ACCOUNTS

of chemical research

Enantioselective Cross-Coupling of Anhydrides
with Organozinc Reagents: The Controlled
Formation of Carbon—Carbon Bonds through

the Nucleophilic Interception of Metalacycles

JEFFREY B. JOHNSON AND TOMISLAV ROVIS*

Department of Chemistry, Colorado State University,
Fort Collins, Colorado 80523

RECEIVED ON JULY 27, 2007

CONSPECTUS

he construction of carbon—carbon bonds, particularly with

concomitant control of newly formed asymmetric cen-
ters, is of paramount importance for the development of syn-
thetic routes to complex organic molecules. While cross-
coupling reactions for the generation of sp? carbon centers
are well established, similar methodology for the formation
and control of sp3-hydridized carbon stereocenters is
extremely limited. We suggest that the nucleophilic intercep-
tion of metalacycles provides the means to achieve such a
transformation, wherein the metal complex serves to acti-
vate electrophiles, facilitate nucleophile addition, and ulti-
mately control stereochemistry. One means of accessing these
intermediates is through the use of simple meso-carboxylic
anhydrides, which upon reaction with transition metals
readily generate the desired metalacycles. Interception of the metalacycle with an appropriate carbon-based nucleophile gen-
erates an enantioenriched ketoacid, the product of the asymmetric desymmetrization of achiral starting materials.

Early successes with achiral nickel catalysts and organozinc reagents provided the foundations for our approach. Alkylation
of both succinic and glutaric anhydrides proceeds with a wide range of organozinc nudeophiles, forming 1,4- and 1,5-ketoacids
in excellent yields. This reaction manifold has been extensively examined with a detailed kinetic study and mechanistic investiga-
tions utilizing mixed zinc reagents and alkene directing groups. This work has highlighted a number of unusual phenomena, indud-
ing rate-limiting reductive elimination to form an sp®>—sp? carbon—carbon bond. Despite excellent results with the achiral system,
to date, all efforts to render the nickel-catalyzed reaction asymmetric have been limited to modest success.

Palladium and rhodium complexes, with the use of chiral P—P and P—N ligands, respectively, have been identified as
competent catalysts for the enantioselective addition of organozinc reagents to anhydrides. The arylation of a series of suc-
cinic anhydrides with Ph,Zn can be achieved in greater than 95% enantioselectivity using a Pd/Josiphos catalyst. Rhodium
catalysts have proven amenable for the incorporation of in situ formed organozinc reagents, nucleophiles traditionally trou-
blesome in transition metal catalysis due to the deleterious effects of residual halide ions. Highly functionalized organozinc
nucleophiles, induding those containing indole and furan, participate in this chemistry to provide the corresponding 1,4-
and 1,5-ketoacids in excellent yield with greater than 85% enantioselectivity.

This metalacycle interception methodology is currently being expanded to the use of other systems, most notably the
asymmetric [2 + 2 + 2] cydoaddition of alkenes, alkynes, and isocyanates. Ongoing studies promise the extension of exist-
ing methodology toward the development of modular, fully intermolecular three-component couplings in which both meta-
lacycle formation and nudeophilic interception can be controlled. Ultimately, we envision the use of heterocumulenes in such
methodology, providing a route to complex products utilizing CO, as an inexpensive C1 feedstock.
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Introduction

The formation of carbon—carbon bonds through transition
metal-mediated processes has transformed organic synthe-
sis." The advent of metal-catalyzed cross-coupling reactions
some 35 years ago has led to a revolution in the assembly of
sp?—sp? carbon—carbon bonds. Due to the ever increasing
utility of carbon—carbon bond-forming methodologies, the
identification of new manifolds and coupling partners is of
continual interest. More specifically, the development of new
cross-coupling methodology for the stereocontrolled forma-
tion of carbon—carbon bonds wherein one or both carbons
are stereocenters is of paramount importance.

Despite the success of sp>—sp? cross-coupling method-
ologies, these advances have not translated to the forma-
tion of sp>—sp® or even sp—sp? carbon—carbon bonds.?
When we began our studies in the summer of 2000, the
number of reports of cross-coupling reactions capable of the
generation and control of stereocenters was minimal.>* In
this vein, our interest was drawn to the potential of devel-
oping catalytic means of activating and functionalizing com-
mon electrophilic coupling partners through intermediate
metalacycles bearing sp® hybridized C—M bonds, with par-
ticular emphasis upon the interception of these species with
readily available nucleophilic partners for the formation of
carbon—carbon bonds and simultaneous control of stereo-
chemistry. Our vision relied heavily on the precedent of
Hoberg, who demonstrated the generation of metalacycles
of the general form A (Scheme 1) from the oxidative
cyclization of alkenes with heterocumulenes such as isocy-
anates or carbon dioxide.> The formation of similar meta-
lacycles has been demonstrated by Yamamoto® and
Echavarren,” while Trost,2 Yamamoto,® and others'® have
provided precedent for the generation of metalacycles via
the insertion of low-valent transition metals into anhydrides.
Interception of these metalacycles with a variety of carbon-
based reagents provides the means of producing species of
significant complexity from simple starting materials in a
single transformation. In such methodology, the transition
metal catalyst serves to activate the electrophilic partner,
facilitate nucleophile addition, and ultimately control ster-
eochemistry of the newly formed carbon—carbon bonds.
The utility of metalacycles in catalytic methodology has
developed greatly in recent years, and our work has ben-
efited extensively from the previous and contemporary
work in these areas, including that of Montgomery'' and
Jamison.'?
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SCHEME 1. Potential Formation and Utility of Metalacycles

