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Introduction

1. Literature overview

There is a considerable current interest in heterodonor polydentate ligands
involving tertiary phosphine and arsine groups in combinations with nitrogen, oxygen
or sulfur donors. Ligands incorporating both thiolate and tertiary phosphine or arsine
donor atoms are especially interesting, as their combination is likely to confer unusual
structures and reactivities on their metal complexes.

Tertiary phosphine and arsine ligands derived from thiophenol have been shown
to be very versatile ligands that form stable complexes with a wide range of transition
metals. The low ionisation energy of sulfur and the presence of several lone pairs of
electrons (three in the case of a thiolate anion) offer the possibility of a rich sulfur-based
chemistry of the complexes. Metal thiolates can form complexes with various
nuclearities and great structural complexity as a result of the tendency of the thiolato
ligands to bridge metal centres.’

Further on, the literature overview focuses on three major groups of thiophenol-
based heterotopic E,S ligands (E = As, P):

1) phenylthio(diphenyl)phosphine and -arsine ligands: EPh,(SPh)

2) bidentate phosphanyl- and arsanylarylthiol ligands: 1-EPh,-2-SH-CcHy4

3) tridentate thiophenol ligands bearing two tertiary P donor groups: 2,6-
(Ph,PCH,),C¢H3SH and 2,6-(Ph,P),C¢H3SH.

The next three subchapters describe the coordination chemistry of these ligands
with transition metal complexes; the metal-mediated cleavage of the E-S bond in the
EPh,(SPh) ligands, respectively the coordination of the mixed-donor E,S chelating

groups of the bi- and tridentate ligands is being investigated.
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Original contributions

2. Aims of this work

Based on the literature overview, one can see that the coordination chemistry of
thiophenol-based heterodonor P,S and As,S ligands has been explored to some extent,
but examples of ligands incorporating all three donor atoms are still unknown. Thus, the
design of some P,As,S-tridentate ligands seems reasonable, since all three atoms are
excellent donors for a wide range of metals. Therefore, the synthesis and structural
characterisation of the following novel heterotopic P,As,S ligands and the investigation
of their coordination chemistry with transition metal complexes was proposed.

The designed thiophenol-based novel heterotopic P,As,S ligands can be divided
in two categories:

1. The ligands 1-PPh,-2-S(AsPh,)C¢Hs (1) and 1-AsPh,-2-S(PPhy)CsHs (2)
incorporate an E-S bond and have an EPh, group (E = As, P) in the ortho-position to
sulfur. Thus, these ligands combine the properties of phenylthio(diphenyl)phos-
phine/-arsine and phosphanyl-/arsanylbenzenethiol. However, these ligands should also
exhibit a wide range of possible bonding modes and would allow to study the effect of
the EPh, group in ortho position on cleavage of the E-S bond. Furthermore, 1 and 2

could act as potentially tridentate ligands for a wide range of metals (Scheme 15).

PhoAs PhaP.
~ ~
S S

PPh, AsPh,

Scheme 15. 1-PPh,-2-S(AsPh,)C¢H, (1), 1-AsPh,-2-S(PPhy)CsH, (2).
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2. Thiophenolate ligands with two flanking tertiary E donor groups in the ortho-
positions (E = As, P) can capture and bring two metal atoms close to each other by
forming heteroatom-bridged bimetallic complexes. By introducing slightly different
donor atoms in the ortho-positions, the coordination preferences of different metals

could also be investigated. The proposed ligands are shown on Scheme 17.

S'Bu S'Bu SH
PhoAs PPh, PhoAs AsPh, PhoAs PPh,

3, SPAs 4, SAs2 5, SHPAs

Scheme 17. 1-PPh,-2-S(C,Hy)-3-AsPh,-C¢H; (3, SPAs), 1,3-AsPh,-2-S(C4Ho)CHs (4, SAs2), 1-PPh,-2-
SH-3-AsPh,-C4H; (5, SHPAs).

3. Heterotopic ligands containing As/P, As/S/P and As/S/As as donor
atoms

3.1. Heterotopic ligands containing As/P as donor atoms

3.1.1 Synthesis of 1-PPh,-2-S(AsPh,)C¢H4 (1) and 1-AsPh,-2-S(PPh,)CeHa4 (2)

The synthesis of these compounds requires the preparation of the starting
materials which are commercially not available; thAsC1,64’65 1-PPh,-2-SH-C¢Hy
(PSH)***® and 1-AsPh,-2-SH-C¢H,; (AsSH)™ were prepared according to literature
procedures.

Treatment of a stirred toluene solution of PSH or AsSH with n-butyllithium at 0
°C resulted in a pale yellow suspension. After 20 h at room temperature the slurry of the
mono-lithiated product was treated with the appropriate electrophile to give the desired

compounds 1 and 2 as pale yellow solids (Scheme 19).
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PhoE
sLi 2
EPh, EPh, EPh;
+ nBULi > + thECl —_——
toluene, 0 °C toluene, 0 °C

Scheme 19. Synthetic route towards 1-PPh,-2-S(AsPh,)C¢Hy (1) and 1-AsPh,-2-S(PPh,)C¢Hy (2).

The compounds show signals in the '"H NMR spectra in the range of & = 7.4-6.7
due to the aromatic protons and each of them exhibits a singlet in the *'P{'H} NMR
spectra: 6 = —12.5 (1) and &6 = 37.5 (2). In the EI mass spectra of 1 and 2 the
corresponding molecular ion peaks as well as appropriate fragmentations were

observed.

3.1.2 Molecular structure of 1-PPh,-2-S(AsPh,)CsHs (1)

Compound 1 crystallises in the monoclinic space group P2;/c with two
independent molecules in the asymmetric unit. The molecular structure is shown in
Figure 12. The phosphorus and arsenic atoms are coordinated in a slightly distorted

trigonal-pyramidal fashion (Table 1).

Figure 12. Molecular structure of 1-PPh,-2-S(AsPh,)C¢H, (1). Hydrogen atoms are omitted for clarity.



Imola Bartok (cas. Sarosi) — Ph. D. thesis summary

10

Table 1. Selected bond lengths and angles for 1.

Bond lengths [pm]

Bond angles [°]

As(1)-S(1)  226.6(1) C(1)-As(1)-C(7) 100.7(2)
S(1)-C(13)  178.4(4) C(1)-As(1)-S(1) 99.2(1)
P(1)-C(19) 183.7(4) C(7)-As(1)-S(1) 98.3(1)
P(1)-C(14) 183.8(4) C(13)-S(1)-As(1) 94.4(1)
P(1)-C(25) 184.3(4) C(19)-P(1)-C(14) 102.2(1)
C(19)-P(1)-C(25) 103.2(2)
C(14)-P(1)-C(25) 100.7(2)

3.1.3 Theoretical calculations for 1-PPh,-2-S(AsPhy)CeHy (1)

Figure 12 shows the highest occupied molecular orbital (HOMO) of 1, which is

predominantly made of the phosphorus and sulfur lone pairs. This specific nature of the

HOMO makes the P,S chelating pocket of 1 most suitable for an electrophilic attack.

The lowest unoccupied molecular orbital (LUMO) of 1 is predominantly an As—S

antibonding orbital (Figure 14). Not surprisingly, the P—C(14) homolytic bond

dissociation energy is significantly higher than the energy required to cleave the As—S

bond (Table 2).

.7

HOMO

Figure 14. HOMO and LUMO of 1.
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Table 2. Bond dissociation energies for 1-PPh,-2-S(AsPh,)C¢H, (1), reported in kJ mol ™.

Process AGC(gas) AG (tolucne)
la: 1 — [AsPh,]" + [1-PPh,-2-SC¢H,] 172.5 169.2
1b: 1 —> [AsPhy]” + [1-PPhy-2-SCoH,]" 579.5 390.6
lc: 1 — [AsPh,]" + [1-PPh,-2-SC¢H,] 595.0 399.0
2a: 1 — [PPh,] + [S(AsPhy)CeH,] 275 2263
2b: 1 — [PPhy] + [S(ASPhy)CeHL]" 575.8 390.5
2¢: 1 — [PPh,]" + [S(AsPhy)CeHy] 568.8 369.9

3.2. Heterotopic ligands containing As/S/P and As/S/As as donor atoms

3.2.1 Synthesis of 1-PPhy-2-S(C4Hy)-3-AsPh,-C¢H; (3, SPAs), 1,3-AsPhy-2-
S(C4H9)C6H3 (4, SASZ) and 1-PPh2-2-SH-3-ASPh2-C6H3 (5, SHPAS)

By treatment of 1-PPh,-2-S(C4Hg)CsH4 with "BuLi in the presence of TMEDA
and with PhyAsCl, SPAs could be synthesised in moderate yields. Scheme 20 shows the

involved reaction steps.

