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ABSTRACT

Various phoshoramide and thiophosphoramide ligands containing hard and soft donor
functionalities were synthesized and their reactivity studies were carried out with various
transition metal ions. Using tris(alkylamido) functionalized thiophosphoramide ligands,
interesting examples of Ag(l), Cd(Il) and Pd(Il) complexes were synthesized. Further, some
of these complexes were used as single-source precursors for stabilizing the corresponding
metal-sulfide nano-particles such as Ag,S and CdS nano-particles. These nano-particles were
found to be stabilized by the thio-functionalities of the phosphoramide ligands. In another
related system using the t-butyl phosphoric diamide ligand containing 3-pyridyl
functionalities, interesting examples of metal complexes were obtained as discrete and
polymeric assemblies. The Cu(ll) complexes of this ligand were obtained as 1D- and 2D-
polymeric complexes depending upon the counter ions, While a discrete trinuclear
macrocyclic structure cage was obtained for the Ni(ll) ions.




Introduction

Phosphorous is one of the important elements in main group of the periodic table and finds
utility in all the areas of chemistry, from organic chemistry to material chemistry through
inorganic chemistry, organometallic chemistry and bio-inorganic chemistry. Phosphorus-
nitrogen compounds are a major family of phosphorus containing compounds which has been

explored extensively in the past five decades or so (Figure 1).® Among these, Imino

derivatives of P(VV) compounds are one of the simplest class of compounds that are utilized in
coordination chemistry because of their ability to act as the N-analogues of common
phosphorus oxo anions (Figure 2).? Several research groups including that of ours are
working on the coordination chemistry of imido P(V) anions. Metal complexes of several
P(V)-imido anions were utilized as catalytic systems for olefin oligomerization® and
polymerization,* ring-opening polymerization of lactides,” hydroamination® and transfer
hydrogenation’ etc. Some of these metal complexes have also shown to form long lived

paramagnetic radicals upon oxidation.®

Figure 1: Some examples of Phosphorous containing compound.

The first example of an imido-phosphate trianion as its lithium complex was reported by
Steiner, Wright and co-workers in the reaction involving diphosphrous tetraiodide and a-
naphthylamine in presence of n-BuLi.® Subsequently, it was shown that
tetra(anilino)phosphonium chloride, [P(NHPh),]CI, can be sequentially deprotonated to
generate the homoleptic imido moieties analogues to HsPO4, H,PO4~, HPO4* and PO, ions,
respectively.’® Chivers and coworkers have synthesized metal complexes of several homo-
and heteroleptic imido-phosphate derivatives of the type [(RN)s(RNH)P=E]** (E =
NSiMes, O, S or Se and X = 0, 1 or 2) using the highly reactive organometallic bases (M)
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such as RLi, R2Zn, R,Mg and R3Al (R is any alkyl or aryl group). Although these imido-P(V)
anions are ubiquitous in the reactions involving amido-phosphate ligands and organometal
alkyls/aryls/silylimides in non-polar medium, their stability in aprotic and polar solvents have
been very poor. This is particularly attributed to the highly reactive nature of the metal ions
employed as well as to the presence of residual metal-alkyl/aryl/silyamide bonds in these
complexes. It has also been noticed that use of Lewis acidic transition metal ions in these
deprotonation reactions has lead to the cleavage of P-N bonds instead of the N-H bond

activation.'* Prompted by these observations, our group has been looking at using certain

reactive metal salts as a source of base to generate the P(V) bound polyimido species in polar

medium.?

H,PO, , R,PO, HPO,;”", RPO,*~

Figure 2: 1so-electronic species.

In this efforts our group has synthesized various known and new amino P(V) compounds and
started looking at their properties extensively. In these experiments our group has synthesized
several examples of phosphonium cations of the formula [(RNH)4P]". These Phosphonium
cations, in the presence of chloride, carboxylate and polyoxometalate anions, were used to
make designer supramolecular structures aided by hydrogen bonding interactions.*® The four
RNH groups located on the tetra(organoamino)phosphonium cations of formula [(RNH)4P]”
are arranged in a tetrahedral fashion around the central phosphorus atom (Figure 3). This
arrangement of phosphonium cations gives a distinctive geometry for hydrogen bonding

which is different from planar N—H donors such as urea and guanidinium motifs.*
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Figure 3: Structural comparison of Phosphonium ion.

Subsequently, to check the deprotonation behaviour, several alkyl or peripherally
functionalized amino P(V) compounds were subjected to reactions with various reactive
metal salts. Thus, the treatment of tetrakis(2-pyridylamino)phosphonium chloride,
[P(NHpy)4]Cl, with AgCIO,4 have shown to yield a pentanuclear Ag(l) complex (Figure 4)
sandwiched between two mono-anionic imido ligands [P(Npy)2(NHpy).]  of the type
1I’(Figure 2)."

on2@_cn @014
o13

o1

Figure 4: Penta nuclear Ag complex.

