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Abstract

A review with 172 references. Cyclopentadienyl (Cp) and its substituted congeners are among the most common ligands in organometallic
chemistry. Ring substituents attached to Cp can influence the structure, physico-chemical properties, and reactivity of coordinated metal fragments.
This article describes the synthesis of perfluoroaryl-substituted cyclopentadienes and indenes and their use as transition metal ligands. Emphasis is
placed on trends in spectroscopic and electrochemical behavior, structure, and reactivity that arise from the highly electron-withdrawing character

of the perfluoroaryl substituents.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. Substituent effects

Cyclopentadienyl (Cp) complexes share a rich history that
spans 50 years [1-4] and the entire periodic table [5—10]. The
attachment of Cp ring substituents is an established and effec-
tive strategy for modulating the physical properties and chemical
reactivity of Cp complexes. Practicing organometallic chemists
find it useful to divide substituent effects into steric effects, which
refer broadly to repulsive interactions among ligands resulting
from van der Waals or Coulombic forces, and electronic effects,
which describe the coupling of a metal ion through the molecu-
lar bonding framework to a remote substituent with an intrinsic
polarizing quality. Outer sphere phenomena such as solvation
and ion pairing often blur the distinction between these two cate-
gories, a distinction that seems arbitrary anyway when examined
under the bright glare of modern electronic structure theory. But
in the context of a review article it is appropriate to establish
some historical context, and a fairly conventional view of steric
and electronic substituent effects has been one of the most use-
ful (if occasionally misleading) conceptual tools in the recent
development of transition metal Cp chemistry.

1.2. Steric effects

One reason why simple “steric-versus-electronic-effects”
thinking works so well for Cp complexes is that the basic
sandwich structure of a complex (for example, the 10 carbons
and 2 halogens bound to the metal ion in group 4 metallocene
dihalides) remains surprisingly unperturbed when substituents
are added unless they are very large or numerous [11]. And
yet, Cp substituents are close to the metal, so small changes in
the number of Cp substituents or even in their shape and posi-
tioning can impart dramatic changes in metal-centered chemical

reactivity and especially in the approach of substrates in cat-
alytic processes. The sensitivity of reactivity to subtle changes
in the structure of Cp ligands has been exploited to great effect,
particularly in stereoselective catalysis [12-22]. Tethering Cp
ligands to one another or to other ligands further enhances steric
approach control by restricting the otherwise free Cp—M bond
rotation [23,24]. An exhaustive review of steric effects in Cp
complexes is well beyond the scope of this article. Nevertheless
it is worth making the simple point here that although we still
frequently use the n°-C5(CH3)s (Cp”) ligand in place of Cp to
impart kinetic stability or to decrease the oxidation potentials
of coordinated metal ions [25,26], we have also come a long
way in our ability to design molecules — notably catalysts — with
a detailed knowledge of steric effects and to then make these
molecules using rational synthesis.

1.3. Electronic substituent effects

Neither our fundamental understanding of electronic sub-
stituent effects in Cp complexes, nor especially our ability to
apply that knowledge in catalyst design, has reached the same
high level of sophistication. The point of this section is not to
review electronic substituent effects (despite the heading), but
to propose two reasons for this intellectual lag. The first rea-
son is fundamental and was already mentioned: Cp substituents
are close to the metal! In other words, steric effects gener-
ally dominate, and reactivity studies (especially in catalysis)
must always establish proper controls to suppress steric fac-
tors [27-30]. The second reason broadly encompasses synthetic
and chemical reactivity issues. Steric parameter space can be
charted using alkyl substituents (which are highly inert) and
the occasional silicon “bridge” atom. The required substituted
cyclopentadienes inevitably yield to the refined techniques of
modern organic synthesis, and subsequent coordination to the
desired metal fragment is ordinarily just a matter of optimization.
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But exploring electronic substituent effects over a wide range
implies venturing well beyond methyl groups and the occasional
silicon “bridge” atom.

1.3.1. Problems with electron-withdrawing substituents

If one examines a standard table of Hammett constants [31],
one finds amino and hydroxy groups at the top (most negative
Opara) and cyano and nitro groups at the bottom (most positive
Opara)- But suppose one wanted to explore electronic effects in a
highly electrophilic catalytic system. Group 4 metallocene olefin
polymerization catalysts spring immediately to mind. Even if
one could prepare zirconocene dichlorides bearing an NH;, OH,
CN, or NO, group (not one has been), these groups would be
summarily dismissed from the catalytic study because they all
contain lone pairs of electrons that would poison the highly elec-
trophilic active species. For electron-donating, Brgnsted-acidic
groups like amino and hydroxy [32], or with certain electrophilic
groups like dihaloboryl (BX5) [33], protecting groups can sup-
press some of the unwanted side reactions.

The intrinsic reactivity of electrophilic substituents implies
new synthetic challenges. Many Cp complexes are prepared by
ligand substitution of transition metal halides with cyclopen-
tadienyl anions, which are most commonly delivered as salts
of electropositive metals (Li, Na, Mg, etc.). The Cp anion and
the substituent may simply be synthetically incompatible. This
problem more than any other led us to pursue perfluoroaryl-
substituted cyclopentadiene chemistry in our laboratories. As a
student in the research group of Professor Paul G. Gassman
(to whose memory this article is respectfully dedicated), I
became keenly aware of the problems surrounding the use
of the (trifluoromethyl)cyclopentadienyl ligand (CF3Cp) [34].
The diene (CF3CpH) is easily prepared from nickelocene and
iodotrifluoromethane [35]. Homologues derived from perfluo-
roalkyl iodides have also been prepared [36]. Deprotonation
with sodium hydride or butyllithium affords a system resem-
bling an electron-rich arene bearing a labile benzylic halide:
rapid fluoride elimination gives difluorofulvene which is imme-
diately recognized even in small quantities by its characteris-
tic stench. Only the thallium(I) salt of the CF3Cp anion (but
not of the homologous CF3(CF,),Cp anions [36]) was suffi-
ciently stable to explore its use as a CF3Cp anion synthetic
equivalent [34]. Preparation of early transition metal CF3Cp
complexes largely failed. A few titanocene derivatives were
obtained [34,37,38], but all attempts to coordinate CF3Cp to
the more fluorophilic Zr** or Hf** ions resulted only in decom-
position to difluorofulvene. An interesting Cp derivative bear-
ing four methyl groups and one CF3 group [39-41], as well
as several CF3-substituted indenes [42,43], were prepared by
Nazarov-type cyclodehydration chemistry. However in both
cases the anion is further destabilized (more basic) and not
even the thallium salts could be isolated [39,42]. The synthe-
ses of tetrakis- and pentakis(trifluoromethyl)cyclopentadiene
are stunning fours de force, but those interested in using
these compounds will encounter “extremely difficult” reac-
tions, intermediates that require “great care in handling,”
and products mixtures that require separation by prepara-
tive gas chromatography [44—46]. Cyclopentadienyl anions

bearing four or five CF3; groups are stable but weakly
nucleophilic. They react only with “naked” metal-fragment
precursors such as [(1°-MesCs)Ru(NCCH3)3][0SO,CF3] or
[(COD)M(THF),][OSO2CF3] (M=Ru, Ir) to form mixed
ruthenocenes or CpM(COD) derivatives, respectively [47]. Cp
ligands with two or three CF3 groups might strike the right
balance of stability and nucleophilicity, but they have not
been prepared. The alkylated analogue 1,2,4-trimethyl-3,5-
bis(trifluoromethyl)cyclopentadiene was prepared [48], but the
procedure was never published in the open literature.

Cp substituents must also be compatible with the reagents
and conditions of metal complexation. In this regard, one dis-
tinct problem with many electron-withdrawing substituents is
that they are also Lewis bases. A good examples is the cyano
group, which is strongly electron-withdrawing on the carbon
end, whereas nitriles are excellent ligands on the nitrogen end.
Cyclopentadienes bearing 1-5 cyano groups are obtained by
one-pot, stepwise cyanation of NaCp with cyanogen chloride
[49,50]. Monocyanocyclopentadiene is subject to rapid dimer-
ization and must be prepared freshly and handled carefully
[51]. Alkali salts of the cyanocyclopentadienes are thermally
stable and react with Mn, Re, and Fe halides to form com-
plexes having the general formula (ns -C5(CN),,Hs_,,)M(CO)3
(n=1-2, M=Mn, Re) and (n’-C5(CN),Hs_,)2Fe (n=1-2)
[52,53]. However, with increasing cyanation the Cp moiety
becomes less basic [49], and analogous attempts to prepare
the higher homologues (n = 3-5) led instead to ill-characterized,
insoluble, involatile network polymers in which metal ions were
bound instead to the N-terminae of the nitrile groups [54,55].

Similarly, cyclopentadienes bearing 1-5 carbomethoxy
groups are prepared either by alkaline decarboxylation
of pentakis(carbomethoxy)cyclopentadiene or by reac-
tion of NaCp with methyl chloroformate [56,57]. Alkali
mono(carbomethoxy)cyclopentadienides react efficiently with
a wide variety of both early and late transition metal halides to
afford stable pentahapto complexes [58-62], although highly
oxophilic ions like Zr'Y, Hf!Y, and Ta¥ are conspicuously
absent. The pentakis(carbomethoxy)cyclopentadienyl anion
exhibits two different coordination modes [57]. With early
or oxophilic metals, as well as many of the harder ions of
the first transition series such as Cr3*, Fe2*, Co?*, and even
Cu?*, coordination complexes involving the ester oxygens are
obtained [57]. With soft metal fragments including Mn(CO)3
[63], Sn?* [64], and low-oxidation-state ions late in the second
and third transition series (particularly Rh'*) [57], pentahapto
coordination of the Cp moiety is observed.

