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may differ in detail from those in mononuclear platinum- 
(11) c0mp1exes.l~ 
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Summary: The synthesis and structure of a new type of 
bridging phosphinidene-iron carbonyl complex, [ {Fe- 
(C0)3P(4-Me-2,6-t-Bu2C6H20)]2] (l), is reported. The 
structure of 1 shows that each phosphinidene ligand 
bridges two irons asymmetrically, with Fe-P distances of 
2.202 (1) and 2.112 (1) A, suggesting an isolobal com- 
parison with cyclobutadiene. 

A number of publications from this laboratory have 
described the interesting products obtained from re- 
actions of carbonylmetalate dianions with phosphorus 
chlorides containing bulky organic substituents. In all 
these cases the products involved either a diphosphene 
ligand bonded to a metal in one of several different ways 
as shown in a, b, or c or a phosphinidene ligand bridging 
two metals as shown in d. Phosphinidene complexes of 
type d and the side-on-bonded diphosphenes of type e,  
which were synthesized by other routes, had already been 
reported by a number of  worker^.^ However, with the 
exception of the simultaneous disclosure of a complex of 
type b by the Cowley the complexes a, b, and c 
were the first reported examples of their class. Huttner 
and co-workers have also reported further examples of type 
a7a and b7b complexes and also the structurally charac- 
terized type f c o m p l e ~ e s . ~ ~  More recently the cis isomer 
of complex b has been reported by both H ~ t t n e r ' ~  and 
Yoshifuji;s see also ref 4 for another example of a struc- 

Fellow of the  A. P. Sloan Foundation. 1985-1989. 
(1) Flynn, K. M.; Olmstead, M. M.; Power, P. P. J .  Am. Chem. Soc. 

(2) Flvnn, K. M.: Murray. B. D.: Olmstead. M. M.: Power. P. P. J.  Am. 
1983,105, 2085. 

Chem. Sic .  1983. 105. 7460. 
(3) Flynn, K. M.; Hope, H.; Murray, B. D.; Olmstead, M. M.; Power, 

(4) Olmstead, M. M.; Power, P. P. J .  Am. Chem. SOC. 1984,106,1495. 
(5) Huttner, G.; Muller, H.-D.: Frank. A.: Lorenz. H. Anfew. Chem.. 

P. P. J .  Am. Chem. Soc. 1983, 105, 7750. 

Int. Ed. Engl. 1975,14, 705. Huttner, G.; Borm, J.; Zso1nai;L. J.  Orga: 
nomet. Chem. 1984,263, C33. Elmes, P. S.; Scudder, M. L.; West, B. 0. 
J. Organomet. Chem. 1976, 122, 281. Cannillo E.; Coda, A.; Prout, K.; 
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1977,2333, 2608. Deppisch, B.; Schafer, H. Acta. Crystallogr., Sect. E:  
Struct. Crystallogr. Cryst. Chem. 2338,748. Dixon, K. R. J .  Chem. SOC., 
Chem. Commun. 1982,932. Green, J. C.; Green, M. L. H.; Morris, G. E. 
J .  Chem. SOC., Chem. Commun. 1974, 212. 

(6) Cowley, A. H.; Kilduff, J. E.; Lasch, J. G.; Norman, N. C.; Pakulski, 
M.; Ando, F.; Wright, T. C. J.  Am. Chem. SOC. 1983, 105, 7751. 

(7) (a) Borm, J.; Zsolnai, L.; Huttner, G. Angew. Chem., Int. Ed. Engl. 
1983,22,977. (b) Lang, H.; Orama, 0.; Huttner, G. J .  Organomet. Chem. 
1985, 291, 293. 

