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Summary 

Complexes of the organometallic ligand (h’-C5Hs)Fe[ (/z’-CjH3)( 1-CH,Nhle& 
(%PPh-.)j (E FcCNP) have been prepared with the carbonyls of chromium, 
molybdenum, tungsten, iron, and cobalt and with borane. With the Group VIB 
metals, the ligand forms complexes of the type (FcCNP)M(CO), In whrch the 
FcCNP Iigand is chelating. However, in the case of (FcCNP)Fe(C0)3 and 
[(FCCNP)2CO(CO)j]BPh, the ligand is monodentate, the phosphorus acting as 
the donor atom. Infrared and NhlR data were used to establish the mode of 
coordination in each case. The electrochemistry of the Group VIB metal carbonyl 
compleses has been investigated, the chromium complex being of particular 
interest. The cyclic voltammogram of (FcCNP)Cr(CO), consists of two, reversible, _ 
one electron redos waves at Epeak. anodic + 0.54 V and + 0.96 V (vs. SCE in CH,CI,). 
and a third, irreversible wave et EpeakW medic + 1.4’7 V. At + 0.54 V the solution 
color changed from yellow to orange and the u(C0) bands shifted from 2011 w, 
1891 s, and 1831 s (cm-‘) in the neutral complex to 2080 m, 2000 s, and 1970 
s (cm-‘) in the singly oxidized species. At + 0.96 V, the color changed further 
to blue-green, but no additional shift in v(C0) was observed. On the basis of this 
information, it is concluded that the first redox wave represents the process 
Cr’vCr+ and the second wave Fe”-+ Fe3+. Other aspects of the electrochemistry 
of the Group VIB metal carbonyl compleses are discussed_ 

* For Part I see ref. 1. 
-* Author Lo whom cor?espondence should be addressed. 
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using a procedure simtlar to that of Do&on, Taylor and Walsh [I]. Equimolar 
amounts of M(CO), and FcCNP were refluxed in an appropriate solvent (Cr. 
sylene; MO, toluene; W, mesitylene). [Sublimation of unreacted hf(CO)6 into 
the condenser is a great nuisance in reactions of this type. We have found that 
the addition of l-2 ml of 30-60” petroleum ether to the reaction solvent solved 
this problem entire!y. Apparently the petroleum ether refluses higher in the 
condenser than does the reaction solvent and washes the sublimed metal hesa- 
carbonyl back into the boiling flask.] Following reflus, the reaction misture 
was cooled in an ice bath for about 1 h and then filtered rapidly. The solvent 
was removed in vacua. The remaining solid product was recrystallized from 
acetone/light petroleum ether; yields averaged 60-85X Analytical, NMR and 
infrared data are collected in Tables 1-3. 

B. fFcCNP)Fe(CO),. This complex was prepared by reflusing FcCNP (2 
mmol) and Fe(CO), (7 mmol) for 2.5 h in dry toluene. Following reflus, the 
reactton mixture was allowed to cool and was then filtered rapidly. The solvent 
was removed in vacua. The remaining solid was recrystallized from light 
petroleum ether; yields averaged 50%. Analytical, NMR and infrared data ae 

collected in Tables 1-3. 
C. [(FcCNP),Co(CO)~IBPh,. FcCNP (2.08 mmol) was treated with 

COAX (1.04 mmol) by the same procedure used with the previously report- 
ed ferrocenylphosphine-cobalt carbonyl reactions [l]. In this case 1.06 mmol 
of CO was produced, presumably as a result of reaction 1. The infrared spectrum 
of the red-brown product showed bands at 2061 w, 1981 s, and 1871 vs, a pattern 
in very good agreement with the spectra of the previously reported triphenyl- 

2 FcCNP + CO:(CO)~ - [ (FcCNP),Co(CO),][Co(CO),] + CO (1) 

phosphine and ferrocenyidiphenylphosphine analogues. The ultimate product, 
the BPh,- salt, was prepared in the same manner as the previously reported 
ferrocenylphosphine analogue. Analytical data for [ ( FcCNP)~CO(CO), ]BPh, 
are recorded in Table 1 and infrared data in Table 3. The molar conductivity of 
the salt was found to be 14.1 ohm-’ cm? mol-’ when 1 Emil in nitrobenzene: a 

value in escellent agreement with previously reported l/l electrolytes of this 

type 191. 

