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ABSTRACT: The self-assembly of Xantphos-capped
M(OTf), (M = cis-[M'(Xantphos)]*"; M’ = Pd, Pt) with
bridging ligands 1,4-benezenedithiol or 4,4’-biphenyldithiol
has been investigated. The reactions have yielded complexes
[M{S(C4¢H,),SH}],(OTf), (I) and [M,{S-
(C¢H,),S},(0Tf), (II) (n = 1 or 2). The equilibrium
between I and II has been established in platinum complexes
for n = 2, whereas the analogous Pd complex exclusively exist
as IL. These results are different from our previously reported
dppe or triethyl phosphine-capped complexes which showed
only type IL The same reaction with 1,3-benezenedithiol lead
to the complex [M,(SC4H,SSC(H,S)](OTf), (IIL), contain-
ing a S—S bond between two thiolate ligands, formed via a
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complex of type I in solution. Characterization of the complexes was accomplished by NMR spectroscopy, UV—vis
spectroscopy and mass spectrometry, and X-ray crystallography. Density functional calculations were performed to estimate the
relative stability of three types of complexes. The palladium complexes are excellent catalysts in Suzuki C—C cross coupling
reactions under mild conditions, and can be reused eight times without losing significant yield. The activity of the Pd catalysts
derived from three dithiol ligand follows opposite trend of the stability as III > II > I. The comparative catalytic activity of the
tetranuclear Pd complexes (II) of bis-phosphines of varied bite angles, including the structurally characterized

[Pd,(dppf),(SC,HgS)],(OTf), has also been demonstrated.

B INTRODUCTION

The development of new metallo-supramolecular complexes as
functional materials has been of tremendous interest in the
past decade. Some of these coordination complexes isolated as
discrete molecules have potential uses in drug delivery,’
enzyme mimics,” molecular sensing,® guest storage,” and
homogeneous catalysis.”~” The nature of applications depend
upon the metal ions and organic ligands used, capable of
showing noncovalent interactions, as well as the rigidity, size of
cavity, charge and solubility of the supramolecular complexes.
Among the transition metals, Pd(II) and Pt(II) ions have been
widely exploited in the construction of metallo-supramolecular
assembly owing to their square-planar geometry and higher
stability over the main group metals, which generally show
unpredictable geometry. The final structure obviously depends
on the bonding mode of building blocks, thermodynamic
stability, entropy change, steric factor and many more.®
Employing a large number of bis-pyridyl ligands of varying
spacer group, by incorporating organic group,l_é’8 or
heteroatom in the ligand backbone,”'? a library of fascinating
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structures were generated containing metal—pyridyl bond. A
few such Pt complexes have been recently explored as
functional materials to generate chiral metallogels,11 stabilizer
for G-quadruplexes,’” and antitumor agent.'’ The self-
assembled Pdg compound from triimidazole or oxadiazole
ligand has been established as catalysts in Diels—Alder'* or
Suzuki coupling reactions."

However, the thiolate ligand (RS™), capable of forming rigid
structures owing to stronger metal—sulfur bond, is under
explored in the construction of metallo-supramolecular
complexes. It may be due to the tendency of the ligand to
form sparingly soluble oligomer or polymer rather than the
discrete molecules. We have recently reported the supra-
molecular assemblies of Pd(II) and Pt(II) complexes using
mercaptobenzoic acid'® via intermolecular H-bonding and aryl
dithiolate ligands’ via coordinate bond. The macrocyclic
palladium complexes, [Pd,(dppe),{S(C¢H,),S}],(OTf), and
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[Pd,(dppe),(SCH,C¢H,CH,S)],(OTf); (n = 1, 2; dppe = 1,2-
bis(diphenylphosphino)ethane) showed excellent catalytic
activity in Suzuki’ and Heck'” C—C coupling reactions.
Encouraged by these results we decided to investigate the
effect of wide-bite-angle phosphine, Xantphos (9,9-dimethyl-
4,5-bis(diphenylphosphino)xanthenes), as capping ligand on
the structures as well as the catalytic activity of the resulted
complexes derived from the same dithiol ligands. The capping
ligand strongly influences the nuclearity and structures of the
self-assembled products particularly in solution.">"” It is well-
established that the large bite angle of diphosphine has positive
influence on the catalytic activity of Pd complexes in various
C—C,*° C—N,*"*? and C—0* bond forming reactions. The
wide bite angle and flexible coordination environment of
Xantphos™* are factors responsible for making it highly efficient
ligand among other large bite angle diphosphines such as
DPEphos (bis(2-diphenylphosphinophenyl)ether), dppf (1,1’
bis(diphenylphosphino)ferrocene), or Binap (2,2'-bis-
(diphzf;r%lphosphino)-l,l’-binaphthyl) in catalysis reac-
tions.™

We have investigated the reactions of [M'(Xantphos)-
(OTf),] and arylenedithiols of varying position of thiol groups
as bridging ligands (Scheme 1). Interestingly, the *'P NMR

Scheme 1. Aryldithiol and Diphosphine Ligands with Bite
Angles in Degree”
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spectrum of the resulted Pd and Pt complexes showed two
distinct signals indicating the presence of two species in
solution. One of the dithiolate complex, [M’,(Xantphos),{S-
(C¢H,),S}1,(0OTA),, is similar to the dppe analogue’ which
was earlier isolated as a single product, whereas the other is
identified as dinuclear complex containing free thiol group,
[M'(Xantphos){S(C¢H,),SH}],(OTf),. The same reaction
with 1,3-benezenedithiol lead to the complex
[M’,(Xantphos),(SC¢H,SSC¢H,S)](OTf), containing a S—S
bond. The performance of the catalytic activity of the isolated
Pd complexes was evaluated in Suzuki C—C coupling reactions
in details. Moreover, a new complex of another large bite angle
diphosphine dppf was also prepared. Under optimized reaction
conditions, i.e., reflux in methanol, the comparative activity of
the tetranuclear complexes [Pd,(P"P),(SC;,H,S)],(OTf), of
varied bite angles and flexibility range””** of PP = Xantphos,
dppf, and dppe has been evaluated (Scheme 1).

B EXPERIMENTAL SECTION

2a, Pd(Xantphos)(OTf),. To a dichloromethane solution of (25
mL) of Pd(Xantphos)Cl, (301 mg, 0.39 mmol), solid AgOTf (307
mg, 1.19 mmol) was added. The reaction mixture was stirred for 16 h
with exclusion of light; the solvent was filtered and concentrated to 10
mL. Diethyl ether (25 mL) was added to precipitate yellow solid

which was recrystallized from dichloromethane—ether mixture to
yield yellow crystals of 2a (305 mg, 78%; mp 145 °C (dec)). Anal.
Calcd for CyH;,FO,P,PdS,*(CH,CL,),s(H,0),: C, 45.78; H, 3.70;
S, 5.89. Found: C, 45.28; H, 3.49; S, 5.69%. 'H NMR (300 MHz,
CDCly): § 1.95 (s, 6H, CH,), 7.18—7.25 (m, 10H, m-H of PPh, +
CHCHCH), 7.33—-7.42 (m, 14H, 0-H/p-H of PPh, + CPCHCH),
791 (d, *Juy = 7.8 Hz, 2H, CHCHCC), *'P{"H} NMR (121 MHz,
CDCLy): 6 26.6 (s). UV/vis (acetone): 4, (¢ in M™' cm™)
329(9515) nm.

2b, Pt(Xantphos)(OTf),. Prepared in a manner similar to that for
2a, using Pt(Xantphos)Cl, (432 mg, 0.51 mmol) and AgOTf (394
mg, 1.53 mmol) to give colorless solid which was recrystallized from
dichloromethane—hexane mixture to yield colorless crystals of 2b
(498 mg, 91%; mp 172 °C (dec)). Anal. Calcd for C,;H3,FcO,P,PtS,:
(H,0),: C, 44.45; H, 3.28; S, 5.79. Found: C, 44.71; H, 3.36; S,
5.66%. '"H NMR (300 MHz, CDCl,): 6 1.94 (s, 6H, CH,), 7.17—7.22
(m, 10H, m-H of PPh, + CHCHCH), 7.32—7.39 (m, 14H, o-H/ p-H
of PPh, + CPCHCH), 7.87 (d, *Juy = 7.8 Hz, 2H, CHCHCC).
SIP{'H} NMR (121 MHz, CDCL,): § —4.4 (s, YJp_p = 4132 Hz).
UV/vis (acetone): Ay, (& in M™' ecm™) 327(1266) nm.

