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Hydroxo Hydrido Complexes of Iron and Cobalt (Sn—Fe—Sn, Sn—Co—Sn):
Probing Agostic Sn--- H-M Interactions in Solution and in the Solid State

Jorg J. Schneider,*’* Jorg Hagen,!?! Norbert Czap,#! Carl Kriiger,!”! Sax A. Mason,!¢!
Robert Bau,!?! Jiirgen Ensling,'*! Philipp Giitlich,*! and Bernd Wrackmeyer!"!

Abstract: Bis(toluene)iron 9 reacts with
Lappert’s stannylene [Sn{CH(SiMej),},]
(4) to form the paramagnetic bis-stan-
nylene complex [{(7°-toluene)Fe—Sn-
[CH(SiMes),],},] (10). Compound 10
reacts with H,O to form the hydroxo
hydrido complex [ (7°-C,Hg)(u-OH)(H)-
Fe—{Sn[CH(SiMe;),],},] (12) in high
yield; its solid-state structure has been
elucidated by X-ray and neutron dif-
fraction analysis. In agreement with the
'"H NMR results, 12 contains a hydridic
ligand whose exact coordination geom-
etry could be determined by neutron
diffraction. The 'H and !'“Sn NMR
analysis of 12 suggested a multicenter
Sn/Sn/H/Fe bonding interaction in sol-
ution, based on significantly large
values of J(Sn,H,Fe) =640+ 30 Hz and
J(1°Sn,"°Sn) =4340 + 100 Hz. In solu-
tion, complex 12 exists as two diaster-

eomers in a ratio of about 2:1. Neutron
diffraction analysis has characterized 12
as a classical metal hydride complex
with very little Sn--- H interaction and a
typical Fe—H single bond (1.575(8) A).
This conclusion is based on the fact that
the values of the Sn---H contact dis-
tances (2.482(9) and 2.499(9) A) are
not consistent with strong Fe—H---Sn
interactions. This finding is discussed in
relation to other compounds containing
M—H --- Sn units with and without strong
three-center interactions. The neutron
diffraction analysis of 12 represents the
first determination of a Sn—H atomic
distance employing this analytical tech-
nique. The cobalt analogues [ (7°-Cp)(u-
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OH)(H)Co—{Sn[CH(SiMe;),],}),] ~ (15)
and [(°-Cp)(OD)(D)Co—{Sn[CH-
(SiMes),L,},] [D,]15, which are isolobal
with 12, were prepared by the reaction
of [(7°-Cp)Co—Sn{CH(SiMe;),},| (14)
with H,O and D,O, respectively. The
magnitude of J(Sn,H) (539 Hz) in 15
is in the same range as that found for
12. The molecular structure of 15 has
been determined by X-ray diffraction
which reveals it to be isostructural with
12. The coordination geometries of the
Co(Fe)-Sn1-O-Sn2 arrangements in 12
and 15 are fully planar within ex-
perimental error. Compounds 10 and
15 are rare examples of fully character-
ized complexes obtained as primary
products from water activation reac-
tions.
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Stannylenes or stannanediyls are intriguing ligands with
respect to structure, bonding, and their capability to coor-
dinate to bare transition metals or transition metal frag-
ments.['! They have played an important role in the search for
stable multiply bonded main group organometallic com-
pounds. Homonuclear multiple bonding in heavier main
group elements was established for the first time in the
landmark compound [Sn{CH(SiMe;),},] (4), which represents
the prototype of such a molecule and was synthesized by
Lappert and co-workers as early as 1973.114

Heavier main group carbene analogues of tin of general
formula :SnR, can be subdivided into two classes: base-
stabilized and nonbase-stabilized stannylenes (so-called “bis-
hydrocarbyl or silyl-substituted stannylenes”)® (Figure 1).

For the group of base-stabilized stannylenes, various alkyl-
substituted compounds of Group 15 elements are able to
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Figure 1. Examples of base-stabilized and bis(hydrocarbyl) and silylstannylenes :SnR,.

influence the divalent Sn!' center electronically as donor
ligands, and thus the reactivity of these stannylenes can be
tuned over a wide range. In contrast, for the group of
hydrocarbyl-substituted stannylenes, of which 4 is the most
prominent, bulky alkyl or aryl ligands stabilize the subvalent
Sn'" center mainly kinetically, thus allowing a different course
of reactivity compared with their base-stabilized counterparts.
For both groups it is noteworthy that their chemistry is usually
consistent with a monomeric stannanediyl formulation seen
for compounds that are monomeric in solution such as
[Sn{CH(SiMe;),},] @I'=4 or [Sn(HCy-2,3,4-tri-methyl-6-
Bu),] (6)."1 Organotransition metal complexes in which
more than one SnR, fragment is bonded to a single transition
metal are, however, still rare for all classes—Dbase-stabilized or
bis-hydrocarbyl and silyl stannylenes.

In recent work it has been shown that base-free stannylenes,
especially Lappert’s [Sn{CH(SiMe;),},] (4), behave as ligands
to low-valent metal fragments.'l These studies have proven
that 4 can coordinate to low-valent organonickel, -palladium,
-platinum, -cobalt, and -iron fragments. Furthermore, the
resulting complexes containing Sn—M bonds are reactive
towards the insertion of main group elements as well as
towards organic molecules.:3 4

Here we describe the synthesis and structure determination
of the first hydroxo hydrido cobalt and iron bis-stannylene
compounds derived from Lappert’s stannylene 4 and mono-
metallic cobalt and iron organometallic complexes. To the
best of our knowledge, these complexes represent the first
fully characterized examples of such compounds in the iron
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metal triad (Fe, Co, Ni) and are
rare cases of primary reaction
products derived from such re-
actions with H,O. Aside from a
general interest in structure and
bonding of hydrido hydroxo
complexes, there is a tremendous
interest in compounds able to
activate water or alcohol by ox-
idative addition reactions under
mild conditions. Such complexes
have been postulated quite fre-
quently as intermediates or tran-
sition states in catalytic hydro-
genations of carbonyl
pounds.’l However, structurally
characterized examples of water-
activation processes are scarce so
far.5» « 9 Since metal complexes
containing both a hydride and a
:SnR, stannylene ligand may play
an important role in hydrostan-
nylation and related reactions,”]
we address the question of the
existence of agostic Sn--- H—Fe

O\O

3l1h]

com-

Sn

6lir]

CF3

such complexes in solution and in
the solid state by means of NMR
and X-ray and neutron diffrac-
tion studies.

