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Introduction

Experimental and computational investigation on
the formation pathway of [RuCl,(CO),(ERR’),]

(E =S, Se, Te; R, R = Mg, Ph) from [RuCLl,(CO)s],
and ERR'}

Marjaana Taimisto,
Tapani A. Pakkanen,

@ Tom Bajorek,1? J. Mikko Rautiainen, (2°

? Raija Oilunkaniemi 2 ** and Risto S. Laitinen (2 *@

The pathways to the formation of the series of [RUCL(CO),(ERR'),] (E = S, Se, Te; R, R" = Me, Ph) com-
plexes from [RuCl,(CO)z], and ERR" have been explored experimentally in THF and CH,Cl,, and computa-
tionally by PBEO-D3/def2-TZVP calculations. The end-products and some reaction intermediates have
been isolated and identified by NMR spectroscopy, and their crystal structures have been determined by
X-ray diffraction. The relative stabilities of the [RuCl,(CO),(ERR'),] isomers follow the order cct > ccc > tcc
> ttt = ctc (the terms c/t refer to cis/trans arrangement of the ligands in the order of Cl, CO, and ERR’).
The yields were rather similar in both solvents, but the reactions were significantly faster in THF than in
CH,Cl,. The highest yields were observed for the telluroether complexes, and the yields decreased with
lighter chalcogenoethers. PBEO-D3/def2-TZVP calculations indicated that the reaction path is indepen-
dent of the nature of the solvent. The substitution of one CO ligand of the intermediate
[RUCL(CO)3(ERR')] by the second ERR' shows the highest activation barrier and is the rate-determining
step in all reactions. The observed faster reaction rate in THF than in CH,Cl, upon reflux can therefore be
explained by the higher boiling point of THF. At room temperature the reactions in both solvents proceed
equally slowly. When the reaction is carried out in THF, the formation of [RuCly(CO)s(THF)] is also
observed, and the reaction may proceed with the substitution of THF by ERR’. The formation of the THF
complex, however, is not necessary for the dissociation of the [RUCl,(CO)szl,. Thermal energy at room
temperature is sufficient to cleave one of the bridging Ru—Cl bonds. The intermediate thus formed under-
goes a facile reaction with ERR’. This mechanism is viable also in non-coordinating CH,Cl.

releasing compound, it is also a convenient reagent in the
preparation of mononuclear complexes of ruthenium (for the

Carbon monoxide releasing molecules (CORMs) have turned
out to be important in safe applications of CO in therapeutics.
Suitable molecules include organometallic complexes, alde-
hydes, cyclic diketones, and carboxylic acids, among others
(for some selected examples of recent reviews, see ref. 1).
While [RuCl,(CO);], (CORM-2) is a useful carbon monoxide
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syntheses and structural characterization of selected com-
plexes with different non-metallic donor atoms during the past
ten years, see ref. 2). The main products in these reactions
with monodentate ligands are [RuCl,(CO);LP**“*¢" and
[RuCl,(CO),L,** 4" (see Chart 1).

The fac-isomer is most common for [RuCl,(CO);L], as exem-
plified by the recent X-ray structural determinations,*#" and
also indicated by NMR spectroscopy.>*““¢" In case of
[RuCl,(CO),L,], the cct isomers are predominant,*>#' though
the tcc-isomer has also been reported.” In case of polydentate
chelating ligands, the actual isomer depends on the stereoche-
mical requirements by the ligand.>*"/

The formation of [RuCl,(CO);L] and [RuCl,(CO),L,] is gen-
erally thought to be sequential with the initial interaction
between the incoming ligand and the ruthenium centre
leading to the symmetric cleavage of the bridging chlorido
ligands® (see Scheme 1). The second part of the reaction is the
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Chart 1 Possible isomers of [RuCl,(CO)sL]l, [RuCl(CO),L,], and

[RUCLl,(CO)Ls]. The notation for the isomers of [RuCl(CO),L,]: cct =
cis(Cl), cis(CO), trans(L); ccc = cis(Cl), cis(CO), cis(L); ctc = cis(Cl),
trans(CO), cis(L); ttt = trans(Cl), trans(CO), trans(L); tcc = trans(Cl),
cis(CO), cis(L).

substitution of CO by the incoming ligand in the mononuclear
complexes thus formed.
The coordination
[RuCl,(CO);3], has been suggested to be an initial step in the
reaction resulting in the formation of mononuclear fac-
[RuCl,(CO)s(Solv)]. The ligand substitution of Solv by the
incoming ligand L leads to fac-[RuCl,(CO);L]. The substitution
of CO by the second ligand affords the final product (see
Scheme 1). This is exemplified by the reactions of
[RuCl,(CO);], with bipyridine ligands in different solvents.?
While this approach is logical and is generally accepted, there
is no direct experimental or computational evidence that the

of a solvent molecule Solv to
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ligand substitution in [RuCl,(CO);], really follows this
pathway. The current contribution addresses this issue by
exploring the reaction of [RuCl,(CO);], with chalcogenoethers
ERR' (E =S, Se, Te; R, R' = Me, Ph).

