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Abstract: Four stanna-closo-dodecabo-
rate complexes of ruthenium have
been prepared and characterized by
multinuclear NMR studies in solution
and in the solid state. The solid-state
structures of the dimeric zwitterions
[{Ru(dppb)(SnB,H, )}, (2) (dppb=
bis(diphenylphosphino)butane), [{Ru-
(PPh;3),(SnB;Hyy)},] (3), and the di-
anionic ruthenium complex

SnB H;;}(SnBH;;)] (4) were deter-
mined by X-ray crystal structure analy-
sis; they establish an unprecedented
structural motif in the chemistry of het-
eroboranes and transition-metal frag-
ments with the stanna-closo-dodecabo-
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rate moiety as a two-faced ligand that
exhibits 1'(Sn) as well as W*(B—H) co-
ordination. The n’-coordinated stanna-
borate in 4 and in the isostructural
compound [BusMeN],[Ru(PPh;),{2,7,8-
(u-H)s-exo-SnB,,Hy, }(SnBy Hyy)] ©)
shows fluxional behavior, which was
studied in detail by using *P{‘H}
EXSY and DNMR experiments. The
activation parameters for the dynamic

[BusMeN],[Ru(dppb){2,7.8-(u-H)s-exo-

Introduction

A rich structural variety is exhibited by the complexes re-
sulting from the interaction of borane and heteroborane
cages with transition-metal fragments; the most common
structural motif is the incorporation of the transition metal
as a vertex in the borane cage.!! Stone and co-workers
showed that metallaboranes and metallacarboranes are ca-
pable of bonding to exo-polyhedral transition-metal frag-
ments through direct metal-metal bonds.” However, there
are relatively few examples of main-group closo-heterobor-
anes bonded to transition-metal moieties through the main-
group atom. The longest known representatives of this class
are ortho-dicarborane—-metal complexes with the [2-Ph-1,2-
C,B¢H,o]- monoanion.’! More recently, Strauss and co-
workers described the first closo-monocarborane complex
{INBu,],[CuCI(CB,F;)]} with an exo-polyhedral carbon—
metal bond.”™! Another general coordination mode of closo-
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process of § are given.

boranes and closo-heteroboranes is the formation of up to
three agostic B—-H—M bonds as established by Lipscomb
et al.’! for [B;,H,o]>~ and by Greenwood et al. for [B,H,,]*"
in the ruthenium complex [Ru(PMe,Ph);(B,,H,,)].’”’ Recent
examples of metallacarboranes as tridentate ligands often
involve the ruthenium fragment [RuCl(PPh;),]* and include
[Re(CO);(1-2,3,10-(u-H)s-exo-{RuCl(PPhs),}-7,8-C,ByHy)] ™
[closo-2-(n°-C¢H,)-10,11,12-{exo-RuCl(PPh;),}-10,11,12-(pu-H)-
2,1-RuCB,(H,R],™  [4-(cod)-3,7,8-{RuCl(PPh;),}-3,7.8-(u-
H),-closo-4,1,6-RhC,B, Ho],7  and  [4-(n*-C;H;)-3,7,8-
{RuCl(PPh;),}-3,7,8-(n-H)s-closo-4,1,6-NiC,B ,,;Hy] .Y Fur-
thermore, Teixidor and co-workers described a series of exo-
nido-ruthenacarboranes featuring conventional S—Ru and
P—Ru bonds as well as B-H—Ru agostic bonds.**

Several years ago we set out to investigate the coordina-
tion abilities of the Group 14 heteroborate [SnB;H;;]*" (1)
towards transition-metal electrophiles.”) The prevailing coor-
dination mode is the formation of a metal-tin single bond
and compounds such as the hexaanionic, square-planar com-
plex [Pt(SnB;;H;;),]*" and pentaanionic [Au(SnB;;H;;),]’"
were obtained as air-stable salts in high yields."” In a sys-
tematic study of the coordination properties of square-
planar platinum complexes we found evidence for the
strong trans-influence of n!(Sn)-coordinated stannaborate.!"!!
More recently, our group showed that [SnB,H,]*" is a
ligand of remarkable flexibility when coordinated to gold(1)
fragments. In fact, in [Au,(PPh;),(SnB;H;;),]*" and [Au,-
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(PPh;),(SnB;H,,);]*" the stannaborate bridges the Au—Au
bond through the tin atom, leading to very short Au—Au dis-
tances,'? whereas it caps an Au; triangle in p;-mode in
[{(Et;P)Au(SnB,;H;)};]*" and an Au, rectangle in p,-mode
in  [{(dppm)Auy(SnB;;Hy;),l]*"  (dppm =bis(diphenylphos-
phino)methane).™

We report here the preparation and characterization of
stannaborate ruthenium complexes with the [SnB;H;]*
moiety coordinated both by three B-H—Ru agostic bonds
and a Ru—Sn bond, which establishes an unprecedented
structural motif in heteroborane chemistry. Moreover, we
give a detailed dynamic NMR analysis of the fluxional be-
havior of n}(B—H)-coordinated stannaborate, including the
determination of the activation parameters.

Results and Discussion

Synthesis: We chose to react two different, yet closely relat-
ed ruthenium fragments, [RuCl,(dppb)PPh;] and [RuCl,-
(PPh,),], with [SnB;;H;;]*" (1) to examine the influence of
the chelating phosphane on the formation of structurally dif-
ferent reaction products. We showed in previous work that
the reaction of cis-[PtCl,(PPh;),] with two equivalents of 1
yields trans-[Pt(PPh;),(SnB,H;;),]*~, whereas [PtCl,(dppe)]
leads to cis-[Pt(dppe)(SnB,;H;,),]*~ (dppe=bis(diphenyl-
phosphino)ethane).™¥

Refluxing one equivalent of the sodium salt of stanna-
closo-dodecaborate with the ruthenium electrophile [RuCl,-
(dppb)PPh;] in THF for 60 h produces the dimeric com-
pound [{Ru(dppb)(SnB;;H;;)},] (2) as an orange precipitate,
which can be isolated in rather low yield by filtration and
subsequent treatment with water (Scheme 1). Analogously,

2Nay[SnB,;H;;]
THF, 80 h, Reflux
2[RuCl,(dppb)(PPh
[RuCh(dppb)(PPhy)l ———
-2PPh,

Scheme 1. Synthesis of the dimeric ruthenium complex 2.

refluxing [RuCl,(PPh;);] and Na,[SnB;;H;;] in THF for 60 h
yields [{Ru(PPh;),(SnB;;H;;)},] (3) as a red precipitate,
which can be isolated and purified as described above for 2
(Scheme 2). Both dimeric ruthenium complexes 2 and 3 are
stable towards air and moisture. The solubility of 2 is very
low, whereas 3 is insoluble in common solvents.

