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Abstract

A large number of transition metal complexes are known that contain cyelic 7-hydrocar-
bon ligands. In many cases. coordi.tation to the metal imparts significant electrophilic
character to the hvdrocarbon. In this review. the electrophilic properties of cyclic dienyl and
triene complexes are examined. Featured reactions with nucleophiles include (1) single and
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double addition te the coordinated ring, (2) substitution of a ring substituent. c.g. chloride,
(3) deprotonation of the coordinated ring or a side chain. (4) ligand subsmutnon and (5)
single clectron transfer. The mechanistic aspects of these reactions are discussed with regard
te clectrophilic and nucleophilic reactivity. regiochemistry. sterecochemistry. and detailed
reaction pathwavs, The mechanistic principles are illustrated by sclected synthetic applica-
tons, © 1999 Elsevier Saience S AL All rights reserved.

Acvivords: Nucleophilic addiioe z-Hydiocarbon complexes: Eiectrophilic complexes: Arene compleses:
Crvelohexadiens T complexe

{. Inirodaction

The chemistry of carbon ligands coordimated to transition metals continues to
attract mueh research. The nature and reactivity of organic ligands are influenced
by transitton metals in terms of redox. polarity. steric. stereochemical and regio-
chiemical properties. During the past 20 years, a large amount of work has
appeared. shedding light on the mechanistic, structural and synthetic chemistry of
organometallic compoundgs.

In this review, we focus on the chemistry of cyclic z-trienes and r-dienyls
coordinated to electrophilic transition metal fragments. The latier property is
usually imparted by the presence of a cationic charge and or carbonyl ligands. The
emphasts will be upon the classes of complexes shown in Scheme 1. all of which are

Cr(CO)a M(CO) cp'
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Scheme 1.
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subject o snucleophilic addition reactions. Since the time that one of us (DA S
published a review [1} on the present topic. several related reviews hat2 apneared.
These papers cover topics which include: nucleophilic addition to manganese-coui-
dinated arenes [2], the chemistry of arene complexes of chromium [3]. iren [4- 0]
and ruthenium [7.8], and polymetallated hydrocarbon complexes lacking metal-
metal bonds [9]. Comprehensive Orgarometallic Chemisiry 11, published in 1993,
contains useful reviews of nucleophilic attack on dienyl complexes [i0] and nucle-
cphilic addition [11]. ring lithiation [12]. and side chain acavation [13] of crene
complexes.

2. Chemical reactivity of cyclic z-hydrocarbon complexes

Several metal frugments are available for z-coordinatior of aromatics. as shown
in Scheme 1. The complexes vary not only in reacuvity. but also in the ease of
mnitial preparation. Renresentative syntheses for several compounds are shown in
Scheme 2. The [ty "-arene)CriCQO),] complexes may be prepared. for most arcnes.
either direcdy from [Cr(CGY,) or from [CriCO)L:} (L = NhR. pyv. or MeCN) [i4].
The {(#"-arene)Mn(CO);] = complexes are synthesized from the reactive intermed:-
ate [Mn(CO):] * . which is itseif prepared by halide abstraction iv.m [Mn(COj:X]
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using AICL, or Ag(l) or, alternatively, by direct oxidation of [Mn,(CO),,] with
strong acid in trifluoroacetic anhydride {15,16]. As a milder route to either the
chromium [17] or the manganese [18] arene complexes. polycyclic aromatics can be
coordinated and exchanged under mild conditions for other arenes. The
Mn(CO),] - fragment is particularly electron-deficient and does not tolerate
stronglv electron-withdrawing arene substituents such as nitro and z-keto groups
[13].

The [(##"-arene)FeCp] - complexes are prepared from ferrocene or [CpFe(CO).Cl]
by ligand exchange in the presence of AlCl, [4], while the ruthenium analogues are
produced similarly from ruthenocene or under milder ligand exchange conditions
from [CpRu(NCMe),] - [7]. Analogously. the syutheses of [(y -arene)-MJ -~ com-
plexes differ for iron {6.19] and ruthenium [8,20]. The iron complexes must be
prepared using FeCl, or FeCl, and generally cannot tolerate sensitive functionali-
ties. The ruthenium species are formed under mild conditions by halide abstraction
from [{(y°-arene)RuCl.},] or by ligand exchange from [(y“-arene)Ru(OH.),]" .
The cyclohexadienyl complexes of [Fe(CQ),] are made from arenes which are first
reduced to dienes by Li'NH.. then metallated using [Fe(CO),] or [Fe,{(CO) ). and
finally. converted to the dienvl by H  abstraction using PhC = [19].

2.1, General reaction pathways

Each of the complexes shown in Scheme | is rendered electrophilic by the
presence of a metal group and each is therefore subject (to varving degrees) to
reactions with nucleophiles. The wide range of known reaction pathways is illus-
trated in Scheme 3. using [(7-arene)Mn{CO).]  as a representative electrophile,
Generally speaking. these reactions fall into three categories: (1) inner sphere
electron transfer (resulling in nucleophilic substitution or addition). (2) outer sphere
clectron transfer (generating radical products). and 13y proton transfer. Reactivity
of all three types tends to follow a single overall rend which depends on the
relative electrophilicity of the various organometallic complexes.

2.2 Nucleophilic substitution reactions

Cyclic m-polyene ligands coordinated to electrophilic metal fragments are subject
to nucleophilic displacement reactions. A requirement for this reactivity is the
presence of a suitable leaving group (sometimes referred o as the nucleofuge).
Substitution reactions are of significant synthetic interest because the product
retains electrophilic character, allowing for further transformations. Thus. for
example. conversion of cationic [(#°-C,H.CHML, 1" generates cationic products.
[(7"-C,H:R)ML,] *. The latter are subject to nucleophilic addition reactions (see
Section 2.4). Alternatively. multiple substitution reactions may be carried out. The
enhancement of reactivity imparted by the metal fragment, ML,. toward nucle-
ophilic substitution [21.22] generally parallels that of nucleophilic addition [1]:
[CrCO)] < [Mo(CO),} <« [FeCp] < [Mn(CO)} . Fluoroaromatics are more reac-
tive toward substitution than chloroaromatics {21.22].
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By far the most intensively studied systems have been tie complexes of the
{FeCp] ~ (and, to a lesser extent, the [RuCp] ~) fragment, Eq. (1).

[(7"-C,HCHFeCp] - + Nu ~ —[(4°-C H.Nu)FeCp] - + Cl - (1)

Since the first description of this reaction by Nesmeyanov [23.24]. a vast arsenal of
relatively soft anionic nucleophiles, including amides. enolates, thiolates, ni-
troalkyls, alkoxides, and many others. have been brought to bear on it [6,25-29].
Although the chloro group is more commonly used. the nitro group is similarly
effective as a nucleofuge [30-32). The tethered arvloxy group can also serve as a
leaving group when [(5“-dibenzofuran)FeCp] ~. or similar oxygen-bearing hetero-
cyclic complex, is reacted with a nucleophile [33.34].

The probable mechanism of nucleophilic substitution of chloride by a stabilized
carbanion is shown in Scheme 4 [35]. The initial and, typically. reversible addition
of the nucleophile occurs at the ortho position. In the case of hard carbanions and
even some ketone-¢nolates, the o-chlorocyclohexadieny} product is isolated [36-3Y].
Nucleophile migration can produce the ipso attack product. which is isolated
through the loss of HCI (or release of Cl~ when the nucleophile cannot
deprotonate).

Abd-El-Aziz [40.41] and Pearson [42.43] have reacted [(#"-chlorobenzene)MCp] -
(M = Fe, Ru) with dinucleophiles to prepare a variety of bridged binetallic

Nu

-l

I
Mn(CO)g' Mn(CO),(Nu)

NU\"/MH(CO

Scheme 2
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-

Schieme 4.

complexes. For example, the reaction with hydroguinone in the presence of base
affords the p-diether complex [CpFe(;°-C H:-O-CH;-O-4"-C Hs)FeCp]" .
Several studies have been carried out using dichlorobenzene complexes. Either
mono- or disubstituted products can be realized from the reaction with simple
nucleophiles [6.40.44]. The use of dinucleophiles allows for ring closure or the
formation of oligomers. The o-dichlorobenzene complex of [FeCp] -~ reacts with
i.2-disubstituted aromatics bearing the appropriate heteroaiom substituents to
produce fused ring heterocyelic compleses of type (1) [45-47].
<>
>

Fet

1XY=0 8 NH

Two industrial groups have demonstrated the polymerization reactions of f(y°-p-
C H.CI.)RuCp'] ~ (Cp*=Cp or Cp*) with aromatic oxygen- and sulfur-based
dinucleophiles. producing poly(phenylene oxide) and poly(phenylene sulfide) poly-
mers bearing [Cp'Ru] groups [48.49]. One polyether, derived from Me.Cip-
C,H,0H), (bisphenol A) and the p-dichlorobenzene rutheniuv:: complex, showed a
M, value of 6170 by gel permeation chromatography after demetallation [48).
Abd-El-Aziz has extended the concept of substitution polymerization by developing
controlled wtep-wise oligomerization reactions [50,51]. The kev to his work is the
use of monosubstitution reactions ol the dichloroaromatic complexes to preduce
svathetically-useful fragments. such as 2. 3. and 4 (Scheme 5). These have been used
to synthesize monodisperse, soluble oligomers having up to 69 aromatic rings and
35 [CpFe]  groups.
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Scheme 3.

Less substitution work involving [{z-arene)Cr{CQ);] and {(z-arene)Mn(CO);]-
has been carried out. Tne fluorobenzene, chlorobenzene and dichlorobenzene
complexes of chromium tricarbonyl have been successfully reacted with thiolates,
amines, hydride, and carbanions to give substitution products [52-60). Mechanistic
studies have revealed that nucleophile attack at non-ipso positions (similar to that
shown in Scheme 1) also takes place in the chromium system [47,61]. Mucleophile
migration again results in the isolation of the substitution product. Aryl ether
monomers have been synthesized from [(7-p-C,H,Cl.)Cr(CO),] and aryl oxides:;
however, the second nucleophilic substitution was feund to be greatly retarded by
the aryloxy substituent [62]. Bimetallic complexes, 5, have been generated through
aromatic substitution when [(#°-C HX)Cr(CO);] (X = F, Cl) has been treated with
organometallic nucleophiles: ML, = [Fe(CO)] . [M(CO).] (M =Cr. W), and
[CpFe(CO),] ~ [63-67]. Several researchers have reported that methoxy and amino
groups can act as nucleofuges during reactions with hydride or carbanions [68-71].
In several instances, the unusual remote (meta or para—so-culled rele) displace-
ment of the nucleofuge is reported (vide infra).

|
CriCO)q

5
The initial investigatioas of nucleophilic substitution reactions involving [(#°-
chloroaromatic)Mn(CO).] © were carried out by Pauson during the 1970s [72].
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Since that time, a few synthetic applications cf this chemistry toward the prepara-
tion of diaryl ethers have appeared {73-75], including 6.

Me OMe

One inherent limitation of the manganese system is the apparent inaccessibility of
[tz-dichlorobenzene)Mn(CO),] ~. Attempted synthesis of the ortho isomer from
[Mn(CO):Br] under Lewis acidic conditions produced the unexpected substitution

product 8 [15.76].
Gl

@‘M”(Co)b
|

Mn(CO)s*
8

Neutral [(777-cyclohexadienyl)Mn(CO),] complexes bearing alkoxy, halide, amino.
or thio substituents at unsaturated ring carbons were created with hydride donor
reagents and then protonated as shown in Scheme 6 [77]. Hydride addition

MeO § Ho
& e H
l ___\-.. & { ___’, MeO H

.-D
Mn(CO)5 Mn(CO (OC) 3Mrlr"

MeQ %
- MeOH'
b N B

D
Mn(CO)a Mn(CO)S

Scheme 6.
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mvariably occurred para to the methoxy group. Endo protonation (via the metal)
produced an agostic intermediate. which readily underwent metal migration before
eliminating CH,OH. Taken together, the sequence in Scheme 6 represents a
puara-tele substitution of H  for MeO . Other ring substituents aiso resulted in
remote hydride substitution.