3a, [Pd(Xantphos)(1,4-SC4H,SH)],(OTf), (I) and
[Pd,(Xantphos),(1,4-SC¢H,S)1,(OTf), (Il). To an acetone solution
of (§ mL) of 1a (5.4 mg, 0.038 mmol), acetone solution (S mL) of 2a
(75.2 mg, 0.076 mmol) was added. The wine-red solution was stirred
for 4 h. The solvent was evaporated in vacuuo; the red residue was
washed with diethyl ether and extracted with acetone (3 X § mL).
Diethyl ether (10 mL) was added to yield red colored solid of 3a
(48.1 mg, 0.024 mmol, 65%; mp >230 °C (dec)). Anal. Calcd for 3a-
I(H,0), C4,H;,FsOsP,Pd,Ss*(H,0),: C, 55.64; H, 3.96; S, 9.67%.
Calcd for 3a-1I-(H,0),, C;7,H;36F;,0,¢PsPd,Sg(H,0),: C, 56.00; H,
3.93; S, 6.95%. Found: C, 55.11; H, 3.75; S, 9.98%. Calcd for 3a-1: Pd,
10.91%. Calcd for 3a-II: Pd, 11.77%. Found: Pd, 12.00%. '"H NMR
(300 MHz, acetone-dg): & 1.50 (s, 6H, CH,), 1.97 (s, 6H, CH,), 5.60
(br s, 4H, C¢H,), 6.88 (br s, 12H, p-H of PPh, + CHCHCH), 7.39
(m, 20H, m-H of PPh, + CPCHCH), 7.66 (br s, 16H, o-H of PPh,),
7.92 (br's, 4H, CHCHCC), 'H NMR (500 MHz, CD;0D): § 1.50 (s,
6H, CH,), 1.97 (s, 6H, CH,), 5.53 (brs, 8H, C4H,), 6.84 (brs, 12H,
p-H of PPh, + CHCHCH), 729 (m, 20H, m-H of PPh, +
CPCHCH), 7.59 (br s, 16H, o-H of PPh,), 7.90 (br s, 4H,
CHCHCC). ¥P{'H} NMR (121 MHz, acetone-dg): & 4.3 (br, s), 7.9
(br, s) in ~1:1 ratio. >'P{"H} NMR (243 MHz, CD;0D): § 5.1 (br,
s), 12.8 (br, s) in ~I1:1 ratio. Electrospray ionization mass
spectrometry (ESI-MS; ion, relative intensity): m/z 1168.1
([Pd,(Xantphos),(SC¢H,SH), + 2H]>*, 2%), 1165.1 ([3a-II + H —
(30Tf + Pd(Xantphos) + 2C¢H,)]*, 1%), 825.1 ([3a-I — (20Tf +
Pd(Xantphos) (SC¢H,SH))]*, 7%), 759.1 ([Pd(Xantphos)S + 2H +
CH,;CN]*, 10%), 754.1 ([3a-II — (40Tf +
sz(Xantphos)z(SC5H4S))]2+, 5%), 710.0 ([Pd(Xantphos)(SC¢H,),
+ CH,CN — 3C4H,]*, 100%), 685.1 ([Pd(Xantphos) + HI*, 7%).
UV/vis (acetone): A, (¢in M~ em™) 350(28123), 397(sh, 15883),
503(17707) nm.

3b, [Pd,(Xantphos),(4,4’-SC;,HgS)1,(OTf), (II). Prepared in a
manner similar to that for 3a, using 2a (75.1 mg, 0.076 mmol) and 1b
(8.3 mg, 0.038 mmol) to yield the title complex as red solid (50.3 mg,
0.013 mmol, 70%; mp > 230 °C (dec)). Anal. Calcd for 3b
Cis4H 44F1,0,4P¢Pd,Sg: C, 58.63; H, 3.85; S, 6.81. Found: C, 58.60;
H, 3.82; S, 6.94%. "H NMR (300 MHz, acetone-dg): 6 1.62 (s, 6H,
CHj;), (another peak due to the methyl group merged with the
solvent peak at § 2.05 ppm), 5.89 (d, *Jyyy = 7.8 Hz, 4H, o-H, C;,Hj),
6.32 (d, *Jyy = 7.8 Hz, 4H, m-H, C,,Hy), 7.09 (br s, 4H, CHCHCH),
7.22 (br s, 8H, p-H of PPh,), 7.30—7.49 (m, 20H, m-H of PPh, +
CPCHCH), 7.53 (t, *Jyy = 6.9 Hz, 16H, o-H of PPh,), 7.97 (d, *Juy
= 7.8 Hz, 4H, CHCHCC). '"H NMR (500 MHz, CD;0D): § 1.56 (s,
6H, CH;), 2.01 (s, 6H, CH;), 5.84 (d, ’Jyy = 8.0 Hz, 4H, o-H,
Cp,Hy), 622 (d, *Juy = 8.0 Hz, 4H, m-H, C,Hy), 7.01 (br s, 4H,
CHCHCH), 7.14 (br s, 8H, p-H of PPh,), 7.31—7.44 (m, 20H, m-H
of PPh, + CPCHCH), 7.53 (t, *Jus = 7.5 Hz, 16H, o-H of PPh,), 7.89
(d, 3gu = 7.5 Hz, 4H, CHCHCC). “C{'H} NMR (201 MHz,
acetone-dg): 6 23.4 (s, CH;), 38.7 (s, CCH,), 117.6 (d, Jpc = 45.1
Hz, CP of C;sH;,0), 1274 (s, 0-C of C;,Hy), 127.9 (s, CH of
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C,5H;,0), 130.3 (s, m-C of C;,Hy), 130.5 (s, CH of C;sH,,0), 130.8
(s, m-C of C4Hy), 131.8 (s, CS of C},Hy), 132.9 (d, YJpc = 71.6 Hz,
CP of C4Hy), 134.2 (s, 0-/p-C of C4Hy), 134.7 (s, CH of C;sH,,0),
137.6 (s, CC of C;,Hy), 139.0 (s, CCC(CHj;) of C;sH,,0), 157.4 (s,
CO of C;sH,,0). YF{'H} NMR (376 MHz, acetone-ds): § —78.7
(s). ¥P{'H} NMR (121 MHz, acetone-dg): & 9.1 (s). ESI-MS (ion,
relative intensity): m/z 901.1 ([3b-II — (4OTf + Pd,(Xantphos),)]**,
13%), 832.1 ([Pd(Xantphos)S, + 2CH,CN + 2H]*, 7%), 816.6
([Pd,(Xantphos),S(OTf) + 2CH,CN + 2H]*, 9%), 719.1 ([Pd-
(Xantphos)(SC,,Hy) + 2CH,CN — 3CH,]*, 22%), 710.0 ([Pd-
(Xantphos)(SC¢H,), + CH3CN — 3CcH]*, 100%), 395.0
([Pd,(Xantphos)]**, 24%). UV/vis (acetone): A, (¢ in M~ cm™)
344(41063), 395(sh, 27590), 518(28950) nm.

3¢, [Pd(Xantphos)(1,3-SC¢H,SH)],(OTf), (I') and
[Pd,(Xantphos),(1,3-SCgH,SSCsH,S)1(OTS), (Ill). Prepared in a
manner similar to that for 3a, using 2a (106.4 mg, 0.108 mmol) and
1c (15.5 mg, 0.109 mmol) to give a red colored solid [(68.5 mg, 0.035
mmol, 65%; mp > 230 °C (dec)). Anal. Calcd for
CyyHooFeOsP,Pd,Ss: C, 56.65; H, 3.82; S, 9.86. Found: C, 56.11;
H, 3.59; S, 8.83%. 'H NMR (600 MHz, acetone-dg): § 1.83 (br s,
CH,), 1.88 (s, CH,), 6.38—8.22 (m, C,;H,,0 + PPh, + C(H,).
SIp{'H} NMR (243 MHz, acetone-dy): § 15.9 (s), 18.5 (br s), 27.0
(s)], which on recrystallization from acetone-hexane mixture at —5 °C
to yield orange crystals of 3¢ (34.8 mg, 0.017 mmol, 33%; mp > 200
°C (dec)). Anal. Calcd for Cy,H,,F;O4P,Pd,S: C, 56.70; H, 3.72; S,
9.87. Found: C, 56.46; H, 3.70; S, 9.57%. 'H NMR (600 MHz,
acetone-dg): 5 1.43 (s, 6H, CH,), 1.68 (s, 6H, CH,), 5.19 (d, ¥y =
7.8 Hz, 2H, CH,), 6.31 (br s, 2H, C¢H,), 6.78 (t, *Jqy = 7.8 Hz, 2H,
C¢H,), 6.87 (br m, 20H, m-H of PPh, + C4H, + CHCHCH), 7.02
(br, 4H, p-H of PPh,), 7.09 (m, 4H, p-H of PPh,), 7.24 (d, ¥y = 7.8
Hz, 2H, CHCHCH), 7.30—8.25 (br m, 24H, o-H of PPh, +
C;sH,,0). *'P{'H} NMR (243 MHz, acetone-dy): & 22.5 (s). UV/vis
(acetone): An (£ in M™! em™) 353(20159), 430(14269), 461(sh,
10458) nm.

3d, [Pd(Xantphos)(1,4-SCH,CcH,CH,SH)1,(OTf), and
[Pd,(Xantphos),(1,4-SCH,C¢H,4CH,S)],,,(OTf),,,. Prepared in a
manner similar to that for 3a, using 2a (70.9 mg, 0.072 mmol) and
1d (6.1 mg, 0.035 mmol) to yield the title complex as orange solid
(42.5 mg, 0.005 mmol, 62%; mp 202 °C). Anal. Calcd for
[Pd(Xantphos)(SCH,C¢H,CH,SH)],(OTf), CogHg,FsO4P,Pd,Sq:
C, 57.46; H, 4.12; S, 9.59. Found: C, 57.96; H, 4.23; S, 8.94%. 'H
NMR (300 MHz, acetone-dg): § 1.63 (br s, 6H, CH,), (another peak
due to the methyl group merged with the solvent peak at § 2.05 ppm),
3.28 (s, 8H, SCH,), 6.45—8.45 (br m, 60H, Xantphos + CsH,).
SP{'H} NMR (121 MHz, acetone-dy): & 10.8 (br s), 12.9 (br s) in
~1:1 ratio.

