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Molecular Structures and Catalytical Performance in
Suzuki-coupling Reaction of Novel Dipalladium Clip-shaped
Complexes with Bifunctional Pyrazolate Ligands®
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ABSTRACT A series of clip-shaped cationic molecular corners C1~C4 (C1 = [(bpy),Pdy(L}),]*", C2 =
[(dmbpy)Pda(L1),]*", C3 = (bpy)oPda(L?),]*", C4 = (dmbpy),Pdy(L?),]**, bpy = 2,2-bipyridine, dmbpy =
through dipalladium complexes [(bpy),Pd,(NO3),](NO3),,
[(dmbpy),Pd,(NO3),](NOs), and bifunctional pyrazole ligands 4-(3,4-dimethoxyphenyl)-3,5-dimethyl-1H-pyrazol
(HLY) and 4,4'-(5-(1H-pyrazol-4-yl)-1,3-phenylene)dipyridine (HL?). Complexes C1~C4 were characterized by *H
and **C NMR, electrospray ionization mass spectrometry (ESI-MS), elemental analysis, and IR spectroscopy. The

4,4’ -dimethyl-2,2-bipyridine) were synthesized

X-ray diffraction analysis of C1-:2NO;" revealed a Pd, dimetallic clip-shaped structure which was synthesized by
two bifunctional ligands doubly bridged by the [(bpy)Pd], dimetal units. Additionally, all of the complexes with
NO;™ as counter anions exhibited high-efficiency catalytical performance in the Suzuki-coupling reaction attributed
to the tunable impact and weak dinuclear Pd(I1) --Pd(I1) intramolecular bonding interaction.
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1 INTRODUCTION

Supramolecular chemistry has attracted significant research
attention due to its rapid expansion to chemical sensors,
host-guest interactions, catalysis and functional materials®*®.
Coordination-driven  self-assembly as a high efficient
approach for the construction of molecular systems capable of
well-defined molecular-level motion has become a field of
growing interest and an important issue in this field as regards
the metal-based molecular corners and tweezes, which display
fascinating properties and applications such as catalysis,
redox and photoluminescence!®®. Therefore, considerable
efforts been have devoted to the design and synthesis of
functional molecular corners with arms or tips for host-guest
recognition, molecule separation and purification using

various supramolecular interactions including hydrogen

bonding, metal coordination, metal-metal bonding, hydro-
phobic forces, van der Waals forces, electrostatic efforts and
7 interactions™®*4. Moreover, multimetallic catalysts in
which multimetal centers are present in close proximity to
each other exhibit better reactivity than equivalent mixtures of

monometallic complexes!***].

To date, various organic
ligands including pyridine-carboxylates, pyridine-phosphates,
imidazole-carboxylates and amino acids containing O and N
donors have been selected to construct multimetallic
complexes with interesting structures and physical chemical
propertiest’®28. However, it is still a challenge to rationally
design and control the synthesis of multimetallic coordination
polymers by choosing suitable organic ligands.

Pyrazole has the virtue of coordinating with metal ions by
monodentate and bidentate and assembled through

intermolecular hydrogen-bonding interaction!*® 2%, The coor-
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dination chemistry of pyrazoles and its derivatives received
particular attention not only for their beautiful and diverse
structures like metal-based polymers, metallo-macrocycles,
metallo-cages and so on, but also the broad application
prospects and relevance in multimetal-centered catalysis,
multielectron-transfer reaction and photophysical studies??+2°!.
In the past few years, considerable attention has been paid to
functional metal-organic assemblies that show promise in
catalysis with environment-friendly®®? properties. Especially,
palladium complexes were employed in the Suzuki-couping
reaction for their high stability and remarkable efficiency. In
our previous work, we have developed a series of novel
homometallic/heterometallic supramolecular catalysts con-
taining functional pyrazole ligands through self-assembly!® 2!,
Inspired by such work, we focus on the construction of

supramolecules from functional pyrazolate ligands with

dipalladium clips.

