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Synopsis

X-ray crystal structures, DFT, NBO and QTAIM calculations and XPS measurements of novel

triphenylstibine-functionalized molybdenum(0) Fischer carbene complexes.

Highlights

o X-ray structure of novel triphenylstibine containing Mo(0) Fischer carbene complexes
. X-ray photoelectron spectroscopy binding energies of Mo 3ds» photoelectron lines

. X-ray photoelectron spectroscopy binding energies of Sb 2p3/2 photoelectron lines

o QTAIM bonding paths stabilize preferred orientation of aryl carbene substituent

J Interactions between donor and empty acceptor NBOs stabilize aryl group orientation

Abstract

The synthesis and characterization of the first triphenylstibine-containing Fischer carbene
complexes of Mo(0) with general formula [(SbPh3)(CO)4sMoC(OEt)(Ar)] with Ar = 2-thienyl (1), 2-
furyl (2), 2-(N-methyl)pyrrolyl (3), and 2,2'-bithienyl (4) are reported. The solid state crystal
structures of these complexes show a syn conformation of the 2-thienyl and 2,2'-bithienyl groups
relative to the ethoxy group, and an anti conformation of the 2-furyl group relative to the ethoxy
group. Density functional theory calculations using natural bonding orbital (NBO) and quantum
theory of atoms in molecules (QTAIM) calculations gave insight into the electronic structure and
preferred conformations of these novel complexes. X-ray photoelectron spectroscopy measurements
show that the binding energy of the Mo 3ds» photoelectron line for the 2-(N-methyl)pyrrolyl-
containing Fischer carbene complex, 3, is the smallest; followed by 2 and then 1. This implies that
the Mo metal centre is more electron rich in 3, relative to the 2-furyl or 2-thienyl containing Fischer

carbene complexes, 2 and 1, respectively.

1 Introduction

The unique reactivity patterns of Fischer carbene complexes simplified the production of
specialized and previously-inaccessible compounds [1]. Fischer carbene complexes have been
employed in the production of fused polyaromatic compounds, such as antibiotics [2] and vitamins
[3], as well as in the synthesis of cyclopropane derivatives [4]. Fischer carbene complexes are often

prone to decomposition [5]. Enhancement of the stability of these complexes is thus required,
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without detrimental loss of reactivity. Previous reports showed that the incorporation of tertiary
pnictogen derivatives (ER3, E = P, As, Sb, and R = alkyl, aryl) into the coordination sphere of a
Fischer carbene complex produced complexes of type cis/trans-[(ER3)(CO)sMC(OR)(R’)] (R = Me,
Et, R> = Me, Ph, M = Cr, W), which exhibited superior air-stability over their pentacarbonyl
analogues [6-8]. Pnictogen-substituted Fischer carbene complexes are thus promising candidates for

use in academic and industrial applications.

Our research group expanded the field of heteroarene-based Fischer carbene complexes of Mo(0)
through the incorporation of ligands such as triphenylphosphine [9-12], 1,2-
bis(diphenylphopshino)ethane [10,11] and triphenylarsine [12] into the coordination sphere.
Valuable insights into the structural and electronic aspects of the pnictogen-substituted Fischer
carbene  complexes were obtained. Fischer and Aumann [6] prepared cis-
[(SbPh3)(CO)sWC(OMe)(Ph)], and Fischer and  Richter [8] prepared cis-
[(SbR3)(CO)4CrC(OMe)(Me)] (R = Me, Et, Cy) and trans-[(SbR3)(CO)4aCrC(OMe)(Me)] (R = Me,
Ph, Cy). To date, no stibine-containing Fischer carbene complex of Mo(0) is known. To
complement previous studies of our group [9-12], and to supplement the number of stibine-
substituted Fischer carbene complexes in literature, the synthesis, structural investigation, X-ray
photoelectron spectroscopic (XPS) study and theoretical examination of four novel SbPhs-

subsituted Fischer carbene complexes of Mo(0) (Figure 1) are reported here.
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Figure 1. SbPhs-substituted Fischer ethoxycarbene complexes of molybdenum(0)



2 Experimental

2.1 Synthesis

Tetrahydrofuran (THF), hexane, and dichloromethane (DCM) were dried and distilled under argon
or nitrogen atmospheres prior to use. Column chromatography was carried out under a nitrogen
atmosphere at -40 °C, with silica gel (particle size 0.063 - 0.200 mm) as stationary phase.
Percentage yields were calculated relative to the limiting reagent. Crystals were grown using vapour
diffusion methods with hexane and DCM as crystallization solvents. Triethyloxonium
tetrafluoroborate was prepared according to a literature method [13]. Thiophene [14], N-
methylpyrrole [15], and N,N,N’,N’-tetramethylethylenediamine (TMEDA) [15] were purified
according to literature methods. Molybdenum(0) hexacarbonyl, furan, 2,2’-bithiophene,
triphenylstibine, and n-butyllithium (1.6 mol-dm™ in hexane) were used as purchased. 'H and '*C
nuclear magnetic resonance (NMR) spectra were recorded on a Bruker ARX-300 spectrometer in
CDCls, using the solvent residual peak as the internal reference, at 300.1 and 75.5 MHz,
respectively. Infrared (IR) spectra were recorded on a Perkin Elmer Spectrum RXI FT-IR
spectrophotometer as potassium bromide pellets, and only the vibration bands in the carbonyl-
stretching region (1500 - 2200 cm™) are reported. Mass spectra were recorded on a SYNAPT G2
HDMS instrument, using electrospray ionisation as the ion source and a time-of-flight mass
analyser. A sampling time of 3 minutes was used, with the direct infusion inlet method. The
pentacarbonyl  Fischer  carbene  complexes, [(CO)sMoC(OEt)(CsH3S)] (la) [16],
[(CO)sMoC(OEt)(CsH30)] (2a) [9], [(CO)sMoC(OEt)(CsH3NMe)] (3a) [12]
[(CO)sMoC(OEt)(CsHsS2)] (4a) [12], were prepared and purified according to literature. Refer to

Figure 3 - Figure 5 for the atom numbering schemes of 1, 2, and 4, respectively.

2.1.1 Synthesis of cis-[(SbPh3)(CO)sMoC(OEt)(C4H3S)] (1)

A stirred solution of 1a (0.19 g, 0.5 mmol) and SbPhs (0.19 g, 0.55mmol) in hexane (40 m({) was
heated to refluxing temperature. After two hours, the solution colour changed from red to brown-
red. Thin-layer chromatography (TLC) analysis (hexane-DCM (4:1)) revealed the formation of a
dark brown product. Heating was ceased and the solvent was removed under reduced pressure. The
resulting brown-red residue was purified on a 20 cm silica gel column at -40 °C. A red fraction was
eluted with hexane, which corresponded to 1la. A dark brown fraction was eluted using hexane-
DCM gradient elution, which corresponded to 1. After solvent removal, 1 was isolated as a dark

brown powder (0.21 g, 0.30 mmol, 60%).



