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Abstract

The d® complexes, M(COXLXPPh,), (M = Ru, Os; L = CO, CNR; R = p-tolyl)
and OsCI(NO)PPh,),, all form simple 1:1 7-adducts with tetrafluoroethylene and
maleic anhydride, with the overall coordination geometry being dependent upon the
relative electron-withdrawing properties of the olefin and the relative electron
richness of the metal fragment. In all the tetrafluoroethylene complexes of ruthenium
examined, the geometry of the complex involves cis-triphenylphosphine ligands. The
X-ray crystal structure of Ru(C,F,}CO),{PPh,), is presented as an example of this
structural class. Ru(C,F,XCO),(PPh,), crystallises in the monoclinic space group
P2,/a with a cell having dimensions a = 35.940(2), b = 10.655(7), ¢ = 18.559(6) A
and B=93.21(3)°, with two crystallographically independent molecules in the
asymmetric unit (Z = 8). The osmium complexes do not display this strong prefer-
ence for cis-triphenylphosphine ligands and Os(C,F,XCO),(PPh,), exists as two
separate but interconvertible isomers in solution. One isomer has the same relative
geometry as Ru(C,F,XCO),(PPh,),. The other has trans-triphenylphosphine
ligands. This temperature-dependent equilibrium has been studied by variable-tem-
perature NMR and has AH° = —15kJ mol~! and AS°= —60J K~ ! mol™ L.

The maleic anhydride complexes also show a variation in geometry from the
usual trans triphenylphosphine arrangement. The X-ray crystal structure of
Os(maleic anhydrideXCO),(PPh,), is reported along with the solution structures of
other maleic anhydride complexes. Os(maleic anhydride)CO),(PPh,), crystallises
in the monoclinic space group P2,/c with a cell having dimensions a = 23.667(2),
b =20.306(1), c=16.147(1) A and B=193.20(1)°, with two crystallographically
independent molecules in the asymmetric unit (Z =8). The triphenylphosphine
ligands are again cis but only one lies in the plane of the osmium and the
coordinated olefin.

0022-328X /90,/$03.50 © 1990 — Elsevier Sequoia S.A.
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Introduction

Osmium and ruthenium zero-valent complexes of the type M(CO)XL)PPh,); and
OsCI(NOXPPh,); (M = Os, Ru; L = CO, CS, CNR, etc.), undergo reactions with a
number of unsaturated molecules forming compounds which can be described as
simple w-complexes [1-6].

Previous studies of the complexes M(COXL)PPh;); and OsCI(NO)(PPh,),
(M =0s, Ru; L=CO, CS, CNR), with electron-withdrawing olefins, have been
limited to a number of cyanoolefins [7]. There is also one reported reaction of
maleic anhydride with Ru(CN-p-tolylCOXPPh,), [7,8]. The study reported herein
has led to complexes with some unexpected geometries and some insight has been
gained into the effect of varying the electron-withdrawing ability of the ligand on
the preferred metal geometry of the resulting complex.

Results and discussion

Ru(CO),(PPh,), reacts with tetrafluoroethylene at room temperature, over a
period of an hour, to give the complex Ru(C,F, XCO),(PPh,),. The compound is a
white crystalline solid which is slightly light sensitive. The product has only one
major »(CO) band (1990 cm™!) in the IR spectrum (solution and Nujol mull) (see
Table 1). Examination of the NMR data indicated that the complex contained two
equivalent cis PPh, ligands and two equivalent carbonyl groups along with a

Table 1
IR data “ for C,F, and MA complexes of Ru and Os
Complex »(CO) ¢ »(CF) © Other bands
Ru(C,F,XCO),L, 1990 1358, 1090,
1067, 1025,
800
Os(C,F,XCO),L, 1979 (2015, 1948, 1985) ® 1092, 1063,
1029, 818,
Ru(C,F,XCOXCNR)L, 1978 1063, 1018 2156 (CN)
797
Os(C,F, XCOXCNR)L, 1968 1377, 1090 2160 (CN)
1056, 1019
820
Os(C,F XCSYXCO)L, 2031 1091, 1067 1302 (CS)
1022
Os(C,F,)CI(NO)L, 1094, 1087 1715 (NO)
1035, 824
Ru(MA)XCO),L, 2026, 2017(sss), 1229m (MA)
1968, 1959(sss),
1797, 1732
Os(MAXCO),L, 2000, 1930, 1229m, (MA)
1801, 1733
Os(MA)CI(NO)L, 1808, 1738 1780 (NO)

1221m (MA)

? Recorded as Nujol mulls and reported in cm ™1, sss = multiple bands attributed to solid-state splitting,
L =PPh,, R = p-tolyl. ® CH,Cl, solution. € All bands strong unless stated otherwise.
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n?-tetrafluoroethylene ligand. The structure was, therefore, assigned as below (Eq.
1).
co
Ph,P CE
v
——_ﬁ* Ru——/ 2 (1)
> T | OB

CO

Ru(CO),(PPh,), + C,F,

The same complex was generated by the thermal reaction between C,F, and
Ru(CO),(PPh,), or Ru(C,H,XCO),(PPh,),. The reaction of Ru(CO),(PPh,), with
tetrafluoroethylene had previously been reported [7]. The product described in ref.
7, was assigned the structure of a complex containing a ruthenacyclopentane ring
(Eq. 2). The reaction was reported as having been carried out using dichloromethane
as the solvent. This is unfortunate since Ru(CO),(PPh,), is known to be reactive
towards halogenated solvents [6]. The only properties reported for the proposed
product were the molecular weight; »(CO) (2057s, 1999s); and microanalytical data.
The analytical data were correct only when the presence of one dichloromethane of
solvation was assumed. Other means of confirmation for the formulation, particu-

ll’Ph3

oC CF,~

CH,Cl ~ 2~CE

Ru(CO),(PPh,), + 2C,F, —> Ru” |2
> oc” | “cg-CR

PPh,

(2)

larly NMR data, were not presented. The compound isolated is more likely to be
RuCl(CE,CF,HXCO),(PPh,),. All of the data (including the reported analytical
data and molecular weight) are consistent with this formulation. The synthesis and
full characterisation of RuCl(CF,CE,H)(CO),(PPh,), has been described [9].

As the final confirmation: of the structure of Ru(C,F,XCO),(PPh,),, an X-ray
crystal structure determination was carried out.

Description of X-ray structure of Ru(C,F,)(CO),(PPh;),

Ru(C,F, (CO),(PPh;), crystallises in the space group P2,/a with two crystallo-
graphically independent molecules in each asymmetric unit. All the heavy atoms
(excluding carbon) were refined using the anisotropic model. Many data were weak
due to the packing of the two independent molecules, x’ = x and z'=1/2+2z,as a
result, refinement converged to a residual of 0.096. All of the atoms were well
defined and the ESD’s on all bond lengths and angles were satisfactory. The data
were collected at room temperature, so the thermal motion of the fluorine atoms
resulted in slightly high thermal parameters for these atoms.

The structure (Fig. 1) is that of a distorted trigonal bipyramid. The two carbonyl
ligands occupy both of the axial sites, with the cis triphenylphosphine ligands and
the tetrafluoroethylene in the equatorial plane. The metal-carbon bond lengths
involving the tetrafluoroethylene ligands are normal (see Tables 2 and 3). The
carbon—carbon bond length of the tetrafluoroethylene ligand has increased upon
coordination, and at 1.46 A, is normal for a coordinated C,F, (Table 4).
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C(63)

Fig. 1. The molecular geometry (molecule 1) and atomic numbering scheme for Ru(C, F,XCO),(PPh,),.