In this work, we successfully synthesized a series of
functional clip-shaped supramolecular corners C1~C4 by
using a novel kind of bifunctional
4-(3,4-dimethoxyphenyl)-3,5-dimethyl-1H-pyrazol (HL?) and
4,4"-(5-(1H-pyrazol-4-yl)-1,3-phenylene)dipyridine (HL?)
with [(bpy)oPd2(NO3)2](NO3),  and
[(dmbpy),Pd,(NOs3),](NO3),, as shown in Scheme 1. In

addition, the supramolecular assemblies have been studied by

pyrazolate ligands

dimetal  motifs

'H and 3C NMR, IR spectroscopy, electrospray ionization
mass spectrometry (ESI-MS) and elemental
Furthermore, we find that C1-:2NO3;, C2:2NO3, C3-2NO3 "
and C4-2NOs;

Suzuki-coupling reaction which are attributed to the tunable

analysis.
showed good catalytic effect on the

impact and weak Pd(Il) --Pd(Il) intramolecular bonding
interaction.
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Scheme 1. Self-assembly of dipalladium corners C1-C4-2NOs5~

2 EXPERIMENTAL

2.1 Materials and methods

The FT-IR spectra were recorded as KBr pellets on a
Shimadzu IR Prestige-21 spectrometer. NMR spectra of all
compounds were recorded at 400 MHz on a Bruker
AIVEN400 spectrometer.
performed with a JEOL Accu-TOF-4G LC-plus mass
spectrometer. The elemental analysis was performed on a
Thermo Electron SPA Flash EA1112 analyzer.
2.2 Synthesis of the ligands

ESI-MS measurements were

The ligand HL' was synthesized as described in Scheme 2
by using similar methods in our group!*® ?? (See SI for the
synthesis). *H NMR (400 MHz, DMSO): 12.24 (s, 1H, PzH),
6.98 (d, J = 8 Hz, 1H, PhH), 6.82 (d, J = 2 Hz, 1H, PhH), 6.78
(m, 1H, PhH), 3.76 (s, 6H, OCHy), 2.17 (s, 6H, CH5) ppm. °C
NMR (400 MHz, DMSO): 149.00 (s, 3-C¢HsC), 147.44 (s,
4-C¢H3C), 145.34 (s, 2-C3HC), 135.79 (s, 4-C3HC), 127.09 (s,
1-C¢H4C), 121.35 (s, 3-C5HC), 117.32 (s, 6-CgH5C), 113.18 (5,
2-CsHsC), 112.42 (s, 5-C¢HsC), 55.92 (s, CH3C), 55.91 (s,
CH5C), 13.32 (s, 5-OCH;C), 10.48 (s, 6-OCH,C) ppm.
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Scheme 2. Synthesis of HL'and HL?: i. K3CO3, PA(PPhs)s, reflux;
ii. Pyb, K;COgs, Pd(PPhs)s, reflux; iii. HCI, methanol, reflux

The ligand HL? was synthesized by using similar methods
in our group™! (See Sl for the synthesis). 1H NMR (400 MHz,
DMSO0): 13.05 (s, 1H, PzH), 8.70 (d, J = 6 Hz, 4H, BdH),
8.35 (s, 2H, PzH), 8.13 (d, J = 1.6 Hz, 2H, PhH), 7.99 (s, 1H,
PhH), 7.93 (d, J = 1.2 Hz, 4H, BdH); 3C NMR (400 MHz,
DMSO): 150.65 (s, 2-CsH4NC), 147.14 (s, 4-CsH4NC),
139.20 (s, 3-CgH3C), 13540 (s, 1-CgHsC), 133.41 (s,
2-C3H,N,C), 124.59 (s, 2-CgHsC), 123.19 (s, 4-CgHsC),
122.12 (s, 3-C3H,N,C), 120.95 (s, 3-CsH4NC).