Mononuclear chalcogenoether complexes of ruthenium
have long been known (for early literature, see reviews in ref.
4). During the last three decades these complexes have
attracted more attention, which is centered on the ligand
chemistry of seleno- and telluroethers in addition to thioethers
(for more recent reviews, see ref. 5). Hieber and John® explored
already in 1970s the isomerism of [RuCl,(CO),(ERR"),] (E = S,
Se, Te; R, R’ = a number of alkyl or aryl groups) by recording
the dipole moments, IR spectra, and "H NMR spectra of the
complexes formed in different reactions. John®” inferred that
the main isomer in each complex is the cct (see Chart 1). The
later crystal structure determinations of [RuCl,(CO),(SPh,),],”
[RuCl,(CO),(TePh,),],* and  [RuCl,y(CO),{Te(CH,SiMe;),},]°
have confirmed that in the solid state, all three complexes
indeed exist as cct-isomers.

As part of our pursuit to explore the formation mechanism
of [RuCl,(CO),L,] complexes we have investigated in this con-
tribution the formation, stereochemistry, and isomerism of
[RuCl,(CO),(ERR'),] (E = S, Se, Te; R, R’ = Me, Ph) complexes
(see Table 1). We report the crystal structures of 2., 4¢, and
6., as well as the isolation and characterization of
[RuCl,(CO);(SeMe,)] (10) and [RuCl,(CO);(SeMePh)] (11) com-
plexes that are potential intermediate products along the reac-
tion path. The reaction pathway has been explored by PBEO-
D3/def2-TZVP calculations.

Experimental
General

The syntheses of SeMePh and TeMePh were carried out under
an inert atmosphere by using Schlenk techniques. The reac-
tions with [RuCl,(CO);], were carried out in air. [RuCl,(CO);],

cl co Cl co
OC vy ) g€l (€O 2L OC ey €l OC vy €O
och|“ wc|r"|” ~co| T | oc™ | ~ c1 | ~L
co cl co Cl
Cl Cl
= |
—_—
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Scheme 1 Formation of fac-[RuCl,(CO)sL] and cct-[RuCl,(CO),L,] from [RuCl,(CO)s],.

Table 1 The designation of the [RUCIl;(CO),(ERR'),] (E =S, Se, Te; R, R" = Me, Ph) isomers (see Chart 1)

[RuCl,(CO),(SMe2)2] Lects Leces Lecer Letts Lete
[RUCIZ(CO)Z(SeMeZ)Z] 4cct: 4cccy 4tccy 4ttty 4ctc
[RUClZ(CO)Z(TeMeZ)Z] 7cr:t7 7cccy 7tcm 7ttta 7£tc

M748 | Dalton Trans., 2022, 51, N747-1757

[RUCIZ(CO)Z(SMePh)Z] chty 2:001 Zta:y 2ttt7 Zt‘tc
[RUCIZ(CO)Z(SeMePh)Z] sccty Sccca stccy Stﬂ) 5ctc
[RUCIZ(CO)Z(TeMePh)Z] 8cct1 scccy 8tccy 8ttt1 sctc

[RUCl,(CO),(SPhy)s] Bects Becer 3tcer Butts Bete
[RuCIZ(CO)Z(SePhZ)Z] 6CCt$ 6£cc; 6tcca 6ttty 6ctc
[RUCIZ(CO)Z(TePhZ)Z] 9ccty gcrc, 9tccy 9ttty 9L‘tc

This journal is © The Royal Society of Chemistry 2022
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(Johnson Matthey), Te,Ph, (Aldrich), Se,Ph, (Aldrich), SMePh
(Fluka Chemicals), methyl iodide (Baker), SeMe, (Fluka
Chemicals), NaBH, (Merck), and n-hexane (Kebolab) were used
as purchased. Tetrahydrofuran (Lab-Scan) and diethyl ether
(Lab-Scan) were dried over Na/benzophenone and dichloro-
methane (Lab-Scan) over P,O4,. Methanol (Fisher Sci. Int. Co)
was deoxygenated with argon prior to use.

NMR spectroscopy

The “C{'H}, "’Se, and '**Te NMR spectra were recorded at
room temperature on a Bruker DPX 400 spectrometer operat-
ing at 100.61, 76.31, and 126.24 MHz, respectively. The respect-
ive spectral widths were 25.06-26.04, 30.18-53.33, and
37.88-63.49 kHz. The pulse width was 4.0 ps for **C, 6.7 ps for
7’Se, and 10.0 ps for *°Te. The "*C{'"H} NMR spectra were
referenced to the solvent resonance and are reported relative to
Me,Si. Saturated solutions of SeO, (aq) and HeTeOq (aq) were
used as external standards for ”’Se and '**Te chemical shifts.
Chemical shifts (ppm) are reported relative to neat SeMe, and
TeMe, [5(SeMe,) = §(SeO,) + 1302.6 (ref. 10) and §(TeMe,) =
5(HeTeOg) + 710.9 (ref. 11)].

X-ray diffraction

Diffraction data of 2., 4¢ct, 6¢cs, 10, and 11 were collected on a
Bruker Nonius Kappa-CCD diffractometer using graphite
monochromated MoK, radiation (A = 0.71073 A; 55 kV, 25 mA).
Crystal data and the details of the structure determinations are
given in Table S1 in ESL.{

Structures were solved by direct methods using
SHELXS-2016 and refined using SHELXL-2016."> After the full-
matrix least-squares refinement of the non-hydrogen atoms with
anisotropic thermal parameters, the hydrogen atoms were placed
in calculated positions in the aromatic rings (C-H = 0.95 A) and
in the CH; groups (C-H = 0.98 A). The scattering factors for the
neutral atoms were those incorporated with the programs.

