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Atom Economy—A Challenge for Organic Synthesis:
Homogeneous Catalysis Leads the Way

Barry M. Trost*

( Enhancing the efficiency of the synthesis
of complex organic products constitutes
one of the most exciting challenges to
the synthetic chemist. Increasing the cat-
alogue of reactions that are simple addi-
tions or that minimize waste production
is the necessary first step. Transition
metal complexes, which can be tunable
both electronically and sterically by
varying the metal and/or ligands, are a
focal point for such invention. Except
for catalytic hydrogenation, such meth-
ods have been rare in complex synthesis
and virtually unknown for C-C bond

formation until the advent of cross-cou-
pling reactions. These complexes may
orchestrate a variety of C-C bond-
forming processes, important for cre-
ation of the basic skeleton of the organic
structure. Their ability to insert into C—
H bonds primes a number of different
types of additions to relatively nonpolar
n-electron systems. Besides imparting
selectivity, they make feasible reactions
that uncatalyzed were previously un-
known. The ability of these complexes
to preorganize n-electron systems serves
as the basis both of simple additions

usually accompanied by subsequent hy-
drogen shifts and of cycloadditions. The
ability to generate “reactive’ intermedi-
ates under mild conditions also provides
prospects for new types of C—-C bond-
forming reactions. While the examples
reveal a diverse array of successes, the
opportunities for new inventton are vast
and largely untapped.

Keywords: carbon-carbon coupling -
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1. Introduction

The goal of reducing simultaneously the depletion of raw
materials and the generation of waste has taken on new urgency
for the chemical community as society places increasing empha-
sis on environmental concerns. Thus, production of the myriad
of substances that are required to serve the needs of society,
stretching from the worlds of materials science to health care,
must address synthetic efficiency not only in terms of selectivity
(chemo-, regio-, diastereo-, and enantioselectivity) but increas-
ingly in terms of atom economy, that is, in terms of maximizing
the number of atoms of all raw materials that end up in the
product ! The ideal chemical reaction is not only selective but
is also just a simple addition (either inter- or intramolecular) in
which any other reactant is required only in catalytic amounts.

The producers of commodity chemicals have recognized the
importance of these issues. Though many existing processes do
not meet these objectives, they are mainly rather old technolo-
gies. “Newer” processes represented by hydroformylation,[
Ziegler—Natta polymerization,’® and hydrocyanation! are
spectacular illustrations of how practical and important pro-
cesses that possess these characteristics are. On the other hand,
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such issues have not been emphasized for production of smaller
volume chemicals. Clearly, a high priority goal of any chemical
production is an environmentally benign design.

With the increasing sophistication of the types of substances
that we must produce to meet society’s needs, this task is quite
daunting. In many instances, the synthesis of such compounds
by any means in an economically viable way is a major accom-
plishment; to do so with atom economy as well is an almost
untenable proposition. Part of the problem lies in the lack of
some type of selectivity for processes that meet this definition.
For example, apart from catalytic hydrogenation, the Diels—
Alder reaction comes closest to representing the ideal chemical
reaction in terms of atom economy and chemo-, regio-, and
diastereoselectivity.l! However, achievement of enantioselectiv-
ity in a catalytic sense is a major challenge and a subject of
intense activity.[%! In most instances, the failure arises from the
lack of atom economy. In a practical sense, while we should
strive for the ideal in which all reactions are simple additions, we
cannot expect to always achieve the ideal. When reactions are of
the form A + B— C + D where C is the desired product, the
by-product D should be as small and innocuous as possible.
Catalysis by transition metal complexes has a major role to play
in addressing the issue of atom economy—both from the point
of view of improving existing processes and, most importantly,
from discovering new ones. This review will focus on the forma-
tion of C~C bonds by homogeneous catalysis in complex organ-
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ic synthesis. Thus, polymerization methods, although extremely
important, are outside its scope. Several well established transi-
tion metal catalyzed reactions represented by carbonylation are
well appreciated and well reviewed; as a result, they are not
covered by this overview.

2. Prototropic Rearrangements

The ability of transition metal complexes to make and break
C-H bonds forms the basis of many catalytic processes beyond
the obvious catalytic hydrogenation. Olefin isomerizations'”!
may involve insertion into an allylic C—H bond (Scheme 1),

Scheme 1.

which has been proposed for a ruthenium catalyzed intramolec-
ular redox reaction of an allylic alcohol (Scheme 2, 4 — 2).181
While many metal complexes effect olefin isomerizations, their
lack of chemoselectivity render them useless with substrates like
4. This example itlustrates the potential such methodology of-
fers in terms of atom economy. Whereas the ‘‘normal” conver-
sion of aldehyde 1 to 2 would employ two steps involving stoi-
chiometric organometallic reagents to form 3 followed by

1 2, 87% °©

5% * . 16% NH,CH

PhoP—/
Phyf

Scheme 2.

adjustment of the oxidation level with some stoichiometric oxi-
dant, this reaction supplants the latter with a simple prototropic
isomerization. While 4 may be formed from 1 by use of a stoi-
chiometric vinyl organometallic reagent, it may also be formed
by catalytic additions of acetylene!®! followed by hydrogen
thereby transforming aldehyde 1 into ketone 2 with excellent
atom economy.

Isomerizations by C-H insertion take advantage of the sta-
bility of m-allyl metal complexes. However, such pathways are
not always feasible. An alternative mechanism invokes a metal
hydride addition followed by a pf-elimination (Scheme 3).

M—H M=
L T R e

/\/H
Scheme 3.

This pathway permits isomerizations of alkynes to dienes
(Scheme 4), which are geometrically precluded from reacting by
a m-allyl mechanism.!? 111 In addition to palladium complexes,
those of iridium,'!! ruthenium,'? and rhodium3 also cata-

lyze similar reactions.
AcO
2.5% (dba),Pd, + CHCI, H

AcO
Y /\r(v\/\
PhCH,, 100°C

o 78%

Scheme 4. dba = dibenzylidene acetone.

The analogous isomerization of N,N-diethyigeranylamine
with chiral rhodium complexes (Scheme 5) to produce natural
citronellal after hydrolysis of the enamine!!* 15! serves as the
key step in the synthesis of the side chain of a-tocopherol!*® and
a commercial synthesis of menthol.lt”!

)M/\ N(CzHs)z

[{S-(-)binap} (cod) Rh] CIO,
THF, 40°C

/K/\/'\/\N(CZHEV,)2

99%, 93% ee

Scheme 5. cod = cyclooctadiene, binap = 2,2"-bis(diphenylphosphino)-1.1'-bi-
naphthyl.
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3. Intermolecular Prototropic and Related
Additions

The aldol and related addition reactions to the carbonyl
group of aldehydes and ketones normally entails use of
Bronsted bases or acids, most commonly in stoichiometric
amounts. Performing such reactions with transition metal cata-
lysts offers two advantages beyond the avoidance of stoichio-
metric reagents: 1) more neutral reaction conditions that can
enhance chemoselectivity and 2) prospects for asymmetric in-
duction. The enol silyl ether version of the aldol addition may be
effectively catalyzed by a ruthenium catalyst (Scheme 6) and

TMSO .
OH, "|
CH,O0™ ’
1% 7 SbFg”
+ o=
J
o7 :

Scheme 6.

CH40,C
CD3NO,, 25°C OTMS

proceeds to > 90 % completion in less than 3 minutes. The ruthe-
nium center may be considered to enhance the electrophilicity of
the carbonyl partner by coordination; that is, it functions as a
Lewis acid.['® However, mechanistic diversity of transition
metal catalyzed reactions permits unorthodox types of aldol
reactions. As illustrated in Scheme 7, formation of an enolate by

1% (Ph3P )4RhH
cat. j- CaH7OH

45°C

(Phap)gRU

Rh(PPha)g

Scheme 7.

hydrometalation of an enone sets the stage for a net aldol
reaction of unsaturated ketones as the aldol donor partner—a
role they cannot play in simple acid or base catalyzed chem-
istry.!l' !

