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Cycloruthenation is a well known process in organometallic ruthenium
chemistry. In this work, we report unprecedented cycloruthenated
rhenium bis-arene compounds with planar chirality. In a two-step
process, the reaction of acetyl-pyridine with [Re(qG-C6H6)2]+ introduced
a pyridinyl-methanol ligand at one of the arene rings. Coordination of
[Ru(CO),Cl,] led to cycloruthenation, and the products were obtained
as two diastereomeric pairs of enantiomers. Under basic pH conditions,
the two pairs of enantiomers undergo spontaneous and reversible
dimerization. The cycloruthenated monomers were fully characterized,
and the dimerization process was studied by NMR, IR spectroscopy, and
DFT calculations.

Organometallic compounds are extensively used in many areas,
as catalysts in the synthesis of new pharmaceuticals or natural
products, in polymerization processes, but also as medicinal
organometallic drugs, and in agriculture or industry." In this
respect, cyclometalated complexes of transition metals such as
Pd, Pt, I, Os, Rh and Ru have attracted special attention. Some
of them have been identified as powerful anticancer agents,
catalysts for C-C or C-Y (Y = heteroatom) coupling reactions or
in asymmetric catalysis. Often, they also display useful photo-
chemical properties.”

Cyclometalation offers straight ways to form metal-carbon
bonds. For ruthenium, different approaches towards cyclor-
uthenation have been reported; C-H activation via concerted
metalation-deprotonation (CMD) being the most common
one.” Other routes can involve a transmetalation by ligand
exchange, also known as “C-M activation” or the less com-
monly found cleavage of a carbon-heteroatom bond “C-Y
activation” (Y = F, P).35*

In our search for new organometallic building blocks for
catalysis, we recently developed a series of new ferrocene-like
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scaffolds with additional ligands conjugated directly to one or
both of the arene rings in [Re(n®CgHg),]" (1%).* This scaffold
has barely been investigated despite being discovered about
sixty years ago.” Complexes of the type [Re(n°-C¢Hs-L),]", with
L being a multidentate ligand, are very stable under aerobic
conditions, as well as in aqueous solutions for prolonged
periods of time.® The reactivities of the benzene rings in
[Re(n°-CeH,),]" enable different chemical routes to derivati-
zation, comparable to what was reported for ferrocene.”
Enhanced water solubility and higher redox stabilities are
advantages of [Re(n®-CgHs-L),]" over ferrocene, which might
open a broader field of chemical options for derivatizations for
which ferrocene is not so suitable.’

One way for introducing ligands or substituents to [Re(n®-
CeHy),]" is to first generate in situ a carbanion by deprotonation
of the benzene rings with lithium diisopropylamide (LDA) at
—78 °C.°** In the next step, electrophilic reagents such as organic
carbonyls are added, which react rapidly with the carbanions as
potent nucleophiles. In this way, the treatment of 1* with LDA and
subsequent reaction with prochiral 2-acetylpyridine leads to the
formation of multiple products (Scheme 1). A racemic mixture of
the mono-functionalized complex [Re(n®-CeHe)(n°*-CeHsC(-CHs)
(-OH)(-CsH4N))] ((£)2") and the bis-substituted [Re(n®-CeHsC
(-CH;)(-OH)(-C5H,N)),] (3" as SS, RR and meso stereoisomers,
see ESIT) represented the main products in 38% and 35% yields
respectively. The racemate ((£)-2") could be separated by prepara-
tive HPLC (see ESIY).

In an attempt to synthesize a mixed Ru/Re complex with the
[Ru(CO),Cl,] fragment, the reaction with the racemic mixture
((£)-2") as ligand and [Ru(CO),Cl,], under microwave condi-
tions (100 °C, 70 min) did not give the expected N,O-bidentate
coordination but an unexpected cycloruthenation to one of
the arene rings in [Re(n®C¢He),]". Taking the diastereotopicity
of the positions ortho to the bidentate ligand into account
(green and orange in Scheme 1), four different stereoisomers in
two sets of enantiomers were obtained (Scheme 1, represented as
(&)-4a*/(£)-4b" together 35% yield). The stereochemical inequality
of the two former ortho-hydrogen positions is due to the planar
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Scheme 1 Preparation of cycloruthenated bis-arenes. (i) Lithiation/
deprotonation 2.5 eq. LDA, 1.5 h, —78 °C, THF; (ii) in situ nucleophilic
addition to 2 acetylpyridine; (i) cycloruthenation reaction, [Ru(CO),Clyl,
as precursor, microwave, 70 min, 100 °C (L = acetonitrile or trifluoroacetic
acid).

