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ABSTRACT

Catalysts for the Hydrolysis of Thiophosphate Triesters.
(December 2004)
Alexandre Picot, B.S.; M.S., Université Paul Sabatier at Toulouse, France

Chair of Advisory Committee: Dr. Frangois P. Gabbai

The degradation of phosphate triesters is efficiently catalyzed by organophosphate
hydrolases (OPH). While a number of recent studies have focused on optimizing the
rate of hydrolysis observed with the native enzyme, no dinuclear complexes that mimic
the function of OPH have been reported or investigated. Our present research focuses on
the synthesis of dinuclear metal complexes and on the study of their catalytic abilities.
An important aspect of this research concerns the investigation of the coordination
chemistry of dinuclear ligands designed to hold two metal cations in well defined
positions. The ability of the different complexes to catalyze the degradation of
thiophosphate triester is presented. Out of several complexes studied, ortho-metallated
Pd (I) complexes have been found to display the highest catalytic activity for the

hydrolysis of parathion.
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CHAPTER |

INTRODUCTION AND RESEARCH OBJECTIVES

1.1 Acetylcholine esterase inhibitors: Pesticides and chemical warfare agents.

Organophosphorus pesticides are acetylcholinesterase inhibitors. These species,
which typically consist of phosphate or thiophosphate triester derivatives, were
introduced to replace organochlorine pesticides, and have become widely used in the
agricultural industry around the world."! While most of these pesticides have been
designed to decompose rapidly, their solubility in water facilitates their transport into
rivers’. As a result, these pesticides are often detected in streams and ground waters
across the U.S. with diazinon, malathion, and chloropyrifos as the most abundant.’
According to a recent survey, these pesticides have also been detected in ground water
used for drinking water as well as in air, and rain.* Other important concerns come from
the fact that several water treatment facilities in the U.S. have failed toxicity tests as a
result of organophosphorus pesticides contamination.” With an increasing need for
agricultural products, it can be expected that the amount of organophosphorus pesticides

present in the environment will keep on growing.

World War II witnessed the appearance of organophosphorus nerve agents. These

agents are also acetylcholinesterase inhibitors which have been designed to exhibit a

This dissertation follows the style and format of the Journal of the American Chemical
Society.



higher toxicity toward humans. Some of the most common examples of such agents
include tabun (GA) (1, figure 1), VX (2, figure 1), Sarin (GB) (3, figure 1), soman (GD)
(4, figure 1), which were all mass produced by several countries around the globe.
These agents are phosphonates derivatives,’ and their chemistry present important

parallels. ®’

O O < O O

RS TN [l [l
O-P-CN O-P-§ O-P-F O-b-F

1 2 \ 3 4

Figure 1. Structure of GA, VX, GB, and GD.

In particular, the toxicity of these agents stems from their ability to phosphorylate
the serine residue at the active site of the acetylcholinesterase enzyme (AChE).®® This
phosphorylation is accompanied by a deactivation of the enzyme which is no longer able
to hydrolyze acetylcholine, a neurotransmitter. As a result of these chemical events,

regulation of the acetylcholine concentration is greatly affected and increased amount of



this neurotransmitter are present in the synapses. This triggers motor responses
including spasms which, depending on the nature of the organ affected, can have lethal
consequences. Following the decree of the chemical weapons convention treaty in 1997,
The United States has started to destroy stockpiles of these agents. Despite intense
research during the second half of the last century, the decontamination and
demilitarization of organophosphorus nerve agents is still, unfortunately a critical
problem.'” Moreover, these chemical agents have been used by terrorist groups and
continue to pose a threat to civilian populations. Hence efforts toward the development
of decontamination techniques are fully justified and have become the prime objective of

. 11
diverse research groups.

1.2 General decontamination procedures

Hyprochlorite solution can be used to decontaminate V- and G-agents (figure 2)."?
At low pH, the use of hypochloric acid is efficient for the neutralization reaction of VX,
while under basic pH, 10 moles of active chlorines are actually needed to oxidize 1 mole
of VX. In both mechanisms the hypochlorite anion functions as a nucleophilic catalyst.
In fact, super chlorinated bleach solutions remained the most common general purpose
decontaminants during and after World War II. However, the active chlorines would
rapidly decompose upon storage and large excesses of bleach were needed for the
oxidation of the agents. As these solutions were also corrosive to most surfaces and

ineffective under cold weather, alternative decontamination techniques were developed.
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Figure 2. Detoxification of G- agents and VX with Bleach.

These efforts led to the formulation of a new decontamination solution, namely
DS2, which was developed in 1960."”* DS2 is a polar non aqueous solution able to
dissolve any warfare agents. It is a noncorrosive solution, stable upon storage and active
from -26 °C to 52 °C. This solution in composed of 70% of diethylenetriamine, 28% of
ethylene glycol monomethyl ether and 2% of sodium hydroxide. The reactive
compound in this solution is in fact the conjugated base of ethylene glycol monomethyl
which vigorously reacts with organophosphonate chemical warfare agents (figure 3).
This reaction leads to the formation of a non-toxic phosphonate diester bearing a
monomethyl ethylene glycoxy group and which further reacts with hydroxide ions to

form the corresponding phosphonate monoesters.'* While DS2 has shown to be a



powerful decontaminant agent, it remains armful toward paints, plastic, rubber and

leather materials, and more importantly it is corrosive to skin.

o o
I ] I !
R-OPR o R'—O-1|3—O/\/0\ +R
I
R'—cylfl’_ o O +OH —— popo >N + R_CHILOH

Figure 3. Detoxification of G- agents with DS2.

Earliest decontaminant used on skin remained bleach on dry form for half a century.
During the 60s, the soviet army discovered a new personal decontamination kit which
was believed to be very efficient against both VX and G- agents. This kit contained a

solution of chloramines-B (PhS(O),)NCINa and was effective against VX agent.



1.3 o-lodocarboxylates

Heterocyclic iodanes, such as o-iodosylcarboxylates (5, figure 4) and o-
iodylcarboxylates (6, figure 4), contain hypervalent iodine and oxygen incorporated in a
five membered ring fused to a phenylene ring. These molecules, as well as their
chemical reactivity, have been the subject of several reviews.”” In 1983, the respective
conjugate bases of 5 and 6, IBA (7, figure 4) and IBX (8, figure 4) were discovered to be
an effective nucleophiles for the cleavage of chemical warfare simulants such as p-
nitrophenyl diphenyl phosphate (PNPDPP) in aqueous micellar media (figure 4).'"°
These compounds are in fact supernucleophiles. Owing to the presence of a lone pair in
a from the nucleophilic center, these derivtiaves display an enhanced reactivity when
compared with other nucleophile of similar basicity and are often referred to as
supernucleophiles. Because of their relatively low pKa, these species exist in their

deprotonated nucleophilic form even at low pH’s.
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Figure 4. Structure and reactivity of various Heterocyclic iodanes with PNPDPP.

Following this discovery, a large variety of iodine carboxylates were synthesized
and tested.'” Data derived from X-ray structurural studies and computational studies
show a highly distorted five-membered ring with approximately T-shaped geometry at
iodine. It appeared that IBA, the most reactive nucleophile toward PNPDPP, had the
shortest endocyclic I-O bond and the largest electron density on its exocyclic oxygen.'®
In the same way, the stability of these iodosyl derivatives in aqueous solution is directly
linked to the stability of the endocyclic I-O bond. Thus, IBA is one of the most stable
and reactive oxygen nucleophile. Various analogues of IBA, such as INA (9, figure 5)

and other compounds (10, 11, figure 5) have also been synthesized.'”” It appeared also



that 9 is 4 times more reactive than IBA. As the typical reaction is done in presence of
surfactants, the significant rate enhancement was explained by the additional aromatic
ring which increases the hydrophobicity and binding to micellar system where the
reaction occurs. 10 and 11 show an even greater nucleophilic reactivity. This was
suggested by the additional steric interaction between the 8-peri-H atoms and the
adjacent oxygen (10) and carbonyl (11) which where relieved by a shortened endocyclic

I-O bond leading to an enhanced negative charge and nucleophilicity at the O".

H I-0 H Q
O (@) —O
e O o
I
O
®] 10 11

Figure 5. Structure of INA and various analogues.

Reactivity in association with surfactants has been thoroughly studied during the
past decades.” Tt is now widely accepted that the rate enhancements observed in such

media are largely the result of increased concentrations of reactants in the small



interfacial volumes in which the reactions are believed to occur. This theory can be fully
revealed if the concentration of the reactants is kept constant, and the surfactant

concentration gradually increased (figure 6).*!
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[CTACI, M
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Figure 6. Cleavage of 10°M parathion by 10* M IBA (m) or INA (o) as a function of

cetyltrimethylammonium chloride (CTACI) (M) at pH 8.0 and 25°C.
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The rate constant versus cationic surfactant goes through a maximum which is the
balance point between the positive addition of reactive interfacial volumes and the

negative dilution of the nucleophile.

Finally, the incorporation of heterocyclic iodanes in cationic surfactants, such as the
duplex-IBA catalyst (12, figure 7), and solid supports, such as the silica-bound IBA (13,
figure 7),> permitted another catalytic enhancement of the nucleophilic cleavage of
PNPDPP by a further increase of the local concentration of the nucleophilic iodane

moities at the micellar interface where the reaction occurs.

1 si_
O -
R / SI_O_SIV\/NFV
| O
I A s—©
ol A
12 13

Figure 7. Structure of duplex-IBA and silica-bound IBA.
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1.4 Related nucleophiles
1.4.1 a effect nucleophiles

Other supernucleophiles have also been successfully used as nucleophilic catalysts
for the hydrolysis of organophosphorus esters. Just like iodine carboxylates, PNPDPP
hydrolysis is also largely enhanced by the addition of oximate anions such as
benzaldoximes (14, figure 8) and pyridinealdoxime (15, figure 8) in presence of the
cationic surfactants (CTACL).> These oximes posses a rather high pKa (9-12) which
leads to a poor catalytic activity at neutral or slightly basic pH. However, pyridinium-
oxime derivatives, such as 2-PAM (16, figure 8) show an effective enhancement of their
catalytic activities at a lower pKa.”* The incorporation of amphiphilic oximes in cationic
surfactants (17, figure 8) also lead to the efficient phosphorylic cleavage of PNPDPP

with high turnover.*

N
> ® ® Bl on
| | +1|\] | n-CigHs3" '\ N
N\OH N\OH

Non
14 15 16 17

Figure 8. Structure of various oximes.
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Peroxyanions such as monoperoxyphthalate (18, figure 9) and hydroperoxide also
display an enhanced nucleophilic reactivity compared to other nucleophiles with the
same basicity due to a effect (increase nucleophilicity provoked by the proximity of an
unshared pair of electrons on an atom adjacent to the nucleophilic site). The
dephosphorylation of PNPDPP,?® and more importantly of VX,*” with HO, in cationic
micelles displayed a very good reactivity. As the pKa of H,O, is greater than 11, the use
of this nucleophile requires extreme conditions. Monoperoxyphthalate (pKa = 8),
however, has shown a slower reactivity in cationic micelles for the hydrolysis of

PNPDPP as well as paraoxon (19, figure 9) and parathion (20, figure 9).%%

1.4.2 Alkoxydes

Nucleophilic cleavage of PNPDPP by simple nucleophiles such as alkoxides is also
effective.”’ The larger problem to overcome is the use of strongly basic non aqueous
solvents as the pKa of these alcohols are usually as high as 15. However, surfactants
with long alkyl chain terminated by hydroxyethylammonium (21, 22, figure 9) with

polyols as cosolvents were shown to efficiently cleave PNPDPP under mild conditions.*
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Figure 9. Structure of 18-22.

1.5 Enzyme catalyzed hydrolysis and mechanisms

Approximately 30 years ago, two types of enzymes were found to be capable of the
catalytic hydrolysis of organophosphotriesters. These bacterial phosphotriesterases
(PTE) isolated from, Pseudomonas diminuta and Flavobacterium have the ability to
hydrolyse a broad range of organophosphate pesticides and warfare agents with
extremely high turnover.’' In fact, organophosphorus warfare agent tolerance is directly
correlated to the concentration levels of PTE that can be found in various organisms.
For example, mammals, with high level of PTE, are more tolerant to organophosphorus

acetylcholine inhibitors than birds and insect lacking PTE.*
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During the past decade the organophosphorus hydrolase (OPH), from Pseudomonas
diminuta, has received much attention.”> More specifically, it is able to hydrolyse most
warfare agents including 2, 3, 4, 19, and 20. OPH is also the only known enzyme able to
hydrolyse thiophosphorus esters at a significant rate.”* The native enzyme is known to
be composed of a zinc subunit. X-ray analyses of OPH were initiated in 1994 with the
first unintentional crystal structure of the Cd (II) substituted enzyme.3 > Indeed, it was
immediately obvious, contrary to previous reports,*® that the active site was a dinuclear
Cd (II) moiety containing a bridging hydroxide. With the molecular model of the Cd (II)
substituted OPH, the next achievement was the growth of crystals of the active Zn
(I1)/Zn (IT) enzyme (figure 10).>” As shown by a crystal structure, this enzyme possesses
a deeply buried and unsymmetrical dinuclear active site in which the two metals are
bridged by a carbamylated lysine as well as a hydroxide. One of the zinc centers
coordinates to two histidines as well as an aspartic acid and features a more hindered
coordination sphere, while the other coordinates to the two other histidines and a
solvated hydroxide. The metal centers are separated by 3.3 A and the metal ligand bond

distances range from 1.9 to 2.3 A,
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Figure 10. Representation of the binuclear Zn**/Zn*" metal center at the active site of

OPH.

The native enzyme remains highly active in the hydrolysis of 19 after substitution
of one or both Zn (II) by Cd (II), Mn (II), Ni (II), or Co (II). Interestingly, the dicobalt
(IT) substituted enzyme revealed to be the most efficient.®® The mechanism of action of
OPH is not fully understood and the precise role of the two divalent cations in the
catalytic process has been investigated.”” The mechanism for the enzymatic hydrolysis
of 19 can be viewed as proceeding by three possible routes (figure 11). In the first

mechanism, a nucleophilic attack occurs at the C-1 of the aromatic ring (A, figure 11).
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Eventhough this mechanism appears to be less likely to happen, the removal of the

intermediate stabilizing NO, substituent diminished the overall reactivity by 5 orders of

magnitude.

"OH

O

Figure 11. Cartoon of the possible enzymatic hydrolysis mechanisms.
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The other two mechanisms can be described by a S,2 mechanism in which the water
molecule attacks the phosphoryl center and displaces the leaving group. The second
mechanism proposes the attack of a side chain of the protein, followed by another S,2 by
water at the phosphorus regenerating the free enzyme (B, figure 11). This overall

mechanism results in a retention of configuration at the phosphorus.

The third mechanism involves a single displacement by a hydroxide molecule at the
phosphorus yielding the phosphoric acid product in a single step with an inversion of
configuration at the phosphorus center (C, figure 11). As OPH hydrolytically cleaves
the insecticides (S)-EPN (23) to produce (S)-O-ethyl phenylphosphonothioic acid (24)
with inversion of configuration, the later single S,2 mechanism C was strongly

suggested.”

The replacement of any of the donating histidines leads to a dramatic 400-5000 fold
drop in organophosphorus triester hydrolysis, showing the importance of the use of both
metal center in the catalytic cycle.* On the basis of these studies, two mechanisms have
been proposed involving either an intramolecular nucleophilic attack of the bridged
hydroxide onto the phosphorus center (D, figure 12), or the nucleophilic attack of a

solvated hydroxide to the organophosphorus bridging adduct (E, figure 12).
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Figure 12. Proposed mechanisms for the hydrolysis of warfare agents at the active site

of OPH.

At this time, there is only few example of bidentate coordination of

- 1
142 while there are numerous example of n'-

organophosphorus triester to metal centers,
coordinated phosphate triester. Diisopropylmethyl-phosphonate was found to coordinate

to a single Zn metal center of OPH.*

1.6 Organometallic catalysis and mechanisms

Hydrolysis of organophosphorus triesters has also been achieved using “green”
catalysts such as transition metal cations and their complexes.** Much of the interest
was generated by the efficient use of Cu (II) cation for the degradation of the G- agent

stimulant diisopropyl phosphorofluoridate (23, figure 13) and the hydrolysis of
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thiophosphoester such as 19.*° Other early available examples indicated that the divalent
Hg (II) cation constituted as well a rather potent candidate accelerating the hydrolysis

rate of 19 by a magnitude of 2 to 3.%

The use of lanthanide metal cation Ln (III) has
also been investigated. As the stability of highly charged metal cations in aqueous media
is always a concern, macrocyclic (25, figure 14)*" and cryptate (26, figure 14)*
lanthanides were prepared and tested with effective turnover for the hydrolytic

decomposition of 2,4-dinitrophenyl diethyl phosphate (24, figure 13) and PNPDPP

respectively.

— 1 it
O-P-F O-P-Q NO,
\(O rO
NO,
23 24

Figure 13. Structure of diisopropyl phosphorofluoridate and 2,4-dinitrophenyl diethyl

phosphate.
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Coordination complexes have also proved to be active. Early reports of Martell and

others revealed that Cu (II) diamine complexes (27, figure 14) catalyzed the hydrolysis

of Sarin (3) and the isopropyl derivative 23124

Q@
(X 'S
[ \\Lﬁ/ ( L3t N /_\N/\
N3 N O N /Ndlz+
| | f ~— Vo
o HLO O,
__/
25 26 27

Figure 14. Structure of related lanthanides and Cu (II) diamine complexes.

