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Metallaheteroboranes are versatile compounds that can be conveniently modified and eventually tailored

by ligand modification at either the metal centre or the boron vertices. Recently, we have discovered that

protonation of some rhodathiaboranes affords cationic clusters with interesting reaction chemistry. In
10 order to tune the reactivity of some of these polyhedral boron-based compounds, we have prepared air-
stable orange [1,1-(77-dppe)-3-(NCsHs)-closo-1,2-RhSBgHg] (2) by the treatment of the known
hydridorhodathiaborane [8,8,8-(H)(PPh;),-9-(NCsHs)-nido-8,7-RhSBoHy] (1) with dppe. The new 11-
vertex rhodathiaborane, 2, reacts readily with triflic acid (TfOH) in CH,Cl, to give orange cationic [8,8-
(77-dppe)-9-(NCsHs)-nido-8,7-RhSBoH,] " (3). VT NMR experiments have allowed the characterization
of a structural closo«<>nido tautomerism, which involves hapticity changes in the ligation of the {SBoHy-
(NCsHs)} moiety to the {Rh(dppe)} fragment, with the proton moving between the Rh(1)-B(3) and the
B(9)-B(10) edges of the closo- and nido-isomers, respectively. The proton enhances the sterochemical

o

non-rigidity and Lewis acidity of 3 versus the neutral 2. This modification of the chemical and structural
basis permits the efficient heterolytic splitting of the H-H bond, leading to the formation of new

2 hydridorhodathiaborane isomers [8,8,8-(H)( 77-dppe)-pi-8,9-(H)-9-(NCsHs)-nido-8,7-RhSBoH ] (4) that
are in equilibrium with the reactants, H, and 3.

a simple way of influencing the structural and electronic
Introduction properties of these polyhedral clusters. By simple protonation, it
is possible to labilize the metal-thiaborane linkage leading to an
increase of the structural non-rigidity of the deltahedral clusters
so and of their Lewis acidity, promoting consequently new reactivity
that has allowed the optimization of the H, splitting on cationic
11-vertex rhodathiaboranes.'® "'
In this manuscript, the possibility of influencing the reactivity
of metallaheroboranes by modifying the exo-polydedral ligands
ss and by the protonation of the clusters is further demonstrated with
the synthesis of new 11-vertex rhodathiaboranes that contain the
bis-(diphenylphosphino)ethane (dppe) ligand. In comparison with
monodentate phosphines previously studied,'™ '* !* the use of a
chelating ligand such as dppe has shown to have a large influence
¢ in the structural and electronic properties of the 11-vertex cluster,
which has allowed (i) the characterization of a new tautomeric
processes that reflects the non-rigidity of the dppe-ligated
cationic species and (ii) the reversible addition of H, to the cage.

The possibility to tune the reactivity of homogeneous catalysts by
the modification of their chemical and structural basis by, for
example, the use of different ligands is without doubt one of the
reasons behind the interest in the organometallic chemistry of
transition element complexes.'

Just as metal complexes, the reactivity of metallaboranes and
metallaheteroboranes can be adjusted by the systematic
30 modification of the chemical composition of the metal-bound
ligands as well as the heteroborane fragments.”> There is thus
large potential for the use of polyhedral boron-based clusters that
incorporate different metal fragments in their structures (i.e.,
metallaboranes and metallaheteroboranes) in areas such as
catalysis.

In recent years, we have demonstrated this potential in that
the reactivity of new 1l-vertex rhodathiaboranes has been
systematically tailored by changing the exo-polyhedral ligands at
the rhodium centre, at a boron vertex or both.>¢ It has, thus, been
possible to activate dihydrogen on the new 1l-vertex closo-
rhodathiaboranes, and to prepare hydridorhodathiaboranes ¢ Synthesis and characterization

capable of undergoing oxidative addition of sp Cfl;lgbonds, and The reaction of [8,8,8-(H)(PPhs)y-9-(NCH)-nido-8,7-RhSBsHs]
catalytic hydrogenation and 189merlzat10n of olefins. . (1) with dppe at the reflux temperature in dichlomethane affords
Most recently, we hav.e dlscoverefi that protonation of some the new dppe-ligated 11-vertex rhodathiaborane, [1,1-(7-dppe)-

45 of these 11-vertex rhodathiaboranes with strong Brensted acids is 3-(NCsHs)-closo-1,2-RhSBsHg] (2) with a 65% yield (Scheme 1)
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The reaction involves the substitution of the two PPh; ligands
by the chelating dppe ligand and the formal lost of H, from the
cluster. From the cluster view point, the lost of two hydrogen
atoms leads to the reduction of two skeletal electrons in the

s bonding of the cage, therefore, the observed nido-to-closo

PhaP PhyP

9
%

structural transformation of the 11-vertex cluster is in accord with
the electron counting rules derived by Wade."® In other words, the
reaction of 1 with dppe to give 2 is a ligand substitution and
cluster oxidation process (Scheme 1).

Scheme 1 Reaction of 1 with dppe to give 2, and its protonation with triflic acid to form 3.

The treatment of 2 with triflic acid (TfOH) leads to the
protonation of the closo-cage to give the polyhedral cation, [8,8-
(17%-dppe)-9-(NCsHs)-nido-8,7-RhSBoH,]* (3) (Scheme 1).

15 Compounds 2 and 3 have been characterized by multinuclear
NMR spectroscopy, mass spectrometry and X-ray diffraction, and
their structures and spectroscopic data are discussed bellow.

Table 1 lists some selected distances and angles of 2 and 3. The
molecular structure of 2 is based on an octadecahedron, which is

20 the deltahedron that is predicted by simple application of the
Wade rules for an 11-vertex closo-cluster with twelve skeletal

electron pairs. Alternatively, 2 can be described as a coordination
compound that features an hexahapto ligation of the
{SByHg(NC;sHs)} moiety to the rhodium atom.

25 The dimensions of the dppe-ligated cluster, 2, are similar to
those found for the bis-PMe,Ph-ligated counterpart, [1,1-
(PMe,Ph),-3-(NCsHs)-closo-1,2-RhSBeH;].> As expected, the
Rh-P distances in the chelate are significantly shorter than in the
derivative with monodentate phosphines. The structural effect of

30 the chelating ligand is also manifest in the smaller P(1)-Rh(1)-
P(2) angle [85.015(19) vs. 96.27(4)].

