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ABSTRACT

In order to explore the boron mediated C-S bond activation of the thiolate ligand in transition metal
thiolate complexes, several bis(phosphinite) (POCOP) pincer ligated palladium complexes bearing a
benzylthiolate or mercapto auxiliary ligand, [2,6-(R,PO),CgH3]PdY (Y = SCH,Ph, R =By, 1a, ipr, 1b; Y =
SH, R="'Buy, 2a, 'Pr, 2b), were synthesized and fully characterized by multinuclear NMR, FTIR, X-ray
crystallography and elemental analysis. The reactions of complexes 1a-b or 2a-b with BH3-THF at room
temperature produced exclusively the corresponding tetrahydroborate complexes, [2,6-(R;P0O),CeHs]
Pd(n'-HBH3) (R = 'Bu, 3a; 'Pr, 3b), through Pd-S bond cleavage. Complexes 3a and 3b are air/moisture
sensitive and thermally unstable. X-ray crystallography and FTIR spectra supported a 5'-HBH3 mono-
dentate coordination mode for the BH4 ligand in complexes 3a and 3b. The boron mediated C-S bond
cleavage was not observed in the reactions of complexes 1a and 1b with BH3-THF perhaps due to the
relatively weak Pd-S bond.

Coordination mode

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The activation of C—S bond has received substantial attentions in
recent years due to the fact that C—S bond exists extensively in the
molecules of natural products, drugs and pesticides [ 1—7]. Up to now,
most researches on the C—S bond activation are focused on thio-
esters and thioethers and the activations are usually achieved via
transition metal mediated or catalyzed processes. Comparatively,
very few reports are available for the C—S bond activation of thio-
phenols and mercaptans [1]. Recently, we found that BH3 species can
mediate the C—S bond cleavage of the benzylthiolate auxiliary ligand
in bis(phosphinite) (POCOP) pincer ligated nickel complexes [8]. The
treatment of [2,6-("BuyPO),CsH3]NiSCH,Ph with 2 equiv of BHz- THF
in benzene at room temperature led to the formation of [2,6-(‘Bus.
PO),CeH3]NiSH. It was believed that this nickel mercapto complex
was formed through BH3 induced C-S bond cleavage: the coordina-
tion of S to B followed by a hydride transfer from B to S and the
benzyl group transfer from S to B (Chart 1) resulted in the formation
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of the nickel mercapto complex. In order to further explore this
reactivity, we extended the chemistry to the corresponding palla-
dium complexes. In this paper, we synthesized POCOP pincer
palladium complexes [2,6-(RoP0O),CsH3]PdSCH,Ph (R = 'Bu, 1a; 'Pr,
1b) and reacted them with BH3-THF under the same conditions.
However, the expected C—S bond cleavage of the benzylthiolate
auxiliary ligand in 1a and 1b was not observed perhaps due to the
relatively weak Pd-S bond. Nevertheless, two air/moisture sensitive
thermally unstable POCOP pincer palladium tetrahydroborate com-
plexes, [2,6-(R,PO),CsH3]Pd(n'-HBH3) (R=Bu, 3a; 'Pr, 3b), were
obtained and structurally characterized. To our knowledge, transi-
tion metal complexes with a n'-HBHsz monodentate tetrahy-
droborate ligand are very difficult to be isolated and the crystal
structures of this type of complexes have rarely been reported [9,10].

2. Results and discussion

2.1. Syntheses, characterization and crystal structures of [2,6-
(R2P0)>CH3]PdSCH2Ph (R = 'Bu, 1a; 'Pr, 1b)

We previously reported the synthesis of complex 1b through the
reaction of NaSCH,Ph with [2,6-('"Pr,PO),CgH3]PdCl in THF under a
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reflux condition [11]. Complex 1a was synthesized similarly in this
work (Scheme 1).

The pincer backbone survived this reaction although most
POCOP pincer ligands are unstable under extreme basic condi-
tions [12]. Complex 1a is an air stable yellow crystalline solid. 3P
{'H} NMR spectroscopy indicated that no significant decompo-
sition occurred when a THF-dg solution of 1a was exposed to air
for a few days. However, 1a is unstable in chloroform or
dichloromethane solution. 'H and 3'P{'H} NMR spectra showed
that 1a was slowly converted back to the chloride complex in a
CDCl3 or CDCl, solution even at room temperature. This reac-
tivity is similar to that of trans-[Pd(Et)(SPh)(PMes),], which re-
acts slowly with organic halides such as allyl chloride, benzyl
bromide and methyl iodide to form the corresponding palladium
halide complexes [13]. The same reactivity was also observed for
complex 1b [11].

Complex 1a was characterized by NMR, X-ray crystallography
and elemental analysis. The 'H, *C{'H} and 3'P{'H} NMR spectra of
1a (Appendix A, Fig. A1—A3) supported the structure shown in
Scheme 1. The expected spectra features for a POCOP pincer
palladium complex [11,14] were also displayed in the NMR spectra
of 1a. The 3'P{'H} NMR spectrum showed one singlet, implying that
the two ‘BuyPO arms were equivalent in solutions.

Single crystal X-ray diffraction analyses for 1a and 1b were
carried out at room temperature using a SuperNova diffractom-
eter (Oxford Diffraction) to get information about the structures
of these complexes. The molecular structures of 1a and 1b are
shown in Figs. 1 and 2 with selected bond lengths and angles
listed.