'H NMR (CDCls, ppm) & 8.09 (d, 1H, Jus = 4.0 Hz, H8), 7.57 (d, 1H, Jun = 4.7, H10), 7.32 - 7.50
(m, 15H, SbPhs), 6.95 (t, 1H, Jun = 4.7 Hz, H9), 4.89 (q, 2H, Jun = 7.1 Hz, H11), 1.33 (t, 3H, Jin
— 7.1 Hz, H12); *C{'H}NMR (CDCls, ppm) & 312.5 (C6), 215.9 (C1), 210.5 (C3), 206.1 (C2 and
C4), 157.1 (C7), 140.2 (C10), 135.2 (C21), 133.6 (C20) 133.4 (C8), 130.0 (C23), 129.2 (C22),
128.3 (C9),77.2 (C11), 14.8 (C12); IR (KBr, w(COYem™) 2012, m (A}), 1920, s (A2), 1909, s (B1),
1891, s (B2); MS (m/z): Calc. 701.94 [M]", Exp. 702.9 [M+H]".

2.1.2  Synthesis of cis-[(SbPh3)(CO)sMoC(OEt)(C4H30)] (2)

A solution of 2a (0.18 g, 0.5 mmol) and SbPh3 (0.19 g, 0.55 mmol) in hexane (40 m{) was stirred at
reflux temperature for 2 hours. The solution colour changed from red to brown, and TLC analysis
(hexane-DCM (4:1)) indicated the formation of a brown compound. Heating was stopped and the
solvent was removed in vacuo. The resulting brown residue was purified using a 20 cm silica gel
column at -40 °C, using hexane-DCM gradient elution. A red fraction, corresponding to unreacted
2a, was eluted, followed by a red-brown fraction, corresponding to 2. After solvent removal, 2 was

obtained as a brown crystalline powder (0.2 g, 0.29 mmol, 58%).

'"H NMR (CDCls, ppm) & 7.36 - 7.43 (m, 15H, SbPh3) 7.12 (d, 1H, Juu = 1.6 Hz, H10), 6.71 (d, 1H,
Jun = 3.6 Hz, HS), 6.28 (dd, 1H, Juu = 1.7 Hz, 3.6 Hz, H9), 4.39 (q, 2H, Jun = 7.0 Hz, H11), 1.40
(t, 3H, Jun = 7.1 Hz, H12); IR (KBr, w(CO)/em™) 2017, m (A]), 1937, s (AD), 1899, s (B1), 1874, s
(B2), MS (m/z): Calc. 685.96 [M]", Exp. 687.0 [M+H]". The instability of 2 in solution prevented
13C NMR analyses.

2.1.3  Synthesis of cis-[(SbPh3)(CO)sMoC(OEt)(CsH3NMe)] (3)

A solution of 3a (0.19 g, 0.5 mmol) and SbPh3 (0.19 g, 0.55 mmol) in hexane (40 m{) was stirred
under reflux conditions for 2 hours. During this time, the solution changed colour from orange to
red-orange. TLC analysis (hexane-DCM (3:2)) indicated the formation of a red compound. Heating
was stopped and the solvent was removed in vacuo. The red residue was purified using a 20 cm
silica gel column at -40 °C, using hexane-DCM gradient elution. An orange fraction was eluted,
which corresponded to unreacted 3a. As elution continued, a red fraction was observed, but
converted to an orange fraction before isolation could be achieved. Spectral characterisation of this
fraction matched that of 3a. Instead of cold column chromatography, the red residue was washed
with cooled hexane (-10 °C, 4 x 20 m{). An orange-red residue was obtained, which was employed

in subsequent characterization and analysis.



IR (KBr, w(CO)/cm™) 2010, w (A7), 1926, m(A?), 1907, m (B1), 1865, m (B2); MS (m/z): Calc.
698.99 [M]", Exp. 700.0 [M+H]". The high instability of 3 in solution prohibited any NMR analyses

of this complex.

2.1.4 Synthesis of cis-[(SbPhs)(CO)sMoC(OEt)(CsHsS2)]] (4)

A solution of 4a (0.23 g, 0.5 mmol) and SbPh3 (0.19 g, 0.55 mmol) in hexane (40 m{) was heated to
refluxing temperature. The solution was stirred under at this temperature for 2 hours, resulting in a
colour change from crimson to purple. TLC analysis (hexane-DCM (4:1)) indicated the formation
of a purple compound. Heating was terminated and the solvent was removed under reduced
pressure. The resulting purple-red residue was purified using a 20 cm silica gel column at -40 °C. A
crimson fraction was eluted with hexane, which corresponded to unreacted 4a. A purple fraction,
which corresponded to 4, was eluted with hexane-DCM gradient elution. After solvent removal, 4

was obtained as a purple solid (0.24 g, 0.31 mmol, 61%).

"H NMR (CDCls, ppm) & 7.96 (d, 1H, Ju-u = 4.3 Hz, HR), 7.44 (dd, 1H, Ju-u = 1.1 Hz, 3.6 Hz, H16),
7.36 (s(br), 1H, H14), 7.06 (dd, 1H, Juu = 3.6 Hz, 5.1 Hz, H15), 6.99 (d, 1H, Juu = 4.3 Hz, H9),
4.87 (q, 2H, Jun = 7.1 Hz, H11), 1.34 (t, 3H, Juu 7.1 Hz, H12), IR (KBr, w(CO)/em™) 2015 s (A}),
1928, s (A1), 1904, vs (B1), 1890, vs (B2); MS (m/z): Calc. 783.92 [M]", Exp. 784.8 [M+H]". The
instability of 4 in solution prevented '*C NMR analyses.

2.2 Crystal structure analysis

Crystals suitable for single crystal X-ray diffraction were obtained for 1, 2, and 4. Crystal data were
collected at 150 K on a Bruker D8 Venture kappa geometry diffractometer with duo Ius sources, a
Photon 100 CMOS detector and APEX 1II [17] control software using Quazar multi-layer optics
monochromated, Mo-Ka radiation by means of a combination of ¢ and w scans. Data reduction
was performed using SAINT+ [17] and the intensities were corrected for absorption using
SADABS [17]. The structures were solved by intrinsic phasing using SHELXTS [18] and refined
by full-matrix least squares using SHELXTL and SHELXL-2014 [18]. In the structure refinement,
all hydrogen atoms attached to carbon atoms were added in calculated positions and treated as
riding on the atom to which they are attached. All non-hydrogen atoms were refined with
anisotropic displacement parameters, all isotropic displacement parameters for hydrogen atoms
were calculated as X x Ueq of the atom to which they are attached, X = 1.5 for the methyl
hydrogens and 1.2 for all other hydrogens. Crystal data, data collection, structure solution and
refinement details are available in each CIF. ORTEP drawings [19] of the structures (Figure 1) are



given in Figure 3 - Figure 5, showing the numbering system used with ADP’s at the 50%
probability level.

