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Abstract: Mixed-ligand N,S-heterocy-
clic carbene (NSHC) complexes, trans-
[PdBr,(NSHC)(Py)] (NSHC=3-
benzyl- or 3-propyl-benzothiazolin-2-yl-
idene), have been obtained from
bridge-cleavage reactions of the dinu-
clear complex, [Pd(u-Br)Br(NSHC)],,
in pyridine at room temperature. Use
of neutral N-bidentate donors (L =pyr-
azine, 1,2-bis(4-pyridyl)ethane, 4,4'-bi-

bridged

carbenes -
dium - PEPPSI

Introduction

The discovery of PEPPSI' to promote C—C bond formation
is an important milestone in modern cross-coupling catalytic
chemistry."! The major feature in the catalyst design is the
combined use of a o-donating N-heterocyclic carbene
(NHC)™ and a “throw-away” pyridyl ligand.'"! The former is
expected to stabilize Pd” whilst the latter readily departs to
create a vacant site. It is of interest to exploit these ideas on
our current N,S-heterocyclic carbene (NSHC) work,"
amidst a myriad of emerging NSHC systems.”l We herein
report a convenient one-step synthesis through a bridge-
cleavage reaction of a known halide-bridged dinuclear
NSHC complex.’*?! This methodology enables facile access
to the NSHC analogue of PEPPSI and selected examples of
other dinuclear complexes with mixed ligands of NSHC and
bipyridyl or pyrazine-based heterocycles. The use of sp? ni-
trogen donors to support and activate the metal for catalysis
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! The PEPPSI (Pyridine-enhanced precatalyst, preparation, stabilization
and initiation) catalyst has been developed as an air-stable commercial
catalyst to promote cross-coupling reactions. See Ref. [1].
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pyridine and trans-1,2-bis(4-pyridyl)-
ethylene) yields the dinuclear spacer-
[Pd,Bry(NSHC),(p-L)] com-
plexes. The X-ray single-crystal struc-
tures of the pyridyl, bridging pyrazine
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and 1,2-bis(4-pyridyl)ethane complexes
are reported. These air-stable com-
plexes are active in the Suzuki-
Miyaura coupling reactions of selected
aryl bromides. The dinuclear com-
plexes are generally more active than
their mononuclear pyridyl analogues.
The benzyl derivatives consistently out-
perform the n-propyl counterparts.

coupling

is another emerging idea in coordination catalysis.” The use
of nitrogen spacers with different labilities in a dinuclear
framework also provides a model to test the catalytic bene-
fits of dissociative ligand and non-interacting bimetallic cat-
alytic sites.

Results and Discussion
Synthesis

The dinuclear carbene complexes 1-20< (Scheme 1) easily
undergo bridge-cleavage reactions in a coordinating solvent
such as CH;CN and DMF to give the solvated monocarbene
complexes.” In the presence of an N ligand [viz. pyrazine
(pyz), 1,2-bis(4-pyridyl)ethane (bpa), 4,4-bipyridine (bpy)
and trans-1,2-bis(4-pyridyl)ethylene (bpe)] at RT in CH,Cl,
or pyridine (Scheme 1), they give the corresponding di- and
mononuclear complexes as yellow solids in moderate (53—
80%) (5-12) to near-quantitative (~98%) yields (3-4)
(Scheme 1). '"H NMR analysis of the products is consistent
with the mixed-ligand formulation. All the complexes are
stable except 5 and 6, the 'HNMR spectra (CDCl; or
CD;OD) of which show resonances attributed to free pyra-
zine. Dissociation is even more significant in CD;CN solu-
tion, which gives the solvento complex. The *C carbenoid
resonance of 3 (0=195.7 ppm), 4 (6=193.3 ppm), 5 (6=
191.8 ppm), 11 (0=195.8 ppm), and 12 (6=193.2 ppm) are
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Py s Br 1.959(4) A) are marginally
= 3>_ 'l’d_NQ shorter than those of the 1,3-
R Br diisopropylbenzimidazolin-2-yl-

3: R = benzyl idene aonalogues (1.955(8)-

4:R = n-propy! 1.959(7) A),®! probably as a

result of the higher steric

Pyz s Br Br R‘N effect of the latter. The Pd—N
— @:)qu—NSN‘Ed—(D lengths of these four com-
NooBr Br S plexes  (2.110(7)-2.086(3) A)

5: R = benzyl are within the range of related

6: R = n-propyl complexes, PEPPSI-IPr and

2 -) Br\ BrB

R
Bpy s B BN
¢ Crree i
R

PEPPSI with N/O-functional-
ized NHCs (2.137(2)-
2.089(3) A)."7 The complexes
5 and 11 are dinuclear with the

1R benzl
2:R=n—pro);yl spacer trans to the carbene
7: R = benzyl d Th b 1 bsti
8: R = n-propyl onor. e two benzyl substi-
tutents across the bridge are
anti to each other in §, but syn
A @[)%pdws_\{ in 11. The non-interactive
N_Pd_(I:’ Pd--Pd separation increases
from 6.98 A in 5 to 13.40 A in
9: R =benzyl .
10: R = n-propy! 11 without any apparent ad-
verse effect on the key bond
Bpa s B R lengths in the coordination
L . ©:>%Péﬂ\, — By spheres. Both NSHC and the
Nh Br = N—F|>d—<g]© N-ring planes are twisted away
Br from the Pd" coordination
11: R = benzyl 5 : _1i
12. R = npropyl planes to avoid inter-ligand