Synthesis and geometry of Os(C,F,)(CO),(PPh;),

Prior to this work only one tetrafluoroethylene complex of osmium had been
reported [8). This involved the thermal addition of C,F, to Os(CO),[P(OMe),],
resulting in displacement of one of the carbonyl ligands and isolation of
Os(C,F,XCO),[P(OMe),],. This adduct has the same geometry as Ru(C,F,}(CO) -

Table 2

Selected bond lengths (A) (Av.) for Ru(C,F,)C(0),(PPh,),

Ru-P1  2.391(8) Ru-C2 2.11(3) Cl-C2  1.46(4)
Ru-P2  2.406(7) Ru-C3 1.94(4) C1-F(1,2) 1.37(4)°
Ru-Cl1 2.06(3) Ru-C4  1.90(4) C2-F(3,4) 1.37(4) *

“ Average of F1 and F2. ® Average of F3 and F4.
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Table 3

Selected bond angles (°) (Av.) for Ru(C,F,XCO),(PPh;),

P1-Ru-P2 101.4(3) P2-Ru-C2 110(1) C2-Ru-C3 84(1)
P1-Ru-C1 107(1) P2-Ru-C3 88(1) C2-Ru-C4 88(1)
P1-Ru-C2 149(1) P2-Ru--C4 95(1) C3-Ru-C4 172(1)
P1-Ru-C3 95(1) Cl1-Ru-C2 40(1) F1-C1-F2 40.4(6)
P1-Ru-C4 87(1) C1-Ru-C3 88(1) F3-C2-F4 42.1(6)
P2-Ru-C1 150(1) Cl1-Ru-C4 87(1)

(PPh;,), with the carbonyl groups mutually trans and with cis trimethylphosphites
in the equatorial plane with the C,F, ligand.

In a reaction analogous to the addition of tetrafluoroethylene to Ru(CO),(PPhs,),,
0s(CO),(PPh;); was heated under C,F, (500 kPa at 90°C) for 12 hours to ensure '
complete reaction. These more vigorous conditions were required to overcome the
kinetic inertness typical of osmium complexes. The resulting complex, Os(C,F,)
(CO),(PPh,), (Eq. 3), is a white crystalline solid which does not show the light

Co

Ph;,P |

e, - Os— (3
Ph,P ‘ CF,

Cco

sensitivity of the ruthenium analogue. The IR spectrum, taken as a Nujol mull,

showed a single »(CO), however, when recorded in dichloromethane, three carbonyl

stretches were evident. Multinuclear NMR spectra confirmed the presence of two

isomers in solution.

The *C NMR spectrum also showed signals assignable to two species in solution
(Table 5). Analysis of the spectrum confirmed that both isomers have geometries
which resulted in equivalent triphenylphosphine ligands. The major species has a
simple doublet coupling pattern for the ipso carbon of the triphenylphosphine

0s(CO),(PPh;), + C,F, —L23

Table 4

Comparison of bond lengths for coordinated C,F,

Complex M-C (AXAv.) C-C(A) Ref.
In(CE, XC, F, XCOXPPh,), 2.12(4) 1.59(5) 9
Ru(C,F,XCO),(PPh,), 2.09(3) 1.46(4) a
Ru(C,F,)CI(NOXPPh, X CH,PPh,) 2.05(2) 1.42(3) b
Fe(C,F XCO), 1.99(1) 1.53(2) 10
RhCI(C,F, XPPh,), 2.00(8) 1.41(3) 11
(acac)Rh(C,F,XC,H,) 2.01(1) 1.402) 12
[FR(C,F,XC,H,)], 1.97(4) 1.430(7) 13
CpRh(C,F,XC,H,) 2.0242) 1.405(7) 14
PYC,F, XAsPh,), 2.015(1) 1.45(2) 15
PYC,F XC,H,), 1.97(3) 1.44(4) 16
PYC,F,XC,H XPCy,) 2.03(1) 1.45(2) 17

® This work. ® A.K. Burrell, C.E.F. Rickard, W.R. Roper and A.H. Wright, unpublished.
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y= -7.1013 + 1.7135x RA2=0.995

Fig. 3. Van’t Hoff plot of the Os(C,F,XCO),(PPh,), cis~trans equilibrium.

ligand. This isomer is isostructural with Ru(C,F,}CO),(PPh,), and retains the
same geometry as the crystalline solid.

The second isomer has a triplet pattern for the ipso carbons of the PPh, ligands.
This, then, is the isomer with equivalent trans triphenylphosphine ligands (Eq. 4).

The signals for the carbons of the tetrafluoroethylene ligands showed two
separate coupling patterns for each of the isomers. The isomer of Os(C,E,)
(CO),(PPh,), with trans PPh, groups, gave rise to a triplet, resulting from the
J(CF) coupling only to the two attached fluorines. There was, however, further
coupling evident, but it could not be resolved. The other isomer (with cis PPh,
ligands) had a coupling pattern for the C,F, carbons similar to that seen in
Ru(C,F, XCO),(PPh,),, i.e. a doublet of triplets.

The two isomers of Os(C,F,}CO),(PPh,), were found to be present in a
temperature-dependent equilibrium in solution (Eq. 4). A series of variable tempera-
ture >'P NMR spectra were collected. At all temperature for which spectra could be
obtained both isomers appeared as separate signals (Fig. 2) While there was some
chemical shift temperature-dependence, the two signals never approached coales-
cence. The relative amounts of the two isomers of Os(C,F,XCO),(PPh;), were
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assessed by determining the integrals of the two *'P NMR resonances. Using these
relative ratios over the range of temperatures recorded, a Van’t Hoff plot was
calculated (Fig. 3). From this plot AH® (—15 kJ mol™!) and AS® (-60 J K™!
mol ~!) were calculated. The equilibrium is, therefore, dominated by the entropy

Cco
Ph,P CF2
Os—/ (solid state)
ph,p” | CF
CO
PPh, Co
o\ | CF2 Ph,P CF2
/Os—-v’c /4 /Os—#c 74 (4)
E
oC I 2 (solution) Ph,P | 2
PPh, CoO
1 3
Table 6
'H, *'P and '”F NMR data * for C,F, and maleic anhydride complexes of Ru and Os
Complex 3p ¥E 'H
3 Zep) 9 Olefinic J(PH) J(P'H)
Ru(C,F,XCO),L, 31.8m ~110m
Ru(C,F,XCNRXCO)L, 34.5m —108m, —110m
—113m, —115m
0s(C,F,XCO0),L,* 0.2m —113m
OY(C,F,XCO),L,° 6.3m —115m
Os(C,F,XCOXCNR)L, 3.5m
Os(C,F,XCSYCO)L,“ 7.8m
Os(C,F, XCSXCO)L,* 2.5m
0s(C,F,)CNO)L, ~1.3m ~113m, —103m
Ru(MAXCO),L, 339d 251 3.0lm
30.0d 1.18m
Os(MAXCO), L, -42d 195 3.04m
2.1d 1.74m
Os(MA)CKNO)L, —8.5s 372
Ru(MAXCOXCNR)L, (A)  40.2s 3.18d 34
Ru(MAXCOXCNR)L, (B)  39.2d 240 312dd 40 6.1
34.3d 3.08dd 43 6.0
Ru(MAXCOXCNR)L, (C) 3394 246
29.94
Ru(MAXCOXCNR)L, (D)  38.5d 359
26.3d

? Recorded in CDCl, at 25°C and reported in ppm with coupling constants in Hz, s=singlet,
d = doublet, t = triplet, m = multiplet, L = PPh,, R = p-tolyl. ® trans-CO ligands. © cis-CO ligands. ¢ CS
cis to CO. ¢ CS trans to CO
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Fig. 4. The molecular geometry (molecule 1) and atomic numbering scheme for Os(MA)YCO),(PPh;),.

term. It is not immediately apparent why one isomer should be entropy-favoured
over the other. These values for AH° and AS° are similar to those found for the
Berry rotation in the complex Ru(fumaronitrile}(CO),(PPh,), [7]. The only other
tetrafluoroethylene complex found to display a similar equilibrium in solution was
Os(C,F, (CSYCO)PPh;),. Unfortunately, owing to the low yields in the synthesis
of Os(C,F,)(CSXCOXPPh,),, and contamination of samples by paramagnetic
material, this compound was not investigated further.