Chem. Eur. J. 2006, 12, 1036 -1045

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

2Na,[SnB4H,]

THF, 60 h, Reflux
2[RUCL(PPhy)y] — 7

-4 NaCl
-2PPh,

Scheme 2. Synthesis of the dimeric ruthenium complex 3.

To probe whether it would be possible to coordinate two
or more stannaborate clusters to a ruthenium fragment, we
reacted two equivalents of [BusMeN],[SnByH;;] with
[RuCl,(dppb)(PPh;)] in CH,Cl, at room temperature. The
color of the reaction mixture changed from dark green to
orange-red. After two hours, the mixture was extracted with
water to remove [Bu;MeN]Cl and CH,Cl, was subsequently
evaporated under reduced pressure, yielding [Bu;MeN],-
[Ru(dppb){2,7.8-(n-H)s-exo-SnB H, }(SnB, Hyy)] (4) as an
orange powder, which was washed several times with Et,0O
to remove PPh; (Scheme 3). The remaining solid is stable
towards air and moisture.

Following a modified protocol described for the synthesis
of 4, we succeeded in isolating [Bu;MeN],[Ru(PPh;),{2,7,8-
(u-H);-exo-SnB; H;;}(SnB H,;)] (5) as a red, air-stable
powder starting from [RuCl,(PPh;);] (Scheme 4).

Solid-state structures: To elucidate the solid-state structures
of 2 and 3 we undertook X-ray single-crystal structure anal-
yses. Orange crystals of 2 were
obtained by crystallization from
CH,Cl,. The molecular struc-
ture of 2 together with selected
interatomic  distances  and
angles is shown in Figure 1 and
the crystal data as well as pa-
rameters of the structure refine-
ment are given in Table 4.

The heteroborate plays the
role of a bridging ligand that
uses two different coordination
modes, formation of a Ru—Sn
bond to one ruthenium atom
and formation of three agostic
B—H—Ru bonds to the symme-
try-equivalent ruthenium atom
Ru'. The agostic interactions
are inequivalent; the Ru—B(6') distance (2.353(5) A) is
shorter than the Ru—B(1) (2.416(4) A) and Ru—B(2) dis-
tances (2.419(4) A). Comparable distances have been re-
ported in the literature for similar systems and the inequiva-
lent agostic B-H—Ru interactions have been ascribed to dif-
ferent trans influences of the particular trans-located li-

1037

www.chemeurj.org


www.chemeurj.org

[RuCl(dppb)(PPh;)] ————————— [Bu;MeN],

[RuCl,(PPhs),]

CHEMISTRY—

L. Wesemann et al.

A EUROPEAN JOURNAL

2 [Bu;MeNL,[SnBH,]
CH,Cl,, 24 h, RT

- 2 [BuzMeN]CI

-PPh,

B
oB-H

Scheme 3. Synthesis of the dianionic ruthenium complex 4.

2 [BuzMeNL,[SnBy Hy4]

CH,Cl,, 2 h, RT P
[BusMeN],

- 2 [BusMeN]CI
- PPh,

B
oB-H

Figure 1. Molecular structure of 2. The phenyl rings and hydrogen atoms
except the ipso-carbon and the B—H—Ru hydrogen atoms have been
omitted for the sake of clarity. Selected interatomic distances [A] and
angles [°]: Ru—P1 2.293(1), Ru—P2 2.287(1), Ru—Sn 2.576(6), Ru—B1’
2.416(4), Ru—B2' 2.419(4), Ru—B6’ 2.353(5), Ru—H1' 1.93(3), Ru—H2’
1.90(4), Ru—H6' 1.70(5); P2-Ru-P1 92.63(4), P1-Ru-Sn 93.94(3), H1'-Ru-
P2 86.5(10), HI-Ru-Sn 82.6(11), H6-Ru-P2 96.8(16), H6'-Ru-Sn
166.5(17), H6'-Ru-H1’ 89.7(19). Symmetry transformation used to gener-
ate equivalent atoms: 1—x, —y+1, —z.
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gand.®') The Ru—Sn separation (2.576(1) A) falls in the
range of known Ru—Sn lengths (2.55-2.69 A).“é]

An unusual aspect of the agostic B-H—Ru interaction in
the dimeric compound 2 is the fact that the stannaborate 1
uses two B—H vertices from the first Bs-belt and one B—H
vertex from the second Bs-belt (Figure 2). As already men-

Figure 2. Graphical representation of the Bs-belts of 1.

tioned in the introduction, the interaction of metallacarbor-
anes with transition-metal fragments through three agostic
B—H—M bonds is well established, mainly from the work of
Stone and co-workers, but the predominating geometry
found is based on the usage of two B—H vertices from the
second belt and one B—H vertex from the first belt."*) The
exceptions we could find in the literature are [4-(n’-CyHs)-
3,7,8-{RuCl(PPhy;),}-3,7,8-(n-H)s-4,1,6-closo-NiC,B;(Hy], in
which the 13-vertex nickeladicarborane is bonded to the
ruthenium fragment through two B—H vertices of the first
six-membered CBCBBB ring and one B—H vertex of the
second Bs-ring,”‘” and the structurally similar rhodadicarbor-
ane ruthenium complex [4-(cod)-3,7,8-{RuCl(PPh;),}-3,7,8-
(w-H)s-closo-4,1,6-RhC,B,H,].I"

A single-crystal X-ray diffraction study of the ruthenium
complex 3 revealed that it is in fact a close congener to 2.
An ORTEP plot of the molecular structure is depicted in
Figure 3. The distances are very similar to those of the anal-
ogous compound 2, whereas the P2-Ru-P1 angle of
100.01(5)° is slightly larger owing to the steric demand of
the triphenylphosphane ligands.

