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Summary

Tetrakis(dimethylphenylphosphine)molybdenum(0) is shown to be an
eighteen electron complex, Mo(PMe,Ph);(n-PhPMe,). Crystals are triclinic, space
group P1, with e = 11.424(2), b = 16.210(3), ¢ = 9.413(2) A, « = 82.84(1),8 =
111.02(1),y =85.67(1)". Intramolecular bond lengths are reported from an X-ray
analysis of 1203 independent reflexion intensities (Mo-K,) with R, = 0.068 and
R- = 0.102; the mean Mo—P and Mo—C lengths are 2.44 and 2.88 A respectively.
There is no significant distortion of the coordinated phenyl ring from six-fold
symmetry.

Introduction

Nyholm et al. [1-3] were the first to study the reactions of Group VI car-
bonyls with o-phenylenebis(dimethylarsine), L, and obtain compounds which
were formulated as M(CO);L. and M(CO),L.,. Similar reactions have been reported
with 1,2-bis(dimethylarsino)tetrafluorocyclobutene [4], Me;AsSnMe,AsMe, [5]
and 1,2-bis(diphenylarsino)ethane [6] as ligands; Colton et al. have reported the
reactions of bis(diphenylarsino)methane (dam) [7], tris-(p-tolyl)phosphine (ppt),
tris(m-tolyl)phosphine (pmt) and tris(o-toly)phosphine (pot) with M(CQO), (M =
Cr, Mo, W) [8,9] and found that in addition to the expected substitution prod-
ucts, compounds with stoichiometry M(CO).(dam) (M = Cr, Mo), 7-(pot)M(CO);
(M = Cr, Mo and W), Cr(CO);L (L = ppt, pmt and PPh;) and [Cr(CO),L}. (L =
pot, ppt, PPh;) could be isolated. The formulations [9] have been confirmed for
I and II by X-ray diffraction methods [10,11].

Chatt and Wedd [12] have isolated, in small yield, the complex (Me.PhP);-
Mo through the reduction of [MoCl;(thf);] in the presence of excess phosphine.
The compound was monomeric and diamagnetic in solution and, like the Colton
et al. complexes, would provide an unusual electron-configuration complex
unless the tertiary phosphine coordinated through an aryl-substituent. Difficul-
ties of synthesis prevented a comprehensive spectroscopic study of the complex
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but we have been able to characterize the complex using a single crystal selected
from the original sample [12].

Experimental

Crystal data

MoP;C;,H.;, monoclinic,a = 11.424(2), b = 16.210(3), c = 9.413(2) A;
a =82.84(1),3=111.02(1), v = 85.67(1)°; mol. wt. = 648.59, V = 1600.8 A°,
Z=2,D.4c =1.34 gecm™?, F(000) = 1060, u(Mo-K,) = 6.2 cm™'. Space group P1
(structure solution and refinement).

Crystallographic measurements
Mo(P(CH,),C.H;), crystallizes from benzene as brown prisms. Weissenberg
and precession photographs were used to determine initial cell dimensions and
Laue group. The cell dimensions were refined by least-squares analysis of the
angular settings of twelve reflexions on a Hilger and Watts Y290 automatic dif-
fractometer (Mo-K,; graphite monochromator; A = 0.70926 A ). The data crystal
(0.35 X 0.55 X 0.60 mm) had prominent faces (101)(301}(100)(010)(001)(001)
and was mounted along its ¢ axis. The mosaic spread was examined by the w-scan
method, the width at half-height for a typical strong reflexion being 0.20°.
Intensity measurements were based on an w — 28 scan routine, background
measurements being made at the extremities of the peak scan for 50 s (each side)
with stationary counter and crystal. The peak was scanned for 100 s in 0.01°
steps/s and the diffracted rays were collected by a circular aperture of diameter
3.5 mm positioned 250 mm from the crystal. Instrument stability and crystal
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alignment were monitored by following the intensities of three reflexions, 020,
002 and 600; all intensity standards varied by less than 1.5 standard deviations.
All crystallographically non-equivalent reflexions having 4.0 < 26 < 30.0°
were surveyed and 1203 reflexions having I, > 3.0 0 (/) were regarded as be-
ing observed. The value of P in the standard deviation calculation, based on
countering statistics alone, was chosen as 0.04. All intensities were corrected for
Lorentz and polarisation effects but an absorption correction was not made.

