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Introduction

Bent-metallocene complexes of the early transition metals
and lanthanide metals of Groups 3–6 have contributed sub-
stantially to our understanding of bonding and reactivity in
organometallic systems and have been responsible for major

breakthroughs in homogeneous catalysis, especially alkene
polymerization catalysis. However, the chemistry of bent-
sandwich chromocene has largely eluded examination. This
situation is most likely due to the lability of the cyclopenta-
dienyl rings on high-spin, 16 e parallel-ring chromocenes[1,2]

and the relatively high spin-pairing energy penalty involved
in forming an electronically saturated bent sandwich deriva-
tive such as [Cr(CO)Cp2].[3,4] The strategy that we have pur-
sued to gain access to the chemistry of bent chromocene has
been to employ a bridged dicyclopentadienyl ligand frame-
work to enforce a bent geometry between the cyclopenta-
dienyl rings on chromium. The effectiveness of this ap-
proach was initially demonstrated by Brintzinger and co-
workers, who reported the first ansa-chromocene complex,
[Cr(CO) ACHTUNGTRENNUNG{Me4C2 ACHTUNGTRENNUNG(C5H4)2}] (1), in 1983.[5] Unlike
[Cr(CO)Cp2], complex 1 is stable in the absence of a CO at-
mosphere. In fact, the CO ligand is required to stabilize the
16 e ansa-chromocene fragment. Improved synthetic routes
to 1 and related isocyanide derivatives[6–8] have allowed
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these complexes to be used as a basis for exploring bent-
chromocene reactivity.

Previously we reported that the electrophilic addition of
B ACHTUNGTRENNUNG(C6F5)3 to 1 in toluene yields 18 e diamagnetic [Cr(CO)H-
ACHTUNGTRENNUNG{Me4C ACHTUNGTRENNUNG(C5H4) ACHTUNGTRENNUNG[C5H3B ACHTUNGTRENNUNG(C6F5)3]}] (2), the first structurally char-
acterized CrIV bent-metallocene species.[9] Above �20 8C, 2
decomposes cleanly to a 1:1 mixture of two CrIII species,
low-spin 17 e [Cr(CO)ACHTUNGTRENNUNG{Me4C2ACHTUNGTRENNUNG(C5H4)ACHTUNGTRENNUNG[C5H3B ACHTUNGTRENNUNG(C6F5)3]}] (3b)
and low-spin 17 e [Cr(CO) ACHTUNGTRENNUNG{Me4C2ACHTUNGTRENNUNG(C5H4)2}][HB ACHTUNGTRENNUNG(C6F5)3] (4)
(Scheme 1). Here we present the molecular structures, phys-

ical properties, and reactivity of these complexes and other
15 e and 17 e species that are derived from them. From a
combination of X-ray crystallography, cyclic voltammetry,
EPR, and 19F NMR studies we have found that the
�B ACHTUNGTRENNUNG(C6F5)3 substituent has interesting and useful effects on
the redox properties, reactivity, and stability of the ansa-
chromocene complexes that could be extended to other
ansa-metallocene systems. DFT calculations on model com-
plexes offer some insight into these effects.

Results and Discussion

Isolation and identification of products from the thermal
ACHTUNGTRENNUNGdecomposition of [Cr(CO)H ACHTUNGTRENNUNG{Me4C2ACHTUNGTRENNUNG(C5H4) ACHTUNGTRENNUNG[C5H3B ACHTUNGTRENNUNG(C6F5)3]}]
(2): The reaction between red-brown [Cr(CO) ACHTUNGTRENNUNG{Me4C2-
ACHTUNGTRENNUNG(C5H4)2}] (1) and B ACHTUNGTRENNUNG(C6F5)3 occurs immediately in
[D8]toluene at �78 8C, forming diamagnetic, orange-brown

2. This complex is stable indefinitely below �20 8C, but de-
composes above this temperature to form paramagnetic
products. Decomposition of a solution sample of 2 in tolu-
ene at room temperature is complete within 12 h. The re-
sulting dark brown solution yields very little free CO at this
stage (0.02–0.03 mol CO per mol Cr was collected with a
Toepler pump). Heating the mixture at 35–40 8C produces a
deep green solution along with an orange crystalline precipi-
tate after approximately 2 h. The evolution of CO by the
heated mixture was monitored with a Toepler pump until no
further CO was produced (ca. 22 h), giving a yield of
0.49 mol CO per mol Cr. The dark green solution afforded
crystals of the zwitterionic, 15 e ring-borylated compound
[Cr ACHTUNGTRENNUNG{Me4C2 ACHTUNGTRENNUNG(C5H4) ACHTUNGTRENNUNG[C5H3B ACHTUNGTRENNUNG(C6F5)3]}] (3a). The orange crystal-
line precipitate was identified as 17 e [Cr(CO) ACHTUNGTRENNUNG{Me4C2-
ACHTUNGTRENNUNG(C5H4)2}][HB ACHTUNGTRENNUNG(C6F5)3] (4) (Scheme 1).

An equilibrium between green 3a and its red-brown 17e
carbonyl derivative [Me4C2 ACHTUNGTRENNUNG(C5H4) ACHTUNGTRENNUNG{C5H3B ACHTUNGTRENNUNG(C6F5)3}]Cr(CO)
(3b) was evident from the fact that less CO was isolated
from the thermal decomposition of 2 if free CO was not pe-
riodically removed from the vessel. Furthermore, drops of
the dark green solution that deposited on cooler regions of
the vessel wall changed to orange-brown. The same color
change was observed at the surface of the solution when it
was cooled in liquid nitrogen. Exposure of a dark green so-
lution of 3a in benzene to an atmosphere of CO produced
an immediate color change to brown. Application of a dy-
namic vacuum to the solution caused the color to revert
back to green. These color changes were accompanied by a
change in the magnetic susceptibility of the sample, as deter-
mined by using EvansM solution NMR method.[10]

Compound 3b was isolated in 81 % yield as a red-brown,
crystalline complex by applying a CO atmosphere to a solu-
tion of 3a in benzene layered with pentane. Magnetic sus-
ceptibility measurements on 3a and 3b as solids gave mag-
netic moments of 3.8 and 1.8 mB, respectively, showing that
coordination of CO by chromium leads to a change in the
spin of the complex from S=3/2 to S=1/2. Ionic complex 4
is also low spin, with meff=2.0 mB. The CO stretching vibra-
tion of 3b (1978 cm�1) is slightly lower in energy than that
of complex 4 (1989 cm�1). The molecular structures of com-
plexes 2 and 3a were described previously.[9] The molecular
structure of 3b is shown in Figure 1. Selected structural pa-
rameters for the complex are listed in the caption for
Figure 1 and in Table 1.