SBu SBu SBu
PPh, Li PPh, PhoAs PPh,
"BuLi 1.36 TMEDA + PhoAsCl
* n-hexane, 0 °C - TMEDA 0°C

Scheme 20. Synthetic route towards SPAs (3).

The synthesis of SAs2 required the preparation of 1-AsPh,-2-S(C4Hy)CsH4 (4a).
TMEDA was added to a solution of zert-butyl phenyl sulfide and n-butyllithium in n-
hexane.®> A white precipitate has formed and the dropwise addition of Ph,AsCl was
carried out in situ with this suspension (Scheme 21). After workup, 4a was obtained as a

white solid in good yield.
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SBu SBu SBu

Li AsPh,
TMEDA + PhoAsCI

"BuLi
* n-hexane, 10 °C - TMEDA

Scheme 21. Synthesis of 1-AsPh,-2-S(C4H)CsH, (4a).

4a was monolithiated and the second arsenic group was introduced into the
second ortho-position. The reaction steps involved are very similar to that of SPAs

(Scheme 22). SAs2 was obtained in moderate yield as a pale yellow solid.

SBu SBu SBu
AsPh, Li AsPhs, PhoAs AsPh,
nBuLj 1.36 TMEDA + PhoAsCl
" n-hexane, 0 °C  TMEDA 0°C

Scheme 22. Synthetic route towards SPAs (4).

In order to restore the —SH function, SPAs was reacted with lithium
naphthalenide, followed by acidification of the reaction media (Scheme 23). After

workup SHPAs was isolated as a waxy pale yellow solid in good yield.

SBu SH

PhoAs PPh Ph,As PPh
2 2 Li/CyoHg HCI 2 2

Scheme 23. Synthesis of SHPAs (5).

Compounds 35 show signals in the 'H NMR spectra in the range of & = 7.4-6.7
due to the aromatic protons, a singlet is visible at 6 = 1.65 (SPAs), 6 = 1.35 (4a) and 6 =
1.65 (SAs2) assigned to the ‘Bu protons and a doublet at & = 4.75 (*Jpy = 4.5 Hz)
(SHPAs) for the SH proton. SPAs exhibits a singlet in the 3'p{'H} NMR spectra at & =
—6.7, while the replacement of the ‘Bu group with a hydrogen atom results in a high-

field shift, SHPAs showing a singlet at 8 =—11.7. In the ESI and EI mass spectra of 3-5
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the corresponding molecular ion peaks as well as appropriate fragmentations were

observed.

3.2.2 Molecular structures of 4a, SPAs, SAs2 and SHPAs

4a crystallises in the monoclinic space group P2,/c with eight molecules in the
unit cell and two molecules in the asymmetric unit. The molecular structure of 4a is
depicted in Figure 16. Compound 4a adopts a conformation where the AsPh, and fert-
butylthio substituents are rotated around the bonds connecting the heteroatoms to the
central phenyl ring to minimise steric interactions between the ‘Bu group and the phenyl
rings. The arsenic atom is coordinated in a slightly distorted pyramidal fashion by the
three carbon atoms of the aromatic rings (Table 3), the angles being close to the

tetrahedral angle of 109.5°.

Cc19

Figure 16. Molecular structure of 1-AsPh,-2-S(C4;Hy)CsH, (4a). Hydrogen atoms are omitted for clarity.

Table 3. Selected bond lengths and angles for (4a).

Bond lengths [pm] Bond angles [°]

C(2)-S(1) 178.2(2) C(13)-As(1)-C(7) 97.8(1)
S(1)-C(19) 185.0(3) C(13)-As(1)-C(1) 101.0(1)
As(1)-C(13) 195.2(3) C(7)-As(1)-C(1) 97.9(1)
As(1)-C(7) 196.3(3) C(2)-S(1)-C(19) 105.5(1)

As(1)-C(1) 196.6(2)
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SPAs, SAs2 and SHPAs crystallise in the triclinic space group P1 with two
molecules in the unit cell. The molecular structures of SPAs and SAs2 are isotypical
(Figure 17), both molecules adopt a conformation where the PPh,/AsPh, and tert-
butylthio substituents are rotated around the bonds connecting the heteroatoms to the
central phenyl ring to minimise the steric interactions between the ‘Bu group and the

phenyl rings.

Figure 17. Molecular structure of SPAs (3) and SAs2 (4). Hydrogen atoms are omitted for clarity.

Due to the restored —SH function in the molecular structure of SHPAs, the PPh,
and AsPh; substituents are no longer forced to only one side of the plane of the central
phenyl ring. In all three structures the phosphorus and arsenic atoms are coordinated in
a slightly distorted pyramidal fashion by the three carbon atoms of the aromatic rings,
the bond angles being close to the tetrahedral angle of 109.5°. All bond distances and
angles are in the expected range (Table 4) and comparable to other

phosphanylarylthiols3 % and to precursor 4a.

Figure 18. Molecular structure of SHPASs (5). Aryl hydrogen atoms are omitted for clarity.
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Table 4. Selected bond lengths and angles for SPAs (3), SAs2 (4) and SHPAs (5).

Bond lengths [pm] and angles [°] SPAs (3) SAs2 (4) SHPAs (5)
As(1)-C(7) 191.2(2) 195.8(3) 192.2(2)
As(1)-C(13) 192.3(2) 197.2(3) 190.7(2)
As(1)-C(1) 192.4(2) 196.3(3) 194.1(2)
P(As2)-C(19) 190.4(2) 195.8(3) 189.6(2)
P(As2)-C(25) 190.5(2) 195.6(3) 189.3(2)
P(As2)-C(3) 192.3(2) 197.0(2) 190.2(2)
S(1)-C(2) 178.6(2) 178.7(3) 177.3(2)
S(1)-C(31) 187.3(2) 187.1(3)

S(1)-H(1S) - - 130.7(2)
S(1)-H(1SF) - - 134.0(2)
C(7)-As(1)-C(13) 98.2(9) 98.1(1) 100.2(9)
C(7)-As(1)-C(1) 98.7(8) 98.6(1) 97.4(8)
C(13)-As(1)-C(1) 101.2(8) 101.0(1) 100.3(8)
C(19)-P(As2)-C(25) 98.5(9) 98.3(1) 98.8(8)
C(19)-P(As2)-C(3) 97.6(9) 97.9(1) 101.0(8)
C(25)-P(As2)-C(3) 100.1(8) 100.1(1) 99.5(8)
C(2)-S(1)-C(31) 105.0(9) 105.2(1)
C(2)-S(1)-H(1S) 102.0(2)
C(2)-S(1)-H(ISF) 98.0(5)

3.2.3 Theoretical calculations for SPAs (3) and SHPAs (5)

The HOMO of SPAs is mainly made of the lone pairs on sulfur, phosphorus and
arsenic, with the maximum atomic orbital coefficient at sulfur (0.27) followed by 0.18
on phosphorus and 0.11 at arsenic (Figure 19). This indicates that the P,S chelating
pocket might be favoured over the As,S unit during an electrophilic attack. The LUMO
of SPAs is mainly made of unoccupied orbitals on the carbon atoms of the central

aromatic ring, but also shows a slight S—C(‘Bu) antibonding character (Figure 19).
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Figure 19. HOMO and LUMO of SPAs.

Removing the ‘Bu group from SPAs results in the HOMO to be localised at the
P.S chelating pocket only. Thus, the HOMO of SHPAs is mainly made of the lone pairs
on sulfur and phosphorus, with the maximum atomic orbital coefficient at sulfur (0.24)

followed by 0.21 on phosphorus (Figure 21).

Figure 21. HOMO and LUMO of SHPAs.

Furthermore, the gas phase As—C(1) and P—C(3) bond dissociation energies for
both homolytic and heterolytic bond cleavage were also calculated for SPAs (see Figure
17 for atom numbering). In both cases the homolytic bond dissociation energies are
significantly smaller than the energies required for a heterolytic bond cleavage of either
type (Table 5). The homolytic As—C(1) bond dissociation energy (la) is somewhat
higher than the energy required for cleaving the P—C(3) bond (2a). Thus, the As—C(1)
bond seems to be stronger than the P—C(3) bond.
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Table 5. Bond dissociation energies for SPAs (3), reported in kJ mol ™.