Orange single crystals of dianion 4 were obtained by
layering a CH,CI, solution with hexane. In the molecular
structure two stannaborate moieties are coordinated at the
ruthenium fragment in different coordination modes. One
cluster forms a Ru—Sn bond and the other [SnBH,]*"
moiety has three exopolyhedral agostic B—H—Ru bonds.
The tin atom of the n’-coordinated stannaborate remains
uncoordinated by a transition-metal fragment (Figure 4).
However, it was soon realized during the structure refine-
ment that some disorder was present in the n’-coordinated
cluster. Repeated crystallizations consistently gave crystals
that were disordered in an analogous manner. Indeed, the
n’-coordinated cluster is disordered over two positions with
a ratio of 83.3:16.7. The principal orientation 4a (Figure 4)
has 1 coordinated to the ruthenium fragment with one B—H
vertex from the first Bs-belt and two B—H vertices from the
second Bs-belt. Again the three agostic B-H—Ru bonds are
unequal with Ru—B(6) (2.284(4) A), which lies trans to the
tin-coordinated stannaborate, being shorter than Ru—B(1)
(2.324(2) A) and Ru—B(7) (2.317(4) A), in which a phos-
phane ligand is coordinated in the trans position. The ruthe-
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Figure 3. Molecular structure of 3. The phenyl rings and hydrogen atoms
except the ipso-carbon and the B—H—Ru hydrogen atoms have been
omitted for the sake of clarity. Selected interatomic distances [A] and
angles [°]: P1-Ru 2.326(1), P2—Ru 2.325(1), Ru—H(6') 1.73(4), Ru—H1’
1.80(3), Ru—H2' 1.84(4), Ru—B6' 2.326(5), Ru—B1’ 2.392(5), Ru—B2’
2.407(6), Ru—Sn 2.574(1); P2-Ru-P1 100.01(5), P1-Ru-Sn 93.87(4), P2-
Ru-Sn 95.84(3), H1'-Ru-P2 80.4(11), H1'-Ru-Sn 83.5(11), H6'-Ru-P2
91.3(13), H6'-Ru-Sn 166.4(13), H6'-Ru-H1’ 86.4(16). Symmetry transfor-
mation used to generate equivalent atoms: —x+1, —y+2, —z+2.

Figure 4. Molecular structure of 4a. The phenyl rings and hydrogen
atoms except the ipso-carbon and the B—H—Ru hydrogen atoms have
been omitted for the sake of clarity. Selected interatomic distances [A]
and angles [°]: Ru—P1 2.282(2), Ru—P2 2.295(2), Ru—Sn1 2.600(1), Ru—
B1 2.324(2), Ru—B6 2.284(4), Ru—B7 2.317(4), Ru—H1 1.83(6), Ru—H6
1.82(6), Ru—H7 1.85(6); P1-Ru-P2 97.17(7), P1-Ru-Snl 89.99(6), P2-Ru-
Snl 92.80(6), P1-Ru-H7 87.2(19), P1-Ru-H1 174.26(6), P2-Ru-H1
83.87(5), Sn1-Ru-H1 84.31(2), Sn1-Ru-H7 81.3(19).

nium-tin separation Ru—Sn(1) (2.600(1) A) is slightly larger

than for 2 and 3 and the P1-Ru-P2 angle, 97.17(7)°, lies be-
tween those already described for 2 and 3.
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The other orientation present, 4b, has the n*-coordinated
stannaborate cluster employing two B—H vertices from the
first Bs-ring and one B—H vertex from the second Bs-ring.
This also implies a different orientation of the uncoordinat-
ed Sn relative to the other ligands at the ruthenium centre.
Both orientations together with other stereoisomers are de-
picted in Figure 6 (see discussion below). Because 4b is the
minor structural isomer in the solid state, the geometric pa-
rameters of 4b will not be discussed.

NMR spectroscopy in solution: To examine the solution be-
havior of 2, a multinuclear NMR study was undertaken. Un-
fortunately, the solubility of 2 is very limited, which severely
hampered the examinations and made the observation of a
9Sn{'H} NMR spectrum in solution impossible. The *P{'H}
NMR spectrum reveals a sharp singlet at 6 = 52.2 ppm with
a coupling constant of 2J(!"'Sn,P) = 288 Hz (""Sn/'"Sn
coupling could not be resolved), which unambiguously
shows that the solid-state structure remains intact in solu-
tion. It is known from the literature that cis->J(*""'"Sn,P)
coupling constants range from 270 to 400 Hz for ruthenium
complexes."”! The "B{'H} NMR spectrum shows one rela-
tively sharp signal at 6 = —31.7 ppm, whereas the other sig-
nals are very broad. Unlike m'(Sn)-coordinated stannabo-
rate, which typically displays one signal for B2-B6 and B7—
B11 because of accidental isochrony, and another for the an-
tipodal B12,”! the loss of symmetry at the n*(BH)-coordinat-
ed heteroborate moiety causes the occurrence of a higher
number of signals in the ""B{'"H} NMR spectrum. A proton-
coupled "B NMR experiment allowed us to assign the un-
usually high-field shifted signal at 6 = —31.7 ppm to the
agostic B-H—Ru boron atoms, since the 'J(B,H) coupling
constant of 92 Hz is characteristically smaller than the cou-
pling constant of free terminal B—H units, which lies be-
tween 120 and 190 Hz."! The 'H{""B} NMR spectrum of 2
exhibited two signals in the high-field region with an inte-
gration ratio of 2:1. A doublet at 6 = —4.85ppm with
ZJ(P,H) = 30.1 Hz can be assigned to H1 and H2, and a sin-
glet at 6 = -827ppm with '7!"Sn satellites and
2ZJ(M9Sn H) = 212Hz is assigned to H6. A similar
2J(""19Sn,H) coupling constant has been described for the
trinuclear ruthenium cluster [(u-H),(us3-S)(p-Cl)Ru;(CO)s-
(SnCl;)].11®!