While our ultimate interest lies in the formation of meta-
lacycles through the direct reaction of alkenes and CO,, this
reaction lacks catalytic precedent outside of pyrone
formation."®'* This lack of precedent gave us significant trep-
idation, and we thus chose to initiate our studies into the cat-
alytic formation and interception of metalacycles with the
activation of cyclic anhydrides, with the added promise of gen-
erating synthetically useful ketoacids. To the present, our
group has demonstrated several transition metal-catalyzed
reaction manifolds utilizing cyclic anhydrides for the genera-
tion of metalacycles. Subsequent interception of these meta-
lacycles with organozinc reagents leads to the enantioselective
formation of §- and y-ketoacids. The development of this
desymmetrization methodology is described herein. As meth-
odology utilizing cyclic anhydrides has proceeded smoothly,
we have initiated efforts toward the formation of metalacycles
via the oxidative cyclization of alkynes with isocyanates. Early
successes have utilized an intramolecular alkene to trap the
nucleophile, producing bicyclic alkaloids in excellent yields
and enantioselectivity. From the utilization of metalacycles
generated from cyclic anhydrides to the use of 7z-components
and isocyanates, our efforts are evolving toward the utiliza-
tion of more readily available components. The successful
realization and continued development of these methodolo-
gies have laid the groundwork for our ultimate goal, the for-
mation and functionalization of metalacycles generated from
alkenes and carbon dioxide.

Desymmetrization of meso Cyclic
Carboxylic Anhydrides

At the outset of our investigations in the summer of 2000, our
efforts focused upon the functionalization of metalacycles gen-
erated from cydlic carboxylic anhydrides. While catalytic cross-
coupling methodology exists for the formation of ketones
from a variety of activated acyl species,' only recently have
anhydrides been investigated as acylating agents. In 2001
and 2002, respectively, Goossen'® and Yamamoto'” inde-
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SCHEME 2. Metalacycles Generated from Oxidative Addition of
Anhydride to Catalyst
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SCHEME 3. Product Mixtures from Early Reactions with Ni-
Containing Metalacycles
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pendently reported palladium-catalyzed couplings of mixed
acydlic anhydrides with boronic acid nucleophiles, whereas in
2001 Frost described a rhodium-catalyzed analogue.'®
Although these methodologies provide versatile means of
forming ketones, each inherently lacks the ability to influence
the formation or definition of stereocenters. In a recent
advance, Krische and co-workers have demonstrated the
rhodium-catalyzed, hydrogen-mediated coupling of styrenes
and anhydrides with control of the newly formed stereo-
center.'® The use of meso cyclic carboxylic anhydrides with
backbone functionality provides the means to generate asym-
metry in the ketoacid product through definition of the ste-
reocenters within the anhydride backbone (Scheme 2).

The formation of enantioenriched acid species through the
desymmetrization of cyclic carboxylic anhydrides has been
previously demonstrated with a variety of heteroatom nucleo-
philes.® The use of carbon-based nucleophiles, however, has
remained largely undeveloped. In an isolated example per-
formed concurrently with our own work, Fu reports the use of
stoichiometric sparteine to effect the asymmetric addition of
Grignard reagents to meso glutaric anhydrides to form the cor-
responding ketoacids with excellent enantioselectivity.?'

Our investigation of the nucleophilic interception of meta-
lacycles began with the oxidative addition of cyclic anhydrides
to nickel complexes. Nickel insertion into succinic anhydride
generates five-membered metalalactone B, presumably via CO
extrusion from metalacycle C (Scheme 3). Reaction of B with
an organometallic reagent would result in the formation of a

SCHEME 4. Proposed Mechanism of Ni-Mediated Decarbonylative
Cross-Coupling
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new carbon—carbon bond, yielding a carboxylic acid. We envi-
sioned that with judicious choice of reaction conditions, we
could also intercept metalacycle C prior to CO extrusion. Alky-
lation of this intermediate results in the formation of 1,4- or
1,5-ketoacids. Organozinc reagents quickly became the
nucleophiles of choice, because these species are known to
readily transmetalate to Ni complexes and both alkyl and aryl
zinc reagents show no uncatalyzed reaction with cyclic anhy-
drides even after 6 h at 25 °C.

The reaction of succinic anhydride with Ph,Zn in the pres-
ence of Ni(COD),, bipy (2,2'-bipyridyl), and 4-F-styrene (vide
infra) led to a 63:37 ratio of direct addition product 2 and
decarbonylation product 1 in a combined 90% yield (Scheme
3).22 As envisioned, product selectivity can be controlled with
judicious choice of ligand.

