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Abstract

The room temperature reactions with internal alkynes,RC=CR,of the p-allenyl acetonitrile complex
[Ru,Cpo(CO)o(NCMe){p-n'm?-C*H=C>=C*Me,}]BFs (1-NCMe), freshly prepared from the
tricarbonyl precursor [Ru,Cp,(CO)s{u-n'm>CH=C?=C3Me,}]BF,, 1, proceeded with alkyne insertion
into ruthenium-allenyl bond and allenyl-CO coupling, affording compounds [Ru,Cp2(CO){p-n%mn>-
C(R)C(R)C*HC?*(C*Me=CH,)C(OH)}]BF: (R = Ph, 2; R = CO,Me, 3; R = CO,Et, 4) in 83-94% vyields.
Deprotonation of 2-4 by triethylamine gave [Ru,Cp2(CO){u-n’n>-C(R)C(R)CHC(CMe=CH,)C(O)}]
(R = Ph, 5; R = CO,Me, 6; R = CO,Et, 7) in 75-88% yields, and 2-4could be recoveredupon
HBF4 Et,O addition to 5-7. All the products, 2-7, were fully characterized by elemental analysis, IR
and multinuclear NMR spectroscopy. The structure of 2 was ascertained by single crystal X-ray
diffraction and investigated by DFT calculations, revealing a six-membered ruthenacyclewith Shannon
aromaticity index in line with relatedcompounds. The formation of ruthenium-coordinated
ruthenabenzenes from a preexistent diruthenium scaffold is a versatilebut underdeveloped approach

exploiting cooperative effects typical of a dimetallic core.

Keywords: ruthenabenzene; diruthenium complexes; allenyl ligand; alkyne insertion; three-component

reaction.

Introduction

The concept of metallabenzene (in general, an arene with a CH group formally replaced by a transition
metal fragment) was introduced in 1979, although the synthesis of the first representant of this family
of organometallic compounds dates back to 1976, obtained from the reaction of [RuH,(CO)(PPhs)s]
with methyl propiolate.? Then, this field of chemistry underwenta rapid development, stimulated by the

fundamental interest with respect to the possible aromatic character of the metallacyclic structure and



the subsequent reactivity.*>*°Thus, a wide variety of stable metallabenzenes has been synthesized and
characterized, and the exploration of novel synthetic routes is still arousing considerable
attention.’Ruthenabenzenes, which have recently witnessed a renewed interest due to their possible
application as metathesis catalysts,’ are usually accessible from monoruthenium precursors by means
of different strategies.®®**° However, sandwich compounds consisting of a ruthenabenzene acting as a
n° organometallic ligand towards a second metal centre are significantly rarer and have been prepared
mainly via ring closure reaction of open pentadienyl ligands with a suitable metal fragment (Scheme
1a).** In principle, dinuclear complexes should be convenient platforms to build metal-coordinated
metallabenzenes;*in fact, unsaturated hydrocarbyl ligands, when bridging coordinated, may exhibit a
peculiar reactivity provided by cooperative effects typical of a bimetallic system, thus facilitating
coupling reactions with small molecular fragmentsotherwise not viable on related monometallic
species.™*To the best of our knowledge, only a few ruthenabenzenes coordinated to a second ruthenium
centre have been prepared to date starting from a poly-ruthenium framework,** neverthelessthe
reported synthetic procedures suffer from poor selectivity and a narrow scope.™>®Specifically,
Girolami and co-workers obtained an unsubstituted ruthenabenzene n°-bound to {RuCp’}, via double
C-C coupling between two molecules of acetylene and a methylidene ligand bridging coordinated in
the diruthenium precursor (Scheme 1b)."® Bruce and co-workers isolated in 10% yield a ruthenium-
coordinated bis-ferrocenyl ruthenabenzene, from the assembly of two alkyne molecules and an
allenylidene ligandcoordinated in a triruthenium cluster according to the {p*-n":n'm?} fashion (Scheme
1C)'16

In the framework of our longtime research devoted to the construction of organometallic architectures
on {M,Cp,(CO),} scaffolds (M = Fe, Ru; x = 1-3),'” our investigation on the reactivity with alkynes of

a diruthenium complex containing a u-n'm?*allenyl ligand led us to disclose a straightforward three-



component reaction yielding a ruthenium-coordinated ruthenabenzene motif.Our multi-technique study

is described in the following.
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Scheme 1. Synthetic procedures from the literature to access ruthenium-coordinated ruthenabenzenes: a)
example of ring closure reaction involving two monometallic precursors; b-c) coupling reactions of bridging
hydrocarbyl ligands with alkynesin diruthenium complexes ([Ru] = Ru(CO)53).

