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Abstract: The electronically unsaturated dirhenium complex
[Re;(CO)g(u-H)(u-Ph)] (1) has been found to exhibit aromatic
C—H activation upon reaction with N,N-diethylaniline, naph-
thalene, and even [Dgs]benzene to yield the compounds [Re,-
(CO)s(u-H)(u-n'-NELCGH,)] (2), [Res(CO)s(u-H) (u-1’-1,2-
CyH;)] (3), and [D4]-1, respectively, in good yields. The
mechanism has been elucidated by using DFT computational
analyses, and involves a binuclear C—H bond-activation
process.

The activation of C—H bonds is a critical step in the
transformation of saturated hydrocarbons into new higher-
value products.?! Low-valent metal atoms in complexes have
been found to be very effective agents for performing C—H
bond cleavage.'*! Examples involving activation of aromatic
C—H bonds by polynuclear metal complexes are rare.!

In recent studies, we discovered a facile C—H bond-
forming process leading to benzene formation by the NCMe-
induced reductive elimination of the bridging phenyl ligand
and the bridging hydrido ligand from the complex [Re,-
(CO)g(u-H)(un'-C¢Hs)] (1) to yield the complex [Re,(CO)s-
(NCMe),] [Equation (1).]
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We have now found that 1 is equally capable of perform-
ing facile activation of aromatic C—H bonds and can be used
as a reagent for the formation of new dirhenium complexes
containing bridging aryl and bridging hydrido ligands. The
reaction of 1 with N,N-diethylaniline yielded benzene and the
new dirhenium complex [Re,(CO)y(p-H)(un'-CaHNEL,)]
(2) in 61 % yield after 5.5 hours at 50°C [Equation (2)].

An ORTEP diagram of the molecular structure of 2 as
determined by single-crystal X-ray diffraction analysis is
shown in Figure 1. The structure of 2 is similar to that of 1 and
contains a bridging hydrido ligand and C-coordinated

[*] Dr. R. D. Adams, Dr. V. Rassoloy, Dr. Y. O. Wong
Department of Chemistry and Biochemistry
University of South Carolina
JM Palms Ctr for GSR, Columbia, SC 29208 (USA)
E-mail: ADAMSRD @mailbox.sc.edu

RASSOLOV@mailbox.sc.edu

@ Supporting information and ORCID(s) from the author(s) for this
article are available on the WWW under http://dx.doi.org/10.1002/
anie.201508540.

Wiley Online Library

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. An ORTEP diagram of the molecular structure of [Re,-
(CO)s(p-n'-CeH4NEL,) (u-H)] (2). Thermal ellipsoids shown at 30%
probability. Selected interatomic bond distances (A) are as follows:
Re1—Re2=2.9720(4) A, Re1—C1 =2.338(5), Re2—C1=2.269(4),
Rel—H1=1.77(4), Re2—H1=1.86(4).
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n'-bridging C;H,NEt, ligand. The NEt, group lies para to
the coordinated carbon atom. As in 1 the Re—Re bond
distance is short, 2.9720(4) A, because of electronic unsatu-
ration at the metal atoms (32 valence electrons for 2 versus
the expected 34 electron configuration). The Re—C distances
to the bridging NEt,CsH, ligand are slightly different, Rel—
C1=2338(5) A and Re2—C1=2.269(4) A. A similar asym-
metry was also observed in 11! A single hydride ligand, H1
(0=-11.96 ppm), bridges the Re—Re bond on the side
opposite to the C¢H,NE, ligand.

The compound 1 was also found to react with naphthalene
to yield the new compound [Re,(CO)y(u-H)(u-n*1,2-C,H,)]
(3) in 44% yield within 15 hours at 50°C. An ORTEP
diagram of the molecular structure of 3 is shown in Figure 2.
The compound 3 contains two rhenium atoms, a bridging
hydrido ligand and an w’-bridging (o-m coordinated) C,,H;
(naphthyl) ligand. The naphthyl ligand was formed by the
elimination of benzene from 1 and the oxidative addition of
naphthalene at a C—H bond at the 2-position. The carbon
atom CI1 is bonded to both Re atoms: Rel—C1 =2.433(4) A
and Re2—C1=2.196(4) A while C2 is bonded only to Rel,
Rel—C2=2.599(4) A. One hydrido ligand also bridges the
Re—Re bond (6 = —12.82 ppm).
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Figure 2. An ORTEP diagram of the molecular structure of [Re,-
(CO)s(-n*-CyoH5) (u-H)] (3). Thermal ellipsoids shown at 30% proba-
bility. Selected interatomic bond distances (A) are as follows:
Rel—Re2=3.0531(3) A, Rel—C1=2.433(4), Re2—C1=2.196(4),
Re1—-C2=2.599(4), Rel-H1=1.83(5), Re2—H1=1.86(5),
C1-C2=1.403(6).

