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The reduction behavior of a series of organometallic complexes containing CpM(NO), groups (Cp = 
v5-C6H6; M = Cr, Mo, or W) has been investigated by both cyclic voltammetry and chemical means. In 
general, neutral 18-electron CpM(NO),Y compounds (Y = Me, Et, H, D, or C1) undergo a single, essentially 
reversible, one-electron reduction in CH2C12/0.1 M [n-Bu4N]PF6. El,, values range from -0.62 to -1.01 
V vs SCE, varying linearly with the UNO'S of the CPM(NO)~Y reactant, and the ease of reduction increases 
with M as Cr < Mo = W. The exception is CpCr(NO)zMe which is the most difficult to reduce and exhibits 
two reduction waves in its cyclic voltammogram with peak potentials being dependent on scan rates. The 
electrochemically observed reductions can be effected on a preparative scale by employing Cp,Co as the 
chemical reductant, and the [Cp,Co][CpM(NO),Y] (M # Cr, Y # Me) products are isolable in good yields 
as air- and temperature-sensitive solids. The stability of these products decreases in the order Y = Me 
= Et > H = D > C1. IR and ESR spectra of the 19-electron [CpM(NO),Y]'- radical anions are consistent 
with the anions possessing "three-legged piano-stool" molecular structures with linear, terminal nitrosyl 
ligands. Furthermore, they indicate considerable delocalization of the unpaired electron onto these nitrosyl 
ligands via M-NO back-bonding. The radical anions are cleanly reconverted to their neutral precursors 
by treatment with chemical oxidants such as AgBF, or [Cp,Fe]BF,. In a complementary manner, the 
18-electron cations of [CpM(N0)2L]+BF4- salts (M = Mo or W; L = PPh3 or P(OMe)3) undergo facile, 
one-electron reversible reductions in CH2C12, E,  being -0.1 V vs SCE. Consequently, treatment of the 
salts with Cp&o in CHzClz affords isolable [Cp&NO),L]' 19-electron, neutral radicals whose spectroscopic 
properties again reveal that their HOMOS are largely NO-based K* molecular orbitals. This delocalization 
of electron density evidently stabilizes all the CpM(NO),-containing reduced species with respect to 
undergoing bond ruptures upon electron addition. 

Introduction 
In the preceding paper,l we describe the synthesis and 

characterization of the radical anion [C~MO(NO)~E~] ' -  as 
its cobalticinium salt. We also demonstrate that the 
presence of the nitrosyl ligands stabilizes the 19-electron 
anion by delocalizing the extra electron density via Mo-- 
NO x-back-bonding. In this paper, we wish to report the 
results of an extension of this study to encompass the 
reduction behavior of a wide variety of organometallic 
complexes containing CPM(NO)~ groups (Cp = q5-CjH5; 
M = Cr, Mo, or W). 

At the outset of this work, it was our hope that these 
investigations would provide some insight as to why some 
of these dinitrosyl complexes exhibit diverse reactivity 
patterns toward nucleophiles. Thus, for instance, while 
many organometallic carbonyl halide complexes can be 
converted to alkyl or aryl derivatives by using Grignard 
reagents,, similar reactions with CpM(NO),X (M = Mo, 
W; X = halide) lead only to decomposition of the nitrosyl 
compounds into intractable  material^.^ Only for CpCr- 
(NO),X (X = halide) does this reaction yield the corre- 
sponding alkyl or aryl  compound^.^ The CpM(NO),R (M 
= Mo, W; R = alkyl or aryl) compounds can be prepared 
from CpM(NO),Cl (M = Mo, W) and CpM(N0),BF4 
precursors only by using relatively mild alkylating agents 
such as organ~aluminum,~ ~ r g a n o t i n , ~  or organoboron5 
compounds, as appropriate. Furthermore, the CpM- 
(N0)&1 (M = Mo, W) compounds decompose upon 
treatment with reducing metals such as Na or Zn4 while 
CpCr(NO)&l can be converted cleanly to the dimer 

(1) Organometallic Nitrosyl Chemistry. 36. For part 35, see: 
Legzdins, P.; Wassink, B.; Einstein, F. W. B.; Jones, R. H. Organo- 
metallics, preceding paper in this issue. 

(2) Taken in part from: Wassink, B. Ph.D. Dissertation, The Univ- 
ersity of British Columbia, 1985. 

(3) Piper, T. S.; Wilkinson, G. J. Inorg. Nucl. Chem. 1956, 3, 104. 
(4) Hoyano, J. K.; Legzdins, P.; Malito, J. T. J. Chem. Soc., Dalton 

Trans.  1975, 1022. 
(5) Legzdins, P.; Martin, D. T. Organometallics 1983, 2, 1785. 

0276-7333/88/2307-0482$01.50/0 

[CpCr(N0),I2 under similar  condition^.^^^ The analogous 
dimers [CpM(NO),], (M = Mo, W) have yet to be isolated 
even though they have been the object of much synthetic 
effort.' as a final example, reactions of the cationic com- 
plexes [CPM(NO)~L]PF~ [M = Mo, W; L = PPh3, P- 
(OPh),, or P(OMe),] with alkoxides have been recently 
reported.8 The anticipated outcome of these reactions was 
the synthesis of alkyl nitrite complexes, i.e. 

Instead, the radicals [CpM(NO),L]' are formed. This 
initially surprising transformation is now believed to be 
due to a very facile, reversible reduction of the cationic 
starting materials, a feature which was first revealed by 
cyclic voltammetry.8 

In general, most carbonyl-containing halide, hydride, 
alkyl, and aryl complexes that have been investigated 
electrochemically undergo irreversible reduction upon the 
addition of electrons with concomitant scission of the 
metal-halide, -hydride, -alkyl, or -aryl bonds.g We find 
that such behavior is much less prevalent for the CpM- 
(NO),-containing analogues. Indeed, our studies of the 
reduction properties of these complexes clearly demon- 
strate the profound role that the nitrosyl ligands play in 
establishing the physical and chemical properties of these 
compounds and their derivatives. 

Experimental Section 
All reactions and subsequent manipulations involving or- 

ganometallic reagents were performed under anaerobic and an- 
hydrous conditions. General procedures routinely employed in 
these laboratories have been described in detail previously.1° The 

(6 )  Kolthammer, B. W. S.; Legzdins, P.; Malito, J. T. Znorg. Synth. 

(7) Hames, B. W.; Legzdins, P. Organometallics 1982, I, 116 and 

(8) Yu, Y. S.; Jacobson, R. A,; Angelici, R. J. Inorg. Chem. 1982,2I, 

(9) Denisovich, L. I.; Gubin, S. P. Russ. Chem. Reo. (Engl. Transl.) 

[CpM(NO),L]+ + RO- ---* CpM(NO)(L)(N(O)OR) (1) 

1979, 19, 208. 

references therein. 

3106. 

1977, 46, 27. 
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Radical Complexes Containing CpM(NO),  Groups 

methodology employed during the cyclic voltammetry studies has 
also been outlined elsewhere.'J' The ESR spectra were obtained 
with either a Varian E3 spectrometer or a spectrometer and 
interfaced computer system operated by Dr. F. G. Herring.12 

A stirred solution of 
C~MO(NO) ,C~ '~  (5.20 g, 20.3 mmol) in CHzClz (40 mL) was cooled 
to --65 "C with a dry ice/acetone bath and then treated with 
a 2 M solution of Me3Al in toluene (11 mL, 22 mmol). The cold 
bath was then removed, and the green solution was allowed to 
warm to room temperature. Filtration of the mixture through 
an alumina (Woelm neutral, activity 1) column (3 x 7 cm) sup- 
ported on a medium-porosity frit, followed by washing the column 
with a sufficient quantity of CH2C12 to remove all traces of green 
material, yielded a deep green solution. This was taken to dryness 
in vacuo, and the residue was sublimed (5 X mm) a t  40-60 
"C onto a water-cooled probe to produce 2.21 g (46% yield) of 
c ~ M o ( N 0 ) ~ M e  as a green solid: IR (hexanes) UNO 1739 (s), 1650 
(s) cm-l. 

Anal. Calcd for C6HsN202Mo: C, 30.53; H, 3.43; N, 11.87. 
Found: C, 30.82; H, 3.45; N ,  11.77. 

Preparation of CpW(NO)zMe: A solution of CPW(NO)~BF~ 
in CH2C12 (160 mL) was generated by the reaction of CpW(NO),Cl 
(5.00 g, 14.5 mmol) and AgBF4 (2.82 g, 14.5 m m ~ l ) . ~  A brilliant 
green solution formed with concomitant precipitation of AgC1. 
The mixture was cooled with a dry ice/acetone bath for -10 min, 
and a roughly stoichiometric amount of a 2 M Me3Al solution in 
toluene (8 mL, 16 mmol) was added by syringe. An instantaneous 
reaction occurred as evidenced by the formation of a large quantity 
of a very fine, brown precipitate. The supernatant solution re- 
mained green. The mixture was transferred by cannulation into 
tubes equipped with septa and centrifuged for several minutes 
until the brown solid had settled. The green solution was then 
cannulated onto a column (3 X 7 cm) of alumina (Woelm neutral, 
activity 1) supported on a medium-porosity frit and filtered into 
a flask. The column was washed with CH2Clz until the washings 
were colorless. (Direct filtration of the reaction mixture through 
alumina invariably rendered the column virtually impervious.) 
The solvent was removed in vacuo, and the solid residue was then 
sublimed (5 X mm) onto a water-cooled probe a t  40-60 "C 
to give 1.95 g (40% yield) of C P W ( N O ) ~ M ~  as a bright green solid: 
IR (hexanes) vN0 1718 (s), 1638 (s) cm-'; low-resolution mass 
spectrum (probe temperature 50 "C), m / t  324 (P', most intense 
parent ion). 

Anal. Calcd for C6H,N202w C, 22.24; H, 2.49; N, 8.65. Found 
C, 22.25; H,  2.48; N, 8.55. 

Preparation of [C~,CO][C~W(NO)~M~]. A medium-porosity 
frit was charged with solid C ~ , C O ' ~  (0.465 g, 2.46 mmol), topped 
with a septum and attached to a three-necked flask. To this flask 
was added CpW(NO)zMe (0.800 g, 2.47 mmol). Diethyl ether 
(-20 mL) was added to the flask by cannulation, and, likewise, 
-50 mL of E t20  was added to the frit. The cobaltocene solution 
was filtered into the rapidly stirred CpW(NO)zMe solution. Im- 
mediately the reaction mixture became green-brown, and a dark, 
microcrystalline solid precipitated that was collected by filtration 
and washed with several portions of Et20  (- 100 mL in total) until 
the washings were colorless. The solid was dried in vacuo (5 X 

mm) a t  room temperature for a few hours. This procedure 
gave 0.814 g (65% yield) of [Cp,Co][CpW(NO),Me] as a pur- 
ple-black, microcrystalline solid which was both air and thermally 
sensitive: IR (Nujol mull) U N O  1511 (s), 1427 (9) cm-', also 3100 
(m), 3087 (m), 3069 (sh), 1414 (sh), 1361 (m), 1172 (w), 1112 (w), 
1061 (w), 1013 (m), 946 (w), 906 (w), 865 (m), 847 (w), 816 (m), 
803 (m) cm-'. 

