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Mercapto-benzothiazolyl based ruthenium(ll) borate complexes: Synthesis and

Mohammad Zafar,’

reactivity towards various phosphines

Rongala Ramalakshmi,? Alaka Nanda Pradhan,’ Kriti Pathak,” Thierry Roisnel,

Sundargopal Ghosh*®

The synthesis and reactivity of ruthenium complexes containing an anionic boron based ligand, supported by mercapto-
benzothiazolyl heterocycles are presented. Specifically, reaction of [(ne-p-cymene)Ru{P(OIVIe)ZOR}CIZ], (1a: R=Me; 1b: R =
H) with [H,B(mbz),]” (mbz = 2-mercaptobenzothiazolyl) at room temperature afforded a series of borate complexes,
namely [(L)Ru{k>-H,S,S"-H,B(L),}P(0)(OMe)(HL)], 2, [Ru{k*-H,S,S"-H:B(L):}.], 3 and [(k*-N,S-L)P(OMe)sRu{K*-H,S,S'-H,B(L)},
4a; (L = C;H4NS;). The pivotal feature of 2 is the coordination of the Ru centre with a phosphorus atom of secondary
phosphine oxide and mercapto-benzothiazolyl ligands. On the other hand, 3 features dual Ru-:-H-B interactions between
Ru and B-H bonds of [H,B(mbz),]". Interestingly, along with 3, compound [(K*-N,S-L)P(OPh)sRu{k’-H,S,5"-H,B(L).}], 4b (L =
C7H4NS,), was isolated upon treatment of the same borate with [(n°-p-cymene)RuCl,P(OPh)s], 1c, which is stabilized by &-B-
H interactions and one phosphite ligand. Further, compound 3 promptly reacts with P(OR)s; to generate [(OR)sPRu-{k’-S,S'-
H,B(L)2H{K>-H,S,5-H,B(L),}], (5a: R = Me, 5b: R = Ph; L = C;H4NS,) by breaking one of the Ru---H-B interactions. Upon heating,
compound 5a converts into [(OMe),0PRu{i’-S,5'-HB(L):HK>-H,S,5'-H,B(L)}], 6a (L = C;H4NS,) by release of methane gas.
Compound 6a is a unique example wherein boron atom of borate ligand is bound to an oxygen atom of the phosphite unit.
In contrast, thermolysis of 3 with PR,R’ yielded [Ru{k>H,S,5"-H,B(L2){PR,R")z(L)], (7a: R = Me, R’ = Ph; 7b: R = Ph; R’ = Me; L
= C;H4NS;) respectively, revealing incorporation of two triphosphine ligands in the coordination sphere of ruthenium.
Density functional theory (DFT) calculations were undertaken to provide an insight into the electronic structures of the
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complexes.

Introduction

Phosphorus ligands are arguably very important due to their
steric properties, basicity as well as diverse substituents.™?
Interestingly, these ligands have high tunable stereoelectronic
and strong binding characters towards transition metals.>
Consequently, phosphorus-containing ligands are widely
utilized in coordination chemistry and catalysis.4 However,
most phosphines are extremely sensitive to moisture, air
oxidation and are difficult to handle during the synthesis.5 To
overcome these problems, stable secondary phosphine oxides
(SPOs) have received considerable attention recently, even
though the first SPO-metal complex was reported in 1983 for
The SPO ligands exist in two tautomeric forms and
between the pentavalent

. 6
catalysis.

show the an equilibrium

phosphine(V) oxide and the trivalent phosphinous(lll) acid (PA)
in solution.” The SPOs or phosphinito ligands display a stronger
cycloisomerization of arenyne.11 Stephenson et al. reported

the ruthenium complex E, which contains a polydentate ligand
composed of one phosphinito and two PA groups (Scheme

1).12 In addition, very recently Zhang and his co-workers

developed a novel secondary phosphine oxide of ruthenium

a. Department of Chemistry

o-donating ability in their anionic form through oxygen atom
compared to phosphinous(lll) acid and phosphine Iigands.8
However, this coordination mode has been observed most
scarcely with early and late transition metals.®® To the best of
our knowledge, only a few ruthenium complexes containing
SPO or PA ligands have been reported and their potential
applications in catalysis have been studied. For example,
[Ru(n®-arene)(R'R’POH), (A: R' = R* = Me; B: R' = R* = Ph)
complexes (Scheme 1) act as catalysts in nitrile hydration.10
Further, Clavier and co-workers synthesized a series of
ruthenium complexes bearing either one SPO ligand (C) or two
PAs (D) and studied their catalytic behaviour for the
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Scheme 1 PA or SPO-based ruthenium complexes

complex (F), which shows excellent catalytic activity for the
reduction of a,B-unsaturated aldehydes.13

The importance of transition metal complexes showing an
[M]---H-B interaction (o or agostic) has been realized in metal-
catalyzed B-H activation and hydroboration reactions.”*™® For
example, the activation of B-H bond of H3;N-BH; was facilitated
by a highly electrophilic Ru complex, [RuCl(dppe),], via Ru::-H-
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B interaction.”’ Similarly, activation of monosubstituted
boranes RBH, or RBHslLi (alkyl, aryl and NR,) achieved by Ru
complexes [RuH,(n*-H,)(PCys)a] or [Ru(H)CI(n*H,)(Peys)]. ™"
In this context, the [M]---H-B bonding motifs are reported for
both  base-stabilized (Shimoi-type)18 and  base-free®
complexes.

With the objective of synthesizing complexes having [M]
-H-B interactions, we recently isolated a series of borate
complexes
from the reaction of [(Cp*Ru),BsHs] or [Cp*MCI,], with mbz or
Na[H,B(mbz),] (M = Ru, Rh or Ir; Cp* = nS-CsMeS) and studied
their reactivity.zo'21 As a result, we explored the reactivity of
the sodium salts of [H,B(mbz),]” further, with different metal
precursors, [(r]s-p-cymene)RuP(OR)ZOR')CIZ], (1a: R = R' = Meg;
1b: R = Me, R' = H; 1c: R = R' = Ph). Herein, we report the
synthesis and characterization of novel ruthenium borate
complexes that feature secondary phosphine oxide or
phosphinate and exhibit two adjacent Ru---H-B interactions of
respectively. In addition, reactivity
studies of one of these complexes with various phosphorus-

nearly similar nature,

based ligands leading to the generation of novel coordinated
metal-boron complexes are discussed.

Results and discussion

As shown in Scheme 2, room temperature reaction of 1a or 1b
with  two Na[H,B(mbz),] (mbz 2-
mercaptobenzothiazolyl) in THF resulted in the formation of
[(LRu{K?-H,S,5'-H,B(L),}P(0)(OMe)(LH)], 2,  [Ru{K*-H,S,S'-
H,B(L),},], 3 and [(k*-N,S-L)P(OMe)sRu{k*-H,S,S-H,B(L),}], 4a (L

equivalents of

C,H4NS;) in moderate vyields. These compounds were
separated by preparative thin-layer chromatography, that gave
pure

materials for characterisations.

