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Abstract 

The room temperature reaction of [('o5-CsHs)W(CO)3(PPh2)] with [Mn(CO)5] in tetrahydrofuran (THF) followed by protonation 
with H3PO 4 gives [(r/5-CsHs)(OC)2W( N-H){/Z-PPh2)Mn(CO)a] 1 as the major product. Among the identified minor products from this 
reaction are [Mn2(CO)9(PPh2H)] 2a, [Mn2(CO)9(PPh2PPh2) ] 2b, [Mn2(/Z-H)(/Z-PPh2)(CO)s] 2c, and [Mn2(/Z-PPh2)2(CO) 8] 2d. 13CO 
reacts with complex 1 substituting both the manganese and tungsten carbonyl groups. In contrast, other two-electron donor ligands, L, 
only substitute the manganese carbonyl groups to give the substituted products [(@-CsHs)(OC)2W(/z-H){/z-PPhz)Mn(CO)3L] (L = 
P(OMe) 3 3a, PMe2Ph 3b. PMePh 2 3e, PPh 2 H 3d), [(r/5-CsH5)(OC)2W(/z-H)(/z-PPh2)Mn(CO) 2 L 2] (L = P(OMe) 3 4a or PMe2Ph 4b). 
In the case of the photolytic reaction of 1 with the diphosphine, dppm (dppm = Ph2PCH2PPh2), two products are obtained, one in which 
the l igand is chelated to the manganese centre, [(r/S-C s H s)(OC)2W(/z-HX/Z-PPh 2 )Mn(CO)2(dppm)] 5. and the other in which the ligand 
bridges the tungsten manganese centres, [(@-CsHs)(OC)W(/z-H)(/z-PPh 2 )(/z-dppm)Mn(CO) 3] 6. Conversion of complex 5 to 6 can be 
achieved by prolonged UV irradiation of 5. A single crystal X-ray diffraction study for [('05-CsHs)(OC)2W(/Z-H)(/x-PPh2)Mn(CO) 4] 1 
is presented. 
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1. Introduction 

Studies on the reactivity of heterodinuclear transition 
metal complexes containing bridging hydride ligands 
still remain relatively scarce [1,2]. This can be attributed 
in part to the fact that many such species can only be 
prepared in low yields. 

Homodinuclear transition metal complexes possess- 
ing bridging phosphido and hydrido ligands have often 
been synthesised by the oxidative addition of a sec- 
ondary phosphine (PR2H) to an unbridged carbonyl 
complex [3A]. As a synthetic strategy for heterodinu- 
clear complexes the preparation of [(r/5-CsHs)(OC)2 - 
M o ( / Z - H ) ( / Z - P P h 2 ) M n ( C O ) 4 ]  from [( 'oS-CsH5 )- 
(OC) 3 MoMn(CO) s ] and PPh 2 H provides an example of  
a successful application of the method [5,6]. We have 
found in our initial studies, however, that photolysis or 
thermolysis of [(r /5-CsHs)(OC)3WMn(CO)s]  with 
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PPh2H afforded only trace amounts of the tungsten 
analogue [(r/5-C 5 H 5)(OC)2W(/Z-H)(/Z-PPh 2 )Mn(CO)4 ] 
1. 

Geoffroy and coworkers have shown that the reaction 
of [Mn(CO)sH] with [(rtS-C5Hs)Fe(CO)2(PPh2)] gives 
the complex [ ( r /5-CsHs)(OC)Fe( /z-H)( / , -PPh2)Mn- 
(CO) 4] in moderate yield [7]. In this paper we report the 
synthesis of [(r/5-CsHs)(OC)2W( p.-H)(/Z-PPh2)Mn- 
(CO) 4] 1 by a similar route, namely reaction of the 
anion [Mn(CO)5]- with [(r/5-CsHs)W(CO)3(PPh2)] fol- 
lowed by protonation with H3PO 4 (Scheme 1). The 
fluxional behaviour of 1 and its reactivity towards some 
two-electron donor ligands have been investigated. 

2. Results and discussion 

2. I. Preparation of the complex [(7 5_ C, H~ )(OC) 2 W(/Z- 
H)( /Z-PPh: )Mn(CO) 4 ] 1 

The use of a method analogous to that reported for 
the formation of [ (@-CsHs)(OC)xMo(/z-H)( /z-PPh2)-  
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Scheme 1. Synthetic pathway for the preparation of [(-q 5_C 5 H 5 )(OC) 2W(/x-H)(/X-PPh 2 )M n(CO)4 ] 1. 

Mn(CO) 4] [5,6], namely the oxidative addition of PPh: H 
to [(r/5-CsH3)(OC)3WMn(CO)5] gave [(r/5-CsHs)- 
(OC)2W(/Z-H)(/Z-PPhz)Mn(CO)4] 1 in only very low 
yield. The room temperature reaction of [(r/5- 
CsHs)W(CO)~(PPh2)] [8] with [Mn(CO)5]- [9] fol- 
lowed by protonation with H3PO4, however, afforded a 
mixture of products with [(r/5-CsHs)(OC)2W(/Z-H)(/z- 
PPhz)Mn(CO) 4] 1 (ca. 10%) as the major component. 
Scheme 1 shows the synthetic pathway for the prepara- 
tion of 1. The existence of an anionic precursor such as 
[(r/5-CsHs)(OC)2W(/Z-PPhe)Mn(CO)4]- Z is implied 
as complex 1 was only isolated upon addition of acid to 
the reaction mixture. Many of the side-products result- 
ing from this reaction were not characterised owing to 
their air-sensitive nature, although a number of diman- 
ganese complexes, [Mn 2(CO)9(PPh 2 H)] 2a [ 10], [Mn z- 

(CO)9(PPhzPPh2)] 2b, [Mn2(/z-H)(/z-PPh2)(CO)8] 2c 
[4,11] and [Mn~(/z-PPh2)2(CO)8] 2d [12], were iso- 
lated. Both the new complexes 1 and 2b have been 
characterised spectroscopically (see Table 1 and Section 
4) and, in addition, a single crystal X-ray diffraction 
study has been performed for 1. 

The variety of products suggests that there are nu- 
merous reactions occurring in parallel in the reaction 
pot. Scheme 2 shows some possible pathways from the 
proposed anionic precursor complex Z which are capa- 
ble of accounting for the formation of the dimanganese 
side-products. 

2.1.1. Characterisation and fluxional behaviour of 1 
The isotopic distribution pattern for 1 obtained for 

the parent molecular ion seen in the electron impact (EI) 
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Scheme 2. Some possible routes to [(r/5-CsHs)(OC)zW(/x-H)(/x-PPh2)Mn(CO)4] 1 and the homodimetallic complexes [Mn2(CO)9(PPh2H) ] 2a, 
[Mn2(CO)9(P2Ph4)] 2b, [Mn2(/x-H)(/x-PPh2)(CO)8] 2e and [Mn2(/x-PPh2)2(CO)8] 2d. 