In contrast to the behaviour of Os(C,F,}CO),(PPh,),, the *'P NMR spectrum
of the analogous ruthenium complex, Ru(C, F,XCO),(PPh,),, is temperature-inde-
pendent (Table 6).

The unusual geometry and equilibrium situation encountered for the tetrafluoro-
ethylene adducts of M(CO),(PPh;), (M = Ru, Os) have been previously observed
for some cyanoolefins [7]. The strong electron-withdrawing nature of these olefins
has a direct effect upon the geometry at the metal and to further investigate this
effect, several maleic anhydride complexes were made.
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Maleic anhydride complexes of Os(CO),(PPh;), and Ru(CO),(PPh;),

When Ru(CO),(PPh,), was treated with one equivalent of maleic anhydride an
immediate reaction occurred. The product was a colourless crystalline solid which
analysed correctly for Ru(MA)(CO),(PPh;), (where MA = maleic anhydride). The
IR spectrum of Ru(MA)CO),(PPh,), displayed two metal bound carbonyl stretches
(2028 and 1965 cm~'). The maleic anhydride ligand was evident by the presence of
two strong »(C=0) stretches at 1796 and 1730 cm™'. The presence of two metal
carbonyl stretches in the IR spectrum ruled out a solid state structure similar to that
of Ru(C,F,)XCO),(PPh,),. The NMR data indicated that Ru(MA)YCO),(PPh,),
had a structure which contained two inequivalent cis triphenylphosphine ligands
(Tables 6 and 7). The structure was therefore assigned as being on of the two
possible isomers with cis PPh, ligands and cis carbonyl groups (Eq. 5).

Ru(CO),(PPh,), + Maleic Anhydride ——

1’>Ph3 (I:o
oc oc
~
“Ru—yr/ or Ru (5)
Ph,P” | 0 Ph,P” | o)
Co o PPh, ~o
0
(A) (B)

Unfortunately, the exact geometry of the complex could not be determined by
NMR, with either isomer A or B being consistent with the data.

The analogous osmium complex could not be made directly from
Os(CO),(PPh;);. The reaction of maleic anhydride with Os(CO),(PPh;); was very
slow and the product contained significant amounts of an impurity, Os(O,)
(CO),(PPh,),, along with starting material. In a number of reactions involving the
transient species “Os(CO),(PPh;),”, the ethylene complex Os(C,H ) CO),(PPh;),
has been used as a precursor [6). This proved to be useful in the formation of
Os(MA)(CO),(PPh,),. The complex Os(MA)YCO),(PPh,), has NMR and IR char-
acteristics similar to those of Ru(MAXCO),(PPh,),. As with Ru(MA)CO),(PPh;),,
it was not possible to completely determine the geometry of the maleic anhydride
complex by NMR. Therefore, it became necessary to rely upon an X-ray structural
determination.

Description of the X-ray structure of Os(MA)(CO),(PPh;),

Os(MA)(CO),(PPh;), crystallised in the space group P2,/c. The asymmetric
unit contained two crystallographically independent, but otherwise similar, mole-
cules of Os(MA)CO),(PPh,),. The data refined to give R =0.0723 and R, =

Table 8

Selected bond lengths (A) (Av.) for Os(MAYCO),(PPh;),

Os—P1 2.403(6) 0s-C2 1.95(3) 0s-C4 2.19(2)
Os-P2 2.457(7) 0s—C3 2.18(2) C3-C4 1.43(3)

Os-C1 1.87(3)




145

Table 9

Selected bond angles ( °) (Av.) for Os(MAXCO),(PPh,),

P1-Os-P2 99.3(2) P2-0s-C1 165.1(9) C1-0s-C3 92(1)
P1-0s-C1 93.1(6) P2-0s-C2 85.0(9) C1-0s-C4 97(1)
P1-0s-C2 105.1(9) P2-0s-C3 84.5(7) C2-0s-C3 115Q1)
P1-0s-C3 136.4(7) P2-0s-C4 89.0(9) C2-0s-C4 157(1)
P1-0s—C4 97.9(6) C1-0s-C2 84(1) C3-0s-C4 38.5(9)

0.0760, with all atoms except the phenyl carbons being refined using the anisotropic
model. The geometry about the osmium was approximately trigonal bipyramidal
with the maleic anhydride, a phosphine and carbonyl occupying the equatorial plane
(Fig. 4). The axial positions were occupied by the other carbon monoxide and the
remaining phosphine ligand. The important bond lengths and angles are reported in
Tables 8 and 9. The osmium-maleic anhydride bond lengths (Os-C3 and Os-C4)
were within the expected ranges for maleic anhydride complexes (Table 10). The
olefinic bond (C3-C4) was significantly longer than the corresponding distance
(1.303 A) in free maleic anhydride. Again, this distance is within the expected range
for coordinated maleic anhydride (Table 10). The maleic anhydride has adopted the
conformation in which there is the least steric pressure, with the ring of the maleic
anhydride ligand being tilted down over the smaller carbon monoxide ligand. There
is probably insufficient room for the maleic anhydride ligand to occupy the other
geometry (covering the PPh,).

OsCI(NO)(PPh;), and electron withdrawing olefins

OsCI(NOXPPh,), has been reacted with a number of species containing multiple
bonds to form m-adducts [28]. These complexes readily lose the olefin in most cases.
No reactions of electron-deficient olefins had previously been studied with
OsCI(NOXPPh,),. However, the ruthenium analogue had been shown to form a
simple w-adduct with tetrafluoroethylene [25]. This complex was reported to readily
lose the C,F, ligand in solution.

The addition of tetrafluoroethylene to OsCI(NOXPPh,), in dry, degassed, ben-

Table 10
Comparison of bond lengths for coordinated maleic anhydride

Complex M-C (AXAV) C-C(A) Ref.
Os(MAXCO),(PPh,), 219%2) 1.4303) °
Ru(MA)YCOXCNRYPPh,), ® 21%(1) 1.45(2) 8
Co(MAXP(OMe),), 2.033(7) 1.451(1) 19, 20
W(MAX=CPh)CI(Py),(CO) 2.244(6) 1.408(8) 21
Cr(MAXCO),(7°-CsH ;Me,) 2.177(8) 1.43(1) 22
Mo(MAXCO),(1°-CsEt,) 2.28(2) 1.49(2) 23
W(MAXPhC=CHXS,CNMe,) 2.247(8) 1.41(1) 24

“ This work. ? R = p-tolyl.
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zene resulted in a rapid change of the colour of the solution from green to orange.
The complex formed analysed correctly for Os(C,F,)CI(NOXPPh,), (Eq. 6).