Quality of the obtained crystals of 8., enabled only an
approximate refinement of the structure. The refinement
required constraining the thermal parameters of all carbon
atoms to be equal. This complex and the approximate metrical
data of bond parameters are shown in ESI (Fig. S1t), since the
accuracy of the crystal structure determination was sufficient
for the identification of the species and therefore allowed the
unambiguous assignment of the "**Te NMR resonance.

Preparation of SeMePh and TeMePh

Diphenyl diselenide or ditelluride (0.507 g, 1.64 mmol and
0.658 g, 1.61 mmol, respectively) was dissolved in 25 mL of
THF, and a solution of NaBH, in MeOH was added dropwise at
0 °C until the solution turned colourless. Methyl iodide
(0.200 mL, 3.20 mmol) was added, and the solution was
stirred at room temperature for two hours. The reaction
mixture was poured into water and extracted with diethyl ether
in several portions. The combined organic layers were dried on
MgSO,. Evaporation of the solvent afforded SeMePh as a light-
yellow oil (0.454 g, yield 83%) and TeMePh as a yellow oil
(0.471 g, yield 67%). SeMePh: NMR (5, ppm) (CDCl;): **C{'H}

This journal is © The Royal Society of Chemistry 2022
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6.7 (s, CH;), 125.8, 128.9, 129.9, 131.9; ""Se 197 (cf. lit. 197 (ref.
13)). TeMePh: NMR (§, ppm) (CDCl,): *C{*H} —-17.2 (s, CH3),
112.3, 126.9, 129.0, 136.3; *>Te 328 (cf, lit. 329 (ref. 14)).

General procedure for the preparation of [RuCl,(CO),(ERR’),]
(E =S, Se, Te; R, R’ = Me, Ph)

A typical synthesis was carried out by dissolving ERR' (E = S,
Se, Te; R, R’ = Me, Ph) in 5 mL of CH,Cl, or THF and adding the
resulting solution dropwise to a suspension of [RuCl,(CO);], in
15 mL of the same solvent. The mixture was refluxed until a
clear solution was obtained (typical times were 50-100 h in
CH,Cl, and 5-10 h in THF). The solution was evaporated to half
of the original volume and hexane was added. The precipitate
was separated by filtration and re-crystallized from CH,Cl,/
hexane at +3 °C. In some reactions, two crops of crystals were
formed. They were manually separated under the microscope.
The quantitative information of the syntheses, as well as the
assignment of the NMR spectra and the identification of the
complexes are given in sections 1 and 4 in ESL.}

Computational details

All structures were optimized using Gaussian 16 program
package,"” PBEO DFT functional,'® and def2-TZVP'” basis sets.
Implicit C-PCM solvent model was applied to treat the sol-
vation effects,'® and Grimme’s empirical correction with
Becke-Johnson damping to model the dispersion forces.'® All
calculated minimum structures were stationary points on the
potential surface free of imaginary frequencies and all tran-
sition state structures have one imaginary frequency corres-
ponding to the reaction coordinate they are describing. The
optimized Cartesian coordinates of the atoms in all computed
species are given in section 5.4 in ESIL.}

Results and discussion
Formation of [RuCl,(CO),(ERR'),] (E = S, Se, Te; R, R’ = Me, Ph)

In organic solvents, [RuCl,(CO);], reacts with organic mono-
chalcogenides to form [RuCl,(CO),(ERR'),] (eqn (1)).

[RuCl,(CO);],(s) + 4ERR’ (solv)

, (1)
— 2[RuCl,(CO), (ERR’ ), | (solv) + 2CO(g)

The syntheses were carried out by refluxing in CH,CI, or
THF. Though the products and their yields were rather similar
in both solvents, the reaction seemed to be faster in THF than
in CH,Cl,. There was a clear trend observed for the yields of
the complexes, as the chalcogen element became heavier. In
case of [RuCl,(CO),(SRR’),] the yields were 10-30%,
[RuCl,(CO),(SeRR’),] showed yields of 30-40%, and
[RuCl,(CO),(TeRR'),] were formed at good yields of ca. 80%.

Molecular structures

[RuCl,(CO),(ERR'),] (E = S, Se, Te; R, R' = Me, Ph). The
crystal structures of [RuCl,(CO),(SPh,),] (Beet)s”

Dalton Trans., 2022, 51, N747-11757 | 1749
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Fig. 1 Molecular structures of (a) cct-[RUCl(CO),(SMePh),] (2cce). (b) cct-[RUCL(CO) (SeMey),] (4eer). and (c) cct-[RUCL(CO),(SePhy),]l (6cct).
The anisotropic displacement parameters are given in 50% probability level. Hydrogen atoms are omitted for clarity.

[RuCl,(CO),(TePh,),4CeHs  (9c)® and  [RuCl,(CO),{Te
(CH,SiMe;),},]° have been determined previously and have
shown that in each case the complex is a cct-isomer in accord-
ance with the initial suggestion by John®” (see Chart 1). In this
contribution we report the crystal structures of
[RuCl,(CO),(SMePh),] (2¢ce), [RuCly(CO)y(SeMes),] (4cer), and
[RuCl,(CO),(SePh,),] (6¢). Spectroscopic identification of
[RuCl,(CO),(SeMePh),] (5c), and the tentative structural
characterization of [RuCl,(CO),(TeMePh),] (8..) also enabled
the identification of the molecular species (see sections 3 and
4 in ESI¥).