Table 1 
IR, ]H NMR and 3Jp NMR data for the new complexes 

Compound 

1 

2b 

3 a  

3b 

3c 

3d 

v(CO) (cm ')  a 

2072m, 2001m, 1977s, 1961s 1890m 

2090w, 2011w, 1996s, 1973w, 1940w 

2033m, 1956s, 1952sh, 1933s, 1873s 

2020w, 1947s, 1934s, 1916s, 1871s 

2022w, 1946s, 1936s, 1918m, 1871m 

2026w, 1949s, 1940s, 1923m, 1874m 

4 a  

4b 

1994w, 1939s, 1908s, 1859s 

1963w, 1931s, 1873s, 1853m 

1945sh, 1923s, 1871m, 1853m 

6 1938s, 1934sh, 1873s 

tH NMR (6) ~ 

7.4-7.2 (m, 10H, Ph), 5.12 (s, 5H, Cp), - 15.35 (d, 2j(PH) 27.3, Ij(WH) 41.9, 
IH, /z-H) 
7.8-6.9 (m, 20H, Ph) 

8.0 6.9 (m, 10H, Ph), 5.08 (s, 5H, Cp), 3.82 (d, 3j(PH) I 1.5, 9H, OMe), 
- 15.8 (dd, 2j(PH) 27.0, 27.0, tj(WH) 44.4, IH, /z-H) 
7.9-6.9 (m, 15H, Ph), 4.66 (s, 5H, Cp), 2.04 (d, 2j(PH) 8.0, 6H, PMe2Ph), 
- 15.98 (dd, 2J(PH) 25.5, 25.5, ~J(WH) 46.7, 1H, /z-H) 
8.0-6.9 (m, 20H, Ph), 4.63 (s, 5H, Cp), 2.29 (d, 2J(PH) 7.5, 3H, PMePh2), 
- 15.90 (dd, 2j(PH) 28.0, 22.5, IH, tz-lt) 
Major (95%): 7.9-6.9 (m, 20H, Ph), 5.79 (d, IJ(PH) 334.5, IH, PPh 2 H), 
4.64 (s, 5H, Cp), - 15.82 (dd, 2J(PH) 26.2, 26.2, IH,/z-H). Minor (5%): 4.62 (Cp) 

8.0-6.9 (m, 10H, Ph), 4.97 (s, 5H, Cp), 3.82 (d, 3j(PH) 11.0, 9H, OMe), 
3.39 (d, 3j(PH) 10.9, 9H, OMe), - 16.55 (ddd, 2j(PH) 32.4, 26.7, 14.7, IH, /z-II) 
8.1-6.9 (m, 20H, Ph), 4.45 (s, 511, Cp), 1.70 (s, br, 6H, PMe2Ph), 
1.56 (d, 2j(PH) 6.4, 6H, PMe2Ph), - 17.70 (ddd, 2j(PH) 29.7, 29.7, 14.7, IH,/z-H) 

8.1 6 .5  ( m ,  3 0 H ,  Ph), 4 . 8 0  ( s ,  5 H ,  C p ) ,  4 . 5 5  ( m ,  2H, CH2), 
- 12.50 (ddd, 2j(PH) 36.6, 19.5, 15.1, 1H,/z-H) 

7.9 6.9 (m, 30H, Ph), 4.77 (s, 5H, Cp), 4.25 (m, IH, CH2), 3.40 (m, IH, CH2), 
- 11.30 (ddd, 2j(PH) 40.1, 1H, /z-H) 

31pNMR (6)c  

-21 .2  (s, ~J(WP)226.8, /Z-PPh 2) 

.< 
-76 .2  (d, JJ(PP) 350.7, Mn-  PPh2), 
- 144.6 (d, Mn-PPh 2 P Ph 2 ) 
- 15.2 (s, /Z-PPh2), 
47.3 (s, br, P(OMe)~) 

,-,,. 
- 11.47 (s, /z-PPh2), -,, 
- 107.6 (s, PMe2Ph) 
- 9 . 6  (s, /Z-PPh2), 
-92 .9  (s, PMePh 2) 
Major (95%): - 8.7 (s, /Z-PPh2), '~  
-94 .5  (s, PPh2H). 
Minor (5%): 4.3 (d, 2j(pp) 61.0, /Z-PPh2), 
-115.5(d,  PPh2H) 
51.3 (m, P(OMe) 0, 47.2 (m, P(OMe) 0, 
- 17.0 (d, 2J(PP)30.8, /Z-PPh 2) - ~ 
- 16.6 (s, /Z-PPh2), 
- 102.1 (s, PMe2Ph), ~ z- 
- 102.5 (s, PMe2Ph) ~. 
- 7.5 (m, /Z-PPh2), - 101.1 (d, 2j(PP)dppm ,~. 
37.9, dppm(cis ~Z-P)), 

2 t,,.a 
- 129.6(dd, J(P~,-P~,,~) 
39.3, dppm(trans/z-P)) a ,~ 
-51 .6  (m, ~J(WP) 171.4, /z-PPh2), 
-61 .2  (dd, 40.1, 16.2, 2J(PP)dppm 133.4, 
2J(P -Pvans) 24.2, dppm( trans ~z-P)), ~1 
- 112.5 (d, I j(WP) 178.5, dppm(cis/z-P)) d ,~ 

4~ 

a Recorded in n-hexane solution. 
t, ~H chemical shifts (6 ppm) relative to SiMe 4 (0.0ppm), coupling constants (J Hz) in CDCI 3 at 293 K. 
c 3~p chemical shifts (6 ppm) relative to external P(OMe)~ (0.0ppm) (upfield shifts negative), {tH}-gated decoupled, measured in CDC13 at 293 K. 

Recorded at 250K. 
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mass spectrum is indicative of a W - M n  species. The 
peak of maximum intensity in the molecular ion multi- 
plet (M += 658) corresponds to 184W55Mn and there 
are fragment ions due to the loss of nCO (n = 1-4). 
The IR spectrum of 1 in hexane shows five carbonyl 
absorption bands, the two bands of lower frequency 
being attributed to tungsten carbonyls by comparison 
with [(~5-C5H5)2W2(/x-H)(/x-PPh2)(CO)4] [13] and the 
three at higher frequency to manganese carbonyls by 
analogy with [Mn 2(/x-H)(/x-PPh 2)(CO)8 ] [ 11 ]. 

The 1H NMR spectrum of 1 at 293K shows broad 
resonances in the phenyl region and a sharp singlet due 
to the c~clopentadienyl ligand. In addition, a doublet 
(with ~8W satellites) is seen in the hydride region 
(3 -15 .35  2J(PH) 27.3, IJ(WH) 41.9Hz). The values 
of the coupling constants 2j(PH) and ~J(WH) are within 
the range reported for related complexes [2,14,15]. The 
3~P-{~H} NMR spectrum for 1 consists of one peak at 
6 - 2 1 . 2  (relative to P(OMe) 3 (0.0ppm)), slightly 
broadened due to the 55Mn quadrupolar nucleus, with 
~g3W satellites (~J(WP) 226.8 Hz). 