Despite the excellent product selectivity obtained with
unsubstituted succinic anhydride, the use of more complex
anhydrides led to product mixtures. Additional analysis led
to the conclusion that upon decarbonylation, carbon mon-
oxide remained complexed to the metal center, allowing
reinsertion into the metalacycle and formation of the direct
addition product. We reasoned that the addition of a CO
sequestration agent could drive this equilibrium, thus yield-
ing solely decarbonylative coupling product (Scheme 4).
Due to the strength of Ni—CO bonds, estimated to be as
high as 42 kcal/mol, we envisioned that the addition of sac-
rificial amounts of an electron-rich Ni complex should lead
to a CO sink. As desired, the use of 1.5 equiv of Ni(COD),
in the presence of 1.0 equiv of neocuproine and 0.5 equiv
of 1,4-bis(diphenylphosphino)butane (dppb) led to complete
selectivity for the desired product as a single diastere-
omer.?3 This methodology is compatible with a number of
complex succinic and glutaric anhydrides, some of which
are illustrated in Scheme 5.

Although the decarbonylative cross-coupling of anhydrides
with diorganozinc reagents demonstrates the diastereoselec-
tive formation of carbon—carbon bonds, the nature of the CO
sequestration agent made the catalytic reaction inordinately
difficult. Furthermore, we envisioned that a more general
approach to nucleophilic interception of metalacycles of type
A would be via their formation from alkenes and CO- rather
than via anhydride activation and CO extrusion. We thus
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SCHEME 5. Scope of the Nickel-Mediated Decarbonylative Cross-
Coupling
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turned our attention to the direct interception of the metala-
cycles formed from transition metal insertion into cyclic
anhydrides.

Catalytic Anhydride Alkylation
Methodology

Simultaneously with the development of the decarbonylative
coupling methodology, our group investigated the direct cou-
pling reaction of diorganozinc reagents with cyclic carboxylic
anhydrides.?* The realization of such methodology provides
ready access to a variety of - and y-ketoacids from succinic
and glutaric anhydrides, respectively. More promising, how-
ever, is the use of meso anhydrides, which upon transforma-
tion into the corresponding ketoacids contain backbone
stereochemistry that can be defined by control of the
carbon—carbon bond-forming event. These 1,4- and 1,5-di-
carbonyl species with stereodefined backbones have been
demonstrated as intermediates in the synthesis of a variety of
heterocyclic systems,?> and a facile formation of such syn-
thons promises more expedient access to numerous natural
products.

Utilizing cis-cyclohexenedicarboxylic anhydride 3 as a test
substrate, we tested numerous ligands for reactivity with cat-
alytic Ni(COD),, ligand, and 4-fluorostyrene with 1.2 equiv of
Et,Zn at 0 °C in THF. 4-Fluorostyrene was utilized following the
precedent of Knochel,>® who argued that it facilitates reduc-
tive elimination from bisalkyl nickel complexes.?” While
monodentate ligands provide limited reaction, some biden-
tate phosphines, such as 1,2-bis(diphenylphosphino)ethane
(dppe), afford useful yields. Most efficient, however, are the
bidentate N—N and P—N ligands, bipy and pyphos [(2-diphe-
nylphosphino)ethylpyridine],?® which provide the cross-cou-
pling product, ketoacid 4, in 80% and 929% yield, respectively
(eq 1). These ligands are generally interchangeable for catal-

330 = ACCOUNTS OF CHEMICAL RESEARCH = 327-338 = February 2008 = Vol. 41, No. 2

SCHEME 6. Selection of Nickel-Catalyzed Alkylation of Cyclic
Carboxylic Anhydrides
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ysis of the alkylation of a wide variety of cyclic anhydride sub-
strates (Scheme 6). Glutaric anhydrides also participate in this

o 5 mol% Ni(COD), o)
'Z* 6 mol% Ligand H
Y o Et,Zn (1.2 equiv) Y~ Et
o 10 mol% 4-F-styrene & OH
H THF,0°C,3h H

3° O 4 (1)
Ny PPh, /T -
N\ N/
[ _ N N

pyphos: 80% bipy: 92%

methodology, providing the desired 1,5-ketoacids in good to
excellent yields in the presence of extensive substrate com-
plexity and functionality. Even substrates containing s-alkoxy
or -acetate substitution are compatible with this methodol-
ogy, because the reaction conditions are neither acidic nor
basic enough to induce elimination. It is also notable that in
all cases the products are obtained as single diastereomers,
because no epimerization occurs under the reaction
conditions.

Because the availability of commercial organozinc reagents
is quite limited, the extension of this methodology to in situ
generated nucleophiles is of paramount importance. To this
end, we have identified a diverse range of competent orga-
nozinc nucleophiles. In addition to commercially available
diorganozinc reagents and organozinc halides, organozinc
reagents prepared from the reaction of lithium or Grignard
reagents with ZnCl, also perform well in this methodology
(Scheme 7). It is notable that removal of byproducts from
organozinc formation is not required, because the correspond-
ing chloride salts and alkyl bromides have no deleterious
effect on the reaction.