It can be seen from Fig. 1 that all determined complexes
are expectedly octahedral cct-isomers in line with the pre-
viously reported structures.””” The selected bond parameters
of the different cct-[RuCl,(CO),(ERR’),] complexes are com-
pared in Table S2 in ESL{

The Ru-S, Ru-Se, and Ru-Te bond lengths span ranges of
2.3774(12)-2.4084(11), 2.4908(7)-2.5125(7), and 2.6478(7)-
2.6637(7) A, respectively. The Ru-S and Ru-Se bonds appear to
be slightly longer than the respective sums of covalent radii of
2.28 and 2.41 A,?° but the Ru-Te bond lengths are near to the
single bonds (the sum of the covalent radii is 2.61 A (ref. 20)).
Interestingly, the two Ru-E (E = S, Se, Te) bonds in each
complex are bent away from the region of two Ru-CO bonds
[the E-Ru-E bond angles range 164.01(3)-174.11(4)°; see
Table S2 in ESIT].

Geometries of all [RuCl,(CO),(ERR'),] isomers were opti-
mized using the PBE0-D3/def2-TZVP method and the opti-
mized structures are summarized in Table S5 in ESI.f The rela-
tive energies of the isomers differ significantly, as shown in
Fig. 2. The stability ordering is cct > ccc > tce > ttt ~ ctc.

These findings are consistent with the spectroscopic infer-
ence that the cct-isomer is the main isomer of the
[RuCl,(CO),(ERR'),] complexes.®” It is supported by the relative
energies of the different isomers shown in Fig. 2. The ccc-
isomers are the next energy-favourable species in all com-
plexes, but even their relative energies are 13-27 kJ mol™
above those of the cct-isomers. All other isomers show signifi-
cantly higher relative energies. It is interesting that even
though bulky ligands in mutually cis positions are expected to

NM750 | Dalton Trans., 2022, 51, 1747-11757

E (kJ mol)

« = M M e o o = o
) = () £ [} £
= 3 o = 3 [ H 3 [
@ = a o = 3 o} = 2
I o © = T
(7] =
— : ) y

[RUCIx(CO),(SRR’);] [RuCl,(CO),(SeRR’);] [RuCl,(CO),(TeRR’);]

Fig. 2 Relative PBEO/def2-TZVP Gibbs energies (in kJ mol™) of
[RUCl,(CO),(ERR’),] (E = S, Se, Te; R, R" = Me, Ph). The numerical values
of the relative energies are shown in Table S6 in ESI.{

experience significant steric repulsion, this does not appear to
be a serious problem even in the case of EPh,, as can be con-
cluded from the relative energies shown in Fig. 2 and by the
similarity of the bond parameters in question (see Table S5 in
ESIt). The relative strengths of the trams-influence of the
ligands seem to play the main role in the stability trend.

The trans-influence follows the trend: CO > ERR’' > Cl
When the carbonyl groups are in the mutual ¢rans positions to
each other, the Ru-C bond is significantly weaker than when
they are mutually in cis positions. Therefore, the ¢t- and ctc-
isomers lie significantly higher in energy than the other three
isomers. It also seems that the trans-influence plays a more sig-
nificant role in the relative lengths of the Ru-E bonds in
different isomers than the steric effects due to the organic
groups (see Table S2 in ESIt).

[RuCl,(CO);(SeRR’)] (R, R’ = Me, Ph). In addition to cct-
[RuCl,(CO),(SeRR),] [R, R’ = Me (4cer); R = Me, R’ = Ph (5¢.)],
the reactions of [RuCl,(CO);], and SeMe, or SeMePh afforded
colourless crystals of [RuCl,(CO);(SeMe,)] (10) and
[RuCl,(CO);(SeMePh)] (11), respectively, with ca. 10-20% iso-

This journal is © The Royal Society of Chemistry 2022
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(b) cin

Fig. 3 The molecular structures of (a) [RuCly(CO)s(SeMe,)] (10) and
(b) [RUCl,(CO)3(SeMePh)] (11). The anisotropic displacement parameters
have been given at 50% probability level.

lated yields. Their crystal structures are shown in Fig. 3 and
the selected bond parameters are listed in Table S4 in ESLf

The bond parameters for 10 and 11 are as expected. The
stronger trans-influence of selenium compared to that of chlor-
ine results in the bond length Ru1-C3 to be longer than those
of Rul-C1 and Rul-C2 [1.944(5) vs. 1.895(4)-1.903(5) A and
1.946(3) vs. 1.892(3)-1.901(3) A in 10 and 11, respectively].
Consequently, C3-03 is somewhat shorter than C1-O1 and
C2-02 in case of both complexes, though the difference is not
statistically significant.

The route of the reaction of [RuCl,(CO);], and ERR’ (E =S, Se,
Te; R, R' = Me, Ph)

Formation of cct{RuCl,(CO),(ERR"),]. [RuCl,(CO);], and
ERR' (E = S, Se, Te; R, R* = Me, Ph) afford cct-
[RuCl,(CO),(ERR'),] somewhat faster in THF than in CH,Cl,.

AG;(kJ mol')

1507

Route a
Route b

100 =

50 =

-50 =

View Article Online
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The yields, however, seem to be independent of the solvent.
We have carried out DFT investigation of the possible reaction
pathways at PBE0-D3/def2-TZVP level of theory to explore the
role of the solvent and solvent coordination to [RuCl,(CO);], in
the reaction.

