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Abstract

The reaction of MoCl3(OC4Hg); with MeP(CH,-
CH,CH,PMe,), in THF gave the unsolvated complex
MOC13 [MeP(CH2CH2CH2PM62)2] (2) as Well as its
addition compound 2-0.750C;Hg, which are
analogues of the previously reported MoCl;[PhP-
(CH,CH,CH,PPh,),] (1). Sodium amalgam reduc-
tion of 2:0.750C,H; in the presence of PMe; or
PMe,Ph, in THF under nitrogen atmosphere, yielded
the Mo(II) derivatives MoCl, [MeP(CH,CH,CH,-
PMe,),;](PMe3) (3) and MoCl;[MeP(CH,CH,CH,-
PMe,),](PMe,Ph) (4). The electrochemical investiga-
tion of complexes I and 2 (performed on THF
solutions of the addition compounds 1-CH,Cl, and
2-0.750C4H;s by cyclic voltammetry) demonstrated
that the reduction products 2~ and 3™ undergo rapid
replacement of chloride by solvent and phosphine
donor molecules. Whereas 27 and its Cl /PMe;
substitution product were not reduced further at
potentials > ca. —2.50 V (versus Ag/AgNO;, 0.1 M,
in CH4CN), the voltammogram of 1 revealed a
further reduction step occurring at ~2.40 V in the
presence of added PPh,Me. This is consistent with
the finding that 1, but not 2, is easily reduced to low
valent molybdenum complexes by chemical reduc-
tants, such as sodium amalgam. X-ray crystallography
established a meridional-octahedral arrangement of
the ligands for complexes 1 and 2, and a trans-
octahedral coordination geometry for compounds
3 and 4. Relevant crysiaiiographic data are:
1-CH,Cl,: orthorhombic Pbca, a=1677.5(9), b=
3167(1), ¢ =14579(9) pm, Z=8, R=0.119, R, =
0.116 (1790 data). 2-0.750C,Hg: tetragonal I4,
a=1733.5(4), ¢=1589.7(5) pm, Z=8, R=0.050,
R,=0041 (1689 data). 3-0.50CH3;O0H: ortho-
rhombic Pca2,, a=1491.1(12), b=1168.0(7), c=
1434.1(9),Z=4,R=0.071,R,, = 0.072 (1380 data).
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4: monoclinic P1, a=1375.7(4), b=1892(1), c=
2074(1) pm, a=86.86(5), = 88.06(4), v = 84.81°,
Z=8,R=0.085,R,, =0.073 (9284 data).

Introduction

In earlier publications [2,3], we have reported
that the reduction of MoCl,;[PhP(CH,CH,CH,-
PPh;);] (1) with sodium amalgam in the presence of
the monotertiary phosphines PMe;_,Ph, (n=0,1, 2)
in THF under nitrogen atmosphere, gives the bis-
(dinitrogen) complexes trans-Mo(N,), [PhP(CH,CH,-
CH,PPh,),](PMe;_,Ph,). In continuation of this
work we became interested in examining the
chemistry of some potentially electron-rich molyb-
denum complexes derived from the completely
alkylated bis(chelate) phosphine MeP(CH,CH,CH,-
PMe,), [4]. This interest was reinforced upon the
recent publications of Carmona and Green and
their co-workers demonstrating the ability of molyb-
denum complexes with electron-releasing phosphine
ligands to activate even notoriously inert systems,
such as carbon dioxide [5—7] and carbon—hydrogen
bonds [8].

This paper deals with the preparation of the
Mo(III) complex MoCl;[MeP(CH,CH,CH,PMe;),]
(2) as well as with its chemical reduction to MoCl,-
[MeP(CH,CH,CH,PMe,),](PMe3) (3) and MoCl,-
[MeP(CH2CH2CH2PM82)2](PMezph) (4). We also
describe the electrochemical behaviour of compound
2 studied by cyclic voltammetry and compare it with
that of its previously reported analogue 1. Finally,
we present the results of single-crystal X-ray studies
performed on 1—4 with the objective of elucidating
the hitherto unknown coordination geometry of
these chelate phosphine molybdenum complexes.

Experimental

General Procedures
All reactions were carried out under nitrogen
atmosphere using standard Schlenk techniques.

© Elsevier Sequoia/Printed in Switzerland
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Solvent were dried according to recommended
methods and were distilled under nitrogen prior to
use.

Preparation of Complexes

MOCI3[PhP(CH2CH2CHQPPhg)z] (1)

This compound was synthesized from PhP(CH,-
CH2CH2PPh2)2 and MOC13(0C4H5)3 as described
previously [2}].

MoClsf MeP(CH,CH,CH ,PMe, ),] (2)

MeP(CH,CH,CH,;PMe;), (13.0 ml, ca. 48 mmol)
[4] was added to a suspension of 19.0 g (45.4 mmol)
of freshly prepared orange MoCl3(OC4Hs); [9] in
THF (270 ml). Stirring of this mixture at room tem-
perature for 60 h caused the slow deposition of
unsolvated MoCl;[MeP(CH,CH,CH,PMe;),] as a
beige fine-grained precipitate which was separated by
filtering, washed with THF (3 X10 ml), and dried
in vacuo. Yield: 6.1 g (30%). Anal. Found: C, 29.3;
H, 6.1; Cl, 23.0; Mo, 20.2. Calc. for Cy;H,,Cl;MoP;
(454 .55): C,29.07;H,5.99;Cl1,2340;Mo0,21.11%.

The reddish brown mother liquor of the above
preparation was concentrated under reduced pressure
to give a final volume of approximately 8 ml. Upon
addition of 10 ml of diethyl ether the lattice
compound MoCl;[MeP(CH,CH,CH,PMe;),]-0.75-
OC,Hg formed as canary yellow crystals which were
collected by filtration, washed with Et,O (5 ml) and
hexane (2 X10 ml) and dried under vacuum. Yield:
12.3 g (53%). Anal. Found: C,32.6;H,6.6;Cl,21.2;
Mo, 19.1. Calc. for Cy4H33Cl13Mo00g 75P; (508.64):
C,33.06;H,6.54;Cl,2091; Mo, 18.86%.