Fig. 1 ORTEP-type of drawing of [1,1-(77-dppe)-3-(NCsHs)-closo-1,2-RhSBoHg] (2) and [8,8-(77-dppe)-9-(NCsHs)-nido-8,7-RhSByHo] " (3).

Ellipsoids are shown at 50 % probability levels. The hydrogen atom along the B(9)-B(10) edge could not be found.

The molecular structure of the cationic cluster 3 was obtained
from weakly diffracting slightly twinned crystal sample. In
addition, disorder was found involving triflate anions and solvent
molecules. The twin nature of the crystal and the crystallographic

40 disorder precluded a precise analysis, notwithstanding the data
allowed the unambiguous characterization of the polyhedral
cation in the crystal (see experimental section and ESI for more
details).

The cluster exhibits an 11-vertex nido-cluster geometry with

45 a five-membered {RhSB;} open face (Figure 1). This structural
attribute is manifest by the Rh(8)'B(10) and Rh(8)"B(11) non-
bonding distances of 3.333(11) and 3.463(12) A, respectively,
which in compound 2 correspond to the Rh(1)-B(6) and Rh(1)—
B(5) bonding lengths of 2.380(2) and 2.498(2) A. A common

so feature of this type of 11-vertex nido-cages is that the {M(L),}
units are twisted away from a reference plane through
{M(8)B(1)B(6)}.* In 3, the dihedral angles ® between the plane
formed by {P(1)Rh(8)P(2)} and the {S(7)Rh(8)B(9)} plane is
63°, resembling the angles found in other bis-L,-ligated nido-

2 | Journal Name, [year], [vol], 00—00
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metallaheteroboranes.*

The angle between the {S(7)Rh(8)B(9)} and
{S(7)B(2)B(5)B(9)} planes, 0, is appropriate to examine for
intermediacy of structure between conventionally nido

s compounds and closo-cages.” This angle is virtually cero in 11-
vertex octadecahedral clusters such as compound 2, and in
compound 3, the angle is 45°, close to the value of 48°, found in
its isoelectronic neutral counterpart [8,8-(n’-dppp)-nido-8,7-
RhSByH 4], which has been structurally well characterized by X-

10 ray diffraction analysis.'®

It is interesting to note that according to Wade rules
compounds 2 and 3 contain 12 of skeletal electron pairs (sep),
and both clusters are expected to exhibit an eleven-vertex closo-
structure based on an octadodecahedral geometry.'> Therefore,

15 the structure of compound 3 is an example of an 11-vertex cluster
that adopts a more open structure. It has been noted before that a
discrepancy between the electron-counting rules and the structure
is common among polyhedral molecules that incorporate C,,
fragments such as RhL, or PtL,.! ¥ In this regard, the

20 rhodathiaborane [8,8-(PPh;),-nido-8,7-RhSBoH o] (precursor of
1, and hence of 2 and 3) has the same number of sep than 2 and 3
but its structure is that of an eleven-vertex cluster derived from
and icosahedron by the removal of a vertex.'* %

The open nido-structures found in the neutral

»s thodathiaborane, [8,8-(PPh;),-8,7-RhSByH;¢], and in the cationic
pyridine adduct 3 arise by stabilization effects of the B-H-B
bridging hydrogen atom on the pentagonal open face of both
clusters (vide infra, Figure 4), with concomitant preference of
pseudo-square-planar  {Rh(L),} centres for sixteen-electron

30 configurations rather than eighteen-electron configurations.

The ""B—{'"H} NMR spectrum of the closo-rhodathiaborane,
2, shows six peaks in a 1:1:2:1:2:2 relative intensity ratio in the
range &''B) +53 to -35, which is in accord with a cluster of Cy-
symmetry in solution. The pattern resembles readily the spectra

3s of the previously reported, [1,1-(PR3),-3-(NCsHs)-closo-1,2-
RhSByHg], where PR3 = PPh;; PMe,Ph; PMes; PPh; and PMes; or
PPh; and PMe,Ph (Figure 2).> The highest frequency resonance
corresponds to the pyridine-substituted B(3) vertex, being
diagnostic of this type of polyhedral boron-based cluster. Figure 2

w illustrates the remarkable similarity of the ''B spectra among this
series of eleven-vertex closo-rhodathiaboranes, suggesting that
the change of the phosphine ligands at the rhodium centre does
not alter significantly the overall shielding pattern of the boron
nuclei. This trend could be viewed as the consequence of the

45 cluster bonding network acting as an electron buffer capable of
delocalising any excess of electron density at the metal centre.
Thus, in principle, we could hypothesize that the alteration of the
exo-polyhedral ligands at the rhodium centre does not have a
large effect in the reactivity of the clusters, but this hypothesis is

s0 far to be true (vie infra). The *'P-{'H} spectrum of 2 shows a
doublet at &'P) +64.7, which confirms the presence of the dppe
ligand bound to the rhodium atom, and the Cg-point symmetry of
the cluster in solution.

Ka%

I\ 4N
9‘\\1,101//8 [TB]= [17-SBgHs(NC:H2)] (n = 5 or 6)

[TB]-Rh(dppe)Z% 2\ 1.."5 % ‘?,\-71.?-"
[TBJ-Rh(PMe.), 7- ‘7. ,;.' ‘? :!. 1'.
[TB]-Rh(PPh3)(PMe3)+ + H- + + T?'
[TBJ-Rh(PPh:)(PMe,Ph) 4 . “ooh b
: J il dd

[TBJFRh(PPh,),4

60 40 206(11 B)/ pﬂpm -40
ss Fig. 2 "'B NMR spectra representation of 2 and of {Rh(PR;),} bis-ligated
analogues, [1,1-(PRj3),-3-(NCsHs)-closo-1,2-RhSBoHg]. Hatched lines

connect equivalent positions.

The ""B{'H} NMR spectrum of the cationic cluster 3 shows
four peaks in the interval &''B) +40 to —23 with a 1:1:2:5 relative
e intensity ratio. This pattern implies a significant change with
respect to the spectrum of the neutral reagent, 2. Thus, upon
protonation the resonance of the pyridine-substituted boron atom
shifts 15 ppm towards lower frequencies; whereas the other
signals approach to each other and overlay (see Figure S1). It is
¢s important to note that in the case of the previously reported
analogues, [1,1-(PR3),-3-(NCsHs)-closo-1,2-RhSByHg],>  where
PR; = PMePh,, PPh; and PMe,Ph; or PMe; and PPhs, the 'B—
{'H} spectra of the protonated clusters exhibit the same pattern
than the neutral parent clusters, suffering only an small
70 deshielding.

