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SYNOPSIS

This thesis entitled “Cyclopalladated Complexes with Some Acid and
Thioacid Hydrazide Based Ligands and Their Catalytic Applications”
consists of five chapters. These are: (1) Introduction, (2) Mono- and dinuclear
cyclopalladated complexes with 4-R-N'-(mesitylidene)benzohydrazides and
mono- and diphosphines, (3) Mono- and dinuclear cyclopalladated complexes
as catalysts for Suzuki—Miyaura cross-coupling reactions in predominantly
aqueous media, (4) Syntheses, structures and catalytic applications of mono-
and tetranuclear cyclopalladated complexes with N'-(9-
anthracenylidene)benzothiohydrazide and (5) Syntheses, characterization and
catalytic properties of two cyclopalladated complexes with N'-(2-
naphthaldimine)benzohydrazide. Except for the first chapter (Introduction),
each of the remaining chapters is divided into following sections: Introduction,

Experimental Section, Results and Discussion, Conclusions and References.
Chapter 1

Introduction

In this chapter, cyclopalladated complexes and their applications in biology,
materials science and catalysis have been briefly described.

Chapter 2

Mono- and dinuclear cyclopalladated complexes with 4-R-N' (mesitylid-

ene)benzohydrazides and mono- and diphosphines

Reactions of PdCl,, LiCl, 4-R-N'-(mesitylidene)benzohydrazides (H,L"; n =1
and 2 for R = H and OMe, respectively) and NaOAEl ,0 in 1:2:1:1 mole
ratio in methanol produce [Pd(HL")CI] (1 (n=1)and 2(n=2)) in ~77%
yields.

Vi



Scheme 1. (i) PdCl,, LiCl and NaOAc-:3H,0 (1:2:1 mole ratio) in methanol at
room temperature. (ii) PPhs (2 mole equivalents) in acetone at room
temperature. (iii) Ph,P(CH;)4PPh, (0.5 mole equivalent) in acetone at room
temperature. (iv) [Fe(CsH4PPh3),] (0.5 mole equivalent) in acetone at room

temperature.
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Reactions of [Pd(HL"CI] (1 and 2) with PPh3 in 1:2 mole ratio in acetone
provide [Pd(L")(PPh3)] (38 (n = 1) and 4 (n = 2)) in ~76% yields. Whereas,
treatment of two mole equivalents of [Pd(HL")CI] (1 and 2) with one mole
equivalent of 1,4-bis(diphenylphosphino)butane (dppb) in acetone affords the
dinuclear [Pd,(u-dppb)(L™,] (5 (n = 1) and 6 (n = 2)) in ~74% yields.
Analogous reaction between [Pd(HL?)CI] (2 and 1,1-
bis(diphenylphosphino)ferrocene (dppf) provides [Pd,(u-dppf)(L?)2] (7) in
67% vyield (Scheme 1). Elemental (CHN) analysis, X-ray crystallographic and
spectroscopic (IR, UV-Vis and NMR) measurements have been used to
characterize all the complexes. In these complexes, the metal centers are in
square-planar CNOCI or CNOP coordination geometry formed by the 6,5-
membered fused chelate rings forming methylene-C, azomethine-N and
amide- or amidate-O donor (HL")™ or (L")*" and the ancillary ligand chloride
or phosphine. The spectroscopic properties of the complexes are consistent
with the corresponding molecular structures established by X-ray

crystallography.

Chapter 3

Mono- and dinuclear cyclopalladated complexes as catalysts for
Suzuki—-Miyaura cross-coupling reactions in predominantly aqueous
media

Suzuki—Miyaura cross-coupling reactions of aryl halides with arylboronic
acids were performed in predominantly aqueous media employing two mono-
and two dinuclear cyclopalladated complexes as catalysts. These complexes
are [Pd(HL)CI] (1), [PA(L)(PPh3)] (I1), [Pd2(u-dppb)(L)2] (111) and [Pda(u-
dppf)(L)2] (1V); where H,L, dppb and dppf represent 4-methoxy-N*
(mesitylidene)benzohydrazide, 1,4-bis(diphenylphosphino)butane and 1,1'-

bis(diphenylphosphino)ferrocene, respectively. The reactions were conducted
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using potassium carbonate as base in presence of tetrabutylammonium
bromide (TBAB) at 70/90 °C in dimethylformamide—water (1:20) mixture
(Scheme 2). Among the four catalysts used, the dinuclear complex 1V turned
out to be the most effective and afforded moderate to excellent yields with

broad substrate scope.

Mono-/di-nuclear

cyclopalladate
7 Nx + (Hops—ar YO - ¢ N n
R — K,CO,, TBAB R/_
(X=Cland Br) in dmf-H,0O (1:20)
(Ar = Ph and 2-Np) at 90/70 °C (Ar = Ph and 2-Np)

Scheme 2. Conditions for the Suzuki—Miyaura reactions.

Chapter 4

Syntheses, structures and catalytic applications of mono- and tetranuclear
cyclopalladated complexes with N'-(9-anthracenylidene)benzothio-

hydrazide

Reaction of PdCl,, LiCl, N’'-(9-anthracenylidene)benzothiohydrazide (H,L, 2
Hs represent the thioamide NH proton and the 9-anthracenyl peri proton) and
NaOAc-3H,0 in 1:2:1:1 mole ratio in methanol produced [Pd4(L)4] (1) in 75
% vyield. Treatment of 1 with PPh; (1:4.5 mole ratio) in acetone provided
[PA(L)(PPh3)] (2) in 72% vyield (Scheme 3). The molecular formulas of the
diamagnetic and non-electrolytic 1 and 2 were established by elemental
analyses. Molecular structures of 1 and 2 were determined by single crystal X-
ray diffraction studies. In the tetranuclear 1, the palladium(ll) centers are in
distorted square-planar CNS; coordination environments created by four (L),
each of which acts as 5,6-membered fused chelate rings forming thioamidate-
S, azomethine-N and 9-anthracenyl peri-C donor to one metal center and uses

the thioamidate-S atom to bridge a second metal center. In the mononuclear 2,

iX



(L)* and PPh; assemble a distorted square-planar CNSP coordination
environment around the palladium(ll) center. Spectroscopic (IR, NMR and
UV-Vis) measurements were also used to characterize 1 and 2. The catalytic
properties of both complexes in the oxidative phenylacetylene homocoupling

reaction were examined.

Sc
Hril S ril/ S fil/ S he
(i) (ii)

N —_— N< —_— N«
Z 2 Pd-. | 7 Pd—ppp, M
SO0 COCINOOO N
3.

L g

()

PdCl,, LiCl and NaOAc-3H,0 (1:2:1 mole ratio) in methanol at 298 K. (ii)

PPh3 (4.5 mole equivalents) in acetone at 298 K.

Chapter 5

Syntheses, characterization and catalytic properties of two cyclopalla-

dated complexes with N'-(2-naphthaldimine)benzohydrazide

Condensation reaction of 2-naphthaldehyde with one equivalent of
benzohydrazide in presence of acetic acid in refluxing methanol yielded the
Schiff base N'-(2-naphthaldimine)benzohydrazide (H.L) in 86% yield.
Reaction of equimolar amounts of Li,PdCl, (generated in situ from PdClI, and
LiCl taken in 1:2 mole ratio), H,L and NaOAc-3H,O in methanol at room
temperature provided the complex [Pd(HL)CI] (1) in 82% yield. Treatment of
one mole equivalent of 1 with two mole equivalents of PPhs in acetone at
room temperature produced the complex [Pd(L)(PPh3)] (2) in 72% yield. The

Schiff base and the two complexes were characterized by elemental analysis,



mass spectrometric and various spectroscopic (IR, UV-Vis and 'H-NMR)
measurements. The molecular structures of both complexes (1 and 2) were
determined by single crystal X-ray crystallography. In each square-planar
complex, the tridentate ligand (HL™ in 1 and L in 2) acts as pincer-like CNO-
donor. The fourth coordination site is occupied by chloride in 1, while that in 2
is satisfied by the P-atom of PPh3. The 2-naphthyl fragment of both (HL)™ and
(L) is palladated at the 3-position. Complex 2 was found to be an effective
catalyst for one-pot Suzuki-Miyaura double cross-coupling reactions of 3,5-
dihalosalicylaldehydes with a variety of arylboronic acids to provide the

corresponding triaryl products in moderate to excellent yields (Scheme 4).

[PA(L)(PPhs)],
OH LiOH-H,0, OH
+ ArB(OH), ——————— >
H,O-MeOH(1:1)
at 80 °C
X X Ar Ar

Scheme 4. Structure of [Pd(L)(PPh3)] (top) and conditions for
Suzuki—Miyaura double cross—coupling reactions (bottom).
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Chapter 1

| ntroduction

In this chapter, cyclopalladated complexes and their applications in biology,

materials science and catalysis have been briefly described.

1.1. Cyclopalladated complexes

Since the discovery of first cyclometallated nickel(I1) complex (Scheme 1.1)
in 1963 by Klienman and Dubeck [1], this chemistry was quickly extended to
other transition metals, particularily the platinum group metals (Os, Ru, Rh, Ir,
Pt and Pd) [2-8]. Among the platinum group metals cyclopalladation

chemistry has received the maximum attention [6—8].

Scheme 1.1. The first cyclometallated complex

In 1965, Cope and Siekmen [9] carried out the reactions of azobenzene and its
derivatives with PdCl, to synthesize the first examples of cycopalladated
complexes (Scheme 1.2). Since then a vast number of cyclopalladated
complexes have been synthesized using a variety of ligands such as azoaryls,

aryl-heteroaryls, aryl phosphines and Schiff bases [10—23].
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Scheme 1.2. One of the first examples of cyclopalladated species

Cyclopalladallation reactions and cyclopalladated complexes continue to be of
immense interest due to their uses and applications in design and synthesis of
complex and intricate organic molecules, biological studies, medicinal

chemistry, materials science and catalysis [24—30].
1.2. Some applications

1.2.1. Biological and medicinal chemistry

Cyclopalladated complexes have been found to exhibit a wide range of
biological activities such as antibacterial, antifungal, antimycobacterial and
antiprotozoal [31—-36]. Over the past few decades, cisplatin and their
analogues (carboplatin and oxaliplatin) [37,38] have been extensively used as
anticancer agents. However these cisplatin derivatives are known to have
several limitations which restrict their utility to a great extent. Thus many
other transition metals instead of platinum are in focus to reduce side effects
and to improve effectiveness of the anticancer activities. Palladium has
structural preferences similar to those of platinum and can exhibit significant
cytotoxic effect on cancer cells. Thus palladium compounds can be an
alternative to platinum based anticancer agents. Cyclopalladated complexes
have the ability to bind a wide variety of ancillary monodentate ligands (e.g.
halides, O-, S-, N-and P-donor). Such complexes are described as promising
antitumor agents [39-44]. Some of the biologically and pharmaceutically

important cyclopalladated complexes are shown in Figure 1.1.
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Figure 1.1. Examples of some biologically active cyclopalladates

1.2.2. Materials science

Cyclopalladated complexes have found applications in photonic,
photocatalytic, polymer and liquid crystalline materials research [45-52].
Liquid crystalline cyclopalladated complexes have received much attention
over the last few years due to their promising properties and potential use in
photoresponsive devices for optical data storage, photomechanics, and
nonlinear optics. The cyclopalladated complexes with aliphatic chain bearing
Schiff base ligands are most common liquid crystalline compounds. In recent
times, considerable efforts have been devoted on developing new
cyclometallated complexes for use as emissive materials in light emitting
device (LED) based display and lighting applications. Heavy metal
cyclometallated complexes particularly those containing platinum and iridium
are known to be very effective for LEDs. Besides Pt and Ir, cyclopalladated

complexes have also shown promising results for use in LEDs [53—60].



Chapter 1

1.2.3. Catalysis

Cyclopalladated complexes have received considerable attention because the
cyclopalladation reaction represents probably the mildest route for activating
strong carbon-hydrogen and carbon—heteroatom bonds. Indeed these
complexes are intermediates for various organic transformation reactions.
Apart from this, due to their stability, easy handling, air and moisture
insensitivity, these complexes have found many successful applications in
catalysis. In 1986, Lewis [61] first used cyclopalladated complexes as
catalysts for the hydrogenation of alkenes and alkynes. Palladacycles have
been efficiently used as catalysts in selective reduction of nitro-aromatic
compounds, nitro-alkenes, nitriles and aromatic carbonyl compounds [62—65].
Palladacycle catalysts have been used quite extensively in C-C and

C—heteroatom bond cross coupling reactions [66—77] as compared to

hydrogenation reactions.

Figure 1.2. Some examples of

cyclopalladated catalysts
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Cross coupling reactions catalyzed by cyclopalladated complexes have several
advantages such as air and moisture tolerance, mild conditions and enhanced
catalytic activities compared to simple palladium salts/complexes, e.g.,
Pd(OAc),, PdCl,, [PdCI(CH3CN)2], [Pd(PPhs)s], [PdCI,(PPhs),] etc.
Cyclopalladates were first successfully introduced by Hermann and co-
workers [66] as catalysts for C-C cross—coupling reactions, which
demonstrate broad substrate scope. Since then various types of cyclopalladated
complexes have been synthesized for use as catalysts (Figure 1.2). In addition
to the complexes bearing bidentate C,P-; C,S- and C,N-donor ligands and
pincer and pincer type ligands, complexes with Schiff base ligands have also
been successfully employed in common carbon—carbon and carbon-hetero
atom cross coupling reactions such as Suzuki, Heck, Sonogashira, Stille,
Buchwald and Negishi reactions and in number of other organic

transformation reactions [67—79].

Suzuki—Miyaura cross-coupling reactions

The most convenient and useful method for the single step synthesis of a
biaryl or biheteroaryl is the Csp?~Csp® Suzuki-Miyaura cross—coupling
reaction (Equation 1.1). Biaryls and biheteroaryls are an important class of
compounds as they are significant building blocks for a variety of natural
products, pharmaceuticals, agrochemicals and functional materials such as
sensors and liquid crystals [80—85]. Suzuki—Miyaura cross-coupling reactions
have several advantages. These are as follows: commercial availability of the
reagents, mild reaction conditions, broad range of products, unaffected by the
presence of water and biproducts of the reaction are nontoxic and easily

removable.
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Equation 1.1
R' = aryl, allyl and alkenyl.
X =ClI, Br, I and OTT.
R? = aryl and alkenyl.

Since the discovery of this catalytic coupling reaction, there is a continuous
effort to develop new catalyst systems which will be effective for a wide range
of products. Among the catalytic systems developed for Suzuki-Miyaura
coupling reactions till date, not many are cyclopalladate based systems
[86—89]. The cycloapalladate catalyzed coupling reactions can proceed in
organic media as well as in aqueous media. Besides this, cyclopalladated
species are also effective catalysts for not only aryl/heteroaryl iodides and
bromides but also for various functionalized aryl/heteroaryl chlorides as cross
coupling partners [90—-93]. Generally cyclopalladates bearing electron rich
phosphines and bidentate phosphines as ancillary ligands promote the
oxidative addition step and hence are very effective towards cross coupling

reactions [94—-98].

1.3. Cyclopalladated complexes with Schiff bases

Schiff bases were first discovered by Hugo Schiff [99]. Schiff base ligands are
considered privileged ligands because they have shown excellent selectivity,
stability and are easily prepared by simple condensation of aldehydes/ketones
and primary amines. The chemistry of Schiff bases are well known with first
row transition metals [100—105], whereas their cyclopalladation chemistry is
relatively less explored. In 1969 Molnar and Orchin [106] reported the first
cyclopalladated species with Schiff base ligands. Generally bi- and tridentate
Schiff base ligands form stable cyclopalladated complexes. Most of the

cyclopalladates are with bidentate CN-donor Schiff base ligands and exist as
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acetate or halogen bridged dimers. The halide/acetate bridges could be easily
cleaved by mono-/bidentate neutral or anionic ligands [107-110]. A few

representative examples of such complexes are shown in Figure 1.3.

Figure 1.3. A few examples of palladacycles with bidentate Schiff bases

In addition to cyclopalladated complexes with bidentate Schiff base ligands,
interest is growing to prepare such complexes with terdentate ligands. The
process of bidentate chelation followed by cyclometallation of a pendant aryl
group is the most effective and commonly used strategy for the synthesis of
cyclometallated complexes with tridentate ligands. Majority of these
cyclopalladated complexes have been derived from imine based ligands, e.g.,
hydrazone, semicarbazone and thiosemicarbazone derivatives [111-118]. In
these complexes, the ligands act as either 5,5- or 5,6-membered fused chelate

rings forming pincer like CNO-, CNN-, CNS- and CNP-donors (Figure 1.4).
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Figure. 1.4. Examples of cyclopalladates with pincer-like Schiff bases

1.4. About the present work

In the present study, the cyclopalladation chemistry of the following three
aroyl-and thioaroylhydrazones (Figure 1.5) has been explored. In this effort,
several new cyclopalladated complexes have been isolated. Besides,
syntheses, and characterization of these cyclopalladated complexes, their
catalytic properties in SOduki iyaura cross-coupling and alkyne

homocoupling reactions have been also investigated.

Figure 1.5. 4-R-N'-(mesitylidene)benzohydrazides (left), N’-(9-
anthracenylidene)benzothiohydrazide (middle), N'-(2-naphthaldimine)-
benzohydrazide (right).
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Chapter 2

Mono- and dinuclear cyclopalladated complexes with
4-R-N'-(mesitylidene)benzohydrazides and mono- and
diphosphines®

Reactions of PdCl,, LiCl, 4-R-N'-(mesitylidene)benzohydrazides (H,L"; n =1
and 2 for R = H and OMe, respectively) and NaOAEl ,0 in 1:2:1:1 mole
ratio in methanol produce [Pd(HL™CI] (1 (n = 1) and 2 (n = 2)) in ~77%
yields. Reactions of [Pd(HL")CI] (1 and 2) with PPh; in 1:2 mole ratio in ace-
tone provide [Pd(L")(PPh3)] (3 (n = 1) and 4 (n = 2)) in ~76% yields.
Whereas, treatment of two mole equivalents of [Pd(HL")CI] (1 and 2) with one
mole equivalent of 1,4-bis(diphenylphosphino)butane (dppb) in acetone af-
fords the dinuclear [Pd,(u-dppb)(L")2] (5 (n = 1) and 6 (n = 2)) in ~74%
yields. Analogous reaction between [Pd(HLHCI] (2) and 1,1-
bis(diphenylphosphino)ferrocene (dppf) provides [Pd,(u-dppf)(L?)2] (7) in
67% vyield. Elemental (CHN) analysis, X-ray crystallographic and spectro-
scopic (IR, UV-Vis and NMR) measurements have been used to characterize
all the complexes. In these complexes, the metal centers are in square-planar
CNOCI or CNOP coordination geometry formed by the 6,5-membered fused
chelate rings forming methylene-C, azomethine-N and amide- or amidate-O
donor (HL™™ or (L"? and the ancillary ligand chloride or phosphine. The
spectroscopic properties of the complexes are consistent with the correspond-

ing molecular structures established by X-ray crystallography.

3 This work has been published in J. Organomet. Chem. 805 (2016) 19-26.
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2.1. Introduction

The majority of cyclometallated complexes are formed due to activation of a
proximal C(sp®)—H bond of an aryl moiety pendant from a chelated ligand. In
comparison, cyclometallated species via C(sp®)—H activation in a similar way
are relatively scarce. Generally this scarcity arises due to the chemical inert-
ness and thermodynamic stability of the C(sp®)—H bond. Our group has been
working on cyclometallated complexes of platinum metal ions with aroylhy-
drazones and thiosemicarbazones of various mono- and polycyclic aromatic
aldehydes for the past several years [1-4]. These Schiff bases in presence of
base coordinate the metal center via the azomethine-N and the amidate-O or
the thioamidate-S atoms and form a 5-membered chelate ring [1]. Chelation
brings the aromatic ring of the arylidene fragment of the aroylhydrazonate or
of the thiosemicarbazonate near to the metal center leading to C(sp?)—H acti-
vation and eventual cyclometallation. In the cyclometallated complexes thus
obtained, the ligands act as pincer-like CNO- or CNS-donor and form either
5,5-membered fused chelate rings in the case of ortho-metallation or 6,5-
membered fused chelate rings in the case of peri-metallation. The process of
bidentate chelation followed by cyclometallation reaction is the most effective
and commonly used strategy for the synthesis of cyclometallated complexes
[1,5,6]. In the present chapter, 4-R-N'-(mesitylidene)benzohydrazides (H,L"; n
=1 and 2 for R = H and OMe, respectively) have been used to examine
whether similar NO-chelation followed by activation of the relatively more
inert C(sp®)—H bond in an ortho-methy! group of the mesityl fragment is pos-
sible or not. We have indeed been able to isolate a new series of
cyclometallated palladium(ll) complexes of formulas [Pd(HL™CI],
[Pd(L")(PPh3)], [Pd2(u-dppb)(L")2] and [Pd,(x-dppf)(L*)2] where (HL")" and
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(L* behave as 6,5-membered fused chelate rings forming CNO-donor
ligands (Scheme 2.1). The syntheses, X-ray structures and spectroscopic prop-

erties of these complexes are described in the following sections.

Scheme 2.1. (i) PdCl,, LiCl and NaOAc3H ;0 (1:2:1 mole ratio) in methanol

at room temperature. (ii) PPhs (2 mole equivalents) in acetone at room tem-
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perature. (iii) Ph,P(CH,)4PPh; (0.5 mole equivalent) in acetone at room tem-
perature. (iv) [Fe(CsH4PPh,),] (0.5 mole equivalent) in acetone at room

temperature.

2.2. Experimental
2.2.1. Materials

All chemicals used in this work were of analytical grade available commer-
cially and were used as received without further purification. The solvents

used were purified by standard methods [7].

