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Chemical reduction of the unsaturated dihydride [M~~(IL-H)~(CO)~{IL-(E~O)ZPOP(OE~)~)I with 
several reagents (Na-Hg, K, etc.) promotes dihydrogen elimination and an intramolecular P-0 
bond oxidative addition of the diphosphite ligand, yielding [M~~(IL-P(OE~)PJ{IL,~~-OP(OE~)~)- 
(c0)6l2- (2). Chemical oxidation of 2 with 2 equiv of [FeCp2]PF6 in tetrahydrofuran a t  -80 "c 
results in metal-metal bond cleavage and formation of thermally unstable species, possibly 
incorporating two tetrahydrofuran molecules. Thermal decomposition of the latter a t  room 
temperature yields [Mn2{~-P(OEt)2){p,~2-OP(OEt)2)(CO)~l or, if a phosphine L is present, [Mnz- 
(~-P(OEt)2){~,~2-OP(OEt)2)(C0)7(L)]. If a diphosphine L2 is used during oxidation (Lz = Mez- 
PCH2PMe2, P ~ z P C H ~ P P ~ ~ ) ,  two isomers formulated as [M~~{~L-P(OE~)~)(IL,~~-OP(OE~)~)(CO)~- 
(Lz)] and [M~~{IL-P(OE~)~){CL,~~-OP(OE~)~)(CO)~(~-L~)] are obtained, but only the latter is isolated 
when L2 = (Et0)2POP(OEt)2. A possible reaction pathway for the above reactions is proposed 
on the basis of the compounds isolated and of the detected intermediates. The structures of 
the new complexes are discussed on the basis of IR and NMR data as well as of the X-ray crystal 
structures of [Mn~~~-P(OEt)2)(~,~2-OP(OEt)2)(C0)7(PPh~)l (4a) and [ M ~ ~ { I L - P ( O E ~ ) ~ ) { I L , ~ ~ -  
O P ( O E ~ ) Z ) ( C O ) ~ ( M ~ ~ P C H ~ P M ~ ~ ) ~  (6a). Crystals of 4a are triclinic, space group Pi with 2 = 
2 in a unit cell of dimensions a = 21.127(8) A, b = 10.503(5) A, c = 10.099(6) A, a = 65.01(2)", 
p = 73.45(2)", and y = 76.05(2)". The structure has been solved from diffractometer data by 
Patterson and Fourier methods and refined by full-matrix least squares on the basis of 3711 
observed reflections to R and R, values of 0.0425 and 0.0560, respectively. In the molecule the 
two manganese atoms, displaying an octahedral coordination, are bridged through the P atom 
by the ethoxyphosphido group and through the P and 0 atoms by the phosphonate group. The 
coordinations around the manganese atoms are completed by seven terminal carbonyl ligands 
and a triphenylphosphine ligand, which is t rans  to the phosphido group and cis to the oxygen- 
donor atom of the phosphonate ligand. Crystals of 6a are monoclinic, space group P 2 d c  with 
2 = 4 in a unit cell of dimensions a = 14.451(5) A, b = 10.469(3) A, c = 20.087(7) A, and p = 
91.36(2)". The structure has been solved from diffractometer data by Patterson and Fourier 
methods and refined by full-matrix least squares on the basis of 1625 observed reflections to 
R and R, values of 0.0408 and 0.0542, respectively. The structure of 6a is very similar to that 
of 4a, except that  now a diphosphine ligand chelates the manganese atom bearing the 0-donor 
atom of the phosphonate ligand with two P atoms t rans  to the phosphido and carbonyl ligands, 
respectively. 

Introduction 

In our first report on the synthesis and reactivity of the 
unsaturated dihydride [Mn2(~~-H)2(Co)6(1~-tedip)l (1) [te- 
dip = (Et0)2POP(OEt)2] we noted that 1 would react easily 
with sodium amalgam, presumably yielding the unsatur- 
ated dianion [ Mn2( CO)&tedip)l 2- (Mn=Mn).l How- 
ever, further investigations, here reported, have revealed 
that the above reaction yields instead the electron precise 
dianion [ M ~ ~ ( c L - P ( O E ~ ) ~ ~ ~ C L , ~ ~ - ~ P ( ~ E ~ ) Z J ( C ~ ) ~ ~ ~ -  (21, an 
isomer of the former (Chart 1). The tedip ligand has been 
extensively used by us and others2 as an efficient instru- 

@ Abstract published in Advance ACS Abstracts, February 15, 1994. 
(1) Riera, V.; Ruiz, M. A.; Tiripicchio, A.; Tiripicchio-Camellini, M. J. 

Chem. SOC., Chem. Commun. 1985, 1505. 
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Chart 1 

1 2 

ment in the synthesis of binuclear complexes. Because of 
the considerable stability of the M-P(tedip) bond, it is 
usually possible to maintain the nuclearity of M&-tedip) 
(M = transition metal) centers through a great variety of 

(2) Riera, V.; Ruiz, M. A. J. Chem. Soc.,Dalton Trans. 1986,2617 and 
references therein. 
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P-0 and Mn-Mn Bond Cleavages a t  Mnz Carbonyl Centers 

reactions. For example, we have been able to reduce3 or 
halogenate4 tedip-bridged dimanganese carbonyl species 
without disruption of the dimetallic unit. The same 
comment applies to the reactions of compound l.5 It was 
then surprising that a P-0 bond cleavage in the tedip 
ligand had occurred during reduction of dihydride 1. There 
are several features of interest in this reaction. In the 
first place, although, for example, backbone P-0 hy- 
drolysis in the free tedip ligand is fast and spontaneous 
in air, the P-0-P linkage becomes quite robust when 
coordinated to metal centers. In fact, there are only a few 
precedents of backbone P-0 bond cleavages in ligands 
of the type RzPOPRz (R = alkyl, alkoxy, and only 
one of them unambiguously involves the coordinated 
ligand.6b We also note that a related example involving 
the cage ligand [iPrzNP0]4 coordinated to molybdenum 
centers has been described r e~en t ly .~  On the other hand, 
the P-0 cleavage occurring during the formation of 2 
generates an alkoxo substituted phosphidoligand, of which 
also only a few examples are These consid- 
erations prompted us to further study the reactivity of 
the anion 2. Its use as a precursor of heterometallic clusters 
will be reported separately.12 Of concern in the present 
study was the possibility of inducing a new P-0 bond 
cleavage by creating an electronic unsaturation in 2. The 
latter has been accomplished by chemical oxidation of 2 
with [FeCp2]PF6. However, Mn-Mn rather than P-0 
bond cleavage occurs. Further information about this 
process, here presented, has been obtained by carrying 
out the above oxidation reaction in the presence of 
phosphine ligands. 

Results and Discussion 

Synthesis of N~~[M~~(~-P(OE~)~}(M,$-OP(OE~)~}- 
(CO),] (2). Dihydride 1 reacts readily with sodium 
amalgam in tetrahydrofuran at room temperature, evolving 
hydrogen and yielding an orange-brown solution of the 
dianion 2 (Na+ salt). The same anion is obtained when 
other reducing agents are used, such as potassium or an 
excess of BuLi or Li[HBEt31, with only minor differences 
in the IR or 31P NMR spectra, due to different ion-pair 

(3) Riera, V.; Ruiz, M. A.; Tiripicchio, A,; Tiripicchio-Camellini, M. J. 
Chem. SOC.. Dalton Trans. 1987. 1551. 

(4) Riera, V.; Ruiz, M. A.; Tiripicchio, A,; Tiripicchio-Camellini, M. J. 
Organomet. Chem. 1986, 308, C19. 

(5) (a) Carrefio, R.; Riera, V.; Ruiz, M. A.; Jeannin, Y.; Philoche- 
Levisalles, M. J. Chem. Soc., Chem. Commun. 1990.15. (b) Carrefio, R.: 
Riera, V.; Ruiz, M. A. J. Organomet. Chem. 1991,419,163. (c) Carrefio, 
R.; Riera, V.; Ruiz, M. A.; Bois, C.; Jeannin, Y. Organometallics 1992,11, 
4022. (d) Ibid.  Organometallics 1993,12,1946. (e) Riera, V.; Ruiz, M. 
A.; Tiripicchio, A.; Tiripicchio-Camellini, M. Organometallics 1993,12, 
2962. 

(6) (a) Du Preez, A. L.; Marais, I. L.; Haines, R. J.; Pidcock, A.; Safari, 
M. J. Chem. Soc., Dalton Trans. 1981, 1918. (b) Wong, E. H.; Prasad, 
L.; Gabe, E. J.; Bradley, F. C. J. Organomet. Chem. 1982,236,321. (c) 
Berry, D. E.; Bushnell, G. W.; Dixon, K. R. Inorg. Chem. 1983,22,1961. 
(d) Riera. V.: Ruiz. M. A.: Villafafie. F. Orrranometallics 1992.11. 2854. 

(7) Yang, 'H.; Wong, 'E. H.; Jasinski; J. P.; Pozdniakov, R. Y.; 
Woudenberg, R. Organometallics 1992,11, 1579. 

