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The ansa-rhenocene compound [Re{(n-CsH,)CMe,(n-CsH,)}Cl] 1 has been prepared by reaction of ReCl; with
[K,(CsH,)CMe,(CsH,)]. X-Ray crystallography shows the molecular structure to be unsymmetrical, with the angle
defined by the Re-bridgehead carbon vector and the chlorine atom found to be 170.4°. A density functional study
compares the electronic structure of [Re{(n-CsH,)CH,(n-CsH,)} Cl] with [Re{(n-CsHs),Cl] and shows that for

the ansa-bridged species, the chlorine binds less effectively in the central position. The calculated structure of

[Re{(n-CsH,)CH,(n-CsH,)}Cl] is also found to be unsymmetrical.

Introduction

Recently, we have described ansa-metallocenes of Group 6
metals and shown differences in structure and reactivity to the
well-defined non-bridged analogues.'” The influence on struc-
ture and reactivity is found to be most marked when the
cyclopentadienyl ligands are bridged by one carbon atom. For
instance, thermolysis of [W(n-CsHs),Me(H)] results in reduc-
tive elimination of methane above 48 °C, whereas the carbon
bridged analogue [W{(n-CsH,)CMe,(n-CsH,)} Me(H)] is stable
up to 120°C. Reductive elimination from [W(n-CsH;),X,]
species has been shown to generate the 16-electron intermediate
[W(n-CsHy),]. This intermediate adopts a ground state struc-
ture in which the cyclopentadienyl rings are parallel.* The
increased stability of the ansa-bridged compound was attrib-
uted to the inability of [W{(n-CsH,)CMe,(n-CsH,)}] to adopt a
parallel ring structure.! A recent detailed density functional
study supports this assertion.’

The cationic rhenocene alkyl hydrides [Re(n-CsHs),R(H)]*
are highly labile, undergoing alkane elimination, even at low
temperatures.*’ Since the fragments [W(n-CsHs),] and [Re(n-
CsHy),]" are isoelectronic, it is anticipated that the stability of
rhenocene alkyl hydrides might be increased by the presence of
a single carbon ansa-bridge.

During the course of this work Heinekey and Radzewich
have described the first ansa-rhenocene compounds and
preliminary investigations have shown that the silicon-bridged
species  [Re{(n-CsH,)SiMe,(n-CsH,)}Me(H)]™ displays in-
creased thermal stability relative to the non-bridged analogue.®
The possibility of greater stabilisation when constraining
the cyclopentadienyl rings further by bridging with a CR,
unit is also discussed, although synthetic efforts were
unsuccessful.

Here we describe an entry into carbon-bridged ansa-rheno-
cene chemistry with the synthesis and characterisation of
[Re{(n-CsH,)CMe,(n-CsH,)} Cl]. The molecular structure and
a density functional study of the compound illustrate the effect
of the presence of an ansa-bridge on the orbital structure of
bent metallocenes.

T Electronic supplementary information (ESI) available: rotatable 3-D
structure in CHIME format. See http://www.rsc.org/suppdata/dt/a9/
a908619f/
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Fig. 1 Molecular structure of [Re{(n-CsH,)CMe,(n-CsH,)}Cl] 1.
Hydrogen atoms attached to carbon atoms are omitted for clarity.

Results and discussion
Synthesis

A procedure analogous to that described for the synthesis of
the non-bridged rhenocene [Re(n-CsHs),Cl]° was used to pre-
pare the compound [Re{(n-CsH,)CMe,(n-CsH,)}CI] 1. Addi-
tion of excess [K,(CsH,)CMe,(CsH,)] to ReCls in dme at low
temperature followed by extraction into thf and then dichloro-
methane gives crude 1 as a red—brown solid in 10% yield. An
analytically pure sample of 1 was obtained by recrystallisation
from a dichloromethane solution in a final yield of ca. 3%.

The 'H NMR spectrum of 1 consists of two partial triplets
(0 5.43 and 4.28) corresponding to the two sets of cyclopenta-
dienyl protons and a singlet (6 1.03) due to the protons of the
CMe, bridge. Compound 1 was also characterised by *C{'H}
NMR spectroscopy, FAB (fast atom bombardment) mass
spectrometry and X-ray crystallography.