Further, it has been shown that the 2-pyridyl (py)-functionalized phosphoric triamide
[PO(NHpy)s] can be subjected to step-wise deprotonation in presence of various silver(l)
salts. In view of the versatile coordination a 2-pyridyl (py)-functionalized phosphoric
triamide [PO(NHpy)s] was reacted with Ag(CIO4) to generate octa nuclear mono-
deprotonated [Ags(LH.)4]*" complex (Figure 5) featuring the mono-anionic ligand of the type
I’ (Figure 2). When this 2-pyridyl (py)-functionalized phosphoric triamide [PO(NHpy)s] was
treated with AgBF,, di-deprotonated hepta nuclear [Ag-(LH)s]" complex (Figure 5) was




obtained containing the anionic ligand of the type I11° (Figure 2). A tri nuclear [Aga(LHs3),]**
complex (Figure 5) of the neutral ligand, (LH3), was obtained when AgNO; was used in this

reaction as no ligand deprotonation occurs in this reaction.*?
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[Ags(LH;),I** complex [Agg(LH,),]** cluster [Ag;(LH);]* cluster

Figure 5: Ag(l) clusters.

Inspired by the remarkable utility of palladium and its compounds in various organic bond-
activation reactions,™® the salts of Pd(l1) ions were employed in deprotonation reactions with
these amido P(V) ligands. Thus the reaction of [PO(NHpy)s] with PdCl, gave rise to a
dinuclear complex of formula {PdCI[PO(Npy)(NHpy):]}. for the monoanionic ligand of the
type 11’ (Figure 2).” In a remarkable discovery fully deprotonated tris(imido)phosphate
trianions of the type [(RN)sPO]*" starting from [(NHR)3sPO] and Pd(OAc), were reported in
polar solvents such as CH3;OH, CH3CN, (CHz3),SO, etc. These highly basic anions were
isolated as their corresponding tri- and hexanuclear Pd(I1) clusters (Figure 6). All these
complexes contain one or two triangular Pd; motifs in which the Pd(Il) atoms are bound to

three chelating Nimigo Moieties.

Nucleophilic reagents such as primary amines (R”"NH;) was reacted at the Pd(l1) atoms in the
hexameric  Pdg-clusters to generate a trimeric species with the formula
{Pd3[(NR)3PO](OAC)3(R"NH,)s} (Figure 7). These trimeric species were obtained via the
symmetrical cleavage of the hexamer. Here the three Pd—Nimido moieties attached to the Pd3

subunit exhibit good stabily and remain unaffected during the cleavage reaction. Further

these Pd(IT) complexes were used in Mizoroki—Heck (M—H) type coupling reaction.'®
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Figure 7: Synthesis of trinuclear Pd(I1) cluster.




From these results it is apparent that use of mildly Lewis acidic metal ions in reaction with
amino P(V) ligands lead to the formation of the various imido (V) anions. These reactions are
further facilitated, in some cases, by the presence of peripheral metal coordinating groups. So
far the mild- deprotonation approach is limited only to phosphonium cations and phosphoric
triamides. Inspired from these results, we were interested in extending the deprotonation
chemistry to other systems viz., tri-functional thiophosphoramides and bi-functional
alkyl/aryl phosphoramides. Although, we were able to see the deprotonation in a few
instances, several other reactions showed that these ligands were used as neutral ligands for
the soft metal ions employed in these reactions. Especially, the thiophosphoramides interact
with soft metal ions through its softer sulfur atom leading to simpler molecular architectures.
However, these complexes were shown to act as single source precursor for obtaining the
corresponding metal sulfide particles. The coordination chemistry of a t-butyl phosphoric

diamide ligand containing a 3-pyridyl groups were studied in detail as well.

Results and Discussions

Section I: Synthesis and Reactivity studies of the tris(iso-propyl)
thiophosphoramide, [PS(NH'Pr)s], ligand (LY).

Synthesis:

The thiophosphoramide L' was synthesized according to the previously reported procedure
which involves the reaction of PSCl; with excess i-propyl amine in refluxing toluene as
shown in scheme 1.*° *H NMR peaks represent the ligand L* (Figure 8). The **P-NMR of L'
gave a sharp peak at & 58.56 (lit. 58.6) (Figure 9). The high-resolution ESI-MS spectrum of
L' gave a peak at m/z = 238.1507 for the parent ion (Figure 10).

Scheme |

N, Dicthylether

g Inert atm

cl- \ ll:
Thiophosphorylchloride [sopropyl
aming

Tris(isopropylthiophosphoramide LI
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Figure 8: 'H NMR of Tris(isopropyl)thiophosphoramide.

400 350 300 250 200 150 100 50 1] =50  -100
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Figure 9: *'P NMR of Tris(isopropyl)thiophosphoramide.




Figure 10: HRMS of Tris(isopropyl)thiophosphoramide.