(8 )  (a) Bartiah, C. M.; Kraihanzel, C. S.  Inorg. Chem. 1978,17,735. (b) 
Spencer, J. T.; Spencer, J. A.; Jacobson, R. A.; Verkade, J. G. New J.  
Chem. 1989. 13. 275. - - - - , - - , -  - . .  

(9) Doherty, N. M.; Hogarth, G.; Knox, S. A. R.; Macpherson, F. M.; 

(10) Balakrishna, M. S.; Krishnamurthys, S.  S. Ind. J. Chem., Sect. 
Morton, D. A. W.; Orpen, A. G. Inorg. Chim. Acta 1992,198, 257. 

A 1991,30, 536. 
(11) (a) Day, V. W.; Tavanaeipour, I.; Abdel-Meguid, S. S.; Kirner, J. 

F.; Goh, L. Y.; Muetterties, E. L. Inorg. Chem. 1982,21,657. (b) Buhro, 
W. E.; Arif, A. M.; Gladysz, J. A. Inorg. Chem. 1989, 28, 3837. 

(12) Liu, X.-Y.; Riera, V.; Ruiz, M. A.; Tiripicchio, A.; Tiripicchio- 
Camellini, M. Unpublished results. 
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Scheme 1. Proposed Pathway for the Formation of 
Anion 2 [P-0-P = ( E ~ O ) Z P O P ( O E ~ ) ~ ]  

P H 0 - P  
OC%. I ./ H '4.. I +dCo - 1 
ocdMy ~ W y ~ c O  

C C 
0 0 

+ 2e', - H2 

C C 
0 0 

2 

effects.13 Attempts to isolate compound 2 as a solid were 
unsuccessful, either by itself or in the presence of bulky 
cations (for example those from [NEtdICl or [N(PPh&]- 
Cl). The 31P NMR spectrum of 2 displays two doublets, 
one of them (6 = 153.2 ppm) in the usual region for 
phosphite ligands coordinated to manganese, and the other 
a t  very low field (6 = 419.3 ppm). The latter is assigned 
to a diethoxyphosphido ligand bridging the manganese 
atoms while the former is assigned to a bridging (through 
0 and P atoms) diethyl phosphonate ligand. As will be 
seen later and elsewhere,12 this low field/normal field 
pattern is characteristic of the 31P NMR spectra of all 
those derivatives of anion 2 containing the p-P(OEt)z and 
p,q2-OP(OEt)2 bridging groups. Although the few exam- 
ples of alkoxyphosphido complexes available usually 
exhibit highly deshielded 31P NMR resonances, a closer 
comparison with our complexes is not possible, as none of 
them involve manganese atoms. Incidentally, the chemical 
shift of the phosphido group in 2 seems to be one of the 
highest reported so far for alkoxyphosphido ligands 
coordinated to transition metals.8b 

The formation of anion 2 from dihydride 1 requires both 
HZ elimination and P-0 bond cleavage steps. The fact 
that both reducing and/or deprotonating reagents promote 
this reaction makes reasonable the assumption that Hz 
elimination (through reduction or deprotonation) could 
be the first step (Scheme l), yielding the anionic inter- 
mediate A. In contrast with dihydride 1, intermediate A 
is not only electronically but also coordinatively unsat- 
urated. Then, it would experience an intramolecular 
backbone P-0 bond oxidative addition so as to relieve 
these unsaturations. It is interesting to note that the 
alkoxyphosphido complexes [Fez(p-P(OEt)2J(cl-CHzP- 

(13) Darensbourg, M. Y. Prog. Inorg. Chem. 1985, 33, 221. 
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Chart 2 

Liu et al. 
C '  5 

A 

3 
4a L=PPh3 
4b L=PEb 
4c LE pcy3 

(OEt)z)(COhI9 and [FezCpz(cL-P(OPh)zJ{cL-N(Ph)P- 
(0Ph)z)I lo were also obtained through related backbone 
P-C and P-N bond cleavages, respectively. Moreover 
these cleavages occurred during decarbonylation exper- 
iments, a type of reaction which also involves coordina- 
tively and electronically unsaturated intermediates. In 
summary, we believe that the combination of electronic 
and coordinative unsaturation in intermediate A is the 
main driving force for the P-0 oxidative addition leading 
to anion 2. 

The above ideas, added to the fact that only five ligands 
surround each manganese center in anion 2 (ignoring the 
metal-metal bond), suggested to us that removal of two 
electrons from 2 would surely generate a highly reactive 
neutral intermediate (now electronically as well as coor- 
dinatively unsaturated), which perhaps would experience 
a new P-0 oxidative addition. The results of these 
reactions, next described, proved that other processes take 
place instead. 

Oxidation Reactions of Anion 2. Compound 2 reacts 
almost instaneously in tetrahydrofuran at  -80 OC with 2 
equiv of [FeCp] zPF6 to give yellow-orange intermediate 
species, which at room temperature quickly transform into 
[M~~(~L-P(OE~)~J{~L,~~-OP(OE~)~)(CO)~] (3). As expected, 
improved yields of 3 are obtained when the reaction is 
performed in the presence of CO. On the other hand, 
when this reaction is carried out in the presence of 1 equiv 
of phosphine (L), the corresponding heptacarbonylic 
species [M~~(~-P(OE~)~}(~L,~~-OP(OE~)~J(CO)~(L~I (4a-c) 
are obtained [L = PPh3 (4a); L = PEt3 (4b); L = PCy3 
(4c); Cy = C6H11]. Again, intermediate species can be 
detected by IR spectroscopy, but discussion about their 
nature will be made later on. 

The structure of 4a has been determined by an X-ray 
diffraction study and is shown in Figure 1 together with 
the atom-numbering scheme. A summary of relevant bond 
distances and angles is given in Table 3. In the molecule 
the two manganese atoms, displaying an octahedral 
coordination, are bridged through the P(1) atom by the 
ethoxyphosphido group and through the P(2) and O(8) 
atoms by the phosphonate group. The coordinations 
around the manganese atoms are completed by seven 

23  

Figure 1. Molecular structure of 4a, with the atom- 
numbering scheme. 

terminal carbonyl ligands and the P(3) atom from the 
triphenylphosphine ligand, which is trans to the phosphido 
group and cis to the oxygen-donor atom of the phosphonate 
ligand. The intermetallic separation, 3.926(2) A, is clearly 
nonbonding, as expected after consideration of the ean 
rule for this molecule. The P(1), P(2), and O(8) bridging 
atoms together with the metal atoms form a puckered 
pentaatomic ring. The Mn(2)-P(2) and Mn(l)-0(8) bond 
lengths, involving the phosphonate ligand, are 2.280(2) 
and 2.069(4) A, respectively. The phosphido bridge is 
asymmetrical as the two Mn-P bond lengths are signif- 
icantlydifferent [Mn(l)-P(l) = 2.288(2) and Mn(2)-P(1) 
= 2.350(2) AI and the Mn(l)-P(l)-Mn(2) angle is 115.7- 
( 1 ) O .  The shorter one involves the manganese atom bearing 
the 0-donor atom of the phosphonate ligand, whereas the 
longer one corresponds to the manganese atom bonded to 
the P atom of the same ligand. This asymmetry in the 
phosphido bridge probably compensates for the higher 
electron donor ability of P relative to 0 in the phosphonate 
group. Additionally, trans influence effects'4 probably 
operate in the same direction, as the longer distance is 
associated with the better x acceptor trans ligand (CO us 
PPh3). Finally, it should be noted that the P(2)-0(8) bond 
length in the phosphonate group, 1.511(5) A, is slightly 
shorter than the usual single-bond values (for example, 
P(2)-0(11) = 1.600(6) or P(2)-0(12) = 1.594(5) A), an 
observation which can be interpreted as arising from a 
significant x-bonding contribution to this P-0 linkage.15 

Spectroscopic data for 4a are fully consistent with its 
solid structure. Furthermore, the great similitude in these 
data for complexes 4a-c (Tables 1 and 2) indicate that 

Table. 1. IR Data for New Comwundsa 
comDound 

1959 (s), 1901 (vs), 1857 (s), 1834 (s), 1819 (s), 1786 (w, sh)6 
2069 (m), 2010 (vs), 1981 (s), 1948 (m) 
2072 (m), 2037 (w), 1999 (s), 1984 (vs), 1972 (s), 1949 (m), 1911 (m) 
2071 (m), 2031 (w), 1998 (s), 1982 (vs), 1971 (s), 1944 (m), 1901 (s) 
2070 (m), 2027 (w), 1997 (s), 1982 (vs), 1969 (s), 1939 (m), 1895 (s) 
2027 (m), 2008 (vs), 1953 (s), 1937 (m), 1925 (m), 1903 (m), 1898 (m) 
2027 (s), 2009 (vs), 1955 (s, sh), 1951 (s), 1934 (s), 1927 (m, sh), 1914 (m), 1908 (m) 
2039 (s), 2020 (vs), 1969 (s), 1962 (s, sh), 1948 (m, sh), 1943 (s), 1919 (s), 1909 (w, sh) 
2064 (m), 1998 (s), 1992 (m, sh), 1972 (s, sh), 1967 (vs), 1959 (s), 1936 (m), 1853 (s) 
2065 (s), 1998 (m), 1991 (s), 1986 (s), 1977 (s), 1966 (m, sh), 1960 (vs), 1935 (m), 1864 (m) 
2067 (m), 1993 (s), 1986 (vs), 1977 (s), 1963 (s), 1884 (m, br)c 