The PBE0-D3/def2-TZVP scans of the reaction surfaces are
exemplified by the reaction of [RuCl,(CO);], and EMe,, which
are shown in Fig. 4 for the reaction in THF and in Fig. 5 for
the reaction in CH,Cl,. The energetics of the possible partial
reactions and the activation energies in both solvents are
shown in Table 2.

The reaction in THF can be considered to take place follow-
ing two different routes, which are indicated in Fig. 4. The
route a, which consists of reaction intermediates I#a (# = the
ordinal number along the reaction coordinate; 1-3) and the
transition states TS#a (# = 1-4) that are connected by green
dashed lines, represents the reaction, in which the THF mole-
cule first coordinates to one of the two ruthenium centres in
[RuCl,(CO);], leading to the cleavage of the bond between this
ruthenium and one bridging chlorido ligand. The second THF
molecule then coordinates to the neighbouring ruthenium
centre and leads to the cleavage of the bond between the
remaining bridging chlorido ligand and ruthenium. This
results in the formation of mononuclear [RuCl,(CO);(THF)].
The activation barriers in these two steps (40.2 and 32.3 kJ
mol ™" for TS1a and TS2a, respectively; see Table 2) are rela-
tively low, and this part of the reaction is expected to be rapid
even at room temperature.

The third step involves the substitution of the THF ligand
by EMe,. It can be seen from Fig. 4 and Table 2 that the acti-
vation barrier is significantly higher than in the two first steps
(81.5, 76.1, and 63.9 k] mol™* for SMe,, SeMe,, and TeMe,,

A
X
0w
o

AG(4a,b)

Fig. 4 PBE0-D3/def2-TZVP energy profiles of two alternative routes of the reaction of [RuCl,(CO)sl, and EMe; (E = S, Se, Te) in THF. The numerical

values of the energetics are shown in Table 2.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 PBEO-D3/def2-TZVP energy profile of the reaction of [RuCl,(CO)sl, and EMe; (E = S, Se, Te) in CH,Cl,.

Table 2 PBEO0-D3/def2-TZVP Gibbs energy changes and activation energies of the individual steps in the reaction of [RuCl,(CO)s], and EMe;, in THF
and CH2C|.2

Gibbs energy (k] mol™)

Reaction E=S E =Se E =Te

[RuCL,(CO);], + EMe, in THF*

Route a

Individual reaction steps

%[Ruclz(co)g]2 + ITHF 2 {[Ru(THF)C](CO);(p-Cl)RuCl,(CO);] (I1a) AG(1a) 15.1 15.1 15.1
3[Ru(THF)C](CO);(p-Cl)RuCl,(CO);] (I1a) + THF 2 [RuCl,(CO);(THF)] (12a) AG(2a) -3.6 -3.6 -3.6
[RuCl,(CO);(THF)] (12a) + EMe, 2 [RuCl,(CO);(EMe,)] (I3a,b) + THF AG(3a) -40.8 —45.9 —60.6
[RuCly(CO);(EMe,)] (I3a,b) + EMe, = [RuCl,(CO),(EMe,),] (P) + CO AG(4a,b) 9.8 4.2 -15.7
Transition states

%[RuClZ(CO)s]Z + JTHF =2 jTS1a E,(1a) 40.2 40.2 40.2
3[Ru(THF)CI(CO);(p-Cl)RuCl,(CO);] (I1a) + THF = 1TS2a E,(2a) 32.3 32.3 32.3
[RuCl,(CO);(THF)] + EMe, =2 TS3a E,(3a) 81.5 76.1 63.9
[RuCl,(CO);(EMe,)] + EMe, = TS4a,b E,(4a,b) 149.6 145.2 130.2
Route b

Individual reaction steps

% RuCl,(CO);], 2 }[RuCl(CO);(p-C1)RuCL,(CO);] (I1b) AG(1b) 33.7 33.7 33.7
3 RuCl(CO);(p-Cl)RuCl,(CO);] (I1b) + iEMe, 2 LRu(EMe,)CI(CO);(p-Cl)RuCl,(CO);] (12b) AG(2b) -41.9 —45.7 —54.7
J[Ru(EMe,)Cl(CO);(p-C1)RuCl,(CO);] (12b) + 2EMe, 2 [RuCl,(CO);(EMe,)] (I3a,b) AG(3b) -21.0 -22.3 —28.0
[RuCly(CO);(EMe,)] (I3a,b) + EMe, = [RuCl,(CO),(EMe,),] (P) + CO AG(4a,b) 9.7 4.2 -15.7
Transition states

3[RuCl,(CO)s], = JTS1b E,(1b) 36.4 36.4 36.4
% Ru(EMe,)CI(CO);(p-Cl)RuCl,(CO);] (12b) + 2EMe, 2 1TS2b E,(2b) 36.5 41.7 38.2
J[RuCl,(CO);(EMe,)] + LEMe, = TS4a,b E,(4a,b) 149.6 145.2 130.2
[RuCl,(CO);], + EMe, in CH,Cl, ®