To address shortcomings in our Ni-catalyzed anhydride
alkylation methodology, we initiated a mechanistic study to
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SCHEME 7. Scope of Nucleophiles in the Nickel-Catalyzed
Alkylation of Anhydrides
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determine the catalytic cycle. In situ IR spectroscopy was uti-
lized to obtain initial rate kinetics of the Ni(COD),/bipy-cata-
lyzed reaction of anhydride 5 with Et,Zn (eq 2).%° While the
reaction rate displays typical first-order dependence upon
the concentration of the catalyst, the rate is independent of the

H O

- 7 mol% Ni(COD), u 9
Y 8 mol% bipy SRt
@O + EtyZn 14 mol% 4-F-styrene Cﬁk
s Y THF, 0 °C £ COH

Rate Law
Low Et,Zn concentration:

v = K5]°[EtzZn]'[Nifbipy]'[4-F-sty]°

High Et,Zn concentration: v = K[5]°[Et,Zn]°[Ni/bipy]'[4-F-sty]°

concentrations of both anhydride 5 and 4-fluorostyrene. Vari-
ation of Et,Zn concentration results in nearly first-order behav-
jor at low concentrations, but little to no dependence at higher
concentrations. This saturation behavior indicates a shift in the
turnover-limiting step. These results suggest that at low
Et-Zn concentration, transmetalation is the turnover-limit-
ing step, while at higher concentrations, the second-order
process of transmetalation proceeds more rapidly, result-
ing in an equilibrium between intermediates F and G
(Scheme 8). Reductive elimination, a first-order process that
does not significantly accelerate with increasing Et,Zn con-
centration, becomes rate-limiting under these conditions.
This represents an unusual turnover-limiting step for cata-
lytic cross-coupling and is particularly rare for the forma-
tion of carbon—carbon bonds.3°3!

Extensions of Reactivity

In our anhydride alkylation methodology, diorganozinc
reagents provide optimal yields and reaction rates, yet only
one of the two organic substituents is transferred. To address
this deficiency, we followed the precedent of Knochel, who uti-

SCHEME 8. Mechanism of Ni/bipy-Catalyzed Alkylation of Succinic
Anhydride with Et,Zn
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SCHEME 9. Hypothetical Equilibria with Mixed Zinc Reagents
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lized mixed zinc reagents for cross-coupling with primary alkyl
iodides.>? Under typical reaction conditions, diorganozinc
reagents readily exchange, providing equilibrium mixtures of
the discreet starting materials with the mixed diorganozinc
reagents. Because reductive elimination is rate-limiting within
our Ni-catalyzed anhydride alkylation manifold, we envisioned
that the selectivity of substituent addition from a mixed dior-
ganozinc reagent to carboxylic anhydrides would be governed
by the relative rate of reductive elimination of each substitu-
ent with the acyl group from the corresponding nickel-con-
taining intermediate (Scheme 9).

To test our hypothesis, we utilized equimolar ratios of two
diorganozinc reagents. Subjection of a mixture of Ph,Zn and
Et,Zn to cyclohexenyl succinic anhydride 3 under standard
conditions led to successful alkylation with nearly complete
selectivity (19:1) for phenyl transfer.?® Further studies have
revealed a distinct continuum in the relative rate of substitu-
ent transfer: phenyl addition occurs with preference to alkyl
addition, with small alkyl groups transferring more readily
than sterically encumbered species (Scheme 10). While slight
mixtures of products are observed with the use of ethyl- or
methyl-based sacrificial substituents, use of i-propyl or trim-
ethylsilylmethyl (TMSCH,—) substituents results in selective
transfer of the other organozinc substituent.

In addition to commercially available zinc reagents, this
methodology is amenable for use with in situ formed nucleo-
philes. This concept is illustrated with the use of 0.55 equiv of
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SCHEME 10. Utilization of Mixed Zinc Reagents

o
Et,Zn (0.7 equiv) H 2 NI(COD), (5 mol%) H
. o bipy (6 mol%) 7 Ph
) o styrene (10 mol%) 4
PhoZn (0.7 equiv) . A % THF, 0 °C, 16 h H CO.H
87%
19:1 Ph:Et addition
Rate of transfer from mixed reagent:
Ar > Me > Et >> jPr ~ CH,TMS
diorganozinc reagent 8, derived from the corresponding aryl
bromide, with 0.55 equiv of Et,Zn. Under these conditions,
dimethylsuccinic anhydride 7 reacts to provide desired
ketoacid 9 in 76% yield in a 15:1 ratio with the ethyl adduct,
thus representing the use of both equivalents of the desired

nucleophile (eq 3).

e}
Ni(COD), (5 mol%) M H
bipy (6 mol% Oy
styrene (10 mol%)

H
Et,Zn (0.55 equiv) Me<G

+

AroZn, 8 (0.55 equiv) Me d Y THF. 0 °C. 16 h Me H CO,H
OMe 7 9
76%
Ar= -8 OMe 15:1 Ar:Et addition
OMe

(3)

Because both early qualitative results and our mechanis-
tic study indicate that the presence of styrene greatly influ-
ences the nickel-catalyzed cross-coupling of diorganozinc
reagents with anhydrides, we rationalized that inclusion of an
alkene in the substrate could be utilized to direct carboxylic
anhydride alkylation. While numerous Lewis acidic and basic
moieties, including alcohols, amines, and carbonyls, have
been utilized to direct reactivity,>* the use of alkenes as a
directing functionality is quite limited.>>

