF; (b) MeSO,N3/EtzN, THF; (c) LiOH,
H,O/THF; (d) 0.5 mol% Rhy(4S-MPPIM)4,CH,Cl,, reflux; (e) TMSI,
CH,CI,/EtOH; (f) NaN3, DMF, 50°C; (g) 2 M NaOH, 50°C, then HCI

Scheme 7

4010 | Org. Biomol. Chem., 2011, 9, 4007-4016

This journal is © The Royal Society of Chemistry 2011



3-(p-chlorophenyl)cyclobutanone in 30% yield),” and less efficient
syntheses from reactants formed by enzymatic resolution (14%
yield for five steps, >99% ee)*® or from L-aspartic acid (34% yield
in seven steps, >99% ee).”

A popular approach for the introduction of the amino group
has been organocatalytic enantioselective Michael addition of
nitromethane to o,B-unsaturated aldehydes (Scheme 8)* or o,f3-
unsaturated ketones (from a p-chlorochalcone using 10 mol%
of a cinchoninium salt; 52% yield for 4 steps, 70% ee),*' and
Michael addition of 1,3-dicarbonyl compounds to nitroolefins
using 10 mol% of a bifunctional urea organocatalyst (38%
overall yield in six steps).*> Similarly constructed GABA deriva-
tives have been prepared by this methodology.*®® Analogous
Michael addition processes that employ chiral auxiliaries (e.g., N-
phenylpantolactone) have also been reported,®® as has a chemoen-
zymatic method involving a-chymotrypsin mediated kinetic res-
olution of a 3-(4-chlorophenyl)-4-nitrobutyric acid methyl ester
precursor (91% ee for product acid and 73% ee for reactant ester
at 45% conversion).>*

CHO No2 CHO

OTMS

(80%) 92%ee

b, [
Cl
®
H,oN COOH
S
Cl
(73%)

27 R-(-)-baclofen

(a) CH3NO,, 2 mol% catalyst 25, 20 mol% PhCOOH,
MeOH, rt; (b) NaClO,, NaH,PO3, Me,C=CHMe, t-
BuOH/H,0; (c) 5 atm H,, Ra-Ni, MeOH

Scheme 8

The Heck—Matsuda arylation of 3-pyrroline with arenedi-
azonium salts has also been employed to form racemic [-
aryl-y-butyrolactams (54-67% overall yields),® and a similar
process has been reported using arylboronic acids.* Other ap-
proaches include enantioselective reductions with Cu(OAc),/(S)-
BINAP/polymethylhydrosiloxane (PMHS) of y-phthalidimido-
substituted o,B-unsaturated carboxylic acid esters (Scheme 9: 60%
yield overall from p-chloroacetophenone in five steps, 94% ee),”’
molybdenum carbonyl-catalyzed asymmetric allylic alkylation
with the sodium salt of the diethyl malonate anion 14% overall
yield for 6 steps from an allylic carbonate intermediate, 96%
ee),® cobalt-catalyzed reductive cyclization of azido-substituted
unsaturated esters with borohydride using a structurally com-
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(60%)
31

(92%), 94%ee
32

(90%)
27 R-(-)-baclofen

(a) 5 mol% Cu(OAc),H,0, 5 mol% (R)-BINAP, PMHS, ¢-BuOH,
toluene, rt; (b) 6N HCI, reflux

Scheme 9

plex (+)-phenyl-o-[(4S)-phenyloxazolidin-2-ylidine]-2-oxazoline-
2-acetonitrile ligand (45% yield for four steps, 89% ee),* asymmet-
ric Ru/(S)-BINAP/H, reduction of ethyl 4-chlorophenylbenzoyl
acetate (23% yield for four steps, 96% ee),* enantioselective
microbial conversion of nitriles to amides ((R)-2-(4-chlorophenyl)-
4-pentenamide) in 44% isolated yield,* and a complex sequence
of transition metal catalyzed processes including Pd-catalyzed
asymmetric allylic alkylation using a chiral diaminophosphine
oxide ligand followed by ring-closing metathesis (46% yield for
seven steps from a functionalized allylic carbonate to Boc-
protected R-baclofen, 97% ee).*