The promise that such transition metal catalyzed versions
may proceed with good enantioselectivity is beginning to be
fulfilled. The addition of nitromethane to aldehydes (the Henry
reaction) proceeds with good asymmetric induction on use of a
catalytic lanthanide base.1*! A simple synthesis of (S$)-(—)-pro-
pranolol utilizes this reaction (Scheme 8).12!} In another varia-
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tion a titanium complex serves as the equivalent of a
chiral Lewis acid in promoting cyanohydrin formation
(Scheme 9).12%!

10% Ti{OCHs)a

Nes
OH

o Ph

0 S A

99 i
+ HCN

PhCHg, -40°C

CO,CH; W o

o™

Tl

Scheme 9.

The gold and silver catalyzed aldol addition of isonitriles
proceeds with high asymmetric induction in the presence of a
chiral ligand. An asymmetric synthesis of a-amino acids ensues
on use of a-isocyanocarboxylates.[?3! Phosphorus analogues
derive from use of a-isocyanophosphonates (Scheme 10).124]

1% (<:>—NC>2AUBF4

SES7—PPh
1
1.1% fe
PPh,
H CHy o)
gy Py
CHy N ~"0" SNH—
CHy
CH,Cl,, 25°C
_ " -
<& —Fphe c>J\F’h.o o
+ /!

{R—QC,Hs P, POCHg),
PPh, i OCpHg - I\
» 2
HaC + H 9 7
N’\)“\/\ 90%, 94% ee
/

Scheme 10.
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The ability of the isonitrile to coordinate to gold or silver
provides the activation of the isonitrile—promoting deprotona-
tion and addition to the carbonyl group.

This same type of activation serves as the basis of the metal
catalyzed Michael addition of nitriles in which coordination of
the nitrogen of the nitrile initiates the events leading to addi-
tion.'*! The asymmetric addition of ethyl a-cyanopropionate to
prop-2-enal highlights the utility of this metal catalyzed version
of the Michael reaction (Scheme 11).12¢!

OHC X Ha
1% (PhyP})3Rh(COH

AN
OHC/\)\00202H5

95%, 85% ee

PhH, ca. 20°C
Scheme 11.

Using a transition metal to activate a pronucleophile for addi-
tion reactions creates a new level of reactivity that is not present
with main group elements, namely the ability to add to nonpo-
larized unsaturated systems. The important facile processes of
hydrometalation and carbametalation, characteristic of the
transition elements, initiate additions of a C—H bond across
double and triple bonds as formalized in Scheme 12.

Nu—H + M M
_— / A \ / o \
” T /i_, Nu—M H Nu H
Nu—M—-H _=— . Nu—M—H M
\ oo owen ) e w
- ./ < T\

Scheme 12. Formal representation of the hydrometalation A and carbametalation
B as routes to the addition of C—H bonds to nonpolar double and triple bonds.

The nickel catalyzed hydrocyanation of olefins!® 27! is initiat-
ed by a hydrometalation (Scheme 12, path A), which may pro-
ceed with high asymmetric induction in the presence of a chiral
ligand (Scheme 13).1281 The cis nature of the addition'?®! sug-

F3C F’h/vo o
(PR
2 OP
OO FsC > 2
CH,O CFy
+ 0.10% (cod)z Ni
HCN PhCHg, 25°C

CHy

100%, 85% ee
Scheme 13.
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gested by (Scheme 12) leads to E isomers of substituted acry-
lonitriles by hydrocyanation of 1-alkynes.[*°! Dienes are excel-
lent acceptors, since the intermediate is a m-allylnickel com-
plex.t 211 Combining hydrocyanation with olefin isomerization
led to a commercially viable synthesis of adiponitrile
(Scheme 14) 14321

CHy

[(< ;—0)3”] Ni

3
P PhsB .
ANF .+ HCN [/\/\cn -
HON NG
PN | —— NN NN

Scheme 14.

Nickel complexes also catalyze the addition of active
methylene compounds like malonic esters and S-ketoesters to
cyclic dienes (Scheme 15),®" which presumably proceed by a

CO,CoHs
O + CHACOCH), <—:_>—<
CO,CoHs

95%
Scheme 15. acac = acetylacetonate.

NaOCZHs, CaHsOH
(C2Hs)sAl, Ni(acac)
(C4H9)3P, ca. 20°C

similar mechanism (Scheme 12, path A). Extrapolation to
acyclic dienes is normally plagued by diene oligomerization,
itself an important and interesting process (see Scheme 31).
With palladium catalysis such oligomerizations may be sup-
pressed relative to simple additions by use of bidentate ligands
(Scheme 16A).133! With an unsymmetrical diene like myrcene,
the two feasibile regioisomeric n-allylpalladium complexes yield
two regioisomeric products, although one predominates. The
major regioisomer isolated in 60% yield serves as a com-
mercially important intermediate in the synthesis of vitamins A
and E.

Switching the catalyst may change the mechanism. Indeed, a
rhodium complex catalyzes the same addition by a carbametala-
tion (Scheme 12, path B) to produce a different mixture that
results from lack of regioselectivity in the proton transfer step
(Scheme 16B).1** This latter route becomes commercially vi-
able since both products can be taken on to pseudoionone, the
key intermediate on the route to vitamins A and E. '

A related but mechanistically different process is the palladi-
um catalyzed addition of pronucleophiles to vinyl epoxides
(Scheme 17). In this reaction, ionization of the epoxide by palla-
dium creates the base to deprotonate the pronucleophile, setting
the stage for the normal nucleophilic attack on a m-allyl com-
plex.13% The stereochemistry always involves formation of the
new C-C bond on the same face of the & system from which the
leaving group departed, regardless of regiochemistry. The regio-
chemistry normally involves attack at the allylic terminus distal
to oxygen as depicted. This process differs from the simple base

Angew. Chem. Int. Ed. Engl. 1995, 34, 259-281



Homogeneous Catalysis in Organic Synthesis

REVIEWS

r + COLCH;
g /L_} Wo
o | & . _Pd
1/0[<“——Pd01} « L Py
! 2z

3% dppp

—_— -

THF, 100°C

100°C
Ho0, CH3OH

e e ettt e o
(cod)RhCl
NaO;5

s
PdL, H—CH(CO,CH3),
/ C’@

f
L

Q +
L’Pd\L
S CH30,C
CH (C02CH3)2 —_
+/ OH CH30,C
_Pd
L= 'OH
Scheme 17.

promoted nucleophilic ring opening of the epoxide in both
regio- and diastereoselectivity.

The ability of transition metals to insert readily into
acetylenic C—H bonds, as represented formally in Scheme 18,

g

=-T

p—=—1+n + O
Scheme 18.

derives both from the acidity of this proton and the excellent
coordinating ability of the acetylenic linkage. Thus, a 1-alkyne
may function similarly to HCN and active methylene com-
pounds as summarized in Scheme 12.

Rhodium 3¢ and ruthenium (Schemes 19 and 20)B7! com-
plexes catalyze the addition of terminal alkynes to activated
olefins and dienes. Appropriate deuterium labeling experi-
ments demonstrate that with dienes the reaction proceeds
by a clean cis-1.2-addition. The low conversions of the
rhodium catalyzed reaction diminish its utility in spite of the
high yields.
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COCH; Scheme 16. dppp = 1,3-bis(diphenylphosphino)propane.

The addition to unactivated multiple bonds is complicated by
the normally dominant self-addition. For example, with a palla-
dium catalyst the dimerization proceeds well, even in the pres-

o]

D)v 0
1% [(CHa)sPlsRAC! D/U\/\/\/
+ —_—_— N
o S
=TSN /u\ . ca. 20°C 92%

Scheme 19.

