
149 

Journal of Organometallic Chemistry, 349 (1988) 149-161 
Elsevier Sequoia S.A., Lausanne - Printed in The Netherlands 

Syntheses and NMR spectroscopic characterizations of the 
bimetallic complexes: (CO) 5 Mo( F-R 2 PXPR;) Mo( CO) 5 
(R,,R\ = Ph,, OCH,CMe,CH,O; X = 0, 
NHCH,CH,NH); the structure of (CO),Mo- 
(p-Ph,POP(OCH,CMe,CH,O))Mo(CO), 

Gary M. Gray * 
Chemistry Department, The University of Alabama at Birmingham, Birmingham, AL 35294 (U.S.A.) 

and William Watt 
Physical and Analytical Chemistry, The Upjohn Co., Kalamazoo, MI 49007 (U.S.A.) 

(Received February lst, 1988) 

Abstract 

Bimetallic complexes of the types (CO),Mo(p-R2PXPR’,)Mo(CO), (R2, R’* = 
Ph,, OCH,CMe,CH,O; X = 0, NHCH,CH,NH) have been synthesized by the 
reactions of Mo(CO),(R>PX) (X = Cl, Br) with either [Et,NH][Mo(CO),(R,PO)] 
or Mo(CO),(R,PNHCH,CH,NH,). These reactions provide a precise control over 
the coordination environment of the metals because the bridging, bidentate ligand is 
formed after the P-donor groups have been coordinated to the metal centers. The 
13C and 31P NMR spectra of the complexes are discussed. The 13C NMR spectra of 
the complexes containing the R,POPR$ ligands varies significantly with the nature 
of the R, and R’2 groups. The resonances that are coupled to P are apparent 
quintets (A portion of an AXX’ spin system) for the symmetrical complexes and 
doublets (A portion of an AXY spin system with no A-Y coupling) for the 
unsymmetrical complexes. The X-ray crystal structure of (CO),Mo(p- 
Ph, POP(OCH,CMe,CH zO))Mo(CO) 5 has been determined. The complex crystal- 
lizes in the monoclinic space group P2,/c (a 8.792(2), b 33.946(5), c 10.762(l) A; p 
104.02(l) O; V 3116.3(6) A3; Z = 4). The structural data suggest that the Ph,P group 
is a better electron donor (poorer electron acceptor) than is the P(OCH,CMe,CH,O) 
group and are consistent with NMR spectroscopic results. The P(OCH,CMe,CH,O) 
ring is in a chair conformation, which is slightly flattened at the P, with Mo(CO), 
group in the equatorial position. 
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Introduction 

There has been significant interest in recent years in the syntheses and characteri- 
zations of polynuclear complexes containing bridging bis(P-donor) ligands. Two 
approaches have been taken in order to avoid problems with chelation of the 
bis(P-donor) ligands. The first involves the use of ligands that contain P-donor sites 
oriented in such a way that chelation is not favorable. Ligands of this type are those 
in which the P-donor sites are separated either by a single atom bridge as in 
bis(phosphino)methanes [l], diphosphoxanes [2], diphosphites [3], bis(phosphino) 
amines [4], and diazaphosphatidines [5] or by a sterically constraining group as in 
1,2-bis(phosphino)ethenes [6], bis(phosphino)ethynes [7], 1,2-bis(phosphino)cyclo- 
propanes [8], 2,Sbis(phosphino)furans [9] and bicyclic phosphinephosphites [lo]. 

Polynuclear complexes with bridging bis(P-donor) ligands have also been pre- 
pared by reactions between monodentate P-donor ligands of mononuclear com- 
plexes. The reactions of coordinated vinylphosphines with secondary phosphines 
have been used to prepare a variety of polynuclear complexes with bridging 
bis(phosphino)ethane ligands [ll]. The reactions of coordinated chlorophosphines 
with either water or coordinated PR 3_-n(OH)” (n = 1, 2) ligands yield diphos- 
phoxane-bridged complexes [2]. Coordinated chlorophosphines also react with 
K ,SN, to form dinuclear complexes bridged by a R, P-N=S=N-PR 2 ligand [12]. 

The reactions of coordinated P-donor ligands provide precise control over the 
coordination environment of the metals through the prior coordination of the 
monodentate P-donor ligands to the various metal centers. Thus, these reactions 
may be used to prepare polynuclear complexes containing different metal centers 
and/or different P-donor groups. In this paper, we report the preparation of a 
variety of dinuclear MO carbonyl complexes via the reactions of coordinated 
P-donor ligands. The multinuclear NMR spectroscopic characterization of the 
complexes is presented, and the X-ray crystal structure of one of the complexes 
containing a unique phosphinitephosphorinane bridging ligand, (CO), Mo( p- 
Ph,POP(OCH,CMe,CH,O))Mo(CO), (II) is discussed. 

