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Abstract

The binuclear complexes (CO);Fe( u-Ph,Ppy),MX, (Ph,Ppy = 2-(diphenylphosphino)pyridine, MX, = Mn(SCN),, Co(SCN),,
CoCl,, NiCl;, MKCO);, Zn(SCN),, ZnCl,, Cd(SCN),, CdCl,, HgCl,, Hgl,, AgClO,, and SnCl,) were prepared from the new type of
organometallic tridentate ligand, trans-Fe(CO),(Ph,Ppy), (1), which contains both a basic metal center and bridging phosphine ligands.
The crystal structure of the benzene solvate of 1 was determined by X-ray dlffractlon The compound 1-1/2C¢H crystallizes in the
monoclinic space group P2,/c with a = 17.560(5), b= 12.11(1), c= 18.176(4) A; B=101.27(2° and Z=4. The structure was
refined to a conventional R value of 0.077 by using 2670 significant reflections and parameters. The structure of one of the binuclear
complexes, namely, (CO);Fe( u-Ph,Ppy),Hgl, (14), has also been determined by X- -ray diffraction. The compound 14 crystallizes in the
monoclinic space group P2,/n, with a = 13.829(2), b = 14.175(2), ¢ = 19.514(3) A, B =120.27(1)°, V = 3738(2) A3 and Z = 4. The
structure was refined to a conventional R value of 0.032 by using 3279 significant reflections and parameters. The Fe—Hg distance is
2.678 A, indicative of a metal-metal bond. Results of Mdssbauer and electron- -absorption spectra suggested the presence of metal to

metal interactions in these binuclear complexes.
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1. Introduction

In the past decades, it has been found that a variety
of homo-and heterobinuclear complexes can be synthe-
sized by oxidative addition [1] or condensation [2] reac-
tion in which 2-(diphenylphosphino)pyridine (Ph,Ppy)
acts as a bridging ligand.

Recently, we have paid considerable attention to the
basicity of the metal, which arises from the potential of
the basic metal to form a binuclear complex. The
basicity of the metal has been studied for many years
[3], but there are only limited utilities in forming binu-
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clear complexes where the basic metal may act as a
donor to donate electrons to another metal and a
donor—acceptor bond may be formed. Some examples
include Fe(CO), - HgCl, [4], CpCo(CO),HgCl, [5],
(0C);0s0s(C0O),(GeCl,)C1 [6], (13-CMe XOC),-
I'W(CO); [7], (OC),(*BuNC)OsCr{CO), (8], (Me,P)-
(0C),0sRe(CO),Br [9], (OC),CoRh(COXPEt,), [10],
and (OC);0sM(CO); (M =Cr, W) [11], etc. For the
binuclear complexes (OC);0sM(CO) (M = Cr, W), the
nature of the dative metal-metal bonds has been inves-
tigated by ab initio molecular orbital calculation [11]. In
contrast, little attention has been paid to the common
effects of basic metals and phosphine bridging ligands
on the formation of binuclear complexes, though phos-
phine bridging ligands offer the opportunity to synthe-
size binuclear complexes.



2 Z.-Z. Zhang et al. / Journal of Organomerallic Chemistry 516 (1996) 1-10

A previous paper [1m] from our laboratory has de-
scribed that the organometallic tridentate ligand, trans-
Fe(CO),(Ph,Ppy), (1), can directly coordinate to a
second metal atom through the two pyridine nitrogens
and the basic iron center, This provided a new approach
for synthesis of Ph,Ppy bridging binuclear complexes.

In this article, we report our further investigation on
the X-ray structure and the reactivity of organometallic
tridentate ligand, trans-Fe(CO),(Ph,Ppy), (1), and on
the preparation and characterization of some binuclear
complexes (CO);Fe( u-Ph,Ppy),MX, (MX, = Mn-
(SCN),, Co(SCN),, CoCl,, NiCl,, Mo(CO);, Zn-
(SCN),, ZnCl,, Cd(SCN),, CdCl,, HgCl,, Hgl,,
AgClO,, and SnCl,). The metal-metal interaction in
these binuclear complexes has been investigated by
Mbéssbauer and electron-absorption spectroscopies and,
in the case of (CO);Fe( u-Ph,Ppy), Hgl, (14), has been
confirmed by an X-ray diffraction study.

2. Results and discussion

2.1. Synthesis and characterization of the binuclear
complexes

A recent quantitative study on the linear correlations
between the basicity of metal and phosphine ligands in
trans-Fe(CO);(PR,), has revealed that trans-
Fe(CO),(PPh,), is weakly basic [12]). However, no
reaction has been reported between trans-Fe(CO),-
(PPh,), and metal compounds except HgX, (X =Cl, D)
[4]. In contrast with that, compound 1 can react with
many metal compounds to give homo- or heterobinu-
clear complexes by using both its basic metal center and
bridging phosphine ligands, although Ph,Ppy has a
similar basicity to Ph;P.

It is noteworthy that the analogous HgCl, and Hgl,
react differently with compound 1. For HgCl,, yellow
crystals of (CO);Fe( u-Ph,Ppy), - 2HgCl, (13) are
given. This product-is a 1:1 electrolyte in nitrobenzene
and could be formulated as [(CO),Fe( u-Ph,Ppy),-
HgCl]*[HgCl,]~ [13]. For Hgl,, this reaction produces
a yellow crystalline (CO),Fe( u-Ph,Ppy),Hgl, (14),
which is identified as containing an Fe—~Hg bond by
X-ray diffraction.

Reactions of compound 1 in dichloromethane with a
solid MX, or a suitable solution of MX, (MX, =
Mn(SCN),, Co(SCN),, CoCl,, NiCl,, Mo{CO);(Me-
CN);, Zn(SCN),, ZnCl,, Cd(SCN),, CdCl,, AgCIO,,
and SnCl,) give (CO),Fe( u-Ph,Ppy),MX,. (When
MX, is Mo(CO),(MeCN),, the compound (CO);Fe( u-
Ph,Ppy),Mo(CO); (10) is formed.) These compounds
are fully characterized by IR, *'P NMR, FD-MS and
elemental analyses.