The molecular structure of 1 was determined and its molecu-
lar structure, with atomic numbering scheme, is shown in Fig. 1.
The geometrical parameters relevant to ansa-metallocenes
are defined in Fig. 2. Selected interatomic distances and angles
for the compound 1 are given in Table 1. The bending angles 8
and y are 126.9 and 131.3° respectively. These angles are
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Table 1 Selected interatomic distances (A) and angles (°) for [Re{(n-
CsHy)CMe,(n-CsH,) 1 CI] 1

Re-Cl 2.4383(13) Re-C(1) 2.175(5)
Re-C(2) 2.218(5) Re-C(3) 2.245(5)
Re-C(4) 2.245(5) Re-C(5) 2.199(5)
Re-C(11) 2.8912 Re—Cpeene (av.) 1.855
C(1)-C(2) 1.454(7) C(2)-C(3) 1.398(8)
C(3)-C4) 1.439(9) C(4)-C(5) 1.416(8)
C(1)-C(5) 1.448(7)
C(1)-C(11)-C(6),e  195.8(4) Angle between Cp
P norm— planes, a 1.912
Re-Cpoomms 126.9 Cp'eenc Re-Cpeens ¥ 131.3
Cp;s—Cp plane, ¢ 20.9,22.0 (C11)---Re-Cl, 0 170.44

(Cp' = Ring C(1)-C(5), Cp? = Ring C(6)-C(10).

ring
] centroid
ring normal

- TSI:'me of ring

Fig. 2 Geometric parameters in an ansa-metallocene. a = angle
between the ring planes; = angle between the normals from the metal
to the ring planes; y=ring centroid—metal-ring centroid angle;
¢ = angle between vectors from a bridging atom X to the ipso-carbons;
¢ = angle between ipso-carbon vector and the ring plane.
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Fig. 3 Alternative view of the molecular structure of [Re{(n-CsH,)-
CMe,(n-CsHy)}CI] 1.

much reduced compared to the non-bridged analogue [Re(n-
C,H,),Cl]° (y = 147.6°) and suggest a greater strain is imparted
by the CMe, bridge. The bending angle y in the silicon-bridged
species [Re{(n-CsH,)SiMe,(n-CsH,)} Me]® (y = 145.2°) is close
to that found in non-bridged species. The CMe, bridge imposes
a significant distortion from planarity at the ipso-carbon
(p=20.9 and 22.0°). The Re-C(1) and Re-C(6) distances
are the shortest Re—C interactions, suggesting that the bond-
ing mode of the m-cyclopentadienyl rings is partially n® in
character.

Of particular note in the molecular structure is the angle 6,
defined by the C(11) - - - Re vector and the chlorine atom, which
is found to have a value of 170.4° (Fig. 3). This phenomenon is
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not seen in other rhenocene derivatives. For instance, in the
non-bridged analogue [Re(n-CsHs),Cl] where the rings are
slightly staggered, a point X can be defined at the centroid of
the four carbon atoms furthest from Cl. The angle X - - - Re—Cl
is found to be 179.4°. As a result of the Re-Cl bond being
displaced from the C(11) - - - Re vector in 1, the rings are slightly
canted with the side to which the chlorine atom lies becoming
more open. The C(2)-C(7) distance is 0.194 A longer than the
C(5)-C(10) and the C(3)-C(8) distances and 0.106 A longer
than the C(4)-C(9) distance.

The low yield of 1 is not unexpected in the light of
our experience in the synthesis of Group 6 ansa-metallocenes>*
and the low yielding synthesis of non-bridged rhenocene
complexes.”® Heinekey and Radzewich described the synthesis
of [Re{(n-CsH,)SiMe,(n-CsH,)}Me] in high yield via the
deprotonation of [Re(n’-CsHs),Me], followed by reaction with
Me,SiCl,.? This route was not successful for the preparation of
carbon-bridged ansa-rhenocene complexes.

Electronic structure of [Re{(n-CsH,)CH,(n-CsH,)}Cl]

Previous experience with theoretical prediction of properties of
ansa-bridged compounds using density functional theory >'**2
suggested that an explanation for the structure of 1 might
emerge from a similar study here. In particular, it has been
noted previously > that with a single carbon-bridge between
the two rings, binding to the ipso-carbons is strengthened at
the expense of a centrally bound additional ligand, such
as the central H on a metallocene trihydride.”> It seemed
likely that similar factors might be responsible for the structure
of 1.