The solid-state structure of 2 was confirmed by X-ray
diffraction analysis of a single crystal, obtained from a solution
from CH,Cl, at -5 °C and was characterized by mass

spectrometry as well as various multinuclear spectroscopic
analyses. The 'H NMR spectrum of 2 recorded at 25 °C in
CDCl;, displayed a broad signal at & -3.40 ppm that
corresponds to a bridging proton (B-H,), and multiplet in the
region of 10.98-7.41 ppm, indicating the presence of
benzothiolyl groups. The singlet at 6 = 152.8 ppm in ptHy
NMR spectrum, gives an indication that phosphorus is
1913 Furthermore, the 11B{lH}
NMR spectrum displayed a sharp signal at § = -4.0 ppm. In
addition, the 13C{lH} NMR spectrum revealed resonances for

coordinated to the metal centre.

the existence of a methyl group and benzothiolyl heterocycles.
Mass spectrometry data of 2 showed a molecular peak at m/z
858.8385, which corresponds to the composition of
CyoH,3RUSgN,BPO,. The infrared (IR) spectrum exhibits the
stretching frequencies at 2459 cm’? for B-H; and 1030 em™” for
the characteristic double bond between phosphorous and
oxygen atoms (P=0).

Fig. 1. Molecular structure and labelling diagram for 2 (hydrogen atoms of benzene
rings and methyl group are omitted for clarity). Selected bond lengths (A) and angles
(°): Ru2-P11 2.2101(10), Ru2-S11 2.3301(10), Ru2-S15 2.4230(10), Ru2-S17 2.3485(10),
Ru2-H59A 1.90(4), B59-H59A 1.14(5), B59-H59B 1.13(4), P11-091 1.504(3), P11-039
1.616(3); P11-N88 1.803(3), Ru2-P11-N88 105.30(11), P11-Ru2-S11 93.05(4), H59A-B59-
H59B 101(3).
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Scheme 2 Synthesis of ruthenium complexes supported by benzothiazolyl heterocycles 2-4.

Compound 2 contains two independent molecules in the
unit cell. The molecular structure adopts a unique coordination

fashion between the metal and ligands, which differs from
reported metal-SPO (:omplexe:;lo"13 (Fig. 1). Interestingly, the



phosphorus atom of the chiral secondary phosphine oxide and
sulphur atom of the benzothiolyl group are bonded to
ruthenium in the octahedral coordination core of 2 and form a
five-membered (RuSONP) ring (Fig. 1). The oxygen atom of
P=0 bond has hydrogen bond interaction with H atom of
pendanted benzothiolyl moiety. The bond length between P11
and 091 (1.504(3) A) indicates a double bond, characteristic
for metal-SPO complexes.g’a’w'13 This bond distance suggests
that the phosphorus atom is bonded with the ruthenium
centre through o-bond and the P=0O bond (PY) formed by
oxidation as it is major unit in equilibrium with ")
tautomer.”** Notably, the Ru2-P11 bond distance (2.2101(10)
A) is shorter than corresponding distances in other metal-SPO

10-13,22 maybe due to the involvement of Ru and P in

complexes,
the formation of five membered ring. In addition, the Ru2-S13
distance (2.4031(10) A) is elongated compared to that of Ru2-
S11 bond (2.3301(10) A) and Ru2-H59 A bond distance of
1.90(4)A, are in the range of values measured in reported
ruthenium borate complexes.zo’21

In order to have insight into the structure and bonding of 2,
density functional theory (DFT) computations were carried
out. The geometrical parameters of the optimised ground-
state structure at PBEO/def2-TZVP level of theory are in a good
agreement with the corresponding experimental ones (Table
S1t). The calculated P=0 stretching frequency, 1055 em™, isin
accordance with the experimental value, 1030 cm™. Further,
both the B and 'H chemical shifts were computed by the well
known GIAOs (gauge-including atomic orbitals) method and
compared with observed values (Table S3t). The natural
population analysis (NPA), shown in Table S2, suggests that the

(c) @

Fig. 2. HOMO (a), HOMO-7 (b) and HOMO-16 (c) of 2 respectively (isovalue: +0.05
[e/bohr3]1/2); contour plot of Laplacian of the electron density, Vzp(r) (d) with negative
contours shown as red lines and positive contours shown as black lines for 2 (blue and
yellow dots indicate bcps and reps, respectively).

P atom has more positive charge, indicating that less electron
density surrounds it, which is consistent with more downfield
chemical shift in 31P{lH} NMR spectrum. Analysis of molecular

orbitals reveals that the HOMO of 2 mainly composed of
ruthenium d,,-character with small p,-character of sulphur of
the benzothiazolyl ligands (Fig. 2a), while the LUMO had
mainly on ligands (Fig. S49). The HOMO-7 and HOMO-16 in 2
involves Ru-P and P=0 bonding interactions respectively (Fig.
2b,c).

In addition, the coordination of phosphinate and B-H units
with Ru metal in 2 are supported by topological and natural
bond orbital (NBO) analyses. The topological analysis shows
the presence of bond critical points (bcps) for Ru2-P11 [p
(0.120 au) and Vzp(r) (0.175 au)] and Ru2-S15 [p (0.213 au) and
Vzp(r) (0.420 au)] bonds (Fig. 2d, Table S4). The ellipticity of
the electron density at bcps of R-H and H-B bonds indicates
Ru-H-B interaction (Fig. S49, Table S4). Furthermore, the
inspection of an NBO analysis provided relatively high WBI
(Wiberg bond index) value of 1.093 for the P-O bond, which is
consistent with a double bond character. Other bonding
interactions between the atoms for specific bonds, for
example Ru-P, Ru-S, P-O, P-N and Ru-H-B, bonds are shown in
Fig. S50.

Compound 3 was isolated as yellow crystals and was
characterized by IR, 'y, 11B{lH}, 13C{lH} NMR and mass
spectrometry (Fig. S6-S8 and S41t). The mass spectrum of 3
showed a molecular ion peak at m/z 792.8675 ([M+H]"). The
“B{*H} NMR spectrum shows a broad signal at 6 = -4.8 ppm
and the "H NMR spectrum shows a upfield chemical shift at § =
-11.94 ppm, consistent with the metal-coordinated proton.
The spectroscopic data combined with the mass spectrometric
data were not adequate to predict the identity of 3. A clear
explanation eluded us until a solid-state X-ray structure
analysis of 3 was carried out.

The molecular structure of 3, shown in Fig. 3a, can be seen
as [RU{KB-H,S,S'-HZB(L)Z}Z] (L= C;H4NS,). The Ruatomin3isina

Fig. 3. Molecular structures and labelling diagram for 3 and 4b (hydrogen atoms of
benzene rings are omitted for clarity). Selected bond lengths (A) and angles (°). (a):
Rul-B1 2.644(11), Rul-B2 2.631(10), Rul-S1 2.379(2), Rul-S3 2.300(2), Rul-S5
2.369(2), Rul-S7 2.313(2), B1-N1 1.577(12), B2-N3 1.568(12); S3-Rul-S7 88.70(8), S5-
Ru1-S7 89.99(9), B1-Ru1-B2 107.0(3), N2-B1-Rul 98.2(5), N3-B2-Rul 97.7(5); (b): Rul-
H61B 1.938, Rul-S1 2.4495(17), Rul-S11 2.3148(17), Rul-S21 2.3553(17), Rul-N32
2.130(5), Rul-P1 2.1833(19), P1-O1 1.603(6), B61-H61B 0.9700, N32-Rul-P1
100.04(16), P1-Ru1-51 91.76(7), H61A-B61-H61B 107.70.