Reactivity of transition metal complexes in micelles has also been thoroughly
studied in the past two decades. The earliest work was done by Breslow with the
synthesis of a zinc complex of a tetraaza macrocycle (28, figure 15) with a pendant long
alkyl chain.® The metallomicelle was able to catalyse the hydrolysis of PNPDPP.
Another significant advance was achieved with the introduction of a Cu (II)

metallomicelle (29, figure 15).”' This molecule derives from the earlier work done by
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Martell in the early 60s. It appeared that this long chain Cu (II) complex displayed an
even greater reactivity for the cleavage of PNPDPP. Other examples of Cu (II)
metallomicellar systems (30, figure 15) were also studied and compared to non micellar
analogues.”” For instance, the analysis of the rate of cleavage of PNPDPP and paraoxon

by 30 revealed an increase in reactivity for the metallomicellar complex.

= =
| T\ |
Ciblss Cietlas\ ¢ s
NN el SN CuPNC
NH OH,
28 29 30 (R: CH3, C16H33)

Figure 15. Structure of related Zinc (II) and Cu (IT) complexes.

New classes of coordination complexes have also been investigated. Complexes of
Rh (IID), Ir (II),and Mo (IV) also demonstrate a good reactivity.**> Interestingly, the
use of the water soluble molybdenum metallocene catalyst provided the first example of
a nucleophilic attack at the C-1 of the aromatic ring (mechanism A, figure 11).

Furthermore, labelling studies using 20 proved that the nucleophilic attack occurs at the
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a-carbon of the organothiophosphate and not at the phosphorus center. It is also
important to note that several minerals including alumina, titania, goethite and clays can

surface catalyse the hydrolysis of thiophosphate triesters.

Another interesting nonmicellar approach to nucleophilic decomposition of
organophosphorus triesters employs the group 8 metal complexes (31, 32, figure 16).
Recently, Ryabov et all introduced Pd (II) and Pt (II) orthometalated aryl oxime
complexes ([MCI{C,N-(CqH,C(CH;)=NOH)-2}(L)], M = Pd or Pt, L = DMSO or
pyridine) for the cleavage of thiophosphate triesters.”® It could be argued that palladium
and platinum are too soft Lewis acids, and that the square-planar configuration of the
metal centers which has never been reported in the enzymatic system is less likely to
demonstrate any decent catalytic activity. Nevertheless, Pd and Pt electrophilicity
coupled to the nucleophilicity of the coordinated oximate anion, provided an outstanding
reactivity toward thiophosphate triester hydrolysis such as 20 at pH 8.5. Although no
reaction intermediates have been isolated, it has been proposed that the activity of such
catalysts results from the coordination of parathion at the metal center followed by an

intramolecular nucleophilic attack by the neighboring oximate (figure 17).
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Figure 16. Structure of related Pd (II) and Pt(II) orthometalated aryl oximes.

With a catalytic amount of the Pt (II) complex, first-order kinetic hydrolysis of 20
follows. The k; were also measured for all of the above catalysts and compared to the
hydroxide catalyzed hydrolysis. It appeared that the catalytic activity of the Pd (II) and
Pt (I) complexes at a concentration as low as 10 M revealed an activity 10°-10” times
higher than the hydroxide, representing by far the most efficient biomimetic system ever

encountered.

The proposed mechanism of the hydrolysis is depicted in F (figure 17). Initial
coordination to the metal activates the thioester toward intramolecular nucleophilic
attack of the oximate to the phosphorus center, providing rate enhancement of 10° fold
over the hydroxide catalyzed reaction at pH 8. Moreover, rapid decomposition of the
phosphorylated oxime intermediate must account for the observed turnover. In such

mechanism the role of Pd (II) and Pt (II) is double. Not only they increase the positive
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charge on the phosphorus, but the added coordination to the oxime lowers its pK,

enhancing their nucleophilicity at neutral pH.

| | |

X—M—N X—M—NL X—M—N.
| O | O | ~O
RO’}

O\©\ OR
NO,

- HOPS(OR),

Figure 17. Proposed mechanisms for the hydrolysis of parathion with Pd (IT) and Pt (II)

complexes.

1.7 Objectives

As the lack of current “green” decontamination process still remains, recent
researches have been focused on the study of a large variety of methods for the

degradation of these compounds. Significant advances have been made with the use of
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organic nucleophiles. Many iodosylcarboxylate derivatives have been prepared and
shown interesting catalytic properties for the hydrolysis of G- type agents. However,
these compounds are not active in the hydrolysis of V type agents as well as

thiophosphorus esters.

As of today, OPH remains the most active catalyst for the hydrolysis of
organophosphorus triesters remain the most efficient catalysts. Although, a large variety
of G- type warfare agents as well as V-types are efficiently decomposed by OPH, the
mass production of the enzyme remains a struggling problem. The active site has been
shown to consist of a unique binuclear metal center delivering a hydroxide for a S,2

attack onto the phosphorus center.

Many research groups have also investigated a broad range of mononuclear
coordination and organometallics complexes as catalysts. These catalysts have been
shown to be highly efficient for the hydrolysis of the G- type agents. Furthermore, as
the molecular weight of these synthetic catalysts is very low compared to OPH, their
production remains very competitive even if used at higher loading. However, these
complexes have shown a lesser affinity for the cleavage of harder oxygen donor
pesticides compared to the thiono derivatives. Also, no synthetic complexes have been
proven suitable for the catalytic decontamination of the V- type nerve agents. Finally, it
is important to note that so far, very few dinuclear complexes that would mimic the OPH

. . . . 55
active site have been investigated.
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Based on the above, it has become the objective of this work to attempt the
preparation of dinuclear complexes that mimic the active site of PTE. In order to

progress toward this goal, the following tasks have been identified:

To synthesize chiral dinucleating ligands with pyridazine as a central core.

To synthesize dinucleating ligands with 1,4-(iminomethyl)benzene as central core.

To study the ligative behavior of the ligands toward various metal cations.

To study the interaction of the dinuclear metal complexes with phosphorus triesters.

To test the catalytic activity of the complexes in organophosphate ester hydrolysis.
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CHAPTER I

EXPERIMENTAL PROCEDURES

2.1 General considerations

Methylparathion is highly toxic and should be handled in a well-ventilated fume
hood. All glassware exposed to methylparathion should be decontaminated with bleach.
All anhydrous reactions were carried out under nitrogen atmosphere in oven-dried (130
°C) glassware by using Schlenk and glovebox techniques unless noted otherwise. The
nitrogen source was passed over P,Os immediately prior to entering any glassware. For
the handling and the use or synthesis of air-sensitive compounds, solvents and deuterated
solvents were freshly distilled prior to use. Tetrahydrofuran (THF) was freshly distilled
over NA/K amalgam. Acetonitrile (MeCN), chlorophorm (CHCI;) dichloromethane
(CH,Cl,), diethylether (Et,0), hexane, pentane, pyridine, and triethylamine (TEA) were
distilled from calcium hydride (CaH,) prior to use. Benzene (PhH), and toluene (PhMe)
over K. Methanol, Ethanol, and Ethyl acetate were used without purification. The
methylparathion solution was provided by A/S CHEMINOVA, LEMVIG, DK-7620,
Denmark as a gift. 2 were freshly prepared using literature protocols. 3,6-
distyrylpyridazine, O-TBDMS-(1R,2S5)-(-)-norephedrine, O-TBDMS-(1R,25)-(-)-
norephedrine, 3,6-pyridazinedicarboxaldehyde, O-benzyl-(1R,2S)-(-)-norephedrine, 2,3-
dimethoxy-benzene-1,4-dicarbaldehyse derivatives, (1R,2S) (-)-2-(N-norephedrinyl-

methyl)pyridine, (1S-2R)-1-[(pyridin-2-ylmethyl)-amino]-indan-2-ol, [2-(2-pyridyl)-
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phenyl-C,N]palladium(II) acetate was prepared following the published synthesis.’
Other chemicals were commercially available and were purchased from Aldrich, or

VWR and used without purification.

2.2 Spectroscopy

Reactions were followed by thin layer chromatography (TLC) on EMD chemicals
silica gel 60 and aluminum oxide 60 F,s4 (250 um thick). TLC's were visualized with a
UV lamp and stained using vanillin. Purifications of compounds were carried out by
flash chromatography using Natland silica gel (100-230 mesh). All NMR studies were
carried out on an Inova 300 and 500 MHz NMR spectrometer (300 and 500 MHz for 'H,
100.5 and 125.7 MHz for "°C, 121.4 MHz for *'P NMR). 85% H3PO, was used as an
external standard for the solution *'P NMR spectra. The proton and carbon signals of
the deuterated solvent were used as internal standard for the "H and '*C NMR spectra,
respectively. Solvents are indicated for each compound. "H NMR coupling constants
(J) are reported on Hertz (Hz) and multiplicity is abbreviated as follows: app = apparent,
s = singlet, d = doublet, dd = doublet of doublets, t = triplet, q = quartet, m = multiplet,
br = broad signal. IR spectra were acquired using an ATI Mattson genesis series
spectrometer in the solvent indicated. Vibration frequencies are expressed in cm™.
Elemental analyses were performed by Atlantic Microlab Inc. at Norcross, GA 30091.
Melting points were measured on a Laboratory Devices Mel-Temp apparatus and were

not corrected. All UV/Vis absorption spectra and spectrophotometric measurements



29

were recorded on a JASCO V530 UV/Vis spectrometer equipped with an automatic cell
changer. Single-crystal X-ray analysis for 2 was collected on a bruker SMART-CCD
diffractometer using graphite-monochromated Mo Ko radiation (=0.710 73 A).
Specimen of suitable size and quality was selected and mounted onto a glass fiber with
Apiezon grease. The structure was solved by direct methods, which successfully located
most of the non-hydrogen atoms. Subsequent refinement on F* using the SHELXTL/PC

package (version 5.1) allowed location of the remaining non-hydrogen atoms.
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CHAPTER I

LIGAND DESIGN

3.1 Introduction

Inspired by the role of dinuclear metalloenzymes in several biological processes,
recent developments in the area of Lewis acid catalysis have been concerned with the
study of bifunctional catalysts that mimic the functions of these enzymes.”’ An
impressive collection of dinuclear complexes has been prepared and their catalytic
properties tes‘[(=,d.58,59,60,61,62,63,64,65 While dinuclear metalloenzymes fulfill diverse
functions,’® a large proportion of the biomimetic studies focus on hydrolase catalysts
similar to those encountered in phosphoesterase.’” Structural analyses supported by

kinetic studies indicate that the catalytic properties of these complexes result from

synergistic effects that occur at the proximal metal centers of these derivatives.

The knowledge gathered from these studies has served to fuel a growing number of
investigations in the field of organic reaction catalysis. A large majority of the
complexes investigated so far utilize main group elements or early transition metals at
the active site of the catalyst. The group of Maruoka has been especially industrious in
this area and has described a series of achiral complexes that utilize 1,8-
biphenylenedioxy and 1,8-anthraquinonedioxy ligands in combination with hard metal
cations such as aluminum (III) and titanium (IV) (33, 34, figure 18).°® These complexes

are effective catalysts in a number of reactions that involve carbonyl substrates such as
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the Mukayama aldol condensation. Supported by NMR studies, the activity of these
catalysts has been proposed to result from the double coordination of the carbonyl
oxygen atom of the substrate to the two juxtaposed metallic centers.”’ This proposal,
which remains largely unsupported and lends itself to some debate, has been advanced to
rationalize the higher reaction rate observed when bifunctional rather than
monofunctional catalysts are used. Parallel studies carried out on thiocarbonyl
derivatives by Hawthorne suggest that analogous phenomena occur with mercury-based
polyfunctional Lewis acid catalysts (35, figure 18).°" While these studies are likely to
shine some light on the mechanisms that are at play in bifunctional Lewis acid catalysis,
the absence of chirality in the complexes will undoubtedly limit the scope of their use. It
is therefore logical that a number of chiral dinuclear complexes have now been

investigated for the asymmetric inductions of organic reactions.

R, R . .
hd R (PrO), Ti i (OPr,
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33 34 35

Figure 18: Maruoka, and Hawthorne’s catalysts.
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A series of catalysts that utilize the 1,1’-(S)-binaphthol ligands to bridge two metal
centers (36, 37, figure 19) have been described by the group of Shibasaki who observed
unusually high enantiomeric excesses in various reactions including Michael addition
and nitro-aldol condensation.”” The results have been rationalized in terms of a
mechanism that involves the activation of the electrophilic substrate at one metal center
while the remaining metal center coordinates and transfers the nucleophile. Such
phenomena present direct analogies with mechanisms independently proposed by Corey

. . 58,71
and Noyori earlier on.”®’

More recently, catalysts that function on the basis of the same
principles have been reported by Trost who demonstrated the use of chiral dinuclear zinc
catalysts of type 38 for enantioselective aldol reactions (figure 19).”* One of the clearest
examples for the occurrence of two-center catalysis has been obtained by the group of
Jacobsen who carry out a study on flexible dinculear Schiff base Cr(IIl) complexes 39 as
catalysts for the ring opening reactions of epoxides (figure 19).”” In particular,

compelling kinetic evidence has been obtained for the cooperation of the two metal

centers in the reaction of oxiranes with various nucleophiles including water and azide.



33

Drawing depicting the activation
of a carbonyl and cooordination
of the nucleophile at neighboring
site.

N I\l N
O/ N O O/ | N
Ny n Ny
38 39

Figure 19: Shibasaki, Trost, and Jacobsen’s catalysts.

It occurred to us that, while fairly elaborated structures had been considered, chiral
versions of well studied dinuclear complexes have not been systematically investigated.
For example, despite the widespread use of 3,6-substituted pyridazine ligands in the

chemistry of dinuclear metal complexes,”* only on one occasion has the preparation of a
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chiral example of such a ligand been reported (40, figure 20).” Thus, it became the

objective of this work to prepare chiral dinucleating ligands derived from structurally

simple motifs and investigate the scope of their utility in phosphonate triester hydrolysis.

Figure 20: Pfaltz’s binuclear ligand design.

3.2 Dinuclear pyridazine based ligands

3.2.1 Ligands derived from 3,6-dihydroxymethylpyridazine

In order to insure the monomeric nature of the transition metal complexes, the
preparation of ligands able to present at least three basic sites to each metal center should
be prepared. For this reason, the introduction of aminoalcohol pendant arms at the

methyl positions of a 3,6-dimethylpyridazine was selected as a synthetic target. As part
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of this work, we revisited the synthesis of 3,6-bis(hydroxymethyl)pyridazine (41, figure
21) which had been previously prepared in less than 25% yield starting from 2,5-
bis(hydroxymethyl)furan.”®  Ozone was bubbled through a solution of 3,6-
distyrylpyridazine at -78°C in methanol until the blue color of ozone appeared. Excess
of ozone was then removed by degassing, and an excess of sodium borohydride (3
equivalents) was added. The reaction mixture was warmed to ambient temperature

allowing the isolation of 41 as a white powder in 75% yield after chromatography.

-78°Cto 25°C

41

Figure 21. Synthesis of 3,6-di(hydroxymethyl)pyridazine.
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In the course of this work, single crystals of distyrylpyridazine and 41 were isolated
and subjected to X-ray crystallographic measurements (figure 22). Molecules of
distyrylpyridazine crystallize in the triclinic space group P2(;/c with one molecule per
unit cell (table on page 67). The bond angles and bond lengths observed in the structure
of the pyridazine core resemble those previously reported for related molecules such as
the 3,6-dicarboxylic-pyridazine acid.”” There are no unusual bond lengths and angles in
the styryl pendant arms that flank each side of the pyridazine ring. Compound 41
crystallizes in the orthorhombic space group Pca2(;y with one molecule per unit cell
(table on page 67). The bond angles and bond lengths observed in the structure of the
pyridazine core resemble those previously reported for related molecules such as the 3,6-

dicarboxylic-pyridazine acid.”™

Figure 22. ORTEP view of 3,6-distyrylpyridazine and 41 (50% ellipsoids).
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Figure 22. Continued.

Compound 41 was treated with p-toluenesulfonyl chloride in a THF/H,O/NaOH
mixture to afford the bistosylate 3,6-di(hydroxymethyl)pyridine di-p-tosylate (42, figure
23). Following flash chromatography purification and rapid evaporation of the solvent,
42 was isolated as white needles in 85 % yield. Compound 42 is stable when stored as a

solid at -20°C but slowly decompose at room temperature.

— TsCl, NaOH —
\ /) \ /
HO N-N OH Hzo, TI_IF, 650C 2hr TsO N-N OTs
41 42

Figure 23. Synthesis of 3,6-di(hydroxymethyl)pyridazine di-p-tosylate.
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In order to test the potential of compound 42 to serve as a starting material for the
synthesis of dinucleating ligands, its reaction with (1R, 2R, 3R, 5S)-(-)-
isopinocampheylamine (43, figure 24) in MeCN in presence of Na,CO; was first
investigated. = After refluxing for two hours, this reaction afforded 3,6-di[-N-
(1R,2R,3R,55)-(-)-isopinocampheylaminomethyl]pyridazine (44, figure 24) which was

purified by flash chromatography using CH,Cl»/10% MeOH as the eluent.

7 N\

TsO NN OTs
MeCN, Na,COy

O,
o H2N><z>< 82°C, 2Hrs

AL N@<

Figure 24. 3,6-di[-N-(1R,2R,3R,5S)-(-)-isopinocampheylaminomethyl]-pyridazine.

Compound 42 reacts also with two equivalent of (1R-2S)-norephedrine (45, figure
25) in the presence of  Na,COs; to afford 3,6-di[N-(1R-2S)-
norephedrinylmethyl|pyridazine (46, figure 25) in 88 % yield after recrystallization from

acetonitrile. It is important to note that this substitution reaction is regioselective and
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that no O-substituted products or oligomers could be observed in the reaction mixture.
In a similar fashion, 42 reacts with (1S-2R)-1-amino-2-indanol (47, figure 25) to afford
3,6-di[-N-(1R-2S)-1-amino-2-indanolylmethyl]-pyridazine (48, figure 25) in 76 % yield.
As in the case of 44 and 46, the identity of 48 has been characterized by EA, '"H NMR,

3C NMR and FAB mass spectrometry.