Scheme 1. Bridge-cleavage reaction of 1-2 to give mixed-ligand complexes 3-12.

shifted down-field compared to the mononuclear solvated
CH;CN (6=191.5 ppm) and DMF (6=191.9 ppm) complex-
es,’ attributed probably to the inductive effect of pyridyl-
or the N-heterocyclic rings. The carbene resonance was not
detected in 6, 7, and 9 whereas the solubility of 8 and 10
was too poor to allow accurate measurement. ESI-MS anal-
ysis of these complexes generally show the parent and/or
their fragment ions except for complexes 7, 9, and 10 that
are too insoluble to exhibit any such signals.

Crystallographic Structures

X-ray single-crystal diffraction studies were carried out on
3,4, 5, and 11 (Figure 1 and Table 1). As expected, the Pd"
center is essentially square planar. In agreement with the
spectroscopic data, the incoming N donor is invariably trans
to the NSHC ligand. The complexes 3 and 4 are mononu-
clear and isostructural. The Pd—C_ e bonds (1.958(8) and
1.949(3) A in 3 and 4, respectively) are slightly longer and
presumably weaker compared to those of the solvated DMF
(1.921(2) A) and CH,CN (1.936(3) A) complexes,*! suggest-
ing a higher trans-influence of pyridine. They are closer to
that of PEPPSI-IPr (1.969(3) A),'* thus indicating similar
strength. Those of 5 (1.941(3) A) and 11 (1.947(4) and
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conflicts, with the NSHC closer
to perpendicular (65.1-79.8°)
than the N ligand (43.7-67.0°)
planes. The two pyridyl planes
of the bpa spacer in 11 are also twisted away (55.1°) from
each other.

Suzuki-Miyaura Coupling

Encouraged by the high activities shown by the PEPPSI pre-
catalysts in Suzuki-Miyaura cross-coupling,'¥ we have ex-
amined the use of the present complexes in similar cou-
plings of representative aryl bromides with phenylboronic
acid in DMF in the presence of Cs,CO; (Table 2). An ad-
vantage of these reactions is that they can be conveniently
handled in air without the need for a glove-box or vigorous
Schlenk techniques. The activities are sufficiently high in
catalytic loadings from 0.5 to 2.0 mol%. The complexes 3—
12 gave quantitative yields toward activated substrates such
as 4-bromobenzaldehyde within 1h at 100°C (Table 2, En-
tries 1 and 4-14). Complexes 5-8 and 11 were able to main-
tain the quantitative yields even at RT, albeit with longer re-
action periods (Table 2, Entries 19-23 and 27). This gave the
first indication that, under ambient conditions, the dinuclear
spacer-stabilised complexes, with the dpe complexes (9 and
10) being the notable exceptions, are more active than the
mononuclear pyridine complexes (3 and 4) (Table 2, En-
tries 15-28 and Figure 2). The lower activities of 9 and 10
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Figure 1. ORTEP view of complexes 3, 4, 5 and 11 with 50 % thermal ellipsoids; hydrogen atoms are omitted
for clarity.
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Figure 2. Suzuki coupling of 4-bromobenzaldehyde promoted by 3, 4, 7, and 9 at RT with 0.5-2.0 mol % cata-
lyst loading.
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yields were witnessed in the
case of the mononuclear com-
plexes, 3 and 4, while the dinu-
clear complexes generally per-
formed better, the only excep-
tion being 10. The best perfor-
mance (>90%) was found
with 7 and 8, which have the
optimal separation between
the two non-interactive Pd
centers, minimum steric hin-
drance, and free rotation at the
central bipy spacer. The more
stable benzyl derivatives (viz.
3,5 7,9, and 11) consistently
performed better with higher
yields than their n-propyl (4, 6,
8, 10, and 12) counterparts.
Similar observation has been
reported in the literature.[*
Under similar conditions, com-
plex 7 was comparable with a
mixture of [PdBr,(NSHC)-
(PPh3)] with 3-benzylbenzo-
thiazolin-2-ylidene or [PdBr,
(PPh;),].) Toward 4-chloro-
benzaldehyde, it gave a 38%
yield of biphenyl-4-carbalde-
hyde.

As 7 could be easily pre-
pared, was air stable, and was
among the best catalysts in this
series, it was chosen as a
model for examination of re-
sponses toward different aryl
boronic acids and under differ-
ent catalyst loadings (Table 3).
It is significant that phenyl
boronic acid and p-tolylicbor-
onic acid can still couple with
near-quantitative yield at a low
catalyst loading of 0.01 mol %
(Table 3, Entries 1-2, 5-6, 9-
10, and 13-14). It is also effec-
tive toward 3-(trifluorome-
thyl)phenylboronic acid, giving
84-99%, with 0.01-1.0 mol %
catalyst loading (Table 3, En-
tries 3, 7, 11, and 15). It is also
active toward 3-pyridylboronic
acid (6-40%) with 0.01-
1 mol % catalyst loadings, thus

can be explained by their lower solubility in the catalytic pointing a way toward heteroaryl-couplings.

mixtures. This catalytic enhancement by a dinuclear core cannot
Toward unactivated substrates such as 4-bromoanisole, simply be attributed to the presence of two active metal

these complexes were still active but began to show some sites within a molecular complex. For example, increasing

differentiations (Table 2, Entries 29-38). Relatively poor the load of 3 and 4 by two-fold (from 1 to 2 mol %) merely
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Table 1. Selected bond lengths and angles for complexes 3, 4, 5 and 11.