Unfortunately compound 3 is almost completely insoluble
in all common solvents, which made solution NMR investi-
gations impossible.

In solution, the *'P{'H} NMR spectrum of complex 4
(Figure 5) consists of an A, pattern at 6 = 51.5 ppm
[Z7(""1Sn,P) = 267 Hz] as well as an AB pattern at 0 =
51.6 and 51.0ppm [*/(PP) = 354Hz, 2/(""'"SnP) =
273 Hz]. This strongly indicates that in solution 4 comprises
of isomers with different symmetry, that is, C; and C, sym-
metry (vide infra).

Further evidence comes from a "Sn{'H} NMR measure-
ment of 4, which shows broad peaks at 6 = —366, —374,
—630, and —638 ppm with approximately equal intensities.
The two peaks around 6 = —370 ppm can be assigned to
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Figure 5. *'P{'H} NMR spectra of 4 and 5, each consisting of an A, pat-
tern and an AB pattern.

n'(Sn)-coordinated stannaborate!” and the two high-field
shifted signals must therefore be assigned to the n’-coordi-
nated stannaborate. Remarkably, the resonances for the n’-
coordinated heteroborate are high-field shifted relative to
free cluster 1, which shows a broad resonance at 6 =
—546 ppm.*) The observation of four signals must be ascri-
bed to the existence of isomeric compounds in solution. The
"B{'H} NMR spectrum contains an intense peak at 6 =
—152ppm, as expected for a n'(Sn)-coordinated
[SnB;H,;]*~ moiety, which can be assigned to isochronous
B2-B6 and B7-B11 in both Bs-rings.'"'l Additional broader
signals with lower intensity at 6 = -1.6, —8.0, and
—19.9 ppm, and a relatively sharp signal at 6 = —22.4 ppm
are ascribed to the n3-coordinated stannaborate, which has
lower local symmetry and thus more resonances than the
n'(Sn)-coordinated cluster. Signals due to B-H—Ru groups
could be identified by means of a heteronuclear correlation
"'B/'H 2D NMR experiment, which revealed a correlation
between the sharp signal at 6 = —22.4 ppm in the "B{'H}
NMR spectrum and two broad peaks at 6 = —6.3 and
—7.5 ppm in the '"H NMR spectrum, which clearly belong to
B—H—Ru protons. To overcome the problem of the large
linewidth of the hydridic signals, we conducted a 'H{"B}
NMR experiment that revealed a doublet at 6 = —7.5 ppm
with a %J(H,P) coupling constant of 44.8 Hz and ""'"°Sn sat-
ellites [2/(*"'"Sn,H) = 205 Hz], and a broad multiplet at &

= —6.3 ppm, which lacked a clear coupling pattern. It is
known from the literature that coupling constants of the
magnitude of the resolved %J(P,H) coupling constant are
common for trans->J(P,H) couplings in comparable rutheni-
um borate complexes.®™ We therefore conclude that the
doublet must be assigned to B—H units in trans positions to
the phosphane ligand, which implies that 2/(Sn,H) = 205 Hz
is a cis coupling (cis-2/(P,H) coupling is not resolved owing
to large line widths). Remarkably, the '"'"Sn,H cis coupling
in 4 is of a magnitude comparable with the trans coupling in
2. A possible explanation could be the anionic character of
the complex. In fact, Carlton demonstrated for rhodium-hy-
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drogen-tin systems that J(*'Sn,H) correlates with the
electron density at the rhodium centre and shows a larger
response than other coupling constants.*’)

The NMR spectroscopic data for compound 5 are similar
to those for 4 (Tables 1 and 2). We thus conclude that 5 is

Table 1. Selected 'H{"'B} NMR and ''B NMR data, § in ppm, J in Hz.
"H{"'B} Hydride region "B
2 —485(d, J(PH) = 30.1), ~10.8, —15.0, —20.7,
827 (s2J("¥SnH) = 212) ~31.7 (Y(BH) = 92)
4 —6.2to —6.5 (brm), -1.6, -8.0, —15.2, —19.9,
—22.4

~7.5(d, J(PH) = 44.8, 21(""1Sn, H)
= 205)

5 -7.6to—7.0 (br) -2.1, -89, —-15.3, -20.9

Table 2. *'P{'H} NMR and "’Sn{'"H} NMR data, ¢ in ppm, J in Hz.

BIP{IH} IIOSn{lH}
2 522 (s, J(""1Sn,P) = 288) —3810
3 53.1,48.61 —345lal
4 51.0 (d, 2J(PP) = 354, J('""1"Sn,P) = 273), —366, —374, —630,
—638
51.5 (s, J("'1°Sn,P) = 267),
51.6 (d21(PP) = 35.4,2J("'"1Sn,P) = 273)
5 542 (d,2(PP) = 27.7,%J(""¥Sn,H) = —398, —628, —640

260),
54.6 (s, 27("7119Sn H) = 263),
5.4 (d, J(PP) = 27.7, 2("19Sn.H) = 260)

[a] Solid-state NMR spectroscopy.

isostructural to 4. The main differences in the NMR data
can be found in the 'Sn{'H} NMR and in the 'H{''B} NMR
spectra. The Sn{'H} NMR spectrum contains three instead
of four signals, but the very broad signal at 6 = —398 ppm
probably consists of two unresolved peaks. Examination of
the '"H NMR spectrum reveals only a very broad signal at &
= —7.3 ppm, which gains somewhat more structure in the
"B decoupled 'H{"'B} NMR experiment while retaining an
unresolved form; it thus cannot be interpreted unequivocal-
ly. 'H{''B} NMR experiments at low temperatures lead to
no improvement for any of the complexes 2, 4, or 5.