Synthesis of S-imperanine

The y-lactone structure that is the common product of intramolec-
ular C-H insertion processes can be the precursor to acyclic
products, and with the use of chiral catalysts these compounds
can be formed with a high degree of enantiocontrol. The synthesis
of (S)-(+)-imperanene (38), a natural product in Chinese medicine
used as a diuretic and anti-inflammatory agent and known to have
platelet aggregation activity,” provides an illustrative example
of this methodology. The approach using C-H insertion begins
with 3-(3,4-disubstitutedphenyl)-1-propanol (34) from whose di-
azoacetate the highly enantioenriched B-substituted-y- butyro-
lactone intermediate 36 is formed using the Rh,(4S-MPPIM),
catalyst (Scheme 10);* subsequent reduction to the hemiacetal,
organolithium addition, and elimination results in the formation
of (S)-(+)-imperanene. Because the absolute configuration of
the C—H insertion product is predictable in reactions with alkyl

This journal is © The Royal Society of Chemistry 2011
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CH,Cly; (g) LIOH, H,O/THF; (h) 1.0 mol% Rhy(4S-MPPIM),; (i)
DIBAL-H; (j) THF, -78°C-rt (k) TBDPSCI, TMF, imidazole; (1)
MsCI/DBU, PhCl, reflux; (m) TBAF

Scheme 10

diazoacetates,'® the previously unknown configuration of (+)-
imperanene could be established using this catalytic methodology.
In an overall twelve-step synthesis from ferulic acid (33), (S)-
imperanene was produced in 16% overall yield.

An alternate approach of enantioselective intermolecular C—
H insertion using a vinyldiazoacetate (40) has been reported by
Davies and Jin (Scheme 11) that in comparison with that of
Scheme 8 offers a more direct approach to (S)-imperanene (5
steps).* However, access to the vinyldiazoacetate is problematic,
and insertion into the benzyl position of 41 occurs in relatively
low reported yield (less than 4% overall). This is one of the
few examples in which optimum catalysts for intermolecular and
intramolecular C-H insertion have been compared.

A synthesis of (S)-imperanene using a chiral auxiliary suf-
fering from very low overall yield (9% and 5% yields for nine

N2
CHO
a,b X COOMe

TBSO TBSO

OMe OMe
39 (18%)

OTBS

(43%), 91%ee

42
(44%)

38 (S)-(+)-imperanene

(@) (Ph3P-CH,CH,COOMe)CI, THF, -BuOK, 0°C; (b)
MeCONHCgH,SO,N4/DBU, MeOH; (c) 1 mol% Rhy(S-
DOSP), Me,CHCHMe,, reflux; (d) LiAlH,, THF,-40°C; (e)
TBAF

Scheme 11

step syntheses of the two enantiomers from eugenol)* and
one using allylic substitution that begins with the chiral allyl
acetate (ArCH=CHC*H(OAc)CH,Ar) (16% yield for the twelve
step synthesis from the TBDMS ether of vanillin)¥’ have been
reported. A Pseudomonas cepacia lipase induced symmetrical
diol desymmetrization process has been employed in a nine step
synthesis of both imperanene enantiomers from vanillin in 19%
and 24% yields, respectively (Scheme 12).®

Miscellaneous methods

Bicyclic lactones 50 and 51 have proven to be useful for the
synthesis of prostaglandins and monoterpenes. The racemic
mixture is readily available in multigram quantities from
cyclopentadiene,” and access to individual enantiomers is possible
through either recrystallization of diastereomeric salts from (+)-
o-methylbenzylamine® or enzymatic differentiation of a diol
precursor,” but highly enantioselective methods (Scheme 13)
have been limited to microbial/enzymatic Baeyer—Villiger oxi-
dations of racemic 52 that generally require expensive NADH
or NADPH**** and catalytic asymmetric C—H insertion of 49.%
Chemical methods to achieve enantioselective Baeyer—Villiger
oxidations of 52 have also been attempted, but high selectivities
have not been reported.>
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Scheme 12

The synthesis of (3S,4R)- (57) and (3S,4S5)-3-hydroxy-
4-hydroxymethyl-4-butanolides (58) and (2-deoxyxylono-1,4-
lactone and 2-deoxyribono-1,4-lactone, respectively), as well as
their enantiomers, also provides a comparison of methodolo-
gies. Two versatile methodologies utilizing catalytic asymmetric
intramolecular C-H insertion have been reported (Scheme 14: 31%
overall yield for 57 and 18% overall yield for 58),”” and one has
been described that employs asymmetric Sharpless epoxidation
(7% yield for an eleven-step synthesis of 58) and asymmetric
dihydroxylation (14% yield for an eleven-step synthesis of 46)
as key steps® These methods of lactone formation provide more

OH

48 (56%)
49

e f
(59%), 89%ee (73%), 91%ee

an
(o Oy
o g
50 51

52

(a) diketene, THF, cat.Et3N/DMAP; (b) 1 mol%
(Cy3P)2RuCly(CHPh), CH,Cly; (€) MsN3/Et;N; (d) LiOH, H,O/THF;
(e) 1 mol% Rhy(4R-MPPIM)4, CH,Cly, reflux; (f) 1 mol%Rh,(4S-
MPPIM)4,CH,Cly, reflux; (g) Pseudomonas putida NCIB 10007; (h)
Acinetobacter sp.NCIB 9872

Scheme 13

opportunities for additional functionalization, while several short
syntheses of 2-deoxy-L-ribonolactone that have been reported®
are limited by carbohydrate availability. Efficient alternative
syntheses of 2-deoxy-L-xylolactone are nonexistent.