Fig. 4. (a) and (b) Natural bond orbitals associated with Ru-H-B interactions in 3; (c)
contour plot of electron density overlaid with gradient in grey colour and bond critical
points as blue points; (d) contour plot of the Laplacian of the electron density with
negative contours shown as red lines and positive contours shown as black lines for 3 in
one of Ru-H-B plane.

distorted octahedral geometry surrounded by tridentate
[H,B(mbz),]” groups in (K3-H,S,S') coordination mode. The
presence of B-H, and B-H, hydrogen atoms in 3 were
confirmed by 'H-B HSQC NMR spectroscopy (Fig. S9). The Ru-
B distances of 2.644(11) A and 2.631(10) A are shorter as
compared to those in [Cp*Ru{K3-H,S,S’-HzB(L)2}] (2.753(1) A)Zoa
and [(cod)CIRu{k*-H,S,S'-H,B(L),}] (2.697(4) A)*® (L = C,H,NS,).
However, they are considerably longer than the Ru-B distance
observed in [RuH,{n*-HB:n>-HC-HB(N'Pr,)CH,CsH,PPh,}(PCy;)]
(2.173(3) A)B as well as in ruthenaborane clusters.?* The two
S,B,S-donor sets in 3 are aligned in fac-arrangements that
minimizes the steric repulsion between them.

Furthermore, to study the bonding nature of the Ru-H-B
interaction, calculations were performed on 3. The optimised
structure fits well with the X-ray crystal structure (Table S1¥).
The energy gap between the HOMO (highest occupied
molecular orbital) and LUMO (lowest occupied molecular
orbital) for 3 is 1.88 eV (Table S21). NBO studies suggest that
there are two sets of weak Ru--H-B interactions in the
molecule (Fig. 4a-b). WBI for the Ru-H bond (0.191) is notably
smaller compared to that of the B-H, bond (0.657). This
suggests a weak Ru-H interaction (Table S1t). In line with the
NBO calculations, the topology of the electron density for 3
shows that the B-H moieties that interact with the metal
centre, have similar electron densities and Laplacian of the
electron densities at Ru-H bond critical points (bcps) (Table
S4). This indicates the presence of equivalent interactions in
the two Ru-H-B planes for 3 (Fig. 4c-d).

In parallel to the formation of 2 and 3, reaction of 1a with
Na[H,B(mbz),] also vyielded the novel ruthenium borate
complex  [(K*-N,S-L)P(OMe);Ruf{k>-H,S,S"-H,B(L),}], 4a, by
ruthenium-induced B-N bond cleavage of the [H,B(mbz),]”
Iigands.25 Unfortunately, 4 was not yielded from 1b under
same or different conditions, this may be due to the fact that

P(OMe),OH gets easily oxidized and converted to 2. The
*p*H} NMR spectrum of 4a shows a single peak at 6 = 144.2
ppm. The “B{*H} NMR spectrum shows a broad peak at 6 = -
4.0 ppm. Besides the presence of protons due to mbz moieties,
the 'H NMR spectrum exhibits one upfield chemical shift at 6 =
-2.32 ppm corresponding to Ru—H-B proton and 6 = 4.78 to
3.63 ppm for B-H; units. Further, the mass spectrum of 4a
displayed a molecular ion peak at m/z 737.8978, suggesting
the molecular formulation of C,;,H,,RuSgN;BPO3.

Under the similar reaction conditions, the reaction of [(r]6-
p-cymene)RuCl,P(OPh);], 1c, with two equivalents of same
borate ligand yielded [Ru{K3-H,S,S’-HZB(L)z}z], 3, and [(KZ-N,S-
L)P(OPh)3Ru{K3-H,S,S’-HZB(L)z}], 4b, (L = C;H4NS,) in yellow and
red solids (Scheme 2). Based on all the spectroscopic data
combined with mass spectrometric studies, it is clear that 4b is
analogous to 4a. As shown in Fig. 3b, the molecular structure
of 4b, in which the Ru atom is in a distorted octahedral
environment with a P(OPh); ligand and one o0-B-H interaction.
The Ru---H-B distance of 1.975 A in 4b is considerably longer as
compared to 2 (1.90(4) A), as well as in reported borate
complexes, such as for example, [Cp*Ru{K3-H,S,S’—HZB(L)2}]
(1.830(3) A)*® and [(cod)Ru(L){k*-H,S,S"-H,B(L),}] (1.755(3)
R)?® (L = C,H,NS,). Similarly, the Ru--B distance of 2.817 A in
3a is significantly longer as compared to that in 2 (2.784 A),
and 3 (2.644(11) A).

Phosphines or phosphites are generally considered as good
donor Iigands.l’26 We then envisaged that a ready accessibility
of these ligands might show interesting reactivity towards 3.
Thus, we performed the reaction of 3 with one equivalent of
P(OR); (R = Me or Ph) at 60 °C in toluene. This resulted in the
formation of the phosphite-incorporated borate complexes
[(OR)sPRu{k*-S,S'-H,BL,}{k*-H,S,5'-H,BL,}], (5a: R = Me, 5b: R =
Ph; L = C;H4NS,) as brown crystalline solids (Scheme 3). The
*p*H} NMR spectrum for both complexes provides a chemical
shift in the expected region for the four coordinate
phosphorus atom?” (6 = 136.0 ppm for 5a and 6 = 116.6 ppm
for 5b). This suggests the incorporation of the phosphite unit.
Along with aromatic features, the B-H, and B-H, protons in the
region of -4.44 - -4.13 ppm and 4.38-4.23 ppm respectively are
observed in 'H NMR spectroscopy. Further, the presence of
borate units are suggested by sharp signals at 6 =-3.1 and -6.3
ppm for 5a and 6 = -3.3 and -6.8 ppm for 5b in the 1B{*H}
NMR spectra. A molecular ion peak at m/z 916.9013 and
1102.9442 in the mass
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Scheme 3 Reactivity of 3 with various phosphorus based ligands.

