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INTRODUCTION

Epoxide carbonylation represents a powerful synthetic method for the production
of ring-expanded heterocycles in an atom-economical manner. Reactions involving
the incorporation of carbon monoxide, particularly in the formation of new carbonyl-
containing compounds, are among the most important industrial and synthetic
transformations.!™* The carbonylation of epoxides has received much interest in
recent years and has been reviewed.’ !0

Epoxides are particularly attractive substrates, as there are many commercially
available epoxides and a variety of practical methods for their synthesis.!! Further-
more, a number of excellent methods for producing enantiopure epoxides exist, 21
and this enantiopurity is retained in the carbonylation products.

This chapter focuses on the ring-expanding carbonylation of epoxides, defined as
reactions in which both an epoxide and CO are incorporated into a larger heterocyclic
ring. The ring-expanding carbonylation of epoxides has received the most attention
for its application to the synthesis of strained p-lactones.!’~*! However, a number of
five- and six-membered heterocycles are also accessible through epoxide carbonyl-
ation, including y-lactones,?$42=% §-lactones,?*4046=33 succinic anhydrides,?'~*
1,3-oxazinane-2,4-diones,?2%> and 1,3-oxathiolan-2-ones>>® (Scheme 1). In this
chapter, each of these product classes will be discussed separately, focusing pri-
marily on the scope and limitations of the carbonylations, but also on the reaction
mechanism and non-carbonylative routes to similar products.

o (6]
0 0
[-lactones Y-lactones d-lactones
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o) -/
succinic anhydrides ~ 1,3-oxazinane-2,4-diones 1,3-oxathiolan-2-ones

Scheme 1

Although these reactions are thermodynamically favored, they are kinetically inac-
cessible, requiring the addition of catalytic or stoichiometric amounts of reagents to
sequester and insert CO into the epoxide ring. Thus, the development of transition-
metal catalysts for epoxide carbonylation has enabled much of the research in this
field and has led to the discovery of new epoxide carbonylation reactions.
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4 ORGANIC REACTIONS

Epoxide carbonylation has also been employed for the production of ring-opened
B-hydroxy esters,’’ > amides,®® and aldehydes,’! as well as the direct copolymeriza-
tion of epoxides and CO to produce poly(p-hydroxyalkanoates);3:0%3 these topics
are outside the scope of this chapter, but have been previously reviewed.> 8 Likewise,
other heterocycles including aziridines,®*%5 azetidines,®® |3-1act0nes,54 oxetanes, 07
tetrahydrofuran,®® and oxazolines®”-’" have been carbonylated. These reactions were
recently reviewed>’ 1% and are not discussed within this chapter.

EPOXIDE CARBONYLATION TO $-LACTONES

B-Lactones have found numerous applications both as synthetic intermediates’!72
and as monomers for the ring-opening polymerization to produce poly(f-
hydroxyalkanoates),”? a class of biodegradable and biocompatible polyesters.’*7
Furthermore, these strained heterocycles are common in a number of biologically
active natural products,’® in which the p-lactone moiety is necessary for bioactivity.
One of these important natural product classes includes tetrahydrolipstatin and
valilactone which, along with other related natural products, have shown potent
activity as lipase inhibitors.”’

Despite the well-established significance of 3-lactones in synthetic chemistry, only
a few methods for their synthesis have been developed.’?7%787% Traditional methods
are still used, but recently the ring-expanding carbonylation of epoxides to -lactones
has received a good deal of attention.> Within epoxide carbonylation, two distinct
classes of reactions exist, which are treated separately in this section. The first utilizes
bimetallic catalysts comprised of a Lewis acid and a metal carbonyl anion, typically
[Co(CO),]~. These catalyst systems can either be formed in situ3! 333637 or prepared
as discrete complexes.?!267303435 I particular, the well-defined, bimetallic com-
plexes shown in Fig. 1 are highly active and selective catalysts for the carbonylation
of a broad range of epoxides to p-lactones. However, these catalysts are ineffective
for carbonylation of alkenyl epoxides.

The second class of epoxide carbonylations, which are specific for alkenyl-
substituted epoxides, relies on neutral metal complexes of palladium and iron and
operates through a different mechanism than the Lewis acid derived catalysts. Thus

R’ R! 2
7 LN R C:>
— N |roN= R! R? \Tf"“oo
t—Bu‘CgO/I\f\O@t-Bu R N R E o
+Bu L rBu R? RL T, R
L = THF Co(CO);~  L=THF R™ cocoy, Co(CO)4~
salphAl; M = Al TPPAL; M = Al R! = 4-CIC¢H4, R>=H Cp,Ti
salphCr; M = Cr TPPCr; M=Cr,R! =Ph, R?=H

OEPCr; M =Cr,R' =H, R2=Et

Figure 1. Well-defined, [Lewis acid]*[Co(CO),]~ Catalysts that are highly active for epoxide
carbonylation to form p-lactones.
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two complementary sets of substrates and metal reagents are available for epoxide
carbonylation to f-lactones.

MECHANISM AND STEREOCHEMISTRY

[Lewis Acid]t[Co(CO),]~ Catalysts

The mechanism of epoxide ring-expanding carbonylation to p-lactones has been
the subject of a number of studies employing a variety of methods and catalytic
systems.21’25’32~33’80 Though each [Lewis acid]*[Co(CO),]™ catalyst system has its
nuances, the general mechanism remains the same (Scheme 2). First, the Lewis
acid coordinates an epoxide, activating it for ring-opening nucleophilic attack by
[Co(CO),]~ at the less hindered carbon of the epoxide. This attack occurs in an
Sn2 fashion, with complete inversion of the stereocenter. The resulting cobalt alkyl
species 1 undergoes migratory insertion into a bound CO, followed by coordination
of another CO to the cobalt to give intermediate 2. Nucleophilic attack of the metal
alkoxide onto the cobalt acyl group of intermediate 2 closes the f-lactone ring and
releases catalyst to complete the cycle.

VR
N\ o 0
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)j \: L
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“Co(CO),
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N ~Co(CO), N O R
\ T+ \»‘+ o N\
[TAlT0 SprAlT ~Co(CO),4
1/ 5 / 5 X
NS j: NS
+S -S
N\ VR
N O N O
\ 1I—O ° Co(CO) \ ! (6] (CO)
A (] 4 Al— Col 4
’y Q o<
NP R \_—/{ NP R ; R
s Determmmg Step CcO S = Lewis basic solvent or substrate

Scheme 2

Detailed experimental investigations have been carried out on three specific cat-
alysts, which all feature a cationic aluminum atom as the Lewis acid.?!>>33 In the
presence of an epoxide and CO, these catalysts react rapidly to form intermediate 2,
the resting state of the catalytic cycle. Ring closing of intermediate 2 is the rate-
determining step for production of the f-lactone (Scheme 2). Formation of this resting
state complex and its subsequent reactivity are crucial in determining both catalyst
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activity?!:?> and product selectivity.?!>> The Lewis acidity of the catalyst component

determines the relative lability of the metal alkoxide bond, and thereby the ease of ring
closing; thus, selection of the Lewis acid component is crucial for efficient catalysis.
In addition, the Lewis acidity may be modulated by solvent coordination that weakens
the metal alkoxide bond and stabilizes the Lewis acidic cation, thus accelerating the
rate of ring closing. The importance of solvent coordination has been demonstrated
by kinetic experiments which show that for salphAl and TPPAI (Fig. 1), the reac-
tion displays a first-order dependence on the concentration of a donor solvent such as
THF: rate = k[epoxide]°[CO]°[catalyst]![THF]'. The practical implication of these
studies is that using THF as the reaction solvent greatly accelerates the carbonylation
of epoxides to p-lactones using salphAl* and TPPAI1.?!-8!

The general mechanism in Scheme 2 is believed to hold for all [Lewis
acid]*[Co(CO),]~ catalysts; however, some catalysts display slightly different
reactivity. In particular, the rate of carbonylation with salphCr slows in THF solvent.
In this case, THF may be too strongly donating, coordinating to the chromium center
in competition with the epoxide.'”

The Sy2-type ring opening of an epoxide by [Co(CO),]™ results in complete inver-
sion of the stereocenter adjacent to the inserted carbonyl. Thus, trans-disubstituted
epoxides are carbonylated to form cis-lactones (Scheme 2), and cis-disubstituted
epoxides are carbonylated to form trans-lactones (Scheme 3).26-28=30:34.36 Ring open-
ing of monosubstituted epoxides occurs with excellent site selectivity, with attack
occurring at the unsubstituted carbon. Because the more hindered stereocenter retains
its configuration, monosubstituted epoxides are carbonylated to the corresponding

B-lactones with excellent conservation of enantiomeric purity (Scheme 4).18:3433
N . 0
o] [LAT[Co(CO)4] 0
A + CO +
R R .
R© R
Scheme 3
. . 0
0 [LAT[Co(CO)4] 0
N+ co
R
R
er >99.5:0.5 er >99.5:0.5
Scheme 4

Rhodium, Iron, and Palladium Catalysts

A few examples of ring-expanding carbonylation of epoxides to f-lactones are
mediated by rhodium,*! iron,*#%-3! and palladium.?® These reactions likely proceed
by an alternative mechanism, as only epoxides with adjacent alkenyl or aryl groups
are reactive. In the case of rhodium-catalyzed carbonylation, styrene oxide is the only
substrate that forms significant amounts of the p-lactone, and CO is inserted adja-
cent to the aromatic ring (Scheme 5). Possible pathways have been proposed, but the
mechanism of this catalytic transformation remains unknown.*!
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O RhCI(CO)(PPhs), (cat.) L,Rh—0 Cco o
Ph Ph Ph
Scheme 5

The mechanism of the stoichiometric, iron-mediated carbonylation of alkenyl
epoxides has been established for the formation of 8-lactones,**>! and an analogous
mechanism is presumed for B-lactones. First, Fe(CO),, which is formed in situ
from either Fe(CO)s or Fe,(CO)y, reacts with an alkenyl epoxide to form an
isolable m-allyltricarbonyliron lactone complex as a 4:1 mixture of exo-isomer 3 and
endo-isomer 4 (Scheme 6).3° In both isomers the iron has site selectively inserted
into the carbon—oxygen bond of the epoxide adjacent to the alkene, thus forming
an allyl complex. Separation of the exo-isomer 3 followed by oxidation gives the
B-lactone in moderate yield as a single trans-diastereomer (Scheme 6), which
represents a net inversion of configuration from the cis-epoxide. Oxidation of the

endo m-allyltricarbonyliron complex 4 affords the cis-lactone.?%40-1
(6] (6]
O, Fe,(CO)y (stoich
AN R E, oo+ conre g
THF, rt,2 h 5
R R Rl\/{l‘\\/LRz Rl\/%\/LRZ
3 4
lCAN, EtOH, 1t, 2 h lCAN, EtOH, rt, 2 h
(6] (6}
) 2
RN TR? RIS R2
Scheme 6

The palladium-catalyzed ring-expanding carbonylation of epoxides is proposed
to occur via a mechanism similar to that of reactions that employ a stoichiometric
amount of iron. Epoxides bearing both aryl and alkenyl substituents are opened
with inversion of configuration at the carbon adjacent to the alkene, thus forming an
allyl-Pd complex that undergoes insertion of CO. The intermediate metallolactone
is not isolated and undergoes reductive elimination to form the p-lactone and
regenerate the catalyst (Scheme 7). However, it remains unexplained why only
phenyl-substituted epoxides are effective substrates for p-lactone formation, and
why palladium and rhodium exhibit different site selectivities.®

O

O
Q
L,Pd (cat.
/%\ + CcO +—T (cat.) O)J\Pd —_— j)j
Ph R pr” “Z R

R
Ph~ Y

Scheme 7
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SCOPE AND LIMITATIONS
[Lewis Acid]*[Co(CO),]~ Catalysis

Catalysts. Active catalysts for the carbonylation of epoxides to p-lactones
contain both a Lewis acidic component and a nucleophilic metal carbonyl. To date,
all of these catalyst systems have utilized [Co(CO),]~ as the metal carbonyl either as
a discrete complex or generated in situ.> On the other hand, a diverse family of Lewis
acids have been employed that have shown similar scope but significantly different
reaction rates. These Lewis acids can be either neutral or cationic. In general, in
situ generated catalysts using Lewis acids, such as BF;+OEt,,*® B(C¢Fs);,%¢ or
AlMe;*2*3 in combination with cobalt tetracarbonyl salts, show relatively low
activity (Scheme 8). The activity of these catalyst systems is in contrast to the
well-defined [Lewis acid]*[Co(CO),]~ complexes, which display high turnover
numbers (TON) and turnover frequencies (TOF).2!26730:35 Ag previously shown in
Fig. 1, these well-defined catalysts consist of aluminum?!?73%-35 or chromium?®-28:2
cations ligated by salen-type?®27-3035 or porphyrin®!282 ligands, with one example
of a titanocene cation.?* In each case, the counter anion is [Co(CO),4]~. Among
these well-defined catalysts, the porphyrin-based catalysts’’?® are generally the
most active for epoxide carbonylation (Scheme 8). The trade-off for well-defined
catalysts is that although they exhibit higher activity and selectivity, they typically
require a few steps to synthesize.

[(Ph3P),N]*[Co(CO)4] (4 mol %)
BF;*OEt, (4 mol %),

0 CO (60 atm) DME, 80°, 48 h 0O
A ROum 0
/
W\:W

OEPCr (0.03 mol %)
TOF =560 h™!
neat, 60°, 6 h

TOF=0.3h!

Scheme 8

A Lewis acid is necessary to activate the epoxide for carbonylation.?® In the cases
when [Co(CO),]™ salts with non-Lewis acidic cations, such as PPh,*, (n-Bu),N™,
or the coordinatively saturated Cp,Co*, are used, no carbonylation activity is
observed. Simple metal carbonyl catalysts such as Co,(CO)g produce small amounts
of B-lactone;>® however, this activity is proposed to result from the dissociation of
Co,(CO)yg in the presence of a Lewis base to form [LQCO(CO)3]+[CO(CO)4]_.82
This hypothesis is further supported by the observation that Co,(CO)g catalyzed
epoxide carbonylations are more efficient in Lewis basic solvents such as THF than
in the non-coordinating solvent benzene.3¢

Although a Lewis acid is required for activity, the use of strong Lewis acids can
reduce site selectivity in p-lactone formation. In one particular reaction,® use of
the highly Lewis acidic B(C4Fs); in place of BF;<OEt, for the carbonylation of
propylene oxide gives a 4:1 mixture of the expected B-substituted lactone and the
constitutionally isomeric a-substituted lactone (Scheme 9). Although trace amounts
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of a-substituted lactones are produced using the [Lewis acid]*[Co(CO),] ™ catalysts,
this generally accounts for <1% of the total conversion.

