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Abstract

The compound, [7-CsHFe(CO),],( p-CH;C¢H,4)SnBr, crystallizes in the mono-
clinic space group P2,/c with a 9.643, b12.016, c19.205 A, B 98.68°, V 2225.9 A®,
and Z=4. The crystal and molecular structures have been solved by use of the
Patterson method. A full-matrix least-squares refinement led to a final R value of
0.036 for 3260 independent observed reflections. The electronic structure was
calculated by use of the EHMO quantum chemical method. The molecular features
and the influence on the coordinate geometry, and the nature of the bonding of the
central tin atom are discussed.

Introduction

A number of metal cluster compounds containing tin and iron bonds have been
studied [1-8]. The most unusual feature of these molecules is that the bond
distances and bond angles vary with the coordination environment of the tin atom.
We recently synthesized a new compound, [#-CsHFe(CO),],Sn( p-CH,C,H,)Br,
and characterized it [9]. The crystal structure was determined and an EHMO
calculation was carried out to interpret the coordination geometry and the nature of
the bonding around the central tin atom.

X-ray diffraction study
The pale red, polyhedral single crystal of [4-CsH;Fe(CO),],Sn( p-CH,C;H,)Br
was obtained on recrystallization from a mixed solvent (acetone/methanol). A

crystal with approximate dimensions 0.2 X 0.3 X 0.3 mm, was mounted on a glass
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Table 1

Crystal data of [7-CsHsFe(CO),],Sn( p-CH3;CgH 4)Br

Formula CyH;,BrFe,0,Sn d g (g cm™3) 1.943

MW 643.547 Space group Monoclinic: Cj,-P2, /¢
a (A) 9.643(1) Scan mode w/20

b A) 12.016(2) Radiation Mo-K,,

c(A) 19.205(4) Oax (%) 25

B(°) 98.68(1) No. of unique reflections 3260

V(A% 22253 R 0.036

z 4 R, 0.046

fiber in an arbitrary orientation. Preliminary examination and data collection were
performed with Mo-K, radiation (A 0.71073 A) on an Enraf-Nonius CAD-4
computer-controlled kappa-axis diffractometer equipped with a graphite mono-
chromator.

Cell constants and an orientation matrix for data collection were obtained from

Table 2

Fractional atomic coordinates and B, values for non-hydrogen atoms for [7-CsH;Fe(CO)21,5n( p-
CH;C4H,)Br

Atom x y z B, (A?)
sn 0.22339(5) 0.26244(4) 0.66252(3) 2.448(3)
Br 0.2178(1) 0.46954(8) 0.69609(6) 5.41(2)
Fe(1) 0.4564(1) 0.2685(1) 0.11864(6) 3.03(2)
Fe(2) 0.1564(1) 0.3366(1) 0.22921(6) 3.152)
C(11) 0.408(1) 0.395(1) 0.0449(6) 7.3(3)
c(12) 0.544(1) 0.375(1) 0.0425(6) 9.3(3)
c(13) 0.377(0) 0.628(1) 0.8950(8) 10.0(4)
cQ4) 0.462(2) 0.575%9) 0.8519(6) 9.4(3)
c(15) 0.407(1) 0.4377(8) 0.1095(7) 7.53)
c1y 0.4627(8) 0.6902(7) 0.3083(5) 3.92)
c(111) 0.4100(6) 0.6386(6) 0.2628(4) 5.8(2)
ca12) 0.4143(9) 0.3507(8) 0.5666(5) 4702)
c(112) 0.3914(9) 0.4277(7) 0.5319(4) 7.5(2)
C(21) 0.153(1) 0.348(1) 0.3777(5) 5.5(2)
C(22) 0.202(1) 0.235(1) 0.3601(5) 5.2(2)
C(23) 0.3289(9) 0.256(1) 0.3296(4) 5.0(2)
C(29) 0.3533(9) 0.372(1) 0.3279(5) 5.22)
cs) 0.246(1) 0.428(1) 0.3584(5) 5.6(2)
c(221) 0.1167(9) 0.4554(8) 0.2162(5) 42(2)
C(221) 0.0923(9) 0.5320(6) 0.1823(4) 6.6(2)
C(222) 0.0128(9) 0.7812(8) 0.2469(5) 43(2)
c(222) 0.1224(6) 0.7474(8) 0.2734(4) 6.8(2)
c(31) 0.0518(7) 0.2649(6) 0.5748(4) 2.8(1)
c(32) 0.0232(9) 0.6397(7) 0.4463(5) 420)
C(33) 0.1323(9) 0.6414(8) 0.5034(5) 4.5Q2)
C(34) 0.1663(8) 0.7372(7) 0.5406(4) 3.4Q2)
C(35) 0.0913(9) 0.6673(7) 0.0212(5) 41(2)
C(36) 0.9830(9) 0.6680(7) 0.9637(5) 4.0(2)

