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Abstract 

The nitrosyl dimer [Fe(NO)a(Cl)] 2 in the presence 
of 1,2-bis(diphenylphosphino)ethane (dppe) yields 
complex 2, [Fe(NO)1(C1)]2@dppe); 2 is the first 
structurally characterized binuclear complex where 
dppe stands as the single bridge between two metallic 
centers without a metal-metal bond. Crystal data 
(at -10 “C): triclinic, space group Pi, a = 9.047(3), 
b = 11.310(4), c = 8.663(3) A, (Y = 92.3(l), fl= 
116.1(l), y= 74.8(l)‘, Z= 2, V= 765(l) A3, and 
R, = 0.064 for 1393 reflections with I> 3.0a(Z). 
When allowed to react with dppe, 2 gives Fe(N0)2- 
(dppe) (4). Crystal data (at room temperature): 
monoclinic, space group Pz r/C, a = 12.55 l(4), b = 
15.770(5), c= 15.158(5) A, /3=123.9(l)“, Z=4, 
V= 2488 A3 and R, = 0.035 for 1934 reflections 
with I> 3.0@). Comparisons between the structures 
of 2 and 4 indicate a greater amount of NO- charac- 
ter in the chloro dinitrosyl complex, consistent with 
its easy oxygenation into a nitrate via electrophilic 
attack of dioxygen on coordinated NO. 

Introduction 

We have demonstrated that the iron-nitrate/iron 
nitrosyl couple constitutes a new alternative for the 
O2 oxidation of alkenes [l ,2]. In this system, the 
nitrosyl ligand, N-bonded to iron, is oxidized by O2 
into a nitrato group, bidentate, O-bonded to iron, 
which, in turn, transfers oxygen to alkenes or phos- 
phines and is thus reduced to the initial N-bonded 
nitrosyl group (Scheme 1). 

The formation of nitrates from Fe(N0)2Cl(PPhs) 

[II or F@JOMC~)Id.wbpe) [31, where dppe = 
1,2-bis(diphenylphosphino)ethane, is clean and easy 
while a slow intricate reaction occurs when Fe(N0)2- 
(PPh,)* or Fe(NO)z(dppe) are submitted to dioxygen 

131. 
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This led us to search for a possible correlation 
between structure and activity. For comparison with 
the structures of Fe(N0)2Cl(PPha) [4] and Fe(NO)*- 
(PPh3)2 [5] , the structures of [Fe(NO),Cl],(pdppe) 
and Fe(NO)z(dppe) were of interest and are reported 
here. 

Experimental 

The chlorobisnitrosyliron dimer [Fe(NO),(Cl)] 2 
was obtained by the method described in the litera- 
ture [6]. 1,2-Bis(diphecylphosphino)ethane was 
purchased from Fluka AG and was used without 
further purification. All the reactions were carried 
out under oxygen-free argon, and the solvents were 
freshly distilled from appropriate drying agents. 
Elemental analyses were performed by the Service 
Central de Microanalyses of the CNRS. Infrared 
spectra were recorded as KBr pellets on a Bruker 
FT-IFS 45 spectrometer. ESR spectra were measured 
on a Bruker 200 SRC spectrometer equipped with a 
variable-temperature accessory, both in the solid state 
and in solution. 31P NMR spectra were recorded on 
a Bruker WH 90 spectrometer. ‘lP chemical shifts are 
given in parts per million downfield from external 
H3P04. 

Synthesis of [Fe(NO),Cl],(pdppe) (2) 
The chlorobisnitrosyliron dimer [Fe(NO)z(Cl)] 2 

(0.090 g, 0.297 mmol) was dissolved in toluene (50 
ml) and dppe (0.119 g, 0.298 mmol) was added in 
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small portions with stirring. A change of colour from 
reddish-yellow to violet was observed after complete 
addition of dppe. After one hour, no precipitate was 
observed and the reaction mixture was evaporated to 
yield a violet powder (0.200 g, 95%). 

Crystal Preparation 

The violet powder was redissolved in 20 ml of 
toluene and addition of an equal volume of pentane 
produced violet parallepiped shaped crystals after one 
day at 0 “C. 

Air-sensitive crystallographic quality crystals of 
FezClzP2N404C26H24 (2) (iI = 701.06) were isolated 
as transparent violet parallepipeds. They were grown 
by allowing a layer of pentane to diffuse slowly into 
a solution of 2 in toluene at 0 “C; they were washed 
with pentane, then dried under a stream of argon. 

