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Treatment of the tripod compounds tripodCoCl, (1), and tri-
podCoCl (2), [tripod = CH3C(CH,PPh,)5] in THF solution un-
der argon atmosphere with strong reducing agents such as
KCg leads to the generation of reactive species. While the
dinitrogen compound tripodCo(N,)Cotripod (3), which is for-
med under N, atmosphere, is rather unreactive, the species
formed under argon atmosphere undergo selective reactions
with compounds containing P-H or Sn-H functions. With
PhPH, as the reagent, the diphosphene compound tri-
podCo(n2-PhP=PPh) (8), is formed in a yield (44%) similar to

that achieved in the preparation of 8 from 2 and PhPHNa
(60%). With Ph;SnH as the reagent, tripodCoSnPh; (9), is ob-
tained (yield 61%), while reaction with Bu;SnH produces tri-
podCo(H),SnBus (10a, 50%). The Co' species 9 undergoes
oxidative addition of dihydrogen to produce the Co™ com-
pound tripodCo(H),SnPh; (10b), which is an analogue of 10a.
The properties of these new compounds are characterized by
the usual analytical techniques, including NMR spectros-
copy, cyclic voltammetry, and X-ray analysis.

Introduction

The chemistry of [tripodCo] templates — tripod =
CH;C(CH,PPh,); — is well developed for the Co™ [l and
Co!l 21 oxidation states, while low-valent derivatives are
still rare. On the other hand, it is well-known that templates
L;Co (L = PMe;)P! also possess a rich chemistry with Co
in lower oxidation states. A possible entry into the chem-
istry of low-valent [tripodCo] compounds is the reduction
of easily accessible [tripodCo"] compounds such as fri-
podCoCl, (1) (Scheme 1), by electropositive metals. Using
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zinc powder as the reductant,l’! the Co! compound tri-
podCoCl (2), is produced,™® which in itself allows access
to the chemistry of [tripodCo'"] derivatives.’! Reduction of
1 with Na/Hg has been found to produce tripodCo(N,)Co-
tripod (3).1

The Co® compound 3 has already been tested with regard
to its propensity to act as a precursor for other low-valent
[tripodCo] species.’ It was found, however, to be rather un-
reactive, while the solutions from which it is obtained are
reactive due to the presence of some undefined by-prod-
ucts.®! Although the reactions of such solutions with CO,
or CS, furnished only the oxidized products incorporating
12-CO5 and 12-S,CO ligands,!®! their observed reactivity in-
dicates that reduction of the metal in 1 produces highly re-
active species.

In this paper, we report on the results obtained upon re-
duction of 1 in THF solution by KCg or activated Mg
(Scheme 2). While tripodCo(N,)Cotripod (3), is obtained as
one of the products when this reduction is carried out under
dinitrogen, reduction under argon atmosphere produces
highly reactive species that undergo oxidative addition with
P—H and Sn—H functions, thereby leading to derivatives
such as tripodCo(P,Ph,) (8), and tripodCo(H),(SnR3) (10).

Results and Discussion

Reductions of 1 and 2: Products and By-Products

Products

Reduction of a THF solution of 1 with various reduc-
tants was monitored by UV/Vis/NIR spectrophotometry,
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this being the only simple tool suitable for analysing these
highly sensitive and strongly paramagnetic solutions. Re-
duction with KCg as well as with Na/Hg under N, was
found to produce solutions showing a strong band at
around 1130 nm and a weaker absorption at around 680 nm
(Figure 1b; Table 1). The relative intensities of these two
bands was found to vary to some extent in different experi-
ments, while no conditions could be found under which one
of these two bands was absent. Reduction of 1 under an
N, atmosphere with activated Mg led to spectra of type a
(Figure l1a) with just one prominent band at 1130 nm. The
same type of spectrum was obtained when 2 was reduced
with KCg under N,. Reduction of 1 or 2 under argon atmo-
sphere with KCg produced solutions that characteristically
showed spectra of type ¢ (Figure Ic). The same type of
spectrum was observed when 1 was reduced with Na/Hg
under Ar. If the spectrum contained any signature of tripod-
Co(N,)Cotripod, 3, this should be the band at around
1130 nm (Figure 1a). For comparison purposes, 3 was pre-
pared by reacting 2 with KCg under N,. On layering the
THF solution obtained by this procedure with petroleum
ether (boiling range 40—60 °C ), crystals of 3 were pro-
duced. These crystals were analysed by measuring the lat-
tice constants [¢ = 1794(3) pm, b = 1531.1(9) pm, ¢ =
1279(1) pm, a = 90°, B = 94.16(6)°, vy = 90°], which were
found to be identical to those reported for 3 in the litera-
ture.”? The UV/Vis/NIR spectrum of a solution of this au-
thentic crystalline sample of 3 in THF was recorded. The
band at around 1130 nm (Figure 1a) was found to coincide
with the intrinsic absorption of 3 [Aya, (€) = 405 (8000),
718 (550), 1134 nm (4700) m~'cm™']. This result, together
with the result obtained by comparing the UV/Vis/NIR
spectra in Figure 1 (a, b: N, atmosphere; c: Ar atmosphere),
indicates that the compound giving rise to the band at
1130 nm, which is only present when the experiment is per-
formed under N, is the dinitrogen compound 3 itself. The
compound giving rise to the band at 680 nm (Figure 1, b
and c) is not identified as such. Again, on the basis of the
UV/Vis/NIR spectra, it cannot be the Co! species tri-
podCoCl that shows a completely different spectrum™ L.«
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Figure 1. Electronic spectra of solutions obtained by reducing THF
solutions of 1 or 2 under N, or Ar.

a: Spectrum of 3, N, atmosphere. — b: Spectrum observed after
reducing 1 or 2 under an N, atmosphere; for experimental condi-
tions, see Table 1. — ¢: As b, but with Ar atmosphere instead of
N,; for experimental conditions, see Table 1

Table 1. Starting compounds, reductants, and inert gases used to
produce compounds with the spectral signature shown in Figure 1

Comp. Reductant Atmosphere Spectrum
1 Mg N, a
2 KCS N2 a
1 KCy N, b
1 Na/Hg N, b
1 KCy Ar c
2 KCy Ar c
1 Na/Hg Ar c

() = 530 (120, sh), 826 (150), 1131 (430), 1224 (450)
M lem™1).

By-Products

The nature of the compound giving rise to the absorption
at 680 nm is not known. It is, however, known that this
species is the reactive one since 3 (band at 1130 nm, Fig-
ure la and 1b) is unreactive with respect to the reactions
reported in this paper. Only solutions showing the absorp-
tion at 680 nm have been found to undergo reactions with
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the reagents used. Among the products generated upon re-
duction of 1, the dicobalt species [CH;C(CH,PPh,),-
CH,PPh],Co, (4), is occasionally obtained in low yields in
the form of a crystalline material.

The constitution of 4 shows that it is only a minor by-
product that cannot be responsible for the generation of the
compounds obtained upon reactions of solutions showing
the band at 680 nm with various substrates (see later). Thus,
4 has been dephenylated at the tripod ligand, whereas all
the products described herein contain an intact ligand. The
FAB mass spectrum of crystalline 4 shows peaks at m/z =
1212 [M™] and 606 [M?*]. The structure of 4 has been de-
termined by X-ray analysis (Figure 2, Table 2 and 8).

Figure 2. Structure of 4, which has crystallographic inversion sym-
metry; atoms related to atom i by this symmetry are labelled as
atom /A throughout

The formation of 4 from 1 may possibly be rationalized
by considering that in THF solutions of 1 the tripod ligand
is present in a bidentate binding mode with only two of its
donor groups coordinated to the metal and the third one
remaining as a dangling arm.M Since it has been shown
that reductive dephenylation!® of tripod ligands may occur
in complexes as well as in the free ligand, it is tempting to
assume that in the case of 1 the noncoordinated PPh, group
is preferentially dephenylated. This assumption might ex-
plain the formation of the phosphido group of the ligand
[CH3C(CH,PPh,),CH,PPh]™ in 4.