TABLE I 

ANALYTlCAL DATA FOR THE FcCNP~COMPLESES 

Compound h1.p. CaC) 

(uncorrected) 
Ardys~s found (calcd.) (‘?c) 

C il 

(FcCNP)CT(CO)~ 160.164 58.84 (58.89) 4.52 (4.44) 

(FcCNP)MO(CO)~ 175-178 (dec.) 54.65 (54.80) 4.21 (4.09) 
(FcCNP)W(CO)~ 203-206 

<FcCNP)Fe(CObJb 

(dec.) 48.10 (48.16) 3.73 

144-146 58.24 (58.49) 4.53 

[(FcCNP)~CO(CO)~~BP~$ 

(3.63) (4.37) 

100-l 10 69.11 (70.21) 5.41 (5.47) 

a FcCNP = l-[(d~me~ylamino~me~yll-2-(dipbrnylphoocene. b Found: N. 2.20. Calcd.: N. 
2.35s.’ Mol. wt. (in CHC13): found 1311: cakd.. 1316. 
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FcCNP (1.04 mmol) was reacted with B,Hb (2.72 mmol) in CHzClz in 
vacua. The yellow di-adduct formed immediately, and 1.66 mmGl of B2Hi, was 
recovered to give the reaction ratio of FcCNP/B,H, 1.04/1.06. NhIR data for 

T.\ BLE 2 

PROTON N!iiR DATA FOR FcCNP .AND IT3 COhlPLESES= 

Compound Lme Structure 
(reIat1ve area) 

Awgnmenl Chemical shlf1 

(7) (wm) 

(FcCNP)Cr(CO).: 

(FcC%P)W(CO)a 

(FcCKP)Fe(CO)q 

FcCNP - 2 3H3 

FcCNPb 3 mulrlplets (10) 

mulr~plrr(l) 
lnplet (1) 
slnglct sod 
doublet (7) 

doublet (1) 
sulgkr (6) 

3 multlple;s (10) 
nnglels (3) 
slngler (5) 
doublet (1) 
doublet (1) 
2 slnglels (6) 

3 mulllplets (10) 
2 singlelj and 

mulllplet (3) 
doublet (1) 
doublet (1) 
sInglet (5) 
2 sintiers (6) 

3 multlplers (10) 
2 ;ingleLs and 
1 muIUpleL (3) 
singlet (5) 
doublet (1) 

doublet (1) 
2 sm@ets (6) 

3 multlplets (IO) 
multiplet (1) 
tnplet (1) 
multlpleL (1) 
unglet (5) 
doubleL (1 p 
doublet (1) 
singlet (6) 

3 mulrtpleLs (IO) 
quart4r 
tnpler 

doublet 
angler (5) 
doublet (1) 
doublet (1) 

I? singlets (6) 

phenvl 
n-C5H3 

!? ii?. 3.87.2 92 

5 56. 5.77 

ii-CjH3 6.11. 6.47 

1 CH, proron 
E.CjHj 

1 CH2 proton 
--h’hlel _ 

phenyl 
z CjH3 
n.CjHj 
1 CH? prc.ron 
1 CH:! proton 
-Nhle, 

6.62 
8.02 

1.91.2.47.2.74 
5 55. 5 58. 5 68 

6.31 
5 63’. d 
7.15d 
7.20. 7.96 

phenyl 1.94. 2.48. 2.58 
n.C!jH3 5.54. 5.57. 5.62 

1 CH? proton 
1 CH2 proton 
E-CjHj 
--N!uc: 

5.-18e 
7 00” 
6.3.1 
7.10.7.81 

phenyl 1.96. 2.48. 2.78 
n-CgH3 5.53. 5.55. 5.60 

n_CgHj 6.33 
1 CHZ proton 5.34 
1 CH7 proton 6.77f 
-N%le? 6.85, 7.58 

phenrl 2.36. 2.65. 2 83 

rr-CgH3 5 48. 5 73. 6.14 

n.C;H j 6.10 
1 CHZ proton 6.39’ 
1 CH2 proron 6.6-I” 
--NUeZ 8.03 

phenvl 2.35. 2.51. 3.61 

4.96. 5.45. h 5.94 

dZ.CjHg 5.90 
1 CHZ proton 5.3se 
1 CHZ proton 6.0ge 
--NMe2 7.67. 8.00 

- 
(continued) 
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TABLE 2 (continued) 

