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INTRODUCTION

Reductive coupling of carbonyl compounds leading to pinacols or alkenes is a
powerful synthetic transformation. The deoxygenative coupling of carbonyl com-
pounds leading to the formation of alkenes is a rather newly developed synthetic
method relative to other transformations such as the classical pinacol coupling. In
1970 Schreibmann first reported the formation of alkenes as minor products in the
pinacol coupling of aromatic carbonyl compounds with aluminum amalgam.' The
reductive coupling of both aromatic and aliphatic aldehydes and ketones using
low-valent tungsten species generated by treatment of WClg with two equivalents
of BuLi was described shortly thereafter.” Although the process remains ineffi-
cient for the preparation of aliphatic alkenes, it works well to provide various
stilbenes. The seminal deoxygenative carbonyl coupling with highly oxophilic
titanium species was reported independently in 1973 and 1974 by Mukaiyama,’
Tyrlik,* and McMurry.® The TiCl;—LiAlH, system developed by McMurry was
the first synthetically useful transformation of aliphatic carbonyl compounds into
alkenes, demonstrating the versatility of the coupling system.

After four decades of study, a variety of low-valent titanium species have
been found to promote the reductive coupling of a range of both aromatic and
aliphatic aldehydes and ketones to furnish alkenes in inter- and intramolecular
reactions (Scheme 1). Consequently, the McMurry coupling has been recognized
as one of the most efficient methods for the synthesis of alkenes from carbonyl
compounds.
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Scheme 1

The initial studies shed light on the reagent- and substrate-dependence of
reactivity. The concomitant or preferential formation of pinacols via titanium
pinacolates, which are typically recognized as intermediates of the McMurry
coupling, is observed in certain cases (Scheme 2). This chapter discusses the
direct deoxygenative transformation of carbonyl compounds into alkenes and
excludes the sequential formation of alkenes via pinacols and related compounds.

5 R! "low-valent Ti" Ti-Q O-Ti H,0 HO OH
(0] 2 2
R2 R'p2 RIR Rp2 pl R
Scheme 2

The low-valent titanium reagents were initially prepared by the reduction of
TiCly or TiCls with Zn dust or LiAlHy4. Further development of TiCl3(DME); 5—
Zn/Cu has improved yields and reproducibility, and extended the range of appli-
cation.® More recent accounts describe highly active titanium reagents such as the
TiCl; —CgK system,” permitting the intramolecular coupling of carboxylic acid
derivatives with ketones or aldehydes. A variety of low-valent metal species other
than titanium, including aluminum, zirconium, niobium, molybdenum, indium,
tungsten, and samarium, have also been found to promote the reductive cou-
pling of carbonyl compounds. Details of the low-valent metal reagents used
in the McMurry coupling will be reviewed in the “Scope and Limitations”
section.

Numerous synthetic applications of the coupling reaction, including the prepa-
ration of sterically congested and strained alkenes, as well as the formation of
medium- and large-ring compounds, have been reported. In addition to these the-
oretically interesting alkenes, the preparation of biologically active targets and
compounds useful in materials science using the McMurry coupling as a key
step has been investigated extensively, and these results are summarized in the
Tabular Survey. All these studies have been outlined in earlier reviews.3=>

Despite the achievements described in this chapter, several challenges still
remain in the deoxygenative coupling of carbonyl compounds. These include the
control of double-bond geometry in the construction of highly substituted alkenes
as well as the selective mixed-coupling of two distinct carbonyl compounds,
particularly the intermolecular coupling of carboxylic acid derivatives. In this
regard, the low-valent metal-mediated mixed-coupling of carbonyl equivalents
such as thioacetals and gem-dihalides with various carbonyl compounds will be
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briefly described in the “Scope and Limitations” section as carbonyl substitutes
in the mixed McMurry coupling.

Recent theoretical studies suggest that the coupling follows alternative reaction
pathways other than those involving pinacolate intermediates.? It is expected that
the design of new low-valent metal reagents based on such theoretical insights
into the McMurry coupling may provide solutions for the remaining problems.

MECHANISM

The reaction mechanism for the McMurry coupling remains unknown. Most
mechanistic studies suggest that the reaction is composed of two processes:
(1) formation of pinacolate intermediates 2, and (2) deoxygenation of the pinaco-
lates 2 leading to the formation of alkenes (Scheme 3).2° When aliphatic ketones
are employed, the formation of 2 is thought to proceed by the dimerization of
ketyl radicals 1 by one-electron reduction of the carbonyl groups with low-valent
titanium reagents. In the coupling of more active aromatic ketones, a two-electron
reduction may take place to give dianions of ketones 3, which then undergo
nucleophilic addition to other ketones to furnish the pinacolate intermediates 2.

[Ti]
O ri ' R R om0 R_R
2 I —= 2 0 — [Ti-0)—<0-[Ti Z2mio =
R™ R SET P R R K R
R"" R 2
1
- (0}
) [Ti] P
0 [Ti] (|) R™ 'R ) SET: Single-Electron Transfer
R "R TET )\ TET: Two-Electron Transfer
R"~ R
3

Scheme 3

The mechanism composed of the above two distinct steps is supported by
the observation that the pinacols may be isolated by carrying out the reaction
at low temperature, whereas alkenes are produced at higher temperature using
the same carbonyl coupling mediated by low-valent titanium reagents.>> It has
been proposed by McMurry that the pinacolate intermediates, coordinated to the
same surface of a zero-valent titanium particle, but not to the same titanium
atom, undergo stepwise cleavage of the C—O bonds and form the C=C bond.?’
Although the Ti—pinacolate intermediates could not be characterized because of
the heterogeneous nature of the conditions, the pinacolate intermediates have been
isolated in the reactions of carbonyl compounds with titanocene(Ill) dihalides®®
and titananorbornadiene complexes.?

The McMurry coupling is usually performed using inorganic low-valent tita-
nium species, prepared in situ by reduction of titanium halides such as TiCly or
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TiCl; with various reductants. It has been assumed that finely dispersed particles
of titanium are the active species in these reactions. However their oxidation
states and structures have not been definitively identified. A zero-valent titanium
species is proposed to be the active species in the coupling of ketones with the
TiCl;-Li, K, or Mg system,*® and a mixture of Ti(0), Ti(I), and Ti(I) with the
TiCl;—LiAlIH, system.?® Conversely, it has been proposed that the McMurry cou-
pling of ketones occurs on the ensemble of reduced titanium cations (41, +2, and
+3) on the TiO, (001) surface via the formation of pinacolate intermediates.>!

The active species for the practical coupling using the TiCl;—LiAlH, sys-
tem has been isolated and characterized as [HTiCI(THF) 5], (4) (Eq. 1).3> That
species possesses a chain-like structure composed of repeating units of dimeric
or trimeric titanium atoms bridged through hydrogen. The titanium hydride 4,
which acts as a two-electron reductant, promotes the deoxygenative coupling of
acetophenone to give 2,3-diphenyl-2-butene (Scheme 4).3* As such, the reaction
is thought to proceed through the formation of the ketone dianion intermediate 5§
that is converted into pinacolate intermediate 6 by way of nucleophilic addition.
In this regard, it is a prerequisite to reduce the TiCl; with LiAlH4 completely
before addition of carbonyl substrates.

[TiCl3(THF);], + 0.5n LiAlH,

[HTiCI(THF)g5], (4) + 0.51 Ha + 0.51 LiCl + 0.5n AICI,

(Eq. 1)
1.+3 +1 .CI . .
o Cl_*2 H_*2_CI-. ¢ \/+Tl\jt[‘l\ CITiO  OTiCl
2 )J\ + ::\—-/—(Ti\ ~Ti- - O/ ™\ o —
Ph ca” H  ~a -H, Ph P Ph
Ph
4 5 6
Ph
—_— — + 2[Ti:OCl(THF)y]
Ph
Scheme 4

When employing the TiCl3(DME); s—Zn/Cu system, the reduction of TiClj3
with zinc takes place only in the presence of carbonyl substrates.>* This observa-
tion indicates that no low-valent titanium species are formed in the absence of the
carbonyl groups, and therefore, pre-reduction of the titanium halide prior to car-
bonyl addition is unnecessary. A proposed reaction mechanism for the McMurry
coupling of acetophenone using this system is illustrated in Scheme 5.3 The reac-
tion is presumed to begin with the reduction of the acetophenone—TiCl; complex
7 with Zn/Cu by lowering the reduction potential of TiCl; through coordination
to the Lewis basic oxygen. The “side-on” coordinated carbonyl complex of TiCl,
8, a ketone dianion intermediate, is proposed as a precursor of the pinacolate 6.
The reduction of Ti** to Ti’* by zinc is involved in both the conversion of the
ketone to the pinacolate 9 and the pinacolate 9 to the alkene.

A similar mechanism involving the formation of ketone dianion intermediates
like 8 by a two-electron transfer process has been proposed for the coupling of
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_TiCl _TiCl . :
e J/Cu o 2 )o< Tic, CLTIO  OTiCl,
Ph)J\ ph)k Ph PH Ph
7 8 9

socy  CITIO  OTiCl _ Ph
Pk Ph  —2ZnCh Phj \

6 -2 TiOCl

Scheme 5

aromatic ketones with TiCl,, generated by the reaction of TiCly with 2 equivalents
of BuLi.>* For the reactions in Schemes 4 and 5, the “side-on” coordinated
carbonyl complex of TiCl, 8 is also proposed as a precursor for the pinacolates
and, in the carbon—carbon bond formation step, the nucleophilic mechanism is
operative rather than the radical mechanism. Ab initio calculations support the
nucleophilic mechanism.%

By contrast, ketyl radical intermediates have been detected by ESR in the
reductive coupling of aromatic ketones with the TiCl;—Mg and TiCl;—LiAlHy4
reagent systems.* The ketyl radicals on titanium complexes are also produced by
the reaction of aliphatic ketones and aldehydes with Ti(OSiz-Bus);, generated by
the reduction of Ti(OSiz-Bu3);Cl with Na(Hg). These have been characterized
by ESR, although the radicals could not dimerize to form the pinacolates due to
steric congestion.>®

An alternative mechanism proposed for the McMurry coupling of hindered
ketones involves titanium carbene intermediates rather than pinacolates. This
hypothesis is supported by the observation that the pinacols are never obtained by
the reductive coupling of diisopropyl ketone?”-3® and di-terz-butyl ketone’®3° with
the low-valent titanium species generated from the TiCly—Li/Hg system. Fur-
thermore, it was demonstrated that the titanium pinacolates, Cl3TiOC(i-Pr),—(i-
Pr), COTiCls, prepared by transmetalation of the corresponding lithium pinacolate
with TiCly, rapidly decomposes into diisopropyl ketone and TiCls; without for-
mation of alkene.?” These observations are consistent with the involvement of
a titanium carbene mechanism in which the ketyl radicals 1, formed by one-
electron reduction of the ketones, undergo deoxygenative reduction to form the
[Ti] intermediate 10, probably due to steric hindrance (Scheme 6).%¢ Intermediate
10 then reacts with the ketone to give the oxatitanacyclobutane intermediates 11
that lead to the formation of alkenes by metathesis-type degradation. When the
reaction of di-fert-butyl ketone is quenched with D,0, the dideuterated alkane 12
is produced, further supporting the presence of a titanium carbene intermediate.

In view of the similarities in structure and reactivity of uranium and titanium,
the reductive coupling of ketones with uranium compounds has been investi-
gated as model reactions to obtain more details about the mechanism of the
McMurry coupling. The above-mentioned mechanism involving the pinacolate
intermediates is supported by these studies. Thus, the uranium pinacolates of
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(Til : )(J)\ [Ti]-O
i [Ti] 5 [Ti] [Tl g~ R
R R —[Ti]=0 R™ R R R
R)'\R 1 10 R R
R =i-Pr, t+-Bu 1 11
H(D),0
R R R R
—[Ti]=0 R R (D)H H(D)
12
Scheme 6

benzophenone®® and acetone*!*? have been isolated and characterized as inter-
mediates, which undergo the deoxygenation to produce the corresponding alkenes
upon heating the reaction mixtures at reflux temperatures.

STEREOCHEMISTRY

In general, the McMurry coupling of aldehydes and unsymmetrical ketones
furnishes mixtures of (E)- and (Z)-isomers. The (E)/(Z) ratio is dependent on the
reagents and structure of the substrates. The preferential formation of (E)-isomers
is observed in the homocoupling of both aliphatic and aromatic aldehydes. The
(E)/(Z) ratio of the alkene thus produced is improved with bulkier substituents.
When pentanal is subjected to the coupling with the TiCl;—K system, 5-decene
is formed with a diastereomeric ratio of (E)/(Z) = 70:30 (Eq. 2).?” By con-
trast, sterically hindered aldehydes such as cycloalkanecarbaldehydes (Egs. 3
and 4)¥* and aromatic aldehydes afford only (E)-alkenes.

(0] .
TiClL-K

> L /= g ™BY 979 Bz = 7030 (Eq. 2)

Bu H THEF, reflux

o T™S
TiCly-Li
2 TMSZ %LH ﬁ. M (38%) (Eq. 3)
, reriux TMS

a 9 TiCl-Z “
2 @)LH 2, N (50%) (Eq. 4)
DME, reflux
Cl

The (E)-selectivity is dramatically decreased when W(CO)g is employed in the
reductive coupling of substituted benzaldehydes (Scheme 7).* It is proposed that
the reaction proceeds through the formation of carbene intermediates generated

by the reaction of low-valent tungsten with the aryl-substituted aldehyde.

By contrast, the homocoupling of aromatic aldehydes using the ionic liquid, 1-
butyl-3-methylimidazolium chloroaluminate [bmim]ClAICI; in combination with
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O
W(CO)g, CH,Cl, 1t
5 /@)J\H (CO)g, CHyCly, 1 O O (42-63%)
E)/(Z) = 50:50-67:33
R =~ R (E)(Z)
R =H, CI, Me, MeO
Scheme 7

zinc exhibits preferential formation of (Z)-stilbenes (Scheme 8),* although the
reasons for this are not clear.

R O

R — R
[bmim]CI(AICIl3), Zn, 1t
2 H (72-85%)
©/U\ m (E)(Z) = 15:85-3:97

R =H, Cl, NO,, OH

Scheme 8

The homocoupling of unsymmetrical aliphatic ketones generally affords (E)-
alkenes. Increasing the size difference of the two alkyl groups improves the
selectivity. As shown in Scheme 9, the coupling of methyl ethyl ketone with
the TiCly—Zn—Py system furnishes an (£)/(Z) mixture of 3,4-dimethyl-3-hexene
with a slight excess of the (E)-isomer, whereas only the (E)-alkene is formed
by the coupling of tert-butyl methyl ketone under similar conditions.*’

o TiCly, Zn
’ xR
2 R)J\ R

R Yield (%) (E)(Z)
Et 65 1.1:1
Pr 61 1.4:1
i-Pr 46 1.5:1
neopentyl 48 100:0
-Bu 62 100:0
Scheme 9

When sterically less encumbered alkyl aryl ketones, such as acetophenone,
are subjected to the conventional McMurry coupling conditions, (Z)-stilbenes are
preferentially obtained (Scheme 10).*® This selectivity has been attributed to the
complexation of the aromatic ring with titanium in the pinacolate intermediates
13, in which the two phenyl rings adopt a syn configuration. The coupling of
the sterically hindered isopropyl phenyl ketone results in preferential formation
of the (E)-alkene.

A m—m pre-association of the aromatic rings in a transition state or at a
pinacolate intermediate stage may also explain the (Z)-selective formation of
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O

TiCly—Zn-P
) R ey
THE, reflux

R Yield (%) (E)(2)

Me 81 26:74
Et 59 27:73
Pr 55 11:89

i-Pr 25 88:12

Scheme 10

the stilbenes. Such a w—m stacking interaction has also been suggested for the
non-negligible formation of the (Z)-isomer in the coupling of large m-electron
systems such as porphyrin*’- and chlorin*’-based aldehydes.