Individual reaction steps

% RuCl,(CO);], 2 JRuCl(CO);(u-Cl)RuCl,(CO);] (11') AG(1) 33.1 33.1 33.1
; RuCl(CO);(p-Cl)RuCl,(CO);] (11') + JEMe, 2 J[Ru(EMe,)Cl(CO);(p-Cl)RuCl,(CO)s] (12') AG(2)) —41.4 —45.2 —54.2
J[Ru(EMe,)CI(CO);(p-C)RuCl,(CO);] (12) + LEMe, 2 [RuCl,(CO);(EMe,)] (13") AG(3)) -21.4 —22.7 —28.4
[RuCl;(CO)s(EMe,)] (13') + EMe, 2 [RuCl,(CO),(EMe,),] (P) + CO AG(4) 7.8 4.5 -15.3
Transition states

5[RUCL,(CO);], = JTSY’ E,(1) 35.8 35.8 35.8
i Ru(EMe,)CI(CO);(u-Cl)RuCl,(CO);] (12') + JEMe, = 1TS2’ E,(2)) 36.6 41.2 37.6
% RuCl,(CO);(EMe,)] + LEMe, 2 TS3' E,(3) 149.6 144.9 130.2

“See Fig. 4. ” See Fig. 5.
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respectively). Interestingly, the [RuCl,(CO);(EMe,)] complexes
thus formed are very stable. The final step leading to the for-
mation of the end-products cct-[RuCl,(CO),(SeMe,),] (P) is the
substitution of CO by EMe,. The activation barriers for this
step are the highest in case of all reactions (149.6-130.2 kJ
mol ™", see Table 2).

Route b (reaction intermediates I#b and the transition
states TS#b) represents the reaction path, in which the thermal
energy results in the cleavage of the bridging Ru-Cl bond
without coordination to the solvent THF. The intermediate I1b
shows a very shallow local minimum. When EMe, is intro-
duced, the intermediate I12b is formed without an activation
barrier. It should be noted, however, that THF can also react
with I1b in a similar fashion to other chalcogenides without
the activation barrier, which would result in the formation of
[RuCI(CO);(THF)(p-Cl)RuCl,(CO)s], that is identical to I1a (con-
nected by a red dashed line; see Fig. 4).

Attempts to find a transition state for the concerted coordi-
nation of EMe, and the cleavage of the bridging Ru-Cl leading
to the direct formation of [RuCl(CO);(EMe,)(p-Cl)RuCl,(CO);]
(intermediate 12b) from [RuCl,(CO);], resulted in transition
states that were much higher in energy. This renders the con-
certed reaction mechanism unlikely.

The experimental support for the coordination of the
solvent to the two ruthenium atoms in [RuCl,(CO);], comes from
the observation that some reaction batches afforded colourless
crystals, which were shown by crystal structure determination to
be [RuCl,(CO);(THF)] (I2a; see Fig. 4). The structure of I2a has
been reported previously by Gray and Duffey.*! The detection of
this complex in some reaction batches indicates that THF indeed
coordinates to [RuCl,(CO);],, but the formation of I1la could
equally well follow either the route a or route b, or both.

The addition of the second EMe, to [RuCl(CO);(EMe,)(p-Cl)
RuCl,(CO);] (I12b) generates 13b, which is identical to I3a. The
last step involving the substitution of CO by EMe, yielding P is
identical in both alternative routes.

The comparison of the energetics in the routes a and b in
Fig. 4 and Table 2 indicates that the thermal opening of the
bridging Ru-Cl bond in [RuCl,(CO);], is competitive to the
initial coordination of the solvent, and the addition of EMe, to
the free coordination site results in [RuCl(CO);(EMe,)(p-Cl)
RuCl,(CO);] (intermediate I2b), which lies lower in energy
than [RuCl(CO);(THF)(p-Cl)RuCl,(CO);] (intermediate I1a) or
[RuCl,(CO);(THF)] (intermediate I12a). There is a significantly
higher energy barrier from I2a to I3a,b than from I2b to I3a,b.
The last step in the reaction is identical in both alternative
pathways and shows the highest energy barrier. It is the rate-
determining step of the overall reaction.

When the reaction is carried out in CH,Cl,, the coordi-
nation of the solvent to [RuCl,(CO);], does not take place. The
energy profile of this reaction is shown in Fig. 5, and the
PBE0-D3/def2-TZVP energetics of the individual reaction steps
are shown in Table 2. All intermediates (I1'-13') and the end-
product P again show local minima with only real frequencies,
and all transition states (TS1-TS3’) show only one imaginary
frequency each along the reaction coordinate.

This journal is © The Royal Society of Chemistry 2022
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It can be seen from Fig. 5 that the reaction profile in
CH,Cl, is virtually identical with that shown for the reaction in
THF without solvent coordination (¢f. route b in Fig. 4). The
first intermediate I1' again lies in the shallow local energy
minimum and the introduction of the first methyl chalcogen-
ide to the unsaturated five-coordinate ruthenium centre in I1’
proceeds without the activation barrier. The addition of the
second methyl chalcogenide ligand proceeds according to the
interchange mechanism, with the activation barrier rather low
and of the same order of magnitude as in the reaction in THF.
Therefore, the cleavage of the bridging Ru-Cl bonds is also
expected to take rapidly place even at room temperature.

The activation barriers in the final substitution step (CO
substituted by the second EMe,) are almost identical regard-
less of the solvent (see Table 2) and determine the overall rate
of the reaction. It can be inferred that the main factor in the
observed faster reaction rate in THF compared to that in
CH,Cl, is due to the higher boiling point of THF (the boiling
point of THF is 66 °C and that of CH,Cl, is 40 °C).