Results and Discussion

Reaction of [Sn{CH(SiMe;),},] (4) with the Fe atom/toluene
solvate complex 9: Cryogenic cocondensation of iron atoms
and toluene at —196°C followed by subsequent work-up at
—78°C affords a stable, deep brown solution of toluene-
solvated iron atoms containing complex 9 as the sole product
(Scheme 1). Such a solution represents a most useful source of

o

-196 °C !
Feaoms+ toluene ——» Fe

cocondense |
<

9

stable up to -50 °C
in toluene

Scheme 1. Formation of bis(toluene)iron 9.

zerovalent iron for which the name “solvated iron atoms” has
been coined.”®! Even though the discrete structure of 9 is not
known, it is believed to have a characteristic sandwich
structure with one toluene ligand 7°bonded and the other
one probably r*-bonded.’) Careful preparation and isolation
techniques allow arene solutions of 9 to be stored and handled
by standard Schlenk techniques, which makes them valuable
and highly reactive sources for {(7°toluene)Fe} fragments in a
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“bottled” form for stoichiometric organometallic reactions.
Thus complex 9 is the ultimate precursor for the introduction
of these metal ligand fragments.

An aliquot of a solution of 9 in toluene (0.025M) was
allowed to react with a twofold molar ratio of 4 dissolved in
toluene over a temperature range from —78°C to room
temperature. As the reaction mixture was slowly warmed to
room temperature, the color of the resulting solution changed
from brown to green. Evaporation of all the volatile
components at room temperature gave a brown oil which
was recrystallized from diethyl ether to give a greenish brown
microcrystalline solid 10 (Scheme 2).

TMS TMS

o
~ < TMS
@_ ™S TMS™ o,

toluene

7\
I
i ' Z:SQ)\-TF:E _
- o] - 0
@ r 78°C - 20°C L
— ™S ™S ™S
= r

9 4 ™S TMS

10

Scheme 2. Synthesis of the bis-stannylene complex 10. TMS = trimethyl-
silyl.

The typical reactivity pattern for 9 is the easy loss of its 7*-
bonded toluene ligand to yield reactive 14 e {(7°-toluene)Fe}
fragments. These can be intercepted and stabilized by various
organic ligands to give monometallic, bimetallic, and cluster
products.'’7 Based on these findings, the substitution of the 7*-
bonded toluene moiety of 9 by 2 e SnR, fragments offers a
straightforward approach and the most realistic reaction
pathway to compound 10.

Recently we have reported the synthesis and structure of a
dinuclear Ni stannylene complex 11 with a Ni,Sn, butterfly
arrangement and a Ni—Ni bond." Compound 10 is two
electrons short of the overall electron count of the Ni,Sn,
cluster 11, which is known to react with H,O to give a u-
hydroxo-bridged compound.)

TMS TMS

TMSJ ~‘L ™S

s

11

Reaction of 10 with H,O: Because of the unsaturated nature
of 10, reactivity analogous to that of 11 might be expected.
Indeed, addition of an excess of water saturated with N, to a
greenish brown solution of 10 in toluene results in a color
change to bright red after 30 min of stirring. Evaporation of all
the volatile components and work-up by crystallization
affords bright red, brick-shaped crystals of the hydroxo
hydrido compound 12 (Scheme 3), which are stable in air
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Scheme 3. Formation of the hydroxo hydrido complex 12. TMS = trime-
thylsilyl.

for several hours. Compound 12 was also obtained by
chromatography of a solution of 10 in toluene on ALO;
containing less than 1% H,O. However, chromatography on
freshly dried Al,O;, containing virtually no water, leaves 10
unchanged, clearly indicating the high reactivity of the iron—
tin complex 10 towards nucleophilic attack by trace amounts
of water. This observation for 10 is in accord with the fact that
the dinuclear Ni complex 11 displays the same reactivity
towards H,O.'!l To the best of our knowledge, this result
describes the first case of water activation across an iron—tin
bond. Recent reports by Porschke and co-workers describe
reversible water and alcohol activation across the Pd—Sn bond
in [(iPrPCH,CH,PiPr,)Pd-Sn{CH(SiMe,),},].'7 Our at-
tempts to eliminate water reversibly from 12 have not been
successful so far and have resulted in decomposition of 12.
The initial step of water activation by compound 10 to give 12
might involve attack of the M—M bond in 10. This is
substantiated by the fact that the hydroxo hydrido diorga-
nostannane 13,"*! containing H,O in a “preactivated” form,
does not react with the monometallic organoiron compound 9
to give 12. Reaction of compound 13 with 9 at —78°C
followed by subsequent warming to room temperature leads
only to decomposition of 9 into metallic iron and toluene, but
leaves 13 unchanged (Scheme 4). This indicates that 9,
containing tetravalent tin, is unreactive towards low-valent
14 e (°-toluene)Fe fragments.

(H3C)3Si Si(CHa)s
9+ 2 (HOSITN /SO o 12
Sn
H ow

13

Scheme 4. Reaction of complex 9 with the hydroxo hydrido stannane 13.

Reaction of [(n5-Cp)(i*-ethene)Co—Sn{CH(SiMe;),},] (14)
with H,O and D,0: Experimental support of initial attack of
water either at the Fe—Fe bond of 10 or at one of the
individual Fe centers comes from the reactivity of the
mono(ethene)(stannylene)cobalt complex 14 towards H,O
or D,0O, which we have also studied. Recently we reported the
high reactivity of 14 towards insertion and addition reactions
of the unbridged low-coordinated Co—Sn bond.*! Character-
istic of the unusual reactivity of 14 is the easy loss of ethene
which generates a coordinatively and electronically highly
reactive 16 e organocobalt/tin fragment that is formed upon
ethene loss in all reactions observed for 14 so far. Addition of
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an excess of nitrogen-saturated H,O or D,O to a solution of 14
in diethyl ether leads initially to evolution of gas and a change
in the color from purple to bright red. Work-up and
crystallization result in the formation of the thermally stable
hydroxo hydrido complex 15 or its deuterium analogue [D,]15
as bright red crystals in 60% or 53% yields, respectively
(Scheme 5). Complexes 15 and [D,]15 are isolobal with the
hydroxo hydrido iron compound 12.

