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1 Intreduction

Compounds containing metal-metal honds are hy no means recent additions to
inorganic chemistry. For instance calomcl was known to alchemists of the middle ages.
Hawever it is the formation of extensive metal-metal bonds (i.e. M-M = 3) which compriscs
the relatively modem field known as cluster chemistry. The termn “metal cluster” was first
proposed by F.A Cotton, and his definition included several types of metal clusters, among
which are the metal carbonyi clusters.' The carbonyl group is particularly suited as a ligand for
metal clusters given its ability to draw eleciron density from the metal centers. The
characieristics of metal carbonyls were not truly explored until after the fortuitous discovery of
Ni(CO), by L. Mond in the last part of the nineteenth century.” Through a productive research
career, which started some 20 years after the death of Mand, it was W. Hieber who camed the
title “father of metal carbonyl chemistry”. Hicber dcveloped preparative routines for many
mono- and multi-nuclear carbony! compounds and went on to explore their reactivity paticrns,”
Surprisingly, most of these early advances in organometaltic chemistry were made withowt the
benefit of modern instrumentation, ie. X-ray crystallography, high resolution NMR and
Fourier Transform Infrared spectrascopy. Nowadays, these methods represent the principal
tools in the structural elucidation of cluster complexes. At about the same time Hieber was
exploring metal carbonyls, many of thosc compounds were finding use as catalysts for organic

reactions of industrial importance.*

Many of the catalytic applications of transition metal clusters stem from their ability to
reversihly coordinate small organic molecules thus rendering these substrates susceptible to
further reaction. This process is similar in nature to the adsorption of atoms or molecules onto
the surface of catalytically active mctals, for instanec the adsarpion of CO and NO an a Rh
surface (0 yield CO; and N,.* This resemblance ultimately led to the proposal of a cluster-
surfacc analogy by Muettertics ef al.® Hawever, cven though this analogy can he used in
cxplanations of catalysis by mctal clusters, ofien the drastically different condiions used to
study metal surfaces as compared to those present in typical commercial catalysis limit the
number of conclusions to be drawn. A case in which this analogy has found particular
application is that of hydrudesulfurization (HDS) reactions ai metal surfaces.” Low-energy
routes to these reactions take on increasing importance as light petroleum reserves dwindle and

the shift to heavier crude oils, of which sulfur-containing species comprise a major



contaminant, becomes inevilable. Discretc mctal clusters with sulfur-containing molecules at
dilferent hinding sites have been used to model certain stages of the HDS process.  Althongh
the original HDS meodels involved Mo-Ni or Mo-Co based clusters, several reviews of the
subject point out that clusters of Fe, Ru and Os are also proving effective to this end.® These
clusters have proven useful nov only s models in the heterogencons caialytic processcs
occurring at metal surfaces, bwm have coften shown activity as homogeneous caialysts

themselves.®

The ability of sulfur {0 donate up to six electrons to metal clusters makes its Ligands
capable of multiple bonding modes. In fact polynuclear binding of sulfur in metal clusters
provides the most likely starting point in modelling the desulfurization processes mentioned

above.!

Bonding of sulfur to multiple metals has also been implicated in another surface
process. Specifically, the group of sulfur-containing molecules known as thionreas have been
cxtensively investigated with respect to their corrosion inhihiting properties.’”® Here metal
clusiers have proven particularly adeguatc as modcls."' In addition, desulfurization of thiourea
has been shown to occar in reactions with Fe;(CO)e."® These properties of thionrea led to an
extensive investigation of its reactions with Ruz{CO),; carried out previously in this
laboratory'”. Among the many products isolated was a trinnclear cluster containing a
substituted thiourea bound to the metal framework ina u,,nz fashion [(ua-HIRu;{CO¥ (1, 1-
SCNHPhNFh)].'* This particular compound could be isolated in high yicld and was relatively
air stable. When one comsiders that many questions concerning intermediates as well as
products in catalytic cycles have been answered through reactivity studics of model
compounds, it seems legical that sach a study on the cluster above might provide some very

ineresting results,

A major problem associated with use of metal clusicrs as homogeneous catalysts is
their iendency to undergn cluster frapmentation under the forcing conditions required in mnst
catalytic processes.” One approach 1o this problem is the use of lLigands which serve ag
clamps, essentially holding the metal skeleton togeiher. This approach has been pursucd
previously hut primarily with potentially tripodal phoshine type lipands.”® The limited success
of these endeavors was most likely due to the tendency of phosphine ligands to occupy
equatorial coordination sites in metal complexes. In light of the capacity of sulfur to serve in

multiple bonding modes as well us its relative indifference to coordination site, it is a likely



candidate for this role. While the thiourea cited abave represents one prospect, an attractive
possibility also cxists in the proup of sulfur-containing species known as cyclie thioethers,
Notably, the cyclic thioether trithiacyclohexane holds a geometry appropriate {or coordination
ta the trianpular face of M; clusters. Information acquired from a study of thioether
coordination to transition metal clusters could also be applied to the process of desulfurization,

considering a major sulfur contaminant of crude «il is the cyclic thicether, thiophene.

Of course for both thioureas and thioethers biological activity is relevant. The
biological toxicity of thioureas is documented.” The possihility of a thiourea scavenger should
not be ignored. In contrast thioethers play a vital role in the human body. The unusual
propertics displayed by the hlue copper proteins has heen shown to resnlt from an intcraction
between Cu and the essential amino acid methionine, itself a thioether.” The interactions of
iron with sulfur containing compounds also merits intcrest. The non-heme proteins ferredoxin

and rubredoxin contain iron bonded ta the sulfur of cysteine.'’

Although 2 fascinating tapic in its own right, the biological significance of thioureus
and thicethers is outside the ranpe of this study. Instead, the coordination chemistry of the
above-mentioned thioether (trithiacyclohcxane) towards group VI metal clusters will he
presented followed by the results ohtained from a reactivity study on tri- and hexanuclear
clusters containing diphenylthionreata lipands. The major issue to be addressed in this second

partion is the influence of the thiourea ligand on ather sites of the cluster.
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1n Group VIII Metal Clusters with the Cyclic Thioether 1,3,5-Trithiacyclohexone
2.1 Thicethers in Coordination Chemistry

Polythia macrocycles are the sulfur analopues of crown ethers and are therefore often
referred to as crown thioethers. A general representation of the crown thiocther is a cycle
composed of altemating sulfur atoms kinked by alkyl groups of varying length. Citation of the
numbcer of sulfur atoms in the ring in conjunction with the total ring size leads to the
nomenclature used here in referring 1o the thioether in question. Most often the sulfur of 2
coordinated thioether will act as u two-electron donor, forming ¢-bonds to the metals in
coordination complexes. However thioethers are weak o-dooors and thus lack significant
chargc neutralization capabilitics. Since these lipands act as weak donors, often the metal inn
of thicether complexes retains coordinated anions.”  ln addition, a  degree of m-acidity,
intermediate between that of amines and phosphines has been established in these ligands.™
Increases in IR stretching frequencies of the CO ligand trans to a thioether in substituted metal
carhunyl complexes suggests a degree of n-hackhonding cnmpetition.” Delocalization of 1y,
eleciron density from the metal into thivether ligand orhitals, resulting in decreased electron-
electron repulsion, alsa cxplains the predominance of low-spin state motal-thiocther
complexes.  This same deloculization has also been used to explain the inerl behavior to
thermal decomposition of some metal complexes of crown thicethers.™  These (wo
characteristics of chioethers, lack of charge newtralization and m-acidity, arc primarily
respansihle for their tendency to coordinate to metals of Jow nxidation state. Considering the
chemistry of low-valent transition mctals has found cxtensive applications m homogenenus
catalysis, the potenual of these ligands is considerable. Thicether complexes of Ru have shown
activity towards catalytic desulfurization of heavier erude oils.?* Iron complexes of thioethers

have alsa shown promise in this area.”

Crown thioethers form mononuclear complexes with a large number of transition
metals.”® These complexes could easily provide a mare robust series of catalysts considering
the additional stability which could be provided by the cyclic thioether (the macrocyclic effect).
Typical examples of thesc coordination complexcs arc the mononuclear complexes of
trithiacyclononane. Trithiacyclononang is particularly well-studied due to the ease with which

it forms chelate complexes with metal ions. This nine-membered cycle is the exception 1o the



typical exo orientation of the suliur atoms exhibitcd hy other crown thioethers. Herc the sulfur
atoms arc arranged in an ende fashion. That is 1o say, the sulfur atoms point mio the
macrocyclic cavity of the crown thicether and are thus preorganized for facial coordination to
mctal jons.”’

Twa molecules of this nine-membered crown thiozther were observed to bind to a
trigonal face of Fe(II) in a chelate fashion via the six sulfur atoms.®® Cooper er coll. were
among the first to synthesize the Ru(Il) complexes of 1;rithiacyclononam:.n Here as well, two
molccules of the thioether bind through cach of the six S atoms to form an octahedral complex.
Reactions of chloride salts of Os{lf) with trithiacyclononane also gave homoleptic thioether
complexcs.”®  Each of these complexes showed reversible onc-electron oxidations
(Ean=t+0.98V*™, E1p=+1.40V™, E;p=+1.I6V*™ resp. vs Fc'/Fc) all assigned to the
M(ITYM(II) couple. The anodic potential of these couples is attributed 10 the #-acidity of the
ligand. X-ray structural data obtaincd for the Fe complexes shows longer Fe-S§ bonds in the
Fe{lll) species as compared to those of the Fe(Il), further implying significant n-backbonding

between the metal center and the thioether ligand in the +2 oxidation state.”

Extending the stahility of crown thioether complcxes to the mndustrially useful
platinum metals is the driving force behind the majority of research into those mononuclear
complexcs of Ru.’' With this goal in mind, atiempts to combine the useful properties of
thioethers and other ligands have been pursued. Hill ef al. have investigated the properties of
several Ru(ll} complexcs containing phosphine and eyclic thioether ligands.”® A particulatly
nteresting dinuclear Ru{II) complex of a fourtecn memheared crown thicether contains an

unsupported hydride bridging the two mononuclear units.”

2.2 1,3,5-Trithiacyclohexane and its Derivative cis 2,4,6-Tribenzyl-1,3,5-
Trithiacyclohexane

Trithiacyclohexanc is the thioether analogue of cyclohexanc. It occurs as an odorless,
colorless solid and is commercially available. In the crystalline form the melting point is 219-
220 °C. Elkcuon diffraction studies in the vapor phase’ and X-ray diffraction in the solid
state™ have shown the malecule to adopt the chair conformation in both phases further

accentuating the cyclohexane analogy. A graphical represemtation of trithiacyclohexane (herein



referred o as 1tch) is displayed in Figure 1. Bond lengths and bond angles taken from
reference 35 are provided in the figurc caption. The molecule crystallizes as an orthorhombic
unit cell in the space group Pmn2,. Given the sp® hybridization of the sulfur orbitals in such a
configuration, two lonc pairs of electrons remain available for bonding to one or more mctal
centers. Metal bonding could occur in either equatorial or axial directions with respect to the

sulfur atoms,

Figure 1; 1,3 5-trithiacyclohexane (tich), C-5 1.82 A; ZCS8C, 100.7° Z5CS, 115.3°.

Coordination of the intact ttch ligand is quickly verified with routine spectroscopy. A
relatively intense band ocenrs at 727 em” in infrared spectra of KBr pellets of tich. This band
has been assigned 1o the CSC ring stretch.®® Results obtained here show only slight shifts of
this band upon coordination of ttch to metal clusters. 'H NMR spectra of tich in CDCl, show
a single broad peak at 4.14 ppm. The single signal for ttch is attrihuted to a fluxional process
in solution which results in interconversion of the axial and equatorial protons rendering them

indistinguishable on the NMR timescate.”

Substitution of one of each of the methylene protons of ttch with alkyl groups makes
the heterocycle more seluble in common organic selvents. Judicious cheice of the substilting
proup may also provide additionyl sites for coordination to metal centers. Recently the
tribenzyl-substitated trithiane was proparcd and characterized crystallographically hy Edema et
al.® A graphical representation of this heterocycle and some relevant bond lengths and angles
are presented in Figure 2. The substimted tich crystallizes in the trigonal crystal system and
belongs to the space group R3.
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Figure 2; cis 2 4,6-tribenzyl-1,3,5-trithiayelohexane, C1-51; 1L.811{DA, C1-C2; 1.536(2)A,
C2-C3; 1.512(2)A, £ZC1S1C1b; 99.97°, ZS1C151a; 114.35°,

Following the same synthetic procedure as Edema, the tribenzyl-substitned species
was prepared here for use in reactions with metal carbonyl clusters. The reaction involves
abstraction of 2 methylene proton with n-BuLi to produce the trithiane anion. This anion then
undergoes addition at the acidic benzylic proton with suhsequent elimination of hromide.
Alkylations are carried out at the twa remaining CH; groups by successive treatment with n-
BuLi. The cis isomer is formed preferentially. This stereospecificity presumably resulis from
the greater stability of the equatorial anion formed upon abstraction of a proton from the
parent tich hy n-BuLi** 'H NMR and IR spectra of the sample prepared agreed completely

with the values reported for the ¢is conformation, indicating the presence of a single isamer.
23 1,3,5-Trithiacyclohexane in Cluster Campounds

The extcnsion of crown thiogiher chemisity to cluster camplexes is apparent given
their ability to stabilize low oxidation states. Furthermore (ich has a geometry particularly
well-suited for coordination to the triangular face of a metal cluster, a bonding situation
leading to increased cluster siability. Reactions with transition metal clusters show a marked
tendency towards a face-capping modc via the threc sulfur atoms of tich with formation of
bridging carhonyl groups at ihc cluster. The X-ray siructures of clusters in which tich is

bound o the face of tetrahedral Ir,”® and Rh*' metal frameworks reveal this somewhat
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ubiquitous structural feature as docs a series of tetrahedral clusters with ruthenimm-cohait
metal frameworks and uch ligands.” Bridging carbonyl groups are better -acids and more
effectively reduce the electron density au the metal centers resulting from the coordination of
the primarily o-donor tich. As will be shown later, this structural feature can be used to
advantage in studies of tte fluxionality between bridging and terminal carbonyls. The Rh
cluster above (ref. 41) provided an especially interesting fluxionality study. Upon bonding o
the tich, a metal-metal bond is broken, forming a butterfly-1ype skeleton with a pn-CO between
the non-bonded wing-tip Rk atoms. This carbony] group was shown to commute between
each of the three basal Rh atoms by opening and reforming that cnd of the Rh-C kond while
the Rh-C bond to the apical metal atom remained intact

As yet no puhlished reports of Os clusters containing ttch ligands are available,
Howcver other crown thiocthers as well as sulfur-containing helerocycles have found

' . H : : 4.
applicativn in osmium cluster chemistry, Adams er al. 3

have found that coordination of four-
membered cyclic thigethers (SCH;CR;CH;, R=H, Me, Ph} 1o trinuclcar Os clusters lcads to
ring-npening oligomerizations, a preliminary step in the synthesis of trithia macrocycles. The
authors snggest the |,-bridging mode of the sulfur results in Lewis acid behavior on the part of
the biridged Os centers thus activating the ligated thioether 1oward nucleophilic attack by a frec
thictane molecule. Anticipating the same type of C-§ bond cleavage, that group carried out
reactinns with the six-memhered cyelic thioether, thiacyclohcxane.* However, under similar
conditions no oligomerization occurred.  This work will be further discussed in connection
with the reactions involving Os;(CO);; and tich presented here. Some trinuclear Os clusters of
the crown thioether trichiacyclododecane, where the sulfur bonds to the cluster throngh cither
a simple o bond or a py-bridge have been prepared but as of yet, neither oligomerization nor

C-H activation in thosec rcactions has been reported.
24 Reaction of Fey(CO),z with 1,3,5-Trithiacyclohexane

Refluxing a solution of Fea{CO}; and 1,3,5-trithiacyclohexane in benzene resulted in
cluster fragmentation and C-S hond cleavage at the tich 10 produce the dinuclear cluster
Fe(COY(8:yC5Hs) (1) as the major praduct (12.9%). This type of bond activation is not
uncommon in reagtions of Fe clusters.*® As apparent from the deposition of an iron mirror on

the tabe walls, decomposition of the starting Fey(CO),2 ocenrred 10 a significant dagree also.
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Filtration of the yellow reaction solution followed hy standard TLC resulted i isolation of a
yellow-orange solid which was shown hy mass spectra to be 1. In an altemative approach,
starting from the mononuclear iron carhonyl, the same compound was isolated and
characterized by Raubenheimer et al.”’ There it was shown that rcactions of Fe{CO);s with

ttch under UV irradiation produced | in yields between 10 and 15%. This dinuclear cluster is
represented graphically in Figure 3.

e 1 /c\g
J HE
Hrc\7— —32
TFE1 62
7\ {

Figure 3: Graphical illustration of Feo(CO)s(i2,1°-SCH,8CHSCH) (1)

Table § lisis our IR and 'H NMR data. Mass spectra (FAB) of 1 showed a well-
defined M* peak &t 418 mass units.

Table 1: IR and NMR data of Fes(CO)s(uzn’-SCH,SCH;SCH;) 1

TR{c-hex,298K) {veolem™)}: 2071m 2030vs 2003s
19935 1981w 1970w

IR{KBr) [vcs(cm")}; 127w

'"H NMR (CDCly, 298K)*  (§(ppm}}: 4.24 (d(d),|H J=14.2(2.1) Hz)

3.36 (d,1H,J=14.2 Hz)

3.28 (d, 1H,J=13.6 Hz)
3.23(d(d), 1H J=13.6(2.1)Hz)
2.22 (d,1H,J=10.7 Hz)

1.42 (d,1H,J=10.7 Hz)

400 MHz

As shown in Table 1, solution IR spectra of 1 in non-polar solvents display six lines afl falling
within the frequency range of terminal carbony! ligands. Taking account of slight shifts due 1o

the different solvent, this spectrum compares well with that reported hy Raubenheimer.
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'H NMR specira obtained on a 400 MHz spectrometer however indicated a [ine
structure not reporicd in reference 47. There three douhlets and one broad line were reported.
In fact, room temperature spectra obtained for this work revealed six doublets two of which
were further split into doublets, This spectrum is reproduced in Figure 4 and the peaks

assigned according to the arguments which follow.

J _J L
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il " " . . " 1 2. o i .

Figure 4: '"H NMR (CDCl,, 400 MHz) spectra of Fex{CO)(a,*-SCH,SCH,SCH) 1.

Homonuclear spin decoupling experiments revealed complex coupling between the
protons of the ttch ligand of 1. Decoupling at either of the upficld doublets (1.42 or 2.22 ppm)
resulied in a singlet for the other signal, No effect was obscrved at any other part of the
spectirum. The two upfield doublets thus represent two types of protons, one coupled (o the
other but distinct from one another and from other protons in the ligand. There remains four
groups of signals (scc Fig. 4). If the spectrum is obtained with irradiation al the frequency of
the downfield doublet of doublets (4.24 ppm), a singlet is observed at 3.36 ppm, while the 3.23
ppm signal displays a simple doubler (fine splitting is no longer observed at 3.23 ppm).
Decoupling at the 3.36 ppm signal resulted in a simple doublet at 4.24 ppm displaying the

smaller coupling constant of 1.99Hz. It is implied that the larger coupling constant observed at
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the 4.24 ppm signal {J=14.2Hz) tesults from interaction with the proton generating the donblet
at 3.36 ppm (J=14.2Hz) analogous to the situation for the upficld signals (scc ahove), however
a secondary inieraction cccurs resulting in the finc splitting of the signal at 4.24 ppm
(J=2.1Hz). The coupling constant nf the doublet remaining at 4.24 ppm, after irradiation at the
3.36 signal, corresponds to the finc splitting at the 3.23 ppm signal (2.1Hz). Therefore the
proton gencrating the 3.23 ppm signal produces the fine sphitting at 4.24 ppm. The larger
splitting ohserved at the 3.23 sipnal (J=13.6Hz2) is a rcsult of coupling to the protons at 3.28
ppm (J=13.6Hz).

In accordance with the structure of 1, these features of the "H NMR spectrum suggest
the inherent asymmetry of 1. Restricted movement of the ttch upon coordination to a multi-
nuctear metal framework resulting in distinguishahle axial and equatorial protons, has been
ohserved among other clusters presented in this work. Dynamic NMR studies of dinuclear ttch
complexes of platinum also indicatc chemically inequivalent axial and equatorial |:|rmcm..\:."a
Increased activatinn cnergy for pyramidal sulfur inversion and ring reversal upon coordination
of ttch 1o 2 metal center was cited as responsible for this foature. In the free ligand, it is these

processcs which render all the protons equivalent.

For compound 1 each proton of the fixed CH; groups produces a unique signal which
is then split into a doublel hy its geminal counterparl. Furthermore each distinct CH; group
generates a pair of these doublcts thus producing the main features of the spectrum; three pairs
of doublets, integrating as 1:1:1. One CHa group is isolated from the others and shows no
interaction with them (the two upfield doublets). These signals are assigned to HI and H2 (see
Fig. 3). The upficld shift is presumably due 1o proximity to the metal eenter. The CH; group
located between the o-bonded S atom (S2) and the S atom showing no bonds to the metal
centers (53) generates the doublets a1 3.23 and 3.28 ppm (HS and HE). The remaining (wo
doublets (3.36 ppm and 4.24 ppm) are assigned to protons H3 and H4 located on C8 of the
ttch derived ligand. The two CHy groups corresponding (o the four downfield doublets arc
situated in a manner which allows an interaction between their equatorial protons. This
interaction occurs for the two protons labeled H3 and H6 (Fig. 3} which in conjunction with
§3, form a "w”, or zigzag system. Coupling in a system of this type is documented and the

reported coupling constant of 3-4 Hz*” agrees within reason for that found here (1.99 Hz).
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Reactions of triirondodecacarbonyl with g-donor ligands have been shown ta result in
cluster frapmentation.™ Tt was noted that elevated temperatures produced a greater degrec of
cluster breakup. Given that thermal activation was used to itiate reaction between Fea(COMz
and ttch, products of lower nuclearny were unavoidable. Morsover, the formation of metallic
iron indicates that the major reaction occwiring was thermal decomposition of the carbonyl.
Compound 1 was most likely the result of reaction between the transitory “Fe,(CO)™' and

ttch. In contrast to these results, Ravbenheimer et al. 2

have shown the formation of metal-
metal honds in reactians of Fe(CO)s with thiocthers to produce several di- and trinuclear
clusters.  Both cluster build-up and cluster fragmentation scem to favor the dinuclear specics.
Howcver, the significance of C-S bond breaking in this reaction cannot be ignored. The ability

of Fey(CO), to completely remove sulfur from thiophene has already been noted.™
2.5 Reaction of Ruy(CO);2 with 1,3,5- Trithiacyclohexane™

Refluxing a THF solution of Ru,(CO)y2 and 1,3,5-withiacyclohexanc yiclded the
trinuclear cluster Ru_‘(pz-CO)g(CO};,(p;,n’-Sgcst,) (2) as the primary product. Compound 2
was soluble only in very polar solvents such as THF and acetone.  Thin-layer chromatngraphy
was used to isolate the reaction products, however a very polar solvent mixture was neccssary
to elute a hrnad yellnw hand which could only be isolated from the ALQ; support by rinsing
with alternating portions of THF and methanol to give 2 (71%). Ycllow block crystals of this

compound were casily nbtaincd from slow evaporation of a concentrated THF solution.

IR spectra of 2 showed four terminal carbonyl absarptions and onc very intensc band
in the bridging carbonyl region (Table 2). The four bands in the rerminal carbonyl region
appear (o be a typical indication of three axially disposed and three eguatorially disposed CO
groups™. The 'H NMR spectrum shaws two douhlets of equal intensity in the alkyl region of
the 8-scale (Table 2). These absorptions are assigned to the CH; groups of the ttch ligand. In
cantrast to the unligated ttch where unrestrained movement produces eguivalent protons, the
presence of two separate peaks for 1 in addition 1o their multiplicity reinforces the idea of
restrained movement of the ligand. The NMR spectra imply that ¢he protons of cach CH,
group are fixed rigidiy in axial and equatorial positions so as to render them chemically
ineguivalent, a phenomenon of the 1hioether ligand already also noted in the Fe compound.
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Table 2: IR and NMR data for Rus(p3-CO}(COYs(1ls - 52CsHe) (2)

IR(THF, 298K) {Veolem™): 2052m  2004s 1972w
: 1950m 18105
iR (KBI‘) [Vcs(cm")}: Tilw
"H NMR ([Ds]THF, 298K)"  {S(ppm)}: 4.16 (4, 3H,J=14.6 Hz)
2.38 (d, 3H,]=14.7 Hz)

200 MHz

The molecular structure of 2 was determined through X-ray structural analysis of a
single crystal and is illustrated in Figure 5. Bond distances and angles are given in Table 3.
Cluster 2 was found 1o crystallize in the orthorhombic crystal system, in the space group
P nal,. In an independent study Pakkanen et cof. also isolated and structurally characterized

compound 2.7

06 011

Figure 5: Motecular structure of Rus([a-CO)(CON(,1-53CHs) (2).
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Tahle 3: Bond lengths {A) and hond angles (°) for non-hydrogen atoms of Ruy(p,-
CON(COYs(,1-83C3Hs) (2).

Ru(1)-Rut2) 2.8687(8) Ru(1)-Ru(3) 28378(% Ru{1)-3(1) 2.4315(17)
Ru(1)-C(4) 2.155(8) Ru(1)-C(6) 2.124(8) Ru(1-C(11}  1.911(8)
Ru(1)-C{12) 1884(8) Ru(2)-Ru(3) 2.8306(13) Ru(23-5(2) 2.4276(18)
Ru(2)-C{4) 2.150(8) Ru(2)-C(5) 2.143(9 Ru(2)-C(21)  1.887(8)
Ru(2)-C(22) 1.865(8) Ru{3}-5(3) 2.4248(18) Ru(3)}-C(5) 21178}
Ru(3)-C{6} 2.158(8) Ru(3)-C(31} 1.894(10) Ru(3}-C(32)  1.882(N
S(1-C(1) 1.798(7) S(1)-C3) 1.805( §(2)-C(1 1.823(7)
§(2)-C{2) 1.788(%) §(3)-C2) 1.798(9) §(3)-C3) 1.809%(M
C(4)-0(4 1.141(11D) C(H-0(5 1.150(9) C(6)-0(6) 1.150(10)
Ru{2)-Ru(1)-Ru(3) 59.47(3} Ru{2)-Ru(1)-§(1) 92.02(4) Ru(2}-Ru(1)-Ct4)  48.1(2)
Ro(2)»-Ru(1)-C(6) 108.5(2) Ru(2}-Ru(1)-C{11) 150.7(2) Ru2y-Ru(1}-C(12)  95.6(2)
Ru(33-Ro(1}-5(1) 92.51(4) Ru(3)-Ru(1)-C{4) 107.4(2) Ru{3)-Ru(}-C(6)  49.0(2)
S(1-Ru(1)}C(4) 942(2) S(M-Ru{1}-CA1Y  83.1(2) S(1»Ru{l}-C(12)  170.9(2)
CHRu{)-Ci&) 15593 Ru(1)>-Ru{2)-Ru(3) 59.72(2} Ru(1)-Ru(2)-5{2)  92.00(5)
Ru(1}-Ru(2)-C(4)  48.3(2) Ru(1}-Ru(2}-C{5) 107.U2) Ru(3)-Ru(2)-8(2) 93.30(5)
Ru(3)-Ru(2y-C(4} 107.8(2) Ru(3)-Ru(2)}-C(5) 48.0(2) 8{2)-Ru(2)-C(4} 93.4(2)
C(d)-Ru(2)-C(5)  135.6(3) Ru(1)-Ru(3)-Rui2) 60.81(2) Ru(1)-Ru(3)-5(3) 92.58(5)
Ru(1)-Ru(3}-C{5) 109.5(2) Ru(1)-Ru(3}-C{6)  48.0(2) Ru(2}-Ru(3)-8(3) 92.1(K6)
Ru(2}-Ru(3)-C(5)  48.8(2) Ru(2)-Ru(3}-C{5) 108.8(2) $(3)-Ru(3)-C(6) 92.1(2)
C(5)-Ru{3}-C(6)  157.5(3) Ru(l}-5(1)-C(1y  110.6(3} Ru(1»-5(1)-C(3)  108.72)
C(1)-5(1)-C(3) 100.9(3) Ru(2)-5(2}-C1)  119.7(2) Ru(2)-S(2)-C(2)  109.0(2)
CU-5(23-C(2) 98.0(3) Ru(3)-53}-C(2)  110.5(2) Ru(3»53)-C(3y  108.9(1)
C(2)-8(3)-C(3 98.0¢3) S(1-C(1)-5(2) 114.1(4) S2-C(A-S( I FRIC)]
§(1>-C(3)-5(3} 115.3(4) Ru(1)-Ct4>-Ru(2)  83.6(3) Ru(D}-C(4)-0(4)  137.5(6)
Ru(2)}-C(5)-Ru(3)  83.3(3) Ru(2)-C(5)-0(5y 137.8(M Ru(1)-C(&)-Ru(3y  83.0(3)

Ru(1}-C(6)-0(6)  138.8(7 S{3)-Ru(3)-C(5) 89.6(2)

The metal framework of 2 is a triangular array of three Ru-atoms, Two terminal CC
groups are bonded to each Ru-atom, one of which takes an axial position and the other an
equatorial position. The three metal-metal bonds are spanncd by py-CO ligands. In a plane
above and paralle] to the plane of the Ru triangle lics the three S-atoms of the tich ligand, each
o-honded to the Ru-atom directly beneath it and acting as a 2-electron donor. The CH,
groups of the tich ligand occupy regular positions above the plane of the S-atoms. H atoms

were placed at calculated positions. Overall the tich ligand assumes a chair-like conformation.

Two sides of the Ru triangle are slightly shorter than the third (Rul-Ru2, 2.8687(8)
A; Ru2-Ru3, 2.8306(13)A vs. Rul-Ru3, 2.8378(9)A). These metal-metal distances are Little
changed from those in Rus(CO),;” in spite of the presence of the [1,-CO ligands. All pp-C(O)-
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M distances are nearly equivalent resulting in symmetrically bridging carbonyl lipands. The Ru
triangle and the bridging CO groups; occupy a plane in which atom C4 shows the maximum
deviation from that plane (C4-M;, 0.153(9)A) while C5 and C6 remain cssentially in the M;
plane (C5-Ms, 0.018(9)A; C6-M;, 0.042()A). The planarity of the closter can be alternatively
illustrated by defining an M; plane and three M-{p,-C(0)}}-M planes and citing the dihedral

angle between them. For compound 2 those angles vary from 0.6° to 5.50°.

Within the tripodal ligand C-§ bonds are uniform and contribute litile 1o distortions in
the symmetry of the molecule. The dihedral angle between the plane formed by the three S-
atoms and that formed by the metal base is calculated at 0.14(6)A. A ncarly perfect C; axis
extends through the center of the molecule and contains three vertical mirror planes resulting in
C;, symmetry for the entire molecule, The somewhat analogous structures cited earlier and
involving letrahedral metal frameworks in which the tich ligand is bonded to the trangular
metal base (M = Ir*"; M = Rb"'; M = Ru") show similar trends in terms of M-M, M-S, and §-C

honds. A species of Cs, symmetry occurs as onc isomer of the Iry cluster.

Inspection of the packing arrangcment of 2 in the crystalline stale reveals extensive
intermolecular hydrogen bonding.  Calculations show the distances between the methylene
protons of the ttch ligand on one molecule of 2 and the carbonyl groups of a second molecule,
approach one another at distances significantly below the sums of their Van der Waals radii.
These interactions arc outlined i Table 4. Here it is clear that while all the carbonyl groups
are involved, the bridging carhonyl groups undergo the majority of these interactions. In one
case (COS3), the 1-CO is seen to interact with two adjacent methylene protons of a
neighboring ttch lipand. Braga et af. published a series of studies detailing these nteractions in
several organometaltic crystal systems.” Thc most recent of these publications compares the
tendencies of the three species Ruy(CO)ia, Rus{COYe{an M -CeHg) and 2% and their
tendencics to form intermolecular hydrogen bonds. It was shown throngh a series of MO
calculations, that more intermolecular hydrogen bonding occurs in 2 mosily as a result of the
increased acidity of the tich hydrogens as comparced to those of the benzene ligand as well as

the increased basicity of hridging versns terminal carbonyls.



Table 4: Hydrogen bonding interactions in 2.

donor-H-acceptor DA (A H-A {AY D-H-A ()
C1-H1-032 3.312(10) 2.548% 127.39
C1-H1-06 3.154(10) 2.334 131.82
C1-H1A-035 3.297(10) 2.309 14945
C3-H3-04 3.338016) 2536 132.72
C3-H3A-022 3.166{10) 2.596 111.09
C3-H3A-05 3.244(9) 2218 153.32

T
Since the methylene hydrogens were placed in calculated positions, no error is available for interactions
involving these atons.

26 A Monosubstituted Derivative of Ru(jL;-COM{CO)s(La,N-S3CsHs).

Compound 2 was found to be very stable towards substitution of its carbonyl groups.
Exposure to elevated temperatures and/cr trimethylamine oxide in the presence of 1-
butylisocyanide showed no indication of reaction, In order to obtain a monosubstituted
derivative of compound 2, it was necessary to first prepare the monosubstituted (-
butylisocyanide derivative of triratheniumdodecacarbonyl, Rus(CO);i{(CH,);CNC}, which
was then refluxed with one cquivalent of tich in hexane for 8 hours. The yellow solid thos

oblaincd was then purificd by preparalive TLC and characterized as Ro(ps-

CO)3(CONs{(CHCNCHm'-5:C3He) (3) (Fig. 6).
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Figure 6: Graphical representation of Ru3(Uz-CORCON(BuNCY (s, 0 -S:C:Hy) (3).

IR spectra of compound 3 were consistent with a monosubstituted derivative (Table
5). The band indicative of The NC group of the t-butylisonitride was present at 2159 cm’,
shified little from the unlipated specics. As in IR spectra of the parent compound 2, four bands

in the region of terminal carbonyl groups and one strong band in the bridging carbonyl region
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were found. Spectra cxhibit approximately the same intensity pattern as in 2 hut each hand is
shified 10 31-7 cm™ lower energy. The better g-donating abilities of the t-butylisonitrile Lgand
compared tn the carbonyl ligands allows [or more electron density at the metal atoms, resulting
in an increased M—CO n*-accepior backbonding intcraction for bath types of CO groups and
a concomitant decrease in CO bond order, producing these frequency shifts in the IR spectra,

This is a common cffect of weak w-acceptor ligands located trans 10 CO groups.

Normal temperatvre and pressure 'H NMR spectra of 3 (Table 5) show a broad
singlet for the protons of the tich ligand as well as a singlet for the methyl gronps of the t-
butylisonitrile. The presence of a broad singlet for thc methylene protons of the tch ligand
implies the barrier to interconversion of axial and equatorial hydrogens has been lowered in the
substituted cluster.  Although no crystal structure of 3 was undertaken, onc could assume a
less tightly held tech Bgand due to the decreased electronic requirements of the cluster in the
presence of the t-butylisonitrile ligand which in turn would allow more flexibility on the part of
the CH, groups.

Table 5: IR and NMR data for Ruy(p;-CO)s(CO)s(BUNC) (s, n*-8:CsHg) (3)

IR(THF,298K) {¥nelem™)) 2159m
{Veolem™)}: 2021s 1988vs 19568
1943vs 1794vs
IR(KBr) {vestem™)}: 725w
'H NMR ([D;]THF, 298K)"  {§(ppr)}: 2,52 (sbr, 6H) 131 (5, 9H)
200 MHz

Given the isotopic distribution of Ru, mass spectra of its clusier compounds appear
complicated and arc often difficult 1o decipher, However certain aspects of the mass spectra
for compound 3 are discernible and can be interpreted. For instance, a group of peaks
centered at 749 mass nnits can be considered as the M peak of 3. The loss of four CO gronps
is indicated hy o group of peaks centered at 638, Successive loss of carhonyls continues down
to 520 mass units at which point the (-BuNC group is lost.
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2.7 NMR Study of the Carbonyl Fluxionality in Rua(Hz-C0):(CO)e(pa,n>-82C:He)
(2) and Rux{p;-COYCO)s(t-BuNC)(is;’-5:CsHe) (Y

Changes in the "’C NMR spcctra with temperature, provided qualitative evidence that
a dynamic proccss involving the carbonyl groups oceurs for compound 2. Detailed variable
temperature C NMR experiments produced ratc constants and activation parameters while
variable pressure “C NMR results indicated the types of transition Statcs employed i the
exchange. The effect of a shght change in the higand envelope is provided by substituting an
axial carbony! group in compound 2 with the G-donor ligand t-butylisonitrile (compound 3)

and carrying out the same experiments.

A fluxional molecule is one that possesses the ability to interconvent between two
different configurations, both of which represent an energy minimum. The time-scale on which
these interconversions occur falls within the range of nuclear magnetic resonance icchniques
(10's to 107s) thus NMR spectroscopy has proven cxtremely useful in analysis of these
systcms. Imvestigations of the fluxionality of the carbonyl ligands in trinuclear group VIII
carbonyl clusters vsing *C NMR is an area that began to atiraci interest almost two decades
ago *,"but 10 this day, investigations continue concerning the mechanisms by which these
interconversions take place.® The solid-state molecular structure of all Mi(CO),; species has
been determined hut only in the casc of M = Qs do room temperature "C NMR spectra agree
with the X-ray crystal structure, that is to say scparate signals corresponding c axial COs and
to cquatorial COs are found.*® In contrast only 2 single resonance line for the carbonyl carbons
is abserved in room temperature *C NMR specira of the Fe and Ro species. The Fe and Ru
carbonyls’ hehavior exemplifies a fluxional process among the carbonyl ligands. Ligand
fluxionality occurs for Os;{CO)2 also but only at elevaied temperatures. The mechunism of
ligand cxchange in was proposed 10 occur via cycling of an intermediate with two bridging
carbonyls on one edge of the mesal triangle.”"™ The same cxchange mechanism was postulated
for the Ru and Os clustcrs, however Colton et al later suggested the possibility of an
alternative process involving bridging carbonyls over all three metal edges.® Ay illustrated in
scheme [ this exchange mechanism can interconvert cither axial carbonyls, as proposcd for
Fes(CO)1a,. The carouschlike exchange of equatorial CO groups has been termed the "merry-

go-round” exchange process.
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Scheme 1. Exchange processes for equatorial and axial carbonyls in Ma(CO),; clusters.

Magnetic resonance studies of carhonyl fluxionality in tetrahedral carhonyl clusters
adopting a molecular structure akin to the triply-bridged intermediatc shown in schemc |
indicate a merry-go-round process.“’"” As per Figure 5, compound 2 possesses the structural
traits associated with carbonyl cycling vis-a-vis the merry-go-round process. It is the tendency
of the ttch ligand 10 encourage such structural characteristics that render it so useful in swdies

of the merry-go-round fluxional process.
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The appearance of the C NMR spectrum in the region of slow-cxchange compared
to fast-exchange, i.e. the number of peaks and their relative intensities is indicative of the type
of cxchange taking place. The population dependcnce of the chemical shift with respect to
temperature can be estimated from a typical spectrum but complete line shape analysis is
necessary to generate precise rate constants.  The mean lifetime (T:) of a given species 7 is
determined from the full width at hall maximum height FWHM) (Avis) in the region of signal

coalescence:
Uz = navi2 m

For a first-order reaction, as for an isomerization, the inverse of T; (T;") vields the rate constant
Vi

(k) for the isomerizatian in question:
k=11 2

The specira ohtained over the temperature range are simulated using a method involving

Kubo-Sak matrices ®

The activation parameters (AH* and AS*) arc obtained by measuring the temperature

dependence of the rate constant and fiting the resulis to the Eyring equation.
k = (ks T/h) exp{(AS¥/R) - (AH'/RT)} (3
where kyp is the Boltzmann constant and h is Planck’s constant.
A number of publications exist describing the fundamental concepts invalved in

interpretation of high pressure NMR data.% Van Eldik derives the basic relationship from the

pressure dependence of the chemical potential at constant temperature:*™

(E) sVi 4
aP JT
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where Vi is the partial molar volume of species i. This relationship holds true oaly when
cousidering a pressurc-independent concentration scale (i.c. mole fraction or molality)
otherwise the compressibility of the solution must be taken into account. The definition of
chemical potential with respect to concentration (i = p° + RTIn(x)} combined with the
prerequisite that the chemical potential of a reactiou at equilibrium is equal to zero, provides
the relation between the change in equilibrium coustant with respect 10 pressure at constant

temperature and the reacion volume (AN ).

dinK =
-RT =AYV 5
( apP )’I ®

A restatement of the hasic pretext of the transition state theory follows and places a transition
state M in equilibrium with reactants A and B which then goes on to form the product(s).
This theory can be applied to isomerization reactions and allows the rate constant k for the
reaction to be expressed as a function of the equilihrium constant, Thus 4 rclationship entirely
analogous to (5) above between the rate canstant’s pressurc dependence and the activation
volume (AV®) is possible. The activation volume cousists of two terms. The first considers
volume changes due 1o electrostrictive forces (AV'y.) and is the predominant factor in
reactions involving charged specics. The other represents volume chauges due to intrinsic
factors (AV¥.) and results from changes in internuclear distances within the reactants during
the formation of the transition state. Often AV, can be so large as to change the sign of the
observed activalion volume. For isomerization reactions howcver, this tcrm becomes
negligible and the observed changes in rate constam accurately reflect the volume changes
involved in the activation step of the rcactioun in question. Changes in rate constant with
respect to pressure indicate the types of transition states employed in the isomerization.
Dissaciative mechanisms are characterized hy positive activation volumes and decreasing rate
constants with increasing pressurc while associative mechanisms display inercasing rate
constants with increasing pressure i.¢, negative activation valumes are observed. An activation

volume of zero is observed for interchange mechanisms.

The '’C NMR spectrum of a sample of Rus(pz-CONB(CO)s(ian’-S:CsHs) (2) enriched
in CO (ca. 30%) in [Dy|THF is blocked at 178 K and presents three signals of equal
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intensities in the CO region (sec Fip. 7). The resonances at 264.8, 200.8, and 199.] ppm can
be artributed 10 the bridging, axial, and equatorial carbonyl groups respectively.® This would
imply that the Cj geometry of 2 in the solid staic is roughly mainiained in solution. Witk
increasing temperature, the signals at 264.8 and 199.1 ppm start to broaden, indicating an
intramolecular exchange process between the bridging and equatorial carbonyls. The axial
carbonyl ligands do not participate in this "merry-go-round” scrambling process. Figure 7
shows the measured (left) and calculated (right) specira at five different temperatures. The
rate constants of the merry-go-round were determined at different iemperatures from the
calcnlated spectra using a non-linear, least-squares fitting procedure.®  The activation
parameters were ealculated [rom those rate constants via the Eyring nf;c;u::uionj'IJ using a non-

Iinear least squares program and arc summarized in Table 6.
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Figure 7: Experimental (Jeft) and calculated (right) variablc-temperature spectra of 2 in
[De]THF.



Table &: Kinetic Paramelers for the Merry-go-Round Pracess in Rua{p;-CO%s-
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(COY(pa,n’-5:CsHy) (2) and Rus(-COY(CO)s(t-BuNC) (i, n-53C:Hs) (3).

Kyoa[s"] AR kJtmel] |ASHJtmoll  [AGKJ/mol] | AV em mal]
2 1.4+0.2)-10* [62.7x3 +45.1211 49 3+0.4 +13.321.2°
3 7111 102.6+7 +1539+26 | 56(.720.6 +14.1+1.8

T =2531K:"T=279.5K

The C, geometry of Ruy(z-CO)(CO)s(1-BUNC)(ua,n’*-S:CHe) (3) in solution is
similar 1o that of 2 with the isocyanide lipand replacing an axial carbonyl group. Indced, the
BC NMR spectrum of a sample of 3 enriched in BCO (ea. 30%) in [Ds) THF is blocked at 263
K and shows two resonances in the region of bridging carbouyls with an intensity ratic 2:1
{a,b), two resonances with relative intensitics 2:1 for equatarial carbonyls (c,d), and a single
resonance for the axial carbonyls (e) (Figure 8 shows the “C NMR spcctra alang the top).
The FWHM of the resonance assipnied to the axial carbonyl groups is unaffected upon raising
the temperature, while the former four resoniances start to broaden indicating that an exchange
process 1akes placc in this cluster alsa. A PC EXSY spectrum of 3 in |Ds] THF at 263 K (Fig.
8) shows the following dynamic connectivities for the CO groups: a- b, b - ¢, a - d, which
correspond 1o the merry-go-round of the bridged and equatorial carhonyls analogous 1o that of
2. The simulation of the 'C NMR spectra of 3 at different temperatures by the same

procedure as that used for 2 led to the activation parameters reported in Table 6.

The pressure dependence of the rate constanis of the merry-go-round were
determined from spectra obtained at different pressures (1 - 2000 har) using the same fitting
procedure as that used in the variable-temperature work. Those rate constanis were then fined

10 equation (6) as shown in Figure 9.
In(k) = Infkg) - AV* B/RT (6}

The intercept of that linc gives the rate constant (ko) a1 0.1 MPa and the slope gives the

activation volume. The values obtained are amanged in Table 6.
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Figure 8: EXSY "*C NMR spectrum of 3 in [Ds]THF at 263K. Mixing time: 100ms.
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Figure 9: Pressure effect on the nermalized natural loparithm of the rate constants for the CO
scrambling in 2 at 253.1K (») and in 3 at 279.5K (A).



Introducing the 1-BuNC ligand in an axial position of 2 slows the CO scrambling
process. The isocyanide ligand is a better o-donor and weaker n-acceptor than CO and a py-
CO group is a better n-acceptor than a terminal one, Therefore the CO-bridged ground-statc

geometry of 3 is stabilized relalive to that of 2, and the observed increase in activation enthalpy
is expected.