‘Compound Line Structure 
(relative area) 

Assignmen Chemical shrft 

(r) (ppm) 

3 mulrlplels (IO) phenyl 1.99. 2.5-l. 1.35 
3 multrplets 
(1 each) Ti CgH3 5 11. 5.23. 5.63 
smglet (5) ;i CjHj 5 85 
1 doublets 
(1 each) CH2 6.89. 7.1Rd 
smgler -1Nhle-, 8.08 

a XII spectra were run in CDCl3. o See also rei. 3.= Tnrs aoubleL was parudlv kdden bar.eaLb Lbe n-C j H3 
hnej. The pos,,,on ~5 an estunatr. d.l AS la Hz. e .I,.,* 13 Hz. ‘J 
IS furthct split into n doubler with J coupbnp constanr of I! Hr. F? 

B 12 Hr. g E ach member of this doublet 
Lm+ WPY~~,O” cs 4 Hz ’ Speclrum run 

m CD3COCD3. 

the adduct are included in Table 2. The u( B--H) bands were found at 2410 m, 
2370 s, 2330 (sh), 2300 m, and 2250 m. 

Electrochemistry 
All electrochemical esperiments were performed on a multipurpose electro- 

analytical instrument designed by Woodward and Ridgway [lo]. For controlled 
potential coulometry the instrument was modified with a current-voltage booster 
amplifier [lo]. The working and ausiliary electrodes were a platinum wire and 
spiral, respeceively, and the reference electrode was saturated calomel. The com- 
pounds were dissolved in dry, reagent-grade dichloromethane or acetonitrile 
(I-3, m.M) which was 0.2 171 in supporting electrolyte (tetraethylammonium 
perchlorate in acetonitrile and tetrabutylammonium perchlorate in dichloro- 
methane.) Infrared spectra of solutions were done before and after electrolysis 
by syringing the solution into a demountable cell with a 0.1 m path length 
and NaCl windows. 

TABLE 3 

CO STRETCHING FREQUENCIES FOR hlETAL CARBONYL COblPLE.XES OF FcCNP 

Compound Band frequency (IO cm-‘) and relallve intensslryo 

(FcCNP)Cr(CO)~ 
(FcCNPU’Jo(C0)~ 
(FcCNP)W(CO)a 
(FcCNP)Fe(CO)A 
C(FCCNP)~C~(CO~~I~CO(CO)JI 
[(FcCNP)$o(C0)31BPh~ 

2011 w. 1906 (sh). 1891 s. 1837 (sh). 1831 s 
1,021 w. 1917 (sh). 1897 I. 1889 (sh). 1843 (sh). 1836 s 
2018 w. 1910 (ch). 1889 s. 1839 (sh). and 1832 s 
2051 m. 198-l m. 1952 s. and 1940 s 
5061 w. 1981 s. and 1871 vs 
1,060 w. 199s s. and 1980 s 

- 

p w = weak. m = medium. s = strong. vs = very strong. and (sh) = shoulder. 
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Results and discussion 

Structure and bonding in metal carbonyl derivatives of I-((dimethylamino)- 
methyl/-2-(diphenyiphosphino)ferrocene 

The ljgand was reacted with the carbonyls of chromium, molybdenum, 
tungsten, iron and cobalt in an attempt to study, among other things, the 
“mixed figand” character of this amine-phosphine. The organometallic 
ligand possesses both soft (phosphorus) and hard (nitrogen) donor sites. With 
metal softness (for low vaient transition metals in their compounds) increasing 
across the periodic table from left to right, FcCNP would be expected to bond 
differently depending on the particular metal used; that is, it could be a chelat 
ing, bidentate ligand, - a hidentate, bridging ligand; or a moncdentate Iigand wit1 
a choice of nitrogen or phosphorus bonding. 

In the case of the Group VIB metal carbonyk, the complexes formed werE 
of the type ( FcCNP)M(CO)~, the empirical formula suggesting that the ligand 
was bidentate and chelating. Indeed, the pattern of carbonyl stretching modes 
(Table 3) agreed favorably with that described for compounds of the type 
cis-hi(CO),LZ(C,,; IR active modes = 24 ,, B,, and .B,) 14, II]. 