We tested our hypothesis with the reaction of 4-fluorophe-
nyl-substituted anhydride 10, which contains both terminal
and internal olefins. Alkylation proceeds with excellent selec-
tivity utilizing Ni(COD), as the catalyst, producing ketoester 11
in 99% yield with 99:1 selectivity for alkylation at the carbo-
nyl proximal to the terminal olefin (eq 4).3°

== H O = H o]
: Ni(COD); (10 mol%) 2
0 _ ELZn (1.7 equiv) Et
N N CO,Me
S H D then TMSCHN; _F R

THF, 0 °C (4)
4-F-CgH, 10 4-F-CgH,

1 99%
99:1 regioselectivity

Regioselectivity of the cross-coupling remains high with
a large variety of alkene substitution, with most substrates
providing the desired product in good to excellent yields
(Scheme 11). In addition to Et,Zn, other commercially avail-
able and in situ-formed nucleophiles are also compatible
with this methodology, generally providing the desired
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SCHEME 11. Olefin-Directed Regioselective Anhydride Alkylation
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SCHEME 12. Regioselective Alkylation of Anhydrides Containing a
Single Olefin
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product in good to excellent yields with greater than 19:1
regioselectivity.

In the absence of terminal olefins, more weakly binding
internal olefins also direct reactivity (Scheme 12). In cyclic
anhydrides containing a single internal olefin, alkylation is
successfully directed in excellent yield, typically with greater
than 19:1 selectivity, even with a sterically hindered cyclo-
hexyl-substituted olefin. Allyl-substituted glutaric anhydrides
have also been identified as efficient substrates for olefin-di-
rected alkylation.

In a reaction closely related to the alkylation of carboxy-
lic anhydrides, we have identified acid fluorides and orga-
nozinc reagents as competent cross-coupling partners in an
extremely mild reaction methodology for the formation of
ketones. Utilizing Ni(COD), and pyphos in the presence of
4-fluorostyrene, we observed that only 0.55 equiv of the
diorganozinc reagent is necessary for coupling of benzoyl
fluoride with Ph,Zn, indicating that both organic substitu-
ents are transferred from the organometallic reagent.?”
Under these conditions, benzophenone is obtained in 97%
yield in less than 3 min (eq 5).
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Ni(COD); (10 mol%)

Pl pyphos (12 mol%) j’\ Ny PPh,
pn” ~F  PhZn (055 equiv)  pp ~pp | (5)
4-F-styrene (20 mol%) pyphos
THF, 23 °C 7%
’ <3 min

Optimized reaction conditions are tolerant of a wide range
of functionality on the acid fluoride, including ethers,
thiophene, alkenes, and acetals. Substrates containing S-alkox-
ide substitution undergo reaction without elimination, and
those with a defined stereocenter, even in the a-position, are
converted to the corresponding ketone with no loss of stere-
ochemical integrity (Scheme 13). The identical reaction con-
ditions can also be utilized for a number of other electrophilic
coupling partners, including acid chlorides, acyl cyanides,
anhydrides, thioesters, and even pyridyl esters, all of which
produce the corresponding ketone in greater than 90% vyield.

Enantioselective Desymmetrization with Ni

With the development of a general methodology for the nick-
el-catalyzed alkylation and arylation of meso cyclic succinic
and glutaric anhydrides, we turned our attention to the devel-
opment of an enantioselective variant of the reaction. Our ini-
tial results were quite promising: use of Ni(COD), with
iPrPHOX (iso-propylphosphinooxazoline) in the presence of
4-fluorostyrene affords active and selective catalysts for the
alkylation of both succinic and glutaric anhydrides.>* Alkyla-
tion of cis-cyclohexanedicarboxylic anhydride 5 with Et,Zn
proceeds in 85% yield and 79% ee at —40 °C (eq 6), while
similar reaction with 4-methylglutaric anhydride (12) produces
1,5-ketoacid 13 in 40% yield and 85% ee (eq 7). We quickly
realized, however, that such selectivity was not general, and that
the presence of the additive had a profound influence upon both
enantioselectivity and reactivity.>® These observations countered
those made earlier for the Ni(COD),/bipy catalyzed system,
wherein styrene was absent from the rate law. In order to gain
further knowledge of this system with the goal of developing a
general asymmetric variant of this reaction, we extended our pre-
viously described mechanistic study to the Ni(COD),—iPrPHOX-
catalyzed alkylation of glutaric anhydrides.