In order to understand the origin of the unsymmetrical
structure of 1 we carried out density functional calculations
on [Re{(n-CsH,)CH,(n-CsH,)}Cl] I as a model for 1 and the
unbridged analogue [Re(n-CsHs),Cl] II. Geometry optimis-
ations on I and II resulted in the bond lengths, interatomic
distances and angles given in Table 2. The calculations gave a
structure with C,, symmetry for II but the lowest energy geom-
etry found for I had an angle of 175.6° between the Re—Cl bond
and the Re- -+ C(11) vector. This is somewhat larger than that
found experimentally for 1, but was consistently reproduced
from a number of different starting geometries. Frequency cal-
culations on the optimised structures gave only positive fre-
quencies for I but for I an imaginary frequency of 40i cm™! was
found, corresponding to a wagging of the Cl in the xz plane.
The structure was re-optimised including the gradient correc-
tions in the SCF convergence. Studies on a number of transi-
tion metal carbonyl complexes have shown this procedure to
give longer distances in closer agreement with experiment.'® In
this case distances (also given in Table 2) were found to be
longer, but in less good agreement with experiment, and a
C(11)++-Re-ClI angle of 165.5° was the result. A frequency
calculation on this structure gave all real frequencies, confirm-
ing that a local minimum had been identified. The Cl wag was
the lowest energy vibration, with a wavenumber of 40 cm™*. It is
evident that the Cl wag in the xz plane is a very low energy
vibration.

For comparative purposes the geometry of I was also opti-
mised with C,, symmetry. Molecular orbital (MO) schemes
for I and II, with C,, symmetry, are given in Fig. 4 together with
the orbital energy levels for the corresponding fragments,
[Re{(n-CsH,)CH,(n-CsH,)}] and [Re(n-CsHs),], also with Gy,
symmetry. The fragment calculations are performed on the
same geometry as that found in the molecular optimised
structure. There are marked differences in the two molecular
energy schemes, notably the b, HOMO (highest occupied
molecular orbital) is of higher energy in I than II, whereas the
a,; HOMO-1 is significantly more stable in I than II. Represen-
tations of these orbitals are shown in Fig. 5(a) and 5(c). The
relative energies of the HOMO and HOMO-1, and other



Table 2 Calculated bond lengths (A) and angles (°) for [Re{(n-CsH,)CH,(n-CsH,)}Cl] T and [Re(n-CsH;),CI] 1T

I (calc.)” I (calc.)® 1 II (calc.) II (exp.)
Re-Cl 2.479 2.433 2.4383(13) 2.461 2.438(3)
Re C(1) 2.234 2.208 2.175(5) 2217 2.210(20)
Re-C(2) 2302 2243 2218(5) 2217 2.220(10)
Re-C(3) 2.340 2.290 2.245(5) 2.292 2.286(9)
Re-C(4) 2343 2.287 2.245(5) 2.292 2.280(10)
Re C(5) 2250 2225 2.199(5) 2.302 2.230(10)
Re-C(11) 2.885 2.864 2.8912
Re-Cpoy (av.) 1.939 1.893 1.855 1912 1.886
C(1)-C(2) 1.456 1.446 1.454(7) 1.436 1.400(20)
C(2)-C(3) 1.420 1412 1.398(8) 1.427 1.41020)
C(3)-C(4) 1.450 1.443 1.439(9) 1.420 1.440(20)
C(4)-C(5) 1.429 1.415 1.416(8) 1.420 1.380(20)
C(1)-C(5) 1.460 1.447 1.448(7) 1.427 1.400(20)
0 165.6 175.4 170.44 180.0¢ 179.4¢
a 57.0 55.2 53.1 36.5 40.2
i 123.0 124.8 126.9 143.5 139.8
® 21.8 22.0 20.9,22.0
& 99.9 99.2 95.8
y 130.0 130.0 131.3 149.6 147.6

“Non-local correction included throughout the calculation. ® Non-local correction not used in calculating gradients. ¢ For II: 0 defined as
X+« - Re-Cl where X is the centroid of the four n-cyclopentadienyl carbon atoms furthest from CI.
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Fig. 4 MO schemes for the fragment [Re(n-CsHs),], [Re(n-CsHs),Cl]
I, [Re{(n-CsH,)CH,(n-CsH,)}CI] T and the fragment [Re{(n-CsH,)-
CH,(n-CsH,)}]. Dashed lines correlate related orbitals. The levels in the
schemes for I and II which are not correlated with fragment orbitals are
principally chloride 3p in origin.
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Fig. 5 Representations of selected orbitals. HOMO of I when:
(a) 0=180° (b) 0 < 180°. HOMO-1 of I when (c) 0 = 180°; (d) 0 < 180°.
(e) 11a, orbital of the fragment [Re{(n-CsH,)CH,(n-CsH,)}].

