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Abstract

Polynuclear metal carbonyl complexes serve as the bridging model between
heterogeneous catalysis and homogeneous catalysis for the activation of small molecules.
Rus(us-C)(CO)1s has been found to exhibit superior reactivity due to its unusual
polynuclear metal geometry. possibilities of interconversions of ligand bonding modes,
and the formation of the electronically unsaturated metal species. C-H activation in
aldehydes and azobenzene of pentaruthenium cluster complexes is described in chapters 2
and 3 respectively. The formation of new hydrocarbyl zwitterions and C — C coupling
ethyne to the carbido carbon in the complex, and the alkyne insertion reactions with

pentaruthenium cluster complexes are described in chapters 4, 5, and 6 respectively.

Aldehydic C-H activation of biomass derived important aldehydes such as furfural
and 5-hydroxymethylfurfural by Rus(us-C)(CO)is is reported in chapter 2. The reaction
Rus(ps-C)(CO)is with furfural yielded Rus(us-C)(CO)14(u-n>-O=CCsOH3)(n-H), 2.2
which has an n?-bridging furoyl ligand coordinated across the open edge of a Ru wingtip-
bridged Ru4C cluster, whereas the hydrido ligand bridges the hinge metal atoms. Similarly,
the reaction Rus(us-C)(CO);s with furfural yielded Rus(ps-C)(CO)ia[p-n>-

0=CC4OH(CH0H)](p-H), 2.3.

The activation and coordination of azobenzene with Rus(us-C)(CO)is and its

derivative is discussed in chapter 3. The reaction of Rus(us-C)(CO)is with azobenzene,
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PhN=NPh, yielded the pentaruthenium carbido cluster compound
RusC(CO)13(CeHaN=NC¢Hs)(u-H), 3.4 containing a chelating ortho-metalated azobenzene
ligand on one of the ruthenium atoms in a opened square-pyramidal RusC cluster.
Compound 3.4 is electronically unsaturated and it readily adds one CO ligand at 25 °C to
yield the electronically saturated complex RusC(CO)i1s(CeHsN=NC¢Hs)[pu-H], 3.5.
RusC(CO)13(u-12-Ph)[u-Au(NHC)] reacts with azobenzene to yield the azobenzene
complex RusC(CO)i3(u-n2-PhN=NPh)(n!-Ph)[u—Au(NHC)], 3.6, NHC = 1,3-bis(2,6-
diisopropylphenyl-imidazole-2-ylidene), which contains a novel bridging di-c-1n2-N,N
coordinated azobenzene ligand across an open edge of an RusC cluster. Compound 3.6
eliminated  benzene and was transformed to the new  compound
RusC(CO)13(CsHaN=NCsHs)[u-Au(NHC)], 3.7 when heated to 105 °C for 3 h. Compound
3.7 is similar to 3.4 except that it has an Au(NHC) group in the place of the bridging

hydrido ligand in 3.4. Compound 3.7 is also formally electronically unsaturated like 3.4.

The formation of zwitterionic, hydrocarbylonium ligands from a combination of
alkynes and MesN with pentaruthenium cluster complexes is reported in chapter 4.
Reactions of the pentaruthenium cluster complexes Rus(ps-C)(CO)1s, Rus(ps-C)(CO)1a[ -
12--0=C(NMe)](u-H), 4.6, and Rus(ps-C)(CO)1sCl(p-H), 4.7 with ethyne (C2H) in the
presence of MesNO yielded the zwitterionic complexes Rus(ps-C)(CO)is[p-n-
CHCH(NMes)] 4.8, Rus(us-C)-(CO)13[u-n2-O=C(NMe,)](n'-E-CH=CH(NMes)(p-H) 4.9,
and Rus(ps-C)(CO)13CI[n'-E-CH=CH(NMe3)](u-H) 4.11. Each product contains a
positively-charged, trimethylammonioethenyl ligand, CH=CH('NMe3), that is derived
from a 2-trimethylammonioethenide, "CH=CH('NMe3), zwitterion that formally has a

positive charge on the nitrogen atom and a negative charge on the terminal enyl carbon

vi
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atom. The trimethylammonioethenyl ligand, CH=CH(*NMe;) in 4.8 is a n’-ligand that
bridges a Ru—Ru bond on a basal edge of the square-pyramidal Rus cluster by a
combination of ¢ + m coordination of the ethenyl group. Compounds 4.9 and 4.11 each
contain a m'-terminally-coordinated [n'-E-CH=CH('NMes)] ligand with an E
stereochemistry at the C=C double bond in open Rus cluster complexes. Compound 4.9
was decarbonylated to yield the compound Rus(us-C)(CO)i2[p-n>-O=C(NMe2)][u-n*-
CH=CH(NMe3)](u-H) 4.10 containing a n>-bridging CHCH(*NMe3) ligand. Compound
4.10 was converted back to 4.9 by the addition of CO. Two zwitterionic products, Rus(jts-
C)(CO)14[n'-E-CH=CH(NMe3)] 4.12 and Rus(ps-C)(CO)is[n'-E-CH=CH(NMe3)] 4.13,
were obtained by the addition of CO to 4.8. Compound 4.12 is an intermediate en route to
4.13. Compound 4.12 contains a terminally-coordinated n!-E-CH=CH(*NMe3) ligand on
one of the basal Ru atoms of a square-pyramidal Rus cluster. Compound 4.13 also contains
a terminally coordinated n'-E-CH=CH("NMe3;) ligand on the wing-tip bridging Ru atom
of a butterfly RusC cluster. Treatment of 4.6 with methyl propiolate (HC=CCO:>Me)
yielded the  zwitterionic  complex  Rus(us-C)(CO)i3[p-n>-O=C(NMez)][n!-E-
(MeO2C)C=C(H)NMes](u-H) 4.14 that is structurally similar to 4.9 but contains a n'-E-
(MeO,C)C=C(H)("NMes) ligand. Compound 4.14 eliminated its NMe3 group to yield the
compounds Rus(us-C)(CO)13[p-n>-O=C(NMe2)][u-n>-(MeO.C)HC=CH] 4.15 which
contains a bridging methoxycarbonyl-substituted alkenyl ligand and the known compound

Rus(ps-C)(CO)13[p-n> O=C(NMe)](HNMe)(p-H) 4.16.

The reactivity of a (us-C) carbido carbon in the pentaruthenium carbonyl cluster,
Rus(ps-C)(CO)is with the unsaturated molecule ethyne (CoHb») is reported in chapter 5. The

thermal reaction at 48 °C yielded four new ethyne-bound cluster complexes, Rus[ps-n:n'-

vil
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CC(H)C(H)C(H)C(H)](CO)13(pan%n'n*n'-HCCH), 5.2; Rus[ps-n*m!-
CC(H)C(H)C(H)C(H)](CO)i2(uan%n'm*n'-HCCH), 5.3; Rus[ps-n*n!-
CCH)C(H)C(H)C(H)](CO)12(ms-n*n'in%n'-HCCH), 5.4; and  Ru4(CO)11(ps-
nZn'n?n'-HCCH)Ru(CO)3(CsHs), 5.5. All four compounds contain a quadruply-
bridging ethyne ligand coordinated to four metal atoms. Compound 5.3 has a bridging
metalla-penta-1,3-dienyl ligand, RuCC(H)C(H)C(H)C(H), where two C>H> molecules
have been coupled to the carbido carbon of the cluster by forming a C — C bond. Upon
carbonylation of 5.3, the bridging metalla-penta-1,3-dienyl ligand, CC(H)C(H)C(H)C(H)
changes its coordination mode from n*:n'to n*:n'in 5.2. When 5.2 was treated with CO
thermally, the bridging metalla-penta-1,3-dienyl ligand changed its coordination mode
from bridging n*:n! mode to a n>~metalla-cyclopenta-1,3-dienyl ligand in 5.5. The thermal
decomposition of 5.5 in presence of water yielded the known compounds: a quadruply-

bridged Rus(CO)12(p4-C2Hz), 5.6 and the dimer [Ru(n’-CsHs)(CO)2]z, 5.7.

In continuation of the study of alkynes with the pentaruthenium carbonyl cluster
complex, we studied the insertion of alkynes into the Ru-phenyl bond of
Rus(pus—C)(CO)13(u—n>~Ph)[u—Au(NHC)], 6.3 in chapter 6. The reaction of C,H, and
HC,Ph with Rus(us—C)(CO)13(u—n>—Ph)[u—Au(NHC)], 6.3 where NHC = 1,3-bis(2,6-
diisopropylphenyl-imidazol-2-ylidene)  yielded the new alkenyl complexes
Rus(us—C)(CO)13[u-n*-E-C(H)C(H)Ph)][u-Au(NHC)], 6.2 and RusC(CO)i3[p-n*E-
C(Ph)C(H)Ph][p-Au(NHC)], 6.3 by insertion of the alkyne into the metal — carbon c-bond

of the phenyl ring in 6.1.
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Chapter 1

Introduction

The major constituents of natural gas, and petroleum are lighter alkanes such as,
methane, ethane, propane and butane.! Currently, methane and coal are converted to
methanol or longer chain hydrocarbon via synthesis gas intermediates (CO with Hz), which
requires energy intensive conditions.? Ultimately, this industrial process contributes to the

large-scale CO2 emission and becomes a potential source of global warming.’

The difficulty arises from the constituent atoms of the alkane itself due to the
presence of strong and localized C-C and C-H bonds. In particular, the C-H bond
dissociation energy (BDE) in methane is 105 Kcal/mol.* Very low acidity and basicity of
the C-H bond arises from the small difference between their electronegativities (yc = 2.55;
yu = 2.20) and thus estimated pK, is about 45-60. Therefore the activation of C-C and C-
H bonds in hydrocarbons remains the key challenge for obtaining value added chemicals

from natural gas and petroleum.

1.1 Challenges of C-H bond Activation and Functionalization

Although C-H bonds in alkanes are strong and localized, they are known to undergo
a variety of free radical oxidation processes which are not selective. More often the
functionalized product is more reactive than the alkane itself leading to overoxidation and

ultimately yielding mixtures of products.® Hence, selective catalysis is required to achieve
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desired products. To date, two distinctive types of catalysis are being applied to carry out
C-H activation and functionalization. One is heterogeneous catalysis, where most of the
catalysts are precious metals or metal oxides on a solid support.’ Industrial applications are
mostly based upon heterogeneous catalysis and require high temperatures and high-
pressure conditions. Hence, research tends to be focused on performing catalysis under
milder conditions than conventional heterogeneous catalyses. Homogeneous catalysis is an
alternative where both the reactant and catalyst are in same phase, for example in a solution.
The first example of homogeneous CH activation catalysis was reported in 1960 by Shilov,
involving the addition of alkanes including methane, to a mixture of H,PtCls and NaxPtCls
which yielded the formation of alkyl halides and alcohols, although it requires an
equivalent amount of Pt(IV) salt (Scheme 1.1).® Later, Periana showed that a Pt(II) metal
complex can be used to selectively oxidize methane, but it requires the use of harsh

chemicals such as, H2SO4 that complicate the product purification steps.’

1
\OHZ \\\OHZ
CI /////// \\\\\\ +CH4 CI //// /// "\\\\
—_— > Pt
\ -HCI V4 N
/ cl H,0 CH;
PtV
2
CH3;0H + HCI CH pt'
3\\ A

Scheme 1.1 Mechanism of C-H activation in methane by the Shilov system.®
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1.2 Transition-metal (TM) complex mediated C —H bond activation

The practical application of C-H activation means, targeting C-H bonds in the
hydrocarbon by a reagent such that the following step would yield a C-X bond, where X
could be N, O or C on another hydrocarbon molecule. To date, pathways by which
transition metal-catalyzed C-H activations have been observed include oxidative
addition,'® 5-bond metathesis,!! and electrophilic addition to a  system.'> Among them
our understanding of the alkane C-H activation mechanisms has been mostly obtained from
the oxidative addition process. The initial process makes a sigma bond complex at the metal
center which resembles the activation of the dihydrogen molecule by a metal center.!® The

activation process is depicted below in the scheme 1.2.

H H O O
o donation synergistic 1

to the metal back-
bonding

Homolytic H 5 activation by Transition metal complexes

—cC H
@=L
o donation synergistic 1

to the metal back-
bonding

Oxidative C-H bond activation by TM complexes

Scheme 1.2 Orbital view of H-H and C-H bond activation of transition metal complex.
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The act of donation of electron density from H-H or C-H bond to a metal atom
(sigma (o)—M) and the reverse m-back bonding M—ac™ electron transfer weakens the
o—-bond leading to the formation of a M-H and/or M-C bonds. A bonding interaction
between a filled o orbital of H-H or C-H bond and an empty metal orbital (c donation),

followed by rearrangement of the electron density at the metal center eventually yields

cleavage of the H-H or C-H bond and the formation of two M-H bonds. '*
1.4 Transition metal cluster complex mediated C —H bond activation

Polynuclear metal complexes containing metal-metal bonds, also known as cluster
compounds, might serve as models for bridging the gap between heterogeneous catalysts
involving reactions on surfaces (a) and homogeneous catalysts using single metal atom
sites of mononuclear metal complexes (b), see (Scheme 1.3).!> Metal clusters have been
shown to exhibit unique properties regarding C-H and C-C bond activation and

coordination of the ligands to the metal and in catalysis. '

Scheme 1.3 Schematic diagram of (a) metal surface, (b) mononuclear metal complex and
(c) metal cluster compounds (M,), where number of n is 2 or more than 2.
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Polynuclear metal carbonyl complexes are among the metal cluster complexes
having properties that provide a basis for the development of a new class of transition-
metal catalysts. Not only do they represent multinuclear sites on close-packed arrays of
metal surfaces, but also polynuclear coordination and reaction at the metal-metal bond
makes it possible for cooperativity and synergism in reactivity.!” In addition, reactivity
towards a small molecule can involve unusual electronic configurations including
unsaturation (less than 18 electrons around a metal center) that can be found in the metal
cluster.!®

In 1983, Johnson and Lewis showed that the triosmium carbonyl complex
0s3(CO)10(NCMe): can activate CH bonds in arenes to yield the complexes Os3(CO)1o(p3-
CeH2RR2)(u-H), that contain triply-bridging aryne ligands (Scheme 1.4)."° Little was
initially known about mechanism of how these bridging benzyne ligands were formed.
Sigma-coordinated singly activated benzenes were suspected as intermediates in the

benzyne formation.

co H H
OC\ | /CO
Ols H H
MeCN (of0] (of0] H
oc._ l/ | co "
_Os—————0s__ -2NCMe, 80 °C
oc” | | ~co
(of0] NCMe

Scheme 1.4 Multiple C-H activation and oxidative addition of C¢Hs on a triosmium
carbonyl cluster complexes.
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After 29 years, Adams et al. were able to find such a sigma coordinated group, but
it was for an Au-C bond. They applied the concept of isolobality of H-C and Au-C bond to
the cluster compound and successfully isolated the intermediate (Scheme 1.5).2% 2!

Multiple CH activations were also observed in furan ring systems by the same triosmium

carbonyl complexes Os3(CO)1o(NCMe),.2?

\I/ \ /

+CgHsAu(PPh;) /Oi
MeCN co > —Au”
/ | CO -2NCMe, 40 °C PhsP A”\ / co\_ CO
/

| _co
Os—0Us
I\ | Sco
ocC

Scheme 1.5 Oxidative addition of an Au-C bond across an Os-Os metal-metal bond and
formation of bridging n'-CeHs ligand.?

Interestingly, other metal cluster complexes were found to exhibit C-H activations
on different classes of organic compounds. [Re2(CO)s(pu-H)(u-Ph)] is a good example of
an electronically unsaturated binuclear metal cluster complex that can oxidatively add
benzene by C-H activation and also reductively eliminate benzene by C-H bond formation.
16(©). 23 The mechanism of the aromatic C-H activation process by [Re2(CO)s(uH)(u-Ph)]
was investigated by wusing density-functional theory (DFT) calculations. The
transformation is initiated by approach of an uncoordinated benzene solvent molecule to
the cluster in the region proximate to its bridging hydride ligand (Scheme 1.6). The
approaching solvent molecule donates some electron density from one of its © bonds to
one of the rhenium atoms. A shift of the bridging phenyl ligand to a terminal position on

the neighboring rhenium atom, via transition state TS1, yields the Intermediate I1. This
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Intermediate is subsequently converted into an n>-CH coordinated C¢Hs ligand in the
Intermediate 12 by a C-H bond-forming shift of the bridging hydrido ligand to the carbon
atom of the terminally coordinated phenyl ligand via the transition state TS2. The
Intermediate 12 subsequently rearranges into a centrosymmetrical bis[n?-(C,C)-C¢Hs]
Intermediate 13.!% 23 To summarize, formation of C-H bond takes place largely on one
metal atom but the second metal atom is not a spectator. The second metal atom assists
the C-H activation step by delivering the H atom from the carbon atom to the M-M bond

(Scheme 1.7).

Re N N | |/ < //
— Re. Re. Re. Re

/ @ —_ /l\H/l\ _ /I\H//\

13
[Re(CO)g(p-H)(u-Ph)] s @
0,
e = \Q/_H\Rg = Sl
/| A2\ /| n I A\
12 TS2 11

Scheme 1.6 C-H bond activation and formation of benzene (CsHg) in the [Rex(CO)s(u-
H)(uPh)] complex. 623
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CH o-bond donation to Re1 Re2 donation to CH &™-bond

Scheme 1.7 Schematic for the C-H coordination and synergistic bond cleavage
process.!6(©): 23

1.5 Synthesis and Reactivity of Rus(us-C)(CO)1s

Ruthenium-based metal complexes have been used for a wide variety of reactions
in organic synthesis, e. g., C—C bond formation reactions.”* Among them ruthenium
carbido carbonyl complexes are considered as important intermediates in olefin metathesis

and for Fischer—Tropsch syntheses.?

In an attempt, to activate C-H bonds in small unsaturated molecules we chose to
investigate the square-pyramidal pentaruthenium cluster compound Rus(ps-C)(CO);s, 1.1
with a variety of small organic molecules. The structure of 1.1 was established by single-
crystal X-ray diffraction analysis many years ago.?® The square-pyramidal cluster of Ru
atoms each contains three linear terminal carbonyl ligands on each metal atom. A penta-
coordinated carbido ligand resides in the center of the square-planar base and is displaced
by 0.11(2) A out of the Rus plane. The average bond length for Ru-Ru bonds is reported to

be 2.84 A, whereas the average bond length for Ru-carbide bond is 2.04 A.
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Compound 1.1 is a 74 valence electron cluster’’ and exhibits a remarkable
chemistry based on its ability to add ligands by cluster opening cleavage of one of its Ru-
Ru bonds between the apical positioned Ru atom and one of the basal positioned Ru atoms.
For example, upon addition of MeCN to 1.1 the cluster compound opens to a bridged

butterfly ruthenium atom geometry (Scheme 1.8).26:28

| NCMe
~Ru" \R(J/

_\ __E\ - R,u// \R/u~
s N\ MecN / c \
c — \\

y, -MeCN —R \R .
—Ru Ru__ / u\ /u\
/ \ I
1.1

Scheme 1.8 Reversible addition of MeCN to the cluster complex 1.1 shows a switch
between a square-pyramidal structure to bridged butterfly structure.

In addition, ligands can add to two metal atoms of the cluster 1.1 across the edge of
Ru-Ru bond showing different modes of coordination. In recent studies, different bond
modes of a benzoate ligand were found in the reaction between benzoic acid and 1.1. In
bonding mode A, the benzoate ligand donates three electrons to the metal center through a
n°-chelating coordination mode. The carboxylate hydrogen atom serves as a one-electron
donor and was shifted to the cluster and adopted a bridging position across the hinge bond
of the Ru4 butterfly tetrahedral portion of the cluster. Overall, the five ruthenium atoms in
A contain a total of 76 valence electrons. The formation of A and B from 1.1 lead to a net
increase in the cluster valence electron count by two electrons. This requires the cleavage
of one Ru—Ru bond which turns out to be one of the bonds between the apical Ru atom and

one of the Ru atoms in the square base®’ (Scheme 1.9). Carbonylation and decarbonylation
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of the derivative of cluster complex 1.1 plays a vital role in the coordination mode of the

activated ligand. The activated cluster can further react with unsaturated hydrocarbons to

leading to C-C bond formation reactions.'7®- 3

N N
H-, u )
>\R£:/’\>R‘!/ \\R/u{-\—>RL<\C —Ph

/1 /\\

N
C C
7V N 1 /1IN
A n’—chelate B p—n? bridging

Scheme 1.9 Different coordination modes of compound 1.1 with a benzoate ligand.

The carbido ligand in compound 1.1 holds the cluster together while cleaving the
metal- metal bond upon addition of substrate. However, being buried below 0.11(2) A from
the Ruy plane of compound 1.1 it might also show reactivity towards unsaturated organic
molecules. Chapter 6 will be focused upon the reactivity of the carbido ligand in compound
1.1. The synergism and cooperativity transformations of ligands upon addition and removal
of CO ligand, formation of electronically unsaturated cluster upon addition of bulky ligand,
formation of higher nuclearity cluster’! of the compound 1.1 prompted us to study its

chemistry further.

A brief description of preparation of compound 1.1 will be discussed here.
Compound 1.1 was made from its parent cluster Rue(ps-C)(CO)17, 1.2 by a degradative
carbonylation reaction in heptane at 80 °C. The route by which compound is made in

Adams lab is depicted below:

10
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Scheme 1.10 Synthesis of Rus(ps-C)(CO)1s, 1.1 from Rus(ps-C)(CO)17, 1.2 by a
degradative thermal carbonylation method.

O

Ru—
N\ 4+Ru(CO)
e

1.6 Zwitterion chemistry

Hydrocarbyl onium zwitterions were first reported in 1950s by Wittig, where a

primary or secondary alkyl halide and an aldehyde or ketone were used to make an olefin

by using triphenylphosphine and a base (Scheme 1.11).32

Ph
o .. \ / Ph
5:  @rl,,
N
R4//C C\\Rz
R; R4

Scheme 1.11 First example of hydrocarbyl onium zwitterion reported in Wittig reaction.

The term zwitterion is derived from the German word zwitter, meaning a hybrid.
According to IUPAC, zwitterion is a neutral compound having formal units of electrical
charge of opposite sign located on different atoms in the same molecule.>* Ylides of

phosphorus and sulfur are an important class of zwitterions used in wide range of organic

11
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syntheses (Scheme 1.12). More often they are reported as intermediates in certain

reactions.>* 3

+ - + -
R;P——CR', R,S——CR’,

Phosphorus Ylide Sulfur Ylide

Scheme 1.12 General formula of a phosphorus and a sulfur ylide.

These ylides can serve as ligands by complexation to metal atoms. The coordinating
atom is almost exclusively the carbon atom. In these cases, the formal negative charge is

shifted to the metal atom (Scheme 1.13).3¢

+ +
R;P R,S
\CHZ \CHZ

| |

Scheme 1.13 Zwitterions complexed to a metal atom through the carbon atom.

A true hydrocarbyl onium zwitterion could also have formal unit electrical charges
of opposite sign located on nonadjacent atoms. In all of these instances, they are ligands
complexed to metal atoms. Selected examples include phosphonioalkenyl zwitterions
complexed to one or two metal atoms (Scheme 1.14).3” Here, the point of attachment is the
carbon atom, and the formal negative charge is located on a metal atom. Thus, the charge

separation gives overall stabilization on phosphonioalkenyl zwitterionic ligands.

12
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Scheme 1.14 Examples of phosphonioalkenyl zwitterionic ligands complexed to metal
atoms.

There are a few examples of ammonioalkenyl ligands reported in the literature

(Scheme 1.15).3%3°

HC/\ \R, ;C\M H
ey no—t” HCI\C>C_NR3
/. S\ VAW
M M M M
n' pn’ ps—n’*

Scheme 1.15 Examples of ammonioalkenyl zwitterionic ligand complexed to metal atoms.

An example of formation of a trimethylammonioethenyl ligand from

trimethylamine and ethyne is shown in Scheme 1.16.

N(CH;) ®N CH ®
: H
(e \ _ JNCHks H N(CHy
'l —— = —>  c=c
HC=CH o \ +M / \
~ H M H
A charge separated Zwitterion-Metal Complex:
Zwitterion Negative charge is formally

assigned to the metal atom
Scheme 1.16 Formation of a metal complexed trimethylammonioethenyl zwitterion from
NMe; and CoHo.

13
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Chin et al. reported an example of intramolecular C—N bond formation to produce
a triethylammonioethenyl ligand in an iridium complex.3¥® Adams et al. recently showed
not only that NMes and CoH» forms a zwitterionic species, but also the NMes group serves
as activator for the C-C coupling process in ethyne at room temperature.>® Thus,
zwitterionic ligands could also serve as a new route to create compounds containing C-N
and C-P bonds. The newly formed M-C and C-N bonds could also be utilized for the

formation of C-C and C=C bonds in carbon-carbon bond formation reactions.

Finally, the zwitterionic organometallic compounds could be used as reagents for
organic syntheses. Heterocyclic compounds of natural products containing nitrogen,
oxygen, and sulfur can be synthesized by phosphine-assisted intra- and intermolecular
annulation reactions with electron-deficient alkenes, alkynes and allene carbonates.
Several groups have proposed zwitterionic compounds as intermediates in reactions that
do not involve metals.*’ Metal-assisted formation of zwitterions could lead to additional

ways of performing new reactions.