Results and discussion

The diruthenium p-allenyl complex [Ru,Cp2(CO)s{p-n'm?-C*H=C*=C*Me,}]BF., 1, was synthesized
according to the published procedure.*® This compound is unreactive towards alkynes and other
unsaturated molecules, while the addition of nucleophiles bearing some basic character (e.g. amines,
NaBH.,, lithium alkyls) is hampered by the acidity of the C*H hydrogen, resulting in the quantitative
deprotonation of the allenyl ligand.’® Nonetheless, the substitution of one carbonyl ligand with
acetonitrile is a convenient strategy to favor the addition to the allenyl of small units (i.e.,

hydride,?°carbene™® and alkenes'®). This is viable by allowing 1 to react with trimethylamine-N-oxide



in the presence of acetonitrile.”s The formation of [Ru,Cp(CO)2(NCMe){p-ntn?-
C'H=C?*=C3Me,}]BF, 1-NCMe, takes place straightforwardly and the labile nitrile ligand is almost the
equivalent for a vacant coordination site. Hence, the freshly prepared 1-NCMe was investigated for its
reactivity with alkynes. The room temperature reactions of 1-NCMewith a series of symmetrical
internal alkynes afforded the air-stable products 2-4, which were isolated after work-up in high yields
(Scheme 2).
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Scheme 2. Room temperature three-component coupling involving a bridging allenyl ligand, a carbonyl ligand
and an alkyne reagent in a diruthenium complex, via preliminary carbon monoxide-acetonitrile replacement.

After several attempts, X-ray quality crystals were collected for 2 by a slow diffusion technique, and
therefore the structure of this compound could be ascertained by X-ray diffraction (Figure 1 and Table
1). The quality of the crystals was very low and, in addition, there was extensive disosder in the cation.
Thus, the cation was refined isotropically in order to avoid inappropriate isotropic restraints on
anisotropic displacement parameters. The cation of 2 may be described as a ruthenabenzene,
incorporating Ru(1), that is n°®-coordinated to Ru(2). Both ruthenium atoms are further bonded to a n°-
Cp ligand, and a terminal CO ligand is coordinated to Ru(1). The cis-Ru,Cp, core, present in the parent
complex 1, is retained in 2. The quality of the crystal is not very high? and, thus, bonding distances
cannot be deeply discussed, however, they appear similar to those previously reported in the literature

for n°-coordinated ruthenabenzenes.******* Thus, distances between Ru(2) and the ring carbons fall in



the interval 2.053(18) - 2.254(18) A: the C—C bonds within the six-membered ring [1.35(3) - 1.44(3)
A] display some n-character and also the C(5)—-O(2) contact [1.31(2) A] is shorter than a single bond.
The Ru(1)-C(5) [2.053(18) A] distance is somehow in the middle between Ru'"-(hydroxyl)alkylidene
and Ru"-alkyl bonds,? and Ru(1)-C(6) [2.08(2) A] appears significantly elongated compared to pure
Ru"-alkylidene bonds.?* A hydrogen bond is present between the OH group of the cation and one
fluorine of the [BF,]” anion [O(2)-H(2) 0.84 A, H(2)---F(4) 2.14 A, O(2)---F(4) 2.727(19) A,
<O(2)H(2)F(4) 126.4°]. The Ru—Ru distance [2.728(2) A] is in keeping with Ru—Ru bonding contacts

not supported by u-CO ligands, as recognized in dinuclear complexes and polymetallic clusters.?

Figure 1. Two views of the molecular structure of the cation of 2. H-atoms have been included only in one
representation of the structure.

Table 1. Main bond distances (A) and angles (°) of 2.

Ru(1)-Ru(2) 2.728(2) Ru(2)-C(5) 2.230(18)
Ru(2)-C(2) 2.18(2) Ru(2)-C(1) 2.254(18)
Ru(2)-C(7) 2.227(18) Ru(2)-C(6) 2.147(19)
Ru(1)-C(5) 2.053(18) Ru(1)-C(6) 2.08(2)
C(5)-C(2) 1.35(3) C(6)-C(7) 1.45(3)
C(2)-C(1) 1.42(3) C(7)-C(1) 1.44(3)




