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Abstract

Compound Cp*MoCl,(dppe) crystallizes in the monoclinic space group £2,/¢, a= 16.9063(10), b=11.0] 18(8), c=18,6128(14) A,
B=111.713(6)°, V=3219.3(4) A?, Z=4, Doy =1.445 Mg m™3, (Mo Ker) =0.698 mm ™!, R1 =0,0448, wR2=0,0906 for all data,
R1=0.0337, wR2=0,0839 for 4754 data with /> 2¢-(I), The geometty of the compound is a four-legged piano stool as typically found for
this class of compounds, but the dppe ligand occupies relative trans position whereas the previously reported CpMoBr,(dppe) has the more
common cis geometry. EPR spectroscopic investigations indicate that a mixture of isomers is present in solution and that the relative arounts

of the isomers are both solvent and temperature dependent,
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1. Introduction

Half-sandwich compounds with four additional ligands
typically adopt the four-legged piano stool geometry. Since
the ligand set provides 14 electrons for metal-ligand bonding,
compounds with this stoichiometry are limited to metals with
d°~d* configurations, for a total electron count of 14-18, A
large variety of solid state structures have been determined
by diffraction techniques, especially for 18-electron com-
pounds, When a bidentate ligand is present, the cis arrange-
ment (X) is typically observed, as exemplified by the struc-
tures of CpV(CO),(dppe) (1}, and CpMoCl(CO) (dppe)
[2] !, However, a number of 18-electron compounds have
been shown to adopt the alternative trans geometry (II)
gither in the solid state by X-ray crystallography, e.g.
CpMoCI(CO) [ (CFs),PCH,CH,P(CgFs),] [3], and (n°-
toluene) W(H) (F) (dmpe) [4] or in solution by NMR, e.g.
[ (7f-arene)Mo(H) (PMe,) (dmpe)]* [5,6], and [CpRu-
(H),(dmpe) } * {7].
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! For a more extensive series of examples, see footnote 3 in Ref. [3].
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To the best of our knowledge, there are only two structur-
ally characterized compounds containing a bidentate ligand
and a different electron count, namely the 17-electron
CpMoBr,(dppe) [8] and [Cp*MoCI(CO) (dppe)]* {97,
both adopting a cis structure. In addition, a cis geometry is
proven in solution by EPR spectroscopy for compounds
[ (ring)MoCI(CO) (dppe)]* (ring=Cp or Cp*) [9]. Here
we show that the related Cp*MoCl,(dppe) compound adopts
the alternative trans structure in the solid state, although EPR
spectroscopic investigations are consistent with more than
one isomer in solution,

2, Experimental

The title compound can be prepared as previously reported
[9]. The EPR measurements were carried out in THF and in
CH,Cl, solution in 3 mm o.d. Pyrex tubes with a Bruker
ER200 spectrometer upgraded to ESP300 and equipped with
a variable lemperature cavity and temperature controller. Sin-




gle crystals suitable for the X-ray analysis were grown from
CH,Cl,-heptane.

