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ABSTRACT The formation and Atoms in Molecules (AIM) analysis of osmium(IV) and
osmium(II) complexes containing dihydrideborate groups and primary aminoborane ligands are
reported. Complex OsHs(P'Pr3)2 (1) loses a hydrogen molecule and the resulting unsaturated
OsH4(P'Prs3)2 species coordinates 9-borabicycle[3.3.1]nonane (HBbn) and pinacolborane (HBpin)
to give the dihydrideborate derivatives OsHs{x*-H,H-(H2BR2) }(P'Pr3)2 (BR2 = Bbn (2), Bpin (3)).
The bonding situation in these compounds and in the related osmium(II) derivative Os(Bcat){x’-
H,H-(H:Bcat) }(CO)(P'Pr3)2 (4) (HBcat = catecholborane) has been analyzed by the AIM method.

The Laplacian distributions in the Os—H-B plane exhibit a four-membered cyclic topology
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possessing two Os—H and two B—H bond critical points associated with one OsHHB ring critical
point, which resembles that found for B:Hs. The tetrahydride OsHs(P'Pr3): also coordinates
catecholborane, which initially affords OsHs{x*-H,H-(H:Bcat) } (P’Pr3)2 (5). In contrast to 2 and 3,
complex S reacts with a second molecule of HBcat to give the elongated o-borane-{bis(elongated
0)-dihydrideborate }-osmium(II) derivative OsH(;’-HzBcat)(*-HBcat)(PPr3): (6). Complexes 5
and 6 have been also analyzed by the AIM method. Complex § displays the same topology as 2—
4. However, the OsH2B unit of 6 shows, besides the Os—H and B—H bond critical points, an
additional Os—B bond critical point, which is associated with a bond path running between these
atoms. This double triangular topology is completed with the respective ring critical points.
Reactions of 1 with dimethylamine-borane (H3:B-NHMe2) and fert-butylamine—borane
(H:B-NH2'Bu) give OsHa(y*:7*-H2BNR2)(PPr3)2 (NR2 = NMe: (7), NHBu (8)). The AIM
analyses of 7 and 8 also reveal the occurrence of an Os—B bond critical point associated with a
bond path running between those atoms. However, neither Os—H bond critical points nor bond

paths are observed in the latter species.

INTRODUCTION

The first step in the homolytic and heterolytic cleavage of o-bonds promoted by transition metal
complexes is the coordination of the o-bond to an unsaturated metal fragment, to form a o-
complex.! The electronic nature of the latter determines the homolysis or heterolysis of the
coordinated bond. Molecular hydrogen is the best known case, with four well established
situations, namely Kubas-type dihydrogen, elongated dihydrogen, compressed dihydrides, and

classical dihydrides.'?



The study of the coordination of B-H bonds to transition metal complexes is much more
difficult than the investigation of the metal-dihydrogen interaction.” However, the effort is worth
it due to the connection of the B-H bond activation reactions with the borylation of organic
molecules* and the dehydrocoupling of amine—boranes.’ In this context, the Atoms in Molecules
(AIM) method is really helpful,’® although it has been scarcely applied to these particular
systems. According to the AIM method, the o(B-H)-complexes can be classified into the
following groups: bis(c)-borane (I),’ o, elongated o-borane (II),” bis(elongated ¢)-borane (III),*
o-borinium (IV),"” o-borane (V),'” and elongated o-borane (VI)'*!" (Chart 1). The analysis of the
electron density involved in the M(3>-H-B) bonds reveals two main topologies. While the
coordinated elongated o-BH bonds give rise to a triangular topology involving M-B, M—H, and
B-H bond critical points (BCPs) and a ring critical point (RCP)," the coordinated o-BH bonds
only display M-B and B-H bond critical points; i.e., they lack a similar triangular topology.

Figure 1 illustrates that for the BH-borane coordination.'

Chart 1. Types of o(B-H)-complexes
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Figure 1. Contour line diagrams V *p(r) for the elongated c-borane OsHCI(#*-HBcat){x’-P,0,P-
[xant(P'Pr2)2]} (xant(P'Pr2): = 9,9-dimethyl-4,5-bis(diisopropylphosphine)xanthene) (a) and o-
borane OsHz(n*-HBcat){x’-P,0,P-[xant(P'Pr2)2]} (b) complexes in the O—Os—B plane. The solid
lines connecting the atomic nuclei are the bond paths while the small green and red spheres
indicate the corresponding BCPs and RCPs, respectively. H (white); B (pink); C (grey); O (red);

Cl (green); Os (blue).

Polyhydrides of platinum group metals promote the activation of a wide range of o-bonds,
including B-H." The coordination of the latter to an unsaturated compound of this class

generates species having up to five different natures: borinium,” o-borane,

elongated o-
borane, '’ bis(s)-borane,'* and dihydrideborate.'> As the heterolytic activation can be rationalized
in terms of the abstraction of the electrophilic fragment of the coordinated bond by a base
bonded to the metal center, the metal-dihydrideborate unit can be at first glance viewed as an
intermediate situation in the pathway of the hydride-mediated heterolytic rupture of a
coordinated B—H bond; i.e., an intermediate situation for the H/H exchange between the metal
center and the boron atom in hydride-(c-borane) complexes. Dihydrideborate is typically
characterized by the AIM method as a four-membered cycle possessing two M—H and two B-H
bond critical points associated with one MHHB ring critical point.'® This particular topology,

where the bond paths are inwardly curved, strongly resembles the situation found in B,Hg

(Figure 2)."”