The activation volumes of the merry-ga-round process in 2 and 3 are egual within
experimental error. A similar study of the merry-go-round in 1 (CO¥s(M3.0"-S:C3Hg) offers
tbe only activation volume available for comparison (+8.3 cm® moi™).”! In contrast to 2 and 3,
twa isomers of the lre clusicr were isolated one with three edge-bridging carbonyl groups,
analogous (o the geometry of 2, and the other with all terminal carbonyl groups. This allowed
for calculation of the difference in volume between the (wo isomers (+15.4 ¢cm® mal™} which
was attributed to the converston of the three bridging carbonyls groups to the unbridged form.
Since the activation volume (+8.3 cm’ moI") was approximately 50% the reaction volume
(+15.4 ¢cm® mol™), and since the isomerization involves the breaking of three Tr-CO bonds 10
form three additinnal terminai carbonyls, a transition state cbaracterized by three semi-bridging
carhonyls was proposed. An unbridged tramsition state would have required a change of
volume of 5.1 cm® mol’! per carbonyl ligand (15.4+3 ~5.1). For clusters 2 and 3 the activation
volume is greater than that of the Ir, cluster by ca. 6 em-* mol'. One can therefore prapose a
(ransition state of the merry-go-round for clusters 2 and 3 having a geometry which is closer to
the limiting dissociative case (with six cquarorial, terminal carbonyls) than the semi-bridging
transition state proposed for the Ir clusier. These results are illustrated praphically in Figure
10,
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Figure 10: Volume profiles for the merry-go-round process a) in [ra(COYs(pa-5:C:H) (» =

1) and b} in 2 and 3 (¢ = Ru). Only the basal face of the Ir cluster is shown; r.c. = reaction

coordinate.

2.8 Reaction of Rus(CO);; with 1,3,5-Trithia-2,4,6-tribenzylcyclohexane

A refluxing THF solution of Rus(CO); and the pre-prepared ligand 1,3,5-trithia-
2,4,6-tribenzylcyclobexane  produced the capped rinuclear Ru  cluster  Rua(ite-
CORICO)sl . 1*-Sx(CHCH,Ph)3} (4). Compound 4 shows a wider solubility range than
compound 2, presumably due to the benzyl groups of the ligand. Preparative TLC in an
acetonitrile/toluens mixture was found to most elfectively efute a wide yellow band which was
easily isolated with CHiCl; to produce 4 as a yellow solid. Rectangular block crystals of 4

were obtained from an acetone solution maintained at -18°C over a period of 5-7 days.

As for compounds 2 and 3, five bands were found in the carbonyl region of IR spectra
of 4 (Table 7). However in contrast to consistent veo energy decreases caused by axial
substitution at the metal framework by the betier g-donor t-butylisocyanide, for compound 4

slight energy increascs of 5-9 cm™ for the terminal CO bands and a decrease of 9 em™? for the

bridging CO bands is observed. The frequency reductions at the bridging carbonyl bands can
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be associated with the slightly belter electron donating abilitics of the thioether Jipand hrought
ahout by substitution of a proton with the benzyl group (cnabled throngh the stability of the
benzyl cation). The enhanced m-acceptor abilities of bridging carbonyl groups rclative 1o
terminal gronps allow them to compete more effectively for the slightly greater electron density

at the metal centers. This populates the &* CO orbitals and produces a weaker U-C-0 bood.

A contrary effect most likely produces the frequency shifts observed for the tcrminal
groups. Since terminal carbonyl groups interact with the metal throngh primarily o-bands, the
slightly better doner propertics of the substituted ttch could lead to an increased o-bonding
fmeraction, Valence bond theory can be used to deseribe this phenomenon. Given higher

electron density at the metal, canonical form 1 is preferred nver canonical form 11!

e e _
M-C=0| & M=C=0
I il

The incrzased t-CO hond order produces an increase in vi.co.

The decreased electron density at the thicether portion of the ligand is evident in the
'H NMR (Table 7) where a shift in the CH proton of ttch downfield to 5 ppm is ohserved.

Table 7: IR and NMR data for Ru;(11;-CO)s(C0)s{1y,n*-S3{CHCH; Ph)y) (4)

TR(c-hex, 298K) {veolem™)}:  2058vs 2014vs 1981m
1959s,br 1802s,br

IR(KBr1) fves(em™):  700m

*H NMR ([Dglacetane, 298K {8(ppm)}: 7.20-7.34 (m, 4H, Ph-H)

5.00{t, 1H, J=8.2 Hz,C-H)
2.82 (d, 2H,)=8.2 Hz.C-H3)

*200 MHz
Two different vicws of (hc molecular structure of 4 as determined by an X-ray
structural analysis are illustrated in Figuze 11. Bond distances and angles are reparted in Table

8. Crystals of 4 are monoclinic 4nd of the space group P 2,.
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Figure 11b: View of Rus(l12-CO)a(CO)s{ pa.n’-Sx{CHCH,Ph);} (4) aleng C; axis.
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Table 8: Sclected bond lengths (A) and hond angles () for non-hydrogen atoms of Ruj(p,-
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COCOhba - Sa(CHCH, Ph); ) {4).

Ru(1}-Ru(2) 2.8500(8)
Ru(1}-C(25} 2.126(6}
Ru(2)-5(2) 2.4439(16)
Ru(3)-S(3y 2.4431(16)
S(H-C(1)  1.816(6}
S-C(H  1.832(5)
CH-C(2y 1.542(8)
CO0-C{1TY 1.496(8)

C(34>-C(35) 1.508(11)

Ru(D)-Ru(3) 2.835%(8)
Ru(1)-C(31) 2.157(6)
Ru(2)-C(28) 2.168(7)
Ru(3y-C(25) 2.130(6)
S(1)-CA7  1.824(6)
SO 1818(%
CH-C(H 15149
C(18)-C(19) 1.518(3)

C(34)-C(36) 1.473(11)

Ru(1}-8{(1) 2.4388(16)
Ru(2)y-Ru(3) 2.8453(10)
Ru(2}-C(31) 2.118(7)
Ru(3}-C(28) 2.124(T)
§(2)-C(1)  1.828(6)
S(3)-C(17)  1.823(6)
CH-C(10)  1.522(8)
O(34)-C(34) 1.206(10)

Ru{1)-Ru(2}-Ru(3} 59.73(2)

Ru(1}Ru(2)-5(2)  91.95(4) Ru(1}-Ru(3}-Ru(2) 60.22(2) Ru(1)-Ru(3)-8(3}  92.96{4)
Ru(1}-Ru(3)-C(25) 48.2(2)y  Ru{l)-8(1)-C(1) 110.9(2) Ru(D)-S(1}-C(HT) 113.0(2)
Ru(2)-Ru{1)-Ru(3) 60.05(2) Ru2)-Ru(3)-8(3} 92.41(4) Ru(2)-Ru(1)-8(1)  92.67(4)
Ru{2)-Ru(1)-C(25) 1082(%) Ru2)-Ru({1}-C{(31) 47.6{2) Ru(2y-${2)-C(1 111.3{2)
Ru(2)-Ru(3)-C(25} 108.2(2)  Ru(2}-Ru(3»-C(28) 49.1(2} Ru(2)-S(-C(H 111.4(2)
Ru(2)-C(28)-Ru(3}  83.0{2) Ru(3)-Ru(2}-5(2) 92.03(4) Ru(3}-Ru(2)-C(28)  47.8(2)
Ru(3}-Ru(1)-5(1)  91.78(d} Ru(3)-Ru(1)-C(25) 4828(2) Ru(3)}-Ru{1}-C(31) 107.4(2)
Ru(3}-Ru(2)-C(31) 108.3(2) Ru(3)-5(31-C(%) 111.9(2} Ru(3}-8(3}-C(17)  111.5(2)
S(-Re(-CAS)  93.5(D) S(RRu(1-CL 959315 S(B-Ru{D-C8  94.5(1)
S(2Ru(2)-C(31)  95.0(1) S(-Ru(3-C(25y  95.0(2) S(3)-Ru(3)-Ci28) 94.0(2)

C{25)-Ru(1)-C(31) 154.3(D)

A (riangular metal framework defincs the base of compound 4. To each Ru atom two
terminal CO groups arc bonded. A bridging CO group spans cach of the metal-metal bonds.
The substituted tich ligand sits over the trinuclear metal base and shows a chair conformation
of the $;C; ring, Each sulfor igand is honded to the Ru atom directly beneath it. The benzyl
groups of the lipand extend laterally from the 5:C; ring with the phenyl rings adopting a

propeller-like orientalon. All protons were placed in calenlated positions.

The range of bond distances among the Ru atoms of the triangular base of ¢compound
4 is relatively small (Rnl-Ru2, 2.8500(8)A; Rul-Ru3, 2.8359(8)A; Ru2-Ru3, 2.8453(100A)
displaying slightly less variation than thosc bond lengths of compourd 2. All three Ru-§
bonds are longer than those exhibited by compound 2 (4; avg. Ru-S distance; 2.444(DA) but
vary little among themsclves. The longer Ru-S bonds further verify the increased o-donor

nature of the snbstitnted tich.

The M-{-)CO bond lengths are uniform, thus categorizing the bridging carbonyls as
symmetrical bridging groups. All the p,-CO groups arc shown to fall below the M; plane. The
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distances to the M, plane from the carbon atoms of the 3,-CO groups falls between 0. 141(T)A
and 0.171(7)A. The dihedral angles between the M, plane and the three different M-{|L-
C(0}))-M planes varies from 5.1(2)° to 6.1(2)°. Figure 11b shows the bridging carbonyl
groups to eclipse the HC-CH, honds of the substituied ligand, and snggests that one factor in
the bending away of the [,-CO groups may be the increased steric requirements of the
substituted ttch lHpand

The $-C and C-C bond distances within the Iigand deviate little among themselves and
compare with the bond lengths reported for the unbound ligand. The benzyl grouvps of the
ligand are griented m a regular fashion about the exterior of the S;C; ring however their
presence lowers the Cy, symmetry displayed by the parent compound to Cj for this derivative.

Onc molecule of acetone was found to co-crystailize with cluster 4.

This ¢luster exhibits an interesting sort of intramolecular hydrogen bonding. In Table
9 where all observed hydrogen honding is summarized, a noticeahly short distance is scen
hetween the benzylic protuns which arc perpendicular to the 5;C; plane and the bridging
carbonyls directly beneath them (these interactions are marked with a ). Figure !1b
accentuates the orentation of the benzylic protons of the ligand and in itself predicts this
imeraction This hydrogen honding interaction would competc with the steric interaction
mentioned above cawvsing the molecule o orient the bridging carbonyls in 2 manner which

would compensate both effects.

Similar to cluster 2, imermolecular hydrogen bonding was also observed in 4. The
distances between the relevant atoms are summarized in Table 9. The basic nature of the
bridging carbonyl proups is apparent here as it was for cluster 2. That is 10 say an
intermolecular interaction is observed, however the donor groups in 4 are comptised of phenyl
carbons of the benzy! proups and their hydrogens {C15-HI5---025, C20-H20--- 028} similar to
that observed in Rus(CO)o(j13,n M M*-CsHe).®* This most likely reflects the unavalability of
the methylene protons af the ttch pand 1o another molecule of 4 due 1o steric crowding. The

pheny! hydrogens are simply more accessible,

The solvent molecule found 10 crystallize with 4 also takes a role in these van der

Waals interactions. The hydrogens of its methyl groups are shown to interact with the
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equatorial carbonyls of a molecule of 4. Yet at the other end of this solvent molecule, the
ketonic oxygen is found to approach very closely, the methylene protons of the stch ligand of a
second molecule of 4. Figure 11a shows this interaction clearly. The oxygen atom is oriented
so as to point down into the recess formed by the chair conformation of the S4Cs ring. The
distances between the flagpole hydrogens of the ligand and the oxygen of the solvent are all
considerably less than the sum of their van der Waals radii (H1-034; 2.096A, H9-034;
2.357A, H17-034; 2.587A). These distances also show the interaction to be significantly
biased toward H1. Thus, while a C-H-.-Q network among molecules of 4 is clearly responsible
for the formation of a Van der Waals solid by 4, it appears that the solvent molecule also plays

alarge role in crystal cohesion.

Table 9: Hydrogen bonding interactions in 4,

donor-Hacceptor DA (A) H-A (A D-H-A ()’
C1.H1-034 3.159(9) 2.096 167.54
C2-H2A--031 3,508(9) 2.443 168.90
C9-HY--034 3.378(9) 2.357 157.10
C10-H10A.-028' 3.528(8) 2.465 167.71
C15-H15.-025 3.335(11) 2.500 133.33
C16-H16--033 3.560(9) 2,592 148.70
C17-H17--034 3.581(8) 2.587 152.75
C18-H18A--025' 3.510(8) 2.450 166.68
C20-H20.-028 3.324(9) 2.499 132.37
C36-H36A--030 3.305(12) 2.565 125.02

T r - . ;
Since the methylene and solvent hydrogens were placed in calculoted positions, no error is available for
interactions invelving these azoms,

YThese are intramolecular imeractions.

29 Reaction of 0s;(CO)yy with trithiacyclohexane

Several compounds containing tripodal lipands capping an Os; triangle have been
n‘:pnrtt:l:l."2 Given the exisience of these capped clusiers, it was reasonable to believe that the
osmium analogue of 2 could be easily prepared. However a series of reactions each voder
different conditions consistently produced the monosubstituted compound, Os3(CO)1i(S:CsHe)
(5} as the principal product. For instance, initiation of the reaction between Os:(CQ)y; and
tich by the radical anion PhyCO™ as well as reaction of Osi{CO);o(NCMe}; with tich, gave at
least 15 different products, of which the only significant product was § (5-7%). 1t was found

that room tcmperature reactions of the unsuhstituted osmivm carbonyl and ttch, carried out
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either with or without trimethylamincoxide gave 5 in good yields. In the former case iwo
secandary products were isolated, the known Osi(COo(-OMH)™ (6) as well as (Ur-
H) O53(COYs(a,1P-SCHS,CHY) (7). Chromatographic work-up of the reaction of Os{(CO)i2
with ttch in THF in the presence of trimethylamincoxide produced compound § as a prominent
yellow band which cluted o the center of the plates. Compounds ¢ and 7 were found as
fainter yellow bands beiween the hand of compound 5 and the residue. Yellow block crystals

of 5 and 6 were obtained from THF solutions allowed to stand at room temperature.
The speciroscopic data of compounds 5-7 are summarized in Table 10

Tahle 10: IR and NMR data for compounds 3-7

IR{c-hex, 298K) {vonem™)): 6 3398m-s
{vealem™}: §  2110m-w 20575 2037s
2022vs 1993 1976m
6:  2071s 2060m 2021vys
2000m.br
kR 209%m 20578 2021vs
2014s 2007s 1979s,br
1947m,br
{vm(cm") }: 5: 730m
7: 721w,br
'H NMR (CDCl;, 298K)"  (§(ppm)}: 5: 4.13 {s,hr, C-H2)
6: 0.26 (s, O-H)
-12.60 (s, Os,-H)
7 4,58 (s,br, C-Hy)
4.12 (s, br, C-A)
-11.73 (s, Os:-H)

* 200 MHz

Compound § was always the major product in this reaction. Single-crystal X-ray
diffraction measurements of § revealed the structure shown in Figure 12.  Seclected bond
distances and angles are compiled in Table 11. The yellow block crystals of § arc monoclinic;,
space group P 2//a. An analogous product, in which sulfur-bound trithiacyclododecanc
replaces one CO group in Osy(CO)iz. was reported by Lewis er al” hut no crystal structure
was included, Several other trinuclear Os clusters in which a single CO ligand has been
replaced in a o-bond to the sulfur of a thioether have been isolated.* Of those trinuclear Os

clusters, only Os;(CO){SCHCH,CH;) has been characierized crystallographically.™
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Figure 12: Molecular structure of Os;(COM1(S,CaHg) (5).

Table 11: Bond lengths (A) and bond angles (°) for non-hydrogen atoms of Os;(C0);1(S5CsHs)

(5.
0s(1)-C(13} 1.90(2) Os(h)-C(12) 1.50(2) Os(1)-C(11} 1.91(2)
Os(1)-5(1} 2.389(5) Os(13-0s(3) 2.855(2) 0s(1)-0s(2) 2.893(2)
0s(2)-C(24) 1.87(2) 0s(2)-C(22) 1.89(2) 0s(2)-C(23) 1.91(2)
0s(2)-C21) 1.93(2) 0s(2)-05(3) 1.882(2) Cs(3)-C(32) 1.2}
0s(3)-C(34) 1.91(2) 0s(3)-C(33) 1.93(2) Os(3)-C(31» 1.96(2)
S(-C(N 1.80(2) S(C(3) 1.80(2) S(2»C(n) 1.77(2}
5(2)-C(2) 1.81(3) 5(3)-C(2) L78(3) §${3)-C(3) 1.80¢2)
CUn-O0m 1.16(2) C{12}-0(12} 1.13(3) COnNO0Yh 1.33(2)
CIn-0en 1.12(2) C22)-0(22) 1.15(2) C(23}-0(23) 1.14(2)
C(24)-0(24) 1.14(2) C(31»-0131) 1.16(2) C(32)-0(32) 1.18(2}
C(33)-0(33) 1.14(2) C(34)-0(34) 1132}
COH-0s(N-C12) 905N C(13)-0s(N-C(11)  176.1(% C(12y-0s(1}-C(11}  86.5(%
C{13)-0s(1)-S(1} 90.4(5} C(12)-0s(1)-3(1)  104.3(7) C(11)-0s(1)-5(1 92.8(7)
C{13»0s(1)-0s(3y  90.1(5) C12)-0s{1)»-0s(3)  102.7(7) C(11)0s(1)-0s(3}  BB.1(6)
S(1»-0s(1)-0s(3)  152.5(1} C(13)-0s(1)-0s(2)  8B.4(5} C(12)-05(1)-0s(2y  162.8(N
Ci11)-0s(1)-0s(2}  93.8(6} S(1-05(1)-0s(2)  92.4(1) Os(3)-0s(1)-05(2) 60.19(2}
CQN-0s(2)-C(22)  101.6(8) CQANOs(-CL 93.0(8) CEB0s2)C23)  B6S(B)Y
C24)-05(2)-C(21)  528(% C(22}-0s(2)-C(21)  89.9(D) C{23)-05(2)-C(21)  173.7(8)
C(24)-05(2)-0s(3)  92.76) C(22y-05(2)-0s(3)  165.5(3) C(23)-05(2)-0x(3)  90.5(5)
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Table 11: cont.

CEN-0s(-0s(3)  91.6(5) C(24)-0s(2-0s(1) 151.8(6) C(22)-0s(2)-0s{1) 106.6(6)
C(23)-0s(2)-0s(1)  90.1(6) C21-0s(2)-0s(1)  35.9(" 0s(3)-0s(2)-0s(1)  59.25(4)
C(32)-0s(3)-C{34)  98.0(%) C(32)-0s(3)-C(33)  89. 7P C(34)-05(3)-C(33) 93.1(8)
C(32)-0s(3»-C(31)  89.4(8) C(3)-0s(3)-C(3)  89.0(7) C(33)-0s(3)-C(31) 177.8(8)
C(32)-0s(3)-0s(1)  163.0{6) C(34)-0s(3)-0s(1}  99.0(6) C(33)-0s(3)-0s(1)  88.9(D
C(31)-0s{3-0s(1)  91.&(5) C(32)-0s(3)-0s(2)  102.6(6) C(34)-05(3)-0s(2) 159.1(6)
C(3%)-0s(3)-0s(2) 911G C(31-0s(N-0s(2) 87.1(5) Os(1)-0s(3)-0s(2} 60.56(4)
C(1-5(1)-C(3) 97.2(10) C(13-5(1)-0s(1) 107.8(8) C(3)-5(1}-0s() 108.3(7)
C-3(2-C(2) 98.9(11) C(2)-5(3)-C(N 100.5{11) S(2-C(1)-5(H 5.6(14)
5(3)-C(2)-5(2) 143014y 803)-C(3)-5(1) 115411) O(11-COA13-0s(1)  175(2)
12)C{12)-0s(1) 176(2)  COA-CA3y-Os(ly  172(2) O211-CE2N-0s(2)  174(2)
O{22)-C{22)-0s(2) 176(2)  O(23)}-C(23)-0s(2) 176(2) O(24)-C(24)-0s(2)  177(2)
O(31)-C(31}-0s(3) 175(2)  O(32)-C(32)-0s(3)  176(2) 0(33)-C(33)-0s(3) 1772}
O(34)-C(34)-0s() 179(2)

Analogous to Os3(COY{SCHCH;CHy), the sulfur heterocycle of S is found to lie in
an cquatorial coordination site of the metal. In replacing a carbonyl group, the sulfur acts as a
two-electron donor to the metal cluster, maintaining the overall 48-electron count typical of
triangular cluster compounds. From the coordinated sulfur, the ttch adopts its standard chair
conformation in the solid state. The protons of the uich Ligand werc placed in calenlated
positions and not further refined. Room femperature '"H NMR spectra of 5 show a single
hroad peak indicating a non-rigid state for the ligand, At elevated temperatures 'H NMR
solution spectra of the complexes M(CO)s(8;C3He) (M =Cr, W)™ also show a singlc peak for
the ligand protons. This behavior was atrihuted to a series of sulfur inversions and ring
reversals at the wch ligand rendering axial and equatorial protons equivaleal. Individual CH,
groups were imperceptible duc to a series of 1,3-jumps of the metal center, a process also
found in dinuclear Pt complexes of ttch.” A single peak in the '"H NMR spectrum of §
indicates oot only that some proton scrambling process is occurring but also there is
cquilihration of the methylene groups. 1t is propased that hoth, pyramidal sulfur inversion/ring

reversal and migration of the metal center over each sulfur of ttch occurs for 5.

In comparing the structurc of 5 to that of the unsubstituted parent Os(CON",
distinct alterations in the meta! framework npon coordination of the thioether are apparent.
These changes manifcst themselves primarily in a wider range of M-M bord lengths. Both the
longer (QOs1-0s2; 2.863(2)A) and the shorer (Qs1-0s3, 2.855(2)A) M-M honds of 5 involve
the sulfur bonded Os (Osl). The single equatorial carbonyl ligand bonded to Qsl displays an
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Os-C bond length little changed from that of Os,{CO)y; (Os1-C12; 1.90(2)A for 5). On the
anther hand, the M-C honds of the axial carbony! carbons are significantly shortened (for 5 Osl-
Cusiatavg=1.90(2)A; for 05;(CO)z O5-Cauiuraeg=1.95(13 A) while the apposite trend is scen for
their C-O bond lengths (for 5 avg. axial C-O=1.17( YA; for Oss(CO)2 avg. axial C-
0=1.13(1)A). 1n replacing a carbony) ligand with a weaker m-acceptar, ttch in this case, ths
carbonyl trans to the new group has available more electron density and responds with
increased M—C backbonding. Intensificd metal to carbonyl backbonding leads o stronger M-
C honds and weaker C-O bonds. The carhonyl ligands on the unsuhstituted Os atoms show
the same bond Jength trends as observed for Oss(COMz.

The ttch ligand was found (o bind reversibly to the Os cluster. If cluster 5§ was
dissolved in an appropriate solvent and stirred at room temperature under a moderate pressure
of CO (2.5 b) the uch ligand was replaced and Os3(CO),; recovered in 65% yield.

Of the two lower yicld products isolated from the reactions of Oss(CQO},; and tich in
the presence of trimcthylamineoxide, the first {6), undoubtedly results from reaction of the
activated complex 053(C0); (NMe;)® with any residual water in the reaction environment to
yicld Osy{(COho(pl-OH) (6). Attempls to minimize contact with water which included vsing
freshly sublimed MeyNO, thoroughly dricd solvents and flame-dried glassware did not
climinate this product from the reaction mixture. An X-ray stroctural analysis of cluster & was
performed and the results are presented in Figure 13, Selected bond distances and angles are
found in Table 12. The X-ray structural detcrmination of 6 indicated monoclinic crystals of the
space group P 2,/n. At the time of this analysis no crystal structure of 6 had been published,

but since then two scparate reports have appearcd,™
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Figure 13: Molecular structure of (p2-H)Os3(COho(p2-CH} (6).

Table 12: Bond lengths (A) and angles (*) for {{,-H)Os:(CO)1o(42-OH) (6).

05(13-0s5(2)

1.8091(14) 0s(1)-Os(3) 2.8218(12) Os(D-C(13) 1.86(2)
0s(1)-C{12} 1.89(2) Os(1)-CN 1.95(2) Os(1)-0(1} 2.150(N}
O3(D-H(10s5) 1.2 05(2)-0s(3) 28326(12) Os(2)-C(23) 1.87(2)
0s(2)-C(22) 1.92(2) 0s(2}-C(21) 1.92(2) 0s(2)-0(1) 2.143(10)
0s(2)-H(10s) 1.6(2) Os(3%C(31) 1.91(2) Os(2)-C(33) 1.9402)
Qs(H-C(32) 1.95(2) Os(3)-C34) 1.98(2) COn-0(11 1.14(2)
C(12)-012) 1.14(2) C(13)-0013) 116(2) C(21)-0(21} 113(2)
C(22)-0022) 1,14(2) C(23)-0(23) 1.15(2) C(31)-0031 1.14(2)
C(32)-0(32) 1.12(2) C(33)-0(33) 1.13(2) C(34)-0(34) 1122
Os{1)-0s(2)-05(3) 60.02(3) Qs(1»-0s(2)-H(10s)  33(N 0s5(1)-0s(3)-0s(2) 59.58(3)
0s(2)-0s(1)-0s(3)  60.40(3) 0s(2)-0s(1)-H(10s)  31{7) 0s5(2)-0Q1)-0s(1)  81.7(4)
Os5(3)-0s(1)-H(10s)  32(7) Os(3)-0s(2)-H(10s5}  83(T) 0(1)-0s(1)-05(2)  49.1(3)
O(1)-0s(1)-0s(3) 34.2(Y) O(1)-Os(1}-H(10s)  6%(7) O(1)0s(2)-0s(1)  49.2(3)
0(01)-05(2)-0s(3) 84.0(3) O(1)-0s(2>-H(105}  70(7) C{11)-0s(1)-0s(2y 114.8(5)
C(I1-0s(13-0s(3) 174.9(5) CO1-05(D-0L1)  93.6(6) C(11-Os{1)-H{10sy 937
COD-0s(1)-0s5(2) 133.009 C(12)-0s(1)-0s(3) 89.3(6) C(12)}-0s(N-{1)  96.6{0)
C(12)-0s(1)-C(11)  95.5(7) C(12)-0s(1)-H(10s) 164(T) C(13)-Qs(1)-C(12)  90.1(8)
CQO3)-0s(1)-C(11y  92.1(8) C(13>-0s(D-0(1)  170.7(6) CO3)-0s{1)-0s(2) 121.7(5)
C{13)-0s(1)-0s(3) 89.5(6) C(13)-0s(1)-H(10s)  104(7) C{2)-0s(2)-C{22)  90.4(8)
C(23)-0s(2)-C(21) 8.7 C(22)-0s(2)-C(21)  96.7(8) C(23)-0s(-0(1} 17226}
C22)-0s(2)-0(1)  93.1(8) C(2H-0s(2)-0(1}  97.3(5) C(23)-0s(2)-0s(1} 123.0(6)
C(22)-0s(2)-0s(1}  112.3(5) C{21)-0(2)-0s(1) 134.7(5) C(23)-0s(2)-0s(3)  91.6(6)
C(22y-05(2)-05(3) 171.7(5) C(21)-05(2)-05(3)  91.45) C(23)-05(2)-H(10s) 103(7)
C(22)-08(2)-H(105)  BB(T) C2N-0s{)-H(108) 167(M O(IN-C(11)-05(1)  175(D)
OO-CO12)-05(1)  179(2) O(13)-C(13)-05(1)  177(2) ORDCAD-0(2) 1762
022)-C(22)-0s(2) __ 176{2) 0(23)-C(23)-0s(2) _177(2)

Cluster 6 is a structural analogue 1o the previously characterized (u-H)Os;(p-

OMe)(CO)10.*® For 6 the main structural feature consists of a triangular metal framework of
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which one edge is doubly bridged by a hydroxide group and a hydride. The hydroxide group
forms a symmetrical bridge across Osl and Qs2. The hydride bridging Osl and Os2 was
located in a difference Fourier map and could be refined. In contrast the hydroxide hydrogen
could not be located and was thus placed in a calculated position. Distances between adjacent
Os atoms are consistently shorter than thase found in Osa(CO)n" for both 6 and the methoxy
derivative (avg. Os-Osin 6 = 2.8212(139)A). No elongation of the hydride hridged Os-Os bond
is ahserved, presumably due 10 the contrasting effect of the bridging hydroxide. As in the case
of 5, the trans effect is expressed through a shortening of the Os-C bonds of the axial carhonyl
groups (0s1-Cl3; 1.86(2)A, 0s2-C23; 1.87(2)A).

The sccond of these products (7) proved to be more elusive. It was never possible to
obtain X-ray quality crystals of this product. Furthermore, obtaining a sufficiently pure sample
in a large enough guantity 1o carry out detailed spectroscopic analysis was difficult. Therefore
the characterization of 7 is based on comparison of its IR spcctra with those of known
compounds and analysis of '"H NMR  spectra obtamed with relatively pure samples. Those

results indicate a tinuclear cluster of the form shown in Figure 14.

Ei\

v
?T /?5\
A8
Figure 14: Proposcd structure of compound 7.

As per Figure 14, this cluster consists of a triangular Os; base onto which a ttch
molecnle has bonded in a n;,ﬂz -fashion via a sulfur and the adjacent carbon. In so doing, the
ttch molecule has undergone CH activation, transferring a hydride to the cluster base. The
presence of the hydride is based on the 'H NMR signal at -11.73 ppm, a rcgion typically
assigned to hydride atoms bridging metal-mecal bonds. This type of activation 5 not

unfoundzd in reactions of the heterocyclic thiocthers thiacyclohexane™ and dithiacyclohexane™
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with metal clusters. In the latter case, |- coordination to Ruy(CO)i; was accomplished
throngh the two sulfur atoms and the carbon atom between them, Similarly the C-H bond was
activated and a hydride transferred to the metat core. The former case is the mare relevant.
Here thermal reactions of thiacyclohexane with Os;(CO):  or  thermolysis  of
055(CONe(SCH,CH,CH;CH;CH,); resulted in a cluster entirely analogous to that observed
here;  (My-H)Os3(COYs(pts,-SCH,CH;CH;CH,C).  This cluster was fully characterized
through X-ray structural analysis. The bridging hydride was located crystallographically and
spans the non-sulfur bonded cluster edge. The IR spectra of this compound compares with
that of 7.

As shown in Table 10, '"H NMR spectra of 7 show two broad peaks in the region 4-5
ppm. Given the poor sample quality, integration of these peaks was nol reliable, as was the
case for effective assignment of Lhe peak from the single proton of the metal-bonded carbon.
However a seties of low temperature spectra produced resulls consistent with a cluster of the
type suggested. Specifically, spectra obtained over the temperature range 25°C down ta -30°C
show the two broad peaks to collapse into one poorly defined peak at 0°C. By -30°C fine
structore begins to appear and by -50°C a series of donblets (J=14.8-13.8 Hz) all falling in the
range 5.55-3.74 ppm are clearly visible. The coupling constants for these doublets are similar
in magnitude to thase found for the methylene protons in clusters 1 and 2. The single peak
assipned to the bridging hydride was also shown ta hrnaden at 0°C and by -50°C to sharpen to
(two singlet peaks at -11.64 and -12.18 ppm present in a ratio of 1.0/0.65. The large number of
doublets observed in the methylene region at low temperature as well as the appearance of two
hydride peaks of uncqual intensity indicate the existenec of at least two isomers in solutions of
7. These isomers are most likely the result of rcorientation of the ttch ligand with respect to
the cluster skeleton. Although not elaborated on, the existence of two isomers in solutions of

(- H)Os3(COYs (12, n*-SCH.CH, CH,CH,C) was also suggested.

The ttch molecnle acts as a S-electron donnr in this bonding mode. The hydride
ligand and ttch fragment combined provide the cluster with its closed sheil requirement of 48

electrons.
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3 Reactivity Study of Tri- and Hexanuclear Ruthenium Clusters Comtaining the
Diphenylthiourento Ligand.

a1 Coordination Chemistry of Thiourea and its Derivatives.

In classical coordinatioa compounds, thiourca-hased ligands coordinate primarily in a
monodentate fashion throngh the § atom. For cxample six-cnordinate complexes of the type
[Fe{SCINHMe); }s]°* are formed.”" For this complex the boud angles around the sulfur (£ Fe-
§-C = 113.2(7)°) suggest a bonding mode intermediate between that of a thione (sp’) and a
thiol (sp”). Not surprisingly, the thiourea molecule has beeo shown to exhibit tautomerism
between the thione and thiol form in the unkigated state also.

N N

HzN/ e

Coordmation complexes similar to the Fe specics are also formed with Os as the central metal
atom. DsOy reacts with thiourea in acidic solution resulting in partial oxidation of the thivurea
but also producing [Os{SC(NHy)2}s]**.¥* This reaction was later used in a study which
suggested that the thiol form of thiourea could be stabilized by replacement of the amine

hydrogen atoms with substituents showing a positive induction effect.”

Mononuclear metal carhonyls form similar complexes with thioures-type molecules.
Examples include Mo(CO)s{SC(NHp):},* and Re(CON(CH{SC(NHy):}."  Rcactions
involving the hexacarbonyl compounds of W and Cr with hoth thiourea and its substituted
derivatives under UV irradiation produced compounds of the kind M(CO)sSC(NR'R™), (R' =
R* = H, R' = H, R! = Ph or "By, R' = R* = Me} ® For W(CO)s the disubstituted cis-
W(CO){SC(NHR), ), compounds where R = Ph, ‘Bu, could also be isolated. Thermolysis of
the Cr derivative, Cr(CO)s{ SC(NHPL), }, in the presence of additional SC(NHPh),, resulted in
substitution of all carbonyl groups and NH activation to produce fae-Cr{SC(NPh)(NHPh) }5,
in which the thiourea is bound in 2 bidentate fashion to the central metal.
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Multinuclear metal clusters containing thiourea-type ligands are less commen. The
dinuclear Mn;(CO),p is known to react with tetramethylthioures resulting in substitution of one
carbonyl group to produce Mog(CO)el SC{NMe,):)."” In contrast Fes(CO) was shown to
undergo fragmeatation when exposed o thiourea reageats, producing mononuclear complexes
with S-bonded thioureas.®®

The reactions of thioureas SC(NR'R®),, with triruthenium dodecacarbonyl were first
studicd in this laboratory and produced a serics of new and unique cluster complexes.”
Trinuclear complexes of the type (,-H)(Rus(CO)(jt,,n’-RNCSNRH) were obtained from the
reaction of Rua(CO)y; with thiourca (R = H) and its dimethyl and diphenyl derivatives (R =
Me, Ph). o the case of dicthylthiourca, in addition to the analogous trinnclear chuster
Ru;(CO)g(ua-H)—(u,.nz-EtNCSNHEl), the tetramuclear clusiers RudCOYaa(sL -CONalp,-
SR{C(NRH)}. (n = 1,2) (R = E1) werte isolated. With diisoptopylthiourea the sole products
were etranuclear clusters of the same type (R = i-Pr). In the reaction of Rus(CO)1a with
ditertiarybutylthiourea, two complexes Rug(CO);(p‘-H)-(},l,-S)(n’—CH;CMezNH—CNH‘Bu) and
Ru;(CO)g(p‘—H){(p.,-S)Ru(CO);(n’-CH;CMczNHCNH' Bu}) were isolated, in which not only
C-S bond breaking of the thiourca is obscrved but also C-H activation of one of the t-butyt
groups. Thus the nature of the thiourea substituent R, has a strong influence on the type of
cluster formed. This is most likely a result of stabilization of one of the tautomeric {orms of

the thicurea (illustrated above) by the substituent R.

Among the trinuclear clusters containing the thiourea ligands in a pa.n’ face-capping
mode, the cluster in which R = Ph was isolated in a relatively high yield (59%).'%*
Furthermore this cluster, (p,-H)(Ruy(CO)s(,,n’-SCNPhNPhH) (hereafter assigned as cluster
8), was found to be rclatively stahle towards air.  The intercsting structural featurcs of this
cluster, as well as the ease with which it can be prepared and handled, render it a good

candidate for an extended reactivity study.
3.2 Diphenylthiourea
The primary structural feature of cluster 8 is the diphenylthioureato ligand, therefore,

a short discussion of the characteristics of this specics is warranted. Diphenylthiourca is the
commercially available, air-stable derivative of thiourea in which one protoa on each of the
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aminc groups has been replaced with a phenyl group. Several routes 10 substituted thioureas
exist but typically this product is synthesized by reaction of thiophosgene with aniline.*

C8Cl, + 2PhNH, — PANHCSNHPh + 2HC)

It has beea shown that the most energetically favorable conformation for the disubstituted

molecule is the cis-trans form.

The presence of the two aryl groups has the advantage of
producing a wider solubility range in standard organic solvents. Spectral analysis of thicurea
aod its substituted derivatives has Jed 10 assignment of the IR bands,” Keeping in mind the
vibrational shift inevitable upon coordination to a metal center, the characteristic NH and NCN
vibrations (at 3204 cm™ and 1553 cm”, resp.) provide evidence of a thiourea type kgand in
metal complexes. The (NYH and H{Ph) signals in 'H NMR spectra also prove uscful for this

pumose.
33 The Triruthenium Cluster Complex (p;-H)Ruy(COs(iia,n’-SCNHPhNPh) (8).

Cluster B has becn isolated and characterized previously.® It is described as a
trinuclear ruthenium carbonyl cluster containing a diphenylthioureato ligand bridging the metal
skelcton in a Ws,n?-fashion, in addition to a u;-bridging hydride. Figure 15 shows a graphical
represeatation of 8 and some relevant bond Jengths and angles are listed in the caption. As
pointed owt in the imtroduciion, sulfur-containing clusters offer numerous possibifities as
catalysts for organic reactions. Thioureas are of notahle interest owing to the proven catalytic

activity of thiourea/PdX; comploxes.”

Investigations of the substiintion reactions of cluster
complexes with this ligand, in tcrms of both types and mechanisms, can often provide uscful
information regarding intermediates as well as mechanistic details of homogeneous catalytic
praocesses. In addition, pan’-face-capping ligands like that found in 8 have been shown to
enforce clusier integrity. thus minimizing cluster fragmentation, a complication ofien
encountered during the forcing conditions of some catalytic processes.™ Receotly Boroni et
al® have demonsirated the anchoring of a substituted dithiourea onto a Si support and its
subsequent binding to metal species. Their ultimale goal is the vse of such tethered species as
catalysts, Furthermore the use of clusiers containing thionreato ligands as models for the
corrosioo-inhibiting characteristics of thiourcas towards metal surfaces is an intrigning

aspect.®® With these facis in miod, a reactivity swdy of cluster 8 was pursued.



Figure 15: Graphical representation of (I.lz’H)Rug(Co)g(jlg,nz'SCNHPhNPh) (8). Some bond
kengths: Rul-Ru2; 2.7690(4)}\, Ru2-Ru2’; 2.8421(5A, Ru2-S; 2.4131(DA, Rul-Nl;
2.167(3)A, 5-Cl; 1.776(4)A, N1-C1; 1.2951(5)A, N2-Cl; 1.354(5)A, Ru2-H; 1.81(dA.
Some hond angles: Ru2-Rul-Ru2’; 61,754(10)°, Ru2-Rul-N1; 87.51(7)°, Rui-Ru2-Ru2’;
59.123(7)°, Rul-Ru2-8; 80.581(21)°, Ru2-S-Ru2’; 72.158(25)°, 8-C1-N1; 120.1(3)°, S-Cl-
N2; 115.6(3)°, Rul-N1-C1; 122.59(24), N1-C1-N2; 124.2(3)°, Ru2-H Ru2'; 103(3)".

34 Reaction of (- H)Rus(CO)s(t3,1°-SCNHPhNFh) (8) with Excess
Diphenylthiourea.

Stirting a room temperature THE sohion of the trinuclear species
(12-H)Ru(COY(is,1-SCNHPhNPh) (8) with excess diphenylthiourea over an extended
petiod resulted in formation of the mononuclear species @ in 15.4% vicld. This compound was
also produced in long-term reactions of Ruy(CO)iz with excess diphenylthiourea (yield =
23.4%). Compound 9 wus isolated from the reaction mixture by TLC as an UV band and
could be recrystallized from mixed solveut systems. IR and 'H NMR data are listed in Table
13 and indicate a mouounuclear system with two intact diphenylthioureato ligands. The
presence of an M* peak at 612 mass units in mass spectra of 9 supports this assignment. An
independently published, x-ray structural analysis of the Os analogue Os(CO)(pySH)"
showed the CO ligands to ocoupy cis positions and the sulfur ligands o occupy frans positions
ou a central Os atom. The appearance of two bands in the veo region of the IR spectrum of 9
indicates a species of C; symmetry which requires the two carbonyl ligands to be placed in a
cis orientation. A graphical representation of 9 is presented in Figure 16,



51

Ph,H

T _N-Ph
“Ru

U

;N“‘F'h
H

Figure 16: Graphical representation of Ru(CO)(SCNHPhNPh), (9).

Table 13: IR and NMR data for Ru{CO},(SCNHPhNPh); (9).

IR (c-hex, 298K) {veo (em™}: 2039s 19735
IR (KBr) {vi (em™): 3360m
viey (em™)}): 154%m
'H NMR (CDCl;, 298K)  {§(ppm)}* 8.6(s, br, 1H)
7.5 - 7.0 (m, 10H)
* 400 MHz

The valence requircments of the central Re atom in 9 are fulfilled if the bidentate
diphenyhhioureato fragment is considered as a four-electron donor. This shonld resnlt in
decreased sp” character at the central C of the NCN portion of the ligand as compared to the
trinuclear cluster 8 wherein the ligand serves as a five-glectron donor. This aspect is supported
by the ohserved low-energy shift of the NCN stretch in IR spectra of 9 as well as a high-energy
shift for the NH stretch.

The Cr mononuclear complexes cited above arc similar to 9. However in the case of
Cr, substitution of the carbooyl groups was complete, producing Cr(n’-SCNHPhNPh),.*
Mononuclear complexes entirely analogous to 9 have alse been isolated from reactions of
Ru3(CO)y; and pyridine-2-thuone (pySH), but in cootrast to the diphenylthionreate derivative
described  here, vigorons conditions were required 1o produce thc complex

RU(CO):(T]ZP)'SH):.% In that same publication, an aliernative synthesis was outlined involving
reductive carbonylation of RuCly'nH;0. The chlorocarbonyl complex thus formed was then

allowed to react with the thiooe. The possibility of an incrcased yield and the rather high cost
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of Rus(CO);, prompled an attempt of the same procedure 10 produce 9. However this rontc

was found 1o give cven lower yields and was not pursued.

The mechanism postulated in the above reaction with RuClynH,0 is nseful in

explaining the low vields obtained in the diphenylthioureato case. Substitntion of an axial Cl
and CO on the ruthenium(1I) chlorocarboayl species (fac-[RuClL(CO)]™ ) with two molecules
of PySH, gives a six-coordinate intermediate wherein the PySH ligand is sulfur-bound and a
proton resides on the ring nitrogen. Elimination of HCl via the chloride ligands cis to ¢he
pySH ligands and the pyridinium protons follows with formation of two bonds to the metal
tenter through the pyridinato nitrogens 10 give the product. The less acidic nature of the NH
protons of thiourea relative to the pyridinium pretons is probably a contributing factor to the

low yields obtained in similar reactions nsing diphenylthionrea.

Considering that formation of 9 occurs in better yields both from reactions of
Ru3(CO); as well as of 8 with excess diphenylthioneca it follows that the trinnclear species 8 is
a more productive precursor (as compared to the six-coordinate intermediate suggested above)
in the formation of 9. Oce might foresee a trinuclear species coordinating 2 or more
diphenylthiourcato lipands and then undergoing cluster fragmentation 19 yield the mononuclear
product. The Os(CO)(pySH), l:(]mplt;'.)rf'sl could only be obtained from reactions of either
0s3(CO)y; or (Ua-H)Os:(CO)s(pyS) with excess pySH.

A poal of some cluster chemists is the development of directed cluster synthesis. The
need for these types of syntheses stem from the fact that often transition metal clusters are
prepared using rather unselective methods, i.e. thermolysis reactions. Mononuclear complexes
of type 9 conld provide very useful starting materials for closter build-up reactions, an
approach successfully carricd out with Ru{CO)a(pySH). '®

35 Reactions of (p.;-H)Ru;(CO),(u;,ﬂ’-S CNHPhNPh) (8) with
Triphenylphosphine.
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3.5.1, Isolation and Characterization of (L2-H)Ruy(CO)s(PPhs)
(Usn*SCNHPhNPh) (10) and (13 HYRus(CO)»{PPhy), (s, 1>-SCNHPhNPh) (11).

Refluxing a THF solution of 8 containing one or two equivalents of PPh; over a
period of Th resulted in substitution of one or two carbonyl groups to produce the
electronically saturated mono- or di-substituted clusters (I-lz-H)Rl]a(CO)g(PPI'I})([.I.},'Q:-
SCNHPhNPh) (10) and (pa-H)Rua(CO)7(PPhy)(s -SCNHPhNPh) (11) respectively. An
excess of PPh; produced no further substitution. These compounds are isoelectronic with the
starting cluster 8. Compounds 10 and 11 were separated from the reaction mixture using
preparative TLC, eluting as two distinct orange bands. However '"H NMR spectroscopy of the
products isolated from the plates showed the presence of 11 in samples of 10 and vice versa.
Pure, crystalline samples of 10 could be obtained by crystallization from CHyCl/CeH 4 solvent
systcms. The IR and 'H NMR spectral data for 10 and 11 as well as those for a product 12 to

be discussed in the next section are listed in Table 14.

Table 14: IR and NMR data for {uz-H)Rus(CO)(PPhs)(| p.;,nZ-SCNHPhN Ph) {10), {p2-H)
R1]3(CO)?(PPh)z(].h,T]z-SCNHPhNPh) (11) and R'lh(CO):(]lz,T]z-Csm)(uz-Pth)(PPhg)(jJ.g-S)

12,
IR (c-hex, 298K) {veo (em™} 10 2064m 2029vs 1998m-s
1979m 1970m 1946w,sh
11: 2042vs 19965 1986w
1970s 1936m
12 2032m 2007vs 19825
19525 1939vw
IR (KB} {(vialem™}  10: 3354w-m
11: 3366w-m
{vnexem™y}  10: 1572m
11: 1571m
"HNMR (CDClL;, 298K):"  (8(ppm)} 10: 7.50-6.90(m, 25H)
6.08(s,hr, 1H)
-12.52(4, )=14Hz, 1)
1I: 7.60-6.70(m, 40H)
5.90{s,br, 1H)
-12.10¢1, 3=9Hz, 1)
'H NMR (C¢Ds, 298K)"  (S(ppm)} 12 7.8-6.2(m)
P NMR(CDCl;, 298K)"  (§(ppm)} 10: 25.9(s)
11 29.0(s)
*'P NMR (CsDs, 298K)° {5(ppm)} 12 2150 (d, Y= 6.7 Hz), 40.6 (s, hr).