The molecules of 4 are centrosymmetric, containing a di-
cobalt unit at the centre. This unit is bridged by two
CH,PPh™ phosphido groups in a i, manner. Each of these
phosphido  groups is part of one [CH;C-
(CH,PPh,),CH,PPh]~ tripodal entity, with the two
CH,PPh, groups of each of these ligands coordinating to a
Co centre (Figure 2). Each Co centre is thus coordinated
by four P atoms in a coordination polyhedron that is best
described as distorted tetrahedral, with the corresponding
P—Co—P angles in the range 92.5—126.9° (Table 2). The
binding mode of the [CH3;C(CH,PPh,),CH,PPh]™ ligand
in 4 is similar to that observed for the [CH;C-
(CH,PPh,),CH,S]~ ligand in {[CH3;C(CH,PPh,),-
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Table 2. Selected bond lengths [pm], bond angles [°], and torsion
angles [°] in 4

4
Col—PIAM 215.23(7)
Col—P2 215.17(8)
Col—P3 213.69(7)
Col-P2A 216.07(7)
Col—ColA 233.41(6)
PI-Cl 189.0(3)
P2-C2 184.7(3)
P3-C3 185.7(3)
P—Cpy, 183.3(3)—184.9(3)
Cep,—C4 155.0(4)— 156.6(4)
PIA™-Col—P2 126.94(3)
PIA—Col—P2A 95.11(3)
PIA—Col—P3 113.24(3)
P2—Col—P2A 114.46(2)
P2—Col-P3 92.45(3)
P2A—Col—P3 116.40(3)
PIA—Col—ColA 129.53(3)
P2A—Col—ColA 57.04(2)
P2—Col—ColA 57.42(2)
P3—Col—ColA 116.82(3)
Col-P2—ColA 65.54(2)
P2—Col—P3-C3 56.1
Col—P3-C3-C4 —65.7
P3—C3—-C4—C2 5.2
C3-C4-C2-P2 50.4
C4—C2-P2—Col —425
C2-P2—-Col—P3 ~13.3
P2—ColA—P1-Cl —44.6
ColA—P1-C1-C4 16.3
P1-Cl1-C4—C2 487
Cl1-C4-C2-P2 ~75.8
C4—C2-P2—ColA 323
C2-P2—ColA—-PI 237

[l Atom labels refer to Figure 2. The molecular structure shows
centrosymmetric symmetry. In Figure 2, the atom related to atom
i by this symmetry is labelled as atom 7A.

CH,S],Ni,} 2" ,[1%1 where the thiolate function acts as a p,
bridging group. In this dinickel compound, the coordina-
tion geometry about the Ni centres is idealized square
planar, in contrast to the idealized tetrahedral surroundings
of the Co centres in 4. As a consequence, there is some
strain in the chelate scaffolding of 4. The six-membered che-
late rings formed by the phosphido phosphorus, one phos-
phane donor, and the three-carbon chain at each of the two
Co centres (Figure 2) have rather irregular twist conforma-
tions (torsion angles in Table 2). The most marked twists
are seen along the sequences P2—Col—P3—C3 (56.1°) and
C3—C4—-C2—P2 (50.4°). These torsion angles are of similar
size and equal sign as characteristic for a twist conforma-
tion. The corresponding torsion angles P2—ColA—P1—-Cl1
(—44.6°) and C1—C4—C2—P2 (—75.8°) in the chelate cycle
about ColA are also similar in size and equal in sign as
befits a twist conformation.

In terms of its bonding, 4 is an analogue of (PMes)4(l»-
PMe,),C0,,31 in which the phosphane and phosphido
groups act as isolated ligands as opposed to being cova-
lently linked in 4. The basic geometries of these two com-
pounds are correspondingly similar. Both compounds show
a planar [Cos(u,-P,)] cyclic arrangement with short trans-
annular Co—Co distances of just 236 pm in the PMes deriv-
ative and 233 pm in 4. The short Co—Co distance in the
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former has been interpreted in terms of the formation of a
Co—Co double bond, in agreement with the diamagnetism
of this compound as inferred from its NMR spectra. No
NMR spectra of 4 could be recorded since, once crystal-
lized, the compound proved to be insoluble in both apolar
(toluene) and polar (CH,Cl,, DMA, THF) solvents. Al-
though the diamagnetism of 4 has not been proved experi-
mentally, the close similarity of the basic structural arrange-
ments in (PMes)4(p,-PMe,),Co, and 4 can be taken to in-
dicate similar bonding.

A selective synthesis of 4 might be envisaged as being
possible through the reaction of [CH;C(CH,PPh,),-
CH,PPh]~ with Co salts under reductive conditions. For
this purpose, the tripod ligand CH;C(CH,PPh,),CH,PHPh
(6), was synthesized from the easily accessible precursor
CH;C(CH,PPh,),CH,ClI, 5 (Scheme 3).[1Y

Cl PHPh
PhPHK /
\“—PPh, DMSO \“—PPh,
PPh, PPh,
5 6

Scheme 3

Thus, a solution of 5 in DMSO was treated with a solu-
tion of PhPHK, prepared from KO7zBu and PhPH,, in the
same solvent, to furnish the tripod ligand 6. After chroma-
tographic workup, 6 was obtained as a viscous, colourless
oil in 82% yield.

When a THF solution of 6 was treated with CoCl,, a
green solution was obtained, which, by analogy with the
reaction of tripod with CoCl,, could be expected to contain
N%-6:CoCl,.

Addition of KCg to such a solution resulted in a brown
slurry, from which minor amounts (= 5%) of 4 could be
isolated by crystallization. That 4 had indeed been formed
was confirmed by the mass spectrum of the material pro-
duced, which was identical to those obtained from crystal-
line samples of 4 prepared starting from tripod (see above),
as well as by comparison of the unit cell dimensions deter-
mined for crystals of the relevant samples.

The formation of 4 from tripodCoCl, under the strongly
reducing conditions used to generate the dinitrogen com-
pound 3 under an atmosphere of dinitrogen (Figure la) or
a reactive species (Figure 1c) under argon is evidently a mi-
nor side reaction since all the other products described in
this paper, as obtained from such strongly reducing solu-
tions, are found to contain the intact CH;C(CH,PPh,); li-
gand showing no signs of dephenylation.

Reactivity of the Solutions Obtained from 1 or 2 by
Reduction in THF under Argon

The THF solutions obtained by reducing tripodCoCl,
(1), or tripodCoCl (2), with strong reducing agents such as
KCg or Na/Hg under argon atmosphere all showed the
same type of UV/Vis/NIR spectrum (Figure 1c). Irrespec-
tive of the coordination compound (1 or 2) or reductant
(KCg, Na/Hg) from which they are obtained (Table 1), these
solutions are henceforth referred to as “solution A”. Once
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formed, solution A does not react with N,. The spectral
signature remains unchanged when the argon atmosphere is
replaced by N,. Condidering their method of preparation, it
is probable that these solutions contain [tripodCo] species
with Co in a low oxidation state. With this in mind, it
seemed appropriate to test their reactivity with regard to
oxidative addition reactions. A series of substrates con-
taining N—H, P—H, or Sn—H bonds as constituents poten-
tially able to undergo oxidative addition was therefore
tested.

N—H Functions

With H,N—NHPh as the substrate, initial oxidative addi-
tion might well be followed by a dehydrogenation reaction
leading to compounds containing PhN,H as the ligand.!'!?]
Since [tripodCo] compounds containing hydrazido ligands
in a n? coordination mode are well-characterized species,!'!]
it was hoped that formation of any such products would be
recognized by comparison with the authentic compounds.
When solution A was treated with H,N—NHPh, a colour
change from red-brown to red was observed. Evaporation
of the solvent left an oily residue, which solidified after re-
peated treatment with petroleum ether (boiling range
40—60 °C ). FAB mass spectrometric analysis showed that
this solid contained [tripodCo(H);Cotripod]* [m/z = 1369
(M™)] and presumably also tripodCo(n>-PhNNH) [m/z =
789 (M™)]. The latter compound has previously been pre-
pared from [tripodCo(n>-PhNNH,)]" by deprotonation!!!]
All attempts to isolate it in a pure state from the above
reaction were unsuccessful.

Besides N—H bond addition, the oxidative addition of
hydrazine might also involve oxidative cleavage of the N—N
bond. In order to obtain a model for the type of compound
that might ensue from such an N—N bond scission,
the diamido derivative [tripodCo(u-NH,),Cotripod](BPhy),
(7), was prepared from tripodCoCl,, 1, and NaNH,
(Scheme 4).
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Scheme 4

The BPh,~ salt of 7 was obtained as a microcrystalline
brown powder and was completely characterized by all the
appropriate analytical techniques (Table 6 and 7, see exp.
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Section), including by single-crystal X-ray analysis (Fig-
ure 3).

Figure 3. Structure of 7: Bridging by the NH, groups is asymmetric
(not shown); the individual positions of the bridging NH, groups
could be refined using the split-atom technique; the bottom part
of the figure shows the coordination polyhedra in a projection onto
the relevant P planes; the environment around Col (left-hand side)
is idealized square pyramidal, while the coordination of Co2 is
better described as idealized trigonal bipyramidal (right-hand side).
Due to disorder problems, individual geometrical parameters are
not accurate and hence are not explicitly given in this paper. Crys-
tallographic data are nevertheless available (see exp. Section, X-ray
Crystallographic Study).