Solid-state NMR spectroscopy: Unfortunately, the solubility
of compound 2 was not sufficient to allow the detection of
%Sn{'H} NMR resonances in solution. We thus conducted a
solid-state *’Sn HPDEC/MAS experiment, which displayed
a resonance at 0 = —381 ppm. This is a chemical shift simi-
lar to the solution shifts observed for n'(Sn)-coordinated 1
in the dianionic ruthenium compounds 4 and 5. However,
the value is somewhat shifted to higher field than hitherto
known values, 0 = —332ppm!"” for [Au,(PPh,),-
(SnB;H,,);]*" or 6 = —317 ppm!"! for [Pt(SnB,,H,;),]°", for
1'(Sn) stannaborate on late transition metals. It is shifted
down field relative to free [SnBy;H;;]*" and exclusively n’-
(B—H)-coordinated stannaborate, which appears around ¢
= —630 ppm (Table 2).

Chem. Eur. J. 2006, 12, 1036 —1045


www.chemeurj.org

Ambident Stanna-closo-dodecaborate Ru Complexes

Because compound 3 is insoluble in common solvents we
undertook solid-state *'P and '*Sn NMR studies. The *'P
VACP/MAS spectrum of 3 showed peaks at 6 = 53.1 and
48.7 ppm; these can be assigned to the PPh; ligands, which
are chemically inequivalent in the solid state. The values are
similar to the observed *'P{'H} NMR resonances in solution
for compounds 2, 4, and 5 (Table 2). Owing to the large line-
width in the solid state, no couplings could be resolved. A
19Sn HPDEC/MAS experiment showed a broad signal at 6
= —345 ppm, which is shifted somewhat downfield relative
to 2.

Dynamic NMR spectroscopy: Basically, six stereoisomers of
4 and the analogous triphenylphosphane complex 5 can be
assumed to exist in solution (Figure 6). Isomer 4a corre-

FULL PAPER

cluster face and a translational scrambling B of the exo-
polyhedral ruthenium fragment to the next triangular face
of the stannaborate moiety. Stone and co-workers described
a similar process for [2,2,2-(CO);-2-PPh;-7,8,12-(u-H);-
7.8,12-{RuCl(PPh;),}-closo-2,1-MoCB,;H,] .*! Because only
one A, pattern and one AB pattern are present in the
3'P{'"H} NMR spectra of both 4 and 5, the simultaneous exis-
tence of all six isomers in solution can be ruled out; one
would expect two A, and two AB systems in the *'P{'H}
NMR spectra of 4 and 5 if all six isomers were present.

To elucidate the dynamic processes that are responsible
for the existence of isomers of both 4 and 5 in solution, we
conducted *'P{'H} EXSY NMR and selective inversion
transfer NMR experiments. Our first objective was to prove
unequivocally that both spin systems present interconvert
dynamically at room tempera-
ture, eliminating the possibility
of two independent sets of iso-
mers. We decided to begin with
a variable-temperature *'P{'H}
NMR experiment. At elevated
temperatures in a mixture of
MeNO, and [Dg]toluene signifi-
cant line broadening is visible
for both 4 and 5, indicating a
dynamic interconversion on the

NMR time scale. The spectra
for compound 5 (Figure7) in
CD,Cl, display another inter-
esting feature, the temperature

Figure 6. Possible isomeric structures of 4 (and 5) in solution.

sponds to the major isomer present in the solid state and
should give rise to an AB pattern in the *P{'H} NMR spec-
trum; this is also expected for its enantiomer 4a’. Another
isomer 4c¢ with C, symmetry can be formulated, which
should give an A, pattern in the *'P{'H} NMR spectrum.
Furthermore, corresponding isomers 4b, 4b’, and 4d, which
exhibit a W*(B—H) stannaborate coordinated by two B—H
vertices from the first Bs-belt and one B—H vertex from the
second Bs-belt, have to be considered. An analogous set of
isomers 5a-5d can be devised for the structurally related tri-
phenylphosphane complex S. At least two different mecha-
nisms of isomerization can be postulated to cause dynamic
interconversion of these isomers. Namely, a rotational twist-
ing A of the exo-[Ru(PPh;),(SnB,;H,;)] fragment about the
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dependence of the *'P{'H}
NMR chemical shifts, which
renders the AB system acciden-
tally isochronous at —80°C and
gives rise to two broad singlets
with tin satellites. To examine
the influence of the solvent we
repeated the variable-tempera-
ture measurements in [Dg]ace-
tone. The temperature depend-
ence of the chemical shift is
very similar in acetone. For the
AB system the effect is
0.8 HzK™! for both CD,Cl, and acetone in the —80°C to
20°C range, while the effect for the A, system amounts to
0.6 HzK™' in CD,Cl, and 1.3 HzK™' in acetone. Similar be-
havior with chemical shift dependencies of up to 3 HzK™
has been reported for the dimeric Pd' species [Pd,-
(dppm),XY] (X, Y = Cl, Br, I).2Y

Additionally, a *'P{'"H} EXSY NMR experiment at room
temperature for compound 5 reveals cross-peaks between
the A, and the AB system, which clearly demonstrates the
dynamic character of the interconversion of the spin systems
(Figure 8).

To further investigate this dynamic character, we decided
to quantitatively determine the activation parameters using
selective inversion transfer experiments at different temper-
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-60°C
-70°C

-80°C

—
e
—i—
——

57 56 55 54
o/ ppm

Figure 7. Variable-temperature *'P{'H} NMR spectra of 5 in a MeNO,/
[Dg]toluene mixture for 60°C and 80°C and CD,Cl, for all other temper-
atures. Note the presence of unresolved '7'°Sn satellites for both the
AB and A, patterns.

atures. Unfortunately, the A, and AB spin systems in com-
pound 4 overlap at room temperature (Figure 5), which ren-
dered a quantitative investigation impossible since conven-
tional peak-coalescence methods at higher temperatures are
not straightforwardly feasible because of the complexity of
the spin systems and the slow exchange process itself. In the
analogous complex 5, on the other hand, the separation is
sufficiently large to carry out a quantitative analysis around
room temperature.

