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ABSTRACT

This thesis reports the preparation and characterisation of oxygen, sulfur and selenium

derivatives of diorganophosphinothioformamides, i.e" R2P(Y)C(S)N(H)R', R, R' = alkyl

and/or aryl and Y = O, S or Se. The compounds were characterised by infrared,

multinuclear magnetic resonance and mass spectroscopic techniques as well as single crystal

X-ray crystallographic methods. The detailed structural study of these derivatives revealed

that the central P(1)-C(1) bonds in the R = Ph compounds were systematically longer than

the corresponding distances in the R = Cy compounds. This difference in bond strength

correlates with the different chemical behaviour of the compounds.

The second part of this thesis examined the coordination of the diorganophosphinothio-

formamides, i.e. R2PC(S)N(H)R', R, R' = alkyl and/or aryl, and their derivatives to metal

centres employing spectroscopic methods and crystallography. The deprotonated diorgano-

phosphinothioformamides were found to coordinate to metal centres, such as nickel, cobalt,

gold and palladium, as bidentate ligands utilising the sulfur and phosphorus donor atoms

forming four-membered MPCS rings. Of particular interest was the observation of a P-, S-

chelation mode in two of the ligands as well as a S-, N- coordination mode in the structure

of {Co[Cy2PC(S)NPh]¡]. In the structure of {Au[Cy2P(O)C(S)N(H)Me]CI] the ligand

coordinated in a monodentate mode viathe sulfur atom exclusively. A S-, S- chelation mode

was found for the deprotonated [Ph2P(S)C(S)N(H)Ph] ligand in the structure of the nickel

complex which resulted in the formation of a five-membered NiSPCS ring. Similar S-, Se-

coordination was observed in the structures of the nickel and cadmium complexes involving

the R2P(Se)C(S)N(H)Ph ligands which resulted in the formation of novel MSePCS five-

membered rings.
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1. I General Introduction

Metal phosphine complexes, in particular transition metal phosphine complexes, form a

most important class of compound. Phosphines, themselves, may be employed in organic

synthesis and transition metal phosphine complexes are used extensively as hydrogenation

catalysts t1]. A more recent development, and pertinent to this thesis, is the use of certain

metal phosphine complexes in medicine; a brief overview of this aspect is given in Chapter

5. Triorganophosphine ligands normally coordinate metal centres exclusively vi¿ the lone

pair of electrons residing on the phosphorus atom. The incorporation of an additional

porential donor atom(s) in the organo residue(s) gives rise to additional coordination

possibilities and therefore different chemical reactivities. One such class of phosphine is the

diorganophosphinothioformamide s (I), shown below.

5ì J.:.

2SR,P-c
(D 

\*(n)*'

R, R' = alkyl, aryl

These ligands have the potential to coordinate a metal centre(s) via the phosphorus

and/or sulfur atoms. Owing to the presence of an acidic proton on the nitrogen atom, these

ligands have the additional facility of being deprotonated leading to uninegative anions. The

derived ligands may utilise one of, or some combination of, the phosphorus, sulfur and

nitrogen atoms in coordination to metal centres.

Three of the neutral diorganophosphinothioformamide ligands (R = Ph or Cy, R' = Ph

and R = Ph, R' : Me) have been characterised crystallographically. Further, a limited

number of metal complexes with the neutral tigand and its deprotonated form have also been

analysed crystallo$aphically (see later).

Diorganophosphinothioformamides may be synthesised by the insertion of an alkyl or

aryl isothiocyanate into the P-H bond of a dialkyl- or diaryl-phosphine in an inert

atmosphere 12,3), Scheme 1. The reaction proceeds readily without the necessity of base to
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R2PH + S=CNR' * RzP-

(D

lS
"\

N (H)R'
R, R'= alkyl, aryl

Scheme 1

initiate the process. The deprotonated diorganophosphinothioformamide can also be

incorporated directly into a metal complex by the insertion of an isothiocyanate into a metal-

phosphorus bond in which monodentate coordination to the metal centre occurs via the

sulfur or nitrogen atom [4-9]; see Scheme 2. An investigation of the chemistry of these

ligands shows that when R = Cy the reactivity of the ligands is greatly enhanced compared

to the R = Ph counterpafi [10-11]; in some cases no reaction occurs when this latter ligand is

employed t121. A review of the literature of the diorganophosphinothioformamide ligands

(I) and thei¡ metal complexes is given in Sections I.4-1.9.

R2P-MRil +S=CNR' * (R2PCSNR')MR'

M = Sn or T1; R, R' = alkyl, aryl; R" = alkyl; n = 2 or 3

Scheme 2

The oxidation of the phosphorus(Ill) atom in (I) by oxygen, sulfur or selenium gives

rise to a new class of potential ligands, these are known as the diorganophosphinylthioform-

amides (II), diorganothiophosphinylthioformamides (trI) and diorganoselenophosphinyl-

thioformamides (IV), respectively. These phosphorus(V) ligands can also be prepared by

Y
il

RzP-
2S

C
\*(*r)*'

Y=O
Y=S
Y=Se

(II)
(rrr)
(IV)

R, R' = alkyl, aryl

reacting a diorganophosphine, R2PH, with either oxygen, sulfur or selenium, and to the

resulting species, isothiocyanate is inserted into the P-H bond.

The phosphorus(V) centre in each of (II), (III) and (IV) is no longer available for

coordination, however, the phosphorus-bound hetero atom, Y, is. The coordination
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potential of these ligands is largely unexplored and non-existent for Y = Se. Only three

metal complexes have been characterised structurally with the ligands being deprotonated in

each case; a review of the available structures in the literature is given in Sections 1.5- 1.6.

The aim of the work embodied in this thesis is to i) ascertain the coordination potential

of both neutral and deprotonated diorganophosphinothioformamide (I) ligands to'wards a

variety of metal centres, ii) to prepare and cha¡acterise both spectroscopically and crystallo-

graphically the diorganophosphinylthioformamide (II), diorganothiophosphinylthioform-

amide (III) and diorganoselenophosphinylthioformamide (IV) compounds, and iii) to

examine the coordination properties of (II), (III) and (IV) in both their neutral and

deprotonated forms towards a variety of metal centres. A particular focus of this work has

been an examination of gold coordination complexes of these ligands.

I .2 Gold-based Pharmaceuticals, Chemistry

As mentioned above, metal phosphine complexes are known to possess useful

pharmaceutical properties. In particular gold(I) phosphines have shown activity against

rheumatoid arthritis and more recently, good cytotoxicity. Hence, as stated above, the

interaction of the diorganophosphinothioformamides and their oxidised derivatives with gold

centres has been examined. In this section, a brief overview of gold chemistry is given, in

particular in the context of pharmacology.

Gold can exist in several oxidation states, -I, 0, I, II, III and V, however, gold

chemistry is dominated by the oxidation states 0, I and Itr. The gold(Il! nucleus is a very

powerful oxidising agent, and as such is toxic in the reducing environment of the

mammalian body; the gold(I) centre is not as oxidising. Nevertheless, the gold(I) species

needs to be stabilised as in an aqueous medium gold(I) centres disproportionate into inactive

metallic gold and gold(III) according to the following equation:

3Au(I) *2Au(0)+Au(trI)

Gold(I) is a soft metal ion and shows a preference for soft donor atoms such as sulfur,

phosphorus and carbon, over hard donor atoms such as nitrogen and oxygen. Thus, gold(I)

is stabilised by ligands such as cyanide, phosphines (e.g. R¡P), and a range of sulfur-
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conraining ligands (e.g. sulphydryl). The same ligands also stabilise gold(III). An anti-

arthritic compound containing gold(I), phosphorus and sulfur, e.g. S-2,3,4,5-tetraacetyl-1-

p-D-thioglucose triethylphosphinegold(I), known as auranofîn [13], is in wide clinical use-

The gold(I) centre prefers a linear ¿urangement but coordination numbers of three and

four are also known. In the linear geometry, as found in auranofin, incoming ligands can

approach the gold atom without steric interference and bind to the gold atom to form an

intermediate three coordinate gold centre. It is possible that over a period of time that one of

the original ligands can cleave off the gold resulting in a new linear gold(I) system as

represented below.

+B
L-Au-L' 

-> 
L-Au

-L'* L-Au-B
\B

This could be the mechanism of ligand exchange which occurs on the gold(I) centre for gold

drugs in the biological medium, see Chapter 5. For the above reasons, only gold(I)

coordination chemistry has been examined in this thesis (with one exception).

1.3 Coordination Properties of Diorganophosphino-, Diorganophosphinyl- andDiorgano-

thiophosphinyl- thioformamides

In the following secrions the available crystallographic data for the diorganophosphino-

thioformamide, diorganophosphinylthioformamide, and diorganothiophosphinylthioform-

amide compounds are summarised. All diagrams have been redrawn with the ORTEP

progam [14] using arbitrary thermal ellipsoids; hydrogen atoms have been omitted for most

diagrams for reasons of clarity. A common numbering scheme has been adopted throughout

this thesis as shown in Fig. 1.3a. This section is organised such that the neutral

diorganophosphinothioformamides are discussed first followed by their metal complexes

with the neutral and deprotonated ligands, respectively. The metal complexes with the

phosphorus(V) derivatives will follow. The few metal complexes with the phosphorus(V)

derivatives will be described directly after their phosphorus(Ill) counte{parts.
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Y(2)

3)

P(1) c(1) N(1)

1(11)
c(16) s(1)

Fig. 1.3a Numbering scheme adopted for the R2P(Y)C(S)N(H)R'compounds

I.4 lPhzPC(S)N(H)Phl and Metal Complexes

1.4.1 The Molecular Structure of [P6zPC(S)N(H)PU]

The molecular structure of [Ph2PC(S)N(H)Ph] [15], is illustrated in Fig. 1.4.1, which

shows that the conformation about the C(1)-N(1) bond is Z, and that the central P, C(1), S

and N chromophore is essentially planar. The P(l)-C(l) distance of 1.862(3) Å is similar to

the distance of a normal P-C single bond of 1.87 Å [16]. The expected C=S double bond

distance is about 1.61 Å [16] and the distance found in [PhzPC(S)N(H)Ph] of 1.650(3) Å is

longer than this value. The C(1)-N(1) bond distance of 1.334(3) Å ls shorter than the

N(1)-C(31) distance of I.422(3) Á, which suggests some double bond character in the

former bond. The deviation of the C(1)=$(1) and C(1)-N(1) bond distances from their

expected C=S and C-N values is indicative of significant delocalisation of æ-electron density

over the C(1), S and N moiety which is consistent with the canonical forms shown in

Scheme 1.4. The angles about the central C(1) atom, i.e. S(1)-C(1)-P(1), S(1)-C(1)-N(1)

and P(1)-C(1)-N(1), are 114.4(2), 128.8(2) and 116.8(2)", respectively, consistent with a

spz carbon atom. The nitrogen bound-phenyl group and the central P, C(1), S and N

chromophore form a dihedral angle of about 6'.

.S ,S-,/R-P-C <+ R-P-C" \---- ' \r---NH -NH

R' R'

Scheme 1.4
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1 . 4. 2 The M olecular Structure of fac - { MnB r( C O ) s I PhzP C( S )N( H )Ph] J

The sole example of a crystal structure with the diphenylphosphinothioformamide

Iigand, i.e. [Ph2PC(S)N(H)Ph], coordinated to a metal centre in the neutral form is that for

the complexfac-{MnBr(CO)3[Ph2PC(S)N(H)Ph]], as shown in Fig. 1.4.2 Í17). The

ligand maintains the Z configuration about the C(1)-N(1) bond upon coordination. The

manganese atom is chelated by the ligand via the phosphorus (Mn-P(l) 2.315(3) Å) and

sulfur atoms (Mn-S(l) 2.3S1(3) Å¡ wtrictr leads to the formation of a four-membered ring.

A bromide atom and three carbonyl groups, which define one octahedral face, complete the

coordination polyhedron around the manganese atom. Some noteworthy distances involving

the diphenylphosphinothioformamide ligand are: S(1)-C(1) 1.68(1), P(1)-C(1) 1.851(9) and

C(1)-N(1) 1.30(2) Å. The angles around the manganese atom are close to the ideal

octahedral with the exception of S(1)-Mn-P(1) chelate angle of 72.5(l)" which is

significantly less than the expected angle of 90'. This observation is attributed to the

restricted "bite angle" of the [PhzPC(S)N(H)Ph] ligand. Other angles of note in the

structure are S(l)-C(1)-P(1), S(1)-C(1)-N(1) and P(1)-C(1)-N(1) of 103.6(6), 130.7(5) and

I25 .6(5)', respectively.

1.4.3 The Molecular Structure of {Mn(CO)q[PhzPC(S)NPh] l

The structure of the {Mn(CO)+[PhzPC(S)NPh]] complex was determined independently

by two different groups [17,18], equivalent parameters were found in the two reports. The

details presented below are from reference 18. The structure is displayed in Fig. 1.4.3

where it can be seen that coordination to the manganese atom by the [Ph2PC(S)NPh]- ligand

isvia the sulfur and phosphorus atoms, Mn-S(1) 2.383(3) and Mn-P(l) 2.310(1) Å, the

remaining positions being occupied by the carbonyl ligands. The manganese atom exists in

a distorted octahedral environment, the distortion arising owing to the restricted bite angle of

the [Ph2PC(S)NPh]- ligand, S(1)-Mn-P(1) 73.00(4)'. The presence of the four-membered

ring also distorts the tetrahedral geometry about the phosphorus atom, Mn-P(1)-C(1)

91.9(1)'. The S(1)-CQ) t.1s5(4t Å, p(t)-C(1) 1.834(3) Ä, and C(1)-N(1) 1.210Ø) L
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bond distances have expanded, contracted and contracted, respectively compared to those in

the neutral ligand, [Ph2PC(S)N(H)Ph] t151. The S(1)-C(1) distance has changed from a

formal double bond to one with more single bond character while the reverse has occurred

for the C(1)-N(1) bond which has acquired additional double bond character. The P(1)-C(1)

separation has decreased by some 0.03 Å from the free ligand indicating that this is a

relatively stronger bond in the complex. There are also notable differences in the angles

about the C(1) atom compared to the uncoordinated ligand, these having expanded,

expanded and contracted to 102.1(2), 134.0(3) and 123.8(3)' for S(1)-C(1)-p(1), S(t)-

C(1)-N(1) and P(1)-C(1)-N(1), respectively. These angles a¡e indicative of a sp2 carbon.

1.4.4 The Molecular Stucture of {PhjPRu(MeCp)[PhzPC(S)NPh] J

The deprotonated form of the [Ph2PC(S)N(H)Ph] ligand appears in the molecular

structure of the organometallic ruthenium complex, {Ph3PRu(MeCp)[Ph2PC(S)NPh]],

where MeCp is the methylcyclopentadienyl ligand, as shown in Fig. I.4.4 [19]. The

ruthenium atom is chelated by the phosphorus and sulfur atoms of the [Ph2PC(S)NPh]-

ligand (Ru-P(1) 2.295(l), Ru-S(1) 2.40I(2) Å¡ wtrictr define a chelate angle of 72.14(6)".

The third coordination site is occupied by the phosphorus atom of the triphenylphosphine

ligand (Ru-P(2) 2.299(I) Å). lf the MeCp ligand is assumed to occupy three coordination

sites, the ruthenium atom geometry is that of a distorted octahedron. Distortions from the

regular geometry may be related to the restricted bite angle of the [Ph2PC(S)NPh]- ligand

and the steric bulk of the PPh3ligand. The S(1)-C(1) and C(1)-N(1) bond lengths have

elongated and contracted to 1.162(5) and,I.263(6) Å., respectively, while the S(1)-C(1)-P(1)

angle has decreased to 100.3(2)', compared with the equivalent parameters for the neutral

ligand [PhzPC(S)N(H)Ph] t151. These parameters follow similar trends to what was

observed above for the {Mn(CO)a[Ph2PC(S)NPh] ] complex.
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Fig. 1.4.4 The molecular structure of {Ph3PRu(MeCp)[PhzPC(S)NPh] ]
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1.4.5 The Molecular Structure of {PfuSn[PhzPC(S)NPh]]

The structure of the {Ph¡SnlPh2PC(S)NPhl} complex is illustrated in Fig. 1.4.5 l21l.

The deprotonated ligand coordinates the tin centre via tbe sulfur atom (Sn-S(1) 2.463(1) Å)

which results in the elongation of the S(1)-C(1) bond distance (1.746(4) Ì¡ rf.1.650(3) Å

for the free ligand [15]). The sulfur atom and the three carbon atoms derived from the three

phenyl substituents define a distorted tetrahedral geometry about the tin atom. There is,

however, a weak secondary interaction between the nitrogen atom and the tin centre of

2.728(3) Ä, which is well within the sum of the van der'Waals radii for the tin and nitrogen

atoms (3.75 Ã [21]) but this has been attributed to packing in the crystal lauice rather than

representing a significant interaction; no evidence was found for intra- or inter-molecular

coordination between phosphorus and tin. Hence, the [Ph2PC(S)NPh]- ligand can be

described as coordinating exclusively in the monodentate mode and functioning as a thiolate

ligand. The C(1)-N(1) bond length of 1.278(4) Å is indicative of a formal double bond

between these two atoms. Additional important parameters are P(1)-C(1) 1.860 Å, Slt¡-

C(1)-P(1) 112.0(2), S(l)-C(1)-N(1) 1t7 .I(3) and P(1)-C(1)-N(1) 122.e(3)" .

1. 5 Molybdenum Complex with [Ph2P(O)C(S)N(H)Ph]

I. 5. 1 The Molecular Stucture of [PhjPMo(CO)z[PhzP(O)C(S)NPh] 2]

The structural analysis of {Ph3PMo(CO)2[Ph2P(O)C(S)NPh]z] showed that the

molybdenum atom exists in a seven-coordinate environment as represented in Fig. 1.5.1

l22l; the phosphorus- and nitrogen-bound phenyl substituents were omitted for clarity. The

ligand is present in its deprotonated form. The complex was isolated as a dichloromethane

solvate, however, the dichloromethane molecule is not shown in the diagram. Two

[Ph2P(O)C(S)NPh]- ligands coordinate the molybdenum atomvia the thiolato sulfur atom

and the oxo function (Mo-S(l) 2.525(2) and 2.555(z; Å, Mo-o(z) 2.220(6) and,2.2ro(4)

Å; wtrictr result in chelate angles, S(1)-Mo-O(2), of 80.0(1) and77.9(l)'for each five-

membered ring, respectively. The other three positions around the molybdenum atom are

occupied by two carbonyl ligands and a PPh3 group (Mo-P(2) 2.503(2) Å¡. ffre geometry
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about the molybdenum atom can be described as a 4:3 piano-stool configuration. The two

anionic, bidentate ligands adopt essentially the same configuration about the metal atom and

their parameters are almost equal within experimental error. The P(1)-O(2) bond length is

1.500(5) and 1.516(5) Å for each of the two molecules which are longer than the average

P=O bond distance found in phosphine oxide structures of 1.46 A,lZZl. The C(1)-N(1)

bond length is shorter than the corresponding N(1)-C(31) distance, i.e. 1.290(8) and

1.278(9) vs 1.48(2). The C(1)-S(1) separations of 1.740(3) and 1.750(6) Å are consistent

with the presence of thiolate atoms. The angles surrounding the P(1) atom of the

[Ph2P(O)C(S)NPh]- ligand are approximately 109' indicating a tetrahedral arrangement

about this atom.

1.6 Metal Complexes with [PhzP(S)C(S)N(H)Ph]

Two complexes have been structurally characterised with the [PhzP(S)C(S)N(H)Ph]

ligand in its deprotonated form, i.e. [PhzP(S)C(S)NPh]-. Two different coordination modes

are adopted in the two complexes.

1 .6.1 The Molecular Structure of {Mn(CO)+[PbzP(S)C(S)NPU] ]

The [Ph2P(S)C(S)NPh]- anion coordinates the manganese atom in a bidentate manner

viathe thiophosphinyl S(2) atom and the thiolato S(1) atom resulting in the formation of a

five-membered ring, as depicted in Fig. 1.6.1 [18]. The Mn-S(l) and Mn-S(2) bond

distances are 2.390(l) and 2.410(1) Å, respectively. The Mn, P, C(1), S(1) and N atoms

are coplanar with the S(2) atom lying above this plane (ca. O.9O Å¡. fn" remaining sites

about the central atom are occupied by four carbonyl ligands which complete an almost

regular octahedral geometry about the manganese atom. No significant distortion from the

ideal environment occurs owing to the chelate angle, S(1)-Mn-S(2), being 90.01(3)'. The

five-membered ring is not as strained as the four-membered counterpart seen above for the

{Mn(CO)+[PhzPC(S)NPh]] complex. The bond distances in the two manganese complexes

are equal within experimental error. There are, however, significant distortions in the

angles, particularly around the C(1) atom. The S(1)-C(1)-P(1), S(1)-C(1)-P(1) and S(1)-

C(1)-P(1) angles for the {Mn(CO)a[Ph2PC(S)NPh]] complex [8] are 116.9(2), 129.2(3)
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and 123.8(3)', respectively while the same angles arc 102.1(2), 134.0(3) and 113.9(3)",

respectively in the {Mn(CO)¿tPhzP(S)C(S)NPhl } complex. The variations in the angles for

the two molecules can be anributed to the different strain experienced by the C(1) atom in the

formation of the chelate ring with the manganese atom.

1.6.2 The Molecular Strucure of {Mo(CO)zhf -CsHs)\PLzP(S)C(S)NPhll

In Fig. 1.6.2 the molecular srrucrure of {Mo(CO)z(tìs-CsHs)tPhzP(S)C(S)NPhl I 124)

is shown. The [Ph2P(S)C(S)NPh]- ligand is in its anionic form and chelates the

molybdenum centre via the thiolato S(1) atom and the amido nitrogen atom (Mo-S(l)

2.490(2), Mo-N(1) 2.175(5) Å¡ wtrictr results in the formation of a four-membered ring.

The pendant S(2) atom is directed away from the metal cenre and is not involved in any kind

of interaction to the molybdenum atom; P(l)-S(2) L.942(2) Ä.. fne C(l)S(1)N(1) moiety

and the molybdenum atom form a planar four-membered ring. Two ca¡bonyl groups occupy

cis positions and the coordination about the molybdenum atom is completed by a

cyclopentadienyl group which occupies three positions. The coordination geometry has

been described as tetragonal pyramidal, however, consistent with the structure of

{ Ph3PMo(CO)z [PhzP (O) C(S )NPh] 21 1221, a 4 : 3 piano- stool configuration.

1.7 [PhzPC(S)N(H)Me] and Metal Complexes

1.7.1 The Molecular Strrcture of [PîzPC(S)N(H)Me]

Two independent molecules of [PhzPC(S)N(H)Me] comprise the asymmetric unit of

lPhzPC(S)N(H)Mel, one of these is depicted in Fig. I.7.11251. The molecules adopt the Z

configuration about the C(1)-N(1) bond, as was observed for the R' = Ph analogue, but

have a different conformation of the phenyl groups. The values for the second molecule will

follow those for the first in parentheses in the following description. The parameters about

the central C(1) atom ¿re as follows; S(1)=611¡ 1.656(5) [1.656(4)], P(1)-C(1) 1.848(5)

t1.8s0(s)1, c(1)-N(1) 1.315(6) t1.319(6)l ,Å, S(r)-C(1)-p(1) 11s.e(3) t116.2(3)1, S(1)-

C(l)-N(l) 124.6(4) [125.1(4)] and P(1)-C(1)-N(1) r19.2(3) tl18.2(3)l'. These parameters
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are equal within experimental error for the two molecules and are comparable to those values

found in the structure of [PhzPC(S)N(H)Ph] [15]. The derived results are consistent with

the delocalisation of n-electron density on the SC(l)N chromophore as described earlier.

Evidence that two independent molecules comprise the asymmetric unit was obtained from

the solid state cross-polarised magic angle spinning l3C-NIrrß. spectrum on the bulk material

which showed two signals in the N-Me region, one peak due to each of the molecules [26].

1.7.2 The Molecular Structure of { Cr(CO)+[PbzPC(S)N(H)Me] l.W

The reaction of Cr(CO)e with an equimolar amount of [Ph2PC(S)N(H)Me] in thf

solution yields the 1:1 adduct {Cr(CO)+[PhzPC(S)N(H)Me]].thf Í271. The structure of the

complex is shown in Fig. 1.7.2 from which it can be seen that the neutral

tPhzPC(S)N(H)Mel ligand, in the Z configuration, coordinates the chromium atom viathe

sultur and phosphorus atoms (Cr-S(1) 2.507(I) and Cr-P(1)2.348(I) Å¡ aeflning a chelate

angle, S(1)-Cr-P(1), of 71.01(4)" and results in a four-membered CrSC(1)P ring. The

chromium atom exists is in a distorted octahedral geometry with the remaining four positions

being occupied by carbonyl ligands. Distortions from the ideal octahedral environment

might be related to the restricted bite angle of the [PhzPC(S)N(H)Me] ligand. The central

PSC(1)NC(31) moiety is planar (mean deviation 0.03 Ä) with distances S(1)-C(1),

P(1)-C(1), C(1)-N(1) and N(1)-C(31) of 1.653(5), 1.833(5), 1.319(5) and r.446(T 
^,

respectively, and angles S(1)-C(1)-P(1), S(1)-C(1)-N(1) and P(l)-C(1)-N(1) of 126.4(4),

108.0(2) and I25.4(4)', respectively. The compound crystallises as a thf solvate with a

N(1)-H(l)...O(thÐ separation of 1.91Ä (the N(l)-H(l)-O(thf) angle is 164', and

N(1)...O(rhf) is 2.809(1) Å) indicative of a hydrogen bond between these atoms; this is

represented by the dashed line in diagram.

1 . 7. 3 The Molecular Structure of { Mo( C O ) z[ PhzP C( S )NM e ] [ tt-PhzP C( S )NM e ] J z

The structure analysis of the orange-red crystals of {Mo(CO)z[PhzPC(S)NMe][p-

PhzPC(S)NMellzl28, 29) reveals a very different coordination behaviour of the
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deprotonated [Ph2PC(S)NMe]- ligand, as shown in Fig. 1.7.3; the phosphorus-bound

phenyl goups have been excluded for reasons of clarity. The d.imer, which crystallises as a

dichloromethane solvate, has a two-fold axis of symmeury. The molybdenum atom exists in

a seven-coordinate environment and is coordinated by two carbonyl ligands and two

deprotonated [PhzPC(S)NMe]- ligands. One tPh2PC(S)NMel- ligand is bidenrate, chelating

a molybdenum atom via the sulfur and phosphorus atoms (the Mo-S(l) and Mo-P(l) bond

distances are2.512(4) and2.453(5) Å, respectively). The second tPhzPC(S)NMel- ligand

chelates the same molybdenum atom via the sulfur and nitrogen atoms (Mo-S(1) and Mo-

N(1) bond lengths are 2.523(4) and 2.607(4).Å, respectively) and at the same time

coordinates the symmetry related molybdenum atom via the phosphorus atom, P(1)-Mo'

2.25Q) Ã. This second [Ph2PC(S)NMe]- ligand is thus tridentare, bridging two

molybdenum atoms. The result of this mode of coordination is the formation of a central

eight-membered MoSC(1)PMo'S'C(1)'P' ring which incorporates two four-membered

MoSC(1)N rings. The geometry about the molybdenum atom is best described as a 4:3

piano-stool configuration. In the bidentate ligand, the PC(I)SN chromophore is planar with

the molybdenum atom lying 0.58 Å out of this plane while in the tridentate tPh2PC(S)NMel-

ligand, the molybdenum and phosphorus atoms ar:e0.27 and 0.35 Å, respectively above the

plane defined by the S, C(1) and N atoms. The phosphorus arom of the bidentate ligand

exists in a distorted tetrahedral environment due to it being involved in the four-membered

ring, Mo-P-C(1) 93.8(5)'. The S(l)-Mo-P(l) chelate angle o168.2(2)" is wider than the

S(l)-Mo-N(1) chelate angle of 63.7(3)' by 4.5". Additional parameters for the bridging and

bidentate [Ph2PC(S)NMe]- ligands are listed below:

Bidentate [Ph2PC(S)NMe] - ligand

S(1)-C(l) 1.76(2),Å; P(l)-C(r) 1.82(2)Å; C(1)-N(l) 1.28(2) Å

S ( 1 )-C( 1 )-P( 1 ) I 02.0(e)'; S ( I )-C( 1 )-N( 1 ) t3 t(2)" ; p( 
1 )-C( 1 )-N (t) tz7 (z)"

Bridging [Ph2PC(S)NMe]- ligand

s(1)-C(1) 1.72(2) Å; P(1)-c(1) 1.86(2) Å; c(l)-N( I) r.32e) Ã

S(1)-c( 1)-P( 1) I 17.6(8)"; S(1 )-C(1)-N( 1 ) I 12(t)'; p( 1)-C(1 )-N(1) rzs(2)"
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1.7.4 The Molecular Structure of (Mo2[PU2PC(S)NMe]aJ

Two isomers of {MozIPh2PC(S)NMe]a] t30l have been characterised

crystallographically and are represented in Figs Ll.4a and b. The recrystallisation of

{Mo2[Ph2PC(S)NMe]+] from dichloromethane solution resulted in green crystals of isomer

A and yellow crystals of isomer B; both isomers crystallised as CH2CI2 solvates. Crystals

of isomer A are monoclinic and the molecule is disposed about a centre of inversion.

Crystals of isomer B are triclinic with no molecular symmetry. Both molecules are dimeric

and five-membered rings are formed when each [Ph2PC(S)NMe]- ligand bridges two

molybdenum centres. In isomer A one of the independent [Ph2PC(S)NMe]- ligands

coordinates the two molybdenum atoms (Mo-Mo 2.104(2) Å, i.e. a Mo-Mo quadruple bond)

viathe sultur and nitrogen atoms (Mo-S(l) is2.439(3) Å andMo-N(l) is 2.117(8),4) and

the other ligand coordinates viathe phosphorus and nitrogen atoms (Mo-P(1) is 2.571(3) Å.

and Mo-N(l) is 2.182(3) Å¡. fne Mo-N(l) bond distance involving the nitrogen atorntrans

to the phosphorus atom is significantly longer than the Mo-N(l) bond distance opposite the

s(1) atom, i.e.2.182(s) cf. 2.117(s) Å.. The arrangemenr of bridging tph2pc(s)NMel-

ligands results in a N2PS donor set about each molybdenum atom. Important parameters for

the S- and N- chelating ligand (the values for the P- and N- chelating ligand follow in curly

brackets) are: S(1)-C(1) 1.69(1) {1.65(1)}, P(1)-C(1) 1.S9(1) {1.S6(1)}, C(t)-N(1)

1.34(r) {1.3s(1)1 Ä., Slr¡-c(1)-p(1) 119.s(6) {r2r.s(6)}, s(1)-c(1)-N(1) t21.7(8)

{ 128.6(8)} and P(1)-C(1)-N(1) 118.6(8) { 109.5(7)}'; the relatively high errors associated

with these parameters preclude a detailed comparison with those of the free ligand. In

isomer B of {Mo2[Ph2PC(S)NMe]+] the coordination of each of the four [Ph2PC(S)NMe]-

ligands to the dimolybdenum unit (Mo-Mo 2.083(1) Å) is through the sulfur and nirrogen

atoms with the average Mo-S(l) distance being 2.466(8) Å, and the average Mo-N(1)

distance being 2.124(5) Å. fne affangement of the ligands in the dimeric structure is such

that like atoms occupy opposite positions; i.e. nitrogen atoms are always trans to other

nitrogen atoms. The geometric parameters defining the four independent [Ph2PC(S)NMo]-

ligands are equal within experimental error with important mean parameters being S(1)-C(1)
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r.724(8), p(1)-C(1) 1.851(s), C(1)-N(1) 1.304(9) Å, S(r)-C(1)-p(1) 118.1(2), S(1)-C(1)-

N(1) 120.0(a) and P(1)-C(1)-N(l) 121.8(3)".

1.8 [Cy2PC(S)N(FÐPh] and Metal Complexes

1.8.1 The Molecular Stucrure of [Cy2PC(S)NHPL]

In the structure of [Cy2PC(S)NHPh] [15], the conformation abour the C(l)-N(l) bond

is Z as found for [Ph2PC(S)N(H)R'], R' = Ph and Me. There are two independent

molecules in the crystallographic asymmetric unit of [Cy2PC(S)N(H)Ph], which do not

differ greatly from each other. The molecular structure for one of these molecules, molecule

ø, is displayed in Fig. 1.8.1. Similar features as found in [PhzPC(S)N(H)Ph] [15] are also

observed for the structure of [Cy2PC(S)N(H)Ph]. The cenrral p, C(1), S and N

chromophore is essentially planar. The P(1)-C(1), C(l)=S(1) and C(1)-N(1) bond distances

are 1.859(l) 1r.877(7) for molecule bl, 1.661(6) tl.658(7)l and 1.356(8) t1.349(9)l Å,

respectively. These distances, coupled with the planarity of the central P, C(1), S, N

chromophore, indicate delocalisation of æ-electron density over the P, C(l), S and N moiety.

The angles about the central C(1) atom, i.e. S(1)-C(1)-P(1), S(1)-C(1)-N(1) and p(1)-C(1)-

N(1) are 124.7(4) Í124.1(4) for molecule bl, 125.1(5) [125.6(5)], and 110.2(4)

t110.3(4)l', respectively. An approximate 10' increase in the S(1)-C(1)-P(1) angle of

lCyzPC(S)NGI)Phl compared to the equivalent angle in the structure of [Ph2PC(S)NGI)Ph]

is ascribed to the increased steric bulk of the phosphorus-bound cyclohexyl rings. The

dihedml angles formed between the least-square planes through the P, C(l), S and N moiety

and the nitrogen-bound phenyl ring is 18" and f32' for molecule bl.

The following three structures are examples in which the [Cy2PC(S)N(H)Ph] ligand

coordinates in the neutral form and the only examples of any of the diorganophosphinothio-

formamides coordinating in a monodentate mode viathephosphorus atom exclusively. The

adopted configuration about the C(1)-N(1) bond isz in all three strucrures.



Pl Cl
N1

S1

Fig. 1.8.1 The molecular structure of [Cy2PC(S)N(H)Ph]
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1 .8.2 The Molecular Structure of {CdIz[CyzPC(S)N(H)Ph]]z

The structure of {CdI2[CyzPC(S)N(H)Ph]]z t31l is constructed about a

centrosymmetric (crystallographically imposed) Cdzlz ring with Cd-I(2) 2.356(1) .Å. and

I(2)...Cd' 2.387(1) Ä; the Cd...Cd' separation of 4.024(l) Å is not indicative of a

significant interaction between these atoms. The molecular structure is depicted in Fig.

1.8.2. The approximate tetrahedral geometry about the cadmium atoms is defined by the

two bridging iodide atoms (I-Cd-I'91.01(3)'), a terminal iodide atom (Cd-I 2.680(1) Å),

and the phosphorus atom derived from the monodentate ligand, Cd-P(l) 2.593(3) Å. fne

parameters of the dicyclohexylphosphinothioformamide ligand in the coordinated derivative

and the free ligand are very similar and will not be discussed further. The H(1) atom on the

nitrogen atom is close enough to the bridging I(2) atom to indicate some hydrogen bonding

between these atoms [31]; I(2)...H'(N')2.933(l) Å, l(Z)...N'3.192 
^. 

The sum of the

van der Waals radii for iodine and hydrogen is 3.15 Å t211. No interactions with other

atoms in the ligands are apparent and therefore coordination is exclusively by the

phosphorus atom.

I .8.3 The Molecular Stucture of {HgClz[CyzPC(S)N(H)Ph]2]

Monodentate coordination to the mercury atom by both [Cy2PC(S)N(H)Ph] ligands

occnrs through the phosphorus atoms, Hg-P(la) 2.452(6) and Hg-P(lb) 2.457(7) Ä., in the

structure of {HgClztCyzPC(S)N(H)Phl2), represented in Fig. 1.8.3 [31]. The two

independent, coordinated ligands have parameters equal within experimental error to each

other and are also very similar to the values in the free ligand [15]. Two chloride atoms

complete the approximate tetrahedral geometry about the mercury atom which is distorted

significantly from the ideal geometry as shown in the magnitude of the P(1a)-Hg-P(lb)

angle, 149,4(2)". Hydrogen bonding to the chloride atoms is implied by the observed short

Cl...N(a, b) separations of 3.28(2) and 3.29(2) Å for the two ligands, respectively.

Coordination of the [CyzPC(S)N(H)Ph] ligand via the phosphorus atom exclusively is

indicated by the absence of significant inter- or intra-molecular Hg...S bonds.
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Fig. 1.8.3 The molecular structure of {HgClzlCyzPC(S)N(I{)Phlz}
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I .8 .4 T he M olecular Structure of { H gC lz I CyzP C ( S )N ( H )p h] ] z

Two independent molecules of the compound {Hgcl2tCy2pC(s)N(H)phl }2, labeled, A

and B, respectively, and two CH2CI2 molecules of solvation comprise the crystallographic

asymmetric unit, one of these molecules is represented in Fig. 1.8.4 [31]. There is a central

centrosyrnmetric Hg2Cl2nng, as was the case for the analogous cadmium iodide structure

mentioned above; Hg-ct(2) 2.748(7) (A),2.719(7) Å (B), Cl(2)-Hg-Cl(2)' 84.5(2) (A),

89.2(2) (B). There is monodentate coordination of the ligands via eachphosphorus arom ro

the mercury atom such that Hg-P(l) is 2.a00(7) (A) and 2.393(7),{ Cgl. The three chloride

atoms [two bridging, one terminal, i.e. Hg-Cl(l) 2.352(s) (A) and 2.348(8) Å O¡ and the

phosphorus atom from the [Cy2PC(S)N(I{)Ph] ligand complete an approximately tetrahedral

geometry around the mercury atom. The tetrahedral geometry is severely distorted, as can

be seen by the magnitude of the C1(1)-Hg-P(l) angle of 144.8(3) (A) and t42.9(3)" (B).

Short intramolecular contacts between the bridging chloride atoms, i.e. C1(2), and the

nitrogen atoms suggest hydrogen bonding between the amine proton and this bridging

chloride atom; C1(2)...N(1) 3.22 (A) and 3.2I 
^ 

(B). There was no evidence found for any

interaction between the mercury and sulfur atoms.

1.8.5 The Molecular Structure of {PhjSn[CyzPC(S)NPh]]

The molecular structure of {Ph3Sn[CyzPC(S)NPh] I 132) has almost similar features ro

the related complex {Ph3Sn[PhzPC(S)NPh]] which differs only by rhe narure of the

phosphorus-bound substituents [20]. A monodentate mode of coordination of the

[Cy2PC(S)NPh]- anion to the tin atom occurs through the sulfu¡ atom (Sn-S (I) 2.437 Ä¡ as

shown in Fig. 1.8.5. The nitrogen atom is positioned in close proximity to the tin atom

(Sn...N(l) 2.788(3),Å¡, however, it is there as a result of the packing in the lattice as was

the case for the {Ph3Sn[Ph2PC(S)NPh]] structure and not due to the presence of a

significant Sn...N(1) interaction. A tetrahedral arrangement is found about the tin atom

which is defined by the monodentate thiolate ligand and the three phenyl groups. Important
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parameters of nore are s(1)-c(l) 1.774(3), p(l)-c(r) 1.852(3), c(1)-N(1) r.zB4Ø) Å,,

S(1)-C(1)-P(1) I 19.8(2), S(1)-C(1)-N(1) I rs.2(2) and p(l)-C(t)-N(t) 12s.0(3)..

The {Ph3Sn[CyzPC(S)NPh]] compound was the hrst compound of the rwo rin

derivatives mentioned thus far for which a structure was determined. Only one isomer was

observed in solution for {Ph3Sn[CyzPC(S)NPh]] as determined by a 3rp un¿ 1199¡ NMR

study [22]. The NMR data indicated the presence of two isomers, however, for the

{ Ph g s n [PhzPC(s)NPh] ] compound, when prepared from the reacrion of

lPhzPC(S)N(H)Phl with Ph3PSnCl in the presence of Et3N. The structural analysis of

{Ph3Sn[Cy2PC(S)NPh]] revealed a similarity to {Ph3Sn[PhzPC(S)NPh]] (Section 1.4.5),

however. By contrast the {Ph3Sn[Ph2PC(S)NPh]] complex was synrhesised from the

reaction between phenyl isothiocyanate and Ph3PSnPPh2 only one isomer was observed in

solution. These results indicate the fickle nature of these compounds.

I .8 .6 T lrc M olecular Structure of trans - { P t t CyzPC ( S )N p hl 2l

The crystal structure of the complex trans-{Pt[Cy2PC(S)NPh]2] has been determined

[33] and the platinum atom, located on a crystallographic centre of inversion, exists in a

squüe planar geometry as can be seen in Fig. 1.8.6. The deproronated [Cy2PC(S)NPh]-

ligand chelates the platinum centre via the sulfur and phosphorus aroms with Pt-S(l)

2.322(l) and Pt-P(l) 2.282(1).4; the bite angte, S(l)-pt-p(l) is 74.7(1)'. The pc(l)SN

moiety is planar with the platinum atom lying 0:3316 Å above this plane. Other important

parameters are S(1)-CQ) 1.763(4), P(1)-c(1) 1.834(3), C(1)-N(t) r.268(4),Å and S(1)-

c(1)-P(1) 101.e(2)'.

1.9 Tin Complex with [Cy2P(O)C(S)N(H)Me]

I .9.1 The Molecular Structure of {PfuSnICyzP(O)C(S)N(H)Me]CI]

The reaction between Ph3SnCl and the tCy2P(O)C(S)N(H)Mel ligand results in the

isolation of the {Ph3Sn[CyzP(O)C(S)N(H)Me]Cl] adduct [12], as shown in Fig. 1.9.1.

The tin atom is coordinated by three phenyl groups, a chloride atom and the O(2) atom (Sn-
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O 2.523(2) Å¡ derived from the neutral tCyzP(O)C(S)N(H)Mel ligand, which has the Z

configuration. This arangement leads to a hve-coordinate tin centre which has a distorted

trigonal bipyramidal geometry with the O(2) and chloride atoms defining the axial positions;

O(2)-Sn-Cl 172.73(5)". The P(1)-O(2) bond distance of I.490(2) Å is indicative of a

double bond between these atoms. It has been noted in the literature Í34-361that the length

of the P=O separation in triorganophosphine oxide adducts of tin is independent of the

strengrh of the tin to oxygen bond, however, the structure of [CyzP(O)C(S)N(I{)Me] is not

available for comparison to verify this conclusion.

1. 10 Summary

An inspection of the structures described above in 1.4 to 1.9 reveals a number of

coordination modes for the diorganophosphinothioformamides (f), diorganophosphinylthio-

formamides (II) and diorganothiophosphinylthioformamides (III) compounds with the

ligands in their neutral or deprotonated forms. Clearly, however, there is enorrnous scope

for further work, in particular for the phosphorus(V) derivatives, (II), (III) and the

diorganoselenophosphinylthioformamides (IV).