The IR spectra of these complexes have shown that
the carbonyl stretching vibrational band has split into

three peaks and shifted to higher frequencies compared
with the parent 1. This is consistent with both a change
in stereochemistry and decrease in electron density on
the iron atom. During the formation of the FeM binu-
clear compound, the iron atom transfers some of its
electrons to the second metal with a higher oxidation
state. The withdrawal in electron density from the iron
atom results in the increase of the carbonyl-to-iron
o-donation and the decrease of the iron-to-carbonyl
7-back donation. Both these effects cause the strength-
ening in C-O bond. In contrast, the split of carbonyl
bands is associated with the change in the local symme-
try of carbonyls on the iron atom from D, to C,,.

The *'P NMR spectra of these compounds in chloro-
form-d solution consist of a singlet which indicates that
the two phosphorus atoms in these compounds remain
chemically equivalent in comparison with compound 1.
For FeCd complex (8), or FeHg complexes (13) and
(14), the couplings to Cd or Hg produce satellites to the
main peak and two bond P-Fe—Cd or P-Fe-Hg cou-
plings are observed. The magnitudes of the 2J(Cd-P)(34
Hz) or 2J(Hg-P) ((CO),Fe( u-Ph,Ppy), - 2HgCl,, 219
Hz; (CO),Fe( u-Ph,Ppy),Hgl,, 190 Hz) are compara-
ble with those of some compounds containing an Fe—M
bond (M = Cd, Hg); for example, (OC),Fe[Si(OMe), -
( u-Ph,Ppy)Cd(4-pic)Br (2J(Cd-P), 82 Hz) [2g], Cd-
[Fe(CO),{Si(OMe),}( uPh,Ppy)], (?J(Cd-P), 66 Hz)
[2g], Hg[Fe(CO),(SiMePh,)X(PMe,)],(*J(Hg-P), 240.3
Hz) [14], Hg[Fe(CO),(SiMePh,)}(PBu,)], (*J(Hg-P),
205.0 Hz) [14], and Hg[Fe(CO),{Si(OMe),}(dppm-P)],
(*J(Hg~P), 173 Hz) [15], etc.

In the FD-MS spectra of these compounds, the pres-
ence of the (M*-X) peak indicates the formation of the
expected binuclear complexes (CO);Fe( u-Ph,Ppy),-
MX ..

2.2. Studies on metal-metal interactions

2.2.1. Mossbauer spectra

Mbossbauer spectra of these binuclear complexes were
obtained at 78 K. The observed Mossbauer parameters
are listed in Table 1. All the isomer shifts fall into the
range from —0.04 to —0.09 mm s~', and the quadru-
ple splittings range from 1.34 to 2.11 mm s~'. Com-
pared with compound 1 (IS= —0.10 mms~', QS =
2.59 mm s~ '), all the IS values are increased, while the
QS values are decreased.

For the iron complexes, the isomer shift reflects the
total electron density at the iron nucleus. It decreases
either with increasing s-electron density through phos-
phorus-to-iron o-donation or with decrease in the
shielding of the s-electron by decreasing 3d-electron
density through iron-to-phosphorus 7-back donation.
When a Ph,Ppy bridging binuclear complex is formed,
the nitrogen atom of the pyridinic ring would transfer its
electrons to the second metal, and the phosphorus-to-iron
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Table 1

Mdssbauer parameter of (CO),Fe( u-Ph,Ppy),MX,

No Complex IS(mms™) QS(mms™!)
1 trans-Fe(CO)4(Ph, Ppy), -0.10 2.59
2 (CO)4Fe( u-Ph,Ppy),Zn(SCN), -0.06 1.82
3 (CO)3 Fe( u-Ph,Ppy),Cd(SCN), —0.04 1.83
4 (CO)3FC( y.-PhZPpy)2C0(SCN)2 -0.07 1.89
s (C0)3 Fe( u-Ph,Ppy), Mn(SCN), -0.06 2.03
8 (CO)3FC( u-Ph,Ppy),CdCl, —-0.06 1.94
9 (C0)3Fe( u-Ph, Ppy),ZnCl, —-0.09 1.93

10 (CO)3 Fe( M-thppy)z MO(CO)3 -0.07 2.11

13 (CO)3F€( u-Ph, Ppy),2HgCl, —0.04 1.34

o-donation would decrease due to the decrease of s-
electron density at phosphorus. At the same time, the
transfer of the 3d-electron from iron to the second metal
would decrease the iron-to-phosphorus 7-back dona-
tion, which would result in the increase in the shielding
of the s-electron at the iron atom. Both these effects are
consistent with the result of the increases in IS values
for these binuclear complexes in comparison with com-
pound 1, indicative of the presence of an interaction
between these two metal atoms. In contrary, the quadru-
ple splitting is affected mainly by the electric field
gradient around the iron nucleus and the asymmetry of
the 3d-electrons which decreased with the increase of
molecular symmetry and increasing electron-acceptor
capability of the second metal atom. When a binuclear
complex is formed, the 3d-electron configuration of the
iron atom transforms from the trigonal bipyramid to an
octahedron. This is in agreement with the decreasing
QS values. At the same time, the Fe—M binuclear
complex with a stronger Fe—M interaction would give a
smaller quadruple splitting.

2.2.2. Electron-absorption spectra
Interestingly, we found that metal to metal charge
transfer (MMCT) could be treated by Jgrgensen’s the-

Table 2
Electronic transition energies (cm ') of (CO);Fe( u-Ph,Ppy),MX,

ory of charge transfer transitions. This provides evi-
dence for the metal-metal interactions in binuclear
compounds.