Experimental 

All syntheses and purifications were run under an inert atmosphere (Ar or N,). 
Both tetrahydrofuran (THF) and diethyl ether were distilled from CaH, before use. 
Other solvents were used as received. Chlorodiphenylphosphine and ethylenedia- 
mine (Aldrich) were used from freshly opened bottles that were kept under an inert 
atmosphere during transfer of the reagent. Triethylamine was distilled from CaH2. 
Literature methods were used for the preparation of MoCO),(Ph,PCl) [13], 
Mo(CO),(P(OCH,CMe,CH,O)Br and [Et,NH][Mo(CO),(P(OCH,CMe,CH,O)O)] 
[14], Mo(CO),(Ph,PNHCH,CH,NH,) and Mo(CO),(P(OCH,CMe,CH,O)- 
NHCH,CH,NH, [15] and (CO),Mo(p-Ph,POPPh,)Mo(CO),, I [2]. 

(CO),Mo(p-Ph2 POP(OCH,CMe,CH,O})Mo(CO), (II) 
A solution of Mo(CO),(Ph,PCl) (0.73 g, 1.6 mmol) and [Et,NH][Mo(CO),(P- 

(OCH,CMe,CH,O)O)] (0.78 g, 1.6 mmol) in 20 ml of THF was stirred at ambient 
temperature for 4 h and then evaporated to dryness. The residue was recrystallized 
from a diethyl ethyl/hexanes mixture to yield II, m.p. 119.0-120.5”C (0.96 g, 66%). 
Anal. Found: C, 40.13; H, 2.47. C,,H,,Mo,O,,P, talc: C, 40.00; H, 2.47%. 
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(CO),Mo(~-P(OCH,CMe,CH,O)OP(OCH,CMe,CH,O))Mo(CO), (III) 
Method 1. A solution of Mo(CO)S(P(OCH,CMe,CH,O)Br (1.22 g, 2.71 mmol) 

and [Et,NH][Mo(CO),(P(OCH,CMe,CH20)0)] (1.32 g, 2.71 mmol) in THF was 
stirred at ambient temperature for 42 h and then evaporated to dryness. The residue 
was washed with diethyl ether to remove any remaining starting material. The 
insoluble portion was recrystallized from a dichloromethane/hexanes mixture to 
yield III, m.p. 193-197OC with decomposition (0.39 g, 19%). Anal. Found: C, 
31.38; H, 2.69. C,,H2,,Mo,0,,P, talc: C, 31.66; H, 2.64%. 

Method 2. A solution of Mo(CO),(P(OCH,CMe,CH,O)Br) (2.00 g, 4.45 mmol), 
deionized water (3.0 ml) and triethylamine (3.0 ml) in 20 ml of THF was stirred at 
ambient temperature for 18 h and then evaporated to dryness. The residue was 
treated with 40 ml of water and 40 ml of ethyl ether, and the insoluble III collected 
by filtration (0.56 g, 26%). The organic phase of the filtrate was separated, dried 
with MgSO, and then evaporated to dryness. The residue was recrystallized from a 
diethyl ether/hexanes mixture to yield [Et,NH][Mo(CO),(P(OCH,CMe,CH,O)O)] 
(0.91 g, 42%). 

(CO),Mo(p-Ph,NHCH,CH,NHPPh,)Mo(CO), (IV) 
A solution of Mo(CO),(Ph,PNHCH,CH,NH,) (0.960 g, 2.00 mmol), 

Mo(CO),(Ph,PCl) (0.913 g, 2.00 mmol) and triethylamine (0.56 ml, 4.0 mmol) in 25 
ml of diethyl ether was stirred at ambient temperature for 80 h. The reaction 
mixture was then filtered to remove the triethylammonium chloride precipitate, and 
the filtrate was evaporated to dryness. The residue was recrystallized from a diethyl 
ether/hexanes mixture to yield IV (1.11 g, 61.7%). A second recrystallization from a 
dichloromethane/hexanes mixture yielded pure product, m.p. 155.5-158.5 o C with 
decomposition. Anal. Found: C, 47.78; H, 2.93. C36H26M02NZ010P2 talc: C, 47.79; 
H, 2.88%. 