1.7 The Chemistry of Carbido Carbon and C-C Coupling of Acetylene in Metal

Complexes

Carbido ligands are of great interest because of their participation in C-C bond
forming reactions in Fischer-Tropsch processes.*! A simple carbido TM complex would
be a terminal carbide having M=C units** where the carbon atom coordinates to metal
fragments via o-donating and m-accepting bonding interactions.*> They are not very
common.* The first TM complex with a singly coordinated carbon atom was reported by
Cummins and co-workers in 1997*®_ It is an anionic complex, [(NRAr);Mo(C)]” (R =

C(CD3),-CH3, Ar = C¢H3zMe»-3,5). The first neutral TM compound with a terminal carbon
14
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as ligand was reported by Heppert and co-workers.**@ The terminal carbide mainly acts as
a ligand in late transition metal complexes via formation of M=C—M’ complexes.*®
Depending on the bonding mode of the carbon in between two metal atoms, it can be

described as alkylidyne like p2- carbido (type II) or a dimetallaallene like p2- carbido (type

II0) ligand.
M=CR M=C
Methylidyne n'—carbido
I
M=C—M M=C=M"'
Kn,—carbido w,—carbido
I 11

The carbido ligand can expand its coordination to up to six metal atoms by using
its four valence electrons. Takemoto and his group reported the synthesis and structure of
a bimetallic Ru>Pt complex that contains a trigonal-planar ps-carbido ligand (type IV).#6@
Shriver et al. concluded formation of a p3-trigonal pyramidal carbido ligand on a Fe; metal

cluster that was found to form C-C bond (type V).*®

___——M C
IN 72
\l |
M M
us—carbido us—carbido
1Y A4
15
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There are plenty of examples of ps4-carbido ligands (type VI) in TM cluster
complexes in the literature.*’ The p4-carbido ligand being well exposed can show a great

deal of reactivity.

cV

—M
N |

//\\\
g———/%
I

py—carbido — M \\ //
ps—carbido
pe—carbido

For example, the formation of a C-C bond between the carbide ligand and an alkyne

was demonstrated by Chung et al. (Scheme 1.17).47©

RO_ e OR
W \C—CEC—C/ H_ /C\ / No
/ \ C C
c_ RO ~ 1T N
s\ 0 NNV
—O0 —O0s__
/ \ /\ /O\s /Os\
/ |\\

Scheme 1.17 C-C bond formation between a carbido carbon ligand and an alkyne (R=
Pri).47(e)

The next in the series are pus- and pe-carbido ligands. The pe-carbido ligand is
completely encapsulated by the cluster metal atoms (type VIII) and is only available to

show reactivity only after removal of one of the vertex atoms. Adams et al. showed that a

high nuclearity RusC cluster containing ps-carbido ligand (type VII) was able to form a C-

16
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C bond with a phenyl group to yield a bridging benzylidyne ligand on the cluster (Scheme

1.18).%!
N \ /
/ ’\\/
~/\ u— 7 —Ru—C¢H,
'CGHG \/
Sn
Ph3Sn CsHs

Ph

Scheme 1.18 C-C bond formation between a carbido carbon and a phenyl group.

Thus, the reactivity observed of carbido ligands in metal cluster complexes
provides opportunities to further study of its chemistry with unsaturated organic molecule

such as acetylenes.
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Chapter 2

CH Activations in Aldehydes in Reactions with Rus(us-C)(CO):s!

! Adams, R. D.; Akter, H.; Tedder, J. D. J. Organomet. Chem. 2018, 871, 159-166.
Reprinted here with permission from publisher.
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2.1 Introduction

The ability to activate and functionalize C-H bonds in hydrocarbons to produce
higher-value organic chemicals is of great importance to the chemical industry.
Accordingly, the activation and functionalization of C-H bonds by metal complexes has
received considerable research attention in recent years. Most studies have been focused

on the activation of aliphatic' and aromatic? C-H bonds.

The activation of aldehydic C-H bonds has also received considerable attention and
is a key step in reactions known generally as the hydroacylation of alkenes and alkynes

that are catalyzed by transition metal complexes® (eq. (2.1)).

R R

H H _
c=0

\c_—c/ + c=—0 —> H\ /
|-|/ Ny H/ H,C—CH,

(2.1)

The oxidative addition of aldehydic C-H bonds to a metal complex will yield a
metal complex I containing acyl and hydrido ligands that can undergo further
transformations such as decarbonylation with subsequent formation of C-H bonds to yield
a RH product by reductive elimination®, or by coupling with an unsaturated substrate, e. g.

C,Hs, to yield a ketone by hydroacylation’, (eq. (2.2)).

-co RH
o
R / ML,
c=—o + M, —> R_C\ML R (2.2)
/ / n 'C2H4 C_o
H H H /

The competing decarbonylation process can significantly limit the usefulness of the

more valuable hydroacylation reaction.
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In recent studies, we have shown that the pentaruthenium cluster complex Rus(ps-
C)(CO)1s, 2.1, is able to activate the formyl C-H bond of N,N-dimethylformamide to yield
the complex Rus(ps-C)(CO)1s[pu-n2.-O=CN(CH;)2](u-H) that contains a bridging
formamido n?-O=CN(CH3): ligand formed by opening of the RusC square pyramid cluster

of metal atoms via oxidative addition of the formyl C-H bond, eq. (2.3)°.

—Rug/—|\RuU— ¢ A\ (o]
AN b e\ [ e
_— \
~ / \ _ -CcO /Ru_
Ru u Ru /\
] | > IS
21

We have now investigated the reactions of 2.1 with selected biomass derived
aldehydes: furfural and 5- hydroxymethylfurfural and have observed some similar cluster
opening C - H bond activations at the formyl functional groups. Herein we report on our

new studies of the activation of aldehydic C-H bonds by the cluster complex 2.1.
2.2 Experimental Section
General Data

All reactions were performed under an atmosphere of nitrogen. Reagent grade
solvents were dried by standard procedure and were freshly distilled prior to use. Infrared
spectra were recorded on a Thermo Scientific Nicolet IS10. "H NMR spectra was recorded

on a Varian Mercury 300 spectrometer operating at 300.1 MHz. Mass spectrometric (MS)
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measurements were performed by a direct-exposure probe by using electron impact (EI)
ionization. Ru3(CO)12 was obtained from STREM and was used without further
purification. Rus(pus-C)(CO)1s, 2.1 was prepared from Ruz(CO)12 according to a previously
reported procedure.” Furfural was purchased from Sigma Aldrich and was used without
further purification. 5-Hydroxymethyl-2-furaldehyde (5-Hydroxymethylfurfural) was
purchased from Sigma Aldrich and was used without further purification. Product
separations were performed by TLC in air on Analtech 0.25 mm and 0.50 mm silica gel 60
A F254 glass plates and silica gel column chromatography on silica gel 60, 0.606 -0.2 mm

(70 — 230 mesh).
Reaction of Rus(us-C)(CO)1s, 2.1 with furfural at 80 °C

49.8 mg (0.05312 mmol) of 2.1 was added to a 50 mL three-neck flask with a
solution of 200 uL of furfural in 25 mL of degassed cyclohexane. After refluxing for 43 h,
the solvent was removed in vacuo and the product was isolated by TLC by using a hexane
to methylene chloride mixture to yield 25.5 mg of Rus(ps-C)(CO)14(p-n2-O=CC4OH3)(u-
H), 2.2 (48%). Spectral data for 2.2: IR vCO (cm! in hexane): 2105(w), 2077(s), 2060(vs),
2053(s), 2033(w), 2020(vw), 2014(vw), 2002(vw), 1993(vw), 1982(vw), 1972(vw). 'H
NMR (in acetone-ds solvent, din ppm) d = 7.87 (s, IH, OCH=CH-CH), 6.76 (d, 1H,
OCH=CH-CH, 3Jun = 3 Hz), 6.55 (dd, 1H, OCH=CH-CH, *Jun = 3 Hz), -20.84 (s, 1H,
hydride). EI/MS m/z. M" = 1005. The isotope distribution pattern is consistent with the

presence of five ruthenium atoms.
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Reaction of Rus(us-C)(CO)is, 2.1 with 5-hydroxymethylfurfural at 80 °C

43.4 mg (0.04629 mmol) of 2.1 was added to a 50 mL three-neck flask with a
solution of 124.7 mg of 5-hydroxymethylfurfural in 25 mL of degassed benzene. After
refluxing for 32.5 h, the solvent was removed in vacuo and the product was isolated by
TLC by using a hexane to methylene chloride mixture to yield 16.5 mg of Rus(us-
C)(CO)14[p-12-0O=CC4OH2(CH20H)](u-H), 2.3 (34%). Spectral data for 2.3: IR vCO (cm"
' in hexane): 2105(vw), 2078(s), 2060(vs), 2054(m), 2034(w), 2018(vw), 2014(vw),
2003(vw), 1994(vw), 1979(vw), 1972(vw). 'H NMR (CD:Cl, in ppm) d = 6.60 (d, *Jnn =
3 Hz, 1H, OCCCH-CH), 6.32(d, *Ju.u = 3 Hz, 1H, OCCCH-CH), 4.60 (d, *Ju.u = 9 Hz,
2H, CH20H), 1.91 (t, *Ju.u = 6 Hz, 1H, CH,OH), -20.80 (s, 1H, hydride). E/MS m/z. M*
= 1035. The isotope distribution pattern is consistent with the presence of five ruthenium

atoms.
Thermal decomposition of 2.2 at 108 °C

10.0 mg (0.0099 mmol) of 2.2 was added to an NMR tube in deuterated toluene
solution. After heating for 21 h at 108 °C in a constant temperature oil bath. The solvent
was removed in vacuo, and the products were then isolated by column chromatography on
silica gel by using a hexane/methylene chloride mixture which yielded 5.8 mg (62% yield)

of 2.1. Formation of furan was confirmed in the "H NMR spectrum.
Thermal decomposition of 2.3 at 108 °C

15.1 mg (0.01146 mmol) of 2.3 was added to an NMR tube in deuterated toluene
solution. After heating for 11 h at 108 °C in a constant temperature oil bath. The solvent

was removed in vacuo, and the products were then isolated by TLC by using a hexane/
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methylene chloride mixture to provide in order of elution: 2.3 mg (18% yield) of 2.1 and
1.9 mg of 2.3. RusC(CO)is, 2.1, decomposes during TLC reducing the amount of

recoverable product.
Crystallographic analyses

Crystals of compound 2.2 suitable for X-ray diffraction analyses were obtained by
slow evaporation of solvent from a solution of the pure compound in a hexane/methylene
chloride solvent mixture. Crystals of compound 2.3 suitable for X-ray diffraction analyses
were obtained by slow evaporation of solvent from a solution of the pure compound in an
octane/benzene solvent mixture. X-ray intensity data for compounds 2.2 and 2.3 was
measured by using a Bruker D8 QUEST diffractometer equipped with a PHOTON100
CMOS area detector and an Incoatec microfocus source (Mo Ka radiation, A = 0.71073
A).® The raw area detector data frames were reduced, scaled, and corrected for absorption
effects by using the SAINT® and SADABS’ programs. All structures were solved by a
combination of direct Methods and difference Fourier syntheses, and refined by full-matrix
least squares refinement on F? by using the SHELXTL software package.!? All hydrogen
atoms were placed in geometrically idealized positions and were included as standard
riding atoms during the final least-squares refinements with C-H distances fixed at 0.96 A.
The hydrido ligands in compounds 2.2 and 2.3 were located and refined in each analysis.
Compound 2.2 crystallized in the monoclinic crystal system. The space group P2i/c was
identified for compound 2.2 on the basis of systematic absences observed in the intensity
data. Compound 2.3 crystallized in the triclinic crystal system. The space group P-1 was

assumed for compound 2.3 and was confirmed by successful solutions and refinements of
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the structures. Crystal data, data collection parameters, and results of the refinements for

each analysis are listed in Table 2.1.
2.3 Results and Discussion

Furans are one of the most common families of compounds obtained from the
chemical upgrading of biomass.!! Because of this interest, we investigated the reactions of
two of the most common of these furan compounds, furfural and 5-hydroxymethyl-2-
furfural'?, with 2.1. The reaction of 2.1 with furfural in cyclohexane solvent yielded only
one product Rus(ps-C)(CO)14(p-n2--0=CC4OH;3)(u-H), 2.2 in 48% vyield after 43 h at
reflux. Compound 2.2 was characterized by IR, and 'H NMR spectroscopy, mass
spectrometry and single-crystal X-ray diffraction analyses. An ORTEP diagram of the
molecular structure of 2.2 is shown in Figure 2.1. Compound 2.2 contains an O=C
coordinated, n?-bridging furoyl, n>-O=CC4OH3, ligand across the open edge of a Ru
wingtip-bridged Ru4C cluster. The acyl carbon atom C1 is bonded to Rul and to oxygen
atom O1 bonded to Ru4, Rul-C1 =2.062(2) A, Ru4-01=2.1190(15) A, C1-O1 = 1.268(3)
A. The hydrido ligand bridges the hinge metal atoms Rul and Ru2, Rul —H1 =1.91(3) A,
Ru2 — HI = 1.79(3) A, § = -20.84. With fourteen CO ligands, compound 2.2 contains a
total of 76 cluster valence electrons which is consistent with that of an ‘open’ RusC square

pyramidal cluster of five metal atoms.” '3

Similarly, the reaction of 2.1 with 5-hydroxymethyl-2-furfural in cyclohexane
solvent yielded only one product Rus(ps-C)(CO)14[p-n*~O=CC4OH2(CH20H)](p-H), 2.3
in 34% yield after 32.5 h at reflux. Compound 2.3 was characterized by single crystal X-

ray diffraction analyses. ORTEP diagram of the molecular structures of compounds 2.3 is
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shown in Figure 2.2. Compound 2.3 contains an n?-O=C, 5-hydroxymethylfuroyl, n? -
O=CC4OH2(CH20OH), ligand bridging the opened edge of the RusC cluster. The acyl
carbon atom CI1 is bonded to Rul and to oxygen atom Ol bonded to Ru4, Rul-Cl =
2.024(3) A, Ru4-O1 = 2.140(2) A, C1-O1 = 1.267(4) A. The hydrido ligand bridges the
hinge metal atoms Rul and Ru2, Rul — H1 = 1.85(3) A, Ru2 — H1 = 1.80(3) A, § = -20.80.
With fourteen CO ligands, compound 2.3 also contains a total of 76 cluster valence
electrons which is consistent with that of an ‘open’ RusC square pyramidal cluster of five

metal atoms. 7 13

The reductive decarbonyation of the bridging furyol ligand in 2.2, and
hydroxymethylfuroyl ligand in 2.3 were also investigated at 108 °C and this treatment
decarbonylated the bridging acyl ligand and regenerated 2.1 in the yields 62%, and 18%,

respectively.
2.4 Conclusion

A summary of the reactions and products studied in this work is shown in Scheme
2.1. It has been shown that 2.1 possesses the ability to activate the formyl C-H bonds in
selected biomass derived aldehydes via reactions that lead to an opening of the Rus cluster
of 2.1 by cleavage of one of the apical-basal Ru - Ru bonds. The reactions of each of the
aldehydes studied in this work with 2.1 have yielded products formed by the activation of
the formyl CH bonds with the formation of opened Rus clusters with a n2-O=C acyl group
bridging the opened edge of the cluster. Thermal decomposition of the complexes with the
bridging acyl groups led to decarbonylation and reductive elimination of the unsaturated

hydrocarbon and regeneration of 2.1. The activation of the formyl C-H bonds of aldehydes
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by Rus(us-C)(CO)is, 2.1 could pave the way to new hydroacylation reactions for the
functionalization of alkenes and alkynes in a manner similar to that observed in the

hydrocarbamoylation of CoH> by N,N-dimethylformamide by 2.1.
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Table 2.1 Crystal data, data collection parameters for compounds 2.2 and 2.3.

Compound 2.2 2.3
Empirical formula RusO16CaoHy Ru10034CssHis
Formula weight 1005.58 2110.27
Crystal system Monoclinic Triclinic
Lattice parameters

a(A) 8.9260(6) 9.0487(5)

b (A) 17.0070(10) 17.9687(9)
c(A) 17.5850(11) 18.6397(9)
o (deg) 90.00 85.535(2)

B (deg) 95.299(2) 84.640(2)

v (deg) 90.00 75.738(2)
V (A% 2658(3) 2919.7(2)
Space group P2i/c P-1

Z value 4 2

Peale (g / cm?) 2.513 2.400

1 (Mo Ka) (mm™) 2.852 2.605
Temperature (K) 100(2) 100(2)
2@max (°) 50.06 50.06

No. Obs. (I>20(I)) 4705 10329

No. Parameters 375 849
Goodness of fit (GOF) 1.107 1.051

Max. shift in cycle 0.003 0.002
Residuals*: R1; wR2 0.0148; 0.0294 0.0211; 0.0378
Absorption Correction, Multi-scan Multi-scan
Max/min 0.3577/0.2717 0.564/0.449
Largest peak in Final Diff. Map  0.321 1.123

(e /A%

*R1 = Sha( | | Fobs | - | Feate | [ )/t | Fobs

; WR2 = [Zhiaw( | Fobs | - | Feate | Y/ ZhawF2obs] 2

w= l/Gz(Fobs); GOF = [thIW( ‘ Fobs | - ‘ Fcalc ‘ )2/(ndata - nvari)]l/z-
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Figure 2.1 ORTEP diagram of the molecular structure of Rus(us-C)(CO)ia(p-n>-
O=CC4OH3)(pu-H), 2.2 showing 40% thermal ellipsoid probability. Selected interatomic
bond distances (A) are as follows: Rul-Ru3 = 2.8290(3), Rul-Ru5 = 2.8065(3), Rul-Ru2
=2.9050(3), Ru2-Ru5 = 2.8696(3) Ru2-Ru3 =2.8903(3), Ru3-Ru4 = 2.8734(3), Ru4-Ru5
= 2.8670(3), Rul-H1 = 1.91(3), Ru2-H1 = 1.79(3), Rul-C1 = 2.026(2), Ru4-O1 =
2.1190(15), C1-01 = 1.268(3), C1-C2 = 1.463(3), C2-C3 = 1.355(3), C2-02 = 1.376(3),
Rul-C0 =2.049(2), Ru2-C0 = 2.089(2), Ru3-C0 = 1.973(2), Ru4-C0 = 2.072(2), Ru5-C0
=1.977(2).
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Figure 2.2 ORTEP diagram of the molecular structure of Rus(us-C)(CO)ia(p-n>-
O=CC4OH2CH20H)(u-H), 2.3, showing 50% thermal ellipsoid probability. Selected
interatomic bond distances (A) are as follows: Rul-Ru3 = 2.8442(4), Rul-Ru5 =2.8137(4),
Rul-Ru2 =2.8825(4), Ru2-Ru5 =2.8742(4), Ru2-Ru3 = 2.8787(4), Ru3-Ru4 = 2.8764(4),
Ru4-Ru5 =2.8637(4), Rul-H1 = 1.85(3), Ru2-H1 = 1.80(3), Rul-C1 = 2.024(3), Ru4-O1
=2.140(2), C1-01 = 1.267(4), C1-C2 = 1.459(4), C2-C3 = 1.367(4), C2-02 = 1.381(4),
Rul-C0 =2.043(3), Ru2-C0 = 2.092(3), Ru3-C0 = 1.973(3), Ru4-C0 = 2.079(3), Ru5-C0
=1.973(3).
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Scheme 2.1 Products formed by the oxidative addition of aldehydes to 2.1. The CO ligands
are represented only as lines from the Ru atoms.
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Chapter 3
The Coordination and Activation of Azobenzene by

Rus(us-C) Cluster Complexes 2

2 Adams, R. D.; Akter, H.; Smith, M. D.; Tedder, J. D. J. Organomet. Chem. 2018, 878,
77-83. Reprinted here with permission from publisher.
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3.1 Introduction

Azobenzene, PhN=NPh, has attracted attention for its interesting
photoisomerization properties' and applications ranging from those of molecular devices?
to pharmacology.® Azobenzene readily undergoes ortho-metallation at its phenyl rings
when it is coordinated to metal complexes* and today it can be easily functionalized at
these ortho-positions catalytically.” There are only a few structurally characterized

examples of azobenzene ligands in polynuclear metal carbonyl cluster complexes.®

In recent studies, we have been investigating the reactions of the pentaruthenium
carbonyl cluster complex Rus(ps-C)(CO)1s, 3.1 with molecules containing C-Au’ and C-
H® bonds. For example, we have shown that the pentaruthenium cluster complex 3.1 is able
to activate the formyl C-H bond of N,N-dimethylformamide and certain aldehydes to yield
the complexes Rus(us-C)(CO)14(pu-n? - OECR)(u-H), R = NMe;, Ph, cinnamoyl, furanyl,
5- hydroxymethylfurfuranyl that contain a bridging acyl ligand formed by opening of the
RusC square pyramidal cluster of metal atoms via oxidative addition of the formyl C-H

bond to the metal atoms, eq. (3.1)%.

\ / \ / /(,:!\ H/Ru\\:ci
—Ri-/—[\=Ru— H= R \ / \/R“\\ (3.1)
/NI - ¢co Ry :C/\\o

N\ =
\Ru/ Ru/ Ru//u\—

Rus(us—C)(CO)4s, 3.1
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Compound 3.1 also reacts with (NHC)AuPh to yield the AuRus complexes,
RusC(CO)14(Ph)[p-Au(NHC)], 3.2 and RusC(CO);3(u-n>-Ph)[pu-Au(NHC)], 3.3, NHC =

dippim, by activation of the Au-C bond to the phenyl ring.’

\ I e NHC\ \ l 0
— —R — —
u U u %
I
/ ~ 4CH
c
H(I:I’ §<|:H
3.2 HC\C//CH 33
H

We have now investigated the reactions of 3.1 and 3.3 with azobenzene. We have
obtained the first pentaruthenium complexes containing azobenzene ligands. Ortho-
metallation at one of the phenyl rings has been observed. Two of the new complexes
possess an unusual and unexpected electronic unsaturation which affects their structures

and reactivity. The results of these studies are reported herein.

3.2 Experimental Data

General Data

All reactions were performed under nitrogen atmosphere by using standard Schlenk
techniques. Reagent grade solvents were dried by the standard procedures and were freshly
distilled prior to use. Infrared spectra were recorded on a Thermo Fisher Scientific Nicolet
iS10 FT-IR spectrophotometer. 'H NMR spectra were recorded on a Varian Mercury 300
spectrometer operating at 300.1 MHz for compounds 3.5, 3.6 and 3.7. "H NMR spectra for

compound 3.4 was recorded on a Bruker AVANCE III spectrometer operating at 400 MHz.
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Mass spectrometric (MS) measurements performed by a direct-exposure probe using
electron impact ionization (EI) were made on a VG 70S instrument for compounds 3.4 and
3.5. Positive/negative ion mass spectra were recorded on a Micromass Q-TOF instrument
by using electrospray (ES) ionization for compounds 3.6 and 3.7. Azobenzene was
purchased from KODAK and was used without further purification. RusC(CO);s, 3.1'° and
RusC(CO)13(p—n>2-Ph)[p-Au(NHC)], 3, NHC = 1,3-bis(2,6- diisopropylphenyl-imidazole-
2-ylidene)’ were prepared according to previously reported procedures. Reaction products
were separated by TLC in the air on Analtech 0.25 and 0.5 mm silica gel 60 A Fs4 glass

plates.
Synthesis of RusC(CO)13(CeHsN=NCe¢Hs)(u-H), 3.4

A 59.2 mg amount of 1 (0.0631 mmol) was dissolved in heptane in a 100 mL three-
neck flask. 57.5 mg of azobenzene (0.3155 mmol) was then added to the solution which
was then heated to reflux for 21 h. The reaction was monitored by IR spectroscopy. The
solvent was then removed in vacuo and the product was isolated by TLC by using a hexane
to methylene chloride solvent mixture to yield 20.5 mg of RusC(CO)13(CsHaN=NC¢Hs)(u-
H), 3.4 (yield 27%). Spectral Data for 3.4: IR vCO (cm™! in hexane): 2094(m), 2063(s),
2059(vs), 2044(m), 2022(m), 2007(m), 1998(w), 1991(w), 1969(w). 'H NMR (CD>Cl,, in
ppm) 6 =28.29 (d, J = 7.5 Hz, 1H, Ph), 8.07 (d, J = 7.5 Hz, 2H, Ph), 7.46 (d, ] = 7.5 Hz, 2H,
Ph), 7.16 (dt, ] = 8 Hz, 2H, CeH4), 7.16 (d, J = 3 Hz, 1H, C¢Hs), 7.16 (d, J = 3 Hz, 1H,
CsHa), -22.25 (s, 1H, Ru-H). EI+/MS: m/z 1064 (M+). The isotope distribution pattern was

consistent with the presence of five ruthenium atoms.
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Synthesis of RusC(CO)14(CeHsN-NCeHs)(u-H), 3.5

1.9 mg of compound 3.4 was dissolved in 3 to 4 drops of benzene and 1 mL of
heptane was added in a 20 mL glass vial. CO gas was bubbled through the solution slowly.
A rapid color change from orange to yellow was observed. The vial was then stored under
CO atmosphere at room temperature while the orange colored crystals were deposited
overnight to yield 1.9 mg of RusC(CO)14(CsHaN=NCesHs)(u-H), 3.5 (yield 97%). Spectral
Data for 3.5: IR vCO (cm™'in hexane): 2097(w), 2066(s), 2060(vs), 2047(m), 2033(w),
2024(w), 2015(w), 2001(w), 1991(vw), 1980 (vw). 'H NMR (CD:Cl,, in ppm) & = 8.25
(dd, J = 8.4 Hz, 1H, Ph), 7.73-7.50 (m, 4H, Ph), 7.31-7.11 (m, 4H, CeHa4), -21.78 (s,1H,
Ru-H). EI+/MS: m/z 1093 (M+) plus ions M" — n(CO), n = 1-14. The isotope distribution

pattern was consistent with the presence of five ruthenium atoms.
Synthesis of RusC(CO)13(u-n*-PhN=NPh)(n'-Ph)[u—Au(NHC)], 3.6

A 11.7 mg (0.0076 mmol) amount of 3.3 and 13.6 mg (0.0746 mmol) of azobenzene
were dissolved in 25 mL heptane in a 50 mL three-neck flask and then heated to reflux
with stirring for 11 h. The solution was then cooled, and the solvent was removed in vacuo.
The product was isolated by TLC by using a hexane to methylene chloride solvent mixture
to yield 8.9 mg of RusC(CO)13(u-n>-PhN=NPh)(n'-Ph)[u-Au(NHC)], 3.6 (yield 68%).
Spectral Data for 3.6: IR vCO (cm™ in hexane): 2071(m), 2049(w), 2039(vs), 2030(s),
2026(m), 2015(w), 1996(m), 1980(w), 1969(w), 1962(w), 1953(w), 1938(vw). 'H NMR
(CD2Cla, inppm) 6 =7.32 (t,J =8 Hz, 2H, para CCx(i-Pr),C.H>CH, 7.29 (m, 7H, CCx(i-
Pr),C>H>CH + NPh), 6.97 (s, 2H, C(NCsi-Pr2H3)CoHp, 6.9-5.6 (m, 12H, NPh), 2.70 (sept,

J = 6.8 Hz, 4H, CH-(CHs),), 1.16 (d, J = 6.8 Hz, 6H, CH-(CH3)2), 1.15 (d, = 6.8 Hz, 6 H,
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CH-(CHs)), 1.01 (d, ] = 6.8 Hz, 6 H, CH-(CH3)2), 1.00 (d, J = 6.8 Hz, 6 H, CH-(CHs),).