Figure 1. Computer-generated diagram of 1. Important bond 
distances (A) and angles (deg) not given in the text: Fe-C(1), 

(5); P(4)-0(4) = 1.421 (5); FePFe' = 113.5 (1); C(l)FeC(2) = 92.9 
(2); C(l)FeC(3) = 106.0 (2); C(2)FeC(3) = 95.0 (2); P0(4)C(4) = 
122.0 (2). 

turally characterized example of a cis diphosphene tran- 
sition-metal cluster complex. For a general review of de- 
velopments in the chemistry of heavier main-group mul- 
tiple bonds see ref 9. 

-C(2), -C(3) = 1.793 (5), 1.812 (4), 1.821 (5) ;  P-0(4) = 1.625 (3); 
C(l)-O(l) = 1.156 (7); C(2)-0(2) = 1.137 ( 5 ) ;  C(3)-0(3) = 1.138 
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We now report the existence of a new type of structure 

obtained from the metal carbonylate/PC12R mixture which 
involves two asymmetrically bridging, roughly trigonal- 
planar phosphinidene groups linking two iron tricarbonyl 
fragments. This is the complex [(Fe(CO),P(4-Me-2,6-t- 
Bu~C,H,O))~] (1). The structure of 1 was unexpected be- 
cause the synthetic procedure was identical with that de- 
scribed for [Fe(CO)4(p-Fe(CO)4~(P(2,4,6-t-Bu3C,H20)J,] (2) 
which has a side-onlend-on-bonded diphosphene ligand 
as depicted in c . ~  The only difference in the synthesis is 
a change at  the 4-position of the phenoxy group from 
tert-butyl to methyl in this preparation.1° 

(8) Yoshifuji, M.; Hashida, T.; Inamoto, N.; Hirotso, K.; Horiuchi, T.; 
Higuchi, T.; Ito, K.; Nagase, S. Angew. Chem., Int. Ed. Engl. 1985,24, 
211. 

(9) Cowley, A. H. Polyhedron 1984, 3, 389. 
(IO) The compounds PCl2(2,4,6-t-Bu3C6H,0) (6) and PC12(2,4-t- 

Bu2-4-MeC,H20) (7) were readily synthesized by treatment of an ether 
solution of PCl, with slightly less than 1 equiv of the solid lithium ary- 
loxide etherate (from n-BuLi and the phenol). Removal of LiCl and 
recrystallization from n-hexane gave the monosubstituted compounds 3 
and 4 in ca. 50% yield. 31P NMR for 3 and 4 showed singlets a t  +194 
and +I96 ppm. The melting points for 3 and 4 were 126 and 138 "C, 
respectively. 
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The experimental procedure involved dropwise treat- 
ment of an EtzO (15 mL) suspension of NazFe(CO),. 
1.5dioxane (0.7 g, 2 mmol) with an EtzO (15 mL) solution 
of PC1z(2,6-t-Buz-4-MeC6Hz0) (0.64 g, 2 mmol) a t  25 "C. 
Stirring for 12 h followed by removal of the volatiles in 
vacuo and extraction of the residue in rz-hexane (25 mL) 
gave a red solution. Reduction of the volume in vacuo to 
10 mL and cooling to -20 "C gave 1 as red-brown crystals: 
yield 0.07 g, 9%; mp 191-193 "C. The first indication of 
an unusual structure came from 31P NMR. A single res- 
onance at  +564 ppm (relative to 85% H3P04) was quite 
different from that of the AB pattern obtained for 2. The 
complex can be handled in the air and shows no apparent 
decomposition after several days exposure. It is soluble 
in hydrocarbon solvents affording solutions that are also 
air-stable. Current mechanistic work in this group has 
shown, via 31P NMR, that complexes of type 1 and 2 are 
present in the crude reaction mixtures of Fe(C0),2- and 
RPClZ, R = 2,4,6-t-Bu3C6Hz0 or 2,6-t-Buz-4-MeC,H20 in 
Et,O. Moreover heating a solution of 2 in toluene to 70 
"C results in a reduction in 31P NMR AB pattern intensity 
and the appearance of a singlet at +563 ppm corresponding 
to a conversion of 2 into a type 1 complex." 

