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Abstract: The molybdenum(ll) and tungsten(ll) complexes [MCp(Cp = 5°-cyclopentadienyl; L= CyHy,

CO) react with perfluoroalkyl iodides to give a variety of products. The Mo(ll) complex [M@Gpl4)] reacts

with perfluoron-butyl iodide or perfluorobenzyl iodide with loss of ethylene to give the first examples of
fluoroalkyl complexes of Mo(IV), MoCHCR,CF,CF,CF;)l (8) and MoCp(CF,CsFs)! (9), one of which 8)

has been crystallographically characterized. In contrast, the CO analogue {{(@&p reacts with
perfluorobenzyliodide withoutloss of COto give the crystallographically characterized salt, J{@FpsFs)(CO)[ 1~

(10), and the W(lI) ethylene precursor [W&>H.)] reacts with perfluorobenzyl iodide without loss of ethylene
to afford the salt [WCHCR.CsFs)(CoHa)] 11~ (11). These observations demonstrate that the metmibon
bond is formed first. In further contrast the tungsten precursor Mpl4)] reacts with perfluora-butyl
iodide, perfluoroiso-propyl iodide, and pentafluorophenyl iodide to give fluoroalkyl- and fluorophenyl-
substituted cyclopentadienyl complexes WEpCsH4Rg)(H)I (12, Re = CR,CFR,CF,CFs; 15, Re = CF(CR);

16, Re = CgFs); the Mo analogue MoCpf-CsH4Rr)(H)I (14, Re = CF(CR)y) is obtained in similar fashion.
The tungsten(lV) hydrido compounds react with iodoform to afford the corresponding diiodides;y®Cp(
CsH4Rp)I2 (13, Re = CR.CRCF,CF;; 18, R = CF(CR)2; 19, Rg = CgFs), two of which (L3 and19) have
been crystallographically characterized. The carbonyl precursors {{@CY)] each react with perfluoriso-
propyl iodide without loss of CO, to afford the exo-fluoroalkylated cyclopentadiene M(Il) complexes MCp-
(n*-CsHsRg)(CO)I (21, M = Mo; 22, M = W); the exo-stereochemistry for the fluoroalkyl group is confirmed
by an X-ray structural study &2. The ethylene analogues [M&g>H4)] react with perfluorctert-butyl iodide

to yield the products MGf(CH,CH,C(CFR)3]l (25, M = Mo; 26, M = W) resulting from fluoroalkylation at

the ethylene ligand. Attempts to provide positive evidence for fluoroalkyl radicals as intermediates in reactions
of primary and benzylic substrates were unsuccessful, but trapping experiments wifiDQtd give RD,

not R-H) indicate that fluoroalkyl anions are the intermediates responsible for ring and ethylene fluoroalkylation
in the reactions of secondary and tertiary fluoroalkyl substrates.

Introduction involves oxidative addition of the carbeiodine bond of
) ) ] ) o perfluoroalkyl iodide$:” This route has been shown to be

There is considerable recent interest in the activation of gyccessful with low-valent late transition-metal centers to give
aliphatic carbor-fluorine bonds by transition metal centérs, perfluoroalkyl-metal complexes in which the ¥Re bond is
and in the use of fluorinated substituents to render catalytically ysyally shorter than that in hydrocarbon analogues and is
active transition metal complexes more soluble in “fluorous” generally considered to be stronger. The mechanism of oxidative
media®* As a consequence, we have focused renewed attentionqgition of perfluoroalkyl iodides has not been studied in any
on the synthesis and chemistry of_transmon metal fluoroal_kyl detail, and it is not known whether the reactions proceed by a
complexes, early examples of which have been known since cgncerted addition, a stepwise two-electron mechanism, or a

the 19609, radical pathway. It seems unlikely that a mechanism involving

One of the more widely used methods of synthesizing nucleophilic attack by the metal at carbon is operative, as the
complexes with transition-metal perfluoroalkyl bonds<R) Rr—I bond is polarized to give @— charge on the carbon

- center® We have concentrated our synthetic efforts in groups 9

Dartmouth College. and 10 and have recently described the syntheses and charac-

* University of Delaware. o .
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workers!3-16 The chemistry of these compounds has proven
interesting, and preliminary examples of facile hydrolys&snd
hydrogenolysi¥ reactions of thex-fluorines have been docu-
mented.
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The first complex 2) arising from the formal oxidative
addition of a carbonfluorine bond to a transition metal center
was reported in 198% At the time, a considerable part of the
driving force was considered to arise from formation of a strong
tungsten-fluorine bond, but subsequent examples of aromatic
C—F bond activation by group 9 and 10 metals illustrate that
early metals are not essential for this proc€ss! Nevertheless,
we were intrigued by the paucity of examples of group 6
fluoroalkyl complexes in general, and with the idea that, if they
could be prepared, they might afford examples cof or
B-fluorine elimination reactions, or agostic-E—M interactions,

Hughes et al.

C(2)

Fi4)

Ci6) cn
Figure 1. ORTEP diagram of the non-hydrogen atoms8p$howing

the atom-labeling scheme. Thermal ellipsoids are shown at the 30%
level.

We reasoned that the well-known 18-electron M(Il) com-
plexes [MCpL] (4—7) might provide useful entries to afford
M(IV) fluoroalkyls by the oxidative addition route. Herein we
report the reactions of primary, secondary, and tertiary perfluo-
roalkyl iodides with these complexes to give a variety of
products resulting from fluoroalkylation at the metal or directly
at the organic ligands. Part of this work has been the subject of
a preliminary communicatioff.

Results and Discussion

Reaction of [MoCp(CzH,)] (4) with perfluoron-butyl iodide
in THF solution proceeds rapidly at room temperature with
displacement of ethylene, to give the Mo(IV) fluoroalkyl
complex8, resulting from formal oxidative addition of the-@
bond to the metal. In contrast #& which is an air-sensitive
solid, 8 is stable to air in solution for hours. THél NMR
spectrum of8 shows a single peak for the cyclopentadienyl

analogous to those observed in hydrocarbon analogues. PreviOUﬁgandS and théF NMR spectrum shows the expected four

examples of perfluoroalkyl complexes of group 6 metals in

multiplets atd —61.0,—80.8,—109.3, and-124.7 ppm for the

oxidation state (Il) have been synthesized by decarbonylation nefiyoron-butyl group. A single-crystal X-ray structural de-

of perfluoroacyl complexes, such as [M8{CsRs)(COkCOR:]

(Re = CRs, CRCFRs),%5% or by the metathesis reaction of Cd-
(CRs)2 with [W(7°-CsHs)(COXRCI] (M = Mo, W).2728 The
tungsten(VI) complex W(C}s has been reported as an unstable
product of the reaction of Cd(GJ; with WBTrg.®
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termination of8 confirmed the overall molecular architecture.
An ORTEP diagram is shown in Figure 1 and crystallographic
information is presented in Table 1. The complex has the same
general geometry as similar neutral complexes of the type
[M(%°-CsHs)2X2] (M = Mo, W).3%-36 There is some disorder

in the fluorine atom positions in the perfluorobutyl ligand. The
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Table 1. Crystal Data and Summary of X-ray Data Collection

J. Am. Chem. Soc., Vol. 123, No. 1432601

8 10 13 18 22
formula Q_4H10F9|MO C13H10F7|MOO C]_4H9F9|2W C13H9F7I12W Q4H10F7|OW
fw 572.06 598.10 785.86 735.85 637.97
space group P2(1)lc Cc Qlc C2lc P2(1)lc
a, A 16.9120(10) 11.790(2) 36.532(3) 31.887(3) 6.74920(10)
b, A 7.4764(6) 10.270(2) 7.5414(6) 7.5394(10) 13.5373(4)
c,A 12.991(2) 15.530(3) 13.9090(10) 13.9856(15) 37.3724(10)
o, deg 90 90 90 90 90
[, deg 92.796(6) 104.37(3) 104.090(7) 100.772(7) 90.5240(10)
y, deg 90 90 90 90 0
v, A3 1640.6(3) 1821.6(6) 3716.7(5) 3303.1(6) 3414.42(15)
Z 4 4 8 8
D(calcd), g/cm 2.316 2.181 2.809 2.959 2.482
abs coeff, mm? 2.770 2.489 9.619 10.796 8.643
temp, K 298(2) 223(2) 298(2) 233(2) 223(2)
diffractometer Siemens P4
radiation Mo ko 0.71073 A
R(F),2% 4.56 4.45 3.79 3.88 6.16
R(WF?),2% 14.01 10.50 9.21 10.25 14.35

a Quantity minimized= RWF?) = S[wW(Fe? — FAA/ 3 [(WFA)AY% R= SAIS (Fo), A = |(Fo — Fo)l.