Elucidation of the molecular structure of 7 is hampered
by partial disorder of the bridging ligands. Its crystal struc-
ture is isotypical with that of [tripodCo(u-OH),Cotri-
pod|(BPhy),,I'?l where the same type of disorder phenom-
ena, with a minimum of two split positions for each OH
group, has been found.!'?l Although, in spite of this dis-
order, the constitution and overall geometry of 7 are clearly
apparent, the individual distances and angles are subject to
large errors. The Co—Co distance in 7 amounts to 308 pm,
while that in its hydroxy analogue is 306 pm.!'?! The Co—P
distances range from 220 to 231 pm in 7; in its OH analogue
they lie in the range 223—229 pm.['? The Co—N distances
in 7 were determined as 197 pm and 189 pm, while the
Co—O distances in the analogue measure 195 pm and 184
pm. It is clear from these figures that X-ray analysis cannot
differentiate between the presence of p-OH or u-NH,
bridges. The presence of u-NH, bridges in 7 could, however,
be proved by IR spectroscopy (CsI). The pu-OH groups in
[tripodCo(p-OH),Cotripod]>* give rise to an infrared ab-
sorption at 3260 cm™1.['21 7 shows no absorption in this
region, but has absorptions at 3350 (m), 3313 (w), 3248 (m),
3197 (w), 3158 (w), and 3120 (w) cm ™! in the range charac-
teristic for N—H vibrations. 7 crystallizes in the space group
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P1 with one molecule per unit cell such that no crystallo-
graphic symmetry restriction is imposed on it. The observed
structure has no apparent symmetry higher than C; and
hence four N—H vibrations are to be expected. The fact
that six N—H vibrations are observed is in agreement with
the observation that the individual NH, groups occupy dif-
ferent positions with respect to the [tripodCo Cotripod] en-
tity, since the apparent disorder could be resolved by the
split-atom technique. The coordination geometries about
the Co centres are close to square pyramidal in one part of
the molecule (Col) and close to trigonal bipyramidal in the
other part (Co2) (Figure 3, bottom). From these structural
data, it appears that 7 may exist in different isomeric forms,
a hypothesis that is supported by the fact that a total of six
N-—H bands are observed. The ESR data of the paramag-
netic compound 7 [Uegr (295 K) = 2.1 pug per molecule] are
also in agreement with this hypothesis. Dichloromethane
solutions of 7 show two signals at 298 K {g; = 2.11 [4, =
24 GJ; g, = 2.09 [4, = 28 G]}. At least two different d” Co!!
centres are therefore present in 7. ESR spectra obtained in
a CH,CI,/THF glass at 100 K are not sufficiently resolved
to determine the number of isomers present. An average g
value of 2.11 and hyperfine coupling modulations corres-
ponding to coupling constants of 34 G and 29 G are ob-
served.

Having established the properties of 7, the possibility of
similar compounds having been formed in the reaction of
solution A with H,N—NHPh can be ruled out. Reaction of
solution A with NHj3 neither produced any species similar
to 7, nor could any secondary product resulting from this
reaction be identified.

P—H Functions

In view of the well-documented capacity of [tripodCo]
templates to generatel'*! and bind ligands containing P—P
bonds, PhPH, was tested as a substrate potentially able to
undergo oxidative addition with the species present in solu-
tion A. While the initial product of this reaction could not
be observed, the dehydrogenation product zripodCo(P,Ph,)
(8, Scheme 5) was obtained in 44% yield. The reaction of
solution A with PhPH, was accompanied by a gradual col-
our change from red-brown to red. Evaporation of the sol-
vent left a red powder, from which analytically pure 8 was
isolated by chromatography.

h 1. KCg

Phy
Ph,P P Cl
X e 2. H,PPh
P/ ‘C] \
Ph, THF

Scheme 5

Single crystals of 8 were obtained by layering a concen-
trated solution in acetone first with ethanol and then with
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Figure 4. Structure of the diphosphene derivative 8: Left-hand side: projection onto the plane formed by the three tripod phosphorus
donor atoms; the torsion angles in Table 3 involving Hz; refer to this projection; right-hand side: general view

petroleum ether (boiling range 40—60 °C ). Its structure is
shown in Figure 4 and the salient distances and angles are
presented in Table 3. Crystallographic details are given in
Table 8. The coordination geometry about cobalt may be
viewed as idealized tetrahedral if the centre of the P—P
bond is seen as occupying one corner of this idealized tetra-
hedron (Figure 4). In another view, an idealized square-pyr-
amidal coordination geometry is apparent, with the two
phosphorus centres of the diphosphene ligand, P4 and P35,
and the two phosphorus donors of the tripod ligand, P1
and P3, forming the base and P2 the apex (Figure 4). Con-
sidering the distances between the phosphorus centres of
the tripod ligand and the cobalt atom, this latter view ap-
pears to be more realistic since the apical bond Col—P2
(225 pm) is significantly longer than the equatorial ones
Col—=PI (219 pm), Col—P3 (219 pm) (see Table 3). The
Co—P bonds involving the phosphorus centres of the di-
phosphene ligand are distinctly longer (234 pm, Table 3)
than those to the #ripod ligand. The distance P4—P5 (212.8
pm, Table 3) is characteristic of a side-on-coordinated P—P
double bond. It is longer than the uncoordinated P—P
double bond in free diphosphenes.!'*~!71 The diphosphene
ligand in 8 shows a trans configuration (Figure 4). The
bonds to the phenyl groups point slightly outwards, away
from the Co atom. The torsion angle C400—P4—P5—C500
is 149°. This torsion is symmetrical with respect to the
Col—P4—P5 coordination plane, with the two torsion
angles Col—P4—P5-C500 (—103.3°) and Col-P5—
P4—C400 (—108.0°) being almost equal (Figure 4).

An independent synthesis of 8 was achieved by the reac-
tion of tripodCoCl, 2, with PhPHNa, which furnished the
compound in 60% yield [a somewhat higher yield (70%) was
obtained when tripodCoCl,, 1, was used as the starting
compound]. The straightforward formation of 8 by reaction
of PhPHNa with 1 or 2 is in contrast to the reaction of
MesPHLi or IsPHLi (Mes = 2,4,6-trimethylphenyl, Is =
2,4,6-triisopropylphenyl) with these starting compounds.
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Table 3. Selected bond lengths [pm], bond angles [°], and torsion
angles [°] in 8

8
Col-P1 219.31(9)
Col—P2 225.01(9)
Col—P3 219.37(8)
Col—P4 233.60(9)
Col—P5 234.07(9)
P4—P5 212.8(1)
P4—C400 184.1(3)
P5—C500 184.8(3)
P1—Col—P2 90.61(3)
P1—Col—P3 94.36(3)
P1—Col—P4 100.86(3)
P1—Col—P5 144.19(3)
P2—Col—P3 90.95(3)
P2—Col—P4 113.40(3)
P2—Col—P5 121.45(3)
P3—Col —P4 150.84(3)
P3—Col—P5 100.08(3)
P4—Col—P5 54.13(3)
Col—P4—P5 63.05(3)
Col—P4—C400 111.74(9)
P5—P4—C400 102.9(1)
Col—P5—P4 62.82(3)
Col—P5—C500 107.77(9)
P4—P5—C500 103.36(9)
Col—P1-Cl-C4 11.2
Col—P2-C2—C4 18.2
Col—P3—C3-C4 225
C400—P4—P5—C500 148.6
Col—P4—P5—C500 —103.3
Col—P5—P4—C400 —108.0
Hzl—P1-C100—C101% 15.0
Hzl-P1-C106—C107 51.7
Hz2—P2-C200—C201 32.6
Hz2—P2—C206—C207 327
Hz3-P3—C300—C301 15.4
Hz3—P3—C306—C307 574

[l The torsion angles involving Hz at the bottom of the table are
defined as follows: P—Hz designates a vector that is vertical with
respect to the plane formed by the three tripod phosphorus donor
atoms and points towards the observer when, in a projection onto
this plane, the vector Co—C4 Points away from the observer, such
that C4 lies below this plane. [l
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With these reactants, inseparable mixtures were obtained.
Mass spectra gave no indication of the formation of prod-
ucts analogous to 8. It thus appears that the bulky organic
substituents (Mes, Is) impede the formation of the corres-
ponding R,P, ligands. Analysis of the product mixtures ob-
tained from these bulky phosphanes is complicated by the
fact that the compounds are paramagnetic, thus preventing
the use of many analytical methods. This is a problem per-
taining to many of the reactions described in this paper.
The only reliable means of assessment is single-crystal X-
ray analysis, which, however, requires suitable single crys-
tals, which are not always easy to obtain.