chirality of the rhenium sandwich.® UPLC-MS analysis of the
product mixture evidences that two enantiomeric mixtures were
obtained in similar amounts (ESI{ and Fig. S1). The mechanism
of cycloruthenation is still unclear, but the ortho-C-H activation
process certainly has a high activation barrier. Attempting the
reaction under standard refluxing conditions in CD;CN/MeOH
(1:1) for more than 18 h at 80 °C did not yield any product.

Very few examples of ortho-metalation of d® Ru" complexes to
planar and prochiral ferrocenes or bis-arene complexes of Ru
have been reported.’ Djukic et al. coordinated a [Ru"(n®-CeHg)*"
to the m-system of a phenyl-pyridyl unit in an already existing
ruthenocycle.’ They found that this was only possible if an
electron-donating substituent was present in the preformed
metallacycle. Otherwise, the repulsion from the positive
charges of both metal centers prevented the reaction, as shown
by calculations. In this work, the sequence of reactions is
inverted. First, the bis-arene complex of Re' was synthesized,
and the cycloruthenation occurred only in the second step.
Therefore, electron-donating groups are not necessary. The
arene m-coordination in the [Re(n®-C¢Hs-R)]" fragment may
even facilitate cycloruthenation, by stabilizing the intermediate
formal negative charge on the ring prior to ruthenation of the
ortho-carbon.

The mixture of complexes (4)-4a” and (£)-4b" was separated
by preparative HPLC. The racemates were isolated as TFA™ salts
from an acidic solution by solvent evaporation. Single crystal
structures confirmed the cycloruthenation to one of the arene
rings in 1* (Fig. 1). The crystal structure analyses show that the
reaction leads to the formation of two five- and one six-
membered ruthenocycle systems in a bicyclic type of conforma-
tion. It is noteworthy that complexes (£)-4a” and (4)-4b*
evidence clear differences in the coordination sphere around
the Ru center. The most obvious difference is the orientation of
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Fig. 1 Displacement ellipsoid representations of (4)-4a* (left) and (+)-4b*
(right). Hydrogen atoms have been omitted for clarity; thermal ellipsoids
represent 50% probability. Selected bond lengths (A) for (4)-4a*:
Rul-C1 2.042(5), Rul-01 2.140(3), Ru1-C20 1.899(6), Rul-C21 1.849(6),
Rul-N1 2.113(4), Rel-Centroidl 1.753(3), Rel-Centroid2 1.738(4). For (+)-4b*:
Rul-C1 2.060(4), Rul-O1 2.096(3), Rul-C20 1.885(5), Rul-C21 1.851(5),
Rul-N1 2.130(4), Rel-Centroidl 1.7443(18), Rel-Centroid2 1.738(2).

the pyridines with respect to the rhenium sandwich. If the
derivatized arene ring is taken as reference, the pyridine
coordinates from “above’” in (4)-4a*, and from above for
complex (4)-4b". TFA completes the coordination sphere to
Ru" in the crystal but this site can also be occupied by a
coordinating solvent such as acetonitrile in solution. UPLC-MS
and HR-ESI of both (4)-4a* and (4)-4b* support this statement
(Fig. S2-S7, ESIt). When “trifluoroacetate” coordinates the Ru"
center, O1 remains protonated and the cationic nature of the
complex is maintained.

The racemic mixture of (+){4a][TFA] was redissolved in
water and precipitated with NH,PF,. After washing with water
and drying, NMR analysis of (4)-4a* in acetonitrile-d; revealed a
systematic “impurity” besides the expected signals (Fig. 2).
There was a striking resemblance between the peak patterns
of (£)-4a” and this “impurity”’; obviously, the multiplicities, the
chemical shifts, and the intensities of most of the signals
are related to each other. A complete characterization by
2D NMR spectroscopy lead to the clear identification of two
different species (Fig. S9-S26, ESIT). The 2D DOSY evidenced
different diffusion coefficients and therefore different sizes of
the two compounds (Fig. 2), although the differences were
modest. These similarities pointed to a relationship between
the two species.