CH302C A A

C4Hg)aPlsRuH
. [(C4Hg)aPlsRuH, CH,O,C 2
_ PhH, 60-100°C A
=N 86%

Scheme 20.

ence of an activated olefin (Scheme 21) .38 On the other hand,
an activated 1-alkyne completely intercepts the organopalladi-
um intermediate in a highly chemoselective fashion. For ex-

OCH,8
2% PG(OAC)s, 2% ( P
CHsOL_z = OCH,
PhH, ca. 20°C
TBDMSO

CO,CoHs

CaHs0,C Za
anse TBDMSO

TBDMSO

83%

Scheme 21. TBDMS = rers-butyldimethylsilyl.
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ample, the unsymmetrical cross-coupling occurs even in the
presence of an unprotected aldehyde (Scheme 22, path A).3%
The adduct of methyl butynoate and trimethylsilylacetylene
(Scheme 22, path B)*%! may be readily transformed into an

>
[e]

Va A CHOC7
4°/D
CH30,CC=CCHj
™S
\ B &

— CHy0,C7

T™MS
85% |

Scheme 22. The reaction conditions for A and B are the same as given in Scheme 20.
TMS = trimethylsilyl.

important building block for Vitamin A synthesis.*"!
Scheme 23 illustrates the use of this reaction as a key step in
constructing an acyclic carboxylic acid that ultimately under-
goes a palladium catalyzed lactonization by cycloisomeriza-

CH30,C OTBOMS

\/\/

OTBDMS

% OTBDMS

.+ CH30,C

o] A

*Axr

95%

OTBDMS

2.5% (dba)3Pdy » GHCly
30% PhyP

PhCH3, A

Scheme 23. Conditious for the first step as given in Scheme 2Q.

tion.[*?) Thus, a relatively complicated eighteen-membered
macrodiolide arises from two alkyne building blocks by a simple
series of inter- and intramolecular additions. A most remarkable
selectivity has occurred with a titanium(n) catalyst that pro-
motes the coupling of an unsaturated terminal alkyne as the
donor and a saturated terminal alkyne as the acceptor
(Scheme 24) .13 Allenes serve as effective acceptors for terminal
alkynes, and novel oligo(enyne)s may result (Scheme 25) 144!
Extension of these concepts to other additions depends upon
the ability of the transition metal to undergo the C~H insertion.
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%

TMSOCH,C=CH @

&
. oTMS
4% i—CaH7MgBr
Q_—z Et,0, 30°C 92%
Scheme 24.
= OCHj,
CO,CoH
< oF, Pd(OAC); e
% 4
OCH;,
+
PhH, 65°C
CO,CoHs x
2 =-¥
CO,CoHs
68%
Scheme 25.

The ability of transition metals to decarbonylate aldehydes via
an acyl metal hydride intermediate (Scheme 26) suggests the

Scheme 26.

prospect of trapping that intermediate as in Scheme 12. Where-
as capture with a simple olefin proceeds in only modest yields
with a ruthenium complex (Scheme 27),%3! capture by a 1-
alkyne occurs in good yields with a nickel catalyst

1% Ru3(CO)4p, CO

2oo°c
H\H/O 7\
)

Scheme 27.

(Scheme 28).1*®! Substrates containing sulfur are compatibile
with homogeneously catalyzed reactions, which contrasts with
their role as poisons for many heterogeneously catalyzed pro-
cesses. The E geometry of the product in Scheme 28 is consistent
with a ¢is addition.

e N\n)\ (CeHiraP, (coteNi
— + ———
THF, 135°C

93%
Scheme 28.
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Precoordination provides an important kinetic path for many
transition metal catalyzed reactions, one of which is ortho-meta-
lation (Scheme 29). On use of a ruthenium catalyst which be-
comes coordinatively unsaturated by loss of hydrogen to pro-

CG CG
o —
M
I
H
Scheme 29. CG = coordinating group.

mote ortho-metalation, aryl ketones add to unhindered olefins,
especially vinylsilanes.[*”! The example of Scheme 30 reveals
the kinetic preference for insertion into a sp? C—H bond
over a sp® C- H bond, in spite of the greater stabilization by
conjugation of the benzylic organometallic intermediate that
would have formed in the latter case and its lower bond
energy.

CH, CH,

o )\
+ T™MS

H

2% (PhaP)aRu(COJH, o
PhCHa, A

TMS
96%
Scheme 30.

The reactions of simple dienes in additions are frequently
complicated by self-oligomerization or telomerization. Such re-
actions are believed to involve bis(allyl)metal complexes as in-
termediates, which react with pronucleophiles to give regioiso-
meric addition products (Scheme 31). Although many metals

Nu
/\W
S =
o 27T _
2 NS M A:A Nu—H .
/\/\/\/\Nu
Scheme 31.

including Co. Ir, Rh, and Ru promote such reactions, most
work centers on Nil*8! and Pd.1**" For example, a Ni° catalyst
generated in situ from triphenylphosphane and nickel chloride
in the presence of sodium borohydride gave an 85:15 mixture of
the 2:1 adducts of butadiene and phenylacetone depicted in
Scheme 32 (telomers) to the 1:1 adducts.’® Of the 2:1 adducts,

o]
/\/\/\/\H‘\
2% (PhaP),NiCl, Ph
2 N + Ph _—_—_— +
o 2% NaBH4 o
Ph
& S

Scheme 32.
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the linear to branched telomer ratio is 8.4:1. Better selectivity
for the telomeric products is obtained from the palladium cata-
lyzed reaction (Scheme 33).15'1 The adduct of acetic acid
(Scheme 34) has proved to be particularly useful for the synthe-
sis of natural products. For example, the linear adduct which

PhgP, PA(OAG),

. 7 x
+ NP 80°C

H,0
——
Scheme 33.
oz pPd°
2 PN & HOAc —— AN Noac

OAc
/\/\)\/

—_—
)

Scheme 34.

may obtained in 88 % yield and 28:1 regioselectivity [catalyst
(0-C,H,0),P, Pd(OAc),]** served as a useful intermediate for
the synthesis of the fragrance ingredient muscone>*! and the
macrolide diplodialide.’®* The branched product is a conve-
nient source of octa-1,7-dien-3-one, which by a simple sequence
is converted into a useful steroid intermediate (Scheme 35).1°%

o]
/\/\/B\/ b Mlchael
(o}

addmon

hydrogenation
—————————

=

0]
‘O\L/
(e)

Wacker
ox«iatlon

aldol con-
densat|on

Scheme 35.

Since all the reactions are either simple additions or involve only
water as a by-product, this strategy becomes rather atom
economical. The commercial synthesis of 1,9-nonanediol
(Scheme 36) that combines a prototropic addition and isomer-
ization of the telomer 2,7-octadien-1-ol with hydroformylation
and hydrogenation is an ideal synthetic strategy for this com-
mercial target.!°6!
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NaQ;8

O
2 ANF + HO A N V¥

Pd(OAc),

(C2Hs)aN, CO;
cat. CuCrO; /\/\MO Hy/CO
NaQ;S
Rh{acac),, @—Pth
NN H AV e N

0% No 2 . Ho OH

Raney-Ni
Scheme 36.

The employment of nonacidic reaction partners for additions
to m-clectron systems requires initiation by a metal hydride
(Scheme 37). The dimerization of olefins by complexes of the

AN r M—H T‘ n
M? I- :j!
Hj |
Scheme 37.

later transition metal complexes illustrates this approach.
Whereas nickel is normally the preferred catalyst with nonfunc-
tionalized olefins, a “naked” Pd?* catalyst is recommended for
the dimerization of methyl acrylate (Scheme 38).°7! Cross-cou-

0.1% [(CH3CN),Pd](BF 4),

CHy0,C 7
LiBF4, 40°C

CH30. C\/\/\
a2 P oM,
93%
Scheme 38.

pling can occur between simple olefins (e.g. ethylene) and olefins
activated either by strain (e.g. norbornene)!*® or electronic fac-
tors (e.g. styrene).1®1 Alternatively, a diene is an excellent part-
ner for hydrovinylation for which the advantage of transition
metal catalysis for asymmetric induction may be exploited
(Scheme 39).16%1

@ + H,C=CH,

Scheme 39.