The best evidence that the metal tetracarbonyls had a structure such as II, 
however, was their NMR spectra (Table 2). (A representative spectrum is shown 
in Fig. 1.) Whereas the N-CH3 protons are a singlet in FcCNP (Table 2), they 
give rise to a pair of lines in the compfes. Furthermore, the methylene protons 
are now seen as a pair of widely separated doublets with a chemical shift dif- 
ference in the range r 1.43 to 1.52 ppm. The methylene protons are “diastereo- 
me&” in both FcCNP and the ( FcCNP)M(CO)~ complexes, and they are expect- 
ed to differ in chemical shift as a result [ 121. (For esample, in a series of ortho- 
-substituted N. IV-[(ditnethyla..mino)methyl]ferrocenes, Slocum and co-workers 

I I I I 
5 6 7-a?D-n) : 8 

ok. 1. fiaton NMR specvum of (FcCNP)W(C0)4 in CDCl3 at ambient temPeatu.re. PhenYl Protons me 
not. sbcu’u 
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find chemical shift differences of 0.1 to 1.4 ppm for the methylene protons 
[ 131.) However, the doublet separation increases drastically when the ligand is 
complexed to a M(C0):. moiety, suggesting that II is formed”. 

(III) 

The infrared spectrum of (FcCNP)Fe(CO)q (Table 3) suggests that the com- 
plex has a monodentate ligand attached in an asiaI position. If the local sym- 
metry about the metal were Csr,, three infrared active bands of E and A, sym- 
metry would be predicted, the E mode having greater intensity. However, if 
the asymmetry of the Ligand lowers the local symmetry about the metal to C,, 
the degeneracy of the E mode is lifted and two more bands result; t,hree -4’ and 
one A” modes are now predicted [ 141, a result closer to that observed for 
(FcCNP)Fe(CO)a. Such spectra have also been observed for axially substituted 
metal carbonyis such as Ph,GeCo(CG)J (C,,,) and PI~CIzGeCo(CO)J (C,) [ 151. 
By analogy with these compounds and other complexes of the type LFe(CO)J, 
we assign the bands in (FcCNP)Fe(CO)J as follows: 2051 m, A’(?); 1984 m, 
A ‘(I); 1952 5, A’; 1940 s, A”. It. is worth pointing out that the ratio: 

= (1984 - 1946) cm-’ 

A’(?) - (-4’ +2.4” ) (2051 - 1946) cm-’ 

is 0.36, a ratio observed for a large number of LCO(CO)~ and LFe(C0)3 
complexes of nominal Cj, symmetry [ 14,151. Indeed, this may be a good argu- 
ment against the possibility that the FcCNP ligand is substituted in an equatori- 
al position to give 3 comples of C,,, symmetry, a geometry which should also 
give rise to four v(C0) bands. 

The question remaining is the point of attachment of the FcCNP in the 
iron complex. The NMR spectrum (Table 2) shows only a single line for the 
N-methyl protons, the line having virtually the same chemical shift as the corre- 
sponding protons in the free ligand. This observation suggests, of course, that 

* Note that there are four Isomers possible for Llus molecule. There are two ring conformations. 
each having an enantiomer. Allbough we have no evidence favonng ooe conformation over the 
other. we should note that there was no change in the ‘H NMR specrrum of Lhe compound oo 
warmIng to 80’. This implies either that Lhe ring 1s conformationally non-rigid even at room 
temperature or that it is still locked lo one or the other conformation at the higher temperature. 



coordination occurs through phosphorus only. Corroborating evidence is found 
in the infrared spectrum. Venanzi and his co-workers have found that, in 
or/ho-(dimethylamino)(diphenylphosphlno)benzene, coordination of the 
N-methyl group could be detected by disappearance of a band in the 2750-2800 
cm-’ region [16]. This band, found at 2770 cm-’ in free FcCNP, was in fact 
observed to disappear upon coordination to the Group VIB metal carL)onyls, 
but it remained in the spectrum of the iron carbonyi comples. 

On the basis of N%IR and infrared spectral evidence, we conclude that the 
ligand in (FcCNP)Fe(CO), is bound through the phosphorus and occupies an 
xsial position in a trigonal bipyramidal comples. The preferential coordination 
of phosphorus is of course often observed for met& at the nght end of the 
transition metal series and is readily rationalized. These metals have a greater 
d electron density than those earlier in the series; consequently, replacement 
of the escellent ‘in acceptor llgand CO must be made by another good ;r acceptor 
and nitrogen is notably poor m this regard. 