PPh,
CI\ CF, o
OsCI(NO)(PPh,), + C,F, o /Osag/ (6)
oN” | O
PPh,

'p NMR confirmed the existence of only one isomer in solution. The *°C NMR
identified that isomer as being the one with #rans iriphenylphosphine ligands since
the ipso carbon for the PPh, ligand was a triplet, due to virtual coupling between
the phosphorus atoms. Also, there were two carbon signals present for the carbons
of the C,F, group. The chemical shifts of the two inequivalent CF, carbons (due to
different trans groups i.e. Cl or NO) occurred at 118.7 ppm and 102.5 ppm. Both of
these carbon signals were split, by the two fluorines bound to them, into triplets
(Y(CF) = 321.2 Hz and 'J(CF) = 315.1 Hz) (Table 5). Again there was no resolvable
coupling to the fluorines of the adjacent carbon. The F NMR spectrum also
clearly showed the inequivalence of the two CF, groups, with two sets of multiplets
(—113.1 and —103.3 ppm). The **P NMR spectrum of Os(C,F,)CI(NOXPPh;),
was found to be temperature invariant from —50 to 80°C and was stable with
respect to loss of C,F,. There was, therefore, no evidence for any other isomers of
Os(C,F,)CI(NOXPPh,),. A preliminary X-ray investigation has confirmed the trans
phosphine arrangement for Os(C,F, JCI(NO)PPh,), in the solid state but the data
collected was not of sufficient quality to enable complete structure solution.

OsCI(NOXPPh ), reacted rapidly with maleic anhydride under the same condi-
tions with which the tetrafluoroethylene adduct was formed (Eq. 7).

PPh,
ag | o
OsCI(NO)(PPh,), + maleic anhydride ——— os—/ (7
3 ON/ | o
PPh,

o)

As with Os(C,F,)CNOXPPh,),, the maleic anhydride adduct complex also exists
as the isomer with trans PPh, ligands. The "H NMR spectrum, however, showed
only a single broad resonance for the olefinic protons (Table 6). These protons
would be expected to appear as two signals at different chemical shifts if the maleic
anhydride ligand was static. Therefore the maleic anhydride must be undergoing
motion on the NMR timescale which results in an averaging of the signals. This
behaviour is also seen for the ethylene complexes Os(C,H,)}CO),(PPh,), [4] and
Os(C, H,)CI(NO)(PPh,), [28]. The 3C NMR spectrum also confirmed this dynamic
behaviour, as the ipso carbons of the PPh, groups were triplets due to virtual
coupling of the phosphorus atoms. If the maleic ahydride ligand was in a fixed
conformation the phosphorus atoms would be inequivalent. The equivalence of the
PPh, groups was also evident in the p spectrum, with only a singlet being
observed. Why the maleic anhydride ligand shows this dynamic behaviour is not
understood.
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Tetrafluoroethylene complexes of M(CO)(CNR)(PPh;), (M = Os, Ru)

Both Ru(COXCNR)PPh,), and Os(COYCNR)PPh,), reacted with tetrafluoro-
ethylene to give good yields of pure mono adducts of the form M(C,F,)}CO)YCNR)
(PPh,), (M =Ru, Os) (Eq. 8). Ru(COYXCNR)PPh,), was photolysed under an
atmosphere of C,F, until the red colour had completely faded (3—4 hours). These
were much more vigorous conditions than were required for the related dicarbonyl
species, Ru(CO),(PPh,),. All of the osmium complexes, except OsCI(NOYPPh,),,
required vigorous conditions to displace the third triphenylphosphine.
Os(CO)(CNRYPPh,), was heated at 90°C for 48 hours under pressure of 500 kPa
of C,F,, to complete reaction.

CNR
Ph,P
C,F, 3 CF2
M(CO)(CNR)(PPh,),  —% SM—y (8)
373 —PPh e
*  Ph,P ’ CF,
(M=Ru,Os R=p-Tolyl) co

In solution these complexes exist as one isomer only. This isomer has the
geometry with cis triphenylphosphines along with the tetrafluoroethylene ligand in
the equatorial plane. The carbonyl and isocyanide groups occupy the axial sites.
This geometry was confirmed by ’C NMR. As with most of the cis phosphine
complexes, the ipso carbon of the PPh, ligand was a doublet (Ru, J(CP) = 34.4 Hz;
Os 'J(CP) = 44.4 Hz). The carbons of the tetrafluoroethylene both exhibited the
coupling pattern expected for a >C coupled to two inequivalent fluorines and a
single trans phosphorus atom (ddd). Other couplings could not be resolved.

Maleic anhydride adduct of Ru(CO)(CNR)(PPh;),

The zero-valent complex Ru(COYCNR)PPh,), undergoes ligand substitution
reactions with a number of unsaturated species [27). The geometry of the resulting
m-adducts is apparently dependent upon the nature of the coordinating ligand. Thus
carbon disulfide and oxygen give complexes which result in a trans configuration of
the triphenylphosphine ligands [27] (Fig. 5). Adducts with maleic anhydride (MA),
fumaronitrile (FN), maleonitrile (MN), and dimethylfumarate (DF), have cis tri-
phenylphosphine ligands [7,8] (Fig. 5). The structure of Ru(MAYCO)(CNR)PPh,),
has been determined [8]. The ruthenium is five coordinate, with the maleic anhydride
and the triphenylphosphines occupying the equatorial plane. The CNR and CO
ligands are coordinated in the axial positions. Unexpectedly, the maleic anhydride
ligand adopts the position adjacent to the more bulky p-tolylisocyanide ligand.

Solution structure of Ru(MA)(CO)(CNR)(PPh;),

The 'H NMR of Ru(MA)YCOXCNR)PPh,), had been reported previously and
the complex was described as rigid in solution [7]. A re-investigation of the 'H
NMR showed the reported doublet at 3.18 ppm. On closer examination, other
multiplets were also identifiable (3.12(dd), 3.08(dd), 2.87(d) and 2.93(d)). These
signals were attributed to at least 3 other geometric isomers of Ru(MAYCO)XCNR)
(PPh,),. However, the 'H NMR spectrum was not helpful in assigning the struc-
tures of these isomers. Their structures were determined using 3p and '°C NMR
spectroscopy and were found to be those isomers formed by simple Berry rotation
of the trigonal bipyramidal Ru(MAXCOXCNR)XPPh;), (Scheme 1). The relative



148

CNR
RN CmR L ‘PhyP
oc”” I g “Ru—L
- Ph,P |
3
R=p-Tolyl co
L=0,,CS; L= MA, FN,MN,DF

geometry of the maleic anhydride was intentionally omitted in the structures in
Scheme 1 as this was not determined.

The *C NMR spectrum showed the presence of these other isomers and allowed
the assignment of the stereochemistry of the major ones. It was possible to
completely assign the structures of two of the four isomers which could be seen in
solution. The aromatic region was highly complex but several features could be seen.
A number of signals attributed to ipso carbons for the triphenylphosphine ligands
were observed. The major isomer showed a non-first order pattern at 136.8 ppm.
There was also a triplet and several doublets which could not be assigned to any
particular isomer. The ipso carbon at 136.8 ppm was assigned to the complex (A),
with the geometry observed in the crystal structure.
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Scheme 1
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Three types of olefinic carbons could be identified (37.8(dd), 34.95(dd) and
33.7(m) ppm). The signal assigned to the most abundant isomer (A) (33.7 ppm) was
non-first order. The other two had a coupling pattern similar to that of the olefinic
carbons in Ru(MA)(CO),(PPH;), and were therefore assigned to an isomer with cis
inequivalent triphenylphosphine groups (B). Analysis of the anhydride carbonyl
carbon resonances gave the same result (i.e. two major isomers in solution assigned
as A and B.

The carbonyl ligand carbon resonance is a clean triplet for isomer A (164 ppm
2J(PC) =17 Hz) as expected for coupling to two equivalent cis phosphorus atoms.
Isomer B (162.7 ppm), however, appeared as a complex multiplet which probably
arose from the coupling of the carbonyl carbon to two inequivalent cis phosphorus
atoms. What allowed unequivocal assignment of the second major isomer as the
structure B, was the signal due to the CNR carbon. This carbon gave rise to a triplet
for isomer A (203.2 ppm, 2J(CP) =13 Hz) but a doublet for the other major isomer
B (206.4 ppm %/(CP) = 21 Hz). A “J(CP) value of this magnitude indicated that the
1socyanide carbon was trans to a triphenylphosphine group.