> L
diethyl ™

|
! S Co
T™MS  Co ether TMS_/ /i ™S
. /AN

TMS)SH-_zﬁ‘ \// +H,OorD,O0 —
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™ ™S
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14 15 or [D,]15

Scheme 5. Reaction of water with the (ethene)stannylene complex 14.

Spectroscopic characterization:

Complex 10 gave no molecular ion in the electron-impact
mass spectrum (EI-MS). The 'H NMR (27 °C) spectrum of 10
reveals broad signals at 6 =59.7 (1H), 54.2 (2H), 26.3 (2H),
3.26 (3H), and 1.08 (36 H)—highly characteristic for a para-
magnetic compound for which large isotropic Fermi contact
shifts (as observed for 10) have been reported.l'' This
experimental observation is in accord with a dinuclear
structure for 10 and a formal electron count of 17 at each
Fe!! center.

The molecular structure of the hydroxo hydrido complexes
12 and 15 can be deduced from their characteristic spectro-
scopic data. In the EI-MS the molecular ion of 15 is observed
with the correct isotopic pattern for the nominal composition
C33Hg;C0,0,SigSn, .

In the EI-MS of 12, in contrast to 15, no molecular peak
arising from [12]** is observed, however, characteristic frag-
ments can be detected that indicate subsequent loss of toluene
and trimethylsilyl groups from [12]*".

The IR spectra (KBr) of 12 and 15 display v(Sn—OH—Sn)
stretching vibrations at 3650 (12) and 3615 cm™' (15). The
isotopomer ([D,]15) has a v(OD) stretch at 2669 cm~!. These
frequencies are in accord with the vSn—OH—Sn stretching
frequencies of the Ni complex [(7°-Cp)Ni{(SiMe;),CH},S-
n(OH)Sn{CH(SiMe;),},]""! (v(OH) 3621 cm™!) and the hy-
droxo organostannane complex 13 (v(OH) 3660 cm!).["¥l The
bands from the v(Fe—H) and v(Co—H) stretching modes in 12
and 15 are unfortunately broad and thus ill-defined, making a
reliable assignment impossible.

The 'H NMR resonances of the 7°coordinated toluene
ligand in the diamagnetic complex 12 are characteristic and in
line with other half-sandwich complexes of iron with #°-
bonded toluene ligands (Table 1). The Cp resonance for 15
appears at 0 =4.67; the resonances of the bridging u-hydroxo
proton of the Sn—OH—Sn group are found at  =1.70 for 12
and 1.63 for 15 and are in good agreement with the 'H NMR
shift of the terminal Sn—OH resonance in 13 (0 =1.63).1%]

A priori, both CH(SiMe;), ligands at each tetracoordinated
Sn center in 12 and 15 are enantiotopic, whereas the TMS

628 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Table 1.

Ligand 'H NMR (27°C)  Compound Ref.
fragment o (ppm)

n°-toluene 5.06, 4.28, 4.12 [ (7®-toluene)(n*ethene),iron] 16
toluene-CH; 1.84

n®-toluene 4.92, 4.86, 4.72 [ (35-toluene)(1,3-cod)iron] 15
toluene-CH;  1.95

n®-toluene 5.35, 4.83, 4.73 [(°-toluene){P(OEt);},iron] 15
toluene-CH;  2.30

n°-toluene 5.19, 5.09, 4.71 [ (37°-toluene)(H),Fe{SiCls},] 19
toluene-CH;  1.46

n°-toluene 4.93, 4.87, 4.49 [ (y®-toluene)(H),Fe{SiF;},] 18
toluene-CH;  1.40

n°-toluene 5.51, 5.38, 4.55 [(®-toluene)(OH)(H)Fe- this
toluene-CH;  2.31 {Sn{CH(SiMe3),},},] 12 work
n°-toluene 537,513,454  [{(n°toluene)-Fe}, 14

toluene-CH; 1.83 o-{1 :p>-toluene}]

groups of each SnR, substituent are diastereotopic. In the
BC NMR spectrum, one resonance for the CH(SiMe;),
carbons and two resonances for the carbons of the TMS
substituents at each SnR, ligand fragment are observed. This
tallies with the existence of a mirror plane that renders the
individual CH(SiMe;), substituents on each SnR, fragment
equivalent and gives rise to the observation of four TMS
signals and two CH(SiMe;), resonances for both SnR, ligands
in 12. For 15 the same explanation holds true, but an
incomplete set of *C resonances is observed, probably
because of an isochronicity of the relevant positions (see
Experimental Section).