UPLC-MS of the very same sample showed three distinct
mass signals; the expected m/z = 620.1 for (+)-4a*, m/z = 661.0
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Fig. 2 2D DOSY of (4)-4a* in CDsCN, 278 K, d20 = 55 ms, p30 = 700 ps.
There are two sets of signals with different diffusion coefficients. The peak
patterns and the chemical shifts are similar, though. As the majority of the signals
are found in the range from 9.0 ppm to 4.8 ppm, only this section is shown.
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due to the coordination of acetonitrile to the former HTFA site
(both at R, = 1.3 min), and a third mass signal at m/z 620.0
(R, = 1.7 min). This signal with m/z 620.0 and a different
retention time featured a densely packed isotope pattern with
mass peaks separated by half-integer values (Fig. S4-S8, ESIT).
This appearance inferred a species with a 2+ charge and exactly
double the mass of (+)-4a” as further confirmed by HR-ESI-MS
(Fig. $6 and S8, ESIY).

All these analytical data obtained implied the formation of a
dimer [(4a),J** which would explain the close resemblance of
the two sets of signals. Dimerization would also be in accor-
dance with the smaller diffusion coefficient found for one of
the two components (implying a larger size for the dimer). The
ratio between the experimental diffusion coefficients is consis-
tent with the values calculated via the Stokes-Einstein equation
taking the sizes of the dimer and the monomer coordinated
to acetonitrile into account. Furthermore, 2D "H ROESY of
the sample containing the mixture of (+)-4a* and its dimer
[(4a),]**, shows through-space correlations between the six
equivalent protons from the non-derivatized benzene ring
coordinated to Re' (6 = 5.01 ppm), and the pyridine protons
(Fig. S24, ESIt). These correlations are not found for the
monomeric species (4)-4a*, where, due to the higher degree
of freedom, the pyridine accommodates further away from the
bis-arene unit.

Similar results are obtained when complex (+)-[4b][TFA] was
precipitated with NH,PFs and washed multiple times with
water. In this case, the dimer [(4b),]** could be isolated as
the only component. The NMR spectra show only one species
and the mass pattern detected by HR-ESI corresponds to the
dimer (Fig. S8, ESIt). Single crystal structure analysis confirmed
the authenticity of [(4b),]** (Fig. 3). The crystal structure shows
that the two enantiomers, (R)-4b" and (S)-4b* dimerize via two
11,-O bridges. The two Ru" centers are located in the corners
of a rhomboid with distances Ru(1)-O(1) and Ru(1)-O(2) of
2.097 A and 2.185 A, respectively. The two Ru" atoms in the
dimer have a distorted octahedral coordination sphere, as is
the case in the monomeric units. The distances between the
Ru'" atoms and the carbonyls trans to the pyridine are slightly
shorter in the dimer [(4b),]** as compared to the monomer
(£)-4b* (1.874 A for the dimer and 1.885 A for the monomer). In
contrast, the distance between the Ru" and the carbonyls cis to
the pyridine are longer for [(4b),** than for (+)-4b* (1.873 A
and 1.851 A, respectively). In solution, the wavenumbers of the
CO stretching frequencies blue shift by approximately 30 cm™*
as (+)-4b" dimerize into [(4b),]**.

DFT calculations are in support of these data. In Fig. 4, the
calculated and the experimentally obtained vibrational frequen-
cies of the coordinated CO groups of (+)-4b" and its dimer
[(4b),]** are plotted against the normalized absorbance. Since
the dimer displays only two CO bands, it must contain a center
of inversion. This excludes dimer formation between two
individual enantiomers to either [(S)-4b,]** or [(R)-4b,]**. Only
(S,R) type of dimers are allowed by symmetry.

