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ABSTRACT

A number of dinuclear ruthenium(l) sawhorse comegsubstituted with an N-heterocyclic
carbene or various phosphine ligands have beemm@@nd characterized by FT-IR, NMR, and
elemental analysis. Treatment of JRU-O,CCHg)(CO)], with 2-electron donating ligands (L)
yields the dimeric derivatives Ru-O,CCHz),(CO)L,, where L = IMes [1,3i5(2,4,6-
trimethylphenyl)imidazol-2-ylidene]1jj, P©-CHsCsHs)s (2), P(GFs)s (3), P-CsH11)s (4), and
P(GHs)s (5). The syntheses df-3 are reported herein; the synthesesd@nd5 have been
previously reported. The crystal structured<f have been determined by single crystal X-ray
diffraction. Factors influencing the structures Bb are discussed and compared to DFT
calculated geometries. An initial assay of thealgéic activities of 1-5, employing the
isomerization of 1-hexene, has been performed.

Keywords: Ruthenium; Dinuclear complexes; Catalysis; Caebkgands; Phosphine ligands;
Carboxylato bridges

Introduction



Interest in diruthenium(l) tetracarbonyl sawhorgeet compounds, R(u-O,CCHg)2(COML o,
particularly where L is a tertiary phosphine sustP8uy or PPR, is due to their identification as
catalysts or catalyst precursors for a variety rgfaaic transformations. These transformations
include the conversion of dimethyl oxalate to meétblycolate and ethylene glycol [1], the
conversion of acetic acid to ethyl acetate and areth[2], the benzylation of phenol [3], alkene
isomerization [4], the hydrogenation of alkenes keines [5], the semi-hydrogenation of diaryl
alkynes [6], the hydrogenation of alkenes underGcebnditions [7], and the hydroformylation
of alkenes [8].

The sawhorse platform consists two pairs tipged cis(carbonyl) legs, along with one pair
of cis(bridging carboxylate) ligands as the trestle tdgcheme 1. This platform is quite robust
and offers at least two opportunities for complendification: alteration of the terminal or axial,
two-electron donating ligands, L; and alterationtloé three-electron donatings(bridging)
ligands. Indeed, while a variety of terminal ligarhave been employed, a significant number of
bridging ligands/systems, beyond carboxylates, hese been explored [9]. Regarding these
bridging ligands, some recent work, involving catygghenyl porphyrin derivatives, has focused
on the areas of molecular recognition [10], andtpsensitizing/chemotherapeutic agents [7,11].

Spurred by successes in the area of pallathased, catalytic carbon-carbon coupling [12],
and ruthenium-based, catalytic ring closing olefietathesis [13], the utilization of stable, N-
heterocyclic carbenes as ligands in metal baseaytiat systems has rapidly proliferated over
the last twenty years. In addition to the abowsasy it has been demonstrated that gold-NHC
complexes can function as catalyst precursors feargety of organic transformations [14]. In
all three areas, it appears that N-heterocycliberaes have supplanted tertiary phosphines as the

supporting ligands of choice [15].



In terms of the terminal ligand, L, we areemgisted in bringing both N-heterocyclic carbene
ligands and heretofore unexamined tertiary phosphgands to bear upon the small molecule
transformations mentioned above. Herein, we desciihe synthesis and characterization of
Rup(pu-O2CCHg)2(COUL,, where L = IMes 1), P-tolyl)s (2), and P(GFs)s (3), including the
solid-state structures df3. The synthetic protocol employed fbi3 was extended tad], L =
PCy. A procedure for the preparation &),(L = PPh, which has not been previously reported
in detail is contained within. Also included arfgetresults of DFT determined, geometric
optimizations of1-6, where axial L = CO for@). The isomerization of 1-hexene under mild
conditions was utilized to assess the catalytivigiess of 1-5. In a study of alkene isomerization
by select ruthenium compoundg;1-hexene intermediates have been proposed [1plim2zed
models ofn>1-hexene substituted complexis5a, analogous td-5, were calculated and the
results are reported herein.

Results and discussion

Preparation and properties

In following the general procedure of Croo&sal. [17], we found that suspensions of the
oligomeric starting material, [R(u-O,CCHs)2(CO)n, were slow to react with solutions of
sterically bulky ligands such as PL£yAdopting the approach of Hilet al. [18], acirca 60 °C
acetonitrile suspension of the oligomer provides thbile bis(acetonitrile) adduct as an
intermediate. Both THF and the ultimate termingahd, L, were then added to the reaction
vessel to provide the complexes LRHO,CCHg)(COuL,: L = 1,3his(2,4,6-
trimethylphenyl)imidazol-2-ylidene: IMesl), L = PE-tolyl)s (2), L = P(GFs); (3), and L =
PCy (4) - Scheme 1. The solid, yellow reaction residwege re-dissolved in either chloroform

or dichloromethane, and recrystallization by slovifudions of either ethanol or hexane,



provided compound4-4 in good yields. To our knowledge, compléxs the first reported
diruthenium(l) sawhorse-type complex with termimdheterocyclic carbene ligands. A dry
mixture of the oligomeric starting material andidatiphenylphosphine were heated beyond the
melting point of PPh After heating for 2 hours, the resulting yell®elution indicating the
formation of Ruy(u-O,CCH;)(COW(PPh),, (5). A series of diethyl ether triturations, follodve
by a diffusion of a saturated dichloromethane smfuinto hexane provided compoufidn good
yield.