Recorded in petroleum ether solution, unless otherwise stated. In tetrahydrofuran solution. Tentative assignment (see text). 
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P-0 and Mn-Mn Bond Cleavages at  Mnz Carbonyl Centers Organometallics, Vol. 13, No. 5, 1994 1943 

Table 2. 31P(1H) NMR Data for New Compoundsn 
8 9  PPm JP,P, Hz 

compd P(1) P(2) P(3) P(4) J1.2 J1.3 J1.4 J2.3 J2.4 J3.4 

26 
3c 
4a 
4b 
4C' 
5a 
5b 
5c 
6a 
6b 

419.3 (d) 153.2 (d) 
344.8 (br) 169.8 (vbr) 
349.3 (d) 169.7 (br) 54.0 (dd) 
349.6 (d) 168.8 (br) 46.8 (dd) 
352.1 (br) 171.0 (vbr) 59.6 (br) 
372.8 (ddd) 180.9 (d, br) 22.5 (ddd) 24.8 (dd) 
368.9 (ddd) 169.3 (dd) 40.2 (ddd) 35.0 (dd) 
362.1 (ddd) 174.8 (d, br) 158.3 (vbr) 151.9 (dd) 

353.6 (dd) 168.5 (br) 30.8 (ddd) 6.4 (dd) 
355.2 (ddd) 173.3 (br) 11.3 (ddd) -3.6 (dd) 

Measured at 121.5 MHz, in CDzClz solution at 213 K, unless otherwise stated. 

3 n  pa figures shown below. 
2 p 2  

Mn 
\ 

I I I 

2 -4 5 

60 

<lod 50 30 
<lod 41 27 

7 36 48 78 Clod 28 
32 32 46 67 Clod 34 
9 55 74 111 <lod 27 

13 90 62 33 <5d 73 
C15d 97 50 27 <5d 15 

Phosphorus atoms are labeled (P(1) to P(4)) according to the 

6 
In tetrahydrofuran: C6D6 solution (9:1), at room temperature. Room temperature. Estimated upper limit, considering the lowest half-width of 

the experimental lines involved. 

Table 3. Selected Bond Distances (A) and Angles (deg) for 
Complex 4a 

Mn( 1)-P( 1) 
Mn( 1)-P(3) 
Mn(1)-O(8) 
Mn( 1 )-C( 1) 
Mn( 1 )-C( 2) 
Mn(1)-C(3) 

P( 1 )-O( 10) 
P(2)-0(8) 
P(2)-0(11) 
P(2)-0( 12) 
P(3)-C(16) 
P(3)-C(22) 
P(3)-C(28) 

p(1)-0(9) 

0(1)-C(l) 
0(2)-C(2) 

C(2)-Mn( 1)-C(3) 
C( l)-Mn(l)-C(3) 
C( 1)-Mn( 1)-C(2) 
O(8)-Mn( 1)-C(3) 
O(8)-Mn( 1)-C(2) 
O(8)-Mn( 1)-C( 1) 
P(3)-Mn( 1)-C(3) 
P(3)-Mn( 1)-C(2) 
P(3)-Mn( I)-C( 1) 
P(3)-Mn( 1)-0(8) 
P( 1)-Mn( 1)-C(3) 
P( 1)-Mn( 1)-C(2) 
P( 1)-Mn( 1)-C( 1) 
P( 1)-Mn( 1)-0(8) 
P(1)-Mn(1)-P(3) 
Mn(2)-P(2)-0(8) 
Mn( 1)-P( 1)-Mn(2) 

2.288(2) 
2.341(2) 
2.069(4) 
1.856(9) 
1.772(5) 
1.837(8) 
1.630(5) 
1.624(5) 
1.51 l(5) 
1.600(6) 

1.8 3 5 (6) 
1.837(6) 
1.830(8) 
1.136( 11) 
1.1 53(6) 

1.594(5) 

90.5(3) 
174.2(3) 
91.0(3) 
91.7(2) 

177.7(2) 
86.8(2) 
92.6(2) 
91.7(2) 
93.0(2) 
88.9(1) 
86.3(2) 
91.0(2) 
88.1(2) 
88.4( 1) 

177.0(1) 
1 17.1 (2) 
115.7(1) 

C(6)-Mn( 2)-C(7) 
C(4)-Mn(2)-C(5) 
C(5)-Mn(2)-C(7) 
C(5)-Mn( 2)-C(6) 
P(2)-Mn(2)-C(6) 
C(4)-Mn(2)-C(7) 
C(4)-Mn(2)-C(6) 
P(2)-Mn(2)-C(7) 
P(2)-Mn(2)-C(5) 
P(2)-Mn(2)-C(4) 
P( l)-Mn(2)-C(6) 
P( l)-Mn(2)-C(5) 
P( l)-Mn(2)-C(4) 
P( l)-Mn(2)-P(2) 
P( l)-Mn(2)-C(7) 
Mn( 1)-0(8)-P(2) 

2.3 50( 2) 
2.280(2) 
1.846( 10) 
1.823( 10) 
1.841(7) 
1.821(7) 
1.144( 11) 
1.126( 13) 
1.1 38( 13) 
1.128(8) 
1.1 56(9) 
1.421 (9) 
1.438(9) 
1.465(12) 
1.443(9) 

93.6(4) 
171.1(4) 
94.7(4) 
94.6(4) 

173.6(3) 
92.3(4) 
90.5(4) 
90.2(3) 
90.2(2) 
84.2(2) 
89.8(3) 
86.5(2) 
86.2(2) 
86.3(1) 

176.3(3) 
126.2(3) 

they all are isostructural. In fact all 3 and 4a-c display 
very similar 31P chemical shifts for the phosphido and 
phosphonate groups (ca .  350 ppm and ca. 170 ppm, 
respectively). As expected, the phosphorus atom of the 
phosphine group in complexes 4 is strongly coupled with 
the phosphido phosphorus (P1 in Table 2 )  atom ( trans 
coupling) and, to a lesser extent, with the phosphonate 
group (P2). Coupling between the ring phosphorus atoms 

(14) Collman, J. P.;Hegedus,L.S.;Norton, J.R.;Finke,R. G.Principles 
and Applications of Organotransition Metal Chemistry; University 
Science Books: Mill Valley, CA, 1987; Chapter 4. 

(15) Arabi, S.; Berthelot, C.; Barry, J. P.; Taylor, N. J.; Chaudret, B. 
Polyhedron 1986, 5,  1785. 

was not observed, in contrast with that found for 2, but 
an upper limit of ca. 10 Hz has been estimated by 
considering the width of the lines in the spectra (Table 2). 
In any case, the low value for this coupling can be related 
to the absence of a metal-metal bond in complexes 3 and 
4, which thus eliminates one of three-bond pathways 
connecting Pl and P2. Mutual cancelation of the couplings 
arising from alternative pathways connecting phosphorus 
atoms in five-membered ring systems has been observed 
in dimolybdenum complexes bridged by PPhz and CH2- 
PPhz ligands.16 

The IR spectra of complexes 3 and 4 in the carbonyl 
stretching region can be interpreted as arising from 
mononuclear cis-Mn(CO)4 and mer-Mn(CO)s 0scillators.~7 
This is justified on the grounds that the large separation 
between the manganese centers is expected to result in 
minimal interactions between carbonyl groups bonded to 
different manganese atoms. Moreover, the presence of 
just four v&O) bands in the IR spectrum of 3 indicates 
that the combined electronic influence of both the 
phosphido and the phosphonate group is roughly the same 
for either manganese center. This is only possible if the 
intrinsic asymmetry of the phosphonate group can be 
counterbalanced by an asymmetric coordination of the 
phosphido ligand, in agreement with the structural data 
of 4 a  discussed above. 

The formation of complexes 3 and 4 requires some 
decomposition of the initial product resulting after the 
oxidation of 2, so as to provide the extra CO ligands 
required. Unexpectedly, the use of larger amounts of 
phosphine ligand did not suppress efficiently this decom- 
position. For example, the oxidation of 2 in the presence 
of 2 equiv of PPh3 still yielded 4a as a major product, 
along with other disubstituted complexes which have not 
been characterized. However, the use of disphosphine 
ligands proved to be more efficient in this respect, with 
the added benefit of a higher selectivity. 

Compound 2 reacts rapidly in tetrahydrofuran at -80 
"C with 2 equiv of [FeCp2lPFs in the presence of 1 equiv 

(16) Riera, V.; Ruiz, M. A.; Villafaiie, F.; Bois, C.; Jeannin, Y. 

(17) Braterman, P. S. Metal Carbonyl Spectra; Academic Press: 
Organometallics 1993, 12, 124. 

London, U.K., 1975. 
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Chart 3 

Liu et al. 