The ~3C-{~H} NMR spectrum of an unenriched sam- 
ple of 1 at 293K (Fig. l(a)) reveals only three reso- 
nances (6 217.8, 216.5, 210.0) in the carbonyl region, 
corresponding to the manganese carbonyls alone. The 
downfield tungsten carbonyl signals are very broad in 
this spectrum at this temperature but can be identified 

• . - | 3 ~  when 1 is enriched w~th CO (see Fig. l(b) and below). 

In the phenyl region peaks due to the ipso-, ortho-, 
para- and meta-carbon atoms of the two equivalent 
phenyl groups are visible at 293 K. When the spectrum 
of 1 is recorded at 225K (Fig. l(c)) well defined 
resonances for all six terminal carbonyl groups are 
observed, and the peaks due to the tungsten carbonyls 
can be assigned on the basis of the similarity in chemi- 
cal shifts to those of the CO groups in [(@- 
CsHs)(OC)2W(/x-PPh2)Mo(CO) 5] [16]. The carbonyl 
resonance most downfield is a sharp doublet (2J(PC) 
20.7 Hz) and is thus assigned to the W - C O  cisoid to the 
phosphido bridge [17]. The singlet resonance immedi- 
ately upfield of this doublet is identified as due to the 
other W-CO,  transoid to the phosphido bridge. All four 
manganese carbonyl resonances are resolved at 225 K 
and are upfield of the tungsten carbonyl peaks, all 
exhibiting characteristic quadrupolar broadening. At this 
temperature, the phenyl resonances become inequivalent 
and two sets of doublets are seen for the P-Cipso and 
ortho-Ph carbon atoms of the two phenyl groups. One 
para-Ph resonance is seen as a singlet, the other being 
obscured by one of the meta-Ph resonances. The final 
meta-Ph resonance is seen as a doublet. 

Similar variable-temperature 13C NMR spectra have 
been observed previously for [(@-CsHs)(OC)2Mo(/x- 
AsMe)2Fe(CO)41 [18], [(rtS-CsHs)2Mo2(/x-H)(/x- 
PPhR)(CO) 4] [19] and [(@-CsHs)(OC)2Mo(/X-H)(/X- 
PPh z)Mn(CO) 4] [5,61. In these cases a fluxional process 

t 
2~,0 

(a) 293 K (natural L~C a b t m d a n c e ' ~  

I ~ I t I I I t I i I 1 
~ 0  22o 2~0 zoo 190 1so PPM 170 160 150 1¢0 131~ ",20 

I 
240 

I I t 
23o 22o P P M  2~0 

(c) 2*?..5 K (natural t 3 C a b u a d a n c e )  

20o I ~ i as PPM 
t 

Fig. 1. t3C-{I H} NMR spectra for samples of 1 in CDCI~ recorded at (a) 293 K (natural abundance), (b) 293 K (13CO enriched) and (c) 225 K. 
Only the carbonyl and phenyl regions are shown. 
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Scheme 3. Proposed fluxional process to explain the temperature variation of the ~C NMR spectra of complex [(@-CsHs)(OC)2W(/x-H)(/x- 
PPh2)Mn(CO) 4] 1. 

involving a change in geometry around the Group 6 
metal centre from square pyramidal to trigonal bipyra- 
midal and back to square pyramidal has been postulated 
to account for the merging at higher temperatures of the 
signals for the tungsten carbonyls, two of the man- 
ganese carbonyls and the phenyl groups. In 1 a similar 
process is envisaged, in which enantiomer M is con- 
vened to enantiomer N with consequent interconversion 
of C O l / C O  2, CO6/CO 3 and P h l / P h  z (Scheme 3). 
Although complete coalescence of the tungsten car- 
bonyls was not observed at 293 K, the broadness of the 
signals is consistent with the onset of rapid interconver- 
sion. 

The molecular structure of complex [(r/5-CsHs) - 
(OC)2W(/X-H)(/x-PPh2)Mn(CO) 4] 1 has been deter- 
mined by a single crystal X-ray diffraction study. The 
structure is depicted in Fig. 2; Table 2 lists selected 
bond distances and angles, and atomic coordinates are 
given in Table 3. 

The coordination of the ligands around the W and 
Mn is approximately square pyramidal and octahedral 

respectively, and is essentially identical to that in the 
related complex  [ ( r / 5 - C s H s ) ( O C ) 2 M o ( / x - H ) ( / x -  
PPhz)Mn(CO) 4] [2]. Although the bridging hydride was 
not located, it is thought to lie in the WMnP plane on 
the opposite side of the W - M n  vector from the phos- 
phido bridge, as in the homometallic complexes, 
[Mn2(/x-H)(/X-PPh2)(CO)8] [4,11] and [(T/5-CsHs)2 - 
Mo2(/X-H)(/X-PMe 2)(CO) 4 ] [20]. 

The W - M n  bond distance (3.087(3),~) is slightly 
shorter than the W - M n  bond length (3.16,~) in the 
unbridged complex [(r/5-CsHs)(OC)3WMn(CO)5] [21] 
but longer than two other known W - M n  distances of 
2.9939(8) and 2.696(1),~. in [(OC)4W{(/x-C(CO 2- 
Me)}Mn(CO)z(-r/5-CsHs)] [22] and [ (~5-CsHs)-  
(OC)~W{/x-C(p-tol)C(O)Me}Mn(CO)~] [23] respec- 
tively. The tungsten-phosphorus distance (2.419(3),~) 
in 1 is slightly shorter than the corresponding value 
(2.435(1),~) for the molybdenum-phosphorus distance 
in [(@-C 5 H 5 )(OC): Mo(/x-H)(/X-PPh 2)Mn(CO) 4] [2]. 
The remaining structural parameters do not deviate 
significantly from those in the MnMo analogue [2]. 

Fig. 2. Molecular structure of [(@-CsHsXOC)2W(/x-HX/x- 
PPh2)Mn(CO)4] 1 including the atom numbering scheme. 

2.1.2. Characterisation o f  [Mn 2 (CO) 9 (PPh 2 PPh 2 )] 2b 
The EI mass spectrum of 2b shows parent peaks at 

676 (the molecular ion peak being calculated as 732) 

Table 2 
Selected bond lengths (~.) and angles 
CsHsXOC)zW(/x-H)(/x-PPh2)Mn(CO) 4] 1 

(deg) for [(7/5- 

Bond distance 
Mn( 1 )-W( 1 ) 3.(/87(31 
Mn(1) C(20) 1.895(24) 
Mn( 1 )-C(21 ) 1.831(221 
Mn( 1 )-C(18) 1.840(21 ) 
W( 1 )-C(22) 1.913(17) 
W(I)-P(I) 2.419(3) 
W( 1 )-C( l 4) 2.290(17) 
W( l )-C(16) 2.408(21 ) 
Bond angle 
Mn(I)-P(1)-W(I) 82.0(lt 
P(l) W(I)-Mn(I) 47.2(11 
C(l) P(l) C(71 101.5(71 
P(I) Mn(l) W(1) 50.9(1t 

range O-C Mn(1) 
rangeO-C W(I) 