Figure 2. ORTEP diagram of the cation df0, showing the atom-
labeling scheme. Thermal ellipsoids are shown at the 30% level.

Similarly, reaction of4 with perfluorobenzyl iodide in THF

perfluorobenzyl iodide was not as clean, and gave a pale brown
precipitate that contained several products as indicated by NMR
spectroscopy. One of these appeared to be the tungsten analogue
of 10. This reaction was not pursued due to the difficulty of
separating the components from the precipitate. However, when
reaction of [WCp(C,H4)] (5) and perfluorobenzyl iodide was
carried out in tetrahydrofuran there was immediate formation
of an off-white precipitate, formulated as the ionic compound
11 Like 10, the insolubility of 11 in anything but very polar
solvents such as acetonitrile and dimethyl sulfoxide was
indicative of its ionic nature. ThéH NMR spectrum in
acetonitrile showed two multiplets &t2.81 and 2.57 ppm, each
integrating for 2 hydrogens relative to the singletd.79 for

the 10 cyclopentadienyl hydrogens, indicating that the ethylene
ligand was still bound to the metal, although not rotating fast
on the NMR time scalel® NMR spectroscopy confirmed

or benzene results in displacement of ethylene and oxidative coordination of the perfluorobenzyl group to the metal, with

addition at the metal center giving the dark green complex
The IH NMR spectrum shows only one peak @t.45 ppm
consistent with two symmetrically equivalent unsubstituted
cyclopentadienyl rings. In thF NMR spectrum the benzylic
fluorines appear as a triplet &t—40.8 ppm {Jrr = 29.8 Hz)
due to coupling to therthofluorines on the pentafluorophenyl
ring. Three multiplets are observed for the fluorines on the
pentafluorophenyl ring at-136.7,—158.7, and—163.6 ppm
for the ortho, para, andmetapositions, respectively.

In contrast to the ethylene precursérthe corresponding
molybdenum carbonyl complex [MoG{CO)] (6) reacts with
perfluorobenzyl iodide in benzene to give a pale yellow
precipitate of compleX0, in which the CO ligand is retained
as demonstrated by a strongo stretch at 2037 cmt. The
insolubility of this complex in all but the most polar solvents
(CHsCN, DMSO) implied an ionic structure. The hydrogen
nuclei on the cyclopentadienyl rings gave rise to a singlet in
the ’H NMR spectrum at 5.91 ppm, substantially downfield
from that in9. As in 9 the 1 NMR spectrum the benzylic
fluorines gave rise to a triplet at —29.1 ppm, but shifted
significantly downfield from the corresponding resonancB,in

the triplet due to the benzylic fluorines exhibiting satellites due
to coupling to the tungsten nuclear spify = 26 Hz).
Refluxing an acetonitrile solution dfl overnight did not result
in loss of ethylene and formation of [WX-CsHs)2(CFCsFs)l],
illustrating the kinetic stability of the tungsten ethylene bond.
In further contrast to the behavior of Mo compkxreaction
of tungsten analogu®& with perfluoron-butyl iodide does not
result in oxidative addition at the metal center. Instead the major
product arises from fluoroalkyl substitution at one cyclopenta-
dienyl ring with hydride migration to the metal occurring to
form 12. This reaction is analogous to that described in our
preliminary communicatiof? and elaborated on below, for
reaction of5 with perfluoroisopropyl iodide. ThéH NMR
spectrum of12 shows four different peaks, each of which
integrates for one hydrogen, for the substituted cyclopentadienyl
ring and a peak for the hydride &t—10.92 ppm. Because the
wedge ligands are inequivalent, there is no plane of symmetry
in the molecule, and the-fluorines on the perfluorobutyl group
are diastereotopic, appearing as two strongly coupled doublets
atd —101.5 and—108.0 ppm Jrr = 275 Hz) in the'F NMR
spectrum. Whilel2 is not the only compound formed in this

and the pentafluorophenyl fluorines appeared as three multiplets.reaction, NMR analysis of the crude reaction mixture indicates

The structure ofl0 was confirmed by a single-crystal X-ray
diffraction study. An ORTEP diagram is shown in Figure 2.
Crystallographic data are provided in Table 1. The overall
geometry of the compound is very similar to thaBaind other
bent group 6 metallocené%:36

Reaction of the tungsten analogue [W(PO)] (7) with

that it is the major product (ca. 75%), and i€ NMR spectrum
shows clearly that there is no formation of any metal fluoroalkyl
product analogous t8. The chemical shift of the:-fluorines

of the coordinated fluoroalkyl i8 is 6 —61.0 ppm whereas in
12they appear at —101.5 and—108.0 ppm; in contrast to the
W—fluorobenzyl complexl1, no fluorine peaks with tungsten
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Figure 3. ORTEP diagram of the non-hydrogen atomd 8fshowing
the atom-labeling scheme. Thermal ellipsoids are shown at the 30%
level.

satellites can be observed in the crude reaction mixture. The
reason for the difference in the site of reactivity in going from
molybdenum to tungsten is not clear. CompleXis not stable
and on recrystallization undergoes partial conversion to the
diiodide 13. A similar phenomenon has been described for the
bromo hydrides [Wi{5-CsHs)(17°-CsH4R)HBI] (R = Ph,i-Pr),
which convert to the dibromides on worké&hThe instability

of 12 prevented a satisfactory elemental analysis from being
obtained. The diiodidd3 can be synthesized more cleanly by
adding an excess of Cklto a dichloromethane solution @p.

With two identical ligands in the wedgé&3 now has a mirror
plane perpendicular to the plane that contains the metal and
the two iodine atoms. Consequently, thefluorines are no
longer diastereotopic and appear as a multiplét-a.08.0 ppm

in the 1% NMR spectrum, and only two peaks rather than the
four observed forl2 appear in théH NMR spectrum for the
substituted cyclopentadienyl ring. The X-ray crystal structure
of 13 has been solved and confirms the molecular architecture.
An ORTEP diagram ofL3 is shown in Figure 3 and crystal-
lographic information is presented in Table 1. The geometry is
that expected for group 6 metallocene complexes (vide
supra)30-36.39
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é \
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!
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%\CFZCFZCQCF3
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CF4OF,CF,CF -l
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% 12
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Reactions of secondary perfluoroalkyl iodides differ from their

primary analogues in that the reactions are much cleaner and

selective for reaction at a cyclopentadienyl ring. Reaction of 1
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Figure 4. ORTEP diagraml8, showing the atom-labeling scheme.
Thermal ellipsoids are shown at the 30% level.

molar equiv of perfluoroisopropyl iodide with molybdenum or
tungsten precursoré or 5 at room temperature rapidly forms
the hydrido complexed4 and 15 in quantitative yield as
monitored by NMR spectroscopy, although lower yields were
isolated. The ethylene ligand is lost during the reaction and free
ethylene is detected Y1 NMR spectroscopy if the reaction is
carried out in an NMR tube. The IR spectra of the products
exhibited bands at 19584) and 1935 cm! (15) attributable

to vm—n, and theirlH NMR spectra show hydride peaks @t
—7.82 (L4) and —10.93 ppm 15), with the latter resonance
exhibiting tungsten satellitesi{w = 60.0 Hz). As with12, the
hydrogens on the substituted cyclopentadienyl ring appear as
four multiplets and the unsubstituted cyclopentadienyl ring gives
rise to a singlet for all complexes. TR# NMR spectra ofl4
andl15are similar, with the diastereotopic trifluoromethyl groups
appearing as two doublets of quartets in e NMR spectra.
The quartet coupling and the doublet coupling are of similar
magnitude Jsr = 10 Hz) and the peaks appear as a quintet.
The tertiary CF resonance couples to boths @Foups Jrr =

10 Hz) and to one hydrogen on the cyclopentadienyl ring to
which it is bound. The structure dfwas determined by X-ray
crystallography and has been published previotiskhe NMR

data are consistent with the solid-state structure and indicate
that the compound in solution has the same geometry as that in
the crystal structure.