2.1. X-ray analysis for Cp*MoCl,(dppe)

A clear, orange plate with dimensions 0.50X0.375 X
0.125 mm was placed and optically centered on the Enraf-
Nonius CAD4 diffractometer. The crystal final cell parame-
ters and crystal orientation matrix were determined from 25
reflections in the range 17.6 < §< 18.0°% these constants were
confirmed with axial photographs. Data were collected
[Mo Ka] with w/26 scans over the range 2.4 < §<25.0°
with a scan width of (0.80+0.60 tan 6)° and variable scan
speed of 2.3~5.5° min~ ! with each scan recorded in 96 steps
with the outermost 16 steps on each end of the scan being
used for background determination. Monitoring of six stan-
dard reflections well dispersed in reciprocal space at 1 hinter-
vals of X-ray exposure revealed minor variations in intensity.
An absorption correction was applied based upon seven -
scans with transmission factors ranging from 0.7663-0.8476.
Data were collected with the indices + Ak — [ resulting in the
measurement of 5826 reflections, of which 5633 unique
[R(int) =0.0197]. Data were corrected for Lorentz and
polarization factors and reduced to F,? and o ( F,’). Intensity
statistics and systematic absences clearly determined the cen-
trosymmetric monoclinic space group P2,/c¢ (No. 14). The
structure was determined by direct methods with the suc-
cessful location of all non-hydrogen atoms except for three
carbon atoms. The structure was refined by full-matrix least-
squares cycles. A subsequent difference-Fourier map
revealed the location of the remaining non-hydrogen atoms
within the molecule as well as several hydrogen atoms. All
of the hydrogen atoms were placed in calculated positions
and used for the structure factor calculations but not refined.
After several cycles of refinement, all of the non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were
allowed to refine freely during the final stages of refinement
(xyzU). A final difference-Fourier map was featureless with
|Apl <051 e A3 The function minimized during the
full-matrix least-squares refinement was Lw(F,”—F.)
where w=1/[0*(F,?) + (0.0471P)?+3.0486P) and P=
(max.(F,% 0) +2F.2)/3. Anempirical correction for extinc-
tion was found to be negative and not applied. Crystal data
and final agreement figures are collected in Table 1, fractional
atomic coordinates are listed in Table 2, and selected bond
distances and angles are in Table 3.

3. Results and discussion
3.1. X-ray analysis

As shown in Fig. 1, Cp*MoCl,(dppe) adopts a trans che-
late coordination mode in the solid state. Although no sym-

metry is crystallographically imposed, the Cp*MoCl,P,
coordination sphere has ideal C, symmetry with the mirror

Table 1
Crystal data for compound Cp*MoCl,(dppe)

Formula C;36H39Cl,MoP,
Formula weight 700.45
Space group P;l/c

a(A) 16.9063( 10)
b(A) 11.0118(8)
¢ (A) 18.6128(14)
B () 111.713(6)
V(AY) 3219.3(4)
z 4

Dy (Mgm®) 1.445

(Mo Ka) (mm~") 0.698

Radiation ( monochromated in
incident beam)
Temperature (°C) 153(2)

Mo Ka (A=0.71073 A)

Transmission factors: max., min. 0.8476, 0.7663
Final R indices [I>2a(f)] * R1=0.0337, wR2=0.0839
[4754 data]

R indices (all data) * R1=0.0448, wR2 =0.0906

ARI=T|Fol — | F[/EVFol; wR2= [Ew(IF,| — | F.1 )2/ Zw|F, 1212,

plane containing the Cl atoms and the C(4) and C(9) atoms
of the Cp* ring. Both conformations with equivalent halogen
atoms or with equivalent P atoms have been previously
described, for instance in CpMoX,(PMe;), (X=Cl and I,
respectively) [10], suggesting that there is no strong pref-
erence for a particular Cp™* rotamer in this system. The Mo—
C(ring) bond distances are in a narrow range with average
2.375(15) A, the difference between the longest and shortest
bond being A =0.039(3) A, whereas wider ranges are
observed for other similar Mo(III) compounds [ 11], includ-
ing cis-CpMoBr,(dppe) (A =0.15(1) A) [8]. The phenyl
rings of the dppe ligands are well distanced from the Cp*
ligand, as may be appreciated from the alternative view of
the molecule in Fig. 2. However, the slightly longer Mo—
CNT distance in the title compound relative to other similar
structures (see Table 4) may indicate that the dppe—Cp™* van
der Waals interactions are not negligible.

As shown in Table 4, the CNT-Mo-P angles are greater
and the CNT-Mo—Cl angles are smaller than for any other
previously reported similar structure. The dppe bite may be
held responsible for the high CNT-Mo-P angle. As a result
of the known rehybridization phenomenon that accompanies
geometric distortions in four-legged piano stool structures
[14], a larger CNT-Mo-P angle induces a smaller CNT-
Mo-Cl angle. It has also been shown theoretically [ 14] that
the more covalently o-bonding pair of trans ligands tend to
be coordinated to the metal with the smaller CNT-M-L angle
and, conversely, a smaller angle favors stronger ¢ interac-
tions. This idea rationalizes the significantly shorter Mo—Cl
bond lengths in the title compound relative to the previously
characterized chloride complexes (see Table 4). The Mo-P
bond lengths seem to be mostly affected by steric effects, the
bulkier phosphine ligands exhibiting the longest bonds (see
Table 4), and the title compound exhibits distances within
the range observed for the other compounds. The longer bond
in comparison with the cis structure of CpMoBr,(dppe) may