P(1) C(71 1.813(16) 
P( 1 )- C( 1 ) 1.857(17) 
Mn( 1 )-C( l 9) 1.786(18) 
Mn( 1 ) P( 1 ) 2.286(5) 
W(1) C(23) 1.963(191 
W(1) C(131 2.293(16) 
W(1) C(15) 2.328(17) 
W( 1 )-C(17) 2.369(211 

C(231-W(1 ) P(I) 80.7(5) 
C(l) P(I)-W(I) 116.8(5) 
C(7)-P(1) Mn(l) 116.0(6) 

174.8(22) 177.2(19) 
177.4( 14)- 177.5(15) 
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Table 3 
Atomic coordinates 
PPh2)Mn(CO) 4 ] l 

for complex [('oS-CsHsXOC)2W(/z-HX/x- 

x y z 

Wl 0.2160 0.1221 0.3279 
0.0000 0.0000 0.0000 

Mn 1 0.1203 0.2423 0.2923 
0.0001 0.0002 0.0002 

P1 0.1417 0.1334 0.1925 
0.0001 0.0003 0.0003 

C1 0.1026 0.0259 0.1620 
0.0006 0.0012 0.0010 

C2 0.1247 - 0.0562 0.1519 
0.0007 0.0012 0.0011 

H2 0.1643 - 0.0578 0.1597 
0.0007 0.0012 0.0011 

C3 0.0967 -0.1409 0.1311 
0.0008 0.0012 0.0013 

H3 0.1153 -0.2069 0.1267 
0.0008 0.0012 0.0013 

C4 0.0466 -0.1385 0.1168 
0.0007 0.0012 0.0014 

H4 0.0246 - 0.2017 0.0969 
0.0007 0.0012 0.0014 

C5 0.0240 - 0.0537 0.1281 
0.0006 0.0013 0.0013 

H5 - 0.0158 - 0.0520 0.1183 
0.0006 0.0013 0.0013 

C6 0.0509 0.0275 0.1514 
0.0005 0.0012 0.0012 

H6 0.0326 0.0923 0.1616 
0.0005 0.0012 0.0012 

C7 0.1421 0.1748 0.0723 
0.0006 0.0012 0.0010 

C8 0.1021 0.1567 -0.0102 
0.0006 0.0012 0.0011 

H8 0.0716 0.1135 -0.0019 
0.0006 0.0012 0.0011 

C9 0.1003 0.1913 - 0.0996 
0.0008 0.0016 0.0013 

H9 0.0696 0.1734 -0.1618 
0.0008 0.0016 0.0013 

C10 0.1404 0.2531 -0.1114 
0.0007 0.0015 0.0012 

HI0 0.1387 0.2841 -0.1814 
0.0007 0.0015 0.0012 

C11 0.1807 0.2713 -0.0310 
0.0007 0.0015 0.0014 

HI 1 0.2114 0.3144 -0.0383 
0.0007 0.0015 0.0014 

C12 0.1808 0.2328 0.0594 
0.0006 0.0013 0.0012 

H12 0.2117 0.2483 0.1219 
0.0006 0.0013 0.0012 

C13 0.2343 - 0.0302 0.3790 
0.0008 0.0012 0.0012 

H13 0.2382 - 0.0819 0.3258 
0.0008 0.0012 0.0012 

C14 0.2722 0.0269 0.4331 
0.0007 0.0014 0.0012 

H l 4 0.3106 0.0250 0.4304 
0.0007 0.0014 0.0012 

C15 0.2535 0.0864 0.4909 
0.0008 0.0015 0.0013 

HI5 0.2738 0.[416 0.5372 
0.0003 0.0015 0.0013 

Table 3 (continued) 

x y z 

C 16 0.2052 0.0633 0.4794 
0.0008 0.0017 0.0013 

H16 0.1810 0.0938 0.5189 
0.0008 0.0017 0.0013 

CI 7 0.1909 - 0.0105 0.4040 
0.0008 0.0014 0.0013 

H 17 0.1546 - 0.0420 0.3749 
0.0008 0.0014 0.0013 

C 18 0.0936 0.1468 0.3494 
0.0007 0.0014 0.0013 

C 19 0.0603 0.2690 0.2130 
0.0007 0.0013 0.0014 

C20 0.1503 0.3426 0.2409 
0.0009 0.0015 0.0016 

C21 0.1174 0.3197 0.3934 
0.0007 0.0017 0.0014 

C22 0.2558 0.2314 0.3257 
0.0006 0.0012 0.0012 

C23 0.2453 0.0942 0.2204 
0.0007 0.0011 0.0012 

O 18 0.0755 0.0892 0.3869 
0.0006 0.0011 0.0010 

O19 0.0228 0.2841 0.1580 
0.0006 0.0012 0.0012 

020 0.1660 0.4045 0.2122 
0.0007 0.0012 0.0013 

021 0.1139 0.3623 0.4589 
0.0008 0.0014 0.0014 

022 0.2821 0.2970 0.3251 
0.0005 0.0010 0.0012 

023 0.2642 0.0793 0.1594 
0.0005 0.0010 0.0009 

w h i c h  c o r r e s p o n d s  to a s t ruc ture  w h i c h  has two  car-  

b o n y l s  less  than  the p r o p o s e d  pa ren t  c o m p o u n d .  

In the 31P-{IH} N M R  s p e c t r u m  o f  2b ,  doub le t s  are  

o b s e r v e d  at 6 - 7 6 . 2  ( i j ( p p )  3 0 5 . 7 H z )  and 6 - 144.6. 

A c o u p l i n g  cons t an t  o f  3 0 5 . 7 H z  is ind ica t ive  o f  a 

d i rec t ly  b o n d e d  p h o s p h o r u s - p h o s p h o r u s  c o u p l i n g  [24]. 

F i v e  bands  are  seen  in the Uco ( h e x a n e )  r eg ion  o f  the 

IR  s p e c t r u m  o f  2b ,  w h i c h  is cons i s t en t  wi th  the pres-  

e n c e  o f  an ax ia l ly  subs t i tu ted  PzPh4  g roup  [25]. S u c h  

axial  subs t i tu t ion  is no t  u n e x p e c t e d  in v i e w  o f  the s ter ic  

bu lk  o f  the P2Ph4 group .  

2.2. React ions  o f  [ (r lS-C5Hs)(OC)2W(lx-H)( tx  - 
PPh 2 )Mn(CO) 4 ] 1 with phosphines, phosphite and 13 C 0  

In o rde r  to ascer ta in  w h e t h e r  1 reacts  wi th  t w o - e l e c -  

tron d o n o r  l igands  in a s i t e - se l ec t ive  manne r ,  and 

w h e t h e r  it f o r m s  add i t ion  or  subs t i tu t ion  p roduc t s ,  s tud- 

ies w e r e  car r ied  out  o f  its r eac t ions  wi th  t3CO, P ( O M e )  3 

and a va r i e ty  o f  p h o s p h i n e s  ( P M e z P h ,  P M e P h  2, P P h 2 H  

and the d iphosph ine ,  dppm) .  