Reaction of FcCNP with CO,(CO)~ presumably gives an ionic product 
I(FcCNP)zCo(C0)31[ Co(CO),l according to reaction 1. This is entirely 
analogous to the product iso!ated with the simple tertiary phosphines PPh3 
and FcPh,P [ 13. The nature of the final product, [(FcCNP)2Co(C0)3]BPhz, is 
supported by analysis and molecular weight determination (Table l), conducti- 
vity measurements and comparison of the infrared spectrum with that of the 
triphenyl and ferrocenyldlphenyiphosphine analogues. The point of attachment 
of the ligand is again thought to be the pilosphorus atom. This is based on the 
observation that the band for an uncoordinated -Nhle2 group is present in the 
2750-2800 cm-’ region and that the NMR spectrum for [ ( FcCNP)&O(CO)~]- 
[ Co( CO),] shows an unsplit and unshifted N-methyl resonance line (at 7 S.04). The 
geometry of the [ ( FcCNP),CO(CO)~] r ion is probably tram, since two closely- 
spaced strong v(C0) ba_lds are observed [ 141. (Apparently the degeneracy of the 
predicted E mode is removed by ligand asymmetry.) 

One of the mot!vatlons of this research has been the hope of discovering 
new organometaliic “mixed valence” compounds (vide infra). In the 
[( FcCNP)~CO(CO)~]’ cation there are two metals in different formal osidation 
states, so intramolecular electron transfer IS feasible. However, such transfer 
apparently does not occur. The hlossbauer quadrupole splitting and isomer 
shift parameters for [ ( FcCNP),Co(CO)j]BPh4 were found to be 2.48 mm/set 
and 0.80 mm/set Rt 85 K, respectively; both of these values agree very 
favorably with those for ferrocene itself at 85 K (QS, 2.46 mm/set and IS, 
0.78 mm/set)*. 

The brs-borane adduct 
This complex is of interest because of its NRIR spectrum (Table 2). In 

F’cCNP - 2BH3 (III) both the -CH2- protons and the N-methyl groups are 
diastereomeric [ 12, 131. As a result, the methylene protons give rise to an AB 
pattern, and the N-methyl groups result in two separate lines**. (The closest 

l We especn4lv wish to thank Proiessor C.U. PIttmen. Jr and hfr. Y. .SasAi of the Unwersity of 
Alabama for these measurements. 

** In conlrast. the --Nhle-, group in the BH3adduct of l(drmethylunlno~methyl~ferrocene gwes rise to 
only a single resonance hne (r 7.62 ppm) as do the -CHz- protons (7 6.20 ppm): neither group is 

dlastereomeric lo rhls case 
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anato,gy is (IV) where the C-methyl groups are nonequivalent 1131.) However. 
neither the methytene A-B separation nor the separation of the N-methyl 
resonance tines is as great in III as in ( FcCNP)M(CO)~ where the ligand is 
‘chelating. 

Electrochertzrstry of the metal tetracarbonyl complexes of I-I(dinlethy!arnirzo)- 
nzetllyll-a-(diphenylplzospllillo)f~rrocene 

After Dessy’s initial survey 1171 of the electro6hemicat be!lavlor of organo- 
metallic compounds there has been an increase in activity \n this area, and many 
interesting new results have been reported [ 18-201. For example, RIcCIeverty 
recently reported that a chromium complex ivlth an organometallio ligand, 
Cr(CO),IFcC(X)] (where X = OEt, OiLle, or pyrrolidin-l-y\. and Fc is the mono- 
substituted ferrocenyl group) did not show the espected two separate osidations 
of chromium and ferrocenyl iron !?,I]_ Rather only one wave representing a 
reversible one-electron osidation-reduction was observed 111 the cyclic voltas-nmo- 
gram of this cornpies. McCleverty suggested that this obser\ration indicates that 
the orbital from which the electron is removed “encompasses both potential 
redos centers [and1 corresponds to the generation of [A--B]’ ” [21]. Such com- 
pleses are worthy of study as they may represent potential “mlxed valence” 
compounds, a class of compounds having unique properties [22]. Consequently 
we have begun a systematic examination of the electrochemistry of organome- 
tallic ligands and their complexes. 