1.1L Aims

The aim of this thesis is to explore the coordination potential to metal centres of ligands

with general structural features shown in diorganophosphinothioformamides (I), diorgano-

phosphinylthioformamides (II), diorganothiophosphinylthioformamides (m) and diorgano-

selenophosphinylthioformamides (IV). A particular focus of this work is an investigation of

the coordination possibilities of these ligands with gold. Essential to the understanding of

the effects coordination has on the electronic structure and geometrical arrangement of the

atoms in these ligands, is a knowledge of the precise interatomic patameters of the ligands

themselves. As a consequence of the above, the thesis is divided into three major sections.

The first section explores the chemistry, spectroscopic characterisation and X-ray crystal

srrucrures of the phosphorus(V) ligands, diorganophosphinylthioformamides (II), diorgano-
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thiophosphinylthioformamides (III) and diorganoselenophosphinylthioformamides (IV).

The second section examines the interaction of the phosphorus(Ill) ligands (I) and their

phosphorus(V) derivatives (II-IV) with gold(I) salts. The third section describes the X-ray

crystal structures of a variety of metal complexes of I-IV prepared by the author or supplied

by Professor R. Kramolowsky, University of Hamburg, Germany.

The spectroscopic methods utilised during the course of this study included infrared

(IR), multinuclear magnetic resonance (NMR), fast atom bombardment (FAB) and electron

impact (EI) mass spectroscopy. A number of compounds have also been investigated using

single crystal X-ray diffraction methods.

Owing ro the large volume of crystallographic data accumulated during this study, this

thesis is divided into two volumes. The primary crystallographic data, i.e. crystal and

refînement details, fractional atomic coordinates, thermal parameters, all bond distances, all

bond angles and listings of observed and calculated structure factors have been included in

Volume 2.



Chapter 2

EXPERIMENTAL METHODS AND PREPARATIONS
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General Information

All preparations and reactions, where appropriate, carried out during this study were

performed under an inert atmosphere of either argon or nitrogen. Glassware was flame-

dried and evacuated before use. The flash column used for the chromatographic separations

and the technique employed was as according to the literature [37]'

Care should be taken when handling phosphines and selenium-containing compounds,

as these are potentially h"azardous chemicals and hence should be used in afume-hood with

appropriate protection being wonn.

Microanalysis

Elemental analyses for C, H and N were performed by the Chemical and Microanalytical

Services Pty Ltd, Essendon, Victoria.

Instrumentation

2. I Infrared Spectroscopy (IR)

Infrared spectra for all compounds were recorded as KBr discs on a Perkin-Elmer

|720XFT spectrometer in the range of 4000 - 400 cm-l and calibrated with the polystyrene

absorption at 1601 cm-1.

2.2 Nuclear Magnetic Resonance Spectroscopy (NMR)

Proton (1H) and carbon-13 proton decoupled (13C) NtttR spectra were recorded on a

Bruker ACP-300 NMR spectrometer with deuterated chloroform, CDCI3, as the solvent.

The recording frequencies used were 300.13 MHz for lH NMR andl5.4l MHz for 13C

NMR. The internal reference used was SiMe4 (TMS). Proton decoupled phosphorus-31

(31p) NtrrtR spectra lwere recorded on a Bruker CXP-300 NMR spectrometer at I2I.5lvftlz,

as chloroform solutions, with the internal reference being 857o H3POa in D2O.
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2.3 Mass Spectroscopy (MS)

Fast atom bomba¡dment (FAB) mass spectra were obtained using a VG ZAB-2ÍfF

spectrometer. The excitation gas was argon at a source pressure of typically 10ó mbar. The

FAB voltage was 7 kV with a current of I mA, the ion accelerating potential being 8 kV. A

drop of a ca0.5 mol dm-3 solution of the complex in dichloromethane was added to a drop

of 3-nitrobenzyl alcohol matrix and applied to the probe tip. The spectra were recorded as a

mass to charge ratio, mlz. Relative abundance was calculated by designating the most

abundant peak as l00%o and determining the abundance of the other peaks based on their

relative heighs in the spectra to the most abundant peak. FAB mass spectra were obtained

with the assistance of Mr Tom Blumenthal of the Department of Chemistry, University of

Adelaide. Mr Blumenthal recorded the electron impact @I) spectra.

2.4 Melting Points

All melting points were determined using a Gallemkamp melting point apparatus

calibrated with benzil (m.pt 94-95'C).

2.5 Crystallography

Crystal data and refinement details for all structures are listed in Volume 2 of this thesis.

This section outlines the general procedures employed for each analysis. Two different

methods were utilised to collect data for the crystal structures presented in this thesis as

given below in a) and b). All crystals were mounted on a glass fibre using cyanoacrylate

glue and all data collections were performed atroom temperature (293K).

a) Intensity data for the following five compounds: [PhzP(Y)C(S)N(FI)Ph], Y = O, S, Se,

tPhzP(O)C(S)N(H)Mel and {Au[PhzPC(S)NPh]]2 were measured on an Enraf-Nonius

CAD4F diffractometer fitted with MoKu, radiation; i. = 0.7107 Å. The ar:20 scan technique

was employed to measure data for the compounds up to 0¡¡¿¡¡ 25.0" (21.5' for

tPh2P(O)C(S)N(H)Mel). Two standard reflections were measured every 7200 seconds of

X-ray exposure time and this revealed that no decomposition of any of the crystals had
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occurred during their respective data collection. Each data set was corrected for Lorentz and

polarisation effects and an analytical absorption correction was applied in each case [38].

Only reflections which satisfied the 1> 3.0o(Ð criterion of observability were used in the

subsequent analysis.

b) Intensity data were measured on a Rigaku AFC6R diffractometer fitted with either MoKa

(graphite monochromator) radiation, À =0.71073 Å, or Ni-filtered CuKo radiation, l. =

1.5418 Å. fne ol:2e scan technique was employed to measure data up to a maximum Bragg

angle of 25-27 .5' for MoKcr or 60-65' for CuKa radiation. The net intensity values of three

standard reflections, remeasured after every 400 intensity measurements, showed no

significant change in any of the data collections. The data sets were corrected for l-orentz

and polarization effects [39] and for absorption effects employing an empirical conection

t401. Of the reflections measured only those that satished the 1 > 3.0o(1) criterion of

observability were used in the subsequent analysis.

The unit cell dimensions were determined from the least squares refinement of 25 (20

for Cu radiation) carefully-centred reflections in all cases.

All the structures were solved by direct-methods using SIIELXSS6 l4Il and each

refined by a full-matrix least-squares procedure based on F [39]. The function minimised

was

n

I w¡ (l Fo6r l,- lF ,a, l¡)2

i =I

where n is the number of reflections, and

1

o2(F oar)

Non-hydrogen atoms were ref,rned with anisotropic thermal parameters (where possible)

and hydrogen atoms were either located and rehned or included in their calculated positions

(C-H 0.97.Ä. and N-H 0.95 Å1. A sigma weighting scheme was applied (in some cases unit

w
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weights were employed) and the refinement continued until convergence in each case. At

convergence, the values of R and R* were obtained, where

r12

ft=

n
I ( | F,arl ,-l Fr¿rl ¡)

,'_lL _L

I Fo6rl ¡

n

I wi(l Fobsl i- l F"oil )2
,'_la -L

ând R* =

1

nt
I

n

I w¡l Fo6,

i =I

2

The analysis of variance for each refinement revealed no special features indicating that

ari appropriate weighting scheme was applied in each case.

In some cases a correction was applied for secondary extinction effects [42]. Scattering

factors for all the atoms were those incorporated in the texsan software package [39] which

was installed on a Silicon Graphics Iris Indigo computer system. Tables of bond distances

and bond angles, fractional atomic coordinates, anisotropic thermal and hydrogen atom

parameters, and structure factors for all determinations are located in the Appendices,

Volume 2. The expression for the anisotropic thermal parameter is

Zaniso = expf-2rå(h2a*2(I¡ + k?b*2u22 + l2cx2u33 + 2hka*b *Ut2 + 2h\a*c*Ug +

2kJb*c*Uzùl

and the expression for Beq is

Beq = 8n2çu r, + (Jzz + Un)
J

All diagrams were drawn utilising the ORTEP program [14] with thermal ellipsoids

specifred in the relevant sections.

When appropriate, the absolute configuration of a structure was determined by refining

each hand and comparing the final values of R* and examining their signif,rcance employing

the Hamilton significance test [43]. As a matter of course, each chiral compound was

examined by the'Look for Cenües of Symmetry'routine in teXsan [39].
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2.6 Chemicals

The chemicals used in the syntheses of the complexes and their sources were:

dicyclohexylphosphine (Aldrich and Strem), diphenylphosphine (Aldrich), triphenyl-

phosphine (B.D.H.), phenyl- and methyl-isothiocyanate (Aldrich), thiodiglycol (Aldrich),

nickel nitrate (Unilab), cadmium chloride (Albright and Wilson), and were used without

further purification. In addition, diphenylphosphine was prepared following the literature

procedure t441. All the solvents employed were of analytical grade and dried over molecular

sieves before use.

2 .7 keparation of Starting Materials

2.7.1 Red Seleniwn

Red selenium [45] was prepared by the reduction of SeOZ in an hydrochloric acid

medium with SOZ gas being passed into the solution with the desired product precipitating

out in a few minutes. The selenium was collected by frltration, washed with cold water'

ethanol and then with a small amount of ether. It was stored in a desiccator, over

phosphorus pentoxide, and kept in the refrigerator.

2.7.2 Diphenylphosphine, PhzPH

The phosphine was prepared by the literature method t441. It essentially involved the

cleavage of one P-Ph bond in triphenylphosphine with sodium metal in liquid ammonia,

followed by hydrolysis of the resulting sodium diphenylphosphide with water to obtain the

phosphine. The diphenylphosphine was vacuum distitled: b.pt 134'C at 3 mm Hg, to give a

yield of 130 g (72Vo), c/. literature results; b.pt 103'C at 1 mm Hg (or ar.75-79"C at ca3 x

104 mm Hg), yield of 150 g (807o).
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2.7.3 HAUCI¿

Gold metal was dissolved in aqua regia to generate HAuCI+.xHzO (x = 2 or 3) in

accordance with the literature method [46].

2 . 8 Preparation of Diorganophosphinothioformamides, RzPC(S )N(H)R'

The procedure followed was the literature method reported by Issleib and Harzfeld [2,

3l and involved the addition of the appropriate diorganophosphine to the appropriate organo-

isothiocyanate (both liquids) with stirring for at least one hour to generate the desired

compound. The sticky solid obtained was dissolved in the minimum amount of hot

acetonitrile from which crystals were grown. The compounds prepared had R = Ph or Cy

and R' = Ph or Me. Yields and melting points of these compounds are listed in Table 2.8.

It was found that the R = Cy compounds were very difficult to- isolate in a pure form,

especially for the R' = Me compound (see later).

2 .9 Weparation of Diorganophosphinyl-, Diorganothiophosphinyt- and Diorganoseleno-

phosphinyl-thioformamides, R2P(Y)C(S )N(H)R'

2.9.1 Preparation of the RzP(O)C(S)N(H)R' compounds

Following the published procedure by Ojima et al 1471, the oxidation of the

RZpC(S)N(H)R' compounds with oxygen resulted in the formation of the

RZP(O)C(S)N(H)R' compoundS, R = Ph or Cy, R' = Ph or Me. Molecular oxygen was

passed into an ethanolic solution of the precursor ligand for about three hours with stirring.

The solvent was removeÅ in vacuo and the resultant solid was dissolved in a small amount

of dichloromerhane and purified by passing the solution though a flash column with silica

get. The ligand was eluted with ethylacetate : petroleum spirit 40/60'C (1/1 v/v), isolated by

evaporating the solvent and was used without further purification. Physical data can be

found in Table 2.8.



Tabte 2.8: Melting Poins, Yields and Physical Appearance for the RzP(Y)C(S)N(H)R',

Y = 0, O, S or Se, R = Ph or Cy, R' = Ph or Me, Compounds

Compound

lPhzPC(S)N(H)Phl

[PhzPC(S)N(H)Me]

[CyzPC(S)N(H)Ph]

[CyzPC(S)N(H)Me]*

lPhzP(o)C(S)N(H)Phl

[PhzP(o)C(S)N(H)Me]

[CyzP(o)C(s)N(H)Ph]

[CyzP(o)C(S)NGI)Me]

lPhzP(S)c(S)N(H)Phl

lPhzP(S)C(S)NGI)Mel

lCyzP(s)C(S)N(H)Phl

lCyzP(S)C(S)N(H)Mel

[PhzP(Se)C(S)N(H)Ph]

[PhzP(Se)C(S)N(H)Me]

lCyzP(Se)C(S)N(H)Phl

[CyzP(Se)C(S)N(H)Me]

colour

bright yellow

light yellow

bright yellow

pale yellow

bright yellow

pale yellow

bright yellow

pale yellow

bright yellow

pale yellow

bright yellow

pale yellow

bright yellow

yellow/green

yellow

yellow

Vo yteld

92

93

95

90

m. pr ('c)

1 17-1 18

139-140

99-101

98-101

157-158

186-188

205-207

194-r91

129-130

96-98

1 1 1-113

2t2-2r4

100-102

101-103

r20-r22

2t3-2t5

82

86

90

87

75

l2

81

85

75

7l

82

5l

* crude product before recrystallisation (see text)
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2.9.2 Preparation of the RzP(S)C(S)N(H)R' compounds

The published procedure by Ojima et aI[47] was used to prepare the sulfur derivatives

RzP(S)C(S)N(H)R'. To a benzene solution of R2PC(S)N(H)R' (1 mole equivalent) was

added elemental sulphur (1.1 mole equivalent) and the resulting solution was refluxed for

three hours. The solution was frltered and the benzene removed in vacua. The compound

was recrystallised from ethanol and the crystals were dried in vacuo over phosphorus

pentoxide for 12-24 hours. The compound was then purified by passing a dichloromethane

solution of the compound through a flash column and eluted with ethylacetate : petroleum

spirit 40/60"C (U4 vlv). The pure, solid compounds, RzP(S)C(S)N(H)R', R = Ph or Cy,

R' = Ph or Me, were obtained and used without further purification. Physical data can be

found in Table 2.8.

2.9.3 Preparatíon of the RzP(Se)C(S)N(H)R' compounds

The reactions of the parent ligands with selenium were performed in an analogous

manner as for RzP(S)C(S)N(H)R' and a general description of the preparation is given.

To a benzene or tetrahydrofuran solution of R2PC(S)NGI)R' (1 mole equivalent) was

added freshly prepared elemental red selenium (1.1 mole equivalent). The solution was

stirred for t hour at room temperature and then refluxed for a further three hours. The

solution was filtered, the solvent was removed in vacuo and the R2P(Se)C(S)N(H)R'

compound was isolated. Crystals were obtained from ethanol and dried in vacuo over

phosphorus pentoxide for 12-24 hours. The compound was then purif,red by passing a

dichloromethane solution of the compound through a flash column and eluted with

ethylacetate : petroleum spirit 40160"C (l/3 vlv). The RzP(Se)C(S)N(H)R', R = Ph or Cy,

R' = Ph or Me, compounds were used without further purification. Physical data can be

found in Table 2.8.
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2.I0 Preparation of Gotd(I) Complexes with Diorganophosphino-, Diorganophosphinyl-,

Diorganothiophosphinyl- and Diorganoselenophosphinyl-thioformamides

Tables 2.10.1 - 2.10.4 and 2.11.3 summarise the physical properties and the percentage

yields of the complexes prepared.

2.10.1 Reaction of HAuClawith R2PC(S)N(H)R'

The reactions of HAuCI¿ with the phosphorus(Ill) compounds [Ph2PC(S)N(H)Ph],

lPhzPC(S)N(H)Mel, [CyzPC(S)N(H)Ph] and [Cy2PC(S)N(H)Me] were performed in an

analogous manner. Details for the reaction involving [Ph2PC(S)N(H)Ph] are given below.

Physical data and percentage yields are given in Table 2.10.I.

2.10.la Reaction of IPUzPC(S)N(H)Ph] with HAuCla

Under an inert atmosphere and at a temperature of 0"C (ice-bath) one molar equivalent

of HAuCla.3HzO (150 mg, 0.38 mmol) was dissolved in a solution of acetone and water

(4ll vlv,5 cm3). Three molar equivalents of thiodiglycol (0.12 cm3, 1.15 mmol) was then

added dropwise to the yellow-orange solution over a period of 2 hours. Extra drops were

added, if necessary, until a clear and colourless solution was obtained. A 1.1 molar

equivalent of [PhzPC(S)N(H)Ph] (134 mg, 0.42 mmol) was dissolved in hot ethanol (ca 5

cm3) and added dropwise over a period of l0 minutes to the stir¡ed solution. A solid

product precipitated out almost immediately and after the completion of the addition, the

complex was collected by vacuum filtration and washed with cold ethanol. The crude

product was recrystallised from a chloroform/ethanol solution (4lI vlv,5 cm3¡ and the

resulting crystals were dried over anhydrous phosphorus pentoxide under vacuum. The

complex was a pale yellow solid and was air-stable, the yield obtained was 178 mg (9l%o).

2.1 0.2 Reaction of HAuCla with R2P(O)C(S )N( H)R'

The procedure employed was as for 2.10.1a. Reaction of HAuCl4 with the

lPhzP(O)C(S)N(H)Phl, [Ph2P(O)C(S)N(H)Me] and [CyzP(O)C(S)N(H)Ph] compounds

resulted in no new products. Reaction of the [CyzP(O)C(S)N(H)Me] compound with



Table 2.10.1: Physical Data for the Gold(I) Diorganophosphinothioformamido

Complexes, {Au[RzPC(S)NR']z], R = Ph and Cy, R' = Ph and Me

Complex

{AulPhzPC(S)NPhlz}

(Au[PhzPC(S)NMe]z]

{Au[Cy2PC(S)NPh]z]

{Au[CyzPC(S)NMe]z]

colour

pale yellow

white

pale yellow

pale yellow

Vo yeld

g1a, 80b, 59c

78a, 75b, Mc

g@, g4b, 47c

ma, 78b, 38c

m. pr ("c)

250 (dec.)

205-210 (dec.)

1 16-1 18

145 (dec.)

a Reaction of RzPC(S)N(H)R' ligand with HAUCI¿

b Reaction of RzPC(S)N(H)R' Iigand with Ph3PAuCl

c Reaction of RzP(Se)C(S)N(H)R' ligand with Ph3PAuCl

m = no reaction

Table 2.10.22 Physical Data for the Gold(t) Dicyclohexyl-N-methyl-thiophosphinyl-

thioformamido ComPlex

Complex

{ Au [CyzP(o)C(S)N(H)Me] CU

colour

pale green

Vo yield

53

m. pr ("c)

163-165 (dec.)

Microanalysis

Found: C,32.8; H,5.0; N,2.6Vo Cr¿HzoAuClNOPS requires C,32.3; H, 5.0; N,2-'l 7o



Table 2.10.3: Physical Data for the Products of FIAuCI¿ with R2P(S)C(S)N(H)R', R =

Ph and CY, R' = Ph and Me

Complex

{AulPhzP(S)c(S)NPhl } -
{ AulPhzP(S)C(S)NMel } -

colour

dark yellow

yellow/brown

Vo yield

88

95

m. pr ("c)

94-99

1 15-120

Tabte 2.10.42 Physical Data for the Products of tIAuCl¿ with RzP(Se)C(S)N(H)R"

R = Ph and Cy, R' = Ph and Me

Complex

{AulPhzP(Se)C(S)NPhl } -
{ Au[PhzP(Se)C(S)NMe] ] -
IAulCyzP(Se)C(S)NPh] ] -

colour

black

black

black

Vo yteld

85

97

86

m. pr ('c)

96

130

t20

Table 2.L1.3: Physical Data for the Products of Ph3PAuCl with RzP(S)C(S)N(H)R'

R=PhorCy,R'=PhorMe

Complex

{ Ph¡PAu[PhzP(S )C(S )NPh] ]

{ Ph¡PAulPhzP(S )C(S)NMel }

{ Ph3PAu [CyzP(S )C(S )NPh] ]

{ Ph3PAu[Cy2P(S)C(S)NMe] ]

colour

orange

orange

orange

orange

Vo yield

58

64

68

51

m. pr ('c)

113-115

127 (dec.)

185 (dec.)

154 (dec.)
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HAuCI¿ resulted in the formation of {Au[CyzP(O)C(S)N(H)Me]Cl]. This gold(I) complex

was air-stable but when left in solution elemental gold precipitated out after a few days.

Physical data can be found in Table 2.10.2.

2.10.3 Reaction of HAuCla with RzP(S)C(S)N(H)R'

The reaction of the RzP(S)C(S)N(H)R' compounds with HAuCI¿ employed the same

procedure as outlined in 2.10.1a. Insoluble products formed with the Ph2P(S)C(S)N(H)R'

compounds which were dark yellow in colour and were air-stable. The reaction with the

Cy2P(S)C(S)N(H)R' derivatives did not result in the formation of any new detectable

products. Physical data can be found in Table 2.10.3.

2.1 0.4 Reactíon of HAuCla with R2P(Se)C(S)N(H)R'

The reaction of the FIAuCI¿ species with the RzP(Se)C(S)N(H)R' compounds was

identical to the one used in 2.10.1a. Similar insoluble, polymeric complexes as seen for the

Y = S derivatives above were isolated. These complexes were of a dark brown/black colour

and were also air-stable. Gold(I) complexes formed with three of the ligands,

[Ph2P(Se)C(S)N(H)Ph], [Ph2P(Se)C(S)N(H)Me] and [CyzP(Se)C(S)N(H)Ph], whereas

with the [CyzP(Se)C(S)N(H)Me] compound, addition to the gold(I) solution resulted in the

immediate precipitation of elemental gold and selenium. Physical data can be found in Table

2.to.4.

2 . I I Re ac tio n of P h sP AUC I wit h D io r ganop ho sp hi no -, D i or ganop ln s p hi nyl -, D i or g arn -

thíophosphinyl- and Diorganoselenophosphinyl-thioþrmamides, RzP(Y)C(S)N(H)R'

The reaction of the Ph3PAuCl species [48] with each of the RzPC(S)N(H)R',

RzP(O)C(S)N(H)R', RzP(S )C(S)N(H)R' and R2P(Se)C(S)N(H)R' ligands was essentially

the same and hence, a general description only will be given.
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2.1 I .1 Reaction of PhjPAuCl with RzPC(S)N(H)R'

The reactions of Ph3PAuCl with the [PhzPC(S)N(H)Ph], [PhzPC(S)N(H)Me],

tCyzPC(S)N(H)Phl and [Cy2PC(S)N(H)Me] were performed in an analogous manner.

Details for the reaction involving [PhzPC(S)N(H)Ph] are given below. Physical data and

percentage yields are given in Table 2.l0.l.

2.I I .1a Reaction of PhjPAuCl with [PbzPC(S)N(H)PL]

One molar equivalent of Ph3PAuCl (200 mg, 0.40 mmol) was dissolved in a

tetrahydrofuran solution with stirring. To this solution was added a 1.1 molar equivalent of

solid [Ph2PC(S)N(H)Ph] (141 mg,0.44 mmol). Stirring was continued until the solids

dissolved and then triethylamine (ca.2 cm3) was added dropwise over a few minutes after

which the colour of the solution faded. After 45 minutes of stirring, the solution was filtered

and then the solvent was removeÅinvacrc. The product was washed with ethanol and then

recrystallised from a small quantity of an ethanoVdichloromethane mixture (U4vlv,5 cm3)

to give a colourless/pale yellow microcrystalline, air-stable product. The melting point of the

complex was 250"C (dec.) and 165 mg (807o) was recovered.

2.11.2 Reacrion of PhjPAuCl with RzP(O)C(S)N(H)R'

The procedure employed for the attempted reaction of the R2P(O)C(S)N(H)R' ligands

with Ph3PAuCl was the same as 2.11.la, however, no detectable reaction was observed in

any case.

2.1 I .3 Reaction of PhjPAuCl with R2P(S)C(S)N(H)R'

The reaction of the RzP(S)C(S)N(H)R' ligands with the Ph3PAuCl species employed

the same procedure as in 2. 1 1 . la. The crude product obtained was pale white in colour. On

dissolving the product in chlorinated solvents (the only solvent the complexes were soluble
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in) elemental gold precipitated out and a dark-orange residue remained. Physical data can be

found in Table 2.11.3.

2.1 1.4 Reaction of PfuPAuCl with RzP(Se)C(S)N(H)R'

The procedure for the reaction of the RzP(Se)C(S)N(H)R' ligands with the Ph3PAuCl

species followed the same route as in 2.ll.la. Characterisation of the gold(I) complexes

found them to be the same products as obtained for the reaction with the R2PC(S)N(H)R'

ligands, i.e. {Au[RzPC(S)NR'] ]2. Physical daø can be found in Table 2.10-1^.

2.12 Reaction of Nickel Nitrate with selected Diorganophosphino-, Diorganophosphinyl-,

Diorganothiophosphinyl- and Diorganoselenophosphinyl-thioformamides,

R2P(Y)C(S)N(H)R'

2.12.1 Reaction of NiNO j with R2PC(S)N(H)R'

The reactions of the NiNO3 species with [PhzPC(S)N(H)Ph], [PhzPC(S)N(H)Me]'

tCyzPC(S)N(H)Phl and [Cy2PC(S)N(H)Me] were performed in an analogous manner.

Details for the reaction involving tPhzPC(S)N(H)Phl are given below. Physical data and

percentage yields are given in Table 2.I2.I.

2.12.]a Reaction of NLNO j wíth [PU2PC(S)N(H)Pî]

To a stirred ethanolic solution (35 cm3) of 1 molar equivalent of NiNO3.6H2O (200 mg,

0.69 mmol) was added 2.1 molar equivalents of solid [Ph2PC(S)N(H)Ph] (464 mg, I.44

mmol). The solution was stirred for about ten minutes with slight warming (45-50'C) until

all solids had dissolved. Et3N (2 cm3) was added dropwise over one minute. After 30

minutes stirring, a cha¡acteristic red precipitate appeared. The complex was collected by

vacuum filtration and washed with cold ethanol and diethyl ether. The nickel complex could

only be dissolved in hot chloroform or dichloromethane solutions. Recrystallisation of the

complex was from chloroform and the orange/red crystalline product was dried in a

desiccator over P2O5, 457 mg (95Vo). Physical data can be found in Table 2.12.1.



Tabte 2.12.1: Physicat Data for the Nickel(Il) Diorganophosphinothioformamido

Complexes, {Ni[RzPC(S)NR']z], R = Ph or Cy, R'= Ph or Me

Complex

{Ni[PhzPC(S)NPh]z]

{ NilPhzPC(S)NMelz }

(NilCyzPC(S)NPhlz)

{NilCyzPC(S)NMelz}

colour

orange/red

orange/red

orange/red

orange/red

7o yteld

95

88

83

l9

m. pr ("c)

150 (dec.)

153 (dec.)

210 (dec.)

158-160

Table 2.12.2: Physical Data for the Nickel(Il) Comptexes with RzP(O)C(S)N(H)R"

R = Ph or Cy, R': Ph or CY

Complex

{ NilPhzP(o)C(S)NPhlz }

{ NilPhzP(O)C(S )NMelz }

{Ni[Cy2PC(S)NPh]z]

{Ni[CyzPC(S)NMe]z]

colour

pale yellow

pale green

orange/red

orange/red

7o yreld

36

70

45

56

m. pr ("c)

154-157 (dec.)

t20-r40

210 (dec.)

158-160



3L

2.12.2 Reaction of N|NOj with R2P(O)C(S)N(H)R'

The reaction of NiNO3 with the [RzP(O)C(S)N(H)R'] Iigands was analogous to the

procedure outlined n2.l2.Ia. The products for ttre R = Ph ligands were green or yellow in

colour. The red/orange products isolated for the R - Cy ligands were of the form

{NitCyzPC(S)NR'lz). Physical data can be found in Table 2.12.2.

2.12.3 Reaction of N|NOj with IPhzP(S)C(S)N(H)Ph]

The reaction of NiNOg with [Ph2P(S)C(S)N(H)Ph] was the same as the procedure

employed in2.l2.la. The precipitate obtained from solution had a very dark green/brown

colour. Recrystallisation of the air-stable complex was from hot chloroform layered with

petroleum spirit 40/60"C. Physical data can be found in Table 2.12.3.

2.12.4 Reaction of NLNO j with [Pb2P(Se)C(S)N(H)Ph]

The reaction of NiNO3 with [PhzP(Se)C(S)N(H)Ph] utilised the method as outlined in

2.L2.Ia. The product was dark green/brown in colour. Recrystallisation of the complex

was achieved from hot chloroform layered with petroleum spirit 40/60'C. Upon standing

for two of weeks, the precipitation of elemental selenium occurred. Physical data can be

found in Table 2.12.4.

2.13 Reaction of Cadmium Chloride with Dícycloheryl-N-phenyl-selenophosphinylthio-

formamide, I Cy2P ( S e )C ( S )N ( H ) P h]

2.13.1 Reaction oÍ CdClz with [Cy2P(Se)C(S)N(H)Ph]

One molar equivalent of CdCl2 (100 mg, 0.55 mmol) was dissolved in a

dichloromethane/ethanol solution (IlI vlv,40 cm3) to which 2.1 molar equivalents of the

solid ligand, [Cy2P(Se)C(S)N(H)Ph], (368 mg, 1.15 mmol) was added. After about 5

minures of stirring Et3N was added (2 cm3) and the colour faded until there was a slight

yellow tinge. The solution was allowed to stir for an additional 30 minutes and was then

I



Table 2.12.3: Physical Data for the Nickel(tr) Diphenyl-N-phenyl-thiophosphinothioform-

amido ComPlex

Complex

I Ni[PhzP(S)C(S)NPh]z ]

colour

brown

Vo yteld

65

m. pr ('c)

r34-t36 (dec.)

Table 2.12.4: Physical Data for the Nicket(tr) Diphenyl-N-phenyl-selenophosphinothio-

formamidophosphinothioformamido Complex

Complex colour

(Ni[PhzP(Se)C(S)NPh]z] brown

Vo yreld

75

m. pr ('c)

135 (dec.)

Table 2.L3.lz Physical Data for the Cadmium(Il) Dicyclohexyl-N-phenyl-seleno-

pho sphinylthioformamido Complex

Complex

{ Cd[CyzP(Se)C(S)NPh]z ]

colour

white

7o yield

73

m. pr ('c)

163-165 (dec.)
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filtered, the solvent removed in vacuo and the complex was recrystallised from chloroform

(10 cm3¡. The white crystals had a melting point of 163-165"C (decomposition point) and

299 mg (73Vo) of the product was obtained. After about two weeks at room temperature,

red selenium precipitated out, however, the complex was stable when kept in an inert

atmosphere. Physical dataare given in Table 2.13.1.



Chapter 3

STRUCTURAL ANALYSIS OF DIORGANOPHOSPHINYL-,

DIORGANOTHIOPHOSPHINYL- AND DIORGANO.

SELENOPHO SPHINYL- THIOFORMAMIDES
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In this chapter, the crystal and molecular structures of the R2P(Y)C(S)N(H)R'

compounds where Y = O, S or Se; R = Ph or Cy; R' = Ph, Me, Et or Cy are described. The

details concerning the data collection procedures used for the crystal structure determination

of the following compounds are outlined in Chapter 2. This chapter comprises three

sections, i.e. Section 3.1: the description of the RzP(O)C(S)N(H)R' structures (II), Section

3.2: the RzP(S)C(S)N(FI)R' structures (III), and Section 3.3: the RzP(Se)C(S)N(H)R'

structures (IV).

Y
il

RzP
\

N(H)R'

R, R'= alkyl, aryl

No structural information for any of the compounds has appeared in the literature,

however, several metal complexes with the deprotonated forms of [Ph2P(O)C(S)N(H)Ph]

and [PhzP(S)C(S)N(H)Ph] a¡e available; see Introduction (Chapter 1).

3 . 1 The Structures of RzP(O)C(S)N(H)R'

Four compounds of the type R2P(O)C(S)N(H)R' have been structurally characterised

for R = Ph or Cy and R' = Ph or Me. The compounds will be discussed in the following

order: R = Ph, R' = Ph (3.1.1); R = Ph, R' = Me (3.I.2);R = Cy, R' = Ph (3.1.3) and R =

Cy, R' = Me (3.1.4). A listing of selected bond distances and bond angles for the four

structures described in this section are collected in Table 3.1.

3.1.1 The Structure of [Ph2P(O)C(S)N(H)Pî]

Bright yellow crystals of P,P-diphenyl-N-phenyl-phosphinylthioformamide,

[Ph2P(O)C(S)N(H)Ph], were obtained from the slow diffusion of ether into an acetonitrile

solution of the compound. Crystals are triclinic, space group Pl with unit cell dimensions ¿

: 8.785(1), b = 12.N4(2), c = 8.741(l) Å, o = 110.06(1), þ =94.63(1), y = 100.82(1)",

V = 839.9(2) Ã3,2 =2 andD^ = 1.334I cm-3. The structure was refined to final R =

0.050, Rw = 0.054 for 2036 reflections with 1> 3.0o(Ð.

Y=O
Y=S
Y=Se

(r)
(IID
(Iv)

2S
C



Table 3.1: Selected bond disrances (Å) and angles (deg.) for Rzp(o)c(s)N(H)R',
R=PhorCyandR'=MeorPh

Atoms R-_Ph

R'=Ph
R=Ph
R'=Me

R=Cy
R'=Ph

R=Cy
R'=Me

P(1)-o(2)

P(1)-c(1)

P(1)-c(11)

P(1)-C(21)

c(1)-s(1)

c(r)-N(1)

N(1)-c(31)

o(2)-P(1)-c(1)

o(2)-P(1)-c(11)

o(2)-P(1)-c(2r)

c(r)-P(1)-c(11)

c(1)-P(1)-c(2r)

c(11)-P(1)-C(21)

s(1)-c(1)-P(1)

s(1)-c(1)-N(1)

P(1)-c(1)-N(1)

c(1)-N(l)-c(31)

rrr.4(2)
trt.6(2)
11 1.8(2)

t06.6(2)

104.e(2)

rro.2(2)
tre.9(2)
126.8(3)

113.3(3)

r27.s(4)

1.487(2)

1.837(3)

1.801(4)

r.7e6(3)

r.6s2(3)

1.319(3)

r.4st(4)

110.2(1)

11 1.8(2)

112.s(1)

106.9(1)

105.5(1)

10e.6(1)

t21.6(2)

rzs.s(2)

rr2.9(2)

124.O(3)

r.479(4)

1.817(s)

1.786(6)

1.80e(6)

1.618(s)

1.327(6)

t.423(6)

rrr.3(2)
110.4(3)

1 15.1(3)

105.7(3)

101.8(3)

11 1.9(3)

11e.8(3)

r28.9(4)

trr.4(4)
128.1(5)

1.480(2)

1.814(4)

1.781(4)

r.786(4)

1.630(3)

1.306(4)

1.44s(6)

110.8(2)

rrr.2(2)
112.4(2)

107.4(2)

10s.1(2)

10e.6(2)

tzt.o(2)
126.0(3)

113.0(3)

124.0(3)

1.476(3)

r.8s2(4)

t.lee(s)
r.7e6(s)

t.623(4)

r.32e(s)

r.426(s)
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The structure determination of [PhzP(O)C(S)N(H)Ph] confirms the stoichiometry of the

compound as formulated. The molecula¡ structure showing the numbering scheme employed

is shown in the ORTEP diagram [4],l5%o thermal ellipsoids, in Fig. 3.l.Ia.

The conformation about the C(1)-N(1) bond in [Ph2P(O)C(S)N(H)Ph] is Z as itis for

all the other Y = O derivatives mentioned in this thesis. The atoms P(1), O(2), C(1), S(1)

and N(1) are essentially coplanar with deviations from the least-squares plane through these

atoms being -0.007(1), 0.047(4), -0.003(4),0.003(2) and -0.020(4) Å, respecrively. This

planarity can also be seen in the values of 177.3(3) and -3.1(4)'for the respective

S(1yC(1)Æ(DlO(2) and O(2)Æ(1yC(1)/N(1) torsion angles. The three phenyl goups

C(l1)-C(16), C(21)-C(26) and C(31)-C(36) form dihedral angles of 58.8, 69.7, and36.7",

respectively, with the P(O)C(S)N plane. The last angle indicates that there is no conjugation

between the P(O)C(S)N chromophore and this phenyl group. Considering the bond

distances about the P(1) atom flust (Table 3.1), and comparing these to the average bond

distances found in related systems Í23), it is noted that the P-C(phenyl) bonds are

comparable to the average distance of 1.801 Å found in similar ¿uïangements, and that the

P(1)=O(2) distance of 1.416(3),& is shorter than the average P=O distance of 1.489 Å tZ¡1.

The P(1)-C(1) distance of 1.852(4) Å is significantly longer than the P-C(phenyl) bond

distances but this fact may be related to the nature of the remaining substituents bound to the

C(1) atom. In the'parent'compound [PhzPC(S)N(H)Ph] [15], the P(1)-C(1) distance was

determined to be 1.862(3) Å and the P-C(phenyl) bond distances were found to be 1.837(2)

and 1.837(3) Å. So while the P-C(phenyl) distances in tPhzP(O)C(S)N(H)Phl have

contracted by nearly 0.04 Å, the P(1)-C(1) bond distance has contracted by only 0.01 Å.

The contractions are expected as the parent compound contains phosphorus in the +III

oxidation state and in the [PhzP(O)C(S)N(H)Ph] compound, the phosphorus atom is in the

+V oxidation state. What is not expected is the disparity of the contractions in the P(1)-C(1)

bond distances in [PhzP(O)C(S)N(H)Ph] and, indeed, in the remaining structures described

in Chapter 3. The disparity in contraction indicates rhar the P(1)-C(1) bond in

IPh2P(O)C(S)N(H)Ph] is significantly weaker than the comparable bond in
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Fig. 3. 1 . 1a The molecular structure of [Ph2P(O)C(S)N(H)Ph]
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lPhzPC(S)N(H)Phl (see later). The geometry about the phosphorus atom is distorted

tetrahedral with therarige of angles being 104.9(2) to 111.8(2)'.

Tlne sp2 C(1) atom exists in a distorted trigonal planar geometry with the S(1)-C(1)-P(1)

angle being 119.9(2)" , S(1)-C(1)-N(1) 126.8(3)', and P(1)-C(I)-N(1) 113.3(3)'. The latter

two angles have expanded and contracted, respectively compared to the equivalent angles in

[Ph2PC(S)N(H)Ph] owing to the presence of intermolecula¡ hydrogen bonding (discussed

below). The C(1)=S(1) distance of 1.623(4) Å is signifrcantly shorter than that found in

tPh2PC(S)N(H)Phl of 1.650(3) Å. and the C(1)-N(1) bond distance of 1.329(5) Å indicates

some multiple bond character in this bond. The C=S distance in [PhzP(O)C(S)N(H)Ph] is

also significantly shorter than comparable bonds in related systems, i.e. 1.656(5) .Å, in

tPh2PC(S)N(H)Mel [25] and 1.663(4) Ä. in lptrzp(S)C(S)NMez] 1491. While at first

inspection it may seem enigmatic that the presence of a short C(1)-N(1) bond is not

accompanied by lengthening of the C(1)=511¡ bond, there are two related features in the

structure which may help to explain this phenomenon.

The first feature relates to the comparative weakening of the P(1)-C(1) bond mentioned

above and the other to the presence of intermolecular hydrogen bonding in the lattice. Fig.

3.1.lb shows a view of the association of two centrosymmetrically related

[Ph2P(O)C(S)N(H)Ph] molecules v¡a the N(1)-H(1)...O(2)' (symmetry operation l-x, -y,

-z) hydrogen bonds (dashed in Fig. 3.1.1b); the H(1)...O(2)' distance is 2.I3Ø) Å,,

N(1)...O(2)' 2.823(5) Å and the N(1)-H(1)...O(2)' angle is 164(4)'. The unit cell contents

for [PhzP(O)C(S)N(H)Ph] are illustrated in Fig. 3.1.lc. The intramolecular separation

between the O(2) and H(1) atoms is not indicative of a significant interaction between these

atoms in this structure and the same is true for the remaining R2P(O)C(S)N(H)R'

compounds. The presence of the intermolecular hydrogen bond has the effect of

withdrawing electron density from the N(1) atom, which is compensated by delocalisation

of electron density from the P(1)-C(1) bond to the C(1)-N(1) bond.

The [Ph2P(O)C(S)N(H)Ph] compound has been characterised as its anion in the

structure of {Ph¡PMo(CO)z[PhzP(O)C(S)NPh]z] [22]. The anion was found to coordinate

via the oxygen and sulfur atoms with substantial changes in geometric parameters compared
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Fig. 3. 1.lb Mode of association between centrosymmetrically related molecules of

[Ph2P(o)c(s)N(H)Ph]
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Fig. 3.1. lc The unit cell contents for [Ph2P(O)C(S)N(H)Ph]
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to the free ligand [PhzP(O)C(S)N(H)Ph]. Notably, the P=O distances have increased to

1.500(5) and 1.516(5) Å, the C-S distances have increased to 1.740(8) and 1.750(6),{,

and the C=N distances have decreased to 1.290(8) and I.278(9) Ä for each of the ligands.

Of particular interest are the P(1)-C(1) bond distances, which are 1.822(6) and 1.842(5) Å,

emphasising the relatively weak nature of the P(1)-C(1) bond in the uncoordinated, neutral

ligand.

The observation that the P(l)-C(l) bond in [Ph2P(O)C(S)N(H)Ph] is weak is borne out

by the fact that [Ph2P(O)C(S)N(H)Ph] has been found to be susceptible to hydrolysis. In

the presence of moisture the [PhzP(O)OH] species may be isolated, as verified by

comparison to an authentic compound [50, 51], as a significant impurity.

3.1.2 The Structure ol [PbzP(O)C(S)N(H)Me]

The pale-yellow crystals of P,P-diphenyl-N-methyl-phosphinylthioformamide,

[PhzP(O)C(S)N(H)Me], were obtained from the slow diffusion of ether into a chloroform

solution of the compound. Crystals are monoclinic, space group P2t/t with unit cell

dimensionsa=I0.775(l),b=14.073(2),c=9.663(1)Å,p=105.78(1)",y=1410.0(3)

Ãz,Z= 4 and Dx = L297 g cm-3. The structure was refined to final R = 0.036, Rw = 0.032

for 1458 reflections with 1> 3.0o(Ð.

The molecular structure of [Ph2P(O)C(S)N(H)Me] is shown in Fig. 3.I.2alL4l at I57o

thermal ellipsoids. The conformation about the central chromophore is essentially planar

with deviations from the least-squares plane through the P(1), O(2), C(1), S(1) and N(1)

atoms being -0.0113(8), 0.107(3), -0.026(3), 0.010(1) and -0.046(3) Å, respectively;

where the C(31) atom lies -0.072(4) Å out the plane. The two torsion angles,

O(2)|P(I)/C(l)/S(1) and O(2)/P(1)/C(1)/N(1) are r73.4 and -5.5", respectively,

emphasising the planarity of this moiety. The phosphorus-bound phenyl groups, C(11)-

C(16) and C(21)-C(26), form dihedral angles of 59.6 and 77.6, respectively with this

POC(I)SN plane. The availability of two structures of the general formula

[PhzP(O)C(S)N(H)R'], R' = Me or Ph enables an examination of the electronic structure of

the acid as the N-bound substituent is varied which in turn may explain the different
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stabilities/reactivities of these ligands. Of particular interest in this context is an apparent

systematic variation in the derived parameters describing the central P(O)C(S)N

chromophore in the R' = Me and Ph compounds.