MoClyf MeP(CH,CH,CH,PMe, ),[(PMes3) (3)

The solution of 1.36 g (2.67 mmol) of 2:0.75-
OC4Hg and 0.32 ml of PMej; (ca. 3 mmol) in 75 ml
of THF was mixed with 77.6 g of 0.8% sodium
amalgam (equivalent to ce. 27 mmol Na) and vigor-
ously stirred at room temperature for 60 h. The
solution was then decanted from the alloy, fiitered
over silica gel, and evaporated to dryness. Dissolution
of the residue in toluene (50 ml), followed by filtra-
tion and removal of the solvent under reduced
pressure gave 0.39 g (30%) of yellow complex 3.
Anal. Found (after washing with hexane and drying
in vacuo): C, 33.2; H, 74; Cl, 13.1. Calc. for Cy;4-
H;4Ci,MoP, (495.18): C,33.96; H,7.33; Cl, 14.32%.

MoCl,{MeP(CH,CH,CH,PMe, ),](PMe,Ph) (4)

A sample of 1.50 g (2.95 mmol) of 2:0.750C,H;
was dissolved in 100 ml of THF containing 0.46 ml
of PMe,Ph (ca. 3.5 mmol). Dilute sodium amalgam
(65 g containing ca. 0.7%, i.e. 20 mmol Na) was then
added, and the mixture was stirred vigorously at
room temperature for 16 h. The excess amalgam was
removed by decantation, and the THF solution was
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filtered over silica gel and evaporated to dryness.
After redissolving the residue in toluene (40 ml), the
filtration over silica was repeated until a clear filtrate
was obtained. This was reduced in volume to approxi-
mately 2 ml. Upon addition of 5 ml of hexane,
crystallization of complex 4 was induced by cooling
to —78 °C. The gold-coloured crystals were collected
by filtering, washed with cold hexane (2 X 5 ml) and
dried in vacuo. The yield was 0.83 g (50%). Anal.
Found: C, 40.8; H, 7.0; CI, 129; Mo, 17.3. Calc.
for CyoH3sCl;MoP, (557.26): C, 4095; H, 6.87; Cl,
12.72; Mo, 17.22%.

Cyclic Voltammetric Measurements

The electrochemical investigations were performed
on ca. 1072 M solutions of the complexes in carefully
purified and Al,0; dried THF. Platinum wire was
used as the working electrode. The reference elec-
trode consisted of an Ag wire contacted with 0.1 M
AgNO; in acetonitrile. [n-BusN]PF4, 0.1 M, was
employed as the supporting electrolyte. Typical
sweep rates were in the range 50—500 mV/s.

X-ray Studies

Crystals suitable for X-oay work grew from
CH,Cl,/hexane (complex 1), tetrahydrofuran (com-
plex 2), methanol (complex 3) and toluene (complex
4), respectively. Complexes 1—3 were obtained as
addition compounds containing solvent of crystalliza-
tion, viz. 1-CH,Cl;, 2-0.75C4H40, and 3:0.5CH;0H;
complex 4 crystallized in an unsolvated form.

Xray measurements were carried out at 20 °C on
a Syntex P2, diffractometer using Mo Ka radiation
(A=71.069 pm). For each structure, the orientation
matrix and the final unit cell parameters were calcu-
lated by least-squares from the setting angles of 15
machine-centered reflections having 11°<26 <24°.
Diffraction intensities were measured by the 6/20
scan technique with variable scan rates (2.0°/min—
29.3%min) determined from a fast pre-scan on each
reflection. No significant decrease was observed in the
intensities of three standard reflections monitored
periodically during data collection. Data were cor-
rected for Lorentz and polarization effects, but not
for absorption or extinction.

In each structure, the molybdenum as well as
several of the chlorine and phosphorus atoms were
readily located by comparison of the Patterson map
with the results of the TREF direct-methods attempts
of SHELXS-84 [10]. Subsequent alternate cycles of
difference Fourier synthesis and least-squares refine-
ment (full-matrix for compounds 1-3, block-diagonal
for complex 4) using the SHELX-76 program package
with scattering factors from the sources given therein
[11] revealed the positions of the remaining non-
hydrogen atoms.

For the refinement of structure 1, a mixed thermal
model assigning anisotropic behaviour to the metal,
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chlorine, and phosphorus atoms was adopted. Hydro-
gen positions remained unconsidered. The phenyl
groups of the phosphine ligand and the solvent
molecule were treated as rigid groups with C—C and
C—Cl bond lengths fixed at 139.5 and 177.0 pm,
respectively. The structural model resulting for
compound 2 was refined with allowance for aniso-
tropic thermal motion of all non-hydrogen atoms
of the complex molecule. In this case, the hydrogen
atoms of the chelate phosphine were included in the
molecular model in geometrically idealized positions
with C—H distances constrained to 96.0 pm. The
THF molecules of crystallization were detected in
positions consistent with their occurrence, i.e. near
the axes 2 (4 molecules) and 4 (2 molecules) of a
tetragonal /4 cell containing 8 molecules of complex
2. In keeping with these positions, the ring atoms
(which were treated isotropically) were found to
display a heavy orientational disorder that could
only partially be resolved. The final model of struc-
ture 3 also used anisotropic temperature factors for
the non-hydrogen atoms of the complex, isotropic
thermal parameters for the methanol C and O atoms,
and calculated positions for the hydrogen atoms of
the phosphine ligands. In the structural model of
complex 4, which was anisotropically refined to
convergence, hydrogen atoms were not included.

A summary of relevant crystallographic informa-
tion and results is collected in Table I. Final
positional parameters are presented in Tables II-V.