ESUMS: m/z 1750 (M + Na)*.
Synthesis of RusC(CO)13(CsH«N=NC¢Hs)[p-Au(NHC)], 3.7

A 15.3 mg amount (0.0086 mmol) of 3.6 was dissolved in dg-toluene in a NMR
tube and was then heated to 105 °C for 3 h. The product RusC(CO)13(CsHsN=NCe¢H5s)[ -
Au(NHC)], 3.7 was isolated by TLC by using a hexane to methylene chloride mixture to
yield 2.8 mg of 3.7, (yield 19%). Also 1.4 mg of 3.3 was isolated (yield 10.4%). Spectral
data for 3.7: IR vCO (cm’' in hexane): 2072(vw), 2048(vs), 2039(w), 2031(m), 2015(m),
1998(m), 1991(w), 1955(vw). '"H NMR (CD:Cly, in ppm) & = 8.25 (d, J = 8.7 Hz, 1H, Ph),
7.88 (d, J = 8.7 Hz, 2H, Ph), 7.43 (d, J = 8.7 Hz, 2H, Ph), 7.42 (d, J = 8.7 Hz, 2H, CCax(i-
Pr),C.H,CH), 7.29 (d, J = 7.8 Hz, 4H, CCz(i-Pr).CoH2CH), 7.12 (s, 2H, C(NCsi-
ProH3)C2H>, 7.07 (dt, J =7 Hz, 2H, C¢Ha), 6.84 (d, J = 7 Hz, 2H, C¢Ha), 6.82 (d, J =7 Hz,
2H, C¢Ha), 2.78 (sept, J = 7 Hz, 4H, CH-(CHa)2), 1.37 (d, J = 7 Hz, 12H, CH-(CH3)2), 1.13

(d, J =7 Hz, 12H, CH-(CH3)2). ESUMS: m/z 1649 (M+).
Crystallographic analyses

Single crystals of 3.4 (red), 3.6 (brown), and 3.7 (orange red) suitable for X-ray
analyses were obtained by slow evaporation from a hexane/methylene chloride solvent
mixture at room temperature. Crystals of compound 3.5 (yellow orange) were grown from
a solution in a heptane and benzene solvent mixture under a CO atmosphere. Each data
crystal was glued onto the end of a thin glass fiber. For compounds 3.4, 3.6 and 3.7, X-ray
intensity data were measured by using a Bruker SMART APEX CCD-based diffractometer

by using Mo Ko radiation (A = 0.71073 A). The raw data frames were integrated by using
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the SAINT" program with a narrow-frame integration algorithm.!! For compound 3.5 X-
ray intensity data from a yellow-orange needle of approximate dimensions 0.03 X
0.06 x 0.16 mm? were collected at 100(2) K by using a Bruker D8 QUEST diffractometer
equipped with a PHOTON-100 CMOS area detector and an Incoatec microfocus source
(Mo Ka radiation, A = 0.71073 A).!2 The data collection strategy consisted of seven 180°
w-scans at different ¢ settings and two 360° ¢-scans at different © angles, with a scan
width per image of 0.5°. Corrections for Lorentz and polarization effects were also applied
with SAINT+. Empirical absorption corrections based on the multiple measurements of
equivalent reflections were applied by using the program SADABS. All structures were
solved by a combination of direct methods and difference Fourier syntheses, and refined
by full-matrix least-squares on F? by using the SHELXTL software package.!* All non-
hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were
placed in geometrically idealized positions and included as standard riding atoms during
the least-squares refinements. Compound 3.4 crystallized in the monoclinic crystal system.
The space group P2i/c was indicated for compound 3.4 based on the systematic absences
in the data and was confirmed by the successful solution and refinement of the structure.
Compound 3.5 also crystallized in the monoclinic crystal system. The space group /2/a (a
nonstandard setting of P2/a) was used for the solution and refinement of this structure.
Compounds 3.6 and 3.7 crystallized in the triclinic crystal system. The space group P-1
was assumed for the analyses of compounds 3.6 and 3.7, and this was confirmed by the
successful solution and refinement of both structures. Crystal data, data collection

parameters and results of the analyses are summarized in Table 3.1.
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Computational analyses

All molecular orbital calculations were performed with ADF2014 program by using
the PBEsol-D3 functional with ZORA scalar relativistic correction'* and valence triple-
C+1 polarization, relativistically optimized (TZP) Slater-type basis set, with small frozen
cores. All computations were done by using the gas phase model. This choice of
computational model is based on prior testing of various functionals and basis sets.'> The
PBEsolD3 functional, which was originally developed primarily for solids, was shown to
be superior to other functionals in the PBE family in the structural parameters of large
organic systems'¢ and for metal clusters!’. This is also consistent with our own testing of
various functionals for the structures and relative energetics in organometallic cluster
complexes.!> The dispersion corrections by Grimme et al. were included upon additional
testing, once they became available in the current release of ADF.!*®™ All calculations were
geometry-optimized and were initiated with the structures obtained from the crystal

structure analyses.
3.3 Results and discussion

The reaction of 3.1 with azobenzene in a heptane solution at reflux 98 °C for 21 h
yielded the new pentaruthenium carbido cluster compound
RusC(CO)13(CsHaN=NCsHs)(u-H), 3.4 in 27% yield. Compound 3.4 was characterized by
IR and '"H NMR spectroscopy, mass spectrometry and single-crystal X-ray diffraction
analysis. An ORTEP diagram of the molecular structure of 3.4 is shown in Fig. 3.1.
Compound 3.4 contains a chelating, ortho-metalated azobenzene ligand coordinated to an

opened square-pyramidal RusC cluster. The cluster can be described as a RusC butterfly
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cluster that is bridged at the wingtips by the fifth Ru atom, Ru(4). The atom Ru4 contains
a chelating, cyclometalated azobenzene ligand which is coordinated by the nitrogen atom
N1 and the metalated carbon atom C1, Ru4-N1 = 2.087(5) A, Ru4—-C1 = 1.992(6) A. The
N1-N2 bond distance is typical of a N=N double bond, NI-N2 = 1.273(7) A. The
compound also contains one hydrido ligand H1 derived from the metalated phenyl ring.
Atom H1 bridges the Rul-Ru2 metal-metal bond, Rul-H1 = 1.71(6) A and Ru2-H1 =
1.82(6) A, 8 = -22.25. The metalated azobenzene ligand serves formally as a three
electron donor. With a total of thirteen terminal CO ligands distributed as shown in Fig.
3.1, compound 3.4 contains a total of 74 cluster valence electrons which is two electrons
less than the 76 electrons required for an ‘open’ RusC cluster of five metal atoms;'® thus,
compound 3.4 is formally unsaturated by the amount of two electrons. Simpler electron
counting procedures indicate that atom Ru4 has only 16 valence electrons. To try to obtain
a better understanding of the electronic structure 3.4, a geometry optimized PBEsolD3
ADF molecular orbital analysis of 3.4 was performed. Fig. 3.2 shows drawings of frontier
orbitals in 3.4. The highest occupied molecular orbital (HOMO) is dominated by a
nonbonding d-orbital localized on the metal atom Ru4. This orbital is 65% a dx.-orbital in
the coordinate system that was assigned to the molecule in these calculations, see the MOs
shown in Fig. 3.2. The lowest unoccupied molecular orbital (LUMO) is a delocalized
n*—orbital on the metalated azobenzene ligand. The LUMO+1 is a delocalized orbital on
the Ru4C portion of the cluster. The LUMO+2 is a very interesting empty orbital that is a
hybrid composed of 13% d2 and 8% p, atomic orbitals in this model that is localized on
Ru4. We believe that this orbital represents the “unsaturation” site on this metal atom.

Curiously, although it is much longer than the normal Ru — Ru bond distances in the
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complex, Rul— Ru3 = 2.8110(8) A, Rul-Ru5 = 2.8236(8) A, Rul-Ru2 = 2.8647(8) A,
Ru2-Ru5 =2.8314(8) A, Ru2-Ru3 =0 2.8692(8) A, Ru3—Ru4 =2.8952(8) A, Ru4—Ru5 =
2.8854(8) A, the Rul---Ru4 interatomic distance of 3.461(1) A is much shorter than the
corresponding Ru2---Ru4 distance of 4.030(1) A in this molecule which is clearly a
nonbonding interaction. Thus, there may be some significant long range attractive forces
between the atoms Rul and Ru4. Electronic unsaturation can have important implications

for the reactivity of metal complexes. '

In order to test for unsaturation in compound 3.4, we investigated the reaction of
3.4 with CO. A solution of 3.4 in a benzene-heptane solvent mixture was exposed to CO
(1 atm) at 25 °C. The solution immediately changed color to yellow and the IR spectrum
showed a complete conversion to a new compound subsequently confirmed to be
RusC(CO)14(CeHaN=NC¢Hs)(u-H), 5 formed by the addition of one CO ligand to 3.4.
Compound 3.5 loses CO when the CO atmosphere is removed, and it is converted back to
3.4. Crystals of 3.5 suitable for X—diffraction analysis were grown by slow evaporation of
solvent from a solution under an atmosphere of CO at room temperature. An ORTEP
diagram of the molecular structure of 3.5 is shown in Fig. 3.3. Compound 3.5 is structurally
similar to 3.4 except that it contains two terminally coordinated CO ligands, C41-0O41 and
C42-042, on the metal atom Ru4, Ru4—-C41 = 1.894(4), Ru4—C42 = 1.952(4), instead of
one CO ligand as found in 3.4. Compound 3.5 contains a single hydrido ligand that bridges
the Rul — Ru2 metal-metal bond, § = —21.78 in the '"H NMR spectrum. Interestingly, the
nonbonding Rul---Ru4 distance in 3.5 is significantly longer, 3.929(1) A, than the
corresponding distance 3.461(1) A found in 3.4, Ru2-Ru4 = 3.980(1) A. This can be

explained by the differences in the electronic structures of 3.4 and 3.5. The Rul---Ru4 in
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3.4 is short due to the electronic unsaturation on Ru4. That is, Ru4 is shifted toward Rul
in order to share partially with some of the electrons on 3.1, perhaps nonbonding electrons
on that atom. However, the 3.461(1) A Rul — Ru4 distance in 3.4 is still very long and we
would hesitate to describe it as a Ru — Ru single bond. By contrast, atom Ru4 in 3.5 has a
complete 18 electron configuration and it does not need additional electron sharing, so it
shifts further away from Rul to a very long 3.929(1) A which we would describe as
completely nonbonding. The bond distances to the azobenzene ligand, Ru4-N1=2.072(3)
A, Ru4—C1 =2.111(4) A are also longer than those found in 3.4, but the noncoordinated

N-N distance, N1-N2 = 1.279(4) A, is virtually the same as that in 3.4.

An ADF DFT molecular orbital analysis of 3.5 was performed in order to compare
with the MOs of 3.4. Selected MOs for 3.5 are shown in Fig. 3.4. The HOMO shows the
nature of the bonding of the metalated azobenzene ligand to Ru4. The LUMO shows the
lowest energy m*-orbital in the azobenzene ligand. The HOMO-LUMO gap in 3.5 is 0.45
eV larger than that in 3.4. The LUMO+1 and the LUMO+3 are delocalized orbitals on the
Ru4C portion of the metal cluster. The LUMO+2 is an antibonding orbital concentrated on
the Ru3—Ru4 and the carbide carbon atom. The empty d,>-p, hydrid orbital observed in the

LUMO+2 of 3.4 was not found in 3.5.

The reaction of compound 3.3 with azobenzene in heptane solvent at reflux for 11
h yielded the new azobenzene complex 3.6 in 68% yield. An ORTEP diagram of the
molecular structure of 3.6 as found in the solid state is shown in Fig. 3.5. Compound 3.6
contains a bridging di-o-n?-N,N-coordinated azobenzene ligand across an open edge of an

open RusC cluster. The cluster is structurally similar to that found in 3.4 and 3.5. Nitrogen
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atom N1 of the p-n?-N,N-coordinated azobenzene is coordinated to Rul and N2 is
coordinated to Ru4, Rul-N1 = 2.064(4) A and Ru4-N2 = 2.153(4) A. The N-N bond
distance, N1-N2=1.281(5) A, is still short and indicative of an N-N double bond. This
appears to be the first example of a di-6-pu-n?-N,N-coordinated azobenzene ligand. Carty
reported an example of a ps-n>-PhNNPh ligand in the complex Rua(CO)io(u-CO)(us-
PPh)(us-n?-PhNNPh) a number of years ago.® In that case, each nitrogen atom was bonded
to two Ru atoms and the N-N bond was very long at 1.515(4) A. Compound 3.6 contains
an'-coordinated phenyl group on Ru4, Ru4—C1=2.146(5) A. The gold atom Aul bridges
an edge of the cluster at the Rul-Ru2 bond, Rul-Aul = 2.7441(5) A, Ru2-Aul =
2.8671(5) A, Rul-Ru2 = 2.8694(6) A and the carbene ligand is coordinated to the gold
atom Aul, Aul-C60 = 2.058(5) A. The bridging azobenzene ligand serves as a four
electron donor and with 13 CO ligands, one phenyl ligand and one Au(NHC) group,

compound 3.6 achieves a total of 76 cluster valence electrons which is consistent with the

observed, opened square-pyramidal structure.

Compound 3.6 is somewhat similar to the compound Rus(us-C)(CO)ia(pu-n-

O=CPh)[pu-Au(NHC)] that was obtained by the addition of CO to compounds 3.2 or 3.3.7

—Ru Ru—
£ / \
Rus(pi5-C)(C0)44(n-n?-0=CPh)[u-Au(NHC)]
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When compound 3.6 was heated to 105 °C for 3 h in a NMR tube in dg-toluene
solvent, the new compound RusC(CO)13(C¢HaN=NC¢Hs)[u—Au(NHC)], 3.7 was formed
in 19% yield. Compound 3.7 was also characterized structurally by single-crystal X-ray
diffraction analysis. An ORTEP diagram of the molecular structure of 3.7 is shown in Fig.
3.6. Compound 3.7 is very similar to compound 3.4 except that it contains an Au(NHC)
ligand bridging the Rul-Ru2 bond of the cluster, Rul-Aul = 2.7889(5) A, Ru2-Aul =
2.8235(5) A, Rul---Ru4 = 3.3171(6) A instead of a bridging hydrido ligand in the same
location in 3.4. There is a chelating ortho-metalated azobenzene ligand on the metal atom
Ru4. The bonds to this ligand, Ru4-N1 = 2.098(5) A, Ru4—C1 = 1.988(6) A, N1-N2 =
1.284(6) A are very similar to those in 3.4. The formation of 3.7 involved a metalation of
one of the phenyl rings of the azobenzene ligand in 3.6. The incipient hydrido ligand from
the CH activation then combined with the phenyl ligand on Ru4 and benzene was
eliminated from the complex. One of the nitrogen atoms of the azobenzene ligand was
released from coordination to the metal atoms and the formation of complex 3.7 was
completed following a CO ligand shift to the metal atom Ru2. As result, the total valence
electron count on the metal atoms in compound 3.7 is only 74, and like 3.4 it is electron
deficient by the amount two electrons. As found in 3.4 the structure of the cluster appears
to reflect on this deficiency. Most notably, the Rul—-Ru4 bond distance has decreased
significantly Rul---Ru4 = 3.3171(6) A and it is even shorter than the Rul---Ru4 distance
of 3.461(1) A in 3.4. Unfortunately, due to the very small amounts of 3.7 that we were able

to obtain, we were not able to study its reactivity with electron donors such as CO.
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3.4 Conclusions

Summaries of the reactions and products studied in this work are shown in Schemes
3.1 and 3.2. The addition of azobenzene to 3.1 resulted in the formation of the electronically
unsaturated compound 3.4 by the loss of two CO ligands and the addition and metalation
of one of the phenyl rings of the azobenzene to the Ru5 cluster, see Scheme 3.1. The metal
atom containing the metalated azobenzene ligand is formally unsaturated by the amount of
two electrons. Although it is weak, there appears to be a significant long-range interaction
between the unsaturated metal atom Ru4 and one of the metal atoms is the Ru4C portion
of the cluster. This long-range weak interaction between these two ruthenium atoms is
represented by a dashed line shown in the line structure of compound 3.4 in Scheme 3.1.
In support of its unsaturation character, compound 3.4 was found to add CO to the metal
atom containing the metalated-azobenzene ligand to yield the electronically saturated
complex 3.5. In the process, the weak interaction between the two ruthenium atoms was

eliminated. The CO addition reaction is reversible.

The nature of the addition of azobenzene to compound 3.3 is shown in Scheme 3.2.
The cluster of 3.3 opened upon addition of the azobenzene molecule and the bridging
phenyl ligand moved to a terminally coordinated position. The azobenzene ligand adopted
a bridging di-o-N,N-coordination mode in the product 3.6. When compound 3.6 was
heated, one of the phenyl rings of the azobenzene ligand became metalated at an ortho-
position. The hydrogen atom of the metalated CH bond was shifted to a metal atom where
it was combined with the phenyl ligand and benzene was then reductively eliminated from
the complex. One of the nitrogen atoms of the azobenzene ligand was released from

coordination and the complex became electron deficient, analogous to that of compound
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3.4. As aresult, a weak metal-metal interaction developed between the remote metal atom
and one of the metal atoms of the RusC portion of the cluster as represented by the dashed

line in the structure of 3.7 in Scheme 3.2.

In this work, it has been shown that azobenzene is a viable ligand in RusC cluster
complexes. Ortho-metallation of a phenyl ring, a common feature of the azobenzene
ligand,* was also observed. Most interestingly, two examples of electronically unsaturated
Rus complexes were observed. This property could have implications of additional

reactivity toward small donor molecules.
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Table 3.1 Crystal data, data collection parameters for compounds 3.4, and 3.5.

Compound 34 3.5

Empirical formula Rus013N2C26Hi10 Rus014N2C27Hi0
Formula weight 1063.71 1091.72
Crystal system Monoclinic Monoclinic
Lattice parameters

a(A) 10.5296(14) 14.8943(7)

b (A) 32.997(4) 25.5563(14)
c(A) 9.1870(19) 16.6131(13)
o (deg) 90.00 90.00

B (deg) 100.326(3) 91.499(2)

v (deg) 90.00 90.00

V (A% 3140.3(7) 6321.5(7)
Space group P2y/c 2/a

Z value 4 8

Peale (g/cm’) 2.250 2.294

1 (Mo Ka) (mm™) 2.416 2.406
Temperature (K) 294(2) 100(2)
2@max (°) 50.06 60.20

No. Obs. (I >20(I)) 5534 9265

No. Parameters 419 433

Goodness of fit (GOF) 1.158 1.029

Max. shift in cycle 0.000 0.001
Residuals*: R1; wR2 0.0441; 0.0923 0.0383, 0.0853
Absorption Correction, Multi-scan Multi-scan
Max/min 1.00/0.659 0.9313/0.6995
Largest peak in Final Diff. Map 0.780 2.930

(e /A%

*R1 = Sht( | [ Fobs | - | Feate | [)/Shit | Fobs

; WR2 = [Zhiaw( | Fobs | - | Feate | Y/ ZhawF2obs] %

w= I/GZ(Fobs); GOF = [thIW( | Fobs ‘ - | Fealc | )2/(7’ldata - nvari)]l/z-
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Table 3.2 Crystal data, data collection parameters for compounds 3.6, and 3.7.

Compound 3.6 3.7
Empirical formula RusAuO13NsCe2Hss  RusAuOi13N4CseHsz
Formula weight 1769.44 1691.33
Crystal system Triclinic Triclinic
Lattice parameters

a(A) 12.6764(9) 12.8392(5)
b (A) 14.1876(10) 13.6145(5)
c(A) 20.5509(15) 19.3942(8)
o (deg) 76.020(2) 77.330(1)

B (deg) 80.507(2) 89.300(1)

v (deg) 68.981(2) 68.939(1)
V (A% 3335.4(4) 3078.3(2)
Space group P-1 P-1

Z value 2 2

Peale (g/cm’) 1.762 1.825

1 (Mo Ka) (mm™) 3.355 3.630
Temperature (K) 294(2) 294(2)
2@max (°) 50.06 50.06

No. Obs. (I>2a(1)) 11783 10860

No. Parameters 760 706
Goodness of fit (GOF) 1.070 1.051

Max. shift in cycle 0.001 0.001
Residuals*: R1; wR2 0.0331; 0.0817 0.0323; 0.0749
Absorption Correction, Multi-scan Multi-scan
Max/min 1.00/0.749 0.466/0.709
Largest peak in Final Diff. Map 1.033 1.077

(e /A%

*R1 = Sht( | [ Fobs | - | Feate | [)/Shit | Fobs
w= I/GZ(Fobs); GOF = [thIW( | Fobs ‘ - | Fealc | )2/(ndata - nvari)]l/z-

; WR2 = [Zhiaw( | Fobs | - | Feate | Y/ ZhawF2obs] %
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Figure 3.1 An ORTEP diagram of the molecular structure of RusC(CO)13(CsHsN=NCesHs)
(u—H), 3.4 showing 20% thermal ellipsoid probability. Selected interatomic distances are
(A) as follows: Rul-Ru2 = 2.8647(8), Rul-Ru3 = 2.8110(8), Rul...Ru4 = 3.461(1),
Rul-Ru5 = 2.8236(8), Ru2—Ru5 = 2.8314(8), Ru2—-Ru3 = 2.8692(8), Ru3-Ru4 =
2.8952(8), Ru4—Ru5 =2.8854(8), Rul-H1 =1.71 (6), Ru2—H1 = 1.82 (6), Ru4—N1=2.087
(5), Rud—C1 =1.992 (6), N1-N2 = 1.273(7).
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HOMO, -5.62 eV LUMO, -3.89 eV

LUMO + 1, -3.65 eV LUMO +2, -3.34 eV
Figure 3.2 Selected molecular orbitals (MOs) with calculated energies in eV for
compound 3.4 that show the nature of the bonding between the

metalated azobenzene ligand and the interactions of ruthenium atoms in the metal
cluster. The ruthenium atoms are colored as pink.
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Figure 3.3 An ORTEP diagram of the molecular structure of
RusC(CO)14(CsH4sN=NCsHs)(u—H), 3.5 showing 25% thermal ellipsoid probability.
Selected interatomic distances are (A) as follow: Rul-Ru5 = 2.8195(5), Rul-Ru2 =
2.8338(5), Rul-Ru3 = 2.9143(5), Rul “Ru4 = 3.929(1), Ru2-Ru3 = 2.8298(5), Ru2- Ru5
= 2.8536(5), Ru3-Ru4 2.9254(5), Rul-H1 = 1.7104, Ru2-H1 = 1.7109, Ru4-C41 =
1.894(4), Ru4-C42 = 1.952(4), Ru4-N1 = 2.072(3), Ru4-C1 = 2.111(4), Ru4-Ru5 =
2.9624(5), N1 - N2 =1.279(4).
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X HOMO, -6.07 eV,

LUMO+1, -3.54 eV LUMO+2, -3.05 eV LUMO+3, -2.97 eV

Figure 3.4 Selected molecular orbitals (MOs) with calculated energies in eV for
compound 3.5 that show the nature of the bonding between the
metalated azobenzene ligand and the interactions of ruthenium atoms in the metal cluster.
The ruthenium atoms are colored as pink.
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Figure 3.5 An ORTEP diagram of the molecular structure  of
RusC(CO)13(p—n>*~PhN=NPh) (n!~Ph) [u—Au(NHC)], 3.6 showing 15% thermal ellipsoid
probability. The hydrogen atoms in the carbene ligand is omitted for clarity. Selected
interatomic distances are (A) as follows: Rul—Aul = 2.7441(5), Ru2—Aul = 2.8671(5),
Rul—Ru2 = 2.8694(6), Aul—C60 = 2.058(5), Rul-N1 = 2.064 (4), Ru4—N2 =2.153 (4),
Ru4—C1 =2.146 (5), NI-N2 = 1.281(5).
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Figure 3.6 An ORTEP diagram of the molecular structure of RusC(CO);3(CsHaN-
NCeHs)[p—Au(NHC)], 3.7 showing 20% thermal ellipsoid probability. The hydrogen
atoms in the carbene ligand is omitted for clarity. Selected interatomic distances are (A)
as follows: Rul—Aul = 2.7889(5), Ru2—Aul = 2.8235(5), Rul-Ru2 = 2.9113(6),
Aul—-C60 = 2.040(5), Ru4—N1 =2.098 (5), Ru4—C1 = 1.988 (6), N1-N2 = 1.284(6).