2.2.2. Physical measurements

A Thermo Finnigan Flash EA-1112 elemental analyzer was used for elemental
(CHN) analysis. Purities of H,L' and H,L? were verified with a Shimadzu
LCMS 2010 liquid chromatograph mass spectrometer. Room temperature (298
K) magnetic susceptibility measurements were performed with a Sherwood
scientific balance. Infrared spectra were recorded on a Thermo Scientific Ni-
colet 380 FT-IR spectrophotometer. A Digisun DI-909 conductivity meter was
used for electrical conductivity measurements in solution. Electronic spectra
were recorded with the help of a Shimadzu UV3600 UV-Vis-NIR spectropho-
tometer. The *H (400 MHz) and 3'P{*H} (160 MHz) NMR spectra were

recorded with the help of a Bruker NMR spectrometer.
2.2.3. Synthesis of H,L*

Benzohydrazide (1.36 g, 10 mmol) and mesitaldehyde (1.48 g, 10 mmol) were
dissolved in methanol (70 ml). To this solution a few drops of acetic acid were

added and the mixture was refluxed for 7 h. Upon cooling to room tempera-
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ture, the white solid separated was collected by filtration, washed with 20 ml
of methanol in three portions and finally dried in air. The compound thus ob-
tained was recrystallized from 30 ml of chloroform. Yield: 2.18 g (81%).
Anal. Calcd for C17H1sN20: C, 76.67; H, 6.81; N, 10.52. Found: C, 76.51; H,
6.74; N, 10.38. LCMS in CH,Cl,: m/z(M — H) = 265.2. Selected IR bands: v
(cm™) = 3199 (N-H), 1657 (C=0), 1606 (C=N). UV-Vis in Me;NCHO: Zmax
(nm) (¢ (10° M™* cm™)) = 300 (12.8). *H NMR in (CD3)2S0: & (ppm) (Jn-
(Hz)) = 11.72 (s, 1H, NH), 8.75 (s, 1H, H™), 7.91 (8) (d, 2H, H®, HY),
7.60-7.49 (m, 3H, H**™), 6.90 (s, 2H, H? H°), 2.41 (s, 6H, 2 0-Me), 2.23 (s,
3H, p-Me).

2.2.4. Synthesis of H,L?

H,L? was prepared in methanol medium from equimolar amounts of 4-
methoxy benzohydrazide (1.66 g, 10 mmol) and mesitaldehyde (1.48 g, 10
mmol) in presence of 2—3 drops of acetic acid by following the same proce-
dure as described above for H,L'. Yield: 2.49 g (84%). Anal. Calcd for
CisH20N20,: C, 72.95; H, 6.80; N, 9.45. Found: C, 72.85; H, 6.72; N, 9.36.
LCMS in CH,Cly: m/iz (M — H)™ = 295.20. Selected IR bands: v (cm™) =:
3224 (N-H), 1650 (C=0), 1603 (C=N). UV-Vis in Me;NCHO: Amax (nM) (¢
(10° M™* cm™)) = 300 (16.6). *H NMR in (CD3),SO: & (ppm) (Jn_n (H2)) =
11.62 (s, 1H, NH), 8.76 (s, 1H, H'®), 7.94 (8) (d, 2H, H**, H'"), 7.07 (8) (d,
2H, H*, H'), 6.92 (s, 2H, H®, H°), 3.84 (s, 3H, OMe), 2.43 (s, 6H, 2 0-Me),
2.25 (s, 3H, p-Me).

2.2.5. Synthesis of [Pd(HLYCI] (1)

A mixture of PdCI; (90 mg, 0.5 mmol) and LiCl (43 mg, 1 mmol) was taken

in 15 ml of dry methanol and refluxed with stirring for 1 h. The reaction mix-

21



chapter 2

ture was then cooled to room temperature and filtered. The filtrate containing
Li,[PdCl,] was added to a methanol (10 ml) solution of H,L' (133 mg, 0.5
mmol) and NaOAc:3H,0 (68 mg, 0.5 mmol) and then the mixture was stirred
at room temperature for 2 days. The complex 1 separated as a green solid was
collected by filtration, washed with methanol and finally dried in air. Yield:
155 mg (76%). Anal. Calcd for C;7H17N,OCIPd: C, 50.14; H, 4.21; N, 6.88.
Found: C, 50.32; H, 4.28; N, 6.71. Selected IR data: v (cm™) = 3180 (N—H),
1606 (C=0), 1562 (C=N). UV-Vis in Me;NCHO: Ama (nm) (¢ (10° M
cm) = 393" (2.5), 370 (3.4), 358" (3.3), 305" (4.0). H NMR in
(CD3),S0: & (ppm) (Jnn (Hz)) =11.68 (s, 1H, NH), 8.80 (s, 1H, H™), 7.96
(8) (d, 2H, H*, H'), 7.69 (br, s, 1H, H™), 7.62-7.59 (m, 2H, H* H'®), 7.18
(s, 1H, H*), 6.99 (s, 1H, H°), 3.16 (s, 2H, metallated-CH), 2.44 (s, 3H, 0-Me),
2.26 (s, 3H, p-Me).

2.2.6. Synthesis of [Pd(HLA)CI] (2)

This complex was synthesized in methanol medium by following the same
procedure as described above for 1 using PdCI; (90 mg, 0.5 mmol), LiCl (43
mg, 1mmol), H,L? (148 mg, 0.5 mmol) and NaOAc:3H,0 (68 mg, 0.5 mmol).
Yield: 170 mg (78%). Anal. Calcd for C1gH19N,0,CIPd: C, 49.45; H, 4.38;
N, 6.41. Found: C, 49.58; H, 4.31; N, 6.36. Selected IR data: v (cm™) = 3193
(N=H), 1606 (C=0), 1562 (C=N). UV-Vis in Me,NCHO: Ama (nM) (¢ (10°
M~ em™)) = 390%" (3.9), 370 (5.0), 355" (4.9), 328" (5.8), 290°" (10.9). *H
NMR in (CD3)2SO: 6 (ppm) (In-n (Hz)) = 11.59 (s, 1H, NH), 8.78 (br, s, 1H,
H'), 7.98 (9) (d, 2H, H*, H), 7.22-6.92 (m, 4H, H*, H°, H™ H'®), 3.87 (5,
3H, OMe), 3.18 (s, 2H, metallated-CH>), 2.47 (s, 3H, o-Me), 2.29 (s, 3H, p-
Me).

2.2.7. Synthesis of [Pd(LY)(PPh3)] (3)
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[Pd(HLYCI] (1) (122 mg, 0.3 mmol) and PPh; (158 mg, 0.6 mmol) were taken
in acetone (20 ml) and stirred at room temperature for 24 h. The yellow solid
precipitated was collected by filtration, washed with acetone and finally dried
in air. Yield: 143 mg (75%). Anal. Calcd for C3sH3;N,OPPd: C, 66.41; H,
4.94; N, 4.43. Found: C, 66.32; H, 4.85; N, 4.51. Selected IR data: v (cm™) =
1599, 1587 (C=N—C=N). UV-Vis in Me;NCHO: Amax (nM) (¢ (10° Mt cm™))
= 392" (2.2), 373 (2.5), 318 (4.9), 290" (5.7). *H NMR in CDCls: & (ppm)
(Jun (Hz)) = 8.75 (10) (d, 1H, H'), 8.16 (6) (d, 2H, H*, H'"), 7.73-7.68 and
7.52-7.39 (m, m, 7H, 11H, H*™*® PPhs), 6.85 (s, 1H, H®), 6.65 (s, 1H, H°),
3.05 (4) (d, 2H, metallated-CH,), 2.54 (s, 3H, 0-Me), 2.24 (s, 3H, p-Me). P
NMR in CDCl3: 6 (ppm) = 31.67 (S).

2.2.8. Synthesis of [Pd(L?)(PPhs3)] (4)

This complex was synthesized in acetone medium using one mole equivalent
of 2 (132 mg, 0.3 mmol) and two mole equivalents of PPh; (158 mg, 0.6
mmol) by following the same procedure as described for 3 in the preceding
section. Yield: 155 mg (77%). Anal. Calcd for C3sH33N2O,PPd: C, 65.21; H,
5.02; N, 4.22. Found: C, 65.12; H, 5.08; N, 4.26. Selected IR data; v (cm™) =
1597, 1575 (C=N—C=N). UV-Vis in MesNCHO: Anax (nM) (¢ (10° Mt cm™))
= 395" (1.8), 370 (2.0), 315" (4.9), 290°" (5.2). *H NMR in CDCls: & (ppm)
(Jrn (Hz)) = 8.72 (11) (d, 1H, H'°), 8.11 (8) (d, 2H, H*3, H'"), 7.71-7.66 and
7.57-7.44 (m, m, 9H, 6H, PPh3), 6.91 (9) (d, 2H, H™, H'), 6.83 (s, 1H, H?),
6.63 (s, 1H, H°), 3.86 (s, 3H, OMe), 3.03 (6) (d, 2H, metallated-CH>), 2.52 (s,
3H, 0-Me), 2.23 (s, 3H, p-Me). *'P NMR in CDCls: & (ppm) = 32.69 (s).

2.2.9. Synthesis of [Pd(u-dppb)(LY)2] (5)
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To a suspension of [Pd(HLY)CI] (1) (122 mg, 0.3 mmol) in 20 ml acetone 1,4-
bis(diphenylphosphino)butane (dppb) (66 mg, 0.15 mmol) was added and
stirred at room temperature for one day. The yellow solid separated was col-
lected by filtration. It was dissolved in minimum amount of dichloromethane
and added to a silica gel column packed with n-hexane. The major yellow
band eluted with n-hexane-ethylacetate (4:1) was evaporated to dryness and
the complex thus obtained was collected as a yellow solid. Yield: 128 mg
(73%). Anal. Calcd for CspHgoN4O2P,Pd,: C, 63.76; H, 5.18; N, 4.80. Found:
C, 63.78; H, 5.41; N, 4.65. Selected IR data: v (cm™) = 1594 (br)
(C=N-C=N). UV-Vis in Me;NCHO: Amax (nm) (¢ (10° M~* cm™)) = 400°"
(1.4), 370 (1.9), 315 (2.9), 278" (3.9). *H NMR in CDCl3: & (ppm) (Jr-+ (H2))
=8.71 (11) (d, 1H, H™), 8.13 (7) (d, 2H, H**, H"), 7.73-7.68 (m, 3H, H*®),
7.46-7.28 (m, 10H, PPh,), 6.81 (s, 1H, H*), 6.69 (s, 1H, H°), 2.91 (6) (d, 2H,
metallated-CH), 2.52 (s, 3H, 0-Me), 2.45 (br, s, 2H, PCH,), 2.20 (s, 3H, p-
Me), 1.91 (br, s, 2H, CCH>). *'P NMR in CDCl3: & (ppm) = 24.06 (s).

2.2.10. Synthesis of [Pd(u-dppb)(L?)2] (6)

This complex was synthesized in acetone medium using [Pd(HL?)CI] (2) (132
mg, 0.3 mmol) and dppb (66 mg, 0.15 mmol) by following the same procedure
as described above for 5. Yield: 138 mg (75%). Anal. Calcd for
CeaHsaN4O4P,Pd;: C, 62.60; H, 5.25; N, 4.56. Found: C, 62.48; H, 5.31; N,
4.46. Selected IR data: v (cm™) = 1595, 1574 (C=N-C=N). UV-Vis in
Me,NCHO: Amax (NM) (¢ (10° M7t ecm™)) = 393" (1.8), 375 (1.9), 356" (1.8),
314%" (5.1), 298 (5.4). 'HNMR in CDCl3: & (ppm) (Ju-n (Hz)) = 8.68 (12) (d,
1H, H'), 8.10 (8) (d, 2H, H*, H'"), 7.74-7.68 and 7.48-7.39 (m, m, 4H, 6H,
PPh,), 6.90 (s, 1H, H%), 6.82 (8) (d, 2H, H**, H'), 6.69 (s, 1H, H°), 3.80 (s,
3H, OMe), 2.91 (6) (d, 2H, metallated-CH,), 2.51 (s, 3H, 0-Me), 2.46 (br, s,
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2H, PCH,), 2.19 (s, 3H, p-Me), 1.92 (br, s, 2H, CCH>). 3P NMR in CDCl3: &
(ppm) = 26.92 (s).

2.2.11. Synthesis of [Pd(u-dppf)(L?)2] (7)

A mixture of [Pd(HL?CI] (20 (132 mg, 0.3 mmol) and 1,1-
bis(diphenylphosphino)-ferrocene (dppf) (84 mg, 0.15 mmol) in 20 ml acetone
was stirred at room temperature for 1 day. The orange-red solid precipitated
was filtered. The solid obtained was dissolved in minimum amount of di-
chloromethane and transferred to a silica gel column packed with n-hexane.
The major orange-red band obtained by elution with n-hexane-ethylacetate
(7:3) was evaporated to dryness to collect the complex 7. Yield: 137 mg
(67%). Anal. Calcd for CooHgsFeN4,O4P,Pd,: C, 62.01; H, 4.76; N, 4.13.
Found: C, 61.73; H, 5.12; N, 4.23. Selected IR data: v (cm™) = 1600, 1581
(C=N-C=N). UV-Vis in Me;NCHO: Amax (hm) (¢ (10° M~* cm™)) = 398"
(0.8), 370%" (1.04), 315" (3.0), 285" (4.2). *HNMR in CDCl3: & (ppm) (In-+
(Hz)) = 8.74 (11) (s, 1H, H'Y), 8.27 (10) (d, 2H, H*, H'), 7.63-7.58 and
7.48-7.31 (m, m, 4H, 6H, PPh,), 6.98 (8) (d, 2H, H'*, H), 6.82 (s, 1H, H°),
6.44 (s, 1H, H3), 4.91 (br, s, 2H, ferrocene o-protons), 4.20 (br, s, 2H,
ferrocene m-protons), 3.90 (s, 3H, OMe), 2.84 (6) (d, 2H, metallated-CH,),
2.52 (s, 3H, 0-Me), 2.20 (s, 3H, p-Me). **P NMR in CDCls: & (ppm) = 23.81
(s).

2.2.12. X-ray crystallography

Diethyl ether vapor diffusion into the dimethylformamide solutions of 1 and 2
provided their single crystals as 1-Me,NCHO and 2-Me;NCHO, respectively.
Single crystals of 3-7 were grown as it is without any solvent molecule by

slow evaporation of the corresponding acetonitrile or acetonitrile-chloroform
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(1:1) or acetonitrile-methanol (1:1) solutions. An Oxford Diffraction Xcalibur
Gemini single crystal X-ray diffractometer was used to determine the unit cell
parameters and intensity data collection for 1-Me,;NCHO, 3 and 4 at 298 K.
Data collection, reduction and absorption correction were performed using the
CrysAlisPro software [8]. Unit cell parameters and intensity data for
2:Me;NCHO and 5-7 at 298 K were obtained with the help of a Bruker-
Nonius SMART APEX CCD single crystal diffractometer. The SMART and
the SAINT-Plus packages [9] were used for data acquisition and data extrac-
tion, respectively. The absorption corrections were performed with the help of
SADABS program [10]. Each structure was solved by direct method and re-
fined on F? by full-matrix least-squares procedures. All non-hydrogen atoms
were refined anisotropically. The hydrogen atoms were added at geometrically
idealized positions and refined using a riding model. Structure solution and
refinement were performed using the SHELX-97 programs [11] available in
the WIinGX suite [12]. The Platon [13] and the Mercury [14] packages were
used for graphical representations of thermal ellipsoid plots. Selected crystal
data and refinement summary for 1-4 are listed in Table 2.1 and those of 5-7
are listed in Table 2.2. X-ray crystallographic data have been deposited with
Cambridge Crystallographic Data Center. Deposition numbers are CCDC
1438903-1438909 for 1:Me,NCHO, 2:Me,NCHO and 3-7 respectively.

2.3. Results and discussion
2.3.1. Synthesis and some properties

4-R-N'-(mesitylidene)benzohydrazides (H,L* (R = H) and H,L? (R = OMe)
were prepared in ~80% vyields by condensation reactions of equimolar
amounts mesitaldehyde and the corresponding 4-R-benzohydrazides in metha-
nol in presence of a few drops of acetic acid [6-9]. Complexes [Pd(HL")CI] (1

and 2) were synthesized in ~77% vyields by reacting equimolar amounts of
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Lio[PdCl4] (prepared in situ), H,L" and NaOAc-3H,0 in methanol (Scheme
2.1). Treatment of one mole equivalent of [Pd(HL")CI] (1 and 2) with two
mole equivalents of PPh3 in acetone leads to the formation of [Pd(L")(PPh3)]
(3 and 4) in ~76% yields. The dinuclear complexes [Pd,(u-dppb)(L™)2] (5 and
6) and [Pd2(u-dppf)(L%)2] (7) have been synthesized in ~76 and 67% yields,
respectively by reacting the corresponding chloropalladacycles (1 and 2) and
the diphosphines in 2:1 mole ratio in acetone. It is very likely that the basic
environment created by the phosphine ligands causes the deprotonation of the
O-coordinated amide functionality of (HL")™ in [Pd(HL")CI]. As a result, O-
coordinated amide functionality of (HL")™ in [Pd(HL"CI]. Asa result,
the Pd-O bond becomes
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Table 2.1. Selected crystallographic data for 1-Me,NCHO, 2-Me,;NCHO, 3 and 4

Complex 1-Me,NCHO 2:Me;NCHO 3 4
Chemicalformula C20H24C|N302Pd 021H26C|N303Pd C35H31N20PPd 036H33N202P
Formula weight 480.27 510.30 632.99 663.01
Crystal system Tetragonal Triclinic Triclinic Triclinic

2 (A) 0.71073 0.71073 0.71073 1.54184
Space group P4,/n P1 P1 P1

a(A) 21.2416(12) 8.8606(15) 10.1810(10) 11.2743(5)

b (A) 21.2416(12) 10.4866(18) 10.6238(11) 11.6592(4)
c(A) 8.9657(8) 12.161(2) 15.0361(16) 12.1481(6)
a(®) 90 97.028(2) 77.012(9) 78.199(4)
£ 90 97.606(2) 71.360(9) 76.926(4)

7(°) 90 102.758(2) 72.926(9) 82.581(4)

V (A%, Z 4045.4(5), 8 1078.8(3), 2 1457.6(3), 2 1516.83(11), 2
Peacd (g cm™) 1.577 1.571 1.442 1.452
u(mm™) 1.069 1.011 0.722 5.708

Refl. collected 7685 10216 10048 10500

Refl. unique 3569 3792 5128 5709

Refl. [I > 25(1)] 2002 3687 4150 5056
Parameters 248 267 363 382

RLWR2 [I > 26(1)]
R1, wR2 [all data]
GOF on F?

Max./Min. Ap (e A%

0.0560, 0.0661
0.1160, 0.0834
0.961
0.593/-0.492

0.0415, 0.1041
0.0430, 0.1050
1.246
0.954/-0.566

0.0381, 0.0691
0.0531, 0.0749
1.024
0.381/-0.390

0.0384, 0.0950
0.0450, 0.1005
1.048
0.779/-0.731
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Table 2.2. Selected crystallographic data for 5, 6 and 7
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Complex 5 6 7
Chemicalformula CeoHeoN4OsP,Pd  CesHeaN4O4P,Pd, CioHeaN4O4P>FePd
Formula weight 1167.88 1227.93 1355.84
Crystal system Triclinic Triclinic Triclinic
A(A) 0.71073 0.71073 0.71073
Space group P1 P1 P1
a(A) 9.4748(10) 9.2761(19) 9.4603(8)

b (A) 11.8957(12) 12.497(3) 10.9537(10)
c(A) 12.6851(13) 12.821(3) 15.2313(13)
a () 84.284(2) 87.01(3) 98.929(1)
B 72.879(2) 79.49(3) 95.113(1)
() 76.109(2) 76.29(3) 105.100(1)
V (A%, z 1325.8(2), 1 1419.6(5), 1 1491.4(2), 1
Peacd (g €M) 1.463 1.436 1.510

o (mm™) 0.787 0.741 0.944

Refl. collected 12823 13582 14415

Refl. unique 4648 4971 5229

Refl. [I > 20(1)] 4272 4268 4776
Parameters 327 345 379

RL,WR2 [l > 25(1)]
R1, wR2 [all data]

GOF on F?

Max./Min. Ap (eA™)

0.0259, 0.0698
0.0284, 0.0711
1.068
0.420/-0.232

0.0475, 0.1253
0.0550, 0.1327
1.078
1.082/-0.366

0.0274, 0.0720
0.0304, 0.0737
1.058
0.407/-0.268
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stronger (vide infra) and facilitates the formation of 3-7 via replacement of the
labile chloride from the coordination environment by the phosphine P-atom.
The elemental (CHN) analysis data of 1-7 are in good agreement with the cor-
responding molecular formulas. As expected for square-planar palladium(l1)
species all the complexes are diamagnetic in nature. Both 1 and 2 are highly
soluble in dimethylformamide and dimethyl sulfoxide, while sparingly soluble
in dichloromethane and chloroform. In contrast, 3—-7 are highly soluble in
dimethylformamide, dimethyl sulfoxide, dichloromethane and chloroform and
moderately soluble in acetonitrile. The solution colors are light-yellow to yel-

low. All the complexes are electrically non-conducting in solution.
2.3.2. Spectroscopic characterization
2.3.2.1. Infrared spectra

Infrared spectra of the 4-R-N'-(mesitylidene)benzohydrazides (H,L") and their
complexes 1-7 in KBr pellets were recorded in the range 4000 to 400 cm™.
Three representative spectra are illustrated in Figures 2.1-2.3. Each of these
spectra shows several bands of various intensities. We have not tried to assign
all the bands except for the following selected few. The spectra of H,L" dis-
play the N—H and the C=0 stretches at ~3210 and ~1650 cm ™, respectively. A
medium intensity band observed at ~1605 cm™ is assigned to the C=N stretch-
ing of the free H,L". The chloropalladacycles 1 and 2 show a weak broad band
at ~3186 cm™* and a sharp strong band at 1606 cm™. These two bands are at-
tributed to the N—H and the C=0 stretches, respectively of the O-coordinated
amide functionality of (HL")". In contrast, none of the phosphinopalladacycles
3-7 shows any such band. Absence of these bands indicates the
deprotonation of the amide functionality of the corresponding ligands (L™)*" in
3-7. Both 1 and 2 display a sharp and strong band at 1562 cm™ due to the

metal coordinated
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C=N stretching. On the other hand, a broad band at 1594 cm™ is observed for
5, while the remaining phosphinopalladacycles (3, 4, 6 and 7) show two close-
ly spaced sharp bands at ~1598 and ~1579 cm ™. These bands are assigned to
the one end coordinated conjugated C=N-N=C moiety of the ligand (L")*" in
3-7. Three strong bands appeared in the ranges 752-732, 698-682 and
533-517 for 3-7 are most likely associated with the ancillary phosphine lig-
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ands in them [1-4, 18].