Figure 2. Contour line diagrams V’p(r) for complex OsHs(i>-H2BH2)(IPr)(PPhs) (IPr = 1,3-
bis(2,6-disopropylphenyl)-Imidazolylidene) in the Os—H-B plane (a) and B2Hs in the plane of
the bridging hydrogen atoms (b). The solid lines connecting the atomic nuclei are the bond paths

while the small green and red spheres indicate the corresponding BCPs and RCPs, respectively.

H (white); B (pink); C (grey); Os (blue).

Osmium probably exhibits the richest polyhydride chemistry among the platinum group
metals." However, the activation of B-H bonds by osmium-polyhydride complexes has received
very little attention,” in particular when compared to ruthenium.® The d*-hexahydride
OsHs(P'Pr3)2 (1) promotes the heterolytic cleavage of C-H," N-H,® and O-H?' bonds, in
addition to the activation of C—-C, C-N,* and C-O* bonds. As a consequence of its saturated
nature, the first step of these processes involves the release of a hydrogen molecule from the
osmium coordination sphere to afford the unsaturated d*-tetrahydride OsHa(P'Pr3)2, which has
been trapped with pyridines (Scheme 1).** Our interest in the B-H bond activation

reactions’%,lo,13b,15h,18

prompted us to investigate the addition of 9-borabicycle[3.3.1]nonane dimer
((HBbn)2), pinacolborane (HBpin), catecholborane (HBcat), and amine-boranes to this
tetrahydride. The study has allowed us to obtain experimental and AIM evidence for an
unprecedented dihydrideborate coordination mode, bis(elongated o)-dihydrideborate, in addition

to prepare novel dihydrideborate and bis(c)-aminoborane complexes in the osmium chemistry.

Scheme 1. Reactions of 1 with Pyridine and Substituted Pyridines
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We herein report the preparation, complete characterization, and AIM analyses of trihydride-

dihydrideborate-osmium(IV) complexes,

dihydrideborate }-osmium(Il)  species,  and
derivatives (Scheme 2).

Scheme 2. Reactions of 1 with Boranes and Amine-Boranes
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RESULTS AND DISCUSSION

Trihydride-Dihydrideborate-Osmium(IV) Complexes. The heating of toluene solutions of

the hexahydride complex 1, at 110° C, in the presence of 0.5 mol of (HBbn):, for 18 h gives rise

to the quantitative formation of OsHs{x*-H,H-(H2Bbn)}(P'Pr3)2 (2), as a result of the addition of

the B-H bond of the monomer HBbn to an Os-H bond of the tetrahydride OsHa(PPrs)a.

Similarly, the heating of toluene solutions of 1, at 50 °C, in the presence of 2 mol of HBpin, for



18 h affords the Bpin-counterpart OsHs{x*-H,H-(H:Bpin)}(P'Pr3)2 (3). These compounds were
isolated as yellow (2) and white (3) solids, according to Scheme 2, in moderated yield (50-30%)
due to their high solubility in usual organic solvents. Notably, although some tetrahydrideborate
complexes of osmium(II)* and osmium(IV)'"*® have been reported, as far as we know, the boryl-
osmium(I) species Os(Bcat)(CO){x*-H,H-(H:Bcat) }(P'Pr3): (4) is the only dihydrideborate
derivative of this element which has been previously characterized.""

Figure 3a shows a view of the X-ray diffraction analysis structure of 2 which proves the
formation of the dihydrideborate ligand and its x*-H,H-coordination. The geometry around the
osmium atom can be rationalized as a distorted pentagonal bipyramid with the phosphines
occupying axial positions (P-Os—P = 167.33(2)°). The metal coordination sphere is completed
with the dihydrideborate group and the hydride ligands. The former acts with a H(01)-Os—H(02)
bite angle of 65.0(13)°. The separation between the metal center and the borate boron atom of
2.355(3) A is consistent with other crystallographically characterized osmium-tetrahydrideborate
complexes."”™'"** According to a sp’-hybridation, the angles around the boron atom are between
113.6(7)° and 98.9(19)°. The bonds between the metal center and the boron bridging hydrogen
atoms appear to be weaker than the osmium-hydride bonds. Thus, the Os—H(01) and Os—H(02)
bond lengths of 1.79(3) and 1.83(3) A are about 0.2 A longer than the osmium hydride distances
of 1.578(10) (Os—H(03)), 1.573(10) (Os—H(04)), and 1.581(10) (Os—H(05)) A. The separations
between the central hydride H(04) and those of the corners are 1.45(4) and 1.76(4) A,
respectively. The DFT optimized structure (BP86-D3/def2-TZVPP level) confirms the classical
nature of the hydride ligands, which display separations of 1.620 (H(03) and H(04)) and 1.643
(H(04) and H(05)) A, and the differences in length of the Os—H bonds, which lie about 1.62 A

for the hydrides and about 1.82 A for the boron bridging hydrogen atoms. Figure 3b shows the



Laplacian distribution for 2 in the Os—H-B plane. In agreement with the dihydrideborate nature
of the boron ligand, this compound is characterized by the AIM method as a four-membered

cyclic species possessing two Os—H and two B-H bond critical points associated with one

OsHHB ring critical point.