4a, [Pt(Xantphos)(1,4-SC4H,SH)],(OTf), (I) and
[Pt,(Xantphos),(1,4-SC¢H,S)1,(OTf), (II). An acetone solution (S
mL) of 2b (100.1 mg, 0.093 mmol) was added to a methanolic
solution (S mL) of la (6.6 mg, 0.046 mmol) with stirring which
continued for 24 h. The solvent was evaporated in vacuuo; the red
residue was washed with hexane and extracted with acetone (3 X 5
mL). A few drops of hexane were added to yield yellow crystal of 4a
(71.3 mg, 0.033 mmol, 72%; mp > 230 °C (dec)). Anal. Calcd for 4a-
I Cy,H,,FsOP,Pt,Ss: C, 51.93; H, 3.51; S, 9.04. Calcd for 4a-1I
Ci7,H 56F1,016PgPt,Sg: C, 52.02; H, 3.45; S, 6.46. Found: C, 52.02;
H, 3.65; S, 8.85%. 'H NMR (500 MHz, acetone-dg): § 1.52 (s, 6H,
CH,), 2.00 (s, 6H, CH,), 5.30 (br s, 4H, C,H,), 5.98 (br s, 4H,
C¢H,), 6.20—8.25 (br m, 48H, Ph + C;H;,0), 891 (br, 4H,
C;sH,0). 3'P{’"H} NMR (121 MHz, acetone-dq): 5 —1.46 (s, Jp._p
= 3505 Hz), —8.52 (s, YJp_p = 3365 Hz). ESI-MS (ion, relative
intensity): m/z 1299.7 ([4a-Il — (4OTf + Pt(Xantphos))]*, 8%),
1255.7 ([4a-II + 4CH,CN + H — (Xantphos + 4C¢H; + SC¢H,S)]*,
2%), 1173.8 ([4a-11 — 30Tf]**, 100%), 1132.8 ([4a-Il — (20Tf + Pt
+ CgHy)P*Y, 15%), 914.1 ([4a-1 — (20Tf + [Pt(Xantphos)-
(SC¢H,SH))]*, 2%), 843.1 ([Pt,(Xantphos),(SCsH,S)]*, 20%).
UV/vis (acetone): A, (¢ in M™' cm™) 332(22172), 366(sh,
15763), 447(5577) nm.

4b, [Pt(Xantphos)(4,4'-SC,,HgSH)],(OTf), (I) and
[Pt,(Xantphos),(4,4'-SC;,HgS)1,(OTf), (Il). Prepared in a manner

similar to that for 4a, using 2b (48.1 mg, 0.045 mmol) and 1b (4.9
mg, 0.022 mmol) and recrystallized from acetone—hexane mixture to
yield yellow crystals of 4b (36.1 mg, 0.008 mmol, 78%; mp > 230 °C
(dec)). Anal. Calcd for 4b-II C,gH,,,F;,0,PsPt,Ss: C, 53.59; H,
3.52; S, 6.22. Found: C, 53.87; H, 4.08; S, 5.64%. '"H NMR (300
MHyz, acetone-dy): 5 1.58 (s, 6H, CH;), another peak correspondence
to the methyl group merged with the solvent peak at 6 2.05 ppm, 5.77
(br s, 4H, 0-H, C,,Hy), 6.28 (br s, 4H, m-H, C,Hy), 7.12 (br s, 4H,
CHCHCH), 7.24 (br s, 8H, p-H of PPh,), 7.34—7.54 (m, 36H, o-H/
m-H of PPh, + CPCHCH), 7.98 (d, *Jyy = 7.2 Hz, 4H, CHCHCC).
'H NMR (500 MHz, CD;0D): § 1.53 (s, 6H, CH,), 2.01 (S, 6H,
CH,), 5.81 (brs, 4H, o-H, C,Hy), 6.26 (br s, 4H, m-H, C,,Hy), 6.97
(br s, 4H, CHCHCH), 7.11 (br s, 8H, p-H of PPh,), 7.27—7.60 (m,
36H, o-/m-H of PPh, + CPCHCH), 7.89 (br s, 44, CHCHCC).
BC{'H} NMR (201 MHz, acetone-dg): 6 22.9 (s, CH;), 39.1 (s,
CCH;), 1162 (d, YJpc = 57.5 Hz, CP of C;sH,,0), 127.4 (s, 0-C of
Cy,H,), 130.1 (s, m-C of Cy,Hy), 130.5 (s, CH of C,H,,0), 130.7 (s,
m-C of C¢Hy), 131.6 (br s, CS of C},Hy), 133.1 (d, Jpoc = 77.0 Hz,
CP of C¢Hy), 1342 (s, CH of C;sH,;,0), 134.5 (s, 0-C of C¢Hy),
138.4 (brs, CC of C},Hy), 138.9 (s, CCC(CHj,) of C,5H;,0), 158.1
(s, CO of C;sH,,0), the peaks due to one CH group of C;sH,,0 and
p-C of C4H; are merged with the peaks at § 130.1 and 134.5 ppm,
respectively. *'P{'"H} NMR (121 MHz, acetone-dy): 5 —0.89 (br s,
Ype_p = 3380 Hz). ESI-MS (ion, relative intensity): m/z 1911.3 ([4b-
I — 20Tf]*, 9%), 1375.7 ([4b-Il — (40OTf + Pt(Xantphos))]*,
1%), 1224.5 ([4b-II — 30Tf]*, 100%), 881.2 ([4b-II — 40Tf]*,
88%). UV/vis (acetone): A, (¢ in M™' em™) 328(33457), 341(sh,
27427), 411(32383) nm.

4c¢, [Pt(Xantphos)(1,3-SC4H,SH)1,(OTf), (I') and
[Pt,(Xantphos),(1,3-SCsH,SSCsH,S)1(OTS), (Ill). Prepared in a
manner similar to that for 4a, using 2b (61.2 mg, 0.057 mmol) and
1c (8.1 mg, 0.056 mmol) and recrystallized from acetone—hexane
mixture to yield yellow powder [(44.1 mg, 0.020 mmol, 73%; mp 221
°C (dec)). Anal. Caled for C,4H;,F;0,P,PtS;: C, 51.93; H, 3.51; S,
9.04. Found: C, 51.35; H, 3.32; S, 8.75%. '"H NMR (600 MHz,
acetone-dg): 6 1.85 (s, 6H, CH;), 2.20 (s, 6H, CH;), 3.99 (d, *Jyy =
7.8 Hz, 2H, C(H,), 5.10 (t, *Juy = 7.8 Hz, 2H, C¢H,), 5.28 (d, ¥Juyu =
9.6 Hz, 2H, C¢H,), 6.47, 7.06 (dt, *Juyy (t) = 7.8 Hz, “py (d) = 2.4
Hz, 8H, p-H of PPh,), 6.88—7.06, 7.57—7.82 (m, 32H, m-/o-H of
Pth), 7.14, 8.04 (each t, 3,y = 8.4 Hz, 4H, CHCHCH), 8.15 (d,

3Jun = 84 Hz, 2H, CPCHCH, another peak for the same group has
been merged with peak of Ph), 8.24, 8.26 (each d, ] = 9.0 Hz, 4H,
CHCHCC). 3'P{"H} NMR (243 MHz, acetone-dy): § 7.5 (d, *Jpp =
24 Hz, YJp,_p = 3057 Hz), 18.1 (d, ¥Jpp = 24 Hz, YJp,_p = 2902 Hz)].
The yellow solid redissolved in minimum quantity of acetone, a few
drops of hexane were added to yield a reddish solid with few crystals
of 3¢ (21.8 mg, 0.010 mmol, 36%; mp > 250 °C (dec)). Anal. Calcd
for Cy,H,,FcO5P,Pt,S¢: C, 51.93; H, 3.51; S, 9.04. Found: C, 51.23;
H, 3.48; S, 8.73%. '"H NMR (600 MHz, acetone-d): 6 1.31 (s, 6H,
CH,), (another peak due to the methyl group merged with the
solvent peak at § 2.0S ppm), 4.74 (br s, 2H, C¢H,), 5.10 (br s, 2H,
CH,), 6.54 (br s, 2H, CH,), 6.65—7.63 (m, 40H, PPh,), 7.77 (¢,
3Jem = 7.8 Hz, 4H, CHCHCH), 7.94 (br s, 4H, CPCHCH), 8.09 (br,
4H, CHCHCC). 3'P{'"H} NMR (243 MHz, acetone-dg): 6 12.2 (brs,
Yoep = 2956 Hz), 149 (br s, Jp_p = 3049 Hz), two small broad
peaks were observed at § 17.7 ppm (ca. 7%) and 23.8 ppm (ca. 12%).
UV/vis (acetone): A, (¢ in M™' ecm™) 329(18816), 373(12663)
nm.