energy differences in the metal cyclopentadienyl bonding
orbitals, may be traced back to energy differences between the
two parent fragments. The larger inter-ring angle, a, in the ansa-
bridged analogue leads to a greater energy spread of the three
frontier metal orbitals.® In the fragments, in addition to the
differences in the lower a; and b, orbitals already noted, an
upper a, orbital (11a,) is significantly raised in energy in
the fragment [Re{(n-CsH,)CH,(n-CsH,)}] compared with the
analogous orbital (10a,) in the fragment [Re(n-CsHs),]. The
former, shown in Fig. 5(e), is the orbital available to bind a
group in the central position. Thus, it may be anticipated that it
will be less effective in covalent bonding when the rings are
linked by an ansa-bridge. Population analysis shows that in I
the 11a, fragment orbital has an occupancy of 0.37 electrons
and the Cl 3p, orbital 1.61 electrons, whereas in II the corre-
sponding fragment 10a, orbital has an occupancy of 0.46
electrons and the Cl 3p, orbital 1.55 electrons. Thus, we may
conclude that bonding in the central position is less favoured by
the introduction of an ansa-bridge.

Geometry optimisation of the analogous ansa-bridged
hydride [Re{(n-CsH,)CH,(n-CsH,)}H] gave a structure with
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C,, symmetry and a C(11)---Re-H angle of 180°, which sug-
gests that the pr electrons of the Cl might well be responsible
for the distortion.

Further analysis was undertaken with a linear transit calcu-
lation on I in which the C(11)---Re-Cl angle, 0, was varied
between 140 and 180° and the remainder of the molecule was
geometry optimised. The energy variations with angle obtained
for the molecule and the upper orbitals are shown in Fig. 6.
This confirms the presence of a very shallow minimum in the
energy surface at a C(11) - - - Re—Cl angle of around 175° and
shows that as 0 decreases, the energy of the HOMO drops and
that of the HOMO-1 rises. The reason for these changes is evi-
dent from the nodal properties of these two orbitals, shown in
Fig. 5. The HOMO is largely metal in character but metal-Cl
pr antibonding [Fig. 5(a)]. Moving the Cl off the central pos-
ition relieves the anti-bonding interaction [Fig. 5(b)]. The
HOMO-1 is, by contrast, metal-Cl non-bonding when the Cl is
centrally placed [Fig. 5(c)], but becomes anti-bonding as the Cl
is moved to one side [Fig. 5(d)]. It appears to be this inter-
action which favours a small displacement of the Cl. That it
does not also occur in the unbridged compound is due to the
fact that the o-bonding of the halide is more directed in this
case.

Experimental
General

All manipulations of air- and/or moisture-sensitive materials
were performed in an inert atmosphere using either a dual
vacuum-nitrogen line and standard Schlenk techniques, or in
an inert atmosphere dry box containing nitrogen. In each case,
the nitrogen was purified by passage over 4 A molecular sieves
and either BASF catalyst for the dry box, or MnO for the
Schlenk line. Solvents and solutions were transferred through
stainless steel cannulae using a positive pressure of nitrogen.
Filtrations were generally performed using modified stainless
steel cannulae which had been fitted with glass fibre filter discs.
All glassware and cannulaec were dried overnight at 150 °C
before use.

Physical measurements

The 'H and "C NMR spectra were recorded using a Varian
UNITY plus (‘"H 500 MHz, *C 125 MHz) spectrometer at
room temperature. Spectra were referenced internally using
the residual protio solvent (*H) and solvent (**C) resonances
relative to tetramethylsilane (0 0). Mass spectra (FAB) were per-
formed by the EPSRC Mass Spectrometry Service at Swansea.
Elemental analyses were performed by the Microanalytical
Department of the Inorganic Chemistry Laboratory, Oxford.

Materials

Solvents were pre-dried by standing over 4 A molecular sieves
and then refluxed and distilled under a nitrogen atmosphere
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from calcium hydride (dichloromethane) or sodium—potassium
alloy (1:3 w/w) (dme, thf). Deuterated solvents (Aldrich) for
NMR studies were dried by refluxing with calcium hydride,
distilled and stored under nitrogen in Young’s tap ampoules.
ReCl"* and [K,(CsH,)CMe,(CsH,)]'>'® were prepared via
literature methods.