In order to study the deprotonation chemistry of this ligand, we subjected it to reactions with
salts of Pd(Il), Ag(l) and Cd(ll) ions. The reaction of L' with Pd(OAc), in methanol
proceeded smoothly and gave orange coloured crystals (in low yields) in about 10-15 days.
The single crystal X-ray analysis of these crystals revealed the formation of a tri-nuclear
palladium sulfide complex of formula Pds;S:[PS(NH'Pr)s].(OAc), (1) in which no ligand
deprotonation was observed. The origin of the sulfide ion can be tracked to the hydrolytic
cleavage of the some of the ligands P=S bonds in the polar medium (Figure 13). Due to poor
yield of the sample, we were unable to obtain the NMR and mass-spectral data for this
complex. In order to improve the yield of the complex 1, we repeated the reaction in presence
of elemental sulfur powder. However, the obtained solids did not match well with the
physical properties of the crystalline sample of 1 (melting point and PXRD). Further, in an
attempt to deprotonate the ligand amino protons, the reaction was performed in presence of
several bases such as KOH, EtsN and aqueous NH3. Among these, the reaction involving

aqueous NHj; gave a clean product. The single crystal X-ray analysis has revealed a mono

deprotonated species (similar to I1’) in complex PA[PS(N'Pr)(NH'Pr)2],. The presence of this

species in solution was confirmed from MALDI-TOF mass spectrum which gave a m/z 580

17




for the parent ion species (Figure 11(b)). The peak at m/z 522 corresponds to the complex
fragment where an iso-propylamine arm from one of the ligand in the complex is cleaved
(Figure 11(a)).

| ] I | 1
200 300 400 500 600
m/z
Figurell: MALDI-TOF Mass spectra of 2: m/z 580.

The reaction of L* with Cd(ClO,), and AgNOs gave the respectively the mono-nuclear and
1D-polymeric complexes of formula CA[PS(NH'Pr)s]s2Cl10, and {Ag[PS(NHPr)s].NOs}n.
The single crystal X-ray analysis of these complexes revealed that the metal ions are
coordinated from the donor S-atom and no ligand deprotonation. Stability of complex 3 in
solution was estimated by MALDI-TOF, where the spectra shows a peak at m/z 537 which

corresponds to half the total mass of complex 3 (Figure 12).
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Figure12: MALDI-TOF Mass spectra of 3 (M/2)": m/z 537).

In view of the loosely bound nature of the M-S bonds in these complexes, we explored their

utility in obtaining the corresponding metal-sulfide particles.

Crystal Structures:

PdsS2[PS(NH'Pr)s].(OAC), [1]: The trinuclear species 1 was crystallized in the monoclinic

space group P2:/n. The molecular core consists of six ligands L*, three Pd(Il) atoms, two

sulphide ions and two acetate ions (Figure 13). The Pd(Il) centers are connected to each other
making a triangular plane, with the two sulphide ions attached to them from both top and
bottom side of triangular surface in a capping manner. In addition, each Pd(Il) ion is
connected to two thiophosphoramide ligands through Sphosphoryi. The Two uncoordinated
acetate anions provide the charge balance in the molecule. The Pd-Sgnoesphoryt distances ranges
from 2.373 A to 2.414 A. While the Pd-S bond distances for sulfide ions are in the range of
2.302 A-2.324 A. No sign of deprotonation of the amido protons by Pd(I1) metal ion were

observed in this case.




Figurel3: (a) The coordination environment of the Pds-unit, (b) View of the trigonal

bipyramidal PdsS; cluster; (c) Crystal structure of complex 1.

PA[PS(NH'Pr)2(N'Pr)]2 [2]: The Mononuclear complex 2 was crystallized in the monoclinic

crystal system, space group P2;/c. The molecular core consist of a single Pd(Il) ion and two
L' ligands (Figure 14). In complex 2, both the ligands are monoanionic due to the
deprotonation of one of the amido proton. Hence Pd(Il) metal ion is bonded to each ligand by
Nimido and the S atom of the ligand L*. The Pd -Nimigo bond distances were in the range of
2.023 A to 2.046 A, while the Pd-S distances are found in the range of 2.320 A - 2.326 A.

Figure 14: Mono nuclear Pd(11) complex 2 with mono anionic ligand L.




Cd[PS(NH'Pr)3]42CIO, [3]: The complex 3 was crystallized in monoclinic space group
P2,/c. The molecular core of 3 consists of one Cd(l1) metal ion, four L' ligands and two

perchlorate anions (Figure 15). Four ligands (L") are connected to the Cd(l1) center through

phosphoryl-S atom in tetrahedral geometry. The Cd-S bond distances were found in the range
of 2.529 A -2.550 A.

Figure 15: Tetrahedral arrangement of complex 3.

Ag[PS(NH'Pr)s].NO; [4]: The complex 4 was crystallized in the monoclinic space group
P2,/c. The asymmetric unit of 4 consists of one silver atom, one L' ligand and a nitrate anion
(Figure 16). The Ag metal ion is bonded to phosphoryl-S atom of ligand L' and oxygen of the
nitrate anion. Propagation of the asymmetric unit of complex 4 leads to a 1D chain of Ag-S
string. The Ag-S bond distances were found to be in the range of 2.421 A -2.439 A, while the
Ag-O bond distance was 2.456 A.




(b)

Figure 16: (a) Asymmetric unit and (b) 1D polymeric chain structure of 4.