5, [Pd,(dppf),(4,4'-SC,,HgS)1,(OTf), (II). To a methanol solution
of (5 mL) of 1b (7.9 mg, 0.036 mmol) was added a dichloromethane
solution (S mL) of Pd(dppf)(OTf), (69.5 mg, 0.072 mmol). The
wine-red solution was stirred for 4 h. The solvent was evaporated in
vacuuo; the red residue was washed with diethyl ether and extracted
with acetone (3 X 5 mL). Diethyl ether (1 mL) was added to yield
red crystal of the title complex (63.6 mg, 0.017 mmol, 95%; mp > 230
°C (dec)). Anal. Caled for CygH;,5F1,01,PgPd,SsFey: C, 53.64; H,
3.51; S, 6.99. Found: C, 52.95; H, 3.29; S, 7.27%. 'H NMR (500
MHz, acetone-dy): & 4.43 (s, 8H, Hy-ferr), 4.77 (s, 8H, Hﬁ-ferr), 4.85
(s, 16H, H,ferr), 6.18 (br s, 8H, 0-H, C;,Hy), 6.49 (d, *Jyp; = 8.5 Hz,
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Scheme 2. Syntheses of Palladium and Platinum Complexes with Arylenedithiols
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8H, m-H, C|,Hy), 7.62 (br s, 32H, m-H of Ph), 7.74 (br s, 16H, p-H
of Ph), 7.80—7.99 (m, 32H, o-H of PPh,). 3'P{"H} NMR (243 MHz,
acetone-dg): & 34.1 (s).

Suzuki—Miyaura Cross-Coupling Reaction. An oven-dried
flask was charged with aryl halide (1 mmol), aryl boronic acid (1.3
mmol), palladium complex 3a (0.1 mmol, equivalent to 0.4 mol % of
Pd), methanol (3.0 mL), and aqueous K,CO; (2 mmol, 1 mL) and
placed on an oil bath at 70 °C under a nitrogen atmosphere; the
reaction mixture was stirred until maximum conversion of aryl halide
to product occurred. The reaction mixture was cooled to room
temperature, was diluted with water (10 mL) and neutralized by
dropwise addition of dilute HCl (aqueous). The mixture was
extracted with hexane (3 X 15 mL), washed with water (2 X 10
mL) followed by brine solution (2 X 10 mL), and dried over
anhydrous Na,SO,. The solvent of the extract was removed with
rotary evaporator, and the resulting residue was analyzed by 'H NMR
spectroscopy.

Procedure for Catalyst Recycling. Similar to the above
procedure, the reactants 4-bromoacetophenone (1.0 mmol), PhB-
(OH), (1.3 mmol), and catalyst 3b (0.4 mol %) were used. Keeping
other reaction conditions as above, the mixture was stirred for 6 h and
processed analogously. After the reaction, hexane (3 X 15 mL) was
added to the product mixture resulting in the formation of two layers.
The upper layer of hexane containing the product was removed to
give 99% yield. Catalyst 3b, contained in the lower aqueous layer, was
then employed for another reaction; accordingly, a proportional
amount of reactants were further added. After 6 h, the first reaction
cycle resulted in 98% yield; in repeating the process, the second and
third reaction cycles yielded 97 and 96% of the product.

Density Functional Calculations. Full geometry optimizations
of all the Pd and Pt complexes are carried out using BP86 density
functional. BP86 is a generalized gradient approximation functional
that is formed by the combination of combines Becke’s 1988
exchange functional with perdew’s 1986 correlation functional.*>*°
Pseudo-Newton—Raphson based algorithm has been employed for
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geometry search. Gaussian type double split valence basis functions,
namely, 6-31G(d,p), are used for S, O, P, C, and H atoms, and 3-21G
basis set for Pd is used for the calculations. SARC-ZORA basis set is
used for Pt. The basis sets for Pt and Pd are obtained from Extensible
Computational Environment Basis Set database (PNNL). The solvent
water is modeled by employing conductor-like screening model
(COSMO).*" All electronic structure calculations are carried out
applying the GAMESS suites of ab initio program systems on a
LINUX cluster platform.> Visualizations of molecular geometry and
orbitals are carried out by the MOLDEN and MOLEKEL program
systems.33‘34

Bl RESULTS AND DISCUSSION

Syntheses and NMR Spectroscopy. The complexes
Pd(Xantphos)(OTf), (2a) and Pt(Xantphos)(OTf), (2b)
were isolated in 78 and 91% yield, respectively from the
reaction of Pd(Xantphos)Cl, and Pt(Xantphos)Cl, with excess
of AgOTf (OTf = CF;SO;). The crystalline Pd (yellow) and Pt
(colorless) complexes are highly soluble in chlorinated
solvents, methanol, acetone, etc.,, and were characterized by
different analytical techniques. The two methyl groups showed
a sharp singlet deshielded with respect to their chloride
complexes. The *'P{'"H} NMR spectrum showed one singlet
with Pt satellites ('Jp_p = 4132 Hz) for 2b. The X-ray
structure of 2a shows two coordinated water molecules with
triflate as counteranions.

The reactions of bis triflate complexes 2a and 2b with
arylene dithiols 1a and 1b in 2:1 ratio, immediately resulted in
dark chocolate colored palladium complexes 3a and 3b and
yellow colored platinum complexes 4a and 4b (Scheme 2).
These new Xantphos-capped Pd(II) and Pt(II) complexes of
dithiolate ligands were characterized by elemental analysis,
NMR, UV/vis spectroscopy and mass spectrometry which are
outlined in the Experimental Section. The *'P{'H} NMR
spectrum of phenylene-1,4-dithiolate of palladium complex 3a
displayed two slightly broad peaks at 6 4.3 and 7.9 ppm. The
analogous platinum complex 4a also showed two compara-
tively sharp peaks at § —8.5 and —1.5 ppm (Figure 1). The
Ype_p values of 3365 and 3494 Hz are significantly reduced
relative to the 'Jp_p value of 2b due to the stronger trans
influencing thiolate groups but are higher than those of the
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Figure 1. *'P{'H} NMR spectra (121 MHz, acetone-ds) of 3a
(above) and 4a (below).

PEt, analogue [Pt,(PEt;),{S(CsH,),S}],(0TH), (Jpp =
2907-2911 Hz).” The present NMR data suggest the
possibility of two types of complexes in solution. The single
crystal X-ray diffraction analysis of 4a confirmed the dinuclear
structure [Pt(Xantphos)(SCsH,SH)],(OTf), containing the
“Pt,S,” bridge by two thiolates with two free thiols designated
as Iin Scheme 2.

As expected, complex 3b showed a sharp peak at 6 9.1 ppm
in *'P{'H} NMR spectrum (Figure S8). The 'H NMR
spectrum displayed two sharp singlets at 6 1.56 and 2.00 ppm
for the methyl groups, two doublets for the ortho and meta
hydrogens of the biphenylene group and other expected peaks
in the aromatic region (Figure S6). The *'P{'H} NMR
spectrum of the platinum complex 4b showed a broad singlet
with Pt satellites of 'Jp,_p about 3380 Hz (Figure S10). The
pattern of 'H and *C{'H} NMR spectra of 4b are similar to
those of 3b; however, the peaks are broadened, for example,
the ortho and meta hydrogens or carbons of the biphenylene
group showed two broad singlets (Figures S11—S13). The
relative integration and elemental analysis indicates the
composition [M,(SC,H;S)],,(OTf),,, for 3b and 4b. Single-
crystal X-ray analyses of 4b confirmed the tetranuclear
structure [Pt,(Xantphos),(SC;,HgS)],(OTf),. It is note-
worthy the analogous reactions of 1a and 1b with M(OTf),
(M = [Pt(PEt;),]*" or [Pd(dppe)]*") resulted in the single
products as tetranuclear complexes [M,{S-
(C¢H,),S}1,(0Tf),.” The possibility of two types of
complexes in 3a and 4a at room temperature, as well as the
broadening of the *'P NMR peaks of 4b, persuaded us to do
low-temperature NMR experiments for the latter. The *'P{'H}
NMR spectrum of 4b was recorded in methanol-d, at three
different temperatures (Figure 2). At room temperature, it

I 298 K
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y L
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Figure 2. Variable-temperature *'P{'H} NMR spectra (202 MHz,
CD;0D) of 4b.

seems the line broadening (full width at half-maximum, fwhm
~ 531 Hz) is slightly more with approximate 'Jp,_p value of
3316 Hz as compared to the spectrum recorded in acetone-dg
(fwhm ~ 398 Hz). At 0 °C the main peak was extremely
broadened and merged with the Pt satellites. After further
lowering the temperature to —30 °C, it split into two sharp
peaks at 6 —7.1 and 0.5 ppm with Pt satellites; the respective
pe_p values are 3228 and 3488 Hz. These spectral features
have similarity with the *'P NMR spectrum of 4a which was
recorded at room temperature. These results indicate that the
two complexes, I and II, are in equilibrium which is fast at
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Figure 3. ESI mass-spectrum of 4b. The insets show the experimentally obtained isotope patterns of the fragments. The found and calcd values are

for the most abundant peak of the ion.

room temperature in the case of the biphenyl system. The
sharp *'P NMR peak for 3b at room temperature may be
attributed to the faster ligand-exchange processes in case of Pd
complex as compared to that of Pt analogue. The wide bite
angle and flexible behavior of the presently used ligand
Xantphos, inducing a dynamic coordination environment
around the crowded Pd(II) or Pt(II) centers, may be
responsible for the fluxional nature of the resulted complexes.*

To confirm the other peak for methyl group, which is often
merged with the solvent peak of acetone-ds, the 'H NMR
spectra of 3a, 3b, and 4b were recorded in methanol-d,
(Figures S4, S7, and S12), which are outlined in the

Experimental Section. Overall, the peaks are slightly more
broadened in methanol-d, as compared to those in acetone-d.
Moreover, the integration ratio of the peaks corresponding to
the aromatic part of Xantphos group and dithiolate group are
calculated as 1:1 for 3a in methanol-d, and 1:1 for 4a in
acetone-dg which indicate the presence of I in solution. The
thermal stability has been assessed by thermogravimetric (TG)
analyses under argon atmosphere. The TG curve of 3b shows
the decomposition starts after 320 °C (Figure $32) which
implies the solid compound is highly stable. However,
palladium complexes 3a and 3b are found to be sensitive in
chloroform. The *'P{'H} NMR spectrum of 3b in CDCl,
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solution, when monitored for 3 days, showed an additional
peak at 6 22.4 ppm with the peak at 6 8.0 ppm corresponding
to 3b in ~3:2 ratio; the former peak has been attributed to
Pd(Xantphos)Cl,.