Although the estimated standard deviations associated with some of the bond distances

suggest experimental equivalence at the three sigma level, the trends in the variations suggest

a reorganisation of n-electron density in the [Ph2P(O)C(S)N([I)R'] compounds as the nature

of the N-bound substituent is varied. For [PhzP(O)C(S)N(H)Me], the P(1)=O(2) and P(1)-

C(1) bond distances of 1.487(2) and 1.837(3) Å, respectively are longer and shorter to the

comparable values in the R' = Ph compound of I.476(3) and 1.352(4) Ä,, respectively.

More noteworthy, however, are the differences in the C(l)=S(1) and C(1)-N(1) bond

distances. Whereas the C(1):$(1) bond distance of 1.652(3) Å is longe. than the equivalent

distance in the R' = Ph structure of I.623(4) Å, the C(1)-N(1) distance is shorter, at

1.319(3) Å, than the comparable separation in the R' = Ph derivative of 1.329(5) Å. fne

variation in these parameters suggest that the resonance structure in which ¡r-electron density

is localised in the C(1)-N(1) bond, leading to S- and N+ centres (as shown in 3.1.2), is of

more signif,rcance in the R'= Me compound.

o
il

Ph2P-
(H)R'

3.r.2

It is likely that it is the smaller inductive effect of the nitrogen-bound methyl substituent

that is responsible for the variations in the geometric parameters defining the central

chromophores in the two [PhzP(O)C(S)N(H)R'] structures.

An examination of the intermolecular contacts in the lattice of [Ph2P(O)C(S)N(H)Me]

shows the presence of hydrogen bonding between centrosymmetrically related molecules

(symmetry operation: I-x, l-y, 1-z) involving the O(2) and H(1) atoms, i.e. N(1)-

H(1)...(O2)' 2.03(3) ,A. 61r¡...O(2)', 2.778(3) Å, the angle O(2)'...H(1)-N(1) is 1a7(3)');

see unit cell contents in Fig. 3.1.2b.

The crystal structure of the parent phosphorus(Ill) compound, [Ph2PC(S)N(H)Me]

([25); Section 1.6.1), is also available for comparison with [Ph2P(O)C(S)N(H)Me]. In the
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structure of [Ph2PC(S)N(H)Mo] there are two independent molecules in the crystallographic

asymmetric unit with the two P(1)-C(1) bond distances of 1.848(3) and 1.850(5) Å being

equal within experimental error to that found in the phosphorus(V) compound reported

herein. These data support the conclusion made in Section 3.1.1 which stated that the P(1)-

C(1) bond in the phosphorus(V) compound is comparatively weaker than the P(1)-C(1)

bond in the phosphorus(trf) compound from which it is derived.

3.L3 The Structure of [Cy2P(O)C(S)N(H)PL]

The yellow crystals of P,P-dlcyclohexyl-N-phenyl-phosphinylthioformamide,

[CyzP(O)C(S)N(H)Ph], were obtained from the slow evaporation of an ethanol solution of

the compound. Crystals are monoclinic, space group C2/r, with unit cell dimensions a =

14.856(4), b = 1I.666(4), c =22.039(3) Å, Ê = 95.59(1)",V = 3801(1) Ã3,2 = 8 andDx =

I.22L g cm-3. The structure was refined to final R = 0.046, Rw = 0.040 for 1257

reflections with 1> 3.0o(1). The crystallographic numbering scheme is shown in Fig.

3.1.3a (t1al; 30Vo thermal ellipsoids).

The S(1), P(1), O(2), N(1) and C(1) atoms are effectively coplanar with the mean

deviation from the least-squares plane being 0.005(3) Å. fnis planarity is reflected in the

torsion angles of -179.2(3) and -0.7(9)" for S(1yC(1)ÆQ)/O(2) and S(1)/C(1)A{(1)/C(31),

respectively. The nitrogen-bound phenyl substituent is not coplanar with the central

chromophore as evidenced in the C(1)A{(1yC(31yC(32) torsion angle of 145.1(6)"; the

dihedral angle between the least-squares planes through the central chromophore and the

phenyl ring is 36.7". The geometry about the phosphorus atom is distorted tetrahedral with

the range of angles being 101.8(3) to 115.1(3)'. The P(1)=O(2) bond distance of 1.479(4)

Ä, is marginally shorter than the average P=O bond distance of 1.489 Å found in related

systems [23] but is equal within experimental error to the P=O bond distances found in the

structures of [PhzP(O)C(S)N(H)Ph] and [Ph2P(O)C(S)N(H)Me] of 1.476(3) and r.487(2)

Å, respectively. The average P-C(Cy) bond distance of 1.798(4) Å is approximately 0.06 Å

shorter than the average distance of 1.856(3) Å found in the structure of the parent acid, i.e.

[Cy2PC(S)N(H)Ph], and the P(1)-C(1) bond distance of 1.817(5) Å is approximately 0.05
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Å. shorter than the comparable distance ( average : 1.868(5) Å¡ in ttre parent compound [15].

Hence, the contraction in the P-C bond distances that is expected as the oxidation state of the

phosphorus atom is increased from +III to +V is not uniform. This variation suggests that

the P(1)-C(l) bond is comparatively weaker in the phosphorus(V) compound, an

observation that has been noted above, although more pronounced between the

[PhzPC(S)N(H)Ph] and [PhzP(O)C(S)N(H)Ph] compounds.

The C(1)=S(1) and C(1)-N(1) bond distances of 1.618(5) and I.327(6) Å, respectively

¿ne comparable to those found in [Ph2P(O)C(S)N(H)Ph] of 1.623(4) and, 1.329(5) ,4,

respectively which shows that changing the R groups on the phosphorus atom from phenyl

to cyclohexyl has little or no effect on these parameters.

The unit cell contents for the [CyzP(O)C(S)N(H)Ph] compound are shown in Fig.

3.1.3b. The lattice is comprised of symmeury related pairs of the compound associatdvia

hydrogen bonding conracrs such that N(1)-H(1)...O(2)' is 1.884(4) Å (N(1)...O(2)' is

2.765(6),Ä.¡ and the angle subtended at the H(l) atom is 153.0(3)' (symmetry operation:

l-x, +y, 1.5-z).

3.1.4 The Structure of [CyzP(O)C(S)N(H)Me]

The green crystals of P,P-dicyclohexyl-N-methyl-phosphinylthioformamide,

[CyzP(O)C(S)N(H)Me], were obtained from the slow evaporation of an ethanol solution of

the compound. Crystals are monoclinic, space group C2lc, with unit cell dimensions ¿ =

10.247(2),b=16.025(4)zc=19.35S(4),{,P=91.75(2)",V=3149(l)^3,2=8andDx=

1.212 g cm-3. The structure was refined to final rR = 0.036, Rw = 0.031 for 1383

reflections with 1> 3.0o(1). The crystallographic numbering scheme is shown in Fig.

3.I.4a ([14]; 30Vo thermal ellipsoids).

The deviations of the S(1), P(1), O(2), N(1) and C(1) atoms from the least-squares

plane through these atoms are 0.014(1), -0.015(l), 0.088(3), -0.047(3) and -0.024(3) Å,

respectively (for reference the C(l1) atom lies -1.519(5) Å out of this plane). The

S(l)/C(1)/P(r)lo(2) and S(1)/C(1)/N(1)/C(31) torsion angles arc 174.1(2) and 0.2(6)',

respectively indicating planarity throughout this chromophore. The distortion from
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tetrahedral geometry about the phosphorus atom in [Cy2P(O)C(S)N(H)Me], with angles in

the range 105.1(2) to LL2.4(2)", is less than that in the [Cy2P(O)C(S)N(H)Ph] analogue

105.7(3) to 115.1(3)". The P(1)=O(2) bond distance of 1.480(2) Å, however, is equal

within experimental error to that found in the R' = Ph analogue. The crystal structure of the

parent acid, [Cy2PC(S)N(H)Me], is not available for comparison of derived interatomic

parameters. The C(l)=511¡ bond distance of 1.630(3) ^4. is comparable to that found in

tPhzP(o)C(S)N(H)Phl of 1.623(a) Å.

The P-C bond distances in [CyzP(O)C(S)N(H)Me] are equal within experimental error

to the comparable distances in the structure of [Cy2P(O)C(S)N(H)Ph] described in Section

3.I.3. This observation suggests that the nature of the nitrogen-bound substituent, i.e.

methyl or phenyl, has little effect on the phosphorus atom parameters. However, the same

is not true for the C(=$¡¡(H)R portion of the molecule.

The estimated standard deviations associated with the remaining part of the molecule are

relatively high making correlationd quite difficult, however, definite trends may be

ascertained from the systematic variation of the interatomic parameters defining the

C(=S)N(H)R' moieties. The C(l):S(1), C(l)-N(1) and N(1)-C(31) bond distances in

[Cy2P(O)C(S)N(H)Me] are longer, shorter and longer, respectively than those in

[CyzP(O)C(S)N(H)Ph]. Given that the P(l)-C(1) bonds distances are experimentally

equivalent in the two molecules, these trends may be rationalised in terms of the greater

inductive effect of the phenyl substituent over that of the methyl group. This has the result

that less r-electron density is localised in the N(l)-C(31) bond in the R' = Me compound,

leading to a comparatively stronger C(1)-N(1) bond and a weaker C(1)=511¡ bond. The

relatively small size of the methyl group in [Cy2P(O)C(S)N(H)Me] also has the effect of

reducing the S(1)-C(1)-N(1) angle by approximately 3" compared to the equivalent angle in

[CyzP(O)C(S)N(H)Ph] which results in a concomitant decrease in the other angles about the

C(1) atom.

An interesting difference exists between the two R = Cy structures, namely in the

relative disposition of the cyclohexyl goups. In [Cy2P(O)C(S)N(H)Ph] the molecule has

approximate mirror symmetry in that the two methine hydrogen atoms lie to the same side of

a
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the molecule whereas in the R' = Me compound the two methine hydrogen atoms are

orientated in opposite directions. There ¿ìre some minor variations in the angles about the

P(1) atom in that the O(2)-P(1)-C(21) and C(1)-P(1)-C(21) angles are smaller and grearer,

respectively in the R' = Me compound compared with the R' = Ph analogue. The reason for

the different relaúve orientations of the cyclohexyl groups is not clear.

As with the previous Y = O compounds, there are intermolecular hydrogen bonds

between symmetry related molecules in the crystal lattice of [CyzP(O)C(S)N(H)Me]; unit

cell contents are shown in Fig. 3.1.4b. The N(1)-H(1)...O(2)' separarion is 1.95(4) Ä.,

N(1)...O(2)' is 2.768(4) Å and the N(1)-H(1)...O(2)' angle is 149(3)' (symmetry operation:

-x, *J,0.5-z); there are no other notable intermolecular contacts. The intramolecular

O(2)...H(1) separation is 2.36(4) Å and is the shortest such conracr observed in the four

RzP(O)C(S )N(H)R' compounds.

3 .2 The Structures of RzP(S)C(S)N(H)R'

Four compounds of the type R2P(S)C(S)N(H)R' have been structurally characterised

for R = Ph or Cy, R' = Ph or Me. The compounds will be discussed in the following

order: R =Ph, R'=Ph (3.2.1); R: Ph, R'= Me (3.2.2); R = Cy, R'= Ph (3.2.3) and R =

Cy, R' = Me (3.2.4). The conformation about the C(1)-N(1) bond in the four compounds is

Z as found for the RzP(O)C(S)N(H)R' structures described in Section 3.1. A listing of

selected bond distances and bond angles for the four structures described in this section can

be found in Table 3.2.

3.2.1 The Structure of [Pî2P(S)C(S)N(H)PL]

Yellow crystals of P,P-diphenyl-N-phenyl- thiopho sphinylthioformamide,

[Ph2P(S)C(S)N(H)Ph], were grown by the slow evaporation of a chloroform solution of the

compound. Crystals a-re orthorhombic, crystallising in the Pbca space group with unit cell

dimensions d = 11.922(2),b=8.742(r),ç=34.043(2) Ã,v = 3548.0(8) Az,z= 8 andDx

= 1.323 I cm-3. The structure was refined to final R = 0.041 , Rw = 0.045 for 1295
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Fig. 3.1.4b The unit cell contents for [Cy2P(O)C(S)N(H)Me]



Table 3.2. Selected bond distances (Å) and angles (deg.) for R2P(S)C(S)N(H)R',

R=PhorCyandR'=MeorPh

Atoms R=Ph
R'=Ph

R=Ph
R'=Me

1.ese(1)

r.847(4)

1.813(4)

r.7et(4)

1.642(4)

r.326(s)

r.448(7)

111.8(1)

113.s(1)

tr2.7(r)
r03.6(2)

106.7(2)

108.1(2)

tzt.0(2)
12s.8(3)

trz.9(3)

r23.3(4)

R=Cy
R'=Ph

t.949s(9)

1.846(3)

1.817(3)

1.803(3)

r.624(2)

r.3r7(3)

1.401(3)

110.38(9)

111.s3(e)

rr4.07(9)

106.s(1)

R=Cy
R'=Me

P(1)-s(2)

P(1)-C(1)

P(1)-c(11)

P(1)-C(21)

c(1)-s(1)

c(1)-N(1)

N(1)-C(31)

s(2)-P(r)-c(1)

s(2)-P(1)-c(11)

s(2)-P(1)-c(21)

c(1)-P(1)-C(11)

c(1)-P(1)-c(2t)

c(11)-P(1)-c(zt)

s(1)-c(1)-P(1)

s(1)-c(1)-N(1)

P(1)-C(1)-N(1)

c(1)-N(1)-C(31)

t.est(2)
1.8ss(s)

r.797(s)

1.819(4)

r.633(4)

1.338(5)

r.420(6)

110.8(2)

114.6(2)

rt2.6(2)
t04.s(2)

106.7(2)

107.0(2)

r20.4(3)

r28.0(4)

111.5(3)

r32.6(s)

r.942(t)
t.823(4)

1.806(3)

1.806(3)*

1.644(4)

1.290(s)

r.433(6)

110.s(1

r14.3(L

r14.3(L

103.8(1

103.8(1

r09.2(2

tr9.7 (2

t24.6(3

11s.6(3

126.3(4

104.7(t)

r09.2(r)

118.2(1)

r3o.2(2)

rtl.6(2)
r32.3(2)

)

)

)*

)

)*

)*

)

)

)

)

* 
ttre ClZt¡ atom is related across crystallogaphic mirror plane
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reflections with 1> 3.0o(Ð. The molecular structure of [Ph2P(S)C(S)N(H)Ph] is illusrated

in Fig. 3.2.Ia (tlal; l57o ¡hermal ellipsoids).

The P(1)S(2)C(1)S(1)N(1) moiety has significant deviations (-0.057(1), 0.062(1),

-0.111(4), 0.075(2) and -0.278(4) Å for the respective atoms) from planarity in contrast to

that found for the analogous P(1)O(2)C(1)S(1)N(1) moiety in Ph2P(O)C(S)N(H)Ph (see

Section 3.1.1). This point is emphasised in the torsion angles of -168.3(2)" for

S(2)P(1)C(1)S(1) and10.2(4)" for S(2)P(1)C(1)N(1) and suggests little delocalisation of ¡r-

electron density over the respective groups. The P(1)C(1)S(1)N(1) atoms are planar,

however, to + 0.004 Å. fne least-squares plane through these atoms forms a dihed¡al angle

of 165.3' with the ninogen-bound phenyl group again indicating little conjugation between

the two groups of atoms. The dihedral angles formed with the phosphorus-bound phenyl

groups defined by the C(11)-C(16) and C(21)-C(26) atoms are 103.1 and 117.2",

respectively. The P(l)=S(2) bond distance of 1.951(2) Å is equal to the average P=S bond

distance of 1.954,4. found in C3P=S systems Í231 and. the P-C(phenyt) distances are as

expected. The P(1)=S(2) separation is also equal, within experimental error, to the P=S

bond distance found in the related structure, tPh2P(S)C(S)NMezl of 1.950(2) Å t¿ql" The

range of angles about the phosphorus atom is 104.5(2) to 114.6(2)" and these differ

marginally from those found in the Y = O analogue, i.e. the increased size of the sulfur atom

is compensated by an increase in the P(1)=512¡ separation.

The length of the P(1)-C(1) bond of 1.355(5) Ä. in [ptrzp(S)C(S)N(H)Ph] is equal

within experimental error to the equivalent distance of 1.852(4) Å found in

[Ph2P(O)C(S)N(H)Ph]. This observation suggests that the P(1)-C(1) bond in

[Ph2P(S)C(S)N(H)Ph] is relatively weak and, by analogy with [Ph2P(O)C(S)N(H)Ph],

may indicate that this compound would be susceptible to hydrolysis.

The closest hydrogen contact in the unit cell occurs between the S(2) and H(14)' atoms

of 3.00(5) ,4, lsymmetry operation: 1-r, 0.5+y, 0.5-z) which is within the sum of the van

der Waals radii of these atoms [21], but is not indicative of a significant interaction. The

closest non-hydrogen interaction is between the C(21) and C(32)' atoms of 3.52aQ) A,
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(symmetry operation: I.5-x, 0.5+y, +z). There was no intramolecular S(2)...H(1)

interaction present. The unit cell contents a¡e shown in Fig. 3.2.1b.

Two complexes have been structurally characterised containing the deprotonated form of

[Ph2P(S)C(S)N(H)Ph]. The first, {Mn(CO)¿[PhzP(S)C(S)NPh]] t18l features S-, S-

chelation to the six-coordinate manganese atom with the formation of a puckered MnSPCS

five-membered ring. Significant changes have occurred to the P(S)C(S)N moiety, which

except for the S(2) atom, is essentially planar. The P(1)=$(2), P(l)-C(l), C(1)-S(1) and

N(l)-C(31) bond distances are 1.996(1), 1.826(3),1.733(3) and,l.266(4) Å, respectively;

the changes in bond distances are consistent with a formal C(1)-N(1) double bond.

Signif,rcantly the P(l)-C(1) separation is substantially shorter than that observed in the acid

tPhzP(S)C(S)N(H)Phl (i.e. 1.855(5) Å). The second complex, ((tt5-CsHs)Mo(CO)z-

[Ph2P(S)C(S)NPh]l [24], features a S-, N- coordination mode for the [Ph2P(S)C(S)NPh]-

anion in which the phosphorus-bound sulfur atom does not participate in bonding to the

metal centre. In this example the P(1)=$(2), P(l)-C(l), C(1)-S(1) and N(1)-C(31) bond

distances are 1.942(2), 1.838(6) , 1.709(7) and 1.321(5) Å, respectively. Both structures,

although having different coordination modes for the [Ph2P(S)C(S)NPh]- anion, serve to

emphasise that in the free [Ph2P(S)C(S)N(H)Ph] ligand, the P(1)-C(1) bond is

comparatively weak.

3.2.2 The Structure of [PUzP(S)C(S)N(H)Me]

The yellow crystals of P, P-diphenyl-N-methyl-thiophosphinylthioformamide,

[PhzP(S)C(S)N(H)Me], were obtained from the slow evaporation of an isopropanol

solution of the compound which was layered with hexane. Crystals are monoclinic, space

group P2tln with unit cell dimensions a = I2.903(l),b =7.g7Ig(7), c = 14.493(1) Å, p =

96.380(7)",V = I48I.6Q) 
^3,2=4 

andD^ = 1.306 I cm-3. The structure wasrefined to

final R = 0.046, Rw = 0.055 for 1853 reflections with / > 3.0o(Ð.

The molecular structure of [Ph2P(S)C(S)N(H)Me] is shown in Fig. 3.2.2a (U4l;20Vo

thermal ellipsoids). The structure is molecular, there being no significant intermolecula¡

contacts in the lattice; the closest non-hydrogen contact of 3.437(4) Å occurs between the
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S(2) and N(1)' atoms (symmeury operation: l-x, -y,2-z) and the closest contact involving a

hydrogen atom is between S(2) and H(1)' of 2.84(4) Å lsymmetry operarion: 1-r, -y,2-z).

A view of the unit cell contents is shown in Fig. 3.2.2b. The central P(S)C(S)N

chromophore is not planar with deviations of the S(1), S(2), P(1), N(1) and C(1) atoms

from their least-squares plane being 0.093(2), 0.063(1), -0.048(1), -0.351(4) and -0.078(a)

Å, respectively; the C(31) atom lies -0.569(6) Å out of this plane. The lack of planarity is

reflected in the torsion angles of 169.3(2) and -15.7(3)" for S(2)Æ(1)/C(lyS(1) and

S(2)/P(1yC(1)/N(1), respectively. The dihedral angles between the central chromophore

and the two phenyl rings, C(l1)-C(16) and C(21)-C(26), are 68.6 and 105.4', respectively.

The P(1)=$(2) bond distance of 1.959(1) .A in the present compound is equal within

experimental error to that found in [PhzP(S)C(S)N(H)Ph] (1.951(2) Å) and 1.956(3) Å in

lPhzP(S)C(SMe)NMel1521" It is also comparable with the P(1)=$(2) distance found in

tPh2P(S)C(S)NMezl [49] of 1.9s0(2) Å. rne P(1)-C(1), C(1)=511¡, and N(1)-C(31) bond

lengths of 1.847(4),1.642(4) and 1.448(7) Å, respectively are shorter, longer and longer,

respectively that the corresponding distances in the R' = Ph derivative of 1.855(5),1.633(4)

and,I.420(6) Å, respectively; the errors associated with the C(1)-N(1) distances are too

large to make a valid comparison. Similar trends were found in the analogous Y = O species

and were interpreted in terms of a relatively greater inductive effect of the nitrogen-bound

phenyl group compared with the methyl substituent. The P-C(Ph).bond distances are equal

within experimental error in the two Ph2P(S)C(S)N(H)R' structures, again consistent with

the Ph2P(O)C(S)N(H)R' compounds.

3 .2.3 The Structure of [Cy2P(S)C(S)N(H)Ph]

Yellow crystals of P, P-diphenyl-N-phenyl-thiophosphinylthioformamide,

[CyzP(S)C(S)N(H)Ph], were obtained from the slow evaporation of a dichloromethane

solution of the compound. Crystals are triclinic, space group Pi, with dimensions a=

9.766(2),b=17.lll(2),c=9.388(2)Å,,u=100.54(2),Þ=104.66(1)andy=83.86(1)",

V =966.9(3) Å3, Z =2andDr= I-249 g cm-3. The structure was reñned to finalR =

0.038, Rw = 0.039 for 2758 reflections with 1> 3.0o(Ð.

l.t','t
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The molecular structure of [Cy2P(S)C(S)N(H)Ph] is represented in Fig. 3.2.3a (tlal;

30Vo thermal ellipsoids). The structure is as described for the above compounds except that

the central portion of the molecule is more planar. The central S(1), S(2), P(1), N(1) and

C(1) atoms lie 0.026 4(8), 0.0275(8), -0.0233(7), -0.L24(2) and -0.055 Q) 
^, 

respectively

our of the least-squares plane through these atoms (the C(l1) atom lies -I.523(4) Å out of

this plane) and the S(2)/P(1yC(1yS(1) and S(1)/C(1)/N(1/C(31) torsion angles a,re -4.1(2)

and -1.0(5)", respecrively. The nitrogen-bound phenyl substituent is almost coplanar with

the central chromophore as seen in the C(1)/N(1/C(31)/C(32) torsion angle of -172.0(3)'

and is reflected in the relatively short N(1)-C(31) bond distance of 1.401(3) Å. The

P(1)=512¡ bond distance (1.9495(9) Å) lies within experimental error to that found in the

related derivatives described above. Notable in this structure is the length of the P(1)-C(1)

bond, i.e. 1.846(3) Å, which, thus far, is the longest seen in compounds of this type, i.e.

for Cy2P(Y)C(S)NGI)R', Y = O or S, R' = Ph or Me. There are some interesting variations

within the C(=g)¡(H)C portion of the molecule between the Cy2P(Y)C(S)N(H)R', Y = O

or S, structures.

The relatively low errors associated with the CyzP(Y)C(S)N(H)R' structures enables a

determination of the influence of the Y substituent on the central chromophore. In the

tCyzP(S)C(S)N(H)Phl compound, the C(1)=511¡ r.624(2) Å, t'l(t)-C(l) 1.317(3) Å and

N(1)-C(31) 1.401(3) Å bond distances are, respectively longer, shorter and shorter than

those found in the Y = O analogue. These observations may be rationalised in terms of a

comparatively weaker P(1)-C(1) bond in the Y = S compounds. As the bond order of the

P(1)-C(1) bond decreases there is a concomitant increase in the C(1)-N(1) and N(1)-C(31)

bond orders and a slight decrease in the C=S bond order.

The unit cell of tCyzP(S)C(S)N(H)Phl is shown in Fig. 3.2.3b, and is comprised of

discrete molecules of the compound. The closest non-hydrogen contact in the lattice is

3.521(2) Å. and occurs between centrosymmetrically related S(1) atoms (symmetry

operation: l-x, -y, -z) while the closest hydrogen contact occurs between the S(1) and

H(l3a)' atoms of 2.93(3) Å lsymmetry operation: 1--r, -y, -z).



c25

Q6

ez cz S2

P1

cl1

c13 c16

c[4

Nl c31

c32

c36 C35

C1 c34

S1

15

Fig. 3.2.3a The molecula¡ structure of [Cy2P(S)C(S)N(H)Ph]



+a.

+c
0

Fig. 3.2.3b The unit cell contents for [Cy2P(S)C(S)N(H)Ph]



46

3.2.4 The Structure of [Cy2P(S)C(S)N(H)Me]

Yellow crystals of P, P-diphenyl-N-methyl-thiophosphinylthioformamide,

ICyZP(S)C(S)N(H)MeI, were grown from the vapour diffusion of ether into an acetonitrile

solution of the compound. Crystals are orthorhombic, space group Pnmø, with dimensions

a = 10.26A0(9), b = 15.441(2), c = 10.141(3) Å, V = 1607.3(5) Ã3,2= 4 and Dx = 1.254

g cm-3. The structure was refined to final R = 0'040, Rw = 0'041 for 1362 reflections with

/ > 3.0o(Ð.

A molecule of [Cy2P(S)C(S)N(H)Me], depicted in Fig. 3.2.4a ([la]; 307o thermal

ellipsoids), is situated about a crystallographic mirror plane located at! = Il4 wírh the two

cyclohexyl groups related to each other across this plane. The structure is in essential

agreement to that found for the Y = S compounds described above except that the central

chromophore comprising the S(2), P(1), C(1), S(1) and N(1) atoms is constrained to

planarity owing to the crystallogÏaphic symmeÞry. The P(1)=$(2) bond distance of l.9aZQ)

,Â, is equal within 5o ro I.g5I(2) Å, the P=S distance found in the structure of

tphzp(S)C(S)N(H)Phl and 1.951(1) Å found in the closely related tCyzP(S)C(S)SMel

structure [53]. The P-C(Cy) bond distances are equal within experimental error to those

found. in the Y : O analogue, however, there is some evidence that the P(1)-C(1) bond

distance is slightly longer, i.e. weake¡ in the Y = S derivative. This elongation is more

pronounced for the R' = Ph compound (see above).

The trends associated with the C(=S)N(H)C chromophore described in Section 3.2.3

for the R' = Ph compound are found also in the R' = Me compound. Similarly, the

systematic changes in the interatomic parÍìmeters found when the nitrogen-bound phenyl

substituent is replaced by the methyl goup in the Y = O compounds is repeated in the Y = S

analogues. A difference between the two Y = S molecules is found in the relative

disposition of the cyclohexyl groups in that in the R' = Ph derivative the methine hydrogen

atoms lie on opposite sides of the molecule whereas in the R' = Me compound the two

methine hydrogen atoms are constrained by the crystallographic mir¡or symmetry to lie on
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the same side of the molecule. It is noted that the opposite pattern was observed for the

analogous Y = O compounds.

The unit cell contents for [Cy2P(S)C(S)NGI)Me] are shown in Fig. 3.2.4b. The lattice

is comprised of discrete molecula¡ entities with the closest non-hydrogen contact occurring

between the S(2) and C(31)' atoms of 3.495(6) Å (symmetry operation: -0.5+¡, 0.5-y,

-0.5-z). As was seen above for the R' = Ph analogue the closest hydrogen interaction

involved the S(1) atom, the distance o12.82(5) ,{ made with a H(31)' atom (symmetry

operation: 0.5+x, 0.5-y, -0.5-z) is not considered a significant interaction.

3 .3 The Structures of RzP(Se)C(S)N(H)R'

Eight compounds of the type R2P(Se)C(S)N(H)R' have been structurally characterised

for R : Ph or Cy, R' = Ph, Me, Et or Cy. The compounds will be discussed in the

following order: R = Ph, R'= Ph (3.3.1); Me (3.3.2), Et (3.3.3) or Cy (3.3.4), and in the

same R' order for the R : Cy systems (3.3.5-3.3.8). Consistent with the

RzP(Y)C(S)N(H)R', Y = O or S, systems the conformation about the C(1)-N(1) bond is Z.

Selected interatomic parameters are listed in Table 3.3. Four of the compounds i.e.

RZP(Se)C(S)N(H)R' R = Ph or Cy, R' = Et or Cy, were supplied by Professor R.

Kramolowsky.

3.3.1 The Structure oÍ [PhzP(Se)C(S)N(H)Ph]

The green crystals of P, P-diphenyl-N-phenyl-selenophosphinylthioformamide,

[PhzP(Se)C(S)N(H)Ph], were obtained by cooling the mother liquor of the compound from

a benzene solution. Crystals are orthorhombic, space group Pbca w\rh unit cell dimensions

a = 11.978(1), b =8.772(5), c =34.24L(4) A.,V =3597(I) Ã3,2 = 8 and Dx= 1.478 g

cm-3. The structure was refined to final R = 0.045, Rw = 0.043 for 3167 reflections with 1

> 3.0o(1).

The structure of tPhzP(Se)C(S)N(H)Phl is shown in Fig. 3.3.Ia (tlal; l5Vo thermal

ellipsoids) and is molecular, there being no significant intermolecular contacts in the crystal

lattice. The closest hydrogen contact occurs between S(1) and H(24)' of 3.06(7) Å
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Table 3.3 Selected bond distances (Ä) and angles (deg.) for R2P(Se)C(S)N(H)R', R = Ph or Cy and R' = Ph, Me, Et or Cy

Pa¡ameter

P(1)-Se(2)

P(1)-c(1)

P(1)-c(11)

P(1)-c(21)

c(1)-s(1)

c(1)-N(1)

N(l)-c(31)

Se(2)-P(1)-C(1)

Se(2)-P(1)-C(11)

Se(2)-P(1)-C(21)

c(1)-P(1)-C(11)

c(1)-P(1)-C(21)

c(11)-P(1)-C(zr)

s(1)-c(1)-P(1)

s(1)-c(1)-N(1)

P(1)-c(1)-N(1)

c(1)-N(1)-C(31)

R=Ph
R'= Me

2.083(2), 2.088(2)

1.834(7), 1.849(8)

1.788(7), 1.784(8)

t.783(7), r.716(7)

r.623(7), 1.623(8)

r.279(9), 1.28(1)

1.46(1), 1.45(1)

111.5(2), 110.8(3)

r14.3(3), 114.8(3)

rr4.3(2), rr2.2(2)

103.7(3), t07.4(4)

105.5(3), 105.1(4)

106.7(3), 10s.9(4)

tzr.2(4), 120.1(5)

125.2(6), 126.0(7)

113.6(6), 113.9(6)

125(1), rZ7(r)

R=Ph
R'=Ph

R=Ph
R'=Et

2.084(1)

1.8s4(4)

r.782(4)

r.783(4)

t.623(4)

r.287 (s)

1.4s3(7)

R=Ph
R'=Cy

2.110(3)

1.84(1)

r.793(e)

112.8(3)

111.9(3)

114.s(4)

tOs.2(4)

106.1(5)

10s.7(4)

120.6(6)

r27.r(8)

112.1(8)

128(1)

R=Cy
R'=Ph

2.098(1)

r.847(4)

1.806(4)

1.81s(4)

r.617(4)

r.322(s)

1.411(s)

R=Cy
R'=Me

2.090(1)

1.842(s)

1.807(3)

1.807(3)x

r.627(4)

1.28e(6)

1,.447(8)

R=Cy
R'=Et

2.rr2(r)
1.8se(s)

1.83s(s)

1.836(5)

1.6s1(s)

1.314(6)

r.466(7)

trt.7(2)
rr4.4(2)

1r3.4(2)

101.6(2)

r03.3(2)

rrr.4(2)
120.1(3)

t26.1(4)

113.8(4)

12s.1(5)

R=Cy
R'=Cy

2.rr7(2)

1.833(8)

1.79s(8)

1.817(7)

1.623(8)

1.3 1( 1)

1.s1(1)

10e.8(3)

113.6(3)

110.e(3)

106.s(4)

106.s(3)

109.4(4)

117.8(5)

130.3(7)

111.9(6)

122.7 (7)

2.107(z)

1.868(7)

1.804(8)

r.82r(7)

1.632(8)

r.312(9)

1.41(1)

110.6(3)

114.6(3)

112.8(3)

105.0(3)

106.4(3)

106.8(4)

120.0(5)

r28.4(6)

111.6(6)

133.7(8)

111.7(1)

113.4(1)

r13.9(2)

104.8(2)

r04.3(2)

108.0(2)

r20.4(3)

rzs.e(4)

rr3.7 (3)

124.2(s)

r09.2(2)

118.4(2)

130.2(3)

111.4(3)

131.6(4)

111.0(2)

114.0(1)

114.0(1)*

103.4(1)

103.4(1)*

110.0(2)

11e.s(3)

126.s(4)

114.0(3)

r24.6(s)

r.77 (r)
r.62(r)

r.29(r)
1.48(1)

110.8(1)

113.9(1)

111.6(1)

r04.s(2)

106.s(2)

* 
ttre C12t¡ atom is related across a crystallographic mi:ror plane
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(symmetry operation: +x, l+y, +z), the closest non-hydrogen contact is 3.56(1) Å and

occurs between the C(21) and C(32)' atoms (symmetry operation: 0.5-x, -0.5+y, +z); the

unit cell diagram appears in Fig. 3.3.1b. The structure determination of

[PhzP(Se)C(S)N(H)Ph] completes the series of compounds with the general formula

tPhzP(Y)C(S)N(H)PhlwhereY=0[15],Y=O(Section3.1.1),Y=S(Section3.2.1)and

Y = Se. The atoms defrning the P(Se)C(S)N chromophore deviate significantly from

coplanarity, i.e. -0.06g(2),0.012(1), -0.116(7),0.111(3) and -0.334(0 Å for the P(1),

Se(2), C(1), S(1) and N(1) atoms, respectively, suggesting little conjugation over this

moiety; the two torsion angles Se(2)/P(1)/C(lys(1) and Se(2)Æ(lyc(1)/N(1) are 168.1(4)

and - 1 1 .5(6)', respectively and emphasise the lack of coplanarity. The phenyl rings, C( 1 1)-

C(16), C(21)-C(26) and C(31)-C(36), form dihedral angles of 102.5, 125.9 and 173.5",

respectively with the least-squares plane through the P(Se)C(S)N atoms. The angles around

P(1) range from 105.0(3) to 114.6(3)'and are very similar to those found for

tPhzP(S)C(S)N(H)Phl as are the angles about the C(1) atom, 111.6(6)-128.4(6)". These

are differenr ro rhose found in [PhzP(O)C(S)N(H)Ph] for the reasons as discussed in

Section 3.2.1.

The P(1)=Se(2) bond distance of 2.107(2) Ä. is e*perimentally equivalent to the

distances of 2.106(1) Ä found in the structure of [Ph3PSe] t54l and 2.103(1) ,{ found in

[PhZP(Sg)CHZPPhZ] t551. Particular interest in this structure determination focuses on the

parameters associated with the PC(S)N atoms where, despite the relatively high errors

associated with these parameters, general conclusions may be made.

The P(1)-C(1), C(1)-S(1) and C(1)-N(1) separations of 1.868(7), 1.632(8) and

1.312(9) Å are longer, shorter and shorter, respectively than the comparable bond distances

in the phosphorus(Ill) 'parent' acid tPhzPC(S)N(H)Phl [15], i.e. 1.862(3), 1.650(3) and

1.334(3) Å, respectively. These trends follow closely those observed previously for the

tphzP(Y)C(S)N(H)Phl compounds, Y = O (Section 3.1.1) or S (Section3.2.1) which were

interpreted as indicating the presence of compamtively weak P(1)-C(1) bonds.

The P(1)-C(1) bond distances for the tPhzP(Y)C(S)N(H)Phl Y = o, s or se

compounds are 1.852(4), 1.855(5) and 1.868(7) Å, respectively. Comparison of other



+b
+c

Fig. 3.3.lb The unit cell contents for [Ph2P(Se)C(S)N(H)Ph]



49

parameters between the Y = S and Se derivatives reveals a close coincidence in the values of

bond distances and angles in these two isomorphous compounds.

3.3.2 The Structure ol IPhzP(Se)C(S)N(H)Me]

The green crystals of P, P-diphenyl-N-methyl-selenophosphinylthioformamide,

[PhzP(Se)C(S)N(H)Me], were obtained from the evaporation of an ethyl acetate solution

layered with petroleum spirit (40/60"C). Crystals are triclinic, space group Pl with unit cell

dimensions a= I2.5ll(3),b =13.298(3), c = 10.178(3) Å, o = 109.28(2),þ = 103.25(2),

^r:66.94(2),V = 1460.8(7) Ãz,Z = 4 andDx = 1.538 g cm-3. The structure was refined

to final R = 0.038, Rw = 0.033 for 2097 reflections with 1> 3.00(4.

Two independent molecules of [PhzP(Se)C(S)N(H)Me], labeled a and b, comprise the

asymmetric unit and are shown in Figs 3.3.2a and 3.3.2b (t1al; 30Vo therrnal ellipsoids).

The closest intermolecular contact occurs between the selenium atom and a synìmetry related

H(25) atom such that Se(2a)-H(25b)' is 2.94(7) Å lsymmetry operation: 1-r, l-y, l-z) and

Se(2b)-H(25a)' is 2.S(1) Å lsymmetry operation: -r, l-y, -z). These short distances are

within rhe sum of the van der Waals radii for these atoms of 3.10 Ä. tZtl. A simila¡ close

Se...H interaction was reported recently in diselenocin for the chair (Fig.3.3.2c) and boat

forms of the compound with intermolecular selenium "hydrogen bonds" of 2.92 and 2.86 Å

[56]. The angles of 147(6) and 174(6)" for C(25a, b)-H(25a, b)...Se(2b, a) are wider than

those reported for diselenocin which were 101.7" (chair form) and 107.0" (boat form). The

closest non-hydrogen contact in the unit cell is 3.48(1) Å for the S(1a) and C(13a)' atoms

(symmetry operation: -x,2-1, -z). The unit cell contents are shown in Fig. 3.3.2d.

Se1

c6

Hb

Se1'

Fig.3.3.2c The molecular structure of chair diselenocin
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The parameters observed for the two molecules, a and b, are equal within experimental

error given that there are relatively large errors associated with these parameters. The central

SePC(1)SN moiety deviates from planarity with a mean deviation from the plane of 0.235 Å

for molecule a and 0.010 Ä. for molecule b. The two torsion angles Se(2)Æ(1)/C(1)/S(1)

and Se(2)Æ(1)/C(1)/N(1) of 160.5(3) a,771.5(4) b and -21.7(7) a, -7.5(7) å, respectively

reflect this distortion. The phenyl rings C(11)-C(16) and C(21)-C(26) make dihedml angles

of 62.39 and73.66" for molecule a and 56.33 and 78.63' for molecule å, respectively with

the central SePC(1)SN chromophore. It can be seen from these parameters that the central

chromophore in molecule å is slightly more planar than the corresponding atoms in molecule

a and that there are only minor conformational differences between the two molecules that

comprise the asymmetric unit.

The P(l)=$e(2) distances of 2.083(2) and 2.088(2),& for molecule a and.å, respectively

are marginally shorter to the distance found for the R' = Ph derivative of 2.107(2) Å. me

C(1)=511¡ bond distances of L.623(7) and, 1.623(8) Å, respectively are comparable to

r.632(8).Ä. found in [PhzP(Se)C(S)N(H)Ph]. The C(1)-N(1) and N(1)-C(31) bond

distances are shorter and longer, respectively than those in the R' = Ph derivative, i.e.

1.279(9) and 1.28(1), 1.46(1) and 1.45(1) compared to 1.312(9) and 1.41(1) Å,

respectively. The biggest difference, however, is found for the P(l)-C(1) bond length

which ar 1.868(7) Å in [pnzp(Se)C(S)N(H)Ph] is longer than 1.834(7) and 1.349(8) Å

found in the two molecules of [Ph2P(Se)C(S)N(I{)Me]. The most notable difference in the

angles between the R' = Me and Ph compounds is found in the C(1)-N(1)-C(31) angle

which is approximately 7" greater in the R' = Ph analogue owing to the additional steric

pressure exerted by the phenyl group compared with the less buþ methyl substituent.

The comparison of selected pa.rameters for [Ph2P(Se)C(S)N(H)Me] with those of the

parent compound [Ph2PC(S)N(H)Me] [25], which also had two molecules in the

asymmetric unit, showed that the C(l)-S(l), C(1)-N(1) and N(1)-C(31) bond distances are

shorter, shorter and equivalent, respectively on going from the phosphorus(Ill) to the

phosphorus(V) compound. The P(1)-C(1) distances, 1.834(7) Å for molecule a and

1.S49(S) Å for molecule å in [PhzP(Se)C(S)N(H)Me] are equal within experimental error to



51

the average distance of 1.849(4¡ Å in the parent molecule, whereas the P-C(Ph) distances

have contracted by approximately 0.03 Å in the tPhzP(Se)C(S)N(H)Mel compound as

expected. These data further support the earlier conclusion which stated that the P(l)-C(l)

bond distance is relatively weak in the phosphorus(V) derivatives.

3.3.3 The Structure of [Ph2P(Se)C(S)N(H)EI]

The yellow crystals of P, P-diphenyl-N-ethyl-selenophosphinylthioformamide,

[PhzP(Se)C(S)N(H)Et], were grown from the diffusion of petroleum spirit (40/60') into an

acetone solution of the compound. Crystals are monoclinic, space group P2t/c with unit cell

dimensionsd=1L.944(3),b=8.999(7),c=14.882(3)Å,P=100.7r(2),V=1571(1)Å3,

Z = 4 and D" = I.489 g cm-3. The structure was rehned to hnal R = 0.036, Rw = 0.034 for

176l reflections with / > 3.0o(Ð.

The molecular structure of [Ph2P(Se)C(S)N(H)EI] is depicted in Fig. 3.3.3a ([14];30Vo

thermal ellipsoids). The atoms that comprise the central chromophore, SePC(1)SN, lie

0.001(1), -0.004(1), -0.017(4), 0.007(2) and -0.027(5) Å, respectively out of the least-

squares plane through these atoms. The planarity is reflected in the torsion angles for

Se(2)Æ(1)/C(1yS(1) of 178.8(6)" and Se(2)Æ(1)/C(1)/N(1) of -0.3(4)'. The dihedral

angles of the phenyl rings with the central chromophore are approximately equal at72.9 and

12.5" lor the C(l1)-C(16) and C(21)-C(26) rings, respectively.