Elemental Analysis (C, H) established purily Eompoundd-5. In general, complexek4
are soluble in chloroform and dichloromethane. @oumd 1 is insoluble in pentane and
hexane; soluble in toluene and THF; slightly saduinl diethyl ether; and insoluble in ethanol.
Compound? is insoluble in pentane and hexane; soluble inetod and THF; slightly soluble in
diethyl ether; and insoluble in ethanol. Compo@rnsd insoluble in pentane and hexane; slightly
soluble in toluene and diethyl ether; soluble inFTknd insoluble in ethanol. Compou#ad
reluctantly dissolves in chloroform and dichloroheate.
Solid-state structures
The molecular structures df3 are presented in Figures 1-3. Relevant crystafayc and
structural data can be found in Tables 1 and ZhEathenium atom is located at the center of
an irregular octahedron formed by coordinationive figands, and with the sixth coordination
site occupied by a ruthenium-ruthenium bond. Thele2Ztron donating axial carbene, or
phosphine, ligands are locatedns to the Ru-Ru bond, with each ruthenium-axial ligydrond
being roughly, but not exactly, collinear to the-Ru bond. The equatorial plane around each

ruthenium center consists of a pairehcetate ligands along with a pair of carbon modexi



ligands, where both pairs of ligands are mutually Thus, idealized structure presented in
Scheme 1 is generally achieved®b$ in the solid-state, Figures 1-3.

A limited number of diruthenium sawhorse commpads featuringois(acetate) bridges have
been structurally characterized. When considevimly those structures incorporating phosphine
ligands [5,6,19a-€], previously reported rutheniwtienium bond lengths range from 2.718(5)
A to 2.7614(10) A. With Ru-Ru bond lengths of 268) A and 2.6918(2), respectiveyand
3 become the shortest examples to date, Table 2enWhnsidering albis(acetate) structures
[5,6,19a-k], previously reported Ru-Ru bond lengtasge from 2.672(1) A to 2.7614(10) A.
With a bond length of 2.7805(3) A, compldx possesses the longest Ru-Ru bond among
bis(acetate) bridged sawhorse compounds, Table 2.

The steric requirements of N-heterocyclic-ea ligands are unlike those attributed to the
phosphine cone angle, Figure 1 [20]. In the sslate structure of, a plane constructed by
using the fouro-methyls of thebis(mesityl) substituents is approximately co-planathwhe
equatorial planes of the ruthenium octahedra. heantore, the planar mesityl substituents are
substantially twisted with respect to the plan¢hef central imidazole ring, as interplane torsions
approach 90°. Following the method advanced byléidnd Mingos [21], the phosphine cone-
angles, as manifest in the solid-state, have bakulated for2-5, and are presented in Table 2.
The calculated cone angles are comparablé {&64°) andb (154°), the PCyand PPhadducts,
respectively, as these data are within the rangesdf by the initial study. Also, comparidg
and5 with the Tolman cone angles provides results sintib those exhibited by the average
crystallographic cone angles in the original studiiere the Tolman cone angles are 170° and
145° for PCy and PPk respectively [22]. Miuller and Mingos’ work dicbhextend to either

P(o-tolyl)s or P(GFs)s. For 2, the calculated crystallographic cone angle is°1véile the



putative cone angle for &¢olyl)s is listed as 194° [22]. However, as visible igute 2, one
tolyl substituent has rotated such thatatmethyl faces away from the equatorial plane of the
ruthenium octahedron. Effectivelty then, the cldtad cone angle for compléx of 176°, can

be considered that of a PBHOIyl), adduct.

The ideal sawhorse configuration implies aRii-Ru-L)° torsion of 0°, along with eclipsed
carbon monoxide ”legs,” and strictly planar carday bridges. As can be seen from the
various torsions presented in Table 2, the soltlestonformations generally deviate from the
ideal. For example, when considering only thbssacetate) structures incorporating tertiary
phosphine ligands [5,6,19b-€e], previously repoieeRu-Ru-P)° torsions range from 2.5(7)° to
57.0(11)° for the Pr; and the PPIPy (dppy) adducts, respectively. There is no eatibn
between either of the phosphine cone angles andtaitstoons along the backbone of the
molecules. The carboxylate bridges themselves &Bee unique steric requirements as
suggested by the torsions of the hexacarbonyl adélu®ds evinced by the various torsions, the
core of complexl approaches an ideal sawhorse conformation. Hawéwve N-hetreocyclic
carbene ligands are not eclipsed, but offsetibga 11°. Finally, the solid-state structureslef
3, and5, are stabilized by variety of aromatic interactionAdditional details may be found in
the Supplemental Information.