Next, we sought to change the relative position of two thiol
groups to see the effect of the ligand on the products and
structures; accordingly, the same reactions were investigated
with 1,3-benezenedithiol. The addition of 2a and 1c in 1:1
ratio initially gave a red colored product which shows three
peaks at & 159, 18.5, and 27.0 ppm in *'P{'H} NMR
spectrum, the middle peak is broad whereas the later is highly
sharp. In acetone-hexane mixture, this product yielded orange
colored crystals, which displays a single resonance at & 22.5
ppm, and the X-ray structure confirmed the dinuclear complex
[Pd,(Xantphos),(SC¢H,SSC¢H,S)](OTf), (3c-III) contain-
ing a S—S bond between two thiolate ligands. The formation of
these products was also monitored in an NMR tube. The
mixing of 2a and 1c in acetone-dg within 1 h showed a peak at
0 159 ppm, which is attributed to the more likely anti
conformer of 3c-I’ [Pd(Xantphos)(SC¢H,SH)],(OTf),
(Scheme 2); however, after 1 day other prominent peaks
appeared at § 15.9, 18.5, 22.5, 27.0, and 47.0 ppm (Figures
S15—S17). The broad peak at § 18.5 ppm is assigned to syn
conformer of 3¢-I' which is converted to 3c-III, whereas the
sharp peaks at 6 27.0 and 47.0 ppm are assigned to dioxide of
Xantphos® and its Pd-ligated complex.

Similarly, the reaction of platinum complex 2b and 1c gives a
yellow solid in solution which is transformed to a red product
in a day. The *'P{'H} NMR spectrum of the yellow product
exhibit two sharp doublets at § 7.5 and 18.1 ppm with ‘Jp,_p
values 3057 and 2902 Hz, respectively (Figure S20). Although
the structure could not be predicted, the elemental analysis
suggest the composition of [Pt(Xantphos)-
(SC4¢H,SH)],(OTf),; the *Jpp value of about 24 Hz indicates
two magnetically inequivalent *'P nuclei. The *'P{'"H} NMR
spectrum of the red product (Figure S21) display mainly two
broad singlets at 5 12.2 and 14.9 ppm with 'Jp,_p values 2956
and 3049 Hz, respectively, which have been assigned as syn and
anti conformer of 4c-I’, [Pt(Xantphos)(SC¢H,SH)],(OTf),
(Scheme 2). The X-ray structure of the crystals found with the
red product is established as the analogous structure of
palladium complex [Pt,(Xantphos),(SCsH,SSC(H,S)](OTf),
(4c-III). It may be noted in the case of I of 3a, 3b, and 4b that
a flat square-planar M',S, rlng with two thiolate groups
adopting an anti configuration,”” has been assigned in solution
that is confirmed by solid-state structure. The DFT
calculations were also performed to check the feasibility of
the analogous tetranuclear structure obtained from phenylene-
1,4-dithiolate and biphenylene-1,4-dithiolate ligands. However,
the calculations showed that the similar complex
[M',(Xantphos),(1,3-SC¢H,S)],(OTf), (II') with phenyl-
ene-1,3-dithiolate and the possibility of another neutral
complex [M’,(Xantphos),(SC¢H,S),] (IV) are inherently
unstable, probably due to the overcrowding of ligands (Scheme
S1). The reported platinum complex [Ptz(terpyrldme)z(l 3-
SC4H,S)](PFy), exist as linear dimeric complex.*®

Another bridging ligand 1,4-benzenedimethanethiol was also
taken up to check the above results, and to compare the
catalytic activity. The *'P{'H} NMR spectrum of the prepared
palladium complex 3d, shows two broad peaks at 6 10.8 and
12.9 ppm, which suggest also two types of complexes (Figure
$22). The dppe analogue has been reported as octanuclear
structure with Pd:dithiolate ratio is 2:1.” In the present case, by

analogy, two types of complexes [Pd(Xantphos)-
(SCH,C4H,CH,SH)],(OTf), and [Pd,(Xantphos),-
(SCH,C¢H,CH,S)],,(OTf),,, have been tentatively assigned
which was not proceeded further (Scheme 2). Palladium
complex 5 of bisphosphine dppf, containing a wide bite angle
(106°) but smaller than that of Xantphos, has been prepared
with 1b as another catalyst for comparative study. The NMR
spectrum and single crystal structure of § confirmed the
tetranuclear structure [Pd,(dppf),(SC1,H;S)],(OTf), of type
II, both in solution and solid state.

Mass Spectrometry. The mass spectra of the complexes
were obtained by soft ionization ESI technique. The ESI mass
spectra clearly showed the molecular ion peaks minus the
counterions and confirm the formation of the complexes
(Figures 3 and S25—S27). The fragmented ions are observed
with +1 to +4 charge states, the peaks are isotopically resolved
which agree well with their theoretical distributions (Tables S3
and S4). For 3a, the relevant peaks were observed at m/z
1165.1, 825.1, and 754.1 corresponding to [3a-Il + H —
(30Tf + Pd(Xantphos) + 2C¢H,)]**, [3a-1 — (20Tf +
Pd(Xantphos)(SC¢H,SH))]*, and [3a-II — (40Tf +
Pd,(Xantphos),(SC¢H,S))]**. A similar mass spectrum was
observed for the analogous biphenylene dithiolate complex of
palladium 3b; the peaks at m/z 901.1 and 816.6 have been
attributed to [3b-Il — (40Tf + Pd,(Xantphos),)]** and
[Pd,(Xantphos),S(OTf) + 2CH;CN + 2H]*" suggesting the
tetranuclear structure [Pd,(Xantphos),(SC;,HS)],(OTf),.
However, no peak corresponding to binuclear structure was
detected in case of 3b.

The mass analyses of platinum complexes 4a and 4b show
lesser fragmentation than palladium complexes. The prominent
peaks were observed for 4a at m/z 1299.7 ([4a-1I — (4OTf +
Pt(Xantphos))]**), 1173.8 ([4a-Il — 30Tf]**), and 914.1
([4a-I — (20T + Pt(Xantphos)(SC¢H,SH))]*). Similarly, for
analogous dithiolate complex 4b, the peaks at m/z 1911.3
([4b-II — 20T{]*), 1224.5 ([4b-II — 30Tf]*), and 881.2
([4b-11 — 40Tf]*) confirm the formation of tetranuclear
complex II. The mass analysis of both 3a and 4a strongly
support the presence of II as another complex by a large
number of fragmented ions, as indicated by NMR spectro-
scopic data. The other complex, I, is confirmed by the X-ray
structure of 4a.

UV/Vis Absorption Spectra. The Pd complexes are dark
maroon colored, and the Pt complexes are yellow colored
crystalline solids. The absorption spectrum in acetone solution
show a broad but strong band in the visible region, which is
responsible for the color of the complexes (Figure $29—S30).
Palladium complexes 3a, 3b, and 3¢ display a long wavelength
band at 503, 518, and 461 nm, respectively, whereas analogous
platinum complexes 4a, 4b, and 4c display the absorption in
higher energies at about 447, 411, and 373 nm. It is to be
noted that the similar band is absent in the case of starting
precursors 2a or 2b. This long wavelength band has been
assigned to S and phenyl ring orbitals based HOMO to
phosphine and metal orbital based LUMO charge transfer
transition in the case of analogous complexes of dppe/Pd and
PEt,/Pt systems,” which has been analyzed by DET
calculations (see below). However, the bands of the present
Xantphos complexes are bathochromically shifted in compar-
ison to the dppe or PEt; analogues. The complexes
[Pd,(dppe),(SC1,H;S),(OTf), and [Pty (PEt;)4(SC1,HsS) J,-
(OTY),, similar to 3b and 4b, showed absorption maxima at
447 and 364 nm, respectively.7 The molar extinction
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coefficient value of the order ~10* M™' cm™
symmetry allowed transition.