1.3.2. Alternative strategies for working with reactive
substituents

Fortunately there is no apparent limit to the ingenuity and
effort that organometallic chemists are willing to apply in cir-
cumventing the difficulties associated with reactive, electron-
withdrawing substituents. Just a few examples are provided
here. The thallium(I) ion generally stabilizes Cp anions, as was
illustrated earlier in the discussion of CF3-substituted cyclopen-
tadienes. The same technique has also been used to prepare T1Cp
compounds bearing halo [65,66], acetyl [67], carbomethoxy
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[59], and cyano [58] substituents. The toxicity of thallium is
a major drawback. Trialkylsilyl and trialkylstannyl Cp deriva-
tives are formally neutral compounds, but the C—Si and C—Sn
bonds are labile. Metathesis reactions with metal halides release
the corresponding R3EX (R=alkyl; E=Si, Sn; X =halogen)
as stable, often volatile byproducts. This strategy has enabled
the synthesis of Cp complexes bearing highly electrophilic sub-
stituents such as the SiMe,Cl [68] without requiring protective
groups.

Starting with ferrocene, ruthenocene, cymantrene, and a
few other famously stable complexes, one can conduct elec-
trophilic substitutions, metalations, side-chain rearrangements,
and sigma-coupling reactions. These methods furnish acyl [69]
nitro [70], halo [71-74], amino [75,76], cyano [77], fluorous
“ponytail” [62,78-82], p-haloaryl [83], and boryl [68,84,85]
derivatives.

Finally, in two cases, n°-arene complexes undergo ther-
molytic ring-contraction reactions to afford Cp complexes
bearing electron-withdrawing groups. In the first example,
thermolysis of a manganese m°-azidobenzene complex gave the
corresponding cyano-substituted Cp complex (presumably via
an m%-phenylnitrene intermediate) [86]. In the second example,
thermolysis of (m’-pentafluorocyclohexadienone)RuCp”~ gave
(m’-CsFs5)RuCp”, the first example of an organometallic com-
plex containing the m’-CsFs ligand [87], via CO extrusion. The
latter reaction is general for all the possible partially fluorinated
CsF,Hs_, ligands and noteworthy for its regiospecificity [88],
but so far it has not been adapted to other systems.

1.4. Why perfluoroaryl substituents?

Notwithstanding the depth and breadth of substituted
cyclopentadiene chemistry described in the preceding sec-
tions, when we began our work in 1995, we still found
something lacking. We needed a method of attaching highly
electron-withdrawing substituents to cyclopentadienes that met
the following criteria. First, the synthesis should be simple,
inexpensive, and scalable. Second, one should be able to attach
as many of the electron-withdrawing substituents as needed
without reworking the entire synthetic strategy, preferably even
in the presence of other ring substituents such as methyl groups,
and ideally with regiocontrol. Third, the substituted cyclopen-
tadienes should be readily converted to the corresponding
substituted Cp anions, which themselves should be isolable and
thermally stable as salts of common, non-toxic metal ions like
Na*. Fourth and finally, the substituents themselves should be
sufficiently inert to withstand complexation to both early and
late transition metal ion, and they should also be compatible
with subsequent chemistry including catalytic transformations.
The body of this article intends to demonstrate that perfluoroaryl
substituents meet all four of these criteria.

2. Ligand synthesis
Early examples of perfluoroaryl-substituted ferrocenes were

prepared by reactions of ferrocenyllithium with perfluoroarenes.
The specific organometallic compounds obtained by this route

CgFsl
Sy Gefd ol
| /N
PBus BusP”  CeFs
i AcCl

H,0

CeFsH + & 1 CeFs

major 1 (4%)

Scheme 1.

are reviewed in Section 3.4.1. However, a general route to
perfluoroaryl-substituted Cp complexes depends on the avail-
ability of the free ligands in preparative quantities. This sec-
tion describes the synthesis of cyclopentadienes and sodium
cyclopentadienides bearing perfluoroaryl substituents.

2.1. Cyclopentadienes bearing pentafluorophenyl
substituents

2.1.1. Early syntheses

The organocopper compound CpCu(PBu3) reacts with aryl
iodides (Scheme 1) [89]. With iodopentafluorobenzene as
the substrate, the major product is pentafluorobenzene, but
small amounts of other products including 4% of (pentaflu-
orophenyl)cyclopentadiene (C¢FsCpH, 1) are also obtained.
Oxidative addition of the aryl iodide could be an initial mecha-
nistic step; when the reaction was quenched with acetyl chloride
instead of water, pentafluoroacetophenone was obtained instead
of pentafluorobenzene, albeit with no change in the yield of 1
[89].

The titanocene derivative Cp,Ti(CeF5), undergoes pho-
tolytic decomposition to afford 1 (Scheme 2) [90,91]. The pri-
mary photoevent, presumed to be a ring-slip of one CgFsCp
ligand, exhibits unit quantum yield.

2.1.2. Synthesis by nucleophilic aromatic substitution

The direct reaction of NaCp with excess hexafluoroben-
zene (CgFg) under mild conditions affords diene 1aCF/1bCF
(Scheme 3, E=CF) [92]. The reaction is conducted in the pres-
ence of excess NaH, which traps the product in the anionic
form so that starting material is not lost to proton exchange

@'ﬁ"‘CGFS hv ) [ > coF
QQé‘CSFs 65
1b

Scheme 2.
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with the product. Diarylation is prevented by conducting the
reaction below room temperature. In the original procedure
[92], purification was accomplished by dimerization, recrys-
tallization, and flash-vacuum-thermolytic cracking. Subsequent
optimization of the workup and purification by flash chromatog-
raphy enabled the product to be isolated directly (as a mixture
of tautomers) in yields ranging from 65 to 80%; a detailed pro-
cedure has been accepted for publication in Inorganic Syntheses
[93].

Cyclopentadienes bearing more than one CgF5 group are
obtained in one-pot polyarylation reactions (Scheme 4). Excess
NaH converts each product diene to its conjugate base, which
is then available for the subsequent arylation. The reaction is
most easily followed either by TLC or by working up small
aliquots and examining the product by 'H NMR spectroscopys;
the methylene region (6 3.2-4.5 ppm) is particularly diagnos-
tic. The diarylated and triarylated cyclopentadienes are typically
obtained as a mixture (2aCF, 2bCF, 2¢CF, 2dCF, 3aCF, and
3bCF) that must be separated by silica gel chromatography
(tautomeric pairs 2a/2b and 2¢/2d do not separate) [92,94].
Analogous mixtures are obtained when cyclopentadienyl anions
are alkylated using 2-(perfluoroalkyl)ethyl triflates [81]. The vic-
inal diarylated isomer (2aCF/2bCF) is obtained only in small
amounts and not reproducibly, however no effort has been made
to optimize its preparation. The yields of the other products vary

ﬁ

Nga THF, DME,

RF, NaH

or diglyme
R Code
CeFs CF
CgF4CF3 (C;F7) CCF;
CsF4N N

but are typically in the 15-40% range. Although regiocontrol
(vicinal versus distal) is poor, no byproducts bearing geminal
CgFs groups are ever observed in these reactions. The tetra-
arylated cyclopentadiene 4CF is obtained selectively under
forcing conditions in 50-60% yield [95]. Treatment of any of
these cyclopentadienes with excess sodium hydride in THF gives
the corresponding substituted cyclopentadienylsodium com-
pounds in high yield (the sodium salt of 2aCF/2bCF was not
reported) [92,94].

To date, no pentakis(perfluoroaryl)cyclopentadiene has been
prepared by the nucleophilic aromatic substitution technique.
Instead, reduction of the corresponding tertiary carbinol gives
the desired diene 5 in 58% overall yield (Scheme 5) [96].

2.1.3. Cyclopentadienes bearing pentafluorophenyl and
tert-butyl substituents

Cyclopentadienes bearing one fert-butyl and either one or
two C¢F5 substituents (6 and 7) were prepared by nucleophilic
substitution (Scheme 6) [97]. The fert-butyl group directs the
arylation exclusively to the distal carbons of the Cp ring. The
number of CgFs substituents is selected by adjusting the reaction
temperature and the ratios of starting materials. The monoary-
lated diene 6 is obtained as an inseparable mixture of tautomers.
Treatment of each cyclopentadiene with NaH afforded the cor-
responding substituted Cp anions as sodium salts in high yields.

@ﬁ@r

ﬁﬁﬁ

3a

Scheme 4.
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Q H_ R
R R 1.RLi R\Q/R
R R 2. Zn, H;0* R R
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Scheme 5.

[Author’s note: The published synthesis of 7 calls for K(‘BuCp)
and KH, whereas we have found subsequently that sodium salts,
as shown in Scheme 6, react more cleanly; see Section 2.5.]