* 200 MHz
® 80.96 MHz
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The upfield shift of the phosphorous signals in *'P NMR spectra of 10 and 11
indicates the phosphine ligand is bonnd to the metal throngh a ¢-bond. This conclusion is also
corroborated by the integrals of the "H NMR spectra, showing intact PPhs groups, The
placement of the phosphine ligands on the clusters adjacent to the bridging hydride ¢an be
deduced from the presence of fine structure at the signals of their respective hydride ligands.
Furthermore, the small values of the coupling constants indicate a cis orientation of the
coupling groups.'™ From the presence of NH and NCN bands in solid-state TR spectra as well
as the integrals of the "H NMR specira in the phenyl region, it is clear that the
diphenylihionreato ligand is undisturbed by substitution at the metal skeleton. Cabeza et col.
prepared several phosphioe and phosphite denivatives of trinuclear clusters containing the 2-
amino-6-methylpyridipato (ampy) capping ligand,'™ as well as the pyridine-2-thiol (pyS)
ligand > These reactions produced elusters similar to 10 and 11, however no monosubstituted

derivatives were steucturally charactenized.

The structure of cluster 10 was determined by X-ray stroctural analysis. The

molecule crystallizes in the triclinic crystal system, i the space group Pi. There are (wo
molecules per unit cell. The molecular structure of 10 is shown in Figure 17. Table 15 gives

selected bond distances and angles.

Figore 17: Molecular structure of (po-HDR0a(CO)s(PPhs)(us, - SCNHPhNPh} (10).
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Table 15: Selected bond distances (A) and angles () for (a-H)Rus{CO)a(PPha)(1ta, -

SCNHPhNPh) (10).

Ru(1)-Ru(2)  2.8592(1D) Ru{L)-Ru(3)  2.7642(10)
Ru(13-5(1) 2.4128017) Ru{2)-Ru(3}  2.7614(11)
Ru{1)-H(1) 1.97(6) Ru{2)-P(1) 2.3726(19)
Ru(23-5(1) 2.4138(20) Ru(3)-N(1) 2.1459(5)

Ru(23-H(1) 1.69(6) Ru(3)-C{36) 1.933(9)

P(1)-C(14) 1.836(7) S(1)-C(1) 1.775(6)

P{1)-C(26) 1.830(7) P(1)-C(20% 1.830(7)

N(1)-C(8) 1.448(8) N(1)-C(1) 1.298(8)

H(2)-CC2) 1.451(9) N(2)-C(1) 1.357(8>
Ru(2)-Ru(1)-Ru(3) 58.79(3) Ru(2)-Ru(1)-5(1) 53.89(5)
Ru(23-Ru(1)-H{1) 35.3(18) Ru({3)-Ru(1}-5(1) 80.48(5)
Ru(33-Ru(1)-K(1) 83.4(18) S(1)-Ru(1)-H{1) 79.2(19)
Ru(1)-Ru(2)-Ru(3) 58.89(3) Ru(1)-Ru(2)-5(1) 53.66(5)
Ru(1)-Ru(2)-P(1) 106.81(5) Ru(1)-Ru(2)-H(1) 42.1(21)
Ru(3)-Ru(2)-SQ1) 80.52(5%) Ru(3)-Ru(2)-P(1) 165.12(%)
Ru(3)-Ru(2)-H(1) 88.6(22) S(1)-Ru(Z3~P(1) 94.16(7)
S(1)-Ru(2)-H(L B4.5(22) P(1)-Ru(2)~H(1) 77.0022)
Ru(1)-Ru(3)-Ru{2> 62.32(3) Ru (1) -Ru(3)-N(1) 88.36(14)
RuUC2Y-Ru(3)-N(D 86.24(15) Ru(1}-S(1)-Ru(2) 72.65(5)
Ru(1)-S(1)-C(1> 106.16(22) Ru(2)-5{1)-C(1) 103.00(22)
Ru(2)-P(1)-C(14) 114.51(23) Ru(2)-P(1)~C20) 116.03(23)
Ru{2)-P(1)-C(26) 116.08(23) C(14)-P(1)-C(20) 101.5(3)
C(14)-P(1)-C(26) 103.7(3) CQO)-P(1-C(26) 103.2(3)
Ru(3)-N(1)-C(1) 122.6(4) Ru(3)-H(1)-C(8) 120.0(4)
C(1)-N(Q1)-C(8) 117.4(5%) C(L)-N(2)-C(2) 123.8(6)
S(D-CCy-N{1) 120.0(5) SC1-CC-N(2) 116.6(5)
N1 -CCLY-N(2) 123.3(6) Ru(1)-H(1) -Ru(2) 102(3)

The triangular metal framework of cluster 10, compared to that of 8, is slightly
perturbed by the presence of the PPhs ligand. In closter 8 a mirror plane extends through Rul
and the midpoint of the Ru2-Ru2’ bond, entailing equidistant Rul-Ru2 and Rul-Ru2’ bond
lengths. Not only does the presence of the phosphine on only one side of the sullur-bridged
Ru-Ru bond destroy this symmetry, but it also renders each of the metal-metal bonds unequal.
Specifically, the S-bridged Ru-Ru bond elongates relative 1o 8, while the two remaining Ru-Ru
bonds shorten slightly. At the hydride ligand, this asymmetry manifests itsell in a noticcably
shorter bond between the hydride and the phosphine bonded Ru (Ru(1)-H(1); 1.97(6)A,
Ru(2)-H(1); 1.69(6)A). The atom H1 is found to fall 0.89(7)A below the M; plane. Stated
alternatively, the Rul-H-Ru2 plane forms an angle of §1° with the M, plane. As implied by the
'H NMR spectrum, the binding site of the PPh; is an equatorial position on one of the sulfur-
bonded Ru atoms, cis to the bridging hydride.
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Within the S-C-N base of the diphenylthiourcato ligand, substitution at the metal
framework has had littic effecr; the bond distances and angles there remain cssentially
unchanged. However, the Ru3-N1 bond is approximately 0.02 A shorter in 10 (Rul-N1,
2.167(3)A in 8 vs. Ru3-N1, 2.149(5)A in 10). This shorter bond length does not change the
Ru3-N]-C!1 bond angle nor does it influcnce the remaining structural features of the

diphenylihioureato ligand,

In the formation of the disubstituted cluster 11, the second PPhy ligand is assumed to

coordinate to the second sulfur-bonded Ru atom, The structure of the disubstituted PPh,
derivative of (;-H)Rusy(CO)1(PPh){is,n’-ampy) has becn reported by Cabeza et col, '™
Therein one finds the two phosphine groups occupying cquatorial positions on the nitrogen-
bridged Ru atoms. The infrared data given for the Cabeza cluster show a veo Structure
analogous 10 that of 11 as well as ¥, e coupling constants of the same order (3.3 Hz} as those

found in spectra of 11. Based on thesce ohservations, the two clusters can be assumed to be

isostructural. The proposed molecular structure of 11 is illustrated in Figure 18.

Ph H

N 7

A
AN
PPhs~R \,_L/

/ \ P
N\ /
PPhg ]
Figure 18: Graphical representation of {er)RIh(CO)?(PPhJ)z(]J],ﬂ?'-SCNHPhNPh) 11.
Cabeza et al. also presented a trinuclear complex containing a L, 1W-face-capping

ligand derived from 2-mercaptobenzimidazole (mbim) in which two carbonyl groups arc

substitnted with PPh, ligands."™ Unlike the diphenylthioureato derivative, this compound was
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prepared via a room tcmperaturc reaction of the starting trinuclear cluster and PPhy; thermal
aclivation was not nccessary. However, the disubstituted mbim cluster proved impossible 1o

separate from its monoswbstituted counterpart and was therefore never fully characterized.

352 Isolation and  Characterization  Rus(CO)s(lzn*-CeH)(Us-PPh)
(PPh;)(15-8) (12).

Refluxing a toluenc solutivn of 8 with 2 equivaleats of PPhs produced the trinuclear
cluster Ru;(CO)s(ug,nz—Cﬁl-L)(pz-Pth)(PPhg)(u.;-S) (12). Similar resulis were obtained from
thermolysis reactions of 11. The praduct could be separated from the reaction mixture as a red
band on ALOs; TLC plates. Refluxing solutions of the reactants in a lower boiling solvent (i.c.
THF)} over extended periods of time resulted in formation of 12 but only in very small
quantities; the major product was the PPhy-subslituted cluster, 10.

According to infrared, 'H and *'P NMR spectroscopic data (sec Table 14), clusier 12
differs structurally from clusters 10 and 11, The IR spectrum in the carbonyl region is quite
simple, showing only four strong bands and indicaling extensive substitution at the metal
framework. The nature of these substitutions becomes more appareat upon considering the
NMR spectrum. Tn the 'H NMR spectrum, a hridging hydride group is no longer observed and
the number and nature of the phenyl groups has chacged. The phenyl region is more complex
than that observed for 8 or 10 and 11. In addition the characteristic IR stretches of the
diphenylthioureato ligand are abscnt. The prescace of a phosphido bridge is verified by the
downficld shift of one of the two peaks found in *'P NMR spectra of 12."” The remaining

peak occurs in the region nommally assigned to 6-honded PPh;.

Based on the coincidence of spectral data with their crystallographically characterized
trinuclear chuster Rus(CO)e(utz-Ph)(Ua-PPha), (s n>-ampy),'™ Cabeza et al. identified the
trnuclear cluster  [Rus(CO)elpa-Ph)(1z-PPhy)s(tis,-mbim)},  which  contains  two
diphcaylphosphido bridges, & hridging aryl group and a ua,nz-mcrcaplobeazimidamlatc tigand.
The agreement of the vgo region of IR spectra of 12 with this mbim-based cluster, at first

suggested a second structural analogue to the ampy cluster, however the lack of NH and NCN
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bands typically associated with the diphenylthioureato Ligands as well as ihe absence of
nitrogen in clemcntal analyses of 12, suggested the crystallographic characterization of this

cluster was necessary.

Figure 19: Molegular structure of Rus(CO)s(PPhs}(uz-PPhy) (e, 1 -CsHs){s-8)(12).

Red, block crystals of 12 were found to crystallize in the monoclinic spact group
P 2)/n with 4 complete maolecules per unit cell. One molecule of dichloromethane was
associated with cach molecule of 12. The molecular structure of 12 is presented in Figure 19

and relevant bond lengths and angles are summarized in Table 16.
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Table 16: Selected bond distauces (A) and anglos (%) for Ruy(CO)(PPhs)(ho-PPhy)
(21> CoHls)(na-S)(12).

Ru(1)-Ru(2) 2.7738(8) Ru(1)-Ru(3) 27032(7)
Ru())-P(1) 2.381(2) Ru(1)-5(1) 2.441(2)
Ru(D-C(1) 2.130(6) Ru(2)-Ru(3) 2.3348(7)
Ru())-P(2) 2.292(2) Ru(2)-S(}) 2.413(2)
Ru(2)-C(1) 2.355(6) Ru(2)-C(2) 2.542(7)
Ru(3)-P(2) 2.243(2) Ru(3)-5(1) 2.365(2)
P(1-C(7) 1.825(7) P(D-C(13) 1.836(6)
P(1)-C(19) 1.838(6) P(2)-C(25) 1.820(7)
P(2)-C(31) 1.818(7) C(1)-C(2) 1.415(9)
C(D-C(6) 1.440(5) C(2)-C(3) 1.414(10)
C(3)-C(4) 1.360(11) CA)-C(5) 1.398(11)
C(5)-C(6) 1375(9)

Ru{1)-Ru(2)-Ru(3) 57.62(2) Ru(1)-Ru(3)-Ru(2) 60.06(2)
Ru(1)-C(1)-Ru(2) 76.2(2) Ru(2)-S(1)-Ru(1) 69.70(5)
Ru(2)-C(2)-H(2) 98(4) Ru(3)-Ru(1)-Ru(2) 62.32(2)
Ru(3)-P(2)-Ru(2) 71.37(5) Ru(3)-S(1)-Ru(1) 68.43(5)
Ru(3)-S(1)-Ru(2) 72.7:5) P(1)}-Ru(1)-Ru(2) 136.93(4)
P(1)-Ru(1)-Ru(3) 148.12(4) P(1)-Ru(1)-5(1) 110.82(6)
P(2)-Ru(2)-S(1) 85.66(6) P(2)-Ru(2)-C(1} 155.0(2)
P(2)-Ru(2)-C(2) 160.9(2) C(1)-Ru(D)-S(1) 88.1(2)
C(1)-Ru())-Ru(3) 117.9(2) C(1)-Ru(2)-C(2) 33.3(2)
C(D-C(2)-Ru(2) 66.1(3) C(1)-C(2)-H(2) 122(4)
C(D)-C(1)-Ru(ly 122.0(5) C(2)-C{1)-Ru(2) 80.6(4)
C(2)-C(1)-C(6) 115.0(6) C(3)-C(2)-C(1) 122.3(7)
C(3)-C2)-H(2) 113(4) C(31)-P(2)-C(25) 103.1(3)

The molecular structure of 12 shaws the original trinuclear Ru framework where the
only part of the diphenylthiovreato ligand remaining is a capping Ma-S. Further bridging
ligands include a diphenylphosphido group spanning the Ru2-Ru3 bond and an ary] group
bridging the Rul-Ru2 vector. One tcrminal PPh; ligand is bound 1o Rul while six tcrminal
carbonyl groups complete the coordination spheres of the remaining Ru atoms. Cousistent
with the "H NMR spectrum, no hydride ligands are present in the structure of 12

The range of metal-metal bond lengths arc on the average, consistent with single
bonds (avg. Ru-Ru, 2.7706(7)A), however they have shartened somewhat, relative to those of
§ (avg. Ru-Ru, 2.8177(5)}\). The Ru-S bonds show twa typical Ru-S bond leugths and one
rather short Ru-8 distance (Ru3-S1, 2.365(2)A). The bouding sitvation at the bridging aryl
group is somewhat unvsual and is illustrated with the associated bond lengths and atom
orientations. The C1 bridge itself is asymmetric (Rul-Cl, 2.130(6)A; Ru2-C1, 2.355(6)A).
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The calculated distance between the C2 atom of the bridging aryl group and Ru2 indicates a
bouding interaction (Ru2-C2, 2.542(NA). Since the presence of the phenyl hydrogen atom on
C2 was verified in differcnce maps (and refined), the C2 atom most likely takes part in a side-
on w-interaction with Ru2 while the Rul-Cl represents a o-interaction. This o,m-type
interaction is further suggested by the tilting of the plane of the aryl group towards Ru2; the
angle between the aryl plane and the Ru; planc is calculated as 67.97(14)". Ou the other hand,
the phosphido group represeuts a relatively symmetrical bridging ligand.

Treating the H3-S as a four-electron donor, the pi-PPh; group as a three-electron

douor and the aryl group as a three-electron donor, cluster 12 cootains a total of 48 electrons
and is electrouically saturated,

In assuming such an unusual bridging mode, the aryl group of 12 is somewhat uniquc.
The compounds of Cabeza er col. mentioned above (reference 102) are the first examples of
symmetrical hridging phenyl groups across Ru-Ru honds,  Other platinum group clusiers with
M'-phenyl groups arc also known.'™  As for a g,n-interaction, the ampy bridged cluster of
Cabeza has been shown to add diphenylacetylene in such a way that the acetylene carbon takes
part in a g-interaction with a Ru and the C=C double bond is involved in a n-interaction with

105

the adjacent Ru. Cluster 12 represents the first example of an aryl ligand employing

combived bridging avd side-on - in a ruthenivm cluster.

The formation of 12 from thermolysis rcactions of 8 in the presence of PPhy has
interesting implicatious. As will be shown later, thermolysis of 8 in the absence of PPh; leads
to an entircly diffcrent group of products. This, in conjunction with formation of 12 in
thermolysis reactions of 11, suggesis the imtermediacy of a PPhy substitoted derivative.  The
formaticn of a diphenylphosphido bridge is not unusual in thermolytic reactions of clusters
with PPhy ligands, given the presence of a bridging hydride to provide for elimination of Hy'®
The n*-aryl ligand in 12 presumably resuits from orthometallation of one of the PPh, groups of
11 formed in sitw, followed by elimination of H, via the metallaicd ortho-carbon and the
bridging hydride. Elimination of the diaminocarbene fragment of the diphenylthioureato ligand
¢ould occur prior to or subsequent to P-C bond activation.
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Both the ampy and mbim clusters of Cabeza underwent thermal activation of P-C
bonds to form 1'-pheny! bridged species. The disubstituted PPhy ampy clusters required high
temperatures and the presence of Ha to initiate P-C bond cleavage while for the mbim clusters,
refluxing a THF solution of the unsuhstituted species in the presence of 2 equivalents of PPh,
gave a product cited as analogous to the ampy-aryl cluster. Cluster 8 shows reactivity towards
P-C bond activation intermediate between that of the ampy and the mbim clusters in that

thermal activation is necessary but the presence of Hs, is not required.

36 Reaction of (u;-H)Ru;(CO],(u;,T]z-SCNHPhNPh) (8) with

diphenylphosphingethane.

Complex 8 reacts almost instantaneously with the difunctional phosphine
diphenylphosphinocthane  (dppe) 1o give  the  trinuclear  closter (Ma-
H)Rus(CO)7(Ph,PCH,CH,PPhy)(1y, 0 -SCNHPhNPh) (13) in high yield (80%). Cluster 13
could only he isolated by crystallization from the reaction solution; attempts to purify the

compound with preparative TLC resulted in almost complete decomposition.  The spectral
characteristics of 13 are compiled in Table 17.

Table 17: IR and NMR data for Rus{CO)(1z-Ph,PCH,CH,PPh,)
(L, n*-SCNHPhNPh) (13},

IR (c-hcx, 298K) {veolcm™): 2043s 1997vs 1968s
1953m, 1938m
IR (KBr} {wviar (em ™} 3340w-m
{vien (em™)}: 1573m
"H NMR (COCly, 298K)* {5 (ppm)}: 7.56-6.85 (m, 30H)
6.06 (s, 1H)
2.00 {d(J=12.5Hz), 4H}
-12.94 {1(J=13.0Hz), 1H}
'y NMR (CDCl,, 298K)° 18.53(s)
* 200 Mhz
* 80.96 MHz

The presence of only a single peak in *'P NMR spectra indicates a symmettic dppe
moicty. The most likely bonding site of the dppe is bridging the two sulfur-bound Ru atoms, a
condition which would also satisfy the symmetry requirements. The triplet displayed by the
hydride in the "H NMR spectrum confirms this placement and the small coupling constant of
that multiplet suggests a hydride bridging the same Ru atoms as the dppe. An intact
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diphenylthioureato ligand is inferred from its characteristic bands in the 1R spectra, The
doubler observed in the alkyl region of the '"H NMR spectrum, which originates from the
cthylenic grouping of the dppe ligand, suggests cither perfectly equivalent CHz groups or 2
certain degree of fluxionality. In contrast, a triplet is obscrved in 'H NMR spectra of the
unligated dppe.

Because no analogous structure was found in the literature, a single crystal X-ray
structoral analysis of 13 was underntaken. Crystals of 13 are monoclinic and belong to the
space group P2y/n.  Four complete molecules are found in the onit ccll. The molecular
structure of 13 is presented in Figure 20 and selected bond distances and angles are presented
in Table 18.

Figure 20: Molecnlar structure of (J-F)Rus(COY:(Ph:PCH,CH2PPb1) (113, -SCNHPhNPh)
ad.
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Fipure 19 shows a trinuclcar cluster similar to & except that substitution of two
carbonyl ligands on adjacent Ru atoms has occurred and the vacant coordination sites have
been taken up in o-bonds to the two P atoms of dppe. The Ru-P bhond lengths observed in 13
arc typical for this ligand in Ru clusters. As soggested hy the spectroscopic data, the dppe
ligand is found spanning the S-bridged edge of the trinecloar cluster in a position cis to the
bridging hydride and the bridging sulfur. In contrast to the changes in Ru-Ru bond lcngths
owing to substitution with a single PPh,, the Ru-Ru bonds of 13 are little chanped from those
of B. The three Ru atoms and the two P atoms of the dppe ligand form a pentagonal base
which is planar to within 0.053(DA, The bridging hydride (HIRU) assumes a position
0.75(NA below the MiP; plane while C14 and C15 are positioned respectively , 0.53(1)A
below and 0.49(1)A above.

Table 18: Selected bond lengths and angles of (Uz-H)Ruy(CO):(Ph,PCHLCH,PPh,)
{13 7*-SCNHPENPh) (13).

RuC1)-Ru(2) 2.843(2) Ru(1y-Ru(3) 2.776(2)
Ru(1)-P(1) 2.357¢3) Ru{1)-SCL) 2.413(3)
Ru(1)-HCIRY) 1.79(3) Ru(2)-Ru(3) 2.7601(13)
Ru(2)-P(2) 2.353¢3) Ru(2)-5(1) 2.417(3)
Ru(2)-H(IRD) 1.73(3) Ru(3)-N(1) 2.178(9)
PCL)-C22) 1.826(12) PL1)-C(16) 1.828(12)
P(1}-C(14) 1.848(10) P(2y-C(34) 1.812(11)
P(2)-C(28) 1.817(12) P(2)-C({15) 1.830(12)
S(1)-CQ) 1.788(12) H(1)-C{1) 1.284(14)
N{1)-C(2) 1.460(14) W(23-C(1) 1.353(14)
N{2)-C(8) 1.435¢14) C(143-C(15) 1.58¢2)
Ru{1)-5(1)-Ru{2) 72.13(9) Ru(3)-Ru(l)-Ru(2) 58.82(4)
Ru(2)-Ru(3)-Ru{l} 61.80(4) Ru(3)-Ru(2)-Rull) 59.38(4)
Ru{3)-Ru{l)-H{1RU) 86(2) P(1)-Ru(l)-Ru(2) 104.05(8)
Ru(3)-Ru{2)-H(IRG) 87(2) P(1)-Ru{1)-Ru(3) 162.87(8)
P(1)-Ru{1)-5(1) 90.08(11) P{2)-Ru(2)-Ru(1) 102.99(8)
PC1)-Ru1)-H(1RL) 79(2) P{2)-Ru(2)-Ru(3) 162.08(8)
P(2)-Ru(2)-5(L) 86.88(10) S(1)-RuC1)-Ru(3) 79.58(8)
P(2)-Ru(2)-H{IRU) 78(3) S{L)-Ru(1)-H{IRL) 78(2)
SC1)-Ru(1)-Ru(2) 54.00(7) S(1)-Ru(2)-Ru(l) 53.87(7)
SC1)-Ru(2)-Ru(3) 79.84(7) W{1)-Ru(3)-Ru(l) 88.6(3)
SC1)-Ru2)-H{IRU) 79(2) CCD-5C1)-Ru(1) 105.9(4)
NC1) -Ru(3)-Ru(2) 88.0(2) CCL)-N{1)-Ru(3) 122.4(8)
CCLY-5C1)~Ru(2) 106. 5(4) CCL)-H{2)-C(8) 129.0010)
CCL-NCL)-C(2) 118.6¢10) C{14)>-P(L)-Ru(1) 114.8(4)
C(2)-N{1)~Ru(3) 118.8(7) CC153-P(2)-Ru(2) 115.7(4)
C(14)-C(15)-P(2) 114.1¢8) C(16)-P(L)-Ru(1) 120.3(4)
C(15)-C(14)-P(1) 112.8¢8) C(22)-P(1)-C(16) 102.1(5)
C(16)-P(1)-C(14) 101.0¢5) C(22)-P(1)-Ru{l) 113.0(4)
C(223-P(1)-C(14) 103.5(%) C(28)-P(2)-C(15) 101.3¢5)
C(28)-P{2)-Ru(2) 112.8(4) C-P(2)-C(15) 100.9(5)
CC34)-P{2)-Ru(2) 119.7¢4) N(1)-C(1)-5(1) 119.1(9)
C(34)-P(2)-C(28) 104.2¢%) N(2)-C(1)-5(1) 116.2¢9)

N(1Y-C(1)-N(2) 124.7¢11)
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Within cxperimental error the geometry of the diphenylthioureato ligand is similar to

that ohserved previously (compounds 8 and 10 for example).

A psendo mirror plane containing Ru3, N1, C1, and S1 biscets the Rul-Ru2 and C14-
C15 bonds. In the solid state, the dppe Ligand distorts this symmetry element through the
inequivalency of the methylene proups. However, the presence of only a doublet in the 'H
NMR spectrum, indicates that these groups must be considerably fluxional in solution. No
symmetry restraints are presented by the phenyl groups of the ligated dppe. Those groups are
forced to adopt a single orentation with respect 1o the metal cluster, which renders them
equivalent.

Two molecules of CH;Cl; as well as one molecule of H;O were found to cocrystallize
in the unit cell. The CH,Ch originates from the crystallization solvent (CH,Cly/hexanes),

while the source of the molecule of H;O must be incompletely dried glassware.

The dppe Tigand typically 1akes on a bridging mode in clusier complexes and in doing

50 lends a degree of stability to the resulting cluster molecule.'”

This was the case with the
trinuclcar cluster (uz-l-l)Ru3(C0);(Ph1PCH,_PPh;)(u;.nl-ampy). prepared but not structurally
charactzrized, by Cabeza and coworkers.'™™ Contrary to thermolysis of the disubstituted PPh,
analogue (recall thermolysis under H; pressure produced P-C bond cleavage), exposure of the
dppefampy cluster to elevated temperarures had no effect.  The stabilizing effect of the dppe
Ligand is apparent. The behavior of cluster 13 vnder thermolytic conditions, however, does
not suggest a sigaificant stabilization effect from the dppe ligand. Refluxing a cyclohexane
solution of 13 over a period of lh resulted in formation of at least five different carbonyl

clusters.
a7 Concerning the Reactions of (uz-H)Rug(CO)g{j.L,,n’-SCNHPhNPh) (8).

The added structural stability, originally perceived as possible with the face-capping
diphenylthioureato ligand, bas not always shown to be the case. Although under certain
conditions, the diphenylthioureato ligand itself remains intact {ragmentatioo has occurred even
under extremely mild conditions. The phosphine-based reagents result in substitution of CQO
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groups. While the phosphine substituted derivatives of 8 undergo ligand transformations upon

exposure to high temperatures, the original cluster nuclcarity is maintained.
38 From Trinuclear to Hexanoclear Clusters

Cotton's general definition of a metal cluster offered as a group of two or more metal
atoms in which substantial booding occurs among the metals is useful in differentiating clusters
from Wemer-type coordination complexes.'™ In many of the later reviews of metal clusters
however, this definitioo is narrowed to include only those species containing at least three
metal atoms. The next step, from metal clusters to metal surfaces, is a more difficult
distinction. The point at which one passes from a nop-metallic state to a metallic state has
been the subject of much research.’® Localized versus delocalized bonding within the metal
framework provides a starting point. It has been shown that when cluster nuclearity
approaches six metal atoms, a localized bonding description no longer provides an adequate
description."’® At this point a delocatized bonding approach, more similar in oature to the
band theory of metals, becomes necessary. Given such a position within the cluster hierarchy,
the types of reaclions and transformations undcrtaken by hcxanuclear clusters offer a
simplified model of thosc processcs at the metal surface.

The full range of structural motifs displayed hy hexanuclear chuster compounds is well
documented."™®™""  The relationships between the obscrved goomctrics of these clusters and
their closed-shell electrooic requircments comprise a portion of the polyhedral skeletal
electron pair theory (PSEPT).""? The majority of Ms clusters adopt an octahedral geometry,
therefore not surprisingly, clusters of this 1ype were among the first to be isolated and
structurally characterized. The 86-clectron octahcdral cluster RugC{CO)y7 is a typical
example.””® Many clusters have been isolated whose geomctries are derived from  standard
polyhedra by capping or bridging in order to provide the additional vertices necessary 10

accommodate the additional metal atoms. These include the bicapped tetrahedral geometry

and the capped square pyramid as excmplified by Qsg(CO)(MeCN), Os6(CONa(a,n’

114

HCCE1) rtespectively. These clusters contain a total of 84 and 86 valence electrons
respectively, the numbers predicted from PSEPT. As opposed to the addition of vertices, the
structures of some hexannclear clusters must be considered as larger polyhedra with vertices

missing, as in the case of the cdge-hridged diminished pentagonal bipyramid found for (-
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H)RusC(CONs(SE1)s.'  Analogous to the boranes and carhoranes, the opening-up of the
polyhedral peometry requires additional skeletal electrons, thus the edge-bridged diminished
pentagonal bipyramid shows an electron connt of 92 electrons. Further variations are planar

raft structures including both the triangular raft, [(Ls-H)Rug(CO),s(k3-8)]™ and the thomhic

rafl cluster, (ReH)a(Us-H)Rug(CO) (s m*-ampy)s."'®  The former cluster contains 92
valence electrons, two in excess of the number predicted from PSEPT, This feature has been
used to explain the elongation of certain M-M bonds via population of antibonding cluster
orbitals.'!”  The latier also contains 92 valence electrons but this is in accord with its
geometry. Distortion of the metal plane of the rhombie raft cluster results in alternative core
configurations.  Some of (hese configurations resemble the various conformers of
cyclohexane'® while others represent struciural intermedintes between the stable

1ng

conformations.” © The majority of these latter rafi-type clusters arc either electron-rich or

electron precise and all contain mulliply bridging ligands.

From a simple thermolysis reaction of the trimuclear cluster {la-H)Ru;(COYsllism’-
SCNHPRNPh) (8), it was possible to isolate two hexanuclear thionreato chusters, each with a
metal skeleton which mimics a known conformer of cyclohexane. The first of these is
structurally similar to the beat conformer while 1he second is a structural analogue of the sofa
conformer. The second, the sofa-like struciure, is produced in relatively high yield (46%) for
a preparative proceedure that is known for its lack of sclectivity. Given easy access to
reasonable amounts of the second hexanuclear species, it was considered an ideal opportunity

10 explore its reactivity towards a senes of organic reagents.

39  Thermolysis of (13 H)Rus(CO)s(iis,n’-SCNHPhNPh) (8)
3.9.1 Isolation and Characterization of Rus(jtz-C0):(CO) (s, -SCNHPhNPH)
(3n*-NPhCNHPh) (14).'2°

From the thermolysis of the trinuclear cluster (z-H)Rus(CO)a(li; n>-SCNHPhNPh)
(8) in cyclohexane, a minor product conld be isolated from the reacton mixture as a green-hlue
band on TLC plates. laterpretation of the spectroscopic data for this compound indicated a
produet more complex in nature than the starting material These data are compiled in Table

19. This same product was isolated in approximately the same yield from the thermalysis of
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an equimolar solution of Roy(CO)y, and (PhNH),CS. Crystals of the compound counld be
obtained from CH,CL/CsH;; sohitions maintained at -18°C aver a period of 1 week. An X-
ray structnral analysis of the compound idemtificd it as Rug(i2-CO){COha(lle-S)(pa,n’-
SCNHPhNPh) (s, 2-NPhCNHPh) (14), the metal framework of which presents an hexagonal

hoat-like arrangement of the six metal atoms.

Table 19: IR and NMR data for Rus(p;-CO)z(CO)u(Lu-S)(u;,nl—SCNHPhNPh)
(1s.m*-NPhCNHPh) (14).

IR(c-hex, 298K) {vealem™) }: 2082m 2057s 2036vs
2005m 1976m 1854m,br
IR{KEr) {vwalem ™) }: 3343w 304w
{Vh-cl\-(cm") }: 1558m 1498m
'H NMR (CDCl;, 298K)"  {5{ppm)): 7.72-6.41 (m, 20H, Ph-H)
6.28 (s,br, 1H,NH)
6.22 (s,br, IHLNH)

* 400 MHz

Aside from the presence of a bridging carbonyl gronp in solution IR spectra of 14,
few differences from the starting material are observed in the carbonyl region. The two
scparate signals in the NH region of the IR spectrum are ambignous in that they could imply
cither two different NCN-type linkages in which NH activatioo has occurred or a single
C(NHPh), type ligand. However the two peaks observed in the NCN region of solid state IR
spectra indicate at least two different NCN-type linkages and the complexity of the phenyl
region of the "H NMR spectrum of 14 further supports this conclusion.

The X-ray structural analysis of 14 produced the molecular structure presented in
Figure 21. Crystals of 14 arc trictinic and belong to the space group P1. All non-hydrogen
atoms were located in difference maps and refined. Hydrogen atoms were placed in calculated

positions. Important bond lengths and angles for 14 are given in Table 20.
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Figure 21: Molecular structure of Rug{ptz-CO)(CON (-5}, -SCNHPhNPhY (s, -
NPhCNHPh) (14).

Table 20: Selected bord lengths {A) and angles (%) of compound Rus(Uz-CO)p(CONa(py-
S)(ps ' -SCNHPhNPh)(us,n*-NPhCNHPh) (14).

Ru(1)-Ru(2} 2.9163(11) RU(4)-C(37) 2.182(7)
Ru(1)-Ru(6} 2.7708(13) Ru(5)-Ru(6) 2.7670(11)
RUC1)-Ru(S) 3.2234(11) Ru(s)-SC1)  2.4365€20)
RUC1)-SC1  2.4311(18) Ru(5)-NC4)  2.269¢5)
RuCL)-NC4)  2.268(5) RUC5)-C(37) 2.079¢(7)
Ru(1)-C(29) 2.130(7) RUCEI-C(14) 2.044(7)
Ru(2)-Ru(3} 2.7504(10) S(2)-CCL)  1.794(7)
Ru(2)-Ru(4)} 3.0374(11) NQI-CC2)  1.437(9)
RU(2)-SC1)  2.5050(20) N(-CC1)  1.328(9)
Ru(2)-5(2)  2.4712(20) N)-CCD  1.298(9)
Ru(2)-C(293 2.133(7) N(2)-C(8)  1.458(8)
Ru{3)-Ru(4) 2.7529¢11) REBI-CC14Y  1.324(8)
RUC3I-NC2)  Z.142(6) NG@)-CC15)  1.461(8)
Ru(4)-Ru(5) 2.8972(11) N(4)-CC14)  1.399(B)
RU(4)-S(1)  2.5021¢19) N(#)-C(21)  1.442(9)

RU(4)-5(2)  2.4544(19)
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Ru(1)-Ru(2)-Ru(3} 144.19(3) Ru{4)-Ru(51-5(1) §5.14(5)
Ru(1y-Ru{2)-5(1) 52.62(4) Ru{4)-Ru{3)-N(2) 87.38(1%)
Ru(1)-Ru(2)-C(29) 46.80¢18) Ru{4)-Ru(5)-N(4) 99.65(i3)
Ru(1)~Ru(2)-Ru(4) 91.47(3) Ru(4)-5{2)-C(1) 101.73(21)
Ru(1)-Ru(2)-5C2) 92.62(5) Ru(4)-Ru(S)-C(37) 48.67(20)
Ru(1}-Ru(5)-Ru(6) 54.46(3) Ru(4)-C(37)-Ru(5) 85.6(3)
Ru(1}-Ru(5)-N(4) 44.72(14) RuC5)-Ru{1y-Rul6) 54.35(3)
Ru(1)-Ru(S) -Ru(4) 88.17(3) Ru(5}-Ru{1)-5¢1) 48.60(5)
Ru(1)-Ru(%)-5(1) 48.46(4) Ru(5)-Rul1)-N¢4) 44,7301
Ru(1)-Ru(5)-C(37) 122.64(19) Ru(5)-Ru(1)-C(29) 126.06(20)
Ru(1)-Ru(6)-C(14) 67.14(19) Ru(5)-Ru(4)-5(1) 53.04(5)
Ru(1)-Ru(6)-Ru(5) 71.19(3) Ru(5)-Ru(4)-5(2) 93.18(5)
Ru(1)-N(4)-C(14) 93.2(4) Ru(S)-Ru{6)-C(14) 67.06(17)
Ru(1)-N(4)-Ru(s) 90.54(19) Ru{5)-N(4)-C(14) 92.9(4)
Ru(1)-C(29)-Ru(2) 86.3(3) Ru(6) -Ru(1)-5(1) 84.12(5)
Ru(2)}-Ru(1y-Ru(5) 88.17(3) Ru(6) -Ru(1)-N(4) 68.03(13)
Ru(2}-Ru{1)-Ru(6) 138.18(3) Ru(6)-Ru(5)-S(1) 84.10(5)
Ru(2)-Ru{3)-Ru(4) 67.00(3) Ru(G)-Ru(5)-N(4) 68.09(13))
Ru(2)-Ru(4)-Ruf3)} 56.46(3) Ru{6)-C(14)-N(3) 131.6(5)
Ru(2)}-Ru(4)-Ru(5) 92.19(3) Ru(6)-C(14)-N(4) 110.3(¢4)
Ru(2)-Ru(4)-5(1) 52.70(5) S{L-Ru(1)-N(4) 88.83(14)
Ru(2}-Ru(4)-5(2) 52.18(5) SCL-Ru()-5(2) 91.64(6)

" JRu(2)-Ru(3)-N(2) 86.50(14) S(1}-Ru(4)-5(2) 92.11(6)
Ru(2)-5(2)-Ru(4) 76.15(6) SC1)-Ru(5)-N(4) £8.69(14)
Ru(3)-Ru(2¥-Ru(4) 56.540(25) S(2)-CCL)-NCL) 117.0(5)
Ru(3)-Ru{4)-Ru(S) 144.70(3) S(2)-CC13-N(2) 118.8(¢5)
Ru(3)-Ru(2)-5(1) 92.30(%) NCL-CC1Y-NCR) 124.1(6)
Ru(3)-Ruf4)-5(1) 92.30(5) N(3Y-CC143-N(4) 118.1¢62
Ru(3)-N(2)-C(1} 123.8(4) C(1)-NC1)-C(2) 127.7(6)
Ru(3)-N(2)-C(8) 118.2(4) CC1)-N(2)-C(8) 118.0(6)
Ru(4) -Ru(5)-Ru () 138.34(3) C(14)-N(3)-C(15) 124.1(6)
Ru{4)-Ru{2}-5(1) 52.61(5)

Of the six Ru atoms comprising the cluster framework, four of them form an
approximately square base. Opposing sides of this trapezoid are bridged by the remaining two
Ru atoms. Significant deviations from a squarc geomelry occur at the edges bridged by the
metal atoms; here the longer metal-metal bonds are observed [Ru2-Rud (3.037(1)A) and Rul-
RuS (3.223(13A)]. The remaining Ru-Ru bond lengths fall within the range 2.750(A-
2.916(1JA. The same sequence of long-short metal bond lengths is observed in the boat
clusters cited previously."™ The square cluster base is planar within 0.02A. The Ru atoms
not lying in the plane of the square base, form an angle with that substructure of 17.27(2)° for
Ru3 and 19.80{2)° for Ru6. The overall result is a metal framework resembling the boat

conformer of cyclohexane.
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The square basc is capped by a ju-snlfur (average Ru-S1 distance 2.469(2)A). The
surface of the cluster opposite (o the p-sulfur contains a psm*-diphenylthioureato lipand
spanning the trianglar substructure composed of Rn2, Ru3 and Rud. Compared to the

diethylthioureato cluster analogue'™

, the Ru-8 bonds are slightly Innger but the Ru-N bond is
of the same magnitude [Ru3-N2 (2.142(6)A)]). The unsaturation at C1 is relieved through
formation of a double bond to N2 (N2-C1, 1.298(9)A). The hydrogen lacated on N1 (H1)
takes part in a hydrogen-bonding interaction with the oxygen (031}, of a CO ligand from a
neighbering molecule (d(H-Q), 2.43A). This feature probably originates from a shift of
electron density from the N into 4 delocalized double bond over the NCN system, similar to
what has been suggesied for the unligated thiourea. This shift in electron densitty wonld leave

H1 with a slight positive charge and more susceptible to hydrogen honding.

On the same side of the closter, bnt spanning the second triangular substructure
containing Rul, Ruj and Ru6, is a pa,n>-diaminocarbene fragment. Here the Ru-N bonds arc
identical to those of the previonsly published diethylthiourcato boat cluster (avg. 2.268(5)A),
while the carbene carbon atom bound to Rub shows a markedly shorter bond 1o the metal
[Ru6-C14 (2.044(7)A}]. The C-N bond lengths within this ligand show a lesser degree of sp*
character compared to the diethylthioureato ligand [C14-N3 (1.324(®)A), C14-N4
(1.399(8)A)] and this is most likely responsible for the ohserved shortening of the Ru6-C14
bond. Bridging carbonyl bigands are found spanring the Rul-Ru2 bond as well as the Rud-
Ru5 bond and fall just below the plane of the four-membered wrepezoid (avg. distance to the
plane 0.9(1)A). Terminal carbonyl igands complete the coordination sphere of the remaining

ruthenium atoms.

Twao dichloromethane molecules were found to erystallize in the wnit cell, Non-
bonded distance caloulations'® have shown relevant H-bonding interactions between the
hydrogens of these solvent molecules and the oxygens of the CO ligands. In the most
significant of these interactions a hydrogen atom of solvent malecule, H1Sb, is shown to
approach 041 a1 2.49A, a distance significantly shorter than the snm of these atoms’ VDW
radii {2.72A). Similar o cluster 4, these hydrogen-bonding mteractions reveal the important
role the crystallization solvent can play in crystal formation.
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Following the principles of PSEPT as put forth by Mingos''®, a hexanuclear cluster of
this type can formally be considered as a bi-cdge-bridged squarc and requires 92 electrous to
satisfy its ¢losed-shell requirements. If one considers the -8 as a 4-electron daovar and the
diphenylthioureato and the diaminocarbeue ligands as 5-electrou donors theo cluster 14
contains a total of 94 electrons. Electrous in excess of those required secm to characterize the
hexanuclear Ru-based bear-type clusters cited here. The most straightforward explanation
assigns & bond order of 0.5 to the longer Ru-Ru bonds (Rul-Ruf and Ru2-Rud in 14) thus
accounting for the clopgation of those bonds and at the same time satisfying the effective
atomic oumber rule far the entire cluster. Adams er el restated this concept by pastulating
that the two additional electrons occupy a delocalized antthouding orbital oo the central Ruy
square resuliing in bond weakening of those Ru-Ru bonds similar to the situation in the 92
electron hexanuclear raft clusters'™. From the bond length data, it appears this effect is most
dominant at the noo-carbonyl-bridged edges, however, without calculations this becomes

coujecture.

392 Isolation and  Characterization of  (J-H)Rue(CO)5()15-3)-
(1s;m*-SCNHPhNPh) (15),"™

From the thermalysis of (i, H)RUJ(CO)Q(IJJ,nz'SCNHmeh) (8) in THF 1the major
product is the hexanuclear eluster (M H)Rug(CO),c(jus-S)(1s,n*-SCNHPhNPh) (35) (46%).
The compound 15 could be easily isolated from the reaction mixture as a red band by

chromatography on TLC plates. Spectroscapic data for 15 are preseated in Tahle 21.

Table 21: IR and NMR data for (t; H)Rug(CO)s(ls-S)(Ha,1E-SCNHPhNPh) (15).

IR(c-hex, 298K) (Vm(cm'l) ) 2092m 2070s 2061s
2046m 2023m 2012s
1949m

IR{KBr) {vau (cm'])}: 3374m

{vren (cm't)}; 1565m
lH-NMR(CDCl;, 298K)" {8(ppm)}: 7.63-7.11 (m,10H,Ph-H)
6.84 (s,br,1H.Ph-H)
-22.24(s, 1H, Ru, /)

* 200 MHz
It is immediately obvious from the carbonyl region of salution IR spectra of 15, that
the nature of this product diffcrs significantly from that of the starting material. Specifically
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the appearance of new bands indicates that a condensation to form a species of higher
nuclearity has occuned. The remaining IR data indicate an intact diphcnylthioureato ligand as
do the phenyl and NH peaks in thc 'H NMR spectrum. The single bridging hydride is shifted
significantly upfield from that of compound 8 (-12.90 ppm) and suggests a proton in the

vicinity of a larger number of metal atoms.

Red, block crystals of 15 could be casily obtained from slow evaporation at room
temperature of a CH,Clh solution. An X-ray structural analysis of onc of these crystals was
carried out and the molecular structure thus determined is presented in Figure 22. The chster
15 was found to crystallize in the monoclinic system in the space group P2y/n; Z =4. All non-
hydrogen atoms and the single hridging hydride (H), were located in difference maps and
subsequently refined. The remaining hydrogen atoms were fixed in calculated positions.
Relevant bond lengths and angles are asscmbled in Table 22.

Figure 22: Molecular structure of (12 H)Rus(CO)s(s-8)(3, 1y -SCNHPENPh) (15).
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Table 22: Selected bond lengths and angles for (Jlz HYRug(CO)6{ts-5)-
(113,n*-SCNHPhNPE) (15).