Anal. Calcd for C16H18N202C~W: C, 37.45; H, 3.54; N, 5.46. 
Found: C, 37.15; H, 3.46; N, 5.25. 

The ESR spectra of this and the following compounds displayed 
basic five-line patterns having the approximate intensity ratios 

Preparation of CpMo(NO),Me: 

(10) Legzdins, P.; Martin, J. T.; Oxley, J. C. Organometallics 1985,4, 

(11) Legzdins, P.; Wassink, B. Organometallics 1984, 3, 1811. 
(12) Phillips, P. S.; Herring, F. G. J. Magn. Reson. 1984, 57, 43. 
(13) Hoyano, J. K.; Legzdins, P.; Malito, J. T. Inorg. Synth. 1978, 18, 

(14) King, R. B. Organometallic Syntheses; Academic: New York, 

1263. 

126. 

1965; Vol. 1, pp 70-71. 
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1:2:3:2:1. (These are discussed in the Results and Discussion.) 
Preparation of [C~,CO][C~MO(NO)~M~]. This reaction was 

carried out by using CpMo(NO),Me (0.450 g, 1.91 mmol) and 
CpzCo (0.360 g, 1.90 mmol) in a manner identical with that de- 
scribed above for the tungsten-containing analogue. Dark mi- 
crocrystals precipitated from a green-brown reaction mixture and 
were collected by filtration, washed with E t20  (-200 mL) until 
the washings were colorless, and dried in vacuo (5 X mm). 
This produced 0.510 g (63% yield) of [Cp2Col[CpMo(NO)zMel 
as a green-black, microcrystalline solid which exhibited thermal 
and air sensitivity: IR (Nujol mull) UNO 1526 (s), 1445 (s, br) [1443 
(s, br) with Nujol spectrum subtracted] cm-', also 3101 (m), 3094 
(sh), 1415 (m), 1363 (m), 1141 (w), 1112 (w), 1059 (w), 1011 (m), 
945 (w), 904 (w), 866 (m), 847 (w), 807 (m), 794 (m) cm-'. 

Anal. Calcd for C16H18N20zCoMo: C, 45.20; H,  4.27; N, 6.59. 
Found: C, 45.22; H, 4.33; N, 6.71. 

Attempted Reaction of CpCr(NO),Me with Cp,Co. The 
same procedure as that used to prepare [Cp,Co] [CPW(NO)~M~I  
was employed in this experiment, using CpCr(NO),Me4 (0.192 
g, 1.00 mmol) and Cp&o (0.189 g, 1.00 mmol). A brown-green 
solution formed upon mixing EtzO solutions (-40 mL total) of 
these two reagents, but no solid precipitated. An IR spectrum 
of the solution displayed nitrosyl absorptions only for CpCr- 
(NO),Me (1777, 1669 cm-'). The mixture was stirred overnight 
with no further change. 

Reaction of CpCr(NO),Me with CpFe(q6-C6Me6). In the 
same way as described above, an E t 2 0  (-50 mL) solution of 
CpFe($-C6Me6)'5 (0.280 g, 0.989 mmol) was filtered into a rapidly 
stirred solution of CpCr(NO)2Me (0.190 g, 0.990 mmol) in EtzO 
(-20 mL). An instantaneous reaction occurred as a gray, floc- 
culent precipitate formed, leaving a light green solution. The solid 
was collected by filtration, washed in several portions with E t 2 0  
(-150 mL), and dried in vacuo (5 X mm) for a few hours 
to yield 0.27 g of a gray powder, which was extremely pyrophoric 
in air: IR (Nujol mull) UNO 1555 (vs), 1509 (s) cm-', also 3084 (m), 
3074 (sh), 1416 (m), 1162 (w), 1121 (w), 1110 (w), 1072 (m), 1010 
(m), 969 (m), 857 (m), 785 (m) cm-'. 

Elemental analyses of this powder, prepared on two separate 
occasions, showed it to be quite variable in nitrogen content: C, 
56.74; H, 6.73; N, 3.42 and C, 56.57; H,  6.44; N, 4.70. 

Preparation of [C~,CO][C~W(NO)~H]. A solution of CpzCo 
(0.095 g, 0.503 mmol) in hexanes (-40 mL) was filtered into a 
stirred solution of CpW(NO),H5J6 (0.155 g, 0.500 mmol), also in 
hexanes (-30 mL). A fine, dark brown solid precipitated from 
solution immediately. This was collected by filtration, washed 
with hexanes (- 100 mL) until the washings were only faintly 
colored, and dried in vacuo (5 X loW3 mm) to give 0.163 g (65% 
yield) of [Cp2Co][CpW(NO)2H] as a dark brown, thermally sen- 
sitive powder: IR (Nujol mull) U N O  1521 (s), 1445 (s, br) [1438 
(s) with Nujol spectrum subtracted] cm-', also 3073 (m, br), 1848 
(m), 1411 (m), 1354 (w), 1110 (w), 1057 (w), 1009 (m), 863 (w), 
851 (m), 812 (m) cm-'. 

Anal. Calcd for C15H16N202C~W: C, 36.10; H ,  3.23; N, 5.61. 
Found: C, 35.20; H, 3.17; N, 5.50. 

If EhO was used as the solvent instead of hexanes, the reaction 
appeared to proceed similarly, a dark brown, microcrystalline solid 
precipitating from solution as before. When this solid was washed 
with Et,O though, the washings retained a more intense coloration 
than when hexanes were used, and the C, H, and N analyses of 
the product revealed a much lower nitrogen content. 

Preparation of [Cp2Co][CpW(NO)2D]. This compound was 
prepared in the same manner as the hydrido analogue from 
CPW(NO)~D'~  (0.150 g, 0.482 mmol) and Cp2Co (0.091 g, 0.481 
mmol), and was isolated as a slightly impure, dark brown powder 
(0.165 g, -69% yield): IR (Nujol mull) UNO 1513 (s), 1447 (s, br) 
[1439 (s) with Nujol spectrum subtracted] cm-', also 3086 (m), 
3075 (m), 1525 (m), 1411 (m), 1337 (w), 1316 (w), 1112 (w), 1060 
(w), 1008 (m), 862 (m), 811 (m) cm-'. 

Anal. Calcd for Cl5Hl5DN2O2CoW: C, 36.03; H, 3.43; N, 5.60. 
Found: C, 35.29; H, 3.18; N, 5.09. 

Preparation of [Cp,Co][CpW(NO),Cl]. A solution of 
CpW(NO)2C1'3 (0.344 g, 0.999 mmol) in E t 2 0  (-40 mL) was 

(15) Hamon, J.-R.; Astruc, D.; Michaud, P. J. Am.  Chem. SOC. 1981, 

(16) Legzdins, P.; Martin, D. T. Inorg. Chem. 1979, 18, 1250. 
103, 758. 
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treated with a filtered solution of Cp2Co (0.189 g, 1.00 mmol) in 
E t20  (-50 mL). Instantly a gray, flocculent precipitate formed 
that was collected by filtration, washed with EtzO (3 X 20 mL), 
and dried in vacuo for -2 h. This produced 0.471 g (88% yield) 
of [Cp,Co][CpW(NO),Cl] as a gray, highly pyrophoric and quite 
thermally sensitive powder: IR (Nujol mull) U N O  1708 (w), 1585 
(sh), 1534 (s), 1456 (s) cm-', also 3090 (m, br), 1413 (s), 1112 (w), 
1059 (w), 1009 (m), 863 (m), 814 (m) cm-'. 

Anal. Calcd for C15H15N202C1CoW: C, 33.77; H,  2.83; N, 5.25. 
Found: C, 33.45; H, 2.80; N, 4.97. 

Preparation of [Cp,Co][CpMo(NO),Cl]. The same proce- 
dure as described above to  prepare the tungsten analogue was 
employed in this reaction starting from Cp2Co (0.189 g, 1.00 mmol) 
and CpMo(N0)&113 (0.256 g, 0.998 mmol). This generated 0.347 
g (78% yield) of gray-green, pyrophoric, and thermally sensitive 
[Cp&o] [CpMo(NO),Cl]: IR (Nujol mull) U N O  1558 (s, br), 1485 
(s, br) [1490 (s, br) with Nujol spectrum subtracted] cm-l, also 
3092 (m, br), 1413 (m), 1355 (sh), 1112 (w), 1059 (m), 1012 (m), 
863 (m), 807 (m) cm-'. 

Anal. Calcd for Cl5Hl5N2O2C1CoMo: C, 40.43; H, 3.39; N, 6.29. 
Found: C, 40.61; H, 3.50; N, 6.08. 

Preparation of CpW(NO)zP(OMe)3. A solution of [CpW- 
(N0)2P(OMe)3]BF, (0.541 g, 1.04 mmol) [this compound was 
prepared from CpW(N0),BF4 and P(0Me),l5 in CH2C12 (-10 
mL) was treated with solid CpzCo (0.197 g, 1.04 mmol) and stirred. 
The solution instantly became an intense red-purple color. An 
IR spectrum of this solution displayed nitrosyl absorptions at 1608 
(s) and 1542 (s) cm-'. Addition of EhO (-80 mL) to the reaction 
mixture resulted in the precipitation of a pale yellow solid. The 
mixture was filtered through a medium-porosity frit, and the 
filtrate was taken to dryness under reduced pressure. The solid, 
purple residue was dissolved in CH2C12 (-5 mL), and EhO (-100 
mL) was added. The mixture was cooled to -78 "C with a dry 
ice/acetone bath whereupon a purple, microcrystalline solid 
precipitated over the course of 1.5 h. The supernatant solution 
was removed by cannulation, the solid was washed with hexanes 
(- 10 mL), and the washings were similarly removed. The solid 
was dried in vacuo (5 X mm) for a few hours a t  20 "C to obtain 
0.211 g (47% yield) of CpW(N0)2P(OMe)3 as a purple, micro- 
crystalline solid: IR (CH2C1,) UNO 1608 (s), 1542 (s) cm-'; IR (Nujol 
mull) uNO 1593 (s), 1533 (s) cm-', also 3105 (m), 1353 (w), 1177 
(m), 1049 (m), 1021 (s), 931 (w), 844 (m), 808 (m), 794 (m), 759 
(m) cm-'. 

Anal. Calcd for C8H1,N2O5PW: C, 22.19; H,  3.26; N, 6.47. 
Found: C, 21.89; H, 3.28; N, 6.32. 

