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Reactions of the tetrylenes Ge(SArY), (1) (ArM% = Cg¢H;-
2,6(C¢H,-2,4,6-Me;),, and Sn(SAr™6), (2) with (Mo(CO),(NBD)
(NBD = bicyclo[2.2.1]hepta-2,5-diene) gave three new, unusual
complexes [Mo(THF)(CO);{Ge(SAr™s),}| A3),
[Mo(THF)(CO):{Ge(SAr™),}] (4) and [Mo(CO),{Sn(SAr*'6),}|
(5) which display no significant Ge/Sn—Mo bonding. Instead the
ligands are coordinated to molybdenum in a bidentate fashion
via the thiolato sulfurs.

Transition metal complexes of divalent group 14 donor ligands
(tetrylenes) are a fundamental class of organometallic compounds.
The first well characterised stable examples, W(CO)sC(OMe)R (R =
Me, Ph), were reported by Fischer and Maasbdl in 1964 and were
synthesised by the treatment of W(CO)s with LiMe or LiPh to
generate the carbene ligand.' In contrast, their heavier group 14
element congeners, which have been known since the 1970s,” are
usually obtained by the substitution reaction of the tetrylene® with a
transition metal complex.*

Despite the large number of such complexes now known only a
small number of germylene and stannylene complexes in which
germanium or tin are substituted by chalcogenolato ligands have
been prepared and these are shown in Equations 1-3.%

Fey(CO)g + E(OAr)2 ——» [Fe(CO){E(OAN),}I° + Fe(CO)s )
Ar = CgH,-2,6-Bul,-4-Me

Cr(CO)sGeCloTHF + 2 (CH3)3SiSAr —— = [Cr(CO)5{Ge(SAr)}If + THF +2 (CH3);SICl  (2)
Ar = CgHy-2,4,6-Me;

— » [Cr(COs}E(SAr))” + THF (3)

no structural data reported

Cr(CO)sTHF + E(SAr),
Ar = CgHp-2,4,6-Bu's

Thus, the reaction of the aryloxides E(OAr), (E = Ge, Sn; Ar =
C¢H,-2,6-Bu',-4-Me) with Fe,(CO), yielded
[Fe(CO)4{Ge(OC¢H,Bu',-2,6-Me-4),}] and
[Fe(CO),{Sn(OC¢H,Bu',-2,6-Me-4),}] which displayed short Fe—Ge
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(2.240(2) A) and Fe—Sn (2.408(1) A) bonds and almost coplanar EO,
and Fe(CO),E arrays consistent with good m-acceptor and poor o-
donor behaviour (Eq.1).> The arylthiolato germylene carbonyl
complex pentacarbonyl[bis(mesitylthio)germylene]chromium(0)
[Cr(CO)s{Ge(SAr),}] (Ar = Cg¢H,-2,4,6-Me;) (the first well-
characterised chalcogenolato substituted heavier element tetrylene
complex) was prepared by the reaction of [Cr(CO);GeCl,(THF)] and
silyl thioethers.® The Cr—Ge bond length 2.361(2) A is shorter than
that predicted from the sum of the single bond covalent radii (2.43
A),8 as a result of a strong Cr—Ge m-interaction (Eq. 2).6 The thiolato
stannylene complex [Cr(CO)s{Sn(SAr),}] was obtained from the
reaction of Sn(SAr), [Ar = C¢H,-2,4,6-Bu;] with Cr(CO)s(THF),
however, no structural data have been reported (Eq.3).”

Herein, we report the reaction of the tetrylenes Ge(SAr™“c),
(A% = C¢H;-2,6(CeH,-2,4,6-Mes),, 1) and Sn(SArMe6), (2)° with
bicyclo[2.2.1]hepta-2,5-diene)tetracarbonylmolybdenum(0)
(Mo(CO),(NBD)) (NBD = bicyclo[2.2.1]hepta-2,5-diene) to yield
the complexes [Mo(THF)(CO);{Ge(SAr™),}] (3) and [Mo(THF)
(CO);{Sn(SAr6),}] (4). From the reaction of Sn(SAr™<), (2) with
Mo(CO)s(THF), complex 5 [Mo(CO),{Sn(SAr™),}] could be

isolated in low yield after extraction in hexane. It was also obtained
in higher yield by the reaction of Sn(SAr™%), (2) with