2.2. Cyclopentadienes bearing perfluoro-4-tolyl
substituents

Cyclopentadienes bearing one to four perfluoro-4-tolyl
(C7F5) substituents are obtained by nucleophilic aromatic sub-
stitution reactions that are analogous to their C¢F5-substituted
counterparts (see Section 2.1) [98]. The monoarylated diene
1aCCF3/1bCCF3 is prepared using less than 1equiv. of
Ce¢F5CF3 to avoid diarylation (Scheme 3); upon cold hydrolytic
workup the unreacted cyclopentadiene is removed with the
solvent by evaporation. Using CgFsCF3 the regiochemistry of
arylation with respect to the perfluoroaryl moiety is exclusively
para to the CF3 group. Choice of reaction conditions (tem-
perature, number of equivalents of C¢FsCF3, reaction time)
selects moderately well for either the diarylated or triarylated
dienes (2CCF3 or 3CCF3, Scheme 4) [98], and product
separation based on the number of aryl substituents by flash
chromatography is efficient. Regioselectivity with respect to the
cyclopentadiene moiety is poor, and unfortunately neither the
skeletal isomers nor the tautomers of the diarylated cyclopen-
tadiene (2aCCF3, 2bCCF3, 2cCCF3, and 2dCCF3) were
separable by silica gel chromatography. On the contrary, the
two skeletal isomers of the triarylated cyclopentadiene (3aCCF3
and 3bCCF3) separate easily. The tetraarylated cyclopentadiene
4CCF3; is obtained selectively under forcing conditions. The
corresponding pentakis(perfluoro-4-tolyl)cyclopentadiene is
not known. Treatment of the monoarylated diene
1aCCF3/1bCCFj3 with NaH in THF afforded the corresponding
NaCp derivative. One could envision a fluoride elimination
process analogous to that observed for CpCFsz anions
(Scheme 7), but no such reaction has been observed even at
100°C.

CoF
40 -
Na
NaH, THF

CeFs

e <
CoF
R = t-Butyl &

Scheme 6.

Scheme 7.

2.3. Cyclopentadienes bearing perfluoro-4-pyridyl
substituents

Cyclopentadienes bearing one or two perfluoro-4-pyridyl
(CsF4N) substituents are obtained by nucleophilic aromatic sub-
stitution reactions that are closely analogous to those described
above for C7F7 substituents (see Section 2.2) [99]. The monoary-
lated diene is obtained selectively as a mixture of tautomers
(1aN/2aN) under mild conditions, using less than 1 equiv.
of pentafluoropyridine (CsF5N) to prevent diarylation. Diary-
lated products are obtained selectively, and the skeletal isomers
(2aN/2bN and 2c¢N/2dN) are separable by flash chromatog-
raphy, albeit not with particularly good resolution. Treatment
of any of these cyclopentadienes with excess NaH in THF
affords the corresponding substituted NaCp derivatives in high

® CeFs
Na
NaH, THF
CeFs CeFs
CeFs
8 9
Scheme 8.
CF;
CgFsH
e
HF, SbF;
10
Scheme 9.
0 e
Ph , O 2 7n, H,0* Ph Q CeFs
Ph Ph
1
Scheme 10.
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yields. [Author’s note: The triarylated and tetraarylated homo-
logues have been prepared in our laboratories, but these results
have not been optimized and should be considered preliminary
[100].]

2.4. Pentafluorophenyl-substituted indenes and fluorenes

The reaction of sodium or potassium indenide with CgFg
affords indenes with either one or two C¢F5 groups (Scheme 8)
[101]. Selection for mono- versus di-arylation is achieved by
varying the temperature and the ratios of starting materials.
No regioisomers of either 8 or 9 are observed. The electron-
withdrawing effect of a CgFs group at the 1-position of the
indenyl anion prevents 1,1’-gem-diarylation.

An indene bearing both a CF3 group and a CgFs
group (10) was observed as a minor byproduct (13%) in
an electrophilic rearrangement/defluorination of perfluoro-1-
phenyltetralin (Scheme 9) and isolated in 90% purity by prepar-
ative GLC [102].

Anindene derivative bearing two phenyl groups and one Cg¢F5
group (11) was prepared by addition of CgFsLi to diphenylin-
done followed by dissolving-zinc reduction in 54% overall yield
(Scheme 10) [96].

9-(Pentafluorophenyl)fluorene (12) has been prepared by
three methods. Reduction of diphenyl(pentafluoro-
phenyl)carbinol (Scheme 11) with 90% formic acid gave
12 as the major product (48%) [103] along with the expected
triarylmethane (36%). A second, more deliberate synthesis of
12 was based on addition of CgFsLi to fluorenone (carbinol
isolated in 45% yield) followed by reduction (70%) [104].

In athird, more recent approach, the technique of nucleophilic
aromatic substitution has been applied to the synthesis of 9-
perfluoroarylfluorenes (Scheme 12) [105].

Other highly fluorinated fluorenes have been prepared.
Octafluorofluorene (13) is prepared in seven steps from 2-
bromononafluorobiphenyl (Scheme 13) [106]. Oxidation to the
corresponding fluorenone (14) is efficient (70%) [106], and sub-
sequent organolithium addition provides an entry point to the
9-aryl derivatives (15, 16) [107].

R
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R = C6F5, CGF4CF3, CsF4N

1. base

2.RF

Scheme 12.
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6. NaH, DMF
7. KOH (-COy) o
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C) — 3
O oons O
14
15 R =CgFs
16 R = 2-CgF4(CoFs)
Scheme 13.

2.5. Cyclopentadienes bridged by the
perfluoro-4,4'-biphenylene moiety

The reaction of decafluorobiphenyl with an excess of NaCp
affords the bis(cyclopentadiene) derivative 17 [108] as a mixture
of tautomers (Scheme 14). Although 17 slowly oligomerizes
(Diels—Alder addition), reaction of freshly prepared material
with NaH effects conversion to the corresponding bis(NaCp)
derivative, which can be stored indefinitely in the dark and under
nitrogen.

Arylation of Na('BuCsHy) furnishes the corresponding buty-
lated derivative 18 (Scheme 15); no regioisomers are obtained
in which arylation occurs vicinal to the fert-butyl group [109].
Further arylation of 18 afforded the bis(diene) 19. When
K('BuCsHy) was used instead, 4% of a coupled byproduct (20)
was isolated along with 18 as the major product. Compounds 18,
19, and 20 are colorless crystalline solids and are structurally
characterized.

Combining the regioselectivity of indene arylation and
of substitution at decafluorobiphenyl furnished step-growth

@ @ NaH, THF

Scheme 14.

2 NaCp
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oligomers (21 in Scheme 16, n~20) [110]. Models for end
group analysis (22, 23) were prepared using extreme ratios of
the two bifunctional starting materials.

2.6. Cyclopentadienes bearing partially fluorinated aryl
substituents

The topic defined by the heading of this section is beyond
the scope of this review. This section illustrates the major syn-
thetic strategies so that they can be compared with those used
for perfluoroaryl substituents. One such strategy is addition
of aryllithium or arylmagnesium bromides to cyclopentenones
(Scheme 17) [111]. A key difficulty in this chemistry is con-
ducting the dehydration step in a manner that will not lead to
polymerization of the product arylcyclopentadiene (e.g., 24).
Arylindenes prepared in this manner (e.g., 25) are not nearly
as prone to polymerization [112]. This method can be used to
prepare perfluoraryl-substituted cyclopentadienes and indenes,
but the instability and low nucleophilicity of arylmetal reagents
such as CgFsLi and C¢FsMgBr often result in low yields. The
tetracyclone addition chemistry shown in Scheme 5 is a notable
exception, where there is no competing proton-exchange side
reaction.

Cyclopentadiene undergoes palladium-catalyzed couplings
with aryl halides in the presence of hindered phosphine ligands
(Scheme 18) [113]. The reaction affords moderate control over
the degree of arylation (e.g., 26 versus 27). When Cp,ZrCl; is
used as the cyclopentadiene source [114], there is essentially

o - O

NaH
THF

Y
o3
' '
()

2
2

OO0

Scheme 16.

‘ i __Ho
0 @

24
MgBr
e
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-
25
Scheme 17.



1040 PA. Deck / Coordination Chemistry Reviews 250 (2006) 1032—-1055

R =4- C6H4F
cat. Pd
Bu,P
n=4,T=120°C 48% 9%
n=6,T=140°C -0- 82%
RBr (excess) R
@ Cl 'BusP R R
Zr“CI Pd(OA
% d(OAc), R R
032CO3 27
130°C, 1 h
60%
Scheme 18.

no control over the degree of arylation, but pentaarylcyclopen-
tadienes (e.g., 27) are typically formed in good yield (typically
50-80%).

2.7. Structural highlights

Cyclopentadienes bearing only perfluoroaryl substituents are
typically crystalline solids, and several have been characterized
by single-crystal X-ray diffraction. In the absence of vicinal
substituents (Fig. 1), the aryl groups lie nearly in the same
plane as the cyclopentadiene moiety, with typical Cp-aryl torsion
angles of 5-10°. The overall structure of the cyclopentadiene is
not significantly influenced by the identity of the perfluoroaryl
substituent. With two or more vicinal aryl groups (Fig. 2), the
compounds adopt propellar-type structures with larger torsion
angles.