2.3 Synthesis and characterization of
clip-shaped supramolecular corners

The self-assembly of metallo-clip complex C1 2NOj is
shown in Scheme 1. HL! (20.4 mg, 0.1 mmol) was added to a
suspension solution of [(bpy),Pd,(NO3),](NO3), (38.6 mg,
0.05 mmol) in H,O/actone (3:4 mL). The mixture was stirred
for 2 h at room temperature, then moved to 80 °C for another
6 h. A ten-fold excess of KPFg was added to the solution
which resulted in an immediate deposition. The mixture was
continued stirring for 6 h, then the precipitation was filtered,
washed with minimum amount of cold water and dried in
vacuum to give yellow solid. The PFg salt of C1 was
obtained as yellow needle powders in quantitative yield (92%).
C1 2NO3": *H NMR (400 MHz, D,0): 8.59 (d, 2H, J = 7.8 Hz,
bpyH), 8.41 (d, 2H, J = 8.9 Hz, bpyH), 8.36 (t, 2H, J = 6.1 Hz,
bpyH), 7.81 (t, 2H, J = 9.4 Hz, bpyH), 7.04 (d, 1H, J = 8.3 Hz,
PhH), 6.98 (s, 1H, PhH), 6.94 (d, 1H, J = 8.2 Hz, PhH), 3.87
(s, 5.2H, J = 2.9 Hz, OCHjy), 3.36 (s, 0.7H, OCHj3), 2.52 (s,
5H, CHg), 2.33 (s, 1H, CHs); 3C NMR (400 MHz, MeOD):
156.91 (s, 2-CsH,C), 150.75 (s, 3-CgHsC), 149.00 (s,
4-CgH3C), 148.08 (s, 6-CsH,4C), 147.40 (s, 2-C3HC), 142.00 (s,
4-C5H,C), 127.90 (s, 1-CgH3C), 125.88 (s, 3-C3HC), 123.97 (s,
3-CsH,C), 121.96 (s, 6-C¢H3C), 121.73 (s, 2-C¢H5C), 113.20

(s, 5-C5H,4C), 111.69 (s, 5-C¢H3C), 55.27 (s, 3-CsH4OCH;C),
55.11 (s, 4-CsH4OCH;C), 12.24 (s, 4-CsHCH3C), 11.62 (s,
5-C3HCH;C). FT-IR (KBr, cmY): 3451(s), 2998(vs), 1613(s),
1506(s), 1434(s), 1351(w), 1231(vs), 1159(m), 1016(m),
742(w), 634(s). ESI-MS (CH3CN, m/z): 493.1, 1132.2 for
[C1]%, [C1 PF¢ 1" Anal. Calcd. (%) for CygHagN1gO10Pd: C,
49.70; H, 4.17; N, 12.60. Found (%): C, 49.72; H, 4.16; N,
12.64.

The other three similar complexes C2, C3 and C4 are
obtained by using the same method (See Sl for the synthesis).
2.4 X-ray structure determination

A light yellow block single crystal was selected for
single-crystal X-ray diffraction analysis. Data collections
were performed with an ® scan mode at 296(2) K in the range
of 2.4<#<24.3° on a Bruker SMART APEX-II CCD
diffractometer equipped with MoKa radiation (A = 0.71073 A).
The crystal structure was solved by direct methods and
refined by full-matrix least-squares method on F2by means of
SHELXL software package?” 281 All non-hydrogen atoms
were refined anisotropically and all hydrogen atoms were
located and refined geometrically. Furthermore, calculations
of distances and angles between some atoms were performed
by DIAMOND or SHELXL. The final selected bond lengths
and bond angles for C1-2NO;™ are listed in Table 1.

Crystal data for CysHseN1gO10Pd, (M, = 1111.73 g/mol):
monoclinic system, space group P2,/c, a = 22.2285(13), b =
12.4362(7), ¢ = 16.9118(8) A, 5 = 97.450(5)< V = 4635.6(4)
A3 Z=4,T=296(2) K, D, = 1.593 g/cm®, 11130 reflections
measured (R, = 0.0457, Rygma = 0.0740) which were used in
all calculations. The final R =0.0527 (I > 24(l)) and wR =
0.1112 (all data).



HU X. P. et al.: Molecular Structures and Catalytical Performance in Suzuki-coupling Reaction

846 of Novel Dipalladium Clip-shaped Complexes with Bifunctional Pyrazolate Ligands No. 7
Table 1. Selected Bond Lengths (A), Bond Angles (9 and Hydrogen Bond Lengths (A)