5a P-P-dmpm 
5b P-P-dppm 
sc P-P- tad0 

6a P-P=dmpm 
6b P-P= dppm 

of diphosphine ligand (Lz) to give a mixture of two 
hexacarbonylic species, which have been identified as the 
diphosphine-bridged complexes [Mnz(~-P(OEt)zJ{cL,12-OP- 
(OE~)ZJ(CO)~(~-LZ)I  (5a-c) (a, LZ = MezPCHzPMez or 
dmpm; b, LZ = PhzPCHZPPhz or dppm; c, LZ = (Et0)z- 
POP(0Et)z or tedip) and the chelate complexes [Mnz(v- 
P(OE~)ZJ{~(,?~-OP(OE~)~)(C~)~(LZ)]  (6a-b). In contrast 
with the reactions previously discussed, no intermediate 
species are detected by IR monitoring of the corresponding 
reaction mixtures. 

When LZ = tedip, trace amounts of a complex exhibiting 
an IR spectrum resembling that of the chelate complexes 
6a,b was obtained. Although this species, labeled 6c, has 
not been fully characterized, it is supposed to have a 
structure similar to that of the other chelate complexes. 
That 6c is formed in such a low amount is not surprising, 
given the well-known reluctance of the phosphorus ligands 
with P-0-P skeletons to act as chelating agents.2 In fact, 
only a few examples of the latter are known,6bJ8 and they 
usually combine large-size metals with bulky groups at 
the phosphorus atoms, two factors which favor chelate 
coordination and are absent in our case.19 On the other 
hand, the ratio 5:6 (ca. 1:2) for the other diphosphine 
complexes is slightly higher for dmpm, as expected on 
these grounds.19 However, this might be accidental, as 
the observed ratio 5% in the above reactions is probably 
kinetic in origin (see below). 

The IR spectra of the diphosphine-bridged species 5 
(Table 1) display two strong vSt(CO) bands in the 2050- 
2000-cm-l region, as usually found for many [Mnz(pX)- 
(~L-Y)(co)6(~u-LZ)] complexes prepared in our laboratory 
(X, Y = H, halide, PRz, SR, etc.). However, all complexes 
5 display more than six v,t(CO) bands in petroleum ether 
solution. This is interpreted as due to the presence of 
more than one conformational isomer in solution, as the 
low temperature NMR spectra were only indicative of 
single species in solution. Puckering of the different rings 
in these molecules (five- to seven-membered ones) might 
be responsible for this. 

The 31P{1H} NMRspectra of complexes 5 (Table 2) show 
regular trends and were assigned on the single assumption 
that only one of the diphosphine phosphorus atoms should 
exhibit an appreciable coupling with the phosphonate 
phosphorus atom (in other words, J 2 4  in Table 2 is expected 
to be very small). The P-P couplings thus resulting are 
entirely consistent with a stronger coordination of the 
phosphido ligand to the manganese atom bearing the 0-end 
of the phosphonate ligand, as found in the crystal structure 

(18) (a) Wong, E. M.; Ravenelle, R. M.; Gabe, E. J.; Florence, L. L.; 
Prasad, L. J. Organomet. Chem. 1982, 233, 321. (b) Choi, H. W.; 
Muetterties, E. L. J. Am. Chem. SOC. 1982,104, 153. (c) Scherer, 0. J.; 
Konrad, R.; Guggolz, E.; Ziegler, M. L. Chem. Ber. 1983,116, 2676. (d) 
Irvine, D. J.; Cole-Hamilton, D. J.; Barnes, J.; Hodgson, P. K. G. 
Polyhedron 1989,8, 1575. 

(19) Puddephatt, R. J. Chem. SOC. Reu. 1983, 12, 99. 

a 

r‘ 

Figure 2. Molecular structure of 6a, with the atom- 
numbering scheme. 
of 4a. Thus, under this assumption, the orderings J 1 4  > 
J13  and 532  > J31  are expected, as observed for all complexes 
5 (actually, J 1 4  = 3/2513 and J 3 2  = 2J31; see Table 2). 

The spectroscopic data for the chelate complexes 6a 
and 6b indicate that they are isostructural. Besides, we 
have confirmed the molecular geometry through an X-ray 
diffraction study on the dmpm complex 6a. Its structure 
is depicted in Figure 2 together with the atom-numbering 
scheme. A summary of relevant bond distances and angles 
is given in Table 4. The molecule is very similar to the 
heptacarbonylic complex 4a except that now a chelating 
dmpm ligand is coordinated to the manganese atom 
bearing the 0-end of the phosphonate ligand. The P(3) 
and P(4) atoms of the diphosphine ligand are placed trans 
to one carbonyl ligand and to the P(2) atom of the 
phosphido group, respectively, and correspondingly the 
Mn(l)-P(3) bond length, 2.315(3) A, is longer than Mn- 
(l)-P(4), 2.274(3) A. Structural features in the MnPOMnP 
ring are strictly comparable to those found in 4a. The 
Mn(l)-Mn(2) separation is 3.913(2) A, and the Mn(2)- 
P(1) and Mn(l)-0(7) bond lengths, involving the phos- 
phonate ligand, are 2.279(3) and 2.059(6) A, respectively. 
The phosphido bridge is asymmetrical with the Mn(1)- 
P(2) bond length, 2.252(3) A, shorter than Mn(2)-P(2), 
2.364(3) A, and the Mn(l)-P(2)-Mn(2) angle is 115.9(1)’. 
Moreover the P(1)-0(7) bond length in the phosphonate 
group, 1.495(6) A, is still shorter than the P(1)-O(8) and 
P( 1)-O(9) ones, 1.600(7) and 1.579(7) A, respectively. 

The spectroscopic data in solution for complexes 6 are 
consistent with the solid state structure of 6a. As discussed 
for complexes 4, the IR spectra can be roughly interpreted 
as arising from isolated metal fragments. In the case of 
complexes 6, the cis-Mn(CO)4 oscillator is identified by 
the presence of a medium to strong v,t(CO) band at  ca. 
2065 cm-l, very close to the values found for 3 or 4. On 
the other hand, the cis-Mn(CO)n group is surely responsible 
for the bands of ca. 1935 and 1860 cm-l. However, as was 
the case for complexes 5,  the chelate compounds 6 exhibit 
more than six vSt(CO) bands in their IR spectra, when 
recorded in petroleum ether solution. Again, the presence 
of conformational isomers in solution must be suspected, 
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P-0 and Mn-Mn Bond Cleavages at Mnz Carbonyl Centers 

Table 4. Selected Bond Distances (A) and Angles (deg) for 
Complex 6a 

Mn( 1)-P(2) 2.252(3) 
Mn( 1)-P(3) 2.315(3) 
Mn(1)-P(4) 2.274(3) 
Mn( 1)-0(7) 2.059(6) 
Mn(l)-C(l)  1.772(11) 
Mn(1)-C(2) 1.735(10) 
~(1)-0(7) 1.495(6) 
P(1)-0(8) 1.600(7) 
P(1)-0(9) 1.579(7) 
P( 2)-O( 10) 1.629(7) 
P(2)-O( 11) 1.631 (7) 
P(3)-C( 15) 1.805(11) 
P(3)-C( 16) 1.792( 12) 
P(3)-C( 17) 1.798(11) 
P(4)-C( 15) 1.816(11) 
P(4)-C( 18) 1.801( 11) 
P(4)-C( 19) 1.812( 11) 

C( 1)-Mn( 1)-C(2) 90.6(5) 
0(7)-Mn(l)-C(2) 173.8(4) 
O(7)-Mn(1)-C(1) 95.1(4) 
P(4)-Mn(l)-C(2) 92.6(4) 
P(4)-Mn(l)-C(l) 96.6(4) 
P(4)-Mn( 1)-0(7) 84.2(2) 
P(3)-Mn( 1)-C(2) 89.7(4) 
P(3)-Mn(l)-C( 1) 168.9(4) 
P(3)-Mn(l)-0(7) 84.3(2) 
P(3)-Mn(l)-P(4) 72.4(1) 
P(2)-Mn( 1)-C(2) 94.0(4) 
P(2)-Mn(l)-C(l) 95.4(4) 
P(2)-Mn(l)-0(7) 88.1(2) 
P(2)-Mn(l)-P(4) 166.3(1) 
P(2)-Mn(l)-P(3) 95.6(1) 
Mn(2)-P( 1)-0(7) 11 8.1(3) 
Mn(l)-P(2)-Mn(2) 115.9(1) 

C(S)-Mn(2)-C(6) 
C( 3)-Mn( 2)-C(6) 
C(4)-Mn(2)-C(5) 
C(4)-Mn(2)-C(6) 
C(3)-Mn(2)-C(5) 
C( 3)-Mn(2)-C(4) 
P(2)-Mn( 2)-C(6) 
P(2)-Mn(2)-C( 5 )  
P(2)-Mn( 2)-C( 4) 
P( 2)-Mn( 2)-C( 3) 
P( l)-Mn(2)-C(6) 
P( l)-Mn(2)-C(5) 
P( l)-Mn(2)-C(3) 
P( l)-Mn(2)-C(4) 
P( l)-Mn(2)-P(2) 
Mn( 1)-O(7)-P(1) 

2.279(3) 
2.364( 3) 
1.832(11) 
1.791 (12) 
1.809(11) 
1.8 13(11) 
1.1 53( 13) 
1.169( 13) 
1.144( 14) 
1.162( 15) 
1.1 56( 14) 
1.137( 14) 
1.402( 14) 
1.407( 15) 
1.452( 12) 
1.422( 13) 

93.0(5) 
173.7(5) 
94.3(5) 
93.0(5) 
92.5(5) 
89.5(5) 
90.9 (4) 

174.7(4) 
89.1(4) 
83.4(4) 
89.3(4) 
90.6(4) 
87.6(4) 

1 74.5 (4) 
85.9( 1) 

128.9(4) 

as no evidence of more than a single species in each case 
is obtained from the low temperature NMR spectra. These 
isomers derive from the presence of a diphosphine 
phosphorus atom [P(3) in Figure 21 cis to the bridging 
groups and the fact that the latter define a puckered 
Mn2P20 ring. As a result, nonequivalent conformations 
of this ring are possible. 