Sn—H Functions

Next we analysed the reactivity of Sn—H functions in the
given context. The reason for selecting stannanes as sub-
strates was due to the fact that phosphane Co templates are
known to form stable Co—Sn bonds.*l When solutions A
were treated with Ph;SnH, a slight colour change from red-
brown to red was observed over a period of 12 hours. By
chromatographic workup, the compound #ripodCoSnPh; (9,
Scheme 6), was isolated from the reaction mixture in yields
of around 60%. 9 could also be obtained through the reac-
tion of 2 with Ph;SnLi. As an analogue of 9, (PMejs);.
CoSnPh; B8l has previously been prepared by Klein et al.
by means of a salt metathesis reaction starting from
(PMe;);CoCl. The 16-electron d® compound 9 is paramag-
netic, as expected for tetrahedral coordination. Its magnetic
moment amounts to 3.2 pg, indicating the presence of two
unpaired electrons. The UV/Vis/NIR spectrum of 9 (Table
7) exhibits features characteristic for compounds of the type
tripodCoX!® with one band at 950 nm (¢ = 95) and a broad
maximum at 1470 nm (¢ = 170). In comparison with the
spectrum of tripodCoCl {530 nm [¢ = 120, sh], 826 nm [¢ =
150], 1131 nm [¢ = 430], 1224 nm [¢ = 450]},™ where the
two long-wavelength bands are resolved into two individual
maxima, the long-wavelength band of 9 must correspond to

the envelope of two unresolved absorptions. The reaction
of 2 with Ph3SnLi could be monitored by UV/Vis/NIR
spectroscopy. It was found that with the protocol described
in the Experimental Section, the reaction is quantitative.
Single crystals of 9 were obtained by layering THF solu-
tions with petroleum ether (boiling range 40—60 °C).

1. KCq

Ph,
Ph,P P \Cl
Ph, THF

Scheme 6

X-ray analysis confirmed the idealized tetrahedral coor-
dination of the Co centre in 9 (Figure 5). The mutual ar-
rangement of the three phenyl groups of the SnPh; ligand
and the six phenyl groups of the tripod ligand appears to
impose steric problems. One of the phenyl groups of the
tripod ligand (C100—C105 at P1) and one of the phenyl
groups of the SnPhjs unit (C400—C405) show disorder with
respect to their rotational positions about their P—C,,, and
Sn—C,,,, axes, respectively. The positions shown for these
groups in Figure 5 correspond to the orientation that is
adopted by 70% of the molecules within the crystal.

The fact that this disorder is seen for both of these rings
to approximately the same extent (relative occupancies of
70:30) indicates that the rotational motions of the phenyl
groups are strongly coupled. It would appear that this steric
interference is mirrored in the position of the tin centre. For
an undisturbed molecule of the type tripodCoX, the ligand

Figure 5. Structure of 9: In the solid state the phenyl rings C100—C105 and C400—C405 are found to be disordered over two rotational
positions in a 7:3 ratio; the major conformer is shown here; the left-hand figure corresponds to a projection of the structure onto the
plane formed by the three fripod phosphorus donor atoms; the right-hand figure gives a general view of the compound
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atom X would be expected to be located on the idealized
trigonal axis of the P;Co entity. This is indeed found for
compounds such as tripodCoX (X = CL, Br,[81 NOI!8]). In
9, the tin centre shows a significant deviation from this co-
axial position (Figure 5, left-hand side). The Co—P dis-
tances [219.6(3)—220.9(4) pm] are marginally shorter than
those in tripodCoCl, 2 [224.2(3) pm]*! or (PMes);CoSnPhs
[222(1) pm].3a1 The Co—Sn distance of 258.5(2) pm
(Table 4) closely resembles that found in (PMe;);CoSnPh;
[259.0(2) pm].[3a]

In contrast to the reaction of Ph;SnH with solution A
[obtained by reduction of tripodCoCl, (1), with KCg], which

Table 4. Selected bond lengths [pm], bond angles [°], and torsion
angles [°] in 9, 10b, and 11

9 10bt! 1
Col—PI 2209(4)  214.8(1)  220.9(1)
Col—P2 219.63)  217.5(1)  218.7(1)
Col—P3 220.6(3)  2169(1)  217.7(1)
Col—Snl 258.5(2)  249.39(7)  256.14(7)
Col—X - 137(4) 171.0(4)
Col-Y - 135(4) -
C6-06 - - 117.8(4)
Snl—X - 236 —
Snl-Y - 225 -
Snl1—C400 220(1) 219.54)  219.3(4)
Snl1—C406 220(1) 2184(4)  217.7(4)
Sn1—C412 221(1) 217.8(5)  219.5(4)
P1—Col—P2 91.0(1) 96.23(4)  97.55(4)
P1—-Col—P3 94.4(1) 93.06(5)  90.51(4)
P2—Col—P3 92.4(1) 92.12(4)  90.66(4)
P1—Col—Snl 120.7(1)  139.75(4)  102.81(3)
P2—Col—Snl 118.07(9)  110.633)  95.77(3)
P3—Col—Snl 130.7(1)  114.50(4)  164.26(3)
P1-Col—-X - 86(2) 133.3(1)
P2—Col-X - 178(2) 129.2(1)
P3—Col—-X - 87(2) 89.1(1)
Pl-Col-Y - 88(2) -
P2—Col-Y - 88(2) -
P3—Col-Y - 178(2) -
X—Col—Snl - 68(2) 75.7(1)
Y—Col—Snl - 64(2) -
X—Col-Y - 92(2) -
C400—Sn1—Col 114.12)  121.51)  111.4(1)
C406—Sn1—Col 120.03)  121.2(1)  128.0(1)
C412—Sn1—Col 119.03)  110.3(1)  113.8(1)
C400—Sn1—C406 101.54)  104.72)  102.3(2)
C400—Sn1—C412 100.2(4)  95.2(2) 97.3(1)
C406—Sn1—C412 98.6(4) 98.4(1) 99.3(1)
Col—P1-C1-C4 74 222 23.0
Col—P2—C2-C4 14.4 11.1 10.6
Col—P3-C3-C4 14.2 16.2 18.6
Hzl1—P1—-C100—C101% 29.2 11.7 12.3
Hzl—P1-C106—C107 23.7 55.7 —14.9
Hz2—P2—C200—C201 15.0 23 479
Hz2—P2—C206—C207 26.2 36.9 29.1
Hz3—P3—C300—C301 26.9 322 243
Hz3—P3—C306—C307 29.8 26.2 35.5
Col—Sn1—C400—C,, ;4  135.6 —97.5 —95.7
Col—Sn1—C406—C,, ;41 90.7 ~101.0 —142.9
Col—Snl—C412—C,, ;.41  —170.7 178.9 ~150.2

(a1 10b with X = H1, Y = H2. — P 11 with X = C6—-06. — [
The torsion angles involving Hz at the bottom of the table are
defined as follows: P—Hz designates a vector that is vertical with
respect to the plane formed by the three tripod phosphorus donor
atoms and points towards the observer when, in a projection onto
this plane, the vector Co—C4 })oints away from the observer, such
that C4 lies below this plane ['“! (see Figures 5—7). — [ C,,,;, refers
to the C atom that points towards the observer when viewed along
the Sn—Co axis.
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gives tripodCoSnPhs, 9, BusSnH produces the dihydride
compound #ripodCo(H),SnBus, 10a (Scheme 7).

Ph
P2

1.KC 7
Phy 8 L Ph
Ph,P P. 2. Bu;SnH S5 H
2 Scold! Rt i 1;,'“C<l)<—H
P Cl THF Ph SnBuy
Ph, 2
1 10a

Scheme 7

10a was obtained in the form of a yellow-brown crystal-
line material in about 50% yield after chromatographic sep-
aration. In accordance with its formal Co™ oxidation state,
it is a diamagnetic compound. Its '"H NMR spectrum shows
well-resolved signals in the appropriate integral ratios for
all the organic groups (Table 5). The signal due to the Co-
bonded hydrogens is observed at 6 = —13.4 with a relative
intensity corresponding to two protons. This signal shows
satellites induced by '"”Sn coupling with a coupling con-
stant of 170 Hz, which is clearly too small for covalent
Sn—H bonding (c¢f. Ph;SnH: /g,y = 1900 Hz), but rather
indicates a secondary interaction of the metal-bonded hy-
drogen atoms with the tin nucleus.

