FULL PAPER

DOI: 10.1002/€jic.201100132

Syntheses, Structures, and Properties of Trinuclear Copper(I)/Titanium(IV)
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The thiolato-bridged copper(I)/titanium(IV) complexes
[Li(15-crown-5)thf],[Cu,Ti(SPh)g] (thf = tetrahydrofuran) and
[Cu,Ti(SPh)g(PPhs),] have both been prepared in yields of at
least 83 % by reaction of CuCl and TiCl,-2thf with LiSPh in
THEF in the presence of 15-crown-5 or PPhj, respectively. The
crystal structures of the trinuclear compounds were deter-
mined by X-ray analysis of single crystals. The dark colored
compounds display absorption bands over a wide energy
range with absorption onsets lying in the near infrared region
at approximately 1350 nm for [Li(15-crown-5)thf],[Cu,Ti-

(SPh)g] and 1050 nm for [Cu,Ti(SPh)e(PPhs),]. Density func-
tional calculations reproduce and explain the energy differ-
ence of the lowest energy transitions. Thermal treatment of
[Cu,Ti(SPh)g(PPh3),] up to 500 °C resulted in the cleavage of
SPh, and PPh; and the formation of a mixture of ternary cop-
per titanium sulfides, namely Cu,TiS, and the defect thiospi-
nel Cug 33TiS,. In contrast, reflections of the powder diffrac-
tion patterns of the residues from the thermal analysis of
[Li(15-crown-5)thf];[Cu,Ti(SPh)g] could only be assigned to
the known phases Cu, gS (Digenite) and Cu; ¢S (Djurleit).

Introduction

In recent years early transition-metal thiolate complexes
have received attention because of their importance in a
wide range of areas.!!! Interest in titanium thiolate com-
pounds arises from the fact that such compounds can serve
as single-source precursors for the formation of thin films
of titanium sulfides by chemical vapor deposition
(CVD).2381 Titanium disulfide is also of interest since
Whittingham first demonstrated fast, reversible Li insertion
into TiS, over the solid solution range 0 = x = 1 of
Li, TiS,.>1% However, only a few homoleptic titanium
complexes with monodentate thiolato ligands have been
characterized by single-crystal X-ray to date. Examples in-
clude [Li(OEt,)][Ti(S-2,4,6-iPrsCsHa)4],'Y [NMe,H,][Tis-
(SMe)o], [Tis(SMe);o],'? [Ti{S-1,3,4,6-CcH(CH3)y} 411"
[NEtyLo[Ti(SPh)e],l'*l  [Li(C4HgO0)4][Tin(SPh)o],'  [NHo-
Et,]5[Ti,(SCH,Ph)o],I”! and [NH,Et,],[Ti(SC4F )], some of
them isolated only in low yields.[®!
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Interest in the combination of an early and a late transition
metal in a heterobimetallic complex arises because the com-
bination of two different metal atoms, which are electron-
deficient and electron-rich, respectively, offers the possibil-
ity of Lewis acid activation of a substrate molecule bound
to the electron-rich metal center. Thiolato-bridged titanium
heterometallic compounds have been featured in reviews
over the last two decades["'®!7] It is noteworthy that
bimetallic complexes, such as [Cp,Ti(u-SCH,CH,CHs-
PPh,),Rh]BF,, reveal reversible Ti"V/Ti"" redox couples,!®!
whereas the corresponding metalloligands do not. In ad-
dition, it was suggested that relatively short Ti—Cu distances
of 280.3 pm in [Cp,Ti(SCH,CHj5),CuP(C¢H,,);]PF¢'°! and
280.93 to 283.2 pm in [Cp,Ti,Cu,(ps-S)4(PPh;),]?Y are con-
sistent with Cu(d'®)—Ti(d") dative interactions. However,
recent investigations by our group on the cluster complexes
[LI(THF)4]2[T12CU8S4(SPh)10] and [T12Ag6S6C12(PPhlPr2)6]
do not provide any support for d'°—d° dative bonding in
these compounds.?! Related solid state materials, such as
CuTi,S,, have recently attracted interest as cathode materi-
als in rechargeable lithium ion batteries?>23 supported by
first principles total energy calculations on the intercalation
of copper into TiS,, which significantly influences its elec-
tronic properties.*#

Here we report the syntheses and crystal structures of the
mixed titanium(IV)/copper(I) trinuclear thiolate complexes
[Li(15-crown-5)thf],[Cu,Ti(SPh)g] (1) and [Cu,Ti(SPh)e-
(PPhs),] (2) along with investigations on their optical and
thermal properties.
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Results and Discussion

Synthesis and Structure

Both mixed titanium(IV)/copper(I) trinuclear thiolate
complexes 1 and 2 were prepared by the reaction of CuCl
and TiCly-2thf with LiSPh in THF at room temperature
(Scheme 1). Addition of either two eq. of 15-crown-5 at
—15°C or two eq. of PPh; at room temp. to the dark lilac
reaction mixtures afforded the crystallization of almost
black crystals of 1 and 2.