Preparation of CpW(NO),PPh3. A mixture of Cp2Co (0.178 
g, 0.942 mmol) and [CpW(NO),PPh,]BF: (0.620 g, 0.942 mmol) 
was stirred in CH2C12 (-25 mL) for - 10 min. An intense red- 
purple coloration developed rapidly in the solution. Hexanes (- 10 
mL) were carefully added until a pale yellow solid had precipi- 
tated, accompanied by a small amount of purple solid. The 
mixture was filtered through a medium porosity frit and the 
filtrate was taken to dryness in vacuo to give 0.290 g (54% yield) 
of CpW(N0),PPh3 as a purple powder: IR (CHzC12) UNO 1598 (s), 
1532 (s) cm-'; IR (Nujol mull) U N O  1594 (s), 1527 (s) cm-', also 
1583 (m), 1570 (w), 1479 (w), 1436 (m), 1185 (w), 1158 (w), 1095 
(m), 1071 (w), 1028 (w), 1014 (w), 851 (w), 815 (m), 749 (m), 742 
(w), 706 (w), 695 (m) cm-'. 

Anal. Calcd for Cz3HzoNzOzPW: C, 48.35; H, 3.50; N, 4.90. 
Found: C, 48.64; H, 3.69; N, 5.00. 

Reaction of [Cp&o][CpMo(NO),Me] with [Cp2Fe]BF,. A 
mixture of [Cp,Co][CpMo(NO),Me] (0.190 g, 0.447 mmol) and 
[Cp,Fe]BF, (0.120 g, 0.440 mmol) was stirred in CH2C12 (-25 mL) 
a t  -78 "C for -5 min. The mixture was then allowed to warm 
to room temperature with stirring to produce a green solution, 
an IR spectrum of which exhibited nitrosyl absorptions at  1730 
(9) and 1636 (s) cm-'. The volume of the solution was reduced 
to -10 mL in vacuo whereupon a yellow solid precipitated. 
Addition of EtzO (-20 mL) precipitated more of the yellow 
powder which was collected by filtration to obtain 0.09 g (73% 
yield) of [Cp,Co]BF, which was identified by comparison of its 
IR (Nujol mull) and 'H NMR ((CD3),CO) spectra with those of 
an authentic sample. 

The filtrate from which [Cp2Co]BF4 had been collected was 
taken to dryness in vacuo. The solid residue was dissolved in E t20  
(-3 mL), and the resulting green solution was transferred by 
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syringe onto an alumina column (Woelm neutral, activity 1) (2 
X 10 cm) made up in Et20. A yellow band developed that was 
eluted from the column with Et20. The solvent was removed in 
vacuq from the eluate to obtain 0.03 g (36% yield) of Cp,Fe which 
was identified by comparison of its lH NMR (CDCl,) spectrum 
with that of an authentic sample and its characteristic low-res- 
olution mass spectrum (probe temperature 120 "C), m/z 186 (P+, 
most intense parent ion). 

Finally, a green band was eluted from the column with Et20. 
The solvent was removed in vacuo, and the solid residue was 
sublimed (5 X mm) a t  40-60 "C onto a water-cooled probe 
to afford 0.05 g (47% yield) of CpMo(NO),Me: IR (hexanes) UNO 
1739 (s), 1651 (s) cm-'; low-resolution mass spectrum (probe 
temperature 120 "C), m/z  236 (P+, most intenst parent ion). 

Reaction of [Cp,Co][CpW(NO),Me] with AgBF,. A mix- 
ture of AgBF4 (0.048 g, 0.25 mmol) and purple-black [CpzCo]- 
[CpW(NO),Me] (0.128 g, 0.250 mmol) was stirred in CH3CN (-10 
mL) at  -25 "C for -5 min. A black precipitate formed, and the 
mixture was warmed to room temperature. An IR spectrum of 
the green supernatant solution exhibited nitrosyl absorptions at  
1706 (9) and 1620 (s) cm-'. No other NO bands were apparent. 
The solvent was removed in vacuo, and 0.04 g (49% yield) of 
CpW(NO),Me was sublimed (5 X mm) from the residue at  
40-60 "C: IR (hexanes) UNO 1720 (s), 1639 (s) cm-'; low-resolution 
mass spectrum (probe temperature 120 "C), m/z 324 (P+, most 
intense parent ion). 

The solid residue was extracted with CH2C12, and the extracts 
were removed from the remaining solid material by filtration. The 
solvent was removed from the filtrate in vacuo, and the resulting 
yellow solid was identified as [Cp,Co]BF, by its characteristic 
Nujol mull IR spectrum in comparison with that of an authentic 
sample. 

Reaction of [CpzCo][CpW(NO)2H] with AgBF,. This re- 
action was effected in the same manner as the reaction for the 
methyl analogue described above, with AgBF4 (0.020 g, 0.10 mmol) 
and [ C ~ , C O ] [ C ~ W ( N ~ ) ~ H ]  (0.050 g, 0.10 mmol) in CHzClz (-10 
mL) initially a t  -78 "C. The mixture was allowed to warm to room 
temperature. An IR spectrum of the supernatant solution dis- 
played uNo bands only a t  1721 (s) and 1635 (s) cm-'. The solvent 
was removed in vacuo, and CpW(NO),H (yield inestimable due 
to small reaction scale) was sublimed (5 x W3 mm) from the 
residue at  4 H O  "C onto a water-cooled probe, low-resolution mass 
spectrum (probe temperature 120 "C), m/z 310 (P*, most intense 
parent ion). 

Reaction of [CpzCo][CpMo(NO),C1] with AgBF,. In a 
manner similar to the two previously described oxidations, AgBF, 
(0.146 g, 0.749 mmol) and [Cp,Co][CpMo(NO),Cl] (0.334 g, 0.748 
mmol) were stirred together in CH,CN (- 10 mL) at  -25 "C for 
-5 min, and then the mixture was warmed to room temperature. 
Once again, only two NO absorptions at  1757 (s) and 1668 (s) cm-' 
were evident in the IR spectrum of the supernatant solution. The 
green solution was taken to dryness in vacuo, and the solid residue 
was treated with CHZCl2 (-20 mL). This solution was filtered 
through a Florisil column (1 X 3 cm) made up in CHzC12. The 
column was washed with CH2C1, until the washings were only 
faintly colored. The combined filtrates were taken to.dryness 
in vacuo, and the residue was redissolved in CH2C12 (-5 mL). 
Hexanes (-5 mL) were added to induce precipitation of 
[ Cp2Co]BF4 which was collected by filtration and identified by 
its characteristic IR spectrum. The filtrate was concentrated in 
vacuo whereupon a green, microcrystalline solid precipitated which 
was collected onto a sintered glass filter to obtain 0.09 g (47% 
yield) of CpMo(NO)@ IR (CH,Cl,) uN0 1760 (s), 1669 (s) cm-'; 
low-resolution mass spectrum (probe temperature 120 "C), m/z 
258 (P', most intense parent ion). 

Reaction of CpW(N0)2P(OMe)3 with AgBF,. A solution 
of CpW(NO),P(OMe), (0.108 g, 0.249 mmol) in CH2C12 (-10 mL) 
was treated with solid AgBF, (0.049 g, 0.25 mmol). The initially 
red-purple solution rapidly became bright green, and a dark 
precipitate formed. The mixture was filtered through a medi- 
um-porosity frit, and the filtrate was concentrated to -5 mL 
under reduced pressure. This solution was treated with EhO (-20 
mL) which resulted in the precipitation of a green solid. The solid 
was collected by filtration, washed with EbO (2 X -10 mL), and 
dried in vacuo (5 X mm) for a few hours a t  20 "C to obtain 
bright green [CpW(N0)2P(OMe)3]BF,: IR (Nujol mull) U N O  1767 
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n 
1 

0 -1 

Volts vs SCE 
Figure 1. Ambient temperature cyclic voltammogram of 5 X lo4 
M CpCr(NO)zMe in CHzC12 containing 0.1 M [n-Bu4N]PF6 
measured at a platinum-bead electrode at a scan rate of 0.12 V 
S-1. 

(s), 1689 (9) cm-'; 'H NMR (CDC1,) 6 6.40 (d, 5 H, 3 J 3 i p ~ i ~  = 0.9 
Hz, C a b ) ,  3.88 (d, 9 H, 3J31p-1~ = 12.0 Hz, P(ocH3)3). 

Results and Discussion 
Cyclic Voltammetry Studies. (a) CpCr(NO),Me. A 

cyclic voltammogram of CpCr(NO),Me in CH2C12 is shown 
in Figure 1. (Data for the reductions of all the compounds 
investigated are summarized in Table I.) Under the 
specified condition~,~'  this compound exhibits a largely 
reversible one-electron reduction at  Ell, = -1.01 V vs SCE. 
The peak potentials do separate somewhat with increasing 
scan rate, being 70 mV at  0.06 V and 90 mV at  0.28 V 
s-l. In addition ip,a/ip,clg increases with a rise in scan rate 
from 0.87 a t  0.06 V s-l to 0.99 a t  0.28 V s-l. As shown in 
Figure 1, if the scan is extended to the solvent limit, a 
second, low-current wave is evident at E,,c = -1.87 V (0.12 
V s-l). This latter feature may result from a product de- 
rived from the initially formed radical anion, i.e. 

CpCr(NO),Me - [CpCr(NO),Me]'- - 3 
-c 

other products (2) 

It seems unlikely that the second wave is due to reduction 
of the radical mion since its peak current is so low. 

Of the compounds investigated in this study, CpCr- 
(NO),Me is the most difficult to reduce. It also contrasts 
sharply with CpCr(NO),Cl in that the reduction of the 
latter is chemically irreversible a t  the maximum accessible 
scan rate." The methyl compound is also the only neutral 
CpM(NO)z-containing complex to complex to exhibit a 
second reduction peak and the only alkyl compound in- 
vestigated with scan-rate-dependent peak potentials. For 
comparison, many carbonyl-containing alkyl compounds 
[e.g. CpM(CO),R (M = Cr, Mo, W; R = Me, Et), CpFe- 
(CO),Me] do not exhibit cathodic waves in CH2C12 under 
these conditions. In CH3CN or DMF, however, CpFe- 
(CO)z-,(PPh3),R ( x  = O,,Oa l;,Ob R = Me, Ph,  and other 

(17) Ferrocene was used as an internal standard during the cyclic 
voltammetry studies.I8 Under the experimental conditions employed 
throughout this work, the oxidation of Cp,Fe occurs at El  = +0.47 V 
vs SCE in CH2C12/0.1 M [n-Bu4N]PF6 at a Pt-bead electrode. The peak 
current ratio, i,,/i,,, is 1, AEp = 70 mV, and the peak potential, E ,does 
not vary within the scan rate range available (<1 V d). In CH,FN/O.l 
M [n-Bu4N]PF6, ElI2  = +0.37 V vs SCE, iP,E/iP,a = 1, Ep,a does not vary 
with scan rate, and AEp = 60 mV. 

(18) Gagn6, R. R.; Koval, C. A.; Lisensky, G. C. Inorg. Chem. 1980,19, 
2854. 

(19) Nicholson, R. S. Anal. Chem. 1966, 38, 1406. 
(20) (a) Denisovich, L. I.; Gubin, S. P.; Chapovskii, Y. A. Bull. Acad. 