2.3 Theoretical calculations

Density functional theory (DFT) calculations were performed with the hybrid functional B3LYP
[20,21] (20% Hartree-Fock exchange) [22] as implemented in the Gaussian 09 program package
[23]. Geometries of the neutral complexes were optimized in gas phase with the triple-{ basis set 6-
311G(d,p) on all atoms except Mo and Sb, where def2-TZVPP [24] was used. Energies reported are
gas phase electronic energies. Natural bonding orbital (NBO) calculations [25-28] were performed
on the optimized structures by the NBO 3.1 module [29] in Gaussian 09 at the same level of theory.
An electronic density analysis (using Bader’s quantum theory of atoms in molecules (QTAIM) [30-
32], as implemented in ADF 2013 [33-35]), at the same level of theory, were performed on the

optimized structures.

2.4 X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopic (XPS) analysis was carried out with a PHI 5000 Versaprobe
using monochromatic Al Ko X-ray radiation (hv = 1253.6 e¢V). The hemispherical analyser pass
energy used to record the high resolution spectra were maintained at 29.35 eV for C 1s and O 1s,
and 93.90 eV for Mo 3d, S 2p, Sb 2p and N 1s in order to obtain peaks with good resolution, using
a 1 eV/step. To acquire a neutral charge on the surface of the sample, a low energy electron beam
was utilized. All the binding energies of the photoelectron spectra were referenced against the
lowest binding energy of the adventitious C 1s photoelectron line, which was set to be at 284.8 eV.

The XPS data was interpreted using Multipak version 9.7 computer software [36].

3 Results and discussion

3.1 Synthesis

The production of mono-substituted tetracarbonyl Fischer carbene complexes are most often
achieved through two general methods [6-8]. The first method entails converting a metal
hexacarbonyl complex to the corresponding pentacarbonyl Fischer carbene complex [8,37],
followed by ligand substitution to produce both cis- and trans-substituted tetracarbonyl Fischer

carbene complexes [8]. The second method involves carbonyl substitution of a metal hexacarbonyl
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complex, and the resulting substituted pentacarbonyl complex is then subjected to carbene synthesis
to yield the cis-substituted tetracarbonyl Fischer carbene complex [6]. Both of these methods have
been successfully employed in the synthesis of phosphine- and arsine-substituted Fischer carbene
complexes [6-11,38]. However, Fischer and Aumann [6] observed that the second method outlined
here does not generate the desired substituted Fischer carbene complex, cis-
[(SbPh3)(CO)sWC(OMe)(Me)], as the antimony-atom is open to nucleophilic attack. Therefore, the
first method was selected for the synthesis of 1 - 4, and is outlined in Scheme 1. Carbonyl
substitution was conducted thermally [39], since ultraviolet irritation of Fischer carbene complexes

is known to generate additional side-products [40] along with the substitution product [41].
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Scheme 1. Synthetic route to cis-substituted tetracarbonyl Fischer carbene complexes containing SbPhs, with R = 2-
thienyl (1), 2-furyl (2), 2-(N-methyl)pyrrolyl (3), 2,2’-bithienyl (4)

In this study the classic Fischer method [37] was used in the production of the pentacarbonyl
Fischer carbene complexes la — 4a [9,12,16]. These complexes served as starting materials in
carbonyl substitution reactions. The method employed in the synthesis of the triphenylphosphine
and triphenylarsine analogues, cis-[(EPh3)(CO)sMoC(OEt)(R)] (E = P, As) [12], as shown in
Scheme 1, was used to convert 1a — 4a into 1 - 4, respectively. TLC revealed the production of only
one substitution product. Column chromatography at -40 °C was utilized for the purification of 1 -
4, using hexane and dichloromethane gradient elution. This was successful for 1, 2 and 4, as these
complexes could be isolated. A red compound was observed during the synthesis of cis-
[(SbPh3)(CO)sMoC(OEt)(CsH3sNMe)] via TLC analysis. A red fraction was also observed during
the cold column chromatography, but decomposed to an orange-yellow compound as elution
continued. The crude product of 3, which is composed of 3 (~40%), 3a (~40%), and SbPh3 (~ 10%)
based on TLC, was used for IR spectroscopy and mass spectrometry. The dissolution of the crude
product of 3 resulted in a rapid colour change from red-orange to yellow-orange. Thus,
crystallization and NMR analyses of 3 could not be performed. Although substituted tetracarbonyl
Fischer carbene complexes have been reported to be more stable than their pentacarbonyl

precursors [6], this was not observed in solution for the complexes of this study. Fischer carbene
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complexes of the type cis-[L(CO)sMoC(OEt)(CsHsNMe)] decomposed more rapidly in solution for
L = SbPhs and L = AsPhs than for L = PPhs or L = CO [12].

3.2 Characterization

The novel complexes 1 - 4 were characterized using 'H and 'C NMR spectroscopy, IR
spectroscopy, and electrospray-ionization mass spectrometry. The '"H NMR spectra of 1, 2, and 4
showed well-resolved proton signals for the carbene ligand protons. Satisfactory resolution was
obtained for the signals of the proton atoms present on the 2,2’-bithienyl moiety of 4, as only the
chemical shift of H14 was observed as a broad singlet, instead of an expected doublet of doublets
[12,42,43]. The phenyl-ring protons of the triphenylstibine ligand were observed as a multiplet with
an integration value of 15 for 1, 2, and 4, which was also reported for the triphenylphosphine [9-12]
and triphenylarsine [12] analogues. The high instability of 3 prohibited any NMR analyses of this
complex. The NMR spectrum of the yellow-orange decomposition product of 3 matched the

combined spectra of 3a and free SbPhs.

The instability of 2 and 4 complicated '*C NMR analyses. The '*C NMR spectra obtained for these
two complexes matched that of their parent pentacarbonyl complexes, along with free SbPhs. It was
concluded that the substituted complexes 2 and 4 reverted back to 2a and 4a due to the presence of
carbon monoxide gas in solution, which originated from the decomposition of 2 and 4. For 3, the
decomposition and reversion to 3a is so rapid that even '"H NMR analysis was impossible. The 2-
thienyl complex, 1, exhibited sufficient stability in solution, and a '*C NMR spectrum could be
obtained. The carbene carbon (C6) signal of 1 was observed at 312.5 ppm, while the carbonyl
carbons were observed at 215.9 ppm (C1), 210.5 ppm (C3), and 206.1 ppm (C2 and C4) with a peak
height ratio of 1:1:2. This is indicative of a cis-tetracarbonyl system [44]. In the series of complexes
for cis-[(L)(CO)sMoC(OEt)(C4H3S)], the carbene carbon was observed at 307.2 ppm (L = CO)
[16], 310.5 ppm (L = PPhs) [12], 311.1 ppm (L = AsPhs) [12], and 312.5 ppm (L = SbPhs) in
CDCls. This successive downfield shift of the carbene carbon signal, although slight, is consistent
with the increased metal-to-ligand n-back donation that occurs when a weaker m-acceptor ligand is
introduced into the coordination sphere [45], and with the decrease of m-acceptor strength in going

from CO to PPhs to AsPhs to SbPhs [44].