2.3. Ligand deprotonation roactions

Benzylic hydrogens of cyclic z-polyene ligands {especially those coordinated to
carbonyl-bearing and or cationic metal fragments) are moderately acidic. This
phenomenon results from the combination of electron-withdrawing effects upon the
acid and resonance stabilization of the conjugate base. Of course. similar effects are
encountered with simple electron-withdrawing substituents, such as the nitro group.
As a result, studies have been conducted comparing the kinetic and thermodynamic
acidities of Pk.CH,, Ph;CH. and Ph,CHCN with phenyls bearing nitro substituents
or coordinated to the electrophilic metal centers: {FeCp]~ and [Cr(CO).] [78 -80].
(IMn{CO);] - has not been included in these studies. However. since this fragment
offers the greatest nucleophilic substitution rate enhancement [1]. it probably heads
the list of benzylic hydrogen acidity enhancement as well.) Kinetic acidity of
benzylic protons appears to be greatly enhanced by organometallic substituents:
p-NO. < [Cr(CO),] < [FeCp] - . However, the metal complexes are also reproto-
nated more rapidly. Thermodynamic acidity (pK,) ioilows a somewhat different
trend: [Cr(CO),} < [FeCp] ~ ~ p-NO,. Moreover. in contrast to the effects of multi-
nle p-nitrophenyl groups. the effect of two organometallic groups upon acidity 1s
only slightly additive. This is probably a steric phenomenon.

Deprotonation » to zm-coordinated arenes has been demonstrated tor the metal
fragments and substituents indicated in Scheme 7. The manganese [72.81.82] and
iron [83,84] fragments produce stable heteroatom benzyl complexes. which have
long been recognized. The anionic [(5°-C H:=0)Cr(CO),] = is now known as well
[85]. The y“-hydroquinone and -catechol complexes of [Mn(CO),]~ have been
prepared and deprotonated to produce 4 -semiquinone species [86]. Scheme 7
indicates that the various heteroatom cyclohexadienyl complexes react readily at the
X atom with common electrophiles, including alkyl halides. acyl halides. sulfonyl
halides, CS,, alkylsilyl chlorides. and halogens. Hence. overall electrophilic substitu-
tion reactions can be carried out at these positions. The products possess renewed
electrophilicity and hence are subject to nucleophilic addition [82].

X
Y,
ML, Mo ML,

ML, = [Cr(CO)4). Mn(CO)4*, [FeCpl*; X = CHa, NH, O, S

Scheme 7.
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-

| |
Mn(CO)3 Mn(CO)s

Scheme X

As shown in Scheme 7, benzylic carbons in 7-arene complexes are also deproto-
nated casily. This deIOlOl’ldlIOl'l is especially facile for benzylic hydrogens of
i "-indene, -ﬂuoncne. and complex 9 (Scheme 8) [87). The metal fragment undergoes
a thermal ring shift reaction. Eyman’s [88,89] and Gladfelter’s [90] groups have
produced « series of unstabilized benzyl and o-xylylene products through deproto-
nation of methylaromatic complexes of [Mn{CO).L]}". as indicated in Scheme 9.
The benzyl products react with organic electrophiles (EX), such as those listed
above. Such species are particularly nucleophilic when a phosphine ligand is present
on the metal. These complexes have been shown to react with organometallic
electrophiles (E'X ={Mn(CO);Br] and [CpFe(CO),1]) and to abstract halogen
atoms from chloroform and carbon tetrahalides.

v-Xylviene complexes of ruthenium are also produced through double deproto-
nation, Base treatment of [(5°-C Me.).-Ru] = vields {(#"-C Me,)Ru(y*-
C.Me,(CH-))] m which the metal atom s endo, ie. coordinated to the
cvelohexadiene portion of the hvdrocarbon {91.92]. In contrast, Bennett reports
that the deprotonaticn of [(-C,Me, HORuL.Y}  (x=0-4: L = phosphines,
phosphites: Y = ONO,. O.CCF ) producing [(#'-C Me,  H.(CH.)-)RuL.] usually
results in the metal being situwated i the exe position [8].

Astruc has reported a variety of synthetically-intriguing transformations associ-
ated with the deprotonation of [(#°-C Me,, . H,)FeCp]" (v =0-4) [6,93-95]. He
has shown that ooxe-pot deprotonation alkylation of all  ~thyl groups can

Me,, CHs Me,. y Mooy CH,
@—CH L >=ch,
|

CHy L= co I .
Mn(CO),L* n(CO),L Mn(CO);
L = CO, PRy, ,
y- 04 EX or E'X EX
CH,
| . | . | TCH.E
Mn(CO)2L Mn(CQ)s Mn(C0),

Scheme 9.
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Scheme 10

achieved. Successful alkylating agents have included alkvl. allyl. and benzyl halides.
Multiple functionalizations at each methyl can often be achieved, for example as
shown in Scheme 10. Similar alkylation reactions have been carried out upon the
methyls in [Cp*CoCp] = [96].

[(7-Arene)Cr{CO),] complexes have been deprotonated and alkylated at benzylic
positions to synthetic advantage; this topic has been reviewed extensively [13.97].
Deprotonation of [(#°-C ,HCH,OH)Cr(CO);] by alkyllithium at the alcehol is
accompanied by directed nucleophilic addition at an ortho position [98]. Unigue to
I . -arene)Cr(CO),) among electrophilic arene complexes is the facile deprotonation
and lithiation of the ring. This reaction and the subsequent addition of electvophiies
to the lithio complexes are also widely utilized in synthesis and have been reviewed
[12]. Electrophilic attack on lithioaromatic chromium complexes, when followed by
nucleophilic addition, constitutes a strategy for double functionalization of coordi-
nated arenes.

Recently, {(#"-lithioarcne)Cr(CO);] species have been utilized in the synthesis of
polymetallic products. Organometallic clectrophiles which have been reacted with
these chromium compounds (with the displacement of halide) include: [Cp-TiCl,},
[Au(PPh,),Cll. and {Mn(CO)Br] [99-101}. In the latter case. reaction in the
presence of added P(OMe), or chelating diphosphine produced migratory insertion
products, such as 10.

0

| Mn(CO)aL
Cl’(CO)g

10, L = P{OMe)3
Reiteracive lithiation. followed by treatment with [(4"-benzene)Mn(CO).P(OEL),] ~.
produced the interesting tetrametallic product §1 [102).

Mn (CO) 21.

Mn(CO),L /' b

Mn{CO),L

Cr(CO),
11, L = P(OEY)3
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2.4, Single nucleophilic addition reactions
The most fundamental and important reaction of the electrophilic complexes

shown in Scheme 1 is the addition of nucleophiles to the coordinated cyclic
z-hvdrocarbon ligand. A vast array of nucleophiles has been utilized in this

CH (Cngqe)g
NaCH(COMe), "
—3-

I!:e(CO)a
/([ ; NHPh
PhNH @/
l + > |
Fe(CO)q Fe(CO),
LiFc
Yo @
|
il'e(cxa)3 FeCp

l NMeg

&7 e

|
Fe(CO)(NO)” Fe(CO),(NO)
CMeoCN
< CD> LICMe,CN «l
| B o
&con, Cr{CO)s
Me
MeMgCl @7
B |
Mn(CO)3

CH,C(OMe)=W(CO)s
(OC)sW=C(OMe)(CHaLi)

|
Mn(CO)4 NaCp, LiBu, Re(CO)sBr '
Re(CO)3
l\lﬂn(CO) 3
NagOS(CO)a, > dOS(CO)‘;
H |
MH(CO);; Mn(CQ)5

Seiteme 1.
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reaction, which, in spite of being termed an addition, 1s in reality a displacement
reaction involving formation of a C-X bond with concomitant cleavage of a M-C
bond. X is the nucleophile donor atom and can be C, N, P, O, S, H, or even a
metal. A few reactions are collected in Scheme 11, which serve to illustrate the great
diversity ol nucleophiles that can be added to coordinated n-hydrocarbons. Many
more examples are provided in general reviews {9-11] and in the following
(selected) specific articles: [(17°-cyclohexadienyl)Fe(CO),] ~ [10,103-107], (7 *-cvclo-
hexadieny)Mn(C0O).NO] = [2,108-110]. [(5°-arene)Cr(CO),] [11111-114}, [(n°-
arene)Mn(CO);l - [2.102,110.115-122],  [{(n‘-arene)MCp}~ (M =Fe, Ru)
i11,123,124], [(y®-arene). M}~ (M =Fe, Ru. Os) [6,125-129]. [("-cyclohepta-
triene)Mn(CO);] - [130,131]. [(# -tropylium)Cr(CQO).] = [132-136]. and [( -cy-
clobutadiene)Fe(CO).NO] -~ [137.138].

Nucleophilic addition can also occur at the exocyclic double bond in styrene and
Jihydronaphthalene type complexes, as illustrated by Eqs 2 and 3 [139- 142].

CN
S ay &S0
| I

RuCp* RuCp*

CMEQCN

o o
C:D LICMe;CN, 5 I

Cr(CO)3 Cr{CO)3

Ir an analogous manner. nucleophilic addition of NaBH, and LiMe to the imine in
Eq. 4 has been shown to occur with substantial diastereoselectivity [143],

R r;luH
N=C< NH—c\’
Nu [
CriC0), Cr(CO),

Fhosphorus donor nucleophiles have been extensively emploved in nucleophilic
addition reactions, in part because the reactions are generally clean and amenable
to kinetic study (see Section 2.4.1). One especially interesting example is the
addition of trialkyl phosphites. such as P(OMe),. to {(CH)-MJ "+ (120 M = Fe,
Ru). It was found [144] that the addition of a 100-fold excess ol P(OMe); to a
slurry of 12 in slightly wet MeCN produced a homogeneous solution from which
the starting complex 12 reprecipitated after several minutes. while all of the
phosphite was converted to dimethyl phosphite. HP(O)XOMe),. In other words,
complex 12 is a homogencous catalyst for the conversion of P(OMe); to
HP(O)(OMe)-. The proposed chemistry involved is illustrated in Scheme 12. The
cyclohexadienyl phosphonium adduct (13) in this mechanism was detected and
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24 2+
@—M- +P(OMe); = G‘M-
12

P{OMe)s
13

+ H+ + HEO
- HP(O)(OMe), + - MeOH, - H*

P(OMe),
14 i

Scheme 12,

characterized. The phosphorus atom in 13 is activated to nucleophilic attack by
water to afford the dimethyl phosphonate adduct 14. The H - liberated in this step
cleaves the phosphonate group to regenerate 12, which then repeats the cycle until
all of the P(OMe); is consumed, after which it reprecipitates.

240 Relative rates of addition

Although nucleophiles can react with electrophilic z-hydrocarbon complexes by
a variety of pathways (see Section 2.1). simple addition to the hydrocarbon is the
most synthetically useful reaction. There now exists sufficient mechanistic and
kinetic data such that meamingtul insights into the factors controlling nucleophilic
addition to coordinated z-hydrocarbons are possible. At a rather basic level, it is
important 1o note that addition reactions, as typified by Scheme 13, almost always
form products with the nucleophile situated in an exo, and not an endo. position.
This fact suggests strongly that addition is a direct process that is not normally
preceded by initial attack at the metal or another ligand (I.).

| Nu~
ML,"

<7™
|
ML,

Scheme 13.
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The important mechanistic questions concern how the reactivity depends on the
metal, the n-hydrocarbon, the nonreacting ligands, and the nucleophile. It may be
anticipated that the susceptibility of an organometallic electrophile to nucleophilic
attack would be reflected in some of the former’s extrakinetic properties. Thus, a
correlation has been noted [145] between the rate of tertiary phosphine addition
and reduction potentials for a series of planar cyclic z-hydrocarbon complexes.
Bush and Angelici [146] defined a parameter, k¥, that reflects the relative reactiv-
ity, in either a thermodynamic or Kinetic sense, of benzene complexes [(7-
CHML,]" ~. The parameter k¢, is the average C-O stretching force constant for
the hypothetical complex in which CO replaces the benzene, i.e [(OC}:ML,]" ",
and shows in a semi-quantitative manner what would be expected qualitatively—
the higher v, stretching frequency, the more electrophilic the complex.

The kinetics of nucleophilic addition to a largs number of coordinated 7-hydro-
carbon systems have been studied. The most informative results were obtained with
P-donor nucleophiles (PR.. PIOR);) and simple N-donor nucleophiles (RNH..
PhNH,. pyridines, imidazoles) (1]. The z-hydrocarbon ligands in these investiga-
tions included dienes, dienyls, tricnes and trienyls and the organometallic fragments
included the following metals: Cr, Mo, W, Mn, Re, Ru, Os and Co. Two typical
reactions are given in Egs S and 6.