IR (KBr pellet, cm-‘): uNO= 1786(s), 1724(s); 
vFe-Cl = 334(m). Anal. Calc. for FezClzC26H24N4- 
04PZ: C, 44.55; H, 3.45; N, 7.99; P, 8.84; Fe, 15.93. 
Found: C, 44.56; H, 3.46; N, 7.33; P, 8.76; Fe, 
16.24%. ESR (crystalline solid, room temperature): 
gll=2.017, gl=2.045, gi,,=1/3(ge+2gL)=2.036. 
ESR (toluene, 193 K): g = 2.036. 

Single red longitudinal crystals of FeN202C2e- 
HZ4P2 (4) (M= 514.29) were obtained similarly by 
slow diffusion of pentane into a solution of 4 in 
toluene at 0 “C. They were washed with pentane and 
dried under a stream of argon. 

The crystals were sealed in Lindemann glass 
capillaries under a stream of dry nitrogen. 

Crystallographic Data 

Synthesis of Fe(NO)z(dppe) (4) from 2 
Complex 2 (0.24 g, 0.342 mmol) was dissolved in 

toluene (50 ml) and dppe (0.136 g, 0.341 mmol) was 
added. A green precipitate formed immediately and 
a change of colour of the solution from violet to red 
was observed. The reaction mixture was stirred for 
1 h and then filtered. To the filtrate was added an 
equal volume of pentane. After one night at 0 “C, red 
crystals were obtained (0.28 g, 0.54 mmol, 78%). 
Spectral characteristics for the red crystals: IR (KBr 
pellet, cm-‘): vN0 = 1707(s), 1657(s). 31P NMR 
(toluene, ppm): 6 =+80.1(s). ‘H NMR (CD2C12, 
ppm): 6 ~2.5 (d, 2J(P-H) = 15 Hz, 4H); 6 = 7.5 (m, 
20 H). Anal. Calc. for FeC26H24N202P2: C, 60.72; 
H, 4.70; N, 5.45. Found: C, 59.85; H, 4.78; N, 
5.47%. 

A summary of crystal data and intensity collec- 
tions for 2 and 4 is given in Table 1. The unit cell 
constants were refined by least-squares from angular 
data for 25 reflections. The space group of 4 was 
obtained from systematic extinctions and confirmed 
by subsequent solution and refinement. No 
systematic absences were found for 2, consistent only 
with space groups Pl or Pi. Pi was assumed and 
successful refinement of the structure in this space 
group confirmed this choice. A variation of 2.6% 
and 1.1% in the intensities of 600 reflections 
recorded periodically (3600 s for 2 and 7200 s for 4) 
were observed during the data collection of 2 and 4 
respectively. The data were corrected for Lorentz 
and polarization factors but not for absorption. 

The green precipitate was washed with pentane 
(20 ml). Yield = 0.072 g. IR (KBr pellet): vNO = 
1796(s) cm-‘. EPR (CH2C12, room temperature): 
g = 2.033, aC’P> = 50 G. 

Complex 2 was found to have a crystallographic 
centre of symmetry. The structures were solved on a 
PDP 1 l/44 computer by using the Enraf-Nonius SDP 
[7] programs. The atomic positions were obtained 
with program Multan [8] and subsequent Fourier 
difference series. 

TABLE 1. Crystallographic data for 2 and 4 

a (A) 
b (A) 
c (A) 
LY (“) 
P (“) 
Y (“) 
v (A3) 

z 
Formula weight 
Space group 

T (“C) 

h (A) 
kale (g cme3) 
p (cm-‘) 
R 
&! 

Fe2Cl2PdCdLGd~ (2) 

9.047(3) 
11.310(4) 
8.663(3) 
92.3(l) 
116.1(l) 
74.8(l) 
765(l) 

2 
1_01.06 
Pl 

-10 
0.71069 
1.52 
12.63 
0.053 
0.064 

FePzOzNzC&z4 (4) 

12.551(4) 
15.770(5) 
15.158(5) 

123.9(l) 

2488 
4 
514.3 

p21/c 

25 
0.71069 
1.37 
7.55 
0.032 
0.035 
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The structures were refined by least-squares 
refinement of coordinates and thermal parameters, 
first isotropic and then anisotropic, of all non- 
hydrogen atoms. The hydrogen atoms were then 
placed in calculated positions with isotropic tem- 
perature factors fixed at 6 A2 and were not refined. 
Their introduction into the refinement led to final 
R and R, values of 0.053 and 0.064 for 2 and 0.032 
and 0.035 for 4 respectively. The function minimized 
was CW [F, - FJ 2, where w = 1 /02(F,,). The atomic 
scattering factors were taken from the International 
Tables for X-ray Crystallography (1968). 