Ru(1)-Cpay 2.24(7) RU(2)-Cpay 2.20(4)
Ru(1)-C(9) 1.836(18) C(9)-0(1) 1.15(2)
C(5)-0(2) 1.31(2) C(2)-C(3) 1.54(3)
C(3)-C(4) 1.33(3) C(3)-C(8) 1.47(3)
C(5)-Ru(1)-C(6) 93.2(7) Ru(1)-C(5)-C(2) 121.5(14)
C(5)-C(2)-C(1) 128.3(19) C(2)-C(1)-C(7) 125.4(18)
C(1)-C(7)-C(6) 125.0(18) C(7)-C(6)-Ru(1) 118.1(14)
C(2)-C(3)-C(4) 122.6(19) C(2)-C(3)-C(8) 115.7(18)

The geometry of the cation of 2 was optimized by DFT calculations (Figure S1), revealing a good
agreement with the experimental X-ray data (RMSD 0.242 A).

The IR spectra of 2-4 (recorded in CH,CI, solution) exhibit one intense band related to one terminal
carbonyl ligand, occurring at 2011 cm™ in the case of 2 and at a higher wavenumber (2027 cm™) for 3
and 4; this trend agrees with the electron-withdrawing nature of the carboxylato substituents,
weakening the ruthenium to CO back-donation in 3 and 4. In addition, the carboxylato moieties
manifest themselves with an intense absorption around 1730 cm™ in the IR spectra of 3 and 4. The
hydroxyl group was detected in the solid state spectrum of 2 as a broad band at 3448 cm™.

The NMR spectra of 2-4 (in acetone-ds solution) consist of single sets of resonances. The two
cyclopentadienyls give rise to two singlets [e.g. for 2: §(*H) = 5.89, 5.73 ppm] at chemical shifts
resembling those reported for 1 [5(*H, CDCls) = 5.86, 5.64 ppm]; this data suggests that the Cp rings
maintain the mutual cis configuration, with respect to the Ru—Ru axis, ongoing from 1 to 2-4, in
agreement with the X-ray evidence collected for 2. In the *C{*H} NMR spectra, the five carbons
constituting the ruthenabenzene ring were recognized at 94.8-97.5 ppm (C%), 77.7-101.7 ppm (C?),
210.2-213.1 ppm (C?), 174.5-188.2 ppm (C°) and 103.6-114.2 ppm (C7). In particular, the low field
resonances attributed to the ruthenium bound carbons (i.e., C* and C®) highlight their alkylidene nature,
consistently with the partial double bond character of the Ru—C connections detected on 2 by X-ray

diffraction. The carbonyl ligand produces a resonance at 197.7-200.0 ppm, confirming the terminal



coordination mode shown by IR and X-ray data. The resonances related to the {C?CH,} moiety are
clearly indicative of an alkenic nature; more precisely, protons resonate as two multiplets centred
around 5.2 and 5.4 ppm, while the two carbons occur at ca. 199 and 143 ppm in the *3C spectra. The
EIH} NMR spectra of 2-4 consist in two close resonances around 150 ppm, attributable to *°BF,
and™'BF,", respectively.

The aromaticity of the ruthenabenzene ring in 2 was investigated by DFT calculations. The five
carbon atoms of the ruthenabenzene have similar Hirshfeld partial charges, included in the range
—0.009 t0—0.096 a.u. (see Figure S1), thus indicating that the electron density is quite homogeneously
distributed. Then, the Shannon aromaticity index (SA) was calculated based on the C—C and C-Ru
bond critical points (b.c.p.), obtained from the Atom-in Molecules (AIM) analysis of the DFT-
optimized structure.”®SA waschoseninstead of the NICS (nucleus-independentchemical shifts)
approach®’sincethe formeronlydependsupon the electron densityatb.c.p., while NICS requires the
localization of the ring centre and differentdefinitions of NICS are present in the literature. Moreover,
NICS dependsupon the magneticshieldingtensor and itistherefore more sensitive to the
computationalmethodused. The SA of {RuCs} resulted5-1072, a value in line with those calculated at
the same theoretical level for other ruthenabenzene rings n°-coordinated to a second ruthenium centre.
In particular, SA of 4-107% was obtained for [Ru,Cp 2(SiMes)(u-n%n°-CsHs)] (Cp~ =n°-CsMes, Scheme
1b),™® while the SA value for the ruthenabenzene in [Rus(CO)e{Hs-(FCCCH),CC=CPh,}] (Fc =
ferrocenyl, Scheme 1c) is 7-1072.'® The DFT-optimized structures of these literature compounds and the
RMS deviations with respect to the corresponding X-ray data are shown in Figure S2. In all cases, the
SA values are higher than the 3-107%- 5-10~ limit suggested for classical aromatic compounds;
metallabenzenes are commonly considered to be aromatic even though the aromatic stabilization is
considerably weaker than that of conventional arenes.® The AIM analysis on 2was unable to find b.c.p.

between the two ruthenium atoms, indicating lack of a significantly localized metal-metal orbital



overlapping. Moreover, no b.c.p. was found between Ru2 and C7. The density (p) and potential energy
density (V) values obtained for the b.c.p. between Ru2 and the ruthenabenzene carbon are not strictly
homogeneous (Table S1), and show that the strongest interaction occurs between Ru2 and C6.