The stereoselectivity of the double bond formation by the mixed McMurry
coupling is also affected by the steric demand of the substituents proximal to
the carbonyl groups. The mixed-coupling of unsymmetrical 4,4’-disubstituted
benzophenones with propiophenone generally exhibits (E)-selectivity when the
sizes of the two substituents are significantly different.’!~>> For example, the
reaction with 4-benzyloxy-4’-hydroxybenzophenone produces the corresponding
alkene in an (E)/(Z) ratio of 4:1 (Scheme 11).>* The observed selectivity can
be ascribed to the pinacolate intermediate 14. Because of steric hindrance, the
phenyl ring bearing the larger substituent and the ethyl group are positioned on
the same side to give (E)-alkenes. In contrast, the reaction of 4-benzyloxy-4'-
perfluorotolyloxybenzophenone results in only a slightly higher (E)/(Z) ratio,
because of a small difference in bulkiness of the two substituents. A substituent
at the ortho position of a benzophenone significantly improves the (E)-selectivity
in the McMurry coupling of propiophenone.®

(0}
0 TiCl~Zn
L D |
Ph Et  THF, reflux
BnO OH
_ o _

I O (72%) (E)(Z) =4:1

Ti(0) _ OBn

Scheme 11
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High levels of (Z)-selectivity have been achieved in the McMurry coupling
between benzophenones and alkanophenones bearing hydroxyl and methylsul-
fonyl functionalities at the para-position of the arene ring of each coupling com-
ponent. This outcome is obtained regardless of whether the alkanophenones pos-
sess a hydroxy or methylsulfonyl group.’’=>° For example, the mixed McMurry
coupling between 4-methylsulfonylalkanophenones and 4-hydroxybenzophenone
furnishes the triarylethenes with complete (Z)-selectivity (Scheme 12).°% Less
selective formation of (Z)-alkenes is observed in the reaction of para-acetoxy
substituted alkanophenones with 4-methylsulfonylbenzophenone.>’

(0} (0}
Ph + R TiCly~Zn
THF, reflux
OH SO,Me

R R
N Ph X Ph
AcCl, EtsN
MeO,S —— >  MeO,S
Et,O

OH OAc
R= H, Me, Et, Pr, n—C5H1 1s H-C6H13, I’l-Cngg (63—72%) >99% (Z)—isomer

Scheme 12

SCOPE AND LIMITATIONS

Coupling Reagents

Various low-valent metal reagents promote the reductive coupling of two car-
bonyl compounds to form alkenes.*’ Due to the oxophilicity of titanium, the most
common reagents in the McMurry coupling are those prepared by the reduction
of Ti(IlT) or Ti(IV) chlorides with a range of reducing agents (LiAlHy, Li, Na,
Mg, K, Zn, Zn/Cu). Depending on the reducing agents, additives, and conditions,
various low-valent titanium species with different oxidation states and reactivities
are generated. The most commonly used reagents are described below.

Low-Valent Titanium-Based Reagents

The TiCly—Zn System. The TiCly—Zn system couples aromatic aldehy-
des and ketones at elevated temperature to furnish substituted alkenes. Heat is
essential because the treatment of these compounds with low-valent titanium
species at ambient temperature results in the exclusive formation of pinacol
derivatives.> Similar treatment of aliphatic carbonyl compounds produces only
pinacols, even at higher temperature. Several modified reagent systems, such as
TiCly—Zn/Cu, TiCly—Zn—-CuCl, and TiCly—Zn—Cul, are also employed for the
McMurry coupling.
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The TiClz3—Zn/Cu System. The TiCl;—Zn/Cu system was first employed
for the intramolecular coupling of aliphatic as well as aromatic diketones.%! This
reagent is a safer and more effective alternative to low-valent titanium reagents
generated by reduction with either potassium or lithium reagents (see below). An
optimized procedure for the preparation of this reagent involves the reduction of
TiCl3;(DME), 5 with a Zn/Cu couple. The low-valent titanium species thus formed
is one of the most widely used low-valent titanium reagents.® An additional
advantage of this procedure is that TiCl3(DME); 5 is stable and may be purified
by crystallization.

The TiCl;-LiAlH4 System. The TiCl;-LiAlH, system was first employed
by McMurry to carry out the deoxygenative coupling of both saturated and unsat-
urated ketones. The reagent can be employed for the preparation of B-carotene
from retinal.> The procedure remains problematic such that successful results
seem to be dependent on the specific batches of reagent used.®> However, the
intramolecular coupling of oxo esters is readily performed with the TiCl;—LiAlIH,4
system in the presence of triethylamine.®

The TiClz;-Alkali or Alkaline Earth Metal System. The low-valent tita-
nium reagent generated by the reduction of TiCls with potassium metal according
to Rieke’s procedure® is a good alternative to the TiCl;—LiAIH, system for the
coupling of saturated aliphatic ketones.®> To avoid the use of hazardous potas-
sium for the preparation of low-valent titanium species, an improved procedure
using lithium metal was developed. The reagent thus formed is equally effective
for the deoxygenative coupling of a variety of carbonyl compounds in both inter-
and intramolecular reactions. A difference between the two reagents is shown in
Scheme 13: the titanium reagent prepared by the reduction of TiCl; with lithium
affords tetraphenylethylene in high yield whereas the similar reaction using the
TiCl;—K system results in the formation of tetraphenylethane.?’

Ph
TiCls-Li
it el Ph)ﬁ/Ph (96%)
0 Ph
2 RN
Ph)k Ph Ph
TiCl-K
Ph)\(f’h (80%)
Ph

Scheme 13

One of the earliest studies on deoxygenative coupling employed the TiCl;—Mg
system that promotes the coupling of both aliphatic and aromatic ketones. Despite
further studies on this reagent,%-% only limited applications for the McMurry
coupling have been reported.
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The TiClz-Lithium Arene System. The preparation of low-valent titanium
reagents by the reduction of TiCl; with Li—arenes has been investigated and the
study reveals that the reagent prepared by using the Li—naphthalene combination
is reactive enough to carry out the transformation of carbonyl compounds into
alkenes under milder conditions as compared with the conventional TiCl;—Li
system.®’

The TiCly—BuLi System. Treatment of TiCly with two equivalents of BuLi
in THF produces an isolable, and well-characterized, divalent titanium species
(Eq. 5).>* This reagent promotes the reductive coupling of aromatic aldehydes
and ketones to form the corresponding (E)-alkenes with high levels of stereose-
lectivity. A similar reagent generated from TiF, is also capable of promoting the
same coupling reaction.®

TiCly + 2BuLi

TiCl,(THF), + BuH + EtCH=CH, (Eq. 5)

-2 LiCl

Supported Titanium Reagents. A major disadvantage of the TiCl;—alkali
metal system is the low efficacy and the need for the use of pyrophoric reducing
agents. By contrast, sodium deposited on inorganic supports such as Al,O3, TiO,,
or NaCl are readily available nonpyrophoric reducing agents for TiCl3.%° Con-
sequently, these reagents are useful for the inter- and intramolecular McMurry
coupling of aromatic carbonyl compounds. Both the inter- and intramolecular
coupling reactions of acyltrimethylsilanes were first realized by the use of these
reagents.””

The intercalation compound potassium in graphite (CgK) acts as a power-
ful reducing agent toward transition-metal halides dissolved or suspended in
THF.”! The low-valent titanium generated by the reduction of TiCl3 with CgK
is highly useful for all types of McMurry coupling reactions,’?~"” including the
intramolecular reaction of oxo amides.”””®-3% The TiCl3/CgK ratio is crucial for
the preparation of a highly activated form of titanium. Although the initially
reported titanium reagent generated by the reduction of TiCl; with three equiva-
lents of CgK (formally a Ti(0) species) is successfully employed for the various
coupling processes, the reagent generated by the reduction of TiCl; with two
equivalents of CgK (formally a Ti(+1) species) is much more reactive and pro-
vides more reproducible results for the cyclization of the keto aldehyde shown
in Scheme 14.34

Titanium Powder. Commercial titanium powder exhibits exceptional resis-
tance to chemical attack. The treatment of titanium powder with TMSCl in boiling
THF or DME for dozens of hours removes a thin oxide layer on its surface
and the activated Ti(0) species can be employed for the McMurry coupling.
The reagent effectively promotes the coupling reactions of aromatic and o,f-
unsaturated aldehydes or ketones as well as the intramolecular mixed-coupling
leading to aromatic heterocyclic compounds.?*8> However, aliphatic carbonyl
compounds are not good substrates for this reagent.
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OSiPhyt-Bu

TiClz—-CgK
DME Et3SiO

TiCl5/CgK Substrate/TiCl;  Yield (%)

1.00:4.07 1.00:10.00 0

1.00:3.00 1.00:10.00 30

1.00:2.09 1.00:17.14 85
Scheme 14

Other Titanium-Based Reagents. Several well-defined low-valent titanium
species are known to promote the deoxygenative coupling of carbonyl
compounds. The reductive coupling of aromatic aldehydes and ketones with
Cp,Ti(CO), produces alkenes along with the corresponding pinacols.3® For
example, the intramolecular coupling of 2-(benzoylamino)benzophenone is
promoted with the Ti(0) species such as electrochemically generated Ti-clusters,
Ti(PhMe),, and Ti(biphenyl),, as well as the Ti(Il) compound Cp,Ti(PMes),.”
The treatment of aromatic aldehydes and acetophenone with the reagent system
Ti(Oi-Pr),—TMSCI-Mg—Et;N affords the McMurry coupling products.®’

Low-Valent Metals Other Than Titanium

Aluminum and Zinc Reagents. The reagent generated by the treatment of
AICI3 with zinc promotes the coupling of aromatic and aliphatic aldehydes and
ketones with (E)-stereoselectivity at reflux in MeCN.®® Conversely, the treatment
of benzophenone derivatives with the AICl;—Zn system in MeCN at 35° under
ultrasonic irradiation results in the exclusive formation of benzopinacolones via
reductive coupling—rearrangement, except for some bridged benzophenones such
as xanthone.

In certain cases, zinc alone promotes the deoxygenative coupling of carbonyl
compounds. The treatment of steroidal conjugated dienones with zinc dust acti-
vated by HCI in THF under reflux affords the desired deoxygenative coupling
products.”® The reagent system Zn—TMSCI can be applied to both the coupling
of aryl and a,B-unsaturated carbonyl compounds to alkenes,’! and the McMurry-
type coupling of metallocenyl ketones. A very low concentration of HCl must
be present to obtain satisfactory results.”> Zinc dust in combination with the
acidic ionic liquid 1-butyl-3-methylimidazolium chloroaluminate converts aro-
matic aldehydes and ketones to alkenes with (Z)-stereoselectivity.*

Zirconium Reagents. Similarly to titanium, the low-valent zirconium rea-
gent generated by the reduction of ZrCly with lithium reacts with aromatic
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aldehydes and ketones to produce alkenes with (E)-stereoselectivity. Bicyclo-
hexylidene is obtained in moderate yield by the reaction of cyclohexanone using
this procedure.”?

Vanadium and Niobium Reagents. The treatment of 9-fluorenone with VCI
affords the deoxygenative coupling product in quantitative yields although its
use for the McMurry-type coupling is largely restricted.”* The active niobium
reagent generated by the reduction of NbCls with NaAlH, is effective for the
coupling of aromatic aldehydes and ketones to produce arylethenes. 2-Heptanone
is transformed into 6,7-dimethyl-6-dodecene by treatment with this reagent but in
moderate yield.”> The reduction of NbCls with one equivalent of MeLi or metallic
potassium gives an active low-valent niobium reagent which reacts with aromatic
carbonyl compounds to give the corresponding alkenes. The NbCls—K system
is more reactive than NbCls—MeLi and it transforms cycloheptanone into the
dimerized alkene in good yield.”® (Arene)tricarbonylchromium ketones undergo
reductive coupling to produce mixtures of mono- and di-metallated alkenes when
treated with NbCl;(DME). Mono-metallated alkenes are obtained exclusively by
the similar reaction of (arene)tricarbonylchromium aldehydes.?’

Molybdenum and Tungsten Reagents. Mo(CO)¢* and W(CO)s**® pro-
mote the deoxygenative coupling of benzaldehyde in appropriate solvents but the
yields are only moderate. The low-valent tungsten reagent generated by the reduc-
tion of WClg with BuLi mediates the coupling of aromatic carbonyl compounds.?
This reagent also performs the coupling of aliphatic carbonyl compounds, albeit
with lower efficiency. Similar results are also obtained by taking advantage of
the reagent prepared by treatment of WClg with LiAlH4.* Various aromatic and
aliphatic aldehydes and ketones are transformed into alkenes by treatment with
ditungsten hexaalkoxides such as W,(OCH,CMe3)gPy,.%!1% The reaction pro-
ceeds via the initial formation of tungsten alkylidene-bridged intermediates.'°!:102
The reagent produced by electrochemical reduction of WClg promotes the cou-
pling of aromatic carbonyl compounds but it cannot be used for the reductive
coupling of aliphatic counterparts.'®

Indium Reagents. The system InCl;—Zn reductively couples aromatic and
aliphatic aldehydes and aromatic ketones in MeCN at ambient temperature with
(E)-stereoselectivity.!*

Samarium and Ytterbium Reagents. Although the deoxygenative coupling
of two carboxylic acid derivatives is not achieved by the conventional McMurry
coupling, vic-diaminoalkenes are obtained by the treatment of amides with the
Sm-Sml, system.!”> However, with some amides bearing a double bond at an
appropriate position, the major course of the reaction is cyclopropanation of the
double bond. The system can be applied to the intermolecular coupling between
aromatic amides and diaryl ketones.!*® The Sml,—Mg system is also employed
for the same intermolecular coupling.'”” The Yb-YbI, system shows similar
reactivity to the Sm—Sml, system and can be applied to the coupling of amides.!'*®
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Uranium and Thorium Reagents. The reduction of UCl, with [(TMEDA)
Li],[Np] affords a highly reactive uranium metal powder that produces tetra-
phenylethylene in moderate yield on treatment with benzophenone.!” The deoxy-
genative coupling of benzophenone is also observed, but in lower yield, when
treated with thorium metal powder prepared similarly. Another method for the
preparation of highly reactive uranium powder is the reduction of UCly with
Na-K alloy and 5-10% naphthalene. The reagent also converts benzophenone
to tetraphenylethylene in refluxing DME.'®

Effect of Additives

In general, the McMurry coupling is performed with a titanium source and
a reducing agent in an appropriate solvent. In certain cases, the use of addi-
tives greatly improves the reactivity of the reagents. The effect of amines for the
selective formation of alkenes was first reported by Mukaiyama.''” In the cou-
pling of B-ionone using the TiCly—LiAlH4 system, the addition of tertiary amines
enhances the yield of alkene 15 by suppressing the concomitant formation of
pinacol 16 and its rearrangement product 17 (Scheme 15).!1°

X TiCl,~LiAIH
2 0 4 4 A
tert-amine, THF, reflux
15
HO OH
(6]
AN
=
+ M + XN = |
16 17
)

tert-Amine 15 (%) 16 (%) 17 (%

none 44 8 25
BusN 91 0 0
Py 82 0 0
EiN 82 0 0
MezN NMCZ

'I i 94 0 0
DABCO 72 0 0

Scheme 15

The TiCly—Zn system also benefits from addition of pyridine. In its absence,
reductive coupling of aliphatic ketones affords the pinacol coupling products
exclusively,® whereas tetrasubstituted ethenes are produced when the reactions
are run in the presence of pyridine.'!! The system TiCl;—Zn—Py is one of the
most widely used reagents for the McMurry coupling.