Results and Discussion 

Synthesis 
When dppe is allowed to react with [Fe(N0)2- 

(Cl)] 2 (l), with a Fe/P ratio of l/l, the binuclear 
singly bridged complex 2 is formed. 

The analytical and spectroscopic data confirm the 
binuclear formulation for 2. Characteristic infrared 
data are two vN0 absorptions at 1786 and 1724 
cm-’ and a vFe-Cl vibration at 334 cm-‘. Complex 2 
is paramagnetic: the g values of the ESR spectrum of 
2 of axial symmetry measured in the solid state are 
gll = 2 .O 17 and gl = 2.045. In a toluene solution of 2 
at 193 K, the signal is measured at g = 2.036 (1/3- 
[gll + 2gJ). An X-ray structural investigation unam- 
biguously established 2 as the symmetrical bridge- 
complex [Fe(NO)2(Cl)]2@dppe) in which the dppe 
ligand acts as a single bridge between two iron atoms 
(vide infra) . 

When compound 2 is allowed to react further with 
one equivalent of dppe in toluene at room tempera- 
ture, two iron species form together: a green com- 
pound, 3, insoluble in toluene, and a red complex, 4, 
readily soluble in toluene. Adduct 3 which is cur- 
rently under study in our laboratory, is extremely 
sensitive to even traces of air and, up to now, could 
not be unambiguously characterized in our hands. 

Addition of an equal volume of pentane to the 
toluene solution of 4 produces red crystals of the 
known Fe(NO)2(dppe) [9, lo] characterized by IR 
(vNO = 1707 and 1657 cm-‘), ‘rP NMR (6 = 80.1 
ppm) and X-ray crystallography (vide infra). 

Molecular Structure of [Fe(NO)&l],(pdppe) (2) 
The molecular structure of 2 is shown in Fig. 1. 

Selected bond lengths and bond angles are listed in 
Table 2. 

The important feature in structure 2 is the 
presence of a single dppe bridge between the two iron 
atoms. The Fe. ..Fe distance of 6.82 A excludes a 
metal-metal bond. Compound 2, a (Fe(NO)2}9 com- 
pound [ll], is, to our knowledge, the first example 
of a crystal structure where dppe stands as the single 
bridge between two metallic centers without a 
metal-metal bond. 

Fig. 1. Molecular structure of [Fe(NO),Cl],(pdppe) (2). 
Hydrogen atoms are omitted for clarity. Vibrational 
ellipsoids are drawn at the 50% probability level. 

TABLE 2. Principal bond lengths (A) and angles (“) with 

e.s.d.s for compound 2 

Fe-N1 

Fe-N2 

Fe-Cl 
Fe-P 

Nl-01 

N2-02 

P-Cl 

P-C2 
P-C8 

Cl-Cl’ 

1.654(8) 

1.707(8) 
2.228(2) 

2.356(2) 

1.161(9) 

1.156(8) 
1.833(7) 

1.817(7) 
1.829(6) 
1.54(l) 

Fe-N1 -01 

Fe-N2-02 
Nl-Fe-N2 
Cl-Fe-P 

Cl-Fe-N1 

Cl -Fe-N2 
P-Fe-N1 

P-Fe-N2 
P-Cl -Cl’ 

169.5(7) 

165.7(6) 
117.1(3) 

101.75(9) 
115.96(3) 

116.4(2) 

99.3(4) 
101.8(3) 

113.2(5) 

Otherwise, 2 is best described as two distorted 
Fe(N0)2ClP tetrahedrons linked together by a single 
bridge in such a way that they are related to each 
other by a crystallographic inversion center found in 
the middle of C&r’ bond, i.e. in the middle of the 
bridge. The two phosphorus atoms Pi and Pr’ are 
tram oriented with respect to the C&r’ bond. 

The bond distances and angles for each Fe(N0)2- 
ClP moiety compare all with those of Fe(N0)2- 
Cl(PPh3) [4] but for the P-Fe-Cl angle of 
101.75(9)” in 2 as compared with 112.0(l)” in the 
monomeric adduct: this may be explained by steric 
effects, Ph2PCHZ-CH2 being less sterically demand- 
ing than PPh3. 

The two nitrosyl ligands are slightly bent 
(169.5(7)” and 165.7(6)4 and they adopt an 
‘attracto’ conformation [ 121, the Or-Fe-O2 angle 
of 107.9 being less than the Nr-Fe-N2 angle 
(1 17.10). 