For compounds involving this type of agostic interaction,
coupling constants in the range 150—330 Hz['"! have been
found to be characteristic. 2/py coupling is not resolved at
200 MHz, the only effect of 3'P decoupling being a mar-
ginal reduction in the line width. The presence of Co—H
bonds in 10a is also indicated by infrared absorptions at
1948 and 1909 cm ™! (Table 7), the intensities of which are
similar to those of the C—H vibrations at around 3000
cm~!. This high relative intensity rules out the possible in-
terpretation that these two bands might originate from a
harmonic or combination vibration. The energy of the vi-
brations corresponds to energies reported for Co—H vibra-
tions in other hydride compounds.?! The appearance of
two V(Co—H) absorptions corresponds to the symmetric
and antisymmetric vibrations. The 3'P{'H} NMR spectrum
of 10a shows a broad resonance at 6 = 46 (line width
380 Hz). The appearance of this signal does not change sig-
nificantly on cooling to 193 K, the only effect being a re-
duction of the line width (105 Hz). Observations of this na-
ture have occasionally been made with [tripodCo™!] deriva-
tives in the past.*?l From this observation, it is evident that
— over the temperature range studied — the relative ori-
entation of the tripod ligand with respect to the coligands
is dynamic. The ''?Sn NMR spectrum of 10a shows one
signal at 6 = 17.8 (Table S), in the typical range for
metal—bonded SnR; groups.!'°P)

Cyclic voltammograms show — rather unexpectedly at
first glance — that 10a is reversibly oxidized at E,,, = —390
mV. Since the formal oxidation state of the cobalt in com-
pound 10a is +III, oxidation of the metal would imply the
formation of Co'V, which is highly improbable given the
nature of the ligands present. A possible explanation for
this finding is the hypothesis that oxidation of 10a leads to
oxidative coupling of its hydride ligands to produce a n>-
coordinated dihydrogen ligand (Scheme 8).
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Table 5. NMR spectroscopic data for compounds 10a, 10b, 11

'H NMR BC{'H} NMR 3IP{'H} NMR '""Sn NMR
102 —13.4 (s, Vg, = 170 Hz, 2 H, Co—H), 0.8 14.2 (s, Bu-CH3), 16.4 (s, Bu-CH»), 46.0 (m) 17.8 (m)

(m, 6 H, Bu-CH,), 0.9 (m, 9 H, Bu-CH3), 28.8 (s, Bu-CH,), 31.3 (s, Bu-CH,),

1.3—-1.4 (m, 6 H, Bu-CH, ), 1.5—-1.6 (m, 6 H, 36.4 (m, CH,P), 37.9 (m, tripod-CHs),

Bu-CH,, 3 H tripod-CH5), 2.3 (br. s, 6 H, CH,P), 127.6—141.9 (aromatic C)

7.0—7.3 (m, 30 H, aromatic H)
10b —13.2 (s, Vo, = 220 Hz, 2 H, Co—H), 1.6 36.1 (m, CH,P), 37.8 (m, tripod-CHs), 44.3 (m),

(s, 3 H tripod-CH>), 125.4—152.7 (aromatic C) 47.1 (m),l!

2.3 (br. s, 6 H, CH,P), 6.8—7.7 (m, 45 H, aromatic H) 43.8 (m)t°]
110 6 (s, 3 H tripod-CH,), 2.4 (br. s, 6 H, CH,P), 36.4 (s, Cg), 37.1 (m, CH,P), 38.1 28.7 (br. s) —31.4 (br. s)

1.
6.8—7.3 (m, 45 H, aromatic H)

(m, tripod-CHs),

126.6—149.6 (aromatic C)

[2] The data for 10a were collected on a Bruker Avance DRX 300 instrument at 300.130 MHz ('H), 121.495 MHz (*'P{'H}), 75.468 MHz
(13C{'™H}); BC{'H} NMR spectroscopic data for 11 were measured on a Bruker Avance DRX 500 spectrometer at 125.758 MHz; all the
other data refer to measurements on a Bruker Avance DPX 200 instrument. — 1 7= 178 K.

Scheme 8

In the 17-electron species B obtained after oxidation, co-
balt is in its conventional +II oxidation state. Attempts to
isolate B after oxidation of 10a with ferrocenium salts have
not yet been successful.

The fact that the 16-electron Co' compound 9 and the
18-electron Co"™ compound 10a are both stable suggests
that 9 should react with Lewis bases to form 18-electron
Co! compounds #ripodCoSnPh;L’ .21 This expectation is
borne out by the reaction of 9 with carbon monoxide,
which leads to the carbonyl derivative tripodCo(CO)SnPh,
(11, Scheme 9).

Ph
phe
CO _CO
AN
THF SnPhs
9 11

Scheme 9

Solutions of 9 change their colour from red to orange-
yellow after a few minutes of exposure to carbon monoxide.
From such a solution, 11 was isolated in 70% yield as a
microcrystalline orange powder. Crystals were obtained by

Eur. J. Inorg. Chem. 2001, 89—103

vapour diffusion of diethyl ether into a dichloromethane
solution (Figure 6, Table 4 and 8)

The coordination of the cobalt centre in 11 is interme-
diate between trigonal bipyramidal and square pyramidal,
as is often observed for compounds of the type tri-
podCoLL’. Angles and distances fall within their normal
ranges (Table 4).

Analytical data (Table 6 and 7) and the NMR spectra
(Table 5) of 11 are in full agreement with its constitution.
The ''”Sn resonance is observed at § = —31.4. Only one
31P signal is observed, in agreement with the usual dynamic
behaviour of five-coordinate compounds. No change in the
appearance of the 3'P{'H} NMR signal in the temperature
range 293—193 K is observed. In the IR spectrum, the car-
bonyl group gives rise to a strong absorption at v(CO) =
1853 cm™! (Table 7). The cyclic voltammogram shows that
the Co! species 11 is reversibly oxidized at E;;, = —140 mV,
indicating the relative stability of the cationic Co'' species
[tripodCo(CO)SnPhs]*.

The carbonyl addition reaction of 9 is analogous to the
reaction of (PMes);CoSnPh; with CO.[*¥1 In contrast to the
(PMes);Co template, for which prolonged exposure of
(PMe;);Co(CO)SnPh; to CO leads to substitution of PMe;
by CO, producing (PMe;),Co(CO),SnPhs, the tripod metal
template of 11 remains unaffected. Solutions of 11 may be
kept under CO for hours without any noticeable decom-
position.

Comparing 9 with 10a, the most plausible “oxidant”
should be the dihydrogen. When a THF solution of 9 was
stirred under 1 bar of H,, the red colour of 9 was replaced
by the yellow colour of 10b within six hours (Scheme 10).

After chromatography, 10b was isolated as a yellow mi-
crocrystalline powder. The '"H NMR resonance of the hy-
dride groups is observed at § = —13.2, and '°Sn satellites
(" = 220 Hz) indicate agostic HSn interactions.['] In
the IR spectrum, bands corresponding to the Co—H vibra-
tionsP? are found at 1903 and 1888 cm™! (Table 7). The
intensities of these bands are again comparable to that of
the strongest band in the ¥W(C—H) vibration region. The
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Figure 6. Structure of 11: The left-hand side shows a projection onto the plane defined by the three tripod phosphorus donor atoms, the
dummy vectors P,—Hz; in Table 4 refer to this view; the right-hand figure shows a general view of 11

Table 6. Analytical data for compounds 7 to 11

No. Formula MS Ccalcd. Hcalcd, Xcalch Mp
(M) WI/Z (0/0) [Frag] found found found ( oC)

7 C130H122N>P¢B,C0,3CH,CL,  FAB: 1398 (1) [M*], 1382 (6) [M* — NH,], 69.68 563 1228 155
2292.54 1322 (5) [M* — Ph], 698, (22) [M2*], 683 (100) [tripodCo*] 70.01  5.78  0.73@  (dec.)

8 Cs3HyoPsCo EL: 899 (100) [M*], 683 (87) [tripodCo™] 7075 549  17.2101 210
899.77 70.59  5.49 17041 (dec.)

9l Cs9Hs4P3CoSn - 68.56  5.27 8.991 230
1033.64 67.92  5.26 8.21!

10211 Cs3HegP5CoSn FAB: 931 (27) [M* — Bu + O] 6525 7.03  9.52° 197
975.69 64.89 7.01 8.191®!

10b<)  CsyHssPsCoSn FAB: 1034 (8) [M* — 2 H], 683 (27) [tripodCo™] - - = 171
1035.64 - - - (dec.)

11 CgHs4CoSnO FAB: 1062 (7) [M*], 711 (8) [tripodCo(CO)*], 683 (55) 6788 513 8.75P 241
1061.69 [tripodCo™], 673 (100) [tripodOs ] 67.66 535 8460  (dec.)

@' X = N — Pl X = P. — [ Compounds 9 and 10 are very air-sensitive. Due to this sensitivity, no microanalytical data could be
determined for 10b with the equipment available.