Another example of the suppression of pinacol rearrangement products is
observed in the deoxygenative coupling using the TiCl;—Zn system. Although
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the reaction of ferrocenyl ketone 19 with this system results in the exclusive
formation of the rearranged product 18, the alkene 20 is selectively produced
when pyridine is added (Scheme 16).!'? The intramolecular McMurry coupling
of oxo esters by the TiCl;—LiAlHs system is carried out in the presence of
triethylamine.%3

TiCl;-Z
el 18 (78%)
DME, reflux
O
‘ |
Fe
-
TiCls—Zn-P
19 [y | 20 (70%)
DME, reflux
Scheme 16

Addition of Group 1 and 2 metal salts enhances the selectivity of the TiCl;—Li
system. The reductive coupling of acetophenone with the TiCl;—Li system pro-
duces predominantly the pinacol 22, but the combined use of KCl with the reagent
system results in the exclusive formation of stilbene 21 (Scheme 17).!13:114

) )(L TiCly-Li-MX,, J\f . Ph
Ph THF, rt OH
MX, 21 (%) 22 (%)
none  trace 89
MgCl, 25 62
Lil trace 75
CsCl 65 —

KCl 82 —
ZnCl, 32 45

Scheme 17

Alternatively, activation of the TiCl;—Li system is achieved by adding sub-
stoichiometric amounts of iodine. Although the conventional McMurry coupling
with this system requires high temperatures and prolonged reaction times, the
low-valent titanium species activated with iodine effects the deoxygenative cou-
pling of aliphatic as well as aromatic carbonyl compounds at lower temperatures
and in much reduced reaction times.'

The Carbonyl Substrate
Although nearly all types of aldehydes and ketones are good substrates for the
McMurry coupling, certain functional groups are not compatible with the reaction
conditions as low-valent titanium species are highly reactive reducing agents. It
is well known that the aqueous Ti(IIl) species are employed for the reductive
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conversion of various organic compounds such as nitroalkanes, quinones, oximes,
enedicarbonyl compounds, and o-halo ketones.!!® The reagent prepared by the
reduction of TiCl; with LiAlH4 converts epoxides and bromohydrins to alkenes,
and allylic and benzylic alcohols are deoxygenated.!!” This reagent also reduces
pinacol-containing compounds?’ as well as 2-ene-1,4-diols.!'® The reagent gen-
erated by the reduction of TiCly with two equivalents of LiAlH,4 reduces acetals,
thioacetals, sulfides, p-hydroxy sulfides, aryl halides, and alkenyl chlorides.!'!
Various aromatic compounds, such as benzoic acid derivatives, halobenzenes,
nitrobenzene, and diphenylacetylene, are also reduced by the low-valent titanium
species generated under the reaction conditions.'?® B-Hydroxy sulfides and their
benzoates are reductively transformed into alkenes by TiCl;—Zn—Py systems.'!”
Despite the possible reduction of functional groups under the McMurry con-
ditions described above, aldehydes and ketones bearing such functional groups
have been successfully employed for the McMurry coupling.

Relative to aldehydes and ketones, carboxylic acid derivatives are generally
not effective substrates for the intermolecular McMurry coupling, and only a few
examples of mixed-coupling between esters and ketones have been reported. Con-
versely, the intramolecular mixed-coupling of esters and amides with aldehydes
and ketones is a useful method for the preparation of heterocyclic compounds.
The homocoupling of amides is successfully achieved with Sm-based reagents.

Aldehydes. The McMurry homocoupling of unsaturated aldehydes, such
as cinnamaldehyde (23), with the TiCly—Zn—Py system proceeds with com-
plete retention of configuration of the double bond.'?! Haloaldehydes 24° and
25'22 are coupled without reduction of the halogens using the TiCl;—Zn sys-
tem. The reaction of benzaldehyde 26 bearing ester and allylic acetate moieties
with TiCl4—Zn proceeds in good yield.'>> Most heterocycles, such as furan, thio-
phene, pyrrole, and pyridine, are compatible irrespective of the position of the
formyl group as exemplified with 27 and 28.'* Even the pyrrole 29 bearing a
nitro group is converted into the coupling product when treated with TiClys—Zn,
albeit with unsatisfactory yields.'?> The bromophospholecarbaldehyde 30 is also
successfully transformed into the phosphole-substituted ethene by the TiCly—Zn
system-promoted coupling without loss of bromine.'?®

Br O 0
o) Cl (0] T
M h !
Ph” X" "H H AcO
F
23 24 25 26
EtO,C
0
H NO,
A I\ o @(o T o
X X 1‘\1 Br 1‘)
Y=0,S H Me H pn H

Y =S, NCO,Me
27 28 29 30
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Ketones. Aliphatic, aromatic, ao,B-unsaturated, acyclic, and cyclic ketones
can be submitted to the McMurry conditions. Sterically congested ketones are
transformed into the corresponding strained alkenes. The coupling of chiral a-
substituted ketones such as 31 using the TiCl;—LiAlH4 system proceeds without
epimerization.'?” The enantiomerically enriched enone 32 reacts with acetone
in the presence of TiCly—LiAlH,4 to furnish the tetrasubstituted alkene without
double bond isomerization.!?® Of note, the treatment of enone 33'% and dienone
34% with the TiCl;—Zn or Ti powder—TMSCI system results in the selective
coupling of the unsaturated carbonyl groups. In addition to halogens, sulfonyl
groups are compatible with the McMurry conditions as indicated in the cou-
pling of 4-methylsulfonylacetophenone (35).°® The reaction of the dienone 36
demonstrates the tolerance of both cyano and nitro groups.'*® Acylsilanes such
as 37 react with TiCl;—Na/Al,O3 to produce 1,2-disilylethene derivatives with
(E)-stereoselectivity.”® 3! Acyltrimethylsilane 37 also reacts with 9-fluorenone
in the presence of ytterbium to form the corresponding alkenylsilane.'*?

w MH
x
MeSO3 4-MeCgHy 4-MeCgH, Ph™ TMS
5

4-NO,Ce¢Hy CN 37
3 36
Esters. To date, the deoxygenative coupling between two esters has not been
reported. Benzothiophenes may be prepared via the intramolecular reaction of an
ester with thioester groups with the reagent generated from TiCly, Zn, and LiAlH4
(Eq. 6).133

MeO.__O

TiCly;—Zn-LiAIH
SW{ AtlZn—LiAlty m (70%) (Eq. 6)
o CH,Cl,, reflux S

The intermolecular mixed-coupling of esters is possible with other carbonyl-
containing compounds. Ketones are suitable partners in certain cases, although
the homocoupling of ketones is always a side reaction; some examples are shown
in Egs. 7'3* and 8.!% In this context, it is noteworthy that the reaction of ethyl
3-(tert-butylthio)benzoate with 2-adamantanone proceeds without formation of

any homocoupling product (Eq. 9).!3
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o o o} Ph
1. TiCl,—Zn
)J\ " )k Ph%Ph i Ph)ﬁ/l)h (Eq. 7)
Ph”~ TOEt Ph” "Ph 2.3% HCl q.
Ph Ph
(46.6%) (30.1%)
0 i-Pr~__-i-Pr
|
OEt 0 TiCl3-LiAlH,, EGN
« : 2 OBt (60%) (Eq. 8)
i-Pr i-Pr THEF, reflux
OMe OMe
O OEt OEt
O . .
TiCl;-LiAlH,, EN y St-Bu
+ (60%)
THF, 70°
t-BuS

(Eq. 9)

Many intramolecular coupling reactions of esters with aldehydes and ketones
have been studied. These reactions are useful and convenient for the preparation
of a variety of cyclic ketones and furans (Egs. 109 and 117%).

O

(0] . .
w 1. T1C137L1A1H4, EI3N, THF, reflux (80%) (Eq ]0)
OEt 2. hydrolysis
H .
dj\ TiCl3-CgK mph (89%) (Eq. 11)
(6] THEF, reflux (0]

PN

O

Ph

Amides. The deoxygenative homocoupling of amides is performed by using
the Sm—Sml, system. Both inter- and intramolecular processes have been delin-
eated (Egs. 12 and 13).'9 However, the yield decreases when aliphatic amides
such as N,N-diethylpentanamide are employed.

i
Smfsmlz

2 A

) e -

N (E)(2)= 87:13

Q (Eq. 12)

Me
Me N Ph
Ph)J\N/\/NW(Ph _Sm-Smb, [ \/\[ (62%) (Eq. 13)
y/{ P
(S

Me & THF, 67° h



THE McMURRY COUPLING AND RELATED REACTIONS 21

The intermolecular, deoxygenative mixed-coupling between aromatic amides
and benzophenone derivatives is promoted with the samarium-based systems,
Sm-Sml,!'% and Sml,-Mg,'%” as shown in Eq. 14.1%

MeO MeO Ph
Ph Sm-Sml,
NEt + L —_— Z (75%)
0~ "Ph THE, 67° Ph
0

NEt,
(Eq. 14)

The intramolecular coupling between amides and ketones has been exten-
sively studied as a useful synthetic method for the preparation of various indole

derivatives (Eq. 15).”°

(0]

@Ph Ph
TiCl~CgK
NH _TiCl-CsK O \ O oN (6w (Eq. 15)
THF, reflux N
0 H
CN

Carboxylic Acids and Acid Halides. Only limited examples of the
McMurry coupling of carboxylic acids and acyl halides are known. The
TiCly—Zn system-promoted intermolecular mixed-coupling of acetyl chlorides
with benzophenone affords the corresponding ketones following acidic hydrolysis
(Eq. 16).13* The intramolecular reactions of benzoic acid and benzoic acid
fluoride with the benzophenone moiety result in the formation of the
corresponding phenols (Eq. 17)."*7 It is suggested that the cleavage of the C—F
bond in the latter reaction is the result of reductive elimination from the pinacolate
intermediate during the coupling reaction.

0 O<_Ph 2 Ph
1. TiCly-Zn
P 5 s )J\(Ph (©698%) + Ph%Ph (15.1%)
cl Ph 2.3%HCI

Ph Ph

Y ‘ O OH
_TiCly-Zn O
DME reflux
(Eq. 17)

(Eq. 16)

OMe OMe
Y Yield (%)
HO 86
F 90

Related Substrates. Benzylidene acetals are transformed into 1,2-diphenyl-
ethene derivatives under McMurry conditions. The yields are generally moder-
ate due to the concomitant formation of arylalkanes (Eq. 18).*® Treatment of
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thiobenzophenone with copper powder in DMSO produces tetraphenylethylene
(Eq. 19).'* The desulfurizative coupling of thiobenzoylpiperidine and selenoben-
zoylpiperidine forming 1,2-dipiperidinostilbene is achieved with the Sm—Sml,
system. '

n-Bu

TiCl,-Li-P
2 25 # Phﬂj\( Ph 300y + P wBu 38%) (Eq. 18)
Ph™ “n-Bu , reflux | Bu
S Ph
c
2 )P . Ph)ﬁ/l’h (98%) (Eq. 19)
PH DMSO, 1t I

Mode of Coupling of Aldehydes and Ketones

Flexibility makes the McMurry coupling a useful method for the construction
of a range of carbon skeletons. Except for intermolecular homocoupling, this
process suffers from a narrow substrate scope and, particularly in intramolecu-
lar coupling and tandem cyclizations, the yields vary widely depending on the
substitution of the substrates. The judicious choice of reaction conditions for a
given mode of reaction is also of crucial importance for a successful McMurry
coupling.

Homocoupling. Because of the highly oxophilic nature of titanium species, a
range of aldehydes and ketones can be employed in homocoupling, which serves
as a useful method for the preparation of symmetrical alkenes. Both aromatic
and aliphatic cyclic and acyclic carbonyl compounds are good substrates for
homocoupling reactions (Egs. 20° and 21'40),

Oy H TiCl,~Z
2 L = NN Phpy 98%) (EV@)>99:1  (Eq. 20)
Ph dioxane, reflux
0. TiC13(DME)1‘5—Zn/Cu
2 X (97%) (Eq. 21)
DME, reflux

Mixed-Coupling. In general, the mixed-coupling of two carbonyl
compounds produces a nearly statistical mixture of the mixed and two possible
homocoupling products. Therefore, use of one of the coupling components in
excess is often necessary to obtain reasonable yields of the mixed-coupling
products. This approach is particularly useful when volatile and inexpensive
ketones such as acetone are employed. For example, the mixed-coupling of
adamantanone with excess acetone affords isopropylideneadamantane in good
yield (Eq. 22).%” The success of mixed-coupling is also dependent on the structure
of the ketones. In the mixed-coupling of cycloheptanone, a considerable amount
of homocoupling product is formed even when an excess amount of acetone is
used (Eq. 23).2” Conversely, a similar reaction of benzophenone predominantly
gives the mixed-coupling product (Eq. 24).%” The preferential formation of the
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mixed-coupling product is explained by the formation of a dianion species by the
two-electron reduction of benzophenone, whose reduction potential is 1.0-1.5 V

less negative than that of acetone (Scheme 18).'4!

(6]
(0] . T1C13—L1 i i : i 2 ;
)J\ g DME, reflux @)\ (Eq 22)

4 equiv
(63%) (12%)
(0]
(0] + T1C13—Ll
N DME, reflux (Eq. 23)
4 equiv (26%)
(50%)
Ph
(0] O~ _Ph TiCl3-Li Ph X Ph
Y Iwmen OO *Ph Eq. 24
4* Ph DME, reflux Ph Ph ( q. )
equiv
(94%) (trace)
(0]
0 2¢ o A o o
e | Ph——(—
Pk~ Ph Pk~ Ph PH
Scheme 18

Similar preferential formation of heterocoupled products is observed in the
mixed-coupling of equimolar amounts of diaryl (Eq. 25)'*> or a,B-unsaturated
ketones (Eq. 26)'4* with monoaryl ketones or their corresponding aliphatic coun-
terparts. The success of these reactions is also attributable to the sufficiently
different redox potentials of two coupling components.

Ph Ph
Et~__O i
\f + O TiCly—Zn Et Z
Ph O/\/NMez THF, reflux Ph O/\/NMeZ

(88%) (E)(Z)=1:3
(Eq. 25)

_ T™MS
\XTMS . \@/ _TiClyZn/Cu__ | ww  (Eq 26)
DME, reflux

The preferential formation of mixed-coupling products is also observed when
nitrogen- or oxygen-containing aryl or diaryl ketones are employed as one of
the coupling components. Thus the reaction of benzophenone with an equimolar
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amount of 4,4’-dimorpholinobenzophenone yields the mixed-coupling product in
a yield better than that expected from statistical probability whereas its reaction
with 4,4’-dimethylbenzophenone affords no such selectivity as shown by the
distribution of products 38—40 (Eq. 27).'41% It is believed that the strong affinity
of the heteroatom substituents for the low-valent titanium surface is important
for good selectivity.

Ph.__Ph
Ph I
T1C14—Zn—Py
Ph/S/Ph .
THF, reflux Ph
R R
38 39
Yield (%) R R
R 38 39 40 O O
O N4 17 56 17 +
. U
Me 32 35 33 R R
0
(Eq. 27)

Intramolecular Coupling. A variety of intramolecular deoxygenative cou-
pling reactions of aldehydes and ketones have been studied as useful methods
for the construction of cyclic and macrocyclic compounds. Three (Eq. 28'%®) to
72-membered ring derivatives (Eq. 29'%7) have been synthesized to date. The
McMurry coupling is particularly effective for the preparation of medium-size
rings (Eqs. 30'*® and 31°1).