T.S. A. Hor et al.

sive although it gave satisfacto-

3 4 5 1 ry yields (~80%) within 18 h.

Bond Lengths [A] An advantage of 9 is that a re-
Pd1-C1 1.958(8) 1.949(3) 1.941(3) 1.947(4)  duction of  loading to
Pd;-N21 2110(?) 2-299(2) 2-1(1)2(? 2282(3) 0.5mol% would not signifi-
oo PO IO IO IOl it is produciv
Pd2-C15 _ B _ 1.959(4) On the other hand, complex 4
Pd2-N3 - - - 20993) was still inept when its load
Pd2-Br3 - - - 2.439(6) was doubled from 1 to
Pd2-Brd - - - 2429(6) 2 mol %. Complex 3 was better
S1-C1 1.697(9) 1.713(3) 1.713(3) L7IA@) e yield improvement was
N1-Cl 1.332(10) 1.330(3) 1.324(4) 1.333(5) Lt :
N1-C8 1.481(10) 1.473(3) 1.466(4) 1474(s) ~ Within 20%, and still could not
N2-C15 - - 1.344(4) - reach a quantitative yield after
N2-C16 - - 1.335(4) - 18 h, when the load was raised
15\124%1155 - - - i;ggg by 2-fold. These results suggest
N4-C22 B B B 1:482(6) that, in this system, the mono-
C34-C35 _ _ _ 1.493(6) nuclear complexes  cannot
Pd---Pd® - - 6.98 13.40 match the performance of the
é?gflzj [I(\ifzg] 176.90(3 175.23(10 175.97(11 177.11(17 dinuclear species on the “per
C15-Pd2-N3 B 3 - (19 - an 178:01E17§ Pd” loading basis. This may be
C1-Pd1-Brl 87.50(2) 89.26(8) 87.36(8) 90.45(13)  attributed to the higher stabili-
C15-Pd2-Br3 - - - 90.99(13)  ty of the latter rendered by the
C1-Pd1-Br2 89.90(2) 87.47(8) 89.52(8) 88.78(13)  N-bidentate donors.
gg})ﬂféﬁ? 91.31(19) 91.27(6) 90.95(6) 23:238(3)3 A distinct ad,vamage of the
N3-Pd2-Br3 B B B 89.77(10) current system is the use of a
N2-Pd1-Br2 91.25(19) 92.26(6) 92.37(6) 91.16(10) simple one-step method to
N3-Pd2-Br4 - - - 89.77(10)  enter into a range of dinuclear
Brl-Pd1-Br2 177.44(4) 17535(13)  17547(15)  17850()  gpacer-stabilized  complexes
Brs-Pdl-Brd " " " I3812)  that can in principle accommo-
C1-N1-C8 124.50(7) 122.80(2) 123.30(3) 122.80(3)
N1-C1-S1 111.10(6) 110.70(18)  111.30(2) 11030(3)  date a range of bridging enti-
N4-C15-S2 - - - 110.30(3) ties of different electronic and
Ei—g-sl’s(ln 129.20(6) 130.19(19)  129.90(2) gg-gg(i) steric demands. Such versatility
S1-C1-Pd1 119.70(5) 119.05(14)  118.73(17) 123:10?2; would Slfg.mﬁcanﬂy enhance
$2-C15-Pd2 B B B 120.10(2) our capability to search for the
C16A-N2-C15 _ _ 117.00(2) _ “universal” catalyst for C-C
C16A-N2-Pd1 - - 123.34(19) - cross-couplings.
C15-N2-Pd1 - - 119.61(19) -
Dihedral angle PACNB12/pyridine ring 43.7 53.8 45.2 59.3

67.0
Dihedral angle PACNBr2/NSHC carbene plane 735 79.8 75.8 65.1 Conclusions

76.3

[a] intramolecular Pd--Pd distances.

raises the yields by ~20% (Table 2, Entries 15-18), which
still falls short of the quantitative yields obtained with the
dinuclear complexes (Table 2, Entries 19-23 and 27). To fur-
ther examine the relationship between complex nuclearity
and yield, we have selected 3, 4, 7, and 9 as models for a
time-conversion study (Figure 2). The bromobenzaldehyde
reactions were performed at RT and the GC yields moni-
tored over a period of 18 h with the catalyst loading of 0.5
2.0 mol %. In these conditions, only 7 was able to give quan-
titative yields within 6 h. Even when the loading was re-
duced by 2-fold to 0.5 mol %, under which 3 and 4 would be
sluggish, it was able to achieve quantitative conversion
within 8 h. The other dinuclear complex (9) was less impres-
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We have demonstrated that

the PEPPSI-type chemistry can

be extended to NSHC-carbene

and other N ligands related to
pyridyl. The use of NSHC as a support ligand, despite its
single exocyclic substituent and lower steric protective abili-
ty compared to the more common NHC ligands, does not
appear to have any adverse effects on the chemical stability
of the complexes or their catalytic performance. These, to-
gether with our earlier work on the thiazole-2-ylidene cata-
lysts,’! as well as the similar findings of Grubbs on the Ru-
based NHSC olefin metathesis catalysts,®! suggest that
NSHC-type ligands show good potential as phosphine and
NHC-alternatives. The combinative use of dinuclear com-
plexes, NSHC carbenes, and N-based spacers as the three
main features of this system has presented a range of oppor-
tunities in our current exploration.

