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Methylation of [PPN][HFe3(CO)ySO,]

Gail B. Karet, D. M. Norton, Charlotte L. Stern, and Duward F. Shriver”

Department of Chemistry, Northwestern University, Evanston, Illinois 60208-3113

Received February 23, 1994%®

The cluster [PPN][HFe3(CO)sSO,] reacts with CH;080;CFj3 to give [HFe3(CO)sSO,CHj;], which was characterized
by infrared and NMR spectroscopy and X-ray crystallography. The methyl group binds to the exo oxygen of the
coordinated SO; ligand in [PPN][HFe3(CO)sSO,]. Extended Hiickel calculations reveal that SO,—CHj interactions
occur through an SO, orbital that is not involved in bonding to the metals. Crystallographic data: space group
Pl,a = 8.622(3) A, b = 14.046(3) A, c = 15.289(3) A, a. = 69.11(2)°, B = 77.18(2)°, ¥ = 74.74(2)°.

Introduction

The reactions of SO; bound to clusters are of interest from
the standpoint of metal cluster assistance of ligand reactivity
and also because of potential relationships with the chemistry
of SO; on metal surfaces.! Except for the reduction of
coordinated SO; in [PPN][HFe3(CO)sSO;], the reduction chem-
istry of coordinated SO, in clusters is an uncharted area.>~> In
our previous work on electrophile assisted reduction of [PPN]-
[HFe3(CO)sS0O;], the attack of acetyl chloride at the exo oxygen
of coordinated SO, appears to give a weakened S—O bond (eq
1).> Upon reduction, this labilization promotes the reductive
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cleavage of both S—O bonds. The presumed acetylated SO,
cluster in the above study was too unstable to be isolated,” and
the present research was undertaken to prepare and structurally
characterize a potentially more stable alkylated SO, cluster
compound.

Experimental Section

Caution! MeSO;CF; is highly toxic.
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General Information. All manipulations were carried out with
standard Schlenk techniques under an atmosphere of prepurified N, or
on a high-vacuum line.® Solids were handled in the oxygen-free N,
atmosphere of a drybox. Solvents were distilled from appropriate
drying agents before use.” Solution infrared spectra were recorded on
a Bomem MB-Series FTIR spectrometer at 2 cm™! resolution with 0.1
mm path length CaF, solution cells, and solids were sampled as Nujol
mulls. The 'H and *C NMR spectra of 1*C-labeled compounds were
recorded on a Varian XL-400 spectrometer at 400 and 100 MHz,
respectively. The CD.Cl, was vacuum distilled from P4O,, before use,
and it served as an internal NMR reference. The CH3;SO;CF; was
distilled before use. The cluster compound [PPN][HFe;(CO)sSO;] (I)
was synthesized by a literature procedure.’

Synthesis of [HFe3;(CO)yS0O,CH;) (II). A 100 mL Schlenk flask
was charged with 330 mg of [PPN][HFe3(C0)sSO2]. CH:Cl;, 20 mL,
was added, followed by 85 uL of CH;0SO.CFi. The solution was
allowed to stir for 5/, h, during which time it tuned from orange-red
tored. The product was extracted with 40 mL pentane. Slow removal
of the solvent in vacuo, with stirring, yielded red microcrystals of
[HFe3(CO)sSO,CH;). Yield: 30 mg, 19%. IR (pentane; vco, cm™!);
2093 (w), 2056 (s), 2041 (vs), 2025 (s), 2015 (w), 2004 (w). IR (Nujol;
vso, cm™Y): 1031, 951.

In a small-scale reaction, a 5 mm NMR tube was charged with 80
mg of [PPN][HFe3;(CO)sSO;] and fitted with a septum. CDCl, and
30 uL of CH;080,CF; was added. 'H and *C spectra were acquired
at various temperatures on the resulting solution. 'H NMR (20 °C 4,
ppm from TMS): —17.79, 3.83, 4.235, 7.489, 7.668. *C NMR (20
°C; 6, ppm): 200.5 (br, 2), 209.0 (br, 3), 210.5 (br, 6), 59.99. 3C
NMR —90 °C; CO’s; 6, ppm): 211.48 (1), 210.29 (2), 209.86 (2),
207.95 (2), 199.28 (2).