{cod),Ni, (CoHg),AIC
HsCNPPh,

NP

PhyP

O

93% ee

O

An alternative mechanism to that in Scheme 37 invokes a
metallacycle (Scheme 40). This pathway requires a geometrical-
ly difficult f-hydride elimination in the metallacyclopentane,
because the dihedral angle between the C~M and § C—H bonds
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H
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Scheme 40.

cannot readily become 0° as required for such eliminations.[®!]
On the other hand, such a mechanism seems to operate in a
ruthenium catalyzed addition, which obviates the above prob-
lem by an elimination exocyclic to the ring according to
Scheme 41. Thus, heating an internal or terminal alkyne with

Y Rul* v J [
I I N

LH.___ W

Ru

Scheme 41.

a monosubstituted olefin in the presence of a ruthenium com-
plex gives rise to the equivalent of a highly selective Alder ene
type reaction (Scheme 42).152! The high chemoselectivity is ex-
hibited by its compatibility with most functional groups (esters,

|

——Ru

\/

~a

o
=
OC,H
cszoJ\/\/ + Wr 28— o
o

DMF, Hy0, 100°C

(o]
OC;H
Cszo)K/\/L/\/('W 2Hs

70% ©

Scheme 42. DMF = dimethylformamide.

ketones, alcohols, ketals etc.): the “activated” olefin, that is, the
conjugated ester, would normally be thought to be the site of
reaction. The regioselective preference for formation of the
“branched” product changes upon introduction of steric hin-
drance at the propargylic position (Scheme 43). A similar pref-
erence for the “linear” product also results from employment of
an allyl alcohol in which the initial product, an enol, tautomer-
izes to give the y,6-unsaturated ketone (Scheme 44).1°31 Employ-
ing a y-hydroxybutynoate as the acetylenic partner (Scheme 45)
leads to a surprising regioselectivity in which the alkylation
occurs at the position « to the carbonyl group, a contra-elec-
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0. o + MA/COZCHS ———
X
o]
MWCOzCHg
65%
Scheme 43. Reaction conditions as in Scheme 39.
%, e
%
OH
o] R b4
+ ———
hd {
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(o]
N
———
o 43%
Scheme 44. Reaction conditions as in Scheme 39.
CO,CuHs
HO/ NN HiCy M
2 +
W et * al
CO,C3Hs

——RU\
%/ cl

—————————e i
CH30H, A 75% Ie}
e ————————
(+)-ancepsenolide ¢}
Scheme 45.

tronic orientation with respect to the normal preference in an
Alder ene reaction. The Z juxtaposition of the hydroxy and ester
groups leads to spontaneous lactonization with the expulsion of
ethanol under the reaction conditions and thus to a facile syn-
thesis of x-alkylated-y-butyrolactones. A short route to the
acetogenin (+ )-ancepsenolide employs a double ruthenium
catalyzed addition and establishes the absolute configuration
of this natural product (Scheme 45).1°41 The regioselectivity is
consistent with the metallacycle intermediate proposed in
(Scheme 40) in which 1) steric hindrance is minimized and 2)

Angew. Chem. Int. Ed. Engl. 1995. 34, 259281

substituents that may coordinate to ruthenium are preferential-
ly proximal to the metal.

When the enophile is replaced by a carbonyl group, the reac-
tion corresponds to the oxaene reaction. Such reactions have
been catalyzed by standard Lewis acids including those of the
early transition elements. Chiral titanium complexes as catalysts
in these reactions have afforded high enantiomeric excess in
selected cases (Scheme 46) .16

.
o :

{i-C3H70),TiBry \

PhCHj, 4A MS HO WY
H

75%, 98%ee

a
|
cngozc) * )/i\j

Scheme 46. MS = Molecular sieves.

CO,CH,

4. Intermolecular Heterotropic Additions

Halotropic additions of polyhalides to olefins have been
catalyzed by ruthenium (Scheme 47)®! and palladium

o] Cl Cl
i , o
+ ClyCCOl (PhaP)sRuCly
PhCH3, A Ci ©

86%
Scheme 47.

(Scheme 48).1°7 Such reactions have characteristics very similar
to those of radical reactions. The role of the metal may be
mainly to serve as an electron shunt. On the other hand, the cis

O. e}

IN~F }

@)

. 1% (PhgP)4Pd |>\/\/><P(002Hs)2
e .
a F

 F

ICF,P(OC,Hs), 3%

Scheme 48. u: Neat. at room temperature.

addition of allyl chlorides and bromides to alkynes (Scheme 49)
appears to involve a halopalladation followed by carbametala-
tion and dehalopalladation, in accord with the observed regio-
selectivity .[98]

{CHCN),PdB {0
T:

CH,CSCCOCH, + B el HiC A
-20 —= —5°C

B gs%

Scheme 49. The reaction was performed without solvent.
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Novel transition metal complexes offer a particularly promis-
ing approach to new reactions involving heterotropic shifts. The
ease of formation of vinylidene complexes from terminal al-
kynes suggested the catalytic cycle outlined in Scheme 50. Use of

R
h{ o M=o#
= H
R
] P I
o A

Scheme 50.

an allyl alcohol as the second component promotes a normally
sluggish nucleophilic addition by precoordination. The resul-
tant 1-metalla-3-oxa-1,5-hexadiene undergoes a metalla-Claisen
rearrangement to set the stage for reductive elimination to form
a f,y-unsaturated ketone. The net result is the conversion of a
terminal alkyne and an allyl alcohol into the simple adduct, and
involves an oxytropic rearrangement. This process is realized
with a ruthenium catalyst in a reaction that exhibited excellent
chemo- and regioselectivity (Scheme 51).%%: 7% The dramatic

10% |@

Ru
Phgp// ~al
_—

PhyP
+ R =
/W/OH 20% NH4PFg, 100°C 5 !

o) (o] OH
|

Ak
5

1l
R = H,COC CHaC  CH3CHCH,CH,

66% 56% 65%
Scheme 51.

effect of the ligands on the course of the reaction can be seen by
comparing Schemes 44 and 52. This latter example illustrates
the utility of this methodology for the construction of func-
tionalized steroid side chains such as that of the ganoderic acids,
which function as ACE inhibitors.U"!! By introducing phos-
phanes ligated to ruthenium, the pathway switches completely
from the metallacycle pathway, which requires coordinative un-
saturation, to the vinylidene pathway, which requires an elec-
tron-rich ruthenium center. The phosphanes both block coordi-
nation sites and enhance the electron-richness of the metal.
Thus, from the same two reaction partners, addition may result
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(o}

Scheme 52. Reaction conditions as in Scheme 48.

in a y,0-unsaturated ketone with no oxytropic rearrangement(¢3]
or a f,y-unsaturated ketone with oxytropic rearrange-
ment.[69: 711

The f.y-unsaturated ketones also function as convenient
furan precursors displaying atom economy. The synthesis of
rosefuran (Scheme 53) exempilifies this methodology in which
the recyclability of the N-methylmorpholine- N-oxide and acetic
acid enables this sequence to be performed with only water as a
by-product.!7?

= PAc cat. 0sO,
PR—— — ———-
OAc NMO
69%
+
OH
/\r

oH O ohe
HO. o
\ OAc
83%
o
1) H,0 ¢ .
2) DMSO, 160°C J

rosefuran, 48%

Scheme 53. Reaction conditions for the first step as in Scheme 48. DMSO =
dimethylsulfoxide, NMO = N-methylmorpholine-N-oxide.

If the alkyne partner is a propargylic alcohol, the initial
acetylide metal intermediate may undergo dehydration rather
than protonation to form an allenylidene complex. Scheme 54
outlines a cyclization accompanying reconstitutive addition in
which the only by-product is water.[”3! In a model study which
culminated in the synthesis of the spiroketal unit of the phos-
phatase inhibitor calyculin A, an alkyne derived from (R)-pan-
tolactone condensed with 1-buten-3-ol to give the highly func-
tionalized tetrahydrofuran unit with exclusive 2,5-trans
configuration (Scheme 55).174
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/\)J\/Q) /K/\/ CO:CHs 1% CpCo(CO),
A {CH,),CH,, A Z 0%
4
Scheme 57.

M= H OH
N _)\/\/OH
AIA —
(o] H
M=-=-=\/\/OH H20
Scheme 54.
7LQ CHy
dJ % wCHg + /YOH
\nmn —
OH
H OH

Scheme 55. Reaction conditions as in Scheme 48.

