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The synthesis, characterization, and ligand substitution reactions of Fez(PPh2)z(C0)6 (1) and Na2Fez(PPhz)z(C0)6.5THF 
(4) are presented. Reaction of 4 with alkylating agents affords directly the acyl complexes NaFe,,(PPhz)z(CO)S[C(0)R].2THF, 
(6). A mechanism involving intramolecular, metal-promoted alkyl migration is proposed. Reaction of 1 with lithium reagents 
affords LiFez(PPh2)2(CO)5[C(0)R]-3THF. 

The presence of adjacent metal sites in polynuclear com- 
plexes makes available situations which cannot be duplicated 
at a single metal site.2 Noteworthy examples include (i) the 
binding of a single substrate to two or more metal atoms, (ii) 
the attachment of substrate fragments to adjacent metal atoms, 
(iii) the migration of ligands from one metal atom to another, 
(iv) reactions of metal-metal bonds, and (v) the simultaneous 
electron transfer from two or more metal atoms to a single 
substrate. 

Several reactions commonly promoted by heterogeneous 
catalysts are rarely observed in the presence of mononuclear 
homogeneous catalysts. It is conceivable that those hetero- 
geneously catalyzed reactions might be facilitated by adjacent 
metal centers in a multinuclear cluster. Important examples 
are steps found in hydrogenolysis, in re-forming and Fisch- 
er-Tropsch processes, and in reductions of nitriles, arenes, 
dinitrogen, and carbon monoxide. 

It is currently thought that in selected cases transition-metal 
cluster complexes may function as soluble analogues of het- 
erogeneous ca ta ly~ts .~  It is hoped that the cluster catalyst 
will mimic the range of activity and reactions of heterogeneous 
catalysts yet retain the selectivity and efficiency of homoge- 
neous catalysts. Further interest in transition-metal cluster 
chemistry stems from the suggestion that instructive analogies 
may be drawn between ligation in organo cluster complexes 
and chemisorption on metal surfaces.3b 

The study of cluster complexes is complicated by various 
reactions which result in fragmentation of the metal frame- 
~ o r k . ~ ? ~  The stabilities of clusters are generally limited to 
a narrow range of temperatures and pressures. In metal cluster 
complexes, the highest occupied molecular orbital (HOMO) 

(a) A Dreliminaw communication of this work has atmared: Collman. 
J. P.; Rothrock, R. K.; Finke, R. G.; Rose-Munch, F.*i. Am. Chem. Soc: 
1977, 99,7381. (b) Crystal structures determined by X-ray diffraction 
of Fe2(PPh&(CO), and its corresponding dianion, complexes described 
in this paper, have recently been reported: Ginsburg, R. E.; Rothrock, 
R. K.; Finke, R. G.; Collman, J. P.; Dahl, L. F. Ibid. 1979,101, 6550. 
(c) Crystal structures determined by X-ray diffraction of three acyl 
complexes of the type F%(PPh2)2(CO)5[C(0)R]-, compounds described 
in this paper, have recently been reported: Ginsburg, R. E.; Berg, J. 
K.; Rothrock, R. K.; Collman, J. P., Hodgson, K. 0.; Dahl, L. F. Ibid. 
1979, 101, 7218. 
For reviews on transition-metal cluster compounds, see: (a) Cotton, F. 
A. Q. Rev., Chem. Soc. 1966,20,389. (b) Chini, P. Inorg. Chim. Acta 
Rev. 1968, 2, 31. (c) Baird, M. C. Prog. Inorg. Chem. 1968, 9, 1 .  (d) 
Abel, E. W.; Stone, F. G. A. Q. Rev., Chem. SOC. 1969, 23, 325. ( e )  
Johnston, R. D. Ado. Inorg. Chem. Radiochem. 1970, 13, 471. ( f )  
Chini, P. Pure Appl. Chem. 1970, 23,489. (g) King, R. B. Prog. Inorg. 
Chem. 1972,15,287. (h) Lewis, J.; Johnson, B. F. G. Pure Appl. Chem. 
1975,44,43. (i) Tripathi, S. C; Srivastava, S. C.; Mani, R. P.; Shrimal, 
A. K. Inorg. Chim. Acta Rev. 1976, 17, 257. (j) Chini, P.; Longoni, 
G.; Albano, V. G. Adv. Organomet. Chem. 1976, 14, 285. 
(a) Muetterties, E. L. Science (Washington, D.C.) 1977,196, 839. (b) 
Muetterties, E. L. Bull. SOC. Chim. Belg. 1975,84, 959; ibid. 1976,85, 
451. (c) Ugo, R. Catal. Rev.-Sci. Eng. 1975, 1 1, 225. (d) Norton, 
J. R. "Advances in Homogeneous Catalysis"; Ugo, R., Tsutsui, M., Eds.; 
Plenum Press: New York, 1977; Vol. 1 ,  pp 99-1 14. (e) Smith, A. K.; 
Basset, J. M. J. Mol. Catal. 1977, 2, 229. 
Meyer, T. J. Prog. Inorg. Chem. 1975, 19, 1 and references cited therein. 

is usually a a-bonding MO of metal-metal bond character, 
and the lowest unoccupied molecular orbital (LUMO), a 
corresponding antibonding MO of metal-metal bond char- 
acter.$' Consequently, metal-metal bonds are easily broken 
by oxidation, reduction, or the addition of a donor ligand. 

Inasmuch as clusters are subject to fragmentation, we have 
employed binculear complexes containing additional bridging 
ligands. Herein we describe the synthesis, characterization, 
and reactions of several phosphido-bridged diiron carbonyl 
clusters. Of particular interest is a novel metal-promoted alkyl 
migration, which is promoted by the formation of a metal- 
metal bond. A summary of recent synthetic, structural, the- 
oretical, and reactivity studies of phosphido-bridged bimetallics 
is summarized in ref 8. 
Results and Discussion 

Synthesis and Characterization of Fe,(PPh,),(CO),. Bis- 
[p-(diphenylphosphido)] -bis [tricarbonyliron(I)], Fe2(PPh2)2- 
(CO), (l), is comprised of two equivalent iron atoms, each 

1 

bound to three terminal carbonyls and two bridging di- 
phenylphosphido ligands. The complex formally contains an 
iron-iron single bond. Each of the iron atoms in the parent 
complex 1 is a coordinatively saturated, 18-electron center. 
Note that in cluster complexes a single electron is assigned 
to each metal atom for each metal-metal bond present. 

Fe2(PPh2)2(C0)6 (1) was first prepared by Thompson by 
reaction of iron pentacarbonyl and tetraphenyldiphosphine at 
220 OC, a reaction which cannot conveniently be performed 
on a large scale.9 

We have developed the alternative synthesis which is out- 
lined in eq 1-3. The reduction of iron pentacarbonyl with 

A 

C4H8Oz 
100% 

2Na + Fe(CO), - Na2Fe(C0)4.1.5C4Ha02 + CO 

(1) 

Na,Fe(CO), + Fe(CO)5 Na2Fe2(C0)a + CO (2) 

Na2Fe2(CO), + 2Ph2PCl Fe2(PPh2)2(C0)6 (3)  

20 o c  

100% 

20 oc 

1 60% 

(5) Teo, B. K.; Hall, M. B.; Fenske, R. F.; Dahl, L. F. Inorg. Chem. 1975, 
14 ?in? 

~ ., __- - .  
(6) Levenson, R. A.; Gray, H. B. J. Am. Chem. SOC. 1975, 97, 6042. 
(7) Ginley, D. S.; Wrighton, M. S. J .  Am. Chem. SOC. 1975, 97, 4908. 
(8) Finke, R. G.; Gaughan, G.; Pierpont, C.; Cass, M. E. J. Am. Chem. Soc. 

1981, 103, 1394 and ref 6-10 therein. 
(9) Job, B. E.; McLean, R. A. N.; Thompson, D. T. Chem. Commun. 1966, 

895. 
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Figure 1. Cyclic voltammogram of Fe2(PPh2)2(C0)6 in acetonitrile 
containing 0.2 M N(CH2CH3),C104 at a hanging-mercury-drop 
electrode. The peak-to-peak separation was essentially independent 
of scan speed in the range of 20-100 mV/s. 

sodium in refluxing dioxane affords disodium tetracarbonyl- 
ferrate(-11), Na2Fe(CO)4.1 .5C4H8O2, in quantitative yield (eq 
l ) . Io  The tetracarbonylferrate complex reacts with a second 
equivalent of Fe(C0)5 to give disodium octacarbonyldi- 
ferrate(-I),” Na2F~(CO),,  which upon treatment with 2 equiv 
of diphenylchlorophosphine affords the parent complex 1 as 
orange crystals in 60% yield overall (eq 2, 3). It is noteworthy 
that the entire reaction sequence may be carried out on a scale 
of tens of grams. 

The infrared spectrum of Fe2(PPh2)2(CO), in the region of 
carbonyl stretching vibrations is similar to those of related 
Fe2(X>,(CO), (X = PR2, AsR2, SR) c ~ m p l e x e s . ~ ~ ~ ’ ~  

An X-ray diffraction study of the parent complex 1 revealed 
a crystal structure consisting of discrete Fe2(PPh2)2(C0)6 
molecules. The presence of an iron-iron bond is reflected in 
the Fe-Fe separation: 2.623 (2) A. For structurally related 
dimers, a “bent” metal-metal bond has been proposed14 which 
is conceptually viewed as completing the approximately oc- 
tahedral coordination about each atom. The Fe2(PPhJ2 core 
is symmetrical and nonplanar with sharply acute Fe-P-Fe 
bond angles and has idealized C, geometry. The X-ray data 
further show that there are two types of carbonyl in complex 
1. Four of the carbonyls are positioned trans to a phosphido 
ligand, while the remaining two carbonyls are positioned trans 
to the metal-metal bond. 

Ligand Substitution Reactions of Fe2(PPh2)2(C0)6. Prior 
to our work, a few organosulfur- and organonitrogen-bridged 
Fe2(X),(CO), complexes had been observed to undergo 
thermally and photochemically initiated carbonyl substitution 
rea~tions.’~-’’ A single reportla described the formation of 

(10) (a) Komoto, R. G. Ph.D. Thesis, Stanford University, Stanford, CA, 
1974. (b) Commercially available from Ventron Corp., Alfa Products. 

(11) Collman, J. P.; Finke, R. G.; Matlock, P. L.; Wahren, R.; Komoto, R. 
G.; Brauman, J. I. J.  Am. Chem. SOC. 1978,100, 1119. 

(12) (a) Hayter, R. G. Inorg. Chem. 1964, 3, 71 1. (b) Cullen, W. R.; 
Mihichuk, L. Can. J .  Chem. 1973, 51, 936. 

(13) (a) Kettle,.S. F. A.; Orgal, L. E. J. Chem. SOC. 1960, 3890. (b) King, 
R. B.; Trerchel, P. M.; Stone, F. G. A. J.  Am. Chem. SOC. 1961, 83, 
3600. 

(14) (a) Dahl, L. F.; Costello, W. R.; King, R. B. J. Am. Chem. SOC. 1968, 
90,5422. (b) Teo, B. K.; Hall, M. B.; Fenske, R. F.; Dahl, L. F. Inorg. 
Chem. 1975.14, 3103. 