An especially interesting feature of the structure is the
presence of a p-stacking interaction between the carbonyl
ligand on chromium and one of the pentafluorophenyl rings
of the boryl substituent. Whereas p-stacking interactions be-
tween arene rings are common,[11–14] to our knowledge this is
the first example of a p-stacking interaction between an
arene ring and a carbonyl ligand. Similar p-stacking interac-
tions have been described between one of the pentafluoro-
phenyl rings and the xylyl isocyanide ligand (CNxyl) of
[Cr ACHTUNGTRENNUNG(CNxyl) ACHTUNGTRENNUNG{Me4C2ACHTUNGTRENNUNG(C5H4) ACHTUNGTRENNUNG[C5H3B ACHTUNGTRENNUNG(C6F5)3]}] (3c)[9] and
[Cr ACHTUNGTRENNUNG(CNxyl)CN ACHTUNGTRENNUNG{Me4C2ACHTUNGTRENNUNG(C5H4) ACHTUNGTRENNUNG[C5H3B ACHTUNGTRENNUNG(C6F5)3]}] .[15] The dis-
tance between the center of the C18–C23 ring plane ring

Scheme 1. Products of the reaction between 1 and B ACHTUNGTRENNUNG(C6F5)3 as a function
of temperature.
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along its normal and the C17�O17 bond is 3.15 N as com-
pared with interplanar distances of 3.4–4.4 N for fluoroaryl–
aryl stacking interactions.[11–14] The dihedral angle between
the cyclopentadienyl rings planes of 3b is significantly wider
than that of 3a and slightly narrower than that of 2
(Table 2). Thus, increasing the number of ligands in the
equatorial wedge causes the cyclopentadienyl rings to tilt
back more on the metal. The Cr–centroid distances are simi-
lar for both cyclopentadienyl rings, so there is no noticeable
strain imposed by the bulky boryl group on the cyclopenta-
dienyl–chromium interaction. The boron deviates slightly
from the plane of the attached cyclopentadienyl ring with a
centroid-C2-B1 angle of 173.28.

The molecular structure of 4 is similar to [Cr(CO) ACHTUNGTRENNUNG{Me4C2-
ACHTUNGTRENNUNG(C5H4)2}][B ACHTUNGTRENNUNG(C6F5)4], which was reported in an previous com-
munication.[16] Selected structural parameters for the com-
plex are listed in Table 1 and crystallographic data is listed
in Table 2.

When the products of the reaction between 1 and
B ACHTUNGTRENNUNG(C6F5)3 in toluene were heated at a higher temperature
(100–105 8C) over a longer time (40–50 h) with periodic re-
moval of free CO from the vessel, 0.97 mol CO per mol Cr
was collected. Passage of the gas over a heated column of
CuO yielded only CO2, confirming that the gas consisted ex-
clusively of CO. The thermolysis product consisted of 3a,

which was isolated in 47 % yield, and a brown-yellow, in-
soluble solid (6) that was isolated in 43 % yield. An IR spec-
trum of 6 showed a B�H stretch at 2376 cm�1 and other fea-
tures consistent with a [HB ACHTUNGTRENNUNG(C6F5)3]

� counterion, but it did
not exhibit a CO stretch. The insolubility of 6 in a variety of
solvents (e.g. THF and CH2Cl2) precluded its further struc-
tural characterization. The elemental analysis (C, H) of 6
was consistent with the molecular formula for [Cr ACHTUNGTRENNUNG{Me4C2-
ACHTUNGTRENNUNG(C5H4)2}][HB ACHTUNGTRENNUNG(C6F5)3], the CO elimination product of 4. The
material exhibited a magnetic moment of 3.8 mB at room
temperature, consistent with three unpaired electrons on
chromium. The formation of 6 is irreversible. It remained in-
soluble in THF when exposed to an atmosphere of CO.

To confirm that 6 originated from 4, the thermolysis of 4
alone was examined. On being heated at 90–100 8C, the
clear yellow-orange solution of 4 in toluene turned dark
green over the course of 30 min. After approximately 4 h
and three gas collections at one hour intervals, 0.98 mol of
CO gas per mol Cr was collected. The resulting dark green
solution contained some yellow precipitate, which was con-
firmed by IR analysis to be 6. As the solution was concen-
trated under vacuum, more yellow precipitate formed.

Although we were unable to isolate substantial amounts
of the soluble green compound, we were able to obtain
some dark green crystals suitable for X-ray analysis. The
dark green material was identified as [Cr ACHTUNGTRENNUNG{Me4C2 ACHTUNGTRENNUNG(C5H4)2}]
[HB ACHTUNGTRENNUNG(C6F5)3] (5) (Scheme 2). Its molecular structure is shown
in Figure 2. Selected structural parameters are listed in the
figure caption and in Table 1.

Interestingly, heating a solution of 4 in toluene at even
higher temperature (120–125 8C) produced not only 6 (55 %
yield), but 3a as well (28 % yield), along with 0.90 equiv of
CO and 0.35 equiv of H2. Apparently the hydroborate anion
transfers its hydride back to chromium, generating a neutral
ansa-chromocene hydride intermediate and B ACHTUNGTRENNUNG(C6F5)3. Subse-
quent electrophilic addition of the B ACHTUNGTRENNUNG(C6F5)3 to the cyclopen-
tadienyl ring of the ansa-chromocene hydride intermediate
must then occur to generate 3a and H2. However, when the
thermolysis of 4 was conducted under 800 mm CO, neither
H2 nor 3b were formed and only a very small amount of 6
precipitated. Therefore, only the naked 15 e chromium spe-
cies is able to re-abstract a hydride from [HB ACHTUNGTRENNUNG(C6F5)3], as de-
picted in Scheme 3.

At lower temperatures (<100 8C) only a 50 % theoretical
yield of 3a is achievable from the disproportion of 2 to 3b
and 4 ; however, the partial conversion of 5 to 3a at 120 8C
indicated that yields of 3a from 2 could be increased by car-
rying out the thermolysis of 2 at 125 8C, while removing free

Figure 1. Thermal ellipsoid drawing (30 %) of 3b. Hydrogen atoms and
fluorine labels have been omitted for clarity. Selected bond lengths (N)
and angles (8): Cr�CO 1.871(3), CrC�O 1.147(5), B1�C2 1.626(6), Cr�
centroidACHTUNGTRENNUNG(C1–C5) 1.82, Cr�centroid ACHTUNGTRENNUNG(C8–C12) 1.82; centroid-C2-B1 173.2,
Cr1-C17-O17 178.5.

Table 1. Summary of structural and physical parameters of complexes 1, 2, 3a–e, and 5.

1 2 3a 3b 3c 3d 3e 4 5

centroid-Cr-centroid [8] 143.3(5) 140.0(1) 149.3(3) 142.5(3) 140.0(1) 142.5(3) nd 142.1(2) 149.4(4)
Cp<Cp xy[8] 38.5(5) 42.4(1) 36.9(2) 41.0(2) 42.4(1) 41.0(2) nd 38.4(2) 36.4(2)
ñ CO ACHTUNGTRENNUNG(CNR) [cm�1] 1905 1992 na 1978 1992 na na 1989 na
meff

[a] [mB] na na 3.8 1.8 1.8 1.9 2.0 2.0 nd

[a] From measurements on the solids. [b] na=not applicable. [c] nd=not determined.
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CO during the course of the reaction. Indeed, 3a was isolat-
ed in 74 % yield from the thermolysis of 2 in toluene at
125 8C over three days with the periodic removal of evolved
gases (Scheme 4). The only other product was 6, which, due
to its insolubility, was easily separated from the solution of
3a by filtration. In this manner, multigram quantities of 3a
can readily be prepared.