7\
TsO NN OIs
45 NIQ NH HN 47
3) 2)
-
OH 1\/IeCN,Na2®3 HO
82°C, 2Hrs
Me, [ Me ~
—NH NN HN “NH NN HN
Ph"( Ph >
OH HO OH HO
46 48

Figure 25. Synthesis of 3,6-di[N-(1R-2S)-norephedrinylmethyl]pyridazine and 3,6-di[-

N-(1R-2S)-1-amino-2-indanolylmethyl]pyridazine.
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Slow cooling of an ethanol solution of 48 leads to the formation of single crystals
that were subjected to X-ray analysis. Compound 48 crystallizes in the orthorhombic
space group P2(;y2(1)2 (table on page 68) with two molecules per unit cells (figure 26).
Examination of the structure confirms the proposed connectivity and in particular, the N-
attachment of the I-amino-2-indanolyl group. Molecules of 48 have a
crystallographically imposed C, symmetry. The bond angles and bond lengths observed
in the structure of the pyridazine core of 48 resemble those previously reported for
related molecules such as 417* or 3,6-dicarboxylic-pyridazine acid.”® There are no
unusual bond lengths and angles in the amino-indanol moieties that flank each side of

the pyridazine ring.

Figure 26. ORTEP view of 48 in the crystal (50% ellipsoids).
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In order to generalize the synthesis of such dinucleating ligands, the reactions of 42
with various aminoalcohol reagents were investigated. These investigations lead to the
observation that 42 reacts smoothly with O-TBDMS-(1R,2S)-(-)-norephedrine (49,
figure 27), O-TBDMS-(1R,2S)-(-)-norephedrine (50, figure 27 ), (1R,2S5)-(-)-ephedrine
(51, figure 27), and L-alanine methyl ester (52, figure 27), respectively, to afford a
variety of C, symmetrical dinucleating ligands in high yield (53-56, figure 27). All of
these derivatives have been characterized by EA, 'H NMR, *C NMR and FAB mass
spectrometry. Furthermore, molecules of 55 have a crystallographically imposed C
symmetry (figure 28) (table on page 68). The bond angles and bond lengths observed in
the structure of the pyridazine core resemble the bis(hydroxymethyl)pyridazine and
those previously reported for related molecules such as 3,6-dicarboxylic-pyridazine
acid.”® Finally, there are no unusual bond lengths and angles in the ephedrine moieties

that flank each side of the pyridazine ring.
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Figure 27. Reaction of 3,6-di(hydroxymethyl)pyridazine di-p-tosylate with various

amino-alcohols in MeCN/Na,CO;

Figure 28. ORTEP view of 55 in the crystal (50% ellipsoids).
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Compound 42 reacts also with bulky secondary amines such as 2-[N-
(1R,2R,3R,55)-(-)-isopinocampheylaminomethyl]pyridine (57, figure 29) leading to the

formation of 58 (figure 29) also in high yield.

ﬁﬂ_\
TSO NN OTS +2 --|NH MCNNaz(D_; |N NN N—®<
N 82°C, 2Hirs 2
57 . | S~ I S 58

Figure 29. Reaction of 3,6-di(hydroxymethyl)pyridazine di-p-tosylate with 2-[N-

(1R,2R,3R,55)-(-)-isopinocampheylaminomethyl]pyridine.

3.2.2 Dinuclear bis Schiff base ligands

In parallel to the investigations described in the above section, the preparation of
Schiff base ligands by condensation reactions of various aminoalcohols with 3,6-
pyridazinedicarboxaldehyde” (59, figure 30) has also been investigated. The reaction of
59 with 45 proceeded at 65°C in methanol to afford after work-up a low yield of the C,

symmetrical  dinucleating  ligand  ((1R,2S5)-(2-hydroxy-1-methyl-2-phenylethyl)-
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aminomethylene)-pyridazine (60, figure 30) which could be recrystallized from acetone
as colorless crystals suitable for X-ray analysis (figure 31). Molecules of 60 crystallizes
in the orthorhombic space group P2(1)2(1y2(1) with one molecule per unit cell (table on
page 69). The bond angles and bond lengths observed in the structure of the pyridazine
core resemble those previously reported for related molecules such as 41 or 3,6-
dicarboxylic-pyridazine acid.”® Compound 60 has also been characterized by 'H, "*C
NMR and FAB mass spectrometry. Efforts to use 60 as a ligand for metal cations were
frustrated by the sensitive nature of the compound,* as compound 60 is in equilibrium

and rapidly isomerize leading to the formation of 61 (figure 32).

/ A\ HO NH,

e WM@

65°C, 1Hrs
59

Figure 30. Synthesis of ((1R,25)-(2-hydroxy-1-methyl-2-phenylethyl)-

aminomethylene)pyridazine.
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Figure 31. ORTEP view of 60 in the crystal (50% ellipsoids).

MeﬁﬂﬂMe ol
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Figure 32. ((1R,2S)-(2-hydroxy-1-methyl-2-phenylethyl)-aminomethylene)pyridazine

isomer equilibrium.

A similar reaction with 59 and (1S-2R)-1-amino-2-indanol (47) was attempted to

afford after chromatography high yield of the bis(oxazolidine) derivative 62 (figure 33)
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which is a structural isomer of the desired product 63 (figure 33). 62 was recrystallized
from acetone as colorless crystals suitable for X-ray analysis (figure 34). Molecules of
62 crystallizes in the triclinic space group P/ (table on page 69). The bond angles and
bond lengths observed in the structure of the pyridazine core resemble those previously
reported for related molecules such as 417 or 3,6-dicarboxylic-pyridazine acid.”® After

completion of the X-ray, compound 62 was not characterized further.

fﬂ_\\ MeOH
O NN O *+2 N

HO

65°C, 1Hrs

Figure 33. Synthesis of 62.
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Figure 34. ORTEP view of 62 in the crystal (50% ellipsoids).

In order to avoid the formation of oxazolidine derivatives, protection of the alcohol
functionality was investigated. Following typical literature procedure,*'** the O-benzyl-
(1R,25)-(-)-norephedrine (64, figure 35) was obtained. Treatment of two equivalents of
64 with 59 in methanol at 65°C afforded a new C, symmetrical dinucleating ligand,
namely ((1R,25)-(2-O-benzylhydroxy-1-methyl-2-phenylethyl)-aminomethylene)-
pyridazine (65, figure 35) in 70% yield. Compound 65 was purified by chromatography
and fully characterized. Single crystals suitable for an X-ray analysis were obtained
from methanol (figure 36). Compound 65 crystallizes in the orthorhombic space group
P21y with two molecules per unit cell (table on page 70). The bond angles and bond
lengths observed in the structure of the pyridazine core of 65 resemble the

bis(hydroxymethyl)pyridazine and those previously reported for related molecules such
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as 3,6-dicarboxylic-pyridazine acid.”® There are no unusual bond lengths and angles in

the benzylated norephedrine moieties that flank each side of the pyridazine ring.

/\ BenQ_ N, Me/—ﬂ—\

N/ NN \N"'Nb
3 N‘N 0 dee C ?< <~ C
65°C, 2Hrs OBen BenO

70%

65

Figure 35. Synthesis of ((1R,2S)-(2-O-benzylhydroxy-1-methyl-2-phenylethyl)-

aminomethylene)pyridazine.

Figure 36. ORTEP view of 65 in the crystal (50% €llipsoids).
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Similarly, 59 reacts with 49 to afford a 77% yield ((1R25)-(2-O-
‘butyldimethylsilylhydroxy-1-methyl-2-phenylethyl)-aminometylene)-pyridazine (66,
figure 37) which has been fully characterized. While compound 65 and 66 form
dinuclear complexes with various metal cations, preparation of these ligands is
complicated by the rather tedious synthesis and isolation of 59 which is hygroscopic and
readily polymerizes. In order to provide a more convenient access to this type of ligand,
we explored alternative directions and considered the preparation of analogs of these

bis(imine) ligands featuring a phenylene rather than a pyridazine core.

/ A TBDMSQ  NH,
S N‘N b 2 6 MeOH N NN N L@
65°C, 2Hrs OTBDMS TBDMSO
77%

66

Figure 37. Synthesis of ((1R,2S)-(2-O-'butyldimethylsilylhydroxy-1-methyl-2-

phenylethyl)-aminometylene)pyridazine.
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3.3 Dinuclear (iminomethyl)benzene ligands.

The ligands described in the above sections are well adapted to the formation of
dinuclear coordination complexes. In order to broaden the scope of our investigations,
we decided to investigate dinucleating ligands specifically designed for the preparation

of dinuclear organometallic complexes (Figure 38).

M M
D\/_<I\:I>Il\i\/D D\_<I\:1>I_/D D : D o CM\D

coordination complex organonetallic complex
D= donor group, M=metal moiety

Figure 38: Dinuclear organometallic design.

2,3-dimethoxy-benzene-1,4-dicarbaldehyde derivative (67) was chosen as a starting
material. This choice was guided by the fact that this derivative should smoothly react
with secondary amines to afford a new type of dinucleating bis(Schiff base) ligands.

Secondly, the presence of two adjacent methoxy groups should only allow for the 1,2-
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rather than 1,4-metallation of the aromatic core of the ligand.*> To this end, catechol

(68, figure 39) was converted into 67 (figure 39) following the published procedures.®*

/
HO OH E—— O O

1) MeOH/NaOH 2) CO, 200°C 3) MeOH/HCI 4) CsCO;, Mel
5) NaAlH,(OCH,CH,OMe),, N-methylpiperazine.

Figure 39. Synthesis of 2,3-dimethoxy-benzene-1,4-dicarbaldehyse.

Since the reaction of 59 with aminoalcohols leads to the formation of the undesired
isomers, new dinucleating side arms were investigated. Just like we synthesized
compound 44, 67 was added to a colorless solution of 43 in acetone at room temperature
for 20 hours. After evaporation of the solvents, flash chromatography in CH,Cl, with
5% MeOH afforded 3,6-di[-N-(1R,2R,3R,5S)-(-)isopinocampheylaminomethyl]-1,2-
dimethoxy-benzene (69, figure 40) as a white powder with 70% yield. Compound 69
was characterized by 'H and >C NMR spectroscopy, melting point, elemental analysis,

and FAB mass spectrometry.
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Figure 40. Synthesis of 3,6-di[-N-(1R,2R,3R,5S)-(-)isopinocampheylaminomethyl]-

1,2-dimethoxy-benzene.

In a similar fashion, compound 67 can react easily with two equivalents of 2,4,6-
trimethylaniline (70, figure 41) in acetone to afford colorless crystals of 3,6-di[-N-(2,4,6-
trimethylphenyliminomethyl)]-1,2-dimethoxy-benzene (71, figure 41). This compound
was purified by recrystallization from pentane at -20°C in 85% yield. 71 has been
characterized by 'H and >C NMR spectroscopy, melting point, elemental analysis, and
FAB mass spectrometry. In addition, its crystal structure has been determined.
Compound 71 crystallizes in the monoclinic space group P2(;y/n (table on page 70) with
one molecule per unit cell (figure 42). Examination of the structure confirms the
proposed connectivity as well as the presence of two imine functionalities. All bond
lengths and angles fall in the normal range and do not deserve further comments. We

can also notice that compared to the structure of the distyrylpyridazine, the mesityl
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groups are not coplanar with the rest of the molecule due to steric constrains (C11-C6-

N1-C5=91.9°.

/
O O

/
/~<\ I>ﬁ\ O O
© Acetone //—G—\\
N N

e}
RT, 20Hrs
+2 NH,
70 71

Figure 41. Synthesis of 3,6-di[-N-(2,4,6-trimethylphenyliminomethyl)]-1,2-dimethoxy-

benzene.

Figure 42. ORTEP view of 71 in the crystal (50% ellipsoids).
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In the same way, reaction of compound 67 with 2,6-diisopropylaniline (72, figure
43) afforded colorless crystals of 3,6-di[-N-(2,6-diisopropylphenyliminomethyl)]-1,2-
dimethoxy-benzene after recrystallisation from pentane (73, 82% yield, figure 43)
Compound 73 has been characterized by 'H, ’C NMR spectroscopy, melting point,
elemental analysis, FAB mass spectrometry, and its crystal structure determined.
Compound 73 (table on page 71) crystallizes in the triclinic space group P-/ with one
molecule per unit cell (figure 44). Its structure is similar to that of 63. Once again, the
increased bulk of the isopropyl group leads to the same type of dihedral angle with the

pyridazine central core of the molecule (C11-C6-N1-C5 = 84.7°).

/
,—<£ 5}—\ O O
7 \
O O Acetone //—G—\\
N N

RT, 20Hrs

+2 NH,
72 73

Figure 43. Synthesis of 3,6-di[-N-(2,6-diisopropylphenyliminomethyl)]-1,2-dimethoxy-

benzene.
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Figure 44. ORTEP view of 73 in the crystal (50% ellipsoids).

The t-butyl derivative 74 (figure 45) was prepared by reaction of 59 with #-
butylamine in methanol (75, figure 45). It was obtained in a 95% yield and did not
necessitate further purifications. Its identity has been confirmed by 'H and *C NMR

spectroscopy, elemental analysis, and FAB mass spectrometry.
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74

Figure 45. Synthesis of 3,6-di[-N-#-butyliminomethyl]-1,2-dimethoxy-benzene

3.4 Summary

New symmetric and asymmetric dinucleating ligands, revealed itself to be a success
as 15 new ligands have been successfully prepared by condensation reaction of primary,
secondary amines, as well as amino-alcohols to 3,6-Di(hydroxymethyl)Pyridazine di-p-
tosylate, 2,3-dimethoxy-benzene-1,4-dicarbaldehyde, and 3,6-
pyridazinedicarboxaldehyde. These methods allowed the rapid generation of a library of

enantiomerically pure dinucleating ligands.
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3.5 Experimental

Synthesis of 3,6-bis(hydroxymethyl)pyridazine (41): Ozone was bubbled
through a suspension of 3,6-distyrylpyridazine (10g, 35.2 mmol) at -78°C in methanol
(250ml) until all 3,6-distyrylpyridazine dissolves resulting by the formation of a blue
color of the solution indicating the end of the reaction. Excess of ozone was then
removed by degassing the solution with nitrogen, and an excess of sodium borohydride
(4g, 106 mmol, 3 equivalents) was added. The reaction mixture was then warmed to
ambient temperature and the methanol evaporated under vacuum. The crude product
was purified by flash chromatography (silica, 3:1/CH,Cl,/MeOH) allowing the isolation
of 41 as a white powder in 75% yield. The identity of 41 was confirmed by comparing

'H and ">C NMR and Mass spectroscopy to the literature.”’

Synthesis of 3,6-Di(hydroxymethyl)Pyridazine di-p-tosylate (42): A solution of p-
toluenesulfonyl chloride (13.7 g, 72 mmol) in THF (30 mL) was added to a solution of
41 (5 g, 36 mmol) and NaOH (4 g, 0.1 mol) in a mixture of water (20 mL) and THF (20
mL). After stirring at room temperature for 3 h and precipitation of the white product,
the THF was evaporated and the mixture filtrated. The crude product was purified by
flash chromatography (washed with dichloromethane and purified with ethylacetate) to
give 1,4-Pyridazinedimethanol di-p-tosylate (13.7 g, 85% yield) as a white solid. M.p.:
118-120°C. [MH]449. 'H NMR (CDCI3, 300 MHz): § 2.46 (s, 6H), 5.36 (s, 4H), 7.36

(d, *Jun= 8.4 Hz ,4H), 7.65 (s, 2H), 7.83 (d, *Jun = 8.4 Hz ,4H). "*C NMR (CDCI3, 300
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MHz): 6 21.8, 69.8, 126.2, 128.3, 130.3, 132.7, 145.7, 157.1. Elemental analysis calc.

(%) for Cy0H29N206S: C 53.56, H 4.49, N 6.25; found: C 53.56, H 4.79, N 6.32.

Synthesis of 3,6-di[-N-(1R,2R,3R,5S5)-(-)-isopinocampheylaminomethyl]-pyridazine
(44): A solution of 43 (1.1 g, 7.2 mmol) in acetonitrile was added to a solution of 42
(1.6 g, 3.6 mmol) and Na,COs (2.65g, 25 mmol) in acetonitrile. After reflux at 82°C for
2 h, the residue was filtrated and the solvent evaporated. The final product was purified
by flash chromatography (silica, 9:1/CH,Cl,/MeOH) as light brown oil (1.08 g, 73 %
yield). 'H NMR (CDCls, 300 MHz): § 0.94 (s, 6H), 1.11 (d, *Jun= 7.5 Hz, 6H), 1.22 (s,
6H), 1.70 (m, 2H), 1.74 (m, 2H) 1.86 (m, 4H), 2.39 (m, 4H), 2.96 (m, 2H), 4.10 (d, “Juy
= 15 Hz, 2H), 4.17 (d, *Jun = 15 Hz, 2H), 7.57 (s, 2H) . *C NMR (CDCls, 300 MHz): &
21.7,28.0,33.0, 36.6,41.9, 45.3, 48.1, 51.5, 56.7, 126.8, 161.0. Elemental analysis calc.

(%) for C6H4oN4: C 76.05, H 10.31, N 13.64; found: C 76.2, H 9.9, N 13.4.