The composition of the different reaction mixtures has
been monitored as a function of time by “C{'H}, "’Se, and
125Te NMR spectroscopy, as appropriate. This is exemplified by
the reaction of SeMe, with [RuCl,(CO);], in CH,Cl, (see Fig. 6).

The isolation and structural and spectroscopic characteriz-
ation of both [RuCl,(CO);(SeMe,)] (10; 7’Se chemical shift
55 ppm) and cct-[RuCl,(CO),(SeMe,),] (5ccr; 'Se chemical shift
88 ppm) provide experimental indication that the reaction
leading to the formation cct-[RuCl,(CO),(ERR'),] proceeds via
the intermediate formation of [RuCl,(CO);(ERR’)] (see Fig. 6).

Me_ oc co
ée—ﬁu—co
v
Me' 4
. \CI
cl., | .Cl
"Rlu“ Me\se/Me
Mo, _ Me oc” | “co
"Se Me-., ' Me oc -10
| e Se
Cloyg P e
~ W
oc” | ~e0 QC;R\U\‘CO
Se
Me
- °§ a 1 day
88 55 I
2 days

4 days

80 20 40 20 O
ppm

Fig. 6 The 7’Se NMR spectra of the reaction mixture of SeMe, and
[RuCl,(CO)sl, in CH,ClL, upon reflux.
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The resonance at 41 ppm, which was detected in the early
stages of the reaction, reduced in intensity as a function of
time and is tentatively assigned to [Ru(EMe,)Cl(CO);3(p-Cl)
RuCl,(CO);] (I2b). While this species has not been isolated
and unambiguously identified, the PBE0-D3/def2-TZVP ener-
getics indicate that the formation of I2b is favourable. Its ”’Se
NMR chemical shift also shows a reasonable value.
Furthermore, the observed decrease of intensity of resonance
at 41 ppm as the reaction progresses is consistent with the
resonance arising from an intermediate species like I12b.

The formation of [RuCl,(CO);(ERR')] (E = S, Se, Te; R, R’ =
Me, Ph) could also be detected in some other reaction batches
by NMR spectroscopy. The *C{'H} (see Fig. S6 in ESI{) and
77Se NMR spectra of [RuCl,(CO);(SeMePh)] (11) were recorded
from redissolved crystals isolated from the reaction mixture
(the spectroscopic assignment is discussed in section 4.4 in
ESIt). The *C resonances of the respective reaction of SMePh
and [RuCl,(CO)s], were assigned from the "*C{'H} spectrum
recorded directly from the reaction solution (see Fig. S4 in
ESIt) by comparison to the "*C{"H} spectrum recorded for the
redissolved crystals of cct-[RuCly(CO),(SMePh),] (2. (see
Fig. S7 in ESIf). The reaction mixture of [RuCl,(CO);], and
TeMePh showed a '**Te NMR resonance at 374 ppm, which
disappeared in a few days. Taking into account the reported
approximate relationship between '*°Te and ”’Se chemical
shifts in related alkyl tellurides [§(Te) = (1.8)-5(Se)*?], it can be

A Gy (kJ mol)

200
150
100

50
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concluded that the assignment of this resonance to
[RuCl,(CO);(TeMePh)] is consistent with the observed “’Se
chemical shift of 192 pm for [RuCl,(CO);(SeMePh)].

Possible alternative reaction products. It can be seen from
Fig. 2 that while cct-[RuCl,(CO),(ERR’),] complexes are energe-
tically the most stable isomers, the next favourable isomers
ccc-[RuCly(CO),(EMe,),] lie 15.4, 19.0, and 26.8 kJ mol™"
higher in energy for SMe,, SeMe,, and TeMe,, respectively. The
respective values for EMePh are 19.5, 20.4, and 26.3 k] mol™,
and for EPh, 14.3, 13.7, and 21.1 k] mol™'. Whereas the for-
mation of these isomers might be possible, we have not seen
any indications that any reactions would have afforded ccc-
[RuCl,(CO),(ERR'),]. We carried out PBE0-D3/def2-TZVP energy
scan for the final reaction step of the reaction to test the
plausibility of formation of the ccc-isomers (see eqn (2)):

[RuCl,(CO);(ERR')] + ERR' )
— ccc — [RuCl,(CO),(ERR’),] + CO @)

The energy profiles and the computed energy values in the
reaction involving EMe, are shown in Fig. 7.

The calculations clearly show that formation of ccc-
[RuCl,(CO),(EMe,),] is less likely than that of cct-
[RuCl,(CO),(EMe,),]. It can be seen from Fig. 7 that the acti-
vation energies of the transition states leading to the ccc-
isomer are ca. 30 k] mol™" higher than those leading to the for-

v

Fig. 7 The comparison of the energy profiles of the reactions [RuCl(CO)s;(EMe;)] + EMe, — cct-[RuCl,(CO),(EMey),] + CO (green line) and
[RUCl,(CO)3(EMe,)] + EMe, — ccc-[RUCLL(CO),(EMey),] + CO (blue line) in THF. The AG values are fixed by giving each intermediate 13a,b the relative

value of 0 kJ mol™t.
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mation of the cct-isomer. It can therefore be expected that the
rate of formation of the ccc-isomer is significantly slower than
that of cct-isomer even when refluxing in THF. Furthermore,
the Gibbs energy changes in this reaction step in case of all
three complexes indicate that the formation of the ccc-com-
plexes is more unfavourable than that of the cct-complex.