TGA and PXRD for compounds 1, 2, 3, 4:-

For checking the thermal stability of the complex 1 and 4, Thermo Gravimetric Analysis
(TGA) was performed over a range of temperatures from 30 °C to 550 °C. The TGA plot
given in Figure 17 shows that complex 1 is stable up to 160 °C, after which it shows an
abrupt weight loss suggesting its decomposition above 160 °C. The TGA plot in Figure 17
shows the stability of 4 up to 200 °C. Above this temperature an abrupt weight loss was

observed indicating the decomposition of the complex 4.

=

T v T
300 400

Temperature °C

Figure 17: Thermo gravimetric analysis data showing weight loss of complexes 1 and 4.




Further the phase purity and crystallanity of the synthesized complexes 2, 3 and 4 in powder
form was checked using Powder X-Ray Diffractometer (PXRD) at room temperature (Figure
18). As observed from the graph, the PXRD pattern for the as-synthesized complex 3, 4
matches with the simulated pattern obtained from the crystal structure, but the PXRD pattern

for complex 2 shows mismatch in intensities mostly at higher 26 values.

simulated |

synthesized
synthesized

simulated

Intensity

T 1 T
0 20

20 20
Complex 2 Complex 3

= simulated
synthesized

Intensity

T
0

a
Complex 4

Figure 18: Powder XRD pattern for complexes 2, 3, 4.

Synthesis of metal sulfide particles:

Cadmium-sulfide fine-particles (FPs): On heating the solution of complex 3 at 180 °C,
colorless solution becomes yellow in color which indicates the formation of cadmium-sulfide

fine particles (Scheme 3).




Scheme 3:

Formamide

» CdS Fine Particles

170-180 9C

Formation of cadmium-sulfide (CdS) FPs was further confirmed by periodic recording of the
UV-Visible spectra of the reaction mixture. UV-Vis spectroscopy is used to determine size
and shape of fine particles. Figure 19 (a) shows the UV-Visible spectra of cadmium-sulfide
FPs. UV-visible absorption spectra of cadmium-sulfide solution contain a single surface
plasmon resonance band at 366 nm. The solution of FPs was also monitered under FE-SEM
equipped with Energy Dispersive Spectroscopy (EDS). The EDS analysis is shown in Figure
19 (b, ¢) confirms that the particles are cadmium-sulfide. Atomic weight% of cadmium and
sulfur are respectively 50.45 and 49.55, that is 1:1 ratio which indicate formation of CdS fine
particles. In these fine particles our ligand L' is acting as a capping agent. FE-SEM
determination of the dried sample showed formation of cadmium-sulfide FPs (Figure 19 (d,
e)). The morphology of the fine particles was found to be spherical and uniform throughout.
The cadmium-sulfide particles are nano-sized and in the range of 300-450 nm. We are calling
them fine particles because their sizes are more than 100 nm. Fine particle’s sizes are found

in the range of 100 nm to 2500 nm.
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Figure 19: (a) UV visible range spectrum of CdS fine particles showing the surface Plasmon
resonance; (b, ¢) EDS of CdS fine particles; (d, e) SEM images of CdS fine particles.




Silver-sulfide nanoparticles (NPs):

To synthesis Ag,S NPs, Sodium borohydride (NaBH3) was added to the solution of ligand L*
and AgNOg3 (Scheme 2).

Scheme 2:

NaBH,4
> AgyS
AgNO3

Nano
Particles

Tris(isopropyl)thiophosphoramide

Formation of Silver-sulfide NPs were confirmed by visual inspection of the colour change in
solution from colorless to yellow, as well as by periodic recording of the ultraviolet (UV)-vis
spectra of the reaction mixture. After adding NaBH,, the colorless mixture of a solution of
AgNO; and L*, changes to yellow which indicates the formation of Ag,S nano particles. The
change in the color of the solution is due to the excitation of surface plasmon vibrations in the
NPs, which is characteristic property of the nanoparticles.?> UV—Vis spectroscopy is used to
determine size and shape of these nanoparticles. Figure 20 (a) shows the UV-Visible spectra
of silver-sulfide NPs. UV-visible absorption spectra of silver-sulfide solution shows a single
surface plasmon resonance band at 445 nm. A broad surface plasmon resonance band is due
to aggregation.?* The morphology and size of NPs thus formed were viewed under FE-SEM
equipped with energy dispersive spectroscopy (EDS). The EDS analysis, shown in Figure 20
(b, c), confirms that the particles are Ag,S. Atomic weight% of silver and sulfur are 66 and
33, respectively. FE-SEM determination of the dried sample showed formation of Silver-
sulfide NPs (Figure 20 (e, f, g)). The morphology of the nanoparticles was spherical and
uniform. The silver-sulfide particles are nanosized and in the range of 30-40 nm. Figure 20
(d) shows the DLS (Dynamic Light Scattering) profile of silver sulfide NPs which represents
its particle size distribution. The average size of the particles is 98.10 nm which is due to

dimerization of silver sulfide nano particles.
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Figure 20: (a) UV visible range spectrum of Ag,S nano particles showing the surface
Plasmon resonance; (b, ¢) EDS of Ag,S nanoparticles; (d) DLS of Ag.S; (e, f, g) SEM

images of Ag,S NPs.