The synthetic study was extended to the exploration of the reactivity of 1-NCMe with a few terminal
alkynes. Unfortunately, these reactions did not take place selectively and will not be discussed further.
It appears reasonable that the synthesis of 2-4 from 1-NCMe proceeds with initial acetonitrile
displacement by the alkyne molecule reagent, followed by fast insertion of the latter into the Ru-C*
bond. The cyclization process affording the final ruthenabenzene ring incorporates one of the two
carbonyl ligands, coupling with the central atom (C?) of the original allenyl chain, and includes a
hydrogen migration event (from CHj3 to oxygen). Previous examples of allenyl-alkyne coupling were
described by Doherty and co-workers on a diiron system®® and by Carty on a diruthenium complex
involving also a carbonyl ligand.*Adams reported an allene-alkyne combination on an osmium
cluster,® while the trimethylamine adduct [Fe(CO)4(NMes)] was found to promote allenyl/alkyne/CO
coupling.®* However, the three-component assembly depicted in Scheme 2 is unique in the landscape
of the chemistry of allenyl complexes.

Since metallabenzenes are prone to undergo nucleophilic attack,* and on account of the cationic nature
of 2-4, we moved to explore the chemistry of these complexes with nucleophiles. However, the
reactions of 2-4 with a variety of nucleophiles (NaBHj, lithium acetylides, lithium alkyls) highlighted
the acidic character of the hydroxyl group and resulted in deprotonation. Triethylamine revealed the
best choice to perform the deprotonation reaction, thus the neutral complexes 5-7 were isolated in very
good yields as air-stable solid materials, following alumina chromatography (Scheme 3). The proton
removal is reversible, in that the addition of tetrafluoroboric acid to dichloromethane solutions of 5-7

led to the selective recovery of 2-4 (see Experimental for details).
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Scheme 3. Reversible deprotonation of the hydroxyl substituent on ruthenabenzene.

We could not obtain X-ray quality crystals of one representative compound of the series 5-7. However,
the structure of 5 was optimized by DFT calculations, and a view of this structure is shown in Figure 2;

selected computed bond lengths of [2]" and 5 are compared in Table 2.

g
-
Ru1 (0.260 ‘ \.

Cé6 (-0.115

. {
' L
C5 (0.001 '
. -

.
C7 (-0.023
9

~

C1 (-0.043

Figure 2. View of the DFT-optimized structure of 5. Selected Hirshfeld partial charges (a.u.) in parenthesis.
Colour map: Ru, dark green; O, red; C, grey. Hydrogen atoms, except that of the ruthenabenzene ring, are
omitted for clarity.

11



Table 2. Selected computed distances (A) for [2]" and 5.

[2]* 5 [2]* 5
Rul-C6 2.046 2.051 Ru2-C7 2.219 2.207
C6-C7 1.428 1.426 Ru2-C1 2.195 2.192
Cc7-C1 1.432 1.436 Ru2-C2 2.219 2.227
Cl-C2 1.425 1.418 Ru2-C5 2.186 2.404
C2-C5 1.438 1.482 Rul-Cp(average) 2.270 2.284
C5-Rul 2.005 2.039 Ru1-C(CO) 1.870 1.846
Rul"Ru2 2.754 2.774 Ru2-Cp(average) 2.196 2.189
Ru2-C6 2.151 2.128 C5-0 1.347 1.235

DFT calculations ruled out that deprotonation of 2-4 could involve the ruthenabenzene hydrogen
ratherthan the OH group, the related product being 51.1 kcal mol™ less stable than 5 (see also Figure S3
for a comparative view of the two isomers). The deprotonation of the hydroxyl group scarcely affects
the structure of the complex, being the RMSD between computed 5 and [2]" (except for the hydroxyl
hydrogen) only 0.332 A. However, the bond between C5 and Ru2 undergoes a considerable elongation
on moving from [2]" to 5, suggesting a reduced coordination ability of the {C=0} carbon with respect
to {C-OH}. Despite the calculated SA index of the ruthenabenzene in 5 is identical to that of [2]
(5-1072), the Hirshfeld partial charges of the carbon atoms are spanned over a wider range (from0.001
to—0.115 a.u.), essentially due to the increased electron density on C. As for [2]", also in 5 the AIM
analysis did not revealb.c.p. between the two metal centres. On the other hand, b.c.p. was found for the
Ru2-C6, Ru2—C1 and Ru2—C2 couples of attractors. On the basis of the p and V values at b.c.p. (Table
3), the strongest interaction between Ru2 and the ruthenacene occurs through C6, in agreement with the

marked nucleophilicity of this carbon as deduced from the Hirshfeld distribution.