C(37 0.2835(9) 0.7617(9) 0.1031(5) 5.3(2)




265

Table 3

Bond distances (A) for [7-CsH;Fe(CO),],Sn( p-CH3,CsH4)Br

Sn—Br 2.573(1) C(21)-C(22) 1.448(9)
Sn—Fe(l) 2.543(1) C(22)-C(23) 1.450(8)
Sn-Fe(2) 2.536(1) C(23)-C(24) 1.420(9)
Sn—C(31) 2.177(4) C(24)-C(25) 1.430(8)
Fe(1)-C(111) 1.770(6) C(25)-C(21) 1.408(9)
Fe(1)-C(112) 1.758(6) C(221)-0(221) 1.132(6)
C(11)-C(12) 1.396(11) C(222)-0(222) 1.132(6)
C(12)-C(13) 1.332(13) C(31)-C(32) 1.383(6)
C(13)-C(14) 1.397(14) C(32)-C(33) 1.401(7)
C(14)-C(15) 1.375(13) C(33)-C(34) 1.369(7)
C(15)-C(11) 1.344(11) C(34)-C(35) 1.378(7)
C(111)-0(111) 1.127(6) C(35)-C(36) 1.401(6)
C(112)-0(112) 1.142(7) C(36)-C(31) 1.393(6)
Fe(2)-C(221) 1.761(6) C(34)-C(37) 1.519(6)
Fe(2)-C(222) 1.763(5)

least-squares refinement of 25 reflections from the setting angles measured by use of
the computer-controlled diagonal slit method of centering. The data were collected
at room temperature by using the w/28 scan technique. A total of 4195 reflections
in the range of 2° <8 <25° were collected. -After the Lorentz and polarization
corrections had been applied, absorption was corrected for by an empirical method
[10]. The cell parameters and conditions for data collection are listed in Table 1.