(CO),Mo{p-Ph, PNHCH2CH2NHP(OCH,CMe,CH,0))Mo(CO), (V) 
A solution of Mo(CO),(P(OCH,CMe,CH,O)NHCH,CH,NH,) (0.856 g, 2.00 

mmol), Mo(CO),(Ph,PCl) (0.913 g, 2.00 mmol) and triethylamine (0.56 ml, 4.0 
mmol) in 25 ml of THF was stirred at ambient temperature for 20 h. The reaction 
mixture was then filtered to remove the triethylammonium chloride precipitate, and 
the filtrate was evaporated to dryness. The residue was recrystallized from a diethyl 
ether/hexanes mixture to yield V (0.86 g, 51%). Recrystallization from a dichloro- 
methane/hexanes mixture yielded pure product, m.p. 118.5-121.5 o C. Anal. Found: 
C, 40.98; H, 3.09. C,gH,6Mo,N,0,,P, talc: C, 40.85; H, 3.05%. 

Characterization of the complexes 
Multinuclear NMR spectra of 0.2 M chloroform-d, solutions of the complexes 

were run on either JEOL FX90Q or Nicolet 300 MHz Fourier transform NMR 
spectrometers, and the NMR data are given in Tables 1 and 2. Elemental analyses 
were run either by Galbraith Laboratories, Knoxville, TN or by Atlantic Microlabs, 
Atlanta, GA. 

Collection and reduction of X-ray data 
A clear prismatic crystal of II, 0.08 x 0.16 x 0.31 mm, was used for data 

collection. Diffraction data was collected on a Syntex Pl diffractometer using 
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Table 1 

Multinuclear NMR data (6 (ppm), J (Hz)) for the (CO),Mo( p-R,PXPR’>)Mo(CO), complexes 

Complex trans co cis co NCH, P 

S(W) J S(W) J S(13C) /2J(PC) 1 13J(PC) j S(3’P) I 2JW’) I 
I 209.59 a 30 b 204.78 ’ 10 ’ - _ _ 151.60 - 
II 209.12 ’ 30 d 204.71’ 10 ’ c ~ - - 147.83 59 

208.05 ’ 46 ’ 203.89 ’ 14 d 136.86 ” 
III 207.61’ 47 b 203.70 u 14 ’ - _ _ 134.80 - 
IV 210.09 ’ 25 d 205.43’ 10 * 44.54 7 I 64.58 - 
V 210.26 c 24 d 205.47’ IO ’ 44.50 8 3 62.88 - 

208.30 ’ 35 d 204.84 ’ 13’ 41.27 I 5 142.67 - 

“Apparent quintet. ‘J= 12J(PC)+4J(P’C) 1. ’ Doublet. dJ= /‘J(PC) 1. 

graphite-monochromated G-K, radiation. Unit cell dimensions were determined 
accurately by a least squares fit of Cu-Km,28 values (X( K,J = 1.5402 A> for 25 high 
219 reflections [16]. The intensity data were measured using a step-scan technique 
with a scan rate of 2”/min, a scan width of 3.4” and a 2t?,,,,, of 136 O. Ten 
reflections were periodically monitored and showed no loss of intensity during the 
data collection. Standard deviations in the intensities were approximated by the 
equation: 

where the coefficient of I was calculated from variations in the intensities of the 
monitored reflections. Of 5085 total unique reflections measured, 4499 had intensi- 
ties > 30. Lorentz and polarization corrections appropriate for a monochromator 
with 50% perfect character were applied to the intensity data. An absorption 
correction for intensities was also applied [17]: min. transmission was 0.311 and 
max. transmission was 0.512. 

Solution and refinement of the structure 
All the calculations were carried out using the CRYM system of computer 

programs [18]. A partial trial solution, 11 atoms, was obtained by a combination of 
Patterson analysis and direct methods using MULTAN80 [19]. Subsequent Fourier 
syntheses revealed the non-hydrogen atoms of the complex. Hydrogen atoms were 
clearly located in difference-Fourier very close to positions generated using planar 
or tetrahedral geometry therefore the generated positions were used. The structure 
was refined using least squares methods with the coordinates of all the atoms and 
the anisotropic thermal parameters of the non-hydrogen atoms included in the 
refinement. The isotropic thermal parameters of the hydrogens were fixed at a value 
0.5 units higher than the isotropic thermal parameters of the attached heavy atoms. 
The function minimized in the refinement was Cw(E;,’ - Fc2)*, where u’ = l/a’( c:). 
Atomic form factors were from Doyle and Turner [20], except for those of 
hydrogen, which were from Stewart, Davidson and Simpson 1211. In the final 
refinement cycle, all shifts were less than 0.630. The final R factor was 0.031, and 
the standard deviation of fit was 2.31. A final difference map showed no peaks 
greater than 0.8 eA_‘. Relevant crystal and experimental data for the complex are 
given in Table 3. The positional and isotropic thermal parameters of all non-hydro- 
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Table 3 