PPh,

@7 + PPh, —P= @/ (5)
Fe(CO)s* Fe(CO)y"
NHPh
CG|:7 + PhNH, —3 0/ (6)

Fe(CO),* FqCOh

Most of these reactions are rapid, with a time scale measured in seconds or less.
One of the first studied in detail was PBu, addition to [{z-arene)Mn{CO),] . as
outlined in Scheme 14. 1t was found [147] that PBu, adds rapidly and reversibly to
the arene ring, with the indicated irreversible CO substitution [148] occurring by a
much slower photochemical pathway, The rate law given in Eq. (7) was obtained
for tne addition step, from which the equilibrium constant can be calculated as
K=kk |

Rate = & [complex}{PBu.] + & [complex] (7

Consideration of the rate constants for P- and N-donor nucleophiles in more
than one hundred reactions led to the conclusion that relative nucleophilic reactiv-
ities are independent of the organometallic electrophile. This was found to be true
even though the reactivities cover seven powers of ten. A convenient way to express
this important result is via the linear free energy relationship given in Eq. (8).
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PBU3
<> ki
| + PBuy g
+ k.q |
Mn(CO)s Mn(CO)s*
hv
-CO
l +
Mn(CO):PBu,
Scheme 14
lO}._I(/(: I\’“) - "\"\1 (8)

in this equation. &, is the second order rate constant lor addition of an arbitrary
nucleophile. while A, relers to a reference nucleophile (chosen to be P(OBu),). In
this manner. each nucleophile is assigned a number tor the parameter N, which is
clectrophile-independent (Table 1). Because Eq. (8) contains only a single parame-
ter. it follows that the reactivity of any new electrophile with P- and N-donors can
he completely predicted by measuring the reaction rate with only one nucleophile,
An important corollary to this is that relative electrophilic reactivities are nucle-
ophile-independent. This in turn means that it is possible to quantify the relative
ability of transition metal fragments to activate m-hyvdrocarbons, without regard for
the particular hvdrocarbon involved. This activation power is reflected in so-called
clectrophilic transferability parameters (7). some of which are listed in Table 2.
These parameters show at a glance which tragments are good activators and which
are not. For example, an arene attached to [Mn(CO);] ~ will be about 10° times
more electrophilic than when attached to [FeCp] . Similarly. a dienyl ring (4°-
C.H- or 4°-C-H,) is more reactive by a factor of about 90 when coordinated to
[Fe(CO)Y - compared with [Mn(COYNO)PPh,} .

Tuble |
Rebitive nueleophilie reactivities (V) tor P- and N-donor addition to coordinated z-hvdrocarbons.

Nucleophile AN Nueleophile Na'
P2-MeOC 1y, 39 Pyridine 20
PBu. iR C HNH. 1Y
PA-MeOC T 30 2-Methyvipyvriding 1.4
4 MeOC H N 206 P-CIC H ). 1.0
4-MeC H N H 24 PICH.CH.CN), 01
Imdazole 2 P(OBu}, 0.0
PPh 21 P(OPhi, -33

See By 18y tor definttion of Ny, Data reter 10 20°C in acetone or nitromethane as solvent.



R.D. Pike. D.A. Sweigart . Coordination Chemistry Reviews 187 (1999) 183-.220 199

Table 2
The relative ability (7,3 of transition metal {ragments to activate triene and dienyl rings

Fragment T, (trienes) Fragment T, (dienyls)
[Fe(C H 200 000 000 [Fe(CO),] + 1800
[RWCH 6 000 000 [Mn(CO),NO}- 1800
[Os(CH)* 1 500 000 [Fe(CO),PPh)- 28
Mn(COy.] 11 000 [Mn(COANOWPPh.] i
[Re(CO)] 10 000 [CoCpl: (h
[Mn(CO),PPh.}- 160

(FeCpl” (B}

1CrCOY, Very small

Further examination of Table 2 reveals some interesting trends. As expected.
replacement of CO by PPh; in [(z-hydrocarbon)M(CO).]* complexes lowers the
electrophilicity (by a factor of about 70). A detaiied study of P(OBu), addition to
[(47-C,H,)Fe(COXNO)L] - showed that the rate of addition decreased in the order
L = CO > P(CH.CH-CN), > P(4-CIC H,), > P(4-FC_H,), > AsPh, > PPh, > P4-
MeC.H,); > P(4-McOC,H,), with an overall reactivity range of 100 [138]. The
dependence of the electrophilicity on the metal in the iron triad follows the order
Fe>» Ru, Os, and is explicible in terms of the documented [149] z-backbonding
ability order Fe(1l} « Rr(11), Os(11). In the chromium and manganese triads there
is probably little variation in r-backbonding ability with the metal. and this is
reflected in similar T, values for organometallic fragments within these respective
triads. In contrast io these ring addition processes. reactions involving associative
attack at the metal with ring displacement display very difterent metal dependen-
cies: Mo > Wz Cr [150], Re(D) > Mn(I) [147], and Ru > Fe [151.152]. These ditfer-
ences provide further support for the assumption of a direct bimolecular
mechanism for nucleophilic additions to coordinated rings.

Electrophilic reactivity depends, of course, on the nature of the z-hydrocarbon.
Most systematic work has centered on trienes and dienyls. With trienes. it was
found that coordinated cycloheptatriene i1s much more reactive than benzene. e.g.
[("-C-HOMn(CO)y] > [(5"-C HIMu(CO);] * by a factor of at least 10", This
order no doubt reflects the loss of resonance energy accompanying addition to
arenie complexes. Conversely, with dienyls it was fouad that coordinated cyclohep-
tadienyl rings are less reactive than cyclohexadienyl rings. eg. [(4™-
C-H)Fe(CO),] " <[(y°-C H-)Fe(CO),]~ by a factor of 70. In this case. the lower
reactivity of the cyclohepiadienyl rings is readily explained as a result of the steric
disposition of the methylene hydrogens. which eclipse the carbon atoms to which
the nucleophile adds [153]. This steric interference is much reduced with the
cvclohexadieny! ring.

It 1s surprising that the simple single parameter LFER expression given in Eq. (8)
holds, since nucleophilic additions are in reality S\2 reactions involving M-C boad
cleavage, with the leaving group remaining attached to the periphery of tiw
molecule. Ritchie [154] has reported that the same equation holds for N- and
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O-donor nucleophilic additions to free carbocations. By measuring the rates of

addition of P- and N-donoss to carbocations 15 and 16, we have shown [155] that
a relationship analogoeus o Eq. (8) hoids for these reactions as well,

MGQN\©:0;\@/NMEQ
© (O

15

& IO+

More significantly, the relative reactivities (V) of the P- and N-donors towards 15
and 16 aie the same as those obtained with organometallic electrophiles. This is
ruther surprising and suggests that the wransitton state for most of the organometal-
lie reactions is an carly one, so that cleavage of the M -C bond does not play a
major energetic role. This important point follows in part (rom the observation that
the activistion energies for the organometallic reactions are generally small (e.g. 25
k) mol 'L vet involve M- C bond cleavage. The conclusion is that relative
nucleophiliciies for addition to a a-hydrocarbon are the same whether or not the
hvdrocarbon is coordinated 10w metad, Apparently. the LFER in Eq. (8) is a very
general one that applies 1o g wide range of electrophile nucleophile combination
reactions,

I has been estabhsbied that P- and N-donor additions o sterically uncongested
7-brdrociarbon complexes oceur with relative nucleophilic (elecirophilicy reactivities
that are clectrophile (nueleoplile) independent - repardless of the nature of the
Wetal, nonreacting ligands, or the 7-hydrocarbon. An important question is
whether or not this is also true with carbon nuclcophiles. Rate studies have been
made with a vatiety of aromatic nucleophiles, e.g, furan, pyrrole, indole. thiophene,
N N-dimethylanitine, methoxybenzenes, and it is clear that Eq. (8) is not obeyed (1],
Alb ol these reactions oceur with C -C bond [ormation and are a rather exotic type
of electrophilic aromatic substitution, with the organometaltic complex serving as
the clectraphile tsee Scheme 11 for an example with [ty -C H,)Fe(CO).NO] *). An
analysis of the rate Laws, activation parameters., and other kinetic data suggests nat
aromitic nucleophiles react by first forming a z-complex with the organometallic
suhsirate, follywed by rate-determmmg C - C bond lormation and subsequent rapid
praton juss, Thus, the reactivities reflect the strength of the precursor mecomplex s
well s the rate of formation of the & C-C hond. Tt is believed that this accounts
lor observed subsiantial dependence of the relative nucleonhilicities (N on the
nature of the cleetrophile with aromatic nucleophiles.

Iwans predicted (1] that simple tonaromatic C-donors would redet m aceor-
dunce with Eq. (%), Recently, Mayvr has stwdied the reactions of o series of
[ dieny DECOY] - cations with simple H- wnd viny | C-donors dhat are unlikely



R.D. Pike, D..A. Sweigare - Coordination Chemistry Reviews ]87 (1999) 183-222 201
to form precursor m-complexes [156,157]. The conclusion was reached that these
nucleophiles indeed obey Eq. (8). Thus, it appears that the discussion given above
concerning P- and N-donor addition to free and complexed hydrocarbons also
applies to simple C-donors.

2.4.2. Regiochemical and stereochemical aspects

With complexed arenes, the cffect of substituents on the regioselectivity of
nucleophilic attack has been studied for a variety of systems [11,i36]. The directing
influence of the R group in simple monosubstituted complexes 17-19 is only
modest for R = alkyl. aryi, or chioride.

(l:r(CO)a hlﬂn(CCJk,+ fi-'eCp’

17 18 19
However. for R = OMe or NMe.. nucleophilic addition mnerallv occurs at a meta
site with high regioselectivity, a fact of considerable synthetic significance. The
observed regioselectivities have been variously interpreted in terms of charge
distribution in the arene ligand, frontier orbital interaction between the complex
lowest unoccupicd molecular orbital (LUMO} and the nucleophile highest occupied
molecular orbital (HOMO), and conformational preferences of the [Cr{CO)]
moilety in the case of 17 [11.114.158.139].

Hydride and carbanion addition to simple fused ring hvdrocarbons coordinated

to [Mn(CO).]" occurs predominantly at the sites indicuted by the arrows in
structures 20-23 [l"l 1601

' @:/OH

'Mn(uO Mn(CO)3
20 24
(OC) 3Mn Mn(CC\;;
22 23

The biphenylene complex (23) is unusual in that addition takes place exclusively at
a2 substituted (bridechead) carbon. This site preference. as weli as the observed
exceptionally high electrophilicity of the bridgehead carbons. was suggested to be
due to steric and electronic constraints inherent in the ¢velobutadiene ning. which
are relaxed upon nucleophilic addition.

Coordination of [Mn(CO)] to the aromatic steroid 3.17-dimethoxyestradiol
occurs with nearly equal facility 1o the f (up) and x (down) faces to afford
diastereomers 24 and 28, respectively [122.161].
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11
1
2
MeO 1
Mn(CO}s*
24 25

The f-isomer is attacked by nucleophiles only at the electronically favored C-1
meta position. With the x-analogue 25. both clecironic and sterie factors play a
role. with the result that attack can occur at C-1. C-2 and or C-4. The distribution
among these sites is highly nucleophile dependent. Thus., NaBH, and
LiICH,C(O)CMe, give onlv C-1 addition. MeMgCl and LiMe add to all three
positions nearly equally, and PhMgBr attacks at C-2 and C-4, but not C-1. That
steric interactions are important 1 determining the regioselectivity with 28 s
evident Irom the tact that addition to the electronicallv-similar tetralin complex 26
is stereospecific at the C-1 mera position,

1

2

MeO 4 \

Mn(CO),’

26
A series of Xeray structural analvses established that the welevant mteraction s
between an imcoming nucleophile sitwated at C-1 and the CH. group at C-1E Ths
viteraction is much greater when the nucleophile s /7 tmetal » 1 and constitutes a
kinetic barrier that results in competitive addition to several sites, With 24,
however. X-ray data show this barrier 1o be much smaller,

The regioselectivity of carbanion addition to the arene in derivitives of inethy-
lated podocarpic acid (27) coordinated to [Cr(CO) [162] and [Mn(COy] - [119)
also difter for the » tdown) and /2 (up) 1somers.