Sci. USSR, Diu. Chem. Sci. (Engl. Transl.) 1967, 2271. (b) Denisovich, 
L. I.; Polovyanyuk, I. V.; Lokshin, B. V.; Gubin, S. P. Ibid.  1971, 1851. 

Table I. Data for the Reductions of Several Dinitrosyl 
Complexes 

compd" Eljzb AE,' Z ~ , , / Z ~ , ~  comments 
[CPC~(NO)~(CH~CN)IPF~  E,,: = -0.27 

(0.10 v s-11 

. .  

CpCr(NO),Cl 

CpCr(NO)zMe 

CpW (N0)ZCI 

CPWWO)ZH 

Cp W (NO)zMe 

Cp W (N0)2Me 

Cp W (NO) zEt 

-1.01 70 0.87 
-1.01 90 0.99 

-0.9gd 60 0.99 
-0.12 65 0.81 

65 0.96 

-0.59 75 0.92 
75 0.97 

-0.83 65 0.96 
65 0.97 

-0.14 65 0.90 
65 0.95 

-0.86 65 1.00 

-0.10 60 0.85 
60 0.99 

-0.62 60 0.85 
60 0.95 

-0.79 60 0.85 
90 0.95 

-0.83 60 0.96 
60 0.98 

-0.85d 60 0.83 
60 0.97 

65 0.96 
-0.86 65 0.95 

E,,a = -0.68 
(0.07 V si') 

at  0.06 V s-l 
a t  0.28 V s-l 
second weak 

wave at  E,,c 

v s-1) 

= -1.87 (0.12 

at  0.21 V s-l 
at 0.02 V s-l 
at 0.09 V s-l 
also E l j 2  = 

-1.65 with 
AE, = 420 
mV and E, ,  

v s-1) 
at  0.03 V 
at  0.23 V 
at  0.04 V sd 
at  0.22 V s-l 
a t  20.05 V s-' 
at  0.02 V s? 
at  0.11 V 5-l 
also Elj2 = 

-1.53 with 
AE, = 190 
mV and E,,+ 

v s-1) 
at 0.01 V s-l 
at 0.21 V sd 
also E l j z  = 

-1.49 with 
AEp = 200 
mV and 

v s-1) 

= -0.58 (0.21 

= -0.61 (0.16 

= -0.61 (0.17 

at  0.02 V s-l 
a t  0.16 V s-l 
a t  0.02 V s-l 
a t  0.18 V s-l 
a t  0.05 V s-l 
a t  0.18 V s-l 
a t  0.02 V s-l 
a t  0.22 V s-l 
a t  0.04 V s-' 
at  0.18 V s-l 

"In CH2Clz 0.1 M [n-Bu4N]PF6 unless otherwise noted. *V vs. 
SCE. 'mV. d In CH3CN/0.1 M [n-Bu4N]PF6. 

alkyl or aryl groups) each exhibit a two-electron, irre- 
versible reduction, e.g. 

CpFe(CO),Me + 2e- - [CpFe(CO),]- + Me- (3) 

or, as in the case of some of the phosphine-substituted 
compounds, two one-electron, irreversible reductions. In 
any event, reduction of these carbonyl compounds results 
in scission of the Fe-R bonds. 

(b) CpM(NO),R (M = Mo, W; R = Me, Et). These 
four compounds are very similar in their reduction be- 
havior. The two methyl compounds reduce reversibly at  
Ell,  = -0.83 V, and, not surprisingly, the two ethyl com- 
pounds undergo reduction a t  a slightly more negative 
potential of El12 = -0.86 V. In all four cases, the peak 
potentials are independent of scan rate up to -0.2 V s-l, 
the maximum scan-rate region accessible. The peak sep- 
arations are 60-65 mV under these conditions. The extent 
of chemical reversibility is substantial in these systems, 
the lowest ip,a/ip,c ratio being 0.95 for CpW(NO),Et at 0.04 
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sequent chemical reactions upon electron transfer, no other 
reduction processes being apparent in CH2C12, i.e. 

CpM(NO),Cl + e- [CpM(NO),Cl]'- (5) 
M = Mo, W 

The transient stability of [CpM(NO),Cl]'- (M = Mo, W) 
in solution is particularly novel in light of the cathodic 
processes in which various carbonyl-containing halide 
complexes participate. In general, a complex L,MX un- 
dergoes reduction with involvement of the M-X bond in 
one of two types of processes, i.e. 

L,M-X + e- - [L,M]' + X- 

or 
L,M-X + 2e- - [L,M]- + X- 

while i~ and dative bonds are electrochemically i n a ~ t i v e . ~  
Thus, for example 

CPW(CO)~X + e- - [CpW(CO),]* + X- 
CH&N (6)21322 

X = C1, Br, I 
DMF 

CpFe(CO),X + e- - [CpFe(CO),]' + X- (7)20b,23 
01 

THF 

X = C1, Br, I 
DMF 

CpMo(CO),(PPh,)I + 2e- - 
[CpMo(CO),(PPh,)]- + I- (8)'Ob 

M(C0)5X + 2e- - [M(CO),]- + X- (9)22,24 
CH&N 

01 

DME 

M = Mn, X = C1, Br; M = Re, X = C1, Br, I 
The dinitrosyl complex [Fe(NO),Cl], also undergoes 
chloride loss upon electron addition in T H F  in a com- 
plicated series of reductions and chemical reactions.% The 
first steps believed to be occurring are depicted in reactions 
10 and 11. 

[Fe(N0),C1I2 - 2Fe(NO),Cl(THF), (10) 

Fe(NO),Cl(THF), + e- - Fe(NO),(THF), + C1- (11) 

Clearly, however, the NO ligands of CpM(NO),Cl (M 
= Mo, W) exert considerable influence on their reductions, 
rendering them reversible. The LUMO of CpW(NO),Cl 
is known to be an orbital possessing a large degree of NO 
27r c h a r a ~ t e r ~ ~ p ~ '  and is antibonding between the N and 0 
atoms of each NO group.8 Thus, the initially formed 
radical anions [CpM(NO),Cl]'- (M = Mo, W) are stabilized 
by delocalization of the extra electron density onto the NO 
ligands. This effect, no doubt, is a t  the heart of the re- 
versibility of the reductions displayed by CpM(NO),R (M 
= Cr, R = Me; M = Mo, R = Me, Et;l M = W, R = H, Me, 
Et) as well. This same acceptor ability of the NO ligands 
has been used to explain the reversible reduction of cis- 

THF 

Volts vs SCE 

Figure 2. Cyclic voltammogram of CpMo(N0)2Cl in CHzC12 at 
a scan rate of 0.08 V s-'. 

V s-l; for CpMo(NO),Et, is unity a t  even 0.05 V s-'. 
These facts indicate considerable stability for the [CpM- 
(NO),R]'- radical ani0ns.l In CH,CN, CpW(NO),Me ex- 
hibits only one reduction wave at El,, = -0.85 V with AEp 
= 60 mV even up to 0.22 V s-l. The couple is quite 
chemically reversible, i , , / i , ,  ranging from 0.83 at  0.02 V 
s-l to 0.97 at  0.22 V s-l. No other cathodic wave is present 
in CH3CN out to -2.35 V. 

The polarographic reduction of the related complex 
CpW(CO),Me in CH,CN reportedly proceeds via a single, 
irreversible two-electron step,21 i.e. 

CpW(CO),Me + 2e- - [CpW(CO),]- + Me- (4) 

as the reduction results in cleavage of the metal-alkyl 
bond. Such cleavage does not appear to be happening with 
the nitrosyl alkyl compounds. Evidently, as previously 
observed for [{CpCr(NO)z)2]'-,11 the nitrosyl ligands sta- 
bilize the initially formed radical anions against bond 
ruptures. 

( c )  CpW(NO),H. This compound is slightly easier to 
reduce than the alkyl complexes described above. A cyclic 
voltammogram of CpW(NO),H in CH2C12 displays a single, 
quite reversible one-electron reduction at  El,, = -0.79 V. 
The peak separation increases with increasing scan rate 
over a range of 60 mV at  0.02 V s-l to 90 mV at  0.18 v s-l, 
similar to the reduction wave of CpCr(NO),Me. The ex- 
tent of chemical reversibility increases with increased scan 
rate also, the i , , / i , ,  ratio being 0.85 at  0.02 V s-l and 0.95 
a t  0.16 V s-l. No other cathodic waves are evident in 
CH2C12. In contrast, the polarographic reduction of 
CpW(CO),H in CH3CN also is reported to occur in a 
one-electron, but irreversible, step and results in cleavage 
of the W-H bond.21 The scan rate dependence of AE, for 
CpW(NO),H reduction and the somewhat lowered chem- 
ical reversibility of this process suggest a diminished sta- 
bility for [CpW(NO),H]*- relative to the molybdenum- and 
tungsten-containing alkyl compounds (vide supra), al- 
though the anion would appear to be chemically accessible 
nonetheless. 

(a) CpM(NO),Cl (M = Mo, W). A cyclic voltammo- 
gram of CpMo(NO),Cl in CH2Clz recorded under the 
customary conditions is shown in Figure 2. Both 
CpMo(NO),Cl and CpW(NO),Cl exhibit one-electron re- 
duction waves (&,, = -0.59 and -0.62 v, respectively) with 
high degrees of chemical reversibility. For CpMo(NO),Cl, 
ip,a/ip,c ranges from 0.92 at  0.03 V s-l to 0.97 a t  0.23 V s-l, 
and for CpW(N0)2Cl this ratio is 0.85 at  0.02 V s-l and 
0.95 at  0.16 V s-l. In both cases, AE, is independent of 
scan rate over the ranges investigated. On these time 
scales, both compounds are relatively stable toward sub- 

(21) Denisovich, L. I.; Gubin, s. P.; Chapovskii, Y. A.; Usynok, N. A. 
Bull. Acad. Sci. USSR, Diu. Chem. Sci. (Engl. Transl.) 1968, 891. 

(22) Dessy, R. E.; Kina, R. B.; Waldrop, M. J .  Am. Chem. SOC. 1966, 
88, 5512. 

(23) Miholovl, D.; Vlcek, A. A. Inorg. Chim. Acta 1980, 41, 119. 
(24) Denisovich, L. I.; Ioganson, A. A,; Gubin, S. P.; Kolobova, N. E.; 

Anisimov, K. N. Bull. Acad. Sci. USSR, Diu. Chem. Sci. (Engl. Transl.) 
1969, 218. 

(25) Ballivet-Tkatchenko, D.; Riveccie, M.; El Murr, N. J.  Am. Chem. 
SOC. 1979, 101, 2763. 

(26) Morris-Sherwood, B. J.; Kolthammer, B. W. S.; Hall, M. B. Inorg. 
Chem. 1981,20, 2771. 

(27) Hubbard, J. L. Ph.D. Dissertation, The University of Arizona, 
1982. 
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Figure 3. Cyclic voltammogram of [ C ~ M O ( N O ) ~ P P ~ , ] B F ,  in 
CH2C12 at a scan rate of  0.21 V s-l. 