Lewis base coordination by 3a : Complex 3a is extremely air
and moisture sensitive, but is infinitely stable under an at-
mosphere of nitrogen or argon and is thermally robust. It is
soluble in polar solvents like diethyl ether and THF and in
aromatic solvents, but is insoluble in aliphatic solvents. Its
reversible coordination of CO and the accompanying transi-
tion from high to low spin prompted us to examine the
effect of coordinating other Lewis bases to 3a. Addition of
CNxyl to a solution of 3a in THF or toluene produces an

immediate color change from green to red-brown from the
formation of [Cr ACHTUNGTRENNUNG(CNxyl) ACHTUNGTRENNUNG{Me4C2ACHTUNGTRENNUNG(C5H4) ACHTUNGTRENNUNG[C5H3B ACHTUNGTRENNUNG(C6F5)3]}] (3c),
which, like 3b, is low spin, (meff=1.8 mB). Complex 3a also
coordinates PMe3 and PPhMe2 to form red-brown 3d (meff=

1.9 mB) and 3e (meff=2.0 mB), respectively. The ability of 3a
to bind phosphane contrasts with the behavior of the neutral

Scheme 2. Products of CO elimination from 4 (compound 6 is an insolu-
ble brown-yellow precipitate).

Table 2. Crystallographic data for compounds 3b, 3d, 3e, and 5.

3b 3d 3e 4 5

formula C35H19BCrF15O C37H28BCrF15P C42H30BF15P C35H21BCrF15O C34H21BCrF15

Mr 803.31 851.37 913.44 805.33 777.32
crystal system orthorhombic monoclinic monoclinic triclinic triclinic
space group Pna21 P21/n P21/c P1̄ P1̄
a [N] 18.1437(7) 10.7559(18) 12.733(4) 10.0591(8) 11.3841(10)
b [N] 11.8078(5) 20.690(3) 20.217(5) 11.8948(9) 12.2488(10)
c [N] 14.3471(5) 15.520(3) 14.374(4) 14.9672(12) 12.7333(11)
a [8] 90 90 90 112.01(1) 94.154(1)
b [8] 90 93.826(4) 95.70(3) 90.94(2) 104.687(2)
g [8] 90 90 90 105.35(2) 115.840(2)
V [N3] 3073.7(2) 3446.1(10) 3681.9(17) 1587.7(3) 1511.3(2)
Z 4 4 4 2 2
T [K] 203(2) 81(2) 83(2) 203(2) 83(2)
exposure time [s] 40 30 20 30 5
frames collected 1471 1471 2132 2132 2132
1calcd [Mg m�3] 1.736 1.641 1.648 1.685 1.708
m [mm�1] 0.495 0.489 0.464 0.480 0.498
F ACHTUNGTRENNUNG(000) 1604 1716 1844 806 778
crystal size [mm3] 0.21 Q 0.09 Q 0.05 0.22 Q 0.10 Q 0.05 0.32 Q 0.08 Q 0.04 0.27 Q 0.26 Q 0.09 0.22 Q 0.20 Q 0.05
q range [8] 2.06 to 27.50 1.64 to 25.00 1.61 to 25.25 1.48 to 25.25 1.89 to 25.25
index ranges �13�h�23 �12�h�12 �15�h�15 �12�h�12 �13�h�13

�13�k�15 �24�k�21 �24�k�24 �14�k�14 �14�k�14
�18� l�18 �18� l�11 �17� l�17 �17� l�17 �15� l�15

reflections collected 26842 21 961 48507 20 009 16950
independent reflections 7048 [R ACHTUNGTRENNUNG(int)=0.0777] 6074 [R ACHTUNGTRENNUNG(int)=0.1162] 6670 [R ACHTUNGTRENNUNG(int)=0.0659] 5735 [R ACHTUNGTRENNUNG(int)=0.0248] 5467 [R ACHTUNGTRENNUNG(int)=0.0386]
data/restraints/parameters 7048/1/482 6074/0/503 6670/0/547 5735/37/409 5467/122/539
GOF 1.015 0.981 1.052 1.034 1.021
R1[a] [I>2s(I)] 0.0542 0.0669 0.0438 0.0664 0.0509
wR2[a] [I>2s(I)] 0.0866 0.1513 0.0944 0.1723 0.1189
Largest diff. peak/hole [eN�3] 0.510/�0.340 1.290/�0.560 0.476/�0.435 1.100/�1.298 0.783/�0.426

[a] R1=� j jFo j� jFc j j /� jFo j ; wR2= {�[w(F2
o�F2

c)
2]/�[w(F2

o)
2]}1/2.

Figure 2. Thermal ellipsoid drawing (30 %) of 5. Hydrogen atoms and
ACHTUNGTRENNUNGfluorine labels have been omitted for clarity. Selected bond distances
(N): Cr�centroid ACHTUNGTRENNUNG(C1–C5) 1.82, Cr�centroid ACHTUNGTRENNUNG(C8–C12) 1.80.
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16 e ansa-chromocene [Cr ACHTUNGTRENNUNG{Me4C2ACHTUNGTRENNUNG(C5H4)2}], which cannot be
trapped with phosphanes and has so far only been shown to
coordinate rod-shaped, p-accepting CO and isocyanide
ACHTUNGTRENNUNGligands.[17] The slightly higher magnetic moments of 3d and
3e relative to 3c are probably due to the presence of 3a as
an impurity in the samples, as manifested in the EPR spec-
tra of the complexes (vide infra).

The molecular structures of complexes 3d and 3e are
shown in Figures 3 and 4, respectively. Crystallographic data
for the complexes are listed in Table 2.

NMR spectra of 3a–e : No sig-
nals are observed for the cyclo-
pentadienyl protons and carbon
atoms in �400 ppm and
�1000 ppm windows of the 1H
and 13C NMR spectra, respec-
tively. This contrasts with 16 e
non-bridged chromocene spe-
cies that do exhibit paramag-
netically shifted cyclopenta-
dienyl proton and carbon sig-
nals.[18] 1H NMR signals are ob-
served, however, for moieties
more distal to the paramagnetic
chromium centers in 3a–e, such
as the borylate substituent, the
methyl groups of the ethanediyl

bridge, and moities attached to the phosphane and isocya-
nide ligands. The 1H NMR spectra exhibit four broad signals
(fwhh �500 Hz) between +1 and �11 ppm for the inequiva-
lent methyl groups along the ethanediyl bridge. Signals for
these methyl groups are not apparent in the 13C NMR spec-
tra; however, signals for the B ACHTUNGTRENNUNG(C6F5)3 moieties are found in
the region +140 to +240 ppm. The B ACHTUNGTRENNUNG(C6F5)3 moities also ex-
hibit two relatively sharp 19F NMR signals for the meta and
para fluorine atoms of the C6F5 groups. The ortho fluorine
atoms are not observed, probably due to their closer prox-
imity to the paramagnetic chromium center. There are clear
differences between the 19F chemical shifts of 15 e, high-spin
3a and its 17 e, low-spin, Lewis base adducts. The resonances
of the latter complexes are downfield (�158 to �159 ppm
(p-F); �163 to �164 ppm (m-F)) of those of complex 3a
(�145 to �148 ppm (p-F); �153 to �156 ppm (m-F)). Fur-
thermore, the separation between the signals for 3a (D= [d-
ACHTUNGTRENNUNG(p-F)�dACHTUNGTRENNUNG(m-F)]=7–8 ppm) is larger than that for 3b–d
(Dd=3–4 ppm; Figure 5). Although these 19F chemical shift
differences are small, indicating that there is little unpaired

Scheme 3. Proposed mechanism for partial conversion of 5 to 3a.