Additional "H NMR signals at high field are observed for 12
(—13.4) and 15 (— 17.5) and are indicative of Fe—H and Co—H
groups. The hydride resonances in the related half-sandwich
complexes bis(trifluorosilyl)- or bis(trichlorosilyl)(#5-tolue-
ne)iron(dihydride) at 6 =—19 (SiF;) and —17.15 (SiCl;) are
shifted nearly 6 ppm upfield from that of 12.1' %] The hydride
signals for 12 and 15 are accompanied by '"°Sn satellites (with
intensities for two tin atoms in each complex) that correspond
to a rather large magnitude of 2/(Sn,H), which suggests the
existence of three-center Fe,H,Sn and Co,H,Sn interactions,
respectively. J(Si,H) coupling constants have often been used
as a criterion for the presence of Si—H—M contacts.?!l The
same is true for the analogous J(Sn,H) data in transition metal
tin hydrides, which have been recognized as a valuable
analytical tool to gauge the presence of agostic M—H---Sn
interactions. The magnitude of the coupling constants corre-
lates with the amount of Sn---H interaction. At one extreme
are the values for Sn—H interactions in tetrahedral alkyltin
hydrides with direct Sn—H o-bonding. Their 1J(Sn,H) values
are typically in the upper region (1500-2000 HzP?), as
exemplified by the Snv compound 11 (Y(SnH)=
1991 Hz).!"3l At the other extreme, J(Sn,H) coupling constants
distinctively below 150 Hz are characteristic for compounds
without any three-center Sn,H,M bonding. The intermediate
range between 150-300 Hz is distinctive of compounds
exhibiting three-center Sn,H,M interactions with a varying
degree of Sn,H,M contact defined by the relative size of the
coupling constant. In 12 and 15, the J(Sn,H) couplings are 630
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(12) and 593 Hz (15), respectively, and these values point
towards the presence of 72-Sn—H—Fe(Co) interactions in
solution. The J(Sn,H) values in 12 and 15 are significantly
larger than those found in the manganese, chromium, and iron
compounds [ (7°-MeCsH,)(CO),Mn(H)SnPh;]? (270 Hz),
[(7>-Mes)Cr(CO),(H)SnPh; 24 (327.6 Hz), and [FeH;(P-
Ph,Et);SnPh;]®! (174.2 Hz) synthesized by Schubert et al.,
as well as in [7°14-CH,(OCH;),Cr(CO),)(HSnPh;)]2!
(213.60 for ""Sn and 208.0Hz for '"Sn) prepared by
Klabunde et al. The Mn and Cr complexes prepared by
Schubert et al. and the Cr complex prepared by Klabunde et
al. contain definite Sn—H—M three-center interactions based
on both NMR and X-ray crystallographic data. In contrast to
these typically large values for J(Sn,H,M) coupling constants,
the values for J(H,Sn) coupling constants without three-
center Sn--- H—M interactions are 5.3, 8.4, and 15.8 Hz in a
series of compounds of the type [(Cp)Fe(H)(CO)Sn(R;),]
(R=Me, Bu, Ph);? or are between 15 and 45Hz in
[ (i(PrPCH,CH,PiPr,)Pd—Sn{CH(SiMe,),},];!'"? or as low as
23.7 Hz in [(Cp)Cr(NO)(PPh;)(H)SnPh;)].®! In those com-
plexes, as judged from the magnitude of their 2/(Sn,H)
coupling, any chemical bonding interaction between Sn and
H seems to be negligible.*’]

An interesting case is represented by [Cp,Mo(H)SnR;]
(R;=Me,, Me,Cl)PY because it is completely opposite to the
observations discussed above, as these compounds have large
2J(Sn,H) values of 310 and 238 Hz, respectively, which are
indicative of a distinct three-center Sn--- H-Mo interaction in
solution. However, the corresponding X-ray analysis revealed
no such interaction in the solid state.’” The same situation has
been found for [FeH;(PPh,Et)SnPh;],*! whose metal skel-
eton shows an approximate C; symmetry in the crystalline
state and a nearly tetrahedral FeP;Sn core. Although the
relevant hydrogen positions in [FeH,;(PPh,Et)SnPh;] could
not be located by X-ray structure analysis, its NMR spectrum
was interpreted in terms of the presence of a Sn—H—Fe three-
center, two-electron interaction based on a large 2/(Sn,H)
coupling constant.!

In the Si NMR spectrum of 12, one observes two broad
singlets at 0 = —0.36 and — 1.03 in a ratio of about 1:2. The 'H
and 3C NMR signals of the Me;Si group are also split into at
least three different signals (three for 15, four for 12), which
points to the presence of diastereomers. The '°Sn NMR
spectrum of 12 in solution shows three fairly broad signals as
doublets at 6 =326, 347.5, and 371 from '"Sn—"H coupling in
agreement with the '"H NMR spectrum. Two of these signals
are accompanied by '71"Sn satellites as AX and AB spin
systems, respectively (confirmed also by simulated spectra),
and the third signal at highest frequency has only ''Sn
satellites. The three signals belong to two diastereomers in
which the more abundant (about 66 %) has two different tin
sites, and the less abundant one (about 33 % ) has only one tin
site. The observation of these diasteroisomers in solution
might be due to the different configurations of the
[CH(TMS),] ligands at each tin, which would give rise to
the presence of geometrical isomers in a different ratio. The
large magnitude of [J(*Sn(1),"°Sn(2))|=4370+100 Hz
points towards marked tin—tin bonding interactions. The
description of the bonding situation between Sn(1), Sn(2), Fe,

Chem. Eur. J. 2000, 6, No. 4
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and H becomes exceedingly complex, possibly invoking fast
dynamic processes in solution. In solution a reasonable
scenario might be an interchange between different hydride
coordination sites (“see-saw” mechanism), which creates a
time-averaged hydride position that places the hydride ligand
close to the Fe and both Sn atoms (Figure 2). The 6(!*Sn)
values of 12 at rather low field are difficult to interpret in the
light of the other evidence. However, it is known that '"°Sn
nuclei become markedly deshielded near an oxonium-type
oxygen atom.B!

Figure 2. Hydridic ligand interchange in complex 12 by a “see-saw”
mechanism.

In summary, all these findings show that there is often
conflicting evidence in characterizing three- or multicenter
Sn—H—M interactions in solution (by NMR spectroscopy) and
in the solid state (by X-ray crystallography). Despite the fact
that a number of useful X-ray crystallographic studies have
been carried out, the hydrogen could only be located with an
inherent and systematic uncertainty. Thus far, no three-center
Sn,H,M interaction has been further substantiated by other
spectroscopic techniques such as solid-state '"Sn NMR
spectroscopy or even neutron diffraction analysis.