Molecular Structure of Fe(NO)2(dppe) (4) 
The molecular structure of 4 is illustrated in 

Fig. 2; selected bond angles and bond distances for 4 
are gathered in Table 3. 
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Fig. 2. Molecular structure of Fe(NO)z(dppe) (4). Hydrogen 
atoms are omitted for clarity. Vibrational ellipsoids are 
drawn at the 50% probability level. 

The geometry of complex 4 is that of a distorted 
tetrahedron. Each iron atom is coordinated to two 
nearly linear nitrosyl ligands (Fe-N-O = 178.0(3) 
and 176.0(6)4 and to the two phosphorus donor 
sites of the ligand dppe. All the bond angles and 
distances are within expected ranges. The Fe-N and 
N-O bond lengths and N-Fe-N and Fe-N-O angles 
are in close agreement with those found in other iron 
dinitrosyl complexes containing linearly coordinated 
NO groups (Table 4). The Fe-P bond lengths of 

TABLE 3. Principal bond lengths (A) and angles e) with 

e.s.d.s for compound 4 

Fe1 -Nl 
Fe1 -N2 
Fe1 -Pl 

Fel-P2 

Nl-01 
N2-02 
Pl -C26 

P2-C25 

Pl-Cl 
Pl-Cl9 
P2-C7 

P2-Cl3 

1.658(5) 
1.651(4) 
2.253(2) 

2.253(2) 
1.185(7) 
1.200(5) 
1.851(5) 

1.852(3) 

1.830(5) 
1.829(5) 
1.831(6) 

1.836(5) 

Fe1 -Nl-01 
Fe1 -N2-02 
Nl -Fe1 -N2 
P2-Fe1 -N2 

Pl -Fe1 -Nl 
Pl -Fe1 -P2 
Pl -Fe1 -N2 

P2-Fel-Nl 
Pl -C26-C25 
P2 -C25 -C26 

178.0(3) 
176.0(6) 
125.4(2) 

114.0(2) 
101.8(2) 

85.92(5) 
116.3(l) 

106.2(2) 
109.3(3) 

107.4(3) 

2.253(2) a compare favourably with similar distances 
in the corresponding isoelectronic complex [13] 
Co(N0)2(dppe)+ (Co-P = 2.249(3) and 2.244(3) a). 
The P-Fe-P bite angle of 85.92(S)’ is expected for 
this ligand (P-M-P = 87.8(9)” for Co(NO)z(dppe)+ 
[ 13],86.3( 1)’ in Ni(NO&(dppe) [ 141). 

The Fe(NO)* group is planar, the maximum 
deviation from this plane being 0.014 a for atom Nl. 
The N-Fe-N angle of 125.4” is larger than the 
O-Fe-O angle of 124.0”, indicating that the 
Fe(N0)2 moiety adopts an ‘attracto’ conformation 
as usually observed for most iron dinitrosyl com- 
plexes except for Fe(N0)2 [PhP(OCH2CH,),N(H)- 

TABLE 4. Distances (A) and angles (“) in selected four-coordinate dinitrosyl metal complexes 

Compound M-P M-N N-O L-M-L N-M-N M-N-O O-M-O Reference 

Fe(NO)a(dppe) 2.253(2) 1.658(5) 1.185(7) 178.0(3) 

85.92(5) 125.4(2) 124.0 this work 

2.253(2) 1.651(4) 1.200(S) 176.0(6) 

]Fe(NO)zCLl z(dppe) 1.654(8) 1.161(g) 101.75(g) 169.5(7) 

2.356(2) 117.1(3) 107.9 this work 

1.707(8) 1.156(8) (L = P, Cl) 165.7(6) 

Fe(NO)zLz 2.181(2) 1.659(11) 1.195(12) 98.6(l) 132.0(7) 175.9(g) 134.9(8) 15 
L = [PhP(OCH2CH2)2N(H)BPha]2 

Fe(N0)2 [ PhP(OCHaCH2)2NH] 2 2.187(2) 1.646(5) 1.176(6) 177.6(6) 

98.47(6) 128.3(3) 128.0(3) 15 

2.193(2) 1.638(5) 1.194(6) 177.9(5) 

Fe(NO)a(PPhs)s 2.267(2) 1.650(7) 1.190(10) 111.9(l) 123.8(4) 178.2(7) 122.4 5 

WNO) A%we)+ 2.249(3) 1.656(10) 1.130(14) 176.6(14) 

87.8(9) 131.7(5) 135.9(4) 13 

2.244(3) 1.671(11) 1.142(13) 172.3(15) 

Fe(N0)2Cl(PPh3) 1.679(5) 1.136(5) 111.0(l) 166.4(5) 
2.339(2) 115.6(3) not given 4 

1.681(5) 1.163(7) (L = P, Cl) 165.5(5) 
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BPhJ2 [ 151 (Table 4). The angle between Fe(NO), 
and FePa planes is approximately 87’. The chelate 
ring is non-planar; the distances of atoms C25 and 
C26 from the FePz plane are 0.740 and 0.033 A 
respectively. The average P-C(CHa) distance of 
1.851 w is slightly longer than the P-C(&H,) dis- 
tance of 1.831 A as already observed in COG- 
(dppe)+ [ 131 and Ni(NO&(dppe) [ 141. 