5. Prototropic and Related Cycloisomerizations

When the reactions described in Sections 2 -4 are performed
intramolecularly, the reaction constitutes a cyclization by iso-
merization as illustrated in Scheme 56 for a proton shift. Con-

=

Scheme 56.

sidering the potential in this approach to cyclization, there are
relatively few examples. For highly acidic compounds like -
keto esters, a cobalt complex effects addition to an alkyne
(Scheme 57), presumably by a mechanism resembling path A in
Scheme 56.17°1 Additions of similar pronucleophiles to dienes
occur with a palladium catalyst (Scheme 58).17¢! This process
probably involves initial hydropalladation to form n-ailylpalia-
dium intermediates (Scheme 56, path B), which undergo cy-

Angew. Chem. Int. Ed. Engl. 1995, 34, 259281

Scheme 58.

clization. The formation of macrocycles by this process is note-
worthy. Initiating the cycloisomerization by deprotonation of
the pronucleophile by the initial adduct between the Pd® catalyst
and the vinyl epoxide has proven a powerful approach to
macrocyclizations even for the formation of medium-sized
rings.”7- 781 This reaction is a key step in the synthesis of punc-
taporonin B (Scheme 59).17°! With a polymeric catalyst cycliza-

dppe, (PhsP)4Pd

b THF, 60°C

S0,Ph

o]

Scheme 59. dppe = bis(diphenylphosphino)ethane.

tions to medium as well as large rings can be performed at 0.5M
substrate concentration (Scheme 60).18%

The ease of insertion of Pd® into acetylenic C~H bonds per-
mits macrocyclizations also by a mechanism analogous to path

o HO
Pth «Pd
SO,Ph _— S0,Ph
SO,Ph THF, A SOzPh
4%
Scheme 60. PS = polystyrene.
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B in Scheme 56. In the example of Scheme 61, although cycliza-
tion could occur in either direction, it is completely chemoselec-
tive: the acetylenic linkage proximal to the electronegative sub-
stituent serves as the acceptor.’®!) Tn this reaction an activated

— \\
[e]
X
OCH;,
< ap
1 OCH,
Pd(OAc),
THF

Scheme 61.

alkyne as in Scheme 62 results in cycloisomerization and con-
comitant butenolide formation.’®? This macrocyclization serves
as a key step in a projected synthesis of the cembranoid pachi-
clavulanolide.

OH PCH;
5%[{(@)3P}2Pd](0kc)2 OH
H

N\
PhH, A €0:Cals

CHy
H N
= (o)
CHg

58%
Scheme 62.

If the ability to insert into an aldehydic C-H bond
(Scheme 26) is applied to intramolecular additions to unsaturat-
ed C—-C bonds (intramolecular version of Scheme 12), the result
is a novel cycloalkanone synthesis.t®3} Although the formation
of cyclopentanones proceeds most readily, cyclohexanones may
also form (Scheme 63) 1841 Excellent asymmetric induction may
be observed (Scheme 64).18%1

[(PhaP)2RNCI]
H,C=CH,

_—_——

CDCly, 70°C

7

iy
4
”//b /T/

60%

O
14 ==
O

[o TN

I

S ou
I

Scheme 63.

Initiating the reaction by hydrometalation and terminating
the sequence by f-elimination (Scheme 65) opens a variant on
Scheme 56 for cyclization that is a transition metal analogue of
the intramolecular Alder ene reaction.®¢! A further feature
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5% [{(R)-binap}Rh]CIO,
CH,Cl,, ca. 20°C ",

81%, 99% ee

Scheme 64.
— H
or
M—H *
Ha
H
b Z H
M
M
Scheme 65.

of this process is the ability to direct regioselectivity.’®”! For
example, cycloisomerization of the enyne of Scheme 66 may
produce two Alder ene type products. Thermal reactions of
analogous substrates generally favor migration of H,. A hydri-

{dba)sPd, » CHCl,
(0-CHyCeH, )P

_ WOTsveTlalsh
HOAc, PhH, 80°C

chokol C

Scheme 66.

dopalladium catalyst, generated in situ from palladium (0) and
acetic acid, yields the compound produced exclusively by migra-
tion of H,.1®¥ This unorthodox regioselectivity derives from
coordination of the remote double bond to palladium, thereby
fixing the geometry of C—H, to disfavor its f-elimination. The
resultant product is easily converted into the cyclopentanoid
antifungal agent chokol C. The total synthesis requires only

Angew. Chem. Int. Ed. Engl. 1995, 34. 259281
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seven steps from commercially available geranyl bromide and
N.N-dimethylacetamide. Syntheses of dendrobine!®®! and picro-
toxinin ! utilized this cycloisomerization as a key step.

Replacing an alkyne by an allene may also lead to successful
Alder ene type cyclizations. A synthesis of the marine antibiotic
petiodial involves such a tranformation to create the properly
substituted cyclopentenyl ring (Scheme 67).1°1 A - nickel-
chromium catalyst supported on polystyrene!®? appears to be
more general for cyclizations of enallenes.[93]

NSNS PoR
PhH, 85°C
)\/\/g/\/u\é/cr\‘ 5 steps
85%
OHC/,,// HO /\
A S OAc BBEDA = =N N=\
Ph/— Ph
petiodial

Scheme 67.

A major benefit of this type of transition metal catalyzed
reation is the prospect of performing reactions not possible un-
der thermal conditions. In Scheme 65 it is seen that the Alder
ene type product derives from f-elimination of H, in the prima-
ry cyclized product. Elimination of H, to produce the syntheti-
cally versatile 1,3-dienes cannot be achieved thermally, but it
can be envisioned to occur in this metal catalyzed version. In-
deed, such a reaction proceeds in excellent yield®* °%) and
served as the key to a general strategy for the synthesis of the
isolactaranes represented by sterepolide!®®! and merulidial™®”!
(Scheme 68). The regioselectivity of the cycloisomerization of
the enyne with the terminal triple bond reveals the effect of

g X
ST= s NorBoMS
PMBO OTBDMS PMBO
Pd(QAc), [{(@)’3!’} zpd](OAc)a
BBEDA
PhH, 70°C PhH, 80°C
81% 91%
OTBDMS

CHO

sterepolid merulidial

Scheme 68. PMB = pura-methoxybenzyl.
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substitution at the allylic position: an alcohol or its derivative
functions as a regiochemical control element directing the f8-
elimination to favor the 1,3-diene.’®3 °®1 The importance of this
cycloisomerization stems from the ability of the 1,3-dienes to
function in a second atom economical process, the Diels-Alder
reaction. Tethering of remote substituents also favors 1,3-
diene formation. Thus, cycloisomerization may be followed
by cycloaddition to fold an acyclic polyenyne into a poly-
cycle (Scheme 69).1°4 While elimination of neither H, nor H,
is particularly geometrically favorable, the C-H, bond can

Ha
Hy
E =z X 5% Pd(OAc), E Pu’\
7 N\
E = PhCHa, 110°C E X

E Z E
—— —
E E

Scheme 69. E = CO,CH, 72%

more nearly approach the requisite orientation and, being al-
lylic, is weaker—two factors that favor formation of the 1,3-
diene. The remote double bond then functions as the dienophile
to form the tricycle. Similar reactions have also been catalyzed
by a nickel-chromium complex, preferably supported on
polystyrene.

The formation of 1,3-dienes by cycloisomerizations sets the
stage for metal catalyzed additions of pronucleophiles as in
Scheme 15 and path A in Scheme 16a. Since palladium can cat-
alyze each step separately, finding the right ligand allows
the steps to proceed successively in a one-pot reaction
(Scheme 70).1°°! Surprisingly, changing the ligand completely

A E>Ci £ SOzPh
Q E E
/U\/SOZPh
R Pd(OAC), s9% ©
THF, A

E = Q
A Y { e 3
£ I SOPh
m 86%
A:dppp B: (Q)'P P-(Q)
2 2

OCH;4 OCH,
Scheme 70. The ligands for the routes A and B are listed separately. E = CO,CH;.

changes the regioselectivity of the initial cyclization from five-
(Path A) to six-membered (Path B) ring formation. Path B nor-
mally is not observed in the simple cycloisomerizations. A scan-
dium hydride catalyzes the cycloisomerization of a,w-dienes by
a similar mechanism 1% Remarkably, medium and large rings
form readily (Scheme 71}, although the catalyst cannot tolerate
Lewis basic sites. Other metals including paliadium,!*°!! rhodi-
um,'®' and nickel®2 are reported to cycloisomerize a,w-
dienes with varying success.