0 LPhsPENICOCONI (1mol %) ON o—°
L2 CO (60 atm), B(CgFs)s (1 mol %), h(“%) * LJ( (17%)

DME, 80°, 7 h

Scheme 9

Functional Group Tolerance. The carbonylation of epoxides catalyzed by
[Lewis acid]*[Co(CO),]~ complexes has a very broad functional group tolerance,
and in general all of the different catalysts are tolerant of the same types of functional
groups. Catalysts that are formed in situ with either boron- or aluminum-based Lewis
acids and cobaltate sources have demonstrated success for many alkyl-, alkenyl-,
and ether-substituted epoxides.’>333% The well-defined [Lewis acid]*[Co(CO),]~
catalysts, which display higher activities under milder conditions than their in situ
generated analogs, have been successful for the carbonylation of a broader range
of epoxides that includes esters, amides, aromatics, nitriles, halides, acetals, and
unprotected alcohols (Scheme 10).17721,23,26,28,29,34.35

O
0]
T "1 8
O
8 NMCZ
0]

salphCr (1-2 mol %
- R salphCr (172 mol %) (91%) (73%)
CO (7 atm),
DME, rt, 1-24 h O\]\»_?V o) (0] o O/>
(3T t%*
(99%) (99%) (99%)
Scheme 10

Some functional groups are not tolerated by Lewis acid derived catalysts. One
such functionality is the vinyl group, which in certain cases causes the catalysts to
be inactive. Substrates containing alkenes separated from the epoxide by at least one
carbon are active, but the attempted carbonylation of 3,4-epoxy-1-butene results in
a number of unidentified products.®> Amines are also not tolerated, as it is thought
that such strong Lewis bases likely bind irreversibly to the Lewis acid, precluding
epoxide coordination. Although they have not been examined, it is presumed that
epoxides tethered with other strong Lewis bases such as phosphines would likely
exhibit a similar lack of reactivity.

Glycidol and other epoxides with B-hydroxy groups are carbonylated exclusively
to y-lactones instead of f-lactones (see the y-lactone section). Glycidyl esters require
particularly mild reaction conditions to produce f-lactones. At room temperature or
40°, the B-lactone is produced efficiently and in good yield (Scheme 11).!8:2628 How-
ever, at reaction temperatures of 60° or higher, the p-lactone that is produced is not
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stable in the presence of the Lewis acid and undergoes a catalytic rearrangement to
the ring-expanded y-lactone (Scheme 11).28 This rearrangement is discussed further
in the y-lactone section of this chapter.

O,
40°,6 h 0 09%)
— (0] R o
o g
£2__0._R OEPCr(0.2-0.4 mol %) o
\[g CO (60 atm), neat
60°, 24 h (6]
R = Me, n-Pr, Ph R (99%)
(6] o R
Scheme 11

Epoxide Substitution. The number and configuration of epoxide substituents are
important factors for both conversion and product distribution. Because the ring open-
ing can occur at either of the two epoxide carbon—oxygen bonds, two constitutionally
isomeric products are always possible (Scheme 12). The ability to control the epoxide
ring opening is thus important for obtaining the desired f-lactone product. Because
nearly all of the known bioactive f-lactones are single constitutional isomers of trans-
1,2-disubstituted p-lactones,’’ site control in epoxide carbonylation is of particular
importance.

0 LAFICoCO  N—g o—"°
A + CO ————> or
R! R?
R! R? R! R?

Scheme 12

Monosubstituted epoxides are carbonylated with >100:1 selectivity for CO inser-
tion at the less-substituted carbon. An exception to this trend are aryl-substituted
epoxides such as styrene oxide, which insert CO into the more substituted C—O bond
to produce a-substituted p-lactones. It is believed that this opposite site selectivity
results from an Sy 1-like mechanism in which epoxide ring opening occurs to form a
stable benzylic carbocation that is then trapped by [Co(CO),]~ (Scheme 13).2!

- - 0
O [LA]+[C0(CO)4] (cat.) + O-LA co o
A @ S

Ar Ar Ar
Co(CO)4~

Scheme 13

The carbonylation of 1,1-disubstitued epoxides is complicated by the production
of constitutional isomers. Although the unsubstituted site is more sterically accessi-
ble to an Sy 2-type ring opening, the disubstituted carbon is able to effectively sustain
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a partial positive charge upon activation by the Lewis acid (Scheme 14). Thus, ring
opening occurs at both sites and a mixture of constitutionally isomeric p-lactones
is formed. To date, attempts to produce either o,a- or B,-dimethyl p-propiolactone
cleanly from 2-methyl-1,2-epoxypropane have proven unsuccessful. Attempts to car-
bonylate trisubstituted and tetrasubstituted epoxides using Lewis acid based catalysts
have resulted in mixtures of unidentified products, possibly resulting from an analo-
gous Sy 1-type ring opening at the geminally disubstituted carbon.

LA, .

N (0)
S S 1
0 [LAT*[Co(CO)4]™ (cat.) “Co(CO major
Q( + CO B, B-dimethyl (normal product)
LA\ 0O
(0)
Syl \_< . (0]
— r‘/ —_—
“Co(CO)4 minor
o,0-dimethyl (reverse product)
Scheme 14

Lewis acid derived catalysts are effective for the carbonylation of 1,2-disubstituted
epoxides. The reaction occurs with inversion of configuration at the carbon adjacent
to the inserted CO. cis-1,2-Disubstituted epoxides are typically carbonylated faster
than their frans-analogs, a result of a faster ring closing due to less steric repulsion
while forming the frans-f-lactone ring. 1,2-Disubstituted epoxides are not carbonyl-
ated with site selectivity. Thus, in the carbonylation of unsymmetrically substituted
epoxides, the two isomers are formed in an approximately 1:1 ratio as shown by the
carbonylation of trans-2,3-epoxyoctane (Scheme 15).%!

TPPAI (0.2 mol %), 0 O
0 CO (60 at
s D = T s ¢
n-CsH,, THF, 60°,6 h “n-CsHy; n-CsHy;

= 1:1
(—) 99% by '"H NMR

Scheme 15

Alicyclic epoxides present a special case of 1,2-disubstituted epoxides. For
epoxides fused to rings with at least eight atoms, the carbonylation proceeds in
the usual manner, in that cis-epoxides are converted into frans-lactones.?6-28:2
Epoxides fused to smaller rings, however, do not produce the expected p-lactones.
Cyclohexene oxide does not produce any carbonylated product; the expected
trans-[4.2.0] bicyclic p-lactone is not stable because of high ring strain.’® The
carbonylation of cyclopentene oxide with OEPCr does produce a f-lactone, though
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it is not the expected trans-product. Instead, only the more stable cis-f-lactone is
observed, and it is proposed that the mechanism involves a carbocation intermediate
(Scheme 16).28

o)
T . s (—) 99% by '"H NMR

O OEPCr (0.4-1.0 mol %) n=2
@ CO (60 atm), neat, 60°
n

(—) 99% by '"H NMR

Scheme 16

Reaction Conditions Reaction Solvent. In all of the epoxide carbonylation
systems, the solvent is a significant factor for both reaction rate and product ratios.
Some of the carbonylation systems have been studied in great detail, and the mech-
anistic role of solvent is well-understood;2!"?> in other systems the solvent effects
are simply empirical. Several catalysts have been demonstrated to work efficiently
in the absence of solvent,?®2%33 which permits relatively simple isolation of the neat
B-lactones from catalyst residue. Solvent-free reactions are, however, more prone to
produce poly(p-lactone)s, common side products observed at high temperatures when
reactions are run to complete conversion. The use of solvent generally eliminates this
oligomerization.?!

Solvents significantly affect the rate of reaction. This effect has been most
thoroughly studied with the [Lewis acid]*[Co(CO),]” catalysts. For most of
these catalysts, ethers are optimal solvents, with more strongly donating ethers
generally increasing the rate of carbonylation.>> For example, the carbonylation of
1,2-epoxybutane to p-valerolactone is nearly twice as fast in THF as the analogous
reaction in any other ethereal solvent. This effect has been attributed to donicity
rather than polarity, as the hindered solvents 2-methyl-THF and 2,5-dimethyl-THF%*
do not facilitate the carbonylation as well as THF,> despite their similar polarities.
This solvent trend is reversed for one catalyst, salphCr, as THF actually diminishes
the carbonylation rate significantly.!® For this particular catalyst, more weakly
donating ethers such as DME, dioxane, or 2,5-dimethyl-THF are optimal solvents.
The rate of carbonylation of 1,2-disubstituted epoxides by any of the [Lewis
acid]*[Co(CO),]~ catalysts is also retarded by the use of donating solvents such as
THEF. In both of these cases, it is believed that THF binding to the Lewis acid inhibits
epoxide coordination and activation, thus reducing the rate of carbonylation.

Solvent also affects the rate of formation of side products. Succinic anhydrides
can be formed with most [Lewis Acid]*[Co(CO),]™ catalysts as a result of subse-
quent carbonylation of the -lactone product (see below). The formation of anhydride

&
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is negligible with donor solvents such as THF, but in less polar solvents such as
dioxane, the p-lactone product is rapidly converted into an anhydride. For example,

using TPPAI and the proper reaction solvent, either f-lactone or succinic anhydride
can be formed with >100:1 selectivity (Scheme 17).2!

TPPAI (0.01 mol %), o
CO (60 atm) tolv 91%)
THF, 60°, 6 h
% TPPAI (0.4 mol %),
o
CO (60 atm) 0 0 (80%)
dioxane, 90°, 3 h

Scheme 17

Some solvents are not practical for epoxide carbonylation using Lewis acid derived
catalysts. Noncoordinating and nonpolar solvents such as hexanes do not lead to
[-lactone formation. The poor activity in hexanes has, however, been exploited for the
development of a carbonylative multicomponent coupling reaction involving epox-
ides that is discussed later in this chapter.>> Alcohol solvents are also not practical
as the alcohol can react with the ring-opened cobalt acyl to form a f-hydroxy ester
(Scheme 18).57 Other solvents, including CH,Cl, and MeCN, inhibit carbonylation
and are thought to react with either the cobaltate anion or the Lewis acid.

Coy(CO)s (5 mol %),

LA
0 CO (1 atm) o O - . M (88%)
MeOH, 1t, 24 h (0C):Co 3 MeO
MeOH
Scheme 18

CO Pressure. Lewis acid derived epoxide carbonylation catalysts generally
require at least 14 atm of CO for efficient carbonylation, and most examples use
50-60 atm. Although the reaction is zero-order in CO, at lower CO pressures it is
proposed that diffusion of CO into solution may become rate limiting. Furthermore,
low concentrations of CO in solution coupled with higher temperatures result in the
non-carbonylative rearrangement of epoxides to ketones (Scheme 19). It is believed
that ketones are produced through a f-hydride elimination from intermediate S
followed by protonation of the metal alkoxide to form an enol; tautomerization
forms the ketone and the catalyst is regenerated.’0> Because intermediate 5 is in
equilibrium with the CO-inserted species 6 and higher pressures of CO shift the
equilibrium towards intermediate 6,8 CO pressures greater than 14 atm are often
used to produce p-lactones cleanly without ketone contamination.

&
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[LAT*[Co(CO)41~
¢ >/ \< -

+ HCo(CO)
Co(COY, LA. /& 4

k oo

Scheme 19

Epoxide carbonylation can be performed under pressures of CO as low as 1 atm.
However, to avoid rearrangement to ketones, a sufficient concentration of CO must
be maintained in solution. This is accomplished by running the reactions at lower
temperatures and with solvent, thus decreasing the rate of CO consumption. High
selectivity at low CO pressure was first demonstrated with SalphCr.2® At 7 atm of
CO, several functionally diverse epoxides are carbonylated to f-lactones with com-
plete conversion and 99% selectivity (1 mol % of salphCr, TOF = 33-100 h™')
(Scheme 20). When the pressure is dropped further to 1 atm, the carbonylation takes
6 hours to complete (2 mol % of salphCr, TOF = 8 h™!) and small quantities of a
ketone (generally <5%) are produced.® Under these reaction conditions, carbonyla-
tion of epoxides can be performed in standard glassware, in contrast to the stainless
steel reactors required for carbonylation reactions performed at high pressure.

salphCr (1 mol %), CO (7 atm) ~ ©.
0 (99%)
DME, tt, 1 h

salphCr (2 mol %), CO (1 atm) 0 o o)
3
DME, 1t, 6 h tﬂv 97%) + )J\/ (3%)

Scheme 20

Catalytic Reactions Using Rh and Pd, and Stoichiometric Reactions Using Fe
Complexes

Relatively simple, commercially available transition-metal complexes of rhodium,
palladium, and iron have demonstrated activity for the carbonylation of aryl and vinyl
epoxides to form f-lactones. For example, the carbonylation of vinyl epoxides to
B-lactones proceeds using catalytic amounts of Pd,(C,H;),Cl,* or stoichiometric
amounts of Fe(C0)5**>! and Fe,(CO),y.>” These metal complexes are only viable
with vinyl epoxides because, as has been discussed previously, the mechanism of
carbonylation requires alkene coordination followed by ring opening to produce a
n-allyl complex. Furthermore, yields of -lactone are generally low due to formation
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of side products including ring-expanded 8-lactones,*>! B- and §-hydroxy esters,®
and 1,3-dienes which result from decarboxylation of the p-lactone product.®® The
carbonylation of styrene oxide and propylene oxide to the respective [3-lactones has
been reported using RhCl(CO)(PPh3)2.4]

Functional Group and Substitution Tolerance. Few studies have examined the
functional group tolerance of vinyl epoxide carbonylations. Iron-mediated carbonyla-
tions have been performed primarily with alkyl-substituted vinyl epoxides,**->! with
one isolated reaction of a hydroxyl-substituted epoxide, albeit in low yield.>° To test
whether the hydroxyl group was the cause of the low yield, the alcohol was protected
as an acetate and the yield improved nearly two-fold. Palladium-catalyzed carbonyla-
tions of vinyl epoxides have an equally narrow functionality tolerance, as only alkyl-
and ether-substituted epoxides are viable substrates.33

The carbonylation of vinyl epoxides by iron or palladium is compatible with highly
substituted epoxides and, unlike the case of Lewis acid catalyzed carbonylation, vinyl
epoxide carbonylation is perfectly site selective for CO insertion at the allylic carbon.
Therefore, mono-, di-, and trisubstituted epoxides are all suitable substrates and pro-
duce a single p-lactone product. Iron-mediated carbonylations are equally compatible
with terminal and internal alkenes.*” The substitution on the alkene is important for
Pd-catalyzed carbonylations, in that terminal vinyl epoxides react with the solvent
to produce d-hydroxy esters, whereas epoxides with internal alkenes produce some
B-lactone (Scheme 21).38

= )OHW/
CO,Et  (69%)
Pds(C4H7),Cl, (5 mol %), Ph”
[0) CO (30 atm), NaBr
phWR i-Pr,NEt, EtOH, 1t, 12 h o
R = CH,OMOM 0
T _ (14%) +
OMOM
OH
CO,Et
Ph)v/\[ U (2%
OMOM