Bond Dist. Bond Dist. Bond Dist.
Pd(1)-Pd(2) 3.0700(5) Pd(1)-N(2) 1.998(3) Pd(1)-N(4) 2.004(4)
Pd(1)-N(5) 2.018(4) Pd(1)-N(6) 2.001(3) Pd(2)-N(1) 2.013(4)
Pd(2)-N(3) 2.004(4) Pd(2)-N(7) 2.018(4)
Angle & Angle & Angle 9
N(1)-Pd(1)-Pd(2) 64.06(11) N(2)-Pd(1)-N(4) 87.47(15) N(7)-Pd(2)-N(8) 80.97(15)
N(8)-Pd(2)-Pd(1) 107.23(11) N(2)-Pd(1)-N(5) 95.23(15) N(2)-N(1)-Pd(2) 112.4(3)
N(2)-Pd(1)-N(6) 175.96(15) C(2)-N(1)-Pd(2) 139.8(3) N(4)-Pd(1)-Pd(2) 64.53(11)
N(1)-N(2)-Pd(1) 117.5(3) N(4)-Pd(1)-N(5) 176.88(15) C(4)-N(2)-Pd(1) 133.4(3)
N(5)-Pd(1)-Pd(2) 115.29(11) N(4)-N(3)-Pd(2) 114.6(3) N(6)-Pd(1)-N(4) 96.35(15)
N(6)—Pd(1)-Pd(2) 116.46(11) C(17)-N(3)-Pd(2) 136.6(3) N(6)-Pd(1)-N(5) 80.92(15)
N(1)-Pd(2)-Pd(1) 65.84(10) N(3)-N(4)-Pd(1) 115.8(3) C(37)-N(5)-Pd(1) 125.6(3)
N(1)-Pd(2)-N(7) 96.19(15) C(15)-N(4)-Pd(1) 135.6(3) C(41)-N(5)-Pd(1) 114.1(3)
N(1)-Pd(2)-N(8) 171.08(15) N(3)-Pd(2)-N(8) 95.48(15) C(32)-N(7)-Pd(2) 114.7(3)
N(3)-Pd(2)-Pd(1) 65.03(11) N(7)-Pd(2)-Pd(1) 111.76(11) C(36)-N(7)-Pd(2) 125.4(3)
N3)-Pd(2)-N(1) 86.67(15) C(42)-N(6)-Pd(1) 114.3(3) C(27)-N(8)-Pd(2) 125.5(3)
N(3)-Pd(2)-N(8) 174.40(14) C(46)-N(6)-Pd(1) 125.5(3) C(31)-N(8)-Pd(2) 114.0(3)
Bond Dist. Bond Dist. Bond Dist.
H(25B)-0(8) 2.570 H(40)-0(10) 2.589 H(34)-0(6) 2.745
H(37)-0(9) 2461 H(27)-0(5) 2.745 H(33)-0(6) 3.004
H(13A)-0(10) 2.589 H(1A)-0(6) 2.919 H(21)-0(7) 2.438

2.5 Catalytic activity test

To explore the catalyst activity of pyrazolate-based
dipalladium corners with weak dinuclear Pd(Il) --Pd(Il)
different
conditions have been tried to obtain the feasible solution.

intramolecular  bonding  interaction, reaction

In a typical experiment, the iodobenzene (204 mg, 1 mmol),
benzeneboronic acid (182 mg, 1 mmol), K;PO, (318.4 mg,
1.5 mmol) and dipalladium corners C1-2NO; (14 mg, 10
ummol), or C2:2NO;3™ (14 mg, 10 ummol), or C3-2NO5; (14

mg, 10 ummol), or C4-2NO; (14 mg, 10 pmmol) were added

into a 100 mL flask. 30 mL 1,4-dioxane was added and the
suspension was stirred at 100 °C under nitrogen atmosphere.
After work up (monitored the consumption of the starting
iodobenzene by TLC), the mixture was cooled to room
temperature. The mixture was directly filtered and afforded
the product through column chromatograph eluting with
hexane/ethyl acetate. As shown in Table 2, all of the reactions
exhibited product biphenyl in good yields except for HL! and
HL2

Table 2. Catalytic Activity of Complexes [(Dmbpy),Pd2(NO3),](NO3)z,
[(bpy)zpdz(NO3)2](NO3)2, C1 2NQO3, C2 2NO3, C3 2NOzand C4 2NO3

Entry Catalyst Co-catalyst Solvent T/°C Time/h Yield/%

1 [(dmbpy),Pd,(NO3),](NOs), K3PO, 1,4-dioxane 100 24 82.4

2 [(bpy)2Pd2(NOs3),](NO3), KsPO, 1,4-dioxane 100 24 80.0

3 HL! K3PO, 1,4-dioxane 100 24 No reaction
4 HL? K3PO, 1,4-dioxane 100 24 No reaction
5 C1-2NOsy K3PO, 1,4-dioxane 100 24 94.1