The charge transfer transition energies may be ex-
pressed by the following equation [16]:

E(cm™') = 30,000] X(D) — X( A)] + AOE + ASPE
(1)

X(D) and X(A) are the optical electronegativities of
the donor and the acceptor orbitals. AOE stands for the
energy difference between the beginning or ending tran-
sition orbital and the orbital where optical electronega-
tivity is defined as zero. ASPE is the correction of spin
pairing energy, resulting from the change in d configu-
ration during transition, and is represented by D, namely
as a spin pairing energy parameter. Approximately, D
is equal to 7B, where B is the Racah parameter with an
approximate value of 1000 cm™'. In contrast, Dq is
nearly equal to 1000 cm ™',

The electron-absorption spectra are measured in a N,
atmosphere with reference to dichloromethane solvent
or the dichloromethane solution of compound 1. Table 2
gives the observed results, and the assignments of
MMCT and LMCT bands are listed in Table 3. Then we

MX, Reference to the solution of 1 Reference to the solvent of
in dichloromethane dichloromethane
Zn(SCN), 37600 43100 38500 43300
(15600) (4450) (30000) (39000)
Cd(SCN), 36700 43100 37800 43700
(16800) (5100) (46000) (66000)
HgCl, 41900 34300 34800 43300
(4320) (126400) (21000) (46340)
Mn(SCN), 23000 31500 36900 38700 43800
(110) (120) (790)
Co(SCN), 21300 26400 37800 43200 21200 26600 38600 43500
(960) (5640) (14600) (8600) (1060) (6240) (42800) (67000)
NiCl, 24500 31100 37800 43000 25000 31300 39200 43200
(1820) (640) (12900) (10000) (2080) (sh) (36000) (49000)
Fe(CO),(PPh,), - 2HgCl, 34200 43700 34700
(57000) (23600)

Data in parentheses stand for the molar absorbance.
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Table 3
Assignments of LMCT and MMCT bands
Complex LMCT (cm™") MMCT (cm™ 1)
N-M (11, 11D Fe(0)-M(1, 111
(CO),Fe( u-Ph, Ppy), Zn(SCN), 43100 37600
(C0),Fe( pu-Ph, Ppy),CdSCN), 43100 36700
(CO),Fe( u-Ph,Ppy), - 2HgCl, 41900 34300
(CO),Fe( u-Ph,Ppy), Mn(SCN), 31500 23000
(CO),Fe( u-Ph,Ppy),Co(SCN), 26400 21300
(CO),Fe( n-Ph,Ppy), NiCl, 31100 24500
(CO),Fe(Ph,P), - 2HgCl, 34200

identified these assignments by comparing the X(M)
values calculated by an improved Jgrgensen’s method
with the literature ones.

For the FeM binuclear complexes formed, MMCT
occurs from iron atom to the second metal atom, M,
while LMCT occurs between the pyridine nitrogen atom
and M. For M = Mn, Co, or Ni, the AOE and ASPE
values in the LMCT transition are easily determined by
the d" configurations of various metal ions (Eq. (2))
[17]. However, considering the change of Fe(0) from d®
to d’ during the MMCT transitions, —1/3D should be
added to the ASPE term (Eq. (3)). This is a modifica-
tion to Jargensen’s treatment while it is extended to deal
with MMCT transitions. For M = Zn, Cd, Hg, the AOE
and ASPE values need no correction. Thus, using Eqgs.
(2a) or (3a) together with the reported X(M(II)) [18]
(M =Zn, Cd, and Hg), X(Fe(0)) and X(N) could be
calculated. Then X(M) of the other metal ions could be
obtained by Egs. (2b)-(2d) and (3b)—(3d). These ob-
served X(M) values agree well with the corresponding
literature values (Table 4), indicating successful assign-
ments of MMCT and LMCT bands.

N-Zn, Cd, Hg(1I):

N-Co(1I): E(ecm™")

=30000[ X(L) —X(M)] +1.72Dg + 1/3D (2c)
N-Ni(Il): E(cm™")

=30000[ X(L) —X(M)] +10Dg—4/3D  (2d)
Fe(0)-Zn, Cd, Hg(1I): E(cm™')

= 30000[ X(Fe) — X(M)] — 1/3D (3a)
Fe(0)-Mn(Il): E(cm™")

=30000[ X(Fe) — X(M)] + 1.72Dg + 1 /3D

(3b)

Fe(0)-Co(II): E(cm™')

= 30000[ X(Fe) — X(M)] + 1.72Dgq (3c)
Fe(0)-Ni(II): E(cm™")

=30000[ X(Fe) —X(M)] +10Dg—5/3D (3d)

2.3. Crystal structure of Fe(CO),(Ph, Ppy), -1 /2C,H;
(1)

The geometry of the Fe(CO),(Ph,Ppy), - 1/2C¢H,
(1) molecule and associated atomic numbering scheme

-1 = .

E(em™") =30000[ X(L) — X(M)] (22) are presented in Fig. 1. Table 5 gives final atomic

N-Mn(1II): E(cm™") coordinates and thermal factors of the non-hydrogen
_ _ atoms. Some selected bond distances and angles are
30000[ X(L) = X(M)] +2/3D (20) " Jisted in Table 6.
Table 4
Comparison of calculated X(M) with literature values
M X(M) calculated X(M) calculated Literature values
from LMCT from MMCT

Zn(ID) 1.47 —_ 1.48-1.51 (tetrahedron) [18]
Cd(ID 1.47 —
Hg(ID 1.51 —
Zn(1D) — 1.27 1.27-1.29 (linear) [18]
Cd(ID) — 1.30
He(ID — 1.38
Mn(11) 2.01 1.97 —
Co(ID 2.16 1.95 1.8-1.9 (tetrahedron) [19]
Ni(ID) 1.90 1.73 2.0-2.1 (tetrahedron) [19a]

Fe(0) 2.60

2.2 (square plane) [19a)
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Fig. 1. View of molecule of Fe(CO),(Ph,Ppy), - 1/2C¢H(1).

The iron atom adopts an idealized trigonal bipyrami-
dal conﬁguratlon The FeP, unit has the expected di-
mensions with Fe—P dlstances of 2.2022 A and 2.2064
A, and a P—Fe-P angle of 177.08°. The three carbonyl
ligands occupy the three remaining coordination sites
with an average C-O distance of 1.133 A and an
average Fe—C distance of 1.782 A. The Fe-C-O units
are nearly linear. Within the Fe-C(1)-C(2)-C(3)
framework, the sum of all of the C-Fe-C angles is
359.9°, consistent with the fact that this unit is planar.