Crystal Structure of [HFe3(CO)SO,CH;] (II). Crystals were
grown from a saturated solution of [HFe;(CO)sSO,CHj3] in pentane kept
at —10 °C for a period of 4 days. A red, translucent crystal was
mounted using oil (Paratone-n, Exxon) on a glass fiber and placed in
the cold stream of an Enraf Nonius CAD4 diffractometer. Unit cell
constants were determined by least-squares refinement of the setting
angles of 25 unique reflections. A decay correction was not applied,
because the intensities of the three reference peaks showed negligible
variation. A summary of the data collection is given in Table 1.
Lorenz—polarization and analytical absorption corrections were applied
with transmission between 0.59 and 0.97.

Calculations were performed with the Texsan 5.0 crystallographic
software package. The structure was solved by direct methods (Shelxs-
86), with full-matrix least squares refinement. All non-hydrogen atoms
were refined with anisotropic thermal parameters. Hydrogen atoms
were refined with a group isotropic thermal parameter. The maximum
peak in the final difference map was 0.40 e/A?, and the minimum peak
was —0.42 e/A>.

(7) Gordon, A. J.; Ford, R. A. The Chemist’s Companion; Wiley: New
York, 1972.
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Methylation of [PPN][HFe3;(CO)sSO0;]

Table 1. X-ray Crystallographic Structure Data for
[HFe3(CO)sSO,CHs]

formula: Fe3SOy;CioHy fw: 499.74  _
a=1862203) A space group: P1 (No. 2)
b= 14.046(3) t=-120°C
c=15.2893) A A=0.71069 A
a=69.112)° Qcaicd = 2.009 g cm™3
B=77.18(2)° u=2774cm!

y = T4.74(2)° R(F,) = 0.0312

Z=4 Ro(Fo) = 0.034*

“R ? Z(lFo' - |Fc|)/Z|Fo| bRy = [Zw(lFol - |Fc|)2/ZW|Fo|2]U2; w
= Of, “.

Calculational Details. Extended Hiickel calculations were per-
formed with CACAO.#? Calculations were performed utilizing ideal-
ized symmetry. Similar overlap populations and energy levels were
obtained with the crystallographic coordinates of the cluster for [PPN]-
[Fes(CO)9SO:]. Axial carbonyl ligands were taken to be perpendicular
to the plane of an equilateral metal triangle, and equatorial carbonyls
were placed in the plane of the triangle, 116° apart. For [HFes(C0)sSO2]™
and [HFe;(CO)sSO2CH;], the O—S, O—M, and O—C distances used
were those found for these clusters by X-ray diffraction. The Fe—
O—S and O—S—0 angles were chosen to approximate those found by
X-ray crystallography. Atomic parameters are the same as those used
previously. !

Results and Discussion

Methylation of [PPN][HFes(CO0)S0;] (I). [PPN][HFes-
(C0O)5S0,] (I) reacts with MeSO3CF; to give the neutral cluster
[HFe3(CO)SO,CH3] (II), eq 2.
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A crystal structure of [HFe3(CO)sSO,CH3] (IT) demonstrates
that an oxygen-bound sulfinate complex has formed. The unit
cell contains two crystallographically unique but essentially
similar clusters. An ORTEP drawing of one of the clusters is
shown in Figure 1. The [CH3]* group, as expected from mull
infrared data, binds to the exo oxygen of the coordinated SO,
ligand. The O—C distances for the methylated oxygen of SO,
(Table 2), 1.44(1), 1.444(9) A, for the two crystallographically
independent [HFe3(CO)sSO,CH;] molecules, are shorter than
the O—C distance in [SO;CH3][AsFs] (1.502(9) A).!!

Bond distances and angles for [HFe3(CO)9SO,CHj3] also show
that attack of the CH30SO,CF; distorts the SO, ligand. The
distance between the sulfur and the exo oxygen of SO, lengthens
from 1.434(9) A in [PPN][HFe3(CO)SO,]% to 1.602(4) or
1.603(4) A in [HFe3(CO)sSO,CHs). The metal-bound S—O
bond is shortened from 1.62 A in I to 1.511(5) or 1.512(4) A
in [HFe3(C0O)sS0O,CH;] (II).> A mull infrared spectrum reveals
that the two S—O stretching frequencies (1031, 951 cm™!) have
shifted upon methylation. In keeping with the changes in bond
length, the high frequency S—O stretch is over 100 cm™! lower
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Figure 1. ORTEP drawing of one of the clusters in the unit cell of
[HFes(CO)sSO,CH;3]. Thermal ellipsoids are drawn at the 50% prob-
ability level.