The *'P NMR spectrum was the most telling evidence for the presence of four
isomers (A,B,C,D) in solution. The two major species appeared to be present in
approximately a 1:1 ratio (as seen in the 3C and 'H NMR). Isomer A gave a
singlet at 40.18 ppm, with isomer B showing two doublets at 39.24 and 34.26 ppm
with a 2/(PP), of 24.0 Hz. Also identifiable was another isomer with two separate
phosphine signals (33.85 and 29.97 ppm) with a 2J(PP’) of 24.6 Hz. This spectrum
was assigned as being that of isomer C. Lastly, another coupled pair of resonances
were found at 38.5 and 26.3 ppm with a 2J(PP') of 359 Hz. This large value for
2J(PP’) must be due to coupling of trans inequivalence phosphorus atoms, the
inequivalence being induced in the PPh, ligands by the maleic anhydride being
closer to one triphenylphosphine than the other.

This equilibrium was much more complicated than the simple cis-trans isomeri-
sation observed for Os(C,F,)(CO),(PPh;),. These isomerisations were again slow
on the *'P NMR time-scale with all of the isomers observed giving sharp spectra.
The existence of so many geometric isomers of Ru(MAYCO)YCNR)PPh,), in
solution indicated that the energy differences between the different isomers was very
small.

Conclusions

The tendency for many five coordinate ruthenium or osmium d® complexes (of
the type M(LYCOXL XPPh,), L = unsaturated molecule; L' = CO, CNR, CS;
M = Ru, Os) to adopt geometries in which the triphenylphosphine ligands are trans,
has been considered to be a consequence mainly of steric effects. The extension of L
to more electron withdrawing olefins has shown that the “steric” replusion of the
triphenylphosphine ligands is not as important as previously thought. For less
w-accepting ligands, such as O,, C;H, and CS,, the steric constraints of the PPh,
groups dominated and, therefore, these complexes all had a geometry with trans
triphenylphosphine ligands.

The more #-accepting olefins such as tetrafluoroethylene and maleic anhydride
provide sufficient electronic influence to counter the steric effects of the PPh,
groups. The effect of changing the w-accepting characteristics of the olefin can be
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seen when the series Ru(LYCO),(PPh,), (L = C,H,, MA, C,F,) is considered (Fig.
6). The complex Ru(C,H,XCO),(PPh;), [26] has a very poorly m-accepting olefin
coordinated and the steric pressure of the PPh, groups dominate its geometry.
Upon moving to a more w-accepting olefin the geometry changes. The complex
Ru(MAXCO),(PPh,),, if it were to exist as the same structure as Ru(C,H X CO),
(PPh,),, would have three good w-accepting ligands competing for the electron
density in the equatorial plane. This electronic competition would be relieved if a
phosphine ligand was brought into the equatorial plane and a carbonyl was moved
to an axial site. This would do two things: an electron-donating ligand would be
brought into the same plane as the maleic anhydride ligand, and another 7-acceptor
is removed from competing directly for the same electron density as the olefin. This
would result in more electron density being available to the #* orbital of the olefin.

In the case of tetrafluoroethylene, the removal of one carbonyl group from the
equatorial plane is not sufficient to provide enough electron density for the olefin.
In Ru(C,F, XCO),(PPh,), the tetrafluoroethylene is such a strong w-acceptor that it
requires both the o-donating phosphine ligands in the same plane, as well as the
carbonyl ligands removed from that plane.

PPh, PPh; co
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}Os—éﬁHCHZ " Os—7 o “Os—  °
o€ | ’ Ph3l/ | >o Ph3/i CF,
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oC | E
"0y OS—'f/C 2

Fig. 7.
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The same type of pattern exists for the osmium series Os(LYCO),(PPh;),
(L=C,H,, MA, C,F,) (Fig. 7). The situation here, is not as clear as for the
ruthenium example above. Both the ethylene and maleic anhydride complexes
behave in the same way as their ruthenium analogues. The tetrafluoroethylene
complex on the other hand interconverts (in solution) between the isomer with cis
carbonyl and trans carbonyl ligands, with no evidence for the geometry which was
observed when L = maleic anhydride. Also, AH ° shows there is very little energy
difference between the two isomers.

It should be noted that neither Os(MA)CO),(PPh,), nor Os(C,F,XCO),(PPh,),
shows any evidence of free rotation of the olefin. In contrast, the ethylene ligand in
Os(C,H, X CO),(PPh,), undergoes rapid free-rotation about the metal—olefin
bond. The 'H spectrum for Os(C,H,XCO),(PPh,), has a clear 1:3:1 triplet for
the olefinic protons [4]. As all of the protons on the olefin are magnetically
inequivalent, the spectrum would be significantly more complex if the olefin was in
a locked conformation. Rapid free-rotation of the ethylene would result in all of the
protons becoming equivalent, giving rise to the observed spectrum. The barrier to
free-rotation of the ethylene in Os(C,H,)CO),(PPh,;), must be low as the spec-
trum showed no significant change in dropping the temperature to —50°C.
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The last series of complexes is that of the more electron-rich metal centre
‘Ru(LXCOXCNR)(PPh;), (L=C,H,, MA, C,F,) (Fig. 8). The two extremes of
electronic character in the olefins, i.e., ethylene and tetrafluoroethylene, give com-
plexes of the same general geometry as were found for the related complexes
Ru(C,H /) CO),(PPh,), [27] and Ru(C,F,XCO),(PPh,),. The intermediate casc of
Ru(MA)(CO)(CNR)(PPh,), exists as at least four isomers in solution. The increased
electron density at the ruthenium centre must result in the available geometries for
the maleic anhydride complex having almost no energy difference. This, and the
usual lability of five-coordinate complexes may explain why all isomers are observa-
ble.

Experimental

General

Standard Schlenk techniques were used for all manipulations involving oxygen-
or moisture-sensitive compounds. Solvents used were purified as follows: benzene,
toluene, THF, diethyl ether and n-hexane were distilled from sodium/benzophen-
one; dichloromethane and acetonitrile were distilled from calcium hydride.

When procedures involved materials that were not air-sensitive, solvents were
purified by chromatography on alumina (Spence type H, 100-200 mesh) or filtered
prior to use. In these cases, solvent removal under reduced pressure was achieved
using a rotary evaporator. Routine recrystallizations were achieved by the following
method: The sample was dissolved in a low boiling-point solvent and a higher
boiling-point solvent, in which the compound was insoluble, was added. Evapora-
tion at reduced pressure effected gradual crystallization.

Infrared spectra (4000-200 cm™!) were recorded on a Perkin—Elmer Model 597
double-beam spectrophotometer calibrated with polystyrene film. All spectra were
recorded as Nujol mulls between KBr plates or as dichloromethane solutions in KBr
cells. Far-infrared spectra (400-200 cm™') were recorded as concentrated Nujol
mulls between CsI plates. '"H NMR were recorded on a Bruker AM-400 spectrome-
ter operating at 400 MHz and are quoted in ppm down-field from TMS. C{'H}
NMR were recorded on a Bruker AM-400 at 100 MHz and are quoted relative to
TMS. *'P{'H} NMR were recorded on a Bruker AM-400 at 162 MHz and are
quoted relative to 85% phosphoric acid solution (external). *H NMR were recorded
on a Bruker AM-400 at 61.4 MHz and referenced using CDCl, (7.26 ppm). ¥g
NMR were recorded on a Jeol FX-90 at 84.6 MHz and reported relative to CFCl .
Melting points were determined on a Reichert microscope hot-stage and are
uncorrected. Elemental analyses for carbon, hydrogen, nitrogen and fluorine were
performed by the Microanalytical Laboratory of the University of Otago.
Ru(CO),(PPh;); [26], Os(CO),(PPh;); [27], Ru(CN-p-tolyl}(COXPPh,); [27],
Os(CN-p-tolyl{CO)(PPh,); [27] and OsCI(NOXPPh,); [28] were all prepared by
standard literature procedures. Tetrafluoroethylene was prepared by vacuum pyroly-
sis of poly(tetrafluoroethylene) [29]. Spectral data are given for all new compounds
in Tables 1, S5, 6 and 7.