Similar to other reported POCOP pincer palladium complexes
[11,14], the square-planar geometry for the palladium center is
distorted in the molecules of 1a and 1b. This structure feature is
also very common for the related pincer nickel complexes
[8,12,15—30]. The Cjpso-Pd bond lengths in 1a and 1b (2.010(2)
and 2.013(6) A) are quite similar to those of the related POCOP
pincer palladium complexes (2.000(4)—2.015(2) A) [11]. No sig-
nificant difference was observed for the Pd-S bond lengths of 1a
and 1b (2.3679(7) and 2.3429(19) A for 1a and 1b, respectively).
The Pd-S bond lengths observed in this work are comparable to
those of the corresponding pincer palladium complexes
(2.3635(8)—-2.3745(12) A) [11] and that of trans-
[PA(Et)(SPh)(PMes),] (2.384(2) A) [31], however, they are much
longer than those of other palladium(Il) thiolate complexes with
a square-planar geometry [32,33]. For example, in complex
[Pd(SR)2(TMEDA)] (TMEDA = tetramethylethylenediamine;
R = CgF5, CgF4-4-H, CgHy-2-SiPhs), the Pd—S bond lengths are
between 2.2696(9) and 2.2900(6) A [32]. This indicates that the
Pd—S bonds in the present POCOP pincer palladium complexes
are relatively weak. The result is in good agreement with the
experimental observation that these palladium thiolate com-
plexes were slowly converted to chloride complexes in CHCl3 or
CH,Cl; solutions. For the POCOP pincer nickel mercapto/thiolate
complexes, the Ni-S bond length of a mercapto or an aliphatic
thiolate complex is slightly shorter than that of the

O—FPR, O0—FPR,

' NaSCH,Ph (5 equiv)
Pd—CI Pd—SCH,Ph
' THF, reflux, 36 h '

O—PR, O—PR,
R ='Bu, 1a (78%); 'Pr, 1b

Scheme 1. Syntheses of complexes 1a and 1b.

Fig. 1. Thermal ellipsoid plots of complex 1a at the 50% probability level (hydrogen
atoms are omitted for clarity). Selected bond lengths (A) and angles (deg): Pd1-C1,
2.010(2); Pd1-P1, 2.3171(6); Pd1-P2, 2.2816(6); Pd1-S1, 2.3679(7); S1-C34, 1.801(3);
P1-Pd1-P2,159.04(2); S1-Pd1-C1, 170.14(7); P1-Pd1-S1, 107.24(3); P2-Pd1-S1, 93.70(2);
Pd1-51-C34, 112.21(11).

corresponding aromatic thiolate complex [21]. However, for the
POCOP pincer palladium thiolate complexes, the Pd-S bond
lengths are not significantly influenced by the substituents on
the phosphine arms or the substituents on the sulfur atoms as
indicated by the crystallography data of this work and the crys-
tallography data of the POCOP pincer palladium aromatic thiolate
complexes reported previously [11].

Fig. 2. Thermal ellipsoid plots of complex 1b at the 50% probability level (two inde-
pendent molecules were found in the crystalline lattice; only one is shown here;
hydrogen atoms are omitted for clarity). Selected bond lengths (A) and angles (deg):
Pd1-C8, 2.013(6); Pd1-P1, 2.2495(19); Pd1-P2, 2.2892(19); Pd1-S1, 2.3429(19); S1-C53,
1.807(9); P1-Pd1-P2, 159.26(7); S1-Pd1-C8, 170.8(2); P1-Pd1-S1, 91.66(7); P2-Pd1-S1,
109.01(7); Pd1-S1-C53, 110.4(3).
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2.2. Syntheses, characterization and crystal structures of [2,6-
(R2P0)>CsH3]PdSH (R = ‘Bu, 2a; 'Pr, 2b)

The purpose of this work is to investigate the BH; mediated C-S
bond cleavage of the benzylthiolate auxiliary ligand in complexes
1a and 1b. If this process occurred, the corresponding palladium
mercapto complexes, [2,6-(RoP0),CgH3]PdSH (R = ‘Bu, 2a; 'Pr, 2b),
would be detected. In order to monitor the interactions of 1a and 1b
with BH3-THF more conveniently, complexes 2a and 2b were
synthesized (Scheme 2) and fully characterized.

The methods used for the syntheses of 2a and 2b were similar
to that used for the syntheses of the corresponding nickel mer-
capto complexes as described previously [8,21]. However, it
should be noted that the present reactions were carried out in
pure THF under a reflux condition and 2 equiv of NaSH was used.
The yields could be significantly low or the expected products
could not be isolated if a large amount of excess NaSH was
employed. Similar to 1a and 1b, complexes 2a and 2b are light
yellow to orange crystalline solids and are air stable in solid state.
However, they are lightly air sensitive in solutions and were
slowly converted back to the starting chloride complexes in
chloroform or dichloromethane solutions at room temperature as
complexes 1a and 1b.