Table 2. Selected Interatomic Distances for [HFe3(CO)ySO,CHs]

Fel—Fe2 2.675(2) Fel—Fe3 2.629(2)
Fe2—Fe3 2.656(1) Fe4—Fe5 2.680(2)
Fe5—Fe6 2.638(2) Fed—Fe6 2.640(2)
Fel-Sl1 2.096(2) Fe2—S1 2.086(2)
Fe3=S1 2.408(2) Fe4—S2 2.077(2)
Fe5—S2 2.101(2) Fe6=52 2.420(2)
Fe3—O1 2.078(4) Fe6—03 2.070(4)
Fel—HI 1.60(7) Fe2—HI 1.71(8)
Fe4—H2 1.64(8) FeS—H2 1.65(7)
S1-01 1.511(5) S1-02 1.603(4)
$2-03 1.512(4) S2-04 1.602(4)
02-C2 1.44(1) 04—C4 1.444(9)
C2-H2A 0.84(9) C2—-H2B 1.14(8)
C2-H2C 0.70(9) C4—H4A 1.09(8)
C4—H4B 0.96(9) C4—HAC 0.74(9)

in II than in I and the low frequency stretch shifts to higher
wavenumbers.® Both the X-ray and vibrational data suggest
that the attack of Me* weakens the bond between sulfur and
the exo oxygen of SO, but that the converse is true for the metal-
bound oxygen.

The bonded Fe—S and Fe—O distances in [HFe3(CO)sSO;-
CH;] (Fe—S 2.077(2)—2.101(2) A, Fe—0 2.070(4) and 2.078-
(4) A) are similar to those in [PPN]{HFe3(CO)¢SO;], and the
nonbonded Fe3—S distance in I (2.602(5) A) decreases to 2.408-
(2) and 2.420(2) A in IL

The hydride ligand was directly located by X-ray crystal-
lography, and its position was confirmed by NMR spectroscopy.
The 'H and 3C NMR spectra indicate that the structure of the
cluster in solution correlates with that in the solid state. The
'H resonance at —17.79 ppm suggests that the hydride ligand
bridges two iron atoms. A !'H resonance at 3.83 ppm and a
13C resonance at 59.99 ppm are assigned to the protons and
carbon, respectively, of the O-bound methyl group.

At —90 °C the carbonyl region of the 3C{'H} NMR spectrum
of II has five resonances at 211.32 (1 CO), 210.15 (2 CQO’s),
209.77 (2 CO’s), 207.71 (2 CO’s), and 199.14 (2 CO’s) ppm.
The resonances at 211.32 and 207.71 ppm broaden at 0 °C and
then coalesce into a single broad peak at 209 ppm at 20 °C.
They are assigned to the carbonyl ligands on the iron bound to
the oxygen. Those at 210.15 and 209.77 ppm coalesce into a
single peak 210.2 ppm by —60 °C. At room temperature the
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Figure 2. Energy level diagram showing the interaction of [HFe3(CO)o]~ with SO, and [SO.CHs]*.

resonances at 210.2 and 200.5 ppm appear to be broadened by
slow intrametallic exchange of the carbonyls on the other two
iron atoms. A plane of symmetry lies through the sulfur and
oxygens of the sulfur dioxide ligand. The only location for a
bridging hydride that maintains this plane of symmetry is
between the two iron atoms bridged by the sulfur. In the
absence of 'H decoupling, the resonance at 209.77 ppm at —90
°C is split, Jc-y = 9 Hz, which is consistent with the crystal
structure and the 1C NMR assignments.

The crystal structure of IT confirms the spectroscopic evidence
for alkylation of the exo oxygen of SO,. Precedence for this
mode of interaction is found in the structure of [Ru(CO)(7?-
S02:S0,)(PPh3),], for which a second SO; molecule acts as a
Lewis acid, binding through sulfur to the exo oxygen of the
coordinated SO,.12 The distance between the exo oxygen and
the second SO is over 2.5 A, because the interaction with SO,
is much weaker than that with [CH;3]™ in [HFe3(C0)sSO,CH3].
Another related example is the dimerization of [Mo(CO)2(PPhs;)-
(pY)(17%-S02)] to form [Mo(CO),(PPh3)(py)(72-SO2)]2 in which
each Mo coordinates to the exo oxygen of an #2-SO; ligand on
the other molybdenum atom.2!3

Molecular Orbital Calculations. Calculations were per-
formed to explore the changes in bonding between the capping
ligand and [HFe3(CO)s]~ that occur upon electrophilic attack
of SO,. By analogy to the changes observed with the formation
of C- and O-bonded CO, increases in M—SO, 7t back-bonding
were expected upon alkylation of the exo oxygen.' We chose
to describe the interactions in terms of an [HFe3(CO)o]™
fragment combining with either SO; or [SO,CH;3]*. Although
this description provides a physically appealing distribution of
electrons in the parent fragments, in the Hiickel approximation,
it does not influence the orbital energies.

