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Abstract 

The neutral dppfFe(NO)2 (1), the novel cationic [dppfCo(NO)2][SbF~,] (2), as well as the dppfFe(CO)3 (3) (dppf= 1,1'.bis- 
(diphenylphosphino)l'errocene) complexes were prepared and characterized. The interaction between the two metallic centers through the 
dppf ligand was studied in the solid state by "~Fe MOssbauer spectroscopy and in solution by cyclic voltammetry. The M0ssbauer parameters 
are compared with those of other dppfML, complexes. Electrochemical studies performed on these complexes show the great influence of the 
ML, moiety on the redox processes of the dppf iron center. The crystal structure of complex 2 was determined (C~.~H~HCoF~FeN~O~P~Sb). 
The compound crystallizes in the triclinic, space group Pi, a ~ 10.,141 (2), b~ 10.755(2), c~ 17.320(5) A, ot~ 104.10(2), fl~0.504(10), 
'y~ I 1 i.504(10) °, U ~ 1744.7( 7 ) A :~, Z ~ 2, R ~ 0.0765, wR2 ~ 0.1878. In this complex, the cobalt atom is coordinated to two nitrosyl ligands 
and to phosphorus atoms ol'the dppf ligand, providing a distorted tetrahedral geometry. © 1997 Elsevier Science S.A. 

Ervwords: Itelert~blmetallt¢ ctmq~lexes; Nilros v~ ~onlplcxes; Ct~b~d! complexes; Ele¢lrochclldslry; Cry~t~d structures 

1. |ntroductlon 

An important part of organometallic chemistry has focused 
on the study of heterobimetallic compounds with the purpose 
of relating the possible interactions between the two metal 
atoms to the reactivity of the metallic centers in the molecule. 
In this sense, the two metal centers may act in a cooperative 
fashion to activate organic substrates. 

The ferrocenyl ligands have been utilized to obtain such 
compounds, in particular, I,l'-bis(diphenylphosphino)- 
ferrocene (dppf). Many paper'., have been published recently 
describing the synthesis, solid state and solution characteri- 
zation [ I - I  1 ] of new metal derivatives of this compound as 
well as their catalytic properties [ 12-17 i. 

~TFe M0ssbauer spectroscopy is a suitable technique for 
analyzing this metallo ligand containing an iron atom. The 
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technique provides structural inlbrmation and shows eventual 
interactive effects between metallic centers, when the ligand 
complexes other metals. 

Complexes that incorporate the dppf ligand are expected 
to exhibit a ferrocene-centered oxidative process, besides the 
redox processes due to other metallic centers present i~ the 
molecule. The study of the extent to whi~.h tlv, former process 
is perturbed by the presence ofeither a second transition metal 
or the ligands attached to the metal is important, and may 
provide an insight into the ways of systematically tuning the 
redox potential of the ferrocene/ferricinium couple [ ! 8-211. 

Nitrosyi complexes have been synthesized and character- 
ized tbr a large number of transition metals I22,23]. Several 
metallic phosphino-nitrosyl complexes have been reported 
and their structures and reactivity have been extensively stud- 
ied. Their catalytic activities in dimerization and oligomerio 
zation of olefins have been known for more than two decades 
[24-30]. Nevertheless, recently, the nitrosyl compounds 
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have attracted considerable interest from the biological point 
of view due to the role of nitric oxide in vascular muscle 
relaxation [ 31 ]. 

The aim of this work is to describe the synthesis of bime- 
tallic nitrosyls complexes with dppf, dppfFe(NO)2 (1), 
[dppfCo(NO)21 [SbF61 (2) and dppfFe(CO)3 (3), and to 
verify the existence of an interaction between the two metal 
atoms through the dppf ligand, in the solid state by STFe 
Mtissbauer spectroscopy at low temperature and in solution 
by studying the electrochemical behavior by cyclic voltam- 
metry. The crystal structure of complex 2 was determined. 

2. Experimental 

2. !. General procedure 

All the reactions were performed under argon using stan- 
dard Schlenk techniques, dppf and AgSbF,~ were pmchased 
from Strem and Aldrich, respectively, and were used without 
further purification. The complexes dppfFe(CO)~ (3), 
dppeFe(NO)2 (4), [dppeCo(NO)21[SbFol ($), dppeFe- 
(CO):~ (6) (dppe~ I,l'-bis(diphenyiphosphino)ethane), 
ICo(NO)~.Cll~ and [Fe(NO)2Cl]:, were prepared follow- 
ing the methods described elsewhere [2,18,32~361. The tea= 
gent grade solvents were dried by standard procedures and 
freshly distilled or degassed with argon before use. 

C34H2sN202P:,F~FeCoSb: C, 44.93; H, 3.08; N, 3.08. Found: 
C, 44.80; H, 2.44; N, 2.96%. IR (CH2CI2): vNO = 1850 and 
1798 cm -t .  tH NMR (CDCI3): 8=,¢.43 (s, 4H), 4.63 (s, 
4H), 7.30-7.55 (m, 2OH). 31P{tH} NMR (CDCI3): 
~=47.36. Am (acetone, 25°C): 149 S cm 2 mol- 

2.3. Spectral measurements 

Elemental analyses were performed on a Perkin-Elmer 
CHN 2400 apparatus. 