Section I1: Synthesis and Reactivity studies of the Bis(3-Pyridyl)t-
butylphosphoramide, [‘BuPO(NH*Py)s], ligand (L?).

Synthesis:

The tert-butylphosphonic dichloride was synthesized as per the reported procedure.?? The t-
butyl phosphoramide ligand L? was synthesized from the corresponding t-butyl phosphoric
dichloride 'BuPOCI;, as shown in Scheme 4. The 'H NMR peaks represent the ligand L?
(Figure 21). The ¥P-NMR of L? gave a sharp peak at & 31.78 (Figure 22). The high-
resolution ESI-MS spectrum of L? gave a peak at m/z = 291.1374 for the parent ion (Figure
23). The solid-state structure of the ligand was confirmed by SC-XRD analysis (Figure 25).
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Figure 21: *H NMR of Bis-(3-aminopyridyl)tert-butyl phosphine oxide L?.
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Figure 22: *'P NMR of Bis-(3-aminopyridyl)tert-butyl phosphine oxide L2.




Figure 23: HRMS of Bis-(3-aminopyridyl)tert-butyl Phosphine oxide L>.

Attempts to deprotonate this ligand with Ag(l) and Pd(l1) salts did not lead to any success.
Further, the coordination chemistry of this flexible ligand was established with Cu(ll) and
Ni(11) ions. The ligand L? is flexible due to the orientation of its pyridyl rings can be switched
to various conformations such as syn, anti or in between the two with respect to the pivotal
P=0 bond. Thus the reaction of L? with Cu(CIO,), gave a cationic 2D-coordination polymer
of composition {Cus[(L?)2]s.4ClO4}, assisted by the pyridyl coordination of the ligand. The
perchlorate ions provide the necessary charge balance and remain uncoordinated. Performing
this reaction with a different Cu(ll) source such as Cu(NO3), gave a slightly different network
of composition {Cu,[(L?),].2N0O3.2H,0}. In this assembly the interaction of the L? with
Cu(ll) ion primarily generates a 1D-assembly which is further linked by the bridging
interaction of one of the nitrate ion to give rise to a 2D-network. The other nitrate ion
uncoordinated and is located inside the packing cavity. Repeating the reaction in presence of
excess of tetra-butyl ammonium nitrate gave only a 1D-network and the nitrate ions remain

un-coordinated in the polymer {Cu[(L?),]..2NO3.2H,0},. However, upon the reaction with a

Ni(11) salt, Ni(NO3),, L? leads to the formation of discrete a tri-nuclear cage assembly of

30




composition [NizL?%]%". Although the exact reason for the formation these subtly different
assemblies in 5-8 could not predicted, the flexible nature of ligand and the role of counter
ions largely plays a crucial role in these self-assembly reactions. Further, the existence of the
Complex 8 was also confirmed with MALDI-TOF which gave a prominent peak at m/z 322
corresponding to the species [M*/6] confirming the hexa-cationic nature of the cage (Figure
24).
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Figure 24: MALDI-TOF Mass spectra of 8 (M/6)": m/z 322.




Crystal Structures:

C14H1sN4OP [L?]: Ligand L? crystallizes in the monoclinic space group P2;. P-N bond
distance is 1.66 A, while the P-O bond distance is 1.494 A. P-C bond distance is 1.838 A.
Figure 25 (b) shows Hydrogen bonding in ligand LZ.
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Figure 25: (a) Crystal structure of L% (b) Hydrogen bonding in ligand L?.

{Cu,[(L)2]4.4Cl04} [5]: The complex 5 was crystallized in the monoclinic space group P2;.
The asymmetric unit consists of two Cu(l1) ions, four L? moieties and four perchlorate anions
(Figure 26), where two Cu(ll) ions and two ligand moieties construct a macrocycle with the
other two ligands acting as a connector/bridge between two such macrocycles. This leads to
formation of a 2D sheet structure in space, having two kinds of macrocycles. One is smaller
which is explained above, while the other bigger macrocycle (consisting of six Cu(ll) ions
and six ligand moieties) was constructed using smaller macrocycles and the connector
ligands. Each Cu(ll) center is bonded to four Npyrigyi atoms and one oxygen atom of the
coordinated water, giving a square pyramidal geometry around the metal center. Cu-Npyriayi
distances were found in the range of 2.039 A -2.119 A, while the Cu-Owaer distance was
2.137 A,




Figure 26: (a) Asymmetric unit (b) 2D polymeric sheet of complex 5.

Cuz[(L?)2].2NO3.2H,0 [6]: The 2D-Polymeric sheet 6 was crystallized in the triclinic space

group P-1. The asymmetric unit of 6 consist of two Cu(ll) ions, one ligand L?, two nitrate

ions and two water molecules (Figure 27). The molecular structure of 6 consist of octahedral
Cu(l1) atom. The Cu(Il) ion is bonded to two Npyridyl, tWO Onitrate and two oxygen atom of the
coordinated water. Cu(ll)-Npyriay bond distance is 2.004 A. The Cu(I1)-Onjtare bond distance
is 2.664 A. Cu(11)-Owaer bond distance shifted to 1.989 A.