Table 3. Density (p) and potential energy density (V) values (a.u.) for selected b.c.p. in 5.
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Bond p \

Ru2-C6 0.099 -0.121
Ru2-C1 0.082 -0.104
Ru2-C2 0.079 -0.093

On account of the DFT outcomes, two main resonance forms seem to significantly contribute to the

structure of 5 (Figure 3), the form B accounting for the ruthenabenzene character.

Figure 3. Resonance forms representing the structure of 5 (A and B), and combined representation with
delocalized charge (C).

Spectroscopic data of 5-7 are in accordance with the structural features provided by the theoretical
study regarding 5. Thus, the IR spectra (in CH,Cl, solution) display one absorption ascribable to the
terminal carbonyl ligand, which is ca. 50 cm™ shifted to lower wavenumbers compared to what
detected for 2-4, as a consequence of the loss of the net positive charge on going from 2-4 to 5-7.
Compared to the related spectrum of the parent complex 2, the solid state IR spectrum of 5 lacks the
OH absorption; instead, an intense band at 1594 cm™ accounts for the C>-O function, bearing a partial
double bond character. The NMR spectra of 5-7 (in CDCI3) display single sets of resonances which are
quite close to those recognized for the corresponding precursors2-4, confirming that the reversible H”
elimination/addition occurs with small structural variations. For instance, the *3C resonances for the

ruthenabenzene moiety in compound 6have been detected at 94.3 (C'), 75.9 (C?), 145.9 (C%), 116.4

13



(CH, 213.5 (C°), 166.9 (C%) and 89.4 (C’) ppm, while the respective resonances in the parent

compound3 fall at94.8, 77.4, 143.1, 119.3, 213.1, 175.1 and 94.8 ppm, in the order given.

Conclusions.

Metallabenzenes constitute a widely investigated class of organometallic compounds, and the
development of novel synthetic methods is currently of great interest. With specific reference to
ruthenium, a variety of ruthenabenzenes has been reported, including ruthenabenzenes acting as Six-
membered cyclic ligands towards a second metal centre. Among the routes giving access to ruthenium-
coordinated ruthenabenzenes, the modification of a suitable, bridging hydrocarbyl ligand in a
diruthenium precursor is a potentially versatile strategy, taking advantage of the cooperative effects
arising from the bimetallic core, but substantially undeveloped so far. Using this approach, we have
found that aunprecedented three component reaction, involving CO, the p-allenyl ligand and an
external alkyne reagent, is a straightforward method to obtain n®-coordinated ruthenabenzenes. X-ray

and DFT analyses revealed a degree of aromaticity comparable to that of related literature compounds.

Experimental

Materials and methods. Reactants and solvents were purchased from Alfa Aesar, Merck, Strem or TCI
Chemicals, and were of the highest purity available. Complex 1was prepared according to the literature
procedure.'®Reactions were conducted under N, atmosphere using standard Schlenk techniques, and all
products were stored in air once isolated. Dichloromethane and diethyl ether were dried with the
solvent purification system mBraun MB SPS5, while acetonitrile was distilled from CaH,. IR spectra of
solutions were recorded using a CaF, liquid transmission cell (2300-1500 cm™) on a Perkin Elmer
Spectrum 100 FT-IR spectrometer. IR spectra of solid samples were recorded on an Agilent Cary630

FTIR spectrometer. IR spectra were processed with Spectragryph software.®* NMR spectra were

14



recorded at 298 K on a Jeol INM-ECZ500R instrument equipped with a Royal HFX Broadband probe.
Chemical shifts (expressed in parts per million) are referenced to the residual solvent peaks (*H, **C)*
or to external standard (*°F to CFCl5). *H and *C{*H}NMR spectra were assigned with the assistance
of *H-'3C (gs-HSQC and gs-HMBC) correlation experiments.*® Elemental analyses were performed on

a Vario MICRO cube instrument (Elementar).