2.4. Crystal structure of (CO), Fe( u-Ph, Ppy), Hgl, (14)

A perspective drawing of this complex is shown in
Fig. 2. Fractional coordinates and thermal parameters of
non-hydrogen are given in Table 7. Table 8 contains
selected interatomic distances and relevant bond angles.

For comparison with compound 1, the trans P-Fe—P
unit is also nearly linear with a P-Fe-P angle of
176.32°, while a compression of the angles between the
carbonyl ligands at the iron center is observed due to
the coordination of the mercury atom with the iron
atom, and both C(2)-Fe-C(3) and C(1)-Fe-C(3) an-
gles are below 110°. In contrast, the Fe~P and Fe-C
distances are elongated by nearly 0.05 A and 0.03 A
respectively. The iron atom exhibits an octahedral ge-
ometry.

The mercury atom is five-coordinate. In addition to
the two iodine atoms, it is bonded to two pyridine

nitrogen atoms and the iron atom. The two pyridine
nitrogen atoms are trans to each other with the N(36)-
Hg-N(66) angle of 168.5°. The Hg-N distances are
2.658 and 2.731 A, which can be considered as weak

Table 5
Fractional coordinates and thermal parameters for non-hydrogen on
Fe(CO),(Ph,Ppy),-1/2C¢H, (1)

Atom x y z B, (A%
Fe 0.20907(6) 0.05703(8)  1.00056(6)  3.60(1)
P(1) 0.1826(1) 0.2311(1)  0.9710(1) 3.83(3)
P(2) 0.2408(1) ~0.1167(1)  1.0274(1) 3.513)
o) 0.0802(3) 0.0417(5)  1.0794(4) 5.91)
o2) 0.3603(4) 0.1267(7)  1.0827(6) 7.5(2)
0(3) 0.1813(7) ~0.0022(7)  0.8416(4) 8.3(2)
) 0.1293(4) 0.0478(6)  1.0478(5) 47(1)
(2 0.3019(4) 0.097%6)  1.0496(5) 4.8(2)
c3) 0.1923(5) 0.0215(8)  0.9032(6) 5.3(2)
can 0.1000(4) 0.2540(6)  0.8936(5) 4.41)
c(12) 0.1070(6) 0.3308(6)  0.844%(5) 5.42)
c(13) 0.0116(8) 0.350(1) 0.7863(8) 7.5(3)
C(14)  —0.0248(6) 0.291(1) 0.7822(6) 6.6(2)
C(15)  —0.0311(7) 0.210(1) 0.8339%(8) 7.5(3)
c(16) 0.0345(6) 0.1906(9)  0.8910(6) 5.92)
c@21) 0.1373(4) 0.3175(6)  1.0447(5) 4.4(1)
c(22) 0.1813(5) 0.2882(7)  1.1204(5) 5.1(2)
(23) 0.1628(6) 0.3564(9)  1.1757(5) 5.92)
C(29) 0.1239(6) 0.4528(8) 1.1575(5) 5.7(2)
(25) 0.1001(6) 0.4816(7)  1.0846(7) 6.0(2)
C(26) 0.1161(5) 0.4145(6)  1.0287(7) 5.7(2)
c@3D 0.2617(5) 0.3066(6)  0.941%(5) 4.8(2)
a32) 0.2863(7) 0.268(1) 0.880%(9) 8.0(3)
c(33) 0.3462(9) 0.324(2) 0.851(1) 10.7(1)
c(39 0.3782(6) 0.429(1) 0.893(1) 10.2(3)
C(35) 0.3526(6) 0.456(1) 0.954(2) 10.7(3)
N(1) 0.2930(5) 0.998%(9)  0.9785(9) 8.4(3)
(4D 0.2129(1) —0.1616(6) 1.1234(4) 3.8(1)
Cc(42) 0.2357(8) -0.2727(8)  1.1392(5) 5.6(2)
C(43) 0.2408(7) —0.307(1) 1.2125(7) 6.1(2)
C(44) 0.2554(8) -0.233(1) 1.2703(5) 7.0(3)
C(45) 0.2593(8) -0.120(1) 1.2535(6) 7.1(2)
C(46) 0.2524(5) —0.0855(8)  1.1790(6) 5.5(2)
5D 0.1756(5) —0.2195(6)  0.9716(4) 4.2(1)
c(52) 0.2056(4) —0.3133(7)  0.9481(5) 4.5(1)
C(53) 0.1550(5) —0.3865(7)  0.904%(5) 5.1(2)
o549 0.0791(5)  —0.365%7)  0.8870(5) 5.2(2)
C(55) 0.048%(6)  —0.272%7)  0.9124(7) 5.7(2)
(56) 0.0986(4)  —0.19406)  0.9543(5) 4.6(1)
c(61) 0.3376(4)  —0.1553(6)  1.0141(5) 4.5(1)
c(62) 0.3708(6) -0.103(1) 0.9631(7) 9.1(3)
(63) 0.4480(7) —-0.135(2) 0.9538(8)  10.7(3)
C(64) 0.4821(6)  —0.215(1) 0.996(1) 8.6(4)
C(65) 0.4507(6)  —0.262(2) 1.046(1) 12.0(5)
N(2) 0.3747(7)  —0.237(1) 1.0542(9) 9.4(3)
c(n 0.500(3) 0.506(5) 0.263(2) 14(1)
c(72) 0.432(1) 0.544(3) 0.235(1) 12.4(6)
a73) 0.394(2) 0.477(3) 0.188(2) 11.3(8)
(79 0.417(2) 0.383(3) 0.170(1) 8.95)
Cc(75) 0.479(3) 0.340(3) 0.197(2) 10.2(8)
(76) 0.522(2) 0.389(4) 0.255(3) 13(1)

Anisotropically refined atoms are given in the form of the equivalent
isotropic thermal parameter defined as: (4/3Ya’8(1, 1)+ b%8(2, 2)
+ ¢3B(3, 3)+ ablcos v)B(1, 2)+ aclcos B)B(1,3)

+ bclcos a)B(2, 3)).
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Fig. 2. View of molecule of (CO);Fe( -Ph,Ppy), Hgl,(14).

bonding interactions between the mercury and nitrogen
atoms. The Fe—Hg separation of 2.678 A falls in the
long end of the range found for Fe-Hg complexes
(Table 9), but is shorter than the sum of atomic radii,
implying the presence of an Fe—Hg bond. Taking into
account the weak bonding interactions of Hg-N, the
coordination around mercury atom is elongated trigonal
bipyramidal.

