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Summary 

Alkali metal amalgam reductions of M(C0)6 in tetrahydrofuran (THF) 
have provided salts of the pentacarbonylmetallate dianions. Cesium amalgam 
reacts with M(C0)6 at room temperature to yield Cs2M(CO),, while sodium or 
potassium amalgams provide only (Na or K)&r(CO)5 in good yield in addition 
to a substantial amount of (Na or K)2Cr2(C0)10. Molybdenum and tungsten 
carbonyl give primarily (Na or K)2M2(C0)10 in THF even after 24 h of reflux; 
however, infrared evidence indicates the presence of monomeric dianions in 
these solutions_ Reaction of the monomeric dianions with Ph,MCl (M = Ge, Sn, 
Pb) provides air- and moisture-stable substituted carbonyl anions of the type 
Ph3MM’(CO)s- (M’ = Cr, MO, W) which have been isolated as tetraethylammo- 
nium salts. Pure Na,Cr(CO),, prepared from the interaction of Cr(CO), with 
sodium metal in liquid ammonia or HMPA, has also been used to provide 
similar substituted carbonyl anions of the type ECr(CO),- where E = Me$n and 
C5H5Fe(C0)2. The triphenyltin derivatives have also been prepared independent- 
ly by the interaction of Ph,SnLi with M’(C0)6 in THF at room temperature as 
well as from the reaction of Ph,SnCl with M’,(CO),,,‘- in THF. 

Introduction 

Although the pentacarbonylmetallate dianions of Cr, MO and W have been 
known for more than ten years [l-3], only recently have facile syntheses of 

* For Part I see ref. 12. 
** National Science Foundation Undergraduate Research Participant for summer 1974. 
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these substances been reported_ These involve either sodium metal reduction of 
Cr(CO), in liquid ammonia, providing up to 95% yields of Na&r(CO)s 141, or 
alkali metal reduction of M(C0)6, MZ(CO)loZ-, and M(CO),(X)- (X = halide) in 
hexamethylphosphoramide (HMPA), giving essentially quantitative yields of 
Na*M(CO), (M = Cr, MO, W) [5]. 

Sodium and potassium metal amalgam reductions of the neutral hexacar- 
bonyls in ethereal solvents, especially refluxing tetrahydrofuran (THF), have also 
been claimed to yield salts of M(C0)52- [6]. However, the cesium amalgam 
reduction of Cr(CO), in THF is purported to give the unusual binuclear anion 
Cs,Cr,(CO), - THF [7]. Workers have recently shown that the chemical proper- 
ties of the product(s) of these (Na or K)/Hg reductions are consistent with 
those expected of the pentacarbonylmetallate dianions; however, no spectral 
evidence has been published in support of these claims. For example, these 
products react with 3,4-dichlorocyclobutenes to give from 1% (M = W) to 35% 
(M = MO) yields of cyclobutadienetetracarbonylmetal species [ 81, 3-chloro-2- 
(chloromethyl)propene to give a 1% yield of trimethylenemethanetetracarbo- 
nylmolybdenum (corresponding Cr and W compounds could not be prepared 
this way) [9] and thiophosgene to give Cr(CO)&S (3-5s yield), Mo(CO)&S 
(2-4s yield) and W(CO)&S (12-15s yield) [lo]. It seems likely, however, that 
the dimeric dianions, M2(C0),02-, could also react with these reagents to gwe 
the observed products, in addition to M(CO)&l-. For example, in this investiga- 
tion we have found that chlorotriphenylstannane reacts with MZ(CO),02- to give 
salts of Ph3SnM(CO)S- and M(CO)&l-. Also recently, base-stabilized stannylene 
and germylene complexes have been synthesized from Cr2(CO)102- according to 
the following equation where B = THF or pyridine, R = alkyl group, M’ = Ge, 
Sn [ll]_ 

R2M’C12 + Na,Cr,(CO),, + B +- R2BM’Cr(CO), + NaCr(CO),Cl + NaCl 

In view of the conflicting reports and confusion on the nature of the 
species obtained in these alkali metal reductions of Group VI hexacarbonyls, we 
felt a careful examination of these reactions was in order. In addition, since 
very little is known about the chemical properties of the pentacarbonylmetallate 
dianions [12], a systematic examination of the chemistry of these species has 
been initiated. In this paper we report on the reactions of M(C0)52- with various 
metallic monohalides, particularly main Group IV species which provide new 
compounds of the type MM’(CO)S-, where M are various transition and main 
group metal moieties. 

The triphenylmetal derivatives reported herein are particularly noteworthy 
in that they are air- and moisture-stable carbonyl anions in solution or in the 
solid state. As such, they are possibly the most oxidatively stable anionic metal 
carbonyls known. The only previously reported compounds of this type are 
MX,M’(CO),- (M = Ge, Sn, X = halide, M’ = Cr, MO, W) [13-151, all hydrolytical- 
ly unstable substances. 