[Li{15-crown-5)thf],
[CuTi(SPh)s]

&

m

THF +2 equiv. 15-crown-5

2 CuCl + TiCly2thf + 8 LiSPh

THF + 4 PPh;

L

[Cu, Ti(SPh)s(PPhs):] (2)
Scheme 1.

Tonic 1 crystallizes in the monoclinic space group P2,/n
(Table 2). The molecular structure of the cluster anion
[Cu,Ti(SPh)g]> in 1 is shown in Figure 1. There is an inver-
sion center at the titanium atom, and 1 can be viewed as
consisting of a distorted octahedral titanium atom sharing
parallel trigonal faces with two copper [Cu(l) and Cu(l")]
centred tetrahedra. Six of the thiolato ligands [S(1)-S(3)
and symmetry equivalent positions] act as p,-bridges [Cu—
S-Ti: 70.24-70.83(2)°] at the corners of the shared faces,
and two others [S(4) and S(4)'] act as terminal ligands coor-
dinated to the copper atoms. The Ti-S bond lengths
[245.57-248.13(8) pm] are shorter than those found in octa-
hedral [Ti(SPh)g]> !4 [255.3-258.5(3) pm] and in between
the values found for [Ti,(SPh)e] 1151 [232.40-254.34(17) pm],
whereas the Cu-S distances [[,-SPh—Cu: 234.38-236.42(7)
pm, u;-SPh—Cu: 223.13(7) pm] are slightly longer than
those found in [Cus(SPh)¢]>~ (Cu-S: 224.5-230.6 pm).*]
Whereas the octahedral thiolate coordination around
titanium is only moderately distorted [S-Ti-S: 86.74—
93.26(2)°], the copper center sits in a strongly distorted
tetrahedral environment [S—Cu-S: 91.67-130.44(3)°]. The
copper-titanium distance [Cu--Ti: 278.78(5) pm] is com-
parable to those found in [Cp,Ti(SCH,CHj3),CuP-
(CgH;1)3]PF(!! (Cu-Ti: 280.3 pm) and [Ti,Cu,S,Cp,-
(PPh;),]?% (Cu-+Ti: 280.93-283.2 pm), which were attrib-
uted to Cu(d'®)—Ti(d’) dative bonding interactions. Recent
investigations on [Ti,CugS4(SPh),o]>~ (Cu-Ti: 277.7-
278.8 pm),2!1 however, suggest that there is no evidence for
d"— P dative bonding interactions in these compounds.

Complex 2 crystallises in the trigonal space group R3
(Table 2). The trinuclear unit “Cu,Ti(SPh)s” with six p,-
bridging thiolato ligands is structurally similar to that ob-
served in the anion of 1, and the terminal SPh~ groups are
replaced by two coordinating triphenylphosphane mole-
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Figure 1. Molecular structure of the cluster anion [Cu,Ti(SPh)g]*
in the crystal of 1 (50% ellipsoids, H atoms omitted for clarity).
Symmetry transformation for generation of equivalent atoms: ’
-x — 1, =y, —z + 2. Selected bond length [pm]: Ti(1)-S(1) 246.40(9),
Ti(1)-S(2) 248.13(8), Ti(1)-S(3) 245.57(7), Cu(1)-S(4) 223.13(7),
Cu(1)-S(1) 234.38(7), Cu(1)-S(2) 236.18(7), Cu(1)-S(3) 236.42(7),
Ti(1)+-Cu(1) 278.78(5), Selected bond angles [°]: Cu(1)-Ti(1)—
Cu(1)’ 180.0, S(4)-Cu(1)-Ti(1) 167.80(2), S(3)-Ti(1)-S(1) 88.45(2),
S(3)'-Ti(1)-S(1) 91.55 (2), S(3)'-Ti(1)-S(2)" 86.74(2), S(1)-Ti(1)-
S(2) 86.80(2), S(3)-Ti(1)-S(2)" 93.26(2), S(1)-Ti(1)-S(2)" 93.20(2),
S(4)-Cu(1)-S(1) 111.40(3), S(4)-Cu(1)-S(2) 130.44(3), S(1)-Cu(1)-
S(2) 92.41(3), S(4)-Cu(1)-S(3) 127.33(3), S(1)-Cu(1)-S(3) 93.58(3),
S(2)-Cu(1)-S(3) 91.67(3), Cu(1)-S(1)-Ti(1) 70.83(2), Cu(1)-S(2)-
Ti(1) 70.24(2), Cu(1)-S(3)-Ti(1) 70.65(2).

cules resulting in a neutral molecule (Figure 2). A threefold
rotation axis runs through the linear chain formed by the
copper titanium and phosphorus atoms P(1)-Cu(l)-*
Ti(1)---Cu(2)-P(2) (Figure 2). Considering only the heavy
element framework in 2, there is a nearly pseudo inversion
symmetry center at the titanium atom, which is not valid
for the disordered phenyl rings (see Exp. Section). The geo-
metric parameters compare with those observed in the
anion of 1 with a similar range of octahedral S-Ti-S angles
in 1 [86.74-93.26(2)°] and 2 [86.40-93.23(13)°]. Mean p,-S—