(a)

Figure 3. (a) Molecular diagram of complex 2 with 50% probability ellipsoids. Hydrogen atoms
(except hydrides) are omitted for clarity. Selected bond lengths (A) and angles (deg) for the X-
ray and optimized (in square brackets) structures: Os—H(01) = 1.79(3) [1.823], Os—-H(02) =
1.83(3) [1.827], Os—H(03) = 1.578(10) [1.623], Os—H(04) = 1.573(10) [1.624], Os—H(05) =
1.581(10) [1.625], Os—B = 2.355(3) [2.366], Os—P = 2.3438(5) [2.350], B-H(01) = 1.26(3)

[1.338], B=H(02) = 1.30(3) [1.332]; P-Os—P = 167.33(2) [167.21], H(01)-0s—H(02) = 65.0(13)



[68.32], H(02)-Os—-H(03) = 84.8(14) [83.24], H(03)-Os-H(04) = 54.8(14) [59.85],
H(04)-0s-H(05) = 67.8(16) [60.76], H(05)—-Os—H(01) = 87.7(14) [87.84], H(01)-B-H(02) =
98.9(19) [100.27], H(01)-B-C(1) = 113.6(7) [111.38], H(02)-B-C(1) = 112.0(7) [113.02],
C(1)-B—-C(1) = 106.8(2) [107.73]. (b) Contour line diagram V>p(r) for complex 2 in the Os—H-B
plane. The solid lines connecting the atomic nuclei are the bond paths while the small green and

red spheres indicate the corresponding BCPs and RCPs ring critical points, respectively.

The '"H NMR spectrum of 2 in toluene-ds is temperature dependent. Figure 4 shows the
spectrum in the high field region as a function of the temperature. Between 263 and 233 K it
contains a broad signal centered at —10.40 ppm, corresponding to five hydrogen atoms bonded to
the metal center. However, at temperatures lower than 203 K, two broad resonances at —12.59
and —7.09 ppm due to the inequivalent hydrides and the equivalent boron bridging hydrogen
atoms are observed. This behavior is consistent with the existence of two intramolecular position
exchange processes which are thermally activated (Scheme 3). The process having a lower
energy barrier, which only involves the hydride ligands (H and H"), is characteristic for
OsH:L2(P'Pr3). species and seems to take place via dihydrogen intermediates.”” The higher
energy barrier process corresponds to the position exchange between the hydride ligands and the
boron bridging hydrogen atoms (H®). It has an activation energy of 8.6+0.3 kcal-mol" and very

likely occurs via a tetrahydride-o-borane intermediate,'™™'”*%%

a transitory species for the
formation of 2. The *'P{'H} NMR spectrum shows a singlet at 43.8 ppm, whereas the ''B{'H}

NMR spectrum contains a broad signal at 44 ppm.
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Figure 4. High-field region of the 'H NMR (400.13 MHz, C7Ds) spectrum of complex 2 between

263 and 183 K. The triplet signal at —9.8 belongs to a small amount of OsHs(P'Pr3)..

Scheme 3. Exchange Processes in 2 and 3
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Complex 3 was also characterized by X-ray diffraction analysis. The structure resembles that
of 2 with a Bpin group instead of the Bbn unit. Similar to the latter, the AIM method locates two
Os-H and two B—H bond critical points associated with a ring critical point in a four-membered
cyclic array (Figure S1). The '"H NMR spectrum of 3, in toluene-ds, at room temperature contains
a high field resonance at —10.30 ppm. In contrast to 2, it does not decoalesce even at 183 K. This
suggests that the interaction between the metal center and the o-borane ligand in the seven-
coordinate tetrahydride-o-borane species, key for the exchange between the hydride ligands and
the boron bridging hydrogen atoms, is stronger with HBbn than with HBpin. This agrees with the

higher acidity of the boron atom of HBbn with respect to HBpin, which allows a stronger
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osmium-to-boron w-backbonding in the former. A singlet at 44.7 ppm in the *'P{'"H} NMR
spectrum and a broad signal at 35 ppm in the "B{'H} NMR spectrum are also characteristic
features of 3.

Hydride-(Elongated o-Borane)-{bis(Elongated o¢)-Dihydrideborate}-Osmium(II) Species.
The hexahydride complex 1 also reacts with HBcat (Scheme 2). The reaction initially affords the
Bcat-counterpart of 2 and 3, OsHs{x*-H,H-(H2Bcat) }(P'Pr3)2 (5). However, in this case, a second
molecule of HBcat displaces a hydrogen molecule of 5 to give OsH(;’-HzBcat)(;*-HBcat)(P'Pr3)
(6) before the first reaction is completed. Thus, the addition of 1 mol of HBcat to toluene
solutions of 1 leads to a 15:77:8 mixture of 1, 5, 6, after 18h, at 50 °C. Under the same
conditions, the treatment of 1 with 3 mol of HBcat gives rise to the quantitative formation of 6,
although it was isolated as colorless crystals in only 27 % yield due to its high solubility in usual

organic solvents.