Ru(l)-Ru(2)  3.1713(6) Ru(l)-Ru(5) 2.9221(%)
Ru(l)-Ru(6) 2.7807(6) Ru¢1)-S(1) 2.4068(12)
Ru(1)-H 1.73(6) Ru(2)-Ru(3) 2.7156(6)
Ru(2)-Ru(4)  2.9208(%) Ru(2)-5¢1) 2.39809(12)
Ru{2)-5(2) 2.4213(14) Rue(3)-Ru(4) 2.7263(6)
Ru(3)-N(2) 2.146(5) Ru(4)-Ru¢5)  3.0817(5)
Ru(4)-5(1) 2.4312(12) Ru(4)-5¢2) 2.4086(13)
Ru(S)-Ru(6)  2.7858(S) Ru(5}-S(1) 2.3890(12)
Ruf5)-H 1.80¢6) Ru(6}Y-5(1) 2.3126(12)
S(2)-CL) 1.779(5) NC1)-C(1) 1.336(8)
N(L)-C(2) 1.451(9) N(2)-C(1) 1.295(7)
N(2)-C(8) 1.433(7)

Ru(1)-Ru{2)-5(2) 81.72¢3) Ru(1)-Ru(5)-Ru(4) 90.377(15)
Ru{1)-Ru(5)-Ru{6> $8.250014) Ru{1)-Ru{5¥-5(1) 52.74(3)
RuC1)-Ru(5)-K 33.2(18) Ru(1)-Ru(6)-Ru(5) 63.329(14)
Ru(1)-N-Ru(5) 112(3) Ruf2}-Ru(1)-Ru(5) 89.474(15)
RU(2)-Ru{1)-Ru(E) 96.588(17) Ru(2)-Ru(L)-SC1) 48.41(3)
RU(2)-Ru(3)-Ruf4) 64.916(14) Ru(2)-Ru(3)-N(2) 88.06(11)
RU(2)-Ru(4)-Ru(3) 57.356(14) RU(2)-Rul4}-Ru(5) 91.266(15)
Ru(2)-Ru(4)-5(1) 52.09¢(3) Ru{2)-Ru(4}-5(2) 52.99(3)
Ru(2)-5(1)-Ru{4) 74.56(4) Ru{2)-5(13-Ru(5} 127.80¢5)
Ru(2)-5(1)-Ru(6) 142.29(5) Ru(2) -Ru(l)-H 102.7(19)
Ru(2)-5(2)-Ru(4) 74.42(4) Ru(3) -Ru(2)-Ru(4) 57.728(14)
Ru(3)-Ru(2)-5(1) 101.67(3) Ru(3)-Ru{2)-5(2) 79.79(3)
RuU(3)-Ru(4)-Ru(5) 147.988(18) Ru(3)-Ru(4)-S(1) 100.30¢3)
Ru(3}-Rul4)-5(2) 79.78(3) RU(3)-N(2)-C(1) 121.1(4)
Ru(4)-5(2)-C{1) 104.29(18) Ru4)-Ru(23-5(1) 53.35(3)
Ru(4)-Ru(2)-5(2) 52.59(3) Ru(4) -Ru(33-N(2) 89.21(12)
RuC4)-Ru(5)-Ru{e)  100.003(16) Ru(4) -Ru(5)-5(1) 50.86(3)
Ru(4)-Ru(5)-H 101.1¢19) Ru(4)-5(1)-Ru(5) 79.48(4)
Ru{4)-5(1)-Ru(E) 143.00(5) Ru(5)-Ru(1)-Ru(6) 58.421(14)
Ru(5Y-Ru(1)-5(1) 52.18(3) Ru{5)-Ru(1)-H 34.7(18)
RU(S)-Ru(4)-5(1) 49.66(3) Ru(5)-Ru(4)-5(2) 86.04¢3)
RUCS)-Ru(6)-5(1) 54.,94(3) Ru{5)-5(1)-Ru(6) 72.65(4)
Ru(6) -Ru(1)-5(1) 52.35(3) Ru(B)-Ru(1)-H 89.0(18)
Ru(6)-Ru(5)-5C1) 52.41(3) Ru(6)-Ru(5)-H 87.5(18)
5¢1}-Ru(L)-H 82.8(19) S5(1)-Ru(2)-5(2) 85.89¢4)
5(1}-Ru{4)-5(2) 85.29(¢4) 5(1)-Ru(5)-H 81.9¢19)
SC2)-CCL)-N(L) 115,3(4) 5(2)-C(1)-N(2) 119.9(4)
NC1Y-C(1)-NC2) 124,8(5) NCD-C(2)-C(3) 119.3(6)
C(BD-N(1Y-C(2) 125,5¢5) C(1)-N(2)-C(8) 117.3(5)

The metal framework of 15 consists of a unique arrangement of six metal atoms
which can be considered analopous to the sofa conformer of cyclohexane. The base of the
hexanuclear skeleton forms an approximately planar array of five ruthenium atoms (Rul, Ru2,
Ru3, Rud and RuS), arranged in an covelope-like fashion with Rud occupying the flap position

and showing the most significant deviation from the plane of the remaining atoms
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(0.1071(5)A). The Rul-Ru5 edge is hridged by a sixth ruthcninm atom, Ru6, arranged at an
angle of approximaiely 90° with respect 10 the planc of the other ruthenium aloms. A penta-
coordinate sulfur bridges four of the in-plane ruthenium atoms (Rul, Ru2, Ru4 and Ru5) and
the out-of-planc ruthenium atom (Ru6). The pentacoordinate sulfur forms a plane with
ruthenivm atoms 2, 4 and 6 and itself shows the maximum deviation from that planc of
0.0459(12)A. The opposing side of the cluster basc contains a [s,n*-diphenyithioureatn ligand
in which the sulfur spans Ru2 and Ru4 and the nitrogen atom is bound in a terminal fashion to
Ru3. A bridging hydride is found between Rul and Ru5. Each ruthenium coordination sphere
is completed with terminal carbonyl groups, two in the case of the metal atoms Ru2 aod Ru4
and three for Rul, Ru3, RuS and Rué. The molecule possesses an approximatc mirror-plane
passing through atoms Rué6, §1, 82, Cl, N2 and Ru3, and distortion to that symmetry element
is due 1o a slight twisting of the molecule probably resulting from the unusual coordination of
the sulfido ligand.

In 15 the metal-metal bond distances span a wide range. The longest metal-metal
bonds are found between Rml and Ru2 (3.1713(6)A) and Rud4 and Ruj (3.0817(5)A).
Although distances of this magnitede have heen previously cited as bonding in S-containing Ru

124

clusters ™, they are particularly long. Altervatively, one might suggest two trinuclear Ru units

inked together by the ps5-S. However, in this case both trinuclear vnits would be unsalurated;
that cootaining the diphenylthioureato ligand would contain only 45 valence clectrons (48
valence electrons are required for a trianguolar array of metal atoms). Somewhat shorter,
though almost identical, metal-metal boed lengths are found opposite the longest Ru-Ru bonds
{(Ru2-Ru4, 2.9208(5)A; Rul-RuS, 2.9221(5)A); the longer of these contains the bridging
hydride. Shorter but relatively consistent bonds are found to the apical Ru6 and the bridging
Ru3 (average Rv-Ru, 2.7522A). Among the two types of sulfur atoms, metal-salfur hond
distances vary from 2.3126(12)A (Rus-S1) to 2.4312(12)A (Rud-51). Surprisingly bath the
toog aed the short metal-sulfur bonds are associated with the pentacoordinate sulfur, further
suggesting the unique coordination mode adopted by this atom.

Table 22 shows the lengths of the Ru-Ru bords spanned by the thiourcato ligand of

15 are significantly different from the same bonds in 8.

However the nature of the
diphenylthioureato ligand remains undisturbed in that metal-sulfur hond lengths are comparable

to 8 and the douhle bond charzcter between C(1) and N(2) is retained. As found in 14, the
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acidic nature of the amine proton (H1), manifests itsclf n a hydrogen-baading interaction to
the O atom of the CO on an adjacent cluster molecule. The distance cakculated betweeo H1

and 025 is 2.56A, indicating an interaction less significant than found in 14.

In coosidering ruthenium-sulfur bood distances one observes a range of some 12 pm
and, as stated, the shoriest and longest are associated with S1. The shortest of these metal-
sulfur bonds can be rationalized in part through electron couuting procedures. Danativo of all
six valence electrons on S(1) is necessary to satisfy the effective atomic number rule for the
cluster and specifically two of these valence electrons are donated to Ru(6) thus resulting in an
increased bond order and a corresponding decrease in hond length. Finding all the noticeably
short Ru-8 bonds to the pentacoardinate sulfur lends further support to full electron donatioo
by S(1). Through electron donation sulfur may subsequently decrease the bond order of the
adjacent metal-metal bonds and thus contribute to their Jeogthcning. Bridging hydride atoms
have also beeo shown to increase metal-metal band lengths and this effect must also be
considercd.'®  Furthermore, giveo such a framework geometry, the pentacoordinate sulfur
atom in bouding 10 Rub is forced to accept a position only 1.0968(12)A above the plane of the
five basal ruthemium atoms. Such an exceptionally close approach hy S(1) could contribute

further to lengtheoing the metal-metal bands of the rectanguiar base.'?

Examples of pentacaordinate sulfur in metal cluster complexes exist. In the early
seventies, the structure of a mineral known as argentian peotlandite, which displayed
pentacoordinate sulfur in a square pyramidal coordination was publisbed.'” More recently
Adams et al. have identified several complexes in which a sulfur ligand bridges four ruthenium
or gsmium atoms and algo coordinates a molybdenum atom in a fifth axial position, again

assuming a square pyramidal coordination mode.!®  Further examples involve cither

129 126,130

hexacoordinate sulfur'™ or encapsulation of the chalocogen by multiple metal atoms.

Compound 15 contains a unique example of p-sulfur spanning five mutvally bonded
ruthenium atoms. Considering only the metal framework of 15 and S1, an analogy to a
chemisorhed sulfer atom can be drawn. Indeed, definitive studies of atomic adsorption on
metal surfaces establish multicenter metal-adsorbate atom intcractions.®  The atypical
coordination of $(1), as exemplified by the diverse bond lengths and unusval geomatry
exhibited throughout its coordination sphere, demonstrate the tenaeity with which sulfur can
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bind 10 a metal surface and thus render it “sulfur-poisoned”. Evidence of the strength of the
Ru-5 boods is provided from reactions which failed to affect these bonds.

From the thermolysis of [(1t-H)Rus(CO)e(us,n>-SCNHPhNPh)) (8) the primary
product is the hexanuclear sofa-like cluster 15 (46%). The hexanuclear boat-like cluster 14 is
also obtained from this reaction, but for this product the yield varies inversely with the
duration of the reaction (5%-3%). Previously it was postulated that the formation of 14 and
15 proceeded through the intermediacy of the trinuclear cluster 8.""* Thus both 14 and 15 are
available from 8 vupon heating. From 8, a condensation with elimination of Hz and CO o
produce the boat-like 14 was suggested. Further elimination of the diaminocarbene fragment
and coordination of the fifth Ru atom to the capping sulfur wonld produce 15 (see Scheme IT),

an hypothesis which would explain the varying yields of 14 with respect to reacticn time.
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Scheme 1L
However, the eliminated (PhNH)C has not been detected in the reaction mixture.

Furthermore, if 14 alone is subjected to thermolysis at 130°C, it is converted ta 15 but only in
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low yield (6%). Although this does not rule out the possibility of 14 as an intermediate in the

fortnation of 15, this mechanism canoot be stated with certainty.

310  Reaction of (u; H)Ru(C 0)ys(1ts-S){(pts,°-SCNHPhNPh) (15) with Ha;
(- H)eRug(CO)4(p3,n*-SCNHPhNFh), (16)'

Exposing a CHyCl; solution of 15 to moderate pressures of Ha (5bar), over a period
of 6h, cansed the reaction solution to change from deep, burgundy red to bright red.
Chromatographic work-up of the solution on TLC plates allowed the isolation of 3 products.
First to elute was a yellow band, identified as the known compound (Uo-H):Rus (CO)s(is-8)."*2
Second was the trinuclear cluster (Uy-H)Rus(CO)(us,n*-SCNHPhNPhY (8). The major
product was a bright red band found in the lower third of the plates. This band was isolated
and characterized as the hexanuclear cluster (- H)sRus(C 0),4(|.13,n2-SCNHPhNPh)2 (16).

Spectroscopic data for 16 are summarized in Table 23. The carbonyl region of the TR
spectrum is relatively simple, suggesting a somewhat symmetric structure. Typical NH and
NCN bands, due to the presence of the diphenylthiourcato lipand are apparent. Because
cluster 16 is Icss soluble in chloroform, NMR spectra were carried out in [Delacetone. These
spectra also indicate an intact diphenylthioureato Ligand. In the hydride region of the 'H NMR
spectrum, one obscrves three signals occurring over the range of -12 o -16 ppm, a region
indicative of metal-bridging hydrides. Each hydride signal showed a coupling interaction with
the other. The coupling interactions of the bridging hydrides, in addition to the relatively wide
range of their chemical shifts, supggest a species containing Ru-Ru honds of significantly

different character than those of 18.

Red, block crystals of 16 were grown from 3:1 acetone:heptaoe solutions, maintained
at -18°C over a period of approximately 1 week. This allowed for the single crystal, X-ray
structural characterization of 16, which showed the crystals as triclinic and of the space group
PI. The unit cell contains one complete molecule of 16 with C; symmetry. The non-hydrogen
atoms and two of the bridging hydrides could be located in difference maps and were refined.
The phenyl and the amine hydrogens were placed in  calculated positions. A ZORTEP
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Husiration of this cluster with & schematic of the metal framework is presented in Figure 23.

Relevani bond lengths and angles are compiled in Table 24,

Table 23: IR and NMR spectroscopic data for (].lz-H)sRUG(CO)|4(|.13,ﬂ2-SCNHPhNPh)‘; {16).

{VNc\r{CITI'I) }:
'H NMR(C;D0, 298K)" {8{ppm)}:

TR(c-hex, 298K} {veolem)}: 2073m 2061 vs 2049s
2010s 1989s,br
IR{KBr) {\)NH(cm") I 3370m

1563m
8.35 (s, br, IH, N-H)

7.66-7.08 (m, 10H, Ph-F)

-12.48 (m, 1H, Ru,/?)

-13.14 (d(d),J=5.86(1.86)Hz, IH Rw, &)
-16.05(m, 1H, Ru,/

" 400 MHz

(EHU)P\{’_/'E"

(SHU)H\ l H3Rva

Figure 23: Molecular structure of (pg-H)sRus(CO)“(p].nz-SCNHPhNPh)l (16),




Table 24: Important bond lengths (A) and angles (%) for (Ua-H)eRus{CONa{ls ™

7@

SCNHPhNPh); (16).

Ru(1)-Ru(2) 2.8507(9) Ru(l)-Ru(2)a  3.2218(9)
Ru{1}-Ru(3) 2.7657() Ru(1)-5(1) 2.4056(20)
Ru{1)-H(3R) 1.83(8) Ru{2)-Ru(3) 2.9489(9)
Ru(2)-5(1) 2,4165020) Ru(2)-H(2R) 1.59(9)
Ru(2)-H(3RYa  1.48(8) Ru(3)-N(2) 2.145(6)
Ru{3)-H(2R) 1.55(9) S(L-C) 1.784(8)
N(2}-C(1) 1.299¢9) N(2)-C(2) 1.441(10)
N(1)-C(1) 1.357(9) N(L)-C(8) 1.422(103
Ru(1}-Ru(2)-RuClda 86.034(24) Ru{l)-Ru(2)-Ru(3) 56.934(22)
Ru(L}-Ru(2)-5(1) 53.58(5) Ru(l)-Ru(3)-Ru(2) 59.744(23)
Ru(1)-Ru(3)-N(2) 87.14(16) Ru(1)-S¢1)-C(1) 104.39(24)
Ru(1)-S(1)-Ru(2) 72.48(8) Ru(l)ya-Ru(2)-Ru(3) 142.97(3)
Ru(1)-N(3R}-Ru(2)a 154(5) Ru(2)-Ru(1)-Ru(3) 63.322(23)
Ru{l)a-Ru(2)-5(1) 80.27(5) Ru(2)-H(2R)-Ru(3)  139(6)
Ru(2)-Ru(1)-Ru(2)a 93.97(3) Ru(2)a-Ru(1)-5(1) B4.96(5)
Ru(2)-Ru(13-5(1) 53.94(5) Ru{2)-Ru(3)-N(2} 87.32Q17)
Ru(23-5(1)-C(1) 107.88(24) Ru({3)-Ru(l)-5(1) B1.57(5)
Ru(2)a-Ru(1)-Ru(3) 157.29(3) Ru(3)-Ru(2)-5(1) 77.64(5)
RU(33-N(2)-C(1) 123.5(5) Ru{3)-N(2)-C(2}) 118.8(4)
S(1)-C(1)-N(2) 120.2(5 S(-CQA3-N) 115.3(5)
N(2)-C(L)-N(D) 124.5(7> C(1)-N{1)-C(B> 126.4(6)

C{1)-N(2)-C(2) 117.6(6)
Symmetry operator a) 1-x, -y, -z.

Figure 23 shows a basal raft structure for 16 defined by six ruthenium atoms. Here
two equivalent triangular rutherium units related by an inversion center are held together by
relatively long metal-metal bonds [Rul-Ru2a (3.2218(9)A)]. Unsaturation at Rul and Ru2
(and necessarily Rula and Ru2a) requires these bonds. Thesc same mctal-metal bonds are
bridged by hydride ligands (H3R and H3Ra) which lie to the exterior of the mectal ring. The
six-membered, metal ring is planar (o0 within 0.02(1)A with H3R and H3Ra in that plane
{deviation from the Rug plane = 0.02A). Bridging hydrides span the Ru2-Ru3 and Ru2a-Rula
boods (H2R, H2Ra resp.) located on the periphery of the mctal skcleton but also lying in the
Rus plane. Presumably these hydrides contribute to the lengthening of the Ru2-Ru3 and
Ru2a-Ru3a bonds (2.9489(9)A) as compared to the same bond of the trinuclear complex 8
(2.77(1)A) which contains no bridging hydride at this position. The Rul-Ru3 bood in the
triangular substructure is of the same magnitude (Rul-Ru3, 2.7657(9)A). as its analogue in
complex 8, while the Rul-Ru2 boed is longer {Rul-Ru2, 2.8507(9)). a contributing factor 10
this lengthening will be discusscd. The hexanuclear rafi cluster of Cabeza et al "' contains
skightly longer metal-metal bonds between the two triangular subunits and ps- hydrides
positioned so as to connect the two trinuclear units. No cvidence for a Li3-type hydride was

found for 16.
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Booded in a ceotrosymmetric fashion to cach triangular end of the complex are pan’
diphenylthionreato ligands, one above the mctal planc, the other below. The atom N2,
terminally bonnd to Ru3 shows bonds typical for this arrangement (Rn3-N2, 2.14(1)A) as
does the bridging S (avg. Ru-S, 2.41(1)A). Double bood character is retained between Cl
and NI (1.30(1)A). The coordination sphere of each rutheniom atom is completed with
termingl carbooyl ligands. The complex crystallized with four melecnles of acetone per nnit

cell.

As per Figure 23, this structure represents an unsaturated 90 clectron cluster. Like
the clusters 14 and 15 this cluster can be consideted a bi-cdge-bridged square for which
PSEPT predicts 92 electrons.  Although unsatwrated hexanuclear clusters are not
uncommen™, "H NMR spectra for cluster 16 suggested two bridging hydrides in addition to
the four Incated crystallographically. The two spectroscopically identified hydrides (HIR and
H1Ra) are believed to bridge the Rul-Ro2 and Rula-Ru2a. The hydride region of 'H NMR
spectra for 4 js displayed in Figure 24 and shows three hydride resonances which are assigned
as follows: the uphicld muoltiplet 2t -16.05 ppm is assigned to the hydrides HIR (H1Ra), the
doubles of doublets at -13.14 ppm is assigned o H2R (H2Ra) while the multiplet {appearing
as a broad singlet) at -12.48 ppm, results from H3R (H3Ra). COSY specira indicate mutual
coupling beiween all three protons. To clarify the nature of these imteractions, decoupling
cxperiments were carried oul. Most significantly, decounpling at the -12.48 ppm signal (H3R,
H3Ra) results in doublets for the two remaining hydride signals at -13.14 and -16.05 ppm,
each doublet displaying the same coupling constant of 5.86 Hz. The fine splitting generating
the doublet at -13.14 ppm with the smaller coupling constant (J=1.66Hz) must thercfore result
from coupling 1o protons H3R (H3Ra), while the larger J valne of 5.86 Hz is {rom coupling to
HIR (HIRa). The larger coupling constamt produced by the HIR protons as well as the
upficld shift in their signal, suggests a different chemical environment compared to that of the
H2R and H3R protons. Given the postulated positions of the HIR protons, that is in the
interior of the ruthenium framework where anisotropy due to the surronnding metal atoms
would be large, these effects might be expected. The locatioo of these hydrides is further
implicd by the elongation of the metal-metal bonds in question (Rul-Ru2; 292(DAYN™ The
addition of these two hydride ligands to the structure results in a total of 92 elecirons as
predicied for this type of cluster.



81

|

- lf i
|

- T T ey e 4 e —————

T T T
LD RYEY - e ek

ey e LR

Figure 24: 'H NMR (CDCl; at 400 MHz) of the hydride region of compound 16; H3R a1 -
12.48, H2R at-13.14 and, HIR a1-16.05.

Since the known cluster (u;-H);Ru;(CO)q(p.;-S)m is also formced in this rcaction, it
can be assumed that upon hydrogenation the hexanuclear framework of 15 breaks down (o
(112-H):Ru3{CO)s(113-8) and an unsaturated 46-clectron trinuclear fragmemt which dimerizes to
give 16. Such oligomerizations 10 rclieve unsaturation have been ohserved previously.'™
Aliernatively, the inicrmediate trinuclear species may pick up CO with subsequent 14
climination 1o form 8, also found in the reaction mixture, That formatiaon of 16 in rcactions of
the trinuclear clusier 8 with molecular hydrogen dees not occur, implies a carhon-monoxide

deficicnt intermediate not accessible from 8.
an Conclusions Concerning the Hexanuclear Clusters 14-16.

The isolation and characterization of the three hexanuclear clusters, 14-16 provides a
short series of structural variations for the six-membered rhombic raft geomelry. The changes
in the mectal skeleton configuration reflect the structural flexihility inhcrant in metal clusters of
medium nuclearity and their tendency te adopt an arrangement which most appropriately

accommoedates the multi-site bonded bigands prescnt while at the same time satisfying the
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effective atomic numher rule for each of the metal atoms. For cluster 14, the two ligands are
honded to the samc side of the rhomhic raft cluster but their sterie demands require the
triangular cdges of the metal framcwork 1o bend up, thus allowing them a larger volume. The
geometry of the sofa-like cluster 15, possessing only one sterically demanding Ligand, is
determined primarily by its electronic requircements. This geometry allows five of the Ru atoms
to bond to the naked sulfur, subsequently fulfilling the valence requirements of the cluster. The
planar cluster 16, adopts a configuration which allows electronic saturation as well as the

presence of two sterically demanding ligands,
312 Thermolysis of (n; HYRuy(CO)s(ps,n’-SCNHMeNMe)

With the isolation of the two hexanuclear clusters 14 and 15 from thermolysis
reactions of 8 and the isolation of a hoat-like cluster from thermolysis reactions of the ethyl
s'llﬁd

analogue of , the question nf similar clusters, available from thermolysis reactions of the

methyl analogue of 8, {n, HYRu{CO¥{Usn-SCHHMeNMe) arises. If a THF solution of
(12-HYRuz(COYs(ps,n*-SCNHMeNMe) is heated at 130°C i a pressure Schienk tbe, and the
resulting reaction mixture chromatngraphed on TLC plates, a small amount of a green
enmpound clutes. Howevcer, this compound was extremely unstable and nearly impassible to
characterize. The majnr component of the reaction mixture is & compound present as an
orange band, midway up the plates.  This hand was isolatcd and characterized
spectroscopically and by a single-crystai X-ray analysis as the tetranuclear cluster

Ruy(COY+{p2-CO) (-8 C(NHMe) (17). Spectral data are given in Table 25.

Table 25: Spectroscopic data for Rug(CO)(12-CO(s-8).C(NHMe), (17).

IR(c-hex, 298K) {veolem™}: 2074m 2046s 20355
2008vs 1997vs 1972s
1952m 1877w 1850m
1830w

IR(KBr) {vaulem™)}: 3427m 340im

{vreniem™)}: 1566m 1506m

'HNMR (C:D40, 298K)":  {(ppm)} 6.01 (s,br,1H, N-H)

4.87 (s,br, 14, N-F)
3.53 (s, J=4.47Hz, 3H, CHy-H)
2.75 (d, J=4.48Hz, 3H, CH:-ED

" 200 MHz.
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The presence of two peaks in the IR region corresponding to bridging carbonyl
groups demands the presence of at least two of these ligands, each distinct from the other. A
minimum of two U,-CO groups, coupled with the large number of terminal CO bands would
also necessilate an aupmentation of cluster nuclearity. The "H NMR spectrum coupled with
the relevant IR vibrations of the dimethythicurea ligand, reveals the nature of the rcaction.
Two separate NH signals and two separatc CH, signals in 'H NMR spectra imply a
dialkyldiaminocarbene fragment, but in contrast to the dialkyldiaminocarbene fragment of 14,
neither N atom is metal hound. Nevertheless, the spectra do not indicate whether there are
two of these fragments bound in a nensymmetric fashion to two metal centers, or if there is

oniy onc dialkyldiaminocarbene fragment bound in a way which prohibits free rotation.

The extent of substitution was resolved (hrough X-ray structural analysis, Preliminary
scans identified the orange, block crystals of 17 as triclinic, belonging to the spacc group PI;
Z = 2. All non-hydrogen atoms were located in difference maps and refined. The hydrogen
atoms werc placed in calculaied positions. The moleculat structure of 17 is given in Figure 25,

Selected bond lengths and angles are found in Table 26.

Figure 25: Molecular structure of RuCO)(p,-CO)3(16-5);C(NHMe): (17).



Tahle 26: Sclected bond lengths and angles for Rud(CO¥#(p-CO)a(is- 5 C(NHMc), (17).
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Ru(1y-Ru(2) 2.7530(8) Ru(1)-Ru(4) 2.7448(7)
Ru(1)-S(1) 2.5877(14) Ru(1)-5S¢2) 2.5526(13)
Ru(Ld-C(1) 2.084(5) Ru(1)-C(4) 2.032(5
Ru(1)-C(6) ~ 2.186(5) Ru(2)-Ru(3) 2.7480(7)
Ru(2)-S{1) 2.4994(13) Ru(2}-S(2} 2.48B6(12)
Ru(2)-€4) 2.168(%) Ru(2)-C(5) 2.181(5)
Ru(3)-Ru(4) 2.8266(8) Ru(3)-5¢1) 2.4598(13)
Ru(3)-5(2) 2.4512(14) Ru(3)-C(5) 1.980(8&)
Ru(4)-5(L) 2.4522Q12) RuC4)-5¢2) 2.4565(13)
Ru(4)-C(6) 2.003(5) C-0(4) 1.149(7)
C(5)-0(5y 1.177(7) C(6)-0(6) 1.157(6)
N{L-C{1)  1.342(7) N(D-C(2)  1.462(7)
N(2)-C(1)  1.325(6) N(2)-C(3) 1.472(7)
Ru(1)-Ru{2)-Ru(3) 92.235(21) Ru(1)-S(1)-Ru(2)  65.50(3)
Ru(1)-Ru(4)-Ru(3) 90.727(21) Ru(1)-S(1)-Ru(4)  65.93(3)
Ru(1)-S(1)-Ru(3) 103.51(5) Ru(1)-S(2)-Ru(3) 104.80(5)
Ru(l)-S¢2)-Ru(2) 66.19(3) Ru(L)-C(1)-NCL  116.1(3)
Ru(1)-S(2)-Ru4) 66.42(3) Ru{1)-C(4)-Ru(2)  B1.84(19)
Ru(1)-C(1)-N(2)  129.5(4) Ru(2)-Ru(1)-Ru(4) B9,295(21)
Ru(1}-CC(6)-Ru{4) BL.62(17) Ru(2)-S(1)-Ru(3) 67.29(4)

Ru(2)-Ru(3)-Ru(4) B7.736(21)
Ru(2)-S(1)-Ruc4) 102.57(5)
Ru(2)-S¢2)-Ru(4) 102.76(5)
Ru(3)-5(1)-Ru(4) 70.26(4)
S(1)-Ru(1)-5(2) 73.76(4)
S{1)-Ru(2)-5(2) 76.41(4)
S{1y-Ruf4)-S() 77.8844)
C(1)-N(2)-C(3) 129.0(5)

Ru(2)-5(2>-Ru(3)  67.59(4)
Ru(2)-C(5)-Ru(3) 82.50(20)
Ru(3)-S{2)-Ru(4) 70.33(4)
S(1)-Ru(1)-C(1} 95.85(14)
S(1Y-Ru(3>-5(2) 77.83(4)
CCLY-N(L)-C () 125,6(4)

NQY-CAY-N(D 114.4(4)

A tetranuclear Ru base consisting entirely of Re-Ru single bonds, capped on each side
by a |14-S makes up the cluster skeleton of 17. The four Ru atoms ard the two S atoms are
arranged in a pscudo-octahedral geometry. The square base comprised of Rul-Ru4, is
relatively planar, with Ru3 showing the largest distance to the cakeulated plane {0.0089(6)A),
The twp S atoms, S1 and 52, are 1.552(1)A and 1.553(1)A above and below the Ruy plane.
Three of the Ru-Ru edges are bridged by p.-CO groups. For all practical purposes, the
bridging CO groups hie within the metal plane (C6 lies furthest from the plane at 0.064(5)A).
Bonded 1o one of the Ru atoms (Rul), lotated between two of the bridping carbonyls, is a
dimethyldiaminocarbene {(dmac) lipand. The dmac ligand les 1.503(5)A above the Ru, plane.
Cluster 17 has no syminetry clements and thus belongs to the C; symmetry group.

The structure of an endrely analogous cluster containing a diisopropyldiaminocarbene
ligand has been published. In companing the two structeres very few differences in hond

lengths and angles are observed at the metal framework, In fact, there are no metal-metal
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bond lengths differing by more than 0.005 A among the two structures. With the exception of
bonds to Rut, similar lengths are also observed amang the Ru-8 bonds of 17. At Rul, the Ru-
S bonds differ among themselves to a larger degree (Rul-$1, 2.5877(14)A and Rul-52
2.5526(13)A in 17) but averall are longer than those of the isopropyl derivative. Continuing
towards (he dmac lipand, the differences hetween the methyl and isopropyl derivatives become
more pronounced. The distance between the carbene carbon (C1) and Rul s siguificantly
shorter in 17 (Rul-Cl, 2.064(5)A in 17 vs. 2.099¢3)A in the diisopropy] derivative). Both the
CI-N1 and CI-N2 bonds are longer in the dmac derivative 17 {1.342(NA and 1.462(7)A
respectively). There is a difference of ca. 012 A between these two bond lengths. The same
bonds in the isopropyl derivative are of approximately the same magnitude. The bond angles
around C1 also spread owt morc in 17 (17: Rul-Cl-N1, 116.1(3)°, Rul-C1-N2, 129.5(4)").
These differences suggest a shifting of double bond character from the C-N bonds to the Ru-C
honds, providing for greater eleciron donation hy the carhene carhon atom. This results in

weaker Ru-S bonds.

Several other tetranuclear Ru clusters containing [C(NR;),] hgands have been isolated
and structurally characterized. Specifically Rua(uz-CO)2(CO¥o{ia-8){ C(NMes} ) (n = 1.2)
and Rau(pz-CONCOMalile-5){CINHR)}, (n = 1.2) (R = Et, -Pr)* result from thermal
reactions of tetramethylthiourea with Rus(C()y; and room temperature reactions of diethyl-
and dilsoprapylthiourea with Ruy(CO); respectively. To generate these clusters, a C-5 bond
cleavage of the thiourea compounds must pecur o gencrate both the sulfido ligand and the
[C(NRy);] fragment. Whether thesc bond breaking processes preccde or succeed the

formation of a Rus framework has not been addressed.

Because 17 results from thermolysis of the trinuclear species {{p2-H)Rus(COYe(pa,0-
SCNHMeNMe}], the mechanism of formation mest likely involves opening of the Ru-N band
followed by C-S hond cleavage to genmeratc an upsatwrated sulfido cluster and a
[C(NHMe){(NMe)] fragment, similar 1o what nccurs in the formation of 14 and 15. However,
for the methyl derivative suhsequent reaction docs not favor direct condensation with a second
molecule of the trinuclear species to give hexanuclear products.  Adams et al, were able to
generate tetranuclear clusters from reactions of trinuclear sulfido clusters with Ru{CO)s
followed hy suhstitution of a CO group to yield Ruta({12-CONR{CO){ C{NMes)Ph} (s-5). "'

These results suggest a reaction route involving an intermediate trinuclear fragment and an
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ambient fRu(CQ),] species ta yield a tetranuclear species which then undergoes substitution of
a CO group with the previously generated [C(NHMe)(NMe)] fragment. Obviously, the nature
of the R substituents on the thiourea influence significantly the final outcome of thermolysis

reactions of the trinuclear species (Ua-H)Rus(CO)y(iis,n’- SCNHRNR).

3.13 Reactions af (ju, H)Ruﬂ(CO)m(us-S)(u,,nz-SCNHPhNPh) (15); Reactivity at the
,-Sulfur.

In light of the unusual coordination mode of the ps-§ i cluster 18, an investigation
im0 the reactivity of this structural feature was undertaken. Previous results have shown the
versatile nature of the sulfur ligand often allows for the canstruction of higher nuclearity or
mixed-metal clusters. Adams et af.'”* were able 0 add W(COW(PMe;Ph) and W{(CO)s
(generated photochemically), to the quadruply bridging sulfido lipand of some Ru clusters 1o
produce herteronmuclear metal complexes with penta-coordinate sulfur atoms. Another series
of reactions resulted in addition of Ru(CO), [ragments to the ;-5 of a trinuclear Ru clusier to
produce a 1t+-S and augment the cluster nuclearity by enc vnit."”  An interesting question was
whether the ls-S of 15 would coordinate another Lewis acid-type atom in a sixth coordination

site, or if an existing Ru-S bond would open ta aliow cluster build-up.

[nitial attempts involved reactions of 15 with W(CO)s under UV irradiation. The
relevant amount of W{CQ)s was dissolved in THF and the reactive species, W(CQO)s generated
photochemically. The presence of W{CO)s was indicated by a color change of the solution and
verified by the appearance of iwo CO bands is IR solution spectra as opposed to one. One
cquivalent of 15, dissolved in the same solvent. was then added. The THF solvent was
removed and the residue redisselved in CH,Cl; and allowed to stir at room lemperature for

12h. From this solution, the starting material could he recovered almast quantitatively.

Pursuing a more reactive specics, the addition of a Ru(CO), fragment wis attempted.
Ru{CO)s is easily gencrated from Rus(CO),; by photolytic cleavage in the presence of excess

CO (following the route of Ber'™)

. Immediately, upon adding 15 t¢ a selution containing the
Ru(CQ)s, the solution color went from ted to deep hlue. This same result was obtained if
instead of Ru(CO)s, Fea(CO) or Coi(COYs was used, hawever, with those reagents the

formation of the blue species occurred over a longer period of time. As will be shown later,
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this was the result of the reaction of 15 with CO, a process which occurs in the presence of
even a slight excess of CO. Given the difficulty of producing Ru(CO)s without CO as well as
the Lklihood of generating CO in reactions of Fex(CO)s or CO:(COjg, this approach was not
pursued.

In further attempts to induce reaction at the ps-S, the adduct Me;SBH; was
employed. Stirring solutions of 15 for an extended period of time in the presence of
Me,S'BHa, yielded several products, all of which could be isolated using prepratory TLC.
Those present in significant quantity were, in reverse order of elution on the plates, {(u;-
HYRu(COX(1ta-S)ls  (18), (M H)Rug(COYs(MesS)(5,0°-SCNHPRNPE)  (19),  (ua-
H)Ru:(COYs(pia-SC< >NHPENPH)™ (8), and (up-H);Rus(COYel(ta-$)'™.  The first two
products were present as yellow and desp red bands respectively. The spectroscopic data for

these two products, 18 and 19, are summarized in Table 27. Yellow, block crystals of 18
could be isolated from CH,Cly/pentane solution, maintained at -18°C for approximalely Sdays.

Table 27: IR and NMR data for {(U-HuRus(COW(ps-8)}s (18} and (o-H)-
Rug(CO)s{Me S s, n’-SCNHPhNPh) (19)

IR (c-hex, 298K) {Veolem™ 18:  2085m 2050vs 20095
2003s-m
1% 2085m 2058vs 20435
2026vs 2013w 2002m
1988m 1981w 1956m
1930w
IR (KBr} {vau(cm™)} 3355m
{Vxex(em™)) 1565m
'H NMR (CDCl;, 298K)°  {§(ppm)} 18:  -18.15(s,3H Ru-H)
-18.98(s,3H,Ru,-H)
19 7.10-7.70(m,10H,Ph-F)
6.85(s,br, 1H,N-H)
2.06(s,6H,CH,-H)

200 MHz,

Based on the IR data collected for 18, this product had not been previously
characterized. Initial 'H NMR data for 18 were of limited value, given the presence of
impurities which produced a series of peaks in the phenyl region, implying the presence of the

diphenylthioureato ligand. Therefore an x-ray structural analysis was carried out, yiclding the



88

molecular structure flustrated in Figure 26. A summary of bond lengths and angles are

provided in Table 28. Crystals of 18 are triclinic and belong to the space group Pl

Figure 26: Pluto plot of the molecular structure of { (1-H):Ruz(CO)s(uy-5) )5 (18).

Table 28: Selected bond distances (&) and angles (*) for {{j-H)Ru3(COY(1is-S) ) (18).

Ru{1)-Ru(2) 2.8747(13) Ru(l)-Ru(3)  2.%075(14)
Ru(1)-5(1) 2.350(3) Ru(1)-5(3) 2.401(3)
RuC2)-Ruc3)  2.7492(15) Ru(2)-5C1) 2.326(3)
Ru(2)-H(12)  2.01%0(10) Ru(3)-SCL 2-350¢3)
RUC3)-H(31Y  1.4727(®) Ru($-Ru(S)  2-8561(14)
Ru{4)-Ru(6) 2.8980(1%) Ru(4)-5C1) 2.389(3
Ru(4)-S(2) 2.359(3) RuC4)-H{45) 1.7331(10)
Ru(4)-H(46)  1.9054(9) RUCS)-Ru(b)  2.7555(1%5)
Ru(5)-5¢2) 2.338(3) Ru(5)-H(45)  1.5130(10)
Ru(6)-5(2) 2.363(3) Ru(6)-H(46)  1.5761(10)
Ru(7)-Ru(8)  2.8635(14) Ru(7)-Ru(9)  2.9050(15)
RuC7)-S(2) 2.410¢(D) Ru(8)-Ru(9)  2.7440(14)
Ru(7)-5¢3) 2.363(D) Ru(9)-5(3) 2.366(3)
Ru(8)-5¢3) 2.327(3)
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Table 28: cont.

Ru(1)-Ru(2)-Ru(3) 62.21(3) Ru(4)-Ru(5)-Ru(6) 62.16(4)
Ru(7)-Ru(8)-Ru(9) 62.36(4) Ru(1)-5(1)-Ru(2) 75.87(9
Ru(1)-5(13-Ru(4) 131.53(12) Ru(2)-5(1)-Ru(4) 128.44012)
Ru(3)-S(1)-Ru(4) 145.15(12) Ru(4)>-5(2)-Ru(5) 74.88(8)
Ru(4)-5(2)-Ru{6) 75.71(83 Ru(4}-5(2)-Ru(7) 129.75(12)
Ru(5)-5(2)-Ru(6} 71.75(8) Ru(53)-5(23-Ru(?) 131.10(12)
Ru(6)-5(2)-Ru(7} 145.87(13) Ru(1)-5(3)-Ru(?) 132.05(12)
Ru(1)-5(3)-Ru(8} 130.44(12) Ru(1)-5(3)-Ru(9} 144.22(13)
Ru(7)-5(3)-Ru(8} 75.25(9) Ru(7)-5(3)-Ru(9) 75.79(9)
Ru(8)-5(3)-Ru(9) 71.55(8) Ru(1)-H(12}-Ru(2)  113.83(4)
Ru(1)-H(31)-Ru(3)  122.72(5) Ru(4)-H(45)-Ru(5)  123.11(4)

Ru(4)-H(48)=Ru(6)} 112.35(5

This same ruthenium cluster was isolated and structurally characterized by Adams er
af.."*>® These authors dctermined the same space group for their sample and bond lengths and
anglcs for the two determinations arc consistent. However, the IR data reported are
significantly different between the two samples. Furthcrmore, the synthesis described by
Adams involves the thermolysis or photolysis of (Uz-H):Rus(CO)(us-S), producing 18 in
yields of roughly the same magunitude as reported herc (25-27%).

The cluster 18 is described as a cyclic trimer of (Us-H):Rus(CO)e(13-5)."* As shown
in Figure 26, onc of the principal structural features is a six-membered ring composed of
alternating Ru-8§ linkages. Each Ru atom of the six-membered ring is further honded to two
additional Ru atoms which comprise trinuclear fragments. Four edge-bridging hydride ligands
could he located along the edges of the ring to non-ring metal atoms (Rul-Ru2, Rui-Ru3,
Rud-Ru5, Ru4-Ruf). Thc Adams structure includes two additional edpe-bridging hydrides,
located and refined along the Ru7-Ru8 and Ru7-Ru9 edges. Peaks consistent with the
presence of these additional hydrides were found in 'H NMR spectra of 18. The trinuclear
fragments are capped with sulphido ligands acting locally as three-clectron donors.  These S
atoms donate an additional electron in bonds to the Ru atoms of adjacent trinuclear fragments
resulting in the central six-membered ring and acting overall as four-electron donors.

Altogether, cluster 18 has Cs symmetry.

Consistent with the results found by Adams, longer M-M bonds occur along the
hydride bridged edges. Likewise, the M-S bond lengths linking the trinuclear units are longer

than those found within the monomeric units.
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The mecheanistn for the formation of 18, as for the formation of 16, involves
oligomerization underiaken (o releive unsaturation.  Although speculative, the following
mechanism is snggested. The BH; scrves as a hydrogen source, causing cluster fragmentation
and producing the known compound (1-H)Rus{(COM{it3-S) '** and the unsaturated fragment
“HRus{COY(u3N>-SCNHPhNPh)". The unsaturated fragment may then take up CO, either
from the reaction solution or by abstraction from a neighboring (Ha-H)Rus(CO)s(p3-S). This
accounts for the presence of 8 in the final solution and would provide a rcactive
“{pe-H)Ru3(COYs(13-8)" fragment, which could then undergo olizomerization 10 produce 18.
Adams e al also proposed an intermediate “‘(pz-H)2Rus(CO)g(pa-S)' but sampling of the
reaction solntion at various intervals via '"H NMR, showed no evidence for its cxistcnce.
However, Adams pointed oul that 18 could be converled quantitatively back to
(- H)Rus(CO¥W(1a-5) by eaposure wo CO.

No suitable crysials of the second new product of this reaction, 19, could be ohtained.
The characterization of this product is based on spectral and analytical data. IR spectra in the
carbonyl region contain a large number of bands, implying either a product of low symmetry or
a number of isomers. Single NH and NCN vibrations arc observed in KBr spectra of 19 and
these are only slightly shifted from the corresponding bands of 15. The amine proton is well-
defined in the '"H NMR spectrum and integrates precisely with the phenyl protons. These data
indicate an intact diphenylthioureato ligand. The presence of a single Mc,S group is hased on
the single peak in the 'H NMR spectrum and corroborated by the analytical data (see
cxperimental section). Evcn though a variety of solvents and spectral parameters were used,
the hydride peak could not be positively identified. This compound conld also be ohtained in a
higher yield from reactions of 15 with an cxcess of Me;S.

The proposed structure of 19 is presented graphically in Figurc 27. Based on the
resulis obtained from substitution reactions of the trinuclear cluster 8, few canclusions can be
drawn from NH or NCN shifis in IR spectra. For steric reasons, substitution at a site relatively
well-removed from the diphenylthiourea ligand would be expected. Presumahly this would
involve an axial site on either of the apical Ru atoms. The placement of the Me:S group on the
N-bound Ru atom will be discnssed in conjunction with PPhy, P(OR); and ‘BuNC substituted
derivatives, characterized definitively by X-ray structural analysis,
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Figure 27: Graphical representation of (2-H)Rug(CO)1s(Me2S){(fLs,n*-SCNHPhNPh) (19)

3.14  Renctions of (p.;-H)Rua(CO),A;L_:-S)(p.;;qz-SCNHPhN'Ph) (15); Reactions at the
Metal Core.

3143 (u, H)Rus(CO)m(us-S)(p;,T]’-SCNHPhNPh) (15) in the Presence of CO.

Facile addition of CO to 15, was [irst obscrved in attcmpts to placc a metal carbonyl
fragment on the raked sulfur, where even small quantities of CO resulted in reaction. In
reproducing this reaction, it was found that bubbling CO through a RT soiution of 15 (ie.
acctone, CH;Cly or c-hexane) for ca. 30 minutes, produced a deep blue solution. IR spcctra
indicated thc presence of only a single species (20). If left under an N; atmosphere, the hlue
solution converted back to its original red color and IR spectra indicated the only species
present was 15. However, if 2 CO atmosphere was maintained and the solution cooled to
-30°C a crystallinc solid precipitated, While preparative TLC (with precautions taken to
maintain the highest possihle amhicnt concentration of CO) could be used to purify 20, a great
deal of product was Iost in conversion hack to 15 if this route was pursued, thus precipitalion
offered the most practical means of isolavion. Once in solid form, 20 proved relatively stable,
Spectroscopic data for the blue solid thus isolated (200, are presented in Table 29.
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Table 29: Spectroscopic data for compound 20.

IR (c-hex, 298K} {Veofem™}: 2102m 2070vs 2045vs
2032s 2009m 1993w
1973w,br 1865w hr

IR (KBr) tvinfem™)): 3347m

{virlem™) ) 1557m

'H NMR (CDCI,)* {8(ppm))} 7.70-7.00 {m, 10H,Ph-H)
6.58 (s,br, 1HN-H)
-20.97 (s,JH,Ru,-H)

Mass spectrum (NBAY®  M* M*=1316

" 200 Mhz,
"FAB

A vco band in the bridging carhonyl region is the most obvious feature in spectra of
20. That aside, analogies to the carbonyl region in spectra of 15 can be drawn. With one
cxception, the same number of major penks is present in IR spectra of 20, and these show
similar imensity vardations to those of 15, The diphenylthioureato ligand shows its
characteristic peaks in KBr-IR and 'H NMR spectra. A peak signifying a slightly less shielded
t3-H also appears in the '"H NMR spectrum.  As previously stated, mass spectea of multi-
nuclcar Ru compounds are somewhat complicated, hut are uscful in indicating cluster
nuclearity. The fragmentation pattern often provides clues to molecutar structure.  Mass
spectra of 20 indicate a hexanuclear metal cluster with an M* peak at 1316 mass units. The
[ragmentation pattcrn indicates several structural features in common with 15, Coincidence
with thc MW of 15 may be the result of initial loss of the first carbonyl group to give the M*™
peak, & phenomenon uficn observed in mass spectra of carhonyl cluster compounds,™  Bascd
on thesc data, a tentative structure for 20 invelving an opered Ru-Ru bond (Rul-Ru2 in 15)

opposite to a Wy-CO bridged Ru-Ru hond, is proposed (sec Figure 28).
|
~
_Ru
\ s 4
> |
‘;i;;*‘ // Rul
Ve -7
Ve Aeh
|

N...
ph o

Figure 28: Graphical representation of compound 20, “{(p-H)Rus (U»CONCO)e{lts-S)
(3.1 -SCNHPRNPRY”.
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The only format difference in the proposed structure of 20 and that of 15, is the
presence of an extra carbonyl ligand, This additional CO takes a bridging position between
atoms Ru3 and Rud in the corresponding structure of 15, In Figure 28, the Rul-Ru2 vector is
na longer represented as a bond. In order to satisfy the effective atomic number rule for the
six Ru atoms in a cluster with 7 metal-metal honds, like that proposed for 20, a total of 94
electrons would be required. The total nnmber of electrons, donated by the ligands of 20 is 94,

and the cluster can be considered electronically saturated.