The IR spectra of 1 - 4 exhibited four stretching frequencies in the carbonyl region, suggesting a
cis-tetracarbonyl system [46] for all four complexes. No distinct pattern is observed for the IR
stretching frequencies of 1 - 4, which are quite similar to carbonyl stretching frequencies of the

PPhs- and AsPhs-subsituted analogue complexes [9-12]. Abel et al. [47] also observed similar
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carbonyl stretching frequencies for [(EPh3)3(CO)sMo] with E = P, As, Sb, and therefore proposed
that the donor-acceptor properties of PPhs, AsPhs, and SbPh3 are too similar to cause significant

variation in the carbonyl stretching frequencies [48].

3.3 X-ray structure

Crystals suitable for single-crystal X-ray diffraction were obtained for 1, 2, and 4 by vapour-
diffusion crystallization using a hexane-dichloromethane (1:1) solvent system. The molecular
structures of 1, 2, and 4 are depicted in Figure 3, Figure 4 and Figure 5, respectively. Selected bond
lengths, bond angles and torsion angles are given in Table 2. Crystal data and structural refinement
parameters for all crystal structures determined are given in the electronic supplementary

information.

Figure 2. A perspective view of the molecular structure of 1, showing the atom numbering scheme. Atomic

displacement parameters (ADP’s) are shown at the 50% probability level
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Figure 3. A perspective view of the molecular structure of 2, showing the atom numbering scheme. Atomic

displacement parameters (ADP’s) are shown at the 50% probability level

Figure 4. A perspective view of the molecular structure of 4, showing the atom numbering scheme. Atomic

displacement parameters (ADP’s) are shown at the 50% probability

Table 1. Selected bond lengths (A), bond angles (°), and torsion angles (°) of 1, 2, and 4

1 2 4

Bond length (A)
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Mol-Sb1 2.7552(9) 2.761(6) 2.7674(7)

Mo1-C6 2.208(5) 2.180(7) 2.202(6)
Mol-Cl 2.017(5) 2.028(6) 2.020(7)
Mol-C2 2.039(6) 2.042(7) 2.037(7)
Mo1-C3 1.985(6) 1.974(6) 1.976(7)
Mol-C4 2.035(6) 2.051(7) 2.073(7)
C6-C7 1.447(7) 1.418(6) 1.461(9)
C6-06 1.337(6) 1.327(6) 1.347(7)
Bond angle (°)

C6-Mo1-Sbl 99.83(12) 93.9(3) 92.39(15)
C7-C6-Mo 124.1(3) 124.7(4) 123.8(4)
06-C6-Mo 130.6(4) 130.3(3) 130.1(4)
06-C6-C7 105.3(4) 105.0(4) 106.1(5)
C1-Mo1-C6 177.5(2) 175.26(14) 178.8(2)
C2-Mol-C4 175.6(2) 176.22(13) 172.0(3)
C3-Mol-Sbl 170.16(16) 172.49(10) 172.94(18)
Torsion angle (°)

06-C6-C7-X* 7.1(5) -177.6(3) -16.7(6)
C7-C8-C9-C10 0.3(7) -1.3(6) -0.6(8)
Mol-C6-C7-X*? -174.1(2) 2.0(5) 161.4(3)

C11-06-C6-Mol 2.4(6) -4.9(5) 0.8(8)
S1-C10-C13-S2 - - -160.7(4)
X =S1 (1), X =07 (2), X=S1 (4),

The longest bond in 1, 2, and 4 is the Mo1-Sb1 bond, with an average length of 2.761(4) A. This
value is quite close to the Mo-Sb bond in [(SbPh3)(CO)sMo], which is reported as 2.756 A [41].
The metal-carbene bond (Mo1-C6) length for all three complexes is, on average, 2.197(5) A, and is
longer than the metal-carbonyl bond lengths. The longest Mo-CO bond is observed for the carbonyl
ligands that are trans to one another (Mol-C2 and Mo1-C4), while carbonyl ligand trans to the
triphenylstibine ligand has the shortest Mo-CO bond length (Mo1-C3). Mo-CO bond length for the
carbonyl ligand frans to the Fischer carbene ligand is of intermediary length (Mo1-C1). These Mo-
CO bond lengths in 1, 2 and 4 which increase accordingly: L = CO > L = C(OR)(R’) > L = SbPhs
[44], correlate inversely with donor-acceptor properties of the ligand L trans to the carbonyl ligand.
The C6-Mol-Sb1 bond angles are in the region of 90°, indicating a cis-orientation for the carbene
and pnictogen ligands. This correlates with the three carbonyl signals observed on the '*C NMR
spectrum of 1, as well as with the four carbonyl stretching frequencies observed on the IR spectra of
all four complexes. Due to the bulkiness of the cis-orientated carbene and stibine ligands, a
distorted octahedral geometry is observed. This is indicated by the C6-Mo1-Sb1 bond angles that
are slightly larger than the ideal value of 90°, as well as the C1-Mo1-C6, C2-Mo1-C4, and C3-Mol-
Sb1 bond angles being approximately 5 - 11° smaller than the ideal value of 180°. Steric strain is
also observed in the bond angles around the carbene carbon (C6). A trigonal planar geometry is
expected for the sp>-hybridized carbene carbon, with ideal bond angles of 120°. The C7-C6-Mol
and O6-C6-Mol bond angles are larger than 120°, while the C7-C6-O6 bond angles are smaller than
120°. In cis-[(EPh3)(CO)4sMoC(OEt)(CsH3S)] and cis-[(EPh3)(CO)sMoC(OEt)(C4sH30)] (E = P, As,

Sb), the C7-C6-Mol, 06-C6-Mol, and C7-C6-O6 bond angles do not differ significantly [9,12].
12