The P(l)=Se(2) distance of 2.084(1¡ Å is identical to that found for the R' = Me

compound described above as are the S(1)=Ç(1), P(1)-C(1), C(1)-N(1) and N(1)-C(31)

distances. Further, the angles are similar in both structures and will not be discussed in

detail. The derived parameters for [Ph2P(Se)C(S)N(H)EI] suggest that the substitution of

the methyl substituent for an ethyl group has little discernible effect on the central

Se(2)P( 1 )C( 1)S (1 )N( 1 ) chromophore.

The unit cell contents are shown in Fig. 3.3.3b. The closest non-hydrogen contact was

between the C(23) and C(23)' atoms of 3.39(1) Å lsymmetry operation: 2-x, -y,I-z) and

the closest contact involving a hydrogen atom occurs between Se(2) and H(26)' of 3.07(4)

Å lsymmetry operation: 1-ï, -y,l-z).
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3.3.4 The Structure ol IPhzP(Se)C(S)N(H)Cy]

Bright g¡een crystals of P, P-diphenyl-N-cyclohexyl-selenophosphinylthioformamide,

tPhzP(Se)C(S)N(H)CVl, were obtained from the diffusion of petroleum spirit (40/60') into

an acetone solution of the compound. Crystals are triclinic, space group Pl with unit cell

dimensions ¿ = 8.638(4),b =83&(2),c =7.488(2) Å, c, = 114.72(l), Þ = 113.03(2),^t=

88.78(3)', V =467.O(3) Å3, Z=I andD¡ =I.445 gcm-3. The structure (preferredhand)

was refined to final R = 0.046, Rw = 0.054 for 1411 reflections with 1 > 3.0o(Ð.

The molecular structure of the compound is represented in Fig. 3.3.4a (Í14); 307o

thermal ellipsoids). The central chromophore deviates signihcantly from coplanarity with

rhe mean deviation of the atoms being 0.137 Å. fte phosphorus-bound phenyl rings form

dihedral angles of 77.I and 62.8" with the central plane. The P(1)=Se(2) distance of

2.110(3) Å is identical to the equivalent separation found for [Ph2P(Se)C(S)N(H)Ph]

(2.107(2)Å¡ whereas the P(1)-C(1) distance (1.84(1) ;4.¡ appears to be shorter (1.363(7) Ä.).

A notable difference is the length of 1.48(1) ,Â for the N(1)-C(31) bond which is by far the

longest found in the Y: Se derivatives.

No significant interactions were found in the lattice, the shortest distance involving a

hydrogen arom was 2.88(1) Å which occurs between the S(1) and H(13)' atoms (symmetry

operation: l+x, +y,+z) and the closest non-hydrogen contact of 3.58(2) Å occurs between

the C(14) and C(34)' atoms (symmetry operation: -l+x, -I+y, -l+z); the unit cell contents

are shown in Fig. 3.3.4b"

3.3.5 The Structure of [Cy2P(Se)C(S)N(H)Pî]

The yellow crystals of P, P-dicyclohexyl-N-phenyl-selenophosphinylthioformamide,

tCyzP(Se)C(S)N(H)Phl, were obtained from the vapour diffusion of diethyl ether into a

chloroform solution of the compound. Crystals are triclinic, space group P1 with unit cell

dimensionsa=9.738(2),b=11.248(2),c=9.406(l)Å,o=100.72(1),9=104-84(1), 1

= 83.58(1)",V =976.3(3) Ã3,2 =2 and,Dx= 1.403 g cm-3. The structure was refined to

final R = 0.033, Rw = O.O3'7 for 2508 reflections with 1 > 3.0o(Ð.
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The molecular structure of [CyzP(Se)C(S)N(H)Ph] is depicted in Fig. 3.3.5a (tlal;

3OVo thermal ellipsoids). The deviations of the atoms from the least-squares plane through

the central SePC(1)SN moiety are -0.007(1), -0.039(1), 0.029(1), 0.160(4) and 0.063(4)

Å, respectively and is indicative of a non-planar grouping. The torsion angles

Se(2)Æ(1)/C(1)/S(1) -174.7(2)" and Se(2)/P(1yC(1)/N(1) 4.8(3)' provide additional

evidence for the lack of planarity of the central chromophore. The nitrogen-bound phenyl

group forms a dihedral angle of 4.1' wittr the central chromophore.

The P(l)=$e(2) separation of 2.098(1) Å is similar to the equivalent values found for

the related Y = Se derivatives mentioned above. All the bond distances and angles

associated with the P, C(1), S and N atoms are equal within experimental error to those

parameters found in [PhzP(Se)C(S)N(H)Ph] except for the P(1)-C(1) distance. The P(1)-

C(1) separation of t.847(4) Ä. ls O.OZI Å shorter in [Cy2P(Se)C(S)N(H)Ph] and therefore

this bond is stronger in this compound compared to [Ph2P(Se)C(S)N(H)Ph] (1.868(Ð Å).

The P(1)-C(1) distance has contracted approximately 0.02 Å from the equivaleni distance in

the parent compound, [Cy2PC(S)N(H)Ph] [15], which has an average value of 1.868(5) Å

for the two independent molecules comprising the asymmetric unit. By contrast, the

contraction of the P-C(Cy) distances was approximately 0.0a Å; clearly a uniform

contraction is not observed. The angle subtended by the two cyclohexyl groups at

phosphorus, C(11)-P(1)-C(21), is approximately 2.5" Iarger in the [Cy2P(Se)C(S)N(H)Ph]

compound,1O9.2(2)", as compared with the analogous angle in [Ph2P(Se)C(S)N(H)Ph] of

106.8(4)'. The reason for this difference can be attributed to the presence of the bulky

cyclohexyl rings in [Cy2P(Se)C(S)N(H)Ph].

The [Cy2P(Se)C(S)N(H)Ph] crystals are isomorphous with [Cy2P(S)C(S)N(H)Ph].

Except for the obvious difference in the P=Y trond lengths, the other comparable parameters

are virtually identical in the two structures. The methine hydrogen atoms of the cyclohexyl

groups are on opposite sides of the molecule. In the lattice, the closest non-hydrogen

contact occurs between centrosymmetrically related sulfur atoms of 3.504(3),Å. 1sy-metry

operation: l-x,l-y,1-z), as was the case for the Y = S derivative. The S(1) and H(23a)'
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separation of 2.925,{ lsymmet y operation: l-x,7-y, +z) was the closest contact involving a

hydrogen atom; the unit cell contents a¡e shown in Fig. 3.3.5b.

3.3.6 The Structure of [Cy2P(Se)C(S)N(H)Me]

Yellow crystals of P, P-dicyclohexyl-N-methyl-selenophosphinylthioformamide,

[Cy2P(Se)C(S)N(H)Me], were obtained from the slow evaporation of a dichloromethane

solution of the compound. Crystals are orthorhombic, space group Pnma, with dimensions

a = 10.299(2), b = 15.384(3), c = 10.344(2)Å, y - 1638.9(5) Ã3,2 = 4 and Dx = 1.420 g

cm-3. The structure was refined to final R = 0.034, Rw = 0.027 for 1180 reflections with 1

> 3.0o(/). Owing to the crystallographically imposed symmetry, the central moiety

comprising the Se(2), P(1), C(1), S(1) and N(1) atoms is constrained to planarity being

situated on the crystallographic mirror plane located ãty = U4. Tl'te molecular structure of

[Cy2P(S)C(S)N(I{)Me] is shown in Fig. 3.3.6a (tlal; 30% thermal ellipsoids).

The P(1)=$e(2) distance of 2.090(1) Å was similar to the distances found in the closely

related tPh2P(Se)C(S)N(H)Mel compound of 2.083(2) and 2.088(2) ,Â (for which there

were two independent molecules in the asymmetric unit, Section 3.3.2). All other bond

distances were equal within experimental for the two R' = Me compounds. The P(1)-C(1)

separation of 1.842(5) Å is experimentally equivalent to the one found in

tCy2P(Se)C(S)N(H)Phl while rhe S(1)=Q(r) r.627(4) Å, C(t)-N(l) 1.289(6) Å and N(1)-

C(31) I.447(8) Å distances are longer, shorter and longer, respectively when compared with

the latter compound. These observed changes can be attributed to the greater inductive effect

of the nitrogen-bound phenyl group over that of the methyl group. As a result, more r-

electron density is concentrated between the N(1) and C(31) atoms in the R' = Ph

compound, so that the resulting C(1)-N(1) and S(1)-C(1) distances become longer and

shorter, respectively.

The P(1)-C(1) separation is approximately 0.02 Å shorter than the distance found in the

Y = S analogue suggesting that the P(1)-C(1) bond is stronger in the

lCyzP(S)C(S)N(H)MeI compound compared to [Cy2P(Se)C(S)N(H)Me]. The methine

hydrogen atoms lie on the same side of the molecule (constrained by the crystallographic
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symmetry) as observed in the structure of [CyZP(S)C(S)N(H)Me] but opposite to that found

for [Cy2P(Se)C(S)N(H)Ph].

In the lattice of [Cy2P(Se)C(S)N(H)Me] (the unit cell is shown in Fig. 3.3.6b) the

closest non-hydrogen contact of 3.533(7) Å occurs between the Se(2) and C(31)' atoms

(symmetry operation: 0.5+r, 0.5-y, 0.5-z). The S(1) atom was involved in a short

intermolecular interaction with a H(31)' atom of 2.86(5) .,{ lsymmetry operation: -0.5+x,

0.5-y, 0.5-z).

3.3.7 The Structure of [Cy2P(Se)C(S)N(H)EI]

The yellow crystals of P, P-dicyclohexyl-N-ethyl-selenophosphinylthioformamide,

[Cy2P(Se)C(S)N(H)Et], were obtained from the slow evaporation of an acetone solution of

the compound. Crystals are triclinic, space group Pl with unit cell dimensions a =

10.063(1), b = 10.864(l), c = 9.710(1) Å, a = 1O2.904(9), Þ = 114.275(8),^,¡ =

1OL.962(9)",V = 888.2(2) Ãl,Z=2 and.Dx= 1.359I cm-3. The structure was refined to

final R = 0.044, Rw = 0.050 for 2097 reflections with 1> 3.0o(Ð.

The molecular structure of [Cy2P(Se)C(S)N(H)Et] is depicted in Fig. 3.3.1a (Í14);25Vo

thermal ellipsoids). The mean deviation of 0.023 Å from the least-squares plane through the

Se(2), P, C(1), S and N atoms suggests that this central chromophore is planar and this is

confirmed in the torsion angles of -178.0(2) and -1.6(5)' for Se(2)lP(1yC(1yS(1) and

Se(2)/P( 1 )/C( 1 )/S ( 1 ), respectively.

The P(1)=Se(2) bond distance is longer than the corresponding distance found for the

related [Ph2P(Se)C(S)N(H)Et] compound , i.e. 2.112(1) compared to 2.084(1) Å. Notable

differences between these nvo selenium analogues occurs in the length of the S(l)-C(1) and

P-C(Cy) distances. The S(1)=ç11¡ separation of 1.651(5) Å found in

[Cy2P(Se)C(S)N(H)EI] is the longest distance seen for any of the R2P(Y)C(S)N(H)R'

compounds characterised structurally in this thesis, the equivalent distance in

tPh2P(Se)C(S)N(H)Erl is 1.623(4) Ä.. rne P-C(Cy) distances in [CyzP(Se)C(S)N(H)Et],

i.e. 1.835(5) and 1.836(5) Å, are approximately 0.05 Å longer than the distances in

tPh2P(Se)C(S)N(H)Etl, 1.782(4) and 1 .783(4) Ä., and are the longest distances observed
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for any of the R = Cy derivatives. The absence of the parameters for the parent structure,

tCyzPC(S)N(H)Etl, for comparison, does not enable further definitive conclusions to be

made. The bond distances associated with the P, C(l), S and N atoms are marginally longer

for the [Cy2P(Se)C(S)N(H)EI] compound when compared to the closely related

[Cy2P(Se)C(S)N(H)Me] derivative while the bond angles about these atoms are equal within

4o for the two compounds, Table 3.3.

There were no significant non-hydrogen contacts between atoms of less than 3.6 Å.

The closest hydrogen contact of 3.08(7) Å was between atoms S(1) and H(32a)'(symmetry

operation: 2-x,I-y,1-z). The unit cell contents for [Cy2P(Se)C(S)N(H)EI] are shown in

Fig. 3.3.7b.

3.3.8 The Structure of [Cy2P(Se)C(S)N(H)Cy]

The green crystals of P, P-dicyclohexyl-N-cyclohexyl-selenophosphinylthioformamide,

[Ph2P(Se)C(S)N(H)Cy], were grown from the slow evaporation of an acetone solution of

the compound. Crystals a¡e monoclinic, space group P2t/, with unit cell dimensions d =

l2.5gl(4), b = 12.868(4), c = 12.888(3) Å, p = 98.79(2), V = 2063(1) Å3, Z = 4 and D* =

1.347 g cm-3. The structure was refined to final R = 0.058, Rw = 0.051 for 1955

reflections with 1 > 3.0o(I).

The molecular structure of [Cy2P(Se)C(S)NGI)Cy] is represented in Fig. 3.3.8a (tlal;

307o thermal ellipsoids). The cenral chromophore is not planar with the deviations from the

leasr-squares plane of the aroms being Se(2) -0.009(1) Å, P(1) 0.051(2) Å, C(1) 0.106(3)

Å, S1t¡ -0.M4(2) Ä, and N(1) 0.224(Ð Å. The torsion angles reflect this lack of coplanarity

in the angles of -172.0(4) and 6.0(7)' for the Se(2)lP(1)/C(1)/S(1) and Se(2)Æ(1yC(1yS(1)

atoms, respectively.

The errors associated with the derived interatomic parameters for this compound are

fairly high but certain trends can be established. The P(1):5s12¡ distance, 2.111(2) l,',is

equal within 4o to the equivalent distance found in the R = Ph derivative, 2.110(3) Å, while

the other distances are equal within experimental error for the two compounds. The N(1)-

C(31) separation of 1.51(1) Å is the longest distance found in any of the
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RzP(Y)C(S)N(H)R'compounds. The c(l1)-P(1)-C(21) and c(1)-N(1)-C(31) angles are

approximately 4 and 5" wider in [CyzP(Se)C(S)N(H)CV] compared with the

[PhzP(Se)C(S)N(H)Cy] compound, this being the most notable difference between these

two. The parenr tCy2PC(S)N(H)Cyl compound is unavailable for any comparison to be

made with the selenium derivative.

The methine hydrogen atonn of the phosphorus-bound cyclohexyl rings are on opposite

sides of rhe molecule which was also the case in each of [CyzP(Se)C(S)N(H)Ph] and

lCyzP(Se)C(S)N(H)Etl. The unit cell contents for [CyzP(Se)C(S)N(H)Cy] a¡e shown in

Fig. 3.3.8b. The closest contact involving a hydrogen atom was 3.1I4 Ä which occurs

between the Se(2) and H(25b)' atoms (symmetry operation: +x, -O.5-y,0.5+z) whereas

there were no intermolecular contacts less than 3.6 Å between non-hydrogen atoms.

3 .4 Conclusions

As mentioned in fhe Intoduction (Chapter 1), the chemistry of compounds of the

general formula RZP(Y)C(S)N(H)R' is often dependent on the nature of the phosphine-

bound substituents. The availability of a number of structures enabled a systematic

comparison of the derived interatomic parameters and this analysis may provide an

explanation for the disparate chemical behaviour exhibited by these compounds.

The first conclusion is based on the following observations. When the P-C bond

distances of phosphorus(V) compounds are compared with those of the parent

phosphorus(Ill) compounds (where available) a systematic contraction is observed, as

expected. What was not anticipated was observation that the P-C bond distances conEacted

by differing amounts. For example, when tPhzP(O)C(S)N(H)Phl is compared to

tphzPC(S)N(H)Phl, it is nored that the P-C(Ph) bond distances are contracted by

approximately 0.04 Å and by contrast the P(1)-C(1) bond distance is contracted by only

0.01 Ä.. The analogous contractions in the tCyzP(O)C(S)N(H)Phl compounds aÍe

approximatety 0.06 and 0.05 ,& fo. the P-C(Cy) and P(1)-C(l) distances, respectively, i.e.

there is a more uniform contraction in these pammeters. Hence, while there is evidence for a

general weakening in the P(1)-C(1) bonds in the phosphorus(V) compounds, the weakening
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is more pronounced in the PUZP(Y)C(S)N(H)R' derivatives. It is noteworthy that the

remaining geometric parameters pertaining to the thioamide grouping in the compounds

appeil to be independent of the nature of the phosphine-bound organo goups. Hence, the

crystallographic evidence suggests that the central P(1)-C(1) bonds in the

PhZP(O)C(S)N(H)R'derivatives are significantly weaker than the comparable bonds in the

Cy2p(O)C(S)N(H)R' compounds; a similar conclusion is true also for the

RzP(S)C(S)N(H)R' and RzP(Se)C(S)N(H)R' analogues. This observation points to the

reduced stability of the PhzP(Y)C(S)N(H)R' compounds compared with the

Cy2P(Y)C(S)N(H)R' compounds and may be related to the greater electron withdrawing

ability, i.e. greater inductive effect, of the phenyl substituents over that of the cyclohexyl

groups.

The strucrural study of the RzP(Y)C(S)N(H)R' compounds reported here coupled with

those of the parenr RZPC(S)N(H)R' compounds [14, 25] showed that the P(1)-C(1) bond

srrength decreased for each series of compounds in the following order RzPC(S)N(H)R' >

RzP(O)C(S)N(H)R' > RzP(S)C(S)N(H)R' > RzP(Sg)C(S)N(FI)R'. This trend may be

correlated with the diminishing delocalisation of æ-electron density over the

P(1)Y(2)C(1)S(1)N(1) moieties in the order Y = 0 > O > S > Se.

It is noteworthy that the P-C(Ph or Cy) bond distances are equal within experimental

error in the structures of each of the Y = O, S, and Se series. This observation is also

consistent with the interpretation that the central P(l)-C(1) bond in the R = Ph derivatives is

relatively weaker than the corresponding P(1)-C(1) bonds in the R = Cy compounds.

Furrher, the elongation of the P(1)-C(1) bond in the Y = O compounds was in the order:

tPhzP(o)C(S)N(H)Phl > tPhzP(o)C(S)N(H)Mel >

tCyzP(O)C(S)N(H)Mel, an order that is consistent with the inductive effect of the various

substituents. The Y = S and Se derivatives adopted the same trend.

In rhe RzP(Y)C(S)N(H)Mg compounds, the C(1)=511;, N(l)-C(1) and N(1)-C(31)

bond distances are, respectively, longer, shorter and longer than those found in the

corresponding R2P(Y)C(S)N(H)På analogues; these differences became more evident as the

Y atom was changed from oxygen to sulfur to selenium. These observations may be
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rationalised in terms of the greater inductive effect of the nitrogen-bound phenyl substituents

in the R' = Me compounds. The variation in these parameters suggest that the resonance

srructure in which æ-electron density is localised in the C(1)-N(1) bond, leading to S- and

N+ centres (as shown in 3.4), is of more signif,rcance in the R' = Me compounds. The

identical resonance contributor can be drawn for the R' = Et and Cy compounds as well,

however, these are of lesser significance.

RzP-
S

/
Y
il

\ (H)R'
3.4

The ranges found for the P=Y separation in each series of compounds were as follows:-

RzP(O)C(S)N(H)R' t.476(3) to 7.487(2) Å, Rzp(S)C(S)N(H)R' 1.942(1) to 1.959(1) Å

and R2P(Se)C(S)N(H)R' 2.083(2) to 2.tL7Q) Ã. These ranges suggest that the P=Y bond

distances vary most for the Y = Se derivatives. However, no definite correlation could be

made between the magnitude of the P=Y distance and the nature of R and R'.

In summary, the crystallographic analysis of the RZP(Y)C(S)N(H)R' compounds

shows that the P(1)-C(1) bond is comparatively weaker in the R = Ph derivatives.

Systematic variations in the geometric pammeters associated with the N-C-S chromophore

are related to the inductive effects of the nitrogen-bound R' substituents. For a given series

of RzP(Y)C(S)N(H)R' compounds, the magnitude of the P=Y bond distance is not affected

systematically by the nature of R and R'.



Chapter 4

SPECTROSCOPIC ANALYSIS OF DIORGANO.

PHOSPHINYL., DIORGANOTHIOPHOSPHINYL- AND

DIORGANO SELENOPHO SPHINYL.THIOFORMAMIDE S
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4 . I The Preparation of the Diorganophosphinothioformamides

The R2PC(S)N(H)R' compounds were synthesised from the insertion reaction of the

isothiocyanate, SCNR', R' = Ph and Me, into the P-H bond of the appropriate secondary

phosphine, R2PH, R = Ph and Cy. The compounds were never obtained from the reaction

mixture in the pure form, i.e. RzPC(S)N(H)R', but invariably contained a small percentage

of the oxo-derivative, R2P(O)C(S)N(H)R'. The oxo impurity was far more pronounced in

the R = Cy compounds and especially so for [CyzPC(S)N(H)Me]. Attempts to remove the

oxidised species was never one hundred percent effective. Fractional crystallisation was not

successful. The chromatographic techniques of passing the compound through either a

column or on a chromatatron, appeared to oxidise the RzPC(S)N(H)R' compounds further.

An anempt to selectively remove the oxygen atom from phosphorus with trichlorosilane was

also unsuccessful, a procedure known to be effective for other types of P=O containing

systems t571. It is noted that the commercially available precursor secondary phosphines

contained small amounts of the RzP(O)H impurity, as determined by 3lp NMn analyses.

The spectra thus obtained for [Cy2PC(S)N(H)Me] were contaminated with a significant

proportion of the tCyzP(O)C(S)N(H)Mel derivative (estimated at 40Vo) and the

spectroscopic parameters for the [Cy2PC(S)N(H)Me] species were determined by

comparing these spectra with the spectra of a pure sample of [CyzP(O)C(S)N(H)Me] and

extracting the appropriate values. In the remaining spectra, the RzP(O)C(S)N(H)R'

impurity was present in amounts less than five percent.

4.2 ThePreparation of the Diorganophosphinyl-, Diorganothiophosphinyl- and Diorgano'

selenopho sphinyl-thioformamide s

The phosphorus(V), RzP(Y)C(S)N(H)R', compounds could be synthesised by either of

two methods. In the f,rrst method, the oxygen, sulfur and selenium phosphorus(V)

derivatives were readily obtained by the oxidation of the phosphorus(trI) precursor with the

appropriate oxidant.
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For the RzP(O)C(S)N(H)R'compounds, oxygen gas was passed into a stirred ethanolic

solution of the parent compound, RzPC(S)N(H)R', for at least two hours. The product was

passed through a flash column which also helped to oxidise any umeacted RzPC(S)N(H)R'

(see above).

The sulfido derivatives were prepared by refluxing elemental sulfur with the

phosphorus(Itr) precursor for at least two hours, in an inert atmosphere. The prducts were

purified by passing a dichloromethane solution of each compound through a flash column to

separate it from starting material and the unwanted oxo-analogue.

Purification by flash chromatography was successful in producing pure

RzP(S)C(S)N(H)R' compounds as the Y = O impurity had a much slower retention time.

The selenium analogues were obtained by stirring the R2PC(S)N(H)R'compound with

red selenium in an inert atmosphere at room-temperature for one hour. Then the solution

was refluxed for a further three hours. If the reflux procedure was used exclusively, i.e.

without prior reaction at room-temperature, the red selenium reverted to the less reactive

greylblack form and the yield of compound obtained was comparatively low. The crude

products were purified by passing a dichloromethane solution of each compound through a

flash column.

The second method of preparation of the R2P(Y)C(S)N(H)R' compounds involved the

direct reaction of the appropriate RzP(Y)H (Y = O [58], S [58] and Se t59l) compound with

the appropriate SCNR'compound in benzene, but this procedure resulted in significantly

lower yields.

Sp ec tr o s c opic C lnracteris atio n

Despite the fact that several of the ligands have been reported previously, either in the

coordinated or uncoordinated form, no systematic analysis of their spectroscopic

characteristics have been reported (see Introductíon). It was thought worthwhile to collect

the infrared (IR) data (Section 4.3), the lFI, 139 and 31P nuclear magnetic resonance (NMR)

data (Section 4.4) as well as the electron impact @I) mass spectroscopic data (Section 4.5)

for these potential ligands. This information serves to facilitate the analysis of the
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spectroscopic properties of the metal complexes reported in the latter portion of this thesis.

Further, the spectroscopic data enables an examination of the correlation between the IR and

NMR data with the crystallographic results described in Chapter 3.

4.3 IR Spectroscopy

The main regions of interest in the IR spectra of the RzP(Y)C(S)N(H)R' compounds

involves the bands that can be attributed to the u(N-H) and o(NCS) stretches. Major

absorptions with their assignments are listed in Table 4.3. The o(N-H) absorptions are

found in the region above 3000 cm-r. Two bands are found for the u(NCS) vibrations, one

in the region 1400-1600 cm-l and the other at around 1350 cm-l, these bands will be

denoted u(thioamide I) and u(thioamide II), respectively 1I0,47,601. It has been suggested

that the band attributed to o(thioamide I) contains more C-N character whereas the

u(thioamide tr) band contains more C=S character [6U.

The frequency for the u(thioamide II) band is considerably lower for the R' = Me

compounds compared to the equivalent compounds for which R' = Ph. The difference in

the frequency for the u(thioamide tr) band was as large as 76 cm-r for the pair of compounds

tphzp(S)C(S)N(H)phl (1383 c--1) and [PhzP(S)C(S)N(H)M9] (1312 cm-l) and the

smallest difference was 21 cm-l for the [PhzP(O)C(S)N(H)Ph] (1370 
"to-l¡ 

and

tPhzP(O)C(S)N(I{)Me) (1349 c--1) compounds. This observation correlates well with the

X-ray crystallographic analyses in Chapter 3 in that for the R' = Ph compounds, the C-S

bond has more double bond character. With the above observation in mind, it would be

expected that the u(thioamide I) band, i.e. predominantly due to C-N, would be at a lower

frequency in the R' = Ph compounds compared with the R' = Me compounds. This was not

the case as there were only small differences between the position of the absorptions. In

fact, the u(thioamide I) band occurred at a slightly higher frequency for the R' = Ph

compounds compared with the R' = Me compounds. This suggests that the u(C-N) stretch

is in fact only a minor contributor to the o(thioamide I) band.

In the phosphorus(V) derivatives, R2P(Y)C(S)N(H)R', an additional band, due to the

u(P=Y) (Y = O, S or Se) stretch, was observed. The u(P=O), t(P=S) and u(P=Se)



Table 4.3: Selected infrared absorptions (cm-t¡ for RzP(Y)C(S)N(H)R', Y = 0, O, S

or Se, R = Ph or Cy and R' = Ph or Me

[PhzPC(S)N(H)Ph]

lPhzPC(S)N(H)Mel

tcvzPc(S)N(H)Phl

[CyzPC(s)NGI)Me]

[PhzP(o)C(s)N(H)Ph]

lPhzP(o)C(S)NGI)Mel

lCyzP(o)C(S)N(H)Phl

[Cy2P(o)C(S)N(H)Me]

[Ph2P(s)C(s)N(H)Ph]

[Ph2P(S)C(s)N(H)Me]

lcyzP(s)c(s)N(H)Phl
[Cy2P(S)C(S)N(H)Me]

lPhzP(Se)C(S)N(H)Phl

lPhzP(Se)C(S)N(H)Mel

lCyzP(Se)C(S)N(H)Phl

[Cy2P(Se)C(S)N(H)Me]

u(thioamide t) r(thioamide II) r¡(P-Y)

1528 1388

1506 1338

1502 1330

t52t 1345

u(N-H)

3318

3326

320t
3209

3085,3063

3r69

3080

3tt9,3004

30s4

3224,3t87

3107,3026

3r92

3t57,3004

3r94

3099

3160

r528

r520

153 1

1524

1543

r524

1536

t525

r370

1349

r373

L3M

1 184

1191

1161

1 148

748, &0
748,660

759,623

764,655

554

550

532

526

543

524

539

524

1

1

1

1

1388

1312

r378

1338

1389

1363

1376

1338
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absorptions are nonnally found to occur in the ranges of 1200- 1 I 50 [2, 31, 7 60-7 50 [2, 3]

and 652-618 t10l and 525-561 t62-641cm-l, respectively in compounds which contain

these atoms. The absorptions for o(P=Y) are very close to or fall neatly into these ranges.

The o(P=Y) absorptions tend to occur at lower frequencies for the R = Cy compounds as

compared with the analogous R = Ph compounds. In the previous chapter describing the

crystallographic analyses of these compounds it was noted that the P=Y bond separations

were equal within experimental error and independent of the nature of the R goup and so the

reason for this trend remains unclear.

The o(N-H) bands for the phosphorus(V) derivatives occur at a lower frequencies

compared with the values for the phosphorus(Itr) compounds. This is especially so for the

Y : O compounds where the values occur about 150-200 cm-l to lower frequency. The

reason for such a difference in these derivatives can be attributed to the intermolecular

hydrogen bonding, as revealed by the structural characterisation (Chapter 3). The u(N-H)

bands for the Y = S and Se compounds also occur at lower frequencies even though

significant intermolecular S (or Se)...H interactions were not noted in the crystallographic

analyses.

4.4 NMR Spectroscopy

4.4.1 In Nun Spectoscopy

Table 4.4.1 lists the assignments for the protons in each compound, including the

multiplicity and coupling constants when determined. The resonances for aromatic protons

occur as complex multiplets due to the many proton-proton and phosphorus-proton coupling

combinations, so only a range is given. This range is typical of phenylphosphine

absorptions, e.g. as in Ph3P [65]. As expected, the positions of the resonances due to the

aromatic protons are invariant in all spectra. A similar, but broader, complex multiplet

occurs for the cyclohexyl protons, also due to complex coupling patterns (not resolved),

upfield owing to their alkyl nature. For both the phenyl and/or cyclohexyl protons (where

appropriate) the integration of the broad multiplets were consistent with what was expected

from the molecular formula.



Table 4.4.12 lH NVIR data for RzP(Y)C(S)N(H)R', Y = 0, O, S or Se, R = Ph or Cy and R' = Ph or Me

lPhzPC(s)N(H)Phl

lPhzPC(S)N(H)Mel

lCyzPC(S)N(H)Phl

lCyzPC(S)N(H)Mel

[Ph2P(o)C(S)N(H)Ph]

lPhzP(o)C(S)N(H)Mel

lCyzP(o)C(S)N(H)Phl

ICyzP(o)C(S)N(H)Me]

lPhzP(S)C(S)N(H)Phl

lPhzP(S)C(s)N(H)Mel

ICyzP(s)C(s)N(H)Ph]

lCyzP(S)C(S)NGI)Mel

lPhzP(Se)C(S)N(H)Phl

[PhzP(Se)C(S)N(H)Me]

lCyzP(Se)C(s)N(H)Phl

ICyzP(Se)C(S)N(H)Me]

N.H

8.73, br

8.84, s

9.46, br

8.62, br

11.20, d (7.47)

10.67, br

t0.92, d (6.96)

9.97, br

tr.92, d (9.18)

10.25, br

11.53, d (7.59)

9.91, br

12.0r, d (8.38)

10.35, br

11.60, d (7.44)

9.98, br

N-Ph

7.22-7.64, m

7.24-8.04, m

7.30-8.12, m

7.27-8.07, m

7.3I-8.11, m

7.27-8.07, m

N-Me

3.20, d, (4.gsa)

3.24, d, (4.89a¡

3.26, dd, (4.95a, 1.62b)

3.21, dd, (3.2p,3.2rb)

3.29, dd, (5.10a, 1.77b)

3.26, dd, (5.06a, 1.58b)

RzP

7.22-7 .64, m

7.37-7.50, m

1.18-2.58, m

r.15-2.54, m

7.30-8.r2, m

7.43-8.00, m

1.18-2.40, m

l.14-2.56, m

7.31-8.11, m

7.42-8.02, m

1.15-2.65, m

l.t4-2.56, m

7.3r-8.r2, m

7.4r-7.99, m

1.16-2.65, m

l.14-2.60, m

7.28-8.07, m

3.29, dd, (5.13a, 1.80b)

7.28-8.07, m

3.26, dd, (5.15a, 1.65b)

coupling constants are in parentheses: a 3J1rtrt¡, b 4J(PH)

br = broad, d = doublet, dd = doublet of doublets, m = multiplet, s = singlet, t = triplet
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The N-H resonance occurs at the most downfield position with respect to the other

protons found in the compounds. For the R2PC(S)N(H)R' compounds this resonance

appeared as a broad peak in the range ô 8.62-9.46 ppm. In the R2P(Y)C(S)N(H)R'

compounds the resonances were observed even more downfield ranging from ca õ IO to 12

ppm. For the RzP(Y)C(S)N(H)R'compounds with R'= Me, the N-H resonance was broad

but when R' = Ph the N-H resonance was split into a doublet with coupling constants in the

range 7 to 9 }Jz, the exact values can be found in Table 4.4.I. The broadness and

subsequent splitting in the R' = Ph derivatives could be due to the presence of E and Z

isomers of the compound with the two peaks due to the different N-H resonances.

Since there is some partial double bond cha¡acter associated with the C(1)-N(1) bond,

see Chapter 3, there exists the possibility of EZisomerism. For some secondary thioamide,

thioimide and thioimidate groups E and Zisomers have been found to exist [66-69]. For the

phosphorus(Ill) compounds, RzPC(S)N(H)R', the two forms which could be adopted

appear below:

R"P

c-N
s/

R.P

,/'

R

R'
EZ

R=PhorCy; R'=PhorMe

The three crystal structures reported for the R2PC(S)N(H)R'compounds showed that these

compounds adopted the Z configuration only 115,251. For the phosphorus(V) compounds,

R2P(Y)C(S)N(H)R', the possible conformations that may exist are shown overleaf.

A study which incorporated a variable temperature NMR study on some of the

PhzP(Y)C(S)N(H)R', Y = O or S; R' = Ph or Me, derivatives found no evidence for the

existence of both E and Z isomers for these compounds in solution [70]. From the four

possible conformations shown above the E isomer was determined to be sterically

unfavourable, however, the endo Z configuration was preferred as the possibility of

additional stabilisation owing to an intramolecular hydrogen bond with the Y atom, shown

dashed in the figure above, exists. 'When the R' group is replaced with a Me3Si group, the

E isomer is preferred. Of the sixteen crystal structure determinations fo¡ the phosphorus(V)

H
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tY---__RrP' -'ìH
"\ /'.c-N
s/ \R,

endo

RzP
/Y

/t-*

H
Y

S R'
exo

Z

R

c-N
/

H
endo

E

Y = O, S or Se; R = Ph or Cy; R' = Ph orMe

derivatives described in Chapter 3, it was shown that all structures adopted the Z

conformation. There was no observation of a significant intramolecular hydrogen bonding

contact between the Y atom and the amide hydrogen atom as suggested by Kunze et al [70]

but there was evidence for significant intermolecular hydrogen bonding in the Y = O

compounds which would favour the Z conftguration.

No evidence for the E conformation for any of the compounds in this thesis has been

found in either the solid or solution states. The use of variable temperature NMR could be

used as a tool to ascertain whether or not the splitting of the N-H resonance was due to the

presence of two isomers in solution, but this was beyond the scope of this thesis.

Another possibility to account for the splitting of the N-H resonance could be the

coupling of the amide proton with the phosphorus atom, however, a typical3J(PH) coupling

constant is in the order of 18 Hz UII and the lower value found in these compounds

precluded this possibility. Similarly, the magnitude of the coupling constant precluded

¿f(UU) coupling of the amide proton and a proton on the nitrogen-bound phenyl ring.

It was noted that for the Y = S and Se compounds which contained the R' = Ph group

the amide proton resonance was approximately 1.6 ppm downfield with respect to the

analogous compounds with R' = Me, e.g. ô 12.01 ppm c/. ô 10.35 ppm for

lPhzP(Se)C(S)N(H)Phl and [PhzP(Se)C(S)N(H)Me], respectively. This difference was

not as pronounced for the Y = O compounds, i.e. the shift was about 0.5 ppm downfield.

S
exo
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The downfield chemical shift for the N-H resonance in the R' = Ph species is consistent with

deshielding of the amide proton in these compounds compared with the corresponding R' =

Me derivatives.

For the R' = Me compounds the methyl resonance appeared between õ3.20 and 3.30

ppm. Phosphorus-proton and proton-proton coupling was observed leading to the

appearance a doublet of doublets; see Table 4.4.1.

4.4.2 I3C NtWn Spectroscopy

The proton decoupled 13C NMR resonances in the spectra of all the

Ph2P(Y)C(S)N(H)R' compounds were generally simple and therefore assignment was

straightforward. Assignment of the resonances was also facilitated by the occurrence of

13ç-3lp spin-spin coupling. Similarly, 13ç-3lp spin-spin coupling was observed for the

quaternary carbon atom, Cq, and the methine carboir atom, Ccr, for the cyclohexyl groups.

The assignment of the remaining carbon atoms, CP-Cõ, of the cyclohexyl rings was difficult,

however, owing to overlapping of peaks and hence, only a range was quoted for these

atoms. The chemical shifts and coupling constants are listed in Tables 4.4.2a-4.4.2d. The

numbering scheme adopted for the carbon atoms is shown in Fig. 4.4.2.

Cô-..

Y

il
P-

H

I

N
,ct ct

Ca
I

cp

co

ll
S

C

Fig.4.4.2 Numbering scheme for the carbon atoms in the R2P(Y)C(S)N(H)R' species

The quaternary carbon atom, Cq, appeared as a doublet at the most downfield position in

the spectra for all compounds. The resonance due to Co was shifted significantly upfield in

the R2P(Y)C(S)N(H)R' compounds compared with the respective phosphorus(Ilf

precursors. This is consistent with the shielding of the Co atom in the phosphorus(V)

compounds. For a series of phosphorus(V) derivatives with R and R' held constant, the Co

I



Table 4.4.2a2 t:g1t¡1¡ NMR values for R2PC(S)N(H)R', R = Ph or Cy and R' = Ph or Me

[PhzPC(s)N(H)Ph]

[PhzPC(S)N(H)Me]

[cy2PC(S)N(H)Ph]

lCyzPC(s)N(H)Mel

q
206.6

r¡ec) ¡g.q

208.5
ttec) zt.g
2r0.3
ttec) v.+
210.8
t¡(pc) ¡+.q

Cy Cô

r29.2
ztec) t.t
129.0
ttec) t.e
26.2 - 29.5

138.7 128.9

33.3

r22.3 t26.9

123.7 126.7

Cc cp

134.5 134.3

ztec) zo.s

133.4 134.2
rJec) rr9.s ztec) zo.e

3s.6
tr(pc) t t.o

35.0
tr(pc) t t.t

accC6ca

t30.2

130.0

26.1 - 29.3

138.9
¡¡(pc) t t.o
33.0
ztec) t.t

t28.3

Chemical shifts are in ppm and coupling constants, XJ(PC) where x= l-4, are in Hz



Table 4.4.2b2 t:ç1tg¡ NMR values for R2P(O)C(S)N(H)R', R = Ph or Cy, R' = Ph or Me

q Ccr cp Cy Cõ Cdc"C6

[PhzP(o)c(s)N(H)Ph]

[PhzP(o)C(S)N(H)Me]

lcyzP(o)c(s)N(H)Phl

[Cy2P(o)C(s)N(H)Mo]

r93.9
tr(pc) sq.z

196.9
t¡(pc) go.z

194.4
t¡(pc) os.t

191.7
t¡(pc) zo.+

t28.7 128.4
trec) ros.r ztec) ns
129.3 128.2
IJ(PC) 108.4 ztec) n.q
35.9
trec) os.z

t¡(pc) oo.¡

r32.9
¡¡ec) g.o

r32.5
¡rec) s.z

24.9 - 26.2

24.8 - 26.2

132.7
qtec) z.z

r32.4

ca

138.3
ttec) tt.z
32.5
ztec) e .z

138.1

ztec) g.t

32.1
¡r(pc) s.+

r29.1 t2t.6

128.9 121.8

127.4

127.2

Chemical shifts are in ppm and coupling constants, XJ(PC) where x= I-4, are inHz



Table 4.4.2c2 trgl tH¡ NMR values for RzP(S)C(S)N(H)R', R = Ph or Cy, R' = Ph or Me

Ca cp Cy Cô CdccC6q
[PhzP(s)c(s)N(H)Ph]

lPhzP(S)C(S)N(H)Mel

[cy2P(s)c(s)N(H)Ph]

lCyzP(S)C(s)N(H)Mel

188.9

ttec) at.+

r93.3
t¡(pc) oo.z

t90.2
tr(pc) st.¡
193.7
rr(pc) st.¡

130.0
tr(pc) go. t

130.0
tr(pc) sg.s

38.2
ttec) +9.+

38.0
r¡Gc) ¿9.¡

128.4
ztec) n.s
128.2
ztec) n.t

133.0

¡¡(pc) to.o

t32.8
¡¡(pc) to.t
25.6 - 26.3

ca

138.5
ztec) n.a
33.4
¡¡(pc) o.z

138.3
¡¡(pc) to.s

32.7
¡r(pc) s.o

132.3
¿rGc) ¡.s
t32.1
+rGc) ¡.0

129.7 T21.2 127.6

129.0 12t.4 t27.4

25"5 - 26.2

Chemical strifts are in ppm and coupling constants, XJ(PC) where x= l-4, are in Hz



Table 4.4.2d2 t:91191 NMR values for R2P(Se)C(S)N(H)R', R = Ph or Cy, R' = Ph, Me, Et or Cy

Ca cp Cy cõ ca chccC¡q

[PhzP(Se)C(S)N(H)Ph]

[PhzP(Se)C(S)N(H)Me]

[PhzP(Se)C(S)N(H)Et]

lPhzP(se)c(s)N(H)cvl

[Cy2P(se)c(S)N(H)Ph]

[Cy2P(Se)C(S)N(H)Me]

ICyzP(Se)C(S)N(H)Et]

[CyzP(se)C(S)N(H)Cy]

186.3

1J(PC)

190.9
lJEC)

189.6
1J(PC)

188.0
1J(PC)

187.4
1J(PC)

191.0
1J(PC)

189.9
1J(PC)

188.2
lJEC)

r29.5
1J(PC)

t29.4
1J(PC)

t29.6
1J(PC)

r29.7
1J(PC)

38.4
1J(PC)

38.1
t¡(pc)

38.2
lJEC)

38.1

u(PC)

128.4

2J(PC)

t28.3
2Jec)

128.3

z¡ec)

128.3

2J(PC)

r32.3
+r(pc) g.s

r32.2
¿r(pc) ¡.0
132.2
+tec) z.z

r32.r
¿rGc) ¡.¡

t21.6

24.1

t27.5

24.t

58.9

58.6

56.8

56.1

44.2

44.2

43.0

42.6

82.0

81.1

8t.4

8t.7

4t.9

42.1

4r.9

42.3

t2.7

13.0

t2.6

13.3

t33.3
¡r(pc) to.o

t33.1
¡¡(pc) to.z

133.2
gr(pc) to.s

133.2
¡¡(pc) to.s

25.6 - 26.7

25.5 - 26.4

25.6 - 26.5

25.6 - 26.5

138.5
ttec) n.z
33.8
¡rGc) o.s

42.0
¡¡(pc) o.¡

54.9
¡r(pc) s.z

138.3

:r(pc) t t.s
33.0
¡r(pc) s.s

4t.r
ztec) s.z

54.t
¡r(pc) +.0

t29.r t2t.o

12.6

30.6 25.4

r29.0 12t.3

12.7

30.6 25.3

ó

Chemical shifts are in ppm and coupling constants, XJ(PC) where x= l-4, are inHz
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resonance in the R2P(O)C(S)N(H)R' compounds was downfield compared with the

RzP(S)C(S)N(H)R' species which, in turn, was downfield compared with the

R2P(Se)C(S)N(H)R' derivatives. This observation is correlated with the order of

decreasing electronegativity associated with the oxygen, sulfur and selenium atoms. For a

given R2P(Y)C(S)N(H)R' series of compounds with the same R group but different R', i.e.