Table 4

Bond angles ( °) for [1-CsHsFe(CO),],Sn( p-CH,C4H 4 )Br

Br-Sn-Fe(1) 106.09(2) Sn--Fe(2)-C(221) 88.4(2)
Br-Sn-Fe(2) 103.52(2) Sn—-Fe(2)-C(222) 86.0(2)
Br—Sn-C(31) 98.0(1) C(221)-Fe(2)-C(222) 91.8(3)
Fe(1)-Sn—Fe(2) 123.01Q2) Sn—Fe(2)-C(21) 151.6(2)
Fe(2)-Sn—C(31) 112.0(1) Sn—-Fe(2)-C(22) 111.42)
Fe(1)-Sn—C(31) 110.6(1) Sn—Fe(2)-C(23) 87.3(2)
Sn—Fe(1)-C(111) 88.0(2) Sn—Fe(2)-C(24) 102.1Q2)
Sn-Fe(1)-C(112) 86.0(2) Sn-Fe(2)-C(25) 141.02)
C(111)-Fe(1)-C(112) 93.1(3) Fe(2)-C(221)-0(221) 179.5(5)
Sn-Fe(1)-C(11) 102.4(3) Fe(2)-C(222)-0(222) 178.8(6)
Sn—Fe(1)-C(12) 141.1(4) C(21)-C(22)-C(23) 107.1(6)
Sn—Fe(1)-C(13) 150.0(4) C(22)-C(23)-C(24) 107.5(6)
Sn—Fe(1)-C(14) 111.0(4) C(23)-C(24)-C(25) 108.7(6)
Sn-Fe(1)-C(15) 88.12) C(24)-C(25)-C(21) 108.4(6)
Fe(1)-C(111)-0(111) 178.4(5) C(25)-C(21)-C(22) 108.2(5)
Fe(1)-C(112)-0(112) 177.6(5) C(31)-C(32)-C(33) 120.9(5)
C(11)-C(12)-C(13) 109.5(8) C(32)-C(33)-C(34) 121.0(5)
C(12)-C(13)-C(14) 106.9(8) C(33)-C(34)-C(35) 119.0(4)
C(13)-C(14)—C(15) 107.9(8) C(34)-C(35)-C(36) 120.5(5)
C(14)-C(15)-C(11) 108.4(8) C(35)-C(36)-C(31) 120.9(4)
C(15)-C(11)-C(12) 107.3(8) C(36)-C(31)-C(32) 117.7(4)
$n—C(31)-C(32) 122.7(3) C(35)-C(34)-C(37) 120.3(5)

Sn—C(31)-C(36) 119.5(3) C(33)-C(34)-C(37) 120.8(5)
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The structure was solved by direct methods. The positions of Sn and Fe were
found from the E-map. The coordinates of non-hydrogen atoms were obtained
through several difference-Fourier syntheses. Only the 3260 reflections with intensi-
ties greater than 3.00 were used in the refinement. The final unweighted and
weighted R factors were 0.036 and 0.046, respectively.

All calculations were carried out on a PDP-11 computer with SDP-PLUS [11].

Fractional atomic coordinates and equivalent isotropic thermal parameters for
the non-hydrogen atoms are given in Table 2. The bond distances and bond angles
are given in Tables 3 and 4, respectively.

Quantum chemical calculation

The computation was carried out with the EHMO program [12] on an M160
computer. The atomic coordinates of non-hydrogen atoms were taken from our
crystal structure analysis and the coordinates of hydrogen atoms were calculated in
accordance with standard C-H bond distances and angles. In addition, the crystal-
lographic origin of coordinates was transferred to the tin position, the Sn—Fe(1) axis
was assigned as the x axis, and Sn-Fe(1)-Fe(2) plane was chosen as xy plane. The
parameters used in this EHMO calculation are listed below:

Atom Orbital Orbital H; (eV) Reference
exponent
Sn 5s 2.126 —14.56 13
5p 2.126 —6.84
Br 4s 2.638 —24,00 14
4p 2.257 -12.30
Fe 4s 1.600 -9.91 15,16
4p 1.600 -5.07
3d 2.700 —12.63
C 2s 1.625 —21.40 17
2p 1.625 -11.40
(0] 2s 2.275 -32.30 17
2p 2.275 -14.80
H 1s 1.300 —13.60 17

The total energy of molecule, orbital energies, orbital coefficients, net atomic
charges (Table 5), state density, and overlap populations (Table 6) were obtained.

Table 5

Net charges

Sn 2.0855
Br —0.6274
Fe(1) 0.3685

Fe(2) 0.3786
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Discussion

Description of molecular structure

Figure 1 shows the molecular configuration and atomic labelling, and Fig. 2
shows the molecular packing in a unit cell. The C(31) ( p-tolyl), the bromine atom,
and the two iron atoms are bonded to the central tin atom in a distorted tetrahedral
arrangement. Each iron exhibits an approximately octahedral environment with the
cyclopentadienyl moiety occupying three coordination sites and the tin and two
carbonyls occupying the other three sites. Two different Sn—Fe bond distances,
2.543(1) and 2.536(1) A, are observed. Bond angles (°) around the tin atom are
Fe(1)-Sn-Fe(2) 123.01(2), Br-Sn-Fe(1) 106.09(2), Br-Sn-Fe(2) 103.52(2),
Fe(1)-Sn-C(31) 110.6(1), Fe(2)-Sn-C(31) 112.0(1), and Br-Sn-C(31) 98.0(1). The
Fe(1)-Sn-Fe(2) angle of 123.01° and the Br—Sn—C(31) angle of 98.0° show a large
deviation from tetrahedral geometry.