Structure solution and refinement

All calculations were performed using the XRAY70 System [13]. An un-
sharpened Patterson synthesis provided the position of the molybdenum atom
and a single cycle of least squares refinement of its atomic coordinates and iso-
tropic temperature factor gave R, = 0.48. An electron density synthesis using
F,us as the Fourier coefficients gave the positions of the phosphorus atoms, and
refinement of the positional and thermal parameters of the molybdenum and
phosphorus atoms gave R; = 0.32. A difference electron density synthesis then
provided the positions of all the carbon atoms. Least-squares refinement of all
positional parameters, molybdenum and phosphorus anisotropic temperature
factors and isotropic temperature factors for all the carbon atoms was now be-
gun in a full-matrix scheme based on a weighting scheme 1/0 and minimizing
Sw{lF, I — 1F.1}% and this refinement converged to R, = 0.068 and R, = 0.102.
An analysis of wA? against IF | confirmed that the weighting scheme was satisfac-
tory. Maximum shifts of positional parameters in the last cycle of refinement
were 0.180 and a difference Fourier synthesis showed no excursions greater than
1.2 ¢/A*, some being associated with hydrogen atoms which were not, however,
included in the structure factor calculations. The error for an observation of unit
weight was 2.5 e. Atomic scattering factors were taken from Cromer and Waber,
o and fp being corrected for anomalous dispersion [14,15].

Final atomic positional and thermal parameters are given in Table 1. Ob-
served and calculated structure factors are listed in a table which may be ob-
tained from the authors.

Discussion

The molecular stereochemistry and atom labelling is depicted in Figure 1,
geometrical data being listed in Table 2. The present complex is seen to link
with the chemistry of complexes of Group VI carbonyls with tertiary arsines
and phosphines, in that it adds to the list of those molecules in which a tertiary
aryl-phosphine or -arsine coordinates through an aryl substituent [10,11,16]};
the present complex, like [RuH(PPh;).(n-PhPPh,)]’, does not have the thermo-
dynamic benefits of chelation but is ensured by the rare gas ruie alone. The
stereochemistry can, according to taste, be described as quasi-tetrahedral, octa-
hedral, or 3—6 coordination, with the phosphorus molybdenum—phosphorus
bond averaging 91.5(16)°; the small but apparently significant deviations of two-
bond angles from this mean reflect non-bonded interactions.

The metal—carbon (arene) bond lengths average 2.28(2) A which is con-
siderably shorter than one might have anticipated from, say, the molybdenum—

(conlinued on p. 200)
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Fig. 1.

TABLE 2

(PMezPh)jMo: INTERATOMIC DISTANCES (A), BOND ANGLES (°) AND THEIR STANDARD
DEVTATIONS

Bond lengths

Mo—P(1) 2.434¢1) Mo—P(2) 2.451(6)
Mo—P(3) 2.423(5) Mo—C(31) 2.30 (1)
Mo—C(32) 2.29 (2) Mo—C(33) 2.30 (2)
Mo—C(34) 2.27 (2) Mo—C(35) 2.27 (2)
Mo—C(36) 2.25 (2) P(1)—C(1) 1.82 (2)
P(1)—C(T) 1.88 (2) P(1)—C(8) 1.88 (2)
P(2)—C(11) 1.87 (2) P(2)—C(17) 1.84 (2)
P(2)—C(18) 1.87 (2) P(3Y—C(21) 1 87 (2)
P(3)—C(27) 1.91 (2) P(3)—C(28) 1.87 (2)
P(4)—C(31) 1.82 (2) P(4)>—C(37) 1.85 (2)
P(4)—C(38) 1.87 (2) C(1)—C(2) 1.41 (3)
C(2)—C(3) 1.39 (3) C(3)——C(1) 1.10 (3)
C(4)—C(5) 1.39 (3) C(5)—-C(6) 1.40 (2)
C(6)>—C(1) 1.42 (3) C(11)—C(12) 1.39 (2)
C(12)—C(13) 1.41 (3) C(13)—C(141) 1.41 (3)
C(14)—C(15) 1.42 (3) C(15)—C(16) 1.39 ()
C(16)—C(11) 1.39 (2) C(21)—C(22) 1.40 (2)
C(22)—C(23) 1.42 (3) C(23)—C(24) 1.37 (3)
C(214)—C(25) 1.31 (3) C(25)—C(26) .41 (3)
c(26)—C(21) 1.39 (3) C(31)—C(32) 1.45 (3)
C(32)—C(33) 1.47 (2) C(33)—C(34) 1.26 (2)
C(34)-C(35) 1.45 (3) C(35)—C(36) 1.42 (2)
C(36)—C(31) 1.41 (3)