Figure 2. Molecular structure of 2 in the crystal viewed down «a
(50% ellipsoids, disordered C atoms and all H atoms omitted for
clarity). Symmetry transformation for generation of equivalent
atoms: " -y + 1, x -y, 2z —x+ y+ 1, —x + 1, z. Selected bond
length [pm]: Cu(1)-P(1) 220.4(5), Cu(1)-S(1) 234.6(3), Cu(2)-P(2)
225.0(5), Cu(2)-S(2) 235.4(4), Ti(1)-S(2) 242.8(4), Ti(1)-S(1)
248.6(4), Cu(l)-Ti(1) 280.4(5), Cu(2)Ti(l) 276.2(5), Selected
bond angles [°]: P(1)-Cu(1)-Ti(1) 180.0, P(2)-Cu(2)-Ti(1) 180.0,
Cu(2)-Ti(1)-Cu(1) 180.0, P(1)-Cu(1)-S(1) 123.10(7), S(1")-Cu(1)-
S(1) 93.01(10), P(2)-Cu(2)-S(2) 124.02(8), S(2)-Cu(2)-S(2")
91.75(11), Cu(1)-S(1)-Ti(1) 70.88(12), Cu(2)-S(2)-Ti(1) 70.54(13),
S(2)-Ti(1)-S(1) 178.53(18), S(2)-Ti(1)-S(2") 88.21(15), S(2)'-Ti(1)-
S(1) 93.23(12), S(2)-Ti(1)-S(1") 92.15(11), S(1)-Ti(1)-S(1")
86.40(13), Cu(1)-S(1)-Ti(1) 70.88(12), Cu(2)-S(2)-Ti(1) 70.54(13).
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Ti distances were found to be 246.7 pm in 1 and 245.7 pm
in 2, and mean W,-S-Cu distances are 235.7 in 1 and
235.0 pm in 2.

A similar linear metal skeleton has been observed in
some heterobimetallic trinuclear complexes such as [Cu,M-
(SAr)s(PPh3),] (M = W, Mo, U; Ar = Ph, p-CsHsMe, p-
C¢H4F,  p-CsH4CL,  p-C¢HyBr),26281  [Cu,Sn(SPh)e-
(PPh3),],?" and [LFeMFeL]"" [M = Ge, Sn; n =2, 3; L =
1,4,7-(4-tert-butyl-2-mercaptobenzyl)-1,4,7-triazacyclonon-
ane].[3

A comparison of the measured and calculated X-ray
powder diffraction patterns for 1 and 2 reveals the crystal-
line purity of 2 with respect to the formation of other crys-
talline compounds (Figure 3). Slightly increasing differences
in the position of the peaks with increasing detection angle
arises from the temperature difference of the detection of
the single crystal data and the powder patterns. Visible devi-
ations of the measured and simulated powder patterns of 1
could be attributed to a loss of solvent molecules, although
the samples were measured as a suspension in THF.

a

—— experimental
simulated

intensity [a.u.]

T T T T T T T

5 10 15 20 25 30 35 40

2 Theta [deg.]
b
—— experimental
—— simulated

intensity [a.u.]

2 Theta [deg.]

Figure 3. Powder diffraction pattern of a) 1 as a suspension of crys-
tals in THF and b) 2 as a dried crystalline powder.

Electronic Spectra

UV/Vis spectra of the crystalline powders of 1 and 2 were
measured as a nujol mull pressed between quartz plates
(Figure 4). Due to the decomposition of 1 and insolubility
3104
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of 2 in organic solvents no solution spectra were measured.
In accordance with the dark color of the mulls (1 dark
green; 2 grey-blue) both compounds show several absorp-
tion features which cover the whole visible region and reach
into the near infrared. Differences between the spectra of
both compounds are a) the tail of the absorption onset
which is observed in 1 further into the infrared at 1350 nm
than in 2 (1050 nm), b) the first two maxima are shifted to
smaller wavelengths on going from 1 (912, 665 nm) to 2
(875, 633 nm), c)an additional absorption maximum at
511 nm in 2, and d) another shifted maximum (shoulder)
[1: 406 and 2: 373(sh) nm].

energy [eV]

J1278
I 406 665

Absorption [a.u.]

0,5+

00 =1 & T L x 0 L1 &5 7
400 600 800 1000 1200 1400 1600
wavelength [nm]

Figure 4. UV/Vis spectra of 1 and 2 in the solid state (powder in
mineral oil between quartz plates).