The Mtissbauer spectra were recorded on a conventional 
constant acceleration M6ssbauer spectrometer. The source 
was 57Co in an Rh matrix with a nominal activity of 50 mCi. 
All isomer shifts are compared to metallic iron at room tem- 
perature. The measurements were performed in a horizontal 
geometry at liquid nitrogen temperature. The experimental 
data were fitted by a simple least-squares procedure. Typical 
standard deviation for the Mtissbauer parameters fitting is 
0.001 mm s-  t. 

IR spectra were recorded on a Perkin-Elmer 1430 spectre- 
photometer using NaC! liquid cells with O. 15 mm of optical 
pathway. 

The tH NMR and 3tP I tH } NMR spectra were obtained on 
a Varian VXR200 spectrometer operating at 200 and 80.89 
MHz, respectively, at room temperature, using CDCI3 or 
CH~CI: as solvent. All chemical shifts are in ppm, relative 
to TMS or 85% H#O.t, using the positive downfield 
convention. 

2.2. Preparations 2.4, Electrachemical measurements 

2.2.l. dppfb¥(NO): (1) 
A solution of dppf (~54 tug, I retool) in 10 ml CH~CI~ 

was added to a solution of IFe(NO)~CI]~ (151 rag, 0.5 
retool) and Zn (327 rag, 5 retool) in 10 ml of CH~CIv The 
mixture was stirred ibr 3 h at room temperature. The excess 
of metallic Zn was filtered off and the solution was concen- 
trated to I ml. The product crystallit.es as brown crystals on 
cooling after addition ofhexane. Yield ofcrude product: 70%. 
Anal. talc.  for Cs4H~N~O~P:Fe~: C, 60.89; H, 4, ! 8; N, 4,18, 
Found: C, $9A7; H, 4.12; N, 4.18%. IR (CH.,Cl~): 
vNO~ 1710 and 1660 cm =t, tH NMR (CDCI~): ~ 4 . 2 4  
(m, 8H), 7.20~7.60 (m, 20H). ~tP{tH} NMR (CDCI~): 
~57 .87 .  

2.2.2. I@ptCo~NO61ISbFd ~2~ 
A solution of AgSbF~ (343 rag, I retool) in 100 ml ac¢~ 

tonitrile was added to a solution of [ Co(NO) ~Cl ] ~. (95 rag, 
0.5 retool) in l0 ml acettmitrile. The mixture was stirred at 
room temperature. Alter 2 h, the AgCl precipitate was 
removed by tiltration. A solution ofdppf (554 rag, 1 retool) 
in I O ml acetonitrile was added to the filtrate and stirred at 
room temperatur~ for 2 h. Tire solution was concentrated to 
i ml and 20 ml I~xane were added at low temperature. The 
final product was filtered off, washed with hexane and dried 
under vacuum, Yield of crude product: 71%, Anal, Cute, for 

Blectrochemical measurements were perfi~rmcd in an 
BG&G Princeton Applied Research (PAR) M270 ¢leetro~ 
chemical analyzer i,lerfaced to an IBM computer employing 
a PAR Ble¢trochemical Software. A standard thre~°d~ctrod¢ 
cell was designed allowing that the tip of the reference elee~ 
trode closely approaches the working electrode. Positive 
feedback iR compensation was applied routinely, All incase 
urements were carried out under argon in anhydrous deoxy- 
genated dichloroethane; solutions were ~ 4 × I0 ~ ~ M in the 
supporting electrolyte, [Bu~Nl {BF~]. A platinum-disk 
working electrode and a saturated calomel electrode (SCE) 
were used in these experiments, Potential data are relative to 
ferrocene as internal standard, Under the experimental con- 
ditions the ferrocene/ferrocenium couple is located at + 0,57 
versus SCE. 

2,5, Molecular struet, rc of lddpj f  o(NO),,lISbFd ¢2) 

ll~e crystal structure of 2 was determined using a mono- 
crystal obtained by slow diffusion of a toluene layer into a 
solution of the complex in 1,2-dichioroethane at 10°C, under 
argon atmosphere, 

Table I summarizes the crystal data and structure refine- 
ment parameters for 2. Diffractometric intensity data were 
collected at 223(2) K on an automatic four circle diffracto- 
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Table 1 

Crystal data and structure refinement for [ dppfCo(NO)~1 [SbF¢,I, with e.s.d,s in parentheses 

21 

Empirical formula 
Formula weight 
Temperature (K) 
Wavelength (A) 
Crystal system 
Space group 
Unit cell dimensions 
a (A)  
b(A) 
c(A) 
a (°) 
fl (°) 
?(0)  

Volume ( A ~), Z 
Density (calc.) (Mg In- ~) 
Absorption coefficient ( ram- i ) 
F(000) 
Crystal size (ram)/color 
No. reflections (lattice) 
ORange (imtice) (0) 
0 Range for data collection (°) 
Limiting indices 

Reflections collected 
Independent reflections 

Reflections observed 
Criterion for observation 
Absorption correction 
Mt~. and mtn. tr~msmission 
Rdlnemen| |llelhod 
l)ala/i~straints i paaanelers 
Goodnessool~fll on I ,'~' 
Final R indi¢~ (1 > 21~(I) ) 

M~txili=¢ll ( A / a  ) 
I!~slinelion ct~ffletoal 
Largest dlff~nmce peak and hole (e A ~) 