Fig. 5. Molecular structure and labelling diagram for 5a (a) and 5b (b) (hydrogen atoms
of benzene rings are omitted for clarity). Selected bond lengths (A) and angles (°) (5a):
Rul-H39A 1.973, Rul-S1 2.4186(16), Rul-S5 2.3276(18), Rul-S7 2.3672(16), Rul-P1
2.2081(15), B39-H39A 0.9900; S1-Rul-S3 95.91(6), S5-Rul-S7 90.32(6), P1-Rul-S1
92.74(6), H39A-B39-H39B 108.0; (5b) Rul-B2 2.791, Rul-H2B 1.938, B1-H1A 0.9700,
B1-H1B 0.9700, B2-H2B 0.9700, Rul-P1 2.1832(16), P1-01 1.604(4), Ru1-S5 2.3625(14),
Ru1-S8 2.4254(17); S5-Rul-S6 89.33(6), S7-Rul-S8 9 94.45(6), P1-Rul-S6 93.48(6), H1A-
B39-H1B 108.3, H2A-B2-H2B 107.9.

spectra confirmed the formulation of 5a and 5b respectively.
Their solid-state X-ray structures clearly shows that one unit of
[H,B(mbz),] is bonded to Ru through a (K3-H,S,S') coordination
mode and that the other one is connected via a (KZ-S,S') mode
forming an eight-membered ring (Fig. 5).# The Ru-S bond
lengths are rather similar in both cases, but the Ru-P and Ru-B
bond distances of 2.2081(15) A and 2.828 A respectively in 5a,
are longer than the corresponding ones in 5b (Ru-P 2.1832(16)
A; Ru-B 2.791 A) and 3 (Ru-B 2.644(11) A.

Interestingly, upon heating compound b5a, it readily
changes into the novel air stable red compound
[(OMe),0PRu{k>-S,S"-HB(L),Hi>-H,S,5-H,B(L),}], 6a (L =
C,H4NS,) in quantitative yield (Scheme 3). The 'H NMR
spectrum of 6a shows two distinct hydrogen environments,

one at 6 = -3.15 and and the other at 3.71, 3.69 ppm, which
are assigned to the terminal and bridging B-H protons,
respectively. The *p*H} NMR spectrum at room temperature
reveals a single resonance at 6 = 132.3 ppm, up-field shifted
relative to that of the parent compound 5a (6 = 136. 0 ppm).
Compound 6a also exhibits two sharp chemical shifts in the
“B{*H} NMR spectrum at 6 = 0.1, -4.6 ppm, shifted downfield
compared those of 5a (6 = -3.1, -6.3 ppm). In addition, the
Be*H} NMR spectrum suggests the presence of methoxy
groups and benzothiolyl heterocycles. Further, the existence of
a bridging and terminal B-H protons are consistent with IR
spectroscopy.

An unambiguous determination eluded us until a solid-
state X-ray structure analysis of 6a was performed. The
crystalline solid of 6a was found to consist of two independent
molecules within the asymmetric unit. The molecular structure
of 6a is shown in Fig. 6, along with selected bond parameters.
The key feature of 6a is the formation of P-O and O-B bonds by
release of methane maybe from the methoxy group of the
phosphite and the terminal hydrogen of the borate ligand. The
ruthenium centre is also bonded to the anionic [BH,(mbz),]
and [BH(mbz),] ligands, which are linked through the thione
donors and BH units (Fig. 6). It also contains the phosphite
group and then the coordination around the ruthenium centre
is a distorted octahedral geometry. The phosphorous-oxygen
and boron-oxygen bond distances are 1.568(6) A and 1.450(12)
A respectively, consistent with other structurally characterized
complexes having P-O and B-O moieties.”®*® The Ru1-P1 bond
length of 2.180(3) A is shorter than in the parent compound 5a
(2.2081(15) A). The Ru1-B2 (2.803 A), Rul-H5X (1.88(8) A) and
B2-H5X (1.15(8) A) distances are matches well with the
corresponding ones measured in other related complexes.”

Fig. 6. Molecular structure and labelling diagram for 6a (hydrogen atoms of benzene
rings and methyl groups are omitted for clarity). Selected bond lengths (A) and angles
(°): Rul-P1 2.180(3), Rul-S2 2.343(3), Rul-S6 2.364(3), Rul-H5X 1.88(8), P1-O1
1.568(6), P1-02 1.618(7), B2-H5X 1.15(8), B2-H6X 1.13(10), B4-H4X 1.06(6), B4-01
1.450(12); Rul-P1-O1 116.4(3), B4-01-P1 127.9(6), O1-B4-H4X 112(4), H5X-B2-
H6X 105(6).

The computed HOMO-LUMO energy gap of 6a is greater
compared to that computed for 5a and 5b (Table S2). The
HOMO is mainly located on the ruthenium centre with a small



contribution from the metal-coordinated sulphur atoms. On
the other hand, the LUMO is primarily on one of the
benzothiazolyl moieties and the Ru centre (Fig. 7a-b). From an
NBO analysis, the Wiberg bond indices (WBI) of Ru-P, P-O and
B-O bonds are

Fig. 7. HOMO (a) and LUMO (b) of 6a (isovalue: +0.05 [e/bohrS]l/Z); bonding interaction
between P-O bond (c) and B-O bond (d) as obtained from NBO analysis; contour plot of
Laplacian of the electron density, Vzp(r) (e) with negative contours shown as red lines
and positive contours shown as black lines for 6 (blue dots indicate bcps).

0.760, 0.778 and 0.766, respectively, indicating strong
coordinative interaction, which matches well with the crystal
data (Fig 7c-d and S52, Table S1). The topological analysis of
the electron density shows that bond critical points (bcps)
between Ru-P, P-O, B-O, R-H and H-B bonds (Fig. 7e and S51,
Table S4).

We were interested in the structural changes in the
coordination sphere of the ruthenium centre upon reaction
with other phosphine ligands. As a result, we carried out the
reaction of 3 with PR,R’ (R = Me or Ph; R’ = Ph or Me) at 90 °C,
that afforded generation of [Ru({K3-H,S,S’-HZB(LZ)(PRZR’)Z(L)],
(7a: R = Me, R’ = Ph; 7b: R = Ph; R = Me; L = C,H,NS,),
respectively, in moderate yields. Interestingly, the *p*H} NMR
spectra of 7a and 7b displayed doublet of doublet in the range
of 6§ =12.9-27.1 ppm, thereby suggesting that two phosphorus
atoms are coordinated to the metal centre. The less positive

Fig. 8. Molecular structures and labelling diagram for 7a (hydrogen atoms of benzene
rings and methyl groups are omitted for clarity). Selected bond lengths (A) and angles
(°): Rul-H51A 1.84(2), Rul-S1 2.4097(6), Rul-S3 2.3578(6), Rul-P1 2.3034(6), Rul-P2
2.2719(6), B51-H51A 1.15(2), B51-H51B 1.13(2); P2-Rul-P1 91.61(2), P2-Rul-S3
94.06(2), S3-Rul-H51A 86.5(7), S1-Rul-H51A 88.7(7), S5-Rul-H51A 91.7(7).

NPA charges of phosphorous atom suggest more electron
density around them, consistent with the more up-field shift in
their 31P{lH} NMR compared that of 2-6 (Table S2). The Mgty
NMR spectra showed a broad resonance at § =-2.9 ppm for 7a
and —2.1 ppm for 7b, respectively. The 'H NMR spectra reveal
a broad signal in the region of § = -6.93- —7.63 ppm for B-Hy
protons and a multiplet in the range of 7.82-6.80 ppm,
indicating the presence of benzothiolyl groups in both
compounds. Further, 13C{lH} NMR spectra confirm the
presence of methyl and benzothiolyl heterocycles and ESI mass
spectra in positive mode displyed a molecular ion peak at m/z
889.9925 and 1014.0246 for 7a and 7b, respectively.