The 06-C6-C7-07 torsion angle of 2 (-177.6(3)°) represents an anti-orientation of the 2-furyl ring
with respect to the ethoxy group, while the O6-C6-C7-S1 torsion angles of 1 (7.1(5)°) and 4 (-
16.7(6)°) suggest a syn orientation of the heteroarene ring with respect to the ethoxy group. C7-C8-
C9-C10 torsion angles close to 0° confirm planarity of the heterocycles. Furthermore, the two
thienyl rings in 4 deviate from planarity by 19°, as the S1-C10-C13-S2 torsion angle has a value of -
160.7(4)°. This deviation appears to be similar for all substituted Fischer carbene complexes of 2,2°-
bithiophene, as the S1-C10-C13-S2 torsion angle in cis-[(PPh3)(CO)saMoC(OEt)(CsHsS2)] [12], cis-
[(AsPh3)(CO)4aMoC(OEt)(CsHsS2)] [12], and cis-[(AsPh3)(CO)sWC(OEt)(CsHsS2)] [42] are
163.93(9)°, -163.2(3)°, and -162.21(16)°, respectively. Planarity between the carbene substituents
and the metal-carbene bond is required for orbital overlap [49]. The ethoxy substituent exhibits
good planarity for all three complexes, as the C11-O6-C6-Mol torsion angles have values of -
4.9(5)° or less. The 2-thienyl (1) and 2-furyl (2) rings are co-planar with the metal-carbene bond,
with Mo1-C6-C7-S1/07 torsion angles of -174.1(2)° and 2.0(5)°, respectively. The 2,2’-bithienyl
substituent (4) exhibits poorer planarity with the metal-carbene bond than the 2-thienyl and 2-furyl
analogues, as the Mo1-C6-C7-S1 torsion angle is 161.4(3)°.

3.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy XPS is a surface analysis technique used to analyse the top 5 - 10
nm of a sample. It is very useful to gain information such as the elements present, ratios of the
different elements (given as an atomic percentage), oxidation state of metals [50], the chemical
environment of the metal [50], as well as charge transfer from ligand to metal and vice versa of
samples [51]. Since the oxidation state of the metal in 1 - 4 are all zero, the difference in the binding
energies of the Mo 3ds.2 photoelectron lines of these four complexes will also give insight into the
chemical and electronic environment of the Mo metal centre due to the different ligands attached to

the metal.

3.4.1 XPS photoelectron lines (initial state effect)

Evaluation of the XPS data obtained of 1 - 4 reveals the presence of carbon C 1s, oxygen O s, the
molybdenum’s Mo 3ds2 and Mo 3d3n2; as well as the stibene’s Sb 2p32 and Sb 2pi12 photoelectron
lines, see Table 2 and Figure 5. In addition to these peaks, 1 and 4 showed the sulphur S 2p
photoelectron lines, while 3 had an additional nitrogen N 1 s photoelectron line. The correct atomic

ratio of 1:1 was obtained between Mo and Sb for 1 - 4.
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Figure 5. Top: The Sb 3p, O 1s and Mo 3d areas of 2. Bottom: The C 1s and S 2p area of 1 as well as the N 1s area of
3.

Table 2. Selected XPS data for 1 - 4: Binding energies of the C 1s carbene carbon, the O 1s carbonyl oxygen, the main
Mo 3dsp and 3ds» photoelectron lines as well as the spin orbit splitting between them (ABE; = BEmo3ds2 - BEmo3dsi2).
The main Sb 3ps, with the spin orbit splitting between the Sb 3ps» and Sb 3pi» (ABE; = BEsu3p32 - BEsp3pi12), the
binding energy of the satellite Sb 3ps» photoelectron lines and the % ratio between the intensities of the Sb satellite

3ps,2 and main Sb 3ps,, photoelectron lines (Zratio = Isb3p3/2 sat / Isb3p3/2 main)- All binding energy values are given in eV.

Complex Mo=C (0] X Mo Sb
Is Is 2p3n 3dsp 3dsp ABE; 3P3/2 main ABE; 3p3/2 sat Lratio
1 282.30 530.06 164.18 228.17 231.13 2.96 767.05 46.45 762.15 0.23
(S 2p)
2 282.28 529.77 533.71 227.95 231.08 3.13 767.36 46.24 762.77 0.39
(O 1s)
3 282.29 529.98 396.61 227.61 231.36 3.82 767.63 45.67 764.34 0.49
(N 1s)
4 282.31 529.77 163.92 228.05 230.89 2.84 767.35 46.43 764.75 0.42
(S2p)

The binding energy of the photoelectron line of the simulated C 1s peak of the adventitious carbon
(representing the carbons involved in carbon-carbon bonds), which are normally present on
samples, are set (shifted) to be located at 284.8 eV (this can be considered as an “internal standard”
to ensure that the binding energies of the other elements can be compared for different samples).
Additional important carbon peaks that were simulated to fit into the measured photoelectron lines,
of 1 - 4, are the carbene carbon (at ca. 282.3 e¢V), and the carbonyl carbon (at ca. 289.4 eV), see
Figure 5. The adventitious oxygen found in samples 1 - 4 were located at ca. 532.6 eV, while the
oxygen of the ethoxy group were found at ca. 531.7 eV and the carbonyl oxygen were measured to
be ca. 529.8 eV. These assignments of the carbonyl oxygens were made in correlation with

published results that show C-O to be at the highest binding energy (533.2 eV), followed by C=0O
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(531.3 eV) [52], and C=0 at the lowest binding energy (530.0 eV) [53]. For 2 the O 1s peak of the
furyl moiety is fitted at 533.71 eV, see Figure 6, which is within the range where the O 1s
photoelectron line of furan is expected (532.8 - 534.1 eV) [54]. The sulfur S 2ps, photoelectron
lines of the 2-thienyl moieties of 1 and 4 were found at 164.2 and 163.9 eV respectively, with a spin
orbit splitting of ca. 1.2 eV between the S 2ps» and S 2pi», lines. The nitrogen N 1s photoelectron
line of the 2-(N-methyl)pyrrolyl moiety of 3 was located at 396.61 eV.

The Mo 3ds» photoelectron lines appear in the range of 227.6 - 228.2 eV, depending on the specific
heteroaryl substituent. There is a spin orbit splitting of ca. 2.2 eV separating the Mo 3ds, and Mo
3ds» photoelectron lines, and the simulated fits gave a full width at half maximum (FWHM) of ca.
2.2 eV for the photoelectron lines. The order of increasing binding energy of the Mo 3di.

photoelectron lines of 1 - 4 is:
3(227.61eV)<2(227.95eV) <4 (228.05eV) <1(228.17 eV).

An increase in binding energy is an indication that the electron density on the Mo metal centre is
lowered, i.e. the Mo metal centre in 1 is more electron poor compared to the other complexes, 2 — 4,
of this study. The only difference between complexes 1 — 4 is the aryl group. This indicates that the
2-thienyl group of 1 is the least electron donating and that the 2-(N-methyl)pyrrolyl group of 3 the
most electron donating. This result is in agreement with the order of ease of oxidation of related
Mo(0) Fischer carbene complexes containing the same aryl groups [61], as well as the electron

donation order of pyrrole > furan > thiophene as determined by Hiickel calculations [55].