The following alterations at the Ru skcleton, upon formation of 26 could be expected.

In addition to a larger separation between Rul and Ru2, one might ecxpect the distance
A between Ru3-Rué 1o shorten.  Vahrenkamp et col. have reported reversible M-M bond
cleavage with addition of 2-electron donor ligands 1o FeCo, clusters with Ms-capping

phosphine ligands. '

Their report included addition of CO to the trinuclear cluster
(M-PMe)FeCox{COY(PMe), with concurrent bond opening, entirely analogous to  that
postulated for 20.  Addition of CO to trinuclear clusters (M = Ru, Os) containing multiply
The

numerons examples of M-M edge opening processes have led to the proposal of a “breathing

bridging Yigands with simultancous M-M hond formatian has also heen ohserved.'!

mode” for clusters,"*? The ability of clusters to behave like breathing objects is hased on the
presence of a non-fluxional bridging lipand producing distortions of the metal atom
potyhedron, and thus facillitating the occurrence of reversible M-M edge opening processes
under mild conditions. Cluster 15 prescnts a likely candidate for such behavior. The ps-S is a
non-fluxional Ligand, and the long M-M honds hetween the two trinncloar substructures

provide z likely site for an edge-opening process.

The reversible naturc of the CO addition and implied framework deformation in 20,
has some intcresting aspects. The Rul-Ru2 vector of the original cluster 15, is quite long,
however the electronic requirements of the cluster pecessitate 2 bonding interaction at this
position. The addition of CO across the opposite Ru-Ru bond with opening of the Rul-Ru2
bond, offers an alternative to this weak interaction. Nevertheless the energy difference
between these two options cannot be too large, resulting in the case with which the (wo

species interconvert,
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Although crystalling solids preeipitated from several different solvent systems, nonc
produced X-ray quality erystals. An X-ray structural determination would provide definitive
proof of a framework distortion. In purswing a denivative of 15 which would exhihit the same
reversible CQ hinding, but produce X-ray quality ¢rystals of the final product, results were
obtained which lend support to the structure proposed for 20,

3.142 Reaction of (s HYRnd CONs(ps-SHpsM-SCNHPhNPh) (15) with
Triphenylphosphine.

Reaction of 15 with 1 or 2 equivalents of PPhy over a perdod of 12h, at RT in a non-
polar solvent (ie. CHsCl; or c-hexane) gave three different products. Preparative TLC
separated these compounds, in order of elution, as a bright red band, a ycllow band and a
hrick-red band. The bright red hand was identified by its IR spectrum, as the previously
isolated compound Rus(CO)s(PPhs) (2. 17-CoHs)(ka-PPh:)(1t5-S) (12), available from thermal
reactions of the trinuclear eluster 8 with PPhy or direct thermolysis of the disubtituted
derivative (ug-H)RuJ(CO)J(PPhj)z(pJ,T]I-SCNHPhNPh) (11). The IR and NMR data
distinguished the yellow band as the dirnwelear Ru complex Rﬂz(CO)q(PPhs)z([.l;.T]z-
SCNHFPhNPh) (21).  Spectral data indicated the brick-red compound to be the
menosubstituted PPhy derivative of 15, (it; HYRus(CO)s(PPha)(ps-5) (s, - SCNHPhNP)
(22). The IR and NMR data for 21 and 22 arc summarized in Table 30.

Tahle 30: IR and NMR data for Ruz(C0)4(};1.1']2-SCNHPhNPh)(PPh;)z (21) and
(112-H)Rus(COY;5(PPhs }(ps-S ) (i3, 0’-SC NHPhNPh) (22).

IR (c-hex, 298K)  (veo(em™)) 21 2019vs 1987m 19565
22; 2061vs 2M0s 20045
1989w ,br 1943m.hr
IR (KBI') {Vm(cm'])} 22 3333m
[veen(em™y)  21: 1624m 1588m
- 22 1564m
'"H NMR (CDCL)Y*  {8(ppm)} 21 7.48-6.85(m 25H.Ph-H)
5.72(s,br, 1H,N-#)
22: 7.60-7.07(m,25H,Fh-H)
£.74(s,br,IH, N-H)
-17.50(s.br, tH Ruy-#)
P NMR(CDCL)®  {&(ppm)} 21: 24.47(s)
22: 34.48(s)

" 400 MHz. * 80.96 MHz.
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Symmetrically substituled dinuclear Ru complexes have been isolated and
characterized previously.™' The carbonyl region of IR and hoth 'H and P NMR specira of
21 are consistent with a complex of this type. Based on these data, the structure presented in
Figure 29 is proposed for 21. In complex 21 two diphenylthioureate Lgands span the Ru-Ru
veetor, bonding in a (crminal fashion through the S and the N. A PPh; ligand is o-bonded to
each Ru atom. The 'H and P NMR data support this conclusion. The N-H stretch in IR
spectra of 21 could not be located due to the presence of HyO in the sample.

el
Ph, N/é

PPhg—Ri-—iu—PPhg
Aen

s

N,
Ph” H
Figurc 29: Graphical representation of Ruz{CO)a(b21*-SCNHPhNPh)PPh:); (21).

If the diphenylthioureato ligand is considered a threc-clectron donor, then the

dinuclear species 21 is electron precise with a total of 34 valence clecirons.

Spectroscopic data for 22 show a relatively simple carbonyl region; only five hands
are observed suggesting a more open polyhedral arrangement, rclative to that of 15. The
presence of an undisturbed diphenylthioureato ligand is clear from IR and 'H NMR data.
Intcgration of the phenyl and the NH region of the 'H NMR, combined with the 'P NMR
spectrum, Jeads to a single, ¢-bonded PPhy group. Rootn temperature 'H NMR spectra of 22
in CDCl; show a broad, poorly defined peak for the Uz-hydride Ligand at -17.50 ppm. The
downfield shift of the signal denotes a chemical environment for this proton Jess affected hy the
anisotropy of the metal core. Upon cooling CI,Cl: samples to -70°C, two weli-defined

singlets at -17.70 ppm and -17.73 ppm (400 MHz) in an approximately 1:] ratio can be seen.
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This result is consistent with the presence of two inlerconverting isomers in Toom lemperature

solutions.

An X-ray structural characicrization of 22 provided the exact localion of the PPhy
ligand on the hexanuclear framework, and also revealed some interesting structural features.
Deep-red, plate crystals of 22 were grown from CHyClyfhexanes(xs) solutions. Crystals of 22
arc triclinic and belong (o the space group PI. The molecular strueture of 22 is Hlustrated in

Figure 30, while important bond lengths and angles are summarized in Table 31.

Figure 30: Molecutar structure of (pa-HRug(COMs(PPI)(Ls-5 (13,0 -SCNHPhNPN) (22)
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Table 31: Important bond lcnpths (A) and angles () for {2 HYRus(COYs(PPhs)(us-S)
(M3*-SCNHPhNPh) (22).

Ru(1)-Ru(2) 3.3729(11) Ru{1)-Ru{S) 2.7904(10)
Ru(1)-Ru(6) 2.9529(10) Ru(1)-5(1) 2.3762(27)
Ru(2)-Ru(4) 2.9106(10) Ru(2)-Ru(3) 2.7206(10)
Ru(2)-5¢(27 2.4287(1B) Ru(2)-5(1) 2.4089(17)
Ru(I)-N{2) 2.164(5) Ru(3)-Ru(4) 2.7100(10)
Ru(4)-Ru(S) 3.0870Q11) Ru(4)-5(1) 2.4285(18)
Ru(4)-5(2) 2.4092(1% Ru(5)-Ru(e) 2.7BB5(11)
Ru(5)-5(1) 2.3646(16) Ru(6)-P(1) 2.3743(18)
Ru(6)-5(1) 2.3381(1B) CCLY-NQL)Y  1.362{(9)
S(2)-C(1)y 1.781(7) P(1)-C(20> 1.B35{&)
P{1)-C(14)} 1.B16(63 N(1)-C(2)  1.417(9)
P(1)-C(26) 1.830(7) N(2)-C(BY  1.452(9)
N(2)-C(1)  1.272(9)

Ru(1)-Ru(2)-Ru(4) 86.12(3) Ru(1)-Ru{2)-Ru(3) 143.01(3)
Ru(l)-Ru(5)-Ru(6) 63.92(3) RU{1)-Ru{5)-Ru4) 94.01(3)
Ru(l)-Ru(6)-Ru{S) 58.07(3) Ru({1)-Ru(5)-5(1)  54.14(4)
Ru(1)~Ru(B)-P{1) 109.26(5) RU(L)Y-Ru(63-5(1)  51.79(4)
Ru{1)-5(1)-Ru(6} 77.56(5) Ru{1)-S{1)-Ru(2)  89.64(6)
Ru(2¥-Ru{1)-Ru(6) 92.75(3) Ru(2)-Ru(1}-Ru{5) 88.11(3)
Ru(2)-Ru(3¥-N(2) 88.12(1%) Ru(2)-Ru(3)-Ruf4) 64.82(3)
Ru(2y-Ru{4y-Ru(5) 91.73(3) Ru(2)-Ru(4)-Ru(3) 57.767(2%
Ru(2)-Ru{4)-5(2) 53.32(% Ru(2)-Ru(4)-5(1) 52.70(4)
Ru(2)-5(2)-Ruf4) 73.97(5) Ru(2)-5(1)-Ru(4) 73.98(5)
Ru(3)-Ru(2)-Ru(4) 57.415(24) Ru{2)-5(2)-C(1) 103.87(23)
Ru(3)-Ru(4)-Ru(5) 14B.82(3) Ru(3>-Ru(2)-5(2) 80.03(5)
Ru(3)-Ru(4)-5(2) B0.59(5) Ru{3)-Ru(4)-5(1) 101.18(5)
Ru(3)-N(2)-C(B) 119.1(4) Ru(3)-N(2)-C(1) 121.6(4)
Ru(4)-Ru(2)-5(2) 52.70(5) Ru{4)-Ru(2)-5(1) 53.32(4)
Ru(4}-5(1}-Ru(5)  80.1E(5) Ru(4)-Ru(5)-Ru(8) 96.87(3)
Ru(4)-5(2)-C(1) 103.48(24) Ru(5)-Ru{1)-Ru(6) 58.011(24)
Ru(5}-Ru(l)-5(1) 53.75(4) Ru{5)-Ru(6)-5(1)  54.07(4)
Ru(5)-Ru(B)-P(1) 167.05(5}) Ru{5}-5(1)-Ru(by 72.73(%)
Ru(6}-Ru(l)-5(1» 50.64(4) Ru{E}-Ru(5)-5(1) 53.20(4)
Ru(BY-P(1)-C(14> 120.24(23) Ru(6)-P(1)-C(20> 111.10(20)
Ru(B>-P(1)-C(26) 113.29(21) S(2Y-C{1)-N(2) 2120.3(5>
S5(1)-Ru(23-5(2) 85.61(6) N(23-C(1)-N{(1) 125.2(6)
5(2)-CC1Y-NC1) 114.5(5) C(1)-N(25-C(8) 119,3(6)

The metal framework of 22 consists of six Ru atoms, arranged simdarly to those of
15. A pentacoordinate sulfur ligand 81, remains bonded through five ¢-bonds to Rul, Ru2

and Ru4, Rus and Ru6. A psn’-diphenylthioureato ligand spans the Ru2-Ru4 iriangular
substructure; the S (52) hridges Ru2 and Ro4 and the N (N2} is bound terminally to Ru3 A
CO ligand on the apical Ru6 has been replaced with a PPh; ligand. The PPh; occupies a
position which is equatorial with respect to the Rus triangular substructure composed of
Rul,RuS, and Ru6. An appropriate number af terminal CO ligands were located on each of

the six Ru atoms.
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Yet, the original sofa-like configuration of 15 has been somewhat distorted in 22.
The distance between Rul and Ru2 (3.3729(113A) has increased by ca. 0.20A from that of 15
Whide in general, M-M bond lengihs vary significantly among bonds of the same order'™, the
distance beiween Rul and Ru2 clearly does not allow for a formal Ru-Ru bond. This result
demonstraies the inherant weakness of the Rul-Ru2 interaction. Within the Rul-Ru3-Ru6
triangular substruciure, the scquence of long-short bond lengths has changed with respect to
that of 15, further suggesting alterations in the Ru-Ru bonding scheme. The Rul-Rué vector
elongates by ca. 0.i7A, while Rul-RuS shortens by ca. (.13A. However, these changes do
not affect the relative M-M bond orders amongsi those bonds. In opening the Rul-Ru2 hond,
the cluster now assumes the appcarance of two trinuclear wnits linked through the 158 and a

singlc, long but reasonable Ru-Ru bond (Ru4-Ru3, 3.0870(1 HA).

Although a bridging hydride conld not be located crystallographically, the NMR daia
are consistent with the placement of this kgand spanning the Rul-RuS vectot; no coupling 1o
the P is ohserved. The downfield shift of the hydride’s 'H NMR signal results from the
opening-up of the clusier which allows the hydride to avoid the anisotropy duc to the metal
centers.  As stated zhove, room temperature 'H NMR spectra of 22 show a broad, poorly
defined peak in the hydride region. Low temperature specira, on the other hand, reveal two
closely-spaced peaks in an approximately 1:1 ratio. The two separaie peaks, centered at -
17.71 ppm (CDyCl,, 408 MHz), reflect the presence of two isomers in solutions of 22, Onc
(22a), represented by the molecular structure shown in Figure 30, has the FPh; ligand in an
apical position on Ru6 pointing away from the bridging hydride. The other isomer (22b), has
the PPh; bigand on the same Ru atom (Ru6) but the hgand is now rotated ~180°, and
approaches the bridging hydride more closely, Although this structural variation is relatively
removed from the bridging hydeide, the difference in the chemical environment is significant
encugh lo cause a separaie peak for the hydride of each isomcr. The hydride of isomer 22a is
assigned to the downficld signal at -17.71ppm. while ithat of isomer 22b is assigned to the
upficld signal at -17.73ppm.

With scven Ru-Ru honds, the cluster 22 requires 94 electrons to achieve electronic
saturation. There are no changes in the bond lengths or angles of the diphenylthivureato hgand
which could indicate an alteration in its role as a five-electron donor. The same is truc for the

sulfide ligand, which continues to donate all six of its electrons to the cluster. Like the CO
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ligands, PPhy is a two-elcctron danor. Overall, cluster 22 contains 92 electrons, the same

number as 15, thus it must he considered o be an electronically unsaturated cluster.

When exposed to CO, 22 does not undergo the same transformation as 15. Instead
cluster fragmentation occurs to generate the trinuclear species (Mz-H)Ruy(CO)s(uan®-
SCNHPHNPh) (8). Presumably, the CO coordinates at the highly unsaturated Ru2, causing the
Ru2-51 bond to open. Further bond scission ensucs with the eventual abstraction of an
ambient hydride to produce 8. The addition of CO at Ru2 is facillitated in 22 by the opening-
up of the Rul-Ru2 bond which provides an alternative 10 the plp-interaction assumed in 20.
Given the lack of any other praducts in reactions of 15 with excess PPhs, it can be assumed
that clusier 22 does not coordinate an additional phosphine ligand at the electron defincient Ru

centers. The different stereochemical demands of PPhs versus CO may be a contdhuting

factor.
3.14.3 Reactions of 15 with P(n-Bu)s, P(OMe);, P(OPh),, and '‘BuNC.

In coutrast to reactions of 15 with PPh;, addition of P(n-Bu},, cither of thc phosphites
P(OMe); or P(OPh);, or '‘BuNC, gave as the major product analogous monosubstituted
derivatives of 15. The duration of the reaction has very little effect on the product yields.
These derivatives are all easily isolated wsing preparative TLC. Spectral data (summarized in

Table 32) clearly show thal the site of substituion in these derivatives differs from that of 22.

Table 32; IR and NMR data for (- HYRug(CO);s(R) (1s-S)(us,n>-SCNHPhNPh); R = P(n-
CiHy); (23), P(OMe)s (24), P(OPh), (25), (CH);CNC (26).

IR (c-hex, 298K} {vaclem™)}  26: 2166w
{veolem™} 23 2083m 2056vs 2041s

2023vs 2011w 2001m
1985mbr  1953m 1925w

24: 2084m 2057vs 2041s
2030s 2015m 2001m
1989m 1966w,br 1937w br

25: 2085m 2058vs 2042s
2031s,sh 2016m 2002m
1990m 1976w,br  1942w,br

26: 2084m 2057vs 2042s
2033s 2016m 2001m

1989s hr 1976wbr  1939w,br




Table 32: cont.

* 80.96 MHz, 298K.

The data assembled in Table 32 show trends indicating substitution of a CO by these
2-electron donor ligands at a site different from that of 22. The large number of bands in the
carbonyl region results from perturhations to the pseudo mirror-plane symmetry of 185,
Insignificant spectral shifts of relevant signals for the diphenylthioureato lipand in 23-26, as
compared to the same data for 15, estahlish its bonding mode as unchanged. The hydride
signals also show insignificant spectral shifts. The coincidence of the spectral data for 23-26
with that of 19 suggests that these species are isomorphic. Thus the dinethylsulfide denvative
19, may be included in this series of derivatives. The NH and CH; signals in the "H NMR

spectrum of cluster 26, indicate the presence of isomers.

clusters 23-26 is presented in Figure 31

R(KBr): {vamlem™)}  23: 3362m
24: 3339m
25 3355m
26 3361w
{vren(em™)  23: 1552m
24; 1554m
25: 1556m
IR(KBr): {vienlem™) 26 1564m
'"HNMR(CDCL)  (8(ppm)} 23 7.40-7.10 (m,Ph-H)
6.81 (s,br,N-F)
1.430.84 (m,Cng}
-22.07 (s,Ru-H)
24: 7.57-7.10(m, 10H, Ph-H)
6.78(s,bt, 1H, N-H)
3.45(d,J=11.2Hz, 9H, CHy-H
-22.0(s,1H, Ruy-H)
25: 7.43-6.67(m,25H, Ph-H)
6.78(s,br, 1H, N-H)
-22.1(s,1H, Ruz-H)
26: 7.60-7.12 {m,10H, Ph-H)
6.76 (s,br,0.8H) 6.74 (s,hr,0.2H); N-H
1.54 (s,0.2H,) 1.50 (5,0.8H); C-H;
-21.91 (5,iH, Ru-H)
3p NMR(CDCL,)" 23: 20.81¢s)
24: 121.8(s)
25: 107.7(s)
FAB-MS{(NBA) M' 23 1486
24; 1409
25 1598
200 MHz, 298K

A schematic representation of
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Figure 31: Schematic representation of clusters 23-26.

Verification of the site of substitution in 23-26 was provided by structural analbysis of
the 'BuNC substituted derivative. 26. Decp red, plates of 26 could he isolaied from 3:1
acetone-heptane solutions mainiained at 5°C for 3d. These crystals werc triclinic of the space
group Pl. An ORTEP plot of 26 is presented in Figure 32 and sclecied bond lenglhs and

angles are given in Table 33. An arca of disordercd solvent was associated with each molccule
of 26.

Figure 32: Molecular structure of ({a-HiRus(CO))s{ 'BuNCj(us-S}(u;,ni-SCNHPhNPh) (26).
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Tahle 33: Seclected bond lenpths (A) and angles (%) of (Up-H)Rug(COYs{'BuNC}(ps-S)
(H3n*-SCNHPhNPh) (26).

Ru(1)-Ru(2) 2.929(2) Ru(1y-Ru(3) 2.728(2)
Ru(1}-Ru(5) 3.190(2) Ru(1)-5(1) 2.392(3)
Ru(1)-5(2) 2.420(3) Ru(2)-Ru(3) 2.720(2)
Ru(2)-Ru(4) 3.152(2) Ru(2)-5(1) 2.401(3)
Ru(2)-3( 2.417(3) RU(3)-N(1) 2.166(11)
Ru(3)-C(91 1.96(2) Ru(4)-Ru(s) 2.907(2)
Ru(d)-Ru(6) 2.783(2) Ru(4}-5(1) 2.394(3)
Ru(5) -Ru(6) 2.784(2) Ru(5}-S(1) 2.393(3)
Ru(6)-5(1) 2.312(3) S-C(D) 1.802(12)
N(13-CCL) 1.28(2) N(E)-C(2) 1.45(2)
N(ZY-CC1) 1.34(D N(2)-C(8) 1.44(2)
N(91)}-C(92) 1.45(2) C(91)-N(31) 1.14(2)
Ru(1)-Ru(2)-Ru(4)  90.56(4) Ru(1)-5(1)-Ru(2) 75.34(9)
Ru(1)-5(1)-Ru(4) 129.22(14) Ru{1)-S(1)-Ru(5) £83.64(10)
RUCZ)-Ru(1)-Ru(5)  89.04(4) Ru(2)-Ru(33-Ru(l)  65.04(4)
Ru(2)-5(2)-Ru(l) 74.53010) RuUC3}-Ru(13-Ru(2)  57.35(4)
RU(3)-Ru(1)-Ru(5)  145.65(%) Ru(3}-Ru(2)-Ru(l)  57.62(4)
Ru(3)-Ru(2)-Ru(4)  147.09(5) Ru(4)}-Ru(5)-Ru(1l)  90.20(4)
Ru(4)-Ru(6)-Ru(5)  62.96(4) Ru(4)-5(1)-Ru(z) 82.20(10)
Ru(S)-Ru{4)-Ru(2)  90.17(4) Ru{5)-S(1)-Ru(Z)  127.26(14)
Ru(5)-5(1)-Rul4) 74.80(10) Ru(E)-Ru(4)-Ru(2)  87.25(4)
Ru(6)-Ru(4)-Ru(S)  58.54(4) Ru{6}-Ru(5)-Ru(l)  96.08(4)
Ru(B)-Ru{5)-Ruf4)  58.50(4) Ru{6Y-5(1)-Ru(1)  142.29(14)
Ru(6)-5¢1)-Ru(2)  142.35(14) Ru{6)-5(1)-Ru(4) 72.49(9)
Ru(6)-5{1)-Ru{5) 72.56(9) S(I3-Ru(1}-5(2) 85.50(11)
S(I)-Ru(2)-5¢2) 85.36(11) NCLD-CCLY-R(2) 125.8(11)
NCII-CC1)-5(2) 118.7(9) N(2)-C(1)-5(2) 115.6(10)
N(91)-C(91)-Ru(3)  179.5(13) N(91)-C(92)-C{94)  106.3(14)
N(91}-C(92)-C(95)  107() N(91)-C(92)-C(93)}  108(2)
CCIY-N(1)-Ru(3) 123.2(8) CLL-N(1)-CD) 117.9(11)
C(1)-N(2)-C(8) 127.5011D) C{2)-N(1)-Ru(3) 118.9(9)
C(81)-Ru(3)-Ru(l)  87.9(4) C(81)-N(91)-C(92)  177(2)

The molecular structure of 26 shows a derivative of 15 resulting from CO suhstitution

hy the two-electron donor group 'BuNC. The cluster skeleton of 26, like that of 15, consists
of five Ru atoms arranged in a pentagonal-shaped poelyhedron with a sixth Ru atom bridging
the Ru-Ru edge opposite 10 the apex. The sixth Ru atom sits above the planar hase at an angle
of 85°. The pentacoordinate § atom remains bonded (o five metal atoms, four from the square
base (Rul, Ru2, Rud, Ru5) and the out-of-plane, apical Ru atom (Ru6). The triangular
substructure composed of Rul, Ru2, and Ru3 is spanned by the ps,n’-diphenylthinureato
ligand. In contrast 10 the monosubtituted PPhy derivative 22, the isonitrile ligand in 26
occupies an axial position on the in-plane apical Ru atom of the hexanuelear framework (Rud).
The C91-N91-C92 bond of the Ligand resides perpendicular to the cluster base.  Terminal

carbony! ligands are found on cach of the Ru atoms. A bridging hydride could not be located
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in the refinement of the structural data of 26 hut the "H NMR spectral data show a single peak
in the hydride region cssentially unchanged from that of 18 (as per Fig. 31). Thus, it is likely
that a hydride ligand bridges the Ru4-Ru5 vector (Rul-Ruj in 15).

The bond lengths and angles determined in 26 show litle change from those of 15.
The two triangular substructures consist of Ru-Ru single bonds wherein the multiply bridged
sides (Ru4-Ru3 and Rul-Ru2) are elongated. The two trinuclear anits are connected by two
long Ru-Ru bonds (Rul-Ru3 and Ru2-Rud) however, the bond lengths still provide for an
interzction between the relevant atoms. As in the case of 15, this interaction relieves
unsaturation at Rul and Ru2 (Ru2 and Ru4 in 15). The two long Ru-Ru bonds connectinp the
triangular units, while slightly Jonger than those of 15 (~0.05A longer), are closcr in absolute
value compared to those of 22, a result related to the better o-donor characteristics of the
isonitrile ligand. The unsaturation at Rul and Ru2 is slightly less significant in the presence of
such a ligand. The noticeable changes in the Ru-Ru bond lengths apparent in 22, are ahsent in
the derivalive 26. On average, the Ru-S1 bond lengths display a more uniform distribution
when compared to those of 15 (avg. Ru-§81, 2.378(1AN

The presenice of isomers in solutions of 26, as implied by the 'H NMR spectrum, arc
due 10 differing oricntations of the 'BuNC group. The situation is similar to that described for
22. Steric requirements should favor an orientation in which the ‘BuNC group occupics an
axial coordination site on Ru3, as determined crystallographically. The phenyl group on N2
would interact to a lesser extent with an axial ‘BuNC group than one with that group in an
equatorial position, The axial isomer is assigned as 262 and produces the NH signal at 6.76
ppm and the CH; signal at 1.50 ppm. The isomer containing the "BuNC group in an equatorial
coordination site occurs also and is responsible for the NH peak at 6.74 ppm and the CH; pcak
at 1.54 ppm. That binding at the equatorial sitc still occurs in 26b, can be traced 1o the large
separation between the N2-bound phenyl and the 'Bu methyls, provided by the C-N-'Bu

linkage. No NMR evidence was found for the existence of isomers in solutions of 23-23,

R
N
w —_— \}_‘:NH
28a 26b
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315  Reactions of (i3-H)Rug(COY,s(L)(s-S)(ps-SCNHPhNPh (23-26) with CO.

Each of thc monosubstitutcd derivatives of 15 (23-26), exhibited reversible addition
of TO. In reactions entirely analogous to that outlined in section 3.10.1, CO was buhbled
through room 1emperature solutions of 23-26, causing the soletion color to change from deep
red 10 dark blue and producing an IR spectrum different from that of the relevant starting
malerial, in that a Veo in the bridging carbonyl region was evident. If left under an N;
atmosphere, the solution color reverted back to red and IR spectra indicated the presence of
only the original monosubstituted compound. Some of these derivatives were slightly morc
stable than 20 and could be purified with preparative TLC, pravided the solvent used was first
saturated with CO and a CO aimosphere mainained during the chromatography. Onee in solid
form, the phosphite derivatives did not lose CO. However, the n-butylphosphine derivative
was the least stahle and reformed the red siarting material even in the solid form. The ‘BuNC
derivative always produced a mixture of twa hlve compounds. The first of these 'BuNC
derivatives to elute an the TLC plaics was the only anc stable encugh 1o isolate and
charaeterize. These compounds are designated as 27 {L = P(n-Bu)s}, 28 {L = P(OMe),}, 29
{L = P(OPh);} and 30 {L ="Bu,NC) and their spectral data are outlined in Tahle 34,

The species 27-30 provide spectral data consistent with a monosuhstituted derivative
of 20. Specifically, one band is missing in the veo region of their IR spectra, hut the hridging‘
Veo is still present.  The charactcristic 1R vibrations of the diphenylthiourcato ligand are
consistently shifted to lower wavenumbers in 27-30, rclative to those of 23-26, analogous to
abservations made for 15 and 20. Furthermore, the NH and 11,-H signals in 'TH NMR spectra

of the staning compound and the final product, also show frequency shifts analogous to 15 and
20. Most telling however, are the shifts observed in V'P NMR spectra of 26-29.

It has been noted previously that *'P NMR chemical shifts tend to shift downfieid as
the cluster framework opens up."0 Chemical shifi data of *'P NMR spectea for 26-29 are
consistent with the proposed structures of the CO adducts in which the Ru-Ru band oppasite
to the bridging CO group is considerably longer. The most stable of the CO adducts, the
P(OPh); derivative (29), was subjected to FAB mass spectral analysis and analytical data was
obtained. As found for 20, a fragmentation pattern similar to the parent compound, 28, as well

as the same molecular jon {1596) was observed. Elemental analysis shows lLttle diflcrence
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from those obtained for 25. These ohservations lead to the structures presented in Figure 33

for compounds 26-30.

Table 34: IR and NMR data for 27 - 30.

IR(¢-hex, 298K) {V.vc(cm'l)}i 30: 2177w
[Veoem™): 2T 2091m  2056m 2039 2029vs

1986m 1953w-m 1849w ht

28: 2093m 2057m 2039vs 20315
1986m,br 1976m,br 1854w, br

29: 2094m 2059w 2040vs 2032s
1988m,br 1978sh 1855w,br

30: 2081m 2058m 2038vs 20265
1986m,br  1964w-m 1861w,br

IR (KBr) {vpglem™}: 2T 3355m
28: 3359m
29 3342m
30 335Tm
{Viex(em™)}: 27 1545m
28: 1549m
29: 1546m
an; 1558m
'"H NMR(CDCl)  {3(ppm)} 28 7.57-7.00 (m,10H.Ph-H)
6.65 (s,1H,N-H)
3.51 (d,J=11.2H:,9H,C-H;
-21.6 (s,1H.Ru,-H)
"29: 7.55-6.66 (m,25H,Ph-H}
6.60 (s,1H,N-F)
-21.3 (s,JH,.Ru;-H)
*30: 7.57-6.94 (m, Ph-H)
6.51 (s.br, N-H)
i.51 (s, C-Hy)
-21.1 (s.Ruy-H)
YPNMR(CDCL)  {3(ppm)} 28 125.2 (s)
29: 110.6 (s}
Mass spectrum” (M%) 29: 1596
* 400 MHz, 298K.
* 200 MHa, 298K.

“30.97 MHz, 298K.
I NBA as matrix.
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L = P(n-Bu)3(27)
= P(OMe)3(28)
= P{OPh)3(29)
=tBuNC (30)

Figure 33: Propnsed molecular structures of 26-30.
3.16  Reactions of 15 with Two-Electron Donor Ligands.

It is estahlished that the weakest points in transition metal carbonyl clusiers arc the
metal-metal bonds."® Reactions of the hexanuclear “sofa” cluster 15, with PPhy demenstrate
the truly sensitive nature of these structural features. In this reaction, the effects of replacing
CO with the isoclectronic PPhy, are seen relatively far-removed from the substitution site.
Most significantly, this perturbation is ennugh to alter the Ru-Ru interaciion one bond
removed. Phospher-based reagents other than PPh; result in substitution. but not at the same
Ru atom and moreover, the Ru framework remains unchanged from that of 15. The same
results are ohlained when a CO group is substituted with the isoclecironic RNC group.
Clearly, steric interactinns are not responsible for the variation in the site of substitution, given
the same results with P{OPh); as with CN'Bu. Pi backbonding also cannot be responsible as
PPhy is a betier pi acceptor than P(n-Bu),. For the derivatives of 15, 23-26, the single

consistent difference hetween the suhstituent groups and that of 22, is increased ¢-donor

propenties. Placing the substitucnt groups in a series of increasing 6-bonding tendencies shows

the following progression: CNR>P(OPh)y>P(OMe);>F(n-Bu)s>PPha.

The formation of 20 demonstrates the wility of the CO lipand in transition meial

clusters, Its ability to serve as a two-clectron donor in cither a terminal or a bridging mode is
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truly its most advantageous feature. In assuming a bridging mode the CO ligand also serves o
decrease electron density at the metal cluster through increased n-backbonding. None of the
alternative two-electron donor ligands of 22-26, with perhaps the exception of the isomitrile',
are ahle to function both as bridging ligands and effective wm-acceptors, therefore, the
conversion analogous to 15 «— 20, is not observed. However, the substitution of an allernalive
two-electron donor in a position which results in no essential change to the metal framework
of 15, does not inhibit the addition of a bridging CO across one of the longer Ru-Ru bonds.

The series of reactions producing the clusters 20 and 22-30 are presented in Scheme [V.
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P(nBu)3

L=

Scheme 1V,

P(OMe)a
P(OFh)3
t-BuNC
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4 Experimental Part
41 Apparatus

Manipulations were carried out using standard schlenk techniques™® under an N2
atmosphiere. Thermolysis rcactions were perfarmed in a high pressure schlenk tube able 1o
withstand 8 bars of internal pressure. Reactions which required an accurate knowledge of the
pressure were carried out in 100 ml or 500 ml autoclaves equipped with glass sleeves. An

Herdus Hg-vapor lamp was used in photochemical reactions.

In appropriate cases thin layer chromatography (TLC) was uscd to purify

147

compeunds. TLC plates were prepared by placing a wniform 0.5 mm layer of the

appropriate support (AhO; or 8i02 G or G/UVisy, Macherey-Nagel) on 20x20 cm glass

plates.““

After charging the plates with the support they were allowed to air dry for ~1h and
then dried in an oven at 125°C for 12h. When strictly anhydrous conditions were necessary,
freshly activated plates were used. Unless otherwise stated the reaction mixtures were loaded
onte the plates as CH:Cl; solutions. The solvent mixture used to elute the products was

determined using Macherey-Nagel test TLC plates (5 x 2 cm) of the appropriate support.
4.2  Solvents and Gases

Standard laboratory solvents were purified and dried according 1o standard laboratory

. 4
practiccs, 9

Distillation of solvents was carried out under an N; atmosphere; the inert
atmaosphere over the solvent was maintained thereafter. Laboratory gases were purchascd
from Carbagas, Messer Gricsheim, and used directly from the cylinders without further

purification.
4.3 Starting Materials

Triruthenfumdodecacarbonyl  Ruy(CO),;*™°,  trinsmjumdodecacarbonyl  Osy{CO)2"™",
{H2-H)Ru3(COYs(113,'-SCNHPENPRY'™, and Ruy{COY(1BuNCY'™ were prepared according

to published procedures. Other chemicals were purchased from the vendors mdicated below

and used as received.
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Borane-methyl suifide complex (Aldrich, 10-10.2 M BH;in Me,S)*
Borane Tetrahydrofuran Complex Solution (Fluka, 1M in THE)*
n-Buryllithium (Aldrich, 1.6M in hexane)*

t-Butylisonitrile (Fluka, 98%)*

Diironnonacarbonyt {Aldrich, 98%)*

Diphenylacetylene (Fluka, 999%)
1,2-Bis(diphenylphosphino)cthane (979)

Methy! sulfide (Fluka, 99%)

N,N-Dimethylthiourea (Merck, 98%)

N,N-Diphenylthiourea (Fluka, 98%)

Triirondodecacarbony! {Aldrich, suabilized with 5% MeOHY*
Rutheniumehloride-hydrate (Johnson-Matthey)
Trimcthylphosphite (Fluka, 99%)*

Triphenylphosphite (Fluka, 99%)*

Tr n-butylphosphine (Fluka, 99%)*

Triphenylphosphine (Merck, 989%)

1,3,5-Trithiane (Fluka, 98%)

*Stored under N,

4.4  Instrumentation and Analyses

4.4.1 Infrared Spectroscopy

Infrarcd spectra were obtained using a PERKIN-ELMER 1720 X spectrometer in

transmission mode where the absorptions are given in reciprocal centimeters {em''). Sohution

spectra were measured in a 0.1 mm CaF; ccll. A standard press was nsed 10 produce KBr

peclicts. Intensity data are described with the following abbreviations: vs = very strong, s =

strong, m = medium, w = weak, vw = very weak and sh = shoulder.,
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4.4.2 Standard NMR Spectroscopy

The 'H, *C and *'P NMR spectra used in characterization, were acquired with cither a
BRUKER AMX 400 or 2 VARIAN Gemini 200 BB spectrometer and the mcasurement
temperature indicated. Chemical shift data is quoted according to the 8-scale and given in
ppm. The C NMR spectra measured at variable temperature and used to determine rate
constants for the merry-go-round process of the carbonyls in 2 and 3 were recorded wsing a
BRUKER AC-200 spectrometer (4,7 T} working at 50.323 MHz. 1H NMR specira were
calibrated with respect 1o the signal of the residual non-deuterated solvent. P NMR specira
were calibmied with respect to HiPO,.  Signal multiplicity is described with the following
abbreviation: s = singlet, d = doublet, t = triplet, q = quarter, m = mulliplet, hr = broad.

Deuterated solvents (99.8% deuteration) were purchased from ICN Chemicals.
443 High-Pressure NMR Spectroscopy

The variable-pressure experiments were performed by Dr. G. Laurenczy at the Institut
de Chimic Mingralc ¢t Analytique, Universite de Lausanne in Lausanne, Switzerland wsing a
BRUKER AM-400 spectrometer (9.4 T) working at 100.626 MHz. The measurements were
made up Lo 2000 bar using a home-huili high-pressure probe, designed for a BRUKER wide-
bore eryomagnet.”™ A buili-in Pt resistor allowed temperature measurements with an accuracy
of = 1K. By pumping a thermostated liquid through the homb, the tcmperature was stabilized
to £ (0.2K at 253.1K for 2 or 279.5K for 3. The spectra were obtained hy using 32 K data
points resulting from 17,000 to 25,000 scans accumulated over a total spectral widih of 17
kHz for 3 or 23 kHz for 2. To improve the signal 10 noise ratie, exponential fillers (line-
hroadening) of 1 Hz for 2 or 10t Hz for 3 were used, Carbon-13 chemical shifts are referred 10
Me,Si and measured with respect 10 the THF signal a1t 68.6 ppm.  The EXSY PC NMR
spectra of 3 were obtained in (Dy) THF at 263K from NOESY cxperiments using TPPL ™
The spectral width was 7575.7 Hz in both F12 and F2 domains, a shifted squarcd cosine hell

was applicd in both domaing prior 1o Fourier transformation. The mixing time was 100 ms.
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44.4 X-Ray Structural Analyses

X-ray structural data were collected on a Stoe-Siemens AED 2 four-circle
diffractometer using graphite monochromatized Mo-Koo radintion (A = ¢.71073A). Low
femperature measurements were carried cut using controlled temperature nitrogen gas-flow.
Crystal structuce data were analyzed using the SHELXSY® and NRCVAX'' program
packages of the VAX-Cluster of the Départment de Calenl of the Université de Neuchdtel,
Ilustrations of molecular strucwure were drawn with either PLUTO™ or SHAKAL'®
programs. Illustrations showing thermal motion cllipsoids were drawn using the PLATON'®
or ZORTEP'" program. Complete tables of atomic coordinstes and isotropic thermal
parameters for all structurally characterized molecules are presented in chapter V1. Additjopal
data for those structures published in scientific journals has been deposited with the Cambridge
Crysuallographic Data Centre, 12 Union Rd, GB-Cambridge CB2 1EW (UK).

4.4.5 Elemental Analyses

Elemental analyses were performed by the Mikroelementaranalytisches Laboratoriom,
ETH, Zorich, Switzerland.

4.4.6 Mass Spectra

FAB mass spectra were measured by Professor T.A. Jenny of the University of

Frihourg, Fribourg Switzerland using 3-Nitrobenzy! alcohol (NBA) as the mutrx.
4.5  Syntheses
Trithiane Clusters of the Group VIII Metals

4.5.1 Synthesis of the Ligand 2,4,6-Tribenzyl-1,3,5-Trithiacyclohexane
This ligand was preparcd according to the procedure outlined by Edema ct. al. (I1,38).
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4.5.2 Synthesis of Fe;(CO)(p:-S:CsHg) (1N

A solation of Fes(CO)2 (113 mg, 0.213 mmol} and rithianc (31 mg, 0.240 mmol) in
benzene (25 ml) was placed under vigorous reflux for 2h.  Afier removing the solvent the
residuc was redissolved tn CHCl; and chromatographed on $i0; TLC plates. Elution with 1:3
CH,Cl2:CgHya produced t as a yellaw-orange band (17.2 mg, 12.9%).

Anal. caled. for CoHgFe,065; (418.0): C, 25.9; H, 1.45. Found: C, 26.0; H, 1.20.

4.53 Synthesis of Ruy(is-COMCO)e(lLs, 1 -8:CHe) (2)

A solution of Rua(CO); (64.3 mg, 0.101 mmal} and 1,3,5-trithiacyclohexane (14.7 mg,
0.106 mmal) in THF (25 ml) was rcfluxcd for three hours. The resulting yellow solution was
allowed te cool to room temperature and the volume of THF reduced 10 5 ml. To the THF
solution was then added 25 ml CH;Cl; producing a fincly divided yellow precipitate. The solid
was isolated, disselved in 2 ml THF und chromatographed on Al;O; TLC plates. Elution with
CH,ChH/THF 1:3, pave 2 (49.6 mg, 71.1 %) and somc unrcacted Ruy(CO)sz. Isolating 2
required rinsing the ALO; with alternating portions of THF and CH,0H. Yellow crystals of 2
were ohtained by slow evaparation of a THF solution. The filtralc from the original separation

contained no products in any significant concentralion.

Anal. cale. for C;zHsQyRuS50.15 CiHeO (704.32): C, 21.49; H, 1.03. Found: C,
21.53; H, 1.6,

4,54 Synthesis of Rus(u:-CO)3(CO)s(EBuNC){pa,n’-S:C3He) (3}

A solution of Rus{CO),,{(tBuNC) (50 mg, 0.072 mmat) and 1,3 5-trithiacyclohexanc
(10.5 mg, (1.076 mmol) in hexane (30 ml) was rcfluxcd in a for 8h resulting in a light yellow
precipitate and solution. The yellow solid was isclated by filiration and chromatographed on
AlLO; TLC plates in CH;Cl; producing two yellow bands. The lower band contained 2, while
the fast-moving hand contained the desired product 3 (24 mg, 44%).

Anal. cale. for Ci6HsNQsRuy830.5 C.H:O (784.7): C, 27.55, H, 2.44; N, 1.78. Found:
C,27.51:H, 2.47; N, 1.78.



120

4,5.5 Synthesis of Rus(U-COWCOY{pan*-Ss(CHCH:Ph}:} (4)

A solution of Ruy(CO%y (160 mg, .250 mmol) and },3,5-1hithia-2 4,6-tribenzyl-
cyclohexane {106 mg, 0.260 mmol) in THF (30 ml) was refluxed under nitrogen for 8h
resulting in a dark yellow solution. After removing the solvent, the residue was dissolved in
CHCL, and chromatographed on AlO; TLC plates in 8% acetonitrile in toluene. A wide
yellow band was the only major band and was collected and isolated with CH,C to yield 4 as
a yellow solid (144 mg, 60%).

Anal. cale. for CasHp0oR1:S8: (963.9): C, 41.12; H, 2.51. Found: C, 41.03; H, 2.58.

456 Synthesis of Os{CONS:CHe) (5), (M-H)Os3{CO}o(U2-OH) (6} and

(M2-H)055(COs(1aM;-SCHS,C2H.) (7)

A solution of Os;(CO); (100 mg, 0,110 mmnl), S;CaHs (16 mg, (.115 mmol) and
anhydrous trimethylamincoxide ( 12 mg, 0.115 mmol) in THF (25 m!) was stizred at room
temperature for 24h.  After removing the THF from the hight yellow solution, the residue was
dissolved in CHyCl; and chromatographed on SiQ; plates in 1:1 CH,Cl:CeHyz. The major
product § migrated as yellow hand just below the solvem from followed by compo‘unds 6 and
7, also present as yellow hands. Each was isolated with CH,Cli: 8, 58.2 mg, 52%; 6 (2.5 mg,
2.6%); 7 (2.5 mg, 2.4%). If the schlenk tube was flame-dried prior to use and the Os;(CO),2
added to a stirring solution of trithiane and trimethylamincoxide hut the remaining conditions
left unaltered then the yields of the products were found to change as follows: § (34.4 mg,
30.7%), 6 (9.0 mg, 9.5%), 7 (12.3 mg, 11.6).

5 Anal, cale. for CraHg04:08:550.25 CHgO (1047.1): C, 17.41; H, 0.80. Found: C,
17.43; H, 0.86.

6 Anal. calc. for C;gH,0,;0s: (868.1): C, 13.8; H, 0.23. Found: C, 14.02; H, 0.20.

i Anal. eale, for C;3Hg0:05,5;0.25 CeHyy (981.9): C, 16.5: H, .92, Found: C, 16.32;
H, 094,
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Thiourea Clusters of Ruthenium

4.5.7 Synthesis of Ru(CO)(n-SCNHPhNPh); (9)

Direct Synthesis: A solution af Ruy(CO)j; (40.5 mg, 0.0633 mmol) and (PhNH),CS
(86.4 mg, 0.39 mmol) in THF (20 ml) was stirred at room temperature for 7d.  The solvent
was removed and the residue redissolved in CH;Cl; and chromatographed on ALO; TLC
plates in 1:1 CHCh:CgH,; yielding in order of elution, 9 (26.6 mg, 23%) as a UV hand and 8
(5.6 mg, 11.3%) as an crange band.

Reaction of 8 with (PhNH)CS: A solution of 8 (36.2 mg, 0.046 mmol} and
(PhNH)CS (13.2 mg, 01.058 mmoly in THF {20 ml) was stirred at room temperature for 4d.
After removing the solvent 9 was isolated as a UV band by TLC (ALOs, 1:1 CH;CL:CeHy,);
(13.1 myg, 15.4%}.

Anal. caled. for C2gHzaN.O;RuS, (.25 CHCl, (632.9): C, 53.6; H, 3.58; N, 8.85.
Found: C, 53.84; H, 3.58; N, 8.90.

4.58 Synthesis of {)t:-H)Rus(CO)y(PPhy} (3,1’ -SCNHPhNPh) (10)

A solution of 3 (78.4 mg, 0.100 mmel) and PPh; (27.6 mg, 0.105 mmol) in THF (20
ml) was stirred at room temperature for 24h.  The solvent was removed and the residue
dissolved in CH,Cl; and chromatographed on TLC plates (ALOs, 30:70 CH,Cl;:CH ). Twa
major bands eluted. The first band contained compound 13 (trace). The sccond hand was
primarily compound 10 (69.9 mg, "68.7%") slightly contaminated with I1. Crystals of 10

were obtained from CH,Cl; solutions at room temperature.