O O Ph Ph

TiCl;-LiAlH
A (46%) (Eq. 28)
Ph Ph THF, reflux
o o OBn
H 0 3 p TiCl3~Zn/Cu
o " Hj) — I~ (Eq.29)
HWO DME, reflux
OBn ) 3
(6]
o OBn
H 3 3 O/’
- H
O\/\(\/\/\)\M\/\M/\
Bn 3 3 O

(66%) (E)(Z) ~ 4:1

(0] (0] . .
T1C13—L1A1H4
t—Buwt—Bu - Q (10%) (Eq. 30)

THF, reflux
t-Bu t-Bu
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O

, n Yield (%
. MBH TiCl—Zn/Cu )iL) 5—67(0) (Eq. 31)
u n DME, reflux

o} > Bu Bu 6 68

Tandem Cyclizations (Annulations). The tandem cyclization reaction con-
sists of initial intermolecular coupling followed by subsequent intramolecular
coupling. For the selective formation of cyclic dimers, a significant side reaction
is the oligomerization of starting materials, as exemplified in Eq. 32.'*° In certain
cases, the mode of the reaction is dependent on the distance between the two car-
bonyl groups. The exclusive formation of dimer 41 over intramolecular coupling
product 42 is observed when the tether connecting the two 1’-acetonaphthone
moieties contains one or two carbons, whereas the intramolecular coupling pro-
ceeds selectively if the carbon number is three (Eq. 33).!%

. 0 TiCl,~Zn—Py
THF/CH2C12, reflux

(105%)  + (13.6%)

(Eq. 32)

5 O ‘ T1Cl4—Zn/Cu
O O DMF reflux (Eq. 33)

O C ymy
41 42

n
ONG C T
+ | (CHZ)n 2 40 —
3 trace 41

‘ ' ! ‘

41 42

In the reaction of unsymmetrical dicarbonyl compounds, constitutional isomers
should be formed (Eq. 34).">! The tandem cyclization of two distinct dicarbonyl
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compounds has also been investigated (Eq. 35).15

Ba=d TiCl;—Zn-P
» H o S H _Saantty | n
THF, reflux
(6]
(7.2%) (2.6%)
(Eq. 34)
n-CeHy3
Rad
H N N
H H
(6]
(Eq. 35)
TiCl4~Zn—CuCl
9.7%)
THF, reflux
n-CeHi3 n-CgHy3

Related Reactions

Although the McMurry coupling is a versatile tool for the preparation of
unsaturated compounds, several limitations arise in applying it to the mixed-
coupling of two different carbonyl compounds. A major drawback is that the
selective mixed-coupling between ketones and aldehydes is generally difficult
to achieve in useful yields. The mixed-coupling of ketones or aldehydes with
carboxylic acid derivatives is also largely restricted. Although the intramolecular
coupling of carboxylic acid derivatives such as esters and amides is a useful route
to heteroatom-substituted alkenes and heterocyclic compounds, only a limited
number of examples of the intermolecular McMurry coupling using carboxylic
acid derivatives as one of the coupling components are known (see Table 2D). In
such cases, the low-valent titanium-promoted reactions of carbonyl compounds
with various carbonyl equivalents such as gem-dihalides and thioacetals are useful
complements to the mixed McMurry coupling.

Carbonyl Olefination with gem-Dihalides. Carbonyl compounds are
transformed into gem-dihalides by using various reagents such as PXs!3:154
SOCL, 156 BBr3'7, or NpH./CuX,—Et;N'8) (Scheme 19). The selective
mixed-coupling of gem-dibromides with carbonyl compounds to furnish alkenes
is successfully achieved using the TiCl;—Zn—-TMEDA system (Eq. 36).'°

o PXs, SOCl,, BBr3, or NyHy, CuX,—E;N X X
R!” "R? X =Cl, Br R!” "R?

Scheme 19
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Br O TiCly~Zn-TMEDA

i
J\YR3

R "Br R?

H
RIS R (Eq. 36)
YR?

The advantage of this method is that it is applicable to the alkenylation
of carboxylic acid derivatives such as esters, thioesters, and amides, as well
as aldehydes and ketones (Egs. 37-39,'° 40,'6! and 41'9?). It is desirable to
use pyrometallurgy-grade zinc that contains 0.04—0.07 mol % of lead based on
zinc.103

THF, rt OEt
(90%) (E)(Z) = 6:94

Br e TiCl;~Zn-TMEDA AR
N TiClLZn-TMEDA _ pp.cohy ™Sy Y7
n-CSH“/J\BI' EtOJ\/\ (Eq 37)

Br . j\ TiCl,~Zn-TMEDA n-CSH“J‘““\(B”
nCsHy 7~ B TN Ry THF, rt O~ (Eq.38)

(52%) (E)(Z) =8:92

j\ TiCl~Zn-TMEDA PR
B +
' MeO™ “Ph THF, 1t OMe (Eq. 39)

(61%) (E)I(Z) =10:90

(6]
Br )J\ TiCl;~Zn-TMEDA Q
A @ Ph SN (Eq. 40)

THE, rt n-Bu
Ph

(80%) (E)(Z) =96:4

B 0 iCly—Zn
r TiCl4—Zn-TMEDA TMS,ﬂyn—Can
T™S ™ “Br MeS™ “n-CgHys THF, rt SMe (Eq. 41)

(80%) (E)(Z) =34:6

An alternative method for the mixed-coupling of gem-dihalides with carbonyl
compounds employs Cp,Ti[P(OEt);],, which is prepared by the reduction of
Cp,TiCl, with magnesium in the presence of triethyl phosphite and 4 A molecu-
lar sieves (Scheme 20). A variety of tetrasubstituted alkenes are obtained by the
mixed-coupling between highly substituted gem-dichlorides and carbonyl com-
pounds including aldehydes, ketones, esters, and lactones (Eqs. 42,'0* 43,195 and
44'%%) The reaction is assumed to proceed via the formation of titanium carbene
complexes 43. Ketene equivalents, 1,1-dichloroalkenes, may be also employed
in the mixed-coupling with aldehydes and ketones (Egs. 45 and 46).'%

Q 2
R
R{ R3J\R4 3
>: TiCp, R! )\( R’
R2

R4

C c Cp,Ti[P(OEt)3],
R'” "R?

43

Scheme 20
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t-Bu
1. Cp,Ti[P(OEt)s],, THF, rt
\OTCI p2Ti[P(OE)3], T 73%) (Eq. 42)
2. cyclohexanone, rt

al 1. Cp,Ti[P(OEt);],, THF, —10° Ph
©4%)  (Eq. 43
cl Ph (Eq. 43)

(0}
2. Ph Ph , reflux
!

Bu
3
3
i Ph{)
Cl 1. Cp,Ti[P(OEt)3],, THF, 1t 3
Phy_p{yPh on O _p, (2% (Eq.44)
3 3 (o)
30 2.0 Ph , 1t 3
Ph
Ph .

r

1. Cp,Ti[P(OEt)3],, THF, 1t

(70%)
Ph 2o P @ (Eq. 45)
e
1. Cp,Ti[P(OEt)3],, THF, rt ) A\/K
n—C5H11A\)\(CI OP2 312 n-CsHy U (60%)
cl 2. U oh

.t
Ph
(Eq. 46)

Carbonyl Olefination with Thioacetals. The titanocene(II)-promoted reac-
tion of thioacetals with carbonyl compounds is also a good substitute for the
McMurry coupling of two different carbonyl compounds. This reaction also pro-
ceeds by the formation of titanium carbene complexes 43 (Scheme 21).!67-169
Since thioacetals are readily prepared by the treatment of aldehydes and ketones
with thiols in the presence of an appropriate acid catalyst and further derivati-
zation of thioacetals, this method enjoys wide synthetic application (Eqgs. 47,'7°
48,71 49,179 50,172 and 51.!"3 Although the mixed-coupling readily proceeds with
diphenyl thioacetals of aldehydes, the reaction using thioketals produces alkenes
only when thioketals of sterically less-congested ketones such as acetone and
cyclobutanone are employed.

R2

RS SR Cp,Ti[P(OE®);], R3JLR4 xR
e T R

R!” "R?

Rl
=TiCp,
R2

43

R4

Scheme 21
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SPh 1. Cp,Ti[P(OEt)3], THF, 1t

29

Ph/\)\SPh

2. cyclohexanone, rt

(69%) (Eq. 47)

th
&(\/ Ph
OEt

SPh 1. Cp,Ti[P(OEt)3],, THF, 1t
<>< = 2 80%)  (BEq. 48)
SPh 2. EtO,C(CH,),Ph, rt
Ph
SPh 1. Cp,Ti[P(OEY)],, THF, rt \
(75%) (E)(Z) < 1:99 E:Z
Ph” “SPh (o] 0
(Eq. 49)
SPh 1. Cp,Ti[P(OEt)3]5, THF, 1t Ph
P2 312 n-Cnggﬁ”\/\/ (84%) (EY(Z) = 19:81
n-CoH;g~ “SPh ) 0 S-iPr
. It
i—PrS)J\/\Ph ’
(Eq. 50)
1. Cp,Ti[P(OEt);]», THF, rt
/k/sih 2 S =2 )\/YP b 76%) (EN2) < 1:99
SPh _N.
2. l)h‘l‘\l)kPh , reflux Ph™ Me Ea. 51
Me ( q. )

The reaction of thioacetals of unsaturated aldehydes with carbonyl compounds
provides a method for the preparation of 1,3-dienes (Eq. 52).!7° Thioacetals of
alkynyl silyl ketones may also be subjected to coupling with carbonyl compounds
(Eq. 53).1"+175 Reactions using dithio- and trithio orthoesters may be regarded
as a mixed-coupling of formic acid esters with carbonyl compounds (Eqgs. 5417

and 55'77).

1. Cp,Ti[P(OEt);],, THF, rt

0.0
2. T\D,n

IS S

)W\E(j@ (64%) (E)/(Z) = 38:62

(Eq. 52)

Ph

0 (71%) (Eq. 53)

single isomer

\

TBS



30 ORGANIC REACTIONS

ﬁ SPh 1. Cp,Ti[P(OEt)3],, THF, rt ﬁ

TOEt
0~ SPh (Eq. 54)
2. EtO)J\/Ph , reflux Ph

(80%) (E)(Z) = 62:38

SPh 1. Cp,Ti[P(OEt)3],, THF, rt Phs™
I (76%)
PhS” “SPh zom B +-Bu (Eqg. 55)
t-Bu

The titanocene(Il)-promoted, intramolecular coupling between thioacetals and
carboxylic acid derivatives furnishes unsaturated cyclic compounds. The reaction
is applicable to the preparation of a variety of heterocyclic and heteroatom-
substituted cyclic compounds with different ring sizes (Egs. 56,'”® 57,7 and
58180).

OKI(SPh Cp,Ti[P(OED)31, ©
CpoTi[P(OEDs], P (70%) (Eq. 56)

O SPh THF, rt
OEt OEt
PhS
PhS 0 Cp,Ti[P(OE)] \
)E\ —p R S (65%) (Eq. 57)
S)Kij THF, 1t
PhS P
Cp,Ti[P(OE0);3] N
PhS Q e, Me  (89%) (Eq. 58)
N/Ph THF, reflux
Ph Me Ph

APPLICATIONS TO SYNTHESIS

Applications of the McMurry coupling include the preparation of sterically
congested and strained alkenes that are otherwise difficult to prepare by conven-
tional methods. Another synthetic use is for the preparation of theoretically inter-
esting and structurally unique alkenes. These include polyenes, ethylene-bridged
porphyrins, rigid stilbenes, and 1,2-(bis)metallocenylethenes. Intramolecular cou-
plings of dicarbonyl compounds are used for the preparation of cyclophan-1-enes,
dihydropyrroles and thiophenes, and condensed polyaromatics. Compounds bear-
ing medium and large rings are also synthesized effectively by intramolecular
coupling of dicarbonyl compounds. In this regard, construction of cyclic nat-
ural products with various ring sizes has been achieved. Tandem cyclizations
have been employed to synthesize m-conjugate macrocycles such as ethylene-
bridged cyclic bi- and ter-aryls and their heterocyclic analogues. Biologically
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active triphenylethene derivatives such as tamoxifen (an antagonist of the estro-
gen receptor in breast tissue) and cyclooxygenase inhibitors are widely prepared
by the mixed McMurry coupling.

Synthesis of Sterically Hindered and/or Strained Alkenes

In general, simple dialkyl ketones and cycloalkanones are converted into
the corresponding alkenes in good to high yields by homocoupling with
the low-valent titanium reagents. The homocoupling of sterically encumbered
acyclic aliphatic ketones provides convenient access to strained tetrasubstituted
alkenes, some of which are difficult to prepare by other methods. Thus,
tetraisopropylethene (44) is obtained by the deoxygenative coupling of
diisopropyl ketone using the TiCl3(DME); 5—Zn/Cu system in 87% yield.® The
homocoupling of tert-butyl methyl ketone!®! using the TiCl;~Zn system and tert-
butyl ethyl ketone'!®? using the TiCl;—LiAlH, system produces the corresponding
alkene 45 with excellent (E)-selectivity. However, the preparation of the elusive
tetra-fert-butylethene by the McMurry coupling has not yet been reported.

44 87%) R =Me (65%), (E) only

R=Et (47%) (E)(Z) =12:1

The McMurry coupling of aldehydes and ketones bearing strained small rings
provides access to alkenes containing such rings. For example, the homocoupling
of cyclopropyl aldehydes and ketones furnishes alkenes bearing cyclopropyl rings
46 and 47.'3318% The dicyclobutyl ketone can be employed for the mixed-
coupling the acetophenones to produce the dicyclobutylethenes 48.!8

™S v@ R hd
R R X R '
T wd o
46 (38%) RO OR
48

47
R=H (15%);R=Me (13%) R=H (18%);R=Me (87%)

The McMurry coupling of strained cyclic ketones constitutes a convenient
route to strained alkenes. The homocoupling of trispiro[2.0.2%.0.27]decan-
10-one furnishes the fully spirocyclopropanated bi(cyclobutylidene) 49.13
Similarly, benzocyclobutanones afford the bi(cyclobutylidenes) 50 as (E)/(Z)
mixtures.'37-18 Cyclobutanone can also be applied to the mixed-coupling with
4,4'-methoxybenzophenone to give the corresponding alkene 51 in 87% yield.'®’
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¢ ¢
5% o™ o

49 (28%) 50 51 (87%)
R=H (22%) (E)(Z)=1:1
R=Me (6%) (E)(Z)=—

The McMurry coupling is frequently employed for the preparation of ster-
ically crowded alkenes having unique and/or unusual structures. The highly
compact and often strained polycyclic cage hydrocarbons connected with car-
bon—carbon double bonds are prepared by the low-valent titanium-promoted
deoxygenative coupling of polycyclic ketones.'?°~1%3 These compounds are of
interest as potential materials for high-energy/high-density fuels. Thus, the cou-
pling of 4-(spirocyclopropyl)pentacyclo[5.4.0.0.2:6.0%1°.0°?Jundecan-8-one leads
to an isomeric mixture of alkene dimers 52—55.1°! The titanium-promoted deoxy-
genative coupling of 6-alkylidenetricyclo[3.3.0.0%7]octan-2-ones yields a mixture
of the racemic (56) and meso isomers (57) of distella-2,2",6,6'-trienes. These
alkenes are considered as models for investigation of through-space interaction
of isolated double bonds.'**!%> The highly twisted bis-exocyclic cisoid diene 58
is prepared by the coupling between acetone and (+)-pulegone.'?®

g% B g

wmwk ﬁ&

R =H, 56 + 57 (12%), 56/57 = 98:2 58 (50%)
R =Me, 56 + 57 (1.3%), 56/57 = 98:2

Synthesis of Highly Conjugated Molecules
The homocoupling of enals and enones is a useful method for the prepara-
tion of symmetrical acyclic polyenes. For example, aliphatic trienes 59''° and
60'%° can be synthesized by the titanium-mediated coupling of the corresponding
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enal and enone respectively. Similarly, the trienes having phenyl ((E,E.E)-
61)!?! and l-azulenyl (62)'7 groups at either end are also obtained with the
all (E)-configuration of the triene moiety. When the NbCls—Li system is used
for the coupling of cinnamyl aldehyde, the triene 63 is formed with the (E,Z,E)-

configuration.”®
N ]: ] 7 SK Ph
> )\J‘NL’\T/Y PhN X

59 (94%) 60 (E)-isomer (60%) 61 (83%)
+ (Z)-isomer (25%)

5 S »W’ /M
O 62 (33%) 63 (55%)

The McMurry coupling can be applied to the preparation of a wide variety
of symmetrical pentaecnes and higher polyenes. The deoxygenative homocou-
pling of the corresponding dienal, tetraenal, and hexaenal yields the pentaene 64
(n = 0), nonaene 64 (n = 1), and tridecaene 64 (n = 2).!® The polyenic ana-
logue of tetrathiafulvalene 65, in which two dithiole moieties are separated by a
pentaene moiety, has also been synthesized.!” Fully cross-conjugated pentaene
66 is obtained by the coupling of 4,4-dimethylcyclohexa-2,5-diene.?*

i-PrO,C_ COai-Pr i-PrO,C_ CO»i-Pr

n Yield (%)
0 61
1 82
2 25
i- PI’OQC COzl Pr i- PI‘OQC COQ! -Pr
MCOZC
s
MeO,C M/ S H
S NN )~ COMe :
S
65 (20%) 66 (97%)