64

www.manharaa.com




\ | — \R’lu/

H7 \\
\ | /
u- \—Ru— —Ru-, Ru—
—Ru———Ru— + PhN=NPh / +CO / \
-2c0 < ¢
P -CO N /
Ru<_N /RUH_/RU\
| c~ X
AN /N HC” \ N—Ph
G \? Lo bt
HC=.-~""N
HC._ __CH =c -
\ﬁ/ H
3.1 3.4 3.5

Scheme 3.1 A schematic of reactions and structures for the compounds 3.4 and 3.5 in this
study. CO ligands are represented only as lines from the Ru atoms.
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Scheme 3.2 A schematic of reaction of compound 3.3 with azobenzene. CO ligands are
represented only as lines from the Ru atoms.
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Chapter 4

Synthesis, Structures and Transformations of Bridging and Terminally-
Coordinated Trimethylammonioalkenyl Ligands in Zwitterionic

Pentaruthenium Carbido Carbonyl Complexes 3

3 Adams, R. D.; Akter, H.; Kaushal, M.; Smith, M. D.; Tedder, J. D. Inorg. Chem. 2021,
60, 6, 3781-3793. Reprinted here with permission from publisher.
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4.1 Introduction

Hydrocarbyl onium zwitterions have been of great interest for many years. The best
known examples of these are the phosphorus- and sulfur-ylides A! and B? that were first
reported by Wittig in the 1950s.! These and other ylides are valuable reagents in organic
syntheses.>® These ylides are well known to coordinate to metal atoms by using the
negatively-charged carbon atom which formally transfers its negative charge to the metal

atom upon coordination, see C and D below, and the complex becomes a zwitterion.*>

RsPZ R,SY
SCH, CH,

| |
M M
A B C D

R;P*—CRY, R,S*—CR',

In recent years, new families of unsaturated hydrocarbyl onium ligands have been
synthesized in metal complexes. Some examples of these are shown in the structures E —
G.5® They can be obtained by the addition of tertiary phosphines to certain alkyne or
vinylidene ligands. There are only a few examples of complexes containing the

ammonioethenyl ligand shown in structure H.%> '°

+
PR H Ph__*PR; NRs
HCQ RsPE_ €. I N
CH ¢ H C CH
/ [ /\ /.
M- M N—M M
E F G H
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In recent studies, we have synthesized the first example of a bridging n?’-
trimethylammonioethenyl ligand in the zwitterionic hexaruthenium carbonyl complex
Rue(ps-C)(CO)1s5(u—m?~CHCHNMEe3), 4.1 and have found that this bridging ligand can be
readily converted to a terminally-coordinated m'-ligand in the complex Rue(us-

C)(CO)16[p—12—CH=CH(NMe3)], 4.2 by the addition of CO to 4.1, eq. (4.1).'°

®
f @ 1 _NMeg
@//C\ /NMe3 ©) ,/C= 3
~—Ru H
H +CO
/ u—/—— —R 25°C \IL‘/_\-R{I—'
| A= —= "X - @
A \\ // ™ / \\\ // N
\ 7|\
/ 4.1 l 4.2
Interestingly, the bridging n2-trimethylammonioethenyl ligand,

(u—n?*~CHCH'NMes3), in 4.1 can also be converted to a simple alkyne ligand in the
complex RusC(CO)i15(u3-C2Hz), 4.3 by the reversible elimination of NMes from the

bridging n?-ligand in 4.1, eq. (4.2).

) I-\clz G?\JM "
e —_

\Rﬁ/ R \Ru/—\- C—\R{\
\|\Q _/ _\_Ru// A NMe, \%Ru</

u E—— . /
/|\\ c //|>_ m \Rcu/ (4.2)
AN // ™ TREFTSRG

N 4.3
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Even more interestingly, it was also found that ethyne (C2H>) can be added to the
bridging M?*-CHCH(*NMes) ligand in 4.1 to form a triply-bridging n*-
trimethylammoniobutadienyl, (u3-n*-CHCHCHCH'NMes;), ligand in the zwitterionic
complex Rue(us-C)(CO)14[us—n*—CsHa(NMe3)], 4.4 by a C — C bond forming coupling to

the n>~CHCH 'NMes ligand, eq. (4.3).

H
\ ® H H H
@/ /C\ /NMe3 H\ /\C C/\C/—l\(-IDMe;,
N /
> ———Ru +HC—CH 9/ B\ o
R VS e
~ o ~ Y,
PR
N 44 I~ 44

In hopes of finding new structures and reactivity of alkylammonioethenyl
zwitterions for applications in organic synthesis, we have now investigated reactions of the
pentaruthenium carbonyl complexes Rus(us-C)(CO)is,!! 4.5, Rus(us-C)(CO)ia[p-n?>-
0=C(NMe>)](u-H),'? 4.6 and Rus(ps-C)(CO)1sCl(u-H),!! 4.7 with ethyne (CH.) and
methyl propiolate (HC=CCOxMe) in the presence of Me3sNO. We have obtained a series
of new pentaruthenium complexes containing terminally-coordinated m!-
trimethylammonioethenyl ligands, two new complexes containing bridging n?-
trimethylammonioethenyl ligands and one complex containing a terminally-coordinated
n'-2-trimethylammonio(1-methoxycarbonyl)ethenyl ligand. The syntheses, structures and

chemistry of these new complexes are described in this chapter.
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4.2 Experimental Section
General Data

All reactions were performed under nitrogen atmosphere. Reagent grade solvents
were dried by standard procedures and were freshly distilled prior to use. Ru3(CO)i2 was
obtained from STREM and was wused without further purification. N,N-
dimethylformamide, (DMF), MeoNC(=O)H; hydrochloric acid, HCl (37%); Methyl
propiolate, HC=C(CO2Me) (MP); Trimethylamine-N-oxide, Me3NO; and anhydrous
trimethylamine gas (NMes) were purchased from Sigma Aldrich and were used without
further purification. Ethyne gas (HC,H) (industrial grade) was purchased from Praxair and
was used without further purification. Research Grade Carbon Monoxide (CO) was
purchased from Airgas Specialty Chemicals and was used without further purification.
WARNING: Carbon Monoxide is a hazardous gas that should be used only in a well-
ventilated fume hood. Rus(us-C)(CO)is,!! 4.5, Rus(us-C)(CO)14[u-n>-0O=C(NMe:)](u-
H),!? 4.6 and Rus(us-C)(CO)1sCl(u-H),!! 4.7 were prepared according to previously
reported procedures. Product separations were performed by TLC in the air on Analtech
0.25 mm and 0.50 mm silica gel 60 A F254 glass plates. Column chromatography was
performed by using silica gel 60, 0.606-0.2 mm (70-230 mesh).

Synthesis of Rus(ps-C)(CO)13[u—n?>—~CHCH(NMes)], 8 from reaction of 5 with NMes,
Me3NO, and Cz2H: at -78 °C.

22.2 mg (0.0237 mmol) of 4.5 was added to a 100 mL three-neck flask and then
dissolved in 25 mL of degassed CH2Cl,. The solution was cooled to -78 °C temperature by
using dry ice/acetone bath. 3 mL of NMe;s (gas/l1atm) were added to the solution through
the rubber septum by syringe. A solution of 4.7 mg (0.0626 mmol) of Me3NO in CH2Cl
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was then added to the flask. A color change from red to dark red was observed. Then, 4
mL of C,H; (gas/1atm) was added to the flask and the reaction solution was allowed to stir
for 30 min. The progress of the reaction was monitored by IR spectroscopy. The excess
unreacted gases were then removed by flushing the solution with nitrogen. The reaction
mixture warmed to room temperature and the solvent was removed in vacuo. The product
was then isolated by TLC on silica gel by using a solvent mixture of hexane/methylene
chloride to yield 1.2 mg of red orange Rus(us-C)(CO)i3[pu—n?>~CHCH(NMes)], 4.8 (5.2%
yield). Spectral data for 4.8: IR, vCO (cm™ in CH>Cl): 2071(w), 2033(s), 2016(s),
2006(vs). 'H NMR (in acetone-ds solvent, & in ppm): 11.23 (CHCHN(CH3)3, d, *Jun =
10.0 Hz, 1H), 5.87 (CHCHN(CH3)3, m, *Ju.n = 10.0 Hz, 1H), 3.64 (CHCHN(CH3)3, s, 9H).
BC NMR (in (CD3)2CO, 100.66 MHz, & in ppm): 204.33 (CO), 202.85(CO), 201.60 (CO),
199.83 (CO), 197.72 (CO), 192.73 (CO), 191.40 (CO), 170.41 (CHCHN(CH3)3), 94.80
(CHCHN(CHj3)3), 54.65 (t, 'Jc.n= 16 Hz, CHCHN(CHj3)3). Elemental analysis: Calculated
for RusNO13Ci9H11: C, 23.61%; H, 1.15%; N, 1.45%. Found: C, 23.74%; H, 0.96%; N,
1.39%.

Reaction of Rus(us-C)(CO)14[p-12.-O=C(NMe2)|(n-H), 4.6 with C2H2 and Me3NO at 25
°C.

66.5 mg (0.0677 mmol) of 4.6 in 20 mL of degassed dichloromethane was added
to a 100 mL three-neck flask. A slow purge of CoH» (1 atm) was then passed through the
solution. 10.2 mg (0.136 mmol) Me3NO was added to the solution while keeping the flask
under CoHz (1 atm) at 25 °C. Then the solution was stirred for 15 min until an IR spectrum
showed no 4.6 remained. The products were then isolated by TLC by using

hexane/methylene chloride solvent mixture to yield in order of elution: 34.2 mg (48%
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yield) of Rus(us-C)(CO)i3[u—n>~0=C(NMe,)](n'-E£~CH=CH(NMes)](u—H), 4.9'° and
4.4 mg (6.4% yield) of Rus(us-C)(CO)12[u-n*-O=C(NMe)][u-n*-CHCH(NMe3)](u-H),
4.10. Spectral data for 4.9: Tedder (2018) reported IR, 'H NMR, and X-ray analyses of
the compound 4.9 in his dissertation.!® For the current work we also obtain the *C NMR,
elemental analysis, and mass spectral analyses. °C NMR ((CD3).CO, 100.66 MHz, & in
ppm): 219.55 (d, ZJe.u= 1.6 Hz, CON(CHs)2), 206.11 (CO), 206.09 (CO), 205.77 (CO),
205.75 (CO), 202.30 (CO), 197.92 (CO), 141.95 (CHCHN(CHs)3), 133.05
(CHCHN(CH3)3), 53.88 (CHCHN(CHs;)3), 43.35 (1C, CON(CHs)2), 34.38 (1C,
CON(CHj3),). ESIUMS: m/z = 1040 M*, and 996 [M - N(CH3):]". Elemental analysis:
Calculated for RusN2014C22His: C, 25.41%; H, 1.74%; N, 2.69%. Found: C, 25.79%; H,
1.64%; N, 2.50%. Spectral data for 4.10: IR vCO (cm™ in CH,Cl): 2075(m), 2035(s),
2014(vs), 1987(w), 1971(m). 'H NMR (in acetone-d¢ solvent, §in ppm): 10.57
(CHCHN(CHj3)s, d, *Jun = 8.8 Hz, 1H), 4.46 (CHCHN(CH3)3, m, *Ju.n = 8.8 Hz, 1H), 3.51
(CHCHN(CH3)3, s, 9H), 3.15 (N(CH3)2, s, 3H), 2.39 (N(CH3)2, s, 3H), -21.44 (u-H, s, 1H).
Elemental analysis: Calculated for RusN2O13C21H18°0.79 CH2Cla: C, 24.26%; H, 1.83%;
N, 2.60%. Found: C, 24.10%; H, 1.22%; N, 2.52%.
Synthesis of 4.10 from reaction of 4.9 with Me3NO at 25 °C

10.0 mg (0.00963 mmol) of 4.9 was taken in an NMR tube in d¢-acetone solvent.
2.9 mg (0.0386 mmol) of Me3NO was added to the solution and mixed thoroughly. The
reaction mixture kept at 25 °C for 22 h. The reaction products were then separated by TLC
by using hexane/methylene chloride/acetone mixture to yield in order of elution: 2.1 mg of

starting material 4.9, 1.3 mg of 4.8 (14% yield), and 4.0 mg of 4.10 (41% yield).
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Conversion of 4.9 to 4.8 by the Elimination of DMF at 60 °C

22.0 mg (0.0212 mmol) of 4.9 was dissolved in an NMR tube in d¢-acetone. The
solution in the tube was then heated in a constant temperature oil bath at 60 °C for 9.5 h.
The reaction was monitored by "H NMR spectroscopy and DMF was observed in the
solution. The cluster complexes were then isolated by TLC by using hexane/methylene
chloride/acetone mixture to yield in order of elution: 2.0 mg of unreacted 4.9, and 15.0 mg
of 4.8 (73% yield).
Conversion of 4.10 to 4.8 at 50 °C

5.5 mg (0.0054 mmol) of 4.10 was dissolved an NMR tube in ds-acetone solvent.
The NMR tube was sealed with a rubber septum and degassed under nitrogen. The tube
was then heated in a constant temperature oil bath at 50 °C for 13 h. The formation of
dimethylformamide (DMF) was observed in a 'H NMR spectrum of the reaction solution.
Workup by TLC using methylene chloride solvent to yield 2.6 mg of 4.8 (50% yield) and
0.3 mg of unreacted 4.10.
Addition of CO to 4.10 at 35 °C

4.6 mg (0.0045 mmol) of 4.10 was dissolved in ds-acetone and then transferred to
an NMR tube. The NMR tube was sealed with a rubber septum and degassed under nitrogen
three times. In a fume hood, CO gas at 1 atm was bubbled through the solution for 60 s.
The sample was then heated at 35 °C. Reaction progress was monitored by 'H NMR
spectroscopy. After 24 h, compounds 4.9 (36% yield) and 4.13 (50% yield) were observed
by '"H NMR spectroscopy and resonance integrations. In addition, the resonances of DMF

in approximately 34% yield were also observed.
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Synthesis of Rus(us-C)(CO)13Cl[n'-E~CH=CH(NMe3)|(u—H), 4.11 from 4.7 plus
C:H: and Me3NO

Compound 4.7 was first prepared in situ: 37.4 mg (0.040 mmol) of 4.5 was placed
ina 100 mL three-neck flask and then dissolved in 30 mL freshly distilled dichloromethane.
20 pL of concentrated HCI (37%) was added to the solution and stirred at room temperature
for 12 h. The conversion of 4.5 to 4.7 was followed by IR spectroscopy and appeared to be
complete. The solvent was removed in vacuo and compound 4.7 was then re-dissolved in
30 mL freshly distilled dichloromethane. A steady flow of C,H» (g) was then passed
through the solution at 1 atm for 5 min. After this time, 6.2 mg (0.0825 mmol) of Me3NO
was added to the solution and the solution was stirred for 15 min under an atmosphere of
CoH» gas at 25 °C. The products were separated by TLC by using a solvent mixture of
hexane/methylene chloride and finally with acetone to yield two bands in the order of
elution: 3.6 mg of 48 (9 % yield, and 229 mg of Rus(us-
C)(CO)13Cl[n'-E~CH=CH(NMe3)](u—H), 4.11 (56 % yield). Spectral data for 4.11: IR,
vco (em™ in CH2ClL): 2091(w), 2060(s), 2051(vs), 2040(m), 2025(w), 2013(w), 1975(sh).
'"H NMR (in acetone-ds solvent, § in ppm): 8.51 (CHCHN(CH3)s, d, *Jun = 14.4 Hz, 1H),
6.17 (CHCHN(CHj3)s, d, *Jun = 14.4 Hz, 1H), 3.51 (CHCHN(CH3)s, s, 9H) -22.53 (p-H,
s, 1H). ESI/MS: m/z 996 [M-CI]".
Synthesis of 4.8 from 4.11 at 48 °C

12.2 mg (0.012 mmol) of 4.11 was dissolved in d¢-acetone in an NMR tube. The
NMR tube was sealed with a rubber septum and vacuum degassed under nitrogen for three
times. The sample was then heated at 48 °C in a constant temperature oil bath. The reaction

progress was monitored by '"H NMR spectroscopy. After heating for 18 h, the product was
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then isolated by TLC by using a hexane/methylene chloride solvent mixture to yield 3.6
mg of 4.8 (32% yield).
Syntheses of Rus(ps-C)(CO)14[n'-E-CH=CH(NMe3)], 4.12 and Rus(us-C)(CO)1s[n!-E-
CH=CH(NMe3)], 4.13 by addition of CO to 4.8

Reaction 1: 11.6 mg (0.0111 mmol) of 4.8 was dissolved in d¢-acetone and then
transferred to an NMR tube. The NMR tube was sealed with rubber septum and degassed
under nitrogen for three times. CO gas at 1 atm was bubbled through the solution for 30 s.
After 22 h at 25 °C, the reaction mixture passed through a paper filter into a vial and then
the solvent removed under a flow of nitrogen. The oily residue was redissolved in a mixture
of CH>Cl» and hexane and filtered into a clean vial and was allowed to evaporate in air in
a fume hood overnight. A small number of red crystalline plates of Rus(us-C)(CO)14[n'-E-
CH=CH(NMe3)], 4.12 formed on the walls of vial. One of these crystals was also used for
a single-crystal X-ray diffraction analysis, see below. Compound 4.8 was present on the
bottom of the vial. Spectral data for 4.12: '"H NMR (in acetone-ds solvent, § in ppm): 7.51
(CHCHN(CH3)3, d, 3Jun = 12.9 Hz, 1H), 5.47 (CHCHN(CHa)3, d, 3Juu = 12.9 Hz, 1H),
3.25 (CHCHN(CH3)3, s, 9H).

Reaction 2: In a similar reaction,12.8 mg (0.0132 mmol) of 4.8 was treated with
CO and filtered into a clean vial and then sealed with a rubber septum. In a fume hood, CO
gas was then passed over the solution to remove the solvent by using two syringe needles
(one input/one output) through the septum. Upon removal of the solvent (approx. 1h), red
crystals of 4.13 remained in the vial, 11.8 mg of Rus(ps-C)(CO)1s[n'-E-CH=CH(NMe3)],
4.13 (87% yield). One of these red crystals was also used for a single-crystal X-ray

diffraction analysis. Spectral data for 4.13: IR, vco (cm™ in CH,Clo): 2089(w), 2058(s),
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2041(vs), 2022(s), 2014(m), 2003(s), 1986(w), 1971(w). 'H NMR (in (CD3).CO solvent,
§ in ppm): 6.01 (CHCHN(CH3)3, d, *Ju.n = 15.2 Hz, 1H), 5.59 (CHCHN(CH3)3, d, *Ju.n =
15.2 Hz, 1H), 3.16 (CHCHN(CHs3)3, s, 9H). Elemental analysis: Calculated for
RusNO15C21Hii: C, 24.66%; H, 1.08%; N, 1.37%. Found: C, 25.00%; H, 0.86%; N, 1.34%.
Decarbonylation of 4.13 to 4.12 and 4.8

9.2 mg of (0.0090 mmol) of 4.13 was dissolved in acetone-ds and then transferred
to an NMR tube under nitrogen at 25 °C. The tube was closed. After 10h, the compound
4.13 was transformed to compounds 4.12 and 4.8 was 35% and 15%, respectively, as
determined by 'H  NMR  analysis. After 24h, the conversion to
compounds 4.12 and 4.8 was 40% and 29%, respectively as determined by 'H NMR
analysis.
Synthesis of Rus(us-C)(CO)13[p-12.-O=C(NMe2)][n'-E-(MeO02C)C=C(H)(NMe3)](n-
H), 4.14. Reaction of 4.6 with HC=C(CO:CH3) and Me3NO at 25 °C

28.5 mg (0.0290 mmol) of 4.6 was dissolved in CD>Cl; solvent in an NMR tube.
The sample was vacuum degassed and placed under nitrogen. 8.0 pL (0.087 mmol) of
methyl propiolate, HC=C(CO2Me), was added to the solution via syringe and mixed
thoroughly. 4.3 mg (0.058 mmol) of Me3NO was then added to the solution and the tube
was shaken. The color of the solution changed from yellow to brown. The reaction progress
was monitored by 'H NMR after each addition of reagents. The reaction began immediately
after addition of Me3NO as there was no sign of hydride resonances for the starting material
after 4h at 25 °C. The solvent was removed in vacuo and the product was then isolated by
TLC by using a hexane/methylene chloride/acetone solvent mixture to yield: 9.7 mg of

Rus(ps-C)(CO)13[-n>-0=C(NMe2)][n'-E-(Me0C)C=C(H)(NMe3)|(w-H), 4.14 (31%
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yield). Spectral data for 4.14: IR vCO (cm™ in CH2Cly): 2079(m), 2040(vs), 2022(s),
2004(w), 1978(m), 1927(vw). '"H NMR (CD:Cly, § in ppm): 5.61 (HC2CO2Me, s, 1H), 3.83
(HC2CO2Me, s, 3H), 3.26 (NMe, s, 3H), 3.23 (NMes, s, 9H), 2.53 (s, 3H, NMe), -22.07 (u-
H, s, 1H). Elemental analysis: Calculated for RusN>O16C24H20: C, 26.26%; H, 1.84%; N,
2.55%. Found: C, 26.43%; H, 1.70%; N, 2.50%.
Synthesis of Rus(C)(CO)3[p-n2-0=C(NMe2)][p-n>-(MeO2C)HC=CH], 4.15 by
thermal elimination of NMes from 4.14

12.0 mg (0.00091 mmol) of 4.14 was dissolved in benzene-ds in an NMR tube. The
solution was then heated in a constant temperature oil bath at 80 °C for 4 h. The reaction
was monitored by '"H NMR spectroscopy. The products were then isolated by TLC by using
a hexane/methylene chloride mixture to yield in order of elution: 1.9 mg of unreacted 4.6,
0.6 mg of the new compound Rus(us-C)(CO)i3[p-n2-O=C(NMe2)][p-n*-
(MeO,C)HC=CH], 4.15 (5% yield), and 0.9 mg of the known compound Rus(us-
C)(CO)13[p-m2-0=C(NMe2)|(HNMe:)(u-H), 4.16 (8% yield).'? Spectral data for 4.15: IR
vCO (cm! in hexane): 2091(m), 2077(w), 2058(w), 2048(vs), 2029(s), 2022(w), 2013(w),
2000(m), 1991(w). '"HNMR (CD2Cl,, § in ppm): 11.41 (u—n>-O=C(OCH3)HC=CH, d, *Ju.
u = 8.4 Hz, 1H), 6.37 (u—1>-0O=C(OCH3)HC=CH, d, *Ju.u = 8.7 Hz, 1H), 3.79 (u—n°*-
O=C(OCH3)HC=CH, s, 3H), 3.11 (N(CH3)z, s, 3H), 2.40 (N(CH3)z, s, 3H). EUMS m/z. M"
=1039.

Crystallographic Analyses

Crystals of each product suitable for single-crystal X-ray diffraction analyses were
grown by slow evaporation of solvent from solutions of the pure compound in the open air

except for compound 4.13. Single crystals of 4.7 (yellow), and 4.14 (yellow) were obtained
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from a hexane/methylene chloride solvent mixture at 25°C. Single crystals of 4.8 (dark
red), 4.9 (yellow), and 4.10 (yellow) were obtained from solutions in methylene chloride
at 25°C. Single crystals of 4.11 (yellow) were obtained from a solution in diethyl ether at
25°C. Single crystals of 4.12 (orange) were obtained from a hexane/methylene chloride
solvent mixture at 25°C. Single crystals of 4.13 (red) were obtained from a CH>Cl>/hexane
solvent mixture by slow evaporation of solvent under a slow purge of CO at 25°C. Single
crystals of 4.15 (yellow) were obtained from a solution in hexane at 25°C. X-ray intensity
data for all compounds were collected at 100(2) K by using a Bruker D8 QUEST
diffractometer equipped with a PHOTON-100 CMOS area detector and an Incoatec
microfocus source (Mo Ko radiation, A = 0.71073 A)."* The data collection strategy
consisted of five 180° w-scans with different ¢ settings, with a scan width per image of
0.5°. The crystal-to-detector distance was 5.0 cm. The raw area detector data frames were
reduced, scaled and corrected for absorption effects by using the SAINT and SADABS
programs. All structures were solved and refined by using the programs SHELX'!® or
OLEX.!® For all structures, all non-hydrogen atoms were refined with anisotropic
displacement parameters. The hydrido ligands were located and refined by using and
isotropic thermal parameter. Other hydrogen atoms were placed in geometrically idealized

positions and included as riding atoms with d(C-H) = 0.98 A and Uiso(H) = 1.5Ueq(C).

Compound 4.7 crystallized in the monoclinic system. The pattern of systematic
absences in the intensity data was consistent with the space groups Cc and C2/c. The
acentric group Cc was found by the solution program XT and was confirmed by structure
solution and refinement. Subsequent checking with ADDSYM found no missed symmetry.

The asymmetric unit in Cc consists of one molecule. The hydride atom was located and
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refined freely. The final absolute structure (Flack) parameter was 0.16(2), consistent with
inversion twinning of the data crystal. An inversion twinning matrix was therefore included
in the final refinement cycles, with the Flack parameter representing the minor twin domain
volume fraction. Compound 4.8 crystallized in the monoclinic system. The pattern of
systematic absences in the intensity data uniquely identified that space group as P2i/n.
Compound 4.10 crystallized in the monoclinic system. The pattern of systematic absences
in the intensity data uniquely identified the space group as P2i/c in both cases and both
were confirmed by the successful solution and refinement of the structures. The
asymmetric unit of 4.10 consists of one complete molecule of Rus(ps-C)(CO)i2(p-n>-
O=C(NMe)[u-n>-CH=CH(NMe;)](u-H) molecule and one dichloromethane molecule
from the crystallization solvent. The dichloromethane was initially refined as fully
occupied, which resulted in abnormally large CH>Cl> atomic displacement parameters and
deep difference electron density holes (-2.1 e-/A®) at the chlorine sites. Refinement of a
group occupancy for the dichloromethane lowered the R-values from R1/wR2 =
0.022/0.055 to 0.017/0.036 and flattened the difference map. The dichloromethane
occupancy refined to 0.786(2). Hydrogen atoms H1 and H2 and the hydride atom were
located and refined freely. Compound 4.11 crystallized in the monoclinic system. The
pattern of systematic absences in the intensity data uniquely indicated the space group
P21/c, which was confirmed by the successful solution and refinement of the structure.
Compound 4.12 crystallizes in the triclinic system. The space group P-1 was selected and
confirmed by structure solution and refinement. The asymmetric unit consists of one
complete formula unit of the complex Rus(ps-C)(CO)14[n'-E-CH=CH(NMes)] and one

molecule of dichloromethane from the crystallization solvent. The dichloromethane is
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disordered with one chlorine atom occupying two positions having refined population
fractions of 0.51(3)/0.49(3). Compound 4.13 crystallized in the monoclinic system. The
pattern of systematic absences in the intensity data was consistent with the space group
P21/n, which was confirmed by structure solution and refinement. The methyl hydrogens
were allowed to rotate as a rigid group to the orientation of maximum observed electron
density. The two alkene hydrogens were located and refined freely. Compound 4.14
crystallized in the monoclinic system. The pattern of systematic absences in the intensity
data was consistent with the space group P21/n, which was confirmed by structure solution
and refinement. Compound 4.15 crystallized in the orthorhombic system. The pattern of
systematic absences in the intensity data was uniquely consistent with the space group
Pbca, which was confirmed by the successful solution and refinement of the structure.
Crystal data, data collection parameters, and results of the analyses are summarized in

Table 4.1-4.4.