6 C2:2NOg’ K3PO, 1,4-dioxane 100 24 96.1

7 C3:2NO3 K3PO, 1,4-dioxane 100 24 86.3

8 C4:2NO5 K3PO, 1,4-dioxane 100 24 88.5
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3 RESULTS AND DISCUSSION

3.1 Synthesis and characterization

The 'H and **C NMR analyses of the products clearly
confirmed the formation of a single species with high
symmetry, and integration of the signals indicated a 1:1 ratio
of dimetal motifs ([(bpy)Pd]?" to the pyrazolate anion LY in
the corner C12NO; (Fig. 1). Remarkably, the 'H NMR
signals corresponding to the coordinated bpy moiety present
three doublets at 8.59, 8.39, 8.36 ppm and one triplet at 7.81
ppm, respectively. The signals at 7.04, 6.98 and 6.94 ppm are
attributed to protons of Ph-H from the pyrazole ligand L*. The
signals at 3.87 and 3.36 ppm are ascribed to the methyl
protons of the OCH; groups. Notably, the L*-OCH; protons of

before the reaction. The L -methyl protons of the ligand in the
product were split into two signals of 2.52 and 2.33 ppm,
while the signal of the CH; at 2.17 ppm before the reaction. In
the FT-IR spectra, the absorption bands in the region of
3200~3500 cm™ can be attributed to the stretching vibrations
of O—H. The bands in the region of 2805~3010 cm™ can be
ascribed to the C-H stretching vibrations of benzene ring, and
the absence of the absorption bands at 1450~1600 cm™ to the
C-C stretching vibrations of benzene ring. The formation of
C1 is further supported by ESI-MS in Fig. 2. Two peaks at
493.1 and 1132.2 were corresponding to the [C1]*" and
[C1 PFT" which confirmed C1 has a dimetal structure. The
other three similar complexes C2, C3 and C4 were obtained
and characterized by the same method (See SI for the

the ligand in complex C1 2NOs" were split into two signals of  synthesis).
3.87 and 3.36 ppm, while the signal of CH; at 3.76 ppm
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@© © « w 0
YT L
h
OCHjy
iy
h,
OCHy h,
OCHjy |
ab. @ f iy
[ °I¢
AP ) i A A A,ﬂ,l, -
BS 8‘0 75 B 7‘,Oﬁ 65 76‘.0” v5,5 ‘ 75,0* 74t5 vdiOM 35 VBTOV ) 2,57 ppm
/an I : ).- ; r/,)c; (¢ ; N A N\ ; L\
585 18 888 8 [ 28
-] eyl f=lv=le= T2} (=} o+~
Fig. 1. 'H NMR spectrum of C1 2NO3 at 298 K
[C1)2*
2 493.1 “ [C1-PFJ"
x107 Intensity 49214931 1132.2 1132.2
wigors|
60
40,
20! +2 11300 11400
493.1 \
0 lLdlllL‘_ Lll-l ll J l oh L

100

m/z

Fig. 2.

ESI-MS spectrum of C1-2PF¢ in acetonitrile; the inset shows the isotopic distribution of the species [C1-PFs]" and [C1]**
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All the characterizations have demonstrated that these
molecular corners have been successfully prepared. The solid
state structures of these “dimetallic corners” were further
confirmed by single-crystal X-ray diffraction.

3.2 X-ray crystal structure

The structure of complex CI1-2NO5; was successfully
determined by X-ray diffraction as depicted in Fig. 3 (Further
views and tables with bond lengths and angles are provided in
Table 1). Single crystals of C1:2NO5" were obtained by vapor
diffusion isopropyl ether into their metanol solutions.
CI1-2NO5 crystallizes in space group P2,/c. The structure
reveals a Pd2 dimetallic corner-shaped structure with
difunctional ligands doubly bridged [Pd(bpy)], dimetal corner.
The [Pd,L,]-type corner is supported by two pyrazolate
ligands and one Pd,(bpy), motif (Fig. 3a). The central
six-membered ring consisting of two Pd(ll) atoms and four
pyrazole N atoms has a boat-shaped conformation with THE
Pd-Npz distances falling between 1.99 and 2.01 A. The