Mo(CO)4(NBD) in THF and extraction in hexane (Scheme 1).
THF, 25°C

Ge(SArMes), + Mo(CO),(NBD) ——— [Mo(THF)(CO)5{Ge(SAres),}] (3)
hexane

Toluene, 25°C

Sn(SAMMes), + Mo(CO),(NBD) ———> [Mo(THF)(CO)3{Sn(SArMes),}] (4)
THF

THF, 25°C
Sn(SArMes), + Mo(CO)4(NBD) —— [Mo(CO)4{Sn(SArMes),}] (5)
hexane
Scheme 1. Illustration of the synthesis of compounds 3-5.
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The products were characterised by 'H, “C{'H}, '"Sn (4), IR
spectroscopy, and by X-ray crystallography. No coordination of the
transition metal to the group 14 element was observed in 3-5. Instead
the sulfur atoms of the thiolate substituents bind to molybdenum and
the group 14 metal atoms remain uncomplexed. The coordination of
Ge(SAr™6), and Sn(SAr™®), to the molybdenum carbonyl
fragments thus differs greatly from that observed in E(OAr), (E =
Ge, Sn; Ar = C¢H,-2,6-Bu',-4-Me)® and in [Cr(CO)s{Ge(SAr),}] (Ar
= C¢H,-2,4,6-Me;)® where the group 14 element is coordinated to the
transition metal. The difference is due to the steric bulk of the
thiolato terphenyl ligands and the dispersion forces between the

. o . terphenyl substituents.
Figure 1. Thermal ellipsoid plot (30 %) of the molecular structure of 3. H . . R
atoms are not shown. Selected bond distances (A) and angles (deg.): The structural details of 3-5 are illustrated in Figures 1-3. It can

Mol—C(1-3) 1.949(4), 1.960(5), 1.975(5); Mo1—04 2.269(3); Mo1-S(1,2) be seen that the molybdenum atom in 3-5 is six-coordinate. In 3 and
2.5902(10), 2.6240(9); Gel—-5(1,2) 2.3986(10), 2.4305(9); S(1,2)-C(4,31) 4 the molybdenum atom is complexed by two sulfur atoms, three
11\45333(4()};172971 ((;3‘2‘ (2)05213134_3(155 ;())1691(636)565)1 -1(.}1esl?é52)’717..1361§g§,)21ngle c.arbon atoms of the carbonyl ligands and one oxygen a.tom of a THF
between S1-Gel-S2 and S1-Mo1-S2 planes is 84.478°. ligand. In complex 5, however, the molybdenum atom is coordinated
to two sulfur atoms and four carbonyl carbon atoms. Selected
distances and angles are compared in Table 1. The Mo—S bonds in 3
(2.5902(10), 2.6240(9) A) and 4 (2.6082(7), 2.6119(7) A) are
marginally longer than the sum of the single bond covalent radii of
molybdenum and sulfur (2.59 A).° The Mo—C bond distances to the
carbonyl ligands in 3 and 4 are in the normal range for six-
coordinate molybdenum carbonyl complexes.'® As a result of the
coordination of the sulfur atoms to molybdenum, the S-E-S (E = Ge,
Sn) angles within the coordinated tetrylene ligand fragment become
significantly narrower. Thus in 3 the S-Ge-S angle (77.31(3)°) is
11.37° narrower than the 88.68(2)° observed in the precursor

: germylene 1.% Similarly, the S-Sn-S angle 72.58(2)° in 4 is 12.97 °
Figure 2. Thermal ellipsoid plot (50 %) of the molecular structure of 4. H narrower than the 85.555(3)° in the uncomplexed stannylene 2871tis
atoms are not shown. Selected bond distances (A) and angles (deg.):

Mol-C(1-3) 1.944(3), 1.949(3), 1.970(3); Mo1—04 2.270(2); Mo1-S(1,2) also narrower than the 73.09(2)° for the S-Sn-S angle in the thiolato

2.6082(7), 2.6119(7); Sn1-S(1,2) 2.6279(7), 2.6303(7); S(1,2)-C(4,28) stannylene Sn(SArPri")z which has the bulkiest terphenyl substituted
1.798(3), 1.801(3); C(1,2,3)-0(1,2,3) 1.156(4), 1.157(4), 1.170(4); . g Prig i i