Spectroscopic characterization

Compoundsl-5 are yellow, air stable, crystalline powders, whidwe been characterized by
infrared, proton NMR, fluorine-19 NMR3( only), phosphorus-31 NMR2{ only), and
elemental analysis. The infrared spectra-6fexhibit the expected pattern of three (very strong
medium-very strong) bands attributed to carbongtehing, and zero to three additional weak

bands/shoulders in the 2200-1800tregion. These carbon monoxide stretching fregesnc



show an expected trend in tleedonating abilities of the terminal ligands, L. éllobserved
trend: IMes > PCy> PPh ~ PE-tolyl)s > P(GFs)s. Additionally, all infrared spectra feature at
least two bands assigned to the symmetric and asymenstretching of the carboxylate bridges,
found in the 1600-1400 chregion. The phosphorus-31 NMR spectr&&f each consist of a
single signal, and the proton NMR spectrdl€f contain but one singlet assigned to the methyl
substituents of the bridging acetate ligands. Heurhore, théH NMR spectra o and4 are
indicative of restricted rotation about the Ru-Pit® at ambient temperatures [5]. The fluorine-
19 NMR spectrum o8 exhibits three signals corresponding to ahtho, meta, andpara fluorine
substituents, respectively. The assignment of sagtal to a specific ring position is based on
both integration, and previous reports [23].

The infrared and NMR data support a solutionfiguration for1-5 in which the terminal
ligands and both of the bridging acetate ligands aymmetrically equivalent.  Such
equivalencies are achieved by thg, Gawhorse configuration of Ru-O,CCHg)o(COlL, in
which the pairs of eclipsedis-carbonyl groups are the legs of the sawhorse.s,Time solution
configuration of1-5 is consistent with the solid-state configuratioas,illustrated in Scheme 1,
and Figures 1-3. The IR bands, in the 2200-1800 @yion exhibited byt-5 are listed in Table
3, along with relevant phosphorus-31 NMR results.

Computational studies of 1-6

The exaggerated backbone torsion (P-Ru-Ru-P)° oipéex 2 in the solid-state, prompted the

calculation of optimized molecular geometries TIe8. The literature led to the Perdew, Burke,
and Ernzerhof functional, as well as the Becke &Hparameter functional. Selected results,
listed in Table 4, were provided by employing treede@w, Burke, and Ernzerhof functional, with

the Stuttgart/Dresden ECP for ruthenium, and ttf81®{d) basis for any additional elements,



within Gaussian09 [24]. Through all six models, the computationswyptded zero imaginary
frequencies. With the inferred absence of inteaowlar forces, the geometric parameters of the
gas phase molecules show considerable adjustmarticytarly with regard to the various
torsions exhibited in the solid-state. Of interetfie backbone torsions both increase and
decrease acrosk6, with no discernable correlation to other geornseparameters. The main
torsion decreases for boPh(82.9° to 54.9°) and (20.2° to 18.7°), while this torsion increases
for 1, 3,5 (21.1° to 43.5°), an@; with the torsions of and5 exhibiting the extremes. Among
the tertiary phosphine adducb, every calculated phosphine cone angle increa®ésh the
exception of2, there is a general increase in the (O-Ru-Ru-@ff €-Ru-Ru-C)° torsions.
Regarding all three torsions, the various forces@nt in the solid-state appear to have the least
effect on complexe4 and6.

The solid-state structure @f exhibits two intramolecular close contacts betweesthyl
group hydrogen atoms on theoR(lyl); ligands and the oxygen atoms of the acetate Isidge
Specifically: (1) C-H---O = 3.13 A with H---O =@.&, and6 C-H-O = 150°; (2) C-H---O =
3.35 A with H---O = 2.45 A, angl C-H-O = 156°. For crystallographic refinementjding
model was employed for all hydrogen atoms. Howeteese two contacts persist in the
calculated structure & Specifically (PBEO): (1) C-H---O = 3.17 A with-HO = 2.16 A, ané
C-H-0 = 154°; (2) C-H---0O = 3.66 A with H---O =G andé C—H-O = 163°. Similarly, the
solid-state structure af exhibits two intramolecular close contacts betwkgdrogen atoms on
the PCy ligands and the oxygen atoms of the acetate Bid@pecifically: (1) C-H---O = 3.25
Awith H---O = 2.42 A, anfl C-H-O = 142°; (2) C-H---O = 3.33 A with H---O 524, andd
C-H-O = 138°. For crystallographic refinement,idging model was also employed for all

hydrogen atoms. Again however, the two contactsigtein the calculated structure df



Specifically (PBEO): (1) C-H---O = 3.23 A with H>-= 2.32 A, andd C-H-O = 139°; (2) C-
H---O =3.27 A with H---O = 2.38 A, abdC—H-O = 137°. The C-H-0 anglesbre more
acute than those @& Recently, an updated definition of the hydrogend was endorsed. The
catenated articles extend to observed charactsriatid valid experimental criteria [25]. One
criterion is that hydrogen bonding leads to chamastic proton magnetic resonance signatures.
Specifically and typically, pronounced deshieldfogH in X-H---Y-Z should be exhibited. In
the '"H NMR spectra of2 and 4, pronounced desheilding of the relevant protons wat
observed.