CO,Me

B-Carotene (67) and lycopene (68) are synthesized by treatment of retinal and
y-retinal in 84 and 75% yields, respectively, with the TiCl;—LiAIH, system.?"!
Other titanium reagents such as TiCly—Zn,?*? titanium powder—TMSCL?? and
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TiCl;-Li?’ have been used for the P-carotene synthesis. Isorenieratenes (69)
(carotenide light-harvesting pigments) are prepared in a similar manner.”>> The
unsymmetrical heptaene 70 is synthesized as a stereoisomeric mixture by the
mixed-coupling of the tetraenone and dienone using the TiCl;—Zn system.?*t

67 (84%)

68 (75%

)
R
W’l\ A SN
R

69 R=H (85%); R=MeO (75%)

99!
H H H
70 (40.8%)

Metallocenes and related structural units are tolerant to the McMurry cou-
pling conditions. Thus, the homocoupling of metallocene-substituted aldehydes
and ketones and related compounds provides access to symmetrical alkenes
with metallocene units or n°-cyclopentadienyl complexes. 1,2-Diferrocenylethene
(71)*% and tetraferrocenylethene (72)?° can be prepared from ferrocenecarbalde-
hyde and diferrocenyl ketone, respectively, by low-valent titanium-promoted
deoxygenation. The n*-1,3-cyclobutadienyl-iron complex substituted ethene 73
is obtained with (E)-stereoselectivity by the TiCl;—LiAlH; system-promoted
homocoupling of the corresponding aldehyde.?’” The (Z)-alkenes 74 (R = Me)
having a phosphacyclopentadienyl manganese unit are formed as rac/meso mix-
tures by the coupling of the corresponding methyl ketone (R = Me).2’® When
the corresponding phenyl ketone is subjected to similar coupling conditions, the
(Z)-isomer 74 (R = Ph) is selectively obtained. Cynchridene is transformed
into (E)-1,2-bis[(n’-cyclopentadienyl)dicarbonylnitrosylchromium]ethene (75) in
a similar manner.”%

Alkenes bearing nitrogen-containing heteroaromatic units may be synthesized
by McMurry methods. N-Alkoxycarbonylpyrrolecarbaldehyde undergoes deoxy-
genative coupling using the TiCl;—Li system to give the di(2-pyrrolyl)ethenes
76,'>* whereas the coupling of the N-unsubstituted 2-pyrrolecarbaldehyde under
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71 (25%) (E)/(Z) =3.5:1

OoC i ~CO
CcO

74

ﬁe Oc—FC
oC ‘co
73 (56%)

72 (75%)

CcO

OC-~\j,,CO

co
OC-¢,-NO

|
oc-¢r-No
Co
75 (36%)

35

R =Me (Z)-rac (45%) + (Z)-meso (27%)
R =Ph (E)-rac (41%)

similar conditions results in the formation of a complex mixture. Using 2-
pyrrolecarbaldehydes bearing an ester group at the 5-position leads to di(NV-
unsubstituted pyrrolyl)ethenes 77.2%219 By contrast, the use of the corre-
sponding 3-pyrrolecarbaldehydes lowers the yield of the alkenes.’!' Pyridine-
substituted alkenes 78 and 79 are obtained by the homocoupling of 3-2!% or
4-pyridinecarbaldehyde, respectively.'?* Treatment of 4,5-diazafluorenone with
the TiCl;—LiAlH4 system gives bis(4,5-diazafluorenylidene) (80), but a similar
reaction of the 1,8-diaza-isomer fails to produce the corresponding alkene.?!?

| H

No~e N BnO,C— N~ 0\
Wk N j\_zﬂ N~ "COBn

CO,R H

76 77 (81%)
R =Me (50%); R = Et (30%)
Br \ yZ N /
78 79 (30%)

80 (20%)

R =MeO (40%); R =MeS (30%)
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Deoxygenative coupling can be applied to form porphyrin or chlorin dimers
linked by conjugate systems. These compounds are of importance for understand-
ing the processes of photosynthesis. Metalloporphyrin and chlorin substructures
are compatible with the McMurry coupling conditions; thus, the ethene-bridged
prophyrins 81,%2!* triene-bridged porphyrins 82,2!> and their chlorin counter-
parts 83%15 are obtained from the corresponding aldehydes. The reaction fre-
quently provides (E)/(Z) mixtures with regard to the newly formed double bond
and, in some cases, the (Z)-isomers predominate. This selectivity likely results
from a strong 7-1t pre-association of the large conjugate system.

Et Et
Et
// M Yield (%) (E)(Z)
Ni 72 39:33
Cu 70 0:100
Et
Et Et
Et Et

COzMC

83 (84%)

Aldehydes containing various thiophene substructures are amenable to the
McMurry coupling. Such substructures include not only simple thiophenes but
also oligothiophenes 84,2'° condensed thiophenes 85,%'7 oligo(thienylenevinyl-
ene)s 86,28 or more complex structures.
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Pr . Pr
,S S\
24 A\
S S
)

85 (E) isomer (7%
84 (66%) + (Z) isomer (93%)

Bu Bu Bu Bu
S 1\ S )\
Bu Bu Bu Bu

86 (52%)

Synthesis of Ring Compounds with Unique Structures

Cycloalkenes of ring sizes 3—16 and larger are prepared by the intramolecular
McMurry coupling of dicarbonyl compounds. The yields of medium-sized and
larger rings are remarkably high relative to other methods.?* Construction of
simple and saturated ring systems are described in the “Scope and Limitations”
section. This section focuses on the preparation of rings with unique structures.

Bicyclic systems such as the chiral frans-fused (R)-(+4)-[10.10]betweenanene
87.21% the bridgehead alkene 88,>?° and bicyclo[6.6.0]tetradec-1(8)-ene (89)*2!
have been prepared by the intramolecular McMurry coupling of the correspond-
ing dicarbonyls. Compound 88, which is difficult to prepare by other methods,
has been converted to a cation in order to investigate a bent three-center, two-
electron, C—H—C bond. The tricyclodecadiene 90 has also been synthesized for
the study of the through-space interaction of two m systems, located perpendic-
ular to each other.”??> These results demonstrate that this process is effective for
the construction of medium rings with strained structures.

OO X0

89 (72%) 90 (13%)

88 (36%)

87 (44%)

The process has also been used to prepare the highly strained, unstable 7-
membered cycloalkene 91, which is transformed into the tricyclic diene 92 by a
subsequent Cope rearrangement.”>* The transannular coupling also proceeds to
give 93 if the two carbonyl groups are properly located.?**
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Qe
Xk

93 (81%)

Another application of the McMurry coupling is the construction of cyclic
conjugated polyenes. A variety of polyenes such as [12]-, [14]-, [18]-, [20]-, and
[24]annulenes are obtained by intramolecular coupling. The bridged [14]annulene
94°% with a phenanthrene perimeter and [18]annulene 95°?° are of interest in
the context of aromaticity. Tandem cyclization is used for the preparation of
sulfur-bridged [18]annulene 96.'%°

94 (35-40%) 95 (12%) '
96 (38%)

Strained cyclic enynes are analogously prepared from the corresponding dicar-
bonyl compounds. Thus, cyclo-1,3-dien-5-ynes 97 with ring sizes of 10-14
are synthesized by the deoxygenative cyclization of a,m-dialdehydes.??” These
are transformed into benzocycloalkanes by thermal isomerization. The bicy-
clotriendiyne 98 is prepared as a model of a chromophore of the anti-tumor
antibiotic neocarzinostatin by the cyclization of the dienediyne keto aldehyde.??®
The cyclotrienediyne 99 and its higher vinylogues, the bisdehydrodibenzo[16]-,
[18]-, [20]-, and [22]annulenes, are similarly prepared; their yields decrease from
27 to 4% with increasing ring size.

. @HZ)n { /; ; /\’: Q

97 (5-44%) n =4-8 98 (47%) 99 (27%)

Other ring compounds with novel structures include triene 100?*° and tetraene
101,>! in which six-membered rings are connected with C—C double bonds at
the C1 and C4 positions. These compounds are prepared from the corresponding
diketones. Compound 101 acts as an eight-electron square-planar ligand to form a
complex with Ag(I). [6.8]3Cyclacene 102 is a hoop-shaped molecule consisting
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of annulated unsaturated rings and is synthesized by the 3-fold intramolecular
232

ring closure of the hexaaldehyde.

100 (24%) 101 ©0%) 102 (8%)
0

Synthesis of Cyclophanes, Helicenes, and Related Compounds

The low-valent titanium-promoted intramolecular cyclization of tethered
bis(aromatic carbonyl compounds) is employed for the preparation of
[2.n]cyclophan-1-enes in which each aromatic ring is connected to the other by
an ethylene bridge. A variety of o-, m-, and p-cyclophan-1-enes are prepared
from bis(arenecarbaldehydes) and bis(aryl ketones) having various aliphatic
chain tethers such as oligo(methylene) and oligo(ethylene oxide). The geometry
of the double bond formed is dependent on the length of the tethers. For
example, the (Z)-isomer of metacyclophane 103 (n = 3) with a trimethylene
chain predominates, whereas the (E)-isomer 103 (n = 6) with a hexamethylene
chain is formed preferentially.>*> The highly strained paracyclophan-1-enes
104 can be synthesized by the intramolecular cyclization of trimethylene-
tethered alkanophenones in good yields by slow addition of the diketones to
a large excess of the titanium reagent.”** The McMurry coupling of 4,13-
dibenzoyl[2.2]paracyclophane provides 4,13-(a,o’-stilbeno)[2.2]paracyclophane
(105), a triply bridged cyclophane, in good yield.?®

Preparation of [2.n]cyclophan-1-enes with tethers containing aromatic rings
is achieved by the intramolecular McMurry coupling of dicarbonyl compounds.
Thus, the stilbenoprismand 106, a new class of polyaromatic receptors with a
A-shaped cavity, is prepared by the coupling of the corresponding diketone.?*¢
Bis(benzaldehydes) linked with an enantiomerically pure (S)-1,1’-bi-2-naphthol
unit at the ortho, meta, and para positions are converted to the chiral receptors
[2,n]cyclophan-1-ene 107 when subjected to the McMurry coupling.??’

O : N N
\/O\©ﬁu O R
103 104

n__ Yield (%) (E)(Z) R Yield (%) 105 (79%)
3 65 0:100 Me 82
6 95 90:10 Et 60
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~ v
d \ ﬁ Yield (%)
o /=

-~ ortho 52
a \_Q meta 62
\ 7 para 15

107

106 (93%)

The vinylene-bridged ansa-ferrocene 108 is prepared by slow addition of
1,1'-ferrocenedicarbaldehyde to the TiCl;—Zn/Cu system.?*® The intramolecular
reductive coupling of o-, m-, and p-benzaldehydes connected by a ferrocene-
containing linker leads to the biphenylenevinylene-bridged ferrocenophanes
109.° The (E)/(Z) ratios of the double bonds formed are dependent on the
position of the formyl group.

Yield (%) (E)(Z)
\\_ _ ortho

, :
/T Fe 59 3435

Ff@) 0 mea 28 100:0
Q—% para 32 0:100
108 (44%) 109

The intramolecular reductive coupling of bis(arenecarbaldeydes) described
above can be applied to calix[4]arenes bearing formyl groups at the appropriate
positions to produce intramolecularly double-bond-bridged calix[4]arenes. Thus,
the ethylene-bridged calix[4]arenes 110 are obtained with (E)-stereoselectivity
from the calix[4]arenes bearing two formyl substituents on the opposite benzene
rings.>** When the 1,3-alternate p-formylcalix[4]arene is employed, two-fold
cyclization takes place between two formyl groups at the opposite side of the
molecule to give the caged calix[4]arene 111.>*! The reaction of calix[4]arenes
having two benzaldehyde moieties connected by an ethylene oxide linker yields
the stilbene-bridged calix[4]arenes 112;>*? the configuration of the alkene is
dependent on the substitution pattern of formyl groups.

110 111 (25%)
R!,R?=H, Me, -Bu (15-30%) 112
Yield (%)
(E)-112 (Z)-112
ortho 15 62
meta 37 37
para — 87
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The intramolecular cyclization of 2,2'-diformylbiaryl derivatives and related
compounds is employed for the preparation of various condensed polycyclic
aromatic compounds. Phenanthrene (113)**3 and acenaphthol1,2-j]fluoranthene
(114)*" are representative examples. The analogous compound, [7]circulene
(115), in which seven benzene rings are circularly arranged in a strained sad-
dle shape, is synthesized in a similar manner.”** The aromatic ring construction
by the intramolecular McMurry coupling has been also applied to the prepara-
tion of helicenes. Thus, the enantiomerically enriched [7]thiahelicenes 116>+ are
synthesized from the corresponding enantiomerically pure biaryl dialdehydes in
good yields. This method is a good alternative to the oxidative photocyclization
of a stilbene-type precursor. Similarly, the thiophene-based [7]helicene 117 is
obtained from an axially chiral biaryl diketone.?*¢ In both cases, a stereochemi-
cal correlation between the (R) axial chirality of the biaryl dicarbonyl compounds
and the (M) helical chirality of the helicenes is observed.

113 (67%)

T™S T™MS

(M)-(9)-116 (53%), er >99.5:0.5
(P)-(+)-116 (52%), er>99.5:0.5  M-()-117 (28%), er 87.0:13.0
(P)-(+)-117 (17-63%), er 75:25 to 95:5

Total Synthesis of Natural Products

Many synthetic applications of the McMurry coupling in total syntheses of nat-
ural and related products have appeared as the process is efficient in constructing
various macrocycles. Furthermore, the reaction can be carried out successfully
in the presence of a variety of functional groups by the judicious choice of the
reagents and reaction conditions.

The low-valent titanium-promoted intramolecular cyclization has been applied
to the total synthesis of five-membered-ring natural products such as (%)-
strigol?*’, (&)-hirsutene®*®, (4)-7,8-epoxy-4-basmen-6-one (118)** and (&)-ara-
neosene.” (+)-Aristoteline (119), a naturally occurring indole alkaloid, can also
be synthesized using this system.” Bicyclic six-membered-ring formation by the
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intramolecular coupling of dicarbonyl compounds is employed for the total syn-
thesis of (4)-compactin (120)*°!, (4+)-mevinolin®', and (4)-ipalbidine,?? and the
tricyclic ring formation leads to a hybrid analog of huperzine A and B.23 A six-
membered ring in spirocyclic (&)-a-chamigrene,* tricyclic (4)-isokhusimone
(121),52¢ and the steroid skeleton of 9(11)-dihydroestrone methyl ether
(122)>7:238 are constructed by a similar cyclization. Seven-membered-ring forma-
tion is employed in the synthesis of bicyclic (£)-clavukerin A and isoclavukerin
A.> The tetracyclic diterpene kempene-2 (123) is synthesized by the cycliza-
tion of a dialdehyde to form a seven-membered ring at the final stage.’® A
tricyclic system involving an eight-membered ring is constructed in the synthe-
ses of the ABC system of taxol,?®! taxane triene 124, which comprises the full
and stereochemically correct carbon framework of natural taxusin,®? and the
ceroplastin nucleus.?®*2% The ten-membered-ring sesquiterpenes, bicyclogerma-
crene (125)%% and its stereoisomer, lepidozene,?®>-26 dihydrogermacrene,?®’ and
helminthogermacrene®® are prepared through the low-valent titanium-
promoted cyclization. Eleven-membered ring formation by the intramolecular
coupling of keto aldehydes is involved in the syntheses of the tricyclic trinervi-
tane skeleton 126°® and humulene (127).° Twelve-membered-ring formation
is applied to the total synthesis of verticillene (128), a biogenetic precursor of
taxane alkaloids.?’!?”> The intramolecular cyclization of keto aldehydes for 14-
membered-ring formation is used often in the synthesis of many cembrenoide
diterpenes such as (&)-cembrene-A,>’* cembrene-C (129),274-276 (4)-3,4-epoxy-
cembrene-A,>’2"8  (4)-11,12-epoxycembrene-C>” and its 11,12-dehydro
derivative,®®® (-)-8! and (£)-?? 13-hydroxyneocembrene (130), (-)-13-
hydroxy-11,12-epoxy-neocembrene (131),2%% (&)-sarcophytols A and B,?* (£)-
sarcophytol A benzyl ether,”®> (&)-isosarcophytols A,?8° and (&)-crassin acetate
methyl ether.?®® Synthesis of the marine cembranoid, (—)-1,3,11-cemratrien-6-
ones,”®’ preverecynarmin,?® 14-deoxycrassin,?® pseudoplexaural (132),%%° lepi-
dozene,?®’ and bicyclogermacrene?®’ have been achieved via 14-membered-ring
construction by the McMurry coupling. Syntheses of diterpene flexibilene
(133),2 sesterterpene terpestacin,®! and its ring system?°? involve the formation
of 15-membered rings. The macrocyclization of ansa-bridged benzofuranquinone
(134) with an 18-membered ring is performed in the total synthesis of (£)-
tridentoquinone.?*3

(+)-7,8-epoxy-4-basmen-6-one (118) (+)-aristoteline (119)
(73%) (75%)
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(x)-isokhusimone (121)
(57%)

MeO H :
OAc
(+)-9(11)-dihydroestrone kempene-2 (123) taxane triene (124)
methyl ether (122) (32%) (20%)

(56%)

OBn

bicyclogermacrene (125)  tricyclic trinervitane skeleton (126) humulene (127)
(61%) (E)/(Z) = 80:20 (11%) (60%)
N\
S
H
(23 5%) verticillene (128)
OH
cembrene-C (129) (38%) (2)-13-hydroxyneocembrene (130)

(72%)
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(-)-13-hydroxy-11,12-epoxy-
neocembrene (131)

(69%)

flexibilene (133) 134 (11%) (+)-tridentoquinone
(79%) (E)I(Z) = 2:1

COMPARISON WITH OTHER METHODS

The McMurry coupling suffers some drawbacks compared to other direct car-
bonyl olefination reactions described below. For example, it generally affords
statistical mixtures of homo- and mixed-coupling products in the intermolec-
ular coupling of two different carbonyl compounds and tends to result in the
formation of stereoisomeric mixtures of alkenes. Although some of the follow-
ing direct deoxygenative olefination procedures should be considered in such
cases, the simplicity of the experimental procedure, without pre-formation of any
organometallic reagents, is an attractive feature of the McMurry coupling.