The solid-state structure of 7a could be unambiguously
determined by means of single crystal X-ray diffraction
analysis. To our surprise, it indicates that two units of
phosphine ligands are incorporated in its coordination sphere,
contrary to only one
in the cases of 2 and 5. The ruthenium atom in 7a adopts an
octahedral geometry with two phosphine units, both
positioned in cis-arrangement (Fig. 8). The ruthenium centre is
also connected to the [BH,(mbz),] ligand via (K3-H,S,S') and one
benzothiozolyl heterocycle unit through a r]l-coordination
mode. The Ru-P bond lengths in 7a (2.3034(6) A and 2.2719(6)
A) are elongated with respect to those in 2 (2.2053(10) A) and
5 (2.2081(15) A). The Rul-H51A (1.84(2) A) and B51-H51A
(1.15(2) A) bond distances are comparable with the
corresponding observed distances in 3 and other reported
ruthenium borate complexes.20

Conclusions

In summary, the synthesis of ruthenium borate complexes
featuring a secondary phosphine oxide moiety has been
successfully achieved with simple phosphine ligands. Among
them, one eighteen-electron bis(mercapto-benzothiazolyl)-
borate complex of ruthenium with two adjacent Ru---H-B



interactions has been synthesized. Further, utilization of more
basic phosphines in metal precursors led to the formation of
phosphorous incorporated compounds. While a very few
number of borate complexes having dual Ru---H-B interactions
are known, their reactivity has not been further explored at
length. Here, we explored the chemistry of a ruthenium
bis(borate) complex, with a set of phosphorus-based ligands,
that clearly demonstrate the flexible nature of [M]---H-B
interactions and revealed a diverse reactivity pattern by
incorporating phosphite and phosphine units in the
coordination sphere of ruthenium.

Experimental
General procedures and instrumentation

All manipulations were conducted under standard Schlenk line
and glove box techniques at inert atmosphere of dry argon.
Compounds [(r]G-p-cymene)Ru(PRzR’)Clz]m’30 (la: R = R =
OMe; 1b: R = OMe, R’ = OH; 1c: R = R’ = OPh) and
Na[HzB(mbz)z]31 (mbz = 2-mercaptobenzothiazolyl) were
prepared according to the literature procedures. Toluene,
Hexane and THF were distilled (from Na/benzo-phenoneketyl)
when required and CH,Cl, was dried over calcium hydride.
CDCl; was degassed by three freeze-thaw cycles, dried over
calcium hydride for 12 h, and kept in a Young’s ampoule over 4
A molecular sieves under Argon. The 'y, uB{lH}, 13C{lH},
31P{lH} and HSQC NMR spectra were recorded on a Bruker 400
and 500 MHz instruments. The external reference for the
11B{lH} NMR spectroscopy, [BusN][(BsHg)] was synthesized
according to the literature method.* Residual solvent protons
were used as reference (6, ppm, benzene-ds;, 7.16, CDCl;,
7.26), while a sealed tube containing [BuyN][(BsHg)] in
benzene-dg (6z, ppm, -30.07) was used as an external
reference for 11B{lH} NMR spectra. 'y decoupled 11B{lH}
spectra of all compounds were processed with a backward
linear prediction algorithm to remove the broad 1B{*H}
background signal of the NMR tube.®* Mass spectra were
carried out using Bruker MicroTOF-Il mass spectrometer and
Qtof Micro YA263 HRMS instrument in ESI ionization mode.
The FT-IR spectra were recorded using a Jasco FT/IR-4100
spectrometer.

Synthesis of 2-4

[(r]s-p-cymene)RuCIzP(OMe)3], 1a (0.120 g, 0.279 mmol) and
Na[H,B(mbz),] (mbz = 2-mercaptobenzothiazolyl) (0.205 g,
0.558 mmol) were taken in a flamed dried Schlenk flask and
placed at room temperature. Dry THF (15 mL) was slowly
added to these solids under stirring condition. Upon addition
of THF, a reddish orange solution formed, which was stirred at
same temperature for 12 h. The solvent was removed in-vacuo
and the residue was dissolved in CH,Cl, (15 mL)/Hexane (5 mL),
filtered using Celite. The solvent was removed and the residue
was subjected to chromatographic workup using silica-gel TLC
plates. Elution with a CH,Cl,/hexane (70:30 v/v) mixture
yielded an orange 2 (0.060 g, 25%), yellow 3 (0.050g, 22%), and
red 4a (0.080 g, 34%).

Under same reaction conditions, treatment of [(ns-p-
cymene)RuCl,P(OMe),0H], 1b (0.120 g, 0.289 mmol) with
Na[H,B(mbz),] (0.212 g, 0.578 mmol) yielded an orange 2
(0.076 g, 30%) and yellow 3 (0.080 g, 35%).

Red compound 4b (0.046 g, 25%) and yellow compound 3
(0.076 g, 50%) were isolated from the reaction of [(r]s-p-
cymene)RuCl,P(OPh);], 1c (0.120 g, 0.194 mmol) with
Na[H,B(mbz),] (0.212 g, 0.388 mmol) under similar reaction
conditions of 4a.

2: MS (ESI"): m/z calculated for CyoH,3RUSgN,BPO, [M+H]":
858.8460, found 858.8385; "'B{'H} NMR (160 MHz, CDCls,
22°C): & = -4.0; 'H NMR (500 MHz, CDCls, 22°C): & = 10.98 (s,
1H), 8.39 (d, J = 8.4 Hz, 1Hparmby), 7-87 (d, J = 8.6 HZ, 1Har(moa),
7.80 (d, J = 8.5 Hz, 1Harmby), 7-69—7.64 (M, LTHarmby), 7-48-7.43
(M, 4Harmbz), 7-41~7.32 (M, SHarmby), 7-29 (dd, J = 7.8, 6.3 Hz,
6Hp), 7.25-7.19 (M, 2Hr(mba), 4-96 (br, 1H, B-H,), 3.97 (d, J =
11.6 Hz, 3H P(OCH;), -3.40 (s, br, 1H, Ru-H-B); “*c{*H} NMR
(125 MHz, CDCl5, 22°C): 6 = 53.6, 112.1, 114.8, 116.4, 116.7,
117.3, 121.3, 124.3, 124.4, 124.6, 124.9, 126.6, 126.7, 127.3,
130.2, 140.2, 142.7, 191.1, 191.2 (C=S); **P{'H} NMR (121 MHz,
CDCl3, 22°C): 6 = 152.8; IR (CH,Cl,, cm™): ¥ = 2459 (B-H,), 2103
(B-Hy), 1030 (P=0).