In 3, the naphthyl ligand serves as a three-electron donor,
thus the rhenium atoms are formally electronically saturated
and as a result, the Re—Re bond distance, 3.0531(3) A, is
significantly longer than that in the unsaturated 2. A similarly
coordinated p-n*-naphthyl ligand was recently structurally
characterized as one of two isomers of the triosmium complex
[0s5(CO)1o(p-171,2-CyoHy) | [1-Au(PPhy) .

Most interestingly, it was found that 1 reacts with C¢Dg to
produce its deuterated equivalent [Dg¢]-1 in quantitative yield
within 11 hours at 60°C [Equation (3)]. The same reaction
yields [Dg]-1 in 15% yield after 24 hours at 25°C.
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The mechanism of the aromatic C—H activation process
by 1 was investigated by PBEsol-D3 geometry-optimized
density-functional theory (DFT) calculations, performed in
three steps as described in the Supporting Information. Not
surprisingly, the initial stages of the process resemble that of
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the NCMe-induced elimination of benzene! from 1. In both
cases, the transformation is initiated by approach of an
uncoordinated solvent molecule to 1 in the region proximate
to its bridging hydride ligand (Scheme 1). The approaching
solvent molecule donates some electron density from one of
its wbonds to one of the rhenium atoms. A shift of the
bridging phenyl ligand to a terminal position on the neighbor-
ing rhenium atom, via transition state TS1, yields the
intermediate I1. In the present case, this intermediate is
subsequently converted into an 1>-CH coordinated C¢H,
ligand in the intermediate I2 by a C—H bond-forming shift
of the bridging hydrido ligand to the carbon atom of the
terminally coordinated phenyl ligand via TS2. The intermedi-
ate I2 subsequently rearranges into a centrosymmetrical
bis[n?-(C,C)-C¢H¢] complex (I3) which is approximately
4 kcalmol ' lower in energy than 12 (Figure 3).

Figure 3. A computer-generated image of the DFT geometry-optimized
structure of [Re;(CO)s(M*CsHq),] (13).

There are a number of examples of n’-(C,C) arene
complexes,®™ but there is evidence to show that aromatic
C—H activations are preceded by the formation to n-C—H
coordination at single metal sites.***) Pincer complexes
containing aromatic n>-(C,H) coordination have been isolated
and are precursors to aromatic C—H activation.!'”

An energy level diagram of the reaction profile in
Scheme 1 is shown in Figure 4. There are two transition
states: TS1 (+ 14.8 kcal) which involves the addition of the
benzene molecule to 1, and TS2 (+ 16.0 kcal) which leads to
the formation of the C—H bond in I2. In I3 (+ 2.3 kcal), the
two benzene ligands have become equivalent and either one
could be used to regenerate 1 simply by reversing the process
and expelling the remaining benzene ligand. The key step in
the C—H activation process occurs in going from I2 back to I1

| 1 "
“Re Re \l // / /
AT SRRl pitepe” P R 2 VS s Ao
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1+ CgHg TS1 " TS2 12 13

Scheme 1. C—H bond-forming and bond-cleavage processes involved in the benzene exchange reaction of 1.
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Figure 4. An energy profile of the transformations along the reaction
coordinate during the exchange of C¢Hg with 1. The energies in
kcalmol™ are given within parentheses.

by microscopic reversibility via TS2 or the inversion equiv-
alent of TS2 if the added benzene ligand is activated instead.
The latter process would lead to benzene exchange and to
[Dg]-1 if the added benzene were CsDg. The C—H bond-
breaking step begins at the rhenium atom, Rel, in 12
(Scheme 1) where the benzene ligand is n’-coordinated by
a C—H bond. However, the calculations show that the second
rhenium atom, Re2, assists in the cleavage step as represented
in TS2 by interacting with the hydrogen atom early in the
cleavage process by facilitating its shift to its position as
a bridge across the Re—Re bond. The C—H bond distance in
TS2is 1.573 A.

As established for the oxidative addition of H, to metal
atoms,l' the oxidative addition of C—H bonds to low-valent
metal atoms can be viewed as a combination of two processes:
1) donation of electrons to a metal atom by utilizing the
electrons in the C—H o-bond, electrons which are ultimately
used in the formation of metal-carbon and metal-hydrogen
bonds; and 2) the cleavage of the C—H bond facilitated by the
flow of electrons into the C—H o*-bond.”***12 Two MOs (the
HOMO-7, —6.99 eV and the HOMO, —5.84 eV) presented in
Figure 5 show the nature of the Re,(n?-CH) bonding in TS2 at

<

HOMO-7 -6.99 eV HOMO -5.84 eV

Figure 5. Two molecular orbitals, the HOMO—7 and HOMO, with
calculated energy in eV for the transition state TS2. Shown is the
nature of the bonding in the region of the important C—H bond during
the C—H bond cleavage in the benzene ligand to form the phenyl and
hydrido ligands at the two Re atoms in going from 12 to I1. Re orange;
isovalue=0.03.