Ph or Me, the Cn resonance was shifted downheld for the R' = Me compounds. The largest

difference of 4.6 ppm was found for the [Ph2P(Se)C(S)N(H)Ph] (ð 186.3 ppm) and

[Ph2P(Se)C(S)N(H)Me] (ô 190.9 ppm) compounds whilst the smallest difference was

found for [PhzP(o)C(S)N(H)Ph] (õ 193.9 ppm) and [PhzP(o)C(S)N(H)Me] (ô 196.9 ppm)

of 3.0 ppm. This result is entirely consistent with the crystallographic studies which

showed that for the R' = Me compounds additional electron density resided in the NCS

chromophore owing to the smaller inductive effect of the methyl substituent. Some

interesting observations were also noted with the coupling constants involving the

quaternary atom, Co.

V/ithin a series of R2P(Y)C(S)N(H)R' compounds, i.e. with fixed R and R' groups but

different Y (O, S or Se),16s 13ç-31p coupling constant decreased in the following order O >

S > Se. This trend can be related to the length of the P(1)-C(1) bond in these compounds as

determined from the X-ray structural analyses described in the Chapter 3, i.e. the longer the

bond, the smaller the coupling constant.

The assignment for the Ph2P carbon resonances was achieved by the analysis of the

136-31p coupling constants. All the carbon atoms were found to be coupled with the

phosphorus atom and hence doublets were observed for each carbon atom. The Cy2P

carbon resonances were difficult to assign except for the methine carbon atom, Ca, which

was the most shielded and occurred downfield, separated from the other resonances. The

remaining carbon atoms, Cp-Cô, gave various splitting patterns and it was difficult to assign

the resonances.

4.4.3 31P NMR Spectroscopy

The proton decoupled 3lP NMR spectm of all the compounds with the general formula
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R2P(Y)C(S)N(H)R', R = Ph or Cy, R' = Ph or Me, Y = 0, O, S or Se, were recorded in

CHCI3 solution and the results are presented in Table 4.4.3.

For the phosphorus(trI) compounds, RzPC(S)N(H)R', a sharp signal was observed in

all cases. In addition, there was another (sometimes significant) peak in these spectra which

was assignedto thecorresponding Y= O derivative. FortheR= Phcompounds theY= O

resonance was between 5-I0Vo of the major peak while in the R = Cy compounds the

proportion of the oxo derivative was more pronounced, i.e. up to 40Vo. By contrast, the

spectra for the Y = O, S and Se compounds contained a single sharp peak only. There was

an additional feature in the Y = Se compounds in that there were two satellite peaks. These

satellites were attributed to 31p-775s coupling; the natural abundance of 77Se with spin I =

l/2is7.6Vo. 1¡" 1¡131p-77Se) coupling constants ranged from692-125Hz for the four

selenium derivatives and this is in the range for couplings observed in other tertiary

phosphine-selenium compounds 172-74). Fig. 4.3 shows the spectra of two compounds in

the region of interest containing the selenium satellites. It was noted that the 1¡131p-775s¡

coupling constants were larger for the R = Ph compounds (R' = Ph or Me) as opposed to the

R = Cy compounds (R'- Ph or Me). This is consistent with the literature in that it has been

shown that the respective coupling constants increase as the groups attached to the

phosphorus atom become more electron-withdrawing in accordance with Bent's rule [75].

The 31P NMR shifts for the Y = O derivatives occurred some 20-25 ppm upfield compared

to the values found for the Y = S and Se derivatives. This result is rationalised in terms of

the greater electronegativity of the oxygen atom compared with the sulfur or selenium atoms.

The resonances for the Y = S and Se derivatives occur in the same region, i.e. within about

2-5 ppm away from each other, as they have similar electronegativities [76].

4.5 Mass Spectroscopy

Major fragments for the electron impact mass spectra of the R2P(Y)C(S)N(H)R'

compounds are suÍìmarised in Tables 4.5a-4.5d. The molecular ion [M]+ appeared for each

of the compounds at varying intensities and for only two compounds was this ion the most

abundant, i.e. [Cy2P(Se)C(S)N(H)Et] and [Cy2P(Se)C(S)N(H)Cy]. The [RzP(Y)H]+ ion



Tabte 4.4.3: 3tpl tg¡ NMR Data for RzP(Y)C(S)N(H)R', Y = 0, O, S or Se, R = Ph or

Cy, R' = Ph or Me

[PhzPC(S)N(H)Ph]

lPhzP(o)C(S)N(H)Phl

lPhzP(s)C(S)N(H)Phl

[Ph2P(Se)C(S)N(H)Ph]

lCyzPC(S)N(H)Phl

tcyzP(o)C(s)N(H)Phl

lCyzP(S)C(S)N(H)Phl

lCyzP(Se)C(S)N(H)Phl

19.2 [PhzPC(S)N(H)Me]

20.9 [PhzP(o)C(S)N(H)Me]
47.4 [PhzP(S)C(S)N(H)Me]

4s.3 (7 22) [Ph2P(Se)C(S)N(H)Me]

43.9 [CyzPC(S)N(H)Me]

s0.1 [CyzP(o)C(S)N(H)Me]

74.1 [Cy2P(S)C(S)N(H)Me]

7 s.4 (692) [CyzP(Se)C(S)N(H)Me]

t4.7

20.5

42.7

40.s (72s)

48.4

49.2

71.2

7L.t (697)

Chemicat shifts are in ppm and coupling constants, 1¡131p-775s), in parentheses, are inHz
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Ftg. 4.3 31P{H} NMR specrra for (a) [ph2p(se)c(s)N(H)ph] and (b) [cyzp(se)c(s)N(H)ph]

recorded in CHCI3 solution showing ttre UllSe¡ coupling



Tabte 4.5a2 Fragment ions for RZP(O)C(S)N(H)R', R = Ph or Cy, R' = Ph or Mea

Ion R=Ph

R'=Ph

337(20)

202(100)

186(11)

r&s(24)

1s4(10)

136(37)

13s(98)

124(12)

R=Ph

R'=Me

nsG4)

202(100)

rs4(27)

74(73)

73(2e)

t24(24)

77(64)

47(18)

R=Cy

R'=Ph

3s0(17)

214(100)

1e8(28)

r97(24)

1se(4e)

136(ss)

135(s2)

130(88)

83(72)

77(93)

47(4o)

R=Cy

R'=Me

287(3e)

214(100)

1e8(16)

1s9(1e)

74(r4)

130(60)

83(34)

lMl+

tR2P(o)H+

lRzPHl+

lRzPl+

IRPCSI+

tR'N(H)CSl+

lR'NCSI+

IRP(O)I+

lcyl+

lPhl+

lPol+

77(s2)

47(e)

a Represented as molecular weight followed by relative abundance in parentheses



Table 4.5b: Fragment ions for RZP(S)C(S)N(H)R', R = Ph or Cy, R' = Ph or Mea

Ion R=Ph

R'=Ph

3s3(8)

218(100)

186(38)

185(38)

136(48)

140(36)

108(30)

77(s6)

63(22)

R=Ph

R'= Me

2e2(r0)

218(s5)

186(18)

18s(70)

74(100)

140(9s)

108(16)

77(36)

63(27)

R=Cy

R'=Ph

36s(33)

230(26)

136(28)

147(100)

114(1s)

83(80)

77(4s)

63(8)

R=Cy

R'=Me

303(38)

230(84)

74(78)

147(83)

r14(24)

83(1oo)

[M]+

tRzP(S)Hl+

lRzPHl+

[RzP]+

[R'N(H)CS]+

tRP(S)l+

[RP]+

lcyl+

[Pt¡1+

IPS]+

a Represented as molecular weight followed by relative abundance in parentheses



Table 4.5c: Fragment ions for Ph2P(Se)C(S)N(H)R', R' = Ph, Me, Et or Cya

Ion

[M+

tPhzP(Se)Hl+

[PhzPH]+

lPhzPl+

t(CoFI¿)zPl+

lPhPl+

ICoH¿P]+

[Ph]+

lR'NCSI+

IPCNC]+

lcyl+

R'=Ph

400(11)

266(6s)

186(s1)

18s(100)

183(s9)

108(6s)

t07(32)

77(68)

13s(88)

6e(22)

R'= Me

33e(22)

266(42)

186(23)

18s(100)

183(s5)

108(27)

107(30)

77(t3)

74(27)

R'=Et

3s3(r7)

266(46)

186(37)

18s(e4)

183(58)

108(36)

107(24)

77(36)

6e(100)

R'=Cy

406(34)

266(100)

186(50)

18s(e7)

183(78)

108(38)

107(30)

77(rs)

t4t(r2)

69(2r)

83(37)

a Represented as molecular weight followed by relative abundance in parentheses



Table 4.5d: Fragment ions for CyzP(Se)C(S)N(H)R', R' = Ph, Me, Et or Cya

Ion

lM+

[M-Se]+

[M-Se and Cy]+

[CyzP(Se)Iil+

ICyP(Se)H]+

lCyPHl+

lCoHroPl*

lcyl+

lR'N(H)CSl+

IPCNCI+

R'=Ph

412(26)

332(7)

2s0(22)

277(33)

1e6(s1)

1 1s(16)

ttz(r6)

83(100)

t36(2s)

6e(33)

R'=Me

350(40)

27t(23)

188(71)

277(22)

1e6(5s)

1 1s(17)

r12(28)

83(100)

74(74)

R'=Et

36s(100)

28s(13)

202(8r)

277(60)

1e6(91)

1 15(1 1)

1 13(13)

83(37)

88(17)

6e(48)

Rl=Cy

41e(100)

338(1s)

2s6(e2)

277(76)

196(e3)

lts(27)

r12(44)

83(1oo)

a Represented as molecular weight followed by relative abundance in parentheses
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occurred for all the compounds as did the [Ph]+ and [Cy]+ ions, when appropriate. In the

literature only a few metal complexes containing diorganophosphinothioformamides have

had their electron impact mass spectra recorded making a systematic comparison difficult

u]-181.

In the R2P(O)C(S)N(H)R' compounds the [R2P(O)H]* ion was the most abundant.

The protonated form of the isothiocyanate, i.e. [R'N(H)CS]+, was evident in all spectra and

corresponds to the cleavage of the P-C bond. Other common fragment ions were those that

contained the PO grouping e.g. [RP(O)]+ and [PO]+.

In the mass spectra of the RzP(S)C(S)N(H)R' derivatives there was no common

abundant ion. The most abundant ion in [Ph2P(S)C(S)N(H)Ph], [Ph2P(S)C(S)N(H)Mo],

lCyzP(S)C(S)N(H)Phl and [Cy2P(S)C(S)N(H)Me] was [Ph2P(S)H]+, [MeN(H)CS]+,

[CyP(S)]+ and [Cy]+, respectively. A common fragment was that of the [RP(S)]+ ion

which was always present at greater than35Vo abundance.

For the Y = Se analogues the common fragment was assigned to the [RzP(Se)H]+ ion

which was fairly abundant although there was no evidence for the [RP(Y)]+ or [PY]+ ions

(Y = Se) as was the case for the Y = O and S compounds described above. Fragments that

contained selenium had a characteristic isotopic pattern, as below, and this made the

assignment of selenium-containing ions possible. For the [PhzP(Se)C(S)N(H)R'] species,

ob

100

80

60

40

20

0
80

the [Ph2PH]+ ion was in very high abundance, over 90Vo in each case. With the exception

of the [M]+ and [PhzP(Se)H]+ ions there were no other fragments that contained selenium

for Ph2P(Se)C(S)N(H)R'. In the spectra of the CyzP(Se)C(S)N(H)R' compounds,

however, there was an additional ion that contained selenium, namely [CyP(Se)H]+ which
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ron.

was present at 50Vo abundance or more. The [Cy]+ ion was a cornmon feature in these

spectra as well. The loss of the selenium atom lead to the observation of the respective

phosphorus(Ill) parent ions, [CyzPC(S)N(H)R']+. Loss of a further cyclohexyl group

from the parent ion resulted in the formation of the relatively abundant ICyPC(S)N(H)R'1+

4 .6 Conclusions

The infrared and multinuclear magnetic resonance spectroscopic studies are entirely

consistent with the solid state structures of the RzP(Y)C(S)N(H)R' compounds as revealed

by the X-ray crystallo$aphic study; see Chapter 3. In particular, the systematic variation in

the P(1)-C(1) bond distances with the nature of R, the changes in the C(1)-S(1) and C(1)-

N(1) bond distances with the nature of R' and the effect of substitution at Y were evident.



Chapter 5

THE COORDINATION CHEMISTRY OF DIORGANO.

pHosPHrNo-, DTORGANOPHOSPHTNYL-, DIORGANO-

THIOPHOSPHINYL- AND DIORGANOSELENO-

PHOSPHINYL-THIOFORMAMIDES TO\ryARDS GOLD
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5. 1 Introduction

Metal-based drugs have been used for medicinal purposes for many centuries. Gold

compounds and their applications have a long history in medicine; dating back to as early as

2500 tsC [79, 80]. The publication of the results in 1890 of Koch, which showed the

inhibition of the growth of tubercle bacilli (in vitro) with gold cyanide compounds, is often

cited as the beginning of gold pharmacology [81]. Diseases such as tuberculosis, lupus

vulgarus, syphilis and rheumatoid arthritis have been treated, with different levels of

success, with gold complexes [82, 83].

Chrysotherapy, the use of gold compounds in medicine, is largely restricted to the use

of gold compounds in the treatment of rheumatoid arthritis. It is appropriate at this point to

discuss the disease rheumatoid arthdtis briefly. Arthritis, also known as rheumatic disease

or rheumatism, is derived from 'a¡th' (Greek word for joint) and 'itis' (Greek word for

inflammation). It is a crippling disease of the joint connective tissue which afflicts people of

all ages. It is not normally a fatal disease but may be severely debilitating. Of the 150

different forms of arthritis, one of the more common manifestations is rheumatoid arthritis.

Rheumatoid arthritis is characterised by the inflammaúon of the synovial lining of the

joint, Fig. 5.1, and is often associated with inflammation of other body tissues. Most

commonly, the joints of the fingers, wrists, shoulders, knees and feet are affected.

Bone

fìtud

Cartilage 'paddrngf lnflamed
synovial Iining
and swollen .jointmembrane

Synovial lìuid

Þ

t.i

(b) Joint with rheumatoid a¡thritis

I

(a) Normal joint

Fig.5.1
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Prominent in the treatment of rheumatoid arthritis are gold(I) compounds, especially

gold(I) thiolates. These compounds fall into two categories: i) self-associating monomers,

i.e. gold sodium thiomalate (Myochrysine, A), gold thioglucose (Solganol, B), gold

sodium thiosulphate (Sanocrisin, C) and gold sodium thiopropanol sulphonate

(Allochrysine, D) and ii) monomeric species i.e. S-2,3,4,5-tetra acetyl-1-p-D-thioglucose

triethylphosphinegold(I) (Auranofin, E). Compounds A-D are polymeric, hydrophilic (due

to their residual charges and/or to the presence of water solubilising substituents) and must

be administered by either an intravenous or intramuscular injection, a process which is both

expensive and unpleasant. By contrast to A-D, the other anti-artldtic drug in current clinical

use, i.e. auranofin, is administered orally. The presence of the phosphine group and the

tetra-acerylated thioglucose group in this complex impart lipophilic properties which are

compatible with the lipophitic media found in cell membranes and, hence, the complex can

be absorbed into the intestine" This oral method of administration is much easier and the

more preferred. There are problems, however, with the clinically available gold drugs.

Compounds A-D are readily excreted from the body owing to their water solubility and for

compound E only 257o of the gold is absorbed. There are additional problems associated

with these compounds in that adverse side-effects such as dermatitis, nephritis and bone

m¿urow depletion occur in some patients [84].

The mode of action of the clinically used gold thiolates is unclear but several theories

exist [85-90]. The possible mechanisms of action for myochrysine and auranofin, being

representative of the two classes of drug employed in the treaûnent of rheumatoid arthritis,

will be used to illustrate the possible modes of action.

Once administered to the vascular fluids myochrysine associates with the extracellula¡

receptors until some of the Au-S bonds a¡e cleaved and new Au-S bonds are formed with the

major plasma protein albumin, Alb-SH, (I); see Scheme 5.1.1. The gold atom coordinates

at the cysteine-34 site to form an auro-albumin monomer (II). Further reaction with more

albumin leads to the formation of the auro-albumin complex (III). Both of the latter

complexes, (II) and (III), are "recognised" as foreign by white blood cells, particularly

macrophages, and consequently are ingested by these cells.
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(Au-SR'),, + Alb-SH * Alb-S-Au-SR' *Alb-S-Au-S-Alb + SR'

G) GI) (Itr)

SR' = thiomalate
Scheme 5.1.1

It is possible that these interactions with the leukocytes facilitate the targeting of the drugs to

the inflamed lesion. Certainly, some directing of these gold drugs occurs, as evidenced by

their effectiveness against artlritis.

The mode of action of the monomeric species auranofin would be expected to be

different to that found for the polymeric gold(I) thiolate, myochrysine, owing to its different

mode of administration. Model studies [89] have demonstrated that once in the vascular

system, it is likely that the thiolate group of auranofin is replaced by the cysteine-34 group of

albumin. The triethylphosphine group may be displaced subsequently by either another

albumin cysteine-34 group or by a smalt thiol group, such as glutathione (Glut). Oxidation

of the phosphine group, i.e. Et3P * EI3PO, precludes rebinding to the gold atom; see

Scheme 5.1.2. The doubly coordinated gold species can thus be transported by the'ballof

protein'to the site of inflammation.

EI3P-Au-S-R +Et3P-Au-S-Alb + Glut-S-Au-S-Alb + Et3P=O

Scheme 5.1.2

A more recent development in chrysotherapy concerns the anti-tumour acúvity of gold

compounds. Since the discovery of the anti-tumour activity of cisplatin, cls -[(NH)2PtCl],

in 1969 [91], the most widely used anti-tumour drug in the Western world, many metal

complexes have been investigated for any potential anti-tumour activity t91-931.

The gold(III) centre is isoelecronic with the platinum(If) centre found in cisplatin, and

also forms square planar complexes. The disadvantage of the gold(III) species is that the

gold centre is highly oxidising and in the reducing mammalian environment, readily

disproportionates to yield metallic gold. By contrast, some gold(I) compounds have been

shown to exhibit promising biological activity [94,95]. Auranofin was tested for anti-

tumour activity and was active in vitro and in vivo, against fifteen tumour models. More

recently, the bis-chelated diphosphine gold(I) complex, [Au(Ph2P(CHz)zPPhz)z]+, which

features an uncornmon tetrahedral gold(I) centre [96], exhibited good activity but subsequent
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trials have shown that it caused fatal cardiovascular breakdowns and, hence, further testing

was discontinued [97]. Other phosphine gold(I) thiolates modeled on the linear P-Au-S

arangement have shown promising activity in this context. In particular, the

triorganophosphine gold(I) complexes of thionucleobases are known to display good activity

and reduced toxicity against a variety of cell lines both in vitro and in vivo Í981. These

results confirm that the phosphinegold(I) species form a potent combination for biological

activity.

Diorganophosphinothioformamides incorporate both phosphorus and sulfur atoms in

the one tigand. It was thought of interest to examine what type of gold complexes could be

formed with these ligands in both their protonated and deprotonated forms and to examine

their biological activity; this thesis focuses only on the chemical aspects. It was also of

interest to explore the interaction of the diorgano-phosphinylthioformamides,

-thiophosphinylthioformamides and -selenophosphinylthioformamidst with gold. Of

particular inrerest would be the possible interaction of the RzP(Se)C(S)NGI)R' compounds

with gold to examine whether a gold-selenium interaction is present as (i) there are very few

such examples reported in the literature [99, 100] and (ü) selenium containing complexes are

of increasing interest in terms of their biological activity t1011.

Two different types of reactions were attempted with the RZP(Y)C(S)N(H)R', Y = 0,

O, S or Se, R = Ph or Cy, R' = Ph or Me, ligands. In one case, fIAuCl¿, which has the

gold atom in the +III oxidation state, was reduced to a gold(I) species and the ligand added.

In the other method, the direct reaction of each ligand with the gold(I) species in the form of

Ph3PAuCl, in the presence of base to initiate the reaction, was attempted"

5 .2 Reaction of Diorganophosphinothioformamides with Gold(I) Salts

5 .2.1 Reaction of RzPC(S)N(H)R' with HAUCI¿

After the reduction of HAuCI+ with thiodiglycol to a gold(I) species the phosphorus(Ill)

ligands of the form RZPC(S)N(H)R', R = Ph or Cy and R' = Ph or Me, were added. This

resulted in the formation of complexes which incorporated a central eight-membered ring

system except for the R = Cy, R' = Me compound. The ligands were deprotonated and
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coordinated to the gold atoms in a bidentate bridging mode vía the phosphorus and sulfur

atoms as shown in Fig. 5.2.1.

R"
P'

/
C

Au 
-Sft'|r[: :}r[('

\. 
-oo -P/R2

Fig. 5.2.1

The [Cy2PC(S)N(H)Me] compound did not form the same cyclic eight-membered ring

system in its teaction with HAuCla. As has been mentioned earlier, Chapter 4, this

compound had an impurity of [CyzP(O)C(S)N(H)Me], which influenced the reaction.

5.2.2 Reaction of R2PC(S)N(H)R' with PhjPAuCl

The reaction between the phosphorus(Ill) ligands, RzPC(S)N(H)R', and Ph3PAuCl

yielded products as in 5.2.1; the reaction needed the presence of the base to initiate the

process. In contrast to its reaction with HAuC14, the impure ICyZPC(S)N(H)Me]

compound reacted with Ph3AuCl to produce the {Au[Cy2PC(S)NMe] ]z complex which

adopted the same conformation as the other cyclic bidentate bridging complexes mentioned

above. The [Cy2P(O)C(S)N(H)Me] impurity did not react with the gold(I) species and was

removed by washing the reaction product with warm ethanol followed by ether.

5.2.3 The Spectroscopic Characterisation ol {AuIRzPC(S)NR' ] ] z

The specroscopic characterisation for the four gold(I) complexes a¡e similar and, hence,

a general description witl be given. The IR spectra of the cyclic complexes showed the

absence of the D(N-H) absorptions that were found in the free ligands. The absorptions of

interest were due to the thioamide(I) band that occurs at about 1500 cm-lin the free ligands.

In the complexes these bands were found to move to higher frequencies. The thioamide(tr)

band found at approximatety 1350 cm-l in the IR spectrum of each parent ligand, was not
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evident, however, a peak at about 950 cm-l became apparent and was assigned to u(C-S).

The IR spectroscopic results appear below in Table 5-2-3a-

The IR spectral data indicate that the u(C=N) bands are at higher frequencies for the R'

= Me complexes by approximately 10 cm-l compared with the corresponding R' = Ph

complexes. By contrast the u(C-S) absorptions for the R' = Me complexes Íìre at lower

frequencies than those for the corresponding R' = Ph complexes.

Table 5.2.3a: Selected infrared absorptions (cm-t¡ for {Au[R2PC(S)NR]]2, R = Ph

or CY, R' = Ph or Me

(Au[PhzPC(S)NPh] ]z

{Au[PhzPC(S)NMe] ]z
(AulCyzPC(S)NPhllz

{AulCyzPC(S)NMel }z

u(C=N)

1550

1561

1548

1558

u(C-S) thioamide(t)*

t528

1506

1502

r52r

946

913

945

924

* thioamide(I) band in parent ligand R2PC(S)N([I)R'

These observations are consistent wittr a significant contribution to the overall structure

of canonical form 5.2.38 for the R' = Ph complexes in addition to 5.2.3A. A similar

conclusion was made for the R' = Ph and Me phosphorus(V) compounds for the same R

group, Chapter 3.

T-eu 
-S -Au -S \

+
NR:NR'

I -eu -P
I -Au -P

5.2.3A 5-2-38

The 1H NMR spectrum displayed the expected resonances in the alkyVaryl regions with

the absence of the N-H resonance. For the R' = Me complexes the methyl resonance shifted

downfield marginally upon coordination of the ligand. The 13C NMR spectra showed the

atkyVaryl peaks in the expected regions with the Cq signals moving upfield by approximately

40 ppm with respect to the respective free ligands and there was also an increase in the

magnitude of the IJ(PC) coupling constant by a factor of approximately two. For complexes
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with the same R group, it was found that the Cq resonance for the R' = Ph comPlexes was

consistently 2.5 ppm downfield than the chemical shift found for the R' = Me complexes.

This observation can be attributed to the significant contribution of canonical form 5.2.38

(see above). The IJ(PC) coupling constant was invariably larger by 5.5 Hz for the R = Me

complexes. The C¿ atom of the nitrogen-bound R' group moved downfield by at least 10

ppm upon coordination and there was an increase in 3JeC) coupling constant by about fifty

percent with respect to the value found in the free ligand consistent with the greater Í-

electron density in the C(1)-N(1) bond. The 31P NMR spectra showed one peak with the

signal in the complex having moved downfield with respect to the free ligand, indicating

coordination of the phosphorus atom to the gold centre.

The FAB mass spectra showed the presence of the molecular ion [M]+ (M =

{Au[RzPC(S)NR'] ]z); this was never the most abundant ion. Other peaks were fragments

or aggregates of varying size, which contained gold. The ion [M-SCNR'1+ appeared for all

complexes whereas the fragment [AuzSZ]+ appeared in three of the specm. The major ion

in each FAB spectrum was: {AulPhzPC(S)NPhl}z: [Au(PhzPC(S)NPh)z]+ (m/z 838);

{AulPhzPC(S)NMel}z: [AuzSz]+ Gntz460); [AulCy2PC(S)NPh]]z: [M-(scNR" cy)]+

@p 6aD and {AulCyzPC(S)NMel }z: [Cy¡PAu]+ (m/z 476). Spectroscopic results for the

complexes are summarised in Table 5.2.3b.

From the spectroscopic characterisation of the complexes, it is concluded that the

coordination of the ligands to the gold(I) centres is through the phosphorus and sulfur

atoms. The absence of the N-H signal in the IR and 1g NtrrtR spectra and the relatively high

value of u(C=N) indicates deprotonation at the nitrogen atom and the presence of significant

r-electron density in the CN bond. The upheld shift of the quaternary carbon compared to

the free ligand and the appearance of the u(C-S) band in the IR spectra confrm the predicted

coordination mode. The spectroscopic characterisation of {Au[CyZPC(S)NMe] ]2 provides

unequivocal evidence for the formation of this gold(I) complex with the [CyzPC(S)NMe]-

anion and, hence, confirms the preparation of the [CyzPC(S)N(H)Me] ligand and thereby

completes the series for the four diorganophosphinothioformamides used in this thesis. The

availability of suitable crystals afforded the oppornrnity for a structure determination of one



Tabte 5.2.3b: Spectroscopic data for (Au[R2PC(S)NR']]2, R = Ph or Cy, R' = Ph or Me

{Au[PhzPC(S)NPh]]z

IR: u(C=N) 1550 cm-l; u(C-S) 946cm-r

NMR: (chemical shifts, õ, are in PPm)

lH: PhzP and PhN ô 6.90-8.08

13C: phzp Co-Cõ õ120.2-135.0; PhN Ca ô 150.8 ¡¡(pC) 20.4H2, Cu-C¿ õ120.2-

135.0; Cq õ 169.2 t¡(pC) 65.3}l2

31P: o 52.4

FAB*: 1340, [M(AuPPh)]+ l\Vo;1035, lMll+ l87o; 900, [M-(SCNPb)]+ 38Vo; 838,

[Au(PhzPC(S)NPh)z]+ l}07o;762,ÍMr-(Au, Ph)l+ 357o;702, [PhzPAu(PhzPC(S)NPh)]+

68Vo;580, [AuzPPhz]+ 60vo;518, [Au(PhzPC(S)NPh)]+ 427o;459, [AuzSZf+ 23Vo;382,

[PhzPAu]+ 957o; 320, [(PhzPC(S)NPh)]+ 25 7o

{Au[PhzPC(S)NMe]]z

IR: o(C=N) 1561 cm-l; u(C-S) 913 cm-l

NMR: (chemical shifts, õ, are in ppm)

lH: PhzP õ7.37-7.59; MeN ô3.56¿r(pn) 2.63Hz

13c: PhzP co-cô ô 128.6-135.0; MeN ca ô 43.6 ¡¡(pc) l7 .9 l¡z; cq ô 167.6

t¡(Pc) 70.8 Hz

31P: ¡ 48.4

FAB: 1410, [(Ph3PAu)S]+ 317o; 1148, [(PhrPAu)zSAu]+ l47o;911, [M]+ l47o;837,[M-

(SCNMe)l + 207o;763, [(PhzPAu)z]+ l07o; 722, t(Ph¡P)zAttf+ 337o; 580, [Au2PPhz]+

307o; 459, [AuzSz]+ 1007o; 3 82, [PhzP Auf+ 407o; 258, [(PhzPC(S)NMe)f+ I57o

{Au[CyzPC(S)NPh]]z

IR: u(C=N) 1543 cm-l; u(C-S) 945 cm-l



Table 5.2.3b continued

NMR: (chemical shifts, õ, are in ppm)

rH: Cy2P õ 1.20-2.10; PhN ô 6.89-7.40

t3c CyzP ca ô 34.9 IJ(PC) 25 .4 Hz, cp-cô õ 26 .0-29 .7; PhN ca ô 15 1 .6 3J(Pc)

17.8Hz, ôC6 128.8, C" ô 119.8, C¡õt24.1; Cq õ 168.3 IJ(PC) 55.lIHz

3tP: a76.4

FAB: 1059, lÌ'll+ 24Vo;924, [M-(SCNPh)]+ 227o;82I, [M-(Cy,2Ph)]+ 25Vo;189,[82I-

(S)l+ 22Vo;760, [(Cy¡P)zAu]+ 377o;726, lCy2PAu(Cy2PC(S)NPh)l+ l5Vo; 658, l]ù{-

(3Cy, 2Ph)l+ 527o; 64I, [CyPAu(CyzPC(S)NPh))+ I00Vo: 59I, [CyzPAuz]+ 4OVo; 459,

[Au2S2]+ 28Vo;426, [CyzPAuS]+ 33Voi 412, [Au(CyPCNPh)]+ 847o

{AuICyzPC(S)NMe]]z

IR: u(C=N) 1553 cm-l; o(C-S) 9VI cm-r

NMR: (chemical shifts, ô, are in ppm)

lH: Cy2P, õr.26-I.97; MeN õ3/9,4JeÐ 2.76}J2

r3c: cy2P, co õ 34.6 IJ(PC) 26.0 Hz, cp-cô õ29.6-25.5; MeN ca ô 43.1 IJ(PC)

15.2Hz; Cq ô 165.8 IJ(PC) 60.1Il2

FAB: 935, [M]+ 2Vo;823, [M-(Cy, NMe)]+ 4Vo;820, [(CyzPAu)zSl+ LïVo;807, [M-(Cy,

NMe, Me)l* lgVo;'796, [M-(Cy, CNMe, Me)]* 207o; 578, [CyzPAu(Cy2PC(S)NMe)]+

27o; 47 6, [Cy3PAu]+ IOOVI ; 394, lCy 2P Attl+ ZVo

* [m/e, assignment (intensity)]

lMl+ = molecular ion [{Au(R2PC(S)NR')}2]+
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of these gold(I) complexes, i.e. (Au[Ph2PC(S)NPh]]2, which confirmed the spectroscopic

analysis.

5.2.4 The Molecular Structure of {Au[PhzPC(S)NPh]lz

The yellow crystals of bis tÞlP, P-diphenyl-N-phenyl-phosphinothioformamidol

digold(I), {Au[PhzPC(S)NPh] l2,were obtained from the slow evaporation of a chloroform

solution of the compound which had been layered with ethanol. Crystals are monoclinic,

space group P2tln with unit cell dimensions ¿ = 16.500(4), b = 13.862(1), c = 24.771(8)

Å, p = 92.58(5)", V = 5659(I¡ L3, z= 4 and Dx = L.87lg cm-3. The strucrure was refined

to final R = 0.040, Rw = 0.043 for 5123 reflections with 1 > 3.0o(Ð. The molecular

structure of the two independent molecules, a and b, of {Au[PhzPC(S)NPh]]2, are shown

in Figs 5.2.4a and 5.2.4b, respectively ([1a]; 20Vo thermal ellipsoids). Selected interatomic

parameters are listed in Table 5.2.4.

The conformation of the central eight-membered rings in the two molecules, a and b, are

different. In molecule a the structure is centrosymmetric whilst in molecule å two

crystallographic independent ligands, b and c, which have only minor conformational

differences, chelate the gold atoms. This has the consequence that 1.5 dinuclear molecules

comprise the crystallographic asymmetric unit, i.e. there are three independent gold atoms

and half a molecule of dichloromethane of solvation. In molecule a the central eight-

membered ring is approximately planar while in molecule b the ring has a twist

conformation. For molecule a the torsion angles S(1a)/Au(l)/Au(1)'/S(1a)' and

P(la)/Au(l)/Au(1)'¡n11a)' both of 180' and the S(1a)/Au(1)/Au(1)'p11a) torsion angle of

5.7' reflect the planarity of the central eight-membered ring, while the equivalent torsion

angles found in molecule b, i.e. S( 1b)/Au(2)/Au(3)/S ( 1c), S(lb) / Au(2)/ At (3)Æ(1b),

S(lc)/Au(2)/Au(3)lP(1c) and P(1b)/Au(2)/Au(3)¡P1lc) of -153.5(2), 29.7(I),23.4(2) and

153.5(l)', respectively serve to emphasise the skewed positions of the atoms that comprise

this ring. Each of the three independent gold atoms is bound by a phosphorus atom of one

ligand and the sulfur atom derived from another ligand indicating the presence of bidentate
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Fig. 5.2.4a The molecula¡ structure of molecule a of {Au[PhzPC(S)NPh] ]z
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Fig. 5.2.4b The molecula¡ structure of molecule b of {Au[PhzPC(S)NPh] ]z



Table 5.2.4: Selected bond distances (Å,) and angles (deg.) for {Au[PhzPC(S)NPh]z]

Au(1)-S(la)

Au(3)-S(1b)

Au(2)-P(1b)

S(1a)-C(1a)

S(1c)-C(lc)

P(1b)-c(rb)

N(1a)-C(1a)

N(1c)-C(1c)

N(1b)-C(31b)

S(1a)-Au(1)-P(1a)"

S(1c)-Au(2)-P(1b)

Au(2)-S(1c)-C(1c)

Au(1)-P(1a)-C(1a)

Au(3)-P(1c)-C(1c)

s(1b)-c(1b)-P(1b)

S(1a)-C(1a)-N(1a)

S(1c)-C(1c)-N(lc)

P(1b)-c(1b)-N(1b)

C(1a)-N(1a)-C(31a)

C(1c)-N(1c)-C(31c)

c(11b)-P(1b)-C(21b)

2.3t6(3)

2.30s(s)

2.268(4)

r.73(r)

I.t4(r)
1.83( 1)

r.2e(r)

r.27(2)

1.43(2)

73.3(2)

1s.3(t)

08.2(6)

127(t

rfl(r
r23(r

t2t(r
103.6(6)

I
I

I

1

1

1

1

(4)

(s)

(e)

16.3

11.1

n.5
2t(r

Au(2)-S(lc)

Au(1)-P(1a)

Au(3)-P(1c)

s(1b)-c(1b)

P(1a)-C(1a)

P(1c)-C(1c)

N(1b)-c(1b)

N(1a)-C(31a)

N(1c)-C(31c)

S(1b)-Au(3)-P(1c)

Au(1)-S(1a)-C(1a)

Au(3)-S(1b)-C(1b)

Au(2)-P(1b)-C(lb)

S(1a)-C(1a)-P(1a)

S(1c)-C(1c)-P(1c)

s(1b)-c(1b)-N(1b)

P(1a)-C(1a)-N(1a)

P(1c)-C(1c)-N(1c)

c(1b)-N(1b)-c(31b)

C(11a)-P(1a)-C(21a)

C(11c)-P(1c)-C(21c)

2.305(s)

2.270(4)

2.272(s)

r.76(r)

1.84(1)

1.86(2)

t.28(2)

t.46(2)

r.42(2)

r16.4(r)

r01.6(4)

r04.4(6)

110.0(s)

rr9.4(1)

1 17(1)

tzs(r)
113.e(9)

1 r6(i)
120(1)

103.7(8)

107.0(7)

)

)

)

)

)

* Primed atom related by crystallographic centre of inversion
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bridging ligands. The range of the P-Au-S angles of L73.3(2) to 176.4(1)" indicate almost

linear coordination geometries at the gold atoms as expected.

As has been noted for other gold(I) complexes [102-106], the usual short Au-Au

separarions of approximately 3 Å are also observed in {Au[PhzPC(S)NPh] ]2. In molecule

d, the centrosymmetrically related gold atoms have an intramolecular separationof 2.925(2)

Å while in molecule b the distance between the wo gold atoms of the eight-membered ring is

2.glg(2) Å. These separations compare fairly well with those found in closely related cyclic

gold(I) compounds that feature SAuP arr¿mgements. In the nine-membered ring system of

{Auzrr-ti-MNTI p-[dppee]] ( i-MNT is 1,1-dicyanoethene-2,2 dithiolate and dppee is

bis(diphenylphosphinoethylene) [107], the intramolecular separation is 2.867(1) Å and in

the ten-membered ring system (Aus(cH)zPBtzlz, [108], the intramolecular separation is

3.104(1) Å. In {AulPhzPC(S)NPhl }z rhere is also an intermolecular separation of 3.145(1)

Å bet*een the Au(l) and Au(2) atoms. The Au...Au separations in {Au[PhzPC(S)NPh] ]z

are marginally longer than the value for metallic gold of 2.884 Å, and these types of

interactions have been attributed to relativistic effects t109]. The closest contact between

non-hydrogen aroms (and not involving gold atoms) is between the C(22c) and C(36a)'

atoms of 3.32(2) Å lsymmetry operation: -r, 1-y, -z) while the closest contact involving a

hydrogen atom is 2.490^Å, bet*een atoms N(1b) and}J(I Z) (symmetry operation: +x,+y,

+z). This distance is very short and indicative of some kind of weak interaction between the

main molecule and the solvent dichloromethane from which the hydrogen atom is derived.

The unit cell contents are shown in Fig. 5.2.4c.

The Au-S bond distances lie in a narrow range, i.e. 2.305(5)-2.316(3) Å, and indeed

are equal within experimental error. A similar observation was noted for the Au-P

separations which lie in the range of 2.268(4)-2.272(5) Å. fne Au-S distances lie in the

range of 2.301(1)-2.339(6) Å, i.e. for Au-S interactions found in other phosphine-gold(I)

complexes containing thiolate functions [110-112] and similarly, the Au-P separations occur

in the range 2.226(3)-2.271(2) Ä. tttO-ttZl. Clearly, the incorporation of the PAuS

grouping inro a cyclic system such as found for {Au[PhZPC(S)NPh] ]Z does not have a great

influence on the magnitude of the Au-S and Au-P separations.



Fig. 5.2.4c The unit cell contents for {Au[Ph2PC(S)NPh] ]z
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The S(l)-C(l), P(1)-C(1) and N(1)-C(31) sepamtions are indicative of single bond

character for these bonds while the C(l)-N(1) separation is suggestive of a formal double

bond between these atoms. The atoms of the central chromophore of the ligand, i.e.

P(1)rc(1yS(1)/N(1yC(31) are approximately planar as can be seen in the following torsion

angles: ligand a: S/C(1)/1.{/C(31) -4(2)" and P/C(1)/N/C(31) 177(l)", ligand b:

S/C(1)/I{/C(31) -1(2)' and P/C(1)/N/C(31) r77(r)" and ligand c: S/C(1)A{/C(31) -7(2)" and

P/C(1)/N/C(31) 175(1)". The grcatest difference between the two independent molecules are

found in the Au-P(l)-C(l) and S(1)-C(1)-N(1) angles. In molecule a the Au-P(1)-C(1)

angle is approximately 5 and 6" larger than the equivalent angles found for ligands b and c of

molecule b, respectively. The angles about the C(1) atom are comparable to those found in

the free ligand except for the S(1)-C(1)-N(1) angle in ligand a, which is approximately 10'

less than that found for the free ligand.

At the completion of this work, Professor R. Kramolowsky (University of Hamburg)

indicated that the crystal structure of the closely related derivative {Au[PhzPC(S)NMe] ]z

had been determined independently in his laboratories. These results have not appeared in

the open literature. Indeed, similar overlap occurred with the structures of trans-

INitCy2PC(S)NPh]z] (Section 6.1.4b) and {CdlCy2P(Se)C(S)NPhlz) (Section 6.4.2b).

These, too, have not been published in the literature.

The molecular geometry of {Au[Ph2PC(S)NMe] ]2 is virtually the same as reported

above for {Au[PhzPC(S)NPh])2, however, the relatively high errors associated with the

light atom parameters preclude a detailed comparison of the structures.

5 . 3 Reaction of Diorganophosphinylthioformamides with Gold(I) Salts

5.3.1 Reaction ol RzP(O)C(S)N(H)R' wirh HAUCI¿

Reaction of the PhzP(O)C(S)N(H)R', R' = Ph or Me, and [Cy2P(O)C(S)N(H)Ph]

compounds with the F{AuCþ species (after reduction with thiodiglycol) did not produce any

type of gold complexes containing these ligands. As has been mentioned earlier, the

[CyzPC(S)N(H)Me] Iigand was not isolated in pure form and contained some of the oxygen

analogue, i.e.[CyzP(O)C(S)N(H)Me]. The complex that was isolated from the reaction



81

between the reduced HAuCla species and impure [CyzPC(S)N(H)Me] was

{Au[Cyzp(O)C(S)N(H)Me]CU, so in actual fact the tCyzP(O)C(S)N(H)Mel ligand reacted

with the gold(I) species.

5.3.2 Reaction of RzP(O)C(S)N(H)R' with PhjPAuCl

Under the reaction conditions employed, the R2P(O)C(S)N(H)R' derivatives did not

react with the gold(I) species, Ph3PAuCl (in the presence of Et3N). Cha¡acterisation of the

species recovered from the reaction mixtures revealed that they were the initial reactants,

hence, no new gold complexes had formed.