3: MS (ESI"): m/z calculated for C,gH,;RuSgN,B, [M+H]":
792.8761, found 792.8675; "'B{*H} NMR (160 MHz, CDCls,
22°C): 6 = -4.8; "H NMR (500 MHz, CDCls, 22°C): 6 = 7.92 (d, J =
8.1 Hz, 1Ha(mby), 7.79-7.69 (M, 4Hp(mpy), 7.47-7.41 (m,
2Hpr(mby)s 7-40-7.31 (M, 4Haqmpy), 7-31-7.26 (M, 2Hamba),
7.24 (d, J = 1.4 Hz, THmby), 7-21-7.15 (M, 2Harmby), 459 (s,
2H, B-H,), -11.94 (s, br, 2H, Ru-H-B); *c{*H} NMR (125 MHz,
CDCl;, 22°C): & = 116.2, 121.2, 121.5, 122.0, 124.1, 124.2,
124.7, 126.3, 126.4 (C=C), 133.1, 145.2 (C=N), 198.8 (C=S),
199.7 (C=S); IR (CH,Cl,, cm™): ¥ = 2456 (B-H,), 2060 (B-H,).

4a: MS (ESI"): m/z calculated for C,4H,4,RuSgN3BPO; [M+H]™:
737.9016, found 737.8978; “'B{'H} NMR (160 MHz, CDCls,
22°C): 6 = -4.0; *H NMR (500 MHz, CDCls, 22°C): & = 7.85 (d, J =
8.4 Hz, 1Harmoy), 7-74 (d, J = 8.3 Hz, 1Ha(mby), 764 (d, J = 8.1
Hz, 1Harmby), 7-52 (d, J = 7.8, 1.2 Hz, THarmby), 7-39-7.33 (m,
2Hr(mby)s 7-31-7.27 (M, 1Harmey), 7.22 (td, J = 7.8, 1.4 Hz,
THarmby), 7-19-7.12 (M, 3Hamey)s 7-09-7.02 (M, 1Harmon),
4.78 (s, 1H, B-H,), 3.63 (d, J = 11.1 Hz, 9H), -2.32 (s, br, 1H, Ru-
H-B);**c{"H} NMR (125 MHz, CDCls;, 22°C): & = 52.7 (OMe),
116.3, 116.6, 121.0, 121.1, 122.6, 124.1, 124.3, 126.0, 126.3,
145.6 (C=N), 182.8 (C=S), 197.0 (C=S); **P{*H} NMR (121 MHz,
CDCl3, 22°C): 6 = 144.2 ; IR (CH,Cl,, cm™): ¥ = 2436 (B-H,), 2138
(B-Hp).

4b: MS (ESI"): m/z calculated for CsgH3oRUSgN3BOsP [M+H]™:
923.9485, found 923.9404; "B{*H} NMR (160 MHz, CDCls,
22°C): 6 = -3.7; "H NMR (400 MHz, CDCls, 22°C): 6 = 7.78 (d, J =
8.4 Hz, 1Hp(mby), 7.58-7.50 (M, 1Ha(mby), 7.39-7.33 (m,
2Hprmby)s 7-19-7.13 (m, 10H,), 7.09 (dd, J = 8.8, 7.0 Hz,
7Hpr(mba), 6-95-6.86 (M, 6Hy,), 4.72 (s, 1H, B-H,), -2.44 (s, br,
1H, Ru-H-B); *c{*H} NMR (125 MHz, CDCl;, 22°C): & = 115.9,
116.5, 119.0, 120.3, 121.1, 122.1, 122.9, 123.9, 124.2, 125.2,
129.1, 134.3, 137.2, 140.0, 149.9, 151.9, 154.9, 192.51 (C=S);



31p{'H} NMR (121 MHz, CDCls, 22°C): 6 = 123.8 ; IR (CH,Cl,, cm~
Y): ¥ = 2468 (B-H,), 2149 (B-H,).

Synthesis of 5a-b

In a flame dried Schlenk tube, a yellow solution of 2 (0.050 g,
0.063 mmol) and P(OMe); (0.07 mL, 0.063 mmol) in toluene
(15 mL) was thermalized for 12 h at 60 °C temperature. The
volatile components were removed under vacuum and the
remaining residue was extracted into CH,Cl,/hexane passed
through Celite. After removal of solvent, the residue was
subjected to chromatographic work up using preparative TLC.
Elution with a hexane/CH,Cl, (20:80 v/v) mixture vyielded
brown 4 (0.020 g, 34%).

Under same reaction conditions, treatment of [RU{K3-H,S,S'-
H,B(L),},], 3 (0.050 g, 0.063 mmol) with P(OPhs); (0.16 mL,
0.063 mmol) yielded an brown 5b (0.026 g, 41%).

Although we have tried different conditions, we were unable
to isolate 6b from 5b or 3. This may be due to the presence of
O-Ph bond that is stronger in P(OPh); as compared to O-CH;
bond in P(OMe);.
5a: MS (ESI"): m/z calculated for Cs;H3oRuSgN,B,PO; [M+H]":
916.9050, found 916.9013; 'B{"H} NMR (160 MHz, CDCl;, 22
°C): 6 = -3.1 (br, B1), -6.3 (br, B2); "H NMR (500 MHz, CDCls, 22
°C): 6§ = 7.98 (d, J = 8.4 Hz, 1Haqmey), 732 (d, J = 8.5 Hz,
BHpmpy), 7-24 (d, J = 7.5 Hz, 3Harmby), 711 (t, J = 7.5 Hz,
5Har(mb), 7-05 (t, J = 7.7 Hz, 3Hamby), 4-23 (s, 1H, B-H,), 4.31
(s, 1H, B-H, ), 3.83 (d, J = 10.7 Hz, 9H, OCH,), -4.13 (br, s, 1H,
Ru-H-B); *C{'H} NMR (125 MHz, CDCls, 22°C): § = 53.6 (OCH),
116.7, 120.6, 124.3, 131.7, 140.7, 146.6 (C=N), 195.7, 197.9
(c=s); *'P{"H} NMR (121 MHz, CDCl;, 22°C): & = 136.0; IR
(CH,Cl,, cm™): ¥ = 2457 (B-H,), 2028 (B-Hy).

5b: MS (ESI"): m/z calculated for CagH36RUSgN,B,PO; [M+H]":
1102.9520, found 1102.9442; 'B{"H} NMR (160 MHz, CDCls,
22°C): 6 = -3.3 (br, B1), -6.8 (br, B2); *H NMR (500 MHz, CDCls,
22°C): & = 7.92 (S, THarmba), 7-37-7.30 (M, 4Hpr(mpn), 7-22 (t, J =
7.9 Hz, 7Harmba), 7-18-7.02 (M, 19Harmpy), 700 (d, J = 8.1 Hz,
5Har(mba), 4-38 (s, 3H, B-H, ), -4.44 (br, s, 1H, Ru-H-B); “*C{'H}
NMR (125 MHz, CDCls, 22°C): 6 = 116.6, 120.6, 121.0, 121.7,
124.3, 124.4, 126.5, 129.2, 129.5, 130.0, 131.8, 144.5 (C=N),
145.5 (C=N), 146.5, 151.5, 152.0, 152.6, 152.8 146.6 (C=N),
195.6, (C=S); *'P{*H} NMR (121 MHz, CDCls, 22°C): 6 =116.6; IR
(CH,Cl,, cm™): ¥ =2466 (B-H,), 2146 (B-Hy).