The three carbonyls, the iron atom and the mercury
atom are also coplanar. The bridging Ph,Ppy ligands
are perpendicularly coordinated to that plane, and the
bridging Ph,Ppy ligands in a head-to-head arrangement

Table 6

on the two metal atoms show a significant skewing.
This is reflected in the P-Fe—-Hg—N torsional angles
(22.91, 23.89°) and the shortening P --- N distances
(2.714 and 2.702 A), in comparison with those found in
compound 1 (2.794 and 2.730 A).

3. Experimental section

Established methods were used to prepare the com-
pounds Ph,Ppy [1f], rans-Fe(CO),(Ph,Ppy), [1m] (1),
Mo(CO),(MeCN), [26]. Solvents were dried by stan-
dard procedures. All experiments were performed under
an atmosphere of purified nitrogen. IR spectra were
obtained by using a WFD-14 spectrometer. >' P NMR
spectra were recorded on an Fx-90Q spectrometer at
36.19 Hz. Phosphorus chemical shifts were referred to
external 85% H,PO, in CDCIl,. FD-MS spectra were
measured on a Hitachi M-80. Conductivity measure-
ments were made with a DDS-11A conductivity meter.
Elemental analyses were carried out on a Perkin—Elmer
model 240 analyzer.

Mossbauer effect spectra were made at 78 K on a
constant-acceleration spectrometer, Model MS-500.
Electron-absorption spectra were performed on a Schi-
madzu UV-260 in an atmosphere of nitrogen.

The reactions were generally monitored by IR in the
v(CO) region.

3.1. Synthesis of (CO),Fe(u-Ph, Ppy), M(SCN), (M =
Zn, 2; Cd, 3; Co, 4)

A solution of 1 (0.4 g, 0.6 mmol) in 15 ml of
dichloromethane was added to a solution of M(SCN),
(0.6 mmol) in 10 ml of methanol, and the resultant
solution was stirred for 4—6 h at room temperature.
During this time a color change occurred and a precipi-
tate was formed. The solid was filtered, washed with
diethyl ether and dried in vacuo. To the concentrated

Selected bond distances (A) and angles (deg) for Fe(CO),(Ph,Ppy), - 1,/2C¢H, (1)

Bond distances

Fe—P(1) 2.2022(7)
Fe-P(2) 2.2064(7)
C(1)-0(1) 1.128(3)
a(2)-0(2) 1.138(4)
Bond angles

P(1)-Fe-P(2) 177.08(3)
P(1)-Fe-C(1) 91.65(8)
P(1)-Fe-C(2) 89.14(8)
P(1)-Fe-C(3) 90.2(2)
P(2)-Fe-C(1) 91.27(8)
Fe-P(1)-C(11) 115.45(8)
Fe-P(1)-C(21) 116.15(9)
Fe-P(1)-C(31) 114.45(9)
Fe-C(1)-0(1) 178.2(3)
Fe—C(3)-0(3) 179.2(4)

Fe-C(1) 1.784(3)
Fe-C(2) 1.76%(3)
Fe-C(3) 1.790(3)
C(3)-0(3) 1.135(5)
P(2)-Fe-C(2) 89.26(8)
P(2)-Fe-C(3) 88.6(2)
C(1)-Fe-C(2) 120.5(1)
C(1)-Fe-C(3) 117.9(1)
C(2)-Fe-C(3) 121.5(1)
Fe-P(2)-C(41) 116.99(9)
Fe-P(2)-C(51) 114.61(8)
Fe-P(2)-C(61) 114.63(8)
Fe-Q(2)-0(2) 177.5(3)
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filtrates, diethyl ether was added to afford the further
product.

3.1.1. (CO), Fe( u-Ph, Ppy),Zn(SCN), (2)

White solid. Yield: 0.35 g (68.9%). Anal. Found: C,
54.89; H, 3.42; N, 6.22. C;,H FeN,O,P,S,Zn. Calc.:
C. 55.24; H, 3.33; N, 6.61%. IR: v(CO), 2000w, 1965s,

Table 7
Fractional coordinates and thermal parameters for non-hydrogen on
(CO);Fe( u-Ph,Ppy), Hgl, (14)