Scheme 21

Reaction Conditions. The choice of reaction solvent has a dramatic effect on
the product distribution. For example, the Fe(CO); mediated carbonylation of vinyl
epoxides can form both f- and d-lactones from the same intermediate. The tricar-
bonyliron lactone intermediate complex 7 is oxidized with ceric ammonium nitrate
(CAN) to induce lactonization (Scheme 22). When this oxidation is performed in
acetonitrile, the B-lactone is formed as the major product. However, when the reac-
tion solvent is aqueous ethanol, no f-lactone is formed and the &-lactone is the only
product observed.*?
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0 (0]
CAN 0 , 0
MeCN, 1t, 16 h Pz
O
O Fe(CO)s5 (7.2 equiv) 0J< (42%) (16%)
Fe(CO); |
benzene, hv, rt, 6 h . /
O
7 CAN 0
EtOH (aq), rt Pz
(38%)
Scheme 22

The CO pressure required for the carbonylation of vinyl epoxides varies greatly
depending on the particular catalyst system. The stoichiometric carbonylation of
vinyl epoxides mediated by iron carbonyl compounds, either Fe,(CO)y or Fe(CO)s,
does not require CO.3*40 In these reactions, the CO that is incorporated into the
p-lactone comes from the iron reagent. On the other hand, palladium-catalyzed
carbonylations of vinyl epoxides do require CO. Thirty atm of CO is the optimal
pressure when Pd,(C,H;),Cl, is used as a catalyst, although even under these
conditions, 1,3-dienes are the major products formed due to decarboxylation.38

APPLICATIONS TO SYNTHESIS

(—)-Valilactone

Valilactone is a p-lactone-containing natural product belonging to the family of
biologically active natural products that includes tetrahydrolipstatin (THL) (Scheme
23).86 Both compounds are potent lipase inhibitors. In fact, THL is the active
compound in the pharmaceutical Xenical, which is marketed for the treatment
of obesity.®” Because both of these natural products contain a f-lactone, they are
attractive targets for demonstrating the effectiveness of epoxide carbonylation as
a route to produce f-lactones. (—)-Valilactone has been synthesized using epoxide
carbonylation to install the p-lactone functionality. Although the 26% yield for the
carbonylation step is disappointing, (—)-valilactone is prepared in 9% overall yield
from the vinyl epoxide through two further straightforward steps (Scheme 23).3°
This method would likely be useful for the synthesis of other members of this natural
product family, including THL.

COMPARISON WITH OTHER METHODS

Although the first synthesis of p-lactones was reported in 1881,38% for many years
there were relatively few methods for the synthesis of these strained heterocycles.”?
Recently, however, renewed interest in synthetic methods for f-lactones has stemmed
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1. Fe5(CO)g (1.6 equiv),
0 OH THF, 2 h O OH

W,,-CSHH 2. CAN, EtOH, rt, 2h

n-Bu n—Bu/\\“. I’l-C5H|]
(26%)
1. N-Cbz-L-valine, BHOZCHN
DCC, CH,Cl,, 0°, 15min 1. Hy, Pd/C
2. DMAP, DMF, rt, 4h OEO‘\/OK (0] 2. AcOCHO, CH,Cl,, 23h
n-Bu” N n-CsHy,
(56%)

iy ? 1y ?
HN HN,
n—Bu/\“‘. n-CsHy, st o n-C1Hps

(-)-valilactone (—)-tetrahydrolipstatin
Scheme 23

from the fact that this moiety is present in a number of biologically active natu-
ral products.”® Moreover, the ring-opening polymerization of p-lactones produces
biodegradable polyesters with potentially important biomedical applications.” Other
than epoxide carbonylation, the two most common methods for the synthesis of -
lactones are the ring closing of carboxylic acid derivatives and the [2+2] cycloaddi-
tion of ketenes and carbonyl compounds.’?

Ring Closing of p-Halo Carboxylic Acids

Base-catalyzed ring closing of p-halo carboxylic acids produce p-lactones with
inversion of configuration at the carbon bearing the halogen.”® This was the first
known method for B-lactone preparation,®® and it is generally performed in aque-
ous media, though examples in organic solvents exist. Although some substrates are
efficient ring-closing precursors, this method is limited by the deleterious elimination
of HX and CO, to form alkenes (Scheme 24).°! Because more efficient ring-closing
methods have been developed, and particularly ring closing of f-hydroxy carboxylic
acids, lactonization from p-halo carboxylic acids is rarely used.

Cl 0
(0] —
acetone
CONa ~3h (12%)  + Q/j (88%)
cl
Br

Cl

Scheme 24
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Ring Closing of -Hydroxy Carboxylic Acids

The synthesis of f-lactones by ring closing of hydroxy acids requires activation of
either the hydroxy functionality or the carboxylic acid. By the use of standard Mit-
sunobu conditions,’ the hydroxy group can be activated by Ph,P for attack by the
carboxylate, producing p-lactones with inversion of configuration at the hydroxyl-
substituted carbon (Scheme 25).93%* Unfortunately, 2,3-disubstituted hydroxy acids
are not suitable for Mitsunobu cyclization because they are prone to undergo elim-
ination to form alkenes (Scheme 26),% as is the case with -halo carboxylic acids.
Furthermore, for certain substrates, Mitsunobu activation of the hydroxyl group is
competitive with activation of the carboxylic acid by PhyP. Because carboxylic acid
activation results in a f-lactone with retention of configuration, whereas hydroxyl
activation results in inversion, this mixture of intermediates produces both diastere-
omers of the p-lactone product (Scheme 26).%

0
HO,C  OH Ph;P, DEAD E) R=H (60%)
ChsRN THF, —78° R R =Bn (71%)
Scheme 25
Ph3P+7O C027 0 0 —
B - * Et 1-Bu
Et -Bu Et +-Bu
HO  CO,H PhsP, DEAD - - (44%) (12%)
E(  Bu THF, rt r ] o
O CO,*PPhs O
Ef  rBu B -Bu
- - (44%)

Scheme 26

To avoid these problems, selective activation of the carboxylic acid portion of the
hydroxy acid is commonly employed, most often using an arenesulfonyl chloride.®’
The latter produces p-lactones in good yields with retention of configuration at the
hydroxyl-bearing carbon (Scheme 27).°® Furthermore, this ring-closing method is
compatible with diversely substituted hydroxy acids.

HO  CO.H O SO,Ph 0
B 'd'PhSoO 23C51 16 h HOLQLO O\j( O4%)
ridaine, U—. N K N
-Bu Ph Py Be Ph -Bu Ph
Scheme 27
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[24+2] Cycloaddition of Ketenes and Carbonyl Compounds

Ketenes have been shown to react with a wide range of carbonyl compounds,
which makes this cycloaddition a versatile synthetic method.”®!%” One of the most
challenging aspects of the [24+2] cycloaddition method for the synthesis of B-lactones
is the generation of ketenes. Only a few ketenes are stable, and most are known
to dimerize and react readily with water; 19! therefore, most ketenes are generated
in situ (Scheme 28).1927104 Ketenes are most commonly generated through the
dehydrohalogenation of acid chlorides,'®>1% though other methods have also been
successful. 107108

R O
OAc OAc } < 0
Cl Et;N (0]
2 . + g
0 - : -~Ph
(0] —\ OAc
O

Scheme 28

Although many [242] cycloaddition reactions occur spontaneously due to the high
reactivity of ketenes, some require a catalyst to efficiently produce p-lactones. Rela-
tively stable ketenes, such as trimethylsilyl-substituted ketenes, often undergo Lewis
acid catalyzed cycloaddition with aldehydes (Scheme 29),'% as the Lewis acid effec-
tively activates the aldehyde toward attack.!'” Alternatively, Lewis bases have been
used to activate the ketene for attack of the aldehyde; tertiary amines are common
catalysts for this purpose.'!!

0
— 1. MeLi, TMSCI, 0° ’.L BF;+OEt,, o
2. 120°, overnight neat, 20°,0.3 h TMS
(65%) (90%)

Scheme 29

A large body of work describes the enantioselective synthesis of B-lactones by
[2+2] cycloaddition.!0%!11=118 Both chiral Lewis acids and Lewis bases have been
shown to successfully catalyze the enantioselective addition, and each has its advan-
tages and disadvantages. The reaction of ketene with chloral is catalyzed by the
cinchona alkaloid quinidine, a naturally occurring chiral Lewis base (Scheme 30).!1?
Unfortunately, this method is successful only for the highly activated aldehyde chlo-
ral, but this innovation inspired further exploration into asymmetric -lactone syn-
thesis through Lewis base catalyzed [2+2] cycloaddition.!'':!13:11% An example is a
tandem cinchona alkaloid—Lewis acid catalyzed reaction that is both highly enan-
tioselective and active for non-activated aldehydes (Scheme 31).192 Enantiomeric
ratios range from 92.0:8.0 to 99.5:0.5, and both enantiomers of the p-lactones can
be obtained through the proper choice of the cinchona alkaloid catalyst.
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MeO
O

0 0
J o+ Ji (89%) er 99.0:1.0
ClI3C H toluene, —50°

H H ClLC

Scheme 30

(o)
TMSq 0
EEEEE—— (71%) er 97.5:2.5

t-Bu
)OJ\ . i LiCIOy, i-Pr,NEt
cl H™ “t-Bu  CH,Cly/EtOH, —78°

O,

TMSq = O-trimethylsilyl quinine TMSQ tO .

TMSQ = O-trimethylsilyl quinidine -, (71%) er98.0:2.0
‘t-Bu

Scheme 31

Chiral Lewis acids have been explored for enantioselective [2+2] cycloaddi-
tion of non-activated aldehydes, but they have not shown the high selectivities
associated with the base-catalyzed reactions discussed above. Examples include
bis(sulfonamide) aluminum catalysts 8 (Fig. 2)'!'>!1 and TADDOL titanium
complexes 9 (Fig. 2),''7 but the enantiomeric purity of the p-lactone products is
only moderate. Lewis acid catalyzed reactions do not, however, suffer from reduced
activity when non-activated aldehydes are used, so more diverse j-lactones can be
prepared.!:118

SOAr Ph. Ph
Pho N o—""0.
AIEt >< JTiCl,
N 0 0
Ph \ <
SO,Ar Ph" Ph
8 9

Ar = 3,5—(CF3)2C(,H3

Figure 2. Chiral Lewis acids employed in the enantioselective [2+2] cycloaddition of ketenes
and aldehydes.
EPOXIDE CARBONYLATION TO y-LACTONES

The y-lactone core commonly appears in natural products,''® many of which
exhibit bioactivity attributed to this functionality.!”® Butenolides, a class of
unsaturated y-lactones, have been the focus of much research, and their synthesis
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and reactivity have been reviewed.'?! =123 y-Lactones are arguably the most easily
synthesized type of lactones due to their low ring strain. As such, there are a multi-
tude of possible synthetic methods,'?*!?> and even within epoxide carbonylation, a
number of diverse routes to y-lactones are known.?8:4243

MECHANISM AND STEREOCHEMISTRY

Carbonylation of Glycidols

The mechanism of glycidol carbonylation has not been studied in detail, as the
active catalytic species are not well-defined for most systems.*>*3 One common
feature is that all catalysts contain a cobalt carbonyl compound. Most systems are
believed to react via similar pathways, and a general mechanism is presented which
illustrates the important steps in the reaction (Scheme 32). First, the epoxide ring is
opened by cobalt at either the less-substituted (R = H) or benzylic carbon (R = Ph).
Insertion of CO forms intermediate 10, and then nucleophilic attack of an alcohol or
alkoxide on this acyl ligand forms the lactone. Selectivity for y-lactone is dictated by
the presence of a nucleophilic oxygen in the y-position. Closing from this alcohol to
form a five-membered ring is highly favored over closing from the epoxide oxygen
to form a strained f-lactone. Post-carbonylation dehydration of the product yields
o,B-unsaturated-y-lactones (Scheme 32).4%43 In one system, further carbonylation of
the y-lactone is possible; however, the mechanism of this transformation is unclear.*3

LA LA
O gy [LATTCOCOLT () ? o <O o 9 o
R/L\/ 4 OW (CO)4C0)H)\/
R =H, Ph R R
10
o) o)
peER
R OH R
Scheme 32

Carbonylation of Glycidyl Esters

If the alcohol of glycidol is protected, then epoxide carbonylation proceeds with
[Lewis acid]*[Co(CO),]™ catalysts to form the expected p-lactones (Scheme 33).
However, in the specific case of glycidyl esters, the product f-lactone can undergo an
in situ Lewis acid catalyzed rearrangement to a y-lactone (Scheme 33). The proposed
mechanism involves coordination of the -lactone to the Lewis acid catalyst, activat-
ing it for ring-opening attack by the ester carbonyl, which proceeds with inversion
of configuration to form an intermediate 1,3-dioxolanyl cation. Ring closing of the
carboxylate reforms the ester and the expanded lactone.?

&
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LAJ*[Co(CO),]" (cat. [LATY
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0
o
LA-Qf 0
-0 LA O\ Oﬁ
0 o]
ox =
hig 0 o4
0 0 R

Scheme 33

Double Carbonylation of Styrene Oxides

In epoxide carbonylation reactions, aryl epoxides typically ring open such that the
cobalt is bound to the benzylic carbon. Double carbonylation of styrene oxides is
unique in that two molecules of CO are inserted adjacent to one another in the ring.
Although migratory insertion of CO into a cobalt alkyl bond is facile, a second inser-
tion of CO into cobalt acyl 11 is not observed.'?® However, the aryl group helps to
stabilize tautomerization to enol 12, which is more electron-donating and thus allows
insertion of CO.'?” Once the second CO is inserted, ring closing can occur, forming
a y-lactone (Scheme 34).44

o AcO AcO,
AcCo(CO)4 CO CO)4Co,
/A . (CO)4
Ph (OC)4Co
Ph O Ph
11
AcO O OAc 00
(CO)Co, ) Co (CO)4C04/g_2 — AcCo(CO)4 p
HO  Ph HO  Ph HO Ph
12
Scheme 34

Carbonylation of Epoxides with Ynolates

Unlike most epoxide carbonylations, this method does not employ a catalytic
amount of cobalt to sequester CO. Instead, CO is trapped by a stoichiometric amount
of an organolithium compound and is converted into a reactive ynolate, which then
undergoes a ring-expanding reaction with an epoxide. A relatively straightforward
mechanism has been proposed (Scheme 35). First, trimethylsilyldiazomethane is
deprotonated with BuLi and is exposed to CO, forming a highly reactive acyllithium
reagent that rapidly loses nitrogen to form a silylethynolate. In the presence of a
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Lewis acid, this ynolate ring opens an epoxide, unmasking a ketene, which readily
closes to a five-membered ring. Protic workup provides the y-lactone product.®’

N /8\
2
N, T . ) R R
T +co T™S i TMS——OLi ——
T™S ™ Li MesAl
0
0
OLi LiO—-O~ R - 0=O~~R 0O~ R
e I e
e R : T™S R T™S R ™S R
Scheme 35

Nucleophilic attack of the epoxide always occurs at the carbon of the ynolate and
opens the epoxide with inversion of configuration at this site. Thus, cis-epoxides
are carbonylated to frans-lactones (Scheme 35) and frans-epoxides to cis-lactones.
This reaction is highly site selective and stereospecific with regard to ring opening
of the epoxide; however, the orientation of the silyl group is less controlled and is
determined by the protonation step (Scheme 35). One diastereomer typically pre-
dominates, and its yield can be increased through the use of a bulky proton source,
but the configuration at this center has not been definitively established.*3

SCOPE AND LIMITATIONS

Although a number of routes to y-lactones via ring-expanding carbonylation of
epoxides exist, the scope of these methods has remained largely unexplored. For each
method just a handful of examples are known. Extending these reactions to more
general syntheses of y-lactones remains to be explored.