Table 7. Analytical data for compounds 7 to 11

No. CV UV/Vis/NIR IR: ¥ terr (Lp)
Potentiall® Amax [Nm] () [M~lem™!] [em™!] 295 K
7 ES = —730mV (reverse scan: 40 mV); 344 (4120), 444 (725), N—H: 3350 (m), 3313 (w), 3248 2.1
EJ‘é = 970 mV (reverse scan: 270 mV) 789 (420), 1175 (br, 140)M®! (m), 3197 (w), 3158 (w), 3120 (w) [
8 E,, = —65mV (qrev. ox., AE = 100 mV), 511 (sh, 1750), 681 (260),  — 2.1
E§ = —610 mV (reverse scan: — 50 mV); 1134 (br, 220)1d
ER = 740 mV: AEg, = 190 mV
9 EN = =30 mV (grev. ox.,;,AE = 125 mV); 485 (180), 593 (sh, 60), - 3.2
ER = 170 mV, 949 (95), 1470 (br, 170)l!
ER =355 mV: EA = 1050 mV: ES =
—1270 mV; AEg, = 135 mV
10a Ei» = —390 mV (rev. ox.), 364 (sh, 870)! Co—H: 1948 (m), 1909 (sh) [ -
AE = 145 mV; EX = 860 mV,
ES = 1970 mV, AEg, = 140 mV
E):,z = —140 mV (rev. ox.), AE = 175 mV; - Co—H: 1903 (m), 1888 (m) [ -
ES = 815 mV (reverse scan:
490 mV); AEg, = 135 mV
11 EXZ = —140 mV (rev. ox.), AE = 105 mV; 296 (19000), 344 (sh, CO: 1853 (vs) [ -
ES = 1350 mV; 12000)!
AEg, = 135 mV
[l All me{a}surements were performed in CH,Cl, solutions at scan speeds of 200 mVs~!. — [l Solvent: CH,Cl,. — [ CsI. — I Solvent:
THE. — ¢/ KBr.

SIP{'H} NMR spectrum of 10b shows one signal at 298 K, CD,Cl,, the signal increases in intensity and starts to split

which, in terms of its line width and shift, corresponds to
that observed for 10a. On cooling solutions of 10b in
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into two components with an approximate ratio of 2:1 at
193 K. At 178 K, the lowest attainable temperature due to
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Scheme 10

solubility problems, the individual absorptions are not yet
separated and the signals are still broad (line width =
170 Hz).?° The signal with a relative intensity of one is seen
at & = 47, that corresponding to a relative intensity of two
at & = 44. Resolution of the individual resonances of the
phosphorus nuclei of coordinated tripod ligands has occa-
sionally been observed and has also been quantitatively
analysed in terms of the rotation of the tripodCo template
relative to the co-ligands.®! The splitting of the 3'P{'H}
NMR signal of 10b into two components with relative in-
tensities of 2:1 indicates that the rigid conformation ob-
served at low temperatures should have approximate Cg
symmetry. Like 10a, the Co™ compound 10b was found to
be reversibly oxidized. Oxidation occurs at Ej, = —140 mV
and, by the same arguments as discussed for 10a, it is as-
sumed that the oxidation process is not metal-centred but
transforms the hydride ligands into a coordinated dihydro-
gen ligand leading to a compound of type B (Scheme 8).

The structure of 10b has been elucidated by single-crystal
X-ray analysis (Figure 7, Table 4 and 8).

Crystals of 10b were obtained of exposing THF solutions
of 10b to a vapour phase of petroleum ether (boiling range
40—60 °C ) for several days. The conformation adopted by
10b in the solid state (Figure 7) is close to mirror symmetric
with respect to the bonds radiating from the cobalt and tin
centres (Figure 7, left-hand side). The rotational positions
of the phenyl rings at P2 and P3 are also close to being
mirror symmetric, within a range of about 30° (see torsion
angles in Table 4). The rotational positions of the phenyl
groups at the SnPhj; ligand also conform to this idealized

C2064%.C401

N/

mirror symmetry, with the phenyl group C412—C417 lying
in the mirror plane and the two remaining phenyl groups
lying in positions mirror symmetric to each other [the tor-
sion angles Co—Sn—C,—C,,,, refer to the ortho carbons
C401, C407, and C417, as shown in Figure 7. This selection
follows the convention of measuring the rotational posi-
tions of aryl groups with respect to the ortho carbon atom
that is closest to the observer with respect to the projection
shown in Figure 7 (left-hand side). With the selection of
torsion angles thus made, a mirror symmetric arrangement
of the phenyl groups of C400, C406 is indicated by torsion
angles of equal size and equal sign, as is indeed found
(—=97.5° and —101.0°, Table 4)].

The approximate mirror symmetry exhibited by 10b in
the solid state must correspond to a globally optimal con-
formation since 3'P{'H} NMR spectroscopy (see above)
shows that the low-temperature conformation of 10b is in
fact mirror symmetric.

The positions of the hydride ligands have been inferred
from electron density maps and refined by least-squares
methods. The Co—H distances are around 136 pm, with an
H—Co—H angle of around 90° (Table 4). The distances of
these hydride ligands from the tin centre are around 230 pm
(Table 4), making them definitely too long for a conven-
tional Sn—H bond. Their interaction with the tin nucleus
is nevertheless apparent from the Sn—H coupling constant
of 220 Hz (Table 5). In spite of the fact that the cobalt
centre is six-coordinate in 10b, its coordination geometry is
not octahedral (Figure 7, right-hand side). While all the Co-
centred angles involving a phosphorus and a hydrogen li-
gand are close to 90° (or 180°, respectively; see Table 4),
the angles involving the tin centre deviate from the ideal
octahedral values by 20—30° throughout (Table 4). With
10b being a Co'' derivative, the expected coordination
polyhedron would be an octahedron. Considering the
wealth of information available concerning the structures
of six-coordinate Co™ compounds, 10b represents a rare

Figure 7. Structure of 10b: The left-hand side diagram shows a projection of the structure onto the plane defined by the three tripod
phosphorus donor atoms; the dummy vectors P,—Hz; in Table 4 refer to this view; the right-hand figure shows a general view of 10b
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Table 8. Crystal data for 4, 7, 8, 9, 10b, and 11

Compound 4 7 8 9 10b 11

Formula C70H68P6C02' C130H122P6C02N2B2' C53H49P5C0' C59H54P3COSH C59H56P3C()Sn C60H54P3OCOSH'
2.25 CH,Cl, 1.5 (CH3),CO 0.75 (CH;),CO 1.3 CH,Cl,

Molecular mass [g] 1404.01 2037.7 943.26 1033.64 1035.57 1171.97

Crystal size [mm] 0.2 X 0.25 X 0.250.3 X 0.2 X 0.2 02 x02x0.15 02x02x01 0.15x02x0.2 0.05x%X0.2x0.3

Crystal system triclinic triclinic monoclinic monoclinic orthorhombic orthorhombic

Space group (No.) PI1 (2) P1 (1) P2/n (14) P2,/n (14) Pna2, (33) P2,2,2, (19)

a [pm] 1110.80(2) 1389.1(3) 1347.5(3) 1402.7(3) 1919.0(4) 1359.8(3)

b [pm] 1149.30(2) 1561.7(3) 959.5(2) 1876.1(3) 1354.7(3) 1635.6(3)

¢ [pm] 1368.50(3) 1683.8(3) 3636.5(7) 1894.7(3) 1904.9(4) 2488.3(5)

o [°] 68.55(1) 114.77(1) 90 90 90 90

B 86.73(1) 91.70(2) 96.98(3) 91.21(1) 90 90

v [°] 81.14(1) 111.54(2) 90 90 90 90

V [10¢ pm?] 1606.65(6) 3011(1) 4667(2) 4985(2) 4952(2) 5534(2)

V4 1 1 4 4 4 4

d,. [gcm™I] 1.451 1.164 1.343 1.370 1.389 1.407

T [K] 200 200 200 200 200

No. of rflns. for - 30 - 28 - -

cell param.

Scan range 49 =20 =56° 49 =20 = 50° 31 =20=152° 42=20=48° 37=20=156° 34=20 =55

Method o scan, Ao = 0.5°w scan, Ao = 0.6° ® scan, Ao = 1.0°® scan, Ao = 0.6°® scan, Ao = 1.0°® scan, Aw = 1.0°

Scan speed - dw/dt = 10°min~! - dw/dt = 10°min~! — -

s frame™! 20 - 5 - 2 3

No. rflns. measured 45008 10459 61896 8183 46221 49871

No. unique rflns. 6722 10459 9180 7829 11869 12711

No. rflns. observed 5786 7047 6488 4972 8885 10754

Observation criterion/ = 2¢ I=2c I=2c I=2c I=2c I=2c

No. param. refined 387 811 575 504 590 671

Resid. el. density 0.41 1.37 0.75 1.07 0.68 1.27

[107% e pm ™3]

R{/Ryy [%0] 4.4/12.6 9.0/26.6 4.4/9.9 8.1/19.7 4.1/8.5 3.8/9.9

(refinement on F?)

example of a significant deviation from the prototype octa-
hedral coordination. Figure 7 (right-hand side) suggests
that steric factors alone cannot be responsible for this ob-
servation. It thus appears that the agostic interactions be-
tween the cobalt-bonded hydrogens and the cobalt—tin
bond might be the driving force for the observed distortion.