C~H2sCoF~FeN202P2Sb 
909.05 
223(2) 
1.54056 
triclinic 
Pi 

10.441(21 
10.755(21 
17.320(5) 
104.10(21 
90.504( 101 
I 11.504( 101 
1744.7(7), 2 
! .730 
14.522 
656 
0.25 x 0.05 X 0.05/black 
25 
9.3-23.6 
5.03-67.19 
- I_<h~12 ,  
- 1 2 < k a l 2 ,  
=20~1~20  
7292 
6188 
(R( int ) = 0.0562 ) 
3129 
( i>2(r ( I ) )  
DIFABS 
1,317 and 0,798 
I'ullonlatrix Icastosquares on F:  
6188/0/443 
1.012 
Ri ~ 0.0765, wR,~ ~ 0.1878 
w - I / I trY( F,, ~) =t- (0.1305P) ~- t- 3.78531'1 where P = ( b ; / +  21~ ~ ) / 3 
0.(105 
0.0013(2) 
0.942 and = 1.619 

meter with kappa geometry (Enral:Nonius CAD4) [ 371 
using graphite-monochromated Cu Kt~ radiation and o.r--20 
scans with a scan speed of 45 s/reflection. In intervals ot ,Jd 
rain the orientation of the crystal was controlled by three 
standard reflections and no appreciable intensity loss was 
observed during the data collection. The structure was solved 
using the direct methods employing the VAXSDP [ 38 ] and 
SHELXS86 [ 39] programs and all non-hydrogen atoms were 
located by subsequent Fourier difference synthesis. All non° 
hydrogen atoms were refined employing the SHELXL93 pro- 
grain [401 using anisotropic thermal parameters. The 
positions of the hydrogen atoms were calculated based on the 
geometry of the molecule and the thermal displacement 
parameters were refined isotropically on a groupwise basis 
[411. Scattering factors for all atoms were as in the 
SHELXL93 [40] program. 

3. Results and discussion 

The preparation of the nitrosyi compounds was carried out 
following similar methods used to prepare other iron and 
cobalt nitrosyl compounds [ 18,341. 

The reaction between l,l'-bis(diphenylphosphino)o 
ferrocene (dppf) and [ Fe (NO) 20  ] 2, in CH:CI:, in the pres- 
ence of powdered metallic Zn yield the bimetallic complex 
dppfFe(NO)2 (1). The compound was characterized by IH 
and 3tp NMR, IR and elemental analysis. The resulting data 
agree very well with those reported by Munyejabo et ai. L I 11. 

When ICe(NO)2C!]2 reacts with AgSbF¢, in the presence 
era solvent like acetonitrile, the dimer structure is disrupted 
and AgCI precipitation occurs. The addition of a dppf solution 
to the cobalt solution yields the formation of the new bime- 
tallic compound 2. The IR spectrum shows two linear NO 
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Fig. I. ORTEE [46] plot with atoln-hlbding scI~mo of the structure of the 
cation of [dppfCo(NO)~][ SbF,,] (2). displacement ellipsoids at the 50% 
level; H atoms omitted tbr clarity. 

stretching frequencies, at 1850 and 1798 cm- t. characteristic 
for the cationic cobalt dinitrosyl moiety bonded to phosphine 
ligands [42], as well as the frequencies related to the ferro- 
cenyl ligand [431. The ~tPt tH} NMR spectrum shows only 
one singlet, at 47.36 ppm, shifted downfield when comp:ued 
to the free dppf singlet at = 16.5 ppm [441, which is t~ptcal 
tbr diphosphines bonded to a metal as bidentate ligand [ 45 l. 

3,/, Crystal structure of 2 

An ORTEP [461 drawing of the structure of the cation of 
2 is shown in Fig, I, Atomic positional parameters for non° 
hydrogen atoms are listed in Table 2 and selected bond dis: 
tances and bond angles are presented in Table 3, In this 
complex, dppf functions as a chelating ligand, The geometry 
of the cobalt nitros# moiety in 2 is that of a distorted tetra° 
hedron, The cobalt atom is coordinated to two nearly linear 
nitrosyl Iigands ( 173,2(12) and 175,3(13) °) and to the two 
phosphorus donors of dppf, The Co(NO): group is planar, 
The Co=N and N=O bond lengths and N~Co~N and Co-N= 
O angles are close to those found in other cobalt dinitrosyl 
complexes containing linearly coordinated NO groups [ 471. 

Extensive studies on metal complexes containing substi- 
tuted ferre, cenyi phosphine ligands exhibit quite large P=M= 
P angles for a bidentate diphosphine. The same trend is 
observed for compound 3, The P=Co=P angle of 106.17 ( ! 3) ° 
is large in comparison with the 87.8" observed in the analo- 
gous diphosphine derivative [dppeCo(NO)=l + [48,49], 
but very close to the angle of 106.7 .0 presented in the PPh~ 
derivative [ 501, which is a non-bidentate phosphine. 

The Cp rings are planar within experimental error and all 
st~aetural parameters related to the PF~ group are found in 
the expected ranges (see Table 3) and show no disordering. 