The electrochemical behavior of FcCNP is not simple, and the compound 
continues to be under active investigation in our laboratory; however, some 
data are included here (Table 4) for comparison with its compleses. Only the 
third wave in Fig. 3, represents a truly reversible process, and it is therefore as- 
signed tentatively to the normally reversible oxidation-reduction of the ferro- 
cenyl iron * . 

. 
l \\‘hen the -Nhle, group LS uncomplexed. as at IS rn FcCNP and (FcCNP)F~(CO)J. slgmiicant and as 

yet unevplaned dlliercnces in electrochemical behawor are observed when the compound IS run In 
acetomtrlle Instead of CH$I,. In the case aI FcC!vP the fuat wave is much more reversible in CH3CtL. 
when the voltage sweep IS reversed at + 0.6 V. nearly the same amount Of cut7enL flows on reduction 

(at Epeak = t O.-f4 V) as on oxideclon (at Epeak = t 0.51 V). The corresponding process m C.H$I~ 
IS noL reversible at aU. However. when the ~olrage is swept to + 1.4 V in CH3CN helore reversing, a 
new electroactive species is produced at the expense of rhe onginzl FcCNP. Subsequent sweeps of 
the polentlal rsnge 0 to + 1.6 V show Lhts oew sperm undergomg nearly resemble oxidaaon-reduc- 
LlOn at Eprak = + 0.74 V and an almost ~otaJ lack of the orl@nal compound. 



264 

TABLE 4 

ELECTROCHEMICAL DATA FOR FcCNP AND ITS COhlPLEXEe 

Compound 

c!?pe& (\’ VS. SCE+’ 

Anodlc 

portlOo 
Cathodic 
portion 

Remarks 

FcCNP= 0.66 
0.86 
1.03 

0.54 
0.96 
1.47 

0.56 
0.99 

0.78 
0.99 

FcC.SP - ZBH3 0.96 
I.:! 

0 76 
0.86 

lrreverslble 
Quasl.reversible 
Reversible 

0.43 
0.84 

Reversibled 
Reverub@ 
Irreversible 

0.86 
Irreversible 
Revertible 

0.85 

0.78 

Irreversible 
Reversible 

Reversible 
Irreversible 

o AU data were obramed by CYCLIC voltammelry;solul~ons were 2 mmolar in CHICI-, with 0 L! ,I1 tetrabutyl- 
ammonium perchlo~te as ¶lPPorling electrolyte. ’ One cntenon of reversibibty-is that the aoodic and 
cathodic waves are separated by 59 mV. However. under our experimenral condrtions. clearly reversslble 
waves bad peak separations of 1 lo-180 mV: for example. the Ep, a-Ep, c separation for ferrocene under 
the conditions In a above was 130 mV SeDarstions of 170 to 330 mv base been reported for simdar corn- 
pleaes under sunilar condltrons. (see ref 21). ’ Severs electrode coating observed. d Solution color chane 
ed from yellow to orange on oriddion. e Solutioo color changed from oranixe to blue-gleen on oxldataon 

FcCNP 

.SCE 

1.6 1.2 0.8 04 0 
V 

Ffg. 3. Cyclic voltammogram of FcCNP (2 mmok) in CHzClq wltb 0.2 bl tetrabutylammonium perchlorate 
as support&g electrolyte. Xnodic voltage sweep at lhe start. Electrode coatmg reduced current in subsequent 
sweeps. 
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( Fc Cl'lP)C r(CO!, 

SC E 

1.6 12 08 04 0 
V 

Fig. 3. C~cbc vollammogram of (FcCNP)Cr(CO)d (2 mmolu) m CH$Iz with 0.2 111 tt?trabutyLammomum 
perchlorate as supportmg electio\yLc. Aoodlc voltage sweep at the start. 