The structure of the complex was solved by single-crystal 
X-ray diffractionI2 and is shown in Figure 1. It consists 
of isolated neutral molecules with no short intermolecular 
contacts. Each iron atom may be regarded as having se- 
verely distorted (e.g., PFeP' = 66.5 (1)') trigonal-bipy- 
ramidal coordination to three carbonyl ligands and to two 
phosphorus atoms. The main feature of interest in the 
molecule involves the bonding between iron and the 
phosphinidene ligand. There are two Fe-P distances, Fe-P 
= 2.202 (1) A and Fe-P' = 2.112 (1) A. The former is 
slightly shorter than bond lengths found in other Fe(CO), 
phosphine or diphosphene complexes. For example, a 
terminal Fe-P distance of 2.226 (1) A is found in a where 
R = CH(SiMe,), and in c where R = 2,4,6-t-B~~c,H,O. '~~ 
The latter has considerably longer Fe-P bridging distances 
of 2.362 (2) and 2.347 (2) A. The shorter F e P '  bond length 
is very similar to those found in some phosphenium com- 
plexes where there is thought to be an Fe-P multiple 
bond.', The difference in the Fe-P and -P' bond lengths 
and the close to planar geometry at phosphorus suggests 
that the bonding may be represented schematically by g 
rather than the expected symmetrically bound phosphi- 
nidene complex in h. It  could be argued that the dif- 
ference in Fe-P and -P' distances is due to differences in 
axial and equatorial bonding. We think this unlikely since 
there is no example of such a large difference between 
Fe-L(axia1) and Fe-L(equatoria1) bonds.14 There is no 

Communications 

(11) Flynn, K. M.; Power, P. P., unpublished observations. 
(12) A red-brown crystal of 1, having the dimensions 0.15 X 0.50 X 0.60 

mm, was mounted on a Syntex P21 diffractometer equipped with a gra- 
phite monochromator. With Mo Ko radiation (A  = 0.71069 A) and the 
crystal cooled to 140 K, crystal data were as follows: monoclinic, space 
group P2,/n; a = 15.840 (2) A, b = 8.569 (1) A, c = 15.996 (2) A; (3 = 
119.60 (1)O; Z = 2; fi = 8.97 cm-' (range of absorption correction factors 
1.21-1.80). Data were collected to 20,, of 50' with an w scan technique. 
A total of 3271 unique data were collected of which 2490 had I > 30(0. 
Scattering fadors and corrections for anomalous scattering were from Vol. 
IV of the "International Tables". Computer programs were those of 
SHELXTL, Version 3, July 1981 package. The structure was solved by 
Patterson methods. The R value with anisotropic thermal parameters 
(with H) = 4.34% and R, = 4.65%. There is some rotational disorder 
in the tert-butyl groups which is reflected in the larger thermal ellipsoids 
of these groups. Tables of atomic coordinates, thermal parameters, and 
bond lengths and angles are available as supplementary material. 

(13) Cowley, A. H.; Kemp, R. A.; Ebsworth, E. A. V.; Rankin, D. W. 
H.; Walkinshaw, M. D. J .  Organomet. Chem. 1984, 265, C19. For an 
example of a long Fe-P distance (2.340 (2) A) in a metallophosphenium 
ion complex, see: Hutchins, L. D.; Duesler, E. N.; Paine, R. T. Organo- 
metallics 1982, 1, 1254. 

tc'o,, icb, 
9 h i 

interaction between the Fe atoms, the distance being 
greater than 3.6 A. The P-P' separation, 2.367 (2) A, on 
the other hand, is short enough to be considered a long 
P-P single bond (usual P-P single bond distances are ca. 
2.2-2.4 A).15 This would imply that the schematic rep- 
resentation given by i may be closer to the actual bond 
order present. However it is not possible to decide whether 
the close P-P contact is imposed by the complex geometry 
or an inherent P-P bond. The core of the molecule defined 
by P(1), P(l)', O(l) ,  O(l) ' ,  Fe, and Fe' is very close to 
planar.', 