Figure 27: (a) Asymmetric unit (b) 2D polymeric sheet view of complex 6.

The formation of the 2D-assembly in 6 can be viewed as follows. First the ligand L? is acting
as a bridge between two Cu(ll) ions and lead to the formation of a 1D-sheet assembly. These
assemblies are further linked by the p-bridging interaction of one of the nitrate ion
completing the 2D-assembly (Figure 27 (b)).

Cu[(L?)2]2.2NO3.2H,0 [7]: 1D Polymeric zig-zag chain 7 crystallized in the triclinic space

group P-1. The asymmetric unit of 7 consist of one Cu(I1) ion, two ligand L?, two nitrate ions
and two water molecules (Figure 28). The molecular structure of 7 consist of octahedral

Cu(ll) atom. The Cu(ll) is bonded to four Nyyrigyi atoms and two oxygen atoms of water




molecules. The Cu(l1)-Npyriayi bond distances are found in the range of 2.029 A -2.077 A.
Cu(I1)-Oweter bond distances are found in the range of 2.293 A -2.342 A,

Figure 28: (a) Asymmetric unit (b) 1D Polymeric chain view of complex 7.

It is interesting to compare the metal-ligand assemblies 5-7. While the compounds 5 and 7
form 1:2 metal ligand assemblies, 6 forms a 2:1 assembly. Thus, due to the lower availability
of the pyridyl N-donor coordination, the metal ion was forced to take up the coordination
from the nitrate ion leading to the formation of the anion driven coordination assembly.
Further, comparing the orientation of the pyridyl ligand arms in 5, 6 and 7 are varied with
respect to the P=0 bond. Thus in 5, both the pyridyl arms are in anti orientation where as in 6
and 7 they are having mixed syn-anti orientation (one of the pyridyl arm is syn and the other

one is anti).

Nis[(L?)2]s [8]: The molecular structure of the trinuclear cage assembly of 8 was solved in the

monoclinic space group C2. The molecular core consists of six ligands L? three Ni(ll) ions
connected in the form of a macrocyclic cavitand (Figure 29). Due to the poor R-value the
bond-lengths and angles were not discussed in this report. Nevertheless, the connectivity
patterns of this molecule were firmed established from the molecular structure. Interestingly,

both the pyridyl arms in all the ligand units are arranged in a syn orientation with respect to
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the P=0O group. Thus, one of the coordinated water molecules on the Ni(ll) ions and the P=0O
groups of the ligand are located inside the cavity of the molecule. The MSROLL analysis of

the molecule gave a cavity volume of approximately 65 A%, The host-guest chemistry of this

cage molecule is currently under study in our group.

Figure 29: Molecular structure of the Ni(Il) complex 8.
TGA and PXRD for compounds 5, 6, 7, 8:

For understanding the stability of the complex 7, 8 thermogravimetric analysis was
performed over a range of temperatures from 30 °C to 546 °C. The Complex 7 shows an
initial weight loss of about 12% below 200 °C matching with the removal of two nitrate ions.
Above this temperature a rapid weight loss occurs which indicates the decomposition of

complex 7.

The initial 13% weight loss in 8 upto 120 °C is due to the loss of coordinated and non-
coordinated solvate molecules (water and methanol). The TGA plot in Figure 30 shows the
stability of 8 is retained up to a temperature of 250 °C. Above this temperature an abrupt

weight loss was observed indicating the decomposition of the complex 8.

The PXRD pattern of the powdered sample of 5, 6, 7 was found to be exactly matching with
the simulated pattern obtained from the crystal structure. This suggests the phase purity and

crystallinity of compound 5, 6, 7 is retained in the powder.
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Figure 30: Thermo gravimetric analysis data showing weight loss of complexes 7 and 8.
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Figure 31: Powder XRD pattern for complexes 5, 6, 7.




Conclusion

In summary, An alkyl functionalized Thio-phosphoramide ligand L* was synthesized and its
complexes were obtained with Pd(I1), Cd(Il) and Ag(l) metal ions. A bicapped S-bridged
trinuclear complex supported by the thio groups of the ligand was obtained in a direct
reaction involving L* and Pd(I1) salts. One of the three amido arms was found to deprotonate
in L' when an external base is employed forming a mononuclear Pd(l1) complex.
Furthermore, the ligand L" was used as a capping agent to obtain Ag,S nanoparticles and CdS
fineparticles. In the second part, an alkyl functionalized P(V) phosphoramide ligand L* was
synthesized and its complexes were obtained with Cu(ll) and Ni(ll) metal ions. Hierarchical
structures in discrete, 1D chain and 2D sheet structures were obtained during these
metallation reactions. Functional studies of all the obtained assemblies are currently under

study in our laboratory.

Experimental Section

Section I: Thiophosphoramide, [SP(NH'Pr)s], ligand and its metal complexes.