M(R,NCS,)2(N0)2 (M = Mo, W; R = alkyl groups) as well 
as the solution and frozen-solution ESR spectra of the 
resultant [cis-M(RzNCS2),(NO),]*- radical anions.28 

The occurrence of the facile reductions of CpM(NO),Cl 
(M = Mo or W) may also explain why the corresponding 
alkyl compounds, CpM(NO),R, can only be synthesized 
from the chloro complexes if gentle alkylating agents such 
as R3Al are used., More nucleophilic reagents such as 
RMgX may simply attack the nitrosyl ligands of the 
CpM(NO),Cl reactants (probably via initial reduction 
followed by R' attack on the electron-rich NO groups of 
[CpM(NO),Cl]'-) rather than effect the desired R for C1 
metatheses. Certainly, the reversible reductions of CpM- 
(NO),Cl (M = Mo or W) are significantly different from 
the behavior of CpCr(NO),Cl which undergoes irreversible 
reduction under identical experimental conditions.l' As 
a consequence, treatment of CpMo(N0)2C1 or CpW- 
(NO),Cl with reducing metals such as Na or Zn probably 
results in the formation of the reactive [CpM(NO),Cl]'- 
(M = Mo or W) radical anions which subsequently de- 
compose in solution.' In contrast, CpCr(NO),Cl is con- 
verted to [CpCr(NO),], by these metals, the formation of 
the dimer being facilitated by metal-assisted chloride re- 
moval." The analogous dimers containing molybdenum 
or tungsten remain unknown.' 

(e) [CpM(NO),L]BF, [M = Mo, L = PPh,; M = W, 
L = PPh,, P(OMe),]. The first, reversible, reductions of 
these cationic complexes are very facile as exemplified by 
a cyclic voltammogram of [CpMo(NO),PPh,]BF, (Figure 
3), and as first noted by Angelici and co-workers.8 The 
reduction potentials are presented in Table I; in all three 
cases, the peak potentials are scan-rate independent with 
hE, being 60-65 mV, depending on L. The peak current 
ratio, ip,a/ip,o is lowest for [CpMo(NO),PPh,]BF, (0.81 at  
0.02 V s-l to 0.96 at  0.09 V Again, the LUMOs of the 
cations are believed to be largely of NO 2a character.8 A 
weak rise around E -0.65 V (Figure 3) after the first 
wave is passed is apparent in the CVs of all three com- 
pounds and may be due in part to a minor product derived 
from the [CpM(NO),L] radicals. One possibility could 
involve a slow phosphine or phosphite loss, i.e. 
[CpM(NO),L]+ + e- + [CpM(NO),L]' == 

[CPM(NO)ZI' + L (12) 
A second cathodic wave occurs in the CVs of all three 
compounds at  quite negative potentials as shown in Figure 
3 and tabulated in Table I. 

For the complex [CpW(NO),P(OMe),]BF, in particular, 
the peak separation for this wave varies from 180 mV a t  

(28) Budge, J. R.; Broomhead, J. A.; Boyd, P. D. W. Inorg. Chem. 
1982, 21, 1031. 

Table 11. Infrared Stretching Frequencies  a n d  Reduction 
Potentials  of Various Dinitrossl  Comolexes 

E1pb 
compd uNOa (cm-') 

[CpCr(N0)2(CH3CN)]PFs 1844 1744 --0.23' 
CpCr ( N0)2Cl 1817 1711 --0.64' 
CpCr(NO)zMe 1777 1669 -1.01 
[CpMo(NO)z(PPh)S]BF, 1792 1710 -0.12 
CpMo(NO)&l 1759 1665 -0.59 
CpMo(NO)2Me 1730 1635 -0.83 

[CPWWO)&'P~,IBFI 1770 1694 -0.14 

CPW(NO)&l 1733 1650 -0.62 
CPW(NO)ZH 1718 1632 -0.79 
CpW(N0)2Me 1720 1609 -0.83 

CpMo(N0)zEt 1727 1633 -0.86 

[CpW(N0)2P(OMe)3]BF4 1767 1689 -0.10 

CpW(N0)2Et6 1707 1619 -0.86 

a CHzClz solution. * V vs SCE. Estimated from E,,c +0.04 at 
slow scan rates. 

0.09 V s-l to 250 mV at 0.35 V sT1, while Ell,  is invariant 
with scan rate. These waves thus appear to be quasi-re- 
versible reductions. The extent of chemical reversibility 
seems to increase with scan rate, but the trend is difficult 
to quantify. I t  has been previously suggested by Angelici 
and co-workers that this process may involve reduction of 
the 19-electron [CpW(NO),L]' radicals to the corre- 
sponding 20-electron anions,8 i.e. 

[CpW(NO),L]' + e- + [CpW(NO),L]- (13) 
(Presumably this process, if applicable, would be operative 
for [CpMo(NO),PPh,]' as well.) An anodic wave also 
occurs at  E , ,  = -0.58 V for the molybdenum complex and 
a t  E , ,  = -0.61 V for the two tungsten complexes. For 
[CpW(NO)zP(OMe)3]BF4 this anodic peak potential does 
not shift with scan rate. Furthermore, the peak current 
of this wave does not increase with increased scan rate. 
One possible rationale to explain these observations in- 
volves loss of phosphine or phosphite ligands after re- 
duction, followed by oxidation of the resulting anion, i.e. 

[CpM(NO)J - e- [CpM(NO),]' (15) 
The fate of the putative [CpM(NO),]' radicals is not 
known. 

Overview of the  Electrochemical Results. Table I 
summarizes the reduction behavior of the various dinitrosyl 
complexes examined in this study. From the previous 
discussion, it seems reasonable to implicate the strong 
a-acid nature of the NO ligands as being largely responsible 
for the reversible character of the reductions described. 
Only some CpCr(NO)2-containing compounds exhibit ir- 
reversible reduction, perhaps reflecting the existence of 
weaker metal-ligand linkages involving the first-row 
transition metal.% It would be expected that if the nitrosyl 
ligands dominate the reversible reduction behavior ob- 
served for the many and varied dinitrosyl compounds of 
the group 6 metals,30 then there should be a correlation 
between E,,, and physical properties associated with the 
NO ligands in these complexes. The infrared stretching 
frequency of the nitrosyl group is one such property. A 

[CpM(NO)ZL]- + [CpM(NO),]- + L (14) 

(29) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. Prin- 
ciples and Applications of Organotransition Metal Chemistry; Univer- 
sity Science Books: Mill Valley, CA, 1987. 

(30) In this paper the periodic group notation is in accord with recent 
actions by IUPAC and ACS nomenclature committees. A and B notation 
is eliminated because of wide confusion. Groups IA and IIA became 
groups 1 and 2. The d-transition elements comprise groups 3 through 12, 
and the p-block elements comprise groups 13 through 18. (Note that the 
former Roman number designation is preserved in the last digit of the 
new numbering: e.g., I11 - 3 and 13.) 
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-1 00 - 
-1 10 

Legzdins and Wassink 

Preparative Work. (a) [Cp,Co][CpM(NO),R] (M = 
Mo, R = Me, Et; M = W, R = Me). All the new radical 
anion complexes [Cp2Co][CpM(N0)2Y] (M = Mo, Y = Me, 
Et, C1; M = W, Y = Me, H, D, C1) may be readily syn- 
thesized in moderate to high yields from their neutral 
precursors and cobaltocene, a moderately potent, one- 
electron reductant,34 i.e. 

All but the hydrido and deuterio derivatives are best 
prepared by using Et20 as the solvent. The two methyl 
compounds [ C ~ , C O ] [ C ~ M ( N O ) ~ M ~ ]  (M = Mo, W) pre- 
cipitate instantly when solutions of the two reagents are 
mixed and are obtained as analytically pure, purple-black 
(M = W) and green-black (M = Mo) microcrystalline solids 
in moderate yields. The molybdenum compound, in 
particular, must be prepared with rapid addition of the 
two reactants and efficient stirring. If the reaction mixture 
is not stirred, or is stirred slowly, a brown, amorphous and 
insoluble material accompanies the formation of the de- 
sired product. On occasion, traces of this brown solid can 
be detected even when rapid stirring is employed. This 
may possibly hinder the preparation of [Cp,Co] [CpMo- 
(NO)zMe] on a large scale. Simply adding Et,O to an 
equimolar mixture of the two solid reagents also results 
in formation of the desired complex, but the resultant solid 
is of poor quality, being contaminated with other insoluble 
byproducts. Not surprisingly, attempts to grow single 
crystals of this molybdenum complex by allowing two 
separate solutions of Cp2Co and CpMo(NO),Me to slowly 
diffuse together fail, resulting only in the formation of a 
brown amorphous solid. It may be that the initially formed 
radical anion is susceptible to further attack by the 19- 
electron cobaltocene. This kind of problem does not ap- 
pear to be as severe for the tungsten complex. By analogy 
to the reaction between CpzCo and CpMo(NO),Et,' it is 
probable that the particular cases of reactions 16 when Y 
= alkyl proceed via an initial equilibrium involving a 
solvated adduct, i.e. 
cpzco + 

CpM(N0)ZY + CPZCO -+ [CPZCO] [CpM(NO),Y] (16) 

EhO EtPO 
CpM(NO)zR e [(CpzCo)(CpM(NO)zR)I e 

(solvated adduct) 
[CPZCOI'[CPM(NO)ZRI'- (17) 

where M = Mo or W and R = Me or Et. Certainly, the 
30-mV difference in reduction potentials between the 
methyl and ethyl complexes will not drastically influence 
the magnitudes of the equilibrium constants for reactions 
17. However, the ethyl-containing solvated adduct should 
be more soluble in Et20  than its methyl analogues. 

The methyl-containing salts are somewhat air- and 
temperature-sensitive. The molybdenum complex, for 
example, decomposes slowly in air overnight into an 
amorphous solid of unknown composition. Under Nz at 
ambient temperatures it also gradually decomposes over 
the course of several days. A t  -25 "C, however, these 
complexes appear to be stable under Nz for at least several 
months. These radical anion compounds are soluble in 
good solvating solvents35 such as CH3CN and DMF at  
--25 "C but only slightly soluble in CH2C12 at  --78 "C. 
The molybdenum complex gives green solutions while the 
tungsten complex forms red-purple solutions. They very 
rapidly decompose in all solvents a t  room temperature to 

(precipitated salt) 

d 
, / / , , , , 1 1 1 1 1  

O"O i - 1  
-0.10 

-0.20 
0'0° I 

-0.30 4 

I 
-0.40 

7 -0.50 

2: -0.60 

-0.70 

I 

W 

(31) Horrocks, W. D.; Taylor, C. R. Inorg. Chem. 1963, 2, 723. 
(32) Paliani, G. 2. Naturforsch., B:  Anorg. Chem., Org. Chem. 1970, 

25B. 786. 
(33) Geiger, W. E.; Rieger, P. H.; Tulyathan, B.; Rausch, M. D. J .  Am. 

Chem. SOC. 1984, 106, 7000. 