Crystal data and data collection procedures for complex II 

Formula C,,H,,%PzMoz 
Molecular weight (daltons) 
Crystal system 
Space group 

a (A) 
b (A) 
e (A) 
P(O) 
v (As) 
Z 
P (talc) (g/cm3) 
Crystal dimensions (mm) 
Absorption coefficient (e) (cm-‘) 
Radiation (A) 
Temperature ( o C) 
28 limits(“) 
Scan type 
Scan speed ( “/mm) 
Scan range ( o ) 
Number of unique data 
Number of data with I > 0 
Number of variables 
R (S) 
R, (8) 
Error in observation of unit weight 

806.28 
monoclinic 

P2,/c 
8.792(2) 
33.946(5) 
10.762(l) 
104.02(l) 
3116.3(6) 
4 
1.718 
0.082 x 0.16 x 0.31 
78.00 
Cu-K,, 1.5418 
- 150(2) 
2.0 < 28 ~137 
e/20 
2.0 
3.4+ . ..tanB 
5085 
4468 
1357 
3.1 
5.7 
2.31 electrons 

Fig. 1. ORTEP drawing [31] of the molecular structure of (CO),Mo(p-Ph2POP(OCH2CMe2CH,0))Mo 
(CO),, II. The thermal ellipsoids are drawn at the 50% probability level. 
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Table 4 

Fractional coordinates ( x 104) and Beq (A*) with e.s.d.s for II a,’ 

MW) 
C(l) 
o(1) 
C(2) 
o(2) 
C(3) 
O(3) 
C(4) 
O(4) 
C(5) 
O(5) 
P(1) 
C(6) 
C(7) 
C(8) 
C(9) 
C(lO) 
C(l1) 
C(l2) 
C(l3) 
C(l4) 
C(15) 
C(l6) 
C(l7) 
0 
P(2) 
o(7) 
O(8) 
C(l8) 
C(l9) 
C(20) 
C(21) 
C(22) 
Mo(2) 
C(1’) 
W’) 
C(2’) 
W2’) 
C(3’) 
o(3’) 
C(4’) 
o(4’) 
C(5’) 
(x5’) 

6191(l) 
7525(4) 
8272(3) 
5811(4) 
5641(3) 
8131(4) 
9227(3) 
6718(4) 
7078(3) 
4310(4) 
3297(3) 
4464(l) 
2921(4) 
33X(4) 
2878(4) 
17W4) 

5gq4) 
62q4) 

1785(4) 
2240(4) 
1356(4) 
1522(4) 
2589(4) 
3497(4) 
5260( 3) 
6575(l) 
5527(3) 
7394(3) 
6571(4) 
5868(4) 
4731(4) 
7148(4) 
4920(4) 
8214(l) 
7921(4) 
7763(4) 
10232(4) 
11353(3) 
8526(4) 
871q3) 
6160(4) 
5003(3) 
9457(4) 
10140(3) 

1724(l) 
2002(l) 
2161(l) 
2268(l) 
2569( 1) 
1634(l) 
1573(l) 
1203(l) 

915(l) 
1790(l) 
1821(l) 
1432( 1) 
1085(l) 
1793(l) 

901(l) 
627(l) 
539( 1) 
721(l) 
992(l) 

2020(l) 
2301(l) 
2356(l) 
2133(l) 
1853(l) 
1197(l) 

898(l) 
542(l) 
722(l) 
441(l) 
lW1) 
273(l) 

-143(l) 
-156(l) 
1158(l) 
1726(l) 
2039(l) 
1103(l) 
1065(l) 

594(l) 
279(l) 

1199(l) 
1214(l) 
1368(l) 
1486(l) 

5830(l) 
481q3) 
4237(2) 
6575(3) 
6979(2) 
7297(3) 
8083(2) 
5111(3) 
4702( 2) 
4280(3) 
3395(2) 
7104(l) 
6387(3) 
7751(3) 
5219(3) 
4731(3) 
5389(4) 
6553(3) 
7044(3) 
6878(3) 
7308( 3) 
8612(4) 
9479( 3) 
9053(3) 
84@(2) 
9222( 1) 
9521(2) 
8168(2) 
7198(3) 
7797(3) 
8512(3) 
8685(3) 
671q3) 
11209(l) 
10531(3) 
10169(3) 
10575(3) 
10235(3) 
11871(3) 
12242(2) 
11779(3) 
12072( 2) 
12929(3) 
1389q2) 