The '"B NMR data, therefore, suggest that compound 2
undergoes a significant structural and electronic change upon
protonation to give 3. This is confirmed by the analysis of the
'H—{"'B} spectrum that shows a broad singlet at &'H) —3.35 that

75 can be assigned to a B-H-B bridging hydrogen atom, being
diagnostic of a closo-to-nido structural change (Scheme 1, Figure
S2). Once again, this differs significantly from the reactivity
found in the bis-PR;s-ligated closo-clusters, indicated above,
which undergo selective protonation at the Rh(1)-B(3) edge,

so maintaining in solution the overall 11-vertex structure based on
an octadecahedron.

An eleven-vertex nido-structure for 3 such as that depicted in
Scheme 1 implies two *'P nuclei with different chemical shifts,
however, the *'P—{'H} NMR spectrum at room temperature

ss exhibits a doublet at &'P) +54.6. This suggests that the cationic
rhodathiaborane, 3, is stereochemically non-rigid undergoing
intramolecular that make equivalent the
phosphorous-31 nuclei on the NMR time-scale.

We should point out the lower value of the 'Jyup coupling

90 constant in 3 (118 Hz) compared with that of 2 (150 Hz), which
suggests that protonation of the cage results in a marked different
metal-to-thiaborane bonding interaction. A similar decrease in the
"Jrwp coupling constant was found upon protonation of [1,1-
(PR3)2-3-(NC5H5)-C10S0-1,2-RhSB9Hg], where PR3 = PMeth,

os PPh; and PMe,Ph, or PMe; and PPh;, to give the corresponding
cationic species, [1,1-(PR3),-3-( NCsHs)-closo-1,2-RhSBoH,]".!!

Variable Temperature (VI) NMR studies. NMR studies at
low temperatures have allowed us to propose that compound 3

rearrangements

This journal is © The Royal Society of Chemistry [year]
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undergoes a rapid and reversible process of isomerisation in
solution. Thus, the doublet in the *'P—{'H} NMR spectrum at
room temperature broadens and shifts towards higher frequencies
as the temperature decreases. Then, the very broad resonance
splits into three signals (Figure 3). At 183 K, the spectrum
exhibits a broad doublet at 5°'P) +46.3 and two overlaying
doublets at &C'P) +57.4 and +58.0.

This VT NMR behaviour is further illustrated in the
corresponding 'H—{''B} NMR spectra that reveal how the low
frequency singlet at —3.35 ppm broadens significantly when the
temperature decreases from 300 to 243 K (Figure 3). Similar to
the *'P—{'"H} NMR spectrum, a more significant change occurs
when the temperature is decreased further, and the B-H-B 3
bridging proton resonance shifts 4 ppm towards lower
frequencies at 183 K. The resulting very broad proton resonance
at &'H) —7.12 is reminiscent of the low frequency multiplets
found in the '"H—{''B} spectra of the 11-vertex cationic species
[1,1-(PR3),-1,3-p-(H)-3-(NCsHj)-closo-1,2-RhSBoHg]",  where 4
PR; = PMePh,; PPh; and PMe,Ph; or PMe; and PPh;, which
correspond to protons along the Rh(1)-B(3) edges of these
octadecahedral closo-clusters."!

Although in this case we do not observe neither ren OF 2oy
coupling constants (probably due to the broadness of the peak), 4
the low frequency proton resonance that results upon cooling 3 at
5 183 K can be assigned with good level of confidence to a

bridging hydrogen atom along a Rh—B edge.

o

30

by

3

o

S
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—|®
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Scheme 2 Interconversion of nido- and closo-rhodathiaborane
cations

Based on the VT NMR spectroscopic behaviour of 3, we
propose that this cationic species undergoes the rapid and
reversible conversion of the nido rhodathiaborane cation to its
closo-tautomer (Scheme 2). At higher temperatures, the major
isomer is the nido-cluster featuring a pentagonal face on which
the proton stays most probably along the B(9)-B(10) edge. At
lower temperatures, the equilibrium shifts towards the formation
of the closo-tautomer in which the proton occupies most likely a
position along the Rh(1)-B(3) edge. The high mobility of this
protic hydrogen atom and the consequent non-rigidity of the
rhodathiaborane cluster do not allow the resolution of any
coupling with either the rhodium or the phosphorous nuclei.

This prototropic nido—closo tautomerism can be described as
the shift and half-rotation of the {Rh(dppe)} vertex above the six-
membered face {S(7)B(3)B(4)B(9)B(10)B(11)} of the thiaborane
moiety in the nido-cluster. As the metal centre moves from a
tetrahapto ligation with the {SByHg(NCsHs)} fragment in the
nido-isomer to an hexahapto ligation in the closo-tautomer, there
is a reverse shift of the bridging hydrogen atom from the B(9)—
B(10) edge to the Rh(1)-B(3) edge. The exchange of the two
phosphorous nuclei, demonstrated by NMR spectroscopy, implies
the pseudo-rotation of the {Rh(dppe)} group that is performed via
the closo-isomer. The two enantiomers of the nido-isomer
interconvert in the course of this dynamic process (Scheme 2).

-

\
N\ £

TfO B-H + dppe
™ / \
VAU A ‘ I
X f\/ \ NN \ MM
Jt yj/ \// \‘-W “}33,5 jl Y \M _— A 183K ““ )“"\VJ\//F “/UU \ Rh-H-B
M. |
c S 213K | !
«WJ o g M’“’“"‘Y‘ww'wwwmﬂ«m“WWWMWMWAWWW 213K | )\,/ WWU’\
X /[IIIMM'H ‘\‘ W
| /N | I B-H-B
W R . i 2SOK 243K /\| 1 v'\) I\L 3
a ‘ | M‘ B-H-B
X | | i h
! iy 300K 300K | | VUL, I
60 55 55 52 49 46 43 18 12 5 0 7
s A*'P)/ ppm A'H)/ ppm

Fig. 3 Variable temperature (VT) *'P-{'"H} (left) and 'H-{''B} (right) NMR spectra of 3. The peaks marked with a red triangle in the VT
3p-{'"H} correspond to the nido-isomer, and the overlapping peak marked with a blue circle is assigned to the c/oso-tautomer. The peak

marked X is due to an impurity

60
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Table 1. Selected interatomic distances (A) and angles (°) for [1,1-(77-
dppe)-3-(NCsHs)-closo-1,2-RhSByH;] (2) and [8,8-(77-dppe)-9-(NCsHs)-
nido-8,7-RhSByHs]" (3).