(15) (a) Maresca, L.; Greggio, F.; Sbrignadello, G.; Bor, G. Inorg. Chim. 
Acta 1971,5,667. (b) Kuz’mina, L. G.; Bokii, N. G.; Struchkov, Yu. 
T.; Arutyunyan, A. V.; Rybin, L. V.; Rybinskaya, M. J. J. S t r u t .  
Chem. (Engl. Tram\.) 1971, 12, 801. (c) Ellgen, P. C.; Gerlach, J. N. 
Inorg. Chem. 1973, 12, 2526. (d) Basato, M. J. Chem. Soc., Dalton 
Tram. 1975, 91 1. 

phosphine derivatives of bis[p-(dimethy1phosphido)l-bis[tri- 
carbonyliron(I)], Fe,[P(CH3)2]2(CO)6, in poor to modest 
yields upon irradiation of the hexacarbonyl complex in the 
presence of P(C6H5)3 or P(CH2CH3)3 with visible light. We 
found that complex Fe2(PPh2)2(CO), (1) undergoes thermally 
initiated carbonyl substitution reactions far less readily than 
do corresponding organosulfur- and organonitrogen-bridged 
compounds. Whereas the latter complexes undergo substitu- 
tion at  appreciable rates below 70 “C, the parent complex 1 
fails to react with triethyl phosphite in refluxing benzene after 
24 h. However, substitution is smoothly effected at  room 
temperature within a day by irradiation with ultraviolet light. 
Only mono- and disubstituted derivatives result, even in those 
cases in which large excesses of phosphine or phosphite are 
employed (eq 4). 

1 

2 3 

2a, 3a: L = P(OCH,CH,), 
2b, 3b: L =  P(CH,),Ph 
3c: L = P(CH,)Ph, 

The infrared spectra of complexes 2 and 3a-c are similar 
to those reported previously for derivatives of related dimers 
Fe2(X)2(CO)6 [X = SR, NR2, P(CH3),]. Infrared,16aJ7 13C 
NMR,15C,16a MOs~bauer,~’~ and mass16a spectra suggest that 
the ligand(s) L is positioned trans to the metal-metal bond 
in all such derivatives. This assignment has been established 
in two X-ray crystal s t r u ~ t u r e s . ’ ~ ~ J ~  

Shortly following our discovery of photochemically induced 
displacement of carbon monoxide from Fe2(PPh2)2(CO)6 (1) 
by phosphines and phosphites, Ellgen and co-workers reported 
related thermal substitutions in complex 1 above 140 0C.20 

Synthesis and Characterization of Fe2(PPh2)2(C0)2-. The 
cyclic voltammogram of Fe2(PPh2)2(co)6 (1) exhibits a single, 
two-electron, reversible reduction wave at  -1.26 V vs. the 
standard calomel electrode (Figure 1). The peak-to-peak 
separation (45 mV) of less than 59 mV indicates, in the ab- 
sence of complicating factors such as adsorption, that more 
than one electron is involved. The chemical reversibility of 
the process is evidenced by the equivalent heights of the anodic 
and cathodic waves. Although reversible at  a hanging-mer- 
cury-drop electrode, the reduction is totally irreversible at  a 
platinum electrode. Chemiadsorption to the platinum surface 
may account for the different behavior. 

A single, two-electron reduction requires that the reduction 
potential for the introduction of the second electron fall more 
anodic than that for the first; the second reduction must be 
thermodynamically more favorable than the first. In the case 
of cluster complex 1, we speculate that this phenomenon results 
from entrance of the first electron into a c-antibonding mo- 

(16) (a) Ellgen, P. C.; McMullin, S. L. Inorg. Chem. 1973, 12, 2004. (b) 
Ellgen, P. C.; Gerlach, J. N. Ibid. 1974, 13, 1944. 

(17) (a) deBeer, J. A.; Haines, R. J.; Greatrex, R.; Greenwood, N. N. J. 
Organomet. Chem. 1971, 27, C33; J .  Chem. SOC. A 1971, 3271. (b) 
deBeer, J. A.; Haines, R. J. J.  Organomet. Chem. 1972, 36, 297; 1972, 
37, 173. 

(18) Thompson, D. T. J. Organomet. Chem. 1965, 4, 74. 
(19) Gerlach, J. N.; Wing, R. M.; Ellgen, P. C. Inorg. Chem. 1976,15,2959. 
(20) Gerlach, J. N.; McMullin, S. L.; Ellgen, P. C. Inorg. Chem. 1976, IS, 

1232. 
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lecular orbital of metal-metal bond character, which causes 
a reduction of the metal-metal bond order to ' /2.  Bond 
breaking could then lead to a different geometry and a dif- 
ferent ligand field in which the energy of the LUMO is lowered 
and, hence, "trigger" the introduction of the second electron. 

A complementary explanation is found in a consideration 
of the magnitude of the equilibrium constant KD for the dis- 
proportionation of the hypothetical Fe2(PPh2)2(C0); into the 
parent Fe2(PPh2)2(C0)6 and the fully reduced Fe2(PPh2)2- 
(CO)?- (eq 5). A single, two-electron reduction of Fe2- 

2Fe2(PPh2)2(C0)6- Fe2(PPh2)2(C0)6 + 
F ~ ~ ( P P ~ ~ ) z ( C O ) ~ ~ -  (5) 

(PPh2)2(CO)6 (1) requires that the disproportionation constant 
KD be large. Attempts were made to detect the hypothetical 
Fe2(PPh2)2(C0)6-. Infrared and visible spectra of the solution 
resulting from a mixture of equal volumes of lo-' M solutions 
of Fe2(PPh2)2(C0)6 (1) and Na2Fe2(PPh2)2(CO)6.5THF (4) 
(vide infra) in tetrahydrofuran exhibit no perceptible ab- 
sorptions other than those attributable to individual complexes 
1 and 4. Furthermore, the ESR spectrum of the solution 
resulting from a mixture of equal volumes of M solutions 
of complexes 1 and 4, both of which are diamagnetic, in 2- 
methyltetrahydrofuran shows no signals above noise at 77 K 
in the region of 1000-5000 G at 9.15 GHz. By ESR spec- 
troscopy, paramagnetic species are detectable in concentrations 
as low as lo-" M. Hence, we calculate that the dispropor- 
tionation constant KD of eq 5 could be as large as (10-3)2/ 

Na2Fe2(PPh2),(CO)6.5THF (4) is isolated as red-orange 
crystals (>90%) following reduction of the parent complex 1 
with sodium dispersion in tetrahydrofuran (eq 6). The 

(10-")2 = 10'6! 

Collman et al. 

Fe,(PPh,),(CO), + 2Na 

1 
L - - I  

4 

presence of the five tetrahydrofuran molecules as solvate was 
quantitatively determined by GLC analysis and 'H NMR 
employing conventional internal standard methods. As ex- 
pected, the carbonyl vibrations in Fe2(PPh2)2(C0)62- appear 
at lower frequencies than those in F%(PPh2)2(CO),. Note that 
the dianion 4 formally contains no metal-metal bond and 
consists of two five-coordinate iron(0) centers. 
(NaCRYPT)2Fe2(PPh2)2(C0)6 (5) was crystallized by va- 

por diffusion of hexane into a 1 -methyl-2-pyrrolidinone solution 
of complex 4 and 2,2,2-cryptand in 1:2 molar ratio (CRYPT 
= 2,2,2-cryptand = N(CH2CH20CH2CH20CH2CH2)3N). 
An X-ray diffraction study of complex 5 revealed a crystal 
structure consisting of discrete NaCRYPT' and Fez- 
(PPh2)2(C0)62- ions.Ib The dianion displays trigonal-bipy- 
ramidal geometry about each iron atom. The junction of the 
two trigonal bipyramids is along a common axial-equatorial 
edge. In sharp contrast to the neutral parent complex 1, the 
Fe2P2 core of the dianion is planar. The absence of an iron- 
iron bond in 5 is reflected in the large Fe-Fe separation of 
3.630 (3) A. The nonbonding Fe-Fe distance in the dianion 
5 is 1.01 A greater than the bonding Fe-Fe distance in the 
parent complex 1. 

Dessy et al. have reported that the related complex Fe2[P- 
(CH)3)2]2(CO)6 exhibits one two-electron, polarographic re- 
duction wave which is unsplit on investigation by cyclic vol- 
tammetry.2' The reported E I l 2  value of -2.1 V (vs. the 

(21) Dessy, R. E.; Kornmann, R.; Smith, C.; Haytor, R. J .  Am. Chem. Soc. 
1968, 90, 2001. 

AgC104/Ag electrode with 0.1 M Bu4NC104 as supporting 
electrolyte), which, on the basis of an estimated potential 
difference of ca. +0.7 V between the AgC104/Ag and SCE 
reference electrodes,22 corresponds to -1.4 V (vs. SCE). This 
value is comparable to -1.26 V (vs. SCE), the ElI2 reported 
herein for the reduction of the diphenylphosphido-bridged 
dimer. Infrared data characteristic of Fe2[P(CH3)2]2(C0)62-, 
which was generated in solution by exhaustive controlled-po- 
tential electrolysis, reported by Dessy and Wieczovek,22 are 
similar to those characteristic of Na2Fe2(PPh2)2(C0)6.5THF 
(4). A comparison between the dimethylphosphido- and di- 
phenylphosphido-bridged compounds of the corresponding 
carbonyl stretching frequencies (viz., 1909 (w) vs. 1930 (m), 
1879 (vs) vs. 1905 (vs), 1810 (vs) vs. 1845 (vs), and 1800 (vs) 
vs. 1825 (s) and 1800 (vs) cm-l) reflects the expected carbonyl 
shift associated with the greater inductive effect of the alkyl 
substituents. 

Dessy et al. later published a detailed 'H NMR, ESR, and 
Mossbauer study of Fq[P(CH3)2]2(CO)6 and its corresponding 
d i a n i ~ n . ~ ~ "  They concluded from their spectroscopic solution 
measurements (which revealed that the exo and endo methyl 
hydrogens are not equivalent in both the parent and dianion 
complexes) that the dimethylphosphido-bridged dimer main- 
tains its nonplanarity in the dianion. The determinedIb pla- 
narity of the Fe2P2 core in Fe2(PPh2)2(C0)2- suggests that 
the Fe2P2 core in the dimethylphosphido-bridged dimer is 
likewise planar and not bent as proposed by Dessy and co- 
workers. Their spectroscopic observation of two different 
methyl groups (which become magnetically equivalent at 
sufficiently high temperature) may instead reflect their un- 
symmetrical disposition relative to the FezP2 plane, as was 
foundlb for the phenyl groups in the Fe2(PPh2)2(C0)62- di- 
anion. 

In contrast to our observations of the diphenylphosphido- 
bridged dimers, Dessy et al. report that admixture of the 
dimethylphosphido-bridged dianion with the neutral parent 
complex (neither of which exhibit ESR signals) affords a 
solution of radical anion, displaying an ESR signal 7.5 G wide, 
centered at g = 1.999, with some unresolved hyperfine 
structure. The existence of the proposed Fe2[P(CH3)2]2(CO), 
monoanion indicates that, unlike the related diphenyl- 
phosphido-bridged dimer reported herein, Fez [ P(CH,),] 2(CO)6 
reduces in two one-electron steps, and the reduction potential 
for the introduction of the second electron is equal to or falls 
more cathodic than that of the first electron. This may reflect 
differences in the two KD values (cf. eq 5). 