Complex (4)-4b* and its dimer [(4b),]** are in an equilibrium,
controlled by protonation-deprotonation of the OH groups
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Fig. 3 Displacement ellipsoid representations of [(4b),]?*. Hydrogen atoms
have been omitted for clarity; thermal ellipsoids represent 50% probability.
Selected bond lengths (A) for [(4b),]*: Rul-C1 1.874(4), Rul-C20 1.873(5),
Rul-C21 1.874(4), Rul-0O1 2.097(3), Ru-O1_i 2.185(2), Ru—N1 2.130(3),
C20-02 1.139(6), C21-03 1.141(6), Rel-C1 2.330(4), Rel-C2 2.241(3),
Rel-C3 2.219(4), R1-C4 2.241(4), Rel-C5 2.231(4), Rel-C6 2.259(4),
Rel —C7 2.235(4), Rel-C8 2.236(5), Re1l-C9 2.230(5), Re1-C10 2.212(5),
Rel-C11 2.237(4), Rel-C12 2.228(5).

—— Experimental IR (+)-4b* (monomer)
- - -DFT IR (:)-4b* (monomer)
Experimental IR [(4b),]?* (dimer)
-~ -DFT [(4b),]** (dimer)

084

0,6

0,4+

Normalized Absorbance

0,24

0,0 1

T T T T .
1900 1950 2000 2050 2100 2150
Wavenumbers (cm™)

Fig. 4 Experimentally obtained IR spectra of (+)-4b* (black) and [(4b),]**
(red) are shown as continuous lines. IR absorptions calculated by DFT for
the monomers are shown as dashed lines. The frequencies are plotted
against the normalized absorbance.

(Scheme 2). To assess the kinetics of this process, [(4b),]** was
dissolved in ACN-d;, and the rate of equilibration was evaluated.
After the addition of HTFA to the solution, a new set of peaks
evolved with the chemical shifts of the monomer 4b*. The for-
mation kinetics of 4b" can be quantified either by monitoring the
appearance of the six-proton signal at 5.93 ppm or the disappear-
ance of the respective signal from the dimer at 5.64 ppm. The rate
of formation was studied under pseudo first-order conditions with
HTFA in high excess (100 eq.) over the dimer. The integrals of the
resonances at 5.93 ppm (monomer) and 5.64 ppm (dimer) were
plotted against time and fitted to a first-order exponential (Fig. 5).

-2H*

+2H*

1®
Re co I

O

(S)-4b*

(R)-4b*

Scheme 2 Monomer—dimer equilibrium in acetonitrile controlled by
protonation—deprotonation of the OH group (L = acetonitrile).
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Fig. 5 Plot of time-dependent integrals of [(4b),]?* (1.11 mM) and (+)-4b*
recorded at 298 K (bottom). Concentration of HTFA, 111 mM, solvent:
CD3CN.

Waterfall plots showing the decrease of the [(4b),]*" signal
and the rise of 4b" and linear correlations of ks values vs.
concentrations are shown in Fig. $27-S35 and Table S1 (ESIT).
A second-order rate constant k; at 298 K of 0.89 + 0.10 x
107> M ' s~ was obtained. The monomer-dimer interconver-
sion is dynamic and reversible: after the addition of 10 eq. of
Et;N to the monomer 4b*, dimerization reoccurred (Fig. S34
and S35, ESIt). Addition of a strongly coordinating ligand such
as pyridine to the dimer [(4b),]** shifts the equilibrium towards
the corresponding monomer as well (Fig. S36 and S37, ESIt).

In conclusion, the conjugation of ligands to one (or both) of
the two benzene rings in [Re(C¢Hs),]" allows for the preparation
of hetero-bimetallic complexes. With ruthenium, four Re'-Ru"
binuclear compounds were obtained as two diastereomeric sets
of enantiomers. These complexes feature unexpected cyclor-
uthenation at the positions ortho to the site to which the ligand
is conjugated. Since the individual Ru complex is known to be
catalytically active, the influence of the coordination of the
cationic rhenium sandwich on the electronic properties of the
Ru" metal center in e.g. enantioselective catalysis might be of
interest. The two sets of enantiomers dimerize spontaneously
in solution under basic conditions. This process is favorable
due to the availability of a labile coordination site, occupied in
the monomer by a solvent molecule and by formation of two p1,-
O bridges. Dimerization was assessed in detail by NMR spectro-
scopy, kinetics as well as DFT calculations. We emphasize that
this kind of dynamic processes are rare and is an option for the
application of cyclometalated compounds in catalysis.
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