Experimental 

General procedures and startrng materials 
All operations were carried out under an atmosphere of purified nitrogen 
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or argon further purified by passage through columns of activated BASF catalyst, 
anhydrous magnesium perchlorate and molecular sieves. Solutions were trans- 
ferred by stainless steel cannulae and syringes; otherwise reactions were perform- 
ed by using standard Schlenk apparatus 1161. Reagent grade tetrahydrofuran 
(Aldrich) was freshly distilled from the benzophenone ketyl of potassmm under 
an argon atmosphere; hexamethylphosphoramide (Aldrich) was distilled in 
vacua from calcium hydride and then subsequently from so&urn metal under 
argon. Chromium hexacarbonyl (Pressure Chemical), molybdenum hexacarbonyl 
(gift from Climax Molybdenum Co.), tungsten hexacarbonyl (Pressure Chemical), 
cesium metal (Ventron Corp.), triphenylmetal halides (metal = germanium, tin 
and lead) (Ventron Corp.), lithium metal wire (Ventron Corp.), trlmethyltin 
chloride (Ventron Corp.), cyclopentadienyliron dicarbonyl iodide (Ventron 
Corp.), and sodium metal (Fisher Scientific) were used as received from commer- 
cial sources. Liquid ammonia was dried with Na metal and distilled before use. 

IR spectra were recorded on a Perkin-Elmer 237B Spectrometer. Solution 
spectra were obtained in sealed sodium chloride cells equipped with stainless 
steel Luer stopcocks to permit filling via syringe outside the glove box with 
essentially complete exclusion of air. Solutions of Na,Cr(CO), in HMPA or 
THF could be kept for at least l/2 h in these cells without significant oxidation 
(to Na,Cr,(CO),,J occurring. Elemental analyses were carried out by Spang 
Microanalytical Laboratory, Ann Arbor, Michigan, or Galbraith Laboratories. 

Synthesrs of Cs,Cr(CO), (I) 
Chromium hexacarbonyl (0.40 g, 1.8 mmol) and cesium amalgam (1.0 g, 

7.5 mmol Cs in 7 ml of Hg) are stirred at room temperature in 40 ml of THF in 
a flask equipped with a stopcock on the side to facilitate removal of amalgam 
after reaction_ The reaction mixture assumed a turbid greyish green color after 
15 min; however, after 5 h of stirring a voluminous bright yellow precipitate 
formed. A yield of 0.40 g (63% yield based on Cr(C0)6) of solid was obtained 
which gave satisfactory analyses, in spite of the extreme air-sensitivity of this 
species, after drying under high vacuum at 50°C until virtually all THF was 
removed. Cesium analysis were carried out by conversion I to CsBPh, by aqueous 

TABLE 1 

INFRARED SOLUTION SPECTRA OF SALTS OF M(CO@- AND M2(CO)&- IN THE CARBONYL 
STRETCHING FREQUENCY REGION 

salt Solvent Carbonyl stretching frequencies (cm-l) 

Na$r(CO)s HMPA 

Na2Cr(C0)5 THF 

Na2Mo(CO)g HMPA 

Na2Mo<CO)s THF 
Na2W<C0)5 HMPA 

Na2WCO)S THF 
Cs2Cr<CO)g HMPA 

CszMo(CO)5 HMPA 

Cs2W<CO)5 HhlPA 

Cs2Cr2(CO)10 HMPA 

CqMq(CO)10 HMPA 

CS2W2WO)IO HMPA 

1760s 
1819s 
1769s 
1822s 
1775s 
1827s 
1779s 
1789s 
1789s 
19lOm 

1926m 

1935m 

1722s 
1768s(br) 
1723s 
1757s(br) 
1731s 
1757s(br) 
1737s 
1735s 
1740s 
1881vs 

1882~s 
188lvs 

1785ms 
1788ms 

1787ms 
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chemical properties of these substances [Le., their reaction with Ph3SnC1 and 
C7Hf+BF4- to give Ph3SnM(CO)S- and M2(CO),,*-, respectively] are entirely 
consistent with the proposed formulations. These chemical and spectral observa- 
tions effectively preclude significant contamination of III and IV by soluble 
mercury derivatives of MO and W carbonyl anions. Such mercury derivatives 
occasionally form in moderate yields from alkali metal amalgam reductions of 
neutral metal carbonyls 1191. 

Synthesis of NazCr(CO), in liquid ammonia (V) 