Conclusion

Solutions obtained by reduction of tripodCoCl, (1) or tri-
podCoCl (2) with electropositive metals in THF are highly
reactive. Upon reaction with PhPH,, they produce the di-
phosphene derivative tripodCo(n?-PhP=PPh) (8). With
R3SnH they form tripodCoSnRj3 (9) or tripodCo(H),SnR3
(10). The paramagnetic Co' species tripodCoSnPh; un-
dergoes oxidative addition of H, to produce iri-
podCo(H),SnPh; (10b). The Co™ compound 10b is unique
in so far as it has a very distorted octahedral geometry that
allows for agostic H—Sn interactions and in that it un-
dergoes reversible one-electron oxidation, which is assumed
to be ligand-centred, producing the Co!' species [rri-
podCo(n?-H,)SnPhs]*.

Experimental Section
General Remarks: Unless otherwise noted, all manipulations were

carried out under argon using standard Schlenk techniques. All
solvents were dried by standard methods and distilled under argon
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or dinitrogen.[?” For ultrasonic activation of reaction mixtures, a
“Bender & Hobein, Laboson 200 ultrasonic bath was used. The
solvents CD,Cl, and CDCl; used for NMR spectroscopic measure-
ments were degassed by three successive “freeze-pump-thaw’ cycles
and dried with 4 A molecular sieves. — NMR: Bruker Avance DPX
200 at 200.120 MHz (* H), 50.323 MHz (13C{'H}), 81.015 MHz
(3'P), and 74.631 MHz ('"°Sn); T = 303 K unless stated otherwise;
chemical shifts (6) in ppm with respect to (residual protons in)
CD,Cl, (*H: § = 5.32; 13C: § = 53.80) and CDCl; ('H: § = 7.27,
13C: § = 77.00) as internal standards; 3'P chemical shifts (8) in
ppm with respect to 85% H3PO, (3'P: § = 0) as external standard.
— IR: Bruker IFS-66; Csl or KBr discs or Nujol mulls. — EPR:
Bruker ESP 300E (X-band, external standard diphenylpicrylhydra-
zyl). All measurements were made at 293 K and 100 K in a stand-
ard cavity ER 4102St. — Magnetic measurements: Faraday balance,
Bruker B-E 15 C8 electromagnet, Bruker B-H 15 field controller,
Sartorius M 25 D-S vacuum microbalance; calibration with
K;[Fe(CN)g]. All measurements were carried out at 293 K. — UV/
Vis/NIR: Perkin—Elmer Lambda 19. — Fast-atom bombardment
(FAB) MS: Finnigan MAT 8230, xenon, matrix: 4-nitrobenzyl al-
cohol; electron impact (EI) MS: 70 eV. — Elemental analyses: Mi-
croanalytical Laboratory of the Organisch-Chemisches Institut,
Universitidt Heidelberg. With the techniques used, problems arise
with highly air- and temperature-sensitive compounds such as 9,
10a, and 10b during the preparation of the test samples. The cus-
tomary degree of accuracy is therefore not always attainable with
these materials. The wet chemical analysis of phosphorus contents
is occasionally disturbed by the presence of tin in the same sample.
The corresponding analytical data will therefore also have higher
margins of error. — Melting points: Gallenkamp MFB-595 010
apparatus; uncorrected values. — Cyclic voltammetry: Metrohm
“Universal MeB- und Titriergefa3”’, Metrohm RDE 628 GC elec-
trode, platinum electrode, SCE electrode, Princeton Applied Re-
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search potentiostat model 273; samples 1073 M in 0.1 M nBuyNPF4/
CH,Cl,. Reactions described as reversible show a square-root de-
pendence of current vs. scan speed in the range 50 to 1000 mVs~'.
All potentials are quoted relative to the saturated calomel electrode.

Materials:  1,1,1-Tris[(diphenylphosphanyl)methyl]ethane,  #ri-
phos,|?31 was prepared according to the literature procedure. All
other materials were obtained from commercial sources and were
used as received. Silica gel (Kieselgel z.A. 0.06—0.20 mm, J. T.
Baker Chemicals B. V.) used for chromatography and kieselgur
(Erg. B.6, Riedel de Haen AG) were degassed at 1 mbar for 24 h
and saturated with argon.

General Procedure for the Synthesis of Solution A: A solution of
14 (377 mg, 0.50 mmol) in THF (20 mL) was added to KCgq
(1.25 mmol), prepared by heating potassium (50 mg, 1.25 mmol)
with graphite (120 mg, 10 mmol), and the suspension was sonicated
until the colour changed to orange-brown. The reaction mixture
was then filtered through kieselgur.

Synthesis of tripodCo(N,)Cotripod (3): The following manipula-
tions were carried out under a dry N, atmosphere:

Method a: A suspension of 251 (359 mg, 0.50 mmol) in THF
(20 mL) was added to KCg (1.50 mmol) and the mixture was
sonicated until the colour turned to dark red. The supernatant re-
action mixture was then removed from the insoluble material by
means of a syringe. On layering this solution with petroleum ether
(boiling range 40—60 °C ), red crystals were obtained.

Method b: A solution of 1 (377 mg, 0.50 mmol) in THF (20 mL)
was added to activated Mg (2 g) (for activation: Mg filings were
vigorously stirred in vacuo at 250 °C for 1 h) and the mixture was
stirred until a dark-red colour developed. The supernatant reaction
mixture was then removed from the unchanged Mg by means of a
syringe. On layering this solution with petroleum ether (boiling
range 40—60 °C ), red crystals were obtained. — UV/Vis/NIR
(THF): Apax (€) = 405 (8000), 718 (550), 1134 nm (4700 M~ ' cm ™ 1).
— Crystallographic data: see text.

Synthesis of [1,1-Bis(diphenylphosphanomethyl)-1-(phenylphosphan-
omethyl)]ethane (6): A solution of KO7Bu (689 mg, 6.14 mmol) and
PhPH, (675 mg, 6.14 mmol) in DMSO (40 mL) was slowly added
to a solution of 1-chloro-2-bis(diphenylphosphanylmethyl)propane
(517 (1.95 g, 4.10 mmol) in DMSO (30 mL). The reaction mixture
was stirred for 4 h at 100 °C. The solvent was then removed in
vacuo and the residue was purified by column chromatography on
silica gel, eluting with petroleum ether (boiling range 40—60 °C)/
diethyl ether, 9:1; Ry = 0.47. Yield: 1.84 g (3.35 mmol, 82%) as a
colourless, viscous substance. — C3sH3sP3 (548.58): caled. C 76.63,
H 6.43, P 16.94; found C 76.73, H 6.70, P 16.54. — 'H NMR
(CDCl3): 8 = 1.2 (br. s, 3 H, CH3), 2.3 (br. s, 2 H, CH,PHPh), 2.6
(br. s, 4H, CH,PPh,), 4.0 (br. s, 'Jpy = 204 Hz, 1 H, PHPh),
6.9—7.9 (m, 25 H, arom. H). — 3P NMR (CDCl;): § = —71.4 (d,
1Jpy = 204 Hz, 1 P, PHPh), —26.8 (s, 2 P, PPh,). — BC{'H} NMR
(CDCl3): 6 = 29.3 (m, CH3), 37.3—38.3 (m, CH,PHPh, Cq), 43.1
(m, CH,PPh,), 128.0—140.6 (arom. C). — MS (El); m/z (%): 547
(17) [M* — H], 471 (100) [M* — Ph], 363 (19) [M* — PPh,]. —
IR (Nujol): W(P—H) = 2282 (vs) cm~!.

Synthesis of [tripodCo(NH,),Cotripod](BPhy), (7): To a solution of
141 (754 mg, 1.00 mmol) in THF (40 mL) (blue solution) were ad-
ded NaBPh; (342 mg, 1.00 mmol) (solution turned red) and
NaNH; (78 mg, 2.00 mmol). After the colour of the mixture had
turned brown, the solvent was removed in vacuo. The residue was
redissolved in CH,Cl,, this solution was filtered through 5 cm kie-
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selgur, and the solvent was removed to leave 682 mg (0.67 mmol,
67%) of a brown powder. Recrystallization from acetone/diethyl
ether yielded orange crystals suitable for X-ray structure analysis
(see exp. Section, X-ray Crystallographic Study). — EPR (CH,Cl,,
295K): gy = 2.11 (4, = 24 G); g, = 2.09 (4, = 28 G). — EPR
(THF/CH,Cl,, 100 K): g, = 2.11 (4 = 34, 29 G). — For additional
analytical data, see Table 6 and 7.