3,2, M#ss/m¢qer sttldies 

Mtissbauer data of I were fitted with two doublets corre- 
sponding to two iron sites, A and B, as shown in Table 4 and 

Table 2 
Atomic coordinates ( X 104) and equivalent isotropic displacement param- 
eters (,~2 X 103) for [dppfCo(NO) :l [SbF6], with e.s.d.s in parentheses 

x y z U~.q 

Co(l) 1 1 1 9 9 ( 2 )  10522(2) 8127(1) 52(I) 
Fe(2) 9389(2) 12989(2) 7293(1) 49(1) 
P(l) 1 0 7 1 8 ( 3 )  10427(3) 6825(2) 48(1) 
P(2) 1 0 7 0 5 ( 3 )  12335(3) 8884(2) 50(!) 
Sb(l) 4441(I) 7272(I) 7007(i) 71(1) 
F(I) 4366(10) 6033(12) 7595(7) 128(4) 
F(2) 2757(12) 6058(15) 6488(7) 149(5) 
F(3) 4520(17) 8479(16) 6410(10) 185(6) 
F(4) 6143(14) 8384(14) 7529(8) 182(6) 
F(5) 3515(19) 8042(13) 7742(9) 204(8) 
F(6) 5236(14) 6433(15) 6209(8) 163(5) 
O(I) 9195(13) 7991(11) 8180(8) 101(4) 
0(2) 1 4 0 5 2 ( 1 1 )  11304(13)  8292(8) 111(4) 
N(I) 1 0 0 2 3 ( 1 3 )  9059(12) 8205(7) 66(3) 
N(2) 1 2 8 8 7 ( 1 3 )  11002(12)  8257(7) 67(3) 
C(II) 9553(12) 11223(11)  6602(8) 51(3) 
C(12) 9782(14) 12238(11)  6162(8) 56(3) 
C(13) 8584(15) 12536(13)  6126(8) 62(4) 
C(14) 7610(14) 11752(13)  6549(9) 63(4) 
C(15) 8205(12) 10938(12) 6855(8) 52(3) 
C(21) 10301(13) 13500(11) 8422(8) 54(3) 
C(22) 1 1 1 6 2 ( 1 3 )  14368(12)  7971(8) 55(3) 
C(23) 10380115)  15107(12)  7728(8) 61(4) 
C(24) 9103(16) 14690(13) 7997(9) 65(4) 
C(25) 9006(13) 13684(12)  8436(8) 55(3) 
C(31) 9860(13) 8624(12) 6258(7) 48(3) 
C(32) 1 0 5 2 6 ( 1 4 )  7 7 1 6 ( 1 3 )  6302(8) 60(4) 
C(33) 9880 (17 )  6341(13)  5901(9) 71(4) 
C(34) 8594 (15 )  3830(12)  3471(8) 62(4) 
C(35) 7975 (13 )  6737(12)  3418(8) 58(3) 
C(35) 8598 (14 )  8134(13)  3825(8) 59(3) 
C(41) 12~1(1~) 111,t9(1~) 6370(?) 48(3) 
C(4~) 1~41(141  101~9(1~) 5M0(9) 03(4) 
Cl43) 13754(1~) il016(18) 5310(10) ??(4) 
C(4a) 14t~9(15)  12315(17) ~7(10) ?~(4) 
C(4A) 14413(151 130~5(10) 5383(11) 80(~) 
C(46) 13~40(14) 12406(13) 6745(10) 69(4) 
C(51) 12106 (13 )  13aA2(12) 966518) ~3(3) 
{($2) 12M9(13)  14874(13) 9826(8) $8(3) 
C(53) 13652(13) IS677(14) 10165(9) 07(4) 
C(54) 14123(14) 15019(16) 10938(9) 71(4) 
C(55) 13602(15) 13595(18) 10789(9) 78(4) 
C(56) 12600(13) 12823(15) 10154(8) 64(4) 
C(61) 9226(12) 11734(12) 9~19(7) 48(3) 
C(62) 8016(12) 10617(12) 9061(8) $6(3) 
C(63) 6894(14)  10184(15) 9444(10) 69(4) 
C(M) 6898(15) 10865(14) I0~29(I0) 69(4) 
C(65) 8026(IS) 11982(14)  10617(9) 68(4) 
C(66) 9194(13) 12429(13) 10222(8) 59(3) 

U,~ is ddtned as one thild of tl~ tinct of the orthogonalized U~ tensor. 

Fig. 2(A) ,  in the same proportion, but in quite different envi- 
ronments. Site A was assigned to tile ferrocenyl iron atom 
since the values of the parameters IS =0.52 mm s-= and 
QS .= 2,34 mm s-  * correspond to an iron site in a high oxi- 
dation state and a non-symmetrical geometry. Tile values 
obtained agree with those for the free ligand, IS = 0.53 mm 
s- '  and QS = 2.30 mm s-=, and related metal complexes 
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Table 3 
Selected bond lengths ( A ) and angles (*) for [ dppfCo ( NO ~ + ] ! SbF~ l, with 
e.s.d.s in parentheses 