This synthesis is a modification of one reported recently by Behrens and 
coworkers (41 and is presented in detailed form. Approximately 250 ml of 
ammonia is condensed into a graduated, three-necked reaction vessel (e.g., Ace 
Glass No. 7756) containing 0.5 g Na (to remove oxygen and moisture from the 
ammonia). After the ammonia has assumed a homogeneous blue color, it is dis- 
tilled under partial vacuum into a 500 ml three-necked round-bottom flask 
equipped with stopcock, CO,-acetone condenser, and glass stirring bar (sodium 
in liquid ammonia attacks teflon-coated stirring bars) and containing 7.5 g (3.4 
mmol) Cr(C0)6 and 2.8 g (12.2 mmol) of Na chunks (size is not critical) under 
an atmosphere of dry nitrogen or argon (argon was used in this particular 
preparation). Cooling the reaction vessel with dry-ice/acetone facilitates transfer 
of ammonia. Also, the system must be open to a mercury manometer in order 
to avoid dangerous build-up of pressure during the transfer step. After completion 
of the ammonia transfer, the vessel is warmed to approximately the normal 
boiling point of ammonia and the contents stirred under reflux until the color 
of the solution changes from blue to orange-yellow (this process generally 
takes from 3-7 h). The resulting solution is then cooled to -40” to -50°C and 
transferred via cannula into a jacketed cold medium-porosity fritted disc filter 
(temperature is held to -40” to -50°C; colder temperatures often result in 
precipitation of product) and filtered into a 500 ml three-necked round-bottom 
flask equipped with two stopcocks_ This filtration removes most sodium amide 
and the shock-sensitive disodium acetylenediolate [ 201 formed as by-products 
in the reaction. The clear orange-red filtrate is allowed to evaporate overnight 
through a mercury bubbler. (Best results are obtained if flask is attached direct- 
ly or via butyl rubber tubing to a vacuum line.) Residues on the frit are pyro- 
phoric and must be disposed of cautiously. The resulting pyrophoric brown- 
orange sohd is dried at room temperature in vacua (< 0.01 Torr) to remove all 
ammonia. In the present experiment, a practically quantitative yield of crude 
orange-yellow product was obtained (8.1 g). Due to the exceedingly air-sensitive 
nature of this species it was stored in a Schlenk tube in vacua in a dry-box until 
required for recrystallization. A 3 g portion of crude Na,Cr(CO), was dissolved 
in 125 ml THF at room temperature, stirred for 15 min and filtered (medium- 
porosity fritted disc). (The filtration step often proceeds slowly and may be 
hastened with the aid of a magnetic stirring bar.) The resulting clear orange 
solution was evaporated in vacua and gave 2.85 g of pure yellow powdery 
Na2Cr(CO)s (95% yield), which has a spectrum in THF virtually identical to 
that reported by Behrens [4] (see Table 1). Recrystallized NatCr(CO)s is a pyro- 
phoric solid, soluble in THF and HMPA. The previously unreported and unusual 
Nujol mull spectrum of this substance is shown in Fig. 1. 
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Reduction of Cr(CO), by Na amalgam in refluxing tetruhydrofuran 
Chromium hexacarbonyl (1.70 g, 7.7 mmol) and sodium amalgam (1.78 g, 

Na, 77 mmol in 13 ml of Hg) were stirred under reflux. The progress of the 
reduction was monitored by IR spectroscopy in the carbonyl stretching fre- 
quency region. After 12 h, intense bands due to Na-,Cr(CO)s, as well as NazCrz- 
(CO),,, were observed (see Fig. 2). Further refluxing did not significantly 
reduce the amount of NazTJrz(CO)io present. 

Preparation of tetraethylammonium(triphenylstannyl~pentacarbonylchromate, 

NC,~~)~lrCr(CO),snPh~l (VII 
The above solution was cooled to room temperature and triphenyltin 

chloride (2.98 g, 7.7 mmol) was added, followed by addition of an aqueous 
solution of tetraethylammonium bromide. A voluminous grey-yellow solid was 
thereby obtained, filtered, washed with water (2 X 50 ml), dried in vacua, washed 
with diethyl ether to remove triphenyltin chloride, and dried in vacua (4.01 g). 
This air-stable solid was dissolved in the minimum amount of acetone, filtered, 
and then recrystallized by adding excess diethyl ether. Shiny crystallme, white, 
air-stable VI was thereby obtained (3.40 g) in 65% yield. 

Preparation of Ph&zCr(CO),- (VI) by other methods 
(a). From Na,Cr(CO), prepared in liquid ammonia (V). A solution of 

Ph$nCl (0.81 g, 2.1 mmol) in 30 ml THF was added at once via syringe to 
NazCr(C0)5 (0.50 g, 2.1 mmol) in 40 ml THF. The yellow solution of Na&r(CO), 
become markedly paler in color on addition of the Ph,SnCl. After stirring the 
solution for 0.5 h, it was filtered (medium-porosity disc) to remove NaCl and 
evaporated, yielding a pale yellow, air-stable substance. A solution of this material 
in THF (5 ml) was treated with 1.4 g of tetraethylammonium bromide in 
ethanol (25 ml). Subsequent addition of 200 ml of water to the above magnetical- 
ly stirred solution provided a fine crystalline product which was filtered, wash- 
ed with additional water and dried in vacua. A yield of 1.02 g (72%) of crystal- 
line white solid was thereby attained_ Recrystallization of this material from 
acetone/diethyl ether gave 0.80 g (52%) of product identical with that prepared 
from Na,Cr(CO), derived from sodium amalgam reduction of Cr(CO),. Excellent 
yields (80%) of VI may also be obtained by addition of Ph$nCl to Na,Cr(CO), 
generated by the sodium metal reduction of Cr(CO), in hexamethylphosphor- 
amide [5]_ 