Reaction of Fe2(PPh2)2(C0)62- with Dioxygen. Exposure 
of the dianion 4 to dioxygen results in a rapid, quantitative 
regeneration of the parent complex 1 (eq 7). 

0 2  

Na2Fe2(PPh2)2(C0)6'5THF Fe2(PPh2)2(C0)6 (7) 
4 1 

Because the dianion 4 is a two-electron reductant, a one- 
electron reduction of dioxygen by 4 demands a stoichiometry 
of 02:Fe22- = 2.0. A two-electron reduction of dioxygen de- 
mands a stoichiometry of l .O. A four-electron reduction de- 
mands a stoichiometry of 0.5. The uptake of dioxygen by a 
1-methyl-2-pyrrolidinone solution of Na2Fez(PPh2)2(C0)6- 
STHF (4) was observed in four independent measurements 
to occur in a ratio of 02:Fez2- = 1.5 i 0.2. Attack of the 
solvent (which was carefully dried by distillation from calcium 
hydride prior to use) by the initial product(s) of reduction of 
O2 may occur under the aprotic conditions employed. The 
product(s) of such a reaction may expel or react further with 

(22) Dassy, R. E.; Wieczorek, L. J. Am. Chem. SOC. 1969, 91, 4963. 
(23) (a) Dessy, R. E.; Rheingold, A. L.; Howard, G. D. J.  Am. Chem. SOC. 

1972, 94, 746. (b) Polcyn, D. S.; Shain, I. Anal. Chem. 1966, 38, 370. 
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Table I. "C NMR Resonances 
complex M-CO M-C(0)R CH, 

NaFe(CO)4(CH,)4b 223.0' -16.4 
NaFe(CO)4(C(0)CH,)a~b 220.5 277.2 51.8 
NaFe2~PPh,),(CO),(C(0)CH,)-2THF 221.7, 273.3 50.5 

Reference 25. THF solution. ' In parts per million from 
(6a) 219.3 

external Me4%. Dimethyl-d, sulfoxide solution. 

dioxygen and thus complicate the interpretation of the data. 
Stabilization of the product(s) of reduction of dioxygen by 
addition of proton sources is not feasible in this and the fol- 
lowing experiments because the dianion 4 itself reacts rapidly 
with acids (vide infra). 

When the oxygenation of complex 4 is carried out in tet- 
rahydrofuran, no precipitate is discernible. Attempts to detect 
sodium peroxide in the reaction mixture qualitatively by three 
independent methods24 failed. Authentic samples of Na,O, 
in the presence of Fe2(PPh2)2(C0)6 (1) gave positive tests. 

The ESR spectrum of the solution resulting from the ad- 
dition of dioxygen to complex 4 in 2-methyltetrahydrofuran 
exhibits no signals above noise at 77 K in the region of 
1000-5000 G at 9.15 GHz. 

Reaction of Fe,(PPh,), (C0):- with Alkylating Agents. 
Metal-homoted Alkyl Migration. Addition of alkyl halides 
and sulfonates to the dianion 4 results in the formation of red, 
crystalline acyl complexes NaFq(PPh2),(C0),[C(O)R].2THF 
(6) (es 8). 

THF 

-X - 
Na,Fe,(PPh,),(CO),.5THF + RX 

4 

NaFe,(PPh,), (CO), [C(O)R]*2THF (8) 
6a, R = CH,; 6b, R = CH,CH, ; 6c, R = CH(CH,),; 
6d, R=CH,C(CH3),;6e, R =  CH,C6H,;6f, R=CH,CH=CH,; 

6g, R = (CH,),CH=CH, ; 6h, R = CH,CH<):: 

Complexes 6 exhibit acyl absorption bands at 1545-1 590 
cm-', in addition to terminal carbonyl bands at 1885-1995 
cm-'. The 'H NMR spectrum of the acetyl complex (6a, R 
= CH,), for example, displays the expected singlet at 2.25 
ppm. The 13C NMR spectrum of complex 6a is also consistent 
with the acyl formulation (Table I). Carbon resonances 
similar to that of NaFe(CO),[C(O)CH,], a known iron acetyl 
complex, are observed, while no resonances characteristics of 
an alkyl complex appear. 

The molecular structure of acyl complexes 6 was considered 
likely to be one of the two hypothetical structures I and 11. 

I1 

Structure I has a bridging acyl group and no metal-metal 
bond, while structure I1 has a single metal-metal bond and 
no additional coordination of the acyl oxygen to the second 
iron atom. A few binuclear acyl complexes have been reported 

(24) (a) Jackson, H. L.; McCormack, W. B.; Rondestrcdt, C. S.; Smeltz, K. 
C.; Vide, I. E. J.  Chem. Educ. 1970, 47, A175. (b) Vogel, A. I. 
"Practical Organic Chemistry", 3rd ed.; Longmans, Green & Co.: 
London, 1956; p 807. 

(25) Winter, S. R. Ph.D. Thesis, Stanford University, Stanford, CA, 1973. 
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Table 11. Cation Dependence in the Acyl Stretching Frequency 
in Fe,(PPh,),(CO),(C(O)CH,)- 

cation acyl freq? cm-' 

(Ph, P) , N+ 1587 
(NaCRYPT)+ 1588 
Na' 1570 
Li' 1545 

a Tetrahydrofuran solutions. CRYPT = 2,2,2-cryptand = 
N(CH,CH, OCH,CH,OCH,CH,), N. 

by Fischer,,' and Kaesz,,* all of structural type I. A 
single-crystal X-ray diffraction study of the sodium and bis- 
(tripheny1phosphine)iminium (PPN) salts of Fe2(PPh2),- 
(CO),[C(O>CH,]- revealed a structure of type 11, with an 
iron-iron single bond and no additional coordination of the 
acyl oxygen to the second iron atom.lc 

The crystal structure of PPNFe2(PPh2),(CO)5 [C(O)CH,] 
(7) consists of discrete PPN+ and Fez(PPh2)2(CO),[C(0)- 
CH3]- ions. The geometry of Fez(PPh2)z(CO)5[C(0)CH3]- 
is similar to that of the neutral parent complex (1). The 
Fe2(PPh2), core is symmetrical and nonplanar with sharply 
acute Fe-P-Fe bond angles. The presence of an iron-iron 
bond is reflected in the Fe-Fe separation of 2.718 (5) A. The 
lack of coordination of the acyl oxygen to the second iron atom 
is reflected in the 0-Fe separation of 5.1 1 (3) A. The acyl 
ligand is positioned cis to the metal-metal bond. 

The crystal structure of NaFe2(PPh2)2(CO),[C(0)CH3]- 
2THF (6a) is largely comparable to that of the PPN' salt 7, 
except with regard to coordination of the acyl oxygen. 
Whereas the Fe2(PPh2)2(CO),[C(0)CH3]- anion is unper- 
turbed by the PPN+ cation in 7, the acyl oxygen is strongly 
coordinated to the sodium ion in compound 6a. The sodium 
ion further coordinates a terminal carbonyl of the Fe(CO), 
fragment, a terminal carbonyl of an adjacent molecule of 6a 
in the crystal, and two THF solvate molecules. 

The fact that the acyl oxygen is the cation binding site in 
NaFe,(PPh2)2(CO),[C(0)CH3].2THF is consistent with the 
expectation that an alkoxy carbene resonance structure may 
significantly contribute to the actual structure of the complex. 
Alkoxy carbene character is apparent in M+Fe2(PPh2),- 
(CO),[C(O)R]- complexes from their solution infrared 
spectra. The acyl stretching frequency in the acetyl anion 
decreases with a reduction in the size and polarizability of the 
cation (Table 11). These data also indicate that the structures 
of acyl complexes M+Fe2(PPh2),(C0),[C(O)R]- in solution 
do not dramatically differ from those in the solid state. That 
is, both in solution and in the solid state, the site of cation 
binding is the acyl oxygen. 

Mechanism of Metal-Promoted Alkyl Migration. Typically, 
the alkylation of mononuclear metal carbonyls affords metal 
alkyl and not acyl complexes.29 Rearrangement of alkyls to 
acyls usually takes place in the presence of an external ligand. 
The mechanism of such reactions normally involves a rapid 
prior equilibrium in which migration of alkyl to CO yields an 
unsaturated acyl complex, followed by capture of the resulting 
site of unsaturation by the external ligand.30*31 In this bi- 
nuclear case, it is likely that the acyl is formed in the absence 
of an external ligand because the internal capture of the site 

(26) Lindley, P. F.; Mills, 0. S.  J.  Chem. So'. A 1969, 1279. 
(27) Fischer, E. 0.; Kiener, V. J .  Organomet. Chem. 1970, 23, 215. 
(28) Blickensderfer, J. R.; Knobler, C. B.; Kaesz, H. D. J .  Am. Chem. SOC. 

1975, 97, 2686. 
(29) For exceptional cases, see: (a) Forster, D. J .  Am. Chem. Soc. 1976,98, 

846. (b) Cheng, C.; Spivack, B. D.; Eisenberg, R. Ibid. 1977, 99, 3033. 
(30) (a) Wojcicki, A. Adu. Organomet. Chem. 1973, 11, 88. (b) Ibid. 1974, 

12, 33. (c) Calderazzo, F. Angew Chem., Int.  Ed. Engl. 1977, 16, 299 
and references cited therein. 

(31) (a) Noack, K.; Calderazzo, F. Inorg. Chem. 1967, IO, 101. (b) Ibid. 
1968, 7,  345. 
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Figure 2. Mechanism of metal-promoted alkyl migration. 

of unsaturation occurs via the formation of a metal-metal bond 
(Figure 2). 

Although unknown for mononuclear iron alkyls, there is a 
report of an intermolecular metal-promoted alkyl migration 
for CH3Mn(CO)5 by N ~ M ~ I ( C O ) ~ . ~ ~  More commonly, re- 
actions of metal carbonyl anions with alkylmetal carbonyl 
compounds result in intermolecular alkyl transfer by a type 
of nucleophilic d i~placement .~~ 

Reaction of Fe2(PPh2)2(C0)6 with Alkyllithium Reagents. 
The lithium salt of the acetyl complex 6a results upon 
treatment of the parent cluster complex 1 with 1 equiv of 
methyllithium. Similarly, the benzoyl complex 8b, inaccessible 
by the migration route (eq 8), results upon treatment of 1 with 
phenyllithium (eq 9). Related reactions of mononuclear 
transition-metal carbonyl complexes are well doc~mented.~,  

THF 
Fez(PPh2)2(C0)6 + RLi - 

1 - 

LiFe2(PPh2)2(CO)5(C(0)R).3THF (9) 

Infrared and 'H NMR spectra of lithium acyl complexes 
8 indicate structures similar to those of acyl complexes 6 
generated by alkylation of Na2Fez(PPh2)2(C0)6.5THF (4). 
Confirmation of the assignment was provided by a single- 
crystal X-ray diffraction study of the benzoyl complex 8b.lc 
The crystal structure of LiFe2(PPh2),(C0),[C(O)Ph].3THF 
(8b) is largely comparable to that of NaFez(PPhz)2(CO)5[C- 
(0)CH3].2THF (6a). The presence of an iron-iron single 
bond is reflected in the Fe-Fe separation of 2.670 (2) A. The 
acyl oxygen is strongly coordinated to the lithium ion, which 
further coordinates the three tetrahydrofuran solvate molecules 
in a nearly tetrahedral arrangement. 