Synthesis of 3,6-Di[-N-(1R-2S)-norephedrinylmethyl]pyridazine (46): A solution
of 45 (3.7 g, 25 mmol) in acetonitrile was added to a solution of 42 (5.6 g, 12.5mmol)
and Na,COs (5g, 50 mmol) in acetonitrile. After stirring at room temperature for 3 h, the
residue was filtrated and the solvent evaporated. The final product was purified by
recrystallization from CH3CN as a white solid (4.5 g, 88 % yield). M.p. 152-154°C.
[MH']407. "H NMR (CDCI3, 300 MHz): & 0.93 (d, *Juu = 6.6 Hz, 6H), 3.03 (qd, *Jun =
6.6 Hz *Jun = 3.6 Hz, 2H), 4.17 (d, *Jun = 14.7 Hz, 2H), 4.25 (d, *Jun = 14.7 Hz, 2H),

4.81 (d, *Jun= 3.6 Hz, 2H), 7.31 (m, 12H), 7.50 (s, 2H) . *C NMR (CDCI3, 300 MHz):
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0 14.8, 51.0, 58.7, 73.8, 126.3, 126.7, 127.4, 128.3, 140.8, 160.7. Elemental analysis

calc. (%) for C4H30N4O,: C 70.91, H 7.44, N 13.78; found: C 70.5, H 7.7, N 13.4.

Synthesis of 3,6-Di[-N-(1R-2S)-1-amino-2-indanolylmethyl|pyridazine (48): The
same procedure as described for the preparation of ligand 46 was followed except that
47 (3.7 g, 25 mmol) was used. The final product was purified by recrystallization from
CH;CN as a white solid (3.8 g, 76 % yield). Colorless crystals suitable for X-ray
analysis were grown by recrystallization in ethanol at room temperature. M.p. 164-
166°C. [MH']403. 'H NMR (CDCI3, 300 MHz): & 2.99 (dd, *Juu = 3 Hz 2Juu= 13.5
Hz, 2H), 3.07 (dd, *Jun = 4.8 Hz “Jyu = 13.5 Hz, 2H), 4.16 (d, *Juu = 5.1 Hz, 2H), 4.30
(d, 2Jun= 15 Hz, 2H), 4.37 (d, “Jun = 15 Hz, 2H), 4.45 (m, 2H), 7.27 (m, 6H), 7.38 (m,
2H), 7.58 (s, 2H). ">C NMR (pyridine-d6, 300 MHz): & 40.5, 52.0, 66.6, 72.0, 125.4,
125.5, 126.6, 126.7, 127.8, 141.7, 144.6, 162.0. FElemental analysis calc. (%) for

C24H26N4O,: C 71.62, H 6.51, N 13.92; found: C 71.18, H 6.53, N 13.79.

Synthesis of 3,6-Di[-N-(1R-2S)-O-(tert-butyldimethylsilyl)-1-amino-2-
indanolylmethyl]pyridazine (53): A solution of 49 (2.23 g, 8.5 mmol) in acetonitrile was
added to a solution of 42 (1.88 g, 4.2 mmol) and Na,COs; (2.65g, 25 mmol) in
acetonitrile. After reflux at 82°C for 2 h, the residue was filtrated and the solvent
evaporated. = The final product was purified by flash chromatography (silica,
9:1/CH,Cl,/MeOH) as light brown oil (1.94 g, 74 % yield). 'H NMR (CDCls, 300 MHz)

8 -0.17 (s, 6H), 0.05 (s, 6H), 0.90 (s, 18H), 1.05 (d, *Jun = 3.9 Hz, 6H), 2.77 (m, 4H),
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4.03 (d, *Jun= 6.9 Hz, 2H), 4.01 (d, “Juu = 6.9 Hz, 2H), 4.68 (d, *Jun= 3 Hz, 2H), 7.28
(m, 10H), 7.35 (s, 2H) . *C NMR (CDCls, 300 MHz) & -4.4, -4.2, 18.3, 27.1, 50.2, 57.8,
74.9, 126.1, 126.3, 127.2, 128.5, 160.3. Elemental analysis calc. (%) for C3sHssN4O,S15:

C 68.09,H9.21, N 8.82; found: C 68.0, H9.1, N 8.9.

Synthesis of 3,6-Di[-N-(1R-2S)-O-(tert-butyldimethylsilyl)norephedrinyl-methyl]-
pyridazine (54): A solution of 50 (1.81 g, 6.9 mmol) in acetonitrile was added to a
solution of 42 (1.52 g, 3.4 mmol) and Na,COs (2.65g, 25 mmol) in acetonitrile. After
reflux at 82°C for 2 h, the residue was filtrated and the solvent evaporated. The final
product was purified by flash chromatography (silica, 9:1/CH,Cl,/MeOH) as light brown
oil (1.75 g, 82 % yield). "H NMR (CDCls, 300 MHz): & -0.18 (s, 6H), 0.05 (s, 6H), 0.90
(s, 18H), 1.05 (d, *Jun = 6 Hz, 6H), 2.99 (m, 4H), 3.96 (d, “Jun = 5.4 Hz, 2H), 4.22 (d,
Jun = 14.7 Hz, 2H), 4.30 (d, *Jun = 14.7 Hz, 2H), 4.65 (m, 2H), 7.22 (m, 8H), 7.68 (s,
2H). “C NMR (CDCls, 300 MHz): & -4.5, -4.3, 18.3, 26.1, 40.0, 50.9, 65.1, 75.7, 125.1,
125.3, 126.5, 126.6, 127.9, 140.7, 143.0, 161.5. FElemental analysis calc. (%) for

C36Hs4N40,S1,: C 68.52, H 8.63, N 8.88; found: C 68.7, H 8.5, N 8.7.

Synthesis of 3,6-Di[(25)-ephedrinyl] pyridazine (55): A solution of 51
hydrochloride (1.3 g, 6.5 mmol) in acetonitrile was added to a solution of 42 (1.4 g, 3.2
mmol) and Na,COs (2.65g, 25 mmol) in acetonitrile. After reflux at 82°C for 3 h, the
residue was filtrated and the solvent evaporated. The final product was purified by flash

chromatography (silica, 9:1/CH,Cl,/MeOH) as a brown semi-solid (1.08 g, 78 % yield).
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M.p. 72-75°C. "H NMR (CDCls, 300 MHz): § 1.09 (d, *Jun = 6.6 Hz, 6H), 2.24 (s, 6H),
2.94 (m, 2H), 3.88 (d, *Jun= 8.7 Hz, 2H), 3.93 (d, “Jun = 8.7 Hz, 2H), 4.82 (d, *Juu= 3.3
Hz, 2H), 7.02 (s, 2H) 7.3 (m, 10H),. *C NMR (CDCls, 300 MHz): § 10.0, 39.0, 58.5,
64.2, 74.8, 126.5, 126.9, 127.4, 128.3, 143.2, 161.1. Elemental analysis calc. (%) for

Ca6H34N40,: C 71.86, H 7.89, N 12.89; found: C 71.8, H 7.3, N 12.4.

Synthesis of 3,6-Di[l-Alaninemethylester]pyridazine (56): A solution of 52
hydrochloride (0.91 g, 6.5 mmol) in acetonitrile was added to a solution of 42 (1.55 g,
3.2 mmol) and Na,COj; (2.65g, 25 mmol) in acetonitrile. After reflux at 82°C for 3 h,
the residue was filtrated and the solvent evaporated. The final product was purified by
flash chromatography (silica, 9:1/CH,Cl,/MeOH) as dark brown oil (0.81g, 82 % yield).
'H NMR (CDCls, 300 MHz): & 1.36 (d, *Jun= 7.2 Hz, 6H), 3.45 (q, *Jun = 7.2 Hz, 2H),
3.74 (s, 6H), 4.02 (d, *Jun = 14.4 Hz, 2H), 4.17 (d, *Jun = 14.4 Hz, 2H), 7.56 (s, 2H) .
*C NMR (CDCls, 300 MHz): § 19.2, 51.4, 52.2, 56.3, 126.7, 160.5, 175.8. Elemental
analysis calc. (%) for C14H2oN4O4: C 54.18, H 7.15, N 18.05; found: C 53.9, H 7.9, N

17.6.

Synthesis of 3,6-Di[l-Alanine]pyridazine (56°): To a solution of 56 (0.6 g, 2.0
mmol) in methanol was added a 1N solution of NaOH (4ml, 4.0 mmol). After stirring at
25°C for 4h the solvent was evaporated. The final product was purified by flash
chromatography (silica, MeOH) as light brown oil (0.52 g, 92 % yield). "H NMR (D,0,

300 MHz): 6 1.26 (d, *Jun= 3.9 Hz, 6H), 3.23 (q, *Juu = 3.9 Hz, 2H), 3.93 (d, “Jun = 8.4
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Hz, 2H), 4.08 (d, *Jun = 8.4 Hz, 2H), 7.80 (s, 2H) . *C NMR (D,0, 500 MHz): & 18.5,
50.4, 58.7, 129.0 (quaternary carbons not detected). Elemental analysis calc. (%) for

Ci2HisN4O,: C 51.06, H 6.43, N 19.85; found: C 50.7, H 6.5, N 19.5.

Synthesis of 2-[(1R,2R,3R,5S)-(-)-isopinocampheylaminomethyl]-Pyridine (57): To
a solution of 43 (0.8 g, 5.2 mmol) in methanol was added the 2-picolyl chloride (8.5 g,
5.2 mmol). After maintained at Ph 9 by addition of concentrated NaOH solution at 65°C
for 20h, the solvents were evaporated. The final product was purified by flash
chromatography (silica, 19:1/CH,Cl,/MeOH) as light brown oil (1.0 g, 78 % yield). 'H
NMR (CDCls, 300 MHz): § 0.95 (s, 3H), 1.07 (d, *Jun = 8.9 Hz, 3H), 1.18 (s, 3H), 1.89
(m, 1H), 2.05 (m, 4H), 2.36 (m, 2H), 3.26 (m, 1H), 4.09 (s, 2H), 7.11 (m, 1H), 7.47 (m,
1H), 7.60 (s, 1H), 8.46 (m, 1H). "*C NMR (CDCls;, 300 MHz): § 21.7, 23.6, 28.0, 33.0,
36.8, 38.8, 41.9, 45.3, 48.1, 51.5, 56.7, 126.8, 160.9. Elemental analysis calc. (%) for

Ci6H24N2: C 78.64, H 9.90, N 11.46; found: C 78.4, H9.4, N 11.6.

Synthesis of  3,6-Di(hydroxymethyl)Pyridazine  di-p-tosylate ~with  2-[N-
(1R,2R,3R,55)-(-)-isopinocampheylaminomethyl]pyridine (58): A solution of 57 (1.46
g, 6.0 mmol) in acetonitrile was added to a solution of 42 (1.34 g, 3.0 mmol) and
Na,CO; (2.65g, 25 mmol) in acetonitrile. After reflux at 82°C for 2 h, the residue was
filtrated and the solvent evaporated. The final product was purified by flash
chromatography (silica, 19:1/CH,Cl/MeOH) as light brown oil (1.75 g, 65 % yield). 'H

NMR (CDCls, 300 MHz): § 0.80 (s, 6H), 0.93 (d, *Jun = 9.6 Hz, 6H), 1.16 (s, 6H), 1.78
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(m, 2H), 1.97 (m, 8H), 2.26 (m, 4H), 3.12 (m, 2H), 3.81 (d, 2/ = 14 Hz, 2H), 3.96 (d,
2Jun = 14 Hz, 2H), 4.05 (s, 2H), 7.11 (m, 2H), 7.47 (m, 2H), 7.60 (s, 2H), 7.61 (m, 2H),
8.46 (m, 2H). '>C NMR (CDCls, 300 MHz): & 21.1, 23.4, 27.5, 28.3, 33.8, 39.4, 41.2,
41.8, 48.2, 55.1, 57.2, 59.2, 122.1, 123.1, 127.0, 136.5, 149.1, 160.8, 161.5. Elemental

analysis calc. (%) for C3sHs,Ne: C 76.98 H 8.84, N 14.18; found: C 77.1, H 8.9, N 14.1.

Synthesis  of  ((1R,25)-(2-hydroxy-1-methyl-2-phenylethyl)-aminomethylene)-
pyridazine (60): A solution of 45 (0.76 g, 5 mmol) in MeOH was added to a light
yellow solution of 59 (0.35 g, 2.5 mmol) also in MeOH. After stirring for 6 hours at
65°C, the solution was evaporated. The remaining yellow crude product was washed
with ET,0 and the final product recrystallized in Acetone leading to the formation of
colorless crystal suitable for X-ray analysis. [MH]" 403. 'H NMR (CDCls, 300 MHz): &
1.14 (d, *Jun = 6Hz, 6H), 3.56 (dq, *Jun= 6Hz, *Jun = 3.3Hz, 2H), 5.04 (d, *Juu = 3.3Hz,
2H), 7.23-7.32 (m, 6H) 8.04 (s, 2H). *C NMR (CDCls, 300 MHz): & 17.1, 72.7, 78.9,
126.0, 126.8, 127.8, 128.4, 158,5 (Cq non detected). Elemental analysis calc. (%) for

C24H26N4O,: C 71.62 H 6.51, N 13.92; found: C 77.76, H 6.89, N 13.71.

Synthesis of ((1R,25)-(2-O-benzylhydroxy-1-methyl-2-phenylethyl)-amino-
methylene)pyridazine (65): A solution of 64 (0.76 g, 5 mmol) in MeOH was added to a
light yellow solution of 59 (0.35 g, 2.5 mmol) in H,O. After stirring for 2 hours at 65°C,
the solution was stored in the fridge at -20°C for 10 Hours until white crystal of 55

precipitated. The remaining yellow solution was filtered off, and the final product
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washed with ethanol. Few colorless crystals were suitable for X-ray analysis. [MH]"
583. '"H NMR (CDCls, 300 MHz) & 1.35 (d, *Juu = 6.6Hz, 6H), 3.60 (dq, *Jun = 6.6Hz,
3Jun= 6.6Hz, 2H), 4.17 (d, 2Jun= 12Hz, 2H) , 4.36 (d, *Juu = 6.6Hz, 2H), 4.44 (d, *Jun =
12Hz, 2H) 6.97-7.25 (m, 20H), 7.7 (s, 2H), 8.32 (s, 2H). Elemental analysis calc. (%)

for C33H33N40,: C 78.32, H 6.57, N 9.61; found: C 77.96, H 6.46, N 9.44.

Synthesis of ((1R,28)-(2-O-"butyldimethylsilylhydroxy-1-methyl-2-
phenylethyl)aminometylene)-pyridazine (66): A solution of 49 (1.09 g, 4.1 mmol) in
methanol (75ml) was added to a solution of 59 (0.28 g, 2 mmol) in water (15ml). After
reflux at 65°C for 2 h, the methanol was evaporated and the oily residue extracted with
CH,Cl, (3x50 ml). The organic layer was then drying with MgSO, et evaporated. The
final product was purified by flash chromatography (silica, 9:1/hexane/ethylacetate) as
light brown oil (0.97 g, 77 % yield). 'H NMR (CDCls, 300 MHz): & -0.15 (s, 6H), -0.11
(s, 6H), 0.91 (s, 18H), 1.31 (d, *Jun = 6.3 Hz, 6H), 3.78 (m, 2H), 4.86 (d, *Jun= 5.2 Hz,
2H), 7.28 (m, 10H), 8.18 (s, 2H), 8.44 (m, 2H). *C NMR (CDCls, 300 MHz): & -4.9, -
4.7, 17.7, 18.2, 25.8, 73.0, 78.5, 124.4, 126.9, 127.2, 127.7, 142.5, 157.5, 158.5.
Elemental analysis calc. (%) for C3cHs4N4O,Si,: C 68.52, H 8.63, N 8.88; found: C 68.3,

H 8.7, N 8.6.

Synthesis  of  3,6-di[-N-(1R,2R,3R,5S)-(-)isopinocampheylaminomethyl]-1,2-
dimethoxy-benzene (69): A solution of 67 (0.97 g, 5 mmol) in acetone was added to a

solution of 43 (1.5 g, 10 mmol) in acetone. After stirring at room temperature for 20
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hours, the solvent was evaporated. The final product was purified by flash
chromatography (silica, 19:1/CH,Cl,/MeOH) as a white powder (1.62 g, 70 % yield).
M.p. 121-123°C. [MH]" 465. 'H NMR (CDCls, 300 MHz): & 1.05 (d, *Jun = 7.5Hz,
6H), 1.13 (s, 6H), 1.29 (s, 6H), 1.91 (m, 4H), 2.03 (m, 4H), 2.14 (m, 2H), 2.37 (m, 2H),
2.42 (m, 2H), 3.64 (m, 2H), 3.94 (s, 6H), 7.91 (s, 2H), 8.57 (s, 2H). °C NMR (CDCl,,
300 MHz): 6 19.8, 23.6, 28.0, 33.9, 35.8, 38.9, 41.7, 43.3, 47.5, 61.6, 70.8, 122.5, 132.2,
152.8, 153.1. Elemental analysis calc. (%) for C30H4N,O: C 77.54, H 9.54, N 6.03;

found: C 77.21, H 9.09, N 5.66.

Synthesis of  3,6-di[-N-(2,4,6-trimethylphenyliminomethyl)]-1,2-dimethoxy-
benzene (71): A solution of 67 (1.36 g, 7 mmol) in acetone was added to a solution of
70 (1.90 g, 14 mmol) in acetone. After stirring at room temperature for 20 hours, the
solvent was evaporated. The final product was purified by recrystallization in pentane at
-20°C (2-3 times) as colorless crystals (2.55 g, 85 % yield). M.p. 161-164°C. [MH]"
429. "H NMR (CDCls, 300 MHz): & 2.15 (s, 12H), 2.31 (s, 6H), 3.93 (s, 6H), 6.92 (s,
4H), 8.08 (s, 2H), 8.60 (s, 2H). *C NMR (CDCls, 300 MHz): § 18.3, 20.7, 62.0, 122.2,
127.0, 128.7 132.7, 133.2, 149.1, 154.0, 158.4. Elemental analysis calc. (%) for

Ca3H32N,0,: C 78.47, H 7.53, N 6.54; found: C 78.38, H 7.66, N 6.15.