Synthesis of 6a

To a toluene suspension of compound 5a (0.050 g, 0.054
mmol) was placed in flammed Schlenk flask and stirred for 12
h at 60 °C. The solvent was removed in-vacuo and the residue
was dissolved in CH,Cl, (15 mL)/Hexane (5 mL), filtered using
Celite. The solvent was removed and the residue was
subjected to chromatographic workup using silica-gel TLC
plates. Elution with a CH,Cl,/hexane(70:30 v/v) mixture
yielded red 6a (30 mg, 61%).

Note that, we have isolated compound 6a from 3 in very
poor yield.

6a: MS (ESI"): m/z calculated for CsoH,gRuSgN,B,PO; [M+H]":
900.8737, found 900.8661; “'B{*H} NMR (160 MHz, CDCls,
22°C): & = 0.1, -4.6; *H NMR (500 MHz, CDCls, 22°C): & = 7.82
(d, J = 8.4 Hz, THr(mby), 7-46=7.43 (M, 1Hparmp:), 7-43-7.39 (m,
THarmby), 7-37 (dd, J = 7.8, 1.3 Hz, 1Hpmby), 7.31-7.27 (m,
THarmby), 724 (d, J = 3.4 Hz, 1Haqmoy), 7-19 (t, J = 7.6 Hz,
1Har(mba), 4.78 (s, 1H, B-H,), 3.71 (d, J = 10.8 Hz, 6H P(OCH;),),
3.69 (s, 1H, B-H,), -3.15 (s, br, 1H, Ru-H-B); *c{*H} NMR (125
MHz, CDCls, 22°C): & = 53.5, 116.5, 120.3, 121.1, 124.1, 124.6,
126.4, 126.9, 130.9, 132.5, 145.9, 147.4, 195.8.(C=S); >'P{*H}
NMR (121 MHz, CDCls, 22°C): & = 132.3 IR (CH,Cl,, cm™): ¥ =
2474 (B-H,), 2142 (B-H,), 1032 (P=0).

Synthesis of 7a-b

In a flame dried Schlenk tube, a yellow solution of 3 (0.05 g,
0.063 mmol) and dimethylphenylphosphine (PMe,Ph) (0.17
mL, 0.119 mmol) in toluene (15 mL) was thermalized for 12 h
at 90°C temperature. The volatile components were removed
under vacuum and the remaining residue was extracted into
CH,Cl,/hexane passed through Celite. After removal of solvent,
the residue was subjected to chromatographic work up using
prepared glass TLC. Elution with a hexane/CH,Cl, (10:90 v/v)
yielded yellow 7a (0.018 g, 31%).

Compound 7b (0.030g, 54%) is synthesized from reaction
of a yellow solution of 3 (0.050 g, 0.063 mmol) and
methyldiphenylphosphine (PPh,Me) (0.25 mL, 0.115 mmol) in
toluene (15 mL) under same reaction conditions of 7a.

Note that under similar reaction conditions, compounds 7a
or 7b formed with very poor yields from the reaction of 3 with
PR'R, (R and R’ = Me or Ph). However, upon increasing the
temperature from 60°C to 90°C, we obtained moderate vyields.
This may be due to the strong o donating and weak m
accepting properties of PR’R, (R and R’ = Me or Ph) than P(OR);
(R = Me or Ph). As a result, we were unable to isolate 5c and
5d complexes.

7a: MS (ESI) calcd for m/z C3;H3;RUSgN3BP, [M+H]": 889.9923,
found 889.9925; "'B{"H} NMR (160 MHz, CDCl;, 22°C): § = -2.9
(br, B1); 'H NMR (500 MHz, CDCls, 22°C): 6 = 7.53 (dd, J = 13.4,
5.6 Hz, 3Harmob), 7-49 (S, THarmbz), 7-47—7.39 (m, 3H,,), 7.38—
7.33 (m, 3Hy,), 7.33-7.27 (m, 3H,,), 7.24-7.12 (M, 4Hamoa),
7.09 (t, J = 7.5 Hz, 1H »/), 7.06-7.01 (M, 1Harmpy), 6.99 (dd, J =
14.0, 6.5 Hz, 1Harmby), 6.80 (t, J = 7.8 Hz, 1Ha(mpy), 4-44 (br,
1H, s, B-H,), 1.78 (dd, J = 15.0, 9.2 Hz, 6H), 1.69 (d, J = 9.1 Hz,
3H), 1.61 (d, J = 9.2 Hz, 3H), -6.93 (s, br, 1H, Ru—H-B); *c{*H}
NMR (125 MHz, CDCl, 22 °C): & = 15.6 (CH;), 16.4 (CH;), 16.7
(CH5), 18.7 (CHs), 116.0, 116.3, 119.1, 119.7, 120.8, 121.7,
123.7, 123.9, 124.5, 124.7, 125.2, 126.2, 127.2, 127.8, 128.3,
128.6, 129.2, 130.1, 130.3, 132.3, 139.5, 142.0, 144.9 (C=N),
180.9 (C=S), 197.3 (C=S); *'P{*"H} NMR (121 MHz, CDCls, 22°C):
6=21.1(d, J = 36.4 Hz), 12.9 (d, J = 36.4 Hz); IR (CH,Cl,, cm™):
¥ = 2502 (B-H,) 2110 (BHy).

7b: MS (ESI) calcd for m/z CayHa RUSgN3BP, [M+H]": 1014.0236,
found 1014.0246; "'B{"H} NMR (160 MHz, CDCl5, 22°C): § = -2.1
(br, B1); "H NMR (500 MHz, CDCl3, 22°C); & = 7.82 (d, J = 8.0 Hz,
1H), 7.63 (m, 3H), 7.56 (m, 2H), 7.48 (dt, J = 8.6, 2.0 Hz, 4H),



7.34 (d, J = 2.2 Hz, 3H), 7.23-7.10 (m, 12H), 7.04—6.95 (m, 5H),
6.91 (dd, J = 7.8, 1.5 Hz, 1H), 6.80 (s, 1H,), 4.30 (s, 1BH,), 2.11
(d, J = 8.6 Hz, 3H), 1.80 (d, J = 8.8 Hz, 3H), -7.63 (br, 1H,
Ru—H-B); *c{'"H} NMR (125 MHz, CDCls, 22°C): & = 15.3(CH3),
15.6 (CHs), 115.7, 116.2, 119.2, 119.6, 120.7, 121.2, 121.7,
123.6, 123.8, 124.4, 125.6, 125.9, 126.0, 127.2, 127.3, 127.4,
127.8, 127.9, 128.0, 128.4, 129.0, 129.2, 129.4, 131.6, 131.7,
132.2, 132.3, 145.0; *'P{*H} NMR (121 MHz, CDCls, 22°C): & =
27.1 (d, J = 33.9 Hz), 16.5 (d, J = 34.3 Hz); IR (CH,Cl,, cm™): ¥ =
2473 (B-H,), 2087 (B-H,,).