5 .3 . 3 T he Spectoscopic C lnracterisatíon of {Au[CyzP (O )C(S )N (H )M e] CU

The IR specrrum of {Au[CyzP(O)C(S)N(H)Me]CU shows two absorptions at 3114 and

3041 cm-l, assigned to u(N-H), compared to 3065 and 3025 cm-l for the free ligand. The

absorption due to u(C=N), i.e. 1561 crn-l, was found to shift to higher frequency in the

complex compared to that of the free ligand (1526 c--1). The o(P=O) absorptions were

found at 1176,1165 and 1150 cm-l compared to 1180 cm-l in the free ligand. In the FAB

mass spectrum the molecular ion was observed ([M]+, mlz520, relative abundance 327o,M

: {Au[CyzP(O)C(S)N(H)Me]CU), and the major fragment in the low molecular weight

region was assigned to [M-Cl]+ (484, 79Vo). The most abundant fragment in the spectrum

was found in the high molecular weight region at m/z l7l and was assigned to

tAu(Cyzp(O)C(S)N(H)Me)ZHl+. In the lH NMR spectrum the expected resonances and

integrations were observed and no evidence was found for the N-H proton. Similarly, the

13C NIfnR spectrum showed the expected resonances with the quaternary carbon atom

occurring as a doubler centred at õ 195.3 ppm with lJ(P-C) 51.0 Hz; this has shifted 2.5

ppm upfield compared to the free ligand. In the 3lP NVIR spectrum there is one resonance

ar ô 57.8 ppm which is shifted downfield by approximately 9 ppm compared to the free

ligand. A summary of the spectroscopic results can be found in Table 5.3.3. Whereas the



Table 5.3.3: Spectroscopic data for {Au[CyzP(O)C(S)N(H)Me]Cl)

IR: u(C=N) 1561 cú-1, o(C-S) 946cm-r,u(P=O) 1176,1165 and 1150 cm-l

NMR: (chemical shifts, õ, are in PPm)

lH: Cy2P ô 1.18-2.78; MeN ô 3.57 (broad)

13C: CyzP: Ccr ô 36.3 IJ(PC) 64.3 lgrz, Cp-Cô õ25.5-26.1; MeN õ 34.8 (broad);

cq ô 195.3 IJ(PC) 51.0 Hz

3lP: ¡ 52.8

FAB*: 771, [Au(CyzP(O)C(S)N(H)Me)zIJ.]+ r007o; 637, IM(P(O)CSNC)I* 427o;520,

[M]+ 32Vo; 484, [M-CU+ 79Vo: 468, [M-(Cl, O)]+ ZIVo; 459, [AuzSz]+ 477o; 4II,

lCyzP(O)All+ 237o

* [nr/e, assignment (intensity)]

lMl+ = molecular ion [Au(CyzP(O)C(S)N(H)Me)Cl]+
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spectroscopic results indicate the coordination of the ligand the unambiguous structure

determination was achieved by a single-crystal structure analysis.

5 . 3 .4 T he M olecular S trucrure of { Au[ Cy2P ( O )C ( S )N ( H )M e] C U

The pale-green crystals of P, P-dicyclohexylphosphinyl-N-methyl-thioformamido

gold(I) chloride, {AulCyzP(O)C(S)N(H)MelCl}, were obtained from the slow evaporation

of a dichloromethane solution of the compound. Crystals are monoclinic, space group P21

with unit cell dimensions a = 18.507(4), b = I2.204(2),c = 18.513(6),&, þ = lI7 .69(2)", V

= 3102(I) Ã3,2 = 8 and Dx = 1.865 g cm-3. The structure was refined to final R = 0.042,

Rw = 0.034 for 4106 reflections with / > 3.0o(Ð. The structure is unusual in that there are

four molecules in the crystallographic asymmetric unit for the acentric space group P2¡ this

choice was supported by the distribution of the E statistics. The centrosynìmetric equivalent,

i.e. P2t/m, would require two molecules in the asymmetric unit, however, an- analysis of the

data did not show the presence of additional symmetry t391.

Non-hydrogen atoms were rehned with anisotropic thermal parameters except for the

cyclohexyl ring atoms C(21d) - C(26d), for which some disorder was noted, and several

other carbon atoms which refined with non-positive definite values when treated

anisotropically. The disordered ring was modeled such that there were two sites for the

C(23d) to C(26d) atoms, each with a site occupancy factor 0.5. The hydrogen atoms were

included in the model in their calculated positions (C-H 0.97 Å, N-H 0.95 Ä.) except those in

the disordered group. The absolute configuration was determined on the basis of the

refinement of the opposite hand which yielded markedly higher residuals.

The structure determination confirms the stoichiometry of the complex as

{Au[Cy2P(O)C(S)N(H)Me]Cl) and shows it to be an adduct of AuCl with the neutral

[Cy2P(O)C(S)N(H)Me] ligand. Although there are four independent molecules of

(Au[Cy2P(O)C(S)N(FI)Me]Cl] in the asymmetric unit, there are only minor conformational

differences between them. The molecular structures of the four independent molecules of

{Au[CyzP(O)C(S)N(H)Me]CI) showing the numbering scheme employed are shown in

Figs 5.3.4a to 5.4.3d and selected interatomic parameters a¡e listed in Table 5.3.4.
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Table 5.3.4: Selected bond distances (Å), angles and torsion angles (deg.) for

{ AutCYzP(O)C(S)N(I{)Mel Cl }

Atoms

Au-Cl

Au-S(1)

s(1)-c(1)
P(1)-o(2)

P(1)-c(1)

N(1)-c(1)

Cl-Au-S(1)

Au-S(1)-C(1)

s(1)-c(1)-P(1)

s(1)-c(1)-N(1)

P(1)-c(1)-N(1)

c(1)-N(1)-c(31)

Au/S(1)/C(1)Æ(1)

Au/S(1)/C(1)/N(1)

s(1)/c(1)Æ(1)/o(2)

molecule ø molecule b molecule c molecule d

2.242(7)

2.227(6)

1.68(2)

1.50(1)

r.84(2)

1.28(3)

t7s.6(3)

114.9(9)

I 16(1)

t32(2)

rt2(2)

rze(2)

172.6(8)

-6(3)

171(1)

2.22t(6)

2.198(6)

t.67(2)

r.47 (r)

1.8s(2)

1.3t(2)

-r79.2(8)

3(3)

-17s(1)

2.23t(6)

2.218(6)

r.66(2)

1.49(1)

r.7e(2)

1.30(2)

176.9(3)

1 16.1(7)

11e(1)

r29(2)

rt2(2)

13t(2)

176.8(e)

-7(3)

168(1)

2.2t6(6)

2.213(7)

t.6s(2)

1.43(1)

1.8s(2)

1.30(2)

176.2(3)

115.2(8)

117(1)

132(2)

rrr(2)
12s(2)

-16e.8(e)

e(3)

-r77(t)

0(3175 )

)11s.4(8

1 16(1)

130(2)'

114(1)

r28(2)
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The [Cyzp(O)C(S)N(H)Me] tigand coordinates the gold atom via the sulfur atom

exclusively (Au-S range: 2.198(6) to 2.227(6) Å), there being no significant interactions

between any of the remaining atoms of the ligand and the gold atom. Indeed, the

conformation of the ligand is such as to place the N(I{)Me portion of the molecule, rather

than the Cy2p=O atoms, in close proximity to the gold atom; this orienøtion facilitates the

formation of intermolecular hydrogen-bonding (see later). The central PC(1)SN

chromophore and the gold atom form an essentially planar grouping in molecule b whereas

there are significant deviations from planarity for molecules a, c andd as can be seen from

the torsion angles involving these atoms, Table 5.3.4. The coordination about the gold atom

is completed by the chloride arom (Au-Cl range: 2.216(6) to 2.242(7) Å) ttrereby defining a

linea¡ gold atom geometry (S-Au-Cl range: 175.0(3) to 176.9(3)"). The Au-S(1)-C(1)

angles lie in the range 114.9(9) to 116.1(7)'which are approximately 10" greater than that

found in related systems [96, 114-116] In the latter systems, there is either a close

intramolecular Au...N or Au...S interaction in addition to the primary Au-S bond which

results in the contracrion of the Au-S(l)-C(1) angle. The expansion of the Au-S(1)-C(1)

angle in the present structure is consistent with the absence of a significant intelaction with

the remaining portion of the ligand and the gold atom. Further, the widest angle subtended

at the C(1) atom is the S(1)-C(1)-N(1) angle, presumably to minimise steric repulsions.

The S(1)-C(1)-N(1) angles are also wider than the comparable angle of 126.0(3)' found

in the structure of the free ligand, Section 3.1.4. This expansion results in a contraction of

the S(1)-C(1)-P(1) angles in the complex by approximately 5' compared to the free ligand-

The overall planarity of the central SC(N)PO moiety in the free ligand is maintained in the

complex and is consistent with the delocalisation of æ-electron density over these atoms.

Unfortunately, the relatively high errors associated with the derived parameters in the

strucrure of {Au[CyZP(O)C(S)N(H)Me]Cl] precludes a detailed analysis of the electronic

structures of the coordinated and uncoordinated ligands.

Molecules of {AulCyzP(O)C(S)N(H)MelCl} associate in the lattice via hydrogen-

bonding contacts. Pairs of molecules associate via the oxo functions and the amide protons

as illustrated in Fig. 5.3-4efor molecules ¿ and d; similar associations occur for molecules b
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and c. The oxo function of one molecule is connected to the N-H atom of a symmetry

related molecule such that O(2a)...H(4)I is 1.81 Å (O(2a)...N(1d) 2.66(2) Å, the

O(2a)...H(4)-N(ld) angle is 145', symmetry operation: 1-x, -0.5+y,2-z), O(2b)...H13¡tl i5

1.85 Å (O(2b)...N(lc) 2.67(2) Ä, O(Z¡)...H(3)-N(1c) is 140', symmetry operation: +r,

-!+y, +z), o(2c)...H(2)III is 1.36 Å (O(2c)...N(lb) 2.73(2) Å, O(Zc)...H(2)-N(1b) is 148"

symmerry operarion: +x,l+y,+z) and o(2d)...H(1)IV is 1.86 Å (O(2a)...N(la) 2.70Q) A"

o(2d)...H(1)-N(1a) is 143" symmetry operation: l-x,0.5+y,2-z). Similar associations

between the molecules are found in the structure of the free ligand [CyzP(O)C(S)N(H)Me].

The unit cell contents for {Au[CyzP(O)C(S)N(H)Me]Cl] are shown in Fig' 5'3'4f'

5 . 4 Reaction of Diorganothiophosphinylttrioformamides with Gold(I) Salts

5 .4.1 Reaction of RzP(S)C(S)N(H)R' with HAuCI¿ and Spectroscopic Characterisation

RZP(S)C(S)N(H)R', R = Ph or Cy, R' = Ph or Me, were reacted with HAuCh after it

had been reduced with thiodigtycol. The CyzP(S)C(S)N(H)R' compounds did not form any

new products. The PhzP(s)c(s)N(H)R' compounds, however, formed complexes which

were air-stable and insoluble in most organic solvents and water. From the limited

spectroscopic results obtained it was tentatively concluded that these latter complexes were

polymeric species with the structural unit {Au[PhzP(S)C(S)NR'] ]-. From the IR spectra of

these complexes the absence of the u(N-H) band suggests deprotonation of the nitrogen

atom and the increased frequency for the thioamide(I) absorption band suggests that there is

an increase in the bond order of the C(1)-N(1) bond. The thioamide(Il) absorption is not

evident in the 1350 cm-1 region but an absorption band attributed to u(C-S) appeared and

there is a slight decrease in frequency of the r(P=S) band. The spectroscopic data suggests

coordination of the thiocarbonyl sulfur atom to the gold(I) centre and perhaps an association

of the thiophosphinyl sulfur atom with gold. No solution spectroscopy could be obtained

due to the insolubility of the complexes. FAB mass spectra were recorded for these

complexes which gave evidence for the basic {AuIPhZP(S)C(S)NR'I } unit. The presence

of high molecular weight, high nuclearity clusters involving up to four gold atoms were also

noted. T'he molecular fragment [(Ph3PAu)¡S]+ was seen in the complexes at various
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Fig. 5.3.4f The unit cell contents for {Au[CyzP(O)C(S)N(H)Me]Cl]
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abundances and has been observed previously for similar systems ttlzl. This ion was the

mosr abundant ion for {Au[PhZP(S)C(S)NMe]]-. The most abundant ion in the FAB mass

spectrum of {Au[Ph2P(S)C(S)NPh]]- was assigned to the deprotonated ligand

t(phzP(S)C(S)NPh)l+. Selected spectroscopic parameters are listed in Table 5.4.1.

S .4.2 Reaction of RzP(S)C(S)N(H)R' with PhjPAuCl and Spectroscopic Characterisation

The mixing of each RZP(S)C(S)N(H)R' derivative with Ph3PAuCl did not result in an

immediate reaction. When the base (Er3N) was added the colour of the initial solution faded'

indicating that some reaction had occurred. After filtration of the solution to remove

Et3NHCl, the solvent was removed until an oily residue remained which was solidified on

addition of petroleum spirit. In the IR spectra of these complexes there was an indication

that there was some kind of interaction of the thiocarbonyl sulfur atom with the gold atom as

evidenced by the position of the thioamide(Il) band which was not in the characteristic

region found for the free ligands. Instead, a band attributed to u(C-S) was identified

occurring in the region 950 t 20 cm-l. The u(N-H) absorption band was absent indicating

that the ligand was deprotonated. Additional phenyl absorption bands derived from the

triphenylphosphine moiety were observed located at 1591, 1480 and 1435 cm-l'

Addition of any chlorinated solvent to the complexes thus formed, resulted in minute

traces of elementat gold being precipitated and a dark orange solution. This observation

indicated decomposition of the complex and, hence, solution spectroscopy could not be

attempted. On standing of a chloroform solution of the product obtained from the reaction of

ph3pAuCl and [Ph2P(S)C(S)N(H)Me], yellow crystals were obtained which were shown

by X-ray structural analysis (unpublished results) to be {Au(SzPPhZ))2, a gold(I)

dithiophosphinate.

The FAB mass spectral results did not show the presence for the molecular ion. The

main ions corresponded to certain fragments that contained mainly gold, sulfur and tri- or di-

organophosphine, which are attributes of the decomposition product. Selected spectroscopic

parameters are listed in Table 5.4.2. With these limited spectroscopic observations a



Table 5.4.12 Spectroscopic data for {Au[PhzP(S)C(S)NPh]]-, R = Ph or Cy, R' = Ph or

Me

{ Au[PhzP( S ) C( S )NPh] ] -
IR: o(C=N) 1578 cm-l; r¡(C-S) 923 cm-r;t(P=S) 604 cm-l

FAB*: 1439, t(PhzP(S)Au)3Aul+ 5Vo; 1025, [M-ptr]+ lS%o;760, [M-(AuS2, Ph)]+ 22Vo;

657, [M(PPh)]+ IZVo; 550, tAu(PhzP(S)C(S)NPh)l+ 7Vo;459, [Au2S zf+ I87o; 352,

lPhzP(S)C(S)NPhl+ 1007o

{ Au[ PhzP ( S ) C( S )NMe ] ] *
IR: r(C=N) 1575 cm-l; o(C-S) 954 cm-r;t(P=S) 598 cm-l

FAB: 1428, tl.5(Au(PhzP(S)C(S)NMe)-Sl+ I3Vo; 1410, [(Ph3PAu)¡S]* 1007o;950,

[(PhsPAu)z S]+ I Vo ; 7 7 7, lAu(PhzP(S )C(S )NM e)21+ 2Vo ; 7 2 1, [(Ph3P) 2Au]+ | 47o

* frnl e, assignment (intensity) l
lMl = ion corresponds to {Au(Ph2P(S)C(S)NPh)}z



Table 5.4.22 Spectroscopic data for {Ph3PAulRzP(S)C(S)NR'l}, R = Ph or Cy, R'= Ph

orMe

{ Ph sP Au I P hzP ( S ) C( S )NP h] ]
IR: o(C=N) 1533 cm-l; t(C-S) 941 cm-1;o(P=S) 63'7 cm-r

FAB*:811, [M]+ I\Vo;721, [(Ph3P)2A:u]+ 92Vo;676, [M-(SCNPh)]+ 36Vo;594, fÌvf-

(PhzPS )l + 7 Vo ; 459, [AuzS z]+ 1007o ; 382, lPh2P Auf+ 3Vo.

{ P h Ì Au[ Ph2P ( S ) C( S )NM e ] J

IR: u(C=N) 1520 cm-1; r¡(C-S) 973 cm-r;o(P=S) 638 cm-l

FAB : 890, [Ph3PAu(Ph2P(S)C(S)NMeXPhPS)]+ lÙVo ; 459, [AuzSz]+ lÙOVo;

{ P hjP Au[ Cy zP ( S ) C( S )N Ph] ]
IR: o(C=N) l524cm-1;{C-S) 960 cm-l;o(P=S) 617 cm-r

FAB: 823, [M]+ !\Vo;721, tGh¡P)zAul+ 237o;688, [M-(SCNPh)]+ ITVo; 606, Ílvt-

(PhzPS)l+ ll%o; 459, [Au2S2]+ I007o

{ P h sP Au I Cy zP ( S ) C( S )NM e ] ]
IR: u(C=N) 1533 crr-l, rl(C-S) 931 cm-l, o(P=S) 619 cm-l

'a

* [m/e, assignment (intensity)]

lMl = ion coresponds to [Ph:PAu(RzP(S)C(S)NR')]



86

tentative structure can be proposed with monodentate coordination of the thiocarbonyl sulfur

atom to the gold centre, i.e. Ph3PAu-SC(NR')P(S)RZ.

For the R, R' = Ph complex the abso¡ption band attributed to C=N, i.e. thioamide(I),

decreased in value compared to the parent ligand, which may be explained in terms of the

close approach of the nitrogen atom to the gold atom as fepresented in 5-4.2ê^.

S

a

Ph3P 

- 
Au\

!
I

t

Ph

5.4.24

Such a phenomenon with a secondary interaction between a gold atom and nitrogen

arom has been reporred in the literature before in phosphinegold(I) thionucleobases ÍII4l.

By contrast to the R' = Ph complex, the IR spectrum of the analogous R' = Me complex

showed that the r(C=N) band increased in frequency and the o(P=S) band decreased in

frequency by approximately 20 
"--1 

giving rise to the possibility that in this case there is a

secondary interaction between the phosphorus-bound sulfur atom and the gold centre as

represented in 5.4.28. A similar interaction involving the uncoordinated sulfur atom has

been observed in gold(I) xanthates [1 17].

Ph3P 

- 
Ap 

-S..I \c:NMe

i:r/
Phz

5.4.28

It is stressed here, that the above assignments are tentative.

5 .5 Reaction of Diorganoselenophosphinylthioformamides with Gold(I) Salts

5.5.1 Reaction of R2P(Se)C(S)N(H)R' with HAuCI¿ and Spectroscopic Characterisation

The complexes that formed were similar to those of the Y = S derivatives, i.e.

{Au[R2P(Se)C(S)NR']]-. The addition of the [CyzP(Sg)C(S)N(H)R'] ligands to the

gold(I) species, obtained from the reduction of HAuCI¿ with thiodiglycol, resulted in no
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detectable gold complex for the R' = Me ligand, however, the precipitation of elemental gold

and selenium was observed. For the R' = Ph ligand a gold complex was formed. These

complexes were also insoluble and thought to be polymeric species. From the IR spectra of

these complexes the absence of the u(N-H) and thioamide(Il) absorption bands, coupled

with the increase in the value of thioamide(I) band, i.e. o(C=N), suggests that the sulfur

atom is in some way coordinated. The slight decrease in the frequency of the o(P=Se) band

indicates that there is coordination or, more likely, a secondary interaction of the selenium

atom to a gold cen6e. No solution spectroscopy could be obtained due to the very poor

solubility of the compounds.

FAB mass specm were recorded for these complexes and gave evidence for the basic

{AutRzp(Se)C(S)NR'l} unit. The presence of high molecular weight, high nuclearity

clusters involving up to four gold atoms was also noted. The {Au[RZP(Sg)C(S)NR]]Z ion

was observed for the R = Ph complexes but not for the R = Cy complex. The ion

[(ph:pAu)gS]+ was observed for the Y = S complexes and similarly the analogous

[(ph¡PAu):Se]+ ion was observed for the Y = Se compounds. The m/z values containing

selenium were based on 80Se and the fragments and aggregates which contained selenium

exhibited the typicat isotopic distribution for selenium. Selected spectroscopic parameters

are listed in Table 5.5.1.

5.5.2 Reaction of R2P(Se)C(S)N(H)R' with PîjPAUCI

Reaction of the RZP(Se)C(S)N(H)R', R = Ph or Cy, R' = Ph or Me, compounds with

triphenylphosphine gold chloride and base produced an unexpected finding. Spectroscopic

characterisation of the resulting compounds and in some cases determination of the unit cell

of representative crystals revealed that the compounds obtained were the cyclic gold(I)

complexes reported in Section 5.2. Triphenylphosphine selenide was determined to be a by

product of the reaction (IR, unit cell data) and a reaction scheme is proposed below:

EbN

Ph3PAuCl + RzP(Se)C(S)N(H)R' + 0.5 (Au[RzPC(S)NR'] ]2 + Ph3PSe + Et3NHCl

The spectroscopic parameters are as listed in Table 5.2.3b.



Table 5.5.1: Spectroscopic data for {Au[PhzP(Se)C(S)NPh]]-, R = Ph or Cy, R'= Ph

orMe

{ Au[PhzP( Se)C( S )NPh] ] -
IR: u(C=N) I534cm-1; t(C-S) 926cm-r;o(P=Se) 523 cm-t

FAB*' 1456, [(Ph¡PAu):Se]+ IOOOo; 1427, [M(PhzPSe)CS)]* 757o;1409, [(Ph¡PAu)S)]+

63Vo; I39I, [M(Au)]+ 61Vo; L380, [(Ph3PAu)z(PhzPAu)Se]+ 57Vo;1194, [M]+ 35Vo;1162,

[M-51+ I87o;997 , [M-(Au)]+ I27o;957 , [M-(2Se, Ph)]* 30Vo; 837 , [M-(Au, 2Se))+ 45Vo;

7 22, l(Ph3P) zAul + 60 Vo ; 628, [ (Au (PhzP ( S e) C ( S )NPh) (S)]+ 6 4%o

{ Au[ PhzP ( S e ) C( S )NM e ] ] -
IR: u(C=N) 1553 cm-l; o(C-S) 931 cm-l;u(P=Se) 528 cm-l

FAB: 2096, tGh¡PAu)4S2Aul+ 607o; 1794, [(Ph3PAu)g(PhzPAu)S]+ 20Vo; 1530,

tGhsPAu)zGhzPAu)SAul+ 227o; 1456, [(Ph¡PAu)¡Se]+ 80Vo; 1424, [M(Ph3PSe)Me]+

gOVo; I4Og, t(Ph¡PAu)S)l+ I00vo; 1380, [(Ph¡PAu)2(Ph2PAu)Se]* 9lflo; 1329,

tM(PAuS)l+ 947o; l2gg, tM(AuS)l+ l6Vo; II94, [(MAu-(SCNMe)]+ 35Vo; 1146,

tM(PCS)l+ 88Vo;1100, [M(P)]+ 70Vo; 1069,lMl+ 20Vo

{ Au[ Cy zP ( S e )C( S )NPh] ] *
IR: u(C=N) 1563 cm-l; u(C-S) 925 cm-r; t(P=Se) 526 cm-r

FAB: 1412, [MAu]+ I5Vo;1019, [M-(Au)]+ 5Vo;936, [M-(Au, Cy)]* lÙVo;837,

[(Au(phzP(se)c(s)NPhXAuS)] + 25Vo; 692, [S2Au zSezPzC]+ lÙVo; 6t8, lszAuzsez]+

I57o; 585, [Au2Se2P]+ 20Vo; 554, ll'luzSezl+ 47o; 459, [Au2S2]+ IOjVo; 4I2,

[CyzP(S e)C(S)N(H)Ph)+ I I Eo

x [m/e, assignment (intensity)]

lMl = ion corresponds to iAu(Ph2P(Se)C(S)NPh)Ìz
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5.6 Miscellaneous Reactions with Gold Salts

An alteration to the procedure reported in 2.l0.la was attempted. Selected

phosphorus(V) compounds were added directly to the Au(III) species, i.e. HAuCI¿, before

the addition of the thiodiglycol but the precipitation of elemental gold discouraged the

continuation of this technique.

To the {Au{PhZPC(S)NPhl }2 complex in benzene solution was added either sulfur or

selenium in an inert atmosphere. Refluxing the solution for three hours after an initial hour

of stirring at room temperature resulted in the isolation of the two reactants in each case.

5 .7 Summary of Reactions with Gold(I) Sals

From the reactions of the compounds with the gold(I) salts, i.e. reduced HAuCI¿ and

ph3pAuCl, it was found that the diorganophosphinothioformamides reacted to form

dinuclear gold(I) complexes. These species were also obtained from the reaction of the

RzP(Se)C(S)N(H)R' compounds with Ph3PAuCl.

The diorganophosphinylthioformamides were urneactive except for the reaction between

HAuCI+ and [Cy2P(O)C(S)N(H)Me] which yielded the {Au[CyzP(O)C(S)N(H)Me]Cl]

complex.

Some diorganothiophosphinylthioformamide ligands reacted with HAuCI¿ and

ph3PAuCt to produce either insoluble polymeric compounds formulated tentatively as

{Au[phzP(S)C(S)NR']]-, or alternatively, reaction with Ph3PAuCl yielded (tentatively)

ph¡pAu[RZp(S)C(S)NR'], i.e. with the deprotonated ligand coordinated in a monodentate

manner.

The diorganoselenophosphinylthioformamide ligands gave the analogous polymeric

complexes as for the Y = S derivatives when reacted with reduced HAuCI¿ and the cyclic

bidentate gold(I) complexes when reacted with Ph3PAuCl. The flow charts below

summarise the reactions and possible products obtained.
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{ AutCy2P(o)C(S )N(II)Mel Cl } {Au[R2PC(S)NR']]2

Y=O
=Q

HAuCla

Y=Se
Y=S

(Au[R2P(Se)C(S)NR']]- (Au[Ph2P(S)C(S)NR']]-

Flow Chart 5.7.1 The feaction of reduced tIAuCl¿ with RzP(Y)C(S)N(H)R', Y = 0, O,

S or Se, R = Ph or CY, R' = Ph or Me.

no reaction {Au[R2PC(S)NR'] ]2

Y=O
-0

3PAuCl

Y=Se
Y=S

{Au[R2PC(S)NR'] ]2 [Ph3PAu[R2P(S)C(S)NR'] ]

Flow Chart 5.7 .2 Thereaction of Ph3PAuCl with RzP(Y)C(S)N([I)R', Y = 0, O, S or

Se, R = Ph or Cy, R' = Ph or Me, in the presence of Et3N'

5.I The Structural Analysis of (Me2AutCyzPC(S)NCyl)

This chapter has focussed on gotd(I) complexes with the diorganophosphinothioform-

amides and their derivatives. A gold(III) complex, {Me2AutCyzPC(S)NCyl}, containing

the [Cy2pC(S)N(H)Cy]- anion was made available to the author by Professor R.

Kramolowsky. This afforded the opportunity to characterise crystallogaphically a complex

with the gold atom in the +Itr oxidation state-
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5.8.1 The Molecular Structure of {Me2Au[CyzPC(S)NCy]]

White crysrals of P, P-dicyclohexyl-N-cyclohexyl-phosphinothioformamido dimethyl

gold(III), {MezAulCyzPC(S)NCyl}, crystallise in the orthorhombic space group P212121

withunitcelldimensions¿=12.860(1),b=14.975(I),c=12.230(4)Å,V=2355.3(4)

Ã3,2 = 4 and Dx= I.595 g cm-3. The stn¡cture was refined to final R = 0.039, Rw = 0-042

for 1453 reflections with 1> 3.0o(Ð. The molecular structure of [MezAu[CyzPC(S)NCV] ]

is illustrated in Fig. 5.8.la (tlal; l57o thermal ellipsoids) showing the numbering scheme

employed and selected interatomic parameters are listed in Table 5.8.1.

The square planar geometry about the gold(trI) cenre can be seen from Fig. 5.8.1a.

The [CyzPC(S)NGI)Cy]- anion functions as a P-, S- chelating ligand, Au-S(l) 2.400(Ð Ä'

and Au-P(l) 2.3446) 
^. 

The S(l), P(1), N(1) and C(1) atoms are planar with a mean

deviation from the least-squares plane through these atoms of 0.018 Å. ttre gold atom lies

0.547(I) Å above this plane and thus the fqur-membered chelate ring, i.e. AuPC(1)S, is far

from planar. This is reflected in the deviations of the Au, P(1), C(1) and S(1) atoms from

their least-squares plane of 0.001(1), -0.019(6), 0.24(2) and -0.023(6) Å, respectively,

indicating substantial puckering in the four-membered ring. The torsion angles

AuÆ(1)/C(1yS(1) and Au/S(lyc(1)Æ(1) are -11.6(8) and 11.3(8)", respectivelv' The

angles about the gold centre are close to those expected for an ideal square planar system

except for the chelate angle formed by the ligand which is74.0(2)', this can be attributed to

the restricted bite angle of the ligand. Comparison of this structure to that of

{Au[phZPC(S)NPh] ]2, Section 5.2.4, which features a pseudo f,tve-membered ring, reveals

a number of differences. The Au-S(l) and Au-P(l) separations are approximately 0.10 and

0.02 Å longer, respecrively in the {Me2Au[Cy2PC(S)NCy]] complex. The angles also

differ between the two complexes, i.e. the Au-S(1)-C(1), Au-P(1)-C(1) and S(1)-C(1)-P(1)

angles are considerably smaller in {MezAu[CyzPC(S)NCy] ] white the S(1)-C(1)-P(1) and

p(1)-C(1)-N(1) angles are wider. These differences can be attributed to the different

coordination geometries about the gold centres. The P(1)-C(1)-N(1) angle is larger in the
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Fig. 5.8.la The molecula¡ structure of {Me2Au[Cy2PC(S)NCy]]



Table 5.8.1: Selected bond distances (Å) and angles (deg.) for {Me2Au[Cy2PC(S)NCy] ]

Au-S(1)

Au-C(2)

s(1)-c(1)

P(1)-c(11)

N(1)-c(1)

S(l)-Au-P(1)

S(l)-Au-C(3)

P(1)-Au-C(3)

Au-S(1)-C(1)

Au-P(1)-C(11)

c(1)-P(1)-c(11)

c(11)-P(1) -c(21)

s(1)-c(1)-P(1)

P(1)-c(1)-N(1)

2.400(s)

2.08(2)

r.77(2)

1.84(2)

t.2s(2)

Au-P(1)

Au-C(3)

P(1)-c(1)

P(1)-c(21)

N(1)-c(31)

S(1)-Au-C(2)

P(1)-Au-C(2)

C(2)-Au-C(3)

Au-P(1)-C(1)

Au-P(1)-C(21)

c(1)-P(1)-c(21)

c(1)-N(1)-c(31)

s(1)-c(1)-N(1)

2.344(s)

2.03(2)

1.8s(2)

1.85(2)

t.47(2)

74.O(2)

e7.r(7)

110.6(7)

e0.1(6)

t12.e(6)

107.1(8)

109.e(8)

104(1)

r2r(r)

r13.4(6)

100.4(6)

88.7(e)

e0.1(6)

r2s.2(6)

108.4(8)

tt9(2)

134(r)
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gold(I[) complex, presumably to minimise the interaction between the bulky phosphine-

bound and nitrogen-bound cyclohexyl groups.

The bond disrances of the methyl groups to the gold centre, Au-C(2) and Au-C(3), are

2.08(2) and2.O3(2) Ä,, respectively. The C(1)-S(1) distance of 1.77(2) Å is indicative of a

single bond, the C(1)-N(1) separation of 1.25(2) Å is suggestive of a formal double bond

berween these atoms and the P(1)-C(1) separation of 1.85(2) Å corresponds to that of a

single bond. The crystal structure of the parent compound [CyzPC(S)N(H)Cy], is not

available to make any comparisons with the deprotonated ligand in ttre complex.

Only one orher gold(I[) complex with a SPCZ donor set has been reported in the

literature, i.e. that of {(CeFs)zAulPPhzCHPPhzSl} tl181. The Au-P bond length of

2.331(L).*4. is comparable with the distance found above while the Au-S separation of

2.345(2) Á. is shorter. The Au-C distances are equivalent to the separations listed above.

The bite angle of the ligand is much closer to 90', i.e. S-Au-P is 89.6(1)', and this is due to

the additional arom in the chelate ring allowing for the greater flexibility of the tigand

whereas in the structure of {MezAutCyzPC(S)NCyl } the four-membered ring is strained.

There were no significant intermolecula¡ contacts of note in the lattice; the unit cell

contents are shown in Fig. 5.8.lb. The closest non-hydrogen contact occurs between atoms

C(3) and C(34)' of 3.58(3) Å lsymmetry operation: -1.5-x, 2-y, -0-5-z) and the closest

contact involving a hydrogen atom of 3.188 Ä. occurs between the S(l) and H(11a)' atoms

(symmetry operation: -0.5+x, -1.5-y, -z).

The crystal structure analysis confirms the stoichiometry of the compound and

demonstrates the presence of a P-, S- chelating mode for the {MeZAu[CyZPC(S)NCy]]

complex and a strained four-membered AuPCS ring.
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Fig. 5.8.lb The unit cell contents for {Me2Au[Cy2PC(S)NCy] ]



Chapter 6

METAL COMPLEXES OF DTORGANOPHOSPHTNO',

DTORGANOPHOSPHTNYL-, DTORGANOTHTO'

PHOSPHINYL. AND DIORGANOSELENOPHOSPHINYL-

THIOFORMAMIDES
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Introduction

lnthe Introduction, Chapter 1, the known coordination characteristics of neutral and

deprotonated forms of RzPC(S)N(H)R', RzP(O)C(S)N(H)R' and R2P(S)C(S)N(H)R', R =

ph or Cy, R' = Ph or Me, as revealed by crystallographic technþes, were described. In

this Chapter spectroscopic evidence (IR, NMR (the atom numbering scheme is as in Section

4.4.2) and FAB MS) and crystal structures (where possible) of a number of new

coordination complexes a¡e described. The complexes were either prepared by the author or

kindly supplied by Professor R. Kramolowsky of the University of Hamburg, Germany.

The coordination potential of several tRzPC(S)NR'l- anions is explored as well as a rare

example of a complex containing the tCyzPC(S)NMel- anion. Further, the coordination

properries of several complexes of the anion derived from RzP(Se)C(S)N(H)Ph are reported

for the first time.

6 . 1 Metal Complexes with Diorganophosphinothiofomramides

The coordination chemistry of three different diorganophosphinothioformamide ligands

are reported in this section, namely tPhzPC(S)N(H)Phl, [CyzPC(S)N(H)Ph] and

tCyZpC(S)N(H)Mel with the ligands in their deprotonated forms. There are several

examples in the literature of metal complexes containing the [RzPC(S)NR']- anions which

have been described in Chapter 1. However, as mentioned earlier, it has not been possible

to obtain the [Cy2PC(S)N(H)Me] ligand in pure form. Unequivocal evidence for its

preparation is provided by the characterisation of the {Ni[CyZPC(S)NMe]2] complex, the

crystal structue determination of which this is the first example of a complex containing the

lCyzPC(S)NMel- anion.

6.1.1 The Molecular Stucture of {Co[CyzPC(S)NPh]s]

The da¡k blue crystals of rris(P, P-dicyclohexyl-N-phenyl-phosphinothioformamido)

cobalt(Ilf, {CotCyZPC(S)NPhl3}, were grown from the slow evaporation of a chloroform

solution of the compound; the complex was kindly supplied by Professor R. Kramolowsky.
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crystals are monoclinic, space group PZt/, with unit cell dimensions ¿ = L6.O53(2), b =

19.200(2), c =18.257(3),{, Þ = 101.59(1)', y= 5512(1) Ã3,2 =4 and Dx=I.273I cm-3.

The srrucrure was refined to final R = 0.070, Rw = 0.066 for 3030 reflections with / 2

3.0o(1). The molecular structure of the compound is shown in Fig. 6.1.1a (Íl4l;207o

thermal ellipsoids) and the unit cell contents are shown in Fig. 6.1.lb. Selected interatomic

parameters are listed in Table 6.1.1.

The structure of (Co[CyzPC(S)NPh]¡] is molecular, there being no significant

intermolecular contacts. The closest non-hydrogen contact of 3.53(3) Å occurs between

atoms C(l2c) and C(33c)' (symmetry operation: +x, 0.5-y, -0.5+z) and the separation of

2.85(4) Å was the closest contact involving a hydrogen atom and occurred between the

atoms N(lb) and H(25c)' (symmetry operation: l-x, -y, -z)-

The molecule has no crystallographically imposed symmetry and consequently there are

three independent tCyzPC(S)NPhl- anions tabeled a,b andc. Each anion chelates the

central cobalt(Ill) atom. Two of the ligands , i.e. a and b, chelate the cobalt atom via the

phosphorus and sulfur atoms and form very different distances: Co-S(l) and Co-P(l) are

2.254(4) and 2.229(4) Å, respectively for ligand a, and 2.307(4) and 2.265(4) Å,

respectively for ligand b. The third ligand,i.e. c, coordinates the central atom through the

sulfur and nitrogen atoms such that the Co-S(l) and Co-N(l) distances are 2.3[Ø) and

Z.O2(l)Å, respectively. The sulfur atoms are in a meridional arrangement. The disparity in

the co-P distances may be traced to the different trans influences of the donor atoms

opposite to the P(la) and P(lb) atoms. Hence, the longer Co-P(lb) bond is trans to the Co-

N(lc) bond and the shorter Co-P(la) bond is trans to the Co-S(lb) separation. The reason

for the different modes of coordination of the phosphinothioformamide ligands is possibly

steric in origin. Molecular models show that either a facial or meridional arrangement of

phosphorus donor atoms would lead to impossible steric strain in the molecule. Hence, a

S3P2N donor set may be preferred for these steric considerations.

This is the first instance where a S3P2N donor set to a cobalt(Ill) centre has been

reported, similarly, iridium and rhodium complexes with such a donor set also do not exist

in the crysrallographic literature. In the structure of {Co(SzCOEt)z(dmpe)}[BPh¿] (where
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Tabte 6.1.1: Selected bond distances (Å) and angles (deg.) for {Co[CyzPC(S)NPh]¡]

Atoms

Co-S(1)

Co-P(1)

Co-N(1)

s(1)-c(1)

P(1)-c(1)

P(1)-c(11)

P(1)-c(21)

N(1)-c(1)

N(1)-C(31)

S(1a)-Co-S(1b)

S(1a)-Co-P(1a)

S(1a)-Co-N(1c)

S(1b)-Co-P(1a)

S(1b)-Co-N(1c)

S(1c)-Co-P(1b)

P(1a)-Co-P(lb)

P(1b)-Co-N(1c)

Co-S(1b)-C(1b)

Co-P(1a)-C(1a)

Co-P(1a)-C(21a)

C(1a)-P(1a)-C(ZIa)

Co-P(1b)-C(1b)

Co-P(1b)-C(21b)

c(1b)-P(1b)-c(21b)

C(1c)-P(1c)-C(11c)

C(11c)-P(1c)-C(21c)

c(1b)-N(1b)-c(31b)

Co-N(1c)-C(31c)

S(1a)-C(1a)-N(1a)

s(1b)-c(1b)-P(1b)

P(1b)-C(1b)-N(1b)

S(1c)-C(1c)-N(1c)

Itganda ligand b ligand c

2.2s4(4)

2.229(4)

1.7s(1)

1.84(1)

1.88(1)

1.87(1)

t.27(r)
r.42(r)

2.307(4)

2.26s(4)

2.3rr(4)

t.74(t)
1.83(1)

1.86(1)

1.8s(1)

r.26(t)
r.43(2)

S(1a)-Co-S(1c)

S(1a)-Co-P(1b)

S(1b)-Co-S(1c)

S(1b)-Co-P(1b)

S(1c)-Co-P(1a)

S(1c)-Co-N(1c)

P(1a)-Co-N(1c)

Co-S(1a)-C(1a)

Co-S(1c)-C(1c)

Co-P(1a)-C(11a)

C(1a)-P(1a)-C(11a)

C(11a)-P(1a)-C(21a)

Co-P(1b)-C(11b)

c(1b)-P(1b)-c(11b)

c(11b)-P(1b)-c(21b)

C(1c)-P(1c)-C(21c)

C(1a)-N(1a)-C(31a)

Co-N(1c)-C(1c)

S(1a)-C(1a)-P(1a)

P(1a)-C(1a)-N(1a)

s(1b)-c(1b)-N(1b)

S(1c)-C(1c)-P(1c)

P(1c)-C(1c)-N(1c)

2.02(r)

1.74(t)

1.e4(1)

r.76(2)

1.88(1)

1.28(1)

t.42(r>

91.6(1)

7s.3(r)

ee.4(3)

166.0(1)

88.e(3)

101.9(1)

100.7(1)

160.6(3)

e0.6(4)

et.2(4)

118.4(4)

10e.8(6)

8e.6(4)

rr4.t(4)
101.1(5)

106.6(8)

104.7(e)

120(1)

t32.4(8)

134(1)

100.8(7)

t26(1)

110.s(9)

167.1(1)

90.4(1)

es.7(1)

74.0(1)

98.1(1)

70.1(3)

e8.0(3)

e2.e(4)

78.1(4)

t2r.4(s)

103.s(6)

10e.1(6)

129.s(s)

108.1(6)

108.4(6)

103.1(6)

r2r(r)
101.1(8)

ee.6(7)

126(r)

133(1)

r20.e(7)

12e(r)
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dmpe is bis(dimethylphosphino)ethane), which features a S¿Pz donor set, the Co-S

distances are in the range 2.255(l) to 2.290(2) Å and the Co-P separation is 2.205(1) Å

tl191 (the molecule has two-fold symmetry). The Co-N and Co-P separations have been

found in the ranges 1.361(3)-1.965(9) and 2.236(3)-2.303(3) ,&, respectively in the

strucrure of {(PMeg)¡Co(SCN)¡} (two independent molecules in the unit cell) which

features a P3N3 donor set to the cobalt atom [120]. In the structure of {Co(pyS)¡}, pyS =

pyridine-2(1H)-thione, which contains a S3N3 donor set the Co-N and Co-S bond lengths

are in the ranges 1.903(3)-1.933(3) and 2.286(1)-2.306(1) Å, respectively [121], while

average values for these distances have been found in another related structure, i.e.

{ColCo(SCHzCHzNHz)¡lz}z(SOq)CIq, of 1.996(8) and 2.238(7) Ä, respectively [122].

The value of 2.02(I) Å for Co-N(lc) is fractionally longer than similar distances found

above and this could be possibly due to the nitrogen atom being trans to a phosphorus atom.

The cobalt atom exists in a distorted octahedral geometry with the major distortions

attributed to the restricted bite angles of the ligands, i.e. S(1a)-Co-P(1a) 75.3(1)', S(lb)-Co-

P(lb) 74.0(l)" and S(1c)-Co-N(1c) 70.1(3)". The mode of attachment of each of the three

anions leads to the formation of a four-membered ring. The lack of planarity in the

CoPC(1)S rings of ligands a and b is emphasised in the torsion angles Co/S(1)/C(1)Æ(1) of

-8.4(5) and 18.6(5)", respectively and CoÆ(lyc(1)/S(1) of 8.5(5) and -19.0(5)',

respectively. The four-membered ring of ligand c, i.e. CoSC(1)N, is quite planar, however,

as seen in the torsion angles Co/S(1)/C(1)n{(1) and CoA{(1yC(1)/S(1) of -2.7(8) and

3.0(9)', respectively.