Figure 2.3. Infrared spectrum of [Pd2(p-dppf)(L?)2] (7)

2.3.2.2. Electronic spectra

Electronic spectra of H,L" and 1-7 were collected using their corresponding
dimethylformamide solutions. Representative spectra are shown in Figure 2.4.
A broad intense band centered at 300 nm appeared in the spectra of both H,L*
and H,L?. In contrast, the complexes (1-7) display an absorption peak at ~370
nm with a shoulder on the right side at ~395 nm. On the left side of this peak,
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only 1, 2 and 6 display another shoulder at ~356 nm. In the UV-range, 1
shows a broad shoulder centered at ~305 nm, while the remaining complexes
(2-7) exhibit a strong absorption peak or shoulder centered within 328-314
nm and a second intense peak or shoulder in the range 290-278 nm. It is very
likely that the absorptions centered at ~370 nm are associated with ligand to
metal charge transfer transitions [18,19], while the remaining higher energy

bands are due to predominantly ligand centered transitions.
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dimethylformamide.

Figure 2.4. Electronic spectra of H,L' (

2.3.2.3. NMR spectra

The *H NMR spectra of the free Schiff bases (H,L* and H,L?) and their com-
plexes (1-7) were recorded in (CD3),SO and CDCI3, respectively using
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tetramethylsilane as the internal standard. Four representative 'H NMR spectra
are shown in Figures 2.5-2.8 and two **P{*H} spectra are shown in Figures
2.9 and 2.10. The spectra of the dinuclear complexes 57 clearly indicate that
in each complex both halves are equivalent as observed in the corresponding
X-ray structures. The chemical shift data with the tentative assignments for
each compound are listed in the experimental section. The amide N—H proton
in HoL! and H,L? resonates as a sharp singlet at 5 11.72 and 11.62 ppm, re-
spectively. A weak and broad signal observed at ¢ 11.68 and 11.59 ppm for 1
and 2, respectively is assigned to the amide N—H proton of their corresponding
ligands (HL")". Absence of any such signal for 3-7 is consistent with the
deprotonated state of the amide functionalities of the ligands(L")*" in them.
The azomethine (CH=N) proton of H,L', H,L? and the corresponding
chloropalladacycles (1 and 2) appears as a sharp singlet in the range o6
8.75-8.80 ppm. In contrast, complexes 3-7 containing P-donor mono- or
diphosphine ancillary ligands display the azomethine proton as a doublet with-
in 58.68-8.75 ppm (J = 10-12 Hz) due to its coupling with **P. A two-proton
doublet (J = 6-10 Hz) corresponding to the aroyl ring protons H** and H*' ap-
pears at & ~7.97 ppm for H,L*, H,L? and the chloropalladacycles 1 and 2,
whereas the doublet resonance is somewhat downfield (5 8.10-8.27 ppm) for
the mono- or diphosphine containing 3-7, perhaps due to deshielding by the
neighboring phenyl rings of the phosphine ligands. The H**™*° in H,L' and 5
are observed as a three-proton multiplet (6 7.73-7.49 ppm), while for 3 the
corresponding multiplet coincides with the multiplets (o 7.73-7.39 ppm) due
to the PPhs protons. However, for 1, H" appears as a broad singlet at & 7.69
ppm and H'* and H'® resonate as a two-proton multiplet centered at & ~7.61
ppm. The H'** and H' in H,L? and its complexes 4, 6 and 7 appear as a two-
proton doublet within ¢6.82—7.07 ppm (J ~ 8 Hz), whereas, due to overlap of

the signals from these two protons and the mesityl
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ring protons H* and H> a four-proton multiplet centered at & ~7.61 ppm is ob-
served for 2. A three-proton singlet observed for H,L? 2, 4, 6 and 7 within &
3.80—3.90 ppm is assigned to the protons of the group of their p-anisoyl moie-
ty. HoL' and H,L? exhibit a two-proton singlet at & ~6.91 ppm due to the
mesityl group ring protons H* and H°. However, due to metallation of one of
the mesityl ortho-methyl groups, H® and H° resonate separately as singlets in
the ranges ¢ 7.18-6.81 and 6.99-6.44 ppm, respectively in all the complexes
except for 2, where these resonances overlap with that for H** and H'® (vide
supra). A six-proton singlet observed at & ~2.42 ppm for H,L* and H,L? is
assigned to the protons of the two ortho-methyl groups of their mesityl frag-
ment. In contrast, in all the complexes (1-7) this signal splits into a two-
proton signal for the metallated-CH, protons and a three-proton signal for the
unchanged ortho-methyl protons. The metallated-CH; protons resonate as a
singlet at 6~3.17 ppm in the chloropalladacycles 1 and 2, respectively, where-
as they appear as a doublet within ¢ 2.84-3.05 ppm (J = 4-6 Hz) due to
coupling with **P in the mono- and diphosphine coordinated complexes 3-7.
The unchanged ortho-methyl protons resonate as a singlet in the range o
2.44-2.54 ppm for all the complexes. The three-proton singlet corresponding
to the mesityl para-methyl protons of H,L', H,L? and complexes 17 appears
within the narrow chemical shift range of 6 2.19-2.29 ppm. Two broad two-
proton singlets observed at ¢ ~2.46 and ~1.92 ppm for the dppb bridged
dinuclear complexes 5 and 6 are attributed to the P-CH,—C and C-CH,-C
protons, respectively. In 7, the ortho- and meta-protons of the ferrocene frag-
ment appear as two broad two-proton singlets at ¢ 4.91 and 4.20 ppm,
respectively. The P NMR spectra of the complexes having PPhs, dppb and
dppf as ancillary ligands (3—-7) have been also recorded using phosphoric acid
as the external standard. A singlet resonance line is displayed by each of these

complexes. The signal for the mononuclear complexes 3 and 4 containing
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PPh; appears at 6 31.67 and 32.69 ppm, respectively, whereas for the

dinuclear complexes (5-7) with the diphosphine ligands (dppb and dppf) it is

observed

in the relatively upfield chemical shift range of 623.81-26.92 ppm.
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Figure 2.7. "H-NMR spectrum of [Pd(L")(PPhs)] (3)
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Figure 2.8. *H-NMR spectrum of [Pd(u-dppb)(LY)2] (5)
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Figure 2.9. **P{*H} -NMR spectrum of [Pd(p-dppb)(L")2] (5)
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Figure 2.10. **P{*H} -NMR spectrum of [Pd(p-dppf)(L?).] (7)
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2.3.3. X-ray molecular structures

The structures of the solvated chloropalladacycles [Pd(HL")CI]-Me,NCHO
(1:Me;NCHO and 2:Me;NCHO) are illustrated in Figures 2.11 while Figures
2.12 depicts the structures of the triphenylphosphinopalladacycles
[PA(L™(PPh3)] (3 and 4). Perspective views of the dinuclear complexes
[Pd(z-dppb)(L™2] (5 and 6) and [Pd(u-dppf)(L?)2] (7) obtained using the
bridging diphosphine ligands 1,4-bis(diphenylphosphino)butane (dppb) and
1,1'-bis(diphenylphosphino)ferrocene (dppf) are shown in Figures 2.13 and
2.14, respectively. Selected bond lengths and bond angles are listed in Table
2.3. In each of 1:Me;NCHO and 2:Me;NCHO, the metal center is in a square-
planar CNOCI coordination environment assembled by the 6,5-membered
fused chelate rings forming methylene-C, azomethine-N and amide-O donor
(HL™™ and a chloride ion. In each of 3-7, (L"* acts as methylene-C,
azomethine-N and amidate-O donor, whilst a phosphine-P atom completes a
CNOP square-plane around the metal center. Two halves of each of the three
dinuclear complex molecules (5-7) are related by an inversion center (Figures.
2.13 and 2.14). In [Pd(HL")CI]-Me,NCHO (1-Me,NCHO and 2-Me,NCHO),
the O-atom of the dimethylformamide molecule is hydrogen bonded with am-
ide N—H group of the ligand (HL")" (Figures 2.11). The N(2)--O(2) distance
and the N(2)—H---O(2) angle are 2.783(6) A and 163° and 2.738(5) A and 156°
for 1-Me,NCHO and 2:-Me,NCHO, respectively. The C(11)-O(1) and
C(11)-N(2) bond lengths (Table 2.3) clearly indicate that the amide
functionality of (HL"™ is protonated in 1 and 2, while that of (L")* is
deprotonated in 3-7. It is expected that the amide-O is an inferior o-donor
than the amidate-O. Thus the longer Pd(1)-O(1) bond lengths in 1 and 2
(2.165(4) and 2.222(3) A, respectively) than in 3-7 (2.107(2)-2.131(2) A) al-
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so corroborate the amide protonation state difference in (HL"™)™ and (L")?.

The metal to azomethine-N (Pd(1)-N(1)) bond

Figure 2.11. Molecular structures of [Pd(HL')CI]-Me,NCHO (1-Me,NCHO)
(top) and [Pd(HL?)CI]-Me,NCHO (2:Me,NCHO) (bottom) with the atom la-
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beling schemes. In both structures, all non-hydrogen atoms are shown at their

40% probability thermal ellipsoids.
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Table 2.3. Selected bond lengths (A) and angles (°) for 1-Me,NCHO, 2-Me;NCHO and 3-7

Complex 1:Me,NCHO  2-Me,NCHO 3 4 5 6 7
Pd(1)-C(7) 1.940(6) 1.984(4) 2012(3)  2045(3)  2.014(2)  2.028(4)  2.031(2)
Pd(1)-N(1) 1.961(4) 1.980(3) 2.003(3)  2.028(3)  2.0243(18) 2.034(3)  2.031(2)
Pd(1)-0(1) 2.165(4) 2.222(3) 2.1066(19) 2.131(2)  2.1134(16) 2.125(3)  2.1065(17)
Pd(1)-CI(1)/P(L) 2.2910(16)  2.2975(12)  2.2393(9) 2.2582(8)  2.2492(6)  2.2468(12) 2.2502(7)
C(11)-0(1) 1.229(6) 1.233(5) 1.272(4)  1.289(4)  1.284(3)  1.283(5)  1.285(3)
C(11)-N(2) 1.332(7) 1.346(5) 1.318(4)  1312(5)  1.312(3)  1.310(5)  1.315(3)
C(7)-Pd(1)-N(1) 92.7(2) 90.37(15)  90.35(11)  89.21(12)  90.71(9)  89.17(15)  89.02(9)
C(7)-Pd(1)-0(1) 170.6(2) 165.00(16)  166.43(11) 163.92(13) 165.47(10) 161.55(15) 164.11(9)
C(7)-Pd(1)-CI(1)/P(1) 90.52(18)  91.09(13)  91.59(10) 94.16(10) 91.94(8)  92.64(12) 93.68(8)
N(1)-Pd(1)-O(1) 78.35(18)  77.63(11)  77.84(9)  77.12(10) 77.87(7)  77.16(12)  77.11(7)
N(1)-Pd(1)-CI(1)/P(1) 176.79(15)  176.87(9)  175.01(7) 175.98(8) 176.30(5) 176.40(8)  174.57(6)
O()-Pd(1)-CI(1)P(1) 98.44(12)  101.35(8)  100.73(7) 99.85(7)  99.91(5)  101.72(8)  100.79(5)
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Figure 2.12. Molecular structures of [Pd(LY)(PPhs)] (3) (top) and
[Pd(L?)(PPh3)] (4) (bottom) with the atom labeling schemes. In both struc-
tures, all non-hydrogen atoms are shown at their 40% probability thermal

ellipsoids.
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Figure 2.13. Molecular structures of [Pd(x-dppb)(LY)2] (5) (top) and [Pd(u-
dppb)(L?)2] (6) (bottom) with the atom labeling schemes. In both structures,

all non-hydrogen atoms are shown at their 40% probability thermal ellipsoids.

Figure 2.14. Molecular structure of [Pd,(z-dppf)(L?),] (7) with the atom labe-
ling schemes. All non-hydrogen atoms are shown at their 40% probability

thermal ellipsoids.

lengths in 1 and 2 (1.961(4) and 1.980(3) A, respectively) are significantly
smaller than the corresponding bond lengths in 3-7 (2.003(3)-2.034(3) A).
This difference is due to the better trans-effect of the phosphine ligand in 3-7
than that of the chloride in 1 and 2. The Fe—C distances in the ferrocene frag-
ment of 7 are unexceptional. In general, the bond lengths associated with the

metal ions in all the complexes are comparable with the corresponding bond
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lengths observed for palladium(l1) complexes having comparable coordinating
atoms [2,3,15-17].

2.4. Conclusions

Cylopalladation chemistry of 4-R-N'-(mesitylidene)benzohydrazides (H,L")
has been investigated. It has been found that the NO-chelating
benzohydrazone scaffold of the Schiff base system H,L" is able to facilitate
the activation of an ortho-methyl C(sp®)—H bond of the pendant mesityl frag-
ment and produce cyclopalladated complexes. A series of mononuclear
palladacycles with chloride and triphenyl phosphine as ancillary ligands
([PA(HL™CI] and [Pd(L")(PPh3)]) and dinuclear palladacycles with bridging
diphosphines ([Pd.(u-diphos)(L").], diphos = diphosphines) have been isolat-
ed. In these palladium(ll) complexes, (HL"™ and (L")* behave as 6,5-
membered fused chelate rings forming methylene-C, azomethine-N and am-
ide- or amidate-O coordinating ligands. The molecular structures of all the
complexes have been authenticated by X-ray crystallography. The spectro-
scopic characteristics of the complexes complement very well the

corresponding X-ray molecular structures.
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Chapter 3

Mono- and dinuclear cyclopalladated complexes as
catalystsfor Suzuki-Miyaura cross-coupling reactions
in predominantly agueous media®

Suzuki—Miyaura cross-coupling reactions of aryl halides with arylboronic
acids were performed in predominantly aqueous media employing two mono-
and two dinuclear cyclopalladated complexes as catalysts. These complexes
are [PA(HL)CI] (1), [Pd(L)(PPh3)] (1), [Pd2(u-dppb)(L)2] (111) and [Pda(x-
dppf)(L)2] (1V); where H,L, dppb and dppf represent 4-methoxy-N -~
(mesitylidene)benzohydrazide, 1,4-bis(diphenylphosphino)butane and 1,1'-
bis(diphenylphosphino)ferrocene, respectively. The reactions were conducted
using potassium carbonate as base in presence of tetrabutylammonium
bromide (TBAB) at 70/90 °C in dimethylformamide—water (1:20) mixture.
Among the four catalysts used, the dinuclear complex IV turned out to be the
most effective and afforded moderate to excellent yields with broad substrate

Scope.

3.1. Introduction

Since the discovery of Suzuki-Miyaura cross coupling reaction, there is a
continuous effort to develop new catalyst systems which will be effective for a
wide range of products. Generally organic media are more common for this
coupling reaction. However, due to the environmental concerns necessity for

the use of the benign solvent water as the medium for chemical reactions is

s This work has been published in Tetrahedron Letters 58 (2017) 1000—1005.
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continuously growing. Thus, in recent times, there is a particular emphasis on
the development of catalyst systems that will

be effective for Suzuki-Miyaura cross-coupling reactions in aqueous media
[1-6]. So far, among the various catalyst systems used for Suzuki-Miyaura
reaction in agueous or agueous-organic media, very few are based on
cyclopalladated complexes [7—12]. These complexes are either water soluble
for use in homogeneous reactions or anchored to silica or nano-particles for
applications in heterogeneous reactions. Our group has been working on
coordination [13-17] and cyclometallated [18,19] complexes of transition
metal ions with Schiff bases and reduced Schiff bases and their applications as

catalysts in synthetic organic reactions for the past couple of years.
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r, we have reported a series of mononuclear and dinuclear cyclometallated
palladium(ll)  complexes with the Schiff base 4-methoxy-N*
(mesitylidene)benzohydrazide (H;L) [20]. In these complexes having the
formulas [Pd(HL)CI] (1), [Pd(L)(PPh3)] (I1), [Pd2(u-dppb)(L)2] (I11) and
[Pd2(u-dppf)(L)2] (1V) (dppb = 1,4-bis(diphenylphosphino)butane and dppf =
1,1'-bis(diphenylphosphino)ferrocene); the ligands ((HL)™ and (L)*) have the
5,6-membered fused chelate rings forming pincer-like ONC-coordinating
mode (Chart 3.1). In the present chapter, we have examined the catalytic
properties of these four complexes in Suzuki—Miyaura cross-coupling
reactions of phenyl- and 2-naphthylboronic acids with electronically diverse

types of aryl halides in predominantly aqueous media.

3.2. Experimental
3.2.1. Physical measurements

A Shimadzu GCMS-QP2010 gas chromatograph mass spectrometer was used
for GC-MS analysis. High resolution mass spectra were recorded with a
Bruker Maxis (ESI-TOF analyzer) spectrometer. The *H (400 MHz) and *C
(100 MHz) NMR spectra were collected with the help of a Bruker NMR

spectrometer.

3.2.2. General procedure for the Suzuki—Miyaura reaction

An oven-dried round bottom flask (10 ml) was charged with 0.1 ml
dimethylformamide solution of complex 1V (0.1 mol % for aryl bromides and
0.2 mol% for aryl chlorides), aryl boronic acid (1.2 mmol), aryl halide (1.0
mmol), K;COs3 (1.5 mmol), TBAB (1.0 mmol) and 2 ml water. The reaction
mixture was then heated (to 70 °C for aryl bromides and 90 °C for aryl
chlorides) with stirring under aerobic conditions for the required time. At the

end of the reaction, the reaction mixture was cooled to room temperature and
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extracted with ethyl acetate (2 x 5 ml). The combined extract was washed with
water (2 x 10 ml), dried over anhydrous sodium sulfate and then subjected to
GC-MS analysis for identification and yield determination (from the areas
under the peaks) of the products. In the case of reactions with 2-
naphthylboronic acid, the combined extract was evaporated to dryness under
reduced pressure and the residue was purified by column chromatography
(silica gel, ethyl acetate/n-hexane) to afford the coupling products. The
products were identified by *H and **C NMR and HR-MS analysis.

3.3. Results and discussion

4-bromobenzaldehyde and phenylboronic acid were chosen as the model
substrates for optimization of the reaction conditions. The reactions were
performed in water (2 ml) under aerobic conditions at 70 °C in presence of
tetrabutylammonium bromide (TBAB) by varying the catalyst (I-1V) (taken
in 0.1 ml of dimethylformamide (DMF)), catalyst loading (mol% of the metal
complex), base, and the amounts of base and TBAB (Table 3.1). Among the
four catalysts 1-1V assessed (entries 1-4), catalyst 1V provided the highest
yield in shortest reaction time (entry 4). Decrease in the mol% of 1V resulted
into significant decrease in the yield and increase in the reaction time (entries
5-7). Considering the dinuclearity of 1V, it is expected to be more productive
than either of the two mononuclear complexes (I and I1). But, the
performances of 1V with significantly lower loadings of 0.01-0.0001 mol%
were better than the performances of 0.1 mol% of both | and Il (entries 1 and
2). Variation of temperature (entries 8—-10) showed that at elevated reaction
temperature (90 °C) though same yield was obtained but there was no
significant decrease in the reaction time (entry 10). K,CO3 turned out to be
the best base when compared with the other inorganic bases and triethylamine

(entries 11-16). Lowering of
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Ta3b|1e
Catalyst (1-1V), Pt
@—B(om? + Br—@—CHO 548, Base CHo e?t%;\mcﬁ‘
in DMF-H,0 (1:20) reaction
. at70°C conditio
ns
Entry Catalyst Base TBAB Time(h)  Yield®
1 | (0.1) K,COs3 (2) 1 12 63
2 11(0.1) K,CO3(2) 1 8 77
3 111 (0.1) K,CO3(2) 1 8 95
4 1V (0.1) K,CO3(2) 1 5 99
5 IV (0.01) K,CO3(2) 1 6 84
6 IV (0.001) K,CO3(2) 1 6 71
7 IV (0.0001) K,CO3;(2) 1 10 59
8 1V (0.1) K,CO3(2) 1 24 76°
9 1V (0.1) K,CO3(2) 1 18 8g*
10 1V (0.1) K,CO3(2) 1 4.5 99°
11 1V (0.1) NaOH (2) 1 12 92
12 1V (0.1) KOH (2) 1 12 93
13 1V (0.1) KsPO4 (2) 1 12 84
14 1V (0.1) CS,CO3 (2) 1 12 86
15 1V (0.1) EtsN (2) 1 12 75
16 1V (0.1) Na,COs; (2) 1 6 94
17 1V (0.1) K,CO; (1.5) 1 6 99
18 1V (0.1) K,COs (1) 1 6 82
19 1V (0.1) K,CO; (05) 1 6 71
20 1V (0.1) K,COs (15) 05 12 80
21 1V (0.1) K,CO3 (15) 0.2 12 64
22 1V (0.1) K,COs (15) - 12 49
23 - K,CO; (1.5) 1 24 —
24 1V (0.1) _ 1 24 29
25 1V (0.1) _ _ 24 21

# 4-Bromobenzaldehyde (1.0 mmol), phenylboronic acid (1.2 mmol),
catalyst (I-1V) in 0.1 ml of dimethylformamide, tetrabutylammonium
bromide (TBAB) (1.0 mmol), H,0 (2 ml).