Reaction of Fe2(PPh2)2(C0)62- with Proton. In light of our 
discovery of a new way to facilitate migration reactions, we 
hoped to promote the migration of a hydride, a group which 

8a, R = CH,; 8b, R = Ph 

(32) Casey, C. P.; Cyr, C. R.; Andersen, R. L.; Marten, D. F. J .  Am. Chem. 
SOC. 1975, 97, 3053. 

(33) (a) Fischer, E. 0.; MaasM1, A. Angew. Chem., Inr. Ed. Engl. 1964,3, 
580. (b) Chem. Ber. 1967, 100, 2445. (c) Fischer, E. 0.; Riedel, A. 
Ibid. 1968, 101, 156. 
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Figure 3. Infrared spectra of MHFe,(PPh,),(CO), complexes (M 
= Li, Na, PPN) as tetrahydrofuran solutions in the region of 
2400-1600 cm-'. 

has not been observed to migrate, although the reverse reaction 
is ~ e l l - k n o w n . ~ ~  

The addition of 1 equiv of a protonic acid to Na2Fez- 
(PPh2)2(C0)6.5THF (4) in tetrahydrofuran affords a hydride 
complex, formulated as NaHFe2(PPh2)z(C0)6.xTHF (9); 
however, no formyl complex was detected. Compound 9 was 
converted to the PPN+ salt by metathesis with bis(tri- 
pheny1phosphin)iminium chloride (PPN'Cl-). The 'H NMR 
spectrum of PPN[HFe2(PPh2)2(C0)6] (10) exhibits the ex- 

(34) Casey, C. P.; Neumann, S. M.; Andrews, M. A.; McAlister, D. R. Pure 
Appl. Chem. 1980, 52, 625. 
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pected triplet, centered at -20.3 ppm (JpH = 42.5 Hz). 
The infrared spectra of the lithium, sodium, and PPN salts 

of HFe2(PPh2),(CO),- are illustrated in Figure 3. The three 
complexes exhibit absorption bands of nearly identical position 
and relative intensity in the region of 2100-1850 cm-’, a region 
characteristic of terminal metal hydride and terminal metal 
carbonyl stretching vibrations. In addition, absorptions are 
observed in the region of 1750-1600 cm-’, a region charac- 
teristic of bridging metal carbonyl stretching vibrations. 

The positions and relative intensities of absorption bands 
B and C in the bridging carbonyl region as a function of the 
cation M+ are consistent with the proposed equilibrium shown 
in eq 10. 

Absorption band B is assigned to the bridging carbonyl 
vibration of the unperturbed anion. Absorption band C is 
assigned to the bridging carbonyl vibration of the anion in 
which the carbonyl oxygen is ion paired to the cation. The 
proposal of the bridging carbonyl oxygen as the cation binding 
site in HFe2(PPh2)2(C0)c is consistent with the fact that 
bridging carbonyls are better ?r acids than terminal carbonyls.35 
The assignment of absorption band B to the free anion and 
band C, which appears at the lower frequency, to the ion pair 
is consistent with the expectation that ion pairing would result 
in a reduction of the order of the C-0 bond. 

As would be anticipated, the position of absorption band 
B for the free anion is independent of the nature of the cation. 
As expected for the smaller, less polarizable Li+, the absorption 
band C for LiHFe2(PPh2)2(C0)6 (11) appears at a lower 
frequency than that for NaHFe2(PPh2)2(C0)6 (9). Fur- 
thermore, note the relative intensities of absorption bands B 
and C as a function of the cation. In the case of the large and 
highly polarizable PPN+ cation, ion pairing is expected to be 
absent, and only a single band in the bridging carbonyl region 
is seen at 1735 cm-’. In the case of the smallest and least 
polarizable Li+ cation, ion pairing is expected to be strongest, 
and a strong band of type C at 1647 cm-’ and no band at 1735 
cm-I is seen. An equilibrium mixture of dissociated and 
ion-paired forms is present in the case of the intermediate Na+ 
cation, as evidenced by the two bands at 1735 and 1686 cm-l. 

A structure consistent with these data and the 18-electron 
rule is shown below. The proposed structure is novel in that 
it contains a bridging carbonyl ligand and no metal-metal 
bond, a combination which has seldom been e~tablished.~, 

r 1- 

Compound 9 behaves chemically as do other metal hy- 
dr ide~.~’  Reactions of 9 with proton, benzoyl chloride, and 
carbon tetrachloride afford dihydrogen, benzaldehyde, and 

(35) Shriver, D. F. J. Organomet. Chem. 1975, 94, 259. 
(36) (a) Olmstead, M. M.; Hope, H.; Benner, L. S.; Balch, A. L. J .  Am. 

Chem. Soc. 1977, 99, 5502. (b) Tyler, D. R.; Schmidt, M. A.; Gray, 
H. B. Ibid. 1979,101,2753. (c) Colton, R.; McCormick, M. J.; Pannan, 
C. D. Aust. J .  Chem. 1978,31, 1425. (d) Cowie, M.; Southern, T. G. 
J. Organomet. Chem. 1980, 193, C46. 

(37) Muettertits, E. L. “Transition Metal Hydrides”; Marcel Dekker: New 
York, 1971. 
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chloroform, respectively, in good yields. In all three cases, the 
iron-containing product is the neutral parent complex 1. 

The reaction of the dianion 4 with 2 equiv of CF3C02D 
(>97 atom % D) in protio tetrahydrofuran affords D2 in high 
yield [D2/(D2 + H D  + H,) > 88%]. The reaction of the 
dianion with the first equivalent of CF3C02D gives the iron 
deuteride, which reacts with the second equivalent to give D,. 

The protonation of Na2Fe2(PPh,),(CO),.5THF (4) is com- 
plicated by side reactions, one of which appears to involve 
attack of the diphenylphosphido bridge. The side reactions 
are more competitive in acetone than they are in tetrahydro- 
furan. Solvent polarity and ion pairing may play an important 
role. Attack at phosphorus is implicated by the formation of 
significant quantities of Fe2(PPh2)2(CO)5(PHPh2) (2d). The 
PHPh2 ligand presumably arises by protonation at phosphorus. 

Reaction of Fe2(PPh2)2(C0)62- with Alkylating Agents. 
Additional Mechanistic Aspects. In the reaction of NazFez- 
(PPh,)2(CO),4THF (4) with alkylating agents (eq 8), iodides 
react much more rapidly than do bromides, which react more 
rapidly than do chlorides. The reactivity of tosylates falls 
between that of bromides and chlorides. Relative substrate 
reactivities as a function of the alkyl group are allyl, benzyl 
> methyl > primary > secondary. 

The possible intermediacy of free alkyl radicals produced 
by electron transfer in the reaction of primary halides with 
the dianion 4 was examined. The free radical which results 
upon abstraction of a bromine atom from 6-bromo-1 -hexene 
is known to cyclize to methylcyclopentane radical at a rate 
of approximately lo5 The ‘H NMR spectrum of the 
material resulting from the addition of 1 equiv of 6-bromo- 
1-hexene to Na2Fe2(PPh2)2(C0)6.5THF (4) is consistent with 
acyl complex 6g, in which the hexenyl group is uncyclized. No 
resonances corresponding to the methylcyclopentane acyl 
complex were observed. Furthermore, a GLC analysis of the 
crude reaction mixture indicated that no significant quantity 
of methylcyclopentane (< 1 %) was present. 

A related experiment was conducted with a primary iodide. 
The free radical which results from the abstraction of an iodine 
atom from cyclopropylcarbinyl iodide rearranges to the 1- 
butenyl radical at a rate of 1.3 X lo8 s-l at 25 0C.39 The ‘H 
NMR spectrum of the reaction mixture following the addition 
of 1 equiv of cyclopropylcarbinyl iodide to Na2Fe2(PPh,),- 
(CO),-STHF (4) in acetone-d6 indicates an essentially quan- 
titative yield of acyl complex 6h, in which the CH2C3H5 group 
has not rearranged. Only traces of signals were observed in 
the region of the spectrum characteristic of olefinic protons. 

From the foregoing results, one may conclude that if a 
radical path is at all competitive in the reaction of complex 
4 with primary substrates, the resulting radicals must be 
captured by iron at a rate much faster than lo5 s-’ (X = Br) 
or lo8 s-l (X = I), that is, at a rate approaching that of 
diffusion-control. 

In the reaction of secondary halides with Na2Fez(PPh2),- 
(Co),.STHF (4), electron transfer is competitive with acyl 
formation. For example, in the reaction of the dianion 4 with 
an equimolar quantity of isopropyl iodide, approximately 50% 
of 4 is converted to isobutyryl complex 6c, while approximately 
30% of 4 is oxidized to the parent complex 1. In the reaction 
of 2-iodooctane, octanes and hexadecanes were detected by 
GLC, consistent with the formation of intermediate octyl 
radicals, the products of reduction of the halide. 

Reaction of Fe2(PPh2)2(CO),[C(0)R]- with Proton. Pro- 
tonation of acyl complexes 6 affords aldehyde in essentially 

(38) (a) Walling, C.; Cooley, J. H.; Ponaras, A. A,; Racah, E. J. J. Am. 
Chem. Soc. 1966,88,5361. (b) Carlsson, D. J. Ingold, K. U. Ibid. 1968, 
90, 7047. 

(39) (a) Kochi, J. K.; Krusic, P. J.; Eaton, D. R. J .  Am. Chem. SOC. 1969, 
91, 1877. (b) Maillard, B.; Forrest, D.; Ingold, K. U. Ibid. 1976, 98, 
7024. 
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quantitative yield, together with several iron carbonyl com- 
plexes, which presumably derive from a coordinately unsatu- 
rated intermediate complex (eq 11). The parent complex 
NaFe2(PPh2)2(CO)5[C(0)R].2THF + 

THF 
6 

CF3C02H - 
RCHO + “Fe2(PPh2)2~CO)5” - products (1 1) 

Fe2(PPh2)2(CO)6 (1) and Fe2(PPh2)2(C0)5(PHPh2) (2d) are 
isolated from the reaction mixture in yields of approximately 
50% and 10% respectively. A third product of reaction 11 
is one to which we assign the novel structure shown below (12). 

Ph2 

12 

Complex 12 exhibits absorption bands at 2038, 1996, 1965, 
and 1947 cm-’, frequencies characteristic of terminal metal- 
hydrogen and terminal metal-carbonyl vibrations. The ‘H 
NMR spectrum of complex 12 displays a doublet of triplets 
(d t) centered at -21.06 ppm (Jd = 37.5 Hz, Jt = 30.0 Hz), 
which is consistent with the presence of a metal-bound hy- 
drogen atom magnetically coupled to three phosphorus atoms, 
two of which are equivalent and different from the third. 
Furthermore, a complete elemental analysis (except oxygen) 
and a molecular weight determination are in good agreement 
with the proposed formulation. 

Reactions of lithium acyl complexes 8 with protonic acids 
give similar results. 

Reaction of Fe2(PPh2)2(CO)5[C(0)Rr with Alkylating 
Agents. Binuclear acyl complexes 6, which are the result of 
monoalkylation of the dianion 4, do not further react with 
electrophiles other than proton at an appreciable rate. How- 
ever, dialkylation of the dianion is possible if the second 
equivalent of the alkylating agent is delivered internally. The 
reaction of Na2Fe2(PPh2)2(CO),.5THF (4) with 1,3-diiodo- 
propane in equimolar ratios affords binuclear carbene complex 

13 in high yield. A plausible mechanism for the reaction is 
outlined in Figure 4. Attack of the dianion at one of the two 
equivalent electrophilic centers in ICH2CH2CH21, followed 
by alkyl migration, leads to an intermediate acyl complex, as 
observed in the monoalkylation reactions of eq 8. Intramo- 
lecular 0-alkylation of the acyl results in the observed alkoxy 
carbene complex 13. By analogy, we expect that the aldehyde 
generated upon protonation of acyl complexes 6 (eq 11) results 
from decomposition of an intermediate hydroxycarbene com- 
plex. 