Absorption features at wavelengths below 300 nm [1: 278
(sh); 2: 297 nm] can be assigned to n—7n* transitions of the
SPh~ and PPh; ligands.®!" As copper thiolato complexes
such as (NEt,),[Cu(SPh);],B1 (NEt,)4[Cug(SPh),Cle),[
and (PPhy),[Cuy{o-(SCH,),C¢Hy4}5]?3 are known to form
white to light orange compounds with absorption features
below 320 nm, we suggest that most of the other transitions
in 1 and 2 are mainly assigned to LMCT transitions from
SPh™ into low lying empty d orbitals of Ti*". For orange
red [Ti(SCH,CH,S);]*>" where titanium is coordinated by six
sulfur atoms in a distorted octahedron, Holm reported “a
rich LMCT” spectrum in CH3CN with absorption features
from 550 to 200 nm [230, 276 (sh), 355, 414, 476 (sh)].134
Other thiolato complexes of six-coordinate titanium atoms
such as [NMesz][Tiz(SMe)g], [Ti3(SM€)12],[12] [NEt4]2-
[Ti(SPh)],'*!  [Li(C4HgO)4][Tio(SPh)ol,l"™  [NH,Et, o[ Tio-
(SCH,Ph),],I"M and [NH,Et,],[Ti(SCeFs)e]? are reported to
form deep colored dark red to black crystals but no elec-
tronic absorption data are given. However, the differences
between the spectra of ionic 1 and neutral 2 upon formal
exchange of two SPh™ ligands with two PPh; ligands indi-
cate the involvement of transitions from copper based d or-
bitals as the distorted octahedral coordination environment
around the titanium atoms does not change in either com-

Eur. J. Inorg. Chem. 2011, 3102-3110
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pound but the copper coordination environment does.
Furthermore, it has been suggested that low energy bands
at around 650 nm in copper titanium thiolato complexes
such as [Cp,Ti(n,-SCH3),CuX], (X = Cl, Br), which have
not been characterized by single crystal XRD, are attribut-
able to transitions involving both metal centers.*>! Instead,
in thf solutions of crystallographically characterized
[Cp,Ti(p,-SCH,CH3),CuP(C¢H;)3]PF4 only two absorp-
tion bands at 462 and 354 nm were found with no evidence
for MMCT transitions.['*]

In order to characterize the nature of the optical transi-
tions more carefully, density functional calculations at the
BP86%37/SV(P)B8! level of theory were performed on the
dianion in 1 and on 2. It must be noted that the optimised
gas phase structures differ significantly in both cases from
the crystal structures (Table 4 and Figure S7 and S8 in the
Supporting Information). During optimisation, the dianion
in 1 undergoes a drastic change to a very asymmetric struc-
ture with one three-coordinate copper atom, whereas the
symmetry of 2 increases from point group C; to Sg making
many transitions Laporte forbidden due to the inversion

Table 1. The ten lowest calculated transition energies [nm] and their
oscillator strengths f,.. in 1¢ and 2c.

1c 2¢

No. Anm] fose Z[nm]  fose

1 1617 1.5%x1073 1069 2.8 x 10730l
2 1471 2.0X 1072 852 1.3x10%

3 1459 —Ib] 812 6.0 x 1073l
4 1238 2.0x1073 780 7.7%x10%

5 1211 2.0x1073 729 5.6 X 10730
6 1260 —Ib] 693 8.0 X 104l
7 909 3.1x1073 676 5.1%x1073
8 883 3.1x1073 648 3.1X102
9 853 45%x1073 630 1.6 X 107301
10 824 bl 625 2.4 %1030

[a] Degenerate transition. [b] Laporte forbidden.

Table 2. MO contributions (%) in the frontier orbitals of 1c.

Eur|IC

center in Ss. Thus, for the quantum chemical considera-
tions, only the H atom positions were optimised and the
heavier atoms were kept in their crystal framework. The
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Figure 5. Molecular frontier orbitals of 1c. Contours are drawn at
0.05 a.u., orbital energies (right) are given in eV.

-394
(HOMOT1)

MO No. 265 266 267 268 269 270 271 272
HOMO-3 HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2 LUMO+3

E [eV] —4.38 -4.06 -3.94 -3.87 -3.05 -3.03 -2.41 -1.55

X Cu 53 37 29 34 3 3 11 1

Ti 1 0 7 0 76 71 67 36

X p-S 35 32 11 17 14 14 15 10

X term. S 2 20 34 31 0 0 3 0

T phenyl™ 10 11 19 18 6 7 4 54

[a] Contains small unassigned contributions from AOs (< 0.1%) of Cu, Ti and S.

Table 3. MO contributions (%) in the frontier orbitals of 2c.

MO No. 343 344+345 346+347 348 349+350 351 352+353 3544355
HOMO-3 HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2 LUMO+3

E[eV] -5.49 -5.24 -5.03 —-4.69 -3.54 -3.01 -1.93 -1.88

z Cu 27 37 42 26 2 9 1 1

Ti 11 7 2 0 78 68 28 4

z p-S 16 38 44 45 14 16 9 2

P 8 1 1 9 0 3 2 8

T phenyl™ 39 18 11 21 6 5 61 85

[a] Contains small unassigned contributions from AOs (< 0.1%) of Cu, Ti, S and P.
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structures obtained are denoted as 1¢ and 2¢ (Table S3 and
S4 in the Supporting Information). Crystal lattice effects
were simulated with COSMOP! screening charges, which
was crucial for the dianion to shift the Kohn—Sham orbital
energies to physically meaningful negative values.