Scheme 4. One pot synthesis of 3a.

Figure 3. Thermal ellipsoid drawing (30 %) of 3d. Hydrogen atoms have
been omitted and fluorine atoms unlabeled for clarity. Selected bond dis-
tances (N): Cr�centroid ACHTUNGTRENNUNG(C1–C5) 1.82, Cr�centroid ACHTUNGTRENNUNG(C8–C12) 1.82.

Figure 4. Thermal ellipsoid drawing (30 %) of 3e. Hydrogen atoms have
been omitted and fluorine atoms are unlabeled for clarity. Selected bond
distances (N): Cr�centroid ACHTUNGTRENNUNG(C1–C5) 1.82, Cr�centroid ACHTUNGTRENNUNG(C8–C12) 1.81.
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electron delocalization over the borate substituent, they are
of sufficient magnitude to clearly distinguish high-spin 15 e
3a from its low-spin 17 e Lewis base adducts (Figure 5).
Hence, 19F NMR spectroscopy can be used to probe the af-
finity of 3a for different Lewis bases. For example, the ab-
sence of any noticeable change in the chemical shift of 3a in
the presence a large excess of either PPh3 or pyridine indi-
cates that 3a has negligible affinity for these Lewis bases.
This was confirmed by magnetic susceptibility measure-
ments on the samples using EvansM solution NMR method.
On the other hand, PMePh2 was found to bind weakly to
3a. Rather than exhibiting separate signals for 3a and its
PMePh2 adduct, however, the variable-temperature
19F NMR spectra of a mixture of 3a and five equivalents of
PMePh2 in [D8]THF exhibited only one set of p- and m-F
signals that shifted with temperature. The temperature-de-
pendent chemical shifts of these signals correlated with tem-
perature-dependent equilibria between high-spin 15 e and
low-spin 17 e species, as indicated by magnetic susceptibility
measurements by the EvansM solution NMR method (see
Supporting Information).

EPR measurements : A solution 3a in THF was EPR-silent
from 77–298 K; however, solutions of compounds 3b and 3c
in THF displayed sharp isotropic signals with g=2.0197 and
2.0287, respectively, at 298 K (see Supporting Information).
Compound 3d was EPR silent at 298 K. In the presence of a
28-fold excess of PMe3 it exhibited a broad, weak signal at
g=2.0357 (see Supporting Information). This behavior is in-
dicative of dynamic phosphane dissociation. Nevertheless,
the 19F NMR spectrum of 3d is comparable to that of 3c, in
which the isocyanide ligand is tightly coordinated, indicating
that the phosphane dissociation equilibrium lies largely
toward 3d. The low-temperature (7 K) EPR spectrum of 3a
is shown in Figure 6 along with a computer simulated spec-
trum. The features in the g�2 and g�4 regions are consis-
tent with an S=3/2 spin system[19–21] with a large zero-field

splitting. Furthermore, we tentatively assign the two equally
intense lines in the g�2 region to a doublet arising from a
superhyperfine interaction between the electron spin and a
single coordinated F atom from a phenyl ring, rather than
the two coordinated F atoms observed in the X-ray crystal
structure. The features could be accounted for with the spin
Hamiltonian in Equation (1) with parameter values g=1.99,
Azz=0.006 cm�1, Axx=Ayy=0.001 cm�1, D=5 cm�1 and E=

0.07 cm�1.

H ¼ S2
z�EðS2

x�S2
yÞ þ mB gðSxBx þ SyBy þ SzBzÞ

þAxxSxIxAyySyIy þ AzzSzIz

ð1Þ

The magnitude of the hyperfine coupling is quite large
and comparable to that of the coupling between the electron
spin and the P atom of the trimethylphosphane ligand in 3d
at 7 K (Figure 7). Ti···F hyperfine coupling has also been ob-
served in the related ring-borylated, zwitterionic titanocene
complex [Ti(h5-iPrC5H4) ACHTUNGTRENNUNG{h

5-[1,3-iPrC5H3B ACHTUNGTRENNUNG(C6F5)3]}].[22]

The 7 K EPR spectrum of 3c shown in Figure 8 is typical
of an S=1/2 species. A sharp isotropic signal at g=2.029
was observed for this species at room temperature, consis-
tent with irreversible isocyanide coordination on the EPR
time scale.

Electrochemical measurements : Table 3 summarizes the
electrochemical data for complexes 3a–d (referenced to
Cp2Fe0/+) along with data for [CrCp2], 1, and [Cr ACHTUNGTRENNUNG(CNxyl)-
ACHTUNGTRENNUNG{Me4C2 ACHTUNGTRENNUNG(C5H4)2}] (7) for comparison. The redox potentials of
the ring-borylated complexes are 400–500 mV more nega-
tive than the non-borylated complexes. The cyclic voltam-
mogram of 3b is more complex than the others (Figure 9).
The presence of a redox couple at E1/2=�1425 mV and a
cathodic peak Ec=�210 mV reveal the presence of 3a in
addition to 3b due to partial CO dissociation from the chro-
mium in solution. A CrII/III couple at E1/2=�2106 mV is also

Figure 5. 19F NMR spectrum of a mixture of 3a and 3c in [D8]THF.

Figure 6. Solid line: Experimental EPR spectrum of a frozen THF solu-
tion of 3a at 7 K. Dotted line: Simulated spectrum.
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evident that was not observed for 3a and must therefore
belong to 3b. Whereas the coordination of CO by 3a in-
creases its redox potential, coordination of CNxyl and PMe3

decreases it, indicating that CO acts primarily as a p accept-
or in this system, while CNxyl and PMe3 are primarily s

donors. Although 3c exhibits a more negative CrII/III redox
couple than 3d, the reverse is true for the CrIII/IV redox cou-
ples of these complexes.

DFT calculations on model 15e and 17e ansa-chromocene
complexes : The chromocene systems [CrCp2], [Cr ACHTUNGTRENNUNG{Me4C2-
ACHTUNGTRENNUNG(C5H4)2}] and [Cr ACHTUNGTRENNUNG{Me4C2ACHTUNGTRENNUNG(C5H4)} ACHTUNGTRENNUNG{C5H4B ACHTUNGTRENNUNG(C6F5)3}]

� and their
CO adducts and one-electron oxidation products were stud-
ied by DFT methods. Chromocene was used as a reference
point. Geometries were optimized at the RI-bp86/SV(P)
and b3-lyp/SV(P) levels. Improved single-point energies
were obtained at the b3-lyp/TZVPP level and solvent cor-
rections were calculated using the cosmo solvation model
(e=7.5, THF). Frequency calculations were not feasible for
the larger systems, so all energies discussed below are elec-

Figure 7. Solid line: Experimental EPR spectrum of a frozen THF solu-
tion of 3d at 7 K. Dotted line: Simulated spectrum with parameters gx=

gy=1.985, gz=2.15, and phosphorus hyperfine coupling constants Axx=

Ayy=0.002 cm�1, Azz=0.006 cm�1.