Catalytic Assay of 1-5

Under a nitrogen atmosphere, 0.036 mmol of the@pjate sawhorse dimet-6) was dissolved

in 10.0 mL of toluene. To these yellow solutio8€)11 mol, of 1-hexene was added by syringe.
The vessel was then placed in a 55 °C oil batt atitring, for 45 hours. Within moments, the
various solutions changed color. Green solutioesevobserved for every trial, and the color
persisted until the flasks were removed from th#h.barhe resulting mixtures were found to
contain 1-hexene, plus 2- and 3-hexenes. Thewollp activities were observed: Rf&)s; >
PCy; > PPh > P(-tolyl); > IMes, Table 5. It is apparent that the §f{s adduct 8) is an
efficient catalyst precursor under the stated domu. There is no correlation between the
observed catalytic activity and either the caladabr putative cone angles, Tables 2 and 5.

In a pressure vessel under more robust conditfP(N) = 1 atm, T = 100 °C, t = 15 hrg],
Matteoli, et al. exposed 1-hexene to three (3) tertiary phospadtricts obis(acetate) bridged
ruthenium sawhorse complexes [5]. Isomerizatios seected as this catalytic transformation
involves but a single substrate. A correlation whserved between isomerization activity and

the solid-state (P-Ru-Ru-P)° torsiorBB; > P'Bus > PPrs; respective conversions = 42.4 % >



34.2 % > 7.4 %; respective torsions = 21.9° > &12.5°. Their rationale being that greater
torsions along the backbone of the molecule proyiaegressively less hindered access to the
ruthenium centers. Regarding the isomerizatioivities of 1-5, the correlation, as observed by
Matteoli, et al., between percent conversion and backbone torsies dot hold, Tables 2 and 5.
Among the tertiary phosphine adducts or}y5, there are two inverse correlations between
catalytic activity and solid-state, geometric paetens: (1) isomerization activity increases with
decreasing (P-Ru-Ru-P)° torsions, and (2) isomgoizactivity increases with decreasing Ru-P
bond length, Tables 2 and 5. However, 266, the two inverse correlations between catalytic
activity and geometric parameters do not hold fee DFT calculated molecular geometries,
Tables 4 and 5.

Alkene isomerization, specifically that of &xene, by phosphine substituted ruthenium
carbonyl carboxylates was further examined by &glvet al. [16]. The diruthenium
tetracarbonyl sawhorse complex ;RuO.CCHg)>(CO)(P'Bus), was studied in this context.
Based on gas chromatography, infrared, &l NMR analyses, the authors postulate a
mechanism involving the substitution of 1-hexenedne terminal phosphine ligand to initially
form an n’1-hexene intermediate. Starting with the minimuemergy structures
(PBEO/MWB28) forl-5, optimized geometries for complex&s5a were calculated, where one
terminal carbene ligand, or one terminal phospHigand, was substituted by*1-hexene.
Selected results are presented in Table 6. Astifited in Figure 4, a characteristiclaf5a is
that the C1-C2 bond axis of the coordinated 1-hexsmoughly co-linear with an AcO-Ru-CO
axis. Of the various parameters listed in Tablesd 6, the main torsions &&-5a exhibit the
largest changes from the calculated main torsionsl¥. Regarding the coordination of 1-

hexene to the ruthenium centers, the average destda-5a, from the ruthenium center to the



centroid of the C1-C2 bond of the 1-hexene is 2.88Fable 6. However, the Ru-centroid
distances of complexe3a and 4a are 2.300 A or greater, with an average of 2.303 A
Complexes3 and4 also exhibit the highest isomerization activiti#gaple 5. The Ru-centroid
distances of the remaining three putative interatedi{a, 2a, and5a) are all less than 2.300 A,
with an average of 2.269 A. Using the Studemittsst, a comparison of these two mean
distances reveals that, with 95% confidence, 2408 statistically different from 2.269 A. A
similar set of means can be constructed from th&tRu-centroid)° main torsions, Table 6.
Where again, the average torsion3afand4a is statistically different from the average torsio
of the remaining three modeled intermediates. Hmwethe respective main torsions 3d
(5.9°) and4a (23.8°) are also distinctly different from eachet
Experimental
General Information
All preparations were performed under dry gaseatsgen atmospheres using dual gas/vacuum
manifolds and standard schlenk techniques andwgtames Recrystallizations of compount$
were performed under aerobic conditions. The warghosphine ligands were used as received
from either Sigma-Aldrich or Strem. The compoun8is(2,4,6-trimethylphenyl)imidazol-2-
ylidene (IMes) was obtained from Strem and wasystatlized from hexane prior to use. The
various carbene and phosphine ligands were mamgullem glove bags under dry nitrogen
atmospheres. Organic solvents meeting ACS spatidits, or better, were employed and were
degassed and saturated with dry nitrogen priosé u

Synthesis of the  starting material, acetatthonylruthenium polymer,
[Ru(O,CCHg)(CO),]n, was accomplished by following a previously puidid procedure [17].

The compound RyCO)» was obtained from Sigma-Aldrich and was used asived. The



acetic acid was purified by the addition of acetntydride, followed by reflux over KMnand
distillation under nitrogen.