1.08(l) 
1.8(l) 
2.8(l) 
1.9(l) 
2.9(l) 
1.6(l) 
2.4(l) 
1.5(l) 
1.8(l) 
1.8(l) 
2.8(l) 
1.00(3) 
1.2(l) 
1.3(l) 
1.5(l) 
2.W) 
2.3(2) 
2.3(2) 
1.7(l) 
1.8(l) 
2.2(l) 
2.5(2) 
2.6(2) 
1.9(l) 
1.4(l) 
1.02(3) 
1.3(l) 
1.2(l) 
1.4(l) 
1.2(l) 
1.3(l) 
1.9(l) 
1.8(l) 
1.14(l) 
2.2(l) 
4.W) 
2.0( 1) 
3.2(l) 
1.8(l) 
2.6(l) 
1.9(l) 
2.9(l) 
2.0(l) 
3.00) 

’ Atoms numbered as shown in Fig. 1. b Beq = 4/3[a2B,, + b2E& + CZBs3 + nb cos(y&)+ 
UC cos( @B,,) + bc cos( d&)1. 

gen atoms are given in Table 4, and pertinent bond lengths and bond angles are 
given in Table 5. Tables of anisotropic thermal parameters, torsion angles, close 
intermolecular contacts, heavy atom-hydrogen bond lengths and structure factors 
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Table 5 

Important bond distances (A) and angles ( “) with e.s.d.s for II as labeled in Figure 1 

MO(~)-P(1) 
MO(~)-C(1) 
MO(~)-C(2) 
MO(~)-C(3) 
MO(~)-C(4) 
Ma(l)-C(5) 

C(1)-O(1) 
C(2)-O(2) 
C(3)-O(3) 
C(4)-O(4) 
C(5)-O(5) 
P(l)-0 

P(l)-C(6) 
P(l)-C(7) 

P(l)-Ma(l)-C(1) 
P(l)-Ma(l)-C(2) 
P(l)-Ma(l)-C(3) 
P(l)-Ma(l)-C(4) 
P(l)-Ma(l)-C(5) 
C(l)-MO(~)-C(2) 
C(l)-Ma(l)-C(3) 
C(l)-Ma(l)-C(4) 
C(l)-MO(~)-C(5) 
C(2)-Ma(l)-C(3) 
C(2)-Mdl)-C(4) 
C(2)-Ma(l)-C(5) 
C(3)-Ma(l)-C(4) 
C(3)-MO(~)-C(5) 
C(4)-Ma(l)-C(5) 
MO(~)-P(l)-0 
Ma(l)-P(l)-C(6) 
Ma(l)-P(l)-C(7) 
C(6)-P(l)-C(7) 
C(6)-P(l)-0 
C(7)-P(l)-0 
P(l)-O-P(2) 

2.484(l) 
2.023(3) 
2.073(3) 
2.046(3) 
2.028(3) 
2.056(3) 
1.142(4) 
1.135(4) 
1.137(4) 
1.148(4) 
1.141(4) 
1.645(2) 
1X22(3) 
1.820(3) 

175.5(l) 
88.0(l) 
91.3(l) 
95.2(l) 
90.7(l) 
87.8(l) 
90.1(l) 
89.2(l) 
88.1(l) 
90.9(l) 

176.0(l) 
92.5(l) 
86.6(l) 

176.1(l) 
90.0(l) 

119.2(l) 
121.1(l) 
114.1(l) 
100.2(l) 

99.9(l) 
98.5(l) 

149.3(l) 

Mo(2)kW) 
MO(~)-C(l’) 
MO(~)-C(2’) 
MO(~)-C(3’) 
MO(~)-C(4’) 
MO(~)-C(5’) 
C(l’)-O(1’) 
C(2’)-O(2’) 
C(3’)-O(3’) 
C(4’)-O(4’) 
C(S’)-O(5’) 
P(2)-0 

P(2)-0~7) 
P(2WW 
O(7)-C(20) 
O(S)-C(l8) 
C(lX)-C(19) 
C(19)-C(20) 
C(19)-C(21) 
C( 19)-C(22) 