The structures of 2a and 2b depicted in Scheme 2 were
supported by NMR and FTIR spectra (Appendiix A, Fig. A4—A11).
Like the corresponding pincer nickel mercapto complexes [8,21],
the 'H NMR resonances of the SH protons of 2a and 2b appeared
in relatively high field (—0.74 ppm for 2a and —1.03 ppm for 2b)
as virtual triplets. However, the H-P coupling constants
(10—12 Hz) were smaller than those of the nickel mercapto
complexes (17—20 Hz) [8,21]. Similar "H NMR resonances and H-
P coupling constants were previously reported for other tran-
sition metal mercapto complexes [34—36]. The 3'P{'"H} NMR
spectra of 2a and 2b showed one singlet as expected, indicating
that the two phosphine arms were identical in solutions. The
FTIR spectra of 2a and 2b showed weak absorptions at 2587 and
2567 cm™!, respectively, corresponding to the S—H stretching
vibration.

The structures of 2a and 2b were further confirmed by single
crystal X-ray diffraction analyses using a SuperNova diffractometer
(Oxford Diffraction). The molecular structures of 2a and 2b are
shown in Figs. 3 and 4 and the selected bond lengths and angles are
also provided.

With a distorted square-planar geometry for the palladium
center, the molecular structures of 2a and 2b are analogous to those
of 1a, 1b and other reported POCOP pincer palladium complexes
[11,14].

2.3. Reactions of 1a and 1b with BH3-THF and isolation of [2,6-
(R2P0)>CsH3]Pd(n'-HBH3) (R = Bu, 3a; 'Pr, 3b)

We previously reported that POCOP pincer nickel benzylthiolate
complexes can react with BH3-THF to form the corresponding
nickel hydride complexes. Further reactions of the nickel hydride

O—PR, O—PR,
’ NaSH (2 equiv)
Pd—Cl ————— Pd—SH
’ THF, reflux, 48 h
O—PR, O0—PR,

R = 'Bu, 2a (80%); IPr, 2b (85%)

Scheme 2. Syntheses of complexes 2a and 2b.

Fig. 3. Thermal ellipsoid plots of complex 2a at the 50% probability level (hydrogen
atoms except that attached to sulfur are omitted for clarity). Selected bond lengths (A)
and angles (deg): Pd1-C1, 2.011(4); Pd1-P1, 2.2934(13); Pd1-P2, 2.2923(13); Pd1-S1,
2.3691(15); P1-Pd1-P2, 159.25(5); S1-Pd1-C1, 178.83(15); P1-Pd1-S1, 100.93(6); P2-
Pd1-S1, 99.78(5).

species with BH3-THF can produce the corresponding tetrahy-
droborate complexes. Particularly, the reaction of [2,6-(‘Bua.
PO),CgH3]NiSCH,Ph with 2 equiv of BH3-THF in benzene at room
temperature for 48 h can lead to the C-S bond cleavage of the
benzylthiolate auxiliary ligand [8]. In order to explore this reac-
tivity more extensively, we reacted 1a and 1b, respectively, with
BHs-THF under the same conditions.

Complex 1a or 1b (0.5 mmol) was mixed with BHz-THF (1 mmol)
in benzene-dg (5 mL) under a nitrogen atmosphere. The mixture
was stirred at room temperature and the reaction was monitored by
31p{1H} and "B NMR spectroscopy. For both the reactions, the 3P
{'H} NMR spectra showed that the original resonance due to the
starting complex (1a or 1b) disappeared completely in 1h and an
unknown resonance at 200.21 ppm (for the reaction of 1a with
BH3-THF) or 195.43 ppm (for the reaction of 1b with BHs3-THF)
appeared. The B NMR spectra showed a broad singlet
at —13.50 ppm along with an unknown quintet at —39.82 ppm (for
the reaction of 1a with BHs-THF) or —39.54 ppm (for the reaction of
1b with BH3-THF). The broad singlet at —13.50 ppm was in good
agreement with a trimeric thioborane compound (PhCH,SBH;)3
reported previously [8]. The reaction mixture was further stirred

Ci15

S1 C16

H1s Q=

Fig. 4. Thermal ellipsoid plots of complex 2b at the 50% probability level (hydrogen
atoms except that attached to sulfur are omitted for clarity). Selected bond lengths (A)
and angles (deg): Pd1-C1, 2.013(3); Pd1-P1, 2.2641(7); Pd1-P2, 2.2698(7); Pd1-S1,
2.3529(9); P1-Pd1-P2, 159.58(3); S1-Pd1-C1, 179.59(8); P1-Pd1-S1, 100.50(3); P2-Pd1-
S1, 99.80(3).
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and monitored at room temperature for 72 h. However, no signifi-
cant change was observed except that a trace amount of a previously
reported hydride species [14] [2,6—(tBu2PO)2C5H3]PdH (for the re-
action of 1a with BH3-THF) or [2,6-("ProPO),CgH3]PdH (for the re-
action of 1b with BH3-THF) developed at the later stage as indicated
by the 3'P{'H} NMR spectra. The expected C-S bond cleavage
product, 2a or 2b, was not observed.

Preparative scale experiments for the reactions of 1a and 1b
with BHs3-THF were carried out, respectively, in order to isolate
the unknown species formed in the above reactions. Complex 1a
or 1b (1 mmol), BH3-THF (2 mmol), benzene (10 mL) were added
to a flask under a nitrogen atmosphere. After the mixture was
stirred at room temperature for 1 h, the solution was concentrated
to 5 mL and kept under a nitrogen atmosphere at room temper-
ature. Colorless crystals developed for both the mixtures after a
few days. The crystals were separated and characterized by 'H, 3'P
{'H}, ®c{'H} and "B NMR spectroscopy. For the crystals collected
from the reaction mixture of 1a with BH3-THF, the NMR spectra
were consistent with [2,6-('BuyP0),CsH3]Pd(n'-HBH3) (3a). For
the crystals collected from the reaction mixture of 1b with
BH3-THF, the NMR spectra were in good agreement with [2,6-
(‘Pr,P0),C6H3]|Pd(n'-HBH3) (3b). The reactions of complexes 1a
and 1b with BH3-THF are summarized in Scheme 3. The NMR
spectra of complexes 3a and 3b are provided in Appendix A
(Fig. A12—A19).