The regression analysis is shown in Figure 9 and the re-
sults are summarized in Table 3. It remains to address the
question of which of the two possible processes—rotational
twisting of the ruthenium fragment at a triangular face of
the stannaborate moiety or translational scrambling of the
ruthenium fragment to another triangular face—governs the
dynamic interconversion. In a theoretical study, Schleyer
and co-workers showed that the translational scrambling
process of a dication around the cage faces of closo-dodeca-
borate [B;,H,]* proceeds via a bidentate transition state
with the dication coordinating at a cluster edge.”” The mi-
grational barrier of this face-edge-face process has been re-
ported to be in the range of 821 kJmol™! for monocations
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and 42-55 kJmol ™ for dications. The value for the dianionic
system 5 is 62.7 kImol ™', which is a somewhat larger value.
If the activation entropy AS*¥= —27.1 Jmol 'K™! for the in-
terconversion of 5 is taken into account, it seems unlikely
that the face-edge-face process, which includes the fission of
a B—H—Ru bond, is the rate-determining step. The assump-
tion that rotational twisting of the ruthenium fragment
about the triangular face of the stannaborate cluster is re-
sponsible for the interconversion of both spin systems seems
more plausible given the value of AS. We thus conclude that
process A (Figure 6) dynamically interconverts the isomers
4a, 4a’, and 4¢ (5a, 5a’, and Sc) in solution given the fact
that 4a is the major isomer in the solid state.

The rotational twisting is reported to be more rapid for
similar systems like [2,2,2-(CO);-2-PPh;-7,8,12-(u-H)5-7,8,12-
{RuCl(PPhs),}-closo-2,1-MoCB,;Hg]!" or [4-(n*-C;H;)-3,7.8-
{RuCl(PPh;),}-3,7,8-(n-H)s-4,1,6-closo-NiC,B o H,] 7 a fact
that can be rationalized if one takes into account the steric
demand and electronic differences of the exopolyhedral
ruthenium fragments. In the present case it consists of the
formally zwitterionic [Ru(PPh;),(SnB;;H,;)] moiety while
the literature deals with the cationic [RuCl(PPh;),]* frag-
ment.

Conclusion

Stanna-closo-dodecaborate behaves as a two-faced, ambi-
dentate ligand towards the ruthenium fragments [Ru-
(PPh;),]*" and [Ru(dppb)]**. It is remarkable that the het-
eroborate can employ either 1'(Sn) coordination or 1(B—
H) coordination to bind to a ruthenium fragment and also
has the ability to bridge two ruthenium fragments using
both coordination modes at the same time. While the latter
geometry imposes a rigid configuration, the tridentate B—H
coordination alone displays fluxional behavior.

Experimental Section

General: All manipulations were carried out under dry argon in Schlenk
glassware; solvents were dried and purified by standard methods and
stored under argon. Elemental analyses were performed by the Institut
fiir Anorganische Chemie Universitdt Tiibingen using a Vario EL analy-
ser. Chemicals were purchased commercially except Na,[SnB,H,,],”
[BusMeN],[SnB H,;]," [RuCL(PPh;);],?" and [RuCl,(dppb)(PPh;)],*
which were prepared according to literature methods or modifications
thereof.

X-ray data collection and refinement parameters:**! X-ray data for com-
pounds 2, 3, and 4 were collected on the diffractometers specified in
Table 4 and were corrected for Lorentz and polarization effects and ab-
sorption by air. Numerical absorption correction based on crystal-shape
optimization was applied for all data.’”’ The programs used in this work
are Stoe’s X-Area,? including X-Red and X-Shape for data reduction
and absorption correction,” and the WinGX suite of programs,”™” in-
cluding SHELXSP! and SHELXL,* for structure solution and refine-
ment.

In the structure solution of 2 all hydrogen atoms were visible in the dif-
ference maps and were allowed to refine isotropically except those of the
CH,Cl, molecule, which were treated as riding atoms.
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During the refinement of the structure
of 3 all hydrogen atoms were located
on difference maps except the phenyl
hydrogen atom H233, which was cal-
culated as riding. Because of disorder
in the acetone solvent molecule pres-
ent in the asymmetric unit, the ace-

tone molecule was refined anisotropi-
cally without hydrogen atoms.

- The disorder present in the structure
of 4, in which the B—H-coordinated
[SnB,;H,,]* is bonded to ruthenium in
two different orientations, was refined
by constraining the heteroborate ico-
- sahedron to a variable-metric rigid
- group using the AFIX 9 constraint.
The two stannaborate moieties exhibit
occupancies of 0.833(2) and 0.167(2)
and the boron atoms of the minor
stannaborate cage were refined iso-
tropically. Another disorder over two
sites was evident in one of the counter-
cations’ butyl chains and the carbon
atoms involved were refined isotropi-
cally to occupancies of 0.59(2) and
- 0.41(2). DFIX, SAME, and DELU
- constraints were applied during the re-
finement of two other butyl groups.
The B—H—Ru hydrogen atoms of the
major [SnB;;H;;]*~ cage were located
on difference maps and H6 and H7
B were freely refined, while H1 was

positioned at the coordinates obtained

= o/ ppm

—
55.2
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Figure 8. *'P{'H} EXSY NMR at room temperature of compound 5 in CD,Cl,.
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Figure 9. Eyring plot for compound S.

Table 3. Activation parameters for 5 from selective inversion experi-
ments.