TABLE I. Crystallographic Data
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Selected bond lengths and angles are given in the
captions to Figs. 2-5 (see below) showing
SCHAKAL-drawn perspective views of the molecules
[12]. See also ‘Supplementary Material’,

Results and Discussion

Preparative Findings

In earlier work [2], we obtained the compound
MoCl; [PhP(CH,CH,CH,PPh,),] -CH,Cl, (1-CH,Cl;)
by reaction of freshly prepared MoCl3;(OC4Hg); with
one equivalent of the chelate phosphine in CH,Cl,/
THF. Upon stirring MoCl3(OC,Hg); with MeP(CH,-
CH,CH,PMe,), in tetrahydrofuran, a beige precipi-
tate analyzing as MoCl;[MeP(CH,CH,CH,PMe:),]
(2) was gradually deposited. On account of its insolu-
bility, this material has not been characterized
further. Concentration of the mother liquor of 2 gave
moderate yields of a soluble modification of the
complex as canary yellow crystals, which were iden-
tified as the addition compound MoCl;(MeP(CH,-
CH,CH,PMe,),]+0.750C,Hs (2-0.750C,H;) by ele-
mental analysis and Xray diffraction (vide infra).

During attempts to prepare dinitrogen derivatives
of the series Mo(N;),[MeP(CH,CH,CH,PMe,),]-
(PR3) under reductive conditions that had previously
been shown to be suitable for the PhP(CH,CH,CH,-
PPh,}, analogues Mo(N,), [PhP(CH,CH,CH,PPh,),]-
(PR;) (2], we found that the sodium amalgam

1-CHyCl, 2-0.75C4HzO 3-0.5CH;0H 4

M 849.85 508.64 511.21 557.26
Crystal system orthorhom. tetragonal orthorhom. triclinic
Space group Pbca 14 Pcal, Pi
a (pm) 1677.5(9) 1733.5(4) 1491.1(12) 1375.7(4)
b (pm) 3167(1) 1733.5(4) 1168.0(7) 1892(1)
¢ (pm) 1457.9(9) 1589.7(5) 1434.1(9) 2074(1)
a (%) 90 90 90 86.86(5)
8C) 90 90 90 88.06(4)
v () 90 90 90 84.81(4)
V (x 10° pm3) 7745 4771 2498 5366
z 8 8 4 8
D (g/cm3) 1.46 1.41 1.36 1.38
& (Mo Ka) (em™1) 7.5 9.9 9.0 8.4
Max. 20 (deg) 40 50 50 45
Number of data

collected 8009 3094 2509 14858

independent 3651 2348 2293 14144

used (Fy > 40) 1790 1689 1380 9284
Number of parameters refined 167 197 204 940
Data/parameters 10.7 8.6 6.8 9.9
R 0.119 0.050 0.071 0.085
Ry 0.1162 0.041P 0.072¢ 0.0734d
ay = 1/(a?(F,) + 0.001(F,)?). Pw = 1/(02(F,) + 0.0001(F,)2). Cw =1, dy = 1/0%(F,).
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TABLE II. Positional Parameters of 1-CH,Cl,
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TABLE III. Positional Parameters of 2-0.75C4HgO

Atom? x/a ylb z/c Atom? x/a »ib z/c

Mo 0.2107(2) 0.1644(1) 0.1758(2) Mo 0.19715(6) 0.27094(6) 0.44867(7)
Cu1) 0.2944(6) 0.1903(3) 0.0512(6) Cl)  0.0824(2) 0.2514(3) 0.3648(3)
Cl2) 0.1347(5) 0.1387(3) 0.3033(6) cu2)  0.1210(2) 0.2855(2) 0.5770(2)
Cl3) 0.0948(5) 0.1902(3) 0.0997(6) Cl(3) 0.3162(2) 0.2902(2) 0.5224(2)
P(1) 0.2200(6) 0.0907(3) 0.0980(6) P(1) 0.2109(2) 0.1254(2) 0.4628(3)
P(2) 0.3446(6) 0.1468(3) 0.2458(6) P(2) 0.2651(2) 0.2527(3) 0.3115(2)
PG) 0.2167(6) 0.2313(3) 0.2734(6) P(3) 0.1861(3) 0.4143(2) 0.4210(3)
() 0.279(2) 0.220(1) 0.377(2) c) 0.1395(7) 0.0828(7) 0.5338(9)
C(2) 0.367(3) 0.221(2) 0.362(3) C2) 0.3015(7) 0.0921(7) 0.5035(9)
C(3) 0.398(2) 0.196(1) 0.275(2) Cc(3d) 0.1963(8) 0.0717(8) 0.3687(8)
C4) 0.416(2) 0.123(1) 0.162(2) c@4) 0.2482(9) 0.0904(8) 0.2967(9)
C(5) 0.391(2) 0.076(1) 0.134(2) C(5) 0.2405(8) 0.1661(8) 0.2523(8)
C(6) 0.321(2) 0.076(1) 0.059(2) C©) 0.3696(7) 0.2499(8) 0.3164(8)
C(N 0.165(2) 0.083(1) ~0.010(2) Cc( 0.2468(10) 0.3255(7) 0.2339(8)
C(8) 0.136(2) 0.044(1) ~0.036(2) C(8) 0.2568(10) 0.4075(10) 0.2607(10)
C(9) 0.096(2) 0.039(1) —0.119(2) C(9) 0.1988(12) 0.4451(9) 0.3170(10)
C(10) 0.084(2) 0.074(1) -0.176(2) C(10) 0.2466(12) 0.4711(9) 0.4776(11)
C(11) 0.113(2) 0.113(1) -0.150(2) C(11) 0.0949(10) 0.4538(9) 0.4443(15)
C(12) 0.154(2) 0.118(1) -0.067(2)

C(13) 0.185(2) 0.046(1) 0.166(2) a8Atomic positions representing the THF ring disorder about
Cc(14) 0.107(2) 0.047(1) 0.201(2) 4 at %Ol were identified at 0.483(3) 0.922(3) 0.292(3)
C(15) 0.080(2) 0.015(1) 0.258(2) (s.o.f. 0.55), 0.528(2) 0.946(2) 0.270(3) (s.o.f. 0.50),
C(16), 0.129(2) —-0.019(1) 0.280(2) 0.545(3) 0.020(3) 0.297(3) (s.o.f. 0.25), and 0.483(3)
c(17) 0.207(2) -0.020(1) 0.245(2) 0.021(3) 0.330(3) (s.0.f. 0.25); atomic coordinates describing
C(18) 0.234(2) 0.012(1) 0.188(2) the THF disorder about the twofold rotation axis ==z were
C(19) 0.359(2) 0.114(1) 0.349(1) refined to 0.478(2) 0.451(2) 0.381(2) (s.o0.t. 0.50), 0.450(2)
C(20) 0.300(2) 0.086(1) 0.378(1) 0.534(2) 0.333(2) (s.o.f. 1.0), 0.510(2) 0.564(2) 0.298(2)
C(21) 0.311(2) 0.062(1) 0457(1) (s.0.f. 0.50), and 0.540(2) 0.508(3) 0.254(2) (s.o.f. 0.50).
C22) 0.381(2) 0.067(1) 0.508(1) Carbon scattering factors were used in each case.