Carbonylation of Glycidols

The parent glycidol is readily carbonylated to afford good yields of 3-hydroxy-
y-lactone using cobalt carbonyl catalysts, with or without a well-defined Lewis acid
(Scheme 36).>%?> Substituted glycidols also give the desired products, although the
yields are generally lower and often poor in the case of aryl-substituted epoxides.*?
Although only alkyl and aryl substituents have been reported, it is expected this reac-
tion may also be tolerant of a range of functional groups similar to that seen for epox-
ide carbonylation to p-lactones. Further research is required to examine the broader
applicability of this method to the synthesis of substituted 3-hydroxy-y-lactones.
Alternative products may also be formed by in situ dehydration of the hydroxy lactone
to give the o,f-unsaturated-y-lactone (Scheme 36).4?
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CO4(CO)12 (03 mol %), o 0.
CO (200 atm)
(87%)
DME, 120° 8 h
o OH

LA _OH ——

1. Cog(CO);5 (0.7 mol %),
CO (270 atm) 090
(89%)
THF, 100°, 8 h @

2. polyphosphoric acid

Scheme 36

Carbonylation of Glycidyl Esters

Glycidyl esters are a distinctive class of protected glycidols that form p-lactones
upon carbonylation but, due to a pendant ester group, readily rearrange to form y-
lactones. The Lewis acid promoted rearrangement of glycidyl esters is observed with
all [Lewis acid]*[Co(CO),]~ catalysts at elevated temperatures. Functional group
tolerance is essentially the same as for carbonylation to f-lactone (see above), but
a P-alkanoate substituent is required. The reaction is both stereospecific and nearly
quantitative. Lower reaction temperature (40°) results in formation of p-lactone with-
out rearrangement (Scheme 11), but higher temperatures and longer times cause com-
plete rearrangement to the y-lactone product (Scheme 37).28

0 00
Lo OEPCr (0.2 mol %), CO (60 atm)
Y O (99%)

o neat, 60°, 24 h 0/<
Scheme 37

Double Carbonylation of Styrene Oxides

Only two examples of this transformation are known; thus, the scope of the reac-
tion has not been explored. The primary substrate requirement is that epoxides must
be able to form the relatively stable enolate intermediate 12 (Scheme 34) that is
required for the insertion of a second molecule of CO.!?” Styrene oxide gives a
moderate yield of y-lactone (Scheme 38), but only a 34% yield is obtained with f-
methylstyrene oxide.**

Co,(CO)g (2 mol %), CO (1 atm), o

0 CTAB (2 mol %), Mel (2.5 equiv 0
0 (2 mol %), Mel (2.5 equiv) ) s

NaOH , b ,1t, 12 h
Ph aOH (aq), benzene HO Ph

Scheme 38

Carbonylation of Epoxides with Ynolates

This reaction is a unique method for the incorporation of CO into an epoxide,
as CO is sequestered by an organolithium reagent rather than a transition metal. This
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method has the advantage of being able to produce fused ring systems in a stereo- and
regiospecific manner. Thus far, the substrate scope only includes di- and trisubstituted
epoxides with alkyl and alkenyl substituents which form the product in good yield, but
as a mixture of two diastereomers that were not separated (Scheme 39).% To increase
the general utility of this reaction, further studies are required to extend this method
to monosubstituted and more functionally diverse substrates.*> Although the reaction
has only been demonstrated to form 2-trimethylsilyl y-lactones, the silyl group can
be used as a reactive functional group for further synthetic transformations.'28~131

1. n-BuLi, THF, -78°, 1h  TMS T™S g
N, 2.CO (1 atm), 2 h H :

+
TMS)J\H o@ © 0 © o
3. 0N MesAl 2T (75%) :

THF, -78 t0 20°, 12 h

Scheme 39

COMPARISON WITH OTHER METHODS

Unlike for strained p-lactones, there are a multitude of methods for the synthesis
of y-lactones, and this topic has recently been reviewed.!?* A comprehensive discus-
sion of the many other methods is beyond the scope of this work; thus, only very
general methods and those that form the same products as ring-expanding epoxide
carbonylation are covered.

The simplest method of forming a y-lactone is the intramolecular condensation
of a y-hydroxy acid. This type of reaction is not limited to hydroxy acids, and
may be extended to a very general ring closing involving any molecule containing
an acid and a leaving group in the y-position, or containing a y-alcohol and a
carboxyl equivalent (Scheme 40). There are numerous examples,'”* and some
common variations of these ring closings include Mitsunobu lactonization,”? halo
lactonization,'3? as well as addition of activating agents such as trifluoroacetic
acid'® or N,N'-dicyclohexylcarbodiimide'3* to y-hydroxy acids. Alternative syn-
theses include the ring-expanding Baeyer-Villiger oxidation of cyclobutanes,'??
reduction of succinic anhydrides,'? and oxidative coupling with furans.!37-138

o) Y

Y/Z = carboxyl equivalent

Scheme 40

Of particular relevance to glycidol carbonylation is the synthesis of 3-hydroxy
y-lactones via asymmetric dihydroxylation'?® of a f,y-unsaturated ester, followed by
spontaneous lactonization (Scheme 41).'4° This versatile method produces y-lactones
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with good yields and enantioselectivities, and the starting material is readily available

through a modified Knoevenagel condensation.'#!
0 AD-mix-B, MsNH, Oﬁ-“‘"-Bu
92% 98.5:1.5
M COJW\"-B“ +-BuOH, H,0, 0°, 36 h o (92%) ex

Scheme 41

y-Lactones can also be made through non-carbonylative ring expansion of epox-
ides by incorporating C, fragments in a method comparable to epoxide coupling with
ynolates. For example, the sodium salt of diethyl malonate opens an epoxide to give
an intermediate that then closes to form a y-lactone (Scheme 42).14

HN’BOC
O H 0
0 o NaOH 0
N« Bn
+ 90%
L\( Boc EtO)J\/U\OEt EOH. 1t (90%)
Bn (6]
EtO
Scheme 42

Palladium-catalyzed carbonylations of alkenols'** and alkynols'** also produce
y-lactones (Scheme 43). Although this method provides an alternative carbonyl-
ation route, yields are variable depending on the substrate substitution pattern.
Ring-expanding carbonylation of oxetanes, the four-membered analogs of epoxides,
with a [Lewis acid]*[Co(CO),]™ catalyst yields nearly quantitative conversion to
y-lactones.’*%7 However, the utility of this route is diminished as methods for the
synthesis of substituted oxetanes are limited.

PdCL, CO (8 atm) o 0
(85%)
SnCly, BusP, 75°, 6 h

Scheme 43

N\ 3

Ring-expanding carbonylation of epoxides is a viable method for the synthesis of
y-lactones, and it has the advantage of employing readily accessible starting materials
that can be made with high enantiomeric purity. However, this method has not yet
demonstrated applicability to a broad range of substrates or to the synthesis of larger,
more structurally and functionally complex molecules, for which numerous other
synthetic pathways exist. Because of the mechanism of lactone formation, the scope
is limited to a handful of specific product substitution patterns (2-silyl, 3-hydroxy,
3-alkanoxy, 2-hydroxy, 3-aryl, and o,fB-unsaturated y-lactones). For these particular
product classes, epoxide carbonylation is an efficient and effective synthetic method
and more research in this area is warranted.
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EPOXIDE CARBONYLATION TO 3-LACTONES

The &-lactone functionality is also ubiquitous in synthetic chemistry as both a
vital intermediate as well as an important synthetic target.'*> The two classes of
O-lactones that are accessible through epoxide carbonylation include 3-hydroxy d-
lactones and a,fB-unsaturated d-lactones. These products are particularly important
because of their dense functionality as well as their prevalence in biologically rel-
evant natural products. 3-Hydroxy &-lactones are most prominent in the class of
HMG-CoA reductase inhibitors known as statins, which are among the most potent
cholesterol-lowering drugs available.'4*147 The a,f-unsaturated 8-lactone motif, on
the other hand, is one of the most commonly occurring lactone frameworks in nat-
ural products.!'® These lactone scaffolds occur in bioactive natural products includ-
ing antiproliferative agents, immunosuppressants, and enzyme inhibitors.!*® Epoxide
carbonylation offers a versatile route to a diverse set of important d-lactones that are
difficult to access through other straightforward means.

MECHANISM AND STEREOCHEMISTRY

The mechanism for the carbonylation of epoxides to 8-lactones varies according
to the particular epoxide substrate and catalyst system. All of these carbonylation
reactions can be divided into two main categories, consisting of reactions employing
homoglycidol substrates and carbonylations of vinyl and alkynyl epoxides. Because
the catalyst systems and mechanisms for these two substrate classes are significantly
different, each is discussed in turn, and vinyl and alkynyl epoxides are treated sepa-
rately due to their mechanistic differences.

Carbonylation of Homoglycidols

Homoglycidols are effectively carbonylated to form 3-hydroxy &-lactones using
[Co(CO),]~ based catalysts.>* The key to efficient catalysis is the selectivity for
the formation of d-lactone over P-lactone, as both potential products are formed
from a common intermediate (Scheme 44). The initial step of the reaction involves
coordination of the epoxide by the Lewis acid followed by ring opening by
[Co(CO),]~. Insertion of CO into the cobalt alkyl forms cobalt acyl intermediate
13, which can ring close to form the two different lactone products. As seen in
B-lactone synthesis, pathway A produces the hydroxy-substituted p-lactones 14.
However, in pathway B the cobalt acyl is attacked by the alcohol substituent to
form the 6-membered d-lactones 15. Hydroxy-substituted f-lactones are also known
to undergo rearrangement to 8-lactones;'*® however, under conditions optimized
for O-lactone synthesis, this pathway has been discounted because [-lactones
cannot be observed by infrared spectroscopy during the reaction, and independently
synthesized p-lactones do not produce d-lactones when subjected to these reaction
conditions.”* The choice of catalyst has a significant impact on product ratios,
as is discussed in the Scope and Limitations section, and judicious selection of
catalyst and reaction conditions provides complete and selective conversion to
d-lactones.
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The configuration of the d8-lactone products is predictable based on that of the
homoglycidol substrates. Although a stereoselective method for the carbonylation
of racemic homoglycidols is not known, when enantiopure substrates are employed,
d-lactones are produced with complete retention of configuration at the hydroxyl-
bearing carbons (Scheme 45).%4

0
o OH HCo(CO), (2 mol %), CO (60 atm) o

. DME, 60°, 24 h ]
syn/anti > 99:1 HO n-Bu

(>99%) syn/anti > 99:1

Scheme 45

Carbonylation of Vinyl Epoxides

The carbonylation of vinyl epoxides to 5-lactones takes place through a differ-
ent mechanism than that of homoglycidol carbonylation (Scheme 46). The metal
carbonyl reagent typically used for this substrate class is Fe(CO)s, which coordi-
nates to the vinyl group upon loss of CO. Oxidative addition and insertion of CO
forms the z-allyltricarbonyliron acyl intermediate 16, which is isolable and has been
characterized.** Reductive elimination of intermediate 16 is initiated by either
oxidation with reagents such as cerium ammonium nitrate,*” or by thermolysis
under an argon atmosphere®! or high pressures of CO.%> As with homoglycidol
carbonylation, the carbonylation of vinyl epoxides to d-lactones is complicated by
the formation of p-lactones. An equilibrating mixture of radical cation intermediates
17 and 18 is proposed to form after oxidation, followed by reductive elimination
to form vinyl-substituted p-lactones and f,y-unsaturated d-lactones, respectively
(Scheme 46).4° Product ratios are determined by reaction conditions and the epoxide
substrates used.
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Carbonylation of Alkynyl Epoxides

The mechanism of the carbonylation of alkynyl epoxides is comparable to
that of the Pauson—Khand reaction'® with Co,(CO)g as the catalyst (Scheme 47;
CO ligands are omitted from [Co] in the scheme). The reaction is formally a [5
+ 11/[2 + 2 + 1] cycloaddition in which, depending on the reaction conditions,
one or two molecules of CO are incorporated to produce a tricyclic product.
The initial step involves coordination of both cobalt centers to the alkyne with
concomitant loss of two CO molecules to produce complex 1947 (Scheme 47),
which has been observed in the Pauson—Khand reaction.'>! The epoxide is then
ring opened by nucleophilic attack of the Co,(CO)4 fragment to give the zwitterion
20. The alkoxide of intermediate 20 can attack one of the bound CO molecules
to give intermediate 21, which undergoes a reductive elimination to produce
the core O&-lactone structure in complex 22a. This allene-containing &-lactone

R Co—5Co o
= Co,(CO)g (stoich) \Cé/&i
. 2 R N
) ) Co
(o)) _ 0., _ o %

19 20
Co COz(CO)6
e UL
ok o 0" "o
21 22b
[Co]
H. ~ R
-0 O
H
23

Scheme 47
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(as depicted in structure 22b) is well-suited for cyclization with the tethered alkene
to produce the tricyclic metallocyclopentane 23. This metallocycle is the common
intermediate for two different products, depending on the reaction conditions. When
the cyclization is run under relatively high pressures of CO (3.5 atm), product 24
is formed via CO insertion followed by reductive elimination. However, under 1 atm
CO or N,, significant quantities of cyclobutane product 25 are formed from the direct
reductive elimination of the metallocyclopentane. The relative configuration of the
epoxide is very important for successful reaction. The alkyne and alkene substituents
of the epoxides must be in a cis orientation; the frans-epoxides do not produce any
cyclic products and only epoxide starting material is recovered (see footnote a in
Table 3B).46

An alternative reaction pathway that is operative for dienynes involves a
[5+1]/[4+2] cyclization to form &-lactone 26 or a competing [2+2+1] cyclization
to form the traditional Pauson—Khand ketone product 27. Subtle changes in alkene
substitution can result in exclusive formation of product 26 or product 27, or
mixtures of the two (Scheme 48).46

1. Coy(CO)g (1.1 equiv)

O, benzene, rt, 2 h 26 (25%)
0
/\/\N 2.N, (1 atm), 80°, 24 h
R

n-CgHy3

n-CgHy3

27 (38%)
Scheme 48

SCOPE AND LIMITATIONS

Carbonylation of Homoglycidols

The choice of catalyst is vital for the efficient carbonylation of homoglycidols to
d-lactones. Although a number of Lewis acid based catalysts successfully produce 3-
hydroxy &-lactones, these reactions are always complicated by p-lactone formation.
The 8- to p-lactone ratios range from about 4:1 to 1:4, but neither product is cleanly
produced in any of these examples. The only catalyst that has been demonstrated to
cleanly convert homoglycidols to 3-hydroxy 8-lactones is HCo(CO), (Scheme 49).%*
This catalyst is ineffective for the carbonylation of epoxides to B-lactones,’® and it
is speculated that a B-hydroxy cobalt acyl species is formed but does not ring close.
Such a species is analogous to structure 13 (Scheme 44, LA = H) such that only
pathway B is kinetically accessible, resulting in a d-lactone as the exclusive product
(Scheme 49).
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When HCo(CO), is employed under the optimized reaction conditions, a function-
ally diverse set of 3-hydroxy &-lactones can be prepared (see Table 3A). A number
of sterically diverse alkyl-substituted homoglycidols are efficient substrates. Despite
HCo(CO), being a common catalyst for olefin hydroformylation,'>?> homoglycidols
with pendant olefins are selectively carbonylated at the epoxide without reaction of
the olefin. Ethers and halogenated side chains are also compatible.