P NI(COD), H
o + Etyzn —PrPHOX Et ®)
o 4-F-styrene NCO-H
H G THF, -40 °C A2
s 6
85%, 79% ee
0 Ni(COD), 0
Me 0 + Etzzn —EEHOR, Me—<j/<Et (7
4-F-styrene COH
12 0 THF, -40 C 13

40%, 85% ee

SCHEME 13. Acid Fluoride Cross-Coupling with Diorganozinc
Reagents

Ni(COD), (10 mol%)

pyphos (12 mol%) N PPh
1 R',Zn (0.55 equiv) j\ s 2
R F 4-F-styrene (20 mol%) R R' Pz pyphos
THF, 23 °C
o o OMe O o
s Moa
Ph
\ Ph \/\)J\Ph Ph T
1% 83% 92% 95%
o] O  Bn
Ph Q £t
N§: m e T
Ph 8n 6 o

87%
92% ee
(from 92% ee acid fluoride)

97%

In @ manner similar to that described above, kinetic anal-
ysis of the reaction of 4-methylglutaric anhydride (12) with
Et,Zn utilizing Ni(COD),, iPrPHOX, and styrene was performed
by in situ IR spectroscopy (eq 8).2° The reaction displays first-
order dependence upon catalyst and anhydride concentra-
tion but is independent of the concentration of Et,Zn,
suggesting rate-limiting oxidative addition of the metal cen-
ter into the anhydride. Details of transmetalation and reduc-
tive elimination reactions remain hidden behind the turnover-
limiting step. Further information was obtained upon variation
of the styrene concentration. In the absence of styrene, the
reaction proceeds slowly, producing ketoacid 13 in 4% ee.
The reaction rate and enantioselectivity increase with styrene

O

5 mol% Ni(COD), 0O
6 mol% iPrPHOX
+ EtyZn ——————"
MEQO 2 10 mol% styrene Me{fgt 9y
12 % THF, 23 °C 13 2 (8)
Rate Law

Low styrene concentration: v = A[12]'[Et;Zn])[Ni/PHOX]"[4-F-sty]"
High styrene concentration: v = kK[12]'[Et,Zn][Ni/PHOX]'[4-F-sty]°

concentration until saturating above 0.06 M styrene at 65%
ee. These results suggest that two catalytic cycles are opera-
tional: catalysis in the absence of styrene results in slow turn-
over with low selectivity, while reaction in the presence of
styrene provides a more selective reaction manifold (Scheme
14).

Enantioselective Desymmetrization of
Cyclic Carboxylic Anhydrides

Due to the difficulties encountered in the development of a
nickel-catalyzed asymmetric alkylation methodology,® other
metals were explored for reactivity. In the course of these
studies, we observed that Pd(OAC(),, in the presence of a vari-
ety of bidentate phosphine ligands, is a competent desymme-
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SCHEME 14. Proposed Catalytic Cycle for Ni(COD),—iPrPHOX
Catalyzed Reaction

Et,Zn

e

.D N}

OZnEt =\
J o
Cycle A:
with styrene m /
~65% ee Now”

9%

Rate A: RateB~4:1 m
/_ ‘\

PPh,
Cycle B:
without styrene m
~4% ee H N

SCHEME 15. Palladium-Catalyzed Desymmetrization of Succinic
Anhydrides

0
H ? 5 mol% Pd(OAG), H
T 0 + PhyZn 6 mol% 14 T Ph
) THF, 23 °C, 22 h !
S TCOH
3 15
690/0, 91% ee
D D
PhoP PCy, C:f‘\Ph Mej\)LPh
Me
@ SCOH  Me T, CON
JOSIPHOS, 14 89%, 94% ee  72%, 92% ee
i HoH
EtOZCﬂPh Mexojij\)LPh
EtO,C ) Me™ g A
£ °COH I~2coaH

61%, 89% ee 83%, 97% ee

trization precatalyst.3? Optimum results are obtained utilizing
Pd(OACQ), with ferrocene-based bisphosphine ligand Josiphos
(14), which catalyzes the reaction of anhydride 3 with Ph,Zn,
producing ketoacid 15 in 69% yield and 91% ee. This sys-
tem is similarly selective for a range of succinic anhydrides,
producing arylated products in excellent yields and enanti-
oselectivities near or above 90% (Scheme 15).

Extension of the reactivity to Et,Zn and Me,Zn led to sev-
eral notable observations. While the desymmetrization of 3
with Me,Zn yields ketoacid 16 in 64% ee, the addition of 25
334 = ACCOUNTS OF CHEMICAL RESEARCH = 327-338
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mol % of 4-fluorostyrene increases the enantioselectivity to
91% (eq 9). Unfortunately, similar effects are not observed for
other diorganozinc reagents.

o
H P 5mol% Pd(OAC), H
T 0+ MeyzZn 6 mol% 14 7 Me
! THF, 23 °C, 22 h Mo (9)
H o 1A

3
no styrene: 78%, 64% ee

25 mol% styrene: 80%, 91% ee

Although enantioenriched 1,4-ketoacids can be success-
fully generated from numerous anhydrides with commercially
available diorganozinc reagents, all attempts to extend the
reactivity to in situ prepared nucleophiles failed to produce the
desired ketoacids in appreciable yields or enantioselectivi-
ties. Control experiments suggest that the presence of addi-
tional halide, present as byproducts of diorganozinc formation,
inhibits the desired reactivity. In addition, desymmetrization,
even with commercially available diorganozinc reagents, is
limited to succinic anhydrides. For these reasons, we contin-
ued our pursuit of a more general solution.

Since rhodium complexes have been demonstrated to tol-
erate the presence of Lewis bases, as illustrated by rhodium-
catalyzed conjugate addition reactions run in water,*° we
anticipated that these species would be less susceptible to
complications due to the presence of halides. Furthermore, a
Rh(l)/Rh(lll) redox couple is anticipated for the desymmetriza-
tion reaction, potentially providing a mechanism distinct from
previous Ni- and Pd-catalyzed reactions.