Bond angles

P(1)>—Mo—P(2) 91.6 (2) P(1)—Mo—P(3) 93.0 (2)
P(2)—Mo—P(3) 89.8 (2) P(1)>~Mo—C(31) 153.6 (%)
P(1)—Mo—C(32) 1419 (5) P(1)—Mo—C(33) 104.6 (1)
P{1)—Mo—C(34) 82.3 (1) P(1)>—Mo—C(35) 87.6 (4)
P(1)-Mo—C(36) 119.3 (1) P(2)—Mo—C(31) 97.5 (5)
P(2}—Mo0—C(32) 126.5 (5) P(2)—Mo—C(33) 163.5 (1)
P(2)-Mo—C(31) 149.4 (5) P(2)—Mo—C(35) 1129 (6)
P(2)—-Mo0—C(36) 92.4 (5) P(3)—Mo—C(31) 111.7 (%)
P(3)—-Mo—C(32) 87.7 (4) P(3)—Mo~—-C(33) 92.6 (5)
P(3)—Mo—C(31) 120.3 (5) P(3)—Mo0—C(35) 157.3 (6)

(continued)
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TABLE 2 (continued)

Bond angles

P(3)—Mo—C(36) 1476 (1) C(31)—Mo0—C(32) 36.8 (7)
C(31)»—-Mo—C(33) 66.4 (6) C(31)—Mo—C(34) T7.2 (6)
C(31)»-Mo—C(35) 66.0 (5) C(31)—Mo—C(36) 36.0 (6)
C(32)—Mo—C(33) 37.4 (6) C(32)—Mo—C(34) 649 (6)
C(32)—No—C(35) 78.1 (6) C(32)—Mo—C(36) 65.2 (6)
C(33)—Mo—C(34%) 35.6 (6) C(33)—Mo—C(35) 65.4 (7)
C(33)—Mo—C(36) 76.9 (T) C(34)—Mo—C(35) 37.3 (1)
C(31)>—Mo—C(36) 65.5 (6) C(35)—Mo0—C(36) 36.6 (6)
Mo—P(1)—C(7) 127.6 (6) Mo—P(1)—C(8) 116.6 (6)
AMo—P(1)—C(1) 113.9 (5) C(7)—P(1)—C(8) 96.9 (8)
C(7)—P(1)—C(1) 96.2 (8) C(8)—P(1)—C(1) 101.0 (8)
Mo—P(2)—C(17) 122.5 (7) Mo—P(2)—C(18) 117.6 (7)
Mo—P(2)—C(11) 118.6 (6) C(17)—P(2)—C(18) 96.1 (8)
C(17)y—-P(2)—C(11) 99.9 (9) C(18)—P(2)—C(11) 97.1 (8)
Mo—P(3)—C(27) 119.1 (6) Mo—P(3)—C(28) 124.4 (6)
Mo—P(3)—C(21) 113.9 (6) C(27)—P(3)—C(28) 5.6 (8)
C(27)—P(3)—C(21) 99.3 (8) C(28)—P(3)—C(21) 100.2 (9)
C(31)—P(1)—C(37) 105.0 (8) C(31)—P(4)—C(38) 103.1 (9)
C(37)—P(31)—C(38) 95.7 (10) P(1)—C(1)—C(6) 124.4 (15)
P(1)—C(1)—C(2) 1186 (13) C(2)—C(1)—C(6) 116.9 (15)
C(1)—C(2)—C(3) 121.4 (18) C(2)—C(3)—C(41) 120.6 (19)
C(3)—-C(4)y-C(5) 119.6 (1D C(4)»—C(5)—C(6) 119.8 (17)
C(5)—C(6)—C(1) 121.7 (18) P(2)—C(11)—C(12) 118.4 (11)
P(2)—C(11)—C(16) 122.3 (13) C(12)—-C(11)—C(16) 110.3 Q17)
C(11)—C(12)—C(13) 122.3 (16) C(12)—C(13)—C(149) 117.4 (17)
C(13)—C(14)>—C(15) 120.7 (20) C(14)—C(15)—C(16) 119.5 (17)
C(15y—C(16)—C(11) 120.7 (135) P(3)—C(21)—C(22) 120.6 (15)
P(3)—C(21)—C(26) 120.4 (12) C(22)—C(21)—C(26) 118.8 (19)
C(21)—C(22)—C(23) 121.1 (17) C(22)—C(23)>—C(21) 117.6 (16)
C(23)—C(214)—C(25) 121.2  (2%) C(21)—C(25Y—C(26) 123.9 (19)
C(25)—C(26)—C(21) 117.1 (15) P(1)—C(31)—C(32) 123.5 (11)
P(4)—C(31)—C(36) 1174 (1Y) C(32)—C(31)—C(36) 118.2 (11
C(31)—C(32)—C(33) 119.2 (13) C(32)—C(33)—C(3%) 119.7 Q7))
C(33)—C{(34)—C(35) 122.8 (15) C{34)—C(35)—C(36) 116.7 (15)
C(35)Y—C(36)—C(31) 123.4 (18)