Reactions of 1 with alkynes: synthesis and characterization of [Ru,Cpa(CO){pu-n’:n’-
CY(R)C'(R)C'HC*(C*Me=C"*H,)C*(OH)}]BF: (R = Ph, 2; R = CO,Me, 3; R = CO,Et, 4).

General procedure. Complex 1 (ca. 0.30 mmol) was dissolved in CH,Cl, (25 mL) and treated with a
solution of Me3NO in acetonitrile (1.0 eg. in 0.10 M solution). After 15 minutes stirring, the formation
of the acetonitrile adduct 1-NCMe was routinely checked by IR spectroscopy [IR (CH,Cl,): ¥/cm™ =
2003s (CO), 1853br-m (u-C0)].*** The volatiles were removed under vacuum to give a brown
residue, which was dissolved in CH,Cl, (25 mL). The selected alkyne (ca. 5 eq.) was added to this
solution. The resulting mixture was stirred overnight at room temperature, the solvent was removed
under reduced pressure, and the obtained residue was washed with Et,O (3 x 15 mL) and dried under

vacuum.

[Ru,Cp2(CO)2{p-n%n>-C8(Ph)C’ (Ph)C'HC*(C*Me=C"H,)C>(OH)}]BF,, 2 (Figure 4).

Figure 4. Structure of 2.
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From 1 (162 mg, 0.284 mmol), Me3NO and diphenylacetylene (175 mg, 0.980 mmol). Pale orange
solid, yield 192 mg (94%). Anal. calcd. For C3H2;BF,O,Ru,: C, 51.68; H, 3.78; Found: C, 51.59; H,
3.88. IR (CH,Cl,): d/cm™ = 2011 (CO). IR (solid state): ¥/cm™ = 3448m-br (OH), 1985vs (CO). *H
NMR (acetone-ds): &/ppm = 7.38, 7.27, 7.15-7.10, 7.06-7.02, 6.77 (m, 10 H, Ph); 6.01 (m,1 H, C'H);
5.89, 5.73 (s, 10 H, Cp); 5.43, 5.26 (m, 2 H, C*Hy); 3.15 (br, 1 H, OH); 2.23 (m, 3 H, C*Me). *C{'H}
NMR (acetone-dg): 8/ppm = 210.2 (C°); 200.0 (CO); 188.2 (C°); 152.9, 139.9 (ipso-Ph); 143.9 (C%;
131.3, 129.1, 128.8, 128.6, 128.4, 128.3, 128.0, 126.7 (Ph); 119.2 (C*); 114.2 (C"); 101.7 (C?); 97.5
(CY); 96.8, 87.5 (Cp); 23.0 (C*Me)."F{*H} NMR (acetone-dg): &/ppm = —150.0 ('BF,), —149.9
(*°BF,"). Crystals for X-ray analysis were collected by slow diffusion of diethyl ether into a

dichloromethane solution of 2 at room temperature.

[Ru,Cp2(CO)2{p-nn°-C*(CO,Me)C’(CO,Me)C'HC*(C*Me=C*H,)C*(OH)}]BF,, 3 (Figure 5).

Figure 5. Structure of 3.
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From 1 (194 mg, 0.340 mmol), MesNO and dimethylacetylenedicarboxylate (0.20 mL, 1.63 mmol).
Orange solid, yield 193 mg (83%). Anal. calcd. for C,3H23BF4O¢RU,: C, 40.37; H, 3.39. Found: C,
40.35; H, 3.34. IR (CHCly): o/cm™ = 2027m (CO), 1738vs (C=0). *H NMR (acetone-dg): &/ppm =
6.38 (s,1 H, C'H); 6.06, 5.69 (s, 10 H, Cp); 5.41, 5.16 (m, 2 H, C*H,); 3.88, 3.86 (s, 6 H, OMe); 2.15
(m, 3 H, C*Me); OH not observed.”*C{*H} NMR (acetone-ds): &/ppm = 213.1 (C°); 197.7 (CO); 175.1
(C%; 174.4, 168.4 (OCO); 143.1 (C%); 119.3 (C*); 103.6 (C'); 96.2, 88.8 (Cp); 94.8 (C'); 77.7 (C?;
54.2, 53.2 (OMe); 23.4 (C®Me). F{*H} NMR (acetone-dg): &/ppm = —149.85 (*'BF;), —149.79

(BFs).

[Ru2Cp2(CO){p-n%n>-C*(CO,EL)C'(COLEL)C'HC?(C*Me=C*H,)C*(OH)}|BF., 4 (Figure 6).