(b). From the reaction of Ph,SnLr with Cr(CO),+ A deep green solution 
of Ph,SnLi, prepared by stirring triphenylstannyl chloride (2 g, 5.2 mmol) in 
25 ml of THF with lithium wire (0.37 g, 53 mmol) divided into 1 mm lengths, 
overnight under a nitrogen atmosphere 1211, was filtered into a flask containing 
Cr(C0)6 (1.15 g, 5.2 mmol) in 50 ml THF. The Ph$nLi solution rapidly decolor- 
ized on mixing with Cr(CO), and became light yellow in color. Removal of 
solvent in vacua gave a pale yellow air-stable solid. This was dissolved in acetone, 
fiitered and added to an excess of aqueous tetraethylammonium bromide_ Im- 
mediate precipitation of white crystals of VI occurred_ These were filtered, 
washed with additional water and then dried in vacua. Recrystallization of the 
crude product, which was spectroscopically free of other carbonyl-containing 
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contaminants, provided 0.98 g (28%) of fine colorless crystals which were iden- 
tical to genuine VI. 

(c). From the reaction of Cs2Cr(CO)s (I) with Ph,SnCl. A mixture of - 
Ph,SnCl (0.43 g, 1.1 mmol) and CszCr(CO)j (0.51 g, 1.1 mmol) was stirred for 
1 h in tetrahydrofuran (20 ml). The resulting pale yellow solution was filtered 
(medium-porosity fritted disc) and evaporated. Metathesis of the resulting salt 
with tetraethylammonium bromide, as in part (n), gave O-45 g (60% yield) of 
VI, identical to that prepared by other methods. 

(d). From the reaction of (Et4N)2Cr,(CO),o with Ph,SnCl. A mixture of 
1.15 g (1.8 mmol) of (EtoN),Cr,(CO)10 1171 and 0.76 g (2.0 mmol) of Ph,SnCl 
was stirred in 40 ml of THF at room temperature. After 1 h all of the slightly 
soluble dimer dianion had dissolved m the THF. However, only after 12 h did 
the characteristic red-orange color of the dimer change to the paler orange color 
of the products. An infrared solution spectrum taken at this time showed all dimer 
had reacted. Bands at 2057w, 1921s and 1863m cm’-‘, superimposable with 
those of genuine EtaNICr(CO)&l] [18], and bands at 2021m, 1898s, and 1881 
m(sh) cm-‘, superimposable with those of genuine VI, were observed. The only 
other absorption in the carbonyl stretching frequency region was a weak band 
at 1980 cm-’ attributable to Cr(CO),. Subsequently, the solvent was removed 
in vacua at room temperature, providing a yellow crystallme murture of 
[Et,N]Cr(CO),Cl and VI. No attempt was made to isolate the chlorocarbonyl- 
metallate intact; however, it could be easily removed from VI either by treat- 
ment of the mixture with water (Et&N[Cr(CO),Cl] IS moderately soluble in this 
medium) or, better, by exposing an acetone solution of the mixture to air for 
several hours and subsequent filtration of the resulting solution. Since EtQN- 
fCr(CO)&l] is moderately air-sensitive, while VI is essentially air-stable in solution 
or in the solid state, the latter can be effectively separated from the chloro com- 
plex by this method. A yield of 0.45 g (38%) of II was thereby obtained after 
treatment of the acetone filtrate with an excess of diethyl ether. A quantitative 
yield of VI corresponds to 0.60 g based on the (EtgN)2Cr2(C0)1,,_ 

Reduction of M(CO)6 (M = MQ, W) by sodium amalgam in tetrahydrofuran 
Tungsten hexacarbonyl (2.05 g, 5.8 mmol) and sodium amalgam (1.34 g 

Na, 58 mmol m 10.5 ml Hg) were stirred at room temperature. After 16 h bands 
attributable to Na2W(C0)5 [1827 and i757 cm-’ (br)] were observed; however, 
these were much less intense than bands corresponding to Na=Wz(CO)lo. Similar 
reductions of W(CO), by Na/Hg in THF under reflux conditions were no more 
successful in forming Na2W(C0)5 than those conducted at room temperature. 
Analogous reductions of MOM in THF at room temperature or under reflux 
conditions gave similar results: only very weak spikes at 1822 and 3.757 cm-’ 
(br) were observed. The general shape and relative intensities of the bands due to 
Na*M(CO)* (M = MO, W) are very similar to those of Na,Cr(CO), in THF (see 
Fig. 2). 

Prepizration of tetraethylammonium (triphenylstannyl)pentacarbonylfungstate, 
i(C,H,)~~tW(CO),SnPh31 (VII) 

(a)_ From treatment of above tungsten solution with Ph,SnCI. Triphenyl- 
tin chloride (2.30 g, 6.0 mmol) was added to the solution containing reduced 
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tungsten c-bony1 species, followed by addition of an excess of tetraethylam- 
monium bromide (3.80 g, 18 mmol) in water. After removal of the THF in vacua, 
a deep red gummy solid was obtained which slowly decolorized in the presence 
of air. The water was removed by decantation and the solid was dried. After 
approximately two weeks exposure to air the colored component (mostly 
[E4N][HWZ(CO),,] and [Et,N~[W(CO)&l]) disappeared almost completely. 
The resulting solid was dissolved in acetone and the solution filtered. Addition 
of excess diethyl ether to the filtrate caused the precipitation of shiny crystalline, 
very pale yellow VII (2.28 g, 49% yield). This substance was identical to that 
obtained by the reaction of W(CO&‘- and Ph,SnC1 in HMPA (see below). 