m-cyclopentadienyl bond lengths in (7-CsHs)Mo(CO);(C;Hs) where the mean
value is 2.37(2) A, compared with 2.35 to 2.37 A in other w-cyclopentadienyl
organometallic species [18]. Metal—carbon (arene) distances are not very depen-
dent on whether the arene is a five- or six-membered ring and the present short
bond lengths are attributed to the absence of relatively strong m-acids such as
carbonyl groups and, therefore, of enhanced metal-to-arene w-bonding. There is
no significant distortion of the individual carbon—carbon bond lengths in the
coordinated arene from an average value of 1.43(2) A, but it is noteworthy that
the phosphorus atom, P(4), isdisplaced 0.32 A out of the mean plane defined by
the carbon atoms, C(31) to C(36), and away from the metal. This is the more
usual sense of displacement of substituent groups on coordinated cyclic ligands
and it has received a semi-quantitative explanation in terms of a maximum over-
lap criterion [19]. By contrast, the X-ray and neutron diffraction analyses of
benzenechromium tricarbonyl at 78 K indicate [20] that the hydrogen atoms
are displaced by an average of 0.03 A towards the chromium atom; this work ap-
pears to open up again the vexed question of electron localisation in a ligated
benzene. Theoretically, there seem to be no valid reasons for believing that local-
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isation would be more facile in benzenechromium tricarbonyl than in dibenzene-
chromium, for which very low lying excited states have to be postulated to ac-
commodate a geometrical distortion based on the Second Order Jahn—Teller ef-
fect [21]. The value of the quasi-localised bonding scheme [20], offered by way
of a rationalisation of the ring distortion, is not obvious; and, in spite of the ap-
parently very high accuracy of the structure determination, it would be of in-
terest to have an independent refinement analysis of the X-ray and neutron dif-
fraction data in the non-centrosymmetric space group, P2,. One would then be
reassured that the structural results do not suffer from systematic errors condi-
tioned by an assumption of strict C; molecular symmetry in the crystal.

Both the intra- and inter-molecular arrangements of the phenyl substituents
of the phosphine ligands are of interest. The angles between the rings A, Band C
(Figure 1) are 81° (A—B), 60° (B—C) and €5° (A—C) with ring D making angles
of 35° (to A), 66° (to B) and 38° (to C). Whereas the phosphorus atom P(4) is
considerably removed from the mean plane containing the carbon atoms of ring
D, the deviations from trigonal symmetry of atoms C(1), C(11) and C(21) are
smaller: P(1) is displaced 0.06 A away from the metal, the corresponding
displacements of P(2) and P(3) being 0.04 and 0.12 A respectively (the r.m.s.
deviations of the carbon atoms from the mean planes are 0.00, (A), 0.01, (B),
0.01, (C) and 0.00, A (D). The consistent sense of these displacements and the
lack of any precise symmetry in the intra- and inter-molecular non-valence inter-
actions suggested an examination of the accurately determined parameters in the
bis- and tris-(dimethylphenylphosphine) complexes of several third row transi-
tion metal halides [22]. Again, the phosphorus atoms are not co-planar with the
carbon atoms of the phenyl-substituent groups; the displacements are very small
{0.01, and 0.02, A) in OsCl;(PMe.Ph) and ReCl,(PMe.Ph), whereas they range

Fig 2.
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from 0.04 and 0.14 A in the trihalides. The trihalide data are valuable for the
pattern of the displacements is identical in the two crystallographically-indepen-
dent molecules and possible intermolecular packing determination of the distor-
tions can be assumed to be small. One is accordingly left with the view that the
distortions reflect non-bonded repulsions of the phosphorus lone pairs with
(probably) the hydrogen atoms of the substituent groups and/or repulsions be-
tween atoms in the several substituents. The first effect would, for a given terti-
ary phosphine, be reduced in complexes based on metals in high oxidation states
for then much of the ligand lone pair density would be transferred to the metal;
a systematic survey would be of interest.

The intermolecular packing is depicted in Figure 2. That tertiary arylphos-
phine complexes are often arranged in their crystals so as to provide intermole-
cular face-to-face packing of phenyl-substituents has been commented upon by
many workers, and the pattern is repeated here. The ligands themselves, for ex-
ample triphenylphosphine, pack in centrosymmetric space groups so as to pro-
vide a mixture of molecules of opposite chirality; there seems to be strong cir-
cumstantial evidence that intermolecular charge transfer between phenyl groups
provides a considerable contribution to the lattice energy.
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