Reactions

Ru(C, F,)(CO),(PPh;),
(a) Ru(CO),(PPh,), (1 g, 1.55 mmol) was dissolved in degassed benzene (40 mL)
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and stirred under tetrafluoroethylene pressure (300 kPa) in a Fischer—Porter
bottle (volume 300 mL), until the yellow colour was discharged. The C,F, was
then vented and the solution filtered. Ethanol (50 mL) was added to the filtrate
and the benzene removed under reduced pressure to give the product as white
crystals (754 mg, 62%). m.p. 168-172°C. Anal. Found: C, 60.53; H, 4.37; F,
8.75. C;oH,,F,O,P,Ru caled.: C, 61.46; H, 3.86; F, 9.72%.

(b) Ru(CO);(PPh,), (200 mg, 0.3 mmol) was dissolved in degassed benzene (10
mL) and heated at 90°C for 24 hours under tetrafluoroethylene pressure (500
kPa) in a Carius tube. The C,F, was then vented and the solution filtered.
Ethanol (30 mL) was added to the filtrate and the benzene removed at reduced
pressure to give the product as white crystals (192 mg, 87%).

(¢) Ru(C,H,XCO),(PPh,), (200 mg, 0.3 mmol) was dissolved in degassed benzene
(10 mL) and stirred for 24 h under tetrafluoroethylene pressure (500 kPa) in a
Fischer-Porter bottle (volume 300 mL). The C,F, was then vented and the
solution filtered. Ethanol (30 mL) was added to the filtrate and the benzene
removed under reduced pressure to give the product as white crystals (161 mg,
73%).

Ru(C, F,)(CO)(CN-p-tolyl)(PPh,),

Ru(COXCN-p-tolyl(PPh,), (700 mg, 0.68 mmol) was dissolved in degassed
benzene (40 mL) and stirred under tetrafluoroethylene pressure (300 kPa) in a
Fischer-Porter bottle (volume 300 mL). The solution was irradiated with a 1000 watt
halogen lamp until the red colour was discharged. The C,F, was then vented and the
solution filtered. Ethanol (50 mL) was added to the filtrate and the benzene
removed under reduced pressure to give the product as cream crystals (537 mg,
90%). m.p. 126-129°C. Anal. Found: C, 64.99; H, 5.07; N, 134; F, 7.81
C4,H;,F,NOP,Ru calcd.: C, 64.83; H, 4.28; N, 1.61; F, 8.73%.

Os(C,F,)CINO)(PPh3),

OsCI(NO)PPh,), (1 g, 0.96 mmol) was dissolved in degassed benzene (10 mL)
and stirred under tetrafluoroethylene pressure (500 kPa) in a Fischer-Porter bottle
(volume 300 mL) until the green colour had completely gone. The C,F, was then
vented and the solution filtered. Ethanol (30 mL) was added to the filtrate and the
benzene removed under reduced pressure to give the product as orange crystals (810
mg, 96%). m.p. 185-187°C. Anal. Found: C, 52.03; H, 384; F, 8.26
C,3H 3, CIF,NOOSsP, calcd.: C, 52.81; H, 3.50; F, 8.79%.

Os(C,F,)(CO),(PPh3),

0s(CO),(PPh;); (1 g, 0.97 mmol) was dissolved in degassed benzene (10 mL)
and heated at 90°C for 24 h under tetrafluoroethylene pressure (at approximately
500 kPa) in a Carius tube. The C,F, was then vented and the solution filtered.
Ethanol (30 mL) was added to the filtrate and the benzene removed under reduced
pressure to give the product as white crystals (700 mg, 83%). m.p. 203-207° C. Anal.
Found: C, 53.61; H, 3.82; F, 7.76. C4,,H,,F,0,0sP, calcd.: C, 53.26; H, 342; F,
8.32%.

Os(C,F,)(CO)(CN-p-tolyl)(PPh;),
Os(COYCNR)XPPh,), (800 mg, 0.71 mmol) was dissolved in degassed benzene
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(40 mL) and heated under tetrafluoroethylene pressure (at approximately 500 kPa)
in a Carius tube at 90°C for 24 h. The C,F, was then vented and the solution
filtered. Ethanol (50 mL) was added to the filtrate and the benzene removed under
reduced pressure to give the product as pale yellow crystals (582 mg, 85%). m.p.
227-230°C. Anal. Found: C, 58.67; H, 4.08; N, 1.37; F, 8.00. C,,H,,F,NOOsP,
caled.: C, 58.80; H, 3.89; N, 1.46; F, 7.92%.

Os(C,F,)(CO)(CS)(PPh,),

Os(CO)YCS)PPh,); (500 mg, 0.48 mmol) was dissolved in degassed benzene (40
mL) and heated under tetrafluoroethylene pressure (at approximately 500 kPa) in a
Carius tube at 90°C for 24 h. The C,F, was then vented and the solution filtered.
The benzene was removed in vacuo and the residue subjected to column chromatog-
raphy on silica, elution being with dichloromethane. The first band from the column
was collected and recrystallized with ethanol to give the product as yellow crystals
(181 mg, 43%). m.p. 168--170°C. Anal. Found: C, 54.30; H, 4.05. C,,H,,F,OO0sP,S
caled.: C, 54.17; H, 3.41%.

Ru(maleic anhydride)(CO),(PPh;),

Ru(CO),(PPh,), (500 mg, 0.5 mmol) was dissolved in degassed benzene (10 mL)
containing maleic anhydride (48 mg, 0.5 mmol). The solution was stirred until the
colour faded. The benzene was removed in vacuo and the residue recrystallised from
dichloromethane and ethanol to give the product as colourless crystals (317 mg,
81%). mp. 165-168°C. Anal. Found: C, 64.63; H, 4.57 C,,H,,0,P,Ru calcd.: C,
64.70; H, 4.14%.

Os(maleic anhydride)(CO),(PPh;),

Os(C,H XCO),(PPh,), (500 mg, 0.6 mmol) was dissolved in degassed benzene
(10 mL) containing maleic anhydride (60 mg, 0.6 mmol). The solution was stirred at
reflux temperature for 2 h. The benzene was then removed in vacuo and the residue
recrystallised from dichloromethane and ethanol to give the product as colourless
crystals (382 mg, 70%). m.p. 153-156°C. Anal. Found: C, 58.03; H, 4.04.
C,,H,;,0,0sP, calcd.: C, 58.06; H, 3.71%.

Os(maleic anhydride)CI(NO)(PPh;),

OsCI(NO)PPh,); (500 mg, 0.5 mmol) was dissolved in degassed benzene (40
mL) containing maleic anhydride (48 mg, 0.5 mmol). The solution was stirred until
the green colour had completely faded. The benzene was removed in vacuo and the
residue recrystallised from dichloromethane and ethanol to give the product as
orange crystals (400 mg, 91%). m.p. 165-168°C. Anal. Found: C, 54.93; H, 4.42; N,
1.36. C,,H,,CINO,OsP, caled.: C, 54.70; H, 3.67; N, 1.59%.