P(2)-Mo(2)-C(l’) 
P(2)-Mo(2)-C(2’) 
P(2)-MO(~)-C(3’) 
P(2)-MO(~)-C(4’) 
P(2)-Mo(2)-C(5’) 
C(l’)-MO(~)-C(2’) 
C(l’)-MO(~)-C(3’) 
C(l’)-Mo(2)-C(4’) 
C(l’)-MO(~)-C(5’) 
C(2’)-MO(~)-C(3’) 
C(2’)-MO(~)-C(4’) 
C(2’)-Mo(2)-C(5 ‘) 
C(3’)-MO(~)-C(4’) 
C(3’)-MO(~)-C(5’) 
C(4’)-MO(~)-C(5’) 
MO(~)-P(2)-0 
MO(~)-P(2)-O(7) 
Mo(2)-P(2)-O(8) 
O(7)-P(2)-O(8) 
O(7)-P(2)-0 
O(8)-P(2)-0 
P(2)-O(7)-C(20) 
P(2)-0(8)-C(B) 
O(7)-C(20)-C(19) 
O(8)-C(18)-C(19) 
C(B)-C(19)-C(20) 
C(18)-C(19)-C(21) 
C(18)-C(19)-C(22) 
C(20)-C(19)-C(21) 
C(20)-C(19)-C(22) 

2.435(l) 
2.056(3) 
2.058(3) 
2.038(3) 
2.048(3) 
2.036(3) 
1.130(4) 
1 .I 39(4) 
1.138(4) 
1.137(4) 
1.140(4) 
1.614(2) 
l&00(2) 
1.600(2) 
1.460( 3) 
1.468(3) 
1.527(4) 
1.519(4) 
1.529(4) 
1.529(4) 

91.8(l) 
92.8(l) 
88.1(l) 
84.9(l) 

176.0(l) 
92.8(l) 

179.3(l) 
90.0( 1) 
89.3(l) 
88.7(l) 

177.7(l) 
91.0(l) 
90.7(l) 
90.8(l) 
91.3(l) 

115.2(l) 
110.2(l) 
119.1(l) 
103.8(l) 
101.9( 1) 
104.7(l) 
121.3(2) 
121.2(2) 
111.2(2) 
111.8(2) 
107.8(2) 
111.1(2) 
lOKl(2) 
111.5(2) 
107.5(?) 
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Fig. 2. A ball and stick model of the 5,5-dimethyl-1,3,2dioxaphosphorinane ring in (CO),Mo(p- 
Ph2POP(OCH2CMe2CH20))Mo(CO),, II. 

are available from the authors. An ORTEP drawing of the molecule is shown in Fig. 
1, and a ball and stick drawing of the phosphorinane ring is shown in Fig. 2. 

Results and discussion 

Syntheses 
The reactions used to prepare the dinuclear phosphinite-phosphorinane, II, and 

diphosphorinane, III, complexes are shown in eqs. 1 and 2. The first is similar to 
that reported for the 

Mo(CO),(R,PCl) + [Et,NH][Mo(CO),(P(OCH,CMe,CH,O)O)] + 

(CO),Mo( pR2POP(OCH2CMe2CH20))Mo(C0)5 (1) 

(II: R, = Ph,; III: R, = OCH,CMe,CH,O) 

Mo(CO),(P(OCH,CMe,CH,O)Br) + H,O + Et,N + 

[Et,NH][Mo(CO)5(P(OCH,CMe,CH,0)0)1 + (2) 
(CO)5Mo(~-P(OCH,CMe&H$)$~(OCH,CMqCH,0))Mo(CO)5 

synthesis of (C0)5Mo(~-Ph,POPPh,)Mo(CO),, I, [2]. This reaction gave a reasona- 
bly good yield of II (66%) but a poor yield of III (19%). The low yield of III may be 
explained as follows. The displacement of bromide from Mo(CO),(P(OCH,CMe,- 
CH,O)Br) is much slower than is the displacement of chloride from Mo(CO),- 
(Ph,PCl) [14]. Because phosphorinane complexes slowly decompose in solution, the 
longer reaction times necessary for the bromide displacement from Mo(CO),(P- 
(OCH,CMe,CH,O)Br) result in decomposition of the product and in lower yields 
of III. 

The formation of the III in the second reaction was unexpected. The hydrolysis 
of Mo(CO),(Ph,PCl) under the same conditions gives a nearly quantitative yield of 
[Et,NH][Mo(CO),(Ph,PO)] [2b]. The formation of the III during the hydrolysis of 
Mo(CO),(P(OCH,CMe,CH,O)Br) may be due to the slow rate of nucleophilic 
displacement of bromide from the complex [14]. This may allow the hydrolysis 
product. Mo(CO),(P(OCH,CMe2CH,0)0)-, to compete with water for the unre- 
acted Mo(CO),(P(OCH,CMe,CH,O)Br). 