Synthesis  of  3,6-di[-N-(2,6-diisopropylphenyliminomethyl)]-1,2-dimethoxy-
benzene (73): A solution of 67 (1 g, 10 mmol) in acetone was added to a solution of 72

(1.8 g, 10 mmol) in acetone. After stirring at room temperature for 20 hours, the
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solvents were evaporated. After dissolving the remaining yellow precipitate in CH,Cl,,
the starting material 72 was separated by washing thoroughly with 1m HCI solution (4
times). The remaining organic layer was then dried over anhydrous MgSQO,, filtrated,
and evaporated. The final product was purified by recrystallization in pentane at room
temperature (2.1 g, 82 % yield). M.p. 175-178°C. [MH]" 513. 'H NMR (CDCl;, 300
MHz): & 1.18 (d, *Jun = 6.9Hz, 24H), 2.99 (septuplet, *Jun = 6.9Hz, 4H), 4.01 (s, 6H),
7.18 (m, 6H), 8.08 (s, 2H), 8.61 (s, 2H). C NMR (CDCls, 300 MHz): & 23.5, 28.0,
61.8, 122.4, 123.1, 124.3, 132.6, 137.6, 149.4, 154.2, 157.8. Elemental analysis calc.

(%) for C34H44N>0,: C 79.65, H 8.65, N 5.46; found: C 79.14, H 8.74, N 5.44.

Synthesis of 3,6-di[-N-z-Butyliminomethyl]-1,2-dimethoxy-benzene (74): A
solution of 67 (1.95 g, 10 mmol) in MeOH was added to a solution of 75 (1.5 g, 20
mmol) and Na,CO; (3.2 g, 30 mmol) in MeOH. After stirring at room temperature for
20 hours, the residue was filtrated and the solvent evaporated. The final product was
isolated as a white powder with no further purifications (2.89 g, 95 % yield). M.p. 133-
135°C. [MH]" 305. 'H NMR (CDCls, 300 MHz) & 1.28 (s, 18H), 3.88 (s, 6H), 7.66 (s,
2H), 8.59 (s, 2H). ">C NMR (CDCls, 300 MHz) § 29.7, 57.8, 61.6, 122.0, 132.7, 150.9,
152.9. Elemental analysis calc. (%) for C;sHsN2O: C 71.02, H 9.27, N 9.20; found: C

70.7, H 8.6, N 8.9.



Table 1: Crystal data for 3,6-distyrylpyridazine and 41.
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Crystal data 3,6-distyrylpyridazine 41

Formula C20 H16 N2 C6 H8 N2 02

M; 284.35 140.14

Crvstal size (mm3) 0.25x0.20x0.12 0.3x0.15*0.15

Crystal system Triclinic Orthorhombic

Space group P2(1)/c Pca2(1)

a(A) 5.726(2) 13.0247(15)

b (A) 18.449(7) 4.2030(5)

c(A) 13.645(5) 11.9215(13)

a(°) 90 90

B(°) 96.637(7) 90

7(°) 90 90

V(A% 1431.7(9) 652.62(13)

Z 4 4

pealc (Mg/m?) 1.319 1.426

(Mo Kg)(mm™) 0.078 0.109

F(000) (e) 600 296

Data Collection

T/K 273 383(2)

Scan mode ® ®

hkl range -6<=h<=6 -17<=h<=12
-19<=k<=21 -4<=k<=5
-l4<=I<=16 -15<=I<=15

Measured refl. 7250 3720

Unique refl., [Riy]

Refl. used for refinement
Absorption correction
Ijnim/Tznax

Refinement

2509 [R(int) = 0.1226]
2509
none
none

1459 [R(int) = 0.0295]
1459
none
none

Refined parameters
R1, wR2 [I>24(])]
Pfin (max/min) (eA'3 )

199

R1=0.1191, wR2 =0.2741

0.767 and -0.456

99

R1=0.0507, wR2 = 0.1283

0.460 and -0.185

“R1 = (Fy - F)IFo? WR2 = {[W(F.2 - FEOVIWED % w=V[DXFS) + (ap)* + bpl; p

= (Fo2 + 2FC2)/3 with: a=0.19 and b = 0 for 3,6-distyryl.; a=0.0916 and b = 0 for 41.



Table 2: Crystal data for complexes 48 and 55.
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Crystal data 48 55

Formula CI2HI3N20 C26 H34 N4 02

M; 201.24 434.57

Crvstal size (mm3) 0.37x0.19x0.11 0.42x0.20x0.18

Crystal system Orthorhombic Monoclinic

Space group P2(1)2(1)2 C2

a(A) 37.790(9) 13.829(4)

b(A) 4.6788(11) 5.8709(19)

c(A) 5.6130(13) 14.814(5)

a(°) 90 90

B(°) 90 106.715(5)

7(°) 90 90

V(A% 992.4(4) 1151.9(7)

Z 4 2

pealc (Mg/m?) 1.347 1.253

(Mo Kg)(mm™) 0.088 0.080

F(000) (e) 428 468

Data Collection

T/K 383(2) 273(2)

Scan mode ® ®

hkl range -50<=h<=47 -15<=h<=4
-6<=k<=5 -5<=k<=6
-6<=I<=7 -13<=I<=16

Measured refl. 5906 1621

Unique refl., [Riy]
Refl. used for refinement

2258 [R(int) = 0.0579]
2258

1240 [R(int) = 0.0319]
1240

Absorption correction none none
Tonind Trnax none none
Refinement

Refined parameters 61 149

R1, wR2 [[>26(I)]
pfin (max/min) (eA™)

R1=0.1046, wR2 = 0.2706
0.620 and -0.493

R1=0.0499, wR2 = 0.1380
0.199 and -0.203

“R1 = (Fy - F)IFo? WR2 = {[W(F.2 - FEOVIWED % w=V[DXFS) + (ap)* + bpl; p

= (Fo2 + 2FC2)/3 with: a=0.1305 and b =2.2654 for 48; a = 0.055 and b = 2.0994 for 55.



Table 3: Crystal data for complexes 60 and 62.
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Crystal data 60 62

Formula C24 H28 N4 02.5 C24 H22 N4 02

M; 412.50 398.46

Crvstal size (mm3) 0.27x0.30x0.30 0.06x0.07x0.04

Crystal system Orthorhombic Triclinic

Space group P2(1)2(1)2(1) P1

a(A) 9.2103(7) 5.5582(17)

b (A) 11.0209(8) 9.698(3)

c(A) 21.4829(17) 11.646(4)

a(°) 90 75.915(5)

B(°) 90 90.000(6)

7(°) 90 73.348(5)

V(A% 2180.6(3) 581.7(3)

Z 4 1

Pcalc (Mg/m3) 1.256 1.137

(Mo Kg)(mm™) 0.083 0.074

F(000) (e) 880 210

Data Collection

T/K 173(2) 173(2)

Scan mode ® ®

hkl range -10<=h<=9 -6<=h<=7
-12<=k<=12 -9<=k<=13
-18<=1<=23 -15<=I<=15

Measured refl. 9795 3925

Unique refl., [Riy]
Refl. used for refinement

3132 [R(int) = 0.0392]
3132

3331 [R(int) = 0.0685]
3331

Absorption correction none none
Tonind Trnax none none
Refinement

Refined parameters 275 307

R1, wR2 [[>26(I)]
pfin (max/min) (eA™)

R1=0.0554, wR2 =0.1344
0.345 and -0.233

R1=0.0750, wR2 =0.1751
0.362 and -0.248

“R1 = (Fy - F)IFo? WR2 = {[W(F.2 - FEOVIWED % w=V[DXFS) + (ap)* + bpl; p

= (Fo2 + 2FC2)/3 with: a=0.0983 and b =0 for 60; a =0.0921 and b = 0 for 62.



Table 4: Crystal data for complexes 65 and 71.
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Crystal data 65 71

Formula C38 H40 N4 O3 C28 H32 N2 O2

M; 600.74 428.56

Crvstal size (mm3) 0.24x0.24x0.16 0.34x0.20x0.31

Crystal system Monoclinic Monoclinic

Space group P2(1) P2(1)/n

a(A) 16.005(5) 15.437(4)

b(A) 5.5989(17) 8.255(2)

c(A) 19.655(6) 19.116(5)

a(°) 90 90

B(°) 91.467(6) 90.566(5)

7(°) 90 90

V(A% 1760.7(9) 2435.8(11)

Z 2 4

pcalc (Mg/m3) 1.133 1.169

(Mo Kg)(mm™) 0.072 0.073

F(000) (e) 640 920

Data Collection

T/K 173(2) 273(2)

Scan mode ® ®

hkl range -21<=h<=20 -17<=h<=17
-7<=k<=6 -9<=k<=9
-23<=1<=26 21<=I<=11

Measured refl. 11066 10665

Unique refl., [Riy]
Refl. used for refinement

6840 [R(int) = 0.0937]
6840

3515 [R(int) = 0.0536]
3515

Absorption correction none none
Tonind Trnax none none
Refinement

Refined parameters 406 297

R1, wR2 [[>26(I)]
pfin (max/min) (eA™)

R1=0.0714, wR2 = 0.1881
0.487 and -0.243

R1 =0.0408, wR2 = 0.0905
0.210 and -0.163

“R1 = (Fy - F)IFo? WR2 = {[W(F.2 - FEOVIWED % w=V[DXFS) + (ap)* + bpl; p

= (Fo2 + 2FC2)/3 with: a=0.1033 and b =0 for 65; a = 0.0603 and b = 0 for 71.



Table 5: Crystal data for complex 73.
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Crystal data 73

Formula C34 H40 N2 02

M; 508.68

Crvstal size (mm3) 0.50x0.40x0.35

Crystal system Triclinic

Space group P-1

a(A) 9.871(8)

b (A) 12.755(11)

c(A) 13.245(11)

a(°) 113.951(17)

B(®) 93.809(19)

7(°) 91.971(17)

V(A% 1517(2)

Z 2

peale (Mg/m3) 1.113

u(Mo Kg)(mm'™) 0.069

F(000) (e) 548

Data Collection

T/K 173(2)

Scan mode ®

hkl range -11<=h<=10
-14<=k<=14
-9<=I<=14

Measured refl. 7062

Unique refl., [Riy]
Refl. used for refinement

4425 [R(int) = 0.0836]
4425

Absorption correction none
Toni/ Tinax none
Refinement

Refined parameters 353

R1, wR2 [[>26(I)]
pfin (max/min) (eA™)

R1=0.0565, wR2=0.1192
0.235 and -0.208

“R1 = (Fy - F)IFo? WR2 = {[W(F.2 - FEOVIWED % w=V[DXFS) + (ap)* + bpl; p

= (F,* + 2F7)/3 with: a = 0.0602 and b = 0.
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CHAPTER IV

COORDINATION CHEMISTRY

4.1 Introduction

Organophosphorus pesticides are for the most part thiophosphate triesters and
undergo oxidation to yield the more toxic oxon derivatives. As a result, their destruction
is typically achieved by hydrolysis which leads to the formation of the corresponding
thiophosphate diesters. The hydrolysis reaction takes up to several months in water
under neutral pH condition®® but is greatly accelerated in the presence of the dinuclear
metalloenzyme phosphotriesterase (PTE).*® So far, all of the coordination complexes
that have been investigated as hydrolysis catalysts are monofunctional.’’ As these
complexes typically display only marginal activity, our main goal has become to
synthesize a series of dinuclear complexes in order to test their catalytic properties in the
hydrolysis reaction of phosphotriester. In this work, we report the coordination

chemistry of the dinucleating ligands defined in chapter III.

4.2 Investigation of the coordination chemistry of the bis-Schiff base ligands

With the preparation of dinuclear complexes as a goal, it became important to

investigate the ligative behavior of the different ligands toward metal cation moieties. In

a titration experiment monitored by 'H NMR, portions of 0.5 mol-equivalent of bismuth
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trichloride were added to a CDs;CN solution of the dinucleating ligand 66 (Figure 46).
At 0.5 equivalents of cations, the appearance of a new set of sharp 'H NMR signals
indicates the formation of a new species which most likely correspond to a bismuth
complex of 66. Further addition of BiCl; to the solution leads to an increase in the
intensity of the signal corresponding to the new complex. At two equivalents of added
BiCl;, the signals corresponding to the free ligand have completely disappeared and

further addition of BiCl; does not lead to further changes of the spectrum.

Figure 46. NMR spectra of 66 in the presence of increasing amount of BiCls.
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These observations are in agreement with the formation of a dinuclear bismuth
complex of 66. The detection of a single signal for the aromatic protons suggests that
the new complex (76, figure 47) retains C, symmetry. The proposed structure 76 is in
agreement with studies by Keppler who synthesized and characterized this new type of

binuclear Bi (IIT) compounds (77, figure 48).58

MN NN N-- C[)3CN, B1C13 @_2<N /N:N /N"
OTBDMS TBDMSO RT, 10min o B B o :

Figure 47. Coordination reaction of 66 with BiCls.
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Figure 48. Coordination chemistry of BiCls.

The formation of a dinuclear complex is also observed by NMR when uranyl nitrate
is added to the dinucleating ligand 66 (figure 49). From 0 equivalent to 2 equivalents of
added uranyl nitrate, a new set of lines appears while the original peaks corresponding to
the free ligand decrease. After addition of 2 equivalents, a well-resolved spectrum of the
pure complex is observed (78, figure 50) which does not changes after further additions
of uranyl nitrate. The proposed structure 78 is in agreement with the studies by

Indrasenan and his work on uranyl coordination chemistry (79, figure 51).*
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Figure 49. Coordination reaction of 66 with uranyl nitrate.
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Figure 50. NMR spectra of 66 in the presence of increasing amount of UO,>",
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Figure 51. Coordination chemistry of UO, (II).

While ambiguous results were obtained with Zn2+, titration of ligand 66 in CD;CN
with scandium (III) and yttrium (III) triflates monitored by '"H-NMR suggested the
formation of 2:2 complexes (80, 81, figure 52, and 54 respectively). Indeed, when
portions of 0.5 mol equivalents of the triflate salts were added to the solution containing
the ligand, extensive broadenings and consequent shifts of the resonance are observed.
At 1 mol equivalent of cations, well-resolved spectra, which do not change upon further
additions, are observed suggesting the formation the symmetrical complexes (figures 53
and 55. Also, the signal of the aromatic protons indicated that the C, symmetry of the

ligands was retained which reinforce the proposed structures of 2/2 complexes.
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@_2<N NN N : CD;CN, Sc(OTf); M \S/c3+ Sc3+ Me
OTBDMS TBDMSO RT, 10min "

80 +6 OTf

Figure 52. Coordination reaction of 66 with Sc**.
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Figure 53. NMR spectra of 66 in the presence of increasing amount of S¢**.



79

™BDMS = TBDMS

| |
[e) Q
Me N Me ~N NN N
N NN N CDyCN, Y(OTt), ME OSSN e
B J— Y3+ /Y\3+
OIBDMS TBDMSO RT, 10min '

N, NN N
0 O
TBDMS TBDMS

81 +6 OTIf

Figure 54. Coordination reaction of 66 with Y>".
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Figure 55. NMR spectra of 66 in the presence of increasing amount of Y*"
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4.3 Coordination chemistry of the ligands derived from 3,6-bis(hydroxymethyl)-

pyridazine

4.3.1 NMR studies

Synthesis of a dinuclear aluminum complex was achieved by slow addition of a solution
of 44 in pentane to an excess of trimethylaluminum in pentane followed by cooling to -
40°C resulted in the formation of a white precipitate. Analysis of this precipitate by 'H
NMR in pyridine-ds confirmed the formation of a dinuclear aluminum complex (82,

figure 56, figure 57).

LR j.”N\N/NN\A{N@X

-40°C, 1Hrs
]2

Figure 56. Coordination reaction of 44 with AlMes.
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Figure 57. NMR resolution of 82 from C¢Dg to pyridine-ds.

Just like for the coordination studies of the Schiff bases, a NMR titration
experiment of 46 was carried out with Y>" and Sc*" triflates as coordination metal center.
Portions of 0.5 mol-equivalent of Y>* and Sc** triflate salts were added to a CD;CN
solution of the dinucleating ligand 46 (figure 59). It appears that the resonances of the
free ligand progressively shift until 1 equivalent of the metal cation has been added.

Further addition of the metal cation does not lead to further changes in the chemical
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shifts of the proton of the ligand. These observations suggest the formation of 2:2
complexes 83 (figure 58) whose structure is fluxional in the presence of excess ligand.
Just like in the case of complexes 80 and 81, the signal of the aromatic protons also

indicates that the C; symmetry of the ligand is retained in the 2/2 complexes.

OH HQ
> 7 N\
=N N:N N
NH NN HN" CD;CN, M(OT); ME NS N Me
\ M M
OH HO RT, 10min Me S /N Me
OH\_U_/ HO
83 +6 OTf

Figure 58. Coordination reaction of 46 with Y and Sc triflate.
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Figure 59. NMR spectra of 46 in the presence of increasing amount of Sc*".

4.3.2  Synthesis of dinuclear copper complexes

Because of the ubiquity of copper in metalloenzymes and artificial catalyst, it was
decided to use this metal in order to probe the ligating properties of the 46 and 48. Thus,
in order to evaluate the stoichiometry of the metal complexes, spectrometric titration
experiment were undertaken. Incremental addition of Cu®" in ethanol to a solution of 46

or 48 resulted in the appearance of a band at 365 nm (Figure 60, 61).
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Figure 60. Spectrometric titration of 46 (10 M) with CuCl, in EtOH. Absorbance

variation at 365 nm as a function of the number of equivalents of CuCl, added.
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Figure 61. Spectrometric titration of 48 (10 M) with CuCl, in EtOH. Absorbance

variation at 365 nm as a function of the number of equivalents of CuCl, added.