Comparison of 2 and 4 in Relation to their 
Oxygenation 

Interesting and fruitful comparisons can be made 
between the structures of, on the one hand, Fe(N0)2- 
(PPh& (5) [S] and Fe(NO)z(dppe) (4) and, on the 
other hand, Fe(N0)2Cl(PPh3) (6) [4] and [Fe(N0)2- 

aI &+ve) (2). 
The coordination geometry adopted around iron 

is pseudotetrahedral with maximum deviation in 4 
which, a priori, can be assigned to the small bite of 
dppe (P-Fe-P = 85.92(5)>. The larger N-Fe-N 
angle in 4 (125.4(2)4 as compared with 2 (117.1(3)‘) 
would then be a consequence of this distortion. 
However, very similar changes are measured in the 
N-Fe-N angle on going from Fe(N0)2(PPhs)2 
(123.8(4)3 to Fe(NO)aCl(PPhs) (115.6(3)9 where 
no chelate effect occurs. 

The nitrosyl groups are less linear in the chloro 
complexes (M-N-O = 176.0(6)” and 178.0(3)’ in 4, 
178.2(7)’ in 5, versus 169.5(7)” and 165.7(6)” in 2, 
166.4(5)” and 165.5(5)” ’ m 6). The Fe-N and Fe-P 
bonds are longer in the chloro complexes. 

The greater bending of the nitrosyl groups and the 
longer M-N bonds in the chloro species indicate a 
greater amount of NO- character [13]. The larger 
N-M-N angle supports this picture. 

Though the differences in structural parameters 
are in the order of a few standard deviations, we 
believe that they are real because of the chemical 
behavior of the complexes. 

Hence, we have shown that oxidation by oxygen 
(1 atom) of the Fe-NO moiety in 2, in the presence 
of dppe, results in the exclusive and rapid formation 
of the nitrato - and not the nitro - complex 
Fe(N0s)2C1(02dppe) [3] which parallels our obten- 
tion of Fe(N0s)2C1(OPPh3)2 from Fe(N0)2C1(PPhs) 
in the presence of PPhs [l]. In marked contrast, a 
slow and intricate reaction occurs when 4 or 5 are 
submitted to dioxygen in the same conditions [3]. 

Two mechanisms have been proposed to be 
responsible for this formation of nitrate complexes 
from reaction of dioxygen with metal nitrosyls. The 
first one involves [ 161 an initial dissociation of nitric 
oxide from the complex and its capture by molecular 
oxygen. Thus, the production of Co(N0s)(dmgH)2 
from Co(NO)(dmgH), (dmgH = dimethylglyoximate 
(l-)) and molecular oxygen [ 171 has been explained 
by nitric oxide dissociation. The second mechanism 
[18] postulates an electrophilic attack of oxygen on 

“-iTo 0, [ .-N:;-o.]_ M__N03 

Scheme 2. 

coordinated NO- ligand to produce a peroxynitrite 
intermediate followed by rearrangement (Scheme 2). 
It accounts well for the formation of nitrates from 
Ir(NO)Cl(X)(CO)(FTh3)2 [ 191 or Pt(NO)(NO& 
(PPh3)2 [ 181, which contain an NO- ligand. 

The easier oxygenation of 2 and 6 together with 
their greater NO- character as compared to 4 and 5 
is taken to indicate that the mechanism in Scheme 2 
is likely to be responsible for the formation of 
nitrates in our Fe compounds. 

Supplementary Material 

Tables containing crystallographic data for [Fe- 

WWI 2WbPe) (2) and WNWdme) (4) 
positional parameters, thermal parameters, bond 
angles and distances and least-square planes (7 pages 
for 2; 8 pages for 4); tables of observed and calcu- 
lated structure factors (5 pages for 2; 7 pages for 4); 
figures illustrating the unit cell packing rearrange- 
ment for 2 (1 page) and for 4 (1 page) are available 
from the authors on request. 
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