4.3 Results

The reaction of 4.5 with C2H» in the presence of Me3sNO and MesN at -78 °C
provided the new compound Rus(ps-C)(CO)i3[u—n?>~CHCH(NMes)], 4.8 in a low yield
(5.2%). Compound 4.8 was characterized by IR, 'H and '3*C NMR analyses, single-crystal
X-ray diffraction analyses and elemental analyses. An ORTEP diagram of the molecular
structure of compound 4.8 is shown in Figure 4.1. Compound 4.8 contains a square-
pyramidal shaped Rus cluster of metal atoms with a carbido ligand in the center of the
square base and thirteen linear terminal carbonyl ligands distributed as shown in Figure
4.1. The most interesting ligand in 4.8 is a 2-trimethylammonioethenyl ligand,

CH=CH("NMe3), that bridges the Ru2 — Ru3 edge of the cluster. The positively-charged
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2-trimethylammonioethenyl ligand, CH=CH("NMe3) ligand is formally a zwitterion that is
derived from a 2-trimethylammonioethenide, "CH=CH('NMe3;), that formally has a
positive charge on the nitrogen atom and a negative charge on the terminal enyl carbon
atom. Upon coordination, the negative charge on the carbon atom is formally transferred
to the coordinated metal atom and the complex overall becomes a zwitterion with the
negative charge on a metal atom, see below. The CH=CH("NMes3) ligand is similar the one
recently observed in the hexaruthenium compound 4.1.!° It is coordinated in the o+n
coordination fashion that is well established for bridging alkenyl ligands.!” The C1-C2
double bond is n—bonded to Ru(2), Ru2—C1 =2.210(2) A, Ru2—C2 = 2.243(2) A, and o-
bonded to Ru(3), Ru3—C1 = 2.031(2) A. The C(1) — C(2) bond length, 1.388(3) A, is
similar in length to that of the CH=CH("NMe3) ligand found in 4.1 (1.427(19) A).
Compound 4.8 is formally a zwitterion with a positive charge located on the nitrogen atom.
The negative charge would be formally located on Ru(3), but this negative charge will
certainly be delocalized via molecular orbitals that spread across the entire Rus cluster.!®
The CH=CH(*NMes) ligand in 4.8 exhibits three proton resonances in the 'H NMR
spectrum: a pair of doublet at 11.23 ppm and 5.87 ppm, *Ju. = 10.0 Hz, due to the protons
on C(1) and C(2), respectively. The latter resonance shows some small unresolved coupling
from the nitrogen atom N(1). The N-methyl resonance, a singlet at 3.64 ppm, is shifted
downfield due to the positive charge on the nitrogen atom. The '*C NMR spectrum of 4.8
exhibits three resonances for the CH=CH 'NMej3 ligand: 170.41 ppm for C(1), 94.80 ppm
for C(2) and 54.65 ppm for the methyl groups; the latter is a 1:1:1 triplet, 'Jen= 16 Hz,
due to coupling to the nitrogen atom. The bridging CH=CH "NMes ligand in 4.8 serves

formally as a four electron donors; thus, the complex overall achieves a total of 74 cluster
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valence electrons which is in accord with the observation of a square-pyramidal shaped
cluster of five metal atoms.

In recent studies, we have synthesized the pentaruthenium complex 4.6 from the
reaction of 4.5 with DMF.!?2 Compound 4.6 contains an opened, wingtip bridged, butterfly
cluster of five ruthenium atoms with a dimethylformamido ligand bridging one of the
nonbonded pairs of metal atoms. For comparisons with the reactivity to 4.5, the reaction of
4.6 with CoHy in the presence of Me3NO at 25 °C was investigated. This reaction provided
two compounds Rus(us-C)(CO)i3[p—n*-O=C(NMey)][n'-E~CH=CH(NMe3)](u—H),
4.9' (48% yield) and Rus(us-C)(CO)i2[u-n*-O=C(NMe)][u-n*-CHCH(NMes)](u-H),
4.10 (6.4% yield). Compound 4.9 was characterized by IR, 'H and '*C NMR analyses,
single-crystal X-ray diffraction analyses and elemental analyses. An ORTEP diagram of
the molecular structure of compound 4.9 is shown in Figure 4.2. The metal cluster of
compound 4.9 is structurally similar to that of its parent 4.6 having an open, wing-tip
bridged butterfly cluster of metal atoms with a carbido ligand in the center and a
dimethylformamido ligand bridging one of the nonbonded pairs of metal atoms. Compound
4.9 contains thirteen linear terminal carbonyl ligands distributed as shown in Figure 4.2,
but the most interesting ligand in 4.9 is a 2-trimethylammonioethenyl ligand, n'-E-
CH=CH("NMe3), that is terminally-coordinated to the wing-tip bridged Ru atom, Ru(4), in
the equatorial coordination site that is trans to the metal atom Ru(3). NMe3 was not added
to this reaction, so the NMes group that is present in the CH=CH("NMe3) ligand is believed
to be derived solely from the MesNO after it reacted with a CO ligand in 4.6 to form CO»
and NMes. The Ru4 - C4 distance is 2.074(4) A in length. There is an E-stereochemistry

at the C — C double bond, C4 - C5 = 1.286(5) A, and are both distances are slightly shorter
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than the corresponding distances, Ru - C = 2.097(2) A and C1-C2 = 1.306(3) A, in the
terminally-coordinated E-CH=CH(*NMe;) ligand in compound 4.2.!° The ethenyl
hydrogen atoms appear as two deshielded doublets at & = 8.25 and 5.90 with a large
coupling constant, *Ju.y = 14 Hz, that is consistent with the observed E-stereochemistry at
the C — C double bond. There is a bridging hydrido ligand H1 on the Ru(1) — Ru(2) bond
that exhibits the expected high-field resonance shift, 6 =-22.07. The alkenyl carbon atoms,
C4 and C5, exhibit significant upfield shifts for their resonances in the *C NMR spectrum,
0 =141.95 and 133.05, respectively, relative to those observed for the carbon atoms of the
bridging CH=CH('NMe3) ligand in 4.8. The terminally-coordinated CH=CH("NMe3)
ligand in 4.9 serves as a 2-electron donor and the Rus cluster achieves a 76-electron
configuration as expected for the observed open-square pyramidal structure of metal
atoms.'® Compound 4.9 is formally a zwitterion with a positive charge on the nitrogen atom
N(2) and a negative charge on Ru(4).

The coproduct 4.10 has been characterized by IR, 'H NMR, single-crystal X-ray
diffraction and elemental analyses. An ORTEP diagram of the molecular structure of
compound 4.10 is shown in Figure 4.3. The metal cluster of compound 4.10 is structurally
similar to that of its parent 4.6 having an open, wing-tip bridged butterfly cluster of metal
atoms with a carbido ligand in the center and a dimethylformamido ligand bridging one of
the nonbonded pairs of metal atoms. Compound 4.10 contains only twelve CO ligands and
one 2-trimethylammonioethenyl ligand, CH=CH("NMe3), that is a n?-c+n coordinated,
bridging ligand across the metal atoms Ru(2) and Ru(3). The Ru — C bond distances to the
coordinated double bond C1 and C2, Ru2 - C1 =2.0580(15) A, Ru3 - C1 =2.2176(15) A

and Ru3 - C2 = 2.2449(15) A, are very similar to those in 4.8. The coordinated double
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bond in 4.10, C1 - C2 = 1.394(2) A, is significantly longer than the uncoordinated C — C
double bond in 4.9, 1.280(5) A but it is very similar to the coordinated C — C double bond
in 4.8, 1.388(3) A. The ethenyl hydrogen atoms appear as two deshielded doublets at & =
10.57, *Ju.n = 8.8 Hz) and 4.46, *Ju.u = 8.8 Hz). There is a formal positive charge on the
nitrogen atom N(1) and the resonance of the N-methyl groups is appropriately deshielded,
0 =3.51. There is a bridging hydrido ligand H(12) on the Ru(1) — Ru(4) bond that exhibits
the usual high-field resonance shift, 6 =-21.44.

Compound 4.10 is formally a zwitterion with a positive charge on the nitrogen atom
N(1) and a negative charge that is formally on Ru(2), but this negative charge may
delocalize between Ru(2) and Ru(3). The bridging CH=CH("NMe3) ligand in 10 serves as
a 4-electron donor and the cluster achieves a 76-electron configuration as expected for the
observed open-square pyramidal structure of metal atoms. '®

Compound 4.9 was converted to 4.8 (73 % yield) by thermal elimination of the
dimethylformamido ligand and the hydrido ligand as DMF when solutions of 4.9 were
heated to 60 °C. Compound 4.9 can also be converted to 4.10 in a good yield (41 %) by
decarbonylation with Me3sNO at 25 °C. Small amounts of 4.8 (14 %) were also formed in
this reaction. Interestingly, 4.10 was easily converted to 4.8 in a good yield (50 %) by very
mild heating (50 °C/13h) of solutions. It thus appears that 4.10 is an intermediate en route
to 4.8 from 4.9. Compound 4.10 was converted back to 4.9 (36% yield) by addition of CO
at 35 °C, together with formation of the new compound Rus(us-C)(CO)is[n'-E-
CH=CH(NMe3)], 4.13 (50 % yield) which is a product of the addition of CO to 4.8, see

below.

84

www.manaraa.com



Because of the interesting results obtained from the reactions of 4.6 with CoH», we
also investigated the reaction of compound 4.7 with CoH> and Me3sNO. Compound 4.7 was
first reported Johnson and Lewis many years ago,'! but it has not yet been structurally
characterized. For the purpose of knowing its exact structure and for comparisons with the
products that we have obtained from it, see below, we have performed a single-crystal X-
ray diffraction analysis of 4.7 that we have included in this chapter. An ORTEP diagram
of the molecular structure of compound 4.7 is shown in Figure 4.4. The metal cluster of
4.7 is structurally similar to that of 4.6 and 4.9 having an open, wing-tip bridged butterfly
cluster of metal atoms with a carbido ligand in the center. The hydrido ligand bridges the
hinge bond of the Ru4 butterfly, Ru(1) — Ru(2), and the chloro ligand CI(1) is a terminally-
coordinated ligand in an axial position on the wing-tip bridging metal atom Ru(4), Ru(4) —
CI(1) = 2.4211(9) A. Compound 4.7 contains fifteen linear terminal carbonyl ligands
distributed as shown in Figure 4.4.

The reaction of 4.7 with CoH at 1 atm in the presence of Me3NO for 15 min in
CH:Cl: solvent yielded two products: compound 4.8 (9 % yield), and the new compound
Rus(us-C)(CO)14Cl[n'-E-CH=CH(NMes)](u—H), 4.11 (56 % yield). Compound 4.11 was
characterized by IR, '"H NMR, single-crystal X-ray diffraction and mass spectral analyses.
An ORTEP diagram of the molecular structure of compound 4.11 is shown in Figure 4.5.
The metal cluster of compound 4.11 is structurally similar to that of 4.6, 4.9 and 4.10
having an open, wing-tip bridged butterfly cluster of metal atoms with a carbido ligand in
the center. Compound 4.11 contains fourteen linear, terminal carbonyl ligands and one 2-
trimethylammonioethenyl, CH=CH("NMe3), ligand that is terminally coordinated, to the

wing-tip bridging ligand, Ru(4), Ru4—C1 = 2.091(3) A in an equatorial coordination site.
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The C — C double bond distance, C1 - C2 = 1.292(5) A, is very similar to that found for the
terminally-coordinated C(H)=C(H) "NMes ligand in 4.9. The chloro ligand, CI(1), is axially
coordinated to Ru(4), Ru(4) - CI(1) =2.4612(10) A. The "H NMR spectrum of 4.11 exhibits
two doublets for the ethenyl hydrogen atoms: 6 = 8.51 and 6.17 with a large coupling
constant, Juu = 14.4 Hz that is consistent with the structurally observed E-
stereochemistry. The bridging hydrido ligand H(12) exhibits the usual high-field resonance
shift, 6 =-22.53.

Compound 4.11 is also a zwitterion with a positive charge on atom N(1) and a
formal negative charge on atom Ru(4). The C(H)=C(H) NMejs ligand in 4.11 serves as a
2-electron donor and the cluster achieves a 76-electron configuration as expected for the
observed open-square pyramidal structure of metal atoms.'® When heated to 48 °C for 18
h, compound 4.11 was converted to compound 4.8 in 32% yield by elimination of CO and
a reductive-elimination of HCI, formation of a metal — metal bond between that atoms
Ru(1) and Ru(4) and conversion of the CH=CH("NMe3) ligand into a +n coordinated,
bridging ligand.

Treatment of compound 4.8 with CO at 25 °C yielded two new products:
Rus(C)(CO)14[n'-E-CH=CH(NMe3)], 4.12 and Rus(C)(CO)1s[n!-E-CH=CH(NMe3)], 4.13
by the addition of one and two equivalents of CO. Compound 4.12 is an unstable
intermediate en route to 4.13. It can be isolated in very small amounts by allowing filtered
solutions of the reaction mixture to evaporate in a vial in the open air in a fume hood. Small
red plates of 4.12 will form on the walls of the vial. Solutions of 4.12 eventually convert
back fully to 4.8 by loss of CO, but the crystals are more stable and can be analyzed by

single-crystal X-ray diffraction analysis at low temperature, see below. Compound 4.12
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adds CO to yield 4.13 at room temperature. Compound 4.13 is stable in solution only when
maintained under an atmosphere of CO. Compound 4.13 can be obtained as pure red
crystals in a good yield (87%) by filtering the reaction solutions and then carefully
removing the reaction solvent under a flow of CO in a fume hood. Solutions of 4.13 slowly
lose CO and convert back to 4.8 via 4.12 under an atmosphere of nitrogen. Red crystals of
4.13 were also suitable for single-crystal X-ray diffraction analysis.

ORTEP diagrams of the molecular structures of compounds 4.12 and 4.13 are
shown in Figures 4.6 and 4.7, respectively. The metal cluster of compound 4.12 has the
shape of a square pyramid like 4.8 with a carbido ligand in the center of the square base.
There is a terminally-coordinated C(H)=C(H) "NMes ligand in an axial position on the basal
metal atom Ru(1), Rul-C1 = 2.041(11) A. The C — C double bond is short, C1-C2 =
1.290(15) A, and has an E-conformation as observed for the terminal CH=CH("NMe3)
ligands in 4.9 and 4.11. Compound 4.12 contains fourteen linear, terminal carbonyl ligands
distributed about the cluster as shown in Figure 4.6. The apical - basal Ru — Ru bond,
Rul—Ru5 =2.9034(13) A, trans to the CH=CH(*NMe;) ligand is significantly longer than
the three other apical — basal Ru — Ru bonds, Ru2—Ru5 = 2.8487(13) A, Ru3—Ru5 =
2.7771(13) A, Rud4—Ru5 = 2.8068(12) A which suggests that the CH=CH("NMe3;) ligand
has a stronger trans-effect than a CO ligand.

The '"H NMR spectrum of 4.12 exhibits two doublets for the ethenyl hydrogen
atoms: & = 7.51 and 5.47 with a large coupling constant, *Ju.u = 12.9 Hz, as expected for
the E-stereochemistry observed in the solid state structure. Compound 4.12 is also a

zwitterion with a positive charge on the nitrogen atom N(1) and a negative charge formally
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on Ru(1). The metal cluster of compound 4.12 contains a total of 74 valence electrons
which is consistent with its square-pyramidal structure.

The structure of 4.13 consists of an opened square-pyramidal cluster (a wing-tipped
bridged butterfly cluster) of five Ru atoms similar to that observed for compounds 4.9, 4.10
and 4.11. There is a terminally-coordinated CH=CH("NMej3) ligand in an axial position on
the wing-tip, bridging metal atom Ru(4), Ru4 - C1 =2.1183(17) A. The C — C double bond
length, C1 - C2 = 1.315(2) A, is similar to that observed for the terminal CH=CH(*NMe3)
ligands in compounds 4.9, 4.11 and 4.12. There are a number of examples of nucleophile-
induced opening of square-pyramidal Rus cluster complexes by the addition of donor
ligands to a basal positioned metal atom.!"!° The ethenyl hydrogen atoms on C(1) and C(2)
in 4.13 appear as two mutually-coupled, deshielded doublets at 6 = 6.01 and 5.59 with a
large coupling constant, *Ju.u = 15.2 Hz, that is consistent with the E-stereochemistry
observed in the solid state. Compound 4.13 is a zwitterion with a positive charge on the
nitrogen atom N(1) and a formal negative charge on the metal atom Ru(4). The metal
cluster of compound 4.13 contains a total of 76 valence electrons which is consistent with
its observed open structure.

The reaction of 4.6 with methyl propiolate, HC=C(CO>Me), and Me3NO in CH>Cl»
at 25 °C yielded the new compound Rus(us-C)(CO)i3[p-n>-O=C(NMez)][n'-E-
(MeO,C)C=CH(NMe3)](n-H), 4.14 in 31% yield. Compound 4.14 was characterized by IR
and '"H NMR spectroscopy and structurally by single-crystal X-ray diffraction analysis. An
ORTEP diagram of the molecular structure of compound 4.14 is shown in Figure 4.8.
Compound 4.14 is very similar to that of 4.9 having a wing-tipped bridged butterfly Rus

cluster of metal atoms and a bridging dimethylformamido ligand, but it has a terminally-
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coordinated,  1-methoxycarbonyl,  2-trimethylammonioethenyl ligand, n'-E-(1-
MeO>C)C=C(H)(2-"NMe3), in an equatorial coordination site on Ru(1) in the location of
the 2-trimethylammonioethenyl ligand found in 4.9. The Ru(1) — C(2) distance, 2.1401(18)
A is slightly longer than the corresponding Ru — C bond in 4.9, 2.097(2) A. The C — C
double bond in the (MeO,C)C=C(H)"NMes ligand has an E-conformation at the double
bond and its bond length, C1-C2 = 1.320(3) A, is similar to that observed in 4.9, 4.11, 4.12
and 4.13.

The resonances of the single ethenyl hydrogen atom on C(1) and the
trimethylammonio methyl groups in 4.14 are deshielded at 5.61 ppm and 3.23 ppm,
respectively, in the 'TH NMR spectrum. A hydrido ligand bridges the Ru(2) — Ru(3) bond
in 4.14 and exhibits the expected high-field resonance shift at -22.07 ppm. Compound 4.14
is a zwitterion with a positive charge on the nitrogen atom N2 and a formal negative charge
on the metal atom Ru(1). The metal cluster of compound 4.14 contains a total of 76 valence
electrons which is consistent with its observed open structure.

When a solution of 4.14 dissolved in benzene-ds was heated to 80 °C for 4 h, two
products were formed in low vyields: a new compound Rus(us-C)(CO)i3[p-n*-
0=C(NMe)][p-n*-(MeO,C)HC=CH], 4.15 (5% yield), and the known compound Rus(ps-
C)(CO)13[p-n>-O=CNMe:[(HNMe:)(u-H), 4.16 (8% yield).!> An ORTEP diagram of the
molecular structure of compound 4.15 is shown in Figure 4.9. Compound 4.15 was formed
from 4.14 by elimination of the NMe3 grouping from the (MeO>C)C=C(H)("NMes) ligand.
The compound contains an open Rus cluster with an approximately trigonal bipyramidal
carbido ligand in the center. There is an n?-bridging dimethylformamido ligand across the

open Ru(1) - Ru(2) edge of the cluster, and there is a bridging 1n?-(CH302C)(H)C=C(H)
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ligand across the open Ru(1) - Ru(4) edge of the cluster. The carbonyl oxygen atom O(2)
of the methoxycarbonyl group asymmetrically bridges the two metal atoms Ru(1) and
Ru(4), Rul—-02 = 2.396(4) A, Ru4—02 = 2.199(4) A. The carbonyl C — O bond is short,
C(6) - 02 =1.245(8) A, indicating that it still contains considerable double bond character.
There is a hydrogen atom on C(5) that was presumably derived from the bridging hydrido
ligand in 4.14 by a C — H bond-forming step. The C4 — C5 bond is also short, 1.364(10) A,
and is formally a C — C double bond. The hydrogen atoms on C(4) and C(5) are
significantly deshielded in the 'H NMR spectrum, § = 11.41 and 6.37 with a coupling
constant, 3Jy.y = 8.4 Hz, that is consistent with the observed Z-conformation at the double
bond. Compound 4.15 contains a total of 78 cluster valence electrons which is in accord
with an electron-precise metal cluster of five metal atoms (n) having six metal — metal
bonds (m), according to the formula 18n — 2m. The side product 4.16 was obtained
previously by the thermal decomposition of 4.6 which generates Me:NH by
decarbonylation of the dimethylformamido ligand.'?

4.4 Discussion

A summary of our studies of the reactions of 4.5, 4.6 and 4.7 with ethyne in the
presence of Me3NO is shown in Scheme 4.1.

The reaction of the square-pyramidal Rus cluster complex 4.5 with the
decarbonylation agent Me3NO in the presence CoHz and NMe;s provided a low yield of the
square-pyramidal Rus cluster complex 4.8 containing a 2-trimethylammonioethenyl ligand,
CH=CH'NMes, that bridges a basal edge of a square-pyramidal Rus cluster. Further
investigations showed that the open cluster complexes 4.6 and 4.7 provided good yields of

open Rus cluster complexes 4.9 and 4.11, respectively, containing terminally-coordinated,
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2-trimethylammonioethenyl ligands having E-stereochemistry located on the wing-tip
bridging ruthenium atom of the RusC portion of clusters. Compounds 4.9 and 4.11 were
both converted to 4.8 thermally in good yields by the elimination of DMF from 4.9 and CO
and HCI from 4.11. An important intermediate, 4.10, was observed in the conversion of
4.9 to 4.8. Compound 4.10 was formed from 4.9 by a Me3NO-induced decarbonylation
with a conversion of the terminally-coordinated n'-CH=CH'NMe; ligand into a m?*-
bridging ligand by coordination of its C — C double bond, a prerequisite to the formation
of 4.8. Compound 4.10 reacted CO to regenerate 4.9 in 36 % yield at 35 °C in 24 h by
adding one CO ligand and by converting the >-CH=CH"NMe; ligand back into a terminal-
coordinated n!-CH=CH'NMe;s ligand. Compound 4.13 was also formed in 50 % yield in
this reaction. Compound 4.13 was presumably formed by conversion of some of the 4.9 to
4.8 by loss of DMF (also observed as a reaction product) and subsequent addition of CO
to yield 4.13 via 4.12, see below. It was observed previously that the bridging n?-
trimethylammonioethenyl ligand in 4.1 could be converted to a terminally-coordinated n'-
trimethylammonioethenyl ligand in complex 4.2 by the addition of CO to 4.1 at 25 °C, eq.
4.1).1°

It was also observed in a separate reaction that the n?-bridging CH=CH 'NMe;
ligand in 4.8 was converted into a terminally-coordinated, n!-CH=CH"NMe; ligand by CO
addition; in fact, two CO addition products were obtained. The first one 4.12 was formed
by the addition of only one equivalent of CO to 4.8 and it consists of a square-pyramidal
cluster of five ruthenium atoms with a terminally-coordinated n'-CH=CH'NMes ligand
bonded to one of the Ru atoms in the base of the square pyramid. The second CO addition

product 4.13 was formed by a cluster opening addition of CO to the first one, 4.12, by
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cleavage of the axial-basal Ru — Ru bond to the n!-CH=CH"NMe; substituted Ru atom.
Compounds 4.12 and 4.13 are both unstable in solution in the absence of a CO atmosphere
and they both revert back to 4.8 in high yield by loss of CO.

A summary of our reactions of 4.6 with methyl propiolate, HC=CCO:Me, is shown
schematically in Scheme 4.2. The reaction of 4.6 with a combination of methyl propiolate
and Me3;NO yielded the complex 4.14 containing a terminally-coordinated, 2-
trimethylammonio(1-methyoxycarbonyl)ethenyl,  n'-E-1-(MeO,C)C=C(H)(2- " NMe3),
ligand. The n'-E-(1-CO2Me)C=C(H)(2-"'NMe3;) ligand in 4.14 is structurally similar to n'-
E-1-(MeO2C)C=C(H)(2-'NMe3) ligand found in the complex RucC(CO)i6[n'-E-(1-
(MeO2C)C=C(H)(2-"NMe3)], 4.17'° which contains an uncoordinated C — C double bond
of similar length, 1.304(7) A. Note: the (MeO.C)C=C(H)(2-"NMe;) ligands in 4.14 and
4.17 were both formed by the addition of the NMes molecule to the unsubstituted end of
the methyl propiolate, presumably for steric reasons. The mechanism of this coupling has
not yet been established.

When a solution of 4.14 was heated to 80 °C, it eliminated the NMes group from
the 1-(MeO2C)C=C(H)(2-"NMes) ligand to yield the compound 4.15. This process
presumably proceeded through an unobserved intermediate containing an alkyne ligand
that promptly coupled with the hydrido ligand to yield the observed alkenyl ligand, p-n*-
HC=C(H)(CO2xMe), that subsequently inserted the oxygen of its carbonyl group into one
of the Ru— Ru bonds to form the O-bridged carbonyl group, thus, completing the formation
of4.15. Ann2-HC=C(H)(CO:Me) ligand obtained by a B-CH activation on the vinyl group
of methyl acrylate in a reaction with Rus(us-C)(CO)is was also observed in the Rus

complex Rus(us-C)(CO)14[n?>-O=C(OMe)CH=CH](u-H), but in this case, the ligand is
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coordinated as a chelate to only one ruthenium atom of the cluster.?’ n-Coordinated
bridging n’-HC=C(H)(CO:Me) ligands were found in the complexes Rus(us-
C)(CO)12(C2Ha)[p-13-O=C(OMe)CHCH](p-H)?° and Rus(ps-
C)(CO)12[H2CC(H)CO2Me][pu-n3-O=C-(OMe)CHCH](u-H)?! that were obtained from
reactions of Rus(us-C)(CO)14[n?-O=C(OMe)CH=CH](u-H) with MesNO and ethylene or
H>Co(H)CO2Me, respectively.