OMe
7 0 12
Qo
Meo.CY  “Me
27

o this case 1t is e 7 somer that sufters snere (C-14) additton. The poisomer s
attacked at both mera and ortho (C-13) sites. with the latter predominating. A series
of X-ray structures show clearly that the C-17 methy! constrains the conformation
of the [M(CO).] moicty (when the metal s f) such that it is energetically
unfavorable for a4 M~C-0 link to eclipse C-14 in the mera addition product. H is
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known [HS 150 that i unconsinined complexes eclipsing of this sort s the
preferred conformation and the consequence in this ease is that addition to C.13
pradominates.

The transtion metal fragments |[CrCOLR) and [MagCOY| coordinate 1o the
carbocyelic ing in indoles 1o praduce 28.

ML, R

<8
This preferentially activanes the carboovehe ring over the pyrroke s, and nucle-
ophiles have been found to add O and C-7 v a matie Ut depends o the
nucleophile and on the nature of v subsinoents at 3 e N [1ad 165
Smitarly. complexes of benzoturan [163.165) dibensoturinn {166]. beneotinaphene
[167068]. and dibensothwophene [166] undergo nucleophihe attack predommnantly
at C-dand C-7 Thiophene complexes of [MCO1] add the nucleophiles ON
H  and PRu, at a carbon adpacent to the sultur atom {169 bat Giovnand weapents
and cuprates wdd o the sabtur e pive sswatterome compleves awconding 1o by M

[170.171]

M‘f\ .
/3 e AMGEE e T L,%L . :

e ()
iy

}

MniCim,’ Nt

As noted abeve, conrdinated avclobentirene <omuch mote clectraphnhe than w
coordinated benzene, and i owaide range of aucleophiles adl 1o the weramnes ol the
coasiemt an CHG vompleses such as g ™C HONdo) ) ah jty e
CoHOECCP] and (O HORuty O T [T R 7Y 1

P

0

LI
Mn(GO"

20

That nucleophiies attack wr Codan these vompleses, as opposed Lo an sitenigl
posttion (020 Ca 30 1w agreement with the rules of Davies et al 150 Note,
nowever, that nucieophtiic addition o mdeinad stles 1 hnown il somie olher e
of mocompleses tvnde mlray,

The most enensnely studied electroptnlie dienvl svstem s Boased on JGr -ovddo
hexadiemyDFetCOY)  Nucleophiles venerally add 1o the termisus of the 2-system,
with substituent effects s indicated tor the commonly emploved 2.0Me complex M)
[T 176177).
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Scheme {5

4

MeQ | .
Fe{CQ),

30

Analogous results were obtained Tor [ty -cvelohexadieny DM COLNO] - (O8],
The situation with [0 "-exeloheptadienyhF(CO).] - complenes differs markediy 1o
that the regioselectivity of addition s strongly dependent on the nature of any
substituents as well as that of the nucicophile. with solt nucleophiles favoring the
terminal dieny! ciarbon and hard ones Givoring internal attack to aftord a.-allvl
products [178179]. An cxanmple of the effect of substituents is given in Scheme 18

The addition ot the chiral enolate of V-aevlovzehdisene and o chal glvane
cnobite cquivatent to [{z-arend) MmO complexes ovcurs with fugh diastereose.
lectivity and has Been wsed o prepare enantuomencally enniched 2-anvipropronic
autds and z-arylgheme dernvatives [T 781801 Iy ene vase. the chirad avelohesadh-
eyl mannese ntermedigde was subseguenthy comverted 1o @ bunabione via
chiral eyclohexadiene [181] The synthests of coordinated chiral disubstituted cvelo-
hexadicnes has been demonsirated by segoestsd addiion of a pucleaphile o
[z -arene)M{COYPMe | L tollowed by treatment with NO 1o afford [ty wovchy
hexadiemDAVEICOUNOPMe | L and tinsdlv addition of a sevond nucleoplile 1o
wive the diene (see Sechon 25 (2] The attachment of a dimethvdpyrroldiny

Mo ‘}j”“ \y\’,.m .
6“4 m
' @ —-_% t 1 Mn(ccm " ng

“Ne Mﬁl,bC‘}
N 13

N e e
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substituent 1o (7-benzene)Mn(CO),] - to afford 31 cnables asymmetric nucles
ophilic additions as outlined in Scheme 16 [1S2,183] With PhMgBr. the
diastercomeric excess of 32 over 33 s greater than 80%, While strong hydride
donors alse favor 32, 1t wus found that relatively weak hvdrde donors such as
NaBH, lead to a reversal in selectivity, so that 33 is favored over 32 by as much as
4:1. The explanation for this interesting eftect ts that the extent of bond formation
n the rnsition state is weak for the strong donors, b+ aen more substansial Tor
weaker donors, with the result that the Formers refiect the kinetie preferences and the
latter reflect the product stabibities [183).

As tllusirated in Scheme 13, nucicophilic addition o coordinated cvlic z-hydro-
carbons almost always occurs it an eve Tage 1o give the cae product stereospeeili-
callyv. With hydride Joners, there are reports that ende additon may sometimes
oocur, at least 10 some extent. For example, Evman et al. [I184] reported that
hvdrde donors add to [(7"-C Me MuCON] o give dath eve ad endo eyelo-
hexadienyl products, with the emdo pathway (avored by protic solvents and dulkier
hydride sources. Low emperature NMR experiments idicated the presence ol a
formyl spectes as an intermedaete, from which the esde prnduct is formed v
migration of H 1o the eado sude of the ring Tt was suggested that krger hydride
donors have a propensity 0 attack at a more stericadly accessible carbonyl, The
greater amount of endoe attack W protic solvents was explaned as due to hydrogen
bondisg from 1l solvent to the hvdride donor, thereby increasing the latter's sterie
bulk.

Storeosprevtiic erde addinon of hvdrde edestended to a coordimated evelie 2-hy-
deevarbon wis firdt reporiad Tor NaBD, adiitron o 3 1o pive 38 [INS),

Ph Fh

! -
et A

M (O NOY &'il\ﬁQQ)gNQ'
» 38

Subsequent werk showed that hvdimde adids stereospeativally embo 1o iy seveloe
hovademy BMaiCORNOIL L compleses regandless af the hydide souve, any
salntituents on the diepst rne, amt the vature of hgand Lo Sionvdarly, when the
T RS I RT I Y 1l ging 1% ﬁi’}"yIq,ﬂlc]‘léilhﬂﬂ.’h l]h? adelition i Wbl itk 1]7&]3(“"
Lo temperature 1R and NMR evperiments showesd {186] that {19 «ovclohesidi
ey IRGCOERNOILL  readts raprlly wath Dvibiade tdenterde) 1o give o livimyl
apevies B that converis to the vvyinhevudiene complex,

N

o b
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When no CO hgands are present. as in 37,
Ph

37
deuteride addiion oceurs by eve attack at C-2 to alford the o.7-allvl complex 38,
Ph
4 !
a2
n
ON”"/ TBPh,

Pnzp\»

a8

From these results, it was concluded than the presence of o CO higand s a necessary
but not suthcient condition to guraniee an emdo product. (Bt is not sutficiem
because many electrophilic carbonyl-contaiming compiexes add hyvdride vxald It as
possible that the cade stereochemistry v olves conversion ol the tormiyd o 4 metal
crbomy] hvdnde, followed Dy hyvdinde migration 1o the ring. The presence of
mtrosy hgand offers the advintage of allowmyg the formanon of o MCOHH)
species while mamtumng an IR-clectron count via bending of the NO higand,

Chuny et all JINT] reported an ateresing case of oo o oo comerion
myelvany the phosphonate compley shown m by 1o

PI)(OMe:
&/ () LBy @\Pwucm: (o)
—
() H.Q
AtN(CQN 4 MHCQ),

Deprotonation of the saturated carbon with LiBlu, followed by protonation with
water wenerated the condo somer 1w 630 vield,

P Do wlddicien e e

See acdohevadiemy ] compleves wsaallv rearonuanize upon decomplexation,
order o transtorn aromation o substiuted L ovcdohevadienes, s necessany 1o
ety out we addiion reactions: These additions can follow either of mw o general
pathwans consecutine addiiion of two nudleaphndes e suthiaenthy clectrophihic
vetnpienes o addinon of an clectrophide and a nucleoplile.

Double addition to {op-arenelCHCO; ] can be pursued through cither of the
patiicnes shown e Scheme 17 Protonation of substituted {07 -ovelohexadi-
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Schenwe 17,

envDCr(COY ] nvpically affords T-substitwied [ 3-cvelohexadiene: [3,61,111]. The
presence of a methoxy group results i ¢velohexenones [188]). When LiR (R =
CMe,CN) was reacted with [(%-p-Auorotoluene )Cr(CO),). both nueicophilic substi-
tution and addition occurred. Upon protonation. a l-methyl-13-vyclohexadiene
product bearing T groups a1 the T and 5 positions was obtained [189]. Kindig's
group his shown that the anionic chromium dienyl products of nucleophilic
addition can be quenched with alkyl hahde electrophiles 1o produce fraons-disubsti-
tuted acyl eyvelohexadienones according to the mechanism shown in Scheme 18
[3.112,113,190- 192]. Initiat addition of the clectraphile to chromium was vonfivmed
By an Neray structure of an [(p =exelohexadienyHCr(CO) SnPh,| product resulting
trom addition of Ph,SnCl,

Double nucleophile addition reactton pathwavs for the [y -arenc)Ma(COL ]
sustem are shown i Scheme 190 The diveet addiion of o second nucleoplile 1o
(L ovelohexadiemyHMn(CO), ] his been demonstrated by two groups, with differ-
me outcomes. In cither case, strong nucleophiles are needed to react with this
peutral complex, MeDaniel has shown that phenyl-, sulfide-. evano-, and ester
enolatesstabthzed carbanions divectly add (o the dienyl ring with ertho regiochem-
istey and eve stereochemistry (193] Oxidative demetallation ef the antonie produeys
results i good vields of eiv-dhisubstitwied 1.3-cyelohexadienes. Tn conteast to this,
Shendan has found that alkyl- and aryllithiums attack o carbonyl ligand of
[in “-eyelohexadieny Mt COYJ and [0 -evcloheptadienyiMn(CO) ) [194-196), The
resulting acyl amons can be protonated at the ende positon 1o produce agostic
complexes via the mechanism shown in Scheme 200 Further deprotonation and
atkyvlation of these compleses has also been demonstrated, as indweated,

A mere general stritegy tor the second nugleophilic addition in the manganese
ssatem invaolves electrophihic reactivittion v substitution of o CO ligand with NO

R A R
Cncoly c.!::(CD):H' (DC)QC!\(H. “HCOR!
0

Scheme 1K
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R R
- Noi'
e e N
Mn(CO),L Mn(CO)L Mn(CO)(NOJL
L - CO. PR,y PIOR);
H. - Hl h
L=CO
R =] R n
28 =1
or ar

h!dn(CQ)ﬂL- (OC]LM"‘;{D h!l]n(CO)(NQ)L (ON]LMrll YO

R A

; C;, ; FaCl \FECH
R R R
@ (see Scheme 20) g O’
A R “UCOR

N by b

[+

[LTOSCINS We hane shown that sott carbaomons, such as enoliates, drecthy attack
the dieml o cordis and e praducme stable, neutral i adiene compleses
enchome B 29T Flod carbvimions, such o anithme, cttack the metal,
Jeadiag o carbonsd msartion and acvb magraton im0 that shows i Scheme
1) This resalts i rrasveacyd diene prodduct formation.. Simalarly, additon ol
hvdride resedts i the tornstion of a metal formyl group, which gives way 10 endo
hvdewle magmton tee Section 242 (E86] Preparaton of 1L Levelohexadiene
vampleses o [Re(C O] via double addition s alse possible {198). However,
the prepariion ot jCr-arenelRefCORY v largely restncted 1o lughiv meihy lined
SAICTY,

Double pucleophihe addiion to manganese-aene complexes has signiticant
ssathetie potential For example, when aomethosy group s present on the dieng
portron of the disubsurated oy -ovddohiena-1 3 adiene metab compleses, the latter are
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converted to disubstituted cyclohexanones upon oxidative demetallation [197). This
finding has been exploited in a formal synthesis of juvabione [181]. When L=a
phosphine or phosphite in Scheme 19, NO* substitution produces a chiral center
at manganese. Addition of a second nucleophile then results in a pair of
diastereomers. Diastercoselectivities are modest, but the isomers have been sepa-
rated and a pair of X-ray structures have been reported [109]. The addition of a
chiral  nucleophile (the enolate of (-—)-bomnyl acetate) to [(n*-
C HIMn(CO),PMe,] -, followed by NO - ligand substitution, produced a single
diastercomeric product, 39 [2.109].