Process AG gas) AG®(-hexane)
la: SPAs (3) — [AsPh,]" + [1-PPh,-2-S(C4Hy)-CsHs] 239.0 240.7
1b: SPAs (3) — [AsPh,]™ + [1-PPh,-2-S(C4Hy)-CeHi]" 587.0 439.0
lc: SPAs (3) — [AsPh,]" + [1-PPh,-2-S(C4H,)-C¢Hi] 763.2 617.3
2a: SPAs (3) — [PPh,] + [1-AsPh,-S(C,H,)-C¢H;]’ 209.8 212.1
2b: SPAs (3) — [PPh,]” + [1-AsPh,-S(C4Ho)-CeH;]" 738.6 592.6
2¢: SPAs (3) — [PPh,]" + [1-AsPh,-S(C4Ho)-CsH;] 736.5 585.3

4. Coordination chemistry of 1-PPh,-2-S(AsPh,)C¢H; (1) with
transition metal complexes

4.1. Coordination chemistry of 1 with group 10 metal(Il) complexes

4.1.1 Synthesis and spectroscopic properties of Ni (6), Pd (7, 8) and Pt (9, 10) complexes

The nickel(IT) (6), palladium(II) (7, 8) and platinum(II) (9, 10) complexes were
synthesised by reaction of compound 1 with [NiCl,-6H,0], [PdCl,(cod)] and [Ptly(cod)]
(cod = 1,5-cyclooctadiene), respectively.” Cleavage of the As—S bond of 1 and
coordination of the resulting phosphanylthiolato ligand (SC¢H4-2-PPh;) (SCeHs-2-PPh,
=P,S) was observed in each case.

The 1:1 reaction of 1 and NiCl,'6 H,O in THF at room temperature resulted in
the formation of the known bischelate complex trans-[Ni{(SCsHs-2-PPhy)-i’S,P},]
(6)°*>. The *'P{'H} NMR spectra of the reaction mixture show compound 6 as the only
phosphorus-containing reaction product, even after prolonged standing in solution.
Palladium(II) and platinum(II) complexes 7-10 were synthesised by reaction of 1 with
[MX5(cod)] M =Pd, X =CI; M =Pt, X=1)in a 1:1 ratio. Shorter reaction times (4 h,
M = Pd; 1 week, M = Pt) gave the trinuclear complexes [(cis-M {(u-S-SCsHy4-2-PPh,)-
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S, P}2)-MXo-MX { (u-S-SCsH4-2-PPh,)-k*S,P}] [M = Pd, X = Cl (8); M =Pt, X = I
(10)], while the trimeric trinuclear isomers [MX {(u-S-SCsH4-2-PPh,)-k°S,P}]5 [M = Pd,
X =Cl(7); M =Pt, X =1(9)] were obtained after reaction times of two weeks. The
isolated trinuclear isomeric products 7 and 9 or 8 and 10, respectively, contain only the
P,S-coordinating phosphanylarylthiolato ligand. The eliminated AsPh, group was
observed in the filtrate after isolation of 7-10 by ESI mass spectrometry, which showed
different oxidised species of dimerised AsPh,. The possible steps involved in the
formation of complexes 7-10 are depicted on Scheme 25.

Since the AsPh, group is eliminated and does not participate in coordination to
the metal centre, the reaction of HSCsHy4-2-PPh, with [PdCly(cod)] and [Ptlx(cod)] was
reinvestigated. The 2:1 or 1:1 reactions conducted in the presence of NEt; always led to
the formation of cis and trans bischelates. When the deprotonating agent was excluded
from the reaction mixture, exclusive formation of the trinuclear complex was preferred
in the reaction with [PdCly(cod)], while the reaction with [Ptl;(cod)] led to cis- and

trans-[M(P,S),] complexes as main reaction products and traces of trimeric complex 7.

A) s, X

N\ S
L
P
Phy

| Phz

AsPh, P. S PPh
1 Zh (M =Py S Ny PP s bhe
MXo(cod)] 3 weeks (M = Pd) é é X Ej: \M/ D
CO
@[ T — PhyAsX N N AN
PPh, /M\ P S
X P

Phs
1 1-1/2 Xo P
2
1/, PhyAs-AsPh "9 l
S-AS

2r 2 (M=Pd, X=Cl;M=Pt,X =) S\M/S

/N

P’ P

Ph, Phy
cis
B) B ]
X S
\ ¥ . _PPh, X s
_ | + MXp(cod)]| X~ M< X’\M/ \MiPth .
cis 4+ . S — | X —
—cod S S 4h (M =Pd) S S
AN AN
M 1 week (M = Pt) M~
& Np 5 Np
L Ph,  Phy ] Ph, Ph,

8,10

Scheme 25. Possible steps involved in the formation of complexes 7-10.
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4.1.2 Molecular structures of Pd (7, 8) and Pt (9, 10) complexes

Complexes 7-9 crystallise in the monoclinic space group P2,/c and compound
10 in P2,/n with four molecules in the unit cell. They consist of a six-membered M3S;
ring (M = Pd, Pt) in which the S atoms of the phosphanylthiolato ligand act as bridges
between two metal atoms. In the case of the symmetric trimeric complexes 7 and 9
(Figure 25), additionally each P atom binds to one metal centre resulting in MSC,P
rings. Every metal atom is thus coordinated by two S, one P, and one terminally bonded
X atom [X = C1 (7), I (9)] in a distorted square-planar fashion with the two sulfur atoms
in a cis arrangement.

Complexes 8 and 10 (Figure 26) are built up of three subunits: a cis bischelate
M(P,S), is connected through the S atoms to an MX(P,S) and an MX; unit to form the
M;3S; ring. The intramolecular M--M distances are all greater than 356 pm, indicating

no metal-metal bonding.

Figure 25. Molecular structures of [PdCl{(,u-S—SCGH4—2-PPh2)—K2S,P}]3 (7) and
[PtI{(1-S-SC¢H,-2-PPh,)-K>S, P} 5 (9). Hydrogen atoms and solvent molecules are omitted for clarity.

The two most similar complexes to 7 and 9 were synthesised by our group: the
central fragments of [PI{(1-S-SCeH4-2-AsPhy)-i>S,4s}15°¢ and [PtI{(u-S-SCsHs-2-
P(Biph)}-«*S,P}]s (Biph = 1,1’—bipheny1)94 are comparable with that of complexes 7
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and 9. However, the distortion of the ring is more pronounced in [PtI{(u-S-SC¢Hy-2-
P(Biph))-k’S,P}]; due to the greater rigidity introduced by the biphenyl groups.

Figure 26. Molecular structures of [(cis-Pd{(u-S-SCsH4-2-PPh,)-k%S, P},)-PdCl,-PdCl1{(u-S-SCeH,-2-
PPh,)-«%S,P}] (8) and [(cis-Pt{(u-S-SC¢H,-2-PPh,)-S, P},)-Ptl,-Ptl { (u-S-SCeH4-2-PPh,)-iS, P} ] (10).
Hydrogen atoms and solvent molecules are omitted for clarity.

Table 6. Selected bond lengths and angles for 7 and 9.

Bond lengths [pm] 7(M=Pd) 9 M=Pt) Bond angles [°] 7 (M = Pd) 9 (M = Pt)
M(1)-P(1) 223.0(6) 222.8(1) P(1)-M(1)-S(1) 86.1(2) 86.3(4)
M(1)-S(1) 228.8(6) 230.2(1) S(1)-M(1)-S(3) 91.2(2) 91.1(4)
M(1)-S(3) 242.5(6) 242.8(1) P(2)-M(2)-S(2) 86.7(2) 88.2(4)
M(2)-P(2) 223.4(6) 223.6(1) S(2)-M(2)-S(1) 84.4(2) 81.9(4)
M(2)-S(2) 227.3(5) 227.3(1) P(3)-M(3)-S(3) 86.5(2) 88.1(4)
M(2)-S(1) 237.3(6) 237.3(1) S(3)-M(3)-S(2) 93.1(2) 91.6(4)
M@3)-P(3) 223.4(7) 223.5(2) C(2)-S(1)-M(1) 105.6(8) 105.2(2)
M(3)-S(3) 228.7(6) 228.8(1) C(20)-S(2)-M(2) 105.4(8) 105.2(2)
M(3)-S(2) 240.5(6) 238.7(1) C(38)-S(3)-M(3) 105.3(8) 103.8(2)
M(1)-S(1)-M(2) 97.3(2) 99.8(4)
M(2)-S(2)-M(3) 105.6(2) 109.7(4)

M@3)-8(3)-M(1) 103.9(2) 100.4(4)
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Table 7. Selected bond lengths and angles for 8 and 10.