The coupling of allylic and benzylic substrates, yielding 
biallyl and bibenzyl, respectively, is effected by Na2Fe2- 
(PPh2)2(C0)6.5THF (4) (eq 12). Rapid reaction of the first 
Na2Fe2(PPh2)2(CO)6.5THF + 2RX - 

Fe2(PPh2)2(C0)6 + R-R + 2 NaX (12) 
1 

R = CH2CH==CH2; X = Br, OSO2C6H4CH3 
R = CH2Ph; X = Br 

equivalent of substrate affords an isolable, intermediate acyl 
complex 6 and is followed by slow reaction of the second 
equivalent, resulting in biallyl (100%) and bibenzyl (50%) and 
the parent complex 1. The second step may proceed via a free 
radical mechanism. 

Reaction of Fe2(PPh2)2(CO),[C(0)Rr with Phosphines and 
Carbon Monoxide. The reaction of NaFe,(PPh,),(CO),[C- 
(0)CH3].2THF (6a) and P(CH3)2Ph at 100 “C affords 
phosphine complexes Zb (8%) and 3b (27%). The related 
reaction of acetyl complex 6a with carbon monoxide (40 psi) 
at room temperature slowly yields the parent complex 1 as the 
primary product. The fate of the acetyl ligand was not de- 
termined. These reactions effectively correspond to substitution 
of an acyl ligand with phosphine or CO. We are aware of no 
other examples of such a reaction. 

Reduction of Fe2(PPh2)2(CO)5[C(0)Rr. The cyclic volt- 
ammogram of NaFe2(PPh2)2(CO)5[C(0)CH3]-2THF (6a) 
exhibits a single, reversible reduction wave at -1.62 V vs. the 
silver wire reference electrode. Anodic and cathodic waves 
are of equal height, with a peak-to-peak separation of 75 mV 
(scan rate 20 mV/s). Scans in the presence of Fe2(PPh2),- 
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(CO), (1) indicate that the reduction potential of acetyl 
complex 6a falls 680 mV more cathodic than that of the parent 
complex 1. Na2Fe2(PPh2)2(C0)6.5THF (4) was isolated in 
65% yield following reduction of acetyl complex 6a with an 
excess of sodium dispersion in tetrahydrofuran. The fate of 
the methyl group was not determined. 
Experimental Section 

General Data. Unless otherwise noted, all reactions and manipu- 
lations were performed under a nitrogen atmosphere in Schlenk-type 
glassware or in an inert-atmosphere glovebox.40 Nitrogen (Liquid 
Carbonic, 99.99%) was further purified by passage through a BASF 
copper catalyst and activated Linde 3A molecular sieves. The glovebox 
(Vacuum Atmospheres Co.) was equipped with an MO-40 Dri-Train 
capable of maintaining an atmosphere of <1 ppm of 0, and H20.  
The atmosphere of the box was monitored with a solution of diethylzinc 
in heptane (which fumes above 5 ppm of 0,) and with a punctured 
25-W light bulb. 

Infrared spectra were recorded on a Perkin-Elmer Model 457 or 
Model 621 grating spectrophotometer. Nuclear magnetic resonance 
spectra were recorded on a Varian T-60 or XL-100 instrument at the 
normal probe temperature of 35 OC. Chemical shifts are reported 
relative to tetramethylsilane (6  0.0). Most elemental analyses were 
carried out by the Stanford Microanalytical Laboratory, Department 
of Chemistry, Stanford University, Stanford, CA. Elemental analyses 
of highly air-sensitive samples were carried out by Galbraith Labo- 
ratories, Inc., Knoxville, TN. Melting points were obtained in a 
Mel-Temp apparatus and are uncorrected, unless otherwise noted. 

Tetrahydrofuran was distilled under nitrogen either from calcium 
hydride or sodium/benzophenone. Acetonitrile was distilled under 
nitrogen from calcium hydride. Benzene was distilled under nitrogen 
from Red-al, a 70% solution of sodium bis(2-methoxyethoxy)aluminum 
hydride in benzene (Aldrich). 1-Methyl-2-pyrrolidinone (NMP) was 
distilled from calcium hydride following 3 days of heating at reflux 
(85.0-87.5 OC at 13-14 mmHg). All other solvents, unless otherwise 
noted, were of reagent grade, purchased commercially, and used as 
supplied. 

Column chromatography was carried out using 60-200 mesh, type 
62 grade silica gel, purchased from W. R. Grace, and activity grade 
I neutral alumina, purchased from Woelm. The silica gel was dried 
for at least 12 h at 100 OC prior to use. Thin-layer chromatography 
was performed on silica gel or alumina plates, purchased from An- 
altech, Inc. 

Commercial benzoyl chloride, dimethylphenylphosphine, di- 
phenylchlorophosphine, diphenylmethylphosphine, and triethyl 
phosphite were distilled under nitrogen prior to use. Acetic acid was 
distilled from Cr03 and acetic anhydride. Trifluoroacetic acid was 
distilled from P2O5. 6-Bromo-1-hexene was distilled prior to use. All 
other commercially available alkyl halides were passed through a short 
column of neutral activity I alumina and then stored in the dark over 
copper turnings. Methyl tosylate was distilled bulb-to-bulb in vacuo. 

The following reagents were prepared as previously described: allyl 
tosylate," bis(tripheny1phosphin)iminium chloride,42 cyclopropyl- 
carbinyl iodide,43 1,3-diiod0propane$~ ethyl tosylate," isopropyl to- 
sylate,44 Na2Fe(CO)4-l .5C4H802,'0 Na2F~(CO)8,'1 neopentyl iodide:, 
and neopentyl tosylate." 

All other reagents were of reagent grade, purchased commercially, 
and used as supplied. 
B i s l r c - ( ~ p h e n y l ) ~ b ~ ~ ~ Y ~ ~ ( I ) b  %(pph2)2(W)6 

(1). To a suspension of Na2Fe(CO)4.1.5C4H802 (34.6 g, 0.100 mol) 
in 1.5 L of THF was added dropwise Fe(CO), (13.5 mL, 0.100 mol). 
The CO evolved was released through a mercury bubbler. After the 
resulting red suspension stirred for 1 h, Ph2PCl (37.4 mL, 0.200 mol) 
was added dropwise. The resulting orange-brown suspension was 
stirred for 1 h. 

The following manipulations were carried out in air. The solvent 

(40) Shriver, D. F. 'The Manipulation of Air-Sensitive Compounds"; 
McGraw-Hill: New York, 1969. 

(41) Malinovskii, M. S.; Prib, 0. A. J.  Gen. Chem. USSR (Engl. Trawl.) 
1962, 32, 1864. 
Ruff, J. K.; Schlientz, W. J. Inorg. Synth. 1974, 15, 84. 
Buehler, C. A.; Pearson, D. E. 'Survey of Organic Syntheses"; Wiley- 
Interscience: New York, 1970; pp 339-342 and references cited therein. 
Fieser, L. F.: Fieser, M. "Reaaents for Organic Synthesis"; Wilev: New 
York 1967; Vol. 1, pp 11861181. 
Shiner, V. J., Jr.; Boskin, M. L.; Smith, M. L. J.  Am. Chem. Soc. 1955, 
77, 5525. 

- 
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was removed under reduced pressure. The residue was extracted with 
benzene and filtered until washings were nearly colorless. Silica gel 
of 60-200 mesh (100 g) was added to the combined filtrates and the 
solvent removed under reduced pressure. The residue was added to 
the top of a column (10 X 90 cm) packed with 1.4 kg of 60-200 mesh 
silica gel. Elution with 3:l hexanehnzene resulted in several bands. 
The major, yellow band (Rf = 0.4) was collected and filtered through 
a M frit. Reduction of the volume of the filtrate to 150 mL of cooling 
to 5 OC resulted in large orange crystals (42.7 g, 59%). An integrated, 
100-MHz 'H NMR spectrum of the crystallized material in acetone-d6 
with a known volume of CH2C12, added as an internal standard, 
revealed the presence of 1 .O molecule of C6H6 solvate per molecule 
of Fe2(PPh2)2(C0)6. The CsH6 solvate was efficiently removed by 
heating in vacuo at 65 OC for 4 h. The resulting yellow powder was 
stored in the dark: mp = 186-188 OC dec (corrected); IR (C6H6 
solution) vco 2055, 2015, 1992, 1960 cm-'. The mass spectrum of 
1 was identical with that previously reported.46 
Ligand Substitution Reactions. (A) Fe2(PPhZ),(CO),[P(CH3),Ph] 

(2b) and Fe2(PPh2)2(CO)dP(CH,),Ph]2 (3b). A solution of 1 (0.991 
g, 1.52 mmol) and P(CH3),Ph (5.2 mL, 36 mmol) in 25 mL of 
cyclohexane was placed in a quartz reaction vessel. Irradiation for 
24 h with a 140-W Hanovia lamp, equipped with a quartz arc tube, 
resulted in a deep red colored solution and precipitate. 

The following manipulations were carried out in air. The precipitate 
was collected by filtration and recrystallized from hot benzene/hexane, 
affording dark red crystals of 3b, which were washed with hexane 
and dried in vacuo (0.88 g, 67%): IR (C6H6 solution) 1950, 1915, 

7.0, 7.4, 7.7 (m, 30 H). Anal. Calcd for C44H42Fe204P4: C, 60.71; 
H, 4.86; Fe, 12.8; P, 14.2. Found: C, 61.46; H, 4.95; Fe, 11.9; P, 
13.2. 

The filtrate obtained upon filtration of the crude reaction mixture 
was concentrated and then chromatographed on silica gel, with the 
use of an eluant of 1:l benzene:hexane. The major red band was 
collected and reduced in volume to approximately 5 mL. Addition 
of 15 mL of hexane and cooling to 5 OC resulted in red crystals of 

1885, 1870 (sh); 'H NMR (c6D6) 6 1.51 (d, J = 8 Hz, 12 H), 6.7, 

2b (0.25 g, 22%): IR (C&& solution) VCO 2020, 1965, 1945 (sh), 1905 
cm-'; 'H NMR (C&) 6 1.32 (d, J =  8 Hz, 6 H), 6.7, 7.0, 7.5 (m, 
25 H). Anal. Calcd for C3,H3,Fe20,P3: C, 58.45; H, 4.1 1; Fe, 14.7; 
P, 12.22. Found: C, 58.87; H, 4.22; Fe, 13.8; P, 12.13. 

This procedure was employed in the following three cases. 
(B) Fe2(PPh2),(CO),[P(OCH2CH,),I (2a): IR (THF solution) 

7 Hz, 9 H), 3.9 (m, 6 H), 6.8, 7.7 (m, 20 H). Anal. Calcd for 
C35H35Fe208P3: C, 53.33; H, 4.48; Fe, 14.2. Found: C, 53.45; H, 
4.49; Fe, 13.8. 
(C) Fe2(PPh2)2(CO)JP(OCH2CH3)3]2 (3a): IR (THF solution) 

18 H), 4.1 (m, 12 H), 6.9, 7.8 (m, 20 H). Anal. Calcd for 
C40HSOFe20LOP4: C, 51.86; H, 5.44; Fe, 12.1. Found: C, 51.98; H, 
5.31; Fe, 11.0. 