Wittig and Related Reactions

The Wittig reaction is perhaps the most widely used method for the direct trans-
formation of carbonyl compounds to alkenes (Scheme 22).2%* One of its advantages
is that the configuration of the olefination products can be controlled by careful selec-
tion of the phosphorus reagent and reaction conditions, especially in the case of the
preparation of 1,2-disubstituted ethenes. The Horner—Wadsworth—Emmons reac-
tion using a-carbanions of phosphonates (Scheme 23)** and the Horner—Wittig
reaction using phosphine oxide anions are also powerful methods for carbonyl
olefination. These reactions using phosphorous-based reagents, however, still suf-
fer several disadvantages. First, unlike the McMurry coupling, they are seriously
affected by steric hindrance and the preparation of tetrasubstituted alkenes using
phosphorus-based reagents is virtually impossible. Second, the Wittig-type reac-
tions are generally not effective for the olefination of carboxylic acid derivatives.
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However, these so-called “non-classical Wittig reactions”? include the intermolec-

ular olefination of electron-deficient esters and intramolecular olefination leading to
the formation of certain cyclic compounds. Some examples are shown in Egs. 59%°7
and 60.2%%

0 +%R3 R!' R}
+  RP<C  — = + RsP=0
RIJ\RQ 3 R* R2 R* 3
Scheme 22

0 0 R Rl R 0
+ ®ROP—~- — = 4 i
J\Rz (RO), 4<R4 W (RO),P—O"

Rl
Scheme 23
CF; CF;
/& Ph3PN\Ph
o o o (65%) (Eq. 59)
M THE, rt /v Ph
o 5
B by -BuOK/18- 6
| \—Fome, oy crown (30%) (Eq. 60)
£ toluene, 80°
7C0O,Me

Peterson Olefination

The Peterson olefination consists of the addition of a-silyl carbanions 135 to
carbonyl compounds and the subsequent elimination of silyloxide anions from
the resulting p-hydroxyalkylsilanes 136 (Scheme 24).2°%3% The silanes 136 are
usually isolated as mixtures of the two possible diastereomers by the protonation
of the addition products when carbanions without an anion-stabilizing group
are employed. The most striking feature of the Peterson olefination is that the
two diastereomeric adducts 136 can be separated and the desired stereoisomers
of alkenes can be obtained from either of the diastereomers depending on the
reaction conditions employed for the elimination. Despite several characteristic
features of the Peterson olefination, there remain some difficulties in terms of
availability of adequate a-silyl carbanions and sensitivity to steric constraints.

Julia—Lythgoe and Julia—Kocienski Reactions3'!-3%5

The Julia reaction (also known as the Julia—Lythgoe reaction) involves two
separate steps: an addition of the a-carbanion of an aryl sulfone to a carbonyl
compound and the reductive elimination of the resulting B-hydroxy sulfone
(Scheme 25).304

The so-called modified Julia reaction (also known as the Julia—Kocienski reac-
tion) is, in contrast, carried out in one pot and employed for the construction of
a range of biologically active natural products as a tool for direct olefination
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R4 1?{] SiR3 base R — R’
— 'wR3
HO  ge RURY
o SiR3 136
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RIJ\RZ " R3/BR4 >
2
135 R\ R SiR3 base R R
S
HO Ré R? R
Scheme 24
\ Rl A reductive
i eSO _<R 1. base Rzy_(\s% ' climination R R}
+ I y P —— 3 >_<
R OR2 R4 2. acetylation AcO R4R R?> R*
Scheme 25

of aldehydes. The reaction consists of the addition of the a-anion of a hetero-
cyclic sulfone to an aldehyde followed by Smiles rearrangement of the resulting
B-alkoxysulfone and subsequent degradation of the sulfinate salt (Scheme 26).3%
The stereochemical course of the transformation is dependent on the nature of
the heterocyclic moiety of the sulfone, the counter cation, and the reaction condi-
tions. Generally (E)-alkenes predominate and high stereoselectivity is observed
in certain cases. Excellent functional group compatibility is the synthetic advan-
tage of the modified Julia reaction. Its major disadvantage over the McMurry
coupling is its inapplicability to the preparation of highly sterically congested
olefins.

Smiles
3 R!
o R R? SOzAr rearrangement
L+ Ao~ —— . Iearrangement
R'” "R RY 0 g4
1
2R so, R! R}
Hm S0y, ArO- > R
A0 gé ~50,, Ar R2 R
N-N
S N, CER\
Ar = ‘ A \>_§’ NN)\;
R
Scheme 26

Carbonyl Olefination with Metal Carbene Complexes and Related
Reactions
High-valent early transition-metal carbene complexes 137 possess ylide-like
reactivity towards carbonyl compounds (Scheme 27).'67 Schrock first reported
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that niobium and tantalum carbene complexes react with carbonyl compounds,
including carboxylic acid derivatives, to produce the corresponding alkenes.3%
Shortly thereafter, synthetically useful Tebbe and related titanium-based reagents
were developed for the generation of methylidenetitanocenes, which olefinate a
variety of carbonyl compounds to give terminal olefins.’*” Although the olefina-
tion reactions of aldehydes, ketones, and carboxylic acid derivatives have been
developed using alkylidenetitanocenes prepared from dialkyltitanocene,*®:3% in-
accessibility of the carbene complexes bearing a f-hydrogen has limited their use.
Development of the preparation of a range of titanium carbene complexes by the
reductive titanation of thioacetals and related compounds with the titanocene(II)
species Cp, Ti[P(OEt)3],, however, has enabled the wide use of titanium carbene
complexes for carbonyl olefination (see “Scope and Limitations” section).

o R3 R'_ R3
leRZ + L,,M:<R4 - . R2}—<R4 + |LM=0]
137
Scheme 27

Several dimetallic reagents are employed for the deoxygenative transforma-
tion of carbonyl compounds to alkenes. The gem-dizinc reagent, generated by
the PbCl,-catalyzed reduction of CH,I, with Zn or the CH,X,—Zn-TiCly system
transforms aldehydes, ketones, and esters into olefins in the presence of appropri-
ate additives.!> The organometallic reagents generated from the RCHBr,—Zn—
TiCl;—TMEDA system are employed for the olefination of various carboxylic
acid derivatives (see “Scope and Limitations” section). A synthetic advantage
of these reactions is their applicability to the olefination of carboxylic acid
derivatives.

The organochromium reagents generated by the reaction of RCHBr, with
CrCl, transforms aldehydes to (E)-1,2-disubstituted ethenes with high stereo-
selectivity.>!” A marked advantage of this carbonyl olefination over the McMurry
coupling is that the chromium reagents show high chemoselectivity toward alde-
hydes, and can be carried out in the presence of keto and ester functionalities.

EXPERIMENTAL CONDITIONS

Preparation of Coupling Reagents: Stepwise vs One-pot Procedures

Since the first discovery of the deoxygenative coupling of carbonyl com-
pounds, two types of procedures have been employed. A general procedure
involving a stepwise sequence (formation of the reagent and then McMurry
coupling) has been used in the coupling reaction using a variety of low-valent
titanium species.*>> When highly reactive reducing agents, such as alkali met-
als or metal hydrides, are used for the generation of the low-valent titanium
reagents, the stepwise procedure must be adopted. When the functional groups
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present on the carbonyl compound are compatible with zinc as the reducing
agent, a one-pot reaction involving the simple mixing of the titanium source,
zinc, and the carbonyl compound can be performed.’> This procedure can be
used for the intramolecular coupling of oxo amides leading to the formation
of indoles (so called “instant method™).” The intramolecular McMurry coupling
generally requires high-dilution conditions and slow addition of the substrate to
avoid oligomerization. By contrast, the formation of heterocycles by the “instant
method” does not require such special care. This protocol is also effectively
employed for the intermolecular coupling of aldehydes.?*!

General Comments for the Preferred Conditions

Coupling Reagent. A variety of reagents have been developed for the
McMurry coupling as described in the “Scope and Limitations” section. The
choice of an appropriate reagent is crucial to obtain good yields of the desired
products because different low-valent titanium species are formed depending on
the particular titanium source, reducing agent, and conditions for its preparation.
The TiCl3(DME); 5s—Zn/Cu system in DME seems to be the most versatile and
reproducible reagent for both the inter- and intramolecular McMurry coupling
(Scheme 28).%?7 The TiCly—Zn—Py system and TiCl;—CgK system are also
efficient for the coupling of a range of aldehydes and ketones.

0 ] o i-Pr '

5 . )k low-valent titanium reagent . S _i-Pr
i-Pr i-Pr pr
Titanium Reagent Yield (%)

TiCl3-LiAlHy 12
TiCl3—Zn/Cu 37
TiCl;-K 37

TiCLy(DME); sZn/Cu 87

Scheme 28

Other reagents may be preferable depending on the carbonyl substrates. For
example, the TiCl;—LiAlH4 system is employed for the oxo ester coupling, and
the TiCl3—Zn system is employed for the coupling of oxo amides through the
“instant method.”

Solvent. Although the solvent-free McMurry coupling of benzophenone
derivatives using the TiCly—Zn system has been reported,>'! the coupling is
generally performed in ethereal solvents such as THF, DME, or 1,4-dioxane.
The choice of a solvent is important to obtain good yields and selectivities. In
several cases, THF and DME show different solvent effects. In the homocoupling
of acetophenone with the TiCls—Li system, the reaction performed in DME
preferentially furnishes the (E)-alkene whereas the (Z)-alkene predominates
when THF is used (Scheme 29).3'> For the mixed-coupling of propiophenone
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with benzophenone 138, 1,4-dioxane is the solvent of choice to obtain the (E)-
isomer in good yield (Scheme 30).>! When 1,4-dioxane is replaced by THF, the
(Z)-isomer slightly predominates.

0 T Solvent Yield (%) (E)/(Z)
> Ticls-Li P FPh DME 92 839
Ph solvent, reflux THF 89 25:64

Scheme 29

O
(0]
X
0 cl TiCly—Zn Ph cl
+
Ph)kEt [ O O solvent, reflux O
O 1
138
Solvent Yield (%) (E)(Z) I
DME 35 1.3:1

THF — 1:1.19
1,4-dioxane  56.5 3.9:1

Scheme 30

Several reports describe the use of toluene as a co-solvent in the McMurry
coupling. Although the preparation of 9,10-dioctyl-9-octadecene from dioctyl
ketone could be achieved with difficulty and in low yields by the common variants
of the McMurry coupling, the use of THF/toluene mixtures in the TiCly—Zn-
promoted coupling affords the alkene in good yield (Eq. 61).3'* The combined use
of toluene also affects the mode of intramolecular coupling. The deoxygenative
cyclization of the dialdehyde 139 with the TiCls—Zn/Cu system carried out in
DME produces the monomer 140 as a major product along with the dimer 141
as a mixture of stereoisomers (Scheme 31).3'* The dimer 141, by contrast, is
formed as a pure (Z,Z,E)-isomer by the reaction in a 1:1 mixture of DME and
toluene.

0 n—C8H17
TiCly—Z
2 PN L nCell  N-mCsHIT (709, (Eq. 61)
sH17
n-CgH7 n-CgH;;  THF/toluene, reflux b
-CgHy7

Depending on the solubility of the substrates, the McMurry coupling may be
carried out in mixed solvents. For example, THF/CH,Cl, mixtures are employed
for the TiCl;—Zn promoted reaction of polyaromatic diketone 1423'° and
trifluoromethyl-substituted conjugated polyenal 143.'>> THF/o-dichlorobenzene
mixtures are employed for the intramolecular coupling of the fullerene derivative
144 encapsulating molecular hydrogen.3!®
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~O a J
TiCly~Zn
+
O O solvent, reflux Q O
H 00 H O
139 140

Yield (%)

Solvent 140 141 O
DME 34 12 (includes stereoisomers)
DME/toluene 3 53 141

Oy

Scheme 31

In the intramolecular coupling of oxo amides leading to indoles by the “instant
method” using the TiCl;—Zn system, EtOAc, MeCN, and DMF are successfully
employed in addition to ethereal solvents.’

Temperature. Most of the McMurry coupling reactions are carried out at
elevated temperatures, conveniently at reflux of the solvent. Since the McMurry
coupling generally proceeds via the initial formation of titanium pinacolates
followed by the reductive elimination to form alkenes, pinacols are typical by-
products of the McMurry coupling reactions. Pinacols may be the major products
when the reactions are performed at lower temperatures; the TiCly;—Zn-promoted
reaction of acetophenone carried out in dioxane at reflux affords dimethyldi-
phenylethylene (21) exclusively but pinacol 22 is exclusively obtained when the
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reaction is run at ambient temperature in THF (Scheme 32).* A similar tendency
is observed in the TiCl;—Li-promoted reaction of acetophenone (Scheme 33).3!?

O TiCl,~Z HO
iCly—Zn Ph
? Ph)J\ - PSP+ py
OH
Yield (%) 21 22
Solvent Temp 21 22
dioxane reflux 92 0
THF t 1 91
Scheme 32
O TiCls-Li HO
1Ll Ph
2 Ph)J\ _— Ph}%/ Phoy Ph)é(
OH
Yield (%) 21 22

Solvent Temp (°) 21 22
THF reflux 89 0

THF 30 52 25
DME 30 0 38
THF* 30 87 0

DME* 30 0 75

“The reaction was carried out under ultrasonication.