Structural investigations:

X-ray studies’?! of 12 and 15: The molecular structures of 12
and 15 in the solid state were determined by X-ray crystallog-
raphy (Figures 3 and 4, respectively). In both compounds the

C30

Figure 3. Molecular structure of 12 (ORTEP) in the solid state as
determined by X-ray diffraction. Selected bond lengths [A] and angles
[°]: Snl-Fe 2.525(1), Sn1-O 2.139(3), Snl—C(8) 2.213(4), Snl—Cl15
2.219(3), Sn2—Fe 2.525(1), Sn2—O 2.147(3), Sn2—C22 2.234(5), Sn2—C29
2.215(5), O—HO1 0.69(5); C15-Sn1-C8 105.5(2), C15-Sn1-O 90.7(1), C15-
Snl-Fe 129.8(1), C8-Sn1-O 104.3(1), C8-Sn1-Fe 122.9(1), O-Snl-Fe 89.6(1),
C29-Sn2-C22 106.3(2), C29-Sn2-0O 103.9(2), C29-Sn2-Fe 124.0(1), C22-Sn2-
0O 91.1(1), C2-Sn2-Fe 127.9(1), O-Sn2-Fe 89.4(1).
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two SnR, fragments, the Co and the Fe atoms, and the u-OH
group define a planar cyclic geometrical arrangement (M-Sn-
O-Sn). The dihedral angles Co-Sn-O-Sn and Fe-Sn-O-Sn are
1.35(4)° and 0.32(5)°, respectively. The two Sn atoms in 12 and
15 are tetracoordinate, both having a similar strongly dis-
torted “tetrahedral” coordination geometry. As a result,
bonding parameters at both Sn'' centers in 12 and 15 are
comparable. The average Sn—Sn distance is 3.294 A in 12 and
3.282 A in 15, which indicates a weak but significant Sn—Sn
bonding interaction for both complexes in good agreement
with the Sn NMR results.

The Co—Sn bond lengths in 15 are 2.464(1) and 2.466(1) A
and are significantly shorter than the Fe—Sn bonds in 12
(2.525(1) A) by 0.06 A. This relative lengthening of the Fe—Sn
distances must obviously be attributed to some degree of
bonding differences based on electronic grounds, since the
steric ligand environments in both isostructural complexes are
nearly identical. For both complexes 12 and 15, the Co—Sn
and Fe—Sn bond lengths are significantly elongated when
compared with the mono(ethene)(stannylene)(Cp)cobalt
14 (2386 A) and the corresponding isolobal mono(ethene)-
(stannylene)(toluene)iron complex 161! (2.4362(10) A), re-
spectively, each of which contain three-coordinate tin
centers.

Cc31

Figure 4. Molecular structure of 15 (ORTEP) in the solid state as determined by X-ray diffraction. Selected bond lengths [A] and angles [°]: Sn1—Co
2.464(1), Sn2—Co 2.466(1), Sn1—O 2.147(3), Sn2—0O 2.158(3), Sn1-C6 2.213(5), Sn1—C13 2.221(3), Sn2—C20 2.220(4), Sn2—C27 2.210(5); C13-Sn1-C6
108.7(2), C27-Sn2-C20 107.0(2), C6-Sn1-Co 121.5(1), C13-Sn1-Co 127.8(1), C6-Sn1-O 105.1(2), O-Sn1-Co 88.3(1), C27-Sn2-0O 106.5(2), C27-Sn2-Co 123.0(1),
C20-Sn2-0 92.5(2), C20-Sn2-Co 127.7(1), O-Sn2-Co 87.9(1), Sn2-Co-Sn1 83.9(1), Sn2-O-Sn1 99.9(1), H100-O-Sn1 124.1(3), H100-O-Sn2 129.3(3).

O

| .
Fe SI(CH3)3

\\/ \S.n Sl(CH3)3

(H3C)3Si” > Si(CHa)s
16

Table 2 gives selected bonding parameters for 15 and the
structurally related chalcogen-bridged complexes 17 and 18
containing the heavier element homologues Se and Te in a us-
bridging mode that connect the two Sn atoms and the central
Co atom in a similar fashion to that of the OH group in 15.

The Fe—Sn bond length in 12 is in the lower region of those
observed for a set of nineteen compounds that contain Fe—Sn
bonds in the range between 2.46 and 2.67 A.l" It is note-
worthy that the shortest Fe—Sn bond is observed in the bis-
stannylene complex [Fe(CO),{Sn(OAr),},] (Ar=C¢H,tBu,-
2,6-Me,4) (Fe—Sn=2.408 A)!"l well in accord with the
extraordinarily good mt-donor properties of the base-stabilized
stannylene ligand Sn(OAr),.l""

Neutron diffraction analysis of 12:%2 Compounds 12 and 15
both contain hydridic ligands. We have demonstrated that

Table 2. Selected bonding parameters of 15 and for related Co/Sel*! and Co/Tel*! compounds 17 and 18.1%

angle [°] R OH_ g R (ITP o ?p
E=0, Se, or Te R—Cyi. ~PO\_ ~Cise i Co. R Co. .
,Sny Sn, R R—Ci._ I\ ~Cise R—Ci._ - T\ _ ~Cise
R—Cs ™ VS -R SNy I Sny R oM Sny R
b Q 22 R—CF ST R—C§ VA R
R H R \ Se  Lxn R v Te  Cx
R R R R
15 17 18
Snl-E-Sn2 100.3 90.90 85.86
C1-Sn1-C8 108.7 109.8 109.5
C15-Sn2-C22 107.0 108.1 106.7

[a] R = trimethylsilyl.
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there is evidence of multicenter Sn,Sn,Fe,H bonding in 12 by
both 'H and "”Sn NMR in solution, but it was also important
to look for such structural features in the solid state.
Interestingly, however, there is only one report in which
characterization of this type of interaction has been successful
in solution and in the solid state (by NMR spectroscopy and
X-ray diffraction) for a Fe/Sn complex. This gave correspond-
ing results with respect to the existence of a 7*-Sn—H-M
interaction.l?’! As far as X-ray diffraction as an analytical tool
is concerned, determination of hydrogen positions is a
procedure with an inherently low degree of accuracy because
of the fact that the X-ray diffraction process locates the
electron density maximum of a M—H bond and not the actual
nuclear positions. Thus, bond lengths and angles involving
hydrogen are usually observed to be significantly off their true
values when determined by X-ray diffraction.’> 34 However,
these problems do not arise with neutron diffraction, which
directly locates the nuclear positions of the H atoms. As we
were able to obtain sufficiently large crystals of our iron
hydride compound 12, we were eager to determine its solid-
state structure by neutron diffraction in order to determine
the coordination geometry of the Sn, H, and Fe atoms in the
most accurate way.