In accordance with the observed redshifted lowest energy
absorption of 1 in comparison with 2, 1¢ exhibits a smaller
HOMO-LUMO gap (0.82 ¢V) than 2¢ (1.15eV). Time-de-
pendent DFT calculations yield systematically lower transi-
tion energies in lc compared to 2¢. The ten lowest calcu-
lated transition energies are given in Table 1 (see also Table
S1 and S2 in the Supporting Information). A Mullikan
population analysisi*! of the orbitals that contribute to the
lowest energy transitions reveals common features in both
complexes. Summarised MO contributions are given in
Tables 2 and 3 and the respective orbitals are visualised in
Figure 5 (see also tables S5 and S6 in the Supporting Infor-
mation). All the transitions in Table 1 are from orbitals that
are delocalised mainly over the copper and sulfur atoms
into orbitals which are essentially localised at the titanium
atoms. The main effect of the exchange of a terminal thiol-
ato ligand in 1c with the phosphane ligand in 2¢ can be
explained as follows: although in 2¢ the contribution of the
phosphane ligands to the HOMO and HOMO-1 can al-
most be neglected, the terminal thiolato ligand contribution

Yooy
. Y "'{r 6§ J\*‘ —301
=K W ' (LUMO+1)
2% %} T
; (7
I LY NG TS
= -

- 5.03
(degenerated HOMO-1)

Figure 6. Molecular frontier orbitals of 2¢. Contours are drawn at
0.05 a.u., orbital energies (right) are given in eV.
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in 1c is in the same magnitude as that of one of the copper
atoms. The antibinding © donor interaction of the lone pair
p orbitals at the terminal sulfur atoms with d orbitals at the
copper atoms increases the orbital energies of the HOMO
and HOMO-1 in 1c and reduces the transition energies
(Figure 6).

Thermal Behavior

Concerning the use of titanium thiolato complexes in
CVD processes, Bochmann et al. reported that heating the
volatile titanium thiolate Ti(StBu)s to 130-200 °C under
vacuum leads to the deposition of amorphous films of
TiS.Bl Thiol adducts of the type [TiCl4(HSR),] (R = ¢-
Ce¢Hy, or ¢-CsHg) were found to afford bronze colored films
of polycrystalline TiS, in CVD experiments (200-600 °C, at
0.1 Torr).*3! Girolami et al. observed that passing Ti-
(StBu), over quartz, silicon, and stainless steel substrates at
temperatures of 150 and 270 °C and 10~* Torr resulted in
the deposition of grey—blue films of TiS,.1% Recently, Carm-
alt et al. reported low pressure CVD experiments using
[NH,Et]o[Tio(SCH,Ph)o] ! and [NH,Et],[Ti(SC4Fs)e].*!
which led to the formation of films of TiS,. Thermal de-
composition experiments on heteronuclear copper titanium
thiolato complexes have not been reported so far.

Thermogravimetric analysis of 1 under a helium gas flow
shows that it starts to decompose above 30 °C in a two step
process (1°¢ step: 30-90 °C; 27d step: 90-350 °C), whereas 2
displays a one step mass loss ranging from 80 °C to 370 °C
with an additional minor mass loss in the region from 370
to 475°C. (Figure 7). Both total mass losses (1 79.5; 2
81.6%) are close to those required for complete decomposi-
tion of 1 to form Li,Cu,TiS, (calcd. 80.8%) and 2 to form
Cu,TiS; (caled. 80.0%).

0
] 1)
20
40 -
60 -
o 777 %
804 — He gasfow 795%

vacuum conditions

mass loss [%]
—
(=]
o

100 200 300 400 500
TrCl

Figure 7. Thermogravimetric analysis of 1 and 2 under He gas flow
(straight lines) and under vacuum conditions (dashed lines).
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In order to investigate the cleavage products, thermolysis
experiments were carried out on a preparative scale (ca.
300 mg) under a N, atmosphere (up to 500 °C) in Schlenk
tubes located inside a tube furnace (see experimental sec-
tion for details). Complex 1 visibly starts to decompose at
around 200 °C when the black crystals turn grey and a col-
orless oily liquid forms around the powder. Between 250
and 260 °C, the mixture of solid and liquid material turns
red, and more liquid forms, which also condenses in the
cool trap. Above 260 °C, the material turns back to black
and at 310 °C it was observed to be dry with all yellowish
liquid products condensed partly in the tube outside the
oven and in the cool trap. 'H and '*C NMR spectra of
the collected liquid products reveal that the main cleavage
products are SPh,,[#!4?1 15-crown-5 ether, and THF. Ad-
ditional minor peaks in the alkyl and aryl region of the
spectra indicate the formation of side products. Among
those most dominant is a multiplet in the 'H spectrum
around at 3 ppm (= 10% of the total amount of —SPh pro-
tons). PhSSPh as a possible product of oxidation was not
identified. Therefore, it can be suggested that most probably
THEF is cleaved in the first step in the TGA of 1 (exp. 6%,
caled. 8.8%), and 4 equiv. of SPh, with 2equiv. of 15-
crown-5 (exp. 75.6 calcd. 72%) are simultaneously cleaved
in the second step according to Scheme 2.

[Li(15-crown-5)thf]s[Cu; Ti(SPh)s)

l 500 °C
4SPhy + 2(15-crown-5) + 2thf + "Li;CusTiSs"

Scheme 2.