Figure 8. Solid line: Experimental EPR spectrum of a frozen THF solu-
tion of 3c at 7 K. Dotted line: Simulated spectrum with parameters gx=

gy=1.985, gz=2.115.

Table 3. Summary of cyclic voltammetry data for complexes 3a–d.[a]

CrII/CrIII CrIII/CrIV

(Ea+Ec)/2 [mV] DEp [mV] Iox/Ired (Ea+Ec)/2 [mV] Ea [mV] Ec [mV] Iox/Ired

3a �1424 143 1.0 – +305 �250 2.2
3b �1244 (�1425) 220 1.0 – +486, +276 +343, -210 –
3c �1523 200 1.0 +24 +100 �52 1.3
3d �1476 182 1.1 �240 �153 �326 2.8
[CrCp2]

[b] �1103 94 1.0 – – – –
1 �948 68 1.1 – – – –
7[c] �1181 – – – – – –

[a] Potentials are reported relative to [FeCp2]
(0/+1). [b] From reference [7]. [c] From reference [8].

Figure 9. Cyclic voltammograms of 3a (top) and 3b (bottom) in THF.
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tronic energies. The results of the calculations are included
in the Supporting Information.

The “bare” 16 e metallocenes have four Cr valence elec-
trons to distribute over three valence orbitals (3dxy, 3dx2�y2,
4s+3dz2) of very similar energies. The calculations predict
the restricted closed-shell singlet ground state to be well
above the lowest-lying triplet (DEST=20–30 kcal mol�1) for
all systems (see Supporting Information). One might in prin-
ciple expect a smooth dependence of DEST on the bending
angle, but we find that occupations also change with bend-
ing, so no clear pattern emerges; the variation is fairly small
in any case. For the 15 e chromocene cations, the high-spin
(quartet) state is also predicted to be lowest in energy (by
15–25 kcal mol�1); again, there is no clear trend in DEDQ as
a function of bending. The effect of the borate group on the
relative energies of the various spin states is also small.

The bonding in 18 e chromocene–carbonyl complexes has
been analyzed in detail before,[23] and will not be discussed
here. The carbonyl complexes have much more stable sin-
glet states than the 16 e chromocenes. We calculate a DEST

of around 0 at the b3-lyp level, while bp86 predicts a prefer-
ence of about 10 kcal mol�1 for a closed-shell ground state.
In view of the experimentally observed closed-shell nature
of the CO complexes, the bp86 functional appears to per-
form best here. Again, there is no clear trend in DEST as a
function of bending, and introduction of the borate substitu-
ent has little effect.

Bending does not appear to have a large effect on the
redox potentials of the chromocenes or their CO complexes.
The calculated differences at the cosmo/b3-lyp/TZVPP level
are of the order of 50 mV and hence well within the error
limits of the methods used. The presence of the pendant
borate substituent, on the other hand, has a major impact
on the oxidation potential. Inclusion of solvent effects at-
tenuates this considerably, but the effect remains large
(nearly 1 V for the ansa-chromocene and 0.65 V for its CO
complex). In this case, the solvent corrections are so large
(ca. 2 V) that errors in these values must be considerable.
Nevertheless, we can conclude that the presence of a borate
group stabilizes the oxidized state significantly. For the CO
complex, this happens through the proximity of negative
charge to the metal, rather than through any specific elec-
tronic interaction. The geometries of oxidized and reduced
species do not show any discrete Cr�F interaction (shortest
contact: 3.05 N), and the insensitivity of DEST and CO bind-
ing strength to the presence of the borate group illustrate
the electronic innocence of this substituent. For the “naked”
system, of course, discrete Cr�F interactions stabilize the
oxidized species, which may explain the even larger effect of
the borate group.

Conclusion

The chemistry resulting from the reaction between 1 and
B ACHTUNGTRENNUNG(C6F5)3 is very similar to that observed by Choukroun and
co-workers for the reaction between [V(CO)Cp2] and

B ACHTUNGTRENNUNG(C6F5)3.
[24] The latter reaction produced [VCp ACHTUNGTRENNUNG(C5H4B-

ACHTUNGTRENNUNG(C6F5)3)], [V(CO)2Cp ACHTUNGTRENNUNG(C5H4B ACHTUNGTRENNUNG(C6F5)3)] and [V(CO)2Cp2][HB-
ACHTUNGTRENNUNG(C6F5)3], which presumably arose from vanadium analogues
of 2, 3b and 4. What distinguishes the ring-borylated ansa-
chromocene complexes described here from these and other
ring-borylated early-transition-metal metallocene com-
plexes[22,25–28] is the essential role played by the borylate
group in stabilizing and affording access to ansa-chromocene
derivatives and formal oxidation states that would have
been otherwise inaccessible. This is exemplified by the dra-
matically different stabilities of 3a and 5. Whereas 3a is
stable indefinitely under a dry, nitrogen atmosphere, even
when heated to 125 8C in toluene, 5 decomposes at room
temperature to form insoluble 6. Although we have no
structural data to confirm this, we suspect that 6 may be a
polymer resulting from the rearrangement of the dicyclo-
pentadiene scaffold from a chelating to an intermetallic
bridging arrangement.

Access to 3a has allowed us to examine the relative affini-
ties of different Lewis bases for the 15 e cationic chromium
center. Whereas NMR and EPR spectra of 3c indicate the
Cr–isocyanide interaction is strong and irreversible on the
timescales of these two techniques, the phosphane adducts
in 3d–f are more labile with the following relative coordina-
tion strengths: PMe3>PMe2Ph>PMePh2>PPh3.

The substantial effect of the borylate group on the redox
potentials of the chromocene complexes is not an electronic
one, as presumed for a related ferrocene system.[30] Rather,
it is due to the electrostatic stabilizing effect of the borylate
group on increased positive charge at the metal. The exis-
tence of a significant Cr�F interaction in 3a is supported by
the above observations as well as by large superhyperfine
coupling from fluorine found in the low-temperature EPR
spectrum of 3a.

Significantly, our theoretical calculations indicate that the
borylate substituent has a considerably larger effect on the
redox potential of the chromocene than replacing the two-
carbon bridge with a single-carbon bridge, although the
latter modification is predicted to increase the strength of
the interaction between the metal and its CO ligand. Anoth-
er very useful feature of the B ACHTUNGTRENNUNG(C6F5)3 substituent is that it
allows 19F NMR spectroscopy to be used as a tool to distin-
guish between high- and low-spin 17 e species and to deter-
mine the affinity of the Cr for different Lewis bases.