Bond lengths [pm] 8 (M =Pd) 10(M =Pt) Bond angles [°] 8§(M=Pd) 10(M=Pt)

M(1)-P(2) 225.9(2) 225.3(9) PQ)-M(1)-P(1)  98.4(7) 99.9(3)
M(1)-P(1) 227.5(2) 225.7(8) PQ2)-M(1)-S(2)  85.6(6) 84.5(3)
M(1)-S(1) 234.6(2) 235.7(8) P(1)-M(1)-S(1)  84.1(6) 88.9(3)
M(1)-S(2) 233.9(2) 236.1(8) S2)-M(1)-S(1)  92.1(6) 91.93)
M(2)-P(3) 222.3(2) 222.4(9) P(3)X-M(2)-S3)  87.7(6) 86.9(3)
M(2)-S(3) 227.6(2) 228.6(8) S(3)-M(@2)-S(1)  86.1(6) 84.7(3)
M(2)-S(1) 237.12) 237.8(8) S(2-M(3)-S(3)  89.1(6) 87.3(3)
M(3)-S(2) 228.6(2) 230.7(8) C)-S(1)-M(1)  104.6(2) 104.7(1)
M(3)-S(3) 230.7(2) 231.0(8) M(1)-S(1)-M(2)  92.8(6) 91.43)
C(20)-S(2)-M(1)  104.6(2) 103.1(1)

M@3)-S(2)-M(1)  102.8(7) 103.6(3)
C(38)-S(3)-M(2)  105.0(2) 104.6(1)
M(2)-S(3)-M(3)  107.5(7) 110.2(3)

4.1.3 Theoretical calculations for Pd (7, 8) and Pt (9, 10) complexes

Independent of the used metal halide in both cases the trimeric forms 7 and 9 are
energetically more favoured than their trinuclear counterparts (i.e. 8 and 10). The
relative energy differences between the trinuclear and trimeric forms are very similar:
15.7 kJ mol " and 10.5 kJ mol ' for 7/8 and 9/10, respectively. The trinuclear to trimeric
interconversion from 8 to 7 might be facilitated by an intramolecular HOMO-LUMO
interaction in 8. The HOMO of 8 is mainly composed of the CI(3) lone pair of electrons,
which could interact with the 6*(Pd—E) LUMO (E = S, P) located on Pd(1), and trigger
the isomeric rearrangement (Figure 27). The HOMO of 10 is composed mainly from the
I(2) and 1(3) lone pairs of electrons. However, the LUMO of 10 is shared between all
three platinum centres, with the highest atomic orbital coefficient located at Pt(2). This
might be one of the reasons for the experimentally observed differences between the
two isomeric rearrangement reactions. Furthermore, the gas phase Gibbs free energies

(AG°®44) of the two isomeric rearrangements also suggest the different character of the
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two processes. The conversion from 8 to 7, with AG®g,s = —68.5 kJ mol™!, is more
exothermic than the isomerisation from 10 to 9 (AG°s = —36.4 kJ mol ™). The

corrections for solvent effects do not alter this trend.

HOMO LUMO

Figure 27. Frontier molecular orbitals of 8 (left) and 10 (right). Hydrogen atoms and terminal phenyl
rings are omitted for clarity.

4.2. Coordination chemistry of 1 with metal carbonyl complexes (M = Mo, Mn, Fe)

The reactions of 1 with [MoCp(CO)s]a, [Mny(CO)0], [Fe(CO)s] and
[FeCp(CO),], led to the complexes presented on scheme 28. The formation of
compounds 11-15 presumes the scission of the M—M bond of the starting dimeric
carbonyl complexes, and all the reactions feature the cleavage of the As—S bond of 1. In
compounds 11, 14 and 15 the coordination of the resulting phosphanylthiolato ligand to
one metal centre can be observed. [Mny(CO);(u-AsPh;) {(SC¢Hs-2-PPh;)-«S,P}] (12) is
the only reaction product with 1 which contains all three donor atoms in its structure.
The cleaved AsPh, group is included in the final complex and bridges two Mn atoms,
while the P,S chelating pocket coordinates to one Mn centre. At the same time
[Mn,(CO)g(u-AsPhy),] (13) serves as the single example where the metal centres are
coordinated only by bridging AsPh, groups and the (SC¢Hs-2-PPh;) part of the ligand

is excluded.
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Scheme 28. Reaction of 1 with metal carbonyl complexes.

The [MoCp(CO),{(SCsHs-2-PPhy)-kS,P}] (11) complex crystallises in the
monoclinic space group P2;/n with four molecules in the unit cell. The molecular
structure is depicted on Figure 28.

Compound 11 is formed by coordination of the phosphanylthiolato ligand to one
Mo atom giving a five-membered MoSC,P ring. The molybdenum atom is in a square-
pyramidal environment with the four basal positions being occupied by two cis-
orientated carbonyl ligands, the diphenylphosphanido group and the sulfur atom. In
addition, the apical position is occupied by a cyclopentadienyl ligand. Phosphorus is
coordinated in a tetrahedral fashion. The conformation adopted by the phenyl rings
minimises the steric effects between them and the cyclopentadienyl ring. Selected bond

lengths and angles for complex 11 are presented in Table 8.
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Figure 28. Molecular structure of [MoCp(CO),{(SCsH4-2-PPh,)-«S,P}] (11). Hydrogen atoms are
omitted for clarity.

Table 8. Selected bond lengths and angles for 11.

Bond lengths [pm]

Bond angles [°]

Mo(1)-P(1)  244.8(5)
Mo(1)-S(1)  251.1(5)
Mo(1)-C(24) 195.9(2)
Mo(1)-C(25) 196.4(2)

P(1)-Mo(1)-S(1)
Mo(1)-P(1)-C(1)
Mo(1)-S(1)-C(2)
C(24)-Mo(1)-C(25)

74.8(2)
109.7(6)
107.0(7)
75.7(9)

The molecular structures of [Mny(CO)7(u-AsPhy){(SCsHs-2-PPhy)-xS,P}] (12)
and [Mn,(CO)g(u-AsPh;),] (13) are presented in Figure 29 and Figure 30. Complex 12

crystallises in the monoclinic space group C2/c with eight molecules in the unit cell.

The two manganese atoms are bridged by the AsPh, group and through the S atom. In

addition, P coordinates to one of the Mn atoms giving a five-membered Mn(1)SC,P

ring. Mn(1) is additionally ligated by three, Mn(2) by four carbonyl groups. Each

manganese atom is coordinated in an approximately octahedral fashion. The long

Mn---Mn distance of 372 pm indicates the absence of a bonding interaction between the

two metal centres (Table 9).



Imola Bartok (cas. Sarosi) — Ph. D. thesis summary 25

Figure 29. Molecular structure of [Mn,(CO);(u-AsPh,){(SCsH4-2-PPh,)-«S,P}] (12). Hydrogen atoms
are omitted for clarity.

Table 9. Selected bond lengths and angles for 12.

Bond lengths [pm] Bond angles [°]

Mn(1)-As(1)  248.3(4) Mn(1)-As(1)-Mn(2) 97.2(1)
Mn(1)-S(1) 229.7(6) Mn(1)-S(1)-Mn(2) 102.0(2)
Mn(1)-P(1) 236.9(6) S(1)-Mn(1)-As(1) 80.7(2)
Mn(1)-C(31) 180.5(2) S(1)-Mn(2)-As(1) 80.1(2)
Mn(1)-C(32) 180.2(2) Mn(1)-S(1)-C(2) 105.8(7)
Mn(1)-C(33) 181.9(2) Mn(1)-P(1)-C(1) 107.1(8)
Mn(2)-As(l)  247.2(4) P(1)-Mn(1)-C(33) 165.9(8)
Mn(2)-S(1) 241.6(6) As(1)-Mn(1)-C(31) 170.3(8)
Mn(2)-C(34) 185.0(2) S(1)-Mn(1)-C(32) 173.7(7)
Mn(2)-C(35) 180.9(2) C(34)-Mn(2)-C(36) 175.5(9)
Mn(2)-C(36) 186.1(2) As(1)-Mn(2)-C(37) 172.2(8)
Mn(2)-C(37) 183.2(2) S(1)-Mn(2)-C(35) 173.7(7)

In complex 13 the two manganese atoms are bridged by two AsPh, groups,
adopting a “butterfly” conformation, and each metal centre is ligated by four carbonyl

groups. This completes an approximately octahedral arrangement about each manganese
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atom. The length of the Mn---Mn distance of 384 pm indicates no metal-metal bonding

(Table 10).