The DFT optimized structure and AIM diagram of 5 (Figure S2) reveal that there are no
significant differences either between its dihydrideborate ligand and those of 2 and 3 or in its
coordination to the metal center. Thus, the separation between the osmium and boron atoms,
2.286 A, and the distance between the metal center and the boron hydrogen atoms, 1.783 A, are
very similar to those of 2 and 3. The 'H, *'P{'H}, and "B{'H} NMR spectra of 5 in toluene-ds
are also in agreement with those of 3. The '"H NMR spectrum between 298 and 183 K contains a
broad resonance at —9.61 ppm for the five hydrogen atoms attached to the metal center. In the
J'P{'H} NMR spectrum, the equivalent phosphines display a singlet at 48.0 ppm, whereas the
"B{'H} NMR spectrum shows a broad signal centered at 40 ppm.

Complex 6 was characterized by X-ray diffraction analysis. The structure (Figure 5a) proves

the #’-coordination of the B-H bond of the borane and the 7’-coordination of the H2B unit of the
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dihydrideborate. Like an #’-allyl ligand, the latter occupies two coordination positions and
donates 3e to the metal center. Thus, the coordination polyhedron around the osmium atom can
be rationalized as a distorted octahedron with trans phosphines (P(1)-Os-P(2) = 157.22(3)°).
The perpendicular plane is formed by the dihydrideborate group, the hydride ligand and the B-H
bond of HBcat with the hydrogen atom pointing towards the hydride. The borane B-H bond
undergoes elongation as a consequence of its coordination. The B(1)-H(1) bond length of
1.39(3) A, 1.445 A in the DFT-optimized structure, is about 0.3 A longer than in the free borane
(1.100 A)* but between 0.1 and 0.3 A shorter than the B-H distances reported for the elongated
o-borane derivatives OsHCI(;>-HBR2){x’-P,0,P-[xant(P'Pr2)2]} (BR: = Bcat (1.60-1.68 A), Bpin
(1.62-1.69 A))' and Rh(#’-CsMes)(Bpin)2(*-HBpin) (1.53(2) and 1.69(3) A).** However, it is
similar to that found in the iridium complex Ir{x’-P,C,P-[CsH3-1,3-OP'Buz] } (*-HBpin) (1.47(6)
A)." The B(1)-Os-H(1) angle of 41.0(11)°, 42.81° in the optimized structure, is smaller than
the related B-M—H bond in the above mentioned compounds (45-55°). This suggests that in this
case there is a remarkably strong interaction between the coordinated o-bond and the metal
center. Indeed the Os—B(1) bond length of 2.112(4) A compares well with the reported osmium
boryl distances."”™"****! The most noticeable feature of the coordination of the dihydrideborate
group is the Os—B(2) distance of 2.159(4) A, which is similar to the Os—B(1) bond length and
between 0.1 and 0.2 A shorter than the separation between the metal center and the boron atom
of the dihydrideborate group in 2 and 3. This shortening is a strong evidence in favor of a
significant osmium-boron bonding interaction in the coordinated dihydrideborate. According to
the DFT-optimized structure, the Os—H® distances are 1.793 (Os—H(2)) and 1.730 (Os—H(3)) A;
i.e., they are rather similar despite the hydrogen atoms lie frans to different ligands, and also

similar to those in 2, 3, and S. Interestingly, in contrast to the Os—H?® distances, the B-H bond
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lengths are sensitive to the ligand frans disposed. Thus, the B(2)-H(3) distance (trans to B(1)—
H(1)) of 1.58(3) A, 1.440 A in the calculated structure, is between 0.18 and 0.08 A longer than
the B(2)-H(2) bond length (trans to H(01)) of 1.40(3) A, 1.363 A in the optimized structure.

(a)

Figure 5. (a) Molecular diagram of complex 6 with 50% probability ellipsoids. Hydrogen atoms
(except hydrides) are omitted for clarity. Selected bond lengths (A) and angles (deg) for the X-
ray and optimized (in square brackets) structures: Os—H(1) = 1.692(10) [1.701], Os—H(01) =
1.69(3) [1.649], Os—H(2) = 1.692(10) [1.793], Os—H(3) = 1.690(10) [1.730], Os—B(1) =2.112(4)
[2.114], Os—B(2) =2.159(4) [2.215], Os—P(1) = 2.3518(8) [2.384], Os—P(2) = 2.3805(8) [2.365],
B(1)-H(1) = 1.39(3) [1.445], B(2)-H(2) = 1.40(3) [1.363], B(2)-H(3) = 1.58(3) [1.440];

P(1)-0s—P(2) = 157.22(3) [164.15], B(1)-Os—H(1) = 41.0(11) [42.81], H(01)-Os—H(2) =
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178.6(16) [171.11], H(1)-Os—H(3) = 171.3(16) [166.41], H(2)-Os—H(3) = 86.7(16) [78.41],
H(01)-Os—H(3) = 92.7(15) [93.41], H(1)-B(1)-0(1) = 109.3(12) [108.29], H(1)-B(1)-0(2) =
117.7(14), [121.29], O(1)-B(1)-0(2) = 107.3(3) [107.56], H(2)-B(2)-H(3) = 102.1(6) [105.17],
H(2)-B(2)-0(3) = 105.0(12) [111.32], H(2)-B(2)-0(4) = 122.2(13) [115.11], H(3)-B(2)-0(3)
= 112.2(11), [108.99], H(3)-B(2)-0(4) = 107.1(11), [108.87], O(3)-B(2)-0(4) = 108.2(3)
[107.26]. (b) Contour line diagram V?p(r) for complex 6 in the Os—=H-B plane. The solid lines
connecting the atomic nuclei are the bond paths while the small green and red spheres indicate

the corresponding BCPs and RCPs ring critical points, respectively.