3. Synthesis of transition metal complexes bearing
perfluoroaryl substituents

3.1. Titanium, zirconium, and hafnium complexes

The titanium half-metallocene complex 29 was prepared in
80% yield by the Me3SiCl elimination route (Scheme 19) [115].
Even under forcing conditions using an excess of the starting
silane (28, prepared from CgF5CpNa and Me3SiCl in THF),
only the half-metallocene was observed. Using the correspond-
ing stannane (30, prepared from CgFsCpNa and Me3SnCl in
THF), the metallocene 31 was obtained in 51% yield [115].

In unpublished work in our own laboratories, we attempted
to prepare 31 by metathesis reactions of (C¢F5Cp)Na with
TiCl4(THF); or by reaction of (CgFsCp)Na with TiCl3(THF)3
followed by oxidative chlorination [116]. These reactions gave
only intractible dark red solids. However a report of the synthe-
sis of the bis(indenyl) complex 32 by analogous metathesis with
the substituted indenyllithium appeared in a patent (Scheme 20)
[117], albeit with neither analytical data nor assignment of

Fig. 1. Molecular structures of 2dCF [94], 2dN [99], and 2dCCF3 [98].

the product stereochemistry (rac versus meso). Other CgFs-
substituted Cp titanium complexes that have been implicated as
reactive intermediates but not isolated are described in Section
6.2.

Zirconocene and hafnocene derivatives bearing perfluoroaryl
substituents are amenable to synthesis by metathesis of Zr—Cl
or Hf—Cl bonds with [(perfluoroaryl)cyclopentadienyl]sodium
compounds (Scheme 21). The CgFs-substituted compounds
33-36 and 40 are obtained quickly and in moderate to high
yields as thermally stable, pale yellow crystalline solids. The
triarylated complex 37 is obtained in lower yield and is also
thermally unstable, a feature ascribed to the low basicity of
the triarylated ligand. Analogous metallocene complexes bear-
ing C¢F4CF3 (38) and CsF4N substituents (39) are obtained
similarly. Additional complexes deriving from ligand substitu-
tions and abstractions of group 4 metallocene wedge ligands are
described in Section 6.3.

3.2. Molybdenum and tungsten complexes

Several Cp—Mo and Cp—W complexes bearing ring C¢F5 sub-
stituents have been prepared. All of the synthetic work in this
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Fig. 2. Molecular structures of 3aCF [94] and 4CF [95].
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area to date has involved the attack of C¢F5 synthons on Cp
ligands already coordinated to Mo or W. Reactions of group 6
metallocene dichlorides with excess CgFsLi result in substitu-
tion at the Cp ligand and in the metallocene wedge (Scheme 22)
[118,119], with concomitant formal hydride transfer to the metal
center. The 'F NMR spectrum of the hydride complex 41
(M =Mo) suggested a significant thermal barrier to M—CgF5
bond rotation.

A similar outcome is observed when starting with a W' com-
plex and with reversed charge at the CgFs ipso carbon of the
synthon (Scheme 23) [120]. Trapping experiments suggest that
the halogen is initially transferred to the W center as X* (X =Br,
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I) to afford a WY intermediate and a CF5 anion. Thus the chem-
istry in Schemes 22 and 23 is mechanistically consistent.

3.3. Manganese and rhenium complexes

A series of piano stool complexes has been prepared by reac-
tions of NaCp ligands bearing pentafluorophenyl [92,94,95],
perfluoro-4-tolyl [98], and perfluoro-4-pyridyl [99] substituents
(see Section 2) with a metal carbonyl halide precursor
(Scheme 24).

Indenyl complexes bearing perfluoroaryl substituents have
also been prepared by reactions of substituted indenylsodium

R,
R, -
ed THF, A C|7
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Na® oc

substituent positions
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CeFs 43 44 45 46 47
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Scheme 24.
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ligands and a metal carbonyl halide (Scheme 25) [101,110].
Anm'-indenylrhenium pentacarbonyl intermediate (61) was iso-
lated and subsequently thermolyzed to afford the corresponding
n’-indenylrhenium tricarbonyl product (62). Intermediates of
lower hapticity were not observed in reactions leading to the
diarylated analogues (63, 64).

Coordination of the Mn(CO)3 fragment to oligo[1,3-
indenylene-4,4’-octafluorobiphenylene] (21) gave a correspond-
ing oligomeric species (65) in which about 85% of the indenyl
units had reacted (Scheme 26) [110]. The infrared spectrum of
the coordinated Mn(CO)3 fragment compared favorably to the
well-characterized model (63).

0
O-@-C-

1. NaH
2. Mn(CO)sBr
THF, A

Scheme 26.
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3.4. Iron and cobalt complexes

Although this section focuses on two primary methods
of deliberate synthesis, the complex (CgFsCp)CpFe has been
reported as a byproducts on other occasions. Photolysis of iod-
oferrocene in the presence of C¢Fg gave (C¢F5Cp)CpFe in 32%
yield (58% based on unrecovered iodoferrocene) [121]. The
reaction of K[CpFe(CO),] with CgFsBr gave a complex mixture
of products, from which (C¢F5Cp)CpFe was isolated by silica
gel chromatography in 12% yield [122].

3.4.1. Arylation of lithioferrocenes

Ferrocene undergoes metalation by either strong bases
(e.g., n-BuLi) [123-129] or electrophilic reagents (e.g.,
mercuric acetate) [130]. Lithioferrocenes undergo direct
nucleophilic substitution reactions with perfluoroarenes. The
observed products depend on ratios of starting materials
(Scheme 27, R=H). For example, the reaction of mono-
lithioferrocene with CgFg gives either the arylferrocene
(66) or the diferrocenyltetrafluorobenzene (68) [131-133].
N,N-Dimethylaminomethylferrocene undergoes regioselective
monolithiation (Scheme 27, R=CH;NMe,) and arylation with
CeFe to afford the analogous arylferrocene (67) and dimetal-
lic complex (69). The diastereomers (meso-69 and rac-69)
were separated by selective extraction, and the structure of
meso-69 was confirmed by crystallographic analysis of the
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bis(methiodide) derivative. The preparation of 70 illustrates how
formation of the dimetallic species can be prevented if the start-
ing arene already bears one non-fluorine substituent [132].

When dilithioferrocene reacts with CgFg, a mixture of prod-
ucts is obtained (Scheme 28, R=H). Using excess CgFg,
the diarylated ferrocene (71) is the major product. Using
lequiv. of CgFg, one obtains a mixture of ferrocenylene-
tetrafluorophenylene oligomers (73). The initial difficulties
encountered in assigning the structure of the diiron complex
(73, n=1) can probably be ascribed to the low solubility of the
compound and probably also to the poor sensitivity of the NMR
instrumentation available at the time [132]. Subsequent isola-
tion, purification, and complete characterization of 73 (n=1,
see Section 4.2) confirmed the structure shown [134]. Looking
back on the original NMR data [132], the signal arising from
the p-tetrafluorophenylene group is slightly shifted and shows
a “complex” coupling pattern, consistent with a mixture of the
diiron complex and the next highest oligomer (73, n=1, 2). The
substituted oligomers (74) are sufficiently soluble in common
solvents that their molecular weight (M,, ~ 3500; n ~ 9) is read-
ily characterized by NMR spectroscopic end group analysis. The
“electronic communication” between the ferrocenyl units in 68
and 73 (n=1) is barely detectable by square wave voltammetry
[133,134], in contrast to fairly strong electrochemical coupling
observed in phenylene-linked diferrocenes [135].

3.4.2. Synthesis from perfluoroaryl-substituted
cyclopentadienyl anions

Homoleptic ferrocenes and cobaltocenes are readily prepared
by ligand substitution reactions of cyclopentadienyl anions with
iron and cobalt halides. This method applies well to the synthe-
sis of ferrocenes and cobaltocenes bearing perfluoroaryl groups
(Scheme 29) [94]. The electron-withdrawing effects of the C¢F5
groups (see Section 5.2 below) stabilize the substituted cobal-
tocenes toward oxidation. For example, 83 is an air-stable com-
pound even in benzene solution and in the presence of dilute
aqueous acid. Dissolution of the CgFs-substituted cobaltocenes
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83-85 in D,SO4 affords orange solutions that exhibit 'H and
19F NMR spectra consistent with the corresponding diamagnetic
cobaltocenium bisulfates. Oxidation of the diarylated cobal-
tocene 82 with air and dilute aqueous hydrochloric acid enabled
isolation of the corresponding cobaltocenium ion as the air-
stable hexafluorophosphate.

The presence of two different substituents on a Cp ligand
leads, in general, to a diastereomeric mixture of homoleptic
ferrocenes (Scheme 30). The butylated, arylated Cp ligand 6
afforded such a mixture (86), which was separated by fractional
crystallization. The diarylated ligand 7 furnished the corre-
sponding tetraarylated ferrocene 87 [97].

Mixed ferrocenes can sometimes be prepared by sequen-
tial addition of different cyclopentadienyl ligand sources to a
suitable metal precursor (Scheme 31). This method led to the
preparation of the mixed ferrocene 88 albeit as the minor prod-
uct isolated by fractional crystallization [136].