Co( I )-N(2) 1.641113) 
Co( I )-N( I ) 1.641 (13) 
Co( I )-P( I ) 2.275(4) 
Co( I )-P(2) 2.300(4) 
Fe(2)-C(21 ) 2.023(13) 
Fe(2)-.C( ! ! ) 2.049( ! ! ) 
P( ! )- .C(41 ) I . ' /90(13) 
P( I ) - C (  ! I ) 1.81 !( ! I ) 
P( I )-C(31 ) 1.820(12) 
P(2)-C(61 ) 1.802(13) 
P(2)-C121 ) 1.805(12) 
P(2)-C(5 ! ) 1.814(13) 
Sb( 1 ) -F(4)  1.815(12) 
Sb( I ) - F ( 5 )  !.826( 11 ) 
Sb( I ) -F(3)  1,827(13) 
Sb( I ) -F(2)  !.822(12) 
Sb( I ) -F(6)  1.837111 ) 
Sb( I ) - F (  1 ) 1.845110) 
O( i ) - N (  1 ) !.147114) 
O12)-N(2)  1.135114) 

N(2)-Co(  I )-N( I ) 127.2(6) 
N(2)-Co(  ! )-P( i ) 104,914) 
N( ! ) - C o (  ! )-PC I ) !01.614) 
N(2)~Co( I )+P(2 ) 106.314) 
N( I )~Co( I )~P(2) 108,914) 
P( I )-Cot I )-P(2) 106.17(13) 
C(41 )=P( ! )~C( I I ) 106.5(5) 
C(41 )~P( I )~C131 ) 107.1 (6) 
C( i I )~P( I )~C(31 ) 103.4(5) 
C141 )-P( I )~Co( I ) I i 1.7(4) 
C( I I )~P( I )=Co( I ) !18.1(4) 
C( 31 b4)( I )o°Co( I ) 109,2(4) 
C{(~I )~1}( 2 Y~C(21 ) 102,616) 
C(¢~1 )~P12)=C151 } 104.216) 
¢121 )--P( 2 }--C( 51 '+ I05.2(6) 
(?((~1 }+1+t2) , Co( I ) I I 1°5(,I) 
C121 )=P(2)++Co( I ) 120,914) 
CtSl ) +P(2) Co(  I ) I Ii),~J(,+l) 
F(4 )=Sb( I ) =F( 5 ) 94.4( 8 ) 
F(4)~Sb( I )=I++(3) 91,517) 
F(5)~Sb( I )~,F(3) 91,5(7) 
F(4)=Sb(I)+F(2) 176,317) 
F( 5 )~Sb( I )+F( 2 ) 87,6( 7 ) 
F(3)~Sb( I )~F(2) 91.617) 
F(4)~Sb( I )-F(6) 90.2(7) 
F(5)+Sb( I ) -F(6)  175.218) 
F(3)+Sb( I )+F(6) 87.0(7) 
F( 2)-Sb( I )-F(6) 87.9(6) 
F ( 4 ) - S b (  I )+F( i ) 88.8(6) 
F(5)+Sb( I )+-F( I ) 89.3(6) 
F(3)+Sb( I )+F(I)  179.1 (6) 
F ( 2 ) - S b ( I ) - F ( I )  88.1(5) 
F(6)-Sb( I )-F( I ) 92.116) 
O( ! )oN( I )--Co( ! ~ 173.2112) 
O(2)+N(2)~Co( I ) 175.3113) 
P( I )+C( I I )-Pc(2) 126.6(6) 
P(2) C121 )+Fe(2) 125.2(6) 

[44,511. The parameters IS and QS from site B, 0.07 and 
0.64 mm s -  t typical tbr a site in a low oxidation state and a 
very symmetrical arrangement, are close to the ones obtained 

for dppeFe(NO)2, IS = 0.03 mm s-  I and QS = 0.54 mm s-  i 
and for Fe(NO)2(PPh3)a, IS = 0.09 mm s - i  and QS =0.68 
mm s-  ~ [52,53]. Site B was assigned to an iron tetrahedrally 
bonded to two linear nitrosyls, at one side, and to the P atoms 
of the ferrocenyl ligand, at the other. 

The M6ssbauer data of 2, Fig. 2(B) ,  were fitted with one 
doublet, with IS =0.52 mm s - i  and QS = 2.30 mm s- I ,  
assigned to the iron ferrocenyl atom [44,51 ]. 

The M6ssbauer spectrum of 3, displayed in Fig. 2(C),  
shows two iron sites, A and B, in the same proportion. The 
values of the parameters for site A, IS = 0.51 mm s-  ~ and 
QS = 2.33 mm s - i ,  agree with the ones for the iron dppf 
ligand, and the values for site B, IS = - 0 . 0 5  mm s-1 and 
QS = 2.18 mm s-  i, characteristic for a site in a low oxidation 
state and a non-symmetrical geometry, are close to those for 
dppeFe (CO)3, IS = - 0.098 mm s + ' and QS = 2.76 mms - !, 
and Fe(CO)3(PPh3)2, IS= -0 .072  mm s- i and QS = 2.12 
mm s-~, and were assigned to the iron atom of the Fe(CO)3 
moiety [ 54]. 

The values of the site A parameters show no direct inter- 
action between the two metal atoms. The QS value is signif- 
icantly smaller than 3.00 mm s - ~ that might be expected for 
such interactions, as in Hg adducts [ 51 ]. 

The iron ferrocenyl M6ssbauer data of the complexes 
obtained in this work are in the range of those for related 
transition metal complexes (IS =0.50--0.58 mm s '  and 
QS = 2.14-2.39 mm s + ! ) [ 44,51 ]. 