2.4. Reactions of 2a and 2b with BH3- THF

POCOP pincer nickel mercapto complexes are very reactive to-
wards BH3-THF to form the corresponding nickel tetrahydroborate
complexes and THF-BHy-u2-S(BoHs) [21]. It is likely that the
palladium mercapto complexes 2a and 2b react similarly against
BHj3-THF. To confirm that the C-S bond cleavage products 2a and 2b
were not formed rather than were consumed by reacting with
BH3-THF, we checked the interactions of 2a and 2b with BH3-THF,
respectively. Complex 2a or 2b (0.1 mmol) was treated with 6 equiv
of BH3-THF in benzene-dg (0.5 mL) in a NMR tube under a nitrogen
atmosphere and the reaction was monitored by 3'P{'H} and !B
NMR spectra. For both the reactions, the ''B NMR spectra showed
the formation of THF-BHa-u-S(ByHs) [21,37]. The 3'P{'H} NMR
spectra indicated that the starting complexes reacted completely in
30 min. Complex 3a formed for the reaction of 2a with BH;-THF and
complex 3b formed for the reaction of 2b with BH3-THF as evi-
denced by both the 3'P{'H} and "B NMR spectra. The reactions of
complexes 2a and 2b with BH3-THF are summarized in Scheme 4.

During the interaction of 1a or 1b with BH3-THF, if the C-S bond
cleavage product (2a or 2b) formed and subsequently consumed by
further reacting with BHs-THF, the boron compound THF-BHy-uz-
S(B,Hs) should be detected in the reaction system. However, the !B
NMR spectra did not show the resonances due to THF-BHy-uz-
S(B,Hs).

For the boron mediated C-S bond cleavage of the benzylthiolate
ligand in POCOP pincer nickel benzylthiolate complex, the bond
cleavage is believed to occur through the process as depicted in

O*PRZ
Pd—SCH,Ph B3
2 benzene, RT
O0—FPR,
R='Bu, 1a; Pr, 1b R=

Chart 1 [8]. However, it is likely that the process depicted in Chart 2
take place exclusively in the cases of POCOP pincer palladium
benzylthiolate complexes due to the relatively weak Pd-S bond.
Because of this reason, the boron mediated C-S bond cleavage of the
benzylthiolate ligand in the palladium benzylthiolate complexes
was not observed.

2.5. Instability and molecular structures of complexes 3a and 3b

Both 3a and 3b are air/moisture sensitive thermally unstable
colorless complexes. Attempts to obtain solvent-free dry samples of
3a and 3b for the purpose of elemental analysis were not successful.
When the samples were dried under a dynamic vacuum or a ni-
trogen stream at room temperature, 3a and 3b were slowly con-
verted to the corresponding palladium hydride species [14] by
losing the BH3 moiety as indicated by the 3'P{'H} NMR spectra. The
two phosphine atoms in complexes 3a and 3b were equivalent in
solutions as the 3'P{'H} NMR spectrum of 3a or 3b showed only one
singlet.

Previously, we reported the structures and reactivities of the
corresponding POCOP pincer nickel tetrahydroborate complexes
[2,6-(RoP0O),CeH3Ni(n2-H,BH,) (R = 'Bu, 4a; 'Pr, 4b) [28]. The 'H
NMR resonances of the BH4; moiety in complexes 4a and 4b
appeared in relatively high field: —0.45 (benzene-dg) and —1.13
(dichloromethane-d,) ppm for 4a; —0.71 (benzene-dg) and —1.39
(dichloromethane-d,) ppm for 4b. The 'B NMR resonances of the
BH4 moiety appeared at —35.9 (4a) and —33.5 (4b) ppm in ben-
zene-dg with a difference of 2.4 ppm. However, for the present
POCOP pincer palladium tetrahydroborate complexes, the 'H NMR
resonances of the BH; moiety appeared in relatively low field:
0.36 ppm for 3a and 0.24 ppm for 3b in benzene-dg. The ''B NMR
resonances of the BH; moiety appeared at —39.82 ppm (3a)
and —39.54 ppm (3b) in benzene-ds with a difference of only
0.28 ppm. The above NMR data indicate that the BH4 moieties in the
palladium complexes are less influenced by the pincer ligated metal
center compared with the corresponding nickel complexes. This is
consistent with the observations that 3a and 3b are unstable and
can lose the BH3 moiety easily to form the corresponding hydride
species, while 4a and 4b are stable and the BH3 moieties can only be
partly removed by heating the complexes under a dynamic vacuum
or completely removed by reacting the complexes with strong
Lewis bases such as NEt3 [28].