&7t
| .
oM

0
Megp

The reaction of 39 with a nucleophile, followed by demetallation, can potentially be
used to synthesize enantiomenically pure dienes, 40.

40
—
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X
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Scheme 21
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Disubsttuted 1 3-eveloheptadiene compleses (41) can be produced by nucleophilic
addition o cvo-substituted (7 -eveleheptadiens BMn(COWNOIL) - [173).

Mn(CONNOIL
41

The drrect additon ol two nucleophiles is practicable with [(z-arene). M} (42,
A= be Ruoe as indwcated in Scheme 21, The tyvpical outcome of double addition is
the bis-cvilohesadiemy? product, 0 Attempts have been made 10 overcome this
tntien, The ron svstem. in particular, sutTers from several other dithicuities. The
Lowis acid-promated svithests does not readily allow tor mixed arene complexes
Aand can also result m arene reartangements or decomposition. Morcover, the firs
nudlenphitlic addmon o the bis-arene iron complex s plagued by singfe electron
transter probloms [126 1281990 Astrue has shown that, when the first nuckeophile
wed s indrde, the second nucieophilie addition produces the diene complex 45
(R T 127 The evo-hadnde can be abstracted using PhOC 10 regenerate 43,
Cuvanide can then be added w vield 45 (R R« H,

The rulhcmum complexes 42 can be prepared with X 2 X' Nevertheless, al-
Ihnm'h [ -C HORuty ~arenel] Garene - CH CMe L 1ASCH Me. and
ASO |’t A attached By the st nucleoplule ar the unsubstituted  ring,
un;nml addition occurs ot he other ring producine 44 [208] When  the
|2 2paracvelaphane tomd s wsad, double addiion w bepsene o generate 48 15
P oty o RO T 0T Banadly s stiould be noted that there s one
e tool double additon ol OMe or Cp o the betrene v e {ig'
Cobotpl o eee oasowdohesadiene compleses [02).

Another nucleophalic addition rowe sl leads o F3cvelohesadiene produogts
voshiowto Sehienne 220 The steatepy mvolves the Birch reduction of benzene o
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cyclohemdiene followed by its coordination to [Fe(CO),], hydride abstraction, and
nucleophilic addition. Addition of a second nucleophile requires regeneration of a
cationic cyclohexadienvl complex, usually via hydride abstraction [178,203,204].
The strategy is readily applicabic to seven-membered rings as well as six-membered
rings. However. it suffers from the need to start with diene substrates and the fact
that hydnde abstraction can fail for steric reasons. Pearson has found that
oxidative ring closure, followed by protonation can also be used to regenerate the
cationic dienyl complexes. as shown in Scheme 22 [205]. Actd removal of methoxide
15 another way to convert the diene complexes to cationic dienyls [206,207).

2.6. Ligend replucement reactions

Most complexes containing a simple monocyelic arene ligand only slowly un.-
dergo arene substitution. A typical reaction is given in Eq. (11), which is thought to
follow an associative mechanism with the arene under 4

i\d
in the rate determining step [208].

[t 7-arene)Cr(COY). + IPR; = [(PR).Cr(CO),] + arene (n

oing n" - n
mg i

ring slinnaee
1) ring slippage

Changing from a monocvelic to i polyeyclic arene, such as naphihalene, leads to a
dramatic increase n the rate of Eq. (1 1) Almost cer tainly, the major reason for the
reactivity order naphthaiene » benzene is the refative ease with which poiyeyelic
arenes can undergo the required @ = »” ring slippage. The important energy lactor
i this process s the loss i resonance energy (ARE) upon slippage. It is known
[208] that ARE follows the order benzene (84 K1) > naphthalene (44 k), from
which it can be appreciated that the change in ARE can have an order-of-magni-
tude impact on relative reactivity. A similar interpretation applies to the observa-
uon that arene exchange in [(2-arene)CrCOY] is 10710 times faster for
naphthalene as compared to benzene {17]. These results have prompted the use of
[ty "-naphthalene)Cr(COY] as a {[Cr(CO)| transter reagent according to Eq. (12).

[(z-naphihalene)Cr(COY] + arene = |(#-arene)CHCO)] + napthalene (12)

action,  as owell as an analogous one using  the lwrnnhmw ltr
clion, as well as anogous o! Lusing yropho i

.

mclh\lp virole)CrCOY.] as thc transfer reagent, appear to have su_.mhcunl pou.nlml
* 1
b 1

voan: all.aes: 1l cecnntlvacie oof {0 ar |\\\(‘|I( MY 1 oovimandavoe vndar maneh mvildae

l i llllll l\._\ ARHILIWVY LRI 3_\ III.IIL‘ iy ih l\l [R1%y LW RO W U]Il \.\'HI'JI\. A LIVINILE BRLVIN S THLLINIA G
conditions than those ordinarily required [209).

Enhanced reactivity also has been observed with other polycyclic arcie coms-

plexes.  Thus,  [(r-naphthalene)M(Cp)] (M =Fe, Ru) and  [(7- mph-
thalene )R u(COD)j undergo rapid arene substitution [8.210]. The order of reactivily
in the tormer case i Ru o Feo The complex [(z-naphthalene)ir(Cp*))* + rapidly
loses nuphtlnlcnc in DMSO. while the benzene analogue is nert [211]. In a kinetic
study of the reaction in Eq. (13 it was found that rhenium is more reactive than
manganese by a factor of 10 [147].

[P N T /& TR ] INA
LU -TOLUCTICEYIU A ) ] RAEASAZ 1N

(M = Mn. Re) (13)
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VN -
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This was attributed to the larger size of rhenium. which facilitates nucleophilic
attack at the metal, The much greater ease with which the arene is displaced from
[)“-arcne)Re(CO).] - by donor solvents and trace nucleophilic impurities severely
limits the utility of such systems for arene functionalization [198]. The half-life for
[, "-toluene)Mn(CO)} = (Eq. (13)) at room temperature is calculated to be ca. 4
vears. In comparison, the half-life for the analogous reaction of [(y“-naph-
thalene)Mn(CO).] -~ with MeCN is ca. 1 min! A kinetic study of this reaction with
o series of polyeyclic arene complexes of [Mn(CO),] ~ gave the following results for
arene displacement by 1.0 M MeCN in CH,Cl, at 25°C (4, in min in parentheses):
naphthalenc (1) > acenaphthene (2) > phendnthrene (50) x benzothiophene (55) >
dibenzothiophene (250) x dibenzofuran (260) > toluene (2 x 10%) [18].

Anv ol the naphthalene-type complexes of manganese are effective at transterring
the [Mn(CO),] © moiety to other arenes. For example, simply heating [(7-acenaph-
thene)Mn(CQ),] * for about 1 h in dichloromethane containing only a slight excess
of any of & number of arenes leads to clean substitution and liberation of the
acenaphthene [18]. The value of this reaction is that it permits the coordination of
arenes that fail 1o react satisfuctorily by other available methods due to the
presenee of sepsitive functional groups, or tor other reasons. e.g. phenylacetylenes.
phenols, anilines and certain aromatic steroids. An interesting use of this methodol-
ogy was the reported high-yield synthests ol hitherto unavailable z-bonded hy-
drogquinone and catechol complexes 46 and 47 [86].

OH
| l
Mn(CO) ;' Mn(CO),"

46 47

[t has alse been used o svathesize o varety of multimetallic complexes, as
exemphiied by Eg. 141212213

G >
CD @ {(r]G-CwHa)Mn(CO)g]’b C:-:D q|> (i

|
CrHCO) 4 CH.Cly Cr(CO), Mn(CO),"
QcC co
-CC
- CigHg
An{CO; Mn (COY4 OC’ co
a8

Schemwe 23
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As discussed above, the utility of [(4 -naphthalene)Mn(CO).]~ and reluted
complexes as [Mn(CO),] " transfer reagents is dependent on facile #°—y? ring
slippage. In a novel application of this chemistry, the known [214] [(;*-naph-
thalene)Mn(CO),] complex was used as the incoming arene to displace the
naphthalene from [(#“-naphthalenc)Mn(CO),] " . This resuited in the syn-facial
bimetallic complex 48 shown in Scheme 23 [215]. The wse of [(4'in-
denyl)Fe(CO),] = as the incoming arene gave the syn-facial heterobimetaliic 49
whereas [(77-naphthalenc)FeCp}  gave the anri-facial zwitterionic 50.

3. Electron transfer reactions of cvclic n-hvdrocarbon complexes

As would be expected, the electrophilic 7-hydrocarbon complexes that Jorm the
subject of this review are easily reduced. either chemically or clectrochemically.
Upon reduction, there are several common reaction pathways m addition to ligand
dissociation or decomposition. In particular. the initially-formed 19-clectron com-
plex can (1) couple through the z-hydrocarbon rings, (2) aceept a second clectron
with concomitant ring slippage. or (3) do nothing. Reductive coupling is sometimes
an unwanted consequence of an attempted nucleophilic addition. espectally with
clectron-rich carbanion and organometallic donors, Early examples ol this with
[t7-tropylium)Cr{CO)] * and other electrophiles have been deseribed by Pauson
[136.216]. In an interesting study, Kochi showed [217] that the reaction ot [ty -cy-
clohexadienyDFe(CO) ] with [CpMotCOY|  at room temperature gives the
dimeric products indicative of initial electron transfer, namely. [CpMo(CO),], and
[(1°-C HOFe(COYJ». However, veaction at - 78°C gives the nucleophilic adeition
product [(#*-C H-Mo(COY CpIFe(CO).J. which converts 1o the coupled dimers
upon warming. The conclusion is that nucleophilic addition is favored Kinetically
over electron transfer, even it the Latter produces the thermodynamic products.

Two-clectron  reduction ot [(z-naphthalene)Cr(CO) leads o [y *-naph-
thalene)Cr(CO)YJ . which has been characterized thoroughly [218.219). The »°-
benzene analogue is far less stable, but has been utilized in a number ol reactions
with electrophiles {219 222). Reduction of [(m-arene)FeCp]  alfords the stable
I9-clectron radical that has been used o promote or initiate & range of chemical
reactions [6.223.224]. The complexes [17-C Me )MCp*)" - (M = Rh, Ir) undergo a
hapticity change upon 2-electron reduction, as shown in Scheme 24, The monore-
duced complexes retain the planar #/-C,Me, bonding, and are best described as
19-electron. The second (clectrochemical) reduction is accompanied by 4 to 5*
slippage of the arene. and this structural change is manifested by o slow rate of
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heterogencous charge transfer {225 228) The [(p7-C MedCoCp*E system dilfers
[rom the others m having a planar "-C, Me, in the neutral state (20-clectron) {229).
The compleses {6-C Me )M (M = Feo Ry behave analogousty in that the
neatral species sy '-C Me, (IS=clectron) for M = Ru [228.230], and 4"-C M,
(20-clectron) for M = Fe |6}

Depending on the exact experimental conditions, ¢hemical veduction of [(5°-
monearene)MnCOY] can give the [(r-areneiMn(CO)]  anion. which is at-
tacked by clectrophiles 1o wlford  neatral  cyclohexadienyl  species  [214].
Allernatively, coupling of the neutral [(7-arene)Mn(C0) ] radical can oceur to vield
bis-oyelohexadienyl complexes 81 [231 - 233). which. for benzene as the arene. can
undergo reductive dimenzation to 82 [233.234),

M

(CO\:; M 2(CO),
51

Another pathway is CO dissociation from [{-miouvarene)Ma(CO) ] . tollowed by
coupling or subsequent reduction 1o {((z-monoarene)Mn(CO).] : in either case the
ultimaie product is the dimer §3 [235),

@-m/ N/ ¥

53
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Scheme 25,

Interesungly, [(r-mesitvlene)Re(CO).j (547 ) behaves quite difterently in compari-
son with its manganese analog. Electrochemical experiments show that 54~ under-
goes a cheiically reversible 2-electron reduction with very slow heterogeneous
charge transfer [232]. The interpretation i1s that after a I-electron reduction to
neutral 54, a slow and spontaneous second reduction occurs as the ring slips to
n*-bonding. In anilogy to the behavior of arene complexes of manganese and
rhenium. the reduction of [(y -cyclohexadieny)M(CO).NOJ] s irreversible for
M = Mn and reversible (1-electron) for M = Re. again showing that the manganese
radicals are much more reactive [198],

In the presence of a nucleopiile such as PIOBu.. the various reaction pathways
for {(m-monoarenc)Mn(CO),] - aiter chemical or electrochemical reduction are
short-cireuited in avor of an electron-transfer-catalvzed (ETC) substitution to give
[(z-monoarene)Mn(CO),P(OBu).] = [232.236]. Thus. the application of a reducing
current for a few seconds. or the addition of a few mole percent of a reducing agent
leads to quantitative CO substitution. The mechanism for this ETC process is given
in Scheme 25. lts success depends on the 19-electron Mn-CO being very reactive
with respect to CO dissociation and on the potentials being in the order £9 > ES.