(b). From Ph,SnCI and Na, W(CO), generated by sodium reduction of 
W(CO), in hexamethylphosphoramide (HMPA). A suspension of W(CO)6 (1.5 g, 
4.3 mmol) in 40 ml of dry, oxygen-free HLMPA was stirred (glass stirring bar) 
with small chunks of sodium (0.23 g, 10 mmol) under an argon atmosphere. 
After 4 h of stirring the solution changed to a deep blue indicating that the 
reduction was complete (See ref. 5 for figures showing spectral changes in the 
carbonyl stretching frequency region which occur during this reduction.) Addition 
of triphenyltin chloride (1.4 g, 4.3 mmol) to the solution caused rapid discolora- 
tion_ After forty minutes of stirring the HMPA solution was added to an aqueous 
solution of Et4NBr (2.3 g, 11 mmol in 350 ml H,O). The resulting solution and 
precipitate was cooled in a refrigerator for several days and then centrifuged. 
The dried centrifugate (2.26 g, 66% yield) was subsequemy recrystallized from 
acetone/diethyl ether providing 0.6 g (17% yield) of analytically pure VII. The 
properties of this air-stable, colorless, crystalline salt are virtually identical to 
those of the chromium analogue. 

TABLE 2 

INFRARED SPECTRA OF LEt4NI[RM(CO)s] IN THE CARBONYL STRETCHING FREQUENCY REGION 

R 

Ph3Ge 

Ph3Ge 

PhjGe 

Ph3Sn 

PhjSn 

PhgSn 

PhjPb 

Ph3Pb 

PhjPb 

Me3Sn 

C,H,FeVX’)z 

M 

Cr 

MO 

W 

Cr 

MO 

W 

Cr 

MO 

W 

Cr 

CZ 

Medium Carbonyl stretching frequencies (cm-‘) 

CHzCl2 
NujoI muIl 
CH~CIZ 
Nujol mull 
CH2CIz 
Nujol mull 
THF 
Nupl mull 
THF 
Nujol mull 

THF 
Nujol mull 

THF 
Nujol mull 

CHzCl2 
Nujol mull 
CH2CIZ 
Nujol mull 
CHzC12 
Nujol mull 

THF 
Nujol mull 

2023-m. 1936(sh). 1894s 
2021m.1941m. 1889s. 1878&h) 
2039m, 1909vs. 1878(sh) 
2038m. 1953m. 1898vs. 1881~s 
2038m. 1900vs. 1877(sh) 
2038m. 1947ms. 1892s. 1874s 
2019m. 19OOvs. 1883(sh) 
2020m. 1937m. 1896s. 1876s 
2035m. 1912~s. 1887ms 
2036m. 1914~s. 1893(sh). 187%~ 
2036m. 1908vs. 1882ms 
2035m. 1908ms. 1870s 

2025m. 1943(sh). 1909s. 1882(sh) 
2025m. 1948m. 1882vs<br) 
2045m. 1920~s. 18886h) 
2040m. 1924s. 1902s. 1880&h) 
2043m. 1910~s. 1880&h) 
2039m. 1914s. 1893s. 1866s 
2003m. 1880s(brj 
2003m. 1870s. 1848s 
2016m. 1942(sh). 1919~s. 1904s. 1878s 
2017m. lSOSs(br). 1868s(br). 1820ms(br) 
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(c). From Ph$nCl and ~Et~)2W2(CO)1,-,. This reaction was carried out 
quite analogously to that described earlier for (Et4N)2CrZ(C0)10_ A mixture of 
0.95 g (1.0 mmol) (Et4N),W,(CO)io [173 and 0.40 g (1.04 mmol) Ph$nCl was 
stirred for 3 h at room temperature_ Evaporation of the solution, followed by 
recrystallization of the product from acetone/ether provided 1.09 g of a mixture 
of Et4N[W(C0)&Ij and VII. Exposure of acetone solutions of this mixture to 
air for ca. 1 week caused virtually complete decomposition of EtaNIW(CO)&l! 
and provided, after filtration, a pale yellow solution from which 0.52 g (33%) 
of pale yellow, crystalline VII was obtained (maximum yield of 50% expected 
from this method). 