The atoms comprising the central chromophore of ligands b and c, i.e. P(1), C(1), S(1)

and N(1), are essentially coplanar with deviations from the least-squares plane through these

atoms being -0.000(1), 0.01(1), -0.000(3) and -0.01(1) Å, respectively for ligand b and

0.001(5), -0.02(1), 0.001(3) and 0.006(9) Å, respectively for ligand c. (By contrast, the

atoms of the central chromophore in ligand a are not as planar, with deviations in the same

order as above, of -O.ffi1(3), 0.06(1), -0.002(3) and -0.03(1) Å, respectively.) The C(i)-

S(1), C(1)-N(1) and N(1)-C(31) separations are equal within experimental for the three

ligands and consequently no trends in these parameters are discernible. Ligand c, which
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coordinates the cobalt atomviathe nitrogen atom still has considerable double bond character

in the C(1)-N(1) bond as can be seen by the short C(1)-N(1) distance of 1.28(1) Ä.. There

are, however, significant differences in the bond lengths associated with the phosphorus

arom. The P(1)-C(1) distances of 1.84(1) Å for ligand a and 1.83(1) Å for ligand b are

identical but the distance found in ligand c was considerably longer at 1.94(1) Å.

Comparison of these distances with the average P(1)-C(1) distance in the parent ligand

tCyzPC(S)N(H)Phl [15], for which two independent molecules are found in the

crystallographic asymmetric unit, of 1.868(5) Ä, showed that the P(1)-C(1) separation

decreased in ligands a andb while in ligand c the distance has elongated by approximately

0.07 Ä.. These observarions indicate that the P(l)-C(1) bond is comparatively weak in

ligand c and accounts, in part, for the relaúvely short C(1)-N(1) separation. The P-C(Cy)

distances in the cobalt complex are equal within experimental error to ttre average distance

found in [CyzpC(S)NGI)Ph] of 1.856(3) Å. Some disorder is noted in the cyclohexyl ring

C(11b)-C(16b) as seen in the rather elongated thermal parameters of some of the atoms; only

single sites could be discemed for these atoms, however.

The angles about the C(1) atom for ligands a andb are equivalent within experimental

elror, i.e. s(1)-c(1)-P(1) is 99.6(7)' and S(1)-C(1)-N(1) is 134(1)" for ligand a and

100.8(7) and 133(1)', respectively for ligand b whereas for ligand c, the comparable angles

ue 120.9(7) and 110.5(9)', respectively. The difference in these angles of approximately

20' and 22" ror the s(1)-c(1)-P(1) and S(1)-C(1)-N(1) angles, respectively can be

correlated with the different modes of coordination of the ligands.

The crystal strucrure determination of {Co[CyZPC(S)NPh]3] demonstrates the flexible

mode of coordination of phosphinothioformamide ligands with two distinct coordination

modes being found in the same complex.
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6.1 .2 The Preparation and Characterísation of yans-{NitPhzPc(S)NPhlz}

6.1 .2a The Spectroscopic Characterisation of rrans- { Ni[PhzPC(S )NPh] z ]

The reaction of NiNO3 with two mole equivalents of [PhzPC(S)N(H)Ph] in the

presence of excess Et3N affords the complex [NitPhzPC(S)NPh]z] as an air-stable,

crystalline solid in high yield. Spectroscopic data is given in Table 6-1.2a.

The IR specrrum of this complex shows strong bands at 1555 cm-l and 924 cm-l- The

thioamide(I) band has increased in frequency (from 1528 cm-1 in [PhzPC(S)N(H)Ph])

indicating more double bond character in the C(1)-N(1) bond. The thioamidefll) band is no

longer ar 1388 cm-l, as found in the free ligand tPhzPC(S)N(H)Phl, but a band attributed to

u(C-S) has appeared atg24cm-1. The u(C-S) absorption has been observed in the region of

930 t 30 cm-l for complexes involving phosphinothioformamide ligands that form four-

membered chelate rings [123 -126]. The above shifts and the absence of the u(N-H)

absorption band indicates coordination via the phosphorus and sulfur atoms to the metal

atom [lZ7]. The r¡(Ni-S) and r(Ni-P) absorption bands occur below 400 cm-l Í1281,

however, this range was not accessible on the laboratory spectrophotometer. Kunze et al

have made a number of metal complexes coordinated with diorganophosphinothioform-

amides of which the IR data exhibit similar trends to those found for (Ni[PhzPC(S)NPh]z]

and for the subsequent nickel complexes [129-132].

The lH NMR spectrum of the complex in CDCI3 solution was umemarkable with the

phenyl resonances appearing in the expected region. The N-H peak was absent suggesting

that the ligand was deprotonated. Two resonances in the 13C ¡Ur¿R spectrum, CB and C1,

were observed to be split into three resonances in the ratio 1:2:1. This situation could be due

to two possibilities:- either i) the two ligands are in different environments, this was not

evidenced by the X-ray crystallographic analysis (see later) or ii) that the complex is

interchanging between the cis and trans isomers in solution (this could be verified by

variable temperature 31p NtrrtR spectroscopy). It is suggested that a cis isomer is unlikely as

this configuration would result in impossible steric interactions between the phosphorus-

bound substituents t1341. The quaternary carbon signal, CO, shifted upfield to ô 173.4 ppm



Table 6.L.2az Spectroscopic data for rrans-{NitRzPC(S)NR'lz}, R = Ph or Cy,

R'= Me or Ph

IR (frequencies given are in cm-1)

{Ni[PhzPC(S)NPh]z]

{NLIP hzPC(S )NM e] ù ligand a

ligand b

{Ni[CyzPC(S)NPh]z]

{NiICyzPC(S)NMe]z]

r¡(thioamide I)

1555

1599

t479

t573

1591

) u(thioamide tr)

1387

u(C-S

924

902

943

914

lH tltr4R (chemical shifts, ô, ate in ppm)

{N i t P hzP C ( S )N P hl z} : PPh2 7 .11-8.03, NPh 7. 1 1-8'03

{NitPhzPC(S)NMelzl: PPh2 7.44-7 -95, NMe 3.35 (broad)

{N i I Cy zP C ( S )N P h] z] : PCy 2 r.29 -2 -2r, NPh 7.08-7'3 I
{N i t Cy zP C ( S )N M el z} : PCy 2 r.r8-2.23, NMe 3.58 ¡¡G+r) 5 -28 Hz

13C NMR (chemical shifts, õ, are in ppm, n.o. = not observed)

{NitphzpC(S)NPhlz}: PPh2 Ca132.7 IJ(PC) 10.1 Hz, CP 133.3 zr(pC) 6.2H2, C^v

t}g.g 3J(pC) 4.9 ]firz, Cõ 131.3, NPh Ca 151.6, C6128.4, Q and C¿ (n-o.), Cq173.4

{NitphzpC(S)NMelz}: PPh2 Cu132.7 lJg>C) 9.6lø2, CP 133.3 z¡(pC) 6.2H4 Or 128.9

3J(pC) 5.3 :grz, Cõ 131.4, NMe C¿ 39.3 3J(PC) 9.8 Hz, Cqt73.3 and 201.5

{ N i t Cyzp C ( S )N P hl z} : PCyz Ca 32.6 IJ(PC) 7 .5 Hz, CP-Cõ 28.7 -25.9, NPh Ca 148 -2

lJ(pc) 9.2:gr2, c6 128.8, cc 121.6, c6124.5, q 175.6 IJ(PC) 26-4Hz

{N í t Cyzp C ( S )N M e I z} : PCy 2 Ca 34.9, CP-Cô 26.3-24.7, NMe C¿ 46.5, Cq 163 -4 U(PC)

33.0 Hz

FAB (m/2, [assignment] intensitY)

{Ni[PhzPC(S)NPh]z]:699, [M]+ 77o;595, tM-(CNPh)l+ l07o;564, [M-(SCNPh)]+ 167o;

461, [(PhzP)zNiS]+ lSVo;378, t(PhzPC(S)NPh)Nil+ l27o;320, tPhzPC(S)NPhl+ 157o;

307, [PhzPNiSz]+ 1007o;288, [Ph2PCNPh]+ 827o

{NitPhzPC(S)NMelz}:575,1M1+ 49Vo;534, [M-(CNMe)]+ ljvo;502, [M-(SCNMe)]+

t007o; 461,l(PhzP)zNiSl+ 92Vo; 428, t(PhzP)zNi)+ 22Vo;391, [M-(PPhz)]* I6Vo;3L7 ,

t(PhzPC(S)NMe)Nil+ 42Vo;307, [PhzPNiSz]+ 947o;260,[Pb2PC(S)N(H)Me]+ 79Vo:

260, [PhzPCN(H)Me] + 59 Vo

{NitcyzPc(s)NPhlz}:723,1l/l1+ lTVo;620, [M-(CNPh)]+ 57o;588, IM-(SCNPb))+ 5Vo;

5 | 6, l(Cy zP C (S )NPh )Ni (CyPC) )+ I 6Vo ; 39 r, [(Cv 2P C( S )NPh)Nil * 67o ; 33 4'

tCyzPC(S )N(H)Phl+ lOVo; 308, t(CyPC(S)NPh)Nil+ 24Vo; 3O0, tCyzPCN(H)Phl+

3l7o; 288, [CyzPNiS] + l97o; 27 9, l(CyPCNPh)Nil+ 67 Vo; 2I3, [CvzPO]+ lo07o

{NI[Cy2PC(S)NMe]z]:599,[M]+ 4Vo;620, [M-(Cv)]+ 3Vo;461, [M+(SCN), -(PCyz)]+
gE"; +O¡, tlyt- (p Cyùl* l7o; 288, [CyzPNiS] + l37o: 231, lCy 2PC(SXH)]+ lNTo



97

whereas the C¿ resonance (nitrogen-bound phenyl ring) moved downfield to ô 151.6 ppm

with respect to the values of õ 206.6 ppm, UIPC) 39.9 Hz and õ 138.7 ppm found for

uncoordinared [PhzPC(S)N(H)Ph]; there was no sign of any phosphorus-carbon coupling

found in the complex for the Cq carbon atom. The Ccr resonance þhosphorus-bound phenyl

ring) shifted upf,retd by 1.8 ppm (õ 132.7 ppm, UçPC) 10.1 Hz).

In the FAB mass spectrum of the complex the molecular ion, [M+, was apparent in low

abundance , 87o, and there were no ions that occurre d at mlz greater than [M]+. The most

abundant fragment, mlz 307, and was assigned to [Ph2PNiSz]+. Other fragments can be

found in Table 6.1.2a.

6. I .2b The Molecular S tructure of rrans- { Ni[PhzPC(S)NPh]z ]

The orange crystals of. tans-bis(P, P-diphenyl-N-phenyl-phosphinothioformamido)

nickel(Il), trans-{NitPhZPC(S)NPhlZ}, wer€ obtained from the slow evaporation of a

chloroform solution of the compound. Crystals are triclinic, space group Pl with unit cell

dimensionsø=10.357(I),b=18.309(2),c=3.9393(8),{,o=96.125(9),þ=99.L52(7),

^r = 80.479(9) , V = 16M.8(3) Ã3,2 = 2 and Dx = 1.412 g cm-3. The structure was reltned

to frnal R = 0.039, Rw = 0.041 for 2903 reflections with 1> 3.0o(Ð.

An unsuccessful attempt to solve this structure has been reported previously [133] but

disorder prevented an acceptable result, R = 0.1612. The crystallo$aphic parameters given

for the earlier attempt were: triclinic, space group PI, a = 8.950(6), b = 9.745(4), c =

10.366(7) Å, o= 112.28(4), Ê= 99.09(5), r= 90.88(4)'and Z= | (i.e. the molecule was

constrained to be centrosymmetric).

In the present analysis, there is no crystallographically imposed symmetry in the

{Ni[PhzPC(S)NPh]z] molecule. Therefore, two crystallographically independent

IPhZPC(S)NPhl- anions, i.e. ¿ and å, chelate the central nickel atom which exists in a

distorted square planar geometry defined by the phosphorus and sulfur atoms derived from

each of the chelating tPh2PC(S)NPhl- ligands; Ni-S 2.188(2) Å for ligand a and2.l63?) A'

for ligand b, andNi-P 2.171(2) Ä for ligand ø and 2.182(2) Å for ligand å. The molecular

sffucnre of the compound appears in Fig. 6.I.2a (tlal; 25Vo thermal ellipsoids) and selected
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Fig. 6.I.2a The molecular structure of tans-{NilPhzPC(S)NPhlz)
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interatomic parameters can be found in Table 6.1.2b. The restricted bite angles, i.e.

77.58(5) and 77.4O(6)' for S(1a)-Ni-P(1a) and S(lb)-Ni-P(lb), respectively, of the

chelating ligands are responsible for the distortion from the ideal square planar geometry.

The Ni-S and Ni-P separations compare favourably with the values found in the strucnre of

tNi(Cy2PCSz)zl which also features a, tans PzSz donor set; Ni-P, Ni-S and S-Ni-P were

2.185(2) Å,,ZSelQ) Å and 77 .2(2)", respectively t13al. The atoms that define each four-

membered ring i.e. Ni, P, C(1) and S, are planar as seen in the Nrr/P(1)/C(1)/S(1) torsion

angles of 0.4(2) and -3.3(2)" for ligands ¿ and b, respectively.

A comparison of the interatomic pammeters for the parent ligand, [Ph2PC(S)N(H)Ph],

with those for the coordinated (and deprotonated) anions in the nickel complex revealed

numerous variations in the parameters associated with the central PCSN chromophore. The

values for ligand å will follow those for ligand ø in curly brackets. The C(1)-S(1), P(1)-

C(1) and C(1)=¡11¡ separations of 1.757(5) {1.763(5)}, 1.825(5) {1.829(5)} and

I.276(5) { 1.265(5)} Å, respectively have elongated, contracted and contracted compared

with the equivalent values in [PhzPC(S)N(H)Ph] of 1.650(3), 1.862(3) and 1.334(3) Å,

respectively. The respective parameters for the two ligands are equal within experimental

error. The C(1)-S(1) distances in the complex approaches single bond character whilst the

C(1)=¡11¡ bond lengths are indicative of considerable double bond character. The

P(1)-C(1) distance is approximatety 0.35 Ä less than that of the parent ligand. Clearly,

additional æ-electron density is localised in the P(1)-C(1) bond in the complex. The angles

around the C(1) atom, i.e. S(1)-C(1)-P(1), S(1)-C(1)-N(1) and P(1)-C(1)-N(1), have

contracted, expanded and expanded by approximately 15, 4 and 10", respectively compared

to those in [PhZPC(S)N(H)Ph]. These changes are due to the strain at the C(1) atom when

coordination of the ligand occurs to form a four-membered ring. The S(1)-C(1)-P(1) angle

contracts to accommodate the bite of the ligand which results in a concomitant increase in the

other two angles. The central PSCN chromophores in the complex are, however, planar as

evidenced by the respective torsion angles S(1yC(1)/N(1yC(31) of -177 .0(4)" (-177 .5(4)" I

and P(1)/C(1)/N(1)/C(31) of 6.4(8)' {2.6(8)'} which allows for delocalisation of rc-electron

density over these atoms.

a



Table 6.l.2bz Selected bond distances (Å) and angles (deg.) for trans-

{NilRzPC(S)NR'lz}

Atoms

Ni-s(1)

Ni-P(1)

s(1)-c(1)
P(1)-c(1)

P(1)-c(11)

P(1)-c(21)

N(1)-c(1)

N(1)-c(31)

S(1a)-Ni-S(1b)

S(1a)-Ni-P(1a)

S(1a)-Ni-P(1b)

S(1b)-Ni-P(1a)

s(1b)-Ni-P(1b)

P(1a)-Ni-P(1b)

Ni-s(1)-c(1)
Ni-P(1)-c(1)

Ni-P(1)-c(11)

Ni-P(1)-c(21)

c(1)-P(1)-C(11)

c(1)-P(1)-c(zr)

c(11)-P(1) -c(zr)
s(1)-c(1)-P(1)

s(1)-c(1)-N(1)

P(1)-c(1)-N(1)

c(1)-N(1)-c(31)

2.r773(9)

2.r766(9)

r.7s4(3)

1.817(3)

1.835(4)

1.828(4)

r.274(4)

r.436(4)

2.184(1)

2.t739(9)

t.777(4)

r.824(4)

1.834(4)

1.837(3)

r.2s4(4)

r.470(s)

R=Ph,R'=Ph
ligand a ligand b

R = Cy, R' =Phx R= Cy, R' =Me*

2.188(2)

2.r7t(2)
r.7s7(s)

1.82s(5)

1.807(s)

1.816(s)

r.276(s)

1.41s(6)

2.t63(2)

2.182(2)

1.763(s)

1.829(s)

1.810(s)

1.813(s)

r.26s(s)

r.44r(6)

r77.73(7)

77.s8(s)

104.78(6)

100.24(6)

77.40(6)

t77.62(7)

e2.2(2) e3.3(2)

e0.e(2) e0.e(2)

120.8(2) 119.7(2)

tt8.4(2) 118.0(2)

108.6(2) 110.0(2)

107.8(2) 10s.3(2)

r07.e(2) 109.e(2)

ee.3(2) 98.3(2)

134.3(4) r32.s(4)

126.4(4) 129.3(4)

t2r.3(4) t2r.2(4)

180(-)

78.0e(3)

101.91(3)

180(-)

78.23(4)

r0r.77(4)

180(-)

91.s(1)

eo.s(1)

121.s(1)

119.1(1)

106.3(2)

108.e(2)

r07.6(2)

ee.s(2)

133.0(3)

r27.s(3)

118.1(3)

180(-)

e1.s(1)

89.e(1)

118.2(1)

121.1(1)

108.8(2)

108.9(2)

r07 .7 (2)

100.4(2)

131.1(3)

128.s(3)

rr7 .t (3)

* atoms designated by a and b are related by a crystallographic centre of inversion for the

twoR=Cycomplexes
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The structure of the complex is molecular with the closest non-hydrogen contact

occurring between the C(24a) and C(26a)' atoms of 3.430(8) Å lsymmetry operation: -1-f,

l-y, -z). The closest contact involving a hydrogen atom was 3.444 Ä and occurs between

Ni and H(33b)' (symmetry operation: l+x, +y, +z). The unit cell contents are depicted in

Fig. 6.1.2b.

6.1 .3 Ttrc Ctnracterisation ol {Ni[PhzPC(S)NMe]z]

6. 1 . 3a The Spectroscopic Cha¡acterisation of I Ni[PhzPC(S)NMe]z ]

Reacting NiNO3 with two mole equivalents of [PhzPC(S)N(H)Me] with excess Et3N

gave a compound which did not behave like the {Ni[PhzPC(S)NPh]z] complex. Major

absorptions in the IR spectrum were found at 1599, 1479,1387 and 902 cm-l- There was

no sign of the D(N-H) band suggesting that the ligand was deprotonated. The bands at 1599

and gO2 cm-l are consistent with P-, S- chelation as discussed above for

{Nitph2pC(S)NPhlz}. The frequency of the u(C-N) band of the complex with R' = Ph is

lower ttran that of the analogous complex with R = Me owing to the electron-withdrawing

effect of the phenyl group. A similar situation was observed for related rhodium,

molybdenum and tungsten complexes Í124, 1351. The bands at 1479 and 1387 cm-l

however, correspond to a situation where the [Ph2PC(S)NMe]- anion coordinates vi¿ the

phosphorus and nitrogen atoms. The absorption band at 1479 cm-l has shifted to lower

frequency from the value found for the free ligand, whereas the 1387 cm-l band has

increased in frequency, indicative of more C=S character. These results are interpreted as

indicating two different modes of coordination of the [PhZPC(S)NMo]- anion. One ligand

chelates via the sulfur and phosphorus atoms and the other anion chelates as a phosphorus

and nitrogen donor (as seen in the structure {Co[CyzPC(S)NPh]g] of described above); see

6.14 and 6.18 (R and R' groups omitted for clarity). The postulated structures in 6.14 and

,S. ,N. .zS. ,PaN:"í ,*i )":t N:cl 'xí )c:s
PPPN

6.1A 6.18



+b

0

+a

Fig. 6.1.2b The unit cell contents for trans-{Ni[PhzPC(S)NPh]z]
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6.18 differ in a cis- (6.14) or tans- (6.18) disposition of the phosphorus atoms. A similar

coordination pattern has been observed before in a molybdenum complex, i.e.

[Mo(CO)ztphzpC(S)NMe][p-PhzPC(S)NMe] ]zÍ28,291, where each ligand is attached in a

bidentate manner to two molybdenum atoms, as described in Chapter 1. Crystals of the

{NitphzpC(S)NMelZ} complex were not obtained to confirm this assignment.

In the lH NMR spectrum the absence of the N-H resonance suggested that the ligand

was deprotonated. The integration was consistent with what was expected for two phenyl

groups and a methyl group. In the l3C NMR spectrum al:2;l ratio was seen for the Cp, C1

and C¿ carbon aroms which indicated some in equivalence in the phenyl groups or the

conversion between cis and fr¿ns isome$ as described above. There were two values seen

for the quaternary carbon atom Cq, one at ô 173.3 ppm which is similar in value to the one

obtained above for {Ni[PhzPC(S)NPh]z) and suggests a P-, S- coordination mode while

the other peak was at õ 201.5 ppm and could be due to a ligand with a P-, N- coordination

mode. Both of these resonances were singlets.

In the FAB mass spectrum the molecular ion, [M]+ appeared at49Vo abundance. Two

of the most intense ions were assigned to IM-(SCNM e)f+, rnlz 502, I007o and [PhzPNiS]+'

mlz 4û,93Vo. Other fragment ions are shown in Table 6.1.2a and reflect some similarity to

the ions found for {Ni[PhzPC(S)NPh]z].

6.1 .4 The Characterísation of tans-{Ni[CyzPC(S)NPh]z]

6. l.4a The Specrroscopic characterisation of nøns- { Ni[cyzPC(S)NPh]z ]

Reaction of NiNO3 with two mole equivalents of [Cy2PC(S)N(H)Ph] in ttre presence of

excess Et3N lead to the formation of INilCyzPC(S)NPh]z] in high yield. The complex is

an air-søble crystalline solid. Spectroscopic data is given in Table 6.I.2a.

The IR spectrum of this complex exhibited the same characteristic shifts as was seen for

the {NilphzPC(S)NPhl2} complex described above. Strong bands at l5l3 cm-r and943

cm-l are due to rhe o(C=N) and u(C-S) absorptions, respectively. In [CyzPC(S)N(H)Ph]

the thioamide(I) band occurred at l5OZ cm-l and the thioamide(Il) band was observed at

1378 cm-l (which is not evident in the complex). Clearly, this information coupled with the
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absence of rhe o(N-H) band indicates a coordination mode through the phosphorus

sulfur atoms.

The lH NMR specrrum of the complex was unremarkable with the phenyl ring protons

in the expected region, i.e. ô 7.08 to 7.38 ppm, and the cyclohexyl protons in the range õ

1.18 to 2.45 ppm. As was seen from the IR analysis, the N-H resonance was also absent.

An interesting resonance pattern was observed for the Cq, Co and C¿ carbon atoms in the

l3C NMR spectrum of the complex. The 13C NMR spectrum had some resonances

occurring as triplets in a l:2:l ratio, as has been mentioned above for the R = Ph complexes.

The quaternary carbon signal shifted upfield to ô 175.6 ppm, 1J1PC) 26.4 Hz, with respect

to rhe value of ô210.3 ppm, lJ1PC) 34.4 Hz, found for [Cy2PC(S)N(H)Ph]. The C¿

resonance (nitrogen-bound phenyl ring) moved downfield to ô 148.2 ppm, 3J1PC) 9.2H2,

with respect to the value of ô 138.9 ppm, 3J1PC) 11.6 Hz, found for the parent compound

tCyzpC(S)N(H)Phl. The Ccr resonance (phosphorus-bound cyclohexyl ring) shifted

upfield by approximately 3 ppm (õ32.6 ppm, UIPC)7.5}J2)-

The molecula¡ ion, [M]+, was by no means the most abundant ion in the FAB mass

spectrum with an intensity of l4%o. The most abundant ion was assigned to [CyzP(O)]+

with m/z of 213. Other ions are listed in Table 6.1.2a-

6. 1 .4b The Molecular Structur e of rars- {Ni[CyzPC(S )NPh]z ]

The orange crystals of trans-bis(P, P-dicyclohexyl-N-phenyl-phosphinothioformamido)

nickel(I!, trans-{Ni[Cy2PC(S)NPh]Z], were obtained from the slow evaporation of a

chloroform solution of the compound. Crystals are triclinic, space group Pl with unit cell

dimensions a = 10.591(1), b = 10.887(l), c = 10.385(1) Å, o = 112-699(9), Þ =

lLg.034(7),y=74.75(1)', y =96I.6(2) Ã3,2 = l and Dx=\.249I cm-3. The structure

was refined to final R = 0.038 , Rw = 0.043 for 1964 reflections with 1 > 3.0o(I). The

molecular structure of the compound is shown in Fig. 6.1.4a ([14], 257o thermal ellipsoids)

and selected interatomic parameters are listed in Table 6.1.2b.

The structure of trans-{Ni[CyZPC(S)NPh]2] is as described above for trans-

{Ni[Ph2PC(S)NPh]z] with only minor variations between the two molecules. The nickel
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Fig. 6.1.4a The molecula¡ structure of trans-{Ni[Cy2PC(S)NPh]2]
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atom is disposed about a crystallographic centre of inversion located at (0, 0, 0). The atoms

that comprise rhe central moiety of the ligand i.e. P(1), C(1), S(1) and N(1)' are coplanar

with deviations of 0.000(1), 0.006(3), 0.000(1) and -0.012(3) Å, respectively out of the

least-squares plane through these atoms. The NiPC(1)S ring is essentially planar as can be

seen in the torsion angles of -3'4(1)' for Ni/s(1)/c(1)/P(1) and 3'4(1)' for

Ni/p(1yC(1yS(1). The chelation of the ligand occurs via the phosphorus and the

thiocarbonyl sulfur arom, Ni-P(l) 2.1766(9) Å and Ni-s(l) 2.1773(9).&, which define a

chelate angle s(l)-Ni-p(l) of 78.09(3)" these p¿ìrameters being very similar to those found

in the related (NitPhzPc(s)NPhlz) complex. with respect to the pafent ligand,

tCyzPC(S)N(H)Phl, the distances C(1)-S(1), P(1)-C(1) and C(1)=¡11¡ have increased,

decreased and decreased as expected with P-, S- coordination. The angles S(1)-C(1)-P(1)'

s(1)-c(1)-N(1) and p(1)-C(1)-N(1) followed the same trend as was observed above for the

rrøns- { Ni[PhzPC(S)NPh]2 ] complex.

The structure is molecular with no significant contacts between the atoms. The closest

conract involving a hydrogen atom was 2.976 Å involving the N(1) and H(12a)' atoms

(symmetry operation: l-x, -y,-z) while there were no close contacts between non-hydrogen

atoms less than 3.60 Ä.. The unit cell contents are shown in Fig. 6.1.4b.

6.1 .5 Ttw Ctnracterisation of tans-{Ni[CyzPC(S)NMe]z]

6. 1. 5 a The Spectroscopic Characterisation of rr¿ns- { Ni[CyzPC(S)NMe]z ]

An ethanolic solution of NiNO3 was reacted with two mole equivalents of impure

tCyZpC(S)N(H)Mel with excess Et3N (see Chapter 2). From this reaction, brick red

crystals of {Ni[CyZPC(S)NMe]z] were obtained. The complex is air-stabte in the solid state

and stable in solution. Spectroscopic data is given in Table 6.1.2a.

The IR spectrum of the complex shows bands at 1555 and922 cm-l attributable to the

u(C=N) stretching vibration and the r¡(C-S) vibration, respectively. The D(N-H) band was

absent. As was seen for the R = Ph complexes, the u(C=N) absorption is lower in

frequency in the R' = Me complex with respect to the R' = Ph complex in

{Ni[CyzPC(S)NR']z].
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Fig. 6.1.4b The unit cell contentsfor trans-{Ni[CyzPC(S)NPh]z]
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The lH NMR spectrum was unremarkable and the important information derived was

that the ligand was deprotonated and the cyclohexyl and methyl resonances were in their

characteristic regions. In the 13C NtrrtR spectrum, the quaternary carbon resonance, Cq,

occurred at õ 163.4 ppm, uçpc) 33.0 Hz. The ca and c¿ resonances wefe not the expected

doublets owing to p-c coupling but appeared as singlets. The chemical shift trends were

consistent with the (NiIRzPC(S)NR'12) structures described above and hence, a P-, S-

coordination mode was concluded.

The FAB mass spectrum did not contain as many ions as was seen for the other three

{NiIRZPC(S)NR'12} complexes described above. The molecular ion, [M]*' was Þresent at

5Zo intensity and the most abundant ion was atm/2231 andwas assigned to [Cy2PC(S)ril+.

6.1.5b The Molecular Structure of rrøns- [NitCvzPC(S)NMe]z]

The orange crystals of ¡ans-bis(P, P-d,icyclohexyl-N-methyl-phosphinothioformamido)

nickel(Il), trans-[NitCyZPC(S)NMe]Z], were obtained from the slow evaporation of a

chloroform solution of the compound layered with acetonitrile" Crystals are triclinic, space

group PT with unit cell dimension s a = 9.068(2), b = 11.533(2), c = 8.704(1) Å, o =

g2.23(l),F = 116.96(1), t=76.94(1)', y = 788.3(2) Ãz,Z = l and Dx=1.263I cm-3'

The structure was refined to f,rnal R = 0.041, Rw = 0.044 for 2030 reflections with 1 à

3.0o(Ð. As mentioned earlier, the inclusion of this structure in this thesis is appropriate as it

is the only complex which has been structurally characterised with the [Cy2PC(S)N(H)Me]

ligand in either the protonated or deprotonated fomr. The molecular structue is shown in

Fig. 6.1.5a ([14], 357o thermal ellipsoids).

The parameters for the centrosymmetric molecule are equal within experimental elror to

those found in the two previous nickel complexes mentioned above except for the N(1)-

C(31) separation of 1.470(5) Å which is longer than those found for {NilPhzPC(S)NPhlz},

1.415(6) and 1.441(6) Å, and [Nitcy2Pc(S)NPh]2], L436(4) Å. rne coordination of the

sulfur and phosphorus atoms to the nickel atom results in distances of Ni-S(l) 2.184(1) Ä'

and Ni-p(1 ) of 2.fi39(9) Å and a bite angle S(l)-Ni-P( l) of 78.23(4)'. A selection of bond

distances and angles for {NilCyzPC(S)NMel2} can be found in Table 6.I.2b. The P(1)'
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Fig. 6.1.5a The molecular structure of rrans-{Ni[Cy2PC(S)NMe]2]
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C(1), S(1) and N(1) atoms of the central chromophore of the ligand form a planar grouping

with a mean deviation from the least-squares plane through these atoms being 0.004 Å (ttte

nickel atom lying 0.177 Å above this plane) and this is consistent with significant n-electron

density being delocalised over these atoms. The planarity of the four-membered ring

comprising the Ni, S(1), C(1) and P(1) atoms is evident by the torsion angles of 4.2(1)' for

NVS ( 1 )/C( 1 yP( 1 ) and -4.2(t)' for NilP( 1 yc( 1 yS ( 1 ).

The S(1)-C(1) separation in (NitCyzPC(S)NMelz) of 1.777(4) Ä is 0.023 Å longer

than that found in {Ni[Cy2PC(S)NPh]z] and the N(1)=ç11¡ distance of L.254(4) Å is O.OZ

Å shorrer rhan the comparable separation in {Ni[CyzPC(S)NPh]z]. As noted above, the

difference between the derived. parameters are not great, however, some general conclusions

may be made. The systematic variations suggests that the resonance contributor 6.1.54 is of

more significance for the R' = Me complex whereas resonance form 6.1.5B is an important

<_> Ni c-N-
/

6.1.54 6.1.58

contributor for the R = Ph complex. These observations may be rationalised in terms of the

greater inductive effect of the nitrogen-bound phenyl substituent. A simila¡ situation was

found for the free ligands when comparisons were made between the R' = Ph and Me

derivatives with the R group kept constant. The angles for both (Ni[CyzPC(S)NR']Z)

complexes are equal within experimental error.

In the lattice there were no significant inter- or inta-molecular interactions. The closest

hydrogen conracr was between atoms N(1) and H(14b)' of 2.888 Å lsymmetry operation:

-x, -l-1,-z) and there was no close contacts between non-hydrogen atoms less than 3.60 Å.

The unit cell contents ate shown in Fig. 6.1.5b.

6.1.6 The Molecular Strucrure of cis-{Pd[CyzPC(S)NPh]z]

The yellow crystals of cis-bis(P, P-dicyclohexyl-N-phenyl-phosphinothioformamido)

palladium(Il), cis-{PdtCyzPC(S)NPhlz}, were obtained by the slow diffusion of ethanol

r\ ,zs\
,l*t\ n ':n \

t\

d P



Fig. 6.1.5b The unit cell contentsfot trans-{Ni[Cy2PC(S)NMe]z]
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into a chloroform solution of the compound which was kindly supplied by Professor R.

Kramolowsky.C?ystalsafemonoclinic,spacegroupCàlcwithunitcelldimensionsa=

19.601(2), b=8.2633(8),c =23.627(l)Å,P =94'218(6)",v=3816'5(6) Ã3'z=4and

Dx = 1.342 g cm-3. The structure was refined to final R = 0.040, Rw = 0.049 for 233L

reflections with 1> 3.0o(Ð. The molecular structure of cis-{Pd[CyzPC(S)NPh]z] is shown

in Fig. 6.L.6a(U41, 25Vo thermal eltipsoids) and selected interatomic parameters are listed in

Table 6.1.6.

The structure is molecula¡ there being no signifrcant intelmolecular contacts in the

lattice. The closest non-hydrogen contact of 3.60(1) .4, occurs between ttre C(32) and C(32)'

atoms (symmetry operation: -0.5-¡, 0.5-y, -z) and the closest contact involving a hydrogen

arom is 2.867(2)Å between the S(1) and H(12a)' atoms (symmetry operation: +x, l+y, +z);

a view of the unit cell contents is shown in Fig. 6.1.6b. The ligands chelate the palladium

atom via the sulfur and phosphorus atoms. The palladium atom is situated on a

crystallographic two-fold axis, this results in a cis-SzP2 donor set and a square planar

geomerry about the palladium atom. The Pd-S(l) distance of 2.338(1) .Ä. and the Pd-P(1)

distance of 2.286(l¡ Ä. are comparable to the Pd-S and Pd-P distances found in other

palladium complexes, i.e. Pd-s 2.368(2) and2.415(2) Å in cis-(Pd(coFs)zlszcPCy¡l)

t1361 and pd-S 2.362(2) and 2.366Q) 
^ 

and Pd-P 2.264(2) and 2.282(2) Å in

{phzpCHzpphzpd(SCN)Z} t1371. The maximum distortion from the ideal square planar

geometry is found in the P(1)-Pd-P(1') angle of lll.M(6)" which has expanded presumably

to minimise interactions between the phosphorus-bound cyclohexyl groups. The mean

deviation of the atoms defining the square plane is 0.0a8(2) Å. The result of the S-, P-

coordination mode of the ligand is the formation of a four-membered PdSCP ring which is

essentialty planar as seen in the Pd/S(1)/C(1)/P(1) and Pd/P(1yC(1yS(1) torsion angles of

3.0(2) and -3.1(2)', respecrively. Evidence that the [CyzPC(S)NPh]- anion functions as a

thiolate tigand is found in the elongation of the S(1)-C(1) bond (1.749(Ð Å) compared with

the S(l)-C(l) bonds of 1.658(7) and 1.661(6) Å 1t*o molecules in the asymmetric unit)

found for the free protonated ligand [15]. Other significant changes between the free and

coordinated ligands are evident in the derived bond distances and angles as discussed below-
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Fig. 6.1.6a The molecula¡ structure of cls-{Pd[CyzPC(S)NPh]z]



Table 6.I.62 Selected bond distances (Ä.) and angles (deg.) for crs-{PdtCy2PC(S)NPhlz}

Pd-s(1)

s(1)-c(

P(1)-c(

s(1)-Pd-P(1)

s(1)-Pd-P(1')

Pd-s(1)-c(1)

Pd-P(1)-c(11)

c(1)-P(1)-c(11)

c(11)-P(1)-C(2t)

s(1)-c(1)-P(1)

P(1)-c(1)-N(1)

74.19(4)

r73.92(s)

e0.e(2)

tte.0(2)
106.r(2)

108.s(2)

r03.3(2)

124.7(4)

roo.27(1)

rrr.44(6)

et.s(2)

tzr.r(2)
107.3(2)

r2r.s(4)

132.0(4)

1)

11)

2.347(r)

r.74e(s)

t.826(s)

1.28s(6)

Pd-P(1)

P(1)-c(1)

P(1)-c(21)

N(1)-c(31)

s(1)-Pd-s(1')*

P(1)-Pd-P(1')

Pd-P(l)-c(1)

Pd-P(1)-c(21)

c(1)-P(1)-c(21)

c(1)-N(1)-c(31)

s(1)-c(1)-N(1)

2.219(r)

I .81 1(s)

1.830(s)

r.42s(6))-c(1)(1N

* Primed atoms related by crystallographic two-fold axis
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Fig. 6.1.6b The unit cell contents for cis-{Pd[Cy2PC(S)NPh]z]
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On deprotonaúon of the tCyzpC(S)N(H)Phl ligand and coordination of the resultant

anion, there is a contraction of the P(1)-C(1) bond distance to 1.811(5) ,{, c/. 1.859(7) and

1.577(7) Å in the free ligand [15], and a contraction in the C(1)-N(1) bond length to

1.2g5(6) ,{ (r/. 1.356(8) and 1.349(9) ,{). These changes are consistent with those

observations in the {NitRzpC(S)NR'lz} complexes described above. Less significant, but

norable, are the changes in the P-C(l1) and P-C(21) bond distances, i.e. 1.826(5) and

1.830(5) Ä., respectively which are shorter than the range of distances of 1.843(7) to

1.g76(7) Ä foundfor the comparable bonds in the free ligand [15]. The N(1)-C(31)

separations are comparable in the two structures. The systematic variation of the S(1)-C(1)

and N(1)-C(1) bond distances suggests that canonical structure (6.1.64) is more important

than canonical structure (6.1.6B) but the contraction in the P(1)-C(1) distance is unexpected'

This observation, coupled with the planarity of the S(1), P(1), N(1) and C(1) chromophore

(mean deviation from the least-squares plane: 0.002(2) Ä.¡, suggests the delocalisation of æ-

electron density over these atoms and provides evidence for a marked contribution of

canonical form (6.1.6C) to the overall structüe. Similar conclusions are valid for the

{ Ni[R2PC(S)NR']2 ] structures.

S

N
R'

N-
R'

6.1.68 6.1.6C

Changes in bond angles that occur upon coordination are most apparent about the C(1)

arom. Thus, the s(1)-c(1)-P(1) angle in the complex contracts and the s(1)-c(1)-N(1) and

P(1)-C(1)-N(1) angles expand by approximately 21,7 and 14', respectively compared with

those in the free ligand t151. The contraction in the S(1)-C(1)-P(1) angle may be related to

the formation of the four-membered ring and the other angles expand in order to compensate

for this change. Owing to the presence of the palladium atom' the C-P-C angles open up by

approximately 4-5' compared to the values in the free ligand to relieve the steric strain.

There is a palladium(Il) structure available for comparison which contains the closely

related dicyclohexylphosphinodithioformate anion, i.e. cis-{Pd(Cy2PC(S)S)z) [138]' The

ligand chelates the palladium atom forming a cis-S2P2 donor set with Pd-S 2-338(1)'
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2.334(l) Å and Pd-P 2.286(l),2.288(1) Å; the pendant sulfur atoms do not coordinate the

palladium atom. These values are marginally shorter and longer, respectively than the

comparable values in the structure of cis-{Pd[CyzPC(S)NPh]2] suggesting that the two

ligands have similar coordinating abilities towards palladium. It is also instructive to

consider some of the ligand p¿rruìmeters in the dithioformato structure, in particula¡ the S(1)-

C(1) distances of 1.722(4) and 1.715(3).Ä. and the P(1)-C(1) distances of 1.830(4) and

I.8M(4)Å (tfre atom labels in the original structure have been changed to be consistent with

Fig. 6.1.6a). These parameters are shorter and longer, respectively than the S(1)-C(1) and

P(1)-C(1) parameters found in cis-{Pd[CyzPC(S)NPh]2], consistent with the notion that the

canonical structure analogous to 6.1.6C is not as important in the dithioformato complex

owing to the diminished electronegativity of the non-coordinating sulfur atom compared with

the NPh group in the thiofomramido ligand.

The anionic [CyzPC(S)1.[Ph]- ligand has been characterised crystallographically with the

three nickel triad metals: rrøns-{Ni[CyzPC(S)NPh]z] (above), trans-[PtlCyzPC(S)NPh]z]

t1391 and cis-{Pd[CyzPC(S)NPh]2] (present study) in which a S-, P- coordination mode of

the ligand was observed for the square-planar metal atom in each case. In the nickel and

platinum structures the PZSZ donor set adopts the tars arrangement while in the palladium

analogue the cis form was obtained from the reaction mixture. Variation of the metal centre

does not alter the electronic character of the tCyzPC(S)NPhl- ligand significantly as all the

patameters are equal within experimental error for the three structures.

6 . 2 Metal Complexes with Diorganophosphinylthioformamides

The two {NitPhzP(O)C(S)NR'lz}, R' = Ph and Me, complexes exhibited the same

structural characteristics and, hence, a general description will be given for the

I NitPhzP(O)C(S)NPh]2 ] complex with details for { NilPhzP(O)C(S)NMelz } following in

parentheses when relevant. The spectroscopic results for both complexes appear in Table

6.2.r.