Figure 30. Molecular structure of [Mn,(CO)g(u-AsPh,),] (13). Hydrogen atoms are omitted for clarity.

Table 10. Selected bond lengths and angles for 13.

Bond lengths [pm]

Bond angles [°]

Mn(1)-As(1)
Mn(2)-As(1)
Mn(1)-As(2)
Mn(2)-As(2)

245.9(9)
246.5(9)
247.0(9)
247.5(9)

Mn(1)-As(1)-Mn(2)
Mn(1)-As(2)-Mn(2)
As(1)-Mn(1)-As(2)
As(1)-Mn(2)-As(2)
C(26)-Mn(1)-C(27)
C(30)-Mn(2)-C(31)

102.4(3)
101.8(3)
77.93)
77.7(3)
172.8(2)
176.8(2)

[Fe(CO), {(SCeH4-2-PPhy)-K>S,P)},] (14) crystallises in the monoclinic space

group P2;/n with two molecules in the unit cell. The molecule of 14 is located on a

special position, a centre of inversion. The Fe atom is coordinated in an octahedral

fashion by two carbonyl groups and two chelating P,S ligands. The ligands adopt a

trans arrangement upon coordination to the metal centre. The phosphorus atoms are

coordinated in a tetrahedral fashion by the carbon atoms of the phenyl rings and the iron

atom. Selected bond lengths and angles for the complex are presented in Table 11.
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Figure 31. Molecular structure of [Fe(CO),{(SCsH4-2-PPh,)-k’S,P)},] (14). Hydrogen atoms and solvent
molecules are omitted for clarity.

Table 11. Selected bond lengths and angles for 14.

Bond lengths [pm]

Bond angles [°]

Fe-P(1)
Fe-P(2)
Fe-S(2)
Fe-S(1)
Fe-C(1)
Fe-C(2)

223.5(4)
223.5(4)
230.9(3)
230.9(3)
180.8(2)
180.8(2)

P(1)-Fe-S(2)
S(2)-Fe-P(2)
P(2)-Fe-S(1)
S(1)-Fe-P(1)
C(1)-Fe-C(2)

86.6(2)
93.42)
86.6(2)
93.4(2)
180.0

The molecular structure of [FeCp(CO){(SCsH4-2-PPh,)-kS,P}] (15) is presented

in Figure 31. Complex 15 crystallises in the monoclinic space group /2/a with eight

molecules in the unit cell. The iron atom is in a trigonal-pyramidal environment with the

three basal positions being occupied by a carbonyl ligand, the diphenylphosphanido

group and the sulfur atom. In addition, the apical position is occupied by a

cyclopentadienyl ligand. Phosphorus is coordinated in a tetrahedral fashion. The overall

molecular structure of 15 resembles that of compound 11. Selected bond lengths and

angles for 15 are presented in Table 12.
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Figure 32. Molecular structure of [FeCp(CO){(SCsH,4-2-PPh,)-«S,P}] (15). Hydrogen atoms are omitted
for clarity.

Table 12. Selected bond lengths and angles for 15.

Bond lengths [pm] Bond angles [°]

Fe(1)-P(1) 217.1(4) P(1)-Fe(1)-S(1) 85.2(2)
Fe(1)-S(1) 227.6(5) Fe(1)-P(1)-C(1) 107.8(5)
Fe(1)-C(24) 174.5(2) Fe(1)-S(1)-C(2) 104.1(5)

5. Coordination chemistry of SPAs (3) with rhodium and group 10
metal(II) complexes

5.1. Synthesis and molecular structure of [RhCL{(Rh(cod)(SCsH3-2-PPh;-3-AsPh,)-
kS, P)-kS,4s},][RhCly(cod)] (16)

Treatment of two equivalents of SPAs with 1.5 equivalents of [RhCl(cod)], in
THF resulted in the formation of the trinuclear cationic rhodium complex
[RhCl, {(Rh(cod)(SCsH3-2-PPh;,-3-AsPh;)-«S, P)-kS,4s} 2] [RhCly(cod)] (16). The
*'P{'"H} NMR of compound 16 shows two doublets at & = 59.6 (d, Jprn = 145 Hz) and
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46.3 (d, Jprn = 105 Hz), indicating two non-equivalent P atoms which show coupling
with the Rh centres. Compound 16 crystallises in the monoclinic space group P2;/c with
four cations and four anions in the unit cell. The molecular structure is shown in Figure

33, selected bond lengths and angles are listed in Table 13.

Figure 33. Molecular structure of the cation [RhCl, {(Rh(cod)(SC¢H;3-2-PPh,-3-AsPh,)-kS,P)-kS,4s},]" in
16. Hydrogen atoms, solvent molecules and the [RhCly(cod)]™ anion are omitted for clarity.

Table 13. Selected bond lengths and angles for 16.

Bond lengths [pm] Bond angles [°]
Rh(1)-As(1) 233.4(1) As(2)-Rh(1)-As(1) 96.1(4) S(1)-Rh(1)-C1(2) 91.6(7)
Rh(1)-As(2) 232.8(1) As(2)-Rh(1)-S(1) 93.3(6) S(2)-Rh(1)-Cl(2) 88.5(7)
Rh(1)-S(1) 235.2(2) As(1)-Rh(1)-S(1) 86.3(6) CI(1)-Rh(1)-C1(2) 89.0(7)
Rh(1)-S(2) 235.5(2) As(2)-Rh(1)-S(2) 85.8(6) P(1)-Rh(2)-S(1) 82.1(6)
Rh(1)-CI(1) 239.6(2) As(1)-Rh(1)-S(2) 93.7(6) P(2)-Rh(3)-S(2) 83.1(6)
Rh(1)-Cl1(2) 239.8(2) S(1)-Rh(1)-S(2) 179.1(8)  C(2)-S(1)-Rh(2) 109.0(3)
Rh(2)-P(1) 230.6(1) As(2)-Rh(1)-CI(1) 177.2(6)  C(2)-S(1)-Rh(1) 107.5(3)
Rh(2)-S(1) 233.4(2) As(1)-Rh(1)-CI(1) 86.6(6) C(32)-S(2)-Rh(3) 107.8(3)
Rh(3)-P(2) 231.6(1) S(1)-Rh(1)-CI(1) 87.7(7) C(32)-S(2)-Rh(1) 108.2(3)
Rh(3)-S(2) 231.6(2) S(2)-Rh(1)-CI(1) 93.2(7) Rh(2)-S(1)-Rh(1) 143.1(9)
As(2)-Rh(1)-C1(2) 88.3(6) Rh(3)-S(2)-Rh(1) 142.3(9)

As(1)-Rh(1)-CI(2) 175.3(6)
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The X-ray structure analysis of 16 shows a cationic trinuclear rhodium complex
with two bridging sulfur atoms from two SPAs™ ligands. The central rhodium(III) atom
is coordinated in an octahedral fashion by two As, two S and two terminal Cl atoms.
Since these ligands act as two-, two- and one-electron donors, respectively, the central
Rh atom has 18 valence electrons. The two terminal rhodium(I) atoms are coordinated
in a square-planar fashion by the P and S donors of the SPAs™ ligands and a 1,5-
cyclooctadiene molecule. In this case the P, S and COD ligands act as two-, one- and
four-electron donors, respectively, and each rhodium(I) atom has 16 valence electrons.
Thus, the structure shows four five-membered metallacycles: two PCCSRh and two

AsCCSRh rings.

5.2. Synthesis and molecular structure of frans-[N i{(SC6H3-2-PPh2-3-AsPh2)-K2S,P}2]
a7

The complex trans-[Ni{(SC¢Hs-2-PPhy-3-AsPh,)-k’S,P)},] (17) was obtained
from the reaction of SPAs with [NiCl,-6H,O] in THF. No formation of a bimetallic
complex was detected when the reaction was repeated using different ratios of the

reagents (ligand/metal, 2:1, 1:1, and 1:2), 17 was always isolated as the major product.