Because previous methodology is ineffective with in situ
formed organozinc reagents, our investigation of rhodium-
catalyzed desymmetrization focused upon nucleophiles
formed via reaction of aryl lithium reagents with various ZnX,
salts.*" After a number of rhodium sources were screened with
various ligands, the combination of [Rh(COD)CI], with phosphora-
midite 17 proved an efficient and selective catalyst system. In the
presence of a 1:1 ratio of Zn(OTf), and aryl lithium 18, cis-dim-
ethylsuccinic anhydride 7 was arylated in 85% yield and 87%
ee (eq 10). It is notable that optimal conditions include the use
of the organozinc triflate, formed from 1 equiv of aryl lithium,
rather than the more reactive diorganozinc reagent that requires
2 equiv while utilizing only 1 equiv.

hoo OMe [Rh(COD)CI], 0 Me
Me_- MeO OMe (4 m0|%2 MeO com
o + 1Zn(0TH), 17 (8 molo/é! H 2
Me E{ f (1:1) DMF, 50 MeO ge
° ! LN OMe
7 18 oo Me
Me>< PN 85%, 87% ee
Me o ™
e
PN pn 17
(10)
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SCHEME 16. Nucleophiles Compatible with Rh/(—)-trans-o, o'

(Dimethyl-1,3-dioxolane-4,5-diyl)bis(diphenylmethanol)

(TADDOL)—PNMe,-Catalyzed Anhydride Desymmetrization

Methodology

o [Rh(COD)CI],

H (4 mol%) 0O Me
17 (8 mol%)

Me
O +Nuc—Li/Zn(OTf)y —————— 7 R)I\_/Hr
f 1:1 ’ y
Me g Y (1:1) Me O

DMF, 50 °C
7

shavdvh R &

75% 88%
85% ee 88% ee

OH

74% 85% 78%
86% ee 87% ee 87% ee

Me
N #Ar°
K1 U
84% 76%
86% ee 80% ee

f\@,Me

82%
85% ee

While several alkyl- and alkenyl-substituted anhydrides are
compatible in this reaction, the strength of this methodology is
demonstrated with the diversity of organozinc reagents, which
includes nucleophiles formed from functionalized aryl bromides,
as well as from 2-methyl furan, dihydropyran, and N-methylin-
dole. Products from the reactions of these nucleophiles with
anhydride 7 are shown in Scheme 16. Yields range from 749%
to 88%, and enantioselectivities are typically in excess of 85%.
It is notable that in the preparation of these organozinc triflates,
no purification is necessary. All components remain present,
including Li and halide salts yet have no deleterious influence
upon the reaction. Attempts to utilize alkyl analogues under
these conditions result in complex product mixtures.

The concise synthesis of three lignans, eupomatilones 4
and 7, and the reported structure of eupomatilone 6, illustrates
the utility of this methodology. The members of the eupomatil-
one family are characterized by oxygenated biaryl systems con-
nected to a highly substituted y-lactone core.** Ketoacid 19,
obtained from desymmetrization of 7, was subjected to Fren-
ette’s reduction protocol and cydlized, providing the desired all
syn lactone 20.*3 Subsequent bromination affords aryl bromide
21 as the exclusive regioisomer (Scheme 17).

Suzuki cross-coupling of 21 with the appropriate boronic
acid was accomplished utilizing Pd(PPhs),. Use of 3,4,5-tri-
methoxyphenylboronic acid 22 results in the formation of
eupomatilone 4, completing the four step synthesis in an over-
all yield of 55% from readily available starting materials
(Scheme 18). Likewise, coupling of 3,4-dimethoxyphenylbo-
ronic acid 23 with aryl bromide 21 produces eupomatilone 7
in an overall yield of 52% in four steps.

SCHEME 17. Core Synthesis of Eupomatilones 4 and 7

[Rh(COD)CI],
ve. F (4 mol%) O Me DIBAL-H
17 8 mol%)  MeO ‘_OH 51 THF/PhMe
© ~BWF 50°C g & 78°C, then
Me 9 TFA (0.02%)/CHACl,
O 0. OM: Q
7 e -0 19
88%
ZnOTE 88% ee
MeQO
MeO Br
o NBS o} o
{ O_o0 cHel RT 0
0
20 4 Ve 21 e Me
82% 84%
97:3 dr

SCHEME 18. Completion of Eupomatilones 4 and 7

MeO
OMe
Pd(PPhs)s
NaHCO; MeQ OMe
DME/H,0 o
0o
B(OH),
O
MeO OMe Me Me
MeO B 22 OMe 90%
o r eupomatilone-4
4 o0 _o — 4 steps - 55% overall yield
o MeQ
21 e
Me  Me Pd(PPhs),
NaHCO;
| DME/M,0 _
B(OH), < Q
Me(Q Me
23 OMe 85%

eupomatifone-7
4 steps - 52% overall yield

Despite the success of the rhodium-catalyzed desymmetri-
zation of succinic anhydrides, these conditions are unfit for the
use of alkyl nucleophiles or glutaric anhydrides. A series of
additional optimization studies identified [Rh(nbd)Cl], (nbd =
norbornadiene) with tBUPHOX (t-butyl phosphinooxazoline) as
a competent catalyst for the desymmetrization of glutaric
anhydrides with alkyl nucleophiles.** Under these conditions,
Me,Zn and Et,Zn nucleophiles alkylate 3,5-dimethylglutaric
anhydride (24) in 86% and 95% ee, respectively, providing
the first catalytic enantioselective desymmetrization of glu-
taric anhydrides with carbon nucleophiles (eq 11). This asym-
metric formation of 1,5-ketoacids represents a means of
generating enantioenriched synthons of syn-deoxypolypropi-
onate, a structural motif common to natural products.