Reactions of an octafluorobiphenylene-linked bis(cyclo-
pentadienyl) ligand (17) with Fe'! and Co!' sources give
oligomeric species (Scheme 32) [108]. NaCp is added as a “cap-
ping” ligand, enabling dimetallic and trimetallic species (89, 90;
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n=1, 2) to be separated from the otherwise intractable product
mixtures by liquid chromatography. The cobalt derivatives are
isolated as the corresponding cobaltocenium hexafluorophos-
phates (90).

Tetracyclone complexes are beyond the scope of this review,
even though several highly fluorinated examples (e.g., 91) have
been prepared. These complexes are mentioned here only to
make the point that their conjugate acids can be viewed formally
as hydroxy(tetraaryl)cyclopentadiene complexes, as in the case
of the “mixed cobaltocene” 92 (Scheme 33) [137].

4. Structure and dynamics

Table 1 presents the published record of perfluoroarylated
Cp complexes that have been crystallographically characterized.
Instead of displaying each of these structures here, cross-cutting
themes are introduced and illustrated in the following four sec-
tions.

4.1. General structural features
Attachment of perfluoroaryl groups to Cp ligands ordinar-

ily has no significant effect on the general structural features
of Cp complexes. Because of the relatively small amount of
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Table 1

Crystallographically characterized perfluoroarylated Cp complexes

Complex CSD code References
(1°-CF3C6F4CsH4),ZrCly (38) [98]
[n5—1,2,4-(C6F5)3C5H2]CerC12 (37) EYUSOG [164]
(1°-C6F5CsH,),Hf(CHs), (100) EYUSUM [164]
[3-1,2,4-(C6Fs)3CsHaIMn(CO)3 (1/2 C¢Dg) (46) ACEDUH [94]
[M’-1,2,3,4-(CF5)4CsHIMn(CO); (47) MICRUL [95]
(3-CF3CgF4CsHy)Mn(CO)3 (48) [98]
[M°-1,2.4-(CF3C6F4)3CsH, IMn(CO);3 (49) [98]
[13-1,3-(C5F4N),CsH3IMn(CO)3 (52) [99]
[3-1,3-(C6Fs),CsH3Re(CO); (54) ACEFAP [94]
[17-1,2,4-(C¢F5)3CsHyIRe(CO);3 (55) ACEFET [94]
[M3-1,2,3,4-(CsF5)4CsH]Re(CO)3 (56) MICSAS [95]
[3-(CsF4N)CsH4JRe(CO); (58) [99]
[n'-3-(C¢F5)CoHgIRe(CO); (61) QEWVAP [101]
[3-1-(C¢Fs)CoHgIRe(CO)3 (62) QEWVET [101]
[17-1,3-(C4F5)2CoHs Re(CO); (64) QEWVIX [101]
[n3-(C¢Fs)CsHal2Fe (71) LOTDAZ [136]
[3-(C6F5)CsHa][m’-1-(C6Fs)-2-(MeaNCH,)CsHs]Fe (72) XEQKEJ [134]
(m’-(C¢F5)CsHy)(n’-1-Ph-3,4-Me, CsH,)Fe (58) LOTCUS [136]
[3-1-(C¢Fs)-2-(Me,NCH,)CsH3 ]CpFe (67) XEQKAF [134]
['r]s—1,2,4-(C6F5)3C5Hz]2Fe (4 C¢Hg) (77) ACEDIV [94]
rac-[n°-1-(CgFs)-3-'BuCsH3 ], Fe (rac-86) ADIQAF [97]
meso- [nS-1-(C6F5)-3-’BuC5H3]2Fe (meso-86) ADIQEJ [97]
[13-1,2-(C¢Fs5)2-4-"BuCsH;,],Fe (CDCl3) (87) ADIQAF [97]
[1,4-{CpFe[n’-2-(Me3NCH,)CsHj-1-]},CsF4]I; (3 CHCI3) (69.2Mel) XEQKIN [134]
CpFe[n°-CsHy-(4,4'-CsF4CgF4)-n°-CsHy]FeCp (89, n=1) QANZEK [108]
[3-(C6F5)CsHa]Fe[n’-CsHy-(1,4-CsF4)-m3-CsHylFe[n’-CsHy (C6Fs)] (73, n=1) XEQIUY [134]
[3-1,2,3-(C6Fs)3CsHa1,Co (55) ACEDOB [94]

available structural data, exceptions are often limited to single
examples. For CpM(CO)3; complexes (M = Mn, Re), unchanged
parameters include M—Cp(centroid) distances, M—CO and
C-O distances, and OC—M—CO angles. In the complex (4-
CF3CF4CsH4)Mn(CO)3 (48), the C—C distances of the Cp
ligand exhibited a slight alternation with the longest bond
opposite the substituent [98], but the corresponding perfluoro-
4-pyridyl substituted CpRe(CO)3 did not exhibit this fea-
ture [99]. CpM(CO)3 complexes (M=Mn, Re) bearing four
C¢Fs groups showed slight (0.02-0.04 A) elongation in the
M—Cp(centroid) distances, a distortion that could be ascribed
to either a steric or electronic effect (e.g., M—Cp bond
becoming “ionic”) [95]; however the M(CO)3 tripods were
undistorted.

For ferrocenes and cobaltocenes, unchanged parameters
include the Fe—Cp(centroid) distances and the linear Cp—Fe—Cp
(axial) angle. Even in the highly hindered complex 87 the
axial angle is distorted only about 6° from linear. For group
4 metallocene complexes, unchanged parameters include the
M—Cp(centroid) distances, the Cp(centroid)-M—Cp(centroid)
angle, and the distances and angles among the wedge ligands.
The most “extreme” example to date is the zirconocene dichlo-
ride 37, which shows a lengthening (0.09 A) of the Cp—Zr bond
for the substituted ligand and a slight widening (about 2°) in
the Cp—Zr—Cp angle. Otherwise the triarylated Cp ligand in 37
is neither distorted nor “slipped.” To recapitulate, perfluoroaryl
groups do not cause significant distortions in Cp complexes, a
point that becomes important in understanding electronic sub-
stituent effects (see Section 5).

4.2. Arene stacking

Fluoroaromatic and non-fluorinated aromatic systems often
engage in arene stacking [138]. This phenomenon is sufficiently
general and parametrically reliable that one can envision using
arene stacking in the three-dimensional design of organic mate-
rials (i.e., “crystal engineering”). For the present discussion, two
structural parameters are particularly useful. The intercentroid
distance is the distance between the respective centroids of
the two Cg rings. The centroid-plane distance is the distance
between the centroid of one C¢ ring and the least squares plane
defined by the second Cg ring. When these two distances are
identical, then the stacked arenes are “aligned;” if not, they
are “slipped.” The first perfluoraryl-substituted Cp complexes
demonstrating arene stacking phenomena were the ferrocenes
71 and 72 (Fig. 3) [136]. In the homoleptic ferrocene 72, the
transannular stacking arrangement is a “slipped stack,” with an
intercentroid distance of 3.58 A and a centroid-plane distance
of 3.28 A. In the mixed ferrocene 72, the arrangement is not
closer, but it is better aligned, with an intercentroid distance of
3.54 A and a centroid-plane distance of 3.38 A. While stack-
ing is to be expected in the mixed ferrocene, its occurrance in
the homoleptic ferrocene warrants rationalization. The “slipped
stack” minimizes the distances between 2-, 3-, 5-, and 6-carbons
of the C¢Fs groups with fluorines on the opposite ring, a simple
but compelling electrostatic model [136].

Subsequently numerous other perfluoroaryl-substituted Cp
complexes have revealed two general types of arene stacking
behavior in the crystalline state: (1) intramolecular stacking of
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Fig. 3. Molecular structures of 71 (top) and 88 [136] showing arene stacking
phenomena.

CeFs5 groups; (2) stacking of CgFs groups with solvent (typi-
cally benzene) or with Cp ligands. In principle, intermolecular
CeF5/CeFs5 stacking is also possible but has not been reported,
although unpublished results from our laboratory have revealed
intermolecular stacking in (CH3CgF4CsHy4),Fe [116].

With the diastereomeric butylated complexes rac-86 and
meso-86, mutual repulsion of the fert-butyl groups allows arene
stacking in the rac isomer, but in the meso isomer, alignment
of the C¢Fs groups would also require eclipsing the tert-butyl
groups, and stacking does not occur [97]. The diiron complex
73 exhibits “double decker” arene stacking about the central
tetrafluorophenylene group (Fig. 4) [134]. The stacking param-
eters are similar to those observed for the diarylferrocenes 71
and 72.

The triarylated CpMn(CO)3 complex 46 crystallizes with a
molecule of CgDg sandwiched between two C¢F5 groups (Fig. 5)
[94]. The solvent is somewhat disordered, but on the other
hand, the adduct was stable enough to collect data on a point-
detector instrument at room temperature. These arene stacking
phenomena are not limited to metal complexes; the tetraarylated
cyclopentadiene 4CF also crystallizes with 1/2C¢Hg in a manner
similar to that shown for 46.

The hexaarylated ferrocene 77 crystallizes with four
molecules of CgHg. The molecular structure includes two
transannular CgF5/CgFj5 stacks, and the packing diagram reveals
stacking chains comprising one instance of intramolecular
CgFs/CgFs5 stacking and the benzene solvate [94]. This com-
position is highly labile toward desolvation (Fig. 6).