® GC-MS yield (based on 4-bromobenzaldehyde).

©At 25 °C.

¢ At 50 °C.
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® At 90 °C.

the amount of K,CO3 from 2 mmol to 1.5 mmol increased the reaction time
by 1 h for the same yield (99%) (entry 17). However, further lowering resulted
into significant decrease in the yields (entries 18 and 19). Similarly decrease in
the amount of TBAB or its absence resulted into significantly reduced yields
in longer durations of the reactions (entries 20—-22). The requirement of TBAB
is perhaps due to the formation of [BusN][BPh(OH)3] which helps to increase
the rate of the reaction and hence more yield of the cross-coupling product
[8,21]. The control experiments showed no detectable product formation
without catalyst (entry 23), while yields were 29 or 21% in presence of
catalyst but without base (entry 24) or both base and TBAB (entry 25),
respectively. Thus the conditions used for entry 17 were found to be optimal

and used for subsequent reactions with various substrates.

The optimized conditions as described above were then employed for
Suzuki—Miyaura cross-coupling reactions of substituted phenyl bromides with
phenylboronic acid. The products [22—-26] obtained with required reaction
times and the yields are listed in Table 3.2. Phenyl bromides bearing electron
withdrawing groups at para position were more reactive and provided
excellent yields (> 98%) in 6 h (entries 1, 4 and 5). In comparison, reactions
involving phenyl bromides containing electron withdrawing groups at meta
position produced slightly lower yields (~93%) in the same reaction time of 6
h (entries 3 and 6). In contrast, due to steric effect ortho-bromobenzaldehyde
gave a relatively modest yield of 82% in 6 h and 91% when the reaction was
allowed for longer time of 8 h (entry 2). In contrast, phenyl bromides
containing electron donating groups showed somewhat low reactivities and

gave moderate to excellent yields in longer reaction durations (entries 7-14).
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In the cases of para- and meta-bromoanisoles, yields of coupling products

were > 90%, while the

Table 3.2. Suzuki-Miyaura reactions of aryl bromides with phenylboronic

a Catalyst IV,
acid @_ O, + Br—<:> __KoCOy TBAB 7\
R in DMF-H,0 (1:20) _‘\.R
at70°C
Entry R Product Time (h)  Yield® (%)
1 p-CHO 6 99
2 0-CHO 6, 8 82,91
3 m-CHO 6 92
4 p-NO, 5 99
5 p-COOH 6 98
6 m-COOH 6 9
7 p-OMe 8 94
8 m-OMe 8 90
9 0-OMe 8 84
10 p-OH 8 01
11 m-OH 8 85
12 0-OH 8 78
13 p-NH> 8 86
14 0-NH; 8 74

52



Chapter 3

& Aryl bromide (1.0 mmol), phenylboronic acid (1.2 mmol), catalyst IV (0.1
mol%) in 0.1 ml of dimethylformamide, K,CO3; (1.5 mmol), TBAB (1.0
mmol), H,0 (2 ml).

b GC-MS yield (based on aryl bromide).

yield was 84% for ortho-anisole in 8 h of reaction time for each (entries
7-9). Similarly, in 8 h, yields were 85-91% for both para- and meta-
bromophenols and para-bromoaniline (entries 10, 11 and 13). However,
because of steric effect both ortho-bromophenol and ortho-bromoaniline
provided the corresponding coupling products in lower yields of 78 and
74%, respectively in 8 h (entries 12 and 14). Thus, in general, presence of
electron withdrawing substituents enhances the reactivities of the aryl
bromides in comparison to the electron donating substituents, as reported
earlier [27-29].

The same approach as described above for phenylboronic acid was employed
for the cross-coupling reactions of 2-naphthylboronic acid with a variety of
aryl bromides using the catalyst 1V. Table 3.3 lists the products [30-36]
isolated with the corresponding reaction times and the yields. Results were
very similar to those observed for phenylboronic acid. Excellent yields (96%)
of the coupling products were obtained in 6 h for phenyl bromides having
electron withdrawing groups at para position (entries 1 and 2). On the other
hand, yields were relatively less (91 and 86%) even in longer reaction time (8
h) for phenyl bromides having electron donating groups at the same para
position (entries 3 and 4). Similar or even less yields of 88 and 80% were
obtained in 8 h for two electron donating atoms/groups containing aryl
bromides such as  5-bromo-1,3-benzodioxole and  4-bromo-1,2-
dimethoxybenzene, respectively (entries 5 and 6). Interestingly, among all the
aryl bromides, 5-bromo-2-hydroxybenzaldehyde having an electron donating

group as well as an electron withdrawing group was least reactive and

53



Catalysts for Suzuki—Miyaura..

provided comparatively very low yields of 62 and 80% yields in significantly
longer reaction durations of 10 and 16 h, respectively (entry 7). Furthermore,
catalyst 1V was also very effective for heteroaryl bromides such as 2-
bromothiophene, 2-acetyl-5-bromothiophene and 2-bromopyrimidine, and the
reactions afforded > 90% vyields of the corresponding aryl-heteroaryl cross-

coupling products in 6-10 h (entries 8, 9

Table 33. . Couplingi
Catalyst IV, reactions of ar

B(OH) A i
\ o __KaCOy TBAB " bromides with 2-
in DMF—H,0 (1:20) naphthylboronic

at70°C

acid®

Entry  Aryl bromide Product Time (h) Yield® (%)
1 6 96

2 6 96

3 8 91

4 8 86

5 8 88

6 8 80

7 10, 16 62, 80

8 10 90
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10 8 94

& Aryl bromide (1.0 mmol), 2-naphthylboronic acid (1.2 mmol), catalyst |V
(0.1 mol%) in 0.1 ml of dimethylformamide, K,CO3 (1.5 mmol), TBAB (1.0

mmol), H,0 (2 ml).
® Np represents the 2-naphthyl group. ¢ Isolated yield.

and 10). Here also presence of electron withdrawing substituent on the

heteroaryl bromide enhances its reactivity (entries 8 and 9).

The aryl chlorides are less reactive than the aryl bromides because of the
stronger C—Cl bond than the C-Br bond [37]. Hence, previously reported
cyclopalladate catalyzed Suzuki-Miyaura coupling reactions involving aryl
chlorides in water or water-organic mixed solvents were generally performed
at rather higher temperatures (> 100 °C) [7-12]. However, somewhat related
complexes of {Pd(CH3)(PR3)}" with NN-coordinating S-dikitiminate ligands
were shown to effectively catalyze coupling of aryl chlorides with arylboronic
acids in ethanol-water (1:1) mixture at lower temperatures ranging from
50-80 °C [38]. We also examined the catalytic effectiveness of complex 1V in
the cross-coupling reactions of phenylboronic acid with a range of aryl
chlorides. The products [22—26,39,40] formed, reaction durations and the
yields are summarized in Table 3.4. Under the same optimized conditions as
used for aryl bromides (Table 3.1, entry 17), the yields were 63 and 74% in
reaction times of 10 and 18 h, respectively for para-nitrochlorobenzene.
Increase of reaction temperature from 70 to 90 °C led to the improved yields
of 71 and 82% in 10 and 18 h, respectively. The yield improved further to
98% in 10 h reaction time when the catalyst loading was also increased from
0.1 to 0.2 mol% with the increase of temperature to 90 °C. Thus the conditions

used for entry 1 in Table 3.4 were found to be the best and applied for the
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remaining aryl chloride substrates. Chlorobenzenes substituted at para
position by electron withdrawing groups provided excellent yields (95-99%)
of the corresponding coupling products in 10 h (entries 1-3). In slightly longer
reaction time of 12 h, chlorobenzenes with electron withdrawing substituents
at meta position also gave very good yields (91 and 94%) (entries 4 and 5).
Whereas, a comparatively moderate yield of 84% was obtained for ortho-
chlorobenzonitrile in 12 h (entry 6). In contrast, the coupling reactions of

chlorobenzenes having electron

Table 3.4. Suzuki—Miyaura reactions of aryl chlorides and phenylboronic
Catalyst IV,

= a
@—B(OH)Z +Cl—Ar —2C0: TBAB O_Ar acid
in DMF-H,0 (1:20)
at90°C
Entry Aryl chloride Product Time (h) Yield® (%)
1 10 08
2 10 99
3 10 95
4 12 01
5 12 94
6 12 84
7 14 83
8 14 87
9 14 01
10 12 85
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 Aryl chloride (1.0 mmol), phenylboronic acid (1.2 mmol), catalyst 1V (0.2
mol%) in 0.1 ml of dimethylformamide, K,CO3; (1.5 mmol), TBAB (1.0
mmol), H,0 (2 ml).

® GC-MS yield (based on aryl chloride).

donating groups at the para position required somewhat longer reaction time
(14 h) for moderate to very good yields (83—91%) (entries 7—9). The reaction
with the heteroaryl chloride 2-chloropyrimidine was also successful and a
yield of 85% was obtained in a reaction time of 12 h. Not surprisingly, as
observed before [7-12] here also the aryl chlorides required higher reaction
temperature as well as higher catalyst loading and longer reaction durations
for moderate to excellent yields of the cross-coupling products in comparison
to the aryl bromides due to the difference in the C-Cl and C-Br bond
strengths [37].

3.4. Conclusions

The catalytic properties of a series of mono- and dinuclear cyclometallated
palladium(l1) complexes having the pincer-like ONC-donor (L)* (H.L = 4-
methoxy-N ~(mesitylidene)benz-ohydrazide) as primary and monodentate
chloride or monophosphine or bidentate bridging diphosphines as ancillary
ligands in Suzuki—Miyaura cross-coupling reactions of a diverse range of aryl
bromides and chlorides with arylboronic acids in predominantly agqueous
media were investigated. Out of the four complexes evaluated, the dinuclear
[Pd2(z-dppf)(L)2] containing the 1,1'-bis(diphenylphosphino)ferrocene (dppf)
as the bridging ligand turned out to be the best performing catalyst. The
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catalytic reactions exhibited a broad substrate scope and afforded a wide

variety of biaryl and aryl-heteroaryl products. The yields were moderate to

excellent in reasonably short duration reactions.
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Chapter 4

Syntheses, structures and catalytic applications of
Mono- and tetranuclear cyclopalladated complexes
with N'-(9-anthraceny|idene)benzothiohydrazide§

Reaction of PdCl,, LiCl, N’-(9-anthracenylidene)benzothiohydrazide (H,L, 2
Hs represent the thioamide NH proton and the 9-anthracenyl peri proton) and
NaOAc-3H,0 in 1:2:1:1 mole ratio in methanol produced [Pd4(L)4] (1) in 75
% yield. Treatment of 1 with PPh; (1:4.5 mole ratio) in acetone provided
[PA(L)(PPh3)] (2) in 72% yield. The molecular formulas of the diamagnetic
and non-electrolytic 1 and 2 were established by elemental analyses.
Molecular structures of 1 and 2 were determined by single crystal X-ray
diffraction studies. In the tetranuclear 1, the palladium(ll) centers are in
distorted square-planar CNS, coordination environments created by four (L)%,
each of which acts as 5,6-membered fused chelate rings forming thioamidate-
S, azomethine-N and 9-anthracenyl peri-C donor to one metal center and uses
the thioamidate-S atom to bridge a second metal center. In the mononuclear 2,
(L)* and PPh; assemble a distorted square-planar CNSP coordination
environment around the palladium(ll) center. Spectroscopic (IR, NMR and
UV-Vis) measurements were also used to characterize 1 and 2. The catalytic
properties of both complexes in the oxidative phenylacetylene homocoupling

reaction were examined.

§This work has been published in J. Organomet. Chem. 824 (2016) 42-47.
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4.1. Introduction

Our group has been working on cyclometallates of platinum metal ions with
aroylhydrazones and thiosemicarbazones of various mono- and polycyclic
aromatic aldehydes over the past several years [10-16]. It has been found that
five-membered ring forming azomethine-N and amidate-O or thioamidate-S
chelation by aroylhydrazonates or thiosemicarbazonates facilitates
cyclometallation via not only C(sp?)—H [1-6] but also C(sp®)—H [7] activation.
The aroylhydrazonates or the thiosemicarbazonates act as pincer-like CNO- or
CNS-donor in the final cyclometallated complexes formed. In the present
chapter, to examine whether N’-(9-anthracenylidene)benzothiohydrazide
(H2L) behaves in the same way or not we have explored its chemistry with
palladium(ll) and isolated a mononuclear cyclopalladate and a teranuclear
cyclopalladate (Scheme 4.1). Herein we report the syntheses, crystal structures
and spectroscopic properties of these two complexes and their catalytic

applications in oxidative homocoupling of phenylacetylene.

4.2. Experimental
4.2.1. Materials

The Schiff base N’-(9-anthracenylidene)benzothiohydrazide (H,L) was
synthesized from equimolar amounts of 9-anthraldehyde and
thiobenzhydrazide by following a slightly modified (using methanol instead of
ethanol as solvent) reported procedure [8]. All other chemicals used in this
work were of reagent grade available commercially and were used as received
without any further purification. Standard methods [9] were employed for

purification of the solvents used.
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Scheme 4.1. (i) PdCl,, LiCl and NaOAc3H ,0 (1:2:1 mole ratio) in methanol

at 298 K. (ii) PPhs (4.5 mole equivalents) in acetone at 298 K.

4.2.2. Physical measurements

Elemental (CHN) analysis data were obtained using a Thermo Finnigan Flash

EA1112 series elemental analyzer. A Shimadzu LCMS 2010 liquid

chromatograph mass spectrometer was used to verify the purity of HL.

Magnetic susceptibility measurements at room temperature were performed
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with a Sherwood scientific balance. A Thermo Scientific Nicolet 380 FT-IR
spectrophotometer was employed to collect the infrared spectra. A Digisun
DI-909 conductivity meter was used for solution electrical conductivity
measurements. Electronic spectra were recorded on a Shimadzu UV3600 UV-
Vis-NIR spectrophotometer. The *H (400 MHz, SiMe, as an internal standard)
and *'P{*H} (160 MHz, 85% H3PO, as an external standard) NMR spectra
were recorded on a Bruker NMR spectrometer. A Shimadzu GCMS-QP2010

gas chromatograph mass spectrometer was used for GC-MS analysis.

4.2.3. Synthesis of [Pda(L)a] (1)

A mixture of PdCI; (90 mg, 0.5 mmol), LiCl (43 mg, 1 mmol), H,L (171 mg,
0.5 mmol) and NaOABH ,0 (69 mg, 0.5 mmol) in 40 ml methanol was
stirred at room temperature (298 K) for 2 days. The brick red solid separated
was collected by filtration, dissolved in minimum amount of dichloromethane
and added to a silica gel column (packed with a n-hexane slurry of silica gel).
Elution with n-hexane—ethylacetate (3:7) mixture initially provided a light
yellow band which was discarded. The following brick red band containing 1
was collected and evaporated to dryness. Yield: 170 mg (75%). Anal. Calcd
for CggHssNgS4Pds: C, 59.40; H, 3.17; N, 6.30. Found: C, 59.27; H, 3.23; N,
6.38. Selected IR data: v (cm™) = 1594 & 1581 (N=C—C=N), 945 (C-S). UV-
Vis in CH,Clo: Amax (nm) (10* x & (M~ cm™)) = 562 (0.93), 525 (1.10), 490
(1.04), 392 (1.33), 376 (1.19). *H NMR in CDCl3: & (ppm) (3 (Hz)) = 9.37 (s,
1H), 8.87 (s, 1H), 8.47 (7) (d, 2H), 7.96 (9) (d, 1H), 7.77 (s, 1H), 7.75 (2) (d,
1H), 7.63 (s, 1H), 7.43 (4) (d, 2H), 7.21-7.13 (m, 3H), 6.57 (8) (t, 1H).
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4.2.4. Synthesis of [Pd(L)(PPhs)] (2)

To a suspension of [Pd4(L)4] (1) (135 mg, 0.076 mmol) in acetone (20 ml)
solid PPh3z (90 mg, 0.34 mmol) was added. The resulting mixture was stirred
at room temperature (298 K) for one day. The orange red solid obtained was
filtered off, dissolved in minimum amount of dichloromethane and transferred
to a silica gel column (packed with a silica gel slurry in n-hexane). Elution
with n-hexane—ethylacetate (9:1) gave an orange red band containing 2. This
band was collected and evaporated to dryness. Yield: 155 mg (72%). Anal.
Calcd for CsH29N,SPPd: C, 67.94; H, 4.13; N, 3.96. Found: C, 67.85; H,
4.18; N, 4.07. Selected IR data: v (cm™) = 1596 & 1581 (N=C—C=N), 941
(C-S), 742, 691 and 536 (PPh3). UV-Vis in CH,Cly: Amax (nM) (10*x & (M!
cm™Y) = 550°" (0.73), 511 (1.27), 485" (1.14), 390 (0.65), 370 (0.56). 'H NMR
in CDCl3: 8 (ppm) (J (Hz)) = 9.99 (10) (d, 1H), 8.69 (s, 1H), 8.66 (9) (d, 1H),
8.17 (8) (d, 2H), 8.11 (8) (d, 1H), 7.70-7.65 (m, 8H), 7.59-7.56 (m, 2H),
7.46-7.42 (m, 3H), 7.39-7.35 (m, 9H), 6.72 (8) (t, 1H). P{*H} NMR in
CDCl3: 6 (ppm) = 36.26.

4.2.5. X-ray crystallography

Single crystals of [Pd4(L)4] (1) were grown by slow evaporation of its solution
in chloroform-acetonitrile (1:1), while slow evaporation of an acetonitrile
solution of [Pd(L)(PPh3)] (2) provided its single crystals. Both 1 and 2
crystallized as solvates — 1:CHCI3; and 2:CH3CN, respectively. Unit cell
determination and intensity data collection for both crystals were performed at
298 K on an Oxford Diffraction Xcalibur Gemini single crystal X-ray
diffractometer using graphite monochromated Mo K« radiation (A = 0.71073
A). The CrysAlisPro software [10] was used for data collection, reduction and
absorption correction. The structures of both 1:CHCI; and 2-CH3CN were

solved by direct methods and refined on F? by full-matrix least-squares
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procedures In the case of 1, the phenyl rings of the thiobenzoyl moieties of

two

Table 4.1. Selected crystal data and structure refinement summary

Complex 1.CHCI; 2:CH3;CN
Chemical formula CggHs7ClI3NgS4Pd, C42H32N3PSPd
Formula weight 1898.62 748.14
Crystal system Tetragonal Monoclinic
Space group 141/a P2;/n

a(A) 44.5189(10) 12.4885(18)
b (A) 44.5189(10) 12.9202(19)
c(A) 15.3784(5) 21.517(3)

a (%) 90 90

B 90 105.596(9)
7(°) 90 90

V (A%, Z 30478.9(14), 16 3344.0(8), 4
Peaied (g €M) 1.655 1.486
u(mm™) 1.198 0.701

Refl. collected 29976 12756

Refl. unique 13418 5880

Refl. [I > 26(1)] 8547 4324
Parameters 973 434

R1, wR2 [ > 25(1)]
R1, wR2 [all data]
GOF on F?
Max./Min. Ap (e A7)

0.0688, 0.1369
0.1143, 0.1531
1.062
0.769/-0.509

0.0417, 0.0841
0.0656, 0.0944
1.026
0.502/-0.439

(L)* were refined with geometric restraints. A few additional significant

residual electron density peaks (38 e~ per unit cell in a total potential solvent-

accessible void volume of 1940.2 A®) which could not be refined as disordered
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solvent molecules were dealt with SQUEEZE procedure [11] as implemented
in the Platon package [12]. In both structures, all non-hydrogen atoms were
refined anisotropically. The hydrogen atoms were placed in geometrically
idealized positions and refined by using a riding model. SHELX-97 programs
[13] used for structure solution and refinement were accessed through the
WinGX package [14]. Thermal ellipsoid plots were prepared using the
Mercury [15] package. Crystallographic data for both structures have been
deposited with the Cambridge Crystallographic Data Centre. The deposition
numbers are CCDC 1497686 and 1497687 for 1-CHCl; and 2-CH3CN,
respectively. Selected crystallographic data for both structures are summarized

in Table 4.1.