The Sb 3ps» and Sb 3pi,, photoelectron lines of the Sb atom from the triphenylstibine ligand on 1 - 4
were measured, see Figure 6 and for Table 2 the XPS spectra and data of Sb 3ps» photoelectron
lines for 1-4. These lines were positioned at ca. 767.4 eV and 813.6 eV, respectively, and separated
by ca. 46.2 eV, the binding energy values and the large spin orbit splitting correlate well with
reported data [56]. A satellite structure at a few eV lower than the main Sb 3ps» photoelectron lines
can be observed, this peak is due to a shake-down (or shake-off) mechanism. The origin of the peak

will be discussed in the next section.
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Figure 6. Left: Stacked XPS of Mo 3d area of 1-4, showing the increase in binding energy from top to bottom. Right:
Left: Stacked XPS of Sb 3p area of 1-4, the simulated peak indicated with the dashed line is the satellite structure

representing the charge transfer during photoionization.

3.4.2 XPS satellite peaks (final state effect)

The binding energy position of a main photoelectron line is a result of initial state effects, the
specific electronic environment induced by the different ligands (in this case, the heteraryl carbene
substituents) [57]. In some cases, a substructure of photoelectron lines (shake-up satellite peaks a
few eV higher than the main line or shake-off satellite peaks a few eV lower than the main lines), is
observed. These satellite peaks are due to final state effects and appear either when the
photoelectron imparts energy to another electron of the atom, thereby loosing kinetic energy and
appearing at a higher energy in the spectrum [50,57,58], or when a ligand-to-metal or metal-to-
ligand charge transfer occurs during photo-ionization [59]. In the case of ligand-to-metal charge
transfer for example, metal shake-up peaks are accompanied by comparable shake-off satellites for

the photoelectron lines of the ligand elements, although not commonly observed [60].

The Sb 3ps» photoelectron lines showed a shake-off satellite peak (ca. 763.4 eV) at a few eV lower
(ca. 3.9 eV) than the main Sb 3ps» peaks (ca. 767.3 eV), see Table 2 for detailed values and Figure
6 Right. This satellite peak was not observed in the 2p P or 3d As photoelectron lines of related
triphenylphosphine or triphenylarsine-substituted tetracarbonyl Mo(0) Fischer carbene complexes
[61], so for the first time shake-off satellite peaks observed in the XPS spectra of Mo(0) Fischer

carbene complexes is presented here. It is important to note that due to the small spin orbit splitting

16



between the Mo 3d photoelectron lines, any attempt to fit a satellite peak to the Mo photoelectron
lines would be pointless. In transition metal complexes, satellite peaks located at binding energies
that are a few eV lower than the main photoelectron line, are associated with charge transfer from
the element under investigation (in this case Sb) to the rest of the compound (in this case Mo), and
are produced by a shake-off mechanism [50]. The intensity of the satellite peak is indicative of the
amount of charge transfer taking place during photoionization [60]. The larger the peak, indicated
by Iratioc (Which is the ratio of the % intensity of the satellite peak to the % intensity of the main
peak), the more charge is being donated by the Sb atom. The order of increasing Iratio, and by

implication the amount of charge transferred (electron density) to the metal from Sb, is:
1; Iratio = 0.23 < 2; Iratio = 0.39 < 4; Iratio = 0.42 < 3; Iratio = 0.49

The largest amount of charge transferred from the Sb atom to the metal during photoionization is

for complex 3 ([ratio = 0.49).

3.5 Theoretical calculations

Different conformations are possible for heteroaryl groups, relative to the ethoxy group, in 1 - 4, see
Figure 7. Thus four conformations are possible for the cis and two for the trans isomers of 1 - 3, and
eight conformations for the cis and four for the frans isomers of 4. The electronic energies of all the
optimized geometries of all the conformers of the cis- and trans-isomers of 1 - 4 were calculated,

and are given in Table 3. These results show that

(1) the cis-syn conformers are the most stable for 1, 3 and 4, while the cis-anti conformers
are the most stable for 2;

(i1))  the carbene ligand is positioned in an staggered conformation, relative to the rest of the
ancillary ligands present in the complex;

(ii1))  the geometry of the crystal structures of 1, 2 and 4 agree with the lowest energy
conformations in Table 3 within 0.02 eV;

(iv)  the energy of all trans conformers are higher than the lowest energy cis conformer;

v) all anti conformations for 3 have a high energy due to the steric interaction between the

methyl group of 2-(N-methyl)pyrrolyl and the CO and/or SbPhs ligands.

The DFT results in Table 3 are thus in line with the experimental results, as the energetically-
favoured cis isomer was obtained as the sole substitution product by the synthetic method

employed in this study.
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Figure 7. (a) Possible conformations and isomers of 1 - 3. (b). Possible conformations of the 2,2-bithienyl moiety in 4,
where [Mo] = cis/trans-[(SbPh3)(CO)4sMo]. Syn and anti refer to the orientation of the heteroaryl heteroatom relative to

the ethoxy O-atom, while cis and trans refer to the orientation of the SbPhs ligand relative to the carbene ligand.

Table 3. Relative energies (eV) of the optimized conformers of the cis and trans isomers of complexes 1 - 4. The
energy of the lowest energy conformers of each complex is highlighted in bold and the energy of the geometry

corresponding to the crystal structure is indicated by an asterisk. Refer to Figure 7 for the possible conformations.

1 2 3
cis-anti (1) 0.13 0.00* 0.23
cis-anti (2) 0.12 0.04 0.23
cis-syn (1) 0.00 0.11 0.00
cis-syn (2) 0.01* 0.11 0.02
trans-anti 0.16 0.07 0.30
trans-syn 0.06 0.16 0.09
4

cis-anti-anti (1) 0.17

cis-anti-anti (2) 0.16

cis-anti-syn (1) 0.11

cis-anti-syn (2) 0.12

cis-syn-anti (1) 0.00

cis-syn-anti (2) 0.01*

cis-syn-syn (1) 0.03

cis-syn-syn (2) 0.05
trans-anti-anti 0.20

trans-anti-syn 0.17

trans-syn-anti 0.06

trans-syn-syn 0.09
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The DFT energy values obtained in Table 3, as well as literature energy values [10,12], show that
for all Mo(0) Fischer carbene complexes of the type [(L)(CO)sMoC(OEt)(Ar)], where L = CO,
PPhs, AsPhs or SbPhs, the syn conformers are the most stable for Ar = 2-thienyl, 2-(N-
methyl)pyrrolyl or 2,2'-bithienyl, while the anti conformers are the most stable for Ar = 2-furyl.
This result is in agreement with the solid state crystal structures isolated for these complexes

[9,10,12,16].