In marked contrast 1o ihe behavior of [{z-monoarene)Mn(CO).] . chemical or
electrochemical reduction of [(z-naphthalene)Mn(CO).] -~ occurs in = 2-electron
reversible process to give the thermallv-stable »*-bonded anion [110.214]. The
potential for this reduction is about 0.5 V positive of the 1-glectron reduction of the
monoarene complex [(7-tetrahyvdronaphthalene)Mn(CO),] . This large difterence
in potential is a manifestation of the great ease with which the putative radical
intermediate, [(7-naphthalene)Mn(CO).). can accept a second electron as the ning
slips. (Thic potential of the second reduction s positive of the firsty In agreement
with this 1s the observation that the presence of a nucleophile has no effect on the
clectrochemical reductton of {i z-naphthalena)MnCOy ] .
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Oxidation of [(7-benzene)Cr{CO),) produces a 17-electron radical cation that is
sufficiently stable so that CO substitution reactions can be studied [236,237). The
Mo and W analogues are far more reactive, and only with sterically-protected
systems, ¢.g. {(7-C Et,)M(CO),). are the radical cations observable. For associative
CO substitution by phosphite nucleophiles, the reactivity order for {(z-
arene)M(CO)] - is: Mo > W » Cr, The much greater rate of Mo and W compared
to Crois likely due to the larger size of the former. There appears to be a
fupdamental ditference in the way P-donors react with the chromium triad com-
plexes [(z-arene)M(CO),] and [(z-arene)M(CO),) ¢ the former undergo arene
displiacement [208], whereas the fatter prefer CO substitution, Eqgs. (15) and (16).

[(z-arene)M(COY] + 3PR - [(PR )\ M(CO),] + arene (15)
[(z-arene)MCO)] -+ PR, = [(m-arene)M{CO).PR .} + CO (16)

Eq. (13) s thougit to proceed via 1" —»* ring slippage when the first nucleophile
binds to the metal. Tt is suggested that [{r-arene)M(CO);] reacts with P-donors to
lose arene while {(7-arene)M(CO),} ' reacts to lose CO because ring slippage need
not occur with substitution reactions of 17-cleciron complexes since 19-electron
complexes are viable intermediates. Because there is no ring slippage, the metal-
arene bond is not weiakened when the nucleophile attacks the radical, so CO, rather
than arene. 15 lost,

Acknowledpements

It s o pleasure to acknowledge support from the National Science Foundation
(AN Grant No. CHE-9703121), the Petroleum Research Fund, administered by
vhie American Chemical Society (R.D.P.and D.A.S.). and the Thomas F. and Kate
Miller Jettress Memorial Trust (R.D.2.).

References

(I LAP Kane-Magwre, E D Honig, DAL Sweigart, Chem. Rev, 84 (1984) 325
121 RD Prke. A Swengart. Syaleu (1990) S65.

P EP Kundig, Pure Appl. Cliem. 57 (1985) 1855,

(4] R.G Sutherlawd, M Tgbal, AL Pidrko. J. Organomet. Chem. 302 {1986) 307,

1D Astwes Ace Chem. Res. 19 (1986) 377,

6f 1 Awstrues Top, Carrs Chem. 160 (1991) 47,

71 RM Momarty, US, Gl Y.X. Ku, ) Organome:. Chem. 350 (1988) 157,

8] MOAL Benpett, Coord. Chem. Rev. 166 (1997) 225,

(9] W. Beek. B Niemer. M. Wieser. Angew. Chem. Int. Ed. Engl, 32 (1993) 923,

AT Pearon, Transttion metal alkene. diene. and dieny! complexes: nucleophilic attack on diene
and - diml complexes. m: EW Abell F.GAL Stone. G Wilkinson (Eds.). Comprehensive
Ovganometallic Cheavistey 1L Che 6,30 vol, 120 Pergamon Press. Oxtord, 1995, p. 637,

[ M Semmelhack. Transition metal arene complexes: nucleophilic addition. in: € W. Abel. F.G.A.
Stotie, G Wilkinson (Eds). Comprehensive Organometallic Chemistey 11 Ch. 9.1, vol. 12,
Pergaman Press, Oxford, 1995, p. 97,



R.D. Pike, D.A. Sweigarr - Coordination Cheprisiry Reviewy 187 ¢1999) 183.-222 207

{12} M.F. Semmelhack, Transition metal arene complexes: ring lithiation. in: EW., Abel, F.G.A. Stone,
G. Wilkinsor (Eds.), Camprehensive Organometallic Chemistry 11, Ch. 9.2, vol. 12, Pergaton
Press, Oxford, 1995, p. 1017,

[t3] S.G. Davies. T.D. McCarthy, Transition metal arene complexes: side chain activation atwd control
of stereochemistry. in: EW. Abel. F.GA. Stone. G, Wilkinson {Eds.), Cowprehensive
Organometallic Chemistry 11 Ch. 9.3, vol. 12, Pergamon Press. Oxford, 1995, p. 1039

[14] M.). Morris. Arene and heteroarene complexes of chrominm, molybdenum and wingsten, in: EAV,
Abel. F.G AL Stone. G. Wilkinson (Eds.). Comprehensive Organometallic Chemistry 1L, Ch. 8. vol.
5. Pergamon Press. Oxford. 1995, p. 471,

[13] J.D. Jachsen, 8.1 Villa. D.S. Bacon, R.D. Pike. G.B. Carpenter, Organometallies 13 (1994) 3972

(t6] 8.C. Chaffee, I C. Sutton. C.8. Babbitt, 1.T. Maever. KA. Guy. R.D Pike, G.B. Carpemer,
Organometallics 17 (1998) 5586,

1171 EP. Kandig. C. Perrel. 8. Spicheiger. G. Bernardinelli. J. Organomet. Chem. 286 (19835) 183,

18] S. Sun, LK. Yeung. DA, Sweigart. T.-Y. Lee. 8.5 Lee. YK, Chung. S.R. Switzer. R D, Pike,
Organometallics 14 (1993 2613,

[19] RC. Kerber, Mononuclear iwen compounds with g' 4" hydrocarbon ligands, in: E W, Abel,
F.G.A. Stone. G. Wilkinson (Edx). Comprehensive Organometallic Chemistry 11 Ch. 20 vol. 7,
Perpamon Press, New York, 1995, p. 101,

[20] M.A. Bennett, Complexes of ruthenium and osmium containing 5 #® hydrocarbon gauds iy
complexes containing six-. seven- and cight«mwembered rings. ine EAW Abel, IF GAL Stene, G
Wilkinsow (Eds.). Comprehensive Organometallic Chemistey 11, Ch. 9, vol. 7, Pergamon Press,
New York. 1995, p 5§49,

[21] AC. Kmpe. 8., McGuinness, W.E. Watls, ). Chemy. Soc. Chem. Commun. (1979) 842,

[22] A.C. Knipe. S.1. McGuinness. W.E. Watts, 1. Chem. Soc. Perkin 2 (1981 193,

[23] AN Nesmeyvanov, NA. Vol'kenau. EN. Bolesova, Dokl Akad Nouk. 885K 175 (1967) 06,

[24] AN, Nesmeyunov, NoA. Vol'kemau, LS. Isuevie TN Belesova, Dokl Akud. Nuok, S8SROIRY
{1968) 8344

[25] R.M. Mariaety, US. Gill. Y3 Ku, ) Qrganomet. Chem 350 (1985 15370 and Rets therein

(26! R.M. Mariarty, Yo=Y, Ku, LS Gill, 1 Chan Soe, Chem Commun. (1987) 1393

[27] 818, Fernando. RMLG. Roberts, 1. Organomet, Chemy 474 (1994} 133

28] M.S Holden, K.I. Andronova, E.AL Chalskh, B.R Elford, IM. Fricdel, O 1 Gentehos, B
Humbert, B. Sim. R.R. Yeager, Orgamometallies 13 (1994 41143

1297 A8 Abd-Tl-Azz, CR. de Denus, 10 Chem. Soc Perkain Trans, 1 el93y 2490

[30] R.L. Chowdhury. C.C. Lee. AL Piorko, R.GL Sutherdand. Synth, React, Inorg, Mel-Oug, Chom 15
Vi985) 1237,

[31] C.C. Lee. A S Abd-El-Aziz. R L. Chowdhury, A, Piotko, R (3, Sutherlund., Synsh, React, e,
Met.-Orp. Chem. L6 {1986) S41.

(321 AS. Abd-El-Azz. C C. Lee. AL Pidrko, R.G. Sutherland. ). Organomet. Chem, M8 (1988) 48

{33] C.C. Lee. AL Biorko, B.R. Stecle, ULS. Gill. R G, Swtherland., 1. Organomet, Chan, 256 (19835

[34] C.C. Lee. U8, Gilll R.G. Sutherland. J. Organomet. Chen 267 (1484 157,

[35] R.M. Moriurty, U.S. Gill. Organometallics 5 (19863 253,

[36] AN, Nesmmeyanov, N A, Vol'kenau, LN, Bolesova. Dokl Akid. Nauk. SSSR 1706 {1967) 106,

[37]1 LU, Khand, P.L. Pauson. W.E. Wants. J. Chem, Soc. C (1969) 2124,

{38] R.G. Sutherland. R.L. Chowdhury. A. Piorko. C.C. Lee, Cane o Chem. 64 (1986) 2011

[3] R.C. Cambie, 8.1, Janssen, P8, Rutledge, P.D. Woodgate, 1 Organonwet. Cheme 34 (19923 97,

0] ALS. Abd-E-Aziz, D.C. Schriemer, C R de Denus, Ovgiaometallios 13 {1994) 374,

(411 AS. Abd-El-Aziz. K.M. Epp. C.R. de Denus. G, Fisher-Smith. Ovganometallies 13 (19945 2299,

[42] AJ. Pearson, LG, Park, PY. Zh, 1 Org. Chem, 57 (1992) 3583,

431 AL Pearson. AN Gelonmuni, J. Org. Chem. 39 (1994 436].

[44] AJ. Pearson, AM. Gelormini, M.A. Fox. D. Watkins, J. Org. Cheme 61 11990y 1297

(43 R.G. Sutherland, AL Piarko, LS. Gilll C.C Lee 1 Heteroevel, Chem, 19 11982y 801

[46] C.C. Lee. AS. Abd-El-Aziz, R.L.. Chowdhwy, US. Gill, AL Piorke, R4 Sutherlad, 1
Organomet. Chem. 315 (1986) 79,



21N R.D. Pike. DA Sweigart Coordingtion Chemtisery Reviews )87 (199¢) 183..222

[47] R, Camhie, S0 Janssen, P.S. Rutledge. P.D. Woodgate, I. Organomet. Chem. 420 (1991) 387,

5] LA Segal. J Chem. Soe, Chem. Commun, (1985) 1338

[5] AN Dembek, P Faga, Mo Marsi, Macromaleeules 26 (1993) 992

150] AS. Abd-El-Aziz, CR. de Dens, | Chem. Soc. Chem. Comniuan. (1994) (63,

151) A Ahd-ElAziz, CRO de Denus, MJL Zuworotko, LR MacGillivray, ). Chem. Soc. Dalton
Trans (1995) 3375,

1532] 1 Landini, F Montamari, F.oRolli, 1 Orgs Chem. 48 (1983) ¢4,

3 AL Alensagma, P Del Buttero, C. Gorini, D. Landini, E. Licandvo. 8. Matorana. 1. Org. Chem. 48
(URy) S

AL Alemigna, PoCremonesi, P Dei Buttero, L Licandie, 8. Maiorena, 1 Org. Chem. 48 (1983
4