4.2.6. Procedure for the homocoupling of phenyl acetylene

To a mixture of phenylacetylene (1 mmol), K3sPO4 (1.5 mmol) and cocatalyst
Cul (0.5 mol%) in acetonitrile (1 ml) a dimethylformamide solution (0.1 ml)
of catalyst (1 or 2) (0.1 mol%) was added. The reaction mixture was stirred at
60 °C for the required time and then cooled to room temperature. It was
transferred to a separating funnel containing water (20 ml) and extracted with
ethylacetate (20 ml). The ethylacetate extract was washed with water (2 x 10
ml), dried over anhydrous Na,SO, and finally subjected to GC-MS analysis

for confirmation of the product and determination of its yield.
4.3. Results and discussion

4.3.1. Synthesis and characterization

The Schiff base N’-(9-anthracenylidene)benzothiohydrazide (H,L) was
synthesized in ca. 90% yield by the condensation reaction of equimolar
amounts of benzothiohydrazide and 9-anthraldehyde in methanol in presence

of a few drops of acetic acid [8]. The identity and purity of H,L were
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confirmed by elemental analysis, LC-MS and spectroscopic (IR and *H NMR)
measurements. Reaction of Li,PdCl, (prepared in situ), H,;L and
NaOAc-3H,0O in 1:1:1 mole ratio in methanol afforded a tetranuclear
palladium(Il) complex of molecular formula [Pd4(L)4] (1) in 75% vyield.
Treatment of 1 with ca. 4.5 molar equivalent of PPh3 in acetone produced the
mononuclear palladium(ll) complex having the molecular formula
[PA(L)(PPh3)] (2) in 72% yield (Scheme 4.1). Elemental analysis data of 1 and
2 are in good agreement with their corresponding molecular formulas. Both
complexes are diamagnetic. Thus the palladium centers in them are bivalent
and they are in square-planar coordination environment. The tetranuclear
complex (1) is brick-red, while the mononuclear complex (2) is orange-red in
color. They are highly soluble in dichloromethane, chloroform,
dimethylsulfoxide and dimethylformamide; sparingly soluble in acetonitrile,
methanol and toluene and insoluble in n-hexane. The electrically non-
conducting behavior of both 1 and 2 in solution is consistent with them being

neutral molecular species.

4.3.2. Spectroscopic properties
4.3.2.1. Infrared spectra

Infrared spectra of H,L and the complexes 1 and 2 were recorded in the range
4000—400 cm™* using KBr pellets. Spectra of 1 and 2 are shown in Figures 4.1
and 4.2, respectively. Each compound displayed a large number of bands of
various intensities. Except for the following few selected bands no attempt
was made to assign the other bands. The spectrum of the free Schiff base H,L
showed the thioamide N—H and C=S stretches as a broad strong band at 3183
cm™ and as a sharp strong band at 954 cm™, respectively [8,17,20]. The
disappearance of the N-H stretching band and appearance of the C=S

stretching
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Figure 4.2. IR-spectrum of [Pd(L)(PPh3)] (2)
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band at lower frequency (ca. 943 cm™) with less intensity in the spectra of 1
and 2 indicate the thioamidate-S coordination to the metal center in both
complexes. A medium intensity band observed for H,L at 1594 cm™ is
attributed to the C=N stretching. On the other hand, both 1 and 2 displayed
two closely spaced medium to strong bands at ca. 1595 and 1581 cm ™. These
bands are most likely associated with the one end coordinated conjugated
—~N=C-C=N- moiety of the ligand (L)*>" (Scheme 4.1). The presence of the
coordinated PPhs in the mononuclear 2 is indicated by the characteristic three
strong bands at 742, 691 and 536 cm ™ [6,7,18].

4.3.2.2. Electronic spectra

Electronic absorption spectra of 1 and 2 were recorded in dichloromethane.
Both complexes exhibited a strong band in the visible region (ca. 518 nm)
flanked on both sides by two shoulders and two more strong bands in the
ultraviolet region (ca. 391 and 373 nm) (Figure 4.3). It may be noted that the
spectrum of the free Schiff base (H,L) displayed a shoulder at 435 nm and a
group of four rather closely spaced strong bands in the range 395-335 nm
followed by a very strong absorption at 257 nm [8]. This spectral profile of
H,L is very similar to that of anthracene containing Schiff bases and free
anthracene [2,21,22]. Except for the red shift, the visible region absorption
profiles of 1 and 2 are somewhat similar to the spectral profile observed for
H,L [8]. Thus it is very likely that the structured visible region absorption as
well as the couple of higher energy absorptions displayed by the complexes 1
and 2 are largely due to ligand centered transitions only [2,4-6]. Further,
metallation of the aromatic ring is also known to cause red shift of absorption

bands related to =—=* transitions [2,4—-6,19,23].
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Figure 4.3. Electronic spectra of [Pd4(L)4] (1) (
[PA(L)(PPh3)] (2) (—) in dichloromethane.

) and

4.3.2.3. NMR spectra

The 'H NMR spectra of 1 and 2 were recorded in CDCl3. The spectrum of 1
indicated that its four {Pd(L)} units are equivalent to each other. None of the
two complexes displayed the singlet resonance of the thioamide N—H proton
observed for the free H,L at ¢ 13.45 ppm [8]. Thus in each of 1 and 2 the
thioamide fragment is deprotonated. The azomethine proton of H,L resonates
as a singlet at ¢9.96 ppm. A singlet observed at 69.37 ppm for 1 is attributed
to the proton of the azomethine group that is coordinated to the metal via the
N-atom. In contrast, the azomethine proton in 2 appeared as a doublet (J = 10
Hz) at 6 9.99 ppm (Figure 4.4) due to coupling with the PPh; P-atom at the
coordination site trans to the azomethine-N. The chemical shift ranges and the
intensities of the signals corresponding to the aromatic protons of both 1 (&
8.87—6.57 ppm) and 2 (6 8.69-6.7 ppm) are unexceptional and as expected.
The *P{"H} NMR spectrum of 2 exhibited a singlet at & 36.26 ppm,

corresponding to the PPhs ligand present in it.
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Figure 4.4. "H-NMR spectrum of [Pd(L)(PPh3)] (2)

4.3.2.4. X-ray molecular structures

The molecular structures of 1 and 2 are illustrated in Figures. 4.5 and 4.6,
respectively. The bond lengths and angles related to the metal centers are
listed in Tables 4.2 and 4.3. In both complexes, the metal centers are in
distorted square-planar coordination environments. In the tetranuclear 1, each
(L)* binds one palladium atom through the thioamidate-S, the azomethine-N
and the 9-anthracenyl peri-C atoms to form a 5,6-membered fused chelate
rings motif and uses the thioamidate-S again to coordinate a second palladium
atom (Scheme 4.1 and Figure 4.5). As a result, all four palladium centers are
in planar CNS; (rms deviations from the mean plane are in the range
0.03-0.06 A) environments. The {Pd4(u-S)4} core has a cradle-like structure
(Figure. 4.5, inset). The metal---metal distances in the four Pd-S—Pd

fragments are in the
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Pd(2) Pd(1)

S14) (3)
512) s)
Pd(3) Pd(4)

Figure 4.5. ORTEP representation of [Pd4(L)s] (1) and the
cradle-like {Pd4(u-S)4} core (inset). All non-hydrogen atoms are
shown at their 40% probability thermal ellipsoids. All non-carbon

atoms and only the metallated carbons are labeled for clarity.

Figure 4.6. ORTEP representation of [Pd(L)(PPh3)] (2) with the
atom labeling scheme. The thermal ellipsoids of all non-hydrogen

atoms are drawn at the 40% probability level.
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Table 4.2. Selected bond lengths (A) and angles (°) for 1-CHClI;

Pd(1)-C(2) 2.026(7) Pd(3)-C(45) 2.044(7)
Pd(1)-N(1) 1.995(6) Pd(3)-N(5) 1.994(6)
Pd(1)-S(1) 2.3376(19) Pd(3)-S(3) 2.319(2)
Pd(1)-S(3) 2.312(2) Pd(3)-S(2) 2.345(2)
Pd(2)-C(23) 2.028(8) Pd(4)-C(67) 2.035(8)
Pd(2)-N(3) 2.001(6) Pd(4)-N(7) 1.987(7)
Pd(2)-S(2) 2.329(2) Pd(4)-S(4) 2.331(2)
Pd(2)-S(4) 2.338(2) Pd(4)-S(1) 2.357(2)
C(1)-Pd(1)-N(2) 91.7(3) C(45)-Pd(3)-N(5)  91.6(3)
C(1)-Pd(1)-S(2) 175.4(2) C(45)-Pd(3)-S(3) 174.2(2)
C(1)-Pd(1)-S(3) 93.1(2) C(45)-Pd(3)-S(2)  94.6(2)
N(1)-Pd(1)-S(1) 84.16(17) N(5)-Pd(3)-S(3) 83.73(19)
N(1)-Pd(1)-S(3) 173.33(19) N(5)-Pd(3)-S(2) 173.37(19)
S(3)-Pd(1)-S(1) 91.18(7) S(3)-Pd(3)-S(2) 90.25(7)
C(23)-Pd(2)-N(3) 91.7(3) C(67)-Pd(4)-N(7)  91.4(3)
C(23)-Pd(2)-S(2)  173.5(2) C(67)-Pd(4)-S(4) 173.0(3)
C(23)-Pd(2)-S(4) 94.2(2) C(67)-Pd(4)-S(1)  96.0(3)
N(3)-Pd(2)-S(2) 82.95(19) N(7)-Pd(4)-S(4) 82.9(2)
N(3)-Pd(2)-S(4) 174.1(2) N(7)-Pd(4)-S(1) 172.6(2)
S(2)-Pd(2)-S(4) 91.14(7) S(4)-Pd(4)-S(1) 89.70(7)
Table 4.3.Selected bond lengths (A) and angles (°) for 2-CH3;CN
Pd(1)-C(2) 2.021(3) Pd(1)-S(1) 2.3126(9)
Pd(1)-N(1) 2.005(3) Pd(1)-P(2) 2.2659(10)
C(1)-Pd(1)-N(1)  90.43(12) N(1)-Pd(1)-S(1) 82.61(8)
C(1)-Pd(1)-S(2) 169.77(11) N(1)-Pd(1)-P(1) 170.91(9)
C(1)-Pd(1)-P(1)  96.37(10) S(1)-Pd(1)-P(2) 91.39(3)
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3.8859(9)-4.0912(8) A, while those in the two pairs of unbridged palladium
centers are comparatively much shorter (Pd@J(2), 3.3636(9) A and

Pd(3)--Pd(4), 3.2592(9) A). It may be noted that a tetrapalladium(Il) complex
with a CNS-donor thiosemicarbazonate ligand [16] also has the molecular
structure very similar to that of 1. In the mononuclear 2, (L)* acts as CNS-
donor and the P-atom of PPhs occupies the fourth coordination site (Figure.
4.6). The CNSP coordination environment around the metal center in 2 is not
so planar (rms deviation from the mean plane is 0.13 A) as that of the CNS;
environment in 1. This slight non-planarity is perhaps due to the steric effect
of the PPh;. Overall, the metal centered bond lengths in 1 and 2 are
comparable with those observed for palladium(ll) complexes having similar

coordinating atoms [16—19].

4.3.2.5. Catalytic activities

Conjugated 1,3-diynes derived via cross coupling of sp-hybridized carbons
have been found to be very useful and effective synthons for a variety of
biologically active natural products, pharmaceuticals and also functional
materials [24—29]. The first oxidative homocoupling reaction of the terminal
alkyne phenylacetylene using CuCl in ammoniacal ethanol medium in
presence of air was reported way back in 1869 by Glaser [30,31]. Since then
the original procedure has been modified every now and then by varying the
catalyst composition, base, oxidant and solvent to broaden its applications.
Among various catalysts employed so far, quite a few were copper/palladium
based [24-29]. Majority of the palladium cocatalysts used were either
palladium(l1) salts or palladium(0/11) coordination complexes. To the best of

our knowledge
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there are only two reports on the use of cyclopalladated complexes as catalysts
[32,33]. Hence, we examined the catalytic properties of the present

cyclometallted complexes 1 and 2 in the homocoupling of phenylacetylene.

Table 4.4. Optimization of reaction conditions®

QQ{_,/\: __ /\

Entry Base Solvent Temp. (°C) Time (h) Yield (%)
1 No Base CH3;CN 60 24 23
2 K2CO3 (2 mmol) CH3CN 60 16 47
3 Na,COs (2 mmol) CH3;CN 60 16 43
4 NaOAc (2 mmol) CH3CN 60 18 55
5 NaHCO3; (2 mmol) CH3;CN 60 24 37
6 NaOH (2 mmol)  CH3CN 60 24 31
7 DBU (2 mmol) CH3CN 60 10 82
8 DABCO (2 mmol) CH3;CN 60 12 72
9 EtsN (2 mmol) CH3CN 60 12 66
10 PPh3 (2 mmol) CH3CN 60 24 74
11 K3PO4 (2 mmol) CH3CN 60 04 94
12 K3PO4 (1.5 mmol) CH3;CN 60 04 93
13 K3PO4 (1.0 mmol) CH3CN 60 10 81
14 K3PO4 (0.5 mmol) CH3;CN 60 12 66
15 K3PO,4 (1.5 mmol) (CH3),NCHO 60 04 88
16 K3PO4 (1.5 mmol) CgHsCH3 60 04 80
17 K3PO4 (1.5 mmol) H,0 60 12 68
18 K3PO4 (1.5 mmol) CH3;0OH 60 04 79
19 K3PO4 (1.5 mmol) (CH3)40 60 04 85
20 K3PO4 (1.5 mmol) CH3;CN 25 24 62
21 K3PO4 (1.5 mmol) CH3;CN 40 16 78
22 K3PO4 (1.5 mmol) CH3;CN 80 04 94
23° K3PO,4 (1.5 mmol) CH3sCN 60 04 48
24° K3PO4 (1.5 mmol) CH3;CN 60 04 29
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% Phenylacetylene (1 mmol), 2 (0.1 mol%) in (CH3),NCHO (0.1 ml), Cul
(0.5 mol%), base, solvent (1 ml).

® Without 2. © Without Cul.

Optimization of the reaction conditions was performed by varying the base
and its amount, solvent (1 ml) and temperature using 1 mmol of the substrate
phenylacetylene and 2 (0.1 mol% in 0.1 ml dimethylformamide) with Cul (0.5
mol%) as the catalyst system in presence of air (Table 4.4). In each attempt,
the reaction was considered complete when there was no change of the
substrate concentration. The best condition was found to be the use of K3PO4
(1.5 mmol) as the base and acetonitrile as the solvent at a temperature of 60 °C
(entry 12). Under this condition in 4 h the reaction was complete and 93%
yield was obtained. In the control experiments, 48% yield was obtained
without 2 (entry 23) and 29% yield was obtained in the absence of Cul (entry
24). In the previously reported first instance of cyclopalladate catalyzed
homocoupling of terminal alkynes, a dinuclear ortho-metallated complex
[Pd2(z-Cl)2(L")2] (0.05 mol%) (HL' = 4,4'-dichlorobenzophenone oxime) and
Cul (5 mol%) were used

as the catalyst mixture [32]. The reactions performed in N-
methylpyrrolidinone solvent in presence of pyrrolidine or BusNOAC as base
provided 90-99% vyields of the coupled products in 2-3 h, but at a much
higher temperature of 110 °C. While in the second such example, both the
dinuclear [Pd,(«-Cl)2(L")2] and the mononuclear [Pd(L")(PPh3)CI] (HL" = 4-
methyl-N-(ferrocenylidene)aniline) cyclopalladates (1 mol%) along with Cul
(2.5 mol%) were examined as the catalyst systems in presence of KOAc as the
base for the terminal alkyne homocoupling reactions in dimethylformamide
solvent at 40 °C [42]. The reaction showed a broad substrate scope with yields
in the range of 42-96%, but the reaction time varied from 2 to 44 h. The

reaction time also increases significantly with the decrease of the catalyst
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loading from 1 mol% to 0.1 mol%. It was also found that the mononuclear
complex was more active and efficient than the dinuclear complex. In the
present study, change of the catalyst from the mononuclear 2 to the teranuclear
1 keeping the same loading (0.1 mol%) did not affect the reaction time and the
yield in any significant way (Table 4.5, entries 1 and 2). Further, the extents of
the increase in the reaction time and the decrease in the yield with the decrease
of the catalyst loading were very similar for both complexes (entries 3-8). The
reaction time increased 2.5-fold and the yield decreased by about 20% for both
1 and 2 with the decrease of the catalyst loading from 0.1 to 0.001 mol%.
Although both 1 and 2 displayed very similar catalytic activities, but the
difference in the nuclearities of 1 and 2 suggests that 2 is a better performing

catalyst than 1.

Table 4.5. Variation of catalyst and its loading®

Entry  Catalyst Mol% Time (h) Yield (%)
1 1 0.1 4h 96
2 2 0.1 4h 93
3 1 0.05 5h 91
4 2 0.05 5h 91
5 1 0.01 6h 86
6 2 0.01 6h 88
7 1 0.001 10 h 78
8 2 0.001 10 h 73

®Reaction conditions: Phenylacetylene (1 mmol), catalyst in (CH3z),NCHO
(0.1 ml), Cul (0.5 mol%), K3PO,4 (1.5 mmol), CH3CN (1 ml), 60 ° C.

4.4. Conclusions
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The capability of N’-(9-anthracenylidene)benzothiohydrazide (H,L) to
produce cyclometallated species has been demonstrated. The cyclopalladated
complexes isolated were characterized as the tetranuclear [Pd4(L)4] (1) and
the mononuclear [Pd(L)(PPhs)] (2). X-ray crystal structures of 1 and 2
revealed the pincer-like 5,6-membered fused chelate rings forming
thioamidate-S, azomethine-N and 9-anthracenyl peri-C coordination mode of
(L)* and its additional ability to bridge a second metal atom via the
thioamidate-S in 1, leading to a cradle-like {Pds(u«-S)s} core. The
spectroscopic characteristics of 1 and 2 are consistent with the corresponding
molecular structures. Both complexes exhibited comparable and decent

catalytic activities in the oxidative homocoupling reaction of phenylacetylene.
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Chapter 5

Syntheses, Characterization and Catalytic properties of
two cyclopalladated complexes with N'-(2-
naphthaldimine)benzohydrazide

Condensation reaction of 2-naphthaldehyde with one equivalent of
benzohydrazide in presence of acetic acid in refluxing methanol yielded the
Schiff base N'-(2-naphthaldimine)benzohydrazide (H,L) in 86% vyield.
Reaction of equimolar amounts of Li,PdCl, (generated in situ from PdCl, and
LiCl taken in 1:2 mole ratio), H,L and NaOAc-3H,0O in methanol at room
temperature provided the complex [Pd(HL)CI] (1) in 82% vyield. Treatment of
one mole equivalent of 1 with two mole equivalents of PPhs in acetone at
room temperature produced the complex [Pd(L)(PPhs)] (2) in 72% yield. The
Schiff base and the two complexes were characterized by elemental analysis,
mass spectrometric and various spectroscopic (IR, UV-Vis and 'H-NMR)
measurements. The molecular structures of both complexes (1 and 2) were
determined by single crystal X-ray crystallography. In each square-planar
complex, the tridentate ligand (HL™ in 1 and L in 2) acts as pincer-like CNO-
donor. The fourth coordination site is occupied by chloride in 1, while that in 2
is satisfied by the P-atom of PPh3. The 2-naphthyl fragment of both (HL)™ and
(L) is palladated at the 3-position. Complex 2 was found to be an effective
catalyst for one-pot Suzuki-Miyaura double cross-coupling reactions of 3,5-
dihalosalicylaldehydes with a variety of arylboronic acids to provide the

corresponding triaryl products in moderate to excellent yields.
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5.1. Introduction
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Regioselective cyclometallation reaction is an important tool in organic
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synthesis reactions as it can assist in functionalization of a specific site among
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several available. The Schiff base N'-(2-naphthaldimine)benzohydrazide (H,L,
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2 Hs represent the amide-H and the H-atom at the 1- or 3-position of the 2-
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naphthyl group) is one such Schiff base (Scheme 5.1). It is expected that the
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chelation of the Schiff base via the azomethine-N and the amide-O atom will
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bring the 2-naphthyl moiety in close proximity of the metal center for the
activation of its C—H bond either at the 1- or 3-position both being ortho to the

azomethine group and eventual cyclometallation at one of the two C-atoms.

“\%N {n) Pd---0
/NH
(1]

(|||)

PPh3

o + NS )@ Pd“-o

/N~..,w

There are very few reports on cyclometallated 2-naphthyl containing chelatlng
ligands [1-4]. As observed in the previous reports, generally 3-position gets
regioselectively metallated when both 1- and 3-positions of the 2-naphthyl
fragment are available [1-3]. In such cases, it is thought that the 1-position is
not accessible for metallation due to steric hindrance caused by the H-atom at
the peri-C (8-position). However, it has been shown that the 1-position of the
2-naphthyl group can be metallated when the 3-position is blocked by a
substituent [4]. In the present chapter, we have studied the palladium(Il)
coordination chemistry of H,L to examine how the cyclopalladation of the 2-
naphthyl fragment occurs. In this effort, two complexes, [Pd(HL)CI] (1) and
[PA(L)(PPh3)] (2), have been isolated. In these complexes, the 3-position of
the 2-naphthyl fragment of each of the two pincer-like tridentate ligands (HL™
and L) is regioselectively metallated (Scheme 5.1). In the following sections,
syntheses, X-ray crystal structures and spectroscopic properties of these two
complexes have been described. The catalytic activities of both complexes in
the one-pot Suzuki-Miyaura double cross-coupling reactions of 3,5-
dihalosalicylaldehydes with various arylboronic acids have been also

evaluated.
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Scheme 5.1. (i) CH3COOH (few drops) in methanol boiled under reflux. (ii)
PdCl;, LiCl and NaOAe3H ,0 (1:2:1 mole ratio) in methanol at 298 K. (iii)

PPh3 (2 molar equivalents) in acetone at 298 K.