Crystal Structures. Molecular structures of [Pt-
(Xantphos) (SC¢H,SH)],(OTf), (4a-I), [Pt,(Xantphos),-
(SC,,HgS)],(0Tf), (4b-11), [Pd,(Xantphos),-
(SC¢H,4SSC4H,S)](OTf), (3c-III), [Pt,(Xantphos),-
(SC4H,SSC¢H,S)](OTf), (4c-III), and
[Pd,(dppf),(SC,HS)],(OTH), (5) were established by single
crystal X-ray analyses. All structures are cationic, as the triflate
ions are placed at large, nonbonding distance from palladium
or platinum centers. In case of 4a-I, 4b-II, 4c-III and § the
triflate ions were found highly disordered and was initially
modeled using partial occupancies with multiple conforma-
tions. However, no satisfactory model could be obtained,
therefore the triflate ions were removed from the model and
the refinement was carried out using solvent mask utility as
implemented in Olex2.”” ORTEP drawing with atomic
numbering schemes are shown in Figures 4—7 and S33 while
selected interatomic parameters are given in Table 1.

suggest a

Figure 4. Single-crystal X-ray structure of [Pt(Xantphos)-
(SC¢H,SH)1,(OTf), (4a-I) ellipsoids drawn at 25% probability.
The triflate ions were masked, the phenyl groups of Xantphos and
hydrogen atoms except for thiol groups are omitted for clarity.

The cationic part of complex 4a-I is a centro-symmetric
binuclear molecule, in which two Pt atoms are held together by
bridging thiolato group of the ligand with the free thiol groups
adopting an anti configuration. The geometry around Pt(II) is

Figure 6. structure of

Single-crystal
[Pd,(Xantphos),(SC¢H,SSCH,S)](OTf), (3c-II) ellipsoids drawn
at 25% probability. The triflate ions, the phenyl groups of Xantphos
and hydrogen atoms are omitted for clarity.

X-ray

distorted square planar whereas the [Pt,(u-SAr),] core is
planar rhombus shaped. The two phosphorus atoms stay above
and below the Pt,S, plane by 0.6 and 0.8 A. The backbone of
the xanthene moiety is as usual nonplanar. One side of the
coordination plane of Pt center is crowded by the three phenyl
rings of both the ligands. The 7---7 stacking distance between
the phenyl ring of thiolate group and the nearest phenyl ring of
the xanthene group is 3.7 A. The intermolecular S-S and S---H
distances found as 3.54 and 4.14 A.

The tetranuclear structures of [M’,(P"P),(SC;,HgS)],-
(OTf), (M'/P"P = Pt/Xantphos, 4b-1I; Pd/dppf, 5) resemble
the structure of Pd/dppe analogue.” The macrocyclic
structures consist of two 4,4’-biphenylenedithiolate ligands
which bridge two “M’,(P"P),” units at head and tail positions.
The resulting four-membered nonplanar “M’,S,” rings at both
the ends capped by two Xantphos or dppf ligands look over
crowded compared to the Pd/dppe analogue. The dihedral
angle between two S—Pt—S planes is 48.1° in 4b-II, whereas it
is 44.1° between S—Pd—S planes in S. The length of the
rectangle as earlier defined by edge-to-edge S---S distance is
10.6 A, and the height defined by the S-S distance in a same
M’,S, unit is 3.1 A in both the structures. The 7+ stacking
distance between the two opposite centroids of benzene rings

Figure S. Single-crystal X-ray structure of [Pt,(Xantphos),(SC,,H,S)],(OTf), (4b-II) ellipsoids drawn at 25% probability. The triflate ions were
masked, the phenyl groups of Xantphos and hydrogen atoms are omitted for clarity.

H
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Figure 7.

Single-crystal X-ray structure of
[Pd,(dppf),(SC,HS)1,(OTL), (5) ellipsoids drawn at 25% proba-
bility. The triflate ions were masked, the phenyl groups of dppf and
hydrogen atoms are omitted for clarity.

of dithiolate ligand are ~3.5 and 3.4 A, respectively, for
platinum and palladium structures. Similarly, for another 7---7
stacking the closest distance between one phenyl ring attached
to P atom and phenyl ring of Xanthene backbone is 4.0 A in
4b-11.

The dinuclear structures of 3c-III and 4c-III can be
envisioned as the modified form of the syn conformer of 4a-I
after bonding between two free SH groups of two different
ligands containing one thiolate and another thiol form
positioned at 1,3-position in the benzene ring. It forms a
rigid but unique unit “PtSC,H,SSC(H,SPt” having a S—S
bond. It is noteworthy that the similar reactions of three
dithiols 1la—1c with {[(PPh;P)Au];0}'BF,” resulted only in
Au(I) thiolates without any such S—S bond in the
complexes.” This is probably due to the square planar
geometry of M'(II) in addition to the bridging mode of
thiolate ligand and tetrahedral geometry around “S” atom

favors the S—S bonding in a suitable position. The S—S bond
distance of 2.07 A in both the structures match well with S—$
bond distances in Pt complexes such as in [PtS,(dppe)] (avg
2.04 A),*" [Pt,(4,4"-py,S,),(PEt;),](NO;), (2.03 A).” The
7w stacking distance found between the phenyl ring of
thiolate group and the nearest phenyl ring of the xanthene
backbone is 3.6 A. Unlike in 4a-I, the M',S, rings are
nonplanar; the calculated dihedral angles for 3¢-III and 4¢-IIT
are 23.4 and 21.6°. However, these hinge distortions are
comparatively less than that in 4b-II or S.

A slight variation in Pt—S bond distances was noticed in all
the three structures: 2.37—2.39 A for for 4a-I, 2.36—2.37 A for
4b-11, and 2.37—2.39 A for 4c-IIL These distances match well
with the Pt—S bond distances in analogous complex [Pt,(u-o-
SC¢H,(CF;)),(dppe),](OTf), (2.38 A)* but are longer than
those in in [Pt,(dppf),(CsHgNS)](BE,) (2.34 A)* and
[Pt,(terpyridine),(1,3-SC4H,S)],(PFy), (2.31 A).** The bite
angles (101—102°) for 4a-I and 4b-II agree well with those of
complexes [Pt(Xantphos)Cl,]** (101°) and
[Pty(Xantphos),{(SeCH,),C(CH,0H),}]CL]** (101°) but
are smaller than that of the allyl complex [Pt(5-allyl)-
(Xantphos)](OTf) (107°),* whereas the bite angles 98—99°
for 3c-III are shorter than the usual values for a wide bite angle
(>101°) in Xantphos complexes. Although the exact reason is
not clear, the P---P distances (3.50 A) are found to be shorter
in 4c-III in comparison to those in 4a-I (3.56 A) and 4b-
I1(3.59 A). In the case of Pd(0) complexes, a correlation has
been noticed among P---P separation, Pd—P distances, and P—
Pd—P bite angles.*® The average Pt—P bond distances of about
2.30—2.32 A for the three complexes match well with the
reported Pt—P bond distances of Xantphos complexes
Pt(I1).*4*

The structure of [Pd(Xantphos)(OH,),](OTf),-
(H,0)15(CH,Cly)os {2a:(H,0)35(CH,Cly)o5} shows two
water molecules coordinated to palladium center, whereas
the triflate anions remain separated in the lattice with
electrostatic interactions with complex cations. The solvent
molecules water and dichloromethane were also found in the
lattice (Figure S34). The coordinated water molecules and O-
atoms of triflate anions are involved in hydrogen bonding. The
Pd—P bond length (~2.24 A) matches well with the Pd—P
distances in complexes of large bite angle phosphines

Table 1. Selected Interatomic Distances [A] and Angles [°] of 4a-I, 4b-1I, 3c-III-(CH;COCH,;),, 4c-111, and §

4a-1 4b-1I 4c-111 3c-1II S
M = Pt M = Pd
MI1-S1 2.3871(17) 2.364(2) 2.371(3) 2.414(3) 2.3660(19)
M1-S19/S2 2.3720(16) 2.368(2) 2.395(3) 2.371(3) 2.384(2)
M2-S2 2.355(2) 2.379(3) 2.389(3)
M2-527/S1 2.366(3) 2.382(3) 2.382(3)
M1-P1 2.3005(17) 2.318(3) 2.294(3) 2.324(3) 2.340(2)
M1-P2 2.3044(18) 2.322(2) 2.293(3) 2.309(4) 2.326(2)
M2-P3 2.325(3) 2.313(3) 2.315(4)
M2-P4 2.311(3) 2.291(3) 2.360(4)
S1-M1-S17/82 81.91(6) 82.34(9) 83.00(10) 84.55(11) 83.14(8)
S1-M1-P1 85.06(6) 93.65(9) 85.56(11) 95.79(12) 86.66(8)
S1-M1-P2 158.47(7) 163.42(10) 164.21(12) 163.38(12) 173.78(8)
P1-M1-P2 101.22(7) 101.00(10) 97.93(11) 98.04(13) 99.54(9)
$2—M2-527/S1 82.08(10) 83.12(10) 84.87(11)
P3—M2—-P4 101.90(10) 99.07(11) 98.68(13)

“Symmetry related atom.
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Table 2. Energy Parameters of Complexes Calculated Applying BP86 DFT Functional