X-Ray collection and refinement

Crystals suitable for data collection were mounted on glass fibres and positioned
on a Nonius CAD-4 diffractometer. Unit cell dimensions were derived from
least-squares fits to the observed setting angles of 25 refections, using monochro-
mated Mo-K, (A =0.7107 A) for Ru(C,F,XCO),(PPh;), and Cu-K, (A =1.5418
A) for Os(MA)XCO),(PPh,),. Crystal alignment and decomposition were monitored
throughout data collection by measuring three standard reflections every 100



Table 11

Crystal data and details of the structure determinations of Ru(C,F,XCO),(PPh,), and

Os(MAXCO),(PPh;),
Ru(C,F,XCO),(PPh,), Os(MA)XCO),(PPh,),
Crystal data
formula CHyF,P,O,Ru C4,H,,P,050s
molecular weight (g mol™!) 781.7 868.9
space group P2, /a P2, /¢
crystal system monoclinic monoclinic
aA) 35.940(2) 23.667(2)
b (A) 10.655(7) 20.306(1)
c(A) 18.559(6) 16.147(1)
B(®) 93.21(3) 93.20(1)
v (A%) 7095 7748
V4 8 8
d (caled) (g cm™?) 1.464 1.490
F(000) 2928 3440
u(em™1) 5.8 74.0
Data collection and reduction
diffractometer Nonius CAD-4 Nonius CAD-4
radiation Mo-K, (A =0.7107 A) Cu-K, (A =1.5418 A)
temperature (K) 294-296 294-296
scan technique 20/w 20/w
20(min-max) (°) 2-46 2-63
scan speed (°min~ 1) 2-30 2-30
no. unique
refections 6870 9906
no. unique
obsd. reflections 2981 5172
o criterion 3.0 3.0
RyErG 0.070 0.035
Structure determination and refinement
Rand R, “ 0.096, 0.099 0.070, 0.074
weight 0.2237/ 1.80856/
(0*(F)+0.071088F?) (03(F)+0.003662F?)

“R=ZI(F |~ |EDI/EIF | Ry =E (I F | = | EDY/L,| 112

measurements, no non-statistical variation being observed. The data were corrected
for Lorentz and polarisation.effects and equivalent reflections averaged. Absorption
corrections were applied by the empirical azimuthal method [30], with the maximum
and minimum corrections for Ru(C,F, X CO),(PPh,), being 1,/0.82 and 1,/0.99 and
for Os(MA)CO),(PPh,), being 1/0.74 and 1/0.99 respectively. Computing was
carried out by using the sDP suite of programmes on a PDP-11 for inital data
processing, and SHELX-76, on an IBM 4341, for structure solution and refinement.
Details of crystal data and intensity data collection parameters are summarised
along with atom positions in Tables 11, 12, and 13. Atomic scattering factors were
for neutral atoms. F,, . and F,,_ together with the anisotropic thermal parameters
are available from the authors.
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Table 12
Atomic coordinates for Ru(C,F X CO),(PPh,),

Molecule 1 Molecule 2
x y z x y z

Ru 0.1226(1) 0.5627(2) 0.0485(1) 0.1256(1) 0.8062(2) 0.5500(4)

P1 0.1367(2) 0.3930(7) —-0.0336(4) 0.1394(2) 0.9767(7) 0.4677(3)

P2 0.1106(2) 0.448(8) 0.1568(4) 0.1146(2) 0.921(7) 0.6591(3)

C1 0.1263(9) 0.7331(30) —0.0032(17) 0.1297(9) 0.6321(32) 0.5002(18)
C2 0.1164(8) 0.7596(27) 0.0706(14) 0.1212(9) 0.6181(33) 0.5746(18)
F1 0.1592(7) 0.7912(15) —0.0139%(8) 0.1633(6) 0.577317) 0.4823(10)
F2 0.1034(8) 0.7803(21) —0.0525(10) 0.1037(6) 0.5848(17) 0.4503(9)

F3 0.0825(7) 0.8054(18) 0.0822(11) 0.0845(7) 0.5688(17) 0.5853(11)
F4 0.1412(7) 0.8110(14) 0.1162(10) 0.1458(7) 0.5537(16) 0.6204(9)

C3 0.0690(10) 0.5684(31) 0.0287(18) 0.0723(7) 0.8022(24) 0.5326(13)
03 0.037%7) 0.5768(31) 0.0203(15) 0.0420(6) 0.7924(26) 0.5195(12)
C4 0.1737(9) 0.5795(27) 0.07324(15) 0.1785(9) 0.7914(27) 0.5765(15)
04 0.2052(7) 0.5948(25) 0.0876(12) 0.2080(6) 0.7742(23) 0.5909%(15)
Cl11 0.0973(7) 0.2968(23) —0.0756(13) 0.1021(7) 1.0670(23) 0.4279(13)
C12 0.0672(8) 0.3691(28) —0.0969(15) 0.0698(8) 1.0042(28) 0.4019(15)
C13 0.0352(10) 0.3135(36) —-0.1327(21) 0.036%(9) 1.0703(31) 0.3714(17)
Cl4 0.0380(9) 0.1664(30) -0.1377(17) 0.037%(9) 1.1932(35) 0.3692(19)
C15 0.0682(10) 0.1056(34) —0.1164(19) 0.0719(10) 1.2693(33) 0.3914(18)
C16 0.0987(8) 0.1676(27) —-0.0886(15) 0.1023(8) 1.2047(29) 0.4209(16)
C21 0.1603(6) 0.4293(22) —0.1128(12) 0.1633(7) 0.9196(22) 0.3838(12)
C22 0.1682(8) 0.5586(26) -0.1280(15) 0.1674(%) 0.8003(32) 0.3692(18)
C23 0.1873(8) 0.5965(27) —0.1912(15) 0.1848(9) 0.7650(31) 0.3037(17)
C24 0.1985(9) 0.5055(31) —-0.2370(17) 0.1976(8) 0.8670(28) 0.2606(15)
C25 0.1921(8) 0.3775(27) —0.2219(15) 0.1924(10)  0.9816(34) 0.2746(18)
C26 0.1698(7) 0.3489(25) —0.1618(15) 0.1759(7) 1.0263(26) 0.3391(15)
C31 0.1691(8) 0.2756(26) 0.0048(15) 0.173(7) 1.0881(24) 0.5070(14)
C32 0.2072(8) 0.3020(28) —-0.0013(16) 0.2124(9) 1.061(30) 0.502%(17)
C33 0.2351(10) 0.2195(35) 0.0374(20) 0.2374(8) 1.1462(29) 0.5375(16)
C34 0.2187(10) 0.1058(31) 0.0770(18) 0.2254(8) 1.2502(29) 0.5744(16)
C35 0.1838(8) 0.0908(28) 0.0747(16) 0.1880(8) 1.2746(27) 0.5764(15)
C36 0.1570(8) 0.1716(27) 0.0450(15) 0.160%(7) 1.1949(25) 0.5456(14)
C41 0.0791(7) 0.5370(25) 0.2130(14) 0.0825(6) 0.8368(22) 0.7145(12)
C42 0.0461(7) 0.4774(23) 0.2397(13) 0.0517(7) 0.8853(24) 0.7390(13)
C43 0.0238(8) 0.5568(29) 0.2829(16) 0.0300(9) 0.8112(30) 0.786%(17)
C44 0.0344(8) 0.6727(28) 0.2989(16) 0.038%(7) 0.6865(25) 0.8048(13)
C45 0.0634(7) 0.7226(26) 0.2713(14) 0.0729(8) 0.6325(28) 0.7814(15)
C46 0.0879%(9) 0.6623(32) 0.2281(18) 0.0915(7) 0.7131(24) 0.7320(14)
Cs51 0.0886(7) 0.2925(24) 0.1505(14) 0.0922(6) 1.0802(20) 0.6496(11)
C52 0.1010(9) 0.1864(31) 0.1997(17) 0.102%(8) 1.1692(28) 0.6920(16)
C53 0.0800(10) 0.0732(33) 0.1752(19) 0.0892(9) 1.2982(30) 0.6925(17)
C54 0.0558(9) 0.0654(31) 0.1222(18) 0.0610(10) 1.3208(35) 0.6397(20)
C55 0.0453(10) 0.1513(34) 0.0836(19) 0.0493(8) 1.2160(29) 0.5898(16)
C56 0.0616(9) 0.2810(32) 0.0873(18) 0.0657(8) 1.0946(28) 0.5973(16)
C61 0.1503(6) 0.4184(21) 0.2211(12) 0.1545(6) 0.9486(22) 0.7231(12)
C62 0.1497(7) 0.4456(25) 0.2939(15) 0.1514(7) 0.9340(24) 0.7993(14)
C63 0.1767(8) 0.4019(29) 0.3437(16) 0.1819(9) 0.9650(29) 0.8455(16)
C64 0.2106(8) 0.3497(30) 0.3174(17) 0.2100(9) 1.0194(32) 0.8200(17)
C65 0.2122(10) 0.3219(33) 0.2433(19) 0.2141(8) 1.0373(27) 0.7440(15)
C66 0.1817(9) 0.3616(30) 0.1933(17) 0.1855(7) 1.0048(23) 0.6980(13)
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Table 13
Atomic coordinates for Os(MAXCO),(PPh,),