A natural bonding orbital (NBO) analysis of complexes 1 — 3 showed interactions related to the
orientation of the aryl group in 1 — 3, see Figure 8. The preference for the anti conformation of the
2-furyl carbene substituent is supported by NBO calculations on 2 (this study) and related
complexes [12], all revealing the presence of a stabilizing interaction between the lone pair on the
oxygen of the 2-furyl ring and the anti-bonding NBO on a carbonyl ligand present in the complex,
with a second order perturbation energy of 2.93 kJ-mol™! for 2 (Table 4). This interaction involves
the donation of electron density from an electron lone-pair present on the 2-furyl O-atom to an anti-

bonding orbital of the carbonyl ligand, as shown in Figure 8.

The preference for the syn conformation for [(L)(CO)sMoC(OEt)(CsH3sNMe)], where L = CO,
PPh3, AsPhs or SbPhs, is also supported by NBO calculations for 3 in this study and NBO results on
related complexes [(CO)sMoC(OEt)(CsHsNMe)], cis-[(PPh3)(CO)sMoC(OEt)(CsH3NMe)], and cis-
[(AsPh3)(CO)4sMoC(OEt)(C4sH3NMe)] [12]: namely the LP(O) — BD*(C-H) interaction with
second order perturbation theory interaction energies as given in Table 4. The LP(O) — BD*(C-H)
interaction involves the ethoxy O-atom and the methyl-group present on the heteroaryl ring. This
interaction consisted of electron density donation from an electron lone-pair on the ethoxy O-atom
to an empty antibonding orbital of the methyl group of the 2-(N-methylpyrrolyl) moiety; see Figure

8(c) for the NBO interaction present in 3.

For complex 1, four weak interactions stabilizing the syn conformation of the thienyl group in 1,
namely two similar BD(C-O) — BD*(C-H) (0.17 kJ.mol™") and two similar BD(C-H) — BD*(C-O)

(1.80 kJ.mol!) interactions, see Figure 8(a) for an example of each interaction.
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Figure 8. NBO interactions related to the orientation of the aryl ring in (a) 1, (b) 2, (c) 3 and (d) a
schematic presentation of the interactions shown in (a) — (¢). The natural bond orbital (NBO) plots
utilise a contour of 0.05 e/A3. Colour code (online version): Mo (light blue), Sb (magenta), C
(black), S (yellow), N (dark blue), O (red), H (white).

Table 4. Second order perturbation theory interaction energies, E(2) and NBO occupations
calculated for the anti conformation of [(L)(CO)sMoC(OEt)(CsH30)] and the syn conformation of
[(LY(CO)sMoC(OEt)(CsH3NMe)] where L = CO, PPh3, AsPhs or SbPhs.

L=cCo? L = PPh;? L = AsPh3? L = SbPh;

[(L)(CO):MoC(OEt)(CaH:0)]

E(2) / kJ-mol’! for LP(O) — BD*(C-O)  1.88 4.18 3.97 2.09
Occupancy LP/ e 1.964 1.962 1.962 1.963
Occupancy BD* / e 0.135 0.152 0.148 0.144
[(L)(CO)sMoC(OEL)(CsHsNMe)]

E(2) / kJ-mol™! for LP(O) — BD*(C-H)  4.85 3.81 4.02 4.64
Occupancy LP/ e 1.960 1.961 1.961 1.960
Occupancy BD* / e 0.008 0.008 0.008 0.008

2 Data from reference [12].
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Bader’s quantum theory of atoms in molecules (QTAIM) theory is presented here for further
investigation of the preferred syn conformation for Ar = 2-thienyl or 2-(N-methyl)pyrrolyl and the
anti conformation for Ar = 2-furyl in [(CO)sMoC(OEt)(Ar)] and the related tetracarbonyl Mo(0)
Fischer carbene complexes where a CO ligand is substituted by PPh3s, AsPhs or SbPhs. Selected
results of the QTAIM analysis on the optimized geometries of both the syn and anti conformations
of [(CO)sMoC(OEt)(Ar)], where Ar = 2-thienyl (1a), 2-furyl (2a) or 2-(N-methyl)pyrrolyl (3a), as
model complexes for the SbPh3 substituted complexes 1 - 3 of this study, as well as the related PPh3

and AsPhs substituted complexes, are given in Table 5 and illustrated in Figure 9.

Both the syn and anti conformations of 1a - 3a show two similar intramolecular C-H-C interactions
that are linked by a QTAIM-determined bond path. Each C-H~C interaction is between a
methylene hydrogen of ethoxy (OCH2CH3) and a carbon of a CO ligand, with bond path length 2.5
- 2.6 A. These weak intermolecular C-H~C interactions stabilize the ethoxy group in an anti
conformation relative to the heteroaryl group. The electron density (p) and the Laplacian of electron
density (V2p) at a bond critical points of these bonds paths are 0.008-0.015 e ao™ for p and 0.026-
0.070 e a0~ for V2p. The latter values compared well with the range determined for hydrogen bonds

[62].

Additionally, all complexes also exhibit atom-atom intermolecular interactions between an atom on
the heteroaryl group and a carbon of a CO ligand, linked by QTAIM-determined bond paths. For 3a
the p and V?p at a bond critical points of the bond path between a H atom on the aryl group and a
carbon of a CO ligand is larger for the syn conformation than for the anti conformation, in
agreement with the preference for a syn conformation for [(CO)sMoC(OEt)(CsH3sNMe)], and by
implication also for [(L)(CO)saMoC(OEt)(CsH3NMe)] where L = PPhs, AsPhs or SbPhs. The syn
conformation for 3a is further stabilized by the stronger intramolecular interaction between the
carbon of methyl-group of the 2-(N-methyl)pyrrolyl moiety and O-atom of the ethoxy group (see
CP # 52 in Figure 9(c) top).

The anti conformation of 2a is stabilized by the O-C intermolecular interaction between O on the
2-furyl group and a carbon of a CO ligand (CP # 51 and 52 in Figure 9(b) bottom). The syn
conformation of 2a is stabilized by the H~C intermolecular interaction between H on the 2-furyl
group and a carbon of a CO ligand (CP # 41 and 42 in Figure 9(b) top). The p and V?p values at the
bond critical points CP # 51 and 52 of the anti conformation is larger than the p and V?p values at
the bond critical points CP # 41 and 42 of the syn conformation (Table 5), favouring the anti

conformation of 2a.
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For 1a, the p and V?p values at the bond critical points of the Sth"Cco intermolecular interaction
(CP # 49 and 45 in Figure 9(a) bottom, anti conformation) and the HrnCco intermolecular (CP #
30 and 32 in Figure 9(a) top, syn conformation) are very similar, not unambiguously favouring the

experimentally observed syn conformation.
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Figure 9: Schematic representation of the critical points (CP) and bond paths (BP) present in the
DFT optimised geometry of the most stable syn and anti conformers of [(CO)sMoC(OEt)(Ar)],
where Ar = 2-thienyl (a), 2-furyl (b) or 2-(N-methyl)pyrrolyl (c). The colour scheme (online
version) used for the critical points is as follows: white for an atom CP; red for a bond CP; green for
a ring CP. The colour range of the BP decreases from blue to red, according to the value of the

electron density from blue to red as indicated.