Figure 34. Molecular structure of trans-[Ni{(SCsH;3-2-PPh,-3 -ASth)—KzS,P} 2] (17). Hydrogen atoms and
solvent molecules are omitted for clarity.
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Compound 17 crystallises in the triclinic space group P1 with one molecule in
the unit cell. The molecular structure is shown on Figure 34, selected bond lengths and
angles are listed in Table 14. 17 is a mononuclear complex which contains two identical
ligands coordinating through their P,S chelating pocket to the metal centre in a trans
arrangement. The structure shows the nickel atom located at a crystallographic inversion
centre. Bond angles between adjacent donor atoms are very close to the theoretical 90°

value.

Table 14. Selected bond lengths and angles for 17.

Bond lengths [pm] Bond angles [°]

Ni-S 217.0(1) S-Ni-P 88.4(4)

Ni-P 218.2(1) S’-Ni-P 91.6(4)

S-C(2) 177.2(4) P-Ni-P’ 180.0(1)

P-C(3) 179.8(4) C(2)-S—-Ni 106.7(1)
C(3)-P-Ni 107.7(1)

5.3. Synthesis and molecular structure of [{Pd,Cl,(SCsH3-2-PPh,-3-AsPh;)},(u-Cl);]
(18)

Treatment of SPAs with 2 equivalents of [PdCly(cod)] in THF resulted in
formation of the tetranuclear platinum complex [{Pd,Cl,(SCsH3-2-PPh,-3-AsPh;)}2(u-
Cl),] (18). The symmetry of the complex is proved by the *'P{'H} NMR spectrum,
which exhibits a singlet at 6 = 53.1, indicating two magnetically equivalent phosphorus
atoms. Compound 18 crystallises in the monoclinic space group P2/n with two
independent molecules in the asymmetric unit. Both molecules are located on a special
position (C,-axis). The X-ray crystal structure determination revealed the formation of
the dimeric tetranuclear complex 18 (Figure 35) showing four intramolecular five-
membered rings formed by the coordination of the E,S chelating groups to the
palladium centres, and one central eight-membered ring formed by connection of the

two dinuclear fragments via chloride bridges. The nearly square-planar coordination
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environment around each palladium centre is completed by one terminal and one

bridging chloro ligand (Table 15).

Figure 35. Molecular structure of [ {Pd,Cl,(SCsH3-2-PPh,-3-AsPh,)},(1-Cl),] (18). Hydrogen atoms and
solvent molecules are omitted for clarity.

Table 15. Selected bond lengths and angles for 18.

Bond lengths [pm] Bond angles [°]

Pd(1)-As(1) 229.4(1) As(1)-Pd(1)-Cl1(2) 157.3(6)
Pd(1)-S(1) 226.6(2) S(1)-Pd(1)-CI(1) 178.0(8)
Pd(2)-P(1) 225.5(2) S(1)-Pd(2)-CI(3) 168.0(8)
Pd(2)-S(1) 228.9(2) CI(2)-Pd(2)-P(1) 173.1(7)
Pd(1)-CI(1) 231.6(2) Pd(1)-S(1)-Pd(2) 122.7(9)
Pd(1)-CI(2) 240.1(2) Pd(2)-CI1(2)-Pd(1) 111.3(8)
Pd(2)-CI(3) 231.02)

Pd(2)-Cl(2) 236.9(2)
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5.4. Synthesis and molecular structure of cis-[Pt{(SC6H3-2-PPh2-3-AsPh2)-K2S,P}2]
(19a)

The 2:1 reaction of SPAs and [Ptly(cod)] in THF resulted in the mononuclear
complex cis-[Pt{(SC¢H3-2-PPh,-3-AsPh,)-k*S,P},] (19a). The *'P{'H} NMR spectrum
of the reaction media showed two singlets with the appropriate satellites at 6 = 48.7
(Jrpt = 2642 Hz) and 6 = 40.8 (Jppi = 2901 Hz) (19a). The first shift was assumed to be
trans-[Pt{(SC¢H3-2-PPhy-3-AsPh,)-iS, P},] (19b), which in solution converts into the
thermodynamically more stable cis isomer. The isomerisation process was monitored by
*'P{'"H} NMR spectroscopy, at room temperature full conversion takes approximately
two weeks. Compound 19a crystallises in the triclinic space group P1 with two
molecules in the unit cell. The molecular structure is shown in Figure 38, selected bond
lengths and angles are listed in Table 16. Compound 19a is a mononuclear complex
which contains two identical ligands coordinating through their P,S chelating pockets to
the metal centre in a cis arrangement. The Pt centre is located in a slightly distorted

square-planar environment (Table 16), due to the steric effects.

Figure 38. Molecular structure of cis-[Pt{(SCsH;-2-PPh,-3 —ASth)-KZS,P}z] (19a). Hydrogen atoms and
solvent molecules are omitted for clarity.
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Table 16. Selected bond lengths and angles for 19a.

Bond lengths [pm] Bond angles [°]

Pt(1)-P(1) 224.4(1) P(2)-Pt(1)-S(1) 173.6(5)
Pt(1)-P(2) 224.8(1) P(1)-Pt(1)-S(2) 173.9(4)
Pt(1)-S(2) 231.2(1) P(1)-Pt(1)-P(2) 98.6(5)
Pt(1)-S(1) 231.8(1) S(1)-Pt(1)-S(2) 86.6(5)

5.5. Synthesis and molecular structure of [Pt{(Ptl;(SC¢H3-2-PPh;-3-AsPh;,)-kS.,P)-
KS,A4s}2] (20)

Treatment of two equivalents of SPAs with three equivalents of [Ptly(cod)] in
THF resulted in formation of the trinuclear platinum complex [Pt{(Ptl,(SCsH3-2-PPh,-
3-AsPh;)-kS,P)-«S,4s},] (20). The three platinum centres are bridged via the sulfur
atoms of two SPAs  ligands. The S'P{'"H} NMR spectrum of compound 20 shows a
singlet at & = 39.2 with the corresponding satellites (Jppi = 3293 Hz), due to P-Pt
coupling. Compound 20 crystallises in the monoclinic space group P2;/n with four
molecules in the unit cell. The molecular structure of 20 is shown in Figure 39, selected

bond lengths and angles are listed in Table 17.

Figure 39. Molecular structure of [Pt{(Ptl,(SCsH;-2-PPh,-3-AsPh;)-kS,P)-«S,4s},] (20). Hydrogen
atoms and solvent molecules are omitted for clarity.
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The central unit of the complex is formed by the coordination of two As, S donor
atoms at Pt(1) in a trans arrangement. The Pt(2) and Pt(3) centres are chelated by the P,
S donor atoms, and the coordination sphere around them is completed by two iodo

ligands to give an approximately square-planar geometry.

Table 17. Selected bond lengths and angles for 20.

Bond lengths [pm] Bond angles [°]

Pt(1)-S(2) 232.4(5) S(2)-Pt(1)-S(1) 177.2(2) P(2)-Pt(3)-S(2) 89.1(2)
Pt(1)-S(1) 234.4(5) S(2)-Pt(1)-As(2) 80.6(1) P(2)-Pt(3)-1(4) 171.3(2)
Pt(1)-As(2) 240.1(2) S(1)-Pt(1)-As(2) 99.4(2) S(2)-Pt(3)-1(4) 88.1(1)
Pt(1)-As(1) 241.2(2) S(2)-Pt(1)-As(1) 100.6(2) P(2)-Pt(3)-1(3) 91.1(2)
Pt(2)-P(1) 222.4(6) S(1)-Pt(1)-As(1) 79.8(2) S(2)-Pt(3)-1(3) 178.6(2)
Pt(2)-S(1) 226.6(6) As(2)-Pt(1)-As(1) 172.3(8) 1(4)-Pt(3)-1(3) 91.6(7)
Pt(2)-1(1) 259.4(2) P(1)-Pt(2)-S(1) 88.9(2)

Pt(2)-1(2) 261.9(2) P(1)-Pt(2)-I(1) 90.7(2)

Pt(3)-P(2) 222.2(5) S(1)-Pt(2)-1(1) 171.2(1)

Pt(3)-S(2) 227.9(6) P(1)-Pt(2)-1(2) 176.3(2)

Pt(3)-1(4) 257.5(2) S(1)-Pt(2)-1(2) 89.2(2)

Pt(3)-1(3) 261.9(2) I(1)-Pt(2)-1(2) 90.7(7)

5.6. Theoretical study of the cis-trans isomerism of 17 and 19a.

In order to infer the effect of the substituents on the relative stability of these
systems, energy data calculated at the same level of theory for the model compounds

[M{(S-CeH3-2-PH,-3-AsH,)-*S, P},] (Scheme 37) was also calculated.