(34) Morris, M. D.; Kok, G. L. In Encyclopedia of Electrochemistry 
of the Elements; Bard, A. J., Ed.; Marcel Dekker: New York, 1979; Vol. 
13, Chapter 1. 

(35) Drago, R. S. Pure Appl .  Chem. 1980, 52, 2261. 
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Radical Complexes Containing CpM(NO),  Groups 

give brown solutions. The tungsten complex is stable in 
CH3CN for a few hours a t  -25 "C after which it starts to 
show signs of decomposition. 

The crystal structure of [Cp,Co] [ C ~ M O ( N O ) ~ E ~ ]  consists 
of discrete cations and anions arranged in a "CsC1-type" 
of lattice, the radical anion maintaining a monomeric 
"three-legged piano-stool" molecular geometry with ter- 
minal, linear nitrosyl ligands.' The spectroscopic prop- 
erties of each of the isolated [CpM(NO),R]'- radical anions 
are indicative of their possessing the same type of mo- 
lecular structures. Thus, their Nujol mull IR spectra are 
consistent with substantially increased back-bonding to 
the nitrosyl ligands. The vNo absorptions of these com- 
plexes are among the lowest yet observed for terminal 
nitrosyl groups and lie well below the range generally ex- 
pected for terminal nitrosyl ligand~,~B' thereby indicating 
that the mode of attachment of a nitrosyl ligand to a 
transition metal is best not inferred solely from the nit- 
rosyl-stretching frequency. The ~ ~ 0 ' s  of the radical anion 
complexes occur at lower energies by - 190-210 cm-' than 
those of their neutral precursors. A similar effect is ob- 
served for vNO absorptions of [CpFe(~'-C&h?6)] [(CpCr- 
(N0),j2] which drop by -175 cm-' for the bridging NO 
ligands." The neutral radicals [CpW(NO,)L]' [L = PPh3, 
P(OPh)3, P(OMe)3] also display vNo's -160-175 cm-' lower 
than their precursor cations, [CpW(N0),L]BFk8 For some 
of the new alkyl complexes the lower energy nitrosyl ab- 
sorption overlaps with the strong 1462 cm-' band of Nujol. 
Utilizing a computer-assisted subtraction process, the 
Nujol spectrum can be removed from the experimental 
spectrum. The subtraction is deemed to be complete for 
these spectra when the more well-resolved 1377 cm-l band 
of Nujol is just removed. For the three [CpM(NO),R]'- 
anions considered here, however, the effect is quite small 
(see Experimental Section). Each of the radical anion 
complexes also show medium-intensity absorptions be- 
tween 3069 and 3104 cm-' attributable to C-H stretches 
of the cyclopentadienyl rings. For [Cp,Co] [CpW(NO),Me] 
these are moderately well-resolved into two sharp bands 
(3100, 3087 cm-l) and a shoulder (3069 cm-'). (For 
[CpzCo]BF4 this band occurs a t  3119 cm-'.) Medium-in- 
tensity bands around 1415 and 1360 cm-l, seen for all three 
compounds, are likely due to C-H vibrations of the C6H5 
ring and C-H symmetric  deformation^^^ of the Me or E t  
groups, respectively. 

The ESR spectra of the three radical anion alkyl com- 
plexes in CH3CN or DMF a t  --20 to -40 "C exhibit 
five-line patterns of approximate intensity ratios 1:2:3:2:1, 
characteristic of coupling of the unpaired electron to two 
equivalent 14N nuclei. (In all three cases aN is of the order 
of 7 G.) While g values have not been determined, the 
point of greatest interest is that these patterns are con- 
sistent with delocalization of the extra electron density 
onto the terminal, linear nitrosyl ligands.' Hence, the IR 
and ESR spectra of the [CpM(NO),R]'- anions are in 
accord with the view that their HOMO'S are largely NO- 
based T* molecular orbita1s.l 

The anions [CpMo(NO),Me]'- and [CpW(NO),Me]*- 
can be oxidized readily to the neuiral alkyl complexes by 
[Cp,Fe]BF, and AgBF,, respectively, e.g. 

[Cp,Co] [CpMo(NO),Me] + [Cp,Fe]BF, - CH2C1, 

CpMo(NO),Me + [Cp,Co]BF, + Cp,Fe (18) 

(36) Griffith, W. P. Adu. Organomet. Chem. 1968, 7, 211. 
(37) Johnson, B. F. G.; McCleverty, J. A. Prog. Inorg. Chem. 1966, 7, 

(38) Dolphin, D.; Wick, A. Tabulation of Infrared Spectral Data; 
277. 

Wiley-Interscience: Toronto, 1977. 
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These reactions appear to be quite clean as indicated by 
IR monitoring of their progress which shows nitrosyl ab- 
sorptions only for the appropriate CpM(NO),Me species 
(M = Mo, W) in each reaction. Recovery of the neutral 
alkyl complexes lends further support to the formulation 
of the nitrosyl-containing reactants as [Cp,Co] [CpM- 
(NO),Me] (M = Mo, W), i.e., cobalticinium salts of radical 
anion nitrosyl complexes. 

Radical anion complexes such as these would appear to 
have little precedent in transition-metal carbonyl chem- 
istry. As mentioned earlier, most alkyl complexes of the 
type CpM(CO),R and M(CO),R (M = transition metal, 
R = alkyl group) reduce with concomitant expulsion of the 
alkyl group.g The ability of the NO ligands to accept and 
stabilize excess electron density is no doubt key to the 
isolation of these new complexes. (Their solution and 
thermal sensitivity could, however, involve alkyl loss.) 
Alkyl-containing transition-metal radical complexes are 
not unknown though. For example,39 Cp2TiCH,CMe3, 
Cp2NbMe2, V(CH,Ph),, and ReMe, are all fairly well- 
characterized, paramagnetic compounds (although each 
of these possess a less than 18-electron valence shell). 

(b) Reactions of CpCr(NO),Me with Reducing 
Agents. Unlike the alkyl complexes just described, 
CpCr(NO),Me does not react with Cp,Co to any appre- 
ciable extent. This does not appear to be a function of the 
solubility of an initially formed low concentration of the 
reduced species as in the case of [CpMo(NO),Et]'-.' The 
reduction potential of the chromium complex is 180 mV 
more negative of CpMo(NO),Me (in CH2C12; see Table I), 
and this probably renders CpCr(NO),Me too difficult to 
reduce by cobaltocene in EbO. This view is supported by 
an IR spectrum of the reaction mixture which displays vNO 
bands only due to CpCr(NO),Me. 

On the other hand, when a filtered E t20  solution of 
CpFe($-C6Me,) is mixed with CpCr(NO),Me in Et,O, an 
instantaneous reaction occurs and a gray precipitate forms. 
This solid is very pyrophoric, bursting into flame upon 
contact with air. On the basis of the CVs of CpCr(NO),Me 
and its molybdenum and tungsten analogues and the 
previously described radical anion complexes, i t  seems 
likely that a radical anion is formed, but it is too unstable 
to be isolated pure in this manner. This difficulty is not 
surprising when one considers the CV of CpCr(NO)pMe 
(Figure 1). The lower iP,Ji ,c ratios compared with the Mo 
and W analogues (Table 17, the second reduction at  E,,c 
E -1.87 V, and the variation of peak potentials with scan 
rate are all consistent with the complex behavior of this 
compound toward the chemical reductant, CpFe($- 
C6Me6). Elemental analyses of the gray solid are quite 
variable and low in nitrogen content. The Nujol mull IR 
spectrum of this material exhibits a strong NO absorption 
at  1555 cm-' and a weaker (but still quite strong) band at  
1509 cm-l. This intensity pattern does not correspond to 
a (M(NO),j group with linear nitrosyl ligands. All the same, 
the radical anion [CpCr(NO),Me]*- may perhaps yet prove 
to be obtainable a t  low temperature. 

( c )  [Cp2Co][CpW(N0),Y] (Y = H, D). These two 
compounds are best prepared by utilizing hexanes as the 
solvent. The reactions can be carried out in the same 
manner as for the alkyl analogues described above (eq 16) 
and generate the radical anion complexes in moderate 
yields as brown solids that are soluble in CH3CN and DMF 
to give red-violet solutions a t  --25 "C. They rapidly 
decompose in these solvents a t  room temperature. Un- 
fortunately, these complexes could not be obtained as 

(39) Kochi, J. K. Organometallic Reaction Mechanisms and Catalysis; 
Academic: New York, 1978; Chapter 3. 
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analytically pure materials. The carbon analyses were 
generally slightly low, and in the case of the deuterio 
analogue, the nitrogen content was low also. A combustion 
additive did not improve the analyses. 

The IR and ESR spectra of these compounds provide 
good evidence for their formulations as radical anion 
species analogous to the alkyl-containing radical anions. 
The Nujol mull IR spectrum of [Cp2Co] [CpW(NO),H] 
displays two strong NO absorptions at  1521 and 1445 cm-', 
consistent with a highly electron-rich dinitrosyl complex. 
The lower band overlaps with the strong 1462 cm-' ab- 
sorption of Nujol. The Nujol spectrum can be subtracted 
from the experimental spectrum (as described above) 
leaving the lower energy NO band at -1438 cm-'. The 
W-H stretch appears as a medium intensity band at  1848 
cm-', somewhat lower than that found for CPW(NO)~H 
(1897 cm-').16 A broad, medium intensity band at  3073 
cm-' is attributable to  C-H stretching of the cyclo- 
pentadienyl rings. Likewise, a medium-intensity band at  
1411 cm-' can be assigned to C-H vibrations of the C5H5 
rings. The vN0 absorptions of the deuterio analogue occur 
a t  1513 and 1447 cm-', similar to, but not identical with, 
the NO bands of the hydrido complex. Again, the lower 
vNO appears a t  - 1439 cm-' if the Nujol spectrum is sub- 
tracted. The W-D stretch of [Cp2Co][CpW(N0)2D] may 
give rise to one of the weak bands a t  1337 or 1316 cm-l, 
neither of which is seen in the IR spectrum of the hydrido 
complex. The band at  1337 cm-' is shifted down from the 
W-H band of the hydrido analogue (1848 cm-') by a fador 
of 1.38 which is nearly identical with the shift observed 
for the W-H and W-D stretches of the neutral complexes 
CPW(NO)~H and CpW(N0)2D.16 The band at  1316 cm-l 
is shifted down from the W-H stretch of the radical anion 
by a factor of 1.40. In any event, the band at  1848 cm-' 
observed in the IR spectrum of the hydrido-containing 
anion is not present in the IR spectrum of the deuterio 
analogue, further supporting its assignment to the W-H 
stretch. 

The ESR spectra of both of these complexes are qual- 
itatively similar (Figure 5) and supportive of their for- 
mulation as radical anions analogous to the alkyl com- 
plexes discussed previously (vide supra). The familiar 
1:2:3:2:1 five-line pattern is obvious for these species, but 
no coupling to either the 'H or 2H ligand nuclei is re- 
solvable in these spectra. The line widths of the spectrum 
arising from the hydrido complex are somewhat broader, 
perhaps reflecting a larger, though unresolved, coupling 
to a 'H nucleus as compared to a 2H nucleus. 