Chem. Asian J. 2008, 3, 1649 -1656
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Table 2. Suzuki Coupling Reactions! catalyzed by complexes 3-12.
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erature methods.’! "H and "C spec-

tra were recorded on a Bruker AMX
X B(COH), O 500 spectrometer using Me,Si as the
@ Pd internal standard. ESI mass spectra
+ - were obtained using a Finnigan LCQ
DMF/Cs,CO; O spectrometer. The yields of C—C cou-
R pling products were determined by
R using a Hewlett—Packard Series 6890
X =Br, Cl GC (Santa Clara, CA, USA) coupled
R = CHO, OCH,3 to a Hewlett Packard 5973 MS detec-
- - tor. Elemental analyses were per-
Entry [Pd] Aryl halide T Cat. loading [mol %] t[h] Yield™ (%] formed on a Perkin-Elmer PE 2400
1 3 4-bromobenzaldehyde 100 1 1 100 elemental analyzer at the Department
2 4 4-bromobenzaldehyde 30 1 1 21 of Chemistry of the National Univer-
3 4 4-bromobenzaldehyde 70 1 1 98 sity of Singapore.
4 4 4-bromobenzaldehyde 100 1 1 100 3: trans-Dibromo(3-benzylbenzothia-
5 3 4-bromobenzaldehyde 100 2 1 100 zolin-2-ylidene)-
6 4 4-bromobenzaldehyde 100 2 1 100 (pyridine)palladium(II): Pyridine
7 5 4-bromobenzaldehyde 100 1 1 100 (5mL) was added to complex 1
8 6 4-bromobenzaldehyde 100 1 1 100 (60 mg, 0.06 mmol) and the mixture
9 7 4-bromobenzaldehyde 100 1 1 100 was stirred at RT overnight. The re-
10 8 4-bromobenzaldehyde 100 1 1 100 sulting clear yellow solution was
11 9 4-bromobenzaldehyde 100 1 1 100 evaporated under vacuum. The
12 10 4-bromobenzaldehyde 100 1 1 100 yellow solid obtained was dissolved in
13 1 4-bromobenzaldehyde 100 1 1 100 CH,Cl,, and Et,0 was added to
14 12 4-bromobenzaldehyde 100 1 1 100 induce precipitation. The product was
15 3 4-bromobenzaldehyde RT 1 18 71 washed with Et,0O and dried. Diffu-
16 3 4-bromobenzaldehyde RT 2 18 92 sion of Et,0 into a sample solution in
17 4 4-bromobenzaldehyde RT 1 18 52 CH,CI, yielded yellow crystals suita-
18 4 4-bromobenzaldehyde RT 2 18 58 ble for X-ray diffraction studies.
19 5 4-bromobenzaldehyde RT 1 18 100 Yield: 68mg (0.12mmol, 98%).
20 6 4-bromobenzaldehyde RT 1 18 100 'HNMR (500 MHz, CDCly): 6=9.01
21 7 4-bromobenzaldehyde RT 1 18 100 (m, 2H, Ar-H), 7.81 (d, *Jy;=8.9 Hz,
22 7 4-bromobenzaldehyde RT 0.5 18 100 1H, Ar-H), 7.76 (tt, *Jyy=1.6 Hz,
23 8 4-bromobenzaldehyde RT 1 18 100 au=79Hz, 1H, Ar-H), 757 (d,
24 9 4-bromobenzaldehyde RT 0.5 18 75 Jun=6.9Hz, 2H, Ar-H), 744 (d,
25 9 4-bromobenzaldehyde RT 1 18 86 Iuu=82Hz, 1H, Ar-H), 7.40-7.31
26 10 4-bromobenzaldehyde RT 1 18 64 (m, 7H, Ar-H), 6.54ppm (s, 2H,
27 11 4-bromobenzaldehyde RT 1 18 100 CH,);: "“C{'H}] NMR (125 MHz,
28 12 4-bromobenzaldehyde RT 1 18 87 CDCLy): 6=195.7 (NCS), 162.7, 147.9,
29 3 4-bromoanisole 100 1 65 27 142.8, 130.9, 129.6, 129.3, 129.1, 128.5,
30 4 4-bromoanisole 100 1 65 13 128.2,127.9, 127.6, 126.7, 125.1, 124.7,
31 5 4-bromoanisole 100 1 65 62 124.5, 121.8, 115.1 (Ar-C), 60.1 ppm
32 6 4-bromoanisole 100 1 65 54 (CH,); MS (ESI, positive mode) m/z
33 7 4-bromoanisole 100 1 65 94 (%): 571 (100) [M+H]*; elemental
34 8 4-bromoanisole 100 1 65 90 analysis: caled (%) for
35 9 4-bromoanisole 100 1 65 33 CioH,Br,PdAN,S.CH,Cl,.py (M=
36 10 4-bromoanisole 100 1 65 27 734.67): C40.87, H3.16, N5.72,
37 1 4-bromoanisole 100 1 65 58 S 4.36; found: C 40.99, H 3.19, N 5.72,
38 12 4-bromoanisole 100 1 65 45 S 4.96.
39 7 4-chlorobenzaldehyde 100 1 65 38

4: trans-Dibromo(3-propylbenzothia-

[a] 1mmol of Ar-X, 2 mmol of Cs,CO;, 1.5 mmol of Ph-B(OH),. [b] GC/MS determination by using n-dodec-

ane as the internal standard for an average of two runs.