271



REVIEWS

B. M. Trost

HsC @
\Si \ _H
H ey
d 7 P(CHy,

Q

C

99%

O
Scheme 71.

Another prospect for invention is the interception of the ini-
tial monocycle of Scheme 65 by further unsaturated functional
groups. Construction of quinanes and heteroquinanes involves
capture by an additional double bond system (Scheme 72) in a

Ts
@ /\ NHTs Ho\Q/r!l 2 steps
- et i
o 2.5% (dba)sPd, « CHCl; Z

6% dppe, THF, 0°C

60%

E. E T8 2.5% (dba)sPdy » CHCl3
N PhaP, HOAC

P / / PhH, 80°C

Scheme 72. Ts = pura-tolylsulfonyl, E = CO,CH;.

sequence initiated by a palladium catalyzed addition of a vinyl
epoxide and a pronucleophile.['®3) The juxtaposition of the un-
saturated bonds determines the nature of the ring system that
will be created, as illustrated for a linear azatriquinane synthesis
in Scheme 72. The number of rings that can be created equals
the number of double plus triple bonds minus one. Thus, zip-
ping up the heptaenyne in Scheme 73 with a palladium catalyst
creates a heptaspirane that resembles a molecular rope.!!%4

OCH,
4

PhO,S ==

PhSO,

OCH,
2.5% (dba)zPd, « CHCly p
PhySb, HOAc PHO,S
PhH, 50°C
PhSO,
77%

Scheme 73.

Replacing the internal double bond by another triple bond
provides a novel strategy for the synthesis of 1,3,5-hexatrienes
(Scheme 74). These intermediates further cycloisomerize by a
rotoselective disrotation to form a single diastereomeric tri-
cycle. Preclusion of the final f-elimination does not stop cycliza-
tion, since the intermediate with a terminal palladium moiety
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2.5% (dba)yPdy + CHCly
10% PhgP, 20% HOAc

PhH, 63°C

auen

N

TBDMSO

TBDMSO

51%
Scheme 74. E = CO,CH,.

may bite back on itself to produce a tricycle similar to that
derived from electrocyclization of a hexatriene (Scheme 75).
Other mechanisms also explain this efficient tricyclization.

TBDOMSO
2.5% (dba)yPd, + CHClg

HOAc, PhH
TBoMsg & TBOMSO
Z PdL
W awCH 3 wiCH3
82%

Scheme 75.

Another opportunity for innovation envisions interception of
the C—~M bond of the initial monocycle of Scheme 65 by an
external trap such as hydrogen to effect a reductive cyclization.
Indeed, an yttrium hydride formed in situ permits an atom eco-
nomical addition of hydrogen with concomittant cyclization,
which dominates over simple reduction with appropriate sub-
strates (Scheme 76).1'%3! A more general but less atom econom-

OTBDMS QTEOMS
Cp*2Y(CH3)(THF ~
> N . Hy p*2Y(CH3)(THF)
PhH, ca. 20°C
82%

Scheme 76. Cp*.

ical reductive cyclization employs a proton and a hydride source
as an equivalent of molecular hydrogen.!'°®! This palladium
catalyzed reductive cyclization of an enyne served as a key
step In a synthesis of the clinically useful phyllanthocin
(Scheme 77).t1°7

An alternative mechanism for cycloisomerization recognizes
the chelating potential of o,w-unsaturation (Scheme 78).
In fact, some of the palladium catalyzed cyclizations of
Schemes 66—69, 72—75, and 77 may proceed through such a
pathway.t86% 941 Use of ‘‘tetramethoxycarbonylpailadacyclo-
pentadiene” (TCPC) as catalyst for such cycloisomerizations is
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PMHS, HOAc
2.5% (dba)sPdy » CHCly

L0
070 “1G0,CH,

oTIPS

BBEDA
|
EINeel, ca. 20°C

phyllanthocin

Scheme 77. PMHS = polymethylhydrosiloxane. TIPS = triisopropylsilyl.

Scheme 78.

be lieved to involve such a pathway (Scheme 79).1'°%1 The
iron(0) catalyzed Alder ene type process (Scheme 80) appears to
involve such a mechanism.!??T The intramolecular analogue of
the diene telomerization reaction (Scheme 31)!'1°1 also invokes
a similar concept (Scheme 81) via a bis(n-allyl)paliadium inter-
mediate.

E, £

I—\S\ZTCPC
= soph E7 Vpg ©
-
TBDMsoS ; = PhaP, Ol €5°C

PhSO,E SO.Ph
Z
x>
TBOMSO TBDMSO

73%

Scheme 79. E = CO,CH,.

OCH,Ph OCH,Ph
10% (bpy)Fe®
Z b pvg
| PhH, 25°C
\
S

N

Scheme 80. bpy = bipyridine.
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CH,

~ 5% Pd(OAc),, 15% PhgP
0,

N THF, 65°C

Scheme 81.

Replacment of an olefin by a carbonyl group leads to an
oxaene reaction. While typical Lewis acids normally catalyze
this reaction, such cycloisomerizations have also been reported
with Wilkinson’s catalyst (Scheme 82), although the mechanism
of this catalysis is obscure.!! 111121

i
ntn

_(PraPIRhC
CHCIs,

(o]
=

Scheme 82.

%%O\
0%

Cycloisomerizations can also involve heterotropic rearrange-
ments. An oxytropic cyclization involving r-allylpalladium in-
termediates proceeds stereospecifically to the bicycle with an
endo-oriented side chain (Scheme 83).1''31 The ruthenium

PhSO,
i"s"? (dbajgPdy » CHCly A
N PhsP, THF AcO, §
0OCO,C,Hs ca. 20°C
+ then Ac
o n Acz0 PhO,S SO,Ph

O

OA
(dba)gPdy » CHCIy ©
—THF
Scheme 83.
catalyzed halotropic addition occurs intramolecularly

(Scheme 84).'14! This reaction may be extendable to form
medium and large rings.!''

‘ H §_CI
10% (PhaP)sRuCly EEN
a —_— SCH,
PhH, 140°C
SCH3 o
0 67%

Scheme 84. Only the major product is shown.
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6. Cycloadditions

The fastest way to increase molecular complexity is to form
more than one bond at a time as in cycloadditions. Orbital
symmetry reveals that Hiickel-like (4n + 2) transition states are
favored whereas 4n transition states are forbidden in a geomet-
rically favorable suprafacial conformation. However, metal
catalysis may succeed in both cases since it opens a plethora of
mechanistic possibilities beyond the concerted cycloaddition.
The orbital-symmetry-forbidden [2 + 2] suprafacial cycloaddi-
tion is catalyzed by early transition metals which seem to func-
tion as Lewis acids. Chiral cyclobutanes (Scheme 85) and cy-
clobutenes form with excellent enantioselectivity.[116!]

Ph Ph

SCH, Pr>< °j><°“
== 10% 3
SCH, o %OH CH,0,C SCH, [—-\
Ph” “Ph 7, N o
+
o 10% TiClp(0-i-CaHsl p,/ 1],/
~—\ 13
)k/\”/" b PhCHg, petroleum ether CHsS
CH,0 “
A \‘or 4Ams 96%, 98% e
Scheme 85.

A more promising strategy involves reductive elimination of
metallacyclopentenes that may form from alkynes and alkenes
(Scheme 86). Such an intermediate has been invoked in the

w o — v — OB

Scheme 86.