C(23) 0.440(2) 0.095(1) 0.480(1)

C24) 0.429(2) 0.119(1) 0.400(1) precursors with reductants under nitrogen. A possible
€(25) 0.253(2) 0'382(1) 0'231(3) explanation for the change in the reduction behav-
(26 0.250(2) 0.292(1) 0.138(2) iour, observed on passing from MoCl; [PhP(CH,CH,-
C@27) 0.275(2) 0.331(1) 0.108(2)

C229) 0.305(2) 0.351(1) 0.264(2) may be put forward in terms of the enhanced basicity
C(30) 0.280(2) 0.312(1) 0.294(2) of the methylated chelate phosphine: compared to
C(31) 0.121(1) 0.247(1) 0.321(2) its phenylated analogue, the MeP(CH,CH,CH,-
C(32) 0.092(1) 0.232(1) 0.405(2) PMe,), ligand can provide increased electron density
C(33) 0.018(1) 0.245(1) 0.437(2) at the metal centre, which in turn will stabilize
C(34 -0.028(1) 0.273(1) 0.386(2) medium oxidation numbers, such as Mo(1l), at the
C(35) 0.001(1) 0.288(1) 0.303(2) expense of low oxidation stages, such as Mo(0).
C(36) 0.075(1) 0.275(1) 0.270(2)

2CH,Cl, positions at 0.096(2) 0.401(1) 0.044(2) (carbon),
0.015(2) 0.370(1) 0.085(2) (chlorine), and 0.075(2)
0.455(1) 0.043(2) (chlorine).

reduction of 2:0.750C,4H; in the presence of PMe,
or PMe,Ph, in THF under nitrogen atmosphere, gave
the yellow chloro complexes MoCl, [MeP(CH,CH,-
CH,PMe;),](PMe;) (3) and MoCl,[MeP(CH,CH,-
CH,PMe,), | (PMe,Ph) (4), respectively. The outcome
of the Na/Hg reduction of compound 2 thus presents
a further example of the subtleties involved in the
synthesis of transition metal dinitrogen complexes
by single-step reactions of potentially suitable

Apparently, the difficulties encountered in the
preparation of the N, complexes Mo(N,), [MeP(CH,-
CH,CH,PMe,),](PR3) are similar to those which
were met by Carmona and co-workers during their
synthesis of the related trimethylphosphine derivative
MO(Nz)g(PMe3)4 [13, 14]

Electrochemistry

For convenience, a scheme summarizing the
various electrochemical and chemical transformations
observed during the cyclic voltammetric study of
complex 2 is given prior to discussion (Scheme 1).

The cyclic voltammogram obtained for THF solu-
tions of pure complex 2 is depicted in Fig. 1a. The
compound is found to undergo a quasi-reversible
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TABLE IV. Positional Parameters of 3-0.50CH3;0H
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TABLE V. Positional Parameters of 4