Infrared spectra of starting materials andtisgtic targets were recorded on a Perkin-Elmer
Model 1600 FTIR instrument. A Bruker Spectrospitréashield 300 MHz FT NMR instrument
was employed to obtaitH and>'P{*H} spectra of both starting materials and synth&tigets,
as well agH spectra of the isomerization reaction mixtur&e *'P chemical shifts are reported
versus 85% BPQO,. Single crystal X-ray structural analyses werdgrened at the Chemistry
Department X-ray Diffraction Facility at the Unisdly of Pittsburgh, Pittsburgh, PA, USA. At
the Indiana University of Pennsylvania, Indiana, ,PASA, an Agilent 6890N Gas
Chromatograph with a 5973 Mass Selective Detecas @mployed to obtain chromatographs of
the isomerization reaction mixtures. Fluorine-1IRlwas performed at Spectral Data Services,
Inc., located in Champaign, IL, USA. THE&F chemical shifts are reported versusFC
Elemental Analyses were performed at Atlantic Mi@bg Inc., located in Norcross, GA, USA.
Preparation of dimeric complexes 1-4: Ru,(u-O,CCH3),(CO)4L,

The dimeric, symmetribis(substituted) complexed-4, were prepared by the addition of a
carbene or phosphine ligand to thig(acetonitrile) adduct, R(i-O,CCHg)2(CO)y(CH3CN)y, in
the manner advanced by Hi#isal. [18].

Typical preparation: 3 mL of sparged acetdritvere added by syringe to a 3-neck, 100-mL

RBF, with gas inlet, containing 200 mg (0.463 mnul)Ru(1-O,CCHz)2(CO)],. With stirring
under N, the flask was placed in a 60 °C oil bath for 2180 The resulting yellow solution
indicates full dissolution of the intractable, oganstarting material, and the formation of,f
O,CCHg)2(CON(CH3CN),. After removal from the oil bath, a 20.0 mL alaquof THF was

transferred to the flask. A solid addition funmeds then used to add a slight excess of ligand



(circa 1.0 mmol). The mixture was returned to the oithbawith stirring under B for an
additional 2 hours. The solvents were then remaveter reduced pressure to yield a mixture of
Rup(11-O,CCHg)2(CONL, plus excess ligand, L.

Ruz(1-O2CCH3)2(CO)4(C1H24Ny)2: bis(IMes) adduct (1)

The reaction residue was dissolved in minimal aigiihethane. Under ambient conditions, a
layer of hexane was allowed to slowly diffuse itie dichloromethane solution of the complex.
The resulting pale yellow crystals were collected @ sintered glass crucible, washed with
chilled hexane, and dried under vacuum. Yield9(8#%), 0.364 mmol, 79%). IR (CHgkn™)
v(CO): 2005 (vs), 1951 (m), 1922 (vs), 1887 (W)CO,): 1579 (m), 1438 (m).H NMR (300
MHz, CDCB) &: 6.87 (m, 12H), 2.31 (s, 12H), 2.10 (s, 24H), 1(496H, OAc). Anal. Calc. for
CsoHs54N4O0sRW: C, 57.68; H, 5.23; N, 5.38. Found: C, 57.84584; N, 5.40%.
Ru(u-O2CCH3),(CO) 4 P(0-CH3CgHa)3} 2 bis(tri-o-tolylphosphine) adduct (2)

The reaction residue was dissolved in minimal aftlnm. Under ambient conditions, a layer of
hexane was allowed to slowly diffuse into the cbform solution of the complex. The resulting
yellow crystals were collected on a sintered gtassible, washed with chilled hexane, and dried
under vacuum. Yield: (415 mg, 0.399 mmol, 86%R (CHCk, cmi™?) v(CO): 2025 (vs), 1982
(m), 1951 (vs), 1920 (wy(COy): 1573 (m), 1440 (m)*H NMR (300 MHz, CBCl,) §: 7.28 (m,
24H), 2.17 (s, br 24H).*P{*H} NMR (121 MHz, CDC}) &: 14.67 (s). Anal. Calc. for
CsoH1g0sP.RW: C, 57.69; H, 4.65. Found: C, 57.64; H, 4.75%.

Ru,(1-O,CCH3),(CO)4{ P(CeFs)3}2:  bis(tris(pentafl uorophenyl)phosphine) adduct (3)

The reaction residue was dissolved in minimal aftmm. Under ambient conditions, a layer of
ethanol was allowed to slowly diffuse into the e¢bform solution of the complex. The resulting

yellow crystals were collected on a sintered glesgible, washed with chilled ethanol, and



dried under vacuum. Yield, based on chlorofornva@: (482 mg, 0.298 mmol, 64%). IR
(CHCls, cni™) v(CO): 2047 (vs), 2008 (m), 1979 (vs), 1953 (WCOy): 1572 (m), 1448 (m).
'H NMR (300 MHz, CDC}) &: 1.45 (s, 6H, OAc).*®F NMR (376 MHz, CDG)) §: -127.31 (s,
12F,0), -147.32 (s, 6Fp), -160.31 (t, 12Fm). **P{*H} NMR (121 MHz, CDC}) &: -28.85 (m).
Anal. Calc. for G4HsF300sP.Ru- CHCE: C, 33.45; H, 0.44. Found: C, 33.73; H, 0.32%.
Ru,(1-O,CCH3)2(CO) 4 P(c-CeH11)3}2:  bis(tricyclohexyl phosphine) adduct (4)