Experimental Section

General

Unless otherwise stated, all manipulations, including the catalytic runs,
were performed without taking precautions to exclude air and moisture.
N,N-Dimethylformamide used for the Suzuki reaction was purchased
from J. T. Baker (“Baker analyzed” ACS reagent). All solvents were
used as received. Benzothiazole was purchased from Sigma-Aldrich and
distilled prior to use. Pd(OAc),, pyrazine, trans-1,2-bis(4-pyridyl)ethylene,
1,2-bis(4-pyridyl)ethane, 4,4-bipyridine were purchased from Sigma-Al-
drich and used as received. Dibromo(p-dibromo)bis(3-benzylbenzothia-
zolin-2-ylidene)dipalladium(II) and dibromo(p-dibromo)bis(3-propylben-
zothiazolin-2-ylidene)dipalladium(II) were prepared according to the lit-

Chem. Asian J. 2008, 3, 1649 -1656
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zolin-2-ylidene)-
(pyridine)palladium(II): Complex 4
was prepared in analogy to 3 from 2
(79 mg, 0.089 mmol). Diffusion of
Et,0 into a solution of 4 in CH,Cl,
yielded yellow crystals suitable for X-ray diffraction studies. Yield: 91 mg
(0.178 mmol, 98%). 'HNMR (500 MHz, CDCL): 6=9.04 (d, *Jyy=
6.4Hz, 2H, Ar-H), 7.82 (d, 3yy=8.0Hz, 1H, Ar-H), 7.79 (t, *Jyu=
7.6 Hz, 1H, Ar-H), 7.68 (d, *yy=82Hz, 1H, Ar-H), 7.51 (t, *Jyu=
79Hz, 1H, Ar-H), 742 (t, Jyy=7.6 Hz, 1H, Ar-H), 737 (t, *Jyu=
6.9 Hz, 2H, Ar-H), 5.15 (t, *Jyy=82 Hz, 2H, CH,CH,CHj;), 2.35 (m,
Juy=79Hz, 2H, CH,CH,CH,;), 122ppm (t, *Jyy=7.6Hz, 3H,
CH,CH,CH;); “C{'H} NMR (125 MHz, CDCl,): 6=193.3 (NSC), 154.4,
152.7, 149.8, 142.8, 138.1, 136.7, 126.7, 125.1, 124.7, 121.9, 113.8 (Ar-C),
56.9 (CH,CH,CH;), 22.7 (CH,CH,CHj;), 11.7 ppm (CH,CH,CH;); MS
(ESI, positive mode) m/z (%): 443 (40) [M—Br]*; elemental analysis:
caled (%) for C;sH;Br,N,PdS (M=522.59): C34.47, H3.09, N 5.36,
S 6.14; found: C 35.65, H 2.98, N 5.54, S 6.09.

www.chemasianj.org 1653
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Table 3. Suzuki-Miyaura Coupling Reactions!”! catalyzed by complex 7
in different boronic acids.

S R
Br B(OH), | _
BN cat7
+ | >
R// DMF/Cs,CO4/100 °C
CHO
CHO
Entry  Boronic acids Cat. 7 [mol%] t[h] Yield® [%]
1 phenyl 1 0.5 100
2 4-tolyl 1 0.5 100
3 3-(trifluoro-methyl)phenyl 1 05 99
4 3-pyridyl 1 0.5 40
5 phenyl 0.5 0.5 100
6 4-tolyl 0.5 0.5 100
7 3-(trifluoro-methyl)phenyl 0.5 05 98
8 3-pyridyl 0.5 05 25
9 phenyl 0.25 50 100
10 4-tolyl 0.25 50 99
11 3-(trifluoro-methyl)phenyl  0.25 50 97
12 3-pyridyl 0.25 50 8
13 phenyl 0.01 50 98
14 4-tolyl 0.01 50 98
15 3-(trifluoro-methyl)phenyl  0.01 50 &4
16 3-pyridyl 0.01 50 6

[a] 1mmol of 4-bromobenzldehyde, 2 mmol of Cs,CO;, 1.5 mmol of bor-
onic acids. [b] GC/MS determination by using n-dodecane as the internal
standard for an average of two runs.