The Baeyer—Villiger oxidation of 3-substituted cyclobutanones
is a general route to B-substituted-y-butyrolactones, and various
oxidants and catalysts have been used for this transformation.* In
addition to the uses of enzymes (e.g., Scheme 10),°6* asymmetric
transition metal catalyzed Baeyer—Villiger oxidations have also
been employed but with limited success.®* A recent example of
this approach (eqn (1)) shows some of its limitations.** Other
approaches to B-substituted-y-butyrolactones include copper-
catalyzed PMHS enantioselective (p-tol-BINAP ligand) conjugate
reduction of lactones,* and enantioselective additions of n-alkyl
Grignard reagents or diethylzinc to pentenolides using catalytic
amounts of chiral copper complexes. Syntheses of B-substituted
y-butyrolactones based on the asymmetric intramolecular C-H
insertion methodology are generally more efficient and versatile
due to very high asymmetric induction and easy access to the
alcohol precursors.'*¢’

The catalytic asymmetric synthesis of B- and y-lactams is a
continuing area of intense inquiry.®® The C-H insertion route
to y-lactams (e.g., synthesis of (R)-(-)-rolipram, Scheme 15)%
is competitive with competing methodologies.”” Conformational
influences around the amide bond necessitate using a protected
amide. In the example of rolipram (67), the N-cumyl group was
found to be an effective protective group in establishing the amide
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conformation that is most suitable for C-H insertion, and the
N-cumyl group could be easily removed from the product lactam
(with trifluoroacetic acid). However, alternate methodologies to
asymmetric catalytic C—H insertion are favored for the synthesis
of B-lactams.®® Scheme 16

(a) cyclopentyl bromide, K,COj3; (b) MeNO,, NH4OAC; (c) 5 mol%
Mg(OTf),, 5.5 mol% 71, 6 mol% N-methylmorphine; (d) Ra-Ni/Hy;
H3;POy; (e) NaOH; (f) TsOH.
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A competing methodology that provides the highest overall
yield (76%) for a 6-step synthesis is shown in Scheme 16. In
this synthesis chiral magnesium complex catalyzed addition of
ethyl malonate to 70 (96% ee) occurs in the key step followed
by a reduction of nitro group on RANEY®-Ni, intramolecular
lactamization, and decarboxylation.” A similar synthetic scheme
is realized with chiral urea derivatives as organocatalysts.””® The
other synthetic strategy uses catalyzed reactions of nitromethane
with Michael acceptors. One of the most efficient routes, presented
in Scheme 17 (4 steps, 45% yield), provides excellent enantiocontrol
in the key step.”™ Disadvantages of a moderate yield in one of
the steps in the reaction sequence is balanced with a record-
short number of steps of the developed route. Similar syntheses
that take advantage of chiral urea derivatives™ or Lewis acid”
catalyzed nitromethane addition to Michael acceptors are possible
alternatives.

CH3NO,

O:N
e . COxH
Ji;/\/CHO

(62%), 98% ee
74
OSiPhy OMe
75
O™ N
Ho (7o%)
ent-67

(a) 5 Mol% 74, PACO,H, HoO; (b) MeOH, CHyCN, H,0, KH,PO,,
NaClO,, 35% Hy0,; NH4OAC; (c) N,CHSiIMe;, MeOH/CgHg; (d) H,
Pd/C.

Scheme 17

Conclusions

Asymmetric intramolecular carbon—hydrogen insertion reactions
of diazoacetates are a highly effective methodology for the syn-
thesis of y-lactones, and similar reactions with protected diazoac-
etamides yield y-lactams with high stereoselectivity. Enantiomeric
excesses higher than 90% are routinely obtained. The preferred
catalyst is the chiral dirhodium(1r) carboxamidate, Rh,(MPPIM),,
which is effective even at catalyst loadings of one mole percent.
Insertion reactions onto cyclic hydrocarbons occur with high
diastereocontrol. This methodology provides efficient access to a
number of natural products and those of pharmaceutical interest,
often occurring in fewer steps and with higher stereocontrol than
alternative processes.
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