2 3
Rh(1)-P(1) 2.2482(5)  Rn(8)-P(1) 2.274(3)
Rh(1)-P(2) 2.2743(5)  Rh(8)-P(2) 2.347(3)
Rh(1)-S(2) 2.3765(5)  Rh(8)-S(7) 2.392(3)
Rh(1)-B(3) 2.078(2)  Rn(8)-B(9) 2.159(10)
Rh(1)-B(4) 2.4102)  Rn(8)-B(3) 2.238(12)
Rh(1)-B(5) 2498(2)  Rn(@®B(11) 3.463(12)
Rh(1)-B(6) 2.380(2)  Rh(8B(10) 3.333(11)
Rh(1)-B(7) 2405(2)  Rn(8)-B(4) 2.249(10)
B(5)-B(8 )iongest 1.916(7)  B(2)-B(3)iongest 1.883(17)
B(3)-B(7)shortes 1.712(6)  B(6)-B(10)snortes 1.748(16)
P(1)-Rh(1)-P(2) ~ 85.015(19)  p(1)-Rh(8)-P(2)  82.96(9)
S(2)-Rh(1)-B(3) 119.68(6)  S(7)-Rh(8)-B(9)  93.3(3)
N(I)-B(3)-Rh(1)  12828(14)  N(1)-B(9)-Rh(8)  122.3(7)
S@2)-Rh(1)-P(1)  123.234(19)  §(7)-Rh(8)-P(1) 168.85(9)
S@2)-Rh(1)-P(2)  103.954(19)  §(7)-Rh(8)-P(2)  94.30(9)

o

2

S

25

30

To facilitate the discussion below, it is convenient to bear in
mind that the thiaborane fragment these 11-vertex
rhodathiaboranes  forms  donor-acceptor  complexes  or
coordination compounds in which the {SByHy(CsHs)} moiety is
acting as a ligand with different degrees of hapticity.

In previous works, we demonstrated that the cationic bis-PR;-
ligated species, [(PMe;)(PPh;)(NCsHs)RhSBoH,]", features a
labile polyhapto ligation of the {SByHo(NCsHs)} moiety to the
rhodium centre. This was determined in the solid state by the
characterization of three different {Rh(PPhs)(PMej3)}-to-{n"-
SByHg(NCsHs)} (n = 4 or 5) conformers in the unit cell: an
uncommon case of conformational isomerism.

The new dppe-ligated polyhedral cation, 3, features a more
labile ligation of the thiaborane moiety to the {Rh(dppe)} vertex
that results in a reversible nido<scloso isomerisation. This
dynamic behaviour implies rapid hapticity changes in the
{Rh(dppe)}-to-{n"-SByHg(NC;sH;)} linkage from n° in the closo
isomer to n* in the nido-cluster, which is the structure determined
in the solid state by X-ray crystallography (Figure 1).

The stereochemical non-rigidity of compound 3,
demonstrated by VT NMR spectroscopy, implies a low energy
difference between the nido- and closo-isomers and a low free
energy barrier for the isomerisation process. DFT-calculations
show that the optimized nido-structure of 3 is 6.6 kcal/mol lower
in energy than that of the closo-isomer (Figure 4). Although
small, this difference is larger than the 2.5 kcal/mol calculated for
the cationic nido and closo isomers
[(PMe3)(PPh;)(NCsHs)RhSBoH,]".!" This result is in agreement
with the NMR spectroscopic data which revealed that the closo-
isomer is the only species detected in solution for this bis-PRs3-
ligated 11-vertex polyhedral cation.

in

35

o
a

60

65

o O

Fig. 4 DFT-calculated energies and structures, computed at
the B3LYP/6-31G*/LANL2DZ level for the nido- and closo-
isomers of 3.

Regarding the free energy value of the nido / closo
tautomerization, for simplicity, the dynamic process has been
treated as an equally populated two-sites exchange involving the
two doublets marked with red triangles in Figure 3. This
treatment has provided a free energy, AGYy3, of 8.6 keal/mol (see
ESI for more details).

This rapid interconversion between tautomers is clearly
reminiscent of the fluxional behavior that exhibits eleven-vertex
nido-metallaheteroboranes based on the nido-[MEBoH;(] unit,
where M = Rh, E=NH or S; and M = Pt, E = CH.'® ' 2! Thus,
the fluxional behaviour of these species is similarly owned to a
rapid internal “switching” and half-rotation of the metal centre
across the formal {EB¢H,o} 'mirror plane'. The transition state for
this fluxional process, calculated for [8,8-(PH;),-nido-8,7-
RhEBGH, ], where E is NH or S,'" features a Rh(1)-H-B(3)
bridging bond in a C; closo-type eleven-vertex geometry that
resembles the structure proposed for the closo-isomer of
compound 3.

Table 2 Free energy values for the rearrangement processes involved in
eleven-vertex metallaheteroboranes

Compound AG? (keal/mol) Reference
[(PPh3),RhSBoH ] 14 19
[(PPh,Me),RhSBoH ] 12 6
[(dppp)RhSBoH, ] 13 2
[(dppp)RhSByHy(OEt)] >15 2

[(dppe)RhSByH; (] 1 this work

[(dppe)RhSBsHy(NCsHs)]”™ (3) 9 this work
[(PPh;),RhNBgH;,] 11 18
[(PMezPh)thCBng 1] 15 21
[(PMezPh)thCBngo(OEt)] >18 18

*This cluster was reported in refs '® and * but its fluxional

behaviour is reported here for the first time (see ESI).

Table 2 lists the free energy values for the rearrangement
processes involved in neutral eleven-vertex metallaheteroboranes
of general formulation, [8,8-(L),-nido-8,7-MEBoH 4], where M =
Rh, E =NH or S; M = Pt, E = CH; and (L), = monodentate or
bidentate phosphine ligands, together with the energy measured
in this work for the cationic species 3. The data reveal that 3
exhibits a lower energy barrier than the neutral species,

This journal is © The Royal Society of Chemistry [year]
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demonstrating that the ligation of the thiaborane moiety to the
metal centre is more labile.