2.2.1. Reaction o f  l with ~3C0 
A so lu t ion  o f  1 in t o luene  was  st i rred unde r  an 

a t m o s p h e r e  o f  13CO at 3 3 3 K  for  4 8 h .  T h e  mass  spec-  



M.J. Mays et al . /  Journal of Organometallic Chemistry 528 (1997) 123-134 129 

trum, 'H, 31P-{'H} and J3C-{IH} NMR spectra of the 
product are consistent with 1 having undergone a substi- 
nation reaction with ~3CO under these conditions. A 
comparison of the 13C-{l H} NMR spectra at 293 K for a 
sample of 1 containing 13CO in natural abundance with 
that for a UCO-labelled sample indicates that substitu- 
tion of the CO groups on both the manganese and 
tungsten atoms has taken place (Fig. l(a) and Fig. l(b)). 
The reaction of CO with the related phosphido-bridged 
complex [('05_C 5 H 5 )(OC) 2W(/x-PPh 2 )M°(CO)5 ] gives 
the addition product [('05-CsHs)(OC)3W(/~-PPh2)- 
Mo(CO) 5] in which a metal-metal bond has been 
cleaved [16], but in the reaction of CO with complex 1 
the metal-metal interaction is maintained. 

2.2.2. Reaction o f  I with P(OMe) 3 , PMe 2 Ph, PMePh 2 

and dppm 
The reaction of 1 under UV irradiation in toluene- 

hexane solutions with P(OMe) 3, PMe2Ph, PMePh 2 and 
dppm, and under thermolysis in toluene with PPh2H, 
affords substitution products of general formula [('05- 
CsH5)(OC)2W( p~-H)(/z-PPh2)Mn(CO)3L] (L = 

P(OMe) 3 3a, PMe2Ph 3b, PMePh 2 3e, PPh2H 3d), 
[('05-CsHs)(OC)2W(/z-H)(/z-PPh2)Mn(CO)2L2] (L = 

P(OMe) 3 4a, PMe2Ph 4b; L 2 = dppm-PP' 5) and [('05_ 
CsHs)(OC)W(/~-H)(/z-PPh2)(/x-dppm)Mn(CO) 3] 6. 
All the complexes 3 -6  have been characterised on the 

basis of mass spectrometry, micro-analysis, IR and ~H 
and 31p NMR spectroscopy (see Table 1 and Section 4). 
In addition, some of the complexes have been charac- 
terised by 13C NMR spectroscopy (see Table 1 and 
Section 4). 

The ),co (hexane) region of the IR spectra of com- 
plexes 3b -d  show five absorptions, while that for 3a 
shows four absorptions and a shoulder, consistent in 
each case with mono-substitution having taken place. In 
the case of 3a a 13C-{~H} NMR spectrum recorded at 
240 K shows two sharp downfield resonances (6 233.3, 
224.9) assigned to the W-CO groups on the basis of a 
lack of quadrupolar broadening. The remaining three 
higher field 13CO resonances (6 220.8, 213.5, 208.5) 
are 55 Mn quadrupole broadened and are assigned to the 
three Mn-CO groups. 

The ~H NMR spectra of 3a -d  show the bridging 
hydride to be coupled to the two phosphorus nuclei, 
with 2j(PH) values ranging from 22.5-27.0 Hz. In some 
cases 183W satellites are also observed. The 2j(PH) 
values are indicative of the hydride being cis to both the 
phosphido bridge and to the terminal phosphorus ligand, 
since the value of a cis 2j(PH) coupling across a 
manganese centre is usually between 20 and 50Hz, 
whereas that of a trans 2j(PH) is generally around 
150Hz [26]. 

The 31P-{IH} NMR data for complexes 3a-c  indicate 
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Fig. 3. Proposed structures for the substituted derivatives 3, 4, 5 and 6 of [(rttCsHs)(OC)2W( ~-H)(/x-PPh 2)Mn(CO) 4] 1. 
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the presence of only one isomer, whereas for 3d two 
isomers are present in a ratio of 95:5. There are no 
resolved phosphorus-phosphorus couplings for 3a-c  or 
for the major isomer of 3d. However, the minor isomer 
of 3d clearly shows such a coupling (2j(pp) 61.0Hz). 
This suggests that the phosphido bridge and the terminal 
phosphine ligands are positioned mutually trans in the 
minor isomer of 3d but cis in all other cases. There are 
then two possible geometries, A and B (Fig. 3), for 
complexes 3a-c  and 3d (major isomer). Although the 
data do not permit a distinction to be made between 
these geometries, the steric restrictions imposed by the 
cyclopentadienyl group would be minimised in the case 
of B. Structure C (Fig. 3) is suggested for 3d (minor 
isomer) as this is the only possible structure with the 
phosphine group cis to the bridging hydride and trans to 
the bridging phosphido group. 

The IR spectra of complexes 4a, 4b and 5 are 
consistent with disubstitution having occurred, with four 
absorptions being seen in the Vco (hexane) region for 
4a and 4b and three absorptions and a shoulder for 5. 
The carbonyl regions of the 13C-{IH} NMR spectra of 
complexes 4a and 5 confirm that disubstitution has 
taken place and, in addition, indicate that it has occurred 
specifically at the manganese centre. Two downfield 
resonances in each spectrum can be assigned to the 
tungsten carbonyl groups, both on account of their 
relatively sharp nature and by comparison of their 
chemical shifts with those for the corresponding CO 
resonances in the 13C-{1H} NMR spectra of complexes 1 
and 3a. The remaining two higher field resonances for 
4a and 5, attributed to the manganese carbonyl groups, 
are significantly broadened, presumably due to the 55 Mn 
quadrupole, and possibly also to unresolved coupling to 
the phosphorus nuclei. 

In the z H NMR spectra of 4a, 4b and 5 the hydride 
resonances are coupled to three phosphorus nuclei in 
each case, the magnitude of 2j(PH) (14.7-36.6Hz) 
being indicative of the bridging hydride occupying a 
position cis to all three phosphorus nuclei. 

The 3t P-{]H} NMR spectrum of 4a shows a doublet 
signal (2j(pp) 30.8 Hz) due to the /x-PPh 2 moiety, but 
the two P(OMe) 3 signals are both too broad to allow 
resolution of coupling. Complex 5 has three signals in 
its 31p-{1H} NMR spectrum recorded at 250K. The 
downfield signal at 6 - 7 . 5  is assigned to the phosphido 
bridge, and the higher field signals at 6 -  101.1 (d, 
2j(pp) 37.9 Hz) and 6 - 129.6 (t, 2j(pp) 37.9, 39.3 Hz) 
are assigned respectively to the dppm resonances cis 
and trans to the phosphido bridge. A 2J(pP)dppm of 
37.9 Hz is a reasonable value for the coupling between 
two phosphorus atoms of a dppm moiety chelating to a 
manganese centre [27]. 

Two possible structures, D and E, in which one 
phosphorus moiety is cis and the other trans to the 
phosphido group and in which both are cis to the 
bridging hydride, can be drawn for the disubstituted 
complexes 4a, 4b and 5 (Fig. 3). A crystal structure of 
the analogous compound [(r/LCsHs)(OC)2Mo(/z- 
H)(/x-PPh2)Mn(CO)2(dppm)] shows that this complex 
adopts a structure of type E, this conformation minimis- 
ing the potential interaction between the cyclopentadi- 
enyl moiety and the substituted ligands [5,6]. A similar 
structure is thus proposed for 4a, 4b and 5. 