Atom? x/a y/b z/c Atom x/a y/b z/c
Mo 0.5191(2) 0.2548(2) 0.0000 Mo(1) 0.24741(10) 0.35890(7) 0.14128(7)
P(1) 0.5029(6) 0.1629(6) —-0.1581(6) Cl(1D) 0.2540(3) 0.4743(2) 0.0821(2)
P(2) 0.3608(5) 0.2065(6) 0.0308(6) Cl(12) 0.2357(4) 0.2428(2) 0.2007(2)
P(3) 0.5217(6) 0.3651(6) 0.1475(6) P(11) 0.3513(4) 0.2896(2) 0.0605(2)
P(4) 0.6834(6) 0.2910(6) —0.0253(6) P(12) 0.1026(4) 0.3351(3) 0.0790(3)
CI(1) 0.5704(5) 0.0776(6) 0.0750(6) P(13) 0.1306(4) 0.4099(3) 0.2265(2)
Cl(2) 0.4701(6) 0.4313(6) —0.0746(6) P(14) 0.3924(3) 0.3896(3) 0.2021(2)
c) 0.526(3) 0.012(3) ~0.163(3) C(101) 0.3958(15) 0.3400(10) —-0.0157(8)
C(102) 0.4646(14) 0.2363(9) 0.0864(9)
C(2) 0.565(3) 0.222(3) -0.257(3)
C@3) 0.396(2) 0.170(3) ~0.209(2) C(103) 0.2939(13) 0.2146(8) 0.0253(8)
C(4) 0'315(3) 0'122(3) _0'150(3) C(104) 0.1964(15) 0.2375(11) ~0.0100(9)
) ' ) C(105) 0.1084(15) 0.2490(9) 0.0361(9)
C(5) 0.283(3) 0.202(3) ~0.068(3)
C(6) 0.337(2) 0.069(3) 0.084(3) C(106) 0.0699(16) 0.4031(10) 0.0105¢10)
) ' ] c(107 —0.0205(14) 0.3256(11) 0.1233(12)
C(7) 0.297(3) 0.299(4) 0.099(3)
C(108) ~0.0487(13) 0.3849(13) 0.1691(12)
C(8) 0.337(3) 0.336(4) 0.194(3)
C(109) 0.0033(13) 0.3773(10) 0.2319(10)
C(9) 0.41202) 0.419(3) 0.190(3)
C(110) 0.1004(12) 0.5062(8) 0.2197(9)
C(10) 0.584(3) 0.500(3) 0.153(3)
can 0.564(4) 0.289(4) 0.254(3) C(111) 0.1569(14) 0.3926(11) 0.3129(8)
cay 0.744(3) 0.179(3) ~0.091(3) C(112) 0.4208(13) 0.3296(10) 0.2732(8)
’ C(113) 0.3830(12) 0.4792(9) 0.2410(9)
C(13) 0.714(2) 0.421(3) -0.084(3)
ca4) 0.759(3) 0.292(4) 0.076(3) C(114) 0.5128(12) 0.3962(9) 0.1589(8)
: ) C(115) 0.5125(12) 0.4462(9) 0.1045(8)
2[ractional coordinates describing the disordered soivent C(“g) 0'2078(18) 0':499(11) 0'0221(12)
molecule are 0.459(3) 0.243(5) 0.495(7) (oxygen; s.o.f. cain 0.6912(16)  0.4056(13) 0.0883(13)
0.50), 0.519(6) 0.151(6) 0.513(8) (carbon; s.0.f. 0.25), and C(118) 0?877(18) 0.;587(1(2)) 0.1;;;(;3)
0.537(5) 0.315(7) 0.486(9) (carbon; s.0.£. 0.25). caim) 0.595715)  0.3536(10) 0.1822(10)
Mo(2) 0.25710(11) 0.85274(7) 0.12729(7)
. . Cl2D 0.4261(3) 0.8425(2) 0.0842(2)
reduction stgp (peak.a) at a peak potgntlal gf CI22) 0.0886(3) 0.8586(3) 0.1729(2)
~1.64 V to give the anion 27, The decrease in anodic P(21) 0.2504(4) 0.9827(2) 0.1489(2)
peak height observed upon re-oxidation (peak b) P(22) 0.3173(4) 0.8282(3) 0.2389(2)
shows scan rate dependence which is indicative of a P(23) 0.2451(4) 0.7211(2) 0.1202(2)
chemical reaction following the electrochemical con- P(24) 0.2028(4) 0.8763(2) 0.0127(2)
version of 2 into 2. This consecutive chemical C@on 0.3664(12) 1.0288(8) 0.1310(8)
transformation of the reduced species is tentatively €(202) 0.1546(13)  1.0444(8) 0.1076(9)
interpreted as a substitution of one of the chloro (C:ggi; 8;;;?2;‘3 (1)8223832)) 8;;2252;
ligands c;i 2 byda TI;F czionorhmolecule, since a C(205) 0.2664(15) 0.8875(10) 0.3033(8)
comparable secondary ligand exchange process was C(206) 0.4558(14) 0.8273(10) 0.2469(9)
observed during the electrochemical reduction and C@07) 0.2940(16) 0.7446(9) 0.2876(8)
re-oxidation of 2 in the presence of donors different C(208) 0.3204(16) 0.6773(9) 0.2434(9)
from THF, such as PMe;. C(209) 0.2354(15) 0.6677(8) 0.1987(8)
The prominent features of the cyclic voltam- C(210) 0.3487(12) 0.6712(8) 0.0744(8)
mogram measured upon addition of the phosphine C@211) 0.1349(12) 0.6914(8) 0.0816(9)
were, first, a considerable decrease of the ratio of CQ212) 0.0665(12) 0.8800(9) 0.0050(9)
the anodic and cathodic peak heights b and a and, C@213) 0.2478(13)  0.8089(8) ~0.0472(7)
second, the appearance of an additional anodic peak g(glg) 0'3333(12) 8'95;2(8) *ggggé(;;
¢ at —0.65 V (Fig. 1a), which developed after com- (213) 0.3328(14) 97350) ~0-0326(

. . . . . C(216) 0.3614(14) 1.0345(11) —0.0700(8)
pletion of the first cathodic scan and re-oxidation. cQ1n 0.2944(18) 1.0795(11) _0.1068(11)
As is shO\fvn in Fig. _lb, the anodic peak c was also C(218) 0.2006(20) 1.0617(10) —0.1088(9)
observed in the cyclic voltammogram obtained for C(219) 0.1639(14) 1.0004(9) ~0.0715(8)
a sample of authentic MoCl,[MeP(CH,CH,CH,-

PMe,);] (complex 3). Hence the electrode process Mo(3) 0.27050(10)  0.87113(7) 0.62901(7)
represented by c in the voltammogram of the in situ CK31) 0.2345(3) 0.9878(2) 0.5747(2)
reaction illustrated in Fig. la is readily assigned to Cl(32) 0.3123(4) 0.7558(2) 0'6851(?
the redox couple 3/3%, the reduced component of PGD) 0.3721(3) 0.9212(2) 0.7111(2)
which must have been formed by Cl”/PMe; replace- (continued)
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TABLE V. (continued)