One limitation to this procedure is that it is only selective with monosubstituted
homoglycidols. Epoxide ring opening by [Co(CO),]™ is highly dependent on epoxide
substitution.?> Therefore, ring opening of monosubstituted epoxides occurs exclu-
sively at the unsubstituted position to produce an intermediate that is well-suited for
ring closing to form &-lactones. Although ring opening of 1,1-disubstituted epoxides
has not been attempted, 1,2-disubstituted epoxides ring open at both positions with-
out site selectivity, producing two different intermediates that ring close to produce
both 8- and y-lactones (Scheme 50). Therefore, d-lactones with substituents at the
2-position (product 28, R # H) are not selectively produced through homoglycidol
carbonylation.

OH OH 0
R\HVK R R;ij\/o\
(OC)4CO HO
o Q" HCo(CO), (cat) 28
R 0
(0C)sCo  OH 0
L o RN =,
R
OH on

Scheme 50

An extension of alcohol-substituted epoxide carbonylation that has not yet been
attempted is the synthesis of larger lactone rings (Scheme 51). Although ring clos-
ing to form lactones with ring sizes of seven, eight, nine, and ten has been shown
to be several orders of magnitude slower than the analogous four-, five-, and six-
membered ring closing,'>3 one strategy that improves ring closing is the incorporation
of cis double bonds into the tether.!>*133 Because alkenes are tolerated under epoxide
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carbonylation conditions,?* this strategy may also be applicable to the carbonylation
of hydroxy-substituted epoxides (Scheme 51). Thus, extending the range of lactones
accessible through epoxide carbonylation could have applications in the synthesis of

macrolactone-containing natural products. '
O,
o] OH HCo(CO), (cat.) O__Rr
N
n R n=0-3
HO
n
.
O
0 0
_ R HCo(CO)y (cat.) R
A + o ———
n=1
OH HO n /
Scheme 51

Carbonylation of Vinyl Epoxides

The carbonylation of vinyl epoxides is generally catalyzed by iron carbonyl
species. Both Fe,(CO)y>° and Fe(CO)s>? have been used. Iron pentacarbonyl
requires irradiation to form the reactive Fe(CO), species, and the same catalytic
species can be formed through the thermolysis of Fe,(CO)y.'37 Other transition
metal catalysts containing palladium, rhodium, and cobalt have been used with
varying degrees of success. >3

Highly substituted vinyl epoxides are viable substrates for the iron-mediated car-
bonylation to form d-lactones. 1,1-Disubstituted, 1,2-disubstituted, and trisubstituted
epoxides all are reactive, and although the ratios of &- to B-lactones are variable,
overall yields are not diminished with highly substituted epoxides. Furthermore, sub-
stituted alkenes (both 1,1- and 1,2-disubstituted) are effective substrates. The high
tolerance for substituted epoxides allows access to substitution at every carbon of the
d-lactone product (Scheme 52). Unfortunately, the functional group tolerance has not
been well studied, as alkyl groups are the only substituents that have been reported
for this carbonylation.

0 R? 4
o %R“ Fe(CO)s (stoich) o R
R3 hv R! = R3
R2

Scheme 52

Carbonylation of Alkynyl Epoxides

As mentioned above, the cobalt-mediated carbonylation of alkynyl epoxides has
the potential to form two different tricyclic 8-lactone products via [5+1]/[2+2+1]
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and [5+1]/[2+2] cycloadditions. The product ratios are highly dependent on both
the reaction conditions and the epoxide substrates. When the reaction is run under a
pressure of CO, the [5+1]/[242+41] mechanism generally dominates to form product
29 exclusively (Scheme 53, see footnote a in Table 3B).46 However, under a nitrogen
atmosphere, the intermediate cobalt metallocycle 23 (Scheme 47) undergoes a reduc-
tive elimination without CO insertion to form product 30 predominantly.*® Reductive
elimination prior to CO insertion is not observed with some substrates: disubsti-
tuted epoxides and epoxides with an ether linkage in the alkene side chain do not
form cyclobutane-containing products, even when the reaction is performed with-
out CO. In these cases, two molecules of CO are provided by Co,(CO)g to give the
[5+1]/[2+2+1] products. Similar reactivity with heteroatom-containing substrates
has been documented for the Pauson—Khand reaction. 31158

2. CO (3.4 atm)
——————————————

(52-75%)
80°,24 h
1 1. Cox(CO)g
R. O P (1.1 equiv)
// benzene, rt, 2 h 16}
R2
R2
2.N,, 80°,24 h
R! = Me, Et, n-Bu, n-CgH3 o “H  (58-77%)
2_ - -
R? = n-Bu, n-CgH,3, Ph, TMS, f%o
Ho 39
Scheme 53

The cyclocarbonylation of alkynyl epoxides is tolerant of a number of functional
groups and substitution patterns. Trimethylsilyl- and 1,3-dioxolane-substituted
alkynes afford tricyclic products that are well-suited for further functionalization
(Scheme 53).46 Alkenes with propylene tether lengths result in 6-membered rings
fused to the d-lactones, and the inclusion of heteroatoms such as an oxygen or
tosylamide in the tether facilitates the cycloaddition (Scheme 54, see footnote a in
Table 3B).*6 Functional groups on the alkene tether are well-tolerated, as epoxides
with methyl, methoxy, and acetoxy substitution form &-lactone products under
standard conditions (Scheme 55, see footnote a in Table 3B).%¢ Finally, further
substitution on the fused ring can be achieved with a 1,2-disubstituted alkene and
an a,a-dimethyl alkene, though harsher conditions are required for reaction of these
substrates.*

. 0 1. Coy(CO)g (1.1 equiv), n-CeHi3
benzene, rt, 2 h )
Z S 2.N,, 80°,24 h NG
n—C6H13 CN2 ’ (0] | Y
Y = 0, NTs, C(CO,Me), a

Scheme 54
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e 1. Coy(CO)g (1.1 equiv), n-CgHys
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Z 2.N,, 80°, 24 h ’
n—C6H13 AcO
dr 1:1
Scheme 55

COMPARISON WITH OTHER METHODS

O-Lactones are commonly prepared through the acid-induced ring closing of
8-hydroxy acids and esters.!?* Although this ring closing is relatively efficient, it is
not as facile as the analogous procedure for producing y-lactones and can sometimes
be complicated by polymer formation.!?* There are, however, many methods for
producing O-lactones, and this section focuses on alternative syntheses specific
to 3-hydroxy O-lactones and o,fB-unsaturated &-lactones, which are the primary
products from epoxide carbonylation.

Substituted 3-hydroxy &-lactones constitute the biologically relevant portion of
HMG-CoA reductase inhibitors, commonly known as statin drugs.!>® Because of
their importance in pharmaceutical development, a large body of work has focused
on their efficient synthesis. Biocatalytic routes have shown a good deal of promise, as
d-lactones can be prepared with excellent enantioselectivity from prochiral starting
materials.'® The most established of these methods involves the DERA-catalyzed
(DERA = 2-deoxyribose-5-phosphate aldolase) tandem aldol reaction to form an
enantiopure lactol that can be oxidized to the lactone (Scheme 56).'3%161 This is
an excellent method for the few specific substrates that are important pharmaceu-
tical intermediates, but poor substrate generality and the necessity for enzyme opti-
mization limit the broad applicability of this reaction for the synthesis of diversely
substituted 5-lactones.

0 0
0 Ay OH 0 Ay OH OH O
RQkH DERA RMH DERA R H h

0._OH 0.0
R/\Q/ NaOCl, AcOH, H,0 RU er >99.95:0.05
- - dr99.9:0.1

i rt,3h
OH OH

Scheme 56

In the chemical synthesis of 3-hydroxy &-lactones, a common step prior to ring
closing is the reduction of a f-keto ester, which can be performed stereoselectively
using a directing group. As shown in Scheme 57, a hydroxy group with defined con-
figuration can be used for that purpose.'6> Another strategy employs a chiral auxiliary
to direct consecutive aldol additions. Then, directed reduction of the p-keto amide
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followed by acid-promoted ring closing forms the diastereomerically pure 3-hydroxy
8-lactone (Scheme 58).1603

o OH
1. MesN*BH(OAc)3,

CO,Me
MeCN, AcOH, —40°
, (93%)
X ) ‘OH 2. PPTS, benzene, reflux
"OTIPS
Scheme 57
| 1. Me4N*BH(OACc)3,
(0] AcOH/CH;CN,-30°, 12h -
92%
: NJ(() 2. LIOH, Hy0,, ©2%)
= )\/ THF/H,0(3:1), rt, 1.5h
Bn 3. HCl
Scheme 58

Unsaturated d-lactones are commonly produced by the elimination of a suitable
leaving group in the 3-position of the lactone. For example, 3-hydroxy d-lactones,
which can be prepared by homoglycidol carbonylation as well as the methods dis-
cussed above, can be dehydrated to form o,p-unsaturated d-lactones under typical
Mitsunobu conditions (Scheme 59).'%* Another method employs epoxide ring open-
ing by trimethyl 3-(phenylsulfonyl)orthopropanoate, a practical homoenolate equiv-
alent, which forms an intermediate that undergoes lactonization upon acidic workup
(Scheme 60).!65166 Elimination of the sulfonyl group under basic conditions pro-
duces the corresponding o,p-unsaturated 8-lactones in good yields when monosub-
stituted epoxides are used.

i-Pr (0] (0] )
Ph;P, DEAD, HCO,H -Pra 0~ -0
(90%)
; THF, rt, 18 h N>

OH

Scheme 59

1. n-BuLi, THF, -78°

2. O, THF/HmPA, -20° 6h OH

i\/IiC)><OMe TsOH
PhO,S OMe 3. H,S0y, 20°, 0.5h CH,Cl,, 20°, 18h
PhO,S OMe

EzN

(6] =, (6] (82%)

CH,Cly, 20°, 1h s
PhO,S o)

Scheme 60
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These elimination methods are useful for the preparation of o,fB-unsaturated lac-
tones, but lactones with unsaturation elsewhere are not accessible. One the other hand,
the carbonylation of vinyl epoxides has the potential advantage of producing both o, 3-
and f,y-unsaturated d-lactones (Table 3B).

EPOXIDE CARBONYLATION TO SUCCINIC ANHYDRIDES

Succinic anhydrides may be formed by the catalytic insertion of two molecules
of CO, one into each carbon—oxygen bond of the epoxide. B-Lactones formed from
the single carbonylation of epoxides may undergo a second ring-expanding carbonyl-
ation to afford the five-membered succinic anhydrides. Under favorable reaction con-
ditions this double carbonylation may be performed in one pot. The product suc-
cinic anhydrides are useful as synthetic intermediates'®’~'% and as monomers for
polymerization.!7%-171

MECHANISM AND STEREOCHEMISTRY

The mechanism of epoxide double carbonylation has been the subject of a
detailed study.”! In every case, the reaction first effects carbonylation of the epoxide
to a P-lactone, followed by a second catalytic carbonylation to yield the anhydride
(Scheme 61). Both epoxide and lactone carbonylation cycles proceed through the
same elementary steps: (1) coordination to the Lewis acidic cation, which activates
the substrate for ring-opening Sy2-type attack by [Co(CO),]™; (2) migratory
insertion of CO; and (3) nucleophilic attack of the alkoxide or carboxylate on the
cobalt acyl, resulting in ring closing and formation of the product. Ring closing is
the rate determining step for the first cycle and ring opening is the rate determining
step for the second.?!

O O

LAl LAl
(CONCo W)\Rzﬁ f )\)\WCO(CO)A;
CO [L,ALI*[Co(CO)4]"
co
} LAl
(c0)4co)K‘/k )\Kk Co (O
Scheme 61

An interesting and practical consequence of the different rate-determining steps
in each of these parallel cycles is that the first carbonylation of the epoxide to the f3-
lactone proceeds to completion before any of the f-lactone intermediate is consumed
to form the anhydride in the second carbonylation step. Furthermore, the donicity and
polarity of the reaction solvent drastically affect the rate of each carbonylation, such
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that the choice of solvent determines whether single or double carbonylation will
occur (Scheme 17). Kinetic studies indicate that epoxide carbonylation is accelerated
by coordinating solvents such as THF, whereas lactone carbonylation is inhibited by
THF and accelerated by nonpolar solvents such as toluene. Thus, to obtain good activ-
ity for both of these catalytic cycles, the reaction is performed in 1,4-dioxane, which
has the appropriate combination of moderate donating ability and low polarity.?!