The side product, Rus(ps-C)(CO)13[u-1n>-O=C(NMez)](HNMe:)(u-H), 4.16 was
also formed in a low yield the thermal transformation of 4.14. We have shown previously
that MexNH is formed by decarbonylation of the dimethylformamido ligand in 4.6.> A
similar formation of Me;NH from a dimethylformamido ligand 4.14 accompanied by the
complete elimination of the 1-(MeO,C)C=C(H)(2-"NMes3) ligand in another molecule of
4.14 and an addition of Me>NH could have yielded the small amounts of the 4.16 observed
in this reaction.

4.5 Conclusion

In this work the first procedures for the synthesis of zwitterionic pentaruthenium
carbonyl complexes containing bridging- and terminally-coordinated  2-
trimethylammonioethenyl  ligands have  been  established. @ The  bridging
trimethylammonioethenyl ligands adopt a 6+, n%- coordination of the C — C double bond
to two neighboring metal atoms. The bridging and terminally-coordinated
trimethylammonioethenyl ligands can be interconverted by the addition and elimination of
CO ligands to and from the metal atoms. One zwitterionic pentaruthenium carbonyl
complex containing a l-methyoxycarbonyl-substituted, 2-trimethylammonioethenyl

ligand, 1-(MeO>C)C=C(H)(2-"NMes) was obtained from the reaction of 4.6 with methyl
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propiolate. The C-N bond in the 1-(MeO>C)C=C(H)(2-'NMe3) ligand was cleaved
thermally and the NMes group was eliminated from the complex to yield complex 4.15
containing a bridging [pu-n>-HC=C(H)(CO2Me)] alkenyl ligand formed by transfer of the
hydrido ligand in 4.14 to the resultant alkyne ligand.
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Table 4.1 Crystal data, data collection parameters for compounds 4.7 and 4.8.

Compound 4.7 4.8
Empirical formula RusClO15Ci16H RusO13NCi9H11
Formula weight 973.97 966.64
Crystal system Monoclinic Monoclinic
Lattice parameters

a(A) 9.9659(3) 9.8955(5)

b (A) 15.2615(4) 17.7522(9)
c(A) 15.8976(4) 14.8801(7)
a (deg) 90.00 90.00

B (deg) 90.800(1) 104.191(2)
v (deg) 90.00 90.00

V (A% 2417.70(11) 2534.2(2)
Space group Cc P2i/n

Z value 4 4

Pale (g/cm?) 2.676 2.534

1 (Mo Ka) (mm™) 3.234 2.978
Temperature (K) 100(2) 100(2)
2Omax (°) 59.97 60.12

No. Obs. (I>20(I)) 6594 7440

No. parameters 339 352
Goodness of fit (GOF) 1.044 1.001
Max. shift in cycle 0.001 0.002
Residuals®: R1; wR2 0.0158/0.0327 0.0235/0.0362
Absorption correction, Multi-scan Multi-scan
Max/min 0.4932/0.4118 0.6212/0.5607
Largest peak in Final 0.81 0.665

Diff. Map (e /A?)

*R1 = Zhi( | [ Fobs | - | Feate| | )/ Zhki | Fobs

; WR2 = [Zniaw( | Fobs | - | Feate | )/ ZhwFons] %

w= l/Gz(Fobs); GOF = [thIW( ‘ Fobs | - ‘ Fcalc ‘ )2/(ndata - nvari)]l/z-
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Table 4.2 Crystal data, data collection parameters for compounds 4.10 and 4.11.

Compound

4.10

4.11

Empirical formula

Formula weight
Crystal system
Lattice parameters
a(A)

b (A)

c(A)

a (deg)

P (deg)

v (deg)

V (A%

Space group

Z value

Peale (g/cm?)

1 (Mo Kar) (mm™)
Temperature (K)
2Omax (°)

No. Obs. (I>20(I))
No. parameters
Goodness of fit (GOF)
Max. shift in cycle
Residuals®: R1; wR2

Absorption correction,
Max/min

Largest peak in Final
Diff. Map (e /A%)

RusN2013C21H18.0.79CH,Cl;

1078.48

Monoclinic

10.0186(3)
13.0484(4)
25.0707(8)
90.00
92.605(1)
90.00
3274.02(17)
P2i/c
4
2.188
2.442
100(2)
61.06
9374
416
1.094
0.002
0.0171/0.0344

Multi-scan
0.6949/0.6448

0.86

Ru5C1014NC20H12
1031.11

Monoclinic

19.5839(4)
9.2500(2)
17.2594(4)
90.00
110.136(1)
90.00
2935.46(11)
P2i/c
4
2.333
2.669
301(2)
54.992
5935
385
1.061
0.001
0.0241/0.0483

Multi-scan
0.7456/ 0.6633

0.54

*R1 = Siia( | | Fovs | - | Feate | | )/Shia | Fobs

: WR2 = [Znaw( | Fobs | - | Feate | 2/ZiiwFops] /2

w= l/cz(Fobs); GOF = [thlW( ‘ Fobs | - ‘ Fealc ‘ )2/(7’ldata - nvari)] 1/2-
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Table 4.3 Crystal data, data collection parameters for compounds 4.12 and 4.13.

Compound 4.12 4.13
Empirical formula Rus014NCaoH11.CH2Cl, RusO15sNCa1Hiy
Formula weight 1079.57 1022.66
Crystal system Triclinic Monoclinic
Lattice parameters

a(A) 8.4918(6) 12.1141(5)
b(A) 12.8814(8) 15.6769(7)
c(A) 15.0684(10) 15.3058(7)
o (deg) 75.407(2) 90.00

B (deg) 74.613(2) 91.997(2)

v (deg) 86.010(2) 90.00

V (A% 1537.92(18) 2905.0(2)
Space group P-1 P2i/n

Z value 2 4

Peale (g/cm?) 2.331 2.338

1 (Mo Ka) (mm™) 2.673 2.610
Temperature (K) 100(2) 100(2)
2Omax (°) 50.11 65.214
No. Obs. (I>2a(1)) 4227 9613

No. parameters 401 391
Goodness of fit (GOF) 1.213 1.111
Max. shift in cycle 0.000 0.003
Residuals®: R1; wR2 0.0684/0.1109 0.0193/0.0381
Absorption correction, Multi-scan Multi-scan
Max/min 0.0434/0.0230 0.4950/0.3979
Largest peak in Final 0.99 1.10

Diff. Map (e /A%)

A R1 = Siwa( | | Fovs | - | Feate | | )/Shiat | Fovs

5 WR2 = [thlW( | Fobs ‘ - | Fcalc | )Z/thlWonbS] 1/2;

w= l/Gz(Fobs); GOF = [thIW( ‘ Fobs | - ‘ Fcalc ‘ )2/(ndata - nvari)]l/z-
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Table 4.4 Crystal data, data collection parameters for compounds 4.14 and 4.15.

Compound 4.14 4.15
Empirical formula Rus016N2C24H20 RusO16NCo1Hi1
Formula weight 1097.77 1038.66
Crystal system Monoclinic Orthorhombic
Lattice parameters

a(A) 15.0536(5) 17.1417(13)
b(A) 11.4280(4) 16.2241(13)
c(A) 19.3564(7) 20.9215(17)
o (deg) 90.00 90.00

B (deg) 95.781(2) 90.00

v (deg) 90.00 90.00
V(A% 3313.0(2) 5818.5(8)
Space group P2,/n Pbca

Z value 4 8

Peale (g/cm’) 2.201 2371

1 (Mo Kat) (mm™) 2.300 2.611
Temperature (K) 100(2) 100(2)
2Omax (°) 60.026 51.594
No. Obs. (I>20(1)) 8595 4588

No. parameters 435 391
Goodness of fit (GOF) 1.048 1.114
Max. shift in cycle 0.004 0.001
Residuals?: R1; wR2 0.0174/0.0319 0.0369/0.0955
Absorption correction, Multi-scan Multi-scan
Max/min 0.6212/0.5585 0.7453/0.6551
Largest peak in Final 0.50 2.03

Diff. Map (e /A%)

* R1 = Shit( | | Fobs | - | Feate | | )/Shia | Fobs

; WR2 = [Zhiaw( | Fobs | - | Feate | Y/ ZhawF2obs] 2

w= I/GZ(Fobs); GOF = [thIW( | Fobs ‘ - | Fealc | )2/(7’ldata - nvari)]l/z-
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Figure 4.1 An ORTEP diagram of the molecular structure of Rus(ps-C)(CO)i3[p-1>-
HC=CH-N(CH3)3], 4.8 showing 40% thermal ellipsoid probability. Methyl hydrogen
atoms have been omitted for clarity. Selected interatomic bond distances (A) are as
follows: Rul—-Ru2 = 2.8338(3), Rul-Ru3 = 2.8903(3), Rul-Ru4 = 2.8026(3),
Rul—Ru5 = 2.7795(3), Ru2—Ru3 = 2.7047(3), Ru2—Ru5 = 2.8795(3), Ru3—Ru4 =
2.8690(3), Ru4—Ru5 =2.8859(3), Rul-C0 =2.134(2), Ru2—C0 = 2.024(2), Ru3—C0 =
2.022(2), Ru4—CO0 = 1.993(2), Ru5—CO0 = 2.004(2), Ru2—C1 = 2.210(2), Ru2—C2 =
2.243(2), Ru3—C1 =2.031(2), C1-C2 = 1.388(3), C2—-N1 = 1.516(3).
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C3

= 3 052

A

Figure 4.2 An ORTEP diagram of the molecular structure of Rus(us-C)(CO)i3[p-n-
0=C(NMey)][n'-E-CH=CH(NMe3)](u-H), 4.9, showing 20% thermal ellipsoid
probability.!? Selected interatomic bond distances (A) are as follow: Rul-Ru3 =2.8176(4),
Rul-Ru5 =2.8275(4), Rul-Ru2 =2.9580(4), Ru2-Ru5 = 2.8635(4), Ru2-Ru3 = 2.8479(4),
Ru3-Ru4 = 2.9145(4), Ru4-Ru5 = 2.9087(4), Rul-H1 = 2.07(4), Ru2-H1 = 2.01(4), Ru4-
C4 = 2.074(3), Rul-C1 = 2.089(4), Ru4-O1 = 2.114(2), C1-0O1 = 1.276(4), C4-C5 =
1.286(5), C5-N2 = 1.503(5), Rul-C0 =2.071(3), Ru2-C0 = 2.101(3), Ru3-C0 = 1.982(3),
Ru4-C0 = 2.068(3), Ru5-C0 = 1.979(3).

Q

7

c8
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Figure 4.3 An ORTEP diagram of the molecular structure of Rus(ps-C)(CO)i2(p-n>-
O=CN(CHj3)2)(p-n>-CH=CHNMes)(p-H), 4.10, showing 40% thermal ellipsoid
probability. Selected interatomic bond distances (A) are as follow: Rul-Ru3 =
2.88374(18), Rul-Ru4 = 2.86257(19), Rul-Ru5 = 2.85533(18), Ru2-Ru3 = 2.74363(17),
Ru2-Ru5 = 2.93192(19), Ru3-Ru4 = 2.84052(19), Ru4-RuS = 2.91228(19), Rul-C0 =
2.0448(15), Ru2-C0 = 2.0675(15), Ru3-C0 = 1.9798(15), Ru4-C0 = 2.0898(15), Ru5-C0
=1.9625(15), Rul-C6 =2.0661(17), O1-C6 = 1.2814(19), Ru2-O1 = 2.1135(11), Ru2-Cl1
= 2.0580(15), Ru3-C1 = 2.2176(15), Ru3-C2 = 2.2449(15), C1-C2 = 1.394(2), N1-C2 =
1.520(2).
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Figure 4.4 An ORTEP diagram of the molecular structure of Rus(us-C)(CO)15Cl(pn-H), 4.7
showing 40% thermal ellipsoid probability. Selected interatomic bond distances (A) are as
follows: Rul—Ru2 = 2.8349(4), Rul—-Ru3 = 2.8757(4), Rul-Ru5 = 2.8379(4), Ru2—Ru3
= 2.8601(4), Ru2—Ru5 = 2.8529(4), Ru3—Ru4 = 2.8909(4), Ru4—RuS5 = 2.9429(4),
Rul-C0 = 2.115(4), Ru2—C0 = 2.106(3), Ru3—C0 = 1.961(4), Rud4—CO = 2.117(4),
Ru5-C0 = 1.960(4), Ru4—CIl1 =2.4211(9).
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Figure 4.5 An ORTEP diagram of the molecular structure of RusC(CO)is[n'-E-
HC=CHN(CHj3)3]Cl(p-H), 4.11 showing 15% thermal ellipsoid probability. Methyl
hydrogen atoms have been omitted for clarity. Selected interatomic bond distances (A) are
as follows: Rul-Ru2 =2.8350(4), Rul-Ru3 =2.8413(4), Rul-Ru5 =2.8658(4), Ru2—Ru3
= 2.8447(3), Ru2—Ru5 = 2.8521(4), Ru3—Ru4 = 2.9626(3), Ru4—Ru5 = 2.9530(3),
Rul-C0 = 2.122(3), Ru2—C0 = 2.127(3), Ru3—C0 = 1.960(3), Ru4—CO = 2.141(3),
Ru5-C0 = 1.964(3), Ru4—Cl1 = 2.4612(10), Ru4—C1 = 2.091(3), C1-C2 = 1.292(5),
C2—-NI1 =1.514(4).
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Figure 4.6 An ORTEP diagram of the molecular structure of Rus(us-C)(CO)1a(n!-E-
CH=CHNMe3), 4.12 showing 35% thermal ellipsoid probability. Selected interatomic
bond distances (A) are as follow: Rul-Ru2 = 2.8548(14), Rul-Ru4 = 2.8737(13),
Rul—Ru5 = 2.9034(13), Ru2—Ru3 = 2.8472(13), Ru2—Ru5 = 2.8487(13), Ru3—Ru4 =
2.8616(14), Ru3—Ru5 = 2.7771(13), Rud4—Ru5 = 2.8068(12), Rul—C0 = 2.037(11),
Ru2—-C0 = 2.039(10), Ru3—C0 = 2.053(11), Ru4—C0 = 1.970(10), Ru5—C0 = 2.090(11),
Rul-C1=2.041(11), C1-C2 = 1.290(15), N1-C2 = 1.505(14).
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Figure 4.7 An ORTEP diagram of the molecular structure of Rus(ps-C)(CO)is(n'-E-
CH=CHNMe3), 4.13, showing 40% thermal ellipsoid probability. Selected interatomic
bond distances (A) are as follow: Rul-Ru2 =2.7060(2), Rul-Ru3 =2.8718(2), Rul-Ru5 =
2.8928(2), Ru2-Ru3 = 2.8793(2), Ru2-Ru5 = 2.8716(2), Ru3-Ru4 = 2.8996(2), Ru4-Ru5
=2.90372(19), Rul-C0 = 2.0917(15), Ru2-C0 = 2.0959(15), Ru3-C0 = 1.9601(15), Ru4-
C0 =2.1580(15), Ru5-C0 = 1.9617(15), Ru4-C1 =2.1183(17), C1-C2 = 1.315(2), N1-C2
= 1.504(2).
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Figure 4.8 An ORTEP diagram of the molecular structure of Rus(us-C)(CO)i3[p-n-
O=CN(CHj3)2](u-H)[1'-HC2(CO,CH3)N(CH3)3], 4.14 showing 40% thermal ellipsoid
probability. Selected interatomic bond distances (A) are as follows: Rul-Ru4 =2.8817(2),
Rul-Ru5 = 2.9036(2), Ru2—Ru3 = 2.8782(2), Ru2—Ru4 = 2.8157(2), Ru2—Ru5 =
2.8317(2), Ru3—Ru4 = 2.8734(2), Ru3—RuS5 = 2.8613(2), Rul—C0 = 2.0622(18), Ru2—C0
= 2.0545(19), Ru3—C0 = 2.1076(18), Ru4—C0 = 1.9890(18), Ru5—C0 = 1.9705(18),
Ru2-C8 =2.0762(19), C8—N1 = 1.351(2), C8—014 = 1.285(2), Rul—014 = 2.1214(13),
Rul-C2=2.1401(18), C2—C1 =1.320(3), C1-N2 = 1.502(2), N2—-C5 = 1.502(3), N2—C6
=1.491(3), N2-C7 = 1.498(3), C2—C3 = 1.479(3).
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Figure 4.9 An ORTEP diagram of the molecular structure of Rus(us-C)(CO)i3[p-n*-
O=CN(CHj3)2][p-12-(CH30,C)HC=CH], 4.15 showing 30% thermal ellipsoid probability.
Selected interatomic bond distances (A) are as follows: Rul—Ru3 = 2.8591(7), Rul-Ru5
= 2.8493(7), Ru2—Ru3 = 2.8453(7), Ru2—Ru5 = 2.8516(7), Ru3—Ru4 = 2.8959(7),
Ru4—Ru5 = 2.9195(7), Rul—-C0 = 2.106(6), Ru2—C0 = 2.108(6), Ru3—C0 = 1.950(6),
Ru4—-C0 =2.098(6), Ru5—C0 = 1.960(6), Rul—C1 = 2.005(6), C1-O1 = 1.261(8), C1-N1
= 1.349(8), Ru2—0O1 = 2.107(4), Rul-02 = 2.396(4), Ru4—02 = 2.199(4), Ru4—C4 =
2.041(7), C4—C5 =1.364(10), C5-C6 =1.419(10), 0O2—C6 = 1.245(8), O3—C6 = 1.323(8),
03-C7 = 1.448(8).
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Scheme 4.1 A schematic of the structures and chemical relationships of compounds 4.5-
4.13 that were investigated in this study. CO ligands are represented only as lines from the

Ru atoms.

112

www.manaraa.com



N\ / /N__—WIe
,Me Ru—C
o o7 N
c=7_Ru]
Me H’C<\ . /l\C'ER‘(i
\
\ M‘e \ / IN,Me /C—/Rl\l\Ru/
Ruw /N—Me RU\C H /\\
H/I\\7 \ | Ru—Y, 4.15
< \/L\ /“\\0 HC,(CO,Me), Me;NO \Ruﬁic/\\ ’/ H o -NMe; -
AN e = TN N S
/=R s R01 G e Me  mocc e
AT AN e V[ e
i /
4.6 4.14 H/Ru\Tc
\RI///\5‘\' \\f
u=—C
I //\RU‘NHM
Ru / ¢
/, N
4.16

Scheme 4.2 A schematic of the structures and relationships of compounds 4.6 and 4.14 —
4.16. CO ligands are represented only as lines from the Ru atoms.
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Chapter 5
A (us-C) Carbido Carbon Initiated C — C Coupling of Ethyne on

Rus(ps-C)(CO)15 Cluster
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5.1 Introduction

Long chain hydrocarbons are manufactured from syngas (a mixture of CO and H»
gas) by the Fischer—Tropsch synthesis (FTS) processes.! FTS is a heterogeneous process,
where catalytic conversion occurs through a surface polymerization reaction.” The
initiation of the FTS involves the absorption of CO and H» gas followed by the formation
of metal—-carbide (M-C), metal-oxide (M-O) and metal-hydride (M-H) bonds ( see

Scheme 5.1).3 There are several well established mechanisms of chain propagation, of

which the carbide mechanism is the most widely-accepted one. !@-#
CO H, C OH H
M MMM M MM M

H
HC =—

I v /I

MMM M M MM M

NERRERRRRY RRRRRERRRE

Scheme 5.1 CO and H: adsorption on a supported metal surface. Formation
of metal-carbide (M-C), metal-oxide (M-O), and metal-hydride (M-H) bonds. The
reactivity of M-C with the unsaturated molecule such as ethyne (C2Hb).

Transition metal (TM) complexes containing an exposed carbido carbon atom may
serve as models for the study of the reactivity M-C bonds in homogeneous systems. A
terminal carbide complex having M=C units coordinates to metal fragments via o-donating

and m-accepting bonding interactions. The terminal carbide may also act as a bridging
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ligand in late transition metal complexes through the formation of M=C—M' bonding
interactions.” A ps-carbido ligand can have a trigonal planar or a trigonal pyramidal
geometry. Takemoto and his group reported the synthesis and structure of a bimetallic
RuyPt complex that contains a trigonal-planar p3-carbido ligand. The ps-carbido complex
was found to show the first example of an intramolecular C—C coupling reaction between
the ps-carbide and the methyl ligand.® Shriver et al. demonstrated the formation of a p3-
trigonal pyramidal carbido ligand on a Fesz metal cluster that was found to form C-C bond
upon alkylation to produce an ethylidyne.” The p4-carbido ligand being well exposed can
show a great deal of reactivity. Chung et al. demonstrated the formation of a C—C bond
between the carbide ligand and an electron deficient alkyne in a WOs3 cluster complex.®
Adams et al. observed the formation of a C-C bond between a us-carbido carbon and a

phenyl group to yield a bridging benzylidyne ligand in a RusC cluster complex.’

In an effort to study the reactivity of (us — C) carbido carbon of the pentaruthenium
cluster complex Rus(us-C)(CO)1s, 5.1, we have investigated reactions between 5.1 and the
unsaturated hydrocarbon ethyne (C2H>). The direct C — C coupling between the (us — C)
carbide carbon and the C>H> was observed to yield four new ethyne-bound Rus cluster
complexes. A novel [2+2+1] type cycloaddition of C,H> to the carbide carbon on a
multinuclear metal site was also observed. The structures, bonding, and the transformations

of these new complexes will be described and discussed in this chapter.
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5.2 Experimental Section
General Data

All reactions were performed under an atmosphere of nitrogen. Reagent grade
solvents were dried by standard procedure and were freshly distilled prior to use. Infrared
spectra were recorded on a Thermo Scientific Nicolet IS10 spectrophotometer. '"H NMR
spectra were recorded on Varian Mercury spectrometers operating at 300.1 MHz and 400.1
MHz. Mass spectrometric (MS) measurements were performed by a direct-exposure probe
by using electron impact (EI) ionization. Ru3(CO)2 used to make Rus(us-C)(CO)1s, 5.1
was obtained from STREM and was used without further purification. Rus(ps-C)(CO);s,
5.1 was prepared according to a previously reported procedure.!® Ethyne gas (HC,H) was
obtained from National Welders and used without further purification. Carbon Monoxide
(CO) was purchased from Airgas Specialty Chemicals and was used without further
purification. WARNING: Carbon Monoxide and ethyne are hazardous gases that should
be used only in a well-ventilated fume hood. Product separations were performed by TLC
in the air on Analtech 0.25 mm and 0.50 mm silica gel 60 A F254 glass plates, and silica

gel column chromatography on silica gel 60, 0.606 - 0.2 mm (70 — 230 mesh).
Reaction of Rus(us-C)(CO)is, 5.1, with C2Hz at 48 °C

A 49.9 mg (0.053 mmol) amount of 5.1 was dissolved in 4 mL of CD>Cl, solvent
and was then transferred to three NMR tubes. The NMR tubes were closed with rubber
septa and sealed with parafilm. CoH> (g) at 1 atm bubbled through the solution for 30
seconds. The tubes were sealed under an atmosphere C,H» (g). After shaking for few times

tubes were kept in a constant temperature oil bath at 48 °C. The reaction progress was
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monitored by both 'TH NMR and IR spectroscopy. After purging with C2H> four times and
heating at 48 °C for 60 h the reaction was complete. The products were then separated by
TLC by using a solvent mixture of hexane/methylene chloride to yield four bands in the
order of elution: 3.7 mg of orange red Rus[ps-n’:n!'-CC(H)C(H)C(H)C(H)](CO)i3(us-
n’n'm?n!-HCCH), 5.2 (7% yield, 1.0 mg of red Rus[us-n*n'-
CCH)CH)C(H)C(H)](CO)12(ms-n*n'in%:n'-HCCH), 5.3 (2% yield), 0.9 mg of orange
Rus[ps-n*n!-CC(H)C(H)C(H)C(H)](CO)12(1a-n*n'n2n!-HCCH), 5.4 (2% yield), 6.0
mg of orange Rus(CO)11(ns-n%:n":m%:n'-HCCH)Ru(CO)3(CsHa), 5.5 (11% yield). Spectral
data for 5.2: IR, vco (cm™! in hexane): 2093 (w), 2073 (vs), 2048 (s), 2028 (m), 2021 (w),
2014 (s), 2003 (w), 1984 (vw), 1969 (w). 'H NMR (in acetone-ds, §in ppm): 9.28
(CCHCHCHCH, d, *Ju.u = 7.2 Hz, 1H), 7.80 (CCHCHCHCH, d, *Ju.u = 7.2 Hz, 1H), 7.24
(uw-CHCH, d, *Ju.n = 6.6 Hz, 1H), 5.70 (CCHCHCHCH, m, 1H), 5.34 (CCHCHCHCH,
m, 1H), 4.80 (us-CHCH, d, 4.80, *Ju.n = 6.6 Hz, 1H). EI/MS m/z. M* = 959.5. The isotope
distribution pattern is consistent with the presence of five ruthenium atoms. Spectral data
for 5.3: IR, vco (cm™ in hexane): 2089 (w), 2080 (vw), 2059 (s), 2049 (w), 2034 (vs), 2014
(s), 2004 (w), 1983 (w), 1967 (w). "H NMR (in acetone-de, & in ppm): 10.02 (ns-CHCH,
d, 3Jun = 6.0 Hz, 1H), 9.23 (CCHCHCHCH, d, *Ju.u = 7.5 Hz, 1H), 7.56 (us-CHCH, d,
3Jin = 6.0 Hz, 1H), 7.25 (CCHCHCHCH, d, *Ji.1 = 7.2 Hz, 1H), 6.80 (CCHCHCHCH, t,
3Jun = 6.6 Hz, 1H), 6.48 (CCHCHCHCH, t, *Ju.n = 1.2 Hz, 1H). Spectral data for 5.4: IR,
vco (em™in Hexane): 2092 (w), 2073 (vs), 2051 (vs), 2039 (w), 2031 (m), 2016 (m), 1998
(w), 1981 (w), 1945 (w). 'H NMR (in CDCl solvent, &in ppm): 9.90
(CHCHCCHCHCHCH, d, *Jy.u = 6.6 Hz, 1H), 7.96 (CHCHCCHCHCHCH, d, *Jun = 7.5