This mode of reactivity is not confined to perfluoroalkyl
iodides, since pentafluorophenyl iodide or bromide react in a
similar manner witb to form 16 and 17, respectively. The IR
spectra shows a stretch duevig— at 1938 (6) and 1895 cm!

(17) and the'H NMR spectra exhibit hydride resonancesbat
—11.64 Qpw = 56.4 Hz) and—11.18 Qpw = 57.6 Hz) ppm,
respectively. In the!®F NMR spectra of16 and 17 the
pentafluorophenyl group gives rise to three multiplets of ratio
2:1:2 in the region) —140 to—160 ppm for theortho, para,
and metafluorines, respectively.

Exposure of solutions o015, 16, and17 to air results in a
slow color change to green and precipitation of a dark blue/
black solid that is insoluble in common solvents and was not
characterized. From the green solution the diiodo complexes
18 and 19 and the dibromo comple®0 were isolated in low
yield. These complexes can be formed in higher yield on
reaction of the corresponding hydrido complexes with either
CHI3 or CHB#. In the 'H NMR spectra 0f18—20 there are

(38) McNally, J. P.; Glueck, D.; Cooper, N.J.Am. Chem. S0d.988
110, 4838.

(39) Jernakoff, P.; Fox, J. R.; Hayes, J. C.; Lee, S.; Foxman, B. M.;
Cooper, N. JOrganometallics1995 14, 4493.
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now only two peaks for the hydrogens on the substituted Fi2)
cyclopentadienyl ring which integrate for two hydrogens each. Fi71

The trifluoromethyl groups iri8 are now equivalent and give cu2)_
rise to a doublet in thé®F NMR spectrum av —74.4 ppm. F(4')@ \ F3) F1

The tertiary fluorine appears as a septeb at176.2 ppm. The
solid-state structure df8 was obtained by a single-crystal X-ray
diffraction; an ORTEP diagram is presented in Figure 4 and
crystallographic information is given in Table 1. The hydrogen
on C(3) is 2.375 A from F(6), which is less than the sum of the
van der Waals’ radii of 2.67 A

Once again the carbonyl precursérand? provide contrast-
ing behavior, and afford new compounds whose structures shed
some light on the pathway for formation of the previously
observed hydrido compounds. When the reaction between ICF-
(CRs)2 and 6 or 7 is carried out in benzene, the orange diene

complexe21 (M = Mo) and22 (M = W) are formed. These cem ¢
Figure 5. ORTEP diagram of one of two crystallographically
@ - independent molecules d?2, showing the atom-labeling scheme.
\+ .CO Thermal ellipsoids are shown at the 30% level.

Mol _ F F £
%\FR@F both 21 and 22 the solvent peaks remain sharp at all temper-
Fr atures, as do the peaks in tH& spectra.
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complexes are air stable and could be recrystallized in the open %

without decomposition. ThiH NMR spectra of both complexes 19 x=1

show an interesting temperature dependence. At room temper- 20 x=br =
ature the peaks in théH spectrum of21 are extensively CCly

broadened but those in th& spectrum are not. Théd NMR &\H

spectrum at-60 °C shows two sets of peaks for all hydrogen \ 1 H
nuclei indicating the presence of two isomers in an ap- o % Wic_);'H

proximately 3:2 ratio. It seems reasonable that these isomers %\C‘ %H/ i o-CHs
are simply due to different conformations of the diene ligand

about the M-diene axis which interconvert only slowly on the 24 z

NMR time scale by diene rotation. As the sample is warmed N ) ) )

the isomer ratio remains constant, but the previously sharp peaks We have no specific explanation for this behavior, but
broaden somewhat and there is little change in the chemicalPrecedents exist. ThéH NMR spectrum of23 shows the

shift of individual peaks, indicating that the broadening is Presence of major and minor compounds which the authors
probably not due to a fluxional process that interconverts the Suggest may be due to geometric isonféra. similar NMR
isomers, such as rotation about the-Miene bond. Thé%F broadening phenomenon has been reported for the NMR spectra
NMR spectrum of21 at —60 °C also shows the presence of Of the closely related comple24.“? The authors suggested it
two isomers in the same 3:2 ratio, but there is no broadeningMay be due to an equilibrium between the complex and a
of the peaks on warming the sample to room temperature andc_oor(_:hnatl\_/el_y unsaturated derivative, which could_be fqrmed
the isomer ratio remains unchanged. The solution IR spectrumVia dlssom_atlon of one of the double bonds of t_he diene ligand.
of 21 does not reflect the presence of two isomers as there isAlSO considered as a cause for the broadening was electron
only one band for the carbonyl group at 1965¢nfor 22 the exchange between the complex and a small amount of para-
difference between thiH NMR spectrum obtained at60 °C magnetic oxidation or reduction product.

and that obtained at room temperature is not so marked. Two A single-crystal X-ray structural determination 22 con-
isomers can also be observed &by NMR spectroscopy but firmed formation of the substituted cyclopentadiene ligand and

the minor one is in barely detectable quantities. In spectra of theexoorientation of the perfluoroisopropyl substituent. A ball-
and-stick representation of the structure is shown in Figure 5,

Ei(l)g g:;aerrt; E;’\)I Efrgé”aﬂlﬂggﬂevﬁhgi%%‘;ﬁ”g@é ’\A%"ég %g‘ié%“- and crystallographic information is presented in Table 1. There

(42) Jernakoff, P.; Fox, J. R.. Cooper, N.JJOrganomet. Chen996 are two crystallographically independent molecules in the unit
512 175. cell, one of which shows disorder around the C{10j11) bond.




3284 J. Am. Chem. Soc., Vol. 123, No. 14, 2001

The overall architecture of the complex is very similar to that
of 24,42 and as with other reported complexes resulting from
substitution at a cyclopentadienyl ligand, the fluoroalkyl group
is in theexoposition!! As discussed below, complex2s and

22 can be viewed as model compounds for an intermediate in

the formation of the hydride complexéd—17.

In further contrast to reactions of primary, secondary, and
aryl halides, reaction of 1 molar equiv of the tertiary perfluo-
roalkyl iodide IC(CR); with 4 or 5 does not result in
fluoroalkylation at the metal or at a cyclopentadienyl ring, but
instead reaction occurs at the ethylene ligand to giver 26.

In the’™H NMR spectra oR5 and26 the substituted alkyl group
gives rise to two multiplets at 1.90 and 1.56 ppm26) and
2.09 and 1.28 ppn26), which each integrate for two hydrogens.
In the 13C NMR spectrum the tungsten-bound carbon2i®
shows tungsten satellite3«(y = 60 Hz) as do the cyclopenta-
dienyl carbonsJcw = 6 Hz). The resonance for the perfluoro-
tert-butyl group in the!>F NMR spectrum o6 appears as a
quintet. The coupling of 0.8 Hz was barely resolved and is
presumably due to coupling to the hydrogen nuclei on the alkyl
group. In the®F NMR spectrum of both24 and 25 the
perfluorotert-butyl group gave rise to a broad singletat 66.0
ppm. The X-ray structure ¢f6 has been reported previougfy,
and is very similar to that of other Group 6 bent metallocene
complexes. The Walkyl o-bond length (W-C(11)) of 2.279-
(12) A is very similar to those in [WGHCH,CsHsMey),]» of
2.276 and 2.291 A3

At this stage of the discussion, some mechanistic consider-
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Scheme 1
@\M_L * BF:F—B: LN ﬁ\M——L —|+ * I—RF._
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M = Mo; L = CO; Rg = CgF5CF,
M = W; L = CyH,; R = CoFsCFa