The reaction residue was dissolved in minimal aftmm. Under ambient conditions, a layer of
ethanol was allowed to slowly diffuse into the e¢bform solution of the complex. The resulting
yellow crystals were collected on a sintered glesible, washed with chilled ethanol, and
dried under vacuum. Yield: (261 mg, 0.263 mmol&7 IR (CHCE, cni™) v(CO): 2010 (vs),
1962 (m), 1933 (vs), 1900 (W)(CO,): 1579 (m), 1436 (m)*H NMR (300 MHz, GDg) &: 2.21
(s, br 6H, OAc), 1.97-1.29 (all m, br 66HY'P{*H} NMR (121 MHz, CDC}) &: 25.17 (s). Anal.
Calc. for G4H720sP.RW: C, 53.21; H, 7.31. Found: C, 53.57; H, 7.46%.

Preparation of the dimeric complex 5: Ru,(u-O,CCHj3),(CO)4(PPh3),, via fusion
Ru(u-O2CCH3)2(CO)#{ P(CeHs)3}2:  bis(triphenyl phosphine) adduct (5)

A 50-mL RBF, with a gas inlet, was charged with 26@ (0.462 mmol) of [Rafu-
0O,CCH;),(CO)]n and 1.5 g of triphenylphosphineirca 5 equivalents). With stirring undenN
the flask was placed in a 90 °C oil bath for 2 IsouAfter cooling, the pale yellow solid was
triturated with diethyl ether - 3x. The resultiygllow residue was dissolved in minimal
dichloromethane. Under ambient conditions, a layfehexane was allowed to slowly diffuse
into the dichloromethane solution of the complekhe resulting yellow-orange crystals were
collected on a sintered glass crucible, washed wahiiled hexane, and dried under vacuum.

Yield: (390 mg, 0.408 mmol, 88%). IR (CHCEmM™) v(CO): 2023 (vs), 1978 (m), 1949 (vs),



1919 (W);v(CO,): 1569 (m), 1436 (m)*H NMR (300 MHz, CDCY) &: 7.55 (m, 12H), 7.40 (m,
18H), 1.69 (s, 6H, OAc).*'P{*H} NMR (121 MHz, CDC}) &: 14.39 (s). Anal. Calc. for
Cs4H3605P.RW: C, 55.23; H, 3.79. Found: C, 55.13; H, 3.87%.

Crystallographic analyses

Diffraction quality, off-white crystals of compourti were formed as hexane diffused into a
saturated dichloromethane solution under ambiemiditions. Diffraction quality, yellow
crystals of compound2 and 4 were obtained as ethanol diffused into saturatddraform
solutions under ambient conditions. Diffractionatity, yellow crystals of compound@ were
formed as hexane diffused into a saturated chlomfeolution under ambient conditions. The
studied crystals were mounted on glass capillares data was collected on a Bruker SMART
Apex II CCD system utilizing anuS micro-focus source to provide CuwKadiation ath =
1.54178 A. Detailed crystallographic data feB are listed in Table 1. Other relevant, structural
information is presented in Table 2. A structuoe Rwp(COu(u-O-.CCHz),(PCy), has been
previously deposited in the Cambridge Structuraiabase [6]. Additional detail regarding the
crystallographic analysis dfcan be found in the Supplemental Information.

Compoundd and3. Systematic absences were consistent with theesg@oups PZc and
C2/c, forl and3, respectively. For both compounds, data wereected for absorption effects
using multi-scan methods (SADABS), absorption doiffits: p = 5.522 mrit and 6.527 mm
for 1 and3 respectively. The resulting 6943 data and 437d,dar 1 and3 respectively, were
employed in the least squares refinements. Contgp8uriThe triclinic unit cell was consistent
with either space group P1, otf. PThe average values of the normalized structactfs favored

Pi. The data were corrected for absorption effesiaguthe multi-scan method (SADABS),



absorption coefficienty = 7.185 mrit. The resulting 15785 data were used in the egsares
refinements.

Compoundd-3. All three structures were solved by employingedi methods within the
SHELXTL software package [26]. The correct posisidor the ruthenium and phosphorous
atoms were deduced from a direct methods E-mapbsefuent least squares refinement and
difference Fourier calculations established thetpos of the remaining non-hydrogen atoms.
Non-hydrogen atoms were refined with independensoaropic displacement parameters.
Hydrogen atoms were fixed in idealized positiong dreir displacement parameters were tied to
those of the attached non-hydrogen atom. All simes were refined by full matrix, least
squares procedures, based Anadf the positional, isotropic, and anisotropicrthel parameters
for all non-hydrogen atoms. A final analysis ofrigsace between calculated and observed
structure factors exhibited no perceptible erroF.ATON was used to calculate a number of
geometric parameters [27].

Computational studies

Hybrid density functional theory calculations weyerformed to ascertain optimal molecular
geometries for complexes6. As the starting point for the geometric optinti@as, solid-state
structures were used to provide the molecular §ipatons for Gaussian09 [24]. The X-ray
structures ofl-3 are reported herein, and that4oin the Supplemental Information. Previously
reported structural data was used3di9b]. The deposited solid-state structure of(R®),(u-
0O,CCH;),(CO), (6) does not include any positional data for the lgpdrogen atoms [19f]. A
model of 6 was constructed and optimized using Scigress ctatipoal software [28]. This
optimized model was employed as the molecular &paton in lieu of complete CIF

information.