Table 2
Atomic coordinates ( X 10*) and equivalent isotropic displacement para-
meters (A?X 10%) for Cp*MoCl,(dppe)

x y 2 Uy

Mo( 1} 2933(1) 186(1) 2613(1) 22(1)
CI(1) 2087(1) 71(1) 1234(1) 30(1)
CI(2) 3075(1) —-327(1) 3922(1) 34(1)
P(1) 2412(1) —1962(1) 2450(1) 22(1)
P(2) 1476(1) 522(1) 2620(1) 22(1)
C(1) 4030(2) 1564(3) 3343(2) 37(1)
C(2) 4413(2) 460(3) 3224(2) 38(1)
C(3) 4246(2) 325(3) 2432(2) 37(1)
C(4) 3744(2) 1351(3) 2059(2) 38(1)
€LS) 3597(2) 2096(3) 2616(2) 38(1)
C(6) 4188(3) 2126(5) 4112(3) 56(1)
C(7) 5006(3) -314(5) 3857(3) S5(1)
C(8) 4646(3) —=579(5) 2068(3) 57(1)
C(9) 3540(4) 1682(6) 1224(3) 64(1)
C(10} 3148(3) 3304(4) 2444(4) 60(1)
C(11) 2885(2) —2975(3) 3276(2) 25(1)
C(12) 2477(3) —3326(3) 3766(2) 37(1)
C(13) 2899(3) —4039(4) 4412(2) 44(1)
C(14) 3707(3) —4424(4) 4565(2) 50(1)
C(15) 4114(3) —4090(4) 4079(2) 54(1)
C(16) 3709(2) —3369(4) 3441(2) 39(1)
C(21) 2410(2) —2984(3) 1669(2) 26(1)
C(22) 2873(2) -2725(3) 1210(2) 34(1)
C(23) 2863(3) —-3518(4) 627(2) 41(1)
C(24) 2379(3) —4565(3) 485(2) 38(1)
C(25) 1913(3) —4831(3) 932(2) 37(1)
C(26) 1927(2) —4053(3) 1523(2) 32¢1)
C(27) 1260(2) —1965(3) 2279(2) 27(1)
C(28) 1017(2) -961(3) 2721(2) 25(1)
C(31) 1322(2) 1394(3) 3395(2) 24(1)
C(32) 636(2) 1164(3) 3619(2) 31(1)
C(33) 542(2) 1801(3) 4224(2) 34(1)
C(34) 1112(2) 2679(3) 4604(2) 37(1)
C(35) 1775(3) 2938(4) 4377(2) 44(1)
C(36) 1886(2) 2292(3) 3780(2) 37(1)
C(41) 653(2) 1211(3) 1775(2) 25(1)
C(42) 666(2) 2454(3) 1654(2) 31(1)
C(43) 60(3) 2988(4) 1018(2) 38(1)
C(44) —-564(2) 2310(4) 490(2) 39(1)
C(45) —583(2) 1085(4) 591(2) 44(1)
C(46) 20(2) 532(4) 1234(2) 37(1)

U, is defined as one third of the trace of the orthogonalized Uj; tensor.