5.2. Experimental
5.2.1. Materials

All chemicals used in this work were of analytical grade available
commercially and were used as received without any further purification. All

solvents used were purified by standard procedures [5].
5.2.2. Physical measurements

Elemental (CHN) analysis measurements were performed using a Thermo
Finnigan Flash EA1112 series elemental analyzer. High resolution mass
spectra were recorded with a Bruker Maxis (ESI-TOF analyzer) spectrometer.
A Sherwood Scientific balance was used for room temperature magnetic
susceptibility measurements. The solution electrical conductivities were
measured with the help of a Digisun DI-909 conductivity meter. A Thermo
Scientific Nicolet 380 FT-IR spectrophotometer was used to collect the
infrared spectra. The electronic absorption spectra were recorded by
employing a Shimadzu UV3600 UV-Vis-NIR spectrophotometer. A Bruker
spectrometer was used to record the ‘H (400 MHz, SiMe, as an internal
standard) and *P{*H} (160 MHz, 85% H3PO, as an external standard) NMR

spectra.

5.2.3. Synthesisof H,L

Few drops of acetic acid were added to a methanol solution (40 ml) of
benzohydrazide (681 mg, 5 mmol) and 2-naphthaldehyde (786 mg, 5 mmol)

and the resulting mixture was refluxed for 5 h. The reaction mixture was then
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cooled to room temperature. The white solid precipitated was filtered, washed
with methanol (2 x 15 ml) and finally dried in vacuum. Yield: 1.18 gm (86%).
Anal. Calcd for C16H14N,0 (%): C, 78.81; H, 5.14; N, 10.21. Found (%): C,
78.65; H, 5.21; N, 10.12. HRMS in CHCI; m/z found (calcd) for [M+H]":
275.1187 (275.1184). Selected IR bands: v (cm™) = 3199 (N-H), 1638
(C=0), 1605 (C=N). UV-Vis in Me;NCHO: /max (nM) (e (10* M cm™)) =
347" (0.65), 333™" (1.74), 315 (2.48), 282 (2.01), 274 (1.86). *H NMR in
(CD3),S0O: 6 (ppm) = 11.99 (s, 1H), 8.64 (s, 1H), 8.16 (s, 1H), 8.03—7.93 (m,
6H), 7.63—7.53 (m, 5H).

5.2.4. Synthesis of [Pd(HL)CI] (1)

To a methanol (30 ml) solution of Li,[PdCl4] (generated in situ from PdCl;
(178 mg, 1 mmol) and LiCl (85 mg, 2 mmol)) were added H,L (275 mg, 1
mmol) and NaOAc-3H,0 (137 mg, 1 mmol) and the mixture was stirred at
room temperature (298 K) for 24 h. The yellow solid separated was collected
by filtration, washed with methanol (2 x 10 ml) and then dried in vacuum.
Yield: 340 mg (82%). Anal. Calcd for C;3H13N,OCIPd (%): C, 52.07; H,
3.16; N, 6.75. Found (%): C, 52.21; H, 3.09; N, 6.87. HRMS in CHCI3-MeCN
(1:1) m/z found (calcd) for [M—-CI+MeCN]": 420.0407 (420.0328). Selected
IR bands: v (cm™) = 3178 (N-H), 1612 (C=0), 1596 (C=N). UV-Vis in
Me,NCHO: Amax (nM) (¢ (10* M™* ecm™)) = 442 (0.44), 419 (0.57), 394
(1.21), 374 (1.17), 356 (0.95). *H NMR in (CD3),SO: & (ppm) = 12.32 (br s,
1H), 8.85 (s, 1H), 8.33 (s, 1H), 8.11-7.99 (m, 2H), 7.83-7.33 (m, 6H),
7.25-7.16 (m, 1H), 7.01-6.94 (m, 1H).

5.2.5. Synthesis of [Pd(L)(PPh3)] (2)

Solid PPh;z (263 mg, 1 mmol) was added to a suspension of [Pd(HL)CI] (1)

(208 mg, 0.5 mmol) in acetone (25 ml) and the mixture was stirred at room
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temperature (298 K) for 24 h. The light yellow solid precipitated was collected
by filtration, washed with acetone (2 x 10 ml) and finally dried in air. Yield:
(230 mg, 72%). Anal. Calcd for C3sH27N,OPPd (%): C, 67.45; H, 4.25; N,
4.37. Found (%): C, 67.31; H, 4.18; N, 4.46. HRMS in CHCIl3; m/z found
(calcd) for [M+H]": 641.0971 (641.0974). Selected IR bands: v (cm™) = 1587
(C=N). UV-Vis in MesNCHO: Zmax (nm) (¢ (10* M cm™)) = 448 (0.63), 422
(0.78), 393 (1.26), 374 (1.18), 357 (0.84). 'H NMR in CDCls: & (ppm) (J
(Hz)) = 8.04 (s, 1H), 8.02 (s, 1H), 7.91 (7) (d, 1H), 7.79-7.75 (m, 6H), 7.59
(6) (d, 1H), 7.56—7.52 (m, 4H), 7.49-7.46 (m, 6H), 7.42 (6) (d, 1H), 7.37 (6)
(t, 2H), 7.26 (6) (t, 1H), 7.19 (6) (t, 1H), 6.80 (6) (d, 1H), 6.32 (3) (d, 1H).
$pf1H} NMR in CDCl3: & (ppm) = 34.06.

5.2.6. General procedure for double cross-coupling reactions

In a 10 ml round bottom flask, 3,5-dihalosalicylaldehyde (1 mmol),
arylboronic acid (2.2 mmol for diiodo precursor or 2.5 mmol for dibromo
precursor), LIOH-H,O (2 mmol) and complex 2 (0.01 mol% for diiodo
precursor or 0.05 mol% for dibromo precursor) in 0.1 ml dimethylformamide
were taken in 2 ml of water-methanol (1:1) mixture. The reaction mixture was
then heated at 80 °C under aerobic condition. Progress of the reaction was
monitored by TLC. On completion, the reaction mixture was cooled to room
temperature and extracted with two 10 ml portions of ethyl acetate. The
combined extract was washed with water (2 x 10 ml), dried over anhydrous
Na,SO, and finally the solvent was removed under reduced pressure. The
solid obtained was subjected to column chromatography over silica gel using
ethyl acetate and hexane mixture as the eluent to afford the pure product. All
the functionalized triaryl products obtained were characterized by ‘H-NMR

spectroscopy and high resolution mass spectrometry.
5.2.7. X-ray crystallography
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Single crystals of [Pd(HL)CI] (1) were grown by diethyl ether vapor diffusion
into its dimethylformamide solution, whereas single crystals of [Pd(L)(PPh3)]
(2) were obtained by slow evaporation of its chloroform-methanol (1:1)
solution. 1 crystallizes as 1-Me,NCHO and 2 crystallizes as it is without any
solvent molecule. Unit cell determination and intensity data collection for
1-Me;NCHO were performed on an Oxford Diffraction Xcalibur Gemini
single crystal X-ray diffractometer using graphite monochromated Mo Ka
radiation (1 = 0.71073 A) at 298 K. Data collection, reduction and absorption
correction were performed using the CrysAlisPro software [6]. In the case of
2, a Bruker D8 QUEST diffractometer equipped with a PHOTON 100 CMOS
area detector and an INCOATEC microfocus source for graphite-
monochromated Mo Ko radiation (4 = 0.71073 A) was used for determination
of the unit cell and intensity data collection at 298 K. The APEX3 software
package [7] was used for data collection, data integration, reduction and
absorption correction. The structures of both complexes were solved by direct
method and refined on F? by full-matrix least-squares procedures. The
structure of 2 was refined as an inversion twin using the TWIN/BASF
procedure [8]. The non-hydrogen atoms of both structures were refined
anisotropically. In the case of 2, four carbon atoms (two from benzoyl phenyl

ring and two from PPhs phenyl ring) were

Tableb5.1. Selected crystallographic data for 1-Me,NCHO and 2

Complex 1-Me;NCHO 2

Chemical formula C21H20CIN3;O,Pd CssH27N,OPPd
Formula weight 488.25 640.97

Crystal system Monoclinic Monoclinic
Space group C2lc P2,

a(A) 21.2070(12) 10.7825(4)
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b (A)

c(A)

£C)

V (A, Z

Pealed (9 €M)

p (mm™)

Refl. collected

Refl. unique

Refl. [I > 2o(1)]
Data/Restraints/Parameters
RL, WR2 [| > 26(1)]
R1, wR2 [all data]
GOF on F?
Max./Min. Ap (e A7)

7.8317(4)
25.7759(15)
108.187(6)
4067.2(4), 8
1595

1.065

8212

4161

2872
4161/0/255
0.0483, 0.0740
0.0825, 0.0853
1.031
0.481/-0.434

25.5879(9)
11.1205(4)
106.426(2)
2942.94(18), 4
1.447

0.717

54013

12071

10725
12071/3/740
0.0392, 0.0948
0.0478, 0.0986
1.080
0.945/-0.510

refined with restraints on anisotropic displacement parameters. All hydrogen
atoms were included in the structure factor calculation at idealized positions
using a riding model. The SHELX-97 programs [8] available in the WinGX
software suite [9] were used for structure solution and refinement. The
Mercury package [10] was used to prepare the molecular illustrations.
Crystallographic data for both structures have been deposited with the
Cambridge Crystallographic Data Centre. The deposition numbers are CCDC
1553122 and 1553123 for 1-Me,NCHO and 2, respectively. Selected crystal

data and structure refinement summary are given in Table 5.1.

5.3. Results and discussion

5.3.1. Synthesis and characterization
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The Schiff base N'-(2-naphthaldimine)benzohydrazide (H,L) was prepared in
good yield (86%) by condensation reaction of equimolar amounts of 2-
naphthaldehyde and benzohydrazide in methanol in presence of a few drops of
acetic acid (Scheme 5.1). The purity and the identity of H,L have been
confirmed by elemental analysis, mass spectrometric and spectroscopic (IR,
UV-Vis and *H NMR) measurements. The palladium(l1) complex [Pd(HL)CI]
(1) was synthesized in 77% vyield by reacting in situ generated Li,PdCly,
NaOAc-3H,0 and H,L in 1:1:1 mole ratio in methanol at room temperature.
The second complex [Pd(L)(PPh3)] (2) was synthesized in 73% vyield by
treating 1 with two equivalents of PPh3 in acetone (Scheme 5.1). The excess
PPh; is expected to facilitate the deprotonation of the amide functionality of
HL™ in 1. The elemental analyses data of 1 and 2 are in good agreement with
their corresponding molecular formulas. In chloroform and dichloromethane, 2
is highly soluble but 1 is sparingly soluble. Both complexes are highly soluble
in dimethylformamide and dimethylsulfoxide, sparingly soluble in acetonitrile
and methanol and insoluble in hexane and toluene. Due to solvent restrictions
and the solubility problem the positive ion ESI mass spectrum of 1 was
collected in CHCI3-MeCN (1:1) mixture, where its solubility is slightly better
when compared with that in the pure solvents. The spectrum shows the base
peak at 420.0407 corresponding to the cation where the chloride is replaced by
acetonitrile, i.e., [1-CI+MeCN]". On the other hand, the spectrum of 2 in pure
CHCI;3 displays the usual [2+H]" as the base peak at 641.0971. As expected
for square-planar complexes of palladium(ll), both 1 and 2 are diamagnetic.
The electrically non-conducting nature of 1 and 2 in solution is consistent with

their molecular formulas as neutral species.

5.3.2. Spectroscopic properties

5.3.2.1. Infrared spectra
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Infrared spectra of the Schiff base (H,L) and the complexes (1 and 2) were
recorded by employing KBr pellets in the range 4000400 cm™. The spectra
of H,L and [Pd(HL)CI] (1) are shown in Figures 5.1 and 5.2, respectively. A
large number of bands have been observed in all three spectra. Except for few
characteristic bands we have not attempted to assign the remaining bands. The
free Schiff base (H,L) displays the typical bands for the amide N-H and C=0
stretching vibrations at 3199 and 1638 cm™, respectively. A medium intensity
band observed at 1605 cm™ has been assigned to the azomethine C=N
stretching vibration. The spectrum of 1 displays the amide N-H stretch at
3178 cm™. Two medium intensity bands observed at 1612 and 1596 cm™ are
assigned to the amide C=0 and the azomethine C=N stretching frequencies,
respectively. Appearance of these two bands at lower frequencies compared to
those of the free Schiff base is consistent with the coordination of both amide-
O and azomethine-N to the metal center in 1. On the other hand, the spectrum
of 2 does not display the amide N—-H and C=O stretching bands due to
deprotonation of the amide functionality. A strong band observed at 1587 cm™
is most likely associated with the one end coordinated diazine (C=N-N=C)

like fragment of (L)*" in 2.
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Figure 5.2. IR-spectrum of [Pd(HL)CI] (1)
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5.3.2.2. Electronic spectra

Electronic absorption spectra of H,;L, 1 and 2 were recorded in
dimethylformamide. The spectrum of H,L displays a broad band centered at
315 nm preceded by a couple of shoulders and followed by a relatively narrow
band at 282 nm and a shoulder (Figure 5.3). This type of spectral profile is
typical of organic compounds containing naphthyl group [11-13]. Pure
naphthalene is known to display similar absorptions at higher energy region
with more pronounced vibrational structure [14,15]. The spectral profile of
naphthalene consists of a group of absorption bands centered at ~275 nm. The
absorption profiles of the two complexes 1 and 2 are very similar to that of the
naphthalene except for a large red-shift. A group of five bands are observed in
the range 448-356 nm for both 1 and 2. The spectrum of 2 is illustrated in
Figure 5.3. Thus the absorption bands observed for H,L as well as its
complexes 1 and 2 are attributed to transitions predominantly centered at their

corresponding 2-naphthyl fragments.
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Figure 5.3. Electronic spectra of H,L (left) and [Pd(L)(PPhs)] (2)
(right) in dimethylformamide.
5.3.2.3. NMR spectra

'H NMR spectra of H,L and 1 were recorded in (CD3),SO solution and the *H
and *'P{"H} spectra of 2 were recorded in CDCl; solution. The *H NMR
spectra of H,L and 2 are illustrated in Figures 5.4 and 5.5, respectively. The
amide N-H proton of H,L resonates as a singlet at & 11.99 ppm. The
azomethine proton and the proton at the 1-position of the 2-naphthyl fragment
of H,L appear as two one-proton singlets at 6 8.64 and 8.16 ppm, respectively.
The remaining aromatic protons are observed as a six-proton multiplet and
another five-proton multiplet having the chemical shifts centered at 6 ~7.98
and ~7.58 ppm, respectively. A broad singlet at 6 12.32 ppm due to the amide
N-H proton of the ligand HL" is observed in the spectrum of 1. As in the free
Schiff base, here also two one-proton singlets corresponding to the azomethine
proton and the proton at the 1-position of the 2-naphthyl fragment of HL™ are
observed at 6 8.85 and 8.33 ppm, respectively. Slight downfield shifts of these
three resonances in 1 when compared with those in free H,L are not unusual
considering the deshielding caused by coordination of the amide-O and the
azomethine-N to the palladium(ll) center. The remaining ten aromatic protons
belonging to the 2-naphthyl and the phenyl rings of HL™ appear as four
multiplets centered at 6 ~8.05, ~7.58, ~7.21 and ~6.98 ppm. As expected the
spectrum of 2 does not display the signal corresponding to the amide N—H due
to deprotonation. The spectrum shows two closely spaced one-proton singlets
at 6 8.04 and 8.02 ppm followed by a one-proton doublet at & 7.91 ppm. The
singlets are very likely to be due to the protons at the 1- and 4-positions of the
2-naphthyl fragment of L?. The one-proton doublet is assigned to the
azomethine proton. The doublet splitting is attributed to the PPh; P-atom

coordinated at the trans-position with respect to the azomethine-N. There is a
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significant upfield shift of the azomethine proton in 2 compared to that in H,L
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Figure5.5. 'H-NMR spectrum of [Pd(L)(PPhs)] (2)

backdonation from metal to azomethine in 2 and hence causes the upfield shift
of the azomethine proton. The remaining nine aromatic protons of L? and
fifteen protons of the PPhs phenyl rings appear in the range 6 7.79—-6.32 ppm
with various splitting patterns such as doublet, triplet and multiplet. In general,
the aromatic protons in the complexes are observed over a broader chemical
shift range than in the free Schiff base due to shielding/deshielding caused by
metal coordination and presence of the monodentate ancillary ligands. The
singlet observed at & 34.06 ppm in the **P{*H} NMR spectrum of 2 confirms

the presence of PPh3 as the ancillary ligand.

4.3.2.4. X-ray molecular structures

The structures of 1-Me,NCHO and 2 have been solved in the monoclinic
space groups C2/c and P2i, respectively. The asymmetric unit of
1-Me;NCHO consists of one molecule each of the complex and the solvent
dimethylformamide, while that of 2 contains two complex molecules. In
1-Me,NCHO, the solvent molecule is hydrogen bonded with the complex
molecule. The structure of the solvated species is illustrated in Figure 5.6. The
O-atom of the solvent molecule and the amide-NH of the ligand HL™ are
involved in this hydrogen bonding. The N(2)---O(2) distance and the
N(2)-H---0(2) angle are 2.734(5) A and 165°, respectively. In contrast, there
is no significant interaction between the two complex molecules present in the
asymmetric unit of 2. Both molecules are very similar with respect to
intramolecular bond lengths and bond angles. Thus the structure of one of
these two independent molecules of 2 is depicted in Figure 5.7. Selected bond
parameters for 1-Me;NCHO and 2 are listed in Table 5.2. In each complex,

the tridentate ligand (HL™ in 1 and L* in 2) acts as pincer-like CNO-donor
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and forms fused 5,5-membered chelate rings. The structures reveal that the 2-
naphthyl fragment of each of HL™ and L? is palladated at the 3-position
instead of the 1-position. In the amide functionality (-C(=O)NH-) of HL™ in
1, the C(12)-N(2) and the C(12)—O(1) bond lengths are 1.358 (5) and 1.246
(5) A, respectively. These values are consistent with the neutral keto form of
the amide functionality [18—20,22,23]. On the other hand, for 2 the average of
C(12/12")-N(2/2") bond lengths and that of C(12/12')-0(1/1") bond lengths
are 1.335(6) and 1.285(6) A, respectively (Table 5.2). The shorter
C(12/12")-N(2/2") and longer C(12/12")-0(1/1") bond lengths in 2 compared
to the corresponding bond lengths in 1 clearly indicate that the amide
functionality of L% in 2 is deprotonated and their values suggest that the
negative charge is delocalized over the amidate fragment [16—24]. The HL"
and the chloride constitute a CNOCI square-plane around the metal center in
1, while the L% and the PPh; assemble a square-planar CNOP coordination
environment for the metal center in 2. In both complexes, the metal center has
no deviation from the square-plane formed by the four coordinating atoms.
The rms deviations from the mean plane constituted by the metal and the four
coordinating atoms are within 0.01-0.02 A. The amidate-O is expected to be a
better c-donor than the amide-O. As a consequence, the Pd—O(amidate) bond
length in 2 is significantly shorter (by ~0.1 A) than the Pd—O(amide) bond
length in 1. In contrast, the Pd—C bond length in 1 is shorter by ~0.05 A than
that in 2. This lengthening of the Pd—C bond in 2 is very likely due to the
better trans-directing ability of the amidate-O than the amide-O (Figures. 5.6
and 5.7). Similarly the stronger trans-effect of PPh3 than CI™ causes a longer
(by ~0.02 A) Pd—N(azomethine) bond length in 2 compared to that in 1 (Table
5.2). Overall, all the bond lengths and the bond angles associated with the
metal centers in 1 and 2 are within the ranges observed for palladium(ll)

complexes with similar ligands [16,18-20,22-23].
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o(1) Pd(1) Fig

ure
5.6.
OR

TE

repr
ese
ntat
ion
of
[PA(HL)CI]-Me,NCHO (1-Me;NCHO) with the atom numbering scheme. All
non-hydrogen atoms are shown by their 50% probability thermal ellipsoids.

Figure 5.7. ORTEP representation of one of the two molecules of
[PA(L)(PPh3)] (2) present in the asymmetric unit. The thermal ellipsoids for
the non-hydrogen atoms are drawn at the 50% probability level. All non-

carbon atoms and a few selected carbon atoms are labeled for clarity.
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Table 5.2. Selected bond lengths (A) and angles (°) for 1-Me,NCHO and 2

[Pd(HL)CI]-Me,NCHO (1-Me;NCHO)

Pd(1)-C(3)
Pd(1)-O(1)
C(12)-N(2)

C(3)-Pd(1)-N(1)
C(3)-Pd(1)-CI(1)
N(L)-Pd(1)-CI(1)

[PA(L)(PPh3)] (2)

Molecule 1
Pd(1)-C(3)
Pd(1)-0O(1)
C(12)-N(2)

C(3)-Pd(1)-N(1)
C(3)-Pd(1)-P(1)
N(L)-Pd(1)-P(1)

Molecule 2

Pd(1)-C(3")
Pd(1)-O(1")
C(12')-N(2))
C(3")-Pd(1)-N(1")
C(3")-Pd(1)-P(1")
N(1)-Pd(1)-P(L")

1.953(4)
2.208(3)
1.358(5)
81.89(15)
98.89(13)
178.89(9)

2.008(5)
2.107(3)
1.333(6)
82.25(18)
98.94(13)
178.55(13)

2.005(5)
2.113(3)
1.337(6)
82.62(19)
98.61(15)
178.18(14)

Pd(1)-N(1)
Pd(1)~CI(1)
C(12)-0(1)

C(3)-Pd(1)-0(1)
N(L)-Pd(1)-O(1)
O(1)-Pd(1)-CI(1)

Pd(1)-N(1)
Pd(1)-P(1)
C(12)-0(1)

C(3)-Pd(1)-O(1)
N(1)-Pd(1)-O(1)
O(1)-Pd(1)-P(1)

PA(1")-N(1")
Pd(1')-P(1)
C(12')-0(1)
C(3')-Pd(1')-O(1')
N(1)-Pd(1)-O(1’)
O(1')-Pd(1")-P(1')

1.977(3)
2.2929(12)
1.246(5)
158.13(14)
76.26(12)
102.97(8)

1.996(4)
2.2594(11)
1.288(6)
158.52(15)
76.40(15)
102.38(10)

2.002(4)
2.2586(11)
1.282(6)
158.62(16)
76.17(16)
102.53(9)

105



cyclopalladation of 2-naphthaldehyde..