Similar reaction conditions are also amenable to the use of
alkyl zinc halide nucleophiles generated from the correspond-
ing Grignard or lithium reagents with ZnX, salts. A range of
nucleophile functionality is tolerated, and in all cases, the
desymmetrization of glutaric anhydride 24 proceeds with
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Me O
0
; z 2.5 mol% [Rh{nbd)Cll,._
© 5 mol% fBu-PHOX R)J\:/\:/C%H
RoZn, THF, 25 °C Ve e

M 24 © (11)

©\( R =Me: 87%, 86% ee
o

\

PPhZN\?

R=Et 95%, 95% ee
Bu-PHOX Y

enantioselectivities near 90% (Scheme 19). Notably, the use
of in situ formed MeZnBr provides significantly higher enan-
tioselectivity than commercially available Me,Zn.

Overview and Outlook

The development of carboxylic acid desymmetrization
methodology has provided the means for the enantioselec-
tive construction of 1,4- and 1,5-ketoacids. Reaction man-
ifolds enable the selective alkylation of succinic and glutaric
anhydrides, using commercially available and in situ gen-
erated nucleophiles. Mechanistic understanding of the par-
ent reaction systems has led to the use of mixed zinc
reagents and the development of the olefin-directed anhy-
dride alkylation methodology. The utility of anhydride
desymmetrization has been demonstrated with concise
asymmetric syntheses of several members of the eupoma-
tilone family of lignans and the establishment of a versa-
tile means of producing enantioenriched syn-deoxy-
polypropionate synthons. Despite these advances, the
methodology is inherently limited by the availability of sub-
strates; the symmetrical nature of meso cyclic anhydrides
makes them very specialized species. From the outset, we
viewed anhydride desymmetrization as the foundation for
future work into the generation of metalacycles via the
cyclization of alkenes or alkynes with heterocumulenes.
To this end, our group has recently described the initial devel-
opments of a rhodium-catalyzed [2 + 2 + 2] coupling of an alk-
enyl isocyanate with an alkyne for the rapid construction of

SCHEME 19. Nucleophile Scope for Rh/tBuPHOX-Catalyzed
Desymmetrization of 3,5-Dimethylsuccinic Anhydride

Me o}
(6]
5 mol% [Rh(nbd)Cll,
i go 10 moi% fBu-PHOX R)J\:/\:/COZH
vd b RZ0X,THF,50 °C Ve Me
24
e} O o}
e I~ cosH Me/\)l\_/\_/cozH A~ COH
Me Me Me Me Me Me
85%, 95% ee 62%, 88% ee 87%, 90% ee
0] (0]
ACO/\/\)J\__/\__/COZH CI/\/\/\)J\:/\:/COZH
Me Me Me Me

66%, 89% ee 76%, 94% ee

336 = ACCOUNTS OF CHEMICAL RESEARCH = 327-338 = February 2008 = Vol. 41, No. 2

alkaloidal heterocycles.*> Although similar heterocumulene cou-
plings have been demonstrated, this work represents a rare
example of the successful inclusion of an alkenyl zz-system“® and
thus formation of a stereocenter. While this methodology
remains in its infancy, early results are promising: the cycliza-
tion of alkenyl isocyanate 25 with phenyl acetylene, catalyzed by
[Rh(COD)CI], and phosphoramidite 26, produces bicycle 27 and
rearrangement product 28, both in excellent enantioselectivity
(eq 12). Efforts are currently focusing upon identification of the
reaction mechanism, as well as means to control regio- and ster-
eoisomer selectivity. These rapidly developing studies will be
reported in due course.

0 o} Ph
H c 5 mol%
10 mol% 26 L
Ph /25 Toluene, 110 °C Ph £ 0 H
27 28
ph_Ph 89% ee 94% ee
MeXOﬁQP‘NG 173 ratio
Me™ o o) 86% combined yield
Ph"pn 26

(12)

The continued evolution of these methodologies promises
the means to readily synthesize complex molecules through
previously unavailable routes. Despite these advances in the
use of metalacycles, additional frontiers remain. We believe that
our efforts to date provide the foundation for the utilization of
more versatile means of metalacycle formation, with the goal of
developing a fully modular, completely intermolecular three-
component cycloaddition compatible with numerous & compo-
nents. Ultimately, we envision the extension of this asymmetric
methodology to include other heterocumulenes, including car-
bon dioxide. Realization of this goal would provide a route to
complicated carboxylic acid containing products while utilizing
CO, as an inexpensive C1 feedstock.
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