Synthesis of Tris-(isopropyl)thiophosphoramide ligand (L) [SP(NH'Pr)s]: Ligand L* was
synthesized as per the reported prcocedure.”® Thiophosphoryl chloride (17.89 ml, 29.8 g,
0.176 mol) was added dropwise to an excess of iso-propylamine (90 ml, 62.48 g, 1.057 mol)
in diethyl ether (200 ml) at 0 °C. Then the reaction mixture was stirred for 3 h at room
temperature. The iso-propylammonium chloride salt formed during the reaction was removed
by filtration and it was washed with diethyl ether (200 ml) and toluene (100 ml). The volume
of the filtrate was reduced to 70 ml. Then after, hexane (50 ml) was added to it and was kept
at -15 °C for 1 day. A white solid formed that contained mostly thiophosphoramide ligand
mixed with a small amount of ['PrNH(S)P(u-N'Pr),P(S)NH'Pr]. Sublimation of the mixture at
90 °C under vaccum yielded L' in pure form (19.97 g, 48%). mp 91-94 °C. Anal. Calcd for
CoH24N3PS: C, 45.54; H, 10.19; N, 17.70. Found: C, 45.40; H, 10.00; N, 17.30. 'H NMR
(400 MHz, CDCls): & 1.15 (d, 18H, CHs), 3.46 (septet, 3H, CH). *'P NMR (161 MHz,
CDCly): 6 58.56 (lit. 58.6). IR (cm™): 3389, 3231 [v(N-H)]. MS [ESI, m/z (rel int.)]: (M+H)*
238.15086.




Synthesis of Pdg[PS(NHiPr)g]BSZ,ZCIO4 [1]: A solution of L' (6 mg, 0.025 mmol) and
palladium acetate Pd(OAc), (4 mg, 0.17 mmol) in methanol (MeOH) was stirred for 1 h and
kept for crystallization. Orange block like crystals suitable for analysis by Single crystal X-
ray Diffractometer (SCXRD) were obtained after 6 days. FT-IR data in KBr pellet (cm™?):
3246, 2965, 1630, 1413, 1135 and 1016. Anal. Calcd for CssH144N15PsSsPdsCl,0s: C, 32.33;
H, 7.23; N, 12.57. Found: C, 33.97; H, 7.68; N, 12.56.

Synthesis of PA[PS(NH'Pr)»(N'Pr)]; [2]: To the well stirred solution of L* (6 mg, 0.025
mmol) and palladium acetate Pd(OAc), (4 mg, 0.17 mmol) in methanol, 1 ml aqueous
ammonia was added Then the whole reaction mixture was stirred for 1 h and kept for
crystallization at room temperature. Orange block like crystals suitable for analysis by
SCXRD were obtained after a week. FT-IR data in KBr pellet (cm™): 3342, 2963, 2926,
1401, 1201, 1127, 912, 602. MALDI-TOF/TOF: m/z 580 (M"). Anal. Calcd for
Ci1sHasN6P2PdS,: C, 37.33; H, 8.01; N, 14.51; S, 11.07. Found: C, 37.02; H, 7.89; N, 1486; S,
11.20.

Synthesis of CA[PS(NH'Pr)s]. [3]: To the solution of L*(11.2 mg, 0.047 mmol) in methanol,
solution of Cd(ClOy); (15.1 mg, 0.048 mmol) in methanol and acetonitrile was added. The
resulting colorless solution was stirred for 1 h. After filtering the solution through celite pad,
it was kept for crystallization at room temperature. White rods like crystals suitable for
SCXRD analysis were obtained within a week. FT-IR data in KBr pellet (cm™): 3294, 2968,
1412, 1132, 904, 876. MALDI-TOF/TOF: m/z 532 (M/2+H)*. Anal. Calcd for
CssHosN12P4S4CdCIL,0g: C, 34.30; H, 7.68; N, 13.33. Found: C, 34.11; H, 8.01; N, 13.12.

Synthesis of CdS nano particles: Complex 3 (1.06 mg, 0.1 mmol) was dissolved in 10 ml
formamide. This solution was heated at 178-180 °C. After 1-2 h color changes to yellow
color which indicates the formation of cadmium-sulfide fine particles. Further it was
characterized by UV-Visible spectra, SEM and EDS.

Synthesis of Ag[PS(NH'Pr)s].NOs [4]: To a solution of L' (11.85 mg, 0.047 mmol) in

acetonitrile, a solution of AgNO3 (26 mg, 0.15 mmol) in acetonitrile was added. The resulting

mixture was stirred for 1 h and kept at room temperature for crystallization. White crystals
suitable for SCXRD analysis were obtained after 25 days. FT-IR data in KBr pellet (cm™):
3257, 2968, 1382, 1126, 1028. Anal. Calcd for CoH4N3PSAgNOs: C, 26.55; H, 5.94; N,
13.76. Found: C, 26.83; H, 6.11; N, 13.88.