X-ray diffraction analyses were carried out to further charac-
terize complexes 3a and 3b. The diffraction experiments were
carried out at 296 K (for 3a) and 100 K (for 3b) using a SuperNova
diffractometer (Oxford Diffraction). It should be noted that satis-
factory crystallography data failed to be obtained for 3b at room
temperature perhaps due to the thermal instability of this complex.
The molecular structures of 3a and 3b are shown in Figs. 5 and 6
along with the selected bond lengths and angles.

As shown in Figs. 5 and 6, the geometries of the pincer back-
bones and the palladium centers of 3a and 3b are similar to those of
1a,1b, 2a, 2b and other POCOP pincer palladium complexes [11,14].
Considering that relatively large errors exist in locating the

7PR2 H2
PN
PthC? SlCHzF’h
‘ HZB\S/BH2
O—FPR, CH,Ph
'Bu, 3a; 'Pr, 3b

Scheme 3. Reactions of complexes 1a and 1b with BH;-THF.
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O—FPR,
‘ THFBH,
Pd—SH
l CeDe, RT
O0—PR,

R ='Bu, 2a; Pr, 2b

0N /H /B\
Pd~ _B{ , + THFBH,—S___H
‘ H H B
VRN
H H
O_PR2

R ='Bu, 3a; 'Pr, 3b

Scheme 4. Reactions of complexes 2a and 2b with BH3-THF.

positions of the H atoms by X-ray diffraction, the B-H bond lengths
and H-B-H bond angles agree with a tetrahedral geometry for the
boron center. The Pd-H bond lengths (Pd1-Hb1a, 1.91(3) A for 3a
and 1.78(3) A for 3b) are longer than those of the corresponding
POCOP pincer palladium hydride complexes (1.53(4)—1.75(3) A)
[14]. The distances between the Pd atom and the other closely
related H atom (Pd1---Hb1b, 2.11(3) A for 3a and 2.21(3) A for 3b)
are significantly longer than the sum of the covalent radii of Pd and
H (1.52 A) [38]. The distances between the Pd atom and the B atom
(Pd1---B1, 2.464(4) A for 3a and 2.420(3) A for 3b) are also much
longer than the sum of the covalent radii of Pd and B (2.05 A) [38].
This indicates that Hbla is more closely coordinated to the Pd
center compared with Hb1b.

For a transition metal tetrahydroborate complex, the coordina-
tion mode of the BHy4 ligand can be monodentate, bidentate or
tridentate and the monodentate complex is the least stable
[24,28,39—45]. The above crystallography data for complexes 3a
and 3b favor a 5'-HBH3 monodentate coordination mode for the
BH,4 ligand in the solid state although the four hydrides are
equivalent in solutions as suggested by the 'H NMR spectra. It
should be noted that the difference between Pd1-Hb1a (1.91(3) A)
and Pd1---Hb1b (2.11(3) A) is only 0.20 A in complex 3a. Thus, the
7'-HBH3 coordination mode should not be unambiguously estab-
lished solely based on these crystallography data.

FTIR spectra were recorded using solid samples to further
confirm the configuration of the Pd(BH4) moiety in complexes 3a
and 3b. The spectra (see Appendix A, Fig. A20—A21) also

cs

D .=
co c10 e, %
cf c13

Hbib () Hbla

c12

B1
Hb1c Q/ \)wa

Fig. 5. Thermal ellipsoid plots of complex 3a at the 50% probability level (hydrogen
atoms except those attached to boron are omitted for clarity). Selected bond lengths
(A) and bond angles (deg): Pd1-C1, 2.006(2); Pd1-P1, 2.3039(6); Pd1-P2, 2.3049(6);
Pd1-Hb1a, 1.91(3); Pd1---Hb1b, 2.11(3); Pd1---B1, 2.464(4); B1-Hb1a, 1.17(3); B1-Hb1b,
1.24(3); B1-Hblc, 1.04(3); B1-Hbld, 1.15(3); P1-Pd1-P2, 159.56(2); C1-Pd1-Hbla,
154.2(9); P1-Pd1-Hb1a, 98.6(8); P2-Pd1-Hb1a, 99.3(8); Hbla-B1-Hb1d, 111(2); Hbla-
B1-Hblc, 111(2); Hbla-B1-Hblb, 108(2); Hb1d-B1-Hblc, 113(2); Hb1d-B1-Hbib,
105(2); Hb1c-B1-Hb1b, 108(2).

supported a monodentate coordination mode rather than other
coordination modes [44,45]. For 3a, the two v(B-H;) transitions
appeared around 2390 cm™! as a broad band; the single »(B-Hp)
band was shown at 2259 cm™!; the weak »(Pd-Hp) stretching vi-
bration was displayed at 1571 cm~'; the BH3 deformation modes
were exhibited at 994 and 1022 cm~. For 3b, the two »(B-H)
transitions appeared at 2389 and 2370 cm™!; the single »(B-Hp)
band was shown at 2212 cm™'; the weak »(Pd-Hy,) stretching vi-
bration was displayed at 1567 cm™!; the BH3 deformation modes
were exhibited at 983 and 1029 cm ™. The FTIR absorptions of the
Pd(n'-HBH3) moiety in complexes 3a and 3b were also in agree-
ment with those of other transition metal complexes bearing a n'-
HBH3 monodentate BHy ligand [9,46—48].