Awm  x y z B (A%
He 0.53474(2) 0.22813(3)  0.36801(2)  3.087(5)
K1) 0.38452(5) 0.24051(6)  0.44295(3)  4.50(1)
K2) 0.71835(5) 0.21127(8)  0.45404(4)  5.45(2)
Fe 0.49543(7) 0.23686(8)  0.22772(5)  2.35(2)
(1) 0.4091(1) 0.1010(1)  0.2195(1) 2.5%(4)
P(2) 0.5762(1) 0.3750(2)  0.2290(1) 2.68(4)
o) 0.3301(5) 0.3402(6)  0.2667(5) 48(2)
02)  0.6825(5) 0.1324(6)  0.2642(5) 4.7(2)
0(3)  0.4622(D 0.2426(7)  0.0747(3) 5.1(2)
c) o 0.3927(7) 0.2983(6)  0.2524(5) 3.6(2)
C2)  0.6116(6) 0.17246)  0.2531(5) 3.1(2)
C3)  0.4745(6) 0.2405(6)  0.1331(5) 3.3(2)
Ci11)  0.4319(D) 0.0130(6)  0.1538(5) 3.2(2)
C(12)  0.3632(9) —0.0572(8)  0.1323(7) 5.2(2)
Ci13)  0.384(1) -0.1238(8)  0.0877(9) 6.0(3)
C(14)  0.471(1) -0.1220(7)  0.062%(6) 5.2(2)
C15)  0.5410(8) —0.0529%(9)  0.0851(6) 4.92)
C(16)  0.5181(6) 0.0161(7)  0.130%4) 3.42)
C(21)  0.2778(6) 0.1188(7) 0.1954(5) 3.1(2)
C122)  0.2287%(8) 0.1317(8) 0.1264(6) 4.5(2)
23y 0.127(1) 0.151(1) 0.108(1) 5.8(3)
Ci24)  0.0749) 0.1544(9)  0.158(1) 6.3(3)
Q25 0.12149) 0.145(1) 0.2295(8) 5.5(3)
C(26) 0.2217(8) 0.1313(9) 0.2485(7) 4.92)
C(31)  0.4246(6) 0.0233(6) 0.2984(4) 2.92)
C(32)  0.35%1) —-0.0427(8)  0.3058(7) 5.1(3)
Ci33)  0.3719(9) —0.0943(9)  0.3654(8) 5.7(3)
Ci34)  0.451(D) -0.081(1) 0.4165(7) 5.4(3)
C(35)  0.51489) —0.0083(8)  0.4061(6) 4.6(2)
N(36)  0.5024(8) 0.0441(7)  0.349&(5) 4.2(2)
Ci41)  0.6976(6) 0.356%(7)  0.2088(6) 4.4(2)
Ci42)  0.70929) 0.354(1) 0.1391(6) 5.2(2)
C(43)  0.804(1) 0.340(2) 0.1291(6) 9.3(4)
Ci44)  0.8784(9) 0.322(1) 0.181(1) 6.94)
C145)  0.8715(8) 0.322(1) 0.2501(6) 6.2(2)
Ci46)  0.7782A7) 0.337(1) 0.2628(9) 5.1(3)
C(51)  0.516&7) 0.4638(6)  0.1651(4) 3.2
Ci152)  0.56%1) 0.540(1) 0.1470(9) 5.93)
Ci53)  0.523%(9) 0.6074(8)  0.1025(9) 6.4(3)
Cis4)  0.421(2) 0.6014(8) 0.0711(8) 6.6(3)
Ci55)  0.371(1) 0.52%(1) 0.0888(9) 6.2(3)
C(56)  0.4142(8) 0.456%8) 0.1363(6) 4.7(2)
C(61)  0.6043(7) 0.4423(7) 0.3109%(5) 3.202)
C(62)  0.6710(9) 0.517(1) 0.3233(8) 6.2(3)
C(63)  0.68%(1) 0.558(1) 0.386(1) 7.6(3)
Ci64)  0.638(1) 0.531(1) 0.4373(8) 6.2(3)
Q65)  0.573(1) 0.4641(8)  0.4194(8) 5.9(3)
N(66)  0.5517(6) 0.4194(7) 0.358%(4) 4.4(2)

Anisotropically refined atoms are given in the form of the isotropic
equivalent displacement parameter defined as: (4/3)a8(1, )+
bB(2, 2)+ ¢’B(3, 3)+ ablcos y)B(1, 2)+ aclcos BIB(1, 3)

+ bclcos @) B(2, 3)).

1945s, cm™'. FD-MS: m /e (relative intensity, %), 789
(M*-SCN, 100), 787 (81).

3.1.2. (CO),Fel u-Ph, Ppy),Cd(SCN), (3)

White solid. Yield: 0.38 g (71%). Anal. Found: C,
52.60; H, 3.25; N, 5.97. C4,H,,CdFeN,0,P,S,. Calc.:
C, 52.34; H, 3.15; N, 6.26%. IR: v(CO), 2000w, 1965s,
1940s, cm~'.

3.1.3. (CO), Fe( u-Ph, Ppy),Co(SCN), (4)

Pink solid. Yield: 0.32 g (64%). Anal. Found: C,
56.52; H, 3.35; N, 6.46. C;, H,,CoFeN,0,P,$,. Calc.:
C, 55.65; H, 3.68; N, 6.66%. IR: v(CO), 2000w, 1960s,
1937s, cm™".

3.2. Synthesis of (CO),Fe(u-Ph,Ppy),MX, (MX, =
Mn(SCN),, 5; CoCl,, 6: NiCl,, 7: CdCl,, 8)

Solid MX, (0.6 mmol) was added to a well-stirred
solution of 1 (0.4 g, 0.6 mmol) in dichloromethane (15
ml). The mixture was left under stirring for 4-6 h. The
solid dissolved gradually to give a clear solution from
which a precipitate was then formed. This was collected
by filtration, washed with diethyl ether, and dried in
vacuo. The product was purified by recrystallization
from dichloromethane—hexane.

3.2.1. (CO),Fe( u-Ph, Ppy), Mn(SCN), (5)

Orange solid. Yield: 0.30 g (60%). Anal. Found: C,
55.84; H, 3.62; N, 6.44. C,,H,;FeMnN,O,P,S,. Calc.:
C, 55.93; H, 3.37; N, 6.69%. IR: v(CO), 1998w, 1953s,
1925s, cm~'. FD-MS: m /e (relative intensity, %), 779
(M*=SCN, 100), 780 (55).

3.2.2. (CO),Fel u-Ph, Ppy),CoCl, (6)

Yellowish-green solid. Yield: 0.26 g (55%). Anal.
Found: C, 54.82; H, 3.41; N, 2.96. C;;H,;Cl,CoFeN,-
O,P,. Calc.: C, 55.78; H, 3.52; N, 3.52%. IR: v(CO),
2000w, 1952s, 1930s, cm ™.

3.2.3. (CO), Fel u-Ph, Ppy), NiCL, (7)

Pink solid. Yield: 0.31 g (55%). Anal. Found: C,
54.69; H, 3.56; N, 3.52. C,,H,,Cl,FeN,NiO,P,. Calc.:
C, 55.78; H, 3.52; N, 3.52%. IR: »(CO), 2000w, 1950s,
1930s, cm™". *'P NMR: § 80.36.

3.2.4. (CO);Fe( u-Ph, Ppy),CdCl, (8)

White solid. Yield: 0.48 g (94.2%). Anal. Found: C,
51.72; H, 3.22; N, 2.92. C,,H,,CdCl, FeN,0,P,. Calc.:
C, 52.27; H, 3.30; N, 3.30%. IR: »(CO), 2000w, 1960s,
1942s, cm™". >'P NMR: & 80.36 (s, 2J(Cd—P) = 34
Hz).