The analysis of the structural parameters related to the coordination of the dihydrideborate
group and their comparison with those related to the borane B—H bond coordination indicate that
the dihydrideborate group can be viewed as a ligand bonded to the metal through both o-B-H
bonds; i.e., as a bis(elongated o)-dihydrideborate ligand. The computed AIM diagram strongly
supports this formulation (Figure 5b). Indeed, in addition to the Os—H and B-H bond critical
points, characteristic of the dihydrideborate ligands, the Laplacian distribution in the Os—H-B
plane also exhibits an Os—B bond critical point, which is associated with a bond path running
between these atoms. As a consequence, the ring critical point, present in the previously
mentioned dihydrideborates, is now converted into two different ring critical points, resulting in
two triangular arrangements, typical for elongated o-borane derivatives, fused by the Os—B bond
path. Because, at first glance, one could think that the unusual coordination of the
dihydrideborate of 6 is a consequence of the asymmetry of the complex in the Os—H-B plane
and/or the different oxidation state of the metal center, +2 in 6 and +4 in 2, 3, and 5, we also
analyzed the coordination of the dihydrideborate group of 4 by means of the AIM method.

Although complex 4 is also asymmetrical in the Os—H—B plane and its metal center displays a +2

14



oxidation state, the Laplacian distribution is that expected for a typical dihydrideborate (Figure
6). Therefore, the coordination of the dihydrideborate group in 6 does not depend on either the
asymmetry of the complex in the Os—H-B plane or of the oxidation state of the metal center. The
calculated Os—B Wiberg Bond Indices (WBI) are consistent with the AIM diagrams. Whereas
rather similar WBI values were computed for complexes 2—5 (WBI = 0.36—-0.40), a higher WBI

of 0.46 was found for 6.

Figure 6. Contour line diagram V?p(r) for complex 4 in the Os—H-B plane. The solid lines

connecting the atomic nuclei are the bond paths while the small green and red spheres indicate

the corresponding BCPs and RCPs ring critical points, respectively.

The Energy Decomposition Analysis (EDA) method was applied next in order to confirm the
stronger interaction osmium-dihydrideborate in 6. To this end, the interactions of the fragments
Os(Bcat)(CO)(P'Pr3)2]*, [OsH3(PPr3)2]*, and [OsH(n*-HBcat)(P'Pr3):]* with [H:Bcat] were
considered to form complexes 4, 5, and 6, respectively (Table 1). When comparing the
osmium(Il) species 4 and 6, it is confirmed that complex 6 benefits from a stronger osmium-
dihydrideborate interaction as the computed AEin term is 11.3 kcal-mol™ higher in this compound
than in 4. Closer inspection of the different energy contributions to AEin suggests that this is due
to both more stabilizing electrostatic (AAEesa = 31.8 kcal-mol™) and orbital (AAEes» = 23.7

kcal-mol™) attractions, at expense of the less destabilizing Pauli repulsion computed for 4
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(AAEpaii = 44.2 kcal-mol™). A slightly lower interaction is also computed for the osmium(IV)
complex 5, which also derives from comparatively weaker electrostatic and orbital attractions
(AAEeisa = 36.0 kcal-mol™ and AAEow = 17.4 kcal-mol ™).

Tabla 1. EDA results (in kcal'mol’) computed at the ZORA-BP86-D3/TZ2P//BP86-

D3/def2-TZ VPP level.

4 5 6
AEint -163.8 -173.1 -175.1
AEpaui 197.5 188.8 241.7

ABesa®  —229.0 (63.4%) —224.8(62.1%) —260.8 (62.6%)
AEov'  —117.3 (32.5%) —123.6 (34.2%) —141.0 (33.8%)
AEas' 150 (4.1%)  —13.5(3.7%)  —14.9 (3.6%)

* The values within parentheses indicate the percentage to the total attractive interactions energy,
AEint = AEPauli + AEelstat + AEorb + AEdisp.

The 'H and "B{'H } NMR spectra of 6 are unfortunately poorly informative. In the '"H NMR
spectrum, the most noticeable signal is a broad resonance centered —9.5 ppm, which is due to the
four inequivalent hydrogen atoms attached to the metal center. Although it broadens upon
lowering the sample temperature, decoalescence is not observed even at 148 K in
methylcyclohexane-dis. A similar behavior is observed in the ''B{'H} spectrum, which contains
a broad resonance at 35 ppm, between 298 and 143 K, for the inequivalent boron atoms. The
*'P{'H} NMR spectrum shows a singlet at 36.9 ppm for the equivalent phosphines.
Dihydride-{bis(c)-Aminoborane}-Osmium(II) Derivatives. Tetrahydride = OsH4(P'Pr3):
promotes the release of 1 mol of molecular hydrogen from amine—boranes and captures the
resulting aminoborane. The coordination produces the release of a second hydrogen molecule,

now from the metal coordination sphere, and the formation of dihydride-{bis(c)-aminoborane }-
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osmium(II) derivatives (Scheme 2). Thus, the treatment of toluene solutions of 1 with an excess
(= 3 mol) of dimethylamine—borane and tert-butylamine—borane, at 80 °C, for 18 h leads to
OsHa(#7*:>-H2.BNR2)(P'Prs)2 (NR2 = NMe: (7), NHBu (8)) and three hydrogen molecules.