3. Conclusions

In summary, we have synthesized and fully characterized
several new POCOP pincer ligated palladium benzylthiolate and
mercapto complexes, [2,6-(RaP0),CsH3]PdSCH,Ph (R='Buy, 1a; 'Pr,
1b) and [2,6-(R;P0O),CgH3]PdSH (R = 'Bu, 2a; 'Pr, 2b). The reactions
of these complexes with BH3-THF produced exclusively the corre-
sponding air/moisture sensitive thermally unstable tetrahy-
droborate complexes [2,6-(R,PO),CsH3]Pd(n!-HBH3) (R =By, 3a;
iPr, 3b) through Pd-S bond cleavage. X-ray crystallography and FTIR
study supported a 5'-HBH3 monodentate coordination mode for
the BH4 ligand in 3a and 3b. The boron induced C-S bond cleavage
that was observed in the POCOP pincer ligated nickel benzylthiolate

C5 (¢ C4

Cc3

Fig. 6. Thermal ellipsoid plots of complex 3b at the 50% probability level (hydrogen
atoms except those attached to boron are omitted for clarity). Selected bond lengths
(A) and bond angles (deg): Pd1-C1, 1.9903(19); Pd1-P1, 2.2652(5); Pd1-P2, 2.2692(5);
Pd1-Hbla, 1.78(3); Pd1---Hblb, 2.21(3); Pd1---B1, 2.420(3); B1-Hbla, 1.28(2); B1-
Hb1b, 1.15(2); B1-Hblc, 1.10(3); B1-Hb1d, 1.06(3); P1-Pd1-P2, 159.39(2); C1-Pd1-
Hbla, 162.4(8); P1-Pd1-Hbla, 99.0(8); P2-Pd1-Hbla, 99.2(8); Hbla-B1-Hblc,
105.8(17); Hbla-B1-Hbld, 105.2(17); Hbla-B1-Hblb, 111.7(16); Hblc-B1-Hb1d,
117.2(19); Hb1c-B1-Hb1b, 107.9(17); Hb1d-B1-Hb1b, 109.1(17).
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Chart 1. Interaction of the nickel benzylthiolate complex with BHs.

complexes was not observed in the present palladium complexes
perhaps due to the relatively weak Pd-S bond.

4. Experimental section
4.1. General information

The reactions and manipulations were carried out under a Nj
atmosphere. Solvents were degassed and dried using the standard
procedures before use. Benzene-dg was distilled immediately from
Na and benzophenone under a N, atmosphere before use. A Bruker
Advance 400 MHz spectrometer was employed for recording the
NMR spectra. Chemical shift values were calibrated internally to the
residual solvent resonances for 'H and 3C NMR spectra and
externally to 85% H3PO4 (6 0) and BFs-Et;0 (6 0), respectively, for
31p and "B NMR spectra. A Nicolet-Nexus 670 infrared spectro-
photometer was used for recording the FTIR spectra. The palladium
complexes [2,6-(‘BuyP0),CgH3]PACl [49], [2,6-('ProPO),CsH3]PdCl
[14] and 1b [11] were synthesized according to the published
procedures.

4.2. Synthesis of [2,6-(‘BuP0),CsH3]PdSCHPh (1a)

To a suspension of NaH (240 mg, 10.0 mmol) in 20 mL of THF was
added benzyl mercaptan dropwise (1.17 mL, 10.0 mmol) at 0 °C under
a nitrogen atmosphere. The resulting mixture was warmed to room
temperature and stirred for 1h. A solution of [2,6-(‘BuyPO),CsH3]
PdCl (1080 mg, 2 mmol) in THF (10 mL) was then added. The mixture
was refluxed under a nitrogen atmosphere for 36 h. The volatiles
were removed under vacuum and the residue was extracted with
toluene and then filtered through a pad of Celite. Removal of toluene
under vacuum produced complex 1a as a yellow crystalline solid
(978 mg, 78% yield). 'H NMR (400 MHz, benzene-dg, 6): 7.68 (d, 2H,
ArH, Jun = 7.1 Hz), 7.23—7.27 (m, 2H, ArH), 7.07—7.10 (m, 1H, ArH),
6.92 (t, 1H, ArH, Jz.u = 8.4 Hz), 6.72 (d, 2H, ArH, Ju.i = 8.4 Hz), 4.11 (s,
1H, SCH,Ph), 1.34—1.37 (m, 36H, C(CH3)3). *C{'H} NMR (101 MHz,
benzene-dg, 6): 166.9 (t, ArC, Jc.p= 5.6 Hz), 146.8 (s, ArC), 136.2 (s,
ArC),129.1 (s, ArC), 128.2 (s, ArC), 127.9 (s, ArC), 125.9 (s, ArC), 105.6 (t,
ArC, Jc.p= 6.8 Hz), 40.0 (t, C(CH3)3, Jc.p = 7.8 Hz), 38.5 (t, C(CH3)3, Jc-
p=4.3Hz), 28.0 (t, C(CH3)3, Jc.p = 3.8 Hz). 3'P{'H} NMR (162 MHz,
benzene-dg, 6): 194.4 (s). Anal. Calcd for C,gH46PdO,P5S: C, 55.54; H,
7.39. Found: C, 55.33; H, 7.30.