The PBE0-D3/def2-TZVP Gibbs energy changes in the rate-
determining final reaction step have been compared in Fig. 8
for the formation of both the cct- and ccc-isomers. There are
two trends. This reaction step becomes more favourable, as the
chalcogen atom becomes heavier. The reactions, however, are
exergonic only in the case of telluroethers. By contrast, with
the bulkier and more strongly electron withdrawing organic
substituents, the reaction becomes less favourable. These
energy trends are also reflected in the yields of the products.
The telluroethers can be isolated in good yields, whereas the
yields go steadily down, as the chalcogen is changed to a
lighter one. All energy values seem to be virtually identical in
both solvents.

It can clearly be seen in Fig. 8 that the final step for the for-
mation of the ccc-isomer is significantly less favourable than
that for the formation of the cct-isomer.

The prolonged stirring of [RuCl,(CO);], and SeMe, at room
temperature yielded two additional resonances at 114 and
97 ppm, which were not detected under reflux. The intensities
of both resonances increased as a function of time, but they
showed a constant intensity ratio of 1: 2, respectively. While it
is not possible to assign them unequivocally, a plausible expla-
nation is that they are due to the formation of mer-{RuCl,(CO)
(SeMey)s].

We have reported earlier that the mer-{RuCl,(CO){Te
(CH,SiMe;),};] complex shows two '**Te NMR resonances at

cct ccc
EMe, EMePh EPh, EMe, EMePh EPh,
o
50 -
> S
©°
g 40 ° o o
2 )
S 30 A o Se
< ) ]
20 1 [o)
° =] e
104 o e
° Te
0 -
°
-10 A °
)
-20 -

Fig. 8 The comparison of the PBE0-D3/def2-TZVP Gibbs energy
changes in the rate-determining reaction step [RuCl(CO)3(EMe,)] —
cct-[RUCL(CO),(EMey),] and [RUCl»(CO)3(EMe))] - ccc-
[RuCl,(CO),(EMe;,),] (see Tables 2 and S6 in ESIT).

This journal is © The Royal Society of Chemistry 2022
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322 and 278 ppm with the respective intensity ratio of 1:2.
They are deshielded from the single resonance at 268 ppm of
cct{RuCl,(CO),{Te(CH,SiMe;),},].° The crystal structure deter-
mination showed mer-[RuCl,(CO){Te(CH,SiMes),};] to be the
mer(1) isomer (see Chart 1) and the chemical shifts can be
rationalized by the relative trans-influence strengths of the
ligands (Cl < ERR’ < CO).

The resonances at 114 and 97 ppm are also deshielded rela-
tive to that of cct-[RuCly(CO),(SeMe,),] (4¢ee) and are in the
expected region for mer-[RuCl,(CO)(SeMe,);]. The higher-inten-
sity resonance appears at high field to that of the lower-inten-
sity resonance and implies the presence of the mer(1) isomer
of [RuCl,(CO){SeMe,}].

Conclusions

The trends in the formation, stereochemistry, and isomerism
of the series of [RuCl,(CO),(ERR'),] (E = S, Se, Te; R, R' = Me,
Ph) complexes have been explored both in THF and CH,Cl,.
The products and their yields were rather similar in both sol-
vents, but the reactions were significantly faster in THF than
in CH,Cl,. The highest yields were observed for the tellur-
oether complexes, and the yields decreased with lighter chalco-
genoethers. The computed PBE0-D3/def2-TZVP energetics were
consistent with these observations.

The  crystal structures of  [RuCl,(CO),(SMePh),],
[RuCl,(CO),(SeMey),], [RuCl,(CO),(SePhy,),], and
[RuCl,(CO),(TeMePh),] all show that the complexes are cct-
isomers [cis(Cl), cis(CO), trans(ERR')] in agreement with pre-
vious data.®® PBE0-D3/def2-TZVP calculations of the different
isomers of all [RuCl,(CO),(ERR'),] complexes have shown that
the stabilities of the complexes follow the order cct > ccc > tcc >
ttt ~ ctc. This ordering is consistent with the relative trans-
influence strengths of the different ligands involved in the
coordination spheres. Steric effects seem to play only a little
role.

The PBEO0-D3/def2-TZVP calculations of the reaction path-
ways show that the energetics are independent of the nature of
the solvent. The last step to [RuCl,(CO),(ERR'),] involving the
substitution of one CO ligand of the intermediate
[RuCl,(CO);(ERR’)] by the second ERR' is the rate-determining
step in all reactions. Since the syntheses have been carried out
upon reflux, the observed faster reaction in THF compared to
that in CH,Cl, is due to the higher boiling point of the former
solvent. At room temperature the reactions in both solvents
proceed very slowly.

The computations also show that when the reaction is
carried out in THF, the initial formation of [RuCl,(CO);(THF)]
is possible and the reaction would then proceed with the sub-
stitution of THF by ERR'. It turns out, however, that the for-
mation of the THF complex is not necessary for the dis-
sociation of the dinuclear ruthenium carbonyl chloride start-
ing material. Thermal energy at room temperature is sufficient
to cleave the bridging Ru-Cl bonds in [RuCl,(CO);],, which
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can then react further with ERR'. This mechanism is possible
also in non-coordinating CH,Cl,.
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