Pd complex Pt complex
3a-1 3a-11 3b-II 3c-III 4a-1 4a-11 4b-II 4c-II1
HOMO-LUMO gap (eV) 1.39 1.42 1.43 1.73 1.65 1.68 1.68 2.04
stability (kcal/mol) —43S —-870 —872 -1199 —538 —1068 —1069 —1298
Table 3. Reaction between Aryl Halide and Aryl Boronic Acid”
ArX\,:\>;Br + (HON catalyst 3b, K,CO; in water Ar\ 1\
— C methanol, reflux —

entry ArBr complex time (h) mol % of “Pd” yield (%)” TON TOF (h™')
1 4-CH,C(H,Br PdCL,* 6 0.4 12 30 s
2 4-CH,C,H,Br Pd(OAc), 6 0.4 54 135 23
3 4-CH,C(H,Br PdCL,(PPhy),” 6 0.4 70 175 29
4 4-CH,;C¢H,Br PdCl,(Xantphos)? 6 0.4 25 63 11
S 4-CH;C¢H,Br 3a 6 0.4 96 240 40
6 4-CH,C H,Br 3a 10 0.04 90 2250 225
7 4-CH;C¢H,Br 3b 10 0.04 83 2075 208
8 4-CH,;C¢H,Br 3c 10 0.04 70 1750 175
9 4-CH,C¢H,Br 3d 10 0.04 67 1675 168
10 4-CH,C¢H,Br 3a 10 0.004 78 19500 1950
11 4-CH;C¢H,Br 3b 10 0.004 70 17500 1750
12 2-OHCC4H,Br 3a 10 0.04 92 2300 230
13 4-CH,COOC H,Br 3a 6 04 97 243 41
14 4-0,NC4H,Br 3a 6 04 98 245 41
15 4-FC¢H,Br 3a 6 0.4 80 200 33
16 4-CNCH,Br 3b 10 0.04 94 2350 235
17 4-CNC4H,Br 3d 10 0.04 68 1700 170
18 4-OHCC4H,Br 3a 10 0.04 95 2375 238
19 4-OHCC4H,Br 3c 10 0.04 79 1975 198
20 4-OHCCH,Br 3d 10 0.04 70 1750 175
21 4-CH,OC(H,Br 3a 6 04 44 110 18
2 4-CH,OCGH,Br 3a 6 0.4 98° 245 41
23 4-OHCCH,Cl 3b 16 2 29 15 1
24 4-OHCC4H,Cl1 3a 28 2 47% 24 0.8
25 1-C1oH,Br 3a 6 04 94 235 39
26 2-SC,H;Br 3a 6 0.4 80 200 33
27 2-SC,H;Br 3b 6 0.4 78 19§ 33
28 2-SC,H,Br 3d 6 04 68 170 28
29 4-NCyH¢Br 3a 6 0.4 86 21S 36

“Conditions: Aryl halide (1.0 mmol), phenyl boronic acid (1.3 mmol), K,CO; (2 mmol) in H,O, methanol (3 mL). *Determined by 'H NMR
spectroscopy. “CH;CN/MeOH. “CHCIl,/MeOH. “TBAB (1 mmol) used. “TBAB (5 mmol) used. $TBAB (3 mmol) used.

[Pd(P"P)(OH,),](OTf), (P"P: dppf (2.26 A),"” dppn
((diphenylphosphino)binaphthyl, 2.24 A)** (Table S5). The
bite angle ~101° agrees with the bite angles for other
complexes such as [Pd(17>-benzyl) (Xantphos)](OTf)>* (107°)
and [Pd(i-allyl) (Xantphos) ] (OTf)? (107°).

DFT Calculations. Geometry optimizations of the
structures were carried out by applying BP86 functional with
mixed atomic basis functions for the metal and other atoms.
This functional performed well for the Pd/Pt based
complexes.” The final optimized structures of Pd and Pt
complexes resemble the available X-ray structures; the selected
bond distances and angles are summarized in Table S6. The
calculated distances of Pt—S and Pt—P bonds are ~0.13 A
longer than the experimental data of the complexes 4a-I, 4b-II,
4c-III, and 3c-III. The deviation in bond distance may be
attributed to the unavailability of larger basis set for the metal.
The calculated S—Pt—S and P—Pt—P angles match very closely
with the X-ray data.

The calculations of the frontier orbitals, namely, the highest
occupied molecular orbitals (HOMO) and the lowest
unoccupied molecular orbitals (LUMO) of all the complexes
are also carried out and are plotted in Figures S35 and S36. It
is observed that the HOMO is composed of orbitals mainly
from phenylene group of the aryl dithiolate ligands with some
additional contributions from S 3p, P 3p, and Pd 4d or Pt 5d
orbitals (Table S7), whereas the LUMO is formed as more
mixed orbitals spread over the system with significant
contributions from metal and phenylene orbitals. Thus, the
long wavelength band is attributed to the electronic transition,
from phenylene based HOMO to a LUMO, composed of
mixed orbitals. The calculated values of HOMO—-LUMO gap
for I and II are close to each other, i.e., 1.39—1.42 eV for Pd
complexes and 1.65—1.68 eV for Pt complexes (Table 2).
Similarly, changing from phenylene to biphenylene system
there is hardly any change of energy, such as 1.42 and 1.43 eV
for 3a-II and 3b-II and 1.68 eV for 4a-II and 4b-II. This is in
agreement with the slight change in the low energy absorption

DOI: 10.1021/acs.inorgchem.8b02726
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02726/suppl_file/ic8b02726_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02726/suppl_file/ic8b02726_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02726/suppl_file/ic8b02726_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02726/suppl_file/ic8b02726_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b02726

Inorganic Chemistry

Table 4. Effect of Catalyst Loading on Suzuki Reaction”

catalyst 3b, K,COj3 in water
H3COC—QBr + (HO)2B—© >

methanol, reflux

entry mol % of “Pd” time (h)
1 0.1 6
2 0.01 6
3 0.001 6
4 0.001 10
S 0.0001 10
6 0.00001 10
7 0.000001 10

% yield” TON TOF (h™)
97 970 162
95 9500 1583
91 91000 15167
94 94000 9400
92 920000 92000
76 7600000 760000
51 51000000 5100000

“Conditions: 4-Bromoacetophenone (1.0 mmol), phenyl boronic acid (1.3 mmol), K,CO; (2 mmol) in H,O, methanol (3 mL). "Determined by

'H NMR spectroscopy.

band, ie., 503 and 518 nm for 3a and 3b, respectively.
However, replacing the metal center Pd by Pt, the HOMO—
LUMO gap increases by 0.25 eV as calculated on going from
complex 3a to 4a or from 3b to 4b. This change qualitatively
agrees with the hypsochromic shift of the long wavelength
band, as the difference in energy of 0.31 eV of the experimental
absorption maximum calculated for 3a (503 nm, ~2.46 eV)
and 4a (447 nm, ~2.77 eV). It is clear from Table S7 that
there is almost no change in energy of HOMO for 3a-II and
4a-II; however, a slight destabilization is observed when their
LUMO energy levels are considered. The LUMO, composed
of large contribution from metal orbital, which interact with S
and P orbitals. In the case of Pt complexes, the Sd orbitals of
higher energy and larger size can strongly interact, hence more
destabilization, as compared to 4d orbitals in Pd complexes.
The HOMO—-LUMO gap further widen up to 0.3 eV in the
complexes of 1,3-phenylenedithiolate. The absorption maxima,
461 nm for 3¢ and 373 nm for 4c, are hypsochromically
shifted, as compared to the absorption in complexes of 1,4-
phenylenedithiolate (3a or 4a) and 4,4’-biphenylenedithiolate
(3b or 4b).

Interestingly, the relative stability significantly differs from
one structure to another or Pd to Pt complexes. The stability as
well as the HOMO—LUMO energy gap follows the order III >
IT > I, irrespective of metal center. Macrocyclic tetranuclear
complexes II are more stable than the “M',S,” bridged
dinuclear complexes I, at ca. —435 kcal/mol for Pd complex 3a
and —530 kcal/mol for Pt complex 4a, whereas II of
phenylenedithiolate and biphenylenedithiolate systems are
almost equally stable in the cases of both Pd (3a, 3b) and
Pt (4a, 4b) complexes (Table 2). An extra stability gained by
the comparatively rigid structures by forming S—S bond in the
complexes 3c-IIT (—1199 kcal/mol) and 4¢c-IT1(—1298 kcal/
mol). Considering I and I’ have comparable stability, the large
difference in stability between I' and III, facilitate their
transformation via the anti-to-syn conversion of I, presuming
the syn configuration is slightly less preferable than anti
configuration. The varied stability of I, II, and III can influence
the catalytic activity of the Pd complexes.