In both cases, absorption correction was undertaken by removing the constant UV
signal related to the addition of Cu (II) in solution. Depicted in figure 60 and 61, the
absorption at 365 nm increased steadily until exactly two equivalents of metals had been
added. With further addition of Cu®’, the absorbance at that wavelength remained

constant. This experiment undoubtedly revealed the formation of dimeric species with
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high thermodynamic stability (84, 85, figure 62, and 63 respectively), thus indicating the

nearly quantitative formation of the dinuclear complexes.
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Figure 62. Coordination reaction of 46 and with Cu®".
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Figure 63. Coordination reaction of 48 and with Cu®".
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In the case of 48, the existence of dinuclear complexes could also be confirmed by
ESI mass spectrometry of methanol solutions containing 48 and two equivalents of
Cu(OTY),. The base peak, observed at 675 amu, results from the loss of two molecule of
HOTf and one OTf ™ anion from the parent complex 48:(CuOTf,), (figure 64). Loss of

an additional HOTf molecule results in a peak observed at 525 amu.
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Figure 64. ESI mass spectrometry of 48 and with Cu®".
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In order to compare the activity of the dinuclear catalysts to that of mononuclear
analogs, mononucleating ligands such as 86 and 87 were also prepared. These ligands,
which are designed to simulate a half of ligands 84 and 85, were prepared following the

2991 Just like we did for compound 84 and 85, the spectrometric

published procedures.
titration using CuCl, was carried out. Incremental addition of Cu®*" in ethanol to a
solution of 86 or 87 resulted in the appearance of a band at 700 nm (Figure 65, 67)

whose intensity increased until almost exactly one equivalent of copper cation had been

added.

123 Absorbance at 700 nm

st et arar gt * . - * *
07 | + i
-
& -
-
us 4
-
04
-
03 *
*
02
*
ol - 5
-
* Equiv of Cu 2+
4] T 1
o 0.5 1 1.5 2 5 3 5 4 4.5

Figure 65. Spectrometric titration of 86 (10 M) with CuCl, in EtOH. Absorbance

variation at 700 nm as a function of the number of equivalents of CuCl, added.
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Figure 66. Coordination reaction of 86 and with Cu*".
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Figure 67. Spectrometric titration of 87 (8x10~ M) with CuCl, in EtOH. Absorbance

variation at 700 nm as a function of the number of equivalents of CuCl, added.
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Figure 68. Coordination reaction of 87 and with Cu*".

In both cases, absorption at that wavelength increased steadily until almost one
equivalent of metal had been added thus indicating the formation of 1:1 complexes (88,

89, figure 66, and 68 respectively).
4.4 Summary
In conclusion, with the use of simple techniques such as 'H NMR and UV titration

we report the coordination chemistry of our chiral dinucleating ligands with C2

symmetry in which two metal centers can be embedded.
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4.5 Experimental

UV-Vis spectra were recorded on a Hewlett Packard 8453. Typical UV experiment
consists on the preparation of 2 sets of solutions. Solutions of 46 (10 M), 48 (10 M),
were prepared in ethanol. 3 mL of these solutions were placed in a quartz UV cell, and 5
uL portions of CuCl, (10% M) solution in ethanol were added. Typical 'H NMR
titrations were recorded at room temperature on a Bruker VXR 300 MHz. Chemical
shifts are quoted to higher frequency of SiMey as internal standard and are given in ppm,
with coupling constant j in Hz. First a 25 p-mol solution of the ligand in CD3;CN is
prepared. 6 x 0.5 equivalents (6 x 12.5 p-mol) of the metal studied are weighted and
stored in 6 different vials. After completion of the first 'H NMR, the solution is added to

a first vial increasing the concentration of metal present by increment of 0.5 equivalents.
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CHAPTER V

ORTHOMETALATED PD (I1) COMPLEXES

5.1 Introduction

As stated in the introductory chapter of this thesis, organophosphorus esters that
inhibit the acetylcholine esterase enzyme are used as nerve agents.' Because of the toxic

natures of these chemicals,”>"*

much attention has been devoted to the development of
methods that allow for their neutralization.”® In this regard, hydrolysis reactions that
produce non-toxic phosphate or phosphonate anions have been investigated. In the case
of parathion (O,O-diethyl O-p-nitrophenyl thiophosphate), a pesticide whose
environmental presence is generating growing concerns,” the hydrolysis reaction
produces p-nitrophenol and the corresponding thiophosphate diester which is non-toxic.
This hydrolysis is slow and takes up to several months at neutral pH.* In the presence
of Lewis acidic transition metal catalysts, the rate of this reaction is increased. While

coordination complexes typically display a marginal (clctivi‘[y,M’%’88

recent reports
presented in the first chapter of this thesis suggest that organometallic catalysts can be
remarkably active.”® In particular, the group of Ryabov has investigated several
cyclometallated palladium and platinum aryl oxime complexes ([MCI{C N-
(CcH4C(CH3)=NOH)-2}(L)], M = Pd or Pt, L = DMSO or pyridine) that greatly

55

accelerate the hydrolysis of parathion.”™ Although no reaction intermediates have been

isolated, it has been proposed that the activity of such catalysts results from the
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coordination of parathion at the metal center followed by an intramolecular nucleophilic
attack by the neighboring oximate (figure 69). Regeneration of the catalysts is proposed

to occur by hydrolysis of the phosphorylated oximate.
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Figure 69. Ryabov’s cyclopalladated Complex, catalytic process.

In order to assess the importance of the oximate functionality in the catalytic cycle
proposed by Ryabov, we decided to investigate simple o-metallated palladacycle such as
[2-(2-pyridyl)-phenyl-C,N]palladium(II) derivative that do not feature an oximate
functionality. In the context of these studies, it was also decided to study palladium

complexes that contain two proximal metal centers in the hope of discovering catalysts
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whose efficiency is increased by cooperative effects occuring at neighboring metal
centers.  Such cooperative effects have been proposed for the hydrolysis of
organophosphorus esters at the dinuclear active site of the phosphotriesterase

metalloenzyme (PTE).

5.2 Mononuclear palladium (II) complexes

The reaction of methylparathion (20, Figure 70) with of [2-(2-pyridyl)-phenyl-
C,N]palladium(II) acetate (90, figure 70) leads to the isolation of the corresponding o-
palladated complex di-u-(dimethylthiophosphate-S, S)-bis[2-(2-pyridyl)phenyl-

C,N]dipalladium(II) (91, figure 70).

| ~ 4T
_()\ /O 20 \ C)\ P
- 7 P o-P
AcO-f s7 @N@ Sl
P|d" Pld_
VRN THF/H,O, RT, 12hrs N
/12 720\ 5
20 91

Figure 70. Coordination reaction of [2-(2-pyridyl)-phenyl-C, N]palladium(II) with

methylparathion.
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This reaction was first monitored in THF by 3p {'"H}NMR spectroscopy (figure
70). While 20 is stable for several weeks in this aqueous solvent mixture, addition of 90
results in hydrolysis of the phosphorus ester and the rapid production of p-nitrophenol.
This reaction is also accompanied by the appearance of the monomeric, phosphorous
containing, compound 92 whose 3'P NMR resonance appears at 50.5 ppm. This signal is
upfield from the *'P resonance of 20 which appears at 66 ppm and do not correspond to
the thiosphosphoric acid HSP(=0O)(OMe), derivative which gives rise to a resonance at

59.7 ppm (Figure 71).

|

Figure 71. *'P {'"H} NMR spectra of a solution of methylparathion (5 mg) in the
p

presence of 90 (1 mg) in THF.
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Figure 72. Proposed structure of 92.

This reaction could be conveniently followed by monitoring the release of p-
nitrophenol which features an absorption band at 400 nm (10300 < & < 18600 cm™ M
from pH 7 to pH 9). In the presence of 5% of 90 as a catalyst in water at pH 9 (CHES
buffer), methylparathion (20, 5.7 x 10> M) was quickly and completely hydrolyzed
indicating that the reaction is catalytic. The hydrolysis reaction was 50% complete after

1

2.6 minutes yielding a turnover frequency of 1.6 x 10> s After 14 min the reaction

was 95% complete.

In order to ascertain the nature of the palladium complex formed in this catalytic
reaction, an excess of water was added to a 2 x 10° M solution of both 90 and

methylparathion in THF (5 ml). The solution was stirred overnight at 65° C (Figure 70).
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After evaporation of the solvents, colorless needles of 91 were isolated by slow

evaporation in DMF at room temperature (Figure 73).

Figure 73. Structure of complex 91 in the crystal (50% ellipsoid). Selected bond
lengths [A] and angles [deg]. Pd-C(1) 2.049(11), Pd-N 2.060(11), Pd-S 2.418(3), Pd-
S#1 2.467(3), S-P 2.089(5), S-Pd#1 2.467(3), P-O(1) 1.478(10), P-O(3) 1.594(10), P-
0(2) 1.621(9). C(1)-Pd-N 80.9(5), C(1)-Pd-S 96.7(3), N-Pd-S 175.5(3), C(1)-Pd-S#1
177.3(3), N-Pd-S#1 98.6(3), S-Pd-S#1 83.98(11), P-S-Pd 101.75(17), P-S-Pd#l
97.72(16), Pd-S-Pd#1 96.02(11), C(7)-N-Pd 115.7(8), C(11)-N-Pd 125.2(10), C(2)-C(1)-

Pd 127.1(10), C(6)-C(1)-Pd 114.9(8).
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Complex 91 crystallizes in the triclinic space group P-1 (Table on page 114). In
this complex, the two square planar palladium moieties (sum of angle of Pd = 360.2(2)")
are linked by the sulfur atoms of the bridging dimethylthiophosphate ligands. The Pd-S
distances of 2.418(3) and Pd-S 2.467(3) A are comparable to those observed in related
complexes such as (R,S)-di-p-(dimethylthiophosphate-S, S)-bis {2-[2-(4-
carbomethoxy)oxazolinyl]-phenyl-C,N}dipalladium(II) (av. Pd-S = 2.40 A)'? which also
features bridging thiophosphate groups. The remaining coordination sites of the
palladium center are occupied by the phenylpyridine carbon and nitrogen donor atoms.
The resulting Pd-C(1) (2.049(11) A) and Pd-N (2.060(11) A) bonds are comparable to

those observed for [2-(2-pyridyl)phenyl]palladium(II) chloride [LPd(z—Cl),PdL]. "’

Interestingly, the solid state >'P{'H} NMR of 91 revealed two different sets of data
(figure 74). The first set corresponds to the “eclipsed” regio-isomer 93 (figure 75),
where the two phosphorus nucleus have a different environment (29.3 ppm and 35.9
ppm). The second set correspond to the staggered regio-isomer 94 (figure 75), where a
unique peak is observed (32.9 ppm). Indeed in such conformation, the two phosphorus

nuclei have an identical environment.
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Figure 74. Solid state *'P{'"H} NMR spectra of 91.

99
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Figure 75. Regio-isomers 93-94 equilibrium.

Compound 91 can also react with triphenylphosphine in THF overnight at room
temperature forming the 1:1 adduct (dimethylthiophosphate-S,S)-[2-(2-pyridyl)phenyl-
C,N]palladium(IT) trimethylphosphine (95, figure 76). The formation of 95 was first
proven by >'P NMR in THF. The addition of 1 equivalent of triphenylphosphine to 91
resulting to the rapid formation of 2 peaks at 43.1 ppm (Pd-SPO(OCH3),), and 44.5 ppm

(Pd-PPhj) corresponding to 95.
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Figure 76. Coordination reaction of di-u-(dimethylthiophosphate-S,S)-bis[2-(2-

pyridyl)phenyl-C, N]dipalladium(II) with triphenylphosphine.

Crystals of 95 were isolated and studied by X-ray analysis (Figure 77). Complex 95
crystallizes in the triclinic space group P-1 (Table on page 114). In this complex, we
can observe the typical square planar palladium environment (sum of angle of Pd =
360.36(52)"), with the sulfur bound thiophosphate and triphenylphosphine ligands in a
forced cis-arrangement. The resulting Pd-P (2.261(15) A) and Pd-S (2.414(14) A)
distances fall within the expected range. *® The remaining coordination sites of the
palladium center are occupied by the phenylpyridine carbon and nitrogen donor atoms.
The Pd-N distances of 2.089(4) A and Pd-C 2.024(5) A are comparable to those

observed in 91.
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Figure 77. Structure of complex 95 in the crystal (50% ellipsoid). Selected bond
lengths [A] and angles [deg]. Pd(1)-C(1) 2.024(5), Pd(1)-N(1) 2.089(4), Pd(1)-P(2)
2.2612(15), Pd(1)-S(1) 2.4139(14), Pd(2)-C(32) 2.026(5), Pd(2)-N(2) 2.080(4), Pd(2)-P(4)
2.2548(15), Pd(2)-S(2) 2.4427(15). C(1)-Pd(1)-N(1) 80.56(18), C(1)-Pd(1)-P(2) 95.79(14),
N(1)-Pd(1)-P(2) 173.68(11), C(1)-Pd(1)-S(1) 172.67(13), N(1)-Pd(1)-S(1) 93.51(12), P(2)-
Pd(1)-S(1) 90.50(6), C(32)-Pd(2)-N(2) 81.14(17), C(32)-Pd(2)-P(4) 92.83(14), N(2)-Pd(2)-P(4)
173.97(11), C(32)-Pd(2)-S(2) 172.95(14), N(2)-Pd(2)-S(2) 91.81(11), P(4)-Pd(2)-S(2) 94.21(5),
P(1)-S(1)-Pd(1) 99.20(7), C(14)-P(2)-Pd(1) 114.13(16), C(20)-P(2)-Pd(1) 113.99(16), C(26)-
P(2)-Pd(1) 115.55(15), C(45)-P(4)-Pd(2) 117.88(16), C(57)-P(4)-Pd(2) 112.49(16), C(51)-P(4)-
Pd(2) 113.96(17), P(3)-S(2)-Pd(2) 95.93(7), C(7)-N(1)-Pd(1) 114.9(3), C(38)-N(2)-Pd(2)
115.1(3), C(42)-N(2)-Pd(2) 126.7(3), C(2)-C(1)-Pd(1) 130.2(4), C(6)-C(1)-Pd(1) 113.2(4),

C(33)-C(32)-Pd(2) 131.3(4), C(37)-C(32)-Pd(2) 112.1(3).
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5.3 Dinuclear palladium (II) complexes

1,2-Orthopalladation of ligands 69, 71, 73, and 74 have been carried out following

42,99
two general procedures.™

Most of the original experimental work centered on the
metallation of ligand 71. At first, this ligand was palladated with Pd (II) acetate in acetic
acid. Only different methodological pathways were employed (temperature, time, work-
up). From each experiment, we were able to observe the formation of the desired

product 96 (figure 78) through 'H NMR and Mass spectroscopy. A series of

recrystallizations were attempted but no clean product could be isolated.

{ § Pd(OAC),
/ \
4< %N N{: >7

AcOH

Figure 78: Reaction of 71 with Pd(OAc),.
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In the same way, the reaction of 71 with Na,PdCls in CH,Cl, leads to formation of
the palladium chloride complex which presumably adopts a polymeric structure.
Although we have not been able to thoroughly characterize this product. The 'H NMR
in DMSO shows poorly resolved peaks corresponding to the mesityl (CHj, 25ppm; CH,,
6.9 ppm), the methoxy (CHj3, 3.81 ppm), as well as the pyridazine (CH=N, 8.39 ppm;
CH,, 6.9 ppm) H atoms. However, elemental analysis data confirms the proposed
formulation and indicate the absence of any additional ligands. In order to obtain a more
tractable dinuclear palladium complex, the chlorinated intermediate was allowed to react
with TIACAC. This reaction was carried out on the crude chloride complex produced by
the reaction of 63 with Na,PdCly. The crude product was treated with 3 equivalents of
TIACAC which resulted in the precipitation of TICl. The product was extracted in
pentane and recrystallized from hexane at room temperature which afforded red crystals
of 97 (figure 79) in a 26% yield. This derivative has been fully characterized by EA, 'H

NMR, "*C NMR and ES mass spectrometry.
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Figure 79: Reaction of 71 with Na,PdCl,.

This compound was also subjected to X-ray analysis. 97 crystallizes in the
monoclinic space group C2/c (table on page 115) with one molecule per unit cell (figure
80). After examination of the structure, there are no unusual bond lengths and angles in
each moiety that flank each side of the palladium centers. The X-ray structure revealed
the typical square planar palladium (sum of angle of Pd = 361.61(43)") with the two
ACAC oxygen atoms bound to the Pd center in a cis-arrangement. The resulting Pd-O
(2.073(15) A, and 2.073(14) A) distances fall within the expected range.”” The
remaining coordination sites of the palladium center are occupied by the phenylpyridine
carbon and nitrogen donor atoms. The Pd-N distances of 2.0008(4) A and Pd-C 1.964(5)

A are comparable to those observed in 91.
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Figure 80. ORTEP view of 97 in the crystal (50% ellipsoids). Selected bond lengths
[A] and angles [deg]. N-Pd 2.008(10), Pd-C(1) 1.964(11), Pd-O(1) 2.073(10), Pd-O(2)
2.073(11). C(5)-N-Pd 115.5(8), C(6)-N-Pd 124.5(8), C(1)-Pd-N 80.6(4), C(1)-Pd-O(1)
173.8(5), N-Pd-O(1) 95.9(4), C(1)-Pd-O(2) 93.8(5), N-Pd-O(2) 158.0(4), O(1)-Pd-O(2)
91.3(4), C(16)-O(1)-Pd 128.2(14), C(18)-O(2)-Pd 124.9(14), C(2)-C(1)-Pd 114.4(8),

C(1)#1-C(1)-Pd 128.6(4).