When both the nitrogen and phosphorus are complexed*, the electro- 
chemical behavior of FcCNP changes considerably. The comples ( FcCNP)Cr(CO)l 
is of particular Interest in this regard. Two reversible one-electron redox waves 
are now observed along with an irreversible wave at very anodk potentials 
(Table 4 and Fig. 3). The following pieces of experimental evidence support 
the assignment of the first of these waves to chromium oxidation [Cr”-+Cr’], 
the second to ferrocenyl iron otidation [ Fe?+-t Fe3+], and the third to further 
chromium oxidation [Ck++CY+] with concomitant destruction of the complex: 

a. On complete electrolysis the solution color changed from the normal 
yellow to orange at + 0.5-I V and finally to blue-green at f 0.96 V. The latter is 
the color often observed for the ferrocenium ion in solution [X3]. 

b. The infrared spectrum of the solution after partial oxidation at + 0.7 V 
showed the three ba;lds for the complex shifted to 2080 cm-’ (shift = + 65 cm-‘), 
2000 cm-’ (shift = + 109 cm-‘), and 1970 cm-’ (shift = + 139 cm-’ ); however, 
no additional shift was observed after oxidation at f 1.1 V. The spectrum retum- 
ed to that of the neutrai complex, (FcCNP)Cr(CO),, after reduction at + 0.2 V. 

c. The Ligand in the bis-borate adduct, FcCNP - 2BHS, is also bidentate. 
Its cyclic voltammogram consisted of a reversible one-electron redov wave fol- 
lowed closely by an irreversible wave (Table 4). The first wavt? most probably 
represents oxidation of the ferrocenyl iron, and the second is assigned tentative- 
ly to oxidation of the amine group which has been freed by loss of BH3 after 
oxidation of the ferrocenyi group **. The important observations here, however, 

l The ekcrrochemlcal behavior of sxwh complexes LS the same in both CH3CN and CH$X_r. 
l * It IS powble that tbh bdue to BH3 oxrdatioo. However. there Is no evidence of such a process in the 

cychc vokammograms of a vtiety of ferrocenyIphospbine-b_borane complexes which are reported 
In Paa Ill of this series [251 
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is that the ferrocenyl group oxidation occurs at Epeak = + 0.94 V, a potential 
very close to that assigned to the same process in (FcCNP)Cr(C0)4. It seems 
likely that only oxidation of the metal directly bearing the carbonyl groups cou 
lead to such a large change in Y(CO) as that observed [24]. Indeed, this observat 
coupled with the observed color changes and determination of the fen-ocenyl 
group osidation potential in a fully complesed ligand, leaves little doubt as to 
the correctness of the interpretation of the cyclic voltammagram of (FcCNP)- 
Cr(CO),. 

When the electrochemical behavior series of Group VIB metal tetracarbony 
compleses is compared, there are several additional points of interest. Just 
as the chemistry of chromium compounds is frequently different from that of 
molybdenum and tungsten compounds, the oxidation potential of chromium in 
(FcCNP)Cr(CO), is different from molybdenum and tungsten oxidation poten- 
tials’. Moreover, the latter osidations [M O-41+ ] are completely irreversible as 
compared to the completely reversible Cr ‘-Cr’ osidation. We also observe that 
there is little or no change in the osidation potential of the ferrocenyl iron in 
the series, and, when the ferrocenyl group is osidized, there is little or no change 
in u(C0) for the chromium attached carbonyl groups. Both of these observations 
axggest that there IS no signifwant interaction between the metal centers in 
(FcCNP)hl(CO)a. 

Fmdly, it is significant that the Group VIB metal in (FcCNP)\I(CO), is 
osrdized at a lower potential than the ferrocenyl group, the latter usually osi- 
dizing at relatively low potentials. In contrast, the Group VIB metal in compies- 
es of the type [ Fc,Ph,_, P],.,hl(CO),_ 4 ( FI: = monosubstituted ferrocene) osidize: 
at potentials higher than the ferrocenyl group [25]. This is undoubtedly due to 
the fact that, in the FcCNP compleses, a carbonyl group has been replaced by a 
donor group, -lNhle,, that cannot function as a ZT acceptor. The electron density 
at the metal is therefore higher in the FcCNP complexes, and osidation occurs 
at lower potentials” *. Furthermore, because the oxidation of the Group VIB 
metal occurs at such a low potential, the ferrocenyl iron osidation is observed 
at higher than no-r-r@ potentials, since the latter is oxidized only after the com- 
pies has acquired a + 1 charge. 

These observations on the electrochemrstry of the FcCNP complexes are 
compared with the results for some compleses of simple, tertiary ferrocenyl- 
phenylphosphine complexes of a variety of Lewis acids in Part III of this 
series [ 251. 
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