ASH2

Ho Ho Ho
i:(s\ /P P\ /P
M M
ool o
ASH2 ASH2

ASH2

trans cis

Scheme 37. Model systems for [M{(SPAS)-KZS,P}z], M = Ni, Pt.
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All calculations were carried out with the same setup (see chapter 8.3 for details) as in a
similar theoretical study done by our group,”® in order to compare results between
[M{(SPAs)-k°S,P},] (M = Ni, Pt) and the related [M{(BiphPS)-«’S,P},] (M = Ni, Pt)
complexes. The cis-trans relative energies (AE) for [M{(SPAs)-k’S,P},] decreases on
going from Ni to Pt, but AE of the corresponding model complexes is lower than AE for
the real systems and the trans isomer is energetically always more favoured than the cis

forms, for both real and model system (Figure 41).

450 1 —<— BiphPS, real 180.0 4
400 - - -+ - BiphPS, model 1600 |
B0 —&— SPAs, real 1400 -
cBUS a. -3 - SPAs, model 1200
250 - S
G T 1000 |
200 4 Tael T —<— BiphPS, real
N e 800 | .
150 - NSNS - > - BiphPS, model
100 o <BHUS —=— SPAs, real
5.0 - 400 4 - = - SPAs, model
0.0 : 3 200 5
Ni Pt Ni Pt

Figure 41. Variations in trans/cis relative energies (left) and singlet-triplet splitting energies (right) for
[M{(SPAs)-KzS,P}z] (shown in red) and [M{(BiphPS)—KzS,P} »] (shown in green, values taken from
ref. 94). M = Ni, Pt; values are in kJ mol .

This clearly explains why for the nickel complexes only the frans isomer (17) was
observed experimentally. However, for the platinum analogues, the intramolecular n-n
interactions might favour the formation of the corresponding cis isomer (19a). In the
case of [M{(SPAs)-k’S,P},], the singlet-triplet (S-T) separation for the model
compounds are lower than for the real systems, indicating that the substituents on
phosphorus enhance the barrier of the cis-trans interconversion (relative to the model).
The AE and S-T trends of the [M{(SPAs)-«’S,P},] model and real systems are
the opposite of the trends observed for the [M{(BiphPS)-k’S,P},] complexes. Our
previous theoretical study on the [M{(BiphPS)-k’S,P}] system showed, that both AE
and S-T separation of the model compounds are higher than AE and S-T separation of
the real systems.”* These trends are reversed for the [M{(SPAs)-k’S,P},] systems,
indicateing a difference between the strength of the possible n-m interactions between

the two different types of ligands. It seems that the n-w interactions between the phenyl
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rings of two SPAs units are weaker than the n-w interactions between the phenyl rings
of two more rigid BiphPS moieties, but still strong enough to induce the formation of
the thermodynamically unfavoured cis isomer for the platinum [M{(SPASs)-KS,P}>]

complex.

6. Coordination chemistry of trans-[Ni{(SC¢H;-2-PPh,-3-AsPh,)-
K>S, P},] (17) with group 10 metal(II) complexes

Phe
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AsPhy ./
s P
s H
/N' \ d Ph,
—H---Cl R
S Pd~ AN
Ph, o\ /Pd/
AsPh, Phy Gl H7O \
17 /S
d

CI —P
oL AL
+ 2[NiCly-6H,0] + 2[PdCly(cod)] ol Ph
2
AsPh,
Ph2

AsPh,

+ 2[Ptlx(cod)]

\ Ph,
COCY - O
< s / \/ \Pth

20 22

Scheme 38. Reaction of 17 with group 10 metal(IT) complexes.
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Compound 17 exhibits two AsPh, groups still available for further coordination.
Therefore, its reaction with NiCl,-6H,0, [PdCly(cod)] and [Ptlx(cod)] in THF, in a 1:2
ratio, was investigated (Scheme 38). The reaction with NiCl,-6H,0, however, did not
take place, nor at room temperature (THF, 48 h) or at reflux conditions (toluene, 24 h).
Reaction of 17 with [PdCl,(cod)] conducted at room temperature in THF gave almost
insoluble brownish microcrystals, which proved to be [{Pd,Cl,(OH;)(SC¢H;3-2-PPh;-3-
AsPhy)},] (21). Compound 21 crystallises in the monoclinic space group P2;/c with
four molecules in the unit cell. The molecular structure is shown in Figure 42, selected
bond lengths and angles are listed in Table 19. The X-ray diffraction analysis revealed a
dimeric structure showing four intramolecular five-membered rings formed by
coordination of the E,S chelating compartments to the palladium centres. The nearly
square-planar coordination environment around Pd(1) is completed by two chloro
ligands, and around Pd(2) by one chloro ligand and one water molecule. Water is
coordinating trans to phosphorus. Thus, two monomeric units are held together via two

intermolecular hydrogen bonds between water and a chloro ligand.

Figure 42. Molecular structure of [ {Pd,Cl,(OH,)(SC¢H;-2-PPh,-3-AsPh,)},] (21). Aryl hydrogen atoms
and solvent molecules are omitted for clarity.
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Table 19. Selected bond lengths and angles for 21.

Bond lengths [pm] Bond angles [°]

Pd(1)-As(1) 227.8(5) As(1)-Pd(1)-Cl(2) 176.9(4)
Pd(1)-S(1) 229.3(9) S(1)-Pd(1)-ClI(1) 170.5(4)
Pd(2)-P(1) 223.1(7) S(1)-Pd(2)-CI(3) 173.6(4)
Pd(2)-S(1) 229.0(8) O(1)-Pd(2)-P(1) 175.8(2)
Pd(3)-As(2) 230.3(4) As(2)-Pd(3)-CI(5) 178.0(3)
Pd(3)-S(2) 228.3(9) S(2)-Pd(3)-Cl(4) 169.8(3)
Pd(4)-P(2) 222.6(8) S(2)-Pd(4)-Cl(6) 171.96(4)
Pd(4)-S(2) 226.6(8) 0O(2)-Pd(4)-P(2) 176.1(8)
Pd(1)-CI(1) 231.3(9) Pd(4)-S(2)-Pd(3) 132.9(4)
Pd(1)-Cl1(2) 234.8(1) Pd(2)-S(1)-Pd(1) 128.5(4)
Pd(2)-CI1(3) 230.5(9) O(1)-H(201)-CI(2) 174.4(3)
Pd(3)-Cl(4) 230.4(9) O(1)-H(101)--Cl(6) 174.6(3)
Pd(3)-CI1(5) 236.1(9) 0O(2)-H(202)--C1(3) 175.0(2)
Pd(4)-Cl1(6) 231.6(9) O(2)-H(102)--CI(5) 175.1(2)
Pd(2)-0(1) 210.2(3)

Pd(4)-0(2) 212.3(3)

The reaction of 17 and [Ptl,(cod)] was carried out at high temperature (toluene
reflux, 24 h). After repeated crystallisations, dark orange crystals of the already
described compound 20 and violet crystals of [{Nil(u-S-SCsH4-2-PPhy)-k°S,P},] (22)
could be separated. In 22 the cleavage of the AsPh, groups has occured, which could be

due to the applied high temperature reaction conditions. 22 crystallises in the triclinic

space group P1 with two molecules in the unit cell. The molecular structure of 22 is
depicted in Figure 43. A selection of bond lengths and angles is listed in Table 21. The
dinuclear structure consists of two nickel-phosphanylthiolato units joined together by
two sulfur bridges between the two metal centres. The environment around both metal
centres is square planar and each nickel is coordinated by a terminal iodo ligand as well.
The experimental Ni---Ni distances in 22 are longer than the limit of the sum of the
covalent radii of two nickel atoms, i.e. 248 pm, indicateing an absence of a direct

metal-metal bond.
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Figure 43. Molecular structure of [ {Nil(u-S-SCsH4-2-PPh,)-k’S,P},] (22). Hydrogen atoms are omitted

for clarity.

Table 21. Selected bond lengths and angles for 22.