Reactivity with dihydrogen. The activation of dihydrogen by
polyhedral boron containing-compounds is rare. Thus, there are
few examples of metallaheteroboranes that react with H, to give
the addition products as the result of the heterolytic splitting of
the H-H bond on the clusters.® 1% 1>23 The red, air stable rhodium
complex, 2, does not react in an atmosphere of 10 bar of
dihydrogen. In contrast, the orange-red cationic species, 3, reacts
10 instantaneously with H, to give a pale yellow solution. The study

of this reaction system by multielement NMR spectroscopy has
allowed the characterization of cationic
hydridorhodathiaboranes.

The 'H-{''B} NMR spectrum of the reaction mixture shows

15 a pseudo-quintet and pseudo-quartet at §'H) —10.83 and —11.32
in a 0.7:1 relative intensity ratio, respectively. These two
resonances can be safely assigned to Rh-H hydride ligands of
two complexes. Between —5 and —7 ppm, the 'H-{''B} NMR
spectrum displays a pseudo-triplet and a doublet of doublets also

2 in a 0.7:1 intensity ratio. These signals broaden significantly,
losing the coupling constants, when the broad-band boron
decoupler is turned off. Therefore, these resonances can be
assigned to hydrogen atoms that occupy bridging positions along
the Rh(8)-B(9) edge of two eleven-vertex nido-clusters. In the

25 negative region of the spectrum there are also two broad peaks at
—3.39 and —4.06 ppm with a 1:0.7 relative intensity ratio,
respectively. These resonances broaden in the '"H NMR spectrum,
being diagnostic of the presence of B-H-B bridging hydrogen
atoms in the deltahedral clusters (the 'H, ''B, and *'P spectra are

30 depicted in Figures S1 , ESI).

The *'P—{'"H} NMR spectrum of this reaction mixture is also
quite informative. At 223 K, there are four doublets of doublets
between &C'P) +75 and +60 in a 1:1:0.7:0.7 relative intensity
ratio. These *'P resonances correspond to the chelating phosphine

35 ligands of two clusters that contain the {RhH(dppe)} fragment as
structural constituent. ['H->'P]-HMBC experiments allowed the
correlation of the proton resonances of the hydrides ligands with
the dppe ligands to which they are associated at the rhodium
centre. The assignment agrees with the correlation that is inferred
from the analysis of the relative intensities found in the 'H and
3P NMR spectra.

According to these NMR data, we propose that the reaction
between 3 and H, affords a mixture of two
hydridorhodathiaborane isomers of formulation, [8,8,8-(H)(7/*-

o

two  new

4

S

45 dppe)-pi-8,9-(H)-9-(NCsHs)-nido-8,7-RhSBoHs]* (4).

(/

®

_.PPh,

phz/pj

Scheme 3 Reversible reaction of 3 with H,. For clarity, only one isomer
for 4 is depicted (vide infia).

Interestingly, the *'P—{'"H} NMR spectrum of the isomeric
so mixture, 4, under a 10 bar atmosphere of H, at 300 K (Fig. S4)

shows a doublet at +54.6 ppm that corresponds to the cationic
parent complex, 3. In addition, the release of dihydrogen in the
quick valve pressure NMR tube results in a significant increase of
3. These observations allow us to conclude that the mixture of
ss hydridorhodathiaboranes, 4, and the reactant, 3, are in
equilibrium. To our knowledge, this cationic system together with
the previously reported carbene-ligated pair, [1,1-(IMe)(PPh;)-3-
(NCsHs)-closo-1,2-RhSBgHg]  and  [8,8,8-(H)(IMe)(PPh;)-9-
(NC5H5)-nid0-8,7-RhSB9Hg] N where IMe = 1 ,3-
¢ dimethylimidazol-2-ylidene, represent the only cases of chemical
equilibria between polyhedral boron-based clusters sustained by
the reversible splitting of H,.
DFT-calculations revealed that the tautomers with the
hydrogen atoms along the B(10)-B(11) and Rh(8)-B(9) edges
os afforded stable local energy minima, whereas the structures with
bridging hydrogen atoms along the B(9)-B(10) or S(7)-B(11)
were not stable. Thus, the two isomers, characterized by
multielement NMR spectroscopy, are attributed to the different
tetrahapto ligation of the thiaborane moiety to rhodium. There are
70 three  limiting configurations that can describe the
{Rh(H)(dppe)}-to-{7*-SBoH ((NCsHs)} linkage, which were
optimized by DFT-calculations and they are depicted in Figure 5.

NS
coO=

T o f
H\w e e
I ?s—: "
\\//\\/\ VN
% \,\/4a p / A %:\f‘tb\
05 kealimol | - —(7 & la‘kcallmol

[0 0 keal/mol

75 Fig. 5 Energy comparisons for DFT optimized metal-to-thiaborane
configurational isomers of 4

The three calculated isomers exhibit low energy differences,
being the highest energy isomer that with the hydride ligand trans
to the B(3)-B(4) edge, 4b. In a similar fashion to the
metallacarboranes, we have found that the exo-polyhedral
configuration at the metal centre in hydridorhodathiaboranes is
directed by the sulphur atom, which drives the hydride ligand
trans to the position of this heteroatom. Based on these
observations, we expected to find in 4 this ligand orientation as
ssthe  most  stable  {Rh(H)(dppe)}-to-{n"-SBoH,o((NCsHs)}
configuration. It was surprising, therefore, to find that the
optimization of the isomer with the hydride ligand trans to the
B(9) vertex afforded a cluster, 4c, with an energy that lies 0.5
kcal/mol lower than the isomer, 4a, with the hydride trans to the
sulphur vertex (Fig. 5). However, this cluster exhibits a long
Rh(8)-B(9) distance at 2.773 A (versus 2.478 A and 2.410 A in
the isomers 4a and 4b, Fig. 5) that is clearly non-bonding. The
resulting DFT-calculated isomer 4c¢ features a trihapto ligation of
the {SBoHo(NCsHs)} moiety to a {Rh(H),(dppe)} group with two
os hydride ligands trans to each other. This DFT-calculated

configuration is expected to result in a very large /iy coupling
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constant involving the hydrides, which is not observed
experimentally. In conclusion, given the small energy differences
between the three calculated structures, it is reasonable to assign
the clusters 4a and 4b in Fig. 5 as the isomers detected by NMR.
A clockwise {Rh(H)(dppe)}-to-7*-{SBoHo(NCsHs)} rotation of
~90° in 4a results in the formation of 4a. In the isomer 4b, the
facial disposition of the Rh(8)-H hydride ligand, and the Rh(8)-
H-B(9) and B(10)-H-B(11) hydrogen atoms may facilitate the
reversible release of H,, perhaps, through the formation of a Rh—
(17-H,) dihydrogen intermediate that would be comparable to the
side-on bonded dihydrogen complex, [8,8,8-(77-H,)(IMe)(PPhs)-
9-(NC;sHs)-nido-8,7-RhSByHg], calculated by DFT. !