The diarylated ferrocene 71 shows, in addition to
intramolecular CgF5/C¢F5 stacking (see above), intermolec-

Fig. 4. Molecular structure of 73 showing arene stacking [134].

ular stacking of Cg¢Fs5 groups with neighboring Cp groups
(Fig. 7).

4.3. Conformational properties

4.3.1. Cp-aryl torsional angles

The Cp-aryl torsional angle is a soft parameter with pref-
erences that are perhaps on the same order as crystal packing
forces. Unhindered Cp-aryl torsions typically lie in the 0-50°
range, and there are no clear trends, for instance, as a function of
early-versus-late transition metals. However, when two perfluo-
roaryl groups occupy vicinal sites on a Cp ligand, the torsional
angles become larger to minimize the vicinal repulsions. For
example, the two Cp—Cg¢Fs interplanar torsional angles in 54
are 23° and 39°; both torsions are unhindered. In 55 the “iso-
lated” Cp—Cg¢F5 torsional angle is 42°, whereas the torsional
angles for the two vicinal Cp—CgF5 groups are 66° and 51°.
In 56 the “inner” Cp—CgFs torsional angles are 61° and 57°,
while the “outer” angles are 36° and 49°. None of the latter
three structures have solvents of crystallization. Comparison of
the first and last examples shows that even this vicinal versus
non-vicinal trend is rather weak.

Fig. 5. Partial packing diagram of crystalline 46 showing C¢Dg solvate [94].
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)

Fig. 6. Partial packing diagram of crystalline 77 showing C¢Hg solvates [94].

Cp-aryl torsions have also been analyzed in solution using
dynamic NMR spectroscopy. Perfluoroaryl groups are easier to
analyze than phenyl groups, because the inherent dispersion of
19F NMR gives rise to a much wider kinetic window [94]. In
piano stool complexes, rotations of vicinal Cp—CgF5 bonds have

Fig. 7. Partial packing diagram of crystalline 71 showing intramolecular
Cp—CgFs stacking [136].

been measured in several cases. In 55 for example, the “isolated”
Cp—CgFs torsion is still in fast exchange at —90 °C, whereas
decoalescence of the ortho fluorines occurs below —50 °C. The
rate of Cp—CgF5 bond rotation at —50 °C was about 11kHz,
and an Eyring analysis afforded an enthalpy of activation (AH')
of 9(1) kcal mol~!. For the both of the tetraarylated complexes
(47 and 57), the barriers to rotation of the “outer” Cp—CgF5
groups was 8(1) kcal mol~!, while the “inner” Cp—CgFs were
fixed at all temperatures [95]. In comparison, the barrier to rota-
tion of the “inner” Cp—CgHs groups in (m-PhsCsH) complexes
is about 9 kcal mol~! [139]. None of the perfluoroarylated piano
stool complexes showed evidence of restricted rotation of the Cp
ligand with respect to the M(CO)j3 tripod.

4.3.2. Axial conformations of parallel metallocene

Most of the conformational effects in parallel metallocenes
are based on analyses of ferrocenes and cobaltocenium ions
bearing bulky, roughly isotropic groups such as fert-butyl or
trimethylsilyl [140]. One might expect aryl-substituted fer-
rocenes to differ for two main reasons. First, aryl groups are
flat, not spherical. Transannular conformational preferences
might couple with Cp-aryl preferences giving rise to corre-
lated or geared motions [139,141]. Finally with perfluoroaryl
substituents there is the additional issue of attractive forces
arising from arene stacking. Again '°F NMR is a useful tool
because its high intrinsic dispersion facilitates signal-counting
and symmetry-based ground-state structural assignment in the
slow-exchange regime, which in ideal cases can be compared to
crystallographic data.

Fig. 8 presents a typical analysis carried out on the hexaary-
lated ferrocene 77. The rotamer diagram presents the ten canon-
ical conformations and their point group symmetries, including
the four pairs of enantiomers (b/j, ¢/i, d/h, and e/g). Filled cir-
cles are the CgF5 substituents, and open circles are hydrogens.
Eclipsed and staggered conformers (e and s, respectively) are
assigned enthalpies (subscripts) based on an arbitrary scale in
which each eclipsing interaction equals +1 and each gauche
interaction equals +0.5 [140]. In this analysis, the most sta-
ble conformer is ¢/i (one eclipsing interaction), which is the
observed structure with six trimethylsilyl substituents [142].
With six CgFs substituents, the crystal structure (Fig. 6) adopts
the e/g structure, albeit with four molecules of benzene also
present in the unit cell. At this point one will observe that
there is no simple enthalpic “cost per interaction” for eclips-
ing C¢F5/C¢F5 groups that will predict the e/g conformer as the
ground state. Moreover if the complex adopts the e/g ground
state structure in solution, the rotamer diagram suggests that the
barrier to racemization (via the staggered conformer f) should
be negligible. The observed barrier (based on dynamic 'H NMR
spectroscopic analysis) is 11(2)kcal mol 1, exactly the same
barrier observed for the [1,2,4-(Me3Si)3CsH>],Fe [142]. How-
ever replacing the “isolated” CgFs groups of 77 with tert-butyl
groups (i.e., complex 87) results in a significantly higher axial
rotational barrier of 17(2) kcal mol~! and a solid state structure
that is closest to the staggered conformer d/h. This increase can
be rationalized as follows. Based on Fig. 8, racemization of any
enantiomeric pair of rotamers proceeds through rotamer f. In
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a. e3-Cyv

Fig. 8. Rotamer diagram for 77. Notation is defined in the text.

77, the “isolated” CgF5 group can rotate to accomodate the pair
of CgF5 groups opposite, which are more constrained by vici-
nal interactions. But in 87, the “isolated” group is a tert-butyl
group which the opposing pair of C¢F5 groups cannot so eas-
ily straddle. Clearly, a much more complex model is needed to

account for the dynamic behavior of perfluoroaryl-substituted
metallocenes. Unfortunately, the Cp—CgF5 barriers in 77 were
not determined; comparison to the barrier observed in the rhe-
nium piano stool 55 would be instructive.

5. Physicochemical analyses of perfluoroaryl
substituent effects

Numerous techniques have been applied to determine the
intrinsic electronic effects of Cp substituents on coordinated
metal ions and metal-containing molecular fragments. This sec-
tion focuses on two techniques that have been used to analyze
the effects of perfluoroaryl groups in particular.

5.1. Infared spectroscopy

IR spectroscopy is particularly useful for analyzing elec-
tronic effects in Cp complexes that also contain carbonyl lig-
ands. In many cases detailed studies have been conducted
over wide ranges of substituents with correlations to other
physicochemical parameters, reaction kinetics, and so on [143].
Examples include but are not limited to Cp,Ti(CO), [37,144],
Cp2Zr(CO), [145], CpFe(CO)(PPh3)I [30] [CpRu(CO)]o (-
CO), CpMn(CO)3; [63,146], CpRe(CO)3 [147], CpCo(CO),
[148], CpRh(CO), [149], and CplIr(CO)(PPh3) [150]. Within a
structurally homologous series of compounds, a higher stretch-
ing “frequency” (usually reported as a wavenumber) for a par-
ticular normal mode indicates a more electron-deficient metal
center.

Group 7 piano stool complexes — substituted congeners
of CpM(CO)3; (M =Mn, Re) — have been analyzed using IR
spectroscopy. Table 2 presents all of the published data on
perfluoroaryl-substituted complexes, along with selected data
from the literature to frame the data in a quantitative context.
The trends are illustrated graphically (Fig. 9) using M =Mn,
for which there are more examples, but it is clear from the

Table 2
Carbonyl stretching wavenumbers for perfluoroarylated Cp complexes
Entry Complex ‘Wavenumbers® References
M=Mn M=Re
A E A E
1 CpM(CO)3 2028 1944 2031 1939 [94]
2 [1°-(C6F5)CsH4 IM(CO)3 2032 1954 2034 1947 [94]
3 [1°-1,3-(C6F5)2CsHy IM(CO)3 2035 1966 1960 2038 1953 [94]
4 [13-1,2,3-(CF5)3CsHy IM(CO)3 2041 1975 1963 2043 1965 1954 [94]
5 [1°-1,2,4-(CFs)3CsH,IM(CO); 2040 1973 1965 2042 1963 1957 [94]
6 [m°-1,2,3,4-(C6F5)4CsHIM(CO); 2044 1980 1970 2047 1970 1959 [94]
7 [M°-(CF3CgF4)CsH4]Mn(CO);3 2034 1957 [98]
8 [1°-1,2,4-(CF3C6F4)3CsH, IMn(CO); 2044 1979 1972 [98]
9 [°-(CsF4N)CsH4 IM(CO); 2035 1959 2037 1951 [99]
10 [1°-1,2-(C5F4N),CsH3IM(CO);3 2041 1972 1965 2043 1964 1956 [99]
11 [M°-1,3-(C5F4N),CsH3IM(CO); 2041 1974 1968 2043 1964 1961 [99]
12 [1’-(CF3)CsH4IMn(CO); 2030 1942 [34]
13 [1°-ClsCsIMn(CO)3 2048 1982 [171]
14 [1°~(CH3)5C5]Mn(CO); 2017 1928 [172]

2 Recorded in alkane solvent except for ['q5 -(CF3)CsH4]Mn(CO)3 (neat liquid).
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Fig. 9. Carbonyl stretching wavenumbers (A band) for substituted CpMn(CO)3
complexes.

data in Table 2 that the substituent shifts in the rhenium ana-
logues are essentially identical. These data demonstrate that
substituent electron-withdrawing strength decreases in the order
CF3 > C5F4N > CgF4CF3 > CgFs =Cl>H.