Table 3
Selected bond distances (A) and angles (°) for compound
Cp*MoCl,(dppe)

Mo(1)-CI(1) 2.4361(8) Mo(1)-C(2) 2.354(3)
Mo(1)-Cl(2) 2.4251(8) Mo(1)-C(3) 2.370(3)
Mo(1)-P(1) 2.5025(8) Mo(1)-C(4) 2.374(3)
Mo(1)-P(2) 2.4956(8) Mo(1)-C(5) 2.383(3)
Mo(1)-C(1) 2.393(3) Mo(1)-CNT 2.046(3)
CI(1)-Mo(1)-Cl(2) 14795(3) Cl(2)-Mo(1)-P(2) 76.13(3)
C1(1)-Mo(1)-P(1) 77.30(3) CI(2)-Mo-CNT 104.9(1)
CI1(1)-Mo(1)-P(2) 79.43(3) P(1)-Mo(1)-P(2) 80.60(3)
CI(1)-Mo-CNT 107.2(1) P(1)-Mo-CNT 140.1(1)
ClI(2)-Mo(1)-P(1) 78.51(3) P(2)-Mo-CNT 139.3(1)

Fig. 1. A top view of the molecular geometry in trans-Cp*MoCl,(dppe).
Hydrogen atoms are not shown for clarity. Ellipsoids are drawn at the 40%
probability level.

Fig. 2. A side view of the structure of trans-Cp*MoCl,(dppe). The drawing
style is identical to that in Fig. 1.

be attributed to a greater strain in the 5-membered Mo(dppe)
ring in the title compound, which is also indicated by
the larger P-Mo-P angle [80.60(3)° versus 75.8(1)° in
CpMoBr,(dppe) } [8].

In conclusion, it appears that the observed trans structure
for the title compound is determined by the reduced dppe—
ring steric interaction, in spite of the resulting greater strain
in the Mo(dppe) ring.

3.2, EPR analysis

The EPR spectrum of compound Cp*MoCl,(dppe) is
complex and temperature and solvent dependent. Two major
resonances are observed at room temperature in both CH,Cl,
and THF, one of which is a well resolved triplet and the other
is a broad and unresolved feature at lower field, see Fig. 3.
The g values of the two resonances are essentially identical
in the two solvents (1.964 and 2.018 in CH,Cl,, 1.970 and
2.015 in THF), but the relative intensity is different (the
sharper triplet signal has greater relative intensity in CH,Cl, ).
In addition, a puzzling strong solvent dependence of the
hyperfine phosphorus coupling is observed for the higher field




Table 4

Comparison of structural parameters for CpMo(III) derivatives *

Compound

Mo-C!

Mo-P Mo—CNT® CNT-Mo-X © CNT-Mo-P Ref.
CpMoBr, (dppe) 2.46(2) 1.97(1) 113.8(1) 111.4(7) (8]
CpMoClL,(PMes), 2471(3) 2482(2) 1.939(8) 117.4(2) 113.2(1) [10]
CpMol,(PMe,), 2.501(2) 1.951(9) 117.2(1) 110(3) [10]
Cp*MoCl,(PMe;), 2.488(4) 2.509(1) a 116.6(12) 119(3) (12]
Cp*MoCl,(dppe) 2.431(6) 2.499(4) 2.046(3) 106.0(12) 139.7(4) this work
CpMoCl,(PMePh,), 2.471(6) 2531(3) 1.943(5) 127(4) 107.1(2) (13]
CpMoCl,(PPh,), 2.454(3) 2.546(3) 1.96(1) 122.0(4) 109.2(4) [13]

# All numbers are averages of chemically equivalent structural parameters.
® CNT = center of gravity of the cyclopentadienyl ring.

¢ X =Cl or other halogen atom.

9 Not reported.
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Fig. 3. EPR spectra of compound Cp*MoCl,(dppe): (a) in CH,Cl, at room
temperature; (b) in CH,Cl, at 193 K; (¢) in THF at room temperature. The
starred resonance is due to an oxidation impurity and grows upon exposure
to air.