5: Dibromo(p-pyrazine)bis(3-benzylbenzothiazolin-2-ylidene)dipalla-
dium(I): A mixture of 1 (122 mg, 0.12 mmol) and pyrazine (9.9 mg,
0.12 mmol) was suspended in CH,Cl, (5 mL) and stirred at RT overnight.
Et,0 (15 mL) was added to give a yellow precipitate, which was collected
by filtration. Diffusion of Et,O into a CH,Cl, solution of the complex
yielded yellow crystals suitable for X-ray diffraction studies. Yield: 66 mg
(0.062 mmol, 50%). '"H NMR (500 MHz, CDCl;): 6=9.22 (s, 4H, Ar-H),
7.83 (d, *Jyy=7.6 Hz, 2H, Ar-H), 7.52 (d, *J;y=6.9 Hz, 4H, Ar-H), 7.46
(d, *Jun=82 Hz, 2H, Ar-H), 7.41-7.33 (m, 10H, Ar-H), 6.46 ppm (s, 4H,
CH,); “C{'H} NMR (125 MHz, CDCL): 6=191.8 (NSC), 148.4, 147.6,
146.9, 146.4, 142.7, 136.7, 133.2, 129.2, 128.7, 127.6, 126.9, 125.4, 121.8,
115.2 (Ar-C), 60.2 ppm (CH,); MS (ESI) m/z (%): 1080 (30) [M+Na]*;
elemental analysis: caled (%) for Cy;H,BryN,Pd,S, (M=1063.16):
C36.15, H2.46, N 5.27, S 6.03; found: C 36.83, H2.76, N 4.76, S 6.25.

6: Dibromo(p-pyrazine)bis(3-propylbenzothiazolin-2-ylidene)dipalla-
dium(II): Complex 6 was prepared in analogy to 5, from 2 (127 mg,
0.14 mmol) and pyrazine (11.5mg, 0.14mmol). Yield: 73.4mg
(0.076 mmol, 53%). 'H NMR (500 MHz, CDCL;): §=9.30 (s, 4H, Ar-H),
7.85 (d, *Jyyu =82 Hz, 2H, Ar-H), 7.71 (d, *Jyy=8.8 Hz, 2H, Ar-H), 7.55
(t, Jun=7.9 Hz, 2H, Ar-H), 7.46 (t, *Juy=7.6 Hz, 2H, Ar-H), 5.10 (t,
*Jun=382 Hz, 4H, CH,CH,CHj;), 2.32 (m, */yy=7.8, 4H, CH,CH,CH,),
1.22 ppm (t, *Jyy=7.6, 6H, CH,CH,CH;); “C{'H} NMR (125 MHz,
CDCly): 6=148.3, 146.9, 142.7, 136.6, 126.9, 125.3, 122.0, 113.9 (Ar-C),
572 (CH,CH,CHj;), 21.9 (CH,CH,CH;), 11.6 ppm (CH,CH,CH;); MS
(ESI) m/z (%): 985 (10) [M—Br+3 CH;0H]*; elemental analysis: calcd
(%) for C,,H,Br,N,Pd,S, (M=967.08): C29.81, H2.71, N 5.79, S 6.63;
found: C29.92, H2.74, N 5.53, S 6.15.

7: Dibromo(p-4,4’-bipyridine)bis(3-benzylbenzothiazolin-2-ylidene)dipal-
ladium(II): Complex 7 was prepared in analogy to 5, from 1 (122 mg,
0.12mmol) and 44-bipyridine (19 mg, 0.12mmol). Yield: 89 mg
(0.072 mmol, 60%). '"HNMR (500 MHz, [Ds]DMSO): 6=9.03 (s, 3H,
Ar-H), 8.76 (s, SH, Ar-H), 8.18-8.02 (m, 4H, Ar-H), 7.89 (s, 2H, Ar-H),
7.75-7.51 (m, 8H, Ar-H), 7.37 (s, 4H, Ar-H), 6.63 ppm (s, 4H, CH,);
BC{'H} NMR (125 MHz, [D¢]DMSO): 6=141.9, 134.9, 134.1, 128.6,
128.0, 127.1, 126.9, 125.5, 122.7, 115.8 (Ar-C), 58.2 ppm (CH,); elemental
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analysis: caled (%) for CyH;Br,N,Pd,S,.CH,Cl, (M=1224.19): C 38.26,
H 2.63, N 4.58, S 5.24; found: C 39.69, H 2.46, N 4.69, S 5.39.

8: Dibromo(u-4,4'-bipyridine)bis(3-propylbenzothiazolin-2-ylidene)dipal-
ladium(II): Complex 8 was prepared in analogy to 5 from 2 (100 mg,
0.11 mmol) and 4,4-bipyridine (17.2mg, 0.11 mmol). Yield: 61 mg
(0.058 mmol, 52%). 'HNMR (500 MHz, [Ds]DMSO): 6=9.05 (m, 3H,
Ar-H), 8.78 (s, 1H, Ar-H), 8.18 (m, 4H, Ar-H), 8.07 (m, 3H, Ar-H), 7.89
(s, 1H, Ar-H), 7.66 (t, *Jyu;=6.9 Hz, 2H, Ar-H), 7.56 (t, *Jy;=6.9 Hz,
2H, ArH), 521 (br s, 4H, CH,CH,CH;), 225 (broad s, 4H,
CH,CH,CHs;), 1.14 ppm (br s, 6H, CH,CH,CHj;); MS (ESI) m/z (%): 964
(20) [M—Br]*; elemental analysis: calcd (%) for C;HzBr,N,Pd,S, (M=
1043.17): C34.54, H2.90, N 5.37, S 6.15; found: C34.90, H2.88, N 5.31,
S 6.08.