Preparation of [(C2H5).JQ[C,H5Fe(CO)&r(CO)J (VIII) 
A solution of NazCr(CO)s (1.00 g, 4.20 mmol) in 30 ml THF was slowly 

added by dropping funnel to a solution of IFe(C0)rCSH5 (1.27 g, 4.20 mmol) 
in 30 ml THF over a period of 2 h at room temperature. During this period the 
originally brown-black solution of IFe(CO)&H, changed to a deep red color. 
The solution was stirred for an additional 0.5 h and then filtered (medium-poro- 
sity fritted disc) and evaporated to dryness. The solid was taken up in a minimum 

TABLE 3 

DATA FOR tEt4NICRM(CGk] = 

R M Yield (%) M P- (=C> Elemental analysis g found (talc.) (%I 

C H N 

Ph3Ge 

PhgGe 

PhgGe 

Ph$n 

PhgSn 

Ph3Sn 

Ph3Pb 

PhgPb 

Ph3Pb 

Me3Sn 

CsHSFe(C0)2 

Cr 

MO 

W 

Cr 

MO 

W 

Cr 

MO 

W 

Cr 

Cr 

80d 242-243 

51 e 

38 ’ 

77 b. 28 c. 
73 d. 80 e. 
60f.3Sh 
2oe 

49 ‘. 5Sc. 
66’.33h 
51 d 

33 e 

45c 

54d 

50d 

154-155 

191-192 (dec ) 

200-202 

136-138 

140-142 

139-140 (dec.) 

140-141 (dec.) 

135-136 (dec.) 

Dec. above 130 

Dec. above 180 

59.13 

(59 46) 
55 31 

(55.56) 
48.87 

(49.12) 
55 37 

(55 38) 

52.08 
(51.98) 
46.08 

(46.30) 
49.03 

(48.94) 
46.15 

(46 27) 

41.86 
(41.71) 

39.17 
(39 53) 
47.75 

(48.11) 

5.72 2.31 
(5.63) (2.24) 
5.14 240 

(5 26) (2.09) 
4.54 1.76 

(4.65) (1.85) 
5.41 2 11 

(5.25) (2.08) 

504 

(4 93) 
4.15 

(4.39) 
4.72 

(4.64) 
4.21 

(4.38) 
4.07 

(3 95) 
5 80 2.97 

(6.01) (2.88) 
4.95 2.64 

(5.05) (2 81) 

= Empirical formulas for R = Ph+‘: C3rH3sM’MNOs; R = MesSn: CrsHs CrNOgSn: R = C~HSF~(CO)Z. 
CgeH28CrFeN07. ’ From M(CO)6 + Na/Hg. ’ From M(C0)5 + PhgSnLi. d From Na$r(CO)s (generated 
in NH3) + RX. e From Na2M(CO)s (generated in HMPA) + RX. f From Cs2Cr(CG)8 <frOm Cr(CG)e * Cs/Hg)- 
g Samples from methods b and e were used for elemental analysis determinations for R = Ph38n. M = Cr and 
R = PhgSn. M = W. respectwely. h From Ph3SnCl + (EtqN)2M2(C0)10 in THF. 
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amount of ethanol (20 ml). To this solution was added Et4NBr (2.66 g, 12.6 
mmol in 10 ml EtOH). Addition of 200 ml of I-I,0 caused precipitation of 
additional red-orange solid. This was filtered (coarse frit) and dried in vacua. 
Three tetrahydrofuran/heptane recrystallizations provided a product that was 
spectroscopically free of (C5H5Fe(C0)&, a by-product in the reaction. Also only 
very weak bands attributable to Et,N[Cr,H(CO),,] were present. Yield: 1.03 g 
(50%) of deep red crystalline VIII. 

Synthesis of other salts of the type EM(CO)5- 
All of those species shown in Table 3 were prepared by methods very 

similar to those outlined above. The yields and methods used for these com- 
pounds are indicated in Table 3. 

Results and discussion 

Alkali metal and alkali metal amalgam reductions 
Alkali metal reductions of M(C0)6 in ammonia and HMPA. Previously, it 

has been estabiished that sodium reductions of M(CO), in HMPA provide a facile 
and clean route to Na2M(CO)S 151. A representative preparation using this 
method is shown in the experimental section (compound VII part b). Although 
complete reduction of M(CO), to Na,M(CO), generally requires about four 
hours at room temperature, considerably faster reductions can be effected by 
using sodium sand. In as much as alkali metal (but not tetraalkyl or arylonium) 
salts of M2(CO)l,,2- and M(CO),(X)- (X = halide) are also reduced to M(C0)52- 
under these conditions, the HMPA method is presently the most general route 
to these species. Interestingly, all tetraalkyl or arylonium ions investigated have 
been shown to react with M(CO),*- to give products such as HM(CO),-, M2(CO),02e 
and others which are presently under investigation [22 3_ 

It has not proven possible thus far to isolate solid solvated or unsolvated 
Na,M(CO), from HMPA solutions. Addition of petroleum ether to these solu- 
tions results in the separation of a viscous deep red oil which contains Na,M(CO)+ 
Hexamethylphosphoramide is one of the strongest donor soivents known and 
binds tightly to metal cations [23], hence it is not surprising that our attempts 
to remove HMPA completely from these salts have been unsuccessful. Indeed, 
it is possible that the deep red oils correspond to liquid salts of composition 
[Na(HMPA),],M(CO),. The existence of solvated salts of carbonylmetallate 
anions, such as [N~(E&O),]CO(CO)~ [241, which are liquid at room temperature, 
is well established. 

The presence of HMPA is not detrimental when it can be easily removed 
from products; for example, by precipitation of the product on addition of an 
excess of water in which HMPA is completely miscible. However, this procedure 
is limited to products such as [EtsN][PhZMM’(CO),] (M = Ge, Sn, Pb, M’ = Cr, 
MO, W) which are insoluble in and stable towards water. 