7 \

ruthenium catalyzed Alder ene reaction (Scheme 41). With a
strained alkene partner such as norbornene or norbornadiene,
such a [2 + 2] cycloaddition occurs in the presence of a coordi-
natively unsaturated ruthenium complex (Scheme 87).1''71 In

/
Eand

&
€0,CH; \
éb : / LE% ot
CoMs)sN
cHa (C2Hs)sl CH,

Scheme 87. The yield is 79 % relative to norbornene and 87 % relative to norborna-
diene.

contrast to other diene reaction partners (vide infra), norborna-
diene undergoes only [2 + 2] cycloaddition. Other catalysts
have been reported to behave similarly.!*'®! This reaction ex-
panded an azulene into a heptalene with dimethyl acetylene-
dicarboxylate (DMAD) (Scheme 88) .11}
Palladacyclopentadienes promote [2 + 2] cycloadditions of
enynes (Scheme 89).1'2% The resulting cyclobutenes undergo
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Scheme 88. E = CO,CH,.

C3F7CH,0,C CO,CH,C3F;

C3F;CH0,C Npq CO2CH;CoF;

\ @)

4%  C3HyCH0,C—==

CO,CH,CoH;
o
~N"ai, 80%C

Scheme 89.

thermal conrotatory ring opening to form 1,3-dienes. Shorten-
ing the tether connecting the double and triple bonds of the
substrate from four to three atoms lowers the temperature for
ring opening so much that only the enyne metathesis product is
observed (Scheme 90).1'2!1 The presence of bicyclic structures
like those depicted in Scheme 90 in many natural products
makes this simple approach for their creation very attractive.

CF;CH,0,C, CO,CH,CFy

i =TCPCTFE
CF3CH,0,C Pd CO,CH,CFy

A 5% ©—0> P
CO,CHy

Cl
oman, e~ go°c

TMSO
TMSO.

C0,CHs CH30.C
3

Scheme 90.

Intercepting the metallacyclopentene by carbon monoxide
creates the structurally important cyclopentenones. Surrogates
for CO such as isonitriles react analogously. With dicobalt oc-
tacarbonyl as the complex, this addition is known as the Pau-
son-Khand reaction and is an important synthesis of cyclopen-
tenones.[*2?! Unfortunately, the reaction generally requires a
stoichiometric amount of the cobalt complex, although a recent
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example has illustrated the potential for a catalytic process
(Scheme 91).1'2*! An analogous process catalytic in a titanium
complex traps the cyclopentene with a silylisonitrile generated in

o] [o]
el 0.22% C0y(CO)a "‘csﬂn\é
I‘l I PhCHg, 150°C
360 atm 49%
Scheme 91.

situ by isomerization of a silylcyanide (Scheme 92).11241 Ni° ef-
fects a similar reaction, which, however, requires a stoichiomet-
ric amount of the *‘catalyst.”!*2) These sequences constitute a
[2 + 2 + 1] approach for five-membered ring construction.

tert-C{Hy0,C -
tert-C4Hs0,C
i tert-C4HgOC,
= 10% Cp,TilP(CH3)a]
. T e T S o tert-CHg0,C =N
TBDMS-CN ca. 71%
Scheme 92.

A [3 + 2] cycloaddition also generates five-membered rings.
A cooligomerization of methylenecyclopropane with electron-
deficient or strained alkenes produces methylenecyclopentanes
even with substituted substrates (Scheme 93).1'2%) Whether the
reaction involves ring opening to a trimethylenemethane com-
plex or direct oligomerization through a metallacycle has not
been elucidated.

[} ) o
R’ d Cde—> (i-CaH7)aP R
. .
p; ] 100°C
R=H 78%
CH3 71%

Scheme 93.

Intercepting the metallacycle of Scheme 86 with a two-carbon
trap generates six-membered rings in a formal [2 + 2 +2] type
of cycloaddition (Scheme 94). Cycloisomerization of enynes

M CM ".
S

Scheme 94.

7\

with TCPC in the presence of excess dimethyl acetylenedicar-
boxylate leads to the bicyclic derivative formed by trapping the
purported palladacyclopentene intermediate (Scheme 95).I1081
A low-valent cobalt complex generated in situ extends this reac-
tion to monoactivated alkynes (Scheme 96),!' 27 whereas tether-
ing all three unsaturated bonds permits [2 + 2 + 2] cycloaddi-
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tion even without activating groups (Scheme 97).* 28! although
a stoichiometric amount of the cobalt “catalyst” is required
because the product is strongly coordinated to cobalt.

OTBDMS
CpCo(CO),

= PhCH3, A
I I 92%

Scheme 97.

Norbornadiene undergoes [2 + 2 + 2] cycloadditions (homo-
Diels—Alder reactions) with alkynes in the presence of a cobalt
catalyst.!*?*! Since norbornadiene functions as a bidentate lig-
and to direct the initial cobaltacycle to the endo face, deltacy-
clenes (Scheme 98) rather than cyclobutenes (Scheme §7)1130]

5% Cofacac),

;b (Csz)zAlC’
/.
Norphos
+ —_ .
=—Ph THF

Ph
100%, 98% ece

Scheme 98, Norphos = 5,6-bis(diphenylphosphino)norbornene.

result. As illustrated, placing the metal in a chiral ligand envi-
ronment may impart high enantioselectivity. Using a nickel cat-
alyst enables enones to be used as the “‘homodienophile”
(Scheme 99),131) which suggests that the course of reaction in
Scheme 94 may be applicable to metallacyclopentanes. 1,5-Cy-
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Scheme 99.

clooctadiene participates efficiently in [2 + 2 + 2] cycloaddi-
tions (bis-homo-Diels—Alder reaction) with alkynes in the pres-
ence of a ruthenium catalyst in which a ruthenacyclopentene
may be postulated as an intermediate (Scheme 100).[132! The

=+ CHO 2 FANF 5%
l l \/nu\m
HO.
.
i O CHyOH, A
HO
OH
Sy
Ru N HO'
|\ OH
q 78%
Scheme 100.

atom efficiency of this process for construction of the energy-
rich tricycle becomes evident when it is realized that both reac-
tion partners are synthesized by simple addition reactions. Thus,
by a series of three additions, acetylene, formaldehyde (or other
aldehydes or ketones), and butadiene combine to form the tricy-
clo[4.2.2.0% [dec-7-enes. All other are used catalytically.

The formation of metallacyclopentadienes (Scheme 101) ap-
pears to be even more facile than that of metallacyclopentenes.

oo

Scheme 101.
The classical example is the construction of benzenoid arenes by

cotrimerization of alkynes.!'#3 Many metals catalyze this pro-
cess, but nickel (Scheme 102),[*34 rhodium (Scheme 103) 113!

Gy

5% (Ph:,P)leCIg
TPheP, mCateli

CO,CH, o

72% OH 19%
Scheme 102.
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and especially cobalt (Scheme 104)!!3%! have proven particular-

ly effective. In contrast to the reaction in Scheme 97, the cobalt
dissociates easily from the arene, and the reaction is truly cata-

[o]
OH H

Il

CpCo(C0O),
——————t————
HO — (CHg)oCeHa, O, hv
HO

86%

CygHaz, &

93%
Scheme 104.

lytic in cobalt. This example illustrates the strain that may be
incorporated into the cycloaddition product, which is released
in a subsequent thermal electrocyclic reaction to set the stage for
a final [4 + 2] thermal cycloaddition. Thus, by a series of simple
cycloisomerizations, an acyclic precursor is folded into the
entire steroid skeleton. Replacing an alkyne by the isoelec-
tronic nitrile leads to a very efficient pyridine synthesis
{Scheme 105).1137-138) Cymulative unsaturation represented by

=z N
& Z 3% CpCaf(cod) —
C=N -
N PhCH,, 110°C v N\ 7/
CO,CH,Ph £0,CHPH

80%
Scheme 105.

an isocyanate effectively captures the cobaltacyclopentadiene
(Scheme 106)—an important step for the synthesis of the antitu-
mor agent camptothecin.t*3%! Alkenes also function as effective

P, =

30% CpCo(CO), (\ o
O
hv, 14o°

camptothecin

Scheme 106.
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traps. Since the resultant cyclohexadienes coordinate extremely
well to cobalt, normally stoichiometric amounts of the “cata-
lyst™ are required in such cases. Niobium complexes also initiate
[2 + 2 + 2] cycloadditions of alkynes.[149

With carbon monoxide, capture of the metallacyclopentadi-
ene normally generates the cyclopentadienone rather than
pyran derivatives. However, since cyclopentadienones are excel-
lent ligands. the products are normally metal complexes, and
thus the reactions require stoichiometric amounts of the
metal."*" On the other hand, carbon dioxide participates in a
{2 + 2 + 2] type cycloaddition under the influence of a nickel
catalyst (Scheme 107).1*4?! Aldehydes may function in similar
fashion to produce pyrans.[!4%

(cod),Ni, (c4us)z"/_>\:\>
—_ =

THF, 50 atm, 100°C x°
T™S
74%

Scheme 107.