Molecule 1 Molecule 2

x y z x y z
Os 0.06805(4) 0.15605(4) 0.24777(5)  0.58650(4) 0.08057(6) 0.22927(6)
P1 0.1260(2) 0.0588(3) 0.2568(3) 0.6197(2) —0.0087(3) 0.1421(4)
P2 0.1115(2) 0.2080(3) 0.1287(3) 0.6383(2) 0.0570(3) 0.3589(4)
01 0.0033(9) 0.1271(1) 0.402(1) 0.550(1) 0.215(1) 0.280(1)
02 0.1344(6) 0.2586(9) 0.349(1) 0.6630(9) 0.168(1) 0.132(1)
03 —0.0514(6) 0.02147) 0.197(1) 0.4421(7) 0.149(1) 0.137(1)
04 —0.0868(6) 0.2272(8) 0.266(1) 0.448%(T) 0.110(1) 0.270(1)
05 —0.0756(5) 0.1198(7) 0.246(1) 0.4634(8) 0.048(1) 0.381(1)
C1 0.027(1) 0.133(1) 0.344(2) 0.565(1) 0.164(1) 0.264(2)
C2 0.109(1) 0.220(1) 0.314(2) 0.636(1) 0.135(1) 0.167(2)
Cc3 —0.0108(8) 0.187(1) 0.181(1) 0.503(1) 0.059(2) 0.172(2)
c4 0.0010(7) 0.1195(9) 0.161(1) 0.5122(8) 0.022(1) 0.253(1)
C5 —0.041(1) 0.078(1) 0.198(2) 0.475(1) 0.055(1) 0.309(2)
Cé —0.060(1) 0.184(1) 0.233(1) 0.45%(1) 0.107(2) 0.187(2)
Cl1 0.1995(8) 0.061(1) 0.305(1) 0.581(1) —0.088(1) 0.134(1)
C12 0.2133(9) 0.113(1) 0.359(1) 0.566(1) —0.115(1) 0.059(1)
C13 0.267(1) 0.117(1) 0.400(2) 0.545(1) —-0.178(2) 0.051(2)
Cl4 0.306(1) 0.068(1) 0.384(2) 0.540(1) —0.214(2) 0.126(2)
C15 0.291(1) 0.015(1) 0.334(2) 0.55%(1) —0.189(2) 0.207(2)
C16 0.237(1) 0.011(1) 0.295(1) 0.577(1) -0.122(1) 0.209(2)
C21 0.1346(8) 0.023(1) 0.155(1) 0.621(1) 0.014(1) 0.035(1)
C22 0.1825(8) 0.025(1) 0.111(1) 0.656(1) —0.016(1) -0.019(1)
Cc23 0.186(1) -0.002(1) 0.032(1) 0.654(1) 0.000(1) ~0.106(2)
C24 0.139%(1) —0.034(1) —0.002(1) 0.620(1) 0.053(1) —0.134(2)
C25 0.089(1) —0.037(1) 0.038(1) 0.584(1) 0.084(1) ~0.084(2)
C26 0.0855(8) —0.007(1) 0.117(1) 0.584(1) 0.067(1) 0.001(2)
C32 0.1003(9) —0.011(1) 0.317(1) 0.6925(9) —0.036(1) 0.163(1)
C32 0.104(1) —0.073(1) 0.287(2) 0.704(1) —0.106(1) 0.168(2)
C33 0.086(1) -0.127(1) 0.340(2) 0.764(1) —0.124(2) 0.187(2)
C34 0.066(1) —0.116(1) 0.417(2) 0.804(1) —0.07%(2) 0.1932)
C35 0.064(1) —0.050(1) 0.446(1) 0.795(1) —-0.012(1) 0.186(2)
C36 0.0803(9) 0.001(1) 0.397(1) 0.735(1) 0.009(1) - 0173(1)
C41 0.0751(8) 0.190(1) 0.028(1) 0.714(1) 0.078(1) 0.370(1)
C42 0.0334(8) 0234(1) —0.002(1) 0.737(1) 0.122(1) 0.321(2)
C43  —-0.0012(9) 0.216(1) —0.0741) 0.795(1) 0.142(1) 0.337(2)
Cc44 0.008(1) 0.155(1) —0.114(1) 0.824(1) 0.118(1) 0.409(2)
C45 0.0520(8) 0.113(1) —0.093(1) 0.800(1) 0.076(1) 0.462(2)
C46 0.0848(8) 0.129(1) —0.011(1) 0.743(1) 0.055(1) 0.446(1)
Cs1 0.1093(8) 0298(1) 0.131(1) 0.613(1) 0.103(1) 0.446(1)
Cs52 0.0709(8) 0.333(1) 0.179(1) 0.620(1) 0.173(1) 0.439(2)
C53 0.067(1) 0.404(1) 0.176(1) 0.606(2) 0.214(2) 0.509(2)
Cs54 0.107Q1) 0.436(1) 0.129(1) 0.580(1) 0.181(2) 0.574(2)
Cs5 0.144(1) 0.404(1) 0.083(2) 0.576(1) 0.115(2) 0.584(2)
C56 0.146(1) 0.335(1) 0.081(1) 0.590(1) 0.074(1) 0.517(2)
c61 0.1866(8) 0.191(1) 0.113(1) 0.633(1) —0.030(1) 0.386(1)
C62 0.2080(9) 0.0184(1) 0.036(1) 0.584(1) -0.057Q1) 0.414(2)
C63 0.266(1) 0.177(1) 0.034(1) 0.583(1) —0.0126(1) 0.431(2)
C64 0.301(1) 0.176(1) 0.103(1) 0.628(1) —0.165(1) 0.420(2)
C65 0.28%(1) 0.184(1) 0.182(1) 0.677(1) —0.140(1) 0.391(2)

C66 0.2224(9) 0.194(1) 0.183(1) 0.682(1) —0.072(1) 0.373(1)
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