Hz, 1H), 6.76 (CHCHCCHCHCHCH, d, *Ju.n= 6.3 Hz, 1H), 6.28 (CHCHCCHCHCHCH,
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m, 1H), 6.13 (CHCHCCHCHCHCH, d, *Ju.u = 7.8 Hz, 1H), 5.88 (CHCHCCHCHCHCH,
m, 1H). Spectral data for 5.5: IR, vco (cm™ in CH2Clb): 2116 (w), 2086 (vw), 2069 (m),
2060 (m), 2029 (s), 2011 (vs), 1989 (w), 1970 (w). '"H NMR (in acetone-ds, & in ppm): 9.93
(us-CHCH, s, 2H), 6.26 (CCHCHCHCH, t, *Ju.i = 1.8 Hz, 2H), 5.91 (CCHCHCHCH, t,

3Ju.n = 1.8 Hz, 2H).
Thermal transformation of 5.2 to 5.3 and 5.5 at 48 °C

A 9.1 mg (0.0095 mmol) amount of 5.2 was dissolved in CD>Cl; solvent in an NMR
tube. The NMR tube was sealed with a rubber septum and degassed under nitrogen three
times. Then the tube was heated at 48 °C in a constant temperature oil bath. Reaction
progress was monitored by 'H NMR spectroscopy. After heating for 18 h, the solvent was
removed, and the products were isolated by TLC by using a hexane/methylene chloride
solvent mixture to yield in order of elution: 1.3 mg of unreacted 5.2, 1.4 mg of 5.3 (16%

yield), and 2.5 mg of 5.5 (27% yield).
Carbonylation of 5.3 at 25 °C

3.4 mg (0.0036 mmol) of 5.3 was taken in an NMR tube in 3.0 ml CD>Cl; solvent.
The NMR tube was sealed with rubber septa and degassed under nitrogen for three times.
CO at 1 atm pressure was then purged through the solution for 30 sec at room temperature.
The progress of the reaction was by monitored 'H NMR spectroscopy. After 2 h at room
temperature, the reaction was complete. The reaction mixture was then separated by TLC
plate by using a hexane/methylene chloride solvent mixture to yield in order of elution: 2.6

mg of 5.2 (74% yield) and 0.3 mg of 5.5 (8% yield).
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Thermal Conversion of 5.2 to 5.5 and Ru4(CO)12(u4-C2H2), 5.6 at 68 °C

10.5 mg (0.011 mmol) of 5.2 was taken in 50 mL three neck flask in dry distilled
hexane. The progress of the reaction was monitored by IR spectroscopy. After refluxing at
68 °C for 50 min., the solvent was removed in vacuo. The reaction mixture was purified on
a TLC plate using hexane/methylene chloride mixture to yield in order of elution: 4.1 mg
of the known compound Rus(CO)12(ps-C2Hz), 5.6 (48% vyield)!!, and 0.5 mg of 5.5 (5%

yield).
Formation of 5.6 and 5.7 from 5.5 at 70 °C

4.6 mg (0.0046 mmol) of 5.5 was dissolved in ds-toluene solvent and then
transferred to an NMR tube. The tube was sealed and degassed under nitrogen for three
times. Then the tube was heated in a constant temperature oil bath at 70 °C for 6.5 days.
The progress of the reaction was monitored by '"H NMR spectroscopy. After heating the
reaction, the solvent wass removed in vacuo. The reaction mixture was then separated by
TLC plate by using a hexane/methylene chloride/acetone solvent mixture to yield in order
of elution: 1.2 mg of 5.6 (39% yield), and 0.6 mg of 5.5 was recovered. The formation of
a known compound [Ruz(1°-CsHs)2(CO)4], 5.7 (7.7% conversion by NMR integration) was

also observed in the reaction.'?
Crystallographic Analyses

Single crystals of compounds 5.2-5.5 suitable for X-ray diffraction analyses
obtained by slow evaporation of solvent from solutions of the pure compounds at room
temperature. Red crystals of compound 5.2 were obtained from a CH>Cl>/hexane solvent

mixture. Dark red crystals of compound 5.3 were obtained from a CH>Cly/heptane solvent
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mixture. Red crystals of compound 5.4 were obtained from a benzene/heptane solvent
mixture. Red crystals of compound 5.5 were obtained from a benzene/heptane solvent
mixture. X-ray intensity data for compounds 5.2-5.5 were measured by using a Bruker D8
QUEST diffractometer equipped with a PHOTON-100 CMOS area detector and an
Incoatec microfocus source (Mo Ka radiation, A=0.71073 A).!* The raw area detector data
frames for compounds 5.2-5.5 were reduced, scaled, and corrected for absorption effects
using the SAINT" and SADABS!* programs. All structures were solved by using
SHELXT." Subsequent difference Fourier calculations and full-matrix least-squares
refinement against F? were performed with SHELXL-2018'> by using OLEX2'. All non-

hydrogen atoms were refined with anisotropic displacement parameters.

Compound 5.2 crystallized in the monoclinic system. The pattern of systematic
absences in the intensity data indicated the space group P2i/c, which was confirmed by
structure solution. The asymmetric unit consists of one complete molecule. All hydrogen
atoms were located in difference Fourier maps and were refined freely. Compound 5.3
crystallized in the triclinic system. The space group P-1 was selected and subsequently
confirmed by the successful solution and refinement of the structure. The asymmetric unit
consists of one complete molecule. The six unique hydrogen atoms were located in
difference Fourier maps. Their coordinates were refined freely with displacement
parameters treated as Uiso(H) = 1.2Ueq(C). Compound 5.4 crystallized in the triclinic
system. The space group P-1 was selected and confirmed by the successful solution and
refinement of the structure. The asymmetric unit consists of one complete molecule. The
six unique hydrogen atoms bonded to the carbon atoms were located in difference Fourier

maps and were refined freely. Compound 5.5 crystallized in the monoclinic system. The
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pattern of systematic absences in the intensity data was uniquely consistent with the space
group P21/n, which was confirmed by successful solution and refinement of the structure.
The asymmetric unit consists of one complete molecule. The hydrogen atoms bonded to
carbon atoms were located in difference Fourier maps and were refined freely. Crystal data,
data collection parameters, and refinement results for each analysis are listed in Table 5.1

and 5.2.
5.3 Results

The reaction of 5.1 with CoH» at 48 °C for 60 h yielded four new pentaruthenium
carbonyl cluster compounds in order of  elution: Rus[ps-n*n!-
CCH)C(H)C(H)C(H)](CO)i3(mu-n*n'n*n'-HCCH), 5.2 (7% yield), Rus[usn*mn'-
CCH)C(H)C(H)C(H)](CO)i2(u-n* n'm*n'-HCCH), 5.3 (2% yield), Rus(CO)i3[ps-
N3 'm*-C(H)C(H)CCH)C(H)C(H)C(H)], 5.4 (2% yield), and Rus(CO)ii(ps-
n2n'n?n!'-HCCH)Ru(CO)3(CsHas), 5.5 (11% yield). Compound 5.2 was characterized by
IR, and 'H NMR spectroscopy, mass spectrometry, and single-crystal X-ray diffraction
analysis. An ORTEP diagram of the molecular structure of 5.2 is shown in Figure 5.1.
Compound 5.2 consists of a Ru-spiked Rus metal core where atoms Ru(2), Ru(3), Ru(4),
and Ru(5) form a square, and atom Ru(1) is bonded to atom Ru(2) as a “spike”. The square
Rus is bridged by an ethyne ligand in an n*n'in%n!fashion. Similar bonding and
coordination were reported previously for tetranuclear metal clusters with bridging alkyne
ligands.!” The C5—C6 distance is 1.416(4) A. The considerable lengthening happens due to
the incorporation of all & electrons of the alkyne into the cluster bonding. The metal — metal

bonds between Rul — Ru3, Rul — Ru4, Rul — Ru5 cleaved in the parent cluster. The most
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interesting ligand in compound 5.2 is the bridging metalla-penta-1,3-dienyl ligand,
CC(H)C(H)C(H)C(H), where two C2H» molecules have been coupled to the carbido carbon
of the cluster by a C — C bond formation. The CO — C1 and C2 — C3 bond distances are
1.444(3) and 1.438(4) A respectively and are longer than the bond distances of C1 — C2 =
1.407(4) A and C2 — C4 = 1.409(4) A. The bond between Ru(1) and C(0) is also cleaved.
However, the carbido carbon C(0) remains bonded to Ru(2), Ru(3), Ru(4), and Ru(5) in a
quadruply-bridging manner. The C(H)C(H)C(H)C(H) portion of the ligand is n-bonded to
Ru(1) and o-bonded to Ru(2) through a bridging n3:n' fashion. The bond distance between
Rul — C1 is 2.499(3) is longer than the bond lengths of Rul — C2, Rul — C3, and Rul —

C4 (see Figure 5.2). There is a bridging carbonyl ligand across the metals Ru(2) and Ru(5).

The 'H NMR spectrum of compound 5.2 shows a pair of doublets at 5 = 7.24 and
4.81 due to the hydrogens on atom C(5) and C(6), and the *Ju.u is 6.6 Hz, which is
consistent with the observed Z-conformation at the double bond. The resonances at 6 =
9.28 and 7.80 are assigned due to the hydrogens at C(1)/C(2) or C(3)/C(4). These two
hydrogen atoms are coupled by 3Ji.n of 7.2 Hz. There is some unresolved coupling at 9.28
due to the long-distance coupling of the hydrogen atoms. The multiplets at 6 = 5.70 and
5.34 are due to the hydrogens on C(2)/C(3) or C(3)/C(2). The C2Ru4C portion of the
compound 5.2 can be viewed as closo-pentagonal bipyramid with Ru(3) and Ru(5) at the
apices and C(0), Ru(2), C(5), C(6), and Ru(4) in the equatorial positions. Hence, for such
an eight skeletal-electron pair (SEP) count, the cluster should and does have a total of 86

cluster valence electrons.'®
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Compound 5.3 was characterized by IR, "H NMR spectroscopy, and single-crystal
X-ray diffraction analyses. An ORTEP diagram of the molecular structure of 5.3 is shown
in Figure 5.2. Compound 5.3 consist of a pentanuclear metal core where, atoms Ru(1),
Ru(3), Ru(4), and Ru(5) form a butterfly cluster structure and the wingtip atoms Ru(3) and
Ru(5) are bridged by the fifth metal atom Ru(2). An ethyne ligand is bridged to the metals
Ru(1), Ru(3), Ru(2), and Ru(5) by a n?n'm?n! fashion.!” The C(5)-C(6) distance is

1.420(5) A, which is similar to the C — C bond distance of ethyne ligand in compound 5.2.

To form 5.3 the metal — metal bond between Rul — Ru2 in the parent cluster was
cleaved. The most interesting ligand in compound 5.3 is the bridging metalla-penta-1,3-
dienyl ligand, CC(H)C(H)C(H)C(H), where two ethyne molecules coupled and bonded to
the carbido carbon C(0) of the cluster by a C — C bond formation. The CO — C1 and C2 —
C3 bond distances are 1.426(5) and 1.432(5) A respectively and are longer than the bond
distances of C1 — C2 = 1.418(4) A and C2 — C4 = 1.410(4) A. In addition, the C — C bond
distances in the bridging penta-1,3-dienyl ligand in compound 5.3 are very similar to the
bond distances in the corresponding ligand of compound 5.2. The bond between Ru(1) and
C(0) was also cleaved. However, the carbido carbon C(0) remains bonded to the metal
atoms Ru(2), Ru(3), Ru(4), and Ru(5) in a bridging manner. The C(H)C(H)C(H)C(H) chain
of the ligand is m-bonded to Ru(4) and c-bonded to Ru(3) by carbon atom C(4), Ru3—C4
=2.060(4) A. The bond distances of Ru4 — C1, Ru4 — C2, Ru4 — C3, Ru4 — C4 are 2.297(3)
A, 2.249(4) A, 2.208(4) A and 2.176(4) A, respectively and are similar to the bond distances

of Rul — C2, Rul — C3, Rul — C4 in compound 5.2 (see figure 5.2).

The 'H NMR spectrum of compound 5.3 shows a pair of doublets at & = 10.02 and

7.56 due to the hydrogen on atoms on C5 and C6, with 3Ju.n is 5.7 Hz, that is consistent
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with the observed Z-conformation at the double bond. The resonances at 6 =9.23 and 7.25
are assigned due to the hydrogens at C1/C4 or C4/C1. There is some small, unresolved
coupling at 9.23 due to the long-distance coupling of hydrogen atoms. Doublets of doublets
at & = 6.80 and 6.48 are assigned due to the hydrogen atoms on C2/C3 or C3/C2. There is
a bridging carbonyl ligand C(13)-O(13) spanning the metal atoms Rul and Ru4. The
C>RusC portion of the compound 5.3 can be viewed as closo dodecahedron with Ru(3) and
Ru(5) at the apices and Ru(1), Ru(4), C(0), Ru(5), C(6), and C(5) in the equatorial
positions. Hence, for nine skeletal electron pair (SEP) count, the cluster achieves the

expected 84 cluster valence electron count. '8

Compound 5.4 was characterized by IR, '"H NMR spectroscopy, and by a single-
crystal X-ray diffraction analysis. An ORTEP diagram of the molecular structure of 5.4 is
shown in Figure 5.3. Compound 5.4 consists of a Ru-spiked tetrahedron having an Rus
metal core where, atoms Ru(1), Ru(2), Ru(3), and Ru(4) form a tetrahedron, and the fifth
metal Ru(5) is bonded to Ru(3). The bond length between Ru3 — Rus5 is 2.866(2) A and is
slightly longer than all the other Ru— Ru bond distances in the cluster (see caption in Figure

5.3).

The hydrocarbon ligand in 5.4 can be viewed as an ethyne ligand coupled to the
carbido carbon C(3) by a C — C bond formation reaction that forms a chain of a bridging
metalla-hepta-1,3,6-trienyl ligand, CH)CH)CCH)CH)CH)C(H). The
C(H)C(H)CC(H)C(H)C(H)C(H) ligand is bonded to the cluster in a bridging 4-
n'm?:n'in? fashion. The carbido carbon atom C3 bridges two metal atoms, i. €., Ru2 and

Ru3. The bond distance between Ru(3) — C(3), 2.026(19) A, is similar to the Ru - C bond
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distances in the parent cluster 5.1. There are two bridging carbonyl ligands spanning Rul

and Ru3, and Ru2 and Ru4.

The "H NMR spectrum of compound 5.4 shows six resonances for the -C7He chain.
A pair of doublets at 5 = 9.90 and 6.76 are attributed to the hydrogen atoms on atom C4/C5
or C5/C4, *Jun is 6.6 Hz. The resonances at § = 7.96 and 6.13 are assigned due to the
hydrogen atoms on C2 and C1, respectively, with *Ju.nis 7.8 Hz. The multiplets at & = 6.28
and 5.88 are assigned to the hydrogen atoms on C6/C7 or C7/C6. Compound 5.4 contains
a total of 76 cluster valence electrons which is in accord with an electron-precise metal
cluster of five transition metal atoms (n) having seven metal — metal bonds (m), according

to the formula 18n — 2m.

Compound 5.5 was characterized by IR, '"H NMR spectroscopy, and single-crystal
X-ray diffraction analyses. An ORTEP diagram of the molecular structure of 5.5 is shown
in Figure 5.4. Compound 5.5 consists of a butterfly structure of four metal atoms, and one
of the wingtip Ru atoms Ru(3) is coordinated to a Ru(CO)3(CsHs4) fragment by a Ru-C
bond to a metallated cyclopentadienyl ligand (CsHas), C(3) — C(7) that was formed by a
cyclization of the open CO — C4 ligand in 5.2 from which it was made. This metallated-
cyclopentadienyl ligand is m-coordinated to Ru(5). There is a quadruply bridging ethyne
ligand coordinated to the four metal atoms Ru(l), Ru(3), Ru(2), and Ru(4) in a
n2n'n?n! coordination mode. The C — C bond of the ethyne ligand is oriented parallel to
the hinge bond of the Rus core. Similarly coordinated ethyne ligands were observed in

other butterfly tetranuclear metal cluster compounds.'’: ' The Ru — C bonds fall into two

categories: the longer bonds involving the wing-tip Ru atoms [2.182(13)-2.198(13) A] and
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the shorter bonds to the hinge Ru atoms [2.109(14) A, and 2.098(14) A]. The C(1)-C(2)
bond distance is 1.451(19) A, and the considerable lengthening is due to the incorporation

of all of the melectrons of the alkyne into the metal cluster framework.

The 'H NMR spectrum of compound 5.5 shows three resonances. A low-field
singlet at 6 = 9.93 is due to the two hydrogen atoms on the ethyne ligand coordinated to
the butterfly Rus metal core. Besides, there is a pair of doublet of doublet at 6 = 6.26 and
5.91 where, *Ju.u = 1.8 Hz due to the four hydrogens on -CsH4 ligand which is coordinated
to the single Ru atom, Ru(3). The C2Ru4 portion of the compound 5.5 can be viewed as
closo octahedron with Ru(3) and Ru(4) at the apices and Ru(1), Ru(2), C(2), and C(1) in
the equatorial positions. Hence, for seven a skeletal electron pair (SEP) count, the cluster

achieves the expected 66 valence electron count. '8
5.4 Discussion

A summary of our studies of the thermal reaction of square pyramidal
pentaruthenium carbido carbonyl cluster 5.1 with ethyne is shown in Scheme 5.2 (see
below for atom numbering scheme). The reaction yielded four new ethyne containing
cluster compounds. Compound 5.2 has a pentanuclear metal core of Rus where an ethyne
ligand is bound to Ru(2), Ru(3), Ru(4), and Ru(5) in a bridging n?:n':n%n' fashion. There
is a bridging metalla-penta-1,3-dienyl ligand, CC(H)C(H)C(H)C(H), where two C>H»
molecules are coupled and bonded to the carbido carbon of the cluster by C — C bond
formations. The carbido carbon bridges the metal atoms Ru(2), Ru(3), Ru(4), and Ru(5).
In addition, the C(H)C(H)C(H)C(H) chain of the ligand bridges Ru(1) and Ru(2) in a

n’n! fashion. When heated to 48 °C for 18h, compound 5.2 was converted to compound
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5.3 in 16% yield by elimination and rearrangement of CO and the formation of two metal
— metal bonds between Ru(1) and Ru(3), and Ru(1) and Ru(5), and a switch in the bonding
of C(0) from Ru(2) to Ru(1). In addition, the C(H)C(H)C(H)C(H) ligand converted to
bridging n*n! ligand from bridging n:n! ligand and switching the bond between C4-Ru2
to C4-Ru3. Compound 5.5 was also formed in 27 % yield by the addition of CO to Ru(2)
and a cleavage of the metal — metal bond between Ru(1) and Ru(2) in this reaction. In this
transformation, bonds between C(0) — Ru(3), C(0) — Ru(4), and C(0) — Ru(5) also cleaved
while C(0) remains bonded to Ru(2). However, the bridging metalla-penta-1,3-dienyl
lilgand in 5.2 changes its coordination mode from bridging n*:n' mode to a n>—metalla-
cyclopenta-1,3-dienyl ligand on Ru(1). One ethyne ligand remains bonded to Ru(2), Ru(3),
Ru(4), and Ru(5) in a quadruply-bridging n?m'n%n'fashion similar to the one in
compound 5.2. Thermal carbonylation of compound 5.3 at 25 °C yielded compound 5.2
(yield 74%) together with the formation of compound 5.5 (yield 8%). Thus, it can be

concluded that 5.2 is an intermediate en route to 5.5 from 5.3.

When a solution of compound 5.2 was heated to reflux in hexane at 68 °C for 50
minutes, the reaction yielded two compounds. A low yield (5%) of compound 5.5 together
with high yield (48% yield) of a known compound Ru4(CO)2(ps-C2Ho), 5.6. It was
assumed that compound 5.5 is the intermediate en route from 5.3 to 5.6. To confirm the
formation of compound 5.6 from compound 5.5 and to study the fate of the fragment
Ru(CO)3(n°-CsHs) in compound 5.5, we have studied the thermal transformation of
compound 5.5 by NMR spectroscopy. When a solution of compound 5.5 was heated at 68

°C for 6.5 days, the formation of compound 5.6 was observed in 39% yield together with
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the formation of a known compound [Ruz(n’-CsHs)(CO)s], 5.7. The formation of

compound 5.7 was confirmed by IR and "H NMR spectroscopy, and mass spectrometry.

The formation of 5.6 and 5.7 from 5.5 can be explained by thermally cleaving the
Ru2 — CO bond, and a transfer of a carbonyl ligand from Rul to Ru2 completes the
formation of 5.6. The fragment Ru(CO)2(n’-CsHa4) adds a proton to CO to make the n°-
CsHs ligand which then dimerizes to yield 5.7. It was found that the source of the proton
was a small amount of water (H20) present in the reaction mixture. A 2D NMR in ds-
toluene showed no resonances for deuterium in the region of the formation of compound
5.7. Later in another experiment increased conversion of 5.5 to 5.7 was observed in the
presence of added water. Additionally, compound 5.7 was purified by using preparative
TLC and was detected by IR and '"H NMR spectroscopy. Finally, a direct probe mass
spectrum was obtained and confirmed a parent ion M* for [Ruz(1°-CsHs)2(CO)4], which

has only 10 protons.
5.5 Conclusion

The reaction of ethyne (HC=CH) with the compound 5.1 yields novel ethyne-
coordinated complexes 5.2 — 5.5 where ethyne is not only coordinated to the cluster but
also connected to the (pus-C) carbido carbon atom of the compound 5.1. The ethyne-ethyne
coupling with the carbido carbon of 5.1 yields two pentaruthenium cluster complexes 5.2
and 5.3 containing metalla-penta-1,3-dienyl ligands. Compound 5.2 and 5.3 can be
converted to compounds 5.5, 5.6, and 5.7 thermally by the addition of CO and the
rearrangement of the metalla-penta-1,3-dienyl ligand within the cluster. In addition,

compound 5.4 was obtained which is an isomer of compound 5.2 having metalla-hepta-
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1,3,5-trienyl ligand. These conversions show the key processes that might happen during

the alkyne-alkyne coupling on a carbide containing metal surface.
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Table 5.1 Crystal data, data collection parameters for compounds 5.2 and 5.3.

Compound 5.2 5.3
Empirical formula Ru;0,;C,oH¢ Ru;0,,C,oHg
Formula weight 959.60 931.59
Crystal system Monoclinic Triclinic
Lattice parameters

a(A) 11.6680(5) 9.5052(8)

b (A) 10.2320(4) 9.9126(8)
c(A) 20.7513(8) 14.6411(12)
o (deg) 90.00 96.529(2)

B (deg) 99.651(2) 103.350(2)
v (deg) 90.00 117.827(2)
V (A% 2442.37(17) 1147.01(16)
Space group P2/c P-1

Z value 4 2

Peale (g/cm?) 2.610 2.697

1 (Mo Ka) (mm™) 3.088 3.280
Temperature (K) 100(2) 100(2)
2@max (°) 56.71 56.756
No. Obs. (I>20(I)) 5480 4955

No. parameters 368 343
Goodness of fit (GOF) 1.035 1.047
Max. shift in cycle 0.002 0.001
Residuals*: R1; wR2 0.0193/0.0426 0.0261/0.0472
Absorption correction, Multi-scan Multi-scan
Max/min 0.7457/0.6476 0.6205/0.5766
Largest peak in Final Diff. 1.127 1.317

Map (e /A%)

R1 = Shia( | | Fobs | - | Feate | [ )/t | Fobs
W= l/Gz(Fobs); GOF = [thlw( ‘ Fobs | - ‘ Fealc | )2/(ndata - nvari)]l/z-
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Table 5.2 Crystal data, data collection parameters for compounds 5.4 and 5.5.