A significant outcome of the Sy2-type mechanism as opposed to an oxidative
addition/reductive elimination mechanism is that the stereocenter adjacent to each
inserted carbonyl is inverted with each ring-opening step, resulting in a net double
inversion. Thus, cis-epoxides are carbonylated to cis-anhydrides via trans-lactones,
and frans-epoxides are carbonylated to frans-anhydrides via cis-lactones (Scheme
61). Because each carbonylation occurs with complete inversion of configuration,
anhydrides with high diastereomeric and enantiomeric purity are produced. For
example, (R)-propylene oxide is converted into (S)-methylsuccinic anhydride with
excellent preservation of enantiopurity (Scheme 62).2! Given the many excellent
methods for the highly stereoselective synthesis of epoxides,'>~!1® this method
can be used to produce diastereomerically and enantiomerically pure anhydrides.
One limitation is that under typical reaction conditions, the catalyst epimerizes the
product after it is formed. However, epimerization can easily be avoided by carrying
out the carbonylation at lower temperatures (Scheme 62).21:34

0 TPPAI (0.15 mol %), CO (60 atm) ~ O=9~-0
g dioxane. 50°. 24 b ﬁ (99%) er >99.5:0.5

er >99.5:0.5

Scheme 62

SCOPE AND LIMITATIONS

Epoxide double carbonylation is effective for the majority of substrates that can
be carbonylated to f3-lactones, and it is compatible with a range of functional groups
including alkanes, alkenes, aromatics, ethers, esters, ketones, acetals, alcohols,
nitriles, and amides (Scheme 63), as well as substrates with multiple epoxides
(Scheme 64).2! Tolerance of the alcohol functional group is particularly interesting,
as epoxides are known to react with alcohols under carbonylation conditions,
resulting in ring-opening alkoxycarbonylation. Furthermore, alcohols may react
with the product anhydride; however, the use of solvent reduces intermolecular
reactions, and steric or geometric constraints may prevent intramolecular reactions
(Scheme 65).%!

TPPALI (0.1-5.0 mol %), 0

o) CO (60 atm) Y 0
%R - (72-93%)
dioxane, 50-90°, 3-24 h R

R = alkane, alkene, aromatic, ether, ester, ketone, acetal, alcohol, nitrile, amide

Scheme 63
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TPPAL (0.7 mol %), 6]

0.
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0 dioxane, 90°, 3 h

(6]
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Scheme 64
TPPAI (0.7 mol %), 0
(0] CO (60 atm) 0O
MOH ; (72%)
3 dioxane, 90°, 3 h (0] 3OH
Scheme 65

Epoxides containing strongly Lewis basic groups such as primary amines are typ-
ically unreactive for anhydride formation, presumably due to competitive coordi-
nation of these groups to the Lewis acidic catalyst. Anhydrides are generally not
formed in good yield from glycidyl esters, as the p-lactone intermediates preferen-
tially rearrange to form y-lactones (see above), and epoxides with multiple sites for
nucleophilic attack, such as epichlorohydrin and 1,2-epoxy-3-butene, do not form
anhydrides cleanly.?!

Anhydrides are readily obtained from both monosubstituted and vicinally
disubstituted epoxides. Products with trans-substituents generally require lower
catalyst loading and are formed with higher selectivity than the corresponding
cis-substituted products, which have more steric hindrance. Geminally disubstituted
epoxides are unreactive. For example, 1,2-epoxy-2-methylpropane is carbonylated
to the B-lactone, but further carbonylation would require an Sy 2 attack on the tertiary
center of the lactone, which is not observed (Scheme 66).2! Disubstituted epoxides
as part of fused rings have, thus far, also been unreactive for anhydride formation
(Scheme 67).83

TPPAI (0.4 mol %), o o
0 CO (60 atm) o 0 0
< dioxane, 40° R O8%)  —X q %)
A ~Co(CO)4
Scheme 66
o TPPAI (1 mol %), %o 0=-9-0
CO (60 atm)
dioxane (98%) %» 0%
-Co(CO),4
Scheme 67

The selectivity for anhydride formation is typically very high, but it can be signif-
icantly affected by reaction conditions. The most common side products are ketones
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(Scheme 68), which result from the catalytic isomerization of the epoxides under
low CO pressures and high temperatures (see above). Thus, to avoid ketone for-
mation at the higher temperatures (90°) used for accelerating the reaction, high CO
pressure (14—60 atm) must be used. However, it is possible to maintain good selec-
tivity and moderate activity at lower CO pressure (4—7 atm) if the reaction mixture
is not heated until after the starting epoxide has been converted into the p-lactone.
Polyesters are the other potential side products (Scheme 68), which are formed by
the ring-opening polymerization of -lactone intermediates. However, substrate con-
centrations of 1.0-2.0 M are typically dilute enough to avoid this polymerization and
maintain high selectivity (>98%) for the anhydrides.?!

0 TPPAI (cat.) Oﬁv/o 0 O R
LA + P ——— + +
R €O dioxane, 90°, 3h R AR No/ﬁ,
Scheme 68

Ring-expanding carbonylation of epoxides to succinic anhydrides is only pos-
sible in the presence of a catalyst, and the majority of catalysts that are efficient
for carbonylation of epoxides to f-lactones will also carbonylate f-lactones to
succinic anhydrides. However, higher temperatures and longer reaction times, as
well as the appropriate solvent, are typically required for efficient conversion. The
double carbonylation can be run in a number of solvents, but it is uniquely rapid
in 1,4-dioxane, which facilitates both the first and second carbonylation steps.
The most active catalysts for carbonylation to anhydrides are based on the [Lewis
acid]*[Co(CO),]~ motif, and contain porphyrin metal cations. Catalysts with
chromium porphyrin cations tend to produce more poly(lactone) side products. Thus
the preferred catalysts, which demonstrate the highest activity and selectivity, are
based on porphyrin aluminum cations, such as the commercially available TPPAI
(Fig. 1). As with all [Lewis acid]*[Co(CO),]~ catalysts, TPPAI is air-sensitive, and
must be handled under nitrogen. Thus, solvents and substrates are typically dried
and degassed prior to carbonylation.?!

COMPARISON WITH OTHER METHODS

Substituted succinic anhydrides have previously been synthesized by a number
of methods.!”?> Ring-closing condensation of 1,4-diacids or their derivatives is a
straightforward transformation, and there are many reagents known to facilitate
anhydride formation.!”> There are many methods for the synthesis of succinate
esters, which can be cyclized to the corresponding anhydride (Scheme 69).17%174
The most widely used approach to enantiomerically enriched succinates employs
chiral enolates (Scheme 70).!75~177 Although this method is more versatile for
the synthesis of highly substituted anhydrides, the diastereoselectivity of vicinally
substituted succinates synthesized via chiral enolates!’® is lower than in succinates
made by epoxide carbonylation.
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o 1. CF3COH,
0-O._0o 1.+-BuOH, NHS MOH CH,Cl, 1t, 24h OVO
_— _————
ST 2 ioarer +-BuO 2. AcCl, reflux, 3h
THF, -78°, 2h R0 R
R = Et, i-Pr, n-Bu, allyl, Bn, c-CsHy (28-50%)
Scheme 69

0 1. NaN(TMS),,

)
0
RQ&NJKO THF, —70°, 8h tBuON Jk LiOH 5o NOH

>—/ H,0,, THF,
)‘\/Br . o R

Bn +BuO 0°, 1-2h
R = Me, i-Pr, -Bu, Ph, Bn er 93.0:7.0 t0 99.0:1.0

Scheme 70

Derivatization of maleic anhydride via the Diels—Alder or ene reactions is another
common method for the synthesis of succinic anhydrides (Scheme 71). Maleic anhy-
dride is an excellent dienophile,!”® readily forming fused rings which are inacces-
sible via epoxide carbonylation. The ene reaction, a mono-alkene variation of the
Diels—Alder reaction,'39~182 is used industrially for the synthesis of alkenyl succinic
anhydrides. Substrates other than epoxides, such as alkenes,!3>!34 alkynes,!8> and
alkenoic acids,'8® can also be carbonylated to succinic anhydrides; however, these
carbonylations are less synthetically useful due to low yields, formation of significant
amounts of side products, or lack of demonstrated substrate generality.

0
\ / 0 o}

Diels—Alder

(0] (0]
ene reaction mR

Scheme 71

In general, the advantage of the epoxide double carbonylation is its efficiency
as a catalytic method for the synthesis of anhydrides in a single step from readily
available epoxides and catalysts. The products can be mono- or disubstituted and
contain a range of functional groups, and high levels of stereochemical purity are
retained through the carbonylation. The reaction is limited by the requirements for
high-pressure and air-free reaction conditions and by the scope of substrates contain-
ing strong electrophiles and nucleophiles or steric and conformational restrictions.

EPOXIDE CARBONYLATION TO 1,3-OXAZINANE-2,4-DIONES

The carbonylation of epoxides has been expanded to include multicomponent
coupling reactions. The addition of isocyanate to an epoxide carbonylation reaction

&
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results in formation of a 1,3-oxazinane-2,4-dione.?? This class of heterocycles has
received interest as synthetic intermediates'®”~1°0 and has been investigated as poten-
tial therapeutic agents.!?1 194

MECHANISM AND STEREOCHEMISTRY

The discovery of epoxide carbonylation to oxazinanediones resulted from mecha-
nistic studies of epoxide carbonylation to B-lactones.?>?> The initial steps of p-lactone
and oxazinanedione formation are identical (Scheme 2 and Scheme 72). The mech-
anisms diverge when the catalytic resting state 31 is intercepted by an isocyanate,
resulting in the formation of an aluminum carbamate 32. Nucleophilic attack on the
cobalt acyl by this carbamate closes the ring, regenerates catalyst, and forms the prod-
uct oxazinanedione. Conditions that slow the formation of a f-lactone will increase
the relative lifetime of the catalyst resting state, thus improving the probability that it
will react with an isocyanate to form the oxazinanedione.?>%

0 o)
O [LA]*[Co(CO)4]~ : Lewis base o)
LA.
AN, O o/\i)L Co(CO), — = )
R R (cat.) ) R R2
. RT3
RR
N=C-0

0
LAN o/\:)\ Co(CO), RlJv&O
R3 R2 ;2
32 R

Scheme 72

As with other epoxide carbonylations employing [Lewis acid]*[Co(CO),]”
catalysts, the solvent dramatically influences product selectivity (Scheme 73).2?
Coordinating Lewis basic solvents such as THF accelerate the formation of f3-
lactones, whereas nonpolar and noncoordinating solvents such as hexanes slow
the ring-closing step, increasing the lifetime of the catalyst resting state 31. Thus
hexane, which is a poor solvent for p-lactone formation, facilitates the reaction of
the ring-opened epoxide with an isocyanate prior to ring closing, improving the

selectivity for oxazinanedione.??
salphAl (4 mol %), 02N\© o
CO (55 atm)
e o)

hexanes, rt, 48 h

salphAl (2 mol %),
CO (55 atm)

o)
THF, rt, 24 h t()\/ (83%)

Scheme 73
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As in most other epoxide carbonylations, initial nucleophilic attack by [Co(CO),]~
occurs with excellent site selectivity at the least-substituted carbon of the epoxide.
This attack results in inversion of the stereocenter, while the configuration of the
other stereocenter is retained. For example, cyclohexene oxide is carbonylated to
the trans-oxazinanedione (Scheme 74),%> whereas (R)-propylene oxide gives the (R)-
oxazinanedione (Scheme 75).22

salphAl (4 mol %), OoN o
0 O:N CO (55 atm) H
+ b oh + N (97%)
NCO exanes, rt, )\ ;
0" 0,
Scheme 74

salphAl (4 mol %), Br 1)
0 Br. CO (55 atm)
0 h 48h N (70%)
NCO exanes, 1t, 2\
0
Scheme 75

SCOPE AND LIMITATIONS

The multicomponent coupling of epoxides, isocyanates, and CO is typically run in
hexanes at room temperature and 50 atm of CO with 1.0 equivalent of an isocyanate
and 0.04 equivalent of salphAl. The primary concern in optimizing reaction condi-
tions is improving the selectivity for oxazinanediones over -lactones. For this reason,
salphAl is the preferred catalyst because it is one of the slowest well-defined catalysts
for p-lactone ring closing. The addition of an excess of isocyanate decreases selec-
tivity for oxazinanedione, as it can accelerate the ring closing to f-lactone. Higher
temperature and lower catalyst loading also result in decreased selectivity. Finally,
the high pressure of CO is used to avoid the catalytic isomerization of epoxide to
ketone that has been observed in other carbonylation systems at low CO pressures
(Scheme 19).22

Selectivity for oxazinanedione also depends critically on the electrophilicity
of the isocyanate. Electron-rich alkyl isocyanates react slowly with the aluminum
alkoxide 31, which permits the competitive, intramolecular ring closing to form
B-lactones. More electron-deficient aryl isocyanates react faster with alkoxide 31,
diverting the ring-opened epoxide intermediate away from p-lactone formation
and improving selectivity for the oxazinanedione. Thus, whereas most isocyanates
react to form some oxazinanedione, the multicomponent coupling is most efficient
using highly electrophilic aryl isocyanates with electron-withdrawing substituents
(Scheme 76).22
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O,N ON
O 2 0
NCO L
= N0

salphAl (4 mol %), OM

CO (55 ati
A 03 am) ©7%)
hexanes, rt, 48 h
1 0
/\
|~ Nco %)v . to&
O
(13%) (15%)

Scheme 76

The epoxide component may include a much broader scope of starting materi-
als than the isocyanate, and a number of pendant functional groups are tolerated
(Scheme 77). Depending on the specific substrate, selectivity for oxazinanedione
versus f-lactone varies, but is generally >10:1, and when using 4-nitrophenyl iso-
cyanate, oxazinanedione is generally the only product observed. Epoxides with bulky
substituents, such as 1,2-epoxy-3,3-dimethylbutane, give low conversion and poor
selectivity for oxazinanedione and styrene oxide is inactive.?> However, most of the
epoxides that are active for carbonylation with Lewis acid cobaltate catalysts (see
[-lactone section) are also expected to be active for the formation of oxazinanediones.

salphAl (4 mol %), OoN o
0 O:N CO (55 atm) Py
%R + ﬁ N~ O (70-97%)
NCO exanes, R
' OM
R =H, Cl, alkyl, allyl, alkoxy, silyloxy, alkoxycarbonyl

Scheme 77

Bicyclic and cis-disubstituted epoxides readily undergo carbonylation and
trapping with isocyanates to afford the corresponding trans-oxazinanediones
(Scheme 74). However, trans-disubstituted epoxides exhibit much lower activity,
which may be due to the increased steric hindrance in forming the cis-product.
Cyclohexene oxide does not carbonylate to form a p-lactone, due to the ring strain of
trans-[4.2.0] bicyclic rings (Scheme 16), but it readily forms the much less strained
trans-oxazinanedione (Scheme 74).22

Although isocyanates are the only reagents that have been successfully employed,
it is possible that other amphoteric electrophiles may be used to intercept the
ring-opened intermediate 31 (Scheme 72) in epoxide carbonylation. These other
electrophiles would result in new multicomponent coupling products via epoxide
carbonylation. For example, a report in the patent literature describes the coupling
of epoxide, CO, and aldehyde using a cobalt carbonyl catalyst (Scheme 78).!%
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O Coy(COX (0.5 mol %), CO (60 atm) 0.0
O + g 68%
A )LH neat 70°. 101 Oj (68%)

Scheme 78

COMPARISON WITH OTHER METHODS

Oxazinanediones have been synthesized by a few methods, most often via a f§-
hydroxy acid derivative, commonly by reaction with a cyanate or an isocyanate to
form intermediate 33 followed by cyclization (Scheme 79, top).!?%-1%6=199 Formation
of p-hydroxy amide 34, followed by ring closing using a carbonyl equivalent such
as carbonyl diimidazole (CDI) or diphosgene, also gives good yields of the products
(Scheme 79, bottom).!?1:200201 Ajthough these methods require two steps and neces-
sarily generate byproducts, they have the advantage of being applicable to a broader
range of substrates than epoxide carbonylation.