Complexes 7 and 8 were isolated as colorless crystals in 67% and 20% yield, respectively.

Complex 7 was also characterized by X-ray diffraction analysis. Figure 7a shows a view of the
structure. The coordination around the osmium center can be rationalized as a distorted
octahedron with mutually trans phosphines (P-Os—P = 163.20(2)°). The hydride ligands and the
aminoborane group lie at the perpendicular plane. The coordination of the aminoborane
resembles that of the alkylborane in the mixed complex OsHax(3*:5*-H2BCH2Ph)(IPr)(P'Pr3)
which, in contrast to 7 and 8, was prepared by reduction of the Os—C triple bond of the
alkylidyne OsH(OH)(=CPh)(IPr)(P'Pr3) with Na[BH4].” The separation between the metal center
and the boron atom of 1.943(3) A is statistically identical to that found in the alkylborane
(1.913(4) A) and about 0.2 A shorter than the Os—B(2) distance in 6. In this context, it should be
noted that the boron atom formally contributes with 2e to the OsH2B bond in 7 and with 1e in 6.
In contrast to the Os—B distance, the Os—H® bond lengths of 1.807 (Os—H(03)) and 1.839 (Os—
H(04)) A are about 0.1 A longer, according to the DFT-optimized structures. Nevertheless, the
B—H distances of 1.382 (B-H(03)) and 1.362 (B—H(04)) A are similar to the length of the bond
B(2)-H(2) in 6, which is also disposed trans to a hydride ligand. The AIM diagram of 7 (Figure
7b) is the expected one for a bis(s)-borane derivative’ and fully consistent with its X-ray
diffraction analysis structure. Therefore, it shows significant differences with that of 6. Like in
the latter, the Laplacian of the electron density in the Os—H-B plane exhibits a significant Os—B
interaction as revealed by the occurrence of a bond critical point located between the transition

metal and the boron atom, which is associated with a bond path running between both atoms.
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However, in contrast to 6, no Os—H" bond critical points or bond paths nor ring critical points are

observed.

HO4

Holoe 952 B1 NO
HO2 N \@

Figure 7. (a) Molecular diagram of complex 7 with 50% probability ellipsoids. The hydrogen
atoms (except hydrides) are omitted for clarity. Selected bond lengths (A) and angles (deg) for
the X-ray and optimized (in square brackets) structures: Os—H(01) = 1.67(3) [1.659], Os—H(02)
= 1.61(3) [1.647], Os—H(03) = 1.64(3) [1.807], Os—H(04) = 1.62(3) [1.839], Os—-B = 1.943(3)
[1.969], Os—P(1) = 2.3109(6) [2.318], Os—P(2) = 2.3181(6) [2.325], B-H(03) = 1.29(3) [1.382],
B-H(04) = 1.31(3) [1.362], B-N = 1.379(4) [1.407]; P(1)-Os-P(2) = 163.20(2) [160.35],
H(01)-Os—H(02) = 88.1(13) [88.28], H(01)-0s-H(03) = 174.1(12) [178.59], H(01)-Os—H(04)

=92.7(13) [95.07], H(02)-0s—H(03) = 96.2(13) [92.46], H(02)-0s—H(04) = 179.1(13) [176.60],
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H(03)-Os-H(04) = 83.1(13) [84.18], H(03)-B-H(04) = 112.3(17) [125.88], H(03)-B-N =
122.8(4) [116.23], H(04)-B-N = 124.8(12) [117.63]. (b) Contour line diagram V°p(r) for
complex 7 in the Os—H—-B plane. The solid lines connecting the atomic nuclei are the bond paths
while the small green and red spheres indicate the corresponding BCPs and RCPs ring critical

points, respectively.

The 'H, *'P{'H}, and ""B{'H} NMR spectra of 7 and 8, in toluene-ds, at room temperature are
consistent with the structure shown in Figure 9a. The 'H NMR spectra in the high field region
show a broad resonance centered at about —9.8 ppm due to the boron bridging atoms and a triplet
(*Jur = 23 Hz) close to —10.6 ppm corresponding to the hydride ligands. The *'P{'H} spectra
display a singlet at about 57 ppm for the equivalent phosphines, whereas the "'B{'H} NMR
spectra contain a broad signal centered at 67 ppm for 7 and at 64 ppm for 8.