Another view of the bonding in 1 arises from the isolobal 
relation~hip'~ between Fe(CO), and CH+ or PR and CH-. 
A complex of composition [{(OC),FePR],] should show a 
resemblance to [ (CH)2n]. This relationship has already 
been demonstrated by Vahrenkamp and co-workers in a 
number of related complexes. These are the tetrahedrane 
analogue [( ( O C ) , F ~ P - ~ - B U J ~ ] ~ ~  (3), the cubane analogue 
[( (OC),F~ASM~),] '~  (4), and the octabisvalene analogue 
[{(OC)3FePMe)4]20 (5 ) .  The geometry seen in 1, which 
suggests an analogy to cyclobutadiene (c-(CH)~), is in sharp 
contrast to the tetrahedrane (also (CHI,) configuration 
suggested by 3. It may be that the bulky aryloxide ligand 
in 1 disfavors the cis coordination of a diphosphene seen 
in 3 and causes weakening of the P-P bond, thereby 
promoting the open structure seen in 1.21 

The complex is also diamagnetic, and this is supported 
by the lH and 31P NMR data. In addition a hexane so- 
lution of l was ESR inactive at  room temperature. The 
larger downfield shift of the 31P NMR of phosphinidene 
relative to dipho~phene'f~ complexes also agrees with the 
bonding shown in g.22 

The IR (Nujol mull) shows a complex pattern 2052 (sh), 
2041 (sh), 2021 (s), 2007 (s), 1991 (s), and 1961 (s) cm-'. 
The 'H NMR (CDC13, Me,Si internal standard) gives a 
singlet a t  1.6 ppm (18 H), a singlet a t  2.2 ppm (3 H), and 

(14) Cotton, F. A,; Hardcastle, K. I.; Rusholme, B. A. J .  Coord. Chem. 
1983,2,217. Other examples of trigonal-bipyramial Fe complexes where 
only small differences between axial and equatorial bonding are seen are: 
Smith, M. B.; Bau, R. J. Am. Chem. SOC. 1973,95, 2388. Cotton, F. A,; 
Kolb, J. R.; Stubs, B. R. Inorg. Chim. Acta 1975, 15, 239. Goldfield, S. 
A.; Raymond, K. N. Inorg. Chem. 1974, 13, 770. Cotton, F. A,; Troup, 
J. M. J. Am. Chem. SOC. 1974,96,3438. Jansen, P. R.; Oskam, A.; Olie, 
K. Cryst. Struct. Commun. 1975, 4, 667. 

(15) Emsley, J.; Hall, D. 'The Chemistry of Phosphorus"; Harper and 
Row: San Francisco, 1976; p 458. Corbridge, D. E. C. "The Structural 
Chemistrv of PhosDhorus": Elsevier: Amsterdam. 1974: I) 23. 

(16) Deviations (A) from this plane: P, -0.022; P, +O.bi2; Fe, -0.002; 
Fe', +0.002; 0(4), +0.009; 0(4)', -0.009, 

(17) Hoffmann, R. Angew. Chem., Int. Ed. Engl. 1982,21, 711. 
(18) Vahrenkamp, H.; Wolters, D. Angew. Chem., Int. Ed. Engl. 1983, 

22, 154. 
(19) Rottinger, E.; Vahrenkamp, H. J.  Organomet. Chem. 1981, 213, 

1. 
(20) De, R.-L.; Vahrenkamp, H. Angew. Chem., Int. Ed. Engl. 1984, 

23, 983. 
(21) Another example of asymmetry in phosphinidene complexes arose 

after this work had been submitted. We were informed by Professor A. 
Cowley of the synthesis of the phosphinidene complex [2,4,5-t- 
B U ~ C ~ H ~ P I ( C O ( C O ) ( ~ I ~ - C ~ H ~ ) ~ ~ ] .  This interesting compound has an open 
structure but displays asymmetry in the angles but not in the bond 
lengths around phosphorus. We thank Professor Cowley for making data 
on this compound available prior to publication. 