X
R
N~ O
R3NCO H -HyO
- R" Y "oH o
OH O R? 3
3 MR

R°NH, AN R cor | R
R2 H
34
Scheme 79

The rearrangement of p-hydroxy-N-acyl-2-oxazolidinones is another route to
oxazinanediones (Scheme 80).202 This method is stereoselective and can produce
highly stereo-enriched products. Additionally, the aldol reaction is a convenient
method to access a large number of possible starting materials. This rearrangement
is specific for the formation of N-(B-hydroxyalkyl)-substituted oxazinanediones, a
class of products that is inaccessible via epoxide carbonylation.

(0)

OH O O
J EtyZn (10 mol%) OXN/\/OH
Et N O (88%) dr>97.5:2.5
b\ CHCLr2h g o
-rr
i-Pr
Scheme 80

Carbonylation of iodophenols in the presence of isocyanates is a complementary
method for oxazinanedione synthesis in that it forms benzo-fused products which
are inaccessible via epoxide carbonylation (Scheme 81).2%% This method proceeds in
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good yields and is one of the few transition-metal-catalyzed multicomponent cou-
pling reactions that involve incorporation of CO.** Benzo-1,3-oxazinane-2,4-diones

have received attention as biologically active compounds.!®!~194
I (6]
@ Pd(0), dppb, CO (20 atm) Ar
+ N 79-81%
ANCO 00, THF, 80°, 12 h Y ( )
OH o Yo

Scheme 81

The main advantages of epoxide carbonylation as a route to oxazinanediones are
the availability of epoxides, the conservation of stereochemical purity, and its effi-
ciency as a one-pot, atom-economical, multicomponent coupling reaction.

EPOXIDE CARBONYLATION TO 1,3-OXATHIOLAN-2-ONES

In most ring-expanding carbonylations of epoxides, CO is activated and introduced
to the ring via coordination to a transition metal. In the case of epoxide carbonylation
to 1,3-oxathiolan-2-ones, insertion of CO is mediated by sulfur, which is also incor-
porated into the expanded heterocycle.’>>® Oxathiolanones have demonstrated some
utility as synthetic intermediates.20420

MECHANISM AND STEREOCHEMISTRY

The ring-expanding conversion of epoxides into oxathiolanones occurs by first
reacting CO with elemental sulfur to generate carbonyl sulfide, which subsequently
reacts with an epoxide to form the product. The mechanism of this transformation
has not been fully elucidated, but a reaction pathway has been proposed.’> Carbonyl
sulfide is formed catalytically in the presence of base, and this reaction is facilitated
by selenium (Scheme 82).2°° The authors propose that nucleophilic ring opening of
the epoxide by thioformate results in inversion of the stereocenter bearing the inserted
sulfur. Ring closing of the proposed alkoxide intermediate 35 forms the oxathiolane
and regenerates the catalyst (Scheme 83).> A more plausible mechanism to this and
related transformations involves the catalytic action of trace amounts of NaOH in
the NaH.

CcO + Se —_— Se=C=0 %» S=C=0
— D€
Scheme 82
O
O,
O S=C=0 >—S O~ N
2A 1 H \—( Na* 5 9P
R R NaH 5 ' —NaH pu—
35
Scheme 83
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Ring-opening inversion of the epoxide converts cis-epoxides into trans-
oxathiolanones (Scheme 83), and trans-epoxides into cis-oxathiolanones.
Nucleophilic attack occurs at the least hindered carbon of the epoxide, result-
ing in good site selectivity for product 1,3-oxathiolan-2-ones in which the 5-position
is the most heavily substituted (Scheme 84).5

S (5 equiv), NaH (0.25 equiv), o
Se (0.025 equiv)
8\/© >¥0 (97%)
CO (10 atm), THF, 60°, 3 h S

Scheme 84

SCOPE AND LIMITATIONS

The carbonylation of epoxides in the presence of sulfur is catalyzed by a number
of metal hydrides, as well as amines, such as 1,8-diazabicyclo[5.4.0Jundec-7-ene.
However, the choice of base is crucial for activity, and NaH gives the highest yields
of oxathiolanones (the likely role of NaOH in these reactions, see above). Optimal
conditions for this reaction include 5 equivalents of sulfur, 10 atm of CO, and a tem-
perature of 60°. Decreasing the reaction temperature or equivalents of reagents results
in lower yields. Using THF as the solvent provides the highest yield, whereas no
product is formed in toluene or hexane. Though the cause remains unclear, addition
of selenium sometimes catalyzes the reaction, increasing yields for substrates with
aryl and benzyl groups but decreasing yields for all other substrates.>>

Thus far, with the exception of phenyl glycidyl ether, only hydrocarbon-
substituted epoxides have demonstrated reasonable activity for this carbonylation;
other functional groups remain either unexamined or result in poor yields. The
epoxide substitution pattern dramatically affects the yield. Monosubstituted and
geminally disubstituted epoxides give high yields of products (Scheme 85),% but
vicinally disubstituted epoxides are carbonylated in reduced yield. In particular,

trisubstituted and trans-disubstituted epoxides give very poor yields (Scheme 86).%
(6]
O S (5 equiv), NaH (0.25 equiv) s 0 (©8%)
; CO (10 atm), THF, 60°, 3 h
Scheme 85
(0}
o S (5 equiv), NaH (0.25 equiv) PR

* 16%
CO (10 atm), THF, 120°, 6 h § 9 6%

Scheme 86
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COMPARISON WITH OTHER METHODS

A straightforward method for the formation of oxathiolanones is the con-
densation of a B-hydroxythiol with a carbonyl equivalent such as phosgene;’?
however, this pathway is undesirable because it requires the synthesis and
handling of malodorous thiols as well as hazardous phosgene (Scheme 87).
Other less hazardous carbonyl equivalents, such as ethylene carbonate®’ or
ethyl chloroformate,’’®2%° have been used in a few examples. A more practical
method may be the condensation of a diol with a thiocarbonyl equivalent such as
thiophosgene?!” or thiocarbonyldiimidazole,?**?!! followed by a catalyzed rear-
rangement (Scheme 88).2!! Diols are an attractive starting material, as they are less
noxious and excellent methods for their stereoselective synthesis are available.'>

(0)

M 0
s oH _Cc A e
pyridine, EtOAc S
Scheme 87
S
OH Nt LN o)k (n-Bu)4NBr s)ko
HO\)\C_C6H 11 CHoCly, 1t, 24 h THEF, reflux, overnight
c-CeHpy c-CeHpy
(74%) 97%)
Scheme 88

Benzo-fused oxathiolanones, which cannot be synthesized directly from epoxides,
can be formed by the methods discussed above, as well as by a few reactions that
are specific to aromatic substrates.?!>?!3 For example, benzo-oxathiolanones can be
synthesized from phenols and potassium thiocyanate (Scheme 89).!4

0
NCS s—
o)
OH kseN, PhiCl, OH
OO CH,Cly, 0°, 0.5h OO OO
Scheme 89

A major advantage of the epoxide carbonylation method is that elemental sulfur is
easy to handle and carbonyl sulfide is formed in situ. In a similar reaction, alkynols

can be used in place of epoxides to yield analogous products (Scheme 90).2!3-216
(0}
OH
S (3 equiv), CO (30 atm) )k
RIS oS (24-90%)
A Cul, EGN, THF, tt, 18 h
R? R! \ R?

R'=H, Me, CH,OH, Et, Ph  R%?=H, Me

Scheme 90
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EXPERIMENTAL CONDITIONS

As discussed throughout this chapter, the optimal conditions for epoxide carbony-
lation reactions are quite diverse. However, one consistent feature to all reactions
is that the various catalysts are sensitive to water and O,. To avoid catalyst decom-
position and the occurrence of side reactions, carbonylations are performed in dry
reactors using solvents and reagents that have been thoroughly dried and degassed.
This restriction likely necessitates the use of a drybox for preparing the reactions,
though standard Schlenk techniques can be employed as well.

The reagents required for the carbonylation of epoxides can be hazardous if han-
dled improperly. Epoxides, and particularly the low boiling ones, are highly toxic
and as such should only be used in fume hood. Carbon monoxide is a highly toxic
gas that is both invisible and odorless. All manipulations involving CO must be per-
formed in a well-ventilated fume hood equipped with a working CO detector. Finally,
there is an inherent risk involving any reaction run under elevated pressures. The
proper equipment should always be employed (see manufacturer’s specifications for
pressure ratings), and reactors under pressure should be equipped with a pressure-
release device and shielded at all times.

EXPERIMENTAL PROCEDURES

0 TPPALI (0.01 mol %) 0 o 040
S\~ CO (60 atm), THF. 80°, 3 h R O
B-Valerolactone [Epoxide Carbonylation to a f-Lactone at High CO
Pressure].3! In a nitrogen-filled drybox, a 300 mL stainless steel Parr reactor was
charged with TPPAI (38 mg, 35 pmol), 1,2-epoxybutane (30-mL, 0.35 mol), and
THF (30 mL). The reactor was removed from the drybox and pressured with CO
(60 atm), followed by rapid stirring and slow heating to 80°. After 3 h, the reactor was
cooled on dry ice and carefully vented. The reaction mixture was rinsed out of the
reactor and solvent was removed by rotary evaporation. Vacuum distillation gave the
product as a clear colorless oil (33 g, 94%): IR 1825 (C=0) cm~!; 'H NMR (CDCl;,
300 MHz) & 4.44 (dddd, 3J = 4.3,5.8,5.9, 7.0 Hz, 1H), 3.47 (dd, 3J = 5.8 Hz, 2J =

16.3 Hz, 1H), 3.03 (dd, 3J = 4.3 Hz, 2] = 16.3 Hz, 1H), 1.81 (m, 2H), 0.99 (t, J =
7.4 Hz, 3H); >C NMR (CDCl;, 75 MHz) & 168.53, 72.38, 42.39, 27.75, 8.93.

O,

O 0
L\/O salphCr (2 mol %) t‘y
\@ o© (84%)

CO (1 atm), DME, rt, 24 h

4-Phenoxymethyl-2-propiolactone [Epoxide Carbonylation to a $-Lactone
at Low CO Pressure].!® In a drybox, salphCr (182 mg, 0.200 mmol) was weighed
into a 500-mL, oven-dried, three-neck round-bottomed flask with a magnetic stir
bar. A dry, 50-mL addition funnel was attached, along with a stopper and a rubber
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septum. DME (9.0 mL) was drawn into a Gastight syringe while phenyl glycidyl
ether (1.50 g, 10.0 mmol) was drawn into a separate syringe with 1.0 mL DME. The
flask was removed to a fume hood where the flask was sparged with CO for 10 min
before a double balloon of CO was attached to the flask using a needle to puncture
the septum. The flask was then placed into an ice bath, the DME was added to the
catalyst, and the mixture was stirred for 10 min. The epoxide solution was added
dropwise at 0° via the addition funnel over the course of 30 min while stirring. After
epoxide addition was complete, the ice bath was removed and the flask was allowed
to warm to rt and the mixture was stirred for 24 h. The flask was vented in a fume
hood and the reaction mixture was concentrated under vacuum to an oil. The crude
oil was purified by chromatography through silica gel with CH,Cl,, and then was
recrystallized from CH,Cl,/hexanes to afford 4-phenoxymethyl-2-propiolactone
(1.5 g, 84%): mp 75-77°; IR (neat, NaCl) 1818 (C=0) cm~'; 'H NMR (CDCl;,
300 MHz) 8 7.31 (t,3J = 7.9 Hz, 2H), 7.00 (t, *J = 7.3 Hz, 1H), 6.92 (d, *J = 8.2 Hz,
2H), 4.83 (dddd, 3J = 3.0, 4.4, 5.1, 9.5 Hz, 1H), 4.32 (dd, >J = 11.1 Hz, 3J = 3.0 Hz,
1H), 4.19 (dd, 2J = 11.1 Hz, 3J = 4.2 Hz, 1H), 3.55 (d, 3J = 5.1 Hz, 2H); 1*C NMR
(75 MHz, CDCl;) 6 167.5, 158.1, 129.8, 121.8, 114.8, 68.5, 67.3, 40.0; HRMS (EI)
m/z: caled for C;yH;(03, 178.0630; found, 178.0630.

L\/ OEPCr (0.03 mol %) ;OO\ O (>99%)
(6}
\ﬂ/\/ CO (60 atm), 60°, 24 h M by 'H NMR

0 (¢}

(S)-p-Butyroxy-y-butyrolactone [Epoxide Carbonylation to a y-Lactone].8
In anitrogen-filled drybox at rt, a 4-mL glass vial equipped with a stir bar was charged
with OEPCr (9.0 mg, 12 pmol) and (R)-glycidyl butyrate (515 mg, 3.57 mmol). The
vial was transferred to a stainless steel high-pressure reactor. The reactor was pres-
sured with CO (60 atm) and heated to 60° with stirring. The temperature was held
constant for 6 h, at which point the reactor was placed in dry ice for 15 min. After care-
ful venting of excess CO, the glass vial was removed and the mixture was analyzed
by '"H NMR (>99% product). Separation of product from catalyst was accomplished
by filtering through a short column of silica gel with CHCl;: IR (neat, KCI) 1789
(C=0), 1738 (C=0) cm~!; 'H NMR (CDCl;, 300 MHz)  5.40 (dd, *J = 5, 7 Hz,
1H), 4.48 (dd, 3J = 5 Hz, 2] = 11 Hz, 1H), 431 (d, 27 = 11 Hz, 1H), 2.84 (dd, 3J
=7 Hz, 2J = 18 Hz, 1H), 2.55 (d, 2J = 18 Hz, 1H), 2.28 (t, °J = 7 Hz, 2H), 1.61
(sext, 3J = 7 Hz, 2H), 0.91 (t, 3J = 7 Hz, 3H); '3C NMR (CDCls, 75 MHz) § 174.9,
173.2,73.4,69.8,36.0, 34.8, 18.4, 13.8; HRMS (EI) m/z: calced for [CgH,,0, + H]*,
173.0814; found, 173.0812.

o 1. n-BuLi (1.2 equiv), THF, 2
N, -78°,1h T™S
+ . + .9 (93%) dr 89:11
TMS~ H  2.CO(l atm),-78°2h H H
) 3. Me;Al 78 t0 20°, 12 h
1.1 equiv