4.3. Synthesis of [2,6-(‘BuyP0),CsH3]PdSH(2a)

A mixture of [2,6-(*BuP0),CgH3]PdCl (1080 mg, 2 mmol), NaSH
(224 mg, 4 mmol) and THF (30 mL) was refluxed under a nitrogen
atmosphere for 48 h. The volatiles were removed under vacuum
and the residue was extracted with toluene and then filtered
through a pad of Celite. Removal of toluene under vacuum pro-
duced complex 2a as an orange crystalline solid (857 mg, 80%

o— F’Rz CHZPh
< i}— i,B
d\./‘/ \H

Chart 2. Interaction of the palladium benzylthiolate complex with BHs.

yield). 'TH NMR (400 MHz, benzene-dg, 6): 6.90 (t, 1H, ArH, Ju.
w=77Hz), 674 (d, 2H, ArH, Jy.y=7.7 Hz), 1.30—1.33 (m, 36H,
C(CH3)3), —0.74 (t, 1H, SH, Jip = 10.3 Hz). *c{'H} NMR (101 MHz,
benzene-dg, ¢): 166.8 (t, ArC, Jcp=6.0Hz), 1371 (t, ArC, Jc.
p=9.8Hz),127.9 (s, ArC), 105.7 (t, ArC, Jc.p = 7.1 Hz), 39.8 (t, C(CH3)3,
Je.p=8.2 Hz), 27.8 (t, C(CH3)3, Jc.p = 3.8 Hz). >'P{'H} NMR (162 MHz,
benzene-dg, 6): 197.3 (s). Selected data from FTIR (KBr disc): 2960
(s), 2867 (s), 2587 (w), 1569 (m), 1439 (s), 841 (vs) cm~ . Anal. Calcd
for CooHygoPdO,P,S: C, 49.21; H, 7.51. Found: C, 49.53; H, 7.74.

4.4. Synthesis of [2,6-(‘PrsP0O),CgH3]PdSH (2b)

Complex 2b was prepared in 85% yield as a light yellow solid by
a procedure similar to that used for 2a. 'TH NMR (400 MHz, ben-
zene-dg, d): 6.90 (t, 1H, ArH, Ju-n= 7.8 Hz), 6.74 (d, 2H, ArH, Ju-
n=7.8Hz), 2.02-2.09 (m, 4H, CH(CH3);), 1.18—1.24 (m, 12H,
CH(CHs),), 1.04—1.10 (m, 12H, CH(CHs3),), —1.03 (t, 1H, SH, Ju-
p=11.9 Hz). 3C{'H} NMR (101 MHz, benzene-dg, 3): 166.1 (t, ArC, Jc-
p=6.7Hz),136.9 (t, ArC, Jc.p = 3.5 Hz), 128.1 (s, ArC), 106.6 (t, ArC, Jc-
p="7.2Hz), 29.3 (t, CH(CH3)y, Jc.p=11.9Hz), 17.4 (t, CH(CH3)y, Jc-
p=3.8Hz), 16.7 (s, CH(CH3)). 3'P{'H} NMR (162 MHz, benzene-ds,
d): 192.1 (s). Selected data from FTIR (KBr disc): 2962 (s), 2927 (s),
2871 (m), 2567 (w), 1567 (m), 1441 (s), 839 (vs) cm~ L. Anal. Calcd
for C1gH3,PdO,P,S: C, 44.96; H, 6.71. Found: C, 45.12; H, 6.86.

4.5. Reactions of 1a and 1b with BH3-THF and characterization of
3a and 3b

Complex 1a or 1b (1 mmol) was dissolved in benzene (10 mL) in
a flask under a nitrogen atmosphere; then BH3-THF (2 mmol) was
added. After the resulting mixture was stirred at room temperature
for 1h, the solution was concentrated to 5mL and kept under a
nitrogen atmosphere at room temperature for a few days. Colorless
crystals of 3a or 3b precipitated. The crystals were separated from
the mother solution, washed with pentane and stored under a ni-
trogen atmosphere at —30°C.

For the reaction of 1a with BH3-THF, 350 mg (68% yield) of 3a
was isolated. 'TH NMR (400 MHz, benzene-dg, §): 6.86 (t, 1H, ArH, Jy-
H="7.5Hz), 6.67 (d, 2H, ArH, Jy.y=7.5Hz), 1.30-1.33 (m, 36H,
C(CH3)3), 0.36 (br q, 4H, BH, Ji.8 = 75 Hz). 3C{'H} NMR (101 MHz,
benzene-dg, 6): 167.3 (t, ArC, Jc.p = 5.3 Hz), 1334 (s, ArC), 128.4 (s,
ArC), 105.9 (t, ArC, Jc.p=6.3 Hz), 39.9 (t, ((CH3)3, Jc.p = 7.9 Hz), 27.6
(t, C(CH3)3, Je.p = 3.3 Hz). *'P{'H} NMR (162 MHz, benzene-dg, 0):
2002 (s). "B NMR (128 MHz, benzene-ds, 6): 39.8 (quin, Jp-
u=82.4Hz). Selected data from FTIR (KBr disc): 3196 (vs), 2960
(m), 2390 (m), 2259 (m), 1571 (w), 1435 (vs), 1022 (s), 994 (s) cm ™.