Experimental section
General considerations

All reactions were carried out under an argon atmosphere using
standard Schlenk-line techniques. Solvents were obtained from an
Innovative Technology Solvent Purification System. [8,8,8-
(H)(PPh;),-9-(NCsHs)-nido-8,7-RhSBoHy] (1), was prepared
according to the literature method.* ° Commercially available
1,2-bis(diphenylphosphino)ethane (dppe) was used as received
without further  purification. Preparative thin-layer
chromatography (TLC) was carried out using 1 mm layers of
silica gel G (Fluka, type GF254) made from water slurries on
glass plates of dimensions 20 x 20 cm and dried in air at 25 °C.
Infrared spectra were recorded on a Perkin-Elmer Spectrum 100
spectrometer, using an Universal ATR Sampling Accessory.
NMR spectra were recorded on Bruker Avance 300-MHz and AV
400-MHz spectrometers, using Up, "B-{'H}, 'H, 'H-{'B},
"H{"'B(selective)} and *'P-{'H} techniques. 'H chemical shifts
were measured relative to partially deuterated solvent peaks but
are reported in ppm relative to tetramethylsilane. ''B chemical
shifts were measured relative to [BF;(OEt),)]. *'P (121.48 MHz)
chemical shifts were measured relative to H;PO, (85%). Mass
spectrometric data were recorded on a MICROFLEX instrument
35 operating in either positive or negative modes, using matrix-
assisted laser desorption/ionization (MALDI). A nitrogen laser of
337 nm (photon energy of 3.68 eV) was used for the ionization
processes, and the molecules under study were protected with a
matrix of trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB). In each case there was an
excellent correspondence between the calculated and measured
isotopomer envelopes. A well-matched isotope pattern may be
taken as a good criterion of identity.

X-ray structural analysis for compounds 2 and 3

Crystals were grown by slow diffusion of hexane into a
dichloromethane solution of the corresponding rhodathiaboranes,
2 and 3. A suitable crystal of each cluster was coated with
perfluoropolyether, mounted on a glass fiber and fixed in a cold
nitrogen stream (7 = 100(2) K) to the goniometry head. In the
case of 3, several crystals were scrutinized to optimize size
(intensity) and twin nature; eventually a not very intense slightly
twinned crystal was selected as the best compromise for data
collection. Data collection were performed on a Bruker Kappa
APEX DUO CCD area detector diffractometer with
monochromatic radiation A(Moy,) = 0.7107073 A, using narrow
frames (0.3° in ©). Intensities were integrated including Lorentz

o0
a5

S

b
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and polarization effects with the SAINT-Plus program® and
corrected for absorption effects by multiscan methods
(SADABS).” The structures were solved using the SHELXS-97
program,”® and refined against all F* data by full-matrix least-
squares techniques (SHELXL-97).?” Both structures were refined
first with isotropic and later with anisotropic displacement
parameters for non-disordered non-H atoms. Specific relevant
details on each structure are described below. CCDC 1043935
and 1044383 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via
ww.ccdc.cam.ac.uk/data request/cif.

Crystal data for 2: C3,H;,BoNP,RhS.e2(CH,Cl,); M = 887.67; red
prism 0.238 x 0.157 x 0.102 mm?; triclinic; P-1; a = 9.8610(10),
b = 10.3668(10), ¢ = 19.4852) A, a = 93.404Q2)°, B =
91.461(2)°, ¥ = 100.0580(10)°; Z = 2; ¥ = 1956.5(3) A*; D, =
1.507 grem™; p = 0.873 mm’; min. and max. absorption
correction factors 0.809 and 0.898; 20,.« = 59.16°; 34075
reflections collected, 10118 unique (Ry; = 0.033); number of
data/restraints/parameters 10118/0/608; final GOF 1.044; R, =
0.0303 (8620 reflections, I > 20(l)); wR(F*) = 0.0731 for all data.
Hydrogen atoms have been observed in Fourier difference maps
and freely refined, except H60A and H60B, in the
dichloromethane molecule which were included from observed
positions and refined with displacement riding parameters.
Crystal data for 3: C31H3gB9NP2RhS+ CF303S- . CHF303S .
CH,Cly; M = 1102.90; orange block 0.271 x 0.164 x 0.074 mm’;
monoclinic; C2/c; a = 11.2683(15), b = 20.906(3), ¢ = 39.689(5)
A, f=91.817(2)% Z=28; V=9345(2) A>; D, =1.568 g-cm™; u =
0.750 mm’'; min. and max. absorption correction factors 0.744
and 0.916; 20, = 52.74°; 42710 reflections collected, 9525
unique (R;; = 0.1109); number of data/restraints/parameters
9525/24/587; final GOF 1.272; R; = 0.1114 (7443 reflections, / >
20(D)); WR(F®) = 0.2554 for all data. All organic terminal
hydrogens were included in calculated positions and refined with
a usual riding strategy; the bridging hydrogen of the
metallaborane, and those of the triflic acid and of the solvent
molecule were not included in the model. Static disorder was
observed both for a CF;SO; moiety —refined with some
geometrical restrictions— and for a solvent highly-disordered
dichloromethane molecule.

Calculations

Calculations were performed using the Gaussian 09 package.?®
Structures were initially optimized using standard methods with
the STO-3G* basis-sets for C, B, P, S, and H with the LANL2DZ
basis-set for the metal atom. The final optimizations, including
frequency analyses to confirm the true minima were performed
using B3LYP methodology, with the 6-31G* and LANL2DZ
basis-sets.