Compound 5.4 5.5
Empirical formula Ru;0,5,C,Hg Ru;0,,C,Hg
Formula weight 959.60 987.61
Crystal system Triclinic Monoclinic
Lattice parameters

a(A) 8.8115(4) 12.0677(5)
b (A) 10.6704(5) 17.0832(7)
c(A) 13.4282(6) 13.4170(6)
a (deg) 102.952(2) 90.00

P (deg) 93.294(2) 103.619(2)
v (deg) 94.093(2) 90.00

V (A% 1223.78(10) 2688.2(2)
Space group P-1 P2i/n

Z value 2 4

Peale (g/cm’) 2.604 2.440

1 (Mo Ka) (mm™) 3.082 2.812
Temperature (K) 100(2) 100(2)
2@max (°) 58.48 65.354
No. Obs. (I>20(1)) 5885 9050

No. parameters 368 386
Goodness of fit (GOF) 1.051 1.095
Max. shift in cycle 0.001 0.002
Residuals*: R1; wR2 0.0172/0.0305 0.0169/0.0317
Absorption correction, Multi-scan Multi-scan
Max/min 0.7458/0.6496 0.5655/0.4066
Largest peak in Final Diff. 0.713 0.544

Map (e /A%)

R1 = Zhw( | | Fobs | - | Feate | | )/ Zhki | Fobs
W = l/Gz(Fobs); GOF = [thIW( | Fobs ‘ - | Fealc | )2/(7’ldata - nvari)]l/z-
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Figure 5.1 An ORTEP diagram of the molecular structure of Rus[us-nn!-
CC(H)C(H)C(H)C(H)](CO)13(u-n*n':m*%n'-HCCH), 5.2 showing 25% thermal ellipsoid
probability. Selected interatomic bond distances (A) are as follows: Rul—Ru2 = 2.8328(3),
Ru2—-Ru5 = 2.6920(3), Ru2—Ru3 = 2.7121(3), Ru4—RuS5 = 2.7849(3), Ru3—Ru4 =
2.7398(3), CO—C1= 1.444(3), C1-C2 = 1.407(4), C2—C3 = 1.438(4), C3—C4 = 1.409(4),
C5-C6=1.416(4), Ru2—C4 =2.050(3), Rul—C1 =2.499(3), Rul-C2 =2.227(3), Rul-C3
= 2.205(3), Rul-C4 = 2.191(3), Ru2—C0 = 2.099(2), Ru3—C0 = 2.324(2), Ru4—C0 =
2.144(3), Ru5—C0 = 2.284(2), Ru3—C6 = 2.290(2), Ru4—C6 = 2.117(2), Ru5-Cé6
=2.304(2), Ru2—C5 =2.152(2), Ru3—C5 = 2.244(2), Ru5—C5 =2.278(2).
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Figure 5.2 An ORTEP diagram of the molecular structure of Rus[us-n*m!-
CC(H)C(H)C(H)C(H)](CO)i2(uan%n'"m%n'-HCCH), 5.3 showing 35% thermal ellipsoid
probability. Selected interatomic bond distances (A) are as follows: Rul—Ru3 =2.9087(4),
Rul-Ru4 = 2.7999(4), Rul-Ru5 = 2.8856(4), Ru2—Ru3 = 2.7920(4), Ru2—Ru5 =
2.8486(4), Ru3—Ru4 = 2.8106(4), Ru4—Ru5 = 2.8658(4), CO0-C1 = 1.426(5), C1-C2 =
1.418(5), C2—C3 = 1.432(5), C3—C4 = 1.410(5), C5—C6 = 1.420(5), Ru3—C4 = 2.060(4),
Ru4-C1 = 2.297(3), Ru4—C2 = 2.249(4), Ru4—C3 = 2.208(4), Rud—C4 = 2.176(4),
Ru2—-C0 = 2.119(3), Ru3—C0 = 2.114(3), Ru4—C0 = 2.159(3), Ru5—C0 = 2.300(3),
Rul-C5=2.273(3), Ru2—C5=2.281(3), Ru3—C5=2.112(4), Rul—-C6 =2.286(3), Ru2—C6
=2.283(3), Ru5—C6 = 2.134(3).
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Figure 5.3 An ORTEP diagram of the molecular structure of Rus(CO)i3[ps-n'm3ntin*-
C(H)C(H)CC(H)C(H)C(H)C(H)], 5.4 showing 40% thermal ellipsoid probability. Selected
interatomic bond distances (A) are as follows: Rul-Ru2 = 2.8253(2), Rul-Ru3 =
2.8146(2), Rul-Ru4 =2.8161(2), Ru2—Ru3 =2.8330(2), Ru2—Ru4 = 2.8299(2), Ru3—Ru4
= 2.7213(2), Ru3—Ru5 = 2.8655(2), C1-C2 = 1.411(3), C2—C3 = 1.427(3), C3-C4 =
1.457(3), C4—C5 = 1.410(3), C5—C6 = 1.419(3), C6—C7 = 1.416(3), Rul—-C1 = 2.080(2),
Ru2—C1 =2.226(2), Ru2—C2 = 2.2725(19), Ru2—C3 =2.2606(18), Ru3—C3 = 2.0259(19),
Ru3-C7 = 2.029(2), Ru5—C4 = 2.344(2), Ru5-C5 = 2.218(2), Ru5—-C6 = 2.237(2),
Ru5—C7 =2.254(2).
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Figure 5.4 An ORTEP diagram of the molecular structure of Rus(CO);1(ps-nZn'nZn'-
HCCH)Ru(CO)3(CsHs4), 5.5 showing 40% thermal ellipsoid probability. Selected
interatomic bond distances (A) are as follows: Rul-Ru2 = 2.81061(18), Rul-Ru3 =
2.78310(17), Rul-Ru4 =2.75114(19), Ru2—Ru3 = 2.77635(18), Ru2—Ru4 = 2.75564(17),
C1-C2 = 1.4511(19), Rul-Cl = 2.1087(14), Ru3—Cl = 2.1878(13), Ru4—Cl =
2.1841(13), Ru2—C2 = 2.0984(14), Ru3—C2 = 2.1984(13), Rud—C2 = 2.1824(13), Ru3—C3
= 2.0670(13), C3-C4 = 1.4437(19), C4—C5 = 1.434(2), C5-C6 = 1.413(2), C6—C7 =
1.441(2), C7-C3 = 1.437(2), Ru5—C3 = 2.3181(13), Ru5—C4 = 2.2289(14), Ru5-C5 =
2.2310(15), Ru5—C6 = 2.2187(15), Rus—C7 = 2.2190(14).
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RusC(CO)4s5

C,Hy(1atm) | 5.1
CD,Cl,, 48 °C
-CO, 60h

5-2 68 Oc +CO
F{ 5.5
C H H 70°C
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\RUﬁ —~c~ ANV / —Rué\\ H:0 o
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NANC C \ 7N/
O= RU5 \ /7 //C\H Ru1_RU1_
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Scheme 5.2 Products obtained from the reaction of 5.1 with ethyne (C2Hz), and a summary
of conversion 5.2 to 5.7. The CO ligands are represented only as lines from the Ru atoms.
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Chapter 6

Trans-Stereochemistry from the Insertion of Alkynes into a

Ruthenium—Carbon Bond to a Bridging-Phenyl Ligand*

4 Adams, R. D.; Akter, H.; Smith, M. D.; Tedder, J. D. Manuscript in progress.
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6.1 Introduction

Insertion reactions have been one of the most useful chemical processes for
transforming small unsaturated organic molecules into more complex and valuable
derivatives."-? The migratory 1,2-insertion mechanism of coordinated alkynes into metal —
hydrogen and metal — carbon bonds generally proceeds with cis-stereochemistry at the
alkenyl group, eq. (6.1),%" and has been used in the synthesis of functionalized alkenes and

polymers.®’

Tll
R. Rll "
\ / R' R ' -
C:C R=HorC \C_C/ R\C//C R
\ / 1,2-migratory | (2:1)
M—R = insertion M------ R M

With only a few exceptions,®’ cis-olefins are the standard products formed by the
semi-hydrogenation of alkynes by metal catalysts involving this mechanism.!® Trans-
olefins have been observed, but these are often a result of subsequent facile cis/trans

isomerizations that follow for formation of cis-olefin products.!°®- 11

Insertion reactions of alkynes in di- and polynuclear metal complexes generally
provide bridging alkenyl ligands formed by cis-insertion stereochemistry,'!°®- 12 although
there has been one report of insertion of diphenylacetylene in a dirhodium complex
yielding a bridging alkenyl ligand having a trans-phenyl groups.’ Most examples of alkyne
insertions involving metal complexes have involved metal-hydrogen bonds.* !> Alkyne

insertions into metal — aryl bonds are rare.>®-3®
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In recent studies we have prepared a number of transition metal — gold cluster
complexes that contain bridging phenyl ligands, e.g. Os3(CO)10(u-n'-Ph)[pu-Au(PPhs)],"
Rex(CO)s(pu-n'-Ph)[u-Au(PPhs)],"* Rus(us-C)(CO)13(u-n2-Ph)[u-Au(NHC)], 6.1, NHC =
1,3-bis(2,6-diisopropylphenyl-imidazol-2-ylidene).!® In some of these cases, the phenyl
ligands have adopted unusual bridging n!- and m?-coordination modes that result in
interesting chemical and physical properties, including hindered rotation of the phenyl
ligand about the metal — carbon bonds.'* !¢ In earlier studies, it was shown that CO readily
inserted into the metal — carbon bond of the bridging n?-phenyl ligand in 6.1 to yield the
carbido-pentaruthenium complex Rus(us-C)(CO)13[u-n2-C(=0)Ph][u-Au(NHC)]

containing a bridging benzoyl ligand, see Scheme 6.1.

NHC NHC
\Al<~\Rlu/ \AU\\RU/ -
N\ C
H

:Ru-/ — —R’u/ H L reo —\lu[ —\R{J A

/‘ c ‘ 25°C / \ c /\/o
_—R Ru

/ u\ / \ H H //Ru\ /Rtj\

6.1 p-—n’-Ph u-n>~C(=0)Ph

Scheme 6.1 A schematic showing the insertion coupling of CO to the bridging n>-phenyl
ligand of compound 6.1 to from the compound Rus(us-C)(CO)i3[pu-n2-C(=O)Ph][u-
Au(NHC)].'* CO ligands are shown only as lines to the Ru atoms.

In a continuation of this work described herein, we have now investigated the
reactions of the pentaruthenium complex 6.1 with the alkynes CoH> and HC>Ph to yield the
new alkenyl complexes Rus(us—C)(CO)i3[p-n?-E-C(H)C(H)Ph)][u-Au(NHC)], 6.2 and

RusC(CO)13[p-n2-£-C(Ph)C(H)Ph][pu-Au(NHC)], 6.3 by insertion of the alkyne into the
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metal — carbon o-bond of the phenyl ring in 6.1. The synthesis, structures and bonding of

these new complexes are described in this report.
6.2 Experimental Section
General Data

All reactions were performed under nitrogen atmosphere. Reagent grade solvents
were dried by standard procedures and were freshly distilled prior to use. Infrared spectra
were recorded on a Thermo Scientific Nicolet IS10. "H NMR spectra were recorded on a
Varian Mercury 300 spectrometer operating at 300.1 MHz. Mass spectrometric (MS)
measurements were performed by a direct-exposure probe by using electron impact (EI)
ionization on a VG 70S instrument. Ethyne gas (HC,H) (industrial grade) was purchased
from Praxair and was used without further purification. Phenylacetylene (PhC2H) was
purchased from Sigma-Aldrich and was used without further purification.
Rus(us—C)(CO)13(u—n>-Ph)[u—Au(NHC)], 6.3 where NHC = 1,3-bis(2,6-
diisopropylphenyl-imidazol-2-ylidene) was prepared according to previously reported
procedures.'® Product separations were performed by TLC in the air on Analtech 0.25 mm
and 0.50 mm silica gel 60 A F254 glass plates.

Reaction of Rus(us—C)(CO)13(u—n?—Ph)[u—Au(NHC)], 6.1 with C2H2

10.0 mg (0.0065 mmol) of Rus(us—C)(CO)i3(u—n>~Ph)[u—Au(NHC)], 6.1 was
dissolved in 20 mL of hexane and transferred in three-neck flask. CoH> gas at 1 atm pressure
was purged through the solution for 0.5 h at 25 °C. The progress of the reaction was
followed by IR spectroscopy. The solvent was then removed in vacuo, and 9.0 mg of

Rus(us—C)(CO)13(u-n*-E-CHCHPh)[u-Au(NHC)], 6.2 (yield 89%) was isolated by a TLC
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by using a 6/3 of hexane/methylene chloride solvent mixture. The product 6.2
recrystallized from a hexane/methylene chloride solvent mixture. Spectral data for 6.2: IR
vCO (cm™! in hexane): 2072(m), 2039(vs), 2027(s), 2017(s), 2008(s), 1990(w), 1979(w),
1957(vw), 1937(vw). 'H NMR (CD:Cl,, in ppm): 8=10.90(d, 12 Hz, 1H,
CH=CH), 7.46 (t, 8 Hz, 2H, para CH-(CH)2), 7.21-7.37 (m, 9H, meta H (C¢Hs)), 7.14 (s,
2H, N(CH)»), 5.28 (d, 12 Hz, 1H, CH=CH), 2.78 (sept, 7 Hz, 4H, CH—(CH3)2), 1.37 (d, 6
Hz, 12H, CH-(CH3)2), 1.14 (d, 6.9 Hz, 12H, CH-(CH3)2). EI+/MS: m/z 1572 (M+).

Reaction of 6.1 with PhC2H

12.8 mg (0.0083 mmol) of Rus(us—C)(CO)13(u—n>~Ph)[u—Au(NHC)], 6.1 was
dissolved in toluene-ds solvent in a NMR tube. 10.0 uL (0.9105 mmol) of PhC,H was
added to the solution. The reaction mixture was heated in a constant temperature oil bath
at 80 °C for 45 min. The progress of the reaction was followed by '"H NMR spectroscopy.
The solvent was removed in vacuo and 13.2 mg of
RusC(CO)13(pu—n>*~E~C(Ph)C(H)Ph)[u—Au(NHC)], 6.3 (yield 96%) was isolated by TLC
by using a 2/1 of hexane/methylene chloride solvent mixture for elution. The product was
then crystallized from an octane/methylene chloride solvent mixture. Spectral data for 6.3:
IR vCO (cm™' in hexane): 2071(m), 2040(vs), 2028(s), 2018(s), 2009(s), 1992(vw),
1987(vw), 1977(vw), 1969(vw), 1959(vw), 1940(vw). 'H NMR (CD,Cl, in ppm):
7.45-6.84 (m, 16H, (-C6Hs), 7.14 (s, 2H, N(CH).), 5.26 (s, 1H, PhC=CH), 2.79 (sept, 7.2
Hz, 4H, CH—(CH3)2), 1.37 (d, 5.7 Hz, 12H, CH—(CHs3)2), 1.14 (d, 6.9 Hz, 12H,

CH-(CH3),).
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Crystallographic Analyses

Single crystals of compound 6.2 suitable for X-ray diffraction analyses were
obtained by slow evaporation of solvent from solutions of the pure compounds in a
hexane/methylene chloride solvent mixture at room temperature. Single crystals of
compound 6.3 suitable for X-ray diffraction analyses were obtained by slow evaporation
of solvent from a solution of the pure compound in octane/methylene chloride solvent at
room temperature. Crystals for compounds 6.2 and 6.3 were glued onto the end of a thin
glass fiber. X-ray intensity data for compounds 6.2 was measured by using a Bruker
SMART APEX CCD-based diffractometer by using Mo Ka radiation (A=0.71073 A). The
raw data frames were integrated with the SAINT+ program by using a narrow frame
integration algorithm. Correction for Lorentz and polarization effects were also applied
with SAINT+.!7 An empirical absorption correction based on the multiple measurements

of equivalent reflections was applied by using the program SADABS in each analysis. '8

X-ray intensity data for compound 6.3 was measured by using a Bruker D8 QUEST
diffractometer equipped with a PHOTON-100 CMOS area detector and an Incoatec
microfocus source (Mo Ko radiation, A = 0.71073 A).!° The data collection strategy for
compound 6.3 consisted of five 180° w-scans at different ¢ settings and two 360° @-scans
at different ® angles, with a scan width per image of 0.5°. The crystal-to-detector distance
was 8.2 cm, and each image was measured for 12 s. The raw area detector data frames were
reduced, scaled, and corrected for absorption effects using the SAINT!® and SADABS!'®
programs (Estimated minimum/maximum transmission = 0.2555/0.3343). Both structures
were solved by a combination of direct Methods and difference Fourier syntheses, and

refined by full-matrix least-squares refinement on F? by using the SHELXTL software
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package.?® All hydrogen atoms were placed in geometrically idealized positions.
Compound 6.2 crystallized in the monoclinic crystal system. The space group P2/n was
identified for compound 6.2 based on systematic absences observed in the intensity data.
Compound 6.3 crystallized in the orthorhombic crystal system. The space group Pbca was
identified for compound 6.3 based on systematic absences observed in the intensity data.
Crystal data, data collection parameters, and results for the refinements for all the structural

analyses are listed in Table 6.1.
6.3 Results and Discussion

The reaction of 6.1 with ethyne (C2H>) in hexane solvent at 25 °C for 30 min yielded
the new compound Rus(ps-C)(CO)13[p-1n2-E-C(H)C(H)Ph][pn-Au(NHC)], 6.2 in 89 %
yield. Compound 6.2 was characterized by a combination of IR, 'H NMR, mass
spectrometry, and single-crystal X-ray diffraction analyses. Crystals of 6.2 contain two
structurally similar molecules of the complex in the asymmetric crystal unit. An ORTEP

diagram of the molecular structure of one of these molecules of 6.2 is shown in Figure 6.1.

Compound 6.2 is structurally very similar to the structure of 6.1'°> containing a
square pyramidal cluster of five ruthenium atoms with a carbido ligand in the base of the
square pyramid and thirteen linear terminal carbonyl ligands distributed about the cluster
as shown in Figure 6.1. An Au(NHC) group bridges the apical-basal Ru(1)-Ru(2) bond of
the cluster. The Ru-Au bond distances in 6.2, Rul-Aul = 2.7848(7) A, Ru2-Aul =
2.8282(7) A, are similar to its parent cluster 6.1, Ru - Au =2.7906(4) A and 2.8338(4) A,
respectively. The most interesting ligand in 6.2 is a 6, t-coordinated 2-phenylvinyl ligand,

u-n%-E-CHCHPh, which was formed by insertion of C2H; into the Ru-C bond of an p-1>-
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Ph ligand in 6.1. The alkenyl carbon atoms, C(2) and C(3), are n-coordinated to Ru(3) and
Ru3-C2 =2.205(8) A, Ru3—C3 =2.315(9) A. Atom C(2) is also -bonded to Ru(4), Ru4—
C2 =2.053(9) A. There is an E-stereochemistry at the coordinated double bond C2 — C3
due to its o-coordination to Ru4. The C2 — C3 bond distance is 1.390(12) A. The alkenyl
hydrogen atoms in 6.2 have a frans-relationship and appear as two deshielded doublets at
§=10.90 and 5.28 with a large coupling constant, *Jy.z = 12 Hz in the 'H NMR spectrum.
The u—n?-CHCHPh ligand in 6.2 is unusual because the two alkenyl hydrogen atoms have

a trans-stereochemistry, see Scheme 6.2 and Figure 6.1.

There are a number of reports of polynuclear metal carbonyl cluster complexes
containing similar bridging o, m-coordinated 2-phenylvinyl ligands,?' but all have been
synthesized by reactions of phenylacetylene, PhC=CH, with hydride-containing
polynuclear metal complexes by insertion of the alkyne into an M — H bond yielding 2-
phenylvinyl ligands having an overall cis-stereochemistry of the vinyl hydrogen atoms.
The p—n?-CHCHPh ligand in 6.2 serves formally as a three-electron neutral donor to the
Rus cluster, and the Au(NHC) group formally donates only one electron. Overall the Rus
cluster contains a total of 74 valence electrons, which is exactly the number required for a

square pyramidal cluster of five metal atoms.?

The reaction of 6.1 with mono-phenylacetylene (PhC,H), in dg-toluene solvent at
80 °C for 45 min yielded the new compound 6.3 in 96 % yield. Compound 6.3 was also
characterized by a combination of IR, 'H NMR, and single-crystal X-ray diffraction
analyses. Crystals of 6.3 contain two structurally similar molecules of the complex in the
asymmetric crystal unit. An ORTEP diagram of the molecular structure of one of these
molecules of 6.3 is shown in Figure 6.2.
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Compound 6.3 is very similar to 6.2 containing of a square pyramidal RusC cluster
as shown in Figure 6.2, and an Au(NHC) group bridging the apical-basal Ru(1)-Ru(2)
bond of the cluster. The Ru—Au bond distances in 6.3, Rula—Aula =2.7701(2) A, Ru2a—
Aula=2.8463(2) A, are very similar to those distances 6.1 and 6.2. Compound 6.3 contains
a o+n-coordinated, n?-1,2-diphenylvinyl ligand, n?-E-C(Ph)C(H)Ph, bridging the Ru3 —
Ru4 edge of the Rus cluster. Compound 6.3 was formed by the insertion of PhCH into the
Ru-C bond of the p—n?2-Ph ligand in compound 6.1, Ru3a—C2a = 2.246(2) A, Ru3a—C3a =
2.262(2) A. Atom C2a remains c-coordinated to Ruda, Ru4a—C2a = 2.083(2) A. Most
interestingly, the phenyl groups on the C(Ph)C(H)Ph ligand exhibit a pseudo-cis-
stereochemistry at the C — C double bond. The C(Ph)C(H)Ph ligand is not completely

planar. The Ph-C2a-C3a-Ph torsion angle is 17.1(4)°.

The single hydrogen atom on the coordinated double bond of the alkenyl ligand in
6.3 exhibits a deshielded, singlet resonance in the 'H NMR spectrum at 5.26 ppm.
Assuming that the PhCC(H)Ph ligand donates three electrons and the Au(NHC) group
donates one electron to the cluster, the Rus cluster of 6.3 then contains a total of 74 cluster
valence electrons, which is exactly the number required for a square-pyramidal cluster of

five metal atoms.>!

Assuming that it was the phenyl group on C3a is the one that was originally on the
Ru atoms in 6.1, this would imply that the insertion of the PhC=CH molecule into the Ru
— C o-bond of the phenyl ligand proceeded with transfer of the phenyl ligand to the
unsubstituted carbon atom of the PhC=CH molecule resulting in an overall trans-

stereochemistry, 1. €. the phenyl group on C2a and the H atom on C3a are trans to one

148

www.manaraa.com



another. The C2a — C3a bond length in in 6.3, 1.421(3) A, is slightly longer than the

corresponding C — C bond length (1.390(12) A) in 6.2, see below.

There are many examples of c+n-coordinated, bridging C(Ph)C(H)Ph ligands in
the literature.'2©-120: 23 A]] of these were synthesized by the addition and insertion of
diphenylacetylene into a metal — hydrogen bond in a polynuclear metal complexes. All of
these exhibit a cis-stereochemistry of the two phenyl rings and were presumably formed
by cis-insertion into the M-H bonds, except for one. The one exception is the compound
Rha[P(O-i-C3H7)3]4[p-12-C(Ph)C(H)Ph](u-H), 6.4 that was obtained by the reaction of
{Rh[P(O-i-C3H7)3]2(u-H)]}2 with diphenylacetylene, PhC=CPh and was reported by
Muetterties and others in 1983.° Compound 6.4 contains trans-oriented phenyl groups on
its bridging C(Ph)C(H)Ph ligand. The bridging n?>-C(Ph)C(H)Ph ligand in 6.4 clearly
contains frans-oriented phenyl rings. The mechanism of the formation of 6.4 was not
established and it cannot be ruled out that the mechanism may involved an unobserved cis-
insertion step that was followed by an unobserved cis-trans isomerization of the alkenyl

ligand in a transient intermediate.?*

Similarly, it cannot be ruled out at this time that the formations of 6.2 and 6.3 may
have involved cis-alkyne insertion steps involving the phenyl ligand in 6.1 which were
followed by cis-trans isomerization of the incipient alkenyl ligands in unobserved

intermediates.
6.4 Conclusion

The insertion of the alkynes, HC=CH and HC=CPh, into the Ru - C bond of the

bridging phenyl ligand of the complex 6.1 leads to the formation of bridging 2-phenylvinyl
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and bridging 1,2-diphenylvinyl ligands in the complexes 6.2 and 6.3, respectively, by C —
C bond formation. Most notably, the overall stereochemistry of both alkenyl ligands is
formally a result of an overall trans-insertion coupling of the alkyne to the bridging phenyl
ligand of 6.1. The mechanism of the formation of these vinyl ligands is not yet established.
It is possible that both reactions proceed via cis-insertions of the alkynes via unobserved

intermediate(s) that subsequently isomerize to the observed products 6.2 and 6.3.
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Table 6.1 Crystal data, data collection parameters for compounds 6.2 and 6.3.

Compound 6.2 6.3

Empirical formula RusAuO13N2C49H43 RusAuO13N2CssHy7
Formula weight 1570.17 1646.28
Crystal system Monoclinic Orthorhombic
Lattice parameters

a(A) 33.0470(9) 19.6303(7)

b (A) 10.6332(3) 34.9241(12)
c(A) 33.3022(9) 36.2726(13)

o (deg) 90.00 90.00

B (deg) 109.248(1) 90.00

v (deg) 90.00 90.00

V (A% 11048.1(5) 24867.4(15)
Space group P2/n Pbca

Z value 8 16

Peale (g/cm’) 1.888 1.850

1 (Mo Ka) (mm™) 4.037 2.406
Temperature (K) 294(2) 100(2)
20@max (°) 50.06 60.20

No. Obs. (I>2a(1)) 19541 9265

No. Parameters 1293 433

Goodness of fit (GOF) 1.030 1.029

Max. shift in cycle 0.003 0.006
Residuals*: R1; wR2 0.0404; 0.0908 0.0239, 0.0413
Absorption Correction, Multi-scan Multi-scan
Max/min 1.00/0.749 0.5969/0.3924
Largest peak in Final Diff. 1.275 0.857

Map (e /A%)

*R1 = Sna( | | Fobs | - | Feate | [)/Zhit | Fobs
w= I/GZ(Fobs); GOF = [thIW( | Fobs ‘ - | Fealc | )2/(7’ldata - nvari)]l/z-
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Figure 6.1 An ORTEP diagram of the molecular structure of RusC(CO)i3(pu-n-E-
CHCHPh)[u-Au(NHC)], 6.2, showing 15% thermal ellipsoid probability. The hydrogen
atoms on the carbene ligand are omitted for clarity. Selected interatomic distances in (A)
for molecule 1 in the crystal are as follows: Rul-Aul =2.7848 (7), Ru2-Aul = 2.8282 (7),
Rul-Ru2 =2.9511 (9), Aul-C54 = 2.014(7), Ru2-Ru3 = 2.8688 (10), Ru4-Ru3 = 2.6828
(9), Ru4-C2 = 2.053 (9), Ru3-C3 = 2.315 (9), Ru3-C2 = 2.205 (8), C2-C3 = 1.390 (12),
C3-C4=1.482 (12).
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Figure 6.2 An ORTEP diagram of the molecular structure of one of the two similar,
independent molecules in the unit cell of RusC(CO)i3(u-n>-E-C(Ph)C(H)Ph)[p-
Au(NHC)], 6.3 showing 40% thermal ellipsoid probability. The hydrogen atoms on the
carbene ligand are omitted for clarity. Selected interatomic distances in (A) for molecule
“a” in the crystal are as follows: Rula-Aula =2.7701(2), Ru2a-Aula = 2.8463(2), Rula-
Ru2a = 2.9175(3), Aula-C71a = 2.050(2), Ru2a-Ru3a = 2.8574(3), Rud4a-Ru3a =
2.6859(3), Ruda-C2a = 2.083(2), Ru3a-C3a = 2.262(2), Ru3a-C2a = 2.246(2), C2a-C3a =
1.421(3), C3a-C4a = 1.490 (3), C2a-C10a = 1.493(3); torsion angle Ph-C2a-C3a-Ph =
17.1(4)°.
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Scheme 6.2 A schematic of the formation of 6.2 by a formal #rans-insertion of C2H> into
the bridging Ph ligand of 6.1. The CO ligands are represented only as lines from the Ru
atoms.
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Scheme 6.3 A schematic of the formation of 6.3 by a formal trans-insertion of PhC,H into
the bridging Ph ligand of 6.1. The CO ligands are represented only as lines from the Ru
atoms.
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