Table 5. Topological parameters of the intramolecular bonds the syn and anti conformation in
[(CO)sMoC(OEt)(Ar)] for Ar = 2-thienyl, 2-furyl, or 2-(N-methyl)pyrrolyl. The critical point (CP)
numbers are shown in Figure 9.

Bond Atoms inter- BP Eigenvalues of the Hessian matrix Electron density ~ Laplacian of
critical involved® atomic  length electron
point distance density
/A /A Mlea>  A/ea  A/ea pleap’ V2p/e-ag
[(CO)sMoC(OEt)(C4H3S)] anti
CP# 31 H24-C4 25123  2.6224 -8.62E-03 -4.97E-03  4.68E-02 0.0101 0.0332
CP# 32 H23-C5 25123  2.6224 -8.62E-03 -497E-03  4.68E-02 0.0101 0.0332
CP# 49 SI15-C3 3.2374 3.3355 -4.54E-03  -1.87E-03  3.43E-02 0.0088 0.0279
CP# 50 S15-C2 3.2374 3.3355 -4.54E-03  -1.87E-03  3.43E-02 0.0088 0.0279
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[(CO)sMoC(OEt)(C4HsS)] syn (experimental orientation)

CP# 41 H23-C5 2.5301 2.6441 -823E-03 -4.63E-03  4.50E-02 0.0098 0.0321
CP# 42 H24-C4 2.5301 2.6441 -8.23E-03  -4.63E-03 4.50E-02 0.0098 0.0321
CP# 30 H21-C3 2.6610 2.8705 -4.64E-03  -2.45E-03 3.54E-02 0.0083 0.0283
CP# 32 H21-C2 2.6610 28705 -4.64E-03 -2.45E-03  3.54E-02 0.0083 0.0283
[(CO)sMoC(OEL)(CsH30)] anti (experimental orientation)

CP# 33 H24-C4 2.5600 2.6842 -7.62E-03  -4.11E-03  4.22E-02 0.0093 0.0304
CP# 35 H23-C5 2.5600 2.6842 -7.62E-03 -4.11E-03  4.22E-02 0.0093 0.0304
CP# 51 015-C3 2.9404 3.1024 -4.60E-03  -3.93E-04 4.16E-02 0.0094 0.0366
CP# 52 0Ol15-C2 2.9404 3.1024 -4.60E-03  -3.93E-04 4.16E-02 0.0094 0.0366
[(CO)sMoC(OEt)(C4H30)] syn

CP# 34 H23-C5 2.5444 26613 -7.94E-03 -4.44E-03  4.37E-02 0.0095 0.0313
CP# 35 H24-C4 2.5444 26613 -7.94E-03 -4.44E-03  4.37E-02 0.0095 0.0313
CP# 41 H21-C3 2.7308 3.0261 -3.43E-03 -1.87E-03  3.16E-02 0.0075 0.0263
CP# 42 H21-C2 27308 3.0261 -3.43E-03 -1.87E-03  3.16E-02 0.0075 0.0313
[(CO)sMoC(OEt)(CasHsNMe)] anti

CP# 43 H28-C4 2.6001 28082 -6.12E-03  -2.21E-03  3.68E-02 0.0090 0.0285
CP# 42 H27-C5 2.5718 28147 6.37E-01 3.72E-01  -6.75E-01 0.0103 0.0361
CP# 52 HI9-C3 2.5966 27001 -6.16E-03  -3.65E-03  3.94E-02 0.0085 0.0296
CP# 47 HI9-C2 2.7340  3.1054 -3.90E-03 -1.79E-03  3.54E-02 0.0081 0.0298
[(CO)sMoC(OEt)(CsHsNMe)] syn (experimental orientation)

CP# 45 H28-C4 2.5064 2.6207 -8.76E-03  -5.08E-03  4.79E-02 0.0104 0.0340
CP# 44 H27-C5 2.4872 2.5955 6.64E-01 2.65E-01 6.99E-01 0.0106 0.0342
CP# 47 H25-C3 2.6174 2.8106 -543E-03 -2.97E-03 3.87E-02 0.0090 0.0302
CP# 48 H25-C2 2.6302 2.8359 -5.19E-03 -2.97E-03  3.85E-02 0.0090 0.0304
CP# 52 0OI14-Cl6 26964 27268 -1.07E-02 -4.92E-03  8.53E-02 0.0147 0.0696

a See Supporting information Figure S1 for atom numbering scheme.

4  Conclusion

Experimental solid state crystal data and theoretically calculated geometries for Mo(0) Fischer
carbene complexes of the type [(SbPh3)(CO)sMoC(OEt)(Ar)] with Ar = 2-thienyl (1), 2-furyl (2), 2-
(N-methyl)pyrrolyl (3) or 2,2'-bithienyl (4) confirm the preferred cis orientation of the 2-thienyl, 2-
(N-methyl)pyrrolyl and 2,2'-bithienyl groups relative to the ethoxy group, and the preferred anti
orientation of the 2-furyl group relative to the ethoxy group in 1 - 4. Bonding paths obtained by
quantum theory of atoms in molecules (QTAIM) calculations as well as donor-acceptor interactions
obtained by natural bonding orbital (NBO) calculations gave support to the preferred orientation of
the aryl groups relative to the ethoxy group in 1 — 4 on a molecular level. The X-ray photoelectron
spectroscopy measured binding energy of the Mo 3ds, photoelectron lines of 1 - 4 increases in the
same order as the ease of oxidation of Mo(0) Fischer carbene complexes containing the same aryl
groups [(SbPh3)(CO)4sMoC(OEt)(Ar)], namely Ar = (N-methyl)pyrrolyl < 2-furyl < 2-thienyl = 2,2'-
bithienyl; illustrating the good intramolecular communication between the Mo metal centre and the

various ligands attached to the metal in 1 - 4.

Appendix A. Supplementary data
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The optimized coordinates of the DFT calculations, Figure S1 and crystallographic supplementary

material can be found in the Supporting Information. CCDC 1538420 - 1538422 contain the

supplementary crystallographic data for 1 - 3. These data can be obtained free of charge via

http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data

Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:

deposit@cedc.cam.ac.uk.
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