The UV irradiation of 1 with dppm gives, in addition 
to 5, the bridged dppm complex [(r~5-CsHs)(OC)W( p,- 
H)( ~-PPh 2)(/z-dppm)Mn(CO)3 ] 6. Alternatively, com- 
plex 6 can be formed in low yield by prolonged UV 
irradiation of 5 (Scheme 4). Complex 6 has been char- 
acterised on the basis of mass spectrometry, IR and I H 
and 3]p NMR spectroscopy. 

The IR spectrum of 6, in hexane, shows only three 
bands in the carbonyl region. In the FAB mass spectrum 
the molecular ion peak (M ÷) is seen along with frag- 
ment ions due to the loss of nCO (n = 1-3). 

The t H NMR spectrum of 6 shows, in addition to 
signals due to the phenyl, cyclopentadienyl and methy- 
lene protons, a hydride signal coupled to three phospho- 
rus nuclei (2J(PH), 40.1, 40.1 and 16.2Hz). Again, this 
is indicative of cis 2j(PH) coupling of the hydride to all 

© © 
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~ !  hexane/toluene ~.~ . . j " . .  + 
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Scheme 4. Formation of W-Mn complexes (5 and 6) containing the dppm ligand in chelating and bridging modes. 
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three phosphorus nuclei• The low-temperature ~tP-{tH} 
NMR spectrum of 6 exhibits three signals. A downfield 
resonance (6 - 51.6) with 183W satellite peaks (]J(WP) 
171.4Hz) just discernible is attributed to the /x-PPh 2 
ligand. The other two resonances ( 6 - 61.2 and - 112.5) 
show a large phosphorus-phosphorus coupling (2J(PP) 
133.4Hz) and are assigned to the two dppm phosphorus 

• 2 - nuclm. Such a large J(PP) coupling has been observed 
previously by Stone et al. for dppm ligands bridging 
WPt in heterobimetallic complexes of these metals [28]. 
Tungsten satellites ( I j (wP)  178.5 Hz) are observed for 
the upfield dppm resonance but not for the other dppm 
resonance, and this is taken as evidence that the dppm 
ligand adopts a bridging configuration. 

It is proposed that the dppm ligand substitutes at the 
manganese atom in a position cis to both the phosphido 
and the hydrido bridges (Scheme 4) on the basis of the 
magnitude of the phosphorus couplings to the hydride 
and the lack of coupling of the dppm moiety to the 
phosphido bridge. In the analogous complex [(@- 
CsHs)(OC)Mo(/x-H)(/x-PPhz)(/~-dppm)Mn(CO)3], it 
was proposed that the dppm ligand preferentially substi- 
tutes the carbonyl group on manganese that is least 
sterically hindered by the cyclopentadienyl ligand [5,6]. 
A major and minor isomer were isolated for this analo- 
gous complex which showed three different 2J(PH) 
values for the bridging hydride signals in each case, the 
largest being 49.7Hz and 76.6Hz respectively. The 
major isomer was shown by X-ray crystallography to 
have a structure similar to that illustrated in Fig. 3, 
whereas the minor isomer was assigned a structure in 
which the dppm ligand substitutes the other CO group 
on the Mo atom. 

3. Conclusions 

For the most part, mono- and bis-substitution of CO 
groups in 1 by phosphines occurs selectively at the 
manganese centre. The W-CO group cis to the bridging 
hydride can, however, be substituted by prolonged pho- 
tolysis with dppm. In contrast to the results for phos- 
phine substitution, complex 1 can be non-selectively 
labelled on both metal atoms by thermolysis or photoly- 
sis with 13CO. 

4. Experimental 

All reactions were carried out under a nitrogen atmo- 
sphere using standard Schlenk techniques. Solvents were 
distilled under nitrogen from appropriate drying agents 
and degassed prior to use. Preparative thin-layer chro- 
matography (TLC) was carried out on commercial 
Merck plates with a 0.25 mm layer of silica, or on 1 mm 
silica plates prepared at the University Chemical Labo- 

ratory, Cambridge. Column chromatography was per- 
formed on Kieselgel 60 (70-230 mesh) or (230-400 
mesh). Products are given in order of decreasing Rf 
values. 

The instrumentation used to obtain spectroscopic data 
has been described previously [5]. Photolysis experi- 
ments were conducted in a glass vessel with a quartz 
inner tube containing a Hanovia medium-pressure UV 
lamp (125W). Unless otherwise stated, all reagents 
were obtained from commercial suppliers and used 
without further purification. 

4.1. Synthesis  of" [ ( r lS-CsHs)(OC)2W(/x-H)( /x  - 
PPh 2 )Mn(CO) 4 ] 1 

(a) Firstly, [(@-CsHs)W(CO)3(PPhz)] was synthe- 
sised using a slight adaption of the method used by 
Malisch et al. [8]. The complex Na[(@-CsHs)W(CO) 3 • 
2DME] (14.97g, 27.90mmol) was added to a flask 
containing toluene (400ml). Chlorodiphenylphosphine 
(5.0ml, 27.90mmol) was dissolved in toluene (100ml) 
and added to the flask via a dropping funnel over a 
period of 0.5 h. The insoluble yellow starting material 
gradually converted into the red soluble product [(@- 
CsHs)W(CO)3(PPh2)]. The NaC! was filtered off under 
nitrogen and the solvent was removed under reduced 
pressure to give [('qS-CsHs)W(CO)3(PPh2)]. 

(b) The anion [Mn(CO)5]- was prepared by stirring 
[Mn2(CO)10] (5.44g, 13.95mmol) in a THF (75ml) 
solution over Na-K (34.87 mmol) alloy overnight. 

(c) The complex [Mn(CO)5]- was added dropwise to 
a THF (300ml) solution of [(@-CsH5)W(CO)3(PPh2)] 
over a period of 0.5 h and then stirred overnight. Addi- 
tion of H3PO 4 (88%) (3.1 ml) resulted in a rapid colour 
change from dark red to orange. The mixture was then 
stirred for 2h and filtered. The solvent was removed 
from the filtrate under reduced pressure and the residue 
dissolved in the minimum quantity of CH2CI 2 and 
loaded onto the top of a chromatography column. Elu- 
tion, initially with hexane (100%), gave [Mn2(CO)]0] 
(0.93g, 2.37 mmol); subsequent elution with hexane- 
CHzC12 (95:5) gave [Mnz(/x-H)(/X-PPh2)(CO) s] 2c 
(0.40g, 5.5%) and large amounts of air-sensitive prod- 
ucts (not identified). A yellow band was eluted next, 
which, on subsequent TLC, separated into yellow crys- 
talline [Mn2(CO)9(PPh2H)] 2a (0.45 g, 5.9%) followed 
by orange-yellow crystalline [Mn2(CO)9(PPh2PPh2)] 2b 
(0.55g, 5.4%). Orange crystalline [(@-CsHs)(OC) 2- 
W(/X-H)(/X-PPh2)Mn(CO) 4] 1 (1.90g, 10.4%) was 
eluted next with hexane-CH2Cl 2 (9:1). Further elution 
with higher polarity mixtures of hexane-CH2C12 
yielded [Mn2(/x-PPh2)2(CO) s ] 2d (0.50g, 5.1%), traces 
of [(~5-CsHs)2W2(CO) 6 ] and [('I75-C5H5)2W2 (/x-H)(/x- 
PPh2)(CO) 4] [13] and numerous other unidentified 
products. Complex 1 (found: C, 42.0; H, 2.8; P, 5.7. 
C23HI6MnO6PW requires C, 41.9; H, 2.4; P, 4.7%). El 
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mass spectrum: m / e  658 (M+), M + -  n(CO) (n = 1- 
4). NMR: 13C (CDC13, 293K, ~H gated decoupled), 