(D) Fe2(PPh2)2(CO)4[P(CH3)Ph2]2 (3c): IR (THF solution) vco 

vco 2030, 1970, 1945, 1920 cm-'; 'H NMR (CbD,) 6 1.00 (t, J = 

vco 1990, 1940, 1905 cm-I; 'H NMR (C6D.5) 6 1.07 (t, J = 7 Hz, 

1955, 1925, 1890 (split) cm-'; 'H NMR (C6D6) 6 1.28 (d, J = 8 Hz, 
6 H), 6.5-8.0 (m, 40 H). 

No attempt was made to isolate the monosubstituted derivative 

(E) Fe2(PPh2),(CO),(PHPh2) (2d). Complex 2d was isolated as 
a side product in the preparation of 1. Spectral data: IR (THF 

(d of t ,  JPH = 354 Hz, JPZH = 9 Hz, 1 H), 6.6, 6.9, 7.6 (m, 30 H). 
Anal. Calcd for C4,H3,Fe205P3: C, 60.92; H, 3.87; Fe, 13.8; P, 11.5. 
Found: C, 61.56; H, 4.02; Fe, 13.2; P, 10.8, 10.6. Molecular weight 
for 2d: calcd, 808; found, 775, 837 (by osmometry in CHC1,). 
Na2Fe2(PPh2)2(C0)6.5THF (4). To a dry mixture of 1 (4.16 g, 

6.40 mmol) and 50% sodium dispersion (0.552 g, 12.0 mmol) was 
added 40 mL of THF. The resulting red solution was stirred overnight. 
Slow addition of 75 mL of heptane with stirring afforded red crystals. 
After the mother liquor was decanted, the crystals were washed with 
4 X 40 mL of heptane, dried in vacuo, and stored in an inert-atmo- 
sphere box (5.4 g, 85%): IR (THF solution) vc0 1930 (sh), 1905, 
1845, 1825 (sh), 1800 c m - I ;  'H NMR [(CD,),CO] 6 1.8 (m, 20 H), 
3.7 (m, 20 H), 7.0, 8.1 (m, 20 H). Anal. Calcd for 
CmH,Fe2Na2OI1P2: C, 56.83; H, 5.72; Fe, 10.57; Na, 4.35; P, 5.86. 
Found: C, 56.66; H, 5.50; Fe, 10.77; Na, 4.32; P, 5.94. 

(46) Johnson, B. F. G.; Lewis, J.; Wilson, J. M.; Thompson, D. T. J .  Chem. 
SOC. A 1967, 1445. 

[2, L = P(CHS)Ph2]. 

solution) vco 2025, 1975, 1948, 1925 cm-'; 'H NMR (C6D6) 6 5.93 
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(NaCRYPT)2Fe2(PPh2)2(C0)6 (5). To a dry mixture of 4 (100 
mg, 0.0946 "01) and 2,2,2-cryptand (71 mg, 0.19 "01) was added 
2 mL of NMP. Diffusion of hexane vapor into the solution resulted 
in several crops of red crystals, which were washed with T H F  and 
dried upon standing: IR (KBr pellet, mixed under a nitrogen at- 
mosphere) uc0 1920 (sh), 1895, 1835, 1800 cm-'. Anal. Calcd for 

3.17. Found: C, 54.44; H, 6.59; Fe, 7.58; N, 3.90; Na, 3.03. 
Reaction of N a 2 F e 2 ( P P h 2 ) 2 ( c o ) 6 - ~  (4) with Dioxygeh A 0.2 

M solution of 4 in THF was bubbled for a few seconds with dioxygen. 
An infrared spectrum of the resulting solution was superimposable 
with that of 1 in the region of 2400-1600 cm-I. Thin-layer chro- 
matography revealed a single component with an R,value equal to 
that of 1. 

The uptake of dioxygen by NMP solutions of 4 was measured with 
use of the apparatus described previously by Calderazzo and C0tton.4~ 
Four independent measurements were conducted. In one case, 4.00 
mL of a solution of 193 mg (0.183 mmol) of 4 in 8.00 mL of NMP 
consumed 3.17 mL (0.142 mmol) of dioxygen. Hence, the uptake 
occurred in a molar ratio of 02:4 = 1.55. The values of 02:4 measured 
in the other three experiments were 1.28, 1.68, and 1.53. 

A solution of 4 (0.500 g, 0.473 "01) in 4 mL of THF was bubbled 
with dioxygen for 10 min. After removal of the solvent under reduced 
pressure, 5.00 mL of H 2 0  (pH 6.01), distilled from KMnO, in air, 
was added to the residue. The resulting yellow suspension was titrated 
with 0.100 N HCI, with use of a Fisher Model 140A Accumet pH 
meter. An equivalence point occurred at pH 7.7-8.1 upon addition 
of 0.78-0.80 equiv of acid. A second equivalence point occurred at  
pH 3.6-4.2 upon addition of another 0.74-0.92 equiv of acid. Fol- 
lowing the titration, the suspension was filtered. The resulting solid 
was washed with copious amounts of H 2 0  and dried in vacuo at  65 
'C, affording Fe2(PPh2)2(C0)6 as a yellow powder of mp 182-184 
dec (0.30 g, 98%). The solution infrared spectra and analytical TLC 
properties of the product and an authentic sample of 1 were identical. 
(The following control experiment was conducted. The solvent of a 
solution of 1 (0.50 g, 0.77 mmol) in 3-4 mL of THF was removed 
under reduced pressure. Following the addition of 5.00 mL H 2 0  (pH 
5-80), the resulting suspension was titrated with 0.100 N HCI. No 
equivalence point was observed.) 

Preparation of Acyl Complexes 6. (A) NaFe2(PPh2)2(CO)5[C- 
(0)CH3].2THF (6a). To a solution of 4 (1.00 g, 0.946 mmol) in 10 
mL of THF was added via syringe CHJ (63 pL, 1.0 mmol). After 
10 min of stirring, the reaction mixture was filtered. Slow addition 
of hexane afforded red crystals, which were washed with 3 X 1 mL 
of hexane and then dried in vacuo (0.72 g, 91%): IR (THF solution) 
vco 1995, 1940,1905 (sh), 1885 (sh) cm-I, vaVl 1570 cm-I; 'H NMR 
(MqSO-d,) 6 2.25 (s, 3 H) (the expected phenyl and THF resonances 
were also observed); "C NMR spectral data appear in Table I. Anal. 
Calcd for C39H39Fe2Naz08P2: C, 56.27; H, 4.72; Fe, 13.4; Na, 2.76. 
Found: C, 56.09; H, 4.95; Fe, 14.2; Na, 2.7. 
Thii procedure was employed in the following seven cases. Reaction 

with CH30Ts required about 1 week. 
(B) NaFe2(PPh2)2(CO)s[C(0)CH2CH3]-2THF (6b): IR (THF 

solution) vco 1995, 1940, 1905 (sh), 1890 (sh) cm-', vaVl 1570 cm-I; 

2 H). The expected phenyl and THF resonances were also observed. 
Complete reaction of ethyl iodide, bromide, and tosylate required a 
few seconds, 1-2 days, and 1-2 weeks, respectively. 

(C) NaFe2(PPh2)2(CO)5[C(0)CH(CH3)2)2THF (6c): IR (THF 
solution) vco 2000, 1945, 1915 (sh), 1880 (sh) cm-l, vaqI 1565 cm-'; 
IH NMR [(CD,),CO] 6 0.77 (d, J = 7 Hz, 6 H), 2.8 (septet, J = 
7 Hz, 1 H). The expected phenyl and THF resonances were also 
observed. Complete reaction of isopropyl iodide and tosylate required 
a few seconds and 1-2 weeks, respectively. 

(D) NaFe2(PF%2)2(CO)~C(0)CH2C(CH3)31GTHF (a): 'H NMR 
[(CD,),CO] 6 0.72 (s, 9 H), 2.75 (s, 2 H). The expected phenyl and 
THF resonances were also observed. Complete reaction of neopentyl 
iodide required a few seconds. 
(E) NaFe2(PPh2)2(CO)dC(0)CH2Ph)2THF (6e): IR (THF so- 

lution) vco 1995, 1945, 1920 (sh), 1905 (sh), 1885 (sh) cm-l, uaCyl 
1565 cm-I; 'H NMR (Me2SO-d6) 6 3.97 (s, 2 H). The expected 
phenyl and THF resonances were also observed. Anal. Calcd for 
C45H43Fe2NaOBP2: C, 59.49; H, 4.77; Fe, 12.30; Na, 2.53. Found: 

C66H92Fe2N4Na2018P2: c ,  54.70; H, 6.40; Fe, 7.71; N, 3.87; Na, 

'H NMR (Me2SO-d6) 6 0.50 (t, J = 7 Hz, 3 H), 2.70 (q, J = 7 Hz, 

Collman et al. 

(47) Calderazzo, F.; Cotton, F. A. horg.  Chem. 1962, 1, 30. 

C, 59.22; H, 4.59; Fe, 12.04; Na, 2.66. Benzyl bromide was employed 
(vide infra). 

(F) NaFe2( PPh2)2(CO)5[C(0)CH2CH=CH2)2THF (6f): IR 
(THF solution) uc0 2000, 1945, 1905 (sh), 1885 (sh) cm-I, vaVl 1570 

H), 5.6 (m, 1 H). The expected phenyl and THF resonances were 
also observed. Anal. Calcd for C41H41Fe2Na08P2: C, 57.37; H, 4.81; 
Fe, 13.01; Na, 2.68. Found: C, 57.24; H, 4.81; Fe, 13.09; Na, 2.80. 
Allyl bromide and tosylate were employed (vide infra). 
(C) NaFe2(PPh2)2(CO)5[C(0)(CH2)4CH==CH2)2THF (6g): IR 

(THFsolution) um 1995,1940, 1920 (sh), 1900 (sh), 1880 (sh) cm-', 
vaCyl 1570 cm-'; IH NMR [(CD3)2CO] 6 1.2 (m, 6 H), 2.80 (t, J = 
7 Hz, 2 H), 2.9 (m, 2 H), 5.7 (m, 1 H). The expected phenyl and 
THF resonances were also observed. Complete reaction of 6- 
bromo- 1-hexene required 2-3 days. 

(H) NaFe2(PPb2)2(CO)S[C(0)CH2C3H5f2THF (6h): IR (THF 
solution) um 1995, 1945, 1900 (sh), 1880 (sh) cm-l, vaCyl 1565 cm-I; 
'H NMR [(CD,),CO] 6 -0.3 to +0.9 (m, 5 H), 2.67 (d, J = 7 Hz, 
2 H). The expected phenyl and THF resonances were also observed. 
Complete reaction of cyclopropylcarbonyl iodide required a few 
seconds. 
PPNFe2(PPh2)2(CO)s[C(0)CH3] (7). To a solution of 4 (165 mg, 

0.156 "01) in 5 mL of acetone was added via syringe CH,I (10 pL, 
0.16 "01). After the resulting red solution stirred for 15 min, PPNCI 
(96 mg, 0.178 mmol) was added. The mixture was stirred for 15 min 
and then filtered. Addition of E t20  and hexane to the filtrate and 
cooling to -22 OC afforded red crystals: IR (THF solution) vco 1990, 
1940, 1920 (sh), 1900 (sh), 1870 (sh) cm-I, uacyl 1587 cm-'. Anal. 
Calcd for C~~HS&~NO&'~: c ,  66.85; H, 4.44; Fe, 9.28; N, 1.16. 
Found: C, 66.44; H, 4.61; Fe, 9.30; N, 1.08. 