[53] ¢« Haldori, I Del Buttero, 8. Maorama, A, Papagni. J. Chem, Soc. Chem. Commun. {(1985) 1181

[S6] b Gilday, DA Widdowson, Tetrahed, Lett, 27 (19%6) 8525,

577 A Ceccon. A, Gambaro, B Gottardi R Maneli. A Venzo, ). Organomet. Chem. 363 (1989) 91

[5%] ML Dickens. 1P Gilkday. T.J). Mowlem. DAL Widdowson. Tetriahedron 47 (1991 8621

[590 1.1 Djukic, P. Geysermans, F. Rose-Muneh, E. Rose, Tetrahedron Lett. 32 (1991) 6705,

160] M Perez, P Poreir, 8. Halazy, Tetrshedran Lett. 37 (1996) 8487,

AL Semmethack. GUR. Clark, JL Gareiae JJ Harrison, Y. Thebtaranenth. W, Wulll, A
Yannshite, Tewahwdron 37 (1981) 3957,

(6 V. Pereee. 8. Okiw, L Polym. Seis Part A 31 (1993) 623,

(63 LA Heppert. ME. Thomas-Miller, M. Swepston. MW, Extine. ] Chem. Soc. Chem. Commun,
(198K 280,

fo4] JoAL Heppert, MUAL Morgenstern, DML Schieruoel Fo Takusagaws. MR Shaker. Organometatlics
71988 1715

[65] 1A Heppert. NLE. Thomas-Miller. DM, Scherubel. Fo Takusagawa, M A, Morgenstern. MR,
Shuaker, Organometatlics 8 (19897 1149,

ot GB Richter-Addo, AD Hunter. N Wichrowska. Can 1. Cher 68 (199 41

(671 1 Li. A0 Hunter, K. MeDonald, B D Saniarsicro. 5.G. Bate 1L Awwood, Organomcetallies 11
18yl 2030,

on] T Rose-Muoneh, U Rases A Semne I Chiem: Soc, Chem, Commun, (1985 T108,

9] T Rose-Muncl, 1P Thukic, B Rose, Tetrshed. Lett, 3T ¢1990) 2584,

"] 1P Dwkic o Rose-Munch, Fo Rose, I Cheme Soe. Chem. Comnun, (1991) 1634,

{71] H-G. Schmalz. M. Arnold, ). Hollander, ). Bats. Angew. Chem. Int. Ed. Engl. 23 (1494) 109,

[72] P.L. Pawson. LA Segal. I Chem. Soc. Dalon Trans. (19751 1677,

[73] AJ Pearson, PR, Bruhn. F. Gougoules. $.-11. Eee. ). Chem. Soc. Chem. Commun. {1989 459,

{741 AL Pearson. P.R. Bruhn 1. Ore. Chem. 56 (1991 7092

1731 AT Pearson, Ho Shin, Tetrahedron 48 (1992) 7327,

1761 An Nevay struecture of this complex was obtained. R.D. Pike. G.B. Carpenter. unpublished data.

(77} F. Balssa, V. Gagliardint, I Pose-Munch. E. Rose, Organometallics 13 (1996) 4373,

(78 F. Terrier, PG Furrell, 1 Lelievre, 8. Top. G. Juouen, Organometallics 4 (19853 1291,

[T CF. Bernasconi. R.D. Bunnell, Fo Terrier. J. Am. Chem. Soc. 110 {1988) 6314,

(%] I, Tenier. D, Vichard, AP, Chatrousse. S, Top. M. MeGhnchey, Organometallics 13 (1994
[DI0R

[“1] KK Bhasin, W. Balkeen. PL. Pawson. 3 Orzanomet. Chem, 201 11981 C25,

[%2] 8.-Go Lees LA Kim, YUK, Chung. T-5 Yoou, N Kinn W, Shing ) Kim, Ko Kune Organometal-
lies [ (1995) {023,

[§3] C.C Lees U8 Gilll R.GL Sutherland. 1. Organomet. Chemn. 206 (1981) 89,

4O Mainet, B Raoult, B Organcmiet. Chem, 231 (1982) 245,

fs] LA Heppert. T8 Bovle Vo Tukusazana. Orpanometallics 8 119897 461

[%6] 88w GUHL Carpenter, DAL Sweigart. 1 Orzanomet. Chene 512 01996) 257,

7)o Decken, LI Britten, M) MeGlhoches. oo Am, Chem, Soc, TIA (1993 7275, and Refs. therein.

[R8] DML LaBrush, D P Fyman, N.C. Buenziger, LM, Mallis, Organometallics 10 ¢(1991) 1026,

(%] 1L Moler, P Evman. JM. Nielson, ALM. Morken. 8.1, Schaver. D B, Snvder, Orpunomerallics
12 11993y 3304,



R.D. Pike. D.A. Sweigart - Caordination Chemistry Reviews 187 (1999) 183-222 219

S AL

[90] JAV. Hull Jr., K.J. Roesselet. W.L. Gladfelter, Organometallics 11 {1992) 3630.

911 L. W. Hull Jr.. C. Mann, W L. Gladfelter, Ocganometallics 11 (1992) 3117.

931 J.W. Steed, D.A. Tocher, J. Chem. Soc. Dalton Trans. (1993) 3187.

93] F. Moulines, F. Gloaguen. D. Astruc, Angew. Chem. Int. Ed. Engl. 32 (1992) 458.

(94] C. Valerio. B. Glouguen. J.-L. Fillaut. D. Astruc. Bull. Soc. Chim. Fr. 133 (1996) 101,

{95] L-L. Fillaut, D. Astruc. N. 1. Chem. 20 (1996) 945.

{96] B. Gloaguen. D. Astruc, J. Am. Chem. Soc. 112 (1990) 4607.

[97] G. Jaouen. Pure Appl. Chem. 58 (1986) 597. and Refs. therein.

[98] 1. Blagg. 8.G. Davies, C.L. Goodfellow. K.H. Sutton. J. Chem. Soc. Perkin Trans. 1 (1990) 1133,

[99] S. Lotz. M. Schindchuttc. P.H. van Rooyen. Organometallics 11 (1992) 629.

(100} P.H. van Rooyen. M. Schindchutte, S. Lotz. Organometallics 11 (1992) 1104,

11017 R. Meyer. M. Schindehutte, P.H. van Rooyen, S. Lotz, Inorg. Chem. 33 (1994} 3603,

[102] C. Renard. R. Valentic. F. Rose-Munch, E. Rose. J. Vaisserman. Organometallics 17 ¢1998) 1587.

{103] AJ. Pearson. Ace. Chem. Res. 13 (1980) 463.

[104] AJ. Birch. AJ. Liepa. G.R. Stephenson. J. Chem. Soc. Perkin Trans. 1 (1982) 713,

[£05] ALY Birch, L.F. Kelly, A.S. Narula, Tetrahedron 38 (1982) 1813.

{106) AJ. Pearson. ii. Chandler, J. Chem. Soc. Perkin Trans, 1 (19821 2641

[107) AL Birch. L.F. Kelly. J. Organomet. Chem. 285 (1985) 267.

[108] Y.K. Chung. D.A. Sweigart. N.G. Connelly. F.B. Sheridan. J. Am. Chem. Soc. 107 (1983) 2388,

(109} R.D. Pike. W.L. Ryan. G.B. Curpenter. DA, Sweigart, J. Am. Chem. Soc. 111 (1989) 8535,

[110} S. Sun, C.A. Dullaghan, D.A. Sweigart. J. Chem. Soc. Dalion Trans. (1996) 4493,

[111] M.F. Semmelhack. H.T. Hall, R. Farina, M. Yoshifupi. G. Clark. T. Bargar. K. Hirotsu. J. Clardy,
1. Am. Chem. Soc. 101 (1979} 3335,

[112] E.P. Kindig. V. Desobry, D.P. Simmons, E. Wenger. I Am. Chem. Soc. 111 ¢(1989) 1804,

[113) E.P. Kindig. M. Inage. G. Bernardinelli. Organometatlies 10 (1991) 2921

[114] M. Uemura, T. Minami. Y. Shinoda. H. Nishimura. M. Shiro. Y. Hayashi. I Organomet. Chem,
406 (1991) 371,

[115] P.L. Pauson, LA, Segal, J, Chem. Soe. Dalton Trans, (19751 1683,

[L16] Y.K. Chung. P.G. Williard. D.A. Sweigart. Organometallics 1 (1982) 1053,

[117] T.-M. Chung. Y. K. Chung, Organometallics 11 (1992) 2822

[118] R.D. Pike. G B. Carpenter. Organometailics 12 (1993) 1416,

(119] K. Woo, P.G. Williard, DAL Sweigart, NW. Dufty, B.H. Robinson. ). Smapson. ). Organomet.
Chem. 487 (1995) 111,

{120} F. Tose-Munch. C. Le Corre-Susunne. F. Bulssa. E. Rose. ] Vuissermun, E. Licandro. A.
Papagni. S. Maiorana, W. Meng. G.R. Stephenson. J. Organomet. Chem. 345 (1997) 9.

(121] S. Sun. C.A. Dullaghan. G.B. Carpenter. DAL Sweigart, S8 Lee. Y.K. Chung, Inorg. Chim. Acta
262 (1997) 213

[122] Y. Cao, K. Woo, L.K. Yeung. G.B. Carpenter. DAL Sweigart. Organometaltics 16 (1997) 178,

(123] C.H. Zhang. R.L. Chowdhury. A. Piorko. C.C. Lee. R.G. Sutherland. ). Organomet. Chem. 346
(1988) 97.

[124] R.G. Sutherkund. C. Zhane, A, Piorko, I Organomet. Chem. 419 (19917 357,

[125] LF. Helling, G.G. Cash. J. Organomet. Chem. 73 (1974 Cl0.

[126] D. Mandon. D, Astrue. J. Organomet. Chem. 369 {1989) 383

[127] D. Mandon. D. Astrue, Organometallics 8 (1989) 2372,

[128] D. Mandon. D. Astrue. Crganometallics 9 (19901 341

[129] M.R.J. Elsegood. J.W. Steed, D.A. Tocher. J. Chem. Soc. Dalton Trons. (1992) 1797,

[130] F. Yaque. ). Miller. P.L. Pavson. J.B.P. Tripathi, I. Chem. Soc. € (1971 743,

[131) E.D. Honig. Q. Meng. W.T. Robinson. P.G. Witliard. D.A. Sweigart, Organometaliics 4 (1983
871

[132] 1.D. Muaro. P.L. Pawon, L. Chem. Soc. (19611 3473,

[133] P.L. Pauson. G.H. Smith. J.H. Valentine. § Chem. Soc. C (1967) 1057

{134] P.L. Pauson. K.H. Todd. J. Chem. Soc. C (1970) 2628,

[135] L.G. Atton, L. A, Hassan. L AP Kane-Maguire, Inorg. Chim. Acta 41 (1980) 245,

[136] P.L. Pauson. J. Organomet. Chem. 200 (1980) 207,



220 R.D. Pike. D.A. Sweigart - Coordination Chemistry Reviews 187 (1999) 183-222

{137] A. Efraty. $.8. Sandhu. R. Bystrek, D.Z. Denney. Inorg. Chem. 16 (1977) 2522

[138] H.S. Choi. D.A. Sweigart, Organometallics 1 (1982) 60.

[139] M.F. Semmethack, W. Seufert. L. Keller, J. Am. Chem. Soc. 102 (1%80) 6584.

[140] M. Uemura. T. Minami, Y. Hayushi. J. Chem. Soc. Chem. Commun. (1984} 1193,

(141] R.D.A. Hudson. S.A. Osborne. E. Roberts, G.R. Stephenson. Tetrahedron Lett. 37 (1996) 9009,

[142] R.M. Moriarty. L.A. Enache. R, Gilardi, G.L. Gould, D.J. Wink, J. Chem. Soc. Chem. Commun.
(1998) 1155

[143] D.M. David. L.A.P. Kane-Maguire, 8.G. Pyne, J. Chem. Soc. Dalton Trans. (1994} 289

[14] D.A. Sweigart. J. Chem. Soc. Chem. Commun. (1980) 1159

[143] Y.K. Chung. E.D. Honig. D.A. Sweigart, J. Organomet. Chem. 236 (1983) 277

[146] R.C. Bush. R.J. Angelici. J. Am. Chem. Soc. 108 (1986) 2735.