(22) For example, [Cr(CO)2]2P-t-Bu, 31P NMR 1362 ppm: Huttner, 
G.; Borm, J.; Zsolnai, L. J.  Organomet. Chem. 1984, 263, C33. Ph2P2- 
[Cr(CO)&, O'P NMR 927 ppm: ref 7a and Borm, J.; Zsolnai, L.; Huttner, 
G. Angew. Chem. Suppl .  1983, 1477. This value was later amended to 
369 ppm, see ref 7b. 
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a singlet a t  7.09 ppm (2 H). 
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Summary: The enthalpy of reaction for the photodisso- 
ciation of Mn,(CO),, in several solvents has been mea- 
sured by pulsed time-resolved photoacoustic calorimetry. 
Using known quantum yield measurements for Mn-Mn 
homolysis and Mn-CO ligand dissociation, the Mn-Mn 
bond strength is determined to be 38.0 f 5 kcal/mol. 

Crucial to the development of metal cluster chemistry 
is a knowledge of the metal-metal and metal-ligand bond 
strengths in a t  least a few transition-metal cluster com- 
plexes. The difficulties in obtaining such information are 
illustrated with the example of the metal-metal bond 
strength in Mn2(CO)lo, the first unsupported metal bond 
to be characteri2ed.l The dissociation energy for the 
metal-metal bond has been obtained from thermochemical 
measurements (16 kcal/mol,2 22.5 kcal/m01,~ and 34 f 13 
kcal/mo14), electron-impact mass spectroscopic data5-9 
(values ranging from 19 to 28 kcal/mol), kinetic mea- 
surements in solution'*12 (36.8 kcal/mol), and recently a 
combination of ICR and photoelectron spectro~copy'~ (41 
f 9 kcal/mol-). This disturbing scatter of values points 
to the difficulty of obtaining specific bond energies in 
transition-metal complexes. 

The metal-ligand bond dissociation energy in Mn(CO),L 
complexes has been investigated,3J4 but the absolute Mn-L 
bond energies are based on the value estimated from D- 

(1) Dahl. L. F.: Ishishi. E.: Rundle. R. E. J. Chem. Phvs. 1957.26.1750. 
(2) Connor, J. A. "Transition Me& Clusters"; Johnson, B., Ed.; Wiley: 

New York, 1900; Chapter 5. 
(3) Connor, J. A.; Zafarani-Moattar, M. T.; Bickerton, J.; El Saied, N. 

I.; Suradi, S.; Carson, R.; A1 Takhin, G.; Skinner, H. A. Organometallics 
1982. 1. 1166. 
(4) Cotton, F. A.; Monchamp, R. R. J.  Chem. Sac. 1960, 533. 
(5) Bidinosti, D. R.; McIntyre, N. S. J.  Chem. Soc., Chem. Commun. 

(6) Bidinosti, D. R.; McIntyre, N. S. Can. J.  Chem. 1970, 48, 593. 
(7) Svec, H. J.; Junk, G. H. J .  Am. Chem. Soc. 1967,89, 2836. 
(8) Svec, H. J.; Junk, G. H. Inorg. Chem. 1967, 7, 1688. 
(9) Junk, G. H.; Svec, J .  H. J.  Chem. Sac. A 1970, 2102. 
(10) Hopgood, D.; Poe, A. J. J.  Chem. Sac., Chem. Commun. 1966,831. 
(11) Poe, A. J. ACS Symp.  Ser. 1981, No. 155, 135. 
(12) Marcomini, A.; Poe, A. J. J .  Am. Chem. SOC. 1983, 105, 6952. 
(13) Martinho Simoes, J .  A.; Schultz, J. C.; Beauchamp, J. L. Or- 

(14) Stevens, A. E. Ph.D. Thesis, California Institute of Technology, 

1966, 555. 

ganometallics, in press. 