Synthesis of Silver-Sulfide nano particles: First solution of starting materials was prepared.
AgNO3 (1.6 mg, 1 mmol) was dissolved in 10 ml water. NaBH, (1.73 mg, 0.046 mmol) was
dissolved in 50 ml water. Ligand L' (2.3 mg, 1 mmol) was dissolved in 3 ml acetonitrile.
Then 1 ml of 0.1M ag. AgNOs solution and 1 ml of ligand L' solution were mixed. Then 400
ul of NaBH, solution was added. The color of solution changed from colorless to yellow

color.

Section I1: Phosphoramide, ['BuPO(NH®Py)s], ligand and its metal complexes.

Synthesis of Bis-(3aminopyridyl)tert-butyl phosphine oxide (L?) [OP(t-butyl)(NH3Py),]:
Reported procedure was followed to synthesized the tert-butylphosphonic dichloride. % PCl;
(6.87 ml, 50 mmol, lequiv.) was added dropwise in the solution of AICI; (6.67 g, 50 mmol, 1
equiv) in CH.Cl, (10 ml) and the reaction mixture was stirred for 30 min at room
temperature. Pure tert-butylchloride (6.8 ml, 62.5 mmol, 1.25 equiv.) was added and the
solution was stirred at room temperature overnight. Then the reaction mixture was diluted
with 25 ml of CHCI; and added to concentrated HCI (15 ml) and 75 g of crushed ice.
Aqueous layer was separated and extracted with CHCI3 (10 ml). Organic layers were dried
over MgSQ,, filtered and concentrated. The crude product was sublimated at 73 °C to get
pure tert-butylphosphonic dichloride. Now tert-butylphosphonic dichloride (2 gm, 11.4
mmol, 1 equiv.) was added to an excess of 3-amino pyridine (7.5 g, 80 mmol, 7 equiv.)
toluene (250 ml). The solution was stirred for 4 h at reflux. Crude product was washed with
water to get pure compound. mp 275 °C. *H NMR (CDsOD, §): 1.29 (d, 9H, 3CHs), 7.23-
8.41 (1H, pyridyl CH). *'P NMR (161 MHz, CDsOD): 31.78 (s). IR (cm™): 3439, 3120,
1583, 1501, 1474, 1172, 1049, 944, 826. ESI(+): 291.1383 (M)". Anal. Calcd for
Ci14H19N4OP: C, 57.92; H, 6.60; N, 19.30. Found: C, 57.86; H, 6.12; N, 18.98.

Synthesis of Cu,[(L?)2]4.4CIO, [5]: To a solution of L? (29 mg, 0.099 mmol) in 2 ml
methanol (MeOH), copper perchlorate Cu(ClO,), (18 mg, 0.0486 mmol) in 1 ml water (H,O)
was added. The resulting mixture was stirred for 1 h and kept for crystallization. Blue dot
crystals were obtained after 12 days. FT-IR data in KBr pellet (cm™): 3556, 2963, 2924,
1584, 1478, 1393, 1278, 1086, 931. Anal. Calcd for CssHgoN16022P4CisCuy: C, 39.06; H,
4.68; N, 13.01. Found: C, 38.98; H, 4.62; N, 13.05.




Synthesis of Cua[(L%),].2NO3.2H,0 [6]: To a solution of L? (29 mg, 0.099 mmol) in
methanol (MeOH), copper nitrate Cu(NOs), (73.8 mg, 0.303 mmol) in water (H,O) was
added. The resulting mixture was then stirred for 1 h and kept for crystallization. Blue
crystals were obtained after 10-12 days. FT-IR data in KBr pellet (cm?): 3515, 3198, 1561,
1224, 1015, 925, 918. Anal. Calcd for C14H23NsOgPCu,: C, 29.12; H, 4.01; N, 14.55. Found:
C, 29.83; H, 4.11; N, 14.88.

Synthesis of Cu[(L?),]2.2NO3.2H,0 [7]: To a solution of L? (29 mg, 0.099 mmol) in
methanol (MeOH) was added copper nitrate Cu(NOs); (12.1 mg, 0.050 mmol) in water
(H20). Then tetrabutyl ammonium nitrate (TBN) (50 mg, 0.164 mmol) was added in the
reaction mixture. The resulting mixture was stirred for 1 h and kept for crystallization. Blue
square crystals were obtained after 10-12 days. FT-IR data in KBr pellet (cm*): 3453, 3203,
2961, 2873, 1583, 1482, 1384, 930, 826, 810. Anal. Calcd for CgH42N10010P2Cu: C, 41.82;
H, 5.26; N, 17.42. Found: C, 24.83; H, 4.11; N, 5.88.

Synthesis of Nis[(L?)-]s [8]: To a solution of L? (29 mg, 0.099 mmol) in methanol (MeOH),
Ni(NO3), (16.8 mg, 0.057 mmol) in water (H,O) was added. The resulting mixture was
stirred for 1 h and kept for crystallization. Blue crystals were obtained after 10-12 days. FT-

IR data in KBr pellet (cm): 3425, 1473, 1384, 1189, 1059, 931. MALDI-TOF/TOF: m/z 322
(M/6)*. Anal. Calcd for CgsH114N2406PeNis: C, 52.60; H, 59.9; N, 17.53. Found: C, 52.13; H,
58.02; N, 17.12.
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