LiFe,(PW2)2(cO)~C(0)CH,)~ (8a). To a solution of 1 (0.893 
g, 1.37 "01) in 20 mL of THF was added via syringe 1.8 M CH3Li 
in Et20 (0.76 mL, 1.4 "01). After the resulting red solution stirred 
for 30 min, the solvent was removed under reduced pressure. The 
residue was dissolved in a minimum volume of THF and filtered. Slow 
addition of hexane afforded red crystals, which were washed with 
hexane and then dried upon standing (1.01 g, 83%): IR (THF 
solution) vco 2000, 1950, 1920 (sh), 1890 cm-', vaCyl 1545 cm-'; 'H 
NMR [(CD,),CO] 6 1.8 (m, 12 H), 2.27 (s, 3 H), 3.7 (m, 12 H), 
6.9, 7.5 (m, 20 H). Anal. Calcd for C43H47Fe2Li09P2: C, 58.13; 
H, 5.33; Fe, 12.57; Li, 0.78. Found: C, 58.01; H, 5.44; Fe, 12.27; 
Li, 0.71. 
LiFe2(PPb2)2(CO)~C(0)Ph].3THF (8b). The procedure described 

above was employed. Spectral data: IR (THF solution) vco 2000, 
1945, 1920 (sh), 1886 cm-', v, I 1525 cm-l; 'H NMR [(CD,),CO] 
6 1.8 (m, 12 H), 3.7 (m, 12 HY, 6.7-7.7 (m, 25 H). Anal. Calcd 
for C48H49Fe2Li09P2: C, 60.65; H, 5.20; Fe, 11.75; Li, 0.73. Found: 
C, 60.46; H, 5.22; Fe, 11.9, 11.6; Li, 0.8. 

NaHF%(PF%2)2(CO)6-xTHF (9). To a solution of 4 (0.500 g, 0.473 
mmol) in 3 mL of THF was added via syringe CH3C02H (29 pL, 
0.51 mmol). After 2 h of stirring, the resulting red suspension was 
filtered. Diffusion of hexane vapor into the filtrate afforded a deep 
red oil, which was washed with hexane and dried upon standing. The 
infrared spectrum of 9 appears in Figure 3. 

PPNHFe2(PPh2)2(co)6 (10). To a solution of 4 (0.500 g, 0.473 
mmol) in 5 mL of acetone was added via syringe CH,CO2H (27 pL, 
0.473 mmol). After 10 min of stirring, a solution of PPNCI (0.270 
g, 0.470 mmol) in 5 mL of acetone was added. After being stirred 
overnight, the resulting red suspension was filtered. The solvent was 
removed from the filtrate under reduced pressure and the residue 
dissolved in a minimum volume of THF and chromatographed on 
60-200 mesh silica gel. Elution with benzene afforded 1 (0.126 g, 
41%) and then M (74 mg, 19%). Elution with THF afforded 10 as 
a red band. Removal of the solvent under reduced pressure resulted 
in a red oil: 'H NMR (THF-d8) 6 -20.3 (t, J = 42.5 Hz), 7.0-7.7 
(m); NMR-IH decoupled (THF-d,) 6 74.7 (s), 179.2 (s). The 
infrared spectrum of 10 appears in Figure 3. 

LiHF%(pF%2)2(cO)f,'xm (11). To a solution of 4 (0.500 g, 0.473 
mmol) in 10 mL of THF was added LiCl (50 mg, 1.2 mmol). After 
8 h of stirring, the resulting suspension was filtered. To the filtrate 
was added via syringe CF3C02H (37 pL, 0.48 mmol). After 30 min 
of stirring, the resulting suspension was filtered. Following removal 
of the solvent from the filtrate under reduced pressure, the residue 
was triturated with hexane until washings were colorless. The residue 
was then dissolved in a minimum volume of THF. Vapor diffusion 
of hexane into the solution afforded a red oil, which was washed with 

cm-I; 'H NMR (Me2SO-d6) 6 3.48 (d, J = 7 Hz, 2 H), 4.7 (m, 2 
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hexane and dried upon standing. The infrared spectrum of 11 appears 
in Figure 3. 

Reaction of NaHFe2(PPh2)2(C0)6 (9) with Proton. To a flask 
equipped with a rubber septum and containing a solution of 4 (50 
mg, 0.047 mmol) in 10 mL of THF was added 2 equiv of CF3COzH 
(8.0 pL, 0.10 "01). An immediate reaction occurred, with evolution 
of a colorless gas and with a change in the reaction mixture from a 
red solution to a turbid, yellow suspension. Dihydrogen was detected 
in the gaseous phase by GLC, using a column packed with 15% MnC1, 
on Alcoa F, 68-100 mesh alumina at -78 OC. The presence of 
dihydrogen was confirmed by coinjection of an authentic sample. An 
infrared spectrum of the crude THF solution was identical with that 
of 1 in the region of 2400-1600 cm-'. Analytical TLC (conducted 
on 250 p silica gel plates with an eluant of 1:l benzene:hexane) of 
1 aliquot of the crude THF solution revealed one major spot with Rj 
equal to that of an authentic sample of 1. 

Reaction of NaHFez(PPhz)2(CO)6 (9) with Benzoyl Chloride. To 
a solution of 4 (300 mg, 0.284 "01) in 0.850 mL of THF was added 
1 equiv of CH3C02H (16.2 pL, 0.284 mmol). After 2 h of stirring, 
the mixture was filtered, and to the filtrate was added benzoyl chloride 
(34 pL, 0.293 mmol). After 2 days of stirring, a 100-pL aliquot of 
the reaction mixture was removed, and to it was added 5.0 pL of 
n-CI2Hz6 as an internal standard. GLC analysis, using a 7-ft column 
packed with 10% OVlOl on Supelcon AW DMCS at 110 OC, revealed 
benzaldehyde (0.127 mmol, 45%). The presence of PhCHO was 
confirmed by coinjection of an authentic sample onto both the OVlOl 
column and a 12-in. column packed with 7% Carbowax 20M on 
Chromosorb WAW. 

An infrared spectrum of the crude THF solution exhibited an 
absorption band at 1700 cm-', the position of uco in PhCHO. 
Bulb-to-bulb distillation of an aliquot of the crude reaction mixture 
at room temperature, followed by GLC of the distillate, revealed the 
presence of benzaldehyde. 

The presence of 1 was demonstrated as described above. 
Reaction of NaHFe2(PPh2)z(C0)6 (9) with Carbon Tetrachloride. 

To a solution of 4 (50 mg, 0.047 mmol) in 0.300 mL of NMP was 
added 1 equiv of CH3C02H (2.8 pL, 0.049 mmol). After a few 
minutes of stirring, CC1, (4.8 pL, 0.050 mmol) was added via syringe. 
After stirring overnight, a 150-pL aliquot of the reaction mixture was 
removed, and to it was added 5.0 pL of n-C6H14 as an internal 
standard. GLC analysis, using a 7-ft. column packed with 3% BDS 
on Chromosorb WAW at 20 OC, revealed chloroform (0.037 mmol, 
78%). The presence of CHC13 was confirmed by coinjection of an 
authentic sample. The presence of 1 was demonstrated as described 
above. 

Reaction of NazFe2(PPhz)2(CO)6.5THF (4) with 2 Equh of 
CF3C02D. To a flask equipped with a rubber septum and containing 
a solution of 4 (0.400 g, 0.379 mmol) in 8 mL of protio THF was 
added 2 equiv of CH3C02D (59 pL, 0.77 mmol). An immediate 
reaction occurred, with evolution of a colorless gas and with a change 
in the reaction mixture from a red solution to a turbid, yellow sus- 
pension. HD and D, were detected in the gaseous phase by GLC, 
using a column packed with 15% MnCl, on Alcoa F, 68-100 mesh 
alumina at -196 OC. No H2 was detected. The presence of HD and 
Dz was confirmed by coinjection of authentic samples. Integration 
of peak areas indicated that D,/(D2 + HD) = 0.88. The presence 
of 1 was demonstrated as described above. Note: A IH NMR 
spectrum (neat) of the CF3C02D (with a known volume of C6H6 
injected as an internal standard) indicated that the sample was >97 
atom % D. 

Reaction of Acyl Complexes 6 and 8 with Protonic Acids. All of 
these reactions were conducted similarly. A representative example 
follows. 

Reaction of LiFez(PPh2)2(CO)5[C(0)CH3f3THF (Sa) with Tri- 
fluoroacetic Acid. (A) Characterization of the Aldehyde, To a solution 
of Sa (150 mg, 0.169 "01) in 300 pL of acetone-d6, in a 5-mm NMR 
tube equipped with a rubber septum, was added via syringe CF3C02H 
(15 pL, 0.19 "01). An immediate reaction was observed. In addition 
to the expected phenyl, THF and acetone-&, resonances, only a 
doublet (J = 3 Hz) at 6 2.03 and a quartet (J = 3 Hz) at 6 9.67 
(resonances characteristic of CH3CO) were observed in the 'H NMR 
spectrum of the resulting solution. Integration of the spectrum in- 
dicated that acetaldehyde was present in >90% yield. 

(B) Characterization of the Iron-Containing Products. To a solution 
of 8a (5.4 g, 6.1 mmol) in 100 mL of acetone was added via syringe 
CF3COZH (0.475 mL, 6.16 mmol). After 15 min of stirring, the 
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solvent was removed under reduced pressure. The residue was ex- 
tracted with 4 X 30 mL of benzene. To the filtered extracts was added, 
with stirring, 6 g of 60-200 mesh silica gel. After 30 min, the solvent 
was removed under reduced pressure. The resulting dry residue was 
added to the top of a column (4.5 X 50 cm) packed with 60-200 mesh 
silica gel. Elution with 4 1  hexanehnzene (drop rate - 2.5 mL/min) 
afforded several bands. 

The leading yellow band was collected and filtered. The solvent 
was removed under reduced pressure, affording 1 as yellow crystals, 
which were dried in vacuo at 65 O C  (1.91 g, 48%). The solution 
infrared spectra and analytical TLC properties of the product and 
an authentic sample of 1 were identical. 

The second band, faint and brown in color, was discarded. 
The third band, reddish brown in color, was collected and filtered. 

The solvent was removed under reduced rpessure, affording a rust- 
colored solid, which was dissolved in a minimum volume of 3:l 
hexanehnzene and filtered. Slow evaporation of the filtrate resulted 
in 12 as red crystals, which were washed with a small volume of hexane 
and dried in vacuo (100-125 mg, 2%). In pure form, 12 is indefinitely 
air stable both in the solid state and in solution. However, decom- 
position on silica gel in air occurs at an appreciable rate. Spectral 
data: IR ( C & 5  solution) VCO 2038,1996, 1965, 1947 cm-I; 'H NMR 
(C$,5) 6-21.06 (d Of t, JPH = 37.5 HZ, J p 2 ~  = 30.0 HZ, 1 H), 6.5, 
7.2, 8.0 (m, 30 H). Anal. Calcd for C43H41Fe307P3: C, 56.12; H, 
3.40, Fe, 18.2; P, 10.10. Found: C, 56.28; H, 3.52; Fe, 17.3; P, 10.24. 
Molecular weight of 12: calcd, 920; found, 875 (by osmometry in 

The fourth band, orange in color, was collected and filtered. The 
solvent was removed under reduced pressure, affording 26 as an orange 
solid, which was dried in vacuo at 65 OC (0.43 g, 9%). The solution 
infrared spectra and analytical TLC properties of the product and 
an authentic sample of 2d were identical. 