Anal. caled. for CyoHaN2OpRu;PS (1018): C, 46.09%:; H, 2.67%; N, 2.75%. Found: C, 45.7%:;
H, 2.78%; N, 2.46%.

4.59 Synthesis of (1;-H)Ru;(CO}(PPhs)y (s, -SCNHPhNPh) (11}

A solution of Rus(CO);; (50.0 mg, 0.064 mmol) and PPhy (35.2 mg. 0.134 mmol) in
THF (20 ml) was stirred at room temperature for 24h. The solvent was removed and the
residue dissolved in CH,Ch and chromatographed on TLC plates (ALO,, 20:70
CH,Cl;:C4H,;). Only one major hand migrated and consisted primarily of 11 (27mg, 34%) but
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contained traces of 10. 1t was not possible to gbtain a pure sample of compound 11; a trace

amount of 10 was persistently present, therefore, no elemental analysis was carried out on 11,

4.5.10 Synthesis of Rus(CO}(p2n-CoHs)(pia-PPh:)(PPha) (R -SCNHPhNPH) (12)

A solution of 8 (48 mg, 0.061 mmol) and PPhy (17 mg, 0.064 mmol) in 10luenc (20 ml)
was refluxed for 2h forming a deep red solution, The solvent was removed and the residue
dissolved in CH;Cl; and chromatographed on TLC plates (ALO;, 30:70 CH;Cl:CeHia).
Compound 12 was isolated from a major red band located approximately half-way up the plate
(20.5 mg, 32.0%). Alematively, a refluxing, toluene solution of 11 produced 12 in

approximately the same yield.

Anal, caled. for CoHypOnRUP-S0.5CHL,CL, (1099.3). C, 47.5%, H, 2.75%.
Found: C, 47.0%; H, 2.94%.

4.5.11 Synthesis of (Jz-H)Rua(COM{p:;n*Ph,PCH,CH;PPh,)

{a,m-SCNHPhNPh) (13)

A solution of compound 8 (30 mg, 0.038 mmol) and diphenylphosphinoethane (16 mg,
0.040 mmol) in CH,Cl, {ml) was stirred for 30 minvtes. The solvemt volume was feduced to

approximately 3 ml and an cxcess of hexanes layered on top. After 24h, the product could be
collected as an orange crystalline solid (35.3 mg, 82.5%).

Anal. caled. for CagHagN20:R0:P,S(0.5CH,CL): C,47.7:H, 3.19; N, 2.39.
Found: C, 47.7; H, 3.39; N, 1.91.

4.5.12 Synthesis of Rug(jts-C0)}(COYN(pe-S)(pan-SCNHPhNPh)(is,m*-NPhCNHPh)

{14)

A solution of compound 8 (65 mg, 0.083 mmol) in cyclohexane (25 ml) was preparcd
in a pressure Schlenk tube. The tube was placed in a preheated 130°C oil-bath and allowed (o
stir for 30 minutes. Following cvaporation of the solvent, the residne was dissolved in
dichloromethane and the producis separated by preparative TLC  (cyclohexane-
dichloromethane 75:25). Elution of the solvent gave 13 (46%) as a red band and 14 as a hlue
band (5% vyield) (in order of eltion). Compound 14 was isolated from 2 dichloromethane-
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cyclobexane solution; a dichloromethane-pentane solution of 14 wt -18°C produced blue-black

x-ray quality crystals.

Anal. caled. for CﬂHlequGRU(,Sg'].OO CH2G2 0.66 Ce.Hu: C1 342, H, 195; N, 3.40,
Found: C, 34.51; H, 2.19; N, 3.47.

4.5.13 Synthesis of (1-HYRug(CO)15{jts-S) (s~ PhNCSNHPh) (15)

Direct Synthesis: A solution of Rus(CO}:2 (50 mg, 0.078 mmol) and (CsHsNH).CS
(19 mg, 0.083 mmal} in 25 m} of THF was prepared in a pressure Schlenk tube. The tuhe was
placed in a preheated 130° C oil hath and allowed to stir for 35 minutes. Following evaporation
of the solvent, the residue was dissolved in dichloromethanc and the products separated by

preparative TLC (CH,Cly/CeH, 25/75) yielding 15 as the major product (20 mg, 39%).

Thermolysis of (pg-H)RLh(CO)q(ps.n:-SCNHPhNPh) (8): A solution of 8 (34 mg, 0.04
mmol) in THF (20 ml) was prepared in a pressure Schlenk tube. The tube was placed in a
preheated 130°C oil-hath and the solution stimred for 35 minotes. Following evaporation of the
solvent, the residuc was dissolved in dichloromethane and the products separated hy
preparative TLC (CH,Cl/CsHyz, 25/75). Elution of the solvent mixture allowed the separation
of 15 as the major product. The fast-moving band contained the previously reported
compound | (po-H):Ruy{CO)s (1;-5)). The band immediately following comained 15 (13.3 mg,
46%). The remaining two bands contained in order of elution, 14 {1.7 mg, 5.6%) and an
wnidentified green compound (9.6 mg). Compound 15 was recrystallized from

dichloromethane.

Anal. caled. for CaoH 2 MN20,6R14S, (1315): C,26.5%; H, 0.9%:; N, 2.1%. Found: C,
26.97%; H, 0.78%: N, 1.50%.

4.5.14 Synthesis of (2-H)eRue(CO itsM*-SCNHPhNPh), (16)

A sotution of 15 (50 mg, 0.038 mmol) was prepared in an autoclave in CH;Clz {10 ml).
The autoclave was charged with Sbars of Hy and the solution stirred for 6 hours. Afier

releasing the pressure, the solution volume was reduced and the products separated by
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preparative TLC (CH.ClfCeH 2, 25/75). The fast-moving band contained the previously
reported compound (p; H):Rus(CO)(Us-8) (31%).  Just below was a band containing the
trinuclear complex 8 (25%). Compound 16 was isolated from a hright red band ahove the

residue (13%). Orange-red crystals of 16 were obtained from acetone:heptane solutions
(75:25) a1 -18°C.

Anal. caled for CaoHasNLO1 RSy CHCl: €, 31.9; H, 1.93; N, 3.63. Found: C, 319,
H, 2.08; N, 3.62.

4.5.15 Synthesis of Ru,(la-CO)(COMHPe-S): (CINHCHa)} (17)

A solution of Ruy(CO, (128 mg, 0.201 mmal) and (CHyNHYLCS (22.6 mg, 0.217
mmol) in THF (30 ml} were prepared in a pressure schienk tube. The tube was placed inte a
130° oi-bath and allowed to stir for 35 minutes. Following evaporation of the solven the
residue was dissolved in CHCh and the producis separated hy preparative TLC
{CHLCLICEH, 5« 25/15) yielding 17 as a dark orange band (15.5mg, 12.6%). Orange crystals

of 17 were grown at room temperature from a CH:Cl, solution.

Anal. caled. for C3HelN,0)0RusS; (820.6): C, 19.02; H, 0.98; N, 3.4]. Found: C, 20.0:
H, 1.21; N, 3.59,

4.5.16 Synthesis of {L-H)Rug{CO)s(lts-SHMeS) s *-SCNHPhNPh) (19)

A solution of 15 (30 mg, 0.023 mmol) and Me,S (0.075 mmal) in CH;CL (10 mi) was
stirred at room temperature for 7d.  Adter removing the solvent the residue was redissalved in
CH:Cl; and chromatographed on AlL;Os TLC plates in 1.3 CHyCl;:CeHi2.  The first band
contained worcacied 15 while the dark red band just helow that was contained 19 (12.6 mg,
40.6%).

Anal. caled. for CyoH,aN2055RuS83 (1353.4): C, 26.71; H, 1.34; N, 2.08. Found: C,
26.58; H, L.5(: N, 1.98.
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4.5.17 Synthesis of (- H)Rue(ily CONCO)e(ps-S) (La,n ~SCNHPhNFPh) 240.

Carhon monoxide was hubbled through a room temperature solution of compound 15
(50 mg, 0.038 mmol) in CHaCl; (0 ml). Upon exposure to CO, the solution color went
immediately from red 10 dark blue.  After 30 minutes of CO purge there remained no 15
aceording 1o IR spectra of the reaction mixture. The volume of CH,Cl, was reduced to
approximately 2 ml by a siream of CO. The remaining sclution conld be chromatographed on
TLC plates {Al0s, 35:65 CHyClL/CsH,; {CO saturated, CO atmosphere})resnliing in the
migration of 4 major bluc hand. The band was rinsed from the AkG; support with CH,Cl; inte
a CO [illed schlenk tuhe. The CH,Cl; used to isolate the substance from the TLC support was
removed by a stream of CO. The reversible natore of the CO binding did not allow thorough
remnoval of residual solvent and therefore no accurate weight of the isolated subsiance could be
obtained, Furthermore. an undelermined amount of product was lost to decomposition and
conversion back to 15, thus crystallization provided the most effective means of isolations.
According 10 the 1R spectra of the final solution, the reaclion was at Icast 90% compleic.
Crystallization of dark hlue 20 occurred from either CH,Cl;, diethylether or acctone
maintained under a CO aimosphere at -30°C over a period of 1 week, however none of the

crystals thus isolated were suitable for x-ray analysis.

Anal_; caled. for CagH |3N207Ru6S; (1343): C, 26.8%: H, 0.9%: N, 2.1%. Found: C, 25.93; H,
1.19 N, 1.84.

4.5.18 Synthesis  of  Ruy(CON(PPh:)(n;'-SCNHPhNPh)  (21)  and (-}
Rug(COYs(PPhs)(ts-8)(3,1"-SCNHPhNPh) (22)
A salution of 15 (64 mg, 0.049 mmol) and PPhs (26.8 mg, 0.102 mmol) in CgH,z (20
ml) was stirred for 24h, The snlvent was removed and the residue dissolved in CH;Cl; and the
products scparated by TLC (ALGs, 40/60 E;0/C¢Hi;. Compound 21 was isolated from a
leading yellow band (<3% yield) while compound 22 was isolated from a red-brown band (29
mg, 38.2%) located just below a faint red band consisting of the winuclear compound 12

(wrace). Crystals of 22 were grown at roam temperature from a 3:1 CH,Cly:CyHy, solution.

22:  Anal caled. for CigHisN2OysPRusS, (]55(]_-3): C, 35.64, H,1.82; N,1.81. Found: C.
3592; H, 1.62; N, 1.86.



126

4.5.19 Synthesis of (Jt2-H)Rug(CO)s(L)(Us-S){ta;*-SCNHPHNPh}; L = P(n-CH,)s (23),

P(OMe), (24), P(OPh), (25), (CH);CNC (26).

A solution of 15 (23. 59 mg, 0.045 mmel, 24; 33.5 mg, 0.025 mmol, 25; 67.4 mg,
0.051 mmol, 26; 62.0 mg, 0.047 mmaol) in a solvent (cyclohexane, CH,Cl or THF produced
similar results) (20 ml) was prepared in a dried schlenk tube. Under N; flow, a solution of the
appropriale reagent (23: P{n-CqHg)s; 12.0 pL, 0.048 mmol, 24: P{OMe)s; (3.0 UL, 0.027
mmol, 25: P(OPh)s; 14pL, (.054 mmol, 26: (CHY}CNC; 6 pL, 0.053 mmol) in the appropriaic
solvent(10 ml) was added dropwise to the siirring solution.  The solution color immediately
turncd a deeper shade of red. The reaction solution was stirred at room temperature for 4-6h,
After removing the solvent, the residue was redissolved in CH:Ch and chromatographed on
TLC plates (AL, 0s, 40:/60 Et;0/CeH 7). Compounds 23-26 were isolated from prominent red
hands located in the lower half of the TLC plates. 23; 15.3 mg, 22.8%, 24; 12.2 mg, 34.0%,
25; 53,4 mg, 65.2%, and 26: 37.0 mg, 53.0%. Samples for elemental analyscs were prepared

by recrystallization of the products from CH,Cl Jayered with an excess of hepianc.

24: Anal. caled. for CaHyN2O,aPRueS; (1411.0): C, 26.4; H, 1.50; N, 1.99. Found:
C,27.15: H, 1.58; N, 2.05.

25:  Anal caled. for C3Ha N20sPRuGS; (1411.0): C, 26.4; H, 1.50; N, 1.99. Found: C,
27.15. H, 1.58;, N, 2.05.

26: Anal, caled. for CJsHuNJO;jSzRUﬁ'O.S C-;H,f, “42()1) C, 3087, H, 206, N, 2.96.
Found: C, 29.92; H, 2.02; N, 2.96.

4.5.20 Synthesis of (1;-H)Rug(p; CONCO)is(L)(s-S) (Man*-SCNHPhNPh):

L = P(n-Bu)s 27, P(OMe); 28, P(OPh)s 29, 'BulNC 30.

These syntheses werc entirely analogous to the preparation of eompound 20. CO was
huhhled through a solution of the appropriate hexanuclear compound (23-25 and 26). After 30
minutcs the solvent volume was reduced with a stream of CO and the sohnion purificd through
preparative TLC carricd out in a CO atmosphere with CO saturated solvents.  These
compounds generally showed greater stahility during chromatography than 20, but thorough
rempval of solvent was still not passible.  Only the CO adduct of 25 {compound 29) was

isolated in a large enough quantity, of sufficient purity far the collection of analytical data.

29:  Anal caled. for CyHasNOpPS:Rus 0.5-CoHyy (1597.0): C, 36.0; H, 2.05, N, 1.69.
Found: C,36.4; H,2.11; N,1.75.
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v Summary

It was the goal of the present wark to investigate the reactions of some sulfur-
containing molecules with the group VIII trinuclear metal carbonyls and 1o explorc the
reactions of some well-characierized tri- and hexanuclear ruthenium clusiers containing the

diphenylthioureato ligand.

Tt has been shown that the cyclic thioether 1,3,5-trithiacyclohexane (ttch), reacts
differently with each of the group VIII trinuclear metal carbanyls, M,(CO}),; (M = Fe, Ru, Os).
Reaction with Fe:(CO);; results in fragmentation of the starting cluster and C-S bond cleavage
of the tich to produce the dinuclear species, Fea{ilz, 1 -SCH:SCH:SCH;) (1). In compound 1,
the ttch ligand is bound ta the two Fe atoms in a yy-made through one S, and with o-bonds
involving anather S and a C atom. The same dinuclear compound has been isolated from
reactions of Fe(CO)s with uch.™ Triruthenium-dadecacarbany! reacts with ttch under slightly
more mikl conditions with substitution of one CO on cach Ru atom to yield the trinuclear ttch
capped cluster, Rus(uz-CO)(CO)s(s,1’-S:CsHe) )™ X-ray strucwaral analysis of this
praduct shows the intact tich is hound to the Ros framework through three Ru-S bonds. The
resulting higher electron density at the cluster core is compensated by the formation of three
bridging carbonyl groups. Different yet, in room temperalure reactions, triosmium-
dodecacarhonyl substitutes only ane CO group to form an Os-3 6-band with the tich, to give
the substitution product Oss{CON{S;C3Hs) (5). I MesNO is used in the osmium reactions,
then C-H bond activation occurs to a limited extent, to produce the cluster {L»-
H)OSJ(Co)g(p_‘,,ﬂ?-SCHzSCHzSCH) )} The previously identified clusier  (us-
H)Os5:(CONo{l2-OH) (6)™ is found as a side-praduct i the reaction with Me;NQO. These

reactions and their correspandiog products are outlined in Figure 35.
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Hz/s, CHe
M= Fe \Z “S_\_\F/
M3(CO)12 + S3C3Hs _— A g

Figure 35: Reactions of My(CO);2 (M = Fe, Ru, Os) with 1,3,5-trithiacyclohexane.
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The question of carhonyl fluxionality in trinuclcar, binary transition-metal carbonyl
clusters became relevant with the advent of high resolution nuclear magnetic resonance
techniques. An established theory describing the mechanism by which this fluxipnality
proceeds is the “merry-go-ronnd” process.™ This thcory postulates intermediate stages in the
intramolecular exchange of CO groups among metal atoms of a cluster involving bridging
carbonyls. The molecular structure of 2 reveals a set of three bridging carbony! gronps and
two sets consisting of three termimal groups each, and models the postulated bridging
intermediate.  Changes in the ¥ NMR spectra with temperature, indicated that 2 was
undergoing CO exchange via the “merry-go-round” process. Rate constants and activation
parameters for this process in 2, were obtained from detailed variable temperature °C NMR
experiments, while the types of transition states cmployed in the fluxional process were
provided by variable pressure ’C NMR results,*® Changes in the exchange mechanism due to
alterations in the ligand envelope were investigated hy substitution of an axial carbonyl group

with the two-clectron donor t-butylisonitrile to give the closter Rua(ds-

CON{COY{'BuNC)p3,n*-$:1CsHs) (3), and carrying out the same experiments.

The NMR determined rates for CO exchange in 2 and 3 show a slower process in the
‘BuNC substituted cluster. This result ¢an be rationalized by acknowledging the better o-
donor and weaker T-acceptor propertics of ‘BuNC, which ultimatcly stabilize the CO-bridged
ground-state of 3 relative to that of 2. On the other hand, the aclivation volumes determined
for 2 and 3 can be considered equal to within experimental error and offer no comparisons
among themselves. However, by comparing the resnlts for 2 and 3 with those obtained in
similar experiments wsing the tetranuclear Ir clusiers Tta{it-CONCOYs(ta, - 5:C3He) and
Ir{COYs(M3,1*-$3C:He),™" it is possible to propose a transition state of the merry-go-round
for clusters 2 and 3 with a geometry closer to the limiting dissociative case. That is to say, an
intermediate consisting mostly of «crminal CQ groups is implied. These resuits are illustrated

graphically in Fignre 36.
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Figure 36: Volume profiles for the merry-go-round process a} in Ire{COJo{py 1°-$:C3He) (+ =

¥} and Y in 2 and 3 {> = Ru). Only the basal face of 1he Ir clusier is shown: r.c. = reaction
coordinate,

A derivative of the ligand tich was prepared by substitming one of cach of whe
methylene hydrogens with benzyl groups 1o give 2,4,6-tribenzyl-1,3,5-trithiacyclohexane. This
new higand was then reacted with Rus(CO)e, producing the p; capped cluster Rus{pz-
COY{(COYs{ 3, 17-S3(CHCH:CeHs)s) (4}, which exhibits better solubility in commen organic
solvents as compared to 2. Single-crystal X-ray structural analysis of 4, shows the ligand to
bind to the Ru; skeleton in a manner entirely analogous ta 2, with only slight changes in Ry-Ru
or Ru-§ bond lengths. One of the methylene hydrogen atoms on cach of the benzyl groups, if
placed in appropriately calculated position, approaches the oxygen atom of the bridging
carbonyl group direcily beneath &, at a distance which implies a significant hydrogen bonding
interactinn. In determining this interaction, it was realized that the oxygen atom of the acetonse
molecule which crystallized with d, displays a significant interaction with the apical hydrogen
atoms remaining on the S;Cs ring.  Fortherimore, an intermolecular hydrogen-bonding network
was found in the crystal lattice of 4. The phenyl hydrogens of the pendant benzyl groups were
found 1o ineract with the carbonyl oxygens on bridging CO groups of neighboring molecules.

A praphical representation of 4 is presented in Figure 37. Reexamination of these types of

\1

w—

[y
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contacts in 2 show a similar network, but for 2 the atoms involved are the methylenc protons

of the ttch ligand and the oxygen atoms of the bridging carbonyl groups.

CHoPh

PhH.C
CHyPh

‘R\/|

Figure 37: Graphical representation of 4.

U

Investigations into the reactivity of the previously isolated, trinuclear ruthcnium cluster
(ug-H)Ru;(CO)g{pa,Tf-SCNHPhNPh) (8), comprise the sccond part of this work, The cluster
8, is obtained from room temperature reaction of Rus{CO)y with (PhHN):CS and contains a
Ha,n’-diphenylthioureato ligand spanning the Ru; framework, The § atom is pr-bridging while
the N is hound in a ferminal fashion. A bridging hydride spans the S-bridged Ru-Ru bond. ™

Reactions of 8 with excess diphenylthiourca result in binding of additional
diphenylthioureato ligands with closter fragmentation lo pive the meononutlear complex
Ru{CO);(SCNHPRNPh); (9). Complex 9 contains the somewhat unusual feature of bidentalc
diphenylthiourcato ligands. Compex 9 is shown graphically in Figure 38,

Pv P A
A

\Rl/ . (HPhN)2CS 0C.. L -Ph
{ / I~ 20°C oc~ \}:-Ph
|

4 Ph’N‘H
8 9

Figure 38: Reactions of 8 with excess diphenylthiourca.



134

Substitution of CO ligands on 8 with the two-electron donor ligand PPh: was
straightiorward and took place under relatively mid conditions. Ome ar 1wo cquivalents of
PPh; resulted in suhstitution at one or both sulfur-bound Ru atnms respectively, to yield the
clusters (|,l1—H)Ru;(CO);(PPhJ)(_u;,T]l-SCNHPhNPh) 10) and  {U-H)Rus(COR(PPhs):
(p;.nz-SCNHPhNPh) (11), wherein the phosphine groups are located cis 10 the bridging sulfur
and bridging hydride aloms. A crystal struciure determination of 10 showed phosphine
substitution of a single CO group produces changes in Ru-Ru and Ru-H-Ru band lengths but
has little effect on the diphenylthioureato lipand. Thermaolysis of the disubstituted cluster 11 in
tolvene, caused P-C bond activation, forming the trinuelear cluster Ruy(CO)s(p,n2-CoHs) (M2
PPhy){(PPhs)(H3.n-SCNHPhNPh) (12) in good yield. Cluster 12 provides only the second
example of a g-a-bridging phenyl group in cluster chemistry. The difunctional phosphine
tigand dppe, also replaces equatorial CO groups on the two S-bound Ru atoms of 8 with o-
honds to the P atoms producing (Mz-H)Rus{COs(2.1’-PhsCH2CHaPPhy (U5, - SCNHPhNPh)
(13). A crysial structure determination of 13 shows a trinuclear cluster wherein the
symmetrically bonded dppe ligand has no effect on either the Iramework hond lengihs or the
diphenylhioureato ligand. The mirror plane symmetry preseni in the Starting cluster 8 is

slightly perturbed by the zigzag nature of the P1-C14-C15-P2 linkage. These substitution

rcactions of cluster B are summanized in Figure 39-40,



8
PPha\THF (66°C)
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Figure 39: Reactions of (1t-H)Rus(CO)(ps,n>-SCNHPhNPh) (8) with PPh;.
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Figure 40: Reactions of (- HYRus(CO)s(13,n-SCNHPhNPh) (8) with
diphenylphosphinocethane (dppe).

Thermolysis reactions of 8 resulted in several products, two of which were successfully
characterized through single-crystal X-ray structural analysis.™"*?% These are hexanuelear

clusters, each containing diphenylthiourcato ligands in combination with other ligands.

The first is a low-vield product which falls into the categuery of hexanuclear Ru boar-
typc clusters, and was identified as Rus(i-CO)A COVra(pLe-S)(ts,n*-NPHCNHPh)
f103,°-SCNHPhNPh) (14). Its molecular structure (see Figure 41) shows a square base of
four Ru atoms capped with a |1,-5, and bridged on opposite edges by two additional Ru atoms.
Onc triangular Ru; substructure is spanned hy a diphenylthioureato ligand, p;-bridging through
the S and terminally bound through the N and lying on the side of the metal framework
opposite to the pa-S. Stil on the surface opposite to the |L-S and spanning the other
triangular Rus subsiructure is & diaminocarbetie fragment, wherein the N atom hridges two Ru
atoms and the C is terminally bound. Thc presence of these two comparatively large ligands
causes the triangular substructurcs to bend up relative to the Rug plane, resulting in the boar-
like arrangement of the Rug skeleton. A bridging carbonyl grovwp spans each of the tonds
connecting the triangular substructures while terminal groups complete the coordination sphere
of the remaining Ru atoms.  In combination with the carbonyl groups, the ligands donate 46

electrons to the clusier, two in excess of the numher needed for a cluster with this polyhedral
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arrangement. The electron excess is most likely respansible for the longer Ru-Ru edges.
Recently, these clusters are found more often in the final reaction mixtures of thcrmolyses of

lower nuclearity clusters.

The second compound identified from thermolysis reactions of 8 is the principal
product and was identified as the hexamuclear Ru cluster (H-H)Rug(CO)6(us-S)(pa, -
SCNHPHNPh) (15) (sce Figure 41). This hexanuclear cluster also consists of a planar Ruy
base in which each Ru atom is bound to a capping S atom and oppasing edges arc bridged by
additional Ru atoms. One diphenylthioureate ligand was identified in the molecular structure
of 15, As in cluster 14, the diphenyithiourcato ligand spans one of the Rus substructures in a
us, 1 -fashion, on the side of the cluster framewark opposite ta the capping 8. The remaining
triangular substructure contains only a bridging hydride spanning the Ru bridged edge of the
square base. This bridging hydride provides no steric interaction for the diphenylthioureato
ligand, thus, the diphenylthioureato-bonded triangular substructure is planar with ihe Ru,
square base. In cantrast, the apical Ru atom of the remaining Rus triangular substructurc
farms an angle of 90° with the square base, which in turn allows for a bond between it and the
capping sulfur, resulting in a ps-S and an overall framework geometry resembling the sofa
confarmer of cyclohexane. 1If the Ws-8 is considered as a six-electron donor and the
diphenylthioureato ligand as a five-electran donor, then together with the hydride, the carbonyl
ligands, and the six Ry atoms, 15 cantains 92 electrons. For a hexanuclear cluster containing
eight metal-metal bonds 92 electrons arc required, unplying 15 is electronically saturated.
Howcver, onc of the Ru-Ru bonds cennecting the twa triangular substructures is quite lang
and leaves open ta question, the possibility of an unsaturated 92-electron cluster with six Ru
atoms and only seven mctai-metal bends. Cluster 15 represents not only the sale published
example of a hexanyclear Ru cluster displaying a sefa-like skeletal arrangement, but also the

first cxample of a pentacoordinate § atom spanning five mutually banded Ru atoms.

A mechanism for the formation of the hexanuclear clusters 14 and 15 is suggested.
Since botk these species are isolated from thermoalysis reactions of the trinuclear cluster 8, it is
proposed that 14 is the product of condensation of twa maolecules of 8 with C-8 bond cleavage
at onc of the diphenylthioureato ligands, resulting in the |1,-S and the diaminocarbene Ygand,
which both band to the hexanuclear cluster. The cluster 14 then goes on to eliminate the

diaminacarbene fragment, causing the apical Ru atam to form a fifth bond to the capping sulfur
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1o give 15, The conversion of 14 1o 15 could only be realized in very low yield, a result which

docs not completely rule out the proposed mechanism.

Exposing the hexanuclear cluster 15 ta § bars of H, pressure for approximately six
hours, results in formation of a hexanuclear cluster containing diphenylthioureata ligands and
several bridging hydrides. A combination of X-ray structural analysis and NMR decoupling
cxperiments gave the exacl molccular formula as (|,11-H)5Ru5(C0)14(1,13,T]z-SCNHPhNPh); (16}
(see Figure 41). The framework geomeiry of 16 is again a square base, bridged on apposing
edges by two additional Ru aioms, however, this hexagonal arrangemeni of Ru atoms is now
perfectly planar. The Rus triangular substruciures arc spanned by a1 -diphenylthioureato
ligands, ecach bound in a ceatrosymmetric fashion to opposite sides of the Rug plane. Four
bridging hydrides were located in difference Fourier maps during refinement of the crystal data.
Twao additional bridging hydride atoms were identified in '"H NMR spectra of 16, These were
positioned according 1o their coupling interactions and symmetry requirements indicated in the
NMR specirum.  As stated above, a Rug cluster requires 92 electrons, if eight metai-metal
bonds are assumed. In combination the diphenylthiourcato ligands, the carbonyl groups and
the hydrides, provide 44 clectrons and with the Ru atoms the clectron count is 92, Similar 10
the situation in cluster 15, the exiremely long Ru-Ru bonds which connect the two trinuclear
substruciures are necessary 1o relieve what would otherwise be unsaturation, In fact the
formation of 16 is believed to result from the oligomerization of twa highly unsaturated

trinuclear fragments produced upon hydrogenaton of 15.

Clusters 14-16 arc assembled in Figure 41 and represent a series of structural variations
in hexanuclear Ro clusters cantaining diphenylthioureato ligands. Each cluster has assumed a

framework geomctry which hest allows it t0 accommodate the muitiply bridging ligands
honded to it.
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Figure 41: Graphical representation of the three hexanuclear clusters 14-16 showing different
framework gecometries.
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Anticipating a hexannelear boat-like cluster, thermolysis reactions of the wrinvclear
dimethylthionrca analogue of §, (Ur-H)Ru;(COYW3,n-SCNHMeNMe), were camried out.
Although traces of a hexanuclear specics were found in the final reaction mixture, the major
product of these reactions was the tetranuclear eluster Rug(pa-COYR(CO)(11-SHC(INHMe,),)

(17). Structural analysis of this product identificd the number of diaminocarbene ligands
present as one, This cluster is dlustrated in figure 42.

PhyH

oaa

Figure 42: Thermolysis reactions of (Hy-H)Ru3(CO)o{ua,n*-SCNHMeNMe) 1o produce cluster
Rus{p2-COWCO)(a-SHCNEMe,):} (17).

Pursning the possibility nf reactions at the naked sulfur in cluster 1S, several attempts
were made to add Lewis acid-type species at this site. None of the reagents vsed suecceded in
adding to the eapping sulfur. In resctions of 15 with differemt sources of BH;, the reagemt was
shown Lo behave as a hydrogen source, producing unsaturated intermediates which underwent
oligomerization (o relicve their clectron deficiencies. In contrast to reactions with molecular
hydrogen however, the portion of 15 spanned by the diphenylthiourea ligand was not involved
in the oligomerization. In this instance, unsaturated trinuclear sulfur-capped species were
generated which combined to produce the previously isolated {Ruy(COM(-S))s (18)1%%,
When the source of BHy used was the adduct Me,5BH;, then carbonyl substitution of 15 was
alsp ohserved to give the product (Ha-H)Rug(CO)s(Me;S)(s-S){(s,n'-SCNHPhNPh) (19).
This same product was found in reactions of 15 with Me;S. The site of suhstitetion was later
confirmed by X-ray structoral analysis of the t-butylisonitrile derivative. The reactions of 15
with these various reageots are ontlined in Figure 43.
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Figure 43: Reactions of 15 with sources of BHi and Me,5.

In manipulations of 15, it was realized that even a slight excess of CO caused the
formation of a deep blue species with ap IR indicating structural difference from 15. By
passing CO through solutions of 15 for short periods of time, this hlwe species could be
generated almost quantitatively. If the blue solution was left under an N; atmosphere,
quantitative conversion back to 15 occurred. Preparative TLC under a CO atmosphere could

be psed 1o isolate the blue compound, but the highly reversible nature of the reaction left direct
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crystallization as a more productive route. Unfortunately, none of the crystals produced in this
manner were of X-ray quality and so definitive identification of the bluc species was not
possible. Through speetral analysis (IR, '"H NMR and FAB-MS) as well as analytical data
{clemental analysis), a simple addition of CO across one of the longer Ru-Ru bonds of 15 to
produce the cluster (urH)Rus(uz-CO)(CO)m(u,-S)(u;,n’-SCNHPhNPh) (20) is offered. A
graphical ropresentation of this product is presented in Figure 44, The cluster 20 is most likely
a hexanuclear Ru cluster with seven metal-metal bonds and a bridging CO group. The
combination of ligands in 20 provide 46 clectrons and allow for an slectron count of 94. The
ease with which 15 and 20 interconvert indicates that the potential energy surface along the

reaction coordinate {15 «» 20) has a very low barricr.

Figure 44: Proposed addition of CO to 15.

Oftentimes, a simplc substitution of CO with an altemative two-electron donor
produces an isoelectronic species which will crystallize more cfficiently than the parent
compound, With this in mind, a serics of derivatives of 15 were prepared, hoping that they too
would display reversible CO binding hut generate X-ray quality erystals. While a slightly more
stable CO adduct was discovered in the phosphite derivatives, some interesting differences in

the behavior of 15 towards the various iwo-¢lectron donor ligands was also found.

In room temperature reactions of 15 with PPhs, the monosubstituted derivative was

isolated but two other products were also present in non-negligible quantities. The first was
the trinuclear cluster Ru;(CO)ﬁ(j.lz-CGHf.)(le-PP]‘lz)z([.-l:,T]I-SCNHPh.NPh) {12} (sec Figure 39),
isolated in thermolysis rcactions of (U-FDRuy{(COM(PPhy)s(uy 1 -SCNHPhNPh) (11). The
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second was a dinuclear compound of the form, Rux(CO)i(PPhy);(ts,n -SCNHPhNPY) (21)
(see Figure 45). These two specics further suggest the multitude of reactive intermediates
available from 15. The third product was characterized through a single-crystal X-ray
structural determination as (Ua-F)Rus(CO)is(Me:S) (Us-S)ps,’-SCNHPhNPL) (22).  The
moleenlar strueture of 22 shows substitution of a CO group on the ps-S bound Ru atom

occupying the apical position. The diphenylthioureato lipand remains undisturbed by this
substitution. The bridging hydride however, cxperiences a different chemical environment as
evidenced by the downficld shift in its "H NMR sigual.

'
N w N
,l,J\’- ‘T.\——-él‘i PPh3 Phgp—ﬁ —_— u—PPhs

H—ﬂ\?]_\’/ﬁ'{)—"h r‘N\Ph

15

Figure 45: Reactions of 15 with PPh; and the subsequent reaction of 22 with CO.

Low-temperature NMR spectra indicated the presence of iwo isomers of 22, These are
believed Lo differ anly by a rotation of the PPh, ligand. At the metal framewaork itsclf, one

observes significamt changes in Ru-Ru bond lengths. Onc of the Ru-Ru bonds between the two
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triangular substructures clongates hy approximately 20 pm. This opening-up of the cluster
framework changes the chemical cnvironment experienced by the bridging hydride. Moreover,
ihis result shows the weak nature of this metal-mctal interaction in 15. The change in the
skeletal structure of the cluster no Jonger allows for reversible binding of CO. Exposing 22 to
one atmospheres of CO resulted in limited reaction, wherein the major product was the

irinuclear cluster 8. The reactions of 15 with PPh; are outlined in Figure 45.

Carbonyl substitution at an allernative metal center in 15 occurs in the presence of any
of the iwo-electron donor ligands P(n-Bubs, P(OMc)s, P(OPh); and 'BuNC (and Me,S as
mentioned previously) to produce the compounds (Hz-H)Rug(COYys
{(P(t-Bu)a){uts-8){s " -SCNHPhNPH) (23), (ua2-H)Rue(COYs(P(OMe)(1s-5)
(U3 MP-SCNHPANPhR) (24), (Po-H)Rue(CO)1s(P(OPh)s) (0s-S)(ja,n>-SCNHPhNP) (25). and
(12-H)Rug(C O) s BUNC){s-5){(a,n*-SCNHPhNPh) (26). An X-ray structural determination
of 26 confirmed the site of substitution at the apical Ru atom of the diphenylthioureato
spanned triangular substructure of 15. The Ru-Ru bond lcnglhs as well as the structural

features of the diphenylthiourcato igand show litte change from those of the parent cluster 15,

These reactions are shown in Figure 46.

Ph

L =P{n-Bu)3(23)
= P{OMe)3(24)
= P(OPh)3 (25)
=t-BuNC (26)
Figure 46: Reactions of 15 with P(n-Bu);, P(OMe};, P(OPh); and 'BuNC.
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The monosubstituted products 23-26 display the same tendencies toward addition of .

CO as that observed for 15. That is to say, exposing a solution of any of 23-26 to CO, caused
formation of a blue species showing a similar IR spectrum with a veo in the bridging carbonyl
region. All these blue species were converted easily back to their respective monosubstituted
starting clusters. The n-butylphasphine derivative was the least stable of the CO adducts while
the phosphite derivatives were stable enough that they could be effectively purified with
preparative TLC (provided the eluting solvent was CO saturated and a relatively high
concentration of CO was maintained in the TLC cuvette). The t-butylisonitrile derivative
could also be purified with preparative TLC, but two blue species were abserved, only one of
which was stable enough to characterize. As for 20, crystallization was possitle but no X-ray
quality crystals could be obtained. However, FAB-MS and elemental analysis of the
triphenylphosphite derivative show resulis amalogous to those obtained for 20, thus, the
following molecular formulas for the products, 27-30, are proposed; (u-H)Rug
(1z-CONCONs{ P(n-Buks Hps-S)4ta >-SCNHPHNPR)  (27), (o H)Rug(ps-COXCOMs
{P(OMe)s Hits-S){1ts,n*-SCNHPhNPh) (28), {(1z-HIRug(pz-CONCO)s{ P(OPh): Hpus-8)(Ha, 0’
SCNHPhNPh) (29) and (po-HIRug(Uz-CONCO) s BuNC)(Us-S)(a,n>-SCNHPhNP) (30). A
general representation of 27-30 is presented in Figure 47,

3 3
Hﬁ:}\ p N A _ .@. L’( /
Y@@; = Pk
PK\H F’a\H

L = P(n-Bu)3(27)
= P(CMe}3(28)
= P{CPh}3(29)
=t-BuNC (30)

Figure 47: Basic structure of clusters 27-30.
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Résumé

Le but de cette étnde é&tait d'étndier les réactions des molécales contenant du sounfre
avec les clusters trinncléaires carbonylés des métaux de transition du huitigme gronpe ainst que
de caractériser les réactions de certains clusters de ruthénivm hexa- et tri-nncléaires et

contenant le ligand diphénylthiourea.

La premiére partie de ce itravail est consacrée anx réactions du thioéther cyclique,
1,3,5-trithiacyctohexane (tich) avec les carbonyles trinucléaires M;(CQO)yy (M = Fe, Ru, Os).
La réaction de Fes(CO)y; avee tich résulte principalement 3 une fragmentation do cluster
otiginal ainsi qu’'3 une activation de la Liaison C-S de ttch et produit le composé dinucléaire
Fea(COY(pa, -SCH,SCH, SCH,) (I). Dans le composé 1, fe ligand du tch est L€ par uns
Liaison [;-S et par des laisons simples avec un autre atomc de soufre ainsi qu’avec I'atome de
carbone A cité. Le méme composé a 616 isolé par des réactions de Fe(CO)s avee du ttch ™
Le dodécacarbonyle de trirathénium réagit avec le tich sous des conditions plus douces avec
substitution d’un groupe carbonyle de chague atome de ruthénium, afin de produire le cluster
trinucléaire, Rus(1t2-CO}(CO)(tsm’ S:CsHs) (2).™ Une analyse structurale par rayons X du
produit 2 montre que le ligand tich intact est 1ié & I'ossature du Ruy par trois liaisons Ru-S. La
densité plus élevée an noyau de cluster qui en résulte, est compensée par la formation de trois
groupe carbonyles pontés. Dans les réactions 3 température ambiante le triosmium
dodécacarbonyle substitue un groupement CO seulement, en créant une liaison simple entre
I'osmium et le soufre afin de produire Os(COM(S3CaHe) (5). Au cas odl Je MesNO est ntilisé
dans les réactions de Os;{(CO)2, une activation limitée de la liaison C-H produit le cluster (py-
H)Os(CO)(sn*-SCHSCH,SCH) (7). Lo cluster (- H)OS(CONa(uz-OH)™”  (6),
précédemment identifi€ est uo produit secondaire de la réaction avec le MesNO. Ces réactions
ainsi que les produits correspondants sont présentés 2 I'illnstration 35.
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Figure 35: Les réactions de M3(CO);» (M = Fe, Ru, Os) avec tich.
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La question de la fluxionalité des carhonyles dans les clusters carbonyles trinucléaires s'est
posée avec I'arrivée de la résonance magnétique nucléaire de haute résolution. Une théorie établie
décrivant Je mecanisme de cette fluxionalité est celle du procédé dit “merry-go-round” ™ Cetre
théorie postule des élapes mtermédiaires & I'échange intramoléculaire des groupes CO euntre les
atomes métalliques d’uo cluster qui contient des carbonyles en pont. La structure moléculaire de 2
révele une série de trois groupes carbonyles pontants ainsi que deux séries qui chacune consiste de
trois groupes carbonyles terminaux qui sert de modale pour D'intermédiaire poaté postulé.™* Les
changements de spectre RMN en fonction de la température indiquent que 2 subi uo échange de CO
en suivant le procédé “merry-go-round”. Les constantes de vitesse ainsi que les paramétres
d’activation de ce procédé pour 2 out été obtenus i travers des expériences C RMN 2 pression
variable.™ Les changements du mécanisme d’échange dfi & des modifications de la sphire des
ligands omt &é étudiés par substitution d’un groupe carbonyle axial avec le donneur de deux
glectrons, t-butylisonitrile, afin de produire I cluster Rus(pp-CO)(CON('BuNC){1ts,n’-8:C5Hy) (3),

et en réalisant les m8mes expériences.

Les constantes de vitesse pour I'échange des groupes CO de 2 et 3, détermindes par RMN,
indiquent un cours d’échange plus leut pour le cluster 3 qui contient le ligand t-BulNC.
L’abaissement de Ia coustante de vitesse pour I'échange des groupes CO de 3 vieot des meilleurs
proptiéiés o-donneurs du ligand t-BuNC ainsi que de ses propriétés m-accepteur plus faible, Ces
caractéristiques rendent I'état non-excité, avee les groupes CO pontantss de 3, plus stable comparé
au méme état de 2. Par countre les volumes d'activation déterminés pour les clusters 2 et 3 doivent
&ure considéres comme &tant égaux dans la Emite d’erreur expérimentale. En comparant les volumes
d’activation des composés 2 et 3 4 eux obtenus lors d'une expérieoce analogue en utilisant Je cluster
11’((:0)9([].3,1']3'S;C}Hﬁ).u” il est possible de proposer un état de transition pour le “merry-go-round”
de 2 et 3 ayani un géométrie plus proche du cas limité dissociatif. Ces résultats son présentés a la
figure 36.
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Figurc 36: Les “volume profiles” pour lc processus “merry-go-raund” de a) [ra(CON(usn’ -
53C3sHeg) (* =1Ir) et b) pour 2 et 3 (s = Ru).

Un dérivé du ligand nch a &€ préparé par substitition d'un de chaque hydrogdne méthyline
avee les groupes benzylique en donnant 2,4,6-tribenzyl- 1,3,5-trithiacyclohexane. Le nouveau ligand
réagit avec le dodécacarbonyle de tricuthénium afin de produire e cluster Rus(iz-CO)(COYs{ ptan*-
(SCHCH:CsHs)3) (4) qui contient le ligand de ttch substitué 1i€ de la méme fagon 13 que le cluster 2
(Fig. 37). Le cluster 4 est plus soluble dans les solvants organiques typiques (CHCly, THF, ctc.)
compard 4 2. La délermination de la structure moléculaire de 4 par rayons X indique trés peu de
changement de la longueur des liaisons Ru-Ru ou Ru-S quoique le ligand soit rattaché a 1'ossature
Ruy d'une manitre analogue & 2, La distance cntre un des atomes hydrogiee des groupes
méthylines et I'atome d'oxygdne du groupe CO siwé dircctement dessous indigee 1a formation d'une
liaison hydrogdne importanie. En déterminant cette intéraction i a ét€ réalis€ que I'atome d’oxygéne
de la molécule d'acélone qui se trouve dans la maille &lémentaire interagit avec les hydrogénes
apicaux de I'anneau 8;C;. De plus un systéme de liaisons hydrogéne intermoléculaire a €€ trouvé
dans le résean cristallin de 4. Ces intéractions intermoléculaires se passent entre les hydrogénes
phénylique des groupes benzylique et les atomes d'oxygéne CO apparticnnent 3 une molécule

voisine. En ré-cxaminant les contacts ntermoléculaires de 2, un réseau similaire a 61€ trouvé, Pour
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le cluster 2, ce sont les hydrogénes méthlyléniques du ligand tech qui interagissent avec les atomes
d’oxygenes d’un groupe CO ponié.

PhH,C
2 JCHgPh

Figure 37: La representation graphique de 4.

Dans 1a deuxidme partie de cette thése quelques réactions du cluster trinucléaire de
ruthénivm, (M-H)Rus(CO)s{tsm>-SCNHPhNPh) (8), ont &é étudites. Le chuster 8 a été
précédement isolé A partir des réactions a température ambiante avec le Ruy(CO)yz et Je (PhHN)LCS.
L104 e cluster contient un ligand ps,n’-thiouréato pontant une ossature métallique triangulaire.
L'atome de soufre du ligand lie deux atomes de ruthénium alors que "atome d’azote ¢st coordonné

d’unc manitre terminale au troisitme atome de Ru. Un bigand hydrure traverse la liaison Ru-Ru qui

contient le pont soufré.

La réaction de 8 avec un excks de (PhHN),CS 3 température ambiante aboutit i une
fragmentation du cluster original pour produire le complexe mononucléaire Ru{CO):(SCNHPhNPh),
(9). Le complexe ¥ contient de ligands bidentés thiouréatos e est présenté dans la figure 38.

Pv | Ph\N,H

/ (HPhN)2CS OC.. i h
. " 20c oc~” L'U\I—Ph

N

Pr H
8 g

Figure 38: La reaction de 8 avec un excds de diphéoylthicurea.
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La substitution des groupes CO de 8 par le ligand PPh; a €€ simple et directe. Les réaetions
de 8 avec un ou deux équivalents de PPh; ont donné le produit mono- ou disubstitué respectivement,
{12-H)Ruz(COY(PPhy) (13, 1-SCNHPHNPR) (1) et {ho-H)Ru(CO)#(PPhy)z(pis mZ-SCNHPhNPh)
(11), dans lequel les groupes PPh; sont situés aux atomes de ruthénium pontés par le soufre. Une
détermination structurale par rayons X du cluster 10 montre que la substitution d'un groupe CO par
une phosphine n’a aveunc influence sur Je bgand diphénylthioureato quoique elle modifie les
longueurs des liaisons Ru-Ru et Ru-H-Ru. La thermolyse du cluster 11 disubstitu€ daus du tolugne
cause l'activation de la linison P-C en formant le clhuster trinucléaire Rus(CONs(lta-Cels)(pa-
PPhy)2{tisP-SCNHPhNPY) (12) avec un bon rendement. Le cluster 12 est ke second exemple d'un
groupe phénylique ponté de fagon “o-n” dans la chimic du ruthénium. Le ligand de phosphine
bifonctionnel dppe remplace les groupe CO équatoriaux qui sont rattachés aux deux atomes Ru,
pontés par un soufre, de la molécule 8 par une laison simple avec les atomes de phosphore en
produisant {p-FYRus{COY (a0 -PhyPCHCH:PPhs) (3,1 -SCNHPhNPh) (13). Une détermination
structurale de 13 moutre un cluster trinucléaire dans lequel le ligand dppe qui est lié symétriquemcnt
n'a aucun effet ni sur la longueur des liaisons métalliques ui sur le ligand diphénylthioureato. La
symétrie par rapport au plan miroir du ¢luster 8 est modérément perturbé par la nature “zigzag” de la
chaine P1-C14-C15-P2. Ces réactions de substitutions du cluster 8 sont présentées a la figure 39-40.
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Figure 39: Les réactions de 8 avec le PPh,.
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Figure 40: La réaction dc (8) avec diphénylphosphinoéithane (dppe).