Experimental Section

Methods and materials : All manipulations were performed under dinitro-
gen, argon, or vacuum using a combination of glovebox, high-vacuum,
and Schlenk techniques. HPLC grade solvents were dried by passage
over alumina and then stored in line-pots, from which they were vacuum
transferred from sodium/benzophenone. Argon was purified by passage
over an oxy tower BASF catalyst (Aldrich) and 4A molecular sieves.
Deuterated solvents were dried over 4A molecular sieves and stored in
the glovebox. HPLC grade tetrahydrofuran (Fisher) was used as received
for electrochemical measurements. Pyridine was dried over 4A molecular
sieves. 2,6-Dimethylphenyl isocyanide (Fluka), trimethylphosphane, di-
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methylphenylphosphane, methyldiphenylphosphane (Aldrich) and CO
(Praxair) were used as received. [Cr(CO) ACHTUNGTRENNUNG{Me4C2 ACHTUNGTRENNUNG(C5H4)2}] (1)[6] and
B ACHTUNGTRENNUNG(C6F5)3

[30] were prepared as described in the literature.

Measurements : NMR spectra were recorded on Bruker Avance 300 MB
(300 MHz 1H; 75.4 MHz, 13C) and Bruker Avance 500 (500 MHz 1H,
125 MHz 13C, 470 MHz 19F, 202 MHz 31P) instruments. 1H and 13C chemi-
cal shifts were referenced to solvent and 19F and 13P chemical shifts were
referenced to external standards (BF3ACHTUNGTRENNUNG(OEt2), d=0 ppm; H3PO4 ACHTUNGTRENNUNG(80 %,
aq) d=0 ppm).

IR-spectra were obtained on a Perkin Elmer Spectrum 1000 spectropho-
tometer.

X-band EPR spectra (9.39 GHz) were obtained on a Bruker Biospin
EMX EPR Spectrometer equipped with a liquid helium variable temper-
ature system. Measurements were performed on 10�2–10�3

m solutions of
the complexes in THF in 4 mm quartz tubes fitted with plastic caps that
were secured with parafilm.

Magnetic susceptibilities were determined on either solid samples of the
complexes using a Johnson Matthey Magnetic Susceptibility Balance
Type MSB, model MK I or on solutions of the samples in toluene accord-
ing to EvansM NMR method.[10] Molar magnetic susceptibilities were cor-
rected for diamagnetism using Pascal constants.[32]

Cyclic voltammetry measurements were performed on a BAS CV50W
voltammetric analyzer in a nitrogen-filled glove box. Potentials were
measured, without IR compensation, against a reference electrode con-
sisting of a silver wire immersed in a solution of AgNO3 (0.01m) in aceto-
nitrile, using a glassy carbon working electrode and a platinum wire as
the counter electrode. Measurements were performed on solutions of the
sample complex (<1 mm) in THF containing 0.3m [NBu4] ACHTUNGTRENNUNG[PF6] electro-
lyte. All potentials are referenced to the ferrocene0/1+ couple, which was
measured separately prior to each sample measurement.

H2 and CO gases generated in the reactions were measured with a home-
made Toepler pump system.[33] Speciation of the gases was accomplished
by oxidizing them over an electrically heated column of copper oxide
(320 8C) and collecting the oxidized species in U-shaped traps cooled at
0 8C (H2O) and �78 8C (CO2).

Elemental analyses were determined by Desert Analytics (Tuscon, AZ).

Calculations : DFT calculations were carried out with the Turbomole pro-
gram[34, 35] coupled to the PQS Baker optimizer.[36, 37] Calculations on
open-shell systems used the spin-unrestricted formalism. Geometries
were optimized without constraints at the bp86[38, 39]/RIDFT[40] level using
the Turbomole SV(P) basis set[34, 41] on all atoms. Improved energies were
obtained from single-point calculations at the b3-lyp level[42–45] using the
TZVPP basis.[34, 46] Solvent corrections were calculated at the b3-lyp/
TZVPP level using the COSMO solvation model[47] with a dielectric con-
stant of 7.5 (THF). For these relatively large systems, vibrational analyses
(and hence thermal corrections) were not feasible.

EPR simulations were performed with program SIM.[48]

Characterization of reaction between 1 and B ACHTUNGTRENNUNG(C6F5) at 35–40 8C—Isola-
tion of [Cr(CO) ACHTUNGTRENNUNG{Me4C2 ACHTUNGTRENNUNG(C5H4)2}][HB ACHTUNGTRENNUNG(C6F5)3] (4) and [Cr ACHTUNGTRENNUNG{Me4C2 ACHTUNGTRENNUNG(C5H4)-
ACHTUNGTRENNUNG[C5H3B ACHTUNGTRENNUNG(C6F5)3]}] (3a): A 500 mL bulb equipped with a finger shaped ex-
tension at the bottom (OD=23 mm, length=70 mm) and a small mag-
netic stir bar was charged with 1 (0.741 g, 2.54 mmol) and B ACHTUNGTRENNUNG(C6F5)3

(1.30 g, 2.54 mmol). The bulb was placed under vacuum, cooled with
liquid N2, and toluene (ca. 12 mL) was transferred into the finger under
vacuum. With the toluene still frozen, the bulb was again thoroughly
evacuated and closed with a Teflon-type needle valve. Upon being
warmed to 35–40 8C with stirring, the reaction mixture formed a dark
orange solution. Periodically the mixture was frozen by cooling the finger
with liquid N2 and the gas from the headspace was collected with a Toe-
pler pump until no gas was further evolved. Over time, the solution
turned dark green and an orange brown precipitate formed. A total of
0.49 mol gas per mol Cr was evolved and found to consist exclusively of
CO by passage over a 320 8C copper oxide column to generate CO2. The
dark green solution was separated from the red-orange precipitate by fil-
tration and the precipitate was washed with toluene (3 Q 5mL) and the
washings combined with the filtrate. The precipitate was dried under
vacuum, giving 4 (0.717 g, 35% yield based on 1). meff=1.9 mB; IR (KBr/

nujol): ñ=2385 (BH), 1989 cm�1 (CO); 1H NMR (500.13 MHz, [D8]THF,
298 K): d=3.91 (br q, 1J ACHTUNGTRENNUNG(B,H)=85 Hz, 1H; BH), �1.65 ppm (br s, 12H;
(CH3)4C2); 11B NMR (160.46 MHz, [D8]THF, 298 K): d=�22 ppm (d, 1J-
ACHTUNGTRENNUNG(B,H)=85 Hz); 19F NMR (282.40 MHz, [D8]THF, 298 K): d=�134.1 (o-
F), �168.6 (p-F), �170.7 ppm (m-F); elemental analysis cald (%) for
C35H21BCrF15O: C 52.20, H 2.63; found: C 51.23, H 2.46.

The filtrate was dried under reduced pressure and the dark green residue
was washed with pentane and dried under vacuum, affording 3a (0.977 g,
49% yield based on 1). meff=3.9 mB (solid state and solution); 1H NMR
(300.13 MHz, C6D6, 298 K): d=1.12 (br, Me), �1.80 (br, Me), �7.80 (br,
Me), �10.20 ppm (br, Me); 19F NMR (282.40 MHz, C6D6, 298 K): d=

�145.3 (p-F), �153.4 ppm (m-F); 19F NMR (282.40 MHz, [D8]THF,
298 K): d=�152.9 (p-F); �159.9 ppm (m-F).