9:  Dibromo[p-trans-1,2-bis(4-pyridyl)ethylene]bis(3-benzylbenzothiazo-
lin-2-ylidene)dipalladium(II): Complex 2 was prepared in analogy to 5,
from 1 (215 mg, 0.22 mmol) and trans-1,2-bis(4-pyridyl)ethylene (40 mg,
0.22 mmol). Yield: 204 mg (0.175 mmol, 80%). 'HNMR (500 MHz,
[Ds]DMSO): 6=8.90 (s, 4H, Ar-H), 8.17 (d, *J,y=82 Hz, 2H, Ar-H),
7.78 (s, 2H, CH=CH), 7.74-7.64 (m, 8H, Ar-H), 7.51-7.50 (m, 5H, Ar-
H), 7.39-7.37 (m, 5H, Ar-H), 7.23 (s, 2H, Ar-H) 6.62 ppm (s, 4H, CH,);
BC{'H} NMR (125 MHz, [D{]DMSO): § =153.0, 142.5, 136.1, 134.8, 132.3
(Ar-C), 129.2, 128.7 (CH,=CH,), 1285, 128.3, 127.6, 127.5, 127.4, 126.0,
125.9, 123.2, 123.0, 116.3, 115.9 (Ar-C), 59.0 ppm (CH,); elemental analy-
sis: caled (%) for Cy HsBr,N,Pd,S, (M=116529): C41.23, H2.77,
N 4.81, S 5.50; found: C 40.06, H 2.71, N 4.99, S 5.15.

10: Dibromo[p-trans-1,2-bis(4-pyridyl)ethylene]bis(3-propylbenzothiazo-
lin-2-ylidene)dipalladium(II): Complex 10 was prepared in analogy to 5,
from 2 (218 mg, 0.24 mmol) and trans-1,2-bis(4-pyridyl)ethylene (44 mg,
0.24 mmol). Yield: 184 mg (0.17mmol, 70%). 'HNMR (500 MHz,
[D]DMSO): 6=891 (s, 4H, Ar-H), 8.17 (d, *Jyy=7.6 Hz, 4H, Ar-H),
7.81 (s, 4H, Ar-H), 7.72 (s, 2H, CH=CH), 7.66 (t, *Jyyu=7.9 Hz, 2H, Ar-
H), 7.56 (t, Jyy=79Hz, 2H, Ar-H), 520 (t, Jyu=73Hz, 4H,
CH,CH,CH;), 224 (m, *Jyy=7.4 Hz, 4H, CH,CH,CH,), 1.14 ppm (t,
i =6.9 Hz, 6H, CH,CH,CH;); elemental analysis: calcd (%) for
Cy,H;,Br,N,Pd,S, (M=1069.21): C35.95, H3.02, N 5.24, S 6.00; found:
C36.22, H 2.84, N 5.00, S 6.06.

11: Dibromo[p-1,2-bis(4-pyridyl)ethane]bis(3-benzylbenzothiazolin-2-yli-
dene)dipalladium(II): Complex 11 was prepared in analogy to 5, from 1
(100 mg, 0.101 mmol) and 1,2-bis(4-pyridyl)ethane (18.7 mg, 0.101 mmol).
Diffusion of CH,Cl, into a DMSO solution of the complex yielded
orange crystals suitable for X-ray diffraction studies. Yield: 71 mg
(0.06 mmol, 60%). 'HNMR (500 MHz, CDCL): 6=892 (d, Jyy=
6.3 Hz, 4H, Ar-H), 7.81 (d, *J;y=8.2 Hz, 2H, Ar-H), 7.71-7.69 (m, 2H,
Ar-H), 7.57 (d, *Jyy=7.6 Hz, 2H, Ar-H), 7.54-7.52 (m, 2H, Ar-H), 7.44
(d, Jyn=82 Hz, 2H, Ar-H), 7.39-7.32 (m, 10H, Ar-H), 7.17 (d, /=
6.3 Hz, 2H, Ar-H), 6.53 (s, 4H, CH,), 2.93 ppm (s, 4H, CH,CH,); “C{'H}
NMR (125 MHz, CDCl;): 6=195.8 (NSC), 167.8, 152.7, 151.8, 142.8,
136.8, 133.6, 132.5, 130.8, 129.1, 128.8, 128.5, 127.7, 126.7, 125.1, 124.5,
121.8, 115.1 (Ar-C), 60.1 (CH,), 38.8 ppm (CH,CH,); MS (ESI) m/z (%):
1088 (50) [M—Br]*; elemental analysis: caled (%) for C,H;,Br,N,Pd,S,
(M=1167.31): C41.16, H2.94, N 4.80, S5.49; found: C41.06, H2.76,
N 4.66, S 5.53.