The 31P NMR spectra of complexes 6 (Table 2) have 
been assigned under the single assumption used for 5 (here 
J 2 4  = 0). The alternative assumption based on the usual 
finding that 2J(PP) is higher for trans than for cis relative 
arrangements about the meta120 (in our case J 1 3  > J14)  

leads to the same results. As was the case for complexes 
3-5, coupling between phosphido and phosphonate phos- 
phorus atoms remains very small. Finally, the relative 
3lP chemical shifts for the diphosphine ligands in com- 
plexes 5 and 6 are consistent with their bridging or 
chelating nature, respectively. Thus, it is well established 
that the formation of four-membered rings through chelate 
coordination of diphosphine ligands brings about a 
considerable shielding effect on the phosphorus atoms 
involved.21 This effect is expected to be much smaller in 
the considerably less strained bridging diphosphines. 
Therefore, comparison of the chemical shifts of P4 in 
complexes 5 and 6 (same coordination position, but 
bridging us chelate coordination, Table 2) should yield 
6(P4) (5) > 6(P4) (6). In fact, this is what we find, the 
differences being 28.4 and 28.6 ppm for the dmpm and 
dppm complexes, respectively. This analysis cannot be 
extended to the chemical shifts of P3, as they also 

(20) Pregosin, P. S. In Phosphorus-31 NMR Spectroscopy in Ster- 
eochemical Analysis; Verkade, J. G., Quin, L. D., Eds.; VCH: New York, 
1987; Chapter 14. 

(21) Garrou, P. E. Chem. Reu. 1981, 81, 229. 
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correspond to a distinct coordination position in 5 and 6 
(cis or trans to the phosphido groups, respectively). 

Intermediate Species and Reaction Pathways in 
the Oxidation of Anion 2. The oxidation reactions of 
anion 2 discussed above imply considerable reorganization 
at the dimanganese center. In all cases, two new ligands 
are incorporated to the dimetallic center and the Mn-Mn 
bond is cleaved, so those reactions are obviously complex. 
In spite of this, some intermediate species are detected by 
IR spectroscopy, and they provide some ideas about the 
way these reactions occur. As we have stated previously, 
intermediate species were detected through IR spectros- 
copy during the formation of complexes 3 and 4, but not 
in the case of the diphosphine compounds. All these 
intermediates are unstable a t  room temperature and yield 
the final complexes within less than 1 h, but several 
experiments, next discussed, indicate a considerable 
lifetime at  low temperature (at least several hours below 
-30 "C). 

The intermediate detected during the formation of 
compound 4a proved to be easier to handle, so that both 
its IR and 31P NMR spectra could be unambiguously 
identified. The latter (in tetrahydrofuran: C6D6,9:1, a t  
-70 "C) exhibits a somewhat broad phosphonate resonance 
at  175.6 ppm whereas the phosphido group appears as a 
doublet at 351.7 ppm (Jpp = 157 Hz) and the triphe- 
nylphosphine ligand appears as doublet of doublets at 
53.8 ppm (Jpp = 157 and 31 Hz). Its IR spectrum exhibits 
six v&O) bands [2062 (m), 1989 (s), 1972 (s), 1952 (vs), 
1922 (m), 1843 (m)]. The above data resemble those of 
the hexacarbonylic complexes 6, but it is clear from the 
31P spectrum that the precursor of 4a has a single PPh3 
ligand. In addition, the following experimental observa- 
tions suggest that the referred intermediate contains also 
a coordinated tetrahydrofuran molecule: (a) the inter- 
mediate complex can be regenerated by UV irradiation of 
4a at  -30 "C for 20 min in tetrahydrofuran; (b) removal 
of solvent from the latter solution leads to complete 
disappearance of this intermediate; ( c )  UV irradiation of 
4a at  -30 "C in petroleum ether gives a mixture of products, 
but none of them is the referred intermediate. Therefore, 
it seems reasonable to formulate the precursor of 4a as 
[ ( C O ) ~ M ~ ( ~ - P ( O E ~ ) ~ J ~ I L , ~ ~ - O P ( O E ~ ) ~ J M ~ ( C O ) ~ ( P P ~ ~ ) -  
(S)] (S = tetrahydrofuran), and a similar structure is 
proposed for the intermediates detected in the formation 
of compounds 4b,c (Chart 4, L = PPh3, PEt3, PCy3). 

The proposed structure for the precursors of complexes 
4 is fully consistent with the spectroscopic data previously 
discussed and with the final geometry exhibited by 
complexes 4. However, it is clear that those intermediates 
are not the primary species formed in the oxidation 
reactions of anion 2. The formation of the octocarbonylic 
complex 3 provides some complementary, though incom- 
plete, information in this respect. 

The intermediate leading to complex 3 is more unstable 
than the ones previously discussed. In spite of this, a 
separate experiment strongly suggests the presence of only 
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Chart 5 

Liu et al. 

six carbonyls in this intermediate species: When anion 2 
is oxidized with [FeCp2]PF6, the reaction mixture stirred 
for 20 min at -75 OC (IR at  this step showing the presence 
of 3 and its intermediate), and then 1 equivof PPh3 added, 
the IR spectrum of the resulting mixture shows the 
presence of 4a and its corresponding intermediate (Chart 
4). Thus, it seems that both intermediates (those of 3 and 
4a) are hexacarbonylic species, the one of 3 reacting quickly 
with a molecule of PPh3 at  low temperature to generate 
the precursor of 4a. Therefore, a formulation [Mn2{pu- 
P(OE~)Z}(~,~~-OP(OE~)~)~~(S)~~ (S = tetrahydrofuran) 
would be consistent with the above observations. There 
are related precedents of tetrahydrofuran adducts in 
manganese(1) or rhenium(1) carbonyl complexes which 
include, for example, the complexes [Mz(p-X)2(C0)6(S)21 
(M = Mn, X = C1;22 M = Re, X = Br23). The latter species 
contain M(C0)3(S) units bridged by halide ligands. This 
might be the case for the precursor of 3 (Chart 5, left), 
because strong bands in the expected region are observed 
in its IR spectrum. However, we also note in the latter 
spectrum the presence of weak v&O) bands at  2069 and 
1836 cm-l. This could be explained if a second isomer, 
made from Mn(C0)4 and Mn(C0)2 units, were also present 
(Chart 5, right). It is not difficult to imagine that these 
isomers (and even some other one) could interconvert easily 
in tetrahydrofuran solution. 

Although the present hypothesis has little experimental 
support, it is not unreasonable. Moreover, it allows a 
rationalization of the oxidation reactions of dianion 2 
previously discussed. Thus, the intermediate species 
detected during formation of 3 (possibly A and B in 
Scheme 2) would be formed initially in all the reactions 
discussed. Their formation would be preferred over other 
processes (for example, the formation of a new metal- 
metal bond, Scheme 2). This is not uncommon, as, in 
many instances, chemical oxidation of singly metal-metal 
bonded carbonyl dimers leads to mononuclear cations 
incorporating solvent molecules or other l i g a n d ~ . ~ ~ ~ ~ 5  In 
our case, however, dimer degradation would be prevented 
by the presence of the bridging ligands. Upon reaction 
with CO, either A or B would yield 3. On the other hand, 
either A or B would rapidly react with phosphine ligands. 
Initial substitution at the manganese atom bearing the 
0-end of the phosphonate group seems more likely on 
steric grounds. That would give intermediate C or D, 
respectively. As was discussed for A and B, it is not 
unlikely than C and D can interconvert, but now C should 
be thermodynamically favored on steric grounds. We recall 
here that when L = PPh3, intermediate C is the unique 
species detected by 31P NMR spectroscopy. Replacement 
of the remaining tetrahydrofuran molecule in C by CO, or 

(22) VanDerveer, M. C.; Burtlich, J. M. J .  Organomet. Chem. 1980, 
197, 357. 

(23) Calderazzo, F.; Mavani, I. P.; Vitali, D.; Bernal, I.; Korp, J. D.; 
Atwood, J. L. J. Organomet. Chem. 1978, 160, 207. 

(24) Reviews: (a) Connelly, N. G. Chem. SOC. Reu. 1989,18, 153. (b) 
Geiger, W. E.; Connelly, N. G. Ado. Organomet. Chem. 1985, 24, 87. 