The reaction used to prepare the dinuclear bis(aminophosphine) and 
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aminophosphine-aminophosphorinane complexes is shown in eq. 3. The products 

Mo(CO),(R,PNHCH,CH,NH,) f Mo(CO)5(Ph,PC1) --+ 

(CO),Mo(p-R,PNHCH,CH,NHPPh,)Mo(CO), (3) 

(IV: R, = Ph,; V: R, = OCH,CMe,CH,O) 

are moderately stable materials that can be purified by crystallization. However, 
upon standing either in solution or in the solid state, they slowly decompose. An 
attempt was made to prepare the dinuclear bis(aminophosphorinane) complex by 
using Mo(CO),(P(OCH,CMe,CH,O)Br) in place of Mo(CO),(Ph,PCl) in eq. 3. 
This reaction did not go to completion, as indicated by TLC, and none of the 
desired product could be isolated from the reaction mixture after the reaction had 
been allowed to run for long periods of time. The-failure of this reaction appears to 
be due to the same factors that result in the low yields of III. 

Spectroscopic characterizations 
The dinuclear complexes, I-V, have been characterized by 13C and 31P NMR 

spectroscopy and the NMR data are summarized in Tables 1 and 2. The chemical 
shifts of the 31P and carbonyl, phenyl and phosphorinane 13C NMR resonances of 
the dinuclear complexes are similar to those previously reported for mononuclear 
complexes of the types, Mo(CO),(R,PXR’) (R, = Ph,, OCH,CMe,CH,O; R’ = n- 
Pr, i-Pr, p-tolyl) [14a,22]. The 13C NHR resonances of the carbonyl groups shift 
downfield as the P-substituents are varied in the order Ph,PNHR > Ph,POR > 
P(OCH,CMe,CH,O)NHR z== P(OCH,CMe,CH,O)OR. This order is consistent with 
the relative electronegativities of the P-substituents and indicates that the Ph 2 PNHR 
is the best electron donor while the P(OCH,CMe,CH,O)OR group is the poorest 
electron donor [23]. 

The 13C NMR resonances observed for the 31P-coupled j3C nuclei in the 
(CO),Mo(p-PR,OPR’,)Mo(CO), complexes are quite different. Apparent quintets 
are observed for both the cis and tram carbonyl 13C resonances of the symmetric 
complexes (R2 = R;). When R, = R’2 = Ph,, I, the ipso, ortho and meta phenyl 13C 
NMR resonances are also apparent quintets while when R, = R; = 
OCH,CMe,CH,O, II, both the methylene and quaternary 13C NMR resonances of 
the phosphorinane are apparent quintets. In contrast, in the asymmetric complex 
(R, # R’,), III, the cis and trans carbonyl, the phenyl ipso, ortho and meta and the 
phosphorinane methylene and quaternary 13C NMR resonances are all doublets. 
These differences are due to the different spin systems in the complexes. In the 
symmetric complexes, the resonances of the P-coupled 13C nuclei are the A portions 
of an AXX’ spin system [24]. In the unsymmetrical complex, the resonances of the 
31P-coupled 13C nuclei are the A portions of AXY spin systems. A doublet, rather 
than a doublet of doublets is observed for the 13C resonances of the asymmetric 
complexes because the 13C nuclei are only coupled to one of the two 3’P nuclei. 
Comparison of the magnitudes of nJ(PC) + “t2J(P’C) and V(PC) for similar 
resonances in the two types of complexes suggests that one of the P-C coupling 
constants in the symmetric complexes is also close to zero. This does not affect the 
type of resonance observed for the 31P-coupled 13C nuclei in these complexes 
because an apparent quintet will be observed for the A portion of an AXX ’ spin 
system as long as significant X-X’ and A-X coupling occurs [24]. 
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X-ray crystal structure of (CO),Mo(p-Ph, POP(OCH2CMe,CH20))Mo(CO),, II 
Few complexes containing identical metal centers connected by a bis(P-donor) 

ligand with different P-donor sites have been structurally characterized. The struc- 
tures of these complexes are of interest because they allow the effects of the 
different P-donor centers on the bonding in the metal centers to be compared. 