Synthesis of tripodCo(P,Ph;) (8). — Method a: At —60 °C, a solu-
tion of 1™ (566 mg, 0.75 mmol) in THF (30 mL) was added to a
solution of PhPHLi **! (1.65 mmol), prepared by adding nBuLi
(0.66 mL, 2.5 m in hexane) to a solution of PhPH, (182 mg,
0.18 mL, 1.65 mmol) in THF (20 mL). The colour changed from
blue to red and the mixture was stirred for 30 min. at room temper-
ature. The solvent was then removed in vacuo, and the residue was
suspended in petroleum ether (boiling range 40—60 °C) and flash
chromatographed on silica gel. After elution with 200 mL of petro-
leum ether (boiling range 40—60 °C), the product was eluted with
diethyl ether as a red band, removal of the solvent from which
gave 485 mg (0.54 mmol, 72%) of a microcrystalline powder. Red
crystals, suitable for X-ray structure analysis, were obtained by
layering a saturated acetone solution with ethanol and petroleum
ether (boiling range 40—60 °C).

Method b: To solution A, prepared from 1™ (0.50 mmol) and KCg
(1.25 mmol) (see above), was added PhPH, (170 mg, 0.17 mL,
1.54 mmol). After stirring for 2 h, the colour had changed to red
and the solvent was removed in vacuo. The residue was taken up
in petroleum ether (boiling range 40—60 °C). Chromatographic
workup as described above gave 198 mg (0.22 mmol, 44%) of 8.

Method c: A modification of Method a, starting from 14 (566 mg,
0.75 mmol) and PhPHNa 243 (1.65 mmol) [prepared by adding Na
(38 mg, 1.65mmol) to a solution of PhPH, (182 mg, 0.18 mL,
1.65 mmol) in THF (20 mL) and sonicating until the Na had dis-
solved] gave 472 mg (0.53 mmol, 70%) of compound 8.

Method d: In a further modification of Method a, 8 was prepared
starting from 251 (359 mg, 0.50 mmol) suspended in THF (25 mL)
and a solution of PhPHLi 24?1 or PhPHNal?#4 (1.10 mmol) in THF
(20 mL). Yield: 270 mg (0.30 mmol, 60%). — For analytical data,
see Table 6 and 7.

Synthesis of tripodCoSnPh; (9). — Method a: A suspension of 20!
(359 mg, 0.50 mmol) in THF (15 mL) was added to a THF solution
of Ph3SnLi?3 (0.90 mmol), prepared by adding nBuLi (0.36 mL,
2.5 M in toluene) to a solution of Ph3SnH (315 mg, 0.90 mmol) in
THF (15 mL). The initially brown suspension turned red and the
reaction mixture was stirred overnight. After removal of the solv-
ent, the residue was suspended in petroleum ether (boiling range
40—60 °C) and flash chromatographed on silica gel. After elution
with 200 mL of petroleum ether (boiling range 40—60 °C), the
product was eluted with diethyl ether as a red band, removal of
the solvent from which gave 340 mg (0.33 mmol, 66%) of a red
microcrystalline powder. Red crystals, suitable for X-ray structural
analysis, were obtained by layering a saturated THF solution with
petroleum ether (boiling range 40—60 °C ).

Method b: Compound 9 was prepared by adding Ph;SnH (895 mg,
2.55 mmol) to solution A, prepared from 1 (0.85 mmol) and KCg
(2.13 mmol) (see above), and stirring overnight. Chromatographic
workup (as described above) yielded 540 mg (0.52 mmol, 61%) of
9. — For analytical data, see Table 6 and 7.

Synthesis of tripodCo(H),SnBuz (10a): To solution A, prepared
from 1 (0.85 mmol) and KCg (2.13 mmol) (see above), was added
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BusSnH (745 mg, 0.68 mL, 2.56 mmol). After stirring overnight,
the solvent was removed in vacuo. The residue was suspended in
petroleum ether (boiling range 40—60 °C). Chromatographic
workup (as described for compound 9) gave 410 mg (0.42 mmol,
50%) of a yellow-brown microcrystalline solid. Recrystallization
from acetone at —20 °C afforded 210 mg (0.22 mmol, 25%) as yel-
low crystals. — For analytical data, see Table 6 and 7.

Synthesis of tripodCo(H),SnPh; (10b): A solution of 9 (620 mg,
0.60 mmol) in THF (30 mL) was saturated with H, at 1 bar and
stirred for 6 h. The red colour of the reaction mixture turned yel-
low. After removal of the solvent, the residue was suspended in
petroleum ether (boiling range 40—60 °C ). Chromatographic
workup (as described for compound 9) gave upon removal of the
solvent 420 mg (0.41 mmol, 68%) of a yellow microcrystalline pow-
der. A concentrated THF solution was distributed between several
test tubes (@ = 1cm), which were placed in a Schlenk tube
(250 mL). Petroleum ether (boiling range 40—60 °C ) was intro-
duced into the Schlenk tube, vapour diffusion of which into the
THF solutions yielded yellow single crystals suitable for X-ray
structure analysis. — For analytical data, see Table 6 and 7.

Synthesis of tripodCo(CO)SnPh; (11): CO was bubbled through a
solution of 9 (620 mg, 0.60 mmol) in THF (30 mL) for 10 min. The
red colour of the solution turned orange. The solvent was then
removed in vacuo, the residue was suspended in petroleum ether
(boiling range 40—60 °C ), and chromatographed on kieselgur.
After elution with 200 mL of petroleum ether (boiling range 40— 60
°C), the orange product was eluted with toluene. Removal of the
solvent in vacuo from the appropriate fraction gave 445 mg
(0.42 mmol, 70%) of 11 as an orange microcrystalline solid. A con-
centrated dichloromethane solution was distributed between sev-
eral test tubes (@ = 1 cm), which were placed in a Schlenk tube
(250 mL). Diethyl ether was introduced into the Schlenk tube, va-
pour diffusion of which into the CH,Cl, solutions yielded orange
single crystals suitable for X-ray structure analysis. — For analytical
data, see Table 6 and 7.

X-ray Crystallographic Study: Measurements were made on a Sie-
mens P4 four-circle diffractometer (7, 9) or on a Nonius-Kappa
CCD diffractometer (4, 8, 10b, 11) using graphite-monochromated
Mo-K,, radiation throughout. For the measurements on the Sie-
mens P4 four-circle diffractometer, the intensities of three check
reflections (measured every 100 reflections) remained constant
throughout the data collection, thus indicating crystal and elec-
tronic stability. The data collected on the Siemens P4 diffractometer
were corrected in the usual manner, including by an experimental
absorption correction. The data collected on the Nonius Kappa
CCD device were processed using the standard Nonius software.[2¢]
All calculations were performed using the SHELXT-PLUS soft-
ware package. Structures were solved by direct methods with the
SHELXS-97 program and refined with the SHELXL-97 pro-
gram.?7-28 Graphical handling of the structural data during solu-
tion and refinement was performed with XPMA.?! Structural rep-
resentations were generated using Winray 32.5% Atomic coordi-
nates and anisotropic thermal parameters of nonhydrogen atoms
were refined by full-matrix least-squares calculations. The data re-
lating to the structure determinations are compiled in Table 8.
Compound 7: The nitrogens of the amido groups are disordered
over two positions with s.0.f.s of 0.75 and 0.25. The acetone solvent
molecules were found to be distributed over four sites with s.o.f:s
of 0.5, 0.4, 0.35, and 0.25. The disordered atoms were refined iso-
tropically. Due to these disorder problems, the refinement con-
verged only to R; = 9.0% and R, = 26.6%, hence discussion of the
bond lengths and angles is omitted. Compound 9: One phenyl ring
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(C100—C105) was found to be disordered over two orthogonal ori-
entations with s.o.f.s of 0.7 and 0.3. These atoms were refined iso-
tropically. One phenyl ring of the SnPhj; ligand (C400—C405) was
found to be disordered over two rotational positions with s.o.f.s of
0.6 and 0.4. The angle between the orientations is 40°. Compound
10b: The crystal of 10b examined was found to be a racemic twin,
the Flack x parameter being 0.267. The metal-bonded hydrogens
H1 and H2 were located in the difference map and refined isotrop-
ically.

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication
nos. CCDC-143127 (4), CCDC-143131 (7), CCDC-143130 (8),
CCDC-143129 (9), CCDC-143126 (10b), and CCDC-143128 (11).
Copies of the data can be obtained free of charge on application
to the CCDC, 12 Union Road, Cambridge CB2 1EZ, U.K. [Fax:
(internat.) +44 (0)1223/336033; E-mail: deposit@ccdc.cam.ac.uk].
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