[147] L.AP. Kune-Maguire. DAL Sweigart. Inorg. Chem 18 (1979) 700,

{148] P.)J.C. Walker, R.J. Mawby. Inorg. Chim. Acta 7 {1973} 621.

149] H. Taube. Pure Appl. Chem. 31 (1979} 901.

[150] K. M. Al-Kathumi, LA P. Kane-Maguire. J. Chem. Soc. Dalton Trans. (1973) 1683.

[131] F. Faraone. F. Zingales, P. Uguaglisti. U. Belluce, Inorg. Chem. 7 (1968) 2362.

(152} F. Faraone. F. Cusmano. R. Pictropaolo. J. Organomet. Chem. 26 (1971} 147,

[153] L.A.P. Kane-Maguire, E.D. Honig, D.A. Sweigart. J. Ciiem. Soc. Chem. Commun. (1984) 345,

[1534] C.C. Ritchie. €. Kubisty. G.Y. Ting, J. Am. Chem. Soc. 105 (1983) 279, and Refs. therein.

[155] T.1. Alavosus, DAL Sweigart. J. Am. Chem. Soc, 107 (1985) 985

[156] H. Muyr. K.-H. Miiller. D. Rau. Angew. Chom. Int. Ed. Engl. 32 (1993) 1630.

{157} H. Mayr. M. Pac., Angew. Chem. Int. Ed. Engl. 33 (1994) 938.

f158] T.A. Albright. B.K. Carpenter. Inorg. Chem. 19 (1980) 3092,

(1391 E.P. Kiindig. C. Grivet. E. Wenger. G, Bernardinelli, AF. Williams, Helv. Chim. Acta 74 (1991)
2009,

[t60]) C.A. Dullaghan. G.B. Carpenter. DAL Sweigart. Chem. Eur. 1. 3 (1997) 75

{161} K. Woo. G.B. Cuarpenter, DAL Sweigarnt, Inorg, Chim. Acta 220 (1994) 297,

[162] R.C. Cambie, P.S. Rutledge. R.E Stevenson. P.D. Woodgate, J. Organomet. Chem. 471 {1994)
149

(62 MUE. Semmelhack., WO Waltf, 1L Garcta, F Organomet. Chem. 240 (1982) C3.

f{164] MF. Semmelhack. P. Knochel. T. Singleton, Tetrahedron Lett. 34 (1993) 5051,

[165] W.J. Ryan. P.E. Peterson, Y. Cao, P.G. Williard. D.A. Sweigart. C.D. Baer. C.F. Thompson,
Y.K. Chung. T-M. Chung. Inorg. Chim. Acta 211 (1993 1.

[166]) 1. Verona, 1.P. Gutheil, R.D. Pike, G.B. Carpenter, J. Organomet. Chem. 524 (1996) 71.

[167] 8.C. Huckett, R.J. Angelici, Organometallics 7 (1988) 1491,

[168] 8.8, Lee, Y K. Chung. S.W. Lee. Inorg. Chim. Acta 253 (1996) 39,

[169] DA Lesch. LW, Richardson. R.A. Jacobson, R.J. Angelici. J. Am. Chem. Scc. 106 (1984) 2901.

[170] 1. Chen. V.G. Young. R.J. Angelici. Organometallics 15 (1996) 325,

(171} 8.8 Lee T.-Y. Lee. DS, Choil )8, Lee. Y.K. Chung. SW. Lee. M.S. Lah. Organometallics 16
{1997) 1749

[172] A Pearson, P. Bruhn, [.C. Richards, Tetrahdron Lett. 25 (1984) 387

[173] E.D. Honig. DAL Sweigart. J. Chem. Soc. Chem. Commun. 1986) 691,

[174] C.A Camaioni, DAL Sweigart. ). Organomet. Chem. 282 (1985) 107,

(175] 8.G. Davies, M.L.H. Green. D.M.P. Mingos. Tetrahedron 34 (1978) 3047

[176] A Pearson. T.R. Perrior, D.C Rees. J. Organomet. Chem. 226 (1982) €39,

[177] O, Eisenstein, WM. Butler. ALJ. Pearson, Organometallics 3 (1984) 1150,

[178] AJ. Pearson. S.L. Kole. T. Ray, I Am. Chem. Soc. 106 (1984) 6060,

[179] AL Pearson. MLP. Burello. Organometallics 11 (1992) 448,

(180} W.H. Miles, P.M. Smiley. H.R. Brinkman, J. Chem. Soc. Chem. Commun. (1989} 1897

[L81] W.H. Miles. HLR. Brinkman, Tetrahedron Lett. 33 (1992; 589,

[182] AJ Pearson, PY. Zhu. W.J. Youngs, 1.D. Bradshaw, D.B. McConville, J. Am. Chem. Soc. 115
(1993) 10376,

[183] A Pearson. M.C. Milletti, P.Y. Zhu. ). Chem. Soc. Chem. Commun. (1995) 853,



R.D. Pike, D.A. Sweigart - Coordination Chemistry Reviews 187 (1999) 182_222 22

Tl

[184] A.M. Morken, D.P. Eyman, M.A. Wolff, 8.J. Schauer. Organometallics 12 (1993) 725.

{(185] Y.K. Chung, H.S. Choi, D.A. Sweigart. N.G. Connelly, J. Am. Chem. Soc. 104 (1982) 4245,

[186] R.D. Pike, W.J. Ryan, N.S. Lennhoff. J. Van Epp, D.A. Sweigart. J. Am. Chem. Soc. 112 (1990)
4798.

[187} H.K. Bae, LN. Jung, Y.K. Chung. J. Organomet, Chem. 317 (1986) CI.

[188} R.C. Cambic. P.S. Rutledge, R.J. Stevenson, P.D. Woodgate. J. Organomet, Chem. 486 (1995)
199.

[189) F. Rose-Munch. L. Mignon, 1.P. Souchez, Tetrahedron Lett. 32 (1991) 6323,

[190] EP. Kiindig, A.F. Cunningham Jr., P. Paglia, D.P. Simmons. G. Bernardinelli, Helv. Chim. Acta
73 (1990) 386.

{191] E.P. Kiindig. G. Bernardinelli, R. Liu. A. Ripa, J. Am. Chem. Soc. 113 (1991) 9676.

{192] E.P. Kiindig. A. Ripa, R. Liu. G. Bernardinelli, J. Org. Chem. 59 (1994) 4773,

[193] B.C. Roell Jr.. K.F. McDaniel, W.S. Vaughan, T.S. Macy, Organometallics 12 (1993} 224

[194] J.B. Sheridan, R.S. Padda, K. Chaffec, C. Wang. Y. Huang, R. Lalancette, J. Chem, Soc. Dalton
Trans. {1992) 1539.

[195] C. Wang, M.G. Lang, J.B. Sheridan. A.L. Rheingold, J. Am. Chem. Soc. 111 (1990) 3236.

[196] C. Wang. I.B. Sheridan, A.L. Rheingold. J. Am. Chem. Soc. 111 (1993) 3603

[197) T-Y. Lee. Y.K. Kang. Y.K. Chung. R.D. Pike, D.A. Sweigart. Inorg. Chim. Acta 214 (1993) 125

[198] R.D. Pike, T.J. Alavosus. C.A. Camaioni-Neto, J.C, Williams Jr., D.A. Sweigart, Organometallics
8 (1989) 2631.

{19y] J.L. Atwood, S$.D. Christie. M.D. Clark. D.A. Osmond, K.C. Sturge. M.J. Zaworotko.
Organometallics 11 (1992) 337.

{200} C. Camaioni-Neto. D.A, Sweigart, J. Chem. Soc. Chem. Commun. (1990} 1703.

(201} R.T. Swann, A W. Hanson, V. Boekelheide, J. Am. Chem. Soc. 108 (1986) 3324.

[202] Y.-H. Lai. W. Tam. K.P.C. Vollhardt, J. Organomet. Chem. 216 (1981) 97,

[203] AJ. Pearson. J. Chem. Soc. Chem. Commun. (1980) 488.

[204] A.J. Pearson. C.W. Ong, J. Org. Chem. 47 (1982) 3780.

[205] A.J. Pearson. S.L. Kole, Y. Yoon. Organometallics 5 (1986) 2075,

{206] P.W. Howard, G.R. Stephenson, 8.C. Tavior. J. Organomet. Chem. 339 (1988) C5

[207] G.R. Stephenson, PW. Howard. D.A. Owen. A). Whitehead. J. Cherr. Soe. Chem. Commun.
(1991) 641,

[208] 8. Zhang, J.K. Shen, F. Basolo, T.D. Ju, R.F. Lang. G. Kiss. C.D. Hoff. Organometuilics 13
(1994) 3692.

[209] A. Goti, M.F. Semmelhack. J. Organomet. Chem. 470 (1993) C4.

[210] A.M. McNair, K.R. Mann, knorg. Chem. 25 (1986) 2519

[211] C. White, SJ. Thompson, P.M. Maitlis, J. Chem. Soc. Dalton Trans. (1977) 1634

{212] S.S. Lee, T.-Y. Lee, J.E. Lee. [-8. Lee. Y.X. Chung, M.S. Lah, Organometallics 15 (1996} 3664.

{213] Y.K. Kang, H-K. Lee, 8. Lee, Y.K. Chung, G.B. Carpenter, Inorg. Chim. Acta 261 (1957) 37.

j214] R.L. Thompson, S. Lee, A.L. Rheingold. N.J. Cooper. Organometallics 10 {1991 1657.

[215] S. Sun, C.A. Dullaghan, G.B. Carpenter, A L. Rieger. P.H. Rieger. D.A. Sweigart, Angew. Chem.
Int. Ed. Engl. 34 (1995) 2540.

[216] 1.D. Muuro, P.L. Pauson, J. Chem. Soc. (1961) 3434,

[217] R.E. Lehmann, LK. Kochi, Organometallics 10 (1991) 190.

[218] R.D. Ricke, W.P. Henry, J.8. Arney, Inorg. Chem. 26 (1987) 420

[219] V.S. Leong, N.J. Cooper, Organometaltics 7 (1988) 2058,

[220] V.8 Leong, N.J. Cooper. 3. Am. Chem. Soc. 110 (198%) 2644,

221} LA, Corella. N.J. Cooper. J. Am. Chem. Soc. 112 (1950) 2832,

[2221 H.G. Wey, H. Butenschon. Angew. Chem, [nt. Ed. Engl. 29 (1990) (444

(2231 . Astruc, Chem. Rev. 88 (1988) {189,

[224] D. Astruc. Acc. Chem. Res. 24 (1991) 36.

[225] W.J. Bowyer, W.E. Geiger, J. Am. Chem. Soc. 107 (1985) 5657

[226] R.M, Nielson, M.J. Weaver. Organometallics 8 (198%) 1636,

[227] J. Merkert. R.M. Niclson. M.J. Weaver. W.E. Geger. J. Am. Chem. Soc. 111 (1989) 7084

[228] W.E. Geiger, Ace. Chem. Res. 28 (1995) 351,



RN R.D. Pike. D1 Sweigart  Coordination Chemistry Reviews (87 (1999 183222

(2291 K. Janos. E. Deftense. D, Habermann, Angew. Chem. Int. Ed. Engl. 22 (1983) 716,

[230] D.T. Pierce, W.E. Geiger, J. Am. Chem. Soc. 114 (1992) 6063.

[231] M.V. Gaudet. A.W. Hanson, P.S. White, M.J. Zaworotko. Organometallics 8§ (1989) 286,

[232) C.C. Neto. C.D. Buer, Y.K. Chung. D.A. Sweigart, J. Chem. Soc. Chem. Commun. (1993) 816,

[233] §. Lee, SR, Lovelace, DJ. Arford, S.). Geib, 8.G. Weber, NJ. Cooper, . Am. Chem. Soc. 118
{1996) 4190,

[234] R.L. Thompson, §.J. Geib, N.J. Cooper. 3. Am. Chem. Soc. 113 (1991) 8961.

[235] R.J. Bernhardt. P.3. Schlom, N.C. Baenziger. D.P. Eyman. Abstract No. 377, Inorganic Chemistry
Division, American Chemical Society National Mecting, 1987.

[236] S. Sun, D.A. Sweigart. Adv, Organomet. Chem. 40 (1996) 171,

[237) @ Meng, Y. Huang. W1, Ryan, D.A. Sweigart. Inorg, Chem. 31 (1992) 4051,