Scheme 33

Ultrasonication accelerates both the reduction of the titanium salts and forma-
tion of the alkenes in the above McMurry coupling; the reaction carried out in
THF under irradiation of ultrasound proceeds at 30° and gives the same result
as that carried out at reflux. Interestingly, however, the same reaction in DME
results in the exclusive formation of the pinacol. The successful deoxygenative
coupling of diferrocenyl ketone is achieved only under ultrasonication.”®® The
McMurry coupling under microwave irradiation enjoys an advantage in that it is
complete within a short period of time.!?!-317

High-Dilution Methods for Intramolecular Coupling. The intramolecular
coupling of dicarbonyl compounds generally requires high-dilution conditions
to obtain cyclic alkenes in good yields. Under the conditions suitable for inter-
molecular reactions, cycloalkenes are produced in rather low yield.?” Therefore,
the intramolecular coupling is typically performed by slow addition of the dicar-
bonyl compounds over several to dozens of hours by a motor-driven syringe
pump to the refluxing solution of the coupling reagent. One of the exceptions is
the intramolecular coupling of oxo amides leading to the formation of indoles.
High dilution is neither necessary nor advantageous though the related formation
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of benzofurans using the TiCl;—CgK system requires high-dilution conditions.”
The low-valent titanium reagent generated by the reduction of TiCl; with “high-
surface sodium” (Na/Al,O3) is also recommended for the intramolecular coupling
of dicarbonyl compounds to cycloalkenes since the reaction proceeds without
using high-dilution techniques due to its pronounced template effect.” Because
the second step of the tandem McMurry coupling of dicarbonyl compounds is
an intramolecular cyclization, the high-dilution conditions are also employed in
these reactions.

Catalytic McMurry Coupling. The preparation of indoles by the McMurry
coupling with a catalytic amount of TiCl; has been realized by using trialkyl-
chlorosilanes (Scheme 34).83 In the catalytic cycle, the Ti(IIT) oxide 146 formed
by the McMurry coupling of the oxo amides reacts with trialkylchlorosilanes
to regenerate TiCls, which is then reduced with Zn to the low-valent titanium
species 145 for further deoxygenative coupling. The procedure for the catalytic
reaction is straightforward; heating a mixture of an oxo amide, TiCls, Zn dust,
and a trialkylchlorosilane in MeCN furnishes the indole.

Rl
o 2 ZnCl,
\ 2 [TiCl]
j‘i\R‘ 145
R2 O 27n

2 TiCly
&l 2 RsSiOSiR;
NR3 146 4Rssicl

Scheme 34

EXPERIMENTAL PROCEDURES

O MeS
TiCl~Zn O
2 H 4 X (80%)
THF, reflux, 10 h
SMe SMe

147 148

trans-1,2-bis(3-Methylthio-2-naphthyl)ethene (148) [Homocoupling with
the TiCly—Zn System].3'®  TiCl, (0.66 mL, 6.0 mmol) was slowly added to an
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ice-cooled suspension of zinc powder (0.39 g, 6.0 mmol) in THF (10 mL), and
the resulting mixture was heated to reflux for 1.5 h. After cooling to rt, a THF
(10 mL) solution of 147 (0.405 g, 2.0 mmol) was slowly added and the mix-
ture was heated to reflux for 10 h. After cooling to rt, the mixture was diluted
with saturated ag. NaHCO; (30 mL) and CH,Cl, (30 mL) and further stirred for
3.5 h. The mixture was filtered through a Celite pad, and the organic layer was
separated. The aqueous layer was extracted with CH,Cl, (3 x 20 mL), and the
combined organic layers were dried (MgSO,4) and concentrated under reduced
pressure. The residue was purified by silica gel column chromatography (CH,Cl,)
to give 148 as yellow crystals (0.299 g, 80%). An analytical sample was obtained
by recrystallization (CH,Cl,): mp 195.0-196.0°; '"H NMR (400 MHz, CDCl3)
8 2.61 (s, 6H, SMe), 7.43 (ddd, J =7.5, 7.5, 1.9 Hz, 2H, ArH), 7.46 (ddd,
J =75,175,19 Hz, 2H, ArH), 7.65 (s, 2H, ArH), 7.67 (s, 2H, CH = CH),
7.76 (dd, J = 7.5, 1.9 Hz, 2H, ArH), 7.86 (dd, J = 7.5, 1.9 Hz, 2H, ArH), 8.10
(s, 2H, ArH); '3C NMR (100 MHz, CDCl3) § 16.3, 124.1, 125.2, 125.6, 126.4,
126.5, 127.9, 128.5, 131.5, 133.4, 134.9, 135.9. Anal. Calcd for Cy4HS,: C,
77.37; H, 5.41. Found: C, 77.07; H, 5.26.

O

TiCly—Zn-Py
2 n-C7Hs
THF, reflux, 6 h
Br

149

(E)-8,9-bis(4-Bromophenyl)-8-hexadecene (150) [Homocoupling with the
TiCly—Zn-Py System].>"® TiCl, (19.0 g, 0.1 mol) was slowly added to anhy-
drous THF (400 mL) at —5 to 5° under N,. To the resulting yellow solution, zinc
(18.0 g, 0.27 mol) was added. Then pyridine (3 mL) was injected via syringe. The
reaction mixture was heated to reflux before the ketone 149 (37.0 g, 0.13 mol) in
THEF (100 mL) was added over 1 h and the mixture was refluxed for an additional
5 h. After cooling, the solvent was removed under reduced pressure. The remain-
ing dark solid was treated with a saturated aq. K;COj3 solution and was stirred
overnight. The solid was removed by filtration, dried under reduced pressure at
70°, and subjected to a Soxhlet extraction with boiling light petroleum ether for
three days. The extract was condensed and the residue was purified by silica gel
chromatography (CH,Cl). The pure product 150 crystallized on standing (28.4
g, 82%): colorless crystals, mp 103°; I'H NMR (200 MHz, CDCls) 8 0.80 (t, 6H,
CH), 1.10-1.38 (m, 20H, CH), 2.45 (m, 4H, a-CH,), 6.77, 7.17 (AA’BB’, 4H,
ArH); 3C NMR (50 MHz, CDCl3) § 14.1, 22.6, 23.6, 28.3, 29.1, 31.8, 34.2,
119.5, 137.9, 130.7, 131.3, 142.0. Anal. Calcd for C,gH33Br,: C, 62.93; H, 7.17,;
Br, 29.90. Found: C, 63.23; H, 7.38; Br 29.25.
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\ ¢ 7 TiCl;~Zn-Py
THF/CH,Cl,, reflux, 18.5 h

(78%)

H H
151 152

5,16-Dihydrotetrathia[22]annulene[2,1,2,1] (152) [Tandem Coupling with
the TiCly—Zn-Py System].'* A CH,Cl, solution of TiCl (1.0 M, 13.6 mL)
was added to a THF (100 mL) suspension of zinc dust (1.76 g) under N, with
stirring over 20 min. The reaction mixture was heated to reflux for 1 h, and then a
THF (100 mL) solution of the dialdehyde 151 (310 mg, 1.31 mmol) and pyridine
(1.76 mL) was added through a syringe over 30 min to the gently refluxing
mixture. After refluxing for 18 h under N,, the reaction was carefully quenched
by addition of an aqueous solution of K,CO3 (10%, 24 mL). The reaction mixture
was filtered, the filtrate was concentrated under reduced pressure, and the residue
was extracted with CH,C1, (150 mL). The extract was washed with water (2 x
50 mL) and dried (Na;SOy). The solvent was evaporated under reduced pressure,
and the residue was subjected to silica gel column chromatography (CHCls) to
give 152 (210 mg, 78%): mp 153.5-155.5°; 'H NMR (CDCls) 8 6.52 (s, 4H),
6.77 (s, 4H), 6.78 (s, 8H); '3C NMR (CDCl3) 8 31.6, 123.5, 124.8, 128.3, 138.5,
145.2; HRMS (m/z): M™T calced for CpoH 6S4, 408.0135; found, 408.0137.

NH TiClz—Zn
O o) THF, reflux, 4 h
HN
I
153

(+)-Aristoteline (119) [Intramolecular Coupling with the TiCl;—Zn Sys-
tem by the “Instant Method”].” A suspension of the oxo amide 153 (24 mg,
0.074 mmol), TiCls (45 mg, 0.29 mmol), and zinc (77 mg, 1.18 mmol) in THF
(2 mL) was heated to reflux for 4 h. EDTA (430 mg, 1.47 mmol) was added,
and the mixture was stirred for 1 h at rt, diluted with THF (20 mL), and filtered
through a short plug of silica. The filtrate was condensed and the residue was
purified by chromatography (hexane/EtOAc/Et;N, 10:10:1) to afford 119 as col-
orless crystals (16.2 mg, 75%): mp 160—-162.5°; [0]*°p +20.2 (¢ 0.3, CDCl3); 'H
NMR (400 MHz, CDCl3) 8 1.05 (s, 3H), 1.31 (s, 3H), 1.53 (s, 3H), 1.20—1.71 (m,
5H), 1.90-1.93 (m, 1H), 1.95 and 2.05 (ddAB, J = 3.2, 14 Hz, 2H), 2.22-2.31
(m, 1H), 2.65 (d, J = 16.5 Hz, 1H), 3.07 (dd, J = 16.5, 5.8 Hz, 1H), 3.63 (dd,
J =1,5.6 Hz, 1H), 7.05 (dt, J = 1.1, 7.2 Hz, 1H), 7.10 (dt, J = 1.1, 7.2 Hz,
1H), 7.29 (dd, J =1, 8 Hz, 1H), 7.44 (dd, J =1, 8 Hz, 1H), 7.77 (br s, 1H,
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—NH); 3C NMR (100 MHz, CDCl3) § 25.2, 25.5, 27.5, 27.8, 28.6, 29.1, 33.2,
35.7,36.0,39.4, 50.6, 53.6, 104.4, 110.5, 118.2, 119.2, 121.1, 128.2, 136.2, 142.5.

©/CHO
0 TiCl3-Zn/Cu /
Fe O T
@\ DME, reflux, 30 h
CHO
154 108

ansa-(Vinylene)ferrocene (108) [Intramolecular Coupling with the TiCl;-
Zn/Cu System].>3® A 250-mL, round-bottomed Schlenk flask equipped with a
magnetic stir bar was charged with TiCl3 (3.50 g, 22.7 mmol), Zn/Cu (3.42 g,
5.16 mmol), and DME (~80 mL). The resulting blue-green suspension was
heated to reflux for 1.5 h to give a green-brown slurry. 1,1’-Ferrocenedicarbalde-
hyde (154) (0.50 g, 2.06 mmol) in DME (10 mL) was added under reflux through
a septum at the top of the condenser over 20 h using a mechanical syringe pump
under reflux. After completion of the addition, the reaction mixture was heated
at reflux for an additional 10 h. The red-brown suspension was allowed to cool
and was filtered through a pad of 200—400 mesh Florisil to give an orange-red
solution. The DME was removed by vacuum transfer and the crude product was
sublimed under reduced pressure at 45° to give 108 as a bright red crystalline
powder (0.192 g, 44%): 'H NMR (400 MHz, C¢Dg) § 3.67 (t, J = 1.6 Hz, 4H),
4.66 (t, J = 1.6 Hz, 4H), 6.09 (s, 2H); °C NMR (100 MHz, C4D¢) § 67.9 (C),
75.3 (Cy), 89.5 (ipso), 135.9 (CH=CH). Anal. Calcd for C,HoFe: C, 68.62; H,
4.80. Found: C, 68.16; H, 4.99.

H
) 7\ o TCLDME)sZn/Cu  pio,c N N I\ (81%)
BnO,C™ DME, reflux, 8 h b/ N7 COBn

H H H
155 77

trans-1,2-bis(5-(Benzyloxycarbonyl)-3,4-dimethyl-2-pyrrolyl)ethene (77)
[Homocoupling with the TiCl3(DME); s—Zn/Cu System].?!® TiCl;(DME), 5
(5.2 g, 17.9 mmol) and Zn/Cu (4.9 g, 69 mmol) were placed in a dry N,-filled
flask in a dry box. DME (100 mL) was added and the resulting mixture was
heated to reflux for 2 h under N, to yield a black suspension. A solution of the
formylpyrrole 155 (1.12 g, 4.36 mmol) in DME (10 mL) was added, and the
mixture was heated to reflux for 8 h. After being cooled to rt, the reaction mix-
ture was filtered through a glass bed of neutral alumina (CH,Cl,). The filtrate
was condensed to afford 77 (0.853 g, 81%): mp 208—210°; '"H NMR (CDCls) §
2.06 (s, 6H), 2.27 (s, 6H), 5.33 (s, 4H), 6.60 (s, 2H), 7.38 (m, 10H), 8.79 (bs,
2H); 3C NMR (CDCl3) 8 9.2, 10.6, 65.8, 114.3, 128.1, 128.6, 161.4; HRMS
(m/z): M caled for C30H30N,Oy4, 482.2205; found, 482.2184. Anal. Calcd for
C30H30N204: C, 74.67; H, 6.27; N, 5.81. Found: C, 74.64; H, 6.17; N, 5.71.
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0 0 TiCly(DME); s-Zn/Cu +Bu  tBu .
z-Bu)wJ\tB DME, reflux, 92 h 6 (%

-bu

156 157

1,2-Di-tert-butylcyclopentene (157) [Intramolecular Coupling with the
TiCl3(DME); s—Zn/Cu System].’?® DME (300 mL) was added to a mixture
of TiCl3(DME); s (21.59 g, 74.59 mmol) and Zn/Cu (17.0 g). After the mix-
ture was heated to reflux for 1.5 h, 2,2,8,8-tetramethylnonane-3,7-dione (156)
(10.00 g, 47.10 mmol) in DME (50 mL) was added via cannula. The mixture
was heated to reflux for 92 h, cooled to rt, and hexane (200 mL) was added.
The mixture was filtered through a glass frit in air and the solvent was removed.
The residual murky oil was purified by silica gel column chromatography (hex-
ane) to afford 157 as a colorless oil (7.20 g, 85%): '"H NMR (300 MHz, CDCl5)
§ 1.19 (s, 18H), 1.50 (q, J = 7.69 Hz, 2H), 2.49 (t, J = 7.69 Hz, 4H); 3C
NMR (75 MHz, CDCl3) 8 21.1, 32.5, 33.8, 39.1, 141.4. Anal. Calcd for C;3Hy4:
C, 86.59; H, 13.41. Found: C, 85.75; H, 13.63.

(0] TiCls-Li
)k + “OTBS
DME, 1t, 4.5 h; reflux, 12 h

158 159

“OTBS  (75.6%)

1-Isopropylidene-3a-methyl-4a-(fert-butyldimethylsiloxy)-2,3,3a,4,4a,5,6,

7-octahydrocyclobuta[1,2:1,4]dicyclopentene (159) [Mixed-Coupling with the
TiCl;-Li System].*?! A slurry of lithium wire (0.90 g, 0.13 mol) and TiCl;
(5.74 g, 0.15 mol) in DME (60 mL) was heated to reflux for 1 h under Ar. The
mixture was cooled to rt and a solution of the cyclopentanone 158 (291.2 mg,
0.908 mmol) in anhydrous acetone (0.54 mL) was added over 4 h by a motor-
driven syringe. After stirring for 30 min at rt, the mixture was heated to reflux
for 12 h, cooled to rt, diluted with pentane (80 mL), and filtered through a pad
of Florisil. The residue was washed with pentane (2 x 80 mL). Methanol was
added slowly to the filtrate until gas evolution ceased to decompose any active
Ti-species. The resulting black solution was passed through a pad of Florisil and
the pad was washed with pentane. The combined filtrates were washed with water
(200 mL) and then brine (200 mL), and dried. The solvent was evaporated and
the residual pale-green oil was chromatographed on silica gel (pentane) to give
159 (239.8 mg, 75.6%) as a colorless oil: 'H NMR (CDCl3) 8 0.02 (CH;Si),
0.04 (CH;Si), 0.86 (CH;CSi), 0.93 (CH3), 1.64 (d, J = 1.5 Hz, CH3C =), 1.69
(d, J = 1.6 Hz, CH;C =), 1.56-2.40 (m, 12H); '3C NMR (CDCl3) § —2.9 (q),
—2.5(q), 17.9, 20.9 (q), 22.5 (q), 22.9 (q), 24.8 (1), 25.8 (3 x q), 30.9 (1), 32.3
(1), 40.9, 41.4 (t), 42.0 (t), 47.0 (1), 62.7, 82.3, 123.2, 139.1; HRMS (m/z): M+
caled for CyyH360Si, 320.2536; found, 320.2519.
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O

jon: e
Ov~o TiClLi-Na/Al,O5 o Ph

[ \ (83%)

o >0 THEF, reflux, 3 h 0 Ph
0 0

160 Ph 161

C

15,16-Diphenyl-1,4,7,10-tetraoxa(10.2)[20]paracyclophan-15-ene (161)
[Intramolecular Coupling with the TiCl;—Na/Al,O3System].%° TiCls
(1.05 g, 6.8 mmol) was added to a THF (50 mL) suspension of Na/Al,O3 (10%,
3.56 g, 13.6 mmol of sodium), and the mixture was heated to reflux for 1 h.
A THF (20 ml) solution of diketone 160 (583 mg, 1.14 mmol) was then added
dropwise over 2 h to the boiling mixture and reflux was continued for another
1 h. After being cooled to rt, the mixture was filtered and the insoluble mate-
rials were rinsed with THF (3 x 20 mL). The filtrate was evaporated and the
residue was purified by column chromatography (hexane/EtOAc, 2:1) to afford
161 as colorless crystals (451 mg, 83%): mp 184.6°; 'H NMR (200 MHz, CDCls)
3 3.56 (s, 4H), 3.70 (dd, J = 4.3, 4.7 Hz, 4H), 4.23 (dd, 4H), 6.69 and 6.85 (AB,
J =10 Hz, 8H), 7.10 (s, 10H); *C NMR (100 MHz, CDCl3) § 68.4, 70.5, 71.4,
115.1, 126.4, 127.6, 127.9, 131.2, 132.3, 137.3, 140.6, 142.9, 157.1. Anal. Calcd
for C3,H3004.H,0: C, 74.70; H, 6.66. Found: C, 74.73; H; 6.50.