The formation of SR, and metal sulfides is a well estab-
lished decomposition pathway for transition metal thiolates
M(SR), of group 12 (M = Zn, Cd),*3! whereas for binary
titanium thiolato complexes different reaction products
have been observed. For Ti(StBu), either the formation
StBu, and tBuSSsBul® or formation of H,S, BuSH and
CH,=C(CHj;),!! have been reported, and thermolysis of
[NH,Et,]5[Ti,(SCH,Ph)o] resulted in the volatile decompo-
sition products Et,NH and PhCH,SSCH,Ph.["]

Complex 2 visibly starts to decompose at around 150 °C
with the formation of a dark powder and a colorless oil,
which condenses outside the oven. Upon further heating
the color of the volatile cleavage products gradually changes
to dark yellow. Above 250 °C the cleavage products again
appear to be colorless. After cooling, most of the cleavage
products outside the oven solidified to result in off-white
crystals and a yellow oil. From identification by 'H, 3C,
and 3'P NMR the main cleavage products are SPh, and
PPh; with traces of SPPh; and OPPh; (Scheme 3).

Powder patterns of the residues of the thermal treatment
of 1 and 2 up to 500 °C show distinctly different results
(Figure 8). Most of the diffraction peaks of the residue of
the thermolysis of 1 can be explained by comparison with
the peak patterns of Cu, S (Digenite) and Cuy ¢S (Djur-
leit).*1 We could not identify peaks corresponding to
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[CusTi(SPh)s(PPhs)s]

l 500°C

38Ph; + 2PPhs + "CupTiSy"

Scheme 3.

known ternary and quaternary phases composed of Cu, Ti,
S and Li. In this respect, it is interesting to note that tita-
nium sulfide films produced by CVD processes with sub-
strate temperatures below 800 °C are usually found to be
amorphous.>¢-81 In addition, we found that the positions
of the broad peaks (marked by an asterix) are similar to

a

Cu, S/ Digenite

il 1 |l|| |

—— solid residue of thermolysis of 1

intensity [a.u.]

TRV AT

Cu, S/ Djurleit

10 20 30 40
2 Theta [deg.]

| | L1
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¥ I . 1
50 60

Cu,TiS, in 14-2m

i i .| |L. 1 " 1
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— + v

1 : I i I . I 1 5 I 3 T
10 20 30 40 50 60 70 80 90
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Figure 8. Powder XRD pattern of the residues of the thermolysis
(500 °C) of 1 and 2 under nitrogen.
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those reported for some LiTiO, phases.[*>4¢1 However, this
would require reduction of Ti** to Ti** and the presence of
distinct amounts of moisture and the presence of oxygen
should also lead to the formation of PhSSPh which was not
found in the cleavage products.

In contrast, almost all of the peaks in the diffractogram
of the residue of the thermolysis of 2 can be assigned to a
mixture of two phases, namely Cu,TiS,*”! and the defect
thiospinel Cug 33TiS,.#8 Reflection peak maxima were
found to be by five times more intense for Cu,TiS,. It is
not clear whether this reflects the ratio of the two phases.
In addition the formation of Cug33TiS, requires the partial
reduction of Ti*" ions to Ti**. Interestingly, parts of the
pattern do not exactly match that of Cug (;TiS,,*°1 which
would be more understandable on basis of the formal de-
composition Scheme 4.

2°CusTiSy ——» CuyTiSy + TiS:
observed in Cuy33TiS; observed
powder XRD in powder XRD
Scheme 4.

TGA experiments under vacuum conditions reveal that
1 and 2 are not suitable for CVD experiments as they de-
compose before sublimation. However, the ligands are
cleaved at temperatures approximately 100 °C lower than
under He gas flow. Differences in the total mass loss in
comparison with the TGA under He conditions indicate
different reaction mechanisms, which were not further in-
vestigated.

Conclusions

In conclusion the new homoleptic mixed titanium(IV)/
copper(l) trinuclear thiolate complexes [Li(15-crown-5)-
thf],[Cu,Ti(SPh)g] and [Cu,Ti(SPh)s(PPhjs),] have been syn-
thesized in good yields and structurally characterized by
single crystal XRD. Density functional calculations reveal
that lowest energy transitions in the UV/Vis spectra of both
compounds originate from orbitals which are mainly delo-
calised over the copper and sulfur atoms into orbitals that
are essentially localised at the titanium atoms. The calcula-
tions also show that additional antibinding © donor interac-
tions of the lone pair p orbitals at the terminal sulfur atoms
with d orbitals at the copper atoms increases the HOMO in
[Li(15-crown-5)thf],[Cu,Ti(SPh)g] resulting in a redshift of
the lowest energy absorptions compared to [Cu,Ti(SPh)s-
(PPhs),]. Neither compound is well suited to be a precursor
for the synthesis of solid state phases. Whereas thermolysis
of [Cu,Ti(SPh)s(PPhs),] at 500 °C resulted in the formation
of a mixture of the two ternary sulfides Cug3;TiS, and
CuyTiS,, reflections of the powder diffraction patterns of
the residues of the thermal analysis of [Li(15-crown-5)thf],-
[Cu,Ti(SPh)g] could only be assigned to the known phases
Cu, S (Digenite) and Cu, ¢6S (Djurleit). In addition, both
complexes were found to decompose under vacuum condi-
tions before sublimation.
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Experimental Section