Within Gaussian09, the Perdew, Burke, and Ernzerhof functional (PB#@s employed.
The basis set was composed of the Stuttgart/DreB@é&hfor ruthenium (MWB28), along with
the 6-31G(d) basis for any additional elements.rniNd-mode analyses were then performed on
the optimized geometries. Selected results arsepted in Table 4. Additionally, geometric
optimizations were obtained by utilizing the BecCKeree Parameter functional with the LYP
correlation functional (B3LYP). The basis was casgd of the Los Alamos ECP plus DZ for
ruthenium (LanL2DZ), along with the 6-31G(d) basisany additional elements. Normal-mode
analyses were then performed on the optimized getase Selected results are presented in
Table 4S (Supplemental Information).

Optimized structures were also calculated doseries of complexeda-5a, where one
terminal carbene or phosphine ligand was replageqf4i-hexene. As the starting point for the
geometric optimizations, the minimum energy streesufor1-5, above, were used to provide the
molecular specifications foBaussian09. An idealized molecule of 1-hexene was constdicte
and optimized using Scigress computational softwasd. The 1-hexene model was then
substituted for the appropriate terminal ligand.ithii Gaussian09, the Perdew, Burke, and
Ernzerhof functional (PBEO) was employed. The $aset was composed of the
Stuttgart/Dresden ECP for ruthenium (MWB28), alomgh the 6-31G(d) basis for any
additional elements. Normal-mode analyses wene geeformed on the optimized geometries.
Selected results are presented in Table 6.

Isomerization of 1-hexenein the presence of 1-5

Representative procedure: 10 mL of sparged toluegre added by syringe to a 50-mL RBF,

with gas inlet and condenser, containing 0.036 mofoliruthenium sawhorse compound.



Finally, 1.4 mL (0.011 mol) of 1-hexene were addsdsyringe. With stirring under INthe
flask was placed in a 55 °C oil bath for 45 hours.

The reaction mixtures were examined by bothtggr NMR and gas chromatography
(GCMS). The average results, by adduct, are listdable 5.
Conclusions
Compoundsl-3 are readily synthesized by the addition of twoiegjents of the desired axial
ligand to the labile intermediate Ku-O,CCHs)2(COu(NCCH;s), in THF. Compound can be
synthesized via a fusion obtained from suspendiiggmeric [Ruy(u-O,CCHz),(CO)], in liquid
triphenylphosphine.  The solid-state structures 188 exhibit the expected sawhorse
conformation. However, the various torsions achielsy1-6 in the solid-state show numerous
departures from an ideal conformation. Spectrascogharacterization affirms a ¢
arrangement about the ruthenium centers. The RbedRd lengths of-3, and the P-Ru-Ru-P
torsion angles of and2 are structurally significant. The extent of thepphine cone angles, as
achieved by2-5 in the solid-state, have been calculated. Contipahg the calculated cone
angles of4 and5 fall within the limits of the original study. Thealculated cone angle &f
exceeds the Tolman cone angle, whereas tho2etdéall short. Close X-H---Y-Z contacts are
found in the solid-state structures 2fand4, and these contacts persist in the respective DFT
optimized geometries. However, spectroscopic exdef intramolecular hydrogen bonding is
lacking. Regarding the solid-state torsions digpdhby 1-6, the DFT results show numerous,
irregular adjustments in the gas-phase conformatic@ompoundd-5 are catalytic precursors
toward the isomerization of 1-hexene under mildditons. The compounds display a broad
range of capabilities. Among-5, the isomerization activity of the P{&)s; adduct 8) is

markedly different. DFT calculated models of theogmsedn>1-hexene intermediates,



constructed from the most active catalyst precgtsqgossess a longer average Ru-
hexene(centroid) distance than those built frora &dive adducts.
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Table 1

Crystal data and refinement parametersl{gr

Adduct:  IMeslj Po-tolyl)s (2)  P(GFs)s (3)
formula CsoHsaN4OgRU,  GoHugOsPRU,  CuaHeF300sPRU,
formula wt. 1041.11 1040.96 1496.57
crystal system  monoclinic monoclinic  triclinic
space group k2 C2/c P-1
a, 13.8985(4) 10.5074(3) 9.9245(4)

b, A 14.9593(4) 14.8416(8) 21.3845(8)

c, A 23.3482(7) 29.3597(9  23.7181(9)

a, deg 90 90 101.969(2)
B, deg 95.947(1) 99.364(1) 92.086(2)

y, deg 90 90 94.221(2)
Volume, A 4828.2(2) 4517.5(2) 4904.0(3)
z 4 4 4

Temp, K 230(2) 293(2) 230(2)
Pealca g/CNT 1.432 1.531 2.027

i, mmit 5.522 6.527 7.185

total data 8808 4413 17353
unique data 6943 4377 15785
parameters 607 284 1565

Rint 0.0547 0.1175 0.0272

R; (all data§ 0.0498 0.0376 0.0283
WR; (all data} 0.1038 0.1034 0.0811
max, min, e/R 1.591, -0.637 2.047, -1.459 0.477,-0.573

AR, =5/ Fd -1 Fd| /5] Fd , P WR, = [Ew(Fo? — FA)Ysw(FoY]"?