Atom x/a y/b zjc

P(32) 0.4193(4) 0.8509(3) 0.5587(3)
P(33) 0.1854(4) 0.8018(2) 0.5506(2)
P(34) 0.1169(3) 0.8978(2) 0.6984(2)
c@3on 0.3725(13) 1.0193(8) 0.7108(9)
C(302) 0.3504(13) 0.8987(10) 0.7981(7)
C(303) 0.5049(13) 0.8916(11) 0.7085(10)
C(304) 0.5491(15) 0.9079(13) 0.6439(12)
C(305) 0.5433(14) 0.8494(13) 0.5937(11)
C(306) 0.4313(16) 0.9175(10) 0.4505(9)
C(307) 0.4430(14) 0.7672(10) 0.5145(9)
C(308) 0.3547(13) 0.7551(10) 0.4718(9)
C(309) 0.2663(12) 0.7290(8) 0.5108(8)
C(310) 0.1308(14) 0.8527(9) 0.4772(8)
C(311) 0.0861(12) 0.7454(8) 0.5827(9)
C(312) 0.1014(12) 0.9860(9) 0.7354(8)
C(313) 0.1031(12) 0.8345(10) 0.7715(8)
C(314) —0.0072(11) 0.8998(9) 0.6583(8)
C(315) —-0.0767(13) 0.8506(9) 0.6805(9)
C(316) -0.1652(13) 0.8572(10) 0.6445(10)
C@317) —0.1801(13) 0.9018(11) 0.5918(10)
C(318) —0.1056(15) 0.9488(10) 0.5712(9)
C(319) —0.0228(13) 0.9497(8) 0.6057(8)
Mo(4) 0.23713(11) 0.36783(7) 0.64380(7)
Cl(41) 0.0751(3) 0.4315(2) 0.6506(2)
Cl(42) 0.4017(4) 0.3054(3) 0.6386(3)
P41) 0.2239(4) 0.3333(3) 0.5294(2)
P42) 0.1636(5) 0.2546(3) 0.6775(3)
P(43) 0.2675(4) 0.3821(3) 0.7607(2)
P(44) 0.2964(4) 0.4884(3) 0.6112(2)
C(401) 0.1041(12) 0.3588(10) 0.4889(7)
C(402) 0.3155(12) 0.3616(9) 0.4674(7)
C(403) 0.2446(15) 0.2351(9) 0.5149(9)
C(404) 0.1583(20) 0.1929(10) 0.5528(9)
C(405) 0.1870(18) 0.1779(9) 0.6254(11)
C(406) 0.0269(17) 0.2654(11) 0.6865(12)
Cc407) 0.1898(19) 0.2073(10) 0.7548(8)
C(408) 0.1866(21) 0.2596(11) 0.8138(10)
C(409) 0.2782(17) 0.3017(11) 0.8153(9)
C(410) 0.1766(15) 0.4380(10) 0.8060(8)
C411) 0.3856(15) 0.4160(13) 0.7828(9)
C(412) 0.4339(12) 0.4937(11) 0.6139(10)
C(413) 0.2468(16) 0.5637(8) 0.6640(8)
C(414) 0.2691(14) 0.5290(8) 0.5280(8)
C(415) 0.1644(15) 0.5355(9) 0.5143(9)
C(416) 0.1405(15) 0.5610(9) 0.4513(10)
C417) 0.2163(20) 0.5767(10) 0.4046(10)
C@418) 0.3120017) 0.5720(10) 0.4198(9)
C(419) 0.3396(15) 0.5451(9) 0.4822(10)

ment at the primary reduction product 2= (cf.
Scheme 1).

The oxidation of pure complex 3 at —0.65 V cor-
responds to a nearly reversible electron transfer (see
peaks c and d in Fig. 1b). In sharp contrast, the redox
couple 3/3" is highly irreversible when generated in
situ from 27 by Cl”/PMe; exchange (Fig. la). The
cationic species 3* was hence suggested to be strongly
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—e
MoCl,(ppp)(PMe;)* “—Te:’ MoCl,(pppXPMe3)

3* 3
—PMej +PMe;
+CI™ -CI™

+e~ _ +THF, -CI”

MoCls(ppp) === MoCly(ppp) ~——~!
2 2-
MoCl,(ppp)(THF)

Scheme 1. Electrochemical and chemical reactions of 2

occurring in THF in the absence and presence of PMe3; ppp =
MeP(CH,CH,CH,PMe,),.

Fig. 1. (a) Cyclic voltammograms of 2 (100 mV/s); —: pure

complex; - - - -: with added PMej. (b) Cyclic voltammograms
of 3 (100 mV/s); ——: pure complex; — — — —: in the

presence of Et,NCI.

inclined to rapidly undergo resubstitution of neutral
PMe; by the small amounts of chloride anion released
during the displacement from 27, thus restoring the
neutral Mo(III) complex 2. Consistently, addition of
trace quantities of Et4;NCl to the THF solution of
pure 3 rendered the oxidation step ¢ totally irrevers-
ible (Fig. 1b; dashed voltammogram). A similar
situation has previously been observed by Rohde and
tom Dieck for the ruthenium derivative Ru(DAD)-
(CO),(PPhs), where DAD = i-PrN=CHCH=NPr-i: this
latter complex, which is reversibly oxidized in solu-
tions of the pure compound, likewise shows irre-
versible redox behaviour when formed from reduced
[Ru(DAD)(CO),I,]” by release of iodide and I7/
PPh; replacement [15].

The voltammetric behaviour of the PhP(CH,CH;-
CH,PPh,), substituted complex 1 was essentially
similar to that of its methylated analogue 2, reduc-
tion of 1 to 1™ occurring at a peak potential of
—1.44 V. In the presence of added PPh,;Me, however,
a further (irreversible) reduction step was detected at
—2.40 V, which was attributed to the redox couple
MoCl, [PhP(CH,CH,CH,PPh,), ] (PPh,Me)/[MoCl,-
[PhP(CH,CH,CH,PPh;),](PPh,Me)] . The observa-
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tion of an additional low-potential cathodic peak for
the system 1/PPh,Me corresponds to our previous
finding that compound 1 can easily be reduced to
Mo(0) complexes by employing chemical reductants
such as sodium amalgam [2]. On the other hand, the
voltammetric behaviour of complex 2 in the presence
of added PMe;, which does not indicate any further
reduction of the in situ species 2~ or 3, at potentials
>ca. —2.50 V (Fig. la), compares well with the
finding that 2 cannot be converted to the metal(0)
state by amalgam reduction.

Structural Characterization of 1 and 2

The structures of the two trichloro molybdenum-
(III) complexes are shown in Figs. 2 and 3. The
coordination environment of the central metal of
both compounds is approximately octahedral, the
ligands having the meridional arrangement.

The same geometry has also been observed in
other Mo(III) species of the MoX3L; type, eg.
M0C13(NC5H5)3 [16], MOBI3(NC5H4Me'4)3 [17],
Mol;(PMe,Ph),(OPMe,Ph) [18], and MoI;(OC4Hg);
[19]. The Mo—Cl distances (238.2(8)—243.9(8) pm
in 1 and 239.6-244.3(3) pm in 2) are close to those
found for similar chloro derivatives of Mo(III), such
as MoCl3(NCsHs); (242.3(5)—243.7(5) pm [16]),
[MoCl,(Me,PCH,CH,PMe,),]*  (240.1(2) and

240.7(2) pm [20]), [MoCla(OC.Hg),]™ (242.1(9)—
244.1(8) pm [21]), and MoClg®™ (average value
244 pm [22]).