Unlike for the syntheses of the alkyl radical complexes, 
Et20 is not a suitable solvent for preparing the hydrido 
analogue. Although a more attractive microcrystalline solid 
is isolated when the reaction is carried out in Et20, sat- 
isfactory C, H, and N analyses cannot be obtained, the 
nitrogen content being especially low and variable. An IR 
spectrum (Nujol mull) of this solid reveals that it does 
largely contain [Cp2Co] [CpW(NO),H] as evidenced by vNO,  
Y ~ - ~ ,  and C5H5 absorptions identical with those of the 
complex prepared in hexanes. In Et20, however, the hy- 
drido radical anion may more readily decompose, perhaps 
due to its slight solubility in this solvent. 

In accord with the previous discussion on the electro- 
chemistry of CPW(NO)~H, the isolation and characteri- 
zation of [Cp2Co] [CPW(NO)~H] appear to be quite distinct 
from the chemistry of transition-metal carbonyl hydrides, 
which generally undergo metal-hydride bond scission upon 
r e d u ~ t i o n . ~  The long-term thermal instability and the 
solution instability (at room temperature) of this radical 
anion may perhaps involve W-H bond cleavage as one 

Legzdins and Wassink 

Figure 5. X-band ESR spectra of (a) [CpzCo][CpW(NO)zH] in 
CHaCN at -22 "C (g = 2.011 86; a~ = 7.3 G) and (b) [Cp&o]- 
[CpW(NO),D] in DMF at -22 "C (g = 2.00025; aN = 7.2 G). 

pathway of decomposition. Other examples of hydride- 
containing radical complexes include Cp,NbH, and 
[Cp2TiH2]- (also a radical anion).39 

The oxidation of [CpW(NO),H]'- is readily accom- 
plished by AgBF4 in CH2C12. The reaction is quite rapid 
and regenerates CPW(NO)~H which is easily identified by 
its characteristic IR and mass spectra. The chemical re- 
versibility of the reduction of CpW(NO),H is thus estab- 
lished. 

(d) [Cp,Co][CpM(NO),Cl] (M = Mo, W). The 
syntheses of these compounds are also readily accom- 
plished in good yields by mixing E t 2 0  solutions of co- 
baltocene and the appropriate halide complex (eq 16). The 
solids thus obtained are highly pyrophoric, amorphous, 
pale gray-green (M = Mo) and gray (M = W) powders. 
Both solids are quite thermally sensitive, the tungsten 
complex especially so, taking on a brown coloration ov- 
ernight under Nz. Both salts are soluble in CH3CN and 
DMF to give greenish solutions which are stable only at  
low temperatures (--25 "C). Satisfactory elemental 
analyses are obtainable for these complexes if they are kept 
cold (--20 OC) until a few minutes prior to the analysis 
being carried out. 

The fact that  these complexes are acquired as amorp- 
hous powders, while the alkyl-containing radical anions are 
crystalline materials may be reflective of two differences. 
First, the reduction potentials of CpM(N0)2C1 (M = Mo, 
W) are -230 mV less negative than the alkyl complexes, 
thereby making them more susceptible to reduction by 
cobaltocene. Secondly, the initially formed [ CpM- 
(NO),Cl]*- anion may be much less soluble in EtzO than 
an alkyl-containing analogue. These factors may also be 
behind the greater isolated yields of the chloro-containing 
radical anion complexes. 

The Nujol mull IR spectrum of the molybdenum com- 
plex displays vNO bands at very low frequencies (1558,1485 
cm-'; 1490 cm-' with the Nujol spectrum subtracted out 
as described previously), as would be expected for 
[C~MO(NO)~C~] ' - .  These absorptions are 198 and - 165 
cm-', respectively, lower than those of CpMo(NO)&1(1756, 
1655 cm-') in a Nujol mull. A broad, medium-intensity 
absorption a t  3092 cm-' can be attributed to C-H 
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Radical Complexes Containing CpM(NO),  Groups 

stretching of the cyclopentadienyl rings, and a band at 1413 
cm-' can also be assigned to C-H vibrations arising from 
the C5H5 rings. For [Cp,Co][CpW(NO),Cl] the IR spec- 
trum is somewhat more complex. Two strong NO bands 
are observed at 1534 and 1456 cm-'. The latter absorption 
overlaps nearly coincidentally with the 1462 cm-' band of 
Nujol. The Nujol spectrum could not be satisfactorily 
subtracted from the experimental spectrum due to other 
bands also overlapping with the 1377 cm-' band of Nujol. 
The band a t  1456 cm-l, however, obtained from a con- 
centrated sample, is likely a good estimate of the lower vN0 
frequency since bands that overlap this closely with the 
Nujol absorption at 1462 cm-' do not shift much upon 
subtraction of the Nujol spectrum. (Compare with, for 
example, [Cp,Co] [CpMo(NO),Et]: vNO (Nujol mull) 1458 
cm-l, with or without the Nujol spectrum subtracted.') 
These bands are 192 and -174 cm-', respectively, lower 
in frequency than those of neutral CpW(NO),Cl (1726, 
1630 cm-') under the same conditions. Two other broad 
bands, both substantially weaker, also appear in the IR 
spectrum of [Cp,Co][CpW(NO),Cl], a t  1705 and 1588 cm-'. 
Similar absorptions are not apparent in the IR spectrum 
of the molybdenum analogue. It may be that these new 
bands result from thermal decomposition of the [CpW- 
(NO),Cl]'- radical anion in the solid state, perhaps even 
via slow C1- loss, i.e. 

[CpW(NO),Cl]'- -+ [CpW(NO),]' + C1- (19) 

The fate of the putative [CpW(NO),]' radical is not clear, 
other than it is proposed to generate the species responsible 
for the IR bands a t  1708 and 1585 cm-'. This possibility 
is suggested on the basis of a preliminary investigation of 
the reaction of CpW(N0),BF4 with Cp,Co which in CH2Cl, 
produces a brown, insoluble, amorphous solid of as yet 
undeteremined composition with vNo's a t  1708 and 1585 
cm-' in its Nujol mull IR spectrum. This material probably 
results from a reaction of the initially formed [CpW- 
(NO),]', i.e. 

CH,Cl, 
CpW(N0)ZBFd + CP~CO - 

[CPW(NO),I' + [Cp&o]BF, (20) 

[CpW(NO),]' - brown solid (21) 

The proposed loss of C1- from [CpW(NO),Cl]*- would 
appear to be slow on the CV time scale in CHzClz (Table 
I) since the electrochemical reduction of CpW(NO),Cl is 
quite reversible. Just when this proposed loss of C1- occurs 
from the tungsten radical anion is not known at  present. 

Both [CpM(NO),Cl]'- (M = Mo, W) complexes exhibit 
ESR spectra (Figure 6) in CH3CN or DMF similar to those 
previously discussed. Interestingly, however, the ESR 
spectrum of [Cp,Co] [CpMo(NO),Cl] exhibits more hy- 
perfine structure than just the expected five-line pattern 
(Figure 6a). Indeed, it appears that a second, more highly 
coupled spectrum is superimposed onto the familiar 
1:2:3:2:1 five-line pattern. It therefore seems unlikely that 
the spectrum in Figure 6a can be interpreted as arising 
from coupling of the electron to tu o equivalent 14N atoms 
and to the 35Cl (75.53%; I = 3/2) and 37Cl (24.47%; I = 3/2) 
nuclei. A more satisfactory interpretation involves cou- 
pling to the 95Mo (15.72%; I = 5/2) and 97Mo (9.46%; I = 
5/2) nuclei. If a96Mo = a97M0 and aMo E ' / 3aN,  an 18-line 
pattern (accounting for -25% of the total intensity) su- 
perimposed onto a five-line pattern (accounting for the 
remaining 75% of the total intensity) would result, in good 
agreement with the observed spectrum. Unfortunately, 
the resolution of this spectrum is not high enough to 
evaluate unambiguously the coupling constants. Such 

Organometallics, Vol. 7, No. 2, 1988 491 

(b) 

Figure 6. X-band ESR spectra of (a) [CpzCo][CpMo(NO)zCl] 
in DMF at --25 "C (aN N 7.4 G; aMo N 2.5 G) and (b) 
[CpzCo][CpW(NO)zCl] in DMF at --35 "C (aN N 7.2 G). 

coupling to the 95Mo and 97Mo nuclei is not resolved for 
either of the molybdenum complexes [Cp,Co] [CpMo- 
(NO),R] (R = Me, Et) under similar conditions. Neither 
is coupling to the '@W nucleus (14.40%; I = '/,) resolvable 
for any of the radical complexes containing tungsten, in- 
cluding [Cp,Co][CpW(NO),Cl] (see Figure 6b). 

As noted earlier, the CpM(NO),Cl (M = Mo or W) 
compounds cannot be converted to [CpM(NO),], dimers 
by treatment with reducing metals such as Na or Zn. This 
fact is now confirmed to be a manifestation of the intrinsic 
instability in solutions at  room temperature of the initially 
formed [CpM(NO),Cl]'- radical anions which decompose 
to non-nitrosyl-containing materials under these condi- 
tions. It is intriguing also that the isostructural alkyl- 
containing radical anions are substantially more robust 
than their chloro analogues. In general, carbonyl-con- 
taining alkyls are less stable to heat and air than are their 
related halides. Some organometallic halo radicals are 
known (e.g. Cr(CO),I and CpCrC12),39 but few, if any, are 
anionic like the [CpM(NO),Cl]*- species isolated during 
this work. 

Chemical oxidation of the [CpMo(NO),Cl]'- species can 
be accomplished with AgBF, in CH3CN. The neutral 
CpMo(NO),Cl compound is the only isolable nitrosyl 
complex obtained during this reaction whose occurrence 
is consistent with the {CpMo(NO),Cl) structural entity 
maintaining its integrity upon reduction. 

( e )  [CpW(NO),L]* (L = P(OMe),, PPh3). The 
syntheses of these compounds have been reported by 
Angelici and co-workers.6 The precursor cations [CpW- 
(NO),L]PF, [L = PPh3, P(OPh),, P(OMe),] can be re- 
duced by a variety of reductants, i.e. 

[CpW(NO),L]+ + reducing agent - [CpW(NO),L]' 

reducing agent = Zn, N,H,-H,O, alkoxides, OH- 

The radical complexes can be isolated in low to moderate 
yields, depending on the reductant. 

(22) 
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Figure 7. X-band ESR spectrum of CpW(NO),P(OMe), in 
CH3CN at --25 "C (aN = 6.8 G; a p  = 4.5 G). 

We now find that cobaltocene can also be used to gen- 
erate these complexes, i.e. 