Precoordination onto a transition metal promotes [4 + 2} cy-
cloadditions that might not occur thermally or occur only at
unacceptably high temperatures. On use of a coordinatively
unsaturated electrophilic rhodium complex, dienes react with
unactivated alkynes (Scheme 108) to give the adduct in which

\( |‘l ((dppb)(cad) R] PFe U
+ —_—
Xy  CHyCl,ca 20°C a a

R=nCsMyy 74%
Scheme 108, dppb = 1.4-bis(diphenylphosphino)butane

Ph 85%

isomerization of the double bonds to the thermodynamically
more stable conjugated isomer accompanies cycloaddition !'44
With an iron(o) complex, catalysis of the cycloaddition occurs
without isomerization of the double bonds (Scheme 109).1143!

)
N4
=
« Al -
™ THF, 20°C
B84%
Scheme 109,

While the “para™ type product dominates, other isomers also
form. Tethering the partners overcomes the regioselectivity
problem, and catalysis may be accomplished both with rhodi-
um!**®1and nickel (Scheme 110)!'47 complexes. Rhodium cata-
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lysts enable both allenes (Scheme 111)*4®) and simple olefins
(Scheme 112)!14¥1 1o serve as *‘dienophiles.” The ability of tran-
sition metals to promote ring opening of strained rings has led
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Ph

< § H [e}

( o) * °><
THF, A
o]
87%
Scheme 111.
4\~ {l{CF 4},CHOJP),RACI
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H,C
98%
Scheme 112,

to a novel Diels-Alder type cycloaddition of cyclobutenones
with atkynes, presumably involving a vinylketene coordinated
to the metal as the diene partner (Scheme 113) I'#®T Unsymmet-
rical alkynes show no regioselectivity.

OH

O

75%

o 10% (cod)aNi
/[f « i s

Scheme 113.

A new type of approach for cycloaddition proposes the use of
a metalladiene or metallaecnophile as reaction partner
(Scheme 114). Although such carbenes normally participate in
[2 + 2] cycloadditions leading to metathesis type products, the
potential for creation of unusual ring systems not directly acces-
sible by Diels—Alder reactions, such as cyclopentenes, make the
search for such processes highly worthwhile. In the first example
of a metalladiene participating in a cycloaddition. the vinylcar-

Cr— 0 —

<n-O—J@

Scheme 114.
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bene is generated in situ by a cycloisomerization of an enyne as
in Scheme 115.1'3% Trapping of the palladadiene intermediate
requires a diene or enyne and proceeds with high regio- and
diatereoselectivity.[!*!! Thus, simple metal catalyzed isomeriza-
tion and addition convert simple building blocks into complex
polycycles with high atom economy.

R
R
E TCPCTFE E =
—_—— Pd —_—
E J— o e
R

TCPCTFE

96%
Scheme 115. E = CO,CH;, R = CO,CH,CF;.

A more traditional catalysis of the Diels—-Alder reaction uti-
lizes the transition metal as a Lewis acid. These catalysts offer
the advantage of imparting enantioselectivity as exemplified by
titanium' 3% and lanthanide (Scheme 116)!*%3 catalysts.

Ph Ph
Phxof<on
Lo 2 )
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o

(o]

CH;0,C
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r—N

99%, 92% ee

<

N
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S s o
OO > &y

CHLCly, 0°C

o
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Scheme 116.

Higher order cycloadditions are also promoted by transition
metals. The [4 + 4] cycloaddition to cyclooctanes catalyzed
by mickel controls regioselectivity by tethering the two
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groups.t347 1361 An effective synthesis of (4 )-asteriscanolide

highlights the practicality of this cycloaddition (Scheme
117).1%71 While intermolecular homocoupiling of dienes also

My,

K2

10% (cod)Ni, 2% PhyP

PhCH,, 90°C

asteriscanolide

Scheme 117.

may be achieved with the nickel catalyst, an iron catalyst has
effected selective cross-coupling of two different dienes asym-
metrically (Scheme 118).['581 An alternative paradigm for eight-

W\\\\\‘\ : :

N

FeC|2
0.5%

-17°C, 14d

0.7% [)Mg(*mf:)2

89%, 61% ee
Scheme 118.

membered ring construction is [6 + 2] cycloadditions. On use of
a chromium catalyst, cycloheptatriene (Scheme 119) and its het-
erocyclic variants form cycloadducts with typical dieno-

CO,CHs 7 wCOCHs
2%

103

55%

+

O

Scheme 119.

Cr{CO),

tert 'C4HQOCH3, 1 3500

philes.!**1 This reaction has been extended to {6 + 4] cycloaddi-
tions, which, however, proceed much slower (only 36% com-
plete after 18 h, Scheme 120). Many further prospects for metal
assisted cycloadditions not achievable otherwise abound.

N een
3 iy
Yy, wiCOLCH:
C\Xcr/(co)z 0.CHs
—_——— T .
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Scheme 120.

135°C, tert-C4HoOCH;
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7. Conclusion

The tremendous strides in organic synthesis in the last several
decades have engendered the feeling that no target is too com-
plex to tackle by synthesis. However, such notions founder if the
practicality is questioned. It is not adequate only to complete a
synthesis; the effectiveness of the route is critical. Improving the
ability to design molecular structures more efficiently stems
largely from enhancements in the selectivity of available reac-
tions and reagents. Increasingly, transition metal catalyzed reac-
tions are proving their value for such goals. No reaction better
exemplifies this point than the transition metal catalyzed cross-
coupling. However, in solving such problems of selectivity, the
issue of atom economy is normally neglected. The scale-up of a
complex synthesis from the research laboratory to the plant
cannot ignore this fundamental question. This issue has long
been recognized by the commodity chemical industry for obvi-
ous reasons. Only recently has the subject become an issue for
the synthesis of smaller volume products. As the legitimate con-
cerns of society for wise use of our limited resources with mini-
mal environmental risk grow, the ability to produce the chemi-
cals needed to improve the human condition will hinge on the
inventfulness of chemists to design more efficient syntheses.

As a start. the repertoire of reactions that are highly atom
economical must increase. The prospects for invention are vast.
Clearly, the molecular gymnastics— even acrobatics—for or-
ganic molecules that transition metals direct represent promis-
ing opportunities for new invention.

Several themes become evident. Many reactive intermediates
do not participate usefully in synthetic reactions either because
of the harshness of the conditions required to generate them or
because their high reactivity makes their trapping impractical.
The ability of transition metals to create such “‘reactive™ inter-
mediates under mild conditions promotes specific further reac-
tions with a selectivity tunable by the ligand environment. Pre-
coordination imparts both selectivity and kinetic reactivity to
otherwise unselective or unreactive systems. One additional bene-
fit that emerges from this last concept addresses chemical safety.
By imparting chemical reactivity only during the synthesis, the
chemicals to be handled and/or stored can be more benign.

The reactions described herein represent only a beginning
towards achieving these objectives. Clearly, the vastness of the
territory to be explored assures exciting opportunities for gener-
ations. We still require “functional groups™ to assist selective
activation for new bond formation. An ideal for which we
should strive is the elimination of such a requirement when the
functional groups are absent from the ultimate target. We have
barely begun to broach such a strategy, which today seems
unattainable. Undoubtedly, such pessimism will fade as new
breakthroughs emerge, especially those emanating from the do-
main of transition metal catalysis.

[ am thankful for the many coworkers who have contributed
both intellcctually and experimentally to our program and who
have been identified in the references. The National Science Foun-
dation and the National Institutes of Health through the General
Medical Science Institute have provided the financial support for
our work.
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