The molecular plot (ORTEP) of 12 as determined by
neutron diffraction is shown in Figure 5. The structural
analysis of the compound was complicated by a packing

Si3 Si5

Figure 5. Molecular structure of 12 (ORTEP) in the solid state as
determined by neutron diffraction. Only one of the two disordered
orientations of the hydride and toluene ligands is shown. The Fe—H
distance is 1.581(8) A, and the Sn---H distances are 2.477(9) A (minor
isomer) and 2.497(9) A (major isomer), respectively. For selected bond
lengths [A] and angles [*] see Table 4.

disorder of the toluene and hydride ligands, in which 75 % of
the molecules pack with orientation 12a and 25% with an

T O

L H He/

T™S €. TMS T™s  Fe  Tms
TMS)"'Sn\ \__’_'Sn""‘LTMS TMSJ' """ Sri‘f,, /Sn""kTMS
TMST/I\%S Q Y ms ™S O . KA\\TMS

H TMS ™S 3 T™MS
12a 12b
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orientation rotated by 180°, 12b. What is observed exper-
imentally is a superposition of these orientations. The rest of
the structure (the Fe-Sn-OH-Sn core and the CH(SiMe;),
ligands) however is ordered. For the following discussion of
the structure only the major hydride H site is considered
(Table 3 and 4).

The original motivation for carrying out the neutron
diffraction analysis of 12 was to see if evidence for Fe—H ---
Sn agostic interactions could be found in the solid state, as
suggested by NMR results in solution (vide supra). The
neutron diffraction results show a molecule with essentially a
terminal Fe—H bond, with almost no evidence of significant
H--- Sn interactions in the solid state (Figure 5). The Fe—H

Table 3. Neutron diffraction details of 12.

empirical formula C;s Hgs Fe O Sig Sn,

T [K] 20(1)

wavelength [A] 1.5345(1)

space group monoclinic, P2,/n (no. 14)
unit cell dimensions

a[A] 13.6760(4)

b [A] 17.6418(6)
c[A] 23.6655(7)
al’] 90

B 1°] 104.000(2)
71 %

V[ A3 5540.1

VA 4

crystal size [mm] 1.5x15x%x15
6 range for data collection 3.14° to 50.55°.

index ranges —13<h<13, —17<k<17, -12<1<23
reflections collected 10318

independent reflections 5678 [R(int) = 0.0362]
data/restraints/parameters 5675/38/1259

Goodness-of-fit on F? 0.976

Final R indices [I>2(])] R(F)=0.0782, R(wF?) =0.1800

R indices (all data) R(F)=0.0910, R(wF?)=0.1929

Table 4. Selected bond lengths [A] and angles [°] for 12 as determined by
neutron diffraction.

Fe—H 1.581(8)
Snl-Fe 2.519(3) Sn—Fe 2.514(3)
Snl)---H 2.477(9) Sn2---H 2.497(9)
Sn1-O 2.150(4) Sn2—0 2.140(4)
Sn1—C8) 2.204(4) Sn2—C22 2.222(4)
Sn1—C15 2.229(4) Sn2—C29 2.218(4)
Snl-+-Sn2 3.269(4)
Si1—C8 1.877(5) Sis—C22 1.891(5)
Si2—C8 1.882(5) Si6—C22 1.890(5)
Si3—C15 1.887(5) Si7-C29 1.879(5)
Si4—C15 1.890(5) Sis—C29 1.875(5)
O-H(OH) 0.938(9)
C8—HS8 1.103(7) C22-H22 1.097(7)
C15-H15 1.087(7) C29-H29 1.091(7)
Sn2-Fe-Snl 81.0(1)
Snl-Fe-H 70.1(3) Sn2-Fe-H 71.0(3)
Fe-H -+~ Snl 73.3(3) Fe-H -+~ Sn2 72.5(3)
O-Snl-Fe 89.6(2) O-Sn2-Fe 90.0(2)
C8-Snl-Fe 122.0(2) C22-Sn2-Fe 126.7(2)
C15-Snl-Fe 130.6(2) C29-Sn2-Fe 125.1(2)
0-Sn1-C8 103.9(2) 0-Sn2-C22 90.5(2)
0-Sn1-C15 90.7(2) 0-Sn2-C29 103.4(2)
C8-Sn1-Cl15 105.7(2) C29-Sn2-C22 106.5(2)
Sn2-0O-Snl 99.3(2)
Sn1-O-H(OH) 129.7(5) Sn2-O-H(OH) 129.6(5)
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distance is found to be 1.581(8) A as would be expected?! for
an Fe—H single bond, while the Sn--- H distances are 2.477(9)
and 2.497(9) A. By comparing these with the estimated
valuesP of 1.77 A for an Sn—H single bond and 2.07 A for
the Sn---H distance in an agostic Sn--- H-M interaction, one
can conclude that the Sn—H distances we find in 12 are too
long for any meaningful Sn—H bonding interaction in the solid
state.

As was found in the X-ray analysis, the FeSn,O core of the
molecule is planar, within experimental error, as is the
Sn—OH—Sn group at the three-coordinate O atom of the
bridging hydroxyl ligand. The O—H distance of that ligand was
found to be 0.938(9) A, and all the other distances and angles
in the structure were also found to be normal.

Maossbauer spectroscopy: Assigning formal oxidation states to
iron and cobalt as well as to tin in 12 and 15 gives formal
charges of +2 for Fe (d°) and +3 for Co (d°) in accord with
their overall diamagnetic NMR behavior. For each of the two
tin centers a formal charge of +2.5 results as the two Fe—Sn
bonds are formally electronically neutral and the bridging OH
ligand contributes a negative charge to the overall electron
count of 12 and 15.