1981. 

2Mn (CO)  

Mn2(C0l9 + co 

T a b l e  I. Enthahies of React ion in Var ious  Solvents"  

solv AH,,* kcal/mol 

hexane (CsH14) 14.0 
cyclohexane (C6H12) 13.6 
THF 11.9 
acetonitrile (CH3CN) 11.5 

"Photolysis of Mn2(CO)lo solutions (OD < 0.4)  a t  room temper- 
ature with 337-nm excitation. *Errors are f l . O  kcal/mol. 

(Mn-Mn) in MII~(CO)'~ and are, therefore, themselves only 
as reliable as this estimate. 

In this communication, we report an estimate of the 
D(Mn-Mn) in Mn,(CO),, in solution obtained by using 
pulsed time-resolved photoacoustic calorimetry. This is 
a method whereby reaction enthalpies for ground-state 
reactants forming stable or transient photoproducts are 
measured. In this experiment, a fraction of the energy 
absorbed by the sample from an incident light beam is 
ultimately released as heat. Local thermal expansion 
generates pressure waves which can be detected by a 
transducer. An in-depth analysis of the theory and ex- 
periment has been reported.15 

Quantitative interpretation of the heat deposition 
measured in this experiment requires a knowledge of the 
mechanism and kinetics of the photochemical reaction 
under study. Fortunately, the photochemistry of Mn,(C- 
O)lo is one of the best studied among transition-metal 
cluster carbonyls.16 Kinetic experiments in several labo- 
ratories17-19 are consistent with the mechanism outlined 
in Scheme I. Picosecond flash photolysis experiments 
performed in our laboratory17 showed that photolysis of 
Mn2(CO)lo leads to the formation of Mn(CO)6 and Mnz- 
(CO), within 25 ps of excitation. Quantum yield mea- 
surements for the dissociation of Mn2(CO)lo are available, 
yet the literature values are varied. 

In the study reported herein, the enthalpy of reactions 
AHr of the above photoprocess were measured20,21 in a 
variety of solvents a t  room temperature and are listed in 
Table I. Simply, AHr is determined by comparison of the 
integrated photoacoustic waveform obtained from photo- 
lysis of Mnz(CO)lo to that obtained from photolysis of a 
standard, i.e., ferrocene, with known photophysical and 

(15) (a) Rothberg, L. J.; Simon, J.; Bernstein, M.; Peters, K. S. J .  Am. 
Chem. Sac. 1983,105, 3464. (b) Rudzki, J.; Goodman, J. L.; Peters, K. 
J.  Am. Chem. Sac. 1985, 107, 7849. 

(16) (a) Hughey, J. L.; Anderson, C. P.; Meyer, T. J .  J .  Organomet. 
Chem. 1977, 125, C49. (b) Smith, G. P., private communicaton. 

(17) Rothberg, L. J.; Cooper, N. J.; Peters, K. S.; Vaida, V. J .  Am. 
Chem. Soc. 1982, 104, 3536. 

(18) Yesaka, H.; Kobayashi, T.; Yasufuku, K.; Nagakura, S. J .  Am. 
Chem. Soc. 1983, 105, 6249. 

(19) Meyer, T. J. Chem. Rev., in press, and references therein. 
(20) Freshly sublimed Mn2(CO)lo was dissolved in deoxygenated 

spectrograde solvents. Samples were degassed with argon for 10 min and 
then maintained under an argon atmosphere during the experiment. 
Photolysis was initiated by a nitrogen laser (5 ns, 337 nm, 520  pJ, 2-mm 
diameter). Sample absorbances did not change during photolysis, sug- 
gesting that no decomposition occurred at  these low fluence levels. 

(21) On the time scale of the laser experiment ( -1  fits), both recom- 
bination processes, ~MII (CO)~  - Mn2(CO)lo and Mn2(CO)9 + CO - 
Mn(CO)lo, are slow and consequently do not contribute to the overall 
enthalpy of 
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