5.2. Solution voltammetry

The oxidation potentials of substituted ferrocenes and cobal-
tocenes are useful probes of electronic substituent effects of ring
substituents [151]. Electrochemical techniques such as cyclic
voltammetry or square wave voltammetry are intrinsically inva-
sive: a chemical reaction occurs at an electrode. Thus elec-
trochemical data can be more difficult to obtain than infrared
spectra. Substituent shifts are considered more reliable if the
electrochemical couple is fully reversible. Decomposition of
the ferrocenium or cobaltocene species on the time-scale of a
cyclic voltammogram can be detected in the loss of current in
the return wave. Although most substituted ferrocenes are stable,
the corresponding ferrocenium ions can be subject to internal
attack by Lewis-basic substituents such as acetamido [152] or
by the supporting solvent/electrolyte [123]. The same is true
when determining the reduction potential of a cobaltocenium
ion—the 19-electron cobaltocene may be unstable. With com-
plexes that are only sparingly soluble, achieving reversibility in

Table 3
Oxidation potentials of perfluoroarylated ferrocenes relative to Cp,Fe|CpyFe*

Reviews 250 (2006) 1032-1055 1049
Table 4

Oxidation potentials of perfluoroarylated ferrocenes relative to Cp>Co|Cp,Co*
Complex Eip (0x) (mV)? References
Cp>2Co )

[n’~(C6F5)CsHa2Co 400 [94]
[M°-1,3-(CsF5)2C5Hyl2Co 760 [94]
{CpCo[1’-CsHy-(4,4"-CsF4C6F4)-1>- 232 [108]

CsH4]CoCp}(PFs)2

2 Recorded in acetonitrile solution using 0.1 M n-BusNPFg as the electrolyte.

1000

800

600

400

E1/2(OX), mV

2001

number of substituents

Fig. 10. Fe!l|Fe!l! half-wave potentials for substituted ferrocenes.

the presence of trace adventitious impurities such as water and
oxygen can be difficult.

Ferrocenes and cobaltocenium hexafluorophosphates bear-
ing only perfluoroaryl substituents typically exhibit reversible
electrochemical behavior in deoxygenated dichloromethane or
acetonitrile solutions using tetra-n-butylammonium hexafluo-
rophosphate as the electrolyte and activated alumina as an inter-
nal desiccant. Tables 3 and 4 present the body of published
data, along with selected data from the literature to enable the
effects of perfluoroaryl substituents to be placed in a quanti-
tative context. The trends are illustrated graphically (Fig. 10),
and the trends are consistent with those obtained using infrared

Complex Eip (ox) (mV)? References
CpzFe 0)

[M°-(CsF5)CsHaloFe 345 [92]
[M°-1,3-(C6Fs),CsHaloFe 678 [92]
[m3-1,2,3-(C¢Fs)3CsH, ], Fe 951 [94]
[m3-1,2,4-(CFs)3CsH, ], Fe 940 [94]
[n*-(CF3CgF4)CsHy ]2 Fe 465 (98]
[3-(CsF4N)CsHuloFe 520 [99]
[1°-1,3-(C5F4N),CsHy o Fe 985 [99]
CpFe[’-CsHy-(4,4'-CgF4CgF4)-n°-CsHy JFeCp 200 [108]
Cp{Fe[n’-CsHy-(4,4'-C¢F4CgF4)-n’-CsHy]}2FeCp 180(2), 372 [108]
Cp{Fe[n’-CsHy-(4,4'-CsF4CsF4)-n’-CsHy]} 3FeCp 192,382 [108]
[n°-(C6Fs5)CsHa]Fe[n’-CsHy-(1,4-CsF4)-n’-CsHy]Fe[n’-CsHy (CoFs)] 323,349 [108]
[3-(CF3)CsHyloFe 640 [34]

2 Recorded in dichloromethane solution using 0.1 M n-BusNPFg as the electrolyte.
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spectroscopy. Note especially that the Co!'|Co!! couple is more
sensitive to the substituents than the Fel|Fe!! couple.

6. Reactions of perfluoroaryl-substituted
cyclopentadienylmetal complexes

6.1. Nucleophilic aromatic substitution

Although stable toward most electrophiles, perfluoroaryl sub-
stituents, especially CgF5 and C5F4N, are susceptible to attack
by strong nucleophiles (Scheme 34). The products 93 and 94
are obtained in moderate yields after purification by silica gel
chromatography. This chemistry has appeared so far only in
conference abstracts [153,154], but the nucleophilic substitution
technique holds promise as an alternative method of attaching
“fluorous ponytails” (and likely other moieties) to ferrocene.

6.2. C—F ortho-activation

Nucleophilic substitution methods (Section 6.1) can afford
aryl substituents with nucleophiles that have been introduced
in the para and meta positions. Reactions of cyclopentadiene
or indene bearing one CgFs5 group have recently been shown
to undergo ortho displacement of fluoride by dimethylamino
upon treatment with Ti(NMe;)s (Scheme 35) [155]. Solution
NMR measurements conducted on reaction mixtures suggested

SO
|

excess ROH
Fe
@ CoFe NaH, THF, A
71 R = (CHy),(CF3)n(CF3)

93
= CefeN
| excess ROH
Fe
©05F4N NaH, THF, A
79 F OR
\ A
rRo F !
Fe F OR

Scheme 34.

CeFs

|
Me,N! II “NMe,
MezN

@706':5 toluene

+ TI(NM32)4

MeZN NMez -
O MeN' 71
MezN
96 — —
F

Scheme 35.

a mechanism in which the cyclopentadiene (or indene) coor-
dinates to Ti (probably in an m> fashion), followed by an
intramolecular nucleophilic displacement of fluoride. In the case
of the substituted indene, the reaction was optimized on a prepar-
ative scale to give either the monoamine (97) or the diamine (98)
selectively. The use of the diaminated cyclopentadiene 96 as a
ligand was demonstrated by preparing the corresponding sub-
stituted ferrocene {1]5 -[2,6-(Me;N),CF3]CsHy }oFe [155].

6.3. Wedge ligand substitution and abstraction in group 4
metallocene complexes

The wedge ligands of bent metallocenes are commonly
known to undergo facile nucleophilic substitution and elec-
trophilic exchange. Although reactions of group 4 metallocene
complexes derived from perfluoroaryl-substituted Cp ligands are
generally similar to those of the unsubstituted metallocene com-
plexes, there are occasionally important differences. For exam-
ple, while CpyZrCl, reacts with methyllithium in diethyl ether
solution to afford Cp,Zr(CH3); [156], the analogous reaction of
perfluoroaryl-substituted zirconocene dichlorides (Scheme 36)
must be carried out in a hydrocarbon suspension using methyl-
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lithium that is scrupulously free of ether, otherwise the para
fluorines will undergo some substitution by methyl groups [157].
These methylation reactions must also be carried out in the dark,
otherwise only intractible black solids are obtained. Once the
metallocene is dimethylated, one methyl group can be selec-
tively replaced with chlorine using trityl chloride (Scheme 37)
[158].

Dimethylmetallocenes also undergo electrophilic ligand
abstraction using either Brgnsted acids or strong organo-Lewis
acids including alumoxanes [159]. Abstraction of a single
methyl group is quantitative using 1equiv. of the strong
Lewis-acidic reagent tris(pentafluorophenyl)borane [160]. The
resulting quasi-ionic species are useful as catalysts for the
polymerization of ethylene and other olefins [159]. The prepar-
ative chemistry extends smoothly to dimethylmetallocenes
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Fig. 11. 9F NMR spectra (376 MHz) showing the progress of methyl anion
abstraction from 101 in CeDe. (a) 101; (b) 101 + 0.5 equiv. of B(CeF5)3; (c)
101 +excess B(CgFs); (d) 101+ 10equiv. of MAO. Legend: (O) 101; (B)
B(CgFs)3; (+/—) mononuclear cation and tightly bound borate anion, respec-
tively, of 110; (/=) dinuclear cation and loosely bound borate anion, respectively,
of 108.

bearing perfluoroaryl substituents (Scheme 37) [157]. Less
than 1equiv. of B(C¢F5); affords a mixture of mononuclear
and dinuclear ion-paired species (107 and 109, respectively),
whereas an excess of B(CgFs)3 results in complete conversion
to the mononuclear species. The reaction is readily followed
using 'F NMR (Fig. 11a—c), whereas corresponding 'H NMR
spectra are not sufficiently resolved for quantitative speciation
of the reaction mixtures.

Comparison of the unsubstituted [161], monoarylated, and
diarylated reaction systems (Scheme 37) reveals a respective
decrease in the tendency to form the (u-CHj3)-bridged dinu-
clear complex 107 as compared to 108. The zirconocenium
species 109, with the additional C¢F5 substituent, would be more
electrophilic than 110, which could result in a preference for
bonding 109 to the MeB(CgFs)3 anion (forming the mononu-
clear ion-paired species) rather than to the unreacted neutral
ZrMe; species 99 (forming the dinuclear cation 107). On the
other hand, in these systems it is difficult to rule out subtle steric
and solvation effects [159].