M = Mo; Rg = CFaCFoCFoCFp, CeFsCF

in bonds from the metal to both carbon and iodine, observations
of 10and11 as stable products indicate that the metarbon
bond is formed first. We suggest the mechanism shown in
Scheme 1. Initial electron transfer from metal tel Riust be
followed by very rapid decomposition of the radical anion to
Re and I;*7 recombination of the 17-electron radical cation
with Rg* then affords the metal fluoroalkyl cations, observed
as stable products in the case I and 11. In the case of
formation of8 or 9, loss of ethylene from molybdenum must
be facile, allowing coordination of iodide and formation of the

ations are appropriate. It has been reported that reaction ofobserved products. Notably CO loss from molybdenum must

[MCp2(CoHg)] (M = Mo, W) with CHzl gives the cationic
complexes [MCp(CHz)(CzH)]I.#44% In this case the methyl

be considerably less facile than loss of ethylenel@shows
no tendency to lose CO and bind. ISimilarly, the tungsten

carbon bears some positive charge and the first step is envisage@thylene bond must be considerably stronger than the corre-

to be nucleophilic attack by the coordinatively saturated metal
center on this carbon to form the metaiarbon bond. However,
the carbor-iodine bond in perfluoroalkyl iodides is oppositely
polarized®=C—I%*, so it is considered unlikely that the first
step in their reactions with any nucleophiles involves nucleo-
philic attack at carbof“® Consequently, reactions of perfluo-
roalkyl iodides with electron-rich species involve either a single
electron-transfer step to afford §¢~, which rapidly generates
Re" and I~ (such electron transfer/dissociation may indeed be
concerted)’ or a nucleophilic attack at | to displace a
fluoroalkyl carbanior?:*¢ The latter pathway may be favored
when the fluorinated carbanion is secondary or tertiary, and
therefore considerably stabilized by adjacent @Foups?®5?
With these factors in mind, formation of bonds from primary
and benzylic fluoroalkyls to Mo and W in compounfis-11
cannot be rationalized in terms of theZtype mechanism
envisaged for Chl.#44% Two-electron attack by the metal on
Rel would be expected at I, not at C, and the meiatine
bond would be formed first. While formation 8fand9 results

(43) Prout, K.; Jefferson, I. W.; Forder, R. Acta Crystallogr.1975
B31, 618.

(44) Benfield, F. W. S.; Francis, B. R.; Green, M. L. H.Organomet.
Chem.1972 44, C13.

(45) Benfield, F. W. S.; Cooper, N. J.; Green, M. L. H.Organomet.
Chem.1974 76, 49.

(46) Wakselman, CJ. Fluorine Chem1992 59, 367—378.

(47) Andrieux, C. P.; Glés, L.; Medebielle, M.; Pinson, J.; Saamt, J.-
M. J. Am. Chem. S0d.99Q 112 3509-3520.

(48) Dixon, D. A.; Fukunaga, T.; Smart, B. E. Am. Chem. S0d.986
108 4027-4031.

(49) Smart, B. E.; Middleton, W. J.; Farnham, W.B.Am. Chem. Soc.
1986 108 4905-4908.

(50) Farnham, W. B.; Dixon, D. A.; Calabrese, J.JCOAmM. Chem. Soc.
1988 110, 26072611.

(51) Farnham, W. BChem. Re. 1996 96, 1633-1640.

sponding bond to molybdenum, a%is stable to ethylene loss,
even on heating. The relative affinities for CO vs ethylene, and
the greater lability of ethylene in cationic molybdenocene
complexes compared to cationic tungstenocene complexes, is
illustrated by displacement of ethylene from [Moffp,H4)R]*
(R = H, CHy) by CO in refluxing aceton&"*> These authors
reported that the reaction of [WgE,H,)H]* with CO proceeds
much more slowly, and attempts to repeat this reaction in our
laboratory resulted in no observable formation of [WCp
(CO)HT*.

If a fluoroalkyl radical were involved in the reaction pathway,
it might be possible to observe other manifestations of its
presence, provided it escaped the solvent cage before recom-
bination at the metal. Fluoroalkyl radicals do not disproportion-
ate to give fluoroalkanes and fluoroalkenes, as do hydrocarbon
analogues, but instead undergo coupling reactions, initiate the
polymerization of alkenes such as norbornene, and are much
more voracious hydrogen atom abstractors than are hydrocarbon
radicals®253 Accordingly, the formation of compounds-11
was observed in the presence of a large molar excess of
norbornene, with no change in the reaction outcome, and no
observation of polymerizatiot?. In addition, when reactions
were carried out in toluends no R=D resulting from abstraction
of benzylic D by Re* was observed. Similarly, carrying out the
same reactions in the presence of 70 molar equiv of 9,10-
dihydroanthracene as an H-atom donor resulted in no change
in the organometallic products, and no observabj¢l.RIf
fluoroalkyl radicals are indeed formed, they do not escape a
fate other than recombination at the metal center. However, the
less selective reaction of perfluomsbutyl iodide with the

(52) Feiring, A. E.J. Org. Chem1985 50, 3269-3274.
(53) Dolbier, W. R., JrChem. Re. 1996 96, 1557-1584.
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tungsten comple’, to give many unidentified products as well
as the ring-substituted complé®, indicates that other reaction
pathways are available to whatever reactive fluoroalkyl inter-

mediate is formed. For example, we have previously observed

metal-centered fluoroalkylation arekocyclopentadienyl ring
fluoroalkylation in reactions of primary and secondary perfluo-
roalkyl iodides with cyclopentadienyrhodiunmt! and—cobalt®

complexes, and an identical sequence of steps has been proposed

in tungsten systeni§:41.54

Since cyclopentadienyl ring fluoroalkyation is observed most
selectively with perfluoroisopropyl iodide, we concentrated our
efforts on this system, although this pathway is also observed
for perfluoroaryl substrates. When carbonyl precur§oasd 7
are used, thexofluoroalkylated product21 and22 are formed,
but are inert to further reaction. It seems reasonable that
formation of 14 and 15 occurs via intermediates which are
ethylene analogues @fL and22, but that the ethylene ligand is
more labile. Notably the lability of ethylene in these formally
M(ll) intermediates must be greater than that in the isolable
W(IV) cation 11. Loss of ethylene generates a vacant coordina-
tion site, into which migrates thendehydrogen from the
cyclopentadiene ring, reestablishing the coordinatively saturate
metal center and rearomatizing the cyclopentadienyl ring. We
have previously established this sequence of reactionsximr
fluoroalkyation of a cyclopentadienyfhodium complex to give
an isolable cyclopentadiene compound; subsequent generatio
of a vacant site results iandeH migration to give a cyclo-
pentadienylrhodium hydrido produttThe stereochemistry of
cyclopentadienyl ring fluoroalkylation is clearykoin the cases
reported here, but what is the nature of the fluoroalkylating
agent? Closer monitoring of these reactions by NMR spectros-
copy revealed the presence of small amounts (ca. 5%) of
saturated (CE.CFH and perfluoropropene, @EF=CF,. The
former could arise by H-atom abstraction by the corresponding
radical (CR).CPF, but this radical is not known to afford the
fluoroalkene because of its very strofgCF bond<2 Observa-
tion of fluoroalkenes is instead a characteristic signature of the
corresponding perfluoroalkyl anion, in this case {ZEF,
which readily eliminates g-fluoride 5!