230.9 (s, br, W-CO), 221.7 (s, br, W-CO), 217.8 (s, 
Mn-CO), 216.5 (s, Mn-CO), 210.0 (br, 2Mn-CO), 
140.3 (d, Ij(PC) 38, P-C), 133.6 (d, 2j(PC) 7, o-Ph), 
129.2 (s, p-Ph), 128.2 (d, 3j(PC) 10, m-Ph) and 89.9 (s, 
Cp); 13C (CDC13, 225 K, ~H gated decoupled), 232.3 (d, 
2j(PC) 21, IW-CO(cis)), 222.0 (s, lW-CO(trans)), 
217.8 (s, Mn-CO), 216.5 (s, Mn-CO), 211.5 (d, 2j(PC) 
13, MnCO), 208.1 (d, 2j(PC) 14, MnCO), 139.3 (d, 
~J(PC) 29, P-C),  138.7 (d, IJ(PC) 29.7, P-C),  134.6 
(d, 2J(PC) 8.9, o-Ph), 131.9 (d, 2j(PC) 11, o-Ph), 129.8 
(s, p-Ph), 128.6 (d, 3j(PC) 10, m-Ph), 128.5 (s, p-Ph), 
127.8 (d, 3j(PC) 11, m-Pb) and 89.9 (s, Cp). Complex 
2b (found: C, 54.6; H, 3.0; P, 8.3. C33H20Mn209P 2 
requires C, 54.1; H, 2.7; P, 8.5%). EI mass spectrum: 
m / e  676 (M + -  2CO). NMR: 13C (CD2C!2,220K, IH 
gated decoupled), 6 222.9 (d, J(PC) 12, CO) and 1 ~0- 
128 (m, Ph). 

4.2. Substitution reactions of complex [ (~ 5 
C 5145 )(OC) 2 W(/X-H)(/x-PPh 2 )Mn(CO) 4 ] 1 

m / e  850 (M+), M + -  n(CO) ( n =  1-3). NMR: 13C 
(CDCl 3, 250 K, I H gated decoupled), 6 237.1 (d, ZJ(PC) 
10, WCO(cis)), 227.9 (s, W-CO(trans)), 217.9 (m, 
MnCO), 215.7 (m, MnCO), 144.5 (d, Ij(PC) 31, P-C),  
142.2 (d, ~J(PC) 33, P-C) ,  134.9 (d, 2j(PC) < 5, o-Ph), 
133.0 (d, 2J(PC) 8, o-Ph), 128.2 (s, p-Ph), 127.7 (s, 
m-Ph), 126.9 (s, p-Ph), 126.9 (obscured, m-Ph), 89.9 (s, 
Cp) and 52.0 (s, br, OMe). 

4.2.3. With PMe 2 Ph 
Complex 1 (0.110g, 0.17mmol) and PMe2Ph 

(0.048ml, 0.34mmol) were used as in Section 4.2.2, 
though irradiation time was increased to 3 h, to give 1 
(0.020g), orange crystalline [(@-CsHs)(OC)zW(/x- 
H)(/x-PPh2)Mn(CO)3(PMe2Ph)] 3b (0.061 g, 48%) and 
red crystalline [(@-CsHs)(OC)2W(kt-H)(/X-PPh2)Mn- 
(CO)2(PMe2Ph) 2] 4b (0.024g, 16%). Complex 3b: EI 
mass spectrum: m / e  768 (M+), M + -  n(CO) (n = 1- 
3). Complex 4b (found: C, 50.2; H, 4.3. 
C37H38MnO4P3W requires C, 50.6; H, 4.3%). Fast 
atom bombardment (FAB) mass spectrum: m / e  878 
(M+). 

4.2.1. With I~CO 
Complex 1 (0.170g, 0.26mmol) was dissolved in 

toluene (150 ml). The solution was then put through 
three cycles of freezing, degassing and thawing before 
excess 13CO was condensed into the apparatus, which 
was then sealed. The solution was heated at 333 K for 
48h after which time the solvent was removed under 
reduced pressure and the product purified through a 
Celite plug. 

4.2.2. With P(OMe) 3 
Complex 1 (0.110g, 0.17mmol) and P(OMe) 3 

(0.039ml, 0.34mmol) were dissolved in a hexane- 
toluene mixture (130ml:40ml) and the solution was 
irradiated with UV light for 100min to give a cloudy 
orange-red solution. The solvent was removed under 
reduced pressure and the residue dissolved in the mini- 
mum quantity of CH2CI 2 and applied to the base of 
TLC plates. Elution with hexane-CHzC12 (4:1) gave 1 
(0.002g) followed by orange crystalline [(r/5- 
CsHs)(OC)2W(/x-H)(/x-PPhz)Mn(CO)3{P(OMe)3}] 3a 
(0.030g, 24%) and orange-red crystalline [(@- 
CsH5)(OC)zW(/X-H)(/X-PPh2)Mn(CO)~{P(OMe)3}2 ] 4a 
(0.075g, 53%). The yield of 3a relative to 4a was 
increased by the use of equimolar amounts of 1 and 
P(OMe) 3. Complex 3a: EI mass spectrum: m / e  754 
(M+), M + -  n(CO) (n = 0, 3, 4). NMR: 13C (CDC13, 
240K, I H gated decoupled), 6 233.3 (s, br, W -  
CO(cis)), 224.9 (s, WCO(trans)), 220.8 (m, MnCO), 
213.5 (m, MnCO), 208.5 (m, MnCO), 141-127 (m, 
Ph), 89.6 (s, Cp) and 52.1 (s, OMe). Complex 4a 
(found: C, 37.2; H, 4.0; P, 10.7. C27H34MnOIoP3 W 
requires C, 38.1; H, 4.0; P, 10.9%). EI mass spectrum: 

4.2.4. With PMePh 2 
Complex 1 (0.110g, 0.17mmol) and PMePh z 

(0.06ml, 0.32mmol) were used as in Section 4.2.2 to 
give 1 (0.010g), orange crystalline [(@-C5H5)(OC) 2- 
W(/x-H)(/x-PPh~)Mn(CO)3(PMePh2)] 3e (0.073 g, 
53%) and trace amounts of a red uncharacterised prod- 
uct, presumably the disubstituted derivative. Complex 
3c (found: C, 50.6; H, 3.4; P, 6.9. C35H29MnOsP2W 
requires C, 50.6; H, 3.5; P, 7.5%). EI mass spectrum: 
m / e  830 (m+),  M + -  n(CO) (n = 1). 