3-(Trimethylsilyl)hexahydrobenzofuran-2(3H)-one [Epoxide Carbonyl-
ation to a y-Lactone Using an Ynolate]. A 30-mL, round-bottomed flask
equipped with a magnetic stir bar, three-way stopcock, and a nitrogen line was flame
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dried under a stream of nitrogen. In the reaction flask were placed anhydrous THF
(10 mL) and a 2 M hexane solution of trimethylsilyldiazomethane (1 mL, 2 mmol),
and the solution was cooled to —78°. A 1.5 M hexane solution of BuLi (1.6 mL,
2.4 mmol) was added dropwise to the solution, which was stirred for 1 h. The
three-way stopcock was then connected to a vacuum line and to a balloon of CO
through a glass column packed with soda lime and anhydrous calcium sulfate. After
two cycles of evacuation and refilling with CO, the reaction mixture was stirred
under an atmosphere of CO for 2 h at —78°. A hexane solution of Me;Al (1.1 mL)
was added to the solution of ynolate, which was then warmed to 0° and stirred for
1 h. The solution was cooled to —78° for addition of cyclohexene oxide (215 mg,
2.2 mmol), then gradually warmed to 20° and stirred for 12 h. The resulting mixture
was quenched with saturated aqueous NH,Cl1 (2.0 mL) at —78°. The solution was
filtered through Celite 545, and the residue was washed with Et,O (2 X 20 mL).
The filtrate was washed with saturated aqueous NH,Cl (20 mL), and the aqueous
layer was extracted with Et,O (2 x 20 mL). The combined ether solutions were
dried over anhydrous K,COj, and concentrated under reduced pressure. The residue
was purified by column chromatography on silica gel (hexane/EtOAc, 15:1, R, =
0.09, 0.06) to give a mixture of diastereomers (89:11) as a white solid (93%), mp
39-42°. The isomers were separated by HPLC. Major isomer (R = 0.09): IR (KBr)
1759 (C=0) cm~'; '"H NMR (CDCl;, 100 MHz) § 3.65 (td, 3J = 10.8, 3.5 Hz, 1H),
2.25-1.20 (m, 10H), 0.15 (s, 9H); '3C NMR (CDCl,, 67.5 MHz) § 178.65, 85.52,
46.88, 36.71, 30.05, 29.24, 25.59, 24.10, —2.33. Minor isomer (R, = 0.06): IR (KBr)
1744 (C=0) cm~'; '"H NMR (CDCl5, 100 MHz) & 3.82 (td, *J = 10.5, 3.8 Hz, 1H),
2.40-2.15 (m, 3H), 2.00-1.20 (m, 7H), 0.22 (s, 9H); '3C NMR (CDCl;, 67.5 MHz)
0 178.71, 83.25, 47.73, 38.49, 30.84, 28.45, 25.73, 23.99, —0.63. Anal. Calcd for
C,1H,,0,Si: C, 62.21; H, 9.49. Found: C, 62.33; H, 9.71.

0
OH HCo(CO), (2 mol %)
0, : o (60%)
L > "~ CO (60 atm), DME, 60°, 24 h
HO SN

(4R,6R)-6-Butyl-4-hydroxytetrahydro-2-pyranone [Epoxide Carbonyla-
tion to a §-Lactone].?*In a drybox, Ph;SiCo(C0),% (52 mg, 0.12 mmol) and
4-toluenesulfonic acid (21 mg, 0.12 mmol) were weighed into separate flame-dried
vials. DME (6.0 mL) was divided evenly into the vials to completely dissolve the
catalyst components, then the two solutions were combined to form a colorless
solution of HCo(CO), (6 mL, 0.02 M in DME). In a drybox an 8-mL vial was
charged with (2R,4R)-4-hydroxy-1,2-epoxyoctane (140 mg, 1.0 mmol) and a
magnetic stir bar. A portion of the freshly prepared HCo(CO), solution (1.0 mL,
0.02 M in DME) was transferred to the vial via syringe. The vial was transferred
to a stainless-steel reactor and pressured with CO (60 atm) and heated at 60° with
stirring. After 24 h, the reactor was cooled in dry ice for 10 min then vented in a
well-ventilated fume hood. The mixture was concentrated to an oil under vacuum,
and the crude product was passed through silica gel, first using hexanes/EtOAc
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(70:30) to remove catalyst residue, then with EtOAc/hexanes (70:30) to elute
(4R.,6R)-6-butyl-4-hydroxy-8-lactone (103 mg, 60%): [a]>p + 32.6 (c 1.0, CHCl,);
IR (neat, NaCl) 3423 (OH), 1719 (CO) cm~'; 'H NMR (CDCl;, 300 MHz) § 4.67
(dddd, 3J = 3.1, 5.1, 7.5, 11.1 Hz, 1H), 4.37-4.30 (m, 1H), 2.97 (d, 3J = 3.3 Hz,
1H), 2.68 (dd, 3J = 4.8 Hz, 2J = 17.7 Hz, 1H), 2.58 (ddd, *J = 1.6 Hz, 3J = 3.6 Hz,
2] =17.7 Hz, 1H), 1.95 (dddd, *J = 1.6 Hz, *J = 4.8 Hz, 3.3 Hz, 2J = 14.4 Hz, 1H),
1.76-1.24 (m, 7H), 0.89 (t, *J = 6.9 Hz, 3H); *C NMR (CDCl,, 75 MHz) § 171.45,
76.34, 62.65, 38.74, 35.94, 35.33, 27.11, 22.61, 14.09; HRMS (EI) m/z: calcd for
CyH (05, 172.1100; found, 172.1102.

0
Co,(CO)g (1.1 equiv)
=
= CO (3.4 atm), benzene, 80°, 24 h

n-CeH 3

rel-(5aS, 7aR, 7bR)-3-Hexyl-5-methyl-2,4,5,5a,6,7,7a,7b-octahydropen-
taleno[1,6,bc]pyran-2,4-dione [Epoxide Carbonylation to a Fused 6-
Lactone].* To a benzene solution (5 mL) of the epoxy enyne (100 mg, 0.45 mmol;
see footnote a in Table 3B) was added Co,(CO)g (170 mg, 0.50 mmol) under
nitrogen, and the mixture was stirred for 2 h at rt. The solution was transferred to a
high-pressure reactor and heated to 80° under CO (3.4 atm) for 24 h. The solution
was filtered through a short silica pad; the filtrate was concentrated and purified
using preparative TLC (silica gel, Et,O/hexane, 1:1) to afford the title product
(56 mg, 45%): IR (neat) 1722, 1710 cm~!; 'H NMR (CDCl;, 500 MHz) § 5.08 (q,
3J =8.0 Hz, 1H), 3.36 (t, *J = 6.8 Hz, 1H), 2.91-2.81 (m, 1H), 2.64-2.57 (m, 1H),
2.97-2.03 (m, 1H), 2.35-2.20 (m, 2H), 2.02-1.85 (m, 2H), 1.49-1.12 (m, 8H),
1.14 (d, 3J = 7.6 Hz, 3H), 1.18-0.98 (m, 1H), 0.83 (t, *J = 6.0 Hz, 3H); '*C NMR
(CDCl;, 125 MHz) 6 209.0, 163.7, 141.8, 136.0, 81.3, 50.8, 43.1, 40.4, 31.4, 30.6,
29.6, 29.3, 29.2, 25.8, 22.5, 17.3, 14.0; HRMS m/z: calcd for C;;H,,05, 276.1725;
found, 276.1722.

& TPPAI % 0
L\O (0..7 mol %) o (81%)
CO (60 atm), dioxane, 90°, 3 h
3-Cyclohexyl-3,4-dihydrofuran-2,5-dione [Epoxide Carbonylation to a
Succinic Anhydride].21 A 100-mL, stainless-steel Parr reactor was dried overnight
at 120° under vacuum. In a nitrogen drybox, the reactor was charged with TPPAI
(262 mg, 0.240 mmol) and 1,4-dioxane (20 mL), then closed and removed from the
drybox. The reactor was pressured with CO (14 atm), and the contents were stirred
for 10 min to dissolve CO into solution, then the reactor was vented down to 1.5 atm

without stirring. 2-Cyclohexyloxirane (4.88 mL, 36.0 mmol) was injected via syringe
into the CO-filled reactor at rt, and the reactor was immediately pressured to 60 atm
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of CO, followed by rapid stirring and heating to 90°. After 3 h, the reactor was
placed on dry ice, cooled to below 0°, and slowly vented. Volatiles were removed
under vacuum, and the resulting oil was vacuum distilled to afford a clear oil that
solidified on standing. Recrystallization from Et,O/hexanes yielded the crystalline
product (5.32 g, 81%): mp 36°; IR (melt, NaCl) 1861 (C=0), 1785 (C=0) cm™';
'"H NMR (CDCl;, 300 MHz) & 3.00 (m, 2H), 2.74 (m, 1H), 1.90 (m, 1H), 1.78 (m,
3H), 1.69 (m, 1H), 1.58 (m, 1H) 1.36-0.95 (m, 5H); '*C NMR (CDCl;, 75 MHz)
6 173.14, 170.70, 46.50, 39.12, 31.36, 30.34, 28.47, 26.07, 25.88; HRMS (EI) m/z:
caled for CyH;,05, 182.0943; found, 182.0945.

Br
0 o IphAI (4 mol %) \Q i
sa mo
=t \Q ; . o (0%)
’ NCO

CO (55 atm), hexanes, rt, 48 h

(R)-3-(4-Bromophenyl)-6-methyl-1,3-oxazinane-2,4-dione [Epoxide
Carbonylation to a 1,3-Oxazinane-2,4-dione].?> A 60-mL, stainless steel,
high-pressure Parr reactor was dried at 120° under vacuum for 16 h, refilled with N,
and brought into a nitrogen drybox. In the drybox, salphAl (43.7 mg, 0.050 mmol)
was weighed into an oven-dried glass insert, and a stir bar was added. Dry hexanes
(5.0 mL), (R)-propylene oxide (88.0 pL, 1.26 mmol), and 4-bromophenyl isocyanate
(248 mg, 1.5 mmol) were added. The reactor was sealed, removed from the drybox,
and pressured with CO (55 atm). After stirring the mixture at rt for 48 h, the reactor
was vented slowly. Volatiles were removed by rotary evaporation, and the resulting
solid was washed through silica gel with EtOAc to remove catalyst residue. The
filtrate was concentrated under reduced pressure, then redissolved in CH,Cl,, and
layered with hexanes to afford the crystalline product (0.250 g, 70%): 'H NMR
(CDCl;, 300 MHz) 6 7.59 (pseudo-d, 2H), 7.07 (pseudo-d, 2H), 4.81 (m, 1H), 2.94
(dd, 2J = 17.1 Hz, 3J = 6.3 Hz, 1H), 2.81 (dd, 2J = 17.1 Hz, 3J = 11.1 Hz, 1H),
1.56 (d, 3J = 6.3 Hz, 3H); '3C NMR (CDCls, 75 MHz) § 167.9, 151.2, 133.7, 132.8,
130.2, 123.3, 71.3, 38.6, 20.4; HRMS (EI) m/z: caled for C,,;H,,NO;7°Br, 282.9831;
found, 282.9834; calcd for C,,;H,,NO,3'Br, 284.9824; found, 284.9825.

0
0 S (5 equiv), NaH (0.25 equiv)

(6] (98%)
CO (10 atm), THF, 60°, 3 h

5,5-Dimethyl-1,3-oxathiolan-2-one [Epoxide Carbonylation to a 1,3-
Oxathiolan-2-one].>> In a 50-mL stainless steel autoclave were placed powdered
sulfur (0.321 g, 10 mmol), THF (2 mL), isobutylene oxide (144 mg, 2 mmol), and
NaH (24 mg in mineral oil, 0.5 mmol). The apparatus was flushed several times
with CO and then was charged with 10 atm of CO. The mixture was heated with
stirring at 60° for 3 h. The reaction was quenched with water and the resulting
mixture was extracted with diisopropyl ether (15 X 3 mL). The combined organic
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layers were dried over MgSQO,, and the solvent was removed under reduced pressure.
Purification by column chromatography on silica gel (hexane/EtOAc, 3:1) gave the
title product as a yellow oil (282 mg, 98%): IR (neat) 2981, 2937, 1732 cm™!; 'H
NMR (CDCls, 300 MHz) & 3.38 (s, 2H), 1.58 (s, 6H); '3C NMR (CDCl;, 75 MHz) &
171.66, 85.38, 42.43, 26.45; MS m/z: M+ 132. Anal. Calcd for CsHgO,S: C, 45.43;
H, 6.10; S, 24.26. Found: C, 45.27; H, 6.21; S, 24.35.

TABULAR SURVEY

To remain consistent with the organization of this chapter, the following tabu-
lar survey of ring expanding carbonylation reactions is organized according to the
heterocyclic products formed. However, several of the tables are further divided by
substrates or reaction conditions in the cases where significantly dissimilar condi-
tions are utilized to produce the same class of products. Within each table the entries
are organized by increasing carbon count for the epoxide substrate, but the follow-
ing groups are not included in the carbon count: typical protecting groups, simple
alkyl ethers, the OR group of esters, the NR, group of amides, and carbon-bound
silyl groups. In situations where many procedures have been employed to produce
the same products, the catalyst (including catalyst loading) is highlighted to empha-
size the different selectivity and activity obtained using each procedure. The tabular
survey includes reactions reported up through 2008. References appearing after 2008
are listed at the end of the bibliography, organized by table.

The following abbreviations (excluding those listed in “The Journal of Organic
Chemistry Standard Abbreviations and Acronyms”) are used within the Tabular
Survey:

CDI 1,1’-carbonyldiimidazole

CF;TPPAl [(tetrakis(4-trifluoromethylphenyl)porphyrin) Al(THF),]* [Co(CO) ]~
Cp,Ti [Cp, Ti(THE), [*[Co(CO),]~

CTAB cetyltrimethylammonium bromide

1,2-DFB 1,2-difluorobenzene

2,5-DMTHF 2,5-dimethyltetrahydrofuran (cis/trans mixture)

FTPPALI [(tetrakis(4-fluorophenyl)porphyrin) Al(THF), ]*[Co(CO),]~

HTPPALI [(tetrakis(phenyl)porphyrin) Al(THF), ]*[Co(CO),]~
MeTPPAI [(tetrakis(4-methylphenyl)porphyrin) AI(THF),]*[Co(CO),]~
OEP octaethylporphyrin

OEPCr [(OEP)Cr(THF),]t[Co(CO)4]~

PPN bis(triphenylphosphine)iminium

salph N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-phenylenediamine
salphAl [(salph)Al(THF),]*[Co(CO),]~

salphCr [(salph)Cr(THF),]t[Co(CO)4]~

TDA-1 tris(poly-oxaheptyl)amine

TMTU N,N’-tetramethylthiourea

TPP tetraphenylporphyrin

TPPAI [(tetrakis(4-chlorophenyl)porphyrin) AI(THF), ] *[Co(CO),]~
TPPCr [(TPP)Cr(THF),]*[Co(CO),]~

&
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