Single-crystal X-ray diffraction analysis

Suitable X-ray quality crystals of 3, 5a and 7a were grown by
slow diffusion of a toluene-CH,Cl, solution, other crystals were
grown from hexane-CH,Cl, solution. The crystal data of 2, 3
and 7a were collected and integrated using a D8 VENTURE
Bruker AXS diffractometer, with multilayer monochromated
Mo Ka (A = 0.71073 A) radiation at 150 K. Crystal diffraction
data of 4b, 5a, 5b, and 6a were collected and integrated using
a Bruker AXS Kappa APEXII CCD diffractometer with a graphite
monochromated Mo-Ka (A = 0.71073 A) radiation at 296(2) K.
The structures were solved by heavy atom methods using
SHELXS-97 or SIR92** and refined using SHELXL-2014 or
SHELXL-2016.%> The non-hydrogen atoms were refined with
anisotropic displacement parameters. All hydrogens could be
located in the difference Fourier map. However, the hydrogen
atoms bonded to carbon atoms and boron atoms were fixed at
chemically meaningful positions and were allowed to ride with
the parent atom during the refinement. The molecular
structures were drawn using Olex2.%® Crystallographic data
have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no CCDC- 1588902 (2),
1588858 (3), 1890802 (4b), 1588859 (5a), 1875698 (5b),
1890801 (6a), 1824575 (7a). These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Crystal data for 2: C30H,3BCI,N,O,PRuUSg, M, = 941.75, Triclinic,
space group PI, a = 10.3316(8) A, b = 19.1974(15) A, ¢ =
20.2644(17) A, a = 70.467(3)°, 8 = 83.562(3)°, y = 81.359(3)°, V
=3736.7(5) A%, Z = 4, peeq = 1.674 g/em®, u = 1.089 mm},
F(000) = 1892, R; = 0.0464, wR, = 0.1120, 17136 independent

reflections [26 < 50.48°] and 898 parameters.

Crystal data for 3: C4,H3,B,N,RuUSg, M, = 971.88, Triclinic, space
group PT, o = 11.1876(11) A, b = 12.1286(14) A, ¢ = 16.999(2)
A, a = 78.891(4)°, 8 = 71.357(4)°, y = 73.990(4)°, V = 2087.0(4)
A%, Z=2, patea = 1.547g/cm?, u = 0.814 mm ", F(000) = 988, R,
= 0.0811, wR, = 0.2037, 9471 independent reflections [20 <
50.48"] and 511 parameters.

Crystal data for 4b: C3gH,9BN3;O3RUPSg,, M, = 922.86,
Monoclinic, space group P2;/n, a = 15.6837(17) A b =
17.7045(18) A, c = 16.1046(17) A, a = 90°, 8 = 112.312(4)°, y =
90°, V= 4137.0(8) A*, Z= 4, pyeq = 1.482 g/cm®, 1 = 0.761 mm~
! F(000) = 1872, R, = 0.0939, WR, = 0.2577, 9343 independent
reflections [20 < 50.48°] and 488 parameters. The poor quality

of the measured crystal and the collected X-ray diffraction

data affect the value of R1, providing large residual electronic
densities and leading to remaining B-type alerts.

Crystal data for 5a: Cs,H3;B,CI,N,O3PRuSg, M, = 1000.65,
Orthorhombic, space group P2,2,2, a = 12.5101(8) A, b =
28.6346(17) A, c = 11.2355(8) A, a = 90°, 8 = 90°, y = 90°, V =
4024.8(5) A%, Z = 4, pis= 1.651g/cm?, u = 1.018 mm™*, F(000)
= 2024, R; = 0.0438, wR, = 0.0906, 8778 independent
reflections [26 < 50.48°] and 481 parameters.

Crystal data for 5b: C4H35B,N,OsPRUSg, M, = 1101.92,
Monoclinic, space group P2,/n, a = 12.4288(13) A b =
19.548(2) A, c = 20.620(2) A, a = 90°, 8 = 107.085(3)°, y = 90°, V
= 4788.6(9) A%, Z = 4, peoy = 1.528 g/ecm®, = 0.756 mm %,
F(000) = 2240, R; = 0.0451, wR, = 0.0825, 8448 independent

reflections [26 < 50°] and 678 parameters.

Crystal data for 6a: Cg3HsgB4ClgNgOgP,RU,S:6, M, = 2054.13,
Monoclinic, space group C2/c, a = 40.711(2) A, b =10.3815(5)
A, ¢ =38.999(3) A, @ = 90°, 8 = 102.745(2)°, y = 90°, V =
16076.4(16) A, Z = 8, peaieq = 1.697 g/cm®, = 1.086 mm ",
F(000) = 8272, R, = 0.0650, wR, = 0.1265, 11974 independent

reflections [26 < 47.18°] and 992 parameters.

Crystal data for 7a: CsuHiBN3P,RuSs, M, = 981.00, Triclinic,
space group PI, a = 11.5518(9) A, b = 13.5810(12) A, ¢ =
15.0366(14) A, a = 107.628(3) °,8 = 99.476(3)°, y = 98.850(3)°,
V =2164.9(3) A%, Z = 2, pesied = 1.505 g/em®, p = 0.762 mm
F(000) = 1848, R; = 0.0299, wWR, = 0.0647, 9829 independent
reflections [26 < 50.48°] and 488 parameters.

Computational details

Geometry optimization of all molecules were carried out using
the Gaussian 09 program pa(:kage.37 Optimization was
conducted in the gaseous state (no solvent effect) without any
symmetry constraints using the PBE1PBE (PBEO) functional
with the combination of the def2-TZVP basis set for all the
atoms.*® The 28 core electrons of ruthenium were replaced by
quasi-relativistic  def2-ECP  effective core potentials.39
Frequency calculations were performed at the same level of
theory. The absence of any imaginary frequencies confirmed
that all structures are minima on the potential energy
hypersurfaces. The gauge-including atomic orbitals (GIAOs)*
method has been employed to compute NMR chemical shifts
with hybrid Becke—LeeYangParr (B3LYP) functional® using
optimized geometries at the PBEO/def2-TZVP level. B NMR
chemical shifts were calculated relative to B,Hg (B shielding
constant 83.6 ppm) and transformed to the usual [BF;.0Et,]
scale using the experimental 5(*'B) value of B,Hs, 16.6 ppm.
TMS (SiMe,) was used as the internal standards for the 4
NMR chemical shift calculations. Natural bonding analyses
were performed using the natural bond orbital (NBO) 6.0
program.42 Wiberg bond indices (WBI)*® were obtained from
these natural bond orbital analyses. The two dimensions of the
Laplacian electron density plots were obtained using the
Multiwfn V.3.3.8 package.44 Orbital graphics and optimized
structure plots were generated by with Jmol 14.0.10% and
Chemcraft.*®
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Ruthenium complexes featuring phosphinate and dual Ru--H-B interactions between Ru and B-H bonds of borate ligands supported by mercapto-
benzothiazolyl heterocycles have been synthesized. The flexible nature of Ru::-H-B interactions in one of the characterized complexes is demonstrated by

their reactivity towards phosphite and phophine ligands.