Following the same experimental procedure, ligands 69 and 73 were doubly
palladated with Na,PdCls in EtOH. These reactions also produced the polymeric
chloride complexes which upon treatment with TIACAC produced complex (98, figure

81) and (99, figure 82) in a 46% and 55 % yield respectively. Both of these compounds
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have been fully characterized. Compound 98 is a yellow powder while 99 is red. Like
97, both of these compounds dissolve in unpolar solvents such as pentane or hexane.

Despite repeated attempts, no single crystals could be isolated for X-ray analysis.
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Figure 81: Reaction of 69 with Na,PdCly.
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Figure 82: Reaction of 73 with Na,PdCl,.
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5.4 Summary

Reaction of methylparathion with [2-(2-pyridyl)-phenyl-C,N]palladium(II) acetate
leads to the formation of the corresponding dimethylthiophosphate complex 83 which
has been isolated in a 74% yield. Complex 83 has been characterized by NMR, and
elemental analysis. As indicated by X-ray analysis, this complex assumes a dinuclear
structure with the two palladium phenylpyridine moieties linked by two S-bridging
dimethylthiophosphate. Compound 83 also reacts with triphenylphosphine leading to the
formation of the 1:1 adduct 86 which can be isolated and crystallized with high yield
(85%). Orthopalladation of ligands 61, 63, 65 can be achieved by reacting a 3
equivalents excess of Na,PdCly, in a 1:1 CH,Cly/ethanol mixture. The isolation of the

desired product was successfully achieved by displacing the chlorines with thallium

ACAC.

5.5 Experimental

General considerations:

Methylparathion is highly toxic and should be handled in a well-ventilated fume

hood. All glassware exposed to methylparathion should be decontaminated with bleach.

Solvents were dried by standard method. All >'P NMR studies were carried out on an
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Inova 300 NMR spectrometer (121.4 MHz for 31P). 85% H3PO4 was used as an external

standard for the solution *'P NMR spectra.

Synthesis of di-z~(dimethylthiophosphate-S, S)-bis[2-(2-pyridyl)phenylC,N]
dipalladium(II) (91): A solution of 90 (320 mg, 0.5 mmol) in THF (10 ml) was added to
a solution of Methylparathion (145 mg, 0.55 mmol) in THF (20 ml). Following addition
of water (0.5 ml), the resulting yellow solution was stirred overnight at 65° C. Upon
evaporation of the Solvents, the resulting precipitate was washed with ether and
dichloromethane and extracted with THF. Slow evaporation in DMF at room
temperature led to the formation of colorless needles which were suitable for further X-
ray analysis. Yield (297 mg, 74%). Mp 281°C. 'H NMR DMSO (500 Mhz): & 3.65 (d,
Jup = 9.3 Hz, 12H), 6.99 (m, 2H), (m, 2H), 7.41 (m, 2H), 7.52 (m, 2H), 7.65 (m, 2H),
8.07 (m, 6H CH ar), 8.46 (m, 3H, CH ar). *C NMR CDCls, (500 Mhz): & 53.0, 119.2,
123.1, 124.3, 124.5, 129.0, 137.7, 140.1, 145.7, 147.7, 149.7, 163.3 (C ar). *'P NMR
DMSO/D,0 (300 Mhz): & 50.5. Solid state *'P{'"H} NMR: & 35.9, 32.9, 29.3.
Elemental analysis calc. (%) for CysH2sN2O6P,Pd,S;,: C 38.87, H 3.51, N 3.49. Found: C

39.25,H3.60, N 3.51.

Synthesis of (dimethylthiophosphate-S,S)-[2-(2-pyridyl)phenyl-C, N]palladium (II)
trimethylphosphine (95): To a solution of complex 91 (40 mg, 50 umol) in THF (10 ml)
was added a solution of triphenylphosphine (13 mg, 50 pmol) in THF (10 ml). After 20

hours at room temperature, the colorless solution was evaporated under vacuum. Slow
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recrystallization of the white residue in acetone led to the formation of colorless needles
which were suitable for further X-ray analysis. Yield (45 mg, 85%). Mp. 281°C. 'H
NMR CDCl; (300 Mhz): & 3.32 (d, *Jup = 7.2 Hz, 6H), 6.47 (m, 1H), 6.57 (m, 1H), 6.94
(m, 1H), 7.28 (m, 2H), 7.37 (m, 6H), 7.43 (m, 3H), 7.55 (m, 1H), 7.78 (m, 1H), 7.83 (m,
7H). C NMR CDCl; (300 Mhz): & 53.0 119.2, 123.1, 124.3, 124.5, 129.0, 137.6,
140.1, 145.7, 147.7, 149.6, 163,2 (Cq non detected). *'P NMR THF (300 Mhz): & 43.1,
44.5. Elemental analysis calc. (%) for C;;HyoNO3;P,SPd: C 56.07, H 4.40, N 2.11.

Found C 55.89, H 4.33, N 2.25.

Synthesis of 3,6-(2,4,6-trimethylphenyliminomethyl)-1,2-dimethoxy-1,2-
phenylenedipalladium-(II)-bis(2,4-pentanedionate) (97): A solution of Na,PdCls (1.54
g, 5.25 mmol) and NaOAc (0.43 g, 5.25 mmol) was prepared in 10 ml ethanol and added
to a solution of 71 (0.75g, 1.75 mmol). The reaction mixture was stirred at room
temperature for 20 hours before being filtered under vacuum and washed 3 times with
pentane. The resulting red crude material was thoroughly dried and use for the next step
without further purifications. The red powder was then dissolved in 10 ml of CH,Cl, and
3 equivalent of TIACAC (1.59 g, 5.25 mmol) was directly added. The rapid precipitation
of TICl, was observed and the reaction vessel was stirred for 1 hour at room
temperature. Typical workup was followed with filtration of the precipitate, and
evaporation of solvent under vacuum. The red crude product was then dissolved in
pentane, filtered, and dried. After recrystallization in hexane at room temperature, red

crystals of 97 (0.38g, 26%) were isolated. Mp 241-243°C. [M-CI]" 673. 'H NMR C¢Ds
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(300 MHz): § 1.65 (s, 6H), 2.13 (s, 12H), 2.39, (m, 12H), 3.49 (s, 6H), 5.14 (s, 2H), 6.76
(s, 4H), 8.02 (s, 2H). *C NMR CDCl; (500 MHz): & 18.9, 18.7, 21.2, 27.8, 27.5, 62.2,
99.2, 128.7, 131.0, 136.2, 140.3, 144.3, 148.7, 157.6, 172.1, 187.5. Elemental analysis

calc. (%) for C3gH44N>OgPdy: C 54.49, H 5.29, N 3.34. Found C 54.37, H 5.23, N 3.47.

Synthesis of 3,6-(1R,2R,3R,5S)-(-)isopinocampheylaminomethyl-4,5-dimethoxy-
1,2-phenylenedipalladium-(II)-bis(2,4-pentanedionate) (98): A solution of Na,PdCl,
(1.54 g, 5.25 mmol) and NaOAc (0.43 g, 5.25 mmol) was prepared in 10 ml ethanol and
added to a solution of 69 (0.81g, 1.75 mmol). The reaction mixture was stirred at room
temperature for 20 hours before being filtered under vacuum and washed 3 times with
pentane. The resulting red crude material was thoroughly dried and use for the next step
without further purifications. The yellow powder was then dissolved in 10 ml of CH,Cl,
and 3 equivalent of TIACAC (1.59 g, 5.25 mmol) was directly added. The rapid
precipitation of TICl, was observed and the reaction vessel was stirred for 1 hour at
room temperature. Typical workup was followed with filtration of the precipitate, and
evaporation of solvent under vacuum. The yellow crude product was then dissolved in
CH,Cl, and purified by flash chromatography (rf = 0.8). A yellow powder of 98 was
isolated (0.70 g, 46%). Mp 194-197°C. [M-CI]" 709. 'H NMR C¢Ds (300 MHz): & 1.12
(d, *Jun = 7.5 Hz, 6H), 1.15 (s, 6H), 1.30 (s, 6H), 1.92 (m, 4H), 1.98 (s, 6H), 2.08 (m,
6H), 2.11 (s, 6H), 2.42 (m, 2H), 2.55 (m, 2H), 4.00 (s, 6H), 4.45 (m, 2H), 5.39 (s, 2H),
8.57 (s, 2H). *C NMR CDCl; (500 MHz): & 20.4, 23.4, 25.4, 27.5, 27.6, 28.6, 34.6,

36.2, 39.8, 41.9, 42.7, 48.2, 62.4, 100.5, 124.7, 130.3, 150.9, 168.9, 186.7, 190.3.
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Elemental analysis calc. (%) for C4oHssN,OgPdy: C 54.99, H 6.46, N 3.21. Found C

55.11, H6.23, N 2.84.

Synthesis of 3,6-(2,6-diisopropylphenyliminomethyl)-4,5-dimethoxy-1,2-
phenylene-dipalladium-(II)-bis(2,4-pentanedionate) (99): A solution of Na,PdCl, (1.54
g, 5.25 mmol) and NaOAc (0.43 g, 5.25 mmol) was prepared in 10 ml ethanol and added
to a solution of 73 (0.90 g, 1.75 mmol). The reaction mixture was stirred at room
temperature for 20 hours before being filtered under vacuum and washed 3 times with
pentane. The resulting red crude material was thoroughly dried and use for the next step
without further purifications. The red powder was then dissolved in 10 ml of CH,Cl, and
3 equivalent of TIACAC (1.59 g, 5.25 mmol) was directly added. The rapid precipitation
of TICl, was observed and the reaction vessel was stirred for 1 hour at room
temperature. Typical workup was followed with filtration of the precipitate, and
evaporation of solvent under vacuum. The red crude product was then dissolved in
pentane, filtered, and dried. After several attempts to recrystallize 99 (0.89 g, 55%) no
crystals suitable for X-ray analysis were isolated. [M-CI]" 757. "H NMR C¢Ds (300
MHz): § 1.14 (d, *Jun = 2.1 Hz, 6H), 1.16 (d, *Juu = 3.6 Hz, 6H) 1.23 (d, *Juu = 6.9 Hz,
6H), 1.32 (d, *Jun = 6.6 Hz, 6H), 1.54 (s, 6H), 1.92 (s, 6H), 3.43 (m, 2H), 3.62 (m, 2H),
3.84 (s, 6H), 5.09 (s, 2H), 7.17 (m, 4H), 7.28 (m, 2H), 8.18 (s, 2H). "*C NMR CDCl;
(500 MHz): 6 23.5, 24.1, 25.0, 26.8, 27.5, 28.1, 62.4, 99.2, 123.2, 123.3, 127.4, 140.5,
142.0, 142.4, 144.0, 148.9, 157.9, 171.7, 185.4, 186.7. Elemental analysis calc. (%) for

C44Hs6N2OgPd,: C 57.33, H 6.12, N 3.04. Found C 57.40, H 6.04, N 2.82.



Table 6: Crystal data for complexes 91 and 95.
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Crystal data 91 95

Formula C26 H28 N2 O6 P2 Pd2 S2 C62 H58 N2 O6 P4 Pd2 S2

M; 803.36 1327.90

Crystal size (mm3) 0.32x0.35x0.42 0.15x0.32x0.20

Crystal system Orthorhombic Triclinic

Space group Pbca P-1

a(A) 7.8374(16) 9.0616(18)

b (A) 19.451(4) 17.793(4)

c(A) 19.600(4) 19.315(4)

a(®) 90 112.91(3)

B®) 90 96.39(3)

7(®) 90 94.58(3)

V(&) 2987.9(10) 2824.9(10)

Z 4 2

Pcale (Mg/m3) 1.786 1.561

K(Mo Ko )(mm™) 1.493 0.878

F(000) (e) 1600 1352

Data Collection

T/K 273(2) 273(2)

Scan mode ® ®

hkl range -8<=h<=8 -11<=h<=5
-22<=k<=14 -22<=k<=23
-20<=]<=22 -23<=]<=25

Measured refl. 12111 17862

Unique refl., [Ry]

2281 [R(int) = 0.0780]

12514 [R(int) = 0.0368]

Refl. used for refinement 2281 12514
Absorption correction none none
Toin/ T none none
Refinement

Refined parameters 181 707

R1, wR2 [[>25(1)]

Pfin (max/min) (eA™)

R1=0.0767, wR2=0.1510
2.129 and -0.690

R1=0.0548, wR2 = 0.1035
0.942 and -0.886

“RI=(F, - Fo)/Fo.” WR2 = {[w(Fy" - FSYVIWFS) 1% w= U[DXFS) + (ap)’ + bpl; p

= (Fo2 + 2FC2)/3 with: a=0.02 and b = 50 for 91; a = 0.0407 and b = 3.2958 for 95.



Table 7: Crystal data for complex 97.
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Crystal data 97

Formula C38 H44 N2 O6 Pd2

M, 837.55

Crystal size (mm?3) 0.24x0.20x0.18

Crystal system Monoclinic

Space group C2/c

a(A) 22.043(10)

bA) 16.271(7)

c(A) 10.094(5)

a(®) 90

£ 98.834(9)

7 (%) 90

V(A 3578(3)

Z 4

Pcalc (Mg/m3) 1.555

(Mo Kg)(mm™) 1.053

F(000) (e) 1704

Data Collection

T/K 273(2)

Scan mode ®

hkl range -23<=h<=25
-14<=k<=18
-l11<=I<=11

Measured refl. 8296

Unique refl., [Ry]

Refl. used for refinement

2812 [R(int) = 0.0777]
2812

Absorption correction Empirical

Tmin/Tmax 0.4749 al’ld 0.4066
Refinement

Refined parameters 217

R1, wR2 [[>25(1)]

Pfin (max/min) (eA™)

R1=0.0878, wR2 = 0.1946
1.292 and -0.904

“RI=(F, - Fo)/Fo.” WR2 = {[w(Fy" - FSYVIWFS) 1% w= U[DXFS) + (ap)’ + bpl; p

= (F,* + 2F7)/3 with: a=0.1308 and b = 0.
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CHAPTER VI

METAL CATALYSED ORGANOPHOSPHATE ESTER HYDROLYSIS

6.1. Introduction

As mentioned in the introductory paragraph of this dissertation, the
organophosphorus hydrolase (OPH), from Pseudomonas diminuta, is very active in the
hydrolysis of various organophosphorus esters including organothiphosphates. The X-
ray structure of this enzyme indicates the presence of a dinuclear active site containing

two Zn>" cations bridged by a hydroxide.'”

The proposed mechanism suggests that a
water molecule is activated and oriented at the more buried metal center while the
organophosphate coordinates at the more accessible metal site. It has been suggested
that hydrolysis occurs by a Sx2 mechanism in which a water molecule attacks the
phosphoryl center and displaces the leaving group. A number of studies have recently
focused on optimizing the rate of hydrolysis observed with the native enzyme but it is

important to note that so far, no dinuclear complexes that mimic the function of OPH

have been reported or investigated. '*'

In the context of this thesis, it was decided to determine whether or not some of the
dinuclear complexes presented in the preceding chapters could serve to mimic the
activity of OPH in the hydrolysis of methylparathion. As part of these studies, a number

of metal ions and complexes have been tested.
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6.2. Dinuclear Cu(Il) complexes catalysis

The dinuclear complexes 85 as well as its monofunctional analog 89 were first
investigated. None of these complexes showed any activity in the hydrolysis of
paraoxon in the 7-10 pH range. Elevation of the temperature did not appear to have any
effects. Since organothiophosphotriester are known to be more reactive toward synthetic

catalysts,”™ we decided to focus on the hydrolysis of methyl parathion (20, figure 83).

85 "N NN —g Qj—g
"o SR

OH o

OH
| |
_C)\P/O — > _C)\ /O +
& \O_<j%NO2 H,0,60°C, Ph8 s g

Figure 83: Hydrolysis of methylparathion, primary tests.
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These experiments were monitored by following the addition of KOH in aqueous
media by pH-Stat without additional buffer. This experiment was done at 60°C with 2 x
10 M of 20 and 2 x 10 M of the selected metal complex in an aqueous solution (20%
methanol, 0.1 M KCI). The pH of the solution was set at pH 8 prior to addition of the
catalyst, and was kept constant by slow addition of a 5 x 10 M KOH solution (figure
84). As the pH is remained constant, the number of moles of hydrolysed product is

directly proportional to the amount of KOH added to the solution.
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Figure 84. Hydrolysis of methylparathion by 85, and 89 at 60°C and pH 8.
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As shown above, the catalytic activity is definitely present but very weak. The
hydrolysis reaction with 1 equivalent of Cu (II) and 0.5 equivalent of dinucleating ligand
was 50% completed after 40 minutes yielding a turnover frequency of 2.1 x 10™ s,
After 3 hours the reaction was 95% complete. It is also interesting to note that no
cooperative effects between the 2 Cu (II) metal centers was observed as the catalytic
activity of the monofunctional analogues 89 is comparable to that of the dinuclear

systems 85.

6.3. Metal ion screening

At this point, alternative systems had to be considered. In order to better design a
new type of catalyst, we decided to test the activity of a series of metal ions such as Pd
(1), Pt (II), Cu (1), Zn (II), and Ni (IT) Co (1), and Mn (II) in the hydrolysis of 20. This
experiment was done also by pH-Stat with 2 x 10* M of 20 and 2 x 10™ M of the
selected ions in aqueous solution (20% methanol, 0.1 M KCI. This catalysis was also

observed at pH 8 and at a temperature of 60°C (figure 85).
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Figure 85. Hydrolysis of methylparathion by metal ions at 60°C and pH 8.