In general, Mossbauer spectroscopy provides valuable
experimental information on the authentic valence state
(oxidation and spin state) and geometry in coordination
compounds. “’Fe and "°Sn Mssbauer measurements in zero
field were performed on crystalline samples of 12 at 100 and
90 KB which gave symmetrically split doublets with isomer
shifts of 0, 3=0.43 mms~! (relative to a-iron) and d=
1.72 mms~, relative to CaSnOs), and quadrupole splittings
of AE4=0.95 and 2.97 mms™! for the iron and tin nuclei,
respectively (Figures 6 and 7). Both the iron and tin Moss-
bauer data are in agreement with a pseudooctahedral
coordination environment around iron and a pseudotetrahe-
dral arrangement around tin.®! The values for the iron isomer
shift and quadrupole splitting are typical values for
Fell.[S& 39, 40]

Mossbauer data for organometallic tin compounds can be
subdivided into those compounds containing Sn' which show
typical isomer shifts and quadrupole splittings well below
2mms~!, and also into those with distinctively higher O
values and quadrupole splittings AE, (>>2 mms™) such as
those of the Group VIII metals. For both groups the
classification depends on preparative procedures, such that

g
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Figure 6. Zero-field S’Fe Mgssbauer spectrum of 12 at 80 K.
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Figure 7. Zero-field '*Sn Mossbauer spectrum of 12 at 80 K.

compounds assignable to the first class (Mossbauer parame-
ters <2 mms™!) are accessible from SnCl,, and those assign-
able to the second have SnCl, as the precursor.[*! According
to this classification an assignment of 12 (d;s=1.72 mms~},
AE,=2.97 mms') to one of these two classes is not clear-cut,
despite its preparation from the stannylene 4 (d;3=
216 mms!; AE,=2.31 mms!)*® that contains a Sn" cen-
ter. In complex 4, tin has a pseudotetrahedral con-
figuration at each SnR, fragment in the solid state. The
Ors values for 4 and 12 are drastically lowered compared
with pure inorganic or even organometallic systems that
contain invariably Sn! with d;y=3-4 mms~'. Examples of
such compounds are the halogenostannates(i) or sandwich
complexes like [(77°-CpR),Sn"] (R = alkyl).*'al In these com-
pounds the 5s lone pair on tin retains its high o s character
compared with 4 and 12. Thus, the relatively large values
of O for 4 and 12 compared with these compounds seem
indicative of some extent of p character in the Sn—Sn (4) and
Fe—Sn (12) bonding induced by rehybridization of the Ss lone
pair on Sn.

Conclusions

We have shown that Fe and Co complexes 10 and 14
containing two (hydrocarbyl)substituted stannylene units
:SnR, are accessible by different but complementary routes
that employ metal vapor chemistry and wet chemical syn-
thesis techniques. Even though the reaction products obtained
by both ways differ in their constitution as determined by
spectroscopic techniques, they show a similar reactivity
towards the nucleophile water. Irreversible water activation
occurs with both compounds to give rare cases of hydroxo
hydrido complexes, which represent the primary products
from such a reaction. Complexes 12 and 15 appear to show
strong Sn—H—Fe and Sn—H—Co interactions in solution as
judged by 'H NMR spectroscopy. X-ray crystallography
shows them to be isostructural in the solid state. However, a
strong Sn—H—Fe interaction in the crystalline state, which was
found for 12 in solution, could not be observed in the solid
state on the basis of the results of a neutron diffraction study
of 12, which allowed us to characterize the crucial Sn,H,Fe
structural parameters unambiguously and characterize 12 as
a classical hydride with a normal terminal Fe—H single
bond.

0947-6539/00/0604-0632 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 4



Fe and Co Hydroxo Hydrido Complexes

625-635

Experimental Section

General experimental information: Metal atom reactions were conducted
in home-built all-glass static metal vapor reactors based on the design
published by Klabunde et all®**! Iron metal was 99% pure. Metal
evaporation was performed from resistively heated alumina crucibles
(Mathis, CA, USA). In metal vapor reactions, an amount of about 30 % of
the metal is typically lost because of deposition of metal vapor outside the
reaction zone of the metal/toluene cocondensate. Except for the metal
vapor synthesis, all reactions were carried out under an atmosphere of dry
nitrogen gas with standard Schlenk techniques. Microanalyses were
performed by the microanalytical laboratory of the Chemistry Department
of the University/GH-Essen. All solvents were dried appropriately and
stored under nitrogen. The NMR spectra were recorded on a Bruker AC
300 and DRX 500 spectrometers (300 and 500 MHz for 'H, 75.5 and
125.8 MHz for BC, 99.36 MHz for ¥Si and 186.5 MHz for '"Sn) and
referenced against the remaining protons of the deuterated solvent used,
EZ(*Si)=19.867184 MHz  for  o(¥Si)(Me,Si)=0, and E(*Sn)=
37290665 MHz for 6(**Sn)(Me,Sn)=0. In the case of the '"’Sn NMR
experiments, the approximate range of the '”Sn NMR signals for 12 was
first evaluated by heteronuclear '"H{!"°Sn} double resonance experiments.
NMR samples were prepared by vacuum transfer of predried, degassed
solvents onto the appropriate amount of solid sample, followed by flame
sealing of the NMR tube. MS spectra were recorded on a MAT 8200
instrument under standard conditions (EI, 70 ¢V) with the fractional
sublimation technique for compound inlet. IR spectra were recorded in
KBr with a Nicolet 7109 FT- instrument.