In an elegantly designed experiment, {HD has been used
to distinguish between angR and an R* mechanism for the
decomposition of [Co(Py)(DHJCF(CR),] by NaBH, to give
Na[Co(Py)(DH}] and (CF),CFD3® These results were inter-
preted in terms of formation of R, which reacts with the more
acidic O-D bond in CHOD, rather than formation of ®
which would be expected to react with the weakerkCbond’
to give R-H. The products (C§,CFD and (Ck).CFH can easily
be distinguished witA°F NMR 58

In a control experiment ICF(GJ, was photolyzed in the
presence of CEOD in a reaction known to afford the fluorinated
radical; the only product detected was @ZEFH resulting from
abstraction of Ffrom the weaker &H bond. However, when
the reaction o6 with (CF3),CFI was carried out in the presence
of only 1 molar equiv of CHOD, the yield of organometallic
productl5was dramatically reduced and (§¥CFD now made
up approximately 45% of the fluorine-containing products, along
with the same traces of (gJ;CFH observed in the absence of
CH3OD. This is only consistent with the formation of (§§fCF~

(54) Forschner, T. C.; Cooper, N.J.LAm. Chem. S0d989 111, 7420.
(55) Hughes, R. P.; Husebo, T. L.; Maddock, S. M.; Rheingold, A. L.;
Guzei, I. A.J. Am. Chem. S0d.997, 119 1023}-10232.
(56) Toscano, P. J.; Brand, H.; Liu, S.; Zubietalnbrg. Chem.1990Q
29, 2101-2105.
(57) Kerr, J. A.Chem. Re. 1966 66, 465.
(58) Andreades, SI. Am. Chem. S0d.964 86, 2003-2010.
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Scheme 2
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and abstraction of Dfrom the trapping agent. Consequently,
we interpret the traces of (GRCFH always observed as
resulting from reaction of (CGf.CF~ with adventitious HO

dpresent in the reaction, and the previous observations gf CF

CF=CF, as resulting from fluoride elimination from the same
perfluorocarbanion intermediate. To eliminate the possibility that
the perfluoroalkyl species responsible for formation of the
organometallic produdt5was not that responsible for formation
b (CR3).CFD, the reaction was carried out with varying
concentrations of CkDOD. The resultant ratio of (GCFD/
15versus concentration of GBD increases linearly, indicating
that CHOD and the organometallic precursor b are
competing for the same perfluoroalkyl intermediate, which must
be (CR).CF .

Accordingly, we propose the mechanism outlined in Scheme
2. Initial nucleophilic attack on iodine by the tungsten center
presumably results in formation of the ion pair [M&p
(CoHy)I] ™ Re. In an attempt to determine if the perfluorocar-
banion escaped from the solvent cage to react with another
molecule of the cation or it reacted with the tungsten cation
with which it was formed, a series of reactions betw&eand
(CR3),CFI were performed in which the concentrations were
varied. If R— were to escape the solvent cage, at low
concentrations the amount of gFF=CF, formed relative to
15 should increase as elimination of Rvould become more
likely than reaction with a more difficult to find [WGp
(C2oHa)I] ™. While the results were clouded by the large amount
of scatter observed for each data point, the amount,GH-
CF(CR) formed remained approximately constant. It seems
probable that the (Gf,CF~ reacts within the ion pair of which
it is initially a part. We note that this mechanism differs from
that proposed for the reaction @fwith CCl, to give 24, in
which a single electron transfer was proposed as the first step,
followed by a radical coupling pathwdy.

Similar observations were made for the reactions of perfluoro-
tert-butyl iodide with5 to give 26. NMR monitoring of the
reaction revealed small amounts of {EE=CF, in the product
mixture, and trapping experiments using §£HD produced
(CR3)3CD, not (CR)3CH; both results are signatures for the
perfluorotert-butyl carbaniorf® We did not carry out analogous
trapping experiments or explore further any reactions of
perfluoroaryl substrates.

Given a mechanism in which a fluoroalkyl carbanion and
[WCp2(CzHy)I] T are formed initially, and the carbanion is
trapped by CHOD, the amount of fluoroalkyated organometallic
product produced decreases. What is the fate of the other
intermediate [WCgC,H,)I] ™ and the methoxide anion that must
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also be formed? In each of the systems investigated, as themetal center represent the first reported examples of fluoroalkyl
amount of added methanol was increased, a light orangecomplexes of Mo(IV) and W(IV).

precipitate, which could not be characterized, was formed, along

with a green solution from which the 2-methoxyethyl complex Experimental Section

27 was isolated. This compound has similar spectroscopic
properties to those of its crystallographically characterized .
analogue26?® (see above). The 2-methoxyethyl group gives rise

General Considerations.All reactions were performed in oven-
ed glassware, using standard Schlenk techniques, under an atmo-
sphere of dinitrogen that had been deoxygenated over BASF catalyst

to multiplets in thetH NMR spectrum at) 1.35 and 3.33 ppm

for the methylene protons and a singleta8.26 ppm for the
methoxy group. The resonance for the metal-bound carbon
shows tungsten satellitesdo(y = 28 Hz) in the 13C NMR

and dried over Aquasorb, or in a Braun Drybox. THF was distilled
under nitrogen from potassium and benzophenone ketyl and benzene
was distilled from sodium immediately before use. Dichloromethane
and hexane were refluxed over calcium hydride under nitrogen and

spectrum. CompleR7 is not thermally stable and undergoes distilled immediately before use. IR spectra were recorded on a Perkin-
Complete decompOS|t|on When Stored Overnlght at room tem_ Elmer FTIR 1600 Series Spectrometer. NMR Spectl’a were reCOrded

perature under nitrogen. An X-ray structure2dfwas obtained
which confirms the overall molecular connectivity, but was not
of sufficient quality for accurate distances and angles to be
obtained. Formation 027 can be rationalized by nucleophilic
attack by methoxide on the ethylene ligand of the putative
intermediate [WCgCzHJ)I] .

However, such reaction selectivity raises the issue of why
the (CR)2CF~ nucleophile reacts at cyclopentadienyl amut
at ethylene. The DaviesGreen-Mingos rules predict kineti-
cally controlled attack by nucleophiles at the ethylene ligand
of [WCp2(CzH4)I] ™ rather than the cyclopentadienyl ligand, and
this is apparently observed in the formation23t>° However,
examples of multiple site attack by nucleophiles are not
uncommon, and the kinetic site of attack is not always the one
actually observe&-65 One possibility that we considered was
that the reaction of (Gf,CF- does indeed occur with kinetic
selectivity for attack at ethylene, as observed for methoxide,
but that the reaction of (GF,CF is reversible, with the eventual
outcome being the result of thermodynamically controlled attack
at cyclopentadienyl. This is discounted by the observation that
the more stable perfluortert-butyl carbanion (CE;C~ reacts

at ethylene, but shows no signs of reversibility and subsequent

attack at cyclopentadienyl. There could be some steric factor
that disfavors the product of (GfsC™ attack at cyclopentadienyl
and results in a switching of thermodynamic product stabilities,
but without further evidence that this is a straw worth grasping,
the origins of differing selectivities in the case of ((FEF"

(and presumably &5s") compared to (CHsC~ remain a
mystery.

Conclusions

Oxidative addition reactions of perfluoroalkyl iodides with
Mo(Il) and W(ll) precursors afford M(IV) products resulting
from fluoroalkylation at the metal, at the cyclopentadienyl ring,
or at ethylene ligands. In the case of primary or benzylic
substrates, attempts to trap or provide other evidence for
intermediate fluorinated radicals or carbanions have been
unsuccessful, whereas with secondary and tertiary substrate
positive evidence for fluorinated carbanion intermediates has
been obtained. The reasons for differing selectivities for
reactions of these intermediate fluoroalkylating agents remain
a matter of conjecture. The products of fluoroalkylation at the

(59) Davies, S. G.; Green, M. L. H.; Mingos, D. M. Retrahedrorn 978
34, 3047.

(60) Benfield, F. W. S.; Green, M. L. Hl. Chem. Soc., Dalton Trans.
1974 1324.

(61) Geoffroy, G. L.; Bradley, M. Glnorg. Chem.1978 17, 2410.

(62) Francis, B. R.; Green, M. L. H.; Luong-thi, T.; Moser, G. A.
Chem. Soc., Dalton Tran4976 1339.

(63) Semmelhack, M. FAnn. N.Y. Acad. Scil977, 333 36.

(64) Jaouen, GPure. Appl. Chem1986 58, 597.

(65) Brown, D. A.; Fitzpatrick, N. J.; Glass, W. K.; Taylor, T. H.
Organometallics1986 5, 158.

on a Varian Unity Plus 300 FT spectrometdi. NMR spectra were
referenced to the protio impurity present in the solven§Dg3o 7.16
ppm), CDC} (6 7.27 ppm), CRCN (6 1.94 ppm).1°®F NMR spectra
were referenced to CF§0.00 ppm)C NMR spectra were referenced
to CD.Cl; (6 53.8 ppm). Microanalyses were performed by Schwarz-
kopf Microanalytical Laboratory, Woodside, NY. |(@ECF; (Aldrich),
ICF.CsFs (PCR), ICF(CE), (PCR), and IGFs (Aldrich) were purified

by washing with a solution of sodium thiosulfate to remove iodine,
followed by washing with water and then drying over magnesium
sulfate and deoxygenation by several freegeacuate-thaw cycles.
BrCsFs (Oakwood) was deoxygenated and used as received. (CF
(PCR) was dissolved in deoxygenated benzene and used as received.
CH30D (Aldrich) was used as received. [Mog@2H,)] (4),6° [WCp,-
(C2H4)] (5),5° [MoCp(CO)] (6),5r and [WCp(CO)] (7)%2 were prepared
according to literature procedures.