Other more difficult procedures are necessary for isolating hydrolytically 
unstable derivatives of M(C0)52c such as RM(C0)5L where R = alkyl; these will 
be the subject of future communications [22]. 

Because of the general difficulty of removing HMPA (n-b-p. = 232°C) from 
products, it has proved useful in the case of Na2Cr(CO& to prepare the unsolvat- 
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Fig. 1. Infrared Nujol mull spectrum of Na2Cr(C0)5. rexrystallized from THF. m carbonyl stretching 
frequency region (1925~. 1802s. 1770s. 1644s). 

Fig_ 2. Infrared spectrum in THF of products from-a 12 h reduction of Cr(CO)6 by 1% sodium amalgam 
in L-&Iux~~~ THF. Identity and poutton of bands: f = Crz<CO)lo*-. 1885 (pnciwl): t- = CITY-. 1819. 
1768 cm-l (br) 

ed reactant in liquid ammonia_ Accordingly, a detailed preparation of the 
chromium salt in Iiquid ammonia is presented which provides up to 95% yields 
of yellow powdery and pyrophoric Na2Cr(CO)s. The solution spectrum of this 
substance in HMPA is consistent with that of a Dfh carbonyl anion (see Table 1) 
151. However, its Nujol mull spectrum (Fig. 1) is unusual in that it shows a broad 
intense absorption centered at 1644 cm-’ which probably arises via interaction 
of Na+ with an oxygen on the carbonyl anion. [The Na2Cr(CO)s used for the 
spectrum was recrystallized from THF and is free of NaNHz and NH3 which 
also absorp in this region.] Such “isocarbonyl” interactions [12] are known to 
cause shifting of carbonyl stretching frequencies to substantially lower energes 
[25]; however, to our knowledge no interactions of Na+ with terminal carbonyl 
groups have been suggested previously. 

Surprisingly, the corresponding reductions of MOM and W(CO), in 
liquid ammonia provide only poor yields of the monomeric dianions 151. In 
these cases HMPA is clearly superior to liquid ammonia as a medium for reduc- 
tion of metal carbonyls. 

Sodium amalgam reductions of M(CO), in THF_ Sodium and potassium 
amalgam reductions of Cr(CO), in THF behave similarly; however, in the case 
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of sodium amalgam, the THF solution of CIY(CO)~ must be refluxed for many 
hours before a significant amount of the intermediate Cr,(CO)lo2L is reduced to 
Cr(CO)s’-. Fig. 2 shows that after 12 h substantial amounts of Cr(CO)52- (1819, 
1768 cm-‘) coexist with Cr(CO)102- (principal band at 1885 cm-‘). Further 
reflux of the reaction mixture does not result in formation of more Na2Cr(CO)+ 
Small amounts of dry air instantaneously convert CJ(CO)~~- to Cr2(CO),02- The 
concentration ratios of Cr(CO)S’- to Cr2(CO)ln’- in these solutions are not 
known. Since R2SnC12 [ 111, Ph,SnCl (see later) and presumably other covalent 
halides evidently react with CrZ(CO)io2- and Cr(C0)52- to form the same products 
in many cases [in addition to Cr(CO)&l- in the case of Cr,(CO),,‘-] it is not 
possible to determine this ratio on the basis of product yields; quantitative IR 
analysis is required. 

Infrared studies of corresponding sodium and potassium amalgam reduc- 
tions of M(CO), (M = MO, W) in THF show that only small amounts of M(CO)S’- 
are formed; the principal product is M2(CO)i0*- even after 24 h under reflux or 
at room temperature_ On this basis, it seems likely that most of the cyclobuta- 
dienetetracarbonylmolybdenum (yield: 35%) obtained from 3,4-dichlorocyclo- 
butene and products from the reduction of Mo(CO), and Na/Hg in THF arose 
from the interaction of the dihahde with Moz(CO),,*- rather than Mo(CO),*- 
ts1- 

Cesium amalgam reductions of M(C0)6 in THF and HMPA. A previous 
report indicated that Cr(CO), was reduced in THF by cesium amalgam to a green 
solid of stoichiometry Cs4CrZ(CO)s - THF 173. Since the spectrum of this sub- 
stance in HMPA (see Fig. 4 and Table III in ref. 7) was quite similar in appearance 
to those of partially oxidized HMPA solutions of Na,Cr(CO), we had observed 
(without subtraction of HMPA bands, see later), this reaction was reexamined 
under the same conditions as reported previously. We obtained a bright yellow 
solid, only very slightly soluble in THF, which in HMPA gave a spectrum extreme- 
ly similar to that of Na?Cr(CO& (see Fig. 3a, bands due to HMPA subtracted 
by “solvent compensation;” i.e., an infrared cell of same pathlength containing 
pure HMPA was placed in the reference beam) and after removal of coordinated 
THF gave analyses consistent with the formulation CsZCr(CO)s. After a brief 
exposure of the -HMPA solution to dry air, a spectrum similar to the aforemen- 
tioned one in ref. 7 results (see Fig. 3b, the relative intensities of the two bands 
at lowest energies are reversed if an HMPA band practically superimposable 
with the lowest energy band is not subtracted by solvent comparison. Such a 
reversal may be seen in the “solvent uncompensated” spectrum of Na,W(CO), in 
HMPA in ref. 5. It appears that the spectrum in ref. 7 under consideration also 
contains the superimposed HMPA band which causes considerable broadening 
of the lowest energy band). The bands, however, are all at ca. 20 cm-’ higher 
wavelength than reported previously, and are due to Cs,Cr,(CO),, (1910, 1881 
and 1785 cm-‘) and CS~C~(CO)~ (1779,1737 cm-‘). The 1785 and 1779 cm-’ 
bands of the dimer and monomer are unresolved in Fig. 3b. Further exposure of 
the solution to air results in complete disappearance of Cs2Cr(CO)s and only 
bands due to CS,C~,(CO),~ and an uncharacterized carbonyl species (weak band 
at 1854 cm-’ present in Figs. 3b and 3c) are present. 