Figure 6. Structure of 4.
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From 1 (183 mg, 0.321 mmol), Me3sNO and diethylacetylenedicarboxylate (0.20 mL, 1.25 mmol).
Orange solid, yield 197 mg (86%). Anal. calcd. for C,sH27BF,O¢RU,: C, 42.15; H, 3.82. Found: C,
42.25: H, 3.75. IR (CH.Cly): o/cm™ = 2027m (CO), 1722vs (C=0). *H NMR (acetone-dg): &/ppm =
6.37 (s,1 H, C'H); 6.06, 5.69 (s, 10 H, Cp); 5.41, 5.17 (m, 2 H, C*H,); 4.35 (m, 4 H, OCH,); 2.15 (s, 3
H, C®Me); 1.39, 1.33 (t, %)y = 7.2 Hz, 6 H, CH,CHs); OH not observed. *C{*H} NMR (acetone-d):
8/ppm = 212.9 (C°); 197.8 (CO); 174.5 (C°); 174.5, 167.9 (OCO); 143.1 (C%); 119.3 (C*; 103.7 (C");
96.2, 88.8 (Cp); 94.8 (C'); 77.7 (C?); 63.8, 62.6 (OCH,); 23.4 (C®Me); 14.6, 14.3 (CH,CHs). “*F{*H}

NMR (acetone-dg): 8/ppm = —149.9 (*'BF;), —149.8 (°BF;).

Deprotonation reaction of 2-4: synthesis and characterization of [Ru,Cpa(CO){pu-n’:n’-
CY(R)C'(R)C'HC*(C*Me=C*H,)C*(0)}] (R = Ph, 5; R = CO,Me, 6; R = CO,Et, 7).

The selected complex 2-4 (ca. 0.15 mmol) was dissolved in CH,Cl, (15 mL) and treated with an excess
(5-8 eq.) of NEts. The mixture was stirred for 4 hours, and then directly charged on top of an alumina
column. Elution with CH,Cl, allowed to separate impurities, then the fraction corresponding to the title
compound was eluted using neat THF.The solvent was removed under reduced pressure and the residue
was washed with pentane (2 x 10 mL) and then dried under vacuum.

[RuCp2(CO){p-nn>-C8(Ph)C’ (Ph)C'HC*(C*Me=C"*H,)C>(O)}], 5 (Figure 7).

Figure 7. Structure of 5.
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From 2 (108 mg, 0.150 mmol) and triethylamine (0.11 mL, 0.80 mmol). Red solid, yield 84 mg (88%).
Anal. calcd. For Ca1Hp60,RuUy: C, 58.85; H, 4.14; Found: C, 58.79; H, 4.18. IR (CHCl,): ¥/cm™ = 1965
(CO). IR (solid state): o/cm™ = 1955 (CO), 1594 (COO). *H NMR (CDCly): &/ppm = 7.09-7.07, 7.05-
7.02, 6.93-6.90 (m, 10 H, Ph); 5.72 (s,1 H, C'H); 5.19, 5.06 (m, 2 H, C*H,); 5.10, 5.09 (s, 10 H, Cp);
2.12 (m, 3 H, C*Me). *C{*H} NMR (CDCls): &/ppm = 214.7 (C°); 203.0 (CO); 178.2 (C°); 154.5,
142.1 (ipso-Ph); 146.8 (C%); 130.4, 127.4, 127.1, 126.7, 124.7 (Ph); 116.1 (C*; 112.2 (C"); 96.9 (CY);

94.5, 81.9 (Cp); 73.7 (C?); 22.8 (C*Me).

[Ru,Cp2(CO)2{p-n:n°-C*(CO,Me)C’(CO,Me)C'HC?(C*Me=C*H,)C°(0)}], 6 (Figure 8).

Figure 8. Structure of 6.

From 3 (96 mg, 0.14 mmol) and triethylamine (0.12 mL, 0.84 mmol). Pale red solid, yield 68 mg
(81%). Anal. calcd. For Cp3H2,06RuU,: C, 46.31; H, 3.72; Found: C, 46.39; H, 3.78. IR (CH,Cl,): ¥/cm™
= 1981vs (CO), 1741s (C=0), 1725s (C=0), 1605 (COO). 'H NMR (CDCls): 8/ppm = 6.23 (s,1 H,
CH); 5.34, 5.02 (s, 10 H, Cp);5.17, 4.70 (m, 2 H, C*H,); 3.84, 3.81 (s, 6 H, OMe); 2.05 (m, 3 H,
C*Me). BC{*H} NMR (CDCls): &/ppm = 213.5 (C°); 200.2 (CO); 177.7, 170.4 (OCO); 166.9 (C°):;

145.9 (C°); 116.4 (C*); 94.3 (C"); 93.8, 82.9 (Cp); 89.4 (C"); 75.9 (C?); 53.2, 52.3 (OMe); 23.1 (C*Me).