1
3.50

AG* s [KImol™]  AH* [kImol™]  AS* [Jmol' K]

compound 5 70.8 (£0.2) 62.7 (£1.8) —27.1 (£6.2)
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and not refined. The other hydrogen
atoms of the major species were in-
cluded in the refinement cycles as
riding atoms except the hydrogen
bonded to B5, which was omitted. The
hydrogen atoms of the minor stanna-
borate cluster were omitted also. All
other hydrogen atoms of the ruthenium complex and the two counter-
cations were kept at calculated positions.

NMR spectroscopy: NMR spectra were obtained from CD,Cl, solutions
using a Bruker DRX-250 NMR spectrometer equipped with a 5-mm
ATM probe head and operating at 200.13 (‘H), 80.25 (''B), 101.25 (*'P),
and 93.25 MHz (""”Sn). Chemical shifts are reported in ¢ values relative
to external TMS ('H), BF;Et,0 (''B), 85% aq. H;PO, (*'P), or SnMe,
("¥Sn) using the chemical shift of the solvent *H resonance frequency,
5.32 ppm.

Selective *'P{'H} inversion transfer experiments were acquired on a
Bruker DRX-400 NMR spectrometer equipped with a 5-mm QNP probe
head and using a (DANTE-1-0,,,.iccive—acquire) pulse sequence. The
DANTE sequence®™! consisted of 140 pulses of 0.175 us duration spaced
by 0.1 ms, corresponding to 24.5 us for a flip angle of 180°, and was irra-
diated at the frequency of the A, system. Nonselective *'P{'H} inversion-
recovery experiments were carried out on the same instrument in order
to determine the spin-lattice relaxation times. For both experiments, 16
variable delays in the 0.1 ms-5s range were applied and 32 scans ac-
quired for each delay. The sample temperature was stabilized with a
Bruker BDCT temperature controller and equilibrated for 15 min prior
to acquisition. The actual temperature was determined by using the
method of van Geet.™ Exchange and spin-lattice relaxation rate con-
stants were obtained from nonlinear least-squares fitting of the intensity
data to expressions for two-site systems with equal populations in the
slow-exchange regime,* using the ORIGIN program from OriginLab
Corp. In a first step, spin-lattice relaxation rate constants were obtained
from the inversion-recovery data and kept fixed in the second step, the
analysis of the selective inversion-transfer experiments. Analysis of rate
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Table 4. Crystal data and structure refinement parameters for 2, 3, and 4.

2 3 4
empirical formula Cs3Hg,B,,Cl,P,Ru,Sn, C;H,;B,;OP,RuSn Cs,H,,(B2,N,P,RuSn,
formula weight [gmol ™ 1722.26 932.38 1425.65
diffractometer STOE IPDS 1 STOE IPDS II STOE IPDS 2T
temperature [K] 220(2) 170(2) 173(2)
wavelength [A] 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic monoclinic
space group P2,/c P2i/n P2,/n
a[A] 12.778(2) 13.390(1) 11.942(1)

b [A] 18.547(3) 16.830(2) 42.891(2)

c[A] 18.889(3) 18.463(2) 14.468(1)

A 1°] 125.696(16) 96.746(7) 103.971(4)

volume [A?] 3635.6(10) 4131.9(7) 7191.3(6)

V4 2 4 4

Peatca [Mgm ] 1.573 1.499 1.317

u [mm™] 1.360 1.080 0.976

F(000) 1712 1872 2928

crystal size [mm?] 0.22x0.20x0.16 0.2x0.1x0.1 0.22x0.17x0.16

6 range for data collection [°] 2.25-26.02 1.64-27.32 2.91-23.59

index ranges —15<h<15, —17<h<16, —12<h<13,
—22<k<22, —21<k<21, —48 <k <48,
—23<1<23 —23<1<22 -16<1<16

reflections collected 43407 39668 27117

independent reflections 7111 [R(int) = 0.0568] 9147 [R(int) = 0.1092] 10361 [R(int) = 0.0424]

completeness to theta [%] 99.3 98.0 96.2

absorption correction numerical numerical numerical

max. and min. transmission 0.8364 and 0.7696

refinement method full-matrix least-squares on F*
data/restraints/parameters 7111/0/571

goodness-of-fit on F? 0.922

final R indices [/>20(I)] R1 = 0.0292, wR2 = 0.0642
R indices (all data) R1 = 0.0464, wR2 = 0.0686

largest diff. peak and hole [e A~ 0.918 and —0.495

0.8956 and 0.8182
full-matrix least-squares on F> full-matrix least-squares on F>
9147/0/657 10361/16/734

0.762 1.037

R1 = 0.0399, wR2 = 0.0554 R1 = 0.0644, wR2 = 0.1657
R1 = 0.1065, wR2 = 0.0653 R1 = 0.0860, wR2 = 0.1794
1.154 and —1.078 2.261 and —1.041

0.9031 and 0.8489

constant data was performed with ACTPAR,*" a nonlinear least-squares
program that considers errors in both dimensions.

2D *'P{'H} EXSY NMR spectra were recorded at room temperature
using the Bruker pulse sequence noesyph, modified to provide 'H broad-
band decoupling during detection in the phase-sensitive States-TPPI
mode. A total of 16 scans per FID of 256 data points were collected for
each of the 512 time increments. The recycle time was 5 s, over five times
the measured T, values, the mixing time was 0.8 s.

NMR spectra of solid samples were obtained on a Bruker DSX-200
NMR spectrometer operating at 200.13 ('H), 81.01 (*'P), and 74.60 MHz
("Sn). The powdered samples were spinning about the magic angle at
10kHz in 4-mm o.d. zirconia rotors. *'P NMR spectra were obtained
after variable-amplitude cross-polarization from protons and under high-
power 'H decoupling. ""”Sn NMR spectra were obtained after single-
pulse excitation and under high-power 'H decoupling. Chemical shifts
are referenced with respect to external 85% aq. H;PO, (*'P) or SnMe,
("Sn) using the chemical shift of ammonium dihydrogen phosphate 6 =
0.81 ppm, or SnCy, 6 = —97.35 ppm, as secondary chemical shift refer-
ence.