5.3.2.5. Catalytic activities

Functionalized polyaryls and polyheteroaryls are of considerable interest
because of their potential applications in natural products, biological,
agrochemical, pharmaceutical and materials research [25-29]. Hence, there
has been a continuous effort to develop new and efficient methods for the
synthesis of such species [30-33]. Among the various strategies used so far,
the simplest and most versatile approach is the palladium catalyzed Suzuki-
Miyaura poly cross-coupling reactions of polyhaloaromatic compounds with
arylboronic acids [34—37]. In the present work, we have attempted the one-pot
synthesis of functionalized triaryls via double cross-coupling reactions of 3,5-
dihalosalicylaldehydes  with  various arylboronic acids using the
cyclopalladated complexes 1 and 2 as catalysts. The reaction of 3,5-
diiodosalicylaldehyde and phenylboronic acid in presence of 2 as catalyst was
chosen as the model reaction to screen the bases and the solvents (Table 5.3).
Among the various inorganic bases used in water-methanol (1:1) as the
reaction solvent (entries 1-6), LIOH-H,O was found to provide the best yield
(94 %) of the double cross-coupling product 3,5-diphenylsalicylaldehyde at a
reaction temperature of 80 °C (entry 4). No coupling product was detected in
the absence of base (entry 7). Using LiIOH-H,O as the base the reaction was
then performed in various water-solvent (1:1) mixtures (entries 8-13). In all
these reaction solvents, no yield to very poor yields were observed.
Subsequently the reaction was conducted under the identical conditions as
described in entry 4 except for the use of 1 instead of

2 as catalyst (entry 14). The change of the catalyst caused a significantly low
yield (80%) of the coupled product and indicated that 2 is a better catalyst than
1. Thus the optimal reaction conditions were found to be the use of 3,5-

diiodosalicylaldehyde (1 mmol), phenylboronic acid (2.2 mmol), LiOH-H,0
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(2 mmol) and 2 (0.01 mol%) in water-methanol (1:1) at 80 °C for 15 h (entry
4).

Table 5.3. Optimization of reaction conditions®

CHO CHO
/@:OH + PhB(OH), oo Base'o /@i%
Solvent, 80 °C

I | Ph Ph
Entry  Base Solvent Time (h) Yield® (%)
1 K2CO3 H,0-MeOH 15 90
2 Na,CO3 H,0-MeOH 15 86
3 NaHCO3 H,0-MeOH 24 70
4 LiOH-H,0 H,0-MeOH 15 94
5 K3PO4 H,0-MeOH 24 N.R.
6 NaOAc-3H,O H;0-MeOH 24 N.R.
7 - H,0-MeOH 24 N.R.
8 LiOH-H,0 H,O-thf 24 N.R.
9 LiOH-H,0 H,O-dioxane 24 10
10 LiOH-H,0 H,0O-dcm 24 12
11 LiOH-H,0 H,0-nmp 24 24
12 LiOH-H,0 H,0O-dmso 24 28
13 LiOH-H,0 H,O-dmf 24 30
14 LiOH-H,0 H,0-MeOH 15 80’

& 3,5-Diiodosalicylaldehyde (1 mmol), phenylboronic acid (2.2 mmol), base
(2 mmol), 2 (0.01 mol%) in 0.1 ml of dimethylformamide, H,O-solvent in 1:1

volume ratio (2 ml), 80 °C.
® Isolated yield.
° No reaction.
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¢ Using 1 (0.01 mol%) instead of 2 as catalyst.

Table 5.4. Reactions of 3,5-diiodosalicylaldehyde with arylboronic acids®

CHO CHO

OH + 2, LIOHH,0, OH
ArB(OH)2 H,0-MeOH(1:1)
at80°C
I I Ar Ar
Entry Ar Time (h) Yield (%)

1 phenyl 15 94
2 p-anisolyl 24 88
3 p-fluorophenyl 20 90
4 m-chlorophenyl 24 92
2-naphthyl 24 90
6 o-anisolyl 24 74

& Conditions: 3,5-Diiodosalicylaldehyde (1 mmol), arylboronic acid (2.2
mmol), LiOH-H,0 (2 mmol), 2 (0.01 mol%) in 0.1 ml of dimethylformamide,

H,0-MeOH in 1:1 volume ratio (2 ml), 80°C.
® |solated yield.

To examine the substrate scope of the catalyst 2, one-pot double cross-
coupling reactions of 3,5-diiodosalicylaldehyde with various arylboronic acids
were performed under the above mentioned optimal conditions. The results are
summarized in Table 5.4. As observed with phenylboronic acid (entry 1), high
yields (88—92%) of the double cross-coupled products were also obtained with
p-methoxy-, p-fluoro-, and m-chlorophenylboronic acids and 2-
naphthylboronic acid but in 5 to 9 h longer reaction times (entries 2-5).

Comparatively rather low yield (74%) was obtained with o-anisolylboronic
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acid even in longer reaction duration (entry 6). The scope of the catalyst 2 was
further extended to double cross-coupling reactions of 3,5-
dibromosalicylaldehyde with the same group of arylboronic acids which was
used  for  3,5-diiodosalicylaldehyde. The reaction of  3,5-
dibromosalicylaldehyde with phenylboronic acid under the same optimal
conditions described above for the diiodo precursor provided the product 3,5-
diphenylsalicylaldehyde but in significantly low yield (40%). However,
increase of the catalyst loading from 0.01 to 0.05 mol% and the amount of the
phenylboronic acid doubled the yield to 82% in 24 h of reaction time (Table
5.5, entry 1). The reactions with the remaining arylboronic acids were then
performed with the higher (0.05 mol%) catalyst loading and arylboronic acid
to dibromo precursor mole ratio (2.5:1) (entries 2-6). The corresponding

double cross-coupled products were isolated

Table5.5. Reactions of 3,5-dibromosalicylaldehyde with arylboronic acids®

CHO CHO

OH 2, LIOHH,0, OH
* AR o MeoH (1)
at80°C
Br Br Ar Ar
Entry Ar Time (h) Yield® (%)
1 phenyl 24 82
2 p-anisolyl 24 80
3 p-fluorophenyl 24 84
4 m-chlorophenyl 30 60
5 2-naphthyl 30 62
6 o-anisolyl 24 83
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% Conditions: 3,5-Dibromosalicylaldehyde (1 mmol), arylboronic acid (2.5
mmol), LiOH-H,0 (2 mmol), 2 (0.05 mol%) in 0.1 ml of dimethylformamide,

H,0O-MeOH in 1:1 volume ratio (2 ml), 80°C.
® Isolated yield.

were isolated in moderate to good yields (60—83%). In general, despite the use
of higher catalyst loading and mole ratio of the reactants and comparable or
longer reaction times, the yields of the coupled products from the dibromo
precursor are less (Table 5.5) than the yields obtained in the case of the diiodo
precursor (Table 5.4). This difference in the reactivities is attributable to the
fact that the C—Br bond is stronger than the C—I bond [38].

5.4. Conclusions

Synthesis, characterization and spectroscopic properties of the Schiff base N'-
(2-naphthaldimine)benzohydrazide  (H,L) and the cyclometallated
palladium(Il) complexes ([Pd(HL)CI] and [Pd(L)(PPhs)]) with it have been
described. The X-ray molecular structures of the two complexes reveal pincer-
like CNO coordination mode of both (HL)™ and (L)>and regioselective
cyclopalladation at the 3-position of the 2-naphthyl group of each ligand. The
spectroscopic characteristics of the two complexes are consistent with their
molecular structures. Catalytic properties of both complexes in one-pot
Suzuki-Miyaura double cross-coupling reactions of 3,5-dihalosalicylaldehydes
with a variety of arylboronic acids have been investigated. Between the two
complexes, [Pd(L)(PPh3)] has been found to be the better perfoming catalyst .
The catalytic reactions exhibited reasonable substrate scope and provided

moderate to excellent yields of the functionalized triaryls.
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Appendix

Tables for atomic coordinates ( x 10%) and equivalent isotropic displacement
parameters (A2 X 103). U(eq) is defined as one third of the trace of the
orthogonalized Uil tensor.

Table A.1 [Pd(HLYCI] (1-Me,NCHO) (chapter 2)

Atom X y z U(eq)
Pd(1) 411(1) -960(1) 7775(1) 48(1)
Cl(2) 934(1) -1903(1) 7803(2) 70(2)
O(1) 1002(2) -470(2) 6186(4) 60(1)
N(1) 0(2) -135(2) 7672(5) 41(1)
N(2) 327(2) 287(2) 6770(5) 50(1)
C() -899(3) -302(3) 9269(6) 46(2)
C(2) -766(3) -919(3) 9668(7) 49(2)
C(3) -1198(3) -1233(3) 10537(7) 59(2)
C4) -1752(3) -974(4) 10999(7) 66(2)
C(5) -1873(3) -361(3) 10582(7) 62(2)
C(6) -1469(3) -15(3) 9731(7) 57(2)
C(7) -165(3) -1262(3) 9292(7) 69(2)
C(8) -2209(3) -1321(3) 11934(7) 97(3)
C(9) -1634(3) 642(3) 9293(7) 69(2)
C(10) -497(3) 62(3) 8326(7) 53(2

C(11) 836(3) 82(3) 6054(7) 49(2)
C(12) 1168(3) 532(3) 5091(6) 50(2)
C(13) 1704(3) 315(3) 4401(7) 62(2)
C(14) 2039(3) 700(4) 3481(8) 76(2)
C(15) 1854(3) 1304(4) 3278(7) 74(2)
C(16) 1332(4) 1527(4) 3963(7) 78(2)
C(17) 982(3) 1138(3) 4868(7) 63(2)
0(2) -261(2) 1456(2) 6889(5) 80(2)
N(3) -1146(3) 2045(3 6831(6) 62(2)
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Table A.1. Continued......

C(18) -760(4) 1612(3) 6321(7) 62(2)
C(19) -988(4) 2392(3) 8168(7) 108(3)
C(20) -1739(3) 2167(4) 6147(8) 110(3)
Table A.2. [Pd(HL?CI] (2-Me,NCHO) (chapter 2)

Atom X y z U(eq)
Pd(1) 3908(1) 1972(1) 2521(1) 38(1)
Cl(1) 3035(2) 3834(1) 2249(1) 63(1)
O(1) 5579(3) 2688(3) 4123(2) 46(1)
0(2) 10325(4) 2435(3) 8433(3) 59(1)
N(1) 4773(4) 417(3) 2737(3) 37(2)
N(2) 5684(4) 554(3) 3787(3) 41(1)
C(®1) 3728(5) -965(4) 941(3) 41(1)
C(2) 2748(4) -181(4) 536(3) 41(1)
C(3) 2012(5) -497(4) -575(3) 48(1)
C(4) 2158(5) -1594(5) -1282(3) 50(1)
C(5) 3127(5) -2346(5) -870(4) 52(1)
C(6) 3936(5) -2058(4) 228(4) 46(1)
C(7) 2314(5) 894(4) 1255(4) 51(1)
C(8) 1260(5) -1940(5) -2449(3) 63(1)
C(9) 4992(7) -2922(5) 593(4) 64(1)
C(10) 4595(5) -674(4) 2072(3) 41(1)
C(11) 6104(4) 1764(4) 4415(3) 39(1)
C(12) 7212(4) 1923(4) 5474(3) 39(1)
C(13) 7259(5) 2949(4) 6323(3) 42(1)
C(14) 8277(5) 3157(4) 7322(3) 46(1)
C(15) 9272(5) 2335(4) 7490(3) 45(1)
C(16) 9262(5) 1316(4) 6637(4) 50(1)
C@7) 8234(5) 1115(4) 5650(4) 48(1)
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Table A.2. Continued

C(18) 10411(7) 3481(6) 9337(4) 69(1)
0(3) 6715(5) -1709(3) 3914(3) 72(1)
N(3) 7549(4) -3527(4) 4189(3) 51(1)
C(19) 7314(6) -2358(5) 4517(5) 63(1)
C(20) 7105(8) -4175(6) 3063(5) 87(2)
C(21) 8375(10) -4174(7) 4974(6) 107(2)
Table A.3.[Pd(LY)(PPhs)] (3) (chapter 2)

Atom X y z U(eq)
Pd(1) 6518(1) 4606(1) 7636(1) 38(1)
P(1) 5847(1) 2882(1) 8671(1) 37(2)
O(1) 4575(2) 5653(2) 7323(2) 48(1)
N(1) 7105(3) 6074(2) 6621(2) 36(1)
N(2) 6000(3) 7036(2) 6338(2) 41(1)
C(1) 9677(3) 5375(3) 6331(2) 38(1)
C(2) 9721(3) 4261(3) 7041(2) 40(1)
C(3) 11039(4) 3371(3) 7020(3) 49(1)
C(4) 12282(4) 3566(4) 6357(3) 54(1)
C(5) 12206(4) 4690(4) 5694(3) 54(1)
C(6) 10944(4) 5602(3) 5662(3) 44(1)
C(7) 8477(3) 4031(3) 7844(3) 49(1)
C(8) 13688(4) 2593(4) 6355(3) 78(1)
C(9) 10969(4) 6782(4) 4910(3) 61(1)
C(10) 8353(3) 6268(3) 6211(2) 41(1)
C(11) 4772(3) 6703(3) 6748(3) 42(1)
C(12) 3498(3) 7702(3) 6531(3) 45(1)
C(13) 2181(4) 7408(4) 6868(3) 54(1)
C(14) 980(4) 8378(4) 6733(3) 67(1)
C(15) 1112(5) 9609(4) 6265(3) 74(1)
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Table A.3. Continued......

C(16) 2412(4) 9894(4) 5914(3) 74(1)
C(17) 3595(4) 8944(4) 6053(3) 60(1)
C(18) 6765(3) 2187(3) 9581(2) 37(1)
C(19) 7459(3) 877(3) 9727(3) 46(1)
C(20) 8132(4) 412(4) 10447(3) 59(1)
C(21) 8122(4) 1254(4) 11007(3) 62(1)
C(22) 7440(4) 2567(4) 10865(3) 57(1)
C(23) 6787(3) 3038(3) 10147(3) 48(1)
C(24) 6094(3) 1529(3) 8049(2) 36(1)
C(25) 5277(3) 604(3) 8379(3) 49(1)
C(26) 5451(4) -349(3) 7838(3) 56(1)
c(27) 6416(4) -387(3) 6979(3) 55(1)
C(28) 7239(4) 507(4) 6653(3) 61(1)
C(29) 7077(3) 1458(3) 7187(3) 49(1)
C(30) 3970(3) 3138(3) 9331(3) 43(1)
C(31) 2968(4) 3634(3) 8811(3) 59(1)
C(32) 1541(4) 3718(4) 9272(4) 73(1)
C(33) 1118(4) 3340(4) 10221(4) 81(2)
C(34) 2093(4) 2903(4) 10733(3) 82(1)
C(35) 3515(4) 2794(4) 10276(3) 64(1)

Table A.4. [Pd(L?)(PPhs)] (4) (chapter 2)

Atom X y z U(eq)
Pd(1) 848(1) 2301(1) 2385(1) 34(2)
P(1) 1639(1)) 2188(1) 3957(1) 32(1)
0(1) 2216(2) 1223(2) 1449(2) 45(1)
0(2) 4096(3) -2733(3) -1577(3) 66(1)
N(1) 257(3) 2412(2) 906(2) 37(2)
N(2) 841(3) 1593(3) 227(2) 41(1)
c(1) -1291(3) 4043(3) 1073(3) 38(1)
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Table A.4. Continued......

C@2) -1326(3) 4112(3) 2231(3) 38(1)
C(3) -2002(3) 5071(3) 2662(3) 44(1)
C(4) -2627(3) 5952(3) 1995(4) 46(1)
C(5) -2565(3) 5865(3) 860(3) 48(1)
C(6) -1923(3) 4930(3) 391(3) 43(1)
c(7) -771(3) 3165(3) 3046(3) 42(1)
C(8) -3359(4) 6975(4) 2474(4) 63(1)
C(9) -1900(4) 4886(4) -850(3) 56(1)
C(10) -596(3) 3098(3) 533(3) 41(1)
C(11) 1815(3) 1053(3) 588(3) 38(1)
C(12) 2490(3) 114(3) -38(3) 38(1)
C(13) 3508(3) -526(3) 301(3) 48(1)
C(14) 4078(4) -1473(4) -199(4) 53(1)
C(15) 3624(4) -1801(3) -1045(3) 48(1)
C(16) 2627(4) -1149(3) -1414(3) 49(1)
C(17) 2051(4) -203(3) -919(3) 45(1)
C(18) 4936(6) -3552(4) -1069(5) 80(2)
C(19) 623(3) 2058(3) 5368(3) 35(1)
C(20) 896(4) 2524(3) 6237(3) 46(1)
C(21) 204(4) 2305(4) 7344(3) 55(1)
C(22) -772(4) 1633(4) 7580(3) 58(1)
C(23) -1072(4) 1192(3) 6715(4) 53(1)
C(24) -371(3) 1409(3) 5613(3) 42(1)
C(25) 2447(3) 3473(3) 3895(3) 39(1)
C(26) 1768(4) 4564(3) 3820(4) 54(1)
C(27) 2301(6) 5556(4) 3828(4) 71(2)
C(28) 3509(6) 5494(4) 3875(5) 77(2)
C(29) 4197(5) 4430(5) 3911(5) 77(2)
C(30) 3653(4) 3415(4) 3938(4) 56(1)
C(31) 2773(3) 921(3) 4143(3) 36(1)
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Table A.4. Continued

C(32) 2691(3) 103(3) 5157(3) 45(1)
C(33) 3520(4) -892(4) 5223(4) 56(1)
C(34) 4429(4) -1059(4) 4285(4) 57(1)
C(35) 4522(4) -244(4) 3279(4) 51(1)
C(36) 3692(3) 738(3) 3200(3) 41(1)
Table A.5. [Pda(p-dppb)(LY),] (5) (chapter 2)

Atom X y z U(eq)
Pd(1) 8266(1) 1944(1) 9538(1) 42(1)
P(1) 8478(1) 3565(1) 8485(1) 39(1)
0(1) 8636(2) 2430(1) 10976(1) 52(1)
N(1) 7976(2) 549(2) 10564(2) 45(1)
N(2) 8283(3) 584(2) 11565(2) 54(1)
C(1) 7121(3) -558(2) 9466(2) 52(1)
C(2) 7313(3) 156(2) 8502(2) 53(1)
C(3) 6731(3) -52(3) 7674(2) 64(1)
C(4) 6029(3) -970(3) 7738(3) 72(1)
C(5) 5898(3) -1675(3) 8683(3) 72(1)
C(6) 6399(3) -1503(2) 9544(3) 61(1)
C(7) 8203(4) 1084(2) 8269(2) 60(1)
C(8) 5476(5) -1167(4) 6789(3) 104(1)
C(9) 6136(4) -2286(2) 10556(3) 76(1)
C(10) 7581(3) -367(2) 10400(2) 56(1)
C(11) 8585(3) 1577(2) 11682(2) 49(1)
C(12) 8931(3) 1709(2) 12729(2) 55(1)
C(13) 9838(4) 2452(2) 12757(3) 73(1)
C(14) 10254(5) 2533(3) 13700(3) 87(1)
C(15) 9753(5) 1911(4) 14622(3) 92(1)
C(16) 8836(5) 1162(5) 14606(3) 114(2)
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Table A.5. Continued

C(17) 8447(4) 1053(4) 13667(3) 91(1)
C(18) 10155(3) 3427(2) 7304(2) 44(1)
C(19) 10348(3) 4330(2) 6540(2) 62(1)
C(20) 11652(4) 4249(3) 5684(2) 76(1)
C(21) 12769(4) 3264(3) 5574(3) 76(1)
C(22) 12601(3) 2358(3) 6319(3) 77(1)
C(23) 11289(3) 2434(2) 7180(2) 58(1)
C(24) 6920(3) 4207(2) 7886(2) 44(1)
C(25) 6874(3) 3790(2) 6916(2) 58(1)
C(26) 5652(4) 4226(3) 6490(3) 74(1)
C(27) 4480(4) 5083(3) 7022(3) 78(1)
C(28) 4516(3) 5513(3) 7975(3) 69(1)
C(29) 5727(3) 5074(2) 8403(2) 56(1)
C(30) 8594(3 4759(2) 9246(2) 44(1)
C(31) 10043(3) 4540(2) 9604(2) 46(1)
Table A.6. [Pd,(u-dppb)(L?)2] (6) (chapter 2)

Atom X y z U(eq)
Pd(1) 7971(1) 2087(1) 486(1) 62(1)
P(1) 7393(1) 3651(1) 1418(1) 61(1)
0(1) 9246(3) 2538(2) -949(2) 78(1)
0(2) 14164(6) 1875(4) -5152(3) 143(2)
N(1) 8401(3) 719(3) -417(2) 62(1)
N(2) 9383(4) 736(3) -1375(2) 68(1)
C(1) 6813(4) -316(3) 720(3) 67(1)
C(2) 6392(4) 389(3) 1595(3) 67(1)
C(3) 5184(5) 260(4) 2373(4) 76(1)
C(4) 4412(5) -557(4) 2316(4) 83(1)
C(5) 4908(6) -1279(4) 1481(4) 83(1)
C(6) 6089(5) -1195(3) 686(4) 76(1)
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Table A.6. Continued

c(7)

C(8)

C(9)

C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
c(27)
C(28)
C(29)
C(30)
C(31)
C(32)