CONCLUDING REMARKS
This study has revealed that H2BRx (x = 2, 1) ligands can be coordinated to an unsaturated metal
fragment in three different modes, namely x*-H,H-(H2BR2), #’-H:2BR2, and #*:#*-H:2BR. «*-H,H-
(H2BR2) Ligands are formally 3e donor dihydrideborate groups, which form two 3c, 2e M-H-B
bonds, similar to the B-H-B bonds of diborane (B2Hs). 3¢ Donor dihydrideborate groups can
also form two bonds with the metal center that resemble the coordination of two elongated o-
boranes (7°-HBR2). As a consequence, in contrast to the x*-H,H-(H2BR2)-coordination mode, the
boron atom interacts significantly with the metal center, generating a #°-H2BR2-coordination,
where the B-H bond lengths depend upon the trans influence of the coligand frans coordinated.
The #*-H2BR2-coordination mode should be viewed as an electron deficient situation derived
from a #*:5>-H2BR-coordination of a 4e donor primary borane, where one of the two electrons of

the boron atom involved in the BH> unit has been used to form an additional B-R bond.

19



In conclusion, herein, we show strong structural and AIM evidence for a new coordination

mode of the dihydrideborate groups, which is governed by the coligands coordinated trans.

EXPERIMENTAL SECTION

All manipulations were performed under argon using standard Schlenk-tube or glovebox
techniques and dried solvents. Pinacolborane (HBpin = 4,4,5,5-tetramethyl-1,3,2-dioxaborolane)
and 9-borabicyclo[3.3.1]nonane dimmer ((HBbn):) were purchased from commercial sources
and used without further purification. Catecholborane (HBcat = 1,3,2-benzodioxaborolane) was
purchased from commercial sources and distilled in a Kugelrohr distillation oven. Complex
OsHes(P'Pr3)2 (1) was prepared according to the published method.” Instrumental methods used
for characterization, X-ray information, and computational details are given in the Supporting
Information. Chemical shifts (in ppm) are referenced to residual solvent peaks (‘H, "C{'H}),
external HsPOs ('P{'H}), or BFs-OEt: ("'B). Coupling constants, J, and N (N = *Jur + Jup for
'H or 'Jep + *Jer for °C) are given in Hertz.

Preparation of OsHs{x*-H,H-(H:2Bbn)(P'Pr3): (2). 9-Borabicyclo(3.3.1)nonane (22 mg, 0.090
mmol) was added to a solution of 1 (100 mg, 0.193 mmol) in 5 mL of toluene and it was heated
at 110 °C for 18 h. After cooling at room temperature, the solvent was removed under reduced
pressure to afford a yellow solid that was washed with pentane (2 x 1 mL) and dried in vacuo.
Yield: 63.8 mg (50%). Yellow crystals suitable for X-ray diffraction analysis were grown from a
solution of 2 in pentane at —30 °C. Anal. Calcd for C2sHeiBOsP2: C, 49.04; H, 9.66. Found: C,
49.39; H, 9.40. IR (cm™): v(Os—H) 2124 (m). '"H NMR (300.13 MHz, CsDs, 298 K): & 2.14 (m,
6H, Bbn), 1.98 (m, 4H, Bbn), 1.85 (m, 6H, CH Pr), 1.77 (m, 4H, Bbn), 1.12 (dvt, *Jun = 6.0, N =
14.0, 36H, CHs 'Pr), —10.43 (br, 5H, OsHs). '"H NMR (400.13 MHz, C7Ds, 183 K): § 2.22 (br,

6H, CH ‘Pr), 1.91 (br, 4H, CH> BBN), 1.75 (br, 2H, CH Bbn), 1.66 (br, 8H, CH> Bbn), 1.06 (br,
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36H, CHs 'Pr), —=7.09 (br, 2H, OsH2B), —12.59 (br, 3H, OsHs). "B{'H} NMR (96.29 MHz, CsDs,
298 K): & 44 (br).

Preparation of OsHs{x*-H,H-(H:Bpin)(P'Pr3): (3). Pinacolborane (60 uL, 0.386 mmol) was
added to a solution of 1 (100 mg, 0.193 mmol) in 5 mL of toluene and it was heated at 50 °C for
18 h. After cooling at room temperature, the solvent was removed under reduced pressure to
afford an orange oil. The addition of pentane (1 mL) afforded a white solid that was washed with
pentane (2 x 1 mL) and dried in vacuo. Yield: 42 mg (33%). Colorless single crystals suitable for
X-ray diffraction analysis were grown from a solution of 3 in pentane at —30 °C. Anal. Calcd for
C24H5sBO20sP2: C, 44.85; H, 9.25. Found: C, 44.71; H, 9.07. IR (cm™): v(Os-H) 2084 (w), v(B—
H) 1841 (m). '"H NMR (300.13 MHz, CsDs, 298 K): § 2.09 (m, 6H, CH 'Pr), 1.22 (dvt, *Juu =
6.3, N = 13.8, 36H, CHs 'Pr3), 1.13 (s, 12H, Bpin) § —10.30 (br, 5H, OsHs). *'P{'H} NMR (121.4
MHz, C7Ds, 298 K): § 44.7 (s). "B{'H} NMR (96.29 MHz, CsDs, 298 K): 35 (br).