CHZClz 
[CpW(NO)ZL]BF4 + CPZCO 

[CPW(NO)~LI' + [CPZCOIBF~ (23) 

L = PPh,, P(OMe), 

The radical complexes can be isolated from the reaction 
mixtures as purple solids in the manner described in the 
Experimental Section. These two complexes have been 
described as being very air- and temperature sensitive.8 
When prepared by using Cp,Co, however, they are quite 
thermally stable, decomposing only slightly overnight in 
CHzClz solutions a t  room temperature. In addition, 
[CpW(N0)2PPh3]' appears to be more air-stable than first 
reported, exhibiting no obvious decomposition as a solid 
overnight as evidenced by an IR spectrum (Nujol mull) 
of a sample of this complex handled in this way. It may 
be that trace impurities present in the materials obtained 
via reaction 22 catalyze the decompositions of the CpW- 
(N0)2L compounds prepared in this manner. I t  would 
appear, therefore, that the use of cobaltocene as a reducing 
agent is somewhat more preferable in these reactions. 

The solution IR spectrum of C P W ( N O ) ~ P P ~ ,  (in 
CHZC1,) prepared by reaction 23 ( V N O  = 1598,1532 cm-') 
corresponds fairly well to that reported previously (1595, 
1526 cm-l).s The difference for the trimethyl phosphite 
complex is somewhat greater, 1608, 1542 cm-' for the 
product from reaction 23 and 1605, 1533 cm-l for the 
species obtained by reaction 22.8 The trimethyl phosphite 
complex has also been reported as being too unstable to 
obtain a solution ESR spectrum.8 When prepared ac- 
cording to reaction 23, however, CpW(N0)zP(OMe)3 can 
be isolated and does exhibit a 10-line ESR spectrum in 
CH3CN at  --25 "C with uN = 6.8 G and up = 4.5 G 
(Figure 7) ,  quite similar to that reported for CpW- 
(N0)zPPh3 in acetone.8 This is consistent with coupling 
of the odd electron to two equivalent 14N nuclei (as de- 
scribed above for the other radical anion complexes) and 
to a 31P nucleus of P(OMe),. 

Oxidation of CpW(NO),P(OMe), by AgBF, in CHzClz 
rapidly regenerates [CpW(N0)zP(OMe)3]BF4 as indicated 
by IR monitoring of the reaction's progress. Also, the lH 
NMR spectrum of the isolated green solid in CDC1, reveals 
the presence of a coordinated P(OMe)3 ligand [ 6  3.88 (d, 
3 J 3 ~ p - ~ H  = 12.0 Hz)]. 

Overview and Summary 
Table 111 lists the nitrosyl-stretching frequency data of 

the isolated paramagnetic complexes investigated and the 
data of the various precursors in CHZCl2. Plots of 

vs vNo are shown in Figure 8. I t  seems likely that the 
oxidation potentials of the [CpM(NO),Y]'- (M = Mo, W; 

Table 111. Nitrosyl-Stretching Frequencies of the Isolated 
Radical Species and Their Oxidation Potentials 

[CpMo(NO)zEt]'- 1527 1458 -0.86 
[ C ~ M O ( N O ) ~ M ~ ] "  1526 1443 -0.83 
[CpMo(N0)2Cl]'- 1558 1490 -0.59 
[CpW(NO),Me]'- 1511 1427 -0.83 
[CpW(NO)zHI'- 1521 1438 -0.79 
[Cp W (NO)ZCl] '- 1534 1456 -0.62 
[ C P W ( N O ) ~ P P ~ ~ I '  1594 1527 -0.14 
[CpW(NO),P(OMe),]' 1593 1533 -0.10 

"Anionic complexes as [Cp,Co]' salts. bNujol mull. 'For the 
[CpM(NO),Y]('-")+ (n = 0, 1) in couple [CpM(NO)zY]'n- - e- 

CHzClz (V vs SCE). 
0.00 

-0.30 

-0.40 
/ 

-0'90 1 ~ 

-1.00 / ,  , , , , , , , , I , ,  , I ,  I I I I I 
1400 1420 1440 1460 1480 1500 1520 1540 1560 1580 1600 

'NO (Nujol mull. sm-') 
C I M O  + W  

Figure 8. Plots of Ell2 for the couple [CpM(N0)2Y]'"- - e- + 
[CpM(NO)2Y]('-")+ (n = 0, 1) in CH2C12 vs vNO (NUJO~ mull) of 
[Cp2Co][CpM(NO)2Y] and [CpM(NO),Y]' complexes (M = Mo, 
W; Y = Me, Et, H, C1, PPh,, P(OMe),, as appropriate). 

Y = C1, H, Me, Et as appropriate) anions generated during 
a reduction scan for a given CPM(NO)~Y compound in 
CH2C12 would be the same as those of the [Cp,Co][CpM- 
(NO),Y] isolated compounds or, a t  least, they would be 
similar. In other words, ElIz  measured for the reduction 
of CPM(NO)~Y complex in CHzClz should be very similar 
to El for the oxidation of the radical anion obtained as 
its [dp,Co]+ salt (minor effects due to the cobalticinium 
counterion notwithstanding). Hence, the correlation ob- 
served between El and vNO in Figure 8 is anticipated to 
be sound. As wouid be expected, the lower are the uN0's 
of the isolated complex, the easier it is to oxidize. Such 
trends are well-known for the oxidation of other nitrosyl 
complexes. For example, the oxidation potentials of 
[Cr(NO)(CNR),]PF, (R = alkyl, aryl groups) have been 
found to be linear with vNOa4O Likewise, Ell,  (oxidation) 
and UNO are linearly related for the complexes [CpMn- 
(NO)(L)L']"+ (L, L' = nitrogen- and/or phosphorus-con- 
taining two-electron donor ligands and various bidentate 
sulfur-containing ligands).,l The reduction potentials of 
[ (bpy)zRu(NO)X]n+ (X = halides, pseudohalides, and 
two-electron nitrogen donors) also vary linearly with vNo.42 
The fact that this dependence of El12 on vN0 often arises 
may well reflect the strong x-acidity of NO. Certainly the 
NO ligands in the new complexes synthesized during this 
work have a profound influence, markedly stabilizing the 
reduced species. 

(40) Lloyd, M. L.; McCleverty, J. A. J .  Organomet. Chem. 1973, 61, 

(41) Hydes, P.; McCleverty, J. A.; Orchard, D. G. J .  Chem. Soc. A 
261. 

1971, 3660. 
(42) Callahan, R. W.; Meyer, T. J. Inorg. Chem. 1977, 16, 574 
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The synthetic strategy employed in preparing the new 
organometallic nitrosyl radical anions described herein is 
a simple but effective one. A solvent is chosen in which 
the reductant and oxidant (i.e. the nitrosyl complex) are 
both soluble, but the electron-transfer product is not. This 
facilitates the isolation of the desired ionic compounds as 
fairly pure solids while avoiding accelerated decomposition 
rates that they might experience if the products remained 
in solution. Secondly, the reducing agent becomes a bulky 
counterion. Other reductants, such as Na or Zn, result in 
the formation of small counterions that can strongly in- 
teract with the nitrosyl ligands43 and thus destabilize an 
anionic complex by polarizing the metal-ligand linkage. 
The syntheses and characterizations of the new radical 
complexes are of interest in their own right, representing 
a little explored area of the chemistry of group 630 or- 
ganometallic nitrosyl compounds. The anionic complexes 
described in this paper join a small family of simple, nit- 
rosyl-containing anions that only in the last five years has 
begun to grow in number more steadily.44 Obviously, 

(43) Pannell, K. H.; Chen, Y.-S.; Belknap, K.; Wu, C. C.; Bernal, I.; 
Creswick. M. W.: Huane. H. N. Inorp. Chem. 1983.22. 418. 

(44) Weiner, W. P.; gollander, F.-J.; Bergman, R. 6. J. Am. Chem. 
SOC. 1984, 106, 7462. 

further work is required to delineate the characteristic 
chemistry of these anions, particularly their reactivities 
toward nonoxidizing electrophiles. 
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Reaction of Organoboranes with Olefinic a,@-Unsaturated Nitro 
Compounds 

George W. Kabalka," Yuan-Zhu Gai, Naganna M. Goudgaon, Rajender S. Varma, and 
Eugene E. Gooch 
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The reaction of lithium triethylborohydride with nitroalkenes in the presence of borane results in the 
unexpected formation of N-ethylamine derivatives. Evidence supports a reaction sequence involving the 
1,2-addition of triethylborane to a nitroso intermediate. 

Introduction 
a,P-Unsaturated nitroalkenes have proven to be versatile 

synthetic intermediates.' They react with a variety of 
reducing agents to yield nitroalkanes,2  amine^,^ oximes: 
 ketone^,^ and hydroxylamines.6 In the course of recent 
investigations involving the reaction of borohydrides with 
conjugated nitroalkenes, we noted the consistent formation 
of N-ethylamines as byproducts in reactions utilizing 
lithium triethylborohydride (eq 1). Interestingly, N-al- 
kylated products were not produced when other alkyl- 
borohydrides were used. 

Earlier studies had established that borohydride-cata- 
lyzed, borane reductions of conjugated nitroalkenes pro- 
ceed via aci-nitro derivatives which are then further re- 
duced to hydroxylamines and, finally,  amine^.^ Alterna- 

(1) Barrett, A. G. M.; Graboski, G. G. Chem. Reo. 1986, 86, 751. 
(2) Varma, R. S.; Kabalka, G., W. Synth. Commun. 1985, 15, 443. 
(3) Mourad, M. S.; Varma, R. S.; Kabalka, G. W. Synth. Commun. 

1984. 14. i n w  
1 - -, _. 

(4) Varma, R. S.; Varma, M.; Kabalka, G. W. Synth. Commun. 1985, 

(5) Mourad, M. S.; Varma, R. S.; Kabalka, G. W. Synthesis 1985,654. 
(6) Mourad, M. S.; Varma, R. S.; Kabalka, G. W. J. Org. Chem. 1985, 

50, 133. 
(7) Varma, R. S.; Kabalka, G. W. Synth. Commun. 1985, 15, 843. 

Varma, R. S.; Kabalka, G. W. Org. Prep. Proced. Int. 1985, 17, 254. 

15, 1325. 

0276-7333/88/2307-0493$01.50/0 

k' 
1 

1 
R' 

I 
R' 

2 3 

tively the aci-nitro intermediates may be hydrolyzed to 
carbonyl compounds. The observation that N-ethylation 
products are formed leads to the conclusion that a Grig- 
nard-like addition reaction between an alkylborane and 
a nitroso intermediate can also occur.a 

(8) The formation of N-  hydroxyldialkylamines via a Grignard-like 
reaction between a trialkylborane and nitrosoalkane has never been re- 
ported. Yashida and his co-workers observed the formation of trace 
quantities dicyclohexylamine when they reacted nitrosyl chloride with 
tricyclohexylborane, a product which, logically, could be derived from the 
corresponding N-hydroxyldicyclohexylamine. See: Yoshida, Z.; Ogushi, 
T.; Manabe, 0.; Hiyama, H. Tetrahedron Lett. 1965, 753. Okushi, T.; 
Manabe, 0.; Hiyama, H.; Yoshida, Z. Kogyo Kagaku Zasshi 1965, 68, 
1685. 

0 1988 American Chemical Society 
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