The chemical properties of the yellow product I from the Cs/Hg reduction 
of Cr(C0)6 are consistent with its formulation as Cs2Cr(CO)s. Thus, the reactions 
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Fig_ 3. Infrared spectrum of CszCr(CO)sm HhlPA (HMPA bands subtracted \~a solvent compensation). <a). 
Trace of CS~CYC~(CO)I,J present. (b). Brwf esposure of solutmn to dry ax. (c) Longer exposure of solutmn 

to dry cur. IdentIty and positmn of bands f = CszCr(CO)s. 1779, 1737: + = Cs2Cr2(CO)lo, 1910, 1881. 
1785; ? = unknown species absor’,ing at 1854 cm-’ 

of I with C,H,+BF4- and Ph3SnC1 provide good yields of Cs,Cr,(CO),, and 
Ph,SnCr(CO),-. In marked contrast to I, Cs2Crz(CO),. is very soluble m THF. 
The insolubility of Cs2Cr(CO), m THF undoubtedly plays an important role in 
the ability of Cs amalgam to cause virtually complete reduction of Cr(CO& to I. 
Thus, cesium amalgam reductions of Cr(CO), in HMPA provide only the dimeric 
dianion after seven hours at room temperature. In HMPA both Cs2Cr2(CO)lo 
and I are soluble. Also, a similar driving force for quantitative formation of 
Cr(C0)52- does not exist in the Na or K amalgam reductions of Cr(CO& in THF 
since (Na or K),Cr(CO), is soluble in this medium. 

Extremely air-sensitive orange solids formulated as Cs2M(CO), (M = MO 
and W), also only very slightly soluble in THF, are obtained by analogous 
cesium amalgam reductions of corresponding M(C0)6. These are often heavily 
contaminated with metalhc mercury; however, their infrared spectra in the 
carbonyl region in HMPA (Table 1) and chemical properties so closely coincide 
with those of well defined Cs2Cr(CO)5 that there is no doubt as to the correct- 
ness of their formulation_ The high expense of cesium metal, however, severely 
limits the utility of these salts as reactants in syntheses. 

Reactions of metallic monohalides with M(C0)52- and M2(CO)102-. One or 
more equivalents of Ph3MC1 (M = Ge, Sn, Pb) react with M’(CO)5Z- (M’ = Cr, MO, 
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W) generated in THF, HMPA or ammonia to provide generally good yields of 
Ph&IM’(CO),-. The products are air- and moisture-stable for indefinite periods; 
however, they slowly darken on exposure to sun or fluorescent light. The inter- 
action of Ph$nLi with M’(CO)b at room temperature in THF gives identical tin 
derivatives in 20-60s yields. The latter species may also be obtained from the 
reaction of Ph,SnCl and M,(C0),.2- according to the equation: 

Ph,SnCl + M2(CO)r0*- s Ph,SnM(CO),- + C1M(CO)5- 

Infrared analysis supports the premise that the two anions are formed in approxi- 
mately equal amounts. Such a reaction is not surprising in view of reports that 
the M-M bond of Mz(CO)102- is cleaved by halides [26], cyanogen [26], SnIz 
1271, GeI, [27], SO, [27], Hg [28], RZSnClz [ll], and perfluoropropyl iodide 
[ 173. Indeed, it seems likely that most covalent halides can cleave the rather 
weak M-M bond in these dianions. 

Similar, but air-sensitive derivatives of Cr(C0)52-, have been prepared by 
reaction of the chromium monomer with Me,SnCl and C5H5Fe(C0)21. In order 
to achieve good yields of C5H5Fe(CO)zCr(CO),- it is necessary to add a solution 
of the anion slowly to a stirred solution of C,H,Fe(CO),I. Inverse addition 
causes formation of mainly [C5H5Fe(C0)2]2 and Cr,(CO),O’-. 

Infrared spectra of these monohalide derivatives are shown in Table 2; their 
solution spectra are all consistent with that expected of anions having local 
Cdy symmetry about the Group VIb metal. 

The chemical properties of these novel metallic monohalide derivatives of 
M(C0)52- are currently under investigation and will be discussed in a future 
paper in this series. 
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