[Ru(dppb)(SnB;Hy;)], (2): [RuCl,(dppb)(PPh;)] (430.4 mg, 0.5 mmol)
and Na,[SnB; H;;] (147.3 mg, 0.5 mmol) were dissolved in THF (40 mL)
and the resulting green solution was refluxed. After 1h the solution
turned orange-red and an orange precipitate had formed. Refluxing was
continued for 60 h. The precipitate was filtered off, washed with water
(3x20 mL), and dried under reduced pressure. Single crystals were ob-
tained by slow evaporation from a CH,Cl, solution (yield: 58.2 mg,
0.038 mmol, 15%). 'H NMR (250 MHz, CD,CL): 6 = 6.90-7.70 (m,
20H; P(C¢Hs);), 2.92 (brm; CH,), 2.55 (brm; CH,), 2.21 (brm; CH,),
1.95 (brm; CH,), —4.9 (br; Ru—H-B), —8.3 ppm (br; Ru—H-B); ""B{'H}
NMR (128 MHz, CD,ClL): 6 = —10.8 (br), —15.0 (br), —20.7 (br),
—31.7 ppm (Ru—H-B); *'P{'H} NMR (101 MHz, CD,CL,): 6 = 52.2 ppm
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(s, J("SnP) = 275Hz); elemental analysis caled (%) for
CsHygB,,P,Ru,Sny: C 4332, H 5.06; found: C 42.56, H 4.95.

[Ru(PPh;),(SnB;H,))], (3): [RuCL(PPh;);] (479.4 mg, 0.5 mmol) and
Na,[SnB,;H,;] (147.3 mg, 0.5 mmol) were dissolved in THF (40 mL) and
the resulting dark brown solution was refluxed. After 1h the solution
had turned deep red and an orange precipitate had formed. Refluxing
was continued for 60 h to maximize the amount of precipitate. The pre-
cipitate was filtered off, washed with water (3x20 mL), and dried under
reduced pressure. Single crystals were obtained by slow evaporation from
an acetone solution (yield: 93.2 mg, 0.053 mmol, 21.2%). Elemental anal-
ysis caled (%) for C,,Hg,B,,P,Ru,Sn,: C 49.45, H 4.73; found: C 48.81, H
4.97.

[BusMeN],[Ru(dppb)(2,7,8-(u-H);-exo-SnB, H,,)(SnB H;,)] (4): A solu-
tion of [Bu;MeN],[SnB;H};] (649.5 mg, 1 mmol) in CH,Cl, (10 mL) was
added by syringe to a dark green solution of [RuCl,(dppb)(PPhs)]
(430.4 mg, 0.5 mmol) in CH,Cl, (10 mL) to give a red-brown solution,
which was stirred for an additional 2 h at room temperature. The CH,Cl,
solution was then extracted with water (3x20mL) to remove [Bu,.
MeN]Cl. Removal of the CH,Cl, under reduced pressure yielded a red-
brown solid which was washed with Et,0 (5x20 mL). The residue was
recrystallized from CH,CL/Et,0 to give dark orange prisms (yield:
0.57 g, 0.4mmol, 80%). 'H NMR (without [Bu;MeN]") (250 MHz,
CD,Cl,): 6 = 7.15-7.95 (m, 20H; P(CHs),), 3.2-3.6 (brm; CH,), 2.7-3.1
(brm; CH,), 1.8-2.2 (brm; CH,), —6.4 (br; Ru—H—B), —7.5 ppm (br;
Ru-H-B); "B{'H} (128 MHz, CD,CL): 6 = —1.6 (br), —8.0 (br), —15.2
(br), —19.9 (br), —22.4ppm (Ru-H-B); *P{'H} NMR (101 MHz,
CD,CL): 6 = 51.6 (d, 2/(P,P) = 35.4 Hz, 2J("'"'"Sn,P) = 273 Hz), 51.5
(s, 2J(""""°Sn,P) = 267 Hz), 51.0 ppm (d, >J(P,P) = 35.4 Hz, J("'"""Sn,P)
= 273 Hz); "“Sn NMR (149 MHz, CD,ClL): 6 = -366, —374, —630,
—638 ppm; elemental analysis caled (%) for CsyH;;(B»N,P,RuSn,: C
45.49,H 7.78, N 1.96; found: C 45.37, H 7.93. N 1.96.
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[Bu;MeN];[Ru(PPh;),(2,7,8-(u-H);-exo-SnB H,y,) (SnBy, Hy) ] (5): A so-
lution of [BusMeN],[SnB;;H;;] (259.8 mg, 0.4 mmol) in CH,Cl, (10 mL)
was added by syringe to a solution of RuCl,(PPh;); (191.8 mg, 0.2 mmol)
in CH,Cl, (10 mL). The mixture was stirred for 24 h to give an orange-
red solution, which was then extracted with water (3x20 mL) to remove
[Bu;MeN]CL. Removal of CH,Cl, under reduced pressure yielded an
orange-red solid, which was washed with Et,0 (5x20mL) and dried
under reduced pressure overnight (yield: 234.7 mg, 0.15 mmol, 77%). 'H
NMR (without [BuzMeN]*) (250 MHz, CD,CL): § = 6.95-7.60 (m, 20H;
P(C¢Hjs);), —7.0 to —7.6 ppm (br; Ru—H-B); ""B{'H} (128 MHz, CD,CL,):
0 = —2.1 (br), -89 (br), =153 (br), —20.9 ppm (br); *'P{'"H} NMR
(101 MHz, CD,CL): 6 = 554 (d, %(PP) = 27.7Hz, 2J(""'"Sn,P) =
260 Hz), 54.6 (s, 2/(*""""Sn,P) = 263 Hz), 54.2 ppm (d, 2/(P,P) = 27.7 Hz,
2J("71¥Sn,P) = 260 Hz); '"Sn NMR (149 MHz, CD,ClL,): 6 = —398,
—628, —640 ppm; elemental analysis calcd (%) for C;,Hg,B,,P,Ru,Sn,: C
49.45, H 4.73; found: C 48.81, H 4.97.
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