Corain et al. [44] measured the hyperfine parameters of a 
series of metal halide complexes of dppf. They did not find 
any relationship between them and the electronegativity or 
ionic/covalent radii of the coordinated metal. 

Houlton et al. 151 ] reported M6ssbauer data for a series 
of dppf metal halide and carbonyl complexes. According to 
these authors, the distortion of the ferrocenyl moiety is caused 
by the coordination geometry of the metal which influences 
the hyperline interactions of the ferrocenyl iron atom. in an 
IS versus QS plot, they tbund that the highest IS (0,55+0.58) 
and QS 12.29~2.36) values are those tbr the tetrahedral eom° 
plexes (dpptMX:, where M ~ Ni, Fe, Zn, Hg, Co; X+CI ,  
Br, I). The lowest IS 10.50-4).51) and QS 12.14++2.29) pa° 
rameters correspond to the square planar complexes 
(dpptMCl:, where M -  Pd, Pt, Cd). Finally, the octahedral 
complexes (dppfM(CO)4, where M=Ci ' ,  Mo, W) have 
intermediate values, IS (0.52--0.54) and QS (2.23=2.27). 

The crystal structure of compound 1 shows that the iron 
atom bonded to dppf possesses a tetrahedrai geometry [ 11 ]. 
The stone was observed by us for the Co atom in compound 
2, as described above. Thus, the M0ssbauer parameters of 
compounds 1 and 2 are expected to coincide with those 
obtained for the tetrahedral dppfMCl2 complexes. However, 
this coincidence has not been observed. On the other hand, 
the hyperline parameters of complex 3, which has distorted 
trigonai bipyramid local symmetry around the iron atom of 
the 'Fe(CO)3' moiety 119], are closely related to the ones 
obtained lbr the iron and cobalt dinitrosyls, and Cr, Mo and 
W tetracarbonyls. Thus, it seems that electronic effects of 
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Table 4 
MOp,bauer data 

Compounds MOssbauer parameters" (mm s- t ) 

Sites IS QS F 

Ref. 

dppf A 0.53 2.33 
dppfFe(NO): ( 1 ) A 0.52 2.34 0,26 

B 0.07 0,64 0.26 
[ ddpfCo ( NO ) 2 ] [ SbF~ ] ( 2 ) A 0.52 2.30 0.26 
dppfl~e(CO) ~ (3) A 0.51 2.33 0.25 

B - 0.05 2. ! 8 0.27 

[51] 
b 

' Measurements performed at 77 K, IS ~, isomer shift referred to a metal iron at room temperature as zero shift, QS = quadmpole splitting, F =  linewidth. 
Thi,~ work, 

n | m,~ ! , ! , ! , 

T 
~B 

(o) 

A 

. 0 o  ' . , /0  ' o',0 ~;o o o 
V~locity (minis) 

Fig. 2, MOssMuer spectra of the complexes (A) dppfFc(NO)~ ( ) ), (B) 
ldpp~o(NO)~] [SbF~] (~) ~d (C) dppf~(~O)~ (3), 

ligands that are powerful ~acceptors, such as CO and NO +, 
influence the iron atom in the dFpf moiety quite differently 
to the o'. and ~donors in the halide series. 

Although small our results show that the influence of the 
ML,, moiety on the hyperfine Imrameters of the f~rrocenyl 
site is not purely sterical and depends on the electronic 
properties of the ML. fragment, 

3,3, Electroehtmical meast~rements 

The ~levant electrochemical data for comploxes dppfFe- 
(NO)~ (I) ,  [dppfCo(NO):] ~ (2) and dppfF¢(CO)~ (3), 
for th~ free ligami dppf, and for the complexes dppeFe (NO) ~ 

Table 5 
Voltammetric data of dppf derivatives ~ 

Compound Et:2 (V vs, SCE) AE (mV) 

Ferrocene 0.57 74 
dppf 0.76 77 
dpp~e(NO): ( I ) 0.487 79 

1.386" 

dppeFe (NO) ~. ( 4 ) 0.497 95 
[dppfCo(NO)2] [SbFo] (2) -0,390 92 

I. 193 86 
[dppeCo(NO),] {SbF~] ($) ~ -0,408 130 

2.00 t, 
dppfFe(CO) ~ (3) 0,396 88 

0,541 78 
1.900 ~ 

dppeFe(CO) ~ (6) 0,214 77 
1,53 ~' 

"Platinum d¢¢lmde (saturated calomd el¢cll~ode, SCB, ~t,~ standard}, Die 
chlor(~lhctnt~ ~olution~ with 0, I M [ |~°BtI~N I [ B|~ ], /~ ~ halfwav~ potential 
(V), AE---peak ~patatlon betwc~tt attodlc ~md caih~v, lic peak pol~nlIM 
( IIiV ). e ~  tale ~ 200 ittV ~ ' 

Be, ~ anodi¢ peak potential ( V ), 
Scan rate ~ I$0 mV s" t, 

(4), ldppeCo(NO).,l[SbF~] ($) and dppeFe(CO)~ (6), 
where dpp¢ is 1,2-bis(diphenylphosphino)ethane, are given 
in Table 5. Complexes 4, $ and 6 were prepared and analyzed 
for comparison purposes. 