triplet resonance (ap=27.6 G in CH,Cl,, 8.5 G in THF). On
the other hand, the hyperfine phosphorus coupling constant
is not temperature dependent. Upon cooling in either solvent,
the relative intensity of the two signals changes in favor of
the higher field triplet. In CH,Cl,, the broader feature almost
disappearsat 193 K (seeFig. 3(b) ). The low-boiling CH,Cl,
did not permit a high temperature study. Upon warming the
THF solution to 60°C, the relative intensity changes in favor
of the lower field broad signal. No broadening and coales-
cence of the two resonances was observed. The relative inten-
sities in both solvents are reproducible for samples obtained
from different synthetic batches and different recrystalliza-

tions, ruling out the possibility that either resonance arises
from an impurity. In addition, the temperature change is fully
reversible, pointing to the presence of different isomers
whose interconversion is slow on the EPR time scale, but
rapid during the temperature change. Previous studies have
shown a similar behavior for compound CpMoCl,-
(PMePh,) ,, whereas other compounds [ including CpMoCl,-
(dppe) ] show a single averaged resonance at the X-band
frequency and two resonances, a major one at g=1.978-
1.994 and a minor one at higher g, at the Q-band frequency
[13].

For previously reported (ring)MoCl,(PR;), systems,
there is no clear correlation between the ap (in the wide 9—
26 G range) and either the Mo-—P distance or the CNT-Mo—
P angle. Possibly both structural parameters, as well as the
nature of the other ligands, affect the value of ap, thus it is
not possible to firmly establish whether the triplet feature or
the broader resonance belongs to the structurally character-
ized geometry. It can be observed, however, that compounds
with monodentate phosphines and a trans geometry tend to
show smaller ap values (in the 9-18 G range) than com-
pounds with bidentate phosphines and a cis geometry [e.g.
ap=26 G for CpMoCl,(dppe), 23 G for CpMoBr,(dppe) ]
[ 13]. The position of the resonance (g value), however, does
not seem to depend on the cis versus trans configuration. On
this basis, we tentatively suggest that the triplet feature at
8&=1.987 is due to a four-legged piano stool, the prevalent
geometry being cis in CH,Cl, and trans in THF. The broader
feature at higher g, on the other hand, is tentatively assigned
to another isomeric structure, possibly a pseudo-trigonal
bipyramidal structure. Such an alternative structure was
also suggested previously for compounds CpMoCl,L,
(L=PMePh, or L, =dppe) [13].

A reviewer has suggested the possibility of a reversible
Cl1~ dissociation to afford [Cp*MoCl(dppe)]*Cl~. We do
not believe that this process could account for the EPR obser-
vations for the following reasons. We have previously
attempted to generate 15-electron species of formula
[Cp*MOoCIL,] * and Cp analogues (L =tertiary phosphine
ligand) [9,15]. The Cl~ abstraction from Cp*MoCl,-
(PMe,Ph), by AICl, in CH,Cl, generates [Cp*MoCl,-



(PMe,Ph),] *AICl;, suggesting that the 15-electron
[Cp*MoCl1(PMe,Ph),]* has sufficient reactivity to scav-
enge a Cl atom from CH,Cl, [15]. However, Cp*MoCl,-
(dppe) is perfectly stable in that solvent. On the other hand,
the thermal decarbonylation from the 17-electron [ CpMoCl-
(CO) (dppe) ] *PF¢ compound in THF produces a proposed
15-electron [CpMoCl(dppe) ] * intermediate, which has suf-
ficient reactivity to abstract a F~ ion from PFg and generate
the 17-electron CpMoCIF(dppe) [9]. This observation
strongly suggests that a hypothetical [Cp*MoCl(dppe)] *-
Cl™ complex would be rather unstable relative to the 17-
electron neutral dichloride complex. In addition, theoretical
calculations at the MP2 and at the DFT levels on the 15-
electron CpMoCl,(PH;) model complex indicate that this
would adopt a spin quartet ground state [16,17], the EPR
signal of which would not be observable at room temperature.
We cannot, however, discount the possibility that [Cp*Mo-
Cl(dppe)] *Cl~ is accessed as an intermediate or transition
state during the hypothetical cis/trans isomerization of the
title compound.

4. Supplementary material

Tables of crystal data, bond distances and angles, aniso-
tropic thermal parameters, and H-atom coordinates, and cal-
culated and observed structure factors for compound
Cp*MoCl,(dppe) (23 pages) are available from author R.P.
upon request. The crystallographic data have also been depos-
ited with the Cambridge Crystallographic Data Centre.
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