4.2.5. With PPh 2 H 
Complex 1 (0.100g, 0.15mmol) and PPh2H 

(0.026 ml, 0.15 mmol) were dissolved in toluene (50 ml) 
and the solution heated initially to 333 K for 1.5 h and 
then to 348K for a further 2.5 h. The solvent was 
removed under reduced pressure and the residue dis- 
solved in the minimum quantity of CHzC1 z and applied 
to TLC plates. Elution with hexane-CHzC12 (9:1) gave 
y e l l o w - o r a n g e  [ ( r ~ 5 - C s H s ) ( O C ) z W ( / x - H ) ( / x -  
PPh e)Mn(CO)3(PPh2 H)] 3d (0.086 g, 69%) as the only 
product. Complex 3d: EI mass spectrum: m / e  734 
(M + -  816). NMR: ~3C (CDC13, 293K, IH gated de- 
coupled), ~ 224.3 (m, CO), 216.5 (m, CO), 142-127 
(m, Pb) and 89.3 (s, Cp). 

4.2.6. With dppm 
Complex 1 (0.050g, 0.08 mmol) and dppm (0.058 g, 

0.15mmol) were used as in Section 4.2.2, photolysis 
time being 6.5h, to give orange crystalline [(@- 
CsHs)(OC)2W(/x-H)(/x-PPh2)Mn(CO)2(dppm)] 5 
(0.051 g, 68%) and red-purple, slightly air-sensitive, 
[(r/5-C 5 U 5)(OC)W(/~-H)(/x-PPh 2 )(/z-dppm)Mn(CO) 3 ] 
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6 (0.011 g, 15%). Complex 5 (found: C, 55.9; H, 3.9; P, 
9.2. C46H38MnO4P3W requires C, 56.0; H, 3.9; P, 
9.4%). FAB mass spectrum: m / e  986 (M+),  M + -  
n(CO) (n = 1-2). NMR: ~3C (CD2C12, 230K, ~H gated 
decoupled), 6 237.7 (d, 2j(PC) 17, WCO(c i s ) ) ,  229.9 
(s, WCO(t rans ) ) ,  227.5 (m, MnCO), 225.3 (m, MnCO), 
146-126 (m, Ph), 90.6 (s, Cp) and 49.7 (m, 
PPh2CH2PPh2). Complex 6: FAB mass spectrum: m / e  
986 (M+),  M + -  n(CO) (n = 1-3). 

4.3. Reactions o f  phosphine adducts o f  1 

4.3.1. At tempt  to convert [ ( @ - C  5 H 5 )( OC )2 W( tx-H )( Ix- 
PPh2)Mn(CO)~(PPh2H)]  3d to a bis-phosphido com- 
pound  

C o m p l e x  [ ( r t s - C s H s ) ( O C ) 2 W ( / x - H ) ( # -  
PPh2)Mn(CO)3(PPh2H)] 3d (0.035g, 0.04retool) was 
dissolved in toluene (50ml) and the solution heated to 
358K whilst the reaction was monitored both by spot 
TLC and iR spectroscopy. The solution was maintained 
at this temperature for 4h  during which time steady 
decomposition occurred, compound 3d being the only 
recoverable product. 

4.3.2. Photolys is  o f  [ ( ~ 5 - C s H s ) ( O C ) 2 W ( I x - H ) ( # -  
PPh 2 )Mn(CO) 2 (dppm)] 5 

C o m p l e x  [ ( r /5 -C  5H 5 ) ( O C ) 2 W (  g - H ) (  /.t- 
PPh2)Mn(CO)2(dppm)] 5 (0.071 g, 0.07 mmol) was dis- 
solved in toluene (150ml) and irradiated with UV light 
overnight to give unreacted 5 (0.015 g), an unidentified 
orange band in low yield, [(r/5-CsHs)(OC)W(/z-H)( #- 
PPh 2)(/x-dppm)Mn(CO)3 ] 6 (0.010 g, 14%) and signifi- 
cant amounts of decomposition. 

4.4. X-ray crystal structure determination o f  1 

A total of 7783 intensities were measured within the 
range - 3 0 _ < h < 3 0 ,  - 1 5 < k < 0 , 0 < l < 1 5  and av- 
eraged to give 3544 unique reflections (Rim = 0.0596) 
of which 2699 were judged as significant using the 
criterion Fob ~ > 4o'(Fob~). Corrections for Lorentz and 
polarisation effects were applied. A numerical absorp- 
tion correction based on a crystal bounded by the planes 
{100}, {110}, {11]} and {111} was applied; rain. and 
max. transmission, 0.570, 0.375. The structure was 
solved by a combination of Patterson methods and 
Fourier difference techniques. The structure was refined 
by full-matrix least squares with all non-hydrogen atoms 
assigned anisotropic displacement parameters [29]. Hy- 
drogen atoms were placed in idealised positions and 
allowed to ride on the relevant carbon atom with C - H  

o 

= 0.96 A; hydrogen atoms were refined with a common 
displacement parameter of 0.11 ~2. In the final cycles of 
refinement a weighting scheme of the form w =  
2.0923/[  cr 2(F)  + 0.00013 F 2 ] which gave satisfactory 
agreement analysis was introduced. The refinement con- 
verged to R = 0.0636 and R~. = 0.0611. Residual elec- 
tron-density peaks in final difference map, max. 
2.38 e A - ' ,  min. - 1.45 e A - .  Final atomic coordinates 
are listed in Table 3. 

Additional crystallographic data including hydro- 
gen-atom coordinates, displacement parameters and full 
lists of bond parameters have been deposited with the 
Cambridge Crystallographic Data Centre. Lists of struc- 
ture factors are available from the authors. 
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Suitable crystals of [(@-CsHs)(OC)zW(/x-H)(jz- 
PPh2)Mn(CO)4] 1 were grown from a dichloromethane 
solution by slow diffusion of hexane at 273 K. A single 
crystal was mounted on a goniometer head using epoxy 
resin and transferred to a Stoe four-circle diffractome- 
ter. 

Crystal data. C23Ht6MnO6PW, M = 658.14, mono- 
clinic C2g/c, a=27 .863(12) ,  b =  14.191(10), c =  
14.249(6)A, /3--105.83(3) °, U = 5 4 2 0 . 4 3 A  3, Z = 8 ,  
D c = 1 . 5 4 g c m - 3  F(000) = 2528, p ~ ( M o K a )  = 
45.6 cm-  i 

An orange needle-shaped crystal with approximate 
dimensions 0.40 × 0.18 x 0.14 mm was used. Accurate 
cell dimensions were obtained from 50 reflections in the 
range 18 _< 2 0 < 25 °. Intensity data were recorded using 
graphite-monochromated Mo Ket radiation (A = 
0.71069A), and an o9-0 scan mode to a maximum 20 
value of 45 ° . Three standard reflections were monitored 
hourly throughout the data collection and showed no 
significant variation in intensity. 
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