The anodic scan of a compound I solution shows two 
distinct processes, only the first one displaying a directly 
associated reduction peak. The first couple, Eta2 ~ 0.487 V 
versus SCE, corresponds to a one-electron transfer quasi- 
reversible process, since the E v©rsus log[ ( i , t - i) / i]  plot, 
obtained from normal pulse voliammetry data, is linear 
throughout the origin, with a slope of 69 mV. indicating a 
Ncmstian process. It was assigned to an oxidation of the iron 
atom bonded to the nitrosyi groups since the cyclic voltam- 
mogram of the analog compound, dppeFe (NO) z (4), exhib. 
its an oxidation couple at Etee = 0.497 V versus SCE and no 
other oxidation process. The second oxidation peak B, at 
Ee = 1,386 V versus SCE, corresponds to an irreversible one- 
electron transfer process, which was assigned to the oxidation 
of the fcn'occnyl ligand, 
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Fig. 3. Cyclic voltammogram for the complexes [dppfCo(NO),] [SbF6] 
(2) measured at 200 mV s-~ in dichloroethane/0.1 M [n-Bu4Nl [BF4] 
using a Pt vs, SCE at 250C. 
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Fig. 4. Square peak voltammetry response of a C2H.,C!2 solution at room 
temperature of dppfFe(CO)a (3). The frequencies employed were: • • . ,  
30; - - -, 60; ,90 Hz. 

Fig. 3 shows the cathodic and anodic responses of 
compound 2. In the cathodic scan this compound exhibits a 
quasi-reversible peak at El/2 = -0.390 V versus SCE, cor- 
responding to the reduction of the cationic complex. A linear 
plot E versus Iog[(id--i)li] with a slope of 60 mV was 
obtained from normal pulse voltammetry data, indicating a 
Nernstian process of one electron transfer. In the anodic scan 
a quasi-reversible oxidation process was observed, Ea/., 
= I. 193 V versus SCE, corresponding to a one-electron trans- 
fer process. This peak was assigned to the oxidation of the 
iron alom of the ferrocenyl ligand. The cyclic voltammogram 
of the analog compound [dppeCo(NO).,l[SbF~l (5) did 
not show any peak in this region. It exhibits an irreversible 
anodic peak very close to the solvent discharge, probably due 
to the formation el" very unstable oxidized phosphine species 
and a quasi-reversible cathodic peak with Ett~.-~ -0.408 V 
versus SC!~. Soeber el al. 1551 observed a similar peak, 
k,~ ~ :o - 0.390 V versus SCE, Ibr the complex I { P(PEt) 3 } :" 
Co(NO)~ ] [ BF.~I, assigned to the reduclion of lhe central 
metal, 

The cyclic voltammogram of compound 3 shows three 
oxidation processes. The firs! two quasi-reversible peaks, 
/~ t.~ ~ 0.396 V and E~ t~ = 0.541 V versus SCE, are related to 
one.electron transfer processes. In sampled d.c. polarogra- 
phy, two well-resolved waves are observed in the range 0.20-- 
0.70 V, with half-peak potentials Et/2 = 0.395 and 0.540 V, 
respectively. Both E versus Iogl (in-i)li] plots are linear 
throughout the origin with slopes of 59 and 60 mV, respec- 
tively, indicating two Nernstian one.electron processes. The 
square peak voltammetry (SWV) response of a diehloro- 
ethane complex solution in the frequency range 30--90 Hz, 
having E~,~ of 0.395 and 0.539 V versus SCE is illustrated in 
Fig. 4. The plots of i~,, versus the square root of the frequency 
are linear throughout the origin lbr both oxidation processes. 
The wave widths, wt/z ( "' 108 and 109 mV, respectively) 
are independent of the frequency and close to the value 
expected for a Nernstian one-electron process (99 mV at 
25°C) [56,571. 

Indications that a multielectronic oxidation process occurs 
on the iron bonded to the carbonyis, are: (i) the potential 

peaks separation of 145 mV [58]; (ii) the potential values 
lower than the ones obtained for the free dppf ligand; (iii) 
the two oxidation processes of one electron each obtained 
from the polarogram and SWV curves. The metal, formally 
in a zero oxidation state, oxidizes stepwise in a two-electron 
process, forming very unstable species. The third oxidation 
process in complex 3, Ep = 1.900 V versus SCE, with irre- 
versible character, and a signal very close to the solvent 
discharge, can be assigned either to the oxidation of the iron 
in the ferrocenyl ligand or to the formation of very unstable 
oxidized phosphine species. 

The electrochemical formation of iror ~rbonyl species in 
unusual oxidation states fi~r the dppf derivative was not 
observed for other analog carbonyl complexes. The one-elec- 
tron oxidation of iron carbonyl compounds L:F~:(CO) ~ and 
LFe(CO)4, where L~phosphines, arsine or stibine, is 
dependent on the solvent and working elecm~de 1591. Com- 
plexes L2Fe(CO)~, where L~PPh~, AsPIh, PMePh:, 
P(NMe)~, P(OPh)~, 1/2 dppe and 1/2 dppm (diphenylo 
phosphinomethane), undergo one-electron oxidation to 
monoeationic compounds at the Pt electrode [ 60]. Generally, 
the oxidation process is reversible and exhibits anodic poten° 
tial peaks between 0.33 and 0.12 V versus SCE with a marked 
dependence of E~/2 on the nature of L; an increase in the 
basicity of the ligand results in a shift of El/2 to a more 
negative potential. 