[Ru2Cp2(CO)2{p-n%n>-C(CO,EL)C'(COLEL)C'HCA(C*Me=C*H,)C°(0)}], 7 (Figure 9).

Figure 9. Structure of 7.
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From 4 (108 mg, 0.152 mmol) and triethylamine (0.12 mL, 0.84 mmol). Red solid, yield 71 mg (75%).
Anal. calcd. For CasHos06RU»: C, 48.07; H, 4.19; Found: C, 47.99; H, 4.26. IR (CH,Cly): d/cm™ =
1982s (CO), 1712s (C=0), 1605 (COO). *H NMR (CDCls): 8/ppm = 6.21 (s,1 H, C'H); 5.34, 5.01 (s,
10 H, Cp);5.17, 4.98 (m, 2 H, C*H,); 4.31-4.23 (m, 4 H, OCHy); 2.06 (m, 3 H, C*Me); 1.38-1.18 (m, 6
H, CH,CHs). *C{*H} NMR (CDCls): &/ppm = 213.6 (C°); 200.2 (CO); 177.0, 169.9 (OCO); 167.2
(C%; 151.7 (C%); 116.3 (C"); 94.3 (C'); 93.8, 82.9 (Cp); 90.1 (C"); 75.9 (C?); 62.2, 60.9 (OCH,); 30.4

(C*Me); 14.7, 14.4 (CH,CHs).

Formation of 2-4 by protonation of 5-7.

Complex5 (51 mg, 0.080 mmol) was dissolved in CH,Cl, (10 mL) and HBF4-Et,O (11 uL, 0.080
mmol) was added to this solution. The resulting solution was stirred for 15 minutes at room
temperature, then the volume was concentrated up to ca. 3 mL and diethyl ether (30 mL) was added.
The precipitate was filtered, washed with Et,O (3 x 5 mL) and dried under vacuum affording 2 as a
microcrystalline solid. Yield 48 mg (83%). The same procedure allowed to obtain compounds 3 (78%

yield) and 4 (81% yield) from 6 and 7, respectively.

X-ray crystallography
Crystal data and collection details for 2 are reported in Table 4. Data were recorded on a Bruker APEX

Il diffractometer equipped with a PHOTONZ2 detector using Mo-Ka radiation. The structure was
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solved by direct methods and refined by full-matrix least-squares based on all data using F2.%
Hydrogen atoms were fixed at calculated positions and refined using a riding model. The quality of the
crystals was very low and, in addition, there was extensive disosder in the cation. Thus, the cation was

refined isotropically in order to avoid inappropriate isotropic restraints on anisotropic displacement

parameters.

Table 4. Crystal data and measurement details for 2.

2

Formula Cs;H,7BF402RU,
FW 720.47
T,K 100(2)
2, A 0.71073
Crystal system Orthorhombic
Space group Pbca
a, A 9.7307(19)
b, A 18.031(4)
c, A 31.013(6)
Cell Volume, A® 5441.5(19))
Z 8
D, g.cm™ 1.759
p, mm™! 1.166
F(000) 2864
Crystal size, mm 0.19x0.16x0.08
0 limits,° 2.259-25.050
Reflections collected 39820

4817 [Rjny =
Independent reflections 0.1066]
Data / restraints /parameters 4817/01/188
Goodness on fit on F? 1.165
Ry (I > 20(1)) 0.1521
WR; (all data) 0.3520

Largest diff. peak and hole, e A 5.935/-7.357

DFT calculations

The ground-state structures were optimized using the the range-separated hybrid ©B97X DFT

|37

functiona in combination with Ahlrichs’ split-valence-polarized basis set and relativistic ECP

21



including 28 core electrons for Ru.*®® The C-PCM implicit solvation model was added to mB97X
calculations, considering dichloromethane as continuous medium.* The stationary points were
characterized by IR simulations (harmonic approximation), from which zero-point vibrational energies
and thermal corrections (T = 25 °C) were obtained. The software used was Gaussian 09.° Hirshfeld
and AIM analyses were carried out using MultiwFN, version 3.5.*! Cartesian coordinates of the DFT-

optimized structures are collected in a separated .xyz file.
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