Suzuki Cross-Coupling Reactions. The catalytic appli-
cations of the palladium complexes were investigated in the
Suzuki cross-coupling reactions of aromatic substrates. There
are only few reports, employing Pd(II) thiolates as catalysts in
Suzuki or C—C cross-coupling reactions, and to our knowl-
edge, no reports are available using the Pd complexes of
Xantphos and thiolate ligands. The catalytic activities of Pd
complexes 3a, 3b, 3¢, and 3d were evaluated in the coupling
reactions of phenylboronic acid and aryl halides. The reactions

of the unactivated 4-bromotoluene with phenylboronic acid
were chosen as the model reaction which was initially
optimized with respect to solvent, base, and temperature. As
the present Pd complexes are poorly soluble in dioxane which
is also carcinogenic in nature,” the other solvents such as
DMA, DMF, and methanol were used for screening.
Surprisingly, the refluxing condition in methanol at 78 °C
gave better results than in DMA and DMF at higher
temperatures, 95 and 104 °C, respectively, which is attributed
to methanol being a more efficient reductant, as compared to
DMA or DMF. There might be better coordination in case of
methanol to the palladium center in the transition state.”’
When using methanol as solvent in Suzuki reactions, activities
increased dramatically for palladacycles containing thioether
group.51 The inorganic bases K,CO; Cs,CO; KOH, and
Na,CO; afforded higher yields than the organic bases
Bu,NOH, Et;N. K,CO; was chosen as base for the
investigations. As expected, the yield of the product increased
with the temperature. The variation of time showed 93% of the
coupling product within 2 h of reaction time, which leveled off
at 6 h. Under the optimized reaction condition, the traditional
Pd salts showed lower catalytic activity (Table 3, entries 1—4)
in comparison with those of the present complexes.

The effect of varying the arylbromides was investigated
under the optimized reaction condition with phenylboronic
acid, and results are presented in Table 3. The activated
(entries 12—20) and nonactivated (entries S—7) arylbromides
resulted in very good quantitative yields (80—98%) of the
biaryls by using 0.4—0.04 mol % Pd. A variety of functional
groups such as aldehyde, acetyl, nitro, cyano, and so on are
tolerated. The deactivated aryl bromide, 4-bromoanisole gave a
somewhat lower conversion; however, with the addition of 1
equiv of TBAB, the yield became excellent (entries 21—22).
We also investigated the electronically activated aryl chloride;
the best yield 47% was obtained for the coupling of 4-
chlorobenzaldehyde, in the presence of 3 mol % TBAB (entry
24). Moreover, the reaction with heteroaryl bromides and
naphthyl bromide also led to the formation of the desired
products in moderate to excellent yields (68—94%, entries 25—
29).

The performance of low catalyst loading was tested in the
coupling reactions of both activated and nonactivated
arylbromides. For 4-bromoacetophenone, although the yields
are gradually decreased from 97 to 51%, with lowering of
concentration of catalyst 3b from 0.1 to 0.000001 mol % of Pd,
the resulted turnover numbers (TON) become very high up to
5 % 107 (Table 4). A similar trend was found in the case of 4-
bromotoluene: The yields 78 and 70% were obtained when at
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Table S. Reusability Experiment”

catalyst 3b, K,COj3; in water
Hscoc—©—8r+ (HO)ZBO H3COC
methanol, reflux, 6 hr

cycle 0 1 2 3
% yield” 99 98 97 96

4 S 6 7 8
94 93 91 89 8S

“Conditions: 4-Bromoacetophenone (1.0 mmol), phenyl boronic acid (1.3 mmol), K,CO; (2 mmol) in H,O, methanol (3 mL), 0.4 mol % of Pd

used. "Determined by "H NMR spectroscopy.

loadings of Pd of 3a and 3b were decreased to 0.004 mol %,
and the corresponding TONs are 2 X 10% indicating both the
catalysts are active (Table 3). Moreover, the feasibility of the
repeated use of the Pd catalyst was examined. In Table 5, the
results of the coupling reaction of 4-bromoacetophenone and
phenylboronic acid by 3b for eight consecutive cycles are
summarized. After completion of each round, hexane was
added to extract the organic part having the product; then, to
the remaining aqueous layer containing the catalyst, the
required amounts of reactants were freshly added for the next
round of reaction. The yields were remained very high, from 99
to 85%, even after 8 successive cycles, which suggests the
catalyst is still very active.

All the Pd complexes show good catalytic activities under
mild conditions as revealed in Table 3. However, the fine
comparison of the yields (entries 6—9; 18—20; and 26—28)
shows that the catalytic activities follow the order 3a > 3b > 3¢
> 3d. The trend may be explained based on the relative
stability of the structures with the order III > II > I. The DFT
calculations show the reasonable differences among them as
calculated between 3b-II and 3a-I is 437 kcal/mol and for 3c-
III and 3b-1I is 327 kcal/mol (Table 2). The proportions of I
and II in phenylene-1,4-dithiolate complex 3a are almost equal
in solution as indicated by *P NMR spectrum, whereas in the
case of 4,4’-biphenyldithiolate complex 3b, only complex II
exclusively exists in solution. Thus, the contribution of
comparatively less stable I makes complex 3a more catalytically
active or vice versa for 3c. A similar phenomena was observed
in the case of dppe analogue.” The catalytic activities of the
present complexes are comparable with the reported Pd
supramolecular and macrocyclic complexes under mild
conditions and low loading (Table S8).

To evaluate the effect of varied bite angles of bis-phosphine
on the catalytic activity, dppe and dppf were chosen for
comparison with Xantphos. The ligand 4,4'-biphenylenedi-
thiolate was selected as it can form tetranuclear complex-
[Pd,(P"P),(SC,H;S)1,(OT1), as single product in solution.
In the present reaction condition, ie., reflux in methanol,
among the complexes of three phosphines, Xantphos derivative
gave the highest yield (Table S9). The Pd complexes of
Xantphos, dppf, and dppe, encompassing bite angles of 104.6,
99.6, and 84.7°, respectively, yielded 70, 51, and 42% of
product using 0.004 mol % of Pd as catalyst. The high activity
of Xantphos complex points to its flexible coordination
behavior, which is absent in dppe and dppf, apart from the
large bite angle.”

Though it is difficult to identify the active catalyst,
preliminary investigations were carried out to learn the nature
of the Pd complex after the catalysis reaction. The UV—vis
spectrum of the compound separated after the zero cycle of
catalysis reaction of 3b showed a long wavelength absorption
band at 408 nm (Figure S31), whereas a similar band observed
at 518 nm for 3b. The ESI mass spectrum of the same brown
colored compound displayed the prominent peaks at m/z

1395.2 and 1551.2 corresponding to [Pd(Xantphos)-
(SC,HS)(SC4H,)(OTS), + 4CH3;CN — C¢H]* and
[Pd,(Xantphos),(S(C¢H,)S) + CH;CN + 2H]". These results
and the poor solubility suggest the polymeric nature of the
compound, which is composed of dithiolate and Xantphos
ligated ionic species of Pd , formed after catalysis reaction.
Interestingly, the powder X-ray diffraction (PXRD) pattern of
the similar compound obtained after six catalysis cycles (Figure
S37c), showed two broad peaks at 20 ~ 40.1 and 44.6°, which
may be attributed to the Pd-nanoparticles (PdNPs) (Powder
Diffraction File no. 46—1043, Joint Committee on Powder
Diffraction Standards, 1993), whereas the largest peak at 260 ~
22.2° is possibly due to the bulk species present in the
compound. The size of the PANPs calculated using the
Debye—Scherrer formula is ~3 nm. The PXRD pattern of the
similar compound obtained after zero cycles also showed the
highly broadened peak at 20 ~ 40.1° (Figure S37b). Perhaps
the reducing atmosphere by the presence of solvent methanol,
phosphine, and thiol ligands favor the formation of PdNPs.>> A
large number of Pd-containing metallocycles showed excellent
catalytic efficiency in C—C coupling reactions, which have
been established now due to the formation of active
intermediate PANPs as catalyst.”>>* Others have reported
that Pd clusters may also be generated with PANPs, including
the Pd complex, can interconvert to make the active catalytic
system for the successful coupling of wide range of substrates
as presently observed.”>*® However, more investigations are
required to establish the true nature of present catalyst.

B CONCLUSIONS

In summary, we have successfully isolated Xantphos-blocked
Pd(II) and Pt(II) complexes with bridging dithiol ligands by
self-assembly. The reactions with 1,4-benezenedithiol or 4,4'-
biphenyldithiol resulted in dinuclear complex I and tetranu-
clear complex II. The equilibrium between I and II has been
established in platinum complexes of 4,4’-biphenyldithiolate,
which lies at the side of IL In striking contrast, when we
previously used the smaller bite angle dppe or triethyl
phosphines as capping ligand, the analogous complexes were
exclusively isolated as IL. Steric crowding coupled with flexible
coordination around the metal center is the primary reason to
adopt such structures. By varying the positions of two thiol
groups, employing 1,3-benezenedithiol, the same reactions lead
to dinuclear complex III, containing a S—S bond between two
thiolate ligands. The steric reason does not allow to form or
stabilize to tetranuclear complex II' of 1,3-benezenedithiolate.

Moreover, the palladium complexes show excellent activity
in Suzuki C—C cross coupling reactions under mild conditions.
The catalytic systems can couple a wide range of aryl halides,
giving high yields and TON and can be reused 8 times without
losing significant yield. The HOMO—LUMO gap and stability
increase in the order III > II > I, which reflects in their
comparative catalytic activity. We have demonstrated the
comparative catalytic activity of tetranuclear Pd complexes II
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of bis-phosphines of varied bite angles, Xantphos, dppf, and
dppe. The PANPs with dithiolate and Xantphos ligated Pd, as
poorly soluble bulk compound has been identified, after the
catalysis reactions of the palladium complexes. Overall, the
present Pd complexes showed improved catalytic activity than
the dppe analogues. The positive charge and stronger metal—
sulfur bond of the present type of complexes can make them
capable as potential functional materials for other solution-
based applications by modification of suitable capping ligand.
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