Synthesis

[Re{(n-CsH,)CMe,(n-CsH,)}CI] 1. A suspension of [K,-
(CsH,)CMe,(CsH,)] (3.36 g, 13.52 mmol) in dme (30 cm®) at
—78 °C was added to a stirred suspension of ReCl; (1.64 g, 4.51
mmol) at —78 °C in dme (50 cm?). The dark red reaction mixture
was allowed to slowly warm to room temperature and stirred
overnight. The reaction mixture was filtered and volatiles
removed under reduced pressure. The resulting dark brown oily
solid was extracted into thf (2 X 30 cm?®) to give a dark brown
solution. The solvent was removed under reduced pressure and
the resulting solid was extracted into dichloromethane (30 cm®)
to give a dark red solution. Removal of volatiles under reduced
pressure yielded crude [Re{(n-CsH,)CMe,(n-CsH,)}Cl] 1 as a
red—brown solid. Yield (based on ReCls) 0.17 g, 9.6%. An
analytically pure sample of 1 was obtained by as a red—orange
crystalline solid by recrystallisation from a dichloromethane
solution at —80 °C. Final yield 0.06 g, 3.4%. 'H NMR [500
MHz, (CD,),CO]: 6 5.43 (m, 4H, C;H,), 4.28 (m, 4H, C;H,),
1.03 (s, 6H, CMe,). “C{'H} NMR [I125 MHz, (CD,),COI:
0 83.12 (s, CsHy), 75.78 (s, CsHy), 34.393 (s, C,,,, or CMe,),
30.99 (s, Cp, Or CMe,), 21.66 (s, CMe,). FAB-MS: m/z 392
(M™), 357 (M™ — CI). Anal. caled for C;H,,ReCl: C, 39.8;
H, 3.6; found: C, 39.75; H, 3.93%.

Crystallography

Red-orange crystals of the compound 1 were grown from
a dichloromethane solution at ca. 193 K and isolated by
filtration. A specimen was chosen under an inert atomsphere,
covered with paratone-N oil, and mounted on the end of a glass
fibre.

Data were collected at 150 K on an Enraf-Nonius DIP2000
image plate diffractometer with graphite-monochromated
Mo-Ka radiation (4 =0.71069 A). The images were processed
with the DENZO'” and SCALEPACK programs.'® Corrections
for Lorentz and polarisation effects were performed.

All solution, refinement and graphical calculations were
performed using the CRYSTALS' and CAMERON? soft-
ware packages. The crystal structure was solved by direct
methods using the SIR92 program?' and was refined by full-
matrix least squares procedures on F. All non-hydrogen atoms
were refined with anisotropic displacement parameters. All
carbon-bound hydrogen atoms were generated and allowed to
ride on their corresponding carbon atoms with fixed thermal
parameters. A Chebychev weighting scheme with the param-
eters 1.59, 0.554 and 1.16 was applied, as well as an empirical
absorption correction.?

The crystallographic and refinement data are summarised in
Table 3.

CCDC reference number 186/1765.

See http://www.rsc.org/suppdata/dt/a9/a908619f/ for crystal-
lographic files in .cif format.

Computational details

Calculations were performed using the density functional
methods of the Amsterdam Density Function package (Version
2.3).2 The electronic configurations were described by an
uncontracted triple-{ basis set of Slater-type orbitals, with a
single polarisation function added; 2p on hydrogen, 3d on
carbon and 4d on chlorine atoms. The cores of the atoms were
frozen, carbon up to the 1s, chlorine to the 2p and rhenium to
the Sp. First order relativistic corrections were made to the



Table 3 Crystallographic and refinement data for [Re{(n-CsH,)CMe,-
(n-CsHy)}C1] 1

Formula C;;H,CIRe
FW 391.91
Crystal system Monoclinic
Space group P2/n
Crystal dimensions/mm 0.25 %X 0.25 x 0.20
alA 7.125(5)
bIA 11.794(4)
clA 13.524(8)
pr° 103.08(3)
VIA? 1107.0

zZ 4

Peaclg cm™3 2.35

TIK 150
#(Mo-Ka)/mm™ 1.133

Total no. of data 3662

No. of unique data 2238

No. of observed data“ 1953

No. of parameters 136

Ry 0.08

R? 0.035

Ry,* 0.040

“Criterion for observation 1> 3a(l). * R=[X(|F,| — |F.)/Z|F,|]] Rw=
[Ew(F,2 — FAYIw(F2)Y".

cores of all atoms using the Pauli formalism. Energies were
calculated using Vosko, Wilk and Nusair’s local exchange
correlation,* with non-local-exchange corrections by Becke,?
and non-local correlation corrections by Perdew.?® In general
the non-local correction terms were not utilised in calculating
gradients during geometry optimisations. In the case of I,
optimisation was also carried out including the non-local
corrections throughout the calculation.
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