Mo(n°-CsHs),[(CF2)sCF3]l (8). MoCp,(CoH.) (0.030 g, 0.118 mmol)
was dissolved in tetrahydrofuran (4 mL). |(G#F; (0.021 mL, 0.122
mmol) was added to give a brown solution. The reaction mixture was
stirred for 10 min, then filtered under nitrogen, and the solvent removed
in vacuo. The light brown solid was recrystallized from dichlo-
romethane/ethanol then dichloromethane/hexane (0.032 g, 47%).
Crystals suitable for an X-ray study were grown from dichloro-
methane/hexane. Mp: 17A72°C. *H NMR (C¢Ds) 6 4.56 (s, 10H,
CsHs). 1%F NMR (CsDg) 0 —61.0 (m, 2F a-CF,), —80.8 (tt,J rr = 10
Hz, J &r = 4 Hz, 3F, CR), —109.3 (m, 2F 8-CF;), —124.7 (m, 2F,
y-CF,). Anal. Calcd for GsHioFIMo (572.02): C, 29.39; H, 1.76.
Found: C, 29.39; H, 1.55.

Mo(775-CsHs)2(CF2CeFs)l (9). MoCp(CzH4) (0.100 g, 0.393 mmol)
was dissolved in tetrahydrofuran (12 mL). I€kFs (0.07 mL, 0.41
mmol) was added dropwise to give a brownish solution that was stirred
at room temperature for half an hour. The solution was filtered under
nitrogen, the solvent volume was reduced to approximately 1 mL, and
hexane (5 mL) was added to complete precipitation of the product.
The green solid was washed with hexanex(% mL) and dried in
vacuo (0.115 g, 51%). Mp: decomposition at ca. 220 'H NMR
(CDsCN) 6 5.45 (s, 10H, GHs). F NMR (CDsCN) 6 —40.8 (t,*Jer
= 29 Hz, 2F, CR), —136.7 (m, 2F, @5 ortho), —158.7 (tm,3Jer =
19 Hz, 1F, GFs para), —163.6 (m, 2F, GFs metgd. Anal. Calcd for
Ci7/H10F7IMo (570.10): C, 35.82; H, 1.77. Found: C, 35.85; H, 1.88.

[Mo(#5-CsHs)2(CF2CsFs)(CO)]I (10). MoCp,(CO) (0.040 g, 0.157
mmol) was dissolved in benzene (4 mL) and $C§s (0.03 mL, 0.17

énmol) was added. A pale yellow precipitate formed immediately. This

was collected by filtration and washed with benzene (5 mL) and hexane
(2 x 5 mL) to give analytically pure product (0.075 g, 82%). Mp:
decomposition at ca. 19€C. IR (Nujol) vco 2037 cnt. *H NMR (CDs-
CN): 6 5.91 (s, 10H, €Hs). 1%F NMR (CDsCN): 6 —29.1 (t,%Jer =
28 Hz, 2F, CR), —138.4 (m, 2F, @Fs ortho), —154.4 (t,3Js= = 20 Hz,
1F, GFs para), —160.8 (m, 2F, @Fs metg. Anal. Calcd for GgH1oF7-
IMoO (582.11): C, 36.15; H, 1.69. Found: C, 36.33; H, 1.73.
[W(17°-CsHs)o(CF2CeFs)(CoHA)]l (11). WCp(CHa) (0.140 g, 0.041
mmol) was dissolved in THF (10 mL). IGEsFs (0.075 mL, 0.436
mmol) was added dropwise and an off-white precipitate formed. The
reaction mixture was stirred for 15 min. The solvent was removed by
filtration and the product was washed with hexanex(% mL) and
filtered to give analytically pure product (0.200 g, 77%). Mp: *14
116°C.*H NMR (CDsCN): 6 5.79 (s, 10H, @Hs), 2.81 (m, 2H, CH=
CHy), 2.56 (m, 2H, CH=CH,). 1°F NMR (CDsCN): 6 —30.8 (t, W



Reactions of Halofluorocarbons with Group 6 Complexes J. Am. Chem. Soc., Vol. 123, No. 1432801

satellites *Jrr = 33 Hz, Jrw = 26 Hz, 2F, CR), —135.9 (m, 2F, GFs, at room temperature for 30 min then filtered under nitrogen. The solvent
ortho), —154.5 (t,3Jer = 21 Hz, 1F, GFs, para), —160.9 (m, 2F, GFs, was removed in vacuo and the residue was washed with hexare (2
metg. Anal. Calcd for GoHi4FIW (686.07): C, 33.26; H, 2.06. 5 mL) and recrystallized from benzene/hexane (0.051 g, 49%). Mp:
Found: C, 33.44; H, 1.94. decomposition at ca. 114C. IR (Nujol mull): vwy 1938 cnTt. H

W(#5-CsHs)[CsHa((CF2)sCF3)]HI (12). WCp(CzHs) (0.050 g, 0.146 NMR (300 MHz, GHg): 6 5.24 (m, 1H, GHy), 5.01 (m, 1H, GH,),
mmol) was dissolved in benzene (6 mL) and IZEFR; (0.028 mL, 4.38 (s, 5H, GHs), 4.21 (m, 1H, GH4), 3.70 (m, 1H, GH4), —11.64
0.163 mmol) was added. The resulting brown solution was stirred for (s, W satellites Juw = 56.4 Hz, 1H, W-H). 1% NMR (282 MHz,
15 min and then filtered. The solvent was removed from the filtrate CeHe): 6 —141.3 (ddJr== 22 Hz,Jer = 7 Hz, 2F, GFs ortho), —158.6
giving a brown residue. This residue contained impi2eAttempts (t, Jrr = 22 Hz, 1F, GFs para), —163.4 (m, 2F, GFs metg. Anal.

to recrystallize the product resulted in partial conversiob3dH NMR Calcd for GeHioFsIW (608.00): C, 31.61; H, 1.66. Found: C, 31.53;
(CeDe): 0 4.79 (M, 1H, GHa), 4.57 (m, 1H, GHy), 4.46 (s, 5H, GHs), H, 1.89.

4.05 (br's, 1H, GH4), 3.75 (br s, 1H, @H,), —10.92 (s, W satellites, W (575-CsH)[CsH4(CeFs)]HBr (17). WCp(C,Hq4) (0.150 g, 0.438
Juw = 63.0 Hz, 1H, W-H). °F NMR (CsDg): 0 —81.4 (it,3Jr = 3.0 mmol) was dissolved in THF (6 mL). On addition of By (0.056

Hz, “Jrr = 10 Hz, 3F, CR), —101.5 (dm s = 275 Hz, 1H,0-CF,), mL, 0.441 mmol) the orange solution turned brown/yellow. It was
—108.0 (dm,2Jr = 275 Hz, 1H,0-CRy), —122.7 (m, 2F,3-CF), stired fa 1 h at room temperature then filtered under nitrogen.
—125.5 (m, 2Fy-CFy). Reduction of the solvent volume gave a brown solid that was washed

W(®-CsHs)[CsH4((CF2)sCF3)]l 2 (13). WCp(C2H4) (0.150 g, 0.438 with hexane then recrystallized from dichloromethane/hexane (0.159
mmol) was dissolved in benzene (6 mL) and IZEFR; (0.075 mL g, 65%). Mp: decomposition at ca. 100. IR (Nujol mull): vwy 1895
0.442 mmol) was added giving a brown solution. This was filtered cm™® H NMR (300 MHz, GDe): 6 5.20 (m, 1H, GHa), 5.03 (m,
and the benzene removed in vacuo. Dichloromethane (10 mL) and 1H, GHa), 4.39 (s, 6H, GHs, CsHy), 4.30 (m, 1H, GHa), —11.18 (s,
iodoform (0.861 g, 2.19 mmol) were added to the residue. The solution W satellites Jaw = 57.6 Hz, 1H, W-H). °F NMR (282 MHz, GD):
was stirred fo 4 h during which time it turned dark green. Filtration 0 —141.4 (dd,Jee = 23 Hz, Jie = 6 Hz, 2F, GFs ortho), —158.9 (t,
followed by removal of all the solvent gave a dark green/brown product. Jer = 23 Hz, 1F, GFs para), —163.5 (m, 2F, GFs). Anal. Calcd for
This was dissolved in a minimum of dichloromethane and filtered to CigH10BrFsW (561.00): C, 34.26; H, 1.80. Found: C, 34.40; H, 1.70.
remove iodoform. The filtrate was placed on a silica gel colums (6 W (175-CsHs)[CsH4(CF(CF3)2)]l 2 (18). W(17°-CsHs)[CsHa(CF(CFR))]-