The molecular structure of II is shown in Fig. 1. The ligand environments about 
each of the MO atoms are similar to those in other (CO),Mo(P-ligand) complexes 
and are best described as slightly distorted octahedra [25]. The dihedral angles 
between the equatorial planes for the donor atoms are 89.3, 89.4 and 89.1” for the 
Mo(CO),(Ph,PO-) group and 89.1, 89.7 and 88.4” for the Mo(CO),(P(OCH2CMe,- 
CH,O)O-) group. The average MO-C bond length of 2.048(3) A corresponds to a 
bond order of approximately 1.5 [26]. The MO-P bond lengths are similar to those 
in other complexes [27] and are shorter than those predicted from single bond 
covalent radii (neutral MO = 1.61 A [26], neutral P = 1.10 A [28]). This suggests that 
d,-d, MO-P bonding occurs in both of the MO carbonyl centers in II [27a]. 

The MO-C bond length for the CO ligand tram to the P-ligand in the 
Mo(CO),(Ph,PO-) group (2.023(3) A) is significant shorter than that in the 
Mo(CO),(P(OCH,CMe,CH,O)O-) group (2.036(3) A) while the MO-P bond length 
in the Mo(CO),(Ph,PO-) group (2.484(l) A) is significant longer than that in the 
Mo(CO),P(OCH,CMqCH,O)O-) group (2.435(l) A). These results indicate that 
the Ph,PO- group is a poorer ?r-acceptor than is the P(OCH,CMe,CH,O)O- 
group consistent with the NMR results. 

The geometry of the P-O-P bridging group in II closely resembles that observed 
in other complexes containing two metal centers bridged by a single R,POPR, 
ligand. The P(l)-O-P(2) angle of 149.3(l)” is quite similar to those reported for 
(CO),Mo(p-Ph2POPPh,)Fe(CO), (146.4(2)“) [2d] and ($-C,H,)(CO),Mn(p- 
Ph,POPPh,)Mn(CO),($-C,H,) (142”) [2e]. The P-O distance for the Ph,PO- 
group (P(l)-0 = 1.645(2) .A) is identical to that reported for (CO),Mo+ 
Ph,POPPh,)Fe(CO), (P-O = 1.641(3) A) while the P-O distance for the 
P(OCH,CMe,CH,O)O- group (P(2)-6) = l-614(2) A) is close to that reported for 
K,[Pt,(p-O,POPO,),MeI] (1.602(5) A) [3c]. 

An interesting aspect of the structure of II is the conformation of the phos- 
phorinane ring, shown in Fig. 2. The ring is somewhat flattened about the P(OC-), 
group because the P-O-C ring angles (P(2)-O(7)-C(20) = 121.3(2)” and 
P(2)-O(8)-C(18) = 121.2(2)’ are larger than the tetrahedral angle while the O-P-O 
angle (O(7)-P(2)-O(8) = 103.8(1)O) is smaller. The Mo(CO), group occupies an 
equatorial position while the OPPh,Mo(CO), group occupies an axial position. The 
conformation of the phosphorinane ring in II is similar to that reported for the 
phosphorinane ring in cis-Mo(CO),(P(OCHMeCH,CHMeO)OMe), [29]. Occupa- 
tion of the equatorial position by the Mo(CO), group in II is consistent with 
previous ‘H NMR spectroscopic studies of Mo(CO),(P(OCH,CMe&H,O)X) (X = 
alkyl, aryl, alkoxy, alkylthio, amino) complexes [30]. This, together with the similar 
‘H NMR spectra of Mo(CO),(P(OCH,CMe,CH,O)Br), [Et,NH][Mo(CO),(P- 
(OCH,CMe,CH,O)O)] and II, suggests that the phosphorinane ring conformation 
remains invariant during the hydrolysis of Mo(CO),(P(OCH,CMe,CH,O)Br) and 
the formation of II. 
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Conclusions 

The reactions of coordinated P-ligands provide a facile means for the preparation 
of unusual bimetallic complexes with unsymmetrical, bridging bis(P-donor) ligands. 
The 13C NMR spectra of the complexes with R,POPR; bridging ligands vary 
dramatically as the P-substituents are varied due to changes in the NMR spin 
systems in the complexes. The 13C NMR spectra and the X-ray molecular structure 
of II indicate that the P(OCH,CMe,CH,O) group is a poorer electron donor (better 
electron acceptor) than is the PPh, group. This is as expected based upon the 
electronegativities of the P substituents. The X-ray crystal structure of II also 
indicates that the conformation of the P(OCH,CMe,CH,O) ring is similar to that 
proposed for other Mo(CO),(P(OCH,CMe,CH,O)R) complexes. The conformation 
of the ring appears to remain invariant during the 2-step synthesis of II from 
Mo(CO),(P(OCH,CMe,CH,O)Br). 
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