7271(5)
3079(7)
6531(7)
7929(4)
9722(4)
10800(5)
11519(6)
12633(6)
13042(6)
12309(7)
11201(6)
15041(11)
5387(4)
4760(7)
3232(7)
2313(6)
2861(7)
4401(6)
8134(4)
9311(5)
9894(6)
9316(8)
7538(7)
8147(9)
8090(5)
9764(5)

1202(3)
-658(6)
-2005(4)
-168(3)
1696(3)
1798(3)
2652(4)
2703(5)
1911(5)
1067(5)
1003(4)
2664(8)
4272(3)
5389(5)
5778(6)
5130(6)
4066(6)
3622(4)
3509(3)
2648(4)
2535(6)
3263(7)
4231(5)
4095(6)
4779(4)
4521(4)

1770(3)
3158(5)
-203(4)
-186(3)
-1555(3)
-2547(3)
-2683(3)
-3542(4)
~4294(4)
-4197(4)
-3336(3)
-5228(6)
1825(3)
1886(6)
2229(7)
2506(6)
2434(7)
2083(5)
2660(3)
2800(4)
3731(5)
4521(5)
3480(4)
4421(5)
691(3)
349(4)

68(1)
118(2)
99(1)
71(1)
67(1)
71(2)
86(1)
98(2)
98(2)
105(2)
87(1)
174(2)
67(1)
123(2)
137(3)
111(2)
130(2)
105(2)
65(1)
89(1)
113(2)
120(2)
103(2)
132(2)
77(1)
79(1)
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Table A.7. [Pda(p-dppf)(L?)2] (7) (chapter 2)

Atom X y z U(eq)
Pd(1) 2990(1) 2335(1) 2446(1) 40(1)
Fe(1) 5000 5000 5000 43(1)
P(1) 4530(1) 4337(1) 2671(1) 39(1)
O(1) 1641(2) 2541(2) 3456(1) 53(1)
0(2) -2754(3) 1482(2) 6280(2) 75(1)
N(1) 1444(2) 600(2) 2206(1) 41(1)
N(2) 543(2) 382(2) 2875(1) 47(1)
c(1) 1890(3) -213(2) 718(2) 44(1)
C(2) 3175(3) 782(2) 687(2) 45(1)
C(3) 3609(3) 951(3) -139(2) 52(1)
C(4) 2841(3) 169(3) -938(2) 54(1)
C(5) 1649(3) -848(3) -888(2) 55(1)
C(6) 1151(3) -1061(3) -85(2) 50(1)
C(7) 4110(3) 1619(3) 1510(2) 48(1)
C(8) 3265(4) 441(4) -1829(2) 75(1)
C(©9) -195(3) -2171(3) -94(2) 63(1)
C(10) 1203(3) -316(2) 1524(2) 47(1)
C(11) 718(3) 1448(2) 3457(2) 45(1)
C(12) -238(3) 1399(3) 4183(2) 46(1)
C(13) -29(3) 2482(3) 4840(2) 58(1)
C(14) -875(4) 2475(3) 5532(2) 65(1)
C(15) -1961(3) 1381(3) 5572(2) 57(1)
C(16) -2181(3) 298(3) 4936(2) 56(1)
C(17) -1316(3) 298(3) 4242(2) 52(1)
C(18) -3895(4) 422(4) 6344(2) 76(1)
C(19) 6475(3) 4541(3) 2543(2) 47(1)
C(20) 7304(3) 5613(3) 2257(2) 66(1)
C(21) 8791(4) 5743(4) 2188(2) 88(1)
C(22) 9438(4) 4835(5) 2408(2) 88(1)
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Table A.7. Continued......

C(23) 8642(4) 3793(4) 2705(2) 74(1)
C(24) 7146(3) 3633(3) 2764(2) 55(1)
C(25) 3884(3) 5208(2) 1858(2) 44(1)
C(26) 3518(3) 6335(3) 2107(2) 61(1)
c27) 2993(4) 6935(4) 1464(3) 77(1)
C(28) 2846(4) 6418(4) 575(2) 76(1)
C(29) 3190(4) 5297(4) 323(2) 79(1)
C(30) 3691(4) 4678(3) 962(2) 65(1)
C(31) 4607(3) 5352(2) 3734(2) 42(1)
C(32) 3361(3) 5364(3) 4199(2) 49(1)
C(33) 3835(4) 6333(3) 4972(2) 59(1)
C(34) 5349(4) 6917(3) 5004(2) 62(1)
C(35) 5844(3) 6327(2) 4242(2) 52(1)

Table A.8. [Pda(L)4] (1-CHCIs) (chapter 4)

Atom X y z U(eq)
Pd(1) 3977(2) 1422(1) 607(1) 41(1)
Pd(2) 3337(1) 1786(1) 1105(1) 43(1)
Pd(3) 3278(1) 1039(1) -420(1) 40(1)
Pd(4) 3468(1) 1641(1) -1495(1) 44(1)
S(1) 3943(1) 1590(1) -829(1) 42(1)
S(2) 3110(2) 1330(1) 757(1) 44(1)
S(3) 3740(2) 977(1) 251(1) 41(1)
S(4) 3311(1) 1943(1) -344(1) 46(1)
N(1) 4145(1) 1830(1) 834(4) 42(2)
N(2) 4182(2) 2033(2) 154(4) 57(2)
N(3) 3337(2) 1613(1) 2306(4) 44(2)
N(4) 3271(2) 1310(2) 2436(4) 48(2)
N(5) 3468(1) 807(1) -1381(4) 41(2)
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Table A.8. Continued

N(6)
N(7)
N(8)
C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)

3776(1)
3053(2)
2846(2)
4033(2)
4004(2)
4006(3)
4024(2)
4251(3)
4347(4)
4391(3)
4340(3)
4178(2)
4115(2)
4196(2)
4243(2)
4097(2)
4077(2)
4207(2)
4080(2)
4086(2)
4091(3)
4088(3)
4069(3)
4069(3)
4079(3)
3510(2)
3614(2)
3712(2)
3713(2)
3571(2)

737(2)

1713(2)
1864(2)
1301(2)
1009(2)
908(3)

1107(3)
2092(3)
2376(3)
2478(3)
2310(2)
1814(2)
1611(3)
1904(3)
2016(2)
1511(2)
1413(2)
1949(2)
1957(2)
2179(2)
2103(2)
2321(3)
2617(3)
2695(3)
2475(2)
2180(2)
2393(2)
2676(2)
2760(2)
2567(2)

-1345(4)
-1920(4)
-1398(5)
1867(5)
2110(6)
2973(7)
3610(6)
4713(7)
4601(8)
3762(8)
3041(6)
2422(5)
4108(6)
3988(6)
3123(6)
2553(5)
3432(5)
1572(5)
-593(5)
-1301(5)
-2157(6)
-2784(6)
-2566(8)
-1720(8)
-1099(6)
1537(5)
950(6)
1198(6)
2019(6)
5086(6)

47(2)
49(2)
59(2)
48(2)
69(3)
91(4)
73(3)
100(4)
117(5)
113(5)
79(3)
46(2)
75(3)
64(3)
62(3)
46(2)
55(2)
50(2)
45(2)
58(2)
88(4)
117(5)
120(5)
110(4)
80(3)
44(2)
59(2)
69(3)
71(3)
77(3)
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Table A.8. Continued

C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)

3499(3)
3407(3)
3390(3)
3452(2)
3633(2)
3555(2)
3457(2)
3518(2)
3622(2)
3378(2)
3180(2)
3113(2)
2938(2)
2877(2)
2985(2)
3159(2)
3222(2)
2876(2)
2643(2)
2360(2)
2310(2)
2600(3)
2798(3)
3084(3)
3168(3)
3043(2)
2471(2)
2676(2)
2968(2)
2828(2)

2386(3)
2097(3)
1985(2)
2062(2)
2646(2)
2461(2)
2164(2)
2264(2)
2556(2)
1755(2)
1162(2)
838(2)
674(2)
375(2)
235(2)
391(2)
687(2)
1052(2)
1203(2)
1233(2)
1103(3)
475(3)
314(3)
270(3)
410(2)
736(2)
787(2)
620(2)
593(2)
902(2)

5733(6)
5574(7)
4756(6)
3137(5)
3534(6)
4221(6)
4030(6)
2440(5)
2681(6)
3024(5)
1766(5)
1905(5)
1336(5)
1481(6)
2179(7)
2771(6)
2634(5)
-1062(5)
-710(5)
-1092(6)
-1847(7)
-4301(7)
-4735(7)
-4406(6)
-3648(6)
-2365(5)
-3057(6)
-3507(6)
-3160(5)
-1883(5)

81(3)
97(4)
78(3)
44(2)
69(3)
58(2)
55(2)
46(2)
61(2)
48(2)
48(2)
48(2)
55(2)
65(3)
71(3)
70(3)
59(2)
41(2)
53(2)
72(3)
79(3)
100(4)
97(4)
85(3)
77(3)
44(2)
74(3)
69(3)
56(2)
46(2)
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Table A.8. Continued......

C(58) 2534(2) 933(2) -2269(6) 60(2)
C(59) 3346(2) 709(2) -2088(5) 47(2)
C(60) 3915(2) 815(2) -667(5) 44(2)
C(61) 4240(2) 747(2) -611(6) 59(2)
C(62) 4370(2) 623(3) 89(7) 109(5)
C(63) 4664(3) 544(4) 105(8) 145(7)
C(64) 4840(2) 595(4) -586(9) 120(5)
C(65) 4718(3) 719(4) -1296(10)  143(6)
C(66) 4421(2) 789(3) -1319(8) 111(5)
C(67) 3575(2) 1410(2) -2595(5) 47(2)
C(68) 3851(2) 1282(2) -2682(5) 56(2)
C(69) 3940(2) 1095(2) -3367(5) 64(3)
C(70) 3750(3) 1041(2) -4010(6) 77(3)
C(71) 2809(3) 1208(3) -5540(7) 97(4)
C(72) 2544(3) 1335(3) -5598(7) 102(5)
C(73) 2424(3) 1502(3) -4918(7) 105(4)
C(74) 2591(3) 1538(3) -4181(6) 88(4)
C(75) 3072(2) 1465(2) -3337(5) 48(2)
C(76) 3266(3) 1126(2) -4717(6) 78(3)
C(77) 3461(2) 1170(2) -4013(5) 59(3)
C(78) 3366(2) 1350(2) -3286(5) 47(2)
C(79) 2877(2) 1422(2) -4079(5) 66(3)
C(80) 2989(3) 1249(3) -4779(6) 75(3)
C(81) 2935(2) 1626(2) -2651(5) 58(2)
C(82) 2933(2) 1965(2) -662(6) 55(2)
C(83) 2706(2) 2117(2) -127(5) 65(3)
C(84) 2405(2) 2063(3) -249(7) 95(4)
C(85) 2190(3) 2209(4) 209(9) 130(5)
C(86) 2276(3) 2424(3) 804(10) 133(6)
C(87) 2568(3) 2479(3) 961(8) 106(4)
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Table A.8. Continued......

C(88) 2784(2) 2326(2) 492(6) 80(3)

CI(1) 2638(1) 1847(1) 2583(3) 165(2)
Cl(2) 2011(1) 1880(1) 2614(4) 186(2)
CI(3) 2291(1) 1366(1) 1923(3) 174(2)
C(89) 2315(3) 1738(4) 2079(9) 127(5)

Table A.9. [Pd(L)(PPh3)] (2-CH3CN) (chapter 4)

Atom X y z U(eq)
Pd(1) 12052(1) 2487(1) 885(1) 32(2)
S(1) 11971(1) 1214(1) 1627(1) 42(1)
P(1) 13252(1) 1534(1) 496(1) 33(1)
N(1) 11150(3) 3279(2) 1367(1) 34(1)
N(2) 10705(3) 2794(2) 1824(1) 37(2)
C(1) 11827(3) 3623(2) 216(2) 35(1)
C(2) 11894(3) 3431(3) -396(2) 43(1)
C(3) 11791(4) 4183(3) -875(2) 54(1)
C4) 11658(4) 5180(3) -735(2) 52(1)
C(5) 11287(4) 7874(3) 776(2) 57(1)
C(6) 11225(4) 8171(3) 1356(2) 65(1)
C(7) 11173(4) 7436(3) 1820(2) 62(1)
C(8) 11184(4) 6411(3) 1691(2) 50(1)
C(9) 11338(3) 4983(2) 936(2) 34(1)
C(10) 11404(3) 6478(3) 26(2) 47(1)
C(11) 11313(3) 6805(3) 617(2) 45(1)
C(12) 11263(3) 6049(3) 1085(2) 40(1)
C(13) 11574(3) 4673(2) 357(2) 34(1)
C(14) 11538(3) 5452(3) -119(2) 40(1)
C(15) 11047(3) 4265(2) 1368(2) 37(1)
C(16) 11047(3) 1856(2) 1956(2) 35(1)

119



Table A.9. Continued

C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
c(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
N(1)

C(41)
C(42)

10578(3)
11090(4)
10638(5)
9688(5)

9177(4)

9619(4)

14172(3)
15162(4)
15782(4)
15408(5)
14427(4)
13816(4)
14191(3)
14479(3)
15216(4)
15687(4)
15407(4)
14654(4)
12576(3)
13165(4)
12622(4)
11495(4)
10892(4)
11442(3)
7819(5)

8007(5)

8248(7)

1288(2)
402(3)
-128(3)
199(4)
1068(3)
1619(3)
783(3)
1185(3)
650(4)
-256(4)
-660(3)
-144(3)
2229(2)
1916(3)
2481(3)
3355(3)
3685(3)
3139(3)
544(2)
-261(2)
-1027(3)
-999(3)
-214(3)
562(3)
-1897(4)
-1662(4)
-1346(5)

2425(2)
2723(2)
3147(2)
3272(2)
2979(2)
2560(2)
1138(2)
1491(2)
2024(2)
2206(2)
1861(2)
1327(2)
131(2)

-417(2)
-649(2)
-345(2)
191(2)

422(2)

-66(2)

-240(2)
-646(2)
-873(2)
~704(2)
-297(2)
2956(3)
2498(4)
1907(3)

36(1)
54(1)
70(1)
66(1)
60(1)
46(1)
36(1)
52(1)
71(1)
66(1)
54(1)
45(1)
34(1)
42(1)
56(1)
51(1)
59(1)
49(1)
36(1)
44(1)
52(1)
56(1)
57(1)
44(1)
107(2)
86(2)
130(3)
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Table A.10. [Pd(HL)CI] (1-Me,NCHO) (chapter 5)

Atom X y z U(eq)
Pd(1) 8206(1) -1475(1) -623(1) 40(1)
Cl(1) 9324(1) -1570(2) -500(1) 64(1)
0o(1) 7780(1) -2928(3) -1387(1) 48(1)
N(1) 7242(2) -1440(4) -732(1) 36(1)
N(2) 6840(2) -2223(4) -1195(1) 42(1)
C@) 7466(2) 940(5) 493(2) 45(1)
C(2) 7570(2) 83(4) 64(2) 37(2)
C(3) 8224(2) -120(5) 17(2) 40(1)
C(4) 8743(2) 629(5) 410(2) 45(1)
C(5) 9181(2) 2279(5) 1271(2) 60(1)
C(6) 9072(3) 3121(6) 1707(2) 71(2)
C(7) 8440(3) 3239(6) 1754(2) 65(2)
C(8) 7919(3) 2546(5) 1363(2) 56(1)
C(9) 8000(2) 1675(5) 906(2) 43(1)
C(10) 8647(2) 1539(5) 861(2) 44(1)
C(11) 7038(2) -669(5) -376(2) 40(1)
C(12) 7162(2) -2930(5) -1522(2) 43(1)
C(13) 6764(2) -3655(5) -2051(2) 41(1)
C(14) 6084(2) -3805(6) -2217(2) 66(1)
C(15) 5757(3) -4513(7) -2724(2) 84(2)
C(16) 6087(3) -5061(6) -3066(2) 68(2)
C(17) 6763(3) -4918(6) -2898(2) 77(2)
C(18) 7101(3) -4228(6) -2397(2) 66(1)
0(2) 5518(2) -1838(4) -1326(2) 68(1)
N(3) 4591(2) -1347(5) -1090(2) 65(1)
C(19) 5191(3) -1989(6) -1013(2) 62(1)
C(20) 4237(3) -1615(7) -690(3) 110(2)
C(21) 4252(3) -390(6) -1570(2) 88(2)
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Table A.11. [Pd(L)(PPhs)] (2) (chapter 5)

Atom X y z U(eq)
Pd(1) 11190(1) 8755(1) 8710(1) 39(1)
P(1) 11157(1) 8216(1) 7092(1) 39(1)
0(1) 13164(3) 8762(2) 9718(3) 52(1)
N(1) 11263(4) 9237(2) 10139(4) 44(1)
N(2) 12431(4) 9333(2) 11008(4) 48(1)
C() 7903(5) 9533(2) 9024(5) 60(1)
C(2) 9097(5) 9334(2) 9130(4) 46(1)
C(3) 9313(5) 8955(2) 8228(4) 41(1)
C(4) 8297(5) 8822(2) 7274(4) 48(1)
C(5) 5998(6) 8884(3) 6148(6) 72(2)
C(6) 4752(6) 9087(3) 6015(7) 79(2)
C(7) 4558(6) 9436(3) 6906(7) 75(2)
C(8) 5560(6) 9574(3) 7866(8) 76(2)
C(9) 6810(5) 9383(2) 8002(5) 55(1)
C(10) 7023(5) 9023(2) 7130(5) 48(1)
C(11) 10213(5) 9470(2) 10136(5) 51(1)
C(12) 13341(5) 9062(2) 10681(4) 45(1)
C(13) 14686(5) 9134(2) 11498(5) 50(1)
C(14) 14922(6) 9371(3) 12654(5) 64(2)
C(15) 16178(7) 9425(3) 13423(7) 82(2)
C(16) 17194(7) 9251(3) 13016(7) 81(2)
C(17) 16927(6) 9029(3) 11836(8) 81(2)
C(18) 15770(5) 8917(3) 11075(5) 61(2)
C(19) 11226(4) 8575(2) 5693(4) 43(1)
C(20) 10800(5) 9074(2) 5540(5) 56(1)
C(21) 10837(6) 9359(3) 4490(7) 76(2)
C(22) 11299(7) 9145(4) 3603(7) 94(3)
C(23) 11730(6) 8655(4) 3743(5) 81(2)
C(24) 11700(6) 8341(3) 4776(5) 65(2)
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Table A.11. Continued

C(25)
C(26)
c(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
Pd(1)
P(1)
O(1)
N(1")
N(2')
C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
c(11)
c(12)
C(13)

9816(5)

9218(6)

8197(7)

7783(7)

8378(7)

9398(6)

12596(5)
13783(6)
14899(6)
14812(8)
13613(9)
12525(7)
11453(1)
11500(1)
9459(3)

11363(4)
10203(4)
14779(5)
13558(5)
13341(5)
14370(5)
16549(7)
17854(6)
18080(7)
17089(6)
15834(6)
15647(5)
12441(6)
9279(5)

7928(5)

7763(2)
7643(2)
7288(3)
7057(3)
7167(2)
7529(2)
7800(2)
8036(2)
7741(3)
7207(3)
6970(3)
7259(3)
6158(1)
6667(1)
6129(2)
5695(2)
5596(2)
5465(2)
5648(2)
5985(2)
6099(2)
6038(2)
5779(3)
5449(3)
5363(3)
5580(2)
5897(2)
5508(2)
5842(2)
5777(2)

6610(5)
5366(6)
5045(7)
5969(8)
7196(8)
7530(6)
7448(5)
7666(6)
7976(8)
8058(9)
7895(11)
7582(9)
10080(1)
11752(1)
9124(3)
8607(4)
7778(4)
9616(5)
9530(5)
10503(5)
11467(4)
12589(5)
12749(7)
11828(8)
10788(7)
10638(6)
11620(6)
8510(5)
8146(4)
7346(5)

48(1)
64(2)
82(2)
83(2)
79(2)
59(1)
48(1)
65(2)
86(2)
100(3)
123(4)
90(2)
41(1)
41(1)
52(1)
47(1)
50(1)
56(1)
51(1)
45(1)
50(1)
68(2)
84(2)
81(2)
69(2)
57(1)
56(1)
53(1)
45(1)
49(1)
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(149

C(15)
C(16)
c(17)
C(18)
C(19)
C(20)
c(21)
C(22)
C(23)
C(24)
C(25)
C(26)
c27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)

7658(6)
6407(7)
5394(7)
5658(6)
6912(6)
11451(4)
11758(5)
11674(7)
11283(6)
11017(8)
11059(6)
10071(5)
10154(7)
9017(8)
7862(8)
7761(7)
8901(6)
12848(5)
13269(6)
14288(7)
14883(7)
14513(7)
13480(6)

5560(2)
5520(3)
5688(3)
5905(3)
5944(2)
6274(2)
5743(2)
5420(3)
5634(4)
6150(5)
6476(3)
7080(2)
7626(2)
7923(3)
7691(3)
7157(3)
6850(3)
7118(2)
7381(2)
7733(2)
7822(3)
7559(3)
7204(2)

6149(5)
5433(7)
5845(7)
7030(7)
7771(6)
13100(4)
13108(5)
14085(6)
15072(5)
15096(6)
14099(5)
11456(5)
11317(9)
11001(13)
10912(12)
10990(8)
11244(6)
12288(5)
11367(6)
11707(8)
12970(9)
13846(7)
13541(5)

68(2)
86(2)
88(2)
80(2)
68(2)
48(1)
54(1)
74(2)
82(2)
98(2)
65(2)
52(1)
92(2)
155(5)
131(4)
86(2)
71(2)
48(1)
61(1)
77(2)
87(2)
81(2)
61(1)
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