Table 2
Crystal Data: Selected bond lengths (A), torsidhsahd angles (°) fot-62

Adduct: IMes ®folyl)s P(GFs)3 PCy _PPh Co
Ru-Ru 2.7805(3) 2.6896(3)  2.6918(2)2.7555(6) 2.7360(9) 2.6881(15)
Ru-L 2.184(3) 2.5235(4)  2.4370(6) 2.4496(12) 2.4508(10) 1.988(9)
P-C avg. 1.848(2) 1.840(1) 1.864(1) 1.824(1)
L-Ru-Ru-L 0.9(5) 82.89(18) 19.11(14) 20.2(3) 21.14(11)  3.7(18)
O-Ru-Ru-d  1.05(9) 18.29(6) 13.61(7) 5.07(11) 1.47(8) 9.8(3)
C-Ru-Ru-C  1.21(14)  31.10(9) 17.00(13) 2.9(2) 2.67(14) 10.2(6)
Ru-P-C avg. 114.18(6)  115.64(6)114.05(11) 115.1(3)
Cone Anglé 176 167 164 154
Cone Anglé 194 184 170 145

a) 1-4, this work;5 [18b]; 6 [18f] b) avg._.OAc bridgesc) avg._CO ligandd) calculated avg., [21F) Tolman, [22]



Table 3

Selected spectral data fbb.

Rus(1-OAC)(CONL »

IR v(COYf cm*

NMR 3P{'H}°

Ligand (vs)

3 P(GFs); 2047
2 PE-tolyl); 2025
5 PPh 2023
4 PCy 2010
1 IMe? 2005

(m)

2008
1982
1978
1962
1951

(vs)

1979
1951
1949
1933
1922

(w)

1953
1920
1919
1900
1887

(ppm) d(ppm) AP(ppm)
ligand complex complex

-74.26 -28.85 4541

-29.64 14.6744.31
-5.41  14.399.80

6.11 2517 19.06

a) CHCL, this work b) 1,3bis(2,4,6-trimethylphenyl)imidazol-2-ylidene) vs. PO, this work



Table 4
Optimized Models: Geometric parameters in (A) aédddr 1-6°

Complex: 1 2 3 4 5 6
Ru-Ru 2771 2722 2.684 2752 2.70D.729
Ru-L 2.166 2509 2.423 2.448 2.4371.961
P-C 1.851 1.842 1.871 1.836

L-Ru-Ru-L  13.3 549 299 187 3. 50
O-Ru-Ru-@ 13.1 155 17.0 10.2 18598
C-Ru-Ru-¢ 175 221 241 91 .24 11.0

Ru-P-C avg. 114.3 1155 113.8 115.1
Cone Anglé 179 169 167 158
Cone Anglé 194 184 170 145

a) PBEO/MWB28b) avg._ OAc.c) avg._CO() calc. avg., [21F) Tolman, [22]



Table 5
Isomerization of 1-hexene to 2- and 3-hexenes @xposure td-5 in toluené

Adduct: P(§s):(3) PCy (4 PPR(5) PE-tolyh)s(2) IMes (@)
Conversion %: 67.4 20.2 15.1 12.1 1.0

a) conditions: P(N) =1 atm., T =55 °C, t = 45 hrs., dimer = 0.03@oh substrate = 0.011 mol



Table 6

Optimized Intermediates: Parameters in (A) andgPla-5a*

Complex: 1la 2a 3a 4a ba
Ru-Ru 2733 2717 2.681  2.7292.701
Ru-centroid 2.287 2270 2.300 2.3062.251
Ru-L 2.147 2503 2427  2.4492.432
P-C 1.851 1.843 1.871 835.
L-Ru-Ru-cent. 45.8 56.0 59 238 60.7
O-Ru-Ru-G  14.7 13.8 17.7 12.4 16.4
C-Ru-Ru-¢  20.9 18.6 23.7 14.0 22.8
Ru-P-C avg. 114.1 1155  113.7115.0
Cone Anglé 179 169 167 815
Cone Anglé 194 184 170 514

a) PBEO,b) C1-C2 centroidg) avg. OAc,d) avg. COg) calc., [21]f) Tolman, [22]
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Fig. 1. ORTEP diagram (40%) of 1, with hydrogen atoms omitted.



Fig. 2. ORTEP diagram (40%) of 2, with hydrogen atoms omitted.



Fig. 3. ORTEP diagram (40%) of 3, with hydrogen atoms omitted.



Fig. 4. Calculated structure of 1a, an eta2-1-hexene intermediate.
Hydrogen atoms and carbene substituents omitted for clarity.
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Thefirst diruthenium tetracarbonyl sawhorse NHC adduct is reported.
An assay of catalytic ability, mild conditions, reveals a distinctly active complex.
DFT calculations were performed to support experimental results.

Phosphine cone angles, as achieved in the solid-state, have been cal cul ated.