[1,1-(77-dppe)-3-(NCsHs)-closo-1,2-RhSB,Hg] (2)

108.0 mg (0.128 mmol) of [8,8,8-(H)(PPh;),-9-(NCsHjs)-nido-
8,7-RhSBgHy] (1) was dissolved in 10 mL of CH,Cl, in a
Schlenk tube under an atmosphere of argon. Next, 50.8 mg (0.128
mmol) of dppe was added, and the reaction mixture was stirred at
55 °C for 16 h. The resulting orange solution was concentrated
under vacuum, and applied to preparative TLC plates. Elution
with 9:1 CH,Cly/hexane gave an orange band (R = 0.32), from
which an orange product was isolated, washing the silica-gel with

s pure dichloromethane. The product was characterized as 2; after
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crystallization from CH,Cly/hexane, we isolated 48 mg (55%
yield). ""B—{'H} (128 MHz) and 'H-{''B} NMR (300 MHz) in
CD,Cl, at 300 K) {cluster resonances ordered as: assignment
6("'B)/ppm [6(‘H)/ppm for directly attached exo-hydrogen]}:
B(3) +53.2 (B-NCsHs), BH(9) +26.6 [+3.98], 2BH(4,5) -1.1
[+2.09], BH(8) -12.5 [+2.59], 2BH(6,7) -24.2 [-0.14],
2BH(10,11) —32.9 [-0.21]. Additional '"H NMR data are: o =
+7.89 (m, 4H; H,-NCsHs + C¢Hs), +7.73 (m, 4H; C¢Hs), +7.37
(m, 7H; H,-NCsHs + CeHs), +7.28 (t, *Jun = 8.0 Hz, 4H; C4Hs),
+7.14 (t, *Jyy = 8.0 Hz, 2H; H,-NCsHs), +7.08 (m, 4H; C¢Hs),
+2.45 (m, 2H; CH,), +2.05 (m, 2H; CH,). *'P-{'H} NMR
(162MHz, CD,Cl,, 298 K): 6 = +64.7 (d, 'Jzwp = 150 Hz). Anal.
Calcd. for C3;H3,BoNP,RhS: C, 51.87; H, 5.19; N, 1.95; S, 4.45.
Found: C, 50.75; H, 5.03; N, 2.06; S 4.63. LRMS (MALDI'
/DCTB): m/z: calcl for C3;H;5sBoNP,RhS: 716.7 [M-(3H)]"; found
716.2. Isotope envelopes match those calculated from the known
isotopic abundances of the constituent elements.

[8,8-(7*-dppe)-9-(NCsHs)-nido-8,7-RhSByH, | [OTH] (3)

32.3 mg (0.045 mmol) of [1,1-(7’-dppe)-3-(NCsHs)-closo-1,2-
RhSByHg] (2) was dissolved in 5 mL of CH,Cl, in a Schlenk
tube under an atmosphere of argon. The resulting orange
suspension was treated with 6.76 mg (0.045 mmol) of triflic acid
(TfOH), and the reaction mixture was stirred at room temperature
for 30 minutes. The solvent was reduced under vacuum until an
approximate volume of 0.5 mL. Addition of hexane gave an
orange precipitate that was washed with hexane (3 x 3 mL). The
solid was dried under vacuum, and it was characterized as
compound 3. The compound was crystallized from
CH,Cl,/hexane to give 38 mg (96% yield). ''B—{'H} (128 MHz)
and 'H-{"'B} NMR (300 MHz) in CD,Cl, at 300 K) {cluster
resonances ordered as: assignment o(''B)/ppm [5('H)/ppm for
directly attached exo-hydrogen]}: B(9) +38.2 (B-NCsHs), BH
+15.1 [+3.75], 2BH +11.6 [+3.19], 5BH —-17.2 [1H +2.10, 2H
+1.61, 2H +1.26]. Additional '"H-{''B} NMR data are: 6 = +8.25
(t, *Juu = 8.0 Hz, 1H; H,-NCsHs), +7.61 to +7.39 (m, 24H; H,-
NC;sHs, H,-NCsHs, Cg¢Hs), +2.95 (m, 2H; CH,), —3.35 (s, 1H;
BHB). *'P-{'H} NMR (162 MHz, CD,Cl,, 300 K): 6 = +54.6 (d,
Urip = 118 Hz). *'P-{'H} NMR (162 MHz, CD,Cl,, 183 K): 6 =
ca. +58.0 (this resonance overlays with the next doublet), +57.4
(br. d, "Jryp = 141 Hz), +46.3 (br. d, "Jzup = 123 Hz). Anal. Calcd.
for C3,H;sBoF;NO;P,RS,: C, 44.28; H, 4.41; N, 1.61; S, 7.39.
Found: C, 42.81; H, 4.32; N, 1.69; S 7.52. LRMS (MALDI
/DCTB): m/z: caled for C;H;BoNP,RhS: 715.7 [M-(4H)]";
found 715.2. Isotope envelopes match those calculated from the
known isotopic abundances of the constituent elements.