this critical stage of the transformation. The HOMO—7 shows
the coordination of the C—H o-bond to Rel with the H atom
directed toward Re2. The HOMO contains a node perpen-
dicular to the n*-C—H bond. This region of the molecular
orbital can be viewed as the original antibonding o*-orbital of
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C—H. Electron density in this molecular orbital is supplied to
the C—H o*-orbital, in a large part by electrons from the
Re—Re bond, and facilitates the C—H bond cleavage process.
The hydrogen atom in TS2 is bonded both to Rel and to Re2
wherein Rel-H is 1.785 A and the Re2-H is 2.117 A. In
support of this proposal we also performed an ADF fragment
analysis by dividing the refined structure of TS2 into two
fragments, one consisting of the activated C4Hg ligand, and
one containing the remaining Re, portion of the molecule. It
was found that the HOMO-7 of TS2 consists of a combina-
tion of the HOMO of the activated CsHy ligand and the
LUMO of the Re, portion (Figure 6, left). The HOMO of TS2

HOMO LUMO
CeHg frag CeHs frag

LUMO HOMO

Re, frag Re, frag

¢

TS2 HOMO

TS2 HOMO-7

Figure 6. Molecular orbitals of the activated C{H¢ fragment and the
remaining Re, fragment of TS2. Left: the HOMO of C¢H, fragment
and the LUMO of the Re, fragment are combined to form the
HOMO-7 of TS2; isovalue=0.03. Right: LUMO of C¢H, fragment
and the HOMO of the Re, fragment are combined to form the HOMO
of TS2; isovalue =0.03.

was found to consist of principally of the LUMO of the
activated C¢H, ligand and the HOMO of the Re, group, the
latter is dominated by the Re—Re bond (Figure 6, right).

In summary, the calculations demonstrate a clear binu-
clear metal character in the C—H bond-cleavage step in
benzene at its most critical point. One can imagine similar
processes leading to the formation of 1 and 2. In this study we
have shown that a binuclear Re, unit is very effective for
aromatic C—H oxidative additions and both metal atoms are
involved in the C—H bond-cleavage process, which occurs,
albeit slowly, even at room temperature. The facile activation
of aromatic C—H bonds in this new system may pave the way
for the development of binuclear hydroarylation reactions
and other types of aromatic functionalization reactions.>'*!
These results also may have implications for the nature of
C—H bond-cleavage processes at polynuclear metal sites on
metal nanoparticles'" and on metal surfaces.""

Experimental Section

Synthesis of 2: 20 pL (0.1250 mmol) of N,N-diethylaniline was added
to 30.0 mg (0.0444 mmol) of 1 dissolved in 2 mL of CD,Cl, and stirred
at 50°C for 5.5 h. A brown solution was formed and the solvent was
then removed in vacuo. The residue was extracted in methylene
chloride and separated by thin layer chromatography to provide pure
yellow 2 in 61 % yield.

Angew. Chem. Int. Ed. 2016, 55, 13241327
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Synthesis of 3: 10.0 mg (0.0780 mmol) of naphthalene (C,,Hy)
was added to 20.0 mg (0.0296 mmol) of 1 dissolved in 5SmL of
methylene chloride and stirred at 50°C for 15h. A light yellow
solution was formed and the solvent was then removed in vacuo. The
residue was extracted in methylene chloride and separated by thin
layer chromatography to provide pure yellow 3 in 44 % yield.

The formation of [Dg]-1 was performed by dissolving 1 in pure
C¢D¢ in an NMR tube and heating to 60°C for a period of 11 h. A
mass spectrum of the 1 after this period showed it was converted to
[Dg]-11in 100 % amount. The same reaction yields [D4]-1in 15 % yield
after 24 h at 25°C.

Single-crystal structure determination: The intensity data were
collected by using a Bruker SMART APEX CCD-based diffractom-
eter with Mo Ka radiation (1=0.71073 A) at 294 K. 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-square refine-
ments.

Crystal data for 2: Re,OgNCiH;s5, monoclinic, P21/n, M,=
745.71 gmol ™!, a=12.4057(14), b=11.9489(14), ¢=14.8370(17) A,
a=90.00, #=97.005(2), y=90.00°, V=2182.9(4) A%, Z=4, poyea=
2269 gem ™, u=11.122mm"; 26,,,=56.06°, F(000)=1376, R, =
0.0424, no. collected/unique/l,>201, data=22663/3865/3204, R1/
wR2(all data)=0.0286/0.0506, R1/wR2(I,>20c1;)=0.0214/0.0470),
max./min. electron density =1.017/—0.441 e~ A=,

Crystal data for 3: Re,04C,sHy, triclinic, P1, M, = 724.64 gmol ',
a=8.6200(4), b=9.7881(5), c=13.4320(6) A, a=96.321(1), f=
107.737(1),  y=113.108(1)°, V=958.10(8) A, Z=2, puyca=
2512 gem ™, u=12.665mm"', 26,,,=56.52°, F(000)=660, R, =
0.0307, no. collected/unique/l,>201, data=10321/3385/3074, R1/
wR2(all data)=0.0251/0.0560, R1/wR2(I,>201;)=0.0220/0.0541),
max./min. electron density =0.752/—1.112 ¢~ A3,

CCDC 1422546 (2) and 1422547 (3) contain the supplementary
crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre.
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