3.3. Synthesis of (CO),Fe( u-Ph, Ppy),ZnCl, (9)

To a solution of 1 (0.4 g 0.6 mmol) in
dichloromethane (15 ml) was added a solution of ZnCl,
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Table 8

Selected bond distances (A) and angles (deg) for (CO),Fe( u1-Ph,Ppy),Hgl, (14)

Bond distances

Fe-P(1) 2.2542(5)
Fe-P(2) 2.2511(6)
c()-0(1) 1.132(3)
C(2)-0(2) 1.113(3)
Hg-1(1) 2.7886(1)
Hg-1(2) 2.7406(2)
Hg-Fe 2.678((2)
Bond angles

P(1)-Fe-P(2) 176.32(9)
P(1)-Fe-C(1) 89.78(6)
P(1)-Fe-C(2) 90.81(6)
P(1)-Fe-C(3) 89.08(7)
P(2)-Fe-C(1) 89.66(6)
Hg-Fe-P(1) 91.31(1)
Hg-Fe-P(2) 92.08(2)
Hg-Fe-C(1) 75.60(7)
Hg-Fe-C(2) 73.97(6)
Hg-Fe-C(3) 177.35(6)
I(1)-Hg-1(2) 112.379(6)
1(1)-Hg-N(36) 90.59(5)
K(2)-Hg-N(36) 96.00(5)
I(1)-Hg-N(66) 93.20(4)
1(2)-Hg—N(66) 92.59(5)
1(1)-Hg-Fe 121.410(6)
1(2)-Hg-Fe 126.195(7)
Fe—Hg—-N(36) 85.14(5)
Fe—Hg-N(66) 83.64(5)
N(36)-Hg-N(66) 168.51(7)

Fe-C(1) 1.816(3)
Fe-C(2) 1.823(2)
Fe-C(3) 1.808(2)
C(3)-0(3) 1.117(3)
Hg-N(36) 2.658(2)
Hg-N(66) 2.731(2)
P(2)-Fe-C(2) 91.51(6)
P(2)-Fe-C(3) 87.60(7)
Q(1)-Fe-C(2) 149.601)
C(1)-Fe-C(3) 107.04(9)
C(2)-Fe-C(3) 103.5(1)
Fe-P(1)-C(11) 117.15(7)
Fe-P(1)-C(21) 112.94(8)
Fe-P(1)-C(31) 118.61(7)
Fe-P(2)-C(41) 110.67(8)
Fe—P(2)-C(51) 115.99(7)
Fe—P(2)-C(61) 103.1(2)
Fe—C(1)-0O(1) 177.0(2)
Fe-C(2)-O(2) 175.602)
Fe-C(3)-0(3) 179.6(2)
Hg-C(2)-Fe 67.16(6)
Hg-C(2)-0(2) 117.3(2)
Hg-N(36)-C(31) 113.9(2)
Hg-N(36)-C(35) 117.(2)
Hg-N(66)-C(61) 110.6(1)
Hg-N(66)-C(65) 115.1(2)

(0.6 mmol) in diethyl ether and the reaction mixture
was left stirring. After 2-4 h, a white precipitate was
formed and collected by filtration, washed with diethyl
ether and dried in vacuo. The white product was recrys-
tallized from dichloromethane—hexane. Yield: 0.44 g
(91.2%). Anal. Found: C, 55.02; H, 3.40; N, 3.03.
C,,HCl,FeN,0,P,Zn. Calc.: C, 55.36; H, 3.49; N,
3.49%. IR: v(CO), 2000w, 1960s, 1940s, cm~'. *'P
NMR: & 80.77.

3.4. Synthesis of (CO), Fe( u-Ph, Ppy), Mo(CO), (10)
To an acetonitrile solution of fresh Mo(CO),(MeCN),

(0.6 mmol) was added a benzene solution (20 ml) of 1
(0.4 g, 0.6 mmol). Immediately, the color of the solu-

tion turned from orange to red-brown. After stirring for
0.5 h at room temperature, the volume of the solution
was then reduced to 8 ml. By addition of diethyl ether
(20 ml), a red-brown precipitate was obtained. This was
filtered, washed with diethyl ether, and dried in vacuo
to give the product in 70.9% yield. Anal. Found: C,
57.89; H, 3.30; N, 3.27. C ,H,3FeMoN,O,P,. Calc.: C,
58.11; H, 3.39; N, 3.39%. IR: v(CO), 1980w, 1930s,
1910s, 1882s, 1824s, 1800s, cm™". *'P NMR: § 84.37.

3.5. Synthesis of (CO), Fe( u-Ph, Ppy), AgCIlO, (11)
The addition of a dichloromethane (15 ml) solution

of 1 (0.4 g, 0.6 mmol) to a stirred benzene solution (10
ml) of AgClO, (0.15 g, 0.72 mmol) soon resulted in a

Table 9

Fe—-Hg distances of some known complexes

Complex Fe-Hg (A) Reference
Cl,HgFelCS,C,(CO,Me),KCO),(PMe, Ph), 2.546 120}
Fe(CO) (HeClpy), 2.553 21}
[Fe(CO) (HgCIXHgCl,)]~ 2.516; 2.560 [22]
Hg[Fe(CO),(NOXPEt,)], 2.534 {23]
Fe(CO) (HgBr), 2.44; 2.59 {24]
Fe(CO) ,(HgSCN), 2.506 [25}
(OC),(Me ,PXPh, MeSi)FeHgBr 2.515 [14]
Hg[Fe{Si(OMe),{CO),(dppm-P)], 2.574; 2.576 [15]
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yellowish-green precipitate. The solution was filtered
and reduced in volume to 8 ml, and diethyl ether was
added. By slow evaporation of the solvent, the product
was obtained as yellow crystals (0.34 g) in 64.9% yield.
Anal. Found: C, 50.64; H, 3.48; N, 2.85.
C,,H,3 AgClFeN,0,P,. Calc.: C, 50.80; H, 3.21; N
321%. IR:»(CO), 1990m, 1930s. 1892s, cm~'. *'P
NMR: & 83.77. FD-MS: m /e (relative intensity, %),
774 (M*-ClO,, 12), 633 (Ag(Ph,Ppy); -1, 42).