Methylalumoxane (MAO, a complex mixture obtained by
partial hydrolysis of trimethylaluminum) is often used as
the organo-Lewis acid in methyl anion abstractions from the
group 4 metallocene complexes [159]. Complete conversion
to the ionic species requires a large excess (200—1000-fold)
of the alumoxane component. With CgFs-substituted metal-
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\ \Me @ @
& B(CgF zr- © ® ,.MeB(CgFs)3
- Me &, r\Me\\% MeB(CgFs); + \Zr;
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x Me” >~
R R R
L CeFs _
99: R = C4F5 107: R = C4Fs 109: R = C4F5
101: R=H 108: R=H 110: R=H

Scheme 37.
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locenes (Scheme 38), the abstraction event can be moni-
tored using 'F NMR spectroscopy (Fig. 11d) [157]. Titra-
tion studies revealed that the propensity to undergo methyl
anion abstraction with MAO decreased in order of increased
metal-centered electrophilicity: (C¢F5Cp)CpZr(CHsz), (101)>
(CeF5Cp)2Zr(CH3)2 (99) > (CeFsCp)2HE(CH3), (100).

Electron-withdrawing substituents increase the carbon acid-
ity of cyclopentadienes [162]. Bronsted acids (HX) can serve
as protonolytic activators for group 4 metallocene dime-
thides (Scheme 39), because if the conjugate base (X™) is
sufficiently weak it should not serve as a catalyst poison
[159]. The use of (perfluoroaryl)cyclopentadienes (e.g., 4CF,
5, 15, and 16) as components of group 4 metallocene cata-
lyst activators for ethylene polymerization has been claimed
in patents [96,107]. None of the putative zirconocenium
poly(perfluoroaryl)cyclopentadienide salts has been isolated.

Half-sandwich group 4 complexes also undergo nucleophilic
substitutions. The titanium half-metallocene complex 29 under-
goes further ligand substitution by phosphinimides (Scheme 40)
to afford a quasi-metallocene (114) which can be activated
toward olefin polymerization catalyst [163].

CeFs
@CS':S RsP=NH,CI @\T WX
. _— |
Cl‘(': 'l‘T'\C, EtsN ) [ YX
R = tert-Butyl R3P/
29 83%
114: X =Cl
2 MeMgBr [ _ 115: X = Me
Scheme 40.

Table 5
Ethylene polymerization using C¢Fs-substituted, MAO-activated group 4 met-
allocene catalysts

Entry  Pre-catalyst ALM T, (°C) A* References
1 [°~(C6F5)CsH4 1, TiCl, (31) 4000 20 0.41 [115]
2 [1’-(C6Fs)CsHy 1o TiCl, (31) 4000 50 0.15 [115]
3 Cp2TiCly 4000 20 11 [115]
4 CpoTiClp 4000 50 13 [115]
5 [°~(C6F5)CsHy1,ZrCly (34) 4000 20 3.0 [115]
6 [°~(C6F5)CsH412ZrCl, (34) 4000 50 31 [115]
7 Cpa2ZrCly 4000 20 41 [115]
8 Cp2ZrCly 4000 50 35 [115]
9 Cp2ZrCly 2300 50 53 [164]

10 [°~(C6F5)CsHy12ZrCl, (34) 2300 50 14 [164]

11 [1’-(Ph)CsHy41,ZrCly 2300 50 53 [164]

a Polymerization activity in (Mg PE) (mol Ti or Zr)~! [ethylene] ' (h)~';
average of two or three runs. Reaction times varied widely.

6.4. Olefin polymerization catalyzed by group 4
metallocene complexes

Olefin polymerization by group 4 metallocenes requires prior
or in situ activation (abstraction of a wedge ligand), which is
achieved using various electrophilic co-catalysts [159]. Ethy-
lene is polymerized more rapidly than other olefins and to
higher molecular weights. Table 5 presents the results of ethy-
lene homopolymerizations carried out using CgFs-substituted
group 4 metallocenes. (C¢F5Cp)>TiCl, (31) shows low activity
compared to its unsubstituted counterpart (entries 1-4), which
is ascribed to more facile deactivation of the arylated catalyst by
reduction to Ti'l [115]. A solution of 31 treated with activator
(MAO) changed color rapidly and exhibited a clear EPR spec-
trum (g=1.988, doublet, splitting=7.2G). (C¢F5Cp)>ZrCl,
(34) is only slightly less active than Cp,ZrCl, (entries 5-10)
at 50 °C, but at 20 °C the decrease in activity is more dramatic.
Similar results are obtained when triisobutylaluminum (TIBA)
and triphenylcarbenium tetrakis(pentafluorophenyl)borate were
used as the activator component in polymerizations carried out
at 0 °C[115]. Direct comparison of C¢Fs- and CgHs-substituted
catalysts (entries 10-11) argues against attributing the lower
activity of the CgFs-substituted complexes to a simple steric
effect [164].

Table 6 presents the results of ethylene- 1-hexene copolymer-
izations using aryl-substituted zirconocene dichlorides [164].
As a general trend, the electron-deficient catalysts (entries 1-3
versus entries 5—-6) exhibit lower activities while incorporating
more comonomer, although it is important to note that the trend
is not particularly striking and that opposite trends have been
observed in other systems [165,166].

Titanium half-metallocene complexes are useful as catalysts
for styrene polymerization [167-169]. In general, electron-
releasing substituents are found to enhance polymerization
activity [170]. However, an opposite effect is observed with
a CgFs-substituted catalyst (Table 7) [115]. The observed rate
increase is ascribed to greater electrophilicity in the putative Ti'll
intermediate formed upon reaction of the half-metallocene pre-
cursor and the co-catalytic activator methylalumoxane (MAO).
A mixture of (CqFsCp)TiClz and MAO gave a green solution
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Table 6
Ethylene-1-hexene co-polymerization using CgFs-substituted, MAO-activated
metallocenes®

Entry Pre-catalyst AP My MyIM,* %HY
1 [n°-(CsFs)CsH4]CpZrCly (33) 12 114 3.1 7
2 [M°-(CgFs)CsH412ZrCl, (34) 10 38 2.6 13
3 [m°-1,3-(CF5)2CsH3]1CpZrCl, (35) 7 17 2.4 19
4 Cp2ZrCly 26 130 2.5 6
5 [m°-(Ph)CsHy1,ZrCl, 26 230 3.0 7
6 [-1,3-(Ph),CsH3]CpZrCl, 26 265 31 5

2 [1-Hexene] =0.4 M; T, =50°C; Al:Zr=2300. P(C2Hy4) = 1.0 atm. Reaction
time =5 min. Data represents averages from three separate polymerization exper-
iments. Data from Ref. [164].

b Polymerization activity in (Mg PE) (mol Zr)~! [ethylene]~! (h)~!.

¢ Weight- and number-averaged molecular weights (M, and M;,) in kD deter-
mined by GPC.

4 Mol% hexene incorporation in polymer determined by '*C NMR spec-
troscopy.

Table 7
Styrene polymerization using CgFs-substituted, MAO-activated titanium
complexes?®

Entry Pre-catalyst T, AP Tm® %84
1 [ns—(CGFs)C5H4]TiCl3 (29) 20 9.8 275 95
2 [M°~(C6F5)CsH4]TiCl3 (29) 50 86 277 98
3 CpTiCl3 20 6.3 262 94
4 CpTiCl3 50 14 264 96

? [Styrene] = 0.8 M, Al:Zr = 4000, toluene solvent. Reaction times varied. Data
represents averages from two separate polymerization experiments. Data from
Ref. [115].

b Polymerization activity in (Mg PS) (mol Ti)~! [styrene]’l (=L

¢ Melting temperature determined by DSC.

d Percentage of syndiotactic (2-butanone insoluble) polymer.

from which an EPR signal was obtained (g =2.0045, doublet,
splitting=7.4 G).

7. Closing remarks

With the advent of convenient procedures for attaching per-
fluoroaryl groups to cyclopentadienes and indenes, the door is

NMR
probe

nucleophilic l

substitution F
F\~ F orthoCF
arene stacking O / activation

phenomena
F F easy to

ligand for early <y attach
and late metals T~
higher M. modulated
higher __— "\~ basicity
oxidation O higher
potentials st?etching
enhanced frequencies

electrophilicity

Scheme 41.

opened to the exploration of their electron-withdrawing effects
in catalysis by transition metal Cp complexes. We already know
that certain catalytic processes are accelerated by perfluoroaryl
groups while others are retarded. Perfluoroaryl groups are sta-
ble enough to withstand the conditions of olefin polymerization
catalysis by group 4 metallocenes, an important test of stability
toward strong electrophiles. At the same time, emerging research
shows that the perfluoroaryl Cp substituents can also serve as
scaffolds for the attachment of other functionalities to metal-
locene cores by nucleophilic substitution. These findings suggest
that perfluoroaryl-substituted Cp complexes are poised to find
utility not only in catalysis but more broadly in organometallic
and materials chemistry (Scheme 41).
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