Synthetic procedures:

Metal vapor synthesis of [{(17°-toluene)Fe—Sn{CH(SiMe;),},] (10): Iron
vapor (2 g, 25 mmol) was codeposited with an excess of toluene (150 mL) at
—196°C over 4 h at 107> Torr. After the reactor had been back-filled with
N, to ambient pressure, the deep brown solution was filtered through a bed
of Celite under a N, atmosphere at —78°C to remove any excess of iron
metal. Sn{CH(SiMe;),}, (4) (1.5¢g, 1.7 mmol) dissolved in diethyl ether
(20 mL) was added to this solution, causing a color change to intense green
after 30 min of stirring at —78°C. After the mixture had been warmed to
room temperature, all the volatile components were removed under
vacuum and an oily, greenish brown residue was crystallized from diethyl
ether at —78°C to give 10 as a microcrystalline, green solid in 36 % yield.
Compound 10 is stable under nitrogen at room temperature for months. MS
(EL, 70 eV, T,,, =120°C): m/z (% ): decomposition; 'H NMR ([Dg]benzene,
27°C): 6=59.7 (s, v;, =203 Hz, 1H; CH-tol), 45.2 (s, v;, =260 Hz, 2H;
CH-tol), 26.2 (s, v;, =307 Hz, 2H; CH-tol), 3.3 (s, 3H; CHs-tol), 1.1 (s,
36H; SiMe;). Various attempts to obtain satisfactory elemental analysis
for 10 were unsuccessful because of its high sensitivity to air and
moisture.

Synthesis of [{(5°-C,Hg)(OH)(H)Fe—{Sn[CH(SiMe3;),],},] (12) by reaction
of [{(17°-toluene)Fe—Sn{CH(SiMe;),},] (10) with H,O: Synthesis of 12 was
performed in a one-pot procedure. Compound 4 (1.5g, 2.67 mmol)
dissolved in toluene (10 mL) was added to a deep brown solution of 10
in toluene (150 mL), which had been synthesized by cocondensation of Fe
metal (2.0 g) and toluene (150 mL) as described above. The resulting deep
green solution was stirred for 2h at —50°C, after which H,O (2 mL,
0.1 mmol) was added in one batch. During warm-up to room temperature,
the color of this solution slowly changed to bright red. Stirring of this
solution was continued at room temperature for 2 h. After removal of all
the volatile components, the solid residue was dissolved in diethyl ether and
filtered, and some CH;CN was then added. Cooling of this solution to
—30°C afforded brick-red, rectangular crystals (up to 3 mm large) of 12
(2.04 g, 2.0 mmol, 73.6%). MS (EL, 70 eV, T,,,=140°C): m/z (%): 948
[{Sn[CH(SiMe;),],},(tol)Fe~HOH]* (1), 604 [Sn{CH(SiMe;),},(tol)-
Fe-H-OH]" (2), 586 [Sn{CH(SiMe;),},(tol)Fe—H]* (2), 494
[Sn{CH(SiMe;),},FeH]* (15), 438 [Sn{CH(SiMe;),},]* (15); 'H NMR
([Dg]benzene, 27°C): 6 =5.51 (s, v;, =20.3 Hz, 2H; m-CH, tol), 5.38 (dd,
1H; p-CH, tol), 4.55 (s, v;, =20.5 Hz, 2H; 0-CH, tol), 2.31 (s, 3H; CH;-tol),
1.70 (s, vi,=72Hz, 2J(OH,"""Sn)=13 Hz, 1H; OH), 045 (s, 18H;
SiMe;), 0.42 (s, 18 H; SiMes), 0.32 (s, 18 H; SiMe;), 0.31 (s, 18H; SiMe;),
—13.42 (s, vy, =27 Hz, J(*"Sn,H,Fe) = 640 +£30 Hz, 1H); *C NMR {'H}
([Dg]benzene, 27°C): 6 =100.4 (s, Cyy,, tol), 83.7 (s, 0-CH, tol), 82.1 (s, p-
CH, tol), 77.8 (s, m-CH, tol), 22.4,22.2 (s, Sn—CH), 22.3 (s, C—CHj;), 5.8 (s,
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SiMe;), 5.3 (s, SiMe;), 5.0 (s, SiMe;); Si and '"Sn NMR, see text;
C3sHggOFeSigSn: caled C 40.36, H 8.33; found C 40.64, H 8.40.

Synthesis of [{(75-Cp)(OH)(H)Co—{Sn[CH(SiMe3;),1},] (15) by reaction of
[{(35-Cp)(n*-ethene) Co—Sn{CH(SiMe;),},] (14) with H,0: H,O (0.5 mL)
suspended in diethyl ether (10 mL) was added at room temperature to a
purple solution of 14 (410 mg, 2.27 mmol) in diethyl ether (50 mL),
whereupon the color of the solution changed to reddish brown after a few
minutes. After 4 h of additional stirring, all the volatile components were
removed under vacuum, and the solid residue was dissolved in diethyl
ether/acetonitrile (5:1) and then filtered. Cooling of the bright red, clear
solution afforded 15 as red crystals (1.37 mmol, 60.3%). MS (EI, 70 eV,
T,,=130°C): m/z (%): 1018 [M*] (5), 857 [M* — CH(SiMe;), —2H] (5);
IR (KBr): 7=3616 (O—H); 2950, 2898, 1406, 840 (all TMS); 1250, 1108,
1011, 973, 797, 766 (all Cp); '"H NMR ([Dg4]benzene, 27°C): d =4.67 (s, 5H;
Cp), 1.63 (br.s, 1H), 0.58 (s, 4H; Sn—CH), 0.42 (s, 18 H; SiMe;), 0.38 (s,
18H; SiMe;), 0.27 (s, 36 H; SiMe;), —17.57 (s, J(**Sn,H,Co) =539 £ 20 Hz,
1H; [Co—H]); BC NMR{'H} ([D¢]benzene, 27°C): 6=78.7 (s,
2J("Sn,C) = 6.8 Hz; Cp), 22.2 (s, CH), 5.6 (s, 3J(1*Sn,C) = 12.4 Hz; SiMe3),
5.2 (s,3(1"°Sn,C) = 13.8 Hz; SiMe;), 4.6 (s, SiMe;); C33Hg;CoOSigSn,: caled
C 3897, H 8.23; found C 39.11, H 8.31.

Synthesis of [{(75-Cp)(OD)(D)Co—{Sn[CH(SiMe;),]},] [D,]15: [D,]11 was
synthesized in a similar manner to 11 but with D,O instead of H,0.?H NMR
([Dg]benzene, 27°C): 6 =—1744 (s, 1D; [Co—D]), 1.51 (s, 1 D; OD), both
signals display no detectable '"*Sn coupling; IR (KBr): #(O—D), see text.
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