Fig. 2. Molecular arrangement and numbering scheme of the
non-hydrogen atoms of 1. Selected bond lengths (pm) and
angles (°) are: Cl1—Mo, 243.9(8); C12—Mo, 239.6(9); CI3-
Mo, 238.2(8); P1-Mo, 259.8(8); P2—Mo, 253.0(9); P3 Mo,
255.5(8). C12-Mo-Cl11, 177.0(3); C13-Mo—Cl1, 90.4(3);
CI3-Mo—-Cl12, 92.5(3); P1-Mo—Cl1, 86.7(3); P1-Mo-Cl2,
93.8(3); P1-Mo—Cl13, 98.8(3); P2—-Mo--Cli, 82.1(3); P2-
Mo-—-Cl12, 94.9(3); P2-Mo-ClI3, 171.1(3); P2-Mo-P1,
85.7(3); P3—Mo—Cl1, 96.5(3); P3—Mo—-Ci2, 82.6(3); P3~
Mo-ClI3, 90.4(3); P3—_Mo-P1, 170.2(3); P3-Mo-P2,
85.6(3).
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Fig. 3. The structure of 2. Important interatomic distances
(pm) and angles (°) are: Cl1—Mo, 241.9(3); Cl2—Mo,
244.3(3); C13—Mo, 239.6(3); P1-Mo, 254.5(3); P2-Mo,
249.8(3); P3-—Mo, 253.1(4). C12-Mo-Cl1, 91.7(1); Ci3—
Mo-Cl1, 175.8(1); CI3-Mo—ClI2, 92.5(1); P1-Mo-Clil,
89.2(1); P1-Mo--Cl2, 94.5(1); P1-Mo-ClI3, 90.8(1); P2—
Mo-Cl1, 83.6(1); P2-Mo-CI2, 175.3(1); P2-Mo-Cl3,
92.2(1); P2-Mo-P1, 84.7(1); P3-Mo-Cl1, 88.8(1); P3—
Mo-C12, 90.2(1); P3-Mo-Cl3, 90.8(1); P3-Mo-Pi,
175.0(1); P3—-Mo—P2, 90.5(1).

The unusual scattering of the metal-to-ligand bond
lengths observed for 1 (239.6(9) and 243.9(8) pm in
trans-C12—Mo—Cl1 versus 238.2(8) pm for CI3 trans
to Mo—P2 as well as 255.5(8) and 259.8(8) pm in
trans-P3—Mo—P1 versus 253.0(8) pm for P2—-Mo
trans to Cl3—Mo) may in part be ascribed to the
limited accuracy of the structure determination. On
the other hand, these variations in bond lengths also
appear to reflect a certain degree of spatial inter-
ference between the chloro ligands and the phenyl
rings of the chelate phosphine, since there are several
comparatively short non-bonding chlorine-to-ortho-

Fig. 4. Molecular structure of 3. Important interatomic dis-
tances (pm) and angles (°) are: Cl1 —Mo, 245.5(6); Ci2—Mo,
243.4(7); P1-Mo, 252.1(8); P2-Mo, 246.8(7); P3—Mo,
247.7(8); P4-Mo, 251.2(8). Cl12-Mo~Cl1, 179.3(3); P1-
Mo-Cli1, 93.7(3); P1-Mo-Cl2, 86.4(2); P2-Mo-Cll,
91.5(2); P2-Mo-Cl12, 89.1(2); P2-Mo-P1, 88.4(3); P3-
Mo-Cl1, 93.4(3); P3-Mo-CI2, 86.5(3); P3-Mo-PI,
172.4(3); P3—-Mo—P2, 88.9(3); P4—Mo—Cl1, 84.4(2); P4
Mo-Cl12, 95.0(3); P4-Mo-P1, 92.0(3); P4-Mo-P2,
175.9(3); P4-Mo-—-P3,91.2(3).
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Fig. 5. The four independent molecules of 4, Selected bond lengths (pm) and angles (°) are: Cl11-Mo1l, 245.4(4); Cl12-Mol,
247.5(5); P11-Mol 251.2(5); P12—Mol, 249.8(5); P13-Mol, 252.0(5); P14-Mol, 252.3(5). Cl12-Mo1-CIl1, 178.4(2);
P11-Mol-Ci11, 95.4(1); P11-Mol1-Cl12, 85.4(2); P12-Mol-Cl11, 90.2(2); P12-Mol1-Cl12, 88.4(2); P12-Mol-PI1,
87.5(2); P13—-Mo1-Cl11, 92.8(1); P13—-Mo1-Cl12, 86.4(2); P13-Mo1-P11, 170.7(2); P13—-Mo1-P12, 88.0(2); P14-Mol -
Cl11, 86.9(2); P14-Mol1-Cl12, 94.4(2); P14-Mo1-P11, 93.5(2); P14-Mo1-P12, 177.0(2); P14—Mo1-P13, 91.4(2). C21-
Mo2, 245.7(5); CI22-Mo2, 246.9(5); P21-Mo2, 251.6(5); P22—-Mo2, 249.1(5); P23-Mo2, 252.4(5); P24-Mo2, 251.9(5).
CI22-Mo2-CI21, 177.8(2); P21-Mo2-CI21, 96.1(2); P21 -Mo2-CI22, 85.6(2); P22-Mo2-CI21, 90.1(2); P22-Mo2-CI22,
88.5(2); P22-Mo2--P21, 87.2(2); P23-Mo2-CI21, 91.6(2); P23-Mo02-C122, 86.6(2); P23—Mo2-P21, 171.1(2); P23-Mo2-
P22, 88.5(2); P24-Mo2-CI21, 87.7(2); P24—Mo02-CI22, 93.6(2); P24 -Mo2-P21, 93.4(2); P24-Mo2-P22, 177.8(2); P24~
Mo2-P23, 91.2(2). C131-Mo03, 244.1(4); C132-Mo3, 244.6(4); P31-Mo3, 251.5(5); P32—-Mo3, 248.6(5); P33 -Mo3, 252.5(5);
P34-Mo3, 254.4(5). C132-Mo3-Cl31, 177.8(2); P31-Mo3-Ci31, 92.0(2); P31-Mo3-Cl32, 85.9(2); P32-Mo3--Cl31, 90.0(2);
P32-Mo3-Cl132, 89.1(2); P32-Mo3-P31, 89.3(2); P33-Mo3-ClI31, 96.6(2); P33-Mo3-Cl32, 85.4(2); P33-Mo3-P31,
170.5(2); P33-Mo3-P32, 86.7(2); P34-Mo3-CI31, 87.3(1); P34-Mo3-ClI32, 93.6(2); P34—Mo3-P31, 90.7(2); P34-Mo3 -
P32, 177.3(2); P34—Mo3--P33, 93.7(2). Cl41-Mo4, 244.0(4); Cl42—-Mo4, 245.9(5); P41-Mo4, 251.2(5); P42 -Mod, 250.6(6);
P43 -Mo4, 250.8(5); P44-Mo4, 254.1(5). Cl42—-Mo4—Cl41, 178.8(2); P41-Mo4—-Cl41, 95.5(2); P41-Mo4—-Cl42, 85.5(2);
P42-Mo4-Cl41, 89.4(2); P42-Mod-Cl42, 91.3(2); P42—Mo4—P41, 86.8(2); P43-Mo4—Cl41, 92.7(2); P43-Mod4—Cl42,
86.3(2); P43—-Mo4-P41, 170.1(2); P43-Mo4—-P42, 87.8(2); P44—-Mo4—-Cl41, 85.4(2); P44-Mo4—-Cl42, 93.9(2); P44-Mod—
P41, 94.1(2); P44 -Mo4--P42,174.8(2); P44 -Mo4—-P43, 92.1(2).