Synthesis: Standard Schlenk techniques were employed throughout
the syntheses using a double manifold vacuum line (103 mbar)
with high purity nitrogen (99.99990%). The solvent THF was dried
with sodium benzophenone and distilled under nitrogen. Anhy-
drous CH3;CN (H,O < 0.001%), CH,Cl, (H,O < 0.001%), and
DMF (H,0 < 0.005%) were obtained from Aldrich and degassed,
freshly distilled, and stored over molecular sieves under nitrogen.
TiCl,-2thfi®" and LiSPh' were prepared according to literature
procedures. CuCl was washed with HCI, CH30H, and diethyl ether
to remove traces of CuCl,, then dried under vacuum.

[Li(15-crown-5)thf],| TiCu,(SPh)g] (1): A solution of PhSLi (700 mg,
6 mmol) in THF (20 mL) was slowly added to a yellow suspension
of TiCly-2thf (250 mg, 0.75 mmol) and CuCl (150 mg, 1.5 mmol)
in THF (20 mL). The reaction mixture immediately became dark
lilac and was stirred until the CuCl was completely dissolved. After
addition of 15-crown-5 (0.3 mL, 1.5 mmol) at —15 °C and stirring
for 1 h a dark oil was formed. Careful warming of the reaction
mixture to 5-10 °C (ca. 4 h) resulted in the dissolution of the oil
followed by the immediate crystallization of black 1; yield 1020 mg
(83%). Crushed fragments of the crystals appear dark green. Com-
plex 1 is partially soluble in thf (21 mg in 10 mL) but after several
minutes a yellow precipitate is formed indicating decomposition of
1. Similar behavior was observed in CH;CN and CH,Cl,. In DMF
1 dissolves to give a red-brown solution, which becomes colorless
after 15-20 min. C;HggCu,Li,0,SgTi (1646.94): caled. C 554, H
5.9, S 15.6; found C 55.4, H 5.8, S 15.9.

[Cu, Ti(SPh)s(PPh3),] (2): Addition of THF (10 mL) to a mixture
of TiClg-2thf (125 mg, 0.375 mmol) and CuCl (95 mg, 0.95 mmol)
results in the formation of a yellow suspension. Upon addition of
a solution of LiSPh (350 mg, 3 mmol) dissolved in THF (20 mL)
the reaction mixture immediately becomes dark lilac. After stirring
for 1-2h, a solution of PPh; (400 mg, 1.525 mmol) in THF
(20 mL) was added. The reaction mixture immediately became dark
blue-gray and after several minutes almost black crystals of 2
started to crystallize to yield after 2 h a total of 460 mg (91%) of
2. Crystals of 2 are insoluble in THF, CH;CN, CH,Cl,, and DMF
at room temp., and gentle heating resulted in the decomposition of
2 indicated by the formation of a yellowish precipitate.
C7,HgoCu,P,SgTi (1354.54): caled. C 63.8, H 4.5, S 14.2; found C
63.8, H 5.1, S 13.5.

Thermolysis: Thermolysis experiments were carried out using a
Linn High Term FRHT-70/500/1100 programmable tube furnace,
70 cm long and 4 cm in diameter, equipped with a ca. 50 X 3 cm
borosilicate Schlenk tube. For thermolysis under nitrogen the tube
with the cool trap was connected by Viton tubing to a mercury
bubbler of a Schlenk line. The samples to be pyrolysed were placed
in either quartz or porcelain boats in the center of the furnace (ca.
300 mg). The oven was programmed to ramp at a rate of 2 °C/min
to 500 °C under a static pressure of N, and hold at this temperature
for 1 h before cooling to room temperature. The solid residues in
the porcelain or quartz boats were characterized by powder X-ray
analysis, and the volatile cleavage products deposited in the part of
the tube outside the furnace and in the cool trap were collected for
'H, 13C, and *'P NMR spectroscopy.

Crystallography: Crystals suitable for single-crystal X-ray diffrac-
tion were taken directly from the reaction solutions and then coated
in perfluoroalkyl ether oil. Single-crystal X-ray diffraction data for
1 and 2 were collected by using graphite-monochromatised Mo-K,
radiation (/. = 0.71073 A) with a STOE IPDS II (Imaging Plate
Diffraction System). Raw intensity data were collected and treated
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with the STOE X-Area software, version 1.39. Data for all com-
pounds were corrected for Lorentz and polarisation effects
(Table 4).

Table 4. Crystallographic data for 1 and 2.