Mol-+Snl 2.9050(3). S1-Mo1-S2 73.19(2), SI-Sn1-S2 72.58(2), angle ligand SAI™™® (Ar"" = (CgH-2,6(CeH,-2,4,6-Pr'3),-3,5-Pr)), and the
between S1-Sn1-S2 and S1-Mol-S2 planes is 87.139°. narrowest S-Sn-S angle of all known thiolato stannylenes. The

angles between the central aryl rings of the thiolate ligands and the
S-E-S planes are 11.190°, 18.873° in 3 and 11.268, 13.114° in 4. The
complexation of the molybdenum to the thiolato sulfur atoms results
in a significant lengthening of the E—S bond distances. In 3, the Ge-
S bond lengths of 2.3986(10) and 2.4305(9) A are ca. 0.08 A, longer
than the average Ge—S distance of 2.265(1) A in the germylene
Ge(SArM0),. The same trend is observed in 4 where the Sn—S
distances (2.6279(7), 2.6303(7) A) are ca. 0.15 A longer than in the
precursor stannylene (2.479(5) A). The lengthening is caused in part
by a disruption in the Ge—S and Sn—S n-bonding. In contrast, the
S—C bond distances in 3 (1.791(4) and 1.803(4) A) and in 4

Figure 3. Thenﬁlal ellipsloid Izil(i)t (3(? d%) of the(n[z(’lec(‘iﬂar Sltruc(‘g‘re of 5. H (1.798(3) and 1.801(3) A) are only slightly longer than those in
atoms are not shown. Selected bond distances (A) and angles (deg.): Me6 6

Mol-C(49-52) 1.982(3), 1.988(3), 2.003(4), 2.101(4); Mo1-S(1,2) Ge(SAr®), (1.785(1) A) and Sn(SAr"°), (1.7815(.9) A). The
2.6194(10), 2.6235(9); Sn1-S(1,2) 2.595(2), 2.597(3); S(1,2)~C(1,25) Mo--Ge (2.7034(5) A) and Mo--Sn (2.9050(3) A) distances are near
1.787(3), 1.793(3); C(49-52)-0(49-52) 1.150(5), 1.145(4), 1.148(4) , the upper limit of the known range of Mo—Ge and Mo—Sn bond

1.123(5); Mo1-+-Sn(1,2) 2.9633(10), 2.9542(19). S1-Mo1-S2 68.22(8), S1- .. .. B
Sni-S2 68.98(6), angle between S1-Sn1-S2 and S1-Mol-S2 planes is lengths. However it is doubtful that they have significant Mo—Ge or

86.859°. Mo—Sn bonding because of orbital overlap considerations.

Table 1. Comparison of selected distances (A) and angles (°) of 3-5 (E = Ge, Sn)
Compound Mo-S Mo—-C Mo-O S-E S-C Mo----E S-E-S
(3) [Mo(THF)(CO)s{Ge(SAM™ ), 1) 2.607(10)*  1.961(5)*  2.269(3)  2.415(10)*  1.797(4)*  2.7034(5) 77.31(3)
(4) [Mo(THF)(CO)3{Sn(SAr"),}] 2.610(7)* 1.954(3)*  2.270Q2)  2.629(7)* 1.800(3)*  2.9050(3) 72.58(2)
(5) [Mo(CO)4{Sn(SAr*e),} ] 2.622(13)*  2.019(4)* - 2.596(3)* 1.7903)*  2.959(15)*  68.64(5)*
* = Averaged Value
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Complexes 3 and 4 feature angles between the S1-E-S2 and the S1-
Mo1-S2 planes of 84.478° in 3 and 87.139° in 4 showing that the
sulfur atoms interact through the lone pair orbital that was n-bonding
with respect to the tetrel atom (E).?

Complex 5 has longer Mo—S and Mo—C bonds and shorter Sn—S
and S—C bonds than those in 4. This is consistent with decreased
electron density at molybdenum as a result of the replacement of a
THF by a CO ligand. The average S-Sn-S angle 68.64(5)° is 16.91°
narrower than that in the free ligand (85.555(3)°) and the central aryl
rings of the terphenyl ligand are almost coplanar (angles between the
central aryl rings and the S-E-S plane are 2.106°, 4.862°). The Mo--
Sn distance (2.9542(19) A) is slightly longer than in 4 (2.9050(3) A).
Complex 5 also has a near right angle between the S1-E-S2 and the
S1-Mo1-S2 planes (86.859°), like 4.