Bond lengths [pm]

Bond angles [°]

Ni(1)-P(1) 216.8(6) Ni(2)-P(2)
Ni(1)-8(1) 217.2(6) Ni(2)-S(1)
Ni(1)-8(2) 226. 8(6) Ni(2)-S(2)
Ni(1)-I(1) 248.7(3) Ni(2)-1(2)
Ni(1)-Ni(2) 268.3(4)

215.9(6)
226.6(6)
219.7(6)
249.4(3)

P(1)-Ni(1)-S(2)
S(1)-Ni(1)-I(1)
P(2)-Ni(2)-S(1)
S(2)-Ni(2)-1(2)

165.1(2)
177.0(2)
163.3(2)
173.4(2)

7. General conclusions

The first part of the original contributions (chapter 3) is concerned with the

synthesis and characterisation of the new heterotopic ligands containing As/P, As/S/P
and As/S/As as donor atoms: 1-PPh,-2-S(AsPh,)C¢Hs (1), 1-AsPh,-2-S(PPh,)CeHa (2),
1-PPh;,-2-S(C4Hy)-3-AsPh,-C¢Hs (3, SPAs), 1,3-AsPh,-2-S(C4Ho)CsHj (4, SAs2) and 1-
PPh,-2-SH-3-AsPh,-C¢Hj3 (5, SHPAS). The synthesis of 4 required the preparation of 1-

AsPh;,-2-S(C4Hy)C¢Hy4 (4a) as precursor, which proved to be a novel compound as well.
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The compounds were characterised by NMR, IR spectroscopy, mass spectrometry,
elemental analysis and X-ray structure analysis (in case of 1, 3-5).

Furthermore, this thesis describes the coordinative properties of 1 toward group
10 metal dihalides (chapter 4.1) and metal carbonyl complexes of Mo, Mn and Fe
(chapter 4.2). The metal-mediated cleavage of the As—S bond of the ligand, respectively
the role of the neighbouring PPh, group in the coordination to metal centres was
studied. All reactions of 1 with transition metal complexes featured the cleavage of the
As—S bond and coordination of the resulting phosphanylthiolato ligand (SCeHy4-2-
PPhy) . The results are summarised in the following:

e Reactions with [MX;(cod)] (M = Pd, X = Cl; M = Pt, X =I) led to trinuclear
complexes [(cis-M{(u-S-SCsH4-2-PPhy)-i°S, P} »)-MXo-MX { (u-S-SCeHy-2-
PPh,)-k°S,P}] [M = Pd, X = Cl (8); M = Pt, X = I (10)] as kinetic products,
followed by formation of the thermodynamic products [PtI{(u-S-SCsHa-2-
PPhy)-k°S,P}]s (M = Pd, X = CI (7); M = Pt, X = I (9)). The isomerisation
process was followed by *'P{'H} NMR spectroscopy; all of the structural
isomers were isolated and characterised by X-ray structure analysis. In contrast,
the reaction of 1 with NiCl,-6H,0 led only to the bischelate complex trans-
[Ni{(SC¢H4-2-PPh,)-k’S,P},] (6).

e Reactions of 1 with [MoCp(CO);], and [FeCp(CO),]» lead to
[MoCp(CO),{(SC¢H4-2-PPhy)-xS,P}] (11) and [FeCp(CO){(SCsH4-2-PPhy)-
kS,P}] (15). Not only has the As—S bond of 1 been cleaved, but also the
disaggregation of the initial dimeric metal complexes through the scission of the
metal-metal bonds was observed.

e Reaction of 1 with [Mny(CO);o] led to two metal complexes. [Mny(CO)7(u-
AsPhy){(SCsH4-2-PPh;,)-«kS,P}] (12) is the only reaction product with 1 which
contains all three donor atoms in its structure. The cleaved AsPh, group is
included in the final complex and bridges two Mn atoms, while the P,S chelating
pocket coordinates to one Mn centre. At the same time [Mny(CO)s(u-AsPhy);]
(13) serves as the single example where the metal centres are coordinated only
by bridging AsPh, groups and the (SC¢Hs-2-PPhy) part of the ligand is

excluded.
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e The complex [Fe(CO),{(SCsHs-2-PPhy)-k*S,P)},] (14) is a good example that
ligands containing mixed-donor P,S chelating pockets tend to form mononuclear

complexes of the general formula M(P,S)s,.

Chapter 5 describes the coordination chemistry of SPAs with rhodium and group
10 metal(I) halides. Due to the two flanking tertiary E donor groups (E = As, P) in the
ortho-positions, in  some  cases  sulfur-bridged trimetallic =~ complexes
([RhCl,{(Rh(cod)(SCsH3-2-PPh;-3-AsPh;)-kS, P)-«S,4s } 2 ][RhCly(cod)] (16),
[Pt{(Ptl,(SCsH3-2-PPh,-3-AsPh;)-«S,P)-«S,4s},] (20)) and bimetallic complexes
([{Pd2Cly(SCsH3-2-PPh,-3-AsPhy) }2(u-Cl),] (18) were formed. However, regardless of
the tridentate structural motif of SPAs, reactions with NiCl,-6H,O led exclusively to
trans-[Ni{(SC¢H3-2-PPh,-3-AsPh,)-k’S,P},] (17), while the 2:1 reactions with
[Ptly(cod)] led to the mononuclear complex cis-[Pt{(SC¢Hs-2-PPhy-3-AsPh,)-k>S,P},]
(19a). The two trinuclear species 16 and 20 have Rh(As,S), and Pt(As,S), moieties,
respectively, as central units, while each terminal metal centre is chelated by the P,S
donor groups. In the mononuclear complexes mentioned above, two ligands coordinate
to the metal centre through their P,S chelating compartments in a frans (17) or in a cis
(19a) arrangement, leaving the two AsPh, groups still free for further coordination.
Theoretical calculations on SPAs and SHPAs predicted, that the P,S chelating pocket
will be favoured over the As,S unit during an electrophilic attack. This has been
evidenced experimentally in mononuclear complexes of SPAs, namely 17 and 19a.
Furthermore, computational studies of the cis-trans isomerism of 17 and 19a showed
that the trans isomer is energetically always more favoured than the cis forms. This
clearly explains why for the nickel compounds only the frans isomer (17) was observed
experimentally. For the platinum analogues, the possibility of intramolecular m-m
interactions still favours the formation of the corresponding cis isomer (19a), albeit the
weaker nature of these n-m interactions between the phenyl rings of two SPAs moieties
relative to the m-m interactions between the phenyl rings of two BiphPS moieties.”*
Compound 18 is constructed from two dinuclear systems which are held together

through chloro bridges. Each chelating compartment of the ligand is coordinating to one
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palladium atom, and the metal centres are brought close to each other through the
bridging sulfur atom.

Since the structure of 17 still offers two free AsPh, groups in frans arrangement
for further coordination, its subsequent reaction with group 10 metal(Il) halides was
investigated (chapter 6). The reaction with NiCl,-6H,0 did not take place, not even at
elevated temperatures (>110 °C). In order to try to synthesise bimetallic trinuclear
complexes, the reaction of 17 with [PdCly(cod)] and [Ptly(cod)] was carried out.
However, none of the obtained complexes proved to be a bimetallic species. The
structure of [ {Pd,Cl,(OH;)(SC¢H3-2-PPh;,-3-AsPh,)},] (21) lacks the presence of the Ni
centre, the chelating compartments being occupied by two palladium atoms, and the
complex is constructed from two dinuclear systems held together by two intermolecular
hydrogen bonds (OH--Cl). Reaction of 17 and [Ptl(cod)] resulted in the previously
described compound 20 and in [{Nil(u-S-SC¢H4-2-PPhy)-i>S,P},] (22). While in
compound 20, the Ni atom is excluded from the structure, complex 22 has two Ni
centres and a dimeric structure with a bent Ni,S, central unit. The driving force for
bending in 22 was clearly identified as the d — p* donor—acceptor interactions between
the two nickel atoms. At the same time 22 shows cleavage of the AsPh, groups, thus,
the metal centres are coordinated by two (SC¢H4-2-PPh,)” moieties and two iodo
ligands. Scission of the C—As bond is assumed to occur due to the high temperature
reaction conditions. The reasons for the exchange of nickel during the reaction of 17
with [PdCly(cod)] or [Ptlx(cod)] is not clear. The smaller atomic radius of nickel in
comparison to that of platinum and palladium and the lower affinity of nickel(II) for the
phosphorus centre in comparison to palladium(II) and platinum(II) could be the cause of
the occurring Ni/Pd and Ni/Pt substitution, but in order to understand the mechanism of

the reaction, further studies are needed.
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