The several faint bands which trailed the fourth were discarded. 

Fez(PPh2)2(CO)5(CCH2CH2CH,0) (13). To a solution of 4 
(0.500 g, 0.473 mmol) in 1 mL of acetone-d6 was added via syringe 
ICHzCH2CHzI (54.5 pL, 0.474 mmol). A rapid reaction resulted 
in a red-orange solution and precipitate. After the solvent was removed 
under reduced pressure, the residue was crystallized from hexane in 
air, affording orange crystals (257 mg, 79%): IR (C6H6 solution) 

(m, 2 H), 2.85 (m), 3.58 (t, J = 8 Hz, 2 H), 6.8, 7.6 (m, 20 H). Anal. 
Calcd for C33H2sFe@6P2: C, 57.26; H, 3.79; Fe, 16.1; P, 8.95. Found: 
C, 57.68; H, 3.95; Fe, 15.6; P, 8.45, 8.55. 

Reaction of Na2Fe2(PPh,),(CO)5[C(0)CHzCH=CH2~2THF (Sf) 
with Allyl Bromide and Tosylate. To a solution of 4 (107 mg, 0.101 
mmol) in 0.5 mL of NMP was added via syringe allyl bromide (20 
pL, 0.23 mmol) and 10.0 pL of cyclohexane as an internal standard. 
Following a few minutes of stirring at room temperature, a GLC 
analysis of an aliquot of the crude reaction mixture, using a 7-ft column 
packed with 10% OVlOl on Supelcon AW DMCS at 22 OC, revealed 
biallyl(O.102 m o l ,  101%). The assignment of biallyl was confirmed 
by coinjection of an authentic sample onto both the OVlOl column 
and a 7-ft column packed with 3% BDS on Chromosorb WAW at 
25 "C. The GLC injector port temperature in all cases was -280 
OC. 

Following several hours of stirring at room temperature, an infrared 
spectrum of 1 aliquot of the reaction mixture in THF exhibited 
absorption bands characteristic of 6f. Biallyl apparently formed in 
the hot injection port. The reaction of 4 with 2 equiv of allyl tosylate 
was carried out in a similar manner. 

Reaction of NaFez(PPhz)2(CO)5[C(0)CH2Ph].2THF (6e) with 
Benzyl Bromide. (A) Experiment No. 1. To a solution of 4 (100 mg, 
0.0946 "01) in 0.5 mL. of THF was added via syringe benzyl bromide 
(24 pL, 0.20 mmol) and 20 pL of n-CI3H2, as an internal standard. 
Following 3.5 h of stirring at room temperature, an infrared spectrum 
of 1 aliquot of the reaction mixture in THF was nearly superimpable 
with that of 6e in the region of 2400-1600 cm-I. Following 5.5 h 
of stirring, a GLC analysis of an aliquot, using a 7-ft column packed 
with 10% OVlOl on Supelcon AW DMCS at 185 OC, revealed 
bibenzyl (0.0447 mmol, 47%). The assignment of bibenzyl was 
confirmed by coinjection of an authentic sample onto both the OVlOl 
column and a 7-ft column packed with 3% BDS on Chromosorb WAW 
at 182 OC. 

Following 24 h of stirring, a second GLC analysis was conducted 
and found to be identical with that described above. 

C6H6)* 

1 

YCO 2025,1975, 1940 (sh), 1920 (sh) cm-'; 'H  NMR (C6D6) 6 0.5 
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After 7 days of reaction time, an infrared spectrum of another 
aliquot exhibited strong absorption bands characteristic of 6e and 
additional bands of medium intensity characteristic of 1 .  A GLC 
analysis gave results identical with those described above. 

After 28 days, an infrared spectrum of another aliquot was nearly 
superimposable with that of 1 in the region of 2400-1600 cm-I. No 
absorption bands characteristic of 6e were discernible. Biallyl was 
apparently formed in the hot (-280 "C) GLC injection port. 

(B) Experiment No. 2. To a solution of 4 (190 mg, 0.180 mmol) 
in 0.50 mL of Me2SO-d6, in a 5-mm NMR tube equipped with a 
rubber septum, was added via syringe benzyl bromide (20 pL, 0.17 
mmol). The 'H NMR spectrum of the resulting red solution was 
identical with that of 6e. An infrared spectrum of an aliquot of the 
reaction mixture in T H F  was identical with that of 6e in the region 
of 2400- 1600 cm-l . 

A second portion of benzyl bromide (24 pL, 0.20 mmol) was added 
to the tube through the septum, via syringe. The tube was then sealed 
under an atmosphere of nitrogen. The 'H NMR spectrum of the 
resulting sample indicated the presence of 6e and PhCH2Br in a molar 
ratio of approximately 1:l. No change was discernible by 'H NMR 
after 20 h at r w m  temperature. The sample was then heated in the 
dark at 80-100 OC. Over a period of 2 h, 'H NMR spectra showed 
a gradual decrease in the intensities of singlets at 6 3.97 and 4.63, 
resonances characteristic of 6e and PhCH2Br, respectively. Con- 
currently, singlets appeared at S 2.13 and 2.72 (resonances charac- 
teristic of toluene and bibenzyl, respectively) and gradually increased 
in intensity. After 2 h a t  80-100 O C ,  no resonances characteristic 
of 6e were detectable above noise, and only a trace of PhCH2Br was 
evident. Integration of the spectrum indicated the formation of 
bibenzyl in - 30% yield and toluene-do,! in 35-50% yield. 

The sealed tube was opened under a nitrogen atmosphere, and its 
contents were transferred to a second 5-mm tube. An infrared 
spectrum of 1 aliquot of the crude reaction mixture in THF was 
essentially superimposable with that of 1. An analytical TLC analysis 
of the crude reaction mixture revealed the presence of 1. The second 
NMR tube containing the bulk of the reaction mixture was equipped 
with a rubber septum. The presence of bibenzyl and toluene in the 
solution was confirmed by measuring 'H NMR spectra before and 
after addition of authentic samples of the two. 

Reaction of NaFe2(PPh2)2(CO)5[C(0)CH3)2THF (6a) with Di- 
methylphenylphosphine. A solution of 6a (1 10 mg, 0.132 mmol) and 
P(CH3),Ph (25 pL, 0.17 mmol) in 250 pL of Me2SO-d6 was sealed 
under a nitrogen atmosphere in a 5-mm NMR tube. The 'H NMR 
spectrum of the resulting mixture exhibited only reasonances char- 
acteristic of the two individual components. After the tube was heated 
in the dark for 1 h at 100 O C ,  the spectrum was devoid of a doublet 
at 6 1.25, a resonance characteristic of free P(CH3),Ph. In addition, 
the singlet at 6 2.22, characteristic of 6a, had significantly decreased 

in intensity. Several new resonances had appeared in the region 6 

In an inert-atmosphere glovebox, the sample was removed from 
the tube. An infrared spectrum of 1 aliquot of the crude reaction 
mixture in THF exhibited several absorption bands in the region of 
2400-1400 cm-I. Bands characteristic of unreacted 6a were evident. 
The sample was filtered. Addition of 0.5 mL of THF to the filtrate 
resulted in red crystals of 3b [20 mg, 27%, based on P(CH,),Ph]. 
Infrared spectra (KBr pellet and THF solution) of the product were 
identical with those of 3b. Anal. Calcd for C44H42Fe204P4: C, 60.71; 
H, 4.86; Fe, 12.83. Found: C, 60.88; H, 5.21; Fe, 12.45. 

The filtrate from the crystallization above was chromatographed 
in air on a 20 X 20 cm, 250-1 silica gel plate with an eluant of 1:l 
benzene:hexane. The major red band was scraped from the plate, 
washed free of the silica with benzene, and filtered. The solvent of 
the resulting red filtrate was removed under reduced pressure, affording 
2b (8 mg, 8%, based on 6a): 'H NMR (CDC13) S 1.56 (d, J = 8 Hz, 
6 H), 6.4-7.8 (m, 25 H). The infrared spectrum of the product in 
T H F  was identical with that of 2b. 

Reaction of NaFe2(PPh2)2(CO)dC(0)CH,)2THF (6a) with Carbon 
Monoxide. A 0.02 M solution of 6a was stirred at rwm temperature 
under carbon monoxide at 40 psig. Infrared spectra of the crude 
reaction mixture, taken periodically over a period of 2 weeks, showed 
a gradual increase in the intensities of absorption bands characteristic 
of 1 and a gradual decrease in the intensities of absorption bands 
characteristic of 6a. 

Reaction of NaFe2(PPh2)2(CO)5[C(0)CH3)2THF (6a) with So- 
dium. To a solution of 6a (50 mg, 0.060 mmol) in 3 mL of THF was 
added 50% sodium dispersion (8 mg, 0.2 mmol). After 2 h of stirring, 
the red mixture was filtered. Diffusion of hexane vapor into the filtrate 
resulted in crystals of 4, which were washed with hexane and dried 
in vacuo (41 mg, 65%). The solution infrared spectra of the product 
and an authentic sample of 4 were identical. Treatment of a THF 
solution of the product with dioxygen (air) resulted in the formation 
of 1 . .  
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Unlike the parent pentagonal-pyramidal closo-2,4-C2B5H,, both 3-C1-closo-2,4-C2B5H, and 5-C1-closo-2,4-C2BSH, readily 
react with (CH3),L (L = N, P) to form 1:l adducts. Removal of C1- from these two adducts, using BCI,, produces the 
unique [3-(CH9),L-closo-2,4-C2B5H6]+ and [5-(CHg),L-closo-2,4-C2BSH6]+ cations, respectively. The reaction of (CH3),N 
with l-C1-cZoso-2,4-C2BSH, proceeds with more difficulty than with the other two B-C1 isomers, but once formed, the 1:l 
adduct combines with BCl, to give the rearrangement product [ ~ - ( C H , ) , N - C ~ ~ ~ ~ - ~ , ~ - C ~ B S H ~ ] ~ [ B C ~ ~ ] - .  

Introduction 
Reactivities of the small closo-carboranes toward (CH3)3L 

(L = P or N) are known to follow the  order 1,5-C2B3H5 > 
1 ,6-C2B4H6 > 2,4-C2B5H7. The smallest cage compound forms 
unstable adducts whereas 1 ,6-C2B4H6 gives the  well-charac- 
terized open cage dipolar 5-(CH3)3Lf-nido-2,4-C2B4H6-; the 
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largest of the three, 2,4-C2B5H7, does not react with (CH3)3L 
a t  temperatures below the decomposition of either reagent but 
is readily cleaved by many secondary amines, R,NH, to 
products such as R2NH.BH3 and [R2NBHCH3],, x = 1, 2.1-3 

(1)  Lockman, B.; Onak, T. J .  Am. Chem. SOC. 1972, 94, 7923-4. 
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