carbon distances, e.g CI2...C14, 328 pm, CI2...C20,
341 pm, and CI2...C31,337 pm.

Due to the sterically less demanding nature of the
completely methylated tris(tertiary) ligand MeP(CH,-
CH,CH,PMe,),;, repulsive interactions should not
exert a pronounced influence on the Mo—Cl and
Mo—P bond lengths of 2. According to that, the
Mo —Cl distances (239.6(3) and 241.9(3) pm in trans-
CI3—-Mo—Cl1 versus 244.3(3) pm for CI2—Mo trans
to Mo-—P2) as well as the Mo—P bond lengths
(253.1(4) and 254.5(3) pm in trans-P3—Mo—Pl

versus 249.8(3) pm for P2—Mo trans to Cl2—Mo)
exhibit the usual trans compensating features which
are readily interpreted in terms of the different trans
bond weakening capabilities of Cl and P donor
ligands. The metal-to-ligand distances observed for
both the trans-Cl-Mo—Cl and P-Mo-—P moieties of
2 compare favourably with those of the cation frans-
{MoCl,(Me,PCH,CH,PMe,),]* for which Mo—Cl
lengths of 240.1(2) and 240.7(2) ppm and d(Mo—P)
values in the range 252.3(2)~-254.8(2) pm have been
reported recently [20].
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Molecular Structures of 3 and 4

The molecular model resulting for 3 is depicted in
Fig. 4. The structure analysis performed on 4 revealed
the presence of four crystallographically independent
molecules in the asymmetric unit of a triclinic cell.
In three molecules, the orientation of the Me,PPh
ligand relative to the bridging MeP group of the
chelate phosphine is equivalent in that the phenyl
and methyl substituents in question point into
opposite directions; the fourth molecule can be
looked upon as a Me,PPh rotamer containing the
central methyl group of the chelate ligand and the
Me,PPh phenyl substituent oriented into one and the
same half of the coordination sphere (see Fig. 5).

The trans arrangement of the halo ligands of 3 and
4 has previously been observed in related complexes
exhibiting molecular dimensions similar to those
listed in the captions to Figs. 4 and 5. Representative
examples include: MoCl,(PMe;); (Mo—Cl, 242.0(6)
pm; Mo—P, 249.6(3) pm [14]), MoCl,(PMe,Ph),
(Mo—Cl, 2438(1) and 2449(1) pm; Mo-P,
251.9(1)-2554(1) pm [23]), and MoCl,(Me,PCH,-
CH:PMe,), (Mo-Cl, 2435(1) and 244.3(1) pm;
Mo--P, 246.0(1)-246.4(1) pm [20]).

On comparing the trans-Me,P—Mo—PMe, and
trans-Cl-Mo—Cl bond lengths of 3 (247.7(8) and
252.1(8) pm for Mo—PMe,; 243 .4(7) and 245.5(6)
pm for Mo—Cl) with those measured for the molyb-
denum(III) complex 2 (253.1(4) and 254.5(3) pm in
trans-Me ,P—-Mo—PMe,; 239.6(3) and 241.9(3) pm in
trans-Cl—Mo—Cl), it is noted that the average Mo—P
distance increases on changing from Mo(II) to Mo(liI)
while the average Mo-Cl distance decreases. The
same trends in Mo—P and Mo—Cl bond lengths of
Mo(If) and Mo(IllI} complexes have also been
reported  for MoCl,(Me,PCH,CH,PMe,), and
{MoCl,(Me,PCH,CH,PMe,),]*; they are most con-
veniently discussed in terms of the different hard-
nesses of the Lewis acids Mo(II) and Mo(III) leading
to a tighther bonding of the harder (softer) Lewis
base ligand to the Mo(III) (Mo(II)) metal centre [21].

Supplementary Material

Further details including tables of thermal param-
eters and calculated hydrogen positions as well as
Fo[F, listings are available from the Fachinforma-
tionszentrum Energie, Physik, Mathematik GmbH
(cooperating with the Cambridge Crystallographic
Data Centre), D-7514 Eggenstein-Leopoldshafen 2,
F.R.G. Any request should be accompanied by the
registration number CSD-52567 as well as by the full
literature citation for this communication.
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