MeO
MeO NH TiCl;-CgK MeO Q
OMe (86%)
o) DME, reflux, 0.5 h MeO N
H OMe

163

162 OMe

2-(3,5-Dimethoxyphenyl)-5,6-dimethoxy-3-methylindole (163) [Intramole-
cular Coupling with the TiCl;—-CgK System].> TiCl; (1.58 g, 10.2 mmol)
was added to a DME (50 mL) suspension of CgK (4.2 g, 31 mmol), and the
resulting suspension was heated to reflux for 1.5 h. The oxo amide 162 (310 mg,
0.9 mmol) in DME (15 mL) was added and heating was continued for 0.5 h. The
suspension was filtered through a plug of silica gel, the graphite was washed with
EtOAc (50 mL in several portions), the combined filtrates were concentrated, and
the residue was purified by silica gel column chromatography to afford 163 as
colorless crystals (240 mg, 86%): mp 141-142°; 'H NMR (CDCls, 300 MHz)
8 2.46 (s, 3H, CHj3), 3.84, 3.85, 3.88, 3.97 (s, 3H each, OCHj), 6.45 (s, 1H,
ArH), 6.71 (s, 2H, ArH), 6.84 (s, 1H, ArH), 7.02 (s, 1H, ArH), 8.06 (br s, 1H,
NH); *C NMR (CDCl3, 75 MHz) § 10.1, 55.6, 56.4, 56.7, 94.7, 99.1, 101.2,
105.8, 109.0, 123.1, 130.4, 132.9, 135.7, 145.3, 147.7, 161.2. Anal. Calcd for
Ci9Hy1NOy4: C, 69.71; H, 6.47; N, 4.28. Found: C, 69.65; H, 6.60; N, 4.20.
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o}
. 0
TiCl4~LiAlHy4, EtsN
OMe 101,11 4 3 e (62%)
= DME, reflux, 24 h
¢}
164 165

(£)-Acoragemacrone (165) [Intramolecular Coupling of a Keto Ester with
the TiCl;-LiAlH; System].*?> LiAlH; (80 mg, 2.06 mmol) was added to a
suspension of TiCls (640 mg, 4.16 mmol) in freshly distilled DME (25 mL)
at 0° under Ar with stirring. After 5 min, anhydrous triethylamine (0.3 mL,
2.15 mmol) was added to the mixture and the slurry was heated to reflux for
2 h. A DME (20 mL) solution of the «,f-unsaturated oxo ester 164 (75 mg,
0.28 mmol) was slowly added by syringe over 20 h, the mixture was heated
at reflux for an additional 4 h, cooled to 0°, diluted with Et,O (15 mL), and
quenched by addition of MeOH (5 mL) and water (5 mL). The mixture was
passed through a short column of silica gel and the filtrate was washed with
brine and dried. After removal of the solvent under reduced pressure, the resid-
ual oil was purified by flash column chromatography on silica gel (pentane/ether,
30:1) to give 165 as colorless oil (38 mg, 62%): 'H NMR (CDCls) § 0.87 (d,
J =6.9 Hz, 3H), 091 (d, J = 6.9 Hz, 3H), 1.24 (d, J = 1.2 Hz, 3H), 1.96 (d,
J = 1.1 Hz, 3H), 1.50-2.40 (br m, 10H), 4.90-5.10 (br m, 1H), 5.71 (br s, 1H);
EIMS (m/z): M* 220 (15), 205 (24), 177 (19), 149 (23), 121 (22), 107 (31), 81
(69), 69 (14), 43 (100).

0
Ph
Ph TiCl3~Zn-TMSCI \
) CF;  (88%)
NH MeCN, reflux, 30 min N
o H
CFs 167

166

3-Phenyl-2-trifluoromethylindole (167) [Intramolecular Coupling with the
Catalytic TiCl3—Zn-TMSCI System].3*> TMSCI (2.29 g, 21.04 mmol) was
added via syringe to a suspension of the oxo amide 166 (1.23 g, 4.19 mmol),
TiCl5 (65 mg, 10 mol %), and zinc dust (1.37 g, 21.04 mmol) in MeCN (18 mL).
The mixture was heated at reflux for 30 min, cooled, diluted with EtOAc (25 mL),
and filtered through a pad of silica gel. The filtrate was concentrated and the
residue was purified by flash chromatography on silica gel (hexane/EtOAc, 10:1)
to give 167 (961 mg, 88%) as pale yellow crystals: mp 63—64°; '"H NMR (200
MHz, CDCl3) 8 7.19 (td, J = 7.5, 1.3 Hz, 1H), 7.32-7.56 (m, 7H), 7.64 (d, J =
8.0 Hz, 1H), 8.45 (brs, 1H); '*C NMR (100 MHz, CDCl3) § 111.7, 119.9, 121.1,
121.2 (q, J/ =37 Hz), 121.3, 121.7 (q, J = 167 Hz), 125.1, 127.4, 127.6, 128.4,
130.0, 132.2, 135.0; MS (m/z): M* 261 (100), 240 (12), 222 (10), 221 (11).
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0 Qi)
Ti powder-TMSCI
? DME, reflux, 4 h ‘ 04%)

169

9,9-Bisfluorenylidene (169) [Homocoupling with the Commercial Titanium
Powder-TMSCI System].3* TMSCI (2.0 mL, 11.6 mmol) was added to a sus-
pension of titanium powder (0.793 g, 16.55 mmol) in DME (10 mL). The mixture
was heated at reflux for 67 h and then 9-fluorenone (168) (0.911 g, 5.06 mmol)
was added to the boiling suspension in one portion. After being heated at reflux
for 4 h, the mixture was cooled to rt and filtered through a short pad of silica
gel. The insoluble residue was rinsed with THF in several portions (~100 mL)
and the combined filtrates were concentrated. The residue was purified by flash
chromatography on silica gel (hexane/EtOAc, 10:1) to give 169 (0.780 g, 94%) as
orange-red crystals: mp 187—189°; 'H NMR (200 MHz, CDCl3) 8 7.15-7.35 (m,
8H), 7.68 (dd, J =7, 1 Hz, 4H), 8.37 (d, J = 4 Hz, 4H); >*C NMR (50 MHz,
CDCl3) 3 119.87, 126.71, 126.83, 129.13, 138.25, 141.00, 141.30; MS (m/z):
M 328 (100), 162 (23).

0
Yb-YbI
2 Ph)LI\O —_— Q O (43%) (E)(Z) = 84:16

THF, 67" 4h

170 171

1,2-Dipiperidinostilbene (171) [Homocoupling with the Yb-Ybl,
System].1%  Ytterbium powder (0.7 mmol), 1,2-diiodoethane (0.3 mmol), and
THF (3 mL) were placed in a 20-mL, two-necked flask equipped with a con-
denser under Ar. The mixture was heated to 67° for 1 h with stirring to generate
the Yb—YbI, reagent. 1-Benzoylpiperidine (170) (0.5 mmol) was added, and
the resulting mixture was stirred at 67° for 4 h. Saturated aq NaHCOj3 solution
(40 mL) was added, and the products were extracted with Et;O (3 x 20 mL).
The combined extracts were dried (MgS0O,), and the solvent was evaporated. The
residue was purified by column chromatography (basic Al,Os3, activity I, Merck
Art. 02069 containing 15 wt % of water, hexane) to give 171 as a yellow solid
(0.11 mmol, 43%, (E)/(Z) = 84:16): mp 112.0-112.5°; 'H NMR (270 MHz,
CDCl3) [(E)-isomer] 8 1.27 (br s, 12H), 2.29 (br s, 8H), 7.05-7.19 (m, 2H),
7.19-7.35 (br d, 8H); [(Z)-isomer] 8 1.50 (br s, 12H), 2.91 (br s, 8H), 6.83-6.97
(m, 6H), 6.97-7.05 (m, 4H); *C NMR (68 MHz, CDCl3) [(E)-isomer] § 24.4,
27.2, 529, 126.2, 127.6, 129.7, 136.5, 142.4; [(Z)-isomer] § 24.8, 27.0, 51.9,
125.4, 127.1, 131.3, 137.7, 140.6. Anal. Calcd for Co4H3pN»: C, 83.19; H, 8.73;
N, 8.08. Found: C, 82.99; H, 8.69; N, 8.02.
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(0] B MeO
r TiCl,~Zn-TMEDA ™
OMe + PN SAMS 959,
T™MS” “Br  THF/CH,Cly, t, 3 h (B2 - 2:98
173
172 174

2-Methoxy-1-(trimethylsilyl)tridec-1-ene (174) [Carbonyl Olefination with
the CH,X,-Zn-TiCly; System].!> A CH,Cl, solution of TiCl; (2.0 M,
4.0 mmol) was added at 0° to a mixed solvent of THF (1.5 mL) and CH,Cl,
(6 mL) under Ar. TMEDA (8 mmol) was added to the yellow solution at rt and
the mixture was stirred at rt for 15 min. Zinc dust (9.0 mmol) was added and
the resulting mixture was stirred at rt for 30 min. The color of the suspension
turned from brownish-yellow to dark greenish-blue in a slightly exothermic pro-
cess. The ester 172 (1.0 mmol) and TMSCHBr, (173) (2.2 mmol) in CH,Cl,
(1 mL) were added to the mixture. The color of the mixture gradually turned
dark reddish-brown. After being stirred at rt for 3 h, THF (10 mL) was added.
The mixture was cooled to 0° and a saturated aq. K,CO3 solution (2.0 mL)
was added. After being stirred at 0° for another 1 h, the mixture was diluted
with ether/Et;N (200:1, 10 mL) and then passed rapidly through a short column
of basic alumina (activity III). The solution was concentrated and the resulting
white solid was removed by filtration with the aid of Hyflo Super-Cel® using
hexane/EtzN 200:1, (50 mL) as an eluent. The filtrate was concentrated and the
crude product was purified by column chromatography on basic alumina (activity
III, hexane/Et3N, 200:1) to give 174 (92%, (E)/(Z) = 2:98): bp 60° (bath temp,
1.0 mmHg); '"H NMR (CDCls) § 0.05 (s, 9H), 0.88 (t, J/ = 7 Hz, 3H), 1.20-1.70
(m, 18H), 2.16 (t, J = 7 Hz, 2H), 3.48 (s, 3H (E)), 3.51 (s, 3H (Z)), 4.00 (s, 1H
(E)), 4.30 (s, 1H (Z)). Anal. Calcd for C17H3¢0Si: C, 71.75; H, 12.75. Found:
C, 71.72; H, 13.01.

EtO

)S\Ph 1. Cp,Ti[P(OE();],, THF, tt, 5 min ~__Ph 61%)
Ph SPh 2.176, THF, rt,2 h (EY(Z) =23:77
175 0
177
176

2-Ethoxy-1-phenylnon-1-ene (177) [Carbonyl Olefination with the
RCH(SPh),-Cp,Ti[P(OEt)3], System].1”’  To a flask charged with finely pow-
dered 4 A molecular sieves (200 mg), Mg turnings (58 mg, 2.4 mmol), and
Cp,TiCl, (498 mg, 2 mmol) were added THF (4 mL) and P(OEt); (0.68 mL,
4 mmol) with stirring at rt under Ar. After 3 h, a solution of «,a-bis(phenylthio)
toluene (175) (170 mg, 0.55 mmol) in THF (1 mL) was added to the THF solu-
tion of the resulting Cp,Ti[P(OEt)s], and the reaction mixture was further stirred
for 5 min. Then a solution of ethyl caprylate (176) (86 mg, 0.5 mmol) in THF
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(2.5 mL) was added dropwise over 10 min. After stirring the reaction mixture
for 2 h, the reaction was quenched by the addition of 1 M aqueous NaOH solu-
tion (30 mL) and the insoluble materials were removed by filtration through
celite. The filtrate was extracted with Et,O and the extract was dried (K,CO3).
After removal of the solvent, the residue was purified by column chromatogra-
phy (Merck aluminum oxide 90, Brockmann III, hexane) to give 177 (75 mg,
61%, (E)/(Z) =23:77): '"H NMR (400 MHz, CDCl;) & 0.83-0.94 (m, 3H),
1.21-1.41 (m, 1H), 1.49-1.62 (m, 2H), 2.27 (t, J = 7.6 Hz, 1.54H), 2.30 (t,
J =7.8 Hz, 0.46H), 3.83 (q, J = 6.8 Hz, 0.46H), 3.90 (q, / = 6.8 Hz, 1.54H),
5.40 (s, 0.77H), 5.54 (s, 0.23H), 7.05-7.31 (m, 3.46H), 7.65 (m, 1.54H); 13C
NMR (100 MHz, CDCls) 8§ 14.1, 14.7, 15.5, 22.7, 27.7, 27.8, 29.1, 29.2, 29.3,
294, 31.0, 31.8, 32.8, 62.4, 63.4, 99.6, 108.3, 125.0, 125.3, 128.0, 128.1, 128.7,
136.8, 138.1, 156.9, 159.5; HRMS (m/z): M" calcd for C17H60, 246.1984;
found, 246.1990.

TABULAR SURVEY

The tables are organized by type of reaction (homocoupling, mixed-coupling,
intramolecular coupling, and tandem coupling) and by carbonyl compounds (alde-
hydes, ketones, or carboxylic acid derivatives). Within each table, entries are
listed in the order of increasing number of carbons of the carbonyl compounds. In
the case of mixed-couplings between aldehydes and ketones, entries are ordered
based on the number of the carbons of the aldehydes. In all tables, reaction
condition 1 denotes the source of low-valent metal reagent, reducing agent, sol-
vent, and the conditions for the generation of the low-valent metal reagent. In
Tables 1A, 1B, 1C, 2A, 2B, and 2C, conditions 2 indicate conditions for the cou-
pling of the carbonyl compounds. In Tables 2D, 3A, 3B, 3C, 3D, 4A, and 4B,
conditions 2 indicate the reaction conditions for addition of the carbonyl com-
pounds and conditions 3 represent conditions for the coupling of the carbonyl
compounds. An em-dash (—) in the “Conditions” column means that reaction
conditions were not given and an em-dash (—) in the “Product(s) and Yield(s)
(%)” column means that yields were not reported. The computerized literature
survey was conducted using SciFinder, Web of Science, PubMed, and ScienceDi-
rect with several search headings, and the literature coverage is from 1973 to mid
2010. Coupling reactions reported in patents are not included in the tables. Our
apologies are extended to the authors whose work has been inadvertently omitted.

The following abbreviations (not included in The Journal of Organic Chemistry
Standard Abbreviations and Acronymns) are used in the Tabular Survey:

DPMS  diphenylmethylsilyl

Np naphthyl
PGC process gas chromatography
SCE saturated calomel electrode

TES triethysilyl
TBDPS  tert-butyldiphenylsilyl
Tol tolyl
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