1.5 cm) and eluted with dichloromethane. The first dark yellow/brown HI (15) (0.027 g, 0.044 mmol) was dissolved in dichloromethane (3
fraction contained excess CHand was discarded. The second dark mL) and iodoform (0.017 g, 0.046 mmol) was added. The solution
green fraction was collected, the solvent volume was reduced underwas stirred at room temperaturer f8 h during which time it turned
reduced pressure, and hexane was added giving a dark green precipitatgreen. Filtration in the open followed by reduction of the solvent volume
that was recrystallized from dichloromethane/hexane (0.050 g, 15%). and addition of hexane afforded green microcrystals. The product was

Mp: 220-223°C.*H NMR (CDCL): 6 5.91 (m,3Juy = 2.7 HZ,*Jun recrystallized from dichloromethane/hexane (0.018 g, 55%). Crystals
= 8.8 Hz,*Jyy = 2.6 Hz,*Jyr = 1.0 Hz, 2H, GH4), 5.70 (s, 5H, GHs), suitable for diffraction were grown from dichloromethane/hexane.
5.27 (t,%3un = 2.7 Hz, 2H, GH4). *F NMR (CDCk): 6 —81.4 (m, Mp: 211-212°C.*H NMR (300 MHz, CDC}): 0 5.95 (m, 2H, GHJ),
3F, CR), —108.0 (M, 2Fp-CF), —122.8 (M, 2F3-CF,), —125.8 (m, 5.67 (s, 5H, @Hs), 5.20 (t,dun = 2.5 Hz, 2H, GH.). 1%F NMR (282
2F, y-CR,). Anal. Calcd for GsHoFol W (785.87): C, 21.40; H, 1.15. MHz, CDCk): 6 —74.4 (d,3J = 9 Hz, 6F, CR), —176.2 (sept3J
Found: C, 21.31; H, 1.19. =10 Hz, 1F, CF). Anal. Calcd for gHqF7I,W (735.86): C, 21.22; H,

Mo (75-CsHs)[CsH4(CF(CF3)2)]HI (14). MoCpy(C;H4) (0.040 g, 1.23. Found: C, 21.17; H, 0.96.
0.157 mmol) was dissolved in benzene (3 mL) and ICEJ£©.022 W (175-CsHs)[CsHa(CeFs)]l 2 (19). W(CsHs)[CsHa(CeFs)HI (16) (0.075

mL, 0.157 mmol) was added. The solution was stirred for 30 min and g, 0.123 mmol) was dissolved in dichloromethane (5 mL) in the open.
filtered and the solvent was removed in vacuo. The brown residue was lodoform (0.486 g, 1.23 mmol) was added and the solution was stirred
dissolved in benzene, the volume was reduced to ca. 1 mL, and a similarfor 1 h during which time it turned green. Filtration followed by
volume of hexane was added to precipitate the product. It was reduction of the solvent volume under reduced pressure and addition
recrystallized from benzene/hexane (0.037 g, 45%). Mp: decomposition of hexane gave a green crystalline product that was recrystallized from

at ca. 55°C. IR (GsHe): vmon 1958 cni. 'H NMR (300 MHz, GDg): dichloromethane/hexane and washed well with ethanol then hexane
0 4.78 (M,3Jypy = 3.1 Hz,*Juy = 2.5 Hz,%Juy = 2.9 Hz, 1H, GHy), (0.069 g, 76%). Mp: decomposition at ca. XD with apparent loss
4.52 (s, 5H, GHs), 4.43 (br s, 1H, €H), 4.29 (M *Jun = 2.5 Hz,“Jun of I2. 'H NMR (300 MHz, CDC}): 6 5.91 (t,Jun = 2.7 Hz, 2H, GHJ),

= 0.5 Hz,3) py = 2.7 Hz,%Jur = 2.4 Hz, 1H, GHy), 4.03 (br s, 1H,  5.58 (m, 2H, GH2), 5.55 (s, 5H, €Hs). 19F NMR (282 MHz, CDCY):
CsHa), —7.82 (s, 1H, Me-H). 1%F NMR (282 MHz, GDs): 0 —74.1 6 —139.0 (d,Jer = 16 Hz, 2F, GFs ortho), —154.2 (t,Jer = 21 Hz,

(dg, 3Jer = 10 Hz,%Jr = 10 Hz, 3F, CR), —75.4 (dq,3J = 10 Hz, 1F, GFs para), —161.9 (m, 2F, GFs metd. Anal. Calcd for GgHgFsl W
4Jrr= 10 Hz, 3F, CR), —171.2 (sept d®J gr = 10 Hz,3Jsr = 10 Hz, (733.90): C, 26.19; H, 1.24. Found: C, 25.81; H, 1.25.

4Jrn = 2 Hz, 1F, CF). Anal. Calcd for gH10FIMo (522.06): C, 29.90; W (175-CsHs)[CsH4(CsFs)]Br 2 (20). WCp[CsH4(CsFs)]HBr (17) (0.100

H, 1.93. Found: C, 29.66; H, 1.85. g, 0.178 mmol) was dissolved in dichloromethane (3 mL) and

W (375-CsHs)[CsH4(CF(CF3)2)]HI (15). WCp(CzH4) (0.275 g, 0.804 bromoform (0.301 g, 1.19 mmol) was added. The solution was stirred
mmol) was dissolved in THF (10 mL) and ICF(€#(0.121 mL, 0.859 for 3 h during which time it turned green and a small amount of dark
mmol) was added dropwise. The solution was stirred at room precipitate appeared. It was filtered in the open, the volume of the
temperature for 30 min during which time the color changed to purple/ solvent was reduced, and hexane was added to precipitate the product,
brown. The solution was filtered under nitrogen and the solvent was which was recrystallized from dichloromethane/hexane (0.072 g, 63%).
removed in vacuo. The purple residue was washed twice with hexane Mp: decomposition at ca. 212C. 'H NMR (300 MHz, CDC}): o
(2 x 5 mL) (0.434 g, 86%). Crystals suitable for X-ray diffraction 5.94 (br s, 2H, GH,), 5.62 (br s, 7H, @Hs, CsHa). °F NMR (282
were grown from benzene. Mp: 988 °C. IR (Nujol mull): vwy 1935 MHz, CDCl): ¢ —138.8 (d,Jer = 18 Hz, 2F, GFs ortho), —154.2 (t,

cm L. IH NMR (300 MHz, GDg) 6 4.77 (M3 = 3.4 Hz, 40y = Jee = 22 Hz, 1F, GFs para), —161.9 (m, 2F, @Fs metd. Anal. Calcd
2.0 Hz,*Jyn = 3.3 Hz, 1H, GH,), 4.46 (s, 6H, GHs, CsHy), 3.89 (br for CigHoBroFsW (639.90): C, 30.30; H, 1.42. Found: C, 30.16; H,
s, 1H, GH,) 3.82 (br s, 1H, GH,), —10.93 (s, W satellites)w = 1.48.