Our first surprise came from the low catalytic activity of Zn*", Cu®*, Ni**, Co*", and
Mn®" cations. However, the catalytic activity of platinum and more importantly
palladium looked very promising. The hydrolysis reaction with 1 equivalent of Pd*" was
50% completed after 5 minutes yielding a turnover frequency of 1.66 x 10° s™. After 12

min the reaction was 98% complete.
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6.4. Dinuclear Pd(II) complexes catalysis

Based on the above observations, we decided to investigate the use of the dinuclear
palladium complexes 97, 98, and 99 as catalysts for the hydrolysis of paraoxon (19), and
parathion (20). For our first experiments, catalyst 97 was chosen and tested. The
reactions were followed by monitoring the absorbance of the p-nitrophenol released after
addition of the palladium catalyst to a buffered solution of the organophosphotriester.
Just like for the Cu (IT) complexes 85 and 89, no catalytic activity was observed from pH
7 to pH 10 for the hydrolysis reaction of paraoxon. However, when the same experiment
was carried out with the more reactive substrate parathion, catalysis was readily
observed. These experiments were monitored by following the release of p-nitrophenol
in aqueous media by UV at 400 nm. This experiment was done at room temperature
with 3.5 x 10° M of 20 and 1.75 x 10 M of catalyst (10% Pd) in a 5.7 x 10° CHESS
solution (pH 9). We rapidly noticed that even with the use of only 0.1 equivalents on
catalyst, the hydrolysis of 20 was observed at a high rate (figure 79). The hydrolysis
reaction by 97 was 50% completed after 29 minutes yielding a turnover frequency of
2.87 x 107 s'. After 2.6 hours the reaction was 90% complete. The exact same
experimental procedure was followed for catalysts 98 and 99. It appears that catalyst 98
yielded the most promising results yet (figure 86). The hydrolysis reaction by 98 was
50% completed after 10 minutes yielding a turnover frequency of 8.33 x 10~ s, After
34 min the reaction was 95% complete. As for the last catalyst 99, only a turnover

frequency of 2.66 x 10™ s was observed (figure 86).
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Figure 86. Hydrolysis of methylparathion by 97, 98, and 99 at RT at pH 9.
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Figure 86. Hydrolysis of methylparathion by 97, 98, and 99 at RT at pH 9.

In order to obtain a more detailed insight in the kinetics involved in this reaction,
catalytic experiments were carried out at various substrate and catalyst (97)
concentrations at pH 9 (CHES, at 5.7 mM), and were analyzed using the initial slope
methods. As indicated by this kinetic analysis, the reaction rate follows a second order
kinetics with a first order dependence on substrate (figure 87) and palladium (figure 88)

(v = ky[Pd][parathion]). The k; value of 190 M"'s™ obtained from these measurements is



123

comparable to earlier work on ortho-palladated phenyloxazoline derivatives that have

. . . 42,11
been investigated in our laboratory. *'"’
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Figure 87. Pseudo first order kinetic resolution of the hydrolysis of 20 (3.5 10

M) by 97 at pH 9.
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Figure 88. Pseudo first order kinetic resolution of the hydrolysis of 20 by 97 (1.75 107

M) at pH 9.

6.5. Mononuclear Pd(II) complexes catalysis

In order to compare the activity of the dinculear catalysts 97, 98, and 99 to that of
a mononuclear derivative, the monofunctional palladium complex 91 was investigated.

(figure 89). The catalysis experiments were carried out also at various methylparathion
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and catalyst concentrations in the 6 - 10 pH range (Buffer: HEPES, EPPS, CHES, at 5.7

mM). The data were analyzed using the initial slope methods.

OH
|
_O\P/\o "
HS Yo
NO,

Figure 89. Hydrolysis reaction of methylparathion by 91 at RT.

As indicated by this kinetic analysis at pH7, the reaction rate follows a second order
kinetics with a first order dependence both in substrate and palladium catalyst (v =
ko[Pd][parathion]). The k, value of 147(2) M"'s™" obtained from these measurements is

the highest ever recorded for a synthetic catalyst at neutral pH (figure 90, 91).
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Figure 90. Pseudo first order kinetic resolution of the hydrolysis of methylparathion

(3.5 10° M) by 91 at pH 7.
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Figure 91. Pseudo first order kinetic resolution of the hydrolysis of methylparathion by

91 (1.75 10° M) at pH 7.

In fact, the k, value reported herein at neutral pH is comparable to those reported by
Ryabov for organoplatinum and palladium complexes in the 8.5 — 9.5 pH range. Since
91 is the only species observed in solution, it is logical to assume that the catalyst is a
mononuclear palladium species. In an effort to understand the structure of 91 in
solution, a number of physical measurements have been carried out. Pulse field gradient

spin-echo (PGSE) has emerged as a valid method for the determination of diffusion
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coefficients and hydrodynamic radii of organometallic compounds.'” When the PGSE
experiment of complex 91 in DMSO-ds was carried out (figure 92), the
dimethylthiophosphate and phenylpyridine moity were found to diffuse at the same rate
indicating that dimethylthiophosphate anion is still ligated to the palladium center. This
result suggests that, in solution, dimethylthiophosphate is still bound to the palladium

center during the catalytic process (figure 93).
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Figure 92. "H PGSE analysis of 91 (1 mg) in DMSO-d;.
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Figure 93. Proposed mechanism for the hydrolysis of 20 by 91 at neutral pH.
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At pHO, the reaction rate follows another kinetic pathway with the same first order
dependence in substrate (figure 94) but a half order dependence in palladium catalyst
(figure 95). The catalytic activity of compound 91 has a turnover frequency of 1.6 x 107
s'. The data can be fit to an expression for the hydrolysis of methylparathion by
compound 91 as in the following equation: szeql/2 = 3.02(1) Mg (v =
szeql/z[Pd]l/ 2[parathion]; Keq = [monomer]* /[Dimer]). These observations can be

reconciled on the basis of a mechanism in which the active form of the catalyst is a

monomer whose concentration is controlled by an equilibrium with a dimer (figure 96).

In order to further investigate such drastic increase in the catalytic activity of the
system from neutral to alkaline media, the pH of the catalytic hydrolysis of 20 by
compound 91 was studied between pH 7 and 9. This profile reveals the existence of 2
pH independent plateaus connected by an intermediate regime where the rate of
hydrolysis depends on the pH (figure 97). Furthermore, the UV spectrum of 91
depending on the pH was investigated (figure 98). The corresponding plot showed the
decrease of a UV band at 258 nm establishing that a new species was forming in
solution: Complex 91 at neutral pH, and the hydroxo derivative 100 at higher pH (figure

99).
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Figure 94. Pseudo first order kinetic resolution of the hydrolysis of

methylparathion by 91 (1.75 10 M) at pH 9.
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Figure 95. Pseudo half order kinetic resolution of the hydrolysis of 20 (3.5 10° M)

by 91 at pH 9.
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Figure 97. Expression of the Kobs vs pH for the hydrolysis of methylparathion by 91

([methylparathion] = 3.5 10 M; [91] = 1.75 10 M).
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Figure 98. UV recording of 91 (35 umol) in aqueous buffer with 16% dioxane from pH
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Figure 99: Complex 91 equilibrium between neutral and basic pH.



135

Furthermore, to corroborate the existence of 100, PGSE analysis of 91 in a 50%
mixture of DMSO-ds and a pH 12 D,O solution was investigated. It appeared that the
hydrodynamic radius derived from the diffusion of the dimethylthiophosphate ligand and
the phenylpyridine moiety greatly differed. Dimethylthiophosphate was found to diffuse
at the faster rate than the phenylpyridine moiety. These results suggest that, in basic
solution, dimethylthiophosphate was no longer bound to the palladium center leading to

the same proposed structure (figure 100).
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Figure 100. '"H PGSE analysis of 91 (1 mg) in a 50% DMSO/D20 mixture.
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In a PGSE experiment, the slope of the line observed in the Ln(Z//o) vs G plot (I =
intensity of the signal when a gradient G is applied; when G = 0, I = [o) is directly
proportional to the diffusion coefficient of the molecule and therefore inversely
proportional to the molecular hydrodynamic radius. In the present experiment, both the
dimethylthiophosphate ligand and the phenylpyridine moiety were found to diffuse at
different rate. The ratio of the slopes observed in the Ln(//Io) vs G* plot of each of these
species suggest that the hydrodynamic radius of the molecule containing the
phenylpyridine moiety is larger than that of the molecule containing the
dimethylthiophosphate ligand (PGSE anaylis: [(phenylpyridine)Pd(OH)], V = 520 A’ R
= 4.97 A, dimethylthiophosphate anion V = 127 A’ and R = 3.17 A). This ratio
correspond almost exactly to that which can be calculated for the dimeric complex
[(phenylpyridine)Pd(OH)], (the volume of this molecule should be very similar to that of
the known complex [(phenylpyridine)Pd(Cl)]2,103 V =498 A’ R = 492 A and free
dimethylthiophosphate anion (V = 127 A* and R = 3.17 A). Assuming that ion paring in
our highly polar system isn’t likely to occur,'® these data therefore suggest that, under
basic condition, dimethylthiophosphate ligand of complex 91 is displaced to yield a

dimeric hydroxide bridged complex (figure 101).
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Figure 101. Formation of the dimeric hydroxide bridged complex

This proposal is in agreement with the *'P {'H'NMR spectrum of 91 in a 50%
mixture of DMSO-ds and a pH 12 D,O/DO" solution. Indeed, this spectrum reveals the
presence of a resonance at 59.7 ppm which correspond to the chemical shift of the free

SP(=0)(OMe), derivative.

From the latest analytical and kinetic studies the following mechanism for the
hydrolysis of methylparathion has been proposed (figure 102). In a first step, compound
91 monomerize to the active species hydroxy-bis[2-(2-pyridyl)phenyl-
C,N]dipalladium(IT), hydrate is complexed by the methylparathion followed by rapid

hydrolysis and release of the nontoxic thiophosphate.
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Figure 102. Proposed mechanism for the hydrolysis of 20 by 91 at basic pH.
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6.6. Summary

The results presented in this chapter indicate that both mononuclear and dinuclear
organopalladium catalysts are competent in the hydrolysis of parathion and by far
outperform copper (II) coordination complexes. Another important aspect of the work
described in this chapter concerns the fact that dinuclear palladium complexes do not
appear more active than mononuclear palladium complexes. In fact, the mononuclear
palladium catalyst 91 is very potent and features the highest activity ever recorded for an
artificial parathion hydrolysis catalyst. Remarkably, this catalyst is active at slightly
acidic and neutral pH where the reaction follows a second order rate law with a first
order dependence in palladium catalyst and parathion (vipr=9) = Kor=9)[parathion][cat]
with kapoo) = 147 M's™). It becomes even more active at pH 9 where the rate law
displays a half order dependence in catalyst and a first order dependence in parathion
(Vipr=9) = kz(szg)Keql/z[cat]m[parathion] with kz(szg)Keql/z = 3.02 M'ms'l). While the
change in the kinetic rate law does not allow for a direct comparison of the activity, the
initial rate of the catalytic reaction at pH 9 is faster than that of pH 7 by an acceleration

factor A given by:

A = Vo Vipr-n = kagr-o)Keq */ (Kagri-7) « [cat] )

With a palladium catalyst concentration of 1.75 10” M, the acceleration factor A is

equal to 4.78. In fact, initial rate of the catalytic reaction at pH 9 is comparable to that
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observed by Ryabov with more expensive platinum catalysts (ko = 200-900 M's™).
Because of the half order dependence in palladium catalysts observed in the case of 91,
the acceleration factor A observed at lower palladium concentration would be even
greater so that 91 would outperform the platinum catalysts reported by Ryabov at
micromolar catalyst concentrations. For example, at pH 9 and with a catalyst
concentration of 3.5 10 M, the initial rate of the reaction with 91 as a catalyst is faster
than that employing the platinum catalyst 32 (figure 13, k, = 914 M’'s™) by an

acceleration factor A given by:

/ /
A = Vicar1y/ Vica=32) = Ka(carconKeq / (Ka(ears2) « [cat]?) = 1.76

6.7. Experimental

Catalytic hydrolysis of methylparathion by complex 82: In a typical experiment,
the cell was filled with 2.0 mL of a buffer solution (HEPES, 6 < pH < 7; EPPS, 7.5 < pH
<8.5; CHES, 9 < pH < 10 ; 10 mM) and 0.278 mL of a stock solution of catalyst in
dioxane ([Pd] =2 x [82] = 4.4 x 107 M). Following addition of 0.278 mL of a stock
solution of methylparathion ([methylparathion] = 4.4 x 10* M in dioxane), the total
volume of the solution was adjusted to 3.5 mL by addition of water and the reaction was
followed by monitoring the release of p-nitrophenol which features an absorption band
at 400 nm (¢ = 18600 M cm™ at pH 9). The dependence of the reaction rate on

methylparathion was established by varying the methylparathion concentration at
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constant catalyst concentration (([Pd] = 3.5 x 10° M). The dependence of the reaction
rate on catalyst was established by varying the catalyst concentration at constant

methylparathion concentration (3.5 x 10” M).
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CHAPTER VII

GENERAL CONCLUSIONS

The family of organophosphorus hydrolase exhibits striking structural diversity and
molecular complexity. The supply of such complex catalyst for extensive investigations
towards their mode of action is sometimes limited to its availability. Hence a few
numbers of scientists have decided to study their mode of action toward
organophosphorus hydrolysis leading to the development of new synthetic
methodologies. Indeed, we have achieved this goal by the synthesis of active Palladium
(I) mononuclear and binuclear complexes. In a first step, using the condensation
reaction of primary, secondary amines, as well as amino-alcohols to 3,6-
Di(hydroxymethyl)Pyridazine di-p-tosylate, 2,3-dimethoxy-benzene-1,4-dicarbaldehyde,
and 3,6-pyridazinedi-carboxaldehyde, we developed a large series of new symmetrical

and asymmetrical dinucleating ligands.

Scheme 1: Dinucleating ligand design.

/ \ / \
QO O O O
R—NH, N //_@_\\ ., m
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Scheme 1: Continued.
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With the use of simple techniques such as 'H NMR and UV titration, these
dinucleating ligands revealed interesting coordination chemistry properties chelating 2
metal centers such as Cu (II) while preserving the C2 symmetry of the complexes. The
orthopalladation reaction of our latest ligands was also a success. By reacting ligands
61, 63, 65 with 3 equivalent of Na,PdCl, in a 1:1 CH,Cl,/ethanol mixture followed by
the displacement of the chlorines with Thallium Acetonylacetonate, the isolations of the

desired products were successfully achieved. Reaction of methylparathion and with [2-
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(2-pyridyl)-phenyl-C,N]palladium(II) acetate leads also to the formation of the

corresponding dimethylthiophosphate complex 83. The later can further react with 1

equivalent of triphenylphosphine leading to the formation of the 1:1 adduct 86.

Scheme 2: Dinuclear organometallic design.

M M M M_
D\/_QN;I\\)I_/D D\_KN;I\\)I_/D D : D D >\:/< D
/ -— / —_
coordination conmplex organometallic conplex

D =donor group, M =metal nmoiety

After testing our different catalysts, it is interesting to note that both mononuclear
and dinuclear organopalladium catalysts are competent in the hydrolysis of parathion
and by far outperform copper (II) coordination complexes. Furthermore, dinuclear
palladium complexes, who catalyze the reaction with a second order rate law and a first
order dependence in catalyst and parathion (v = k;[parathion][cat] with k, = 190 M's™ at
pH 9), do not appear to be more active than the mononuclear complex di-u-
(dimethylthiophosphate-S,S)-bis[2-(2-pyridyl)phenyl-C,N]dipalladium(I) toward the

hydrolysis reaction. The latest revealed to be reactive at neutral pH with a second order
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rate law and a first order dependence in catalyst and parathion (v = kp[parathion][cat]
with ko = 150 M's™"). It becomes even more active at pH 9 where the rate law displays a
half order dependence in catalyst and a first order dependence in parathion (v =
szeql/ 2[ca‘[]l/z[parathion] with szeql/ 2 =302 M. Remarkably, this mononuclear
catalyst is very potent and features the highest activity ever recorded for a synthetic

parathion hydrolysis catalyst.
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APPENDIX

Pulsed Field Gradent Spin-Echo NMR.

All measurements were performed on a Varian Inova 500 MHz spectrometer using

Varian's diffusion software package. Samples were recorded in de-DMSO/D-,0 at 293 K

without spinning.

In a typical PGSE experiment, the following spin echo sequence is applied:

w2 (10.8) 7(21.5) AGQ
- —-—— g

I 2.0 100.0 46.7 467 100.0

As depicted above, a m/2 pulse magnetization is first created and followed by an
intermediate 7 pulse at t = 1. The latest generates a simple echo at t = 2t which would

result to a standard NMR spectrum after acquisition if no further modifications were
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applied. In a PGSE experiment, a first pulsed-linear-field gradient G (length: 6 = 6.5
ms) is generated at /2 which provokes a linear one-dimensional dephasing of the spins,
the magnitude of which varies along the direction of the applied field gradient. After a
time 4 = t and after application of the m pulse, the same pulsed-linear-field gradient is
applied which linearly rephase the spins before the acquisition. Simply put, if spins
move out of their starting position between the 2 pulsed gradients, their acquisitions are
lost as their rephasing does not occur so that they do not contribute to the intensity of the

spins ultimately detected.

During a typical experiment, all factors are kept constant while the gradient strength
(G) is arrayed between 0 and 14 G/cm and calibrated using ds-DMSO. Following data
collection, the spectra are carefully integrated and the resulting data points (Ln(I/Io) vs
G?) are subjected to a least-squares fit which produces a regression line whose slope is
proportional to the diffusion coefficient and inversely proportional to the molecular

hydrodynamic radius 1y (D = (kT)/(6mnry)
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