Reaction of [8,8-( qz-dppe)—9-(NC5H5)-nid0-8,7 -
RhSByHy][OTH] (3) with H,

In a quick pressure valve NMR tube, 3 mg (0.015 mmol) of 3 was
dissolved in 0.3 mL of CD,Cl,. The tube was evacuated under
vacuum at the temperature of liquid nitrogen, and subsequently,
exposed to 10 bar of hydrogen. The resulting sample was studied
by NMR spectroscopy. The data were consistent with the
presence in a 1:0.7 ratio of two cationic hydridorhodathiaboranes
of formulation, [8,8,8-(77-dppe)(H)-9-(NCsHs)-nido-8,7-
RhSBoH,(]". The isomers were not separated and the NMR data
below correspond to samples that contain both species. NMR
"B—{'H} (128 MHz; CD,Cl,; 298 K): § = +16.6, +11.1, +4.8,
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+3.7, -8.8, -12.1, -13.1, -15.9, -17.1, -19.8, -23.4, -24.8. The
signals are broad and indistinguishable for both isomers. NMR
"H-{"B} (400 MHz, CD,Cl,, 290 K): 6 = +8.60 (d, *Jyyy = 6.0
Hz, 2H; H,-NCsHs), +8.21 (t, *Juy = 7.6 Hz, 1H; H,-NCsHs),
+8.00 (t, *Jyy = 8.0 Hz, 1H; H,-NC;Hs), +7.92 to +6.81 (m, 40H;
C¢Hs + NCsHs), +4.01 (s, 1H; BH), +3.80 (s, 0.7H; BH), +3.58 (s,
1H; BH), +3.27 (m, 1H; CH,), +2.98 (m, 2H; CH,), +2.89 (s, 1H;
BH), +2.79 (m, 2H, CH,), +2.61 (m, 2H, CH,), +2.41 (s, 3H;
BH), +2.35 (m, 0.7H; CH,), +1.83 (s, 1H; BH), +1.75 (s, 0.7B;
BH), +1.67 (s, 1B; BH), +1.35 (s, 1B; BH), -3.39 (s, 1H; BHB),
—4.06 (s, 0.7H; BHB), —5.79 (pseudo t, 0.65H, 'Jgpy + 2oy = 15
Hz, BHRh), —6.72 (dd, "Jxu = 55 Hz, 2Jpy = 16 Hz, 1H; BHRh),
~10.83 (pseudo quintet, g + e + Y = 14.0 Hz, 0.7H;
RhH), —11.32 (pseudo quartet, 'Jypy + 2Jup = 23 Hz; 1H; RhH).
NMR 3'P—{'H} (162 MHz; CD,Cl,; 223 K): 6 = +72.9 (br. dd,
Uip = 117 Hz, 2Jpp = 19 Hz, 1P,; isomer A), +67.4 (dd, Jgpp =
93 Hz, 2Jpp = 17 Hz, 1P,; isomer A), +65.4 (dd, 'Jpwp = 133 Hz,
2Jop = 9 Hz, 0.7Pg; isomer B), +61.3 (br dd, 'Jype = 97 Hz, 2Jpp =
9 Hz, 0.7Pg; isomer B). ['H->'P]-HMBC (400 MHz, CD,Cl,, 193
K) {ordered as (dy, dp) correlation}: (-11.32, +73.6), (+3.09,
+73.6), (+2.55, +73.6), (-11.32, +67.9), (+2.34, +67.9), (~10.83,
+65.7), (+3.39, +61.8), (+2.94, +61.8), (+2.15, +61.8); all the *'P
resonances exhibit correlations with aromatic signals.

Conclusions

The hydridorhodathiaborane, 1, reacts with the bidentate
phosphine, dppe, to give the chelate, 2, as product of PPh;
substitution at the metal centre and cluster dehydrogenation. This
simple synthetic procedure can be a priori extended to other
bidentade phosphine ligands, being a potential convenient way of
tuning the reactivity of these 11-vertex rhodathiaboranes by the
modification of the composition of the ligands at the metal centre.
It has been already demonstrated that the change of the metal-
bound ligands in pyridine-ligated 11-vertex rhodathiaboranes
[1,1-(PR3),-3-(NCsHs)-closo-1,2-RhSBoHg] has large
consequences in their reactivity with strong Brensted acids.'" '*
14

In this regard, the bis-PPh;-ligated closo-derivative reacts
with TfOH to afford an equilibrium that involves the cationic
species  [1,1-(PPh;),-4-1,3-(H)-3-(NCsHs)-closo-1,2-RhSBoH;] ",
and neutral OTf-ligated compound [8,8-(TfO)(PPhs)-3-(NCsHs)-
nido-8,7-RhSBgHy] and [HPPh;]*, which is formed upon
protonation of the released PPhy ligand."”® The introduction of
more basic phosphines such as PMe; and PMe,Ph hinders the
dissociation of the ligands upon protonation of the cage,
stabilizing the cationic clusters, [1,1-(PPhj),-z~1,3-(H)-3-
(NCsHj)-closo-1,2-RhSBoHg]". Interestingly, a crystal of the bis-
PPh;PMes-ligated cation was found to contain three different
isomers in the unit cell, one with featuring an 11-vertex nido-
structure.'" This uncommon case of conformational isomerism
implies a labilization of the ligation between the pyridine-
substituted thiaborane moiety and the rhodium center, which is
promoted by protonation. In solution, however, these cationic
clusters do not exhibit dynamic processes that could involve
stereochemical non-rigid molecules

The new work reported herein demonstrates that the chelating
phosphine, dppe, induces a higher level of non-ridity, leading to
the formation of a prototropic closo<>nido equilibrium in
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solution. This tautomerization involves a proton shift between
bridging positions along the Rh(1)-B(3) and the B(9)-B(10)
edges of the closo- and nido-tautomers, respectively.

This interconversion between tautomers is performed through
hapticity changes in the ligation between the pyridine-substituted
thiaborane moiety and the rhodium centre. This dynamic process
together with the enhancement of the Lewis acidity that occurs
upon protonation of the cluster facilitate the interaction of the
dihydrogen molecule with the cationic rhodathiaborane, 2,
leading to the efficient heterolytic splitting of the H-H bond and
the subsequent formation of the hydridorhodathiaboranes, 4a and
4b. A further illustration of the different reactivity induced by
the phosphine ligands is the fact that the mixture of isomers, 4a
and 4b, is unstable in the absence of an atmosphere of H,,
regenerating the parent cation, 2, by release of dihydrogen. This
contrasts with the bis-PRs-ligated analogues, [8,8,8-(H)(PR3),-9-
(NCsHs)-nido-8,7-RhSBoH0]", where PR; = PPh;, PPh; and
PMe;, or, PPh; and PMe,Ph, which are stable in the absence of
free H,.% %

Insisting in the introductory paragraph, the possibility to modify
the chemical and structural basis of this class of 11-vertex
rhodathiaboranes is without doubt a driving force behind the
study of the reaction chemistry of these polyhedral clusters. In
this regard, the protonation of metallaheteroboranes to enhance
their sterochemical non-rigidity and their Lewis acidity is a
simple method that, in principle, could be of general application
in polyhedral boron-containing compounds. And the results
reported herein and in previous works augur well for the tailoring
of new metallaheteroboranes that may be useful in, for example,
solving problems in catalysis.
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nido-closo tautomerism — hydrogenation / dehydrogenation

The {SByHg(NCsHs)}-to-{Rh(dppe)} linkage is labilized is upon protonation leading to a closo¢> nido tautomerism; non-
rigidity and higher Lewis acidity, induced by the proton, make possible the H, activation on the cationic rhodathiaboran >.