IR spectroscopy of complexes 3 and 4 revealed v(CO) frequencies
at 1948 (s, sharp), 1855 (s, sharp), 1820 (s, sharp) cm ™' for 3 and
1945 (s, broad), 1845 (s, broad), 1785 (s, broad) for 4. Complex 5
showed 0(CO) frequencies at 1990 (s, broad), 1915 (s, broad), 1842
(s, broad), 1810 (s, broad) cm ™' which are higher in comparison to
those of 4 which is in accord with the more electron rich nature of
the molybdenum atom in 4 due to the replacement of one of the n-
acidic CO ligands with a o-donating THF molecule. The frequencies
in 3-5 are also lower than those in the Mo(CO),(NBD) complex''
and, in comparison to Mo(CO)4(PR3), complexes,'? consistent with
stronger o-donor and weaker m-acceptor interactions of the
E(SAr™*), ligands in compounds 3-5.

1%Sn NMR spectroscopy of 4 THF revealed a signal at —101.70
ppm that is shifted to higher field in comparison to that of the free
ligand Sn(SAr™), (8 = 786.22 ppm in CD,Cl,). Compound 5
resonates at an even higher field at —542.14 ppm in comparison to
that of Sn(SAr6), with appears at 763.8 ppm in C¢Dg solvent. The

dramatic shifts upfield can be rationalized in terms of an increase of
the electron withdrawing character of the thiolato ligands as a result
of their complexation to molybdenum. This increase leads to a
stabilization of the tin non-bonding pair, and consequent upfield
chemical shift."® The effect is enhanced further in 5 by the presence
of an extra carbonyl m-acidic ligand at molybdenum which is
expected to increase S—Mo electron donation further.

Coordination of molybdenum by sulfur atoms related to that in 3-
5 has been observed in [(CO);MS,CC(PPhs),] (M = Cr, Mo, W)"*
and in [Mo(SC¢H,Pr's-2,4,6),(CO);(PMe-Ph,)] which was prepared
from [MoH(SC¢H;Pr';-2,4,6);(PMePh,)] and CO in THF. However
the latter complex has a phosphine instead of a THF ligand."” A
molybdenum bis-arylthiolato complex Mo {SC¢H;-2,6-
(SiMes),}o(n'-CH;CN),(n*-CH;CN), with acetonitrile ligands has
been obtained from the n-sandwiched bis-arylthiolato complex
Mo {n>-SCsH3-2,6-(SiMe),} {n"-SCeH3-2,6-(SiMes),} in
acetonitrile.”” Group 6 carbonyl complexes bearing THF co-ligands
as in 3 and 4 are rare. The only known, structurally characterised
examples are [Cr(THF)(CO)s],"” [HO—(NNN)]Mo(CO);(THF)],"®
[trans-Mo(THF)(CO),; {CNArDipp,},] (Dipp = C¢Hs-2,6-Pri,)," and
[Mo(DAD)(CO)3(THF)]
(DAD = N,N'-bis(2,6-dimethylphenyl)butane-2,3-diimine).2’

Treatment of the germylene Ge(Ar"*%),”' and the stannylene
Sn(Ar™*6),2' — in which the Ar™ substituent is directly bonded to
molydenum — with Mo(CO),(NBD) resulted in no reaction.
Attempted extension of the synthetic approach in Scheme 1 to
silicon or lead thiolato derivatives? also afforded no reaction in the
case of silicon. At present, Pb(SAr™6), has not been isolated.”

In summary, three transition metal carbonyl tetrylene complexes
with an unexpected coordination of the molybdenum atom to the
sulfur atoms of the thiolate ligands of tetrylenes have been

This journal is © The Royal Society of Chemistry 2012
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synthesised and characterised. Further investigations on the unusual
coordination mode are ongoing.

We are grateful to the U. S. Department of Energy Basic Energy
Sciences (DE-FG02-07ER46475, P. P. P.). F. L. thanks the
Alexander von Humboldt Foundation for a Feodor Lynen Research
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