Les réactions de thermolyse de 8 oat donné plusieurs produits parmi lesquels deux
clusters o é1€ caractérisés par une analyse structurale aux rayons X."""*'% Ceux-ci sont des
clusters hexanucléaires chacun contenant un bgand diphénylthioureato en combinaison avec

d’autres ligands.

Le premier est un produit de bas rendement qui appartient 3 la catégoric des clusters
hexanucléaires du ruthénium de type bateau et a £té identifié comme étant Rug(fts-
CO):(CO).4(p4-S)(p.g,nz-NPhCNHPh)(u,,n‘-SCNHPhNPh) (14). Sa structure moléculaire
{voir Hlustration 41) montre une base carré dc quatre atomes de ruthénium coiffée par un We-5
et ponté sur les extrémités opposés par deux atomes de ruthénium additiornels. Une
substructure triangulaire Ru; est liéc sous forme de pont par un thigand pien’-
diphéaylthioureato qui se tronve au cité apposé de I'ossature Rus. De plus, sur la surface
opposéc A Ha-8 se trouve ua fragment diaminocarbdne qui lie sous forme de pont I'autre
substructure triangulaire Ru; de fagon yt3-n®. La présence de ces ligands qui sont relativement
grands a comme effet de plier les subsiructures triangulaires par rapport au plan Ruy en
résultant a 'arrangemeat de type bateau du squeleite Rus. Un groupe CO lie les deux liaisons
Ru-Ru les plus longs alors que des groupes CO terminaux compléteat la sphére de
coordination des atomes Ru restants. En combinaison avec les groupes CO Jes igands Jonnent

46 Electrons au cluster, denx de plus que le nombre nécessaire pour ua cluster avec cet
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arrangement polyhédral. L'élongation des liaisons Ru-Ru pontées par les CO est prabablement
due a I'excds électrons. Récemment ces clusters sont trouvés plus fréquemment dans les

produit finaux des réactions de thermolyse des clusters i basse nucléarité.

Le second composé isolé par des réactions de thermolyse de 8 est le produit principal
et a €t€ identifié comme étant le cluster hexanucléaire de ruthénium {pa-HYRug(CO)s(ps-
S)(u;,n’-SCNI—IPhNPh) (15) (voir illustration 41). Ce cluster hexanucléaire a une base plate
de Ruy également dont chaque atome de ruthénium est lié avec un soufre coiffe alors que les
extrémes opposts sont pontés par des atomes de Ru additionnels. Néanmoins un seul ligand
diphénylthionreato a é1€ identifié dans la structure moléculaire de 15, Comme pour le closter
14, le ligand diphenylthioureato est Lié & une des substructures Rus; de fagom Ms-1)%, 3
Textrémité de la structure du cluster opposée au soufre coiffé, La substructure triangulaire
restante contient un seul hydrure qoi ponte les deux ruthémum, déjd pontés par un autre Ru, de
la base carrée. Le hydmre ponte ne montre pas d’intéraction avec le ligand diphénylthioureato,
¢est pourquoi Ja substructure triangulaire lide par le ps-n’-diphényhhiouréato se trouve sur le
méme plan. Par contre I'atome de ruthénium apical dc la substructure triangulaire Rus restante
forme un angle de 90° avec 1a base carrde, en formant une liaison entre cet atome et le soufre
coiffé, avec comume résullat un ps-S et ume géométric de l'ossature qui ressemble la
conformation sofe de cyclohexane. Si le s-S est considéré comme un donneur de six
électrons et le ligand comme un domneur de cing électrons alors en tenant compte de I'hydrare,
des ligands CO ainsi que des six atomes de ruthénium 15 contient 92 électrons. Ponr un
cluster hexanucléaire avec hnit liaisans métal-métal 92 électron sont requis; ¢eci impligue que
15 est électroniquement saturé. Néanmoins une des liaisons Ru-Ru gui Lie les deux
substructures triangulaires étant trds longue pointé vers la possibilité d’un chuster 4 92
électrons insaturé contenant six atomes de Ru et seulement sept laisons métal-métal. Le
cluster 15 est le seul exemple pnblié d’un cluster hexanucléaire qui a un arrangement
d’ossature de type safa ainsi que le premier exemple d'un ps-S qui ponte cing atomes de

ruthénium mutaellement liés,

Un mécanisme pour la formation des clusters hexanucléaires 14 et 15 est proposé. Ces
deux molécules étant isodées A partir de réactions de thermolyse du cluster trinucléaire B, # est

proposé que 14 est le produit de condensation de deux molécules de 8 avec une coupure d’une
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liaisoa C-8 d'un des ligands diphénylthioureato. Ceci résulte 3 une liaison |L-S ainsi qu'a un
ligand diaminocarb&ne qui sont liés au cluster hexanucléaire. Le fragment diaminocarbéoe du
cluster 14 cst cnsuite €liminé aboutissant A la formation d’une cinquime liaison de 1'atome de
ruthénium apical avec le |s-S pour produire 15. La conversioo dc 14 4 15 a un rendemeat trds

bas, ceci n'étant pas contedire au mécanisme proposé,

La réaction dc 15 sous un atmosphare de cing bars dc Hz pendant 3 pev prds six heures
aboutit A la formation d'un cluster hexanucléaire contenant ke ligand diphénylthiowreato ainsi
quc plasicurs hydrures pontés. Une analyse structurale aux rayons X combinfe avec des
expériences dc décowplage RMN ont évélé la formule moléculaire exacte, (Ua-
H)eRus{CONa(ls,n*-SCNHPhNPh); (16} (voir illust. 41}, La géométric de I'ossature de 16 est
£galemeot une base carrée, ayant les extrémités opposées pontées par deux atomes de Ru
additionnels, oéanmoins cet arrangement hexagonal des atomes de Ru est parfaitement plate.
Les substructures triangulaires Ru, sont liées & deux ligands u,-nz-diphénylthiourcam, chacun
éiant Ii¢ de fagon centrosymmétrique aux cotés opposés du plan Rug. Quatre hydrures pootés
ont é1¢ localisés dans des cartes Fourier de différence lors de I'affinement des données du
cristal. Deux hydrures poatant additionnels ont ét€ identifiés dans 16 par RMN. Les positions
de ces hydrures ont &€ établies par rapport 4 leurs intéractions de couplage et les contraintes
de symétrie indiquées au spectre RMIN. Comme il a déjd &6 indiqué, un cluster Rug requidet
92 électrons en supposant I'existence de huit Baisons métal-métal. En combinant les Ligands
diphénylthioureato, lcs groupes CO et les hydrures, on obtient 44 €lectrons ¢t, avec I'addition
des atomes de Ru, on arrive & 92 €lectrons. Similairement au cluster 18, les linisons Ru-Ru qui
sont extrémement loagues sont nécessaires pour éviter un déficit €lectronique. En cffet, il a &1
postulé que la formation de 16 résulte d'une olignmérisation de deux fragmeots hautement

insaturés qui sont produits par ’hydrogénation de 15.

Les clusters 14-16 présentés 2 la figure 41 représentent une série de variations
structurelles des clusiers hexanuclaires de ruthénium qui contiennemt des ligands
diphénylihioureato. Chaque cluster a une géométrie d’ossature qui lui permet d’accommoder

les ligands pootants qui lui sont rattachés.
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Figure 41: Représentation graphique des clusters 14-16.
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En escomptant un cluster de type boat, des réactions de thermolyse de 1'analopue
diméthylthiourea trinucléaire de 8 (uz-H)Ru;(CO)q(us,nz-SCNHMeNMc) aut é1é exécutés.
Quoique des traces de 1a molécule hexanucléaire aient &t isolées parmi les produits de ces
réactions, le produit principal est le cluster tétranucléaire Ruy(p;-CO)(CO)H(-
SHC(NHMe;)2)(17). Une analyse structurale de ce produit a révélé la présence d'un seul
ligand diaminocarbéne. Ce cluster est présente i 1a fipure 42,

Ph.NJ-I
@R
g XD
I\

Fipure 42: La représentation graphique du cluster 17.

En étudiant la possibilité de réaction du us-S du cluster 15, plusieurs essais d'addition

de molécules de type acide de Lewis ont éié effectués. Le Us-S n’a réagi avec aucun des
réactifs utilisés. Dans les réactions de 15 avec plisieurs sources du fragment BHs, le réactif
s'est comporté comme une source d’hydrogzne en produisant des intermédiaires insaturés qui
ont subi une oligomérisation afin d'assouplir leurs déficiences électroniques. Cependant,
contrairement aux réactions avec I'hydrogine moléculaire, Ja partie du 15 contenant le lipand
diphénylthioureato n’était pas impliquée dans I'olipomérisation. Dans ce cas les cspices
insaturées trinucléaires avec un soufre coiffant produites se sont combinées afin de produire la
malécule {Rus(COY(Ha-5) )5 18 précédemment isolées. Quand la source de BH; utilisée était
le Me;SBHs, la substitution d’'un CO du 15 a épalement donné le produit (Ma-
H)Rug(CO)1s(Me;5)(s-5) (M3, 1-SCNHPENPh) (19). Ce méme produit a &€ isalé dans les
réactions de 15 avec Me;S. La position exacte de substitution a é1€ confirmée plus tard par
analyse structurelle aux rayons X du dérivé t-butylisonitrile. ILes réactions de 15 avec ces
divers réactifs sont présentés 2 la fipure 43,
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15 18

19
Figure 43: Les réactions de 15 avec BH, et Me:S pour produire 18 e119.

En manipulant 15 il a &é constaté que méme des traces de CO initient la formation
d’une esptce bleu-foncé tandis que le spectre IR indique des modifications de la structure par
rapport 2 celle de 18, En passant du CO & travers des solutions de 15 pendant de courtes
péricdes, cette espéce de couleur bleue a ét€ générée de fagon guasi-guantitative. Si [a
solution bleue est conservée sous une atmosphire d’azote une conversion quantitative a 15 est
observée. La chromatographic sur couche mince sous une atmosphire de CO peut Etre utilisée

pour isoler la molécule bleue cependant la nature hauternent réversible de cette réaction rend la
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cristallisation directe plus productive. Malheureusement aucun des costaux produit de cette
manitre avail Ia qualité requise pour &tre analyse par rayons X danc I'identification définitive
de Tespiee blene n'a pas &€ possible. Une anzlyse spectroscopique ainsi quiune analyse
&lémentaire suggdrent I'addition simple d'un CO A travers une des Laisons Ru-Ru les plus
longues afin de produire le cluster {Ha-H)Rugs(Uo-CONCO)16(1ts-8)} (s, n*-SCNHPhNPh) (20)
présenté 2 la figure 44. Le cluster 20 est probablement un cluster de ruthénium hexanucléaire
avee sept lizisons métal-métal et uo groupe CO pontant. La combinaison des ligands de 20
fourni 46 &lectrons et permet un nombre d’électrons total de 94. La facilite avec laguelle 15 et
20 s'interconvertissent indique que la surface de Véucrgic potentielle le long dc cette
coordonnée de réaction a une irés basse barrigre,

~ ~J
R
/RUW Rine | TN |
w +C0O
YW\ I>ee 2 M\ /e
R\u } R

Figure 44: La structure proposée pour 20.

Souvent une simple substitution du CO par un donneur 4 deux €lectrons produit une
molécule isoélectronique qui se cristallise mieux quc la mokcule d’origine. Une série de
dérivés de 15 a &€ préparée, cn cspérant que ceux-ci également montrent une addivion de CO
réversible, dans le but de générer des cristaux de qualité adéquate pour une analyse par rayons
X. Uncomposé d’addition de CO un peu plus stable a éué isolé dans les dérivés de phosphites,
de plus quelques différences intéressantes dans les réactions de 15 avec les différents Yigands
donneurs de deux élecirons ont £té trouve.

Dans les réactions a température ambiante de 15 avec PPhs le dérivé monosubstitué a
été isolé, cependant deux autres produits étaient présents dans des petites quantités. Le
premier était le cluster trinuckaire Rus(COYs(M2-CeHs)(r-PPhoha(s,n*-SCNHPhNPh) (12)
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{voir figure 39), isolé par les réactions de thermolyses de (Ms-H)Rus(CO)x(PPhs)a(Ms N
SCNHPhNPh) (11}, tandis que le deuxitme &iait le cluster dinucléaire Rus(CO)(PPhs)a(Ma,n’-
SCNHPLNPh)(21) (voir figure 45). Ces deux molécndes postulent la présence de plusicurs
intermédiaires réactifs i pantzr de 15. Le dérivé monosubstitué de 15 avec la PPh; a &té
caractérisé par une analyse structurelle par rayoos X comme étant (15-H)Rug(CO)y s(Me,S )(ps-
8)(ps,*-SCNHPhNPh) (22). La structure moléculaire de 22 montre Ia substitution d'un
groupe CO sur le Ru L€ & ps-S occupant la position apicale. Le ligand diphénylthioureato
o’est pas influence par cette substitution tandis que I'hydrure pontant est influencé par le

nouvel environnement chimique comme indigué par te déplacement du signal 'H RMN.

Les spectres RMN A basse température indiquent la présence de denx isoméres de 22
qui differeot sculement en la rotation du ligand PPhs. A I'ossature métalligne on observe des
modifications significatives des longueurs des Haisoos Ru-Ru. Une des Haisons Ru-Ru entre les
deux substructures triangulaires §'allonge d’approximativement 20 pm. Cette ouverture de
"ossature du cluster modifie 'environnernent chimique autaur de hydrure pontant. De plus
ce régultat démontré la fatblesse de cette intéraction métal-métal dans 15, La medification de
Fassature de ce cluster ne permet plus Taddition réversible du CO. En exposant 22 A une
atmosphere de CO une réactioo limitée n’a produit que le cluster trinucléatre 8, Les réactions
de 15 avec PPh; soot présentées 3 V'figure 45

La substitution d'un CO & un autre centre métallique de 15 se fait en présence de
wimporte lequel des ligands donneurs de deux électrons P(n-Bu}s, P(OMe)s, P{OFh); et
‘BuNC (ainsi que Me;S comme mentionné précédemment) afin de produire les malécules (M-
H)Rug(CO)s(P(n-Bu)s){(us-S)(usn*-SCNHPRNPH)  (23),  (ur-H)Rug(CONs(P(OMe)s)(1s-
S)(4t3,n*-SCNHPhNPh) (24), (12-H)Rus{CO)1s(P(OPh)s)(s-S){is,'-SCNHPhNPh) (25), and
{U2-H)Rue{CO) s BuNC) (5-S){a,n*-SCNHPHNPh) {26). Une analyse structurale par rayons
X de 26 a démootré que la substitution se fait sur 'atome de ruthémium apical de la
substructure triangulaire de 15 panté par le diphénylthioureato. Des modifications importantes .

des liaisons de Iossature métallique ainsi que des higands n’ont pas &€ observées. Ces
réactions soot préseotées 2 la figure 46.
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L = P(n-Bu)3(23)
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= P(OPh)3 (25)
=t-BUNC (26)
Figure 46: Les réactions de 15 avec P(n-Bu)y, P{OMe)s, P(OPh); ¢t ‘BuNC.
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Les produits monosubstitués 23-26 montrent les mémes tendances en ce qui concerne -
I'addition de CO comme celies de 15. C'est 2 dire en exposant une solution de 23-26 3 une
atmosphére de CO, la formation d’une molécule bleve ayant un spectre IR similaire i celui de
20 a & observée. Toutes ces molécnles bleves ont montré 1a méme réversibihité par rapport A
Paddition de CO. Le dérivé n-butylphosphine était le moins stable parmi ks adduits de CO
tandis que les dérivés de phosphites était assez stables pour étre purifiés par chromatographie
sur couche mince. Le dérivé t-butylisonitrile a également éié purifié par chromatographie sur
couche mince cependant deux molécules bleus ont i€ observées parmi lesquelles une seule
était assez stable pour &tre caractérisée. En ce qui concerne 20, les cristaux obtenus n’avaient
pas la qualité requise pour une analyse a rayous X. Cependant FAB-MS et Fanalyse
élémentaire du dérivé P(OPh); donnent des résultats analogue 4 gue ceux obtenus pour 20, ce
qui nous conduit 3 proposer les formules moléculaires suivantes pour 27-30; ; (u-H)Rug
(12-CONCOYs{P(n-Bu)s} (us-S)(am*-SCNHPENPR)  (27),  {to-H)Rue(u2-COY(CO)is
{P(OMe)s}(is-8)(113,1*- SCNHPhNPh) (28), (11- H)Rug(a-CONCO)ss{ P(OPh)s ) (1s-S)(pts.1’-
SCNHPhNPh) (29) and (1y-H)Rus(z-CONCONs{ BuNC)(ps-8)(ia,n*-SCNHPhNPh) (30).
La représentation générale de 27-30 est présentée 2 Pillustration 47,

Bh \ / §L T /
hy/ / E e +CO ‘//( ’/ r EQ’
AT ‘ff’l'\p’h ° ’T{\? \>)1‘\ph

ps A

L = P{n-Bu)3(27)
= P(OMe)3(28)
= P{OPh)3 (29)
=t-BuNC (30)

Figure 47: La représentation générale de 27-30.
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6.1 Crystal structure data tables
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Compound

Molecular formula
MW

Zz

Crystal dimensions/mm
Crystal color/habit
Crystal system

Space group

alA

biA

oA

o

B

v

LS

D /g cm?

RMo-K oepmm”!

T of data collection {K)
F(Q00)

Index limits h,k,1
Absorption correction
No. of unique data

No. of obs, data used [Fo>2.56(F,))

L )

Instrumental error factor k®

RR'¥

Residual electron-density difference

features: {max., min.)/e

2
C1205R:8,
687.51
4
042x0.34x0.30
yellow/blocks
orthorhombic
Pna2,
12.7535(4)
12.7835(4)
11.2755(6}
oge
ag°
900
1838.29(13)
2484
2.76
298
1319.88
015015013
none
111
1622
3/50.0
0.0005
0.024(0.035)

0.39. -0.99

4
Ca3H1405R1,8, CHO
1022 .01
2
0.46x0.38x0.15
yellowfblocks
monoclinic
)
9.903(3)
17.772(5)
11.521(%)
Bl
108.410{20)°
o0°
1W23.9%
1.764
2.69
193
1895.81
-13 13,3424, -16 16
none
11172
11085
3/60.0
0.001
0.035(0.05)

0.720, -0.570

* Details in common: data collecled on a Stoe-Siemens AED 2 four-circle diffractometer; graphite-
monochromated Mo-Kn radiation, & = 0.71073 A; scan mode w-6.
® Refinement was by Tull-matcix Yeast squares with 2 weiphting scheme of the form w' = 8*(Fy) + k(F.
*R=HIE| JFI/ER|, R = [ZwdF] - B 2] Bl Y1
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Compound 5 &
Molecular formula CquOuOS;S; C¢Hy041035
MW 1016.97 868.72
Crystal dimensions/mm 0.49x0.35x0.30 0.38x0.19x0.19
Crystal colog/habit yellow/blocks orangesblocks
Crystal sysiem monoclinic monoclinic
space group P2ifa P2i/n
a’A 13,078(7) 137U2)
A 9.671(5) 25.010(9)
oA 18.469(10) 9.037(3)
o 90 90
pr 107.63(4) 107.07(3)

o 90 90
VIA 2226(2) 1592.6(9)
DJ/gcm™ 3.034 1.623
p{Mo-Koymm™ 17.414 23.930
T of data collection {K) 253(2) 203(2)
F(OOD) 1816 1512
Index limits h k.1 16 16,012,024 88,029,010
Absorption correction empirical/DIFABS emptrical/DIFABS

| TodTan 1.000/0.322 1.000/0.627

No. of unigue data 5105 2803
No. of obs, data vsed [Fy>2.50(F.)] 3765 2247
2Bmim 28mal() 3155 3/50
R(>20F"yR1{all) 0.0621(0.0957) 0.0462(0.0676)
wR2(>2aF ywR2(all)* 0.1350 {0.147¢) 0.0863 (0.0931)
waswh 0.0655/35.3061 0.029126.4214
Residual electron-density difference
features: (max., min.)e A 1.777, -1.755 1.272, -1.198

* Details it common: data collected on a Stoe-Siemens AED 2 four-circle diffractometer; graphite-
monochromated Mo-Ka radiation, A = 0.71073 A; scan made o-6.

*r=zlF| -IFllEHE]

 wR2 = {{E[w(F," - BV ZPw(FY' 11" w = [63(F.Y) + (waP) + wbP), P= (R + 2F.))/3

¥ data refinement using SHELXL 93.
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Compound 10 12 13°
Molecular formala Cy3HysMN;04PRY,S CiaHagOeP3R ;S CsHy N OyPy RS
CHCl, 2CH.CHy

MW 1016.88 11128 1313.85
Zz 2 4 4
Crystal dimensions/mm 0.34x0.27x0.23 0.68x0.53x0.42 0.99x0.65x0.61

* | Crystal color/habit orangeblocks btack/blocks orange-red/blocks
Crystal system triclinic mongclinic monclinic
space group P! P 2:/m P
alA 10.014(2) 10.824(1} 17.667(7)
biA 14.449(4) 19.193(5) 17.681(5)
ch 14.573(4) 20.953(2) 18.049(4)
o 100.38(2} 90 90
B 98.70(2) 97.44(1) 108.06(2)
s 107.2(62) 90 90
vIA? 1933.8(8) 4316.2(13) 5360(3)
DJgcem? 1.746 1.712 1.628
nMo-Kemm™ 2.56 1.329 1.184
T of data, collection (K) 193 293 203(2)
F(Q00) 2003.75 2200 2616
Absorption correction empirical semi-emp/psi scans semi-emp/psi scans
Tan Tmin 0.5936/0.4826 0.2756/0.1875 0.1715/0.1176
Index limits h,k,1 J11,017,-1717 0 -1212,022,024 -2019,021,021
No. of unique dat 6781 7595 5410
No. of obs. data used (F,>2.50(F,)} 5178 7056 5111
28y, 20ma(”) 3150 3450 3/35
Instnimental error factor k* 0.0005
REY (10} 0.036(0.055)
R2aF/R1(N) (12,13) 0.0506(0.0726) 0.0754(0.1526)
wR2A>20F)wR2(al) 0.1263 (0.1402) 0.1666{0.2044)
wafwhb 0.0835/0.000 0.0964/0.000
Residual electron-density difference
features: (max., min.Ye A 0.70, -0.55 1,247, -0.884 1.678, -1.133

* Details in common: data collecied on a Stoe-Siemens AED 2 four-circle diffractometer;, graphite-
monochromated Mo-Ka radiation, A = ©.71073 A; scan mode @-0.
® Refinement was by full-matrix least squares with a weighting scheme of the form w' = 6*(F,) + k(F,’).

*R=3I|F| - IR /EF), R = (2wl F} - |F]¥ zwd FI?
¢ data refinement using SHELXL 93.

*rR=H|E] -I1Fl| =lr)

' WR2 = [{E[W(E,? - B EWF) 7, W = [07(F.1) + (waP)* + whP), P = (F,* + 2FHA
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Compound 14 15
Molecular formula CanN‘ON R\lsSg'ZCH:Ch C-mHnN;OuS;Rl!g
MW 1679.1 1314.9

z 2 4

Crystat dimensions/mm 0.57x046x0.46 0.57x0.53x0.38
Crystal color/habit deep red/rectangular rods redfrectangular rods
Crystal system trickinic monoclinic
space group Fi P/n

alA 12.141(3) 9.2712(4)
A 12.449(4) 20.727¢)
A 19.712(6) 20.438(1)
af 90.22(3) 50

Br 99.50(2) §2.561(4)

" 111.6142) 90

A 2725.1(14) 3923.4(4)
DJg cm” 2.046 2.226
uMo-Ka)/mm! 1.93 238

T of dala collection (K} 193 298
F(000) 1619.81 2491.71
Absorplion correction none none

Index limits h,k.1 -1514,016,-2525 -1111,024,024
No. of unique data 12196 6878

No. of obs, data used [F,>2.5a(F,)) 8354 5746

205 2800 3/55 350
Instrumental error factor k* 0.0015 0.003
RR"* 0.045(0.059) 0.034(0.057)
Residual electron-density difference

featurcs: (max., min e A® 1.63/-1.22 0.62/-1.66

* Details in common; data colfecied an a Stoe-Siemens ABD 2 four-circle diffractometer; graphite-
monochromated Mo-Ke: radiation, A = 0.71073 A; scan mode n-8.
® Refinement was by full-matrix least squares with a weighting scheme of the fom w* = 6*(F.) + k(F,%).
“R=HI|F - IFI/EP, R = (B B - [FDY 2w LR
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Compound 16 17
Moiecular formula CioHsN401RuS; 4(CH,),CO CiaHgN;050R WS
MW 1689.50 820.6

Z 1 2
Crystal dimensions/mm 0.30x0.23x0.15 0.57x0.34x0.23
Crystal colot/habit orange-red/blocks orange/blocks
Crystal system triclinic wriclinic
space group PI Fi

alh 9.799(1) 9.636(2)
biA 12.594(2) 10.635(2)
A 14.466(1) 12.005(3)
o 112.45(1) 70.95(1)
pr 92.71(1) 83.45(1)

o 102.05()} 70.40(1)
ViA} 1597.6(3) 1095.5(4)
DyJgcn? 1.756 2.488
wiMo-Ka)/mm™* 291 6.60
T of data collection (K} 203 298
R0 1197.86 2579.69
Absorption comrection nong none
Index limiis bk, -1212,016,-18 17 -1015,012,-13 14
No. of unique data 7333 3866
No. of obs, data used [F,>2.56(F,)] 3993 3432
2801, Z60s(®) a/55 3150
Instnomental error factor i 0.001 0.003
RR') 0.042(0.048) 0.045(0.075)
Residual electron-density difference
features: {max., min.)fe A 0.63/-0.76 0.65/-4.70

® Details in commaon: daa coliected on a Sioe-Siemens AED 2 four-circle diffractometer; graphite-
monochromated Mo-Kaox radiation, & = 0.71073 A; scan mode @-6.
® Refingment was by full-matrix least squares with a weighting scheme of the form w't = 6*(E,) + k(F,%).
‘R=Z|FJ -IFJ IR R = (Wl Fl - [Fd Y7 2w Fd Y1
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Compound 19 22 26
Molecular formula CIIPLOIIS]RUQ C“H“N;OHPRUg CH3C|1 Cg;HzoNgouRU‘S;'Cl _500_5
MW 1682.1 16331 1398.1

z 2 2 2
Crystal dimensions/mm 0.30x0.15x0.15 0.38x0.38x0.15 0.72x0.42x0.06
Crystat color/babit yellowfrods deep-red/plates red/plates
Crystal system triclinic triclinic triclinic
space group Pi Pl Al

afh 11.347(3) 9.808(2) 9.431(2)
biA 12.606(3) 10.285(2) 15.794(2)
/A 18.970(6) 27.48(1) 16.772(2)
o 87.09(1) 91.97(2} 87.94(1)
pr 7291 90.02(2) 84.72(1)

¥ 63.880(1) 94.52(2) T6.I01)
viA? 2319.9011) 2761.8(13) 2420.6(7)
Dyg cm” 2.408 1.964 1.928
W{Me-Kopmm! 3.00 3.66 1.827

T of data collection (K) 298 213 293
F{O00) 1543.73 3103.66 1346
Absorption correction none empirical/psi scans empirical/difabs
Tux/Tan 0.4833/0.2971 1.000/0.227
Index limits h,k,I -910,012,-18 18 -111},012,-3232 <1111,-18 18,019
No. of unique data 4318 9724 8485

No. of obs. data nsed [Fo>2.50(F,)) 339 23 8483
280, 200n{") 3/4Q 3/50 3/55
Instrumental error factor k* 0.001 0.0015 none
RERY* 0.032(0.046) 0.039(0.032) none
R(>2aF/R1(alt)* none none 0.071(0.131)
wR2(>2aF WwR2{all)! none none 0.171(0.193)
walwh none none 0.111/0.00
Residual clectron-density dififer-

ence features: (max., min)e A” 0.74/-0.71 1.29/-1.21 1.397/-1.203

* Details in common: data collected on a Sice-Siemens AED 2 four-circle diffractometer; graphite-
monochromated Mo-Ke: radiation, % = 0.71073 A; scan mode o-8,
® Refincment was by full-matrix least squares with a weighting scheme of the form w' = &*(F,} + k{F.").

*Re HIR| - |EIVEFL R = 2w F] -1 EDY 2 FL TP

*wR2 = {{Elw(F.} - F2Y) EWE) 17, w = [0} + (waP)’ + wbP), P= (F,” + 2F)
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6.2 Atomic coordinates and thermal parameters (B or Ueg)

Table 35: Atomic cootrdinates and B, for 2.

OrﬂcDrHC)r\r\nr\unu1u-ggézé
(PO NP

AL B b U R U R

Nnon
[ gy
o e

012
21
021
c22
022
a1
031
32
032

Biso is the Mean of the Principal Axes

X

0.89267( 4)
0.659864( 4)
0.72851( 4)
0.97043(12)
0.76580(14)
0.79378(14)

0.3086
0.7515
0.9329
0.8345
0.8579
0.5995
0.5153
0.8820
0.9298
1.0347
1.1200
0.8541
0.8350
0.6209
0.5717
0.6272
0.5802
0.6791
0.6476
0.6743
0.6447

¢ 35)
(5
)
6)
5
6}
4
63
5)
6)
4)
6)
5
6)
7
6)
5)
7)
7)
6)
5

P Y N R R e T T T i o Wi W Wi Woan W Wan W)

y
0,45524¢( 4)
0.54285( 4)
0.50007( 4)
0.62752(13)
0.71894(13)
0.67515(14)
0.7207 ( 6)
0.7632 ( 5)
0.6783 ( 5)
0.4876 { &)
0.4692 ( &)
0.5647 ( 6
0.5920 ( &)
0.4323 ( &)
0.3946 ( 4)
0.4144 ( 6)
0.3936 ( 5)
0.3147 ( 6)
0.2294 ( 4)
0.5978 ( &)
0.6306 ( 7
0.4177 ¢ &)
0.3439 { 5
0.4991 ( 5)
0.4920 ( 5)
0.3635 ( 6)
0.2801 ¢ 5)

F4

0.05369

0.01182( 7)
0.25581( 9
0.11854(17)
0.02845(18)
0.29317(18)

0.0216
0.1784
0.2617
-0.0820
-0.1774
0.1632
0.1824
0.2799
0.3551
0.0661
0.0517
0.0686
0.0510
-0.1162
-0.1939
-0.0144
-0.0300
0.4142
0.5083
0.2434
0.2421

of the Thermal

(N
( 8
( 6)
( 8)
{ 6)
(8

Biso
1.843020)
1.97721)
1.845¢22)
00 ( &)
31 ( 6)
14 { 6)
4 (3)
7 (3
01 (24)
3 (3)
8 (®»
4 (3
40 (24)
3 (3
48 (24)
9 (3
0 3)

YT T T W W W W Wan |
AN
S

D]

2
2
2
2
2
2
2
3
2
3
2
3
2
4
2
4
3
6
2
4
2
b
2
4
Ellipsoid

7
7
Q
5
3
g
0
8
3
1
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Tablc 36: Atomic coordinates and By, for 4.

X y z Biso
U1 0.25508( 4) 0.67599 0.48009¢ 4) 1.730(16)
RUZ 0.35303C 4) 0.79183(3) 0.35544( 4 1.730(16>
RU3 0.37858(C 4) 0.80837(3) 0.60714( 4) 1.718(14)
51 0.01662(14) 0.72969¢3} 0.42663(12) 1.75 ( 5}
52 0.11938(14) 0.85289(9) 0.29082Q12) 1.70 ( 5)
S3 0.14919(14) 0.87239(9) 0.559%1(12) L1.59 ( 4)
Cl -0.0220 {5)  0.7863 (4) 0.2887 (5) 1.80 (19)
2 -0.0570 ( 7>  0.73?5 (4) 0.1722 ( 5) 2.44 (23>
a -0.1818 ( 6) 0.6859 (4) 0.1619 ( 5) 2.51 (23)
4 -0.1567 ( 8) 0.6112 (5) 0.1986 ( 7) 3.5 (3
] -0.2694 (12) 0.5628 (5) ©0.1936 ( 9) 4.9 (4
Ca -0.4082 (11) 0.5899 (7) 0.1500 (11) 5.6 ( 5)
Cc7 -0.4324 (9) 0.6617 (7) 0.1098 (12) 6.1 ( &)
CcB -0.3195 ¢ 8) 0.7102 (5) ©.1152 C 9 4.2 ( 4)
] 0.0981 ( 6) 0.9162 (3) 0.4083 ( 5) 1.65% (18)
€10 0.1747 (6) 0.9911 (3) 0.4152 ( 5) 1.93 (19
11 0.1280 ( 63 1.034) (3) 0.2977 ( %) 2.04 1)
Cl12 0.2111 ( 7) 1.0367 (4) 0.2216 (6} 2.9 (3)
13 0.1696 { 8) 1.0789 (5) 0.1135 (6} 3.6 (3
C14 0.0415 (10) 1.11S5 ¢S} 0.0795 (7) 3.6 (3)
C15 -0.0452 (9)  1.1134 (4) 0.1543 (6) 3.3 (3)
Cle -0.0018 (8 1.0731 (4) 0.2628 (6) 2.9 (3
C17 0.0027 (5) 0.8054 (3) 0.5291 ( 4) 1.69 (18)
Cl18 -0.0108 (6) 0.7737 {3) 0.6492 {( S 2.03 (21)
C19 -0.0333 (6) 0.8364 (4) 0.7306 ( 5 2.10 (21
20 -0.1%19 ( 7) O0.BB35 (4> 0.6878 (6 2.0 (2
21 -0.1716 ( 8) 0.9420 (5} 0.7620 ( 8) 3.4 (3
C22 -0.0786 (11) 0.9538 (5) 0.8755 ( 8) 4.4 (4
23 0.0401 (11) 0.9068 (7) 0.9167 ( 6) 4.8 ( 4
C24 0.0628 ( 9) 0.8477 (5) 0.8464 ( 7) 3.5 (3
C25 0.3072 ( 6) Q.7070 (4) 0.6673 ( &) 2.27 (2L
025 0.3154 ( 5) 0.6786 (3) 0.7606 ( 4) 2.80 (19)
C26 0.4262 (7) 0.8649 (4) 0.7535 (7)) 3.0 (3
026 0.4581 ( 7y 0.8964 (4) 0.8447 (6) 5.3 (3)
2?7 0.5595 ( 6) 0.7636 (4) 0.6667 ( 6) 2.50 (22)
027 0.6672 { 5) 0.7351L (3> 0.7060 ( 6) 3.76 (23)
28 0.4522 {( 6) 0.8775 (4) 0.4892 ( 7) 2.42 (23)
028 0.5296 { 5) 0.9272 (3) 0.4933 (5) -2.88 (19
€29 0.5393 (7) 0.7536 (4) 0.3919 {6 2.65 (25
029 0.6544 ( §) 0.7360 (4) 0.4129 ( 6) 3.88 (25)
30 0.3686 ( 6) 0.8271 (4) 0.2065 (6B) 2.7 (3)
030 0.3819 ( 6) 0.B455 (4) 0.1141 ¢ 5) 4.0 ( 3)
31 0.2732 ( 6) 0.6827 (4) 0.2987 ( 5) 2.16 (20)
031 0.2655 ( ) 0.6416 (3} 0.218% (5} 2.86 (1%
€32 0.4301 ( 6 0.6248 (3) 0.5168 (6) 2.31 (23)
032 0.5317 (6 0.5927 (3) 0.5353 (6) 3.74 (24
C33 0.1626 ( G) 0.5824 (4) 0.4776 { 6) 2.23 22)
033 0.1081 ( 6} 0.5259 {3) 0.4785 ( 5) 3.54 (23)
034 -0.2598 (S) 0.9041 (4) 0.2917 ( 5) 4.1 (3
C34 -0.3149 (73 0.9450 (S) 0.2082 ( 7) 3.2 ( 3)
358 -0.2696 ( 8) 0.9441 (7> 0.0930 (7)) 4.3 ( 4)
C36 -0.4267 (9) 0.9991 (5) 0.2084 (11) 5.0 (5)

Biso is the Mean of the Principal Axes of the Thermal Ellipsoid




Table 37: Atomic coordinates (x 10" and Uq
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{x 10 (AY) for 5.

L X y zy Uleq)

Os(1) 1135¢1) 3983(1) 2384(1) 3501
0s(2) 1254¢1) 6850(1) 2848(1) 31¢D)
0s(3) 2581(1) 4788(1) 3816(1) 31()
S(1) -240€4) 4454(5) 1223(3) 43C1)
$(2) -1201.(5) 3212(8) -339(3) 73(2)
5(3) -2662(5) 4260(7) 529(4) 65(2)
cc1) -236(16) 3073(28) $70(11) 54(P)
C(2) -2402(21) 2941(28) -67(14) 74(7)
3 -1517(16) 4059(25) 1357 (11) 57(6)
C(11) 121(18) 3507(21) 2904(12) 55(6)
0(11) -514(15) 3129(20) 3184(10) 86(6)
c 1389(20) 2057(22) 2355(12) 57(6)
0(12) 1614(18) 933(16) 2341(10) 87(6)
Q@3 2202(15) 4359(19) 1808(10) 41¢4)
0(13) 2825(13) 4439(16) 1563(9) 62(4)
cC21) 67(15) 6430(22) 3227(12) 51(5)
01 -594(12) 6288(20) 3488(10) 81(6)
€22 317(14) 7840(19) 2029(10) 35(4)
0(22) -206(12) B458(18) 1522(9) 66(4)
c(23) 2342(13) 7175(19) 2369(10) 39(4)
0(23) 2957012) 7434(16) 2062(9) 60(4)
C(24) 1762(15) B257(22) 3563(10) 47(5)
0(z24) 2032(14) 9147 (17) 3981(9) 72(5)
CGGL 1457(15) 4620(18) 4309(10) 41(4)
0(31) 846(11) 4488(16) 4647 (8 55(4)
@) 3404(16) 5848(21) 4649(12) 48(5)
0GED) 3964(16) 6450(20) 5174(10) 96(7)
C(33) 3682(16) 3031021) 3325(12) 51(5)
0(33) 4363(12) 5170(18) 3062(9) 67(4)
€(34) 3055(15) 3008(18) 4199(11) 41{4)
0(34) 3382(17) 1945¢17) 4418(12) 91(6)

Table 38: Atomic coordinates (x 10% and U.q (x 10%) (A?) for 6.

X 4 z U(eg)

Os(1) 50(1) 5891(1) 222001y 31(1)
0s(2) -1229(1) 6134(1) -953(1) 31¢1)
0s(3) -3176(1) 6546(1) 1075¢1L) 32¢1)
0¢1) -1282(14) 5398(4) 252(12) 31(3)
£(11) 2335(27) 5454(7) 2842 (20} 40(4)
0Q11) 3732(19) 5230(6) 3277 (17) 66(4)
a2 -1126(27) 5571(7) 3600(20) 43(5)
2(12) -1862(20) 5381(6) 4413(16) 65(4)
3 1118(27) 6409(8) 3696 (22) 51(5)
0(13) 1709(23) 6746(6) 4591(18) 74(%)
c21) -3577(26) 6034(6) -2566(22) 38(4)
0(21) -5004(20) 5975(6) -3450(¢18) 69(4)
€2) 405(27) 5848(8) -2067 (20} 456¢(5)
0(22) 1350(21) 5703(7) -2782(17) 71(5)
c(23) -1025(23) 6815(8) -1740¢20) 43(4)
0(23) -966(22) 7242(6) -2211(16) 69¢5)
C(31) -3574(27) 6635(7) 3055(22) 44(5)
0(31) -3820026) 6685(6) 4236 (17) 79(5)




Tablc 38: cont,
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[d 73] -4648(27) SRR7(7) £03{20) 394

0(32) -5510(18) 5517(6) 236(18) 604>

C(33) -5304(36) 6956(9) -200(25) 62(6)

0(33) -6580(23) 7199(7) -838(23) 94(6)

C(34) -1346(32) 7141(8) 1316(22) 51(5)

034 -314(21) 7478(6) 1432(18) 62(4)

Table 39: Awomic coordinates and By, for 10.
x y z Biso

RUL Q0.22446( 6) 0.12269( 4) 0.16974({ 4) 1.94 {( 3)
RU2 0.21500C 6) 0.28756( 4) Q0.30735C 4 1.765(25)
RU3 0.14197( 6) 0.09788¢ 4) Q.33881(C 4 1.96 ( 3
S1 0.03900(17) 0.19799(13) 0.16148(12) 1.91 ( 8
Pl 0.30529(18) 0.43234(14) 0.25007(13) 1.90 ¢ &)
N1 -0.0735 (&) 0.0771 ( 4 0.2691 ( 4) 2.0 (3
N2 -0.2375 (&) 0.1111 ( 4) 0.1%94 (4) 2.5 (3
C1 -0.1022 (7 0.1211 ( 5 0.2022 ( 5 1.8 (3
Q2 -0.271% ( 7)Y 0,1742 ( &) 0.0991 ( & 2.5 (3
[} -0.2%25 (9 0.2725 (%) 0.1377 ( &) 3.9 (&
c4 -0.2875 (1)  0.3315 ( 7 Q.0804 ( 8) 4.6 (5
[%] -0.3400 {10) 0.2941 ( 9 -0.0141 ( 9) 5.2 (8
(%] -0.3592 (11) 0.1962 (10> -0Q.0536 ( 72 5.6 (7
c7 -0.3256 (9) 0.1343 (73 0.0035 ( 6 3.8 (5
Cc8 -0.1933 ¢ 7) 0.0157 ( 5) 0.2995 ( © 2.3 (D
c9 -0.2585 ( 8) -0.0834 ( 6) 0.2520 ( 6) 3.0 (4
c10 -0.3720 ( 9) -0.1427 ( 6) 0.2818 ( 7) 3.8 (4
C11 -0.4173 £ 9) -0.1032 ( 7) 0.3602 ( 7) 4.2 (%
C12 -0.3501 ( 9) -0.0043 (7) 0.4086 (8) 3.7 (95)
C13 -0.2382 ¢ 7) 0.0558 ( 6) 0.3772 ( ®) 2.7 (4
C14 0.5015 ¢ 7) 0.4867 ( 5) 0.2782 ( 9 2.1 (D
€15 0.5874 ( B) 0.4317 ( B) 0.3043 ( &) 2.9 (O
Cle 0.7368 ( 8) 0.4772 (7} 0.3315 ( &) 3.7 (4
C17 0.7997 ( 8) 0.5742 ( &) 0.3342 ( &) 3.3 (4)
C18 0.7154 ( 8) 0.6295 ( 6) 0.3080 ( A) 3.5 (4
€19 0.5684 { 8) 0.5856 ( 6) 0.2817 ( &) 2.8 (4
C20 0.2544 ¢ 7Y 0.5398 ( 5) 0.2984 (%) 2.2 (3)
c21 0.2522 { 7} 0.5610 { &) 0.3959 ( %) 2.6 (4
C22 0.2261 (8 0.6%49 ( 6) 0.4372 ( 5) 2.8 (&)
c23 0.1991 { 8) 0.7088 ( 6) 0.3829 ( 6) 3.3 (4)
C24 0.1998 ( 8) 0.6883 ( 6) 0.2859 ( 6) 3.1 (4
C25 0.2267 ( 8) 0.6051 ( &} 0.2440 ( 5) 2.7 { 4)
C286 0.2564 ( 7) 0.4172 ( 5} 0.1208 ( 5) 2.2 (D
ca27 0.3543 ( 8) 0.4148 ( 6) 0.0624 ( %) 2.8 (4}
c28 0.3091 ( 9) 0.3972 (7) -0.0353 ( 6) 3.6 (4
c29 0.1681 (10) 0.3814 ( 7) -Q0.0767 ( 6) 4.0 (%)
C30 0.0692 ( 8) 0.3816 ( 62 -0.0196 { &) 3.5 (&
C31 0.1134 ( &) 0.3993 ( 6) 0.0789 ( 5) 2.7 (&
C32 0.0975 ( 8) -0.0106 ( & 0.1206 ( % 2.8 (4
032 0.0229 ( 6 -0.0902 ( 5) 0.0908 ( 4 4.1 ( 3)
C33 0.2776 ( 8) 0.1574 ( &) 0.0537 ( 5 2.7 (&
033 0.3116 ( 6) 0.1698 ( 5) -0.0154 ( 4 4.5 (3)
C34 0.3812 ( 8) 0.0797 ( 6) 0.2006 ( % 2.7 (&
034 0.4766 ( &) 0.0523 ¢ 5) 0.2164 ( 4) 3.8 (3
C35 0.1008 ( 8) 0.1293 ( 6) 0.4629 (6) 2.7 ( 4)




Table 39:cont.
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035 0.0853 ( 6) 0.1477 ( 5) 0.5383 (4 4.3 (3
C36 0.1012 ¢ 8) -0.0443 (7) 0.3210 (&) 3.0 ( 4
036 0.0815 ( 8) -0.126% ( 5) 0.3091 (% 5.4 (®
c37 0.3379 (8) 0.1297.( 6) 0.3915 (5 2.8 (4
Q37 0.4562 € 6) 0.1492 ( S) 0.4256 ( 4) 4.0 (3
(38 0.0800 ¢ 8y 0.3170 (&Y 0.3715 ( S) 2.6 (3
0338 -0.0084 (6) 0.3324 (5) 0.4074 (4) 4.3 (3
39 0.3545 ¢ 8) 0.3380 (6) 0.4212 ( 5 2.6 (&
039 0.4361 ¢ 6) 0.3701 { 5) 0.4927 ( 4 4.3 (3)
H1 0.333 (7)) 0.259 (5} 0.245 (5) 2.5 (1%)
Table 40: Atomic coordinates (x 10%) and U,q (x 10%) (A% for 12.
x ¥ z Uleq)
Ru{1) 1243(1) 1654 (1) 4450(1) 32(1)
Ru(?) 2499(1) 2488(1L) 5403(1) 33(1)
Ru(3) ~137(1) 240001 5193(1) 36¢1)
5(1) 1131(2) 2923(1L) 4489(1) 38(1)
P(1) 1547(L) 1267(D 3402(1) 34(1)
P(2) 1059(2) 2920(1) 6011(1) 37¢1)
deh) 3218(6) 1742(3) 4638(3) 40(2)
¥ 3849(6) 2359(4) 4504(3) 41(2)
d€)) 5163(7) 2416(4) 4613 (4) 56(2)
4 5862(7) 1860(5) 4343(4> 63(2)
(s 5288(6) 1232¢4) 4972(3) 53(2)
C(e) 4011(6) 1175¢4) 4385(3> 48(2)
i 1535(6) 1505¢4) 2756(32 40(2)
C(8) 1071(8) 25724 2816(4) S7(2)
o« C)] 1000(%) 3025¢4) 2309¢4) 73D
C(10) 1366(8) 2845(5) 1738(4) £9(2)
1Ly 1840(7) 2194(5) 1668 (4) 62(2)
cD 1930(7) 1726(4) 2174(3) 52(2)
cd 341(63 647(3) 3068(3) 39(2)
C(14) -376(7> 758(4) 2476(3) 55(2)
LS ~1339(8) 301(5) 2257(4) 72(2)
C(16) -1589(7) -265(4) 2616(4) 62(2)
C(@7) -878(7) -331(4) 3199(4) 58(2)
C18) 61(6) 70(3) 3424(3) 43(2)
) 3046(6) 827(3> 3370(3) 36¢1)
C(20) 3225(6) 123(43 3485(3) 46(2)
2D 4392(8) -175(4) 3527(4) 59(2)
2y 5423(7) 243(4) 3453(4) 60(2)
€z 5252(6) 942(4) 3335(3) 50(2)
Ce24) 4086 (6) 1237 (4) 3299(3) 43(2)
25) 911(6) 3859(3) £095(3) 44(2)
C(26) 362(8) 4133(4) 6601(4) 64(2)
@) 193(11) 4850(5) 6648(5) 94(3)
C(28) 572(10) 5299¢5) 6187(5) B8(3
e 1083(9) 5021¢4) 5688 (5) 77(3
303 1261(7) 4312¢(4 5635(4) 58(2)
3y 1143(7) 2611(3) 6836(3) 45(2)
(32 2270(8) 2663(4) 7241(3) 59(2)
(33 2398010} 2399(5) 7852(4) 32(3)
Ca 1429(13) 2099(5) 8089(4) 93(4)
C(35) 290(11) 2054(5) 7712(¢4) 79(3)
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Table 40:cont.
€(36) 164(8) 2304(4) 7084 (4) 59(2)
(oL -554(6) 1525(4) 4213(3) 45(2)
0(101) -1538(4) 1371(3) 4013(3) 7102
C(102) 1336(6) 776(4) 4852(3) 44CD)
0(102) 1367¢5) 263(2) 5134(3) £9(2)
20D 3670(6) 3200(4) 5683(3) 44(2)
0(201) 4357(5) 3622(3) 5869(3) 73(2)
c(202) 3090(6) 1820(4) 6044(3) 44(2)
0{2023 3397(5) 1403(3) 5410(3) §0(1)
LI -1461(6) 3034(4) 5121(3) 45(2)
0¢301) -2252(5) 3429(3) 5065(3) 76(2)
c(302) -918(6) 1711(4) 5644 (3) 47¢2)
0(302) -1444(5) 1287(3) 5875(3) 70¢2)
aleh) 4875(17) 4412(6) 4300(5) 476(9)
A 3065 (8) 4406(6) 3365(7) 410¢(7)
c(15) 3579¢26) 4955¢12) 4030(12) 366(24)
H(2) 3449(58) 2728(34) 4215(31) 41¢18)
Table 41: Atomic coordinates (x 10*) and Uey (x 16°) (A?) for 13.