3.6. Synthesis of (CO),Fe( u-Ph, Ppy), SnCl,(12)

A THF solution (25 ml) containing 1 (0.4 g, 0.6
mmol) and SnCl, (0.12 g, 0.6 mmol) was left stirring
for 4 h. During this time, the color changed from yellow
to orange. Concentration of the solution to 8 ml fol-
lowed by dilution with diethyl ether afforded a yellow
solid which was filtered off and recrystallized from
dichloromethane—diethyl ether to give the product as
yellow crystals, 0.29 g in 55.8% yield. Anal. Found: C,
51.08; H, 3.33; N, 2.88. C,H4Cl,FeN,0O;P,Sn. Calc.:
C. 51.87; H, 3.27; N, 3.27%. IR: »(CO), 2030s, 1990s,
1980s, cm™!. *'P NMR: § 82.38.

3.7. Synthesis of (CO), Fe( u-Ph, Ppy), - HgCl,(13)

A solution of 1 (0.4 g, 0.6 mmol) in 15 ml of 1:2
(v:v) of butanone-2 and benzene was added to a solu-
tion of HgCl, (0.33 g, 0.12 mmol) in the same solvent.
After stirring for 1 h, a pale yellow precipitate (0.62 g)
in 85.5% yield was formed. This was filtered, washed
with diethyl ether and dried in vacuo. Anal. Found: C,
37.10; H, 2.51; N, 2.17. Cy,H,,Cl,FeHg,N,0,P,.
Calc.: C, 36.72; H, 2.31; N, 2.31%. IR: V(CO) 2010W
1990m, 1975s, cm~'. *'P NMR: & 70.94 (s, *J(Hg—P)
=219 Hz). FD-MS: m /e (relative intensity, %). 903
(M~—HgCl,, 100). 666 (Fe(Ph,Ppy),(CO)? , 27), 319
(Fe(Ph,Ppy)*, 8).

3.8. Synthesis of (CO), Fe( u-Ph, Ppy), Hgl,(14)

To a solution of 1 (0.4 g, 0.6 mmol) in
dichloromethane (15 ml) was added a red solid Hgl,
(0.27 g, 0.6 mmol). The solid soon dissolved to give a
yellow solution which was then stirred for 4 h. Concen-
tration of the initial reaction mixture to 5 ml followed
by addition of diethyl ether (20 ml) produced a pale-yel-
low crystal in 90.7% yield. Recrystallization could be
accomplished from dichloromethane—diethyl ether.
Anal. Found: C, 39.52; H, 2.56; N, 2.24. Cy;H,-
FeHgl,N,O,P,. Calc.: C, 39.63; H, 2.50; N, 2.50%. IR:
»(CO). 2010w, 19655, cm~'. *'P NMR: & 68.79
(s, *J(Hg—P) = 190 Hz). FD-MS: m /e (relative inten-
sity, %). 992 (M*-1, 100), 849 (HgI(Ph,Ppy); , 78),
666 (Fe(CO),(Ph,Ppy); , 36).

3.9. X-ray data collection and structure refinement for 1
and 14

Suitable yellow crystals of 1 and 14 were obtained
by slow evaporation of benzene—methanol and
dichloromethane—diethyl ether solutions respectively.
For both 1 and 14, a crystal of approximate dimension
02X 0.2X 0.3 mm*® was mounted on a glass fiber.
Intensity data were collected on an Enraf—Nonius CAD4
diffractometer using graphite monochromated Mo K a
radiation (A = 0.71073 A). The measurements were car-
ried out in the range 2 < < 23° by w-26 scan tech-
nique at room temperature (23 + 1°C), in which the
reflections with 1> 30 (1) were considered to be ob-
served and used in the succeeding refinement. Correc-
tions for Lp factors and for the absorption by empirical
formula were applied to the data.

The structures of 1 and 14 were solved by the direct
method (MULTAN 82). For 1, the position of the Fe atom
was found from the E-map; for 14, the positions of the
Fe atom and Hg atom were found from the E-map. The
coordinates of the non-hydrogen atoms were obtained
through several difference Fourier syntheses. For the
coordinates and anisotropic thermal parameters of the
non-hydrogen atoms full matrix least squares refine-
ments were carried out. The two pyridinic N atoms had
been clearly identified in the structure of 1 (see list of
atomic coordinates and Fig. 1), even if it is very diffi-
cult to distinguish a carbon atom from a nitrogen atom.
Satisfactory final unweighted and weighted agreement
factors were obtained. The highest peaks in the final
difference Fourier map were of 0.79 and 0.71 e A3 Al

Table 10
Crystallographic data for 1 and 14
1-1/2C¢Hq 14
Formula C4H; FeN,0,P,  Cy H,gFeHgl,N,O4P,
Fw 705.5 1120.8
Color yellow yellow
Space group P2ic P2in
Crystal system monoclinic monoclinic
a(R) 17.560(5) 13.829(2)
b (R) 12.110(1) 14.175(2)
0N 18.176(4) 19.514(3)
B (deg) 101.27(2) 120.27(1)
VA 4 4
degeg (gem™3) 124 1.992
Crystal size 0.2x0.2X0.3 0.2x0.2x0.3
(mm?)
plem™") 5.19 62.46
Final R 0.077 0.032
Final Rw 0.067 0.035
No. of unique 5752 5360
reflections
No. of observed 2670 3279
reflections
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calculations were performed on a PDP11°44 computer
with spp-PLUS. Crystallographic data are summarized in
Table 10.

3.10. Determination of electron-absorption spectra

The electron-absorption spectra were measured in a
N, atmosphere with dichloromethane solvent or the
dichloromethane solution of 1 as standard. The concen-
trations were (2-5) X 107> mol/dm™>, Table 2 gives
the results.

4. Supplementary material available

Tables giving fractional coordinates, thermal parame-
ters, bond distances and angles for 1 and 14 (8 pages)
are available. Ordering information is given on any
current masthead page.
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