1 2[2\]
Formula mass [g/mol] 1646.87 1354.48M
Crystal system monoclinic trigonal
Space group P2(1)/c R3
Cell
a [é] 12.701(3) 13.6687(19)
b [A] 19.492(4)
c[A] 15.842(3) 31.405(6)
BL°] 94.39(3)
VA% 3910.6(14) 5081.4(14)
Z 2 3
T [K] 180 180
deqrea. [gem ™) 1.399 1.328
u(2) [mm'] 0911 1.009
FJ000] 1724 2094
20max [o] 49 51
Measured reflections 23956 10500
Unique reflections 6553 4234
Riy 0.0863 0.0647
Reflections with 7>2c(I) 5878 2859
Refined parameters 617 107
R1 [I>2c(D)]™ 0.034 0.0590
wR2 (all data) 0.0942 0.1457
Abs. structure parameters —— 0.46(6)

[a] Complex 2 crystallizes with approximately 0.5 THF solvent mo-
lecules which could not be refined properly because they are local-
ized on a threefold axis. [b] Rl = Z||F,|— |FJl/Z|F,|. [c] wR2 =
{ZW(F? = FRPVZw(FS) T

Based on a crystal description numerical absorption corrections
were applied for 1 and 2.2l The structures were solved with the
direct methods program SHELXS of the SHELXTL PC suite pro-
grams,>3 and were refined with the use of the full-matrix least-
squares program SHELXL. Molecular diagrams were prepared
using Diamond.>4

All Cu, Ti, S, P, O, and Li atoms were refined in 1 and 2 with
anisotropic displacement parameters, and H atoms were placed in
fixed positions. C atoms in 1 were also refined with anisotropic
displacement parameters, and all of the phenyl rings in 2 show
disorder which was modelled using partial-occupancy carbon
atoms constrained into rigid hexagons; these carbons were refined
isotropically. Lattice thf molecules were identified within the struc-
ture, but these were located on a threefold axis and badly disor-
dered and could not be adequately refined. The data were therefore
corrected for these using the SQEEZE option within the PLA-
TONDB3! program package finding a total of 69 electrons (ca. 1.5
THF) in a potential solvent accessible area of 299.1 A. This re-
sulted in improved R values [before R1 = 0.0634, and wR2 (all data)
= 0.1586]. The absolute structural parameter (Flack parameter) of
0.48 points to almost perfect racemic twinning. The value of the
| E>-1] statistics (0.864) is between those for acentric and centrosym-
metric structures. We therefore tested for missed centrosymmetry.
However, refinement in R3 resulted in wR2 values above 0.30 indi-
cating that the centrosymmetry is only fulfilled for the heavy atom
structure, indicated by the large correlation matrix elements for the
atom pairs Cul/Cu2, S1/S2, and P1/P2 (0.845, 0.875, and 0.872,
respectively) in the final refinement in R3. We also attempted to
refine in triclinic P1, with the rhombohedral threefold axis as a
twin law, but the refinement proved unstable. In addition, the pos-
sibility of merohedral twinning within R3 was tested, but the scale
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factor for this refined to zero. We therefore concluded that the
heavily disordered R3 structure is correct.

CCDC-808537 (for 1) and -808538 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

X-ray powder diffraction patterns for 1 and 2 were measured with
a STOE STADI P diffractometer (Cu-K,; radiation, Germanium
monochromator, Debye-Scherrer geometry) in sealed glass capil-
laries and agree with the theoretical powder diffraction patterns
calculated on the basis of the atom coordinates obtained from sin-
gle-crystal X-ray analysis by using the program package STOE
WinXPOW.[¢!

Quantum Chemical Calculations: Structure optimisations were pre-
formed with TURBOMOLEFPF73859 (v, 6.2) using the BP86[3¢-37]
density functional in combination with def-SV(P)B3®! bases and RI-
J auxiliary bases(®®!] on all atoms. Orbital analyses and time-de-
pendent DFT calculations were performed with ORCA (v. 2.8.) at
the same level of theory. Crystal lattice effects were approximated
with COSMOP using standard optimised calotte radii, infinite di-
electric constant, and a refraction index of 1.4. Further details are
given in the Supporting Information.

Physical Measurements: C,H, S elemental analyses were performed
with an Elementar vario Micro cube instrument. Solid state UV/
Vis spectra were measured on micron sized crystalline powders in
mineral oil between quartz plates with a Labsphere integrating
sphere. 'H, 13C, and 3'P NMR spectra were recorded with a Bruker
Avance II 500. Thermogravimetric analyses were run in Al,O5 cru-
cibles with a thermobalance STA 409 from Netzsch in a dynamic
helium gas flow (25 mL/min) and under vacuum conditions
6X 1077 mbar at a heating rate of 2 °C/min. The crucibles were
filled (20-35 mg) inside an argon glove box, transferred in Schlenk
tubes, and mounted under a stream of argon on the balance. Cau-
tion should be taken with respect to the bad smelling volatile prod-
ucts formed in the TGA.

Supporting Information (see footnote on the first page of this arti-
cle): Tables S1-S8, the 100 lowest energy transitions in 1c¢, the 100
lowest energy transitions in 2¢, Cartesian coordinates (A) of 1c,
Cartesian coordinates (A) of 2¢, Mulliken-reduced orbital popula-
tions per MO in 1¢, Mulliken-reduced orbital populations per MO
in 2¢, details of the full gas phase optimisation of [Cu,Ti(SPh)g]>-
including optimised Cartesian coordinates (A), details of the full
gas phase optimisation of [Cu,Ti(SPh)s(PPhs),] including op-
timised Cartesian coordinates (A).
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