X ¥ z Y(eq)
Ru(1) -374(1) 3762(1) 3066 (1) 30¢1)
Ru(2) 900¢1) 3308(1) 2514¢1) 31¢1)
Ru(3) 895(1) 2923(1) 3994(1) 32¢1)
L -1231(2) 4443(2) 2016(2) 32(1)
PO 574(2) 3880(2) 1277C2) 3L
S 729(2) 4544(2) 3014(2) 31¢1)
N(D 1519(6) 3974(5) 4405(5) 36(2)
NC) 1690(6) 5272(5) 4249(6) 41(3)
(L 1391(7) 4583(7) 3990(6) 35(3)
c(2) 2151(7) 3985(6) 5153(6) 31(3)
c(3) 2927(7) 4079(8) 5158(7) 47(3)
cC4) 3535(8) 4026(8) 5866 (8) 57¢4)
c(s) 3357(9) 3890(8) 5546(8) 58(4)
(7 1974(8) 3878(6) $836(7) 39(3)
Ce6) 2592(9) 3807(7) 6528(7) 54(4)
c(8) 1611(7) 5971{6) 3828¢7) 36(3)
(9 1316(8) BSB5(7) 4100(7) 46(3)
(1) 1274(8) 7264(7) 3743(8) 52(4)
(1) 1548(9) 7355¢7) 3114(8) $4(4)
c(12) 1839(8) 6732(8) 2831(8) 54(4)
13 1876(8) 6035(8) 3191¢7) 50(4)
C{14) -1041(7) 4308(7) 1073¢6) 41¢3)
s -197(7) 4610(7) 1082¢6) 39(3)
C(16) -1280(7) 5475(7) 2057(6) 33(3)
€17 -822(8) 5882(7) 2699(7) 42(3)
c(18) -895(8) 6674(7) 2731(7) 42(3)
C{19) -1430(8) 7040(7) 2120(8) 46(3)
cem -1888(9) 6658C7) 1474(8) 53(4)
ceL -1807¢7) 5876(7) 1449(7) 42(3)
(22 -2274(7) 4175(6) 1B05(6) 34¢D)
c(y) -2558(10) 3500(9) 1421(9) 59(5)
C(24) -3337¢10) 3290(11) 1294(9) 80(S)
(d¢3)) -3B45(9) 3683(9) 1540(8) 51(4)
C(26) -3559(9) 4313(9) 1967 (11) 77(5)
[d¢1) -2779¢9) 4553(9) 2089¢9) 73(5)




Table 41:conL.
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c(29) 1460(9) 5170(7) 1158(7) 49(4>
c(28) 1400(7) 4405(7) 1129(6) 36(3>
C(30) 2110(10) 5542(8) 1070(8) 62(4)
C(31) 2725(9) 5151(%) 973(8) 59(4>
C(32) 2688(9) 4356(10) 93%(%) 61(4)
(33 2025(7) 3982(8) 1022(8) 48(3)
C(34) 212(7) 3303(6) 408(6) 29(3)
C(35) 354(7) 3493(7) -302(6) 3B(3)
C(36) -4(8) 3084(7) -972(7) 47(3)
cGan -480(8) 2500(8) -971(7) 48(3)
c(is) -666(8) 2292(8) -294(8) 54(4)
c39 -277(8) 2709(7} 387(7) 43(3)
C(40) -593(7) 4249(7) 3894 (6) 36(3)
040 -727(6) 4515(5) 4427(5) 57(3)
4D -1091(8) 2994(7) 3068(7) 43(3)
04D -1556(6) 2546(6) 3073(6) 64(3)
CC42) 1982(9) 3351¢7) 2872(7) 45(3)
0c42) 2686(5) 3420(6) 311L(5) 62(3)
C{43) 931(8) 2305(7) 2183(8) 48(3)
0043) 957(7) 1690(5) 1962(6) 79(4)
C{44) 1884(8) 2413(8) 4417 (7) 47 (3)
0¢44) 2482(6) 2094(6) 4678(5) 61(3)
C(45) 408(7) 2863(7) 4781(7) 40(3)
0(45) 61(3) 2762(6) 3228(5) 58(3)
C(46) 371¢8) 2036(8) 3517¢7) 48(3)
0(46) 75(7) 1494(5) 3251(5) 69(3)
C(1s) 3627(14) 6278(15) 5691(13) 144(9)
Qs 2810(3) 6155(3) 5948(3) 107(2)
a2 31540(4) 6553(7) 481145 219(5)
€S> -5997(14) 4805(11> 2915¢103 11808
C1(35) -5368(4) 4302(4) 25474 138(2>
1045 -5675(4) 4807 (4) 3934(4) 130¢2)
(010 i) -5541(19) 4601022 -49(16) 366(27)




Table 42: Atomic coordinates and By, for 14
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x ¥ z 8iso
RUL 0.02631¢ 4) 0.37026¢ 5) 0.2117S5¢ 3) 2.066(21)
RU2 -0.20085( 5> 0.33300( 5) 0.11985¢ 3) 2.026(Q21)
RU3 -0.40851¢ 5  0.37838( 5)  0.10413¢ 3)  2.134(22)
RU4 -0.31612¢ 5 0.36589(¢ 3)  0.23982( 3) 2.033Q2L
RUS -0.09737¢ 5) 0.4D5%6¢ 5)  0.33835( 3) 2.085Q2L)
RUG 0.14776C 5) 0.48067C S)  0.3397D0(¢ 3)  2.284(22)
$1 -0.10472¢15)  0.47480¢14) 0.22288( %) 1.89 (
S2 -0.31765¢14)  0.1B408¢14) 0.19025( 8) 1.8D ( &)
N1 -0.5252 ¢ 5) 0.0126 (5 0.1374 (3 2.5 (B
N2 -0.5029 ¢ 5) 0.1946 ( 5 0.0998 ( 3) 1.89 Q23
N3 0.1038 ¢ % 0.2300 ¢ 5) D.3783 ¢ 3) 2.23 (24)
N4 -0.0442 ( 5) 0.2632 ( 4) 0.2992 ¢ 3) 1.73 (24)
a -0.4646 ( 6) 0.1258 ¢ 6) O0.1375¢( 3 1.9 (D
2 -0.5202 ( 6) -D.0611 ¢ 6) 0.1928 ¢( 4 2.3 (D
3 -0.5261 (7 -0.1709 ¢C7) 0.1773 (4 3.2 (&
4 -0.5300 ¢ 8) -0.2463 ¢ 7) 0.2292 (S 4.0 (4
s -0.5290 { 8 -0.2112 (B} 0.2062 { 9} 4.2 (&
6 -0.5202 ¢ 8) -0.1009 (8> 0.3120 C 4) 3.8 ( 4)
o] -0.5162 ¢ 7 -0.0234 (7> 0.2598 C 4) 3.2 ( 4)
c8 -0.6180 ( 6> 0.1440 (6 0.0529 C 3) 2.0 ¢ 3)
(a:] -0.6240 ( 6) 0.0821 ( 7) -0.0108 ¢ 4) 2.5 ( 3)
10 -0.7286 (7> 0.0554 (7) -0.0%83 ( 4) 3.1 (4
1 -0.8292 (7> 0.0687 ( 8) -0.0425 (4} 3.4 (&)
c12 -0.8251 ¢ 7> 0.1175 ¢ 8 0.0218 ( 53 3.7 ( &)
ek =0.7193 ¢( 7y 0.1534 ¢ 7) 0.0700 (4 2.7 (D
Ci4 0.0684 { 6 0.3051 (6) 0.3426 (3 1.9 (3
C1s 0.2175 ¢ 6) 0.2617 ¢ 6) 0.4267 (4) 2.4 (D
Cls 0.3222 ¢ 7) 0.2761 ¢ B) 0.4012 (4 3.4 (&
C17 0.4294 ¢ 7) 0.3073 (9 0.4472 ( 5) 4.1 (&
C18 0.4331 ¢ 8) 0.3239 ¢ 9 0.5152 { 5) 4.4 (%
e ) 0.3288 ¢ 8 0.3067 { 8) 0.5400 C4) 3.8 (4)
€20 0.2187 ¢ 7) 0.2761 ( 7) 0.494% ( 4) 3.0 ( 4)
(o)) -0.1092 ¢ €)Y 0.1399 ¢ 6) 0.2976 (4 2.2 (3
c22 -0.1695 € 6) 0.0924 ¢ 6} 0.3505 (4 2.6 (D
€3 -0.2221 ( B) -0.0272 ( 8) 0.3522 ( 53 3.9 ( 4
24 -0.2156 ¢ 8) -0.0998 ( 7} 0.3024 { 5) 3.6 (&
s -0.1573 (7 -0.0525 (7 0.2491 ( 5) 3.6 (&
C26 -0,2026 (7> ©0.0674 ( 6) 0.2465 ( 4) 2.6 ( 3)
27 0.1199 ( 7) 0.4924 (70 0.1653 ¢ 4) 2.7 (3
027 0.1777 ¢ 5) 0.5663 ¢ 5) 0.1389 ( 3) 4.0 ¢ 3)
o} 0.1389 ( 6) 0.2995 ¢(6) 0.2121 (4) 2.4 (3)
028 0.2021 (5 0.2518 ¢ 5) 0.2107 (3 3.5 (3B
25 -0.0638 ¢ 6) 0.2646 ¢ 6) 0.118% ¢ 4) 2.4 (B
029 -0.0420 ( 5) 0.2079 (5 0.0819 (3 3.4 (B
o -0.1312 (6 D.4578 (7)Y 0.0661L (¢ 4) 2.5 ( 3
030 -0.0826 ¢ 5 0.5310 ¢ 5) 0.0332 (3} 3.9 (3
ah] -0.2819 ( 6y ©0.2398 (6) 0.038% (4 2.4 (3
031 -0.3267 ( 5y 0.1837 ( 5 -0.0113 ¢ 3} 3.1 ¢
(32 -0.3099 ¢ 7) 0.5382 ¢ 7) 0.1141 ( 4) 2.8 (D
032 -0.2541 ¢ 5) 0.6346 ¢ 5) 0.1177 ( 3 3.8 (D
3 -0.5438 (&) 0.4113 ( 6) 0.1238 ( ) 2.6 (D
033 -0.6182 ( 5) 0.4344 ( 5) 0.1377 (3 4.0 ( 3)
C34 -0.4472 (6) 0.3763 ( 6) 0.0057 { 4) 2.7 (3
034 -0.4736 ( 6) 0.3726 ( 5) -0.0526 (3 4.0 (3
C35 -0.3265 (6) 0.5071 ¢ 6) 0.2630 ( 4) 2.6 ( 3)
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Table 42;cont.
035 -0.3379 (5) 0.5919 ¢ 5 0.2762 ( 3) 3.8 (3
C36 -0.4765 (6) 0.2904 ( &) 0.2484 ( 3) 2.2 (3)
036 -0.5726 (4) 0.2406 ( 5) 0.2560 ( 3) 3.2 (3
3z -0.2769 (6) 0.3109 {8) 0.3430 ( 2.3 (3
037 -0.3367 ( 4) 0.2555 ( ) 0.3795 ( 3 3.4 (3
C38 -0.0862 ( 6) 0.5506 ( 6) 0.3664 ( 4 2.6 (3
038 -0.0976 ( 5) 0.6391 { S) 0.3796 ( 3.7 (3
C39 =0.0614 ( 6> 0.374B ( 6) 0.4317 { 2.4 (3)
039 =-0.0420 ¢ 5) 0.3573 ( %) 0.4878 ( B 3.3 (3
C40 0.3003 ( 6> 0.4909 ( &) 0.3199 { & 2.7 (3
040 0.38%€ ( 5> Q.4983 ( S) 0.3078 ( 3.6 C 3
Cé1 0.1630 ( 72 0.6374 ( 7} 0.3177 ( 52 3.3 (4
041 0.1668 { 6) 0.7272 (5} 0.3053 (4) 5.3 (4
c42 0.2049 (7 0.5226 (7)) 0.4368 ( 4) 2.9 (»
042 0.2433 (5} 0.548B9 ( 5) 0.4928 ( 3 3.8 (3
C1s 0.096 ( 3) 0.8146 (1B) 0.1622 (110 1le6.8 (24
25 0.7671 (19) 0.0351 (15) 0.5772 ( 9 10.9 (13>
<Ll 0.1507 ( 43  0.9652 { 3) 0.21041¢20) B.e (3
CL2 0.1113 ¢ 4) 0.8275 ( 4) 0.08521(21) 9.0 ( 3
CL3 0.7070 ( 5 0.1109 { 5 0.5222 ( 3) 11.7 ( 4)
CL4 0.9194 ( 4) 0.0526 { 4y Q.56B6 ( 3) 12.5 ( 3)
Biso is the Mean of the Principal Axes of the Thermal Ellipsoid

Table 43: Atomic coordinates and B, for 15,

X ¥ F4 Biso
RU1 0.70291( 4> 0.202928(19) 0.358325(20) 2.860(16)
RY2 0.60941( 4) 0.136388(19) 0.223282(19) 2.767(16)
RU3 0.68672( 4>  0.054999(21) ©.126795(20)  3.206(17)
RU4 0.89919( 4) 0.081621(19) 0.219422(19) 2.761(16)
RUS 0.98333( 4> 0.138945(1B8) 0.354926(18) 2.571(17)
RUG 0.76112¢ 4>  (.089679(20) 0.427512(19) 2.899(18)
51 0.75534(12) Q.09812 ( € 0.31459 ( 6) 2.65 ( 4)
s2 0.82615(14) 0.18944 ( £) 0.18902 ( &) 3.01 ( 5
N1 0.8573 (72 0.2400 (¢ 3) 0.0718 (3 4.52 (25
N2 0.7515 ( 5) 0.13795 (22) 0.07259 (21) 3.6l (18)
cl 0.8097 ( & 0.1874 ( 3) 0.10200 (24) 3.38 Q20
2 0.9342 (7> 0.2933 (3 0.1035 (3) 4.2 (D
3 1.0744 ( B) 0.2843 (4) 0.1269 (4 5.6 (3
4 1.1436 (11> 0.3355 (5 0.1574 (5 B.1 (5
Cs 1.0786 (14) 0.3%942 (4) 0.1624 (4 7.9 (5
e 0.9380 (15) 0.4017 (4 0.1387 (5 1w.0 (7
7 0.8658 (13> 0.3510 (4) 0.1094 (4 7.6 (5)
C8 0.7404 ( B 0.1392 (3 0.0024 (N 4.6 (3
c9 0.8603 ( B 0.1249 (4> -0.033¢ (3) 57 (3
C10 0.8421 (12) 0.1235 ( 5 -0.1019 (4} B.1 (5
Cci11 0.7114 (14} 0.1356 ( 5) -0.1335 (4} 7.9 (&)
€12 0.5941 (13) 0.1510 ¢ 4> -0.0966 ( 4) 7.7 (5
Cc13 0.6090 € 8) 0.1518 ( 4> -0.029% (3> 5.5 (3%
Cl4 0.5022 ( 6) 0.19%4 (3) 0.3733 (3 4.4 (3D
Cc15 0.6778 ( 8) 0.2730 (3 0.2962 (3 4.9 (3
Cl6 0.7284 (7> 0.2537 (3 0.435% (3} 4.6 (3
ek 0.4903 (7> 0.1793 (3) 0.1623 (3 2.6 (3
C18 0.4509 (63 0.0882 (3> 0.2478 ( 3) 4.18 (25)
C19 0.7925 ( 7 -0.0023 (4) 0.071B ( 3} 4.9 (33




Table 43: conL
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20 0.5073 C7) 0.0459 (3 0.0783 (3) 4.7 ()
1 0.6412 (7) -0.0136 (3) 0.1825 (3) 4.5 (3)
22 1.0335 (7) 0.0805 (3 0.1558 (3) 45 (3
23 0.9485 ( 8) -0.0031 (3 0.2405 (3) 4.8 (3
c24 1.1081 ( 6) 0.1758 (3} 0.2014 ( 3) 3.73 (23)
C25 1.0799 ( 6) 0.1728 (3 0.4315 {(3) 3.73 (23)
c26 1.0887 ( 6) 0.0610 (3} 0.3676 (3) 3.57 (22)
c27 0.8282 (7) 0.1263 (3) 0.5082 (3) 4.8 (3
c28 0.8334 (6) 0.0072 (3} 0.4502 (3 3.8 (22)
€29 0.5675 ( 6) 0.0733 (3) 0.4531 ( 3) 4.22 (2
014 0.3852 (%) 0.19338 (3) 0.384a7 (3 7.4 (B
015 0.6590 ( 9) 0.3183 ( 3) 0.2651 (3 9.3 (4
016 0.7411 ( 7) 0.2849 ( 3) 0.4805 (3) 7.6 (3
017 0.4181 ( 6) 0.2060 (3> 0.1248 (3) 6.6 (3)
018 0.3547 (5) 0.0588 (3) 0.2613 (3 7.0 (3
019 0.8545 ( 6) -0.0374 (3) 0.0439 (3) 7.8 (3
020 0.3981 ( 5) 0.0367 (3 0.0522 (3 7.3 (3
021 0.6102 ( 7y -0.0561 ( 3) 0.2141 ( 3) 7.0 (3
022 1.1151 ( 6) 0.0806 ( 3) 0.1153 (3) 7.4 ( 3)
023 0.9831 ( 8) -0.05540 (24) 0.2525 ( 4) 8.4 ( 4)
024 1.1915 ( 5) 0.2003 ( 3) 0.26022 (23) 5.51 (22)
025 1.1342 ( 5 0.1931 (3> 0.47671 (24) 5.92 {23)
026 1.1546 ( 5}  0.01540 (23) 0.37672 (24)  5.34 (20)
027 0.8759 ( 6} 0.1481 ( 3) 0.55498 (24) 6.5 ( 3)
028 0.8761 ( 6) -0.04422 (22) 0.4625 ( 3) 5.94 (23)
029 0.4529 ( 5) 0.0645 ( 3) 0.4663 (3 7.6 (3
H1 0.835 (8 0.248 (3 0.043 (4 4.7 A7
H 0.886 ( 6) 0.214 (3 0.352 (3 4.0 (A¥

8iso is the Mean of the Principal Axes of the Thermal Ellipsoid
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Table 44: Atomic ¢oordinates and By, for 16.

X ¥ b4 Biso
RU1 0.49654( 6) 0.02996( 5) 0.15119¢ 5) 1.86( 3)
RUZ 0.28281( 6 0.02641( 5) 0.00857( 5) 1.82( 3)
RU3 0.24630( 6)  0.07121( 5) 0.22030( 5 1.91( 3
51 0.48343(19) 0.18946(16) 0.10111¢15) 1.99( 8)
N2 0.3353 ( 6) 0.2553 (5) 0.25%9 (5 2.1 (3
C15 0.6072 ( 8 0.1253 (8) 0.2M43 (7)) 2.7( %
N1 0.4801 ( 7) 0.4086 ( 5) 0.2249 (5 2.5(C 3
{16 D.1892 ( 8) 0.1144 (¢ 7> -0.0410 {6} 2.5 ( &
018 0.1421 ( €) -0.1842 ¢ 5y 0.1467 {( % 3.7 ( &
(18 0.18B17 ( 8) -0.09%3 ( 8) 0.1755 ( &) 2.4 (&
019 0.3645 ( 7) 0.0893 (6) 0.4262 (5 4.2 (&
Q1 0.4250 ( & 0.2927 (&) 0.2051 (5 L9(D
o 0.7245 (9 0.4274 (8 0.1924 (7) 3.3 { 5)
C14 0.4864 ( 8) -0.1084 (8 0.1715 (7} 2.8 ( 4
017 0.0726 (6) ~-0.2077 ( 5) -0.1017 ( 5 3.§( 3
C17 0.1516 ( 8) -0.1184 ( 7) -0.0592 ( 6) 2.5 ( 4)
015 0.6725 (7) 0.1886 ( 6) 0.3526 ( 5) 4.5 ( 4)
8 0.5948 (8) 0.4545 ( 7) 0.1832 (6} 2.6 { )
014 0.4852 (7) -0.1927 (6) 0.1834 ( 6) 4.9 (4)
016 0.1370 ( &) 0.1678 ( 6) -0.0728 ( %) 4.2 (&
e 0.3520 ( 9) 0.3813 (7) 0.4346 (6) 2.9 (4
C2 0.2870 ( 8) 0.3428 (7) 0.3360(6) 2.3 (4
5 0.1916 (A1) 0.5066 ( 9 0.4900 ( 8) 4.4 ( %
C4 0.3038 (10) 0.4647 (9 0.5127 ( 7y 43 (%
C6 0.1288 { 9 0.4653 ( 7 0.3932 ( 8 3.7 (%
C? 0.1739 (9 0.3833 ( 7) 0.3162 (70 3.0 ( 4
Ci19 0.3235 ( & 0.0845 ( 7 0.3487 (7D 2.6 (4)
i3 0.5792 (10) 0.5311 ¢ &) 0.1391 (8) 4.0 ( 6)
C12 0.6931 (14> 0.5810 (10) 0.1019 (10> 6.1 ( 8)
020 -0.0429 ( &) 0.1101 ( &) 0.2789 ( 5) 3.8 ( 4)
015 0.5687 ¢ 73 0.3692 (5 0.6491 (5 3.8 ( 3}
C20 0.0639 (92 0.0090 (7 0.2578 (&) 2.7 { 4)
C1s 0.6548 ( 9 0.3219 ( 7} 0.6698 ( 7) 3.1 ( 4)
045 -0.0371 (9 0.0905 (9 0.6288 (B8) 7.8 (7)
c25 0.6585 (11) 0.2000 ( 9) 0.6021 (8) 4.7 ( &)
€35 0.7619 (11) 0.3836 ( 8) 0.7616 ( 8) 4.4 (%
(11 0.8210 (13) 0.3502 (10) 0.1078 (11) 6.2 ( 7)
C4s 0.0727 (14) 0.1418 (1) 0.6158 { 9 5.7 {( 7
C10 0.8338 (10) 0.4740 ( 9 0.1511 { 9 5.1 ( &
CES 0.2087 (13) 0.1163 (14> 0.6460 (10> 7.8 (10)
55 0.0841 (16) 0.2283 (13> 0.5704 (13) 8.9 (A1)
H2R 0,209 (9 0.048 (8 0.108 (7> 4.6 (24)
H3R 0.644 (8 -0.003 (7) 0.081 (& 3.7 (20}
8iso s the Mean of the Principal Axes of the Thermal Ellipsoid

Symmetry operator a) 1-x, -y, -Z.
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Table 45: Atomic coordinates and By, for 17.

cocCc oo
(Yo N ) ~ (Y]
DD entn b B PRENE o

DNONOMNMNAZZVLILARXXDD

8]
=
[N

011
Q1
021
22
Q22
31
031
(32
a3z
c41
041
C42
042

OO O R MM ER ME R HOOOO R NEOOOD OO RO

x
.80175¢ 4)
.09157¢ 4)
.03841C 4)
.74019(C 4)
.88600(13)
.95272(13)
L6258 ( 5)
.6469 ( 5)
.6794 ( 5)
5429 ( 7)
6903 ( 8)
9730 ( 6)
0111 ( 5)
.2284 ( 6)
.3544 ( 4)
.5995 ( 5)
L4765 ( 4)
.7345 ( 5)
6910 ( 5)
1811  6)
2336 ( 6)
2421 ( 5)
L3328 (5
L0636 ( ?)
.0853 ( 6)
.1107 ( 6)
1549 ( 75
6148 ( 6)
.5361 € 5)
6749 ( 6)
6347 ( 79

| [
OO0 O0 O

3223
L4741
.3411
.4339
.5329
.2399
.3349
.1782
.2311
.1048
.1608
. 2369
.2800
L1110
.1829
.0260
.0234
-3142
.3738
.3890
.4892
.1183
-0.1455
-0.1891
-0.2581

[~ W=l e o = i e i = = = e e

[
(=N o I I ]

Y

.16152( 4)
-02965( 4)
21724 4
.08075( 4
.01136(12)
.08302(13)

{4
4)
5)
6)
6)
6)
5)
6)
13
5)
4
5)
4y
6)
6)
6)
52
7
7}
( 6
( 6
( 6)
( 6}
( 6)
(5

YVt tatalatalalalaltalalatalate Vel

[=k=E= =Rk =E=R=R=R=R=NeleNolalolololel=}= oo lalala ey ags)

4134
.4911
.2225
L1854 ( 5
Biso is the Mean of the Principa! Axes of the Thermal Ellipsoid

Z
.16062( 3)
.22876( 3)
.35289¢ 4)
.28513( 4)
.37384(10)
.15083(11)
.3124 ()
1359 ( 4)
2020 ( &)
.3628 ( 6
.0133 { 5)
L1217 ( 5)
0713 ( 5
.3300 ( 5)
L3531 ( &)
1959 ( 4
L1710 { 4
L0067 { 4
L0885 ( 3)
3062 ( 5
L3517 € 4)
.1125 { 5)
L0445 ( 4)
.5138 ¢ 6)
6119 ¢
.3194 (
2913 (7

(

{

<

8iso
L68B(23)
.892¢25)
31 ( 3)
.870(24)
2 {5
A7 ¢
.79 (19
.81 (200
.18 (20)
9 (3
13
.95 (24)
)
.81 (25)
.02 (21)
.03 (20)
.66 (19)
.31 (21)
.63 (21)
.05 (25)
80
.59 {24)
.19 (23)
0 (3D
]
0 (D
7o 4)
.65 (24)
NN}
.87 (24)
3 03

IR, IR N A N Ny W TR TV NV SR RV RN U VRN W VU el
(=)
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Table 46: Atomic coordinates and By, for 18,

x y z ) Eiso
RUL D.00462¢ 9  D.14581( 7) 0.32699(C 5) 3.07( )
RU2 0.08533( 9 0.33067( 8) 0.33378(C 5)  3.41( 5)
RU3 -0.18146( 9) 0.37614( 8) 0.40920C 5) 3.28(C %)
RU4 -0.09991¢ 9) 0.38949( 7} 0.16165C 5) 2.87( 5)
RUS -0.22403(10) 0.39102¢ 8 0.05033¢ 5) 3.62( &)
RUB -0.39540( 9) 0.50114¢ 8) 0.18858C 5) 3.50( &)
RU? -0.20604( 9> 0.09739C 7) 0.18210( 5) 3.06( 5
RUB -0,.15546{10) -0.08565(C &) 0.28101C 5) 3.84( 6)
RUY -0.38688( 9) 0.12547( 8) 0.33167( 5) 3.43( 5)
S1 -0.0762 ( 3> 0.33268(23) 0.28072(14) 2.%0014)
s2 -0.2407 (3 0.29745(22)  D.15996(14)  2.98(15>
s3 -0.1561 ( 3) 0.09708(23) ©0.29465(15)  3.12(16)
11 0.0618 (13) 0.0160 (12) 0.3869 (7) 4.6 ( 8)
011 0.0993 (12) -0.0593 (% 0.4217 (6) 8.7 (9
Q2 0.1478 (13) 0.0501 (11) 0.2430 (7)Y 4.5 (7
012 0.2358 (10) -0.0080 ( 9 0.1939 (6) 7.4 (6)
cz1 0.2526 (14) 0.2750 ()2) 0.2531 (7) 4.6 ( 8)
021 0.3514 (10) 0.2387 (10> 0.2035 (6) 7.2 (7}
Cz2 0.0530 (13) 0.490% (13> 0.3267 (7} 4.5( 8)
022 0.0298 (12) 0.5871 ( 9> 0.3233 ( 5) 7.2 ( 8
C23 0.1491 (13 0.3234 (11> 0.4176 ( 8) 4.8 ( 8
023 0.1826 (12) 0.3234 (110 0.4671 (&) 8.0 (
31 -0.3567 (13) 0.3769 (10) 0.4410 ( &) 3.8 (&)
031 -0.4621 (10) 0.3778 (8 0.4674 { 5) 6.3 ( &)
32 -0.1580 (14) 0.3735 (11) 0.5060 { 8 5.1 C 8)
032 -0.1462 (12) 0.3698 (10) 0.3627 { 6 7.9 ( 8)
3 -0.2530 (12) 0.5459 (12) 0.4107 (&) 4.1 ({ 7}
033 -0.2938 (10) 0.6439 (8 0.4092 { 5 6.4 (7)
Cc41 0.0761 (14) 0.2627 (12) 0.1149 (&) 3.9 ( 7}
041 0.1795 (10) ©0.1898 ( 8 0.0861 ( 5O 6.3 ( 6)
42 -0.0278 (12> 0.5000 (11} 0.2608 ( &) 3.7 (7}
042 0.0167 (10> 0.5651 { 8 0.1595 ( 5) 5.9 ( &)
Cs1 0.0313 {13) 0.2108 ( 8) -0.0638 (6) 8.1 ( 8)
051 -0.0675 (15) 0.2755 (11) ~-0.0218 ( 7) 4.7 ( 8)
C52 -0.3485 (16) 0.3622 (12) 0.0156 ( 7) 5.4 (™
052 -0.4236 (13) 0.3462 (1) -0.0056 (7) 8.4 (P
Cs3 -0.2523 (13> 0.532% (12) -0.0024 (7> 4.5 ( 8)
053 -0.2682 (10> 0.6145 (9 -0.0305 (6 6.9 ( 6)
el -0.5489 (16) 0.49%21 (12) 0.1732 ( 8) 5.5 (9
061 -0.6402 (12) 0.4855 (10> 0.1655 ( 7) 8.3 ( 8
62 -0.4765 (12) 0.5451 11> 0.2%39 ( 8) 4.5(7)
062 -0.5286 (11) 0.58%7 (% 0.3530 C6) 6.7 (7
63 -0.4485 (13) 0.6591 (11> 0.1587 (8) 5.2 (%
063 -0.4762 (12) 0.74%1 (100 ©0.1401 C 7> 8.7 (%
71 -0.0300 (14) ©0.0376 (11> ©0.1126 C7) 4.3 (7D
071 0.0764 (10) -0.0044 ( 8) 0.0697 ( 6) &.% ( 6)
72 -0.2865 {14) 0.0854 (11) 0.1099 ( 8> 4.8 ( 8)
072 -0.3395 (12) 0.0807 (10} 0.0682 (&> 7.5 ( 8)
C81 0.0352 {16) -0.1906 (12> 0.2324 (8 5.7 ( %)
081 0.1485 {12) -0.2497 (100 0.2049 ( 8) 9.7 ( 8)
82 -0.1498 (15) -0.1302 (11) 0.376%9 ( 9 5.7 (9
082 -0.1477 (14> -0.1512 (10) 0.4361 (7} 8.9 (®
(83 -0.2386 (14) -0.1841 (11) 0.2675 (7) 4.8 ( 8
083 -0.2868 (12) -0.2418 ( 9) 0.2579 (6) 7.9 ( &)
C91 0.4991 (14> 0.0551 (12> D.3283 (8) 5.5 (9
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0.423
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8iso is5 the Mean of the Principal Axes of the Thermal Ellipsoid

Table 47: Atomic coordinates and B, for 22,

X ¥ z 8iso
RU1 0.03893( 5) 0.12091¢ 5)  0.216557¢19)  1.980(22)
RUZ -0.11319¢ 5) 0.32035(¢ 3)  0.295998(19) 2.013(21)
RU3 -0.35153¢ &)  0.35158( 5)  0.344039(20) 2.331(21)
RU4 -0.33479( 5)  0.11515( 5)  0.298743(19)  2.144(20)
RUS -0.18952( 5) -0.05688( 5) 0.223995(19)  1.943(21)
RU6 ~0.19143¢ 5)  0.11267( 5) 0.147010(18) 1.679(20)
Pl -0.15089¢17)  0.28228(15) 0.09109 ( 6) 1.89 ( 7)
51 -0.19018(16) 0.17298(14) 0.22983 ( 5} 1.74 ( 6)
s2 -0.12546(18)  0.12802(16) 0.34516 ( 6} 2.34 ( 7)
N1 -0.1142 ¢ 7)  0.1328 ( 6) 0.44167 200 3.7 (R
N2 -0.2605 ( 6) 0.2740 ( 5) 0.40749 (19) 2.73 (24)
c1 -0.1752 (7) 0.1872 (7) 0.40365 (24) 2.7 (3
042 -0.0600 ( 6) -0.2519 ( 5) 0.15653 (19) 3.51 (23
037 -0.4600 ( 6) 0.4371 C 6) 0.24800 (20) 4.5 (3
046 -0.1513 ( 6) -0.0859 ( 5) 0.06590 (193 4.0 ( 3}
C46 -0.1659 ( 7) -0.0116 € 6) 0.09694 (24) 2.4 ( )
043 -0.4806 ( 6) -0.1780 ( 5) 0.20994 (24) 4.8 ( ¥
036 0.0295 ¢ 7> 0.4819 ( 6) 0.37587 (221 5.5 (3
038 -0.3039 ( 6} 0.6312 ( 5) 0.38485 (22) 4.4 (3}
040 -0.5894 ( 5} 0.1229 ¢ 7) 0.23925 (23) 5.1 (3
039 -0.6438 ( 6) 0.3002 { 63 0.38004 (23) 5.1 ()
C14 -0.2392 (7>  0.4305 (6) 0.09782 (24} 2.3 (D
045 -0.4982 ( 5} 0.0853 ( 6) 0.13211 21) 4.5 ( 3
035 -0.1243 (7} 0.5568 ( 5) 0.23491 (23} 5.4 (3
C39 -0.5321 ( 8) 0.3208 (73 0.3679 (3} 3.3 (M|
€15 -0.3154 ( 7) 0.4538 ( 6) 0.14000 (25) 2.6 ( 3)
041 -0.4867 ( 7) ~0.0085 ( 6) 0.38244 (23) 6.0 (I
caz -0.1085 ( 7) -0.1795 ( 6y 0.1817z (24) 2.5 ( %)
044 -0.1247 ( 8) -0.2054 ( 5) 0.31446 210 5.8 (4
033 0.2220 ( 6 -0.0711 ( 6) 0.17131 1) 4.7 ( 3)
034 0.1767 ( 6} 0.0587 { 7} 0.31137 20) 5.1 (3
25 -0.1240 ( 7} 0.2120 ( 7} -0.0097 (3) 3.0 (3)
€17 -0.3919 ( 8) 0.6474 ( 7y 0.1066 (3) 3.4 (3
€33 0.1540 ( 7) 0.0007 ( & 0.18781 (25} 3.0 (D
c22 -0.4009 ( 8) 0.1499 ( 7) -0.0212 (3} 3.2 (3
cag -0.1486 ( 9) -0.1446 ( 7) 0.2824 (3} 3.4 ( 3)
20 -0.2078 ( 7) 0.2280 ( &) 0.02057 (22) 2.0 ( 3)
(36 -0.0253 ( 8) 0.4218 (7) 0.3449 (3) 3.4 (3)
032 0.2310 ( 6) 0.3691 (&) 0.2019 (3) 5.6 (3)
€35 -0.1197 ( 8 0.4662 { 7> 0.2576 {3) 3.3 (3
€40 -0.4926 ( 7) 0.1189 ( 8) 0.2621 (3} 3.3 (3}
Q3 -0.3143 ( 9) 0.1357 (73 -0.0602 (33 36 (3
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Table 47: cont.
31 0.1200 ( 7) 06.2388 (7 06.0735 (3 2.8 ()
c8 -0.3011 { 9 0.3191 ( 7 06.455% ( 3) 3.5 (3
32 0.1558 ( 8) 0.2806 ( &) 06.2077 ( 3) 3.5 (D
C26 0.0306 ( 7) 0.3337 ( 6) 0.08381 (24) 2.4 (3
C37 ~0.4155 ( &) 0.4061 ( 7) 0.2836 ( 3 3.2 (3
Cl6 -0.3901 ( 8 0.5626 ( 7) 0.1436 ( 3) 3.3 (D
c43 -0.3731 ( 8 -0.1320 ( 6) 0.2159 ( 3 2.9 (2
24 -0.1749 { 9 0.1658 ( 8) -0.056 ( 3.9 (4)
C13 -0.4153 (103 0.2597 (9 0.4779 (1 4.6 (4)
9 -0.2270 (10) 0.4243 (8 0.4778 ( 4.4 (4
34 0.1183 ( 7) 0.0840 ( 8y 0.2786 ( ) 3.2 (3
C4q1 -0.43219 ( 8) 0.0396 ( 72 0.2488 ( 3) 3.5 (B
27 0.0850 ( 8) 0.4617 ( 7 0.0897 ( 3) 3.4 (D
Ccas -0.3832 (7} 0.0933 (72 0.1375 (3 2.8 (D
c2 -0.0245 ( 8) 06.0316 ( 7} 0.43766 (24) 3.0 (3
C19 -0.2416 ( 8) 0.5184 C 7) 0.0602 ¢ 3) 3.1 (D
c21 -0.3485 ( 0.1970 ( 7) 0.0233 ( 3 2.9 (3
C30 0.2588 ( 8) 0.2699 ( 8) 0.0685 ( 3) 3.6 (4)
C18 -0.3184 { 9 0.6263 ( 7) 0.0640 ( 3) 3.6 ( 4)
38 -0.3210 { ) 0.5262 ( 7) 0.3706 ( 3.0 (2
€29 0.3105 ( 8) 0.3968 ( 9) 0.0748 ( ) 4.3 ( &
Ccl0 -0.2734 (1) 0.4720 (9 0.5231 (B 5.8 (5
c7 -0.0765 (10) -0.0958 ( 9) 0.4324 (4 5.2 (%)
C11 -0.3846 (11) 0.4135 ( 9) 0.5444 ( 3) 5.7 (%)
c4 0.2025 (10) -0.0360 (14) 0.4362 ( 4) 7.6 (7
C28 0.2241 ( 9 0.4928 ( 8) 0.0853 ( 4) 4.5 (4
[ 0.1128 ¢ 9 0.0617 (10) 0.4394 ( 4) 5.3 (%
C12 =0.4551 {11) 0.3085 (1D 06.5230 ( 3> 5.9 (9
Ccs 0.1487 (14) -0.1625 (12) 0.429%6 (3 8.1 (7}
C6 0.0118 (13) -0.1920 (10) 0.4284 ( 4) 7.0 (6
cL 1 0.4068 ( 6) 0.6890 ( &) 0.32602 (17> 4.1 ( 3)
L 2 0.1942 ( 7) 0.6750 ( 8 0.2576 ( 3 23.1 ( &)
£1s 0.2752 (21) 0.7441 (23) 0.2969 (7)) 15.7 (17>

Biso is the Mean of the Principal Axes of the Thermal Ellipsoid

Table 48: Atomic coordinates (x 10%) and U, x 10% (A% for 26.

X ¥ F4 Udeq)
Ru(1) 3813(1) 1665(1) 6929(1) 42(1)
Ru(2) 747(1) 2612(1) 7125(1) 45(1)
Ru(3) 1876(1) 1612 (1} 5829(1) 47(1)
Ru{4) 1123(1) 3088(1) 8891(L) 5001)
Ru(5) 4192(1) 2195(1) 8701(1) 47{1)
Ru(d) 2083(1) 1395(1) 9462(1) 4701
51 2198(3) 1813(2) 8127(2) 42(
5(2) 2855¢4) 3209(2) 6738(2) 47(1)
N(1) 2497(12) 2747(7) 5271(6) 52(3)
N{2) 3356(14) 4010(8) 5346(7) 96 (4)
(1 2893(15) 3320(9) 5663(7) 50(3)
C(2) 2412(16) 2886 (10) 4417(8) €9(4)
(3 1300(18) 3489(13) 4154(9) 88(6)
c{4) 1154(25) 3600(15) 3320(13) 118(8)
C(5} 2165(27) 3119(14) 2796(10) 101¢(7)
C(8} 3275(23) 2469(13) 3058(9) 85(6)
c(7) 3402(20) 2380(11) 3867(9) 79(%
C(8) 3749(17) 4688(92) 5766(8) $7(4)
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€9 5007 (18) 4510(1D) 6118(9) 69(4)
(1 5312(22) 5180(16) 6518(11) 99(7)
(1D 4473(3M 6002 (14 6490(14) 112(8)
1) 3276(29) 6129(14) 6096 (14) 117(8)
C{13) 2924(19) 5481(12) §725(12) 91(6}
£(91) 1376(15) 622(10) 6430(8) 5504
N(91) 1077(14) 50(9) 6781(7) 68(3)
€c92) 687(23) -723(11) 7202(10) 94(6)
€(93) 1862(26) -1538(13) 6932(14) 138(9)
€(94) 539(25) -549(13) 8048 (11) 118¢8)
€(95) ~-804(25) -774(17) §954{15) 155¢11)
0(101) 4724(13) -279(N 7133(8) 93(4)
€(101) 5245(18) 163711 6046(9) 72(4)
0(102) 6077(13) 1663(9) 5543(8) 108(4)
£(102) 4410(15) 439(11) 7072(8) 60(4)
0(21) -1091(13) 3884(9) 6056 (8) 112(5)
ce1d -386(16) 3402(11) 6471(9) 69(4)
0(22) -1631(13) 1652(8) 7511(8) 99{4)
c(22) -723(17) 2028(11) 7375(9) 66(4)
0(31) 3550(14) 317(8) 4595¢7) 98{4)
€(31) 2926¢17) 818(10) 5043(8) S8(4)
0(32) -938(1%) 1965(12) 4983(8) 131(6)
C(32) 137(19) 1788¢13) 5292(10) 82(5)
0(41) 1020(15) 3€36(10) 10521(8) 117(5)
C(41) 1021(19) 3567(12) 9907 (12) 91(6)
0(42) 387(18) 4821(8) €013(8) 125(5)
C(42) 683(19) 4168(11) 6293(9) 77(5)
0(43) -2053(12) 2644(9) 9122(7) 97 (4)
CC43) -873(17) 2592(10) 3038(9) 65(4)
(51 5163(14) 252009 10303(7) 101(4)
(51 4837(16) 2439(10) 9700(9) 63(4)
0(52) 6024(12) 3265(8) 7688(7) 88(4)
C(53) 5632(15) 111211 8625(8) 60(4)
(52 5306(14) 2869010 4027(9) 62(4)
0(53) 6509(11) 502(7 4572 (6) 78(3)
0(61) 2519(16) 1751(9) 11182(7) 112(5)
c(61) 2379(18) 1627(11) 10544(9) 73(4)
0(62) 3932(12) -460(8) 9455(8) 88(4)
€(62) 3231(16) 229011 9484(9) 66(4)
063 -931(13) 987 (9 9824(8) 103(4)
C(63) 181(18) 1127(¢9) 9694(8) S7(4)
0(99) 3204(36) 5284(20) 9318(24) 151(14)
(98 3529(47) 5709(40) 8753(32) 236(73)
o7 2358050 6564029 8566(24) 114(20)
C(96) 5247(4%) 5433(32) 8745(25) 260(77)