60.0 Hz, 1H, W-H). °F NMR (282 MHz, GD¢): 0 —73.5 (dq,%Jr¢ Mo (75-CsHs)[CsHs(CF(CF3)2)]I(CO) (21). MoCp,(CO) (0.051 g,

= 10 Hz,*J = 10 Hz, 3F, Ck), —75.7 (dq,2Jrr = 10 Hz,%Je= = 10 0.201 mmol) was dissolved in tetrahydrofuran (4 mL) and ICRJCF
Hz, 3F, CR), —171.7 (sept d3Jsr = 10 Hz,3Jrr = 10 Hz,*J4r = 1.0 (0.030 mL, 0.219 mmol) was added giving a red/brown solution. This
Hz, 1F, CF). Anal. Calcd for GH1oFIW (609.97): C, 25.60; H, 1.65. mixture was stirred for 10 min then the solvent was removed in vacuo.
Found: C, 25.35; H, 1.79. The orange residue was extracted with dichloromethane and filtered

W (37°5-CsHs)[CsH4(CsFs)]HI (16). WCp(C,H4) (0.058 g, 0.170 in the open. Reduction of the solvent volume and addition of hexane
mmol) was dissolved in THF (7 mL) and ¢&s (0.023 mL, 0.170 mmol) afforded an orange powder that was recrystallized from dichlo-
was added resulting in a yellow/brown solution. This mixture was stirred romethane/hexane (0.079 g, 71.6%). Mp: 4123 °C. IR (Nujol
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mull): veo 1952 cnt™. 'H NMR (300 MHz, GDsCDs; —60 °C): & CsHs), 61.5 (decer = 25 Hz, CCFy), 39.7 (s, CH), —20.8 (s, W
5.30 (m, 1H, GHs), 4.21 (br s, 1H, @Hs), 4.09 (s, 5H, @Hs), 4.01 (d, satellites Jow = 60 Hz, W—CHy). “°F NMR (282 MHz, GDs): & —66.0

3Jur = 24.9 Hz, 1H, H-endo), 3.89 (m, 1H8s), 1.90 (m, 1H, GHs) (quintet, 9F, CE). Anal. Calcd for GeH14FoIW (688.93): C, 27.93; H,
(major isomer); 5.02 (br s, 1H,8s), 4.95 (m, 1H, GHs), 4.36 (s, 2.05. Found: C, 28.10; H, 2.01.

5H, GHs), 3.73 (br s, 1H, €Hs), 3.08 (d,*J4r = 23.4 Hz, 1H, H-endo), W (#75-CsHs)o[CH 2CH2OCH3]l (27). WCpx(CoHa) (0.050 g, 0.146
1.60 (br s, 1H, €Hs) (minor isomer).'F NMR (282 MHz, GDsCDs; mmol) was dissolved in benzene (5 mL) and methanol (0.057 mL, 1.41
—60°C): 6 —73.7 (br s, 6F, C§, —191.2 (M Jer = 8 Hz,3Jry = 24 mmol) was added followed by ICF(G)fz (0.021 mL, 0.149 mmol). A

Hz, 1F, CF) (major isomer);-73.2 (dq,*Jr = 8 Hz,*Jrr = 8 Hz, 3F, light orange precipitate and a green/brown solution resulted. The

CRs), —73.9 (dq,Jrr = 8 Hz,*Jre = 8 Hz, 3F, CR), —189.0 (M *Je¢ solution was stirred for 15 min and then filtered to remove the
= 8 Hz, 3 = 24 Hz, 1F, CF) (minor isomer). Anal. Calcd for  precipitate. The solvent was removed in vacuo and the residue was
Ci4H10~IM0O (550.07): C, 30.57; H, 1.83. Found: C, 30.77; H, 1.97. washed with hexane. Recrystallization from dichloromethane/hexane

W (175-CsHs)[CsHs(CF(CF3)2)]I(CO) (22). WCp(CO) (0.060 g, gave a dull green powder (0.022 g, 30%). NMR (300 MHz, CDy-
0.175 mmol) was dissolved in tetrahydrofuran (4 mL) and ICRJEF Clp):; 6 5.02 (s, 10H, @Hs), 3.33 (m, 2H, CH), 3.26 (s, 3H, OCh),
(0.025 g, 0.177 mmol) was added giving a yellow/brown solution. This 1.35 (m, 2H, CH). 2*C NMR (75 MHz, CD3Cly): 6 88.5 (s, W satellites,
mixture was stirred for 10 min then filtered in the open. The solvent J.,, = 6 Hz, Cp), 84.5 (s, Ch), 57.2 (s, CH), —11.3 (s, W satellites,
was removed and the residue was extracted with benzene. On slow].,, = 58 Hz, W-CHy). Anal. Calcd for GsHi7IOW (500.03): C
reduction of the solvent volume a small amount of dark precipitate 31.23: H, 3.43.
appeared. This was removed by filtration and the volume of the resulting Crystallographic Structural Determinations. Crystal, data col-
orange solution was reduced further and hexane was added to precipitatgsction, and refinement parameters are collected in Table 1. The
the product. Recrystallization from dichloromethane/hexane gave orangegystematic absences in the diffraction data were consistent for the
crystals (0.070 g, 63%). Crystals suitable for X-ray diffraction were renqrted space groups. F6, 13, and 18 either of the monoclinic
grown from toluene/hexane. Mp: 13337°C. IR (Nujol mull): veo space group€candC2/c was indicated; the noncentrosymmetric group
1943 cm™. *H NMR (300 MHz, GDsCDs; —60 °C): 6 5.15 (s, 1H, Ccwas chosen fol0 and the centrosymmetric space graT@c was
CsHs), 4.28 (d,*J4 = 25.1 Hz, 1H, H-endo), 4.03 (s, 5HgMs), 3.74 chosen for13 and 18 to yield the chemically reasonable and compu-
(S, 1H, GHs), 3.66 (Tv 1H, GHs), 1.74 (s, 1H, GHs). *F NMR (282 tationally stable results of refinement. The structures were solved by
MHz, CeDsCDs; —60°C): 0 —73.4 (d,*Jrr = 7.0 Hz, 6F, CF), —189.2 using direct methods, completed by subsequent difference Fourier
(M, *Jer = 7 Hz, 3Jry = 25 Hz, 1F, CF). Anal. Calcd for GHioFI0W syntheses and refined by full-matrix least-squares procedures. Absorp-
(637.98): C, 26.36; H, 1.58. Found: C, 26.46; H, 1.55. tion corrections were not required for structuf@sand13 because the

Mo (5°-CsHs)[CH2CH:C(CF3)3]l (25). MoCp(CHa) (0.039 9, yariation in they-scan intensities was less than 10%. Empirical
0.153 mmol) was dissolved in tetrahydrofuran (4 mL) and a solution g ractions for absorption (DIFABS) were applied to the datalr
of IC(CFs)s (0.190 mL, 0.157 mmol) in benzene was added. The orange/ gnq22 |n 8, atoms F(3), F(5), F(6), and F(7) are disordered over two
brown solution turned brown and was stirred for half an hour. Remoyal positions with an occupancy distribution 70/30 for atom F(3) and 60/
of the solvent volume gave the crude product as a light brown solid. 4q for the other fluorine atoms. 182 the asymmetric unit contains
Recrystallization from dichloromethane/hexane gave the pure product q crystallographically independent, but chemically similar, molecules.
(0.050 g, 54%). Mp: decomposition at ca. 1D *H NMR (300 MHz, In one of the two molecules, disorder is found in the CR)gEroup

?GDfi): 0 4.28 (s, 10H, €Hs), 1.90 (m, 2H, CH), 1.56 (m, 2H, CH). and two sites of approximately equal occupancy were refined. All non-
C{*H}NMR (75 MHz, CDCL,): 6 122.5 (q,Jcr = 288 Hz, CR), hydrogen atoms were refined with anisotropic displacement coefficients,
92.7 (s, GHs), 60.9 (dec?Jer = 25 Hz,CCRy), 36.7 (s, CH), —5.7 (s, except for atoms of the disordered group2 Hydrogen atoms were

Mo—CHj). %F NMR (282 MHz, GDe): 6 —66.0 (br s, 9F, CF). Anal. treated as idealized contributions. All software and sources of the

Calcd for GeHi4FIMo (600.12): C, 32.02; H, 2.35. Found: C, 32.00;
H, 2.39.

W (175-CsH5)2[CH 2CH,C(CF3)3]l (26). WCp,(C>Ha) (0.030 g, 0.088 : . .
mmol) was dissolved in tetrahydrofuran (4 mL) and a solution of IC- Acknowledgment. R.P.H. is grateful to the National Science
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