Reaction of 1 with catecholborane: Formation of OsH:{x*-H,H-(H:Bcat)(P'Pr3): (5).
Catecholborane (5.3 pL, 0.05 mmol) was added to a NMR tube containing a solution of 1 (25
mg, 0.05 mmol) in 0.5 mL of toluene-ds. The tube was heated at 50°C for 18 h. After this time,
the NMR spectra showed the presence of 1, § and 6 in a 15:77:8 molar ratio. All attempts to
isolate pure 5 were unsuccessful. Data for 5: '"H NMR (300.13 MHz, C7Ds, 298 K): § 6.93 (m,
2H, Bcat), 6.72 (m, 2H, Bcat), 2.13 (m, 6H, CH ‘Pr), 1.15 (dvt, *Jus = 7.0, N = 13.6, 36H, CH3
Pr), -9.61 (br, 5H, OsHs). *'P{'"H} NMR (121.4 MHz, C:Ds, 298 K): § 48.0 (s). "'B{'H} NMR
(96.29 MHz, C7Ds, 298 K): & 40 (br).

Preparation of OsH(#*-H:Bcat)(5*-HBcat)(P'Pr3): (6). Catecholborane (16.0 uL, 0.15 mmol)
was added to a NMR tube containing a solution of 1 (25 mg, 0.05 mmol) in 0.5 mL of toluene-ds.

The tube was heated at 50 °C for 18 h. After cooling at room temperature, the solvent was
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removed under reduced pressure giving an orange oil. The orange oil was dissolved in pentane
and cooled at —30 °C. After 24 h, colorless single crystals suitable for X-ray diffraction analysis
were obtained. Yield: 37.6 mg (27%). Anal. Calcd for C30Hs4B204OsP:2: C, 47.88 H, 7.23. Found:
C, 48.17; H, 7.27. IR (cm™): v(Os—H) 2072 (w), v(B-H) 1903 (m, br). 'H NMR (300.13 MHz,
C7Ds, 298 K): § 6.91 (m, 4H, Bcat), 6.73 (m, 4H, Bcat), 2.34 (m, 6H, CH Pr), 1.15 (dvt, *Jun =
6.5, N = 13.6, 36H, CHs 'Pr), -9.50 (br, 4H, OsHa). *'P{'H} NMR (121.4 MHz, C7Ds, 298 K): &
36.9 (s). "B{'H} NMR (96.29 MHz, C7Ds, 298 K): & 35 (br).

Preparation of [OsHz(#*:*-H:2BNMe:)(P'Pr3)2] (7). Dimethylamine-borane (36 mg, 0.60
mmol) was added to a solution of 1 (100 mg, 0.193 mmol) in 5 mL of toluene and it was heated
at 80 °C for 18 h. After cooling at room temperature, the solvent was removed under reduced
pressure to afford to afford an orange oil. The addition of pentane (1 mL) afforded a white solid
that was washed with pentane (2 x 1 mL) and dried in vacuo. Yield: 42 mg (67%). Colorless
single crystals suitable for X-ray diffraction analysis were grown from a solution of 7 in pentane
at =78 °C. Anal. Calcd for C20Hs2BNOsP2: C, 42.17; H, 9.20; N, 2.46. Found: C, 42.31; H, 9.46;
N, 2.32. IR (cm™): v(Os—H) 2009, 1977 (m), v(B—H) 1795 (m, br). 'H NMR (300.13 MHz, CsDs,
298 K): § 2.57 (s, 6H, NCHs), 2.01 (m, 6H, CH Pr), 1.34 (dvt, *Jun = 6.0, N = 12.9, 36H, CHs
"Pr), —9.94 (br, 2H, OsH:B), —10.71 (t, *Jur = 22.8, 2H, OsH2). *'P{'H} NMR (121.4 MHz, CsDs,
298 K): 5 57.2 (s). "'B{'H} NMR (96.29 MHz, CsDs, 298 K): 5 67 (br).

Preparation of [OsHz(n*:n*-H2BNH'Bu)(P'Pr3):] (8). tert-Butylamine—borane (52.2 mg, 0.60
mmol) was added to a solution of 1 (100 mg, 0.20 mmol) in 5 mL of toluene and it was heated at
80 °C for 18 h. After cooling at room temperature, the solvent was removed under reduced
pressure to afford to afford an orange oil. Colorless crystals were grown from a solution of 8 in

pentane at —78 °C. Yield: 24 mg (20 %). Anal. Calcd for C22HssBNOsP2: C, 44.21; H, 9.44; N,
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2.34. Found: C, 44.41; H, 9.44; N, 2.56. IR (cm™): v(N-H) 3398 (w), v(Os—H) 1985 (w), v(B-H)
1801, 1811 (m, br). '"H NMR (300.13 MHz, CsDs, 298 K): § 2.08 (m, 6H, CH 'Pr), 1.93 (br, 1H,
NH), 1.39 (dvt, *Jun = 7.0, N = 12.9, 36H, CH: 'Pr), 1.17 (s, 9H, CHs 'Bu), -9.78(br, 2H,
OsH:B), —10.59 (t, *Jur = 23.3, 2H, OsH2). *'P{'H} NMR (121.4 MHz, CeDs, 298 K): 5 56.8 (s).

B {'H} NMR (96.29 MHz, CsDs, 298 K): 5 64 (br).
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SYNOPSIS: A novel coordination mode of a dihydrideborate ligand to an osmium center
featuring two elongated 6-BH bonds has been characterized by X-ray crystallography and by the

Atoms in Molecules (AIM) method.
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