The same effect is observed comparing compounds 3 and 
6. However, it is not observed for compounds I and 4, and 2 
and S, where the differences in the oxidation/reduction 
potentials are too small to be considered. A possible expla- 
nation for the different behavior of the iron carbonyl com- 
plexes (3 and 6), compared to the iron (1 and 4) and cobalt 
nitrosyl complexes (2 and 5), is that small variations in the 
charge on the metal atoms, due to an increase in the basicity 
of ligands L, are buffered by the nitrosyl ligand, since NO ' 
is a stronger ~'.acceptor than CO [61]. 

This effect could also explain why dppf induces a multi- 
electronic oxidation process on the iron carbonyl in complex 
3, and why the same is not observed for the nitrosyl compound 
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1. Since the CO ligand is a weaker or-accepter than the NO + 
ligand, the electron density on the iron atom in complex 3 is 
greater than in complex 1, and consequently, the oxidation 
process is easier in the former complex, allowing the stepwise 
oxidation of the iron atom. 

With L = PPha, it was possible to synthesize the cation 
[(PPh.~)zFe(CO)a][PF6], and its cyclic voltammogram 
shows a one-electron reduction at an identical potential to the 
oxidation of the neutral complex [62]. Nevertheless with 
L -- dpp¢, the dppeFe (CO) a complex undergoes a chemical 
oxidation with NH4PF~ or AgPF6, but the formed cationic 
species are unstable and are only detected in solution by IR. 
In fact, the complex dppeFe(CO) ,~ (6) undergoes, under our 
experimental conditions, a quasi-reversible one-electron oxi- 
dation process at Et/: == 0.214 V versus SCE attributed to the 
oxidation of the iron atom. and an irreversible peak at 
Ep = 1.53 V versus SCE ascribed to a phosphine oxidation, 

In general, when the dppfligand is coordinated to transition 
metals, the oxidation becomes more difficult, and the found 
potentials are more anodic than the free iigand [44,63-67]. 
The complexes studied in this work present a ferrocene-based 
oxidation potential more anodic than that of the free ligand. 
In the case of the iron derivatives I and 3, the oxidation of 
the dppf moiety leads to very unstable cationic species and 
irreversible processes were observed. For the cationic com- 
plex 2, the, oxidation shows a reversible behavior, i.e. the 
oxidized species formed is probably stabilized by the pres- 
ence of a stronger "~acceptor ligand, NO +. The oxidation 
potential depends on the transition metal coordinated Io dppf 
and to the nature of the other ligands. Corain et al. !44] 
compared the voltammetric behavior of the halide complexes 
dppfMCl~, With M ~ Pt, Pd, the resulting voltammograms 
show a reversible oxidation peak; with M ~ Co, Ni, Zn. Cd. 
Hg, the complexes exhibit irreversible or ill°detined anodic 
peaks, la the case of the square°planar complexes of Pt(ll) 
and Pd(I1), this different behavior was explained by the back- 
donation that reinforces the P~M bond and stabilizes the 
formed oxidation species, [dppfMCl~] +. 

The analysis of the cyclic voltammogram relative to the 
oxidation/reduction of the central iron atom of the complexes 
studied in this work (with a scan rate varying from 0.2 to ! .0 
V s =~), confirms that the one=electron removal/addition is 
not accompanied by subsequent chemical reactions. The ratio 
tr~ttr~ < I, remains constant, the product i~,~ = ~: is substan- 
tially constant and the, peak-to-peak separation increases pro- 
gressively. The, departure of this last parame,ter from the, value 
of 59 mV, expected for an e,lectrochemicaily reversible e,lec- 
tron transfer, may be attribuled to r~organi~,.ation within the, 
complexes and/or the solvent, which raises the barrier for 
electron transfer slowing down the, relative rate, and also to 
an u~ompensated solution resistance. Under the, present 
experimental conditions, the one-e,lectron oxidation of re,r.. 
rocene, is known to involve minimal structural reorganization 
[68=701 and displays a similar trend of AEp with scan rate,. 
Thus. the removal/addition of one e,lectron from the, studied 
complex should also cause minimal geome,trical rearrange,- 

merit [71]. The ratio ipJ ip~<l  remains constant with 
increasing scan rate. This behavior can account for the insta- 
bility of electrogenerated complexes formed after oxidation/ 
reduction under the experimental conditions. 

4. Conclusions 

In this work, the dppfFe(NO)2 (1), the new cationic 
[dppfCo(NO),] [SbF~] (2) and thedppfFe(CO)3 (3) com- 
plexes were prepared, characterized and the molecular struc- 
ture of 2 was determined, The small changes observed in the 
M6ssbauer parameters are comparable with those of similar 
compounds and suggest that there is a weak interaction 
between the two metallic atoms through the dppf ligand, in 
the solid state, at low temperature. Two main features emerge 
from the electrochemical studies of complexes 1, 2 and 3. 
Firstly, in solution, the ML,, coordination has agreat influence 
on the iron dppf oxidation process, In general, it causes a 
more difficult oxidation process and can modify the oxidation 
mechanism. Secondly it was possible to generate, in solution, 
species, with very unusual oxidation states. 
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