(25) (a) Schumann, H. J. Organomet. Chem. 1985,290, C34. (b) Ibid. 
1987,323, 193. 

the uncoordinated end of the diphosphine ligands, would 
yield respectively complexes 4 and 6. Finally, complexes 
5 would follow from D in an analogous way. As the 
transformations C to 6 and D to 5 are intramolecular, 
they can be relatively fast, and then it is not surprising 
that no intermediates are detected in the reactions with 
diphosphines, in contrast with the other ones (that is, C 
and D are short-lived species when L = diphosphine). 
Moreover, if the final steps in the formation of 5 and 6 are 
fast, then the observed ratio 5:6 (ca. 1:2) would follow 
from the rates at which C and D are formed, and therefore 
would have a kinetic origin. In contrast with this, the 
diphosphine-bridged complexes 5 seem to be thermody- 
namically favored over 6, at least a t  high temperatures. 
Thus, when a mixture of 5b and 6b was heated at 65 "C 
in petroleum ether for 2 h, almost complete transformation 
into 5b was observed. 

In summary, and in spite of the uncertainties discussed 
above, we can extract several conclusions concerning the 
chemical oxidation of dianion 2 in tetrahydrofuran: (i) It 
does not lead to a doubly metal-metal bonded species but 
rather to non metal-metal bonded species containing two 
coordinated tetrahydrofuran molecules. (ii) The latter 
solvated complexes are thermally unstable species which 
react easily with mono- or bidentate phosphorus-donor 
ligands at low temperature, whereupon one or two tet- 
rahydrofuran molecules are rapidly displaced respectively. 
(iii) The above reactions occur selectively at  the manganese 
center bearing the 0-donor atom of the phosphonate ligand 
present in 2. 

Experimental Section 

General Considerations. All manipulations and reactions 
were carried out under a nitrogen atmosphere using standard 
Schlenk techniques. Solvents were purified according to standard 
literature proceduresz6 and distilled under nitrogen prior to use. 
Petroleum ether refers to that fraction distilling in the range 
60-65 "C. Compound l,% [ F ~ C ~ Z I P F ~ , ~ ~  and PhZPCHgPPhz% 
were prepared according to literature procedures. Other phos- 
phorus donor ligands were purchased from the usual commercial 
suppliersand used as received. Filtrations were carried out using 
diatomaceous earth. Alumina for column chromatography was 
deactivated by appropriate addition of water to the commercial 
material (Aldrich, neutral activity I). Jacketed columns were 
used, being refrigerated either by tap water or by a closed 
2-propanol circuit kept at  the desired temperature with a cryostat, 
as appropriate. All other manipulations were carried out at  room 
temperature unless otherwise indicated. The photochemical 
reactions on compound 4a were performed using jacketed Schlenk 
tubes. lH (300.13-MHz),3lP (121.50-MHz), and13C (75.47-MHz) 
NMR spectra were measured with a Bruker AC300 spectrometer. 
Chemical shifts ( 6 )  are given in ppm, relative to internal TMS 
(lH, 13C) or external 85% H3P01 aqueous solution (alp), with 
positive values for frequencies higher than that of the reference. 
Coupling constants (J) are given in hertz. '3C{lHj NMR spectra 
were routinely recorded on solutions containing a small amount 
of tris(acetylacetonato)chromium(III) as a relaxation reagent. 

Preparation of Tetrahydrofuran Solutions of Na,[Mnz(p- 
P(OEt)z]{p,~2-OP(OEt)~)(CO)~] (2). In a typical experiment, 
compound 1 (0.054 g, 0.1 mmol) in tetrahydrofuran (10 mL) was 
stirred with an excess of 1 % sodium amalgam (ca. 1 mL, 5 mmol 
of Na) for 30 min, affording an orange solution. The latter was 
filtered using a cannula and was then ready for further use. 31P- 

~~ 

(26) Perrin, D. D.; Armarego, W. L. F. Purification of Laboratory 

(27) Smart, J. C.; Pinsky, B. L. J. Am. Chem. SOC. 1980,102, 1009. 
(28) Aguiar, A. M.; Beisler, J. J. Org. Chem. 1964, 29, 1660. 

Chemicals; Pergamon Press: Oxford, U.K., 1988. 
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Scheme 2. Proposed Pathways for the Oxidation Reactions of Anion 2 in Tetrahydrofuran (S) [P-0 = 
(Et0)2PO; p-P = P(0Et)Z; L = Phosphine or Diphosphine (P-P) Ligand] 

co OC' I 
co co co 

-2Y * 
co S S S 

oc, I,p-o, I /s 
c--- o c q n \  / ';" \co ocO I \p/h;n\Co 

E, I ,p-o,I/co - co 
Mn 

co co co co 
A 0 

CO co 
C 

A (L=P P) 

El 
(1H) spectroscopy showed the presence of a single species in this 
solution, and thus a 100 % yield in the formation of 2 was assumed. 

Preparation of [M~z(~-P(OE~)ZJ(P,~~-OP(OE~)ZJ(CO)~] (3). 
Solid [FeCpz][PFe] (33 mg, 0.1 mmol) was added to a stirred 
tetrahydrofuran solution of 2 (0.05 mmol, prepared from 0.027 
g of 1) at -80 "C. Carbon monoxide was then gently bubbled 
through the solution, and the mixture was allowed to reach room 
temperature. Solvent was then removed in vacuum, and the 
yellow-orange residue was extracted with petroleum ether (3 X 
3 mL) and chromatographed on an alumina column (activity 111, 
3 X 20 cm). Ferrocene was first eluted using petroleum ether. 
Elution with dichloromethane-petroleum ether (1:5) gave a yellow 
fraction which yielded, after removal of solvent in vacuum, 
compound 3 as a yellow microcrystalline solid (0.023 g, 80%). 
Anal. Calcd for Cl~H~MnzO13Pz: C, 32.45; H, 3.40. Found: C, 
31.94; H, 3.45. 'H NMR (CDzClz): 6 4.12 (4, JHH = JPH = 7,4H, 
OCHz), 3.95 (m, 4H, OCHz), 1.43, 1.27 (2 X t ,  JHH = 7, 2 X 6H, 
Me). I3C('H) NMR (C&): 6 218.2, 216.2, 214.1, 210.7 (4 X m, 
br, Mn-CO), 64.8 (d, J p c  = 12, OCHz), 60.0 (d, JPC = 9, OCHz), 
16.2 (d, J p c  = 6, Me), 16.0 (d, J p c  = 6, Me). 

Preparation of [Mnz(r-P(OEt)~)(r,rz-OP(OEt)z~(CO)~- 
(PPhs)] (4a). Solid [FeCpzl [PFs] (0.066 g, 0.2 mmol) was added 
to a stirred tetrahydrofuran solution containing 0.1 mmol of 2 
(prepared from 0.054 g of 1) and PPh3 (0.026 g, 0.1 mmol) at -80 
"C. The solution was then allowed to reach room temperature 

CO co 
D 

(L=P-P) 

f 

and further stirred for 1 h. Solvent was then removed in vacuum, 
and the yellow-orange residue was extracted with petroleum ether 
(5 X 3 mL) and chromatographed on an alumina column (activity 
111,3 X 20 cm). Ferrocene was first eluted using petroleum ether. 
Elution with dichloromethane-petroleum ether (1:4) gave a yellow 
fraction which yielded, after removal of solvent in vacuum, 
compound 4a as a yellow microcrystalline solid (0.050 g, 63%). 
The crystals used in the X-ray study were grown from a petroleum 
ether solution at -20 "C. Anal. Calcd for C33H35Mn2OlZP3: C, 
47.96; H, 4.27. Found: C, 48.30; H, 4.25. lH NMR (CDzCl2): 6 
7.64-7.38 (m, 15H, Ph), 4.10,3.60 (2 X m, 2 X 4H, OCHz), 1.38, 
1.12 (2 X t ,  JHH = 7, 2 X 6H, Me). 13C(1H) NMR (CDzClZ, 218 
K): 6 222.4 (m, br, Mn-CO) 217.1 (m, br, 2 X Mn-CO), 214.7 (t, 
JPC = 18,2 x Mn-CO), 212.0 (m, br, 2 x Mn-CO), 63.6 (d, J p c  
= 10, 2 X OCHZ), 59.4 (d, J p c  = 6, 2 X OCHz), 16.5 (s, Me). 