12: Dibromo[p-1,2-bis(4-pyridyl)ethane]bis(3-propylbenzothiazolin-2-yli-
dene)dipalladium(II): Complex 12 was prepared in analogy to 5 from 2
(100 mg, 0.11 mmol) and 1,2-bis(4-pyridyl)ethane (21 mg, 0.11 mmol).
Yield: 79 mg (0.07 mmol, 65%). "H NMR (500 MHz, CDCl;): 6 =891 (t,
*Jun=6.3 Hz, 2H, Ar-H), 850 (d, *Jyy=5.7Hz, 4H, Ar-H), 7.82 (d,
Juy=7.6 Hz, 1H, Ar-H), 7.68 (d, *Jyy=82Hz, 1H, Ar-H), 7.52 (t,
Jan=7.6Hz, 1H, Ar-H), 743 (t, 3uu=7.6Hz, 1H, Ar-H), 7.16 (d,
3an=63 Hz, 2H, Ar-H), 7.10-7.07 (m, 4H, Ar-H), 5.14 (t, =79,
4H, CH,CH,CH;), 2.94 (s, 4H, CH,CH,), 2.33 (m, *Jyy=7.9 Hz, 4H,
CH,CH,CH;), 1.22ppm (t, YJyy=7.5Hz, 6H, CH,CH,CH;); “C{'H}
NMR (125 MHz, CDCl;): 6=193.2 (NSC), 152.7, 150.0, 149.8, 142.9,
126.7, 125.1, 124.7, 123.8, 123.7, 121.9, 113.8 (Ar-C), 56.9 (CH,CH,CH,),
35.7 (CH,CH,) 21.9 (CH,CH,CH,), 11.7 ppm (CH,CH,CH;); MS (ESI):
990 (30) [M—Br]™; elemental analysis: caled (%) for C;,H;,Br,N,Pd,S,
(M=1071.23): C35.88, H3.20, N5.23, $5.99; found: C35.33, H3.34,
N 5.37, S 5.84.
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Table 4. Selected crystallographic data for complexes 3, 4, 5, and 11.

3 4 5 11
Formula C,yH,(Br,PdN,S C,,H,;Br,Cl;N,PdS C;,H,Br,N,Pd,S, Cy4H3Br,N,Pd,S,
Formula weight 570.62 641.95 1063.13 1167.27
Color, habit Yellow, thin plate Yellow, block Yellow, thin plate Orange, plate
Crystal size [mm] 0.14 x0.06 % 0.04 0.40x0.30x0.18 0.60x0.40x0.02 0.20x0.10x0.04
Temperature [K] 223(2) 223(2) 223(2) 223(2)
Crystal system Monoclinic Triclinic Monoclinic Triclinic
Space group P2(1)/n P1 P2(1)/n P1
a[A] 8.9881(9) 8.3997(3) 17.4609(11) 9.1736(9)
b[A] 11.7083(13) 9.4585(4) 7.4862(5) 13.8016(14)
c[A] 17.762(2) 15.2011(6) 13.8481(9) 17.0404(17)
o] 90 98.7860(10) 90 69.345(2)
Bl 90.917(3) 94.3620(10) 95.5070(10) 88.504(2)
v [°] 90 114.3510(1) 90 89.441(2)
VA7 1869.0 1074.31(7) 1801.8(2) 2018.1(3)
V4 4 2 2 2
D, [gem™) 2.028 1.984 1.960 1.921
Radiation used Moy, Moy, Moy, Moy,
M [mm™] 5.385 5.056 5.577 4.989
O range [°] 2.08-24.99 1.37-27.49 2.34-27.50 1.58-27.49
unique data 10787 14104 22594 26455
R(int) 0.0684 0.0237 0.0556 0.0490
Max., min. transmission 0.8134, 0.5194 0.4630, 0.2369 0.8966, 0.1347 0.8254, 0.4353
Final R indices R1=0.0625, R1=0.0267, R1=0.0303, R1=0.0454,
[I>20(D)] wR2=0.1125 wR2=0.0676 wR2=0.0716 wR2=0.0936
R indices (all data) R1=0.0903, R1=0.0314, R1=0.0409, R1=0.0695,

wR2=0.1211 wR2=0.0743 wR2=0.0757 wR2=0.1021
Goodness-of-fit on F> 1.132 1.074 0.997 1.006
Peak/hole [e A~ 0.811/-0.573 0.846/—1.074 0.789/-0.551 1.042/-0.432

General Procedure for the Suzuki Reaction

Cs,CO; (2mmol), aryl halide (1 mmol) and phenyl boronic acid
(1.5 mmol) were placed in a reaction flask equipped with a stirring bar.
DMF (SmL) was introduced and the resulting suspension heated to
100°C for 10 min before the catalyst was added. After the desired reac-
tion duration, the reaction mixture was cooled to ambient temperature.
Water was added and the organic phase was extracted with CH,Cl, (3%
4 mL). The combined organic phases were dried over MgSO,, filtered
and the solution was analyzed by GC/MS by using dodecane as the inter-
nal standard.

X-ray Diffraction Studies

Single crystals of complexes 3, 4, 5, and 11 were obtained from solvent
diffusion experiments as described previously. Suitable crystals were
mounted on quartz fibers and the X-ray data collected on a Bruker AXS
APEX diffractometer, equipped with a CCD detector, using graphite-
monochromated Moy, radiation (A=0.71073 A). The collecting frames of
data, indexing reflection and determination of lattice parameters and po-
larization effects were done with the SMART suite programs.”’ The inte-
gration of intensity of reflections and scaling was done by SAINT. The
empirical absorption correction was done by SADABS.'! The space
group determination, structure solution and least-squares refinements on
| F|? were carried out with the SHELXTL.!"!! The structures were solved
by direct methods to locate the heavy atoms, followed by difference
maps for the light non-hydrogen atoms. Anisotropic thermal parameters
were refined for the rest of the non-hydrogen atoms. The hydrogen
atoms were placed in their ideal positions. A selected summary of crystal
data for complexes 3-5 and 11 is found in Table 4.
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