Characterization of reaction between 1 and B ACHTUNGTRENNUNG(C6F5) at 100–105 8C—
ACHTUNGTRENNUNGisolation of 3a and 6 : A 150 mL glass vessel with a Teflon needle valve
was charged with 1 (1.46 g,4.99 mmol) and B ACHTUNGTRENNUNG(C6F5)3 (2.54 g, 4.96 mmol).
Toluene (40 mL) was vacuum transferred into the vessel, which was
cooled with liquid nitrogen. The head space was evacuated and the vessel
was sealed. The mixture was thawed to room temperature, affording a
clear, dark orange solution that turned somewhat darker upon being
stirred overnight at room temperature. The reaction mixture was frozen
and the gases in the headspace measured with a Toepler pump. Only
0.02 mol gas per mol Cr was evolved. Upon heating the reaction mixture
to 100–105 8C, the solution turned dark green and gas evolution was ob-
served. Gas was collected from the headspace periodically over 36 h until
no more gas was generated. In total, 0.97 mol gas per mol Cr was collect-
ed. The reaction mixture was dried under reduced pressure and the dark
green residue was washed with pentane (30 mL) and extracted with ben-
zene (3 Q 15 mL), leaving a brown-yellow solid. The combined benzene
extracts were dried under reduced pressure, leaving a green solid that
was washed with pentane and dried under vacuum, affording 3a (1.81 g,
47% yield based on 1) The brown-yellow precipitate was washed three
more times with benzene and dried under vacuum to give 6 as a dark
yellow powder (1.67 g, 43 % yield based on 1a). IR (KBr/nujol): ñ=

2385 cm�1 (BH); elemental analysis calcd for C34H21BCrF15: C 53.46, H
2.50; found C 52.53, H 2.72.

Thermolysis of 4 to form [Cr ACHTUNGTRENNUNG{Me4C2ACHTUNGTRENNUNG(C5H4)2}][HB ACHTUNGTRENNUNG(C6F5)3] (5) and 6 : Tol-
uene (ca. 25 mL) was transferred under vacuum to a liquid N2 cooled,
100 mL glass vessel containing 4 (0.279 g, 0.346 mmol). With the solvent
still frozen, the vessel was thoroughly evacuated and then sealed with a
Teflon-type needle valve. Thawing the toluene produced a light yellow-
orange solution and a suspension of solid 4. The mixture was heated at
90–100 8C, causing the solution to turn dark green. Gases evolved by the
sample were collected from the headspace periodically over 7 h until no
further gas was evolved. A total of 0.98 mol gas per mol Cr was mea-
sured with the Toepler pump. Some yellow precipitate formed during the
reaction. Oxidation of the gas over a heated copper oxide column re-
vealed that it consisted entirely of CO.

The green solution was filtered to remove the yellow precipitate. Efforts
to isolate the green toluene-soluble material were hampered by the ten-
dency of the solution to form more insoluble yellow precipitate upon
being concentrated under reduced pressure. Layering the toluene solu-
tion with pentane and letting it stand, undisturbed, for 2 days, yielded
some dark green X-ray quality crystals along with more yellow precipi-
tate.

Thermolysis of 4 to form 3a and 6 : Toluene (5 mL) was condensed onto
4 (0.100 g, 0.129 mmol) in a 25 mL sealable glass vessel cooled with
liquid N2. The mixture was thawed and heated at 120–125 8C, causing the
solution to turn green and a brownish yellow precipitate to form. After
36 h, 1.02 mol gas per mol Cr had evolved. The gas consisted of 0.68 mol
CO and 0.34 mol H2 per mol Cr. Heating the mixture for an additional
36 h at 120–125 8C yielded more brownish yellow precipitate and an addi-
tional 0.23 mol gas per mol Cr. In total, 0.90 mol CO per mol Cr and
0.35 mol H2 per mol Cr were isolated from the reaction. The green solu-
tion was filtered from the brownish yellow precipitate, concentrated
under reduced pressure and layered with pentane. After 2 days, 3a crys-
tallized from the mixture (28.9 mg, 28% yield). The brownish yellow pre-
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cipitate of 6 was dried under vacuum to give a dark yellow powder
(55 mg, 55% yield). IR (KBr/nujol): ñ=2376 cm�1 (BH).

Thermolysis of 4 under a CO atmosphere : Toluene (5 mL) was con-
densed into a 25 mL sealable glass vessel containing 4 (0.101 g,
0.130 mmol) cooled with liquid N2. The mixture was thawed and an at-
mosphere of CO was admitted to the vessel, which was then sealed. The
vessel was placed in an oil-bath (120–125 8C) and the mixture was stirred
for 36 h. At the beginning an orange, almost clear solution was obtained.
Later the color became slightly green and very little brownish yellow pre-
cipitate formed. When the stirring and heating were halted and the reac-
tion mixture cooled to room temperature, the green color dissipated, and
the solution turned back to orange. All gases from the vessel were col-
lected and analyzed and found to contain only CO. No H2 was found.

Analysis of gases generated from the thermolysis of in situ-generated
[Cr(CO)H ACHTUNGTRENNUNG{Me4C ACHTUNGTRENNUNG(C5H4)ACHTUNGTRENNUNG[C5H3BACHTUNGTRENNUNG(C6F5)3]}] (2) in toluene at 120–130 8C : A
100 mL sealable glass vessel was charged with 1 (0.801 g, 2.74 mmol) and
B ACHTUNGTRENNUNG(C6F5)3 (1.40 g, 2.74 mmol). Toluene (20 mL) was transferred under
vacuum to the vessel, which was immersed in liquid N2. With the toluene
still frozen, the vessel was thoroughly evacuated and sealed. The contents
were thawed, and upon warming to RT, a dark orange solution was ob-
tained from which light orange material precipitated. The mixture was
stirred overnight at RT. A dark yellowish-brown mixture was obtained.
The mixture was heated with an oil-bath at 120–130 8C. Periodically the
mixture was frozen in liquid N2 and gases in the head space of the vessel
were collected. After 95 h a total of 1.20 mol gas per mol Cr was collect-
ed. Analysis of the gas revealed that it consisted of 0.96 mol CO and
0.24 mol H2 per mol Cr.

The flask contained a dark green solution and a brown-yellow precipi-
tate, which were separated by filtration. The filtrate was dried under re-
duced pressure, leaving a dark green solid that was washed twice with
light petroleum ether (40 mL) and dried under vacuum, affording 3a
(1.56 g, 73.7 % yield).

Large-scale one-pot synthesis of 3a : A 350 mL sealable glass vessel with
a magnetic stir bar was charged with 1 (3.85 g, 13.2 mmol) and B ACHTUNGTRENNUNG(C6F5)3

(6.75 g, 13.2 mmol). Toluene (70 mL) was vacuum transferred to the
vessel, which was cooled with liquid N2. The head space of the vessel was
evacuated thoroughly and sealed with a Teflon valve. The contents were
warmed to room temperature. After stirring for 15–20 min., the mixture
turned dark orange-brown and a large amount of orange crystalline solid
precipitated. The precipitate is largely 2. While the suspension was stirred
overnight at room temperature, the orange precipitate disappeared and
the solution turned dark brown. The solution was heated to 120–125 8C,
and gases formed in the reaction were collected periodically. After 3 h
the solution became dark green and a brownish-yellow precipitate
formed. By 64 h, no further gas evolution was evident. A total of
1.21 mol gas per mol Cr was collected. The yellow precipitate was isolat-
ed by filtration and dried under vacuum, affording 2.06 g of 6 (20 % yield
based on 1). The filtrate was dried under reduced pressure, leaving a
dark green residue that was washed with pentane and dried under
vacuum, affording 7.46 g of 3a (73 % yield based on 1).