It is reported that the Sn-Fe bond distance for compounds with the general
formula [1-CsH;Fe(CO),],SnR ; changes with the electronegativity of the R groups,
for instance, when R, are two methyls, the Sn~Fe bond distance is 2.60 A [4], when
R, are C;HsMo(CO); and chlorine, it is 2.583 A [7), when R, are two ONO
groups, it is 2.56 A [3], and when R, are two chlorines, the Sn—Fe bond distance is
2.492 A [2]. Our title compound has Sn—Fe bond distances of 2.543 and 2.536 A,
which means they lie between those for -Sn(CH;), and -SnCl,. The fact that the
Sn-Fe distance decreases with an increase in electronegativity of the R groups
indicates a transfer of electron density from iron to tin, and this probably involves
the transfer of iron 3d electrons to the tin p orbital vacated by the electron-
withdrawing substituents through an inductive effect.

Bonding of the central tin atom
The total number of orbitals is 143 and the number of occupied orbitals is 76.
The calculated total electronic energy is —2587.08 eV. The HOMO energy is

aftift c(11
V,,'

V&

(7 \v c(112)

LA 48R

Fig. 1. Molecular structure of [1-CsH sFe(CO),],8n( p-CH;C¢H4)Br.
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Fig. 2. Packing of molecules in a unit cell.

—11.10 eV and the LUMO energy is —8.85 eV. The difference of energy between
HOMO and LUMO is 3.25 eV which accounts for the stability of this compound.
The atomic net charges are given in Table 5 and the overlap populations between
atoms are given in Table 6.

The bromine and p-tolyl groups attached to tin are regarded as electronegative
univalent substituents. The metal group, C;H;Fe(CO),, in Sn—Fe bonding is
conventionally regarded as the zero-valent substituent. The central tin atom bears-a
positive charge of 2.0855 corresponding to its formal oxidation state of + 2. The Fe
atom in C;H,Fe(CO), has a formal oxidation state of +1, however it only has
positive charge of +0.375(av.) because of the electron-donating properties of the
attached carbonyls and the delocalized CsH w-bonding. The overlap population
between Sn and Fe is 0.116(av.) due to overlapping of the Sn p and Fe d orbitals
(mainly p,—d,:_,: confirmed by the orbital coefficients) and overlapping of the
Sn p and Fe s orbitals. So, the Sn-Fe bonds are predominantly s-character. The
overlap populations for Sn—Br and for Sn—~C(31) are mainly due to overlapping by
the p orbitals of these atoms.

Bent [18] described that atomic s-character predominates in orbitals directed
toward electropositive substituents while p-character predominates in orbitals di-
rected toward those which are more electronegative. Here Sn acquires more p
character in that it is directed toward Br and C(31), which are electronegative. Bent
also stated that in the absence of marked steric effects, replacement in the X-A-Y
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structure of X, by an atom which is more electronegative than X, causes the
adjacent A-Y bond to become shorter. This fact is confirmed by the decrease in the
Sn-Fe bond distance with the increase in electronegativity of the substituents
attached to tin (vide supra). Finally, for compounds of B, XA, type, if A is more
electronegative than B, X should induce its s-character in those orbitals that are
directed toward B, thus the A-X-A angle becomes smaller than, and the B-X-B
angle becomes greater than the tetrahedral value of 109°28’. The fact that the
Fe(1)-Sn-Fe(2) angle is 123.01° and that of Br-Sn—C(31) is 98.0° agrees well with
our calculated result that Sn is bonded to the electropositive Fe(1) and Fe(2), to the
electronegative Br and C(31).
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