Preparation of [Mnz(r-P(OEt)z)(p,r*-OP(OEt)z)(CO)~- 
(PEt3)] (4b). The procedure is completely analogous to that 
described for 4a, except that 15 ML of PEts (cu. 0.1 mmol) was 
used. Complex 4b was eluted from the chromatography column 
using dichloromethane-petroleum ether (15). Removal of solvent 
under vacuum yielded pure (by alp spectroscopy) complex 4b as 
an oily yellow residue (ca. 0.040 9). Attempts to crystallize this 
highly soluble substance always yielded oily materials. Thus, 
satisfactory elemental microanalysis could not be obtained. 1H 
NMR (CDzClZ): 6 4.22,3.83 (2 X m, 2 x 4H, OCHz), 1.57 (4, JHH 
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Table 5. Experimental Data for the X-ray Diffraction 
Studies 

mol formula C33hsMn2012P3 C19H34Mn2011P4 

space group Pi P21lc 

4a 6a 

mol wt 826.43 672.24 
cryst syst triclinic monoclinic 

radiatn (i, A) graphite monochromated 

a, A 21.127(8) 14.45 l(5) 
b, A 10.503(5) 10.469(3) 
c, A 10.099(6) 20.087(7) 
a, deg 65.01(2) 
0, deg 7 3.45 (2) 9 1 .36( 2) 
79 deg 76.05(2) 
v, A' 1928(2) 303 8( 2) 
Z 2 4 
Dcalcd, g cm-' 1.424 1.470 
F(000) 848 1384 
cryst dimens, mm 
p(Mo Ka), cm-' 8.36 10.90 
28 range, deg 6-50 6-48 
reflectns measd *h,*k,l *h,k,l 
total no. of unique data 6809 4791 
no. of unique obsd data 371 1 [I > 2u(1)] 
R 0.0425 0.0408 
R W  0.0560 0.0542 

Mo Ka (0.710 73) 

0.20 X 0.25 X 0.30 0.25 X 0.28 X 0.35 

1625 [I > 20(1)] 

Liu et al. 

Table 6. Atomic Coordinates (XlO4) and Isotropic Thermal 
Parameters (A* X lo4) for the Non-Hydrogen Atoms of 

ComDlex 4a 

= JPH = 7.5, 6 H, PCHz), 1.32, 1.23 (2 X t, JHH = 7, 2 X 6H, 
OCHZCH~), 0.93 (dt, JPH = 15, JHH = 7.5, 9H, PCHzCHs). 

Preparation of [Mnz(r-P(OEt)~)(r,?2-OP(OEt)~)(CO),- 
(PCya)] (4c). The procedure is completely analogous to that 
described for 4a, except that 0.028 g (0.1 mmol) of PCy3 was 
used. Complex 4c was eluted from the chromatography column 
using dichloromethane-petroleum ether (1:4). Removal of solvent 
under vacuum yielded complex 4c as a yellow microcrystalline 
solid (0.060 g, 71 % ). Anal. Calcd for C ~ ~ H ~ ~ M ~ Z O I Z P ~ :  C, 46.93; 
H, 6.33. Found: C, 46.55; H, 6.20. lH NMR (C6D6): 6 4.21,3.88 
(2 x m, 2 X 4H, OCHz), 2.13-1.28 (complex, 23H, CBHll and Me). 

Chemical Oxidation of 2 in the  Presence of MeZPCH2- 
PMe2. Solid [FeCpz][PFB] (0.132 g, 0.4 mmol) and 31 pL of 
MezPCHzPMe2 (dmpm, 0.027 g, 0.2 mmol) were added toa stirred 
tetrahydrofuran solution containing0.2 mmol of 2 (prepared from 
0.108 g of 1) at  -80 "C. The solution was then allowed to reach 
room temperature and further stirred for 2 h. Solvent was then 
removed in vacuum, and the yellow-orange residue was extracted 
with petroleum ether (5 X 3 mL) and chromatographed at  -40 
"C on an alumina column (activity 111, 3 X 20 cm). Ferrocene 
was first eluted using dichloromethane-petroleum ether (1:8). 
Elution with dichloromethane-petroleum ether (1:3) gave a yellow 
fraction which yielded, after removal of solvent in vacuum, 
compound [Mn~(p-P(OEt)~}(~,~2-OP(OEt)~}(CO)~(Me~PCH~- 
PMez)] (6a) as a yellow microcrystalline solid (0.054 g, 40%). 
Elution with dichloromethane-petroleum ether (23) gave another 
yellow fraction yielding, after similar workup, complex [Mnz- 
(p-P(OEt)z)(~,~z-OP(OEt)~}~CO)~(~-Me~PCH~PMe~~l (5a) as a 
yellow solid (0.025 g, 19 % ). The crystals used in the X-ray study 
of 6a were grown from a petroleum ether solution at  -20 "C. 
Anal. Calcd for C19H34Mn2011P4, 5a or 6a: C, 33.95; H, 5.10. 
Found for 5a: C, 34.30; H, 5.51. Found for 6a: C, 33.52; H, 5.05. 
Spectroscopic data for 5a: 'H NMR (ca6): 6 4.33-3.76 (complex 
10H, CHz), 1.43-1.03 (complex, 24H, Me). W(lH) NMR (CD2- 
Clz, 213 K): 6 223.0,221.0,220.0,218.0 (4 X m, br, Mn-CO), 63.8, 
61.4 (2 X s, OCHz), 58.5 (d, JPC = 10, OCHz), 27.7 (br, PCHz), 

= 31, PCHa), 16.5, 15.9 (2 X s, OCHzCH3). Spectroscopic data 
for 6a: 1H NMR (CeDe): 6 4.65-3.85 (complex, 8H, OCHz), 2.45 
(m, 2H, PCHz), 1.43-1.15 (complex, 24H, Me). 13C(lH] NMR 
(CD&lZ, 213 K): 6 229.2, 223.3, 213.8, 211.5 (4 X m, br, 4 X 
Mn-CO), 218.3 (br, 2 X Mn-CO), 64.0 (d, Jpc = 9, OCHz), 63.0 

OCHZ), 43.3 (t, br, Jpc = 16, PCHz), 17.0 (d, Jpc = 5, Me), 16.8 
(d, Jpc = 5, 2 X Me), 16.7 (d, JPC = 6, 2 X Me), 15.4 (s, br, Me), 
14.3 (dd, Jpc = 20, 2, Me), 11.6 (br, Me). 

20.7 (d, Jpc  = 29, PCH,), 19.7 (d, Jpc = 25, PCHs), 16.7 (d, Jpc 

(d, JPC = 11, OCHz), 59.6 (d, J p c  = 6, OCHz), 59.3 (d, Jpc = 8, 

977.3(4 j 

3745.5(7) 

2055.3(7) 
1489.4(8) 

2850(2) 
3895(2) 
2824(3) 
1092 (3) 
1109(3) 
393(3) 

2206(2) 
1979(2) 
2249(2) 
1519(2) 
1063( 2) 
288 l(3) 
3507(3) 
2856(3) 
1045(3) 
1049(3) 
620(3) 
165(4) 

2495(4) 
2362 (6) 
1853(3) 
2073(4) 

905(4) 
1036(8) 
1107( 12) 
13 12(4) 
747(5) 

4562(3) 
4592(3) 
5 184(4) 
5764(4) 
575 l(4) 
5153(3) 
3635(3) 
3076(3) 
3008(4) 
3483(4) 
4040(4) 
4122(3) 
3928(3) 
4228(3) 
4342(4) 
4153(4) 
3844(4) 
3727(3) 

-350(3) 

4897.0i 10) 
5400.9(17) 
3014.7( 18) 
2399.8( 16) 
6 133(5) 

2014(5) 
6490(7) 
3138(7) 
7551(6) 
4125(7) 
3052(4) 
7092(4) 
5 3 24( 5) 
1492(5) 
2880(5) 
5287(7) 
4799(6) 
2741(7) 
5891(8) 
3824(8) 
6539(8) 
4436(8) 
7937(8) 
9245(11) 
6037(7) 
5 3 8 7 (9) 

5334(4) 

908(10) 
-684( 19) 
-322(27) 
1925(9) 
1630( 11) 
2 18 l(6) 
2005(7) 
1751 (8) 
1705(9) 
1875(11) 
2127(9) 

529(6) 
20(7) 

-1 390(7) 
-2316(7) 
-1839(7) 
-442(7) 
2944(6) 
4132(7) 
4605(8) 
3903(9) 
2727( 10) 
2236(8) 

1397.0(10) 
52.7(17) 

3 102.8(18) 
2405.2(15) 
2408(6) 

-1465(5) 
-206(5) 

-337(6) 
-770(7) 

3 130( 7) 

3261(6) 
3059(4) 
-3 19(5) 

-1 59 1 (4) 
3068(5) 
4726(5) 
1961(6) 
-419(7) 

349(6) 
2473(8) 

324(7) 
39(9) 

2545(8) 
-1 21 3(9) 

-271 3( 7) 
-3817(9) 

-929( 12) 

3 38 3 ( 10) 
4109(25) 
2949(40) 
6049(9) 
7372(11) 
1195(7) 
-99(7) 

-1 00 l(8) 
-650( 11) 

621 (1 2) 
1539(9) 
3494(6) 
3563(7) 
4346(7) 
5103(7) 
5037(7) 
4237(7) 
3740(6) 
3233(8) 
4238(9) 
5714(10) 
6243(9) 
5273(7) 

432(7)" 
470(7)' 
365(6)" 
708(27)" 
595(22)' 
718(27)" 
9 16(34)" 
892( 35)' 
959(31)' 
931(33)" 
471( 18)" 
552(20)' 
536(21)" 
665(24)' 
678(23)' 
455(28)" 
409(27)" 
465(28)" 
597(35)' 
608(35)" 
666(37)' 
688(39)' 
736(21) 

1212(34) 
61 7( 18) 
809(23) 
91 l(25) 
936(84) 

1232(110) 
848(23) 

1159(30) 
450(28)' 
566(32)' 
732(39)* 
954(53)' 

1142(68)" 
823(46)' 
399(25)' 
527(29)" 
643(35)' 
655(35)' 
67 l(37)" 
571 (33)' 
402(26)' 
581 (34)" 
695(42)' 
767(46)" 
835(47)" 
627( 35)" 

Equivalent isotropic U defined as one-third of the trace of the 
orthogonalized U, tensor. 