Preparation of [Cr(CO) ACHTUNGTRENNUNG{Me4C2 ACHTUNGTRENNUNG(C5H4) ACHTUNGTRENNUNG[C5H3B ACHTUNGTRENNUNG(C6F5)3]}] (3b): A dark
green solution of 3a (346.7 mg, 0.447 mmol) in benzene (5 mL) turned
brown immediately when stirred under an atmosphere of CO. The solu-
tion was layered with pentane and left at room temperature in the pres-
ence of CO. After several days, dark brown crystals had formed. The so-
lution was decanted and the crystals were washed with pentane (10 mL)
and dried under vacuum to give 3b (291 mg, 81% yield). meff=1.8 mB

(solid and solution); IR (KBr/nujol): ñ=1978 cm�1 (CO); 19F NMR
(282.40 MHz, [D8]THF, 298 K): d=�158 (p-F), �163 ppm (m-F); ele-
mental analysis calcd (%) for C35H19BCrF15O: C 52.33, H 2.38; found: C
52.46, H 2.68.

Preparation of [Cr ACHTUNGTRENNUNG(CNxyl) ACHTUNGTRENNUNG{Me4C2ACHTUNGTRENNUNG(C5H4)ACHTUNGTRENNUNG[C5H3B ACHTUNGTRENNUNG(C6F5)3]}] (3c): A dark
green solution of 3a (154.1 mg, 0.1987 mmol) in benzene (1 mL) was
added to CNxyl (25.5 mg, 0.194 mmol) in a 50 mL reaction vessel. The
solution immediately turned dark brown. After 6 h crystals of 3c began
to form. To stimulate additional crystallization, a few drops of petroleum
ether were added occasionally to the solution. After 3 days the superna-
tant was decanted from the crystals, which were washed with pentane

and dried in vacuum, giving 3c (0.136 g, 71% yield). meff=1.8 mB (solid
and solution); IR (KBr/nujol): ñ=2100 cm�1 (CN); 1H NMR (300 MHz,
C6D6, 298 K): d=8.02 (p-H, xyl), 6.03 (m-H, xyl), 0.771 (CH3, xyl), 4.32,
2.00, 0.771, �5.25 ppm (C2 ACHTUNGTRENNUNG(CH3)4); 13C NMR (125 MHz, C6D6, 298 K):
d=158.4, 142.1 (J ACHTUNGTRENNUNG(C,F)=233 Hz; B ACHTUNGTRENNUNG(C6F5)3), 133.3 ppm (xyl); 19F NMR
(282 MHz, [D8]THF, 298 K): d=�159 (p-F), �163 ppm (m-F); elemental
analysis calcd (%) for 3c·C6H6 (C49H34BCrF15N): C 59.77, H 3.48, N 1.42;
found: C 60.02, H 3.36, N 1.20.

Preparation of [Cr ACHTUNGTRENNUNG(PMe3)ACHTUNGTRENNUNG{Me4C2 ACHTUNGTRENNUNG(C5H4) ACHTUNGTRENNUNG[C5H3B ACHTUNGTRENNUNG(C6F5)3]}] (3d): In the glo-
vebox, a sealable glass vessel equipped with a gas bulb was charged with
3a (136.0 mg, 0.1754 mmol) and benzene (10 mL). All gases were thor-
oughly removed from the vessel on the vacuum line through a series of
freeze-pump-thaw cycles. Enough PMe3 vapor was admitted to the
vacuum line to fill the gas bulb with about 2 equivalents of PMe3 relative
to 3a. The bulb was closed from the rest the line and the PMe3 was al-
lowed to diffuse into the solution of 3a overnight. Crystals of 3d were
grown by layering the solution with pentane (30 mL). After two days
dark green-brown crystals of 3d had formed. The solution was decanted
from the crystals and the product was washed with pentane and dried
under vacuum to give 3d (127.7 mg, 85% yield). meff=1.9 mB (solid and
solution); 19F NMR (282 MHz, [D8]THF, 298 K): d=�157 (p-F),
�160 ppm (m-F); elemental analysis calcd (%) for C37H28BCrF15P: C
51.74, H 3.30; found: C 52.20, H 3.31.

Preparation of [Cr ACHTUNGTRENNUNG(PPhMe2) ACHTUNGTRENNUNG{Me4C2 ACHTUNGTRENNUNG(C5H4) ACHTUNGTRENNUNG[C5H3BACHTUNGTRENNUNG(C6F5)3]}] (3e):
PPhMe2 (77.8 mg, 0.563 mmol) was added to a solution of 3a (205.6 mg,
0.265 mmol) in toluene (2 mL) in a 50 mL glass vessel. The clear green
solution turned dark green immediately and the product precipitated.
The toluene was removed under reduced pressure and the residue was
redissolved in THF (1 mL). Slow diffusion of a layer of pentane into the
solution afforded dark green crystals after 4 days. The crystals were iso-
lated by filtration, washed with pentane, and dried under vacuum (yield:
156 mg, 64%). meff=2.0 mB (solid and solution); 19F NMR (282 MHz,
[D8]THF, 298 K): d=�155 (p-F), �159 ppm (m-F); elemental analysis
calcd (%) for C42H30BCrF15P: C 55.22, H 3.31; found: C 55.38, H 3.61.

X-ray structure determinations : Crystals of each compound were re-
moved from the flask and covered with a layer of hydrocarbon oil. A
suitable crystal was selected, attached to a glass fiber and placed in the
low-temperature nitrogen stream.[49] Data for 3b were collected using a
Bruker/Siemens SMART 1 K and Siemens LT-2 A low-temperature
device. Data for 3d, 3e, and 5 were collected at low temperature by
using a Bruker APEX instrument and a Cryocool NeverIce low-tempera-
ture device. Data were measured with MoKa radiation, (l=0.71073 N)
using omega scans of 0.3 8 per frame. The first 50 frames were recollect-
ed at the end of data collection to monitor for decay. Cell parameters
were retrieved by using SMART[50] software and refined by using
SAINTPlus[51] on all observed reflections. Data reduction and correction
for Lp and decay was performed by using the SAINTPlus software. Ab-
sorption corrections were applied by using SADABS.[52] The structures
were solved by direct methods and refined using the least-squares
method on F2 with the SHELXTL v. 5.10 program package.[53] Except for
the disorder in 4 and 5, all non-hydrogen atoms were refined anisotropi-
cally. In 4 the HB ACHTUNGTRENNUNG(C6F5)3 goup has two positions (85:15 %) and only the
major component was refined anisotropically. One of perfluorophenyl
rings in the major component is also disordered (40:45%). Restraints
were applied to the displacement parameters and some of the B�C dis-
tances in the minor moiety. In 5 the ansa-chromocene backbone, a Cp
ring and one perfluorophenyl ring are disordered (75:25%). Only the
major disordered component was taken anisotropic. Distances and dis-
placement parameters in the minor component were restrained. Hydro-
gen atoms were placed in their geometrically generated positions and re-
fined using a riding model.
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