Pd(1)-Pd(2) separation is 3.07 A and the dihedral angle of

; X
P H ]
H25B-08 2.570 A\ , 4
H37-09 2.461 A s SE\Q\ ;;f ,
H13A-010 2,589 A [}H5.L -
g

)

- '5} ‘ ‘,-' :
H40-010 2.589 A ﬁ?ﬁ g }l’ 20

two bpys in the corner is 43.72< The deprotonated ligands (L)
are nearly perpendicular to each other with the dihedral angle
being 99.08< And this arrangement creates an “open book”
disposition for the square-planar environment of the two Pd
atoms. As shown in Fig. 3b, dimetallic coordination corner
can be stuck into a two-dimensional structure via strong
multiple hydrogen bonding and weak z-7 stacking interactions.
As shown in Fig. 3c and 3d, nine intermolecular hydrogen
bonds were formed between oxygen acceptors O(5), O(6),
O(7), O(8), O(9) and O(10) from two nitrate anions and
ligand H donors (H(1A), H(13A), H(21), H(25B), H(27),
H(33), H(34), H(37) and H(40)). The distances of hydrogen
bonds vary from 2.438 to 3.004 A, as shown in Table 1. The
distance of the phenyl and pyridyl rings in the next C1-2NOy’
is 4.014 A, and they are nearly parallel to each other with
their dihedral angle of 189.88< falling in the range of =-z
interactions. Meanwhile, the phenyl rings in C1-2NOj™ are

engaged in C—H --« contacts with a centroid-to-plane distance
0f 3.805 A,

5 H27-05 2.745 A
H1A-06 2.919 A
H34-06 2.751 A
H33-06 3.004 A
H21-07 2.438 A

Fig. 3. Crystal structure of C1-2NOyg, top view (a), stacking mode (b), multiple hydrogen bond interaction modes between nitrate
and ligands (c, d). (A) -1 +x,-0.5-y,0.5 +z; (B) —x, 0.5 +y, 0.5 -z (yellow: Pd; gray: C; light grey: H; blue: N; red: O)

3.3 Catalytic activity

In this work, we introduce the OCH; and pyridine groups
into the functional pyrazole-bridged metallo-corners to
improve the solubility of metallo-corners [Pd,L,]**. As shown
in Table 3 and Table S1, six different iodine-substituted and
boronic acid-substituted aromatic compounds were chosen to
react under similar conditions. In these cases, the desirable
products were obtained in high vyields, referring to the

excellent catalytic activities of C1-:2NO3 ~C4-2NO;3; . In

addition, electron-donating (-OMe, -Me) boric acids tend to
have higher vyields than the electron-withdrawing groups
(-CHO) boric acids during the reactions™® . However, no
catalytic activity was observed upon using HL® and HL? alone.
This remarkable difference in catalytic activity was attributed
to the tunable impact and weak dinuclear Pd(lI) --Pd(Il)
intramolecular bonding interaction of complexes C1-2NO;™ ~
C4-2NO5".
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HO\ catalyst
RI_I + B _1{2 9 RI_RZ
Hd K;POy, 1,4-dioxane, 100°C

Table 3. Scope of Dimetal Complex C1-2NOj Catalyst for Suzuki-coupling Reactions

Entry Catalyst R1 R, Yield (%)
) 72
1 C1:2NO; N 84.6
OCHjg
2 C1-2NOy 88.0
OCHg
3 CL2NO5 @ @—CHO 83.1
) / N\
4 C1:2NO; N CHO 80.8
/N OCHjg
5 C12NOy N 84.5
— OCH3
6 C1-2NOy @ @— 923

4 CONCLUSION

In conclusion, a series of novel positively-charged pyrazo-
late-bridged “molecular clips” C1-:2NO3 ~ C4-2NO;z; were
successfully synthesized. The crystal structure of C1-2NO;~
reveals a Pd, dimetallic clip-shaped structure, and the
[Pd,L,]-type corner is supported by two ditopic pyrazolate-
based ligands and Pd(Il) --Pd(Il) dimetal-coordination motifs.
Interestingly, a 2D supramolecular network has been
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