Chemical Oxidation of 2 in the  Presence of Ph2PCH2- 
PPh2. The procedure is completely analogous to that described 
for the previous alkyldiphosphine, except that 0.077 g of Phz- 
PCHzPPhz (0.2 mmol) was used. Elution withdichloromethane- 
petroleum ether (1:2) gave a yellow fraction which yielded, after 
removal of solvent in vacuum, compound [Mnz(ll-P(OEt)z)(ll,lz- 
OP(OE~)Z)(CO)G(P~ZPCHZPP~Z)~ (6b) as a yellow microcrystal- 
line solid (0.064 g, 35%). Elution with dichloromethane- 
petroleum ether (2:l) gave another yellow fraction yielding, after 
similar workup, complex I~Z{~-P(~E~)Z}(~,~~-~P(~~~)Z}(CO)~(~L- 
PhzPCHzPPhz)] (5b) as a yellow solid (0.028 g, 15%). Anal. 
Calcd for C3sH4zMnzOllP4, 5b or 6b: C, 50.89; H, 4.60. Found 
for 5b: C, 50.96; H, 4.79. Found for 6b: C, 51.22; H, 4.92. 
Spectroscopic data for 5b: lH NMR (CDzC12): 6 7.57-6.88 (m, 
20H, Ph), 4.22-3.61 (complex, 9H, CHt), 3.06 (q of d, JPH = JHH 

4 X 3H, Me). Spectroscopic data for 6b: IH NMR (C6De): 6 
7.91-6.85 (m, 20H, Ph), 4.77-3.41 (complex, 10H, CHz), 1.44, 
1.15, 1.08, 1.03 (4 X t, JHH = 7, 4 X 3H, Me). 

= 14, JPH = 6, lH, PCHz), 1.42, 1.41, 1.28, 1.25, (4 X t, JHH 7, 
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P-0 and Mn-Mn Bond Cleavages at  MnP Carbonyl Centers 

Table 7. Atomic Coordinates (X 104) and Isotropic Thermal 
Parameters (A* X 104) for the Non-Hydrogen Atoms of 

Complex 6a 

2625.6(9) 
2321.0(10) 
3 3 37( 2) 
1770(2) 
1710(2) 
3 3 56( 2) 
4007(5) 
1598(5) 
3641(6) 
1022(6) 
3180(6) 
101 5( 5) 
3288 (4) 
3297(5) 
4336(4) 
706(4) 

1651(4) 
3468(7) 
20 12(7) 
3 133(8) 
1517(8) 
2850(7) 
1508(7) 
3452(8) 
3 75 3 (9) 
5134(9) 
5921(8) 
-55(7) 

-9 39( 7) 
1427(8) 
1340(9) 
2563(7) 
1389(8) 
676(7) 

4502(7) 
3369(8) 

827.5(13) 
3336.2( 15) 
1672(3) 
2429(3) 
-802( 3) 

-1050(3) 
2473(8) 

707(7) 
4684(7) 
5489(8) 
4480(8) 
1784(9) 
705(5) 
756(6) 

2279(6) 
191 8(6) 
3726(5) 
1 83 3 ( 10) 
774( 10) 

41 56( 10) 
4623(12) 
4014( 10) 
2392( 11) 
1191(11) 

129( 12) 
1 5 27 ( 14) 
2238(12) 
2734(10) 
2097(10) 
3675(11) 
5014( 12) 

-2028(11) 
-973(11) 

-1319(11) 
-1406(11) 
-1736(12) 

5857.3( 7) 
7279.3(7) 
7321(1) 
6268(1) 
6258( 1) 
5653( 1) 
5251(4) 
4599(4) 
6407(4) 
7092(5) 
8495(4) 
8045(4) 
6774(3) 
7958(3) 
7374(3) 
6292(3) 
5824(3) 
5502(5) 
5 105(5) 
6738(6) 
7162(6) 
8024(6) 
7746(6) 
8611(6) 
9044(6) 
7301(7) 
7105(6) 
6484(5) 
6297(5) 
5 132(5) 
4869(6) 
6122(6) 
7110(6) 
5821(6) 

4825(5) 
5974(5) 

414(6)' 
506(6)' 
486(10)' 
442( 10)' 
521 (10)' 
5 17 ( 10)" 
935(38)' 
809(34)" 
858(38)' 

1025(42)' 
889(38)" 
963(40)" 
488(24)" 
669(28)" 
643(28)' 
562(27)' 
546(26)' 
556(43)' 
5 1 l(40)' 

736(53)' 
63 5 (47)' 
649(48)" 
919(41) 

1132(47) 
1120(49) 
1104(46) 

83 l(38) 
7 58 (37) 

1090(46) 
8 16(38) 
957(42) 
978(43) 
8 16(36) 
918(40) 

595(45)' 

739(34) 

'Equivalent isotropic U defined as one-third of the trace of the 
orthogonalized Ui, tensor. 

Chemical Oxidation of 2 in the Presence of (Et0)zPOP- 
(OEt)z. The procedure is completely analogous to that described 
for the previous diphosphines, except that 50 pL of (Et0)2POP- 
(OEt)2 (0.052 g, 0.2 mmol) was used. Elution with dichlo- 
romethane-petroleum ether (1:3) gave a yellow fraction containing 
trace amounts of a compound possibly related to complex 6a or 
6b (see Discussion). Elution with dichloromethane-petroleum 
ether (2:l) gave another yellow fraction. Removalof solvent from 
this solution yielded complex [ M ~ ~ ( ~ - P ( O E ~ ) Z ) ( ~ , ~ ~ - O P -  
(OEt)2)(CO)~(p-(Et0)~POP(OEt)2)] (5c) as a yellow solid (0.080 
g, 51%). Anal. Calcd for C22H&h&&'4,5c: C, 33.26; H, 5.08. 
Found: C, 32.80; H, 5.30. 'H NMR (C&): 6 4.35-3.75 (complex, 
16H, OCHz), 1.38, 1.26, 1.21, 1.15, 1.14, 1.04 (6 X t, JHH = 7, 6 
X 3H, Me), 1.06 (t, JHH = 7, 6H, Me). 

X-ray Data Collection, S t ruc ture  Determination, and 
Refinement for Compounds 4a and 6a. The crystallographic 
data for both compounds are summarized in Table 5. Data were 
collected at  room temperature (22 OC) on a Philips 1100 PW 
diffractometer, using graphite-monochromated Mo K a  radiation 
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and the 8/28 scan type. The reflections for both 4a and 6a were 
collected with a variable scan speed of 3-12' min-l and a scan 
width from (0 = 0.60)' to (0 + 0.60 + 0.346 tan 0 ) O .  One standard 
reflection was monitored every 50 measurements; no significant 
decay was noticed over the time of data collection. The individual 
profiles have been analyzed following Lehmann and Larsen.29 
Intensities were corrected for Lorentz and polarization effects. 
No correction for absorption was applied. Only the observed 
reflections were used in the structure solutions and refinements. 

Both structures were solved by Patterson and Fourier methods 
and refined by full-matrix least squares first with isotropic thermal 
parameters and then with anisotropic thermal parameters for 
the non-hydrogen atoms, with the exception of the carbons of 
the ethyl groups (4a), and of the ethyl groups and of the dmpm 
ligand (6a). The terminal carbon (C (13)) of one of the ethyl 
groups in 4a was found disordered and distributed in two positions 
of almost equal occupancy factor. All hydrogen atoms, with the 
exception of those in the disordered ethyl group, were placed at  
their geometrically calculated positions (C-H = 0.96 A) and 
refiied 'riding" the corresponding carbon atoms. The final cycles 
of refinement were carried out on the basis of 434 (4a) and 263 
(6a) variables; after the last cycles, no parameters shifted by 
more than 1.27 (4a) and 1.05 (6a) esd. The highest remaining 
peak in the final difference map was equivalent to about 0.51 
(4a) and 0.36 (6a) e/A3. In the final cycles of refinement a 
weighting scheme UI = K [  $(Fo) + gFo2]-1 was used; a t  convergence 
the K and g values were 0.741 and 0.0043 (4a) and 0.643 and 
0.0093 (6a), respectively. The analytical scattering factors, 
corrected for the real and imaginary parts of anomalous dis- 
persions, were taken from ref 30. All calculations were carried 
out on the GOULD POWERNODE 6040 of the "Centro di Studio 
per la Strutturistica Diffrattometrica" del CNR, Parma, using 
the SHELX-76 and SHELXS-86 systems of crystallographic 
computer programs.31 The final atomic coordinates for the non- 
hydrogen atoms are given in Table 6 (4a) and 7 (6a). The atomic 
coordinates of the hydrogen atoms are given in Tables SI (4a) 
and SI1 (6a), the thermal parameters, in Tables SI11 (4a) and 
SIV (6a). 
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