For the reaction of 1b with BH3-THF, 370 mg (80% yield) of 3b
was isolated. "TH NMR (400 MHz, benzene-dg, 3): 6.86 (t, 1H, ArH, Jyi.
n=75Hz), 6.68 (d, 2H, ArH, Jy.n=75Hz), 2.06-2.17 (m, 4H,
CH(CH3);), 1.18—1.24 (m, 12H, CH(CHs);), 1.00—1.06 (m, 12H,
CH(CH3),), 0.24 (br q, 4H, BHa, Ju-g = 77 Hz). *C{'H} NMR (101 MHz,
benzene-dg, 9): 166.5 (t, ArC, Jc.p=6.6 Hz), 133.8 (t, ArC, Jc.
p=2.8Hz), 128.5 (s, ArC), 106.2 (t, ArC, Jc.p=7.3Hz), 29.0 (t,
CH(CH3),, Jc.p=12.2 Hz), 17.0 (t, CH(CH3),, Jc.p=3.9Hz), 16.5 (s,
CH(CH3)). 3'P{'H} NMR (162 MHz, benzene-dg, 3): 195.4 (s). ''B
NMR (128 MHz, benzene-dg, 6): 39.5 (quin, Jg.y = 81.0 Hz). Selected
data from FTIR (KBr disc): 2962 (s), 2928 (s), 2871 (m), 2389 (m),
2370 (m), 2212 (m), 1567 (w), 1440 (vs), 1029 (s), 983 (s)cm ™.

4.6. Reactions of 2a and 2b with BH3-THF

The reactions of complex 2a and 2b with BH3-THF were carried
out in NMR tubes. Under a nitrogen atmosphere, 2a or 2b
(0.1 mmol) was mixed with 6 equiv of BH3-THF in a NMR tube
containing 0.5 mL of benzene-dg. The reaction was monitored by
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Table 1

Summary of crystal data and structure refinement for complexes 1a, 1b, 2a, 2b, 3a and 3b.

la 1b 2a 2b 3a 3b

Empirical formula C29H460,P,PdS C25H350,P,PdS C2H4002P,PdS C;8H320,P,PdS Ca2Ha3BO,P,Pd Cy3H35BO,P,Pd
Formula weight 627.06 570.95 536.94 480.83 518.71 462.61
Temp, K 288.99(10) 297.00(10) 293.94(10) 294.27(10) 296.15 99.99(10)
Crystal system Monoclinic Monoclinic Triclinic Triclinic Triclinic Triclinic
Space group P 21/c P121/c1 P -1 P-1 P -1 P -1
a A 20.1387(4) 15.9773(8) 8.3164(6) 8.1509(3) 8.2831(7) 7.76124(14)
b, A 10.66230(10) 15.3737(8) 12.2615(10) 10.3927(3) 12.2518(10) 11.8938(3)
¢ A 15.6302(3) 22.9689(8) 13.4694(11) 14.5842(5) 13.4218(11) 12.0861(3)
a () 90 90 100.348(7) 100.373(3) 100.8650(10) 96.4669(18)
8(°) 112.738(2) 97.524(4) 95.609(7) 104.468(3) 95.5030(10) 94.4646(16)
v () 90 90 105.021(7) 102.456(3) 104.3080(10) 94.7522(17)
Volume, A3 3095.36(10) 5593.3(4) 1289.86(19) 1131.76(7) 1281.56(18) 1100.48(4)
Z 4 8 2 2 2 2
deare, g cm ™3 1.346 1.356 1.382 1411 1344 1.396
AA 1.54184 0.71073 0.71073 1.54184 0.71073 0.71073
M, mm~! 6.613 0.871 0.939 8.867 0.863 0.996
No. of data collected 13838 37115 9865 12704 9026 12562
No. of unique data 5589 10377 4586 4380 4547 3926
Rint 0.0205 0.0449 0.0627 0.0448 0.0163 0.0253
Goodness-of-fit on F? 1.068 1.107 0.954 1.048 1.061 1.053

Ry, WR; (I>2a(I))
R1, WR (all data)

0.0302, 0.0801
0.0325, 0.0817

0.0771, 0.1692
0.1012, 0.1813

0.0515, 0.0912
0.0858, 0.1012

0.0318, 0.0806
0.0349, 0.0843

0.0251, 0.0579
0.0275, 0.0593

0.0200, 0.0451
0.0214, 0.0456

31p{1H} and "B NMR spectra at room temperature. Both the re-
actions were completed in 30 min; the NMR spectra showed the
formation 3a or 3b and THF-BH,-u»-S(B,Hs).

4.7. X-ray structure determination

Single crystals of complexes 1a, 1b, 2a and 2b used for X-ray
diffraction analyses were obtained from n-hexane/toluene solu-
tions at room temperature. Single crystals of complexes 3a and 3b
used the diffraction experiments were obtained from the concen-
trated benzene reaction solutions at room temperature. Intensity
data were collected on a SuperNova diffractometer (Oxford
Diffraction) at room temperature (for 1a,1b, 2a, 2b and 3a) or 100K
(for 3b). Mirror-monochromated Cu Ka radiation (A =1.54184 A)
was used for 1b and 2a; mirror-monochromated Mo Ka radiation
(A=0.71073A) was used for 1a, 2b and 3b; graphite-
monochromated Mo Ko radiation (A =0.71073 A) was used for 3a.
Data processing and structure refinement were performed as
described in our previous publication [21]. Two independent
molecules were found in the crystalline lattice of complex 1b. No
solvent of was crystallized in the lattice for any of the structures.
The crystallographic data and structure refinement for these POCOP
pincer palladium complexes is summarized in Table 1.

CCDC 1872773 (1a), 1872774 (1b), 1872771 (2a), 1872772 (2b),
1872775 (3a) and 1872776 (3b) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Center.
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