Table 6.2.1: Spectroscopic data for {Ni[PhzP(O)C(S)NR']z], R' = Me or Ph

IR (frequencies given are in cm-l)

{thioamide I)

{Ni[PhzP(o)C(S)NPh]zJ lsls

{NitPhzP(o)C(S)NMelz} r49s

o(thioamide II)

1384

1383

o(P=O)

tt34
t136

lu Nlr4R. (chemical shifts, õ, are in ppm)

{NitPhzP(O)C(S)NPhlzJ: PPhzõ7.00-7.18 (broad), NPh ô 1.00-7 -78 (broad)

{NitPhzP(O)C(S)NMelz}:PPbz ô 7.05-8.04 (broad), NMe ô 3.34 (broad)

13C NNß. (chemical shifts, ô, are in ppm)

{NitPhzP(o)c(s)NPhlzJ:PPhzCcr ô 141.0 (broad), cp-cõ õt33.7-t22.4, NPh Ca ô

146.0 (broad), C¡ õ 132.8, C" ô tzI.0, C¿ ô 125.8, Cq ô 174'0 (broad)

{NitPhzP(o)c(s)NMelzJ: PPhzCcr ô 143.0 (broad), cp-cõ õ 132.6-123.3, NMe C¿ ô

46.5, Cqô 166.9 (broad)

FAB (m/2, [assignment] intensitY)

{ Ni t P hzP ( O ) C( S )N P hl z } : 7 3 r, lMl+ ZVo; 578, [M-(2xPh)]+ I07o ; 5 5O,

t(PhzP(o)c(s)NPh)Ni(PhPCS)l+ 57o;514, [M-(Ph2P, S)l+ 47o;501, [M-(3xPh)]+ 2Vo;

338, [Ph2P(O)C(S)N(H)Ph]+ 59Vo ; 32O, [PhzPC(S)N(H)Ph]+ I lVo; 304,

t(PhzP(o)cs)Nil + lívo ; 217, tPhzP(O)OHl+ l27o; 201, lPh2P Ol+ l00vo

{NitPhzP(O)C(S)NMel2}:6O7,lMl+ 6Vo;562, [M-(CNMe)]+ 27o;534, [M-(SCNMe)]+

27o; 477 , [M-(2xCNMe, S)]+ 3Vo; 333, t(PhzP(O)C(S)NMe)Níf+ 3Vo;276,

tPhzP(O) C(S )N(H)M ef+ 83 Vo ; 2r7, l(Ph2P(O) OH) I 
+ 19 7o ; 2Ol, [(Ph2PO) ] 

+ roo%o
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6.2 .t The Spectroscopic Characterisation of {Ni[PhzP(O)C(S)NPh]2]

The reaction between two mole equivalents of [PhzP(O)C(S)N(H)Ph] and nickel nitrate

(with excess Et3N) afforded the complex {Ni[PhzP(O)C(S)NPh]z]. In the IR spectrum the

r¡(N-H) absorption band was not evident indicating that the ligand was deprotonated. The

thioamide(I) band frequency decreased from the value found for the free ligand while the

opposite was rrue for the thioamide(Il) band which shifted to higher frequency, Table 6.2.1-

These observations indicate that there was increased double bond character between the

carbon and sulfur atoms and that ttre C(1)-N(1) bond approached a single bond. The change

in the u(P=O) absorption indicates that the oxygen atom participates in coordination to the

nickel ceritre as evidenced by the lowering in the frequency of this band. Different metal

complexes with the tPhzP(O)C(S)N(H)R'l ligands have been prepared previously. These

studies have shown that these ligands may coordinate to such metal centres as manganese,

iridium, rhodium and rheniumÍI4}l42l. In these cases the coordination to the metal centre

was yi¿ the oxygen atom (from IR spectroscopy) and chelation of the ligands involved the

sulfur atom which lead to the formation of MOPCS five-membered rings. Support for this

assignment was found in the appearance of a o(C-S) absorption band at approximately 970 +

20 cm-l (when rcpofted). If in each {NitPhzP(O)C(S)NR'lz} complex coordination to the

nickel centre by sulfur was present, a u(C-S) absorption band at approximately 970 cm-l

should be evident in each IR spectrum. No such band was observed in this region and,

indeed, the thioamide(II) band shifted to higher frequency for both

{Nitphzp(O)C(S)NR'12} complexes, e.g. {NitPhzP(O)C(S)NPhlz) r¡(C-S) 1384 cm-l.

This suggests thar the sulfur atom was exocyclic and did not participate in bonding to the

nickel atom. rü/ith this information a plausible structure could be postulated where each

ligand coordinates the nickel centre viathe oxygen and nitrogen atoms as shown in 6.24 (the

trans isomer is shown, however, the cis isomer may also exist)-

!
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S

6.24

Unfortunately, crystals of these complexes were not obtained and hence an X-ray analysis

was precluded.

The lH NMR specrra were unremarkable and showed the phenyl and methyl

resonances; the peaks in these regions were broad. The absence of the N-H resonance in

each spectrum confirmed that the ligands are deprotonated. In the 13C NtVtR spectra the

expected resonances were observed; no coupling was observed. The Cq resonance did occul

upfield with respect to the free ligand, i.e. ô 174.0 ppm for {NitPhzP(O)C(S)NPhl2} and ô

L66.g ppm for {Nitphzp(O)C(S)NMelz}. The other carbon atom resonances did not shift

significántly from those found in the uncoordinated ligand'

The molecular ions, [M]+, for the two complexes, i.e. t{NitPh2P(O)C(S)NPhlz}l+ and

tINitphZP(O)C(S)NMe]z]l*, occurred at very small intensities, i.e.27oand 57o,

respectively, in their FAB mass spectra. Other ions that appeared resulted from cleavage of

various functional goups were also of low abundance. The respective protonated ligands

appeared at relatively high abundance and the [PhzPO]+ ion was the most abundant ion for

both complexes. FAB mass spectral results can be found in Table 6.2.1-

The reaction of the compounds [Cy2P(O)C(S)N(H)R'], R' = Ph or Me, with the

NiNO3 species (in the presence of Et¡N) resulted in the formation of the

{NitCyZpC(S)NR'lZ} complexes, as discussed earlier. Clearly, deprotonation of the

nitrogen atom had occurred and there was the abstraction of the oxygen atom. This different

reactivity of the RZP(O)C(S)N(H)R' ligands confirms that their chemistry depends on the

nature of the phosphorus-bound R groups.
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6 . 3 Metal Complex with DiorganoN-phenyl-thiophosphinylthioformamide

6 .3 . I a The Spectroscopic Characterisation of rrøns- ( Ni [PhzP(S )C(S )NPh] z ]

Reaction of rwo moles of [PhzP(S)C(S)N(H)Ph] with NiNO3 and Et3N produces a

yellogbrown precipirate of {NitPhzP(S)C(S)NPhl2}. Spectroscopic data is given in Table

6.3.1a.

There aÍe three absorption bands of interest in the IR spectrum of

{Nitphzp(S)C(S)NPhlz} which are located at1524,948 and 605 cm-l and are due

primarily to o(C=N), u(C-S) and u(P=S), respectivety while the u(N-H) band was absent.

The u(C=N) band has shifted to higher frequency by 19 cm-l compared to the value of 1543

cm-1 found for the tphzp(S)C(S)N(H)Phl compound. The u(P=S) band has shifted to

lower frequency by 35 cm-l suggesting that this sulfur atom is involved in coordination to

the nickel centre. Previous studies of coordination complexes of this ligand in its

deprotonated form with manganese and rhenium, showed values for u(C=N) at 1550 and

1555 cm-I, respectively and values for u(P=S) are 615 and 610 cffi-l, respectively (no

values were given for the u(C-S) band). In these metal complexes, the coordination to the

metal centre was reported to occur viathe thiocarbonyl and phosphorus-bound sulfur atoms

leading to the presence of MSPCS five-membered rings Ll42-lM\

The lH NMR spectrum revealed that the ligand was deprotonated as the N-H resonance

was not apparent. In the 13C NVÍR spectrum the Cq and C¿ resonances shifted significantly

compared with the equivalent resonances in the free ligand. The Cq resonance moved

upfield to õ l76.2ppm, UIPC) 109.3 Hz, and C" shifted downfield to õ 14g.zppm, 3JIPC¡

29.1}j.z.

The FAB mass spectrum showed the presence of the molecular ion, [M]+, at 47o

abundance. The most intense peak was assigned to [Ph2PNiS:]+, the free ligand, i'e'

tPhzP(S )C(S )N GI)Phl +, was also eviden t at 54Vo inten sity.



Table 6.3.1a: Spectroscopic data for rrans-{NilPhzP(S)C(S)NPhlz}

IR (frequencies given a¡e in cm-l)

r(thioamide I)

{NitPhzP(S)C(S)NPUIzJ Is24

u(C-S)

948

t(P=S)

605

1II NMR (chemical shifts, õ, are in ppm)

PPh2 7.03-7.96, NPh 7.03-7.96

13C Nl,ß. (chemical shifts, õ, are in ppm)

pph2 Ca tZ7.8IJ(PC) 60.6H2, CP-Cô 132.9-128.7, NPh Cal49.2 3Jeq 29.1¡1z, C6

128.6, Cc 121.3, C¿ r25.r, Cql76.2IJ(PC) 109.3 Hz

FAB (m/2, [assignment] intensitY)

763, [M]+ 4Vo; 659, tM-(CNPh)l+ 27o;630, [M-(SCNPh)]+ 3Vo; 523, [(PhzPS)zNiS]+

7 Vo ; 35 4, tPh2P(S )C(S)N(H)Ph)+ 54Vo ; 3 3 8, [Ph2PNiS g] + l00%o ; 320,

tPhzPC(S)NPtr1+ 6Vo; 306, [PhzPNiSz]+ 837o



111

6. 3. 1 b The Molecular Structure of rrans- { NilPhzP(S)C(S)NPhlz }

The brown crysrals of ¡ans-bis(P, P-diphenyl-N-phenyl-thþhosphinylthioformamido)

nickel(Il), trans-{NitPhZP(S)C(S)NPhl2}, were obtained by the vapour diffusion of

acetonitrile into a chloroform solution of the compound. Crystals are monoclinic, space

group P2il, with unitcell dimensions ø =12.160(4),b= 8.909(2), c = 16-375(3) Å, p =

91.15(2)", V =1773.7(7)Å3, Z=2andD*= 1.430 gcm-3. The structurewasrefinedto

final R = 0.049, Rw = 0.046 for 1336 reflections with / > 3.0o(Ð'

The nickel atom is centred about a crystallographic centre of inversion located at (0, 0,

0). The srructgre of the complex is depicted in Fig. 6.3.Ia ([14], 25Vo thermal ellipsoids)

and selected interatomic parameters are given in Table 6.3.1b. The [PhzP(S)C(S)NPh]-

anion coordinates the nickel atom via the phosphinyl sulfur and the thioamide sulfur atoms

leading ro the formation of a NiSPCS five-membered ring. The two independent Ni-S

distances are practically equal within experimental error, i.e. Ni-S(2) 2.197(2) Å and Ni-

S(1) 2.184(2) Å, and the chelate angle S(1)-Ni-S(2) is 83.53(8)". The Ni-S distances

compare favourably to other dithiolate complexes with chelating ligands, e.g.2.2035(5)-

z.z2z(7) Ä. in (Ni{szCORlz} [145] and 2.179(3)-2.203(3) Ä. in {NitSzCNRzlz} Í146-

1481. The nickel atom exists in a slightly distorted squ¿ìfe planar geometry, the major

distortion arises as a result of the restricted bite angle of the ligand. The deviations from the

Ieast-squares plane through the central S(1), S(2), P(1) and C(1) atoms are 0.015(3),

-0.009(2), 0.013(2) and -0.181(7) Å, respectively with the nickel atom lying 0.22LQ) Å'

above this plane. The five-membered ring deviates significantly from planarity as reflected

in the torsion angles Nvs(2)Æ(1yc(1) of 6.8(4)' and NVS(1yC(1)iP(1) of 13.0(3)'. The

nickel atom geometry in {NitPhzPC(S)NPhlZ} exists in a more distorted environment

owing to the presence of a four-membered ring. The additional strain of this ring is reflected

in the bite angles of 77.58(5)' and 71.40(6)" (two independent tPhzPC(S)NPhl- anions).

This contrasrs rhar found in {NilPhzP(S)C(S)NPhlz} where the five-membered ring

accommodates the larger bite angle. i.e. 83.53(8)". The C(l)-S(l) distances are

approximately 0.05 Å longet in the {NitPhzPC(S)NPhlz} complex compared to the
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Fig. 6.3.1a The molecula¡ structure of trans-{NilPhzP(S)C(S)NPhlz}



Table 6.3.Lb: Selected bond distances (Å) and angles (deg.) fot trans-

{ NilPhzP(s)C(s)NPhlz }

Ni-s(1)

s(1)-c(1)

P(1)-c(1)

P(1)-c(21)

N(1)-c(31)

s(1)-Ni-s(2)

s(1)-Ni-s(1)'

Ni-s(1)-c(1)

s(2)-P(1)-c(1)

s(2)-P(1)-c(21)

s(1)-c(1)-P(1)

P(1)-c(1)-N(1)

2.184(2)

r.706(7)

1.836(7)

r.194(1)

t.4r4(e)

83.s3(8)

180.00

1 I 1.8(3)

108.9(2)

110.2(3)

11s.8(4)

111.6(s)

Ni-s(2)

s(2)-P(1)

P(1)-C(11)

N(1)-c(1)

s(1)-Ni-s(2)'x

s(2)-Ni-s(2')

Ni-s(2)-P(1)

s(2)-P(1)-c(11)

c(1)-N(1)-c(31)

s(1)-c(1)-N(1)

2.191(2)

2.001(3)

1.820(7)

1.290(8)

e6.47(8)

180.00

10s.4(1)

trz.t(3)
r24.e(6)

r32.6(6)

* Primed atoms related by crystallographic centre of inversion
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equivalent separation in {Ni[PhzP(S)C(S)NPh]z]. The reduced steric strain in the latter

complex allows for an enhanced orbital overlap and hence a stronger interaction.

As expected, the S(1)-C(1) and S(2)=P(1) distances of 1.706(7) and 2.001(3) Å,

respectively in {Ni[PhZP(S)C(S)NPh]2] have been elongated significantly compared to the

equivalent distances found for the uncoordinated ligand, i.e. [PhzP(S)C(S)N(H)Ph], of

1.634(6) and 1.954(2) ,&, respectively. The P(1)-C(1), C(1)=N(1) and N(1)-C(31)

separations have all contracted with respect to the corresponding distances in

tph2p(S)C(S)N(H)phl. The P(1)-C(1) distance is approximately 0.04 Å shorter in the

complex and the C(1)=¡11¡ distance has attained additional double bond character- The

torsion angles of -167.9(3) and 9.4(6)" for S(2)/P(1yC(1yS(1) and S(2)Æ(1/C(1)/N(1)'

respectively show that the possibility of delocalisation of ¡-electron density over these atoms

is unlikely owing to this lack of planarity.

Two other metal complexes have been characterised structurally containing the

tPhzP(S)C(S)NPhl- anion. In the structure of [Mn(CO)+[PhzP(S)C(S)NPh]] the two

sulfur aroms, i.e. S(1) and S(2), chelate the manganese atom forming disparate Mn-S bond

distances of 2.390(1) Å and 2.410i1) Å, respectively [18]. In the structure of

{Mo(Co)z(tl5-CsHs)tphzp(S)C(S)NPhl}, the molybdenum atom chelated by the S(1) and

N(1) atoms (Mo-S(l)2.490(2) Á. and Mo-N(l) 2.175(5) Å) *ittr the S(2) atom not

participating in coordination to the central atom [24]. Details for the two complexes can be

found in Section 1.6.

No significanr interactions are found within the unit cell of {NitPhzP(S)C(S)NPhlz}.

The closest non-hydrogen contact occurs between two symmetry related C(32) atoms with a

sepamtion of 3.47(2) Ä. lsymmetry operation: -r, 1-y, -z). The closest contact involving an

hydrogen atom of 3.074 Å occurs between the Ni and H(25)' atoms (symmetry operation:

-x, -0.5+y, -0.5-z). The contents of the unit cell are shown in Fig. 6.3.lb.



0

+a

Fig. 6.3.1b The unit cell contents for trans-{Ni[PhzP(S)C(S)NPh]2]
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6.4 Metal Complexes with Diorgano-N-phenyl-selenophosphinylthioformamides

6 .4 . 1 T he Structure of trans- {N i I P hzP (S e )C(S )N P h] zl

6.4.Ia The Spectroscopic Characterisation of rr¿ns-{Ni[PhzP(Se)C(S)NPh]2]

By reaction of [PhzP(se)c(s)N(H)Ph] and NiNo¡ (2:t), with Et3N, at foom

temperature, brown wedge-shaped crystals of (NilPhzP(Se)C(S)NPhlz) are obtained. The

complex is air-stable and soluble in chlorinated organic solvents. Spectroscopic data is

given in Table 6.4.Ia.

The IR specrrum is similar to the one obtained for the {NilPhzP(S)C(S)NPhlz}

complex described above. The o(P=Se) band has shifted by 20 cm-l to lower frequency,

i.e. 529 cm-l, compared with that in [PhzP(Se)C(S)N(H)Ph] and is consistent with

coordination of the selenium arom to nickel. The u(C=N) and u(C-S) bands occur at t523

and944cm-1, respectively. As expected there is no sign of any u(N-H) absorption. The

r(Ni-Se) absorption bând occurs at a frequency lower than 400 cm-l and for similar reasons

mentioned above for u(Ni-S) and u(Ni-P) bands, was not measured.

The lH NMR spectrum showed that the ligand was deprotonated as the N-H resonance

was not appafent and revealed the expected resonances. The 13c NvtR spectrum showed

that the Cq resonance shifted upfield to ô 177.8 ppm with a coupling constant lJeq of 98.9

Hz which has approximately doubled in magnitude to the value of 56.1 Hz found in

tphzp(Se)C(S)N(H)Phl. The Ca resonance has shifted upfield by 2 ppm to ô 127.5 ppm

and the coupling constant, IJ(PC) 70.7 lFrz, has decreased by approximately 10 Hz in the

complex. The C¿ resonance has shifted downfield ro õ 149.2 ppm and the coupling

constant, ¡f(pC) 29.I Hz, has approximately doubled compared to I3'2 Hz in

tphzp(Se)C(S)N(H)Phl. These shifts resemble closely those for {NitPhzP(S)C(S)NPhlz}.

In the FAB mass spectrum no molecular ion, [M]+, was observed. The most abundant

peak was found atmlz 306 and assigned to [Ph2PNiS2]+.



Table 6.4.laz Spectroscopic data for rrøns-{NilPhzP(Se)C(S)NPhlz}

IR (frequencies given are in 
"m-1)

u(thioamide I)

{NitPhzP(Se)C(S)NPhlz} Is23

o(C-S)

944

u(P=Se)

529

lH NNrß. (chemical shifts, õ, are in ppm)

PPhz 7.O5-7.93, NPh 7.05-7'93

13C Ntr,ß. (chemical shifts, ô, are in ppm)

pph2 Ca I27.5IJ(PC) 7O.7 Hz, Cp-Cõ 128.6-133.0, NPh Cal49.2 3J(PC) 28.1Hz, C6

128.9, cc r2r.4, cd 125.1, cql77.8IJ(PC) 98-9 Hz

*FAB (m/2, [assignment] intensity)

402,lPh2P(se)c(s)N(H)Phl+ l4vo;338, [PhzPNiS¡f+ t6vo;320,lPh2PC(S)NPh]+

8Vo; 306, [PhzPNiSzl+ IOÙVo

* ions based on SoSe
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6.4. 1 b The Molecular Structure of rrans- { Ni[PhzP(Se)C(S)NPh]z ]

The brown crystals of trans -bis(P, P-diphenyl-N-phenyl- selenophosphinylthioform-

amido) nickel(Il), rr¿ns-{NilPhzP(Se)C(S)NPhlz}, were obtained by the vapour diffusion

of ethanol into a chloroform solution of the compound. Crystals are monoclinic, space

group PTtln with unit cell dimensions ¿ = 9.74(L), b = L9.26(1), c = 10.39(2)Å, P =

115.22(9)", V = 1763(3) Ã3,2 =2 andDx= 1.614 g cm-3. The structure was refined to

final R = 0.053, Rw = 0.059 for 1701 reflections with / > 3.0o(Ð. The molecular structure

of (NilPhzP(Se)C(S)NPhlz] is represented in Fig. 6.4.1a (U41, 307o thermal ellipsoids).

This is the first complex containing either [Ph2P(Se)C(S)N(H)Ph] or its anion to be

cha¡acterised structurally in a metal complex. Selected bond distances and angles can be

found in Table 6.4.Lb.

The nickel atom is centred about a crystallographic centre of inversion at (0, 0.5, -0.5),

a similar situation was seen earlier for the closely related {NilPhzP(S)C(S)NPhl2} complex.

The selenium and sulfur atoms of the deprotonated ligand chelate the metal atom such that

the Ni-Se(2) and Ni-S(l) distances a,re 2.344(l) and 2.202(3) Å, respectively. A

comparable Ni-Se distance of 2.330(Ð 
^ 

was found in the structure of [(n-

C+H9)+NI[Ni(SSeC=C(CN)Z)Z], which features atrans SZSeZ donor set about the central

nickel arom, and the Ni-S distance of 2.292(3) Å is significantty longer Í1491. The

differences in these distances can be attributed to the fact that the complex used for

comparison has only a four-membered chelate ring with a the bite angle of 82.02(9)'. The

bite angle, Se(2)-Ni-S(1), of 83.8(1)' in rrøns-{Ni[Ph2P(Se)C(S)NPh]z] is identical to the

one observed for the analogous Y = S complex of 83.53(8)". The P(1)=Se(2) separation

has increased to 2.145(3) Ä compared.to2.106(3) Å which was the value found in the

neutral tPh2P(Se)C(S)N(H)Phl species. Other parameters which have changed from those

of the parent ligand are the S(1)-C(1), P(1)-C(1) and C(1)=l.{(1) separations. The S(1)-C(1)

disrance in {NilPhzP(Se)C(S)NPhl2} has elongated (1.751(8) cf.1.629(9) Å) reflecting the

diminished double bond character in this bond. The P(l)-C(1) bond distance has contracted

by approximately 0.05 ,4, and represents a stronger interaction (1.821(S) c/. 1.375(8) Å).



c22

c21
c12

11 1 Se2
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C1

N1 S1

c31
c32

Fig. 6.4.1a The molecular structure of trans-{Ni[PhzP(Se)C(S)NPh]z]



Table 6.4.1b: Selected bond distances (Ä,) and angles (deg.) for trans-

{ NilPhzP(Se)C(S)NPhlz }

Ni-Se(2)

se(2)-P(1)

P(1)-c(1)

P(1)-c(21)

N(1)-c(31)

Se(2)-Ni-S(1)

s(1)-Ni-s(1)'
Ni-Se(2)-P(l)

se(2)-P(1)-c(1)

Se(2)-P(1)-C(zr)

s(1)-c(1)-P(1)

P(1)-c(1)-N(1)

2.344(r)

2.r4s(3)

1.821(8)

1.811(e)

r.42(I)

83.8(1)

180.00

e7.rQ)
108.r(3)

113.s(3)

113.e(5)

113.9(6)

Ni-s(1)

s(1)-c(1)

P(1)-c(11)

N(1)-c(1)

S(1)-Ni-Se(2)'x

Se(2)-Ni-Se(2')

Ni-s(1)-c(1)

Se(2)-P(1)-C(11)

c(1)-N(1)-c(31)

s(1)-c(1)-N(l)

2.202(3)

1.7s 1(8)

t.7e4(7)

1.260(e)

e_6.2(r)

180.00

r12.2(3)

rr2.e(3)

r2s.2(7)

r32.2(6)

* Primed atoms related by crystallographic centre of inversion
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The C(1)=N(1) separation has contracted reflecting the additional double bond character in

this bond (1.260(9) c/. 1.31(l) Å). similar changes were also observed in the trans-

[NitPhzP(S)C(S)NPh]2] complex. The central five-membered ring, NiSePC(1)S' has a

mean deviation of the atoms from the least-squares plane of 0.193 Å. The central

chromophore of the ligand, i.e. SePC(1)SN, deviates significantly from planarity as can be

seen in the rwo torsion angles Se(2)/P(1)/C(1yS(1) and Se(2)Æ(1yC(1)/N(1) of 33.0(5) and

- 148.0(6)", respectivelY.

The unit cell of rrøns-[Ni[PhzP(Se)C(S)NPh]z] is comprised of discrete molecules of

the compound; see Fig. 6.4.1b. The closest non-hydrogen contact in the lattice ls3-29Q) Ã

and occurs between centrosymmetrically related C(23) atoms (symmetry operation: -1-f,

I-y,l-z)while the closest contact involving a hydrogen atom is between atoms Se(2) and

H(35)' of 3.1O2 Å lsymmetry operation: 0.5-x, -0'5+y, l'5-z)'

6 .4 .2 The Structure of {C d[ CvzP ( S e)C(S)NP h] zl

6.4.2a The Specnoscopic characterisation of ( cdtcyzP(Se)C(S)NPhlz )

The reaction berween CdClz and [Cy2P(Se)C(S)N(H)Ph] in ethanol solution (1:2) with

excess Et3N yields a complex of composition {cdtcyzP(se)c(s)NPhlz}- The complex

was a white solid which decomposed slowly over a period of time when kept in an open

environment but was stable indefinitely when stored under an inert atmosphere'

spectroscopic data for {cdlcyzP(se)c(s)NPhlz} is given in Table 6.4.2a.

The IR spectrum showed that the u(P=Se) band decreased in frequency from that of the

neutral [CyzP(Se)C(S)N(H)Ph] ligand by 9 cr¡-l and the bands at 1516 and949 cm-l were

assigned to u(C=N) and {C-S), respectively. The nitrogen atom was deprotonated, based

on the absence of the ri(N-H) absorption. The coordination of the tCy2P(Se)C(S)NPhl-

anion was determined to involve the selenium and sulfur atoms by comparison with related

systems.

The lH NMR specrrum of the complex showed that the phenyl and cyclohexyl

resonances were in the expected regions and had the appropriate integrations. The N-H

resonance was not evident. In the 13C NIrnn spectrum the notable shifts, compared to those
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Fig. 6.4.lb The unit cell contentsfor trans-{NilPhzP(Se)C(S)NPhlz}



Table 6.4.2a: Spectroscopic data for { Cd[CyzP(Se)C(S)NPh]z ]

IR (frequencies given are in cm-r)

u(thioamide I)

1516

r¡(C-S)

949

r(P=Se)

523
{C dt CyzP ( S e)C ( S )NP hl z}

lH NMR (chemicat shifts, ô, ate in ppm)

PCyz I.20-2.56, NPh 7.04-7.40

13C tltrrtR (chemicat shifts, ô, are in ppm)

pCyz Ca 37 .9 U(PC) 35.9 1g1z,CÞ-Cõ 27 .2-25.7,NPh Ca 151.8 3J(PC) 25 -5 Hz, C6

128.8, Cb 120.5, C¿124.4,Cq 170.6 IJ(PC) 74-2Hz

FAB* (m/2, [assignment] intensity)

936, [M]+ 47o;854,tM-(Cy)l+ l}Vo;80L, IM-(SCNPL))+ 167o;770, [M-(Cy2)]+ l87o;

740, [M-(PCyz)]+ l27o;696, tM-(2xPhNC, S) + l57o;664, tM-(2xPhNCS)l+ 1007o;

614, [Cd(CyzP(Se)C(S)NPh)SzCNf+ 827o;580, t(Cd(cyzP(se)c(s)NPh)szcN)-(P)]*

TIVo;532, tM-(2xPCyz)l+ 847o;498, [(Cd(CyzP(Se)C(S)NPh)SzCN)-(PCv)]+ 77Vo;

468, [(CyzP(Se)C(S)NPh)ScN]+ 81.7o; 420, t(cd(cyzP(se)c(s)NPh)szcN)-(PCy'

Ph¡1+ 627o; 388, t(Cd(CyzP(Se)C(S )NPh)SzCN)-(S, PCy, Ph)l+ 59Vo; 354,

t(CyzP(Se)C(S)NPh)-(SCN)l+687o;332,tCvzPC(S)N(H)Phl+827o;30n'

[CyzPCNGI)Ph]+ 95Vo

* ions based e¡ ll4cd
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of the parent ligand (which appear in parentheses), were associated with the quaternary

carbon atom which moved upfreld to ô 170.6 ppm (õ 187.4 ppm) with a coupling constant,

lJ(pC), of 74.2:H2 (44.2 Hz) and the C¿ atom of the nitrogen-bound phenyl ring which

moved downfield ô 151.8 ppm (õ 138.3 ppm), 3J(PC) 25.5 Hz (11.5 Hz). These two

coupling constants have approximately doubled in value in the complex compared to those

found in [CyzP(Se)C(S)NGI)Ph]. The carbon atom, C6, of the nitrogen-bound phenyl ring

shifted upfreld by approximately 3 pp- ro õ lU.4 ppm (ô 127.5 ppm)'

In the FAB mass spectnrm the molecular ion, [M+, was observed in low abundance,

i.e.4Vo,and the most abundant ion was the molecular ion minus both of the SCNPh groups'

i.e. [M-2(SCNPh)]+.

6.4.2b The Molecular Structure of { CdtCyzP(Se)C(S)NPhlz }

The yellow crystals of bis(P, P-dicyclohexyl-N-phenyl-selenophosphinylthioform-

amido) cadmium(tr), {cd[cyzP(se)c(s)NPh]z], were obtained from the slow evaporation

of a chloroform solution of the compound. Crystals a¡e triclinic, space group Pl with unit

cell dimensions a = 19.848(4>,b = 20.485(3), c = L0.969(2) Å, o = 105'49(1), P =

102.37(I),r= 101.06(1)', y=4048(1) ÃZ,Z=4and Dx=1.534 8cm-3. The structure

was refined to final R = 0.052, Rw = 0.048 for 7052 reflections with 1> 3'0o(I)'

Two independent molecules comprise the asymmetric unit and these are shown in Figs

6.4.2a and 6.4.2b ([14], 25Vo thermal ellipsoids). There are no major differences between

the two independent molecules which differ from each other in minor conformational

variations. Selected interatomic parameters are given in Table 6.4.2b- There are four

independent [CyZP(S9)C(S)NPh] ligands, labeled a, b, c and d, two on each cadmium atom.

The deprotonated form of the ligand is coordinated to the cadmium atoms via the selenium

and sulfur aroms in each case. The Cd-Se distances lie in the range of 2.612Q)-2-6240) 
^

and the Cd-S distances lie in the range 2.486(3)-2.521(3) ,Å. Only twelve complexes

containing Cd-Se separations were found in the Cambridge Crystallographic Data Base and

the Cd-Se bond distances in these structures lie in the range of 2.483(3) to 2.135(3) Ä ttSO-

1611. The Cd-Se distances in {CdtCyzP(Se)C(S)NPhlz} clearly lie within this range. Cd-
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Fig. 6.4.2b The molecular structure of molecule b of {Cd[CyzP(Se)C(S)NPh]z)



Table 6.4.2b2 Selected bond distances (Å) and angles (deg.) for {Cd[CyzP(Se)C(S)NPh]z]

ligand ø ligand å ligand c Ligand d

Cd-Se(2)

cd-s(1)

se(2)-P(1)

s(1)-c(1)

P(1)-c(1)

P(1)-c(11)

P(1)-c(21)

N(1)-c(1)

N(1)-c(31)

Se(2a)-Cd(1)-Se(2b)

Se(2a)-Cd(1)-S(1b)

Se(2b)-Cd(1)-S(1b)

Se(2c)-Cd(1)-Se(2d)

Se(2c)-Cd(2)-S(1d)

Se(2d)-Cd(2)-S(1d)

Cd(l)-Se(2a)-P(1a)

Cd(2)-Se(2c)-P(1c)

Cd(1)-S(1a)-C(1a)

Cd(2)-S(1c)-C(1c)

Se(2a)-P(1a)-C(1a)

Se(2a)-P(1a)-C(2Ia)

C(1a)-P(1a)-C(Zra)

Se(2b)-P(1b)-C(1b)

Se(2b)-P(1b)-c(21b)

c(1b)-P(1b)-c(21b)

Se(2c)-P(1c)-C(1c)

Se(2c)-P(1c)-C(21c)

C(1c)-P(1c)-C(21c)

Se(2d)-P(1d)-C(1d)

Se(2d)-P(1d)-C(21d)

c(1d)-P(1d)-c(21d)

C(1a)-N(1a)-C(31a)

C(1c)-N(1c)-C(31c)

2.618(1)

2.486(3)

2.r4e(3)

1.66r(9)

1.8s8(e)

1.828(e)

1.843(9)

1.31(1)

1.4s(1)

2.623(r)

2.s2r(3)

2.ts3(3)

1.63(1)

1.87(1)

r.844(9)

1.84e(9)

1.33(1)

r.42(1)

2.6r2(t)

2.s08(3)

2.143(3)

1.6e0(e)

1.86s(8)

1.803(9)

r.826(e)

r.2e(1)

1.41(1)

2.624(r)

2.s06(3)

2.rs2(3)

r.se2(9)

1.898(9)

1.83e(e)

1.83s(e)

1.37(1)

r.44(t)

es.el(7)

t22.76(8)

1 1 1.3(1)

96.74(7)

r21.74(8)

113.9(1)

e3.s2(8)

e4.47(8)

102.9(4)

103.s(4)

107.s(4)

108.0(s)

108.7(4)

110.0(3)

107.9(4)

108.1(4)

107.9(3)

tol.e(4)
10e.1(4)

108.2(3)

rol.t(4)
109.s(4)

r21.2(9)

rzs.4(8)

107.11(s)

r27.00(t)

es.27(t)

10s.10(s)

rre.69(e)

e5.40(8)

es.52(8)

9s.72(t)

10s.6(4)

r04.2(3)

11s.0(3)

110.9(3)

106.s(4)

116.4(3)

108.7(3)

10s.4(4)

11s.9(3)

110.7(3)

10s.3(4)

114.3(3)

10e.s(3)

r07.4(4)

r20.2(8)

123.0(8)

Se(2a)-Cd(1)-S(1a)

Se(2b)-Cd(1)-S(1a)

s(1a)-cd(1)-s(lb)

Se(2c)-Cd(2)-S(1c)

Se(2d)-Cd(2)-S(1c)

S(1c)-Cd(2)-S(1d)

Cd(l)-Se(2b)-P(1b)

Cd(2)-Se(2d)-P(1d)

cd(1)-s(1b)-c(1b)

cd(z)-s(1d)-c(1d)

Se(2a)-P(1a)-C(11a)

C(1a)-P(1a)-C(11a)

C(l1a)-P(1a)-C(2ra)

Se(2b)-P(1b)-C(11b)

c(1b)-P(1b)-c(11b)

c(11b)-P(1b)-c(21b)

Se(2c)-P(1c)-C(11c)

C(1c)-P(1c)-C(11c)

C(11c)-P(1c)-C(21c)

se(2d)-P(1d)-C(11d)

c(1d)-P(1d)-c(11d)

c(11d)-P(1d)-c(21d)

c(1b)-N(1b)-c(31b)

c(1d)-N(1d)-c(31d)



Table 6.4.2b continued

S(1a)-C(1a)-P(1a)

P(1a)-C(1a)-N(1a)

s(1b)-c(1b)-N(1b)

S(1c)-C(1c)-P(1c)

P(1c)-C(1c)-N(lc)

s(1d)-c(1d)-N(1d)

S(1a)-C(1a)-N(1a)

s(1b)-c(1b)-P(1b)

P(1b)-c(1b)-N(rb)

S(1c)-C(1c)-N(1c)

s(1d)-c(ld)-P(1d)

P(1d)-c(1d)-N(1d)

a

t26.0(6)

106.9(7)

134.s(8)

r2s.2(s)

10s.s(7)

r32.e(8)

127.1(7)

123.4(6)

101.e(7)

r2e.t(7)

r2s.6(6)

100.e(6)
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s bond distances of 2.642(2) to 2.774(2) Ä have been found in cadmium xanthate

complexes, {cd[S2coR']z] Í162, 1631, albeit with higher coordination numbers at the

cadmium atoms. In cadmium dithiocarbamates, the Cd-S distances lie in a range of

2.50g(1)-Z.ggS(5) Å ttO+-teAl. The Cd-S distances above involve the incoqporation of the

cadmium atom in a four-membered CdSCS ring system whereas in

{CdtCyzp(Se)C(S)NPhlz} there is a five-membered CdSePCS ring present and hence,

shorter distances would be anticipated owing to the reduced strain in

{CdtCy2p(Se)C(S)NPhlz}. The bite angles, Se-Cd-S, in the four ligands are similar and lie

in a narrow range, 95.27(7)-96.14(7)". The five-membered rings comprising the Cd, Se(2),

p(1), C(1) and S(1) atoms deviate significantly from planarity as can be seen from the mean

deviation from the least-squares plane through these atoms of 0.0976,0.1946,0.0913 and

0.1500 Å for ligands a,b,c and d, respectively. The structure of the complex

{Cd[Cy2p(Se)C(S)Nph]z] is the first instance in which a cadmium atom exists with a

SezSz donor set that has been verified crystallographically. The cadmium atoms each exist

in a distorted tetrahedral environment. The dihedrat angle between the least-squares planes

for rings a andå is 70.81" while the equivalent dihedral angle for rings c and d is very

similar at 7I.57" . From the torsion angles listed below it can be seen that ligand ¿ is the

most planar of the four ligands.

se(1)/P(1)/c(1YS(1)

se(1)/P(1)/c(1)/N(1)

ligarña

-4.3(8)'

t13.7(6)"

ligand å

16.7(8)"

-168.0(s)'

ligand c

-10.0(7)"

174.r(s)"

Itgand d

-16.0(8)"

172.3(s)"

The p(1)=ge(2) bond lengths, 2.143(3)-2.153(3) Å haue elongated with respect to the

separation of 2.098(1) Å. found in the parent ligand [Cy2P(Se)C(S)N(H)Ph]. The S(1)-C(1)

separarions of 1.661(9) Å. tigand a,1.63(l)Ä tigand b,l.690(9) Ä. tigano c and l592Q) ]\

ligand d,varyconsiderably amongst the ligands as do the P(l)-C(1) distances of 1.858(9) Å

ligand a,I.87(l)Å tigand b, 1.865(8) Å tiganO c and 1.898(9) Å [gand d, notwithstanding

therelativelyhigherrors.TheC(1)=N(1)distancesforligandsa-Caleequalwithin

experimenral error while the distance for ligand d is long at 1.37(I) Ä. fne S(1)-C(1) and
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p(1)-C(1) distances are shorter and longer, respectively in ligand a compared to those found

in ligand b on Cd(l). A similar trend was found for ligands c and d. Comparison of other

parameters resulted in the conclusion that ligands a andc were similar to one another as were

ligands b and d. \\eP-C(CV) distances have elongated by approximately 0.025-0'035 Å

compared with those found in the parent tigand- Similar variations have been noted earlier in

the Chapter.

The s(1)-c(1)-P(1) angles are similar, i.e. 123.4(6)-126.0(6)" but the angles s(1)-

c(1)-N(1) and p(1)-C(1)-N(1) while being experimentally equivalent for ligands ¿ and c, are

different to those of ligands b and d.

The structure is molecular, there being no significant intelmolecular contacts in the

lattice; the closest non-hydrogen contact of 3.59(1) Å occurs between the Se(2c) and

C(14b)' atoms (symmetry operation: -x, l-;1 ,1-z) while the closest hydrogen contact of

3.006 Å is between atoms Se(2d) and H(14d)' (symmetry operation: -x,l-y,2-z)' Av\ew

of the unit cell contents is shown in Fig. 6-4.2c.



+a

+b

+c

Fig. 6.4.2c The unit cell contents for {Cd[CyzP(Se)C(S)NPh]2]



Chapter 7

CONCLUSION
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This thesis has involved the characterisation of a series of potentially multidentate

ligands of the type RZP(Y)C(S)N(H)R', Y = O, S or Se; R, R' = alkyl or aryl' Further' the

coordination potential of a number of these ligands has been examined'

The Ligands

The preparation, characterisation and crystal structure determination of

RZP(Y)C(S)N(H)R', Y= O, S or Se; R = Ph or Cy; R' = Ph or Me, as well as the crystal

structufe determination of RZP(Se)C(S)N(H)R', R = Ph or Cy; R' = Et or Cy has been

achieved. All compounds featured a Z confotmation about the C(1)-N(1) bond' The

availability of a large data base of geometric par¿ureters has enabled a systematic examination

of these ligands and the determination of several trends which can b related to their chemical

reactivity.

'when the P-c bond distances of the phosphorus(v) compounds were compared with

those of the parent phosphorus(Itr) compounds (where available) a systematic contraction

was observed, as expected. V/hile there was evidence for a general weakening in the P-C(l)

bonds in the phosphorus(V) compounds, the weakening was more pronounced in the

7|zP(Y)C(S)N(H)R' derivatives. The crystallogaphic evidence suggested that the central

p-c(l) bonds in the PhzP(o)c(s)N(H)R' derivaúves were significantly weaker than the

comparable bonds in the CyZP(O)C(S)N(H)R' compounds; a similar conclusion is true also

for the RzP(S)C(S)N(H)R' and RzP(Se)C(S)N(H)R analogues. This observation pointed

to the reduced stability of the PhzP(Y)C(S)N(H)R' compounds compared with the

Cy2p(y)C(S)N(I{)R'compounds and is related to the greater electron withdrawing ability,

i.e. greater inductive effect, of the phenyl substituens over that of the cyclohexyl groups'

The structural study of the RzP(Y)C(S)N(H)R' compounds reported showed that the

p(1)-C(1) bond lengths increased in the following order RzP(O)C(S)N(H)R' <

RzP(S)C(S)N(H)R' < RzP(Se)C(S)N(H)R'. This trend may be correlated with the

diminishing delocalisation of n-elecrron density over the P(1)Y(2)C(1)S(1)N(1) moieties in

the order y = O > S > Se which is in turn may be related to the decreased electronegativity of

the Y substituent.
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The Metal Complexcs

The crystal and molecular structures of a number of metal complexes containing the

RZP(Y)C(S)N(H)R', Y= 0, O, S or Se, ligands (both in their protonated and deprotonated

forms) have been detemrined.

The diorganophosphinothioformamide ligands were shown to coordinate primarily viø

the phosphorus and sulfur atoms, normally in a chelating mode. In one instance, i'e' in the

strucrure of (co[cy2Pc(S)NPh]3], two of the tigands coordinate in the common mode and

the third ligand via the sulfur and nitrogen atoms. In the structufe of

(Au[PhZPC(S)NPh]]2, the ligands were again bidentate, via the phosphorus and sulfur

atoms, however they were bridging, rather than chelating'

A monodentate mode of coordination, i.e. via ¡he thioamide sulfur atom, was found in

the structure of {AulCyzP(O)C(S)N(H)Mel CU'

In {Ni[Ph2P(S)C(S)NPh]}, a S-, S- chelating mode was evident.

In both structufes containing the [RZP(Se)C(S)NPh], R = Ph or Cy, u Se- and S-

chelaúon mode of coordination was observed'

The structural studies demonstrate the flexibility of the RzP(Y)C(S)N(H)R', Y= 0, O, S

or Se, ligands in their coordination towards a variety of meøl centres. The coordination of

the ligands are summarised in Fig. 7.1.



R'N= C

/

M

S

R2
P

e.g. {Ni[R2PC(S)NR']z], R = Ph or Cy, R'=
Ph or Me, {Pd[Cy2PC(S)NPh]2],
{Co[Cy2PC(S)NPh]3],
{Mo2Au[Cy2PC(S)NCY] ]

e.g. {ColCy2PC(S)NPhl3 }

-MR'N= e.g. {Au[Ph2PC(S)NPh] ]2

o S -+¡4
RzP-

il /
C e. g. { Au[Cy2P(o)C(S)N(H)Me]Cl ]

N(H)R'

e.e. {NilPh2P(S)C(S)NPhlz}

zy's'
e. g. { Ni[PhrP(Se)C(S)NPh]2 ],

{ Cd[Cy2P(Se)C(S)NPh]2 ]

Fig.7.1 Different modes of coordination observed for the protonated or deprotonated forms

of the R2P(Y)C(S)N(H)R" Y = 0' O' S or Se; R = Ph or Cy; R' = Ph or Me, ligands
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