The frontier orbitals of [Fes(CO)9]?>~ have been previously

(12) Jarvinen, G. D.; Kubas, G. J.; Ryan, R. R. J. Chem. Soc., Chem.
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Figure 3. Energy level diagram showing the interaction of free [SO2)*~
with CH3™.

discussed in detail.' An added HY interacts with two of the
iron atoms of [Fe3(CO)s)?~ through one component of the le
orbitals, which lie in the Fe; plane. Because [HFe3(CO)o]™ has
C; symmetry, the e orbitals of [Fe3(CO)]*~ split into a” and a”
orbitals (Figure 2). In the 3a’ orbital, as in the 2a, orbital from
which it is derived, a lobe on each iron points toward the capping
ligand. The lobes for the 2a” orbital also are positioned to
overlap significantly with the sulfur atom of the capping ligand.
The 1a’, 1a”, and 2a’ orbitals, like the le and 1a, orbitals of
[Fes(CO)s]?~, do not project toward the capping SO,.

The electronic structure of free SO, has been extensively
studied.2 When the CH;™ is placed perpendicular to the plane
of the SO,, the la, orbital, made up of oxygen p, orbitals,
interacts with the LUMO of [CH3]", Figure 3. Of greatest
importance in binding to single metals are the 4a; and 2b;
orbitals of SO,.3 Both of these orbitals lie mainly on sulfur
but have some oxygen p character.® Both are uninvolved in
binding to [CH3]" and are the only contributors to the HOMO
and LUMO of [SO,CHs]™.

(15) Schilling, B. E. R.; Hoffmann, R. J. Am. Chem. Soc. 1979, 101, 3456.



Methylation of [PPN][HFe3(CO)sSO;]

The interactions of SO, and [SO,Me] " with the metal triangle
are similar, Figure 2. The HOMO’s of SO, and [SO,CH;]*
participate in ¢ bonding with the 3a’ orbital of [HFe3(CO)o] .
Metal—ligand 7 bonding occurs between the [HFe;(CO)q]~ 2a”
orbital and the LUMO’s of SO; and [SO,CH;]™.

Reduced overlap populations between iron and sulfur in
[HFe3(CO)sSO,CH3] suggest that the sulfur interacts only
weakly with the iron bound to an oxygen of [SO,CHs]*. The
reduced overlap population between this iron and the sulfur (21)
is roughly !/30th of the reduced overlap population between the
other two irons and sulfur (608).

Weakening of the C—O bond upon attack of an electrophile
on the oxygen of a bridging carbonyl ligand by an electrophile
has been attributed to increased 7t back-bonding between the
carbonyl and the metals.'* By contrast, bonding between CH;*
and SO, gives rise to an orbital which is located mainly on the
oxygens and which is uninvolved in metal—ligand 7 bonding.
The orbital responsible for M—L 7z bonding is largely unaffected
by attachment of CHs*. Consequently, the calculated charges
on the iron atoms and the carbonyl ligands change only slightly
from [HFe3(CO)SO;]~ to [HFe3(CO)SO,CHs]. Changes in

Inorganic Chemistry, Vol. 33, No. 25, 1994 5753

calculated charge occur mainly for the oxygen to which CH3*
binds (—1.3 in [HFe3(CO)S0O;]-, —0.8 in [HFe3(CO)sSO,-
CHa)).

As with the MO calculations, the vibrational data indicate
little increase in 7t back-bonding from iron to sulfur dioxide
upon O-alkylation of the coordinated u3,72-SO; ligand. Specif-
ically, the average vco shifts from 2017 cm™!in I to 2041 cm™!
in II, but this 24 cm™! shift is smaller than the observed shift
(58 cm™!) for the strong terminal carbonyl stretching frequencies
when [HFe;(CO)1]™ is alkylated to produce HFes3(CO)jo-
(COCH3).16
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